


P1: TIX/XYZ P2: ABC
JWBS061-FM JWBS061-Kazmierski May 24, 2011 17:18 Printer Name: Yet to Come

ANTIVIRAL DRUGS

i



P1: TIX/XYZ P2: ABC
JWBS061-FM JWBS061-Kazmierski May 24, 2011 17:18 Printer Name: Yet to Come

ANTIVIRAL DRUGS

From Basic Discovery Through Clinical Trials

Edited by

WIESLAW M. KAZMIERSKI, Ph.D.

A JOHN WILEY & SONS, INC., PUBLICATION

iii



P1: TIX/XYZ P2: ABC
JWBS061-FM JWBS061-Kazmierski May 24, 2011 17:18 Printer Name: Yet to Come

Copyright C© 2011 by John Wiley & Sons, Inc. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any means, electronic, mechanical, photocopying,
recording, scanning, or otherwise, except as permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior written
permission of the Publisher, or authorization through payment of the appropriate per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive,
Danvers, MA 01923, (978) 750-8400, fax (978) 750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should be
addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201) 748-6011, fax (201) 748-6008, or online at
ttp://www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in preparing this book, they make no representations or
warranties with respect to the accuracy or completeness of the contents of this book and specifically disclaim any implied warranties of merchantability or
fitness for a particular purpose. No warranty may be created or extended by sales representatives or written sales materials. The advice and strategies
contained herein may not be suitable for your situation. You should consult with a professional where appropriate. Neither the publisher nor author shall be
liable for any loss of profit or any other commercial damages, including but not limited to special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our Customer Care Department within the United States at
(800) 762-2974, outside the United States at (317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in electronic formats. For more
information about Wiley products, visit our web site at www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Antiviral drugs: from basic discovery through clinical trials / edited by Wieslaw M. Kazmierski.
p. ; cm.

Includes bibliographical references and index.
ISBN 978-0-470-45563-0 (cloth)
1. Antiviral agents. I. Kazmierski, Wieslaw M.
[DNLM: 1. Antiviral Agents–therapeutic use. 2. Clinical Trials as Topic. 3. Drug Discovery.

4. Drug Evaluation. QV 268.5 A63347 2011]
RM411.A5753 2011
615′.7924–dc22

2010025372

Printed in Singapore

oBook ISBN: 9780470929353
ePDF ISBN: 9780470929346
ePub ISBN: 9780470934685

10 9 8 7 6 5 4 3 2 1

iv



wwwwwww



P1: TIX/XYZ P2: ABC
JWBS061-FM JWBS061-Kazmierski May 24, 2011 17:18 Printer Name: Yet to Come

CONTENTS

CONTRIBUTORS ix

PREFACE xiii

PART I HUMAN IMMUNODEFICIENCY VIRUS

Section I HIV Protease Inhibitors

1 Discovery and Development of Atazanavir 3
Awny Farajallah, R. Todd Bunch, and Nicholas A. Meanwell

2 Discovery and Development of PL-100, A Novel HIV-1 Protease Inhibitor 19
Jinzi J. Wu and Joseph Musto

3 Darunavir (Prezista, TMC114): From Bench to Clinic, Improving
Treatment Options for HIV-Infected Patients 31
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6 Etravirine: From TMC125 to Intelence: A Treatment Paradigm Shift for
HIV-Infected Patients 71
Koen Andries, Ann Debunne, Thomas N. Kakuda, Michael Kukla, Ruud Leemans,
Johan Vingerhoets, Brian Woodfall, and Marie-Pierre de Béthune
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Åsa Rosenquist, Tibotec BVBA, Beerse, Belgium

Dirk Roymans, Tibotec BVBA, Beerse, Belgium

Masanori Sato, Pharmaceutical Division, JT, Inc., Tokyo,
Japan

Scott D. Seiwert, InterMune, Inc., Brisbane, California

Vanitha Sekar, Tibotec, Inc., Titusville, New Jersey

Hisashi Shinkai, Central Pharmaceutical Research Insti-
tute, JT, Inc., Osaka, Japan

Kenneth Simmen, Tibotec BVBA, Beerse, Belgium

David B. Smith, Roche Palo Alto LLC, Palo Alto, Califor-
nia (currently at Alios BioPharma)

Michael J. Sofia, Pharmasset, Inc., Princeton, New Jersey

Justine Southby, Avexa Ltd., Richmond, Victoria, Aus-
tralia

Sabrina Spinosa-Guzman, Tibotec BVBA, Beerse, Bel-
gium

Julie M. Strizki, Merck Research Laboratories,
Kenilworth, New Jersey

Paul Stupple, Pfizer Global R&D, Kent, UK

Vincenzo Summa, Merck Research Laboratories, Rome,
Italy

Jayaram R. Tagat, Merck Research Laboratories,
Kenilworth, New Jersey



P1: TIX/XYZ P2: ABC
JWBS061-FM JWBS061-Kazmierski May 24, 2011 17:18 Printer Name: Yet to Come

CONTRIBUTORS xi

William P. Taylor, Vertex Pharmaceuticals, Inc.,
Cambridge, Massachusetts

Daniel J. Tenney, Bristol-Myers Squibb Company Re-
search and Development, Wallingford, Connecticut

Robin Thomson, Institute for Glycomics, Griffith Univer-
sity, Queensland, Australia

Yasutsugu Ueda, Bristol-Myers Squibb Research and De-
velopment, Wallingford, Connecticut

Marc Vanstockem, Tibotec BVBA, Beerse, Belgium

Frans Van Velsen, Tibotec BVBA, Beerse, Belgium

Srikanth Venkatraman, Schering Plough Research Insti-
tute, Kenilworth, New Jersey
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PREFACE

We live in an unprecedented era in the antiviral drug
discovery. The first antiviral therapies became available
about 50 years ago with the introduction of drugs such as
idoxuridinefor the treatment of herpetic keratitis and me-
thisazone for the treatment and prophylaxis of smallpox and
variola infection. Almost two decades later, the discovery of
ACV (acyclovir) ushered in a new era of antivirals. One of
the subsequent big milestones was heralded by the discovery
of AZT (zidovudine), approved in 1987 for use against HIV,
followed by more than two decades of an intense antiretro-
viral drug discovery effort, which resulted in more than 20
new U.S. Food and Drug Administration (FDA)-approved
anti-HIV drugs. Along with drugs discovered and registered
for use against hepatitis C virus (HCV), hepatitis B virus
(HBV), influenza, and herpes simplex virus (HSV), there are
now more than 50 FDA-approved small-molecule antiviral
drugs. The pace of viral drug discovery continues unabated
as new viral and host targets as well as new drug discovery
paradigms emerge.

This book is organized by virus class, such as HIV, HCV,
respiratory syncytial virus (RSV), influenza, HBV, and cy-
tomegalovirus (CMV). In turn, the most intensely researched
viruses, such as HIV and HCV, are organized further by the
inhibitory mechanism (polymerase, entry, integrase, etc.).
The book was not intended to be a comprehensive listing of
all antiviral drugs and molecules, although it covers many of

them. Described is the science of design, discovery, and de-
velopment of drugs, from bench through the clinic. These
compounds include relatively recently approved antiviral
drugs as well as molecules in advanced clinical develop-
ment at the time of writing. Issues encountered and strate-
gies toward their successful resolution are described by top
academic and industrial authorities in the field. What strat-
egy was used to discover the initial molecules used in lead
optimization? What obstacles had to be overcome in the lead
optimization process to yield molecules of clinical value?
What were the drug development, pharmacokinetics and vi-
ral resistance hurdles, and how were these addressed? Topics
showcase challenges and solutions of problems encountered,
and it is hoped that the tremendous experience accumulated
over many years of research will be particularly useful to
basic and bench scientists as well as clinicians as they con-
tinue discovering and developing new drugs and therapies.
It is hoped that this holistic approach to describing the drug
discovery process from bench to clinic will allow the reader
to better appreciate the interconnectedness of discovery and
development, and will accelerate discovery of new drugs that
address unmet patient needs.

This editor would like to thank all the authors for their
outstanding contributions, and to dedicate his part of this
effort to his sons.

Wieslaw M. Kazmierski

Raleigh, North Carolina
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CHAPTER 2, FIGURE 1 Pharmacokinetic profiles of PL-100 and PPL-100 in rats in relation to cross-resistance patterns.
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CHAPTER 7, FIGURE 7 U.S. HIV market dynamics (thousands of patients). Less than
half of HIV-infected persons are currently on ARV therapy.

(a) ATC

(b) 3TC

R
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R
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CHAPTER 8, FIGURE 1 Three-dimensional representation of ATC in comparison to 3TC.
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antagonist binding site ECL2 ECL2 hinge

Y108

E283HIV 
binds

CHAPTER 9, FIGURE 3 Diagrammatic representation of CCR5 in the cytoplasmic membrane of an immune cell. Overlaps of PF-232798
(pale blue) and MVC (green) are highlighted. Interaction of the ionic interaction between the basic nitrogen of the antagonists and hydrophobic
interaction of their phenyl moieties with the E283 and Y108 residues, respectively, in the transmembrane pocket are highlighted. All images
generated using the computer modeling Pfizer software package FLOPS (flexes ligands optimizing property similarity) and Pfizer crystal
structure database, as guided by assay data from site-directed alanine mutagenesis, where loss of functional binding was observed for E238A
and Y108A mutants for maraviroc and PF-232798.

Catalytic Residues

Diketoacid 16

Naphthyridine 4

Pyrimidine 1

CHAPTER 12, FIGURE 6 Modeling depiction of x-ray data for an HIV integrase active site. Colored residues (magenta, cyan, green)
indicate residues found in mutant viruses generated from extended serial passage of cells cultured with integrase inhibitors of different
structural classes. Yellow: HIV integrase catalytic residues [28]. Green: amino acids mutated in response to prolonged incubation with a
diketo acid inhibitor (compound 16). Pink: amino acids mutated in response to prolonged incubation with a naphthyridine analog inhibitor
(compound 4). Light blue: amino acids mutated in response to prolonged incubation with a pyrimidine analog inhibitor (compound 1).
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CHAPTER 15, FIGURE 3 Crystal structure of telaprevir complexed with NS3 protease and NS4A peptide cofactor. The inhibitor is shown
in a stick diagram with the color scheme: C (purple), N (blue), and O (red). The active site triad (Ser139, His57, and Asp81) are also shown
as sticks with C in gray. The rest of the protein is shown with C in green. The secondary structure of the protein is shown in a ribbon diagram.
Telaprevir makes four inhibitor main-chain to protein main-chain hydrogen bonds. The side chains of the inhibitor fill the S4, S3, S2, S1, and
S1′ binding pockets. The Ser139 residue makes a covalent interaction with the ketoamide warhead.
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(a)

(b)

CHAPTER 16, FIGURE 1 BILN 2061 modeled into an NS3-NS4A active site, with surface shown for residues within 5 Å of the inhibitor.
(a) Amino acids that differ from genotype 1 are highlighted. Amino acids that differ in genotype 2 are shown in green; those that differ in
genotype 3 are shown in magenta; amino acid 132, that varies between subtypes, is shown in brown. (b) Amino acids that are substituted as
a result of resistance mutations are highlighted.
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CHAPTER 17, FIGURE 16
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CHAPTER 18, FIGURE 1 Structural biology. (A) Crystal structure of danoprevir NS3/4A complex at 3.1 Å resolution showing P4, P3,
P2, and P1′ sites (blue), catalytic triad (dark blue), and four residues that undergo conformational change upon danoprevir binding (white)
and have polar interactions that are modulated by danoprevir binding (cyan). (B) Groups analogous to peptide sites P1′, P1, P2, P3, and P4
are indicated. Groups found in natural substrates of NS3/4A are shown in red. Polar contacts to NS3/4A are shown as thick green lines and
the protein amino acid indicated. (C) Structure of the NS4B/5A junction of the HCV polyprotein that is cleaved by NS3/4A. Peptide sites
P1′, P1, P2, P3, and P4, and scissile amide bond are indicated. Groups transferred directly to danoprevir are shown in red. Polar contacts to
NS3/4A are shown as thick green lines and the protein amino acid indicated.
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CHAPTER 20, FIGURE 1 (a) HCV genome organization; (b) HCV bicistronic replicon; (c) HCV life cycle. Solid arrows show cleavage
sites for host signal peptidases, open arrows show cleavage sites for HCV NS3-4A protease, and the double arrow shows a cleavage site for
NS2-3 protease. (Adapted from [11].)
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CHAPTER 22, FIGURE 2 Co-crystal structures of CypA/CsA/Cn and CypA/NIM811. (A) A ribbon diagram of the CypA/CsA/Cn ternary
complex. The two subunits of Cn are shown in yellow (CnA) and red (CnB). CypA is in green. (B) Details of the interaction between CsA
and Cn. (C) Ribbon diagram of the CypA/NIM811 complex. (D) Details of the interaction between NIM811 and CypA. [(A,B) from Jin [33],
with permission; (C,D) from Kallen [34].]
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HR-N

HR-C

CHAPTER 24, FIGURE 4 1G2C x-ray structure of the RSV 6HB [36] (left). HR-N helices of the central inner trimeric coiled coil are
presented in blue. The three HR-C helices, binding into three hydrophobic grooves each formed by two neighboring HR-N helices, are
indicated in yellow. The binding of the natural substrate HR-C (right) and the binding of JNJ-2408068 (middle) to the hydrophobic pocket
situated in the central trimeric coiled coil of the 6HB are compared.
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(A) (B)

CHAPTER 25, FIGURE 5 (A) Segment of the six-helix bundle of the RSV F protein in its fusogenic conformation with the assembled
trimeric N-terminal heptad repeat (HR-N) depicted as a green surface showing Phe483 and Phe488 of the C-terminal heptad repeat (HR-C)
projecting into the HR-N hydrophobic pocket. The peptide backbone of HR-C is shown as a red stick with the side-chain elements of residues
Phe483 and Phe488 highlighted in white. These key amino acids reside in the HR-N hydrophobic pocket. (B) Model of the photoaffinity
label 16 bound into the HR-N hydrophobic pocket with the orientation postulated based on known SAR and placing the diazirine moiety
proximal to Tyr198. The peptide backbone of HR-C and Phe483 and Phe488 are depicted as displaced merely to accommodate 16 and are not
intended to suggest specific mechanistic insight into the precise mode of action of this class of RSV fusion inhibitor. D200 is labeled in red.
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20.0 µM

CHAPTER 26, FIGURE 8 Dose-dependent inhibition of RSV replication in an in vitro model of human ciliated epithelium. RSV
replication was measured visually by the expression of fluorescent green protein from the virus genome [41]. The top two panels show
control cultures in the absence of drug. Compound (RSV604, ribavirin) was added to the basolateral media concomitantly with the virus at
the concentrations indicated.
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CHAPTER 26, FIGURE 10 RSV604 human PK data, where volunteers received 600 mg on day 1 followed by 450 mg on days 2 to 7.
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CHAPTER 27, FIGURE 2 Representations of the A/N2:α-Neu5Ac (4) complex (pdb 2BAT). (A) View of active site with protein surface
colored by electrostatic potential (blue, positive; red, negative). α-Neu5Ac carbons in yellow. (B) Key active-site residues surrounding
α-Neu5Ac. (C) Schematic representation of the A/N2 active site showing some key interactions of α-Neu5Ac with conserved residues.
Conserved interacting active site residues include Arg118, Arg371, Arg292, Glu276, Arg152, and Glu227. Hydrophobic interactions are
made between the C5 acetamido methyl group and Ile222 and Trp178. Tyr406 and Asp151 are involved in enzyme catalysis [25].
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CHAPTER 28, FIGURE 6 Distribution of (a) Knodell necroinflammatory and (b) Ishak fibrosis scores at phase III baseline after 48 weeks
of entecavir treatment and at the time of long-term biopsy [median 6 years of entecavir treatment (range 3 to 7 years)]. (Reprinted with
permission from Hepatology.)
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CHAPTER 29, FIGURE 2 Inhibition of human cytomegalovirus replication by benzimidazole nucleosides. Inhibition of key aspects of
the replication cycle by maribavir (MBV), BDCRB, and GW275175X are illustrated by red arrows. HCMV proteins inhibited by or involved
in the action of the compounds are shown in boxes attached to the arrows.
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Bristol-Myers Squibb Company, Evansville, Indiana

Nicholas A. Meanwell
Bristol-Myers Squibb Company Research and Development, Wallingford, Connecticut

INTRODUCTION

Atazanavir is an azapeptide inhibitor of HIV-1 protease that
prevents the formation of mature virions in HIV-1-infected
cells by inhibiting the cleavage of gag and gag-pol polypro-
teins. Atazanavir was developed to address a number of con-
cerns with existing protease inhibitors: high pill burden, high
frequency of dosing, and metabolic side effects such as hy-
perlipidemia. The development program focused initially on
dosing atazanavir without coadministering a pharmacoki-
netic enhancer such as ritonavir. Ritonavir inhibits hepatic
CYP3A4 and the metabolism of drugs (such as atazanavir)
utilizing this pathway, thereby increasing the blood levels of
these drugs. The emerging practice of “boosting” with low-
dose ritonavir led to the evaluation of this alternative dosing
strategy, initially in treatment-experienced subjects who had
previously received and failed multiple antiretroviral regi-
mens, then in antiretroviral-naive patients.

DISCOVERY

Atazanavir (BMS-262362, Scheme 1) was identified from
studies of a series of pseudosymmetric azapeptide substrate
analogs of HIV-1 protease in which fundamental inhibitory
activity relies on replacement of the hydrolyzable amide
bond by a hydroxyethylene isostere [1–3]. Although the
initial examples of this chemotype demonstrated favorable

in vitro and in vivo properties [1,2], further optimization for
in vitro HIV-1 inhibitory potency and in vivo exposure was
required to identify atazanavir [3,4]. As shown in Scheme 1,
the two closely related lead compounds 1 and 2 demon-
strated disparate properties: The isoamyl derivative (1) is a
potent HIV-1 protease inhibitor, IC50 = 16 nM, with good
antiviral activity in cell culture, EC50 = 2.7 nM, but ex-
hibits poor oral bioavailability, while the cyclohexylmethyl
analog (2) is a 10-fold weaker protease inhibitor, IC50 =
177 nM, and antiviral agent, EC50 = 55 nM, that demon-
strates good bioavailability following oral administration to
mice [3]. Based on x-ray crystallographic information of the
early lead CGP-53820 (3) cocrystallized with HIV-1 pro-
tease [5], the potential of introducing larger P1′ substituents
was examined, with the anticipation that potency would be
enhanced while preserving the physicochemical properties
conferring good absorption. From a drug design perspective,
the effort sought to establish additional favorable contacts
between the inhibitor and protease residues Arg8, Phe153,
Gly148, and Gly149 located at the periphery of the S1′

pocket [4]. The synthesis and evaluation of a derivative in
which the cyclohexylmethyl substituent of 2 was replaced by
a biphenyl moiety established the validity of the hypothesis
since the new compound potently inhibited HIV-1 protease,
IC50 = 35 nM, demonstrating tolerance for a large P1′ el-
ement, while expressing excellent antiviral activity in cell
culture, EC50 = 1.8 nM. Replacing the two valine residues
with tert-Leu resulted in CGP-75355 (4), which showed

Antiviral Drugs: From Basic Discovery Through Clinical Trials, First Edition. Edited by Wieslaw M. Kazmierski.
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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SCHEME 1 Discovery of atazanavir.

a further improvement in cell culture potency, EC50 = 0.7
nM. More important, protease inhibitors that incorporated
tert-Leu residues were generally well absorbed in mice fol-
lowing oral administration.

With the structural elements critical for potent antiviral
activity established, attention was directed toward improv-
ing pharmaceutical properties, with a focus on increasing
solubility [4]. To this end, heterocycles designed to increase
hydrophilicity were introduced to replace the distal phenyl of
the biphenyl moiety. This exercise identified the 2-pyridyl as
the optimal element, providing atazanavir (5, BMS-262632,
CGP-73547) as a potent HIV-1 protease inhibitor, IC50 =
26 nM, that retained potency toward HIV-1 protease resis-
tant to saquinavir. Atazanavir (5) exhibits excellent antiviral
properties in cell culture, EC50 = 1.4 nM and EC90 = 3 nM,
with a good therapeutic index, CC30 = 21.8 µM and CC90 =
31.8 µM. Following oral administration to mice and dogs,
atazanavir (5) showed good plasma bioavailability, establish-
ing blood levels in excess of the EC90 [4].

SYNTHESIS

The strategic approach to the preparation of atazanavir de-
veloped by the discovery chemistry team, summarized in

Scheme 2, has largely been followed by the process syn-
thesis depicted in Scheme 3 [4], with several modifications
designed to facilitate the preparation of multikilogram quan-
tities of the active pharmaceutical ingredient [6]. The discov-
ery synthesis was satisfactory for the preparation of material
for preliminary toxicological evaluation but was deemed to
be less than optimal for the synthesis of the significantly
larger quantities of drug required for longer-term toxicologi-
cal studies and clinical trials. The process chemistry strategy
was focused on improving the synthesis of the two key in-
termediates, hydrazine (9) and epoxide (11), that were used
in the discovery synthesis. With access to these molecules
in hand, optimization of the reagents and conditions used
for their coupling, followed by improvements in the final
elaboration to the product, were completed.

In the discovery synthesis (Scheme 2), a nickel-catalyzed
cross-coupling reaction between 2-bromopyridine and the
Grignard reagent (7) derived from a protected form of
4-bromobenzaldehyde (6) was used to prepare the alde-
hyde (8) [4]. This procedure required the use of diisobuty-
laluminum hydride, a problematic reagent when used in
large-scale reactions. Access to (9) was improved consider-
ably by coupling 2-bromopyridine with commercially avail-
able 4-formylbenzeneboronic acid (13) under Suzuki con-
ditions (Scheme 3), a process mild enough to obviate the
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6 DISCOVERY AND DEVELOPMENT OF ATAZANAVIR

inefficiencies associated with the tandem protection/ de-
protection of the formyl group used by the discovery
group. Condensation of (8) with tert-butyl carbazate fol-
lowed by Pd-catalyzed hydrogenation then afforded the tert-
butoxycarbonyl (Boc)-protected hydrazine (9) in high yield.

An optimized approach to the preparation of epoxide
(11) relied upon ring closure of a vicinal diol, a process that
avoided the racemization-prone l-Boc-phenyalaninal as an
intermediate. The secondary mesylate (16) was prepared
in quantitative yield in a one-pot process comprising silyl
protection of the primary alcohol of (15) followed by mesy-
lation with methanesulfonyl chloride. Desilylation occurred
upon exposure of the product to ammonium fluoride in acetic
acid, a much less expensive reagent than the more commonly
used tetrabutylammonium fluoride. Epoxide formation was
completed by treating the liberated alcohol with potassium
tert-butoxide in isopropanol, determined to be the optimal
base after screening several candidates, to provide (11) in
good overall yield. The coupling of the two key structural
elements (9) and (11) was effected by heating equimolar
quantities in isopropanol at reflux for 24 h. Isolation of (17)
was straightforward, accomplished by precipitation upon
diluting the reaction mixture with water and recrystallization
from a mixture of acetonitrile and water which removes
small quantities of by-products. The two Boc moieties
of (17) were removed under acidic conditions and the
exposed amines coupled simultaneously with N-methoxy-
carbonyl-l-tert-leucine using a water-soluble carbodi-
imide [6].

A more recent approach to the synthesis of atazanavir (5),
depicted in Scheme 4, relies upon a diastereoselective reduc-
tion of the ketone precursor (22) to install the tertiary alcohol
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SCHEME 4 Alternative synthesis of atazanavir.

with the correct absolute configuration, allowing a different
retrosynthetic disconnection [7]. Reduction of ketone (22)
with lithium tri-tert-butoxyaluminum hydride provided the
syn-1,2-amino alcohol moiety found in atazanavir (5), with
the high (28 : 1) Felkin–Anh type of diastereoselectivity con-
trolled by the chirality of the proximal N-(methoxycarbonyl)-
l-tert-leucinyl moiety.

The final issue to resolve with atazanavir was the bioavail-
ability of the free base, which is poorly soluble in water,
<1 µg/mL, leading to poor bioavailability due to dissolution-
limited absorption. The bisulfate salt was identified as the op-
timal form of atazanavir for development after an extensive
survey which identified this salt as possessing excellent aque-
ous solubility, 4 to 5 mg/mL. The bisulfate salt was found to
exist as two crystalline forms with form 1, formed with good
reproducibility in acetone, acetonitrile, or ethanol, displaying
good crystallinity [8]. Comparison of the 1H-NMR spectra
of the free base and bisulfate salt indicated that protonation
had occurred on the pyridine ring, as might be anticipated.

PRECLINICAL PHARMACOKINETICS

The nonclinical safety profile of atazanavir has been eval-
uated extensively in pharmacokinetic/absorption, distribu-
tion, metabolism, and excretion (ADME), and toxicology
studies. Sensitive and specific bioanalytical methods, high-
performance liquid chromatography/ultraviolet, and liquid
chromatography/mass spectrometry were used to determine
the plasma and urine concentrations of atazanavir, respec-
tively. The concentrations of radioactivity in plasma and
urine samples from radiolabeled studies were determined by
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TOXICOLOGY 7

direct liquid scintillation counting (LSC) of the samples
mixed with the scintillation cocktail. The samples of blood
and the homogenates of feces and various organs/tissues were
either bleached, solubilized, or combusted prior to analysis
by LSC.

Absorption

Atazanavir exhibited modest absolute oral bioavailability in
rats (15.2% from a PEG-400 suspension) and dogs (36.3%
from a capsule). The recovery of a significant amount of
unchanged drug in rat (39%) and dog (79%) after oral ad-
ministration suggested incomplete absorption and/or biliary
elimination of atazanavir in both species. When compared to
the decline in plasma concentrations after intravenous dos-
ing, the slow decline in plasma levels after achieving peak
plasma levels (at 2 h) in nonfasted rats and dogs following
oral administration suggested prolonged oral absorption [9].

Distribution

The steady-state volume of distribution of atazanavir in rats
(1.62 L/kg) and dogs (0.76 to 2.45 L/kg) is greater than
the total body water (0.67 L/kg in the rat and 0.60 L/kg in
the dog), indicating extravascular distribution and/or tissue
protein binding. Accordingly, drug-related radioactivity was
distributed extensively into and decayed from all tissues in
rats following oral administration of a 100-mg/kg dose of
[14C]atazanavir, with no sequestration in any particular tis-
sue. The highest levels of radioactivity were associated with
the dosing/absorption site(s) along the gastrointestinal tract
and liver. Appreciable levels of radioactivity were noted in
tissues known to be reservoirs of HIV, such as lymph nodes
and testes. Atazanavir-derived radioactivity was secreted in
milk and distributed to fetal tissues of the rat, suggesting pla-
cental transfer of the drug. The in vitro binding of atazanavir
to mouse, rat, dog, and human serum proteins was compa-
rable, ranging from 86.5 to 92.8%. Tissue and plasma levels
of radioactivity were generally higher in female than in male
rats following [14C]atazanavir.

Biotransformation

The metabolic pathways of atazanavir in rats, dogs, and
humans are similar and involve monooxygenation, dioxy-
genation, glucuronidation, N-dealkylation, hydrolysis, and
oxygenation with dehydrogenation. The multiple monohy-
droxylated, dihydroxylated, and trihydroxylated metabolites
demonstrated that the oxygenation of atazanavir can occur
on the phenylmethyl ring, the pyridinylphenylmethyl ring
system, and at different positions on the pentaazatetrade-
canedioic acid dimethyl ester part of the molecule. The ma-
jor elimination pathway appeared to be CYP3A4-mediated
conversion to these oxygenated metabolites and excretion
in the bile as either free or glucuronidated metabolites. Ad-

ditional minor metabolic pathways observed consisted of
N-dealkylation metabolites and hydrolytic cleavage of the
carbamate moieties. In rat and dog plasma, the major circu-
lating components were atazanavir and 4-(2-pyridyl)benzoic
acid (M2), along with small amounts of an unidentified keto
metabolite. In addition, traces of an N-dealkylated metabo-
lite, M14, were observed in dog plasma. These metabo-
lites were also identified in humans and are depicted in
Scheme 5 [9,10].

Elimination

Atazanavir is an intermediate- to high-extraction drug in an-
imals; the elimination half-life in the rat and dog is 0.94 and
0.45 h, respectively. The minimal recovery of radioactivity in
urine (<7%) and substantial recovery in feces (>67%) after
intravenous administration in rats and dogs suggested that the
major route of excretion of atazanavir and its metabolite(s)
is via the bile.

TOXICOLOGY

The ADME profiles of atazanavir in rats and dogs indi-
cated that these species were appropriate for the toxicity
evaluation of atazanavir. The oral toxicity of atazanavir was
well characterized in a comprehensive nonclinical toxicol-
ogy program that included single- and repeat-dose toxicity,
reproductive and developmental toxicity, in vitro and in vivo
genotoxicity, carcinogenicity, and immunotoxicity studies.
The safety assessment included comparisons of plasma ex-
posures to atazanavir in animals to those in humans following
the recommended clinical dosing regimens of 400 mg/day
atazanavir without ritonavir, or 300 mg/day atazanavir and
100 mg/day ritonavir.

Single-Dose Toxicity

Single-dose oral toxicity studies were conducted in mice and
rats at doses of 200 to 1600 mg/kg. Atazanavir demonstrated
a low order of acute toxicity in both species. In mice, the
minimal lethal doses were 1600 and 800 mg/kg in males and
females, respectively. Deaths occurred from 1 to 5 days after
dosing and were not associated with any drug-related gross
or histopathologic changes. Clinical signs, considered to be
agonal, were present just prior to or concomitant with death.
Nonspecific clinical signs were also observed after dosing
in surviving animals at high doses. Atazanavir was well tol-
erated in mice up to 400 mg/kg. In rats, the minimal lethal
dose was greater than 1600 mg/kg. The greater sensitivity
of mice to the acute effects of atazanavir compared to rats
may be related to higher systemic exposure to atazanavir, as
demonstrated in subsequent toxicity studies [9].
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Atazanavir

SCHEME 5 Proposed metabolic pathways of atazanavir in humans.

Repeat-Dose Toxicity

Repeat-dose toxicity of atazanavir was evaluated in studies in
rats, dogs, and mice of up to 9 months’ duration. Atazanavir-
related findings in all three species were generally confined
to the liver. In rats, the toxicity of atazanavir was evaluated at
doses up to 1200 mg/kg per day in the 2-week study and up
to 900 mg/kg per day in the 6-month study with a 3-month
interim evaluation and a 2-month postdose recovery period.
Atazanavir was generally well tolerated. Liver changes con-
sisted of increased serum total bilirubin at ≥300 mg/kg per
day; increased liver weights and associated minimal to mild
hepatocellular hypertrophy at ≥ 100 mg/kg per day, that
were considered an adaptive response consistent with hep-
atic enzyme induction; pale livers at 900 mg/kg per day; and
minimal to moderate hepatocellular cytoplasmic lipid vacuo-
lation at 100 mg/kg per day. None of the hepatic changes were
accompanied by elevations in serum transaminases or micro-
scopic evidence of cholestasis or degenerative liver changes.
The hepatic alterations generally did not progress between
3 and 6 months of dosing and, with the exception of increased
liver weights at 900 mg/kg per day, were reversible. Systemic
AUC exposures at the well-tolerated dose of 900 mg/kg per
day for 6 months were 1.2 to 4.0 times the exposure at the
recommended clinical dose of 400 mg/day atazanavir or 0.5
to 1.8 times the exposure at the recommended clinical dose
of 300 mg/day atazanavir with ritonavir.

In dogs, the toxicity of atazanavir was evaluated at doses
up to 360 mg/kg per day in 2-week studies and up to
180 mg/kg per day in the 9-month study. Because of clinical
toxicity at 90 to 360 mg/kg per day in the initial 2-week dog
study, a second 2-week study was conducted at lower doses
(10 to 75 mg/kg per day). In the 9-month study in dogs, the
low dose (10 mg/kg per day) was increased to 180 mg/kg
per day after 3 months due to the absence of drug-related
findings at 10 mg/kg per day. In the initial 2-week study,
hepatic changes consisted of minimal to moderate increases
in serum total bilirubin, liver enzymes (alanine and aspar-
tate aminotransferases, γ -glutamyltransferase, and alkaline
phosphatase), total cholesterol, and triglycerides, and de-
creases in protein and/or albumin at all doses. In the second
2-week study, there were no drug-related changes. In the
9-month study, hepatic changes were limited to minimally
increased serum total bilirubin and γ -glutamyltransferase
at ≥ 30 mg/kg per day, minimally to moderately increased
serum alkaline phosphatase at ≥ 90 mg/kg per day in in-
dividual animals, and minimally increased liver weights at
≥ 90 mg/kg per day. No drug-related gross or microscopic
liver changes or evidence of cholestasis were observed in
any of the studies in dogs. Additional findings of mini-
mally altered water balance (increased water consumption at
180 mg/kg per day) and minimally decreased heart weights
at 30 and 90 mg/kg per day at 3 months only were not associ-
ated with any functional impairment or gross or microscopic
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organ changes, and were considered to be toxicologically
insignificant. At the well-tolerated dose of 180 mg/kg per
day for 6 months, systemic AUC exposures were 1.7 to 7.9
times the human exposures at 400 mg/day atazanavir or 0.8
to 3.1 times the human exposure at 300 mg/day atazanavir
with ritonavir.

In mice, doses of 40 mg/kg per day in males and 160 mg/
kg per day in females were generally well tolerated after 3
months with no effects seen at the lower doses of 20 and
40 mg/kg per day in males (M) and females (F), respec-
tively. Similar to the liver changes noted in rats and/or dogs,
mild increases in serum total bilirubin at 80 (M) and 640
(F) mg/kg per day; minimal-to-marked increases in liver
weights, hepatocellular hypertrophy, and lipid vacuolation
at ≥ 40 (M) and 160 (F) mg/kg per day; and pale livers at
80 (M) and ≥ 160 (F) mg/kg per day were also observed
in mice. In addition, clinical and microscopic evidence of
hepatotoxicity at 80 (M) and 640 (F) mg/kg per day was
present and was characterized by minimal-to-moderate ele-
vations in serum transaminases (M and F) and a low incidence
of minimal hepatocellular single-cell necrosis (F only). In-
creased cellular glycogen [80 (M) and 640 (F) mg/kg per
day] was also noted only in mice. Systemic AUC (area under
the plasma concentration–time curve) exposures at the well-
tolerated doses 40 (M) and 160 (F) mg/kg per day] were
0.4 and 4.1 times the exposure in humans given 400 mg/day
atazanavir or 0.2 to 1.8 times the exposure in humans given
300 mg/day atazanavir with ritonavir. Other drug-related
findings in female mice included mild-to-moderate decreases
in platelet counts at ≥ 160 mg/kg per day; minimal-to-
mild increases in leukocytes, neutrophils, and lymphocytes
at 640 mg/kg per day; and morphological changes in ery-
throcytes (i.e., poikilocytosis, anisocytosis, polychromasia)
at 640 mg/kg/day. Increased spleen weight and size and
histological evidence of increased splenic and hepatic ex-
tramedullary hematopoiesis in females ≥ 160 mg/kg per day
were interpreted as secondary effects related to the reduced
platelet counts rather than direct drug effects. However, a
clinical or morphological basis for the reduction in platelets
was not determined. All of these changes, which were lim-
ited to female mice, were considered to have no established
clinical relevance, as systemic exposures at doses producing
these alterations were relatively high (1.8 to 12 times human
exposure at the recommended doses), and similar consistent
changes were not observed in rats and dogs treated chroni-
cally with atazanavir. Importantly, there have been no reports
of thrombocytopenia in clinical trials of patients treated with
atazanavir.

Reproductive and Developmental Toxicity

A complete battery of reproductive toxicity studies was con-
ducted with atazanavir to assess potential effects on fertility,
reproductive function, gestation, parturition, and lactation of

the parental generation in rats; on embryonic and fetal devel-
opment in rats and rabbits; and on growth, development, and
reproductive performance of progeny in rats. Systemic ex-
posures supporting the reproductive studies were established
in the interim 3-month toxicity study in rats and supportive
7-day toxicokinetic studies in pregnant rats and rabbits. High
doses of atazanavir in the reproductive studies in rats were
based on a maximum feasible dose (atazanavir concentra-
tion and PEG-400 dose volume limitations based on study
duration) or results of previous reproductive or repeat-dose
toxicity studies. The high dose in the embryo–fetal develop-
ment study in rabbits was based on toxicity in a range-finding
study.

In the study of fertility and reproductive performance in
rats (100, 375, and 1400 mg/kg per day), drug-related effects
were limited to prolonged diestrus with abbreviated estrus
and metestrus in females at all doses. Minimally lower fertil-
ity was seen in female rats at 1400 mg/kg per day; however,
fertility was only marginally below that observed historically
in control rats. This finding was not duplicated in a second fer-
tility study at 1400 mg/kg per day; and therefore, the reduced
fertility was considered not to be drug related. There were no
effects of atazanavir on early embryonic development or re-
productive performance, including mating, at doses up to and
including 1400 mg/kg per day. In the absence of any adverse
effects on mating, fertility, or reproductive performance or
microscopic changes in the ovaries and female reproductive
tract in toxicity studies, the perturbation of estrous cyclicity
in female rats was considered to be of limited toxicological
significance. Systemic AUC exposures in male and female
rats at 1400 mg/kg per day, which had no effect on fertil-
ity, were at least 1.4 (M) and 3.4 (F) times human exposure
at 400 mg/day atazanavir or 0.6 (M) and 1.5 (F) times the
human exposure with 300 mg/day atazanavir with ritonavir.
Systemic AUC exposure in pregnant rats at 1400 mg/kg per
day, which produced no effects on reproductive performance
or early embryonic development, was 0.9 or 1.9 times the
human exposure with 300 mg/day atazanavir with ritonavir,
or 400 mg/day atazanavir dose, respectively.

In the embryo–fetal development studies, atazanavir pro-
duced no adverse embryonic or fetal effects at maternally
toxic doses (up to 1920 mg/kg per day in rats and 60 mg/kg
per day in rabbits). Maternal AUC exposures at the fetal no-
effect doses were in rats 0.8 or 1.8 times and 0.4 or 1.0 times
the human exposure at 300 mg/day atazanavir with ritonavir
or 400 mg/day atazanavir, respectively.

In a study of pre- and postnatal development in rats ex-
posed to atazanavir (50, 220, and 1000 mg/kg per day), find-
ings were limited to mean body weight gain suppression
in the F1 generation from 4 days of age through the early
postweaning growth period at the maternally toxic dose of
1000 mg/kg per day. This finding was considered likely to
be secondary to the maternal body weight reductions rather
than a direct effect of atazanavir. At the highest no-effect dose
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(220 mg/kg per day), systemic AUC exposure to atazanavir
was 0.5 times the human exposure at the recommended daily
dose of atazanavir with ritonavir and 1.1 times the human
exposure at the recommended daily dose of atazanavir alone.
Atazanavir had no effect on the reproductive performance in
the F1 generation.

In summary, atazanavir demonstrated no selective devel-
opmental toxicity and no effects on reproductive function or
fertility at exposures generally equivalent to that in humans
at the recommended daily dose of atazanavir or ritonavir.

Genetic Toxicity

The genotoxic potential of atazanavir was evaluated in a bat-
tery of in vitro and in vivo test systems. All in vitro assays
were conducted with and without metabolic activation (rat
liver S9 fraction). Atazanavir was not mutagenic in either
the bacterial mutagenicity screening assay or in the defini-
tive Ames reverse-mutation study. In the definitive Ames as-
say, cytotoxicity was observed in each of the Salmonella and
Escherichia coli strains at the highest concentration evaluated
(2500 µg/plate), both with and without metabolic activation.
In the in vitro chromosomal aberration test in primary human
lymphocytes, atazanavir was clastogenic at cytotoxic concen-
trations of 30 µg/mL in the absence of metabolic activation
and of 240 µg/mL in the presence of metabolic activation.
In contrast, atazanavir was not clastogenic in the in vivo mi-
cronucleus test in rats at doses up to 2000 mg/kg for 3 days.
As positive in vitro results and a negative bone marrow mi-
cronucleus test were obtained, it was necessary to perform
a second in vivo test based on the International Conference
on Harmonization guidelines. In vivo/in vitro unscheduled
DNA synthesis (UDS) assays in both male and female rats
were conducted with single oral doses up to 2000 mg/kg, and
atazanavir did not induce UDS in the liver. Since the UDS
endpoint may not have been sensitive for detection of any
clastogenic effect, as such damage is not readily repaired by
UDS mechanisms, an alternative assay, the single-cell gel
electrophoresis (Comet) assay, with a more appropriate end-
point, was conducted with assessments of liver and duode-
num. Although no valid data could be obtained from livers of
atazanavir-treated rats (assay failure due to lack of positive
control response), clear negative results for DNA damage
were obtained in the duodenum at single oral doses up to
2000 mg/kg.

Carcinogenicity

The carcinogenic potential of atazanavir was evaluated in
mice and rats by oral gavage administration for two years. In
mice administered atazanavir at doses of 20, 40, or 80 mg/kg
per day in males and 40, 120, or 360 mg/kg per day in females,
an increased incidence of benign hepatocellular adenomas
was observed in females given the highest dose of atazanavir.

Systemic exposure at the high dose in females was three times
the exposure in humans given 300 mg/day atazanavir with
100 mg/day ritonavir and seven times the exposure in hu-
mans given 400 mg/day atazanavir. No increased incidence
of tumors was observed in females at lower doses or in males
at any dose. Exposures at the nontumorigenic doses in males
and females ranged from 1.8 to 4.2 times the human exposure
with the two clinical dosing regimens. Based on the nonneo-
plastic liver findings and the overall lack of genotoxicity,
the hepatocarcinogenic effect in high-dose female mice was
considered secondary to atazanavir-related cytotoxicity and
lacking in clinical relevance because of the relatively high
dose and exposure associated with this finding.

In rats administered atazanavir at doses of 100, 350, or
1200 mg/kg per day for two years, there were no statistically
significant positive trends in the incidence of neoplasms at
any dose. Exposures in rats at the high dose of 1200 mg/kg per
day were 0.7 (males) and 2.5 (females) times the exposure in
humans at the recommended dose of atazanavir with ritonavir
and 1.6 (males) and 5.7 (females) times the human exposure
at the recommended dose of atazanavir without ritonavir.

Based on the results of the mouse carcinogenicity study,
additional investigative studies were conducted in mice
which strongly supported the hypothesis that the female
mouse-specific increased incidence in hepatocellular tumors
was due to increased hepatocellular proliferation secondary
to cytotoxicity, based on 5-bromo-2′-deoxyuridine (BrdU)
staining and terminal deoxynucleotidyl transferase-mediated
dUTP-X nick end labeling (TUNEL), respectively. Increased
cell proliferation secondary to drug-related cytotoxic changes
is a well-recognized nongenotoxic (epigenetic) mechanism
of tumor development in rodents [11–14].

In addition, the absence of a carcinogenic effect of
atazanavir in other tissues or organs in the mouse carcino-
genicity study and the absence of any carcinogenic effect in
the companion rat carcinogenicity study further support the
nongenotoxic nature of the hepatocellular tumorigenic effect
since mutagens are more likely than nonmutagens to induce
tumors in multiple organs in a single study and in more than
one animal species [15]. Moreover, the collective results of
the genotoxicity and carcinogenicity studies and of the in-
vestigation of atazanavir-induced hepatic effects support a
threshold nongenotoxic, cytolethal-proliferative mechanism
of tumor development that does not occur at clinically rele-
vant exposures in mice. Together, the result from the geno-
toxicity and carcinogenicity studies support that atazanavir is
not a genotoxic carcinogen and does not pose a carcinogenic
risk to humans at therapeutic doses and exposures.

In conclusion, the toxicity of atazanavir was adequately
evaluated in a comprehensive battery of GLP (good labo-
ratory practices)–compliant nonclinical toxicology studies.
Based on the results of these studies, only the liver was iden-
tified as a potential target organ, with microscopic evidence
of hepatotoxicity observed only in female mice. Atazanavir
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demonstrated no selective developmental toxicity, no effects
on reproductive function or fertility, and no evidence of im-
munotoxicity. The results of the genotoxicity, carcinogenic-
ity, and investigative studies support the fact that atazanavir
is not a genotoxic carcinogen and does not pose a carcino-
genic risk to humans. Therefore, there were no nonclinical
findings that precluded the safe administration of atazanavir
for treatment of HIV infection in humans.

MICROBIOLOGY AND RESISTANCE

Atazanavir exhibits anti-HIV-1 activity with a mean 50%
effective concentration (EC50) in the absence of human serum
of 2 to 5 nM against a variety of laboratory and clinical
HIV-1 isolates grown in peripheral blood mononuclear cells,
macrophages, CEM-SS cells, and MT-2 cells. Atazanavir has
activity against HIV-1 group M subtype viruses A, B, C, D,
AE, AG, F, G, and J isolates in cell culture. Atazanavir has
variable activity against HIV-2 isolates [9].

In vitro studies were conducted to assess the development
of resistance in three strains (RF, LAI, and NL4-3) of HIV-1
virus in cell culture in the presence of increasing concen-
trations of atazanavir for up to 4.8 months. Genotypic and
phenotypic analysis indicated that an N88S substitution in
protease appeared first during passage of the RF and LAI
viruses. The LAI virus exhibiting a 93-fold reduced sus-
ceptibility to atazanavir contained five amino acid changes
in protease (L10Y/F, I50L, L63P, A71V, and N88S), while
the NL4-3 virus showing a 96-fold decrease in susceptibil-
ity contained four amino substitutions (V32I, M46I, I84V,
L89M). The NL4-3 variant has a well-documented resis-
tance substitution (protease I84V) located near the active
site, whereas the resistance phenotype of LAI is attributed
to the appearance of I50L and N88S substitutions, in com-
bination with other secondary substitutions at residues 10,
63, and 71. Atazanavir-resistant virus remained susceptible
to saquinavir while showing varying levels (0.06- to 71-fold
change) of cross-resistance to nelfinavir, indinavir, ritonavir,
and amprenavir. Atazanavir-resistant LAI viruses (harboring
the unique protease I50L substitution) exhibited increased
susceptibility to ritonavir and amprenavir.

Analysis of the genotypic profiles of 943 of the 950
protease inhibitor susceptible and resistant clinical isolates
from atazanavir clinical trials identified a strong correlation
between the presence of the specific protease amino acid
changes at 10I/V/F, 20R/M/I, 24I, 33I/F/V, 36I/L/V, 46I/L,
48V, 54V/L, 63P, 71V/T/I, 73C/S/T/A, 82A/F/S/T, 84V, and
90M and decreased susceptibility to atazanavir. Although no
single substitution or combination of substitutions is predic-
tive of atazanavir resistance, the presence of at least five of
these substitutions correlated strongly with loss of atazanavir
susceptibility [16].

PRECLINICAL SAFETY ASSESSMENTS

Electrophysiology and Cardiac Conduction Studies

The ECG effects of atazanavir were assessed in rabbit
Purkinje fibers. Atazanavir minimally increased action po-
tential duration (13% at 30 µM). This concentration is ap-
proximately four times the mean Cmax and 17 times the mean
Css in humans given atazanavir 400 mg/day. Weak inhibition
of sodium currents (IC50 > 30 µM) and moderate inhibi-
tion of calcium currents (IC50 of 10.4 µM) were also iden-
tified in vitro. Atazanavir was also evaluated in the in vitro
IKr (hERG) and IKs potassium channels, where it produced
weak inhibition of IKr current and no significant inhibition
of the IKs current. The clinical significance of these weak
inhibitory effects on several ion channels, including hERG,
and modest prolongations of the action potential duration is
not clear. In in vivo studies, no direct drug-related effects on
cardiac function were noted in dogs treated with atazanavir
for up to 9 months. Plasma concentrations of atazanavir at
the high dose of 180 mg/kg per day in the 9-month toxicity
study, which produced no ECG changes, were up to three
times the Cmax and seven times the AUC in humans given
atazanavir 400 mg/day.

Metabolic Effects

Preclinical findings showed that atazanavir exhibited
markedly less interference with lipid metabolism in cell cul-
ture models of hepatocytes and adipocytes than did other
protease inhibitors. Atazanavir exhibited lesser effects on
expression of lipogenic genes in hepatocyte and adipocyte
models. Direct assays of human 20S proteasome in vitro
showed that atazanavir is a weak inhibitor of proteasome
activity with IC50 values several times higher than typical
plasma Cmax, while several other protease inhibitors inhib-
ited proteasome activity with IC50 values below reported
plasma Cmax values.

Additionally, data from in vitro studies demonstrated that
atazanavir has little or no effect on GLUT-4 or GLUT-1 glu-
cose transporters in cell culture models of adipocytes and
myocytes. These glucose transporters are critical for glu-
cose uptake in fat and muscle tissues. Because of the role
of glucose metabolism in lipid biosynthesis and its regula-
tion, the lack of inhibition of GLUT-4 or GLUT-1 activity by
atazanavir may contribute to its neutral lipid profile.

Hyperbilirubinemia

Elevation in bilirubin is the most frequent laboratory ab-
normality observed in atazanavir clinical trials. In a het-
erologously expressed human UGT 1A1 in vitro system,
atazanavir—at clinically relevant concentration—inhibits the
glucuronidation of bilirubin. This has also been observed in
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human liver microsomes. The majority of elevations in to-
tal bilirubin are indirect (unconjugated) and not associated
with liver function test elevations. Bilirubin elevations are
reversible upon discontinuation or interruption of atazanavir.

PHASE I–III SAFETY AND EFFICACY

Atazanavir clinical safety and efficacy were demonstrated
through a clinical development program in antiretroviral ther-
apy naive and experienced patients. Two randomized con-
trolled dose-ranging phase II studies compared unboosted
atazanavir at doses of 200 to 600 mg against nelfinavir
[17,18], and two comparative phase III studies compared
unboosted atazanavir at a dose of 400 mg against efavirenz
[19] in treatment-naive patients and lopinavir/ritonavir in
treatment-experienced patients [20]. Atazanavir 300 mg with
ritonavir 100 mg used as a pharmacokinetic enhancer was
compared to unboosted atazanavir in treatment-naive patients
[21] and studied against lopinavir/ritonavir in both treatment-
naive [22] and treatment-experienced patients [23]. The clin-
ical development program of atazanavir has resulted in its
approval in combination with other antiretroviral drugs for
treatment-naive patients with either boosted or unboosted
dosing of atazanavir, and for treatment-experienced with
boosted atazanavir dosing.

CLINICAL PHARMACOLOGY

Pharmacokinetics

Most atazanavir pharmacokinetic studies were conducted in
HIV-uninfected subjects. Atazanavir is rapidly absorbed af-
ter oral administration, reaching peak plasma concentrations
after 2 to 3 h. Steady state is reached by around day 6 with
once-daily dosing. Nonlinear pharmacokinetics were demon-
strated, resulting in greater than dose-proportional increases
in bioavailability over a dose range of 200 to 800 mg daily
in HIV-uninfected subjects [24].

Administration of atazanavir with food enhances its
bioavailability and reduces pharmacokinetic variability [25,
26]. The absolute oral bioavailability of atazanavir was
not determined in humans; however, the bioavailability of
atazanavir capsules relative to a solution was 68% in humans.
Peak concentrations of atazanavir in humans were achieved
in 1.5 h after a single oral capsule dose in the fed state, with
no evidence of a plateau effect after peak levels, indicating
that the absorption is rapid. Consistent with the findings in
animals, approximately 79% of the administered radioactiv-
ity was recovered in the feces of humans, suggesting biliary
elimination and/or incomplete absorption. Renal elimination
was a minor pathway in humans, since only 13% of the ra-
dioactivity administered was recovered in the urine after a

single 400-mg oral dose, with unchanged drug accounting for
approximately half of that radioactivity. In humans, females
have modestly higher exposures to atazanavir compared to
males, but the difference (< 25%) is considered not to be of
clinical relevance. Scheme 5 shows the chemical structures
of the proposed human metabolites. Atazanavir was the ma-
jor circulating component in human plasma. Additionally,
M2, M14, and the unidentified keto metabolite, each consti-
tuting approximately 10% of the plasma radioactivity, were
present in human plasma. M2 and M14 possess no anti-HIV
activity.

Atazanavir is ≥ 86% protein bound in human plasma
(86% to albumin and 89% to α1-acid glycoprotein).
Atazanavir is a substrate of human cytochrome P450 3A4
(CYP3A4) in vitro. Consistent with these in vitro data,
ritonavir (a potent CYP3A4 inhibitor) increases [27] and
efavirenz (a potent CYP3A4 inducer) decreases the expo-
sure to atazanavir [28] following concomitant administration
in humans. The inhibitory effect of low-dose ritonavir on
CYP3A4 substantially increases atazanavir concentrations.
Compared to the atazanavir 400 mg once daily at steady state,
atazanavir AUC and Cmin for atazanavir/ritonavir 300/100 mg
once daily is 4- and 12-fold greater, respectively [29].
Atazanavir inhibits, but does not induce, human CYP3A4
in vitro, and is a moderate inhibitor of uridine diphosphate
glucuronosyl transferase 1A1 (UGT1A1) in vitro. In clin-
ical studies, elevations in endogenous serum bilirubin, a
UGT1A1 substrate, are observed but rarely result in treatment
discontinuation.

Atazanavir requires acidic pH for dissolution. Therefore,
concomitant use of medications that raise gastric pH, such
as antacids, histamine (H2) blockers, and proton pump in-
hibitors, reduce atazanavir bioavailability. Atazanavir boost-
ing with ritonavir and concomitant or temporal separation
with acid-reducing agents decrease the effect of acid-
reducing agents on atazanavir pharmacokinetics [30–32].

Pharmacodynamics

Seven non-placebo-controlled clinical pharmacology studies
to evaluate the effect of atazanavir exposure on ECG parame-
ters were completed in healthy subjects. Doses of unboosted
atazanavir at 200 through 800 mg once daily were studied.
ECG parameters were measured prior to and during study
drug administration. Equivocal effects of atazanavir on the
QTc interval were observed in these non-placebo-controlled
studies. A dose- and concentration-dependent effect on PR
interval was seen in these initial non-placebo-controlled
studies [9].

A definitive, placebo-controlled double-blind three-
treatment three-period crossover study in 72 healthy subjects
was designed to determine the effect of unboosted atazanavir
(400 and 800 mg) on ECG parameters, specifically the QTcB
and PR intervals. While boosted atazanavir (atazanavir 300
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with ritonavir 100 mg) was not included in this study, boosted
atazanavir results in concentrations intermediate between
atazanavir 400 and 800 mg [9]. In this study, atazanavir
had neither a clinically significant nor a statistically signif-
icant concentration-dependent effect on the QTcB interval.
Fourteen percent of patients taking atazanavir 400 mg/day
developed PR intervals greater than 200 ms (normal range
120 to 200 ms). The PR prolongations was dose related,
and their frequency and magnitude increased with increasing
dose of atazanavir. PR prolongations at the 400-mg dose of
atazanavir were all mild (≤ 250 ms). All prolongations of
the PR interval were asymptomatic and not associated with
significant clinical findings. No episodes of 2◦ or 3◦ AV block
were observed.

Studies with other protease inhibitors demonstrated that
Cmin (trough) concentrations of HIV protease inhibitors cor-
relate with efficacy. Atazanavir trough concentrations and
inhibitory quotient using the clinical dosing regimens of
atazanavir 400 and 300 mg with ritonavir were determined in
patients naive to antiretroviral therapy [33]. The inhibitory
quotient was defined as the atazanavir Ctrough/individual’s
HIV-1 protein binding-adjusted EC90 for atazanavir against
HIV and was available from 32% of subjects at baseline. In
these antiretroviral-naive subjects, Ctrough in both regimens
was associated with the probability of virologic suppression
at 48 weeks; however, even in the lowest Ctrough quartile,
88% of subjects achieved virologic suppression. Total biliru-
bin levels and the development of jaundice were positively
associated with atazanavir Ctrough. Higher atazanavir Ctrough

and a regimen of atazanavir 300 mg with ritonavir were asso-
ciated with greater increases in fasting triglycerides and total
cholesterol. Despite a statistically significant regimen effect
for fasting triglycerides and total cholesterol elevations, only
a weak positive correlation of atazanavir Ctrough was noted,
suggesting a stronger association of these lipid elevations
with ritonavir administration rather than atazanavir Ctrough

values. Hepatic transaminase elevation (AST or ALT) and
the probability of diarrhea or nausea were not associated with
atazanavir Ctrough. The relationship of atazanavir Ctrough and
total bilirubin, lipid profile, and liver transaminase changes
was confirmed further in study AI424-138 (CASTLE)
pharmacokinetic/pharmacodynamic analysis [34].

Clinical Trials in Antiretroviral-Naive Patients

Study AI424-007 [17] was a 48-week dose-ranging phase II
study comparing the safety and efficacy of atazanavir in doses
of 200, 400, and 500 mg once daily to nelfinavir 750 mg three
times a day in combination with didanosine and stavudine
in 420 antiretroviral naive patients. The study was blinded
to atazanavir dose but included an open-label comparison
to nelfinavir. Subjects received atazanavir monotherapy for
2 weeks followed by the combination regimen for 46 weeks.
After 48 weeks, mean change from baseline in plasma HIV-1

RNA (−2.57 to −2.33 log10 copies/mL), the proportion of
subjects with plasma HIV-1 RNA < 400 copies/mL (56 to
64%) and < 50 copies/mL (28 to 42%), and mean increases
in CD4+ T-cell count (185 to 221 cells/mm3) were compara-
ble across treatment groups. Diarrhea was two to three times
more common in the nelfinavir group (61% of subjects) than
in the atazanavir groups (23 to 30% of subjects), and jaundice
occurred only in atazanavir-treated subjects (6, 6, and 12% in
the 200-, 400-, and 500-mg groups, respectively). There was
minimal effect on blood lipids parameters at all atazanavir
doses, in contrast to the nelfinavir arm, which experi-
enced an increase from baseline in total cholesterol, triglyc-
erides, and fasting low-density lipoprotein (LDL) cholesterol
levels.

Atazanavir 400 and 600 mg once daily were compared
to nelfinavir 1250 mg twice a day in combination with
lamivudine and stavudine in another phase II study (AI424-
008) in 467 antiretroviral-naive patients [18]. At 48 weeks,
mean changes in plasma HIV-1 RNA (log10 copies/mL) from
baseline to 48 weeks were −2.51, −2.58, −2.31; HIV-1
RNA < 400 copies/mL were 64, 67, and 53%; and HIV-
1 RNA < 50 copies/mL were 35, 36, and 34% in atazanavir
400 mg, 600 mg, and nelfinavir arms, respectively. CD4+

T-cell count increases were similar across all arms. Adverse
events were similar across treatments with the exception of
diarrhea (more frequent with nelfinavir) and jaundice (more
frequent with atazanavir). Unconjugated hyperbilirubinemia
was reported more frequently in the higher-dose atazanavir
(600 mg) arm. Similar to study AI424-007, both atazanavir
arms had minimal effects on lipids compared to nelfinavir.
Based on these data and the risk–benefit profile, atazanavir
400 mg once daily was chosen as the recommended dose of
unboosted atazanavir.

Study AI424-044 was a rollover study of patients com-
pleting the earlier nelfinavir comparative phase of AI424-008
with plasma HIV-1 RNA fewer than 10,000 copies/mL [35].
Patients were maintained on atazanavir, or (if they received
nelfinavir) switched to atazanavir and followed for 24 weeks
after completing 48 weeks of study AI424-008. Atazanavir
was well tolerated and effective during extended use and
also in patients who switched from nelfinavir. In virologically
suppressed, nelfinavir-treated patients switched to atazanavir,
virologic suppression continued, whereas nelfinavir-induced
lipid elevations were reversed within 12 weeks, approach-
ing pretreatment values. Extended atazanavir use in patients
who received atazanavir previously resulted in continued vi-
ral suppression and lipid changes that were not clinically
relevant.

Study AI424-034 [19] was a phase III randomized double-
blind double-dummy active-controlled two-arm study in
810 patients comparing the antiviral efficacy and safety of
atazanavir 400 mg administered once daily vs. efavirenz
600 mg administered once daily in combination with open-
label fixed-dose zidovudine plus lamivudine twice daily in
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treatment-naive patients. At week 48, plasma HIV-1 RNA
levels were lower than 400 copies/mL in 70% of patients re-
ceiving atazanavir and 64% of patients receiving efavirenz.
Immunological responses were similar in both treatment
arms. Atazanavir-treated patients did not demonstrate signif-
icant increases in total cholesterol, fasting LDL cholesterol,
fasting triglycerides, fasting glucose or insulin levels, and
atazanavir-related bilirubin elevations resulted in treatment
discontinuation in less than 1% of participants.

Boosted atazanavir (atazanavir 300 mg with ritonavir
100 mg) was compared to atazanavir 400 mg in antiretro-
viral naive patients in a phase II study, AI424-089, which
randomized 200 patients (95 to boosted atazanavir and 105
to unboosted atazanavir). Response rates of plasma HIV-
1 RNA < 400 copies at week 48 were 86% and 85% on
the boosted atazanavir and unboosted atazanavir regimens.
There were 3 and 10 patients with virologic failure in the
boosted atazanavir and unboosted atazanavir groups, respec-
tively. Plasma lipid elevations were low with both regi-
mens. At 96 weeks, discontinuation rates were similar in
both arms, but the response rates were slightly higher in
the boosted atazanavir arm, with fewer virological failures
than in the unboosted atazanavir arm. Increases in plasma
lipids in both regimens were similar; however, there were
higher rates of hyperbilirubinemia on the boosted atazanavir
arm [36].

The CASTLE study (AI424-138) was a large, open-label
randomized phase III study comparing atazanavir/ritonavir
(300/100 mg once daily) to lopinavir/ritonavir (400/100 mg
twice daily) in antiretroviral-naive patients. The study ran-
domized 440 and 443 patients to atazanavir/ritonavir and
lopinavir/ritonavir arms, respectively. At 48 weeks, 78%
of those on atazanavir/ritonavir and 76% of those on
lopinavir/ritonavir achieved the primary endpoint of plasma
HIV-1 RNA fewer than 50 copies/mL, demonstrating the
noninferiority of atazanavir/ritonavir to lopinavir/ ritonavir.
Similar increases in CD4+ T-cell count were noted in both
arms. The rates of discontinuation were 9 and 13% in
the atazanavir/ritonavir- and lopinavir/ritonavir-containing
arms, respectively. The atazanavir/ritonavir arm was asso-
ciated with significantly lower increases in total cholesterol,
triglycerides, and non-high-density lipoprotein cholesterol.

Atazanavir/ritonavir demonstrated higher rates of hy-
perbilirubinemia and lower rates of gastrointestinal events
than those of lopinavir/ritonavir [22]. Noninferiority of
atazanavir/ritonavir to lopinavir/ritonavir was also confirmed
at week 96. Virological failure rates were low with both regi-
mens. Atazanavir/ritonavir had a better lipid profile, such that
2% of subjects on atazanavir/ritonavir vs. 9% of subjects on
lopinavir/ritonavir initiated lipid-lowering drugs on study.
Additionally, atazanavir/ritonavir had a more favorable gas-
trointestinal tolerability than lopinavir/ritonavir [37]. Similar
results were demonstrated regardless of the patients’ race or
gender [38,39].

Clinical Trials in Antiretroviral-Experienced Patients

BMS studies AI424-043 and AI424-045 were conducted
in treatment-experienced patients. In study AI424-045 [23],
358 patients who had failed two or more prior antiretrovi-
ral regimens were randomized to receive atazanavir/ritonavir
300/100 mg once a day, atazanavir/saquinavir 400/1200 mg
once a day, or lopinavir/ ritonavir 400/100 mg twice
a day, each with tenofovir and another nucleoside re-
verse transcriptase inhibitor. The primary endpoint of time-
averaged reductions in plasma HIV-1 RNA from
baseline for atazanavir/ritonavir and lopinavir/ritonavir
were comparable at 48 weeks (1.93 and 1.87 log10

copies/mL, respectively). Mean CD4+ T-cell-count in-
creases were 100 and 121 cells/mm3 for atazanavir/ritonavir
and lopinavir/ritonavir, respectively. The efficacy of
atazanavir/saquinavir was lower than lopinavir/ritonavir
by both these parameters and this arm was discontin-
ued at 24 weeks. Declines in total cholesterol and fast-
ing triglycerides were greater with atazanavir/ritonavir
and atazanavir/saquinavir than with lopinavir/ritonavir,
with lipid-lowering agents used more frequently in the
lopinavir/ritonavir arm than in the atazanavir arms. Hyper-
bilirubinemia was more common on the atazanavir/ritonavir
arm, and diarrhea was more common in lopinavir/ritonavir
arm, which also had greater use of antidiarrheal agents.
In the extended follow-up period, to 96 weeks, once-daily
atazanavir/ritonavir demonstrated durable safety and efficacy
and was associated with significant reductions in total choles-
terol and fasting triglycerides [40].

In study AI424-043 [20], 300 patients failing protease
inhibitor–based antiretroviral therapy were randomized to
receive atazanavir 400 mg once a day without ritonavir or
lopinavir/ritonavir 400/100 mg twice daily, each with two nu-
cleoside reverse transcriptase inhibitors. Lopinavir/ritonavir
resulted in significantly greater reduction in plasma HIV-1
RNA than that of unboosted atazanavir at 48 weeks. How-
ever, both regimens were equally effective in patients who
had no baseline nucleoside reverse transcriptase inhibitors
mutations. Atazanavir resulted in either no change or de-
creases in fasting LDL cholesterol, total cholesterol, and
fasting triglycerides, whereas lopinavir/ritonavir resulted in
increases in these lipid parameters. Based on these re-
sults, unboosted atazanavir is not recommended for use in
treatment-experienced patients.

Clinical Trials in Pediatric Patients

The PACTG 1020A (AI424-020) study was designed as a
phase I/II open-label pharmacokinetics and safety study of
atazanavir (powder and capsules) in combination regimens
in antiretroviral-naive and antiretroviral-experienced HIV-1-
infected infants, children, and adolescents. Consistent with
the adult experience, the results of AI424-020 support the fact
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that atazanavir/ritonavir is generally safe and well tolerated in
pediatric populations. Compared with adults, no new safety
findings related to atazanavir/ritonavir were identified in the
pediatric population. The results of this study have led to the
approval of pediatric dosing recommendation in adolescents
and children above the age of 6 in the United States [41–43].

FUTURE DIRECTIONS

Atazanavir in combination with two nucleosides has been
studied extensively in both antiretroviral treatment-naive and
experienced patients. However, since nucleoside reverse tran-
scriptase inhibitors may be associated with long-term toxici-
ties or development of extensive nucleoside cross-resistance,
studying atazanavir in new treatment regimens without nucle-
oside reverse transcriptase inhibitors is warranted. With the
introduction of new classes of antiretroviral therapy with new
mechanism of action, the use of atazanavir with these new
compounds is being explored, including ongoing studies with
integrase inhibitors (raltegravir [44] and elvitegravir [45]),
CCR5 inhibitors (maraviroc [46] and vicriviroc [47]), as well
as with new nonritonavir pharmacokinetic enhancers (such
as GS 9350) [48].

Studies of boosted atazanavir monotherapy as a poten-
tial option for maintenance therapy after initial virological
suppression with a full antiretroviral regimen have also been
conducted. These studies have shown mixed results regard-
ing the efficacy of boosted atazanavir monotherapy and the
value of this strategy [49–51].

CONCLUSIONS

Atazanavir was developed as the first potent once-a-day pro-
tease inhibitor. The efficacy, safety, and tolerability of the
compound have been demonstrated in both treatment-naive
and treatment-experienced patients, and atazanavir is now
recommended as part of a preferred regimen in many HIV
treatment guidelines [52–54]. Atazanavir is currently ap-
proved unboosted for antiretroviral-naive patients who can-
not tolerate ritonavir and boosted with ritonavir for both
antiretroviral-naive and antiretroviral-experienced patients.
Atazanavir is being evaluated in new treatment paradigms as
antiretroviral therapy, and patients’ medical needs continue
to evolve.
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Strop, P.; Grütter, M. G. Comparative analysis of the x-ray
structures of HIV-1 and HIV-2 proteases in complex with
CGP-53280, a novel pseudosymmetric inhibitor. Structure
1995, 3, 381–389.

[6] Xu, Z.; Singh, J.; Schwinden, M. D.; Zheng, B.; Kissick,
T. P.; Patel, B.; Humora, M. J.; Quiroz, F.; Dong, L.; Hsieh,
D.-M.; et al. Process research and development for an efficient
synthesis of the HIV protease inhibitor BMS-232632. Org.
Process Res. Dev. 2002, 6, 323–328.

[7] Fan, X.; Song, Y.-L.; Long, Y.-Q. An efficient and practical
synthesis of the HIV protease inhibitor atazanavir via a highly
diastereoselective reduction approach. Org. Process Res. Dev.
2008, 12, 69–75.

[8] Singh, J.; Pudipeddi, M.; Lindrud, D. M. Bisulfate salt
of HIV protease inhibitor. World Patent Application, WO
1999036404, 1999.

[9] Bristol-Myers Squibb Company. Atazanavir briefing doc-
ument BMS-232632, May 2003. Available at http://www.
fda.gov/ohrms/dockets/ac/03/briefing/3950B1_01_Bristol
MyersSquibbAtazanavir.pdf. Accessed Nov. 19, 2009.

[10] ter Heine, R.; Hillebrand, M. J. X.; Rosing, H. E.; van Gorp,
C. M.; Mulder, J. W.; Beijnen, J. H.; Huitema, A. D. R. Identi-
fication and profiling of circulating metabolites of atazanavir,
a HIV protease inhibitor. Drug Metab. Dispos. 2009, 37,
1826–1840.

[11] Williams, G. E.; Whysner, J. Epigenetic carcinogens: eval-
uation and risk assessment. Exp. Toxicol. Pathol. 1996, 48,
189–195.

[12] Williams, G. E.; Iatropoulos, M. J.; Weisburger, J. H. Chemical
carcinogen mechanisms of action and implications for testing
methodology. Exp. Toxicol. Pathol. 1996, 48, 101–111.

[13] Lima, B. S.; Van der Laan, J. W. Mechanisms of nongenotoxic
carcinogenesis and assessment of the human hazard. Regul.
Toxicol. Pharmacol. 2000, 32, 135–143.

[14] Butterworth, B. E.; Conolly, R. B.; Morgan, K. T. A strategy
for establishing mode of action of chemical carcinogens as a
guide for approaches to risk assessments. Cancer Lett. 1995,
93, 129–146.

[15] Gold, L. S.; Slone, T. H.; Stern, B. R.; Bernstein,
L. Comparison of target organs of carcinogenicity for



P1: TIX/XYZ P2: ABC
JWBS061-01 JWBS061-Kazmierski May 24, 2011 16:56 Printer Name: Yet to Come

16 DISCOVERY AND DEVELOPMENT OF ATAZANAVIR

mutagenic and non-mutagenic chemicals. Mutat. Res. 1993,
286, 75–100.

[16] Bristol-Myers Squibb Company. Reyataz R© (atazanavir
sulfate) capsules: US prescribing information. Available
at http://packageinserts.bms.com/pi/pi_reyataz.pdf. Accessed
Dec. 7, 2009.

[17] Sanne, I.; Piliero, P.; Squires, K.; Thiry, A.; Schnittman, S. Re-
sults of a phase 2 clinical trial at 48 weeks (AI424–007): a dose
ranging, safety, efficacy and comparative trial of atazanavir at
three doses in combination with didanosine and stavudine in
antiretroviral-naive subjects. J. Acquir. Immune Defic. Syndr.
2003, 32, 18–29.

[18] Murphy, R.; Sanne, I.; Cahn, P.; Phanuphak, P.; Percival,
L.; Kelleher, T.; Giordano, M. Dose-ranging, randomized,
clinical trial of atazanavir with stavudine and lamuvidine in
antiretroviral-naive subjects: 48-week results. AIDS 2003, 17,
2603–2614.

[19] Squires, K.; Lazzarin, A.; Gatell, J.; Powderly, W.;
Pokrovskiy, V.; Delfraissy, J. F.; Jemsek, J.; Rivero, A.; Rozen-
baum, W.; Schrader, S.; et al. Comparison of once daily
atazanavir with efavirenz, each in combination with fixed-
dose zidovudine and lamivudine, as initial therapy for patients
infected with HIV. J. Acquir. Immune Defic. Syndr. 2004, 36,
1011–1019.

[20] Cohen, C.; Nieto-Cisneros, L.; Zala, C.; Fessel, W. J.;
Gonzalez-Garcia, J.; Gladysz, A.; McGovern, R.;
Adler, E.; McLaren, C. Comparison of atazanavir with
lopinavir/ritonavir in patients with prior protease inhibitor
failure: a randomized multinational trial. Curr. Med. Res.
Opin. 2005, 10, 1683–1692.

[21] Malan, D. R.; Krantz, E.; David, N.; Wirtz, V.; Hammond, J.;
McGrath, D. Efficacy and safety of atazanavir, with or with-
out ritonavir, as part of once-daily highly active antiretroviral
therapy regimens in antiretroviral-naive patients. J. Acquir.
Immune Defic. Syndr. 2008, 47, 161–167.

[22] Molina, J.-M.; Andrade-Villanueva, J.; Echevarria, J.;
Chetchotisakd, P.; Corral, J.; David, N.; Moyle, G.;
Mancini, M.; Percival, L.; Yang, R.; et al. Once-daily
atazanavir/ritonavir vs. twice-daily lopinavir/ritonavir, each in
combination with tenofovir and emtricitabine, for the manage-
ment of anti-retroviral-naive HIV-1 infected patients. Lancet
2008, 372, 646–655.

[23] Johnson, M.; Grinsztejn, B.; Rodriguez, C.; Coco, J.; De-
Jesus, E.; Lazzarin, A.; Lichtenstein, K.; Wirtz, V.; Right-
mire, A.; Odeshoo, O.; McLaren, C. Atazanavir plus
ritonavir or saquinavir and lopinavir/ritonavir in patients ex-
periencing multiple virological failures. AIDS 2005, 19, 685–
694.

[24] Agarwala, S.; Graesela, D.; Child, M.; Geraldes, M.; Geiger,
M.; O’Mara, E. Characterization of the steady-state pharma-
cokinetic (PK) profile of atazanavir (atazanavir) beyond the
24-hour dosing interval. Antivir. Ther. 2003, 8 (Suppl. 1). Ab-
stract 845.

[25] Child, M.; Agarwala, S.; Boffito, M.; Jones, A.; Mahnke, L.;
Nettles, R.; Persson, A.; Xu, X.; Bertz, R. Effect of food on
the pharmacokinetics of atazanavir when administered with
ritonavir in healthy subjects. 8th International Workshop on

Clinical Pharmacology of HIV Therapy, Budapest, Hungary,
Apr. 16–18, 2007. Abstract 25.

[26] O’Mara, E.; Mummaneni, V.; Randall, D.; Sagali, N.; Olsen,
S.; Tanner, T.; Schuster, A.; Raymond, R.; Kaul, S. BMS-
232632: a summary of multiple dose pharmacokinetic, food
effect and drug interaction studies in healthy subjects. 7th
Conference on Retroviruses and Opportunistic Infections, San
Francisco, Jan. 30–Feb. 2, 2000. Abstract 504.

[27] Agarwala, S.; Russo, R.; Mummaneni, V.; Randall, D.; Ger-
aldes, M.; O’Mara, E. Steady-state pharmacokinetic (PK) in-
teraction study of atazanavir (atazanavir) with ritonavir (ri-
tonavir) in healthy subjects. 42nd Interscience Conference
on Antimicrobial Agents and Chemotherapy, San Diego, CA,
2002. Abstract H-1716.

[28] Tackett, D.; Child, M.; Agarwala, S.; Geiger, M.; Geraldes,
M.; Laura, B.; O’Mara, E. Atazanavir: a summary of two
pharmacokinetic drug interaction studies in healthy subjects.
10th Conference on Retroviruses and Opportunistic Infec-
tions, Boston, 2003. Abstract 543.

[29] Agarwala, S.; Eley, T.; Filoramo, D. Steady-state pharmacoki-
netics and inhibitory quotient of atazanavir with and without
ritonavir in treatment naive HIV-infected patients. 7th Interna-
tional Workshop on Clinical Pharmacology of HIV Therapy,
Lisbon, Portugal, 2006. Abstract 85.

[30] Agarwala, S.; Eley, T.; Child, M.; Wang, Y.; Hughes, E.;
Chung, E.; Wang, R.; Grasela, D. Pharmacokinetic effect of
famotidine on atazanavir with or without ritonavir in healthy
subjects. 6th International Workshop on Clinical Pharmacol-
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DISCOVERY AND DEVELOPMENT OF PL-100, A NOVEL
HIV-1 PROTEASE INHIBITOR

Jinzi J. Wu and Joseph Musto
GlaxoSmithKline, Research Triangle Park, North Carolina

INTRODUCTION

The introduction of HIV-1 protease inhibitors (PIs) for the
treatment of HIV/AIDS patients more than a decade ago
hallmarked the era of highly active antiretroviral therapy
(HAART). In sharp contrast to earlier treatment modalities,
the use of PIs in conjunction with other classes of antivi-
ral drugs, such as nucleoside reverse transcriptase inhibitors
(NRTIs), in triple (or simpler) combination therapy regimens
resulted in effective suppression of viral replication com-
mensurate with significant reduction of HIV/AIDS-related
morbidity and mortality [1–5]. However, as is the case with
all current and experimental anti-HIV drugs, the develop-
ment of resistance to these drugs has been shown to be a
major cause of virological failure of combination antiretro-
viral therapy [6–9]. The majority of HIV patients ultimately
experience some form of drug resistance during therapy [10].
In addition, the percentage of patients presenting with viral
resistance upon diagnosis has been increasing rapidly [11].
Some PIs are considered to be high-genetic-barrier com-
pounds for the development of drug resistance. Furthermore,
cross-resistance between these drugs is frequently observed
and has been shown to increase together with an increasing
number of mutations in the PR gene, as is usually the case
following sequential therapy with regimens that include these
drugs [12,13]. Cross-resistance can result in significant ero-
sion of therapeutic options and may be of greater concern in
heavily treatment-experienced patients because of the more
extensive and complex mutational patterns harbored by their
viruses.

PL-100, a lysine-derived novel protease inhibitor (PI) of
human immunodeficiency virus type 1 (HIV-1), and its pro-
drug, PPL-100, were discovered and developed by Ambrilia
Biopharma, Inc., a Montreal-based biopharmaceutical com-
pany devoted to antiviral drug development. PL-100 was
discovered during the period 2002–2004 by scientists at
Pharmacor, Inc., a small Montreal-based biotech which was
acquired by Procyon Biopharma, Inc., which later became
Ambrilia Biopharma, which assumed the responsibility of
preclinical and clinical development of PL-100. Preclinical
studies showed that PL-100 possessed suboptimal solubil-
ity and pharmacokinetic, (PK) properties, possibly hindering
further development. Scientists at Ambrilia developed a pro-
drug approach to further optimize solubility and the PK pro-
file of PL-100, which led to the discovery of a phosphorylated
prodrug, PPL-100. Ambrilia successfully completed preclin-
ical and clinical development (phase I in healthy volunteers)
of PPL-100 in approximately 18 months and licensed it to
Merck in 2006. Scientists at Ambrilia and its precursor com-
panies had the following remits during the discovery and de-
velopment of PL-100 and its prodrug, PPL-100: (1) a potent
and selective next-generation PI with a novel scaffold; (2) a
favorable cross-resistance profile compared to approved PIs
at that time, mainly lopinavir (LPV) and atazanavir (ATV)
(darunavir and tipranavir were not available for comparison
then); (3) a high genetic barrier to the development of re-
sistance; and (4) a unique PK profile with the potential of
becoming the first unboosted PI. This chapter summarizes
the discovery and development of PL-100 and PPL-100 in
the context of the foregoing objectives.
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DISCOVERY

Next-Generation PI with a Novel Lysine Scaffold

A series of HIV-1 PIs with a novel scaffold based on ly-
sine were discovered via the screen of an amino acid li-
brary and subsequent rational drug design, as illustrated in
Scheme 1. This novel scaffold generated potent lead com-
pounds for both protease enzyme inhibition and antiviral
activities [14]. Furthermore, initial cross-resistance studies
of one such lead compound suggested that this class of
molecules was promising [15]. The lead optimization process
giving rise to PL-100 was reported by Stranix et al. [16,17].
The testing results obtained during the optimization work are
provided in Tables 1 and 2.

The inhibition of HIV-1 PR, activity against HIV-1 in
the cell-based assay, and cellular toxicity were reported by
Dandache et al. [18], Stranix et al. [17], and Wu et al. [19].
PL-100, a novel l-lysine derivative HIV PI, inhibited purified
HIV-1 PR with a mean Ki value of 36 pM, as determined by a
tightly binding inhibitor plot [15]. With the exception of IDV
(Ki, ∼ 2 nM), all of the PIs tested demonstrated Ki values in
the same picomolar range (14 to 306 pM).

The selectivity of PL-100 was evaluated by testing its
ability to inhibit the activities of other aspartyl PRs: namely,
pepsin and cathepsin D. In these assays, PL-100 showed no
inhibitory activity (its IC50 values were > 50 µM for both
cathepsin D and pepsin), whereas APV’s IC50 values were
15.2 and 0.28 µM, respectively. These results demonstrate
that PL-100 is a potent and selective competitive HIV-1 PI.

To determine whether PL-100 effectively blocks the prote-
olytic processing of HIV-1 p55 polyprotein, H9 cells chroni-
cally infected with HIV-1 IIIB were incubated in the presence
of various concentrations of PL-100, and the p55 cleavage
product p24 was detected by Western blotting. The results
show that PL-100 effectively prevented the processing of the
p55 precursor protein, as demonstrated by a dose-dependent
decrease in the amount of p24 product [15]. These results
confirm that PL-100 is an effective inhibitor of the HIV-1 PR
in infected cells.

TABLE 1 Inhibition of HIV-1 Aspartyl Protease (IC50) and
Antiviral Activity (EC50) in the Cellular Assay (MT-4)

N
S

NH2

N
H

O

R
2

N
R

1

O

O

OH
O O

R1 R2 IC50 (nM) EC50 (nM)

H C6H5CH2 12 2000
H Ph >300 N.D.a

H C6H5CH2CH2 40 9000
CH2 C6H4CH(TIC) 130 N.D.
CH3 C6H5CH2 6.5 1000
H Naphthyl-1-CH2 1.2 120
H Naphthyl-2-CH2 1.2 258
H Biphenyl-2-CH2 0.521 200
H (C6H5)2CH 0.500 16

aN.D., not determined.
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TABLE 2 Structure–Activity Relationshipa

N
S

NH2

N
H

O

NH

R1OH
O O

R1 IC50 (nM) EC50 (nM)

H 0.50 44
Ac 1.5 66
Cyclopropyl-CO 0.43 25
CH3O-CO 0.50 16 (PL-100)
(CH3)3CO-CO 0.40 41
(CH3)2N-CO 0.44 62
Pyrazine-CO 0.52 19
2-Pyridyl-CO 0.46 68
3-Pyridyl-CO 0.68 39
4-Pyridyl-CO 0.65 32
2-CH3-3-pyridyl-CO 0.40 42
6-CH3-3-pyridyl-CO 0.40 24
3-HO-2-pyridyl-CO 0.90 153
6-H2N-3-pyridyl-CO 0.40 84
3-Picolyl-CO 0.24 194
2-Picolyl-O-CO 0.12 17
3-Picolyl-O-CO 0.48 18
4-PicolylO-CO 0.39 20
2-HO-phenyl-CO 0.63 64
3-HO-phenyl-CO 0.40 64
4-HO-phenyl-CO 0.53 88
3-HO-4-NO2-phenyl-CO 0.33 16

aIC50, enzyme activity; EC50, antiviral activity.

The in vitro antiviral activity of PL-100 was tested by
a standard MTT cytoprotection assay. PL-100 potently sup-
pressed viral replication of the laboratory-adapted strain NL-
4.3 in MT-4 cells with an average EC50 of 16 nM and an EC90

of 23 nM, while the selected FDA-approved PIs gave EC50

values that ranged between 4 and 67 nM (Table 3) [17–19].

Furthermore, the cytotoxicity of PL-100, with a CC50 value
of 37,000 nM and a selectivity index of 2313, was similar
to those of commercially available PIs (Table 3) [17–19]. In
addition, EC50 values of PL-100 against wild-type viruses in
other cellular assays have been reported [EC50 = 0.006 to
0.011 µM in cord blood mononuclear cells (CBMCs)] [17].

Favorable Cross-Resistance Pattern

The antiviral activity of PL-100 and its backup PL-337 were
evaluated in parallel with a series of commercially available
PIs at the time of investigation [17–20] using a panel of
63 constructs containing PR and RT gene sequences from
PI-experienced patients in a replication-defective reporter-
gene-based phenotypic assay (PhenoSense HIV assay;
Monogram Biosciences). The selection criteria for the 63
NL-4.3-based constructs included high-level loss of suscep-
tibility to specific PIs and high-level loss of susceptibility to
multiple PIs. The following primary PI mutations were con-
sidered in the study: D30N, V32I, L33F, M46I/L, I47A/V,
G48V, I50L/V, V82A/F/L/S/T, I84V, N88D/S, and L90M, as
defined by the International AIDS Society–USA. The num-
bers of constructs in the panel harboring zero, one, two,
three, four, five, or six of these primary PI mutations were
2, 4, 7, 30, 15, 4, and 1, respectively. Hence, the majority of
the constructs in this panel harbored three or four primary
PI mutations; this emphasizes the strength of the panel. The
representation of each primary PI mutation in the panel of 63
constructs tested in the cross-resistance profiling of PL-100
was as follows: 2 constructs with D30N, 3 with V32I, 21
with L33F, 38 with M46I/L, 5 with I47A/V, 6 with G48V, 7
with I50L/V, 33 with V82A/F/L/S/T, 35 with I84V, 11 with
N88D/S, and 31 with L90M. Mixed genotypes in the sam-
ples were not considered. The mean EC50 of PL-100 in this
assay was 5.3 nM against the wild-type NL-4.3 reference
construct compared to 10.7, 1.5, 7.8, 2.8, 5.8, and 1.8 nM
for APV, ATV, IDV, LPV, NFV, and SQV, respectively. The
PI susceptibility of each patient-derived resistance test vec-
tor was compared to that of the wild-type NL-4.3 reference

TABLE 3 Comparison of Antiviral Activity and Cytotoxicity of PL-100 vs. Approved PIs

Protease Antiviral Activity, Cytotoxicity, Selectivity Index,
Inhibitor EC50 (µM)a CC50 (µM) SIb

PL-100 0.016 ± 0.003 37 ± 16 2,313
ATV (atazanavir-BMS) 0.004 ± 0.001 71 ± 19 17,750
APV (amprenavir-GSK) 0.051 ± 0.014 >100 >1,961
IDV (indinavir-Merck) 0.067 ± 0.010 >100 >1,493
LPV (lopinavir-Abbott) 0.019 ± 0.001 28 ± 8 1,474
NFV (nelfinavir-Pfizer) 0.031 8 ± 2 258
RTV (ritonavir-Abbott) 0.061 ± 0.003 26 ± 6 426
SQV (saquinavir-Roche) 0.013 19 ± 7 1,462

aEC50 obtained using the NL4-3 strain and MT-4 cell line, 6 days postinfection.
bThe selectivity index (SI) = cytotoxic concentration 50 (CC50)/antiviral EC50.
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TABLE 4 Antiviral Activity of PL-100 and PL-337 vs. Marketed PIs Against 63 Multi-PI-Resistant Strainsa

ATV:
Atazanavir-

BMS

APV:
Amprenavir-

GSK

IDV
Indinavir-

Merck

LPV
Lopinavir-

Abbott

NFV
Nelfinavir-

Pfizer

SQV
Saquinavir-

Roche PL-100 PL-337

Median FCb 15.6 9.7 8.1 17.0 15.0 23.2 3.6 4.7
Mean FCb 25.7 18.5 16.5 31.3 31.7 85 8.7 9.3
%FC < 2.5 16 14 13 10 10 27 37 38
%FC < 10 38 52 54 37 27 40 76 72
%FC > 50 22 8 5 19 10 37 3 2

aTipranavir and darunavir were not available for comparison at the time of this study.
bFC, fold change of antiviral activity against resistant strains vs. wild-type virus.

construct; the results were expressed as the fold change in
EC50 in relation to the reference. Table 4 shows activity of
PL-100 and its backup, PL-337, and marketed PIs against
63 multi-PI resistant strains in fold change or (FC) in EC50

using the PhenoSense assay compared to wild-type viruses.
As expected from the genotypes in the panel, there was

broad cross-resistance among the approved PIs tested, with
a range in the median change of 8.1- to 23.2-fold. Between
73 and 91% of the viruses had > 2.5-fold-reduced suscepti-
bility to the approved PIs, and 46 to 73% had changes of >

10-fold. Overall, PL-100 and its backup, PL-337, showed
the lowest median change and the lowest mean change.
The number of constructs with changes in EC50 to PL-100
of < 2.5-fold was also the highest (36% with changes of
< 2.5-fold vs. 9 to 27% for the other PIs). It was also ob-
served that only 3% of the strains tested showed a change
above 50-fold for PL-100, compared to 5 to 37% for the other
PIs. The genotypic analysis was focused on key mutations
for approved PIs. The samples from the panel of 63 were se-
lected depending on the presence of only primary/signature
mutations for each PI tested, as defined by the International
AIDS Society–USA. Thirty-four strains harbored the I50L,
I84V, and/or N88S signature mutation associated with resis-
tance to ATV. The median changes were 23.1-fold (range,
3.1- to 81.2-fold) and 3.9-fold (range, 0.4- to 84.0-fold) for
ATV and PL-100, respectively. The LPV primary mutations
V32I, I47A/V, and/or V82A/F/ S/T were present in 37 of the
isolates. The median changes were 20.1-fold (range, 2.9- to
151.8-fold) and 5.3-fold (range, 0.6- to 51.5-fold) for LPV
and PL-100, respectively.

In summary, both the median and mean changes observed
with PL-100 and PL-337 were the lowest of all PIs in these
genotype-based comparisons. Finally, at the time that this
cross-resistance study was performed, the recently approved
PIs TPV and DRV were not available for direct comparison
with PL-100.

High Genetic Barrier to Resistance

Genotypic Analysis PL-100 has a novel lysine-based scaf-
fold with a flexible linker, differentiating itself from approved

PIs. With such a flexible linker, one could hope that this novel
PI might have a higher barrier to the development of drug
resistance than that of many of approved PIs. Although clin-
ical data on the barrier to the resistance are not available, in
vitro resistance selection studies were carried out to provide
some information on the genetic barrier of PL-100 [21–24].
The genotypic analysis of the HIV-1/IIIb variants growing
after 8 weeks of culture in the presence of PL-100 (Table 5)
revealed a T80I mutation in PR that was maintained through-
out the selection. Increasing the concentration of PL-100 led
to the selection of three additional mutations in PR: K45R,
M46I, and P81S (Table 5). A genotype that is intermediate
between the single mutant T80I and the quadruple mutant
K45R/M46I/ T80I/P81S (Table 5: weeks 15 to 25) was not
identified. No highly fit variant emerged after 48 weeks in
the presence of PL-100, and genotyping of the virus at that
time did not show changes in PR from that of week 25 (i.e.,
K45R/M46I/T80I/P81S). Results obtained with APV (Ta-
ble 5) were consistent with published findings [25–27]. Two
mutations selected by PL-100 affect amino acid residues lo-
cated in the flaps of HIV PR (K45R and M46I). In addition,
PL-100 selected for two novel active-site mutations (T80I
and P81S) located in the 80S loop of HIV PR. No mutations
were observed in the p7/p1 and p1/p6 protease cleavage sites
of Gag [24].

Phenotypic Analysis A standard MTT assay was performed
to compare the sensitivity to PL-100 of the site-directed mu-
tant viruses (SDMVs) produced by transfection of COS-7
cells with that of the wild-type laboratory-adapted strain NL-
4.3 (Table 6). These assays revealed that each mutation on
its own did not confer significant resistance to PL-100. In-
deed, only the single-mutant T80I showed an FC value in
EC50 of 2.25, while both the K45R and the M46I single mu-
tants had FCs in EC50 below 2. The P81S mutant as well
as the double mutants harboring the P81S mutation could
not be tested in this assay, since the virus harboring P81S
mutation has a defect in the replication capacity (processing
p55Gag precursor into p24). Only when the four mutations
coexisted in PR did one observe high enough viral titers to
get 100% MT-4 cell killing after 6 days and thus to detect
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TABLE 5 PL-100 In Vitro Selected a Novel Mutation Pattern (K45R, M46I, T80I, and P81S)

Virus Week
PL-100: New Mutations

(concentration µM)
APV: New mutations
(concentration µM)

IIIb 8 (0.1)
T80I

(0.5)
Not done

15 (1.0)
T80I

(2.5)
L10F, I84V, Q92K

18 (1.0)
T80I

(2.5)
Not done

20 (1.0)
T80I

(2.5)
Not done

22 (1.0)
T80I

(2.5)
Not done

25 (2.5)
K45R, M46I, T80I, P81S

(5.0)
L10F, M46I, I84V, Q92K

34 (5.0)
K45R, M46I, T80I, P81S

(5.0)
L10F, M46I, I84V, Q92K

48 (5.0)
K45R, M46I, T80I, P81S

(5.0)
L10F, M46I, I84V, Q92K

a signal in the MTT assay: The KMTP quadruple mutant
showed only a mild resistance to PL-100 with an FC value in
EC50 = 10.82.

The sensitivity of PL-100-selected mutations to several
marketed PIs was compared to that of the wild-type virus by
MTT assay (Table 7). Data showed that no cross-resistance
to other PIs was conferred by the mutants studied. Even with
an FC in EC50 of 2.7 against atazanavir (ATV), the quadruple
mutant did not show significant resistance to any PI tested.
Interestingly, the single mutant T80I even showed a marked
hypersusceptibility to several PIs tested (Table 6), especially

nelfinavir (NFV) and saquinavir (SQV), showing 8- and 10-
fold hypersensitivity to T80I.

In summary, the data suggest that PL-100 has a high ge-
netic barrier to drug resistance. It is a promising new PI that
may force HIV-1 into a unique mutational pathway that in
addition to conferring only low-level resistance, may be detri-
mental to viral replication capacity. Furthermore, the muta-
tions selected by PL-100 in vitro showed no cross-resistance
to other PIs. Interestingly, the mutational pathway may also
render HIV-1 more sensitive to several other PIs that could
potentially be used in combination with PL-100.

TABLE 6 Site-Directed Mutagenesis Analysisa

Mutation Virus Genotype
Replication
Capacityb

Average Fold Change
in EC50 ± S.D. (n)c

N.A. Wild-type ++++ 1 (7)
Single K45R N.D. 1.51 ± 0.40 (3)

M46I N.D. 0.81 ± 0.18 (2)
T80I +++ 2.25 ± 0.52 (5)
P81S — N.A.

Double K45R/M46I +++/++++ 0.98 ± 0.32 (2)
K45R/P81S — N.A.
M46I/P81S — N.A.
T80I/P81S — N.A.

Triple K45R/M46I/P81S ++ N.A.
K45R/T80I/P81S — N.A.
M46I/T80I/P81S + N.A.

Quadruple K45R/M46I/T80I/P81S +++ 10.82 ± 2.25 (5)

aN.A., not applicable; N.D., not determined.
bAntiviral activity of PL-100 against HIV/NL-4.3 site-directed mutants was determined by MTT assay
in MT4, 6 days’ postinfection.
cDetermined by standard replication kinetics in MT4 for 7 days.
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TABLE 7 Activity of Marketed PIs vs. Viruses with PL-100-
Selected Mutations

Fold Change in EC50

Marketed PI

Single, Double, and
Quadruple Mutations
(Except Single T80I

Mutation) T80I

ATV 0.43–2.70 0.48
LPV 0.63–1.62 0.39
APV 0.60–1.48 0.95
SQV 0.45–1.11 0.10
NFV 0.56–1.34 0.13
IDV 0.52–1.46 0.30

Structural Basis for Resistance

Co-crystallization of PL-100 with WT HIV-1 protease and
x-ray crystallography were performed [24,28]. Analysis of
the enzyme–inhibitor complex reveals that the inhibitor has
an extended conformation that provides hydrophobic side
chains that fill four of the subpockets of the enzyme proxi-
mal to the catalytic dyad spanning from S2 to S4. The pri-
mary hydroxyl group present in PL-100 serves to mimic
the catalytic water molecule necessary for aspartyl protease
functionality. To understand the novel resistance profile in-
herent in PL-100, as well as the hypersensitivity of T80I
to the other PIs, a model was created in the active site of
the wild-type protease. A T80I single-point mutation and a
M46I/K45R/T80I/P81S quadruple mutation were separately
incorporated into the WT crystal structure, and the binding
of PL-100 was reexamined in these mutant enzyme mod-
els [24]. Thr80 is the only polar residue within the P1 loop,
and its hydroxyl group forms highly conserved hydrogen
bonds with the backbone of Val82. Both SQV and NFV have
a lipophilic decahydroisoquinoline moiety that is proximal
to the rigid Thr80 residue. An isoleucine mutation at this po-
sition would have a positive effect on the binding affinity, as
the inhibitor would benefit from a more favorable hydropho-
bic contact with the protease as well as having less-restrictive
non-hydrogen-bonding interaction between Ile80 and Val82.
Calculation of the interaction energy of SQV in models of
both the wild-type and T80I mutant enzyme confirms the
approximate 10-fold increase in binding affinity that was
found experimentally (Table 7, T80I with NFV and SQV).
Furthermore, examination of the x-ray crystal structure of
the PL-100/wild-type enzyme complex suggests that the aro-
matic rings of the diphenylalanine group are responsible for
the loss in binding affinity. A model of the P81S containing
quadruple mutation illustrates that the serine mutant residue
is less than 4 Å from both of the phenyl groups of PL-100.
This mutation reduces the hydrophobic character of the S1
and S3 subsites and creates a more hydrophilic environment
for binding. A calculation of the interaction energy of PL-100

in models of both the wild-type and P81S-containing quadru-
ple mutant enzyme suggests an approximate 10-fold loss in
activity. This is consistent with the data from site-directed
mutagenesis (Table 6).

A crystal structure of HIV-1 protease and lysine
sulfonamide-8 inhibitor, a close analog of PL-100, was re-
ported by Madhavi et al. [29]. The data suggest that lysine
sulfonamide-8 inhibitor binds to the HIV-1 protease in a
novel fashion. Most of the inhibitors that are on the market
are peptidomimetics, where a conserved water molecule me-
diates hydrogen-bonding interactions between the inhibitors
and the flaps of the protease. The lysine sulfonamide-8 in-
hibitor binds to the active site of HIV-1 protease in a novel
manner, displacing the conserved water and making exten-
sive hydrogen bonds with every region of the active site. The
authors speculated that the hydrogen-bonding pattern of the
PL-100/protease complex is likely to be similar to that of
the protease complex of the lysine sulfonamide-8 inhibitor,
except for bonds made by the amine group at P2′, where
the benzylamine is replaced by a phenylamine in PL-100. In
summary, co-crystallization and x-ray crystallography pro-
vided the insight of a structural basis for favorable cross-
resistance and a high genetic barrier of PL-100.

PRECLINICAL PHARMACOKINETICS AND
METABOLISM

PPL-100, a Prodrug of PL-100

Although it has a favorable cross-resistance profile and
a high genetic barrier to resistance development in vitro,
PL-100 has a low solubility (79 µg/mL). Furthermore, the
pharmacokinetic profile of PL-100 is not optimal. A pro-
drug approach was used to increase aqueous solubility and
oral bioavailability [17]. A phosphorylated prodrug (bis-
sodium salt), PPL-100, was selected as a clinical candi-
date for further development (Scheme 2). The published
data [17,19,20,22,23] suggest that PPL-100 (> 145 mg/mL)
is 1800-fold more water soluble than is PL-100, and the oral
bioavailability of PPL-100 increases two- to threefold com-
pared to the parent compound, PL-100. This prodrug is not
active against HIV-1 protease. The studies in cannulated rats
demonstrate that PL-100 was the major metabolite found in
the portal vein and systemic circulation when prodrug PPL-
100 was orally dosed, suggesting that most of the prodrug is
converted to the parent drug in the gastrointestinal tract [30].

In Vitro Metabolism

In vitro metabolism of PL-100 in human and rat liver micro-
somes was compared with amprenavir, lopinavir, saquinavir,
indinavir, nelfinavir, and ritonavir [30]. PL-100 was more
stable than lopinavir, saquinavir, and indinavir. Metabolism
of PL-100 in human liver microsomes was significantly
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inhibited by ritonavir and other CYP3A4 inhibitors, which
was consistent with in vivo data showing that pharmacokinet-
ics of this PI was boosted significantly by ritonavir (Fig. 1).
PL-100 did not inhibit CYP2C9 and CYP2D6 but did in-
hibit CYP3A4/5 in vitro (Table 8). PL-100 did not induce
the activity of CYP2C9 and CYP3A4 in the freshly isolated
primary human hepatocytes [30].

Pharmacokinetics

PK profiles in rats between PL-100 and PPL-100 were in-
vestigated [17,19,20,22,23]. PL-100 or PPL-100 was admin-
istered orally at doses indicated in Figure 1. Each time point
in the figure represents the average plasma (PL-100; ng/mL)
of six female rats at a given dose. Absolute oral bioavail-
ability for PL-100 and PPL-100 at 30 mg/kg was calculated
as 8.7 and 23%, respectively. The PK profile of PPL-100 in
rats was also investigated when boosted by RTV (Fig. 1).
PPL-100 and RTV were coadministered orally at doses in-
dicated in Figure 1. Each time point in the figure repre-
sents the average plasma (PL-100; ng/mL) of six female
rats at a given dose. In comparison to the cross-resistance

profile of the parent drug, PL-100, the data suggest that
PPL-100 has potential as a novel unboosted PI for the treat-
ment of PI-naive patients as well as PI-experienced patients
infected with drug-resistant HIV strains bearing two or fewer
primary PI mutations. Furthermore, when boosted by riton-
avir, PPL-100 has potential for the treatment of patients in-
fected with drug-resistant HIV strains bearing three to four
primary PI mutations, as defined in the cross-resistance pro-
filing study.

CLINICAL OBSERVATIONS

Study Design

A first-in-man single-dose escalation study was conducted
to assess the product’s safety and pharmacokinetic profile
[17,22,23]. Consenting healthy male volunteers aged 18 to
45 years were enrolled in the study. The study was a double-
blind randomized placebo-controlled single-dose escalation
trial whose objective was the evaluation of the safety and
pharmacokinetics of PPL-100. The study was conducted at a
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FIGURE 1 Pharmacokinetic profiles of PL-100 and PPL-100 in rats in relation to cross-resistance patterns. (See insert for color represen-
tation of the figure.)
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TABLE 8 In Vitro CYP Inhibition

Ki (µM)

Enzyme Substrate Metabolic Reaction PL-100 Ritonavir

CYP2C9 Tolbutamide Tolbutamide 13.3 ± 1.7 13.9 ± 2.0
Methyl-hydroxylation

CYP2D6 Dextromethorphan Dextromethorphan 27.8 ± 2.3 2.7 ± 0.3
O-Demethylation

CYP3A4/5 Testosterone Testosterone 0.445 ± 0.050 0.033 ± 0.005
6β-Hydroxylation

single Canadian center. Sixty-four subjects were enrolled in a
total of eight cohorts, as shown in Table 9. For each cohort, six
subjects received a single dose of PPL-100, and two subjects
received placebo. Subjects were to be nonsmokers able to
provide informed consent and to have discontinued the use
of grapefruit juice and foods containing poppy seeds 7 days
and 24 h, respectively, prior to a study of drug administration.
Subjects were to discontinue the consumption of coffee and
alcohol 48 h prior to dosing and while in residence at the
study clinic. For cohorts 1 to 5, subjects were dosed after a
supervised overnight fast of at least 10 h, whereas in cohorts
6 to 8, subjects also received a light meal.

Sample Collection and Analysis

All subjects had blood samples drawn by dead-volume in-
travenous catheter or via direct vein puncture 30 min prior
to study drug administration or 60 min in cohorts 6 to 8
as well as at 0.25, 0.5, 0.75, 1,1.5, 2, 2.5, 3, 4, 6, 8, 12,
18, and 24 h post-dose. Determination of PL-100, PL-461,
and ritonavir in human EDTA K2 plasma was achieved us-
ing a high-performance liquid chromatographic method with
tandem mass spectrometry detection. Plasma concentrations
data for PL-100, PL-461 (the free acid form of PL-100), and
ritonavir were used to generate pharmacokinetic parameters
using noncompartmental analysis with the WinNonlin Pro-
fessional version 5.0. Descriptive statistics was performed
for: AUC0-t, AUC0-∞, Cmax, AUCt/∞, Tmax, λz, t1/2,el, T lag,
Cl/F, Vz/F, AUMC0-∞, and MRT with SAS version 8.02.
The time from dosing to the first observable concentration

TABLE 9 Treatment per Cohort

Cohort Dose of PPL-100

1 300 mg
2 600 mg
3 1200 mg
4 1800 mg
5 2400 mg
6 600 mg with a light meal
7 1200 mg with a light meal
8 600 mg with a light meal and 100 mg of ritonavir

(T lag), the maximum observed concentration (Cmax), and the
time to reach Cmax were observed directly. AUC0-t was cal-
culated using the linear trapezoidal rule.

Safety Monitoring

Criteria for monitoring safety and tolerability included med-
ical history, vital signs, electrocardiogram, and clinical labo-
ratory tests. Clinical laboratory tests, physical examination,
electrocardiogram, and vital signs were performed at screen-
ing, post-study procedures, and on day 2 following admin-
istration if the study drug. Supine electrocardiograms were
also performed within 60 min prior to dosing and at 1, 2, 3,
4, 6, and 8 h after dosing (the 3-h post-dose measurement
was taken only with cohorts 7 and 8, whereas the 6- and 8-h
post-dose measurements were performed only for cohort 8).
Vital signs were also taken within 30 min prior to dosing or
60 min prior to dosing for cohorts 6 to 8 and at 0.5, 1, 1.5,
2, 4, 8, and 12 h post-dose. Throughout the study, subjects
were monitored for adverse events. At admission and prior
to departure, subjects were asked a standard probe question
concerning the onset of any new health problems. All adverse
events, including those reported within 7 days following the
last drug administration, were recorded.

Pharmacokinetics

In total, 64 male subjects were randomized and received the
study drug and were included in the pharmacokinetic, safety,
and statistical analyses. The subject population had an age
range of 19 to 45 years and ranged from 164.0 to 184.5
cm in height and 63.0 to 96.6 kg in weight. All subjects
were Caucasian. Pharmacokinetic parameters are described
in Table 10. For the first five cohorts, the mean AUC0-t varies
from 2147 ± 521 for subjects enrolled in cohort 1 treated with
300 mg of PPL-100 to 7096 ± 4406 for subjects enrolled
in cohort 5 treated at 2400 mg. The Tmax is reached after
approximately 1 h, and the mean half-life (mean t1/2) varies
from 29.99 to 37.27 h.

Examination of the results in Table 10 suggest that the
AUC0-t increases linearly with increasing doses but in a less
than dose-proportional manner, whereas the Cmax increases
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TABLE 10 Main Pharmacokinetic Parametersa

Cohort

AUC0-t

(ng·h/mL)
Mean ± S.D.

Cmax

(ng/mL)
Mean ± S.D.

Tmax

(h)
Mean ± S.D.

t1/2

(h)
Mean ± S.D.

1 2147.72 ± 521.54 496.03 ± 426.32 1.00 ± 0.758 37.27 ± 7.57
2 2972.66 ± 918.09 940.87 ± 577.15 1.13 ± 0.685 35.74 ± 15.76
3 4805.47 ± 536.27 1998.92 ± 529.89 0.917 ± 0.129 29.99 ± 4.47
4 5673.88 ± 1236.67 2039.46 ± 800.76 1.04 ± 0.252 35.48 ± 9.73
5 7096.42 ± 4406.17 2526.94 ± 1370.53 1.13 ± 0.306 30.41 ± 24.66
6 2784.79 ± 308.73 498.52 ± 205.82 3.08 ± 2.46 50.79 ± 43.35
7 5705.22 ± 2127.1 1406.79 ± 916.85 2.75 ± 0.758 27.54 ± 4.97
8 3988.14 ± 1357.9 667.95 ± 415.20 3.08 ± 1.07 45.83 ± 25.72

aCohorts 1, 2, 3, 4, and 5 received, respectively, 300, 600, 1200, 1800 and 2400 mg of PPL-100 under fasting conditions.
Cohorts 6 and 7 received, respectively, 600 and 1200 mg of PPL-100 with a light meal. Cohort 8 received 600 mg of
PPL-100 with a light meal and 100 mg of ritonavir. Data are normalized for subject body weight in kilograms.

linearly until 1200 mg, increasing less thereafter. The plasma
concentration vs. time curves for the doses used in cohorts
1 through 5 are presented in Figure 2. It is to be noted
that plasma concentrations are maintained above the pro-
tein binding–adjusted EC50 for periods of at least 24 h. An
exceptional long half-life of PL-100 in plasma samples was
observed, ranging from 30 to 37 h.

A light meal (Fig. 3) does not affect the AUC and elim-
ination half-life significantly but reduces the Cmax. Tmax in-
creases from 1 to 3 h with a light meal. Coadministration of
PPL-100 (Fig. 4) with a single dose of ritonavir (100 mg)
results in a slight increase in both Cmax and AUC.

Safety and Tolerability

There was a total of 56 treatment-emergent adverse events,
of which 21 were reported as treatment related. The severity
of the adverse events was graded according to the Division
of AIDS Adverse Event Grading Table. The severity was
graded as follows: grade 1 (mild), grade 2 (moderate), grade
3 (severe), and grade 4 (life-threatening). All adverse events

were graded 1 (mild), except two adverse events that were
graded 2 (moderate). The most common drug-related clini-
cal adverse experiences reported were dizziness (six events in
six subjects, one receiving placebo), headache (three events
in three subjects, one receiving placebo), and nausea (three
events in three subjects, one receiving placebo). No clini-
cally meaningful dose–response relationship was observed.
In addition, the unblinded data show no clinically meaning-
ful treatment-related effects of PPL-100 upon analysis of
chemistry/hematology, laboratory, or vital signs parameters.
A summary of the adverse events is presented in Table 11.
The tabulation is according to the Medical Dictionary for
Regulatory Activities (MedDRA).

DISCUSSION

Although significant progress has been made in HIV/AIDS
treatment, a number of key issues remain unresolved. Vi-
ral eradication is not achieved with current highly active
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FIGURE 4 Pharmacokinetics of PPL-100 with RTV boosting in the presence of a light meal.

TABLE 11 Number of Adverse Events per Cohort

PPL-100 Cohort

Number of Adverse Events 1 2 3 4 5 6 7 8 Placebo Total

Dizziness 2 2 1 1 6
Protein urine present 2 1 1 1 5
Blood cholesterol increased 1 1 1 1 1 5
Catheter-site pain 2 1 3
Blood uric acid increased 1 1 1 1 4
Nausea 1 1 1 3
Headache 1 1 1 3
Alanine aminotransferase increased 1 1 2
Diarrhea 1 1 2
Blood triglycerides increased 1 1 2
All others 2 3 1 3 3 2 1 2 4 21
Total per cohort 2 10 1 9 8 4 6 5 11 56
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antiretroviral therapy (HAART) regimens because of the
persistence of a long-lived pool of latently infected mem-
ory T-cells. Instead, the treatment of HIV infection involves
maintaining patients on suppressive HAART regimens in-
definitely. Therefore, there are a number of obstacles in
maintaining lifetime suppression of viral replication, such
as drug tolerability and convenience, drug–drug interaction,
and drug resistance. The protease inhibitors (PIs) were the
second class of HIV therapeutics to be launched following
the NRTIs and proven to be a class of potent antiviral drugs
with a high genetic barrier to the development of drug resis-
tance. As a result, the PI class underwent rapid development,
with nine drugs (excluding ritonavir) reaching the market
by 2006, when the clinical safety and PK studies of PPL-
100 were completed. However, the class is associated with a
number of issues, including pharmacokinetic problems, and
side effects such as lipodystrophy. Boosting PIs with riton-
avir improves pharmacokinetics, increases efficacy, and is
now standard practice. All approved PIs, given once or twice
daily, require boosting by ritonavir due to their suboptimal
pharmacokinetic profiles. Some physicians recommend un-
boosted ATV twice or once daily, but this is not yet common
standard practice, due to its less robust PK and interpatient
PK variation. Ritonavir is a significant CYP inhibitor and in-
ducer, giving rise to major drug–drug interaction problems.
Therefore, the development of a next-generation PI not re-
quiring ritonavir boosting is an unmet medical need and a
very challenging task.

The present studies, evaluating pharmacokinetics, safety,
and tolerability of a single escalated dose of PPL-100 suggest
that PPL-100 has a pharmacokinetic profile characterized by
a long elimination half-life ranging from 30 to 37 h, in con-
trast to most marketed PIs, which have relatively short termi-
nal half-lives, varying from 2 to 10 h. The long elimination
half-lives provide the hope for PPL-100 as the first unboosted
PI in the clinical development, yet to be confirmed in further
clinical studies. A recent report from Concert Pharmaceuti-
cal indicates that deuterated ATV with reduced metabolism
by CYPs may potentially be another PI which does not re-
quire RTV boosting. Furthermore, pharmacokinetic profiles
of PPL-100 were very similar in the presence and absence of
food. In the presence of a light meal, Cmax decreases as ex-
pected, while terminal half-lives remain for more then 27 h.
In contrast, many PIs, such as ATV, have to be taken with
food since their Cmax and Cmin values decrease significantly
in the absence of food. The coadministration of PPL-100
with ritonavir in humans did not result in a significant in-
crease in drug exposure, suggesting that PPL-100 could be
administered without ritonavir boosting. In the presence of
100 mg of ritonavir, drug exposure (AUC) increased by only
60%. These clinical findings are inconsistent with PK stud-
ies in animal models where significant boosting of PK by
RTV was observed. From the beginning, a novel PI with a
favorable cross-resistance profile and a high genetic barrier

was central to the discovery of the next generation of PIs at
Ambrilia and its precursor companies. The identification of
a novel lysine sulfonamide scaffold and subsequent lead op-
timization has proven to be a winning strategy to answer the
challenges described above. Studies from co-crystallization
and x-ray crystallography provide a structural basis for the
unique and favorable resistance patterns offered by this
novel PI.
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INTRODUCTION

From the mid-1990s, new antiretroviral (ARV) drugs and
classes and the use of highly active ARV therapy (HAART:
at least three ARV agents from a minimum of two classes)
have improved the long-term management of human immun-
odeficiency virus (HIV) infection [1]. However, by the early
to mid-2000s, several limitations of HAART had become
apparent. Such limitations meant that the treatment goal of
achieving full virologic suppression was not possible in al-
most half of treatment-experienced patients at that time [2].
Instead, the most realistic treatment goals for these patients
were the maintenance of viral load and immune status.

Adverse events (AEs) and relatively complex and frequent
dosing regimens resulted in suboptimal adherence [3,4] and
affected quality of life. In addition, poor adherence con-
tributed to an increased prevalence of multidrug-resistant
(MDR) virus. Furthermore, a decade of suboptimal ARV reg-

imens, such as the use of mono/dual therapy and sequential
monotherapy, resulted in incomplete viral suppression and
persistent low-level viremia, ultimately leading to resistance
development [5].

Multidrug resistance has probably been one of the great-
est limitations to effective long-term HIV therapy [6]. ARV
regimens had a low ability to prevent resistance develop-
ment and therefore failed to preserve future treatment op-
tions [7,8]. Furthermore, despite excellent adherence, some
patients failed ARV therapy due to inadequate drug levels as
a result of variability in pharmacokinetics [9] or drug–drug
interactions (DDIs) [10].

Darunavir (DRV; Prezista, TMC114), a protease inhibitor
(PI) with a dual mode of action (inhibition of both HIV-1
protease catalytic activity and subunit dimerization), was de-
veloped to address some of these limitations. As a result of a
unique profiling process involving a panel of MDR viruses,
DRV was selected with very potent activity in drug-resistant
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virus, high binding properties, and a very slow dissociation
rate. Moreover, DRV with low-dose ritonavir (RTV; Norvir,
100 mg; DRV/r) had favorable pharmacokinetic (PK) prop-
erties after oral administration and a potential for few DDIs
with commonly used medications.

DRV was first tested in highly treatment-experienced
patients, with excellent results. Trials in less treatment-
experienced then treatment-naive patients quickly followed.
In 2006, DRV was approved for use in treatment-experienced
adult patients in the United States and then in February
2007 in the European Union (EU), and was licensed for
treatment-naive adults with HIV-1 infection in 2008 in the
United States [11] and in early 2009 in the EU. In this chap-
ter we review the discovery, chemistry, and pharmacokinet-
ics/pharmacodynamics (PD) of DRV and highlight its clinical
development in HIV-infected patients.

DISCOVERY

Although HAART resulted in considerable efficacy bene-
fits, such treatment had several shortcomings. Improvements
were required in several areas, including safety, tolerability,
and ease of administration. However, as outlined above, an
additional unmet medical need was the availability of new
drugs that were active against HIV strains resistant to treat-
ment. Thus, DRV was designed and selected to improve on
the aforementioned areas, with strong emphasis on high bind-
ing affinity to HIV protease and potent activity across a range
of both wild-type and resistant HIV strains.

In the late 1990s, Tibotec embarked on a search for a new
PI by evaluating the activity of various molecules structurally
related to amprenavir (APV) [12,13]. DRV was identified in
a unique research and development program [14]. Two steps
in this process involved screening the activity of potential
candidates against clinical HIV-1-resistant strains. The first
screen assessed the antiviral activity of the synthesized com-
pounds against a 19-strain panel of HIV strains. Eighteen of
these were derived from patient samples and were therefore
active, pathogenic forms of HIV with a variety of resistance
mutations, representative of the diversity found in current
clinical practice at that time. The second screen utilized An-
tivirogram (Virco) profiling with thousands of different clin-
ical PI-resistant isolates.

Replacing the tetrahydrofuran (THF) group of APV
with a fused bicyclic THF moiety, and the 4-aminoben-
zenesulfonamide group with a 4-methoxybenzenesulfona-
mide in the P2′ pocket resulted in TMC126. This compound
had a high antiviral activity against wild-type HIV-1 [12,13],
but was also active against a selected panel of five PI-resistant
mutants. Indeed, this molecule exhibited a very potent broad-
spectrum activity, which was higher than that of reference
PIs [15]. However, TMC126 was not developed further, since

preliminary PK studies in rats and dogs demonstrated low
plasma drug levels [14,15].

Using TMC10, a racemate of TMC126 and one of the first
PIs to be tested against a set of PI-resistant HIV strains [14], a
chemical template was derived. More than 1000 analogs were
generated and assessed in the profiling process described
above.

To improve the PK profile of TMC126 while maintaining
the high potency, a new series of closely related compounds
was synthesized [15]. The compounds all shared the bis-
THF moiety, which improved interaction with the P2′ pocket
of the HIV-1 protease. The benzenesulfonamide substituent
and/or the stereochemistry of the bis-THF group were modi-
fied. With regard to the P2′ phenyl group, introducing p-CN,
p-CH3, or m-NH2 substituents had little effect on the antiviral
activity against both wild-type and mutant viruses. However,
p-nitro, p-acetyl, and p-iodo substituents increased activity
against mutant viruses significantly, but not activity against
the wild type. Increased activity against both types of virus
was achieved when p-OCH3 or 3,4-dioxolane groups were
included. The best profile was achieved by the 4-NH2 sub-
stituent (i.e., TMC114 = DRV). Single-oral-dose PK studies
in rats and dogs showed rapid absorption of DRV, resulting
in high blood levels [15].

A key factor in the selection of DRV was its high ge-
netic barrier in vitro to the development of resistance [16].
Such results suggested that DRV showed potential resilience
to the development of resistance in clinical practice, and
therefore the potential to help preserve future treatment op-
tions for HIV-infected patients [17]. Further details of the in
vitro characterization of DRV, which demonstrate the potent
activity of this molecule, confirming its choice for further
development, are summarized in the “Preclinical Develop-
ment” section below.

SYNTHESIS

DRV, as DRV ethanolate, has the chemical name [(1S,2R)-
[3]-[[( [4]-aminophenyl)sulfonyl](2- methylpropyl)amino]-
2-hydroxy-1-(phenylmethyl)propyl]carbamic acid (3R,3aS,
6aR)-hexahydrofuro [2,3]-b]furan-3-yl ester monoethano-
late. Its molecular formula is C27H37N3O7S·C2H5OH with a
molecular weight of 593.83 Da. Scheme 1 depicts the struc-
tural formula. DRV is a white to off-white hygroscopic pow-
der with slight water solubility (approximately 0.15 mg/mL
at 20◦C). Its solubility varies widely in organic solvents.

DRV is synthesized in a three-step process (Scheme 1)
[18]. The starting material is optically active bis-THF.
First, the alcohol group of bis-THF is converted to a
mixed carbonate by reaction with N,N ′-disuccinimidyl car-
bonate in the presence of triethylamine. Next, a sulfon-
amide scaffold is made by reacting a commercially avail-
able epoxide with isobutylamine in 2-propanol to provide
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SCHEME 1 Synthetic method for the preparation of DRV. (From
[18], copyright © 2009 American Chemical Society.)

the corresponding amino alcohol, which in the presence of
p-nitrobenzenesulfonyl chloride and sodium bicarbonate
produces the sulfonamide scaffold. In the final step, the p-
nitro group is hydrogenated to the aromatic amine and the
protective tert-butoxycarbonyl (Boc) group is removed, re-
sulting in the formation of a diamine. When this diamine is
exposed to the mixed carbonate in the presence of triethy-
lamine, DRV is formed (Scheme 1) [18].

FORMULATION

For patient use, DRV presents as orange or white (depend-
ing on country) oval-shaped film-coated tablets. Currently,
three strengths are available, containing DRV ethanolate
equivalent to 300, 400, or 600 mg DRV for adult use.
Inactive ingredients include microcrystalline cellulose, col-
loidal anhydrous silicon dioxide, crospovidone, and mag-
nesium stearate. The film coating, Opadry Orange, con-
tains FD&C Yellow No. 6, poly(ethylene glycol) 3350,
poly(vinyl alcohol)-partially hydrolyzed talc, and titanium
dioxide (E171). Two formulations are available as white

caplet-shaped (75 mg) or oval-shaped (150 mg) film-coated
(colored with Opadry White) tablets for pediatric use. The
75-, 150-, 400-, and 600-mg tablets are dose proportional and
are compressed from a common powder blend.

For adults, the recommended DRV/r doses are 600/100
mg twice daily (b.i.d.; treatment-experienced) and 800/100
mg once daily (q.d.; treatment-naive). For children (6 to < 18
years), DRV/r bid dosing is body weight based: ≥ 20 kg to
< 30 kg = 375/50 mg; ≥ 30 kg to < 40 kg = 450/60 mg;
≥ 40 kg = 600/100 mg [11].

PRECLINICAL DEVELOPMENT

In Vitro Characterization of DRV

DRV inhibited the catalytic activity of isolated wild-type
HIV-1 protease and of two drug-resistant mutant proteases
[19]. For wild-type protease, the DRV binding affinity was
>100-fold higher than that of the PIs: lopinavir (LPV),
atazanavir (ATV), APV, and tipranavir (TPV) [20]. Binding
to MDR proteases showed that all five PIs had lower bind-
ing affinities. However, although this lower affinity reduced
antiviral activity in vitro for LPV, ATV, APV, and TPV, a
1000-fold reduction in DRV binding affinity did not translate
into weaker antiviral activity [20].

High-resolution crystallography studies showed that DRV
binds, via strong hydrogen bonds, with main-chain atoms of
the HIV-1 protease [19], [21], [22]. DRV has an unusually
close fit within the protease active site [23]. The high binding
affinity and close fit may explain DRV’s potent inhibitory
activity against MDR proteases [23].

DRV also inhibits dimerization of the HIV-1 protease en-
zyme monomers, which is also seen with TPV but not with
APV, ATV, indinavir (IDV), LPV, nelfinavir (NFV), RTV, or
saquinavir (SQV) [24]. This dual mechanism may explain
why DRV is a potent HIV-1 protease inhibitor compared
with other PIs. Cell-based assays demonstrated the highly
potent antiviral activity of DRV against wild-type and MDR
viruses [16], [20], [21]. Median 50% effective concentration
(EC50) DRV values were 1 to 5 nM [16]. The DRV CC50 (50%
cytotoxic concentration) was >100 µM. Thus, the DRV se-
lectivity index (CC50/EC50) was > 20,000 for wild-type HIV,
making it a potent and selective HIV inhibitor [16].

DRV also demonstrated equivalent antiviral activity
against different HIV-1 subtypes [16], [25]. In 3309 recom-
binant PI-resistant clinical isolates, DRV was active against
a greater proportion of the isolates than were any other PIs
tested (Fig. 1) [26].

In vitro selection experiments with wild-type HIV-1 have
shown that selecting DRV-resistant viruses is very diffi-
cult [16], [27]. Selection of resistant HIV-1 with APV, ATV,
LPV, NFV, RTV, SQV, and TPV was more rapid and easier
than with DRV, resulting in strains with clinically relevant PI
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FIGURE 1 Antiviral activity of various PIs against a panel of
3309 recombinant clinical isolates of HIV-1 resistant to at least one
PI: clustered by (a) EC50 values and (b) fold-change (FC) values.
(From [26].)

resistance-associated mutations (RAMs). In contrast, muta-
tions eventually emerging in DRV-exposed strains were not
associated with decreased DRV susceptibility [27]. Further-
more, the pathway to DRV resistance in wild-type HIV-1 is
different than for other PIs.

Preclinical Toxicology Studies

DRV was evaluated in routine preclinical toxicity stud-
ies [11]. DRV was not mutagenic or genotoxic in in vitro
and in vivo assays. Two-year oral gavage studies in rats and
mice showed an increase in liver and thyroid (male rats only)
tumors; such findings in rodents have limited relevance to hu-
mans. Repeated DRV administration to rats induced hepatic
microsomal enzyme activity and increased thyroid hormone
elimination, a mechanism predisposing rats, but not humans,
to thyroid neoplasms. DRV did not affect fertility or early
embryonic development in rats. DRV has also shown no ter-
atogenic potential in mice (with or without RTV), rats, and
rabbits.

Pharmacokinetic Properties

Preclinically, DRV was shown to have favorable PK proper-
ties. DRV exhibits high protein binding, being 95% bound
to plasma proteins, primarily α1-acid glycoprotein [28]. The
primary metabolic route for DRV is oxidative metabolism
mainly by cytochrome P450 (CYP450) enzymes [29]. At
least three oxidative metabolites with some anti-HIV ac-
tivity have been identified in humans, although they are
at least 10-fold less active than DRV against wild-type
virus [11].

CLINICAL DEVELOPMENT

Clinical Pharmacology Studies

DRV is metabolized by and inhibits CYP3A; thus, as with
other PIs, increased DRV concentrations could be achieved
by coadministration with a potent CYP3A inhibitor. In a
phase I four-way crossover study, HIV-negative healthy male
volunteers (n = 8) received DRV (one 600-mg dose orally)
± RTV (100 mg b.i.d.) [30]. The absolute bioavailability
of DRV alone was 37%, whereas with RTV (DRV/r), it
was 82%. The area under the plasma concentration–time
curve (AUClast) for DRV was 14-fold higher following co-
administration with RTV vs. administration alone. Systemic
exposure to DRV was not increased with higher doses of
RTV (200 mg b.i.d.) [29]. As this early study showed that the
exposure to DRV was increased by coadministering low-dose
RTV as a PK enhancer, the majority of clinical studies have
involved the coadministration of DRV and RTV. As fasting
decreased plasma levels [31], DRV should also be taken with
food [11]. Studies in patients with mild or moderate hepatic
impairment had shown that no dose adjustment of DRV is
considered necessary for these populations and that routine
clinical monitoring is recommended [11], [28]. Dose modi-
fication of DRV/r is also not required in patients with renal
impairment [11].

An extensive DRV/r drug–drug interactions (DDI) pro-
gram in > 650 HIV-negative healthy volunteers and HIV-
infected patients has been conducted. Consequently, guid-
ance is available on coadministrating DRV/r with many
commonly used ARV or non-ARV medications (Table 1)
[11], [28]. Generally, the DDI profile of DRV/r is well
characterized and manageable. No dose adjustment for
DRV/r is recommended for any coadministration.

Phase IIa Proof-of-Concept Study

One proof-of-concept study, TMC114-C207, was a ran-
domized open-label controlled trial in 50 highly treatment-
experienced patients infected with MDR HIV-1 [32]. Pa-
tients substituted their failing PI for DRV/r at 300/100 mg
b.i.d., 900/100 mg q.d. or 600/100 mg b.i.d., or continued
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TABLE 1 Summary of Key DRV–Drug Interaction Data∗

Guidance re Coadministration with DRV/r

Drug Class

No Dose Adjustment
of DRV/r or

Coadministered Drug

Modify and/or Monitor
Dose or Schedule of

Coadministered Drug
Coadministration Not

Recommended

PIs ATV IDVa LPV
SQV

NRTIs Tenofovir
Didanosine

NNRTIs Efavirenz
ETR
NVP

Fusion inhibitor Enfuvirtide
Integrase inhibitor Elvitegravir
CCR5-entry inhibitor — MRVb

HMG-CoA reductase inhibitors — Atorvastatinc

Pravastatinc

Rosuvastatinc

Gastric pH modifiers Omeprazole
Ranitidine

Narcotic analgesics Methadone
Oral contraceptives — Ethinyl oestradiold

Norethindroned

PDE-5 inhibitors — Sildenafile

Vardenafile

Tadalafile

Selective serotonin reuptake
inhibitors

— Paroxetinef

Sertralinef

Anticonvulsants — CBZg

Phenobarbitalh

Phenytoinh

Anti-infectives Clarithromycini Rfbj

Ketoconazolek
Rifampicin

Cardiac glycosides Digoxinc

Source: [11,28].
NRTI, nucleoside reverse transcriptase inhibitor; NNRTI, nonnucleoside reverse transcriptase inhibitor; PED-5, phosphodiesterase type 5; ETR,
etravirine (Intelence); MRV, maraviroc; CBZ, carbamazepine; Rfb, rifabutin.
aIn case of intolerance, reduce dose of IDV from 800 mg to 200 mg b.i.d.
bReduce MRV by 50%.
cStart at lowest dose and titrate to clinical response.
dPlasma levels are reduced; additional/alternative contraception recommended.
eDose adjustment recommended; refer to Prezista PI (2009).
f Levels are decreased, so monitor and titrate to clinical effect.
gCBZ dose may need to be reduced by 25 to 50%; titrate dose and monitor toxicity.
hMonitor levels, as they may be decreased.
iMay need to reduce dose in patients with renal impairment.
jDose-reduce Rfb by at least 75% and monitor toxicity.
kMaximum dose recommended of 200 mg recommended.

with their preentry PI treatment (control). At day 14, 46, 31,
and 42% for the DRV/r groups, respectively, vs. 8% (con-
trol) of patients had plasma HIV-1 RNA < 400 copies/mL.
The AEs with DRV/r were mainly mild to moderate, with
no dose–response relationship [32]. These results provided
the basis for dose selection and regimens in the phase IIb
program.

Phase IIb Development

POWER 1 and 2 Trials DRV/r was first evaluated in highly
treatment-experienced patients with MDR HIV. This popula-
tion represented a high unmet medical need, as these patients
are the hardest to treat successfully, due to cross-resistance
and the dwindling number of treatment options.
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TABLE 2 Baseline Characteristics of Patients in the POWER 1, 2, and 3 and TITAN Trials

POWER Trials TITAN Trial

Parameter
CPIsa POWER 1
and 2 (n = 124)∗

DRV/r 600/100 mg
b.i.d. POWER 1
and 2 (n = 131)

DRV/r 600/100 mg
b.i.d. POWER 3

(n = 336)

DRV/r 600/100
mg b.i.d.
(n = 298)

LPV/r 400/100
mg b.i.d.
(n = 297)

Demographics
Male, n (%) 109 (88) 117 (89) 292 (87) 229 (77) 241 (81)
Mean age, years (S.D.)b 44.4 (7.05) 43.9 (8.57) 43 (20–70)c 40.9 (9.0) 40.8 (8.6)
Caucasian, n (%) 90 (73) 106 (81) 249 (75) 161 (54) 168 (57)

Baseline disease characteristics
Mean HIV infection duration,

years (S.D.)
12.9 (4.68) 12.0 (4.43) 13 (4.2) 9.1 (5.5) 9.1 (5.8)

Mean HIV-1 RNA, log10

copies/mL (S.D.)
4.49 (0.78) 4.61 (0.69) 4.58 (0.8) 4.33 (0.79) 4.28 (0.81)

Median CD4 cell count, cells/mm3

(range)
163 (3–1274) 153 (3–776) 120 (0–831) 235 (3–831) 230 (2–1096)

CDCd category C, n (%) 53 (43) 47 (36) 185 (55) 101 (34) 94 (32)
Previous treatment experience

Median duration previous NRTIs,
months (range)

98 (6–219) 92 (5–238) 100 (2–219) 61 (3–226) 62 (1–250)

Median duration previous
NNRTIs, months (range)

17 (0–67) 21 (2–164) 23 (1–133) 29 (0–222) 27 (0–115)

Median duration previous PIs,
months (range)

73 (5–107) 63 (5–150) 75 (1–151) 41 (0–119) 41 (0–202)

Baseline genotype and phenotype,
median (range)

Median number of primary PI
mutations

3.0 (0–8) 3.0 (0–7) 4.0 (0-8) 0 (0–6) 0 (0–6)

Median DRV FCe (range) 3.3 (0.2–362.9) 4.3 (0.2–503.2) N.D.f 0.6 (0.1–37.4) 0.6 (0.1–43.8)
Median LPV FC (range) 82.7 (0.4–130.5) 83.9 (0.8–125.4) N.D. 0.7 (0.4–74.4) 0.8 (0.3–74.5)

Source: [33,34,36,38], copyright © 2006, with permission from Wolters Kluwer Health and Elsevier.
aCPI(s) baseline data derived from POWER 1 and 2.
bS.D., standard deviation.
cMedian age, years (range) in POWER 3.
dCDC, Centers for Disease Control and Prevention.
eFC, fold change in EC50.
f N.D., not determined.

POWER 1 (TMC114-C213) and 2 (TMC114-C202)
(performance of TMC114/r when evaluated in treatment-
experienced patients with PI resistance) were international
multicenter randomized controlled open-label 144-week
phase IIb trials. The efficacy and safety of DRV/r (400/100
mg q.d., 800/100 mg q.d., 400/100 mg b.i.d., and 600/100 mg
b.i.d.) were compared with investigator-selected control PIs
(CPI). All patients received an optimized background regi-
men (OBR) [33,34].

In both trials, a dose–response relationship was observed
for the primary endpoint (viral load reduction ≥ 1.0 log10

HIV-1 RNA copies/mL) at week 24. All values (range: 45
to 77%) were significantly higher than in the CPI arm (25%
and 14%, POWER 1 and 2, respectively). A similar trend was
noted for HIV-1 RNA < 50 copies/mL. The mean increase in
CD4 cell count was also dose-related. DRV/r 600/100 mg
b.i.d provided the greatest virologic suppression and im-

munologic improvement. Thus, from week 24 all patients on
DRV/r received 600/100 mg b.i.d. [35]. Pooled data analyses
included only patients on 600/100 mg b.i.d. from baseline
(de novo patients, n = 131).

Baseline characteristics were well balanced between the
CPI and de novo groups (Table 2). At week 24, 53% (vs.
18%; p < 0.001) and 39% (vs. 7%; p < 0.001) of patients
in POWER 1 and 2, respectively, reached HIV-1 RNA < 50
copies/mL, (DRV/r vs. CPI, respectively) [33,34]. Week 24
pooled analyses showed that the virological response was
45% (DRV/r) and 12% (CPIs; p < 0.0001). At week 48,
the responses were 45% and 10%, respectively (p < 0.0001)
(Fig. 2a) [35]. The incidence of AEs was comparable be-
tween the DRV/r and CPI arms [33–35]. The most common
AEs were very similar in nature to those reported for the
TITAN (TMC114/r in treatment-experienced patients naive
to lopinavir) trial, which is described later in the chapter.
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FIGURE 2 Virological response (< 50 copies/mL) to DRV/r
from baseline to week 48 in (a) POWER 1 and 2 (pooled data) (from
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(from [36], copyright © 2007, with permission from Elsevier), and
(c) ARTEMIS (from [37], copyright © 2008, with permission from
Wolters Kluwer Health).

Phase IIb Program Revisions Antiviral activity of 600/
100 mg b.i.d. DRV/r vs. CPIs and with other ARVs showed
a large and robust effect at weeks 16 and 24 in both POWER
trials. Discussions with U.S. (Food and Drug Administra-
tion) and EU (European Medicines Agency) regulators led
to revision of the development program, enabling an ap-
plication for early conditional approval of DRV/r based on
phase IIb data. Further safety data were required to meet
the International Conference on Harmonization of Techni-
cal Requirements for Registration of Pharmaceuticals for
Human Use.

Expansion of Patient Population (POWER 3) Failing con-
trol patients from POWER 1 and 2 continued in a rollover
trial (TMC114-C215), and this trial also recruited new pa-
tients. A second open-label nonrandomized phase IIb rollover
trial (TMC114-C208) was also conducted. The combined
analysis of these trials, POWER 3 (TMC114-C215 and
TMC114-C208), provided additional safety and efficacy data
on DRV/r 600/100 mg b.i.d. to support accelerated regulatory
approval.

Over 200 patients were rapidly recruited (within one
month) into TMC114-C215. Baseline characteristics for the
three POWER trials were similar (Table 2). Comparable ef-
ficacy endpoints were also achieved with DRV/r 600/100 mg
b.i.d. in POWER 3: at week 24, 65% had a reduction ≥ 1.0
log10 HIV-1 RNA copies/mL and 40% achieved < 50 HIV-
1 RNA copies/mL. CD4 cell counts increased by a mean
of 80 cells/mm3 [38]. The AE profile of DRV/r 600/100
mg b.i.d. was similar across the POWER trials at week 24.
Longer-term follow-up at weeks 96 [39] and 144 [40,41] have
since confirmed the durability of efficacy and the tolerability
findings from the earlier time points.

Accelerated Approval of DRV DRV/r was first licensed in
the United States in June 2006 following priority review,
and in the EU in February 2007 for the treatment of HIV-1
in ARV-experienced adult patients. This license was based
on the impressive phase IIb 24-week results of POWER 1
and 2, supported by safety data from POWER 3. This data
set has resulted in over 80 regulatory approvals to date, in-
cluding Japan and China, Brazil, Mexico, and Argentina.
The approval of a drug based on phase IIb data is rare and
demonstrates that DRV answered an urgent unmet medical
need.

Confirmation of POWER Data Results from the DUET tri-
als confirmed the POWER efficacy data. These randomized
placebo-controlled phase III trials evaluated the efficacy and
safety of ETR vs. placebo in highly treatment-experienced
patients, a population similar to that employed in the POWER
trials. Both arms received a background regimen (BR) includ-
ing DRV/r (600/100 mg b.i.d.). In the pooled DUET 24-week
analysis, 41% of patients in the placebo/BR arm achieved a
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viral load < 50 HIV-1 RNA copies/mL [42]. Further details
on DUET are included in Chapter 6 [43].

Resistance Profile of DRV The DRV resistance profile was
determined initially from the pooled 24-week POWER 1
and 2 data. Eleven DRV RAMs were identified: V11I, V32I,
L33F, I47V, I50V, I54L/M, G73S, L76V, I84V, and L89V
[44]. These DRV RAMs were more likely to occur when a
high number of PI RAMs [generally, ≥ [10]: International
AIDS Society–USA (IAS-USA)] were present at baseline.
Five DRV RAMs were associated with virological failure
(VF; V32I, L33F, I47V, I54L, and L89V). However, ≥ 3
DRV RAMs, together with a high number of background
mutations, are required for DRV resistance [44]. Updated
analysis of the POWER data pooled with the placebo group
of the DUET data confirmed the list of DRV RAMs, with
one exception: G73S was replaced by T74P. The prevalence
of DRV RAMs in routine clinical practice is low (e.g. in
> 98,000 isolates with reduced PI susceptibility, 74% had no
DRV RAMs) [45].

Redefining Treatment Goals Excellent results with DRV/r
in highly treatment-experienced, HIV-1-infected patients,
RESIST (randomized evaluation of strategic intervention
in multidrug resistant patients with tipranavir) results with
TPV/r [46], and new active ARVs developed in this pop-
ulation (ETR, RAL, MRV) played a pivotal role in major
international treatment guidelines revisions [47]. Although
the original therapeutic goal for treatment-experienced pa-
tients was viral load reduction, potent ARVs such as DRV/r
showed that HIV-1 RNA < 50 copies/mL is now a realistic
treatment goal [48,49].

Phase III Trials

The favorable efficacy and safety profiles of DRV/r described
above led to DRV/r evaluation in the wider population of
less treatment-experienced and treatment-naive HIV-infected
patients. These two phase III trials were under way during
the accelerated approval process for DRV/r.

Treatment-Experienced Patients

TITAN Study Design Treatment-experienced patients in
TITAN were representative of patients commonly encoun-
tered in the clinical setting. TITAN is an international multi-
center randomized controlled open-label 96-week phase III
trial, which enrolled treatment-experienced but LPV-naive
patients [36]. The dosing regimens (DRV/r 600/100 mg
b.i.d. vs. LPV/r 400/100 mg b.i.d.) were selected to obtain
long-term data for DRV/r vs. a standard-of-care compara-
tor (LPV/r). The primary objective was to demonstrate non-
inferiority of DRV/r for < 400 HIV-1 RNA copies/mL at
week 48. Secondary efficacy objectives included a superior-

ity test in the event of noninferiority and the proportion of
patients with plasma < 50 HIV-1 RNA copies/mL.

Efficacy in TITAN The baseline characteristics were well
balanced and showed that the population in TITAN was
clearly less treatment experienced and PI resistant than in the
POWER studies (Table 2). At week 48, significantly more pa-
tients treated with DRV/r than those on LPV/r achieved < 400
HIV-1 RNA copies/mL [77% vs. [68]%; difference [9]%,
95% confidence interval (CI) [2 to 16], establishing non-
inferiority of DRV/r. The superiority of DRV/r over LPV/r
(77% vs. 67%; difference 10%, 95% CI 2 to 17; p = 0.008)
was confirmed. For HIV-1 RNA < 50 copies/mL, signif-
icantly more DRV/r patients achieved this endpoint than
LPV/r patients (71% vs. 60%; difference 11%, 95% CI 3
to 19; p = 0.005; Fig. 2b) [36]. The superiority of DRV/r
over LPV/r persisted at week 96 for viral load < 400 HIV-1
RNA copies/mL (66.8% vs. 58.9%, difference 7.9%, 95% CI
0.1 to 5.6; noninferiority p < 0.001; superiority p = 0.034).
Week 48 response rates (HIV-1 RNA < 50 copies/mL) were
consistently higher for DRV/r than for LPV/r, irrespective
of baseline subgroup [36]. The virologic efficacy of DRV/r
was also supported by the increase in median CD4 cell count
from baseline to week 48 (88 cells/mm3 vs. 81 cells/mm3;
DRV/r vs. LPV/r, respectively) [36]. Similar immunologi-
cal benefits at week 96 were also seen (DRV/r 81; LPV/r
93 cells/mm3, increase from baseline) [50].

Resistance Profile of DRV/r in TITAN In the 48-week
analysis, fewer patients had VF (HIV-1 RNA ≥ 400
copies/mL) on DRV/r (10%) than on LPV/r (22%; p <

0.001) [36]. Fewer VF patients developed primary PI mu-
tations and NRTI mutations on DRV/r than on LPV/r [51].

Susceptibility analysis (Antivirogram data) showed that
more DRV/r patients with VF retained susceptibility to other
PIs than LPV/r patients after failure compared to baseline
[51]. TITAN also showed that DRV/r protects the background
regimen (BR) better than does LPV/r. After failure, 32%
(LPV/r) and 14% (DRV/r) of VF patients harbored virus
that was susceptible to fewer NRTIs than at baseline [51].
TITAN 96-week findings are consistent with the 48-week
analyses [52].

Safety Analysis in TITAN Safety data were generally sim-
ilar between groups in TITAN at week 48 (Table 3); the
majority of AEs were grade 1 or 2 [36]. The incidence of
treatment-related diarrhea ≥ grade 2 was lower with DRV/r
than with LPV/r (8% vs. 15%, p = 0.007). Discontinuations
due to GI-related events (DRV/r, n = 2; LPV/r, n = 5) and
lipid-related events (DRV/r, n = 0; LPV/r, n = 6) were less
frequent for DRV/r than for LPV/r at week 48 [36]. Median
changes in triglycerides and total cholesterol from baseline
to week 48 were less pronounced in DRV/r than in LPV/r
patients (Fig. 3a). By week 96, the AE profile for both drug
regimens was similar to that noted at week 48 [50].
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TABLE 3 TITAN: Summary of Safety Results in the Week
48 Analysis

DRV/r
(n = 343)

LPV/r
(n = 346)

Mean treatment exposure (weeks) 53.5 51.5
AEs, n (%)

≥1 AE 277 (93) 273 (92)
≥1 serious AE 28 (9) 31 (10)
≥1 grade 3 or 4 AE 80 (27) 89 (30)
≥1 AE leading to permanent

discontinuation
20 (7) 21 (7)

Grade 2–4 AEs at least possibly related
to study treatment (incidence ≥ 2%)

110 (37) 121 (41)

Diarrhea 23 (8) 43 (15)
Nausea 12 (4) 11 (3)
Rash 12 (4) 10 (3)

Grade 2–4 laboratory abnormalities
(incidence ≥ 2%)

ALT increased 26 (9) 26 (9)
AST increased 20 (7) 26 (9)
Triglycerides increased 57 (19) 75 (25)
Total cholesterol increased 94 (32) 86 (29)
LDL increased 56 (19) 50 (17)
Hyperglycemia 26 (9) 28 (9)
Pancreatic amylase increased 33 (11) 26 (9)
Pancreatic lipase increased 14 (5) 11 (4)
Platelet count decreased 4 (1) 7 (2)
Neutrophil count decreased 9 (3) 17 (6)

Source: [36], copyright © 2007, with permission from Elsevier.

Treatment-Naive Patients

Once-Daily Dosing in Treatment-Naive Patients The fea-
sibility of once-daily DRV/r (800/100 mg) dosing was
demonstrated in the 24-week dose–response phase of
POWER 1 and 2 [33,34]. Consequently, ARTEMIS (an-
tiretroviral therapy with TMC114 examined in naive sub-
jects) was conducted to evaluate efficacy and safety of once-
daily DRV/r vs. LPV/r in treatment-naive patents.

ARTEMIS Study Design ARTEMIS is an ongoing interna-
tional randomized controlled open-label 192-week phase III
trial. The primary objective was to demonstrate the noninferi-
ority of DRV/r (800/100 mg q.d.) to LPV/r (800/200 mg total
daily dose) in the primary endpoint of viral load < 50 HIV-1
RNA copies/mL at week 48 [37]. Secondary objectives in-
cluded testing for superiority in the event that noninferiority
was shown, durability of response, immunological response,
resistance characteristics, adherence, quality of life, safety,
and tolerability. A significant proportion of women and non-
Caucasians were enrolled in this trial.

Efficacy in ARTEMIS Baseline demographics and disease
characteristics were well balanced [37]. In the primary effi-
cacy analysis, DRV/r was noninferior to LPV/r, as 84 and

78% of patients, respectively, achieved confirmed HIV-1
RNA < 50 copies/mL at 48 weeks (Fig. 2c; estimated dif-
ference 5.6%, 95% CI –0.1 to 11). The estimated difference
in response for superiority of DRV/r over LPV/r was 5.5%
(95% CI –0.3 to 11; p = 0.062) [37]. At week 96, DRV/r
also demonstrated noninferiority (p < 0.001) and superiority
(p = 0.012) to LPV/r with 79% (DRV/r) vs. 71% (LPV/r) pa-
tients achieving undetectable viral load [53]. In the non-VF
censored population (censoring patients who discontinued
for reasons other than VF), the efficacy of DRV/r (82%) was
also superior to that of LPV/r (74%) (p = 0.016), indicating
that the difference in response at week 96 was not driven by
discontinuations due to AEs [54].

In addition to a strong virologic response to DRV/r, the
median CD4 cell count was increased from baseline to week
48 in both treatment arms (DRV/r: 137 cells/mm3; LPV/r
141 cells/mm3) [37]. At week 96, the immunological re-
sponse was also comparable for both treatment groups [53].

Resistance Profile of DRV/r in ARTEMIS VF (HIV-1
RNA ≥ 50 copies/mL) occurred in 10% of ARV-naive pa-
tients receiving DRV/r and 14% on LPV/r in the 48-week
analysis [37]. In the 10 DRV/r patients with VF (for whom
genotypic data were available), no new IAS-USA PI RAMs
had developed. The VF rate was lower in DRV/r patients
(12%) vs. LPV/r (17.1%) patients in the 96-week analy-
sis [55]. Furthermore, at this time point, 31 of 40 DRV/r
patients with VF had genotypic information available, and
none developed primary PI mutations at failure [55].

Safety Analysis in ARTEMIS The overall tolerability pro-
file of once-daily DRV/r (800/100 mg) in treatment-naive
patients was generally similar to that reported in POWER
and TITAN in treatment-experienced patients (600/100 mg
b.i.d.), with the exception of lipid abnormalities that were
less commonly observed with the once-daily dose [37], [53].
A more favorable safety profile was associated with DRV/r
than with LPV/r. Most AEs were grade 1 or 2 [37].

Key PI-associated AEs are liver-, gastrointestinal (GI)-,
and lipid-related [56]. In ARTEMIS, liver abnormalities were
comparable between the two groups, with similar incidences
of grades 2 to 4 of ALT and AST elevations at weeks 48
and 96. For GI- and lipid-related AEs, both types occurred
less frequently in DRV/r patients than in LPV/r patients at 48
weeks [37] and 96 weeks [53]. The incidence of treatment-
related, grades 2 to 4 diarrhea in DRV/r patients was less than
half that for LPV/r at both week 48 (4% vs. 10%, respectively;
p < 0.01 [37]) and week 96 (4% vs. 11%, respectively; p <

0.001 [53]).
DRV/r treatment resulted in significantly fewer ≥ grade 2

triglyceride (3% vs. 11%; p < 0.0001) and total cholesterol
(13% vs. 23%; p < 0.01) elevations reported as AEs at week
48. Similar findings were recorded at week 96 (4% vs. 13%,
p < 0.0001; 18% vs. 28%, p = 0.0016, respectively) [53].
Median lipid levels at baseline and week 48 are shown in
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FIGURE 3 Median lipid levels in (a) treatment-experienced and (b) treatment-naive HIV-1-infected patients at baseline and week 48.

