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Preface

Editor’s Introduction

Although the utility of human antibodies as medical therapeutics for cancer and
immune diseases has been well-established, it is only beginning to be realized for
the treatment of viral infectious diseases. Polyclonal immunoglobulins have long
been used for some viral diseases, but they have limited potency and disease scope.
It should theoretically be possible to create monoclonal or oligoclonal antibody
preparations that capture the essential curative functions of the humoral immune
responseto viral pathogens, yet only asingle humanized monoclonal antibody (pav-
ilizumab) has been approved as aviral countermeasure. Reliable technologies for
creating human or humanized antibodies with defined viral antigen specificities are
well-established. Accordingly, current antibody development efforts are focused on
identifying and cloning the particular antibodies that contain the fundamental cura-
tive potency of the polyclonal humoral immune response.

The limited spectrum of available viral antibody therapeutics may be attributed,
in part, to the unique technical challenges that each virus presents with regard to its
life cycle, capacity for spontaneous mutation, and clinical manifestations. The
articles in this volume address these issues from different perspectives. For
instance, the clinical value of an antibody may depend on the genetic stability of
the epitope it recognizes, the prevalence of that epitope in the viral population, the
kinetics of the antibody/antigen interaction, the functional implications of epitope
binding, and the interactions between the antibody and the immune system, which
are often mediated by the Fc portion of the antibody. In some settings, a single
antibody may be sufficient, whereas in others a combination of 2 or more may be
preferred.

The articles in this volume have been selected to demonstrate the progressin the
development of human antibody therapeutics for viral disease. Keck et al. review
the nature of the immune response to the Hepatitis C virus (HCV) and the details of
viral neutralization by antibodies, providing a conceptual model for the clinical use
of HCV-specific antibodies. Huber et al. summarize the