Figure 3b. The small increases with time in low- and high-
density lipoprotein were similar for both treatment groups.
In contrast, the increases in triglycerides and total cholesterol
were more pronounced with LPV/r than with DRV/r (Fig. 3b).
Indeed, with DRV/r triglycerides, total cholesterol and LDL
all remained below the NCEP abnormality cutoffs throughout
48 weeks (Fig. 3b). DRV/r (800/100 mg q.d.) also appears
to have a similar lipid profile to ATV/r (300/100 mg q.d.) in
healthy volunteers [57].

PK/PD Findings for DRV/r in TITAN and ARTEMIS
Trials The in vitro protein binding–corrected EC50 value
for antiviral activity is 55 and 550 ng/mL for the wild-type

and PI-resistant virus, respectively. PK analyses of clini-
cal samples up to week 48 showed that the trough plasma
concentrations of DRV remained well above these levels
following both 600/100 mg b.i.d. (treatment-experienced
patients: TITAN [58] and 800/100 mg q.d. (treatment-naive
patients: ARTEMIS [59]) dosing regimens. Thus, these dos-
ing regimens achieve the required drug exposure.

No apparent relationships were observed between DRV/r
exposure and efficacy or safety in either TITAN [58] or
ARTEMIS [59]. For both trials, there were no clinically
relevant differences in exposure to DRV by race, gender, or
body weight [60,61]. Furthermore, as the interpatient vari-
ation in exposure is low (approximately 30%), predictable
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DRV exposure is achieved following administration of both
b.i.d. and q.d. dosing regimens. Collectively, these findings
indicate that DRV/r in 600/100 mg b.i.d. or 800/100 mg q.d.
regimens provide predictable and adequate DRV exposure in
those patients likely to benefit from its antiviral activity.

Approval of DRV/r in Less Treatment-Experienced and
Treatment-Naive Patients The positive 48-week results
from both TITAN and ARTEMIS led to the approval of
DRV/r in less treatment-experienced and treatment-naive pa-
tients in the United States [11] and Europe (2009). Further-
more, DRV/r has been listed as a preferred PI regimen for
treatment-naive patients in the recently revised U.S. Depart-
ment of Health and Human Services treatment guidelines for
HIV infection in adults [48].

Evaluation of DRV/r in Children and Adolescents
(DELPHI)

DELPHI (darunavir evaluation in pediatric HIV-1-infected
treatment-experienced patients; TMC114-212) is an inter-
national multicenter open-label two-part 48-week phase II
study in children and adolescents 6 to 18 years of age. In
part I (dose selection), randomized patients received either
the adult-equivalent dose of DRV/r 600/100 mg b.i.d. (n =
22) or a 20 to 33% higher dose of DRV (n = 22) and an OBR
of at least two ARVs [62].

After 2 weeks, DRV/r doses were selected by weight (three
bands) based on PK, safety, and change in viral load. In part
II (n = 80), all part I patients switched to the selected dose
and additional patients were enrolled. Pediatric patients in
DELPHI had a treatment experience similar to that of adults
in the POWER trials. At week 2, target adult DRV expo-
sure was achieved across the age groups and weight bands,
confirming appropriate dose selection in children: ≥ 20 to
< 30 kg, 375/50 mg b.i.d.; ≥ 30 to < 40 kg, 450/60 mg
b.i.d.; ≥ 40 to < 50 kg, 600/100 mg b.i.d. [62].

At week 24, 64 and 50% of patients achieved a HIV-1 RNA
viral load of < 400 and < 50 copies/mL, respectively [63].
Fifty-nine and 48% of patients had HIV-1 RNA < 400 and
< 50 copies/mL, respectively, at week 48 [62]. At weeks 24
and 48, the mean absolute CD4 cell count increases from
baseline were 117 and 147 cells/mm3, respectively. Overall,
DRV/r was generally well tolerated, and the frequency, type,
and severity of the AEs were comparable to those observed in
adults [62,63]. Based on these findings, DRV/r was licensed
for pediatric use in the United States in December 2008 [11].

FUTURE DIRECTIONS

Studies in Other Populations

The extensive DRV clinical development continues to fo-
cus on addressing unmet needs for treating HIV infection.

Certain HIV-1-infected patient populations can be under-
represented in registrational clinical trials, especially trials
in treatment-experienced patients (e.g., women and non-
Caucasians). These populations were well represented in
ARTEMIS [37]. The phase IIIb trial, GRACE (gender, race,
and clinical experience; NCT00381303) was designed to as-
sess gender and racial differences in the efficacy and safety
for DRV/r in treatment-experienced patients. Indeed, 67%
of patients were women, 87% of whom were people of
color. At week 24 the virologic response rate (HIV-1 RNA
< 50 copies/mL) was 51% (intent-to-treat/time-to-loss of
virologic response) [64].

Further investigations are under way to evaluate a DRV
oral suspension in children from 3 years of age (TMC114-
C228; ARIEL, darunavir in treatment-experienced pediatric
population), and once daily dosing in treatment-naive ado-
lescents (TMC114-C230; DIONE, darunavir once-daily in
treatment-naive adolescents) to help simplify drug adminis-
tration in this vulnerable population.

HIV is a worldwide disease with significant issues still to
be overcome. Trials with DRV/r are being planned in many
countries, including those with poorer resource settings (e.g.,
Africa). Furthermore, collaborations with academia and HIV
support groups are important in leading the way to further
improvement in HIV treatments.

Once-Daily Dosing

Once-daily dosing has several potential benefits: lower pill
count, improved convenience, and a lower daily dose of
RTV. ODIN (TMC114-C229; once-daily DRV in treatment-
experienced patients), an ongoing phase IIIb trial, is eval-
uating DRV/r 800/100 mg q.d. vs. 600/100 mg b.i.d. in
treatment-experienced patients with no DRV RAMs. The
POWER 1 and 2 trials dose–response phase indicated similar
results with these dosing regimens in treatment-experienced
patients [33,34], particularly in those with no baseline
DRV RAMs [65]. Furthermore, the majority of general PI-
experienced population in clinical practice have no DRV
RAMs [45]. The 48-week results are expected in early 2010.

Refining Treatment Strategies

Significant progress in keeping HIV infection at bay
has been made by developing new drugs and by refin-
ing treatment strategies. Thus, several ongoing trials are
exploring DRV/r in novel treatment paradigms. For ex-
ample, simplification of treatment (to potentially reduce
toxicity and therapy complexity) with DRV/r monother-
apy is being explored in maintenance monotherapy trials.
MONET (TMC114HIV3006; NCT00458302; maintenance
monotherapy in treatment-experienced patients with virolog-
ical suppression) is currently exploring the effects of DRV/r
800/100 mg q.d. monotherapy vs. a DRV/r-based triple
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combination therapy in patients with undetectable HIV-
1 RNA in their current treatments. Similarly, in MONOI
(NCT00421551) patients are switched from stable therapy
to either DRV/r monotherapy or a regimen of two NRTIs
with DRV/r 600/100 mg b.i.d. Encouraging and comparable
results from these two ongoing studies support the further
evaluation of DRV/r monotherapy in patients with controlled
virologic suppression (HIV-1 RNA < 50 copies/mL) [66,67].

Combining DRV/r with novel therapies, including inte-
grase inhibitors, is also being explored with very encouraging
results. As mentioned, DRV/r was being investigated in com-
bination with ETR in the DUET trials [68,69]. Additionally,
DRV/r and ETR combined with raltegravir are under inves-
tigation in the TRIO (NCT00460382) trial; 86% of patients
had HIV-1 RNA levels < 50 copies/mL at week 48 [70].

CONCLUSIONS

DRV/r has demonstrated excellent efficacy and safety in HIV-
1 infection across the treatment spectrum, from ARV-naive
to highly treatment-experienced adults and in treatment-
experienced HIV-1-infected pediatric patients. DRV/r com-
pared favorably in treatment-naive and in less advanced
treatment-experienced patients to what was referred to as the
“gold-standard,” LPV/r, which led to its approval for these
populations of HIV-infected patients. DRV/r provided con-
sistently high and durable rates of virologic suppression in
highly pretreated patients evaluated in the POWER, DUET,
and DELPHI trials. Overall, the phase III trial program has
shown and confirmed DRV/r to have a favorable safety pro-
file, being associated with lower rates of diarrhea and lipid
changes (triglycerides and cholesterol) than LPV/r. The DDI
profiles with DRV/r have been well characterized and demon-
strated to be manageable.

Clinical trials to date have shown DRV/r to have a very low
propensity for resistance development and could therefore
help preserve future options. The lower rate of primary PI
mutation development in treatment failures than for LPV/r
in ARV-experienced patients (TITAN) has led to a better
understanding of emerging resistance. Furthermore, DRV/r
protects susceptibility to other PIs and the NRTI backbone
more effectively than does LPV/r.

An ongoing development program with DRV/r is ex-
ploring the effects of this boosted-PI across different HIV-
infected populations and in novel treatment combinations
and strategies.

Acknowledgments

The authors wish to acknowledge the medical writer Jackie
Phillipson of Gardiner-Caldwell Communications for her as-
sistance in drafting the chapter and coordinating author con-

tributions. This support was funded by Tibotec Pharmaceu-
ticals, Ltd.

REFERENCES

[1] Pomerantz, R. J.; Horn, D. L. Twenty years of therapy for
HIV-1 infection. Nat. Med. 2003, 9, 867–873.

[2] Deeks, S. G.; Hecht, F. M.; Swanson, S.; et al. HIV RNA and
CD4 cell count response to protease inhibitor therapy in an
urban AIDS clinic. AIDS 1999, 13, F35-F43.

[3] Heath, K. V.; Singer, J.; O’Shaughnessy, M. V.; et al. Inten-
tional nonadherence due to adverse symptoms associated with
antiretroviral therapy. J. Acquir. Immune Defic. Syndr. 2002,
31, 211–217.

[4] Bartlett, J. A. Addressing the challenges of adherence. J. Ac-
quir. Immune Defic. Syndr. 2002, 29, S2–S10.

[5] Greub, G.; Cozzi-Lepri, A.; Ledergerber, B.; et al. Intermittent
and sustained low-level HIV viral rebound in patients receiv-
ing potent antiretroviral therapy. AIDS 2002, 16, 1967–1969.

[6] Clavel, F.; Hance, A. J. HIV drug resistance. N. Engl. J. Med.
2004, 350, 1023–1035.

[7] Gupta, G.; Hill, A.; Pillay, D. Drug resistance after virological
failure of first-line HAART in resource-rich and resource-poor
settings, a meta-analysis. 15th Conference on Retroviruses and
Opportunistic Infections, 2008. Abstract 891.

[8] Hill, A.; Sawyer, W. Effect of backbone NRTI on efficacy
of first-line boosted PI based HAART: systematic review of
12 clinical trials in 4,896 patients, 48th Interscience Confer-
ence on Antimicrobial Agents and Chemotherapy and the 46th
Infectious Disease Society of America Joint Meeting, 2008.
Abstract H1254.

[9] Scott, J. D. Simplifying the treatment of HIV infection
with ritonavir-boosted protease inhibitors in antiretroviral-
experienced patients. Am. J. Health-Syst. Pharm. 2005, 62,
809–815.

[10] Robertson, S. M.; Penzak, S. R.; Pau, A. K. Drug interactions
in the management of HIV infection. Expert Opin. Pharma-
cother. 2005, 6, 233–253.

[11] Prezista (darunavir) prescribing information, June 2009.
Available at http://www.prezista.com. Accessed Oct. 21,
2009.

[12] Ghosh, A. K.; Kincaid, J. F.; Cho, W.; et al. Potent HIV pro-
tease inhibitors incorporating high affinity P2-ligands and (R)-
hydroxyethylamino(sulphonamide) isoestere. Bioorg. Med.
Chem. Lett. 1998, 8, 687–690.

[13] Yoshimura, K.; Kato, R.; Kavlick, M. F.; et al. A potent human
immunodeficiency virus type 1 protease inhibitor, UIC-94003
(TMC-216), and selection of a novel (A28S) mutation in the
protease active site. J. Virol. 2002, 76, 1349–1358.
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DISCOVERY AND DEVELOPMENT OF TIPRANAVIR

Karen R. Romines
Pathfinder Pharmaceuticals, Inc., Durham, North Carolina

INTRODUCTION

The HIV protease inhibitor tipranavir is one of several ap-
proved HIV protease inhibitors, but it has a unique origin. It
is the only drug in the class derived from a low-molecular-
weight screening hit rather than from peptidic inhibitors. That
difference provides a rare opportunity to consider and con-
trast two very different strategies for starting a drug discov-
ery program, screening a collection of low-molecular-weight
compounds, or designing compounds based on peptidic in-
hibitors.

The project that produced tipranavir began in the early
1990s at the Upjohn Company. At that point, the HIV mor-
tality rate in the United States was climbing steadily, seem-
ingly unhindered by the first antiretroviral agent approved,
the nucleoside HIV reverse transcriptase inhibitor zidovu-
dine, which was approved in 1987. At the time, HIV pro-
tease inhibitor research was a very active field, and several
drug companies had sizable research programs. There were
two major reasons for this widespread interest. First, HIV
protease is necessary for the production of infectious virus.
Without the protease, only harmless, immature viral particles
are produced by the infected cells [1]. Second, HIV protease
is an aspartyl protease [2,3], quite similar to the human en-
zyme renin, which plays a role in blood pressure regulation.
Peptidomimetic renin inhibitors in the literature and phar-
maceutical companies’ collections provided useful starting
points for HIV protease researchers, and the availability of
HIV crystal structures facilitated the design of additional
inhibitors [4].

The first HIV protease inhibitors were approved in late

1995 (saquinavir) and early 1996 (ritonavir and indinavir). In
1995, something quite amazing happened: The U.S. mortal-
ity rate for HIV began to drop [5]. A positive HIV test shifted
dramatically from a terminal diagnosis to a chronic infection
that could be controlled for many years if the patient had
access to state-of-the-art care and antiretroviral therapy. By
the time that tipranavir was approved in 2005, HIV treatment
was a very different, and far more promising, endeavor than
in the early 1990s, but the protease inhibitors that had been a
key part of this change still had significant drawbacks. Two
issues were class specific. First, the HIV protease inhibitors
had very poor oral bioavailability, and they required high
doses to achieve efficacy. For example, the recommended
dose of indinavir was 2400 mg/day (800 mg t.i.d.). This issue
was well known from the beginning of the HIV protease
research programs. Second, these drugs were associated
with side effects, including gastrointestinal effects, liver
enzyme and cholesterol elevation, and lipodystrophy. This
issue was not apparent until the first protease inhibitors were
used in large clinical studies, so these data were not available
at the beginning of the tipranavir project. The third issue was
not confined to the protease inhibitors, but it was, and still
is, a significant issue for all HIV inhibitors: development of
resistance. HIV replication mechanisms emphasize quantity
rather than quality, and the resulting diverse population of
viral strains facilitates efficient selection of drug-resistant
strains. Any antiretroviral drug is subject to development of
viral resistance, and protease resistance was already a signifi-
cant concern as tipranavir began clinical development. In this
chapter we trace the discovery and development of tipranavir
and discuss its performance on all three of these clinical
issues.
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DISCOVERY

Many HIV protease research programs started from peptide-
derived renin inhibitors. The advantage of this approach was
that it readily produced potent HIV protease inhibitors. The
disadvantage was found in the pharmacokinetics, and the pri-
mary motivation for screening was the poor pharmacokinetic
profile of the peptide-derived inhibitors. The hypothesis was
that screening could identify a small molecule with better
oral bioavailability. The screening hits would probably have
much lower potency than the peptide-derived compounds, but
x-ray crystal structures of inhibitors bound to HIV protease
could be used to guide the optimization of the new molecules
and improve the potency. This is exactly what scientists at
Upjohn did.

Screening and Identification of Lead Structures

The tipranavir program started with a fluorescence-based
assay, and the team screened a set of 5000 dissimilar com-
pounds [6]. At this writing, almost 20 years later, a set of 5000
compounds seems absurdly small for a screen. For many re-
search programs in the current era of high-throughput and
ultrahigh-throughput screening, this set is smaller than a val-
idation set. But the Upjohn scientists found a valid hit in that
5000-compound set, which suggests that the set was well
designed, and raises the question of how much screening is
enough. In this case, a screen of 5000 compounds led to an
approved drug, although not without quite a bit of effort. If
the Upjohn scientists later screened larger sets of compounds
to search for additional hits, they did not report the results,
so in this case there is no direct comparison of screening a
larger set.

The screening hit was warfarin (1, Fig. 1), a potent anti-
coagulant that inhibited HIV protease with an IC50 value of
about 30 µM. Based on this result, the Upjohn scientists did a
similarity search of the company’s compound collection, and
tested a number of 4-hydroxycoumarins. That worked led to
the identification of another anticoagulant, phenprocoumon
(2, Fig. 2), which was approximately 30-fold more potent
in the HIV protease assay (Ki = 1 µM) and even demon-
strated weak antiviral activity in a cell culture assay [ED50 =
100 to 300 µM in HIV-1-infected PBMCs (peripheral blood
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FIGURE 1 Screening hits from HIV-1 protease inhibitor assays.
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FIGURE 2 Interactions of clinical candidate PNU-96988 with
HIV-1 protease.

mononuclear cells)]. Phenprocoumon is a competitive in-
hibitor, and the Upjohn team was able to get an x-ray crystal
structure of 2 bound to HIV-1 protease. The pharmacoki-
netics of these hits were very encouraging, and sharply con-
trasted with the peptide-derived inhibitors. Both warfarin and
phenprocoumon have been used clinically as oral anticoag-
ulants [6]. Thus, the first step in the screening approach was
successful. The team identified a low-molecular-weight in-
hibitor with oral bioavailability. The next step was to recover
at least a portion of the potency lost with this approach, and
the x-ray crystal structures proved to be an excellent tool for
this optimization work.

It is interesting to note that the Upjohn team was not the
only group to pursue a screening strategy in the early 1990s.
Scientists at Parke-Davis identified a similar low-molecular-
weight inhibitor, the 4-hydroxypyranone 3 (Fig. 1) [7]. Using
x-ray crystal structures of the pyranones bound to HIV-1 pro-
tease, the Parke-Davis scientists optimized the series to pro-
duce very potent inhibitors [8], but no drug candidates from
the series have been approved or are in clinical development
at this time.

First-Generation Clinical Candidate: PNU-96988

The x-ray crystal structure of the phenprocoumon-HIV-1
protease complex provided valuable information for the op-
timization of the screening hits. First, the crystal structure
demonstrated the importance of the 4-hydroxypyranone ring,
which binds with the active site of the enzyme. The lactone
oxygen atoms form direct hydrogen bonds with the isoleucine
residues on the flap of the HIV protease, thus removing the
need for the water molecule found in complexes of HIV pro-
tease with peptide-derived inhibitors. This pharmacophore
was retained throughout the project and is found at the center
of tipranavir. Second, the crystal structure showed that the
C3α substituents ethyl and phenyl reached into the S1 and
S2 pockets of the enzyme. The benzene ring of the coumarin,
however, did not interact well with the S1′ and S2′ regions,
and benzene ring substituents were also unable to interact
well with those regions of the enzyme. Upjohn chemists re-
moved the benzene ring and replaced it with a C6 substituent
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containing two groups at the C6α position. Optimization led
to PNU-96988 (4, Fig. 2), a pseudosymmetric compound
able to interact with the S2′ through S2 regions of the HIV
protease [6].

PNU-96988 was a far more potent inhibitor of HIV pro-
tease than phenprocoumon. The Ki value of PNU-96988 in
the enzyme assay was 38 nM, and the compound was se-
lective relative to human aspartyl proteases. PNU-96988 had
antiviral activity in cell culture assays with ED50 values of
3 to 4 µM, and oral bioavailability levels in rats and dogs
were 76 and 45%, respectively. The compound does have
two asymmetric centers, and thus it is a mixture of four
stereoisomers. These components were separated using chi-
ral high-performance liquid chromatography (HPLC), and
all four isomers were active in the enzyme assay, with Ki

values ranging from 14 to 109 nM [6]. PNU-96988 was ad-
vanced into phase I clinical trials as a stereoisomer mixture,
and the compound reportedly was well tolerated and gave the
expected blood levels. The company did not pursue further
clinical development, however, because more potent candi-
dates were identified [9].

Second-Generation Clinical Candidate: PNU-103017

Discovery of the second generation of HIV protease in-
hibitors derived from the 4-hydroxycoumarins relied on two
structural changes, each of which increased the potency of
the inhibitors. First, the benzene ring of the coumarin was
saturated. Simple saturation had little impact on the enzyme
inhibition (5b, Fig. 3), but changing the ring size led to a dra-
matic increase in potency. The eight-membered ring proved
to be the optimal size (5d, Fig. 3), and a later x-ray crys-
tal structure showed that this ring folded in a low-energy
conformation right into the S1′ pocket of the protease [10].

The second structural change was substitution of a sul-
fonamide on the C3α phenyl ring (Fig. 4). This sulfonamide
group formed an interaction with the S3 pocket of the HIV-1
protease and increased the potency further. The same in-
teraction and corresponding increase in enzyme inhibition
potency was also observed with amide substitution, but the
sulfonamide had significantly better antiviral activity in cell
culture assays, as measured by inhibition of HIV-1 in H9
cells. The Upjohn team identified several potent compounds
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5d     4           0.015
5e     5           0.037
5f      6           0.56
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FIGURE 3 Impact of cycloalkyl ring size on HIV-1 protease in-
hibition.
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FIGURE 4 Sulfonamide-substituted cyclooctylpyranones.

in this series, including 6a and 6b (Fig. 4). These two com-
pounds demonstrated similar in vitro potency in both enzyme
(Ki value) and cell culture (ED50 value) assays (Fig. 4), and
their pharmacokinetic profiles in rats and dogs were similar.
Oral bioavailability in rats was 42 to 50%, and it was even
better in dogs (77 to 100%). The choice of clinical candidate
was, in the end, based on a single-dose toxicity study in rats,
in which 6a showed severe toxicity at a lower dose than 6b
(360 mg/kg vs. 720 mg/kg). These cyclooctylpyranones have
one asymmetric center, and the racemate 6b was separated
into its component enantiomers using chiral HPLC. The S
enantiomer was more potent than the R enantiomer, but the
difference was modest, and the racemate 6b was selected for
development [11]. PNU-103017 completed phase I single-
and multidose studies in healthy volunteers, but did not ad-
vance further. The compound was highly protein bound, and
there were some concerns that this would limit its efficacy.
More important, some liver enzyme elevations were seen in
healthy volunteers during the multidose study [9].

Discovery of Tipranavir

The third-generation clinical candidate, tipranavir, resulted
from one more change in the pyranone-based template.
This series of compounds retained the substitution at the 3-
position, including the sulfonamide that extends into the S3
pocket of the protease, and the team focused on replacing the
cyclooctyl ring. The cyclooctyl ring had a very effective in-
teraction with the S1′ region of the enzyme, but it was unable
to interact with the S2′ region, and substitution to gain that
interaction was not practical. The solution was to remove
the cyclooctyl ring, saturate the 5,6-bond of the resulting
4-hydroxypyrone, and then disubstitute at the C6 position.
Compounds with phenyl or benzyl substitution at the C6
position were not particularly good inhibitors, but analogs
with phenethyl substitution at C6 were quite potent [12].
Optimization of the new lead series led to the discovery of
several potent inhibitors, including tipranavir (7, Fig. 5) [13].

Compounds with symmetric substitution at the C6 posi-
tion were less potent than those with asymmetric substitu-
tion [12], and consequently, the most promising compounds
in the dihydropyrone series had two asymmetric centers. The
analogs were all prepared without control of either asym-
metric center, resulting in a mixture of four stereoisomers.
The component stereoisomers of several potent inhibitors
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FIGURE 5 Structure of tipranavir.

TABLE 1 Stereoisomers of Tipranavir (R,R Configuration)

C3α,C6
Configuration

Enzyme
Inhibition Ki

(nM)

Antiviral
Activity ED50

(µM)

R,S 0.018 0.14
R,R 0.008 0.03
S,S 0.22 1.70
S,R 0.032 0.41

were evaluated by separating the CBZ derivatives of a late-
stage intermediate amine using chiral HPLC, and results for
tipranavir stereoisomers are shown in Table 1. The configu-
ration of the C3α position was important, and the R config-
uration was significantly more potent. The C6 configuration
had less impact, but again, the R configuration was more
potent [13].

The initial preclinical profiling of tipranavir included test-
ing against HIV-2 protease (Ki < 1 nM) and testing against
other human aspartyl proteases (Ki > 2 µM). Initial phar-
macokinetics in rats showed an oral bioavailability of 30%.
This was lower than in earlier-generation candidates, but the
studies indicated that plasma levels were over 1 µM, the
protein-adjusted IC90 estimate, for 8 to 12 h [13].

SYNTHESIS

The chiral HPLC separation technique facilitated the ana-
log studies and allowed the initial DMPK screening, but any
further development of tipranavir required a more practical
synthesis. Tipranavir is a challenging molecule to synthesize.
It contains two remote asymmetric centers, the dihydropy-
rone core has low chemical stability, and compounds with
the tertiary alkoxy C6 center have poor crystallinity.

The first asymmetric synthesis of tipranavir, shown in
Scheme 1, was developed in the medicinal chemistry group.
The team started by setting the C3α asymmetric center
via 1,4-addition of an organocuprate to an unsaturated chi-
ral acylimide (9). The chiral auxiliary (R)-4-phenyl-2,5,-
oxazolidinone (8) worked very well, giving a single diastere-
omer in the 1,4-addition step. The aniline protecting groups
were switched from trimethylsilyl to benzyl to give the crys-
talline intermediate 10.

The second phase of the synthesis began building in the
atoms which eventually formed the dihydropyone ring. First,
an acetyl group was installed via addition of a dioxolane
derivative to the titanium enolate of 10. As above, the addition
produced a single diastereomer. Cleavage of the dioxolane
then gave the acetyl intermediate 11.

The next challenge was to install the C6 asymmetric cen-
ter. Since the chiral auxiliary was still present, along with two
additional asymmetric centers, the team experimented with
adding a ketone containing the two C6 substitutents to the
titanium enolate of intermediate 11. Use of 1-phenylhexan-
3-one gave a 3 : 2 mixture of diastereomers, which was an
encouraging result, but it was not practical for preparation of
tipranavir on a multigram scale. To optimize the reaction, the
team switched to an acetylenic ketone (14) to help differenti-
ate between the propyl and phenethyl substituents at C6, and
they changed from Ti(i-Pr)Cl3 to Ti(O-n-Bu)Cl3. This pro-
duced a 25 : 1 mixture of diastereomers, with the major com-
ponent as the desired isomer 12. The desired diastereomer
was purified using silica gel chromatography, then cyclized
to the dihydropyrone 13. The cyclization step also removed
the chiral auxiliary. The synthesis of tipranavir was then com-
pleted in two steps: a hydrogenation to saturate the acetylene
at C6 and cleave the benzyl protecting groups on the aniline,
followed by formation of the sulfonamide. This synthesis
was used to make the first 100-g lot of tipranavir for pre-
clinical studies, and it allowed drug development to continue
while the synthetic route for process chemistry was being
developed. Often, the medicinal chemistry route is used to
provide compound for the initial preclinical studies, but since
that was not a practical option in this case, the development
of this first asymmetric synthesis was critical [14].

The synthesis in Scheme 1 was far more practical for
preparation of a chiral drug candidate than the HPLC sepa-
ration used in the initial preparation of tipranavir, but it was
not well suited for process work. Fors et al. developed a con-
vergent approach, in which each of the remote asymmetric
centers was prepared separately. The team then constructed
the dihydropyrone ring by first forming the C3–C4 bond,
then closing the ring at the C2–O1 bond. This convergent
strategy avoids preparation of diastereomers in the interme-
diates, but the team had to overcome the difficulty of con-
structing the dihydropyrone ring from two pieces with limited
reactivity [15].

The strategy for the C6 asymmetric center was a classical
resolution, as shown in Scheme 2. The team added 1-phenyl-
3-hexanone to the lithium enolate of ethyl acetate to construct
the C4–C6 section of the molecule. Cleavage of the result-
ing ester gave the acid 16, which was resolved by crystal-
lization with chiral norephedrine. The desired enantiomer
17 was then protected with [(p-phenylphenyl)oxy]methyl
(POM) ether to give intermediate 18. The POM protecting
group was developed and selected because of its crystallinity.
The ester was then converted to an aldehyde in two steps
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SCHEME 1 Asymmetric synthesis of tipranavir: (a) n-BuLi, THF, −78◦C, then ClC(O)CH=CHCH2CH3; (b) CuBr, DMS, THF, 0◦C, 1 h,
then 3-[N(TMS)2]PhMgBr; (c) silica gel, CH2Cl2; (d) Na2CO3, PhCH2Br, H2O, CH2Cl2; (e) TiCl4, CH2Cl2, −78◦C, then Hunig’s base, then
2-methyl-2-methoxy-1,3-dioxolane; (f) aqueous HClO4; (g) Ti(O-n-Bu)Cl3, CH2Cl2, −78◦C, then Hunig’s base, then PhCH2CH2COCCCH3

(14); (h) K-Ot-Bu, THF, 0◦C; (i) H2, Pd/C, MeOH, EtOAc; (j) ArSO2Cl, pyridine, CH2Cl2.

to give the key intermediate 19. The oxidation-state adjust-
ment was necessary to enhance the reactivity of this inter-
mediate and allow later construction of the dihydropyrone
ring.

The first decision in the synthesis of the C3 component,
shown in Scheme 3, was to use an aryl nitro derivative
rather than a protected aniline derivative for the N atom
that will eventually become tipranavir’s sulfonamide. The
nitro intermediates were selected for their crystallinity. The

C3 asymmetric center was obtained by resolution of 1-(3-
nitrophenyl)propane (20). The team used lipase to acylate
the undesired enantiomer selectively, then isolated the de-
sired enantiomer 22 by chromatography. Intermediate 22 was
then converted to its mesylate, and the mesylate group was
displaced with sodium enolate of diethyl malonate to give 23.
Acid-promoted cleavage of the esters was followed by de-
carboxylation, and subsequent formation of the methyl ester
gave the second key intermediate, 24.
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SCHEME 2 Synthesis of the C4–C6 component of tipranavir: (a) H2C C(OLi)OEt, THF, −30◦C; (b) NaOH, MeOH; (c) (1R,2S)-
norephedrine, MeCN, 0◦C; (d) HCl, MTBE, H2O; (e) POMOCH2Cl, i-Pr2NEt, toluene, 110◦C; (f) DIBALH, toluene, −20◦C; (g) NaOCl,
TEMPO, CH2Cl2, 1 to 5◦C.
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SCHEME 3 Synthesis of the C2–C3 component of tipranavir:
(a) isopropenyl acetate, Amano P30 lipase, MTBE, room temper-
ature, 2 days; (b) i-Pr2NEt, CH2Cl2; then MsCl, −20 to 0◦C; (c)
(EtO2C)2CHNa; (d) 6 N HCl; (e) HCl, MeOH.

Once the two key intermediates were prepared, tipranavir
was assembled as shown in Scheme 4. First, the C4–C6
component 19 was added to the sodium anion of the C2–C3
component 24 to form the C3–C4 bond, as a mixture of di-
astereomers 25. Since the C4–C6 component was converted
to an aldehyde to get the necessary reactivity for the addition
of the C3–C4 anion, the oxidation state had to be reset to
the ketone 26. The remainder of the synthesis was straight-
forward. The POM protecting group was cleaved, and the
dihydropyrone ring 27 was formed. The nitro group was
then reduced to the aniline, and the sulfonamide was formed
to give tipranavir (7).

PRECLINICAL DEVELOPMENT

Virology

Tipranavir was the first small-molecule inhibitor of HIV pro-
tease to reach the potency range of its contemporary peptide-
derived protease inhibitors. Against lab strains, tipranavir
had an average IC90 value of 0.16 µM and a selectivity in-
dex of over 500. Similar results were seen with a panel

NO2

OMeO
OPOM

Ph

R R'

NO2

OH

OPh O

24
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7
90%

b, 99%

63% 78%

25  R=OH, R'=H
26  R/R' is =O

SCHEME 4 Convergent synthesis of tipranavir: (a) NaHMDS, THF, −80◦C, then 19; (b) PCC, NaOAc, Florisil, CH2Cl2, −80◦C to room
temperature; (c) H2SO4, MeOH, THF; (d) NaOH, MeOH; (e) H2, Pd/C, THF; (f) ArSO2Cl, DMSO, pyridine, CH2Cl2.

of clinical isolates, including strains resistant to the NRTI
AZT or the NNRTI delavirdine. In vitro combination studies
in cell culture assays showed an additive-synergistic effect
of using tipranavir with other classes of HIV replication in-
hibitors, which indicated that tipranavir was probably appro-
priate for combination therapy. One concern, due to the high
protein binding of pyranone and dihydropyrone-based in-
hibitors, was the potential attenuation of tipranavir’s potency
in the presence of human proteins. In vitro studies using
human plasma, human plasma albumin, or α1-acid glycopro-
tein in cell culture to assess the effect of protein binding on
antiviral activity showed that the IC50 value increased 1.7-
to 6.2-fold, and these estimates of the protein binding effect
were used to interpret preclinical pharmacokinetic data [16].

Several groups assessed the tipranavir sensitivity of both
laboratory strains and clinical isolates that were resistant to
other protease inhibitors. These results showed consistently
that tipranavir was able to inhibit replication effectively. For
example, laboratory strains resistant to indinavir, ritonavir,
and nelfinavir had an average IC90 of 0.18 µM, and studies
with multidrug-resistant clinical isolates gave IC90 values of
0.31 to 0.86 µM [17].

During the development of tipranavir, the practice of
boosting protease inhibitors with ritonavir was beginning
to show promise for reducing the drug burden of peptide-
derived protease inhibitors. As part of the effort to assess the
feasibility of boosting tipranavir, Upjohn virologists exam-
ined the impact of tipranavir on ritonavir-resistant strains of
HIV. The study used a pair of isolates from a patient, ob-
tained before and after the patient failed a drug regimen that
included ritonavir. The ritonavir-resistant strain was 50-fold
less sensitive to ritonavir than the pretreatment strain, but
both strains were sensitive to tipranavir [18].

Upjohn virologists attempted to generate a tipranavir-
resistant HIV strain by exposing two HIV strains to increas-
ing concentrations of drug. In the initial studies, less than
threefold resistance was observed after 30 passages, lead-
ing to the conclusion that generation of a tipranavir-resistant
strain in vitro was difficult, particularly compared to gener-
ating strains resistant to reverse transcriptase inhibitors [16].
Later work did produce a strain with > 10-fold resistance
to tipranavir, and it had six mutations in the protease, at
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positions 13, 32, 33, 45, 82, and 84 [19]. These results sug-
gested that tipranavir’s genetic barrier for development of
resistance was relatively high.

Pharmacokinetics

The data reported on preclinical studies of tipranavir are
limited. Turner et al. reported that the oral bioavailability in
rats was 30% and the half-life was 5.4 h, and they noted that
plasma concentrations were over 1 µM for 8 to 12 h after
a 10-mg/kg oral dose [13]. Other reports noted that the oral
bioavailability in rats, dogs, mice, and rabbits ranged from
6.5 to 28% after a single dose, but exposure increased upon
repeat dosing [19].

Some of the preclinical studies examined the effects
of ritonavir boosting on tipranavir pharmacokinetics. Ex-
posures increased significantly because the ritonavir boost
both increased the absorption of tipranavir and decreased
its metabolism [19]. For example, a study of 14C-labeled
tipranavir in rats showed absorption over 50% when a 10-
mg/kg oral dose was given with a 10-mg/kg dose of RTV.
The drug was mainly excreted in the feces (over 75%), and
the major component in both plasma and feces was the parent
compound, which reflected the decreased metabolism of the
tipranavir when coadministered with ritonavir [20].

Toxicology

Preclinical toxicology studies were done in mice, rats, dogs,
and cynomologus monkeys. Long-term studies were done in
rats and dogs, and some studies were done with the coad-
ministration of ritonavir. The results of all these studies were
fairly consistent. The target organs were the gastrointesti-
nal tract and the liver. The thyroid gland was also affected
in rodent studies, but that was attributed to rodent-specific
metabolites [19].

CLINICAL DEVELOPMENT

The first clinical study of tipranavir dosed the candidate as a
single agent. A phase I single-dose study in healthy volun-
teers reported early in development included the result that
doses of 500 mg and above gave plasma drug concentrations
over 1 µM for over 8 h [13]. Development of tipranavir alone,
however, was soon replaced by coadministration with riton-
avir. Three phase I and phase II studies clearly demonstrated
the advantages of using ritonavir boosting.

Phase I–IIa

The formulation selected for development was a self-
emulsifying drug delivery system (SEDDS) capsule. In a
key phase I study, the pharmacokinetics of twice-daily (b.i.d.)
tipranavir doses were compared with and without coadminis-

TABLE 2 Comparison of Tipranavir (TPV) Efficacy with and
Without Ritonavir (r) Coadministration in Treatment-Naive
HIV-1 Patients

TPV/r Dose
(mg, b.i.d.)

Viral Load Drop
(log10)

Tipranavir
Exposure

1250/0 0.77 1×
300/200 1.43 24×
1200/200 1.64 70×

tration of ritonavir. Healthy volunteers took tipranavir alone
for 11 days and then added ritonavir to the regimen for an-
other 21 days. Coadministration of ritonavir gave over an
20-fold increase in the steady-state trough tipranavir concen-
trations. This study also provided evidence that tipranavir
induces the cytochrome P450 3A4, but addition of the riton-
avir inhibited that cytochrome’s activity [21].

A subsequent phase I study in healthy volunteers exam-
ined the fate of radiolabeled tipranavir when coadministered
with ritonavir. The results were consistent with the preclin-
ical study of 14C-labeled tipranavir in rats described above.
Most of the tipranavir remained in its parent form in both the
plasma and the feces, and the feces was the primary extrac-
tion route [22].

Finally, a phase IIa study demonstrated that the increased
exposure of boosted tipranavir correlated with increased ef-
ficacy. In this study, treatment-naive HIV-1 patients were
treated with either boosted or unboosted tipranavir monother-
apy for 14 days. The viral load results were very clear: The
boosted doses were more efficacious, and the efficacy corre-
lated with the tipranavir exposure levels (Table 2) [23].

A number of phase II studies indicated efficacy in var-
ious populations, including PI-experienced patients. These
studies also indicated that it was feasible to use tipranavir in
combination with other antiretroviral drugs as part of com-
bination therapy [19]. The data from numerous phase I and
phase II studies suggested that tipranavir was ready for reg-
istration studies.

Phase IIb–III

During the phase II studies, tipranavir changed hands. Phar-
macia and Upjohn, which had done all of the discovery and
early development work, licensed tipranavir to Boehringer
Ingelheim (BI) in 2000. The BI team faced some significant
challenges as they developed the design of their registration
studies. Tipranavir had been studied in several trials, and
there were many encouraging results. The formulation and
advantages of boosting were well established, but at least two
important issues were unresolved. First, the optimal dose was
not known. Second, the clinical practices for HIV therapy
were changing rapidly. At this time, in the early 2000s, the
number of protease inhibitors on the market was increasing,
and ritonavir boosting was becoming routine. The BI team
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needed to discern how tipranavir could meet medical needs
in this evolving market, and they needed to design a clinical
program that would clearly demonstrate tipranavir’s value.
The answer to the first part of the problem was fairly obvi-
ous: Tipranavir was well suited to treat HIV strains resistant
to other protease inhibitors. It was a promising second- or
third-line drug. The question of how best to design the clini-
cal trials to demonstrate tipranavir’s ability to treat resistant
virus was more challenging.

The first step in getting approval for tipranavir was to de-
termine the best dose to use in phase III studies, and the BI
team designed a short, efficient phase IIb study to answer this
question. This study was designed to resemble the planned
phase III in terms of patient population and background ther-
apy, but the dose-finding study was only 2 weeks long. The
study compared, in double-blind fashion, the performance
of three different b.i.d. doses of tipranavir/ritonavir (TPV/r):
500/100, 500/200, and 750/200 mg. Patients changed the
protease component of their therapy to one of the boosted
tipranavir doses but maintained the other components of their
regimen. The BI team selected the TPV/r 500/200-mg dose,
based on safety, pharmacokinetics, and antiviral activity. The
study also noted that patients with virus containing three or
more mutations in the HIV protease at positions 33, 82, 84,
or 90 were not likely to respond to tipranavir or other pro-
tease inhibitors, and these criteria were incorporated into the
phase III study design [19].

The BI team chose to use open-label studies for their phase
III development program, which is unusual for registration
studies. Rather than selecting a single standard compara-
tor protease inhibitor, patients randomized to the compara-
tor groups of the studies used the optimal protease inhibitor,
based on the genotype of the patient’s virus, dosed in its most
convenient fashion, which was not compatible with double-
blinding the studies. The BI team expected this design to lead
to faster enrollment and a broader comparison of protease in-
hibitors. In this design it was not necessary to use placebo
to supplement lower-dose protease regimens and make them
appear to match the highest-dose protease regimens. The
investigators simply selected the best protease inhibitor for
the patient, and the patients used the drugs in their approved

doses [19]. It is interesting to note that this trial design also al-
lows any advantages associated with more convenient dosing
regimens to contribute to the efficacy of the drugs. Adher-
ence can play a significant role in the efficacy of a regimen,
so this factor could be relevant to the clinical experience of
patients, particularly outside the structure of clinical trials.

The problem with open-label studies is that it is very dif-
ficult to eliminate bias. The BI team took several steps to
address this issue. They preselected an objective endpoint
that would be difficult to bias: viral load drop of at least
1 log10. They required care providers and patients to select
their optimal background and comparator protease inhibitor
before randomization to a tipranavir or comparator groups.
This also facilitated the randomization, allowing similar pro-
portions of enfuvirtide users to be assigned to the tipranavir
and comparator groups. Finally, the BI team offered patients
in the comparator arm an opportunity to leave the study after
week 8 and receive tipranavir if the patient had a confirmed
virologic failure. The option was not offered to patients who
left the trial for safety reasons [19].

For the initial submission to the U.S. Food and Drug Ad-
ministration (FDA), the BI team used 24-week data from two
similar phase III studies. Both of these were large, random-
ized studies in patients with a history of at least two protease
inhibitor regimens, and these studies demonstrated the ex-
pected efficacy of tipranavir against protease-resistant HIV-1.
The RESIST 1 study (n = 620) was done in North America
and Australia [24], and the RESIST 2 study was done in
Europe and Latin America [25]. As shown in Table 3,
both studies showed a clear advantage of tipranavir over
comparator protease inhibitors. The FDA was concerned
about bias in the open-label trial using patients with quite
limited treatment options who had an opportunity (at week
8) to switch to tipranavir treatment. To address this potential
bias, the FDA analysis used all subjects who met the viro-
logic failure criteria at week 8 as virologic failures at week
24, regardless of whether they took the option to switch treat-
ments. The results of this analysis also indicated an efficacy
advantage for tipranavir (Table 3) [26], and based on the
24-week data, tipranavir received accelerated approval from
the FDA on June 22, 2005. Based on the 48-week data, also

TABLE 3 Treatment Response, as Defined by ≥ 1 log10 Drop in Viral Load, in the Phase III
Clinical Trials of Tipranavira

Trial
Time Point

(weeks) TPV/r (%) CPI/r (%) Source

RESIST 1 24 41.5 22.3 Published analysis [24]
24 36 16 FDA analysis [26]

RESIST 2 24 41 14.9 Published analysis [25]
24 32 13 FDA analysis [26]

RESIST 1 and 2 48 33.6 15.3 Published analysis [27]

aTPV/r, tipranavir/ritonavir; CPI/r, comparator protease inhibitor/ritonavir. Both groups also received optimized
background therapy.
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shown in Table 3 [27], the drug received traditional approval
on October 4, 2007.

Although it has a high genetic barrier to resistance,
tipranavir is not immune to the development of clinical re-
sistance. Neuger’s analysis of the RESIST 1 and 2 24-week
data indicated that patients with five or more baseline mu-
tations in the protease were less likely to have a sustained
virologic response unless they were also taking enfuvirtide.
Tipranavir-treated patients who stopped responding most of-
ten had mutations at 101, 13, 33, 36, 82, and 84 [28]. This list
of mutation sites is similar to that associated with the resistant
strain generated in vitro, and it is similar to the list of predomi-
nant mutation sites emerging during tipranavir treatment (33,
82, and 84) identified by the BI development team [19].

Safety

Part of the reason that ritonavir is so effective at boosting the
exposure of other protease inhibitors is its ability to inhibit
cytochrome P450 3A (CYP3A). This does not, however, just
slow the metabolism of the protease inhibitor. It affects the
exposure levels of any drug whose metabolism is mediated
by CYP3A. Thus, boosted protease inhibitors typically have
a number of drug interactions, and tipranavir is no exception.
Tipranavir is a potent inducer of CYP3A, but the inhibitory
effects of the co-dosed ritonavir overcome this effect, and
many of the drug interactions and contraindications are a
result of this inhibition. At steady state, boosted tipranavir
also inhibits CYP2D6, but it induces two other cytochromes,
CYP1A2 and CYP2C19. A number of drug interaction stud-
ies have been done, and a listing of drugs that are affected
or may be affected by boosted tipranavir is included in the
current tipranavir drug label [29].

The adverse events profile of tipranavir is, for the most
part, typical of the boosted protease inhibitor class, although
the risk of experiencing these events appears to be con-
sistently more frequent for tipranavir than the comparator
protease inhibitors used in the phase III studies. The most
common events were gastrointestinal side effects, such as
diarrhea, nausea, and vomiting, and these usually resolved
without discontinuing treatment. Other events that were more
common in the tipranavir-treatment groups were grade 3–4
elevations in ALT/AST and hepatic adverse events, which
generally did not limit treatment. The tipranavir group also
had more grade 3–4 elevations in cholesterol and triglyc-
erides, and more cases of lipdystrophy were observed. These
were not associated with an increased risk of pancreatitis, but
the long-term risks of these events are unknown [19].

Two risks associated with tipranavir, both of which are
potentially fatal, have been included in a box warning on
the tipranavir label [29]. The first, a warning of hepatitis and
hepatic decompensation, was included on the initial label in
2005, and increased monitoring of patients with hepatitis B
or hepatitis C coinfection is advised. The second, a warning

of intracranial hemorrhage (ICH), was added to the label in
August 2006. Although the mechanism of ICH is not known,
a recent publication reports reduced platelet aggregation in
humans receiving tipranavir [30]. In all the cases of liver-
associated deaths and ICH, the patients had additional risk
factors, but additional cases of both these adverse events
have been reported for tipranavir patients since the drug was
approved [31].

Other Clinical Studies

An oral solution formulation (100 mg/mL) of tipranavir was
approved in 2008 for use in pediatric populations. Two other
ongoing trials, one in a diverse male and female population of
treatment-experienced patients and one in patients coinfected
with hepatitis B or C, were recently terminated, due to low
enrollment [32]. There is no indication of any development
studies targeting additional indications for tipranavir. The
drug does not appear to be in development for treatment-
naive HIV patients.

CONCLUSIONS

Tipranavir obviously started in a very different place from
other approved protease inhibitors, but the interesting ques-
tion is: Where did it end up? The drug shows a clear advantage
in treating protease-resistant viruses. It has a high genetic bar-
rier for resistance, and it is able to inhibit many viral strains
resistant to other protease inhibitors. The side-effect profile
is similar to other boosted protease inhibitors, but tipranavir
appears to have some additional risks, at least relative to the
comparator protease inhibitors used in the phase III studies.
All of this is consistent with its approved indication for use
in highly treatment-experienced patients.

What about the pharmacokinetics of tipranavir? Finding
protease inhibitors with good oral exposure was the primary
motivation behind the screening effort at Upjohn. The team
had potent peptide-derived compounds, but these compounds
had very poor oral bioavailability. The initial results of the
screen were very promising. The first hit, warfarin, is still
widely used as an oral drug, and an x-ray crystal struc-
ture of the second hit, phenprocoumon, identified the phar-
macophore and facilitated the optimization. Unfortunately,
much of the pharmacokinetic advantage was lost as the op-
timization progressed. As shown in Table 4, the addition
of substituents increased interaction with the pockets of the
HIV protease adjacent to the active site and led to much better
potency, but it also correlated with increased the molecular
weight and c log p values and with lower oral bioavailabil-
ity. Tipranavir was the first compound derived from a non-
peptidic lead structure to achieve the impressive potency of
peptide-derived compounds, but the origin of the structure
did not remove the need for ritonavir boosting to achieve
efficacious exposure levels.
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TABLE 4 Comparison of HIV Protease Inhibitors Derived from Screening Hits

Enzyme
Interactions

Enzyme
Inhibition, Ki

(nM)
Molecular

Weight (Da) c log p

Oral
Bioavailability,

Rats (%)

5d S1′–S1–S2 15 324 4.71 99
6b S1′–S1–S2–S3 0.8 505 5.06 42
7 S2′–S1′–S1–S2–S3 0.008 603 7.14 30

Despite its imperfections, tipranavir is a valuable addition
to the antiretroviral tool set. Its well-documented ability to
inhibit the drug-resistant virus strains commonly found in
highly treatment-experience patients makes it a reasonable
option for second- or third-line protease inhibitor therapy,
and for many patients, it has been a lifesaver. The strategy
of using antiretroviral drugs to control a virus that readily
develops resistance is ultimately a stopgap measure. This
strategy requires the continual introduction of new antiretro-
viral drugs. In this respect, the news has been very good in
the recent past. Since the approval of tipranavir, another po-
tent protease inhibitor, darunavir, and the first drugs in two
new classes—integrase inhibitors (raltegravir) and entry in-
hibitors (maraviroc)—have also been approved, providing a
number of good options for treatment-experienced patients.
The true breakthrough in HIV treatment, however, will not
come until scientists find the keys, probably in the virus–host
interactions, that lead to treatments that help the host immune
system either to clear the HIV infection or to neutralize its
pathogenic effects. Since neither of these challenges is likely
to be met quickly, drugs such as tipranavir will continue to
play an important role for patients who need help now. In that
most important respect, the tipranavir experiment of starting
from a small-molecule screen is a success.
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INTRODUCTION

The last two decades have seen remarkable progress in
the management of human immunodeficiency virus type 1
(HIV-1) infections, with the discovery and clinical devel-
opment of more than 20 anti-HIV-1 agents in six differ-
ent classes: nucleoside and nucleotide reverse transcriptase
inhibitors [N(t)RTIs], non-nucleoside reverse transcriptase
inhibitors (NNRTIs), protease inhibitors (PIs), integrase in-
hibitors, CCR5 antagonists, and fusion inhibitors. Combina-
tion therapy for treatment-naive patients usually comprises
three drugs, consisting of two NRTIs with either an NNRTI or
a PI [1,2], and provides long-term viral suppression. How-
ever, the development of these highly active antiretroviral
therapy (HAART) regimens with durable efficacy has high-
lighted existing needs in the treatment-naive patient pop-
ulation, related primarily to tolerability, safety, transmitted
and treatment-emergent resistance, and safety in women of
childbearing potential.

Side effects and complex dosing schedules are major ob-
stacles to long-term compliance and treatment adherence.
The NNRTIs efavirenz (EFV) and nevirapine (NVP) are
among the frequently prescribed antiretrovirals (ARVs) for

treatment-naive patients because of their effectiveness and
their availability as fixed-dose combinations. The first-
generation NNRTIs are, however, associated with issues
related to tolerability, safety, and resistance. The use of
EFV has been associated with central nervous system
events and teratogenicity [3,4], and NVP may cause severe
and potentially fatal hepatotoxicity and skin reactions [4].
Higher baseline CD4 cell counts (> 250 cells/mm3 in fe-
males and > 400 cells/mm3 in males) increase the risk of
hepatotoxicity and rash, so NVP is not recommended for use
in these patient populations. First-generation NNRTIs have
a low genetic barrier to resistance, and cross-resistance be-
tween these NNRTIs can be brought on by a single mutation
in the HIV reverse transcriptase (RT) enzyme [5–7]. EFV
and NVP may not be clinically useful in treatment-naive
individuals with primary resistance to NNRTIs [8,9].

The investigational next-generation NNRTI, TMC278
(rilpivirine), is a good candidate for treatment-naive patients
because its pharmacokinetic (PK) profile enables once-daily
(q.d.) dosing, and this together with the low-dose and com-
patibility with other agents make this agent highly suitable for
possible formulation in fixed-dose combinations with other
ARVs. In this chapter we summarize the history, preclinical
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TABLE 1 Antiviral Activity of Analogs of R131459 Against Wild-Type and Mutant HIV-1 Viruses

N

O
N

H N

O

O

I
H

CN

N

O
N

H

CN

N

O

R5

R4

H R1

X

R3 R2

N

O
N

H N

O

O

I
H

CN

N

O
N

H

CN

N

O

R5

R4

H R1

X

R3 R2

EC50
a (nM) 

Wild-type 10 0.4 0.8
K103N 32 1.6 0.63
Y181C 125 20 1.3
Y188L 251 125 5.0
F227C/V106F 2512 2512 20

Source: [16].
aEC50 = 50% effective concentration.

and pharmacologic profile, and clinical development to date
of this next-generation NNRTI.

DISCOVERY

Over 30 families of NNRTIs have been developed in the last
two decades [10,11]. The marked structural diversity that is
displayed by these classes of compounds would suggest that
there are still ample opportunities to discover new highly po-
tent NNRTIs. Johnson & Johnson pharmaceutical research
and development, in partnership with Institut-Curie (France),
contributed to the discovery of the arylpyridone class, with 4-
benzyl-3-dimethylamino-2-pyridone (R131459) as the first
representative compound [12]. This compound, a hybrid
of the Merck pyridone L-697,661 and HEPT derivative, is
active at submicromolar concentrations against wild-type
HIV-1 and maintains a good level of activity against NVP-
resistant HIV-1 strains. To build a structure–activity rela-
tionship, a research program was established by medici-
nal chemists to synthesize and evaluate a wide range of
analogs [13] from R131459. The introduction of a meta-
acrylonitrile moiety on the phenyl ring and replacement
of the dimethylamino group in the C3 position by an io-
dine atom dramatically improved antiviral activity against
wild-type and mutant viruses (Table 1) [14,15]. Whereas
modifications of the C3, C5, and C6 centers of the pyridi-
none core formed a solid basis for continued exploration
of the iodopyridinone class (IOPY), the poor solubility and
bioavailability of the best derivatives led the team to stop its
optimization.

A second option was to combine the medicinal chemistry
expertise that had been built between the IOPY class [13–16]
and the diarylpyrimidine (DAPY) series [17,18] (see Chap-
ter 6). R152929 was selected as a starting point to build a

straightforward strategy [19,20]. As suggested by molecular
modeling [21], the first approach was based on the modula-
tion of the para-substituent on the R152929 tri-substituted
phenyl ring. It was decided to evaluate the effect on the
activity of the introduction of a G-spacer group between
the tri-substituted phenyl ring and the cyano group [19]
to significantly increase the interaction with the W229 re-
gion of the RT enzyme (Scheme 1). Due to the butterfly-
like conformation, DAPY compounds with a cyano group
at position 4 on the left wing are very well oriented in the
direction of the indole ring of W229. The introduction of
a G-spacer group between the cyano group and the tri-
substituted phenyl ring optimized hydrophobic interactions
among the aromatic rings of Y181, Y188, and W229. The
consequence of the extension of this interaction with W229
(CN CH CH CN) was the improvement in the activity
against the wild-type and mutant HIV-1 strains. In molecular
studies, interaction energies have been calculated and support
this explanation. As for the IOPY class, the introduction of
the G-spacer groups into the R152929 derivative led to very
potent compounds demonstrating high activity against the
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SCHEME 1 Chemical strategy. (From [19].)
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TABLE 2 Cytotoxicity and Inhibition of HIV-1: EC50 (nM)

N

N N
H

CN

N

G

H

CN

Type 103N + 100I + 227L +
Compound G-CN E/Z IIIB CC50 SIa 103N 181C 188L 100I 227C 181C 103N 106A

R152929 CN — 0.4 5,000 12,500 2 6.3 7.9 31 100 31 1000 12.6
TMC278 CH CH CN 100/0 0.5 30,000 60,000 0.3 1.3 2 0.4 2 1 7.95 1
1 CH CH CN 0/100 0.6 30,000 50,000 1.6 5 31 6.3 4 39.8 794 4
2 CH C(Me) CN 100/0 0.8 20,000 25,000 0.6 1.6 3.1 0.6 2.5 2 31.6 4
3 CH C(Me) CN 0/100 0.8 3,000 3,750 1 4 31.6 3.2 5 20 >10, 000 5
4 C(Me) CH CN 100/0 1 30,000 30,000 1 2.51 4 0.8 5 2.51 25.1 5
5 CH CH CH2 CN 100/0 1 10,000 10,000 2.5 31.6 20 40 40 N.D.b 251 50

Source: [19].
aSI, 50% in vitro cytotoxicity concentration (CC50)/EC50.
bN.D., not determined.

wild-type IIIB virus and the panel of mutant strains (Table
2) with a high selectivity index (SI).

The replacement of the cyano substituent (R152929) by an
acrylonitrile group (TMC278: G = vinyl, pure E-isomer) [19]
led to a very potent compound with EC50 values equal
to or lower than 1 nM against wild-type IIIB virus and
single- and double-mutant NNRTI-resistant strains. Differ-
ences of potency between the E form (TMC278) and the
Z form (compound 1) were in agreement with the dock-
ing studies, which showed stronger interactions of the cyano
group in the E-orientation than in the Z-orientation with the
W229 region in the binding site of the RT enzyme. Except
for compound 3, substituents in the alpha or beta position on
the cyanovinyl group [10,12,13] did not modify the potency
against the wild-type single- and double-mutant strains. The
introduction of a methylene group between the vinyl and the
cyano group was detrimental to the activity.

This study clearly demonstrated the importance of the
G-spacer group in DAPY derivatives. With this major modi-
fication on the DAPY scaffold, significant progress has been
made, especially at the level of the antiviral profile, compared
with EFV and its DAPY predecessors. In parallel to the in
vitro virologic profiling, preliminary simple experiments in
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SCHEME 2 Reagents and conditions: (a) NMP, HBr/AcOH, reflux, yield = 80%. (From [19].)

rats and dogs were conducted to select compounds with the
best oral bioavailability.

SYNTHESIS

As outlined in Scheme 2, the synthetic method for the
preparation of TMC278 involves the two following key
building blocks: (1) chloropyrimidine and (2) 3-(4-amino-
3,5-dimethylphenyl) acrylonitrile [19]. TMC278 was pre-
pared by heating the two components in N-methyl-
pyrrolidone as solvent in the presence of hydrobromic acid
solution in acetic acid. The chloropyrimidine intermediate
(1) was synthesized in three steps from commercially avail-
able 2-thiouracil (3) (Scheme 3). The methylsulfanyl in-
termediate (4) was obtained by heating thiouracil (3) with
sodium hydroxide and methyl iodide at 60◦C for 3 h. A
4-aminobenzonitrile (5) moiety was added to the pyrimidi-
none core heterocycle by heating at 150◦C for 2 h. A standard
chlorination with POCl3 was finally performed to achieve the
synthesis of intermediate 1. The synthesis of the cyanovinyl
aniline (2) derivative was based on a Heck coupling between
a halogenated aniline and acrylonitrile using low loading of
Pd/C (0.5 mol%) as a catalyst [22] (Scheme 4).
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SCHEME 3 Reagents and conditions: (a) NaOH and MeI, 60◦C, 3 h, yield = 90%; (b) diglyme, 150◦C, 2 h, yield = 80%; (c) POCl3,
CH3CN, reflux, 1 h, yield = 90%. (From [19].)

Therefore, TMC278, as a free base, was synthe-
sized in six high-yield reaction steps. The E-isomer
of 4-[[4-[[4-(2-cyanoethenyl)-2,6-dimethylphenyl]amino]-
2-pyrimidinyl]amino]benzonitrile was obtained and crystal-
lized as a slightly yellow crystalline powder. TMC278 hy-
drochloride was prepared from aqueous hydrochloric acid
in aqueous acetic acid as solvent and recrystallized from an
aqueous acetic acid solution.

PRECLINICAL DEVELOPMENT

In Vitro Characterization of TMC278

TMC278 was selected for clinical development based on
its potent in-vitro anti-HIV-1 activity against wild-type and
NNRTI-resistant strains [23]. The key to the activity of
TMC278 lies in the unique structural flexibility of the DAPY
class and the plasticity of the TMC278 interaction with the
highly flexible NNRTI binding site of RT. This was confirmed
by crystal structure analysis of the binding site from the
TMC278/HIV-1 RT complex and analyses of the freedom of
motion of TMC278 at its binding site. These analyses have re-
vealed the positioning of the compound’s cyanovinyl group in
a hydrophobic tunnel connecting the NNRTI-binding pocket
to the nucleic acid–binding cleft [24,25]. TMC278 has con-
formational or torsional internal flexibility (“wiggling”), and
is able to reposition itself within the flexible NNRTI-binding

site (“jiggling”). Adaptation to changes in the RT-binding site
has been demonstrated in crystal structures of TMC278 in
complexes with the HIV-1 double mutants K103N/Y181C
and L100I/K103N [24].

TMC278 was active against wild-type HIV-1 in MT4 hu-
man T-lymphoblastoid cells with an EC50 value of 0.5 nM
[23], which was 2- and 170-fold lower than EC50 values ob-
tained for EFV and NVP, respectively (Table 3). In the pres-
ence of 50% human serum, the fold change in EC50 value
(FC) of TMC278 was 9, a shift comparable to that observed
for EFV [23]. TMC278 showed a median CC50 value of 8.1
µM, resulting in a selectivity index (CC50/EC50) of 16,000.
This indicates that TMC278 is a potent and specific inhibitor
of HIV-1.

This activity of TMC278, EFV, and NVP was tested
against a panel of 22 HIV-1 strains harboring the most preva-
lent NNRTI resistance-associated mutations (RAMs) con-
structed using site-directed mutagenesis and homologous
recombination techniques [23]. TMC278 retained activity
against viral strains that were highly resistant to the first-
generation NNRTIs (Table 3). The EC50 values for TMC278
against single and double mutants were consistently lower
than those for NVP and EFV. Even in the HIV-1 mutant
strain with the lowest sensitivity to TMC278, the double mu-
tant L100I + K103N, the EC50 for TMC278 was 2.7 nM
compared with > 10,000 nM for EFV and NVP.

The antiviral activity of TMC278 was examined using
a panel of more than 3500 HIV-1 recombinant clinical
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SCHEME 4 Reagents and conditions: (a) Pd/C (0.5 mol%), NaOAc (1.2 equiv), acrylonitrile (1.5 equiv), DMA, 140◦C, yield = 80%; (b)
EtOH, 6-N HCl in-i PrOH, 60◦C, yield = 70%. (From [19].)
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TABLE 3 In Vitro Activity of TMC278, EFV, and NVP Against Wild-Type and NNRTI-Resistant
Site-Directed Mutant HIV-1 Strains

TMC278
NVPa EFVa

NNRTI RAMsb
Median EC50

(nM)
Median EC50

(nM)
Median EC50

(nM) FCc

Wild-type 85 1.0 0.51 1.0
L100I 638 38 0.37 0.7
K101E 2,467 5.6 1.30 2.5
K103N 5,351 39 0.35 0.7
V106A 2,410 36 0.29 0.6
Y181C 5,351 2.0 1.20 2.4
Y188L 6,722 138 1.60 2.7
G190A 3,465 11 0.30 0.6
G190S >10,000 344 0.10 0.2

L100I + K103N >10,000 >10,000 2.70 5.4
K101E + K103N >10,000 183 0.92 1.8
K103N + Y181C >10,000 43 1.70 3.2

Source: [23].
aResults for NVP and EFV were generated previously.
bRAM, resistance-associated mutation.
cFC is the ratio median EC50 value of the mutant/median EC50 of wild type.

isolates, including more than 1500 that were resistant to the
first-generation NNRTIs [i.e., having an FC greater than the
biologic cutoff for NVP (FC > 8) or EFV (FC > 6)] [23].
Percentages of HIV-1 recombinant clinical isolates with sen-
sitivity to TMC278, EFV, and NVP were determined (Fig. 1).
Overall, 89% of these HIV-1 recombinant clinical isolates
that were resistant to one or more first-generation NNRTIs
had an EC50 < 10 nM for TMC278 compared with 33% for
EFV and 0% for NVP.

Selection experiments starting from wild-type HIV-1
demonstrated that TMC278 had a higher genetic barrier
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FIGURE 1 Activity of TMC278, EFV, or NVP vs. more than
1500 HIV-1 recombinant clinical isolates resistant to at least one
first-generation NNRTI. (From [23].)

to resistance development than the first-generation NNR-
TIs in-vitro [23]. No virus breakthrough was observed at
TMC278 concentrations ≥ 40 nM within 30 days after an
infection at high multiplicity of infection, whereas break-
through occurred at 7 or 14 days in the presence of 1 µM
NVP or EFV, respectively. Virus breakthrough was observed
in some, but not all experiments after 10 days in the presence
of 10 nM TMC278. Viruses selected at 10 nM TMC278 con-
tained up to eight mutations, including L100L/I, V106V/I,
Y181Y/C, and M230M/I, and showed seven and four FC for
EFV and TMC278, respectively. A more comprehensive vi-
rology characterization will be published later (manuscript
submitted for publication).

Nonclinical Pharmacokinetic Properties

On the basis of in vitro metabolism studies in hepatocytes and
in vivo studies of oral TMC278 in dogs (oral bioavailability
of 80% with addition of citric acid; elimination half-life of
39 h), slow metabolic clearance of TMC278 was anticipated
in humans, with good exposure, long half-life, and poten-
tial for once-daily dosing [21]. In vitro studies showed that
TMC278 is extensively (> 99%) bound to animal and human
plasma proteins, primarily albumin [21].

CLINICAL DEVELOPMENT

Clinical Pharmacology Studies

The pharmacokinetics of TMC278 have been investigated in
a number of healthy volunteer studies as well as in patients



P1: TIX/XYZ P2: ABC
JWBS061-05 JWBS061-Kazmierski May 24, 2011 17:1 Printer Name: Yet to Come

64 TMC278 (RILPIVIRINE): A NEXT-GENERATION NNRTI IN PHASE III CLINICAL DEVELOPMENT FOR TREATMENT-NAIVE PATIENTS

in proof-of-concept studies, the phase IIb dose-finding study,
and will be investigated further in the ongoing phase III stud-
ies. TMC278 is well absorbed after oral administration as a
tablet formulation. The time to reach maximum plasma con-
centrations (Cmax) was consistently around 4 h across studies.
The specific PK characteristics of TMC278 in healthy volun-
teers and patients, with a terminal elimination half-life (t1/2)
of 45 h on average, have confirmed that it is a good candidate
for a once-daily dosing regimen [23]. Steady-state conditions
are achieved in 11 days. The major route for elimination of
TMC278 is via the feces, with only a very minor role for
renal clearance [26]. The phase I metabolism of TMC278 is
mediated primarily by CYP3A.

The oral bioavailability of TMC278 formulated as the
phase III tablet is approximately 45% lower when adminis-
tered under fasted conditions than when administered with
food [27]. Therefore, TMC278 should always be adminis-
tered with a meal. Administration of TMC278 after a high-
fat breakfast or after a standard breakfast resulted in similar
exposures [27]. TMC278 exhibited linear pharmacokinetics
after single- and multiple-dose administration up to a dose
of 150 mg q.d. in healthy volunteers [28]. The steady-state
exposure to TMC278 is somewhat lower in HIV-1-infected
patients compared with healthy volunteers, and the exposure
to TMC278 in HIV-1-infected patients increased less than
proportionally to the dose. The average exposure [area under
the plasma concentration–time curve from time of admin-
istration to 24 h after dosing (AUC24h)] to TMC278 after
repeated administration (96 weeks) of 25, 75, and 150 mg
q.d. in HIV-1-infected patients, was 2767, 5906, and 10,281
ng·h/mL, respectively [26].

Drug–Drug Interactions (DDIs) Several DDI studies with
TMC278 have been performed in healthy volunteers. Ad-
ditional studies are ongoing, including a DDI study with
methadone. TMC278 has no clinically relevant effects on the
exposure of ethinylestradiol/norethindrone-based oral con-
traceptives [26], atorvastatin [29], chlorzoxazone [30], ri-
tonavir (RTV)-boosted darunavir (DRV) [31], ketoconazole
[32], RTV-boosted lopinavir (LPV) [33], omeprazole [34],
paracetamol [30], rifabutin [35], rifampin [32], or silde-
nafil [36], specifically at the dose of 25 mg q.d., currently
being evaluated in phase III trials. All except two of the DDI
studies (sildenafil DDI study [36] and oral contraceptives
DDI study [26]) have been performed with TMC278 at a
dose of 150 mg q.d., which was the highest dose evaluated in
the phase IIb dose-ranging trial, to assess the maximal effect
of TMC278 on other drugs within the dose range studied.
With the TMC278 dose studied in phase III (25 mg q.d.),
any effect on the pharmacokinetics of other agents observed
would be either similar or lower because of the lower ex-
posure to TMC278 when dosed at 25 mg q.d. The studies
demonstrate that in vivo, TMC278 does not affect CYP2E1
activity [30] or CYP3A activity at lower doses [36,37]. A

weak induction of CYP2C19 activity observed after repeated
administration of TMC278 150 mg q.d. [34] is unlikely
to cause clinically relevant changes in the pharmacokinet-
ics of coadministered drugs that are metabolized by this
enzyme.

TMC278 is a CYP3A substrate, and its pharmacokinet-
ics can therefore be affected by inhibitors and inducers of
CYP3A. Several studies confirmed the key role of CYP3A
in the metabolism of TMC278. The CYP3A inducers ri-
fabutin [35] and rifampin [32] reduced the steady-state ex-
posure (AUC24h) to TMC278 by 46 and 80%, respectively,
and should not be coadministered with TMC278 25 mg
q.d. The CYP3A inhibitors ketoconazole [32], RTV-boosted
LPV [33], and RTV-boosted DRV [31] enhanced the steady-
state exposure (AUC24h) to TMC278, by 49, 52, and 130%,
respectively.

TMC278 has a low solubility, especially at higher pH.
The solubility and hence the absorption of TMC278 may
thus be influenced by drugs that increase the gastric pH.
The steady-state exposure (AUC24h) to TMC278 150 mg
q.d. decreased when coadministered with the proton pump
inhibitor omeprazole (40%) [34] or the H2-antagonist famo-
tidine when administered 2 h before TMC278 (76%), but
not 12 h before or 4 h after TMC278 [38]. Thus, sep-
arated intake of TMC278 and H2-antagonists (i.e., 12 h
before or 4 h after TMC278) or antacids such as alu-
minum hydroxide and magnesium hydroxide (i.e., 2 h
before or 4 h after TMC278) is a suitable option for
patients on TMC278 who require gastric acid–reducing ther-
apy. Atorvastatin [29], chlorzoxazone [30], paracetamol [30],
sildenafil [36], or ethinylestradiol/norethindrone-based oral
contraceptives [26] had no clinically significant effects on
the exposure to TMC278.

In the absence of saturation of metabolic pathways, as sug-
gested by the linear pharmacokinetics of TMC278 at dosages
up to 150 mg q.d. in healthy volunteers, it is anticipated that
the results of DDI trials performed with TMC278 150 mg
q.d. can be extrapolated to a dose of 25 mg q.d.

TMC278 and NRTIs Based on the metabolic profiles and
elimination routes, interaction of TMC278 with NRTIs is
unlikely. Tenofovir (TDF), emtricitabine (FTC), and lamivu-
dine (3TC) are eliminated mainly via the kidney. In an in-
teraction study, TMC278 150 mg q.d. modestly increased
TDF exposure (AUC24h) by 23%, which is not consid-
ered clinically relevant. TDF did not affect the exposure to
TMC278 [39]. The results of a PK substudy of the phase IIb
dose-finding trial demonstrated that the TMC278 dose level
had no influence on the pharmacokinetics and metabolism
of zidovudine (AZT) [26]. For abacavir (ABC), the pri-
mary route for elimination is metabolism via alcohol de-
hydrogenase, which is not inhibited by TMC278 in vitro
at concentrations well above those observed with a dose of
25 mg q.d. [26].
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Phase IIa Proof-of-Concept Study in
Treatment-Naive Patients

TMC278-C201 was a randomized double-blind placebo-
controlled dose-escalating trial designed to evaluate the
short-term (7-day) antiviral and immunologic efficacy,
safety and tolerability, pharmacokinetics, and viral pheno-
typic/genotypic patterns of monotherapy with TMC278 25,
50, 100, or 150 mg q.d. in 47 treatment-naive HIV-1-infected
patients [40]. All dosages of TMC278 gave statistically sig-
nificant reductions in plasma viral load from baseline to day
8 (primary endpoint). The median change ranged from –1.1
to –1.3 log10 HIV-1 RNA copies/mL. There was no appar-
ent dose relationship for antiviral activity. Compared with
placebo (median change from baseline at day 8 was +0.002
log10 HIV-1 RNA copies/mL), all dosages were statistically
significantly different (p < 0.01; Wilcoxon rank-sum test for
pairwise comparisons). Changes in CD4 and CD8 cell counts
were highly variable and not clinically relevant overall. No
NNRTI-associated resistance was observed, and TMC278
was well tolerated with no relevant differences in tolerability
profiles between active treatment and placebo.

Phase IIb Development

TMC278-C204 Study Design The phase IIb TMC278-C204
trial (ClinicalTrials.gov identifier NCT00110305) is an on-
going multinational (54 centers in 14 countries) random-
ized active-controlled dose-ranging study that has now been
extended to 5 years. A total of 368 treatment-naive HIV-
1-infected patients were randomized 1 : 1 : 1 : 1 to receive
three-blinded, once-daily doses of TMC278 [25] mg (n =
93), 75 mg (n = 95), 150 mg (n = 91)] or an open-label
control EFV 600 mg q.d. (n = 89), all in combination with
two backbone NRTIs [41,42]. Investigators selected one of
two NRTI regimens (AZT/3TC or TDF/FTC) administered
as fixed-dose combinations where available. The primary ob-
jective of the study was to evaluate the dose–response rela-
tionships for efficacy and safety for TMC278 over 96 weeks
(primary analysis at week 48). Secondary objectives in-
cluded immunological and PK analyses and a resistance
analysis.

TMC278-C204 Efficacy Results At week 48, high response
rates (proportion of patients with viral load < 50 copies/mL at
week 48 according to the time to loss of virological response
algorithm, primary objective) of 80, 80, 77, and 81% were
seen in the TMC278 25-, 75-, and 150-mg, and EFV groups,
respectively [41]. Mean changes from baseline to week 48 in
log10 viral load were similar between groups (–2.63, –2.65,
–2.63, and –2.64 copies/mL).

The virological response rates were well maintained
across groups from week 48 to week 96 (Fig. 2). Propor-
tions of patients with plasma viral loads < 50 HIV-1 RNA
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FIGURE 2 Virological response rates (% plasma viral load
< 50 HIV-1 copies/mL) over time in study TMC278-C204. (From
[44,45].)

copies/mL were 76, 72, 71, and 71% at week 96 [43,44].
Of note, mean CD4 cell counts increased further from
baseline over the period from week 48 (122, 145, 143,
and 127 cells/mm3) to week 96 (146, 172, 159, and 160
cells/mm3).

Overall, there were no statistically significant differences
in efficacy, either among the TMC278 groups or in compar-
ison with EFV, at either week 48 or 96. Rates of virologic
failure (defined as patients with loss of virologic response,
patients who never achieved confirmed plasma viral load
< 50 HIV-1 RNA copies/mL or patients who discontinued
before reaching week 96 due to lack of virologic efficacy)
were low and were not statistically significantly different
between groups at either week 48 (10, 5, 7, and 6%) or
week 96 (9, 10, 7, and 8%). Among the failing patients,
the proportions developing NNRTI RAMs were similar for
TMC278 and EFV [53% (n = 9) vs. 50% (n = 3), respec-
tively] [43,44]. Eight NNRTI RAMs (L100I, K101E, K103N,
V108I, E138K, E138R, Y181C, and M230L) were noted in
nine patients receiving TMC278, while in the three patients
receiving EFV, the NNRTI RAMs K103N and V106M were
observed. The most frequent NNRTI RAMs observed in pa-
tients receiving TMC278 and EFV were E138K and K103N,
respectively.

TMC278-C204 Safety Results TMC278 was generally well
tolerated [43,44]. There were few AEs for which there was a
difference among the TMC278 doses, although discontinua-
tions due to AEs and rash appeared more frequent in the two
higher dose groups than in the 25-mg q.d. group. Most dis-
continuations on TMC278 were related to laboratory tests.
There were no relevant changes in types of AE or noteworthy
increases in the incidence of AEs between weeks 48 and 96.
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Most EFV withdrawals were due to skin and subcutaneous
tissue disorders, psychiatric disorders, and pregnancy.

Incidences of the most commonly reported (≥ 2% of
patients in either the combined TMC278 or EFV groups)
grade 2 to 4 AEs that were at least possibly related to
study medication, including nausea, dizziness, abnormal
dreams/nightmare, dyspepsia, asthenia, rash, somnolence,
and vertigo, were low in general and were lower with all
TMC278 doses than with EFV. Overall, the incidence of
any grade 2 to 4 AE that was at least possibly related to
TMC278 was 20% in both the TMC278 combined group
and the TMC278 25-mg group, which was significantly (p <

0.05, Fisher’s exact test) lower than the rate of 37% with
EFV.

The overall rate of serious AEs was similar with all
TMC278 doses and EFV. The incidence of serious AEs was
12% in the TMC278 combined group, 13% in the TMC278
25-mg group, and 15% in the EFV group. Six patients re-
ported serious AEs at least possibly related to study medica-
tion during the first 48 weeks, of which one was reported with
EFV (arthralgia) and five with TMC278 (hepatic enzyme
increases or cytolytic hepatitis, blood amylase increase, ab-
dominal pain/constipation in the TMC278 25-mg q.d. group,
suicide attempt and anemia in the TMC278 150-mg q.d.
group). Two deaths, reported in the TMC278 75-mg q.d.
group (pneumonia followed by septic shock and cardiopul-
monary arrest, and a motor vehicle accident) were deemed
not related to study medication.

Incidences of grade 3 to 4 events that were at least possibly
related to study medication were not statistically significantly
different among TMC278 groups and compared with EFV,
occurring in 5% of patients in the TMC278 combined group,
in 8% of patients in the TMC278 25-mg q.d. group, and in
8% of EFV-treated patients. Most grade 3 to 4 events were
laboratory abnormalities, with overall similar incidences in
the TMC278 and EFV groups.

Both neurological and psychiatric AEs were generally
less frequent in the TMC278 groups than in the EFV group,
with no indication of relationship to dosage. Grade 2 to 4
neurologic events of interest irrespective of relationship to
treatment were noted in 7% of patients in the TMC278 com-
bined group, 6% of patients in the TMC278 25-mg q.d. group,
and in 15% of patients in the EFV group, with corresponding
rates of 8, 10, and 11% for psychiatric events. There were no
grade 3 or 4 neurological AEs in patients receiving TMC278
vs. an incidence of 1% grade 3 AEs in patients receiving
EFV. The incidence of grade 3 or 4 psychiatric events was
low in the TMC278 combined group (2%), TMC278 25-mg
q.d. group (1%), and EFV group (1%).

All rashes were of grade 1 or 2 severity, except for one
case of grade 3 rash in the TMC278 75-mg q.d. group at
approximately 24 weeks on treatment associated with dap-
sone treatment. This was the only patient in the TMC278
groups who discontinued because of rash. Two patients in

the EFV group withdrew because of skin disorders. All other
rashes resolved with continuing treatment. No severe (grade
4) rashes were reported. Rashes appeared more common in
the TMC278 150- and 75-mg q.d. groups than in the 25-
mg q.d. group. The incidence of rash of severity grade 2
or above regardless of relationship to study medication was
significantly lower in the TMC278 combined group (3%)
or TMC278 25-mg q.d. group (2%) than in the EFV group
(11%, p < 0.05, TMC278 vs. EFV). There was no association
between rash and gender or CD4 cell count for TMC278.

Mean changes from baseline at week 96 in levels of
total cholesterol, low–density lipoprotein–cholesterol, high-
density lipoprotein–cholesterol, and triglycerides were lower
in the TMC278 groups than in the EFV group. There were no
TMC278 dose relationships for mean changes in lipid param-
eters. The TMC278 25-mg q.d. dose was selected for further
clinical development in treatment-naive HIV-1-infected pa-
tients because it offered the best benefit–risk balance.

Phase III Development

The efficacy and tolerability profile of TMC278 in phase II
trials has led to further investigation of this next-generation
NNRTI in two fully enrolled ongoing phase III clinical stud-
ies in 1374 treatment-naive patients, TMC278-TiDP6-C209
(efficacy comparison in treatment-naive HIV-infected sub-
jects of TMC278 and EFV; ECHO; ClinicalTrials.gov iden-
tifier NCT00540449) and TMC278-TiDP6-C215 (TMC278
against HIV, in a once-daily regimen vs. efavirenz; THRIVE;
ClinicalTrials.gov identifier NCT00543725). Each of these is
a 96-week double-blind double-dummy randomized trial de-
signed to compare TMC278 25 mg q.d. (n = 347 in ECHO;
n = 340 in THRIVE) with EFV 600 mg q.d. (n = 347 in
ECHO; n = 340 in THRIVE). In ECHO, the background
regimen (BR) is fixed to FTC/TDF. In THRIVE, the BR is an
investigator choice of ABC/3TC, TDF/FTC, or AZT/3TC.
The primary analysis in both trials is at week 48, and the pri-
mary objective is to demonstrate noninferiority of TMC278
relative to EFV with regard to the proportion of patients
achieving a confirmed plasma viral load < 50 HIV-1 RNA
copies/mL at that time point.

FUTURE DIRECTIONS

Pediatrics

The pharmacokinetics, efficacy, and safety of TMC278 25 mg
q.d. (phase III tablet formulation) will be investigated in
treatment-naive adolescents (aged from 12 to < 18 years) in
the 48-week phase II trial TMC278-TiDP38-C213 (pediatric
study in adolescents investigating a new NNRTI TMC278;
PAINT; ClinicalTrials.gov identifier NCT00799864). In par-
allel, a pediatric formulation of TMC278 is being developed



P1: TIX/XYZ P2: ABC
JWBS061-05 JWBS061-Kazmierski May 24, 2011 17:1 Printer Name: Yet to Come

REFERENCES 67

which will be investigated in children aged less than 12 years
of age.

TMC278 Long-Acting Formulation

In addition to the oral tablet and pediatric formulations,
TMC278 is being investigated as an innovative, slow-release
injectable formulation. The pharmacokinetics and injection-
site tolerability of this novel formulation were evaluated af-
ter single doses in rats (up to 20 mg/kg) and dogs (up to
400 mg per dog) and after a single subcutaneous or intra-
muscular injection in healthy human volunteers (doses of
200 to 600 mg) [45]. TMC278 was slowly released from the
injection site, resulting in sustained plasma levels for up to
8 weeks in rats and up to 24 weeks in dogs and humans.
While injection-site reactions were slightly more common
with TMC278 than with placebo, there were no serious AEs,
grade 3 or 4 AEs, or rashes.

Potential for Fixed-Dose Combinations with Other
ARV Agents

TMC278 is currently still in clinical development but has
shown potential for future advantages in terms of dosing re-
quirements in HAART regimens and patient acceptability.
Selection of an ARV regimen depends not only on suscep-
tibility of HIV-1 infection to the drugs chosen, but also on
other factors, including pill burden and frequency of dos-
ing and tolerability [1]. Despite well-established and well-
documented mortality reduction with long-term management
of HIV, clinical challenges remain in the real-world clinical
setting [46,47]. Regimens are often complex and contain
multiple tablets with the need for frequent administration.
Maintenance of adherence under these circumstances can be
difficult, and failure to adhere to therapy over the long term
can adversely influence clinical outcomes [48,49].

Once-daily dosing and the use of fixed-dose combination
therapy simplify treatment for treatment-naive patients start-
ing therapy. Evidence is emerging to suggest that simplifica-
tion of treatment can influence outcomes and enable patients
to maintain virologic suppression at least as effectively upon
switching to less complex treatment schedules [50]. TMC278
is a small tablet that is given once daily, and as well as the
fixed-dose combination with TDF/FTC in development, it
could be used in the future in fixed-dose combinations with
a range of other ARVs for once-daily dosing.

CONCLUSIONS

NNRTIs as part of a triple regimen are a key component
of HAART for treatment-naive patients, provide long-term
viral suppression, and are recommended by clinical treat-
ment guidelines [1,2]. The needs for this patient population

are safety, tolerability, and convenience, all of which have a
bearing on long-term compliance and treatment adherence.

The investigational next-generation NNRTI TMC278 has
favorable pharmacological and PK characteristics, including
good oral bioavailability and a long half-life. This allows the
drug to be administered orally as a convenient, once-daily
single pill and in fixed-dose combinations with other ARVs.
In the phase II TMC278-C204 trial, TMC278 demonstrated
durable and robust antiviral efficacy in treatment-naive pa-
tients over 96 weeks, similar to that seen with EFV-based
treatment. TMC278 appeared to be generally better toler-
ated than EFV, with lower incidences of neuropsychiatric
AEs, rash, and fewer lipid disturbances. Confirmation of the
encouraging observations from the phase II TMC278-C204
trial is being sought in two ongoing phase III double-blind
comparisons of TMC278 25 mg q.d. with EFV 600 mg q.d. in
treatment-naive patients. TMC278 is also being investigated
in children and adolescents, and as a long-acting parenteral
formulation.
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INTRODUCTION

Recommended treatment of human immunodeficiency virus
(HIV) employs a combination of agents designed to suppress
viral replication and slow disease progression [1]. Cells in-
fected with HIV copy the viral single-stranded RNA genome
into a double-stranded viral DNA via the HIV reverse tran-
scriptase (RT) enzyme. RT inhibitors prevent completion of
the synthesis of the double-stranded viral DNA, which pre-
vents viral replication. There are currently two types of RT
inhibitors: nucleoside/nucleotide RT inhibitors [N(t)RTIs]
and nonnucleoside RT inhibitors (NNRTIs). N(t)RTIs and
NNRTIs target the same enzyme but have different mecha-
nisms of action. N(t)RTIs are competitive inhibitors of re-
verse transcription, which are incorporated into the growing
DNA chain, causing viral DNA synthesis to terminate pre-
maturely. NNRTIs are noncompetitive, allosteric inhibitors

of RT; they bind directly to the RT, inducing a conforma-
tional change that generates the NNRTI pocket and disrupts
the active site [2].

The NNRTIs efavirenz (EFV) and nevirapine (NVP) are
generally recommended for initial therapy as a result of
their efficacy, generally favorable safety and tolerability pro-
files, and simplicity of dosing [3,4]. Although first-generation
NNRTIs do not require pharmacokinetic (PK) boosting with
ritonavir (RTV; r), they are associated with some drawbacks,
including a low genetic barrier to the development of re-
sistance and cross-resistance due to single amino acid sub-
stitutions in the RT. This restricts sequential use of these
agents in treatment-experienced patients [5–8]. In addition,
specific toxicity issues, such as central nervous system side
effects, teratogenicity, hepatotoxicity, and hypersensitivity
reactions, including severe and potentially fatal rash, have
been reported [9,10]. There is, therefore, a major clinical

Antiviral Drugs: From Basic Discovery Through Clinical Trials, First Edition. Edited by Wieslaw M. Kazmierski.
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need for antiretrovirals (ARVs) with higher genetic barri-
ers to the development of resistance, improved safety and
tolerability profiles, and activity against NNRTI-resistant
virus.

The NNRTI etravirine (ETR; Intelence, formerly
TMC125) has been approved for use in combination with
other ARV agents for the treatment of HIV-1 in treatment-
experienced adult patients [11]. In this chapter we discuss the
history of its discovery and development progress in clinical
trials to date.

DISCOVERY

Researchers from Janssen Pharmaceutica and the University
of Louvain discovered the first HIV-1 NNRTI compound,
the tetraimidazobenzodiazepinone (TIBO), in 1987 [12]. A
sustained effort to improve on these compounds eventually
led to the discovery of ETR. In the early 1990s, a second class
of NNRTIs, chemically unrelated to the TIBO derivatives,
was discovered, culminating in the synthesis of loviride [13].

During the optimization phase of loviride, a synthetic
intermediate was used to synthesize other simple analogs,
portrayed by the generic structure 1 (Table 1). Highlight-
ing a few variations of E and Y illustrates how a subtle
observation evolved into a significant discovery. The lead
structure discovered in the loviride series (2; Fig. 1), had an
ortho-nitro group, and structure–activity relationship (SAR)

TABLE 1 Activity (EC50, nM) vs. HIV-1a

Cl

Cl

N
H

CONH2

E

Y

1 
Compound E Y EC50 (nM)

2 –– o-NO2 100
3 –– o-Cl 400
4 –– p-Cl >160,000
5 CSNH o-Cl >60,000
6 CSNH m-Cl 5,200
7 CSNH p-Cl 160

Source: [14].
aAll compounds were tested for potency (EC50, nM) to achieve 50% pro-
tection of MT-4 cells from HIV-1 cytopathicity as determined by the MTT
method [15]. Unless noted otherwise, the IIIB strain of HIV-1 was the infect-
ing virus. Other infecting mutant (in the RT) strains of virus are characterized
by the mutated amino acid position and the one-letter codes. For example,
Y181C refers to replacement of tyrosine at position 181 with cysteine. Al-
though the data are not reported, in the same experiment mock-infected
cells were tested with compound to determine the dose to reduce cells to
50% viability (CC50). Thus, a selectivity index (CC50/IC50) could be de-
termined. All determinations are the result of multiple tests. EC50, 50%
effective concentration; IC50, 50% inhibitory concentration.

Cl

Cl

N
H

CONH2

O

Loviride

FIGURE 1

studies established that compounds in this series were most
potent when an ortho-substituted phenyl group was present.
For example, ortho-chlorine substituent 3 was more than
400 times as active as the corresponding para substitution 4
(Table 1).

However, when varying E, insertion of a thioamide in
combination with Y as a meta- or para-chlorine (6 and 7)
resulted in compounds that were much more active than the
ortho analog (5). The level of antiviral activity was mod-
est, but this result was in contrast to previous observations
that ortho substitution was preferred over para substitution.
Even though structures 4 and 7 were seemingly very simi-
lar, this anomaly in the expected SAR led to the belief that
these structures might bind differently in the NNRTI pocket.
Consequently, the possibility of a unique SAR for 7 from
the loviride series was rationalized and a limited program of
structural optimization was undertaken.

To increase the likelihood of identifying new compounds
active against NNRTI-resistant strains and which have inter-
esting druglike properties, the SAR, traditionally limited to
activity against the wild-type virus, was expanded to include
concurrent evaluation of several NNRTI-resistant strains. To
facilitate an understanding of the effect of new chemical
substituents on the binding of the compounds to wild-type
and resistant RT, a panel of mutants was constructed harbor-
ing various NNRTI resistance-associated mutations (RAMs)
within exactly the same genetic background.

One of the interesting structural attributes of this “new”
lead was its flexible nature relative to other NNRTIs. Nor-
mally, the best and most potent inhibitor is a rigid structure
that fits into the intended site. However, it was reasoned that a
flexible structure had a greater likelihood to change slightly,
through bond rotations or conformational change, to “refit”
into the NNRTI binding pocket that was altered as a result of
viral mutation. Consequently, an optimized structure might
avoid the loss of activity that other NNRTIs experienced from
those mutations.

No substantial improvement in anti-HIV-1 activity was
seen until the phenyl acetamide portion of 7 was replaced
with benzylimidoyl to give an imidoylthiourea (ITU) struc-
ture (8, Fig. 2; X = Cl, EC50 = 13 nM) [14]. The 10-fold
improvement in potency (compared to 7 in Table 1) sug-
gested that the structure could be optimized, giving activity
levels similar to those of previous NNRTIs. In fact, when
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X = CN (9, Fig. 3), the level of activity (see “ITU” in
Table 2) was comparable to the then-marketed products NVP
and delavirdine (DLV).

With the ITU compound (9), a high level of activity had
been attained against the IIIB strain of HIV-1 (EC50 =
2.5 nM), but more importantl, when tested against the
panel of single amino acid mutant strains of HIV-1, activ-
ity was superior to that of NVP and DLV in every instance
(Table 2), possibly substantiating the hypothesis that flexible
structures might overcome resistance imparted by mutations
of the NNRTI binding pocket.

However, it was quickly established that this structure
was prone to both hydrolytic and oxidative instability. The
latter was shown by the facile conversion to the thiadia-

H
N

H
N

Cl

Cl
SNH

CN

O
N

H
N

Cl

Cl
SN

CN

9 10 

FIGURE 3

zole 10, a compound completely devoid of RT inhibitory
activity. Therefore, an assessment of metabolic stability
was included early in the discovery process, thereby es-
tablishing a structure–metabolism relationship. The combi-
nation of SAR (against wild-type virus and mutants) and
structure–metabolism relationship allowed for the concur-
rent optimization of structures for broad-spectrum anti-HIV
activity and metabolic stability.

Preparation of cyanoguanidine analog 11 (Fig. 4), a
well-known thiourea bioisostere, was attempted to try to
circumvent the instability of the ITU structure. A reaction
to form 11 resulted in cyclic DATA 12 and not the desired
ITU derivative, which had presumably formed but cyclized
spontaneously under the reaction conditions.

Considering the inactivity of the thiadiazole (10), it was
surprising that 12 was a very potent inhibitor of HIV-1IIIB

(EC50 = 6.3 nM). Indeed, it was nearly as active as ITU and
it was also highly active against a battery of HIV-1 mutant
strains (Table 2). The combination of potent biological activ-
ity and greatly enhanced structural stability led to a thorough
SAR investigation around generic structure 13 (Fig. 5), in
which variations of X, Y, and Ar1 were investigated [16].

Many substituents were acceptable for Ar1, but deriva-
tives with 2,4,6-trisubstitution were generally the most po-
tent against HIV-1IIIB and were significantly more active

TABLE 2 Inhibition of HIV-1 (EC50, nM) by NNRTIsa

Compound IIIBb L100I K103N Y181C Y188L
L100I +
K103N

K103N +
Y181C

NVP 32 316 6,310 10,000 >100,000 N.D. >100,000
DLV 63 2,512 2,512 1,995 1,259 N.D. 19,953
EFV 1 40 40 2 158 >10,000 40
Loviride 50 50 63 15,800 1,260 N.D. N.D.
ITU (X = CN) 2.5 513 589 511 318 N.D. N.D.
Initial DATA 6.3 398 40 200 316 N.D. N.D.
Final DATA 0.3 13 3 8 40 1,260 50
ETR 1.4 3.3 1.2 7 4.6 19 4.3

aAll compounds were tested for potency (EC50, nM) to achieve 50% protection of MT-4 cells from HIV-1 cytopathicity as determined by the MTT method [15].
Unless noted otherwise, the IIIB strain of HIV-1 was the infecting virus. Other infecting mutant (in the RT) strains of virus are characterized by the mutated
amino acid position and the one-letter codes. For example, Y181C refers to replacement of tyrosine at position 181 with cysteine. Although the data are
not reported, in the same experiment mock-infected cells were tested with compound to determine the dose to reduce cells to 50% viability (CC50). Thus,
a selectivity index (CC50/IC50) could be determined. All determinations are the result of multiple tests. N.D., not determined; DATA, diaryltriazine; ITU,
imidoylthiourea.
bWild type.
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against all of the HIV-1 mutant strains. The nature of X was
not critical, with compounds containing CH2, NH, O, and S
all equally active. Variations of Y were all inactive except
NH2 and NHOH. However, in preclinical studies, the NHOH
compound was rapidly dehydroxylated to the original amine.
Furthermore, both Y = NH2 and NHOH were readily glu-
curonidated at the hydroxylamine/amine functionality and
excreted.

Many of the analogs with variation of X and substituents
at the para position of Ar1 were first synthesized to circum-
vent metabolic instability. For example, an analog with X =
NH and Ar1 = 2,4,6-trimethylphenyl possessed an excellent
potency profile and increased metabolic stability. However,
the metabolic vulnerability of Y = NH2 was still a cause for
concern.

Contrary to the SAR studies, molecular modeling studies
suggested that replacing the 4-NH2 on the triazine ring with
hydrogen should not decrease activity. Indeed, this variation,
exemplified as the Final DATA 14 (Fig. 6), was among the
most potent of all the DATA compounds against HIV-1IIIB

and had a very good profile against all of the HIV-1 mutants
tested up to that time (Table 2), as well as good metabolic
stability.

New clinically relevant HIV-1 mutations were being iden-
tified continuously, including double mutations in the RT.
Literature reports indicated that EFV is much more effective
than NVP and DLV in most regards (Table 2), but it was
ineffective against the double mutant L100I/K103N. In con-
trast, the most potent DATA analog seemed to show some
(albeit weak) activity against the new L100I/K103N double
mutant. Simultaneously, replacements for the triazine with

X

NN

N
H
N

Y
CN

R

Ar1

13 

FIGURE 5

other six-membered ring heterocycles, such as pyrimidine,
were investigated. Unlike the symmetrical triazine ring, the
potential dissymmetry of the pyrimidine ring leads to three
possible isomeric structures that were synthesized and are
represented by 15a–c (Table 3). The testing results of 15a–c
compared to the corresponding triazine analog are extremely
interesting. Pyrimidines 15a and b were as effective as the
triazine 14 in inhibiting HIV-1IIIB, but only 15a was effective
in inhibiting several clinically relevant mutant strains to an
even greater degree than the corresponding DATA structure
(Table 3).

This led to yet another round of structure–activity varia-
tions [17] based on this active pyrimidine. Overall, changes
made at the R1, Y, and R3 sites on the generic structure 16
(Fig. 7) gave analogs with activity levels very similar to those
of the corresponding DATA compounds, including the same
weak potency against the L100I/K103N double mutant.

In contrast to a triazine, a pyrimidine has a fourth ring
carbon available for substitution, position C5 in this case,
indicated here by R2. The antiviral activities of several vari-
ations of R2 were investigated, and many were found to be
ineffective. However, when R2 was Br, Cl, or acetylene, the
activities were comparable to those of the most potent DATA
compound. In addition, these analogs had significant activity
against the L100I/K103N double mutant.

Many potential clinical candidates resulted from these
final SAR studies. ETR (Fig. 8) was chosen based on potency
against all the available strains of HIV-1 (Table 2) and its
metabolic stability. Early preclinical studies indicated that
the solubility and bioavailability of ETR were poor. However,
these challenges have since been overcome.

H
N

NN

N
H
N

H

CN

CH3

CH3CH3

Final DATA

14 

FIGURE 6
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TABLE 3 Inhibition of HIV-1 (EC50, nM)a

Z Y

X

NH2

H
N

Cl

CNCl

15
Compound X Y Z IIIB L100I K103N Y181C Y188L

DATA N N N 6 398 40 200 316
15a N N CH 1 299 12 175 71
15b CH N N 10 96,600 33,300 >100,000 >100,000
15c N CH N 452 >100,000 >100,000 >100,000 >100,000

aAll compounds were tested for potency (EC50, nM) to achieve 50% protection of MT-4 cells from HIV-1 cytopathicity as determined by the MTT method [15].
Unless noted otherwise, the IIIB strain of HIV-1 was the infecting virus. Other infecting mutant (in the RT) strains of virus are characterized by the mutated
amino acid position and the one-letter codes. For examples, Y181C refers to replacement of tyrosine at position 181 with cysteine. Although the data are
not reported, in the same experiment mock–infected cells were tested with compound to determine the dose to reduce cells to 50% viability (CC50). Thus, a
selectivity index (CC50/IC50) could be determined. All determinations are the result of multiple tests. DATA, diaryltriazine.

FORMULATION

ETR is classified as a Biopharmaceutics Classification Sys-
tem IV compound, characterized by low solubility and low-
to-moderate permeability (log P > 5) with a low dissociation
constant (pKa < 3). Such compounds typically have low
bioavailability when formulated as a conventional oral solid
dosage form. In preclinical studies with dogs, low bioavail-

R1

Y

N

N

R3

H
N

CNR2

16 

FIGURE 7
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N

N

O

Br
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FIGURE 8 Chemical and three-dimensional structure of ETR,
showing a highly flexible molecule with four torsion angles (τ1,
τ2, τ3 and τ4), which can accommodate four different mutations
in the NNRTI binding pocket.

ability was observed when using formulations containing
crystalline ETR [18]. Physical modification of crystalline
drug to the amorphous state by means of solid dispersion
technology was therefore undertaken to improve bioavail-
ability [18]. As ETR degrades chemically during melting,
only solvent evaporation methods were evaluated. ETR was
initially formulated as a 50-mg capsule with the excipient
poly(ethylene glycol) (PEG)-400 for use during early phase
I and phase IIa clinical trials. With this formulation, up to
36 capsules/day were administered, representing an unac-
ceptably high pill burden. This formulation was also rela-
tively unstable, thereby limiting the shelf life of the product.
Formulation development subsequently focused on increas-
ing bioavailability and/or unit drug load to reduce pill bur-
den while maintaining a robust stability profile. For phase IIb
studies, a solid dispersion was prepared via granulo-layering.
This approach reduced the pill burden to eight tablets/day
[800 mg ETR twice daily (b.i.d.)], acceptable for this stage
of development but still unacceptable for late-stage clinical
development and commercialization.

For phase III clinical development and commercializa-
tion, increased bioavailability and reduced pill number and
size were key considerations. Novel methods for manufac-
turing tablets containing solid dispersions prepared by bead
coating or spray drying were therefore pursued. The new for-
mulations were compared with the tablets used in phase IIb
studies. Based on the results of the comparative bioavailabil-
ity studies, spray drying was selected as the manufacturing
technique to obtain stable ETR solid dispersions with in-
creased bioavailability. The composition of the spray-dried
powder was further optimized, resulting in a fourfold in-
crease in oral bioavailability compared to phase IIb tablets
and reducing daily intake to four tablets a day (2 × 100-mg
ETR tablets b.i.d.) [19]. This formulation was selected for
phase III clinical trials and commercialization.
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PRECLINICAL DEVELOPMENT

Resistance to NNRTIs arises because of mutations resulting
in altered amino acid positions lining their binding site, with
high-level resistance to first-generation NNRTIs often asso-
ciated with single-point mutations, especially within codon
groups 100 to 108 and 181 to 190 [8]. ETR differs from
the first-generation NNRTIs in its high degree of molecular
flexibility (Fig. 8), which allows the drug to fit the binding
site of the RT enzyme when mutations interfering with first-
generation NNRTIs are present [20,21]. ETR therefore has
an increased genetic barrier to the development of resistance
compared with EFV or NVP [5].

ETR displayed excellent activity against panels of
NNRTI-resistant viruses, including 82 mutant strains con-
structed by site-directed mutagenesis and carrying single,
double, and triple NNRTI RAMs [22]. The antiviral activity
of ETR against NNRTI-resistant HIV-1 was assessed using
a panel of 6171 HIV-1 NNRTI-resistant recombinant clini-
cal isolates (Fig. 2a and b). ETR exhibited higher antiviral
activity on a larger proportion of viruses from this panel
than did the first-generation NNRTIs, having EC50 values
≤ 10 nM for 83.2% of the viruses and EC50 values > 100
nM for only 2% of the viruses (Fig. 9a) [11].

In vitro selection experiments in wild-type and NNRTI-
resistant HIV-1 virus strains showed that development of re-
sistance to ETR requires multiple mutations that frequently
result in cross-resistance to EFV and NVP [5]. ETR 1 µM
completely inhibited the breakthrough of resistant virus from
wild-type and NNRTI-resistant HIV-1, in contrast to EFV
and NVP. Mutations selected in vitro by ETR included the
known NNRTI-associated mutations L100I, Y181C, G190E,
M230L, and Y318F and the novel mutations V179I and
V179F [5]. These results demonstrated the distinctive pro-
file of antiviral activity of ETR in vitro and its high genetic
barrier to the development of resistance.

No concerns relating to carcinogenicity, mutagenesis, or
impairment of fertility have been reported with ETR in pre-
clinical animal experiments. Developmental toxicity stud-
ies in rats at oral dosages up to 1000 mg/kg daily and in
rabbits receiving up to 375 mg/kg daily have shown no
treatment-related embryo–fetal effects [23]. ETR had no ef-
fect on offspring development or maturation during lactation
or post–weaning phases [23]. Hemorrhagic cardiomyopathy
has been observed in male mice treated with ETR, however,
this is not thought to be directly related to ETR [24]. These
preclinical findings have been superseded by the clinical trial
results, where no clinically significant cardiac or hematologic
effects were observed with ETR.

ETR is extensively protein-bound (99.6% to human al-
bumin and up to 97.7% to α1-acid glycoprotein [11]).
Metabolism takes place predominantly in the liver by methyl-
hydroxylation via cytochrome P450 (CYP) isoenzymes 3A4,
2C9, and 2C19, with subsequent glucuronidation of the
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metabolites. ETR is a weak inducer of CYP3A and a weak
inhibitor of P-glycoprotein, CYP2C9, and CYP2C19. It is
not a substrate for P-glycoprotein [11,25].

CLINICAL DEVELOPMENT

Clinical Pharmacology Studies

The pharmacokinetics of ETR have been studied in HIV-
negative, healthy adult volunteers, in HIV-1-infected adult
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patients, and more recently in HIV-1-infected children and
adolescents. Currently, the recommended dosage of ETR for
adults is 200 mg (2 × 100-mg tablets) b.i.d. following a
meal, in combination with other ARV drugs [11]. In a single-
dose mass-balance study of radiolabeled ETR in six volun-
teers, the median time to peak plasma drug concentration
(Tmax) was 3.5 h and median half-life (t1/2

) was 41 h [26].
Elimination takes place primarily in the feces (94%), with
minimal excretion in urine (1.2%). ETR is mostly excreted
unchanged (up to 86%) within 24 to 48 h, and 95% of the
dose is recovered within 168 h of administration [26]. The
phase III/commercial formulation has a distribution t1/2 value
of 3.9 to 5.4 h after multiple doses, and a terminal elimination
t1/2 value of 30 to 40 h [25].

ETR does not prolong the QTc interval or cause clini-
cally relevant changes in an electrocardiogram [27]. Neither
mild nor moderate hepatic impairment affects the pharma-
cokinetics of ETR [28]. ETR exposure is increased in the
presence of food; overall mean exposure was 51% lower in
the fasted state than when dosing after a standard break-
fast [29]. Therefore, ETR should be taken following a meal
to maximize bioavailability. ETR is readily dispersible in wa-
ter without compromising its bioavailability [30], offering an
alternative dosing option for patients who prefer not to take
tablets.

The pharmacokinetics and pharmacodynamics of ETR
in HIV-infected patients were investigated in the phase III
DUET trials [31]. A population PK model for the phase III
formulation of ETR was developed from sparse plasma sam-
pling in the main study and from rich sampling in a substudy.
The mean (standard deviation, S.D.) population estimated
ETR area under the plasma concentration–time curve over
12 hours (AUC12h) was 5506 (4710) ng·h/mL, and the pre-
dose plasma drug concentration (C0h) was 393 (391) ng/mL.
The apparent oral clearance was 43.7 L/h, and the interpatient
variability of that parameter was 60%. Intrapatient variability
for fraction absorbed was 40%. Covariate analysis showed
no relevant effect of gender, age, weight, race, renal func-
tion, viral hepatitis status, or use of enfuvirtide (ENF) on
ETR pharmacokinetics. ETR AUC12h and C0h were not as-
sociated with virologic response, and there were no apparent
relationships between pharmacokinetics and adverse events
(AEs) or laboratory changes. The incidence of rash was not
linked to ETR exposure [31].

The pharmacokinetics of ETR in children and adolescents
have recently been investigated [32]. ETR doses of 4 and
5.2 mg/kg b.i.d. resulted in comparable exposure in children
to that in adults receiving ETR 200 mg b.i.d. [19,31]. There
were no tolerability concerns and no apparent association
between ETR exposure and two cases of mild-to-moderate
rash. Due to the lack of any safety signal in this trial, and
to alleviate the general concern related to underdosing in
children, a dose of 5.2 mg/kg b.i.d. was chosen for further
investigation in an ongoing 48-week phase II trial.

Two phase I studies in healthy HIV-negative volunteers
have shown similar exposure to ETR whether the drug is
given once daily (q.d.) or b.i.d. [33]. Furthermore, the addi-
tion of once-daily DRV/r to once-daily ETR had no effect on
ETR pharmacokinetics [34].

Comprehensive drug–drug interaction (DDI) data have
been collected for ETR. Briefly, ETR may be coadminis-
tered without dose adjustment with a wide range of agents,
including N(t)RTIs, most boosted protease inhibitors (PIs),
raltegravir, elvitegravir, ENF, pH modifiers, narcotic anal-
gesics, oral contraceptives, and selective-serotonin reuptake
inhibitors. Dose adjustment of the coadministered drug may
be required when administering ETR with atazanavir/r, fos-
amprenavir/r, maraviroc, rifabutin, atorvastatin, and silde-
nafil, and local prescribing information should be consulted.
ETR should not be coadministered with EFV, NVP, DLV,
tipranavir/r, or unboosted PIs [11,25,35–37].

Phase IIa Proof-of-Concept Studies

The clinical efficacy of ETR has been evaluated in a com-
prehensive program that started with two proof-of-concept
phase II studies, TMC125-C208 in treatment-naive patients
[38] and TMC125-C207 in patients with NNRTI-resistant
virus [39]. In study TMC125-C208, patients receiving ETR
reported a mean decrease from baseline in plasma VL of
1.99 log10 HIV-1 RNA copies/mL, compared with 0.06 log10

HIV-1 RNA copies/mL in patients receiving placebo (p <

0.001) [38]. Results from study TMC125-C207 showed a
statistically significant reduction in rate of plasma viral load
(VL) decay/day (the primary endpoint) of 0.13 log10 HIV-1
RNA copies/mL/day with ETR (p < 0.001) [39]. This was
the first study to show the successful use of ETR in patients
with NNRTI-resistant virus.

Phase IIb Development

Further investigation was undertaken in the phase IIb stud-
ies TMC125-C203 [40], TMC125-C223 [41], and TMC125-
C227 [42] (Table 4).

TMC125-C203 The primary objective of this trial was to
evaluate ETR safety and tolerability with long-term dosing.
In general, there was no evidence of a relationship between
ETR dose and specific AEs. Most AEs were grade 1 or 2 in
severity, and the incidence of grade 3 or 4 AEs was compa-
rable between the treatment groups (27.0% and 27.3% in the
combined ETR and placebo groups, respectively).

The incidence of rash was higher in the combined ETR
groups compared with the placebo group, with no substantial
differences between the three ETR dose groups. Most rashes
were mild to moderate in severity; six ETR-treated patients
discontinued treatment due to rash. The 24-week results of
this study assisted with the design of study TMC125-C223
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TABLE 4 Phase IIb Studies of ETR in Treatment-Experienced HIV-1-Infected Patients

Trial Study Designa Study Treatment Major Results

TMC125-C203 [40] r, pc, db Stage 1: ETR 400 or 800
mg b.i.d. or placebo;

Stage 2: ETR 800 or 1200
mg b.i.d. or placebo; 48
weeks

Grade 3–4 AEs: 27% ETR vs. 27.3% placebo; neuropsychiatric
AEs: 47% vs. 46%; hepatic AEs: 3% vs. 6%; rash 19% vs.
12%

Stage 1: no statistically significant difference between ETR
groups and placebo for the change in log10 plasma viral load
between baseline and weeks 24 and 48

Stage 2: statistical superiority for the change in log10 plasma
viral load between baseline and week 24 was observed for
800 and 1200 mg b.i.d. of ETR vs. placebo (p = 0.009 and
p = 0.049, respectively)

TMC125-C223 [41] r, ac, pb ETR 400 or 800 mg b.i.d.
or ac;
48 weeks

Mean log10 viral load reductions –0.88 (p = 0.018 vs. ac), –1.01
(p = 0.002 vs. ac) and –0.14 for 400 mg, 800 mg, and control
at week 48; ETR retained activity in the presence of multiple
NNRTI mutations

TMC125-C227 [42] r, ac, ol ETR 800 mg b.i.d. or ac Mean log10 VL reductions from baseline at week 12:
–1.39 (ETR) vs. –2.16 (ac)

ar, randomized; pc, placebo-controlled; db, double-blind; ac, active control; pb, partially blinded; ol, open-label.

and led to the abandonment of the 1200-mg twice-daily
dosage [40].

TMC125-C223 The primary objective of this trial was to
evaluate the dose–response relationship of antiviral activity
within the ETR dose regimens. More patients discontinued in
the control group (97.5%) than in the ETR groups (38.4%).
Most discontinuations were as a result of virologic failure
(VF). The primary efficacy parameter was log10 reduction in
plasma VL over time, and this was significantly greater at
week 48 with either dose of ETR than with the control regi-
men (Table 4). Significantly more patients achieved plasma
VL <50 HIV-1 RNA copies/mL with ETR 400 mg (22.5%)
and 800 mg (21.5%) b.i.d. than with active control (0%) (p <

0.001). Moreover, 88.2 and 87.5% of patients in the respec-
tive ETR groups with undetectable plasma VLs at 24 weeks
maintained this level of response to week 48 [41]. This was
the first time that sustained antiviral activity of an NNRTI
had been demonstrated in a substantial number of patients
with NNRTI-resistant HIV-1.

After 48 weeks of treatment, the tolerability profile of
ETR was generally favorable, with no differences in AE
profiles related to dosage. Median treatment duration was 48
weeks in both ETR groups vs. 18 weeks in the control group.
Discontinuation due to AEs was reported in 15.0 and 19.0%
of patients in the ETR 400- and 800-mg groups, respectively.
Incidences of rash were 22.5 and 17.7%, compared with
7.5% in the active control group. Most rashes were mild to
moderate in severity; six patients (3.8%) in the ETR group
discontinued treatment as a result of rash.

As a result of the additional virologic benefit of the 800-
mg bid dose in some patient subgroups and an acceptable

tolerability profile, this dose equivalent was chosen for fur-
ther development.

TMC125-C227 ETR was also evaluated in the exploratory
TMC125-C227 trial, comparing the efficacy of ETR with
investigator-selected PI therapy in NNRTI-resistant, PI-naive
patients with HIV-1 infection [42]. Patients in the TMC125-
C227 trial were randomized to treatment with either ETR
800 mg b.i.d. or control PI, both in combination with two
investigator-selected N(t)RTIs.

Analysis of changes in plasma VL showed a rapid and
sustained reduction when patients in the control group who
were PI-naive started PI-based treatment. An interim anal-
ysis also showed that there was an initial robust decline in
plasma VL in the ETR group (–1.3 log10 copies/mL at week
8), but this was not sustained relative to the control regimen
beyond 8 weeks. This suboptimal response halted recruit-
ment to TMC125-C227, and ETR was discontinued after a
median 14 weeks.

Overall, the results showed that the combination of ETR
and N(t)RTIs alone may not be optimal in patients having pre-
viously virologically failed an N(t)RTI + NNRTI–containing
regimen.

Phase III Development: The DUET Trials

The DUET (TMC125 to demonstrate undetectable viral load
in patients experienced with ARV therapy) trials (TMC125-
C206 and TMC125-C216) were identically designed double-
blind placebo-controlled phase III clinical trials to inves-
tigate the efficacy, tolerability, and safety of the phase III
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formulation of ETR in a large population of treatment-
experienced patients with HIV-1 infection.

Study Design Patients aged ≥ 18 years and receiving a stable
ARV regimen for ≥ 8 weeks before screening, with plasma
VL > 5000 HIV-1 RNA copies/mL, ≥ 3 primary PI mu-
tations, and at least one NNRTI RAM were randomized to
ETR 200 mg or placebo b.i.d. plus a background regimen
(BR) of DRV/r 600/100 mg, investigator-selected N(t)RTIs,
and optional ENF. Patients were stratified according to ENF
use, previous DRV/r use, and plasma VL at screening (below
or above 30,000 HIV-1 RNA copies/mL) [43].

The primary endpoint was the proportion of patients at-
taining a confirmed plasma VL < 50 HIV-1 RNA copies/mL
at 24 weeks, the first studies to examine “undetectable”
plasma VL as the primary endpoint in this patient popu-
lation. The two trials differed only in geographic location,
and a pooled analysis was prespecified. Secondary endpoints
in DUET included proportions of patients attaining plasma
VL < 400 HIV-1 RNA copies/mL, plasma VL reductions at
least 1 log10 copies/mL from baseline, change in plasma VL
and CD4 cell count from baseline, proportions of patients
with a clinical endpoint (death and/or reporting a new AIDS-
defining illness as adjudicated by an independent panel),
safety and tolerability, and changes in health-related quality
of life [43].

In total, 599 and 604 patients were randomized to the
ETR and placebo groups, respectively, in the pooled DUET
trials. Baseline characteristics were similar between treat-
ment groups (Table 5).

Efficacy A significantly higher proportion of patients
reached confirmed plasma VL < 50 HIV-1 RNA copies/mL
at week 48 with ETR compared with placebo (61% vs. 40%,
respectively, p < 0.0001) (Fig. 10a). In addition, 92% of
patients who were undetectable at week 24 sustained that
response to week 48 [43]. ETR therapy was also associated
with significantly increased CD4 cell counts, again with re-
sponse being maintained to week 48 (Fig. 10b). The mean
plasma VL reduction from baseline was also significantly
greater with ETR than with placebo at both weeks 24 and
48 [43].

Subgroup analyses at week 48 showed no significant effect
of gender, race, and previous NNRTI use. Higher baseline
plasma VL and lower baseline CD4 cell count were associ-
ated with lower response in both treatment groups; however,
ETR provided superior virologic response than did placebo
in each subgroup. Hepatitis coinfection status had no effect
on response to ETR [44]. The proportion of patients achiev-
ing undetectable VL was higher in the ETR group than in
the placebo group, irrespective of number of active back-
ground agents, baseline DRV fold change in 50% effective
concentration (FC), and ETR FC [43].

TABLE 5 Baseline Characteristics of the Pooled DUET
Cohort

ETR + BR
(n = 599)

Placebo +
BR (n = 604)

Male (%) 90 89
Plasma VL (log10 HIV-1 RNA

copies/mL), median (range)
4.8

(2.7–6.8)
4.8 (2.2–6.5)

CD4 cell count (cells/mm3), median
(range)

99 (1–789) 109 (0–912)

Prior ARV use
NNRTIs at screening (%) 12 12
10–15 ARV % 66 65
DRV/r use (%) 4 5

Detectable RAMs
≥ 3 ETR RAMs (%) 14 13
≥ 2 NNRTI RAMs % 69 69
≤ 3 primary PI RAMs (%) 38 37

BR
Used ENF (total) (%) 46 47
Used ENF for the first time (de
novo use) (%)

26 26

Active background agents = 0 (%) 17 16
Active background agents = 1 (%) 37 39

Source: [43].

Importantly, statistically significant reductions in adju-
dicated clinical endpoints were also observed with ETR
vs. placebo at week 48 (5.8% vs. 9.8% respectively;
p = 0.0408) [43]. In addition, time to an AIDS-defining
event or death was also significantly shorter with placebo
than with ETR (p = 0.0108) [43].

Resistance Analyses Clinical cutoffs (CCOs) are used to in-
terpret phenotypic susceptibility in HIV-infected, treatment-
experienced patients by giving an indication, based on FC
values, of how response is affected by viral resistance. A
preliminary upper CCO of 13 was identified for ETR, based
on a 1 log10 greater response at week 24 than the response
with placebo. A lower CCO of 3, below which patients ex-
hibited the highest response rate, was also identified [45]. At
baseline in the DUET studies, 67, 18, and 15% of patients
had FC values for ETR of ≤ 3, 3 to 13, and > 13, respec-
tively. At week 24, the highest response rate (71%) was seen
in patients with baseline ETR FC ≤ 3, while 50 and 37%
response rates were reported in patients with baseline FCs of
3 to 13 and > 13, respectively [54]. The 24-week response
rate among patients receiving placebo was 36%. Of note,
this was the first time that CCOs could be determined for an
NNRTI.

Impact of Baseline Genotype The most recent analysis
of the impact of baseline genotype on virologic response
to ETR in DUET focused on patients not using de novo
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FIGURE 10 (a) Virological response (HIV-1 RNA < 50
copies/mL) at 48 weeks; (b) mean [standard error (S.E.)] change in
CD4 cell count from baseline.

ENF and excluded those who discontinued for reasons
other than VF [46]. This analysis identified 17 RAMs as-
sociated with diminished response to ETR (≥ 25% re-
duction compared with patients with no detectable NNRTI
RAMs at baseline): V90I, A98G, L100I, K101E/H/P, V106I,
E138A, V179D/F/T, Y181C/I/V, G190A/S, and M230L. The
mutations with the greatest univariate effect on response,
V179F/T, Y181V, and G190S, were present in fewer than
5% of patients in the pooled DUET trials at baseline. Of
note, K103N, the most prevalent NNRTI RAM in DUET, is
not an ETR RAM.

A weighted scoring system reflecting the influence of
each mutation was developed to improve correlation with

ETR phenotypic susceptibility interpretations [46]. Of the
17 ETR RAMs, Y181I and Y181V were found to have the
highest relative weights, followed by L100I, K101P, Y181C,
and M230L. The mutations with the highest weights typically
had low prevalence. The relative weights of each baseline mu-
tation are added together to give a weighted genotypic score.

This scoring system showed that the virologic response to
ETR is a function of weighted genotypic score at baseline.
Three score ranges have been described (0 to 2, 2.5 to 3.5,
and ≥ 4), which relate to highest (74%), intermediate (52%),
and lowest (38%) average response rates (i.e., < 50 HIV-1
RNA copies/mL at week 24) [46].

Safety and Tolerability Treatment with first-generation
NNRTIs is associated in some patients with specific AEs,
including skin reactions, nervous system and psychiatric dis-
orders, and hepatic toxicity. Skin reactions are usually mild
to moderate and resolve with continued treatment, but more
severe reactions, such as Stevens–Johnson syndrome (SJS)
and toxic epidermal necrolysis (TEN), have been observed
in some patients receiving NVP [47] and more rarely with
EFV [48]; no such reactions were seen with ETR in the
DUET trials.

ETR demonstrated a safety–tolerability profile similar
to that of placebo, with the exception of rash, at week 48
(Table 6) [43]. Although there was a higher incidence of

TABLE 6 Summary of AEs at Week 48 in the Pooled DUET
Trials

ETR + BR
(n = 599)

Placebo + BR
(n = 604)

Median Treatment Duration
(weeks; range)

52.3 (2–85) 51.0 (3–80)

Any AE (any cause, %)
Total AEs 96.0 96.0
Grade 3 or 4 AE 33.0 34.9
Discontinuation due to AE 7.2 5.6
Serious AE 19.7 23.3
Death (any cause) 2.0 3.3

Most common AEs (≥ 10%
incidence in the ETR + BR
group)

Rash (any type) 19.2 10.9
Diarrhea 18.0 23.5
Nausea 14.9 12.7
Headache 10.9 12.7
Nasopharyngitis 11.0 10.4

AEs of interest (by class)
Nervous systema 17.2 19.7
Psychiatric 16.7 19.5
Hepatic 6.5 6.1
Cardiac 7.0 7.3

Source: [43].
aBased on MedDRA system classes “nervous system disorders” and
“psychiatric disorders.”
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rash with ETR, it was generally mild to moderate in sever-
ity, occurred early (median time to onset 14 days) and was
of limited duration (median duration 15 days), infrequently
lead to discontinuation, and was self-limiting with contin-
ued treatment. There were no grade 4 skin reactions (SJS,
erythema multiforme, or TEN) reported with ETR in the
DUET trials [43]. SJS was rarely reported in the ETR early
access program (< 0.1%); with broader use of ETR fol-
lowing marketing authorization, severe cutaneous and hy-
persensitivity reactions, including SJS and TEN, have been
reported rarely. Since these reactions can be life-threatening,
clinical guidance requires immediate discontinuation of the
drug when such severe reactions are suspected. Previous his-
tory of NNRTI-related rash did not predict rash with ETR,
and there was no link between incidence of rash and baseline
CD4 cell count or systemic drug exposure. The incidence of
rash was higher in women than in men in the ETR group
(30% vs. 18%); however, there were no clear differences in
median time to rash onset or median duration of rash, and dis-
continuation due to rash was low in both males and females
(2% vs. 5%) [43]. Pooled results at week 48 showed evidence
of lipid neutrality and lack of any clinically relevant hepatic
effects [43]. Rates of grade 3 or 4 increased triglycerides
and total cholesterol, and low-density lipoprotein cholesterol
levels ranged from 5 to 9%, with no significant differences
between ETR and placebo.

The incidence of neuropsychiatric events at 48 weeks was
similar between the treatment groups and decreased over
time [43]. There were no grade 4 neuropsychiatric events
with ETR, and rates of discontinuation due to nervous sys-
tem and psychiatric events ranged from 0 to 0.5% across
groups. In addition, the incidence of hepatic and cardiac
events was similar between the treatment groups after 48
weeks of treatment [43].

Pooled DUET Week 96 Results Efficacy and safety results
from the pooled 96-week DUET data set have been presented
[49]. These long-term results confirm the durable efficacy
and safety of ETR; 57% of patients achieved VL < 50 HIV-1
RNA copies/mL through 96 weeks of treatment with ETR
+ BR compared with 36% of placebo + BR patients. In
addition, no new safety concerns were reported with ETR
through 96 weeks of treatment.

Clinical Development: Conclusions

Treatment choices for ARV-experienced patients are expand-
ing continually, offering new options where none existed
previously. In addition to DUET, data have been reported
from several trials investigating new ARV combinations, in-
cluding RESIST [50], TORO [51], POWER [52], MOTI-
VATE [53], BENCHMRK [54], DUO [55], and TRIO [56].
ETR has been shown to be an effective and well-tolerated op-
tion for treatment-experienced patients with NNRTI-resistant

HIV-1 infection. The findings of the DUET studies show that
clinical benefit is not restricted by patient baseline charac-
teristics or by the choice of BR. In addition, ETR has a
favorable pharmacologic, safety, and tolerability profile that
makes it suitable for use in combination with many other
ARVs.

FUTURE DIRECTIONS

Once-daily dosing was not considered realistic with the phase
II formulation of ETR, due to concerns over pill burden, and
a switch to once-daily dosing with the phase III formulation
prior to the start of the DUET trials was not possible. How-
ever, the phase III formulation, with its improved bioavail-
ability and reduced pill burden, is under investigation for its
suitability in a once-daily dosing regimen.

Further pilot studies to assess the feasibility of once-daily
dosing are under way in ARV-naive HIV-1-infected patients.
In addition, the development of a 200-mg tablet is under
investigation to simplify dosing and to reduce pill burden,
and further exploration of ETR in younger patients is under
way.

CONCLUSIONS

ETR is believed to be among the first ARV compounds to
have been developed by a systematic process involving struc-
ture–activity and structure–metabolism relationships and the
use of drug-resistant clinical isolates. In the course of its
development, ETR has overcome major hurdles. First, the
physicochemical properties of the molecule made formula-
tion very difficult. Application of the spray-dry technology,
used in the food industry, addressed this problem and resulted
in an acceptable pill size and burden. Second, there was a high
level of skepticism in the clinical community about the fea-
sibility of an NNRTI active in patients with NNRTI-resistant
HIV-1. This resulted in a development program that was more
complicated and longer than that with other ARVs. Clinical
results, particularly the phase III DUET studies, show ETR to
be an effective and well-tolerated treatment option. ETR has
a high genetic barrier to the development of resistance and
demonstrates sustained efficacy in treatment-experienced pa-
tients, regardless of baseline characteristics or BR. ETR also
demonstrates a significant reduction in clinical endpoints vs.
placebo. With the exception of rash, which is generally mild
to moderate and occurs early, the tolerability profile of ETR
is generally similar to that of placebo, without the neuropsy-
chiatric and hepatic concerns that have been associated with
the use of first-generation NNRTIs. Representing the first
compound to highlight the translational research paradigm,
and following the culmination of an extensive preclinical de-
velopment program, ETR is the first NNRTI to demonstrate
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clinically relevant and sustained efficacy against NNRTI-
resistant HIV-1.
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DISCOVERY AND DEVELOPMENT OF TENOFOVIR
DISOPROXIL FUMARATE

Erik De Clercq
Rega Institute for Medical Research, Leuven, Belgium

INTRODUCTION

The discovery and clinical development of tenofovir should
be viewed in context of the discovery and the development of
the acyclic nucleoside phosphonates, a new era in the antivi-
ral drug field which started in 1986, now more than 20 years
ago, with the description of the broad-spectrum anti-DNA
viral activity of (S)-9-(3-hydroxy-2-phosphonylmethoxy-
propyl)adenine [(S)-HPMPA] [1] and the antiretroviral ac-
tivity of its sister compound 9-(2-phosphonylmethoxyethyl)
adenine (PMEA) [1]. In fact, (S)-HPMPA could be envisaged
as a kind of adduct [2,3] between phosphonoacetic acid, pre-
decessor of the antiviral agent phosphonoformic acid (foscar-
net, Foscavir), and the acyclic nucleoside analog (S)-9-(2,3-
dihydroxypropyl)adenine [(S)-DHPA], which was described
30 years ago, in 1978, as the first acyclic nucleoside analog
with broad-spectrum antiviral activity [4].

Starting with (S)-HPMPA and PMEA, as the result of a
close collaboration that I began with Anthonin Holý [Institute
of Organic Chemistry and Biochemistry of the Czechoslovak
(now Czech) Academy of Sciences in Prague] in 1976, sev-
eral other acyclic nucleoside phosphonates were described as
a key class of antiviral drugs [5], which yielded a wealth of
acyclic nucleoside (mostly adenosine) phosphonate analogs,
the full potential as antiviral agents in both medical and vet-
erinarian virology, as well as plant virology, still to be fully
explored. These compounds are depicted in Figure 1.

After we had shown PMEA (now known as adefovir)
to be markedly effective against retroviruses [i.e., HIV and
murine (Moloney) sarcoma virus] in vitro [6] and in vivo [7],

we showed this to be the case for the (R,S)-9-(3-fluoro-
2-phosphonylmethoxypropyl)adenine (FPMPA) as well [8].
However, FPMPA was not developed further, as shortly af-
ter its description, (R)-PMPA (later named tenofovir) was
discovered [9], and although the 2,6-diamino counterpart
(R)-PMPDAP proved to be more effective than (R)-PMPA
against HIV in both in vitro and in vivo antiretrovirus sys-
tems [9,10], it was the adenine analog (R)-PMPA that was
selected for further development.

ANTIVIRAL ACTIVITY SPECTRUM

Tenofovir has an activity spectrum that is slightly different
from that of adefovir but fundamentally different from that
of cidofovir [11]. Cidofovir [(S)-HPMPC], the first acyclic
nucleoside phosphonate developed and licensed for clinical
use, was first described by De Clercq et al. in 1987 [12] and
has, akin to its predecessor (S)-HPMPA, a broad antiviral
activity spectrum against virtually all DNA viruses, includ-
ing papova (polyoma and papilloma)-, adeno-, herpes-, and
poxviridae (Table 1). Adefovir retains some activity against
the herpesviridae but gains significant activity against the
hepadnaviridae [e.g. hepatitis B virus (HBV)] and retroviri-
dae [e.g. human immunodeficiency virus (HIV)], whereas
tenofovir is principally active only against hepadnaviruses
(HBV) and retroviruses (HIV) (Table 1). As an important
spin-off, adefovir and tenofovir have been found to be highly
efficient in eradicating the episomal form of banana streak
virus (BSV) [13], a member of the badnaviruses, which are
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FIGURE 1 Structural formulas of acyclic nucleoside phospho-
nates.

believed to follow a replication machinery process similar to
that of the hepadnaviruses. Treatment with adefovir and teno-
fovir rendered up to 90% of the plants regenerated from the
BSV-infected meristems completely virus-free, an observa-
tion that may have far-reaching agricultural implications for
the production of healthy banana plants [5]. This econom-
ically attractive application of both adefovir and tenofovir
has so far remained untapped. An equally interesting obser-

TABLE 1 Antiviral Activity Spectrum of the Acyclic Nucleo-
side Phosphonatesa

Cidofovir Adefovir Tenofovir
[(S)-HPMPC] (PMEA) [(R)-PMPA]

Papovaviridae
Polyoma ×
Papilloma ×

Adenoviridae
Adeno ×

Herpesviridae
HSV-1 × ×
HSV-2 × ×
VZV × ×
CMV × ×
EBV × ×
HHV-6 × ×
HHV-7 × ×
HHV-8 × ×

Poxviridae
Variola ×
Cowpox ×
Monkeypox ×
Camelpox ×
Vaccinia ×
MCV ×
Orf ×

Hepadnaviridae
HBV × ×

Retroviridae
HIV-1 × ×
HIV-2 × ×
SIV × ×
FIV × ×

Source: [11], with modifications.
aCMV, cytomegalovirus; EBV, Epstein–Barr virus; FIV, feline immunode-
ficiency virus; HHV, human herpes virus; HSV, herpes simplex virus; MCV,
molluscum contagiosum virus; SIV, simian immunodeficiency virus; VZV,
varicella-zoster virus.

vation, shown only for adefovir, is that in its diphosphate
form, it specifically blocks the adenylylcyclase activity as-
sociated with the edema factor (EF) secreted by Bacillus
anthracis [14]. Adefovir may therefore have potential in the
treatment of anthrax and other bacterial infections caused by
bacteria that secrete adenylylcyclase toxins such as Borde-
tella pertussis (whooping cough), Pseudomonas aeruginosa
(nosocomial infections), and Yersinia pestis (plague) [14].
Whether these potential applications extend to tenofovir has
not yet been ascertained.

MECHANISM OF ANTI-HIV ACTIVITY AND
RESISTANCE DEVELOPMENT

In contrast to the acyclic guanosine analogs (acyclovir, ganci-
clovir, and penciclovir) and 2′,3′-dideoxynucleoside analogs
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[azidothymidine (AZT), zalcitabine, didanosine, stavudine,
lamivudine, abacavir, and emtricitabine], which require three
phosphorylation steps to be converted to their active (i.e.,
triphosphate) forms, adefovir (PMEA) and tenofovir (PMPA)
need only two phosphorylations to be converted to their ac-
tive (i.e., diphosphate) forms, termed PMEApp and PMPApp,
respectively. Both phosphorylations could be carried out in
two consecutive steps by AMP kinase or in one step by
PRPP synthase (Fig. 2). Unlike AZT, the NtRTIs (PMEA,

PMPA) do not alter the endogenous nucleotide pool lev-
els [15]. PMPApp akin to PMEApp would act as competi-
tive inhibitors/alternate substrates with respect to the natural
substrate dATP, and when incorporated (following removal
of the diphosphate group) into the DNA chain, PMPA akin to
PMEA would shut off further DNA synthesis, thereby acting
obligatorily as a chain terminator (Fig. 2).

PMPApp acts as a selective inhibitor of the HIV-1 reverse
transcriptase (RT): It is 800-fold less inhibitory toward DNA
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polymerase-β than is HIV-1 RT [16]. Also, PMPApp and
its 2,6-diaminopurine counterpart, PMPDAPpp, are much
less (or virtually not at all) inhibitory to the mitochondrial
DNA polymerase-γ [17]. In fact, very low incorporation ef-
ficiencies with human DNA polymerases α, β, and γ were
found for PMPApp (0.06 to 1.4%) and PMPDAPpp (0.075
to 2.2%) [18]. Exposure of various human cell types to teno-
fovir at concentrations that greatly exceeded those required
for in vitro anti-HIV-1 activity in peripheral blood mononu-
clear cells (EC50 = 0.2 µM) and to achieve therapeutically
relevant plasma levels (0.8 to 1.3 µM) was not associated
with mitochondrial toxicity [19]. Additionally, when mito-
chondrial DNA (mtDNA) content was monitored in tissues
from rats, monkeys, or woodchucks treated with tenofovir
disoproxil fumarate (TDF), no changes in mtDNA content or
mitochondrial enzyme activity were observed [20].

The signature resistance mutations for tenofovir diso-
proxil fumarate (TDF) is the RT mutation K65R [21]. This
mutation causes a variable, yet not complete, loss in sus-
ceptibility to TDF, and also to the NRTIs didanosine and
abacavir. Typically, the K65R mutation leads to only a
three- to four-fold reduction in tenofovir susceptibility, and
has been detected in up to 3% of the patients receiving
TDF [22].

The RT K65R mutation engendering resistance to TDF
and the M184V mutation engendering resistance to lamivu-
dine (3TC) and emtricitabine [(−)FTC] are mutually antag-
onistic, which means that the K65R mutation could increase
the susceptibility of the virus to 3TC or (−)FTC, and, vice
versa, the M184V mutation may increase the virus’s sus-
ceptibility toward tenofovir [23–26]. These observations jus-
tify the use of the combination of TDF with (−)FTC, as in
Truvada and Atripla.

Resistance development to NRTIs such as AZT depends
primarily on the ATP-dependent phosphorolytic excision of
the nucleotide analog (i.e., AZT 5′-monophosphate). Ex-
cision can occur only when the RT complex exists in its
pretranslocational state. Binding of the next complemen-
tary nucleotide causes the formation of a stable dead-end
complex in the posttranslocational state, which blocks the
excision reaction. This would explain why tenofovir would
lead less readily to resistance development than would, say,
azidothymidine [27].

Although the K65R mutation (in the HIV RT) is unques-
tionably linked to the emergence of resistance to tenofovir
and some NRTIs (other than AZT, i.e., didanosine and aba-
cavir) [28], it is still unclear why the K65R mutation is doing
so and whether this resistance is due to an increased excision
rate of PMPA from the DNA product. From an epidemio-
logical viewpoint, the incidence of the K65R mutation has
decreased in the last couple of years despite increased use of
TDF in anti-HIV drug combination regimens [29]. In clinical
isolates, K65R is frequently accompanied by the A62V and
S68G RT mutations; these mutations serve as (partially) com-

pensatory mutations to improve the viral replication capacity
associated with the K65R mutation [30].

In addition to the K65R mutation, the K70E mutation has
been reported in a small number of patients failing on an-
tiretroviral drug regimens, including TDF [31]. Apparently,
the K70E mutation antagonizes the K65R mutation, and a
molecular basis for this antagonism has been provided [32].
Both the K70E and K65R mutations antagonize the thymi-
dine analog mutations (TAMs) M41L, L210W, and T215Y
associated with ATP-mediated excision of nucleotide analogs
such as AZT 5′-monophosphate [33].

Sequential emergence of viral mutants with K70E and
K65R during prolonged tenofovir monotherapy has been
noted in rhesus macaques with chronic SHIV infection [34].
Given the antagonism between the K70E and K65R mu-
tations, even in the presence of K65R virus, continuation
of tenofovir treatment as part of highly active antiretroviral
therapy (HAART) may be justified [34].

ORAL PRODRUG APPROACH: TENOFOVIR
DISOPROXIL FUMARATE

Acyclic nucleoside phosphonates have poor, if any, oral
bioavailability. This explains why for cidofovir the oral
alkoxyalkyl prodrug derivatives HDP (hexadecyloxypropyl)-
cidofovir and ODE (octadecyloxyethyl)-cidofovir have been
conceived (as reviewed by De Clercq [35,36]). These cido-
fovir prodrugs could be most useful in the treatment and/or
prophylaxis of pox- and herpesvirus infections by the oral
route, but have not yet been licensed for this purpose.

For adefovir (PMEA), the oral prodrug bis(pivaloyloxy-
methyl)-9-(2-phosphonylmethoxyethyl)adenine [bis(POM)
PMEA] was successfully developed [37,38] and finally ap-
proved in 2002 for clinical use as Hepsera (adefovir dipivoxil)
for the treatment of chronic hepatitis B (Fig. 3).

The same oral prodrug approach could have been ap-
plied to PMPA. However, pivaloyl-containing compounds
may generate pivaloyl acid when releasing the parent
drug, and this could cause increased urinary carnitine
loss [39]. To avoid this potential problem, a novel series
of alkyl methyl carbonate esters of PMPA were synthe-
sized [40], and bis(isopropyloxycarbonyloxymethyl)-[(R)-
9-(2-phosphonylpropyl)adenine] (Fig. 3) was selected for
further development [39]. The favorable pharmacokinetic
profile, marked antiviral efficacy, and low toxicity made
bis(POC)-PMPA an attractive oral prodrug of PMPA, cited
by Naesens et al. [41] as being worth pursuing further in
clinical studies in patients infected with HIV or HBV. Ac-
tually, bis(POC)PMPA or tenofovir disoproxil fumarate was
formally approved for the treatment of HIV infections in
2001, and for the treatment of HBV infections in 2008, thus
fulfilling our prophecy in 1998 [41].
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CLINICAL EFFICACY OF TDF

Initial studies with TDF had pointed to its durable antiviral
activity, potent efficacy against virus strains with RT muta-
tions conferring resistance to NRTIs, infrequent emergence
of resistance, a convenient dosing schedule, and placebo-
like tolerability for a period of both 24 weeks [42] and
48 weeks [43]. When the combination of TDF with emtric-
itabine ((−)FTC) and efavirenz (EFV) was compared with
that of zidovudine, 3TC, lamivudine, and EFV, the TDF
arm was clearly superior in terms of both virologic response
(Fig. 4) and safety (lipid profile, risk for lipodystrophy) [44].
This difference was already noted after 48 weeks (Fig. 4) but
was sustained for 144 weeks. In particular, the percentage
of patients with HIV RNA levels below 400 copies/mL after
48 weeks of treatment was 84% in the TDF + emtricitabine
+ efavirenz group, compared with 73% in the zidovudine +
lamivudine + efavirenz group [44].

Earlier studies had indicated that TDF + lamivudine
(3TC) + efavirenz, although comparable in antiviral efficacy
with stavudine + lamivudine (3TC) + efavirenz, had a better
safety profile based on the occurrence of dyslipidemia [45].
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In fact, several studies have indicated that switching from, for
example, AZT + 3TC or abacavir + 3TC to TDF + (−)FTC
resulted in an improvement in dyslipidemia (or a decrease in
triglyceride and LDL-cholesterol levels) [46–48].

Safety data from the compassionate use/expanded access
programs of TDF over a 4-year period indicated that the drug
is well tolerated in HIV patients with a serious renal adverse
event incidence rate of 0.57% among 10,695 patients in the
expanded access program (cited by De Clercq [49]). Through
seven years of therapy in antiretroviral-naive patients, TDF
+ 3TC + efavirenz demonstrated (1) sustained durable an-
tiretroviral efficacy, (2) continued CD4 cell count increases,
(3) no discontinuations due to renal adverse events, (4) no ev-
idence of clinically relevant bone effects, and (5) significant
increases in limb fat through year 7 [50].

In the mean time, TDF has been used more frequently
in combination with emtricitabine, and this dual-drug com-
bination has recently been extended to a triple-drug combi-
nation with the addition of efavirenz (see the next section).
Yet TDF may be coadministered with several other anti-
HIV drugs such as darunavir (boosted by ritonavir) [51] and
raltegravir [52] without the risk of drug–drug interactions
requiring dose adjustments.

Similarly, there are no clinically relevant drug–drug
interactions between TDF–emtricitabine when combined
with elvitegravir (GS-9137) (boosted by ritonavir) [53],
and once-daily atazanavir–ritonavir, in combination with
TDF–emtricitabine, demonstrated similar antiviral efficacy
to that of lopinavir–ritonavir administered twice daily in com-
bination with TDF–emtricitabine, albeit with less gastroin-
testinal toxicity, in the management of antiretroviral-naive
HIV-1-infected patients [54].

FROM VIREAD VIA TRUVADA TO ATRIPLA

Viread (tenofovir disoproxil fumarate) (Fig. 5) was licensed
in 2001. As the combination of TDF and emtricitabine [which
corresponds to (−)FTC, the 5-fluoro-substituted derivative
of 3TC] proved mutually beneficial (in terms of antiviral
action and resistance development), both compounds were
combined at a fixed dose [TDF at 300 mg and (−)FTC at
200 mg] in a single once-daily tablet (Truvada) (Fig. 5)
which was approved by the U.S. Food and Drug Adminis-
tration (FDA) in 2004. In 2006, the triple-drug combination
or “three-in-one” tablet Atripla, became available. Atripla
(Fig. 5) contains three active ingredients, representing three
different classes of HIV RT inhibitors: an NRTI (nucleo-
side RT inhibitor: emtricitabine), an NtRTI (nucleotide RT
inhibitor: tenofovir), and an NNRTI (nonnucleoside RT in-
hibitor: efavirenz) [49]. Of pivotal importance for the de-
velopment and eventual licensing of Atripla for the first-
line treatment of HIV infections were the clinical studies of
Gallant et al. [44] and Pozniak et al. [55] (see also [56,57]).
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+ emtricitabine + efavirenz group vs. Combivir (zidovudine + lamivudine) + efavirenz group. (Data from [44].)

The coformulation of TDF/(−)FTC/efavirenz, as in
Atripla, is bioequivalent to administration of its individ-
ual compounds [58]. Cumulative results from three years
of follow-up indicated that when compared with the zi-
dovudine (AZT)/lamivudine (3TC)/efavirenz combination,
the TDF/(−)FTC/efavirenz combination demonstrated supe-
rior durability of viral load suppression and improved safety
(fewer adverse events) [59].

The efficacy (virologic suppression) and safety [renal
function, limb fat, and triglyceride and cholesterol levels
of the triple-drug combination TDF/(−)FTC/efavirenz] has
been attested to further in patients receiving HAART after
switching their therapy to a single-tablet once-daily regimen
of Atripla [TDF/(−)FTC/efavirenz] [60,61].

TDF combined with emtricitabine and efavirenz is appar-
ently an ideal coformulation, achieving optimal virus sup-
pression. Other combinations—TDF plus didanosine [62],
TDF plus didanosine and efavirenz [63], and TDF plus aba-
cavir and lamivudine [64]—yielded a high rate of early vi-
rologic failure. The triple-drug combination TDF with aba-
cavir and lamivudine was also accompanied by an increased
incidence of the K65R and M184V/I mutations [65], which
may have contributed to the poor virological performance of
this drug combination strategy. Apparently, no evidence was
found for metabolic drug interactions among TDF, abacavir,
and lamivudine [66].

High rates of early virological failure have been reported
with drug regimens consisting of TDF, lamivudine (or
emtricitabine), and nevirapine [67,68]. As a consequence of
increased recognition of the toxicity of thymidine analogs

(i.e., zidovudine or stavudine) regimens comprising TDF,
either lamivudine or emtricitabine, and nevirapine are
presently used more commonly in treatment programs
in resource-constrained settings. These regimens have an
excellent long-term toxicity profile and would result in viral
suppression rates of ≥ 75% at 12 months or later [69]. Hence,
these authors concluded that the available evidence did not
support changing the current use of TDF plus emtricitabine
(or lamivudine) and nevirapine to treat antiretroviral-naive
patients [69].

THE MAJOR PITFALL IN THE CLINICAL USE OF
TDF: KIDNEY TOXICITY

The clinical use of NRTIs stavudine, didanosine and zi-
dovudine has been associated with lipoatrophy (loss of fat
mass, e.g., of the face, limbs, and buttocks) and an increase
in serum lactic acid and triglyceride levels. These effects
may be initiated by the mitochondrial toxicity (i.e., inhibi-
tion of mitochondrial DNA polymerase γ) caused by these
NRTIs [70]. Tenofovir does not cause these effects. On the
contrary, switching from stavudine to tenofovir results in a
normalization of the triglyceride levels and reversal of the
lipoatrophy [71,72].

TDF has been formally approved for use in HIV-infected
adults but not in HIV-infected children, one of the poten-
tial pitfalls being the possible adverse effects of TDF on
bone mineral acquisition during childhood. A decreased
bone mineral density (BMD) has been observed in a
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recent study [73], although a previous study did not reveal
an effect of TDF on BMD [74]. Clearly, BMD monitoring of
HIV-infected children requiring TDF treatment seems to be
warranted.

The presence of the phosphonate moiety in tenofovir
can be envisaged as the “hallmark” for many of its unique

features, including its prolonged antiviral action, allowing
infrequent dosing and low resistance profile, but also
makes it prone to possible toxicity, especially nephrotox-
icity. Yet no TDF-related toxic side effects were noted
with the TDF/emtricitabine/efavirenz drug combination
regimens [44,45,55].
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In two randomized, controlled trials, no clinically rele-
vant renal disease or adverse events were demonstrated in
antiretroviral-naive patients treated with TDF over a three-
year period (144 weeks) [75]. The renal safety of tenofovir
has also been demonstrated in a prospective 96-week longi-
tudinal study in HIV-infected children [76].

Yet there have been several case reports on renal tubular
dysfunction [77,78], Fanconi syndrome [79,80], and acute
renal failure [81–84] in AIDS patients treated with TDF. In
two double-blind placebo-controlled studies, the incidence
of renal events was similar among the TDF groups and the
placebo groups [85]. In earlier studies, severe complications
such as Fanconi syndrome [86], pancreatitis [87,88], and
lactic acidosis [89] were observed only after combination of
TDF with didanosine—a clear example of a drug combina-
tion that should be avoided.

Acute renal failure in HIV patients has remained an impor-
tant issue [90]. Nephrotoxicity in patients receiving tenofovir
seems to be associated with the presence of co-morbidities
and with advanced HIV infection [91]. Although the safety
of TDF for the treatment of HIV infection in adults has
been proven over a period of four years [92], risk factors
for the development of nephrotoxicity should be monitored-
carefully, and baseline renal insufficiency should, of course,
argue against the use of TDF [93].

There might be a greater (risk for) decline of re-
nal function if tenofovir is associated with a protease
inhibitor–based rather than an NNRTI-based therapy [94].
Recently, a peroxisome proliferator–activated receptor-γ
(PPAR-γ) agonist, rosiglitazone, has been identified that may
reverse tenofovir-induced nephrotoxicity at the tubular level
[95].

TDF FOR THE TREATMENT OF HEPATITIS B

As could be predicted from their antiretroviral activity,
PMEA (adefovir) and PMEDAP also proved active against
HBV replication [96,97], and, shortly after their anti-HIV
activity had been described, (R)-PMPA (tenofovir) and (R)-
PMPDAP were also reported as potent inhibitors of HBV
replication [98]. In fact, adefovir and tenofovir were about
equipotent in inhibiting in vitro replication [99], including
replication of the lamivudine-resistant variant of HBV [con-
taining the M550V (now referred to as the rt M204V) muta-
tion] [100]. The in vitro susceptibility of lamivudine-resistant
HBV to adefovir and tenofovir was later confirmed by Lada
et al. [101].

After adefovir dipivoxil had initially been pursued for the
treatment of HIV infections but was found to be nephro-
toxic at the doses (125 or 62.5 mg/day) required to in-
hibit HIV infections, it was further pursued for the treat-
ment of HBV infections. Here a daily dose of 10 mg
sufficed for adefovir dipivoxil to achieve significant his-

tological, virologic and biochemical improvement with-
out the emergence of adefovir-resistant HBV DNA poly-
merase mutations following 48 weeks of treatment in both
HBV e antigen-negative chronic hepatitis B patients [102]
and HBV e antigen-positive HBV patients [103]. In pa-
tients with antigen-negative chronic hepatitis B, the virus
stayed suppressed if treatment was continued for another
96 weeks (following the initial 48 weeks), although the
signature adefovir-resistant rt N236T and rt A181V mu-
tations were identified in 5.9% of the patients [104]. The
rt N236T mutation also conferred a three- to four-fold re-
duced susceptibility to tenofovir in cell culture, but the clin-
ical significance of this susceptibility change remains un-
known [105].

In the past few years, TDF has been recommended for the
treatment of chronic HBV infections in HBV HIV-coinfected
patients [106–110]. As compared to patients treated with
adefovir dipivoxil, patients treated with TDF reached the
threshold of HBV undetectability at a faster rate and in larger
proportions than did those taking adefovir dipivoxil [110].
In HIV/HBV-coinfected patients with cirrhosis, TDF might
lead to sustained HBV suppression and result in cirrhosis
reversal [111,112].

For the past five years or so, TDF has also been considered
an attractive treatment option for patients with lamivudine
(3TC)-resistant HBV infection [113,114]. TDF has been li-
censed since 2008 for the treatment of chronic hepatitis B
in the European Union, the United States, and several other
countries. Not surprisingly, when TDF was given (orally) at
a daily dose of 300 mg, it proved (far) superior to adefovir
dipivoxil in achieving HBV DNA suppression when given
(orally) at a daily dose of 10 mg for a period of 48 weeks in
both HBe Ag-negative and HBe Ag-positive chronic hepatitis
B patients (Fig. 6) [115].

Of the HBe Ag-negative patients, 99% had HBV DNA
< 400 copies/mL after 96 weeks of TDF therapy with-
out evidence of resistance to TDF monotherapy [116]. Of
the HBe Ag-positive patients, 88% had HBV DNA < 400
copies/mL (6% achieving HBe Ag loss) after 96 weeks of
TDF therapy, again without evidence of resistance to TDF
monotherapy [117]. That no resistance to tenofovir was de-
tected following 96 weeks of TDF monotherapy was further
substantiated by Snow-Lampart et al. [118] and will be fol-
lowed up for eight years (384 weeks).

Tenofovir was equally active in vitro against wild-type
HBV clinical isolates representing viral genotypes A-H
[119]. Studies carried out in Asian patients with HBe Ag-
negative or HBe Ag-positive hepatitis B yielded results
similar to those reported by Marcellin et al. [115,120].
Deniz and Everhard [121] concluded that TDF is pre-
dicted to provide a better health outcome at a lower cost
than with entecavir, lamivudine, or adefovir dipivoxil, and
should therefore be used as first-line treatment for chronic
hepatitis B.
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FIGURE 6 Suppression of HBV DNA levels by tenofovir diso-
proxil fumarate (daily dose: 300 mg through week 48) and adefovir
dipivoxil (daily dose: 10 mg through week 48) in (a) HBe Ag-
negative and (b) HBe Ag-positive patients. Viral suppression was
defined as an HBV DNA level of less than 400 copies/mL. (Data
from [115].)

Given the convincing results obtained with TDF in the
treatment of chronic HBV infections, the only question re-
maining is whether TDF should be used as monotherapy or
combination therapy [122]. TDF combination therapy should
be considered in patients with resistance to adefovir (dip-
ivoxil) [123], but, in their comment to Marcellin et al.’s pa-
per [115], Lai and Yuen [124] stated their belief that if the
long-term resistance to TDF turns out to be very low, similar
to the 1.2% resistance rate after five years of entecavir treat-
ment, long-term monotherapy with TDF would be a feasible
option, comparable to the combination of a nucleotide analog
such as adefovir dipivoxil or TDF with a nucleoside analog
such as lamivudine or telbivudine [124].

PROPHYLACTIC USE OF TDF IN THE
PREVENTION OF HIV INFECTIONS

While the prospects for an effective vaccine to prevent HIV
infection have remained daunting, one should seriously con-
sider the potential of TDF (Viread), whether or not combined
with emtricitabine (Truvada), and emtricitabine and efavirenz
(Atripla), in the pre- and/or postexposure prophylaxis of HIV
infections. There are three routes by which HIV could be
transmitted: parenterally (e.g., needle stick accidents), sexu-
ally (intravaginal, anal, or oral intercourse), and perinatally
(from mother to child, during pregnancy, at birth, or through
breast feeding). There is compelling experimental evidence
that tenofovir can completely prevent retrovirus infections by
either the parenteral, sexual, or perinatal route. First, Tsai and
colleagues [125] demonstrated that tenofovir, administered
subcutaneously starting 48 h before, or 4 or 24 h after, in-
travenous simian immunodeficiency virus (SIV) inoculation,
could completely prevent SIV infection in macaques. Sec-
ond, Otten and colleagues [126] reported that tenofovir, ad-
ministered subcutaneously 12 or 36 h after intravaginal HIV-
2 inoculation in macaques, could completely prevent HIV
infection. Third, Van Rompay and colleagues [127] demon-
strated that tenofovir, when administered subcutaneously at
two doses of 4 mg/kg either 4 h before or 20 h after, 1 and
24 h after, or as a single dose of 30 mg/kg at 1 h after SIV
inoculation, could completely prevent SIV infection in new-
born macaques inoculated orally with the virus by 3 days
of age.

It is obvious that tenofovir could also be used as a vaginal
gel to prevent HIV infection in sexually active women [128],
and tenofovir gel has proven effective in the prevention of
SIV rectal transmission in macaques after local preexpo-
sure application [129], but it should be admitted that topical
use would not be as convenient or widely protective as the
daily use of a single pill (Viread, Truvada, or Atripla), which
should prevent HIV transmission by any route. Defined clini-
cal studies in humans on the use of either Viread, Truvada, or
Atripla in the prevention (preexposure prophylaxis) of HIV
infection are eagerly awaited.

Preexposure prophylaxis with TDF/(−)FTC prevents
vaginal HIV-1 transmission in humanized bone marrow–
liver–thymus (BLT) mice [130] as well as rectal SHIV
transmission in macaques [131]. Although preexposure pro-
phylaxis will not be able to rid the world of HIV [132], it
deserves full support for continued pursuit [133]. Daily oral
use of TDF in HIV-infected women was not associated with
increased adverse clinical or laboratory adverse events, but
its effectiveness could not be evaluated conclusively because
of the (too) small number of HIV infections observed during
this study [134].

The use of TDF in pregnancy is under surveillance: Find-
ings from the antiretroviral pregnancy registry have indi-
cated that the birth-defect prevalence with exposure during
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the first trimester to the NtRTIs (28%) was similar to that of
other antiretrovirals (2.9%) or the general population-based
surveillance data (2.72%) [135].

In a preliminary study, the use of tenofovir in HIV-infected
pregnant women may have prevented mother-to-child trans-
mission of HIV [136], although longer prospective studies of
tenofovir in pregnant women are warranted to substantiate
these observations.

Remarkably, in rhesus macaques, the safety and sustained
benefits of prolonged tenofovir-containing regimens have
been noted from infancy to adulthood, including during preg-
nancy [137].

CONCLUSIONS

Twenty-five anti-HIV medicines have been formally licensed
for the treatment of AIDS [138]: seven nucleoside RT in-
hibitors (NRTIs: zidovudine, didanosine, zalcitabine, stavu-
dine, lamivudine, abacavir, emtricitabine), one nucleotide RT
inhibitor [NtRTI: tenofovir in its oral prodrug form, teno-
fovir disoproxil fumarate (TDF), Viread], four nonnucleoside
RT inhibitors (NNRTIs: nevirapine, delavirdine, efavirenz,
etravirine), 10 protease inhibitors (PIs: saquinavir, ritonavir,
indinavir, nelfinavir, amprenavir, lopinavir, atazanavir, fos-
amprenavir, tipranavir, darunavir), one fusion inhibitor (FI:
enfuvirtide), one coreceptor inhibitor (CRI: maraviroc) and
one integrase inhibitor (INI: raltegravir). Fixed-dose drug
combinations, consisting of zidovudine with lamivudine, or
abacavir with zidovudine and lamivudine, or abacavir with
lamivudine, or TDF with emtricitabine (Truvada), or TDF
with emtricitabine and efavirenz (Atripla), are also available
for the treatment of HIV infections.

Of the HIV-infected individuals, about 75% have been di-
agnosed as such, and about 57% of those are on antiretroviral
(ARV) treatment, but the majority (about two-thirds) of those
that are on treatment do receive tenofovir in one of its three
prescription forms: Viread, Truvada, or Atripla (Fig. 7).

Recommendations about when to initiate antiretroviral
therapy (depending on the CD4 cell counts) and what to
use for treatment-naive HIV-infected persons are constantly
evolving [139]. Once begun, treatment probably should be
continued indefinitely. Several regimens are acceptable as
initial therapy, with TDF/(−)FTC/efavirenz (Atripla) favored
because of potency and ease of administration [139].

The durability of contemporary once-daily fixed-dose an-
tiretroviral regimens [e.g., TDF/(−)FTC/efavirenz (Atripla)]
has significantly eclipsed the duration of earlier antiretrovi-
ral drug options [140]. This is due to both more convenient
dosing and improved tolerability of the modern antiretrovi-
ral drug regimens. In fact, the single-tablet Atripla regimen
represents a significant simplification in the management of
HIV infections, yielding high rates of virologic suppression
and low rates of treatment discontinuations [141,142].

FIGURE 7 U.S. HIV market dynamics (thousands of patients).
Less than half of HIV-infected persons are currently on ARV
therapy. (See insert for color representation of the figure.)

Over 1 million years of patient experience has established
tenofovir as a key component of HIV treatment [143]. Teno-
fovir has demonstrated potent antiviral efficacy with a low
risk of developing resistance when used as part of an ef-
fective combination regimen. It is generally well tolerated,
with a low (if any) risk of lipoatrophy or lipid abnormalities
such as those seen with nucleoside analogs such as stavu-
dine or zidovudine [143]. On the contrary, switching from
the thymidine analogs (such as stavudine) to a tenofovir-
containing regimen can benefit patients with lipid abnormal-
ities or lipoatrophy.

From a cost-effectiveness viewpoint, TDF combined with
(−)FTC is predicted to provide better health outcomes at
lower costs as opposed to lamivudine (3TC) combinations
with either abacavir or zidovudine in treatment-naive adults
with HIV infection [144,145].

What remains to be taken into account, however, is the
cost-effectiveness of switching from stavudine to tenofovir
in first-line antiretroviral regimens in developing countries
such as South Africa [146]. Rosen et al. [146] estimated
that the price of TDF would have to fall from the current
$ 17.00 per month to $ 6.17 per month to make it cost neutral
(for South Africa), but it would be highly cost-effective at
a price of $ 12.94 per month, slightly less than is currently
available [146].

Acknowledgment

I am most grateful to Christiane Callebaut for her proficient
editorial assistance.

REFERENCES
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[62] Léon, A.; Mallolas, J.; Martinez, E.; De Lazzari, E.;
Pumarola, T.; Larrousse, M.; Milincovic, A.; Lonca, M.;
Blanco, J. L.; Laguno, M.; et al. High rate of virological
failure in maintenance antiretroviral therapy with didanosine
and tenofovir. AIDS 2005, 19, 1695–1697.

[63] Maitland, D.; Moyle, G.; Hand, J.; Mandalia, S.; Boffito,
M.; Nelson, M.; Gazzard, B. Early virologic failure in
HIV-1-infected subjects on didanosine/tenofovir/efavirenz:
12-week results from a randomized trial. AIDS 2005, 19,
1183–1188.

[64] Gallant, J. E.; Rodriguez, A. E.; Weinberg, W. G.; Young,
B.; Berger, D. S.; Lim, M. L.; Liao, Q.; Ross, L.; Johnson,
J.; Shaefer, M. S. Early virologic nonresponse to tenofovir,
abacavir, and lamivudine in HIV-infected antiretroviral-naive
subjects. J. Infect. Dis. 2005, 192, 1921–1930.
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Reid, T. Weight evolution in HIV-1-infected women in
Rwanda after stavudine substitution due to lipoatrophy: com-
parison of zidovudine with tenofovir/abacavir. Trans. R. Soc.
Trop. Med. Hyg. 2009, 103, 613–619.

[73] Purdy, J. B.; Gafni, R. I.; Reynolds, J. C.; Zeichner, S.;
Hazra, R. Decreased bone mineral density with off-label use
of tenofovir in children and adolescents infected with human
immunodeficiency virus. J. Pediatr. 2008, 152, 582–584.

[74] Giacomet, V.; Mora, S.; Martelli, L.; Merlo, M.; Scian-
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Renal safety of tenofovir in HIV-infected children: a prospec-
tive, 96-week longitudinal study. Clin. Drug Invest. 2007, 27,
573–581.

[77] Peyrière, H.; Reynes, J.; Rouanet, I.; Daniel, N.; de Boever,
C. M.; Mauboussin, J. M.; Leray, H.; Moachon, L.; Vincent,
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DISCOVERY AND DEVELOPMENT OF APRICITABINE

Susan Cox, John Deadman, Justine Southby, and Jonathan Coates
Avexa Ltd., Richmond, Victoria, Australia

INTRODUCTION

Highly active antiretroviral therapy (HAART) has been
shown to suppress HIV-1 replication and improve immune
function, and its use has led to a significant decrease in the
morbidity and mortality associated with HIV disease [1,2].
The essence of HAART is the use of a combination of med-
ications from different classes of anti-HIV drugs to maxi-
mally suppress viral replication and prevent the emergence of
drug-resistant strains of virus. Current guidelines recommend
the use of two nucleoside reverse transcriptase inhibitors
(NRTIs) with a ritonavir-boosted protease inhibitor or two
NRTIs with a nonNRTI (NNRTI) for the initial treat-
ment of HIV infection in adults [3,4]. At the time that
clinical development of apricitabine (ATC) began, seven
NRTIs were approved: zidovudine (AZT), didanosine (ddI),
zalcitabine (ddC), stavudine (d4T), lamivudine (3TC), aba-
cavir (ABC), and emtricitabine (FTC), and one nucleotide
reverse transcriptase inhibitor (NtRTI), tenofovir (TDF). Al-
though these approved NRTIs are active in regimens for
treatment-naive HIV-1-infected patients, they may be less
effective in treatment-experienced patients, depending on
which NRTI resistance mutations have arisen in the patient’s
virus during previous treatment. For example, one of the
most common drug-resistant mutations found in treatment-
experienced patients is the M184V mutation, which confers
high-level resistance to 3TC and the related oxathiolane FTC
and low-level resistance to ddI and ABC [5–9].

Around the time that clinical development of ATC began,
there were five NRTIs in development with varying degrees
of activity against HIV with known NRTI resistance muta-
tions (alovudine, amdoxovir, dexelvucitabine, elvucitabine,

racemic emtricitabine). None of these has entered phase III
development, due primarily to concerns over safety and effi-
cacy. Thus, there is still a need for the development of NRTIs
that are active in the presence of NRTI resistance mutations.
In addition, given the extended nature of treatment for HIV
infection, the long-term safety and tolerability of the treat-
ment regimen are of great importance, and some existing
NRTIs are associated with poor long-term tolerability. The
development of new NRTIs, with different resistance profiles
and improved long-term safety, is therefore warranted to al-
low the construction of a new treatment regimen when the
previous one has failed.

ATC (formerly known as BCH-10618, SPD754, and
AVX754) is the (–)-enantiomer of 2R-hydroxymethyl-4R-
(cytosin-1′-yl)-1,3-oxathiolane and has the molecular for-
mula C8H11N3O3S and a molecular weight of 229.26 Da.
ATC is a deoxycytidine analog NRTI that is structurally
similar to 3TC but has important differences in the spatial
organization of the oxathiolane ring (Fig. 1). The absolute
stereochemistry of ATC is 2R,4R and of 3TC is 2R,5S.

In common with other NRTIs, ATC undergoes a series of
intracellular phosphorylation reactions to produce the active
triphosphate form [10], which competes with the correspond-
ing endogenous deoxynucleoside triphosphate for binding to
the HIV reverse transcriptase. Since ATC lacks the 3′ hy-
droxyl group necessary for further DNA elongation, its incor-
poration into the nascent DNA chain instead of deoxycytidine
triphosphate leads to the inhibition of reverse transcription,
thereby inhibiting HIV replication. The triphosphate form
of ATC (ATC-TP) is a potent and highly selective inhibitor
of HIV-1 reverse transcriptase in vitro. It has been found to
inhibit wild-type HIV-1 reverse transcriptase in vitro with a
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(a) ATC

(b) 3TC
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FIGURE 1 Three-dimensional representation of ATC in comparison to 3TC. (See insert for color representation of the figure.)

Ki value of 0.08 µM, which is half that of 3TC-TP under the
same conditions (0.16 µM) and 150- to 3750-fold lower than
for human DNA polymerases, including the mitochondrial
DNA polymerase γ [10].

Despite the structural similarity of ATC to 3TC and FTC,
ATC retains antiretroviral activity against clinical isolates
and laboratory strains of HIV-1 containing the M184V mu-
tation, unlike 3TC and FTC. In vitro studies have shown
M184V-containing virus to have only an approximately two-
fold reduction in susceptibility to ATC compared to the
wild-type virus [10–13]. ATC also retains a high level of
activity against viruses containing thymidine analog muta-
tions (TAMs) in the reverse transcriptase, which are asso-
ciated with resistance to the thymidine analogs AZT and
d4T [12,14]. These results suggest that ATC may have a
place in the treatment of HIV-1-infected patients with NRTI
resistance, including as a replacement deoxycytidine ana-
log for 3TC or FTC in patients with the M184V mutation
who have failed a regimen containing one of these two
NRTIs.

DISCOVERY

The first anti-HIV nucleoside analog demonstrated to have
clinical activity was AZT. Later nucleoside analogs (e.g.,
ddC, d4T, and ddI) acted in a manner similar to AZT, but
these agents were found to have some degree of activity
against the host cell polymerases (particularly the mitochon-
drial polymerase γ ) and are therefore prone to adverse side
effects in some patients. The goal in anti-HIV nucleoside
analog discovery thereafter was to discover nucleosides with

more selective activity at the reverse transcriptase active site
than at that of the host polymerases. The discovery of the ac-
tivity of the oxathiolane nucleosides against HIV was the first
step toward the discovery and development of 3TC and FTC,
which have both proven to be highly selective inhibitors of
HIV and, as a consequence, are used widely in HIV therapy.

As part of the exploration of the oxathiolane ring as a
substitute for the nucleoside analog sugar, which resulted
in the identification of 3TC as a potent and noncytotoxic
anti-HIV agent, a number of close analogs were also made.
These analogs explored the effects on antiviral activity of
varying the structure of the oxathiolane ring. A number of
different approaches were taken, such as synthesizing the
dioxalane analogs and varying the position on the oxathi-
olane where the base was attached. A single carbon “hop”
migrating the cytidine base to the carbon at position 4 results
in the oxathiolane sulfur being the only heteroatom between
the base-linked carbon and the 5′-hydroxyl–linked carbon
and produced a novel oxathiolane-containing nucleoside ana-
logue subsequently named BCH-10618 [ATC]. BCH-10618
was shown to be slightly less active in vitro against HIV
compared to 3TC, and for that reason 3TC was the more ap-
propriate clinical development candidate and was developed
by Glaxo to market. However, since the widespread uptake
and clinical use of 3TC and its related analog FTC has re-
sulted in the selection of the M184V mutation, which renders
3TC and FTC ineffective, a novel, safe, and active compound
to treat patients with the M184V mutation has been an un-
met medical need. ATC has been demonstrated both in vitro
and in the clinic to have potent activity against HIV contain-
ing the M184V mutation and also against HIV containing
TAMs.
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SYNTHESIS

Synthesis of ATC, 2R-hydroxymethyl-4R-
(cytosin-1′-yl)-1,3-oxathiolane

ATC as the free base exists as a single polymorph, which
when administered orally in a simple dosage form achieves
bioavailability of > 80% with no food effect.

Achiral Synthesis of Oxathiolane Analogs

The original med-chem route to cis(±)2-hydroxymethyl-(4-
cytosin-1′-yl)-1,3-oxathiolane by Belleau and Nguyen-Ba
(WO 92/08717, US5,587,480) gave an approximately equal
percentage of the two cis and two trans forms after sepa-
ration by flash chromatography. The synthesis used a Pum-
merer rearrangement of the sulfoxide, but with tetrabutyl
ammonium acetate and Ac2O in this case to give the 4R and
4S OAc intermediate. Optimization of the Pummerer reac-
tion by Belleau et al. [15] involved maintaining a high con-
centration of acetate ions in the acetic anhydride, whereby
tetra-n-butylammonium was found to be superior as a coun-
terion to sodium. In the subsequent Vorbruggen step the
coupling gave 60% yield of the cis and trans isomers (see
Scheme 1).

Adaptation of Routes Applicable to 3TC

Whilst 3TC and ATC are clearly isomers, formation of an
O CH N bond compared to an S CH N bond is extremely
different, so the mechanism of synthesis differs. For exam-
ple, 3TC synthesis can be achieved via racemic mixture of
cis- and trans-5-O-acetyl with a final separation by frac-
tional crystallization to give the trans-(2S,5R) compound as
described by Mansour et al. [16]. However, to use this route
for ATC requires five additional steps to move the leaving
group to the 4 position [17], and by then the 4 position is
enantiomerized to 4R and 4S in overall 42% yield.

Mansour used the strategy of stereospecific formation of
the 2-center by utilizing a menthol chiral auxiliary (WO
92/20669, EP 1153924). This was then converted by an SN2
coupling to a mixture of cis and trans isomers in a 1 : 1.5
ratio. Subsequently, however, we have shown that when the
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SCHEME 1 Chiral synthesis of ATC, (–)2-hydroxymethyl-(4-cytosin-1′-yl)-1,3-oxathiolane: (a) monoperoxyphtalic acid, (Bu)4NHBr,
DCM, water, 30 min; (b) (Bu)4NHOAc, Ac2O, 110 to 120◦C, Ar(g), 14 h; (c) NH4SO4, HMDS, reflux, Ar(g); (ci) SnCl4, DCM, 0◦C to room
temperature, O/N, reflux 3 h; (d) flash column; (e) NH3/MeOH, room temperature, 16 h.

2-methyloxathiolane derivative was made directly, the chiral
auxiliary on C7 makes the oxathiolane ring unstable during
the Pummerer–Vorbruggen coupling step leading to decom-
position, and no product was observed. Due to the same
mechanism, it was impossible to introduce the OAc leav-
ing group at C4 directly by a Pummerer reaction on this
derivative.

Lewis Acids and Stereoinduction of
the Vorbruggen Coupling

At this time the combined groups of Mansour at
BiochemPharma and Beels at Glaxo [18] disclosed the en-
hancement of enantiomeric excess in the Vorbruggen cou-
pling step of silyl nucleoside to dioxolane rings, by use of
Lewis acids. In the case of oxathiolanes, the excellent cis-to-
trans selectivity of SnCl4 in the Vorbruggen coupling [19]
(U.S. Patent 5204466) was attributed to coordination of the
metal to the softer sulfur. Thereby, upon reaction with bis-
silylated cytosine, in accordance with Hilbert–Johnson-type
coupling conditions (see [20] for a review), use of the Lewis
acid SnCl4 gave selectivity for the cis (β-anomer)-to-trans
isomer of > 300 : 1 where R = TBDPS, but only 1.3 : 1 cis
to trans where R = BzO.

Subsequently, Yu of Shire-Biochem disclosed (2003/
0135048) that catalysts could be derived from metals of
group 1B or 11B. Yu tested a number of different copper salts
in the combined Pummerer–Vorbruggen step with 2-chiral
2(R)-benzyloxymethyl-1,3-oxathiolane without any notice-
able change in the cis-to-trans ratio. Only where the copper
catalyst is reduced from 20 mol% to 2 mol% did the cis-
to-trans ratio drop from 3.9 : 1 to 2.4 : 1 (Scheme 2). The
result for the same experiment without the addition of copper
catalyst is 2.0 : 1.

Additional evidence for such a mechanism was ob-
served for the pentacyclic oxathiolane system whereby 4′,
5′-dehydro-1,3-oxathiolane has been observed to form as a
by-product at about 10% of all couplings and as the major
product if the cytosine base is not added (S. Marcuccio, AMT,
unpublished results). Such eliminations also explain the
decomposition observed in the 2-carboxy-1,3-oxathiolane
system in routes attempted using chiral esters.
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Rw=protecting group. B=nucleoside base or derivative

Group 1B or 11B or 12 catalyst
e. g CuCl2

ratio cis:trans:>2: 1 or >3:1

SCHEME 2 Synthesis of ATC.

Trimethylsilyl Iodide as Activating Agent for the
Cytosine Base in Stage 2

Trimethylsilyl iodide (TMSI) is required in 3 equivalents and
is corrosive, difficult to sample for assay, and expensive. A
range of Lewis acids have been evaluated, but to date, TMSI
is the most suitable.

Mechanism of the Pummerer Reaction

Preparation of 2-benzoyloxymethyl-4-(N-acetylcytosin-1-
yl)-1,3-oxathiolane [17] was investigated to optimize the syn-
thesis. The preparative method required two further rounds
of process development to get to the 100-kg scale (Raylo and
Rhodia, unpublished results for S. Tenjarla and A. Cimpoia,
Shire). The method is a plant-scale procedure and uses the
quantities of reagents shown in Table 1. 2% H3PO4 was used
in the workup instead of 2% HCl. A final extra water wash
was also carried out. 1,3-Oxathiolane–S-oxide was prepared
as in the plant and N-acetylcytosine [20] was prepared by re-
action of cytosine [23] with acetic anhydride in the presence
of DMAP in DMF at 50◦C (Scheme 3).

Plant-Scale Chiral Synthesis of ATC

The plant-scale route gives the desired compound contam-
inated typically with up to 30% of the (–)-trans isomer
formed during the coupling step and with a small per-

TABLE 1 Reagent Consumption in Plant-Scale Synthesis
of ATC

Reagent

Dichloromethane 530 L of sulfoxide solution
Triethylamine 485 mol 2.2 equiv
TMSI 486 mol 2.2 equiv
2-Benzoyloxymethyl-1,3-

oxathiolane-S-oxide [19]
220 mol 1 equiv

TMSI 199 mol 0.9 equiv
CuCl2 44.6 mol 0.2 equiv
N-Acetylcytosine [20] 221 mol 1 equiv
Water 320 L
Dichloromethane 100 L
2% HCl 320 L
Aqueous NH3 320 L × 2

centage of the (+)-cis isomer, carried through from any
(+)-BOMO in the starting material and the corresponding
(+)-trans formed from the (+)-BOMO also. These could
be separated by chromatography. A program led by A.
Cimpoia (Shire) showed that the deprotected ATC [(±)2-
hydroxymethyl-(±)4-(cytosin-1′-yl)-1,3-oxathiolane] could
be resolved by formation of diastereomeric salts with chiral
acids (WO/2006/096954).

In particular, as part of this program it was observed sur-
prisingly that formation of the salt with the achiral tosic acid
gave a conglomerate form (U.S. Patent 7,501,514), allow-
ing the isomers to be separated by preferential crystallization
(for reviews of conglomerate behavior, see [21] and [22]).
This is a highly fruitful observation since less than 10%
of all racemate salts exhibit conglomerate behavior [23].
Typical of the conglomerate behavior, where the compound
crystallizes as a single enantiomer in the crystal lattice, is
the fact that the melting point of the racemic conglomer-
ate tosylate salt (186.8◦C) is lower than that of the crys-
tals of either single enantiomer [213.2◦C for the (–)cis and
214.2◦C for (+)cis]. At scale this process also has the ad-
vantage that toluenesulfonic acid is inexpensive compared
to chiral salts. The acid counterion itself can then simply
be removed by mixing the salt with an ion-exchange resin
such as Dowex 550A-OH (140% w/w). To summarize, the
industrial-scale process is then carried out in four steps from
(–)BOMO, giving ATC in greater than 99% chiral purity
(Scheme 4).
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SCHEME 4 Plant-scale synthesis of ATC.

Plant-Scale Method

Reaction Step 1 Hydrogen peroxide is added slowly to
a mixture of 2-(R)-benzoyloxymethyl-1,3-oxathiolane and
acetic acid at about 55◦C until the reaction is complete, by
high-performance liquid chromatographic (HPLC) analysis
for (–)BOMO consumption. The reaction mixture is cooled
to room temperature and then charged with methylene chlo-
ride. The mixture is quenched successively by addition of a
dilute solution of sodium metabisulfite, dilute sodium car-

bonate solution, and dilute sodium chloride solution. The
water content of the layer is reduced by azeotropic distilla-
tion at constant volume and analyzed by HPLC for R-BOMO
oxide.

Reaction Step 2 R-BOMO-S-oxide stock solution, methy-
lene chloride, and triethylamine are charged to a reactor and
cooled to within the range –20 to –10◦C. TMSI is added
while maintaining the temperature below –10◦C and agitated
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at –10◦C until the reaction is complete by HPLC analy-
sis for R-BOMO-S-oxide consumption. Copper(II) chloride,
N-acetyl cytosine, and triethylamine are added while main-
taining the mixture at about −10◦C. The mixture is agitated
at about –5◦C until the reaction is complete. The reaction
mixture is added to water and agitated for about 1 h. Cop-
per salts are partially eliminated by filtration. The layers
are separated and the organic phase is washed successively
with diluted aqueous ammonia, water, diluted phosphoric
acid, and diluted aqueous ammonia. The solution is dried
by azeotropic distillation at constant volume and analyzed
by HPLC for 2-benzoyloxymethyl-4-(N-acetylcytosin-1-yl)-
1,3-oxathiolane in methylene chloride.

Reaction Step 3 2-Benzoyloxymethyl-4-(N-acetylcytosin-
1-yl)-1,3-oxathiolane in methylene chloride is concentrated
at atmospheric pressure. Methanol is charged and the mix-
ture is concentrated at atmospheric pressure. A solution of
30% sodium methoxide in methanol is charged to the con-
centrated solution while maintaining the contents at about
40 to 45◦C. The reaction mixture is cooled to about 20
to 25◦C and agitated until the reaction is complete by the
absence of starting material. The reaction mixture is fil-
tered, p-toluenesulfonic acid monohydrate is added, and
the mixture is agitated at about 20 to 25◦C. The result-
ing slurry is cooled, agitated, and rinsed forward with
methanol, cake dried, then warmed to 65◦C to recrystal-
lize from methanol/isopropanol. The 2R-hydroxymethyl-4R-
cytosinyl-1-yl-1,3-oxathiolane p-toluenesulfonic acid salt is
analyzed by HPLC.

Reaction Step 4 Dowex OH resin (prewashed with
methanol), methanol, and 2R-hydroxymethyl-4R-cytosinyl-
1-yl-1,3-oxathiolane p-toluenesulfonic acid salt are charged
into the reactor and the mixture is heated at about 40 to 45◦C
and agitated until reaction is deemed complete by HPLC for
consumption of starting material. The methanolic solution
is filtered and concentrated to reduced volume, isopropanol
added, the slurry cooled, and the resulting cake dried.

Conclusions

ATC can be prepared in four steps from (–)BOMO at the
200-kg batch scale without the requirement for chiral auxil-
iaries.

Recent Developments

Avexa has continued to pursue process development work in
the scale manufacture of ATC and has developed a novel
patented process that prepares ATC in three steps from
(–)BOMO in greater than 99% chiral purity. This does not
require any new reagents and, in particular, any other chiral
auxiliaries, and from the regulatory perspective will therefore
be equivalent.

PRECLINICAL PHARMACOKINETICS
AND TOXICITY

Investigation of the pharmacokinetics of ATC showed ATC to
be rapidly absorbed, with Tmax achieved within 2 h following
single or multiple dosing in rats and monkeys. There was no
accumulation of ATC following multiple dosing in either
rats or monkeys. When administered orally to rats, ATC was
found to have a bioavailability of approximately 77%, with
levels in the cerebrospinal fluid approximately 16.5% of that
found in the serum.

There is little evidence of metabolism of ATC in rats or
monkeys. Excretion studies with [14C]ATC showed the ra-
dioactivity to be excreted rapidly by both species, with the
vast majority being recovered in the first 24 h, and the major
component observed in both urine and feces was the un-
changed drug. Studies using the isolated rat perfused kidney
suggest that the renal elimination of ATC occurs by a mixture
of glomerular filtration and active tubular secretion [24]. In
monkeys, a metabolite identified as the product of deamina-
tion of ATC and representing 8 to 15% of the dose admin-
istered was observed in the urine and feces. This metabolite
was also observed in the rat, although in smaller amounts
(2.8% in urine, 1.1% in feces), and has shown neither antivi-
ral nor pharmacological activity.

In vitro tests using human liver microsomes found that nei-
ther ATC nor its metabolite showed any significant inhibition
of major cytochrome P450 isozymes (CYP1A2, CYP2A6,
CYP2C9, CYP2D6, CYP2E1, and CYP3A4) [25]. In addi-
tion, ATC showed no induction of CYP1A2 or CYP3A4 in
cultured human hepatocytes. ATC is only a weak inhibitor
of P-glycoprotein and has no effect on the activity of the
glucuronidating enzyme UGT1A1 in vitro (Avexa, unpub-
lished results). These results indicate that significant in-
teractions between ATC and drugs that undergo hepatic
metabolism are unlikely.

The initial phosphorylation of ATC to produce the
monophosphate form is catalyzed by deoxycytidine kinase
[10,26]. This enzyme is also responsible for the initial intra-
cellular phosphorylation of 3TC and FTC, raising the possi-
bility of competition for phosphorylation between ATC and
other deoxycytidine analogs. In vitro experiments to inves-
tigate this possibility showed that coadministration of ATC
and 3TC resulted in concentration-dependent decreases in
ATC phosphorylation in peripheral blood mononuclear cells
(PBMCs), whereas ATC had no effect on the phosphorylation
of 3TC or FTC [26]. The activity of ATC against M184V-
containing HIV-1 was reduced when ATC was administered
with 3TC, suggesting that coadministration of ATC and 3TC
would result in reduced effectiveness of the ATC. The poten-
tial for this intracellular interaction between ATC and 3TC
to occur clinically is discussed in the following section.

The NRTI class of drugs has been associated with mito-
chondrial toxicity [27]. NRTIs act by inhibiting the HIV-1
reverse transcriptase; however, they may similarly inhibit
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human DNA polymerases, including DNA polymerase γ , the
enzyme responsible for replication of mitochondrial DNA.
Inhibition of this polymerase results in mitochondrial DNA
depletion and mitochondrial dysfunction, which may be man-
ifested as lipoatrophy, hepatic steatosis, lactic acidosis, mi-
tochondrial myopathy, and peripheral neuropathy. In vitro
studies have shown that ATC has a low propensity for mito-
chondrial toxicity, with no effect observed at concentrations
of up to 200 µM on the mitochondrial content of HepG2 and
Molt-4 cells after continuous exposure for 7 to 28 days [13].
In a subsequent study, ATC had no effect on the mitochon-
drial content of HepG2 cells cultured for up to 16 days with
concentrations of 0.3 to 300 µM, in contrast to ddC, ddI, and
d4T, which markedly reduced mitochondrial DNA content,
while 3TC, FTC, AZT, and ABC produced slight increases in
mitochondrial DNA content, possibly due to an adaptive cel-
lular response to partial mitochondrial dysfunction [28]. The
favorable mitochondrial toxicity profile of ATC is consistent
with its high level of selectivity for HIV-1 reverse transcrip-
tase relative to human DNA polymerase γ [10] and has been
reflected in clinical trials to date, with no reports of periph-
eral neuropathy, lipoatrophy, lactic acidosis, hepatotoxicity,
or hyperlipasemia leading to pancreatitis attributed to ATC,
including in a 48-week phase II study of ATC [29,30]. ATC
has a low propensity for cellular toxicity in vitro [10,13],
including a low potential for myelotoxicity against human
bone marrow cells in vitro [13]. In addition, neither ATC
nor its metabolite has shown any effect on hERG potassium
channel activity in vitro.

ATC (50 to 1000 mg/kg per day) was also found to have
a favorable toxicity profile during a 52-week study in mon-
keys [31]. The main effects were mild and reversible hyper-
pigmentation, gastrointestinal effects, and marginal changes
in red blood cell parameters in males only. In line with the
in vitro findings, there was no evidence of mitochondrial
toxicity in the liver, heart, or skeletal muscle and no bone
marrow toxicity.

In vitro experiments have shown that as well as being a
potent and highly selective inhibitor of the wild-type HIV-
1 reverse transcriptase, ATC has substantial activity against
HIV-1 strains with a variety of reverse transcriptase muta-
tions associated with NRTI resistance, including M184V and
TAMs (Table 2). In one study, the activity of ATC against
50 HIV-1 clinical isolates consisting of five wild-type iso-
lates and 45 NRTI-resistant isolates was tested using the
Antivirogram recombinant virus assay [13]. The susceptibil-
ity to ATC compared to the wild-type isolates was reduced
only 1.2- to 2.2-fold against HIV-1 isolates resistant to AZT
[M41L and T215Y or T215F and a median of three additional
nucleoside-associated mutations (NAMs)], 3TC (M184V), or
both AZT and 3TC (M184V plus at least two TAMs) and 1.3-
to 2.8-fold against isolates resistant to ABC (L74V, Y115F,
M184V plus a median of one other NAM) or d4T (V75T or
V75M, M41L, T215F, or T215Y and a median of four other
NAMs). In contrast, insertions at position 69 of the reverse

transcriptase resulted in a more substantial 5.6-fold reduc-
tion in susceptibility to ATC and multidrug-resistant isolates
with the Q151 mutation showed a 14- to 16-fold reduction
in susceptibility. In another study, the PhenoSense assay was
used to test the activity of ATC against a panel of 215 HIV-1
isolates with different patterns of TAMs [12]. The presence
of five TAMs in the 41–215 pathway (codons 41, 67, 210,
215, and 219 of the reverse transcriptase) was found to confer
a median 1.8-fold reduction in susceptibility to ATC, and the
presence of five TAMs in the 67–70–219 pathway (codons
41, 67, 70, 215, and 219) resulted in a median 1.3-fold re-
duction in ATC susceptibility. The M184V mutation reduced
susceptibility to ATC by approximately 1.8-fold in this study,
in both the absence and presence of TAMs.

The K65R mutation, which is selected by ABC, ddI,
d4T, and TDF and is associated with decreased suscepti-
bility to these drugs [32–35], has been found to result in
reductions in ATC susceptibility in vitro ranging from 2.6-
to 4.6-fold [36,37]. This reduced susceptibility appears to be
due to a reduction in binding or incorporation of ATC rather
than to increased excision of incorporated ATC monophos-
phate [38]. The L74V mutation, associated with decreased
susceptibility to ABC and ddI [9,39], does not appear to
affect susceptibility to ATC [37] or the efficiency of chain
termination by ATC-TP [38].

Resistance to ATC is slow to emerge in vitro, as shown
by repeated passaging of MT-2 cells (with the HIV-1LAI

virus), MT-4 cells (wild-type HXB2-D), and C8166 cells
(HIV-1RF) in the presence of ATC [36]. Following 18 to
20 serial drug passages of ATC, three reverse transcriptase
mutations—M184V, V75I, or K65R—were selected individ-
ually in separate experiments. The resulting mutants gener-
ally had a low level of resistance to ATC, with a 1.1-, 1.6-,
and 3.6-fold change in susceptibility to ATC for the M184V,
V75I, and K65R mutants, respectively. Continuous passaging
of HIV-1 already containing the M184V or K65R mutation
in the presence of ATC for 38 weeks did not result in any
additional mutations, nor did continuous passaging of HIV-1
containing the M41L, M184V, and T215Y mutations in the
presence of ATC for 28 weeks [40]. The original mutations
were maintained under ATC drug pressure but generally lost
in the absence of ATC. Thus, ATC appears to maintain mu-
tations in the HIV-1 reverse transcriptase associated with re-
duced replicative fitness, such as M184V, while not selecting
additional resistance mutations.

PHASE I–III SAFETY AND EFFICACY

Phase I Studies

Phase I studies have been conducted to assess the phar-
macokinetics and safety of ATC, for ATC given alone
and in combination with other drugs likely to be adminis-
tered to HIV-1-infected patients. ATC showed largely linear
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TABLE 2 Summary of In Vitro Antiviral Activity of ATC Against Drug-Resistant
Strains and Clinical Isolates of HIV-1

Virus Profilea

Mean/Median Fold-Change
Susceptibility to ATC vs.

Wild Type Ref.

3TC-resistant
3TC-resistant 1.5 [14]
3TC-resistant 1.8 [15]
M184V 1.6 [16]
3TC-resistant 0.84 [17]

AZT-resistant
5 TAMs (41–215 pathway) 1.8 [16]
5 TAMs (67–70–219 pathway) 1.3 [16]
AZT-resistant 1.2 [17]

3TC- and AZT-resistant
3TC- and AZT-resistant 1.7 [14]
41,215 + M184V 2.1 [16]
67,70,219 + M184V 1.8 [16]
3TC- and AZT-resistant 2.2 [17]

ABC-resistant
ABC-resistant 1.3 [17]

d4T-resistant
d4T-resistant 2.8 [17]

K65R
K65R 2.6 [52]
K65R + M184V 3.6 [52]

L74V
L74V 1.1 [52]
L74V + M184V 1.9 [52]
L74V + 3 TAMs 1.8 [52]
L74V + 5 TAMs 2.4 [52]

Multidrug resistant
Q151M 14 [17]
Q151M + M184V 16 [17]
T69 insertions 5.2 [17]

a3TC, lamivudine; AZT, zidovudine; ABC, abacavir; d4T, stavudine.

pharmacokinetics following oral administration of single
doses (400, 800, and 1600 mg) during a phase I dose es-
calation study in 26 healthy adult volunteers [41]. Plasma
concentrations of ATC reached a peak at approximately 1.5
to 2 h after dosing and then declined in a log-linear man-
ner over 12 h with a half-life of approximately 3 h. The
majority of the dose (65 to 80%) was excreted in the urine
as unchanged drug within 24 h. After adjustment for body
weight, the pharmacokinetic properties of ATC were similar
in the male and female participants of the study. The phar-
macokinetic profile for multiple doses of ATC was found to
be similar to that of single-dose ATC in healthy adult sub-
jects [42]. In addition, a phase I study in 20 healthy male
volunteers showed that the pharmacokinetics of ATC are not
significantly affected by food, indicating that no dosing re-
strictions are necessary with respect to food intake [43]. The
pharmacokinetic profile of ATC in HIV-1-infected patients
is similar to that observed in healthy subjects [44,45].

ATC must be phosphorylated intracellularly to its triphos-
phate form to exert its antiviral activity. In a phase I study
with 21 healthy male volunteers, maximum intracellular
concentrations of ATC-TP in PBMCs were reached around
3.5 h after dosing, with an intracellular half-life of approxi-
mately 6 to 7 h [46]. Similar intracellular pharmacokinetics
for ATC were observed in a phase II trial in HIV-1-infected
patients [45]. The intracellular half-life of ATC-TP of 6 to 7
hour and plasma elimination half-life of approximately 3 h
support twice-daily dosing of ATC.

A phase I study was conducted in 18 healthy male volun-
teers to assess the effect of the coadministration of ATC and
the HIV protease inhibitor tipranavir [47]. Administration
of ATC in the presence of steady-state levels of tipranavir
(ritonavir-boosted) resulted in a modest increase in the ATC
area under the curve (AUC; ∼ 40%) and Cmax (∼ 25%). The
magnitude of this interaction was considered unlikely to be
clinically significant, and therefore no dose adjustment for
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ATC is required when administered with ritonavir-boosted
tipranavir. A phase I study with 16 healthy adult volun-
teers found that coadministration of ATC with trimethoprim-
sulfamethoxazole (widely used in HIV-1-infected patients
for the prophylaxis of Pneumocysis jiroveci pneumonia) in-
creased the ATC AUC (65.8%) and Cmax (32.5%). It was
also concluded that this increase in ATC exposure was not
likely to be clinically significant and that no adjustment of
ATC dose is considered necessary when ATC is given in
combination with trimethoprim–sulfamethoxazole [42].

Coadministration of ATC with 3TC was found to have
no effect on the plasma pharmacokinetics of either drug in a
phase I study of 21 healthy male volunteers [46]. However,
the intracellular level of ATC-TP in PBMCs was reduced to
approximately 15% of that observed with ATC alone, while
the intracellular concentration of 3TC-TP was unaffected by
the coadministration. These results are consistent with the
in vitro findings that coadministration of ATC and 3TC in-
hibited the intracellular phosphorylation of ATC [26] and
suggest that such coadministration would reduce the efficacy
of ATC. As a consequence, ATC should not be coadmin-
istered with 3TC or any other deoxycytidine analog that is
phosphorylated by deoxycytidine kinase.

In a phase I clinical study to investigate the cardiovascular
safety of ATC in 37 healthy subjects, there were no signifi-
cant changes to the QT/QTc intervals following doses of ATC
of 800 or 1600 mg when compared to placebo at the time of
individual Tmax for ATC, at the time of individual Tmax for
the primary metabolite of ATC, or when averaged over 1 to 4
h after dosing [48]. Thus, ATC does not induce any clinically
significant effect upon electrocardiogram parameters at ther-
apeutic or supratherapeutic doses consistent with maximum
exposure expected to occur in clinical practice. ATC was well
tolerated during these phase I studies, both alone and in com-
bination with tipranavir, trimethoprim–sulfamethoxazole, or
3TC [41–43,46–48].

Phase II Studies

Phase II studies of ATC have been conducted in both
treatment-naive [49] and treatment-experienced [30,50,51]
HIV-1-infected patients. The safety and efficacy of ATC
were assessed in a double-blind randomized placebo-
controlled study of 63 antiretroviral-naive HIV-1-infected
patients (mean plasma viral load level 4.3 log10 HIV-1 RNA
copies/mL; mean CD4+ T-cell count 505.7 cells/mm3) in
which ATC was administered as monotherapy for 10 days
[49]. Four doses of ATC, given as six dosing regimens, were
evaluated: 200 mg twice daily (b.i.d.) (400 mg/day), 400 mg
b.i.d. (800 mg/day), 800 mg once daily (q.v.) (800 mg/day),
600 mg b.i.d. (1200 mg/day), 1200 mg q.v. (1200 mg/day),
or 800 mg b.i.d. (1600 mg/day). There were approximately
equal numbers of patients randomized to each total dose;
patients randomized to the 800- and 1200-mg/day groups

were then randomly assigned to either a once- or twice-
daily schedule. After 7 days of treatment, there were sta-
tistically significant reductions in plasma viral load lev-
els from baseline relative to placebo in all dosage groups
(p ≤ 0.0001). After 10 days of treatment, the mean reduc-
tions in viral load in the 1200- and 1600-mg per day dosage
groups (−1.65 and −1.58 log10 HIV-1 RNA copies/mL, re-
spectively) were significantly greater than the reduction ob-
served in the 400-mg/day group (−1.18 log10 copies/mL, p <

0.05) and were suggestive of a plateau in the dose–response
curve being reached at the upper doses (Fig. 2). The propor-
tion of patients with at least a 1.0 log10 reduction in viral
load after 10 days of ATC monotherapy was 64, 75, 86, and
92% at doses of 400, 800, 1200, and 1600 mg, respectively.
Within the 800- and 1200-mg/day groups, ATC appeared to
be similarly effective when administered as a single daily or
twice-daily dose. All doses of ATC in this study were well
tolerated, and the safety profile of ATC was similar to that of
the placebo [49]. There were no severe or serious treatment-
emergent adverse events and no adverse events that led to
discontinuation. In addition, ATC did not select any particu-
lar mutation during the 10 days of monotherapy.

In a second double-blind randomized phase II study, the
efficacy and safety of ATC were compared to that of 3TC
in 51 treatment-experienced HIV-1-infected patients failing
treatment with 3TC and harboring the reverse transcrip-
tase mutation M184V. Patients stopped their existing 3TC
treatment and were randomized to receive twice-daily 600 mg
ATC, 800 mg ATC, or 150 mg 3TC. Randomization was
stratified according to the number of TAMs at screening
(< 3 TAMs, ≥ 3 TAMs). At day 21, the background an-
tiretroviral therapy (ART) could be optimized according to
genotype at screening and patients continued to receive ATC
or 3TC until week 24. At week 24, all patients switched to
receiving open-label ATC 800 mg twice daily, to week 48.

At day 21 (the primary endpoint of the study), after
3 weeks of functional monotherapy with ATC, the mean
reductions in viral load in the 600- and 800-mg ATC groups
(0.90 and 0.71 log10 HIV-1 RNA copies/mL, respectively)
were significantly greater than in the 150-mg 3TC group
(0.03 log10 HIV-1 RNA copies/mL) [50]. From day 21 to
week 24, with optimization of the background ART at day
21, there were greater reductions in viral load in the 600-
and 800-mg ATC groups compared to the 3TC group, al-
though by week 24 the differences among the three groups
were small, as might be expected since the study was pow-
ered for the primary endpoint at day 21 [51] (Fig. 3). The
mean reduction in viral load at week 24 was 2.14, 2.13, and
1.88 log10 copies/mL for the 600-mg ATC, 800-mg ATC, and
150-mg 3TC groups, respectively (Table 3). In the two ATC
groups, approximately 70% of patients had achieved a viral
load of < 50 copies/mL at week 24 and there were clinically
meaningful mean increases in CD4+ cells of 145 and 211
cells/µL in the 600- and 800-mg ATC groups, respectively.
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FIGURE 2 Mean change from baseline in plasma HIV-1 viral load vs. placebo after treatment with varying doses of ATC monotherapy for
7 or 10 days in antiretroviral-naive HIV-1-infected patients (intent-to-treat population).
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FIGURE 3 Time-weighted average log10 change in HIV RNA from day 0 to week 24 for week 24 per protocol population during treatment
with twice-daily 600 mg ATC, 800 mg ATC, or 150 mg 3TC in treatment-experienced HIV-1-infected patients with the M184V mutation.

TABLE 3 Efficacy of ATC at Weeks 24 and 48 in Treatment-Experienced Patients with the M184V Mutation

600 mg ATC 800 mg ATC 150 mg 3TC

Week 24 per protocol population n = 14 n = 15 n = 12
% of patients with < 50 copies/mL 71.4 73.3 58.3
% of patients with < 400 copies/mL 85.7 80.0 66.7
�CD4+ cells (cells/µL) 145 211 113
Decrease in viral load (log10 HIV-1 RNA copies/mL) 2.14 2.13 1.88

Week 48 per protocol population n = 13 n = 14 n = 11
% of patients with < 50 copies/mL 69.2 85.7 90.9
�CD4+ cells (cells/µL) 261 277 200

ITT population n = 17 n = 17 n = 16
No. of patients undergoing ART reoptimization 2 (11.8%) 2 (11.8%) 7 (43.8%)
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For the 150-mg 3TC group, approximately 58% of patients
had achieved a viral load of < 50 copies/mL at week 24 and
there was a mean increase in CD4+ cells of 113 cells/µL.
The 800-mg ATC dose appeared to be more effective than
the 600-mg dose for patients with ≥ 3 TAMs at the start of
the study.

The improvements in viral load observed at week 24 were
maintained or enhanced at week 48, after all three groups
had received 24 weeks of twice-daily open-label 800 mg
ATC [30] (Table 3). The group of patients who switched from
150 mg 3TC to 800 mg ATC at week 24 showed improve-
ments in both their viral load and CD4+ cell count at week 48,
with 90.9% of patients having a viral load of < 50 copies/mL
at week 48 and there being a mean increase in CD4+ cells
(from day 0) of 200 cells/µL. This would suggest that patients
who do not achieve undetectable viral loads while on 3TC
may be able to switch to ATC and achieve improvements in
viral load without necessarily having to change their back-
ground regimen. More patients in the 150-mg 3TC group
(7 of 16 patients) had their ART reoptimized between day 21
and week 48 than in the 600-mg ATC (2 of 17) and 800-mg
ATC (2 of 17) groups.

Both the 600- and 800-mg twice-daily doses of ATC were
well tolerated, and ATC had a similar safety profile than 3TC
over the first 24 weeks of the study [29,50]. ATC continued to
be well tolerated over the second 24 weeks of the study, when
all patients received 800 mg ATC twice daily [30]. There were
no serious adverse events related to ATC, no discontinuations
from the study due to an ATC-related adverse event, and no
deaths in this study. The adverse events related to ATC were
generally gastrointestinal in nature (e.g., diarrhea, nausea,
dyspepsia, gastric disorder) and mild or moderate in severity
(Table 4). There were no changes in serum lipids or creatinine

TABLE 4 Treatment-Related Adverse Events Occurring
Between Day 0 and Week 48a

Adverse Event
600 mg ATC

(n = 17)
800 mg ATC

(n = 18)
150 mg 3TC

(n = 16)

Diarrhea 1 (5.9%) 1 (5.6%)
Dyspepsia — 1 (5.6%) —
Gastric disorder — 1 (5.6%) —
Nausea 1 (5.9%) — —
Vomiting — — 1 (6.3%)
Increased lipase levels — 1 (5.6%) —
Weight loss — 1 (5.6%) —
Anorexia — 1 (5.6%) —
Dizziness 1 (5.9%)
Peripheral neuropathy — — 1 (6.3%)
Facial wasting — — 1 (6.3%)
Lipoatrophy — — 1 (6.3%)

aAll patients received ATC 800 mg twice daily from week 24 to week 48.
The treatment-related adverse events in the 150 3TC group all occurred
during the first 24 weeks of the study (i.e., during 3TC treatment).

associated with ATC and no cases of rash, hypersensitivity,
hyperlactemia, lactic acidosis, pancreatitis, or increases in
liver function tests. The most common treatment-emergent
adverse events were diarrhea (n = 17), nausea (n = 10),
nasopharyngitis (n = 9), hypertriglyceridemia (n = 9), and
upper respiratory tract infection (n = 8), which occurred
equally in the ATC and 3TC arms. The long-term safety and
efficacy of ATC in this study population will be assessed in
the follow-up extension study.

There was no evidence of development of resistance to
ATC over the course of the 48-week study, including during
21 days of functional monotherapy with ATC [30,50,52].
No patients were found to have developed K65R, L74V, or
other NAMs at day 21, week 24, or week 48. The M184V
mutation appeared to be maintained during ATC treatment in
this study, as has been observed in vitro [40,53]. At day 21,
the M184V mutation was present in all 24 patients receiving
ATC whose virus could be genotyped, and at week 12 it
was present in the majority of patients receiving ATC (in
combination with optimized background ART) in whom a
genotype could be obtained (7/11 patients plus two patients
had the partial reversion M184V/M) [50,52]. It has been
suggested that it may be of benefit to maintain the M184V
mutation, given that it is associated with reduced replicative
fitness and that it appears to protect against further NRTI
resistance mutations and restore sensitivity to AZT and TDF
[54–56].

Phase III Studies

A phase III study to assess the efficacy and safety of ATC
plus optimized background regimen (OBR) compared to 3TC
plus OBR in treatment-experienced HIV-1-infected patients
with the M184V mutation is currently in progress.

FUTURE DIRECTIONS

The HIV-1 reverse transcriptase is an essential enzyme for
viral replication and a proven target in the treatment of HIV
infection, with two classes of drugs, NRTIs and NNRTIs,
exerting their antiviral activity by inhibiting the action of
this enzyme. The value of NRTIs in the treatment of HIV
infection is underscored by their widespread use in HAART
regimens. However, the rapid replication rate of HIV-1 com-
bined with the lack of an efficient proofreading system mean
that mutations occur readily in the HIV-1 reverse transcrip-
tase that can cause the virus to become resistant to the NRTI
plus any cross-resistant NRTI, which may ultimately result
in treatment failure. There is therefore a need for new NRTIs
that are active against NRTI-resistant HIV-1.

The good antiviral activity of ATC in treatment-
experienced HIV-1-infected patients with the M184V mu-
tation (and up to five TAMs) indicates that ATC may have a
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role as a replacement deoxycytidine analog in patients who
have developed resistance to the deoxycytidine analogs 3TC
or FTC via the M184V mutation. As with all antiviral drugs,
there is the potential that the virus could also develop resis-
tance to ATC, through addition of further mutations beyond
M184V, which could open up possibilities for follow-on com-
pounds after ATC. However, to date no resistance to ATC
and no ATC resistance mutations have been identified in the
clinic up to 96 weeks of treatment. Resistance development
to ATC therefore appears to be slow, and it is tempting to
speculate that adding further mutations beyond M184V that
would enable resistance to ATC is difficult to achieve without
significantly impairing the ability of the enzyme to function.
The lack of significant development of resistance to ATC, to-
gether with its excellent safety, tolerability, and pharmacoki-
netic properties, means that an obvious need for a follow-on
series beyond ATC has not been identified. Rather, given the
lack of interaction observed between ATC and other drugs
(apart from 3TC/FTC), a more appropriate area for future
progress would be the development of a single coformu-
lated tablet containing ATC together with other appropriate
drugs.
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INTRODUCTION

Acquired immunodeficiency syndrome (AIDS) was recog-
nized as a disease in 1981 [1] with the discovery of the
causative viral pathogen, later to be known as the human
immunodeficiency virus 1 (HIV-1), shortly afterward [2,3].
HIV-1 infection and AIDS soon became a worldwide pan-
demic and the biggest infectious disease killer globally. Cur-
rent estimates of the pandemic indicate 33 million infected,
2.1 million deaths from AIDS last year, and 2.7 million newly
infected patients [4].

At the time the first treatments [nucleoside reverse tran-
scriptase inhibitors, (NRTIs)] became available, AIDS was
a more acute disease which was usually rapidly progressive
and almost invariably lethal. The first generation of NRTIs,
requiring complex dosing schedules, were soon followed by
the non-nucleoside reverse transcriptase inhibitors (NNR-
TIs), and in the mid-1990s, the advent of the first HIV-1
protease inhibitors and the highly active antiretroviral ther-
apy (HAART) combination dosing regimens. This brought
a sea change to the treatment of the infection, with HAART
for the first time achieving impressive sustained drops in vi-
ral load (VL), to levels that were undetectable even to the
most sensitive technologies. Under HAART, patients’ im-
mune functions are largely (albeit not completely) restored,
provided that they adhere to what can be complex, and at
times, unpleasant treatments. Such patients, unfortunately,

can remain infectious, capable of transmitting the virus by
the usual modes (unprotected sex, and intravenous drug use
with blood-contaminated needles), but are able to return to a
much improved day-to-day lifestyle. Pharmacological treat-
ment by HAART regimens has, in general, transformed AIDS
from an acute, rapidly fatal condition to a chronic disease.

Despite the effectiveness of HAART regimens and the
continuous improvements made to the dosing frequency and
side-effect profiles of their components [5,6], emergence of
resistance to one or more classes of antiretroviral remains a
problem, and can be enhanced by issues surrounding com-
pliance to a dosing regimen (for a recent review, see [7]). In
one large study of HIV-1-positive adults who received treat-
ment yet were viremic with > 500 HIV-1 RNA copies/mL
within 3 years, it was estimated that approximately 76% had
resistance to one or more HIV-1 drugs [8]. In addition, HIV-
1 resistant to one or more classes of drugs is transmitted
increasingly to treatment-naive patients, dramatically lim-
iting their treatment options from the outset [9,10]. It was
against this background in 1996 that CCR5 was identified
as the predominant and essential coreceptor for HIV-1 cell
entry, thereby triggering a widespread search for new ligands
to find new therapeutic agents against HIV-1 that targeted a
host rather than a viral factor in order to offer new treatments.
The rationale for cell entry as a target per se was, however,
pharmacologically validated by HIV-gp41 binding peptides
prior to the development of CCR5 antagonists. Elucidation of
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the mechanism of viral entry led to the development of fusion
inhibitors [11,12]. The HIV-1 entry process into host immune
cells, associated antiviral targets, and their respective leading
inhibitors has been summarized previously [13].

The first licensed drug in this class, enfuvirtide (Fuzeon,
Trimeris/Roche; formerly known as T-20) acts at the point
of virus entry into cells by binding to the viral envelope
protein gp41 and preventing a postattachment step of the
viral entry [14]. The drug has excellent efficacy in treatment-
experienced patients, but the mode of administration and
cost of goods associated with a complex peptide drug have
restricted its use [15]. However, this represented ground-
breaking research demonstrating HIV-1 entry to be a valid
therapeutic target. Efforts since have predominantly focused
on small-molecule HIV-1 entry disrupters to enable oral
delivery. Some milestones in this effort have included the
discovery of gp120-CD4-binding inhibitors, such as BMS-
378806 [16], and blockade of CXCR4 via the antagonists
AMD3100 and AMD070 [17]. These approaches have met
with various challenges in efficacy and potential for signifi-
cant side effects, respectively. However, the greatest tangible
success in targeting HIV-1 entry as a new mechanism for new
antiretroviral agents, has been the discovery, clinical develop-
ment, and very recently, the approval of the CCR5 antagonist
maraviroc (MVC) for the treatment of HIV-1 infection.

Chemokine receptors are a large family of G-protein-
coupled receptors (GPCRs) that regulate leukocyte activa-
tion and migration to sites of inflammation via interac-
tion with a family of secreted chemoattractant cytokines
or “chemokines” [18]. Aminergic GPCRs recognize small-
molecule ligands, and are attractive drug targets as reflected
by the success pharmaceutical companies have had in mod-
ulating them with small molecules for the successful treat-
ment of many diseases [19]. However, chemokine recep-
tors belong to the family of peptidergic GPCRs, which have
proven far more challenging to develop drugs against, and are
bound by large peptides. The chemokine receptors most com-
monly utilized by HIV-1 in vivo are CCR5 and/or CXCR4,
with CCR5 being almost exclusively the essential and sole
coreceptor for infection of a person previously uninfected
[20–23].

The rationale behind the development of CCR5 inhibitors
was provided by the discovery of a natural 32-bp deletion
(CCR5-�32, or �32) within the coding sequence of the gene,
which results in the complete absence of CCR5 expression
on the cell surface. Subjects (approximately 1% of north-
ern European Caucasians, and of lower frequencies in other
races) who are homozygotes for this deletion are protected
genetically from HIV-1 infection [24–27] while heterozy-
gotes have delayed disease progression. The absence of an
overt phenotype associated with CCR5-�32 homozygosity
provided considerable support to the confidence in safety of
a CCR5 antagonist. Observations that CCR5 promoter poly-
morphisms also provided considerable resistance to HIV-1
progression following infection also attracted interest [28].

Cognate agonist ligands for CCR5 that caused receptor in-
ternalization, thereby making it unavailable for CCR5-tropic
(R5) HIV strains, also helped elucidate this receptor as a valid
antiviral target [29–31]. Finally, R5 HIV-1 strains are over-
whelmingly the most commonly transmitted [32–34]; they
usually predominate throughout asymptomatic infection. Ap-
proximately 50% of patients who develop AIDS carry only
R5 strains [35,36], and appear to be the predominant pheno-
type in HIV-positive children [37] . The translation between
genetic absence of CCR5 vs. “blocked” CCR5 as an antiviral
mechanism was borne out more recently with the observation
from clinical trials that numerous CCR5 antagonists safely
reduced viral load in humans [38–41].

CCR5 is a 352-amino acid protein with a basic structure
that is typical of a seven-transmembrane GPCR. It consists of
three extracellular loops (ECL1, ECL2, and ECL3) and the N
terminus, which are involved in chemokine binding and inter-
actions with the viral protein gp120 (following an initial com-
plex formation with CD4 to enable HIV-1 entry as described
above), and three intracellular loops and the C terminus,
which participate in G protein–mediated signal transduction.

Chemokine interaction with CCR5 initiates several events.
The receptor associates with G proteins, leading to activa-
tion of signaling processes: changes in receptor conforma-
tion, G-protein interaction and GTP binding, intracellular
Ca2+ redistribution, activation of MAP kinase and Jun-N-
terminal kinase, and receptor internalization. A number of
cognate/endogenous CC chemokines (see Table 1) bind to
CCR5 with different affinities and abilities to activate the
receptor [42–46]. The observation that CCR5 ligands can in-
hibit HIV-1 entry [29] influenced the identification of CCR5
as a coreceptor for the virus.

The physiological function of CCR5 in a fully developed
organism remains to be fully elucidated. For target research
and development with a drug as the intended outcome, it
was reassuring that �32 homozygotes have no major ap-
parent deficiencies, and prolonged therapy with maraviroc
suggests continued and sudden CCR5 functional blockade,
and viral suppression has highlighted a high correlation with
the �32 phenotype in terms of efficacy and safety. A bet-
ter understanding of the physiological role of CCR5 may

TABLE 1 Cognate Ligands for CCR5

Systematic
Ligand Name Original Ligand Name

CCL3 MIP-1α (macrophage inflammatory protein 1α)
CCL4 MIP-1β (macrophage inflammatory protein 1α)
CCL5 RANTES (regulated on activation, normally

T-cell expressed and secreted)
CCL7
CCL8 MCP-2 (monocyte chemoattractant protein 1)
CCL14 HCC-1 (hemofiltrate CC chemokine 1)
CCL3L1 LD78β
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also provide alternative development indications for CCR5
inhibitors, possibly against one or more of the pathologies
that have been negatively associated with CCR5 knockout or
inhibition (see the section “Future Directions”). In 1996,
when CCR5 was shown to be an essential and dominant core-
ceptor for HIV-1 cell entry, however, none of this was known.
The identification of CCR5 as a putative anti-HIV-1 target
prompted widespread discovery activities across academia
and industry, which have resulted in many clinical candi-
dates [47,48]. Antiviral analogs and peptide-based mimics
of cognate ligands have been reported [49,50], and antibod-
ies against CCR5 were reported and continue to progress
through clinical trials (e.g., HGS004 [51], PRO-140 [52]).
However, the limitations posed by antibodies and peptides
(e.g., lack of oral delivery), the lack of other known lig-
ands, and breakthroughs in GPCR assays have, led to high-
throughput screening approaches to initiate medicinal chem-
istry for small-molecule antagonists (agonists were not so
highly sought, due to perceived risk of an inflammatory trig-
ger and coreceptor switch [49]). A range of antagonists were
subsequently discovered, and some progressed into clini-
cal trials. Many have met with attrition for various reasons
(idiosyncratic liver toxicity, QT prolongation, lack of oral
bioavailability, and inherent polypharmacology (for a review,
see [53]). Maraviroc is the first and to date only CCR5 antag-
onist to meet with formal approval for therapeutic antiretro-
viral use, having avoided all these attritional factors. The
targeted second-generation follow-up clinical candidate to
maraviroc, PF-232798, is progressing well in phase II. A re-
cent review describing the leading CCR5 antagonists across
the pharmaceutical and biotechnology industries has been
published [53] . The background, use, and future of maravi-
roc and PF-232798 from the Pfizer laboratories at Sandwich
are described specifically here.

DISCOVERY OF MARAVIROC AND PF-232798

In the absence of convenient, high-throughput assays mim-
icking the many events in HIV-1 cell entry at the time of
CCR5 discovery as coreceptor, radioligand-binding assays
using iodinated chemokines adapted from reported tech-
niques [54] were used successfully to identify initial chem-
ical leads [55–61]. These hits, in turn, progressed through
bespoke screening cascades of virology, primary and selec-
tivity pharmacology assays, and pharmacokinetic (PK) stud-
ies, prior to toxicological and clinical evaluation.

HTS AND BIOLOGICAL SCREENING TO GUIDE
MEDICINAL CHEMISTRY

The Pfizer CCR5 antagonist program began with a high-
throughput screen of the corporate screening file (about
500,000 compounds at the time) based on inhibition of the

binding of [125I]MIP-1β to human CCR5 as stably integrated
and expressed on HEK-293 cells. Several hits emerged from
the screen, most prominently UK-107543 (Scheme 1), which
had reasonable inhibitory activity against [125I]MIP-1β bind-
ing (IC50 = 0.6 µM). However, this was devoid of antiviral
activity, and proved to be a CCR5 agonist, as assessed using
calcium signaling (FLIPR) assays [58]. It was also found
to be a potent (IC50 = 40 nM) inhibitor of the polymor-
phic human CYP2D6 enzyme, putatively via coordination
of the pyridine N atom to the heme group. Two strategies
were adopted to circumvent CYP2D6 inhibition: first, sim-
ple replacement of the pyridine N atom with C-retained po-
tent CCR5 receptor binding but with much reduced CYP
inhibition, and second, steric crowding of the piperidine N
atom by incorporation into a tropane ring, which gave further
improvements in potency in both the CCR5 binding and sig-
naling assays, gp120-CD4-CCR5 complex formation screen,
and HIV fusion assay [58]. This also effectively ablated CYP
inhibition [62].

These screens eventually guided chemistry to the further
replacement of one phenyl group from the benzhydryl moiety
with an amide function that drove a significant reduction in
lead lipophilicity, and in combination with the tropane ring
design, instilled significant and, importantly R5-HIV-specific
antiviral activity (no cytotoxicity) within the series (UK-
372673; see Scheme 1). It was proposed that reducing the
conformational flexibility of the propylamino linking group
through syn-pentane interactions contributed to the enhanced
performance of the tropane group. Structure–activity rela-
tionship (SAR) studies showed activity in the series to reside
within the S-phenyl configuration, while both the endo- and
exo-benzimidazole diastereoisomers showed largely equiv-
alent receptor binding and antiviral potencies. The Pfizer
program then turned to focus on overcoming high and un-
acceptable affinity for the hERG potassium channel, which
was not entirely unexpected in light of the series being basic
with a positive log P.

A number of strategies directed toward all locations of
the lead structure were deployed, predominantly guided by
compound-competition screening against labeled dofetilide
binding to hERG-subunit-containing cell membranes [63].
The most successful of these sought to introduce polarity in
peripheral aromatic regions and optimize substitution pat-
terns for CCR5 binding affinity. The polarity introduced, as
exemplified by UK-395859 (Scheme 1), achieved impres-
sive antiviral activity [IC90 ∼ 1 nM HIV-1 (BaL) in periph-
eral blood lymphocytes (PBL)] and reduced the affinity for
hERG (IC50 > 10 µM), but showed extremely low penetra-
tion of Caco-2 cell layers (< 1 cm/s) and no evidence of
absorption in rat PK studies (oral dosing and hepatic portal
vein and systemic exposure determination). This was pre-
sumed to be a consequence of water coating due to hydro-
gen binding. The morpholino analog UK-396794 (Scheme
1) retained the impressive antiviral/hERG profile and was
fully absorbed in rat. However, this compound was very
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SCHEME 1 Key stages and overarching SAR enabling guidance of the maraviroc medicinal chemistry program, and subsequent generation
of PF-232798 (nomination year for clinical evaluation highlighted).

susceptible to p450 degradation in isolated human liver mi-
crosomes (HLMs), suggesting the likelihood of a poor PK
profile (potential for a high peak/trough ratio and unaccept-
able drug–drug interactions). Synthetic effort led to the tria-
zole UK-408030 (Scheme 1), a series within which antiviral
activity of the exo- and endo-tropanes began to very much
favor the exo diastereoisomer and balanced somewhat the
profile for favorable absorption, stability, hERG, and CCR5-
mediated antiviral activity. Evolution of the cyclobutyl group,
powered by parallel chemistry techniques, then provided the
difluorocyclohexyl group in UK-427857 (later known as mar-
aviroc; Fig. 1), which showed excellent antiviral potency (R5

HIV-1 cross-clade primary isolate in PBL culture geometric
mean IC90 = 1 nM [58,64]), with low activity against hERG
(IC50 > 10 µM). Profiling in vitro highlighted broad anti R5
HIV-1 spectrum in a range of assays and either additive or
synergistic properties in combination with other antiretrovi-
ral drugs [58].

In preclinical absorption, distribution, metabolism, and
excretion (ADME) studies (for full details, see [65]), mar-
aviroc had high clearance in rat and moderate clearance in
dog, which appeared to be mediated by a combination of
renal, metabolic, and biliary processes. Maraviroc exhib-
ited moderate tissue distribution, in keeping with its basic
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TABLE 2 Predicted and Measured Human Pharmacokinetic Profile for Maraviroc

Maraviroc Measured
Maraviroc Predicted (30 mg i.v. single dose or

Parameter from Rat and Dog 100 mg b.i.d. oral)

Clearance (mL/min/kg) 11 10.5 ± 1.3
Vd (L/kg) 2 2.8 ± 0.9
t1/2 (h) 3 13.2 ± 2.8
Absorption (%) 30 55
Bioavailability (%) 20 23 (19.2 – 27.8)
Cmin (nM unbound) at 100 mg b.i.d. 1 5.4 ± 1.4

and moderately lipophilic nature. The ratio of CSF to free
plasma concentration is 0.1, indicating a low level, but poten-
tially some distribution to the central nervous system (CNS).
Maraviroc was slowly metabolized by human liver micro-
somes (HLMs). Using expressed human cytochrome P450
enzymes only, CYP2D6 and CYP3A4 metabolized the com-
pound with five-fold higher turnover by CYP3A4. Maravi-
roc showed only weak inhibition of CYP2D6 (IC50 = 87
µM) using recombinant CYPs and fluorescent probe sub-
strates. No inhibition of CYP1A2, CYP2C9, CYP2C19, or
CYP3A4 by maraviroc (up to 100 µM) was observed. Mar-
aviroc also showed inherently low membrane permeability
in Caco-2 flux studies that predict incomplete absorption in
general, with transcellular flux enhanced in the presence of
P-glycoprotein inhibitors [65]. It was 20 to 30% absorbed in
rats, but well absorbed in dogs and shows nonlinear phar-
macokinetics (PK) in oral dose escalation studies in humans
(see below). Predicting human PK from animal studies and
in vitro models is challenging. At the time of nomination to
clinical evaluation, it was estimated that a convenient dos-

ing regime of about 100 mg twice daily (b.i.d.) should be
well tolerated and maintain unbound compound levels above
the geometric mean, cross-clade antiviral IC90 in native cell
assays [58]. Retrospectively, the actual absorption and sub-
sequent PK in humans was superior to that of the profile
predicted (see Table 2). The discovery of the slow physical
and functional dissociation of maraviroc and, indeed, all an-
tagonists reported to date from the CCR5 receptor [64,66,67]
suggested that receptor occupancy might be retained follow-
ing clearance of free drug, although the turnover of CCR5 and
its expressing cells might limit the effectiveness of prolonged
receptor occupancy in driving viral load reduction [58].

Maraviroc was characterized extensively in
pharmacology-based assays prior to a regulatory-based
preclinical toxicology package to enable evaluation in
human phase 1 clinical trials. These studies highlighted the
potent and selective CCR5 inhibitory potency of maraviroc,
specific anti R5-HIV-1 cross-clade activity, and inactivity
(see Table 3) against a range of Th1 and Th2 immune
functions [58]. Maraviroc was profiled extensively in

TABLE 3 In Vitro Immune Selectivity Profile of Maraviroc

Immune Function Assay Maraviroc Potency

MCP-3-induced intracellular Ca2+ release (CCR2) IC50 > 10 µM
IL-2-stimulated T-cell proliferation IC50 > 10 µM
LPS-stimulated TNF-α release by differentiated THP-1 cell IC50 > 4 µM
Antigen-stimulated lymphocyte proliferation IC50 > 10 µM
MIP-1α-induced chemotaxis of THP-1 cells (CCR1) IC50 > 25 µM
MCP-1-induced chemotaxis of THP-1 cells (CCR2) IC50 > 25 µM
ITAC-induced chemotaxis by H9 cells (CCR3) IC50 > 25 µM
SLC-induced chemotaxis by H9 cells (CCR7) IC50 > 25 µM
IL-8-induced chemotaxis of neutrophils (CXCR1/CXCR2) IC50 > 25 µM
Gro-α-induced chemotaxis of neutrophils (CXCR2) IC50 > 25 µM
MIP-1α binding to CCR1 IC50 > 10 µM
Eotaxin binding to CCR3 IC50 > 10 µM
TARC binding to CCR4 IC50 > 10 µM
rhMIP-3β binding to CCR7 IC50 > 10 µM
I309 binding to CCR8 IC50 > 10 µM
Superoxide production in neutrophils IC50 > 10 µM
IL-4-stimulated IgE synthesis in lymphocytes IC50 ≥ 10 µM (two donors);

IC50 = 1 to 10 µM (one donor)

Source: [58].
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hERG-associated assays in vitro and in vivo (dog hemody-
namics), highlighting a low risk of QT prolongation [58,65].
The overall outcome of this preclinical study was to conclude
that maraviroc showed a profile that was deemed potent
enough to enable viral load reduction under a convenient
dosing regime, without obvious or apparent off-target phar-
macology. However, and in common with many discovery
projects, a strategy to mitigate against unforeseen and
idiosynchratic toxicity included the discovery of follow-up
clinical candidates. This led to the discovery and clinical
evaluation of PF-232798.

DISCOVERY AND CHARACTERIZATION
OF PF-232798, A SECOND-GENERATION
CCR5 ANTAGONIST

PF-232798 evolved from a medicinal chemistry campaign
guided by a bespoke biological screening cascade, essen-
tially as described previously [58,64], aimed at increasing
the absorption, and improving the PK vs. maraviroc, while
retaining the favorable pharmacological and antiviral proper-
ties, in a significantly differentiated chemotype. This was also
deemed appropriate to mitigate against potential compound-
specific toxicity or potential adverse events for maraviroc.
It was also felt that such differentiation might drive differ-
ential occupancy of the CCR5 antagonist binding pocket
and enable activity against any R5-HIV isolates that mu-
tated to acquire resistance to maraviroc in the longer term
(remaining R5-tropic), and thereby offer the potential for
additional lines of therapy (see the section “Resistance to
Maraviroc”). The PF-232798 structure arose from an alter-
native means of circumventing the CYP2D6 and hERG ac-
tivity associated with the original high-throughput screening
hit UK-107543 by simple reduction of the pyridine ring to
give an imidazopiperidine. Incorporation of SAR learning
from the maraviroc medicinal chemistry program, and op-
timization of the amide and imidazopiperidine substituents,
in within the endo tropane diastereoisomer series, as dis-
tinct from the maraviroc series, was undertaken. By main-
taining a small amount of amide substitution, this allowed
the identification of UK-484900, the original clinical candi-
date follow-up compound to maraviroc, and then PF-232798
(Scheme 1). This culminated in over 3000 compounds be-
ing synthesized and screened in a bespoke cascade for the
eventual nomination and clinical profiling of PF-232798.
Both compounds showed a primary and selectivity phar-
macological profile similar to that of maraviroc [64,93].
Comparative antiviral profiling showed UK-484900 to be
at least as potent in the recombinant pseudotyped antivi-
ral PhenoSense assay [69] as maraviroc, and with the same
spectrum.

In PBL assays it proved to be two- to seven-fold more
active, with the same cross-clade spectrum. This encourag-

ing profile, coupled with preclinical pharmacokinetic proper-
ties, showed improvements over maraviroc (three-fold higher
flux in Caco-2 penetration studies, complete absorption in
rat and dog, with longer t1/2) and potential for improved
pharmacokinetics and subsequent dosing regime in humans.
This prompted plans to advance UK-484900 to toxicology
studies and clinical evaluation. UK-484900 was inherently
more active than maraviroc against the hERG ion channel
(IC50 = 2.1 µM vs. > 10 µM, dofetlide-binding inhibition),
although its potential for a reduced peak/trough ratio for sys-
temic exposure (unbound or “free” compound) in humans,
led to postulation that the QT window would be at least as
favorable as it is with maraviroc. Clinical studies confirmed
the validity of this hypothesis, and retrospective comparison
with the clinical exposure PK data (steady state) for maravi-
roc highlighted essential equivalent free compound exposure
above antiviral IC90 values at 30 mg q.d. for UK-484900 vs.
300 mg b.i.d. for maraviroc. To mitigate against unexpected
attrition, PF-232798 was also nominated for clinical evalua-
tion shortly afterward, as it showed a similar preclinical PK
profile and pharmacology to UK-484900. This proved to be a
sensible strategy, as UK-484900 showed an effect in preclin-
ical regulatory embryo–fetal toxicity studies, whereas mar-
aviroc and PF-232798 both showed clean profiles. For this
reason, PF-232798 was selected as the second-generation
CCR5 antagonist to follow maraviroc, ahead of UK-484900.
UK-484900 remains a useful tool for investigating CCR5’s
role in non-HIV indications and the inflammatory associa-
tions of HIV infections in light of its potent pharmacological
profile and ability to occupy CCR5 in preclinical in vivo mod-
els of disease in mice (see the section “Future Directions”).
PF-232798 showed a significantly improved PK profile in
clinical studies compared to maraviroc, highlighting the po-
tential for a lower dose and a less frequent dosing regime in
clinical practice (see Fig. 1).

PF-232798 is estimated to be at 2.5-fold (95% CI 2.3 to
2.7-fold) less antiviral than maraviroc, based on comparative
highly powered high-throughput recombinant in vitro an-
tiviral assays (PhenoSense), which show PF-232798 to have
the same antiviral spectrum [64]. This is deemed to be a
conservative estimate of PF-232798 antiviral activity, as it
was equally potent in low-throughput native-cell-based as-
says [64]. PF-232798, like maraviroc, showed inherently low
affinity for the hERG ion channel (IC50 > 10 µM, dofetilide
binding) and in all QT-associated preclinical studies in vitro
and in vivo. In addition to superior PK relative to maravi-
roc, potential to provide additional lines of therapy to ad-
dress emergent maraviroc-resistant HIV-1 strains (MVCRES

HIV-1) in the clinic is another driver for the development
of PF-232798. Intuitively, CCR5 offers an attractive target
for antiviral drug discovery, in that targeting a host protein
creates an additional hurdle for HIV-1 to gain resistance,
as the virus cannot simply mutate rapidly to moderate drug
binding to one of its own proteins, as seen for all other
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FIGURE 1 Data represent the mean unbound antagonist concentration in plasma ± S.E.M. PF-232798 dosed at 250 mg q.d., 7 days dosing
(n = 6 volunteers); MVC dosed at 300 mg b.i.d., 10 days (n = 8 volunteers). Total plasma levels were measured by HPLC-MS and corrected
for in vitro plasma protein binding (75 and 94% for MVC and PF-232798, respectively). The fold antiviral IC90 values estimated for maraviroc
and PF-232798 are described. The dashed line represents both the unbound antiviral geometric IC90 for MVC against 43 primary isolates [1],
and the IC90 for PF-232798 vs. HIV BaL in PBL culture. The solid bold line represents the estimated IC90 potency for PF-232798 vs. primary
isolate HIV in PBL based on the 2.5-fold lower activity vs. MVC observed against a panel of primary isolates in the PhenoSense assay.

anti-HIV targets. Indeed, preclinical in vitro studies have
shown that gaining resistance to CCR5 antagonists is rela-
tively difficult [70]. HIV-1 does not mutate to enable entry
via the CXCR4 coreceptor switch as observed in animal
models, in vitro systems, or indeed, in clinically derived iso-
lates [70–72]. As opposed to selection of X4 virus, resistance
to CCR5 antagonists has been demonstrated in the clinic
(see the section “Resistance to Maraviroc in Clinical Trials”)
and in preclinical studies, and is achieved following muta-
tion to enable gaining entry via antagonist-occupied receptor
rather than by mutation to enable entry via an alternative
coreceptor [70,72–75].

Although some of those mutations can confer resistance
to chemically related CCR5 antagonists [73,74,76], class
resistance is not inevitable [77], and there is considerable
weight of evidence that the resistant strains cannot utilize

CCR5 that is occupied by an antagonist that has not been
used as the selecting agent for generating the resistant iso-
late [66,75,78–81]. Indeed, PF-232798 retained full activity
against an expanded clone of the B-clade MVCRES HIV-1 iso-
late CC185 in PBL culture (Fig. 2). Partial retention (> 50%)
of activity was observed against an expanded clone of the G-
clade MVCRES HIV-1 isolate RU570, although a lowered
plateau effect was observed. This was deemed significant in
light of full retention being observed with saquinavir and
alternative CCR5 antagonist templates aplaviroc and vicrivi-
roc [64]. It remains to be seen if this encouraging trend is seen
with clinically derived MVCRES HIV-1. This is a promising
observation for this new class, suggesting that class resistance
may not be achieved as readily as for traditional antiretro-
viral targets. To understand the observations and SAR asso-
ciated with CCR5 antagonist resistance in relationship with
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FIGURE 2 All assays performed in parallel PBL cultures comparing maraviroc-passaged (resistant-strain CC185) and vehicle-passaged
controlled cultures. Data points represent mean values ± S.E.M. (From [64].)
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E283HIV 
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FIGURE 3 Diagrammatic representation of CCR5 in the cytoplasmic membrane of an immune cell. Overlaps of PF-232798 (pale blue) and
MVC (green) are highlighted. Interaction of the ionic interaction between the basic nitrogen of the antagonists and hydrophobic interaction
of their phenyl moieties with the E283 and Y108 residues, respectively, in the transmembrane pocket are highlighted. All images generated
using the computer modeling Pfizer software package FLOPS (flexes ligands optimizing property similarity) and Pfizer crystal structure
database, as guided by assay data from site-directed alanine mutagenesis, where loss of functional binding was observed for E238A and
Y108A mutants for maraviroc and PF-232798. (See insert for color representation of the figure.)

maraviroc and PF-232798 as a second-generation candidate,
a study designed to investigate the binding mode of these
compounds was undertaken.

CCR5 antagonists are commonly referred to as allosteric
antagonists in that they bind to the site equivalent to the
retinol-binding site of the structurally characterized GPCR
rhodopsin (for a review of CCR5 antagonist binding, see
[82]). This binding mode is allosteric with respect to the
gp120-CD4 complex binding site to CCR5, which binds the
extracellular N-terminal and extracellular loop (ECL) regions
(especially the second loop; see [83–85]). However, the an-
tagonist binding site might be considered as orthosteric with
respect to chemokines, part of which bind at sites within
the transmembrane “retinol equivalent” site [86]. The basic
mechanism of CCR5 antagonist antiviral activity is to bind-
ing the receptor to drive rearrangement of the extracellular
loops into a conformation that is no longer recognized by the
gp120-CD4 complex. Offset of the antagonist, and in partic-
ular the functional recovery of the receptor to enable either
chemokine or HIV-1, binding, appears to be extremely slow
thereafter, as judged by the small reduction in potency in
wash and chase experiments [64,66].

CCR5 antagonist resistance seen in vitro and observed in
clinical practice is underpinned by the mutation of viral en-
velope to a form that can recognize the extracellular pattern
of the antagonist-occupied receptor N-terminus and loops.
Different CCR5 antagonists appear to stablize significantly
different conformations of the CCR5 ECLs. The SAR for
this has been in part characterized through compound screen-
ing against MVCRES HIV-1 CC185, coupled with computer-
assisted antagonist-receptor docking models based on data
from site-directed mutagenesis mapping of antagonists, as
reported previously for the maraviroc program [53,66,68].
These identified the essential hydrophobic interaction be-

tween the phenyl moieties of maraviroc and PF-232798 with
Y108, and the ionic interactions between the basic tropane
nitrogen and the acidic residues E283 (also observed inde-
pendently; see [82]). Modeling studies highlight the fact that
additional occupancy of the imidazopiperidine group of PF-
232798 relative to the triazole moiety of maraviroc around
the ECL2 hinge region appears to enable sufficient change
in conformation that laboratory-generated MVCRES HIV-1
cannot bind, highlighting a nonoverlapping resistant profile
(see Fig. 3).

SYNTHESIS

The chemistry for large-scale preparation of maraviroc as the
active ingredient in the Censentri/Zelsentry has four steps. In
step 1, ethyl (S)-3-[(4,4-difluorocyclohexyl) carboximido]-
3-phenylpropanoate (UK-453464) is reduced with sodium
borohydride and methanol in tetrahydrofuran to give alco-
hol UK-453465, which is isolated from either tetrahydro-
furan and cyclohexane or from acetone and water. In step
2, UK-453465 is oxidized with aqueous sodium hypochlo-
rite catalyzed by 2,2,6,6-tetramethyl-1-piperidinyloxy free
radical in dichloromethane to give aldehyde (UK-
453,453), which is isolated from toluene and/or heptane.
In step 3, exo-8-benzyl-3-(3-isopropyl-5-methyl-4H-1,2,4-
triazol-4-yl)-8-azabicyclo[3.2.1]octane (UK-408,026) is hy-
drogenolyzed over a palladium-on-carbon catalyst in the
presence of p-toluenesulfonic acid and carbon in methanol
or aqueous propan-2-ol to give amine (UK-408,027-15),
which is isolated from propan-2-ol. In step 4, the alde-
hyde (UK-453,453) is reductively coupled with the amine
(UK-408,027-15) in the presence of sodium triacetoxy-
borohydride in tetrahydrofuran and/or ethyl acetate to give
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SCHEME 2 Process chemistry synthesis of maraviroc.

maraviroc, which is isolated from ethyl acetate. This is shown
in Scheme 2 with associated conditions and yields.

The left-hand side of PF-232798 was constructed starting
from a known enantiomerically pure amine (7) (Scheme 3).
Acetylation, followed by reduction of the ester 8 and sub-
sequent oxidation, furnished the required aldehyde (10).
Reaction of a known aminotropane (11) with 4-chloro-3-
nitropyridine, formed a 4-aminopyridine (12). Reduction of
the nitro functionality followed by imidazopyridine forma-
tion resulted in a switch of the tropane protecting group
from Boc (tert-butoxycarbonyl) to acetyl. Carbamate (15)
was prepared in three steps: (1) quaternization of the pyridyl
group followed by sodium borohydride reduction, (2) hy-
drogenation of the alkene, and (3) acid-mediated removal
of the acetyl protecting group. Reductive amination of the
aldehyde 10 with tropane 15 gave carbamate 16, which after
deprotection and reaction with isobutyryl chloride furnished
PF-232798 (18).

NONCLINICAL SAFETY AND TOXICITY STUDIES

The studies to investigate the toxicity of maraviroc were
particularly extensive and rigorous in light of the intention
to treat an immune-compromised population through inhi-
bition of a receptor that mediates immune cell signaling,
with a first-in-mechanism and structurally completely novel
compound. The toxicological profile of maraviroc is detailed
here rather than that of PF-232798 for the sake of brevity, the
high degree of similarity between the two compounds, and
the greater characterization of maraviroc in light of its more
advanced status and pioneering nature. A regulatory-based
toxicity–safety phamacology package involving numerous
regulatory toxicity species showed maraviroc to have an ex-

tremely well-tolerated profile, with no significant adverse
findings at systemic free drug exposure levels at multiples of
the intended therapeutic exposure levels. Maraviroc had little
interaction with physiologically important receptors, binding
sites, enzymes, or ion channels apart from a weak affinity for
the human µ-opioid receptor (Ki = 0.6 µM) and human α2A
adrenergic receptor (Ki = 10 µM), which exceeded by > 30-
fold the Cmax free drug levels achieved at therapeutic dosing
in humans.

The basic nature and positive log D of CCR5 antagonists,
and more specifically the attrition for the Sch-C (the first
compound reported in HIV monotherapy trials) due to QT
prolongation, have ensured extensive scrutiny of CCR5 an-
tagonists at the hERG channel. Results from in vitro hERG
channel studies showed maraviroc to have very weak effects
(IC50 > 10 µM) on IKr current and only affect cardiac repo-
larization in vivo at unbound plasma concentrations greater
than 3 µM (approximately 10-fold the mean unbound Cmax

value in HIV-positive patients at the later-established clinical
dose of 300 mg b.i.d.) [58,65].

The toxicity of single and repeated doses of maraviroc
was studied in mouse, rat, dog, and cynomolgous monkey.
In terms of metabolism and general pharmacokinetics, these
species can all be considered as useful models for humans,
but considering pharmacology at the target receptor level,
the macaque is by far closest to humans in sequence and
function, especially because maraviroc has a similar affinity
for this isoform and human CCR5, whereas it is essentially
inactive (binding and signaling) against the isoform from the
other species (see Table 4) [67]. In short, it was only possi-
ble to achieve functional occupancy of CCR5 in macaques,
and dosing regimes to ensure total functional occupancy
in this species were tested to fully ascertain mechanistic
toxicity.



P1: TIX/XYZ P2: ABC
JWBS061-09 JWBS061-Kazmierski May 24, 2011 14:18 Printer Name: Yet to Come

126 DISCOVERY AND DEVELOPMENT OF MARAVIROC AND PF-232798

N
Boc

NH2
N

NO2
Cl N

N N

N

O
N

N
H

Boc
N

O2N

N
N N

N

O

O
OMe

NH
N N

N

O OMe

N
N N

N
H

N
H

F

O

N
N N

N

N
H

F

O

O

N
N N

N

O
OMe

N
H

F

ON
H

F

O

O

F

N
H

O O

OEt

F

N
H

O

OH

F

N
H

O

O

F

NH2

O

OEt

Cl

O

+

MeCN

90% (ii) Ac2O

(i) ClCO2Me, EtOH

(i) Fe, AcOH

90%

(ii) NaBH4

(i) H2, Pd/C, MeOH

74%

(ii) HCl

68%

NaBH(OAc)3

74%

NaOH, H2O

iPrOH

90%

iPrCOCl, Et3N

THF

90%

pyridine.SO3

Et3N, DMSO

CH2Cl2

NaBH4

MeOH, THF
2 h, 0 oC

CH2Cl2

89% 99%
1 h, 50 oC

56%
2 h, 25 oC

18 h, reflux
2 h, 60 oC

18 h, 140 oC

45 min, -70 oC

1 h, -70 oC to -30 oC 

18 h, 25 oC

24 h, reflux

1 h, 25 oC 

65 h, reflux

1.5 h, 25 0C

AcOH, CH2Cl2

7 8 9 10

11 12 13

14 15

10
16 17

18

SCHEME 3 Laboratory synthetic route for PF-232798.

TABLE 4 Comparative Pharmacology of Maraviroc Against CCR5 Isoforms
from Various Species

Experiment Human CCR5 Macaque CCR5

Kd

[3H]MVC binding
0.9 nM

(95% CI 0.7–1.1 nM)
1.4 nM

(95% CI 1.1–1.7 nM)
IC50

[125I]MIP-1β binding to
cell membranes

7.2 nM
(95% CI 5.5–9.5 nM)

17.5 nM
(95% CI 14.1–21.0 nM)

IC50

MIP-1β-induced
intracellular calcium
release

14 nM
(95% CI 10–20 nM)

17.5 nM
(95% CI 9.6–32.9 nM)

t1/2

[3H]MVC dissociation
16.0 h

(95% CI 9.0–27.0 h)
1.5 h

(95% CI 1.3–1.9 h)
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Pivotal toxicity studies after repeated doses included 3-
month mouse, 6-month rat, 6-month dog, and a 9-month
cynomolgus monkey. Doses shown to yield unbound mar-
aviroc exposure levels at many multiples of expected ther-
apeutic exposure resulted in an encouraging unremarkable
profile. Due to the relatively high physiological similarities
between cynomolgus monkeys and humans, and the total
functional CCR5 blockade achieved in this species (unlike
the other species), data from this study were deemed the most
relevant. The NOAEL levels (QTc interval increase) were
three- to five-fold the clinically relevant equivalent in hu-
mans. With respect to clinical observations and significance,
reduced systolic and diastolic blood pressure was observed
at high exposure. This may be related to the dose-limiting
adverse event for humans of postural hypotension, which is a
significantly more difficult effect to observe in animals than
in humans.

Detailed immunological and hematology analysis in these
toxicity studies showed no maraviroc-dependent effects on
general hematology or serum globulins; no effects of histol-
ogy changes in bone marrow, lymph nodes, spleen, thymus;
and no increase in the incidence of infections. Specific im-
munotoxicology studies in monkeys (at 100% CCR5 func-
tional blockade) showed no changes in lymphocyte subset
distribution; NK cell activity, phagocytosis activity/oxidative
burst, or humoral response (IgM and IgG). In short, block-
ade of CCR5 and maraviroc exposure per se were deemed to
have a clean profile with no measurable adverse effects on
immune function.

PHASE I–III CLINICAL PK SAFETY AND
EFFICACY EVALUATION OF MARAVIROC

Phase I PK studies on maraviroc demonstrated oral bioavail-
ability and a terminal half-life of 16 to 23 h [87,88]. Sin-
gle doses of up to 900 mg and multiple doses of up to
300 mg b.i.d. for 28 days were well tolerated and gave un-
bound exposure levels far in excess of the measured antiviral
IC90 [89]. Drug–drug interaction studies showed maraviroc
effects to be easily managed [94–97]. Proof of pharmacol-
ogy that maraviroc was blocking CCR5 in humans was also
demonstrated (estimated EC50 for in vivo CCR5 functional
blockade in humans = 0.13 nM [68,90–93]). In phase IIa
studies, treatment-naive HIV-1 patients who received mar-
aviroc monotherapy at doses ranging from 25 mg q.d. to
300 mg b.i.d. for 10 days experienced a maximum reduc-
tion of up to 1.84 log10 copies/mL [38]. Phase IIb/III de-
velopment program included long-term studies of maraviroc
in combination with other antiretroviral drugs in both R5-
treatment-naive and treatment-experienced patients infected
with CCR5 tropic HIV-1, as well as patients with non-R5
HIV-1 (X4/dual tropic/nonphenotypable- HIV-1) [98]. Mar-
aviroc [at 300 mg b.i.d. in combination with an optimized

background therapeutic (OBT) regimen] received approval
from the U.S. Food and Drug Administration (FDA) in Au-
gust 2007, and subsequently from multiple regulatory au-
thorities around the world, for use in combination with other
antiretroviral agents in treating adults with R5-HIV-1 infec-
tion [39,41,99]. The MOTIVATE trials concluded all sub-
jects with R5- HIV-1 receiving maraviroc (300 mg b.i.d. +
OBT provided significantly superior virologic control and
increases in CD4 cell count compared with placebo + OBT
without any safety issues) [99–103].

Clinical development studies for maraviroc in
antiretroviral-naive subjects infected with CCR5-tropic
HIV-1 only [109] met with approval by the FDA in 2009
following extensive studies [107,108]. Treatment-naive
patients are arguably the most appropriate patient population
to study, since the vast majority (80 to 90%) of patients
who are antiretroviral-naive are infected with CCR5-tropic
virus only, compared to 50 to 60% in ART drug-experienced
patients [104–106].

RESISTANCE TO MARAVIROC IN CLINICAL
TRIALS: OBSERVATIONS AND IMPLICATIONS

As outlined above, preclinical in vitro studies have shown
that gaining resistance to CCR5 antagonists is relatively
difficult [70]. HIV-1 does not mutate to enable entry via
the CXCR4 coreceptor switch as observed in animal mod-
els, in vitro systems, or indeed, in clinically derived iso-
lates [70,72,110]. In clinical studies, preliminary virologic
analyses have identified two phenotypic pathways associated
with virologic failure in the phase III studies of maraviroc.
Either CXCR4-using virus was detected on maraviroc treat-
ment or virus was selected that was able to infect cells us-
ing maraviroc-bound CCR5 [111]. CXCR4-mediated entry
is not a consequence of mutation of previously CCR5-using
virus but of selection of preexisting (yet undetected at base-
line/patient screening) CXCR4-using virus, with return of R5
phenotype upon cessation of maraviroc therapy [112,113].
Shifts in tropism resulting from maraviroc therapy have not
been associated with decreasing CD4+ cell counts or clini-
cal deterioration therapy [103,113,114]. Resistance to CCR5
antagonists, as opposed to selection of X4 virus, has been
demonstrated in the clinic and in preclinical studies, and
is achieved following mutation to enable gaining entry via
antagonist-occupied receptor rather than by mutation to en-
able entry via an alternative coreceptor [70,72–75]. It has
been reported that some envelope mutations can confer re-
sistance to chemically related CCR5 antagonists [73,74,76].
However, class resistance is not inevitable [77], and there is
a considerable weight of evidence that the resistant strains
cannot utilize CCR5 that is occupied by an antagonist that
has not been used as the selecting agent for generating the
resistant isolate [66,75,78–81]. Maraviroc is active against
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isolates resistant to other drug classes, and laboratory-
generated maraviroc-resistant isolates appear not to show
reduced susceptibility against other drug classes [58,75].

Laboratory generation of resistant isolates to numerous
advanced CCR5 antagonists has been widely reported fol-
lowing selection using a given CCR5 antagonist in relatively
long serial passage experiments. In these studies, and con-
sistent with studies using maraviroc, R5-HIV-1 gains the
ability to bind antagonist-occupied CCR5 via various muta-
tions in gp120 which enable recognition of the antagonist-
occupied and free receptor and are therefore deemed “fit”
[73,78,114,115]. The efficiency of the resistant viruses to
use the different CCR5 configurations underlies how resis-
tance is diagnosed in the PhenoSense assay (susceptibility
dose–response testing uses Emax plateaus rather than shifts
in EC50 values to define resistance [75]).

FUTURE DIRECTIONS

Treatment options for HIV-1 are much improved in recent
years, and options for establishing highly efficacious first-
line therapeutic combinations with those that are exception-
ally well tolerated are being sought. This, together with on-
going studies in naive patient populations with maraviroc,
may highlight its (and PF-232798) utility in first-line ther-
apy, especially in progress toward personalized medicine.

With gene therapy at an early stage for HIV-1 therapy, and
the disappointing outcome to date in HIV vaccine research,
much debate on the use of anti-HIV drugs as prophylactic
agents has been apparent. This follows the phenomenal suc-
cess in preexposure prophylaxis to prevent vertical mother-
to-child transmission, and prophylactic strategies have been
widely discussed (for a review, see [116]). A significant ini-
tiative has been the establishment in 2002 of the International
Partnership for Microbicides (IPM), aimed at accelerating
the development and accessibility of microbicides to prevent
HIV-1 transmission in women [117]. The favorable phar-
macology of CCR5 antagonists strongly supports the use
of these compounds by this approach, and many companies
have agreed to a free license to evaluate their respective CCR5
antagonists with respect to prophylactic activity in clinical
trials. Maraviroc is among those scheduled for topical evalua-
tion. Potential for oral prophylaxis, although currently not be-
ing evaluated in a clinical setting, is also an exciting prospect,
and follows encouraging PK studies highlighting high con-
centrations of maraviroc in the female genital tract following
oral dosing [118], and some encouraging data on CCR5 an-
tagonists [119,120] and peptide analogs of cognate ligands
in small-primate studies [121]. Similar studies have been un-
dertaken with other mechanistic classes [122]. CCR5 antago-
nists are also compelling for either oral or topical prophylac-
tic therapy, due to their mechanism of early-stage entry inhi-
bition, barriers to resistance, the lack of infectivity of CXCR4

utilizing virus, and the slow physical and functional offset of
CCR5 antagonists, yielding a favorable pharmacodynamic
effect.

HIV-1 infection under the management of HAART is
broadly considered a chronic (indeed, lifelong) rather than
an acute disease, and it is the complications of age-related
problems that are providing significant new burdens on pa-
tients and health care systems. This is double-edged, as it
reflects the overall success or HAART in enabling life ex-
pectancy to be near-normal, but the morbidity of liver, kid-
ney, cardiac, and dementia-associated diseases, for example
are becoming more prevalent in this population [7,123,124].
Antiretroviral therapy inhibits HIV-1 replication, allowing
recovery of CD4+ T-cell numbers and the restoration of im-
mune function. However, it has been observed that some
people responding to HAART experience clinical deteriora-
tion, with symptoms and signs of an inflammatory illness
known as immune reconstitution inflammatory syndrome
(IRIS [125]). This results from pathological immune re-
sponses occurring during immune reconstitution. Clinicians
working in the field of HIV-1 medicine can expect to en-
counter persons with IRIS [126–128]. This is a relatively
new area of HIV-1 medicine and one for which CCR5 an-
tagonists generally could provide utility in treatment (i.e.,
reduction of IRIS) in light of the mechanism of action in-
volving antagonism of an immune signaling receptor. This
remains fairly speculative, but monitoring of inflammatory
or, indeed, cited IRIS biomarkers (see [129]) for retrospec-
tive and prospective maraviroc-associated studies has merit.
Non-HIV indications arguably offer a more compelling and
widespread new utility for maraviroc [93]. Discovering drugs
for indications other than those for which they were origi-
nally designed has a very fruitful track record and is asso-
ciated with low-cost R&D success [130]. This is inherently
compelling, due to maraviroc being an approved and safe
medicine, but also because a host of correlations and sup-
portive data from pharmacogenomic, ex vivo, and preclini-
cal studies have directly highlighted, or at least implicated,
the use of CCR5 antagonists for many indications [131,132].
Specifically, these include inflammation [133,134], multiple
sclerosis [135–138], rheumatoid arthritis [139–141], graft re-
jection [142–144], IBD [145], endometriosis [146], diabetes
[133,147], renal diseases [148–150], liver fibrosis [151,152],
pancreatitis [145,153], respiratory disease [154–157], heart
disease [158–160], psoriasis and dermatitis [161,162], stroke
[163], obesity [164], Alzheimer’s disease [165] atheroscle-
rosis [166–170], cancer [145,171], and pain [134,172]. Eval-
uation of clinical candidates for efficacy or proof of concept
is fraught with high financial risk, so data to evidence utility
of maraviroc in IRIS or non-HIV indications from retrospec-
tive and prospective HIV-1 trials by appropriate endpoint and
biomarker studies is compelling. Preclinical studies on ani-
mal disease using CCR5 antagonists are challenging and also
pose translational risks, especially as maraviroc and other



P1: TIX/XYZ P2: ABC
JWBS061-09 JWBS061-Kazmierski May 24, 2011 14:18 Printer Name: Yet to Come

REFERENCES 129

selective CCR5 antagonists to date do not bind rodent CCR5.
However, human CCR5 “knock-in” mice (where the human
receptor ORF supplants the endogenous murine CCR5 se-
quence) have been constructed and a dosing regime to en-
sure complete CCR5 blockade with UK-484900, due to its
favorable PK in mice (relative to maraviroc) [68,93]. By ex-
amining the effect of UK-484900-induced CCR5 blockade
in disease models using these mice, a useful steppingstone
to clinical trials to examine the potential utility of maraviroc
and PF-232798 in IRIS and non-HIV might be enabled.
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INTRODUCTION

The discovery of chemokine receptor-5 (CCR5) antagonists
for the treatment of HIV-1 infection exemplifies the success
that can be achieved when possible chemical leads are ratio-
nally optimized to enhance their druglike properties toward
the goal of modulating a valid biological target. Following the
discovery of the chemokine receptors CCR5 and CXCR4 as
coreceptors that are essential for HIV-1 entry into cells [1,2],
it was recognized that persons homozygous for the �32 mu-
tation in CCR5, which renders the gene nonfunctional, are
strongly protected from infection [3]. Furthermore, this ap-
parently occurs without immunological defects. The identi-
fication of CCR5 as a G-protein-coupled receptor (GPCR)
prompted the search for new leads from GPCR-directed
libraries that had been previously generated by many phar-
maceutical companies [4]. Other advances in drug discov-
ery, such as combinatorial synthesis of analogs [5,6], rapid
pharmacokinetic screening [7], and early evaluation of drug
safety [8], fueled the lead optimization process, resulting in
clinical proof of concept [9]. In this chapter we describe one
such effort that led to the discovery of the piperazine-based
CCR5 antagonist vicriviroc (1, Sch 417690, Sch-D).

HIT-TO-LEAD STUDIES

The discovery program began with the establishment of
biochemical and cell-based assays for screening and hit

validation. Three assays were used to determine core-
ceptor binding and inhibition of viral entry and viral
replication [10]. The primary assay, also used in initial
high-throughput library screening, measured the ability of
compounds to inhibit 125I-labeled RANTES (regulated upon
activation, normal T-cell expressed and secreted) binding to
the CCR5 receptor on cell membranes. Selected compounds
were then evaluated in a single-cycle viral entry assay
in which a pseudo-type virus bearing a reporter gene for
luciferase was used to infect cells expressing CD4+ and
CCR5. Finally, antiviral activity was assessed by measuring
the ability of compounds to inhibit the growth of primary
HIV-1 isolates in human peripheral blood mononuclear
cells. Supplementary assays (inhibition of calcium flux,
GTPγ S, and chemotaxis) to confirm the mechanism of
action (functional antagonism) were also performed [10].

The discovery of vicriviroc (VCV, 1) began with high-
throughput screening of a compound collection. Several
chemotypes, representing various GPCR antagonist fami-
lies, were found to inhibit the CCR5-RANTES binding in-
teraction. However, only two series of compounds from the
piperidino-piperazine-(3) and piperidino-piperidine-based
(4) muscarinic antagonists (Scheme 1) showed activity in
antiviral assays at subcytotoxic levels. Interestingly, the
structure–activity relationship (SAR) trend developed in par-
allel showed that similar structural features were required at
the two ends of templates 3 and 4, whereas the structural re-
quirements in the center of the templates were quite distinct.
We focus here on the piperazine-based scaffold 3, which
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SCHEME 1 Piperazine- and piperidine-based CCR5 antagonists.

led to the discovery of vicriviroc (VCV) (1). The discovery
of Sch 351125 (2, Sch-C) based on the piperidine core is
described elsewhere [11].

In the piperidino-piperazine series, initial hits included
compounds such as 5 and 6 (Fig. 1), which were potent an-
tagonists of the muscarinic M2 receptor and weak binders
of CCR5. The 2(R)-methylpiperazine moiety was essential
for potent binding in the muscarinic antagonists, whereas the
2(S)-methylpiperazine moiety afforded improved affinity for
CCR5. Similarly, changing the ortho-substituted benzamide
group required for potent M2 binding to 2,6-disubstituted
benzamide tweaked the selectivity over the M2 receptor
further in favor of CCR5 [12].

The early lead compound 7 (Fig. 2), which embodies both
key structural features, also showed encouraging activity in
the cell-based entry assay (IC50 = 2 nM). Furthermore, com-
pound 7 inhibited HIV growth in peripheral blood mononu-
clear cells (PBMCs) with an IC50 of 8 nM. It was also shown
to be a functional antagonist of the CCR5 receptor. After

defining the middle and right side of the template, attention
was turned to the left side. The left-side-truncated struc-
ture (8) (Fig. 3) maintained binding and functional potency
similar to that of 7 but showed a twofold improvement in
CCR5/M2 selectivity.

LEAD OPTIMIZATION STUDIES

Further probing of minimum requirements for CCR5 affinity
(Table 1) showed that the parent piperidino-piperazine (9)
is only a weak CCR5 inhibitor (Ki = 440 nM). However,
introduction of the 2(S)-methyl group on the piperazine ring
(11) improved the potency 15-fold, and this was improved
to 30-fold by the new lead (8), which also has a benzylic
methyl group. Introduction of a quaternary methyl group at
the ring junction between the two heterocyclic rings resulted
in compound 13 with excellent potency and selectivity. The
R/S diastereomer of compound 13 was eightfold less active,
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IC50 (RANTES) = 440 nM

Ki (M2) = 0.8 nM
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FIGURE 1 Hits from high-throughput screening.
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whereas the R/R and the S/R diastereomers had little affinity
for CCR5 [13].

When the iodo substituent in compound 8 was moved
from the para-position to the ortho- or meta-position, the
activity was diminished, and it also served as a functional
handle to introduce a variety of other substituents. Electron-
withdrawing groups such as CF3 and SO2CH3 at the para-
position were introduced by starting with phenyl rings bear-
ing these substituents. Medium-sized groups were preferred
as the para-substituent on the left-side phenyl ring (I ∼ CF3

> Br > Cl > CN > Ph > SO2CH3 >> H).
The trifluoromethyl group conferred desirable pharma-

cokinetic properties on the CCR5 pharmacophore, and com-
pound 14 showed a modest blood plasma level [area under

TABLE 1 Methylation Patterns Determine CCR5 Affinity

N

N

N

R2R1

I
O

R3

Compound R1 R2 R3 Ki(nM) EC50(nM)a

9 H H H 440
10 H H CH3 62
11 H CH3 H 30

8 CH3 CH3 H 15 4
12 H CH3 CH3 8 2.7
13 CH3 CH3 CH3 4 1

aEntry data are for the JrFl strain of HIV-1.

the curve (AUC)] in orally dosed rats. The orally adminis-
tered plasma levels measured in rats were found to improve
with the additional polarity conferred by the amide moiety
on the right side (Table 2). Thus, by changing the lipophilic
benzamide 14 to the anthranilamide 15 or the salicylamide
16, the AUC values were improved two- to threefold. How-
ever, the potency in the entry assay also decreased as polarity
increased.

When the phenyl ring of the right-side amide moiety was
changed to a pyridine ring, a significant improvement in oral
exposure resulted without a concomitant decrease in func-
tional activity (Table 3). The nicotinamide 17 had excellent
potency in the CCR5 binding and the viral entry assays, low
affinity for the muscarinic receptors, and a fourfold increase
in the AUC (rat) over the benzamide derivative 14. A detailed
pharmacokinetic (PK) study in rats showed that the nicoti-
namide 17 was well absorbed and resulted initially in high
plasma concentrations; however, it underwent rapid first-pass
metabolism to nicotinamide N-oxide (18), which is the major
circulating metabolite. Synthetically prepared nicotinamide
N-oxide (18) had reduced CCR5 affinity as well as selectiv-
ity over the off-target (M2) compared to the nicotinamide 17
but showed excellent oral bioavailability in rat and monkey
[13].

The muscarinic M1 receptors are prevalent in the gas-
trointestinal (GI) tract, while the M2 receptors are widely
distributed in the brain and heart tissue. During prelimi-
nary safety evaluations, when compound 18 was adminis-
tered orally to rats, side effects related to heart rate and

TABLE 2 Polar Amides Improve Oral Exposure in Rat

F3C

N
N

N

O

R2

R3

CH3

CCR5 Data

Compound R2 R3 Ki(nM) EC50 (nM)
Rapid Rat PKa

AUC (ng·h/mL)

14 CH3 CH3 1 0.4 922
15 Cl NH2 5 1.2 1872
16 CH3 OH 5 3.2 2540

aDose = 10 mg/kg, p.o.
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TABLE 3 Nicotinamide and Its N-Oxide

F3C

N

N

N

O

Het Ar

CH3

CCR5 Data

Compound Het Ar
M2

Ki (nM) Ki (nM) EC50 (nM)
Rapid Rat PKa

AUC (ng·h/mL)

N

N+
O-

17 2500 2.3 0.5 3905

18 250 7.2 3.2 9243

aDose = 10 mg/kg, p.o.

GI function were observed at doses of 10 mg/kg. The high
plasma concentrations of 18 are apparently sufficient to af-
ford exposure to muscarinic receptors, resulting in adverse
events. As a consequence, development of compound 18 was
discontinued.

The novel nicotinamide 17 and its N-oxide 18, which has
superior pharmacokinetic properties, also posed a unique
structural problem. Being unsymmetrical tertiary amides,
they exist as four rotational isomers observable by high-
performance liquid chromatography (HPLC) (Scheme 2).
Two of these rotamers are due to the slow rotation about
the N CO bond that is common in many tertiary amides and
is of no consequence. However, the second set of rotamers
arises due to hindered rotation about the bond connecting
the carbonyl group to the heteroaryl ring and generates a
pair of atropisomers. Although mechanistically interesting,
this phenomenon poses challenges that need to be overcome
during the development of such compounds.

EARLY CLINICAL CCR5 PROGRAM

The oximino-piperidine compound 2 (Sch 351125, Sch-C)
was the first CCR5 antagonist to demonstrate clinical proof of
concept for the treatment of HIV-1-infected individuals [9].
At oral doses of either 50 or 100 mg b.i.d., Sch 351125
achieved similar reductions in plasma HIV-1 RNA of 1.3
log10 following 10 days of monotherapy. It was safe up to
doses of 200 mg b.i.d., but induced QTc prolongation at the
highest tested dose of 400 mg (b.i.d.). The observation of
QTc prolongation in the clinic is thought to be due to the
binding of the compound to the human ether a-go-go re-
lated gene (hERG) potassium channel. In vitro binding stud-
ies showed that Sch 351125 had modest affinity for hERG
potassium channels, and at high doses this compound ap-
parently achieves sufficient exposure for in vivo binding.
This characteristic was investigated further in the backup
program.
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SCHEME 2 Rotational isomers (rotamers) of compounds 2 and 18.
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TABLE 4 Symmetrical Heteroaryl Amides

F3C

N

N

N

O

Het Ar

CH3

CCR5 Data

Compound Het Ar
M2

Ki (nM) Ki (nM) EC50 (nM)
Rapid Rat PKa

AUC (ng·h/mL)

N+

N

N

O--19 255 18 0.9 6760

20 453 3 0.5 6210

aDose = 10 mg/kg, p.o.

BACKUP PROGRAM

The main goals of the backup program were to reduce or elim-
inate the number of rotamers, minimize the QTc prolongation
issue due to hERG binding, and improve the receptor selec-
tivity (CCR5/M2) while maintaining the functional potency
and oral bioavailability associated with the first-generation
compounds. For structural diversity, focus was directed to
the piperidino-piperazine series. Since the high-energy ro-
tamers (from bond rotation b in Scheme 2) stem from the
unsymmetrical nature of the nicotinamide moiety, two types
of symmetrical heteroaryl amides were developed. While the
isonicotinamide 19 was a potent inhibitor of HIV entry and
produced sufficient oral exposure in rat, it showed only 10-
to 15-fold selectivity over the M2 receptor for CCR5. On
the other hand, the pyrimidine carboxamide 20 showed 150-
fold selectivity for CCR5 over M2 while maintaining high
potency and good oral exposure (Table 4).
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FIGURE 4 Observation of rotamers on chiral HPLC.

The existence of rotational isomers can be observed
on chiral HPLC [14]. As shown in Figure 4, the unsym-
metrical amide 18 exhibited four peaks, corresponding to
the four rotamers depicted in Scheme 2. Experimentally,
the high-energy pair of rotamers (from the unsymmetrical
nicotinamide N-oxide) equilibrated to a steady-state mixture
of 2 : 1 in 5 h at 37◦C, 18 h at 25◦C, and 4 days at 10oC.
On the other hand, the symmetrical pyrimidine carboxamide
20 exhibited only two peaks in the chiral HPLC. This is due
simply to the hindered rotation about the amide bond, and
the rotamers equilibrate in < 2 h at 37◦C. In pharmacological
evaluation, despite its improved CCR5/M2 ratio, compound
20 still showed some GI side effects at the 30-mg/kg dose in
rat, and it became evident that the receptor selectivity needed
to be even higher.

Given the structural similarities between templates 2 and
20 and the parallel nature of their structure–activity relation-
ship (SAR), the exceptionally higher receptor selectivity for
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2 pointed toward the central portion of 2 as the origin of re-
ceptor selectivity (Fig. 5). Changing the methyl group on the
piperazine ring in 20 to an ethyl group resulted in diminished
affinity for CCR5, so attention was centered on the benzylic
site.

As the size of the benzylic methyl group was increased
sequentially to ethyl, propyl, and benzyl groups, the recep-
tor selectivity improved by leaps and bounds [15]. However,
the increased lipophilicity of the molecule with the larger
benzylic substituent also resulted in a decrease in the level
of oral exposure observed in rat PK (Table 5). The propyl
derivative 22 had the optimal combinations of excellent po-
tency against a diverse panel of HIV isolates, CCR5/M1-M2
receptor selectivity, and good oral bioavailability in rat and
cynomolgus monkey. It did not inhibit or induce cytochrome
P450 (CYP) enzymes, but was > 99% protein bound. It also
showed 90% inhibition of the hERG channel at 10 µM and

formed an acyl glucuronide metabolite via oxidation of the
propyl side chain.

To block the oxidation of the propyl side chain, it was
replaced by cyclopropyl methyl (24), trifluoropropyl (25),
and methoxy methyl (1) groups, respectively (Table 6). The
cyclopropyl methyl derivative 24 had excellent potency in
the HIV entry and proliferation (PBMC) assays and good
oral exposure in rat. However, it showed potent inhibition
of hERG (>90% at 10 µM). A similar level of hERG li-
ability and reduced potency in the cell-based HIV entry
and PBMC assays knocked trifluoropropyl analog 25 out of
contention.

The methoxymethyl analog 1 (vicriviroc, VCV) had the
best receptor selectivity (M2/CCR5 > 5000) and excellent
oral bioavailability (%F = 100% in rat and 89% in monkey).
In a geographically diverse panel of HIV isolates, compound
1 had a mean IC90 of 6 nM [16], which is an order of

TABLE 5 Large Benzylic Substituents Improve Receptor Selectivity

F3C

N

N

N

R

O

N

N

Binding, Ki (nM)

Compound R CCR5 M1 M2
EC50 (nM)a

Yu-2
Rat PKb

AUC0-6h

20 Methyl 2.8 575 456 0.39 6210
21 Ethyl 5.2 3900 4750 0.35 7310
22 Propyl 1.1 6075 4760 0.18 4600
23 Benzyl 1.4 >3900 >5700 0.13 2030

aHIV entry inhibition.
bAUC = ng · h/mL; dose = 10 mg/kg.



P1: TIX/XYZ P2: ABC
JWBS061-10 JWBS061-Kazmierski May 24, 2011 17:13 Printer Name: Yet to Come

BACKUP PROGRAM 143

TABLE 6 Isosteric Analogs of the Benzylic Propyl Derivative

F3C

N
N

N

R

O

N

N

Binding, Ki (nM)

Compound R CCR5 M1 M2
EC50 (nM)a

Yu-2
IC90 (nM)b

HIV-PBMC
Rat PK

AUC0-6hc

24 cyc-PrCH2 1.6 1,894 3,512 0.2 0.1–4 5,900
25 CF3CH2CH2 N.D.d >3,700 >6,700 1.4 0.5–20 4,600

1 CH3OCH2 2.5 >10,000 >10,000 0.45 0.45–10 6,900
26 CH3CH2OCH2 N.D. >5,000 >5,000 0.2 0.2–3.0 3,100
27 CF3CH2OCH2 N.D. >5,000 >5,000 1.1 5–25 4,230
28 Me2CHOCH2 N.D. >5,000 >5,000 0.9 2–12 2,700

aHIV entry inhibition.
bHIV isolates include JrCSF, ASM57, bal, JV1083, and RU 570.
cAUC = ng · h/mL; dose = 10 mg/kg, p.o.
dN.D., not determined.

magnitude higher than the first-generation compound 2. In
vitro binding studies showed that the dissociation constant
(Kd) for VCV-CCR5 binding is 0.4 nM with a binding half-
life of 12 h. In addition, VCV inhibited activation of CCR5
by its natural ligands, RANTES, MIP-1α and MIP-1β, in
calcium flux, GTPγ S binding, and chemotaxis assays. VCV
did not induce expression of CCR5 mRNA in cells and was
not cytotoxic in cell culture up to a concentration of 50 µM.

The ethoxy methyl analog 26 was slightly more potent but
had only one-half the oral exposure as the methoxy methyl
analog 1 in rats. The trifluoroethoxy methyl analog 27, de-
signed to block the cleavage of the ethyl group, did improve
the oral plasma level in rats but suffered in terms of its po-
tency. The branched isopropoxy ether analog 28 was slightly
less potent than 1 but had only one-third oral exposure levels
in rat. All ether analogs had excellent selectivity for CCR5,
with little or no binding to the muscarinic receptors. The
methoxy methyl ether (1), which had the best combination
of potency, receptor selectivity, and oral exposure, was se-
lected for further profiling.

Introduction of the polar ether substituent in 1 modulated
the protein binding compared to an isosteric alkyl substituent
(84% for 1 compared to 99% for 22). Significantly, it had
reduced affinity for the hERG channel (IC50 = 5.8 µM) com-
pared to the oximino piperidine 2 (hERG IC50 = 1.1 µM).
Accordingly, QTc prolongation was not observed up to
plasma concentrations of 3.5 µM in monkeys and 6 µM
in dogs [16]. A chronic dosing study in rats showed that
there was neither inhibition nor induction of liver enzymes.
VCV is not a Pgp substrate and is unlikely to cause drug in-
teractions when coadministered with Pgp inhibitors [17]. In
addition, it showed good central nervous system (CNS) pen-

etration (brain/plasma = 0.86) in animals. The major route
of metabolism (rat) for VCV is through the liver, where O-
demethylation of the side chain followed by glucuronidation
is observed.

In antiviral assays, VCV (1) was active against a broad
range of HIV isolates from different genetic subtypes and ge-
ographic regions. Also, since inhibition of the CCR5 recep-
tor represents a novel mechanism of viral inhibition, VCV
was active against HIV mutants that were resistant to fu-
sion, reverse transcriptase, and protease inhibitors as well as
multidrug-resistant strains, with EC50 values ranging from
8.7 to 32.9 nM, and less than a twofold change from the EC50

values for the wild-type virus [16]. However, non-R5 tropic
virus strains (X4 and dual) were not inhibited by the action
of VCV. In drug combination studies, VCV showed additive
to synergistic effects in combination with other classes of
anti-HIV agents, including a monoclonal antibody against
the CCR5 receptor [16,18].

Since VCV represented a new class of HIV inhibitor with
a novel mechanism of action, in vitro studies were initiated to
isolate and characterize escape viruses resistant to VCV. Pro-
longed serial passage of virus (> 16 weeks) in the presence of
increasing concentrations of VCV was required to generate
resistant mutants [19,20]. In some cases, up to 52 passages in
the presence of VCV were required to generate highly resis-
tant isolates. In all but one case, VCV-resistant viruses gener-
ated in vitro remained CCR5-tropic and could not infect cells
expressing only the CXCR4 receptor. Further characteriza-
tion showed that these resistant viruses were cross-resistant
to other small molecule CCR5 antagonists but were suscep-
tible to other classes of anti-HIV agents. Sequence analysis
and site-directed mutagenesis studies showed that multiple
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mutations in the viral envelope gene, particularly in the V3
loop region, were associated with VCV resistance. However,
the specific pattern of amino acid mutations observed are
different for each resistant viral isolate; therefore, genotypic
testing for VCV resistance is currently not feasible, and phe-
notypic testing is required to assess VCV susceptibility.

CLINICAL STUDIES

In phase I clinical studies (36 uninfected and 47 HIV-infected
subjects) of multiple doses of VCV (10, 25, or 50 mg b.i.d.),
exposure to the compound increased in a dose-dependent
manner for all subjects. The pharmacokinetic parameters
(mean t1/2 ≥24 h) supported q.d. dosing. VCV was well tol-
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FIGURE 6 (a) Pharmacokinetics and (b) antiviral activity of vicriviroc in HIV-infected subjects.

erated in all patients with no dose-related adverse events. In
related studies it was determined that when VCV is coadmin-
istered with a potent CYP3A4 inhibitor such as ritonavir, ex-
posure increased significantly over that achieved when VCV
was administered as a single agent at the same dose. This
is consistent with the observation that VCV is metabolized
primarily by CYP3A4. When taken with food, the rate of
absorption of VCV decreased slightly, but there was no sig-
nificant change in overall exposure. Cardiac safety data from
several phase I studies, including a thorough QT study, has
demonstrated that VCV does not cause QTc prolongation
up to doses of 50 mg b.i.d. or as high as 150 mg q.d. in a
ritonavir-containing regimen.

The antiviral activity of VCV (Fig. 6) administered as
monotherapy in CCR5-tropic HIV-infected, treatment-naive
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patients with a CD4+ count greater than 250 cells/mm3 was
demonstrated in a proof-of-concept study [21,22]. HIV-1
RNA levels were monitored closely during 14 days of dos-
ing, washout, and follow-up. The primary clinical endpoint
of the study was the mean change from baseline in plasma
viral load (log10 HIV-1 RNA) on the last day (14) of treat-
ment. Viral kinetics, onset, and rebound data were also col-
lected. Subjects were randomized to three groups (n = 16
per group) and received VCV 10, 25, or 50 mg b.i.d. (n =
[12] per dose group) or placebo (n = [4] per dose group)
for 14 days. The steady-state Cmax values were 120, 270,
and 570 nM for the doses of 10, 25, and 50 mg, respec-
tively. Trough (Cmin) concentrations remained above IC90

for more than 12 h. A potent antiviral effect was observed
for all groups receiving VCV. The mean reduction in viral
load was −1.08, −1.56, and −1.68 log10 copies/mL for the
three VCV doses, respectively, compared with no change for
placebo recipients. CD4+ counts also increased by an average
of 140 cells/mm3, while no change was seen in the placebo
group. The antiviral effect lasted for nearly 2 days after the
dosing was stopped, a postantiviral effect that has been ob-
served with other CCR5 antagonists, maraviroc and aplaviroc
[23,24].

A subsequent phase II trial (P03802) in 92 CCR5-tropic
treatment-naive persons explored once-daily (q.d.) dosing
of VCV 25, 50, and 75 mg or placebo. VCV monotherapy
was administered for 14 days prior to initiation of zidovu-
dine or lamivudine in all subjects, and switching of placebo
recipients to efavirenz [25]. Potent antiviral activity was ob-
served in all three VCV dosage groups at day 14. Virologic
breakthrough was observed, however, in the two lower-dose
VCV groups after 16 to 24 weeks of treatment. All of the 22
breakthrough subjects had developed resistance mutations
characteristic of lamivudine resistance (M184V), suggesting
that the regimens had not provided adequate suppression of
viral replication. Only four of these subjects demonstrated
resistance to VCV. When the study was stopped, efficacy
in the VCV 75-mg arm was not statistically different from
that in the efavirenz control arm. Subsequent pharmacoki-
netic analyses suggested that the doses used in the study may
have provided suboptimal exposure to VCV. As the promis-
ing VCV safety profile did not preclude study of higher
exposures, future clinical trials have explored higher VCV
exposures.

Two phase II clinical studies in treatment-experienced
CCR5-tropic HIV patients with VCV have been completed
[26]. In the first study (A5211), patients failing an antiretrovi-
ral regimen containing a ritonavir-boosted protease inhibitor
were randomized to receive VCV 5, 10, or 15 mg q.d., or
placebo. After 14 days, the primary endpoint of change from
baseline plasma HIV-1 RNA was determined and subjects
then received optimized background therapy (OBT), pre-
scribed based on the susceptibility profile of their virus at
the time of screening. At 14 days (prior to optimization of

background therapy), potent antiviral activity was observed
in all VCV arms. However, after all subjects had reached 16
to 24 weeks of therapy, the 5-mg q.d. VCV dose was discon-
tinued, due to suboptimal antiviral activity. All subjects on
that arm were dose-escalated to 10 or 15 mg q.d. Similarly,
after 16 weeks of treatment, any subject who experienced
virologic failure (largely the placebo group) was allowed to
switch to active VCV at a dose of 15 mg. The 10- and 15-mg
arms were continued, without the placebo control, until the
end of the 48-week study. Overall, the safety profile of VCV
was quite promising, with no apparent dose-related adverse
events. When the trial had been ongoing for approximately
18 months, five malignancies were diagnosed over the course
of approximately 6 months. However, following careful ex-
pert and regulatory review, these malignancies were judged
not to be clearly related to VCV, and the study was continued
to its completion.

Subjects who completed the study were allowed to roll
into another trial (P04100) in which they received open-
label VCV: 15 mg q.d. at first and subsequently, 30 mg q.d.
Seventy-nine subjects entered the rollover study, and over
half of those subjects remain on VCV after three to four
years of follow-up [27].

In the second trial in treatment-experienced patients
(P03672), random patients received VCV at 20 or 30 mg
q.d., or placebo, in combination with an OBT regimen con-
taining a ritonavir-boosted protease inhibitor. This trial also
demonstrated a very promising safety profile for VCV and
potent, sustained antiviral efficacy, which at 48 weeks sug-
gested that the 30-mg q.d. dose provided somewhat better
antiviral activity and a reduced likelihood of emergence of
VCV resistance [28].

The subjects of both phase II trials were given the oppor-
tunity to continue receiving VCV 30 mg q.d. in open-label
extensions of the original trials. To date, 205 subjects have
been treated. Mean duration of treatment was 116 weeks
(range 1 to 250 weeks); total exposure to vicriviroc was
457 patient-years. For the subjects who remain on treatment
in these open-label extensions, vicriviroc has demonstrated
excellent long-term tolerability; few subjects experienced
AIDS-defining complications, malignancies were consistent
in type and frequency with expectations in this population,
and there was no clearly vicriviroc-related toxicity. These
combined data represent the longest treatment experience to
date with a CCR5 antagonist [29].

A large global phase III program is ongoing in treatment-
experienced patients, all of whom have now been treated for
at least 48 weeks. A second phase II study is also ongo-
ing in treatment-naive subjects; it is designed to explore the
role of VCV 30 mg in combination with ritonavir-boosted
atazanavir as a novel class-sparing regimen for first-line use.
The VCV regimen is being compared to one of the stan-
dard of care, tenofovir + emtricitabine in combination with
atazanavir/ritonavir.
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CONCLUSIONS

As noted, recognition of the chemokine coreceptor CCR5 as
an essential component of the HIV entry process that can be
deactivated without untoward immunotoxicity was the cor-
nerstone of this case history. That it belonged to the class
of GPCRs, which has given rise to many therapeutic targets,
provided further impetus in support of the program. We were
fortunate to take the right path forward when we came to
a fork on the road toward the discovery of vicriviroc (1).
From a handful of hits in the binding screen, assays to eval-
uate the inhibition of HIV entry and proliferation in PBMCs
and eliminate cytotoxic compounds helped in correctly se-
lecting the piperidino-piperazine family as the template for
our hit-to-lead work. Pruning the molecule that was fully
optimized for a different GPCR target (M2 receptor) gen-
erated a lead (8) with modest potency, selectivity for the
desired target (CCR5), and low molecular weight to start our
lead optimization efforts. Designing in structural complex-
ity from this low-molecular-weight fragment, we were able
to improve receptor selectivity and pharmacokinetic proper-
ties without making the final compound overly bulky. Rapid
evaluation of pharmacokinetics and pharmacology profiles
led to the selection of candidates for preclinical drug safety
evaluation. Feedback from the clinical studies with our first-
generation proof-of-concept compound (2) defined the crite-
ria and direction of the backup program.

This perspective is dedicated to the entire CCR5 team at
Schering-Plough for all their hard work and perseverance
in the face of setbacks that led us to the development of
vicriviroc.
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INTRODUCTION

The identification and characterization of human immunod-
eficiency virus-1 (HIV-1) as the cause of acquired immun-
odeficiency syndrome (AIDS) in 1983 triggered a vigorous
effort to identify antiviral drugs capable of interrupting repli-
cation of a virus that in the absence of therapy represents a
death sentence [1–4]. The initial focus sought to capitalize on
knowledge of the antiviral properties of nucleoside analogs,
with zidovudine (AZT) the first of eight nucleoside reverse
transcriptase inhibitors (NRTIs) eventually approved to treat
the disease [5]. The first nonnucleoside reverse transcriptase
inhibitors (NNRTIs) were described in 1989 [6] and a screen-
ing campaign later surfaced TIBO derivatives [7]. These
discoveries ultimately spawned four marketed drugs [5] in
an arena that continues to be studied with some vigor [8].
The advent of HIV protease inhibitors, heralded by the ap-
proval of saquinavir in 1995, and the development of the
effective combinations of drugs known as highly active an-
tiretroviral therapy (HAART) have transformed HIV into
a more manageable, chronic disease [9,10]. The develop-
ment of HIV inhibitors culminated with the introduction
in 2006 of a fixed-dose combination of tenofovir, emtric-
itabine, and efavirenz (two NRTIs and one NNRTI) into a
convenient once-daily single oral pill marketed as Atripla
[11,12].

However, despite the fact that the more recently approved
HIV inhibitors are generally better tolerated than the early
drugs, leading to improved compliance, 22 of the 25 approved

drugs target just two enzymes: the protease and reverse tran-
scriptase (RT) [5]. HIV exhibits poor fidelity of replication,
a function of the poor proofreading capability of HIV-RT,
leading to the emergence of resistant viruses, a property of
the virus that necessitates combination therapy for effective
control. It was against this backdrop that we implemented a
screening campaign using a virus replication screen to iden-
tify new classes of HIV inhibitors that acted against novel
drug targets without bias for a particular mechanism [13].
This was viewed as a potential avenue toward addressing the
resistance emerging to the most commonly prescribed mar-
keted therapeutics [14]. This initiative produced a number
of compounds that interfered with HIV-1 replication in cell
culture without overt cytotoxicity. Most of these were char-
acterized as NNRTIs, a drug class that is structurally diverse
and for which over 30 distinct chemotypes have now been re-
ported [15]. However, one compound, the simple indole gly-
oxamide (1) (Fig. 1), a member of a purely prospective library
of amide derivatives, emerged as a molecule with a unique
mechanistic profile [16,17]. This compound demonstrated
excellent specificity for inhibition of both M- and T-tropic
HIV-1 (Table 1), assessed by testing against a panel of viruses
that included HIV-2, simian immunodeficiency virus, herpes
simplex virus, human cytomegalovirus, respiratory syncytial
virus, murine leukemia virus, and influenza [17]. Time-of-
addition experiments indicated that 1 inhibited an early event
in HIV infection that was subsequently determined to be in-
terference with the binding of HIV-1 gp120 to the host-cell
receptor CD4 [17].
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FIGURE 1 Initial indole inhibitors.

INITIAL STRUCTURE–ACTIVITY
RELATIONSHIPS

A broad-based approach was adopted to more fully under-
stand the scope of the pharmacophore defined in its most
basic form by 1, with the initial survey focused on an ex-
amination of indole and piperazine substitution patterns and
structural variation of the phenyl ring of the benzamide moi-
ety. The latter enterprise assessed the effect of substitution
of the phenyl ring and its replacement by a range of hetero-
cycles. The structure–activity relationships surrounding the
benzamide element were found to be quite sensitive to both
structural variation and substitution, with the result that none
of the changes examined led to significantly more potent
HIV inhibitors [18]. Similarly, an initial survey of known
acyclic and cyclic piperazine isosteres failed to identify suit-
able substitutes, although introduction of a simple methyl
substituent was found to offer a potency benefit, although
not in a completely predictable fashion [19]. However, the
introduction of a fluorine atom at C4 of the indole nucleus en-
hanced potency in the primary pseudotype assay by almost
60-fold, inspiring a deeper analysis [17,20]. A systematic
survey revealed that substitution at C4 with halogens and
either methoxy or ethoxy improved potency over the pro-
totype 1, but larger or more polar moieties were less well
tolerated [20]. Substitution at C5 or C6 of the indole ring
was generally associated with diminished antiviral activity,
either when introduced individually or in combination with
substituents at other positions. At C7, alkoxy substituents
led to enhanced potency with larger alkyl moieties optimal.
Gratifyingly, the combination of C4 and C7 substituents pro-
duced a series of compounds with excellent potency and

TABLE 1 Antiviral Activity of Indole Attachment
Inhibitors

Virus (Tropism)

SF-2 (T) JRFL (M)
Indole
Compound EC50 (nM) CC50 (µM) EC50 (nM) CC50 (µM)

1 1,030 ± 29 145 ± 23 153.0 ± 119.0 >200
2 62.4 ± 33.7 146 ± 74 2.39 ± 0.85 52.5 ± 1.2

identified an optimal pattern of substitution that subtended
the remainder of the program.

The 4-fluoro derivative 2 was used as a prototype with
which to benchmark pharmacokinetic properties and identify
potential problems with the chemotype. The oral bioavail-
ability of 2 in dogs and monkeys administered at a dose of
10 mg/kg as a solution in poly(ethylene glycol)-400 (PEG-
400) was complete, F = ∼100%. However, the oral bioavail-
ability of 2 was poor in rats, F = 9.4% at a dose of 5 mg/kg,
where the high clearance observed (48 mL/min/kg) was an-
ticipated based on the low metabolic stability of the com-
pound in rat liver microsomal assays. The maximal plasma
concentrations of 2 achieved in all three species exceeded the
antiviral EC50, and dose escalation studies in rats and dogs
revealed dose-related but not dose-proportional increases in
exposure. However, when 2 was administered to rats as a
suspension in water containing 0.75% (w/w) Methocel 4AM
and 0.5% (w/w) Pluronic F68, drug exposure was not mean-
ingful. A nanoparticulate form of the drug was developed that
when administered as a suspension to rats and dogs resulted
in only a marginal improvement, with bioavailability of 4 and
36%, respectively [17]. The problems of dissolution-limited
exposure were related to the poor physical properties of 2,
which showed a low aqueous solubility of 5 µg/mL, almost
1000-fold lower than the solubility in PEG-400, measured as
4.6 mg/mL [17].

These problems prompted a search for compounds that
combined similar or better antiviral activity with improved
pharmaceutical properties. A comparative survey was con-
ducted with indole 3 and the four corresponding azaindoles
4 to 7 to assess the potential of the latter to provide in-
hibitors with better overall profiles than those of the indole
series [21]. The indole derivative 3 (Table 2) was a po-
tent, noncytotoxic inhibitor of HIV-1 in cell culture using a
pseudovirus (LAI strain) assay and displayed high perme-
ability in a Caco-2 assay (Pc 169 nm/s at pH 6.5). However,
this compound exhibited a relatively short half-life when in-
cubated in human-liver microsomes (HLMs, t1/2 = 16.9 min)
and low solubility of 16 µg/mL at pH 6.5 in an aqueous buffer
solution. Poor stability in HLM was considered indicative of
an increased potential for metabolic instability in humans.
Attempts to improve the low solubility and poor stability in
HLM of indoles such as 2 and 3 without adversely affecting
other properties, particularly membrane permeability, proved
challenging.

The profiles of the four possible azaindole derivatives, 4
to 7, were considerably different than that of indole 3, as
can be seen by the data in Table 2, and encouraged further
exploration. Compared to indole 3, the anti-HIV-1 potency
of the 4- and 7-azaindole derivatives, 4 and 7 (EC50 = 1.6
and 1.65 nM, respectively), was similar but reduced for the
6-azaindole analog, 6 (EC50 = 22 nM), and markedly more
so for the 5-azaindole (5) (EC50 = 576 nM). However, it
was anticipated that the positive effects on potency of the
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TABLE 2 Comparison of Indole and Azaindoles
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3 4 5 6 7

EC50 (nM) (LAI) 4.85 ± 4.06
(n =2)

1.56 ± 0.16
(n = 2)

575.90 ± 87.26 21.55 ± 16.98
(n = 2)

1.65 ± 1.60
(n = 2)

CC50 (µM) 195.00 ± 59.47
(n = 2)

>300
(n = 2)

>300
(n = 2)

>300
(n = 2)

280.20 ± 21.92
(n = 11)

HLM, t1/2 (min) 16.9 >100 >100 38.5 49.5
Caco-2 Pc at pH 6.5 (nm/s) 169 76 19 <15 168
Crystalline solubility at 25◦C

and pH 6.5 (mg/mL)
0.016 0.932 0.419 0.487 0.936

pKa
a 10.0 9.0, 5.8 6.2, 9.8 6.0, 9.3 2.0, 9.7

Log D at pH 6.5 1.9 0.9 1.2 1.5 1.8

aSpectrophotometric analysis.

substitution at positions 4 and 7 described previously might
compensate for any differences. The azaindoles uniformly
displayed enhanced solubility by more than 25-fold (419 to
936 µg/mL) over that of indole derivative 3. The azaindoles
also displayed enhanced metabolic stability, as measured by
half-life in HLM (38.5 to >100 min).

The membrane permeabilities based on Caco-2 studies
appeared to correlate approximately with the degree of ion-
ization at pH 6.5, but, again, substitution at the 4- and 7-
positions was expected to modulate this property favorably.
At the time of these studies, the only core heterocycle readily
available commercially was 7-azaindole. The availability of
this intermediate helped accelerate efforts in this series while
new and reliable syntheses of 4- and 6-azaindoles based on
the Bartoli indole synthesis were developed to facilitate SAR
work on a laboratory scale [22].

DISCOVERY OF BMS-378806

The incorporation of a methoxy group at the 4-position of
7-azaindole-based HIV-1 attachment inhibitors provided en-
hanced potency. The (R)-methyl group installed on the piper-
azine ring does not exert a marked effect on potency in this
heterocycle background but contributed to the overall pro-

file of the molecule, which was designated BMS-378806
(Scheme 1, Fig. 2) [17]. This compound proved to be an entry
inhibitor that exhibited a virology profile similar to 2 toward
HIV-1 but with markedly improved aqueous solubility (170
µg/mL) in crystalline form. The solubility of BMS-378806
improved to 1.3 mg/mL at pH 2.1 and 3.3 mg/mL at pH 11,
revealing a U-shaped solubility profile consistent with the
measured pKa values of 2.9 and 9.6 (Table 3). The compound
competed with soluble CD4 binding to a monomeric form
of gp120 in an ELISA assay with IC50 = 100 nM, was not
cytotoxic at concentrations > 225 µM, and did not inhibit the
HIV-1 enzymes reverse transcriptase, protease, or integrase.
BMS-378806 showed no relevant inhibition toward a panel
of other viruses, which, along with additional biochemical
studies, demonstrated that this azaindole had retained the
same mechanism of action as the precursor indoles [17].
The generation of resistant viruses and sequencing identified
M426L, M434I/V, and M475I of gp120 as primary resistance
mutations in the HIV-1 strains NL4-3 and LAI [17,23,24].
Recombinant viruses containing these individual substitu-
tions display a resistant phenotype [23]. The M426L and
M475I mutations map to the pocket on gp120 that interacts
with phenylalanine 43 of CD4, a residue that has been shown
to be critical to recognition; these data provide additional
support for the proposed mode of action [25].
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SCHEME 1 Process for the synthesis of BMS-378806.
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FIGURE 2 HIV attachment inhibitor clinical compounds.

TABLE 3 BMS-488043 vs. BMS-378806: Partial In Vitro Profile

Compound

EC50

(nM)
(JRFL)

CC50

(µM)
HLM t1/2

(min)

Caco-2 Pc
at pH 6.5

(nm/s)

Crystalline Solubility
at 25◦C and pH

6.5 (mg/mL) pKa

log D at
pH 6.5

Protein
Binding
(Human)

BMS-378806 1.47 ± 0.63 >300
(n = 6)

37 51 ∼0.2
1.3 at pH 2.1
3.3 at pH 11

2.9, 9.6 1.6 73%

BMS-488043 0.88 ± 0.46
(n = 56)

>300
(n = 2)

>100 178 ∼0.04
0.9 at pH 1.5
0.25 at pH 10

2.9, 9.3 1.5 95%
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A preparative synthesis of BMS-378806 described in a
published patent application was initiated with the oxidation
of the nitrogen atom of commercially available 7-azaindole
using mCPBA (Scheme 1) [26]. Treatment of the resulting N-
oxide with methanesulfonyl chloride at slightly elevated tem-
peratures yielded 4-chloro-7-azaindole. Conversion of the
4-chloro functionality of the 7-azaindole into a 4-methoxy
group was accomplished with potassium methoxide in re-
fluxing toluene. The dicarbonyl functionality was installed at
the 3-position of the azaindole using a Lewis acid–mediated
Friedel–Crafts acylation with methyl chlorooxoacetate and
aluminum chloride as the catalyst. Interestingly, the use of
nitromethane as a cosolvent resulted in a notable increase
in the yield of this reaction. The resulting methyl ester was
hydrolyzed to a carboxylic acid, which, in turn, was con-
verted to an acid chloride using the Vilsmeier reagent. A
final coupling of the intermediate acid chloride with (R)-
(3-methylpiperazin-1-yl) (phenyl)methanone completed the
synthesis of BMS-378806.

The plasma protein binding of BMS-378806 was found
to be 73, 63, 44 and 54% in human, rat, dog, and mon-
key plasma, respectively, determined using an ultrafiltration
method at a plasma concentration of 1 µg/mL. As predicted
by the high free fraction, the presence of 40% human serum
increased the EC50 value by a modest 1.2-fold in MT-2 cells
infected with HIV-1 LAI virus.

The oral bioavailability of BMS-378806 in rats, dogs,
and monkeys administered as a solution in PEG-400/EtOH
(90 : 10 v/v), was 19, 77, and 24%, respectively, and the
pharmacokinetic profiles of the compound in these species
are summarized in Table 4. In both rats and monkeys, pro-
longed absorption increased the P.O. half-life considerably
over that observed after intravenous (i.v.) administration, a
factor that was taken into consideration for human dose pro-
jection calculations. In rats, an aqueous crystalline suspen-
sion of free base in 0.75% (w/w) Methocel A4M Premium
administered orally at a dose of 25 mg/kg, identical to that
used for solution dosing, afforded a relative bioavailability
of 61%. Importantly, dose-proportional increases in the AUC
and Cmax were observed between doses of 5 and 25 mg/kg
when BMS-378806 was administered either as a solution or
suspension. In the rat, brain levels of the drug were found to
be very low, but the compound did readily partition beyond
plasma based on the volume of distribution, which ranged

from 0.4 to 0.6 L/kg [17]. The compound showed moderate
permeability in a Caco-2 assay, with a Pc value of 51 nm/s.
This value was 3.5-fold lower than the Pc value of 180 nm/s
obtained for basolateral to apical transport, shown to be me-
diated by P-glycoprotein, and these properties could play a
role in the low brain levels [27].

The human clearance of BMS-378806 predicted from mi-
crosomal stability data was 9.2 mL·min/kg (46% of hepatic
blood flow), which indicated intermediate clearance. The
rank order of predicted hepatic clearance based on in vitro
microsomal stability was monkey > rat > human > dog
and a good in vitro-to-in vivo correlation was observed pre-
clinically in all three species [27]. The preclinical studies
were used to generate a predicted human oral bioavailability
of 20% and human dose projections which suggested that
the compound would probably need to be dosed more fre-
quently than once a day, but all of the data suggested that the
compound had the potential to be an important first in class
compound [27].

Additional preclinical studies revealed that BMS-378806
was not a potent inhibitor of any of the five major human
CYP450 enzyme isoforms and was metabolized by CYP450
1A2, 2D6, and 3A4, so the risk of significant drug–drug
interactions in a clinical setting was anticipated to be mini-
mal [17,27]. Safety profiling revealed no significant liabilities
and supported the advancement of the molecule into clinical
studies. The excellent safety, solubility, and protein-binding
profiles of BMS-378806 were all positive attributes that sup-
ported its development. Unfortunately, exposure in normal
healthy volunteers was low and the compound failed to real-
ize targeted plasma concentrations, whereupon development
efforts on the compound were halted [28].

FURTHER OPTIMIZATION OF THE CHEMOTYPE:
THE DISCOVERY OF BMS-488043

Optimization of the 6-aza series proceeded on an indepen-
dent course and resulted in the realization of an early tar-
get, the 4,7-dimethoxy-6-azaindole BMS-488043 [21]. This
compound was a target based on the potency of the 4,7-
dimethoxyindole analog [20]. Interestingly, the pKa values
of 2.9 and 9.3 and log D of 1.5 in octanol/water at pH 6.5
found for BMS-488043 were essentially the same as those

TABLE 4 BMS-488043 vs. BMS-378806: Preclinical In Vivo Studies

Rat Dog Monkey

Parameter BMS-378806 BMS-488043 BMS-378806 BMS-488043 BMS-378806 BMS-488043

Oral Cmax (µg/mL) 0.09 1.9 4.5 2.5 0.3 2.5
Oral AUC (µg.h/mL) 0.5 6.3 11 18 1.9 12
IV terminal t1/2 (h) 0.3 2.4 1.2 2.6 0.9 4.7
Bioavailability (%) 19 90 77 57 24 60
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TABLE 5 BMS-488043 vs. BMS-378806: Antiviral Activity
Against HIV-1 B Clade Clinical Isolates

Envelope
Subtype

No.
Strains
Tested

BMS-488043,
EC50 (nM)

BMS-378806,
EC50 (nM)

B 40 0.6 to >5000
(med. EC50 = 36.5)

1.0 to >5000
(med. EC50 = 61.5)

determined for BMS-378806 (see Table 3). Despite these
similarities, BMS-488043 significantly improved on the two
preclinical liabilities of BMS-378806 of most concern: HLM
stability and Caco-2 permeability. The t1/2 value in HLM
was > 100 min for BMS-488043 in a system where BMS-
378806 had a half-life of 37 min. The Caco-2 Pc for BMS-
488043 was 178 nm/s, which compared favorably with 51
nm/s measured for BMS-378806. The lack of a piperazinyl
methyl substituent in BMS-488043 contributed to the im-
proved metabolic stability of this compound since the methyl
analog was less stable, and studies in related molecules sug-
gested that the methyl group may be a target of oxidative
metabolism. To achieve these gains, BMS-488043 sacrificed
both the fraction of free unbound drug (human protein bind-
ing = 95%) and the crystalline solubility (∼0.04 mg/mL
at pH 6.5, 0.9 mg/mL at pH 1.5, and 0.25 mg/mL at pH
10) compared to BMS-378806. However, BMS-488043 sat-
isfied the objective of identifying a molecule with the cor-
rect balance of permeability, metabolic stability, and potency
without fully compromising solubility or the fraction of free
protein-unbound drug. As shown in Table 5, both azaindole
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SCHEME 2 Process for the synthesis of BMS-488043.

compounds displayed a range of potency toward HIV-1 B
clade clinical isolates, with BMS-488043 possessing a slight
overall advantage. Due to the spectrum of activity observed
for this class of compound, clinical exposures would need
to be sufficient to cover a significant percentage of viruses
rather than just the most susceptible ones with the lowest
EC50 values. Detailed studies of the mechanism of action of
BMS-488043 have been published [29–31].

As shown in Scheme 2, a preparative synthesis of BMS-
488043 from the patent literature began with the selec-
tive bromination of 4-methyl-3-nitropyridin-2-amine and ap-
plied Leimgruber–Batcho indole synthesis methodology for
construction of the azaindole [32]. The diazonium salt of
the 2-aminopyridine intermediate was prepared in situ with
tert-butylnitrite under acidic conditions, and then displace-
ment with methanol installed the desired 2-methoxy group.
Lithium methoxide and N,N-dimethylformamide dimethy-
lacetal were employed to provide the desired enamine inter-
mediate. The second methoxy group was installed through
a copper(I)-mediated displacement of the bromide under ba-
sic conditions at elevated temperature. The 6-azaindole was
formed by reduction of the 3-nitro functionality to a primary
amine followed by spontaneous cyclization onto the enamine.
The desired 4,7-dimethoxy-6-azaindole was isolated as an
HCl salt from a solution of TMSCl in isopropanol. As in the
synthesis of BMS-378806, the α-ketoester was installed at
the 3-position of the azaindole using a Lewis acid–mediated
Friedel–Crafts acylation. The final step in the synthesis of
BMS-488043 was the direct amide formation from the anion
of N-benzoylpiperazine and the methyl ester intermediate.
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The in vitro property advantages of BMS-488043 trans-
lated into significant improvements in the pharmacokinetic
profile [33]. Particularly gratifying was the significant in-
crease in the oral bioavailability and exposure of BMS-
488043 observed in rats and monkeys, although exposure
(AUC) and i.v. terminal half-lives were higher in all three
species than for BMS-378806 (Table 4).

The oral bioavailability of BMS-488043 from solution
(90% PEG-400/10% EtOH) was 90, 57, and 60% in rats,
dogs, and monkeys, respectively, which compared with 19,
77, and 24% for BMS-378806 (Table 4) [21,33]. A crys-
talline suspension of BMS-488043 at 5 mg/kg (mean particle
size ∼7 µm) in rats provided an acceptable bioavailability
of 55%. After oral dosing, plasma levels in rat, dog, and
monkey measured at 12 h were at least 18-fold higher than
the median antiviral EC50. The compound readily distributed
out of plasma, but brain levels were very low in rats. The
human clearance, based on either human microsomal data or
allometric scaling of animal data (where a good in vitro/in
vivo correlation was seen), was predicted to be low (1.5 to
3.0 mL/min/kg). The terminal half-life after i.v. administra-
tion ranged from 2.4 to 4.7 h in the animal species, with the
human half-life predicted to be 3.0 to 4.9 h from allometric
scaling of animal data [33].

The pharmacokinetic and metabolic profiles of BMS-
488043 predicted that the compound should have better oral
exposure in humans than was observed from BMS-378806.
In addition, in HLM, the compound was primarily metabo-
lized by CYP3A4, suggesting that its exposure might po-
tentially be enhanced by coadministration of a CYP3A4
inhibitor such as ritonavir. BMS-488043 displayed a phar-
maceutical and preclinical toxicology profile that supported
further development, and its profile suggested that the com-
pound should not cause significant drug–drug interactions.

In normal healthy volunteers, under fasting conditions,
Cmax and the AUC of BMS-488043 following administration
of formulated capsules at single doses of 200, 400, or 800 mg
increased in a dose-related but not dose-proportional man-
ner [28]. Exposure did not increase significantly following
doses of 1200, 1800, or 2400 mg in capsules, but expo-
sure over a 400 to 1200-mg dose range was increased three-
to five-fold when administered concomitantly with a high-
fat rather than a low-fat meal. A solution dose of 200 mg
increased exposure three-fold over the capsule formulation
under fasting conditions and pretreatment with ritonavir at
a dose of 400 mg of BMS-488043 increased exposure by
43%. The oral exposure of BMS-488043 in humans was at
least 15-fold higher than that of BMS-378806 under similar
dosing conditions [33].

The antiviral activity, safety, and tolerability of BMS-
488043 were evaluated in a multiple-dose study in HIV-
infected adults [28]. Patients received doses of either 800 or
1800 mg of BMS-488043 or placebo every 12 h for 8 days
concomitantly with a high-fat meal, which was specified to

enhance exposure. Monotherapy was safe and well tolerated,
with no serious adverse events observed during the study.
Of the drug-treated patients, 67% had a viral load decline
of >0.5 log10 copies/mL, while none of the placebo-treated
subjects achieved that level of viral load decline. The ma-
jority of BMS-488043-treated patients in both groups (7 of
12 in the 800-mg group and 8 of 12 in the 1800-mg group)
saw their HIV viral loads decrease by at least 1.0 log10. The
results of these clinical studies with BMS-488043 demon-
strated that an orally bioavailable small-molecule HIV-1 at-
tachment inhibitor can express potent antiviral activity in
infected subjects.

BMS-663749: A PHOSPHONOXYMETHYL
PRODRUG OF BMS-488043

To achieve targeted plasma exposure levels in humans, a
large dose of BMS-488043 administered concomitantly with
a high-fat meal was required to overcome problems arising
from dissolution- or solubility-limited absorption. The neces-
sity for a high-fat meal and the excessive pill burden required
to achieve targeted exposure multiples precluded further de-
velopment of the initial clinical capsule formulation. Devel-
opment of a prodrug and improvements to the formulation
were considered suitable approaches to enhancing the ex-
posure of BMS-488043 in humans and to eliminating the
high-fat-meal requirement. Recently, several successful ap-
proaches to improving the oral bioavailability via alternative
formulation of BMS-488043 have been described [34,35].

Phosphate prodrugs, either as direct derivatives or with
incorporation via linkers, have been used to successfully en-
hance the solubility and exposure of a range of compounds
by both i.v. and oral routes [36,37]. A recent successful ap-
plication of this type of prodrug approach to the antifungal
agent ravuconazole from our own laboratories was a factor
in the decision to explore the potential of this as a solu-
tion to the issue of dissolution- or solubility-limited absorp-
tion [38]. However, the record of success for orally admin-
istered phosphate-based prodrugs has been less impressive
than for i.v. applications, and several studies have attempted
to elucidate the physicochemical properties predictive of suc-
cess [36,37]. In general, compounds with high permeability
and low solubility (BCS class 2) for which the projected dose
is not extremely low are compounds for which a phosphate
prodrug approach is predicted to offer an opportunity to sig-
nificantly enhance oral exposure. BMS-488043 fits this pro-
file and was thus deemed an excellent candidate with which
to examine this approach to providing an improved formula-
tion. However, prodrug design is still an experimental science
since the success of a phosphate prodrug approach is also de-
pendent on empirical properties, including the ability of the
parent compound to remain supersaturated in intestinal flu-
ids, the propensity for crystallization in vivo, and the stability
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SCHEME 3 Generation of BMS-488043 from BMS-663749.

of both the phosphate prodrug and linker intermediates. The
azaindole nitrogen of BMS-488043 provides a convenient
functionality to introduce prodrug moieties, but the direct
attachment of a phosphate group to the azaindole nitrogen
was not promising. Therefore, a methylene phosphate pro-
drug moiety was attached to the indole nitrogen since this
moiety offered considerable potential to provide a functional
phosphate prodrug.

BMS-663749 is the methylene phosphate prodrug of
BMS-488043 and could be isolated as either the free acid
or in salt form [39,40]. The hydroxymethyl indole interme-
diate arising from enzyme-mediated dephosphorylation of
BMS-663749 in vivo was expected to collapse spontaneously
to BMS-488043, simultaneously liberating one molecule of
formaldehyde per molecule of BMS-488043 (Scheme 3). Lit-
erature precedent suggests that hydroxymethylindole deriva-
tives are unstable when the pKa of the indole N H is less
than 11 [41]. As mentioned earlier, the pKa measured for the
azaindole N H of BMS-488043 is 9.3. Consistent with this,
the intermediate hydroxymethylazaindole has not been iso-
lated or detected. BMS-663749, crystallized as a monolysine
salt, was an off-white powder containing a small amount of
amorphous material. The aqueous solubility of BMS-663749
at room temperature increases from 0.22 mg/mL at pH 1.4 to
>12 mg/mL at pH 5.4 and pH 8.9. Concentrations of >100
mg/mL have been achieved in water. In contrast, the aqueous
solubility of BMS-488043 in the pH range 4 to 8, as men-
tioned earlier, is 40 µg/mL. The prodrug exhibits satisfactory
aqueous solution stability under acidic and neutral conditions
for at least 24 h at 37◦C.

The initial synthetic route to BMS-663749 (Scheme 4)
is comprised of four steps, the last two of which can
be accomplished without isolation of the penultimate
free acid intermediate. To ensure reproducible reactiv-

ity, di-tert-butylchloromethyl phosphate was freshly pre-
pared from tert-butylammonium bis-protected phosphate
and chloroiodomethane for each run performed. An early
survey of conditions revealed that deprotonation of BMS-
488043 could be carried out with 3 equivalents of sodium
hydride and that the subsequent iodine-catalyzed alkyla-
tion was optimally executed with 5 equivalents of di-tert-
butylchloromethyl phosphate. Silica gel chromatography
provided the diester in sufficient purity to allow subsequent
deprotection, salt formation, and crystallization steps to re-
liably produce pure material. A broad survey of organic and
inorganic salts identified the monolysine salt, monohydrate,
as the best candidate for advancing to key in vivo studies
with a crystalline form that could reproducibly be prepared
to meet purity and stability targets. The overall yield from
BMS-488043 was about 56% using this discovery chemistry
procedure, and a more efficient synthesis will be disclosed
elsewhere.

Following oral administration, BMS-663749 is thought to
be hydrolyzed by alkaline phosphatase (ALP) present at the
brush border membrane of the intestinal lumen to form BMS-
488043, which is subsequently rapidly absorbed, due to its
high membrane permeability. This hypothesis is supported
by the fact that good-to-excellent oral bioavailabilities (62 to
94%) of BMS-488043 were observed after administration of
BMS-663749 to rats, dogs, and monkeys, and very little or no
BMS-663749 was found to be present in plasma. Phosphate
prodrug BMS-663749 was hydrolyzed to form parent in the
presence of human placental alkaline phosphatase, a num-
ber of cell lines, and hepatocytes, suggesting that it should
function similarly in humans.

In a food-effect study (crossover design) comparing a
BMS-663749-filled capsule and the BMS-488043 clinical
capsule (at 20-mg/kg equivalent doses of BMS-488043), the
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SCHEME 4 Synthesis of BMS-663749.

AUC of BMS-488043 in fasted dogs given BMS-663749 was
about 4.3-fold higher than that obtained from a clinical cap-
sule of BMS-488043 in the fed animals and 38-fold higher
than that obtained in the fasted dogs [39,42]. The AUC and
Cmax values of BMS-488043 after dosing with BMS-663749
were similar in both fasted and fed dogs (there was a nine-
fold increase in AUC in fed dogs administered BMS-488043
as the clinical capsule compared to fasted dogs). This demon-
strated that after oral administration of the prodrug, a signif-
icant increase in the exposure of parent drug was achieved

without a food effect. Furthermore, the enhanced in vivo ex-
posure from BMS-663749-filled capsules suggested that a
traditional solid oral dosage form of BMS-663749 for sys-
temic delivery of BMS-488043 was feasible. No specific
toxicology or safety issues were identified for BMS-663749
during preclinical and pre-IND profiling.

Since preclinical studies with BMS-663749 suggested that
it acted as a highly water-soluble source of BMS-488043 with
the potential to address the dissolution- or solubility-limited
absorption encountered in initial clinical studies, the prodrug
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was advanced to clinical studies in normal healthy volun-
teers. In these studies, the prodrug was found to be efficient
in delivering parent molecule to plasma after oral dosing and
the exposure of parent molecule increased nicely with es-
calating dose. The pharmacokinetic behavior of a 200-mg
equivalent dose of solid prodrug approximated that observed
from a 200-mg solution dose of parent molecule. However,
although these initial studies demonstrated the viability of the
phosphate prodrug approach, both BMS-663749 and parent
BMS-488043 were supplanted in development by molecules
with superior profiles.

FURTHER SAR: STUDIES OF C7-INDOLE-AMIDES
AND HETEROCYCLES

In addition to substitutions at the C7 position of the attach-
ment inhibitor indole or azaindole with simple functional
groups, molecules with more elaborated amides and het-
erocycles at the position were also investigated [43]. As
shown in Table 6, the primary carboxamide 8 maintained
potency in a single-cycle infection assay using the JRFL-
enveloped pseudotype virus, while the methyl amide analog
9 exhibited a modest increase in potency as compared to the
C7-unsubstituted parent compound 2. As exemplified by the
pyridin-3-yl carboxamide 10, substitution with a more bulky
or extended amide group often led to a >10-fold decrease in
potency. However, certain five-membered heteroaryl amide
analogs provided subnanomolar potency, as demonstrated
by the thiazol-2-yl analog 11, which exhibits an EC50 of
57 pM in the pseudotype assay. More interestingly, direct
incorporation of the indole C7 position with a variety of
heterocycles, particularly the five-membered rings, resulted
in substantial enhancement in potency to the subnanomolar
range (e.g., analogs 12 to 15). These C7 heteroaryl analogs
were at least several fold more potent than their correspond-
ing heteroaryl amide analogs (compare, e.g., 10 and 12, and
11 and 13), with 12 showing a dramatic improvement in po-
tency over 10. Substitution on the heteroaryl appended to
position 7 was also well tolerated and usually maintained the
subnanomolar potency of the series. Moreover, these C7 het-
eroaryl inhibitors, including the oxadiazole 14 and the tetra-
zole analog 15, also maintained nanomolar activity against
M- and T-tropic viruses in cell culture. As mentioned above,
a methoxy group also conferred potency to the indole chemo-
type and was another preferred substituent at C4. In general,
the 4-OMe-substituted analogs of the C7 amide and hete-
rocycle series were equipotent to analogs in the 4-F-indole
series.

For both the C7 amide and heterocycle series, it was chal-
lenging to obtain a balance between human liver microsomal
stability and membrane permeability. Analogs that contained
less polar amide groups or heterocycles at C7 were perme-
able, but unstable in human liver microsomes. Analogs with

TABLE 6 Antiviral Activity and Cytotoxicity of 4-F-7-
Carboxamide and Heteroaryl-Indole Inhibitors
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more polar amide groups or heterocycles were metaboli-
cally stable, but showed poor Caco-2 membrane permeabil-
ity. Pharmacokinetic studies of these two classes of inhibitor
in rats nevertheless suggested that oral bioavailability cor-
related with membrane permeability. For example, the C7-
1,2,4-oxadiazole analog 14, which possessed an excellent
Caco-2 permeability [Pc (pH 6.5) >300 nm/s], showed an
oral bioavailability of 89% and a Cmax of 2.6 µg/mL when
dosed orally as a solution in 90% PEG-400/10% EtOH to
rats (i.v. 1 mg/kg, p.o. 5 mg/kg). However, indole 14 was
predicted to be a compound of a high clearance class in hu-
mans based on its half-life of 17 min in HLM. The stable
tetrazole analog 15 (t1/2 > 200 min in HLM) had a Caco-2
permeability of 17 nm/s and thus showed negligible oral ex-
posure in rats. Surprisingly, the methyl amide 9 showed good
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metabolic stability in HLM (t1/2 = 81 min) and a desirable
Caco-2 permeability (112 nm/s), which translated into an
oral bioavailability of 65% in rats. Subsequent in vivo evalu-
ations also indicated that inhibitor 9 had high oral exposure
in dogs and monkeys. However, the potency of 9 against a
range of HIV clinical isolates and laboratory strains in cell
culture in the presence of human serum was judged to be
insufficient, consistent with high protein binding (98.9%),
which precluded development. The profiles of compounds 8
to 15 were insufficient to consider advancing them for fur-
ther development. However, accounts of additional studies
in both the indole and azaindole motif and the discovery of
molecules and prodrugs with superior profiles and that sup-
planted BMS-488043 and BMS-663749 in development will
be provided in the future.

OTHER SMALL-MOLECULE HIV INHIBITORS
THAT BIND TO gp120

Small-molecule gp120 inhibitors have been reviewed rel-
atively recently [44]. Currently, we are unaware of any
additional small molecules that target gp120 from other
groups with the potential to advance into clinical studies
in the near future. A synthetic bivalent inhibitor composed
of two BMS-378806 molecules tethered via the C4 posi-
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FIGURE 3 HIV gp120 inhibitors.

tion was reported. The compound was not significantly more
potent than BMS-378806, but it was more potent than a
monomer core with linker attached (Fig. 3) [45]. Two dis-
tinct oxalamide-containing small molecules, NBD-556 and
NBD-557 (Fig. 3), that block gp120-CD4 interaction were
identified using an HIV syncytium assay [46]. PF-821385
(Fig. 3) an inhibitor of gp120-CD4 interaction was advanced
into clinical studies [47,48]. However, development of PF-
821385 was abandoned after single-ascending-dose studies
in healthy volunteers predicted an efficacious drug dose close
to or above the maximum tolerated dose [49,50]. A series of
gp120-CD4 inhibitors with a sulfonamide as an isostere for
the ketoamide group have also been disclosed [51]. Finally,
a patent application claimed molecules that would bind to
HIV envelope proteins and cause conformational changes
that induced the exposure of cryptic epitopes on the enve-
lope proteins [52].

CONCLUSIONS

In summary, initial optimization of the preclinical in vitro
and in vivo profiles of a 6-azaindole series of attachment
inhibitors relied upon SAR gleaned in preliminary stud-
ies with early indole and 7-azaindole leads and provided
a 4,6-dimethoxy-substituted compound BMS-488043. This
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attachment inhibitor offered improved in vivo pharmacoki-
netic properties in three species and appeared to address the
low permeability and metabolic stability that were consid-
ered to be the most serious liabilities associated with BMS-
378806, a 7-azaindole compound that had shown insufficient
exposure in human clinical studies. BMS-488043 demon-
strated proof of concept for this class of HIV inhibitor in HIV-
1-infected human subjects. A phosphate prodrug of BMS-
488043, BMS-663749, advanced into clinical studies in nor-
mal healthy volunteers, and the prodrug methodology was
shown to be a workable approach to addressing dissolution-
or solubility-limited absorption in this class of compounds.

Acknowledgments

The authors gratefully acknowledge the contributions of all
the researchers who contributed to Bristol-Myers Squibb
Co.’s HIV attachment program, the majority of whom are
cited in the references.

REFERENCES

[1] Gallo, R. C.; Montagnier, L. The discovery of HIV as the
cause of AIDS. N. Engl. J. Med. 1990, 349, 2283–2285.

[2] Pomerantz, R. J.; Horn; D. L. Twenty years of therapy for
HIV-1 infection. Nat. Med. 2003, 9, 867–873.
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INTRODUCTION

Raltegravir (MK-0518, 1) is a potent first-generation HIV
integrase inhibitor (Fig. 1). It inhibits integrase-catalyzed
strand transfer with an IC50 value of 10 nM and is a potent
antiviral agent, inhibiting the spread of HIV infection in cell
culture with an IC95 of 33 ± 23 nM in the presence of 50%
normal human serum. It retains activity vs. diverse clinical
isolates, including HIV-2, and exhibits a potent antiviral ef-
fect in treatment-naive patients and in patients infected with
triple-class resistant virus. The compound has few drug–drug
interactions and does not require co-dosing with a P450 in-
hibitor such as ritonavir for good bioavailability [1–4].

A second-generation HIV integrase inhibitor was sought
that maintains the good efficacy, tolerability, and lack of
drug–drug interactions of 1 while also having improved
pharmacokinetics that would allow once-daily dosing, and
activity against mutant virus resistant to first-generation in-
hibitors. In this chapter we describe work leading to the
identification of compound 2 as a second-generation inte-
grase inhibitor candidate [5].

Previous experience in developing integrase inhibitors
was useful in designing a new chemical class of compounds
to achieve these goals. The original diketo acid integrase in-
hibitor L-731988 (compound 3, Fig. 2) displays a template

of two carbonyl groups flanking a central enol moiety [6–8].
The terminal carboxyl group appears to act as a Lewis base
rather than as a Lewis acid, as has been demonstrated by
its replacement by functional groups that have Lewis ba-
sic but not Lewis acidic character (e.g., by a pyridine moi-
ety) [9]. This is exemplified by two templates explored in two
first-generation HIV-1 integrase inhibitors that use a Lewis
base heteroatom as a replacement for the carboxyl group.
For the early clinical candidate 1,6-naphthyridine L-870810
(compound 4) [10,11], the Lewis base heteroatom is the
1-naphthyridine nitrogen. For the pyrimidinone 1 [12,13] it
is the 6-oxo group. Exploration of the structure–activity re-
lationship (SAR) leading to these series showed that potency
is enhanced if these three key structural elements of the phar-
macophore are coplanar with one another [12,14,15]. Both
the 1,6-naphthyridine and pyrimidinone incorporate a ring
nitrogen ortho to the central amide bond, which allows that
amide bond to be coplanar with the rest of the template.

Novel templates that took advantage of these features were
developed. For example, in the bicyclic template 5, the cen-
tral amide bond is forced to be planar relative to the rest of
the template through use of a constraining alkyl ring. Com-
pounds of this type were found to be potent inhibitors [16].
In designing analogs to this bicyclic system, it appeared that
tetrahydronaphthyridine template 6 would be a good target,

Antiviral Drugs: From Basic Discovery Through Clinical Trials, First Edition. Edited by Wieslaw M. Kazmierski.
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.

163



P1: TIX/XYZ P2: ABC
JWBS061-12 JWBS061-Kazmierski May 24, 2011 14:22 Printer Name: Yet to Come

164 DISCOVERY OF MK-0536: A POTENTIAL-SECOND GENERATION HIV-1 INTEGRASE STRAND TRANSFER INHIBITOR

N

N

N O
H C3

CH3

CH3

CH3

O

OHO

Cl

F

MK-0536,  2

NN

OH

O

CH3

H
N CH3

CH3
O

NN

O
H C3

O

H
N

F

Raltegravir, 1
MK-0518

FIGURE 1 First- and second-generation HIV-1 integrase in-
hibitors.

since it encompasses many of the same structural features
as 5. In addition, the carboxylic amide moiety para to the
phenolic oxygen was envisioned as an important structural
element, since similar substitution in the 1,6-naphthyridine
series had resulted in greatly improved metabolic stability
[10,11,17].

RESULTS

The synthesis of the carboxamide-substituted tetrahydron-
aphthyridine template 6 was accomplished using chem-
istry similar to that first reported by Kozikowski and Isobe
for the synthesis of tetra-substituted pyridine 1-3 from the
Diels–Alder reaction of diethyl maleate 1-1 and 5-ethoxy-2-
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FIGURE 2 Evolution of tetrahydronaphthyridine target 6.
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    7 h, 49%
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SCHEME 1 Kozikowski–Isobe synthesis of tetra-substituted
pyridines.

(pent-1-en-2-yl)-1,3-oxazole 1-2 (Scheme 1) in 49% isolated
yield [18]. When we explored this type of reaction, it was
observed that the ethoxy-substituted oxazole 1-2 was a very
volatile reagent and that even under sealed reaction condi-
tions it has a tendency to evaporate out of the liquid phase
of the reaction and condense at the top of the reaction ves-
sel. This type of Diels–Alder reaction appears underutilized
in the literature, perhaps because the high volatility of the
ethoxyoxazole precludes efficient conversions. In planning
the synthesis of template 6, it was proposed to decrease the
volatility of the diene and thus make it a more compatible
reactant with the dienophile 2-3 (Scheme 2). This was ac-
complished by simply adding molecular weight to the diene
in the form of an extended alkyl substituent on the ester to
give n-butyloxyoxazole 2-6. Dienophile 2-3 and the oxazole
2-6 were prepared as outlined in Scheme 2.
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SCHEME 2 Synthesis of the Diels–Alder reaction components 2-3 and 2-6. (a) NaH, NMP, 0◦C; (b) LiHMDS, THF, −20◦C; (c) toluene,
Na2CO3, 100◦C; (d) 1-butanol, thionyl chloride, room temperature to 70◦C; (e) diethyloxalate, TEA, ethanol, room temperature to 50◦C;
(f) P2O5, CH3CN, room temperature to 60◦C.

The Diels–Alder reaction was performed neat in a sealed
vessel at 130◦C, with about a 2 : 1 ratio of diene to dienophile,
for 48 to 72 h (Scheme 3). Initial experiments indicated a
modest yield of the desired Diels–Alder product 3-1; how-
ever, the goal of decreasing the volatility of the diene was
achieved, and the desired product that formed precipitated
from the reaction and could easily be isolated by filtration
after the cooled reaction mixture was diluted with ether. It
was noticed that batches of oxazole 2-6 that had been chro-
matographed more than once gave lower yields than batches
that had been chromatographed once, raising the possibil-
ity that some acidic impurity carried over from the oxa-
zole formation, could potentially catalyze the Diels–Alder
reaction. Further experimentation revealed that the conver-
sion of the reactions and the yields could be greatly im-
proved with the addition of a small amount (0.75 equiv) of
neat trifluoroacetic acid (TFA). Higher equivalents of TFA
led to lower yields, as more of 2-6 reverted to 2-5. Subse-
quently, it was found a milder proton source, such as water

N

O

F

N
O

O
OEt

O
N

O

F

Cl

N

OH

O OEt

Cl

3-1

a)

2-3

2-6

75% yield

SCHEME 3 Optimized Diels–Alder reaction to form carboxy-substituted tetrahydronaphthyridine template 6. (a) 1.4 equiv 2-6,
1.5 equiv H2O, neat, 130◦C, sealed vessel, 48 to 78 h.

(1.5 equiv), also produced product, and in better yield (75%).
Up to 4 equiv of water produced product in a similar fash-
ion, but larger amounts of water (∼ 0.5 M reaction solu-
tion) inhibited the reaction. Only the desired regioisomer
was isolated from filtration of the crude reaction mixture
slurry with ether. The remaining mass consisted of multiple
by-products.

With a robust route to the tetrahydronaphthyridine now
available, we sought a synthetic route that would allow
us to vary the amide substituents late in the synthesis so
that many analogs could readily be prepared. An example
is outlined in Scheme 4. Oxidation of the pyridine to the
N-oxide 4-1, followed by acetylation, rearrangement, and
hydrolysis of the resulting diacetic ester 4-3 gave 4-4 in
good yield. Using conditions developed for the synthesis of
Raltegravir [19], excellent selection of N-alkylation product
4-6 over the O-alkylation product was possible, presumably
because magnesium’s coordination of the diol in 4-5
attenuates the nucleophilicity of the tetrahydronaphthyridine
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SCHEME 4 Preparation of tetrahydronaphthyridine analogs. Preparation of analog 13. IUPAC numbering for tetrahydronaphthyridine
template 6. (a) H2O2/HOAc 100◦C; (b) Ac2O, 100◦C; (c) NaOCH3/THF/CH3OH 45◦C; (d) Mg(OCH3)2, CH3I, DMF, 60◦C; (e) Cs2CO3,
CH3I, DMF; (f) LiOH, THF/CH3OH/H2O; (g) oxalyl chloride, DMF (cat.), CH2Cl2; (h) (CH3)2NH; (i) HBr/HOAc.

system. A variety of simple alkyl halides could be used
in this reaction [20]. Protection of the phenolic oxygen
through methylation gave 4-7. This step proved some-
what problematic to drive to completion, but the fully
protected product proved to be a good candidate for

purification midway through the sequence. Hydrolysis of
the purified 4-7 followed by formation of the acid chloride
and coupling with an appropriate amine gave the amide,
which was then deprotected and chromatographed to give
final products 7 to 15 (Table 1), such as the compound
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TABLE 1 Alkyl Substitution Analogs of Tetrahydronaphthyridine Template 6

N

N

O N
R3

R2

R4

O
OHO

F

R1

Compound R1 R2 R3 R4

Strand Transfer
(IC50 nM)

(0.5 nM Mn)a

Antiviral
Activity in cell

Culture
(10% FBS)
(IC95 nM)b

Antiviral
Activity in cell

culture
(50% NHS)
(IC95 nM)c

PB 10%
Humand Log Pe

7 H H CH3 H 11 375 645 97.6 0.9
8 H CH3 CH3 H 1 354 539 56 0.56
9 H CH3 CH3 CH3 11 333 291 51 0.74

10 H H CH3 CH3 8 > 1000 500f 68 0.95
11 Cl CH3 CH3 H 8 10 19 97 1.3
12 Cl H CH3 CH3 7 250 333 90 1.5
13 Cl CH3 CH3 CH3 16 73 91 78 1.3
14 Cl CH3 CH3 Et 2 16 33 88 1.7

2 Cl CH3 CH3 iPr 3 16g 35g 90 2.1
15 Cl CH3 CH3 iBu 7 38 337 97 2.5

aInhibition of strand transfer assay [26], n ≥ 2.
bAntiviral activity in cell culture in the presence of fetal bovine serum (FBS) [27], n ≥ 2.
cAntiviral activity in cell culture in the presence of 50% normal human serum (NHS) [27], n ≥ 2.
dPercent binding to 10% human plasma extrapolated to 100%.
eLog of the partition coefficient (octanol/water).
f n = 1.
gn = 197.

shown, 13 [6-(3-chloro-4-fluorobenzyl)-4-hydroxy-N,N-
dimethyl-3,5-dioxo-2-(propan-2-yl)-2,3,5,6,7,8-hexahydro-
2,6-naphthyridine-1-carboxamide]. In this way a variety
of analogs with a different substitution at the amide and
N-substitution could be prepared in a convergent fashion.

Different benzyl substituents were either incorporated
from the beginning by synthesis of the appropriate N-
benzylated dienophile, or p-OCH3-benzyl was used as a
protecting group on the dienophile, which could be taken
through the Diels–Alder reaction to give intermediate 5-1.
This protecting group was robust enough to survive the sub-
sequent oxidation and amide formation steps, yet could be
removed easily at a late stage of the synthesis to give inter-
mediate 5-4, which could then be selectively N- alkylated
with the desired N-benzyl groups (Scheme 5).

Examination of the tetrahydronaphthyridine products re-
vealed that they exhibited atropisomerization. The steric bulk
of the substituents on the amide nitrogen, the ring nitrogen,
and the protons on the methylene of the naphthyridine ring
cause steric strain between these substituents. As a result, the
amide bond is forced out of the plane of the tetrahydronaph-
thyridine system (Fig. 3). The steric strain hinders rotation
of the amide bond around the carbon–carbon bond, giving
rise to long-lived rotational isomers (atropisomers). Similar

atropisomer behavior has been reported for 1,2-substituted
naphthylene compounds [21]. Experimentally, atropisomer-
ization was revealed by the presence of diastereotopic benzyl-
CH2-proton peaks in the NMR spectra. Also, using chiral
HPLC, the enantiomers of analog 13 can be separated un-
der neutral conditions (CH3OH/HPLC, or CO2/CH3OH/SFC
conditions) [22].

At pH 5 and lower, racemization of the purified enan-
tiomers was slow; in pH 5 buffer/CH3OH solution, the t1/2 for
racemization was about 8.4 h. Long-lived atropisomers can
pose a challenge to drug development, since each enantiomer
must be characterized separately for safety issues [23,24].
However, it was found that the atropisomers of analog 13
rapidly interconvert in pH 7 buffer with a half-life of only a
few minutes, thus diminishing this concern [22]. Deprotona-
tion of the phenolic oxygen will be more pronounced at pH
7 and higher, leading to greater access to the putative transi-
tional intermediate C (Fig. 4), which may help to explain the
relative ease of atropisomer interconversion at higher pH.

The greater steric bulk of the isopropyl substituent in com-
pound 2 raised the possibility that it would undergo intercon-
version of the atropisomers at a significantly slower rate than
for compound 13. MMMF calculations indicated an differ-
ence of about 8 kcal between 2 and 13 (26 vs. 18 kcal;
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SCHEME 5 Alternative route to analogs with different N-benzyl substituents. (a) TMSCHN2, CH2Cl2, CH3OH; (b) LiOH, THF; (c)
(CH3)2NH, EDC, HOAT, TEA, THF; (d) mCPBA, CH2Cl2; (e) Ac2O, 110◦C, 16 to 24 h; (f) NaOCH3; (g) Mg(OCH3)2, CH3I; (h) 33%
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Fig. 5) in the energy barrier for interconversion [25]. The
barrier to interconversion was estimated using a torsional
drive on the angle indicated in Figure 3.

To extend these investigations into more physiologically
relevant conditions, the atropisomers of 2 were incubated in
water and in human plasma and the rate of atropisomers inter-
conversion was determined by chiral HPLC. Interconversion
of the two atropisomers of 2 in an aqueous environment was
strongly influenced by pH. In water, the material became

a 15 : 85 mixture of enantiomers in 60 min. Lowering pH
slowed the interconversion, and raising the pH gave more
rapid interconversion. In human plasma at 9 µM concen-
tration, the t1/2 of interconversion is too fast to measure by
these methods, with complete interconversion observed in
less than 30 min. Similar rates of interconversion were ob-
served in dog, rat, and rhesus plasma. It was concluded that
interconversion of the atropisomers in vivo was likely to be
so rapid as not to pose any developmental hurdle [23].
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FIGURE 3 Hindered rotation of the external amide bond of tetrahydronaphthyridine analog 13.
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The analogs in Table 1 were prepared and evaluated for
their strand transfer and antiviral activity in vitro. Strand
transfer inhibition and antiviral activity for analogs 7 to 15
are shown in Table 1. The first four analogs (7 to 10) pos-
sessing a 4-fluorobenzyl group were explored with varying
substitution on the amide and pyridine nitrogen. While the
compounds were potent inhibitors of strand transfer reac-
tion, they showed > 300 nM antiviral activity in assay con-
ditions with low or high serum concentrations. As a group
(compounds 7 to 10) the compounds possessed a partition
coefficient (log P) of < 1. Addition of a 3-chloro sub-
stituent on the benzyl ring increased the log P values into
the > 1 to 2.5 range. While the intrinsic strand transfer ac-
tivity of analogs 7 to 10 was similar to that of the chloro
analogs 11 to 13, the chloro-substituted analogs’ antiviral
activity was improved two- to 28-fold even in the presence
of 50% human serum, perhaps as the result of improved cell
permeability.
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FIGURE 5 MMMF calculation of energy barrier for interconver-
sion of atropisomers of compounds 13 and 2.

Alkylation of the amide NH or the pyrimidinone NH was
associated with lowering of protein binding (compare ana-
log 7 to analogs 8 and 10, and analog 13 to analogs 11
and 12). Compounds possessing both 4-F,3-Cl-benzyl sub-
stitution and per-alkylation of the amide and pyrimidinone
showed the best profiles. In particular, compounds 11, 13,
14, and 2 showed excellent inhibition of integrase activity in
the strand transfer inhibition assay and were < 100 nM in the
antiviral cell assay in the presence of 50% human serum. Al-
though intrinsically quite potent, the isobutyl analog 15 lost
activity in cell culture relative to the other analogs, probably
due to its greater affinity for plasma proteins.

The emergence of HIV mutants that exhibit resistance
to treatment is a well-documented and worrisome reality
of antiviral therapy. To illustrate, the x-ray structure of the
catalytic domain of integrase is shown in Fig. 6 [28]. Shown
in yellow are the three catalytic residues: aspartic acids 64
and 116 and glutamic acid 152. Aspartic acids 64 and 116 are
shown with magnesium bound to them, as it is known that
Mg2+ is required to catalyze the 3′-processing and strand
transfer reactions [29].

Studies were undertaken to better understand the relation-
ship between inhibitor structure and the evolution of mutant
viruses. Serial passage experiments with different structural
classes of integrase inhibitors have generated drug-resistant
viruses, which have been characterized to reveal their amino
acid substitution around the catalytic site [30,31]. After se-
rial incubations, the diketo acid 16 [8] (Fig. 7) selects for
mutations in the amino acids residues highlighted in green
(S153Y, T66I/S153Y, S153Y/N155S). Napthyridine (4) se-
lects for those in magenta (F121Y/T125K). Compound 1
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Catalytic Residues

Diketoacid 16

Naphthyridine 4

Pyrimidine 1

FIGURE 6 Modeling depiction of x-ray data for an HIV integrase active site. Colored residues (magenta, cyan, green) indicate residues
found in mutant viruses generated from extended serial passage of cells cultured with integrase inhibitors of different structural classes.
Yellow: HIV integrase catalytic residues [28]. Green: amino acids mutated in response to prolonged incubation with a diketo acid inhibitor
(compound 16). Pink: amino acids mutated in response to prolonged incubation with a naphthyridine analog inhibitor (compound 4). Light
blue: amino acids mutated in response to prolonged incubation with a pyrimidine analog inhibitor (compound 1). (See insert for color
reprensentation of the figure.)

produces mutations in the amino acids highlighted in light
blue (Q148K, E138A/G148K, E138A/G140A/Q148K).

To summarize these findings, these catalytic domain mu-
tations strongly suggest that these inhibitors are binding to
the catalytic site. Structurally different inhibitors selected
for different sets of mutants, indicating that they appear to
be binding in different orientations within the catalytic do-
main. Mutation residues occur throughout the catalytic site.
Interestingly, N155 and Q148 mutations can confer cross-
resistance to all structural classes.

As research has progressed, a panel of laboratory mutants
was selected to evaluate next-generation inhibitors. Mutant
viruses were constructed using site-directed mutagenesis.
The ability of integrase inhibitors to inhibit viral reproduction
is assessed with a single-cycle infectivity assay [30,31].

Potency against the panel of mutant viruses improves sig-
nificantly with greater steric bulk of the R1 substituents for
13, 14, 2, and 15 (Table 2). Compound 2 maintains good po-

CH3
16

O OH

OH

O

FIGURE 7 Structure of diketo acid (16) used in serial passage to
generate mutant in vitro.

tency against T66I/S153Y, Q148K, and F121Y, with only a
three-fold decrease against these single and double mutants.
Compounds 2 and 15 exhibit significant effect against the
triple mutant isolated from in vitro passage with 1. Further-
more, compound 2 demonstrates a significant improvement
in mutation profile when compared to the first-generation
inhibitors 1 (MK-0518) and Elvitegravir (GS-9137)
(Fig. 8) [32].

It is generally believed that the key to maintaining sup-
pression of mutant virus is the ability to maintain trough
levels of HIV inhibitors that are in excess of the IC95 of
the inhibitor. Pharmacokinetic (PK) profiles consistent with
once- or twice-daily a day dosing that maintain or exceed
these trough levels are therefore very important. The PK pro-
file of compound 2 was examined in rats and dogs and was
very encouraging (Fig. 9). In rats, the mean trough level at
24 h after an oral dose of 10 mg/kg was 250 nM, 6.25-fold
the IC95 for the compound (35 nM), and in dogs the mean
trough level 24 h after a 2-mg/kg oral dose was 62 nM.

Many HIV-infected patients are treated with HIV pro-
tease inhibitors, which either have P450 enzyme inhibitory
activity themselves or are co-dosed with ritonavir, a potent
P450 inhibitor, to extend their half-life and exposure [33,34].
It has proved relatively straightforward to add compound 1
to the dosing regimens of such patients, as it is eliminated
not through the action of P450 enzymes but by the forma-
tion of the O-glucuronide through UGT enzyme activity [1].
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TABLE 2 Mutation Profiles: Inhibition of Mutant Virus by Tetrahydronaphthyridine Integrase Strand Transfer Inhibitors

N

N

O N
CH3

CH3

R1

O

OHO

F

Cl

Ratio of IC50 in Single-Cycle Infectivity Assaya for Mutant Virus vs. Wild-Type Virus

Compound R1

Antiviral Activity
in Cell Culture

(50% NHS)
(IC95, nM) T66I/S153Y N155S Q148K

E138A/G140A/
Q148K F121Y

1 52 1 17 48 388 3
4 93 3 18 12 607 8
11 H 19 4 18 N.A. N.A. 6
13 CH3 91 6 27 20 462 7
14 Et 34 2 32 4 N.A. 3
2 iPr 35 1 3 1 118 1
15 iBu 337 1 4 1 86 2

aSee [30,31] for assay details. N.A., not available.

Examination of the metabolism of compound 2 in rats and
dogs found that it, too, is eliminated primarily through the
UGT pathway and therefore may also be an excellent candi-
date for addition to the optimized background therapy (OBT)
regimen for patients. Incubation of 13 and 2 in dog and hu-
man hepatocytes provided a measure of intrinsic stability for
these compounds across species (Table 3). Both compounds
showed low human hepatocyte clearance, thus producing a

low predicted human clearance. For compound 2, the human
clearance predicted is 0.9 ± 0.6 mL·min/kg.

Compounds 13 and 2 were identified as compounds suit-
able for further exploration in a clinical setting. Their large-
scale synthesis therefore became necessary. It was envisaged
that a synthetic sequence similar to the medicinal chemistry
route could furnish the requisite drug candidate in quan-
tities sufficient to support exploratory clinical trials. The

T6
6I

/S
15

3Y
N

15
5S

Q
14

8K

E1
38

A/
G

14
0A

/Q
14

8K
F1

21
Y

N
15

5H
E9

2Q
/N

15
5H

Q
14

8R
G

14
0S

/Q
14

8H
G

14
0S

/Q
14

8R

MK-0536

MK-0518
GS-9137

0

100

200

300

IC
50

 ra
tio

 o
f m

ut
an

ts
 v

s.
 W

T
 H

IV
-1

in
 in

fe
ct

iv
ity

 a
ss

ay
 

Clinical mutantsLaboratory mutants

388X

2194X

399X
395X

FIGURE 8 Ratios of compound IC50s for laboratory and clinical mutant virus vs. wild-type virus.



P1: TIX/XYZ P2: ABC
JWBS061-12 JWBS061-Kazmierski May 24, 2011 14:22 Printer Name: Yet to Come

172 DISCOVERY OF MK-0536: A POTENTIAL-SECOND GENERATION HIV-1 INTEGRASE STRAND TRANSFER INHIBITOR

Rat PK 10 mg/kg

%F = 29
Cl = 2.3 mL.min/kg
Vd = 0.66 L/kg
AUC = 47.7 
t1/2 = 5.7 h

N

O

F
N

OH

O N

Cl O

0.010

0.100

1.000

10.000

100.000

25.0020.0015.0010.005.000.00

Time (h)

(a)

(b)

(L
og

) 
C

on
ce

nt
ra

tio
n 

(µ
M

)

0007
0008
0009
Mean

IC95 = 35 nM

0.010

0.100

1.000

10.000

25.0020.0015.0010.005.000.00

Time (h)

(L
og

) 
C

on
ce

nt
ra

tio
n 

(µ
M

)

4405412
4416287
Mean

IC95 = 35 nM
Dog PK 2 mg/kg

%F = 60
Cl = 2.2 mL.min/kg
Vd = 0.6 L/kg
AUC = 15.4 µM.h

µM.h

t1/2 = 4.5 h

N

O

F N

OH

O N

Cl O

FIGURE 9 (a) Rat and (b) dog PK for compound 2. Nat salt, P.O., in 0.5% methylcellulose: rat, 10 mg/kg; dog, 2 mg/kg.

TABLE 3 Dog and Human Hepatocyte Stability of Compounds 13 and 2a

Hepatocyte Stability Assay
(Cl, mL·min/kg)Antiviral Assay

(IC95, nM)
(50% NHS) Dog Human
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CH3
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CH3

CH3

N
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Cl

N
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O

CH3

ON

CH3

H3C

2, MK-0536; low predicted human clearance: 0.9 ± 0.6 mL.min/kg

13

91 3.6 1.8

35 10 3

aHuman clearance predicted, using the well-stirred model [35].
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Diels–Alder product 3-1 was determined to be a key inter-
mediate (Scheme 6). Efficient elaboration to an intermediate
like 6-1 would allow flexibility in the final approach, which
could explore the medicinal chemistry route of alkylation to
give 6-3, followed by amide formation, or replace it with an
alternative scheme of amide formation to give 6-2 followed
by alkylation to give the final products.

Before the route could be employed to prepare kilogram
quantities of drug, several scalability and reaction safety con-
cerns had to be addressed, including reduction of the number
of steps and/or number of isolation steps, elimination of time-
consuming chromatographic purifications, and overall yield
improvement.

Compound 3-1 is a common intermediate in the synthe-
ses of both 2 and 13 (Scheme 6). Consequently, a robust
and efficient synthesis of this compound was paramount to
support each delivery of bulk drug. Closer examination of
the Diels–Alder reaction of oxazole 2-6 and dienophile 2-3
showed that 3-1 was formed regioselectively in a 9 : 1 ratio
over the other possible Diels–Alder product 7-2 (Scheme 7).
In developing the large-scale synthesis of 3-1, several safety
and reaction issues had to be overcome. These included: (1)
detrimental formation of 7-1 in the reaction between glycine
butyl ester 2-4 with diethyl oxalate, which resulted in loss
of yield and necessitated chromatographic purification of the
oxalate 2-5; (2) inefficient stirring of the reaction mass due
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SCHEME 7 Process optimization of intermediate 3-1: impurities to be avoided and optimized reaction conditions. (a) SOCl2, BuOH, 95%
yield; (b) ethyl oxalyl chloride, Et3N, EtOH, 94% yield; (c) P2O5, CH3CN, 80% yield; (d) 50% NaOH, Bu4NHSO4, tert-BuOCH3, 93%
yield; (e) LiHMDS, PhS(O)OCH3, heat, 90% yield; (f), neat, 1 mol% H2O, 130◦C, 70% yield.

to gel formation in the subsequent cyclization–dehydration
step to form 2-6; (3) evolution of large volumes of hydro-
gen gas from the use of sodium hydride in the alkylation of
valerolactam to give the N-substituted product 2-2; and (4)
difficulty in scaling the cycloaddition step, since this involved
a solvent-free reaction in a sealed tube at 130◦C and isola-
tion via triturating the solid formed upon cooling, as well
as chromatographic purification on a large scale to removed
unwanted regioisomer 7-2.

The first issue was solved when 2-4 was caused to re-
act with commercially available ethyl oxalyl chloride. This
resulted in isolation of 2-5 in 94% yield and of suffi-
cient quality to be used in the next step without prior pu-
rification, as no bisamide 7-1 was detected. Second, the
cyclization–dehydration of 2-5 with P2O5 to afford the ox-
azole 2-6 required precise control of temperature and initial
reaction concentration. Mixtures of P2O5 aged in acetonitrile
with moderate heating (30 to 40◦C) are prone to go through
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a phase-change phenomenon resulting in a gelatinous mass
that is difficult to agitate. Adding a portion of the oxalate in
acetonitrile (5 to 10% of charge) to the reaction slurry prior
to warming overcame gel formation. Alternatively, the ad-
dition of an inert filter aid, Solka Floc, prior to heating also
alleviated gel formation. Quenching the batch under safe op-
erating conditions was achieved by steady transfer of the
reaction mixture to chilled water, resulting in a two-phase
mixture. Extraction with ethyl acetate gave a stock solution
of 2-6 that was used directly in the next step.

Third, a safer, more efficient formation of 2-2
was achieved under phase transfer conditions (NaOH/
Bu4NHSO4/MTBE), which provided the added advantage
of improved yield and product purity. Finally, formation of
3-1 proved to be an interesting problem to solve at scale. The
original small-scale procedure called for the reaction to be
run without organic solvent in the presence of 1 mole equiv-
alent of water, and at 130◦C in a sealed tube with product
solidification upon cooling. Interestingly, the reaction failed
in a variety of solvents and was unaffected by the presence
of typical Lewis acids employed in Diels–Alder reactions.
The confounding issues of product solidifying, variability
in yield, and the need to remove the unwanted Diels–Alder
regioisomer raised concerns of ease of isolation and repro-
ducibility at scale. Fortunately, we overcame these issues by
performing the reaction in a sealed autoclave at 130◦C in the
presence of 5 to 10% water (the reaction developed 200 psi
of pressure at the kilogram reaction scale). Once the reaction
was complete, N-methylpyrolidine was added to prevent so-
lidification of the reaction upon cooling. After cooling to 20
to 25◦C, 1 : 1 water–ethanol was added to the solution and
the product was crystallized with complete rejection of unde-
sired regioisomer 7-2. The desired product 3-1 was isolated
in 65 to 70% yield and > 99% purity (Scheme 7).

With a reliable synthesis of 3-1 now in hand, our attention
was drawn to the safe and scalable conversion of 3-1 to
compound 13 via compound 8-1 (Scheme 8). The original
oxidation conditions involved the use of 30 wt% aqueous
hydrogen peroxide in glacial acetic acid at 100◦C. The N-
oxide 4-1 formed was then isolated in approximately 95%
yield and heated in acetic anhydride at 100◦C to give the
rearrangement product as the bisacetate 4-3. Isolation of 4-3
followed by cleavage with sodium ethoxide then gave 8-1
in 86% yield over the two steps. Besides safety concerns
connected to performing this reaction at scale, significant
amounts (10 to 15%) of unsaturated product 8-2 were formed
that could be effectively removed only by chromatography.

For large-scale preparation of intermediate 8-1 a more
efficient and safer process was developed (Scheme 8). By
carrying out the reaction with commercially available 32%
per-acetic acid in acetic acid as the oxidant at 45 to 50◦C,
4-1 was formed in > 95% assay yield. To increase efficiency
in the oxidation–rearrangement process, 4-1 was not isolated
and instead carried through into the next stage as a solution

in toluene. Addition of acetic anhydride to the solution, then
heating to 100◦C, gave the bisacetate 4-3, and cleavage of
the acetate groups with sodium ethoxide afforded the desired
product 8-1 in 75 to 80% overall yield from 3-1. Using these
conditions, < 0.5% of 8-2 was observed in the final product.

Scale-up issues also needed to be resolved for the N-
methylation step leading to 4-6 (Scheme 8), including the use
of copious amounts of methyl iodide, and inconsistent yields
due to reaction stalling. Conditions that overcame reaction
stalling were developed. By removing excess CH3OH prior
to addition of the alkylating reagent and replacing methyl
iodide with methyl tosylate, the reaction consistently gave
> 95% conversion, and isolation of crude material, followed
by swishing in hot methanol as a purification step, afforded
the intermediate 4-6 in 70% yield. The original procedure for
conversion of 4-6 to 13 called for four consecutive reactions
involving protection of the hydroxyl group, saponification of
the ester to the acid, in situ formation of the acid chloride,
and then subsequent reaction with dimethylamine. Finally,
deprotection of the hydroxyl group and chromatographic pu-
rification afforded the desired product 13 in 27% yield from
4-6 (Scheme 8).

To minimize the number of steps involved, an efficient di-
rect conversion of intermediate 4-6 to the desired compound
13 was developed (Scheme 8). No reaction was observed be-
tween 4-6 and (CH3)2AlN(CH3)2 or HN(CH3)2/MgCl2, and
an unclean reaction was observed from the reaction of 4-6
with LiN(CH3)2. However, efficient direct conversion to 13
was achieved by reacting 4-6 with (CH3)2NMgCl (prepared
in situ from 2 M dimethylamine in THF and 2 M i-PrMgCl in
THF) to afford 13 in 84% yield and 97% purity. The reaction
proceeds with concomitant formation of the unsaturated lac-
tam 8-3, at 1 to 1.5%. Formation of the unsaturated lactam is
not understood. NMR evidence clearly suggested that it is not
an artifact of previous reactions. Indeed, with a combination
of higher reaction temperatures (> 0◦C) and longer reaction
times, increased levels of the lactam 8-3 (concentrations as
high as 10% were observed). Fortunately, the impurity may
be removed to acceptable levels (< 0.5%) by treatment of
an ethanolic solution of the product with Darco G 60 to give
the final product (13) in > 99% purity and 71% overall assay
yield from 4-6.

The next goal was to develop a large-scale preparation of
compound 2 (Scheme 9). Initial probe reactions exploring the
synthesis of compound 2 indicated that an alternative, more
efficient route would be required to support multikilogram,
bulk drug demands. However, with a change in the order
of chemical transformations (i.e., amidation prior to oxida-
tion, then alkylation), judicious application of the final-stage
chemistry developed for compound 13 would suffice in deliv-
ering initial drug quantities to meet pressing project time lines
(Scheme 9). Direct amidation of 3-1 by (CH3)2NMgCl gave
modest yields, but amidation of the acid chloride, formed in
situ from the acid 9-1, gave pure amide 9-2 in > 95% isolated
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yield. Oxidation and rearrangement under conditions de-
scribed above afforded 9-3 in 80% yield (Scheme 9).

Scale-up of the final two steps indeed proved to be prob-
lematic. In the penultimate step, which utilized transient pro-
tection of the hydroxyl groups as the magnesium bis-alkoxide
9-4, stringent removal of methanol was critical; otherwise,
competitive formation of N-methyl analog 13 was observed.
This presumably resulted from in situ formation of methyl
iodide from the reaction between CH3OH and MgI2 formed
during the reaction. In the final alkylation step, DMSO proved
to be the optimal aprotic solvent, and control of reaction tem-
perature was key to obtaining > 95% conversion. With reac-
tion temperatures > 50◦C, competitive reaction of isopropyl
iodide with DMSO was observed, leading to incomplete re-
actions and consequently to contamination of final product
with 9-3. Unfortunately, under these conditions unavoidable
formation of the O-isopropyl product 9-5 was observed. Al-
though significant amounts (∼ 45%) of 9-5 were obtained,
the desired product (2) was isolated from the mixture via
selective crystallization from ethyl acetate/cyclohexane, and
final re crystallization from acetone/methyl tert-butyl ether
gave 2 in 42% yield, 99% purity, in sufficient amounts to
support early clinical work.

A more efficient and chromatography-free synthesis [36]
was later developed to supply bulk drug, whereby N-

alkylation is introduced prior to forming the naphthyridone
ring (Scheme 10). Conversion of 10-7 to 10-9 was devel-
oped as a through process, whereby conjugate addition of
diphenylketimine glycine amide 10-4 (prepared in four steps
from CBZ-glycine 10-1 in 57% overall yield), followed by
reduction amination with acetone, gives isopropyl amine in-
termediate 10-9. This is followed by reaction with ethyl ox-
alyl chloride to furnished the penultimate oxalate intermedi-
ate 10-10 in 45% overall yield from 10-7. Ring closure was
caused by treatment of 10-10 with DABCO to afford 2 in
80% isolated yield and > 99% purity.

CONCLUSIONS

In summary, a novel heterocyclic template that combined
structural features from earlier classes of integrase com-
pounds can be prepared by an efficient water-catalyzed
Diels–Alder reaction. Exploration of the substitution in this
series led to the discovery of potent integrase inhibitors with
excellent activity against mutant virus raised both in vitro
and in the clinic. Compound 2 proved particularly effec-
tive. Compound 2 was also found to possess excellent phar-
macokinetics, and studies in human hepatocytes led to a
low predicted human clearance. Modification of the initial
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synthesis produced an efficient process that allowed large-
scale synthesis to support preclinical and clinical studies.
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INTRODUCTION

Recent years have been marked by real progress in global re-
sponses to the HIV epidemic. Activism created a new norm
around the right to access to treatment for people living with
HIV worldwide, and 3 million people are now taking an-
tiretroviral medication [1]. UNAIDS and other key actors are
redoubling prevention efforts through systematic analysis to
determine what works and what can be scaled up. Although
there have been some setbacks in research on new prevention
technologies, such as vaccines and microbicides, investment
and attention continue to grow. At the same time, sobering
statistics underscore that neither prevention nor treatment is
keeping pace with the epidemic. Every day some 6800 peo-
ple are newly infected with HIV and over 5700 die from
AIDS [2]. For every person newly accessing antiretroviral
therapy, more than four people are becoming newly infected.
Currently, 25 approved drugs for the treatment of HIV in-
fection exist, and these are categorized into six classes: (1)
protease inhibitors, (2) nucleoside reverse transcriptase in-
hibitors (NRTIs), (3) non-nucleoside reverse transcriptase
inhibitors (NNRTIs), (4) integrase inhibitors, (5) chemokine
co-receptor (CCR) inhibitors, and (6) fusion inhibitors. The
last three classes have recently been approved as treatments
for HIV infection, with one marketed drug in each class:
maraviroc (Celsentri) for CCR5 [3], the injectable fusion in-
hibitor peptide enfuvirtide (Fuzeon) [4], and the integrase
inhibitor raltegravir (Isentress), the discovery of which is de-
scribed in this chapter. The most common drug combination
given to those beginning treatment consists of two NRTIs

combined with either an NNRTI or a “boosted” protease
inhibitor. Ritonavir (in small doses) is most commonly used
as the booster; it is a strong Cyp450 inhibitor and by this
inhibition reduces the oxidative metabolism of the other pro-
tease inhibitors, prolonging their plasma half-life. An exam-
ple of a common antiretroviral combination is the two NR-
TIs zidovudine and lamivudine, combined with the NNRTI
efavirenz. At the beginning of treatment, the combination of
drugs that a person is given is called first-line therapy. If after
awhile HIV becomes resistant to this combination, or if side
effects are particularly strong, the combination of the drugs
is changed to find a more effective or tolerated therapy, this
procedure is continually implemented every time that the
therapy becomes ineffective. After several cycles of different
combination therapies, there is a shift in the possible ther-
apy, called second-line therapy, which will ideally include a
minimum of three drugs, and possibly with at least one from
a new class, in order to increase the likelihood of treatment
success. There is now a considerable patient population with
resistance to multiple classes of the traditional drugs, and it
is to these patients that the newer drugs were initially tar-
geted. Although over the years a plethora of HIV-1 integrase
inhibitors have been discovered [5], raltegravir is the first
drug with this mechanism of action approved by the FDA
and EMEA. Integrase is required to carry out the insertion
of HIV-1 DNA into the genome of the host cell. Integrase
assembles on the ends of the viral DNA as one compo-
nent of the viral preintegration complex (PIC) and catalyzes
two sequential catalytic reactions, specifically 3′ endonucle-
olitic processing of the viral DNA, and strand transfer, which
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covalently links the viral and cellular DNAs [6]. In vivo
proof of concept for the integrase inhibition was first shown
in an experimental model of retroviral infection using rhesus
macaques infected with SHIV-89.6P with 8-hydroxy [1,6]-
naphthyridine carboxamides. The robust antiviral activity in
this model supplied evidence of in vivo efficacy for inte-
grase inhibitors in retroviral infections, thereby establish-
ing a solid base for the treatment of HIV-1 infection [7].
Furthermore, proof of concept has also been achieved in
humans [8].

DISCOVERY

The medicinal chemistry behind the discovery of raltegravir
by Merck Research Laboratories Rome (known as IRBM)
relies on an understanding of the similarities of the mecha-
nism of action of HIV integrase and another polynucleotidyl
transferase, the NS5b RNA-dependent RNA polymerase of
HCV virus. HIV-1 integrase is a 32-kDa enzyme comprised
of three structurally and functionally distinct domains, all
required for each step of the integration process. Extensive
mutagenesis studies mapped the catalytic site to the core
domain (residues 50 to 212), which contains the catalytic
residues Asp64, Asp116, and Glu152. These residues are
highly conserved in the integrase superfamily and polynu-
cleotide transferases, including the RNA-dependent RNA
polymerase of HCV. In both enzymes, two metal ions (Mg2+)
are present in the active site and hold by the amino acids
mentioned above, the cations are required for phosphoryl-
transferase activities. Early studies using recombinant inte-
grase and high-throughput screening assays have led to the
identification of 4-aryl-2,4-diketobutanoic acids (1, Fig. 1)
as the first class of potent and selective strand transfer HIV
integrase inhibitors [6]. Diketo acids (DKAs) compete with
host DNA for the binding site on HIV integrase, thus selec-
tively inhibiting the strand transfer process. This inhibition
is dependent on the presence of divalent ions, magnesium, or
manganese in in vitro assays [9].
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FIGURE 1 From HCV polymerase to HIV integrase: the discovery of the pyrimidine carboxamide lead.

It is believed that the diketo acid moiety chelates with
two divalent metal ions in the active site of the integrase to
form a tertiary ligand–Me2+–integrase complex, thus block-
ing substrate DNA binding. At IRBM in Rome, we discov-
ered simultaneously that DKAs were also active-site HCV
NS5b RNA-dependent RNA polymerase inhibitors [10], with
a mechanism of action similarly related to the interaction with
metals in the active site. This finding was the basis of an in-
tegrated drug discovery program where compounds made as
inhibitors of the HCV polymerase were screened also on the
HIV integrase, and vice versa. Because the diketoacid group
is biologically labile and suffers from other undesirable prop-
erties, on both programs we were interested in replacing it
with alternative, more stable, metal chelating ligands. Further
screening of the sample collection identified a second low-
micromolar-specific and reversible inhibitor of NS5b HCV
polymerase, competitive with the diketoacid, a meconic acid
ester (2, Fig. 1) [11]. Whereas the meconic acid lead was
unstable and underwent decarboxylation in acidic media,
the constraint of the six-membered ring was an attractive
template. Therefore, we designed workable replacements for
this core structure, maintaining a chelating moiety formed
by a carbonyl, an acidic hydroxyl function, and a carboxylic
acid.

This work led to the identification of a dihydroxypyrimi-
dine carboxylic acid (3, Fig. 1) [12], which was much more
stable in acid and basic media and did not have any issue of
irreversible covalent binding to protein present in the DKA
series, showing great improvement in the druglike proper-
ties of this new class of inhibitors. The compound was ac-
tive against HCV polymerase (30 µM) with good selectivity
against other enzymes that have a Mg2+ ion in the active
site. However, this class of compounds had modest potency
in the HCV cell–based assays. This is probably due to the
highly polar nature of the pyrimidine carboxylic acid tem-
plate, which at physiological conditions has the carboxylic
acid and the hydroxyl group at the 5 position both depro-
tonated. Thus, replacement of at least one of these acidic
functionalities was sought. Many carboxylic acid isosteres
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were prepared and tested, including simple amide and es-
ters. Although this work did not give any satisfactory result
in the HCV program, it gave a real breakthrough for the
HIV integrase. In fact, one of the potential acid replacement,
a benzylamide (4, Fig. 1), proved to be a potent inhibitor
(IC50 = 85 nM) of the strand transfer reaction catalyzed by
HIV integrase but inactive against HCV NS5b at 50 µM. In
pharmacokinetic studies in rat, the compound showed mod-
erate oral bioavailability (15%) and low plasma clearance
(5 mL·min/kg). Counterscreening studies to assess selectiv-
ity showed that it did not inhibit human DNA polymerase α,
β, and γ at 10 µM.

These findings supported the fact that we had discovered
a valid lead for the HIV integrase project. However, 4 had a
number of issues: It showed modest activity in the cell-based
assay, low bioavailability in rat, and was highly plasma pro-
tein bound (< 1% unbound in human plasma). In particular,
the nonspecific binding of a drug to plasma protein, mostly
serum albumin and α-acid glycoprotein, is an important de-
terminant of its biological efficacy since it modulates the
availability of the drug to its intended target. Drug–protein
complexes in plasma also serves as drug reservoir for free
drug concentration, as the drug is removed from the body
by various elimination processes and prolong the duration of
action. Thus, the physicochemical properties, the effective
concentration to be targeted, and the potential side effects
influence how much binding to plasma proteins can still be
tolerated and precisely how this parameter has to be tuned for
a new drug entity. In particular, in the HIV field it is known
that compounds with very high protein plasma protein bind-
ing show a marginal activity in the cell-based assay in the
presence of human serum. To assess the role of serum pro-
tein on drug availability at a quantitative level, the inhibitor
concentration required to inhibit 95% of the spread of HIV
infection in MT4 cell culture was measured in the presence
of low-serum (10% fetal bovine serum, 10% FBS) and also
in the highest serum feasible conditions (50% normal human
serum, 50% NHS) that are considered close to the physiolog-
ical conditions. Both assays were important for compound
selection, since cell-based activity in the low-serum condi-
tions (10% FBS) reflects the ability to cross cell membranes
while the high serum conditions (50% NHS) provided effi-
cacy in a physiologically more relevant environment.

We started lead optimization of 4 by exploring the benzy-
lamide moiety, and a focused library of more than 200 amides
was synthesized and screened [13]. From this set of com-
pounds, structure–actvity relationship (SAR) trends began to
emerge. It was immediately evident that the NH was essen-
tial (Table 1, 5) and an aromatic ring separated by at least
one sp3 atom was essential for the activity since the anilide
6 (IC50 = 1 µM) and the cycloalkyl derivative 7 (IC50 =
50 µM) lost significant activity. α-Branching on the benzylic
amide was also detrimental (8, IC50 = 0.2 µM). An extensive
SAR performed on the benzyl ring (data not shown) showed

TABLE 1 Investigation of the Amide

N

N

OH

OH

N

O

R
S

R1

Compound R R1 QI IC50 (nM)

4 CH2Ph H 85
5 CH2Ph Me 530
6 Ph H 1000
7 CH2-cyclohexyl H >1000
8 CH(CH3)Ph H 200
9 (4-F)Ph H 10

that a small electron-withdrawing group in the para posi-
tion was preferred. The 4-fluoro-substituted benzyl amide 9
(IC50 = 0.01 µM) was optimal for enzyme inhibition, and
by and large this substituent on the amide portion was used
throughout the course of the project. However, despite the
increased in vitro potency, compound 9 showed weak inhi-
bition of the spread of HIV-1 infection in cell culture. The
rat pharmacokinetic profile showed improved oral bioavail-
ability (F = 29%), exposure 1.3 (nAUC µM·h·kg/mg), and
plasma clearance (11 mL·min/kg) similar to that of 4.

The modest cellular activity of 9 can be explained by
a combination of factors, such as poor cell permeability,
high protein binding, and poor solubility. To improve these
parameters, the 2-position of the pyrimidine core became
the focus of the subsequent SAR [14]. We found that the
thiophene ring of 9 could simply be replaced with an H,
generating the minimal template that conserves the intrinsic
activity in the enzymatic assay, or substituted by simple
small alkyl groups, or benzyl, aryl, or heterocycles, without
affecting the activity. We interpreted the small effect that
changing the 2-substituent had on in vitro potency as evi-
dence that this part of the molecule does not interact strongly
with the enzyme, and therefore this appeared to be the site
that would be most likely to tolerate more dramatic changes
influencing the physicochemical properties of the inhibitors
aiming to develop compounds with activity in the cell-based
assays. To address the low activity in the cell-based assays
we chose to try to incorporate functional groups with polarity
or large dipole moments. We started by including amines,
with the thinking that this may also help balance the negative
charge on the molecules due to the 5-hydroxyl group,
which is deprotonated at physiological pH. Compound 11
(Table 2), in which a dimetylamino group was added to
the benzylic methylene, was one of the most interesting
compounds in this series: Even if less active on the enzyme
than 10, it showed comparable activity in the cell-based
assay under low-serum conditions (QI IC50 = 0.20 µM and
spread CIC95 = 0.31 µM in 10% FBS), indicating that we
were moving in a productive direction.
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TABLE 2 Effect of the Basic Group

N

N
Ph

R

OH
OH

H
N

O

F

Compound R
QI IC50

(nM)
Spread CIC95

10% FBS (µM)
Spread CIC95

10% FBS (µM)

10 H 50 >10 >10
11 NMe2 200 0.31 >10

Compound 11 was characterized further by studying its
DMPK properties in vivo and in vitro. In pharmacokinetic
studies in rats, 11 showed good oral bioavailability (F = 59%)
and low plasma clearance (Clp = 14 mL·min/kg). The pro-
file was even better in dog, with improved oral bioavailability
(F = 93%), very low plasma clearance (Clp = 0.5 mL·min/
kg), and long terminal plasma half-life (t1/2 = 6.0 h). Counter-
screening studies showed that the compound did not inhibit
cytochrome P450s 2C19, 2C9, 2D6, and 3A4. However, the
compound was weakly active when tested in spread assay in
the presence of the physiologically more relevant 50% nor-
mal human serum, and the shift between the low- and high-
serum conditions correlated well with a measured human
plasma protein binding > 99.9%. To address the high protein
binding, we decided to test whether decreasing the molecu-
lar weight and lipophilicity of our inhibitors, via removal of
the bulky aryl group, would have a favorable impact on cell-
based potency in the presence of 50% normal human serum
(Fig. 2). It is indeed known that for lipophilic acids plasma
protein binding correlates to the water/n-octanol distribution
coefficient (log P). Compounds with low lipophilicity or a
basic center usually have lower protein binding. We therefore
decided to try to improve the activity of 11 by removing the
phenyl group to reduce lipophilicity, while maintaining the
presence of the beneficial amino group.

FIGURE 2 Strategies employed to reduce the protein binding.

TABLE 3 Simple Acyclic 2-Substituents

N

N

OH
OH

R
O

H
N

F

Spread CIC95 (µM)

Compound R QI IC50 (nM) 10% FBS 50% NHS

12
N

10 0.12 0.50

13
N

200 1.0 >1.0

14
N

50 0.05 0.078

The first approach we tried was to replace the phenyl ring
with a simple methyl, such as in compound 12 (Fig. 2 and
Table 3); this modification was efficacious in reducing the
protein binding (human PPB = 92.5%) and resulted in only a
fourfold shift in potency in the spread assay between low- and
high-serum conditions. This was the first compound in the
series to break the micromolar barrier in the presence of 50%
NHS, having an IC95 = 0.50 µM. With the added advantage
of eliminating the chiral center, we removed the methyl group
as in compound 13, but this modification was detrimental,
probably because we had reduced the lipophilicity too far,
whereas when we introduced a second methyl substituent,
as in 14, we discovered a very interesting compound. To our
great excitement, 14 was equipotent on the enzyme and in
the cell-based assay in low-serum conditions with a marginal
shift in high-serum concentrations (IC50 = 0.05 µM; CIC95 =
0.05 µM 10% FBS; 0.08 µM 50% NHS).

The pharmacokinetic profile of 14 was determined in
Sprague–Dawley rats, beagle dogs, and rhesus monkeys. In
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all three species, the compound had prolonged plasma half-
lives, moderate to low clearance and good to excellent oral
bioavailability (from 28% in rats to 100% in dogs). The com-
pound is not an inhibitor of major CYP450 isoforms nor an
inducer of CYP3A4. It was not metabolized oxidatively (did
not show turnover with liver microsomes in the presence of
NADPH), and the major metabolites seen in animals and in
liver microsomes in the presence of UDPGA and hepato-
cytes was the 5-O-glucuronide. All these findings indicate a
low potential for drug–drug interactions, which is very im-
portant in HIV therapy, where a combination of drugs is the
standard of care. Thus, the compound 14 was selected as a
potential preclinical development candidate. Unfortunately,
it was quickly found to be toxic to rodents at very high doses,
and its development was halted. In the meanwhile we were
following an alternative approach and the new strategy was
to construct analogs in which the basic group was embedded
in an aliphatic cycle. As shown in Table 4, the 2-piperidyl
derivative 15 exhibited higher potency in the in vitro en-
zyme assay than in the 3- (16) and 4-piperidyl (17) counter-
parts. However, 15 displayed disappointing cell-based activ-
ities, perhaps due to the presence of multiple hydrogen-bond
donors. Therefore, the NH was methylated (18), giving a
very pleasing 10-fold improvement in activity in cell-based
assay under both serum conditions (CIC95 = 0.14 and 0.4 µM
10% FBS and 50% NHS, respectively). The five-membered
analog 19 showed a similar profile.

At this point in the project, capitalizing on the ex-
perience gained in the HCV polymerase program, where
N-methylpyrimidones showed improved pharmacokinetic
properties with respect to dihydroxypyrimidines and gener-
ally lower plasma protein binding, we investigated the effect
of methylation of the pyrimidine 2-nitrogen for a small set
of HIV integrase compounds. In particular, we prepared 20
(Table 5), the N-methylpyrimidone corresponding to 18. Al-
though the activity was reduced both on the enzyme and in the
cell-based assays (QI IC50 = 0.44 µM, 10% FBS CIC95 =
0.8 µM, 50% NHS CIC95 = 1.0 µM), the plasma protein
binding was greatly reduced (hPPB 55% for 20 vs. 95% for
18) and the rat PK was improved, with higher oral bioavail-
ability and lower clearance (F = 100%, Clp = 31 mL·min/kg
for 20 vs. F = 60%, Clp = 60 mL·min/kg for 18). Encour-
aged by these preliminary data, we continued the SAR stud-
ies on five- and six-membered cyclic amines with the aim
to further probe both the cell-based activity and the phar-
macological properties of these compounds [15]. Pleasingly,
introduction of a heteroatom in the piperidine ring, as in the
morpholine derivative 21, gave a nice increase in cell-based
activity. Resolution gave the separate enantiomers, and the
(+)21 was slightly more active than the (−)21. The minimal
serum-induced shift in the assay was presumably a reflection
of low plasma protein binding (81%).

(+)21 was found to have good pharmacokinetic properties
across preclinical species. It showed high oral bioavailability

TABLE 4 Cyclic 2-Substituents

N

N

OH
OH

R
O

H
N

F

Spread CIC95 (µM)

Compound R QI IC50 (nM) 10% FBS 50% NHS

15

NH

100 1.5 6

16

N
H

800 >10 >10

17

HN

1200 >10 >10

18

N

200 0.14 0.40

19

N

120 0.15 0.62

in rat (56%), dog (69%), and rhesus (73%), with low plasma
clearance (rat 9, dog 2.2, and rhesus 14 mL/min/kg) and mod-
erate to good plasma half-lives (rat 1.1, dog 7.3, and rhesus
2.0 h). It was stable in rat, dog, and human liver microsomes
in the presence of NADPH. The glucuronidation rate in the
presence of UDPGA was minimal, and measurement of the
rate of formation of glucuronide showed that glucuronidation
was faster in rats than in dogs and humans. It was not an in-
hibitor of the major CYP450 enzymes (3A4, 2D6, 1A2, and
2C19) up to 100 µM and was clean in many other preclinical

TABLE 5 N-Methylpyrimidones

N

NX
N

O
OH

H
N

O

F

20 (X = CH2)
21 (X = O)

Spread CIC95 (µM)

Compound QI IC50 (nM) 10% FBS 50% NHS
PPB % Bound

(Human)

20 438 0.8 1.0 55
21 62 0.06 0.10 70

(+)21 20 0.04 0.06 81
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TABLE 6 Acyclic N-Methylpyrimidones

Spread CIC95 (µM)

Compound QI IC50 (nM) 10% FBS 50% NHS

22 230 >1.0 >1.0
23 10 0.045 0.07

counterscreenings and experiments. Disappointingly, further
studies found the compound to be positive in Ames assay,
and development of the compound was halted.

Looking for another preclinical candidate, we went on
to explore acyclic substituents at the 2-position of the
N-methylpyrimidone series (Table 6). Given the experi-
ence gained in the pyrimidine series, we prepared the N-
methylpyrimidone corresponding to 14. However, this modi-
fication did not produce a compound with the desired activity,
as well as being modestly potent, as are many other com-
pounds bearing simple modifications of the basic amines.
Reasoning that perhaps our compounds were getting too
polar, we sought to introduce other functional groups not
basic which are still known to reduce protein binding [16].
Further rational to attempt this approach was the evidence
that the napthyridine inhibitors prepared by our colleagues
at Merck West Point, which did not contain basic nitro-
gen, showed great potency in spread assay under high-
serum conditions [17]. In this novel SAR effort we prepared
many derivatives, acetamide, sulfonamides, ureas, and sul-
fonylureas [18]. Among them, the N,N-dimethyl oxalamide
derivative 23 used by our colleagues at West Point [8] proved
to be particularly interesting because it showed very good
potency in the spread assay, equivalent to that of many HIV
drugs on the market.

The oxalamide derivative 23 was dosed in rat, dog, and
rhesus, showing good oral bioavailability, moderate plasma
clearance, and reasonable terminal half-life (Table 7). In
analogy with the previous inhibitors in our hands, the com-
pound is a very weak substrate for CYP450 enzymes and
is metabolized primarily by glucuronidation. Higher in vitro
metabolism was observed in rhesus and rat microsomes in
the presence of UDPGA, which correlated with the moder-
ate in vivo clearance, while the compound showed very low
turnover in dog liver microsomes, as mirrored by the low
in vivo clearance. The preclinical pharmacokinetic profiles,
combined with the in vitro turnover data (rat, dog, rhesus,
and human 20, 3, 46, and 8 µL·min/mg, respectively), the
plasma protein binding (rat, dog, rhesus, and human 35, 38,

18, and 28% free fraction, respectively), and other parameters
were used to extrapolate a low human plasma clearance with
a profile similar that for dogs. The agent was then selected
as a preclinical candidate and passed safety assessment and
genotoxicity studies. These results allowed rapid progression
to phase I clinical trials. As the compound was taken forward
into humans, we were pleased to see a reasonable correspon-
dence between the predicted and observed pharmacokinetic
properties [19].

As the compound was taken into safety assessment, we
also profiled it against a panel of resistant HIV mutants
(Fig. 3). During several years of research in the HIV inte-
grase field we were able to select a series of mutants by using
proprietary and literature-reported HIV integrase inhibitors.
We used this panel to evaluate and select the new inhibitors
for development. The rapidity with which drug-resistant HIV
variants appear in HIV-infected individuals undergoing drug
therapy is critical to the usefulness of anti-HIV compounds.
Generally, the HIV-integrase inhibitors showed a higher ge-
netic barrier to developing resistances in in vitro systems,
so we assumed that a compound with a low shift in potency
on this panel of resistant mutants vs. wild-type is likely to
be associated with a higher potency against these mutants if
they are generated in vivo. In particular, it is relevant that
the activity against mutants retaining sufficient activity al-
lows virus propagation while reducing susceptibility to the
particular inhibitor under study. The profile of 23 was sim-
ilar to that of L-870,810, a napthyridine compound devel-
oped at West Point and significantly better than S-1360, a

TABLE 7 Pharmacokinetic Profiles for Compound 23a

Species
p.o. Dose
(mg/kg) F (%) t1/2 (h)

Clp
(mL·min/kg)

p.o. AUC
(µM·h)

Rat 3 36 6 21 2.2
Dog 10 93 16 8 44
Rhesus 10 24 3 20 5.3

aAs Na+ salt for rat and dog dosing, free acid for rhesus.
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FIGURE 3 Comparative mutation profiles for L-000870810, 23, raltegravir (27), and S1360. Fold shift observed in a single-cycle cell
infectivity assay using cell cultures containing HIV-1 possessing site-directed IN mutations compared to cell cultures containing wild-type
HIV-1.

compound by Shionogi that underwent clinical development
and was subsequently halted. However, the potency of 23
shifted significantly (10- and 40-fold, respectively) against
the single-point mutants F121Y and N155S, mutants that
were not replication impaired, and for this reason we placed
it on hold while a longer-lived variant was sought. In a novel
SAR effort, focus was maintained in searching small aro-
matic heterocycles with a heteroatom pattern similar to that
of the oxalamide moiety, as these may maintain the electronic
properties while changing the physicochemical properties of
the molecule.

In the six-membered heterocycles, the simple 2-pyridine
derivative 24 (Table 8) had modest activity in the cell-based
assay in the presence of 50% NHS, but the introduction of a
second nitrogen, as in the pyrimidine 25, gave a very po-
tent compound. In the five-membered series, compounds
bearing three heteroatoms were more active than those with
two. In particular, the oxadiazole 27 had exquisite potency
in all assays, while the more polar triazole 28 was much
less potent in cells under low-serum conditions, probably
due to poor cell penetration. In line with our SAR experi-
ence, a more lipophilic heterocycle such as 29 shows a larger
shift between low and high serum levels in cells due to high
protein binding. When assayed against a panel of integrase
mutants, the activity of 27 is much improved over that of
previous development candidates, shifting only three- and
10-fold in the presence of F121Y and N155S single mutants
(Fig. 3).

Due to its excellent potency, 27 was further profiled in
in vitro and in vivo experiments. When tested on an exten-
sive panel of receptor and ion channel binding and enzyme
inhibition, assays showed no significant activity. Compound
27 was fully profiled in pharmacokinetic and safety stud-
ies on preclinical species, discussed later in the chapter, and
advanced into the clinic as MK0518, ultimately to become
raltegravir or Isentress [19].

SYNTHESIS

Raltegravir consists of a central hydroxypyrimidinone hete-
rocyclic core that is rapidly assembled by a two-component
coupling reaction between the amidoxime 33, in turn pre-
pared from acetone cyanohydrin 30, as in Scheme 1, and

TABLE 8 Oxalamide Replacements

O

OO

OH F
N

R
N

H
N

H
N

Spread CIC95 (µM)

Compound R QI IC50 (nM) 10% FBS 50% NHS

24 N 20 0.12 1.0

25 N

N

7 0.02 0.05

26
N

O 7 0.50 0.50

27 N N

O

10 0.019 0.031

28 N N

N
H

4 0.25 1.0

29 N N

O

7 0.02 0.16
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SCHEME 1 Complete synthesis of raltegravir.

dimethylacetylenedicarboxylate (DMAD), to give 34Z/34E,
followed by thermal rearrangement to the pyrimidine moiety
35 [20,21]. The subsequent N-methylation of the dihydrox-
ypyrimidine was carried out on our benches by selective
benzoylation of the 5-hydroxyl group, followed by alkyla-
tion with methyl sulfate in the presence of LiH in diox-
ane (Scheme 2). With this procedure we were able to iso-
late the N-methylpyrimidone 41 in 64% yield, together with
variable amounts of the O-methylated derivative 42, which

was separated by column chromatography. The methyl ester
of the isolated 41 is then converted into the corresponding
benzylic amide 37 by reaction with p-fluorobenzylamine in
methanol. This methodology was significantly improved by
our process group, where the N-alkylation was carried out
on the p-fluorobenzylamide without any additional protec-
tion step (Scheme 2). Me3SO+I− was used as a methylating
agent. This reagent slowly dissociates to MeI and DMSO
under the reaction conditions allowing higher conversions to

Bz2O
Pyr

85%

N

N
CbzHN

OH
OBz

O

O

LiH
Me2SO4
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SCHEME 2 Methylation of pyrimidine.
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methylated product with fewer equivalents of reagent. Im-
portantly, 2 equiv of Mg(OH)2 are used and the mixture is
aged for 5 to 7 h at 100◦C in N-methylpyrrolidone (NMP).
In this way, the ratio of N-methyl to O-methyl products starts
out low (i.e., 60 to 70% of N-methyl out of total methylated
products), but on continued aging, the O-methyl group on 43
is cleaved by magnesium salts to give back the starting mate-
rial 36. Since only the O-methyl group is cleaved, while the
methyl on the N-methylpyrimidone 37 is unaffected by reac-
tion conditions, all product is funneled over the N-methylated
product 37. To complete the synthesis, 37 is protected at the
5-hydroxy as pivaloate ester, the Cbz is removed, and the
free amine is reacted with oxadiazole acyl chloride with con-
comitant removal of the pivaloate group. On a process scale,
raltegravir is obtained in nine linear steps, with 33% overall
yield without chromatography.

PRECLINICAL PHARMACOKINETIC AND
TOXICOLOGY

The pharmacokinetic profile of 27 was determined in
Sprague–Dawley rat, dog, and rhesus, showing good oral
bioavailability, low-to-moderate clearance with multiphasic
elimination in all species, and long terminal half-lives. For the
i.v. experiments, 20% DMSO/40% PEG-400/40% H2O was
used as a vehicle and the compound was dosed at 3 mg/kg in
rat and 1 mg/kg in dog and rhesus. The corresponding plasma
clearance (Clp) values were 39, 6, and 18 mL·min/kg, and
the volume of distribution (Vd) values were 2.0, 0.9, and
1.2 L/kg for rat, dog, and rhesus, respectively (Table 9).

The vehicle of choice was 1% methylcellulose for the p.o.
dosing. The compound was dosed in rat at 3 mg/kg as Na+

and K+ salts and as free acid, with higher exposure achieved
with the salts than with the free OH (AUC: Na+ = 1.4,
K+ = 1.4, free OH = 1.0 µM·h, respectively). With the K+

salt, AUC increased linearly in a rat dose proportionality
study, increasing the oral dose from 1 to 100 mg/kg (4, 15,
and 60 mg/kg were the medium doses, r2 = 0.95, AUC from
0.8 to 35 µM·h). Also, in dog, higher AUC and Cmax values

TABLE 9 Intravenous Pharmacokinetic Parameters for 27

Species
Dose

(mg/kg)
Clpa

(mL·min/kg)
αt1/2

b

(h)
βt1/2

c

(h)
Vdd

(L/kg)

Rat 3 39 N.D. 2 2.0
Dog 1 6 N.D. 11 0.9
Rhesus 1 18 N.D. 4 1.2

aPlasma clearance.
bPlasma primary phase half-life following i.v. administration (N.D. not
determined).
cTerminal plasma half-life following i.v. administration.
dVolume of distribution.

were observed for the K+salt than for the free acid with a
two-dose regimen of 2 and 10 mg/kg (Table 10).

Looking at the p.o. profile, 27 showed biphasic elimina-
tion with a short α-phase and a prolonged β-phase. This
behavior was a very important feature in maintaining the
plasma concentration well above CIC95 at 12 h (for the K+

salt, C12h in dog is 160 and 350 nM at 2 and 10 mg/kg,
respectively). The plasma protein binding was measured for
preclinical species and humans, showing modest interspecies
variability of the free fraction values (rat 26.6, dog 29.1, rhe-
sus 15.4, and human 17.2%; Table 11) [19]. Consistently with
other pyrimidine inhibitors, the rate of metabolism in hepatic
microsomes from preclinical species and humans was higher
in the presence of the cofactor UDPGA than in the presence
of NADPH, showing that oxidative metabolism does not play
a significant role. The major route of metabolism proved to
be the 5-O-glucuronidation of the hydroxypyrimidinone core
structure by UDP glucuronosyl transferase (UDP) enzymes.
Interestingly, the lower rate of metabolism was observed
in human and dog liver microsomes (Table 11). Metabolic
turnover was also assessed in intact rat and human hepato-
cytes, where in agreement with the relative turnover observed
in microsomal preparations, the compound was more stable
in human than in rat hepatocytes. Taking into account all the
in vitro and in vivo data and the antiviral potency of 27, it
was predicted to be suitable for twice-daily dosing, with a
pharmacokinetic profile similar to that of dog [20].

The agent did not show any off-target activity in an in-
vitro counterscreening panel, or against human polymerases
α, β, and γ. It was not an inhibitor of the major CYP450s,
did not induce CYP3A4 in human hepatocytes, nor was it an
inhibitor of UGT1A1. Thus, it has a low probability to be the
perpetrator of drug–drug interactions. It did not react with
glutathione after incubation at 37◦C for 24 h. [3H]27 was
used to measure the irreversible protein covalent binding in
vivo (rat 25 mg/kg p.o.) to liver, kidney, and plasma and in
vitro to human and rat liver microsomes. In both assays the
covalent binding was <50 pmol equiv/mg protein.

Three GLP-compliant studies were performed to evaluate
the effects of raltegravir on the cardiovascular, respiratory,
and central nervous systems [22]. A cardiovascular telemetry
study performed in dogs after a single 5-,15-, or 45-mg/kg
dose resulted in the absence of any change in cardiovas-
cular indices attributable to raltegravir treatment, reaching
Cmax values of 3.6, 10, and 25 µM, respectively, at 1 h af-
ter dosing. Raltegravir potential to affect the respiratory or
neurobehavioral system was tested following a single oral
administration of 30, 90, or 120 mg/kg to Sprague–Dawley
rats. Both studies showed that raltegravir does not induce
any treatment-related changes. A maximum concentration of
approximately 30 µM was reached at the highest dose, as
estimated from toxicokinetic data. Ancillary pharmacology
was performed to determine the effects of raltegravir in car-
diovascular, respiratory, and renal function in dogs, and in
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TABLE 10 Per os Pharmacokinetic parameters for 27a

Compound
F%b

Rat/Dog/Rhesus
Cmax

c (µM)
Rat/Dog/Rhesus

t1/2
d (h)

Rat/Dog/Rhesus
AUCe (µM·h)

Rat/Dog/Rhesus

27 Na+ N.D./N.D./N.D. 1.0/N.D./N.D. N.D./N.D./N.D. 1.4(3)/N.D./N.D.
27 K+ 45/69–85/N.D. 1.6/4.6(2)–24(10)/N.D. 7.5/13/N.D. 1.3(3)/11(2)–45(10)/N.D.
27 OH 37/45/8 1.2(3)/3(2)–8(10)/0.3 N.D./N.D./7 1.0(3)/7(2)–21(10)/1.8(10)

aNumbers in parentheses refer to the p.o. dose; N.D., not determined.
bOral bioavailability.
cMaximum plasma concentration.
dTerminal-phase plasma half-life.
eArea under the curve.

central nervous system (CNS) and gastrointestinal motility
in mice. The toxicity of raltegravir was studied in mouse, rat,
rabbit, and dog models, investigating single- and repeat-dose
studies, genotoxicity, carcinogenicity (ongoing), reproduc-
tive toxicity studies, and a number of nonpivotal additional
toxicity studies. It is not our place in this review to go into
the details of all these experiments; suffice it to say that the
compound did not produce any negative findings and was
therefore advanced into the clinic.

PHASE I–III SAFETY AND EFFICACY

Raltegravir was moved forward in phase I studies to deter-
mine the pharmacokinetics after single and multiple doses in
healthy HIV-negative subjects as well as for drug–drug inter-
actions studies [23]. In a double-blind single-dose multiple-
period study, 24 healthy male volunteers were randomly al-
located to one of three groups and received single escalating
doses of raltegravir (from 50 to 1600 mg) or placebo. In
a multiple-dose study, 40 healthy male volunteers were di-
vided into five groups of eight subjects each. Six subjects
in each group received oral raltegravir in escalating doses of
100, 200, 400, 600, and 800 mg b.i.d., and two subjects of
each group received placebo twice daily for 10 days [24].
In the multiple-dose studies, AUC and Cmax were dose pro-
portional over 100 to 1600 mg and there was approximate
dose proportionality for C12h over 100 to 800 mg. Plasma
concentrations decreased from Cmax in a biphasic manner,

with an initial half-life of 1 h and a terminal half-life of 7 to
12 h. With multiple dosing, steady state was achieved after
two days. Different studies investigated the food effect on
the pharmacokinetic paramenters. The extent of raltegravir
absorption (AUC0-∞) was slightly higher in the fed state, but
food slowed the rate and extended the duration of absorption,
with a 34% decrease in Cmax, an 8.5-fold increase in C12h,
and a 7.3-h delay in Tmax. However, considerable interindi-
vidual variability was seen, particularly with respect to C12h,
and the authors concluded that the effects of food did not
appear to be clinically important and that raltegravir could
be administered without regard to food. Two studies were
also conducted on subjects with renal and hepatic insuffi-
ciency, suggesting that no dose adjustment is considered to
be necessary in these patients.

The main clinical programme to support the marketing
authorization application for Isentress consisted of two iden-
tical phase III double-blind randomized placebo-controlled
trials investigating the safety, tolerability, and efficacy of ral-
tegravir 400 mg b.i.d. in combination with optimized back-
ground therapy (OBT) in treatment-experienced patients who
failed antiretroviral therapies with triple-class resistant virus
(protocols 018 and 019); one phase II study for dose find-
ing in combination therapy in treatment-experienced patients
(protocol 005); and one phase II study for proof-of-concept
in monotherapy (part 1) and thereafter, dose finding in com-
bination therapy (part 2), both in treatment-naive patients
(protocol 004). Details of these studies are summarized in
Table 12.

TABLE 11 In Vitro Metabolism and Plasma Protein Binding

Species
Intrinsic Oxidative

Clearance (µL·min/mg)a
Intrinsic Glucuronidation
Clearance (µL·min/mg)b

Unbound Fraction
in Plasma

Rat <1 32 ± 2 0.27
Dog <1 2.2 ± 3 0.29
Rhesus <1 33 ± 2 0.15
Rabbit <1 10 ± 1 0.10
Human <1 8.3 ± 0.5 0.17

aIn the presence of NADPH.
bIn the presence of UDPGA.
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TABLE 12 Summary of Main Clinical Studies

Protocol Design/Duration Treatment n Population Study Objectives Primary Endpoint

004
(phase IIa),
part 1

Multicenter double-blind
randomized dose
ranging controlled
study; 10 days

100 mg b.i.d.
200 mg b.i.d.
400 mg b.i.d.
600 mg b.i.d.
Comparator:

placebo

7
7
6
8
7

Treatment-naive patients
with plasma HIV
RNA ≥ 5000
copies/mL and CD4
cell counts ≥ 100
cells/mm3; at least 18
years of age

Part 1: Dose finding
and
proof-of-concept
(monotherapy)

Change from
baseline in
plasma HIV
RNA on day 10

004
(phase IIa),
part 2

Multicenter double-blind
randomized dose
ranging controlled
study; 48 weeks with
extension to 144
weeks

100 mg b.i.d.
200 mg b.i.d.
400 mg b.i.d.
600 mg b.i.d.
Comparator:

EFV

39
40
41
40
38

Part 2: Dose finding
(combination
therapy: TDF +
3TC)

Proportion of
patients with
HIV RNA <

400 copies/mL
at week 24

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

005
(phase IIb)

Multicenter double-blind
randomized dose
ranging
placebo-ontrolled
study; 48 weeks with
extension to 144
weeks

200 mg b.i.d.
400 mg b.i.d.
600 mg b.i.d.
Placebo

43
45
45
45

Treatment-experienced
patients with plasma
HIV RNA > 5000
copies/mL and CD4
cell counts > 50
cells/mm3 and
documented resistant
to at least one ART in
each of the three
classes; at least 18
years of age

Dose finding
(combination
therapy: OBT)

Change from
baseline in HIV
RNA at week 24

018
(phase III)

Multicenter double-blind
randomized
placebo-ontrolled
study; 48 weeks with
extension to 152
weeks

400 mg b.i.d.
Placebo

232
118

Treatment-experienced
with plasma HIV
RNA ≥ 1000
copies/mL and
documented
resistance to 3 ART
classes; at least 16
years of age

Demonstration of
efficacy
(combination
therapy: OBT)

Proportion of
patients with
HIV RNA <

400 copies/mL
at week 16

019
(phase III)

Multicenter double-blind
randomized
placebo-ontrolled
study; 48 weeks with
extension to 152
weeks

400 mg b.i.d.
Placebo

230
119

Treatment-experienced
with plasma HIV
RNA ≥ 1000
copies/mL and
documented
resistance to 3 ART
classes; at least 16
years of age

Demonstration of
efficacy
(combination
therapy: OBT)

Proportion of
patients with
HIV RNA <

400 copies/mL
at week 16

The first part of protocol 004 was conducted in 35
treatment-naive HIV-positive patients and was designed to
assess the pharmacokinetics, efficacy, and tolerability of ral-
tegravir monotherapy over 10 days [25]. Eligible subjects
were aged > 18 years, were hepatitis B or C negative, had an
HIV RNA level > 5000 copies/mL and a CD4+ cell count
> 100 cells/mm3 at screening. Patients were randomly allo-
cated to one of five treatment groups, receiving 100, 200, 400,
or 600 mg of raltegravir b.i.d. or placebo. After 10 days, all
doses of raltegravir monotherapy were associated with a sig-
nificant reduction from baseline in HIV RNA compared with

placebo. When stratified by baseline HIV RNA > 50,000
copies/mL, those with higher viral loads had a greater de-
cline from baseline, although the slope from day 1 to 10 did
not differ. There were no significant differences in reduction
in HIV RNA between raltegravir doses. The second part of
protocol 004 was a 48-week semirandomized double-blind
dose-ranging study in 201 patients receiving raltegravir vs,
efavirenz, both administerd in combination with tenofovir
and lamivudine [26]. Patients were randomized to receive
oral raltegravir 100, 200, 400, or 600 mg b.i.d. or standard-
dose efavirenz. Although participants were treatment naive,
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35% had AIDS and 54% had HIV RNA levels > 50,000
copies/mL at study entry. At baseline, mean HIV RNA lev-
els ranged from 4.6 to 4.8 log10 copies/mL, and the mean
CD4+ cell count ranged from 271 to 338 cells/mm3. At
24 weeks, 85 to 92% of patients in all groups had achieved
an undetectable viral load. A similar proportion of patients in
the raltegravir and efavirenz groups achieved an HIV RNA
level < 50 copies/mL that was sustained for up to 48 weeks.
Patients in the Raltegravir arms achieved an HIV RNA < 50
copies/mL count significantly more rapidly than did those in
the efavirenz arm (week 16: 80 vs. 70%, respectively).

From this study, raltegravir-containing regimens appeared
to be effective in antiretroviral-naive patients and may be an
option for patients who are unable to tolerate standard ini-
tial therapies. Another phase II dose-ranging study (protocol
005) that aimed to assess the safety and efficacy of ralte-
gravir in combination with optimized background therapy
in treatment-experienced patients infected with multidrug-
resistant HIV-1 was conducted in the United States,
Europe, Latin America, and Asia [27]. Nonpregnant HIV-
1-seropositive patients aged over 18 years with a plasma
HIV-1 RNA viral load above 5000 copies/mL and a CD4+

cell count above 50 cells/µL, on stable antiretroviral therapy
for more than three months and infected with HIV-1 with
documented genotypic or phenotypic resistance to at least
one non-nucleoside reverse transcriptase inhibitor (NNRTI),
one nucleoside reverse transcriptase inhibitor (NRTI), and
one protease inhibitor (PI) were eligible. Before randomiza-
tion, the investigators selected each patient’s optimized back-
ground regimen on the basis of the patient’s antiretroviral
treatment history, with the aim of designing the best possible
treatment regimen. Patients were allocated randomly to one
of four treatment arms: oral raltegravir 200, 400, or 600 mg
b.i.d., or placebo. The primary endpoints were antiretroviral
activity as measured by change in viral load from baseline at
week 24 and safety. The antiretroviral effects of raltegravir at
all doses were better than those with placebo when added to
the optimized background regimen. In all raltegravir groups
there was a decrease of about 2 log10 copies/mL in HIV-1
RNA from baseline noted as early as two weeks after the ini-
tiation of treatment, which was sustained through 24 weeks.
The proportion of patients achieving a viral load of fewer
than 50 copies/mL was significantly higher in all raltegravir
groups than in groups with placebo. The reduction in vi-
ral load was accompanied by increases in CD4+ cell counts
compared with baseline. Raltegravir at all doses had a safety
profile much the same as that of placebo and there were no
dose-related toxicities.

Overall, this study has shown that raltegravir has a rapid,
potent and sustained antiretroviral effect in patients with ad-
vanced HIV-1 infection who had failed previous therapy,
with triple-class resistant virus, and with a limited number
of active antiretroviral drugs in their background regimen.
On the basis of the data from this study, on the data of the

previous phase II study (protocol 004), and on the data from
drug interaction studies, the dose of 400 mg of raltegravir
b.i.d. without dose adjustment when used in combination
with other antiretroviral drugs was selected for phase III stud-
ies. Two identical phase III studies, BENCHMRK (blocking
integrase in treatment-experienced patients with a novel com-
pound against HIV—Merck) 1 and 2, have been conducted
to evaluate the safety profile and efficacy of raltegravir (400
mg b.i.d.) in treatment-experienced patients with viral resis-
tance in combination with an optimized background ther-
apy [28,29]. BENCHMRK 1 (protocol 018) was conducted
at 65 sites in Europe, the Asia/Pacific, and South America
(n = 352). BENCHMRK 2 (protocol 019) was conducted
at 53 sites in North and South America (n = 351). Male
and female patients at least 16 years of age were enrolled.
Patients were to have a screening plasma HIV RNA of >

1000 copies/mL on stable ART for ≥ 2 months and were
to be infected with HIV that showed reduced susceptibil-
ity to at least one compound in each of NNRTI, NRTI, and
PI classes. Based on screening resistance testing results and
prior treatment and resistance history, ARTs were revaluated
to optimize the background therapy (OBT). Patients were
randomized to receive oral raltegravir 400 mg b.i.d. + OBT
or placebo + OBT. The primary efficacy objective was to
evaluate the antiretroviral activity of raltegravir 400 mg b.i.d.
in the study as measured by proportion with < 400 copies/mL
at week 16. A secondary analysis at week 48 measured the
proportion with HIV RNA < 50 copies/mL, HIV RNA <

400 copies/mL, change from baseline in plasma HIV RNA
(log10 copies/mL), and change from baseline in CD4+ cell
count (cells/mm3).

The Treatment effects were similar in the two studies. In-
clusion of enfuvirtide or darunavir in the OBT for patients
who were naive to these agents improved the responses to
raltegravir and placebo groups compared to patients without
these agents. It was concluded from these studies that ral-
tegravir 400 mg b.i.d. has potent and superior antiretroviral
and immunological efficacy to that of placebo + OBT, which
is sustained through week 48; in patients receiving new, ac-
tive antiretroviral therapies in OBT, up to 89% achieved HIV
RNA < 50 copies/mL at week 48; and raltegravir 400 mg
b.i.d. + OBT is generally well tolerated compared to placebo
in combination with OBT.

A further phase III study called STARTMRK (protocol
021) was conducted by comparing raltegravir- and efavirenz-
based combination regimens as initial treatment for adults
infected with HIV-1 [30]. STARTMRK is a continuing in-
ternational double-blind randomized active controlled phase
III trial in which 563 patients from 67 study centers on
five continents (Australia, Brazil, Canada, Chile, Colombia,
France, Germany, India, Italy, Mexico, Peru, Spain, Thailand,
and the United States) received either 400 mg of ralte-
gravir administered orally twice daily or 600 mg of efavirenz
administered orally once daily, both in combination with
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tenofovir of emricitabine. The primary endpoint at week 48
was achievement of less than 50 vRNA copies/mL. Sec-
ondary endpoints at week 48 were the achievement of less
than 400 vRNA copies/mL and the change from baseline in
CD4+ cell count. Of the 563 patients, 59 (10%) discontinued
treatment mainly because of adverse events. More than half
(n = 297, 53%) of participants had more than 100,000 vRNA
copies/mL. In the main analysis that recorded as failures all
patients who did not complete the study, 86·1% (n = 241) of
the raltegravir group achieved the primary endpoint of fewer
than 50 vRNA copies/mL at week 48, compared with 81·9%
(n = 230) of the efavirenz group, indicating that raltegravir
was not inferior to efavirenz. More patients achieved viral
suppression to fewer than 50 vRNA copies/mL in the ralte-
gravir group than in the efavirenz group at early time points
(weeks 2 to 16). The time to achieve such viral suppres-
sion was shorter for patients on raltegravir than for those on
efavirenz. The mean change in CD4 cell count from baseline
to week 48 was 189 cells/µL [95% confidence interval (CI)
174 to 204] for raltegravir recipients and 163 cells/µL (148
to 178) for efavirenz recipients (difference, 26 cells/µL, 95%
CI 4 to 47). The viral load reduction and increase in CD4+

cell count was maintained through 96 weeks; the treatment
difference in suppressing vRNA below 50 copies/mL was
2% favoring raltegravir, and patients on the raltegravir arm
experienced a statistically similar, yet numerically greater in-
crease in CD4+ cell count (240 cells/mm3) than those on the
efavirenz arm.

Overall, 66 patients (10% on raltegravir and 14% on
efavirenz) did not achieve fewer than 50 vRNA copies/mL
during the study, defined as virological failure. Of the patients
on raltegravir who had virological failure, half had mutations
known to confer raltegravir resistance. When resistance to
raltegravir was developed, the mutational pattern was consis-
tent with that previously reported in treatment-experienced
patients on raltegravir [31]. Raltegravir had a more favor-
able safety and tolerability profile than than of efavirenz.
Of patients taking the regimen containing raltegravir, 47%
experienced drug-related clinical-related adverse events and
CNS-related adverse events vs. 78% of patients receiving the
efavirenz-based regimen. Dyslipidemias are common com-
plications of antiretroviral drugs and are often associated
with protease inhibitors and reverse transcriptase inhibitors.
Raltegravir had a modest effect on serum lipids between
baseline and week 48, including total low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) cholesterol levels,
as well as triglycerides, but changes were significantly higher
for efavirenz recipients. Results from this STARTMRK study
supported an expanded indication for raltegravir (Isentress),
approved by the U.S. Food and Drug Administration on July
8, 2009, to include the treatment of adult patients starting
HIV-1 therapy for the first time.

Drug-interaction studies of raltegravir have been con-
ducted in HIV-negative patients [32]. Raltegravir is not a cy-

tochrome P450 (CYP) substrate, inducer, or inhibitor; there-
fore, CYP-related interactions are not expected. In addition,
raltegravir does not inhibit P-glycoprotein (Pgp)-mediated
transport. Raltegravir is a Pgp substrate, although there are
no data indicating that it may be affected by Pgp inducers or
inhibitors. Some drug interactions have been reported, pre-
sumably as a result of induction or inhibition of UGT 1A1
glucuronidation.

Many other clinical studies have been conducted and
are still ongoing that highlight raltegravir, the first agent
approved in the class of integrase inhibitors, as an impor-
tant addition to the armamentarium of antiretroviral agents,
both in treatment-experienced and treatment-naive patients.
Raltegravir has favorable pharmacokinetic properties, a small
pill burden, and an acceptable tolerability profile. Ralte-
gravir used in combination with other active antiretrovirals
affords the opportunity for achievement of immunologic and
virologic recovery in patients.

FUTURE DIRECTIONS

Despite the clear success of raltegravir (Isentress), research
for second-generation strand-transfer-specific integrase in-
hibitors continues to be very active. HIV is a viral pathogen
characterized by a high mutational rate, and probably fol-
lowing prolonged clinical use of Isentress the emergence
of drug-resistant viral strains can be problematic, causing
the loss of drug effectiveness. It is therefore essential to
continue to develop new antiretroviral drugs with potency
against an ever-wider range of viral isolates to provide novel
treatment options. Within this effort to identify second-
generation integrase inhibitors with a higher genetic barrier
to mutation and limited cross resistance, ongoing studies in
Merck’s laboratories focused on the design and synthesis
of many structurally diverse templates mimicking the dike-
toacid pharmacophore [33]. In particular, optimization of
a series of tricyclic 10-hydroxy-7,8-dihydropyrazinopyrro-
lopyridazine-1,9-diones [34] led to the discovery of MK-
2048 with excellent antiviral activity (CIC95 = 41 nM in 50%
normal human serum) and good pharmacokinetics in preclin-
ical species [35]. This candidate next-generation inhibitor
was found to retain excellent activity against four of five types
of drug-resistant integrase mutants (N155S, Q148K, F121Y,
T66I/S153Y). Experimental data indicated that MK-2048 has
a dissociation half-life from the integrase/DNA complex of
32 h on wild-type integrase, more than four times that of
raltegravir. This half-life fades almost tenfold, to 4 h, in the
face of N155S mutant virus, while for raltegravir it shrinks
to 0.7 h, suggesting for MK-2048 a reduced susceptibility to
resistance mutations [36]. Apart from Merck, interest in the
field of integrase inhibitors continues at a high level, with
many companies and academic institutions publishing and
patenting in this field.
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INTRODUCTION

Three viral enzymes, human immunodeficiency virus type
1 (HIV-1) integrase, HIV-1 reverse transcriptase, and HIV-1
protease, are essential for retroviral replication and comprise
important targets for disrupting the viral replication cycle [1].
Reverse transcriptase inhibitors and protease inhibitors have
already achieved significant advances in antiretroviral ther-
apy, but at times do not achieve complete suppression and
thus risk the production of resistant HIV-1 [2,3]. On the
other hand, studies on the integrase inhibitors have advanced
only recently. Elvitegravir (EVG), which is also referred
to as JTK-303 or GS-9137, represents a structurally novel
class of HIV-1 integrase strand transfer inhibitors, and has
a monoketo acid motif in a quinolone carboxylic acid core
structure. EVG exhibits an IC50 value of 7.2 nM in an HIV-1
integrase strand transfer assay using 5 nM of target DNA, and
an EC50 of 0.9 nM in an acute HIV-1 infection assay. A well-
known class of HIV-1 integrase strand transfer inhibitors is
the keto-enol acid (often referred to as diketo acid) series, and
the keto-enol acid moiety (γ-ketone, α-enol, and carboxylic
acid) or its bioisosters is believed to be essential for inhibitory
activity [4]. The metal-chelating functions of the keto-enol
acid family, in simultaneous coordination with two divalent
metal ions, are considered to be relevant to their mechanism

of inhibitory action. Nevertheless, the novel quinolone in-
tegrase inhibitor EVG described here has only a monoketo
acid motif (coplanar β-ketone and carboxylic acid) as an al-
ternative to the keto-enol acid motif. Although the simplified
monoketo acid motif has only two coordinating functional
groups and cannot fully duplicate the interactions of the re-
ported keto-enol acid series, EVG is nevertheless as potent
at inhibiting integrase and displaying antiretroviral activity
as are the keto-enol acid integrase inhibitors.

DISCOVERY

Divalent Metal Ions and Integrase Inhibitors

The binding and activity of keto-enol acid HIV-1 integrase
inhibitors are divalent metal cation dependent [4–7]. Thus,
the interaction of the inhibitors with divalent metal ions in
the active site of the enzyme is considered to be a key factor
in the inhibition of HIV-1 integrase. Therefore, in the design
of integrase inhibitors, it is crucially important to know the
number of metals involved in the enzyme activity and in the
inhibitory activity, but this has yet to be determined. HIV-
1 integrase requires divalent metal ions, such as Mn2+ and
Mg2+, for catalytic activity [8]. The catalytic core domain of
HIV-1 integrase contains two aspartates and one glutamate
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(the DDE motif consists of aspartic D64, D116, and gultamic
E152), which are essential for enzymatic activity [9]. This
catalytic triad potentially binds two divalent metals.

HIV-1 integrase belongs to a large family of DNA-
processing enzymes (polynucleotidyl transferases) that in-
cludes avian sarcoma virus (ASV) integrase and polymerases
[10–12]. These enzymes contain the same arrangement of
three catalytically essential carboxylates, which are highly
conserved in all integrases and polymerases [1,13]. In ASV
integrase, an additional metal coordinated by aspartic D64
and glutamic E157 was observed with Zn2+ or Cd2+ ions
[14]. A second such metal has also been observed in DNA
polymerase I [15]. Moreover, a dual metal-ion mechanism
is proposed as a chemically reasonable mechanism of ac-
tion for polynucleotidyl transferases [10,16–19]. This in-
formation supports the notion that HIV-1 integrase would
also contain two divalent metal ions. However, only a single
Mg2+ ion was observed to be chelated by aspartic D64 and
D116 in the crystal structures of the catalytic core domain
of HIV-1 integrase [20,21]. HIV-1 integrase consists of three
distinct structural domains (the zinc binding N-terminal, the
catalytic core, and the DNA binding C-terminal) [9] and
performs a two-step reaction: removal of the terminal dinu-
cleotide from each 3′-end of the viral DNA (3′-processing)
and subsequent joining of the 3′-end of the viral DNA to host
DNA (strand transfer) [9,22]. Both the N- and C-terminal do-
mains are required for the 3′-processing and strand transfer
steps [23–29], while the core domain alone can only carry out
a disintegration reaction [24,25,30–33]. DNA ending with
the sequence CAGT is also required for functional activity
in HIV-1 integrase [34]. Therefore, the catalytic core domain
by itself is not able to assume the precise structure required
for the functional enzyme. Full-length integrase complexed
with DNA is essential to achieve the exact conformation of
a functional integrase and may allow binding of the second
metal ion. Two divalent cations (Mg2+ or Mn2+) apparently
coordinate the DDE motif of HIV-1 integrase with the phos-
phodiester backbone of the DNA substrates (the viral donor
cDNA and the chromosomal acceptor DNA) during the in-
tegration steps [35,36]. However, this cannot be determined
until crystal structures for either the complete HIV-1 inte-
grase molecule or the HIV-1 integrase complexed with DNA
substrate are made available.

Keto-enol acid inhibitors selectively interrupt the strand
transfer step, and in cell-based assays inhibit integration
without affecting earlier phases of the HIV-1 replication cy-
cle [4,7,37–39]. In addition, the binding of the keto-enol acid
inhibitors was only detected when full-length integrase was
assembled onto the viral DNA ends [4]. To explain these
observations, it is proposed that the keto-enol acid inhibitors
can bind only with the interface of the full-length integrase-
DNA-divalent metal complex after 3′-processing [1]. Their
ability to bind selectively to the enzyme complexed with the
viral DNA and to compete with the host DNA substrate may

explain their selectivity for the strand transfer reaction [4,39].
Moreover, the role of a second metal ion in selective strand
transfer inhibition is suggested [1]. If the binding of the keto-
enol acid inhibitors require a second metal, and this metal is
required for forming a strand transfer complex, it is under-
standable why inhibitors selectively block the strand transfer
reaction, and why inhibitor binding is observed only in the
context of viral DNA. Although a co-crystal of full-length
integrase complexed with DNA substrates and an inhibitor
would detail the exact binding mode and allow structure-
based approaches for drug design, no useful data have been
available [40–43]. Therefore, we undertook modifying the
keto-enol acid structure so as to obtain new bioisosters of
keto-enol acid, or a new scaffold as an alternative to that
of keto-enol acid.

Monoketo and Keto-enol Acids

The keto-enol acid groups are known to have metal-chelating
functions, and the ability to coordinate two divalent metal
ions simultaneously [44]. In fact, the keto-enol acid re-
acts with magnesium chloride to give dianionic species un-
der physiological conditions, and complexes form involv-
ing two divalent cations and two keto-enol acid ligand
molecules [44]. Although it is still unclear whether two
metal ions are involved in the inhibitory action of the keto-
enol acids, this dual metal-chelating function has been con-
sidered relevant to the mechanism of action of the keto-
enol acid inhibitors [4]. Thus, the keto-enol acid moiety
(γ-ketone, α-enol, and carboxylic acid) is believed to be
essential for the inhibitory activity of this series of inte-
grase inhibitors [4], and the structures of keto-enol triazole
(S1360) [45], keto-enol tetrazole (5CITEP) [40], 9-carbonyl-
1,2-catechol (Catechol) [46], 7-carbamoyl-8-hydroxy-(1,6)-
naphthyridine (L-870810) [46,47], and 4-carbamoyl-5-
hydroxy-6-pyrimidinone (raltegravir/MK-0518) [48] were
synthesized as bioisosters of the keto-enol acid pharma-
cophore (Fig. 1). The carboxylic acid in the keto-enol acid
motif could reasonably be replaced with a triazole or a tetra-
zole, which are well-known bioisoters of a carboxylic acid
group [49]. The triazole derivative S 1360 inhibited the HIV-
1 integrase at an IC50 of 20 nM and the HIV-1 replication
at an EC50 of 140 nM, and was the first to be tested in
clinical trials [50]. The enolizable α-ketone and carboxylic
acid moiety of the keto-enol acid side chain can be replaced
with a 1,2-catechol [46]. This result means that an acidic
phenolic hydroxyl group can serve as an alternative to the
carboxylic acid group in the keto-enol acid motif, and that
the enolizable ketone at the α-position can be replaced with
a phenol group as an enol mimic. The 1,3-keto-enol acid can
enolize at the α-position to a conjugated Z-4-oxo-2-hydroxy-
2-butenoic structure with a coplanar conformation, and this
ability to adopt the coplanar arrangement of the keto-enol
acid motif is considered important for the inhibitory activity.
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FIGURE 1 Bioisosters of the keto-enol acid, diketo acid, and
monoketo acid.

Since the 1,2-catechol is conformationally restricted to a
similar arrangement as the planar α-enol form, the planar
α-enol form would be a biologically active conformation
in the keto-enol acid class of integrase inhibitors. The 2-
hydroxyl group in the 1,2-catechol derivative can also be
replaced with a heteroaromatic nitrogen [46]. This means
that the carboxylic acid in the keto-enol acid motif can be
replaced not only by acidic bioisosters but also by a basic het-
erocycle bearing a lone-pair donor atom such as a pyridine

ring [22]. It has been reported that the heteroaromatic nitro-
gen in the pyridine ring mimics the corresponding carboxyl
oxygen in the keto-enol acid motif as a Lewis base equiva-
lent [46]. Moreover, the α-enol and carboxylic acid moiety of
the keto-enol acid motif can be replaced with a 5-hydroxy-6-
pyrimidinone [51], indicating that the carboxylic acid group
can be replaced with a simple carbonyl group. Raltegravir,
possessing a 4-carbamoyl-5-hydroxy-6-pyrimidinone core,
inhibits strand transfer activity at an IC50 value of 2 to 7 nM
and has anti-HIV-1 activity at a CIC95 of 19 nM in 10% fetal
bovine serum and a CIC95 of 33 nM in 50% human serum.
Recently approved in the United States and in the European
Union in 2007, raltegravir is the most advanced compound
in the keto-enol acid class of HIV-1 integrase strand transfer
inhibitors [48].

All bioisosters of the keto-enol acid motif have the three
functional groups that mimic a ketone, enolizable ketone,
and carboxyl oxygen, and can assume a coplanar conforma-
tion (gray arrows in Fig. 1). Although as yet whether the
two metal ions are involved in the enzyme activity and in
the inhibitory action remains to be determined, the struc-
tural requirements for keto-enol acid integrase inhibitors in-
dicate that the metal-chelating functions of the keto-enol acid
motif, which can coordinate two metal ions simultaneously,
are relevant to the mechanism of inhibition [4]. Therefore,
we designed quinolone-3-glyoxylic acid (diketo acid 2) as a
nonenolizable diketo acid that can assume a planer confor-
mation without forming enol (dashed arrow in Fig. 1). This
motif has no central enol group, but still has three functional
groups that potentially coordinate with the two metal ions.
However, the diketo acid did not exhibit integrase inhibitory
activity. This indicates the importance of the central ionizable
enol in the keto-enol acid motif. In contrast, we found that 4-
quinolone-3-carboxylic acid (monoketo acid 3) does exhibit
integrase inhibitory activity [7]. This novel quinolone inte-
grase inhibitor has only two functional groups, a carboxylic
acid and a β-ketone, which are coplanar (Fig. 1). This result
shows that the coplanar monoketo acid motif in 4-quinolone-
3-carboxylic acid can serve as an alternative to the keto-enol
acid motif, even though the down-sized monoketo acid motif
is unlikely to fully coordinate with the two divalent metal
ions. The carboxylic acid in the monoketo acid motif would
be an alternative to the central ionizable enol in the keto-
enol acid moiety. A monoketo acid (compound 3), which has
only two functional groups and cannot fully coordinate the
two divalent metal ions, is far less potent than are keto-enol
acids. Thus, the chelating ability of the monoketo acid motif
is weaker than that of the keto-enol acid motif. Although the
finding regarding monoketo acid suggests that full functions
of the keto-enol acid motif may not be essential for inhibitory
activity, the metal-chelating functions are still important for
their inhibitory action. The weak metal-chelating ability of
the monoketo acid may be preferable from a safety stand-
point, since there is a report that reduced cytotoxicity may
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be related to a weaker affinity for metal ions in the keto-enol
acid class of integrase inhibitors [46]. Therefore, we chose
the monoketo acid as an initial lead compound and began
to modify structures around the core monoketo acid moiety
to lead to more potent compounds despite the comparatively
low starting potency (IC50 = 1.6 µM).

The structural optimization process for the monoketo acid
integrase inhibitors is shown in Figure 2. The distal aromatic
moiety of the keto-enol acid integrase inhibitors can accom-
modate a wide range of substituents, and structure–activity
relationship (SAR) studies have shown the aromatic por-
tion to be crucial for potency [6,52,53]. The distal aromatic
moiety is also crucial for potency in the monoketo acid in-
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FIGURE 2 Structural optimization process for monoketo acid integrase inhibitors.

hibitors. Introduction of 2-fluoro and 3-chloro substituents
into the distal benzene ring (compound 4) led to a signifi-
cant improvement (approximately a 36-fold increase) of its
inhibition of strand transfer (IC50 = 44 nM) and its antiviral
activity (EC50 = 0.81 µM). Compound 5, bearing a hydrox-
yethyl group at the 1-position of the quinolone ring, was
1.8-fold more potent at inhibiting strand transfer (IC50 = 24
nM) and displayed an approximately 11-fold stronger antivi-
ral activity (EC50 = 76 nM) than compound 4. Introduction
of a methoxy group at the 7 position of the quinolone ring
(compound 6) led to a significant improvement of inhibi-
tion of strand transfer (IC50 = 9.1 nM) and antiviral activity
(EC50 = 17.1 nM). Compound 7, bearing an isopropyl group
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at the 1S position of the hydroxyethyl moiety, was approx-
imately three-fold more potent at inhibiting strand transfer
(IC50 = 8.2 nM), and approximately 10-fold stronger at in-
hibiting HIV replication (EC50 = 7.5 nM) than compound
5, although the introduction of an isopropyl group at the
1R position of the hydroxyethyl moiety did not enhance in-
hibitory activity. The introduction of both a methoxy group at
the 7 position of the quinolone ring and an isopropyl group
at the 1S position of the hydroxyethyl moiety (EVG) led
to a synergistic improvement in antiviral activity (EC50 =
0.9 nM). Although no additive or synergistic improvement
in the inhibition of HIV-1 integrase (IC50 = 7.2 nM) was ob-
served, this may be due to the condition of the strand transfer
assay using 5 nM of target DNA, which can affect the po-
tency of inhibitors. More detailed SARs have been described
in another publication [60].

Keto-enol acid integrase inhibitors are reported to be
much more potent, than 3′-processing reactions at inhibit-
ing integrase-catalyzed strand transfer processes [37,54]. Our
monoketo acid integrase inhibitor was also confirmed to be a
selective strand transfer inhibitor (Fig. 3). A 5′-end-labeled
21-mer double-stranded DNA oligonucleotide, correspond-
ing to the last 21 bases of the U5 viral LTR, is converted via
a 19-mer oligonucleotide (3′-processing product) to strand
transfer products (> 21-mer oligonucleotides) by HIV-1 in-
tegrase. Monoketo acid EVG was more than 100-fold as
potent as the 3′-processing reaction at inhibiting integrase-
catalyzed strand transfer processes (Fig. 3). The identification
of the highly potent HIV-1 integrase strand transfer inhibitor,
EVG, which has the monoketo acid motif as an alternative
to the keto-enol acid motif, provides novel insights into the
structural requirements and the binding mode of this type
of inhibitor. The capacity for full coordination with the two
divalent metal ions is apparently not always essential for the
activity of strand transfer inhibitors. EVG is the most clin-
cally advanced novel quinolone integrase inhibitor.

10,0001,0001001010.110% DMSONo Integrase (nM)

EVG

Strand
transfer

products

21-mer

19-mer

FIGURE 3 Inhibition of 3′-processing and strand transfer by EVG. Gel electrophoresis shows the viral DNA substrate (21-mer oligonu-
cleotide), 3′-processing product (19-mer oligonucleotide), and strand transfer products (> 21-mer oligonucleotides).

SYNTHESIS

The preparation of EVG is shown in Scheme 1. After
5-iodonation of 2,4-difluorobenzoic acid, the acid chlo-
ride of 2,4-difluoro-5-iodobenzoic acid was coupled with
ethyl 3-(dimethylamino)acrylate to produce 2-benzoyl-3-
(dimethylamino)acrylate. Substitution with (S)-valinol and
subsequent cyclization with potassium carbonate and protec-
tion of the alcohol with TBS ether gave the 6-iodoquinolone
ester. Palladium-catalyzed Negishi coupling of the 3-chloro-
2-fluorobenzylzinc bromide derived from the correspond-
ing benzylbromide with 6-iodoquinolone ester led to a 6-
benzylquinolone ester. Hydrolysis of the TBS ether and ethyl
ester, and subsequent methoxylation with sodium methoxide,
produced EVG.

CLINICAL RESULTS

The first human study for EVG was conducted among
Japanese healthy male volunteers by Japan Tobacco Inc. [55].
In the study, single oral administration of up to 800 mg of
EVG, the highest dose, was safe and well tolerated. The
plasma concentration of EVG increased with dose in a pro-
portional manner. Food significantly increased the plasma
exposure of EVG by approximately 2.7-fold. After the dose
of 400 mg under the fed condition, Tmax and t1/2 were 2.3 and
3.2 h, respectively, and the plasma concentrations of EVG at
12 to 24 h well exceeded the protein binding–adjusted in
vitro EC90 or EC50 concentrations.

Based on these results, Gilead Sciences began a short-
term monotherapy study in the United States to evaluate the
pharmacokinetics and antiviral activity of EVG [56]. Mean-
while, Kearney et al. [57] reported a significant boosting
effect of ritonavir, along with a longer half-life (∼ 9 h) of
EVG. Therefore, boosting with ritonavir at 50 mg q.d. was
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SCHEME 1 Synthesis of elvitegravir.

evaluated, as well as 200, 400 and 800 mg b.i.d. and 800 mg
q.d. in the monotherapy study. In the 400 or 800 mg b.i.d.
and 50 mg/r q.d. groups, a plasma viral load reduction by ap-
proximately 2 log10 copies/mL was observed over 10 days of
monotherapy. In pharmacokinetic/pharmacodynamic analy-
sis, Kearney et al. reported that Ctrough concentration was the
most sensitive predictor for antiviral activity. EVG was safe
and well tolerated in all the dosing groups.

Following these findings, a 48-week phase IIb dose-
ranging study was started at doses of 20, 50, and 125 mg of
EVG with 100 mg of ritonavir in combination with more than
two nucleos(t)ide reverse transcriptase inhibitors and with or
without a fusion inhibitor, enfuvirtide/T-20, in treatment-
experienced patients. In the 125-mg/r arm, approximately
2 log10 copies/mL reduction in viral load was observed
by 2 weeks after the introduction of the new treatment,
which included EVG. However, the durability of viral re-
duction depended largely on the number of active drugs
in the background regimen. The majority of subjects who
started without any active drug in the background regimen
experienced viral rebound after rapid viral supression. In
contrast, subjects who had any active drugs in the back-
ground regimen exhibited a longer duration of the viral re-
sponse [58]. In particular, in subjects who were naive to
and started with enfuvirtide, viral suppression was main-
tained throughout the study period. These findings strongly
indicate that EVG has potent and durable antiviral efficacy
when used together with other active agents. EVG was also
generally safe and tolerable in this study. The emergence of
drug-resistant-related mutations was frequent in subjects who
experienced virologic failure during EVG-included therapy.

Most resistant virus to EVG also showed cross-resistance to
raltegravir. Therefore, sequential therapy with raltegravir af-
ter viral failure with EVG would not be expected to be an
effective option.

Currently, phase III studies by Gilead Sciences are on-
going in the United States, the European Union, Canada,
and Australia. These are randomized double-blind double-
dummy studies comparing EVG with raltegravir in combi-
nation with a ritonavir-boosted protease and another active
agent in treatment-experienced HIV-1-infected subjects.

EVG has exhibited both a preferable safety profile and
durable antiviral activity to date, and can be administered
once daily when coadministered with a pharmacoenhancer
such as ritonavir. These profiles could serve as a promising
option not only for treatment-experienced patients but also
for treatment-naive patients. The risk of treatment-emergent
resistance, however, even by a small dose of ritonavir, can-
not be eliminated completely. Gilead Sciences is currently
developing GS-9350, a pharmacoenhancer without antiviral
activity [59]. In the future, a combination with a pure booster,
such as GS-9350, could enlarge the clinical use of EVG, in-
cluding for treatment-naive patients.

CONCLUSIONS

We discovered the coplanar monoketo acid motif in the scaf-
fold, 4-quinolone-3-carboxylic acid, to be an alternative to
the keto-enol acid motif in integrase inhibitors. These novel
quinolone integrase inhibitors were structurally optimized to
provide the highly potent derivative EVG, which was much
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more potent at inhibiting integrase-catalyzed strand trans-
fer processes than 3′-processing reactions, as reported previ-
ously for compounds of the keto-enol acid class [37,54]. The
chelating ability of the keto-enol acids, which can coordinate
with two divalent metal ions simultaneously, is considered
to be important, but structurally modified monoketo acids
cannot fully mimic the chelating function of the keto-enol
acids. The monoketo acids have potentially weaker affin-
ity for metal ions than the keto-enol acids, and cannot fully
coordinate with two metal ions. This would seem to be dis-
advantageous for achieving activity. In fact, the initial lead
compound 3 was less potent than the keto-enol acid com-
pound 1. However, the highly potent EVG was obtained by
structural modification around the monoketo acid moiety.
Furthermore, this potentially weaker chelating ability of the
monoketo acids might, in fact, be advantageous in terms of
selectivity and safety. Indeed, the novel quinolone integrase
inhibitor EVG has exhibited a very safe profile in the clini-
cal studies performed to date. EVG has exhibited significant
antiviral activities in phase II studies and is currently under-
going phase III trials.
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INTRODUCTION

More than 170 million people worldwide are infected with
the hepatitis C virus (HCV) [1,2]. Following acute HCV in-
fection, approximately 80% of patients progress to a chronic
infected state [3]. HCV infection is the most common risk
factor for developing hepatocellular carcinoma and is the
main cause of all liver transplants in developed nations [4].
The current standard of care (SoC) for HCV infection is an
empirically derived therapy (which does not specifically tar-
get HCV), which consists of weekly injections of pegylated
interferon (peginterferon) plus daily oral dosing with rib-
avirin (RBV) [5–8]. These drugs result in a sustained viral
response (SVR) in about 42 to 46% of genotype 1–infected
patients [9–11].

Multiple steps in the HCV life cycle where HCV replica-
tion can be inhibited have been identified [12]. The hepatitis
C virus is a single-stranded RNA virus belonging to the Fla-
viviridae family. After HCV infects the host hepatocyte, the
positive-stranded RNA genome is translated directly using
the HCV internal ribosomal entry site (IRES) to produce a
single 3000-amino acid polyprotein chain that contains all
the structural and nonstructural viral proteins required for

replication. This viral polyprotein is cleaved by host and
viral proteases such as NS3·4A, releasing structural pro-
teins to package progeny virus, and nonstructural proteins
to form the multiprotein replicase complex required for viral
RNA replication [13–15]. The replicase complex synthesizes
negative-stranded replicative HCV RNA intermediates from
the genomic positive-stranded RNA template, which in turn
are used as a template to synthesize more progeny HCV
RNA. Finally, progeny HCV RNA is packaged and matured
into infectious virus as it egresses through the endoplasmic
reticulum out of the cell.

The HCV nonstructural protein 3 (NS3) is a 631-amino
acid bi-functional protein with a catalytic serine protease do-
main in the N-terminal 181-amino acid portion and a helicase
domain in the C-terminal portion. NS3 associates tightly and
noncovalently with NS4A, a 54-amino acid cofactor to form
the NS3·4A complex [15–22]. Examination of the NS3 cat-
alytic domain in the absence [23] and presence of NS4A [22]
indicates that NS4A is buried deeply into the core of NS3
and assists in organizing the active site of the enzyme. The
catalytic efficiency of the native NS3·4A complex is an or-
der of magnitude higher than has been reported for the NS3
protease N-terminal domain with a synthetic peptide derived
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from NS4A [24], which in turn is an order of magnitude
higher than the NS3 protease domain alone [25]. The NS3·4A
protease is responsible for the cleavage of the viral polypro-
tein between NS4-NS4A, NS4A-NS4B, NS4B-NS5A, and
NS5A-NS5B, to release components of the HCV replicase,
and has been shown to be essential for viral replication [26].

Thus, NS3·4A is an attractive target for therapeutic in-
tervention, and drug discovery targeting small-molecule in-
hibitors of NS3·4A has become a focus of intense interest in
the pharmaceutical industry. Vertex Pharmaceuticals entered
the HCV drug discovery field in 1997 in collaboration with
Eli Lilly, to address the high unmet medical need for this
disease using Vertex’s core strength in structure-based drug
design.

DISCOVERY

During the period of more than a dozen years that has
elapsed since the structure of the HCV NS3·4A protease was
solved [22], several inhibitors of this enzyme have emerged
and entered clinical development for the treatment of HCV-
infected patients. The interest surrounding these new thera-
pies is reflected in the publication of a number of reviews on
HCV protease inhibitors in development [27–30].

However, back in 1996, medicinal chemists viewed the
pursuit of this target for the development of a therapeutic
agent as a daunting task, for several reasons [31]. The first
hurdle in tackling the target was the lack of assays to drive op-
timization based on structure–activity relationships (SARs).
In particular, there was no robust in vitro cell culture system
to assess the ability of HCV NS3·4A protease inhibitors to
prevent virus replication. At Vertex, efforts were devoted to
the development of a suitable enzyme assay, and later, to im-
plementation of the HCV subgenomic replicon assay [32].
Replicon assay activity and pharmacokinetic profiling were
relied upon heavily to evaluate compounds preclinically. Ad-
ditionally, the target product profile was developed based
on our understanding of the HCV life cycle, but there was
no readily available small-animal model to validate our ap-
proach. Another hurdle in pursuing the target is apparent
in a model of the HCV NS3·4A protease complexed with
a decamer substrate peptide (Fig. 1). The substrate binding
site is a shallow and solvent-exposed cleft that presents no
apparent pockets to engineer enzyme affinity. Additionally,
the enzyme affinity for peptides based on natural substrates
that span the S6 to S4′ subsites of the enzyme dropped sig-
nificantly when they were truncated to fewer than 10 amino
acids in length [25]. Thus, achieving druglike features in in-
hibitors, such as good affinity with molecular weights below
500 Da, appeared difficult.

Vertex Strategy

Early in Vertex’s discovery program, it was decided to pursue
compounds that would distribute preferentially to the liver, as

Hydrophobic Subsites

Specificity
Pocket

P4

Scaffold Warhead

P2 P1′

P1P3

FIGURE 1 Model of substrate (dark sticks) bound to the active
site of NS3·NS4A protease. The NS3 protease is shown as a light
gray surface and NS4A peptide is shown in a darker gray surface.
The schematic shows different hydrophobic subsites that are filled
by an inhibitor that spans P′

1 to P4.

this organ is the primary site in the body where HCV replica-
tion occurs. Furthermore, targeting a drug to the liver had the
advantage of potentially limiting systemic toxicity by lower-
ing systemic exposure. Targeting the liver had implications
on compound evaluation and progression. In particular, in
addition to evaluating in vitro potency, compound liver lev-
els in rodents were measured routinely, and compounds with
high liver exposure were prioritized for advancement. Even-
tually, a mouse model of protease inhibition was developed
at Vertex to help assess the ability of compounds to inhibit
HCV protease in the liver after oral administration. Another
key aspect of Vertex’s strategy was the systematic utilization
of co-complex crystal structures of compounds bound in the
enzyme active site to guide inhibitor optimization. The use of
these principles toward the discovery of telaprevir (VX-950)
has been published [33,34].

Inhibitor Design

The natural NS5A-5B substrate 1 was used as a starting
point for inhibitor design. Truncation studies on a 10–amino
acid-long substrate spanning the S6 to S4′ subsites of the
enzyme showed that removal of the P4′ residue resulted in
a dramatic loss of activity (∼ 100-fold), but that subsequent
truncations at P3′ and P2′ had little additional deleterious
effects [24], suggesting that these residues were not sites
where optimization could lead to significant gains in affinity.
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On the nonprime site, removal of the P6 and P5 acidic
residues resulted in significant decreases in binding affinities.
Additionally, truncation of the hydrophobic residues at P4
and P3 led to further loss in affinity, suggesting that affinity
could be gained through hydrophobic contacts at P3 and
P4. From these studies it appeared that truncation beyond
three or four amino acids on the nonprime substrate binding
side would be difficult, as significant hydrophobic contacts
would be needed to achieve adequate affinity. Hence, the
question that remained was: Was it possible to design a
druglike inhibitor with sufficient binding affinity?

A large body of literature exists that pertains to the
inhibition of serine proteases such as HCV protease
by covalent reversible inhibitors [35]. Attack of the C-
terminal electrophilic moiety of these inhibitors by the
catalytic serine residue results in the formation of a
reversible covalent bond between the enzyme and the
inhibitor. The resulting enzyme–inhibitor complex is a
transition state–like tetrahedral intermediate that mimics
amide bond hydrolysis, and that is stabilized through sev-
eral ionic interactions. As a result, covalent reversible in-
hibitors have been shown to be 10 to 1000 times more
potent than inhibitors that rely solely on ionic interactions.
This strategy appeared feasible for the inhibition of HCV
protease, as a way to gain back the affinity lost by necessary
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SCHEME 1 Elaboration from a 10-amino acid substrate to a tetrapeptide aldehyde inhibitor.

truncation of the natural substrate. We therefore decided to
pursue covalent reversible inhibitors spanning the S4 to S1′

subsites of the enzyme (Fig. 1). The aldehyde functional-
ity was chosen initially as a warhead surrogate, as shown
in hexapeptide aldehyde 2 (Ki = 0.89 µM). The P6 and P5
residues were then replaced by a heterocyclic cap, which led
to the tetrapeptide aldehyde 3 (Ki = 12 µM) as the starting
point for further optimization (Scheme 1) [36].

Inhibitor Optimization

Several areas of the tetrapeptide aldehyde were optimized ei-
ther sequentially or in parallel. To this end, parallel synthesis
methods were utilized extensively, to conduct multisite op-
timization as needed. Early optimization focused on the P2
residue, a site where optimization of hydrophobic contacts
could potentially lead to gains in inhibitor affinity. Based on
chemistries available from the available 4-hydroxyproline
starting material, ethers, esters, and carbamates were inves-
tigated (Scheme 2). Crystal structures of example molecules
from each class revealed that several orientations of the pro-
line 4-substituent in the P2 pocket were tolerated (Fig. 2).
Binding affinity is influenced by interactions with the side
chains forming the S2 pocket: Arg181, Asp107, and His83.
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SCHEME 2 Chemical structures of aldehyde inhibitors 4, 5, and 6.

Esters such as 5 (Ki = 0.4 µM) were generally more po-
tent than ethers (e.g., 4, Ki = 1.7 µM); however, they were
too hydrolytically unstable to be of use. Primary carbamates
were investigated as an alternative to esters, with varying
success. However, replacement of the 2-naphthyl ester with
the isosteric tetrahydroisoquinolyl (THIQ) carbamate led to
compound 6, which showed similar affinity for the enzyme
(Ki = 0.89 µM) [36].

The S1 specificity pocket, defined by the side chains of
Leu135, Phe154, and Ala157, is responsible for selectivity
vs. the clotting cascade serine proteases such as thrombin.
The consensus sequence for substrates resulting in transcle-
avage all have a cysteine at P1, a nucleophilic residue incom-
patible with an electrophilic warhead. Examination of the
structure–activity relationship (SAR) at this position showed
preference for small hydrophobic side chains, such as ethyl,
propyl, and trifluoroethyl. Incorporation of an oxygen atom
as well as disubstitution at the geminal position led to loss
of affinity. The propyl side chain was chosen as a good com-
promise between synthetic accessibility and affinity [36].

The initial aldehyde warhead needed to be optimized, as
aldehydes perform poorly in drugs and are readily oxidized
to carboxylic acids in vivo. A number of warheads (car-
boxylic acid, trifluoromethyl ketones, chloromethyl ketones,
etc.) commonly used in serine protease inhibitors were in-
vestigated without success. Successful replacement of the
aldehyde was finally accomplished with an α-ketoamide,
which resulted in up to 40-fold improvements in binding
affinity [37]. X-ray structure analysis of α-ketoamides such
as 7 (Scheme 3) showed an unexpected arrangement of the
tetrahedral intermediate. Instead of observing the oxyanion
hole defined by Ser139 and Gly137 being occupied by the
oxygen of the electrophilic carbonyl, we observed occupancy
by the oxygen from the nonelectrophilic carbonyl and the
negatively charged oxygen pointing out toward solvent [37].

Various ketoamide substitutions were investigated. Addi-
tional affinity could be gained by introducing a carboxylic
acid in the prime side (8, Ki = 26 nM, Scheme 3). How-
ever, these compounds generally displayed no potency in the
replicon assay, presumably due to their charged character

FIGURE 2 Crystal structure of inhibitors 4, 5, and 6. The inhibitor and the catalytic triad (Ser139, His57, and Asp81) are shown as sticks.
The protein is shown in lines as well as in ribbon representation. The naphthyl of the P2 group in compounds 4 and 5 make the same contacts
with the binding site; however, compound 5 is more potent, due to its rigid ester linker. The THIQ group linked as a carbamate in compound
6 is twisted and makes fewer optimal contacts and is therefore slightly weaker than compound 4. The catalytic Ser139 makes a covalent
interaction with the inhibitor aldehyde warhead. The His57 and Asp81 residues are also shown in a stick diagram. (The P4 cap of compound
4 was not defined in the x-ray structure.)
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SCHEME 3 Structures of ketoamide inhibitors 7, 8, and 9.

that prevented cell membrane penetration. Small aliphatic
groups such as cyclopropyl (9, Scheme 3) also displayed
encouraging enzyme and cell potency.

Considerable effort and time was spent on the optimiza-
tion of the THIQ carbamate proline α-ketoamide subclass,
and over 300 compounds were prepared, leading to com-
pounds with nanomolar potency in the replicon assay. How-
ever, most of these compounds displayed poor pharmacoki-
netic (PK) profiles, presumably because of their poor physic-
ochemical properties due to the large size of the P2 residue,
and low liver and plasma exposures upon a single oral dose
administration in mice were observed. At this time, the P2
was revisited to investigate proline substitution other than
4-hydroxyproline-based [38]. Reexamination of the crystal
structure of hydroxyproline-based inhibitor 10 led to the
hypothesis that proline-based P2s bearing a 1-to-4 carbon
substituent at the 3 position on the α face could result in
displacement of a putative water molecule in the enzyme ac-
tive site, thus leading to improved binding affinity [38]. To
test this hypothesis, compound 11 was prepared and showed
a Ki of 1.4 µM. Subsequent crystal structure examination
disproved the water molecule displacement hypothesis, yet
the reasonable activity of compound 11 led to further explo-
ration of P2’s having this substitution pattern. In addition,
3-alkyl proline-based inhibitors exhibited a PK profile that
resulted in significantly improved liver exposure following
a single oral dose administration in mice, providing further
incentive for optimization, which eventually led to the dis-
covery of telaprevir. Key compounds toward telaprevir are
shown in Scheme 4. Extension of the methyl substituent to
ethyl eventually led to the bicyclic ketone 14 (Ki = 40 nM).

Reduction of the ketone moiety to the bicyclic carbocycle,
coupled with further optimization at P1′, P1, P3, and P4, led
to telaprevir [39]. Telaprevir was selected for advancement
based on its potency and its good liver exposure in rodents.

BIOCHEMICAL AND BIOLOGICAL
CHARACTERIZATION

The selection of telaprevir relied most heavily on the in vitro
enzyme assays and 2-day replicon assay described below.
Although the enzyme assays were designed to take advan-
tage of our covalent warhead strategy, the discrete kinetics
of inhibition were not used as an explicit design criterion.
Instead, we relied on the 2-day replicon assay as the primary
measure of in vitro efficacy. We expected that any benefit of
slow-binding inhibition in the disruption of the highly regu-
lated events involved in viral replication would be reflected
in the observed potency in this assay.

Enzymatic Assays

The initial assay used to evaluate compounds as inhibitors of
HCV protease was a spectrophotometric assay that followed
the cleavage of p-nitroanilide (pNA) from the C-terminus
of a hexapeptide substrate [25]. This assay provided signif-
icant throughput and the kinetic advantage of continuously
monitoring product release. However, the pNA assay is lim-
ited by two factors: a high enzyme concentration that limits
the overall sensitivity of the assay, and a high concentra-
tion of substrate (∼ 1 mM) that can limit the solubility of
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SCHEME 4 Inhibitor progression toward telaprevir.

compounds of interest. To combat these limitations, we
moved to the high-performance liquid chromatography
(HPLC)-based detection of products generated from the
cleavage of an unlabeled peptide with high homology to
a naturally occurring cleavage site within the HCV polypep-
tide [25]. The HPLC-based assay gave good sensitivity along
with excellent data quality, and coupling the HPLC to a
microplate-compatible autosampler allowed us to maintain
sufficient throughput to use this assay as the primary as-
say for initial compound evaluation toward the selection of
telaprevir.

Both the pNA assay and the HPLC assay utilize a 15-min
incubation of enzyme and inhibitor prior to initiation of the
reaction by the addition of substrate. This incubation period
complements the covalent reversible warhead approach de-
scribed above in that it allows the enzyme to react with the
inhibitor in the absence of competing substrate, improving
the sensitivity of the assay. The apparent inhibition constant
of telaprevir in the HPLC assay is 44 nM [34].

As expected, telaprevir forms a covalent tetrahedral in-
termediate with the nucleophilic active-site serine of HCV

protease, as shown in the crystal structure of telaprevir com-
plexed with the NS3 protease catalytic domain and an NS4A
peptide cofactor (Figure 3, unpublished results). This obser-
vation led us to examine the kinetic nature of the telaprevir
inhibition of HCV protease using a continuous fluorescent
depsipeptide cleavage assay [34,40]. Progress curve analy-
sis suggests that telaprevir forms an initial, weakly bound
complex with the HCV protease, which then rearranges to
a more tightly bound form. Under steady-state conditions
the inhibition constant for telaprevir inhibition of HCV pro-
tease (K ∗

i ) is 7 nM. Additionally, we found that telaprevir
is a slowly dissociating inhibitor of the HCV protease; the
half-life observed for the tightly bound complex is 58 min.
The slow-binding nature of telaprevir inhibition may provide
a therapeutic advantage over compounds of similar potency,
which act at diffusion-controlled rates [41].

Inhibition of HCV Replication in Cellular Systems

Compounds that showed significant potency in the enzyme
assays above were further evaluated in a 2-day replicon
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FIGURE 3 Crystal structure of telaprevir complexed with NS3 protease and NS4A peptide cofactor. The inhibitor is shown in a stick
diagram with the color scheme: C (purple), N (blue), and O (red). The active site triad (Ser139, His57, and Asp81) are also shown as sticks
with C in gray. The rest of the protein is shown with C in green. The secondary structure of the protein is shown in a ribbon diagram. Telaprevir
makes four inhibitor main-chain to protein main-chain hydrogen bonds. The side chains of the inhibitor fill the S4, S3, S2, S1, and S1′ binding
pockets. The Ser139 residue makes a covalent interaction with the ketoamide warhead. (See insert for color representation of the figure.)

assay [32,34]. Huh7 cells harboring a subgenomic replicon of
the HCV subtype 1b Con1 strain were incubated with com-
pound for 48 h, at which point the level of HCV RNA was
quantitated using QRT-PCR. Telaprevir has an IC50 value of
354 nM in this assay; the CC50, determined in parallel with
the IC50, was found to be 83 µM, yielding a selectivity index
(CC50/IC50) of 230.

A more stringent replicon assay was used to evaluate
telaprevir’s ability to produce a multilog decrease in HCV
RNA levels in vitro. Replicon cells were incubated with 7-
µM telaprevir (20 × 2-day replicon IC50) for 3, 6, or 9 days
prior to HCV RNA quantitation. As reported previously [34],
the number of HCV RNA copies per cell continued to drop
with increasing incubation time, resulting in nearly a 4 log
drop in RNA levels after 9 days of treatment. The observa-
tion of a multilog drop in RNA levels prompted us to test
for rebound of HCV RNA levels following the removal of

telaprevir from treated cells. Replicon cells were treated with
17.5-µM telaprevir (50 × 2-day replicon IC50) for 13 days in
the absence of selective pressure, resulting in a more than 5
log drop in HCV RNA levels. Telaprevir was then removed
and G418 was added. G418 is an antibiotic that is used to
select cells containing the replicon, which expresses neo,
the neomycin phosphotransferase gene. Cells without neo
are cells in which telaprevir has cleared the replicon; thus,
they will die in the presence of G418. In this experiment,
no growth was observed for 21 days post-telaprevir removal,
indicating that telaprevir was able to clear the replicon RNA
from the treated cells [34].

To obviate the possibility that the results from the subtype
1b subgenomic replicon assay were artifactual, we tested
telaprevir in a subtype 1a infectious assay system using pri-
mary cells. Human fetal liver cells were maintained in hor-
monally defined media for 5 days. The cells were then treated
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with HCV genotype 1a containing serum for 24 h to establish
infection, followed by treatment with telaprevir for 5 days.
The IC50 for telaprevir in this assay was determined to be
280 nM, consistent with the inhibition observed in the 2-day
replicon assay (354 nM) [34].

In Vitro Resistance

Direct antivirals such as protease inhibitors have the poten-
tial to generate resistance. Every day, 1012 HCV virions are
produced. This observation, coupled with the fact that the
HCV RNA polymerase has low replicative fidelity and has
no proofreading ability, leads to the estimate that point mu-
tations will arise at each position of the HCV genome every
day [42]. As a result, quasispecies, or minor variant viral
populations, can be the source of rapidly emerging resis-
tance in HCV patients treated with direct antiviral therapies.
In vitro studies using genotype 1b HCV replicon cell lines
identified three mutations of the alanine 156 residue in the
protease active site which conferred resistance to telaprevir.
Substitution of the wild-type alanine residue with a serine
(A156S) conferred lower levels of in vitro resistance (9.6-
fold), while substitution with a valine (A156V), or a threonine
residue (A156T) conferred high-level resistance (> 62-fold)
in the HCV replicon assay. The A156V/T variants, but not
the A156S variant, had severely reduced in vitro replication
capacity [43,44].

Telaprevir Activity in an In Vivo Model

In the absence of a reliable small-animal model of HCV
infection, we developed an alternative method to demonstrate
the ability of telaprevir to inhibit HCV protease after oral
delivery in an in vivo setting [34]. Recombinant adenovirus
was used to deliver a gene encoding the HCV protease fused
to secreted alkaline phosphatase (SEAP) to SCID mice, with
a known HCV cleavage site engineered between the two
proteins. The adenovirus concentrated in the liver, allowing
us to test for telaprevir activity in the target organ. Active
HCV protease was able to cleave the fusion protein, releasing
SEAP and allowing its detection in the serum [34]. No SEAP
activity was observed in the absence of active HCV protease,
as demonstrated via delivery of a gene encoding a fusion
protein in which the active-site catalytic serine had been
mutated to alanine [34].

Mice injected with the wild-type fusion protein aden-
ovirus and treated via oral administration with either 10 or
20 mg/kg of telaprevir showed significant decreases in SEAP
levels as compared to vehicle controls. This demonstrated the
ability of telaprevir to inhibit HCV protease in the liver. Al-
though this assay was a step removed from demonstrating
activity against infected cells in vivo, it did provide evidence
that telaprevir retains the expected inhibitory activity against
HCV protease in the liver of a live animal.

Additionally, there was a dose-dependent increase in
telaprevir exposure at 1 h post-dosing in both liver and plasma
in this model. At the lowest dose tested (10 mg/kg), the level
of telaprevir in the mouse liver 1 h after oral dosing corre-
sponded to 5.68 µM, which was about sixfold higher than
that in the plasma (0.94 µM), confirming the liver-targeting
nature of this drug. This liver concentration at 1 h is about
16-fold higher than the 48-h IC50 of telaprevir in HCV repli-
con cells. At dosages higher than 10 mg/kg, the ratio of liver
to plasma exposure of telaprevir at 1 h after dosing ranged
from 11- to 16-fold. By 12 h, the levels of telaprevir in the
mouse liver and plasma were significantly reduced, although
still measurable in the liver.

SYNTHESIS

The retrosynthesis of telaprevir is depicted in Scheme 5. To
enable a reliable and convergent synthesis of this tetrapeptide,
we investigated a number of strategies and demonstrated that
disconnecting first between P1 and P2 was optimal, generat-
ing tripeptide 15 and warhead precursor 16. This approach
allowed installation of the P1–P1′ fragment as the hydroxy
amide 16 in the final stage, to avoid epimerization of the P1
norvaline side chain. Further disconnections, generating key
synthetic bicyclic P2 scaffold 17 and commercially available
tert-butyl glycine P3, cyclohexyl glycine P4, and 2-pyrazine
carboxylic acid cap, offered the safest route to minimize
epimerization of the three amino acid stereocenters during
the synthesis.

Several synthetic routes were explored to gain access to
the warhead piece 16. The two most promising routes with
the potential to minimize the number of synthetic steps and
maintain enantiomeric purity are summarized in Scheme 6.
The Passerini approach [45] (route 1A) proceeded efficiently
under mild conditions to generate a norvaline-based warhead
precursor without enantiomeric erosion, which was further
elaborated into hydroxyamide 16.

An alternative approach (route 1B) generates the key
hydroxy acid 19 through a one-carbon homologation of
Cbz-norvaline via cyanohydrin formation [46] and hydrol-
ysis. Subsequent coupling and hydrogenation provided the
desired P1–P′

1 warhead precursor 16. Route 1B was favored
on a large scale since it avoided the generation of volatile
toxic materials (isonitrile 18 in route 1A), and maintained
the desired norvaline side-chain stereochemistry.

Bicycloproline 17 was the subject of intense synthetic ef-
forts. The three more successful syntheses investigated are
described herein. The first synthesis proceeded through bi-
cyclic ketone 22, for which a synthesis via tetracyclic di-
astereomers 21 generated from a cycloaddition cyclization
of thiazolium ylide 20 with 2-cyclopentenone had been re-
ported in the literature [47] (Scheme 7) with good overall
yield on a 100-g scale. Chiral resolution of 22, followed by
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SCHEME 6 Synthetic strategies for the hydroxyamide warhead precursor.
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SCHEME 7 Initial synthesis of bicyclic proline P2.

ring deoxygenation and protective group adjustments [39],
provided the key P2 bicyclic proline scaffold 17.

The utility of this 10-step synthesis on a large scale was
limited due to its length and its use of toxic tin reagents. An
improved six-step synthesis [48,49] was developed to cir-
cumvent the chiral resolution step and enable the production
of the first 100 kg of 17. This synthesis proceeded through
chiral Michael addition of camphor imine 23, available in one
step from (1S)-(−) camphor and tert-butyl glycine ester [50],
to methyl cyclopentenecarboxylate 24 to afford Michael
adduct 25 as a single diastereomer (Scheme 8). Imine hy-
drolysis and subsequent cyclization yielded the lactam ester
26. Subsequent nitrogen protection, lactam reduction, and
carbamate deprotection provided key bicyclic proline 17 in
high yield.

A P2 synthesis used for large-scale reactor production
(> 100 kg) employs very cheap raw material 3-azabicyclo-
[3.3.0]octane hydrochloride (27) as starting material, and

avoids the somewhat expensive unnatural camphor chiral
auxiliary and its recycling. This five-step novel synthesis
is delineated in Scheme 9 [51]. The synthesis started with
the Boc carbamate protection of 3-azabicyclo[3.3.0]nonane
hydrochloride (27), delivering the required precursor 28 for
α-carboxylation. 2-Lithiation followed by trapping of the
anion with carbon dioxide under equilibrating conditions
generated the desired racemate acid 29 with a high de-
gree of diastereoselectivity. The resolution of racemic bi-
cyclic P2 amino acid mixture 29 via salt formation with
an optically active base such as (S)-1,2,3,4-tetrahydro-1-
naphthylammonium salt provided key bicyclic proline salt
30 in high yield and high enantiomeric purity. Salt neu-
tralization and subsequent esterification provided bicyclic
proline 17.

With the key synthetic P1–P′
1 16 and P2 scaffold 17

in hand, the total synthesis of telaprevir became a linear
eight-step sequence [51] summarized in Scheme 10. The
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SCHEME 8 Improved synthesis of bicyclic proline P2.
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SCHEME 9 Large-scale synthesis of bicyclic proline P2.
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TABLE 1 Pharmacokinetic Parameters of Intravenously Administered VX-950 in Rats and Dogsa

Species
Dose

(mg/kg)
AUC0-inf

(µg·h/mL)
Cmax

(µg/mL)
Cl

(mL·min−1/kg−1)
t1/2

(h)
Vss

(L/kg)

Ratb 0.95 0.30 ± 0.02 0.51 ± 0.06 53.7 ± 4.2 1.73 ± 0.06 5.81 ± 1.13
Dogb 3.5 1.47 ± 0.44 2.38 ± 0.82 41.8 ± 10.7 0.93 ± 0.14 1.84 ± 0.44

aVX-950 was intravenously dosed as a solution at the indicated dose in Sprague–Dawley rats or beagle dogs. The average ± S.D. values from three animals
are shown.
bThe rat samples were analyzed using the chiral LS-MS-MS method; the dog samples were separated by the nonchiral method.

elaboration of capped tripeptide intermediate 15 started with
the coupling of Cbz-tert-butyl glycine with bicyclic proline
ester 17 using standard conditions to provide dipeptide 31.
Protecting group removal followed by coupling of CBZ-
protected cyclohexyl glycine delivered tripeptide 32. CBZ-
group deprotection of 32 and CDI-mediated coupling with
1,4-pyrazine carboxylic acid afforded, after ester hydrolysis,
P4-capped tripeptide acid precursor 15. The key coupling
between warhead precursor 16 and tripeptide 15 was con-
ducted under standard conditions using N-methylmorpholine
as a base to generate an epimeric mixture of hydroxyamide
precursor 33. In the final step, oxidation of 33 proceeded
uneventfully using the Dess–Martin periodinane oxidant, to
provide telaprevir in good yield.

PRECLINICAL AND HUMAN
PHARMACOKINETICS

The pharmacokinetic profile of telaprevir in preclinical
species has been published [34]. In general, because of their
high molecular weight and low water solubility, the phar-
macokinetics of peptidomimetics can be less than ideal. As
shown in Table 1, telaprevir has moderate-to-high systemic
clearance after intravenous dosing in rats and dogs. How-
ever, good volumes of distribution in both species suggest
adequate tissue distribution. Good oral exposure was ob-
served with telaprevir. Following oral administration as an
amorphous suspension in a PVP-based formulation, bioavail-
abilities of 25% in rat and 40% in dog were observed
(Table 2).

Hepatitis C is a disease of the liver, and most if not all of
the HCV replication occurs in that organ. As stated above,
one of our criteria for selection of an HCV protease inhibitor

as a preclinical candidate was its ability to partition predomi-
nantly to the liver. Telaprevir performed especially well with
regard to this parameter compared to other close analogs. For
telaprevir, the average liver-to-plasma ratio was determined
to be 35 in rats over an 8-h time course following adminis-
tration of a single 30-mg/kg oral dose (Table 3). At this dose,
the telaprevir exposure in the liver is about 14 µM, which is
30-fold above the 48-h IC50 in replicon cells. A similar liver
distribution of telaprevir was observed in the mouse model
described above. This observation was a key component in
the decision to select telaprevir as a clinical candidate.

Human Pharmacokinetics The predicted exposure of
telaprevir from patients dosed concomitantly with telaprevir,
peginterferon, and ribavirin has been reported [52]. Telapre-
vir absorption was characterized by an initial slow phase
followed by a second rapid phase. Absorption was delayed
by 0.21 h. The population-predicted median AUC0-8 value
at steady state for telaprevir was 26.4 mg·h/mL. The median
trough concentration of telaprevir predicted from the final
population pharmacokinetic model was 2568 ng/mL.

PHASE I–II SAFETY AND EFFICACY STUDIES

Multiple recent clinical reviews of protease inhibitors in the
clinic reflect the large degree of interest in the HCV-treating
clinical community over the development of specifically tar-
geted antiviral therapy for hepatitis C (STAT-C) inhibitors
in general [53–57], and NS3 protease inhibitors in partic-
ular [58], in combination with peginterferon and ribavirin.
This interest is due in part to the paradigm shift represented
by the promising results in trials of STAT-Cs combined with
peginterferon and ribavirin, compared to peginterferon and

TABLE 2 Pharmacokinetic Parameters for Orally Administered VX-950 in Rats and Dogsa

Species
Dose

(mg/kg)
AUC0-inf

(µg·h/mL)
Cmax

(µg/mL)
Tmax

(h)
t1/2

(h)
Bioavailability

(%)

Rat 40 3.34 ± 0.35 1.55 ± 0.66 0.42 ± 0.14 3.32 ± 1.71 25.0 ± 2.55
Dog 9.6 1.64 ± 0.89 1.08 ± 0.45 0.44 ± 0.13 3.14 ± 2.46 40.7 ± 22.1

aVX-950 was dosed orally as a solution in PVP K30 + 2% SLS + water at the indicated dose in Sprague–Dawley rats and beagle dogs. The average ± S.D.
values from three animals are shown.
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TABLE 3 Systemic Plasma and Liver Exposure of Orally Administered VX-950 in Ratsa

Organ
AUC0-8

(µg·h/mL)
Cmax

(µg/mL)
Cmin

(µg/mL)
Cavg

(µg/mL)

Liverb 78.5 ± 40.0 19.9 ± 10.5 3.30 ± 2.32 9.82 ± 5.00
Plasma 2.23 ± 1.53 0.49 ± 0.24 0.04 ± 0.03 0.28 ± 0.19
Liver/plasma ratio 35.1 40.6 82.5 35.1

aVX-950 was dosed orally as a solution in propylene glycol at 30 mg/kg in Fisher rats. The average ± S.D.
values from three animals are shown.
bIt is assumed that the density of liver tissue is 1 g/mL.

ribavirin alone. The results obtained with telaprevir in phase
I and II clinical studies are summarized herein.

Phase I Studies

In the first phase 1b dose-finding study [59], 34 genotype
1 HCV-infected patients were treated with placebo, 450 or
750 mg of telaprevir every 8 h, or 1250 mg of telaprevir
every 12 h for 14 days. In all telaprevir dose groups, a rapid
first-phase decline in plasma HCV RNA was observed fol-
lowed by a slower second-phase decline, which culminated
in a continuous decline, plateau, or viral rebound in HCV
RNA after 14 days of dosing. The 750-mg group achieved
the highest drug trough plasma concentrations, and a me-
dian 4.4 log10 reduction in HCV RNA was observed; the
viral load became undetectable in two patients after only 14
days of treatment. Viral rebound was seen in the 450- and
1250-mg telaprevir dose groups, and viral RNA sequenc-
ing performed once dosing was completed demonstrated the
presence of variants with reduced sensitivity to telaprevir
at four loci in the NS3 protease domain. In addition to the
A156S/V/T variants that had been observed in vitro, amino
acid changes at three additional sites (V36A/M, T54A, and
R155K/T) conferring low-level resistance to telaprevir were
observed [60]. Variants with double mutations were also ev-
idenced at position 36/155 or 36/156. The V36M/R155K
variant was more fit replicatively than V36M or R155K
alone, and conferred high-level resistance to telaprevir. Af-
ter the end of dosing, wild-type virus reappeared and the
proportion of resistant variants diminished rapidly in all
patients [60].

Because telaprevir-resistant variants are fully sensitive to
inhibition by interferon and ribavirin [43] and the combi-
nation of telaprevir and interferon is additive to moderately
synergistic in the HCV replicon system in vitro [61], two ad-
ditional phase I studies focused on a combination treatment.
Twenty treatment-naive patients with genotype 1 chronic
HCV infection were treated with either 2 weeks of pegylated
interferon α-2a (Peg-IFN, 180 µg weekly), telaprevir (TVR)
monotherapy (1250-mg loading dose followed by 750 mg
every 8 h), or interferon and telaprevir (Peg-IFN/TVR) com-
bined therapy [62]. Both telaprevir alone and the telaprevir
plus peginterferon combination were significantly more po-

tent than peginterferon alone, decreasing plasma HCV RNA
4.0 and 5.5 log10 IU/mL, respectively, compared to 1.1 log10

with peginterferon alone.
In an additional phase I study, the triple combination of

telaprevir plus peginterferon and ribavirin was evaluated in a
single-arm open-label study design [52]. Twelve treatment-
naive genotype 1 patients were given 28 days of telapre-
vir (a 1250-mg loading dose on day 1 followed by 750 mg
every 8 h), peginterferon (180 µg weekly), and ribavirin
(weight-based, 1000 to 1200 mg daily). Triple therapy was
well tolerated and all patients achieved a rapid virological
response (RVR) with undetectable virus at day 28 for all
patients. These studies suggested that the antiviral potency
of telaprevir in vivo could be increased by the addition of
peginterferon and ribavirin, which inhibit viral variants se-
lected by telaprevir. Consistent with preclinical in vitro re-
sults, all telaprevir-resistant variants remained sensitive to
peginterferon/ribavirin treatment in the clinic [63].

Phase II PROVE1 and PROVE2 Studies

In two large phase II studies, treatment-naive patients in
North America (PROVE1) and Europe (PROVE2) were as-
signed randomly to various telaprevir-containing regimens
or to a control group. In PROVE1, which enrolled 250 HCV
genotype 1–infected patients, the control group received stan-
dard doses of Peg-IFN and RBV for 48 weeks, plus telaprevir-
matched placebo for the first 12 weeks (the PR48 group, 75
patients) [64]. Two groups received telaprevir (1250 mg on
day 1 and 750 mg every 8 h thereafter) for 12 weeks as well
as peginterferon and ribavirin for 24 weeks (the T12PR24
group, 79 patients) or 48 weeks (the T12PR48 group, 79 pa-
tients). SVR rates were significantly higher in the T12PR24
(61%, p = 0.02) and in the T12PR48 group (67%, p = 0.002)
than in the PR48 group (41%). In PROVE2, patients in the
control group (the PR48 group, 82 patients) received stan-
dard doses of peginterferon and ribavirin for 48 weeks, plus
telaprevir-matched placebo for the first 12 weeks [65]. Two
groups received telaprevir (1250 mg on day 1 and 750 mg ev-
ery 8 h thereafter) for 12 weeks in combination with 12 weeks
(the T12PR12 group, 82 patients) or 24 weeks (the T12PR24
group, 81 patients) of peginterferon and ribavirin. A third
group (T12P12 group, 78 patients) received telaprevir plus
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peginterferon without ribavirin for 12 weeks. The SVR rate
was significantly higher in the T12PR24 group (69%) than in
the PR48 group (46%) (p = 0.004). The rate was 60% in the
T12PR12 group as compared with 36% in the T12P12 group
(p = 0.003), suggesting that ribavirin is an integral part of
the treatment regimen.

In these two studies, the prevalence of telaprevir-
resistance-associated mutations in patients with no prior ex-
posure to telaprevir was characterized [66,67]. Only variants
with amino acid changes at the four canonical codons (54, 36,
155, and 156) in HCV protease were observed. All patients
receiving telaprevir regimens had an initial decrease in HCV
RNA levels. Breakthroughs were defined as patients whose
HCV RNA levels increased after an initial decline or who
never became undetectable. The breakthrough rate in patients
receiving telaprevir, peginterferon, and ribavirin was low: 7%
in PROVE1 and 5% in PROVE2. Most breakthroughs that
occurred were associated with variants conveying high-level
resistance to telaprevir. Relapsers were defined as patients
whose HCV RNA levels were undetectable at the end of
treatment but became detectable during the 24-week post-
treatment waiting period before they could reach an SVR.
Most relapses were associated with variants conveying low-
level resistance to telaprevir. The relapse rates were 2 and 6%
in the 24- and 48-week treatment groups in PROVE1, and
30 and 14% in the 12- and 24-week triple therapy groups in
PROVE2.

In both PROVE1 and PROVE2, adverse events with in-
creased frequency in the telaprevir-based groups were pru-
ritus, rash, and anemia, and the rate of discontinuation was
higher in the telaprevir-based groups, with rash being the
most common reason for discontinuation. In these trials,
treatment with a telaprevir-based regimen significantly im-
proved SVR rates in treatment-naive patients infected with
genotype 1 HCV, albeit with higher rates of discontinuation
because of adverse events.

PHASE III STUDIES

Three large phase III studies, designed to further evaluate the
safety and efficacy of telaprevir-based regimens in treatment-
naive and treatment-experienced patient populations, are on-
going. The first study (ADVANCE), in treatment-naive geno-
type 1–infected patients, is aimed at evaluating the treatment
duration (8 vs. 12 weeks) of telaprevir in combination with
peginterferon α-2a or 2b plus ribavirin, followed by 12 or 36
weeks of peginterferon and ribavirin, in a response-guided
regimen. The second study (ILLUMINATE), also conducted
in treatment-naive genotype 1–infected patients, is designed
to assess the relative benefits of 24 or 48 weeks of total treat-
ment in people who respond rapidly and in a sustained man-
ner to a telaprevir-based treatment, using response-guided
therapy. The third study (REALIZE) evaluates the safety and

efficacy of treatment with telaprevir plus peginterferon and
ribavirin compared to peginterferon and ribavirin only, with
or without a 4-week lead-in course of peginterferon and rib-
avirin alone, in patients who did not respond to one or more
prior courses of peginterferon and ribavirin. Final results
from these phase III studies are expected by the end of 2010.

FUTURE DIRECTIONS

Short-term goals for future therapies include increasing the
SVR rate, decreasing treatment duration, minimizing resis-
tance while developing treatment strategies for patients in
whom resistance may have emerged, and treating patients
who have not achieved SVR with standard therapy. Addition-
ally, the safety and efficacy of new treatment regimens must
be evaluated in patients with historically low response rates,
such as African Americans, patients with advanced cirrhosis,
liver transplant patients, HIV/HCV coinfected patients, and
patients with kidney failure.

The development of HIV drugs over the past decades
suggests that first-generation protease inhibitors could be
replaced in the long term by second- and third-generation
inhibitors having improved potency and a higher barrier to
resistance, and that new formulations and combinations with
other classes of drugs already in development, such as HCV
polymerase inhibitors, could potentially reduce pill burden.
Although interferon-based therapy will remain the founda-
tion of HCV treatments for years to come, the development
of multiple STAT-C agents with complementary modes of
action and additive potency raise the hope of interferon-free
drug combination regimens for HCV patients in the future.
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INTRODUCTION

The hepatitis C virus (HCV), the causative agent of non-A
non-B hepatitis, was discovered 20 years ago. Researchers
at Chiron reported in 1989 the discovery of HCV, a small-
enveloped single-stranded RNA virus belonging to the
Flaviviridae family [1]. The HCV genome consists of ap-
proximately 9600 bases, encoding a single polyprotein of
approximately 3000 amino acids, flanked by conserved 5′

and 3′ untranslated regions (UTR). The viral polyprotein
comprises four structural proteins followed by six nonstruc-
tural (NS) proteins. The bifunctional NS3 protein consists
of an N-terminal protease domain and a C-terminal heli-
case [2]. The NS3 protease plays a critical role in the matura-
tion of the viral polyprotein precursor, and it was recognized
early on as a potential target for antiviral drugs. The absolute
requirement of the NS3 protease for viral replication was
demonstrated with mutations inactivating protease activity
both in vitro and in vivo. Knockout of NS3 protease activ-
ity abolished replication of the subgenomic replicon in the
Huh 7 human liver cell line [3]. In chimpanzees, no produc-
tive infection was observed after inoculation of HCV clones
containing inactivating mutations [4]. For these reasons the
NS3 protease became a preferred target for the design of
direct-acting antivirals against the HCV virus.

A distinctive feature of the NS3 protease is its susceptibil-
ity to feedback inhibition by the N-terminal products released
from the cleavage of its peptide substrates. A unique charac-
teristic of these substrate-based inhibitors is the presence of a
free carboxylic acid on the C-terminal P1 residue [5,6]. The

finding that a carboxylic acid can establish crucial and unique
interactions with the enzyme active site, while imparting se-
lectivity with respect to other serine proteases has resulted
in significant efforts on the development of noncovalent in-
hibitors. Hexapeptide 1 (Scheme 1) was used as a starting
point for the inhibitor design [7]. However, this compound
suffers from many drawbacks. It has weak affinity for the en-
zyme, is highly peptidic, and contains three carboxylic acids,
which are detrimental for cell permeability. Moreover, com-
pound 1 contains a cysteine as the P1 residue, the sulfhydryl
group of which is chemically reactive [7].

TOWARD INHIBITORS WITH CELL-BASED
POTENCY

We first improved potency of hexapeptide 1 and then opti-
mized its biopharmaceutical properties. Two findings during
early optimization led to a significant improvement in po-
tency and resulted in inhibitors that showed activity in cell-
based assays [3]. The first breakthrough came with the dis-
covery of (1R,2S)-1-amino-2-vinylcyclopropane carboxylic
acid (vinyl-ACCA) as a chemically stable replacement for
the cysteine P1 residue [8]. Most important, this residue
increased considerably the potency of inhibitors. The sec-
ond significant finding was the realization that the addition
of a 4R-benzyloxy-group on the P2 proline was beneficial
for potency, culminating in the discovery of the 2-phenyl-
4-oxoquinoline, which resulted in a greater than 10,000-
fold improvement in activity [9]. Compound 2 [10,11]
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SCHEME 1 Potent and specific peptidomimetic inhibitors of the NS3-NS4A protease.

(Scheme 1) is exquisitely potent and represents a 106-fold
improvement over hexapeptide 1.

Having made significant improvements in potency, our
next step was to improve biopharmaceutical properties. N-
terminal truncation provided potent tetrapeptide inhibitors
that are less peptidic and in which two carboxylic acid
residues have been eliminated. Tetrapeptide 3, which also
incorporates a more optimal quinoline moiety [12], is a very
potent inhibitor but still has weak activity in the replicon.
However, further truncation to carbamate 4 produced in-
hibitors with better cell culture activity. The somewhat rigid
nature of the carbamate allows for proper positioning of the
N-terminal alkyl group into the S4 binding pocket of the
enzyme [12]. Tripeptide inhibitors of the NS3 protease dis-
playing low-nanomolar and submicromolar potencies in the
enzymatic and the cell-based replicon assays, respectively,
had been identified.

The next step in the optimization of the tripeptide in-
hibitors came with the rigidification of the scaffold into the
bound conformation. Extensive NMR studies [13,14], to-
gether with the x-ray structure of a tripeptide–protease com-
plex, revealed the proximity of the P1 and P3 residues when
these peptides are bound to the protease. In addition, the
NMR conformation of the NS3-bound inhibitors was found
to be different from that of its free state [15]. In the free
state, the conformation of the P1 vinyl-ACCA residue was
rotated by 180o as shown in Scheme 2. Therefore, a rigid
macrocyclic scaffold that mimics the bound conformation
was expected to have a small loss in entropy on binding to
the enzyme and therefore to have a higher binding affin-
ity. The resulting novel macrocyclic inhibitor 5 (Scheme 2)
[16] is a potent and selective inhibitor of the NS3 protease
(IC50 = 11 nM) also displaying good cell-based activity
(EC50 = 76 nM).
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SCHEME 2 Rigidification into the bioactive conformation.

The crystal structure of compound 5 bound to the
NS3-protease/NS4A-peptide complex [16] showed that the
inhibitor binds in close proximity to the catalytic residues
and that the C-terminal carboxylate binds similarly to the
protease cleavage product [17], forming hydrogen bonds
with the side chains of the catalytic triad residues His 57
and to a lesser extent Ser139 and also with the oxyanion
hole. The cyclopropyl residue occupies the shallow S1
pocket, while the aliphatic bridge between the P1 and P3
sidechains binds within the S1–S3 channel and curves along
the protease surface. In contrast, the large P2 residue lies on
the enzyme surface above the active-site residues Asp81 and
His57, partially shielding this region of the protease from
solvent [16].

Studies of the tripeptide macrocyclic inhibitor series
demonstrated that the 15-membered heterocycle is optimal
[15]. The C-terminal carboxylic acid was maintained since
it contributes considerably to the potency and specificity of
the inhibitors. Therefore, subsequent structure–activity rela-
tionship (SAR) focused on two pharmacophores: the novel
tricyclic substituent on the 4-R-hydroxyproline moiety and
the left-hand-side carbamate group (capping group) in or-
der to further improve the potency and biopharmaceutical
properties of these inhibitors.

DISCOVERY OF BILN 2061

Replacement of the 2-phenyl ring on the P2 7-
methoxyquinolinoxy moiety with different five-membered-
ring aromatic heterocycles containing one, two, or three het-
eroatoms (O, N, and S) was very well tolerated [18]. Among
the best heterocycles identified were the 2-amino-4-thiazolyl
derivatives. Compounds 6, 7, and 8 (Table 1) are low-
nanomolar inhibitors of the NS3 protease in both enzymatic
and cellular assays. The stability of the tert-butyl carbamate
capping group found in these inhibitors was a concern since it

TABLE 1 SAR Leading to BILN 2061

S

N N
H

R1

N N
H O

O
O

N
H

O

N

O

MeO

OH

CG

CG R1 Compound IC50 (nM) EC50 (nM)

O

H 6 5.5 3.2
Me 7 6.4 6.0
COMe 8 4.8 4.5

O

COMe 9 2.8 0.6

O
COMe 10 2.5 0.4
H 11 3.5 1.6
Me 12 2.5 0.8
Et 13 2.9 1.0
i-Pr BILN2061 3.0 1.2

is well documented that the tert-butyl carbamate is not stable
under acidic conditions [19]. Early SAR studies conducted on
a related series of acyclic inhibitors had identified carbamates
arising from cyclic alcohols that are well tolerated and impart
chemical stability [12]. Based on these studies, cyclobutyl (9)
and cyclopentyl (10) carbamates were introduced in com-
bination with the 2-(2-acetylamino-4-thiazolyl)quinoline
present in compound 8. Either cyclobutyl or cyclopentyl
carbamate considerably improved replicon potency. Indeed,
compounds 9 and 10 were about 10-fold more potent than
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SCHEME 3 Approach to the synthesis of BILN 2061 by RCM macrocyclization.

analog 8 and are representative of a group of compounds
with subnanomolar potency against the HCV replicon.

The combination of the cyclopentyl carbamate with other
aminothiazole-containing derivatives (10 to 13, BILN 2061)
led in all cases to a replicon potency improvement. Sev-
eral compounds with low-nanomolar and subnanomolar ac-
tivity were identified. Our next step was to evaluate the
pharmacokinetic properties of these inhibitors in rats. Oral
dosing of compounds 11 and 12 in rats did not result in
significant plasma levels. However, dosing of compound 10
resulted in low but measurable plasma concentrations, al-
though intravenous dosing revealed a short half-life for this
compound. Higher plasma levels were observed for com-
pound 13, but the half-life was still short. Increasing the size
of the alkyl group on the 2-aminothiazolyl derivative from
ethyl to isopropyl generated BILN 2061, which showed an
improved pharmacokinetic profile with a higher plasma ex-
posure and longer half-life. Based on the excellent in vitro
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SCHEME 4 Retrosynthetic analysis for the synthesis of BILN 2061.

potency and adequate pharmacokinetic profile in rats, BILN
2061 was chosen for further evaluation.

SYNTHESIS OF BILN 2061

The key step in the synthesis of BILN 2061 was macrocy-
clization leading to the 15-membered ring. Several routes
were contemplated for the formation of this macrocycle, and
the ring-closing metathesis (RCM) of acyclic precursor 14
was chosen as the most promising (Scheme 3) [20]. Since
the discovery of BILN 2061, several approaches to the syn-
thesis have been reported, from an early medicinal chemistry
synthesis [21] to a pilot-plant process [22,23]. The general
analysis shown in Scheme 4 was employed for all the syn-
thetic approaches. Retro-synthetic analysis led to disconnec-
tion of the two amide bond linkages and the oxoquinoline
moiety on the proline, giving the four fragments (15 to 18)
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SCHEME 5 Synthesis of BILN 2061.

shown in Scheme 4. All reported syntheses of BILN 2061
are based on the preparation and assembly of these four frag-
ments, and thus are very convergent. The main differences
between the syntheses are in the way that these fragments
were joined. Efficient syntheses were developed for the in-
dividual fragments 15, 16, and 18 [24–26], with 18 being
the most difficult. However, the most challenging step in all
cases was the RCM.

The two large-scale synthetic routes for the RCM precur-
sor are depicted in Scheme 5. The initial assembly process,
shown in route 1, was not very efficient, with the need for
extensive protection and deprotection operations, as shown
with intermediates 20 and 21 [t-butyl carbonate (Boc) and
p-nitrobenzoate (PNB) groups]. In addition, attachment of
costly vinylcyclopropane amino acid ester 19 also was car-
ried out as the last step, which was undesirable [23]. There-
fore, an assembly strategy that reduced the number of steps
and improved the overall throughput and cost scenario was
desired. Route 2, using lactone 23 as a starting material, gave
a shorter and more efficient synthetic sequence [23]. This
key intermediate provided three very favorable features. The
correct proline C4 stereochemistry was introduced at a very
early stage when no other amino acid was present in the
substrate; it served as a protecting group in the first peptide

coupling step and as an activating group in the second one. In
addition, the lactone moiety was coupled without generating
a molecular fragment and without the use of any peptide cou-
pling reagent, which translated into a very atom-economical
process. In this route the coupling with fragment 19 was also
realized at a later stage in the synthesis.

Implementation of RCM macrocyclizations in an indus-
trial setting is extremely problematic and very uncommon,
since these reactions generally require high dilution and high
catalyst loading (2 to 10 mol%) [27]. Therefore, a consid-
erable effort was devoted to the ring-closing metathesis re-
action. The first large-scale process reported [23], although
allowing the synthesis of more than 100 kg, was still not
very practical. The RCM reaction still required high cata-
lyst load and long reaction times, and had to be performed
at high dilution (0.01 M). The introduction of a Boc group
on the P2–P1 amide as shown on Scheme 6 led to a re-
markable improvement in the reaction by changing the initi-
ation step. This reaction could be carried out at “acceptable”
plant concentrations (>0.2 M) and low catalyst loadings
(=0.1 mol%), making this the first example of a truly practi-
cal RCM macrocyclization [28]. In summary, by introducing
a practical RCM macrocyclization reaction, a practical large-
scale synthesis of BILN 2061 was developed.
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IN VITRO CHARACTERIZATION OF BILN 2061

BILN 2061 was optimized for potency against genotype 1
NS3 proteins, since this is the most prevalent genotype and
also the most difficult to treat with standard pegylated in-
terferon plus ribavirin therapy (pegIFN/RBV). It is a po-
tent inhibitor of genotype 1 protease activity, as shown in
Table 2 [29]. In the cell-based replicon assay, BILN 2061
has similar activity, with EC50 values very close to the en-
zymatic IC50 values [30]. It has weaker but still significant
activity against genotype 2 and 3 NS3 [29]. More recently,
BILN 2061 was tested against the genotype 2a JFH1 repli-
con and also a JFH1-based full virus replication assay [31].
The EC50 values observed are consistent with the result for
genotype 2 purified enzymes. Although the active site of NS3
protease is fairly well conserved across genotypes, there are
a small number of residues that differ in genotype 2 or 3 rel-
ative to genotype 1 (Fig. 1a). A mutagenesis study supported
the idea that differences in inhibitor binding are due primar-
ily to these active-site residues rather than other amino acid
differences more remote from the bound inhibitor [29].

Several groups have reported in vitro resistance studies
for BILN 2061 in the genotype 1b replicon. Substitutions at
NS3 residues Arg155 (to glutamine), Ala156 (to threonine

TABLE 2 In Vitro Pharmacodynamics of BILN 2061

Assay Result (nM)

GT 1a Ki 1.5
GT 1b Ki 1.6
GT 2ac Ki 86
GT 2b Ki 83
GT 3a Ki 90
Elastase IC50 >30,000
Cathepsin B IC50 >30,000
GT 1a replicon EC50 4
GT 1b replicon EC50 3
GT 2a JFH1 replicon EC50 67
GT 2a JFH1 virus EC50 120
Huh-7 CC50 (MTT) 33,000

Source: Ki values are from [29], JFH1 EC50 values are from [31], and other
values are from [30].

(a)

(b)

FIGURE 1 BILN 2061 modeled into an NS3-NS4A active site,
with surface shown for residues within 5 Å of the inhibitor. (a)
Amino acids that differ from genotype 1 are highlighted. Amino
acids that differ in genotype 2 are shown in green; those that differ
in genotype 3 are shown in magenta; amino acid 132, that varies
between subtypes, is shown in brown. (b) Amino acids that are
substituted as a result of resistance mutations are highlighted. (See
insert for color representation of the figure.)
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or valine), and Asp168 (to valine or alanine) were identi-
fied consistently. Shifts in EC50 ranged from 20- to 40-fold
for R155Q to several hundredfold for D168V. Shifts of sim-
ilar magnitude were observed in biochemical assays using
purified NS3 proteins encoding these substitutions. Repli-
con studies also identified substitutions of Asp168 to glycine
or Asn80 for arginine, but these caused a smaller shift in
EC50. All of these substitutions are located near the inhibitor
binding site (Fig. 1b), and the changes observed can thus
be rationalized by a combination of steric and local confor-
mational effects [32–34]. As described below, the clinical
significance for BILN 2061 of any of these substitutions re-
mains unknown.

Little, if any, off-target activity was found for BILN 2061.
We have previously shown that unlike compounds with elec-
trophilic “warheads,” C-terminal carboxylic acid inhibitors
do not have significant activity against serine or cysteine
proteases [7]. BILN 2061 was inactive against human leuko-
cyte elastase, a serine protease with similar P3-P1 substrate
residues selectivity and also against the cysteine protease
cathepsin B (Table 2). BILN 2061 had little if any activity
(IC50 ≥ 10 µM) against a panel of proteases, other enzymes,
and receptors [30]. A window of approximately 10,000-fold
was observed between genotype 1 replicon activity and cy-
totoxicity (Table 2) [30].

The in vitro ADME profile of BILN 2061 was acceptable,
with low rates of metabolism observed for hepatic micro-
somes from multiple species, including human. IC50 values
against a panel of human cytochrome P450 enzymes were all
greater thant 7 µM. It also had no significant activity at up to
10 µM in the isolated guinea pig papillary muscle assay and
was negative in a battery of genotoxicity assays [30].

PRECLINICAL IN VIVO STUDIES WITH BILN 2061

Rat, dog, and rhesus monkey pharmacokinetics have been de-
scribed [30] and key parameters are summarized in Table 3.
Oral bioavailability was low to moderate, and consistent with
in vitro results, clearance was low relative to hepatic blood
flow in all three species. Liver concentrations in rats ranged
from five- to 39-fold greater than plasma concentrations at

different time points [30]. In mouse and rat general phar-
macology assays, BILN 2061 had no physiologically rele-
vant central nervous system, cardiovascular, pulmonary, re-
nal, or gastrointestinal effects at doses from 10 to 300 mg/kg,
which provided exposures which substantially exceeded the
in vitro EC50 for the compound (25- to 6700-fold). Single-
and repeat-dose toxicology studies also supported the initia-
tion of clinical trials [30].

CLINICAL EVALUATION OF BILN 2061
(CILUPREVIR)

During clinical trials BILN 2061 received the generic name
ciluprevir, however, we have continued to refer to it as BILN
2061 because this is how it is known most widely. BILN
2061 was first given to humans in a single rising dose trial
to establish a safe and suitable dose range and dosing fre-
quency for patients. Thirteen dose levels, ranging from 5 to
2400 mg, were administered as a solution in PEG-400 and
ethanol [35]. Doses up to 2000 mg were well tolerated, but
gastrointestinal adverse events were common at the 2400-
mg dose. There were no significant laboratory findings at
any dose. In general, Cmax was observed at 2 to 4 h, followed
by a biphasic decline yielding an elimination half-life of ap-
proximately 4 h. At the 200-mg dose the Cmax was 1 µM and
the C12 h was 42 nM, 10- to 14-fold the genotype 1 replicon
EC50 values. In the absence, at that time, of any data on the ef-
fectiveness of specific HCV antivirals, this dose was selected
as the middle dose for administration to HCV patients. It was
known that standard dosing of pegIFN/RBV yields a plasma
concentration with a similar fold over the replicon EC50

value [36].
BILN 2061 was given to six different cohorts of HCV

patients in four separate trials. All groups received four doses
of BILN 2061 every 12 h for 2 days. The goal of these trials
was to evaluate, for the first time in humans, the short-term
effect of a specific HCV antiviral. The prospective criterion
for success in all of these trials was to achieve an average
10-fold decline in HCV viral load after 2 days of treatment,
significantly better than the average observed for patients
who respond to standard pegIFN/RBV therapy [37].

TABLE 3 Selected Pharmacokinetic Parameters for BILN 2061a

Oral Dosing (5 mg/kg) Intravenous Dosing (2 mg/kg)

Species
(Sex: M/F)

Cmax

(ng/mL)
AUC0-8

(ng·h/mL)
F
(%)

Cl
(mL·min/kg)

V ss

(L/kg)
t1/2

(h)

Rat (M) 250 800 13 14.3 1.04 0.8
Rhesus (M) 300 900 7 5.5 0.45 7.0
Dog (M) 2,100 13,000 38 2.3 0.33 2.2
Dog (F) 4,000 24,300 32 1.1 0.24 4.7

aFor experimental details, see [30].
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TABLE 4 Summary of BILN 2061 Clinical Trial Data by Group

GT 1a/b 1a/b 1a/b 1a/b 1a/b 1a/b 2/3 2/3
Dose 25 200 200 200 500 Placebo 500 Placebo
Histology 0-2 0-2 3-4 5-6 0-2 0-6 0-2 0-2

No. in group 9 8 8 8 8 10 8 2
No. TN/TEa 4/5 4/4 4/4 0/8 4/4 4/6 7/1 2/0

Maximum viral load reduction (no./group)b

1 log copies/mL 9 8 8 8 8 0 4 0
2 log copies/mL 7 8 8 8 8 0 3 0
3 log copies/mL 3 3 4 6 7 0 0 0

Blocking efficiency (e) 98.88 99.91 99.89 99.78 99.92 N.D.c N.D. N.D.

aNumber treatment-naive patients vs. treatment-experienced patients.
bData from bDNA assay.
cN.D., not determined.

Distinguishing characteristics of the trial patients are
given in Table 4. Five of the cohorts were patients infected
with genotype 1. All these groups contained a mix of geno-
types 1a and 1b as well as treatment-naive and treatment-
experienced persons. Of these five groups, three had minimal
liver fibrosis (Ishak 0-2), one had advanced fibrosis (Ishak 3-
4), and one had compensated cirrhosis (Ishak 5-6) [36]. The
sixth cohort studied was a mix of genotype 2- and 3-infected,
treatment-naive or treatment-experienced patients with min-
imal liver fibrosis [38]. It is noteworthy that although only
49 HCV patients received BILN 2061 in these trials (12 of
61 patients in the trials received placebo), comparisons of
antiviral effects were made for multiple doses and also for
many of the important characteristics of the infection, such
as genotype, patient prior-treatment status, and disease stage.

The effect of BILN 2061 dose was studied in three co-
horts of genotype 1 patients with minimal fibrosis who were
given four doses of 25, 200, or 500 mg [36]. The 200-mg
dose was selected as described above. The 500-mg dose was
judged to be the maximum well-tolerated dose (for admin-
istration over 2 days) based on the single-dose healthy vol-
unteer study. The 25-mg dose level was chosen as one likely
to have a minimal effect. No serious adverse events were
observed, and no other safety concerns were raised by clin-
ical observations or laboratory tests. The changes observed
in viral load are shown in Figure 2a for the 200-mg group,
and the number of patients in each group achieving 1, 2, or
3 log drops in viral load is shown in Table 3. Results ex-
ceeded expectations. The majority achieved a greater than 3
log decrease, and all but two in the 25-mg group achieved
a greater than 2 log decrease. It is important to note that
significant improvements have been made in the sensitivity
of HCV viral load measurements since these trials were car-
ried out in 2001. The Cobas Amplicor assay used for Figure
2a has a lower limit of quantification of 600 IU/mL (ap-
proximately 1500 copies/mL) and an upper limit of 500,000
IU/mL (2,125,000 copies/mL) [36]. The bDNA assay used

for data in Table 4 and Figure 2a has a lower limit of quan-
tification of 615 IU/mL and a much higher upper limit [38].
Current assays have no upper limit of quantification and a
lower limit of quantification of 25 IU/mL (see below). Since
for several patients at the 200- and 500-mg dose levels, viral
loads went below the limit of quantification, viral load drops
of greater than 3 logs would probably have been measured
with current assays. A more sensitive but qualitative assay
was used for all samples below the limit of quantification,
and viral loads remained above the 10-IU/mL limit of detec-
tion for this assay in all samples obtained during this short
trial [36].

For the 200- and 500-mg dose groups, plasma levels of
BILN 2061 increased between the first and second days with
Cmax and AUC0-8h both roughly twofold higher at 200 mg
and fourfold higher at 500 mg [36]. The day 1 Cmax and
AUC observed at 200 mg were also nearly double the val-
ues observed in the healthy volunteer single-dose trial. This
increase in exposure for HCV patients has been reported for
other HCV drugs in clinical trials, and may be a general phe-
nomenon for patients with liver disease, although the cause
of increased exposure has not yet been identified. No sig-
nificant difference in the viral load decrease was observed
in these two dose groups, perhaps because available assays
could not quantify the largest changes in viral load rather
than because of a true saturation of the drug effect. The an-
tiviral effect of the 25-mg dose was clearly lower, although
still more significant than expected a priori. For this dose, no
observations were outside the range of quantification, and a
PK–PD relationship was observed: The three patients who
achieved greater than 3 log reductions in viral load had the
highest plasma levels of BILN 2061.

Modeling of viral kinetics under treatment with BILN
2061 showed that doses of 500, 200, and 25 mg BILN 2061
had values of e (efficiency in blocking viral production) of
99.92, 99.91, and 98.9% (Table 4) [39]. For the 25-mg group,
e values for different patients ranged from 90 to 99.9% and
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FIGURE 2 Antiviral effect of BILN 2061. (a) 200 mg given for
2 days to genotype 1 patients with no or minimal fibrosis. Viral loads
were measured using the Cobas Amplicor assay and are expressed
as RNA copies/mL. Upper and lower limits of quantification are in-
dicated by straight lines. Data for treatment-naive patients are shown
with circles and dashed lines. Data for treatment-experienced pa-
tients are shown with squares and solid lines. Data for two placebo
patients are shown with open circles or squares, respectively. The
four dosing time points are indicated by triangles. The last time
point is graphed at approximately 190 h for ease of viewing, but
samples were taken several days later. (b) 500 mg given for 2 days
to genotype 2 and 3 patients. Viral loads were measured using the
bDNA assay and are expressed as RNA copies/mL. The upper limit
of quantification is indicated by a straight line. Data for genotype
2 patients are shown with diamonds and solid lines. Data for treat-
ment genotype 3 patients are shown with triangles and dashed lines.
Data for one genotype 2 patient and one genotype 3 patients who
received placebo are shown as open diamonds and triangles, respec-
tively. The four dosing time points are indicated by triangles at the
top of the graph. The last time point is graphed at approximately
190 h for ease of viewing, but samples were taken several days
later.

could be correlated with BILN 2061 exposure, whereas the
very high values of e, experimental variation, and limits of
the viral load assay prevented demonstration of any such
relationship for the two higher doses. These e values can
be compared to a value of 98% for 3 µg/kg peg-IFN-α2b
(double the normal dose), demonstrating the superior an-
tiviral efficacy of specific inhibitors of HCV protein func-
tion. Whether interferon has other effects (e.g., in removal
of HCV-infected cells) which will be essential for curing pa-
tients remains to be demonstrated. It is clear from a number

of recently disclosed trials that resistance to HCV-directed
antivirals emerges rapidly, and the emergence of resistance is
well controlled by pegIFN/RBV. No study of resistance mu-
tations was carried out for these short trials, but based on the
in vitro results described above, it is certain that resistance
would have emerged in longer trials.

The two cohorts with advanced fibrosis and compensated
cirrhosis received four 200-mg doses of BILN 2061. Despite
having more advanced disease, viral load decreases for both
groups were very similar to those for patients with minimal
liver disease. Viral kinetic analysis detected a statistically
significant but small decrease in e values for the cirrhosis
group, 99.78 vs. 99.91. Plasma levels of BILN 2061 were
higher in both of these groups than for patients with minimal
disease, on both day 1 and day 2. Day 2 AUC values were
32 and 48%, and day 2 Cmax values were 23 and 19% higher
in the advanced fibrosis and cirrhosis groups, respectively,
compared to patients with minimal liver damage [36].

HCV genotype 2 and 3 patients were evaluated in the fi-
nal BILN 2061 trial [38]. Two and six patients with these
respective genotypes received 500-mg doses of BILN 2061
(Table 4). Viral load decreases in this group (Table 4 and
Fig. 2b) were notably smaller and more variable than for the
genotype 1 cohorts, although there was no significant differ-
ence between genotype 2 and 3 patients. Although average
plasma levels of BILN 2061 were very comparable to the
genotype 1 patients who received 500 mg-doses, pharma-
cokinetic parameters were more variable in this group than
in any of the genotype 1 groups, with CVs of 100% or more
for most parameters, compared to approximately 50% for the
other groups. Similar to what was observed for genotype 1
patients who received 25-mg doses, viral loads were quan-
tifiable at all time points, and a correlation between BILN
2061 AUC and viral load change was observed. The two
patients with the highest drug levels experienced the great-
est decrease in viral load, and three patients with the lowest
response had no significant response. NS3-NS4A enzymes
were cloned from selected patients in this study, and differ-
ences in response could not be attributed to differences in in
vitro potency of BILN 2061 against genotype 2 or 3 sequence
variants [29,38]. However, as reported above, activity against
genotype 2 and 3 NS3 was approximately 50-fold less than
against genotype 1 NS3. BILN 2061 AUC (geometric mean)
for the genotype 2 and 3 group was only ninefold higher
than for the 25 mg-dose genotype 1 group on day 1 and only
21-fold higher on day 2. Thus, relative to drug potency, geno-
type 2 and 3 patients achieved a lower drug exposure than did
genotype 1 patients in the 25-mg cohort. All of these results
confirm the general idea on which development of BILN
2061 was based: that efficacy in patients could be predicted
by in vitro potency and human pharmacokinetics. The mod-
erate efficacy of BILN 2061 against genotypes 2 or 3 might
still provide a useful boost in response to standard-of-care
treatment with pegIFN/RBV.
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CARDIOTOXICITY OF BILN 2061 IN RHESUS
MONKEYS

A 4-week BILN 2061 toxicology study was performed in
rhesus monkeys in preparation for longer-duration clinical
trials. At the end of this study, one animal that had received
1000 mg/kg per day died suddenly of congestive heart fail-
ure. This animal and three other animals from the same group
were found to have myocardial vacuolation by light mi-
croscopy. As a result, clinical development was put on hold.
Follow-up studies on the patients and healthy volunteers who
received BILN 2061 revealed no evidence of drug-induced
cardiac abnormalities [40]. It is important to note that doses
to monkeys which resulted in cardiotoxicity far exceeded
those administered to humans.

Additional 4-week monkey studies were carried out to
better understand the frequency and nature of this toxicity.
In general, there were no significant in-life observations dur-
ing these studies, and electrocardiograms remained normal.
However, multiple animals in 500- or 1000-mg/kg per day
groups were found to have myocardial vacuolation by light
microscopy, ranging from minimal to severe. Further analy-
sis by electron microscopy revealed that the vacuoles were
swollen mitochondria. Vacuolation was rare and focal in min-
imal cases but severe and diffusely distributed in more severe
cases. Even in severe cases, normal mitochondria could be
found adjacent to swollen mitochondria in the same cell. My-
ocardial degeneration and necrosis were rarely observed, and
inflammatory cell infiltration and evidence of fibrosis were
generally absent [40].

A time-course study was carried out in which monkeys
administered 1000 mg/kg per day BILN 2061 were necrop-
sied after 1, 3, 14, or 28 days of drug exposure, or after
a 10-week recovery period [40]. No cardiac abnormalities
were observed in the day 1 necropsy, but focal vacuolation
was observed in two and one animals at the day 3 and day
14 time points, respectively. At day 28, vacuolation was ob-
served in five of six animals, ranging from minimal to severe.
Consistent with the lack of cardiomyocyte necrosis, levels of
cardiac troponin I and T remained in the normal range for
all animals throughout the study. Six animals were necrop-
sied after a 10-week recovery period, and their hearts were
normal by both light and electron microscopy. Staining for
evidence of lipofuscin, fibrosis, or calcification was also neg-
ative. In this study, heart function was monitored by electro-
cardiogram and echocardiogram at baseline and throughout
the study. Electrocardiograms remained normal. Echocardio-
grams remained normal throughout the dosing period, except
on day 28, when two of 12 animals were found to have a de-
creased ejection fraction. One animal was necropsied and
was found to be the one in this group with severe vacuola-
tion. The other was kept in the recovery group. At the end
of the 10-week recovery period, its ejection fraction had re-
turned to the normal range, and as mentioned above, light

and electron microscopic evaluations suggested a complete
recovery.

The cardiotoxicity induced by BILN 2061 appears to be
unique in the literature, both in its progression and in the
nature of the lesions observed. Neither blood tests nor func-
tional measurements revealed any early-stage evidence of
cardiotoxicity. Based on observations for two animals in the
time-course study, it appeared to be reversible even when
reaching a severe level that could be detected by echocardio-
graphy. However, as described for the first 4-week study, in
rare cases animals with severe lesions were at risk of conges-
tive heart failure [40]. Thus no biomarker for cardiotoxicity
was identified which would provide the necessary assurance
that trials of this drug could proceed safely. Further clinical
evaluation of BILN 2061 was terminated, and Boehringer In-
gelheim focused on identifying follow-up compounds devoid
of cardiotoxicity.

BI 201335: PROOF-OF-PRINCIPLE CLINICAL
TRIALS

Boehringer Ingelheim established a policy of performing
thorough toxicological examination of all potential protease
inhibitor candidates in several species, including rhesus mon-
keys, prior to the initiation of human trials. BI 201335 is
a novel NS3-NS4A protease inhibitor with EC50 values of
6.5 and 3.1 nM against genotype 1a and 1b replicons, re-
spectively. It underwent thorough toxicological examination
prior to human trials. High exposures were achieved in mon-
key studies of up to 26 weeks’ duration, and no signs of
cardiotoxicity were observed at any dose. The structure and
detailed preclinical profile for this compound were not dis-
closed at the time of writing, but a proof-of-principle trial in
HCV patients was recently described [41]. In initial trials in
healthy volunteers, BI 201335 demonstrated a steady-state
half-life of 22 to 31 h (depending on dose), showing that
significant drug levels could be maintained with once-daily
(q.d.) dosing. In the first trial in patients, BI 201335 was
administered for 4 weeks to subjects infected with geno-
type 1 virus, subtype 1a or 1b (approximately equal numbers
per dose group). Four groups of treatment-naive patients re-
ceived the compound for 2 weeks as monotherapy (doses for
treatment-naive patients were 20, 48, 120, and 240 mg). This
initial monotherapy treatment was selected to study the an-
tiviral effect and the selection of resistance mutations under
treatment pressure with BI 201335.

Monotherapy was followed by 2 weeks of combination
therapy with standard doses of pegIFN/RBV. The 2-week
period of triple combination following monotherapy was de-
signed primarily to ensure the continuous presence of antivi-
ral pressure during the BI 201335 washout period. There were
two patients on placebo at each dose level. All treatment-
experienced patients received active drug for 4 weeks in
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TABLE 5 Summary of BI 201335 Clinical Trial Data by Group

Dose (mg, q.d.) Placebo 20 48 120 240 48 120 240
Prior treatment No No No No No Yes Yes Yes

No. in group 8 6 7 7 6 6 7 6
Median maximum change in

viral load (log10 IU/mL)a
−0.04 −2.9 −3.5 −3.7 −4.0 −5.0 −5.2 −5.3

No. achieving viral load
< LLQ at day 28

0 1 2 2 3 3 4 5

aViral loads were measured with the COBAS Taqman assay (Roche); lower limit of quantitation (LLQ) = 25 IU/mL.

combination with pegIFN/RBV; none were given BI 201335
monotherapy or placebo. They were treated with the three
higher dose levels of 48, 120, or 240 mg. In both groups, at the
end of BI 201335 dosing, patients continued on pegIFN/RBV
for 44 additional weeks at the discretion of the investigator.

Significant decreases in viral load were observed in this
trial (Table 5 and Fig. 3). Except for one person in the 20-
mg group encoding an NS3 polymorphism at baseline (see
below), all patients had a maximum viral load decrease of
greater than 2 log10 IU/mL, which was the primary endpoint
for the trial. In fact, at doses of 48 mg q.d. or higher, virtually
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FIGURE 3 Antiviral effect of BI 201335. (a) Group mean data
for treatment-naive genotype 1 patients given 20-mg (diamonds),
48-mg (squares), 120 mg (circles), or 240-mg (triangles) doses
of BI 201335 once daily. The arrow indicates the point at which
administration of pegIFN/RBV was initiated. (b) Group mean data
for treatment-experienced genotype 1 patients given 48, 120, or 240
mg once daily in combination with pegIFN/RBV. The symbols are
the same as in part (a). In both graphs data shown are mean changes
(IU/mL) from baseline at each time point.

all treatment-naive patients achieved a greater than 3 log10 re-
duction in viral load within 3 days of initiating monotherapy
with BI 201335. This initial viral load decrease was qual-
itatively similar to what had previously been observed for
BILN 2061, although recorded values are somewhat larger
in part because of the more sensitive viral load assays now
available.

For patients on monotherapy, however, after reaching a
minimum between days 2 and 4, viral load rebound was
observed in most cases, and amino acid substitutions charac-
teristic of resistance were observed. The predominant amino
acid substitution depended on HCV genotype, with R155K
being observed most frequently for genotype 1a and D168V
for genotype 1b. Previous in vitro studies have suggested that
R155K virus is more fit than D168V. The predominance of
D168V rather than R155K on breakthrough for genotype 1b
patients can be explained by the fact that for genotype 1b the
R155K substitution requires a two-base mutation, whereas
only a single-base mutation is needed for D168V. Population
sequencing at baseline had revealed no amino acid substitu-
tions expected to cause a shift in BI 201335 potency, except
for the one patient in the 20-mg dose group who experienced
a suboptimal response. Genotype 1b virus from this patient
encoded a V170T substitution in NS3. This is a rare polymor-
phism, but an alanine substitution at this position is known
to reduce the potency of other protease inhibitors [42]. An
eightfold increase in BI 201335 EC50 relative to the subtype
reference was measured for the V170T substitution.

The in vitro activity of BI 201335 against the proteases
encoded by patient sequences was evaluated using chimeric
replicons containing the patient NS3 protease sequence in the
context of Con1 genotype 1b. Group average EC50 values at
baseline for subtypes 1a and 1b were 10 ± 8 nM and 9 ±
4 nM, respectively. Both of the major resistance mutations
caused significant shifts in EC50; R155K EC50 values ranged
from 1.8 to 6.5 µM and D168V EC50 values from 3.6 to
15 µM.

Results in treatment-experienced patients who received 4
weeks of triple combination therapy clearly demonstrated
that the combination of BI 201335 with pegIFN/RBV is
highly effective in reducing viral loads and suppressing the
emergence of resistance. Virologic breakthrough was ob-
served for only three of these 19 patients, two of whom
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were in the lowest-dose group of 48 mg, one in the 120-
mg group. The resistance substitutions that were observed
were the same as those described above for treatment-naive
patients. In this small trial, treatment-experienced patients
were not stratified further by degree of prior response, but in
the 120-mg group four of seven patients were null responders
in prior treatment (< 0.5 log10 decrease in viral load), and
three of these four had viral load below the limit of quantifi-
cation at day 28. In the 240-mg group, five of six patients
had unquantifiable viral loads at day 28, and no patient had
a breakthrough.

No dose-dependent adverse events were observed, and
only one serious adverse event (asthenia), which occurred
in the 20-mg dose group. Most adverse events were mi-
nor and were not attributed by investigators to BI 201335.
Dose-dependent increases in indirect (unconjugated) biliru-
bin were observed. In both the treatment-naive and treatment-
experienced groups the increase in total bilirubin was signif-
icant only at the 240-mg dose level (at most two- to three-
fold of the upper limit of normal), and reversed shortly after
treatment with BI 201335 was completed. Dose-dependent
increases in unconjugated bilirubin had been observed pre-
viously in trials in healthy volunteers and in monkey toxicol-
ogy studies. This bilirubin increase was not associated with
hemolysis or with elevations in liver enzymes or any other
sign of liver toxicity. Hyperbilirubinemia may be explained
by BI 201335 inhibiting of one or more steps of bilirubin
elimination. During the 28-day trial in patients, significant
decreases in aspartate and alanine aminotransferase liver en-
zymes were also measured (at day 14 for treatment-naive
and day 28 for treatment-experienced patients), potentially
indicative of improved liver function in these subjects.

After these strong preliminary results in short-term trials,
BI 201335 is now being tested in larger phase II trials for
both treatment-naive and treatment-experienced patients to
evaluate the potential of this inhibitor to improve cure rates
in hepatitis C genotype 1 infection when used in combination
with pegIFN/RBV, or in the future with other direct-acting
antivirals.
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INTERVENTION OF HEPATITIS C REPLICATION
THROUGH NS3-4A, THE PROTEASE INHIBITOR
BOCEPREVIR

Srikanth Venkatraman and F. George Njoroge
Schering Plough Research Institute, Kenilworth, New Jersey

INTRODUCTION

The primary reasons for liver transplantation in the United
States are liver cirrhosis and hepatocelullar carcinoma caused
by chronic HCV infections. The slow progression of the dis-
ease accompanied with minimal or no symptoms has made
hepatitis C infections a primary health concern. About 3%
of the world population is infected with HCV, making it a
grave public concern [1–3]. The current gold standard for
treatment of HCV infections is treating patients with pegy-
lated interferon and antiviral ribavirin [4–8]. Approximately
40% of patients infected with genotype 1 respond to this
therapy, achieving undetectable titers after treatment. Lack
of effective treatments for interferon nonresponders and re-
lapse patients necessitates discovery of new drug candidates.
Recent efforts have been directed toward the inhibition of
viral enzymes vital for HCV replication [9–17].

HCV virus is a positive strand virus which is transmitted
primarily by blood transfusion and sharing of hypodermic
needles by intravenous drug users. The virus internalizes
into the hepatocytes, uncoats, and releases a single posi-
tive strand RNA of about 9000 kb. This RNA, with the
help of the cell host proteins, produces a single polypro-
tein of about 3000 amino acids that contain all the proteins
required for viral replication [18]. The encoded polypep-
tide C–E1–E2–P7–NS2–NS3–NS4A–NS4B–NS5A–NS5B
undergoes a cis cleavage of the NS3–NS4A junction followed
by a trans cleavage at the NS4A–NS4B and NS4B–NS5A
and NS5A–NS5B site, catalyzed by NS3 serine protease

to produce functional proteins for viral replication (Fig. 1)
[19–22]. This central role played by HCV NS3 protease
makes it an excellent target for therapeutic intervention.
This has been a very active field with many groups ac-
tively involved in development of inhibitor to arrest this
pivotal enzyme. Many novel compounds such as telapre-
vir, MK7009, ITMN-191, and TMC435350 have been iden-
tified and are currently undergoing clinical investigations
[23–26].

The x-ray structure of HCV NS3 protease has been solved
and the structure reveals a shallow active site located on the
surface of the protein [27–31]. The catalytic triad histidine-
57, aspartic acid-81, and serine-139 are located between two
β-barrels. A 54-amino acid cofactor enhances the activity of
the protease by reorganizing the active site after binding to
the enzyme. Thus, in the absence of the cofactor, the activity
of the enzyme is greatly diminished.

Cysteine is conserved as the P1 amino acid in NS3 sub-
strate in an all-trans cleavage event, and it is replaced by a
threonine in a cis cleavage event. The P′

1 is a small hydor-
phobic amino acid and the P2, P3, and P4 are all hydrophobic
in nature [32–34]. The P5 and P6 residues contain an acidic
functionality with P5 and P6 being either aspartic or glutam-
inc acid.

We initially screened numerous compound libraries to
identify a promising lead for the inhibition of HCV NS3
protease. None of these compounds inhibited NS3 enzyme
appreciably, to provide a suitable starting point amenable
for structural activity studies. We therefore resorted to a
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structure-based drug design and explored the introduction of
electrophilic traps in the natural ligand of protease (Fig. 2).
We evaluated incorporation of various functionalities such as
keto-heterocycles, fluoroketone, and boronic acids as poten-
tial serine traps. Many of these analogs yielded compounds
that inhibited HCV protease in the micromolar range. How-
ever, the introduction of a α-ketoamide moiety resulted in
compound 7, which demonstrated excellent inhibitory ac-
tivity (K ∗

i = 1.9 nM) [35] and a HNE/HCV (HNE = hu-
man neutrophil elastase) selectivity of 6.8. This was our first
compound that exhibited inhibitory activity against the NS3
protease in the low-nanomolar region. Analysis of the x-ray
structure of 7 bound to HCV protease revealed that serine-

139 from the enzyme made a nucleophilic attack on the ke-
toamide carbonyl, and the oxygen of the amide occupied the
oxyanion hole.

It was evident from the structure of 7 that the compound
lacked many required druglike characteristics. Inhibitor 7
was peptidic, containing many amide bonds derived from
natural amino acids that would be hydrolyzed readily by
peptidases in the body. In addition, the molecular weight of
7 exceeded far beyond the desirable range (MW ∼ 500 to
600 Da) to demonstrate acceptable oral pharmacokinetics.
We therefore decided to investigate truncations of inhibitor
7 to evaluate the contributions of different moieties toward
binding the compound to the enzyme.
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Replacement of the P′
1–P′

5 segment of 7 with glycine
allyl ester resulted in compound 9, which demonstrated a
K ∗

i value of 57 nM; a 30-fold losses potency compared
to 7 (Fig. 3). Similarly, replacement of the same segment
with glycine amide resulted in inhibitor 10 (K ∗

i = 270 nM)
demonstrating a 142-fold loss in binding. We next inves-
tigated the effect of truncating the lead at the P1 position.
Thus, truncation of 7 at P1 with allyl amide and primary
amide resulted in compounds 11 (K ∗

i = 43 nM) and 12
(K ∗

i = 760 nM) with 23- and 400-fold losses in potency
compared to 7. Even though the results of these modifica-
tions resulted in diminished potency of the lead compound,
they clearly demonstrated that truncations did not result
in total loss in activity. Compounds spanning from P6–P1

such as 11 and 12 still demonstrated appreciable enzyme
activity.

We next explored the effect of truncation at the P region
of inhibitor 7. Contemporaneous to our truncation studies,
we also evaluated replacements of various amino acids in
7 with other natural and nonnatural amino acid residues.
After significant structure–activity relationship (SAR) ex-
plorations, we identified that replacement of P2 proline

with leucine and P3 valine group with cyclohexylglycine
in lead compound 7 led to analogs of acceptable potency.
SAR studies also identified the introduction of a P′

2 phenyl-
glycine allowed significant improvement in enzyme in-
hibitory activity. These modifications allowed the trunca-
tion of undecapeptide inhibitors of type 7 at P3, capping it
with an isobutyl carbamate or a tert-butyl carbamate cap
(Fig. 4).

Thus, P2 leucine derivative 13 truncated at P′
1 with glycine

demonstrated a binding K ∗
i = 6400 nM. Truncation at P′

1 by
introducing glycine benzyl ester resulted in compound 14
(K ∗

i = 8100 nM) with enzyme activity similar to that of acid
13. Incorporation of P′

2 phenylglycine resulted in derivatives
15 (K ∗

i = 120 nM) and 16 (K ∗
i = 66 nM) with much im-

proved enzyme activity compared to P′
1 truncated analog. In

an effort to understand the dramatic improvement in enzyme
binding resulting from the introduction of P′

2 phenylglycine,
x-ray structure of leucine derivative 16 bound to NS3 pro-
tease was solved. Analysis of the x-ray structure revealed
the P′

1–P′
2 glycine–phenylglycine segment formed part of a

“C-clamp” that overlapped over the amino butyl chain of
lysine-136. The aromatic ring of P′

2 phenylglycine formed a
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lipophilic interaction with the side chain of lysine. The amide
nitrogen and the oxygen of phenylglycine formed a pair of
hydrogen bonds to threonine-42.

Having identified that introducing P′
2 phenylglycine re-

sulted in significant improvement in enzyme activity (K ∗
i <

100 nM), we next evaluated the SAR of P2 residue (Fig. 5)
[36]. Various leucine mimics were synthesized and intro-
duced into the inhibitor maintaining P′

2 phenylglycine.
Introduction of five-membered dithioacetal-derived P2 re-

sulted in compound 18 (K ∗
i = 90 nM), which was simi-

lar in potency to the P2 leucine derivative 15. The effect
of expanding the ring size of the dithioacetal ring to a
six-membered ring was evaluated. The six-membered ana-
log 19 (K ∗

i = 250 nM) was significantly less potent than
the five-membered derivative 18. Syntheses of five- and
six-membered acetal derivatives resulted in compounds 20
(Ki

∗ = 300 nM) and 21 (Ki
∗ = 430 nM) that were much less

potent than leucine derivative 15 and dithiane derivatives 18
and 19. Incorporation of nonnatural amino acids containing
alkyl side chains, such as pentyl glycine, cyclobutyl alanine,
and cyclopropyl alanine, resulted in compounds with similar
or improved activity compared to leucine derivative. The in-
corporation of pentyl glycine and cyclobutyl alanine resulted
in compounds 22 (K ∗

i = 300 nM) and 23 (K ∗
i = 140 nM)

with a partial loss in potency compared to leucine derivative
15, whereas introduction of branched amino acid cyclopropyl
alanine 24 (K ∗

i = 50 nM) resulted in improved binding com-
pared to leucine derivative 15. Further SAR studies identi-
fied that replacement of P1 norvaline of 24 with cyclopropyl
alanine yielded derivative 25 with further improved activity
(K ∗

i = 15 nM, Fig. 6). The x-ray structures of cyclopropyl
alanine derivative 25 bound to HCV NS3 protease revealed
that the P2 cyclopropyl alanine interacted with arginine-155
of the enzyme, augmenting enzyme-binding efficiency.

Having identified very potent inhibitors that bind to the
active site of HCV NS3 protease, we next evaluated these in-

hibitors in a replicon-based cellular assay and for other drug
characteristics. Investigation of analog 25 in the replicon-
based cellular assay revealed that many of these inhibitors
had poor cellular activity [37] (EC90 > 5.0 µM) even though
they were very potent inhibitors in the enzyme assay. We rea-
soned that these compounds were still peptidic and did not
penetrate the cell membrane efficiently and therefore wanted
to depeptidize these analogs and improve their physiochemi-
cal properties. In an attempt to depeptidize these analogs, we
synthesized macrocyclic inhibitors that mimicked the bind-
ing conformation of acyclic inhibitors (Fig. 7). Macrocy-
clization has been an effective tool in depeptidizing various
peptidic inhibitors and have been demonstrated to mimic ex-
tended conformations of peptidic inhibitors [39]. Analysis of
the x-ray structure of 25 bound to HCV protease revealed
close proximity of S2–S4 pockets and the S1–S3 pockets. We
therefore explored cyclic structures of inhibitors of type 25.

Macrocyclization of P2 meta-tyrosine and P4 phenylacetic
acid analog resulted in 17-membered compound 26 that
demonstrated an enzyme binding K ∗

i = 110 nM (Fig. 7) [40].
Increasing the ring size to 18- and 19-membered macro-
cycles resulted in compounds 27 (K ∗

i = 300 nM) and 28
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(K ∗
i = 160 nM) with similar potency to the 17-membered

analog 26. Replacement of rigid P4 phenylacetic acid linker
with flexible hexanoic acid or heptanoic acid linker resulted
in compounds 29 (K ∗

i = 1200 nM) and 30 (K ∗
i = 160 nM)

[41]. Similarly, replacement of bridgehead oxygen with car-
bon in compound 29 led to inhibitors 31 (K ∗

i = 250 nM) that
was similar in potency to the oxygen analog 30. X-ray struc-
ture of the biaryl macrocyclic inhibitor 26 bound to protease
revealed that the P2–P4 macrocyclic portion of the molecule
made close contact with the protein and the P2 meta-tyrosine
moiety made van der Waals interaction with arginine-155.
The macrocyclic portion of the molecule made lipophilic
contacts encircling the methyl group of alanine-156 of the
enzyme, contributing to the binding desired.

Even though our attempts to depeptidize peptidic in-
hibitors using macrocyclization strategy yielded potent se-
ries of inhibitors, most of these compounds lacked activity
in the cellular assay in the desirable range. We therefore de-
cided to interrogate acyclic series of compounds further in
the replicon-based cellular assay (Fig. 8). [38].

Inhibitor 25 derived from P2 cyclopropyl alanine and P′
2

phenylglycine acid demonstrated a potent inhibitory activ-
ity in enzyme-based assay (K ∗

i = 15 nM); however, it had a
poor cellular activity with an EC90 > 5000 nM. We reasoned
that the poor cellular potency of 25 was probably due to
the presence of P′

2 carboxylic acid. We therefore replaced it

with dimethyl amide to synthesize analog 32 (K ∗
i = 50 nM;

EC90 > 5000 nM). Evaluation of this analog in the cellular
assay still demonstrated a poor cellular activity. We therefore
decided to reduce the number of hydrogen-bond donors in the
molecule by alkylating different amide nitrogens with methyl
groups. Methylation of P2–P3 amide nitrogen of inhibitor
25 resulted in compound 33 (K ∗

i = 120 nM; EC90 > 5000
nM), which still displayed a poor cellular activity. However,
methylation of P2–P3 amide nitrogen of inhibitor 32 resulted
in compound 34, which demonstrated that K ∗

i = 60 nM and
EC90 = 950 nM. This was the first class of compounds that
displayed submicromolar cellular activity. It became clear
from these studies that for these classes of compounds to
demonstrate potent cellular activity it was required to in-
corporate a secondary P2 amide and have the P′

2 carboxylic
acid suitably modified with less polar functionality. Having
identified the requirement of a secondary amide at P2 to im-
part cellular activity, we investigated various modified pro-
line derivatives at this position, maintaining phenylglycine
dimethyl amide at P′

2 [42].
Synthesis of 4-tert-butoxy-substituted proline analog

yielded compound 35, which had values of K ∗
i = 19 nM

and EC90 = 2000 nM. To further improve potency and
expand the SAR, we explored the effect of 3,4-fused bi-
cyclic proline analogs as potential P2 residues (Fig. 9). In-
corporation of of 3,4-cyclopentyl fused bicyclic proline P2
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resulted in compound 36, which demonstrated K ∗
i = 5 nM

and EC90 = 400 nM, fourfold more potent than 35 in the repli-
con cellular assay. This exercise clearly demonstrated that
analogs with both potent binding and cellular activity could
be achieved by incorporating modified bicyclic proline P2

derivatives.
Having discovered that leucine is an excellent P2 amino

acid that yielded compounds with potent enzyme activities
and proline as P2 residue that imparted potent cellular activ-
ity, we envisioned combining these two moieties into a single
bicyclic proline derivative. A review of the literature led to
work by Zhang and Madalengoitia, who had described the
synthesis and modeling studies of (1R,2S,5S)-6,6-dimethyl-
3-azabicyclo[3.1.0]hexane-2-carboxylic acid, a bicyclic pro-
line derivative that mimicked leucine [43,44]. We therefore
decided to evaluate this amino acid as a potential P2 group
(Fig. 10).

The introduction of (1R,2S,5S)-6,6-dimethyl-3-
azabicyclo[3.1.0]hexane-2-carboxylic acid at P2 had a
profound effect on the cellular activity of the synthesized
inhibitors. Compound 37 derived from (1R,2S,5S)-6,6-
dimethyl-3-azabicyclo[3.1.0]hexane-2-carboxylic acid P2

and cylopropyl alanine P1 moiety demonstrated an enzyme
activity of K ∗

i = 1.4 nM and a much improved replicon
cellular activity: EC90 = 90 nM. There was a fourfold
improvement in cellular activity compared to compounds

derived from 3,4 fused furan analogs 36. The replacement of
P3 cyclohexylglycine in 37 with tert-butylglycine resulted in
compound 38 (Sch-6) which had values of K ∗

i = 3.8 nM and
EC90 = 100 nM. Having identified inhibitors with excellent
binding and cellular activity, we evaluated these compounds
in rats for its pharmacokinetic properties. As shown in
Figure 10, compounds 37 and 38 both had suboptimal oral
absorption demonstrating AUC = 0.23 and 0.35 µM·h when
dosed in rats at 10 mg/kg. The bioavailabilities were also
poor, ranging in the low single digits. From these studies
it was clear that these compounds were poorly absorbed.
X-ray crystal structure of Sch-6 (38) bound to the HCV NS3
protease was solved, which revealed that the dimethyl cyclo-
propyl moiety fused to the proline made van der Waals con-
tact with alanine-156 and the methyl group interacted with
arginine-155.

With knowledge of synthesizing potent inhibitors with
excellent enzyme and cellular activities, we next devoted our
efforts toward improving the pharmacokinetic parameters of
these compounds. We revisited our depeptidization efforts
retaining P2 proline residues in an effort to improve oral
pharmacokinetics. A series of P2–P4 and P1–P3 macrocyclic
compounds were synthesized and evaluated in enzyme and
cellular assays (Fig. 11).

Cyclization of 4-hydroxyproline P2 to the 3-hydro-
xyphenyl acetic acid P4 with a propyl linker resulted in
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16-membered P2–P4 macrocyclic analog 39 with K ∗
i = 8 nM

and EC90 = 1500 nM [45]. Inhibitor 39 was evaluated for
oral pharmacokinetics (PK) in rats, which demonstrated an
acceptable AUC = 1.5 µM·h with poor bioavailability (F =
3%) when dosed at 10 mg/kg. Synthesis of 17-membered
macrocyclic inhibitor that linked P1–P3 residues with an
aliphatic straight chain resulted in analog 40 (K ∗

i = 6.0 nM,
EC90 = 600 nM), similar in potency to the P2–P4 analog
39. Our attempts to synthesize depeptidized analogs yielded
potent compounds in the enzyme binding and cellular assay.
However, all our attempts to improve pharmacokinetics and
bioavailabilities resulted in limited success. The macrocyclic
analogs we synthesized had a binding and pharmacokinetic
profile similar to that of acyclic analogs. We therefore had
to revise our strategy and generate molecules that retained
desired binding and cellular activities while improving phar-
macokinetics. Analysis of our lead inhibitors that spanned
from P3 to P′

2 revealed that many of these analogs had
molecular weights ranging between 750 and 850 Da. These
analogs had many heteroatoms with multiple hydrogen-bond
donors and acceptors. Moreover, these analogs were still
peptidic containing many amide bonds. We therefore
decided to truncate these analogs further by reducing the
molecular weights and number of amide bonds to enable
better absorption and distribution. We decided to incorporate
individual ligands that made a greater contribution to overall
binding. With this in mind we further explored truncation of
P3–P′

2 analogs of type 38.
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The first truncation we evaluated was the removal of the
P′

2 dimethyl amide group in inhibitors of type 38. As shown
in Figure 12, removal of a single amide bond had a profound
effect on PK, even though the truncated compounds were
less potent in the enzyme-binding assay.

Replacement of P′
2 phenylglycine dimethyl amide with

benzyl amide resulted in compound 41, which had an
enzyme-binding activity of K ∗

i = 56 nM and a much im-
proved rat plasma exposure of 1.27 µM·h over 6 h. It was
very reassuring to learn that removal of a single amide func-
tionality allowed significant improvement in plasma levels in
rats. Similarly, replacement of P′

2 with (S)-α-methyl benzyl
amine resulted in compound 42, which had activity simi-
lar to that of the benzyl derivative 41, but better PK, with
AUC0-6h = 2.66 µM·h. We therefore decided to evaluate
truncating our inhibitors at the P′

1 position (Fig. 13).
Replacement of the glycine-phenyl glycine dimethyl

amide segment of 38 with allyl amide resulted in inhibitor 44,
with a K ∗

i value of 280 nM. Analysis of this compound in the
rapid rat assay [46] for oral PK in rats indicated an AUC0-6h

value of 26 µM·h. This was a clear indication that we were on
the right track. We further explored the P′

1 substitution by re-
placement of the glycine-phenylglycine segment with methyl
amide to yield compound 45 (K ∗

i = 1500 nM). Once again
this compound demonstrated a good oral PK in rats, with
AUC0-6h = 13.4 µM·h. We next evaluated the replacement of
P′

1 with a primary ketoamide moiety. Synthesis of this analog
resulted in compound 46, which demonstrated a binding of
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K ∗
i = 100 nM and a good rat AUC0-6h = 2.52 µM·h. This

was one of our first truncated compounds which demon-
strated good enzyme-binding activity and acceptable PK in
rats. It also showed that when modified appropriately, we
could achieve truncated compounds with good binding. Our
attempts to introduce a secondary amide such as dimethyl
amide at P′

1 results in loss of potency, yielding inhibitors of
type 47 displaying a K ∗

i value > 13,000 nM. This clearly
indicated that the hydrogen of the amide was required and
was probably involved in hydrogen bonding with the protein,
which contributed significantly to binding free energy.

Having identified that incorporation of a primary ke-
toamide resulted in compounds with good binding (K ∗

i =
100 nM) and acceptable plasma exposure, we next explored
the potential to improve the enzyme potency by modifying P1

norvaline residue. As outlined in Figure 14, we synthesized a
variety of nonproteinogenic P1 amino acids and incorporated
them in our inhibitor.

Replacement of P1 norvaline with (S)-2-aminobutyric acid
resulted in compound 49 (Ki

∗ = 740 nM), a sevenfold loss
in potency compared to the norvaline derivative 46. Ex-
tension of carbon chain length resulted in butenyl glycine
derivative 50 (K ∗

i = 150 nM), which had activity similar
to that of the norvaline derivative 46. We next evaluated
the effect of branching by incorporating methallyl glycine
and isoleucine to yield inhibitors 51 (K ∗

i = 300 nM) and 52
(K ∗

i = 400 nM), respectively, which were less potent than
the corresponding norvaline analog, clearly indicating that
branching was detrimental to activity. The effect of intro-
ducing cyclic alanine amino acids at P1 were evaluated by
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incorporating cyclopropyl alanine, cyclobutyl alanine, and
cyclopentyl alanine. The cyclopropyl analog 53 (K ∗

i =
25 nM) demonstrated a fourfold-improved enzyme activity
over that of the norvaline analog 46. The compound demon-
strated EC90 = 400 nM in the replicon-based cellular assay.
The cyclobutyl alanine analog 54 had a further improved
enzyme activity with a K ∗

i = 8 nM and EC90 = 700 nM. Ex-
pansion of the cyclobutyl ring to a cyclopentyl ring resulted
in analog 55 (K ∗

i = 150 nM), which was less active than cy-
lopropyl and cyclobutyl derivatives. It was clear from these
studies that the S1 pocket was narrow and the cyclobutyl
ring was the maximum ring size that was tolerated, yield-
ing compound with good potency. It was also interesting to
observe that the HNE/HCV selectivity depended on the ring
size of the group occupying the S1 pocket. The larger the size
of the ring, the more selective the compound was for HCV.
The cyclopropyl analog had a HNE/HCV selectivity of 23,

whereas the cyclobutyl derivative had a selectivity of 138
and the cyclopentyl derivative demonstrated a HNE/HCV
selectivity of 370. The cyclopropyl analog 53 and cyclobutyl
analog 54 were evaluated for oral PK in rats. It was grati-
fying to see that both analogs demonstrated appreciable PK,
with the cyclopropyl derivative 53 demonstrating AUC = 1.3
µM·h with a bioavailability of 3% and the cyclobutyl analog
54 AUC = 1.5 µM·h with a bioavailability of 28%. From
our SAR explorations we identified that cyclopropyl alanine
and cyclobutyl alanine residues as excellent P1 moieties that
improved activity while demonstrating cellular potency and
PK.

Our next efforts were to understand the effect of P3 varia-
tions. We chose cyclopropyl and cyclobutyl alanine P1 groups
and evaluated the effect of varying the P3 residue in the pri-
mary ketoamide series. The effects of these modifications are
tabulated in Table 1.

TABLE 1

N

H
N NH2

R1O
O

H
NO

O

O

R3O

Me

Me

Me

Compound R3 R1 Ki
∗

(nM) HNE/HCV EC90 (nM)

57

MeMe

210 19 —

58 100 11 —

59

MeMe
Me

57 112 600

60 470 — 2000

61

MeMe
Me

76 684 800

62

Me

700 — —

63

OHMe
Me

220 55 —
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Replacement of cyclohexyl glycine of 53 with valine re-
sulted in compound 57, which demonstrated an enzyme-
binding activity K ∗

i = 210 nM, a tenfold loss in enzyme-
binding activity compared to 53. The side chain of valine was
replaced with a cyclopentyl group, resulting in compound
58 (K ∗

i = 100 nM), which improved binding by twofold
compared to the valine derivative 57. We next evaluated
the effect of introducing 2-indanyl glycine by synthesizing
compound 60 (K ∗

i = 470 nM), which demonstrated a much
diminished activity compared to 54. We next evaluated the in-
troduction of P3 tert-butyl glycine. Replacement of P3 cyclo-
hexyl glycine of 53 with tert-butyl glycine resulted in analog
59, which demonstrated an enzyme activity of K ∗

i = 57 nM
and EC90 = 600 nM. This modification resulted in a com-
pound that was similar in potency to the cyclohexyl analog.

Introduction of P3 tert-butyl glycine in the P1 cyclobutyl
series resulted in compound 61, which demonstrated a bind-
ing activity (K ∗

i = 76 nM) and cellular activity of EC90 =
800 nM. A comparison of the cyclobutyl and cyclopropyl

analogs with P3 tert-butyl glycine demonstrated that both
these analogs had similar enzyme activities; however, the
cyclobutyl analog 61 demonstrated much better HNE/HCV
selectivity (684 compared to 112) compared to cyclopropyl
analog. Our attempts to cyclize the two methyl groups of
P3 tert-butyl gylcine into a three-membered ring resulted
in compound 62 (K ∗

i = 700 nM), with a significant loss in
binding. Similarly, our efforts to introduce a hydroxyl group
at the P3 tert-butyl glycine resulted in 63 (K ∗

i = 220 nM),
resulting in a fourfold loss in potency compared to the tert-
butyl analog 61.

From our structure–activity investigation of the P3 and
P1 groups, we identified cyclobutyl alanine and cyclopropyl
alanine as desirable P1 residues that yielded compounds with
good enzyme and cellular activities. Similarly, we discovered
tert-butyl glycine as a preferred P3 group that yielded com-
pounds with improved HNE/HCV selectivity. We therefore
retained these residues for further investigation of the SAR
of the P3 capping site (Table 2).

TABLE 2

O

O
O

O

O

Me
Me

Me

H
N

H
N

N

R4
R1

NH2

Compound R4 R1 Ki
∗

(nM) HNE/HCV EC90 (nM)

64 OMe

Me

150 100 —

65 O 300 — —

66
O

Me

Me 70 160 —

67 H
NMe

Me

16 4200 730

68 H
NMe

Me
Me

13 369 400

69 H
NMe

Me
Me

14 2200 350

70 H
NMe

80 100 900
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HNE/HCV= 38
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Ki
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HNE/HCV= 112
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Ki
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HNE/HCV= 138

72; R4 = tBuNH
Ki

* = 50 nM
HNE/HCV= 90

61; R4 = tBuO
Ki

* = 76 nM
HNE/HCV= 684

69; R4 = tBuNH
Ki

* = 14 nM
HNE/HCV= 2200

FIGURE 15

P3 tert-butyl carbamate of inhibitors 59 and 61 were re-
placed with a wide variety of carbamates and ureas. Re-
placement of tert-butyl carbamate of 59 with isopropyl car-
bamate resulted in analog 64 (K ∗

i = 150 nM and HNE/
HCV = 100), threefold less active than the correspond-
ing derivative 59. Introduction of cyclopropyl carbamate re-
sulted in a further twofold loss in potency, yielding ana-
log 65 with an enzyme activity K ∗

i = 300 nM. Extension
of the cap from isopropyl to isobutyl carbamate resulted
in inhibitor 66 (K ∗

i = 70 nM), similar in potency to the
derivative 59. We next evaluated the effect of introducing
urea derivatives as P3 capping. This modification would re-
place hydrogen-bond acceptor oxygen with hydrogen-bond
donor nitrogen on the P3 cap. Replacement of Boc groups
in inhibitors 61 with isopropyl urea resulted in analog 67
(K ∗

i = 16 nM, HNE/HCV = 4200, EC90 = 730 nM). The
incorporation of urea functionality improved the binding of
cyclobutyl derivative sixfold. In addition, the HNE/HCV
selectivity was further improved to 4200. With the knowl-
edge that the introduction of a urea derivative improved
the enzyme activity and HNE/HCV selectivity, we wanted
to study the effect a tert-butyl urea group which would be
an isosteric replacement for a Boc group. Incorporation of
tert-butyl urea as the P3 capping resulted in compounds 68
(K ∗

i = 13 nM, HNE/HCV = 369, EC90 = 400 nM) and 69
(K ∗

i = 14 nM, HNE/HCV = 2200, EC90 = 350 nM), with
the cyclobutyl analog 69 demonstrating improved enzyme ac-
tivity, HNE/HCV selectivity, and cellular activity compared

to the corresponding Boc analog 61. We next evaluated the
constriction of tert-butyl urea in the form of a ring to synthe-
size methylated cyclopropyl urea analog 70 (K ∗

i = 80 nM,
HNE/HCV = 100, EC90 = 900 nM). This resulted in a loss
of activity compared to the tert-butyl urea derivative 69.
With the acceptable profile of 69 (Sch 503034) [47,48], we
evaluated this analog further in animal PK for its ADME
properties.

SYNERGISTIC EFFECTS THAT INFLUENCE
ENZYME BINDING AND HNE/HCV SELECTIVITY

In the process of investigating SAR toward identification of
69 (Sch 503034), we observed a number of synergies between
P1–P3 moieties and P3–P3 capping moieties that influenced
enzyme binding and HNE/HCV selectivity. These effects
have been exemplified in Figure 15.

Synergistic Effect of P3 with P3 Capping Group on
Enzyme Binding

As shown in Figure 15, the potency of these inhibitors de-
pended on a combination of P3 and P3 capping residues.
P1 cyclopropyl derivative 53 (K ∗

i = 25 nM, HNE/HCV =
23, EC90 = 400 nM) and P1 cyclobutyl alanine deriva-
tive 54 (Ki

∗ = 8 nM, HNE/HCV = 138, EC90 = 700
nM) that contained P3 cyclohexyl glycine and P3 capping
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tert-butyl carbamate demonstrated better enzyme activity
than analogs 59 (K ∗

i = 57 nM, HNE/HCV = 112, EC90 =
600 nM) and 61 (Ki

∗ = 76 nM, HNE/HCV = 684, EC90 =
800 nM), which contained a P3 tert-butyl glycine. P3 cyclo-
hexyl glycine imparted better enzyme activity when the tert-
butyl carbamate group was P3 capping. In contrast, when P3

capping was replaced with a tert-butyl urea, the P3 tert-butyl
glycine analogs 68 (K ∗

i = 13 nM, HNE/HCV = 369) and 69
(K ∗

i = 14 nM, HNE/HCV = 2200) demonstrated enzyme in-
hibition superior to those of the P3 cyclohexyl glycine analogs
71 (K ∗

i = 50 nM, HNE/HCV = 38) and 72 (K ∗
i = 50 nM,

HNE/HCV = 90).

Effect of P3 and P1 Substitution on HNE/HCV
Selectivity

A closer examination of the HNE/HCV selectivity of in-
hibitors in Figure 15 also indicated that in all cases, com-
pounds derived from P1 cyclobutyl alanine demonstrated bet-
ter HNE/HCV selectivity than that of P1 cyclopropyl alanine
derivatives. Moreover, in the series containing P1 cyclobutyl
alanine, P3 tert-butyl glycine compound 69 (HNE/HCV =
2200) was more selective than P3 cyclohexyl glycine deriva-
tive 72 (HNE/HCV = 90).

PHARMACOKINETICS OF BOCEPREVIR

Based on the desirable enzyme binding, the HNE/HCV se-
lectivity and cellular activity of Sch 503034 (69), we evalu-
ated its pharmacokinetic parameters in rats, dogs, monkeys,
and mice. The pharmacokinetic parameters of boceprevir are
shown in Table 3 [49]. As outlined in the table, the PK
of inhibitor 69 depended on the species evaluated. The oral
exposure of boceprevir was good in rat, mouse, and dog,
whereas the exposure in monkeys was poor. It demonstrated
an AUC = 1.5 µM·h in rats when dosed at 10 mg/kg with an
oral bioavailability of 26% and a moderate t1/2 = 4.2 h. Dos-
ing boceprevir in dogs at 3 mg/kg resulted in an oral AUC =
3.1 µM·h with an oral bioavailability of 30%. However, the
compound demonstrated a suboptimal PK in monkeys with a
poor oral exposure AUC = 0.12 µM·h at 3 mg/kg and a vari-

TABLE 3 PK Properties of Boceprevir (Sch 503034, 69)

Dose
(mg/kg)

AUC
(µM·h)

Species i.v. p.o. i.v. p.o. % Bioavailability t1/2 (h)

Rat 10 10 5.9 1.5 26 4.2
Dog 1.7 3 5.8 3.1 30 1.1
Monkey 3 3 2.9 0.12 4–11 1.2
Mouse 10 10 2.7 0.93 34 1.7

able bioavailability of 4 to 11%. The compound also demon-
strated short half-lives in dogs and monkeys, with t1/2 = 1.1
and 1.2 h, respectively.

We also evaluated the absorption and distribution of bo-
ceprevir into the liver, which is the repository organ for hep-
atitis C virus. Evaluation of the distribution in rats demon-
strated that it was well distributed into the liver with a
liver/plasma ratio of 30-fold. This was very desirable since
the compound was more available in the site of virus. Evalu-
ation of absorption and elimination with radio-labeled com-
pound demonstrated that it was moderately absorbed with
36% in rats and 23% in dogs.

Boceprevir was also evaluated for other drug safety pa-
rameters, such as hERG and CYP inhibition. It demon-
strated no issues with CYP inhibition, with > 30 µM inhibi-
tion of CYP isoforms 2D6, 2C9, and 2C19. The compound
demonstrated a moderate inhibition of CYP3A4 (coinc/prein
> 30/8.6 µM).

SYNTHESIS OF BOCEPREVIR

Sch 503034 (69) was assembled in a convergent synthesis
with the formation of two key fragments. The P1 ketoamide
segment 78 was synthesized starting from the ethyl (2-
diphenylmethyleneamino)acetate (Scheme 1), whereas the
nonproteinogenic P2 was synthesized starting from the py-
roglutamic acid derivative 79.

Alkylation of glycine derivative 73 with potassium tert-
butoxide and cyclobutylmethyl bromide resulted in cy-
clobutyl alanine ethyl ester 74. Boc protection of amine 74
followed by hydrolysis of ethyl ester resulted in carboxylic
acid 75. The acid was converted to the Weinreb amide us-
ing N,O-dimethyl hydroxylamine and BOP reagent. The re-
sulting amide was further reduced to the aldehyde 76 with
LiAlH4. Treatment of aldehyde 76 with acetone cyanohydrin
resulted in cyanide transfer, which was hydrolyzed to the hy-
droxyamide 77 using basic hydrogen peroxide. Deprotection
of the Boc group of 77 with 4 M HCl resulted in the amine
segment 78.

Synthesis of the P2 segment was initiated with pyroglu-
tamic acid derivative 79 (Scheme 2). Oxidation of 79 to α,β-
unsaturated lactam 80 was accomplished by selenation with
phenylselenium bromide, followed by oxidation of the inter-
mediate selenide to selenoxide and subsequent elimination.
The dimethylcyclopropyl group was installed by treatment of
80 with isopropyl phosphonium bromide and butyllithium.
The resulting dimethylcyclopropyl lactam was reduced by
refluxing with a solution of LiAlH4 in THF to form benzyl-
protected amino alcohol 81 in excellent yields. Deprotec-
tion of the N-benzyl group using catalytic hydrogenation
followed by Boc protection yielded a Boc-protected proli-
nol intermediate, which was oxidized with Jones reagent to
yield functionalized proline 82. The P2 amino acid 82 was
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SCHEME 1 Synthesis of ketoamide segment.

coupled with P3 tert-butyl glycine, using HATU to yield Boc-
protected dipeptide. The Boc group of the resulting dipeptide
was deprotected with methanolic HCl and treated with tert-
butyl isocyanate to form tert-butyl urea P3 capped compound
83. The methyl ester of 83 was hydrolyzed with aqueous
LiOH and the resulting acid was coupled with P1 amine
salt 78 using EDCI, HOBt, and NMM to yield the hydrox-
yamide precursor of boceprevir (69). Finally, the ketoamide
functionality was installed by oxidizing the hydroxyamide
derivative under Moffat conditions using EDCI, DMSO, and
Cl2CHCOOH to form Sch 503034 (69).

X-RAY STRUCTURE OF BOCEPREVIR BOUND TO
HCV-NS3 PROTEASE

The x-ray structure of boceprevir bound to HCV-NS3 pro-
tease was solved, and many salient features paramount for
effective binding to the protease were identified (Fig. 16).
Analysis of the x-ray structure revealed a shallow binding

pocket that was occupied by inhibitor 69 [50]. The hydroxyl
group of serine-139 made a nucleophilic attack on ketoamide
reversibly trapping the inhibitor while the amide oxygen
pointed toward the oxy-anion hole. The P1 cyclobutyl ala-
nine occupied the S1 pocket, with the (S)-stereochemistry
being preferred at the ketoamide center. The P2 dimethylcy-
clopropyl fused proline moiety efficiently made contact with
the S2 pocket, with the two methyl groups interacting with
protein residues arginine-155 and alanine-156. The dimethyl
cyclopropanated proline adopts a bent conformation which
makes an effective overlap with the methyl group of alanine-
156. The tert-butyl groups of P3 tert-butyl glycine and P3

capping tert-butyl urea made efficient van der Waals contact
with the shallow S3 pocket and S4 pockets, respectively. Thus,
a series of efficient van der Waals interactions contributed to
potent binding of the inhibitor to the protease.

In addition to lipophilic interactions, boceprevir made
an array of hydrogen bonds with the protein backbone that
contributed to enhanced enzyme binding and selectivity. A
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FIGURE 16 See insert for color representation of the figure.

schematic diagram of these mapped interactions is outlined
in Figure 17.

Analysis of these hydrogen-bonding interactions revealed
that the hydrogen of primary ketoamide formed a hydrogen
bond with an oxygen of glutamine-41, whereas the oxygen of
the primary amide accepted a hydrogen bond from residues
glycine-137 and serine-139. The NH of the P1 cyclobutyl
alanine moiety is at a hydrogen-bonding distance to arginine-
155, whereas the urea hydrogens donated a pair of hydrogen
bonds to the oxygen of alanine-157. These interactions are
specific, enhancing the effectiveness of binding of boceprevir
to HCV protease.

A computational analysis was conducted to evaluate the
contribution of various residues to the overall binding of the
inhibitor to the enzyme. These calculations indicate that a
substantial proportion of binding correlates well with the
contact surface area. It was estimated that nearly 50% of the
surface area of boceprevir made hydrophobic contact with
the protease, which contributes to 105 orders in binding.
The remaining potency gain was achieved with boceprevir,
making hydrogen bonds to the protease and the covalent bond
to serine-139.
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IN VITRO COMBINATION STUDIES OF
BOCEPREVIR AND α-INTERFERON

The effect of combination of α-interferon with boceprevir
was evaluated by treating different concentrations of 69 to a
fixed dose of α-interferon in a 10 × 10 matrix, varying the
concentration from EC50 to EC90. Analysis of replicon RNA
levels after 72 h at 90% suppression indicated that the effect
of combination with α-interferon was additive [48].

Clinical studies of boceprevir. Boceprevir has completed
initial Phase III clinical trials and the result is currently being
reviwed by drug authorities as a potential treatment of HCV
infections.

Resistance studies. Mutations conferring resistance to bo-
ceprevir have been identified and characterized by selec-
tion in the replicon cells [51,52]. T54A, A156S, A156T, and
V170A were detected as the major resistance loci prevalent,
in frequencies ranging from 12 to 31%.

CONCLUSIONS

Lack of success in identifying nonpeptic leads using a screen-
ing approach forced us to pursue a structure-based ratio-
nal drug development strategy guided by the x-ray crystal
structure of NS3 protease. An undecapeptide 7 incorporat-
ing a ketoamide as a serine trap was identified as an initial
lead that had a molecular weight of 1265 Da. This inhib-
ited the enzyme with a K ∗

i = 1.9 nM. We undertook the
daunting task of modifying this lead to identify bocepre-
vir. Initially, we followed a truncation approach to reduce
the molecular weight and determine the effect on enzyme
binding of each amino acid replacement. Using a system-
atic study, we identified leucine and cyclopropyl alanine as
excellent P2 residues that yielded novel inhibitors with ex-
cellent enzyme inhibition. A conscious effort to truncate the
molecule at P3 limiting molecular weights in the desirable
drug range was undertaken. The incorporation of a P′

1–P′
2

glycine-phenylglycine segment yielded compounds such as
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25, spanning from P3 to P2
′ with excellent enzyme activ-

ity. These compounds demonstrated an enzyme inhibition in
the low nanomolar range, with molecular weights ranging
between 700 and 800 Da.

We next evaluated these potent inhibitors for their activity
in the replicon-based cellular assay and pharmacokinetics in
animals. To our disappointment, most of these compounds
showed poor cellular activity and oral PK. To address these
issues we embarked on a depeptidization strategy of investi-
gating a series of macrocyclic inhibitors and replacing amide
bonds with peptide isosteres. A series of novel P2 to P4-
and P1–P3-derived macrocycles spanning from P3 to P′

2 were
synthesized and evaluated for their binding and cellular ac-
tivity. None of these modifications resulted in compounds
with desirable cellular potency and PK.

Concomitant to these investigations, we discovered that
incorporation of a secondary amide at P2 resulted in analogs
that were active in the replicon cellular assay. This was a
major discovery which allowed us to engineer novel com-
pounds that were potent in both the enzyme-binding and cel-
lular assay. A series of inhibitors containing modified proline
derivatives were synthesized and incorporated in our series
of inhibitors. A novel dimethylcyclopropyl-fused proline that
mimicked leucine and cyclopropyl alanine were synthesized
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and incorporated in the inhibitors, resulting in compounds
with excellent enzyme-binding and replicon activity. This
led to the identification of Sch-6 (38), which demonstrated
EC90 = 100 nM in the replicon cellular assay. However,
an evaluation of these compounds for PK in animals demon-
strated that these compounds had a suboptimal oral exposure.
It was determined that these compounds were poorly ab-
sorbed and needed further modification to introduce druglike
properties.

Our quest for compounds with oral PK mandated that we
reduce the molecular weights of these inhibitors further or
reduce the number of hydrogen-bond donors and acceptors.
We revisited our truncation strategy and truncated Sch-6 at P1

by incorporating a primary ketoamide. This resulted in com-
pounds of type 38 that had acceptable binding and cellular
activity and PK. Systematic modification of various residues
at P1, P3, and P3 capping identified cyclobutyl alanine, tert-
butylglycine, and tert-butylurea as desired groups resulting
in compound 69 (Sch 503034), which demonstrated a com-
bination of good enzyme activity, cellular potency, HNE se-
lectivity, and PK. In the course of these investigations we dis-
covered novel synergies between P1–P3, P3, and P3 capping
groups that influenced enzyme binding and HNE selectivity
positively and detrimentally.
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Our journey from the undecapeptide to boceprevir is
summarized in Figure 18. The undecapeptide 7 was first
modified to Sch-6 (38), which reduced the molecular weights
from 1265 Da to 724 Da, imparting excellent enzyme-binding
and cellular activity. However, these classes of compounds
demonstrated poor PK in rats. We therefore investigated trun-
cating these compounds, simultaneously modifying the P1

and P3 moiety to identify Sch 503034 (69) with a molecular
weight of 519 Da and good enzyme and cellular activity. It
also demonstrated acceptable PK in rat, mouse, and dog.

Boceprevir has completed initial Phase III clinical trials
and the result is currently being reviewed by drug authorities
as a potential treatment of HCV infections.
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PROTEASE INHIBITOR DANOPREVIR (ITMN-191/RG7227)

Scott D. Seiwert, Karl Kossen, Lin Pan, Jyanwei Liu, and Brad O. Buckman
InterMune, Inc., Brisbane, California

INTRODUCTION

Chronic hepatitis C virus (HCV) infection afflicts more than
170 million people worldwide and is the leading cause of
liver transplantation in the United States [1,2]. Standard of
care (SoC) for this disease is weekly injection of pegylated
interferon α and twice-daily oral administration of ribavirin.
This regimen has significant side effects and achieves the
clinically relevant endpoint of sustained virological response
(SVR), defined as viral negativity 6 months following cessa-
tion of therapy, in only half of treated patients [3,4]. Poorer
response rates are observed in certain subpopulations, includ-
ing persons harboring genotype 1 virus or a high viral load,
cirrhotic patients, and African Americans [3,4]. Thus, novel
therapeutic approaches that have milder side effects and that
enhance SVR rates compared with SoC are needed to better
treat this prevalent and serious disease.

Direct antiviral agents (DAA) target essential HCV-
encoded enzymes, including the protease activity of non-
structural protein 3/4A (NS3/4A) and the RNA-directed RNA
polymerase activity of NS5B [5–7]. NS3 is a chymotrypsin-
like serine protease that is activated by association with
NS4A. Following translation of the HCV RNA genome into
a polyprotein, the NS3/4A protease cleaves four sites to lib-
erate five viral proteins essential for HCV replication. In ad-
dition, the proteolytic activity of NS3/4A recently has been
shown to dampen cellular sensing of viral components, and
in doing so reduce type 1 interferon production [8,9]. Thus,
inhibitors of NS3/4A may disrupt two separate processes
relevant for suppression of HCV.

NS3/4A protease inhibitors (PIs) have shown potent an-
tiviral activity in early clinical trials, highlighting the sig-
nificant potential of this class of compounds. In landmark
studies, ciluprevir (BILN-2061) was found to reduce the av-
erage plasma concentration of genotype 1 HCV by approxi-
mately 3.0 log10 following twice-daily dosing of 200 mg for
2 days [10,11]. Despite robust and rapid antiviral activity that
at the time was unprecedented, further clinical development
of ciluprevir was discontinued due to severe cardiac toxicity
in nonclinical species [12].

Subsequently, several other NS3/4A PIs have demon-
strated robust antiviral activity as monotherapy in chronic
HCV [13–17]. In combination with SoC for 14 to 28 days,
these compounds drive viral loads below the limit of quan-
tification or detection in a majority of patients [14,16,18,19].
Two linear/nonmacrocyclic mechanism-based covalent in-
hibitors administered three times a day, boceprevir (Sch
503034) [20,21] and telaprevir (VX-950) [22–24], are con-
sidered first-generation NS3/4A PIs. Both boceprevir and
telaprevir substantially improve SVR when added to SoC
and therefore demonstrate the significant clinical utility of
NS3/4A PIs [23–25]. However, both compounds equally
demonstrate that side effects associated with triple combi-
nation therapy can compromise clinical utility due to treat-
ment discontinuation [23–25]. Moreover, the requirement for
three times daily dosing with first-generation PIs may lead
to patient noncompliance, which in turn may allow drug-
resistant viral variants to develop. Second-generation PIs
have attempted to address these issues in order to further
improve treatment outcomes.
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Danoprevir

SCHEME 1 Significant compounds leading to the discovery of danoprevir.

The discovery campaign leading to danoprevir (RG7227/
ITMN-191) focused on several fundamental principles to
identify compounds with the potential for milder side ef-
fects and less frequent dosing relative to first-generation PIs.
A premium was placed on maximizing potency and selec-
tivity since more potent compounds require lower exposure
to achieve a given pharmacological effect. Low exposure,
combined with high selectivity, was hypothesized to trans-
late into a superior safety profile. To further minimize side
effects due to off-target effects, significant emphasis was
placed on identifying compounds that, like statins [26–28],
have preferential distribution to the liver. Since ribivirin and
most NS5B polymerase inhibitors currently in development
are administered twice daily, this dosing scheme was also
viewed as desirable.

In this chapter we describe the data available for danopre-
vir, a compound discovered following the principles noted
above. Clinical studies completed to date indicate that
danoprevir has low systemic exposure, possesses a very fa-
vorable side-effect profile, and elicits a potent antiviral effect.
The strategy used in the discovery of danoprevir parallels that
of statins and suggests that this approach may be of general
value in the discovery of liver-targeted therapies.

DISCOVERY

Initially, a virtual chemical library of approximately 500
molecules was designed and screened using a docking model

developed from NS3 x-ray crystal structures and peptide-
substrate binding motifs. Through this structure-based de-
sign approach, virtual tetrapeptide compound libraries were
generated and scored in a docking model using NS3/4A pro-
tease domain. These libraries carried a P1–P1′ carboxylic
acid group and a diverse collection of P2 linkers and P2 sub-
stituents to probe the lipophilic S2 protein surface region (1,
Scheme 1). Based on initial potency data in a biochemical
screening assay, tetrapeptides with P2 carbamates extending
from a hydroxyproline were selected as targets, and a library
of over 70 tetrapeptides with various P2 carbamates attached
to proline was synthesized (2, Scheme 1). A clear trend in the
structure–activity relationship (SAR) emerged in which an
appropriately placed lipophilic P2 group, preferably a fused
or pendent aromatic, provided a significant improvement in
biochemical potency. Through several iterations of P2 opti-
mization, P2 tetrahydroisoquinoline carbamates emerged as
a promising lead (3, Scheme 1). This lead, although potent in
the biochemical screening assay, showed no cellular potency
in a replicon-based assay at its top concentration (10 µM).

Two strategies were pursued to increase the cellular po-
tency of 3: (1) the P4 amino acid residue was truncated,
and (2) macrocyclization was used to rigidify the molecule.
By linking P1 and P3 portions of 3 and truncating the P4
one residue at the same time, the 15-membered macrocyclic
tripeptide mimetic 4 was obtained. This compound retained
equivalent potency to its tetrapeptide predecessor in the en-
zyme assay, and more importantly, marked the first inhibitor
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TABLE 1 Pharmacokinetics of Closely Related Analogs in Rat Following a 30-mg/kg Oral Dose

Compound

Replicon
EC50
(nM) P2 P1′

Liver AUC0-24h

(ng·h/mL)

Plasma
AUC0-24h

(ng·h/mL)
LPR

(AUC)

ITMN-381 4.5

N HN

O
O

S

40.3 32.9 1.2

ITMN-119 9.2

N

CI

HN

O
O

S

92.6 123.0 0.8

ITMN-408 (5, Scheme 1) 7.9

N HN
S

O
O 276.5 0.1 4608

ITMN-187 4.4

N HN
NS

O
O

136.3 1.0 132

Danoprevir 1.8

N
F

HN
S

O
O

90.8 9.5 10

of this class to show antiviral activity in the replicon assay
(EC50 = 2400 nM). These compounds were further optimized
using a strategy to improve cellular permeability by replacing
the P1–P1′ carboxylic acid with a bioisostere such as an acyl-
sulfonamide [29]. Modification of the P1–P1′ carboxylic acid
to an acylsulfonamide generated 5, which showed excellent
potency in cellular assays (EC50 = 8 nM).

Peptiodomimetic NS3/4A inhibitors in general, and
macrocyclic compounds in particular, are large and non-
“Lipinski”-like in character. These compounds are actively
transported, and transporter interactions probably contribute
significantly to their disposition in vivo. Perhaps because
of this, classic in vitro ADME (absorption, distribution,
metabolism, and excretion) profiling assays are generally not
predictive of in vivo exposure. Consequently, in the danopre-
vir discovery campaign, such assays were deemphasized in
favor of in vivo characterization. While high concentrations
in the liver were desired, as this is the site of pharmacological
effect, high circulating concentrations of an HCV inhibitor
could potentially give rise to toxicity, so compounds were
sought that displayed adequate exposure in the target organ
but minimal exposure elsewhere. Initial data demonstrating
these features were followed by a screening paradigm that
filtered compounds for advancement based on rodent liver
exposure, plasma exposure, and liver/plasma ratio (LPR).

Modifications in all key regions of 5 were examined sys-
tematically to evaluate their effects on plasma and liver
pharmacokinetics in rat. Modifications examined included

alternative macrocycles (saturated and heteroatom substitu-
tions), various P2 urea and amide linkers, various P4 linker
modifications, and various P2 tetrahydroisoquinoline re-
placements and substitutions. From initial data it was clearly
evident that plasma concentration, liver concentration, and
LPR varied widely in closely related analogs, making it im-
possible to use plasma concentration to predict whether the
target organ enjoyed adequate exposure. Even small changes
in the P2 and P1′ groups resulted in radically different ex-
posure in liver and plasma, with LPRs ranging from 0.8 to
approximately 4600 (Table 1 and see [30]). The significantly
different exposure displayed by these analogs may reflect
different affinities for uptake and efflux transporters as well
as differences in their physiochemical properties.

More thorough profiling of the macrocyclic protease lead
set revealed that a select group of these compounds dissoci-
ate very slowly from NS3/4A protease, leading to prolonged
enzyme inhibition [31]. This characteristic was unexpected,
as this series of compounds lacks the catalytic warhead
found in first-generation protease inhibitors, which forms a
covalent bond to the active-site serine and results in slowly
reversible enzyme inhibition [22]. To more fully understand
the inhibition kinetics, a biochemical assay was developed to
characterize the dissociation rates. Structure–activity corre-
lations using compounds lacking various features of the fully
decorated macrocyclic core indicate that a single feature of
a P1–P3 macrocycle was unlikely to be responsible for slow
dissociation: compounds such as 5 show slow dissociation,
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Danoprevir free acid Danoprevir

SCHEME 2 Danoprevir manufacturing process.

but analogs lacking P2, P4, the macrocyclic core, or the P1′

acylsulfonamide group display slow dissociation to lesser
degrees or not at all. These observations are consistent with
the fast dissociation rates reported for TMC-435350 [32] and
ciluprevir [10] that lack P4 and P1′ groups, respectively. Slow
dissociation from NS3/4A is a biochemical property that
was considered desirable because it could potentially allow a
pharmacodynamic effect after unbound drug is cleared. Thus,
it was concluded that compounds with acyl sulfonamides
such as 5 display more desirable NS3/4A inhibition kinetics
than earlier prototype compounds lacking this functionality,
P4 groups, the macrocyclic core, or carrying nonpreferable
P2 groups.

An extensive effort, relying in part on screening potent,
slowly dissociating compounds for exposure in rodent, led to
the discovery of danoprevir (Scheme 1). Danoprevir features
a 4-fluoro-substituted tetrahydroisoindoline P2 and an acyl
sulfonamide in P1′. This compound’s dissociation from NS3
is unexpectedly slow, it is over four-times more potent than
5 in the replicon cell assay, it displays a high degree of
target specificity in biochemical and cell-based assays, and
it displays high liver exposure relative to its potency and low
exposure in plasma. Relative to compounds such as 5, the
plasma exposure of danoprevir in animals suggested that its

exposure in humans could be monitored readily in the plasma
compartment.

SYNTHESIS

The danoprevir manufacturing process is a nine-step linear
synthesis with 24% overall yield at a 100-kg scale (Scheme
2). Retrosynthetically, danoprevir can be disconnected into
five building blocks: P1, P2, P3, N-Boc hydroxyproline, and
P1′. The synthesis proceeds through a ring-closing metathesis
(RCM) reaction from a 17-membered open chain precursor.
P1 is treated with HCl to remove the Boc protecting group.
Without isolation the labile intermediate de-Boc-P1 is re-
acted with N-Boc-hydroxyproline to give the Boc-dipeptide,
which is deprotected to provide crystalline dipeptide in 84%
yield over three steps. P3 free amine, derived from the cor-
responding P3 dicyclohexylamine salt, is coupled with the
dipeptide to afford the tripeptide, and it is subsequently re-
acted with P2 HCl salt in the presence of CDI to form the
tripeptide carbamate in 89% isolated yield.

The tripeptide carbamate is subjected to a ring-
closing metathesis reaction in toluene catalyzed by a
ruthenium-based catalyst to give 65% isolated RCM ester.
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Saponification of RCM ester yielded RCM carboxylic acid
as a crystalline material in 68% yield. Activation of the RCM
carboxylic acid by acetic anhydride followed by coupling re-
action with P1′ produces danoprevir free acid in 93% yield.
The sodium salt of danoprevir is obtained by treating a solu-
tion of the free acid in ethyl acetate with sodium methoxide
and adding water to induce crystallization of the danoprevir
salt in 80% yield.

STRUCTURAL BIOLOGY

Crystal structures of the NS3 protease domain in a complex
with a 16-amino acid fragment of NS4A with and without
danoprevir were determined through x-ray diffraction [33].
The danoprevir-bound structure identifies specific interac-
tions that impart high affinity of danoprevir to NS3/4A
(Fig. 1A). Danoprevir occupies the S1′–S4 portion of the
substrate binding pocket with the P1′ cyclopropyl acyl sul-
fonamide filling both the serine protease active site and the
adjacent P1′ pocket. The macrocycle fills a deep hydropho-
bic groove constituting the S1 through S3 substrate bind-
ing region and positions the P2 fluoroisoindolene carbamate
and the P4 tert-butyl carbamate to interact with the S2 and
S4 regions, respectively. Additionally, specific and extensive
hydrogen-bonding interactions exist between residues of the
active-site oxyanion hole and the P1′ acyl sulfonamide as well
as the P1 amide and P4 N H moieties and protein backbone
carbonyls in the NS3/4A active site (Fig. 1B). Many but not
all of these contacts are observed with natural substrates of
NS3/4A (Fig. 1C). Comparison of the danoprevir-bound con-
formation of NS3/4A to the apo form reveals altered confor-
mations of residues R123, D168 and R155, which define the
P2 binding site, as well as K136. These structural alterations
may relate to the slow dissociative property of danoprevir.

BIOCHEMICAL CHARACTERISTICS

Inhibition

A detailed kinetic characterization of the binding mechanism
of danoprevir to NS3/4A has been reported [31]. Danopre-
vir appears to associate with NS3/4A in a two-step binding
mechanism where an initial enzyme–inhibitor complex (EI)
forms rapidly and converts slowly to a more stable form (EI

∗
).

Microscopic rate constants within this mechanism were de-
fined using a combination of enzyme inhibition assays and
direct binding methods and together define the overall bind-
ing scheme (Fig. 2). Fitting biphasic reaction progress curves
generates NS3 inactivation rate constants, which show a hy-
perbolic dependence on danoprevir concentration. This de-
pendence provides values for the affinity of the initial com-
plex (Ki = 100 nM), the rate constant for the conversion
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FIGURE 1 Structural biology. (A) Crystal structure of dano-
previr·NS3/4A complex at 3.1 Å resolution showing P4, P3, P2, and
P1′ sites (blue), catalytic triad (dark blue), and four residues that
undergo conformational change upon danoprevir binding (white)
and have polar interactions that are modulated by danoprevir bind-
ing (cyan). (B) Groups analogous to peptide sites P1′, P1, P2, P3,
and P4 are indicated. Groups found in natural substrates of NS3/4A
are shown in red. Polar contacts to NS3/4A are shown as thick
green lines and the protein amino acid indicated. (C) Structure of
the NS4B/5A junction of the HCV polyprotein that is cleaved by
NS3/4A. Peptide sites P1′, P1, P2, P3, and P4, and scissile amide
bond are indicated. Groups transferred directly to danoprevir are
shown in red. Polar contacts to NS3/4A are shown as thick green
lines and the protein amino acid indicated. (See insert for color
representation of the figure.)
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E + I EI
< 3.8 x 10-5 s-1

(~ 3 x 106 M-1s-1)

(~ 0.3 s-1)

Ki = 100 nM

EI*
6.0 x 10-2 s-1

Ki* < 62 pM

FIGURE 2 Kinetics of NS3/4A inhibition by danoprevir. Values
for the rate and equilibrium constants associated with the proposed
two-step binding mechanism are provided. Simulated rates are given
in parentheses.

of EI to EI
∗

(k3 = 6.2 × 10−2 s−1), and the conversion of
EI

∗
to EI (k4 < 3.8 × 10−5 s−1). This k4 estimate implies

that the NS3·danoprevir complex has a half-life of about 5 h
if k4 is assumed to be the rate-limiting step in dissociation.
Additional experiments to determine the rate of danoprevir
dissociation directly suggest that the EI

∗
complex may be

considerably more stable. Surface plasmon resonance and
dilution experiments provide estimates of danoprevir disso-
ciation rate constants of < 2.1 × 10−5 s−1 and < 1.3 × 10−6

s−1 (t1/2 > 9 h and > 6 days), respectively. However, the
accuracy of these determinations are limited by the minimal
dissociation or reactivation observed. Consequently, k4 and
Ki

∗
are conservatively reported as < 3.8 × 10−5 s−1 (t1/2 >

5 h) and < 62 pM, respectively, as determined by indirect
kinetic methods (Fig. 2).

The exceptional potency of danoprevir due to its very
slow dissociation from NS3/4A is an unexpected property
that may have a potential benefit for both safety and effi-
cacy. The ideal dosing scheme for a slowly dissociating drug
reflects both its pharmacokinetics and the dissociative half-
life of the drug–target complex. The concept of “ultimate
physiological inhibition” has been coined to describe a situ-
ation where the pharmacological effect of a drug is limited
by the synthesis of new target protein [34], and this concept
is supported by experimental evidence [35,36]. Admittedly
by this model, the assessment of the clinical impact of slow
dissociation of an NS3/4A protease inhibitor is dependent
on a reliable measure of viral protein turnover in infected
human hepatocytes. Although a relevant measure of HCV
protein synthesis has not been reported to our knowledge,
the doubling time of HCV is about 22 h in cell culture [37]
and 6 to 8 h in infected patients and chimpanzees [38,39].
If the time scale for viral protein turnover is similar, an ap-
preciable contribution from slow dissociative behavior can
be expected if the half-life of the inhibitor–protease com-
plex is on the order of that displayed by danoprevir·NS3/4A.
Thus, a slowly dissociating inhibitor such as danoprevir is
expected to exert an antiviral effect even after unbound drug
is cleared from the body. In a similar fashion, the HIV-1 pro-
tease inhibitors indinavir, saquinavir, and others dissociate
slowly from the WT HIV-1 protease with half-lives of 10 to
100 min [40].

TABLE 2 Biochemical Specificity

Number of Proteins Inhibited by
10 µM Druga

Danoprevir Ciluprevir Telaprevir

Protease selectivity
panel (53 proteins)

0 8b 9c

Broad ligand panel (26
proteins)

0 1d 0

aProteins displaying = 50% inhibition at a drug concentration of 10 µM,
suggesting an IC50 = 10 µM.
bCalpain-1, chymase, cathepsin G, cathepsin L2, cathepsin S, endothelin
converting enzyme-1, factor Xa, HIV-1 protease.
cChymase, chymotrypsin, cathepsin B, cathepsin E, cathepsin G, cathepsin
L2, cathepsin S, neutrophil elastase 2, pancreatic elastase 1.
dhERG.

Off-Target Effects

As mentioned above, the side-effect profile of first-generation
PIs reduces their utility in treatment by increasing treatment
discontinuations [23,41–43]. In the discovery campaign of
danoprevir, an early emphasis was placed on minimizing off-
target activity. Chemical classes with progressively higher
degrees of specificity were advanced. Thus, the specificity
of danoprevir compares favorably with BILN-2061 and first-
generation NS3/4A PIs (Table 2, see also [44]): None of a
panel of 53 proteases or a panel of 23 ion channels and recep-
tors is inhibited by more than 50% with 10 µM danoprevir,
indicating an IC50 higher than 10 µM against every protease
in this panel [45]. The high degree of selectivity displayed
by danoprevir in biochemical assays is clearly evident in
cell-based specificity assays as 50% cytotoxic concentra-
tions (CC50 values) ranging from 75 to 340 µM in Huh7
cells and primary cultures of normal human hepatocytes,
microvascular endothelial cells, human skeletal muscle my-
oblasts, human cardiac myocytes, human cardiac fibroblasts,
human articular chondrocytes, human lung fibroblasts, and
renal proximal tubule epithelial cells cultured under prolif-
erating and nonproliferating conditions [45]. Biochemical
and cellular specificity are more than 35,000- and 41,000-
fold, respectively, and compare favorably to other experi-
mental PIs which show much narrower specificity indices.
Since ciluprevir and telaprevir display dissociation rates that
are either substantially faster (ciluprevir, [10]) or relatively
faster (telaprevir, [46]) than danoprevir, these data indicate
that potency and specificity are not necessarily mutually ex-
clusive for slowly dissociating noncovalent compounds such
as danoprevir.

Genotypic Coverage

Biochemical potency was determined against full-length
NS3/4A derived from clinical isolates representing all six
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TABLE 3 Biochemical Potency of Danoprevir and Other NS3/4A Protease Inhibitors

IC50 (nM)a Fold Shift from K2040 Reference

Danoprevir Telaprevir Boceprevir Ciluprevir Danoprevir Telaprevir Boceprevir Ciluprevir

1b-(K2040) 0.29 ± 0.07 130 ± 61 80 ± 15 0.73 ± 0.08 — — — —
1a 0.20 ± 0.01 87 ± 5 80 ± 15 0.9 ± 0.2 0.69 0.67 1 1
1b 0.23 ± 0.01 98 ± 2 83 ± 6 0.8 ± 0.1 0.79 0.75 1 1
2b 1.6 ± 0.1 145 ± 5 76 ± 6 11 ± 1 5.5 1.1 1 15
3a 3.5 ± 0.5 1590 ± 22 230 ± 33 11.5 ± 0.8 12 12 3 16
4 0.24 ± 0.02 470 ± 16 170 ± 10 0.6 ± 0.1 0.83 3.6 2 0.8
5 0.35 ± 0.01 130 ± 58 70 ± 10 0.8 ± 0.2 1.2 1.0 0.9 1
6 0.45 ± 0.01 36.9 ± 0.8 54 ± 6 1.0 ± 0.2 1.6 0.28 0.7 1.4

aValues are reported as mean ± standard deviation based on a minimum of three independent experiments.

genotypes of HCV. Potency was measured under preequilib-
rium conditions that do not fully account for the contribution
of slow dissociation to potency. Even so, these conditions
provide an estimate of the relative effectiveness across dif-
ferent HCV genotypes. Given that clinical data exist for other
NS3/4A inhibitors across multiple HCV genotypes, it is in-
structive to compare the performance of danoprevir to that of
other compounds to model its potential performance against
nongenotype 1 HCV in the clinic.

The IC50 of danoprevir, telaprevir, boceprevir, and cilupre-
vir against genotype 1a and 1b protein isolated from clinical
samples is similar to their IC50 against the reference geno-
types 1b protein (Table 3). Telaprevir and boceprevir also
display similar potency against genotypes 1 and 2b NS3/4A,
while the macrocyclic compounds ciluprevir and danoprevir
lose potency against genotype 2b. All inhibitors except bo-
ceprevir show slightly more than a 10-fold loss of potency
against NS3/4A derived from genotype 3a. Both macrocyclic
inhibitors show undiminished activity against genotype 4
NS3/4A, whereas both linear tetrapetide inhibitors lose po-
tency. All inhibitors show activity against genotype 5 or 6
NS3/4A.

Emerging clinical data describing compound activity
across HCV genotypes suggests that biochemical inhibition
data may be a useful indicator of clinical response. The clini-
cal activity of telaprevir against genotype 1 and 2 HCV is sim-
ilar, but markedly reduced activity against genotypes 3 and 4
is observed [41,47]. Clinical studies examining the antiviral
efficacy of ciluprevir in a population comprised primarily of
those harboring genotype 3 HCV indicate that short-term vi-
rologic response of ciluprevir monotherapy is marked, albeit
reduced relative to its effect against genotype 1 HCV [12].
Consequently, provided that the same extrapolation holds
for danoprevir, it is expected to be equally effective against
genotype 1, 4, 5, and 6 HCV. Reduced activity against geno-
type 2 and 3 HCV is expected, so higher exposures would
be required for efficacy in genotypes 2 and 3 compared to
genotypes 1, 4, 5, and 6.

IN VITRO PHARMACOLOGY

Cellular Potency Against an HCV Subgenomic
Replicon

The appreciable biochemical potency of danoprevir trans-
lates into significant antireplicon activity [45]. Against a
genotype 1b (Con1) subgenomic HCV replicon, a 50% ef-
fective concentration (EC50) was determined to be 1.8 nM.
Calculation of the compound amount required for a 1 log10,
2 log10, or 3 log10 drop in replicon RNA (i.e., EC90, EC99,
and EC99.9) yielded 14, 160, and 1600 nM, respectively, in-
dicating a standard, cooperative binding transition. A cell-
based phenotyping assay provides an EC50 of 3.2 nM for a
Con1 NS3/4A sequence; median danoprevir potency against
multiple clinical isolates of subtype 1a NS3 (n = 16) and
subtype 1b NS3 (n = 24) was 3.5 and 4.5 nM, respectively,
showing that the compound inhibited multiple examples of
genotype 1 NS3 with equal potency. The antiviral activity of
danoprevir was also determined against con1 replicon follow-
ing a 14-day exposure to replicon-bearing cells. Treatment
with 45 nM danoprevir (∼threefold its EC90) reduced HCV
replicon RNA levels below the RT-PCR detection limit and
prevented selection of replicon containing cells in a 4-week
follow-up period. Thus, the high potency of danoprevir in
biochemical assays translated directly into high potency in
cell-based assays.

Antiviral Activity in Combination with Peginterferon
α-2a

As has been firmly established in the HIV PI field [48], early
clinical development in HCV has indicated that NS3/4A PIs
must be combined with other antiviral agents to suppress the
emergence of PI-resistant HCV [49–52]. Except in a single
case to be discussed below, combination regimens in HCV
have employed one DAA in combination with SoC. Since
the peginterferon component of SoC contributes to sustained
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virologic response by inducing direct antiviral effcts in in-
fected hepatocytes, the antiviral effect of danoprevir was
characterized in vitro in combination with peginterferon
α-2a. In vitro dose–response curves for danoprevir and pegin-
terferon α-2a indicate that the potency of each agent im-
proves significantly when used in combination. Combina-
tion index (CI) values at fixed dose ratios are less than 1,
indicating synergistic interaction. Antiviral synergy is con-
firmed by isobologram analysis based on Loewe additivity
principles and by Bliss independence modeling of variable
drug ratios. Thus, two orthogonal formal analyses indicate
that danoprevir and peginterferon α-2a display significant
antiviral synergy.

The combined antiviral effects of danoprevir and pegin-
terferon α-2a were investigated following 14-day exposure
of HCV replicon. When the minimum human plasma con-
centration of peginterferon α-2a is added to the lowest con-
centration of danoprevir tested (15 nM), replicon RNA levels
are reduced below the limit of detection by RT-PCR, and no
replicon-containing cells are selected in a 4-week follow-up
period. When danoprevir is examined separately, 45 nM was
required to eliminate HCV replicon RNA from cells. Thus,
not only do these two agents display formal antiviral synergy,
but peginterferon α-2a significantly enhances the ability of
danoprevir to clear HCV replicon from Huh7 cells. These
in vitro data provide a strong rationale for clinical study of
danoprevir in combination with SoC.

Antiviral Activity in Combination with the NS5B
Polymerase Inhibitor R7128

SoC has a significant side-effect profile, and these side ef-
fects are not diminished by the addition of a PI. Thus, while
addition of a PI to SoC is attractive because of the improved
efficacy afforded by this triple combination, it is anticipated
that interferon-sparing regimens with safety profiles supe-
rior to SoC triple combination would be of great value. Such
regimens may be particularly useful in patients with poor in-
terferon response, in those who have failed therapy with SoC,
and in patients for whom SoC is contraindicated. It is antic-
ipated that multiple antiviral agents of distinct mechanism
of action will be required in interferon-sparing regimens to
suppress drug-resistant HCV variants [23,41,51–54]. DAA
cocktails, and later fixed-dose combinations, have been es-
sential in the treatment of HIV [55].

Combination of NS3/4A PIs with NS5B polymerase nu-
cleoside inhibitors (NI) represents a particularly interesting
approach. Each of these inhibitor classes is in advanced de-
velopment in combination with SoC, and PI and polymerase
nucleoside inhibitor combinations have been highly success-
ful in HIV [56,57]. NS3/4A PIs have potent antiviral activity
but a relatively low barrier to the development of drug resis-
tant HCV variants [13,49,51,58]. NS5B NIs have somewhat
less dramatic virological responses in HCV monotherapy but

have a very high genetic barrier to viral escape [59–61]. In
combination with SoC, both NS3/4A PIs and NS5B NIs drive
the viral load below the detectable limit in a majority of pa-
tients after 28 days or less of therapy [14,16,18,19,53,62–64].

Tan et al. reported in vitro studies on the combination of
danoprevir with the active moiety of the NS5B NI R7128,
indicating that the combination would increase the barrier
to viral escape in chronic HCV patients [65]. Very low con-
centrations of the R7128 active moiety (1×EC50) prevent
formation of danoprevir-resistant colonies otherwise associ-
ated with danoprevir exposure. In separate studies, replicon
clearance in 14-day assays was greatly enhanced when the
two agents were combined. Finally, mathematical analysis
of combined antiviral effects indicated additive to slightly
synergistic interactions between these two inhibitor classes.
Such in vitro findings support the clinical exploration of
danoprevir/R7128 combination as an option for certain HCV
patients, particularly those with baseline characteristics pre-
dicting refraction to SoC treatment, patients who have failed
SoC, and patients with interferon contraindications.

NONCLINICAL PHARMACOKINETICS

Preferential exposure to the target organ is a strategy that was
employed with great success in the development of statins,
which target HMG-CoA reductase in the liver to reduce cir-
culating cholesterol. Several of these compounds, including
lovastatin, have very low oral bioavailability owing to sig-
nificant first-pass clearance to the liver [26–28]. Low sys-
temic exposure outside the liver is thought to be related
to the differing side-effect profiles associated with various
statins [26–28]. Since the site of pharmacological action for
both statins and anti-HCV drugs is the liver, the statin expe-
rience can be used as a model. Consequently, the discovery
paradigm leading to danoprevir targeted compounds display-
ing liver concentrations predictive of efficacy, but low plasma
exposure to minimize any potential toxicities associated with
circulating drug.

Pharmacokinetic parameters were obtained following ad-
ministration at multiple oral dose levels to rats or cynomol-
gus monkeys by harvesting liver and sampling plasma at
multiple time points (see Table 4 for a 30-mg/kg single dose).
Importantly, the concentrations of danoprevir observed in the
liver of both species at modest doses was significantly above
the EC50 of danoprevir, although concentrations in rat are
higher than those in monkey (Table 4). In rat at 30 mg/kg,
the maximum liver concentration (Cmax) and the 12-h post-
dose liver concentration (C12h) are sufficient in vitro to reduce
HCV replicon RNA levels by 4.0 log10 and 3.2 log10, respec-
tively, in 2-day assays and to clear HCV replicon from cells
in 14-day antiviral assays (Table 4). In monkey liver tissue
after the same dose, the Cmax and C12h are sufficient to reduce
HCV replicon RNA by 3.1 log10 and 2.0 log10, respectively,
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TABLE 4 Nonclinical Pharmacokinetic Performance of Danoprevir (30 mg/kg, p.o.)

Pharmacokinetic Parameters

Replicon
Response

Supporteda

(log10

Reduction)

Elimination of
HCV Replicon

Supportedb

AUCinf
c (µg·h/mL) Cmax

d (µg/mL) C12 h
d (µg/mL) Cmax C12h Cmax C12h

Rat Liver 90.8 12.7 ± 4.3 2.0 ± 1.3 4.0 3.2 Yes Yes
Plasma 9.50 1.1 ± 0.3 0.16 ± 0.12 2.9 2.1 Yes Yes

Liver/plasma ratio 10 11 12
Primate Liver 7.61 1.61 0.138 3.1 2.0 Yes Yes

Plasma 0.06 0.02 0.001 1.2 0.3 No No
Liver/plasma ratio 127 85 116

aIn vitro antiviral effect in a 2-day assay supported by in vivo concentration. Calculated based on an EC50 = 1.8 nM in the 48-h replicon reduction assay and
a four-parameter logistic fit of inhibition data. Rounded to nearest 0.1 log10.
bDescribes whether in vivo concentration exceeds concentration required for elimination of HCV replicon from Huh7 cells upon 14 days of exposure.
cSacrifice of animal cohorts at various times prevented determination of average AUCinf.
dValues are reported as mean ± standard deviation based on concentration in three rodents or concentration in two cynomolgus monkeys.

and would also result in HCV replicon clearance from cells
in 14-day antiviral assays (Table 4). Plasma exposure in both
species is significantly lower than liver exposure, suggest-
ing that a majority of absorbed drug is subject to first-pass
clearance to the liver. Thus, in nonclinical species danopre-
vir displays liver concentrations that if maintained in humans
would be predictive of efficacy. As desired, plasma exposure
in nonclinical species is low, minimizing the potential for
systemic toxicities.

In rat, the LPR is roughly 10-, 11-, and 12-fold, based
on total observed exposure (AUCinf), Cmax, and C12h, re-
spectively, while in monkey these ratios are 127-, 80-, and
40-fold, respectively (Table 4). These data indicate that the
LPR differs in different nonclinical species. Interestingly,
plotting AUC-based LPR from rat, monkey, and dog from
several single- and multidose studies at various dose levels
as a function of fractional plasma protein binding (PPB) pro-
vides a negative linear regression with r2 = 0.9. Extrapolation
to humans using human PPB suggests that liver exposure in
humans would be 63 times the exposure observed in the
plasma compartment. This type of analysis, together with
human plasma exposure data from an early clinical study,
was used to gauge whether liver exposure in humans at a
specific dose would be adequate for virologic effect.

CLINICAL EXPERIENCE

Single Ascending Dose in Healthy Volunteers

Initial clinical experience with danoprevir was obtained in
a single escalating dose study in healthy volunteers. Doses
of 2, 100, 200, 400, 800, and 1600 mg were administered

under fasted conditions. To investigate potential food effects,
doses of 400 and 1600 mg were administered under high-
fat fed conditions in a crossover design with their respective
fasted doses. There were no serious adverse events or clin-
ically significant laboratory or ECG abnormalities in this
study [66]. All adverse events (AEs) reported by subjects
receiving danoprevir were assessed by investigators as mild.
AEs were similar between patients treated with placebo or
danoprevir, with the exception of a higher frequency of mild
and transient diarrhea and abdominal pain in the 1600-mg
danoprevir dose groups. The PK of danoprevir was linear
from 100 to 800 mg; a more than dose-proportional expo-
sure increase was observed at 1600 mg. Coadministration
with food delayed the time to maximal drug concentration
(Tmax), increased the expected trough and increased the area
under the concentration–time curve (AUC0–∞). As with pre-
clinical species, plasma exposure was low; a 400-mg dose
under fed condition provided mean Cmax, C12h, and AUCinf

of 75 ng/mL, 0.3 ng/mL, and 122 ng·h/mL, respectively.
Extrapolating liver exposure using predicted human LPR as
calculated from plasma exposure and its relation to PPB
evidenced in nonclinical species, the mean 12-h trough con-
centration in liver at this dose level would be approximately
12 times greater than the cell-based potency of the com-
pound. These data provided a strong rationale for the study
of danoprevir in chronic HCV.

Danoprevir Monotherapy in HCV Patients for 14 Days

To investigate the antiviral effect of danoprevir initially,
treatment-naive, chronic HCV patients harboring genotype
1 were administered 100 or 200 mg of danoprevir every 8 h
(q8h) or every 12 h (q12h) for 14 days. Prior null responders



P1: TIX/XYZ P2: ABC
JWBS061-18 JWBS061-Kazmierski May 24, 2011 14:35 Printer Name: Yet to Come

266 DISCOVERY AND DEVELOPMENT OF THE HCV NS3/4A PROTEASE INHIBITOR DANOPREVIR (ITMN-191/RG7227)

to SoC, those who had failed to achieve a ≥ 2 log10 reduc-
tion in HCV RNA at week 12 or undetectable HCV RNA
at week 24 or beyond were administered 300 mg every
12 h. Danoprevir was safe and well tolerated in this study
[13]. Adverse events were generally mild and transient
and without association to treatment group or dose level.
Danoprevir reduced HCV RNA in a dose-dependent manner
in both q8h and q12h schedules; reductions occurred rapidly
and were typically sustained through day 14. Maximal HCV
RNA reductions approached 4 log10 IU/mL in both the 200-
mg q12h and 200-mg q8h dosing cohorts. Comparison of
the danoprevir AUC from hour 0 to trough on days 1 and
14 showed that danoprevir does not accumulate upon multi-
ple dosing [67]. As designed in the discovery campaign and
demonstrated in healthy volunteers, HCV patients displayed
low plasma concentrations of danoprevir despite its robust
virologic effect. At the highest dose tested (200 mg q8h),
the mean day 1 AUC0-24h, Cmax, and Cmin values were 500
ng·h/mL, 91 ng/mL, and 2.78 ng/mL, respectively. The corre-
sponding mean maximum decline in HCV RNA was 3.9 log10

IU/mL. Other protease inhibitors, such as the macrocyclic in-
hibitor BILN-2061 and the first-generation protease inhibitor
telaprevir, have plasma exposure at efficacious doses that,
respectively, is 65 and 192 times higher than danoprevir at
the highest dose tested in this study (Table 5). The higher
plasma exposures of other PIs may be related to unwanted
side effects and toxicities associated with their administra-
tion [11,23–25]. Thus, the uniquely low plasma exposure of
danoprevir may, in part, reflect the favorable safety profile of
danoprevir relative to these other compounds.

Viral Resistance During Monotherapy

Patients receiving danoprevir as monotherapy (n = 40) dis-
played continual decline (n = 14), plateau (n = 12), and
breakthrough (n = 14) viral response patterns [51]. Geno-
type 1b patients experienced breakthrough less frequently
than did genotype 1a patients. By population sequence anal-

TABLE 5 Plasma Exposure of Various NS3/4A PIs at Effica-
cious Doses

Mean
AUCss,0-24h

a

(ng·h/mL)

Ratio to 200
mg q12h

Danoprevir
AUC

Ratio to 200
mg q8h

Danoprevir
AUC

Danoprevir, 200 mg q12b 226
Danoprevir, 200 mg q8b 413
Telaprevir, 750 mg q8c 79,200d 350 192
Ciluprevir, 200 mg b.i.d.e 26,799 119 65

aSteady-state AUC over 24 h.
bPharmacokinetic parameters reported by Rubino et al. [67].
cPharmacokinetic parameters reported by Lawitz et al. [78].
dMedian value.
ePharmacokinetic parameters reported by Hinrichsen et al. [11].

ysis, all genotype 1a breakthrough patients carried a lysine
substitution in place of the consensus arginine at position
155 (R155K). Interestingly, the genotype 1b patients who
experienced viral breakthrough also carried R155K despite
the requirement for two nucleotide substitutions for R155K
in genotype 1b compared to the single nucleotide substitu-
tion required in genotype 1a. Despite the differing number
of nucleotide substitutions required in the two subtypes, pa-
tients experiencing virologic rebound showed a similar me-
dian time between start of therapy and a viral load increase
of 0.5 log10 IU/mL above nadir. Moreover, except for one pa-
tient, extensive clonal sequencing did not provide evidence
for single nucleotide substitutions as intermediates of the
doubly substituted codon required for R155K in subtype 1b.
Thus, although the lower incidence of escape in subtype 1b
compared to 1a may reflect a higher genetic barrier in this
subtype, the similarly late emergence of R155K as the dom-
inant sequence in most rebound patients, without evidence
for intermediate transitions, suggests that this substitution is
either selected from a small preexisting population or that po-
tential intermediates are transient. Further data are required
to discriminate between these two possibilities.

Structural studies indicate that R155 is engaged in an ex-
tensive set of polar interactions that forms the P2 binding site
(Fig. 1, and see [33,45]). This site is engaged in the binding
of all NS3/4A PIs currently in development [19,49–52,68].
Substitution of this amino acid, in particular R155K, was
identified through in vitro selections for NS3/4A PI resis-
tance [69]. The R155K substitution disrupts polar interac-
tions required for appropriate constitution of the P2 site
(Fig. 1, and see [33,70]) and reduces significantly the potency
of all PIs reported to date. In all PI monotherapy studies re-
ported , viral escape is associated with R155K to some degree
but is usually restricted to subtype 1a [49,50]. Thus, associ-
ation of R155K substitution with viral escape to danoprevir
in subtype 1b is in marked contrast to other PIs, where vi-
ral breakthrough in this subtype is associated with substitu-
tion at position 156 (first-generation inhibitors, [49,71]) or
168 (macrocycles, [50]), as these substitutions require only
a single nucleotide substitution in subtype 1b. The different
resistance pathways in subtypes 1a and 1b for these other
compounds may reflect the in vitro finding that compared
to danoprevir, 168 and 156 substitutions have a more pro-
nounced impact on the potency of other PIs [72].

Biochemical characterization of R155K-bearing NS3/4A
demonstrated that danoprevir dissociates rapidly from the
R155K variant. In dilution-recovery experiments, preformed
complexes of danoprevir and R155K-bearing NS3/4A are
rapidly reactivated upon dilution, indicating that R155K
compromises the slow dissociative property of danopre-
vir [31]. Thus, the loss of cellular potency associated with
this substitution (over 100-fold loss in con1 replicon) and its
ultimate appearance in patients who experience virologic re-
bound during danoprevir monotherapy reflects an increased
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rate of danoprevir dissociation compared to that observed
with wild-type protein. In a similar fashion, the HIV-1 pro-
tease inhibitors indinavir, saquinavir, and others dissociate
slowly from the WT HIV-1 protease with half-lives of 10 to
100 min [40] but rapidly from clinically observed resistant
mutants [73,74].

Combination with SoC for 14 Days

The clinical experience with danoprevir monotherapy is con-
sistent with other NS3/4A PIs in terms of the magnitude of
virological effect provided and the occurrence of viral re-
bound in a subset of patients [19,49–52] . Thus, early clin-
ical trials with single DAA in HCV bear out long accepted
principles in HIV treatment: that effective therapy will re-
quire a combination of multiple compounds with differing
mechanisms of action [56,57]. Given the well-characterized
efficacy and safety profiles of SoC, a favored strategy in cur-
rent drug development in HCV is the addition of a single
DAA to SoC.

Zeuzem presented results of a phase Ib randomized
double-blind placebo-controlled 14-day triple combination
study in treatment-naive patients chronically infected with
HCV genotype 1 [18]. As with danoprevir monotherapy,
twice daily and three times daily regimens were explored,
but at slightly higher doses. This study was designed to
inform dose selection and study design of the danoprevir
phase II program in combination with peginterferon α-2a
(Pegasys) and ribavirin. After 14 days of triple combination
therapy, the median reduction in HCV RNA from baseline
exceeded 5 log10 IU/mL in five of the six cohorts and was
5.4 and 5.7 log10 IU/mL in the best-performing q12h and
q8h cohorts, respectively (Fig. 3). Considering all cohorts,
HCV RNA was below the limit of quantification after only
14 days of treatment in 71% (32/45) of patients who received
treatment with danoprevir. Virological responses in optimal
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FIGURE 3 Virological response promoted by danoprevir in combination with peginterferon α-2a and ribavirin.

q12h cohorts were comparable to those observed for first-
generation protease inhibitors when dosed q8h. Consistent
with the favorable safety profile of danoprevir in monother-
apy, triple therapy displayed an AE profile that was similar to
that observed historically for SoC. No serious adverse events
(SAEs) or grade 4 AEs were observed during treatment with
danoprevir, and there were no discontinuations. Importantly,
viral breakthrough was not observed in any patient in this
study, suggesting that even at the lowest q12h dose tested,
combination with SoC suppressed viral rebound regardless
of HCV subtype. These data suggest that danoprevir can
be dosed twice daily, making its administration compatible
with ribavirin and with many other DAAs in development in
chronic HCV.

Combination of Danoprevir and the NS5B Polymerase
Inhibitor R7128 for 14 Days

Only approximately 50% of all patients treated with SoC
achieve SVR, and the significant side-effect profile of both
ribavirin and interferon components of SoC results in black-
box warnings for these products. Although addition of a
single DAA to SoC may improve efficacy, it does not ad-
dress the suboptimal safety profile of SoC or obviate the
need for subcutaneous injection of peginterferon. Optimal
regimens would have milder side-effect profiles and greater
convenience. Such regimens may be particularly beneficial in
patients contraindicated for interferon and patients who have
responded or are predicted to respond poorly to interferon.
The combined use of PIs and NIs has been highly effective
in HIV treatment [56,57] and represents an attractive all-oral
therapeutic modality of interest in HCV with the potential
for milder side effects.

R7128 is a NS5B NI that promotes multi-log10 reduc-
tions in circulating HCV RNA in short-duration monotherapy
studies [75]. Unlike NS3/4A PI monotherapy, viral escape
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is not observed with R7128 monotherapy, suggesting that
NS5B NIs have a high barrier to the development of drug-
resistant forms [59,62–64,76]. As described previously, in
vitro studies indicate that the active moiety of R7128 has a
high barrier to resistance and that combination with danopre-
vir suppresses the emergence of danoprevir-resistant vari-
ants [59,60]. Both danoprevir and R7128 are safe and
well tolerated when given alone and in combination with
peginterferon α-2a (Pegasys) and ribavirin, and drive viral
loads in a majority of patients below the level of quan-
tification or detection within 28 days [18,62]. R7128 and
danoprevir do not have overlapping routes of metabolism
or elimination, and have a low likelihood of drug–drug
interactions.

The rationale described above led to the combined use
of danoprevir and R7128 in the first-ever clinical study of
two DAAs in combination, the INFORM-1 study. Gane pre-
sented interim results from this study [77] describing results
for 57 patients enrolled in a randomized double-blind ascend-
ing dose phase Ib trial. Patients receiving the combination of
danoprevir and R7128 for 13 day, without pegylated inter-
feron or ribavirin, experienced a median reduction in viral
levels of 4.8 to 5.2 log10 IU/mL in the highest doses re-
ported (Table 6). This level of viral suppression is similar
to that observed when a DAA is used in triple combina-
tion with SoC. The addition of R7128 to R7227 resulted
in sustained viral load reductions over the dosing period,
with aproximately 63% of patients experiencing a decrease
in viral levels below the quantification limit of the diagnos-
tic assay (less than 40 IU/mL). Furthermore, viral loads in
25% of patients in the higher three dosage groups reported
in this interim analysis were below the limit of detection
(less than 15 IU/mL) after 13 days. Median viral load at the
end of treatment ranged from 35 to 20 IU/mL in the higher
three dosage cohorts reported. Twice-daily doses of danopre-
vir (600 and 900 mg b.i.d.) in combination with twice-daily
doses of R7128 (1000 mg b.i.d.) in treatment-experienced
and treatment-naive patients were not reported as of October
2009. No treatment-related SAEs, no dose reductions, and
no discontinuations were reported. Pharmacokinetic anal-

ysis confirmed that there were no drug–drug interactions
between the compounds. Thus, this study provides the first
evidence that two DAAs can be safely combined for short du-
rations. Although it remains to be determined if SVR can be
achieved in the absence of peginterferon, INFORM-1 demon-
strates that an all-oral regimen combining a NS5B NI and and
NS3/4A PI can drive viral loads below the limit of detection
in short-duration studies at the same frequency as reported
for triple combination cocktails comprising a NS3/4A PI,
peginterferon, and ribavirin [14,16,18,19].

CONCLUSIONS AND FUTURE PROSPECTS

Danoprevir was discovered through a rational design cam-
paign that sought to identify potent compounds with high
exposure in liver but low exposure in plasma. In humans,
plasma exposure of danoprevir is very low compared to other
NS3/4A PIs, while the efficacy and safety profiles of danopre-
vir dosed twice daily compare favorably to first-generation
protease inhibitors dosed q8h. Danoprevir dosing is therefore
compatible with both ribavirin and other direct-acting antivi-
ral agents currently in development. As with other NS3/4A
PIs, danoprevir monotherapy resulted in the emergence of
a drug-resistant viral variant in a subset of patients. Com-
bination with SoC enhances and sustains antiviral effects,
suppresses the emergence of resistance variants, and further
supports the continued development of twice-daily regimens.
In the first-ever study combining two direct-acting antiviral
agents in chronic HCV, danoprevir in combination with the
NS5B nucleoside inhibitor R7128 showed dramatic efficacy
in the absence of interferon, providing the first evidence that
viral loads could become undetectable in a therapeutic reg-
imen lacking interferon and its associated toxicities. Thus,
while future work is clearly needed to fully define the opti-
mal development path for danoprevir and define its long-term
safety profile, data available to date suggest that the strategy
to minimize plasma exposure of a potent, slowly dissociating
compound is an effective approach for the discovery of safe
and efficacious liver-targeted drugs.

TABLE 6 Interim INFORM-1 HCV RNA Results from Low-Dose 14-Day Cohortsa

Regimen
(R7128 mg/
R7227 mg) n

Baseline VL
(IU/mL)

VL Change from
Baseline (log10
IU/mL) Median

(Range)

Day 14 VL
(IU/mL) Median

(Range)
Patients < LLOQb

n (%)
Patients < LLODc

n (%)

500/100 8 2.8 × 106 −3.9 (−5.0 to −2.9) 288 (<15 to 588) 1/8 (13%) 1/8 (13%)
500/200 8 8.3 × 106 −5.2 (−5.5 to −3.1) 35 (<15 to 701) 5/8 (63%) 2/8 (25%)
1000/100 7 2.2 × 106 −4.8 (−5.7 to −4.5) 20 (<15 to 173) 5/7 (71%) 2/7 (29%)
1000/200 8 2.2 × 106 −4.8 (−5.5 to −2.7) 22 (<15 to 660) 5/8 (63%) 2/8 (25%)

aInterum results as presented by Gane et al. [77].
bLower limit of quantitation (LLOQ) = 40 IU/mL.
cLower limit of detection (LLOD) = 15 IU/mL.



P1: TIX/XYZ P2: ABC
JWBS061-18 JWBS061-Kazmierski May 24, 2011 14:35 Printer Name: Yet to Come

REFERENCES 269

Acknowledgments

We would like to thank all members of the NS3/4A research
teams of InterMune, Inc. and Array Biopharma, Inc., and the
development teams of InterMune, Inc., Roche Pharmaceuti-
cals, and Pharmasset, Inc. for their valuable contributions to
the program and comments on this manuscript.

REFERENCES

[1] Shepard, C. W., et al. Global epidemiology of hepatitis C virus
infection. Lancet Infect. Dis. 2005, 5, 558–567.

[2] NIH consensus statement on management of hepatitis C: 2002.
NIH Consens. State. Sci. State. 2002, 19, 1–46.

[3] Manns, M. P., et al. Peginterferon alfa-2b plus ribavirin com-
pared with interferon alfa-2b plus ribavirin for initial treatment
of chronic hepatitis C: a randomised trial. Lancet 2001, 358,
958–965.

[4] Fried, M. W., et al. Peginterferon alfa-2a plus ribavirin for
chronic hepatitis C virus infection. N. Engl. J. Med. 2002,
347, 975–982.

[5] Lemon, S. M., et al. “Strong reasons make strong actions”: the
antiviral efficacy of NS3/4A protease inhibitors. Hepatology
2005, 41, 671–674.

[6] Neukam, K., et al. A review of current anti-HCV treatment
regimens and possible future strategies. Expert Opin. Phar-
macother. 2009, 10, 417–433.

[7] Pawlotsky, J. M. Hepatitis C: it’s a long way to new therapy,
it’s a long way to go. Gastroenterology 2004, 127, 1629–
1632.

[8] Gale, M., Jr.; Foy, E. M. Evasion of intracellular host defense
by hepatitis C virus. Nature 2005, 436, 939–945.

[9] Thimme, R., et al. A target on the move: innate and adaptive
immune escape strategies of hepatitis C virus. Antiviral Res.
2006, 69, 129–141.

[10] Lamarre, D., et al. An NS3 protease inhibitor with antiviral
effects in humans infected with hepatitis C virus. Nature 2003,
426, 186–189.

[11] Hinrichsen, H., et al. Short-term antiviral efficacy of BILN
2061, a hepatitis C virus serine protease inhibitor, in hepatitis C
genotype 1 patients. Gastroenterology 2004, 127, 1347–1355.

[12] Reiser, M., et al. Antiviral efficacy of NS3-serine protease
inhibitor BILN-2061 in patients with chronic genotype 2 and
3 hepatitis C. Hepatology 2005, 41, 832–835.

[13] Forestier, N., et al. Treatment of chronic hepatitis C virus
(HCV) genotype 1 patients with the NS3/4A protease inhibitor
ITMN-191 leads to rapid reductions in plasma HCV RNA:
results of a phase 1b multiple ascending dose (MAD) study.
Hepatology 2008, 48, 1132A.

[14] Manns, M., et al. Safety and antiviral activity of TMC436350
in treatment-naive genotype 1 HCV-infected patients. Hepa-
tology 2008, 48, 1023A.

[15] Lawitz, E., et al. Safety, Tolerability and antiviral activity of
MK-7009, a novel inhibitor of the hepatitis C virus NS3/4A

protease, in patients with chronic HCV genotype 1 infection.
Hepatology 2008, 48, 403A.

[16] Manns, M. P., et al. Safety and antiviral activity of BI 201335,
a new HCV NS3 protease inhibitor, on combination therapy
with peginterferon alfa-2a (P) and ribavirin (R) for 28 days
in P + R treatment-experienced patients with chronic hep-
atitis C genotype 1 infection. Hepatology 2008, 48, 1151A–
1152A.

[17] Reesink, H., et al. Safety and antiviral activity of Sch900518
administered as monotherapy and in combination with pegin-
terferon alfa-2b to naive and treatment-experienced HCV-1
infected patients. J. Hepatol. 2009, 50(Suppl. 1), S35.

[18] Forestier, N., et al. Antiviral activity and safety of ITMN-
191 in combination with peginterferon alfa-2a and ribavirin
in patients with chronic hepatitis C virus (HCV). J. Hepatol.
2009, 50, S35.

[19] Manns, M. P., et al. MK-7009 significantly improves rapid
viral response (RVR) in combination with pegylated inter-
feron alfa-2a and ribavirin in patients with chronic hepatitis C
(CHC) genotype 1 infection. J. Hepatol. 2009, 50(Suppl. 1),
S384.

[20] Mederacke, I., et al. Boceprevir, an NS3 serine protease in-
hibitor of hepatitis C virus, for the treatment of HCV infection.
Curr. Opin. Invest. Drugs 2009, 10, 181–189.

[21] Njoroge, F. G., et al. Challenges in modern drug discovery: a
case study of boceprevir, an HCV protease inhibitor for the
treatment of hepatitis C virus infection. Acc. Chem. Res. 2008,
41, 50–59.

[22] Perni, R. B., et al. Preclinical profile of VX-950, a potent,
selective, and orally bioavailable inhibitor of hepatitis C virus
NS3-4A serine protease. Antimicrob. Agents Chemother. 2006,
50, 899–909.

[23] McHutchison, J. G., et al. Telaprevir with peginterferon and
ribavirin for chronic HCV genotype 1 infection. N. Engl. J.
Med. 2009, 360, 1827–1838.

[24] Hezode, C., et al. Telaprevir and peginterferon with or without
ribavirin for chronic HCV infection. N. Engl. J. Med. 2009,
360, 1839–1850.

[25] Kwo, P., et al. Final results: SVR 24 NS3 protease inhibitor
boceprevir plus pegIFN alpha-2b/ribavirin HCV 1 in treatment
naive patients. J. Hepatol. 2009, 50(Suppl. 1), S4.

[26] Evans, M.; Rees, A. The myotoxicity of statins. Curr. Opin.
Lipidol. 2002, 13, 415–420.

[27] Evans, M.; Rees, A. Effects of HMG-CoA reductase inhibitors
on skeletal muscle: Are all statins the same? Drug Saf. 2002,
25, 649–663.

[28] Igel, M., et al. Pharmacology of 3-hydroxy-3-methylglutaryl-
coenzyme A reductase inhibitors (statins), including rosuvas-
tatin and pitavastatin. J. Clin. Pharmacol. 2002, 42, 835–
845.

[29] Johansson, A., et al. Acyl sulfonamides as potent pro-
tease inhibitors of the hepatitis C virus full-length NS3
(protease-helicase/NTPase): a comparative study of different
C-terminals. Bioorg. Med. Chem. 2003, 11, 2551–2568.

[30] Rieger, R. A., et al. Pharmacokinetic analysis and liver concen-
trations of a series of macrocyclic peptidomimetic inhibitors



P1: TIX/XYZ P2: ABC
JWBS061-18 JWBS061-Kazmierski May 24, 2011 14:35 Printer Name: Yet to Come

270 DISCOVERY AND DEVELOPMENT OF THE HCV NS3/4A PROTEASE INHIBITOR ITMN-191 (R7227)

of HCV NS3/4A protease: identification of ITMN-191, a po-
tent NS3/4A protease inhibitor with high liver exposure across
multiple species. Gastroenterology 2006, 130, A-835.

[31] Rajagopalan, P. T. R., et al. Characterization of HCV NA3/4a
protease inhibition by ITMN 191 reveals picomolar potency
and slow dissociation: implications for the use of ITMN 191 in
chronic HCV treatment. Gastroenterology 2007, 132, A-782.

[32] Lin, T., et al. Inhibitory activity of TMC435350 on HCV
NS3/4A proteases from genotypes 1 to 6. Hepatology 2008,
48, 1166A.

[33] Condroski, K., et al. Structure-based design of novel isoindo-
lene inhibitors of HCV NS3/4A protease and binding mode
analysis of ITMN 191 by x-ray crystallography. Gastroen-
terology 2006, 130, A835.

[34] Lewandowicz, A., et al. Achieving the ultimate physiologi-
cal goal in transition state analogue inhibitors for purine nu-
cleoside phosphorylase. J. Biol. Chem. 2003, 278, 31465–
31468.

[35] Tian, G. In vivo time-dependent inhibition of human steroid
5 alpha-reductase by finasteride. J. Pharm. Sci. 1996, 85,
106–111.

[36] Bull, H. G., et al. Mechanism-based inhibition of human
steroid 5a-reductase by finasteride: enzyme-catalyzed forma-
tion of NADP-dihydrofinasteride, a potent bisubstrate analog
inhibitor. J. Am. Chem. Soc. 1996, 118, 2359–2365.

[37] Zhong, J., et al. Robust hepatitis C virus infection in vitro.
Proc. Natl. Acad. Sci. USA 2005, 102, 9294–9299.

[38] Neumann, A. U., et al. Hepatitis C viral dynamics in vivo
and the antiviral efficacy of interferon-alpha therapy. Science
1998, 282, 103–107.

[39] Tanaka, J., et al. Early dynamics of hepatitis C virus in the
circulation of chimpanzees with experimental infection. In-
tervirology 2005, 48, 120–123.

[40] Dierynck, I., et al. Binding kinetics of darunavir to human
immunodeficiency virus type 1 protease explain the potent
antiviral activity and high genetic barrier. J. Virol. 2007, 81,
13845–13851.

[41] Foster, G. R., et al. Activity of telaprevir alone or in combi-
nation with peginterferon alfa-2a and ribavirin in treatment
naive genotype 2 and 3 hepatitis-C patients: interim results of
study C209. J. Hepatol. 2009, 50(Suppl. 1), S22.

[42] Hoofnagle, J. H. A step forward in therapy for hepatitis C. N.
Engl. J. Med. 2009, 360, 1899–1901.

[43] Thompson, A., et al. Directly acting antivirals for the treatment
of patients with hepatitis C infection: a clinical development
update addressing key future challenges. J. Hepatol. 2009, 50,
184–194.

[44] Chen, K. X., et al. Second generation highly potent and se-
lective inhibitors of the hepatitis C virus NS3 serine protein.
J. Am. Chem. Soc. 2009, 52, 1370–1379.

[45] Seiwert, S. D., et al. Preclinical characteristics of the hep-
atitis C virus NS3/4A protease inhibitor ITMN-191 (R7227).
Antimicrob. Agents Chemother. 2008, 52, 4432–4441.

[46] Perni, R. B., et al. VX-950: The discovery of an inhibitor of
the hepatitis C NS3/4A protease and a potential hepatitis C
virus therapeutic. Hepatology 2003, 38, 130A.

[47] Benhamou, Y., et al. Results of a proof of concept study (C210)
of telaprevir monotherapy and in combination with peginter-
feron alfa-2a and ribavirin in treatment-naive genotype 4 HCV
patients. J. Hepatol. 2009, 50(Suppl. 1), S6.

[48] Bierman, W. F., et al. HIV monotherapy with ritonavir-boosted
protease inhibitors: a systematic review. AIDS 2009, 23,
279–291.

[49] Sarrazin, C., et al. Dynamic hepatitis C virus genotypic
and phenotypic changes in patients treated with the pro-
tease inhibitor telaprevir. Gastroenterology 2007, 132, 1767–
1777.

[50] Kukolj, G., et al. BI 201335, a potent HCV NS3 protease
inhibitor, in treatment-naive and -experienced chronic HCV
genotype-1 infection: genotypic and phenotypic analysis of
the NS3 protease domain. J. Hepatol. 2009, 50, S347.

[51] Sarrazin, C., et al. Incidence of virologic escape observed dur-
ing ITMN-191 (R7227) monotherapy is genotype dependent,
associated with a specific NS3 substitution, and suppressed
upon combination with peginterferon alfa-2a/ribavirin. J. Hep-
atol. 2009, 50(Suppl, 1), S345.

[52] Manns, M., et al. Opera-1 Trial: interim analysis of safety and
antiviral activity of TMC435 in treatment-naive genotype 1
HCV patients. J. Hepatol. 2009, 50(Suppl. 1), S7.

[53] Forestier, N., et al. Antiviral activity of telaprevir (VX-950)
and peginterferon alfa-2a in patients with hepatitis C. Hepa-
tology 2007, 46, 640–648.

[54] Kieffer, T. L., et al. Telaprevir and pegylated interferon-alpha-
2a inhibit wild-type and resistant genotype 1 hepatitis C virus
replication in patients. Hepatology 2007, 46, 631–639.

[55] Nijhuis, M., et al. Antiviral resistance and impact on viral
replication capacity: evolution of viruses under antiviral pres-
sure occurs in three phases. Handb. Exp. Pharmacol. 2009,
189, 299–320.

[56] De Clercq, E. The design of drugs for HIV and HCV. Nat.
Rev. Drug Discov. 2007, 6, 1001–1018.

[57] De Clercq, E. Anti-HIV drugs: 25 compounds approved within
25 years after the discovery of HIV. Int. J. Antimicrob. Agents
2009, 33, 307–320.

[58] Reesink, H. W., et al. Rapid decline of viral RNA in hepatitis C
patients treated with VX-950: a phase Ib, placebo-controlled,
randomized study. Gastroenterology 2006, 131, 997–1002.

[59] Le Pogam, S., et al. No evidence of R7128 drug resistance
after up to 4 weeks treatment of genotype 1, 2, and 3 hepatitis
C virus infected individuals. J. Hepatol. 2009, 50(Suppl. 1),
S348.

[60] Le Pogam, S., et al. Existence of hepatitis C virus NS5B
variants naturally resistant to non-nucleoside, but not to nu-
cleoside, polymerase inhibitors among untreated patients.
J. Antimicrob. Chemother. 2008, 61, 1205–1216.

[61] McCown, M. F., et al. The hepatitis C virus replicon presents
a higher barrier to resistance to nucleoside analogs than to
nonnucleoside polymerase or protease inhibitors. Antimicrob.
Agents Chemother. 2008, 52, 1604–1612.

[62] Lalezari, J., et al. Potent antiviral activity of the HCV nu-
cleoside polymerase inhibitor, R7128, in combination with
peg-IFN α-2a and ribavirin. J. Hepatol. 2008, 48, S29.



P1: TIX/XYZ P2: ABC
JWBS061-18 JWBS061-Kazmierski May 24, 2011 14:35 Printer Name: Yet to Come

REFERENCES 271

[63] Gane, E. J., et al. Antiviral activity of the HCV nucleoside
polymerase inhibitor R7128 in HCV genotype 2 and 3 prior
non-responders: results of R7128 1500mg BID with PEG-IFN
and ribavirin for 28 days. Hepatology 2008, 48.

[64] Pockros, P. J., et al. Robust synergistic antiviral effect of R1626
in combination with peginterferon alfa-2a 940KD), with or
without ribavirin: interim analysis of results of phase 2A study.
Hepatology 2007, 46, 311A.

[65] Tan, H., et al. Combination of the NS3/4A protease inhibitor
ITMN-191 (R7227) with the active moiety of the NS5B in-
hibitors R1626 or R7128 enhances replicon clearance and
reduces the emergence of drug resistant variants. Hepatology
2008, 48, 1153A.

[66] Bradford, W. Z., et al. A Phase 1 study of the safety, tolera-
bility, and pharmacokinetics of single ascending oral doses of
the NS3/4A protease inhibitor ITMN-191 in healthy subjects.
Hepatology 2008, 48, 1146A.

[67] Rubino, C., et al. Pharmacokinetic–pharmacodynamic (PK-
PD) relationships for ITMN-191 in a phase 1 multi-
ple ascending dose trial in patients with genotype 1
chronic hepatitis C (CHC) infection. Hepatology 2008, 48,
1140A.

[68] Susser, S., et al. Detection of resistant variants in the hepatitis
C virus NS3 protease gene by clonal sequencing at long term
follow-up in patients treated with boceprevir. J. Hepatol. 2009,
50, S7.

[69] Lu, L., et al. Mutations conferring resistance to a potent hep-
atitis C virus serine protease inhibitor in vitro. Antimicrob.
Agents Chemother. 2004, 48, 2260–2266.

[70] Zhou, Y., et al. Phenotypic and structural analyses of hepatitis
C virus NS3 protease Arg155 variants: sensitivity to telaprevir
(VX-950) and interferon alpha. J. Biol. Chem. 2007, 282,
22619–22628.

[71] McCown, M. F., et al. GT-1a or GT-1b subtype-specific
resistance profiles for hepatitis C virus inhibitors telapre-
vir and HCV-796. Antimicrob. Agents Chemother. 2009, 53,
2129–2132.

[72] He, Y., et al. Relative replication capacity and selective ad-
vantage profiles of protease inhibitor-resistant hepatitis C virus
(HCV) NS3 protease mutants in the HCV genotype 1b replicon
system. Antimicrob. Agents Chemother. 2008, 52, 1101–1110.

[73] Maschera, B., et al. Human immunodeficiency virus: mu-
tations in the viral protease that confer resistance to
saquinavir increase the dissociation rate constant of the
protease–saquinavir complex. J. Biol. Chem. 1996, 271,
33231–33235.

[74] Shuman, C. F., et al. Elucidation of HIV-1 protease resistance
by characterization of interaction kinetics between inhibitors
and enzyme variants. Antiviral Res. 2003, 58, 235–242.

[75] Reddy, R., et al. Antiviral activity, pharmacokinetics, safety,
and tolerability of R7128, a novel nucleoside HCV RNA poly-
merase inhibitor, following multiple, ascending, oral doses in
patients with HCV genotype 1 infection who have failed prior
interferon therapy. Hepatology 2007, 46, 862A–863A.

[76] Brown, N. A. Progress towards improving antiviral therapy
for hepatitis C with hepatitis C virus polymerase inhibitors: I.
Nucleoside analogues. Expert Opin. Invest. Drugs 2009, 18,
709–725.

[77] Gane, E. J., et al. First-in-man demonstration of potent antivi-
ral activity with a nucleoside polymerase (R7128) and protease
(R7227/ITMN-191) inhibitor combination in HCV: safety,
pharmacokinetics, and virologic results from INFORM-1.
J. Hepatol. 2009, 50(Suppl. 1), S380.

[78] Lawitz, E., et al. Antiviral effects and safety of telaprevir,
peginterferon alfa-2a, and ribavirin for 28 days in hepatitis C
patients. J. Hepatol. 2008, 49, 163–169.



wwwwwww



P1: TIX/XYZ P2: ABC
JWBS061-19 JWBS061-Kazmierski May 24, 2011 14:37 Printer Name: Yet to Come

19
DISCOVERY AND DEVELOPMENT OF THE HCV
PROTEASE INHIBITOR TMC435

Pierre Raboisson, Gregory Fanning, Herman de Kock, Åsa Rosenquist, René Verloes,
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INTRODUCTION

Hepatitis C virus (HCV) is a positive-stranded RNA virus of
the Flaviviridae family causing serious liver, disease, includ-
ing cirrhosis, hepatocellular carcinoma, and liver failure [1].
As a result, HCV is currently the most common underly-
ing cause for liver transplantation [1,2]. An estimated 170
to 200 million people worldwide are chronically infected
by HCV, and in the absence of a vaccine currently avail-
able to prevent hepatitis C, about 3 to 4 million people are
newly infected each year [3,4]. The current standard of care
therapy, pegylated interferon-α (pegIFNα), in combination
with ribavirin, given for 48 weeks is characterized by a lim-
ited efficacy, especially in patients infected with genotypes
1 and 4, and is often associated with side effects leading
to treatment discontinuation [5–7]. It has been shown that
antiviral drugs that specifically inhibit the function of vi-
ral proteins can efficiently suppress HCV-RNA levels and
may increase cure rates, possibly with shortened treatment
duration [8–10]. Consequently, there is an ongoing effort
to identify more effective, orally active, and well-tolerated
therapies. Initial efforts to develop HCV antiviral agents have
focused on inhibition of essential virally encoded enzymes
such as the RNA-dependent RNA polymerase (RdRp) NS5B
and NS3/4A protease [11–15]. NS3/4A proteins have been
identified as potent inhibitors of cytokine gene expression,
suggesting an important role for HCV proteases in counter-
acting host cell antiviral response [16]. Consequently, multi-
ple agents targeting these enzymes are currently under clini-
cal development [17].

The HCV trypsin-like NS3/4A serine protease is formed
by the noncovalent association of NS3 with its cofactor
NS4A. This heterodimeric complex is responsible for the pro-
teolytic cleavage of the viral polyprotein, an essential step in
viral replication. Proteases have proven to be very amenable
targets for antiviral drug discovery, making NS3/4A a target
of choice in the development of novel anti-HCV agents [18].
Although the identification of NS3/4A inhibitors using high-
throughput screening techniques were unsuccessful, it was
observed that N-terminal cleavage products of NS3/4A are
inhibitors of the enzyme itself, which aided the develop-
ment of novel inhibitors [19,20]. Preliminary SAR studies
facilitated the identification of nanomolar substrate-based
hexapeptide inhibitors [19,21]. Druglike properties of these
initial poorly permeable polypeptides [22] were improved by
(1) decreasing the peptidic character, which was achieved by
successive N-terminal truncations, and (2) replacing the cys-
teine in P1 by a vinylcyclopropylamino acid bioisostere [22].
These modifications, combined with an improved quinoline-
substituted P2 fragment, led to the discovery of potent and
selective tripeptide inhibitors [21]. Further improvement of
pharmaceutical properties was achieved by the design of
macrocyclic β-strand mimic scaffolds, culminating in dis-
covery of the potent, highly selective, and orally bioavailable
drug BILN 2061 (Fig. 1) [23].

Oral administration of BILN 2061 to patients with HCV
genotype 1 resulted in a substantial reduction in viral RNA
levels (2 to 3 log10 after 2 days). Although this established
proof-of-concept for HCV NS3/4A protease inhibitors as
therapeutic agents [24], BILN 2061 was associated with

Antiviral Drugs: From Basic Discovery Through Clinical Trials, First Edition. Edited by Wieslaw M. Kazmierski.
© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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cardiotoxic effects in primates [25]. While the mechanism
by which BILN 2061 exerted cardiotoxic effects remains
unclear, it is assumed that the toxicity observed with the pi-
oneer drug was compound specific. Multiple drug discovery
programs have resulted in a number of other novel noncova-
lent macrocyclic NS3/4A agents (e.g., TMC435, ITMN-191,
MK-7009) with anti-HCV activity in patients [17,26]. These
compounds belong to a different chemical class than that of
the α-ketoamide electrophilic trap containing the inhibitors
telaprevir and boceprevir, the most advanced HCV antivirals
in clinical development [8,27].

DISCOVERY

Medivir (Huddinge, Sweden) scientists demonstrated that
replacement of the central P2 N-acyl-(4R)-hydroxyproline
of compound 1 [25] with a trisubstituted cyclopentane di-
carbonyl moiety resulted in a novel series of potent HCV
NS3/4A protease inhibitors, exemplified by compound 2,
which had an NS3-Ki value of 22 nM [28] (Fig. 2). Further
research by Tibotec (County Cork, Ireland) in collaboration
with Medivir was initiated to perform a parallel exploration

of the SAR in five different macrocyclic series, as charac-
terized by their central P2 scaffold (Fig. 3). These NS3/4A
inhibitors were characterized by a further reduction in pep-
tidic nature compared to the tripeptide BILN 2061 [23]. Re-
moval of the P3 amino moiety and its capping group resulted
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1, (X = N)
2, (X = CH)

FIGURE 2 Bioisosteric replacement of the P2 [N-acyl-(4R)-
hydroxyproline] with a trisubstituted cyclopentane dicarbonyl moi-
ety. (From [28].)
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in dipeptide macrocyclic structures (series 1 to 5, Fig. 3).
Previous structural studies have indicated that the rigid car-
bamate functionality of the P3 capping group is responsible
for the positioning of the N-terminal alkyl group into the
shallow S4 binding pocket of the enzyme [29] and that the
amino and carbonyl groups of the P3 residue are involved in
hydrogen bonding with the protein backbone [29–31]. Pre-
dictably, removal of the P3 amino moiety and its capping
group leads to an important loss of potency (compare com-

pound 4 with compound 3 (Fig. 4) [32]. Similar results were
observed for the four other lead series depicted in Figure
3 [33–35]. This loss of potency could be counterbalanced
in all five lead series by introducing an acyl sulfonamide
group [33–35].

Hence, nanomolar inhibitors depicted by compounds 5 to
9 in Figure 4 were obtained and were chosen as lead candi-
dates for further optimization. Each of the lead candidates 5 to
9 suffered from different series-specific drawbacks, limiting
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their potential as clinical entities. For example, the lead pro-
line amide compound 5 exhibited low metabolic stability in
human liver microsome preparations. After 15 min, 91.5%
of compound 5 was metabolized compared with 28.5% of
BILN 2061 [34]. Although the lead cyclopentane compound
6 showed promising in vitro Caco-2 permeability [apical-to-
basolateral apparent permeability coefficient (Papp) = 3.8 ×
10−6 cm/s], and medium intrinsic clearance in both human
and rat liver microsomes (Clint = 46 µL·min/mg) [32,33],
the rat pharmacokinetic (PK) profile was characterized by a
low oral bioavailability (F = 2.5%) associated with a high
plasma clearance (2.79 L·h/kg), due to intensive bile elimina-
tion. One hour after intravenous administration of 1 mg/kg of
compound 5, 95% of the product was found unchanged in the
bile [32,33]. Moreover, the lead prolinecarbamate compound
8 was found poorly permeable in Caco-2 cells, which is in
line with its limited potency in the replicon model and the
high shift between the enzymatic and replicon activity [35].
Finally, with the exception of compound 6, none of the lead
compounds 4 to 9 exhibited single-digit nanomolar potency
in the genotype 1b cell-based replicon assay, a minimum
requirement for our target compound profile.

To maximize the chance of identifying a compound with
the properties desired, the five series shown in Figure 3 were
optimized in parallel following the strategy summarized in
Figure 5. This approach enabled a systematic exploration of
P1, P2, and truncated P3 moieties. Structural information on
the macrocyclic inhibitor 3 (Fig. 4) bound to the active site
of the NS3 protease guided the design of new inhibitors [36].
The P1 carboxylate oxygen atoms of 3 were shown to bind in
the oxyanion hole of NS3, establishing interactions with vari-
ous residues, including G137, S139, and H57 [36]. Therefore,

P1 SAR analysis is limited to substitution of the sulfonamide
moiety with acid bioisosteres. Binding of the macrocyclic in-
hibitor 3 to NS3/4A induces conformational changes of the
R155 and D168 side chains, leading to the formation of a salt
bridge between these residues and facilitating the interaction
of the guanidine group of the R155 side chain with the P2
methoxy quinoline heterocycle [36]. Similar interactions can
be achieved by replacing the quinoline with other aromatic
ring systems (e.g., isoquinolines, quinazolines, aryl carba-
mates). Finally, optimization of the macrocycle ring size
and introduction of heteroatoms in the hydrocarbon tether
led to the identification of very active compounds 10 to 14
(Fig. 6), which showed significant structural diversity, and to
TMC435 [Fig. 1; half maximal effective concentration in the
replicon model (EC50) = 8 nM] [32,34,35,37–39].

Although each class of compounds had its own charac-
teristics, some beneficial modifications were identified. For
example, the introduction of a methyl group in position 8
of the quinoline heterocycle led to derivatives (e.g., com-
pounds 11, 13, and 14 and TMC435) that were more potent
in the replicon assay and metabolically more stable in human
liver microsomes than were the 8-unsubstituted parent com-
pounds [32,34,38]. Similar observations were made for the
quinazoline derivatives (e.g., compound 12) [39]. Interest-
ingly, the P3-NH-capping group moiety of the metabolically
stable compound BILN 2061 (Fig. 1) is known to constrain
the inhibitor in a β-strand mimic conformation [23,25]. Re-
moval of the P3-NH-capping group led to compounds 4 and
5 (Fig. 4) [34]. These compounds were metabolically un-
stable in human liver microsome preparations, which might
be attributed to the more flexible scaffold generated by P3
truncation [34]. For the cyclopentanes (series 1, Fig. 3) and
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prolineamides (series 3, Fig. 3), the metabolic stability could
be improved by reducing the size of the macrocyclic ring
to 14 member atoms (compared with the 15-member ring
of BILN 2061), without affecting the activity of these in-
hibitors [32,34]. Eventually, very active compounds [e.g.,
compounds 13 and 14 (Fig. 6) and TMC435] that were
metabolically stable in human liver microsome preparations
and permeable in Caco-2 cells, were selected for in vivo PK
parameter measurements [32,34].

PRECLINICAL CHARACTERIZATION

From Table 1 it can be seen that of the compounds tested,
TMC435 had the best pharmacokinetic (PK) profile, with a
mean time to maximum plasma concentration (Tmax) of 3.0 h
following oral dosing, indicating a medium rate of absorp-
tion, and data from intravenous administration suggesting
slow clearance (0.505 L·h/kg) and a low volume of distribu-
tion (0.49 L·kg) [32]. Data from oral administration showed

TABLE 1 Mean Plasma and Tissue Levels and Basic Pharmacokinetic Parameters of Macrocycle Compounds
13 and 14 and TMC435a

Compound

Propertyb 13 TMC435 14

Intravenous (2 mg/kg, n = 2) Cl (L·h/kg) — 0.505 2.5
Vdss (L/kg) — 0.49 4.6
AUC (µM·h) — 5.21 1.05

Oral (10 mg/kg, n = 2) AUC (µM·h) 1.0 2.79 1.30
Cmax (µM) 0.23 0.73 0.31
Tmax (h) 0.75 3.0 1.5
t1/2 (h) 6.0 2.8 2.2
F (%) — 11 25
Liver/plasma ratio 126 32 44

aResults following a single intravenous administration of 2 mg/kg in 20% hydroxypropyl-β-cyclodextrine or oral administration of
10 mg/kg in 50% PEG-400 containing 2.5% of vitamin E-TPGS in the male Sprague–Dawley rat.
bAUC, area under the plasma concentration–time curve; Cl, clearance; Cmax, maximum plasma concentration; F, percentage of dose
reaching systemic circulation; Tmax, time to maximum plasma concentration; t1/2, plasma half-life; Vdss, volume of distribution at
steady state.
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TABLE 2 Oral Pharmacokinetic Properties of TMC435 in Rat
(n = 3)a

Dose
(mg/kg)

Cmax

(µg/mL)
Tmax

(h)
AUC0-inf

(µg·h/ml)
t1/2

(h)
F

(%)

40 1.4 2.0 7.8 2.6 44

aVehicle: poly(ethylene glycol) 400/d-α-tocopheryl poly(ethylene glycol)-
1000 succinate. Properties as in Table 1.

that the liver concentration was 32 times higher than that of
the plasma, which was seen as an important factor given that
the viral replication of HCV is reported to occur primarily in
hepatocytes.

The plasma PK and tissue distribution of TMC435
(40 mg/kg) in Sprague–Dawley rats (Table 2) revealed an ex-
tensive distribution of the compound to the liver and gastroin-
testinal tract (small and large intestines), with tissue/plasma
ratios above 35 [40]. Both the plasma exposure at 8 h postdos-
ing and the liver exposure 31 h after oral administration were
found to exceed the replicon EC99 value. The concentration
in kidney, adrenal gland, lung, spleen, heart, and thymus was
similar to the plasma concentration (ratios ranging between
0.5 and 1.3), whereas levels measured in the thyroid gland
and brain were detectable but considerably lower than plasma
levels [40]. In dogs, TMC435 had a better PK profile than
in rats. Dog PK was characterized by complete absorption
(F = 100%) after oral administration of 6.5 mg/kg, high val-
ues of Cmax (4.72 µM) and AUC (14,986 ng·h/mL) and a
long half-life (t1/2 = 5.1 h) [32].

TMC435 was found inactive in a battery of genotoxicity
assays and had an in vivo safety pharmacology (central ner-
vous system, cardiovascular, and pulmonary functions) pro-
file that provided a strong basis for continued development.
To further assess the potential of TMC435, the in vitro activ-
ity of TMC435 alone or in combination with different classes
of HCV inhibitors was studied. Biochemically, TMC435 dis-
played potent inhibition of HCV NS3/4A protease with Ki

values of 0.5 and 0.4 nM for subtypes 1a (H77) and 1b
(Con1) enzymes, respectively [40]. The compound was over
1000 times less active against 20 human proteases, including
human leukocyte elastase, trypsin, and chymotrypsin, indi-
cating specificity of TMC435 for the HCV NS3/4A protease
(Tables 3 and 4) [40].

In a subgenomic genotype 1b (G1b) replicon assay, an
EC50 value of 8 nM was determined for TMC435 with a
selectivity index of over 2000 against the human cell lines
analyzed [40]. Although TMC435 was found to be bound
extensively to plasma proteins (>99%), a limited 1.4- to
1.8-fold shift in EC50 values was observed upon addition
of human α1-acid glycoprotein (AAG), human serum albu-
min (HSA), or human serum (HS) in the replicon assay,
suggesting a limited effect of functional protein binding on
the antiviral activity of TMC435 (EC50 at 40% HS = 11.2

TABLE 3 Inhibitory Activity of TMC435 (10 µM) vs. a
Panel of Human Proteases Reported as a Percentage of
Inhibitiona

Name Family
% Inhibition

at 10 µM

Tryptase serine 0.0
Chymotrypsin serine 6.8
Tissue plasminogen activator serine 36.6
Kallikrein serine 18.4
Chymase serine −18.1
Proteinase 3 serine −11.3
Factor VIIa serine 8.5
Urokinase serine −17.0
Streptokinase serine 4.6
Factor Xa serine 10.4

aAll data were generated using standard assays based on fluorescence reso-
nance energy transfer.

nM) [40]. TMC435 is also a potent inhibitor of NS3/4A pro-
tease from genotypes 2 to 6, with IC50 values below 13 nM
for all HCV NS3/4A enzymes tested, with the exception of
genotype 3a protease (37 nM) [41]. Furthermore, TMC435
showed no antiviral effect against a panel of DNA and RNA
viruses up to the highest concentration tested (10 or 100 µM),
including closely related Flaviviridae viruses such as bovine
viral diarrhea virus and yellow fever virus, further supporting
the specificity of this drug candidate [40].

Recent studies have shown that mutant viral species re-
sistant to HCV NS3/4A protease inhibitors can emerge both
in vitro and in patients [42–45], as summarized in Figure
7. In vitro selection experiments using TMC435 performed
in three replicon cell lines (two G1b and one G1a) showed
that 85% of the 75 replicon cell colonies analyzed using
population sequencing contained a mutation at NS3 position
168 [44]. In other replicon colonies, mutations were detected
at NS3 positions 80 and 156. Mutations at these positions

TABLE 4 Inhibitory Activity of TMC435 vs. a Panel of
Human Proteases Reported as Half Maximal Inhibitory
Concentration (IC50)a

Name Family IC50 (µM)

Leukocyte-elastase serine 1.5
Plasmin serine 5.8
Thrombin serine 5.6
Trypsin serine 5.7
Cathepsin G serine 3.8
Cathepsin S cysteine 0.8
Cathepsin L cysteine >20
Cathepsin B cysteine >20
Cathepsin E aspartic >20
Cathepsin D aspartic >20

aAll data were generated using standard assays based on fluorescence reso-
nance energy transfer.
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Telaprevir (Linear ketoamide)
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In vivo: V36A/M, T54A/S,
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Boceprevir (Linear Ketoamide)
In vitro: T54A, A156S/T, V170A/T
In vivo: V36A/M/L, T54A, R155K/Q/T/M,
 A156S/T/V, V170A/T

BILN2061 (Macrocyclic
   Inhibitor)

In vitro: No data
In vivo: R155K (In Chimpanzee)

MK7009 (Macrocyclic
   Inhibitor)

In vitro: V23A,Q41R,F43S, S138T, A156S/V,
            D168A/V/E/g/n/n, S489L, V23A(NS4A)
In vivo: No data

ITMN-191 (Macrocyclic Inhibitor)

FIGURE 7 Mutations identified in vitro and in vivo with reference HCV NS3/4A protease inhibitors.

were observed after in vivo or in vitro exposure to other
protease inhibitors (Fig. 7) [43–45].

Sustained virological response (SVR) rates are likely to
be improved in the future by combining specifically targeted
antiviral drugs with IFNα and ribavirin [45,46]. In vitro com-
bination studies using a replicon assay have shown that the
anti-HCV activity of TMC435 was additive with ribavirin,
whereas a clear synergism was observed with IFNα, the poly-
merase nucleoside inhibitor NM-107, and the polymerase
non-nucleoside inhibitor HCV-796 [40]. Additionally, the
combination of TMC435 with IFNα reduced the emergence
of drug-resistant replicon colonies [40]. No evidence for
changes in cytotoxicity (CC50) was observed upon combi-
nation [40]. Based on the overall profile described above,
TMC435 was selected for early drug development.

SYNTHESIS

The synthesis of TMC435 used at the lead optimiza-
tion stage is outlined in Scheme 1 [32,47]. Lactone
acid 15 was submitted to a tandem of coupling reac-
tions, first with the N-methylhex-5-enamine 16 then with
the P1 amino acid 17, to provide intermediate com-
pound 18. A Mitsunobu coupling reaction [48] between
18 and 4-hydroxy-2-(4-isopropylthiazol-2-yl)-7-methoxy-8-
methylquinoline provided the open derivative 19 [32,47],
which by using the Hoveyda–Grubbs first-generation cat-
alyst for ring-closing olefin metathesis [49,50], was con-
verted to the cis-macrocyclic ester 20. Hydrolysis of the
ethyl ester 20, followed by activation of the resulting acid 21
with carbonyldiimidazole (CDI), afforded the correspond-
ing oxazolidinone 22 [32,47]. Finally, intermediate 22 was

readily opened with cyclopropyl sulfonamide in the pres-
ence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to give
TMC435 [32,47].

Process chemistry, outlined in Scheme 2, was per-
formed to provide cyclopentane intermediate 30 in a high
enough yield and purity suitable for large-scale indus-
trial production of TMC435 [51]. Esterification of 1,2,3,4-
butanetetracarboxylic acid 23, followed by ring closure in the
presence of sodium methoxide, afforded the target ketone 25
in 83% overall yield as a trans-racemic mixture [51]. The
racemic lactone 27 was obtained via a tandem of reactions
involving a hydrogenation of the ketone 25, followed by a lac-
tonization of 26 in the presence of ethyl chloroformate [51].
Esterification of 27 with benzyl alcohol, followed by the
opening of the so-formed lactone 28, led to a racemic diester
intermediate which could be separated on Chiralpak AD to
give 29 in 49% isolated yield [51]. Finally, hydrogenolysis
of the benzyl group of 29 provided the monoacid intermedi-
ate 30, a key intermediate for the large-scale production of
TMC435 [51].

CLINICAL STUDIES

The PK and safety of TMC435 were assessed in study
TMC435350-C101, a randomized double-blind placebo-
controlled phase I trial in 49 healthy volunteers. In addi-
tion, this study also assessed, in an open-label non-placebo-
controlled manner, the antiviral activity of TMC435 in 6
genotype 1 hepatitis C patients. The PK results following ad-
ministration of single doses of TMC435 (50 to 600 mg; n = 6
for each dose) showed a median Tmax of 5 h (50 and 100 mg)
or 6 h (200, 300, 450, and 600 mg) with a range of 4 to 6 h
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TABLE 5 PK of Multiple Ascending Doses of TMC435 in Healthy Volunteers and HCV-Infected Patients

Pharmacokinetics of Multiple-Dose
TMC435 [mean ± S.D., Tmax:
median (range)]

100 mg
TMC435
(n = 4)

200 mg
TMC435
(n = 5)

400 mg
TMC435
(n = 6)

200 mg
TMC435

(n = 6, HCV+)

Day 1
Tmax (h) 5.0 (3.0–6.0) 4.0 (3.0–6.0) 6.0 (4.0–8.0) 6.0 (4.0–8.0)
Cmax (µg/mL) 0.68 ± 0.17 2.30 ± 0.92 7.09 ± 1.35 4.07 ± 1.48
AUC24h (µg·h/mL) 6.35 ± 1.61 24.6 ± 7.33 75.7 ± 15.5 56.4 ± 22.5

Day 5
Cmin (µg/mL) 0.09 ± 0.03 1.40 ± 0.79 7.80 ± 4.02 5.74 ± 4.09
Cmax (µg/mL) 0.76 ± 0.21 6.17 ± 2.86 19.40 ± 6.25 11.50 ± 5.34
Tmax (h) 4.0 (4.0–6.0) 4.0 (4.0–8.0) 4.0 (3.0–6.0) 4.0 (4.0–8.0)
AUC24h (µg·h/mL) 7.62 ± 1.91 79.70 ± 37.23 332.00 ± 120.00 206.0 ± 114.00
Ratio AUC24h: day 5/day 1 (%) 120.1 ± 5.272 316.0 ± 101.2 431.8 ± 82.59 344.8 ± 67.16

for all but the 50-mg dose (range 3 to 6 h). The mean termi-
nal half-life was approximately 10 h at the 50- and 100-mg
doses (the accuracy of these measurements at the higher-dose
levels was limited). The TMC435 exposure increased more
than proportionally to the dose, and additional PK analyses
showed that there was no difference in the oral bioavailabil-
ity of 200 mg TMC435 when administered in a fed or fasted
state.

The safety, tolerability, and PK profile was also stud-
ied in a 5-day multiple ascending-dose panel [100 mg once
daily (q.d.), 200 mg q.d., 200 mg twice daily (b.i.d.), or
400 mg q.d.] in healthy volunteers. TMC435 exposure in-
creased more than proportionally to the dose, both in compar-
ing the AUC for the 100- and 200-mg, and the 200- and 400-
mg q.d. dose (Table 5). The dose-disproportional PK may
be explained partially by an apparent prolonged absorption,
which becomes more evident at higher doses. Steady state
was attained on day 3 for the 100-mg q.d. regimen, but for

both higher doses the 5-day evaluation period was insufficient
to reach steady state. In a later study (TMC435350-C104) de-
signed to evaluate the PK of TMC435 delivered as a capsule,
steady state for a 200-mg q.d. regimen was attained within
7 days.

In study TMC435350-C101, the trough concentrations
(Cmin) of TMC435 achieved for all doses were considerably
in excess of EC50 concentrations determined for the geno-
type 1b in vitro replicon system (8 nM or 6 ng/mL) [51]. No
serious adverse events or adverse events leading to discon-
tinuation were reported in healthy volunteers (Table 6). In
the multiple-dose part of the trial, 3/4 (75.0%), 4/5 (80.0%),
and 4/6 (66.7%) subjects reported at least one adverse event
during TMC435 100, 200, and 400 mg q.d. administration,
respectively. There was no apparent dose relationship be-
tween any of the adverse events reported in more than one
subject in any of the dose groups, and no adverse events
considered to be possibly (or probably) related to TMC435

TABLE 6 Summary of Adverse Events (AEs) by Body System and Preferred Term (Regardless of Severity) Observed During the
Multiple Ascending Dose of TMC435 in Healthy Volunteers

100 mg q.d. 200 mg q.d. 200 mg b.i.d. 400 mg q.d.

TMC 435
(n = 4)

Placebo
(n = 2)

TMC 435
(n = 5)

Placebo
(n = 2)

TMC 435
(n = 6)

Placebo
(n = 3)

TMC 435
(n = 6)

Placebo
(n = 3)

AEs reported in >1 subject in
any group, n (%)

Headache 1 (25) 0 3 (60) 1 (50) 0 0 0 0
Photosensitivity reaction 0 0 0 0 3 (50) 0 0 0
Diarrhea 0 0 0 0 2 (33) 0 0 0
Abdominal pain, upper 0 0 0 0 2 (33) 0 0 0
Abdominal distension 1 (25) 0 0 0 1 (17) 0 0 0

AEs reported in >1 subject at
least possibly related to
TMC435, n (%)

Photosensitivity reaction 0 0 0 0 3 (50) 0 0 0
Diarrhea 0 0 0 0 2 (33) 0 0 0
Abdominal pain upper 0 0 0 0 2 (33) 0 0 0
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were reported in any of the once-daily dose groups. In the
200-mg b.i.d. group, transient mild photosensitivity (short-
lasting facial redness) was observed in three of the six healthy
volunteers receiving TMC435, and resolved spontaneously.
Photosensitivity has not led to discontinuation in any patient
during clinical development of TMC435. A dose of 200 mg
q.d. was selected for proof-of-concept assessment of antiviral
activity and to evaluate PK and safety in hepatitis C patients.

Six patients with HCV genotype 1 who had not responded
to (n = 4), or relapsed during (n = 2), previous IFN-based
therapy were enrolled in study TMC435350-C101 (Table 7).
The median plasma HCV-RNA level was 6.75 log10 IU/mL
(range 6.47 to 7.03 log10 IU/mL) at baseline. Four hepatitis
C patients were infected with genotype 1a and two with
genotype 1b as assessed by NS5B-based sequence analysis.

In patients receiving 200 mg q.d. TMC435, a PK profile
was seen similar in shape to that seen in healthy volunteers.
The mean exposure to drug was higher in the six patients
compared with healthy volunteers following a dose of 200 mg
q.d., resulting in exposures between those observed for the
200- and 400-mg q.d. dose in healthy volunteers (Fig. 8).
The mean plasma trough levels observed in patients in study
TMC435-C101 were over 900 times the replicon (1b) EC50

value (Table 5).
Serum HCV-RNA levels declined rapidly in all six pa-

tients with a reduction of more than 3 log10 IU/mL in plasma
HCV-RNA compared with baseline. The first-phase viral de-
cay was steep, as anticipated for this class of compounds,
and was complete by 72 h. The median HCV-RNA load de-
crease at day 3 (first phase) was 3.46 log10, and on day 6, 24
h after administration of the last dose, the decrease ranged
from 2.91 log10 to 4.05 log10 (Fig. 9). Using these data, a vi-
ral kinetics model described by Neuman et al. estimated the
mean turnover of infected cells to be 0.24 day (day 1), the
half-life of infected cells to be 2.8 days (t1/2), the clearance
of virus to be 0.26/h, and half-life of free virus to be 2.66
h consistent with the literature [52]. An in vivo potency (ε)
value of 0.9993 was calculated, positioning this drug among
the most potent of its class, with a potential advantage of a
once-a-day dosing regimen. HCV-RNA levels in the 3 days
following the last dose remained relatively constant, chang-
ing less than 0.5 log10 in all patients, suggesting continued
suppression of viral replication.

There was no indication of differences in antiviral activ-
ity of TMC435 between patients infected with genotype 1a
or 1b virus, previous nonresponders or relapsers, or patients
presenting with hemophilia. HCV-RNA levels returned to
pretreatment levels between 2 and 4 weeks after the final
dose. While the safety profile observed in this study sup-
ports further exploration of the 200-mg q.d. dose, the high
plasma exposure of TMC435 potentially allows for lower
doses without limiting antiviral activity. Based on PK mod-
eling, trough plasma and liver concentrations of TMC435 at
steady state were estimated to exceed the protein-binding-

corrected (× 2) replicon EC50 value by more than 15- and
500-fold, respectively, following a dose of 25 mg q.d.

A phase IIa double-blind randomized placebo-controlled
study [OPERA-1 (TMC435350-C201)] in genotype-1-HCV-
infected subjects was designed to study the antiviral activity,
safety, and PK of repeated doses of TMC435, with or without
standard IFNα-2a and ribavirin. At the time of this writing,
the results of a 4-week analysis of safety and antiviral activ-
ity data for TMC435 in treatment-naive hepatitis C patients
(cohorts 1 and 2) and patients who had failed previous IFN-
based therapy (cohort 4) was available. These interim results
are summarized below.

Treatment-naive patients were randomized to receive ei-
ther 7 days of monotherapy with once-daily TMC435 25 mg
(n = 9), 75 mg (n = 10), or 200 mg (n = 9) followed
by 21 days of combination therapy with TMC435 (at the
randomized dose), pegIFNα-2a, and ribavirin; 28 days of
combination therapy with TMC435 25 mg (n = 9), 75 mg
(n = 9), or 200 mg (n = 9), pegIFNα-2a and ribavirin;
or placebo (n = 19) administered as monotherapy for 7
days, then with pegIFNα-2a and ribavirin for 21 days or
with pegIFNα-2a and ribavirin for 28 days. Patients who had
failed previous treatment were randomized to receive 28 days
of combination therapy with TMC435 75 mg (n = 9), 150 mg
(n = 9), 200 mg (n = 10), or placebo (n = 9), pegIFNα-2a,
and ribavirin. After the 28 days of combined therapy, all
patients continued on PegIFNα-2a/ribavirin alone for up to
48 weeks.

In the treatment-naive patients, a dose relationship in an-
tiviral activity was observed during 7 days of monotherapy
across the 25-, 75-, and 200-mg doses of TMC435 (mean re-
ductions in HCV-RNA of 2.63, 3.43, and 4.13 log10 IU/mL,
respectively). After a further 21 days of combination treat-
ment with TMC435, the mean reduction in viral load drop had
increased to 4.26, 4.48, and 4.60 log10 IU/mL, respectively.
For naive patients who had received 28 days of combina-
tion treatment with TMC435, the mean reductions in HCV-
RNA viral load were slightly greater (ranging from 4.74 to
5.44 log10 IU/mL), with results for the 75- and 200-mg dose
groups showing a similar viral decline.

In treatment-naive patients receiving 28 days of combina-
tion therapy with TMC435, HCV-RNA levels in all patients
randomized to the TMC435 75- and 200-mg dose groups
were below the lower limit of quantification (<25 IU/mL) at
day 28. Furthermore, at day 28, 88.9 and 70.0% of patients
in the TMC435 75- and 200-mg dose groups, respectively,
achieved undetectable HCV-RNA (<10 IU/mL).

In patients who had received an initial 7 days of monother-
apy, five patients had viral breakthroughs during the four-
week treatment period (two patients each in the 25- and
75-mg groups and one patient in the 200-mg group), while
no viral breakthrough was observed in patients who received
28 days of combination treatment. At day 28, 6/9 (66.7%)
of patients in the 25-mg group, and all of the patients in
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FIGURE 8 Mean PK profiles for multiple ascending-dose study
of TMC435 in healthy volunteers and hepatitis C patients.

the 75- and 200-mg groups, had HCV-RNA levels below the
lower limit of quantification (<25 IU/mL) with 3/9 (33.3%),
8/9 (88.9%), and 7/10 (70.0%) patients in the 25-, 75-, and
200-mg groups, respectively, had undetectable HCV-RNA
(<10 IU/mL).

In the 37 patients who had failed previous IFN-based
therapy, at the end of 28 days of combination therapy with
TMC435, mean decreases in plasma HCV-RNA from base-
line were 4.3, 5.5, and 5.3 log10 IU/mL in patients receiving
75, 150, and 200 mg TMC435, respectively, compared with
1.5 log10 IU/mL in the placebo group. Overall, 4/9 (44.4%),
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FIGURE 9 HCV-RNA viral load change from baseline for panel
7 of study TMC435350-C101. HCV-RNA levels were determined in
plasma using the Cobas Taqman HCV/HPS assay v2.0 (at Covance)
with a dynamic range of 30 to 200,000,000 IU/mL and with a lower
limit of quantification of 25 IU/mL and a lower limit of detection
of approximately 10 IU/mL. Samples were taken at screening, on
day −1, on day 1 (every 8 h, including pre-dose), on day 2 (every
12 h, including pre-dose), on days 3 to 5 (pre-dose), and at 24,
48, and 72 h after the last dose to coincide with sampling for PK
measurements. Viral load was determined at 10 to 14 days and 30
to 35 days after the last drug intake.

7/9 (77.8%), and 7/10 (70.0%) patients receiving 75, 150,
and 200 mg TMC435, respectively, and no patients in the
placebo group achieved HCV-RNA below the lower limit
of quantification. Three viral breakthroughs were observed
exclusively in patients with HCV genotype 1b: two in the
75-mg group and one in the 150-mg group.

In all three cohorts, there were no TMC435-related treat-
ment discontinuations or serious adverse events. In both
treatment-naive patients and patients who had failed pre-
vious IFN-based treatment AST and ALT values improved
during therapy with TMC435. Mild-to-moderate increases in
bilirubin (total, direct and indirect) were observed in some
patients in all three cohorts, mainly in those receiving the
200-mg dose. There were no clinically relevant changes in
other laboratory parameters, ECGs, or vital signs in any of
the cohorts. The most common adverse events reported in
treatment-naive patients were headache, fatigue, influenza-
like illness, and nausea. In patients who had failed previous
treatment, the most common adverse events reported were
headache, influenza-like illness, dyspnea, and nausea. There
were no reports of photosensitivity during treatment in any
of the treatment groups. Given the positive proof-of-concept
data from this study, further clinical trials are ongoing to as-
sess the safety and efficacy of TMC435 in combination with
IFNα/ribavirin in longer treatment regimens.

FUTURE DEVELOPMENT

Future development of TMC435 will follow the rapidly
evolving treatment paradigm for hepatitis C and will involve
drug combinations to improve SVR rates in different pa-
tient populations. At this point, the pipeline for potential
anti-HCV drugs is strong, and three- and four-drug combi-
nations can be envisaged to cure patients of HCV infection.
Proof-of-concept data for combining HCV NS3/4A protease
inhibitors with pegylated IFNα and ribavirin are very encour-
aging, with SVRs of 69% realized in phase II studies for naive
patients [53]. The challenge for protease inhibitors including
TMC435 is to optimize SVR rates in combination with stan-
dard of care while shortening treatment duration. Given its
safety profile, once-daily dosing regimen, combination po-
tential, and antiviral potency, the NS3/4A protease inhibitor
TMC435 is a promising addition to the growing arsenal of
direct antiviral drugs against HCV. Further assessment of
TMC435 will be undertaken in the overall clinical develop-
ment program, including the dose-finding study, which will
be begun shortly.
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THE TREATMENT OF HCV INFECTION

Klaus Klumpp and David B. Smith
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INTRODUCTION

Hepatitis C virus (HCV) infection is associated with sig-
nificant morbidity and mortality, but available options for
therapy and cure are very limited and associated with subop-
timal safety, tolerability, and efficacy in a large proportion of
patients [1–5]. There is an urgent need to develop new, more
effective, and better tolerated therapies for the treatment of
HCV infection. Interferon α and ribavirin are both nonspe-
cific, broad-spectrum agents which affect multiple cell func-
tions as well as virus replication. Intensive research activities
have therefore focused on two areas: (1) to generate a better
understanding of the molecular mechanisms of HCV repli-
cation and host interactions, and (2) to deliver more specific
drugs that target key mechanisms of the HCV replication
cycle in a more selective fashion and with higher potency.

Hepatitis C Virus Replication

HCV is a spherical, enveloped, positive-strand RNA virus
and is the type member of the genus Hepacivirus within
the family Flaviviridae [6]. The HCV genome consists of a
single stranded RNA molecule of approximately 9600 nu-
cleotides. This RNA contains a single, large open reading
frame that encodes a polyprotein of approximately 3000
amino acid residues. Individual viral proteins are released
by proteolytic cleavage of the polyprotein, a process that re-
quires both host and viral protease enzymes. The N-terminus
of the polyprotein contains the structural protein core, E1

and E2, a central region contains two proteins, p7 and NS2,
which are believed to be important for viral budding and
release, and a C-terminal region forms the nonstructural pro-
teins (NS3, NS4A, NS4B, NS5A, and NS5B) (Fig. 1a) [7].
An important milestone in establishing tools for drug discov-
ery was the demonstration that a bicistronic RNA construct,
called a replicon, carrying the HCV nonstructural proteins
and an antibiotic resistance selection marker, could replicate
autonomously in a human hepatoma cell line (Huh7) and be
maintained in cell culture under selective pressure [8]. The
HCV replicon system has proven to be clearly predictive of
clinical antiviral efficacy for drug candidates targeting the
nonstructural protein NS3 protease, NS5A, and NS5B, the
HCV polymerase [9]. The structural proteins have been re-
placed by a new fusion protein that consists of the N-terminus
of the core protein for efficient translation initiation, a re-
porter gene such as luciferase, and a neomycin resistance
gene to allow for the selection of replicon carrying cells with
G418 antibiotic (Fig. 1b) [10]. The RNA packaged into HCV
virions is positive strand, which means that after cell entry,
the RNA functions as a messenger RNA. The 5′-untranslated
region (UTR) constitutes an internal ribosomal entry site
(IRES), which directs the assembly of ribosomes and initia-
tion of protein synthesis (translation) immediately following
the cell entry of HCV particles. The newly generated viral
nonstructural proteins assemble into endoplasmic reticulum
(ER) membrane-associated HCV replicase complexes, which
carry out new RNA synthesis within infected cells (Fig. 1c)
[11–17].
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FIGURE 1 (a) HCV genome organization; (b) HCV bicistronic replicon; (c) HCV life cycle. Solid arrows show cleavage sites for host
signal peptidases, open arrows show cleavage sites for HCV NS3-4A protease, and the double arrow shows a cleavage site for NS2-3 protease.
(Adapted from [11].) (See insert for color representation of the figure.)

A remarkable feature of HCV is its high genetic diversity.
Based on NS5B sequence comparison, six distinct genotypes
and a large number of subtypes are apparent. Virus isolates
from different genotypes differ in 30 to 35% of nucleotides
on average across the genome, whereas those from differ-
ent subtypes differ in 20 to 25%. This extent of sequence
difference between genotypes approaches that of serologi-
cally and genetically distinct viruses within the genus Fla-
vivirus [18,19]. This remarkable sequence diversity repre-
sents a formidable challenge to the design of small-molecule
replication inhibitors that could bind with high affinity to vi-
ral targets across the different HCV genotypes and subtypes.
The highest sequence variability is found within the envelope
protein sequences and NS5A, whereas the 5′-UTR (IRES) is
the most highly conserved region of the genome. Also, within
infected subjects the sequence variability of HCV is substan-
tial. The RNA-dependent RNA polymerase NS5B introduces
nucleotide sequence changes at a rate of approximately one
change per 1 to 10 genomes about 104 nucleotides in length,

and HCV-infected subjects generate an estimated 1012 virus
particles per day [20]. Therefore, all possible single and dou-
ble amino acid mutations across the viral proteins can be
expected to be generated daily at low frequency. The virus
populations in HCV-infected subjects are thus highly hetero-
geneous in sequence, forming a “quasispecies,” where at any
moment in time one or a few sequences will be dominant.
The sequence diversity among individual virus particles gen-
erated daily in this quasispecies allows rapid adaptation to
changes in selection pressure and rapid drug resistance selec-
tion and thus constitutes a considerable challenge to antiviral
drug discovery.

Antiviral Drug Resistance

The high sequence diversity of the HCV quasispecies allows
the virus to adapt to the presence of antiviral drugs. Exposure
to HCV protease inhibitors or non-nucleoside polymerase



P1: TIX/XYZ P2: ABC
JWBS061-20 JWBS061-Kazmierski May 24, 2011 15:6 Printer Name: Yet to Come

DISCOVERY OF R1479 (4′-AZIDOCYTIDINE) AS A POTENT INHIBITOR OF HCV REPLICATION 289

inhibitors in monotherapy leads to the rapid selection of
virus variants that can replicate in the presence of the drugs
[21–26]. For potent antiviral drugs with a low genetic barrier
to resistance, therefore, a typical clinical resistance profile
is characterized by an initial steep viral load reduction as
the replication of the dominant sensitive virus is abolished,
followed by a rebound in viral load as the drug-resistant
virus variants continue replicating and multiply from a mi-
nority species to eventually become the dominant virus in the
quasispecies.

Drug-resistant virus variants can also be generated de
novo under drug pressure. This process requires ongoing
virus replication in the presence of the drug and can occur
when the antiviral drug exposure is suboptimal and does not
achieve complete inhibition of viral replication. The clini-
cal barrier to resistance describes the likelihood for a drug-
resistant virus variant to emerge during antiviral treatment.
The barrier to resistance is a function of the frequency of
naturally occurring drug-resistant virus variants at baseline,
the replication capacity of resistant virus variants, the re-
sistance fold shift associated with the resistance mutation,
and the exposure to the active drug at the end of the dos-
ing interval relative to the intrinsic antiviral potency of the
drug. The latter is often expressed as the inhibitory quo-
tient, IQ = Cmin/adjusted EC50. Thus, antiviral drugs with
lower intrinsic antiviral potency (EC50) can achieve high
clinical efficacy if they reach high exposure, whereas antivi-
ral agents with high intrinsic antiviral potency in vitro may
be associated with low clinical efficacy and a low barrier to
resistance if they only achieve suboptimal exposure [27]. In
addition to intrinsic potency, exposure, and absence of nat-
urally resistant virus variants at baseline, other factors can
also contribute to the barrier to resistance; most important,
these are the replication capacity of drug-resistant variants
(fitness) and the relative impact of resistance mutations on
the intrinsic inhibitory potency of the drug (resistance fold
shift). Compounds with high intrinsic potency that achieve
high exposure relative to their antiviral potency and for which
naturally occurring drug-resistant variants are rare in the qua-
sispecies therefore have an increased likelihood of achieving
a high barrier to resistance, especially if resistance mutations
substantially reduce virus replication fitness. Also, if the fold
shift of resistance mutations on antiviral potency is low, drugs
at a standard or slightly higher dose may achieve sufficiently
high exposure to effectively prevent replication of such virus
variants.

Nucleoside Analogs

Nucleoside analogs have been developed successfully for the
treatment of viral diseases and constitute the standard of care
for the treatment of human immunodeficiency virus (HIV),
hepatitis B virus (HBV), and herpesviruses. Most nucleo-
side analogs are metabolized by virus-infected target cells

to their 5′-triphosphate derivatives, which are selective sub-
strates for the viral polymerases and cause chain termination
after incorporation. To achieve antiviral potency and selectiv-
ity, it is therefore minimally required that (1) antiviral nucle-
oside analogs are substrates for cellular kinases to generate
the corresponding 5′-triphosphates, (2) the nucleosides and
phosphate derivatives are not converted to inactive metabo-
lites by cellular enzymes, (3) the nucleoside triphosphate
analogs are efficient substrates for the viral polymerases, and
(4) the nucleoside triphosphate analogs are inefficient sub-
strates for cellular polymerases. As all four aspects require
optimization, historically the selection and discovery of an-
tiviral nucleoside analogs has generally been performed in
cell-based antiviral assay systems.

DISCOVERY OF R1479 (4′-AZIDOCYTIDINE) AS A
POTENT INHIBITOR OF HCV REPLICATION

The HCV replicon system was used to screen a library of
nucleoside analogs, a subset of the Roche compound library,
as well as commercially available compounds. Nucleosides
from this screening activity were classified into four groups,
based on their effect on HCV replicon reporter gene ex-
pression, cell viability, and cell proliferation, as shown in
Table 1. The majority of nucleosides tested did not inhibit
HCV replication in the Huh7 cell-based replicon system.
Examples of such compounds include 4′-azidouridine (1)
and 4′-ethynylcytidine (2). Such compounds may be intrin-
sically inactive as HCV replication inhibitors, may not be
phosphorylated, or may be metabolically unstable. A second
group of compounds was cytotoxic and thus reduced HCV
reporter gene activity nonspecifically. 4′-Cyanocytidine (3),
5-fluorouridine (4) and 7-deazaadenosine (Tubercidin) (5)
were examples of compounds that were cytotoxic to HCV
replicon cells. A third group of nucleosides inhibited HCV re-
porter gene expression without apparent cytotoxicity. These
compounds were, however, cytostatic; that is, they inhibited
cell proliferation, measured as an inhibition of incorpora-
tion of tritiated thymidine into cellular DNA. 2′-Deoxy-4′-
azidoadenosine (6) and 2′-deoxy-2′-fluorocytidine (7) were
examples of potently cytostatic compounds. Importantly, the
maintenance of HCV RNA in the replicon system is depen-
dent on cell proliferation. Cytostatic agents therefore reduce
HCV RNA levels nonspecifically in this system [29]. The
replicon system is therefore not suitable for assessing cyto-
static compounds, and careful assessment in other systems
of HCV replication, such as recombinant enzyme systems
or animal models, would be required to determine if such
compounds have specific HCV replication inhibition com-
ponents. The fourth group of compounds contained nucle-
oside analogs that specifically inhibited HCV replication in
the replicon system without affecting cell viability or cell
proliferation. 4′-Azidocytidine (R1479) (8) was an example
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of this group of compounds and was chosen for further char-
acterization [28,30]. A number of substitutions at the 4′-
position were tested, including ethyl, ethoxy, hydroxymethyl,
ethynyl, propynyl, and vinyl. These derivatives of (8) were
inactive in the HCV replicon system (group A), whereas
the 4′-cyano and 4′-allyl derivatives were cytotoxic (group
B) [30]. Also, all uridine analogs tested in this series of
compounds were inactive in the HCV replicon system. For
a number of compounds, including 4′-azidouridine and 4′-
azidoadenosine, this lack of potency was determined to be
based on a lack of phosphorylation in HCV replicon cells to
form the nucleoside monophosphate derivatives [31,32].

Mechanism of Action

R1479 is an efficient substrate for human deoxycytidine ki-
nase and is further phosphorylated to the corresponding 5′-
triphosphate, R1479-TP, in human target cells [33]. R1479-
TP is a substrate of HCV polymerase (NS5B). In a nucle-
ophilic substitution reaction with the 3′-hydroxyl group of the
nascent RNA as the nucleophile and the β-γ -pyrophosphate
of R1479-TP as a leaving group, R1479-MP gets incorpo-
rated into nascent HCV RNA molecules. This incorpora-
tion occurs in a template sequence-dependent manner, by
base pairing of R1479 through its cytosine base to guanosine
residues on the template RNA. R1479-TP is thus a specific,
competitive inhibitor of CMP incorporation by NS5B, but
a noncompetitive inhibitor of incorporation of the other nu-
cleotide substrates [28]. The Ki for R1479-TP inhibition of
CMP incorporation was determined as 40 ± 25 nM. This
value was about twofold lower than the Km for CTP (81 ±
25 nM) determined under the same conditions, indicating a
favorable Ki/Km ratio and efficient inhibition of NS5B by
R1479-TP. Incorporation of R1479-MP into nascent HCV
RNA results in inhibition of further RNA chain extension
[28]. Therefore, despite the presence of a 3′-hydroxyl group,
R1479 can function as a nonobligatory chain terminator. Al-
though a crystal structure of NS5B bound to R1479 has not
been solved to date, the incorporation of R1479-MP into
HCV RNA may lead to a misalignment of the R1479-3′-
hydroxyl group and the α-phosphate of the incoming next
NTP in the NS5B active site. R1479-TP is a highly efficient
substrate of NS5B during the initiation of RNA synthesis.
R1479-TP was incorporated by NS5B with an efficiency
(kcat/Km) at transcription initiation 3.3-fold higher than 3′-
deoxy-CTP and only 4.3-fold lower than the natural substrate
CTP [33]. HCV replication occurs in membrane-associated
replication complexes that are part of a membranous web
structure induced by HCV. The HCV replicase contains the
HCV nonstructural proteins HCV RNA and probably a num-
ber of cellular protein cofactors. The membrane-associated
replicase is shielded from the cytoplasm to such an extent
that replicase activity is not affected by exposure of mem-
brane fractions to extensive treatment with either proteinase

K or RNAse [14,15]. The native HCV replicase was, however,
fully sensitive to inhibition by R1479-triphosphate, similar to
results obtained with recombinant NS5B, suggesting full ac-
cess of nucleoside triphosphate, and specifically R1479-TP,
to the NS5B active site in the context of the HCV replicase
complex [28].

ANTIVIRAL POTENCY AND SAR

R1479 inhibited HCV RNA replication in the genotype 1b
(Con1) replicon system with a mean IC50 value of 1.3 µM
without showing cytotoxicity (CC50 > 2 mM) or cytostatic
properties [28]. Similar antiviral potency was observed in the
HCV replicon system, when measured either as an inhibition
of luciferase reporter gene expression or by quantitative RT-
PCR. Similar potencies were also observed when comparing
permanent HCV replicon cell lines to the transient replicon
system [28,34]. Importantly, antiviral potency was also
similar across 58 NS5B clinical isolates (15 genotype 1b and
43 genotype 1a) in the HCV replicon NS5B phenotyping
assay [25]. All 58 clinical isolates were similarly sensitive to
inhibition by R1479 in the transient replicon with phenotypic
EC50 values within the 2.5-fold variability of the assay [25].
These data are consistent with a high sequence conservation
of the NS5B active site. Indeed, R1479-TP showed potent
inhibitory activity across representative NS5B enzymes from
all six HCV genotypes, a significant difference compared to
non-nucleoside inhibitors of HCV polymerase, which show
more strain-, subtype-, and genotype-specific inhibition
patterns [35]. In vitro combination of R1479 with other
antiviral agents provided favorable data in support of clinical
studies in combination with interferon α, ribavirin, other nu-
cleoside and non-nucleoside inhibitors of HCV polymerase,
and HCV protease inhibitors. In particular, R1479 showed
synergistic antiviral potency with interferon α and ribavirin
in the HCV replicon system and additive effects with nucle-
oside analogs PSI-6130 (2′-C-methyl-2′-fluorocytidine) and
NM107 (2′-C-methylcytidine), palm binding and thumb-
binding non-nucleoside analogs, and BILN 2061, a protease
inhibitor [36]. Interestingly, in contrast to BILN 2061, a syn-
ergistic effect was apparent in the HCV replicon system when
R1479 was combined with another HCV protease inhibitor,
ITMN-191 [37].

In Vitro Resistance Selection to R1479

Prolonged incubation of HCV replicon cells with 6 µM
R1479 (approximately five times IC50) led to a continuous
decrease in HCV RNA and eventually resulted in HCV RNA
clearance within 15 days of incubation [28]. A comparison
of resistance selection of HCV replicon variants resistant to
R1479 in vitro with non-nucleoside polymerase inhibitors
and protease inhibitors demonstrated a higher barrier to
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resistance selection with the nucleoside analog R1479 [38],
such that the selection of resistant replicons required long-
term culture and passaging at slowly increasing drug con-
centrations. After such long-term passaging in vitro in the
presence of increasing concentrations of R1479, starting at
IC50 concentration of drug, replicon variants containing point
mutations S96T and S96T in combination with N142T were
detected after 37 passages of HCV replicon cells [34]. Repli-
cons containing the S96T point mutation or the S96T/N142T
double mutation in the coding sequence of NS5B showed a
low level of resistance to inhibition by R1479 (4.2- and 5.3-
fold increased IC50, respectively). The R1479-resistant repli-
cons did not show cross-resistance with other antiviral agents,
including interferon α, ribavirin, and 2′-C-methylnucleoside
analogs [34]. Conversely, replicon cell lines resistant to inhi-
bition by other antiviral agents were as sensitive as wild-type
replicons to inhibition by R1479, suggesting no apparent
cross-resistance with current antiviral agents targeting HCV
replication. Positions S96 and N142 are distant from the nu-
cleoside binding site on HCV polymerase. The molecular
mechanism on how mutations at these positions affect the
inhibitory potency of R1479 remains to be determined.

R1479 SAR

A series of substitutions at the 4′-position of either uridine
or cytidine were explored and compared to 4′-azidocytidine
(R1479). Among the substitutions tested, ethyl, ethoxy, hy-
droxymethyl, ethynyl, propynyl, and vinyl at the 4′-position
provided primarily nucleosides without appreciable antiviral
potency or cytotoxicity in the HCV replicon system [30].
4′-Cyanocytidine and 4′-allyluridine were cytotoxic in repli-
con cells. Interestingly, none of the uridine analogs were
active in this series. In particular, 4′-azidouridine, the ana-
log of R1479, was not active in the replicon cells, and 4′-
cyanouridine was not cytotoxic, while its cytidine analog,
4′-cyanocytidine, was cytotoxic. These results are consistent
with lack of phosphorylation of uridine analogs in the repli-
con cells [32]. Interestingly, a different result was obtained
with the pair of 4′-allylnucleosides. 4′-Allylcytidine was not
active and not cytotoxic, whereas 4′-allyluridine was cyto-
toxic, suggesting that this compound may cause cytotoxicity
through a different mechanism then that of 4′-cyanocytidine,
or that 4′-allyluridine is a substrate of a kinase that did not
phosphorylate the other uridine analogs of this series [30]. A
number of analogs of R1479 were made to explore 2′- and
3′-modifications in addition to the 4′-azido moiety. The avail-
able results suggest that the 3′-hydroxy group may be impor-
tant for antiviral activity in HCV replicon cells. 3′-Deoxy-
4′-azidocytidine was inactive, similar to 3′-deoxycytidine
and the other three 3′-deoxy-NTPs [39,40]. When the 3′-
hydroxyl group was inverted to form 4′-azidoxylocytidine,
weak cytotoxicity and probable nonspecific inhibition of
HCV replicon were observed [40]. Modifications at the 2′-

position have generated more interesting results to date. It
was found initially that 2′-C-methyl modification could con-
fer good antiviral potency in the HCV replicon system and
selectivity against inhibition of cell proliferation [41–43]. 2′-
Methylcytidine was indeed advanced into clinical develop-
ment but eventually abandoned, due to an unfavorable safety
profile in humans. Interestingly, the combination of the 2′-C-
methyl modification and the 4′-azido moiety resulted in an
inactive cytidine analog, suggesting that the conformational
or structural effects of having both modifications present on a
cytidine backbone was not tolerated by either cellular kinases
or the HCV polymerase [40]. Unexpectedly, removal of the
2′-hydroxyl moiety from the 2′-position of the typical ribose
scaffold resulted in highly potent inhibitors of HCV repli-
cation. In particular, 4′-azidoarabinocytidine (RO-9187) and
4′-azido-2′-fluoroarabinocytidine (RO-0622) inhibited HCV
replication in the replicon system with EC50 values of 171
and 24 nM, respectively [33,40,44]. Further exploration of
ribose modifications and combinations thereof at the 2′,3′,
and 4′-positions are ongoing.

PRODRUGS OF R1479 AND SELECTION OF R1626

Physicochemical Properties and Pharmacokinetic
Profile of R1479

Physicochemical properties of R1479 are similar to those
of other ribonucleoside analogs, with typical high polarity
and water solubility [45]. The hemisulfate salt of R1479
(C19H12N6O5 · 0.5 H2SO4) is a white-to-tan crystalline pow-
der with pKa values of 3.95 and 12.12, and a log PO/W (oc-
tanol/water partition coefficient) of −1.5 at pH 6.5. The aque-
ous solubility of R1479 is thus pH dependent, with 12 mg/mL
at pH 6.5. Solubility in dimethylsulfoxide is >100 mg/mL.
The Biopharmaceutical Classification of the compound is
class III (high solubility, low permeability). Consistent with
these properties, R1479 exhibited low permeability in Caco-2
cell monolayers (0.9 × 10−6 cm/s) and variable oral bioavail-
ability across species, ranging from 22% in cynomolgus mon-
keys to 92% in dogs at 10 mg/kg (Table 2) [45].

Plasma exposure in humans after oral administration of
R1479 was found to be low and limited by absorption. Mea-
surement of urine excretion allowed an estimation of 6 to 18%
oral absorption in humans [45]. However, R1479 showed
high metabolic stability, low clearance, and long plasma half-
life across species. Further efforts were therefore focused on
designing a prodrug of R1479 that could effectively deliver
R1479 to systemic circulation after oral administration.

Prodrugs of R1479

Several approaches were investigated in order to increase ab-
sorption of R1479. One approach was to mask the polarity of
the molecule by introducing mono-, di- and triesters at the 2′-,
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TABLE 2 Mean Plasma Pharmacokinetic Parameters of R1479a

Species
(n)

Dose
(mg/kg) Route

Cmax

(µ g/mL)
AUC0-t

(µ g·h/mL)
AUCinf

(µ g·h/mL)

Plasma
Cl

(L·h/kg)

% Hepatic
(% Renal)

Blood Flow
Vdss

(L/kg)
F

(%)
t1/2

(h)

Mouse (5) 10 i.v. 18.4 25.9(48h) 26.3 0.380 7.0(9.7) 2.70 — 9.1(10−48h)

Rat (4) 10 i.v. 9.15 37.5(48h) 43.3 0.233 7.1(10.5) 4.67 — 18.4(7−48h)

Dog (6) 10 i.v. 14.3 218(168h) 244 0.043 2.3(3.3) 2.58 — 50.6(10−168h)

Monkey (6) 10 i.v. 17.1 29.2(72h) 29.4 0.344 13.2(20.7) 2.39 — 14.8(10−72h)

Rabbit (3) 10 i.v. 13.5 56.1(48h) 58.8 0.170 4.0(8.9) 1.92 — 13.3(10−48h)

Micropig (3) 10 i.v. 23.2 25.9(96h) 26.8 0.376 — 1.15 — 9.71(5−32h)

Mouse (5) 10 p.o. 2.50 17.8(48h) 17.9 — — — 68 6.8(10−48h)

Rat (5) 10 p.o. 1.47 32.0(48h) 38.5 — — — 89 17.6(2−48h)

Dog (6) 10 p.o. 11.2 204(168h) 221 — — — 92 48.0(10−168h)

Monkey (6) 10 p.o. 0.534 6.20(48h) 6.35 — — — 22 10.2(10−48h)

Rabbit (3) 10 p.o. 3.78 33.0(24h) 36.7 — — — 62 16.5(10−48h)

Micropig (2) 10 p.o. 0.634 9.73(48h) 10.1 — — — 36 9.65(5−48h)

aDoses and concentrations are expressed as the R1479 free base. All doses were administered as solutions in saline. n, number of animals for each time point;
i.v., intravenous; p.o., oral; Cl, clearance; Vdss, volume of distribution at steady state; t1/2, half-life, values in parentheses indicate portions of the curves used
to calculate half-life; AUC0-t , AUC values from time 0 to the last time point with measurable plasma concentrations of R1479; AUCinf , AUC values from time
0 to infinity. Cl and Vdss are calculated using AUCinf where possible. F (%) was calculated from the ratio of AUCinf after the p.o. dose to that after the same
i.v. dose in the same study only.

3′-, and 5′-ribose positions. This also included exploration of
modifications at the cytidine base, by introducing lipophilic
amides at the N4 position. A number of synthetically ac-
cessible monoesters, diesters, and triesters were synthesized,
as were cytidine amide derivates and tetraacyl compounds
(Fig. 2). Increasing lipophilicity of R1479 was aimed at in-
creasing the efficiency of transcellular uptake after oral ad-
ministration [45].

A second approach to improving the oral bioavailability
of R1479 was to target transporters such as PepT1, known
to shuttle highly polar cargo attached to amino acid moi-
eties. This strategy was utilized with success in the cases of
acyclovir, gancyclovir, and most recently, NM107, leading
to the orally dosed prodrugs Valtrex, Valcyte, and Valop-
icitabine, respectively [46–48]. Following these examples,

several 5′-amino acid derivatives of 4′-azidocytidine were
prepared (Fig. 3).

N-acylcarbamate derivatives have also been employed
successfully for the targeted delivery of nucleosides [49].
This approach followed a strategy similar to that which pre-
viously resulted in the discovery of capecitabine [Xeloda;
N4-(pentyloxy)carbonyl-5′-deoxy-5-fluorocytidine]. The N-
acylcarbamate capecitabine is efficiently absorbed after
oral administration and reaches the portal vein intact. In
the liver, capecitabine is sequentially converted first to 5′-
deoxy-5-fluorocytidine (5′-DFCR) and then to 5′-deoxy-5-
fluorouridine (5′-DFUR). 5′-DFUR is itself a prodrug of
5-FU, which is formed from 5′-DFUR by deribosylation,
catalyzed by thymidine phosphorylase. 5-FU is preferen-
tially formed in tumor cells due to an overexpression of
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the final anabolizing enzyme, thymidine phosphorylase, in
neoplastic tissues (Fig. 4). Given the intrinsic stability of
R1479, which is not subject to cytidine deamination, N4-
acylcarbamate derivatives of R1479 were evaluated for ab-
sorption and release of R1479 in the liver.

R1479 PRODRUG SYNTHESIS

To assess the potential of these various strategies to pro-
vide increased plasma exposure of the parent nucleoside
R1479, synthetic routes for each class of prodrug needed
to be developed. These efforts relied on the availability
of 4′-azidocytidine as well as the related 4′-azidouridine.
The medicinal chemistry syntheses of 4′-azidouridine and
4′-azidocytidine (R1479) begin with uridine and have been
described [30]. For large-scale synthesis of R1479 and ad-
vanced studies including clinical work, an alternative pro-
cess chemistry route was developed [50]. In the following
section we describe the general medicinal chemistry ap-
proaches used successfully to access R1479 prodrugs at the
100-mg level.

The synthesis of 5′-substituted analogs began with 4′-
azidouridine and is shown in Scheme 1. After protection of
the 2′- and 3′-hydroxyls as the acetonide, installation of the
5′-acyl group was conducted, either using standard diimide
coupling chemistry from the carboxylic acid (used primar-
ily for amino acid analogs) or through direct reaction with
a carboxylic acid chloride. The uridine was converted to

the cytidine following a protocol developed by Reese and
co-workers [51]. Simple deprotection using warm aqueous
acetic acid then furnished the desired 5′-acyl analogs. Tri-
esters were also obtained using 4′-azidouridine as the starting
material (Scheme 2). The compound was readily acylated at
2′, 3′, and 5′ to provide the triacyl uridine. Conversion to the
triacyl cytidine could then be accomplished following the
Reese protocol.

Most other analogs were prepared using 4′-azidocytidine
as the starting material. 2′- and 3′-diesters utilized an
initial selective protection of the 5′-hydroxyl as the t-
butyldimethylsilyl ether (Scheme 3). Following this, the acyl
groups were installed by reaction of the free hydroxyl groups
under standard conditions using either the acid chloride or
anhydride. This introduced an unwanted acyl group onto the
cytidine nitrogen. The undesired acyl group was removed
with high selectivity following treatment of the compound
with zinc bromide in a mixture of methanol and chloroform
at reflux [52]. Finally, the desired 2′- and 3′-diacyl deriva-
tives of R1479 were obtained by trifluoroacetic acid mediated
removal of the 5′-silyl protection.

Tetraacyl analogs of R1479 were prepared following a
similar strategy, but without the need for protection. 4′-
Azidocytidine could be per-acylated readily using excess
acid chloride or anhydride directly to afford the tetraacyl
derivatives (Scheme 4). Along with the tetraacyl derivatives,
the N-acyl derivatives were among the most easily obtained,
being available in an efficient one-pot protocol as shown in
Scheme 5 [53]. Exposure of 4′-azidocytidine to trimethylsi-
lyl chloride in pyridine resulted in transient in situ protection
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SCHEME 1

of the 2′-, 3′-, and 5′-hydroxyls. Under these conditions, the
cytidine amino group remains free to be functionalized as
an amide or carbamate derivate. Following workup of the
reactions, which included the addition of n-butylammonium
fluoride, the N-acyl cytidine derivatives were obtained di-
rectly.

NONCLINICAL PHARMACOKINETICS:
SELECTION OF R1479 PRODRUG CANDIDATES

The purpose of R1479 prodrugs was to enhance absorption
through increased GI absorption, thus to provide increased
systemic exposure to R1479 and, consequently, increased
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R1479-TP concentration in the liver. More than 100 R1479
prodrugs were synthesized for this purpose. All prodrugs
were initially assessed for in vitro stability in simulated gas-
tric fluid (SGF, pH 1.2) and simulated intestinal fluid (SIF,
pH 7.5). Chemical stability of prodrugs in these media in-
creases the likelihood of prodrugs passing through the upper
GI tract and reaching the site of absorption intact. All 5′-
monoesters, 2′,3′-diesters, and 2′,3′,5′-triesters showed ac-
ceptable stability profiles and were thus included for further
characterization. N4-amides showed good solution stability
at pH 7.5 but poor stability at acidic pH. In contrast, the N4-
acylcarbamates showed good chemical solution stability in
both SIF and SGF. The second major step for the assessment
of candidate potential to achieve increased oral bioavailabil-
ity was to assess permeability through a Caco-2 cell layer.
The Caco-2 cell line is an immortalized human epithelial
cell line, which is widely used to predict the absorption rate
of candidate drug compounds across the intestinal epithelial
cell barrier. The assay requires that drug absorption rates
be determined after Caco-2 cells have formed a closed cell
monolayer. Table 3 shows a representative set of prodrugs
characterized in the Caco-2 permeability assay [54].

As described earlier, the intrinsic permeability of R1479
was low at 0.9 × 10−6 cm/s in the Caco-2 assay. In contrast, a
number of R1479 prodrugs showed significantly improved in
vitro permeability compared to R1479. In all prodrug classes,
increases in permeability seemed to correlate roughly with
increases in measured log P. From available compounds with
acceptable chemical stability and cell permeability enhance-
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TABLE 3 Caco-2 Permeability, Log P, and DMPK Data for
Representative R1479 Prodrugs

Table
Entry Compound

Log
PO/W

Caco-2
Permeability
(10−6 cm/s)

R1479
Exposure
AUC0-24h

(µ g·h/mL)

1 R1479 −1.5 0.9 2.84
2 5′-Octanoate 3.32 6.0 5.68
3 5′-Laurate 4.98 11.6 10.63
4 5′-Valinate −0.27 0.1 2.37
5 5′-Isoleucinate 0.23 0.1 2.38
6 2′,3′-Diisobutyrate 2.32 2.5 10.91
7 2′,3′-Dipentanoate 3.65 5.0 12.96
8 Triacetate 0.67 0.1 3.34
9 Triisobutyrate 2.45 15.0 10.50
10 Tripropionate 2.14 3.5 9.50
11 Tripivalate 4.75 9.0 1.64

ment properties, approximately 30 compounds were selected
for pharmacokinetic studies in cynomolgus monkeys. Pro-
drugs were dosed orally at 5 mg/kg and compared to R1479.
Our target in this assay was to achieve at least a threefold
increase in R1479 exposure by prodrug administration, as
measured by AUC. Representative data from our screening
of these compounds are presented in Table 3 [54]. Notably,
and in contrast to the enhanced absorption seen using this
strategy with other nucleosides, the amino acid ester ap-
proach failed to provide increased exposure when applied
to R1479. These results suggested that the amino acid es-
ters were probably not recognized by the PepT1 transporter
protein. The more lipophilic 5′-monoesters showed excel-
lent absorption and subsequent cleavage to R1479 in plasma,
with the 12-carbon chain laurate ester proving to be one of
the better examples, suggesting that increasing lipophilicity
had been successful in this subseries. These results demon-
strated that 5′-monoesters could substantially increase the
oral bioavailability of R1479.

In contrast, most of the N-acylcarbamates failed to deliver
R1479 to plasma, and instead resulted in actual decreases of
R1479 exposure (data not shown). Not unexpectedly, sig-
nificant levels of N-acylcarbamate prodrugs were found in
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plasma, suggesting that metabolic conversion of the carba-
mates to release R1479 was rate limiting in this series. The
N-heptylcarbamate was an exception, with an approximately
twofold R1479 exposure compared to dosing R1479 alone.
Further investigation into the SAR of the enzymatic cyti-
dine carbamate conversion may provide guidance for further
improvements in this series of prodrugs. Most 2′,3′-diesters
showed significant improvements in R1479 exposure after
oral administration to cynomolgus monkeys, with AUC in-
creases between 2.3- and 4.6-fold. The dipentanoate pro-
vided the highest exposure, again suggesting a correlation
between increased lipophilicity and bioavailability. Finally,
several 2′,3′,5′-triesters provided increased R1479 exposures
in this assay. Taken together, data on this series of R1479
prodrugs are consistent with a correlation of log P, Caco-2
permeability, and R1479 bioavailability.

Most compounds with log P greater than about 2 showed
good Caco-2 permeability and usually displayed greater than
twofold enhancement in R1479 exposure relative to dosing
R1479 itself. In contrast, examples such as 5′-valinate, 5′-
isoleucinate, and triacetate showed log P < 1, poor Caco-
2 permeability, and low R1479 exposure. Within a given
class of prodrug, increased lipophilicity tended to correlate
with increased exposure; for example, the 5′-laurate, 2′,3′-
dipentanoate, and the triisobutyrate all provided a greater
than threefold increase in R1479 exposure. The tripivalate
was an exception to this trend. Even with a high log P
value and good Caco-2 permeability, this compound actu-
ally displayed reduced R1479 exposure upon dosing, prob-
ably due to increased stability toward hydrolysis for this
highly sterically hindered triester. To investigate dose pro-

portionality and performance further, at higher oral doses, a
number of compounds were selected for more detailed phar-
macokinetic studies in cynomolgus monkeys. Table 4 shows
data obtained with the 5′-laurate, 2′,3′-diisobutyrate, 2′,3′-
dipentanoate, and triisobutyrate esters of R1479. These com-
pounds combined good physicochemical properties, chemi-
cal stability, permeability, and oral bioavailability and were
accessible through reasonable chemical routes. All four of
these prodrugs delivered more than 3.7-fold enhancement of
R1479 exposure compared to dosing R1479 orally at all three
dose levels. The triisobutyrate consistently provided the best
performance in this series and increased AUC by 14- and 10-
fold at the 30- and 300-mg/kg dose levels, respectively. The
hydrochloride salt of the triisobutyrate derivative of R1479
became balapiravir (R1626).

SYNTHESIS AND CHARACTERIZATION OF
BALAPIRAVIR

Balapiravir is the hydrochloride salt of the triisobutyrate ester
of 4′-azidocytidine. The compound is a white crystalline solid
with a melting point of 148◦C [55]. The compound has a mea-
sured log P of 2.45 and an aqueous solubility of 10 mg/mL.
Solubility of the free base of balapiravir is 0.19 mg/mL. In
stability studies conducted using simulated gastric fluid (pH
1.2) the compound showed a T90 value of 4.6 h at 37◦C.
In simulated intestinal fluid, T90 was 11.1 h under similar
conditions. In a pH stability profile, the compound was most
stable at about pH 5 [55]. Using the Caco-2 model, balapi-
ravir demonstrated a high permeability of 15 × 10−6 cm/s.

TABLE 4 Dose-Ranging Studies with Selected R1479 Prodrugs in Cynomolgus Monkeys
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Exposure of R1479 Following Prodrug Dosing in Cynomolgus
Monkey (AUC0-24h, µg·h/mL)

Compound 5 mg/kg 30 mg/kg 300 mg/kg

R1479 2.84 4.4 21.6
Laurate 10.63 27.0 169.5
Diisobutyrate 10.91 16.6 169.5
Dipentanoate 12.96 20.1 206.5
Triisobutyrate 10.50 61.5 219.8
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TABLE 5 R1479 Exposure in Rat, Dog, and Monkey After
Oral Administration of Balapiravir

Dose (mg/kg)

O N

N

O

NH2

O O

O

N3

O

O O

Exposure of R1479 Following
Dosing of Balapiravir
(AUC0-24h, µg·h/mL)

Rat Dog
Cynomolgus

Monkey

30 46 127.5 61.5
100 150.5 237.1 103.3
300 390.0 375.35 219.8

This represented a >15-fold improvement in permeability
over the parent nucleoside R1479 as measured in the same
assay. Initially, sufficient compound was available using the
medicinal chemistry route, as shown in Scheme 5. For ad-
vanced studies including clinical work, an alternative process
chemistry route was eventually developed [50,56,57].

With sufficient quantities of balapiravir available, fur-
ther dose-proportionality studies were conducted in multiple
species. As shown in Table 5, oral administration of balapi-
ravir provided excellent exposure and dose proportionality
of R1479 in rat, dog, and cynomolgus monkey.

BALAPIRAVIR CLINICAL DEVELOPMENT

Pharmacokinetics

Balapiravir also provided a robust delivery system for R1479
in humans. In a single ascending-dose phase I study in healthy
volunteers, it was demonstrated that R1479 exposures in-
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FIGURE 5 Dose proportionality for R1479 after administration of single oral doses of balapiravir in healthy volunteers. (From [58].)

creased linearly and nearly dose proportionally after oral
administration of balapiravir [58]. Single doses between 500
mg and 12 g were found to be safe and well tolerated in this
study. Mean Cmax values ranged from 2.96 µg/mL (10.5 µM)
after a single 500-mg dose to 46.4 µg/ml (165 µM) after a
12-g dose (Fig. 5, Table 6). In contrast, when R1479 was
dosed orally, a mean Cmax value of 2.5 µg/mL (8.89 µM)
was reached with a single 7200-mg dose. Therefore, an ap-
proximate 10-fold enhancement in R1479 exposure of was
observed with balapiravir in humans, an improvement similar
to that observed in cynomolgus monkeys for oral adminis-
tration of balapiravir as compared to R1479. Renal clearance
of R1479 (7.3 to 9.9 L/h) was similar to a mean glomeru-
lar filtration rate (GFR) of approximately 9 L/h in healthy
subjects. There was therefore no evidence for reabsorption
or active secretion of R1479. The conversion of the triester
balapiravir to the free nucleoside R1479 was very efficient,
with only negligible levels of prodrug (< 1%) observed in
urine. These observations were also consistent with very low
plasma stability of balapiravir and efficient conversion to
R1479 in vitro.

Exposures of R1479 achieved upon multiple-day dosing
of Balapiravir in HCV-infected persons are summarized in
Table 7. Plasma exposures of R1479 increased linearly up to
4500 mg b.i.d. and reached trough concentrations in excess
of the mean human serum adjusted in vitro HCV replicon
EC50 in dose groups receiving 1500 mg b.i.d. or higher.

The inhibition quotient was calculated, defined as plasma
R1479 Cmin divided by the HCV replicon EC50 of R1479
determined in the presence of human serum. As expected for
nucleoside analogs, the effect of human serum on inhibition
potency of R1479 in the replicon system was small. The mean
serum-adjusted Con-1 replicon EC50 value was 2.68 ± 0.42
µM, approximately twofold above the value determined in
the absence of human serum (1.28 µM). This difference was
not determined to be significant. R1479 pharmacokinetics
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TABLE 6 Summary of R1479 Pharmacokinetics Following Single-Dose Administration of Bal-
apiravir in Healthy Volunteers [Mean (% CV)]

Group 1 Group 2 Group 3 Group 4 Group 5
500 mg
n = 6

1500 mg
n = 6

3000 mg
n = 6

6000 mg
n = 6

12000 mg
n = 6

Cmax (µg/mL) 2.96 (9) 7.70 (9) 15.4 (18) 25.8 (11) 46.4 (16)
Tmax (h) 2.7 (31) 3.5 (39) 4.0 (32) 4.7 (32) 5.5 (22)
AUC0-∞ (µg·h/mL) 29.5 (22) 72.6 (18) 143 (15) 232 (9) 422 (5)
t1/2 (h) 28.3 (12) 28.4 (16) 26.5 (15) 23.4 (16) 18.9 (9)
Ae (0–72 h) (%)a 64.9 (15) 66.1 (10) 72.8 (18) 64.3 (19) 58.0 (20)
Cl (L/h) 7.3 (30) 8.6 (20) 9.4 (23) 9.9 (22) 9.7 (22)

Source: [58].
aCumulative urinary excretion: percent of dose (equivalent) excreted in urine from 0 to 72 h.

were also determined when balapiravir was dosed in com-
bination with pegylated interferon α-2a (PEG) and ribavirin
(RBV). The results from the population PK analysis of study
PV18369/B showed that R1479 plasma concentrations were
similar when balapiravir was dosed in monotherapy or in
combination with PEG and RBV (Table 8) [61]. These re-
sults suggested no pharmacokinetic interaction between bal-
apiravir, ribavirin, and pegylated interferon α.

Antiviral Efficacy of Balapiravir in HCV-Infected
Persons

Monotherapy Balapiravir showed dose- and time-dependent
reductions in plasma HCV RNA when dosed as monother-
apy for 14 days in treatment-naive HCV genotype 1–infected
persons (Table 9) [59,60]. No difference in response in per-
sons infected with HCV subtypes 1a and 1b was observed,
consistent with broad in vitro potency of R1479-triphosphate
against all HCV genotypes. Dosing of 500 mg b.i.d. balapi-
ravir was associated with only a borderline antiviral effect,
with plasma HCV RNA (viral load) reductions after 14 days
of dosing, ranging between 0.01 and 0.71 log10 IU/mL, us-

ing Roche Cobas Amplicor HCV Monitor test version 2.0.
Viral load differences within 0.5 log10 IU/mL were consid-
ered within the variability of the assay. Three subjects in the
500-mg b.i.d. dose group never achieved viral load reduc-
tions above 0.5 log10 during the 14-day dosing period, and
were therefore considered nonresponders to 500 mg b.i.d.
balapiravir. Three subjects showed viral load rebound, de-
fined as viral load reduction of 0.5 log10 or greater followed
by a 0.5 log10 or greater increase in HCV RNA before the
end of treatment. Phenotyping and sequencing, including
clonal sequence analysis, of samples from these six subjects,
showed no evidence for selection of R1626 resistant virus
variants [59,60]. Considering the small changes in viral load
(<0.71 log), these results were therefore nonspecific outliers
of the Amplicor HCV Monitor test and are consistent with
only a very weak antiviral effect of balapiravir at the 500 mg
b.i.d. dose in monotherapy.

No nonresponders or subjects with viral load rebound
were observed in any of the other monotherapy dose groups.
Dosing of the nucleoside analog Balapiravir for 14 days in
monotherapy was therefore not associated with resistance se-
lection. These results are substantially different from those
observed with inhibitors of HCV protease or non-nucleoside

TABLE 7 Summary of R1479 Pharmacokinetics After 14 Days of Administration of Balapi-
ravir in HCV-Infected Persons (Mean ± S.D.)

Group 1 Group 2 Group 3 Group 4
500 mg b.i.d.

n = 9
1500 mg b.i.d.

n = 9
3000 mg b.i.d.

n = 8
4500 mg b.i.d.

n = 8

Cmax (µg/mL) 3.7 ± 0.6 9.8 ± 1.3 17 ± 3.4 25 ± 3.1
tmax (h) 2.9 ± 1.1 3.6 ± 0.9 4.5 ± 1.3 3.8 ± 1.3
AUC0-12h (µg·h/mL) 24 ± 4.3 67 ± 8.4 116 ± 21 175 ± 26
t1/2 (h) 26 ± 4.2 23 ± 6.4 21 ± 5.4 20 ± 1.7
Cmin (µg/mL) (µM) 0.86 ± 0.26

(3.1 ± 0.92)
2.61 ± 0.53
(9.3 ± 1.9)

3.78 ± 1.63
(13 ± 5.6)

5.98 ± 1.49
(21 ± 5.3)

Inhibition quotienta 1.2 3.5 4.9 7.8

Source: [59,60].
aCmin divided by HCV replicon EC50, determined using the 2209 replicon cell line (Con1, genotype 1b) in the
presence of 40% human serum [28].
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TABLE 8 Summary of R1479 Population Pharmacokinetics
Analysis after 14 Days of Administration of Balapiravir in HCV-
Infected Persons (Mean ± S.D.)

Balapiravir
Monotherapy

Balapiravir Combination
Therapy

1500 mg b.i.d. 1500 mg b.i.d.

Cmax (µg/mL) 9.9 9.4
AUC0-12h (µg·h/mL) 69 63
Cmin (µg/mL) 2.7 2.5

Source: [61].

inhibitors of HCV polymerase, where viral load rebound was
frequently observed in monotherapy studies of longer than
3-day durations [60]. Considering the quasispecies nature
of HCV, the nucleotide substitution–mutation rate of HCV
replication and the volume of daily virus production, the
strong antiviral effect and absence of resistance selection in
monotherapy were remarkable, but consistent with the high
in vitro barrier to resistance of balapiravir as compared to
protease and non-nucleoside polymerase inhibitors [25,38].
Balapiravir showed a clear dose-dependent increase in antivi-
ral potency up to 4500 mg b.i.d. All subjects in the 4500-mg
b.i.d. dose group experienced more than 2 log10 viral load
reduction at week 2, and more than half had the viral load
reduced more than 4 log10. All subjects with viral load re-
ductions of more than 4 log10 had HCV RNA levels below
50 IU/ml. Taken together, the 4500-mg b.i.d. dosage group
achieved a high mean (median) viral load reduction of 3.7
(4.1) log10 IU/mL. Five subjects in this dosage group had
the viral load reduced below the level of detection (<50
IU/mL) [59,60]. Exposure of R1479 within dosage groups
showed relatively low variability, and there was a good cor-
relation between exposure (measured as Cmax, AUC0-12h, or
Cmin) and antiviral effect (measured as plasma HCV RNA
reduction) [59,60]. All three PK parameters gave similarly
good correlations with viral load reduction, and the results
obtained with Cmin are shown in Figure 6 [59,60].

The extrapolation of these data suggested that the maximal
antiviral potency of balapiravir had not yet been reached at the
4500-mg dose. A further increase in potency may therefore
be expected with nucleoside analogs that provide a higher
intrinsic potency (triphosphate incorporation efficiency by
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HCV polymerase or phosphorylation efficiency in the target
cells) compared to R1479 [33].

Combination Therapy Balapiravir showed significant syn-
ergy in vitro in the HCV replicon system when combined with
interferon α or ribavirin [33]. Although the molecular basis of
the in vitro synergistic effect has not yet been determined, it is
of interest to note that a larger-than-expected enhancement of
antiviral potency was observed in HCV-infected persons who
received balapiravir in combination with PEG and RBV [61].
When balapiravir (1500 mg b.i.d.) was combined with pe-
gylated interferon α-2a (PEG) for the treatment of HCV
genotype 1 infection in treatment-naive persons, mean (me-
dian) plasma viral load declined 3.1 (3.1) log from baseline
by week 2. In comparison, balapiravir monotherapy (1500
mg b.i.d.) resulted in only a 1.2 (0.8) log decline from base-
line. Although PEG alone was not administered in this study,
historical data suggest that approximately a 0.4 to 0.5 log
decline may be expected from PEG monotherapy at week
2 [61,62]. Therefore, when combining balapiravir 1500 mg
b.i.d. with PEG, only approximately a 1.7 log reduction in
viral load was expected at week 2 (Table 10). The molecu-
lar basis for this larger-than-expected effect of balapiravir in
combination with PEG is unknown, but does warrant further
study. Ribavirin also has a larger impact in combination with

TABLE 9 Viral Load Reduction After 14 Days of Monotherapy with Balapiravir in Treatment-Naive Genotype 1–Infected Persons

R1626 Dose
(mg b.i.d.) n > 1 log10 > 2 log10 > 3 log10 > 4 log10 Mean Median Range

500 9 0 0 0 0 0.32 0.22 0.01–0.71
1500 9 1 (11%) 2 (22%) 0 0 1.2 0.8 0.49–2.46
3000 8 3 (38%) 2 (25%) 3 (38%) 0 2.6 2.7 1.27–3.93
4500 9 0 1 (11%) 3 (33%) 5 (56%) 3.7 4.1 2.15–4.39

Source: [59,60].
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TABLE 10 Viral Load Reduction After 14 Days of Monotherapy with Balapiravir or Combination Therapy of
Balapiravir with PEG and/or RBV in Treatment-Naive Genotype 1–Infected Persons

R1626
1500 mg b.i.d.
Monotherapy

R1626
1500 mg b.i.d.

+ PEG

R1626
1500 mg b.i.d.

+ PEG +
RBV PEG

PEG + RBV
(SoC)

Viral load reduction at
week 2 (log10 IU/mL)
mean (median; range)

1.2
(0.8; 0.49–2.46)

3.1
(3.1; 0.0–5.5)

4.6
(4.7; 2.5–6.6)

0.5a 1.6
(1.1; 0.1–3.8)

Additive effectb 1.2 1.7 2.8 0.5 0.5c

Source: [61].
aEstimated, based on [62].
bAdding monotherapy effects from the combination therapy components observed at week 2; monotherapy of PEG based on [62].
cLack of effect of RBV on plasma HCV RNA at week 2 [63,64].

PEG than is expected from the PEG and RBV monother-
apy results, and the molecular basis for that interaction also
remains to be determined. The largest antiviral effect was ob-
served when balapiravir was combined with PEG and RBV
in triple combination. The PEG + RBV combination arm
in study PV18369/B resulted in a mean (median) viral load
reduction of 1.6 (1.1) log by week 2 [61]. Considering the
1.2 (0.8) log reduction observed with balapiravir monother-
apy, an approximate 2.8 (1.9) log viral load reduction was
expected from the triple combination (Table 10). Instead, 4.6
(4.7) log reduction of plasma HCV RNA was observed in this
triple combination, representing an additional 1.8 (2.8) log
above expectations [61]. These results also suggest a signifi-
cant effect of RBV in triple combination with R1626 and PEG
as early as week 2 of treatment, despite the fact that steady-
state plasma concentrations of RBV are reached only after 4
weeks of dosing. Of the subjects in the balapiravir + PEG
+ RBV TRIPLE1500 arm, 52% achieved HCV RNA levels
< 50 IU/mL and 42% achieved levels < 15 IU/mL at week
2, while 81 and 71% achieved these levels at week 4 (RVR)
(Table 11). Consistent with the high barrier to resistance of
the three study drugs (balapiravir, PEG, and RBV), there was
no evidence for the selection of drug-resistant HCV variants
in this phase IIa study (PV18369/B), based on phenotyping
and sequencing, including clonal sequence analyses [61].

It is important to note that the assessment of virological re-
sponse in this study (PV18369/B) was affected at and beyond

week 4 of treatment by a substantial proportion of subjects
with protocol-defined dose modifications and temporal dis-
continuations of balapiravir, PEG, and/or RBV as a result
of laboratory abnormalities [65]. Although the combination
was generally well tolerated, decreases in red and white blood
cells and platelets were more pronounced in patients receiv-
ing balapiravir combinations than in those receiving the PEG
+ RBV combination. Of the subjects in the balapiravir +
PEG + RBV triple arm, 90% had dose modifications and
39% discontinued balapiravir before the end of the 4-week
dosing period, in the majority of cases as a result of grade 4
neutropenia [61,65]. The interpretation of virologic data at
week 4 and beyond is therefore complicated. After a further
dose-finding phase IIb study exploring various doses of bal-
apiravir and PEG in combination with RBV, it was eventually
decided to discontinue further development of balapiravir for
the treatment of HCV infection and to focus on other antiviral
candidates in development for this indication.

CONCLUSIONS

Balapiravir has demonstrated potent antiviral activity and
a high barrier to resistance in HCV-infected persons. The
antiviral performance of balapiravir, including plasma expo-
sure requirements for activity, prodrug conversion, metabolic
stability of R1479, and synergy with PEG and RBV, was

TABLE 11 Virological Response Rates with Balapiravir in Combination Therapya

R1626 1500 mg b.i.d +
PEG for 4 Weeks,

Followed by PEG + RBV
for 44 Weeks

R1626 3000 mg b.i.d. +
PEG for 4 Weeks,

Followed by PEG + RBV
for 44 Weeks

R1626 1500 mg b.i.d. +
PEG + RBV for 4 Weeks,
Followed by PEG + RBV

for 44 Weeks
PEG + RBV
for 48 Weeks

Week 2 (RVR2) 14% (3/21) 50% (16/32) 42% (13/31) 5% (1/20)
Week 4 (RVR4) 29% (6/21) 69% (22/32) 74% (23/31) 5% (1/20)
Week 48 (EOT) 52% (11/21) 66% (21/32) 81% (25/31) 60% (12/20)
Week 72 (SVR) 24% (5/21) 53% (17/32) 58% (18/31) 50% (10/20)

aVirological response defined as reduction of plasma HCV RNA to < 15 IU/mL, as determined by the Roche Cobas Taqman assay [61].
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well predicted from nonclinical data. The lipophilic prodrug
balapiravir effectively delivered R1479 to systemic circu-
lation after oral administration. The available nonclinical
and clinical data for balapiravir clearly indicate opportunities
for achieving improved performance with future nucleoside
analogs for this and other indications. To date, the possibil-
ity of designing more potent analogs of R1479 has already
been demonstrated [33,40,44]. Learning from delineating the
molecular mechanisms that may have led to the observation
of unexpected laboratory abnormalities with balapiravir will
also contribute to the design of safer, more potent generations
of nucleoside analogs.
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INTRODUCTION

Hepatitis C virus (HCV) is a single-stranded positive-sense
RNA virus and a member of the hepacivirus genus in the Fla-
viviridae family. Acute infection with HCV progresses into
chronic infection in approximately 80% of infected patients.
Chronic HCV infection is a major cause of liver cirrhosis and
hepatocellular carcinoma. There are approximately170 mil-
lion cases of chronic hepatitis C infections worldwide [1],
with 5 million people in Europe and 4 million people in
the United States chronically infected. The current treatment
for chronic hepatitis C is pegylated interferon α (IFN-α)
in combination with ribavirin. This regimen results in a
sustained antiviral response (SVR) in approximately 40 to
60% of patients treated [2,3]. However, SVRs in genotype
1–infected patients, the predominant genotype infecting pa-
tients in Western countries, is much lower than for patients
infected with other genotypes. Moreover, dose-limiting and
sometimes severe side effects, such as flulike symptoms, fa-
tigue, hemolytic anemia, and depression, may cause patients
to discontinue treatment. The suboptimal SVR rate, com-
bined with the a high prevalence of undesirable side effects
of interferon and ribavirin has prompted focused efforts to
develop antiviral therapies that specifically target HCV. As
our knowledge of the replication cycle of HCV and the pro-
teins involved increases, new opportunities for the discovery
and development of antiviral therapies are evolving.

The life cycle of the HCV (Fig. 1) can generally be de-
scribed by a series of steps, which include virus binding and
endocytosis into the host cell, fusion and uncoating of the
virion, translation and polyprotein processing, replication of
the viral RNA, virion assembly, and finally, transport and

release of a new viral particle [4]. To enable the virus repli-
cation process, the HCV genome codes for seven essential
nonstructural proteins. Each of these nonstructural proteins
is a potential target for direct-acting antiviral agents. One of
these targets, the NS5B RNA-dependent RNA polymerase
(RdRp), is particularly attractive for the development of a
nucleoside direct-acting antiviral.

HCV forms a membrane-associated replication complex
that is composed of the viral NS5B RNA-dependent RNA
polymerase, other viral proteins, viral RNA, and altered cel-
lular membranes. The NS5B enzyme is the key element of
this replication complex. NS5B, in concert with other non-
structural viral proteins, is responsible for replicating the
viral RNA chain. Viral RNA replication begins with the
synthesis of minus-strand RNA using plus-strand genomic
RNA as template. This is followed by subsequent rounds of
minus- and plus-strand RNA synthesis. NS5B catalyzes the
addition of nucleoside monophosphate building blocks to a
growing RNA chain that is a complementary copy of the ex-
isting RNA template strand. NS5B is known to be devoid of
a proofreading mechanism. Consequently, HCV RNA repli-
cation is a highly error-prone process, resulting in a high mu-
tation rate. Because of the high mutation rate, drug-resistant
variants would be expected to arise rapidly.

Since NS5B is required for HCV replication, it presents
an attractive therapeutic target. Significant efforts have been
devoted to the discovery and development of compounds that
target the HCV RdRp. A number of companies have focused
their drug discovery research on identifying compounds ei-
ther as allosteric inhibitors or nucleoside analog inhibitors
of HCV replication. Nucleoside analogs have long been the
cornerstone of therapy for the treatment of a number of viral
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diseases. The attractiveness of nucleosides as direct-acting
antiviral drugs has been demonstrated clearly by their de-
velopment for the treatment of HIV, HBV, and herpes virus,
among other viral diseases [5]. This attractiveness also re-
sults from a well-known development path and a large body
of knowledge available about associated toxicological sig-
nals related to nucleoside-based drugs.
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Because the HCV NS5B is an RNA-dependent RNA
polymerase, it requires ribonucleoside triphosphates for the
synthesis of its RNA genome. Unlike deoxyribonucleoside
analogs, where there is an extensive structure–activity re-
lationship (SAR), there is very little SAR surrounding ri-
bonucleoside analogs. Nevertheless, in recent years specific
nucleoside analog inhibitors of HCV have been identified,
and two general classes of nucleosides have progressed to
the clinical stage of development. These classes include the
2′-C-methyl chemotype represented by NM107 [6], PSI-
6130 [7], MK0608 [8], and PSI-7851 [9] and the 4′-azido
class of nucleosides represented by R1479 [10] (Fig. 2). To
date the 4′-azido class of agents has been associated with
hematological toxicity in the clinical setting [11]. NM107
and R1479 have not progressed clinically, due to significant
toxicological problems [11,12]. Currently, only the 2′-F-2′-
C-methyl nucleoside class remains in clinical development
for the treatment of HCV.

STRUCTURE–ACTIVITY RELATIONSHIP OF HCV
NUCLEOSIDE ANALOG INHIBITORS

The 2′-F-2′-C-methyl class of nucleosides represented by
PSI-6130 and its prodrug derivative RG7128 is unique among
nucleosides identified as inhibitors of HCV. The combination
of a 2′-β-C-methyl and 2′-α-F substituent has a profound im-
pact on the overall potency and safety profile of this class of
nucleosides relative to other nucleoside inhibitors of HCV. In
particular, the combination of a 2′-F and a 2′-methyl group
produced an unexpected activity and in vitro safety profile
relative to related 2′-substituted variations. It was shown that
2′-deoxycytidine nucleosides substituted with a fluorine atom
at the 2′-position in either the α or β position or both, as in
the case of gemcitibine, show nonspecific low-micromolar
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TABLE 1 Comparison of 2′-Substituted Nucleosides

Compound

HCV Activity
Replicon EC90

(µM) CloneA HepG2 BxPC3 CEM

Cytotoxicity (CC50, µM)
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inhibitory activity toward HCV in the subgenomic replicon
assay (Table 1) [13]. However, further investigation showed
these fluorine-substituted nucleosides to be substantially cy-
totoxic when assayed against a panel of cell lines. In addition,
in the case of the deoxycytidine nucleoside containing a 2′-
β-methyl substitution, HCV inhibitory activity is observed,
but again, this compound was shown to be cytotoxic at lev-
els at which its activity is demonstrated. However, when the
fluorine and methyl substitutions are combined at 2′ with the
α-F and β-methyl configuration, one obtains a compound (β-
d-2′-Deoxy-2′-fluoro-2′-C-methylcytidine; PSI-6130) that is
a potent and specific inhibitor of HCV and demonstrates
no cytotoxicity in vitro. The finding that one can combine
two moieties, which each alone imparts a cytotoxic character
to the molecule, and produce a compound that has a clean
overall cytotoxicity profile demonstrates the unique charac-
teristics of the 2′-F-2′-C-methyl substitution [14].

The uniqueness of the 2′-F-2′-C-methyl-substituted nu-
cleoside PSI-6130 is also evident when comparing it to other
nucleosides reported to be inhibitors of HCV RNA synthe-
sis. A comparison with the 2′-C-methyl ribose nucleosides
NM107 and MK0608 shows that PSI-6130 is about fivefold
more potent than its direct 2′-hydroxyl analog NM107 and
equipotent to the adenosine derivative MK0608 (Table 2).
Equally striking is that PSI-6130 has a more favorable cyto-
toxicity profile than either of the other 2′-C-methyl deriva-
tives. Similarly, when compared to the 4′-azido nucleoside
R1479, PSI-6130 demonstrates improved potency and a pre-
ferred cytotoxicity profile [15].

Further understanding of the characteristics associated
with the 2′-C-methyl-2′-F class of nucleosides was devel-
oped through an extensive structure–activity analysis. This
analysis varied the nature of the substituents at 3′ and
4′ and the nature of the nuclear base in addition to the

TABLE 2 Comparison of Nucleoside Inhibitors for HCV

Cytotoxicity (CC50, µM)

Compound

HCV Activity
Replicon EC90

(µM) CloneA Huh7 HepG2 CEM PBM

PSI-6130 (2′-F, 2′-C-Me-C) 4.6 ± 2.0 >100 >100 >100 >100 >100
NM107 (2′-C-Me-C) 21.9 ± 4.3 >100 >100 >100 29.4 24.5
MK0608 (2′-C-Me-A) 2.1 ± 0.27 30.5 50.2 31.2 >100 >100
R1479 (4′-N3-C) 17.5 ± 7.6 >100 >100 >100 5
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preparation of a carbocyclic version of the ribose moiety,
replacing the ring oxygen with carbon (Fig. 3A). Since it
was demonstrated that no substitution at the 3′-position other
than α-hydroxy was tolerated, a 3′-hydroxyl group, is there-
fore critical for activity. In addition, no 4′-substitutions were
shown to be compatible with the 2′-C-methyl-2′-F substitu-
tion and the ribose ring oxygen could not be replaced with
a carbon atom [15,16]. Replacing the cytidine base of PSI-
6130 with modified pyrimidine bases afforded no nucleoside
analog with HCV inhibitory activity that was superior to
PSI-6130. Replacement of the cytidine base with a purine
led to compounds that were at best 20-fold less active than
PSI-6130 [17].

Structure–activity relationship (SAR) exploration at the
2′-position, while maintaining the rest of the structure of
PSI-6130 intact, further highlighted the uniqueness of the 2′-
C-methyl-2′-F class of nucleosides (Fig. 3B). It was shown
that one can replace the 2′-C-methyl substituent with a CH2F
group, but addition of any additional steric character (ethyl,
ethynyl) is not tolerated. In the α position, F is the preferred
substituent; however, as shown with NM107, hydroxyl is
only slightly less active, but other substitutions (Cl, NH2, N3,
CH3) are not compatible with activity for HCV [15]. Based
on the SAR data, it is clear that the 2′-C-methyl-2′-F class of
nucleosides maintains little flexibility regarding substituent
modifications to support potent HCV inhibitory activity. This
finding clearly sets this class of nucleosides apart from its 2′-
C-methyl ribose cousin, which seems to tolerate a number of
modifications, at least at the base moiety.

ANTIVIRAL ACTIVITY, SPECIFICITY, AND
SELECTIVITY OF PSI-6130

For many years HCV drug discovery was hampered by the
lack of cell-based HCV assay systems to test compounds.
The development of the HCV replicon was a milestone in
HCV research and HCV antiviral drug discovery. Prior to
development of the HCV replicon, surrogate viruses such as
bovine diarrhea virus (BVDV) or yellow fever virus (YFV)
were used to screen for compounds that might be active
against HCV. Instead of using a surrogate virus for assaying
compounds for anti-HCV activity, PSI-6130 was tested using
a subgenomic or a full-length HCV replicon. EC90 values of
4.6 ± 2.0 µM and 1.6 ± 0.6 µM were obtained for PSI-6130
with the subgenomic [14] and full-length [14] replicon, re-
spectively. Interestingly, when PSI-6130 was tested for activ-
ity using other members of the Flaviviridae family, including
BVDV, little or no antiviral activity was observed [14]. This
modest activity or lack of activity against other members of
the flavivirus family, as well as HIV and HBV, suggests that
PSI-6130, unlike 2′-C-MeC and 2′-C-MeA, is a specific in-
hibitor of HCV. The lack of significant antiviral activity seen
with other flaviviruses could be due either to an inability of
certain cells e.g., MDBK cells to phosphorylate PSI-6130, or
alternatively, the RdRp of these viruses might be less suscep-
tible to inhibition by the 5′-triphosphate of PSI-6130. Since
the differential activity of PSI-6130 extends to a number of
flaviviruses in different cell lines, it is more likely a result
of target sensitivity brought about by the dual substitution of
methyl and fluorine at the 2′ position than a result of levels
of phosphorylation.

Studies performed to assess the cytotoxicity of PSI-6130
using several different cell types, including human bone mar-
row progenitor cells, indicated that no cytotoxicity or mito-
chondrial toxicity was associated with PSI-6130 at physio-
logically relevant concentrations [14].

MECHANISM OF ACTION OF PSI-6130

Activation Pathway of PSI-6130

For nucleoside analogs to be active, they must first be phos-
phorylated to an active 5′-triphosphate. Figure 4 summa-
rizes the metabolic pathway of PSI-6130. The first step in
the activation of PSI-6130 involves the phosphorylation of
the compound to the 5′-monophosphate (PSI-6130-MP) by
cellular deoxycytidine kinase [18]. Subsequent phosphoryla-
tion to the corresponding 5′-di- (PSI-6130-DP) and triphos-
phate (PSI-6130-TP) is catalyzed by UMP-CMP kinase
(YMPK) and nucleoside diphosphate kinase (NDPK), re-
spectively [18]. Cell metabolism studies in which cells were
incubated with [3H]PSI-6130 revealed that in addition to the
presence of the mono-, di-, and triphosphates of PSI-6130, the
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mono-, di-, and triphosphates of the uridine metabolite were
also formed in cells [18–20]. Although PSI-6130 can be
deaminated to the corresponding uridine congener, the uri-
dine analog is inactive in the replicon assay because it can-
not be phosphorylated to the corresponding 5′-monophos-
phate and subsequently to the active triphosphate [19].
Instead, it was found that the pathway to the uridine triphos-
phate involved deamination of PSI-6130-MP to the uri-
dine monophosphate congener by deoxycytidylate deami-
nase [19]. Subsequent phosphorylation to the corresponding
di- and triphosphate was catalyzed by YMPK and NDPK,
respectively.

The intracellular stability of PSI-6130-TP and the uri-
dine congener was determined in primary human hepato-
cytes [20]. Following the removal of extracellular PSI-6130,
the level of PSI-6130-TP remained constant for up to 1 h,
whereupon PSI-6130-TP levels decreased following single-
phase exponential decay kinetics. A mean half-life of 4.7 ±
0.6 h was determined for PSI-6130-TP. In contrast, the
triphosphate of the uridine congener reached steady state
1 to 2 h after removal of PSI-6130 and remained at steady-
state for approximately 6 h. Compared with PSI-6130-TP,
the half-life for the uridine triphosphate was longer (mean
half-life = 38.1 ± 16.1 h).

Inhibition of the HCV NS5B RNA–Dependent RNA
Polymerase

The inhibition of HCV RNA dependent RNA–polymerase
(RdRp) activity by PSI-6130-TP and the uridine triphosphate
congener were studied in vitro using membrane-associated

subcellular fractions containing replication complexes (repli-
case assay) or purified NS5B [18–20]. Both triphosphates
were potent inhibitors of HCV RNA synthesis. PSI-6130-TP
inhibited HCV RNA synthesis in the HCV replicase assay
with a mean IC50 value of 0.34 µM, whereas the uridine
triphosphate congener inhibited the replicase with a mean
IC50 of 1.19 µM [20]. In two separate studies using purified
NS5B, Ki values were determined for PSI-6130-TP and the
uridine triphosphate congener using a heteropolymeric tem-
plate derived from either the 3′-end of the minus strand of
the HCV genome or the minus strand of the HCV internal
ribosomal entry site [18–20]. The Ki value for PSI-6130-TP
and the uridine triphosphate were 0.023 and 0.141 µM, re-
spectively, when the 3′-end of the minus strand of the HCV
genome was used as a template [20]. Using the minus strand
of the HCV internal ribosomal entry site as template, the Ki

value for PSI-6130-TP was determined to be 0.059 ± 0.011
µM and for the uridine triphosphate 0.42 ± 0.04 µM [18,19].
Studies to further elucidate the molecular mechanism of ac-
tion of inhibition of the HCV RdRp demonstrated that both
PSI-6130 and the uridine congener were incorporated into an
elongating RNA chain by the enzyme [18,20]. Incorporation
into the growing RNA chain prevented further elongation.
Consequently, both molecules are considered to be nonobli-
gate chain terminators.

RESISTANCE

In replicon cells, nucleoside analog inhibitors of HCV with
the 2′-C-modification, including NM107, MK-0608, and
2-C-methyladenosine, selected the NS5B S282T mutation
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which resides within the active site of the polymerase [21,22].
In replicon assays, the presence of this mutation resulted in
as much as a 20- to 100-fold reduction in sensitivity to these
compounds [21,22]. However, the S282T mutation provoked
only a 2.4- to 6-fold loss of activity for PSI-6130 in the
replicon assay [23]. In vitro resistance selection studies per-
formed by Ali et al. [23] demonstrated that PSI-6130 se-
lected for the S282T mutation. However, this selection re-
quired long-term passage in the presence of PSI-6130 and
that the emergence of the S282T mutation be accompanied
by a number of co-selected mutations. Replicons containing
the S282T mutation have a significant reduction in their repli-
cation fitness and certain combinations of the co-selected
mutations appear to somewhat enhance the replication fit-
ness of a S282T-containing mutant replicon. The ability of
PSI-6130-TP and the uridine triphosphate to inhibit NS5B
is reduced 7.5- fold and 23.7-fold, respectively, when the
S282T mutation is present [19]. These results suggest that
the presence of the 2′fluoro substitution, in conjunction with
the 2′-methyl moiety on the ribose, may alter the interaction
of PSI-6130-TP with wild-type polymerase and polymerase
containing the S282T mutation, such that the loss of activity
conferred by this mutation is modest (3- to 7.5-fold) com-
pared to that of the uridine triphosphate congener (∼20-fold)
and other 2′-C-methyl analogs.

PRODRUG STRATEGY

With the unique and surprising characteristics of the 2′-F -
2′-C-methyl class of nucleosides and the clear superiority of
PSI-6130 relative to other nucleosides being developed for
the treatment of HCV, PSI-6130 was advanced into phase I
clinical development. However, it was shown that when PSI-
6130 was dosed orally, a certain percentage of it was me-
tabolized to the inactive uridine derivative [19]. Biochemical
studies revealed that PSI-6130 was deaminated to the uridine
congener by human cytidine deaminase [19]. To compound
the issue, the oral bioavailability of PSI-6130 was determined
to be less than 25%. The low bioavailability in conjunction
with the production of an inactive metabolite posed signifi-
cant challenges for achieving sufficient therapeutic levels of
active drug. To overcome these challenges, it was hypothe-
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sized that a prodrug approach would deliver greater exposure
of the parent nucleoside and reduce the metabolism to the in-
active uridine metabolite.

Identification of a suitable prodrug for PSI-6130 required
the development of a compound that maintained stability in
the gastrointestinal tract, was efficiently absorbed, and was
released as the parent drug once the prodrug reached the
systemic circulation. For PSI-6130 there were three sites on
the molecule onto which a prodrug moiety could be attached
(Fig. 5): the 3′- and 5′-hydroxyl groups and the N4 amino
group on the cytidine base. A variety of prodrug derivatives
were investigated, including esters and carbonates at the 3′-
and/or 5′-hydroxyl and amides, carbonates, or ureas at the
N4 amino group of the base. The 3′- and/or 5′-ester or car-
bonate prodrugs provided the best overall prodrug profile
(Table 3). Ultimately, the 3′,5′-diisobutyrate ester prodrug of
PSI-6130, RG7128, demonstrated the characteristics desired
for the prodrug approach. RG7128 was subsequently ad-
vanced into clinical evaluation for the treatment of HCV.

Synthesis of the 2′-F- 2′-C-methyl-nucleoside and
Prodrug

The synthesis of a 2′-C-methyl-2′-F nucleoside posed sub-
stantial challenges, especially as it related to the preparation
of sufficient quantities of compound to support preclinical
and clinical development efforts. For this class of nucleo-
sides, the challenge was twofold. The first challenge focused
on the introduction of the unique 2′-β-methyl-2′-α-F func-
tional array, and the second focused on introduction of the
base in the preferred β-configuration. The original medicinal
chemistry synthesis (Scheme 1) started with a preconstructed

TABLE 3 Comparison of Properties of Prodrug R7128 to Parent Nucleoside PSI-6130a

Compound
EC90 (µM),

CloneA CC50 (µM)

Stability SGF
(pH 1.2), t1/2

(h), 37oC

Stability SIF
(pH 7.4), t1/2 (h)

37oC

Caco2 Papp
× 10−6

(cm/s)

Rat PK 10 mg/kg
AUC0-24 (µg/mL·h)
and Cmax (µg/mL)

PSI-6130 3.03 >100 >20 >20 0.21 AUC(parent) = 2.97,
Cmax = 0.6

R7128 2.5 >100 25 36 6.4 AUC(parent) = 16.17,
Cmax = 1.86

aSGF, simulated gastric fluid; SIF, simulated intestinal fluid.
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β-nucleoside, cytidine, and introduced the 2′-substituents
first by oxidation of the 2′-hydroxyl group to the ketone
and methylation to produce the intermediate 2′-β-hydroxy-
2′-α-C-methylcytidine nucleoside [7]. The key step was then
accomplished using DAST fluorination to introduce the 2′-
α-F group through stereochemical inversion. However, this
approach suffered from a very low-yielding DAST fluorina-
tion step, the significant formation of several side products,
a difficult chromatography, and an overall yield of 3%. A re-
work of the synthesis was required to improve overall yield,
eliminate costly chromatography steps, and improve stereo-
chemical efficiency.
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SCHEME 2

Ultimately, the approach taken envisioned preparation of
a chiral ribonolactone onto which was appended the cytidine
base via a Verbruggen-like coupling on the activated lactol
(Scheme 2) [24]. The lactone was prepared from isopropy-
lidene protected d-glyceraldehyde from which the desired
chirality of the lactone was translated. This aldehyde was
converted to the chiral diol intermediate without the use of
chiral oxidizing agents. Regio- and stereoselective introduc-
tion of the key fluorine group was accomplished via opening
of a cyclic sulfate with a nucleophilic fluoride reagent. Sub-
sequent acid mediated lactonization and protection gave the
desired lactone (Scheme 3).
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SCHEME 3 Reagents: (a) (i) Ph3PC(Me)CO2Et, DCM, −40◦C, (ii) KMnO4, acetone, 0◦C; (b) (i) SOCl2,TEA, DCM/0◦C, (ii) aquous
NaOCl, TEMPO NaHCO3, MeCN, 0◦C; (c) (i) TEAF, dioxane, 100◦C, (ii) concentrated HCl, dioxane, room temp; (d) (i) EtOH, concentrated
HCl, room temprature, (ii) Benzoyl chloride, pyridine, room temprature.
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SCHEME 4 Reagents: (a) (i) Li(O-tBu)3AlH, THF, −20◦C, (ii) Ac2O, DMAP, −20◦C; (b) (i) N-benzoyl-O-TMS cytosine, SnCl4, PhCl,
65◦C, (ii) NH3, MeOH, room temperature; (c) isobutyryl chloride, DMAP, THF, DEA, 0◦C.

With the chiral lactone in hand, the next significant hur-
dle was to couple the nucleobase to the ribonolactone. This
was accomplished by reduction to the lactol and coupling a
protected cytosine base with the activated lactol using SnCl4
to give a highly favorable 4 : 1 β/α anomeric ratio. Depro-
tection and bisacylation gave R7128 the diisobutyryl ester
prodrug of PSI-6130 (Scheme 4) [24,25]. This approach pro-
vided R7128 in 20% overall yield without the use of chro-
matographic steps and was sufficient to provide kilogram
quantities to support clinical development efforts.

RG7128 CLINICAL STUDIES

RG7128 has been studied in a single ascending-dose proto-
col, a 14-day multiple ascending-dose monotherapy proto-
col, and a 28-day combination with interferon and ribavirin
protocol in a total of 108 individuals. In all studies to date,
RG7128 was well tolerated, with no drug-related discontin-
uations. Adverse events with RG7128 were generally mild
to moderate and were not significantly different from those
with placebo.

Multiple Ascending Dose Studies in HCV Genotype
1–Infected Subjects

A 14-day monotherapy study was conducted in 40 HCV
genotype 1–infected patients who had previously failed an

interferon-based therapeutic regimen. Once daily (q.d.) doses
of 750 or 1500 mg, and twice-daily (b.i.d.) doses of 750 or
1500 mg were tested. All regimens resulted in significant
reductions in HCV RNA in a dose-dependent manner. Ta-
ble 4 shows the mean log10 decline in plasma HCV RNA
in all RG7128 treatment groups. The decline occurred in a
dose-dependent manner and reached nadir values at day 15,
suggesting the potential for further viral suppression with
continued therapy and a low potential for escape mutations
during early dosing. The decrease in HCV RNA from base-
line in the highest cohort, 1500 mg b.i.d., ranged from −1.2 to
−4.2 log10 IU/mL. One subject’s HCV RNA was suppressed
below the limit of detection, 15 IU/mL [26,27].

Sequence analysis of patient samples was performed us-
ing both populations sequencing as well as clonal analysis.
No mutations were identified that could be associated with
a resistant phenotype. In particular, no NS5B S282T vari-
ants previously identified by in vitro replicon selection to
have reduced susceptibility to PSI-6130 and RG7128 were
detected [28].

28-Day Combination Study with R7128 Added to
Pegasys and Copegus in HCV genotype 1–Infected
Treatment-Naive Subjects

A 28-day study comparing BID dosing of RG7128 at 500,
1000, and 1500 mg added onto standard of care (Pegasys
and Copegus) to standard of care (SoC) alone was conducted

TABLE 4 Mean Plasma HCV RNA (log10 Copies/mL) Change from Baseline

Placebo 750 mg q.d. 1500 mg q.d. 750 mg b.i.d. 1500 mg b.i.d.

Number of subjects 8 8 8 9 7
Mean log10 change on day 15 −0.19 −0.90 −1.48 −2.12 −2.67
Range 0.1 to − 0.4 −0.3 to − 1.4 −0.8 to − 2.3 −1.7 to − 3.5 −1.2 to − 4.2
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TABLE 5 Antiviral Effects of R7128 After 28 Days of Therapy

SoCa 500 mg b.i.d. + SoC 1000 mg b.i.d. + SoC 1500 mg b.i.d. + SoC

Number of subjects 15 20 25 20
Mean Log10 change on

day 29
−2.85 −3.86 5.05 −5.09

Percent subjects with
HCV RNA <15 IU

20 32 92 89

aSoC, Pegasys + Copegus.

in treatment-naive HCV genotype 1 subjects. All doses were
well tolerated, with no dose-defining adverse events reported.
Adverse events at all doses of RG7128 were similar to those
reported for interferon and ribavirin alone. The effects on
mean HCV RNA levels are shown in Table 5. The antiviral
effects were essentially identical at the two higher doses,
and substantially less at the 500-mg dose level. Maximum
reductions were seen at both the 1000- and 1500-mg dosage
levels, with mean HCV RNA dropping by approximately 5
log10. More important, after 28 days of RG7128 plus SoC, 30,
88, and 85% in the 500-, 1000-, and 1500-mg b.i.d. groups,
respectively, had reached RVR (rapid virological response),
defined as the proportion of patients with HCV RNA below
the limit of detection after 28 days of treatment) vs. 20% of
the SoC patients [29].

A phenotypic and sequence assessment of resistance se-
lection to RG7128 was performed as part of this combination
study. Phenotypic and sequence analysis were performed on
NS5B clinical isolates to monitor for the development of viral
resistance in vivo. Sequence analysis of the entire NS5B cod-
ing region from all baseline samples showed no preexisting
resistance mutation S282T and no common amino acid sub-
stitution across the patients treated with RG7128 that could
be a predictor of response to treatment. Phenotypic charac-
terization of the NS5B clinical isolates obtained from these
patients showed that susceptibility to RG7128 and to inter-
feron was similar before and at the end of treatment. These
data show the lack of selection of resistance to RG7128 in
HCV genotype 1 after 4 weeks of treatment with RG7128 in
combination with SoC [30].

28-Day Combination Study with RG7128 Added to SoC
in HCV Genotype 2 or 3–Infected Subjects Who Had
Failed Previous Interferon-Based Treatment

A 28-day study comparing b.i.d. dosing of RG7128 at
1500 mg added to SoC with SoC alone was conducted in
HCV genotype 2 or 3 subjects who were nonresponders to
prior interferon-based treatment. As was observed in geno-
type 1 subjects, 1500 mg b.i.d. was well tolerated with no
dose-defining adverse events reported. Adverse events in
both groups were similar and similar to those commonly re-
ported for interferon and ribavirin alone. Following 28 days

of therapy, the combination of RG7128 plus SoC resulted in
a 5.03 log10 decrease from baseline in plasma HCV RNA, vs.
a 3.26 log10 decrease from baseline in patients who received
SoC alone. Higher rates of RVR were seen in the RG7128
1500 mg b.i.d. plus SoC treatment group vs. SoC only group,
with 40% (2 of 5) of SoC patients achieving RVR vs. 90%
(18 of 20) in the RG7128 1500 mg b.i.d. plus SoC group [31].

As with HCV genotype 1–infected subjects, a phenotypic
and sequence assessment of resistance selection to RG7128
was performed as part of this combination study in HCV
genotype 2 and 3–infected subjects. Sequence analysis of
the entire NS5B coding region from all baseline samples
showed no preexisting resistance mutation S282T and no
common amino acid substitution across the patients treated
with RG7128 that could be a predictor of response to treat-
ment. Phenotypic characterization of the NS5B clinical iso-
lates obtained from these patients showed that susceptibility
to RG7128 and to interferon was similar before and at the
end of treatment. These data show the lack of selection of
resistance to RG7128 in HCV genotype 2 or 3 after 4 weeks
of treatment with RG7128 in combination with SoC [30].
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INTRODUCTION

Over 170 million people, or about 3% of the world pop-
ulation, are infected with hepatitis C virus (HCV), which
results in a significant global health burden. Up to 80%
of patients will develop chronic liver diseases, which may
eventually progress to cirrhosis, liver failure, or hepatocellu-
lar carcinoma. Chronic HCV infection is the leading cause
of liver cancer and liver transplant in the United States,
Europe, and Japan. Unfortunately, the current standard of
care for HCV infection, pegylated interferon α (PEG IFN-
α) in combination with ribavirin, is suboptimal. Less than
50% of patients infected with genotype 1 virus, the most
widely distributed HCV genotype, can be treated success-
fully. Moreover, many patients cannot receive or tolerate
the 24 to 48 weeks of interferon-based therapy, due to con-
traindication or side effects. Interferon is associated with flu-
like symptoms (fever and fatigue), hematologic complica-
tions (leukopenia, thrombocytopenia), and neuropsychiatric
issues (depression, insomnia). Ribavirin causes hemolytic
anemia and is teratogenic. Consequently, the majority of
HCV patients are not being treated with the current stan-
dard of care. More effective and better tolerated therapies are
greatly needed.

HCV is a 9.6-kb, positive-sense, single-stranded RNA
virus. It encodes a large single open reading frame corre-
sponding to a polyprotein precursor of about 3000 amino
acids, which is proteolytically processed by cellular signal
peptidases and viral proteases into 10 individual proteins,
in the order C–E1–E2–p7–NS2–NS3–NS4A–NS4B–NS5A–
NS5B. Drug discovery efforts have been focused mainly on

two viral proteins, the NS3-4A serine protease and the NS5B
RNA-dependent RNA polymerase, not only because they
are essential for viral replication but also because they have
well-defined enzymatic functions and are considered highly
druggable targets. Significant progress has been made over
the last 10 years in identifying potent and selective inhibitors
of NS3 and NS5B, which are described in other chapters
of this book. The most advanced NS3 and NS5B inhibitors
have shown promising antiviral efficacy in HCV patients and
are currently in clinical development. On the other hand, it
has also become apparent that such an approach may not be
sufficient, as resistance can develop quickly both in vitro and
in patients, compromising the effectiveness of these viral-
specific inhibitors. This is because HCV, an RNA virus,
has a low-fidelity polymerase, resulting in an error-prone
replication of viral genome. Combined with the fact that
HCV also has a high replication rate and typically a high
viral load in patients, resistant virus with specific mutations
in the targeted regions of viral genes can be selected and
accumulated rapidly during antiviral therapy. To address this
issue, an alternative and complementary strategy is to target
host factors that are also required for viral replication. It is
postulated that a host factor inhibitor may have the advantage
of creating a higher genetic barrier to resistance and can be
used in combination with viral-specific inhibitors. NIM811, a
cyclophilin inhibitor with anti-HCV activity, represents such
an approach.

Cyclophilins are a family of highly conserved cellular
proteins with peptidyl-prolyl cis-trans isomerase (PPIase)
activity. There are at least 16 human cyclophilins local-
ized in various subcellular compartments with different

Antiviral Drugs: From Basic Discovery Through Clinical Trials, First Edition. Edited by Wieslaw M. Kazmierski.
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317



P1: TIX/XYZ P2: ABC
JWBS061-22 JWBS061-Kazmierski May 24, 2011 14:44 Printer Name: Yet to Come

318 DISCOVERY OF CYCLOPHILIN INHIBITOR NIM811 AS A NOVEL THERAPEUTIC AGENT FOR HCV

functions [1]. Cyclophilin A (CypA) was first reported by
Handschumacher et al. as the cytosolic-binding protein for
cyclosporin A (CsA) [2], a potent immunosuppressive drug to
prevent graft rejection in patients receiving organ transplant.
It was later confirmed to be the same protein as a PPIase that
had previously been identified [3–5]. The immunosuppres-
sive activity of CsA is mediated through its binding to CypA
but is independent of the PPIase function of CypA, as CsA is
still capable of interacting with enzymatically inactive CypA
and inhibiting calcineurin [6]. The other cyclophilins have
different subcellular localization and are involved in differ-
ent cellular processes. For example, CypB and CypC have
N-terminal signal peptide sequences that anchor them to the
ER, and both can be secreted. CypD is localized in the mi-
tochondria and regulates mitochondria transition pore. CypE
is in the nucleus and regulates mRNA splicing.

Besides immunosuppressive function, CsA also has anti-
inflammatory activity and has been used for the treatment of
psoriasis and ulcerative colitis. While investigating the ability
of CsA to suppress inflammation associated with viral hep-
atitis in HCV patients, Inoue et al. surprisingly found that
the combination of CsA and IFN-α2b resulted in a signifi-
cantly improved antiviral response than IFN-α2b alone [7].
In a controlled trial comparing patients treated with a stan-
dard dose of IFN-α2b (10 MU daily for 4 weeks followed by
three times weekly for 20 weeks) alone vs. patients receiving
an additional 200 mg/day of CsA in four divided doses for
the first 4 weeks followed by 100 mg/day in four divided
doses for 20 weeks, the sustained virological response rate
was significantly (p = 0.01) higher in the CsA plus IFN-α2b
combination group (42/76) than in the IFN-α2b monother-
apy group (14/44). The difference was even more remarkable
in patients with genotype 1 virus and viral load of > 100,000
copies/mL, 16/38 in the combination group vs. 1/21 in the
monotherapy group (p = 0.006). The side effects of the two
groups were similar.

Although it had been reported previously that CsA has in-
hibitory activities against a number of viruses, such as HIV,
HSV, VSV, and HBV [8–14], it was not clear whether CsA

had any direct antiviral effect on HCV or simply enhanced
the activity of IFN-α through an unknown mechanism. Us-
ing a newly developed HCV replicon cell culture system,
Watashi et al. first demonstrated that CsA suppressed HCV
replication directly in vitro [15]. Interestingly, another cal-
cineurin inhibitor (FK-506), whose immunosuppressive ac-
tivity is mediated by FKBP rather than cyclophilin, did not
inhibit HCV, suggesting that the anti-HCV activity of CsA is
mediated by cyclophilin but not calcineurin. In addition, the
effect of CsA was not related to IFN-α-induced signal trans-
duction pathway as the levels of 2′,5′-oligoadenylate (2′,5′-
OAS) and double-stranded RNA-dependent protein kinase
(PKR) were not affected. These findings were confirmed by
Nakagawa et al. in an independent study using a different
HCV replicon cell line [16].

Although it was very interesting to discover the anti-HCV
activity of CsA, there are obvious concerns about using such
a highly immunosuppressive drug to treat a chronic infec-
tion. Therefore, it is important to understand the mechanism
of the antiviral effect of CsA and determine whether it can be
separated from the immunosuppressive function of the com-
pound. Fortunately, following the initial discovery of CsA, a
number of different cyclosporin analogs have been identified
over years of research at Sandoz (merged with Ciba-Geigy
in 1996 to form Novartis). Some of these compounds have
very different properties in terms of cyclophilin binding and
immunosuppression and were selected to examine for their
activity in inhibiting HCV replication in the in vitro replicon
system. As shown in Table 1, there was a very good correla-
tion between the HCV-inhibitory activity of these compounds
and their cyclophilin-binding activity, but not with the im-
munosuppressive function [17].

The more direct evidence confirming the role of cy-
clophilins in HCV replication came from the siRNA ex-
periment: siRNAs specifically knocking down the level of
individual cyclophilins in the replicon cells led to a strong
inhibition of HCV replication [15,16]. However, there has
been some discrepancy on which cyclophilins are involved.
Watashi et al. reported that CypB but not CypA was required

TABLE 1 The HCV-Inhibitory Activities of Various Cyclosporin Analogs Correlated with
Their Cyclophilin-Binding Affinities but Not Immunosuppressive Activities

Fold Increase of EC50 Over CsA

Compound
HCV Replicon

EC50 (µM)
Replicon
Inhibition

CypA
Binding

Immuno-
suppression

[MeIle4]Cs (NIM811) 0.10 0.22 0.59 > 1700
[O-Acetyl-d-MeSer3]Cs 0.14 0.31 0.75 2.4
[MeVal4]Cs 0.15 0.33 0.54 > 2500
CsA 0.45 1 1 1
[D-Lys8]Cs 2.07 4.60 2.6 150
[MeAla10]Cs 8.48 18.84 26 15
[O-Acetyl-MeBmt1]Cs >10 > 22 > 97 270
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for HCV replication through its interaction with NS5B [18].
This finding was confirmed by Heck et al., who demonstrated
further that CypB stimulated RNA synthesis by NS5B in vitro
but that the PPIase activity of CypB was not required for this
function [19]. In contrast, Yang et al. suggested that CypA
was the main mediator of HCV replication [20], and further-
more, Liu et al. and Chatterji et al. reported that the PPIase
activity of CypA was essential [21,22]. Drug resistance anal-
ysis revealed that mutations in both NS5A and NS5B may
contribute resistance to CsA in vitro [23,24]. Moreover, Hon-
oulle et al. observed a direct interaction between domain 2 of
NS5A and both CypA and CypB and showed that NS5A do-
main 2 was a substrate of both CypA and CypB PPIases [25].
So it remains to be confirmed whether the anti-HCV activity
of cyclophilin inhibitors is mediated primarily by CypA or
CypB or both, and whether NS5A or NS5B or both are in-
volved. Different cellular systems and assay conditions used
by various groups could have contributed to the different
findings in these studies. It is quite possible that multiple
cyclophilins are involved in HCV replication [26,27] and
that both NS5A and NS5B may interact directly or indirectly
with cyclophilins, since they are both present in the HCV
replication complex.

DISCOVERY

The discovery of NIM811 ([MeIle4]Cs) was an accident.
In 1985, prompted by the finding of high immunosuppres-
sive activity with [d-Ser8]Cs, Traber et al. at then Sandoz
Pharma made an attempt to prepare [d-Thr8]Cs by adding
d-threonine to the fermentation medium of Tolypocladium
niveum, the fungus strain producing cyclosporin A (CsA).
Surprisingly, although the desired compound was not syn-
thesized, a novel cyclosporin analog was obtained as a mi-
nor product in the fermentation, which was later designated
SDZ-NIM811 [28]. Subsequent structural elucidation re-
vealed that the only difference between NIM811 and CsA

was that the methylleucine group at position 4 of CsA was
replaced by a methylisoleucine in NIM811 (Fig. 1). Interest-
ingly, it turned out that such a small chemical modification
in the compound causes a significant change in its biological
activity.

It has been well established that CsA exerts its im-
munosuppressive function primarily through its interaction
with CypA. The CsA–CypA complex binds to calcium and
calmodulin-dependent phosphatase calcineurin (Cn) [29],
which inhibits dephosphorylation and nuclear translocation
of the nuclear factor of activated T-cell (NFAT) and thus
blocks T-cell receptor-mediated cytokine transcription and
T-cell activation [30,31]. The key interactions among CsA,
CypA, and Cn are illustrated in their co-crystal structure
shown in Fig. 2A and B [32,33]. While the methyl leucine
group at position 4 (MeLeu4) of CsA does not play any role
in its binding to CypA, it is critical for the interaction of CsA
with the two subunits of calcineurin (CnA and CnB). Specifi-
cally, the side chain of MeLeu4 of CsA fits into a hydrophobic
pocket defined by the aromatic rings of Trp352 and Phe356 of
CnA and the backbones and Cβ atoms of Ser353 of CnA and
Met118 and Val119 of CnB. The change of MeLeu4 to MeIle4

in NIM811 does not affect its binding to cyclophilin, as il-
lustrated in the co-crystal structure of NIM811-CypA shown
in Figure 1C and D [34]. In fact, NIM811 exhibits two- to
fivefold higher binding affinity to various cyclophilins than
to CsA, as shown in Table 2 [35]. However, the change of
MeLeu4 at the recognition site of calcineurin to MeIle4 essen-
tially blocks the binding of the compound to calcineurin and
abolishes its ability to induce calcineurin-mediated immuno-
suppression [9,35]. In a two-way murine mixed-lymphocyte
reaction assay, NIM811 was inactive at 1.2 µg/mL, while
the IC50 of CsA was 0.008 µg/mL. In addition, NIM811
failed to inhibit the activation of IL-2 promoter in a reporter-
based assay at up to 10 µg/mL, whereas the IC50 of CsA
was 0.003 µg/mL. The lack of immunosuppressive activity
with NIM811 has also been demonstrated in several animal
models [36].
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TABLE 2 Binding Affinity (nM) of NIM811 and CsA to Vari-
ous Cyclophilins as Determined by Surface Plasmon Resonance

Compound CypA CypB CypC

NIM811 6.14 2.23 10.8
CsA 24.7 7.96 52.6

Source: [35].

NIM811 was initially considered as a potential candidate
for HIV-1 therapy. It potently inhibited a number of labora-
tory strains and clinical isolates of HIV-1 in primary T4 lym-
phocytes and monocytes with IC50s of 0.011 to 0.057 µg/mL
[36]. The mechanism of NIM811 against HIV-1 has also been
well characterized. The p24gag protein of HIV-1 binds specif-
ically to CypA, which not only is required for viral replica-
tion and but also gets incorporated into the virions [37–39].
NIM811 blocks the interaction of HIV-1 Gag and CypA and
interferes with viral replication through both inhibiting the
translocation of pre-integration complexes into the nucleus
and reducing infectious viral particles [9,40]. NIM811 is
orally bioavailable and has a pharmacokinetic profile sim-
ilar to that of CsA in mouse, rat, dog, and monkey [36].
Moreover, the compound appears to differentiae from CsA
in terms of nephrotoxicity potential, possibly due to the lack
of calcineurin inhibition.

Following the discovery of anti-HCV activity of CsA,
NIM811 was immediately considered as an attractive drug
development candidate because of its lack of calcineurin-
mediated immunosuppressive activity and a favorable phar-
macokinetics profile. The anti-HCV activity of the com-
pound was first confirmed and characterized in vitro. NIM811
showed a concentration-dependent inhibition of HCV repli-
cation with EC50 values of 0.1 to 0.6 µM in various replicon
clones following a 48-h treatment [17]. At 1 µM, NIM811
was able to reduce HCV RNA by > 3 log10 after treating
the replicon cells for 9 days. It was equipotent against both
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FIGURE 3 Combination of NIM811 with IFN-α-facilitated multilog HCV RNA reduction in vitro. HCV replicon cells were treated with
various concentrations of NIM811 alone, IFN-α alone, or the two in combination for 3, 6, or 9 days. The level of remaining HCV RNA in
compound-treated cells was compared to that of untreated cells at the same time point. (From [17], with permission.)

genotype 1a and 1b HCV. The compound was also highly
active against the genotype 2a JFH-1 infectious virus with
an EC50 of 0.05 µM after 72 h. Consistent with its moderate
protein-binding activity (87.8 to 89.3%), there was about a
fivefold increase of replicon EC50 with NIM811 in the pres-
ence of 40% human serum. NIM811 also showed in vivo
efficacy in the HCV replicon mouse model [41] when given
orally at 100 mg/kg per day for 7 days (unpublished data).

Like other potential novel therapeutic agents being devel-
oped for HCV, NIM811 is expected first to be combined with
the current standard of care in HCV patients. Therefore, the
combination of NIM811 and IFN-α was evaluated in vitro
using the HCV replicon system. In the standard 48-h HCV
replicon assay, the combination was much more effective in
inhibiting HCV replication than either agent alone, without
any significant increase of cytotoxicity [17]. The effect of
combination was determined to be additive as analyzed in a
mathematic model based on the Bliss Independence model,
MacSynergy [42]. In another experiment where HCV repli-
con cells were treated for 9 days, as shown in Figure 3,
5 IU/mL IFN-α or 0.5 µM NIM811 each resulted in a 1.2
log10 reduction of HCV RNA; in contrast, the combination
of the two led to a 2.7 log10 viral RNA reduction, which was
much more effective than either agent alone. Moreover, while
20 IU/mL IFN-α alone resulted in a 1.5 log10 reduction of
HCV RNA after 9 days, the addition of 0.5 µM NIM811 re-
sulted in a 3.7 log10 viral RNA reduction, which was greater
than what can be achieved with a much higher concentration
(100 IU/mL) of IFN-α alone (2.7 log10). These results exem-
plify the significant advantage of combination therapy in en-
hancing the antiviral efficacy and provide the rationale to fur-
ther explore the combination of NIM811 with IFN-α in order
to improve treatment response over the current standard of
care.

An often-hypothesized advantage of targeting host fac-
tors is that such an inhibitor may be less prone to resistance,
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which is highly relevant for an RNA virus such as HCV. The
RNA-dependent RNA polymerase of HCV that is respon-
sible for the synthesis of both (+) and (−) strands of viral
RNA lacks the proofreading function and has an error rate
of about 10−4 or one mutation per genome per replication
cycle. In addition, the virus replicates robustly (1010-12 viri-
ons per day) and typically maintains a very high viral load
(>106 mL−1 or 3 × 109 3L−1 plasma) in patients. As a result,
there is a huge population of viral quasispecies in every in-
fected patient. In other words, mutations at every position of
the 9.6-kb viral genome, except for those that are replication
incompetent, are probably preexisting even before the start of
antiviral therapy. While on treatment with a specific inhibitor
of HCV, mutant viruses that are resistant to the compound
would then have a selective growth advantage over wild-type
virus and can accumulate rapidly and render the treatment
ineffective. Indeed, it has been shown both in vitro and in
patients that resistance can develop quickly against HCV
protease or polymerase inhibitors, particularly when used as
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FIGURE 4 Comparison of resistance frequency of NIM811 vs. HCV protease and polymerase inhibitors. NIM811 is a cyclophilin
inhibitor (CI); NM107 is a nucleoside inhibitor of NS5B polymerase (NI) [43]; POL-1 is a non-nucleoside inhibitor of NS5B polymerase
(NNI) [44,48]; and BILN-2061 is a NS3 protease inhibitor (PI) [45]. HCV replicon cells were treated with various concentrations of these
compounds (expressed as multiples of their respective EC50s and labeled on top of each well) in the presence of G418. Resistance colonies
appeared after 3 weeks of treatment. The numbers of colonies are labeled at the bottom right corner of each well unless there are too many to
count.

monotherapy. Since these inhibitors all bind to defined pock-
ets on viral enzymes, specific mutations at the binding sites
may arise during therapy, which can disrupt the binding of
the inhibitors and lead to resistance. Unfortunately, for all
the protease and polymerase inhibitors reported to date, re-
sistance can be converted by a single mutation in the viral
target genes.

In contrast, it is postulated that inhibitors targeting host
factors could present a higher genetic barrier to resistance
since they do not bind directly to the viral targets. To con-
firm this hypothesis, the likelihood or frequency of devel-
oping resistance with NIM811 and viral-specific inhibitors
was compared in vitro using the replicon cells. HCV repli-
con cells were seeded at a low density on tissue culture
plates and treated with various concentrations of inhibitors
for about 3 weeks when resistant replicon started to ap-
pear as individual colonies. The number of colonies reflects
the frequency of resistance. As shown in Figure 4, for all
the HCV inhibitors tested, there was an inverse correlation
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between the concentration of the compound and the number
of colonies, (i.e., the higher the concentration of the inhibitor,
the lower the frequency of resistance). However, compared to
the potency in inhibiting HCV replication (i.e., EC50), there
appeared to be a greater difference in the ability to block re-
sistance for inhibitors of different mechanisms. For example,
the resistance frequency against a nucleoside NS5B inhibitor
NM107 [43] was lower than those of a non-nucleoside NS5B
inhibitor (POL-1 [44]) at the same multiple (20×) of EC50

and a NS3 protease inhibitor (BILN2061 [45]) at a higher
multiple (400×) of EC50. This is likely because the resistant
mutation associated with NM107 occurs at the active site of
the polymerase (S282T) and causes significant fitness loss of
the virus. Most notably, NIM811 was even more effective in
blocking the emergence of resistance at a lower multiple (2×)
of its EC50 than the nucleoside inhibitor (20×), which sup-
ports the notion that inhibitors targeting host factors may be
less prone to resistance than inhibitors targeting viral genes.
In addition, the mutations associated with NIM811 resistance
also appeared to cause significant loss of fitness, as subse-
quent efforts to grow and expand these colonies had turned
out to be slow and unsuccessful.

In a separate effort to generate a NIM811-resistant clone
that can be maintained, it took more than 50 cell passages
and six months to culture the replicon cells with gradu-
ally increasing concentrations of cyclosporin and NIM811
to 10 µM (∼ 20 × EC50) of NIM811. In contrast, resistant
clones against viral protease or polymerase inhibitors usually
can be selected within six cell passages and 3 weeks. The dif-
ficulty in developing resistance against NIM811 may be in
part due to the fact that multiple cyclophilins are involved in
the viral life cycle, which can all be inhibited by NIM811.
The mechanism of resistance against NIM811 was shown to
be mediated by viral rather than cellular changes, as transfec-
tion of viral RNA extracted from resistant clones conferred
resistance on naive cells, while transfection of wild-type
viral RNA to “cured” resistance cells did not [46]. Inter-
estingly, mutations in several viral genes, including NS5A,
NS5B, and NS3, have been reported to be associated with
resistance against NIM811, CsA, or other cyclophilin in-
hibitors [20,23,24,46,47]. However, when introducing these
mutations individually back to the wild-type replicon, the
single mutation can only induce a low level (tow- to five-
fold) of resistance. It appears that multiple mutations need
to be acquired to reduce the susceptibility of cyclophilin
inhibitors significantly, by > 10-fold, which explains the dif-
ficulty in selecting a resistant clone. In contrast, for all the
viral protease or polymerase inhibitors reported to date, a
single mutation is sufficient to confer a high level (typically,
hundreds of folds) of resistance. In other words, NIM811,
which targets a host factor, presents a much higher genetic
barrier than those of viral specific inhibitors.

Although resistant mutations have been identified in sev-
eral viral genes for cyclophilin inhibitors, the positions of

these mutations (such as D320E in NS5A [46] and I432V in
NS5B [23]) are different from those associated with viral spe-
cific inhibitors, suggesting that the mechanisms of resistance
are different. This was confirmed by the cross-resistance
analysis using a panel of HCV inhibitors and the resistant
replicon clones selected with these inhibitors [48]. It was
demonstrated that the NIM811-resistant HCV replicon cell
line was fully susceptible to NS3 protease and NS5B poly-
merase inhibitors, while HCV replicon cell lines that were
resistant to protease and polymerase inhibitors remained fully
sensitive to NIM811. The lack of cross-resistance suggests
that (1) NIM811 can be used to treat patients who have
developed resistance against viral protease or polymerase in-
hibitors; (2) NIM811 can be used in combination with viral
protease or polymerase inhibitors in treatment-naive patients
to help prevent the emergence of resistance.

To confirm the second hypothesis, the abilities of the com-
pounds alone or in combination to suppress resistance were
compared in vitro by measuring the frequency of viral re-
sistant colonies. One such example is shown in Figure 5,
where NIM811 was combined with LDI133, an indole-based
non-nucleoside inhibitor targeting allosteric binding site 1
of NS5B [49]. Two relatively low concentrations (0.1 and
0.2 µM) of NIM811 were used in the study to demon-
strate the effect of combination. Even though NIM811 on
its own can barely suppress HCV replication at these subop-
timal concentrations, it was very effective in preventing the
emergence of resistance with LDI133. For example, while
0.5 µM of LDI133 resulted in almost a full plate of re-
sistant replicon cells, the addition of 0.2 µM of NIM811
completely blocked the emergence of resistance. The same
effect can be achieved with the combination of only 0.1 µM
of NIM811 and 1 µM of LDI133, which by itself resulted
in 134 resistant colonies. Similar results were obtained with
the combinations of NIM811 with NS3 protease inhibitors
or nucleoside NS5B polymerase inhibitors. These findings
strongly support the strategy of combining inhibitors of host
and viral targets not only to maximize antiviral activity but
also to suppress the emergence of resistance.

SYNTHESIS

Cyclosporin A (CsA) is the main component of ≥ 25 nat-
ural cyclosporins produced by the fungus Tolypocladium
niveum [50]. It is one of the most widely used immunosup-
pressive drugs (Neoral or Sandimmun) and can be manufac-
tured efficiently on a large scale through fermentation. The
enzyme responsible for the biosynthesis of cyclosporin was
later determined to be a single polypeptide with a molec-
ular mass of about 1.4 MDa [51], cyclosporin synthetase
[52], whose discovery enabled the synthesis of dozens of
new cyclosporin analogs in vitro. NIM811 ([MeIle4]Cs) was
initially identified as a minor product when d-threonine was
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added to the fermentation medium of T. niveum [28]. A gram
quantity of the compound at 98% purity was obtained through
repeated column chromatography, which enabled its struc-
tural elucidation. The only difference between NIM811 and
CsA is that the MeLeu at position 4 of CsA is replaced by
MeIle in NIM811. Because MeLeu is the building block at
four positions (4, 6, 9, and 10) of CsA, it is not possible to
direct the exchange of one of these four MeLeu specifically.
Surprisingly, when Ile was added to the in vitro biosynthesis
mixture of cyclosporin, [MeIle4]Cs was formed as the major
product, indicating that cyclosporin synthetase has a higher
affinity for Ile at position 4. However, neither the fermenta-
tion conditions nor the in vitro biosynthesis method appeared
to be feasible for large-scale synthesis of the compound for
drug development. A significant breakthrough was achieved
through genetic manipulation of the cyclosporin-producing
strain [53], which subsequently enabled efficient production
of NIM811 through large-scale fermentation at high titers.

PHASE I SAFETY AND EFFICACY

NIM811 is orally bioavailable with a pharmacokinetics pro-
file similar to that of CsA in mouse, rat, dog, and monkey [36].

A number of preclinical animal toxicology studies had also
been conducted, which supported advancing the compound in
human studies. The pharmacokinetics, safety, and tolerabil-
ity of NIM811 were first evaluated in a single ascending-dose
study in healthy volunteers [54]. The compound was admin-
istered orally to 40 healthy volunteers divided into five se-
quential dose groups (50, 150, 400, 800, and 1600 mg), with
six active and two placebo subjects in each group. NIM811
was well tolerated at all doses. There was no serious adverse
event or drug-related adverse event in either lab results or
clinical evaluation. NIM811 was absorbed rapidly, with peak
concentrations (Cmax) occurring in blood at 1.5 h at all doses
and a terminal elimination half-life (t1/2) of about 12 to 20 h.
Drug exposure (Cmax or AUC) increased with dose but was
slightly underproportional. Intersubject variability was low
(< 30%).

The compound was then investigated in a double-blind
placebo-controlled study in HCV-infected patients. Multiple
ascending doses (25 and 75 mg q.d.; 100, 200, 400, and
600 mg b.i.d.) of NIM811 were given orally as monotherapy
to treatment-naive or treatment-experienced HCV genotype
1–infected patients for 14 days. There was no significant
change in Cmax and only slightly higher AUC at day 13 than
at day 1. The pharmacokinetics of NIM811 were comparable
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between HCV-infected patients and healthy subjects. All
doses were well tolerated, and there was no serious ad-
verse event. The most common adverse event was mild to
moderate headache, 16% in drug-treated groups vs. 5.3% in
placebo. Mild, clinically nonsignificant elevations of biliru-
bin and declines in platelet counts were observed in the 400-
and 600-mg b.i.d. groups. Although significant antiviral ef-
ficacy was not achieved with NIM811 monotherapy at up to
600 mg b.i.d., interestingly, a significant reduction of ALT
was observed with NIM811 at ≥ 100 mg b.i.d., suggesting a
potential benefit of biochemical response with the compound
even in the absence of virological response.

Considering the effect of the combination observed in
vitro [17] as well as clinical experience with the combina-
tion of CsA and IFN-α [7], rather than increasing the dose
of NIM811 further as a monotherapy, the compound was
investigated in combination with interferon α in HCV geno-
type 1-infected patients who had relapsed in prior interferon
therapy. Twenty patients were randomized to receive 600 mg
NIM811 b.i.d. orally or matching placebo for 14 days and
180 µg PEG-IFNα-2a on study days 1 and 7. The mean re-
duction in HCV viral load was 2.78 log10 in the NIM811
+ PEG-IFNα-2a group, compared to only 0.58 log10 reduc-
tion in the PEG-IFNα-2a alone group (p < 0.0001). Also,
the mean ALT decreased from 78.4 IU/L at baseline to 26.3
IU/L by day 14 in the combination group, whereas it was un-
changed at 66.0 IU/L in the PEG- IFNα-2a alone group. The
main safety finding was a decrease in mean platelet count
from 209,000 counts/mL on day 0 to 104,000 counts/mL
on day 14 in the combination group, vs. 176 to 139,000
counts/mL in the PEG- IFNα-2a only group. There was also
a statistically but not clinically significant increase in serum
bilirubin. There was no serious adverse event in either group.
In summary, proof-of-concept efficacy has been established
for NIM811, which warrants further development of the com-
pound as a novel therapeutic agent for HCV.

FUTURE DIRECTIONS

In the past few years cyclophilin inhibitors have emerged
as an important new class of HCV drug candidates. Besides
NIM811, two other cyclophilin inhibitors, DEBIO-025 and
SCY-635, have also demonstrated proof-of-concept efficacy
in hepatitis C patients [55–57]. The initial development of
these compounds will probably continue focusing on the
combination with the current standard of care (i.e., pegylated
interferon α and ribavirin). Although the long-term benefit
and safety of cyclophilin inhibitors remain to be investigated
in further clinical trials, preliminary data with the combina-
tion of NIM811 and interferon α suggests that it may provide
a significant improvement over current therapy.

Similarly, inhibitors of viral targets (NS3, NS5B, and
NS5A) are also being investigated in combination with in-

terferon and ribavirin, mainly because resistance can emerge
quickly with these inhibitors as monotherapy, and interferon
is thought to be necessary to help suppress the selection of
resistant virus. Although such a strategy has resulted in im-
proved antiviral response over the current standard of care,
it does not address the tolerability issues associated with in-
terferon and ribavirin. The combination of inhibitors of two
viral targets, such as NS3 and NS5B, has been reported re-
cently [58] and probably will be pursued eagerly. However,
considering that only one mutation is needed to confer resis-
tance against each drug of viral targets, it remains to be deter-
mined whether such an approach could create a high-enough
barrier to resistance and will be sufficient to replace inter-
feron. In this regard, a host factor inhibitor such as NIM811
could provide the much needed ammunition, as it appears to
have a higher genetic barrier to resistance than do viral tar-
geted inhibitors, and the combination of the two could consti-
tute the most effective regimen in the absence of interferon.

A potential challenge for host factor inhibitors is to iden-
tify a therapeutically effective dose that does not interfere
with the normal function of the host target, which may lead
to unwanted side effects. Although NIM811 may not be as
potent as some of the viral targeted inhibitors with nanomo-
lar EC50 in inhibiting HCV replication, it appears to be more
“potent” in blocking the emergence of resistance. In vitro
data suggest that even a suboptimal dose of NIM811 can be
very effective in helping suppress the emergence of resis-
tance when combined with inhibitors of viral targets, which
represents a potential development path of the compound but
requires innovative study design and regulatory approval. In
conclusion, the two-pronged approach of targeting both vi-
ral and host factors may provide the best opportunity not
only to maximize antiviral efficacy but also to suppress the
emergence of resistance.
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INTRODUCTION

Hepatitis C virus (HCV) is a major cause of acute hepatitis
and chronic liver disease. With 170 million people infected
worldwide, HCV has become a major threat to human health
and one of the most difficult challenges for pharmaceutical
and medical researchers. There is no vaccine available for
HCV. The current standard of care is the combination therapy
of pegylated interferon and ribavirin, which is limited by
low efficacy and undesirable toxicity. A large percentage
of patients are infected with the genotype 1 HCV, which
responds only partially, if at all, to the standard therapy. Liver
cirrhosis and hepatocellular carcinoma associated with HCV
infection are the leading indications for liver transplantation.
Therefore, novel therapies against HCV infection are in great
need [1].

The process of HCV infection and replication in host liver
cells is only partially understood. The virus first attaches and
enters the host cell via the specific interactions between vi-
ral envelope proteins and host-cell receptors. Following the
endocytosis-mediated entry, the viral genome is released and
processed in the cytoplasm. Genome replication and protein
translation are initiated to produce viral components. The
endoplasmic reticulum is the major site for virion assembly.
The mature virion is eventually released into the extracellu-
lar space to infect neighboring cells. Theoretically, targeting
any of the key steps in this infection process should pre-
vent the generation of active HCV. Indeed, targeting the viral
polymerase or protease to reduce viral replication has been a
major strategy being pursued by many pharmaceutical com-
panies for developing novel HCV therapeutics, and positive
clinical outcomes have been reported. In contrast, although

blocking viral entry is well recognized as a valid antiviral
strategy, much less effort has been put on this approach, due
to limited knowledge of the HCV entry mechanism. How-
ever, recent advances in HCV biology have provided novel
information in this area, including the identification of sev-
eral cellular receptors that may be exploited as therapeutic
targets.

The HCV virion is composed of a positive-sense RNA
genome encased in the viral capsid, surrounded by an en-
velope comprising the glycoproteins E1 and E2. It is now
recognized that HCV viral entry is a complex process in-
volving the sequential engagement of the envelope proteins
with a series of cell receptors [2]. To enter into target cells,
the virus first docks and attaches to the host-cell surface,
probably via interaction with glycosaminoglycans. Attach-
ment is followed by sequential specific interactions between
the envelope glycoproteins with multiple HCV receptors,
including SR-B1, CD81, CLDN1, and Occludin [3,4], cul-
minating in a pH-dependent endocytosis step. The nature of
the spatial and temporal interactions of the virus with these
diverse receptors is still being unraveled.

Due to the lack of an efficient in vitro infection sys-
tem until recently, several surrogate systems have been de-
veloped to study virus entry. These include direct E1E2
binding [5,6], viruslike particles (VLPs) [7,8], and HCV
pseudoparticles (HCVpp) [9,10]. HCVpp, which utilizes the
unmodified HCV envelope proteins to package retroviral par-
ticles, including HIV-1, most closely mimics native infection
and can be neutralized by patient sera as well as monoclonal
antibodies against HCV E2 protein [11–13]. Primary hepa-
tocytes and human hepatoma cells are the major targets of
HCVpp infection in vitro. Recently, a cell culture system that
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supports the production and propagation of infectious HCV
in cell culture (HCVcc) has been developed [14–16]. The
original infectious clone JFH-1 was derived from a genotype
2a virus. However, chimeric viruses containing the structural
genes from other HCV genomes and the replicative genes of
JFH-1 are also infectious in culture. These systems are very
useful in validating the activity of entry inhibitors in a virus
context.

Here we review several HCV entry inhibitors that are in
development, with more detailed description of the programs
at our company, iTherX Phramaceuticals, Inc. (henceforth re-
ferred to as iTherX). Diverse approaches targeting the viral
envelope as well as various host proteins are being pursued.
The results so far are encouraging for the feasibility of in-
hibiting viral entry as a novel HCV therapeutic strategy.

CLINICAL-STAGE COMPOUND ITX5061 TARGETS
THE HOST-CELL RECEPTOR SRB1

We at iTherX are currently developing a clinical stage small-
molecule compound, ITX5061, repurposed as an anti-HCV
viral entry inhibitor. This first-in-class HCV entry inhibitor
specifically targets the host-cell receptor SR-B1 (scavenger
receptor B1). SR-B1 is expressed predominantly in the liver
and steroidogenic tissues, where it mediates the selective up-
take of cholesterol from ligands such as high-density lipopro-
tein (HDL). Interaction of the HCV envelope protein E2 with
SR-B1 occurs via hypervariable region 1 located within the
N-terminal region of the E2 glycoprotein, and this interac-
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FIGURE 2 ITX HCV entry inhibitors show similar inhibition for HCV bearing structural proteins of genotype 1a (a) and 2a (b). The HCV
2a/2a (J6JFH) chimera was constructed by inserting Renilla Luciferase, FMDV 2A protease, Ubiquitin monomer sequence between 5′ NTR
of HCV2a(JFH) and the open reading frame of core protein (HCV2aJb). The HCV1a/2a chimeric infectious clone contained sequences for
the structural proteins derived from HCV genotype 1a H77 strain and the nonstructural proteins, 3′ NTR infected by either chimeric virus
with increasing amounts of ITX5061 or ITX4520. Three days post-infection, the supernatant was removed and the cells were washed with
PBS and then lysed for the luciferase assay.
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tion is probably critical for HCV infection of hepatocytes.
Anti-SR-B1 antibodies and small interfering RNA silencing
of SR-B1 expression decrease HCV infection. ITX5061 is an
aryl ketoamide of the general structure shown in Figure 1.

It was observed earlier that ITX5061 raised HDL levels
in mice and in human subjects but not in mice with a knock-
out in the SR-B1 gene (Alan Tall, personal communication).
ITX5061 was then assessed for its ability to inhibit HCV
infection in a cell-based assay using infectious genotype 2a
virus carrying a Renilla luciferase gene (HCV2aChLuc) or a
chimeric infectious clone of genotypes 1a and 2a (HCV1a/2a
ChRluc) (Fig. 2). ITX5061 inhibited both viruses with EC50

values of 0.05 to 0.5 nM and EC90 values of 15.0 to 5.0 nM.
The compound had no effect on viral RNA replication (data
not shown). In addition, cellular toxicity on Huh7 cells or
primary hepatocytes was not observed up to 10 µM of
ITX5061 (data not shown). ITX5061 was acquired from the
company Kemia. Another compound, ITX4520, which was
discovered internally at iTherX (see below), was five- to
10-fold less active in these assays.
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FIGURE 3 Combinatory effects of ITX compounds with interferon or protease inhibitor. Huh7 cells were infected with HCV1a/2a chimera
in the presence of various concentrations of (a) ITX5061 in combination with various concentration of IFN-α for 72 h. (b) ITX5061 or
ITX4520 in combination with various concentration of the HCV protease (VX950). Viral replication was measured byluciferase assay. The
combination indices (CI) in (b) were determined with Calcusyn (Biosoft) at the EC50, EC75, and EC90 value of each compound. By convention
a CI of < 0.9 was considered synergistic, a CI of ≥ 0.9 or ≤ 1.1 was considered additive, and a CI of >1.1 was deemed antagonistic.
Numerical values above the bars are mean CI. +, synergy; ±, additivity; –, antagonism.

In vitro studies also demonstrated that ITX5061 acts ad-
ditively or synergistically to IFN and to a HCV protease
inhibitor (VX950) (Fig. 3). In addition, ITX5061 has no di-
minished activity against an HCV NS3 mutant (A156S) that
is highly resistant to VX-950 (Fig. 4). These results con-
firm that since ITX5061 acts via a mechanism distinct from
those of other HCV drugs, its addition should be benefi-
cial to existing regimens, and no cross-resistance would be
expected.

Several lines of evidence indicate that ITX5061 targets
the SR-B1 receptor. An E2 mutant HCV2aCh virus, which
is reported to have reduced dependency on SR-B1 and in-
creased binding to CD81 [17,18], showed greater resistance
to ITX5061 relative to the wild-type virus (Fig. 5). We also
showed selective binding of a radiolabeled ITX5061 analog
to SR-B1 expressing CHO cells (data not shown) and in-
hibition of soluble E2 to SR-B1 expressing CHO cells by
ITX5061 (A. Syder et al., submitted).
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of HCV2aCh were inoculated onto Huh7 cells in the presence of (a) IFN-α as a control or (b) ITX5061 and further incubated for 3 days.
Intracellular luciferase activity was measured 3 days post-infection.
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FIGURE 5 A E2 mutant virus that is less dependent of SR-B1 receptor showed greater resistance to ITX5061 relative to wild-type
virus. (a) Taqman assay for viral RNA copies with wild-type HCV2aCh or HCV2aCH)E2: G451R) mutant virus in the presence of various
concentrations of IFN-α (b) Immunofluorescence staining for viral infection with wild-type or HCV2aCh (G451R) mutant virus in the
presence of various concentrations of ITX5061. Values were expressed relative samples with no inhibitors added.

PHARMACOKINETIC AND TOXICITY PROFILES
OF ITX5061

Animal studies have shown that ITX5061 is absorbed exten-
sively following oral administration and is eliminated pri-
marily by hepatic metabolism, probably via the cytochrome
P450 enzyme isoforms CYP3A4 and CYP3A5. The metabo-
lites are excreted mainly via the biliary tract into feces. Non-
clinical in vivo safety pharmacology studies and genotoxicity
studies produced no clinically significant findings. Nonclin-
ical 28- and 90-day toxicology studies in both rats and mon-
keys have been completed, as have chronic toxicity studies
(6 months in rats and 9 months in monkeys). No adverse
event levels determined in these studies provide significant
safety margins for human studies (Table 1).

Notable observations included increases in HDL-
cholesterol (HDL-C) levels (probably due to modulation of
SR-B1), elevations in unconjugated (direct) bilirubin lev-
els (due to inhibition of uridine 5′-diphosphoglucuronosyl
transferase 1A1, UGT1A1), and adrenal gland hyperpla-

TABLE 1 NOAEL Values for Toxicology Studies

Duration and Species NOAEL (mg/kg/day)

28-day rat 30
28-day monkey 35
90-day rat >30
90-day monkey >30
Chronic rat (6 months) 30
Chronic monkey (9 months) 100/75a

aOn day 56, dosing was decreased in the highest dose group from 100 to
75 mg/kg per day to increase tolerability. Dosing was maintained at
75 mg/kg per day through the remainder of the study.

sia/hypertrophy. Decreased red blood cell and hemoglobin
levels and hepatobiliary findings of mild elevations in hep-
atic transaminases (both species) and bile duct hyperplasia
and centrilobular hepatocellular hypertrophy (rats only) were
observed at much higher doses. Embryo–fetal developmental
toxicology studies were also performed in two species (rats
and rabbits). In the rat study, a reduction in mean fetal weights
and fetal skeletal variations or malformations was observed.
In the rabbit study, dose-related increases in postimplanta-
tion fetal loss, hydrocephaly, and reduced ossification of the
skull were exhibited. As a precaution, participants in clinical
studies with ITX5061 must use highly effective means of
contraception.

ITX5061 has now been studied in 95 subjects in phase I
and 190 patients in phase II (other disease indications than
HCV). Overall, ITX5061 has been well tolerated in these
early clinical trials. During phase I studies, ITX5061 (doses
up to 640 mg/day) was administered to 95 healthy volun-
teers in single- and repeat-dose studies for up to 12 days.
In phase II studies, 190 patients have been randomized to
receive ITX5061 once daily. In study ITX5061-C05, a ran-
domized placebo-controlled study, 97 patients with rheuma-
toid arthritis received 150 mg (n = 50) or 300 mg (n =
47) ITX5061 for up to 12 weeks. In study ITX5061-C06, a
randomized placebo-controlled study, 78 patients with dys-
lipidemia received 150 mg (n = 38) or 300 mg (n = 40)
ITX5061 for up to 6 weeks. In study ITX5061-C08, an open-
label study, 15 patients with pemphigus vulgaris received
300 mg ITX5061 for up to 12 weeks.

Clinical studies conducted to date have identified no other
significant safety issues associated with once-daily dose lev-
els up to, and including, 300 mg of ITX5061. We plan
to initiate a phase IIa study to further evaluate the safety,
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tolerability, and potential antiviral effects of ITX5061
monotherapy in HCV-infected patients. The study will be per-
formed as a double-blind placebo-controlled study at three
once-daily oral doses (20, 50, 100 mg; six patients each
group) over 4 weeks. The 4-week duration was chosen based
on viral dynamics considerations. Entry inhibitors do not
have an immediate impact on virus production from infected
cells, but rather, decrease the pool of infected target cells by
blocking new infections. Therefore, the kinetics of reduction
in viral load in the plasma may depend in part on the rate of
turnover of infected hepatocytes, which can vary from days to
weeks [19,20]. In addition to safety monitoring and pharma-
cokinetic measurements in this patient population, changes
in viral load will be assessed by viral RNA PCR. Doses in
the current HCV study are lower than doses previously used
in patients and will be evaluated for shorter dosing periods
(28 days). Hence, risk is not likely to be increased in this
patient population.

BACKUP COMPOUNDS FOR SR-B1 INHIBITION

iTherX has a pipeline of proprietary, preclinical-stage com-
pounds that also inhibit SR-B1 activity. Many of these are
structurally distinct from ITX5061 and were first identi-
fied as hits from a screen using the HCVpp cell culture
system, and then confirmed in the HCVcc chimeric 2a/2a
or 1a/2a cell culture systems (both are luciferase-based as-
says). The compounds that efficiently inhibit viral infectivity
(IC50 < 10 nM, IC90 < 150 nM) were identified as ini-
tial lead compounds and subjected to further in vitro and
in vivo characterizations. These include cell viability assays
in Huh7 cells and primary hepatocytes, metabolic stability
(in vitro microsomal assays and in vivo PK studies), oral
bioavailability, and preliminary toxicity. Only compounds
with low clearance rates and significant oral bioavailability
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FIGURE 6

(%F > 40% in rats) will be carried on for downstream eval-
uations. Chemistry efforts were also devoted to the synthesis
of improved analogs in potency and stability: for example,
by protecting the identified metabolically active groups.

ITX4520, a lead compound for HCV entry inhibition,
was identified following this screening strategy. ITX4520
is a tetrahydrocarbazole of the general structure shown in
Figure 6. ITX4520 showed efficacious inhibition of HCVcc
infection (IC50 ∼ 1.5 nM) and a desirable therapeutic index
(>1000). This compound exhibits high in vitro metabolic
stability (t1/2 ∼ 60 min) in hepatic microsomes extracted
from different species (human, rat, or dog) (Table 2). Most
important, the compound showed a low clearance rate and
good bioavailability in PK studies conducted in rat and
dog (Table 3). ITX4520 is currently under evaluation for
in vivo toxicity in rat and dog. Preliminary in vitro tests
indicate that this compound does not induce genotoxicity
in Ames tests. Off-target toxicity assays to detect possible
cross-reactivity with up to about 170 receptors/enzymes did
not indicate significant effects (>50% inhibition at 10 µM)
(Table 2).

ITX4520 is structurally unrelated to ITX5061, but also
appears to target the SR-B1 receptor according to the cri-
teria described above for ITX5061. Therefore, we consider
this compound to be a backup for ITX5061, which is at the
clinical evaluation stage.

TABLE 2 ITX4520 In Vitro Preclinical Properties

Chemistry clogP 6.55
psa 69

Efficacy (EC50) HCVpp 0.5 µM
HCVcc2A 1.5 nM
HCVcc1A

CC50 Huh7 cells 100 µM
In vitro metabolic stability Rat microsome (t1/2) 60 min

Dog microsome (t1/2) 60 min
Human microsome (t1/2) 60 min
CYP450 3A4 (IC50) 4 µM
CYP450 2C9 (IC50) 0.7 µM
CYP450 2D6 (IC50) 1 µM

In vitro protein binding Human albumin column 98%
Genotoxicity Ames test Negative at 10 µM
Off-target toxicity Receptor/enzyme cross-reactivity None
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TABLE 3 ITX4520 In Vivo PK

AUC(0-t)

(µg/L·h)
AUC(0-∞)

(µg/L·h)
MRT(0-∞)

(h)
t1/2

(h)
Tmax

(h)
Vz
(L/kg)

Clz
(L/h/kg)

Cmax

(µg/L)
F
(%)

Sprague–Dowley Rats i.v. (2 mg/kg) 1,184 1,195 0.95 1.5 0.08 3.65 1.68 2,988
(male) p.o. (20 mg/kg) 12,299 12,364 3.94 3.41 2 NA NA 2,948 103

Beagle dogs i.v. (2 mg/kg) 1,745 1,757 0.71 1.1 0.08 1.81 1.14 3,875
(male) p.o. (20 mg/kg) 2,908 2,961 4.18 5.46 2 NA NA 903 34

CELGOSIVIR TARGETS CELLULAR
α-GLUCOSIDEASE I

Celgosivir (MX-3253; Fig. 7) is a small-molecule compound
developed by Migenix. It is a 6-O-butanoyl derivative of cas-
tanospermine, a substance derived from the Australian chest-
nut or black bean. Celgosivir targets host-cell α-glucosidase I
to affect the early stages of viral glycoprotein processing, re-
sulting in the production of aberrant viral structural proteins.
Therefore, Celgosivir is expected to have broad antiviral ac-
itivity and indeed is being evaluated in both HIV and HCV
patients.

Although the compound does not inhibit HCV entry di-
rectly, it inhibits the production of infective virions and thus
differentiates itself from replication inhibitors and can be
loosely regarded as inhibiting subsequent rounds of virus en-
try. In preclinical studies, celgosivir has demonstrated strong
synergy with interferon-α with and without ribavirin.

Celgosivir is rapidly converted to castanospermine in the
body. Castanospermine is also active in inhibiting HCV at
similar potency as celgosivir, based on in vitro potency tests.
The metabolite castanospermine can be detected in serum
within 5 min after drug administration. Tmax is about 1 h, and
t 1

2
is 19 to 23 h. The drug showed dose proportionality in the

range 10 to 400 mg. Renal clearance is the major route of
elimination.

As celgosivir was designed initially for HIV treatment, the
early clinical safety data were obtained from healthy volun-
teer and HIV patients in five phase I clinical studies and two
phase II studies. Data were evaluated from 500 HIV-positive
patients and 51 healthy volunteers. A total of 274 patients
or volunteers were exposed to at least 400 mg of celgosivir.
In one phase I study, patients were dosed with celgosivir
as high as 600 mg per day (300 mg/day; twice a day). At
least 59 and 32 patients received 400 mg of celgosivir for
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12 and 24 weeks, respectively. The drug is considered to be
well tolerated in these patient populations. The gastrointesti-
nal system was the target for most reported adverse events
(AEs). MIGENIX believes that HCV will be more sensitive
to celgosivir treatment than HIV because of the different in-
tracellular sites for viral assembly and budding, and the more
pivotal role that proper glycosylation plays in the release of
HCV virus from the cell. Thus, phase II clinical trials were
initiated to test safety and efficacy in HCV patients.

The phase IIa study is celgosivir monotherapy to test
safety and tolerability in treatment-naive HCV patients. The
study has been completed and demonstrated that celgosivir
was well tolerated with some evidence of antiviral activity in
treatment-naive chronic HCV patients [21]. The open-label
phase II dose-ranging trial included 43 patients with genotype
1 HCV who were treatment-naive or interferon-intolerant.
Participants were randomly assigned to one of three celgo-
sivir monotherapy arms: (1) 200 mg once daily (q.d.), (2)
400 mg q.d., (3) 200 mg twice daily (b.i.d.). Among the 35
patients who completed 12 weeks of therapy, two (5%) had
peak HCV viral load reductions of at least 1 log (1.0 log and
2.6 log) during treatment. The conclusion is that celgosivir
used as monotherapy was well tolerated in all dosage groups
and showed a modest antiviral effect.

A phase IIb combination therapy was then initiated in non-
responders to evaluate safety and efficacy. In a randomized
double-blind multicenter study, HCV genotype 1 treatment-
experienced patients with prior nonresponse or partial re-
sponse to a combination of peglylated interferon (P) and rib-
avirin (R). Patients were randomized to one of three treatment
groups: PRC group: P + R + Celgosivir 400 mg; PC group:
P + Celgosivir 400 mg; and PR group: P + R standard of
care. The results demonstrated that combination therapy was
well tolerated and resulted in no significant adverse events.
Some increased viral load reduction was observed in the PRC
group compared to the PR group.

Another phase IIb viral kinetics study in treatment-naive
patients was intitiated to evaluate celgosivir in combina-
tion with Peginterferon α-2b and ribavirin in treatment-
naive patients with chronic hepatitis C. Preliminary 4-week
interim results indicate that celgosivir has no negative ef-
fects on the tolerability, pharmacokinetics, and viral kinetics
when combined with the standard of care drugs, but also no
added benefits. Recently, Migenix announced a plan to add a
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TABLE 4 Summary of Celgosivir Clinical trials

Clinical Stage Subjects Groups Results

Phase I Healthy volunteers and HIV
patients

Various doses and durations Well tolerated, no SAE

Phase IIa Treatment-naive HCV patients Monotherapy for 12 weeks Well tolerated, moderate efficacy
200 mg q.d.
400 mg q.d.
200 mg b.i.d.

Phase IIb Nonresponder HCV patients Combination therapy for 12 weeks
(celgosivir 400 mg), q.d.

PRC
PC
PR

Well tolerated
EVR of 42% PRC compared to 10% PR
Mean VLR of 1.63 log PRC compared

to 0.92 log PR
Patients with 90% VLR are 66% PRC

compared to 40% PR
EVR in 57% of null responders (PRC)

Treatment-naive HCV patients Combination therapy for 12 weeks, q.d.
PR
PRC (400 mg C)
PRC (600 mg C)
(new arm)

Interim results (two arms only: PR
and PRC 400 mg celgosivir for
4 weeks):

Well tolerated
Similar efficacy between groups

600-mg celgosivir combination therapy arm to this study.
The approved protocol amendment also allows the flexibility
to increase the total number of patients in the study from 20
to up to 50.

OTHER HCV ENTRY INHIBITORS IN EARLY
DEVELOPMENT

1. REPLICor Inc. is developing a series of amphi-
pathic phosphorothioate oligonucleotides (PS-ONs)
with broad antiviral activities. These polymers fea-
ture hydrophilic and hydrophobic sides which mimic
the amphipathic α-helices of the fusion proteins in
type I viruses, such as HIV gp41, HSVgB, VSVG,
and influenza HA. Therefore, these polymers can tar-
get to the amphipathic α-helical hinge domains of fu-
sion proteins on these enveloped viruses and thereby
inhibit the postbinding cell fusion/entry step. Long
(> 30 base) PS-Ons have been reported to inhibit
HCV infection in both HCVcc and HCVpp systems
with IC50 in the low-nanomolar range. A current lead
under development is REP9AC, which has been shown
to inhibit HCV, HBV, and HSV, and so on. Pharma-
cokinetic studies showed that REP9AC has a short
residence time in the blood (t1/2 < 1 h) and tends to
accumulate in the liver. The projected half-life in hu-
mans is more than 28 days. PS-ONs have been shown
to be generally safe based on several clinical trials for
other disease indications, such as Mipomersen for hy-
percholesterolemia by ISIS in Phase II, and Genasense
for cancer by GENTA in phase III. REP9AC also ex-

hibits an acceptable toxicity profile. This drug is still
in preclinical development.

2. PRO206 is an orally available small molecule de-
veloped by Progenics Pharmaceuticals, Inc. PRO206
was reported to be a potent and selective inhibitor
of HCV entry. The mechanism of action for this
molecule is not reported. PRO206 also demonstrated
high oral bioavailability and a prolonged pharmacoki-
netic half-life in animals. However, Progenics recently
announced abandoning the development of PRO206 in
favor of earlier backup compounds.

3. SP10 and SP30, being developed by Samaritan
Pharmaceuticals, Inc., are orally bioavailable small-
molecule HCV entry inhibitors. These molecules ap-
parently target the host cell, but the mechanism has
not been revealed.

4. HuMax-HepC antibody developed by Genmab A/S
(a biotechnology company in Denmark) is a human
antibody originally isolated from a patient who suf-
fered from mild chronic hepatitis due to HCV infec-
tion. In preclinical studies, HuMax-HepC is broadly
cross-reactive with several HCV genotypes, including
1a, 1b, 2a, 3a, and 4a. HuMax-HepC binds to a con-
formational epitope of the envelope protein (E2) and
potently inhibits the binding of HCV-E2 to target cells.
In May 2007, Genmab announced that HuMax-HepC
antibody prevented HCV infection in a mouse model.
Mice with a compromised immune system were trans-
planted with human liver cells (hepatocytes) and ex-
posed to a mixture of patient-derived HCV of different
genotypes. Replication of HCV was not observed in
five of six mice (83%) treated with HuMax-HepC,
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indicating that HuMax-HepC completely prevented
HCV infection. The sixth mouse was infected with
HCV, but the virus was subsequently cleared. In com-
parison, five of six mice that received a control anti-
body developed and sustained a robust HCV infection.

5. Other potential antibody therapies. In theory, any
known coreceptor for HCV can potentially be tar-
geted by antibody therapeutics. CD81 has long been
recognized as an essential HCV receptor for entry,
and efforts have been made to develop specific small-
molecule inhibitors or antibodies against this recep-
tor [22,23]. However, none of these efforts have led
to a clinical trial. One concern of targeting CD81 is
its ubiquitous expression in human cells and tissues.
This can lead to issues of general toxicity as well as
pharmacokinetics. It remains to be seen if antibodies
against SR-B1 or CLDN1 would be pursued for HCV
therapy.

Utilization of neutralizing antibodies, such as those
induced by vaccination of viral glycoproteins E1E2,
has been attempted to prevent HCV infection [24,25].
The results are variable and sometimes conflicting, al-
though this strategy is still pursued by some investiga-
tors. In addition, neutralizing monoclonal antibodies
derived from patients have been shown to target the
E2 envelope protein. Two such antibodies were able
to inhibit or reduce HCV infection of human liver in
a chimeric mouse model [26]. Crucell has licensed
this technology from Stanford University for further
development.

FUTURE DIRECTIONS

Recent development of tools and assay systems for studying
HCV has greatly facilitated our understanding of its biology
as well as efforts for drug development against this virus.
While most drugs in development are directed at the replica-
tive enzymes of the virus, inhibition of virus entry has been
proven in principle for other viruses and remains an attractive
alternative. Knowledge of the temporal and spatial molecular
mechanisms of HCV viral attachment and internalization to
host cells will no doubt help the design and identification
of agents that specifically and efficaciously block these first
steps of viral infection.

In theory, HCV viral entry inhibitors prevent infection of
new target cells, but will not have an immediate effect on
reducing virus production from infected cells. This feature
should be taken into consideration in the design of proof-
of-concept studies. For example, their efficacy in reducing
viral load may not be manifest in the first few days before
significant turnover of the infected cell pool has taken place.
At the same time, they may show greater synergy in com-
bination therapy with replication inhibitors, due to distinct

mechanisms and nonoverlapping resistance profiles. Another
potential issue with entry inhibitors is whether cell–cell trans-
mission may bypass some of the coreceptors discussed above.
Recent data suggest that SR-B1 is functionally obligatory for
cell–cell transmission as well (J. McKeating, personal com-
munication). In any event, combination therapy also makes
sense for enhancing the efficacy via inhibiting both direct
viral–cell infection and cell–cell transmission.

An additional potential clinical application of HCV viral
entry inhibitors is to prevent HCV reinfection in liver trans-
plant patients, where a high reinfection rate is observed. Once
clinical validation is obtained for this class, entry inhibitors
will be an essential component of the optimal combination
therapy for HCV patients.
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INTRODUCTION

Human respiratory syncytial virus (RSV) was first isolated
in 1957 and has since emerged as an important human res-
piratory pathogen [1–6]. Generally, infection is restricted to
the upper respiratory tract and not associated with long-term
pathology, but progression to a more severe lower respiratory
tract infection is not uncommon. Thus, the virus is the main
causative agent of lower respiratory tract infections, such
as bronchiolitis and pneumonia in infants and young chil-
dren [5–8]. Infants born prematurely, infants under 6 weeks
old, or infants with bronchopulmonary dysplasia, congenital
heart disease, or immunodeficiency are especially at risk for
developing severe disease [9–11]. Moreover, severe RSV in-
fections in the first year of life are a risk factor for asthma
development [12–14]. Although virtually all children are in-
fected with RSV at least once before the age of 2, reinfection
is common [6,15,16]. In healthy adults, infection usually
causes symptoms similar to the common cold, but in hos-
pitalized elderly or severely immunocompromized patients
with RSV pneumonia, mortality rates can reach 20 and 70%,
respectively [17,18].

Despite extensive efforts, development of an anti-RSV
vaccine has proven to be particularly challenging and has

not been successful to date [19–21]. Therefore, prophylactic
options are limited to passive immunization with the human-
ized monoclonal antibody Synagis. However, administration
of Synagis is restricted to at-risk infants under the age of 2.
For therapeutic intervention, the antiviral drug ribavirin is
the only option, but its use is limited, due to its problematic
mode of aerosolic administration, limited efficacy, and ter-
atogenicity. Hence, effective therapeutic options are needed
for treatment of the at-risk population, including adults and
the elderly. Screening compound libraries in cellular antiviral
assays produced several small-molecule inhibitors of RSV;
however, most of them have failed in the pharmaceutical
research and development process, and few are still in the
clinic today [22–26]. In contrast, the development of next-
generation antibodies, mainly targeting the attachment and
fusion protein of RSV, has seen significant progress.

RSV is an enveloped virus with negative-sense single-
stranded RNA that belongs to the family Paramyxoviridae,
subfamily Pneumovirinae. For enveloped viruses the fusion
process is crucial to gain access to the host cells, and the
fusion or F protein of RSV plays a pivotal role in this
process [27,28]. Before fusion, the F protein forms a ho-
motrimer that is cleaved into two polypeptides, F1 and F2,
held together by a disulfide bridge. F1 contains an N-terminal
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© 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.

341



P1: TIX/XYZ P2: ABC
JWBS061-24 JWBS061-Kazmierski May 24, 2011 14:45 Printer Name: Yet to Come
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hydrophobic fusion peptide and two heptad-repeat domains,
N-terminal HR-N and C-terminal HR-C, separated by an in-
tervening globular domain [29]. Once fusion is initiated, the
F protein undergoes refolding, in which a trimeric coiled-
coil structure of three HR-N heptad repeats is formed and the
N-terminal fusion peptide is projected into the membrane
of the target cell [30,31]. Then the three HR-C heptad re-
peats collapse irreversibly in the hydrophobic grooves of
this trimeric coiled-coil structure, resulting in a stable trimer
of hairpins, the six-helix bundle (6HB). Eventually, viral
and cell membranes are brought into close proximity for
membrane fusion and subsequent viral entry. RSV fusion
inhibitors have been shown to bind target sites that become
available during F-protein refolding, and as such, disturb the
natural refolding process [32–35]. It has been suggested that
the hydrophobic pockets in each of the three grooves of the
central coiled oil are the drug target sites [36,37].

DISCOVERY

Our discovery of RSV inhibitors at Johnson & Johnson
started in the 1990s with a screening campaign using a cel-
lular assay. Among different potential hits, an antihistaminic
series was selected for further evaluation. An extensive hit-to-
lead program confirmed the significance of this benzimida-
zole family. A few modifications on the scaffolds (“head part”
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FIGURE 1 Discovery of JNJ-2408068 starting from an antihistaminic series. A tetrazolium-based colorimetric method was used to
determine pEC50 values [pEC50 = −log10 EC50 (M)] reflecting antiviral activities as described. Briefly, compounds were tested in 96-well
plates to evaluate their effects on virus- and mock-infected cells. Cells were infected with 100 median tissue culture infectious doses (TCID50)
of virus. After 2 h of incubation at 37◦C in a 5% CO2 atmosphere, a suspension (4 × 105 cells/mL) of susceptible cells was added to all
wells in a volume of 50 µL, and cultures were incubated further at 37◦C for 4 to 7 days post-virus exposure. The viability of mock- and
virus-infected cells was quantitated spectrophotometrically using the MTT method. (From [23].)

and “left-hand side”) allowed the synthesis of the first sub-
micromolar active RSV inhibitors (compound 2, Figure 1).
This new lead compound was then optimized to afford a first
preclinical candidate, JNJ-2408068 (Fig. 1) [23]. The last
optimization step, the introduction of hydroxyl and methyl
groups on the “head part” and a second methyl group on the
benzimidazole core heterocycle, resulted in a 3 log increase
in antiviral activity.

JNJ-2408068 is a small-molecule antiviral with a high po-
tency (picomolar activity) and a low cytotoxicity in a wide
range of cells. Unfortunately, it showed long tissue retention
times in several species (rat, dog, and monkey), which was a
cause for concern for a first-in-human selection. Subsequent
research efforts were therefore focused on how to reduce
tissue retention while keeping the high RSV-inhibition po-
tency [38]. Pharmacokinetic (PK) studies on different sub-
structures of the lead benzimidazole derivative indicated that
the most basic part of the compound (the aminoethylpiperi-
dine moiety, highlighted in boldface type in Fig. 2) was prob-
ably responsible for the long elimination half-life from dif-
ferent tissues. Whereas S2 and S3 were rapidly eliminated
from lung tissues, S1 had an elimination rate similar to that
of JNJ-2408068.

Therefore, the program was focused on this part of
the molecule in two different subseries: modulation of the
aminoethyl group (keeping the piperidine) and modulation of
the entire aminoethylpiperidine moiety. In the two subseries,
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FIGURE 2 Disconnection of JNJ-2408068 in three substructures
to identify the moiety responsible for tissue retention.

new compounds with improved PK profiles in terms of tissue
retention were found (Fig. 3). These lower tissue retentions
seem to be associated with the reduction of the basicity of
the “left-hand side” of the molecules. Unfortunately, the new
inhibitors were also less potent against RSV. Further opti-
mization of these compounds was therefore needed.

The optimization strategy was based on a molecular mod-
eling approach. Time-of-addition experiments had demon-
strated that the substituted benzimidazole derivatives act at
the beginning and at the end of the RSV replication cycle.
At the beginning they prevent entry of the virus into unin-
fected cells (virus–cell fusion), while inhibiting the fusion of
infected cells with uninfected cells (syncytium formation) at
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max pKa = 7.2, t 1/2 in lung = 14 h)

FIGURE 3 Identification of new RSV inhibitors with improved PK profiles in terms of tissue retention.

the end of the replication cycle [23]. This finding was sup-
ported by the isolation of resistance mutations in the fusion
protein of the virus, which helped in identifying a putative
binding site in the core domain of the protein [33,36], more
precisely in a cavity on the surface of the central HR-N coiled
coil. A published x-ray structure of the RSV 6HB (accession
number: 1G2C) [36], was used to elaborate a model (Fig. 4).

After removal of the HR-C peptides, a binding pocket
made by the contact of two HR-N peptides could be defined
in the groove. This pocket is the most important locus for
interaction between HR-N and HR-C peptides during 6HB
formation. The most interesting solution after docking of
JNJ-2408068 in this binding pocket is given in Figure 4 (left
part). JNJ-2408068 binds in two subpockets, P1 and P2, and
the hydroxyl group of the “head part” makes a hydrogen bond
with a salt bridge. A comparison of the binding of the natural
substrate HR-C with the binding of JNJ-2408068 shows that
the latter leaves subpocket P3 free (Fig. 4). Replacement of
the basic P1-binding “left-hand side” during the optimization
of PK properties might have been the cause of the reduction
observed in the binding affinity of the new inhibitors with
the target F protein. It was postulated that the introduction
of suitable substituents on the benzimidazole core heterocy-
cle in the new inhibitors to reach the P3 subpocket might
compensate the reduction in binding affinity.

To fit in the model, the new substituent should be anchored
in position 6 of the benzimidazole scaffold. A phenethyl
group with a methyl in the meta position of the phenyl ring
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HR-N

HR-C

FIGURE 4 1G2C x-ray structure of the RSV 6HB [36] (left). HR-N helices of the central inner trimeric coiled coil are presented in blue.
The three HR-C helices, binding into three hydrophobic grooves each formed by two neighboring HR-N helices, are indicated in yellow.
The binding of the natural substrate HR-C (right) and the binding of JNJ-2408068 (middle) to the hydrophobic pocket situated in the central
trimeric coiled coil of the 6HB are compared. (See insert for color representation of the figure.)

proved to be the best choice. To validate the model, an analog
of JNJ-2408068 incorporating this new substituent was syn-
thesized (compound 7, Fig. 5). Its high in vitro anti-RSV ac-
tivity demonstrated that this modulation on the scaffold was
allowed, but it was obvious that the substituent would require
further optimization. For chemical feasibility reasons, opti-
mization was performed in the N-methyl piperidine series.
The addition of the newly discovered phenethyl substituent
on the scaffold already gave a much more potent compound
(compound 9, pEC50 = 7.7, in comparison to compound 8,
pEC50 = 6.4 in Fig. 6). Replacement of the methylene linked
to the phenyl ring with an amino group and the addition of a
second methyl group in the meta position afforded compound
10 (Fig. 6), the most potent inhibitor in this series.

This optimized substituent was then combined with the
“left-hand sides” that had better PK profiles in terms of tis-
sue retention. The hydroxyethyl-piperidine substituent (com-
pound 11, Table 1) led to a 1 log increase of activity but
was not favorable for the PK profile (t1/2 = 85 h instead
of 29 h for compound 3). With the dihydroxylpropyl chain,
the potency was seriously reduced (compound 12, Table 1,
pEC50 = 7.5). The most promising result was obtained with
the morpholinopropyl moiety, which allowed combining im-

N

N
N
H

N

OH

N
NH2

pEC50 = 9compound 7

FIGURE 5 Structure of the compound synthesized to validate the
P3 subpocket model.

proved activity and favorable tissue retention (compound 13,
Table 1, pEC50 = 9, t1/2 = 13.7 h). Starting from compound
13, the optimization was completed with the introduction of
a hydroxyl chain on the newly designed “right-hand-side”
group, leading to the identification of TMC353121 as a clin-
ical candidate (Fig. 7) [26].

SYNTHESIS

The synthesis of TMC353121 is described in Scheme 1. The
number of steps was quite high, but the overall yield was
reasonable (14%). The key step was the introduction of the
hydroxylpyridine “head part” f on intermediate e, leading
to the formation of two isomers h and g in the same pro-
portion. Intermediate e was obtained in five steps starting
from 3,4-diaminobenzoic acid a. Esterification, followed by
a cyclization with urea in xylene at high temperature and, fi-
nally, POCl3-mediated chlorination, gave the corresponding
chlorobenzimidazole derivative b. The synthesis of interme-
diate e was performed with the reduction of the ethyl-ester
group before the melting reaction with morpholinopropy-
lamine, to prevent the formation of the unwanted amide. The
desired isomer h was then oxidized to form the aldehyde
group necessary for the final reductive amination reaction,
affording TMC353121.

MECHANISM OF ACTION

To confirm the mechanism of action of TMC353121, time-
of-addition and in vitro resistance selection assays were
performed. In time-of-addition experiments, the compound
behaved similarly to our first preclinical candidate, JNJ-
2408068 [23], as well as two other demonstrated RSV-fusion
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FIGURE 6 Optimization of the phenethyl substituent in the N-methylpiperidine series.

inhibitors (Fig. 8). TMC353121 was also found to inhibit
RSV both early and very late in the viral replication cycle
by preventing virus–cell fusion and syncytium formation,
respectively.

As observed with JNJ-2408068, resistance mutations
raised in vitro against TMC353121 appeared only in the F
protein (Table 2), suggesting that this protein is the sole tar-
get of TMC353121. The mutations observed appeared in the
same F1 polypeptide regions as described previously for other
small-molecule 6HB inhibitors of RSV [23,25,33]. Whereas
K394R and S398L are situated in the cysteine-rich region of
the globular loop region which intervenes with HR-N and
HR-C, D486N is present in the HR-C region, which interacts
with the HR-N hydrophobic pocket upon 6HB formation.

HR-N- and HR-C-derived peptide-binding experiments
confirmed our model, which predicted that the compound
will bind in the hydrophobic pockets present in the HR-N

central trimeric coiled coil [38]. These experiments were
confirmed by the crystal structure of TMC353121 bound to
its 6HB target site [38]. The crystal structure shows that addi-
tional interactions with HR-C are crucial for proper binding
of TMC353121. The latter observation is interesting because
it may elucidate the function of the D486N mutation, and it is
in agreement with an earlier hypothesis [38,39] that explains
the mechanism of action of inhibitors targeting the hydropho-
bic pockets. 6HB-formation can be envisioned as the closing
of a zipper. Interactions of the HR-C amino acid residues
with the HR-N hydrophobic pockets at the N-terminal end
of the 6HB are known to be crucial for providing stability
to the 6HB. One possibility for the mechanism of action of
TMC353121 is that the binding of the compound in this re-
gion could prevent the closing of the zipper at the N-terminal
end, leading to inhibition of fusion. In addition, our model
showed that the dimensions of the hydrophobic pockets are

TABLE 1 Combination of the Optimized Substituent with the Left-Hand
Sides That Had Better Profiles in Terms of Tissue Retention

N
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OH

L
N
H

Compound L pEC50 t1/2 (24-96h) in lung (h)

11
N

OH 8.8 84.9

12 OHOH 7.5 Not determined
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O 9 13.7
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FIGURE 7 Discovery of TMC353121.

relatively shallow, and it was therefore considered surprising
that the binding of TMC353121 to these HR-N pockets alone
would result in such a potent antiviral effect. The peptide
binding experiment and the binding mode of TMC353121
indeed confirmed that the compound does not find to just
HR-N pockets [38]. An alternative possibility is therefore
more likely. The HR-C residues (including D486N) that nor-
mally interact with the HR-N hydrophobic pockets seem to
act as a cover, “sandwiching” the inhibitor between the hy-
drophobic pockets and the HR-C peptides. This disturbance
in native 6HB formation could be sufficient for fusion inhi-
bition, since it may dramatically change the stability of the
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SCHEME 1 Synthesis of TMC353121.

6HB. Mutation of D486N could influence the interactions
with TMC353121, altering the susceptibility for the virus.
The appearance of the K394R and S398L mutations could
result in an altered stability of the prefusion conformation of
the F protein, decreasing the energy required to trigger the
fusion process [40].

EFFICACY IN ANIMAL SPECIES

Cotton Rat Efficacy Studies

The cotton rat model was used to demonstrate the in vivo ef-
ficacy of TMC353121. The animals are semipermissive for
RSV infection, that is, the amount of virus recovered from
the lungs is directly proportional to the amount of challenge
virus, suggesting limited replication of the virus [41]. Cotton
rat experiments were carried out using mainly prophylactic,
but also therapeutic, drug administration schedules. Efficacy
of TMC353121 was measured at maximal pulmonary RSV
titer [i.e., ∼106 infectious viruses/mL bronchoalveolar lavage
fluid (BALF)], which is reached 4 days after the viral chal-
lenge. Lungs were flushed with physiological water and the
infectious virus titer in the BALF was determined. Efficacy
of TMC353121 in cotton rats was determined by administer-
ing the compound intravenously (Table 3) or via alternative
administration routes, as indicated in Table 4.
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FIGURE 8 Time of addition profiling of 6HB inhibitors. (a) Structures of the fusion inhibitors, together with their in vitro anti-RSV activity
[pEC50 = −log10 EC50 (M)] and cytotoxicity [pCC50 = −log10 CC50 (M)], that were included in the test panel. (b and c) TMC353121 (open
squares, solid full line) and BMS433771 (open circles, dotted line) at a concentration of 100 × EC50 [20 × EC50 for the Biota compound
(open triangles, dashed line)] were added in a time-of-addition experiment to the infected cells as indicated on the x-axis. Time point: 1 h
represents a 1-h preincubation of compound and virus before infection. Gray arrows indicate the period of the replication cycle in which the
compounds are able to block viral replication as demonstrated by (b) plaque assay or (c) to prevent 50% syncytium formation. Values are
presented as the mean ± S.E.M. in part (b). Part (c) shows one representative result of three independent experiments.

Single-dose intravenous administration of TMC353121
(10 mg/kg) at different time points before and after RSV in-
fection suggest that the presence of the compound is required
around the time of virus challenge (e.g., 5 min) to achieve a
maximal antiviral effect. To prevent replication, a sufficient
level of TMC353121 has to be present during the fusion stage
of the replication cycle. In fact, efficacy of TMC353121 de-
creased as a function of time between compound administra-

TABLE 2 In Vitro Resistance Mutations in the RSV F Protein
vs. TMC353121a

S398L K394R/S398L D486N

TMC353121 194 62,125 2,474

aResistance mutations selected against TMC353121 are indicated. Numbers
represent the fold change of the compound’s EC50 compared to the activity
against wild-type virus.

tion and virus challenge, in both prophylactic and therapeutic
treatment regimens, reflecting the limited window of RSV
replication in this model. When TMC353121 was adminis-
tered intravenously, orally, or via inhalation, a dose–response
relationship was observed, and the anti-RSV potential of this
compound was confirmed.

BALB/c Efficacy Studies

The BALB/c mouse model [43] was used as a second model
to demonstrate the in vivo anti-RSV efficacy of intravenously
injected TMC353121. Similar to the cotton rat model, the
BALB/c mouse is a semipermissive model, with maximal
RSV replication at day 4 post-challenge. In this model, Long
strain RSV inoculation will cause a lung disease similar to a
mild pneumonia [44]. The loss in body weight is considered
a clinical sign of disease and correlates with the dose of virus
administered. In addition to monitoring the viral load, the
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TABLE 3 Efficacy of TMC353121 (Aqueous Solution) on Viral
Replication in Cotton Rats When Given at Various Time Points
Before and After Viral Challenge

Administration of TMC353121 Viral Load Drop in BALF

Route Timinga
Dose

(mg/kg)
Median Log
Reductionb p Valuec

i.v. −96 h 10 0.2 0.004
i.v. −72 h 10 0.4 0.058
i.v. −48 h 10 0.3 0.141
i.v. −24 h 10 0.5 0.058
i.v. −1 h 10 0.9 0.002
i.v. −5 min 10 1.2 0.009
i.v. +3 h 10 0.4 0.002
i.v. +24 h 10 0.2 0.009

aWhen TMC353121 was administered before (−) or after (+) virus chal-
lenge.
bThe median log reduction in BALF was calculated vs. a untreated control.
cThe p-values were calculated using the Wilcoxon–Mann–Whitney test.

BALB/c mouse model was also used by us to measure indi-
cators of lung inflammation as primary biomarkers, to score
histopathology, and to follow BAL cell infiltration. BALB/c
mice were infected by nasal instillation of 2 × 106 pfu RSV
(A2 strain). RSV antiviral activity of TMC353121 was as-
sessed using prophylactic and therapeutic dosing schedules
(Table 5). Antiviral efficacy of TMC353121 was measured
4 days after virus inoculation.

TABLE 4 Efficacy of TMC353121 (Aqueous Solution) on Viral
Replication in Cotton Rats When Given Via Various Adminis-
tration Routes

Administration of TMC353121
Viral Load Drop in

BALF

Route Timinga Dose
Median Log
Reductionb p Valuec

i.v. −5 min 2 mg/kg 0.4 0.013
i.v. −5 min 10 mg/kg 1.2 0.009
Inh.d −1 h 0.25 mg/mLe 0.6 0.002
Inh.d −1 h 1.25 mg/mLe 1.1 0.002
Inh.d −1 h 5 mg/mLe 1.5 0.002
p.o. −2 h 10 mg/kg 0.6 0.139
p.o. −2 h 40 mg/kg 0.9 0.004

aWhen TMC353121 was administered before (−) virus challenge.
bThe median log reduction in BALF was calculated versus untreated control.
cThe p values were calculated using the Wilcoxon–Mann–Whitney test.
dThe inhalation treatment duration is 1 h. A rough calculation of the dosage
per kilogram body weight of drug delivered to the rats by aerosol was made
using the following formula: estimated dose = aerosol concentration of
drug × minutes of treatment × respiratory volume per min/kg for rats ×
pulmonary retention fraction [42].
eInhalation doses are expressed as mg/mL (i.e., the concentration of the
solution in the reservoir of the nebulizer).

TMC353121 administration, including single or multiple
dosing before or following RSV infection, showed antivi-
ral efficacy against RSV infection (Table 5). In addition,

TABLE 5 Summary of Studies on the Efficacy of TMC353121 on Viral Replication in BALB/c Mice

Administration of TMC353121 Viral Load Drop in Lung

Study
Dose

(mg/kg) Timinga
Median Log
Reductionb p Valuec

Study 1: 10 Px (d − 5 to d0); Tx (d + 1) 0.9 0.008
multiple dose 10 Px (d0) 0.4 0.090

10 Px (d0), Tx (d + 1 to d + 3) 1.5 0.002

Study 2: 10 Px (d0), Tx (d + 1 to d + 4) 0.8 0.041
multiple dose 10 Tx (d + 1 to d + 4) 0.7 0.041

10 Tx (d + 2 to d + 4) 1.0 0.040
10 Tx (d + 3 to d + 4) 0.1 0.300

Study 3: 2.5 −1 h 0.8 0.018
single dose 5 −1 h 0.7 0.018

10 −1 h 1.0 0.035

Study 4: 0.25 −1 h 0.6 0.100
single dose 1 −1 h 0.3 0.110

2.5 −1 h 0.6 0.015
10 −1 h 0.6 0.015

Study 5: 0.025 −1 h 0.3 0.840
single dose 0.25 −1 h 1.8 0.055

2.5 −1 h 1.6 0.150

aPx, prophylactic; Tx, therapeutic; d, day; d0, day of RSV challenge.
bThe median log reduction in lung was calculated vs. an untreated control.
cThe p-values were calculated using the Wilcoxon–Mann–Whitney test.
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FIGURE 9 Kinetics of TMC353121 in BALB/c mice lung and
serum. Two different doses were analyzed: 0.25 and 2.5 mg/kg,
showing a similar PK profile, indicating dose-proportional kinetics.
Drug was cleared, very rapidly from serum and lung in the first hour
after intravenous bolus administration, and reached levels slightly
above detection level at 24 h after administration.

repeated administration of TMC353121 starting 2 days af-
ter virus inoculation also demonstrated a significant reduc-
tion of viral load (study 2, Table 5). These results indicate
that TMC353121 is efficacious in inhibiting viral replication
of RSV in both prophylactic and therapeutic regimens in
BALB/c mice.

For pharmacokinetic analysis, blood and lung samples
were taken at several time points after intravenous bolus ad-
ministration of TMC353121. The PK profile of TMC353121
in BALB/c mice shows that the compound is cleared rapidly
from blood and lungs. TMC353121 shows a plasma level–
time curve that follows a multicompartment model (Fig. 9).

No in vivo data on TMC353121 metabolism are available
for BALB/c mice. However, in rat, unchanged TMC353121
was the major circulating compound after i.v. dosing.
Antiviral activity of TMC353121 was associated with limited

(a) (b) (c)

FIGURE 10 Lung infiltrate is reduced significantly in TMC353121-treated RSV-infected animals. H&E staining of lung sections. (a)
Noninfected lung; (b) RSV-infected lung 5 days after infection; (c) TMC353121-treated and RSV-infected lung 5 days after infection.

cell infiltration into the lung and with reduced lung inflam-
mation. When infected mice were treated with a 10-mg/kg
dose, a significant reduction of RSV viral load was measured
and no lung inflammation was observed, similar to nonin-
fected controls. In contrast, RSV-challenged and untreated
mice showed a pronounced inflammation and cellular infil-
tration in peribronchiolar, perivascular, and alveolar space
(Fig. 10). These effects were found to be dose dependent
(Fig. 11; Table 5, study 5).

For TMC353121-treated mice, the lung damage caused
by RSV infection was reduced compared to the control. No-
tably, two different doses: 2.5 and 0.25 mg/kg, showed sim-
ilar viral log reduction (Table 5, step 5) but different lung
histopathology results, with minimum lung inflammation at
the higher dose of 2.5 mg/kg and pronounced lung inflamma-
tion at the 0.25-mg/kg dose. Hence, TMC353121 treatment
of infected mice induced a 10-fold reduction in viral load
with the absence of lung inflammation, resulting in a lung
histopathology similar to that of uninfected mice. Correla-
tion of the RSV viral load reduction with a protective effect
on lung inflammation indicates a possible benefit for rapid
eradication of clinical symptoms associated with RSV in-
fection in humans and possible implication for a therapeutic
application of RSV antivirals.

CONCLUSIONS

A combination of medicinal chemistry, molecular model-
ing, pharmacokinetic, and biological observations allowed
us to discover the new morpholinopropyl-containing benz-
imidazole RSV fusion inhibitor TMC353121. The compound
showed picomolar anti-RSV activity in vitro. Its viral-fusion-
related mechanism of action has been assessed using time-of-
addition experiments and by the isolation of resistant muta-
tions on the F protein. Peptide binding experiments, together
with the crystal structure of TMC353121 bound to its target
site, provided clues for the molecular mode of action of the
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FIGURE 11 Total histopathologic score in BALB/c mice for different TMC353121 doses. Lung sections were stained with H&E to assess
cell infiltrate and their localization. Lungs were evaluated for inflammatory infiltrates and graded according to a scheme similar to that
described by Ponnuraj et al. [45]. Each group consisted of two mice. Three lung sections (upper, medium, and lower horizontal segments)
were evaluated per lung.

compound. In vivo activity in the cotton rat model by differ-
ent routes of administration was demonstrated. Experiments
in a second animal model, the BALB-c mouse, indicated that
TMC353121 is efficacious in inhibiting viral replication of
RSV, both prophylactically and therapeutically. Interestingly,
a reduction in lung damage caused by RSV infection was ob-
served in TMC353121-treated mice compared to the control.
Currently, TMC353121 is undergoing further evaluation.
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Bristol-Myers Squibb Company Research and Development, Wallingford, Connecticut

INTRODUCTION

Respiratory syncytial virus (RSV) belongs to the pneu-
movirus subfamily within the Paramyxovirus family of
viruses. RSV has long been recognized as the foremost cause
of virus-induced lower respiratory tract disease in infants and
young children [1–3]. In essence, every child will develop an
RSV infection during the first two years of his or her life, but
recurrent infections are frequent. RSV is especially serious
in premature infants and in children with bronchopulmonary
dysplasia (BPD) or congenital heart disease [4–6]. However,
a recent study showed that in children 5 years of age and
younger, individuals from these high-risk groups were a mi-
nority of the patients hospitalized for RSV infection or treated
in outpatient settings [7]. Thus, the current strategy of preven-
tion with the prophylactic monoclonal antibody palivizumab
(Synagis) [8] or the recently discontinued investigational
monoclonal agent motavizumab (Numax) [9] has only a lim-
ited effect on the total burden of RSV infection in young
children. Clearly, the best approach for this population would
be the development of a safe and effective vaccine [10].

Potential complications from RSV infection in young chil-
dren have also been well documented. For example, RSV was
the most common virus identified in the middle ear fluid of
children diagnosed with acute otitis media [11–13], while
a prodromal RSV infection has also been associated with
childhood asthma and other long-term conditions involving
pulmonary dysfunction [14–18]. What may not have been
appreciated until recently is the toll inflicted by RSV in-
fection on the adult and elderly population [19,20]. It has

been estimated that 1 to 2.5 million healthy elderly and be-
tween 540,000 and 1.35 million high-risk adults in the United
States are infected with RSV annually. RSV accounts for 2
to 5% of community-acquired pneumonias during the year
(5 to 15% in the winter months) in community-dwelling el-
derly adults [19], while 3 to 7% of healthy elderly and 4 to
10% of high-risk adults are infected with RSV annually [20].
The incidence of RSV infection in adults hospitalized with
acute cardiopulmonary disease was estimated at 9 to 10%,
while in long-term care facilities the annual incidence is es-
timated at 5 to 10% [19–22]. RSV infection is particularly
problematic in immunosuppressed adults with, for exam-
ple, fatality rates as high as 50 to 100% in bone marrow
transplant patients [5,23,24]. An analysis of RSV-associated
deaths between 1990 and 1999 suggested that mortality rates
are much higher in elderly persons than in other age groups,
to the extent that more than 78% of RSV-associated deaths
occurred among persons aged 65 years or older [25]. Within
the adult population, the diagnosis of RSV infection can
also be problematic since it frequently manifests as a flu-
like illness that is often misdiagnosed as influenza [25]. This
highlights the need for effective diagnostic tests that can be
used routinely in hospitals and in both long-term care and
point-of-care facilities. Most of the diagnostic tests available
commercially were developed for use in children, and since
the RSV titers in infected adults are significantly lower (at
least 3 log10 pfu/mL) than in young children [26], many of
these tests, especially those employing detection through im-
munoflourescence or enzyme immune assays, are relatively
insensitive for detecting RSV in adults. Although nucleic
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acid–based diagnostic tests perform more effectively, there
remains a compelling need for improved diagnostics for the
adult and elderly populations [27,28].

STRATEGY FOR DISCOVERING INHIBITORS
OF RSV

A high-throughput cell protection screen was used to eval-
uate the Bristol-Myers Squibb proprietary library of com-
pounds in order to identify specific inhibitors of RSV by their
ability to abrogate viral-induced cytopathic effects (CPE) in
tissue culture. Both cell viability and cytotoxicity were as-
sessed using a standard protocol that monitors mitochon-
drial metabolism [29]. This exercise was successful in that
it revealed a series of low-molecular-weight benzimidazole
derivatives that demonstrated excellent potency and speci-
ficity toward RSV inhibition and were appealing starting
points for a medicinal chemistry campaign [30]. These com-
pounds, represented by prototypes 1 and 2 (Fig. 1) were
originally prepared in the mid-1960s by an Italian academic
group for evaluation as potential analgesic or antiarrhyth-
mic agents [31,32]. However, they had been sampled in
an extensive series of high-throughput screening campaigns
at Bristol-Myers Squibb without revealing significant bio-
logical activity. Compounds 1 and 2 inhibited RSV repli-
cation at submicromolar concentrations, with EC50 values
of 470 and 220 nM, respectively, and demonstrated ex-
cellent therapeutic indexes, with CC50 values of 216 and
83 µM, respectively [30]. For the purpose of comparison,
under identical conditions ribavirin demonstrated an EC50

value of 2.7 µM and a CC50 value of 34 µM, reflecting a
low therapeutic index of 12 [30]. Compounds 1 and 2 were
active toward both A and B subtypes of RSV, yet had no
activity against Sendai, parainfluenza-3, influenza, vesicu-

N

N
N

NN

N
C2H5

C2H5
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N

N

N

N
N

N
C2H5

C2H5

2

EC50 = 0.47 µM
CC50 = 216 µM

EC50 =  0.22 µM
CC50 = 83 µM

N

N
N

R

N

O R'

3

FIGURE 1

lar stomatitis, human immunodeficiency, or herpes simplex
viruses. Preliminary mode-of-action experiments indicated
that these compounds inhibited fusion between RSV and
host-cell membranes. This is an essential step in virus en-
try and is a proven antiviral mechanism in combating RSV
infection since the approved drug palivizumab (Synagis), a
monoclonal antibody targeted to the F protein, inhibits RSV-
induced virus–cell membrane fusion [33]. Virus fusion as a
mechanism for therapeutic intervention has been explored
for a number of other viruses, including HIV, where clini-
cal proof-of-principle has been exemplified by the peptidic
inhibitor enfuvirtide, marketed as Fuzeon [34].

With a promising lead structure in hand and some insight
into structure–activity relationships (SARs) from closely re-
lated compounds in the corporate collection [31,32], a medic-
inal chemistry campaign was initiated that sought to de-
fine the fundamentals of the pharmacophore, increase po-
tency, and refine the chemotype into molecules with phys-
ical and pharmacokinetic properties compatible with oral
dosing. Although it was anticipated that all aspects of the
structure of the lead molecules would ultimately be exam-
ined, attention was focused initially on defining the basic
structure–activity relationships (SARs) associated with the
diethylamine-containing side chain of 1 and 2 [35]. This sur-
vey proved to be quite informative, revealing a remarkable
tolerance for a wide range of functionality at the side-chain
terminus that was compatible with potent antiviral activ-
ity. The synopsis of the key SAR summarized in Table 1

TABLE 1 Synopsis of SAR Surrounding the Side Chain of 1

N

N

N

R

N
N

Entry
Number R

EC50

(µM)
CC50

(µM)

1 CH2CH2N(CH3)2 0.14 234
2 CH2CH2N(CH3)3

+I− 0.87 42
3 CH2CH2NHCH3 0.21 74
4 CH2CH2NH2 3.3
5 CH2CH2N(i-Pr)2 6.7 42.3
6 CH2CH2CH(CH3)2 0.1 40
7 CH2CH(CH3)2 >15 15.5
8 CH(CH3)2 15 129
9 CH2CH2CH2CH(CH3)2 0.19 24

10 CH2CH2CH2CH3 0.066 12
11 CH2CH2SCH3 0.3 166
12 CH2CH2SOCH3 0.43 56.4
13 CH2CH2SO2CH3 0.25 337
14 CH2CH2CO2H 18.1 184
15 CH2CH2CONH2 2.1 4.28
16 CH2CH2CH(OH)CH3 0.12 >309
17 CH2CH2Ph 0.77 2.6
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illustrates that basic, acidic, polar, and simple alkyl and
phenyl moieties at the side-chain terminus are associated with
potent RSV inhibitory activity. The key requirement was that
side-chain branching or functional group deployment be at
least two atoms way from the core heterocycle [35]. These
observations provided confidence that structural variation of
the side chain would provide a useful opportunity to modulate
physical properties and address metabolism and pharmacoki-
netic issues as they arose.

With a basic understanding of side-chain SAR in hand, the
role of the benzotriazole moiety was examined in the next
phase of the survey. Small amounts of the 2-substitued ben-
zotriazoles analogous to 2 were typically obtained along with
the 1-substituted isomers, and these were shown to possess
antiviral activity essentially equipotent to the 1-substituted
compounds, suggesting a potential for structural modifica-
tion of this element. The benzimidazol-2-one heterocycle
was selected as the initial basis for this phase of the cam-
paign, based on synthetic accessibility, and the ability to
readily control the introduction of functionality in a regiospe-
cific fashion [36]. Selection of this heterocycle proved to be
quite propitious since compounds derived from 3 provided
key insights into SAR and were generally found to be po-
tent RSV inhibitors. As a consequence, the benzimidazol-
2-one moiety was adopted as the basic structural theme for
the program that ultimately led to the selection of a candi-
date compound for clinical evaluation. The second nitrogen
atom of the benzimidazol-2-one heterocycle proved to be
particularly useful, providing a synthetically readily accessi-
ble substituent vector not available to the benzotriazole moi-
ety, an opportunity that was exploited extensively [37]. The
structural simplicity, synthetic accessibility, and compatibil-
ity with a wide range of chemistries made the isoamyl moiety
discovered with the benzotriazole series (Table 1, entry 6) the
side chain of choice for the initial studies, a survey of which
is summarized in Table 2. This series of compounds generally
demonstrated improved activity compared to the benzotria-
zole prototypes, with both polar and lipophilic substituents
providing potent RSV inhibitors. The benzimidazole side
chain was subsequently probed in the context of several 3-
substituted benzimidazol-2-one elements, revealing general
concordance with the SAR established for the 1-substituted
benzotriazole series while fully maintaining the theme of po-
tent antiviral activity. The key compounds prepared in this
series are compiled in Table 3.

While these structure–activity studies were being con-
ducted, two animal models of RSV infection, the BALB/c
mouse and the cotton rat, were established in-house to as-
sess the in vivo antiviral properties of promising compounds
[38–45]. Although proof-of-concept in an animal model was
an objective, there is a poor understanding of the relevance
of these models to human infection [46–48]. However, the
demonstration of antiviral activity in animal models of in-
fection was deemed necessary for further development of

TABLE 2 SAR Associated with the Benzimidazol-2-one 3-
Substituent

N

N
N

N

O R

H3C
CH3

Entry
Number R

EC50

(nM)
CC50

(µM)

1 H 57 61.0
2 CH2CH3 11 18.6
3 CH2CH CH2 16 12.8
4

Me

4 25.0

5 CH2CN 28 46.8
6 (CH2)3CN 40 59.6
7 (CH2)4CN 35 15.0
8 (CH2)5CN 25 13.4
9 CH2 4 C6H4 OH 18 59.9

10 CH2 4 C6H4 CN 12 5.6
11 CH2 4 C6H4 SO2CH3 9 7.5
12 CONH2 50 133
13 CONHEt 52 18.7
14 CONHPh 41 21.6
15 CONHCH2Ph 86 6.4
16 SO2CH3 7 16
17 SO2CH(CH3)2 65 16.9
18 SO2N(CH3)2 62 27.1

TABLE 3 Benzimidazole Substituent SAR

N

N
N

N

O R′

R

Entry
Number R R′

EC50

(nM)
CC50

(µM)

1 (CH2)2CH(CH3)2 2-propenyl 4 25
2 (CH2)2CH(CH3)2 ethyl 11 18.6
3 (CH2)2COCH3 2-propenyl 5 244.7
4 (CH2)2CH(OH)CH3 2-propenyl 28 171.6
5 (CH2)2OH ethyl 229 64.1
6 (CH2)3OH ethyl 10 179.4
7 (CH2)4OH ethyl 14 154
8 (CH2)4OH 2-propenyl 4 170.9
9 (CH2)6OH 2-propenyl 114 > 247.2

10 (CH2)2CN 2-propenyl 15 79.6
11 (CH2)3CN 2-propenyl 5 13.1
12 (CH2)4CN 2-propenyl 27 192.8
13 (CH2)5CN 2-propenyl 13 12.3
14 (CH2)6CN 2-propenyl 6 36.0/

> 241.8
15 (CH2)3SO2CH3 2-propenyl 30 123.3
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the program, an aspect of the program that initially proved
to be quite challenging. Many of the early compounds eval-
uated failed to demonstrate a significant antiviral effect in
either model, despite examination of a wide range of dosing
regimens that encompassed oral, intraperitoneal, and subcu-
taneous administration. Consequently, a decision was made
to explore the potential to evaluate compounds delivered top-
ically to lung tissue, and a collaboration was established with
Philip Wyde in the Department of Molecular Virology and
Microbiology at Baylor College of Medicine in Houston,
Texas. The efficacy of small particle aerosol (SPA) deliv-
ery of antiviral agents had been demonstrated in models of
both RSV and influenza in the cotton rat and mouse [49,50].
However, this approach imposed a significant demand on
the physical properties of molecules to be evaluated, with
an aqueous solubility of 10 mg/mL or greater targeted. In
addition, compound requirements were typically high be-
cause it was necessary to conduct experiments in which an-
imals were exposed to continuous SPA treatment for four
consecutive days. The standard experimental protocol con-
sumed approximately 600 mL of drug-containing solution for
each 21-h period of aerosolization, and drug concentrations
of up to 2 mg/mL were anticipated based on prior experi-
ence [49,50]. To identify compounds suitable for SPA deliv-
ery, the introduction of polar structural elements that would
confer the required aqueous solubility on both the benzimi-
dazole side chain and the benizimidzol-2-one 3-subsitituent
was explored [51]. Fortunately, the pharmacophore for po-
tent RSV inhibition was tolerant of the introduction of both
basic and acidic moieties to either heterocycle, provided that
these elements were deployed several atoms remote from
the core [51]. Although basic amine derivatives were exam-
ined and provided potent RSV inhibitors, a series of mono-
and diacidic compounds offered not only excellent antiviral
properties but also reliably high levels of aqueous solubility
when formulated as their salts. Consequently, this chemo-
type became the focus with which proof-of-concept was es-
tablished in an animal model [51]. A broad range of acidic
moieties were probed, encompassing carboxylic, sulfonic,
and phosphonic acids, in addition to several carboxylic acid
isosteres [51]. Representative compounds are compiled in
Figure 2 and Table 4, from which several compounds were
selected for evaluation in the in vivo experiment [51]. The
four representative compounds depicted in Figure 2 demon-
strated antiviral activity in the cotton rat, measured as a re-
duction in lung viral titers after sacrifice of the animals at day
4 post-inoculation, the peak of viral replication in this model.
The phosphonic acid 4 reduced lung viral titers by 2.0 log10

compared to the control at a concentration of 2 mg/mL in the
SPA solution, but lower concentrations of 0.01, 0.05, and 0.2
mg/mL were ineffective. The oxadiazolone 5 demonstrated
identical efficacy to 4, but at the lower concentration of 0.5
mg/mL in the aerosol solution, while the aspartic acid deriva-
tive 6 reduced lung viral titers by 1.5 log10 at a concentration

of 2.0 mg/mL. Finally, from this series, the sulfonic acid 7
was associated with a 1.85 log10 reduction in viral titers at a
concentration of 1.6 mg/mL. The efficacy of these four com-
pounds was comparable to that observed with ribavirin, used
as a control, which reduced viral titers by 1.6 log10 after in-
traperitoneal administration at a dose of 90 mg/kg b.i.d. [51].

Having established the efficacy of RSV fusion inhibitors
in vivo following topical delivery, attention was redirected
toward the original objective of identifying compounds with
activity following oral dosing. Using the BALB/c mouse
model, the oxadiazolone 5 reproducibly demonstrated effi-
cacy, reducing viral titers by a modest but statistically sig-
nificant 0.84 log10 and 0.93 log10 in successive experiments
following subcutaneous dosing of 120 mg/kg. This was a key
milestone for the program since it established that this class of
RSV inhibitor had the potential to interfere with viral replica-
tion in the lung following systemic delivery. The amino ester
8 was subsequently selected for evaluation in this model,
with the recognition that metabolism to the corresponding
carboxylic acid 9 would very likely occur in vivo. However,
since both compounds demonstrated potent RSV inhibition
in cell culture with EC50s of 15 and 196 nM, respectively, this
was not viewed as an impediment to success. Subcutaneous
administration of 8 at a dose of 50 mg/kg b.i.d. to infected
mice reproducibly produced about a 1.0 log10 decrease in
lung viral titers [51]. More important, oral administration of
8 at the same dose resulted in a positive effect, measured
as an 0.89 log10 reduction in viral titers. The acid 9 was
indeed detected in the plasma of infected mice, and oral ad-
ministration of this compound at 50 mg/kg b.i.d. resulted in
a small but statistically insignificant reduction in viral titers,
and reduced efficacy, which presumably reflects the lower
potency or, possibly, lower exposure in vivo [51]. To address
the metabolic lability of 8, the dimethylamide analog 10 was
prepared, and although the potency of this compound was
comparable to the acid 9, EC50 = 250 nM, it showed good
efficacy in the BALB/c mouse model following oral dosing
at both 50 and 15 mg/kg b.i.d., producing 1.32 log10 and 0.82
log10 reductions in viral titers, respectively.

The amide moiety of 10 fulfilled the objective of in-
creasing metabolic stability toward cleavage to the acid 9 in
mouse and human liver microsomes, but the compound was
extensively metabolized under these conditions. The major
metabolic pathways were identified as demethylation of both
the dimethylamine side chain and the amide moiety in addi-
tion to hydroxylation of both heterocyclic rings. This obser-
vation provided a clear focus for structural optimization, and
with a reasonable understanding of the SAR associated with
the substituents appended to both heterocycles, attention was
focused initially on the effect of reducing the electron density
of the benzimidazol-2-one ring by the introduction of a ni-
trogen atom. A survey of the four possible azabenzimidazol-
2-one isomers was conducted in the context of a butyroni-
trile side chain attached to the benzimidazole, with structural
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FIGURE 2 Water-soluble compounds with activity in the cotton rat following topical exposure.

variation of the azabenzimidazole substituent examined to
confirm trends [52]. The results of this survey, which are
compiled in Table 5, provided a clear understanding of the
requirements for potent RSV inhibition, revealing that 6- and
7-azabenzimidazol-2-ones are comparable to the identically
substituted benzimidazol-2-one analogs, while the 4- and 5-
isomers offer inferior antiviral properties [52]. Consequently,
the 6- and 7-azabenzimidazol-2-ones became the focus of
further optimization efforts, with considerable bias toward
the 6-isomer since synthetic access to this topology was gen-
erally more facile. Small lipophilic elements were installed
as the azabenzimidazol-2-one N-substituent, selected based
on the anticipation of increased metabolic stability and lead-
ing to a tight focus on cyclopropyl, cyclobutyl, CHF2, and
CH2CF3 across the two series. A somewhat broader vari-
ation of the benzimidazole side chain was examined, and

compounds were triaged based on antiviral potency, stability
in human liver microsomal (HLM) preparations, and perme-
ability across a confluent layer of Caco-2 cells. A half-life in
HLM of >30 min was considered to extrapolate to interme-
diate clearance in humans, and a permeability coefficient of
>100 nm/s predicted good absorption, with target parame-
ters based on the performance of standard reference agents.
The data for key compounds are compiled in Table 6 and
reveal the optimal combination of substituents to address
the three key parameters used to triage compounds. This
process narrowed the candidates of interest to the five com-
pounds, 11 to 15, depicted in Figure 3 that possessed in vitro
profiles predictive of exposure in vivo. However, although
the sulfone-containing compounds 13 to 15 offered supe-
rior metabolic stability, their Caco-2 permeability was lower
than that predictive of absorption, reflected in the observation
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TABLE 4 Antiviral Activity Associated with RSV Inhibitors Incorporating Acidic Side Chains

N

N
N

R

N

O R′

Entry
Number R R′

EC50

(nM)
CC50

(µM)

1 (CH2)2CH(CH3)2 CH2CO2H 163 194.3′

2 (CH2)2CH(CH3)2 CH2CH2CO2H 15 102
3 (CH2)2CH(CH3)2 CH2CH2CH2CO2H 75 138.2
4 (CH2)2CH(CH3)2 CH2CH2CH2CH2CO2H 8 16.5
5 (CH2)2CH(CH3)2 CH2CH2CH2CH2CH2CO2H 15 16.5
6 (CH2)2CH(CH3)2 CH2CH2CH2CH2CN4H 15 14.9
7 (CH2)2CH(CH3)2 CH2CH2CH2CH2CH2CN4H 13 90.0
8 (CH2)2CH(CH3)2 CH2CH2CH2SO3H 38 114.5/>209
9 (CH2)2CH(CH3)2 CH2CH2CH2CH2SO3H 52 2.9

10 (CH2)2CH(CH3)2 CH2-4-C6H4-CO2H 11 27.3
11 (CH2)2CH(CH3)2 CH2-3-C6H4-CO2H 10 10.7
12 (CH2)2CH(CH3)2 CH2-4-C6H4-CH2-PO3H2 51 2.8
13 CH2CN4H 2-propenyl 8437 181/>227
14 CH2CH2(CN4H) 2-propenyl 8 > 249
15 CH2CH2CH2(CN4H) 2-propenyl 14 > 0.33

of poor bioavailability in the rat and monkey. Ultimately,
BMS-433771 (12) was selected for development, and the
full profile of this compound is compiled in Tables 7 and 8.

TABLE 5 Azabenzimidazol-2-one-Based Inhibitors of RSV

N

N

CN

Ring System R
EC50

(nM)
CC50

(µM)

N

N N
O

R 2-propenyl 202 149.8

N

N N
O

R H
CH2-4-C6H4-SO2CH3

CH2-4-C6H4-CN
SO2iPr

5710
75

622
237

263.9
40.9
36.8

>228

N

N

N
O

R 2-propenyl
CH2-4-C6H4-SO2CH3

6
<2.3

236.6
1.98

N

N

N

O

R 2-propenyl 3 >216

PRECLINICAL PROFILE OF BMS-433771

In Vitro Studies

BMS-433771 (12) was found to be a potent in vitro inhibitor
of RSV replication in tissue culture that protected HEp-2
cells from RSV A Long strain–induced CPE with an EC50

of 12 nM [30]. However, cell protection assays are an indi-
rect means of examining virus titers since they measure the
apparent health of an infected cell through analysis of mi-
tochondrial function. To examine viral replication directly, a
virus-specific radiolabeling experiment was used. This assay
measured virus-specific protein synthesis directly, and BMS-
433771 (12) was shown to inhibit the Long strain of RSV
with an EC50 value of 13 nM. Therefore, cell protection by
BMS-433771 (12) was directly comparable to inhibition of
new RSV protein expression. BMS-433771 (12) maintained
excellent potency against multiple laboratory and clinical
isolates of both group A and B viruses, with a median EC50

value in the protein synthesis assay of 20.4 nM [30]. The
compound is a highly selective inhibitor of RSV replication,
as it was inactive against all other viruses tested, including
Sendai, parainfluenza-3, influenza, vesicular stomatitis, hu-
man immunodeficiency viruses and human rhinovirus [30].

The collective results from studies using the original lead
compound, several prototypes, and BMS-433771 (12) sug-
gested that the mechanism of action underlying the antiviral
activity of this chemotype was inhibition of virus and host-
cell membrane fusion [30]. Time-of-addition experiments
showed that BMS-433771 (12) acts at an early stage in the
virus replication cycle, and reversibility studies determined
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TABLE 6 In Vitro Antiviral Activity, Metabolic Stability, and Caco-2 cell Permeability of Azabenzimidazol-2-one-Based
RSV Inhibitors

N

N

N

R

N

N

O R′

Entry
Number R R′

EC50

(nM)
CC50

(µM)
HLM t1/2

(min)

Caco-2 Cell
Permeability

(nm/s)

1 (CH2)3CN i-Pr 4 > 55.6 7.4 169
2 (CH2)3CN t-Bu 3 > 86.8 4.0 214
3 (CH2)3CN c-Bu 16 > 258.8 4.6 168
4 (CH2)3CN CH2CF3 15 > 195 12.3 197
5 (CH2)3OH c-Pr 43 245.0 18 115
6 (CH2)5OH c-Pr 13 > 229.5 18 96
7 (CH2)3SO2CH3 c-Pr 5 > 227 77 27
8 (CH2)3SO2CH3 c-Bu 21 > 227 5.3
9 (CH2)3SO2C2H5 c-Pr 6 > 227 37 34

10 (CH2)4F c-Pr 10 158.4 11 247
11 (CH2)4F CH2CF3 15 189.9 17 245

N

N

N

R

N

N

O R′

12 (CH2)3CN 2-propenyl 3 > 216 11 230
13 (CH2)3CN c-Pr 29 > 181 45 166
14 (CH2)3CN CHF2 11 > 205 84 188
15 (CH2)4OH c-Pr 10 > 211 34 130
16 (CH2)3SO2CH3 c-Pr 9 > 230 > 100 39

that inhibition occurred at a step that remained susceptible
to antibody neutralization. These observations clearly indi-
cated that the inhibitory activity was occurring prior to virus
penetration. However, it was also shown that the compound
could act at a late stage in the infection cycle when added
subsequent to the establishment of a productive infection via
inhibition of syncytia formation. Taken together, these data
were consistent with inhibition of fusion as the mechanism
of action for BMS-433771 (12).

Additional evidence in support of fusion inhibition by
BMS-433771 (12) was the finding that viruses isolated from
cell culture exhibiting resistance to the compound had single
amino acid changes in the F1 subunit of the F protein. Using
a reverse genetics approach, it was shown that one of these
changes, a single lysine to arginine change at amino acid posi-
tion 394 within the F1 subunit, was responsible for resistance
to BMS-433771 (12) [30]. To demonstrate direct binding of
this series to the RSV fusion protein, the diazirine 16 was
prepared as a radiolabeled photoaffinity reagent (Fig. 4) [55].
Irradiation of this probe with ultraviolet light in the presence
of virus induced specific cross-linking with the F1 subunit

of the RSV fusion protein (FP), a critical element in the fu-
sion process [56]. This polypeptide contains a hydrophobic,
fusogenic amino terminus that is hypothesized to insert into
the target cellular membrane during the fusion process [57].

TABLE 7 In Vitro Antiviral Profile of BMS-433771 (12)

N

N

N
N

N

O

OH

RSV EC50 10 nM
CC50 >218 µM
Average EC50 toward RSV A and B clinical isolates 20 nM
EC50 for inhibition of parainfluenza-3 virus, Sendai

virus, VSV, influenza, human rhinovirus,
poliovirus, HIV, HCMV, HSV, BVDV

>25 µM
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11 12 13 14 15

FIGURE 3 The five final candidates.

16 17

2019

18

FIGURE 4 Inhibitors of RSV fusion.

TABLE 8 In Vivo Profile of BMS-433771 (12)

Mouse Rat Dog Monkey

i.v. dose (mg/kg) 2 1 1 1
Cl (mL/min/kg) 99 61 12 7.3
Cl class High High Intermediate Intermediate
Vdss (L/kg) 0.65 0.57 1.3 2.9
Terminal t1/2 (min) 4.9 8.9 271 618

p.o. dose (mg/kg) 10 5 5 5
F (%) 32 13 72 42
Cmax (µg/mL) 1.9 0.19 3.5 0.99
Apparent terminal t1/2 (min) 8.2 Cannot be

determined
291 683
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Adjacent to the fusion peptide is an N-terminal heptad repeat
(HR-N), while a complementary C-terminal heptad repeat
(HR-C) region is located proximal to the F1 transmembrane
spanning domain [58,59].

Peptide mapping of the F1 photoaffinity-labeled site re-
vealed that the attachment point was within the HR-N se-
quence [56]. Further studies using a trimeric assembly of a
synthetic HR-N peptide allowed for direct peptide sequenc-
ing and localized the labeling site of the affinity probe pri-
marily to Y198, a residue found to line a previously identified
hydrophobic cavity formed when the N-terminal heptad re-
peats assemble into the trimeric complex [59]. Somewhat
presciently, it was speculated that this binding pocket, lo-
cated inside the deep groove of the HR-N57 heptad repeat
trimer, had the potential to accommodate small-molecule
inhibitors that might interfere with the function of the RSV F
protein [59]. Two key aromatic residues from the C-terminal
heptad repeat, Phe483 and Phe488, along with Ile492, are
accommodated within this cavity in an interaction thought
to be important in the formation of the six-helix bundle
(Fig. 5A). Computer-based modeling studies based on in-
timate knowledge of the SAR placed BMS-433771 (12) and
related compounds in this cavity in a fashion such that the
two heterocyclic ring systems occupied the precise positions
filled by Phe483, Phe488, and Ile492 [56]. This binding pose
oriented the photoreactive diazirine of the photoaffinity probe
toward Y198 in the HR-N cavity.

In Vivo Studies

Mice dosed orally with BMS-433771 (12) prior to challenge
with an inoculation of RSV exhibited reduced viral titers in
the lungs [53]. Intriguingly, a single dose of BMS-433771
(12) administered prophylactically provided efficacy equiv-
alent to that observed when multiple doses of drug were
administered postinfection, provided that the drug was ad-
ministered prior to RSV inoculation. Dose titration studies
established a dose–response relationship and demonstrated
substantial inhibition with doses as low as 5 mg/kg [53]. That
the viral titer reduction in the animal model was specific
was proven by using RSV selected to be resistant to this
class of fusion inhibitor. BMS-433771 (12) exhibited no sig-
nificant antiviral activity toward the resistant virus in the
mouse model. This established that the mechanism of inhi-
bition in vivo was most likely via inhibition of viral-induced
membrane fusion. Curiously, when treatment was initiated
in a therapeutic regimen, an experiment in which compound
was dosed after RSV inoculation, no specific inhibition was
observed. This phenomenon has also been observed with
other RSV fusion inhibitors and may be an indication of
the limitations of this animal model [54]. BMS-433771 (12)
was also evaluated for prophylactic efficacy against RSV in
the cotton rat model of infection. Once again, a single oral

dose administered 1 h prior to intratracheal inoculation with
virus was able to reduce viral lung titers or titers obtained
from lung lavage [53]. A dose–response relationship was ob-
served, with doses approaching 50 mg/kg required to obtain
greater than a 1 log10 reduction in titer. Thus, BMS-433771
(12) demonstrated efficacy in two separate rodent models of
RSV infection.

The preclinical pharmacokinetic properties of BMS-
433771 (12) in four animal species are presented in Table
8, and additional profiling data are summarized in Table 9.
The oral bioavailability ranged from 13 to 72%, with the
highest bioavailability observed in dogs, and the high volume
of distribution suggested that the compound readily entered
tissues from the blood. Total body clearance varied, ranging
from 99 mL/min/kg in mice to 7.3 mL·min/kg in monkeys,
yielding an apparent half-life that ranged from 0.08 h in mice
to 10 h in monkeys (Table 8). Allometric scaling predicted
a favorable half-life of 8 h in humans, and a human dose of
500 mg b.i.d. assuming 50% bioavailability. Protein binding
ranged from 63% in dog plasma to 92% in human plasma,
with a blood-to-plasma ratio of 0.84 in the human samples.
The permeability of BMS-433771 (12) across a confluent
layer of human bronchial epithelial cells was high, indicative
of good lung penetration.

SYNTHESIS OF BMS-433771

The nomination of BMS-433771 (12) as a clinical candi-
date necessitated the development of significant quantities
of material to support toxicological studies and the early
clinical program. The synthetic approach utilized by the dis-
covery group to map out the SAR and the reported process
route to access BMS-433771 (12) are based on a similar

TABLE 9 In Vitro Properties Associated with BMS-433771
(12)

Property Value

Human plasma protein binding 92%
Caco-2 permeability at pH 6.5 143 nm/s
Calu-3 permeability from blood

to airway
82 nm/s at 1 µg/mL

Log P 1.9
Solubility of crystalline free base 0.09 mg/mL at pH 6.3
Solubility of bis-HCl salt 545 mg/mL at pH 0.9
pKa 3.4 (benzimidazole)

5.7 (azabenzimidazolone)
Melting point of free base 196.4◦C
Ames microbial mutagenicity

study with Salmonella
typhimurium tester strains
TA98 and TA100

Not mutagenic up to 5000 µg/
plate
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(A) (B)

FIGURE 5 (A) Segment of the six-helix bundle of the RSV F protein in its fusogenic conformation with the assembled trimeric N-terminal
heptad repeat (HR-N) depicted as a green surface showing Phe483 and Phe488 of the C-terminal heptad repeat (HR-C) projecting into the
HR-N hydrophobic pocket. The peptide backbone of HR-C is shown as a red stick with the side-chain elements of residues Phe483 and
Phe488 highlighted in white. These key amino acids reside in the HR-N hydrophobic pocket. (B) Model of the photoaffinity label 16 bound
into the HR-N hydrophobic pocket with the orientation postulated based on known SAR and placing the diazirine moiety proximal to Tyr198.
The peptide backbone of HR-C and Phe483 and Phe488 are depicted as displaced merely to accommodate 16 and are not intended to suggest
specific mechanistic insight into the precise mode of action of this class of RSV fusion inhibitor. D200 is labeled in red. (See insert for color
representation of the figure.)

retrosynthetic approach, with optimization of the process
approach to accommodate practical aspects associated with
reagents, conditions and availability of starting materials
(Fig. 6) [60]. The azabenzimidazol-2-one moiety was pre-
pared by heating 4-methoxy-3-nitropyridine with cyclo-
propylamine in the presence of di-iso-propylethylamine (Hu-
nig’s base) in EtOH at reflux for 3 h to effect an SNAr dis-
placement of MeOH that afforded the product in > 90%
yield. Hydrogenation of the NO2 moiety under palladium
on charcoal catalysis followed by exposure of the diamine
to carbonyldiimidazole provided the substituted azabenzim-
idazolone in 70% overall yield. The benzimidazole frag-
ment was obtained from 2-hydroxymethylbenzimidazole by
alkylation with 4-iodobutyl pivalate in acetone using KOH
as the base at 50◦C for 2.5 h. Conversion of the alco-
hol to the chloride was accomplished using the Vilsmeier
reagent in DMF, with the product isolable as the HCl salt
in > 95% yield; however, to avoid exposure to a muta-
genic alkylating agent, this material was telescoped directly
into the subsequent coupling reaction. Coupling of the chlo-
ride and the azabenzimidazol-2-one was achieved optimally
in a mixture of dimethylacetamide (DMA) and DMF us-
ing KOH as the base under carefully controlled conditions
designed to avoid pivaloate cleavage. The product was iso-
lated by adding a 2.8 M solution of ammonium chloride to

the organic phase followed by seeding with a small amount
of the product, affording crystalline pivaloate in 86% yield
over the two steps. This material was straightforwardly
cleaved to the alcohol using 2 equivalents of NaOH in EtOH
heated at 70◦C, which provided crystalline BMS-433771 in
85 to 90% yield. This process was used to prepare the kilo-
gram quantities of BMS-433771 (12) required for preclinical
toxicology evaluation and early clinical studies [60]. Data
from toxicological studies conducted in three animal species
suggested a promising safety profile, with no observations
that would preclude the initiation of human studies.

SAR EVOLUTION POST BMS-433771

The proposed mode of binding of RSV fusion inhibitors to
the hydrophobic pockets created by the association of the
three N-terminal heptad repeats of the F protein suggested
that the introduction of substituents at C7 of the benzim-
idazole heterocycle would be poorly tolerated while there
would be some tolerance for substitution at C4 (Fig. 5B).
In contrast, C5 and C6 were predicted to accommodate only
small substituents with both sites proximal to Asp200 and
readily providing vectorial access to this residue. A synop-
sis of the survey conducted to explore this aspect of SAR
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FIGURE 6 Synthesis of BMS-433771 (12).

is presented in Table 10 [61]. The data are consistent with
the predictions of the computer-aided modeling hypothesis,
with substituents at C7 uniformly poorly active while C4 was
more accommodating, although substitution reduced antivi-
ral activity compared to the parent [61]. At C6, a CH2NH2

substituent afforded good potency (Table 10, entry 4) but the
homolog (Table 10, entry 4) was poorly active, while the
analogous alcohol was similarly potent (Table 10, entry 6).
In contrast, a carboxylic acid or carboxamide at C6 provided
compounds essentially inactive (Table 10, entries 7 and 8).
At C5, both a CH2NH2 and CH2OH substituent exhibited
good potency, while the carboxylic acid was inactive and the
carboxamide offered intermediate potency (Table 10, entries
9 to 12). This prompted a deeper survey of C5 substitu-
tion, summarized in part in Table 10, entries 16 to 24, that
provided SAR data consistent with an intimate interaction
between this substituent and Asp200. Steric bulk on the ben-
zylic CH2 or the primary amine or homologation of the amine
moiety in either direction eroded antiviral activity. Amidines
and hydroxyamidines were equally well tolerated, the lat-
ter reinforcing the observation with the CH2OH substituent
that overt basicity is not a requirement for potent antivi-
ral activity, an observation that presumably reflects a pro-
ductive hydrogen-bonding interaction [61]. The potent RSV
inhibitory activity associated with the 5-CH2NH2 derivative
was unmasked most effectively when presented to the K394R
virus developed to be resistant to BMS-433771 (12) (EC50 >

20 µM). The 5-CH2NH2 derivative half-maximally inhibited
replication of the resistant virus at a concentration of 20 nM,

which is over 1000-fold more potent than BMS-433771 (12).
These results opened up a new avenue of structural modifi-
cation with the potential to provide compounds with a higher
genetic barrier to resistance.

Recognition of the importance of a basic amine or
amidine moiety at C5 of BMS-433771 (12) and related
compounds [62,63] provides an interesting coalescence
of structural overlap with bis-(5-amidino-2-benzimidazolyl)
methane (BABIM, 17), a potent and broad-spectrum trypsin-
like serine protease inhibitor that has been characterized as
an inhibitor of RSV fusion [64–68]. The two heterocycles
of BABIM (17) and their topological relationship are very
similar to the benzotriazole 2, a shape accommodated by the
hydrophobic binding pocket formed in the RSV HR-N trimer
after assembly. Although lacking the side chain found in 2,
BMS-433771 (12) and all of the other potent RSV fusion in-
hibitors described in this chapter, the presence of an amidine
moiety in BABIM (17) capable of interacting with Asp200
would be anticipated to provide a productive and important
compensating interaction. In our hands, the antiviral potency
of BABIM (17) is somewhat modest, with EC50 = 100 nM
toward the Long A strain of RSV, but point mutations in virus
developed to be resistant to this compound revealed a F140I
change that showed cross-resistance to BMS-433771 (12),
suggesting a common mode of action [30,61]. In addition,
several additional and structurally diverse inhibitors of RSV
fusion have been described in the recent literature, including
VP-14637 (18), JNJ-2408068 (R1750591, 19), and TMC-
353121 (20), which appear to function by interacting with
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TABLE 10 Effect of Benzimidazole Substitution on Antiviral
Activity

N

N

N
N

O R′

Me Me

R

4
5

6
7

Entry
Number R R′

EC50

(µM)
CC50

(µM)

1 7-CH2NH2 i-Pr 192 11.0
2 7-CH2OH i-Pr 246 246
3 7-CO2CH3 i-Pr 230 25.3
4 6-CH2NH2 i-Pr 0.095 28.1
5 6-CH2CH2NH2 i-Pr 7.11 57.0
6 6-CH2OH i-Pr 0.134 81.6
7 6-CO2H i-Pr 238 125
8 6-CONH2 i-Pr 123 49.9
9 5-CH2NH2 i-Pr 0.002 3.92

10 5-CH2OH i-Pr 0.050 31.6
11 5-CO2H i-Pr 238 17.3
12 5-CONH2 i-Pr 0.166 23.4
13 4-CH2NH2 i-Pr 0.715 7.00
14 4-CH2OH i-Pr 0.82 22.0
15 4-CO2CH3 i-Pr 230 49.2

N

N

N
N

O R′

Me Me

R

16 5-NH2 i-Pr 0.125 32.2
17 5-CH2CH2NH2 i-Pr 0.002 3.92
18 5-CH2NHCH3 i-Pr 0.057 1.48
19 5-CH2N(CH3)2 i-Pr 183 5.65
20 5-CH2NH·CO·CH3 i-Pr 0.631 178
21 5-C(CH3)2NH2 i-Pr 0.694 3.27
22 5-C(NH)NH2 2-propenyl 0.004 10.8
23 5-C(NOH)NH2 2-propenyl 0.005 3.47
24 5-C(NOH)NH2 i-Pr 0.111 9.14

the N-terminal heptad repeat trimer [69–76]. However, only
TMC-353121 (20) demonstrates antiviral activity in vivo
following oral administration to cotton rats, although oral
bioavailability in Sprague-Dawley rats was modest at 14%
and the compound was slowly absorbed [73,74]. The other
RSV fusion inhibitors have demonstrated antiviral activity in
vivo only after topical administration [75,76].

FINAL COMMENTS

We have described the discovery and optimization of a se-
ries of RSV fusion inhibitors into compounds with potent

and selective antiviral activity in cell culture and in two ani-
mal models of infection following oral dosing. BMS-433771
(12) and its close analogs were the first fusion inhibitors to
demonstrate oral bioavailability. Unfortunately, further de-
velopment of BMS-433771 (12) leading to clinical evalu-
ation was not pursued, a consequence of a realignment of
Bristol-Myers Squibb’s business interests.
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INTRODUCTION

Human respiratory syncytial virus (RSV) is a negative-strand
RNA virus and is the most important respiratory pathogen
that causes lower respiratory tract infections worldwide. His-
torically, it has been considered to be solely an infection of
children. However, with the ever-increasing awareness of
elderly and immunocompromised patient populations, this
perception is changing. The medical literature is awash with
studies reviewing the clinical and financial burden of RSV
infections year after year, and yet the amount of research into
antivirals against this virus remains small. A recent study in-
vestigated the total burden of RSV infection among young
children in the United States [1]. They concluded that RSV
infection was associated with considerable morbidity in chil-
dren under 5 years of age and that control strategies that
target only those considered high-risk had a limited effect
on the total disease burden. Other studies going back over
the past five years have reached the same conclusions [2–4].
These reports also found that RSV was responsible for more
infant hospitalizations than were influenza, parainfluenza, or
human metapneumovirus. The World Health Organisation
(WHO) estimates that RSV causes 64 million infections and
160,000 deaths globally each year. They also state that chil-
dren who experience a severe lower respiratory tract RSV
infection have an increased risk of developing childhood
asthma.

In the elderly population in 2003 it was found that 78%
of RSV-associated deaths occurred in those aged 65 years or
older [5]. Falsey et al. concluded that over four years RSV
resulted in 177,500 hospital admissions and 14,000 deaths in
the aged community in the United States [6]. They estimated

that the hospitalization costs alone were more than $1 billion.
Studies have shown that RSV is a serious cause of morbidity
and mortality in immunocompromised adults. In their 2005
study, Ebbert and Limper found that 55% of patients died
from RSV-associated complications [7]. RSV persistence has
been demonstrated in some animals, such as guinea pigs
[8] and cows [9]. Persistence is a major concern for some
patients, such as those suffering from chronic obstructive
pulmonary disease (COPD) or chronic heart problems.

The success of the passive immunization with the mono-
clonal antibody palivizumab (Synagis) given as a prophylac-
tic treatment to high-risk groups, such as premature babies,
demonstrates that there is a market for new RSV therapies.
However, this treatment regimen is prohibitively expensive
and its use is thus limited to the treatment of preterm infants
in the United States. The effectiveness of ribavirin [10], the
only licensed small-molecule antiviral against RSV, is ques-
tionable [11]. Its clinical benefits are small and not all patients
respond. There is also possible deterioration of respiratory
function and teratogenicity associated with its use.

It was recognized in 1969 that there was a medical need
for a RSV vaccine [12], but progress in this field has been
extremely slow. The National Institutes of Health (NIH) in
the United States did develop a formalin-inactivated vaccine
and conducted clinical trials in 1969, but the results were
disastrous. It not only failed to provide immunity to RSV,
but immunized children experienced a more severe disease
when naturally infected with wild-type virus [13]. Other is-
sues have hindered vaccine discovery. The age groups af-
fected are neonates, with their immature immune systems,
and the elderly, with deteriorating immunity, and the testing
of vaccines in these age groups has inherent safety issues.

Antiviral Drugs: From Basic Discovery Through Clinical Trials, First Edition. Edited by Wieslaw M. Kazmierski.
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An effective candidate would also be required to provide
protection to both subtypes of RSV, which can be circulating
at the same time. Currently, there are no vaccine candidates
available for wide-scale testing.

RSV can be divided into two strains, A and B. They
can be distinguished antigenically and have divergent nu-
cleotide sequences [14–16]. The most variable protein is the
attachment (G) protein, which shows only 53% amino acid
identity between the two strains [14]. Both strains exhibit
variation within the group, and phylogenetic analysis of the
G-nucleotide sequence has resulted in the identification of
multiple lineages for both A and B strains [17–19]. RSV
infection is a global annual winter epidemic in temperate cli-
mates. Numerous studies have shown that both strains may
coexist within an epidemic, but their relative incidence can
vary. The predominant epidemic strain causing the epidemic
can change from year to year, and both strains have been
detected worldwide. For example, in Birmingham, UK they
have identified a triennial cycle where RSV A was domi-
nant except in every third year, when B was responsible for
the outbreak [20]. In Finland the dominance was found to
alternate every two years [21].

Drug discovery can utilize a range of live virus assays
at the in vitro evaluation stage. At Arrow we employed
a colorimetric readout utilizing XTT [2,3-bis(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide, dis-
odium salt] to measure compound-mediated cell survival in
the presence of the virus and performed secondary testing in
cell ELISA and plaque [22] reduction assays. In vivo eval-
uation of compound effectiveness against RSV has several
problems, however. The various disease models available
have been reviewed [23] and include small-animal models
such as the BALB/c mouse and cotton rat and larger-animal
models such as primate and bovine. Each of these has its
own set of problems. RSV does not replicate very well in
rodent cells in vitro, and this is reflected by the large inocu-
lum required and the small amount of virus recovered from
the lungs of the animals. Primates can be infected with RSV,
but these models are notoriously impractical and expensive.
Bovine RSV has a clinical need of its own and manifests
itself in a manner similar to human RSV. Studies in the calf
are, however, hampered by the large amounts of test com-
pound required. The end result is that no animal model of
RSV infection demonstrates the human disease in its entirety
and can be considered ideal.

The 15.2-kb genome of RSV contains 10 mRNA species
encoding 11 distinct proteins. There are three transmembrane
surface proteins (F, G, SH) important for attachment and
entry, a matrix protein (M), a nucleocapsid protein (N) which
wraps around the RNA genome, a phosphoprotein (P), a
RNA polymerase (L), M2-1 and M2-2 proteins, and two
nonstructural proteins (NS1, NS2). A transcriptase complex
is formed between N, L, P, and M2-1, which transcribes the
RSV genome once it has entered the cytoplasm of the host

cell. This complex switches from transcription to replication
by an unknown mechanism.

When Arrow Therapeutics began its RSV research pro-
gram in 2001, there were a few companies investigating the
inhibition of viral attachment and entry, but investigation of
replication had proven fruitless. A number of compounds
have been synthesized from various chemical classes that
target either attachment or fusion of RSV. These have been
summarized in a review by Sidwell and Bernard [24]. Sub-
sequently, however, there has been slow progress with these
fusion inhibitors in the clinic.

A ViroPharma compound, VP-14637, was described as
a potent inhibitor of RSV fusion at concentrations in the
low-nanomolar range [25]. It progressed to phase I trials but
was not developed further. RFI-641 from Wyeth was first
described in 2001 as an inhibitor of RSV [26]. They claim
activity in three animal models of RSV infection, including
African green monkeys [27]. In this study they showed that
the compound was effective when dosed 24 h postinfection.
It was reported that this compound entered clinical trials in
2001 [24], but no data are available from this trial and Wyeth
has discontinued its development.

Other fusion inhibitors of note are JNJ-2408068 [28] and
BMS-433771 [29]. JNJ-2408068 has potent anti-RSV activ-
ity in vitro. It is effective against both strains A and B [28]. A
cotton rat study demonstrated antiviral activity in vivo with
high lung concentration levels [30]. Johnson and Johnson
identified the suboptimal pharmacokinetic properties of JNJ-
2408068 and proceeded to identify TMC353121 as a clinical
candidate [31,32]. BMS-433771 is thought to act by disrupt-
ing the hairpin structure of the RSV fusion protein. Similar
to other fusion inhibitors, it had a low-nanomolar EC50 value
vs. RSV in vitro. It was orally active in the mouse model
but was not pursued for strategic reasons. There has been
some research into small peptide fusion inhibitors [33], poly-
merase inhibitors (YM-53403) [34], and Alnylam Pharma-
ceuticals is developing siRNA treatment of RSV with ALN-
RSV01. ALN-RSV01 had an EC50 of 0.7 nM against RSV
in vitro [35]. Recently, Alnylam announced that its human
proof-of-concept GEMINI trial with ALN-RSV01 showed
statistically significant antiviral efficacy.

DISCOVERY

The first stage of the screening campaign at Arrow was the
selection of a 20,000-member diverse component of the in-
house collection. This component was screened against RSV
virus in a whole-cell XTT cell survival assay. The process
was laborious and resulted in a relatively high hit rate, but
several distinct series were identified. Secondary plaque re-
duction and cell ELISA assays allowed us to eliminate certain
compound classes of hit from our investigation, due to lack of
consistent activity across the assay types. Further, to identify
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FIGURE 1 Lead representative of benzodiazepine hit series.

compounds that acted after the fusion event, time-of-addition
studies were incorporated into our screening cascade. Com-
pound was added to cells after RSV infection and compounds
showing a significant drop in activity when dosed at 6 h
postinfection were discarded for the purposes of this project.
This process allowed identification of a series of racemic 1,4-
benzodiazepines, exemplified by A-33903 (1) as nonfusion
inhibitors (Fig. 1).

The lead acetamido-1,4-benzodiazepine analog (1) A-
33903 exhibited EC50 values in the range 10 to 20 µM over
all three assays. An EC50 of 9.7 ± 5.5 µM for RSV RSS
strain was observed in the plaque reduction assay [36]. This
molecule also demonstrated excellent pharmacokinetic prop-
erties in the rat, with a half-life of approximately 6 h and an
oral bioavailability of 76%. This suggested that the core ben-
zodiazepine was relatively stable to metabolism, with good
absorption properties. Calculated physicochemical proper-
ties (molecular weight, 293; c log P, 1.55; tPSA 70.56)
supported this series as a good starting point for lead op-
timization, with ample room for structural modifications.

Structural modifications to A-33903 (1) (see Fig. 2)
showed that the unsubstituted benzodiazepine template was
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FIGURE 2 SAR expansion of the amide substituent in A-33903.

optimal for antiviral activity but that potency could be im-
proved markedly by modification of the amide moiety. In-
creasing the size of the alkyl chain or branching in the chain
gave a modest decrease in potency, as did incorporation of
a cyclic substituent. Noticeable increases in potency were
seen, however, when aromatic amides were tested, espe-
cially those containing electron-donating substituents. The
o-methoxybenzamide (3) was the most potent analog of this
type. However, it showed a very poor pharmacokinetic profile
with low bioavailability (4%) and extremely high clearance
(71 mL·min/kg) when dosed in the rat (Table 2). Addition
of a second methoxy group retained activity (4), whereas
chain lengthening (5 and 6) reduced activity. Other electron-
donating substituents (e.g., dimethylamino) also led to rea-
sonably potent molecules (7). Incorporation of a lipophilic
electronically neutral substituent (cyclohexyl, 8) resulted in
a loss in potency. Other substitutions tended to lower activity.

Heteroaromatic compounds (e.g., 9) also demonstrated
excellent activity; however, the heteroaromatic and electron-
rich aromatic amides suffered from poor pharmacokinetics
(Fig. 2, examples 3 to 5). Addition of halogens as groups
blocking potential aromatic hydroxylation of electron-
withdrawing substituents led to very potent molecules (10
to 13) with a wide range of metabolic vulnerability. The
5-fluoro analog (13) was virtually undetectable after oral
dosing to rats, whereas incorporation of a 4-nitro substituent
(10) gave a potent molecule that demonstrated good expo-
sure combined with a low clearance and a 5.8-h half-life
when orally dosed to rats at 25 mg/kg. Incorporation of a 4-
trifluoromethyl group gave a compound that although having
potent antiviral activity, was shown to be highly cell-toxic
(data not shown). Generally, the series exhibited good half-
lives and volumes of distribution in conjunction with low-to-
moderate clearances, suggesting that these molecules would
be well distributed in tissues relevant to RSV infection.
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FIGURE 3 Pendant phenyl modifications.

Unless stated otherwise, all molecules exhibited no cell tox-
icity at 50 µM.

Replacement of the pendant phenyl ring with a methyl
group led to poor activity, and an identical result was seen
when the phenyl ring was replaced by cyclohexyl. Inactivity
was also observed when the phenyl was modified to benzyl
system or a pyridine ring (data not shown). Substitution on
the pendant phenyl ring generally led to a lowering of po-
tency. Only substitution at the meta position with electron-
withdrawing groups (e.g., 14), or at the para position with
groups as small as fluorine (17) maintained any measurable
antiviral activity, as shown in Figure 3. Substitution on the
fused phenyl ring has also been investigated both with and
without substitution on the pendant phenyl. Substitution at
the 7 position with chlorine gave a slight loss in activity (18).
All other substituents investigated to date at either the 7 or 8
position have led to reduction of antiviral activity (Fig. 4).
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FIGURE 4 Benzodiazepine core modifications.
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FIGURE 5 Urea and carbamate modifications.

The importance of the NH groups in both the ring and
substituent amide (or urea) was well demonstrated by the re-
duction in activity when either of these moieties was methy-
lated (Fig. 4, example 19). Replacement of the amide linking
group by urea retained activity (Fig. 5, example 20) and some
modification of the terminal lipophilic group was possible.
Modification of carbamate (22) was also possible with some
drop in activity. Replacement of the amide moiety with a
sulfonamide led to loss of activity (data not shown) and to a
general increase in cell toxicity. A similar lack of activity was
observed in benzylamine analogs when the amide carbonyl
was removed.

In general, the structure–activity relationship (SAR) from
the XTT assay was consistent with both other assays (plaque
and ELISA), with good antiviral activity demonstrated. These
compounds also showed excellent activity against a range of
RSV strains (Long, B, and A2 strains; see Table 1) and also
against a number of both A and B strain clinical isolates (data
not shown).

Historically, the benzodiazepine skeleton is well docu-
mented as having high promiscuity in terms of pharmaco-
logical activity, we tested a number of our lead molecules



P1: TIX/XYZ P2: ABC
JWBS061-26 JWBS061-Kazmierski May 24, 2011 14:55 Printer Name: Yet to Come

DISCOVERY 371

TABLE 1 RSV Strain Data for Selected Compoundsa

ELISA Plaque

Compound XTT RSS Long B A2 RSS Long B

1 8.6 9.3 17.6 17.8 N.T. 7.1 7.2 3.6
20 3.3 2.7 2.5 1.9 2.8 3.0 2.2 0.75
10 2.0 2.5 1.2 1.3 N.T. 1.8 0.9 <0.3

aAll figures are EC50 values (µM). N.T., not tested.

in a Cerep diversity profile screen. This protocol involved
testing molecules at a concentration of 10 µM against 68
receptors and 17 enzyme targets. The affinity for each target
was measured by displacement of a radiolabeled ligand spe-
cific for each particular receptor or enzyme. The results are
expressed in terms of the percentage of ligand displaced, and
results of 50% or less are considered to be insignificant. The
overall profile was very clean, and a notable lack of affinity
for the central benzodiazepine receptor was demonstrated.

Representative pharmacokinetic data in vivo are shown in
Table 2. As has been described, compounds are character-
ized by low clearance and good absorption and distribution
properties. A series of compounds that showed a range of ac-
tivities in addition to structural differences in the side chain
and linker were chosen to be synthesized as chirally pure
enantiomers to quickly examine any enantiomeric preference
and trends. The results of two of these enantiomeric pairs are
presented in Table 3. It was observed that in all cases the
relative potency across the chiral and achiral forms remained
the same, but the S-isomer showed greater activity than the
racemate, and the R-isomer was consistently less potent.

With this initial indication of enantiospecific anti-RSV
activity, the strategy within the chiral series was to optimize
utilizing SARs gleaned from the racemic optimization pro-
cess [37]. Particular attention was paid to substituents that
would potentially modify physical properties and maintain or
improve the PK profile of the series. Similarly, the unsubsti-
tuted 5-phenyl-1,3-dihydrobenzo[e][1,4]diazepin-2-one was

TABLE 2 Rat Pharmacokinetic Data for Selected Com-
poundsa

Compound
Cmax

(ng/mL)
Tmax

(h)
t1/2

(h)
Cl

(mL·min/kg)
Vd

(L/kg)
F

(%)

1 (p.o.) 616 2.6 5.9 4.9 4.2 77
1 (i.v.) 2400 0.08 5.0 5.3 2.2
3 (p.o.) 19.3 0.8 N.D. N.D. N.D. 4
3 (i.v.) 798 0.08 0.4 71.2 2.4
20 (p.o.) 386 2.6 8.1 9.5 7.5 76
20 (i.v.) 1533 0.08 3.7 7.8 2.5

aAll compounds dosed at 2 mg/kg. N.D., not determined. Oral dose a
suspension in 1% carboxymethylcellulose, i.v. dose by dilution of 100%
DMSO solution into 10% w/v solution of hydroxypropyl β-cyclodextrin in
phosphate-buffered saline to a total volume of 5 mL.

used as the core structure for this optimization. A range
of compounds were prepared as part of this strategy, with
SAR trends entirely as observed in the racemic program. A
summary of leading compounds is shown in Table 4, along-
side their antiviral and comparative pharmacokinetic data.
All compounds shown were orally bioavailable in the rat
with low clearances and reasonable volumes of distribution.
Compound 23, designated RSV604 upon licensing to No-
vartis, was chosen for progression, as it was the best overall
of its peers. Compound 25 appeared a few months later as
part of the lead optimization program and was designated as
a backup to RSV604 [37]. A summary of SAR is shown in
Figure 6. RSV604 inhibited viral replication but its mecha-
nism was unknown. A series of experiments ensued to try
and understand how this series of compounds exerted their
antiviral effect.

Time-of-addition studies confirmed that this compound
acted late in the replication cycle. Drug-resistant mutants to
RSV604 were generated by performing multiple passages of
virus with increasing concentrations of compound. A 10-fold
increase in EC50 observed for RSV604 after eight passages
increased to > 40-fold after three rounds of plaque picking in
the presence of 25 µM compound where its EC50 value was
30.4 µM. The plaque-picked mutant was cross-resistant to
other compounds from within the same chemical series but
showed no resistance to ribavirin or a fusion inhibitor [38].

The complete genome of the plaque-picked RSV604-
resistant virus was sequenced and mutations were identified
in the conserved N-terminal region of the nucleocapsid gene
only. These resulted in the amino acid changes I129L and
L139I. An alignment of RSV strains revealed these residues
to be conserved across A and B strains of the virus (Fig. 7).
To confirm that these mutations were important for the resis-
tance phenotype, reverse genetic experiments were carried

TABLE 3 Activity vs. RSV in XTT Assay of Racemates and
Pure Enantiomers (µM)

Racemate S-Isomer R-Isomer

Compound EC50 TD50 EC50 TD50 EC50 TD50

10 2.0 >50 0.9 >50 21.2 >50
20 3.5 >50 0.9 >50 27.8 >50
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TABLE 4 Activity vs. RSV and Pharmacokinetics of Leading Chiral Benzodiazepines

H

H

X

O

O

N

RN

XTT (µM) ELISA (µM) Plaque (µM)

Compound X R EC50 TD50 EC50 TD50 EC50 TD50 C log P

Aqueous
Solution

pH7
(µg/mL)

Plasma
Levelsa

(ng/mL)

23
(RSV604)

N F
H
N

0.9 >50 1.4 >50 0.7 >50 3.02 4.1 Cmax

1023
Tmax 4 h

24 N CI

O

N

1.4 >50 1.5 >50 0.8 >50 2.67 0.9 Cmax 204
Tmax 6 h

25 N OMe

SO2Me

0.6 >50 0.6 >50 0.5 >50 1.88 22 Cmax

2197
Tmax 8 h

a20 mg/kg dosed orally as a suspension in 5% PEG-400 with 1% CMC in the rat.

out using a RSV antigenome plasmid. Recombinant mutant
viruses were generated, fully sequenced, and analyzed. An
I129L mutant was sixfold resistant to RSV604, L139I was
sevenfold resistant, but a double mutant (I129L and L139I)
was > 20-fold resistant. There was no significant differ-

ence in the replication capacities of these mutant viruses.
This was a completely novel mechanism of action for a
small molecule against RSV. The N protein is a highly con-
served major structural protein that is involved in encapsida-
tion of the RNA genome and is essential for replication and
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Substitution
reduces activity.

Greatest scope.
Aromatic substituents
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groups confer greatest
activity. Ureas active.
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Sulfonamides less active.
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Meta subsitution acceptable.

Substitution tolerated.
No increase in potency.

FIGURE 6 Summary of SAR.
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A2  MALSKVKLNDTLNKDQLLSSSKYTIQRSTGDSIDTPNYDVQKHINKLCGMLLITEDANHK 60 
RSS MALSKVKLNDTLNKDQLLSSSKYTIQRSTGDSIDTPNYDVQKHINKLCGMLLITEDANHK 60 
B   MALSKVKLNDTLNKDQLLSSSKYTIQRSTGDNIDTPNYDVQKHLNKLCGMLLITEDANHK 60 
    *******************************.***********:**************** 

A2  FTGLIGMLYAMSRLGREDTIKILRDAGYHVKANGVDVTTHRQDINGKEMKFEVLTLASLT 120
RSS FTGLIGMLYAMSRLGREDTIKILRDAGYHVKANGVDVTTHRQDINGKEMKFEVLTLSSLT 120
B   FTGLIGMLYAMSRLGREDTIKILKDAGYHVKANGVDITTYRQDINGKEMKFEVLTLSSLT 120
    ***********************:************:**:****************:*** 
            ↓         ↓
A2  TEIQINIEIESRKSYKKMLKEMGEVAPEYRHDSPDCGMIILCIAALVITKLAAGDRSGLT 180
RSS TEIQINIEIESRKSYKKMLKEMGEVAPEYRHDSPDCGMIILCIAALVITKLAAGDRSGLT 180
B   SEIQVNIEIESRKSYKKLLKEMGEVAPEYRHDSPDCGMIILCIAALVITKLAAGDRSGLT 180
    :***:************:****************************************** 

A2  AVIRRANNVLKNEMKRYKGLLPKDIANSFYEVFEKHPHFIDVFVHFGIAQSSTRGGSRVE 240
RSS AVIRRANNVLKNEMKRYKGLLPKDIANSFYEVFEKYPHFIDVFVHFGIAQSSTRGGSRVE 240
B   AVIRRANNVLKNEIKRYKGLIPKDIANSFYEVFEKHPHLIDVFVHFGIAQSSTRGGSRVE 240
    *************:******:**************:**:********************* 

FIGURE 7 Mapping of resistance to RSV604 to the nucleocapsid protein. The partial sequence alignment (from amino acid 1 to 240)
for the N protein from the human RSV strains A2 (protein ID AAB59852.1), RSS (protein ID NP044591.1), and subgroup B (protein ID
AAB82431.1) is given. The highly conserved nature of this protein between different strains of RSV is denoted by asterisks. The position of
amino acid changes observed for the resisting mutants derived vs. RSV604 are boldface and denoted by ↓. The substitutions are I129L and
L139I (I, isoleucine; L, leucine).

transcription [39]. Crystallography studies with RSV N pro-
tein have been pursued and have revealed variable crystal
morphology [40], but a high-resolution structure has not been
published at this time. This makes it difficult to predict the
effects of the mutations observed on the protein. However,
with such a pivotal role in replication and transcription, it is
highly likely that any effect on the N structure or function
would be detrimental to the virus. This made the N protein
an excellent antiviral target.

As discussed previously, no mechanistically relevant an-
imal model was available for assessing the inhibition of
replication of RSV in vivo. To gain an understanding of
the efficacy of the compound in a model with relevance
to human disease, we studied RSV604 in a human airway
epithelial (HAE) model [41]. These differentiated human
primary epithelial cell cultures recapitulate the morphology
and physiology of the HAE. By infecting these cultures with
GFP-expressing RSV, the progress of infection can be mon-
itored. GFP-expressing RSV was added to the apical surface
of the cells and RSV604 was concomitantly added to the
medium on the basolateral surface. A dose of 1 µM inhibited
virus replication by approximately 50%, and concentrations
of 10 µM completely abolished infection. RSV604 was at
least 20-fold more active than ribavirin in this model. Adding
RSV604 as late as 24 h postinfection resulted in an inhibition
of viral spread (Fig. 8).

RSV604 was tested against a panel of 40 RSV clinical
isolates which covered both A and B strains, a 15-year span of
infections, and both the northern and southern hemispheres.
RSV604 was found to be equipotent, with an average EC50

of 0.8 ± 0.2 µM [38]. As a final point, resistant mutant
studies on RSV604 showed amino acid changes in the same

region of the N protein as other compounds in this series,
such as A33903 (1), indicating the same mode of action [38].
Progression into preclinical evaluation was the next logical
step for this compound.

SYNTHESIS

The synthetic sequence employed within the medicinal
chemistry group at Arrow permitted synthesis of the req-
uisite amounts for preclinical and early clinical trials. Fol-
lowing a precedented route [42], the racemic precursor 26
was produced from 27 in a satisfactory overall yield of 64%
after some optimization (Scheme 1). Resolution of the enan-
tiomers of 27 (Scheme 2) was originally achieved by forming
a diastereomeric amide with (S)-Boc-phenylalanine. Subse-
quent deprotection and resolution by chromatographic sepa-
ration was used to provide almost a kilogram of (S)-27. An at-
tempt to utilize a diastereoisomeric crystallization approach
was attempted but found to be capricious upon scale-up. This
sequence, although sufficient to produce 2 kg in total in the
time demanded for preclinical and clinical trials, had its limi-
tations. Efforts were therefore made to circumvent the use of
chromatography and the inherently low yielding resolution
stage to provide a practical approach that would lend itself
to the needs of the manufacturing process.

Reider and co-workers had previously described the res-
olution of the 1-methyl analog of 26 (28, R = Me, Scheme
3) via a crystallization-induced dynamic resolution (CIDR)
[43]. In this process, the salt of one enantiomer, 29, crys-
tallized when the racemic amine was stirred with 1 equiva-
lent of (S)-CSA in a suitable solvent. Epimerization of the
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FIGURE 8 Dose-dependent inhibition of RSV replication in an
in vitro model of human ciliated epithelium. RSV replication was
measured visually by the expression of fluorescent green protein
from the virus genome [41]. The top two panels show control cul-
tures in the absence of drug. Compound (RSV604, ribavirin) was
added to the basolateral media concomitantly with the virus at the
concentrations indicated. (See insert for color representation of the
figure.)

chiral center (effecting dynamic resolution) was achieved
by reversibly condensing the amine with a catalytic amount
of aromatic aldehyde. The α-proton within imine 30 thus
formed was sufficiently acidic at ambient temperature and
basicity for racemization to occur via the enol tautomer.

Encouraged by the precedent, a detailed analysis of
whether CIDR could be applied successfully to unsubsti-
tuted amine 26 was undertaken. This involved attempted
crystallizations of the resulting amine salts of a range of
chiral organic acids [(S)-tartaric acid, (S)-CSA, N-Boc-
(S)-phenylalanine, (S)-3-phenyllactic acid, (S)-mandelic
acid, (S)-lactic acid, (R)-2,2-dimethyl-5-oxo-1,3-dioxolane-

4-acetic acid] employing a variety of solvents (toluene, Et2O,
DCM, EtOH, EtOAc, i-Pr2O, i-PrOAc). Varying amounts of
water were also added (0.05 to 1 eq.), as this has been shown
to aid the crystallization process [43]. All attempts to crystal-
lize salts in this manner failed, with only crystals of racemic
amine being isolated. These initial studies suggested that
the physicochemical characteristics of amine 26 and its salts
precluded this direct approach. A possible solution lay in
the modification of the solubility of this ring system by sub-
stitution with lipophilic protecting groups, N1 substitution
appeared the most reasonable position to start.

A range of protecting groups were investigated (R =
Benzyl, p-methoxybenzyl, 2,4,6-trimethoxybenzyl, 2,4-di-
methoxybenzyl, pivaloyloxymethyl, acetyl, methoxymethyl,
and Boc. These were typically synthesized from 26 by treat-
ing with sodium hydride and quenching with the correspond-
ing halide. All these derivatives exhibited much improved
solubility in organic solvents, confirming the importance of
this site on the physical properties.

The p-methoxybenzyl derivative 31 was investigated fur-
ther, as it provided the most tractable synthesis (Scheme 4).
Salts of 31 were treated with the same range of chiral or-
ganic acids as used previously with amine 26. Initially, 0.5
equiv. of acid was used to assess if kinetic resolution could
be achieved. A variety of solvents initially produced no crys-
tal growth. However, addition of a small quantity of water
(5%) to the N-boc-(S)-phenylalanine salt in toluene or di-
isopropyl ether followed by a brief exposure to ultrasound
caused a dense crop of crystals to form immediately. The iso-
lated crystals proved to have an enantiomeric purity of 95%
in 45% yield. The experiment was then repeated with a cat-
alytic amount (5%) of 3,5-dichlorosalicaldehyde, 0.1 equiv.
of water in toluene, with the addition of seed crystals. Af-
ter stirring overnight, the crystals formed were then isolated.
Analysis showed them to have an enantiomeric excess of over
99%, with a chemical yield of 95%. Chiral high-performance
liquid chromatography confirmed that the S-enantiomer re-
quired had been isolated. This experiment was repeated on
scales ranging from 100 mg to 50 g, with reproducible
results.

Deprotection of 32 to 33 proved unsuccessful by a num-
ber of methods. Synthesis of RSV604 (23) could still be
achieved, however, by introduction of the urea moiety prior
to deprotection. This deprotection was then achieved using
thioanisole for 5 h. Yields for this reaction were excellent
(> 95%), with chiral purity exceeding 99.5% e.e. An alter-
native route to functionalized amine 31 is now viable, as the
reaction of 34 (R = PMB) with base and amyl nitrite under
basic conditions provides a good yield of oxime 35, whereas
the analogous reaction of 26 (R = H) had earlier proved un-
successful. This observation enabled us to pursue the route
described by Bock et al. (Scheme 5, R = Me) [44]. The yields
in Scheme 5 are at present unoptimized; however, the syn-
thesis of RSV604 following this route has a combined yield
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SCHEME 1 Synthesis of racemic benzodiazepine core. Reagents: (1) COCl2, NMP, DCM, 5◦C, 5 h; (2) 2-aminobenzophenone, 5◦C, 5 h;
(3) NH3, MeOH, 5◦C, 24 h; (4) NH4OAc, AcOH, 5◦C, 24 h; (5) HBr, AcOH, room temperature, 2 h, 73%; (6) K2CO3, 88%.

of 48% compared to 32% via the original route outlined in
Schemes 1 and 2.

Initial stereochemical assignments were made in this
series on the basis of the preparation of N-methylated
Boc-d-phenylanaline diastereoisomers 36 and 37 and com-
parison with published data [44]. Preparation of a heavy atom
containing urea derivative 38 allowed an unequivocal confir-
mation of structure via x-ray analysis. Compound 38 had the

expected S-configuration at C3 (shown as C11 in the Ortep
representation of 38 in Fig. 9) [37].

PRECLINICAL PHARMACOKINETIC AND
TOXICOLOGY

As part of the preclinical process, an assessment of the ab-
sorption, distribution, metabolism, and excretion (ADME)
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SCHEME 2 Resolution via separation of diasteroisomers. Reagents. (1) EDAC, Et3N, N-Boc-Phe-OH, room temperature, 20 h; (2) HCl,
EtOAc, 5◦C, 3 h; (3) K2CO3; (4) separation 40%; (5) 95% PHNCS, room temperature, 18 h, 95%; (6) HBr, AcOH; (7) K2CO3, 90%.
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SCHEME 3 Crystallization-induced dynamic resolution (CIDR). Reagents: (1) AH, ARCHO, 5% H2O, room temperature, 24 h.

characteristics of RSV604 was undertaken. In a focused se-
lection of in vivo and in vitro experiments, the suitability for
progression into safety assessment studies and, ultimately,
clinical evaluation was determined. When a high-throughput
equilibrium dialysis approach with LC-MS/MS detection
was used, RSV604 showed high binding to serum proteins;
fu = 0.05 (95% protein bound), with equivalence observed
in rat, dog, and human sera. Rat and human microsomes
were used to determine the susceptibility of RSV604 for
oxidative metabolism. Both species displayed slow turnover

with the apparent intrinsic clearance of 23.5 ± 2.8 and 4.5
± 2.4 µL·min/mg of rat and human microsomal protein,
respectively. This was supported by in vivo data described
previously.

Rat in vivo pharmacokinetic (PK) characterization was
carried out using both oral and intravenous routes of admin-
istration (Table 5). The plasma clearance was found to be low
in the rat (7.2 mL·min/kg), which complemented the turnover
results seen with the rat microsomes. The data also sug-
gested that RSV604 would not be restricted to the systemic
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SCHEME 4 Synthesis of RSV604 via CIDR. Reagents: (1) 0.1 equiv. ARCHO, BocPheOH, 95%; (2) 2-fluorophenyl-NCO, DCM, Et3N,
90%; (3) 1 equiv. AlCl3, PhSMe, 95%.
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SCHEME 5 Alternative synthesis of advanced racemic amine 31. Reagents: (1) Bromoacetyl bromide, H2O, DCM, 0◦C, 18 h; (2) NH3,
MeOH, 95% over two steps; (3) KOtBu, RCl, DMF, 0◦C, room temperature, 1 h, 87%; (4) KOtBu, amyl nitrate, toluene, −5◦C, 30 min, 76%;
(5) H2, 5% Ru/C, MeOH, 40 to 130 psi, 81%.

circulation and could have significant tissue distribution,
since its high volume of distribution (2.2 L/kg) was much
greater than the total body water. The rat PK data showed a
prolonged exposure over the dosing interval and a half-life
of 3 to 4 h. Rising doses of RSV604 up to 50 mg/kg in the
rat showed a dose-related but less than proportional increase
in AUC and Cmax. Repeat-dose studies showed evidence of
some accumulation over the dosing period.

Marmosets and dogs were evaluated as second species to
assess nonrodent pharmacokinetics and support preclinical
toxicological evaluation. Single- and multiple-dose studies
in the marmoset showed a dose-related but subproportional

increase in Cmax and AUC. No accumulation was observed
upon a repeat dose over 14 days. Initial dog studies showed
poor and a variable absorption profile. Later studies showed
a significant improvement with formulation.

In oral PK studies in colostrum-deprived calves [45], nasal
mucosa showed significant levels of parent compound at
trough. These data suggested that the compound was ca-
pable of reaching the target site of RSV infection at concen-
trations that exceed the bovine EC50 (123 ng/mL) at 24 h
post-dose. These data provided confidence that efficacious
target tissue concentrations could readily be achieved using
an appropriate dosing regimen, thus providing an opportunity

TABLE 5 PK Properties of RSV604 Following Oral and Intravenous Administration
to the Rata

Route
Dose

(mg/kg)
AUC0-inf

(µg·h/mL)
Cmax

(µg/mL)
Cip

(mL·min/kg)
V ss

(L/kg)
t1/2

(h)

p.o. 5 10.9 (± 1.5) 0.91 (±0.1) N.D. N.D. 2.6 (± 0.2)
i.v. 5 11.7 (± 1.4) 3.3 (± 0.48) 7.2 (± 0.87) 2.2 (± 0.12) 3.8 (± 0.9)

aN.D., not determinable following oral administration.
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FIGURE 9 Key compounds associated with absolute stereochemistry assignment.

to demonstrate in vivo potency, assuming that these observa-
tions would extrapolate to humans.

In the species studied so far, oral doses were generally
given in a lipid-based formulation to enhance bioavailability
(F) and maximize exposure and circulating plasma levels of
RSV604. The compound showed good absorption, with F
> 90% at 5 mg/kg. When RSV604 was administered as a
suspension in 1% carboxymethylcellulose (CMC), bioavail-
ability was reduced to <40% at an equivalent dose, but dose
proportionality in this formulation was demonstrated from
2 to 20 mg/kg. The apparent high bioavailability in the sol-
ubilized form correlated well with the low clearance and
the in vitro experimentally determined apparent permeabil-
ity coefficient (Papp) using a MDCK cell line of 13 × 10−6

cm/s, indicating that RSV604 had moderate to high passive
permeability characteristics.

Although RSV604 has low plasma clearance, it has been
shown to be a substrate for cytochrome P450 (CYP450)
metabolism using the Bactosome recombinant isoform ex-
pression system. CYP450 3A4 was established to be the ma-
jor contributor to the metabolism of the compound, with both
2C19 and 2D6 also implicated in metabolic turnover in vitro.

To further assess the potential for RSV604 to undergo drug
interaction when dosed in combination with other CYP450-
metabolized therapeutics, CYP inhibition and induction were
assessed. It was found to be a moderate inducer of CYP3A4
and CYP1A in a concentration-dependent manner but was
demonstrated to have no inhibitory effect on the metabolism
of specific probe substrates for CYPs 3A4, 1A2, 2D6, 2C9,
or 2C19.

In vitro cell toxicity was investigated using three different
cell lines (gastric, epithelial, and liver), and no significant tox-
icity was observed with growth inhibition figures in excess of
50 µM in all three lines. Ames bacterial mutagenicity, chro-
mosomal aberration, and mouse micronucleus assays were
also clean. No significant effects were observed in either
hERG and Purkinje fiber assays. Minor action potential du-
ration and tail current amplitude effects were followed up in
a dog telemetry study, where no effects were observed.

Specifically, RSV604 was screened against a wide range
of receptors in a CEREP screen [46]. Marginal activity was
observed at CCKa and CCKb receptors at 10 µM, although no
demonstratable clinical effect was expected from this activ-
ity. No significant effect was observed on the benzodiazepine
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FIGURE 10 RSV604 human PK data, where volunteers received 600 mg on day 1 followed by 450 mg on days 2 to 7. (See insert for color
representation of the figure.)

receptor. RSV604 progressed through escalating-dose stud-
ies (up to 500 mg/kg per day in rats and marmosets) and 14-
day repeat-dose studies in these species (500 mg/kg per day
in rats, 250 mg/kg per day in marmosets). No drug-related
results were found at these doses in terms of either clinical
pathology or histopathology. This profile allowed RSV604
to progress into phase 1 clinical studies with monitoring of
cardiac function in healthy volunteers, as the dog telemetry
study was viewed as limited by exposure.

PHASE I–III SAFETY AND EFFICACY

Single and multiple ascending-dose studies in healthy vol-
unteers of up to 600 mg/day showed that RSV604 was well
tolerated. No serious or severe adverse events were observed,
and all adverse events were mild and not considered drug
related. No clinically significant changes were observed in
vital signs, ECGs, or from telemetry. Dosing after a high-fat
meal improved bioavailability significantly. A further study
looked at the safety, tolerability, and pharmacokinetic pro-
file of 7 days’ dosing of RSV604 in healthy male subjects.
RSV604 was administered as an oral syrup suspension 30
min after completion of a high-fat meal. Plasma concen-
trations of RSV604 above the in vitro EC90 values were
achieved (Fig. 10). Subjects given a loading dose of 600 mg
RSV604 followed by 6 days of 450 mg exhibited trough
concentrations above the in vitro EC90 at the end of day 1
and were ≥ 4 × EC50 and ≥ 2 × EC90 for the following
6 days.

Orally administered RSV604 was absorbed from the gas-
trointestinal tract and exhibited dose-dependent pharma-
cokinetics with biexponential elimination. The half-life of
RSV604 was long, ranging from 30 to 76 h indicating suit-
ability for once-daily administration. Over 7 days dosing
there was a moderate increase in RSV604 exposure and a

small decrease in half-life, indicating time-dependent elim-
ination due to either drug metabolism autoinduction or an
increase in renal clearance or a combination of both. No
subjects were withdrawn from the study due to safety or tol-
erability concerns [47]. As a result, RSV604 was advanced
into studies in patients.

The original proof-of-concept (POC) trial for RSV604
was designed to be a healthy volunteer challenge study, but a
suitable high-titer virus stock proved difficult to manufacture
at that time. As already discussed, the high-risk populations
for RSV are the young, the elderly, and the immunocom-
promised. It was decided to conduct the RSV604 POC trial
in adult hematopoietic stem cell transplant (HSCT) patients.
RSV causes bronchiolitis, pneumonia, and long-term airflow
obstruction problems in these patients. As a consequence,
they are tested routinely for RSV once infected viral titers
are high and RSV shedding is prolonged. At this time, there
is no approved antiviral treatment for these patients. The
disadvantage of using this patient group are the limited num-
ber of treatment centers and having patients clear of other
infections. An RSV trial has its own problems with the sea-
sonality of the virus and the narrow window of infection.
The RSV604 POC trial was an extremely difficult one to set
up and involved 10 centers in the United States, the U.K.,
Australia, and Spain. Many potential patients were excluded
due to the severity of their underlying condition. It was the
largest double-blind placebo-controlled study in HSCT re-
cipients with RSV infection carried out at that time.

A pilot phase of the study was designed to determine
the safety of RSV604 in HSCT patients and the PK of the
compound with relation to the concurrent medications being
taken by the individual patients. The objectives of the main
phase were to identify an in vivo antiviral effect of RSV604
and a 2 log decrease in RSV viral load as determined by
nasopharyngeal swabs and subsequent real-time polymerase
chain reaction analysis. Secondary endpoints included safety
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and PK, RSV viral load during and after treatment, relation-
ship between RSV exposure and antiviral activity, and the
effect of RSV604 on symptoms and signs. The treatment
regime was 600 mg on day 1 followed by 450 mg on days
2 to 5. RSV604 was taken after a high-calorie meal, and na-
sopharyngeal swabs were taken daily up to day 6 and again
on day 12 post-treatment. The trial was double blind and
placebo controlled. Recruitment for the trial proved difficult
for the reasons mentioned.

Patients who achieved RSV604 levels greater than the in
vitro EC90 had a bigger drop in RSV viral load than that of
those who did not. Symptom improvement was also greater
among patients who experienced higher RSV604 exposure.
However, most patients on RSV604 had lower drug expo-
sures than were predicted from the PK studies, and the RSV
viral load difference at 72 h after start of treatment was
not significantly different from that with placebo. The mean
RSV604 trough levels did not exceed the EC90 value until
day 3, there was large individual variation, and steady state
was not achieved until the end of treatment. There were no
serious adverse events, so overall, RSV604 was safe and
well tolerated [48]. With its potent antiviral efficacy, unique
mechanism of action, and oral bioavailability, RSV604
has great potential, and Novartis is continuing clinical
studies.

FUTURE DIRECTIONS

A subsequent program at Arrow Therapeutics identi-
fied (S)-4-methanesulfonyl-2-methoxy-N-(2-oxo-5-phenyl-
2,3-dihydro-1H-benzo[e][1,4]diazepin-3-yl)benzamide, 25
(A-315), as a backup molecule to RSV604. Compound 25
showed potent anti-RSV activity across the primary and sec-
ondary assays, with a different PK profile and improved aque-
ous solubility over RSV604. The exciting potential of the
N-protein target as shown by RSV604 is tempered by the
tractability of the target from a drug discovery point of view.
A high-resolution crystal structure of the protein is needed
but is proving very difficult to attain. The search for new in-
hibitors of RSV N-protein, or indeed any replication-targeted
approach, is restricted to the use of whole virus infectious
assays. Future drug discovery efforts may be aided by the
use of RSV subgenomic replicon systems, in much the same
way that HCV research has progressed over the last 10 years.

Work has continued on the identification of inhibitors of
the RSV fusion protein, both at Arrow and elsewhere, with
some success. Fusion is an essential process for RSV in-
fection, so the fusion protein as a target remains worthy of
further investigation. There is a clear unmet medical need
for the treatment of RSV, and the financial burden of RSV
infection year after year is huge. The development of new
small-molecule antivirals is essential to protect vulnerable

patient groups, as vaccine production continues to face ma-
jor problems.
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INTRODUCTION

Influenza has a significant impact on human health: Annual
influenza epidemics exact a high toll in morbidity, estimated
to be in the range of 3 to 5 million cases of severe illness,
and mortality, with up to half a million deaths worldwide [1].
In addition, it has been estimated that a human-to-human-
transmissible, highly pathogenic pandemic influenza virus
could lead to about 62 million deaths worldwide [2]. In
March 2009, an outbreak of infection with a novel influenza
A virus (swine-origin H1N1 2009) began in Mexico and
spread rapidly across the globe, and by the end of the year
at least 12,000 deaths had been attributed to infection with
the virus [3]. While the highly transmissible 2009 pandemic
(H1N1) virus has, to date, caused a predominantly mild dis-
ease in patients with no underlying disease [4], human in-
fection with the highly pathogenic avian-origin H5N1 in-
fluenza A virus, commonly referred to as “bird flu”, has been
significantly more severe and associated with a very high
mortality rate [5]. However, although the H5N1 virus trans-
mits zoonotically from infected poultry to humans, often
with fatal consequences, such transmission remains ineffi-
cient, as does subsequent human-to-human transmission [6].
The situation of concurrently circulating highly transmissi-
ble pandemic A/H1N1 virus, and extremely aggressive avian
A/H5N1 virus, brought into sharp focus the need for the
global availability of effective influenza virus-specific an-
tiviral agents to provide a first line of defense against an
emerging pandemic virus.

Influenza Virus

Influenza virus belongs to the orthomyxoviridae family and
has a single-stranded segmented RNA genome. The virus
is subdivided into three serologically distinct types, A, B,
and C, of which type C does not seem to cause significant
disease. Influenza A viruses, which cause the most significant
disease in humans [7], are further classified based on the
antigenic properties of the two envelope-associated surface
glycoproteins (Fig. 1A), hemagglutinin (HA: H1-16) and
sialidase (neuraminidase, NA: N1-9) [7]. Viruses of all HA
and NA subtypes have been recovered from aquatic birds
(the biological reservoir of all influenza viruses), but only
three HA subtypes (H1, H2, and H3) and two NA subtypes
(N1 and N2) have established stable lineages in the human
population since 1918 [7].

The replication cycle of influenza A virus (Figure 1B)
presents a number of potential virus-specific drug targets
(reviewed in [10–12]), including inhibition of the essential
functions of the three viral surface glycoproteins: the lectin
hemagglutinin, involved in cell entry and fusion; the M2 ion
channel protein, involved in virus uncoating; and the gly-
cohydrolase sialidase, which facilitates the release of new
virus particles. The first influenza virus-specific drugs, de-
veloped in the mid-1960s, were the adamantane-based M2
ion channel inhibitors rimantadine and amantadine [13,14].
However, these drugs are effective only against influenza
virus A infection (influenza B virus strains do not have
an M2 ion channel), and both drugs have been reported
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not only to have significant side effects, but also lead to
the rapid emergence of drug resistant influenza virus strains
[7,10,14].

Both the viral hemagglutinin and sialidase have been con-
sidered as drug discovery targets, due to their roles in virus
replication and propagation. The hemagglutinin mediates
both the initial attachment of the virus to the target respiratory
epithelium of host cells, via N-acetylneuraminic acid termi-
nated cell-surface sialoglycoconjugates, and subsequent in-
ternalization of the virus and fusion of the viral envelope with
the host-cell membrane [15]. A major role of the sialidase
in the infective cycle is to facilitate release of virus progeny
from the infected cell by cleaving the N-acetylneuraminic
acid residues from cell surface and virus particle–associated
sialoglycoconjugates (see 1, Scheme 1) that would otherwise
be bound by the HA of the new virus particles, keeping the
particles aggregated at the cell surface [16,17]. The interplay
between the receptor-binding (HA) and receptor-destroying
(NA) functions is of major importance in the efficiency of
viral replication [17].

A number of drug discovery approaches targeting the viral
HA have been explored (reviewed in [12]) but to date have
not led to a therapeutically active agent. The most signifi-
cant recent advances in anti-influenza drug development have
arisen from targeting the sialidase function. In this chapter

we review the discovery and development of the first potent
sialidase inhibitor–based anti-influenza drug zanamivir [18].

Influenza Virus Sialidase: Structure and Mechanism

Influenza virus sialidase (EC 3.2.1.18) is a tetrameric gly-
coprotein consisting of four identical subunits [19]. It has a
box-shaped head attached to a long slender stalk [20]. The
protein was first purified in the 1960s, the A/N2 sialidase was
crystallized successfully in the late 1970s, and its x-ray crys-
tal structure was solved soon thereafter [21,22] (reviewed
in [19,20]). The x-ray crystal structures of influenza B and
A/N9 sialidases were solved in the early 1990s, and a num-
ber of NA-complex structures since, but it was not until 2006
that structures of the clinically important A/N1 subtype were
solved [23].

While the sequence homology between sialidases from
influenza A and B viruses is around 30% and between in-
fluenza A virus subtypes is less than 50%, a number of
amino acid residues are highly conserved between virtu-
ally all A and B virus subtypes [24]. With the resolution
of the A/N2 structure, the relationship between these highly
conserved residues spaced along the sialidase polypeptide
“crystallized” when they were found to line the walls of the
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SCHEME 1 Proposed enzyme reaction mechanism of influenza virus sialidase showing the putative sialosyl-cation (2) and covalent
sialosyl-enzyme (3) intermediates. The α-anomer of the product N-acetylneuraminic acid (α-Neu5Ac, 4) formed initially undergoes rapid
equilibration with the β-anomer.

enzyme active site [19,20]. The active site consists of a num-
ber of distinct adjoining pockets that are lined by eight highly
conserved amino acid residues that make direct contact with
a bound α-N-acetylneuraminic acid residue (α-Neu5Ac; see
4, Scheme 1), as in the terminal residue of a sialoglycocon-
jugate substrate or the product of enzyme hydrolysis [25]. In
addition, there are another 10 amino acid residues invariant in
all strains of influenza virus within the vicinity of the active
site that appear to be important primarily in the stabilization
of the architecture of the active site [19].

Upon binding, an α-Neu5Ac residue is oriented within
the active site through charge–charge interactions between
the C1 carboxylate group and a cluster of three conserved
arginine residues [25] (Fig. 2). Also important are the in-
teractions of the C5 acetamido group, which is embedded
in a pocket of the active site through hydrogen bonding of
the carbonyl oxygen and the N H to residue Arg152 and a
buried water molecule, respectively. (Note: The numbering
used throughout reflects that reported for influenza A virus
N2 sialidase.) Favorable hydrophobic contacts to residues
Trp178 and Ile222 are also made by the methyl of the C5
acetamido group. Additional hydrogen-bond networks are
formed by the C8 and C9 hydroxyl groups of the glycerol
side chain to the carboxylate oxygens of residue Glu276,
while the C4 hydroxyl group associates with the carboxylate
oxygen of Glu119. All of the amino acid residues mentioned
above are fully conserved across the natural strains of in-
fluenza virus known to date [19].

Extensive biochemical studies of influenza virus and
other sialidases have led to the proposed catalytic mecha-
nism shown in Scheme 1. On binding of the terminal N-
acetylneuraminic acid (Neu5Ac) residue of the substrate
sialoglycoconjugate (1 in Scheme 1), the Neu5Ac residue
adopts a distorted boatlike conformation (seen in the x-ray
structure of the A/N2:α-Neu5Ac complex [25]), facilitated
in part by formation of a salt bridge between the Neu5Ac
carboxylate and the triarginyl cluster (Arg118, Arg371,
Arg292) [25]. Cleavage of the aglycon unit then appears
to proceed via the formation of an enzyme-stabilized sialo-
syl cation intermediate (2) [26–28]. This may be trapped
transiently as a covalent sialosyl-enzyme intermediate (3),
as proposed for other sialidases [29], by nucleophilic attack
of a strain-independent, highly conserved tyrosine residue
positioned directly below the anomeric carbon (C2) of the
N-acetylneuraminic acid moiety. Subsequent stereoselective
reaction of the sialosyl cation, or covalent intermediate, with
water affords initially α-Neu5Ac (4), which then mutarotates
to the more thermodynamically stable anomer β-anomer.

SIALIDASE AS A DRUG DISCOVERY TARGET

Key for drug design against influenza virus sialidase was
the finding from x-ray crystal structures [19] that despite
high antigenic variability of the viral sialidase, a significant
number of active-site residues are conserved in sialidases
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Schematic representation of the A/N2 active site showing some key interactions of α-Neu5Ac with conserved residues. Conserved interacting
active site residues include Arg118, Arg371, Arg292, Glu276, Arg152, and Glu227. Hydrophobic interactions are made between the C5
acetamido methyl group and Ile222 and Trp178. Tyr406 and Asp151 are involved in enzyme catalysis [25]. (See insert for color representation
of the figure.)

across all strains of influenza A and B viruses. This not
only meant that sialidase was a good drug target against the
highly mutating virus, but the conservation of key active-site
residues across both A and B viruses provided an exciting
opportunity for the development of compounds that could
target all influenza A and B viruses. In addition, by targeting
inhibitor interactions to conserved residues, it was hoped that
the generation of viable mutants would not be facile.

Past work with inhibitors of influenza virus [30] and
other [31] sialidases had identified the unsaturated N-
acetylneuraminic acid derivative Neu5Ac2en 5 (Fig. 3) as a
general micromolar inhibitor of viral and bacterial sialidases.
It was postulated to be a mimic of the putative sialosyl cation

FIGURE 3

intermediate (2) of the sialidase transition state, by virtue of
its half-chair conformation [31]. The C5 trifluoroacetamido
analog of Neu5Ac2en (6) was the most active inhibitor of
influenza virus sialidase known to date (Ki = 8 × 10–7 M
A/N1) [30] and showed effective inhibition of virus replica-
tion in tissue culture and inhibition of the elution of influenza
virus from erythrocytes [32]. Neu5Ac2en itself inhibits both
viral and mammalian sialidases, with Ki values in the micro-
molar range [33]; therefore, a drug design program based on
the Neu5Ac2en template was aimed at both increasing the
inhibitory potency against influenza virus sialidases, from A
and B viruses, and installing functionality that would confer
high inhibitory specificity for the viral enzyme.
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Structure-Based Drug Design on the Neu5Ac2en
Template: The Discovery of Zanamivir (Relenza)

With detailed knowledge of the interactions between the
highly conserved active-site residues and α-Neu5Ac (4) [25]
(Fig. 2C) and Neu5Ac2en (5), the structure-based drug de-
sign effort was begun. Using the software program GRID
[34], energetically favorable interactions between various
functional group probes (such as carboxylate, amine, methyl
group, and phosphate) and residues within the A/N2 NA ac-
tive site were explored [35]. Overlaying the functional group
“hot spots” with the known position of Neu5Ac2en (5) in the
A/N2:Neu5Ac2en complex identified potential substitutions
on the Neu5Ac2en template that would be predicted to in-
crease binding affinity. From this study it became clear that
replacement of the C4 hydroxyl group of Neu5Ac2en (5) by a
more basic amine group (e.g., 4-amino-4-deoxy-Neu5Ac2en
7) should enhance binding affinity as a result of salt bridge
formation with conserved amino acid Glu119. Importantly,
with further analysis it was evident that the C-4 hydroxyl
binding pocket may also accommodate larger, more basic
functional groups than the amine. This analysis, together
with chemical intuition, led to the conclusion that a guani-
dino group incorporated at C4 of Neu5Ac2en (8) (Fig. 4),
engaging most of the C4 binding pocket, could form sub-
stantial interactions with two highly conserved acidic amino
acid residues (Glu119 and Glu227) via its terminal nitrogens.

The two target Neu5Ac2en derivatives, 4-amino-4-deoxy-
Neu5Ac2en (7) and 4-deoxy-4-guanidino-Neu5Ac2en (8),
were readily synthesized (see the following section) and eval-
uated as inhibitors of sialidases from both influenza A and
B viruses [18,33]. Both derivatives were found to be potent
competitive inhibitors of influenza virus sialidase in vitro,
with Ki values 100- to 10,000-fold lower than the parent
Neu5Ac2en [7: Ki = 5 × 10–8 M (A/N2); 8: Ki = 2 × 10–10

M (A/N2), 7 × 10–10 M (B)] [18]. The 4-guanidino deriva-
tive 8 exhibited slow binding kinetics that further decreased
the apparent Ki value against A/N2 sialidase to 3 × 10–11

M [18]. Both compounds also efficiently prevented in vitro

FIGURE 4

and in vivo replication of both influenza A and B viruses [18]
(reviewed in [36,37]).

Through x-ray crystal structure determination, both 7 [18]
and 8 [18,38] were found to orient, in general, within the ac-
tive site of influenza A/N2 sialidase in the manner predicted:
most importantly, with neither compound causing any rear-
rangement of amino acids within the catalytic domain [18].
For 4-deoxy-4-guanidino-Neu5Ac2en (8), the predicted lat-
eral binding between the terminal nitrogens of the guanidino
group and Glu227 does occur, although Glu119 was found to
be slightly further removed than predicted and stacked par-
allel to the guanidinyl group, but still within a distance close
enough for electrostatic interactions [18,38]. The bulkier
guanidino substituent of 8 was found to displace a water
molecule from the C4 binding domain, accounting for some
entropic gain as well as providing a logical reason for the
slow binding properties reported for the compound [18]. Im-
portantly, installation of the basic functionalities at the C4
position resulted in ≥ 10,000-fold selectivity for the inhi-
bition of influenza virus sialidase compared with sialidases
from mammalian origin [18,33].

The more potent compound, 4-deoxy-4-guanidino-
Neu5Ac2en (8), was licensed by Glaxo in 1990 as a lead drug
candidate under the generic name zanamivir. Zanamivir pro-
gressed successfully through the significant clinical studies
required to evaluate a first-in-class drug. It gained regulatory
approval as the first sialidase-targeting anti-influenza drug in
1999 under the trade name Relenza.

SYNTHESIS OF ZANAMIVIR AND BEYOND

Synthesis of 4-deoxy-4-guanidino-Neu5Ac2en
(Zanamivir)

The original syntheses in the development of zanamivir be-
gan with an in-house chemoenzymatic synthesis of N-acetyl-
neuraminic acid (Neu5Ac, 9) (Scheme 2), which in the
mid-1980s was predominantly isolated from natural sources,
making it prohibitively expensive for a drug discovery
pipeline. Today, driven in part by the requirement for syn-
thesis of zanamivir, Neu5Ac is prepared commercially using
either a chemoenzymatic or fully enzymatic conversion of
GlcNAc to Neu5Ac, on a multiton scale.

Introduction of the amino substituent at C4 on the
Neu5Ac2en template utilized the previously reported [39]
unsaturated 4,5-oxazoline derivative 10, prepared as shown
in Scheme 3. Oxazoline (10) was originally synthe-
sized by Lewis acid–catalyzed reaction of peracetylated
Neu5Ac2en1Me (11) [40]. Subsequently [41], oxazoline (10)
was synthesized directly from the peracetylated methyl ester
of Neu5Ac (12) [42], thereby avoiding the chlorination step
in the synthesis of 11. Oxazoline (10) is readily hydrolyzed
to the 4-epi-hydroxy derivative 13 (Scheme 4). Compounds
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SCHEME 2 Synthesis of N-acetylneuraminic acid (Neu5Ac, 9) from N-acetyl-d-glucosamine (GlcNAc).

10 and 13 both offered access to the desired 4-N-substituted
Neu5Ac2en derivatives via stereoselective nucleophilic dis-
placement at C4 with azide ion (Scheme 4).

The original strategy for the introduction of azide at C4
proceeded through activation of the C4-epi-hydroxyl group
of 13 as a triflate (14), followed by displacement with sodium
azide to give the key intermediate 4-azido derivative 15 in
relatively low (24%) yield [43]. Subsequently, a direct open-
ing of the oxazoline ring of 10 was utilized to introduce
azide at C4 with high stereoselectivity for the C4 equatorial
product (< 2% of C4 epimer 16 [40]) and significantly im-
proved yield. Initial reaction conditions using lithium azide
with acidic catalysis in DMF [40] were replaced by reac-
tion with trimethylsilyl azide in tert-butanol on scale-up of
the process [40,41]. Two alternative approaches to 4-azido
derivative 15 from the 4-epi-OH derivative 13 have employed
either Mitsunobu conditions (PPh3, HN3), which led to an
epimeric mixture of 15 and 16 [42], or reaction of 13 with
(less hazardous) diphenylphosphoryl azide [44].

Generation of the amino group at C4 encompassed the
challenges of chemoselective reduction of the azide group
in the presence of the 2,3-double bond and preservation of

the free amino group in a compound prone to acetate migra-
tion. Chemoselective reduction of the azido group was first
addressed by treating the fully protected azide 15 with hydro-
gen sulfide in pyridine, leading to the O-acetylated product
17 in moderate yield [43] (Scheme 5). Subsequently it was
shown that chemoselective hydrogenation of the azido group
could be accomplished on the fully protected azide using
palladium on carbon at atmospheric pressure, with addition
of acetic acid to form the salt of the amine in situ to pre-
vent acetate migration (15 → 17, 72% yield [45]). Similarly,
chemoselective hydrogenation of the fully deprotected azide
derivative 18 [41] (or protected analogs [46]) could be ac-
complished using Lindlar catalyst. During structure–activity
relationship (SAR) studies on zanamivir (e.g., investigating
C5 substitution [47]), azide reduction was also carried out
via phosphinimine formation with triphenylphosphine [42],
giving the corresponding 4-amino derivatives in moderate
(∼45%) yields.

A number of reagents have been used for guani-
dinylation of the 4-amino group. The original syntheses
used S-methylthiourea (17 → 8, 25% yield [43]) or
AIMSA (aminoiminomethanesulfonic acid) (7 → 8, 57%

SCHEME 3 Reagents and conditions: (a) (i) MeOH, H+; (ii) AcCl; b) DBU; (c) BF3·OEt2, DCM/MeOH, 25 to 30◦C, 16 h (96%) [40]; (d)
(i) MeOH, H+; (ii) Ac2O, pyridine, DMAP; (e) TMSOTf, EtOAc, 52◦C, 2.5 h [41].
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SCHEME 4 Reagents and conditions: (f) aqueous AcOH/EtOAc, room temperature (rt), 2 days [43]; (g) Tf2O, DCM/pyridine, −30◦C,
5 h; (h) NaN3, Bu4NHSO4, DMF, rt, 16 h [24% for (g) and (h)] [43]; (i) LiN3, Dowex (H+), DMF, 80◦C, 16 h (73% 15, < 2% 16) [40]; or
TMSN3, t-BuOH, 80◦C, 4 h (83% [40,41]); (j) PPh3, DEAD, HN3, toluene, 0◦C, 14 h (67% 15, 17% 16) [42]; or (PhO)2PON3, DBU, C6H6,
rt, 5 h (87%) [44].

yield [41,45]). Subsequent syntheses during SAR studies
(e.g., [46]) have used the more readily handled Boc-protected
1-guanylpyrazole [N,N′-bis(tert-butoxycarbonyl)-[1]-H-
pyrazol-[1]-carboxyamidine].

Although N-acetylneuraminic acid is considered a rela-
tively expensive starting material, the synthesis of zanamivir
from this carbohydrate is straightforward and has been
adapted to industrial-scale production [48]. Alternative syn-
theses of zanamivir and analogs beginning from cheaper car-
bohydrates such as gluconolactone [49] require significantly
more steps.

Further Developments on the Neu5Ac2en Template:
Toward Next-Generation Zanamivir

In the search for potent and selective sialidase inhibitors,
significant research has been dedicated to the manipulation
of every position on the Neu5Ac2en template. In particular,
extensive SAR studies were carried out on this template dur-
ing, and after, the development of zanamivir (8) (reviewed
in [50,51]). These studies found that for the Neu5Ac2en tem-
plate there appears to be a requirement to conserve the im-
portant interactions of the C1 carboxylate, a C5 acylamino

SCHEME 5 Reagents and conditions: (k) H2S, pyridine, room temperature (rt), 16 h (56%) [43]; or H2, Pd/C, MeOH/toluene/AcOH, rt, 1
h (72%) [45]; (l) (i) NaOMe, MeOH, rt, 2.5 h; (ii) aqueous NaOH, rt, 2 h [43]) or Et3N, H2O, rt, 7 h [41]; (m) H2, Lindlar catalyst, H2O, rt,
21 h [41]; (n) (i) CH3SC(NH)NH2, H2O, 5◦C, 7 days; (ii) NH4OH, H2O (25%) [43]; (o) HO3SC(NH)NH2, H2O, K2CO3, 30 to 40◦C to rt,
24 h (57%) [41,45].
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group, and an amine or guanidino group at C4, for potent
inhibition of influenza virus sialidase.

Further developments on the 4-deoxy-4-guanidino-
Neu5Ac2en (zanamivir) template have been directed prin-
cipally toward producing derivatives with improved phar-
macokinetic properties. In this context, an alkoxyalkyl ester
(prodrug) form of zanamivir, with a long alkyl chain [es-
ter = –(CH2)2O(CH2)17CH3] chosen to counteract the high
hydrophilicity of the molecule, was reported to show signifi-
cant protective effects against influenza (H1N1) infection in
mice upon oral or intraperitoneal administration [52].

Functionalization Through the C7 Position of Zanamivir:
The Development of Long-Acting Sialidase Inhibitors In
complexes of influenza virus sialidase with Neu5Ac [25]
and derivatives, including zanamivir [38], the C8 and C9
hydroxyl groups of the glycerol side chain form important
interactions with sialidase active-site residue Glu276; how-
ever, the C7 hydroxyl group makes no direct interactions with
the protein and is exposed to bulk solvent. This fact has been
exploited in the development of C7 functionalized zanamivir
derivatives with increased lipophilicity, but which also re-
tain the important contributions of the C8 and C9 hydroxyl
groups to the overall binding to influenza virus sialidase. This
research has generated compounds that have improved phar-
macokinetic properties over zanamivir and show promise as
next-generation influenza virus sialidase inhibitors. The most
notable of these compounds are the “simple” 7-O-methyl
ether derivative of zanamivir (19) [46], and its C9 ester pro-
drug 20 [53,54], and divalent zanamivir linked through C7
(e.g., Fig. 5 21, [55]). Both exhibit the characteristic of long
residence times in the lungs and are currently being for-
warded in a joint venture between Daiichi Sankyo (Japan)
and Biota (Australia) as long-acting influenza sialidase in-
hibitors for treatment of influenza.

The 7-O-methyl ether derivative of zanamivir (19) (R-
125489, laninamivir) shows inhibitory potency similar to
zanamivir in sialidase enzyme assay and in cell culture

FIGURE 5

[46,53,54]. Significantly, the more lipophilic C9 acylated
prodrug form of 20 (R-118958, CS8958, laninamivir oc-
tanoate) showed a strong protective effect in mice when ad-
ministered intranasally 4 days prior to infection (with some
efficacy also shown with dosage 7 days prior to infection),
which is more effective than zanamivir in the same situa-
tion [53,54]. The prolonged efficacy seen in mice is poten-
tially related to an observed increased residence time in the
lungs. Prolonged retention of drug in humans has also been
observed, with the active compound detected in the urine of
healthy human subjects for more than 6 days after a single
inhalation of 20 [53]. This is in contrast to zanamivir itself,
which was not detected beyond 18 h after inhalation [53].
At the end of 2009, R-118958 (20) was progressing through
phase III clinical trials as a long-acting, inhaled influenza
virus sialidase inhibitor for once-only treatment and once-
weekly prophylactic protection against influenza.

Concurrent with the development of laninamivir (19) has
been the development of di- and polyvalent structures carry-
ing zanamivir [55,56] (reviewed in [57]). For dimeric con-
structs, a distance between the two zanamivir residues of
approximately 18 to 23 Å (a linker length of 14 to 18 atoms)
(e.g., 21) was found to give optimal inhibitory potency. Con-
tributing to the inhibitory potency of the dimeric constructs
may be their demonstrated ability to cause aggregation of
(isolated) sialidase tetramers and whole virus [55]. The con-
structs inhibit virus replication in vitro and in vivo with ap-
proximately 100-fold more potency than that of monomeric
zanamivir, after valency correction, and provide outstand-
ing, long-lasting protective effects in a mouse model of in-
fluenza infection using a single intranasal dose at a signifi-
cantly lower drug level than that of zanamivir [55]. They also
showed extremely long residence times in the lungs of rats,
with 100-fold greater concentration than zanamivir at 168 h.
These characteristics have led to constructs such as 21 being
forwarded into preclinical trials (Biota/Daiichi Sankyo) as
once-weekly, low-dose therapeutic agents for the prevention
or treatment of influenza virus infection [55].
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Inhibitors Based on Noncarbohydrate Templates

The discovery of zanamivir, and the increasing availability of
x-ray structural data for influenza virus sialidases in the 1990s
provided a platform for further drug discovery targeting the
sialidase. In particular, substantial effort has been employed
in the development of inhibitors based on noncarbohydrate
templates, with potent and selective inhibitors of influenza
virus sialidase, and of influenza virus infection in vivo, being
developed on the cyclohexene (22, 23), cyclopentane (24),
and pyrrolidine (25) templates (reviewed in [58]). Of these,
oseltamivir carboxylate (22), in its prodrug form (23), is now
used to treat and prevent influenza, and peramivir (24) is
an investigational drug (see below). A full discussion of the
development of these inhibitors is outside the scope of this
chapter; the reader is directed to the review cited for further
details beyond the brief overviews provided in the following
sections.

Inhibitor Design Based on the Cyclohexene Template: De-
velopment of Oseltamivir (Tamiflu) Most noteworthy in the
work using noncarbohydrate templates has been the devel-
opment of the cyclohexene-based inhibitor 22 (GS 4071,
oseltamivir carboxylate) and its orally bioavailable prodrug
form (23) (GS 4104, oseltamivir) [60,61] (Gilead Sciences).
Derived from natural shikimic acid, this template incorpo-
rates significant variations from the Neu5Ac2en-based in-
hibitors. These variations include replacement of the dihy-
dropyran ring with a cyclohexene ring in which the double
bond is placed to more closely mimic the putative sialo-
syl cation 2 of the enzyme transition state (Scheme 1) and
replacement of the glycerol side chain with a hydrophobic
aliphatic ether. Substantial SAR studies (reviewed in [61])
led to the development of the optimized structure 22 with a
3-pentyl ether side chain, and the carboxylate, amino, and
acetamido groups mimicking 4-amino-4-deoxy-Neu5Ac2en
(7).

Oseltamivir carboxylate (22) is a potent (Ki nM) and se-
lective inhibitor of influenza virus sialidases [61] (Fig. 6), and

24  (peramivir)

   IC50 1.1 ± 0.02 nM (A/N2)

IC50 0.21 ± 0.01 nM (B)

CO2RO

NH2

AcHN

22222222  R = H (oseltamivir carboxylate)

AcHN
CO2H

H2N
NH

HN

OH
H H

N CO2H

AcHN

H

O

2 2223 333  R = Et (oseltamivir)

IC50  1.3 ± 0.2 nM (A/N2)

IC50  1.1 ± 0.05 nM (B)

22225555  (A-315675)

 IC50 0.19 ± 0.01 nM (A/N2)

 IC50 0.14 ± 0.01 nM (B)

FIGURE 6 Potent influenza virus sialidase inhibitors developed on noncarbohydrate templates. Inhibition data against A/Tokyo/3/67
(H3N2) and B/Memphis/3/89 [cf. zanamivir (8): 0.086 ± 0.003 nM (A/N2) and 0.08 ± 0.01 nM (B)] is shown [59].

an inhibitor of influenza A and B virus replication in vitro
and in vivo, with potency similar to that of zanamivir [61,62].
Despite the more lipophilic side chain of 22, compared to the
glycerol side chain of zanamivir (8), the ethyl ester pro-
drug form (23) (oseltamivir) was necessary to achieve suffi-
cient oral bioavailability [61]. Post absorption, oseltamivir
is converted to the active form (22) by endogenous es-
terases [62]. Oseltamivir (23) was approved for the treatment
of influenza in 1999 and is marketed by Roche under the
trade name Tamiflu as an orally administered drug for treat-
ment and prevention of influenza virus infection (reviewed
in [62–64]).

Structural studies showed that the interactions of the
carboxylate, amino, and acetamido substituents of 22 with
the sialidase active-site residues are similar to those of the
Neu5Ac2en-based inhibitors such as 7 [61]. However, to
fully accommodate the hydrophobic 3-pentyl side chain, a
previously unanticipated reorganization of the active site in
the glycerol side-chain binding pocket takes place; the side-
chain of conserved Glu276 (which interacts with the C8 and
C9 hydroxyls of Neu5Ac2en-based inhibitors) reorientates
outward from the glycerol side-chain binding domain to form
a salt-bridge with Arg224 [61]. This rearrangement generates
a substantial hydrophobic patch within this region that en-
ables accommodation of one arm of the hydrophobic 3-pentyl
side chain. Importantly, the necessity for this rearrangement
for effective sialidase binding of, and inhibition by, 22 has
been found to have implications for the development of
clinically significant oseltamivir resistant virus strains. In
certain A/H1N1 viruses, a mutation of His274 to Tyr pre-
vents the reorientation of Glu276 and diminishes the binding
affinity of 22, leading to viable oseltamivir resistant viruses
[65,66].

Inhibitor Design Using Five-Membered Ring Templates
The underlying templates of the potent influenza siali-
dase inhibitors zanamivir (8; 5,6-dihydro-4H-pyran) and os-
eltamivir (22; cyclohexene) were chosen in part to provide
a central ring that mimicked the half-chair conformation of
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the putative sialosyl cation transition state 2 of the enzyme
reaction (Scheme 1). A number of intensive research efforts
have also been directed toward developing potent sialidase
inhibitors based on alternative cyclic templates (reviewed
in [58]). Two drug discovery programs in particular, us-
ing the five-membered ring cyclopentane and pyrrolidine
templates, have produced the potent influenza virus siali-
dase inhibitors 24 [67] and 25 [59], respectively (Fig. 6).
Extensive SAR studies were used to optimize substituent
binding within the pockets of the sialidase active site.

The cyclopentane-based inhibitor 24 (BCX-1812, RWJ-
270201, peramivir) (BioCryst Pharmaceuticals) [67], a se-
lective influenza virus sialidase inhibitor with potency sim-
ilar to that of zanamivir and oseltamivir, has progressed
through a number of clinical trials. Although peramivir is
still an investigational drug undergoing human clinical trials
of both intravenous (BioCryst) and intramuscular [68] for-
mulations, in early 2006 the U.S. Food and Drug Adminis-
tration granted a fast-track designation of peramivir in an in-
jectable formulation. In 2009 an Emergency Use Authoriza-
tion was granted for intravenous administration of peramivir
in seriously ill hospitalized patients with H1N1 2009
infection [69].

BIOLOGICAL EVALUATION OF ZANAMIVIR

In Vitro Enzyme Assay and Tissue Culture

Measurement of in vitro sialidase inhibitory activity against
isolated influenza virus sialidase [33,59,70] and whole virus
[70,71] has routinely been undertaken using a fluorimetric
assay with the substrate 4-methylumbelliferyl N-acetyl-α-
neuraminide, although other assay systems are also used
[72,73]. Because of its slow-binding kinetics [18], zanamivir
is routinely preincubated with the enzyme or virus before ad-
dition of substrate. It has been noted [73] that direct measure-
ment of enzyme inhibition may have advantages when mon-
itoring viruses for inhibitor susceptibility and may be more
predictive of in vivo susceptibility than cell-based (plaque
reduction) assays.

Zanamivir is a potent broad-spectrum (competitive) in-
hibitor of the sialidase activity of medically relevant hu-
man influenza A (H1N1, H2N2, and H3N2) and B viruses
[18,59,70], with inhibition values in the low- to subnanomo-
lar range. Zanamivir has also been shown to inhibit the siali-
dase activity of all nine NA subtypes, with IC50 values in the
nanomolar range [71].

In tissue culture (plaque reduction assay in Madin–Darby
canine kidney (MDCK) cells [73]), zanamivir effectively in-
hibited virus replication of laboratory-passaged human in-
fluenza A (IC50 = 0.004 to 0.014 µM) and B (IC50 = 0.005
µM) viruses [18,74]. In all cases, zanamivir inhibited virus
replication at lower concentrations than did the M2 ion chan-
nel inhibitors amantadine and rimantadine, and ribavirin [74].

FIGURE 7 Electron micrograph of MDCK cell infected with in-
fluenza A virus in the presence of NA inhibitor, showing cell-surface
aggregation of virus. Bar = 1 µM. (Image from K. Gopal Murti,
St. Jude Children’s Research Hospital, Memphis, TN. Reprinted
from [8], copyright © 2000, with permission from Elsevier.)

It also reduced virus yields in human epithelial cells [37]. No
cytotoxicity was observed at concentrations up to 10 mmol/L,
where cytotoxicity was observed for the other anti-influenza
drugs [74]. Zanamivir inhibited tissue culture growth of avian
influenza A viruses (representing all NA subtypes [71]) at
concentrations that were effective against human A/N1 and
A/N2 viruses [36]. As anticipated, the sialidase inhibitors
have been found to inhibit the release of virion progeny from
infected cells, with cell-associated virus particles found in
the presence of drug (Fig. 7).

Selectivity

Of concern is the possibility that the influenza virus siali-
dase inhibitors may inhibit the endogenous human sialidases.
Zanamivir was shown to exhibit selective in vitro inhibition
of influenza virus sialidase over mammalian [human lysoso-
mal (Neu1) and sheep] sialidases, with inhibition of the mam-
malian sialidases being more than 100,000 times weaker than
that of the viral sialidases [18,33]. A more recent evaluation
of zanamivir inhibition of recombinant versions of the four
human sialidases characterized to date reported micromolar
inhibition of Neu3 (plasma membrane) and Neu2 (cytoso-
lic) sialidases (Ki values of 4 and 14 µM, respectively) [75].
However, this inhibition is still substantially weaker than the
low-nanomolar concentrations at which zanamivir blocks the
activity of influenza virus sialidase. In addition, and signif-
icant with regard to potential inhibition of the human siali-
dases, radiolabeled zanamivir does not enter either uninfected
or influenza infected MDCK cells [76].

Efficacy in Animal Models of Influenza Infection

Both mouse and ferret models of influenza infection have
been used in the evaluation of zanamivir’s in vivo efficacy.
Ferrets are a preferred animal model for influenza infec-
tion, as they exhibit many of the typical signs of influenza
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infection, including fever [72]. They also have a similar re-
ceptor profile for the viral hemagglutinin on respiratory tract
epithelial cells to that in humans and so can be used as a
model of virus transmissibility [6].

In a mouse model of influenza infection (influenza A/N2
or B), intranasally administered zanamivir effectively re-
duced mortality, lung consolidation, and virus titers in the
lung, with no virus growing back following the cessation
of treatment [37]. In both mouse and ferret models, in-
tranasally administered zanamivir was found to be 100 to
1000 times more active than amantadine or ribavirin, and
retained efficacy when treatments were delayed until 24 h
post-infection [36,37]. Zanamivir was found to have poor
oral bioavailability in mice, and was inactive against in-
fluenza viruses when delivered by this route [37]. This was
not unexpected given the known rapid excretion of orally
administered sialic acid derivatives, including the zanamivir
parent template Neu5Ac2en (5) [77].

Clinical Experience: Efficacy, Toxicity, and
Resistance Development

In clinical trials, and subsequently in the clinical environ-
ment, zanamivir has been found to be effective in both the
treatment and prophylaxis of influenza A and B virus infec-
tions. Although being approved in 1999 for the treatment of
influenza virus infection, there is only limited clinical ex-
perience to date with zanamivir in nonexperimental human
influenza. The outcomes of clinical trials undertaken during
the development of zanamivir, and of its clinical use since
approval, have been reported in a number of comprehensive
reviews [36,37,64], from which some of the following dis-
cussion is drawn and to which the reader is directed for a
more detailed discussion and primary references.

As anticipated from mouse studies [37], zanamivir was
found to have poor oral bioavailability during human tri-
als (mean oral bioavailability 2%; 500-mg dose; healthy
adults) [37,78]. Upon oral inhaled (10-mg dose via Diskhaler;
healthy adults) or intranasal (16-mg dose; healthy adults)
administration, a “moderate” median of 10 to 20% of the
dose was systemically absorbed, with maximum serum con-
centrations generally reached within 1 to 2 h [78]. Intra-
venously administered zanamivir (600-mg; healthy adults)
had a half-life of approximately 2 h, with approximately 90%
of the drug excreted unchanged in the urine [78]. Indepen-
dent of the mode of administration, zanamivir was excreted
unchanged [78].

After delivery of the drug by oral inhalation (Diskhaler),
the mean disposition of the drug was 13% in the lungs and
78% in the oropharynx [36,37], indicating that the majority
of the drug is being delivered directly to the major sites of
influenza infection and replication [37]. Also important was
the finding that after oral inhalation (1 × 10-mg dose, healthy
adults), drug concentrations found in sputum and nasal wash-

ings at 12 h postdosing were significantly higher than the
median IC50 for inhibition of the viral sialidase, indicating
long retention of antiviral activity [37]. Intravenous delivery
of zanamivir (600-mg dose) also showed distribution of drug
to the respiratory mucosa [79].

Because of its limited oral bioavailability and the logic
of delivery of the drug to the site of infection, zanamivir
was formulated as a dry powder aerosol for delivery by oral
inhalation using Glaxo’s established Diskhaler technology.
The drug is coadministered with lactose as vehicle (20 mg
of lactose per 5 mg of zanamivir) [8]. The recommended
dose for treatment is 10 mg twice daily for 5 days, beginning
within 48 h after the onset of symptoms for adults, and within
36 h after onset of symptoms for children [64]. For preven-
tion of influenza following exposure to an infected person,
prophylactic treatment of 10 mg once daily for 10 days is rec-
ommended, while for prevention of influenza during a com-
munity outbreak (seasonal prophylaxis), the recommended
treatment is 10 mg once daily for up to 28 days. Zanamivir
is indicted for treatment of uncomplicated acute illness due
to influenza A and B virus in adults and pediatric patients
greater than 5 years of age who have been symptomatic for
no more than 2 days. Zanamivir is also indicated for prophy-
laxis of influenza in adults and paediatric patients 5 years of
age and older.

In the clinical setting, zanamivir is found to be effective
for the treatment of both influenza A and B virus infec-
tions. For treatment, the primary clinical endpoint was set as
the length of time to alleviation of major symptoms (fever,
myalgia, headache, sore throat, cough) for at least 24 h. For
zanamivir this was found to be a median of 1 to 1.5 days
earlier relief of symptoms than for placebo when treatment
was started within 36 to 48 h of infection [37,64,80]. Treat-
ment appears to be of most benefit in those with preexisting
disease and those with severe influenza symptoms [81]. Im-
portantly, the effects of drug treatment are a reduction in
the severity of illness [36,37] and in the incidence of sec-
ondary complications [64]. A significant reduction in the use
of antibiotics was also seen in some clinical settings [80,82].
Zanamivir has also been shown to reduce the likelihood of in-
fluenza infection in a number of trials of prophylactic efficacy
[37,64,83].

The availability of an intramuscular or intravenous for-
mulation of an influenza sialidase inhibitor may be impor-
tant in treating patients hospitalized with severe and po-
tentially life-threatening influenza where inhaled dosing, or
oral dosing in the case of Tamiflu, is not applicable. The
more systemic forms of dosing may also provide greater
protection against potential systemic infection by H5N1
viruses [5]. Intravenously administered zanamivir, which
is still in the investigational phase, is distributed to the
respiratory mucosa and is protective against infection and
illness in experimental human influenza A infection [79].
Its clinical efficacy has recently been demonstrated in the
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successful treatment of two separate cases of H1N1 2009
influenza where the patients had compromised airway func-
tion [84,85].

Toxicity and Adverse Effects Zanamivir is generally well
tolerated [64]. Concerns that inhaled zanamivir could reduce
lung function and induce bronchospasm in asthmatic patients
have not been borne out in clinical studies, where zanamivir
was found not to affect pulmonary function adversely in high-
risk subjects [37,64]. However, as a precaution, patients with
underlying airway disease require careful monitoring and are
advised to have a fast-acting bronchodilator at hand [64]. The
potential for clinically relevant drug–drug interactions with
zanamivir is considered to be low [37].

Resistance Development The generation of resistant viruses
during clinical use of the influenza virus sialidase inhibitors
zanamivir and oseltamivir is an obvious and significant con-
cern. Virus growth in the presence of the sialidase inhibitors
generally gives rise, in the first instance, to variants with
changes in the hemagglutinin glycoprotein, and later to
changes in the sialidase [73,86]. Owing to the fundamen-
tal interconnection between receptor-binding and receptor-
destroying activities of the viral hemagglutinin and sialidase,
respectively, in virus replication [17], viruses with a hemag-
glutinin with reduced affinity for the cell surface receptors
may also have reduced reliance on sialidase activity for re-
lease of virion progeny from cells, and consequently, an al-
tered sensitivity to the sialidase inhibitors [87]. This has been
observed in surveys of neuraminidase inhibitor–resistant
viruses.

As zanamivir and oseltamivir came to the market, a Global
Neuraminidase Inhibitor Susceptibility Network was estab-
lished to monitor the development of viruses resistant to these
drugs [86]. To the end of 2009, no influenza viruses with a
change in the sialidase causing resistance to zanamivir had
been isolated from patients treated with the drug who have
a competent immune system [65,88]. One variant influenza
B virus (with Arg152Lys in the sialidase), however, was iso-
lated from an immunocompromised patient [65].

Seasonal influenza viruses (A/H1N1, A/H3N2, and B)
collected worldwide between October 2004 and March 2008
were found to be sensitive to inhibition by zanamivir, with
IC50 values in the low-to subnanomolar range [89], in line
with the findings from drug susceptibility surveillance of pre-
vious years. Although a mutation of the conserved Asp151
in a number of A/H3N2 viruses that has moderately reduced
susceptibility to zanamivir (IC50 ∼10 nM) was observed in
the most recent survey [89], this variant has not (yet) been
identified in clinically isolated viruses. An A/H1N1 siali-
dase variant with the mutation Q137K that confers reduced
(36 [90] to 300 [88] fold) susceptibility to zanamivir has
also recently been identified [88,90] after passaging a small
number of clinical isolates in MDCK cells. This mutation

did not compromise viral infectivity or transmissibility in a
ferret model of influenza infection [88]. However, the mu-
tation was not found in the original isolates, and its clinical
relevance is unclear at this stage.

A number of sialidase variants (predominantly with
changes at Glu119) arise in vitro during passage in the pres-
ence of zanamivir and oseltamivir (reviewed in [65,87]).
Variations at Glu119 (A/N2, A/N9, B) that appear in the
presence of zanamivir (Glu119 Gly, Ala, Asp) adversely af-
fect the stability and activity of the enzyme [87,91] and virus
replication in vitro [91]. However, the clinically relevant [65]
oseltamivir-selected Glu119Val A/H3N2 variant showed less
significant loss of sialidase activity, grew well in cell cul-
ture [91], and was transmissible in ferrets [92]. Importantly,
this variant is sensitive to zanamivir as well as to peramivir
(24) [93].

Resistance to oseltamivir (Tamiflu 23), to date the more
widely used influenza virus sialidase inhibitor, has been ob-
served not only in the clinical setting (2% drug resistance
in adults and up to 18% resistance in children [65]) but
also in some circulating seasonal viruses [66,89]. In par-
ticular, since mid-2007 [89] there has been a significant
increase in the frequency of oseltamivir-resistant seasonal
A/H1N1 viruses with a His274Tyr mutation in the siali-
dase [66]. These variants can no longer accommodate the
hydrophobic 3-pentyl side chain of oseltamivir. Importantly,
the oseltamivir-resistant A/N1 His274Tyr variants are still
sensitive to zanamivir and peramivir [66].

FUTURE OUTLOOK

Antiviral drug development including anti-influenza ther-
apy discovery and development is a considerable challenge.
The variable antigenic nature of the surface glycoproteins
presents not only challenges for the discovery of new vac-
cines in a timely manner [94], but also appeares to hin-
der effective targeting of these proteins for drug discov-
ery [10,11]. The discovery of zanamivir not only provided
proof of concept for structure-based drug design but also de-
livered the first specific anti-influenza drug that targeted the
virus’s surface glycoprotein, sialidase. This inhibitor has the
capacity to halt the spread of all strains of both influenza
A and B virus, including the currently circulating seasonal
and pandemic H1N1 as well as the much-publicized avian
H5N1 virus.

While zanamivir was the first designer drug approved for
the treatment of influenza infection, it has not been used
widely in the treatment of nonexperimental human influenza
infection. However, in clinical cases of influenza infection
where zanamivir has been used, the outcomes have mirrored
its successful clinical trial efficacy. Moreover, zanamivir was
found to be well tolerated with a very limited side-effect
profile.
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What has been recognized in recent years is that there is
a need for alternative drug administration methods, particu-
larly for treatment in the circumstance where oral or inhaled
dosing is not appropriate. This is now being addressed with
the development of intravenous and intramuscular injection
formulations of sialidase inhibitors [68,79]. In this context,
and most interestingly, intravenous injection of zanamivir
was found to provide positive outcomes in patients severely
compromised by influenza infection [84,85]. Furthermore,
and of significant interest, a “second-generation” zanamivir-
based inhibitor is currently undergoing clinical trials as a
long-acting sialidase inhibitor (LANI). These inhibitors re-
quire only a once-a-week dosing [54] and would offer an
exciting alternative to existing drugs, which require twice-
daily dosing.

The development of substantial resistance to the sialidase
inhibitors is a fundamental issue of great concern. Signif-
icant resistance development to the most commonly used
anti-influenza drug oseltamivir has confirmed the capacity of
the virus to respond to drugs. Importantly, at present there
is no significant resistance development in the clinical set-
ting to zanamivir, although close monitoring of drug resis-
tance development is essential. The threat of continuing re-
sistance development demands a continued discovery and de-
velopment of next-generation sialidase inhibitors, as well as
other influenza virus inhibitors that target other essential viral
proteins.

The arrival of the 2009–2010 influenza virus pandemic re-
inforced the importance of influenza virus sialidase–targeting
inhibitors as anti-influenza drugs. These drugs have provided
a first line of defense to treat and protect the human popula-
tion in the event of a serious pandemic and, importantly, to
buy time for vaccine development.
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INTRODUCTION

Hepatitis B infection represents a major global public health
problem. Worldwide, it is estimated that over 2 billion people
have been infected with hepatitis B virus (HBV), and over
350 million people are chronically infected [1]. The preva-
lence of chronic hepatitis B (CHB) infection varies by region,
with the highest prevalence rates (≥ 8%) observed in China,
Southeast Asia, and sub-Saharan Africa [2]. In these high-
prevalence areas, HBV infection is acquired mainly in early
childhood, commonly by perinatal (vertical) transmission.
In areas of lower prevalence, HBV infection is more often
acquired during adulthood as a consequence of unprotected
sexual intercourse or intravenous drug use.

The clinical course of CHB infection can be variable, with
the activity of disease fluctuating over time. Four patterns of
CHB infection have been identified [3,4]. People infected
with HBV during early childhood typically enter an asymp-
tomatic immune tolerance phase, which may last for up to
four decades. Hepatitis B e antigen (HBeAg)-positive CHB
(the immune clearance phase) is characterized by elevated
alanine aminotransferase (ALT) levels and inflammation in
the liver. Patients who develop HBeAg seroconversion typi-
cally enter an inactive carrier state, wherein HBV DNA falls
to a low level and the disease is quiescent despite the contin-
ued presence of hepatitis B surface antigen (HBsAg) in the
serum. However, in some individuals, the loss of HBeAg rep-
resents the spontaneous emergence of mutant HBV variants
incapable of synthesizing HBeAg. This clinical presentation,
termed HBeAg-negative CHB, is characterized by detectable
viral replication in the absence of HBeAg antigen. Fluctuat-

ing levels of both HBV DNA and ALT are typically observed
in HBeAg-negative CHB and are associated with a poor long-
term prognosis.

Longitudinal studies on the natural history of HBV infec-
tion demonstrated that CHB was a significant risk factor for
the development of cirrhosis [3]. In addition, HBV became
one of the first viruses to be causally linked to a human can-
cer when Beasley et al. demonstrated the link between CHB
and hepatocellular carcinoma (HCC) in 1981 [5]. As a result,
there has been a focus on vaccination to prevent the spread of
HBV and on drug therapy to minimize disease progression
to cirrhosis and HCC in patients with CHB infection.

HBV vaccines targeted against the small envelope pro-
tein of HBV (principally HBsAg) are highly antigenic and
effective in preventing HBV infection [6,7]. The vaccines
used most commonly consist of HBsAg-viruslike particles
expressed in recombinant yeast. Large-scale studies follow-
ing universal vaccination of infants in Taiwan have demon-
strated that vaccination (with or without hepatitis B immune
globulin) can significantly reduce the incidence of both CHB
infection and HCC in children [8–10].

Few options for treatment of CHB were approved when
entecavir was first studied in human clinical trials in 1997.
The first treatment to be approved for CHB was interferon
α-2b. Significant numbers of patients achieved HBeAg loss
after a 16-week course of subcutaneous injections [11]. How-
ever, treatment with interferon was associated with a wide
range of adverse events, such as influenza-like symptoms,
fatigue, anorexia, and weight loss. In 1998, lamivudine be-
came the first nucleoside analog approved for the treatment
of CHB after it was shown to be superior to placebo in terms

Antiviral Drugs: From Basic Discovery Through Clinical Trials, First Edition. Edited by Wieslaw M. Kazmierski.
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of histologic improvement, HBV DNAsuppression, ALT
normalization, and HBeAg seroconversion [12,13]. Resis-
tance to lamivudine was rapidly recognized, and this develops
in up to 70% of patients through five years of therapy [14].
Adefovir dipivoxil was subsequently shown to offer bene-
fit for HBeAg-positive and HBeAg-negative CHB patients
compared with placebo and was approved in 2002 [15,16].
Resistance to adefovir occurs at a slower rate than resis-
tance to lamivudine, but still develops in up to 29% of pa-
tients through five years of therapy in HBeAg-negative pa-
tients [17]. Entecavir received approval for the treatment of
CHB in 2005, followed by telbivudine in 2006 and tenofovir
disoproxil fumarate in 2008.

Several recent advances in the field of CHB have led to
a greater understanding of the natural history of this con-
dition. The introduction of sensitive polymerase chain reac-
tion (PCR)-based assays for the detection of HBV DNA has
shown that many patients previously thought to have inactive
CHB infection actually have detectable levels of HBV repli-
cation [18]. Findings from the R.E.V.E.A.L.-HBV cohort
study demonstrated further that elevated HBV DNA levels
are associated with an increasing risk of liver-related mortal-
ity, cirrhosis, and HCC [19–21]. Thus, recent CHB treatment
guidelines state that suppression of HBV DNA to the lowest
possible level is the primary goal of antiviral therapy [22,23].

DISCOVERY

The discovery of entecavir stemmed from a research pro-
gram at Bristol-Myers Squibb (BMS) targeting nucleoside
analogs that would selectively inhibit viral polymerases while
minimally interacting with host polymerases. The initial fo-
cus of the BMS nucleoside analog medicinal chemistry pro-
gram was the herpes family viruses, in particular herpes sim-
plex virus-1 and virus-2 (HSV-1 and HSV-2), varicella-zoster
virus (VZV), and cytomegalovirus (CMV). It was recognized
from the outset that nucleoside analogs have the potential to
inhibit a wide range of pathogenic viruses. At the time the
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project was initiated, nucleoside analogs were being used or
investigated for the treatment of a variety of viruses, includ-
ing herpesviruses, human immunodeficiency virus (HIV),
and HBV (Fig. 1) [24–29]. More recently, promising nucle-
oside analogs are also being developed for the treatment of
hepatitis C virus (HCV) [25,27]. Consequently, as the project
evolved, nucleoside analogs were not only screened against
herpesviruses, but also against HBV, HCV, and HIV.

Nucleoside analogs are prodrugs (Fig. 2) which must first
be converted to their corresponding triphosphate by cellular
(and sometimes viral) kinases. The resulting triphosphates
then serve as inhibitors of the viral polymerase, blocking
viral replication. The primary screens in the vast major-
ity of nucleoside analog drug discovery programs rely on
measuring the ability of nucleoside analogs to inhibit vi-
ral replication in cell-based assays. Gaining a fuller under-
standing of the underlying phosphorylation and polymerase
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inhibition mechanisms is generally limited to select com-
pounds that demonstrate activity of particular interest. Be-
cause of the multiple steps and enzymes involved in these
cell-based assays, the structure–activity relationships (SARs)
of nucleoside analogs are unpredictable, and small modifi-
cations may lead to dramatic differences in antiviral potency
and selectivity.

When BMS initiated its nucleoside analog discovery pro-
gram, the field was already mature, with much of the prior art
in the field having focused on nucleobase analogs and acyclic
ribose mimetics. A central hypothesis and theme behind the
BMS nucleoside analog medicinal chemistry program was
that the 2′-deoxyribose portion of the natural nucleosides
serves as a scaffold that positions the hydroxyl and nucle-
obase moieties in certain bioactive position(s) in space. The
pursuit of this hypothesis ultimately permitted a more fo-
cused exploration of the SARs of these agents.

The design of alternatives to the ribose scaffold is partic-
ularly challenging because the natural 2′-deoxynucleosides
can adopt multiple “pseudorotational” conformations, sev-
eral of which represent local minima of comparable energy,
and little is understood about the bioactive conformation(s) of
the natural nucleosides. As a result, the vast majority of scaf-
fold designs ultimately result in inactive compounds. This
challenge is further complicated by the fact that the activity
of nucleoside analogs is dependent on the species of virus
being tested and, to some extent, the cellular background. A
corollary to this is the observation that the antiviral activity
of a given nucleoside analog can sometimes encompass more
than one viral species: for example, inhibition of HIV and
HBV by lamivudine and tenofovir. A key breakthrough in
the BMS nucleoside analog program was the discovery of
oxetanocin (Nippon Kayaku) and, subsequently, lobucavir
(BMS). Oxetanocin was reported to possess activity against
the herpesviruses and HIV [30,31] and lobucavir against the
herpesviruses, HIV, and HBV [32–35].

Unlike the conformationally flexible tetrahydrofuran ring
found in the natural nucleosides, the oxetane and cyclobu-
tane of oxetanocin and lobucavir, respectively, are confor-
mationally rigid, adopting a single puckered conformation,
as depicted in Figure 3. The activity of oxetanocin and lobu-
cavir against herpesviruses, HBV, and HIV suggested that
scaffold conformational flexibility is not essential for antivi-
ral activity and that a rigid scaffold can be compatible with
the inhibition of viral replication. Importantly, the rigid four-
membered ring offered an opportunity to greatly simplify
molecular modeling. Molecular mechanics (MM2) calcula-
tions were used to determine the local minima of proposed
novel scaffolds, and the ability of such scaffolds to place the
nucleobase (in particular guanine) and pseudo-4′-CH2OH in
positions similar to those found in lobucavir was a key cri-
terion for establishing priorities. This paradigm led to the
discovery of novel nucleoside analogs such as 1, 2 [36,37],
and entecavir [32,38], as depicted in Figure 4.
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The SARs surrounding entecavir are summarized in Ta-
ble 1 and provide a stark illustration of the capricious nature
of nucleoside mimetic SARs [32,38,39]. The only nucleo-
side analog conferring moderately potent HBV inhibitory
activity was the adenine analog 2, and this compound dis-
played an effective concentration 50 (EC50) of 0.13 µM,
which is 40-fold weaker than that of entecavir. The corre-
sponding thymine (3) and 5-iodouracil (4) analogs displayed
EC50 values of 100 and 10 µM, respectively. In addition,
the activity of entecavir is critically dependent on the pres-
ence of the 3′-α-hydroxyl group. Inversion of the hydroxyl
(5), replacement of the hydroxyl with an α- or β-azide (6,
7) or fluorine (8, 9), or formal elimination of the hydroxyl
(10) results in a > 10,000-fold loss of activity. The failure of
these analogs to express anti-HBV activity is difficult to in-
terpret given the complex dependence of antiviral activity on
sequential metabolic activation and subsequent recognition
of the triphosphate as an HBV polymerase substrate.
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TABLE 1 Anti-HBV Activity of Nucleoside Analogs in
HepG2.2.15 Cells

Compound Structure EC50 (µM)

1 CH2
HO

HO

G

entecavir 

0.003

2 CH2
HO

HO

A
0.13

3 CH2
HO

HO

T
>100

4 CH2
HO

HO

U-I
10

5 CH2
HO

HO

G
40

6 CH2
HO

N3

G
>100

7 CH2
HO

N3

G
60

8 CH2
HO

F

G
50

9 CH2
HO

F

G
>100

10 CH2
HO G

70

SYNTHESIS

The synthesis of entecavir is challenging, requiring the in-
troduction of three stereocenters and an exocyclic methylene
onto a cyclopentane ring [38]. Treatment of a cyclopenta-
dienyl anion with benzyl chloromethyl ether followed by
treatment with diisopinocampheyl borane and oxidation with
hydrogen peroxide (Scheme 1) provided the alcohol 4 in 75%
yield and 98% enantiomeric excess (e.e.). Hydroxyl-directed
epoxidation using VO(acac)2 provided the desired epoxide,
and protection of the secondary alcohol gave 5 in 83% yield.
The epoxide could then be regioselectively opened with O-
benzylguanine/LiH, and the guanine NH2 protected with a
p-methoxytrityl group (6, 50% yield).

Oxidation of the secondary alcohol using Dess–Martin
reagent and treatment of the resulting ketone with Nysted
reagent gave the exocyclic olefin 7 in 75% yield. Depro-
tection of the p-methoxytrityl group with HCl and removal
of the benzyl ether with BCl3 provided entecavir in 82%
yield.

Although the discovery synthesis above was sufficient
to supply the drug substance needed for preclinical and
early clinical development, the synthesis was unsuitable
for later-stage development. For example, the formation of
compound 4 from cyclopentadienyl anion and the forma-
tion of olefin 7 from the corresponding ketone both oc-
curred with variable yields. As a result, alternative synthetic
routes were devised for later-stage clinical development and
manufacture.

PRECLINICAL TOXICOLOGY

Like other members of the nucleoside analog class, entecavir
has potential toxic effects based on a common mode of action.
Nucleoside analogs are activated by intracellular phosphory-
lation and compete with naturally occurring nucleotides for
utilization by the viral polymerase. By substituting for the
natural analog, these compounds halt the synthesis of viral
DNA. Such a mechanism of action confers the potential to in-
terfere with human genomic or nongenomic (mitochondrial)
DNA replication. The preclinical program to investigate the
potential toxic effects of entecavir included extensive in vitro
and in vivo testing.

Potential effects on mitochondrial functioning were in-
vestigated using primer extension assays and studies in pro-
liferating HepG2 cells. Results of primer extension assays
showed that entecavir does not inhibit mitochondrial DNA
polymerase γ and that the polymerase exhibits a strong pref-
erence for the natural substrate deoxyguanosine triphosphate,
even in the presence of high concentrations of entecavir. Stud-
ies in proliferating HepG2 cells showed that exposures to en-
tecavir many times (10- to 2500-fold) the maximal clinical
exposure resulted in no demonstrated effect on mitochondrial
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SCHEME 1 Discovery synthetic process for entecavir.

DNA levels or on the production of key mitochondrial pro-
teins [32,40]. Levels of extracellular lactate also remained
essentially unchanged in these studies, suggesting that en-
tecavir has no effect on oxidative metabolism. Collectively,
these results suggest that entecavir has little or no potential
for mitochondrial toxicity.

Extensive in vivo toxicology evaluations were performed
in (among others) mice, rats, dogs, and monkeys. Most nu-
cleoside analogs are intended for long-term administration
and as such must be evaluated in lifetime rodent assessments
for tumorigenicity. Studies of entecavir were conducted in
rats and mice at maximum tolerated doses over the life of the
animal and compared with untreated control groups. Mice
were administered entecavir, resulting in exposures of up to
75 times (for the 0.5-mg dose) and 42 times (for the 1.0-mg
dose) human clinical exposures. Male rats were exposed to
entecavir at levels of up to 62 times (0.5-mg dose) and 35
times (1.0-mg dose) human clinical exposures; female rats
were exposed to levels up to 43 times (0.5 mg) and 24 times
(1.0 mg) human clinical exposures. Complete histopatho-
logic studies were performed on all animals at the time of
death or at the end of the study.

Results showed increased incidences of tumors that pre-
sented in two major distinct patterns: lung tumors that were
limited to mice and high-dose tumors in both mice and rats.
The increased incidence of lung tumors in mice was observed
at low exposure multiples (five times and three times the hu-
man exposure for the 0.5- and 1.0-mg dose, respectively)
and resulted from early preneoplastic changes in the lung
that were not observed in any other species. In contrast to the

lung tumors in mice, all other tumors in rodents were seen
only at higher exposure multiples; in mice at approximately
70 and 40 times the human exposures at the 0.5- mg and
1.0-mg doses, respectively, and in rats at ≥ 43 and ≥ 24 times
the human exposures at the 0.5- and 1.0-mg doses, respec-
tively. For these high-dose tumors, there were no preneoplas-
tic or other relevant histopathologic changes observed in the
affected tissues.

Genetic toxicology tests showed that as expected for a nu-
cleoside analog, entecavir was clastogenic in human lympho-
cytes at high cytotoxic concentrations (10,000 times higher
than the EC50 for HBV in human liver HepG2 cells). How-
ever, it did not induce micronuclei formation in an in vivo
micronucleus study in rats, even at toxic doses. In other
in vitro and in vivo genetic toxicology assays, including the
Ames assay and the SHE-cell transformation assay, entecavir
was negative. Collectively, these data suggest that the tumor
findings in rodents following lifetime exposure to entecavir
does not result from direct DNA damage.

The basis for the increased incidence of lung tumors in
mice was investigated and the findings showed that the tu-
mors arise from sustained proliferation of type II pneumo-
cytes. Of note, the strain of mice used in the studies (CD-1)
has a genetic predisposition to the spontaneous development
of lung tumors that are thought to arise primarily from type II
pneumocytes. Experiments showed that the stimulus for the
entecavir-induced hyperplasia of type II pneumocytes is nei-
ther direct cytotoxicity to lung cells nor unique metabolism
of entecavir in the mouse lung, and it was also shown that
entecavir does not directly stimulate proliferation of type II
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pneumocytes. Rather, entecavir causes recruitment of alve-
olar macrophages into the mouse lung—a chemotactic ef-
fect on mouse monocytes mediated by chemokine receptor
2 (CCR2)—and this increased number of macrophages is
required for proliferation of type II pneumocytes. Exposure
to entecavir in the absence of macrophages was shown not
to cause proliferation of type II pneumocytes. In summary,
the investigations demonstrated that entecavir causes lung
tumors in mice through increased cell replication in a tissue
genetically predisposed to tumor development. The specific
mechanism is entecavir-induced recruitment of macrophages
whose presence is required to stimulate and sustain the pro-
liferation of type II pneumocytes.

Evidence strongly suggests that the entecavir-induced
changes observed in the mouse lung are species-specific.
No histopathologic changes were noted in the lung of any
other species evaluated, including rats, dogs, and monkeys.
No lung tumors were noted in the rat carcinogenicity stud-
ies and, consistent with this finding, entecavir was shown
not to be a potent chemoattractant for macrophages in rats.
Monkeys administered entecavir at doses ≥ 100 times the hu-
man exposure at the 1.0-mg dose daily for one year showed
no histopathologic changes in the lung. Most importantly,
studies showed that entecavir is not chemotactic for hu-
man monocytes, even at concentrations as high as 6000 nM.
Collectively, these results indicate that the recruitment of
macrophages into the mouse lung elicited by entecavir and
required for tumor development is specific to mice and not
predictive of a similar effect in other species, including hu-
mans. Interspecies differences in CCR2 receptors may ac-
count for the differences in entecavir chemotactic activity in
mice vs. other species.

Tumors at sites other than the mouse lung were observed
only at the highest evaluated doses of entecavir and were
not associated with histopathologic changes in the tissues
affected. The possible mechanism(s) giving rise to these tu-
mors were investigated. As noted above, results of genetic
toxicology tests demonstrated that entecavir is not directly
DNA-reactive; in addition, no evidence suggested that the
tumors resulted from immunosuppression. It was proposed
that the high-dose tumors might be caused by perturbations
in intracellular deoxynucleotide triphosphate (dNTP) pools;
since entecavir is a nucleoside analog requiring phospho-
rylation for antiviral activity, extremely high concentrations
might result in imbalances in dNTP pools. It is generally rec-
ognized that balanced pools of dNTPs (dATP, dGTP, dCTP,
and dTTP) are essential for DNA synthesis and repair, and
that pathways for synthesis or salvage of dNTPs are there-
fore tightly regulated. In addition, perturbations in dNTP
pools have previously been associated with various adverse
effects, including tumor-promoting effects.

Experiments with entecavir in mouse lymphoma cell
lines showed a dose–response effect with a threshold ente-
cavir concentration associated with generalized imbalances

in dNTPs. At concentrations below 10 µM, dNTP pools
were not affected, whereas at concentrations between 10 and
100 µM, dCTP concentrations were decreased while other
dNTPs remained unchanged. Exposure to entecavir at con-
centrations of l00 µM resulted in more generalized dNTP
pool disruptions and, importantly, this was also the concen-
tration above which entecavir was observed to be clastogenic.
These results suggested both a threshold effect for dNTP im-
balances and that the clastogenicity of entecavir at high doses
is mediated by dNTP pool perturbations. Other nucleoside
analogs (including penciclovir and ganciclovir) were simi-
larly shown to cause dNTP pool imbalances and to exhibit
mutagenicity at threshold levels.

In vivo studies supported the findings from mouse lym-
phoma cell lines. It was found that mice and rats administered
entecavir at dosages at which liver tumors were observed
(4 mg/kg for mice, 2.6 mg/kg for rats) also demonstrated
severe dNTP pool imbalances in hepatocytes. These imbal-
ances included a decrease in dGTP together with an increase
in dATP levels. In contrast, when entecavir was administered
at doses observed to be noncarcinogenic, no generalized im-
balances in dNTP pools in hepatocytes were observed, but
rather, only isolated decreases in dGTP concentrations. Such
results are consistent with those of previous studies in cell
cultures linking a generalized imbalance in purine pools (in-
cluding increased dATP levels) to inhibition of DNA repair
mechanisms. Further studies with entecavir showed that the
carcinogenic doses in rodents were associated with ente-
cavir triphosphate concentrations in hepatocytes exceeding
300 nM. These data support the conclusion that when a crit-
ical level of entecavir triphosphate is reached, dNTP pools
are disrupted, thus impairing the fidelity of DNA replication
and repair and increasing the likelihood of tumor develop-
ment. The requirement of a threshold level for dNTP pool
perturbation helps to explain why, with the exception of the
mouse lung tumors (for which a specific mechanism has been
identified), all entecavir-induced tumors were observed only
at the highest dosages tested.

In summary, the investigations into the rodent tumor find-
ings from preclinical carcinogenicity testing of entecavir
demonstrate that the observed tumors in rodents are unlikely
to be relevant to human safety. Only lung tumors in mice
occurred at relatively low exposure levels, and these tumors
were shown to arise from a species-specific mechanism. All
other tumors occurred at extremely high exposures to ente-
cavir and appear to result from perturbations of intracellular
dNTP pools that arise only when threshold entecavir concen-
tration is exceeded. For these high-dose tumors the difference
between doses that increase tumor incidence in rodents and
those that are used in humans suggest that the occurrence of
entecavir-associated tumors in humans is unlikely. Indeed,
to date, no increase in human malignancies associated with
entecavir (or any nucleoside) has been observed in clinical
trials or postmarketing studies.
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ANIMAL MODELS

Entecavir has exhibited potent antiviral efficacy in wood-
chuck, duck, and transgenic mouse models of hepadnavirus
infection. Eastern woodchucks (Marmota monax) chroni-
cally infected with woodchuck hepatitis virus (WHV) are
an accepted model used to study the host response, patho-
genesis, and efficacy of antiviral agents for CHB [41]. Impor-
tantly, these animals develop chronic hepatitis and HCC that
is similar to that of humans, and oral administration of en-
tecavir results in potent suppression of WHV replication. In
an initial 4-week dose-ranging study in chronically infected
woodchucks, 0.5 and 0.1 mg/kg per day of entecavir reduced
serum WHV DNA by 3 log10 at week 4 [42]. In a subse-
quent 12-week dosing study, evaluated with a more sensitive
PCR method, 0.1 mg/kg per day of entecavir resulted in a
7 log10 reduction in circulating WHV DNA to undetectable
levels within 4 weeks in all animals. The majority of animals
treated with 0.02 mg/kg entecavir also achieved undetectable
viral DNA by 4 weeks. Treatment discontinuation resulted in
a rebound of circulating WHV DNA in all animals, although
some animals showed prolonged posttreatment suppression
for up to 10 weeks. Importantly, assessment of liver WHV
DNA replicative intermediates and covalently closed circu-
lar DNA (cccDNA) showed marked reductions as early as
week 4 of treatment, reaching undetectable levels in several
animals over the course of treatment. cccDNA suppression
was maintained for up to 12 weeks beyond treatment discon-
tinuation. In contrast, lamivudine (5 mg/kg per day) resulted
in only modest reductions in circulating WHV DNA and no
significant reductions in liver-replicative DNA intermediates
or cccDNA. No evidence of toxicity was associated with
entecavir treatment [42].

These dramatic results prompted a novel long-term study
in which 8 weeks of daily treatment was followed by long-
term weekly maintenance therapy [43]. Woodchucks were
administered 0.5 mg/kg per day of oral entecavir for 8 weeks
and were then taken off treatment or administered a weekly
dosage of 0.5 mg/kg entecavir for 12 months (14 months total
treatment) or for 34 months (36 months total treatment). The
initial 8 weeks of daily therapy resulted in a reduction in
circulating WHV DNA levels in all animals of 5 to 8 log10

pg/mL. For those animals with detectable virus after 8 weeks,
the maintenance therapy resulted in further reductions in
WHV DNA, with reductions of up to 8 log10 pg/mL by study
end. All nine animals examined at the end of the maintenance
phase had at least 4 log10 reductions in liver WHV DNA
and cccDNA, with eight of the nine being below detectable
limits (0.007 copy/cell for WHV DNA and 0.07 copy/cell for
cccDNA). These results contrast with those for lamivudine
and adefovir, where cccDNA levels were not reduced.

Whereas animals that were withdrawn from therapy after 8
weeks of dosing exhibited viral rebounds within 1 to 8 weeks
of treatment discontinuation, nearly all animals withdrawn

after 36 months achieved sustained suppression through the
end of the study (5 months off treatment). These results em-
phasize that longer-term treatment results in more durable
suppression off treatment. Importantly, the high incidence
of HCC typically seen in these animals was reduced signifi-
cantly by entecavir therapy, which also extended the survival
time for the animals relative to historic controls. Although
lamivudine and clevudine resistance can be observed as early
as 6 months in the WHV model [44,45], entecavir resistance
was not observed during this study.

The duck hepatitis B virus (DHBV)–infected Pekin duck
(Anas platyrhynchos) model has provided antiviral assess-
ments that correlate with clinical antiviral activity [46]. Ente-
cavir showed efficacy in the DHBV model as a postexposure
HBV therapy [47]. DHBV-infected ducklings treated with
entecavir for 21 days showed dose-dependent reductions in
serum and liver DHBV, as well as hepatic DHBV DNA and
the stable cccDNA reservoir.

To model treatment of chronically infected patients, treat-
ment of persistently infected ducks with 0.1 mg/kg/day of
entecavir for 244 days yielded a 4 log10 reduction in serum
DHBV DNA, up to a 3 log10 drop in serum DHBV surface
antigen and reductions in liver DHBV and cccDNA [48]. En-
tecavir treatment, initiated 24 h prior to an inoculation with
DHBV, restricted the spread of infection by about 1000-
fold and ultimately led to the clearance of persistent virus
in about 50% of persistently infected ducks [49]. These
results probably arose from the development of an effec-
tive immune response under a reduced magnitude of DHBV
infection.

Highly effective postexposure therapy of DHBV included
entecavir with an effective vaccination strategy using a DNA
vaccine expressing viral nucleocapsid and envelope protein
antigens, followed by a second vaccination with recombinant
fowlpox viruses expressing DHBV antigens [50]. Animals
treated with entecavir only suppressed the spread of virus,
but widespread viremia occurred in 60% of animals following
cessation of entecavir therapy. However, the combination of
entecavir and vaccination resulted in 100% of animals show-
ing no DHBV infection in serum or liver at days 14 and 67.
Thus, entecavir can be combined with effective vaccination
to prevent postexposure persistent DHBV infection.

In the transgenic mouse model of HBV, 10-day oral ad-
ministration of various dosages of entecavir, from 0.0032 to
3.2 mg/kg, displayed reductions in liver HBV DNA. As ex-
pected, expression of HBV proteins from the transgene was
not affected [51].

PHASE I–III SAFETY AND EFFICACY

Phase I

The pharmacokinetics of entecavir have been assessed in
a number of phase I studies, including single and multiple
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dose-ranging studies both in healthy subjects and in subjects
with CHB, and in studies of subjects with hepatic and renal
impairment. Entecavir was rapidly absorbed following oral
administration of doses ranging from 0.1 to 1.0 mg, with
the peak plasma concentration (Cmax) generally occurring
within 1 h of dosing [52]. Steady state was achieved after 6
to 10 days of once-daily administration. At steady state, Cmax

and area under the curve (AUC) increased in proportion to
dose. For a 0.5-mg oral dose, Cmax at steady state was 4.2
ng/mL and trough plasma concentration (Ctrough) was 0.3
ng/mL [52–54]. For a 1.0-mg oral dose, Cmax was 8.2 ng/mL
and Ctrough was 0.5 ng/mL. Food delayed the absorption of
entecavir (1.0 to 1.5 h fed vs. 0.75 h fasted) and decreased
Cmax (by 44 to 46%) and AUC (by 18 to 20%) values. The
apparent volume of distribution estimated (4000 to 8000 L)
is in excess of the total body water, suggesting that entecavir
is distributed extensively in the tissues [53,54]. Binding to
human plasma proteins in vitro was approximately 13%.

Entecavir is eliminated predominately by the kidneys. In
healthy volunteers, 62 to 73% of the dose administered was
recovered unchanged from urine [52]. Renal clearance was
independent of dose and ranged from 360 to 471 mL/min,
suggesting that entecavir undergoes both glomerular fil-
tration and net tubular secretion [53,54]. Entecavir has a
long terminal elimination half-life of approximately 128 to
149 h, allowing for once-daily administration of the approved
doses [52].

Entecavir is not a substrate, inhibitor, or inducer of the
cytochrome P450 enzyme system [54]. Thus, the pharma-
cokinetics of entecavir are unlikely to be altered by coad-
ministration of agents that are either metabolized by, in-
hibit, or induce the cytochrome P450 enzyme system. The
steady-state pharmacokinetics of entecavir coadministered
with lamivudine, adefovir, or tenofovir were not altered in
interaction studies [55]. The pharmacokinetics of entecavir
were also unaltered in patients with HIV–HBV coinfection
who received entecavir in addition to highly active antiretro-
viral therapy [56].

The pharmacokinetics of entecavir have also been stud-
ied in special populations. A single 1.0-mg dose was studied
in subjects with varying degrees of renal impairment, with-
out CHB infection. The study demonstrated that reduced
renal function leads to the accumulation of entecavir (in-
creased Cmax and AUC) and therefore dose adjustment is
recommended for all patients with creatinine clearance < 50
mL/min. No dose adjustment is required in patients with
hepatic impairment [57]. Entecavir AUC was increased by
29% in elderly subjects (aged ≥ 65 years) compared with
younger subjects (aged 18 to 40 years), which was attributed
to differences in renal function [58]. Therefore, entecavir
dose should be adjusted according to renal function rather
than age [53,54].

No significant differences in entecavir pharmacokinetics
were observed according to gender or race [53,54]. Single-

and multiple-dose pharmacokinetics of entecavir were stud-
ied in healthy subjects from the United States, China, and
Japan. Steady-state exposure vs. dose (mg/kg) demonstrated
a linear relationship in all three populations. The pharmacoki-
netics of entecavir in Japanese patients with CHB infection
enrolled in two phase IIb clinical trials were compared with
the pharmacokinetics of non-Japanese patients enrolled in
three global phase II trials. A model-based analysis indicated
that the pharmacokinetics of entecavir are similar in Japanese
and global CHB patients, and that apparent differences in en-
tecavir exposure were attributable to differences in the distri-
butions of creatinine clearance in these patient populations.

Phase II–III

The efficacy and safety of once-daily oral entecavir for the
treatment of CHB infection was assessed in several world-
wide randomized double-blind phase II and III trials in both
treatment-naive and lamivudine-refractory patients. In addi-
tion, entecavir was evaluated in separate registration stud-
ies in China and Japan. An initial placebo-controlled dose-
ranging study examined four doses of entecavir administered
once daily in nucleoside-naive CHB patients for 28 days [59].
This study demonstrated substantial HBV DNA reductions of
2.5 to 2.8 log10 copies/mL at the 0.5- and 1.0-mg dose levels.
Based on these results, phase II dose-ranging studies were
initiated in both naive and lamivudine-refractory patients to
further evaluate the safety and antiviral efficacy of entecavir
in comparison with lamivudine for a 24-week period. In naive
CHB patients, daily treatment with entecavir at 0.1- and
0.5-mg doses was shown to be superior to treatment with
lamivudine 100 mg in reducing HBV DNA as measured by
PCR at week 22 (p < 0.001) [60]. Lamivudine-refractory
CHB patients were defined as those who remained viremic
after at least 24 weeks of lamivudine therapy or had docu-
mented lamivudine resistance–associated substitutions. The
phase II dose-ranging study showed that significantly more
patients receiving either entecavir 0.5 or 1.0 mg achieved the
primary endpoint of undetectable HBV DNA by branched-
chain DNA assay at week 24 compared with lamivudine-
treated patients (p < 0.001) [61]. The entecavir 1.0-mg dose
was also shown to provide superior HBV DNA reduction
compared with the 0.5-mg dose.

Entecavir was approved for the treatment of CHB virus
infection in adults with evidence of active viral replication
and of either persistent elevations in serum aminotransferases
(ALT or aspartate aminotransferase) or histologically active
disease based on the results of three phase III double-blind
double-dummy randomized controlled trials. These trials
compared entecavir 0.5 mg daily with lamivudine 100 mg
daily in HBeAg-positive and HBeAg-negative nucleoside-
naive patients, and entecavir 1.0 mg daily vs continued
lamivudine in HBeAg-positive lamivudine-refractory pa-
tients [62–64].
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FIGURE 5 Mean HBV DNA levels through week 48 among
(a) HBeAg-positive and (b) HBeAg-negative patients. (Reprinted
with permission from NEJM.)

In 709 nucleoside-naive HBeAg-positive CHB patients
with high-baseline HBV DNA and elevated ALT, 48 weeks of
entecavir treatment was shown to be superior to lamivudine
for the primary endpoint of histologic improvement (p <

0.001) [62]. Entecavir was also superior to lamivudine for
mean reduction in HBV DNA (–6.9 vs. –5.4 log10 copies/mL;
p < 0.001; Fig. 5a), HBV DNA < 300 copies/mL by PCR
assay (67% vs. 36%; p < 0.001) and ALT normalization
(68% vs. 60%; p < 0.001). HBeAg seroconversion occurred
in 21% of entecavir-treated patients compared with 18% of
those treated with lamivudine. The safety profiles of entecavir
and lamivudine were comparable. Among patients treated in
year 2, a higher proportion of entecavir- vs. lamivudine-
treated patients achieved HBV DNA < 300 copies/mL (74%
vs. 37%) and ALT normalization (79% vs. 68%).

In 638 nucleoside-naive HBeAg-negative CHB patients
who received either entecavir or lamivudine, histologic im-
provement after 48 weeks of treatment occurred in 70% of
entecavir-treated patients compared with 60% of lamivudine-
treated patients (p = 0.01) [63]. Mean reduction in HBV
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FIGURE 6 Distribution of (a) Knodell necroinflammatory and
(b) Ishak fibrosis scores at phase III baseline after 48 weeks of
entecavir treatment and at the time of long-term biopsy [median 6
years of entecavir treatment (range 3 to 7 years)]. (Reprinted with
permission from Hepatology.) (See insert for color representation
of the figure.)

DNA was also higher with entecavir, as shown in Fig. 6b
(–5.0 vs. –4.5 log10 copies/mL; p < 0.001), and higher pro-
portions of entecavir-treated patients achieved HBV DNA
< 300 copies/mL (90% vs. 72%; p < 0.001) and ALT
normalization (78% vs. 71%; p = 0.045) compared with
lamivudine-treated patients. Safety profiles were similar
for the two study arms. Due to the study design, only a
small number of patients continued blinded treatment in the
second year.

A randomized comparative study of entecavir 1.0 mg or
continued lamivudine 100 mg daily in lamivudine-refractory
patients demonstrated superior histologic improvement in
entecavir-treated patients at week 48 (p < 0.0001) [64].
Mean change in HBV DNA from baseline was –5.11 log10

copies/mL among entecavir-treated patients compared with
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–0.48 log10 copies/mL in lamivudine-treated patients (p <

0.0001). Higher proportions of entecavir- vs. lamivudine-
treated patients also achieved HBV DNA < 300 copies/mL
(p < 0.0001) and ALT normalization (p < 0.0001). HBeAg
seroconversion occurred in 11% of entecavir-treated pa-
tients compared with 4% of those who continued lamivudine
therapy. The safety profile of entecavir was comparable to
lamivudine, with fewer ALT flares in patients receiving ente-
cavir. Among the 77 entecavir-treated patients who continued
treatment in the second year, the proportion of patients with
HBV DNA < 300 copies/mL increased from 21% to 40%
and ALT normalization increased from 65% to 81%.

All patients enrolled in the entecavir phase III studies were
eligible to enroll in a long-term rollover study and receive
open-label entecavir 1.0 mg once daily for up to seven years.
The long-term HBeAg-positive naive cohort included 146
patients with a treatment gap of ≤ 35 days between phase
III and the rollover study. After five years of treatment, 94%
of patients achieved HBV DNA < 300 copies/mL by PCR
assay and 80% had normalized ALT levels [65]. The safety
profile of entecavir in this long-term cohort was consistent
with the phase III trials. The effect of long-term entecavir
therapy on liver histology was examined in patients who
underwent a repeat liver biopsy. Following a median of six
years on therapy, histologic improvement was observed in
96% of naive HBeAg-positive or HBeAg-negative patients
and improvement in fibrosis was observed in 88% of pa-
tients, including all 10 patients with advanced fibrosis or cir-
rhosis (Ishak fibrosis score 4 to 6) [66]. The distribution of
Knodell necroinflammatory and Ishak fibrosis scores at base-
line, week 48, and after long-term treatment are shown in
Figure 6.

The antiviral efficacy and viral kinetics of entecavir 0.5
mg or adefovir dipivoxil 10 mg were compared in 66 HBeAg-
positive patients treated for at least 52 weeks in an open-label
phase IIIb study [67]. Entecavir was superior to adefovir in
mean HBV DNA reduction at week 12 (–6.23 vs. –4.42 log10

copies/mL, respectively; p < 0.0001) and at weeks 24 and
48 (Fig. 7). Eighteen adefovir-treated patients in this study
either failed to achieve HBV DNA < 300 copies/mL on
adefovir therapy (n = 14) or relapsed off treatment (n = 4)
and received treatment with entecavir 1.0 mg once daily [68].
All 18 patients experienced a rapid reduction in HBV DNA
and increased rates of virologic suppression.

The efficacy and safety of entecavir 1.0 mg or adefovir
10 mg have also been compared in 195 HBeAg-positive
and HBeAg-negative patients with decompensated cirrhosis
(Child–Pugh score ≥ 7) [104]. Entecavir demonstrated su-
perior antiviral activity to adefovir in this population. Mean
change in HBV DNA at week 24 was –4.48 log10 copies/mL
among entecavir-treated patients compared with –3.40 log10

copies/mL among adefovir-treated patients (treatment differ-
ence –1.40; p < 0.0001). Significantly higher proportions of

entecavir-treated patients also achieved HBV DNA < 300
copies/mL and ALT normalization. Entecavir was well tol-
erated and the safety results were comparable between the
treatment groups.

Separate registration programs of entecavir were con-
ducted in China and Japan. In China, large phase III studies
demonstrated results similar to those obtained in the global
studies for both nucleoside-naive and lamivudine-refractory
patients. In 519 nucleoside-naive patients, entecavir 0.5 mg
was superior to lamivudine 100 mg daily for the primary
endpoint, a composite of HBV DNA reduction to < 0.7
MEq/mL by branched-chain DNA assay and ALT < 1.25
× the upper limit of normal (ULN) (p < 0.0001), while the
safety profiles of the treatment groups were comparable [69].
Among patients treated during year 2, higher proportions of
entecavir-treated than lamivudine-treated patients achieved
HBV DNA < 300 copies/mL by PCR assay (74% vs. 41%)
and ALT ≤ 1 × ULN (96% vs. 82%) [70]. Entecavir therapy
for lamivudine-refractory patients was also shown to be su-
perior to placebo and resulted in a change in HBV DNA of
–5.08 log10 copies/mL after 48 weeks [71].

Eligible patients from the phase III studies in China en-
tered a long-term rollover study and, among 160 nucleoside-
naive patients, three years of entecavir resulted in 89% of
patients with HBV DNA < 300 copies/mL (increased from
74% at year 2) and 86% with ALT ≤ 1 × ULN [72]. Among
138 lamivudine-refractory patients, after three years of en-
tecavir therapy, 55% had HBV DNA < 300 copies/mL and
65% had ALT ≤ 1 × ULN [73]. The safety profile of en-
tecavir during long-term treatment remained consistent with
the safety profiles observed during the earlier studies.

In Japan, three phase II bridging studies in nucleoside-
naive and lamivudine-refractory patients demonstrated effi-
cacy and safety results similar to those obtained in global reg-
istration studies [74–76]. Japanese patients who completed
the phase II studies could enroll in a long-term rollover study
and receive entecavir 0.5 or 1.0 mg daily (depending on
whether they entered from nucleoside-naive or lamivudine-
refractory studies). Among 167 nucleoside-naive patients
who received a total of three years of entecavir, 88% had
HBV DNA < 400 copies/mL, 90% had ALT ≤ 1 × ULN,
and 26% achieved HBe seroconversion [77]. For a subset of
21 patients with evaluable long-term biopsies, 100% demon-
strated histologic improvement and 57% showed improve-
ment in fibrosis at year 3. Among 82 lamivudine-refractory
patients treated for a total of three years with entecavir, 55%
had HBV DNA < 400 copies/mL, 85% had ALT ≤ 1 ×
ULN, and 15% achieved HBeAg seroconversion [78]. For a
subset of 16 patients with evaluable biopsies, 81% showed
histologic improvement and 38% showed improvement in
fibrosis at year 3. The safety profile of entecavir during long-
term treatment remained consistent with the safety profile
observed during the phase II studies.
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FIGURE 7 Mean HBV DNA reduction (log10 copies/mL) from baseline during treatment in study ETV-079.

IN VITRO ACTIVITY AND RESISTANCE

Cell culture studies have shown that entecavir possesses more
potent activity against HBV replication than other approved
anti-HBV nucleos(t)ides. In cell culture, entecavir is 550-
to 675-fold more potent than adefovir [79–81] and 17- to
533-fold more potent than lamivudine [32,79,80,82]. En-
tecavir is phosphorylated efficiently to the active triphos-
phate in hepatic cells [82,83]. Entecavir triphosphate tar-
gets the HBV polymerase, where it competes for de-
oxyguanosine triphosphate and effectively inhibits three dis-
tinct phases of HBV DNA replication: priming, reverse
transcription (minus-strand DNA), and synthesis of the
positive-strand DNA [84]. Entecavir triphosphate is a potent
(∼ 50 nM) inhibitor of the HBV reverse transcriptase (RT)
enzyme in vitro [80,82,84,85]. Entecavir displays modest
(8-fold) cross-resistance to lamivudine-resistant HBV with
tyrosine–methionine–aspartate–aspartate (YMDD) substitu-
tions, but retains intrinsic potency (nM) in cell culture
[80,82,85]. Kinetic and molecular modeling studies have
shown that the entecavir triphosphate binding pocket is re-
tained in the YMDD-mutant HBV RT [85].

HBV resistance to nucleos(t)ide therapies arises through
changes in the “Palm” subdomain of the RT, the active site
for nucleotide addition to the growing DNA chain. Clini-
cal resistance to lamivudine arises through changes to the
YMDD motif, with a change of RT residue methionine (M)
204 to isoleucine (I), valine (V), or rarely, serine (S). The
M204V change is always found accompanied by a leucine
(L) 180 change to M, and the L180M change can also ac-
company the other YMDD changes [86]. The L180 change
increases the activity of impaired RT activity. Lamivudine-
resistant HBV is fully cross-resistant to telbivudine and
emtricitabine [86,87].

Resistance to adefovir, and cross-resistance to the related
tenofovir, arises through the RT changes alanine (A) 181
to threonine (T) or V and/or an asparagine (N) 236 to T
change (reviewed by Delaney [88] and Locarnini [87]). The

A181 changes are unique in that they also emerge during
lamivudine therapy and cause resistance to lamivudine [89].
Virologic resistance emerging in HBV isolates during ente-
cavir therapy requires multiple substitutions in the viral RT.
These include the primary lamivudine resistance substitu-
tions (rtM204V/I ± rtL180M) plus an additional entecavir-
specific change at rtT184, rtS202, or rtM250 [80,90]. This
is in contrast with clinical resistance to the other approved
HBV nucleos(t)ides, as discussed above, that emerge af-
ter selection of as few as a single substitution in the HBV
RT. The multiple changes required for entecavir resistance
indicate a uniquely high genetic barrier to resistance. In
addition, the potent suppression of HBV replication ob-
served with entecavir [62,63], combined with a require-
ment for multiple substitutions for resistance, and the im-
paired fitness of entecavir-resistant viruses, creates a high
barrier to entecavir resistance in nucleoside-naive patients
[91].

In the worldwide entecavir phase II and III clinical trials,
genotypic resistance was assessed in patients with detectable
HBV DNA at the end of each year of therapy. The RT do-
main of the HBV polymerase was amplified by PCR from
patient serum and the products were sequenced directly [80].
Amino acid substitutions in conserved residues of the RT,
emerging during entecavir treatment, were tested for phe-
notypic resistance to entecavir in culture. Phenotypic assays
also included paired baseline and breakthrough isolates for
patients experiencing virologic breakthrough on treatment.

The entecavir resistance program provided six years of
follow-up on patients from six phase II and III clinical stud-
ies [92]. Serum samples were obtained from nucleoside-naive
HBeAg-positive and HBeAg-negative patients enrolled in
ETV-022 and ETV-027, respectively, and from lamivudine-
refractory patients enrolled in studies ETV-026, ETV-014,
and ETV-015 (orthotopic liver transplant patients with recur-
rent viremia).

In nucleoside-naive patients through six years of entecavir
therapy, the cumulative probability of genotypic entecavir
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FIGURE 8 Cumulative probability of entecavir resistance
(M204V ± L180M + T184, S202, and/or M250 substitutions)
among nucleoside-naive HBeAg-positive and HBeAg-negative pa-
tients through six years of treatment.

resistance was 1.2% (Fig. 8) [92]. A reduced barrier to resis-
tance was observed among lamivudine-refractory patients,
as the lamivudine resistance mutations, a subset of changes
required for entecavir resistance, preexist in this population.
The cumulative probabilities of genotypic entecavir resis-
tance and virologic breakthrough due to entecavir resistance
among lamivudine-refractory patients were 57 and 50%, re-
spectively, through six years of therapy [92].

Results from separate registration studies conducted in
Japan support observations from the worldwide resistance
cohort. Nucleoside-naive patients in these studies received
three different doses of entecavir (0.01, 0.1, or 0.5 mg once
daily) in the phase II studies (ETV-047 and ETV-053) and
0.5 mg in the rollover study ETV-060. Among the subset of
patients (n = 66) who received the approved 0.5-mg dose of
entecavir continuously for three years from phase II baseline
through to the end of dosing in ETV-060, one patient devel-
oped entecavir resistance [93]. The cumulative probability
of entecavir resistance in this population was 1.7% through
three years. Among lamivudine-refractory patients treated
with the recommended dose of entecavir (1.0 mg once daily)
for three years in ETV-052 and ETV-060, the cumulative
probabilities of genotypic entecavir resistance and virologic
breakthrough due to entecavir resistance were 33% and 24%,
respectively [78].

Kinetic and modeling studies of entecavir-resistant HBV
RT revealed that resistance arises through reduced recogni-
tion of entecavir triphosphate by HBV RT—the “exclusion”
model, well established for HIV nucleoside resistance (re-
viewed by Sarafianos et al. [94]). The rtT184 and rtS202 sub-
stitutions are modeled to further reduce the size of the ente-
cavir triphosphate-binding pocket in the lamivudine-resistant
enzyme by repositioning of the YMDD loop. In contrast, the
rtM250 substitutions in HBV RT with lamivudine resistance
reduce the binding pocket by repositioning of the HBV DNA
template [95].

It is becoming increasingly recognized that combination
therapy will probably aid the therapy of HBV patients with

resistance to prior treatments [96]. The most useful combi-
nations will include agents with nonoverlapping resistance
profiles. Entecavir displays a unique resistance profile; it is
active against viruses with adefovir and tenofovir resistance,
as well as those with lamivudine resistance (reviewed by
Locarnini [87]), including those with A181 substitutions
[89]. The high barrier to resistance, along with the potency of
entecavir, suggests that it could be an important component
of combination therapy for treatment-experienced patients.

FUTURE DIRECTIONS

With the development of entecavir and more recently teno-
fovir for the treatment of CHB, physicians currently have
the choice of two potent antiviral agents with apparently low
resistance rates. The availability of potent antiviral agents is
an important step forward in addressing the challenges of
treating CHB, such as adequately controlling viral replica-
tion, assessing treatment duration and discontinuation, and
the role of interferons and combination therapies.

The first challenge facing the CHB-treating physician is to
adequately suppress viral replication. The importance of sup-
pressing viral replication has been demonstrated in a num-
ber of clinical studies. First, the R.E.V.E.A.L.-HBV study,
which was a natural history study in which patients did not
receive treatment, demonstrated that elevated viral load was
associated with an increased incidence of both cirrhosis and
HCC [19,20]. Second, treatment with lamivudine has been
shown to significantly reduce the rates of disease progression
among CHB patients, including those with advanced liver
disease [97,98]. Notably, increased rates of disease progres-
sion were observed among patients who developed lamivu-
dine resistance in both studies, compared with those who
remained sensitive to lamivudine. Thus, current treatment
goals are to achieve sustained suppression of HBV replica-
tion to the lowest possible level, preventing the progression
of HBV-related liver disease and minimizing the risk of re-
sistance [22,23]. Therefore, it is recommended that treatment
is initiated with a potent agent that has a high genetic barrier
to resistance, which should allow the majority of patients to
achieve suppression of viral replication to below the limit of
detection of current HBV DNA assays.

A second challenge facing the physician is to determine
the optimal duration of treatment and if or when treatment
can be discontinued. Of the current agents licensed for the
treatment of CHB, only the interferons have a defined du-
ration of treatment, primarily as a result of their poor tol-
erability profile. Over a 48-week treatment period, pegy-
lated interferon α-2a appears to offer an enhanced or ac-
celerated immune response compared with treatment with
nucleos(t)ide analogs, with higher rates of HBeAg serocon-
version observed, although relatively few patients achieve
HBsAg seroconversion [99]. However, long-term therapy
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with potent nucleos(t)ide analogs can result in comparable
levels of serologic response, potentially reducing the role of
interferons. Regimens combining potent antivirals with pe-
gylated interferon α-2a could capitalize on the advantages of
both agents and produce enhanced treatment responses. Re-
sults from the combination of pegylated interferon α-2a and
lamivudine in phase III trials did not demonstrate any benefit
over interferon monotherapy, although lamivudine treatment
was discontinued after only 48 weeks [99,100]. Studies ex-
amining the combination of other antivirals, including ente-
cavir, with pegylated interferon α-2a are currently ongoing.
Limited data on finite treatment with nucleos(t)ide analogs is
available. Hadziyannis et al. have demonstrated that among
HBeAg-negative patients who received adefovir dipivoxil for
five years before discontinuing therapy, the majority (67%)
of patients sustained biochemical remission through a 22-
month follow-up period [17].

The nature of the hepatitis B viral life cycle, which re-
sults in the formation of intracellular cccDNA, means that
in the majority of cases the current CHB therapies are not
able to fully eradicate the virus [101,102]. This represents a
further challenge for treating physicians, particularly as more
patients undergo immunosuppressive therapy for comorbidi-
ties. Immune suppression can result in the reactivation of
CHB infection, highlighting the requirement for new regi-
mens or strategies that can eradicate HBV (cccDNA) from
hepatocytes.

Finally, combination regimens are likely to evolve to play
an increasingly important role in the future of CHB treatment.
As discussed previously, this may comprise the combination
of an interferon with a nucleos(t)ide analog or the combina-
tion of two nucleos(t)ide analogs. At present, there is clear
evidence demonstrating the efficacy of combination therapy
in the treatment of patients with lamivudine-resistant CHB.
However, the potential role of de novo combination therapy
in nucleoside-naive patients is less certain. De novo combi-
nations are likely to offer a clear advantage in terms of pre-
venting the development of resistance, but this benefit needs
to be weighed against the associated increased cost of treat-
ment and increased risks of toxicity [103]. Trials examining
the combination of entecavir and tenofovir in both naive and
lamivudine-resistant patients are also currently ongoing.
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INTRODUCTION: CLINICAL NEED AND
CHEMISTRY INSIGHTS

Human cytomegalovirus (HCMV) is one of eight viruses be-
longing to the Herpesviridae family; all of which are signif-
icant human pathogens. One characteristic of herpesviruses
is their ability to establish lifelong latency in their hosts and
to reactivate well after the initial infection. Consequently,
reactivation during immunosuppression can lead to recurrent
disease episodes. Although initial infection with HCMV in
immunocompetent individuals usually is mild and transitory,
reactivation can lead to sight- and life-threatening “oppor-
tunistic” infections in immunocompromised persons such as
AIDS patients, allogeneic bone marrow recipients, and organ
transplant patients [1,2]. HCMV also is among the leading
causes of birth defects in the United States [3,4] and has
implicated links to atherosclerosis [5] and glioblastoma [6].

In the early to mid-1980s, the growing epidemic of HIV
infection spurred the search for new antiviral drugs. In addi-
tion to the urgent need for antiretroviral treatments, one of
the late-stage opportunistic infections of AIDS, CMV retini-
tis, prompted drug discovery efforts in both academic and
pharmaceutical laboratories. The approval of the first truly
selective anti-herpes drug, the nucleoside analog acyclovir

[9-(2-hydroxyethoxymethyl)guanine; Zovirax] in 1982 pro-
vided a major advancement in the prevention and treatment
of diseases caused by herpes simplex and, subsequently,
varicella-zoster viruses [7]. Unfortunately, this drug was not
potent enough for the treatment of established CMV dis-
eases, and its more bioavailable prodrug valacyclovir (l-valyl
ester of acyclovir; Valtrex, GlaxoSmithKline) showed a
limited benefit in the prophylaxis of CMV disease in
bone marrow and solid organ transplant recipients [8–10].
The closely related purine nucleoside analog ganciclovir
[GCV, 9-(2-hydroxy-1-(hydroxymethyl)ethoxy)methylgua-
nine, Hoffman–La Roche] [11] subsequently provided the
necessary potency for the treatment of established CMV
diseases and it quickly became the treatment of choice.
The analogous l-valine ester prodrug valGCV generated
plasma levels and clinical efficacy comparable to intravenous
GCV, and it remains the gold standard to date [12]. How-
ever, the hematopoetic and renal toxicities of GCV and val-
GCV compromise patient safety, and resistance arises with
prolonged treatment of immunocompromised transplant pa-
tients [13,14].

The mechanism of action of GCV involves two viral gene
products: the pUL97 protein kinase, which catalyzes the ini-
tial phosphorylation of GCV [15], and pUL54, the viral
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DNA polymerase, which is the ultimate target of this vi-
ral DNA synthesis inhibitor [16]. Two other broad-spectrum
anti-herpes drugs also inhibit CMV DNA synthesis and are
approved for CMV treatment. Due to safety concerns and
their intravenous routes of administration, the use of foscar-
net (a pyrophosphate analog, Astra Zeneca [17]) and cido-
fovir (a nucleotide analog, Gilead Sciences, Inc. [18]) is lim-
ited. Since all three drugs target the viral DNA polymerase,
cross-resistance can occur [19]. Consequently, there was a
need for a safer, orally bioavailable drug with a different
mode of action.

EARLY BENZIMIDAZOLE LEAD COMPOUNDS:
TCRB AND BDCRB

It was in this environment that the University of Michi-
gan team of Leroy Townsend and John Drach under the
sponsorship of the National Institute for Allergy and In-
fectious Diseases began to investigate anticancer com-
pounds synthesized in Townsend’s laboratory for antivi-
ral activities. Initially directed at examining the activity
of pyrrolo [2,3-d]pyrimidine nucleosides [20], the research
was broadened to other classes of heterocycles and nucleo-
side analogs synthesized by Townsend’s group. One fruitful
starting point involved the study of 2,5,6-trichloro-1-(β-d-
ribofuranosyl)benzimidazole (TCRB, 2), a compound orig-
inally synthesized as a potential anticancer drug [21]. Al-
though TCRB was inactive as an anticancer compound, it
was highly selective against HCMV at noncytotoxic concen-
trations in both plaque and yield reduction assays [22]. This
was a surprising result because it is closely related to the
broad-spectrum transcription inhibitor DRB [23] (see Fig.
1), which is not selective against HCMV. The addition of
chlorine to the 2-position of DRB to give TCRB not only
made the molecule active against HCMV but also greatly re-
duced cytotoxicity. Many analogs then were synthesized and
evaluated, leading to the conclusion that TCRB, its 2-bromo
homolog (BDCRB; 3, Fig. 1), and their 5′-deoxy analogs
were among the most active compounds [24].
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FIGURE 1 Structures of halogenated benzimidazole-d-ribo-
nucleosides.

The spectrum of antiviral activity of TCRB (2) and BD-
CRB (3) is very specific and is limited to cytomegaloviruses
(CMVs). The compounds are equally active against hu-
man and rhesus CMV [25]), less active against guinea pig
CMV [26], and weakly active or inactive against rodent
CMVs. Surprisingly, neither compound has significant ac-
tivity against other herpesviruses, including herpes simplex
virus types 1 and 2, varicella zoster virus, and human herpes
virus 6. Similarly, the compounds are inactive against respi-
ratory viruses, including influenza A, influenza B, respiratory
syncytial virus, and adenovirus strains 5 and 7. They are also
inactive against measles virus; enteroviruses such as cox-
sackie A9, coxsackie B1, ECHO viruses 7 and 9, and polio
virus; human immunodeficiency virus; and human papiloma
virus.

Activity (IC50 or IC90 values) against laboratory strains
of HCMV, such as Towne and AD169, ranged from 0.1 µM
to approximately 3 µM in various plaque and yield reduc-
tion assays. This is two- to fivefold more active than GCV
and is at least 100-fold lower than concentrations cytotoxic
to cultured cells or human progenitor cells [22,27]. Activity
against clinical isolates was similar to that seen against lab-
oratory strains. TCRB and BDCRB also were active against
strains of HCMV carrying clinically significant GCV resis-
tance mutations in the UL97 gene, and against HCMV strains
bearing mutations in DNA polymerase associated with GCV
or cidofovir resistance.

Mechanism-of-action studies with TCRB and BDCRB in
our laboratories provided several surprises. First, unlike other
nucleoside analogs with antiviral activity (which typically are
converted to corresponding triphosphates that inhibit nucleic
acid polymerases), BDCRD is not anabolized to its mono-,
di-, or triphosphate nor incorporated into DNA or RNA [24].
Furthermore, as mentioned above, these 5′-deoxy analogs
cannot be phosphorylated and are more active than TCRB
and BDCRB. Thus, the compounds appear to act as such,
without metabolism to nucleotides.

Also surprising and again unlike other nucleoside antivi-
rals, TCRB and BDCRB did not inhibit DNA, RNA, or
protein synthesis. Apparently at odds with lack of inhibi-
tion of viral DNA synthesis, HCMV-infected cells treated
with TCRB contained many viral particles, but few had en-
capsidated DNA. Because herpes DNA replication proceeds
with the generation of high-molecular-weight concatemers or
branched-chain molecules that must be cleaved to genome
length at packaging into viral capsids, this led us to hypothe-
size and prove that TCRB and BDCRB inhibited viral DNA
processing (maturation), not DNA synthesis [28] (see Fig. 2).
McVoy and Nixon [29] refined this hypothesis and showed
that some DNA of approximate genome length is formed
in the presence of BDCRB. They proposed a more detailed
model in which genome maturation is not totally inhibited
by BDCRB. Concatemer packaging can occur at a low fre-
quency by continuing beyond the cleavage point appropriate
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FIGURE 2 Inhibition of human cytomegalovirus replication by benzimidazole nucleosides. Inhibition of key aspects of the replication
cycle by maribavir (MBV), BDCRB, and GW275175X are illustrated by red arrows. HCMV proteins inhibited by or involved in the action
of the compounds are shown in boxes attached to the arrows. (See insert for color representation of the figure.)

for normal genome formation. This gives rise to a nonfunc-
tional structure that we also observed and termed “monomer
plus” DNA [28].

Genetic approaches were also used in our laboratories to
explore the mechanism of action of TCRB and BDCRB. Se-
lection of HCMV resistant to TCRB or BDCRB and marker
transfer studies established that resistance mapped to amino
acids 344 and 355 of gene UL89. This indicated that its gene
product (pUL89) was the target for the compounds and that
pUL89 is involved in HCMV DNA processing [28]. Studies
with a different HCMV isolate selected for greater resistance
to TCRB established that the product of another gene, UL56,
was also involved in the action of TCRB and BDCRB [30].
These data first suggested to us that the gene products of
UL89 and UL56 act as part of a maturation complex similar
to the two-subunit “terminase” found in bacteriophage [31].
In fact, the mechanism in HCMV may be more complex.
We have identified a L21F mutation in gene UL104 (which
encodes the viral portal protein) of an HCMV strain resistant
to TCRB and BDCRB [32]. An association between the por-

tal protein of HCMV and the terminase has been found by
Bogner and co-workers [33].

Terminases are enzymes responsible for the packaging
of unit-length genomes into procapsids. Typically, these
are multifunctional heteroligomers wherein one protein
catalyzes the ATP-dependent translocation into preformed
capsids while the other cleaves DNA concatemers into
genome length. They are highly conserved in many double-
stranded DNA viruses, including bacteriophages [31] and
herpesviruses [34]. The HCMV terminase consists of the
large subunit pUL56 and the small pUL89 [34,35], whose in-
teraction domains have been identified [36]. pUL56 mediates
sequence-specific DNA binding and ATP hydrolysis [37,38];
pUL89 is required for duplex nicking [35,36]. As shown
by the genetic studies of benzimidazole-resistant HCMV
described above, terminase subunits pUL89 and pUL56 are
involved in the action of BDCRB. Biochemically, Scheffczik
et al. demonstrated that BDCRB inhibits the nicking activity
of pUL89 and therefore leads to inhibition of viral DNA
cleavage [35]. Sequence analysis and modelling studies
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by Champier et al. supported these biochemical results by
showing the TCRB/BDCRB resistance mutations D344E
and A355T are close to a putative ATPase motor motif [39].
Interestingly, BDCRB inhibits the pUL56-associated ATP-
ase activity as well [40]. In addition, Champier et al. [41]
identified two putative leucine zippers that might be involved
in pUL56 dimerization and/or pUL56 protein–protein in-
teractions. Based on their modeling and our observation
that the BDCRB-resistance mutation in pUL56 is in a zinc
finger [30], they postulated that BDCRB could block the
recognition site formed by two zinc fingers of a pUL56 dimer
[41].

DNA packaging also requires the involvement of a portal
protein, pUL104. Portal proteins are oligomers that form a
channel at one vertex of the capsid enabling the insertion
of DNA into the capsid [42]. Since DNA packaging is ATP
dependent and the portal protein has no enzymatic activity,
the interaction of these two proteins is essential. Such inter-
action with the large terminase subunit pUL56 was blocked
by a BDCRB homolog [33], thereby strongly suggesting that
BDCRB action is complex, involving both inhibition of enzy-
matic activities and interaction among at least three proteins.
Nonetheless, it is conceivable that a single underlying mech-
anism exists, such as inhibition of ATP hydrolysis by the
benzimidazole-d-ribonucleosides.

EXPANDED BENZIMIDAZOLE
STRUCTURE–ACTIVITY RELATIONSHIPS

Despite the excellent in vitro activity of TCRB (2) and
BDCRB (3) against HCMV, pharmacokinetic and drug
metabolism studies in rats and monkeys showed that TCRB
and BDCRB were metabolized too rapidly by glycosidic
bond cleavage to be good clinical drug candidates [43]. Sub-
sequent studies showed that N-methylpurine DNA glycosy-
lase and 8-oxoguanine DNA glycosylase could cleave the
glycosidic bond in BDCRB [44]. As the pharmacokinetic
lability of the lead compounds BRCRD and TCRB became
apparent, chemical exploration of the series was expanded
greatly. Through the partnership of chemists and biologists
at the University of Michigan and the Burroughs Wellcome
company, several hundred compounds were synthesized and
evaluated in one or both laboratories. Many of these had
potent in vitro antiviral activity, and it was necessary to care-
fully examine the SAR using chemical and biological criteria
to guide optimization.

Initially, compound rankings were based on antiviral po-
tency and selectivity. The program consisted of a primary
high-throughput 96-well viral DNA hybrid capture assay;
confirmatory plaque reduction or yield reduction assays, both
with concurrent cytotoxicity controls; followed by cytotox-
icity assessments in human B and T and progenitor cells.
Promising hits were evaluated in a rodent pharmacokinetic

screen for bioavailability, and if reasonably bioavailable and
stable, compounds were then evaluated in monkeys. Early
toxicological evaluations consisted of acute rodent single-
dose and 14-day toxicology screens, safety pharmacology
screens, and in vitro liver microsomal assays. Ultimately,
select lead compounds proceeded into 30-day dose-ranging
studies in rats or monkeys.

A major advantage of this discovery program was the
fact that the cell-based viral replication screen for biologi-
cal activity enabled the discovery of compounds with novel
and distinct mechanisms of action, whose targets were not
yet functionally defined. This primary screen approach prese-
lected for soluble compounds that would enter cells and exert
antiviral inhibition at < 10 µM with a therapeutic index (ratio
of IC50 for cell/EC50 antiviral activity) > 10. The goal was to
increase both the antiviral potency and therapeutic window
with analog synthesis.

Many chemical modifications were made on the ben-
zimidazole base and the sugar moieties. Soon after the
discovery of the anti-HCMV activity of TCRB, additional 2-
substituted analogs were prepared, including 2-alkylthio, 2-
benzylthio [45], 2-amino, 2-bromo, and 2-iodo analogs [22].
As mentioned previously, the 2-bromo derivative (3, BD-
CRB) was even more potent against HCMV than was TCRB.
Later, the 2-isopropyl- (4) and the 2-cyclopropylamines (5)
were shown to be potential replacements for the 2-chlorine
or 2-bromine in TCRB/BDCRB, which had the additional
benefit of reducing the overall number of halogens in the
molecule (Fig. 3).

Although much of the initial SAR work was focused on the
5,6-dichloro substituents on the benzimidazole moiety, sig-
nificant effort was devoted to exploring if other substitution
patterns would improve anti-HCMV activity or selectivity
(Fig. 3). Thus, 2,5-dichloro- (6), 2,6-dichloro- (7) [46], 2,4,6-
trichloro- (8), and 2,4,5-trichlorobenzimidazole ribonucleo-
sides (9) [47] were prepared. The dichloro analogs showed
little anti-HCMV activity, but the 2,4,6- and 2,4,5-trichloro
analogs 8 and 9 were three- to fivefold less active than the
2,5,6-trichlorosubstituted TCRB (2).

Having shown the 2,5,6-substitution pattern to be optimal,
the nature of the 5- and 6-substituents was explored. Thus,
2-chloro-5,6-difluoro- (10), 2-chloro-5,6-dibromo- (11),
and 2-chloro-5,6-diiodo-(12) benzimidazole ribosides were
prepared. The 5,6-difluoro derivative 10 was inactive and
nontoxic, whereas both the dibromo 11 and diiodo 12 were
almost as active against HCMV as was TCRB. However,
compounds 11 and 12 were significantly more cytotoxic
than TCRB, thus offering no net improvement [48]. Sev-
eral additional multisubstituted benzimidazole ribonucleo-
sides were prepared, including tetrahalo-substituted analogs.
Several of these were more potent against HCMV than
BDCRB [49], but given their generally greater cytotoxic-
ity along with higher molecular weight, these did not offer
improvement over TCRB and BDCRB.
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FIGURE 3 Changes to the substitution pattern of the heterocycle in benzimidazole-d-ribonucleosides TCRB and BDCRB (2, 3) that
affected antiviral activity.

To investigate if the benzimidazole could be replaced with
a smaller heterocycle, a series of polyhalogenated imidazole
nucleosides, such as 2,4,5-trichloroimidazole ribonucleoside
(13, Fig. 4), were prepared. These polyhalogenated imidazole
nucleosides were inactive (and noncytotoxic) and therefore
not pursued further [50].

A series of TCRB analogs in which the benzimida-
zole was extended dimensionally were also prepared. These
included 2,6,7-trichloro-1-(β-d-ribofuranosyl)naptho[2,3-d]
imidazole (14) [51], 2,6,7-trichloro-1-(β-d-ribofuranosyl)
imidazo[4,5-b]quinoline (15), and 2,6,7-trichloro-3-(β-d-
ribofuranosyl)imidazo[4,5-b]quinoline (16) [52]. These ex-
tended analogs showed similar or less activity than TCRB
but were more cytotoxic, resulting in a smaller selectivity
window. These efforts indicated that a bicyclic heterocycle
such as the benzimidazole was preferred for optimal activity
and selectivity.

Many changes were also made to the carbohydrate por-
tion (ribofuranosyl) of TCRB/BDCRB; some of which were
prompted by the pharmacokinetic liability of the glycosidic

bond [43], as discussed above. Carbocyclic analogs (Fig. 5)
received considerable attention for their close structural sim-
ilarity to the ribose series and stability of the glycosidic bond.
The carbocyclic analog of BDCRB, 17, was prepared, ini-
tially as a mixture of d- and l-like isomers. This carbocyclic
analog (17) had promising anti-HCMV activity, being only
slightly less active than BDCRB (3). Separation of the d- and
l-like isomers then revealed that the l-carbocyclic (19) was at
least 20-fold more potent than the corresponding d-like ana-
log (18), and that the l-like carbocyclic BDCRB derivative
19 had activity similar to that of BDCRB [53]. Several ad-
ditional carbocyclic analogs, such as the 2-isopropylamine-
substituted carbocyclic derivatives 20 (d) and 21 (l), were
prepared and, surprisingly, the l-like isomer was the most
active against HCMV at noncytotoxic concentrations [53].

In general, several of the carbocyclic benzimidazole nu-
cleosides showed excellent potency but often were somewhat
more cytotoxic than the ribofuranose derivatives, resulting in
somewhat lower selectivity. Importantly, the fact that the
carbocyclic l-like analogs (such as 19 and 21, Fig. 5) were
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cytomegalovirus.

found to be more active than the corresponding d-like analogs
prompted increased emphasis on synthesizing both d- and l-
analogs for carbohydrate modification.

In parallel with the carbocyclic synthetic effort, a large
number of l-ribofuranosyl benzimidazoles, wherein the
benzimidazole substitution pattern was changed, were pre-
pared [54–58]. Again the 5,6-dichloro-substitution pattern

was preferred for the l-isomers. However, for the l-analogs,
a small alkylamine (e.g., isopropylamine) was an alternative
substituent in the 2-position, whereas for the d-analogs the
preferred 2-substituent was a halogen (chlorine or bromine).
In retrospect, these differences in structure–activity trends are
not surprising in view of the fact that the l-benzimidazole nu-
cleosides have been shown to have a different mode of action
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than the d-benzimidazole nucleosides (see Fig. 2 and below).
From a large number of l-benzimidazole nucleosides pre-
pared, compound 22 (1263W94, maribavir) [54,57] showed
good in vitro antiviral activity and selectivity [59]. Moreover,
in vivo pharmacokinetic, pharmacological, and toxicological
profiles were sufficient for clinical evaluation [60].

Early structure–activity relationship (SAR) work focus-
ing on the ribofuranosyl portion of TCRB and BDCRB had
established that the 5′-hydroxyl group was not required for
activity. Indeed, the d-5′-deoxy-TCRB analog 23 was about
fivefold more potent than TCRB (2) against HCMV [24].

Further work showed that the entire 5′-hydroxymethyl
group could be removed to yield d-benzimidazole erythrofu-
ranosyl derivatives (24, Fig. 6) that were about five- to 10-fold
more potent than the corresponding ribofuranosyl derivative,
TCRB (2) [61]. Benzimidazole l-erythrofuranosyl nucleo-
sides were also prepared (e.g., 25) but were less active (five-
to 10-fold) than their corresponding d-ribofuranosyl analogs
as well as less active than maribavir (22). Thus, even though
the d-erythrofuranosyl derivatives were more active than the

corresponding d-ribose derivatives, this was not the case for
the l-erythrofuranosyl derivatives [61].

Additional studies on the d-ribofuranosyl benzimida-
zoles, aimed at improving stability of the glycosidic bond,
by replacing the 2′-OH group with fluorine gave the 2-
fluoroarabinose derivative 26 and the 2-fluororibose deriva-
tive 27 [62]. The 2-fluoroarabinose analog of TCRB (26) was
about two- to threefold less active than TCRB, whereas the
2-fluororibose analog of BDCRB (27) was about 20-fold less
active than BDCRB. Furthermore, the fluorinated derivatives
were more cytotoxic than the ribosyl analogs, resulting in flu-
orinated carbohydrate derivatives not being pursued further.

More dramatic changes of the carbohydrate portion,
such as replacement of the ribofuranosyl portion with the
acyclic (hydroxyethoxy)methyl group (28) or the (dihy-
droxypropoxy)methyl group (29) resulted in almost com-
plete loss of activity [63]. A number of other carbohydrate
derivatives, including 2′-deoxyribose [64,65], lyxose [66],
xylopyranoside, and ribopyranoside derivatives, were pre-
pared. Among these the ribopyranosides [67] were especially
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interesting, with the d-ribopyranoside 2-bromo-5,6-
dichlorobenzimidazole (30) showing anti-HCMV activity
similar to the ribofuranosyl analog BDCRB (3), Fig. 7. More-
over, it had good selectivity and an in vivo pharmacokinetic,
pharmacological, and toxicological profile suitable for pro-
gression into clinical trials [68].

This effort demonstrated that a carbohydrate (ribofura-
nosyl or ribopyranosyl) or carbocyclic group was required for
good antiviral activity, whereas acyclic derivatives showed
much reduced potency against HCMV. In general, SAR for
the carbohydrate was not as clear as for the benzimidazole
heterocycle, with several differences emerging between the
d and l series, due to their different mode of action (see
below).

Finally, effort was focused on attempts to replace the
benzimidazole with a different bicyclic heterocycle, such
as imidazo[1,2-a]pyridine or indole. Both of these hete-
rocycles would allow the benzimidazole halogene to be
placed in desirable positions on the heterocycle. Replace-
ment of the benzimidazole with an imidazopyridine was
accomplished by synthesis of the 2,6,7-trichloro-3-(β-d-
ribofuranosyl)imidazo[1,2-a]pyridine C-nucleoside analog
of TCRB [69]. Surprisingly despite very striking similarity to
TCRB, this imidazopyridine derivative was totally inactive
against HCMV. Subsequently, indole N-nucleoside analogs
of TCRB [70] were also prepared, again showing limited
anti-HCMV activity. Further exploration into replacing the
benzimidazole system was curtailed because benzimidazole
nucleosides, such as 22 (1263W94) and 30 (GW275175X),
showed excellent preclinical properties and were syntheti-
cally highly tractable.

GW275175X: PRECLINICAL AND CLINICAL
STUDIES

The in vitro antiviral spectrum of GW275175X was sim-
ilar to that of BDCRB and TCRB: active against HCMV
only. As predicted, GW275175X was effective against clin-
ical wild-type strains and against strains resistant to the

clinically available CMV drugs, and was cross-resistant to
BDCRB-resistant mutants that encoded alterations in the ter-
minase components pUL89 and pUL56 [68]. The relative
potency of GW275175X and GCV for the laboratory strain
AD169 was comparable in standard plaque-reduction and
DNA hybridization assays [68]. Significantly, GW275175X
was three- to fivefold less inhibitory to the growth of hu-
man marrow progenitor cells than was GCV. Theoretically,
this would provide a therapeutic advantage in the marrow
and stem cell transplant populations. Biochemical studies
of CMV DNA synthesis and maturation in the presence of
GW275175X confirmed a block to the maturational cleavage
of the high-molecular viral DNA, analogous to the inhibition
mechanism of BDCRB and TCRB [30].

Pharmacokinetic evaluation of GW275175X in both
mouse and monkey established that the instability problem
of the parent BDCRB had been solved. In those two species,
GW275175X was readily orally bioavailable (∼90%) and
showed a moderate-to-high volume of distribution, a low-
to-moderate clearance rate, and a relatively long plasma
half-life. There was no evidence of significant metabolism
or glycosidic cleavage. Metabolic stability was also seen in
a series of in vitro human liver microsomal extract stud-
ies. GW275175X exhibited good brain penetration in the
mouse after oral dosing. Human serum protein binding was
approximately 92%, which predicted adequate free drug
levels for antiviral efficacy. Toxicological evaluations sup-
ported the advancement of this compound into human trials
[71].

A phase I randomized double-blind placebo-controlled
trial in healthy subjects was conducted, and results estab-
lished that the drug was well tolerated at all doses without
serious adverse events or clinical laboratory abnormalities
(GlaxoSmithKline, internal data). The encouraging phase I
PK and early safety profile of GW275175X would have en-
abled its continued development, but its developmental sta-
tus was considered against the more advanced stage of the
l-benzimidazole analog maribavir (MBV) and the declining
CMV retinitis market following the introduction of HAART
(highly active antiretroviral therapy) for HIV-infected
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TABLE 1 Comparison of Properties and Preclinical Studies with BDCRB and Maribavir

Parameter or Study BDCRB Maribavir

Sugar portion of molecule d-ribose l-ribose
Phosphorylation at the 5′ position not necessary for antiviral activity True True
Potent inhibition of HCMV Yes Yes
Active vs. HCMV resistant to GCV, CDV, and PFA Yes Yes
Noncytotoxic to human diploid and bone marrow progenitor cells at

concentrations well in excess of antiviral activity
Yes Yes

Inhibits cellular metabolism in antiviral dose range No No
Inhibits viral protein synthesis No No
Inhibits viral RNA synthesis No No
Inhibits viral DNA synthesis No Yes
Inhibits viral DNA polymerase No No
Inhibits viral DNA processing Yes No
Inhibits viral nucleocapsid egress from infected cell nucleus No Yes
Oral bioavailability Partial Good
Half-life and pharmacokinetics in vivo Poor Good
Progressed into clinical trials No Yes

patients. Thus, this promising compound was shelved as a
backup to MBV in the late 1990s.

MARIBAVIR: ANTIVIRAL ACTIVITY AND
MECHANISM OF ACTION

The precedent strategy of converting a nucleoside carbohy-
drate moiety from the d-sugar to the unnatural l analog in
this benzimidazole series achieved the expected reductions
in metabolic instability and cytotoxicity, as described above,
resulting in the clinical candidate maribavir (MBV). In addi-
tion, this strategy increased the potency, and for MBV, com-
pletely changed the mechanism of action and slightly altered
the spectrum of antiviral activity. MBV not only showed
potent inhibition of HCMV, but also inhibited the in vitro
lytic replication of Epstein–Barr virus [72]. Weak activity
against HHV-6 [73] has also been reported. No other her-
pesviruses were reported susceptible, nor were HIV, HBV,
HCV, influenza A, and HPV 59,74].

Interestingly, the l-sugar benzimidazole analogs did not
inhibit the CMV pUL56 and pUL89 “terminase”-mediated
processing of viral DNA, based on gel analyses of viral DNA
size following MBV treatment. Instead, we initially observed
a strong concentration and time-dependent reduction in viral
DNA synthesis in growth-arrested human MRC-5 lung fi-
broblasts [59]. Other investigators, however, saw only a mod-
est reduction in viral DNA synthesis in active MRC-5 cells or
in human foreskin fibroblasts, yet they observed potent but
highly variable reductions in viral yields or plaque forma-
tion. Our culture conditions had been optimized to provide
reproducible EC50 values during compound series screening
and for selection of resistant virus. Subsequent studies in
several laboratories demonstrated that MBV interfered with

capsid egress from the nucleus [73]. Thus, the mechanism of
action was clearly different from that of the β-d benzimida-
zole riboside analogs (see Table 1 and Fig. 2). The structural
similarities of MBV to a nucleoside analog prompted studies
that ruled out any direct effect on the viral DNA polymerase
function during viral DNA synthesis. MBV was not anab-
olized to phosphate forms in CMV-infected or uninfected
cells. Furthermore, the chemically synthesized mono-, di-,
and triphosphates of MBV did not inhibit viral DNA poly-
merase in vitro or the mammalian cellular polymerase α [59].

The activity profile, chemical, and preclinical properties
supported the advancement of MBV toward clinical develop-
ment. Mechanism-of-action studies of this interesting 1994
lead actually progressed at a slower pace than the critical
activities required for an IND, and all were disrupted by a
corporate merger. The drug candidate moved into phase 1
clinical studies in 1996 without knowledge of the viral target
or exact mechanism of action, based solely on in vitro an-
tiviral potency, preclinical safety, and pharmacokinetic prop-
erties. There was a level of confidence that the target was
viral in nature, based on the successful laboratory selection
of drug-resistant viral strains in vitro.

We ultimately identified the CMV-encoded protein kinase
pUL97 as the primary target by using traditional marker
transfer techniques to map the resistance of a laboratory-
derived mutant strain (BW2916R) of AD169 [59]. Indepen-
dent confirmation of the pUL97 as a major target of MBV
emerged from a protein kinase screen in which the phospho-
rylation of a histone substrate by pUL97 was strongly inhib-
ited by MBV (IC50 = 3 nM). The selectivity of maribavir
for this CMV kinase was suggested by the lack of inhibitory
activity against a panel of 70 mammalian kinases [75]. These
screens included cell cycle kinases known to be upregulated
by viral infection [76]. A second genetic site associated with
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MBV resistance was mapped to the UL27 ORF in maribavir-
resistant laboratory strains of Towne and AD169 [77,78].
The pUL27 encodes nuclear localization signals and motifs
for protein kinase phosphorylation, but its function remains
under study as of 2011 [78a].

At the time of the identification of MBV’s primary tar-
get in 1999, little was known about the role of the pUL97
in the CMV replication cycle beyond its identification as
the viral kinase responsible for the intracellular monophos-
phorylation of GCV [79]. Subsequently, a laboratory dele-
tion mutant provided important clues to the various steps
affected by loss of pUL97 function [80]. These included re-
duced phosphorylation of the viral polymerase processivity
factor pUL44 [81,82], reduced viral DNA synthesis [59,83],
altered intracellular distribution of the pp65 tegument pro-
tein [84,85], and a strong inhibition of capsid egress from
the cell nucleus [83–87]. The UL97 deletion strain provided
a unique tool to define the roles of the HCMV pUL97 in
the virus life cycle, and maribavir served as a confirmatory
biochemical knockout/ modulator of function in the infected
treated cells.

The CMV pUL97 protein kinase not only regulates sev-
eral viral replication functions, but it also affects host cell
activities [88–91]. Two key examples of pUL97’s modu-
lation of the host-cell cycle are the exciting discovery of
the hyperphosphorylation of the Rb oncoprotein, thus relax-
ing the brakes on cell cycle progression [73,85,92], and the
demonstration that pUL97 mimics the regulatory functions of
cdc2 and can phosphorylate the eukaryotic elongation factor
1delta [90]. These host cell functions presumably adjust the
cell’s metabolic state to better support viral growth, but such
a mechanism calls into question the validity of pUL97 as a
drug target. Will the drug be active in the diverse tissues and
organs infected by CMV? Indeed, maribavir has shown an
unusual variability in laboratory potency and mechanism of
action according to the physiologic state of the cells and even
cell type [59,93]. However, in vitro selectivity and mecha-
nism studies and preclinical safety studies are consistent with
the overall good safety profile observed so far in the clinic.
Mechanism studies support the possibility that maribavir’s
antiviral action could affect multiple events across the life
cycle of the virus, thus providing many opportunities to re-
duce viral replication and disease production.

There are no good animal models of infection with hu-
man CMV to confirm drug efficacy studies with this new
drug target and thus confirm target validity. However, CMV
growth in human tissues implanted in SCID-hu mice was
reduced after oral dosing [94], suggesting antiviral action of
the drug. Perhaps the importance of pUL97 to viral patho-
genesis can be inferred by consideration of the pUL97 kinase
homologs across the herpesviruses, where some animal mod-
els of virus infection exist. These protein kinase homologs
are highly conserved in catalytic and regulatory regions, with
some divergence from mammalian protein kinases [95–97].

The HSV1 and the VZV homologs (pUL13 and gene 47 pro-
tein kinases, respectively) have been shown to be required
for tissue tropism and disease pathogenesis [98,99]. These
findings are supportive of pUL97 as a valid target, but the
real proof is in successful demonstration of efficacy with a
selective pUL97 inhibitor in the clinic. Maribavir offers the
opportunity for proof of principle.

MARIBAVIR: PRECLINICAL STUDIES

Maribavir progressed through a series of preclinical tests to
evaluate pharmacokinetics and safety on its journey toward
the clinic. The overall profile for a safer, orally bioavail-
able drug was achieved. The key pharmacokinetic parame-
ters determined in rats and monkeys were 50 to 90% oral
bioavailability, dose-proportional plasma levels, reasonable
volume of distribution and half-life, and clearance mediated
mainly by biliary secretion with some enterohepatic recircu-
lation [60,100]. The major metabolite in animals and in hu-
man liver microsomal extract studies was the N-dealkylated
derivative BW4469W94, and this was also the major metabo-
lite recovered in vivo.

Toxicology studies indicated a safety profile acceptable
for further drug development. The studies included acute
oral and intravenous studies, chronic 1-month studies with
oral dosing in rats and mice, and chronic 6-month treatments
in rats and monkeys [60]. The minimum no-effect dose in
the 1-month rat study was 100 mg/kg per day, and in the
1-month monkey study was 180 mg/kg per day (plasma Cmax

= 8 µg/mL). Adverse effects noted included increases in
liver weights, neutrophils, and monocytes at the higher doses
in the female rats. In monkeys, 1-month treatments resulted
in mild reversible decreases in erythroid populations and
increases in reticulocytes. Chronic exposures of rats at 25,
100, and 400 mg/ kg per day, and monkeys at 100, 200,
and 500 mg/kg per day for 6 months and one year (monkey
study only) resulted in mild but reversible treatment-related
effects, such as elevations of white blood cells, anemias, and
liver enzyme functions. Both rat and monkey experienced a
mild-to-moderate mucosal hyperplasia of the intestinal tract,
which presented as altered stools or diarrhea at the higher
doses. This hyperplasia was partially reversed in the 1-month
recovery period. The long-term significance of this hyperpla-
sia is unknown.

Genetic toxicology studies showed improvements over
the marketed CMV drugs including the in vitro Ames as-
say (up to 650 µg/plate), and in vivo micronucleus assays
(up to 1200 mg/kg single oral doses) were negative. In the
in vitro mouse lymphoma assay, maribavir was mutagenic
in the absence of metabolic activation, at concentrations cy-
totoxic to cultured cells, whereas results were equivocal in
the presence of liver microsomal S9 extracts [60,100]. Re-
productive toxicology studies in standard rabbit and murine
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systems also suggested that maribavir was a safer alternative
then existing anti-HCMV agents (GlaxoSmithKline; internal
data). Other safety studies conducted but not published in-
cluded the in-life carcinogenicity study (ViroPharma, Inc.;
internal data).

MARIBAVIR: PHASE I–III CLINICAL STUDIES

Maribavir now has advanced through several phase I and II
studies and into the first phase III trials. The published results
for the early phase I and II clinical studies were promising
and are summarized here.

Two phase I trials of MBV investigated the safety and tol-
erability of single oral escalating doses; one was conducted
in healthy volunteers (n = 13, doses of 50 to 1600 mg) and
one in HIV-infected subjects (n = 17, doses of 100 to 1600
mg) [101]. The key PK parameters for humans were de-
fined in these studies: rapid absorption of oral doses, peak
concentrations (Cmax) observed 1 to 3 h post-dose, and dose-
proportional increases in area under the concentration curve
(AUC0-∞). Elimination was rapid, with a plasma half-life of
3 to 5 h at all doses. In contrast to the animal ADME results,
MBV was excreted in the urine after extensive metabolism,
with < 2% of the dose recovered as unchanged MBV and 20
to 40% of the dose recovered as the N-dealkylated metabo-
lite 4469W94. Human liver microsomal studies suggested
that the liver cytochrome P450 isozyme Cyp3A4 was pre-
dominantly responsible for metabolic clearance. The major
metabolite 4469W94 showed a 2-h delay in Tmax and a slower
clearance rate. No anti-HCMV activity in vitro has been
noted for 4469W94 (GlaxoSmithKline; internal data). The
consumption of a high-fat meal somewhat delayed the Tmax

of MBV and decreased AUC 0-∞ and Cmax by approximately
30% [101].

Both MBV and its key metabolite were highly protein
bound: > 97% and 92%, respectively. The high degree of
protein binding of MBV is a concern for bioavailability of
active free drug, although it reportedly binds primarily to
serum albumin and exhibits relatively low affinity binding in
kinetic studies in vitro [59,100].

The first clinical trial to explore the antiviral action of
MBV provided exciting data to validate the drug mecha-
nism of action, and it exhibited activity which suggested
that the protein binding did not abrogate drug action at the
lower doses [102]. The study was a placebo-controlled dose-
escalating trial of oral MBV in HIV-infected subjects, a sub-
set of whom shed CMV in semen (5000 genome copies/mL
or greater) Subjects were treated for 28 days with one of
six dose regimens: 100, 200, or 400 mg t.i.d., or 600, 900,
or 1200 mg b.i.d. or with placebo. Viral load reduction was
assessed in samples from patients receiving the four lower
doses by titration of infectious virus in semen by plaque
assay or by quantitation of total CMV DNA using a develop-

TABLE 2 Reduction of CMV by MBV in a Phase I Study in
HIV-Infected Men

Change in Semen CMV Viral Load (log10)

Infectious Titers PCR

MBV Dose (mg) Day 14 Day 28 Day 28

100 t.i.d. −1.1 −2.9 −1.11
200 t.i.d. −1.6 −3.7 −1.27
400 t.i.d. −2.5 −3.7 −1.28
600 b.i.d. −2.7 −3.4 −1.25

Source: [102].

mental quantitative PCR method (Roche Diagnostics). MBV
reduced viral load across the four doses in the range 2.9 to
3.7 log10 pfu/mL (Table 2) in a dose-dependent manner. In-
terestingly, the viral genome reductions as measured by the
quantitative PCR showed only a modest drop (range of 1.1
to 1.5 log 10 genome copies) in this same time frame. This
result may be consistent with a mechanism of action of a
UL97 protein kinase inhibitor, in which noninfectious virus
is formed via the block to capsid egress but scores positive
in the DNA assay until cleared biologically.

In this phase I study, viral load reductions were also ob-
served in urine, in blood (n = 1, 4.81 log10 reduction to
the lower limits of assay quantitation), and in saliva of one
subject with measurable load before therapy. Thus, MBV
was active in viral load reduction in several tissue compart-
ments, although the number of subjects in the analyses was
small.

Similar positive results were reported for a subsequent
study in CMV retinitis patients who received oral doses of
800 mg t.i.d., or 1200 mg b.i.d. daily for 7 days to establish
steady-state concentrations in the ocular fluids, as a measure
of its potential to treat retinitis [103]. Reductions of CMV
DNA in blood by polymerase chain reaction of 0.26, 1.1, and
1.9 log 10 were observed in the three subjects who had CMV
detectable at baseline. The intravitreal levels achieved with
these doses exceeded MBV EC50 values reported by several
assay methods. These results suggest that MBV should be
seriously considered for the congenital CMV indication. The
basic pharmacokinetic and safety features of MBV charac-
terized in these early GSK-sponsored phase I studies were
consistent with those observed in subsequent phase I and II
studies.

The clinical safety record for MBV reported as of July
2009 is promising, and results have been relatively consis-
tent across all the phase I and II studies published. MBV
was generally well tolerated; taste disturbance was the most
frequently reported adverse event (> 80% of treated sub-
jects and 20% of placebo recipients). This dose-related taste
disturbance was described as a transient bitter or metal-
lic taste. Other reported adverse events that were deemed
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related to MBV administration included nausea, diarrhea,
and headache [101–103]; there were no noteworthy clinical
laboratory abnormalities or issues related to vital signs. In the
HIV-infected population of the POC trial, five subjects dis-
continued the drug because of a diffuse macropapular rash
(grade 2) that resolved off the drug; four of these patients
had a history of allergic reactions [102]. No such rash has
been reported in subsequent studies in other patient popula-
tions, including transplant recipients. Overall, MBV exhibits
a safety profile superior to current treatments.

In 2003, MBV was licensed by GSK to ViroPharma, Inc.,
to continue development for the prophylaxis and treatment
of CMV diseases [104]. ViroPharma expanded the phase
I and II studies to explore the safety and pharmacokinet-
ics of MBV in specialized patient populations, such as the
renally impaired and those receiving concomitant medica-
tions that were known to interact with liver enzymes. A
phase I drug–drug interaction study was conducted as a
double-blind placebo-controlled trial in 20 healthy volun-
teers administered 400 mg b.i.d. oral MBV along with a
modified five-drug phenotyping cocktail [105]. Results indi-
cated no effect of MBV on the metabolic activities of P450
CYP1A2, CYP2C9, CYP3A, NAT-2 (N-acetyltransferase-2),
or xanthine oxidase, whereas decreased activity was noted for
CYP2C19 and CYP2D6 [105].

In 2006, ViroPharma announced promising preliminary
data from a phase II clinical trial in allogeneic stem cell
transplant (SCT) recipients that demonstrated successful pro-
phylaxis of CMV reactivation [106]. The trial was a ran-
domized double-blind placebo-controlled study of three oral
doses of MBV (100 mg b.i.d., 400 mg q.d., and 400 mg
b.i.d., or placebo for up to 12 weeks (n = 111 subjects). Pa-
tients were regularly monitored for CMV reactivation using
standard quantitative assays for CMV pp65 antigenemia or
plasma CMV DNA by PCR methods. If the threshold for
CMV reactivation was reached, study medication was dis-
continued and patients were treated with institutional stan-
dard of care (generally, preemptive CMV drug treatment).
ViroPharma reported a statistically significant reduction in
the numbers of subjects who required preemptive interven-
tion: 57% for placebo, vs. 15, 30, and 15% for MBV at
100 mg b.i.d., 400 mg q.d., and 400 mg b.i.d., respectively.
There were no cases of CMV disease in the MBV-treated
arms of the study, whereas three cases were reported in the
placebo group. These exciting results are notable in two re-
spects: (1) The antiviral activity of MBV translated into clin-
ical benefit, which is the most relevant POC endpoint, and
(2) there was no dose-response apparent within this trial be-
tween 100 and 400 mg b.i.d. This is in contrast to the antiviral
activity results of the first POC trial in HIV-infected subjects
[102].

The positive results encouraged ViroPharma to move for-
ward in 2006 with a phase III pivotal study in the allogeneic
SCT recipients, in which they were treated prophylactically

with the 100-mg b.i.d. dose in a monitoring design similar
to that used in the pilot study. However, preliminary results
announced in early 2009 indicated that in the trial as de-
signed, MBV failed to reach the primary endpoints for the
study [107]. Consequently, an NDA for MBV has not yet
been submitted to the FDA.

There are many reasons why an antiviral agent that is
active in vitro could fail in the context of a clinical study.
One plausible explanation in this case of the failed phase
III SCT study is inadequate drug exposure at the MBV 100
mg b.i.d. dose. Ultimately, a dose-range pilot POC trial is
designed to explore the dose-antiviral response relationship
in order to select the optimal safe and effective dose for the
registrational studies. As a general rule, for the expanded
clinical populations in the registrational phase III trial, one
aims for the highest dose supported by safety studies, and
certainly that shown in POC to provide clear antiviral effect.
The possibility that the SCT trial dose of 100 mg b.i.d was
suboptimal is supported by the subsequent report of success-
ful CMV viremia reductions by higher-dose MBV treatment
of six transplant recipients who were failing conventional
therapy due to drug resistance and/or refractory invasive dis-
ease [108]. All responded with > 1 log10 decrease in blood
CMV DNA by PCR within 6 weeks of administration of oral
MBV, starting at a 400-mg b.i.d. dose, and four of the six be-
came CMV DNA undetectable between days 10 and 41. This
small and uncontrolled study provides optimism that MBV
could be a useful therapeutic tool in the transplant setting.

The potential for MBV therapy to select for drug resis-
tance in the clinical setting is yet to be determined, with its
implications for treatment durability and class positioning.
GCV treatment failures are associated with the emergence
of drug-resistant strains under conditions of prolonged ther-
apy in highly immunocompromised patients [10,13]. MBV
resistance has been modeled in the laboratory by the use of
an engineered laboratory strain deficient in the CMV ex-
onuclease repair function of the polymerase (T2294; see
ref. 109). Viral strains of T2294 passaged under MBV have
generated both single and double mutants in an accelerated
fashion, encoding changes in the UL97 ORF at the following
codons: H411L/N/Y, T409M, and V355A. Another at L397R
is analogous to the original AD169-resistant strain selected
with the carbocyclic analog of MBV [59]. These resistant
strains showed a wide range of resistance to MBV; however,
all remained susceptible to GCV in vitro [109]. Interest-
ingly, one of the five SOT patients with the highest baseline
viremia and who was rescued with MBV treatment developed
virus with the H411Y and T409M mutations at rebound of
viremia after 3 months [108], thus recapitulating one of the
laboratory mutations [109]. The encouraging lack of cross-
resistance of the MBV-resistant strains to GCV and PFA,
and vice versa, suggests that MBV will be a useful addition
to the current treatments for CMV disease in the transplant
population.
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THE BENZIMIDAZOLE DISCOVERY PROGRAM:
A LOOK BACK

The development program for the benzimidazole ribosides
for CMV diseases is notable in several respects.

1. It is an outstanding example of a successful collab-
orative partnership of academia, pharmaceutical industry
and government entities where scientists worked persistently
across institutional barriers.

2. The approach used to discover the large series of active
benzimidazole nucleosides and their highly specific activity
against CMV was based on lead-directed synthesis followed
by testing that depended on virological endpoints in cultured
cells, and not upon inhibition of a preselected target by the
high-throughput screening methods then coming into vogue
at large pharmaceutical companies. Not only did the approach
succeed in putting drugs into the clinic but it also identified
five new antiviral targets! Thus, the discovery approach was
very successful.

3. In another break from the traditional approach to vi-
ral target-based drug discovery, MBV progressed into clini-
cal trials without knowledge of the ultimate drug target and
mechanism of action. It also progressed without POC in an
animal model because the drug is not active against nonpri-
mate CMVs used in such models. Nonetheless, the criteria
for advancement were very rational, stringent, and included
antiviral potency by the most relevant assays, in vitro se-
lectivity, animal safety, satisfactory pharmacokinetics, and
so on.

4. This program evolved during an unstable time of cor-
porate consolidations; the disruptive effects of two major
mergers resulted in developmental delays beyond the first
POC study in 1997. Maribavir was caught in this unfortunate
series of events, and is still not available to patients in 2011,
17 years after original discovery and 14 years after the first
successful POC.

The benzimidazole CMV discovery program began in
University of Michigan laboratories and the Burroughs Well-
come company (privately funded by the Wellcome Trust)
with their combined emphasis on both basic science and
medical need in drug discovery. It exemplified a scientif-
ically based effort that provided the opportunity for true
innovation in target discovery. This successful collabora-
tion ultimately succeeded in placing into clinical trials two
drugs from a novel series of benzimidazole ribosides. Over-
all development results to date indicate that MBV will pro-
vide a safe alternative to conventional anti-HCMV ther-
apies for treatment and rescue options in the transplant
setting.
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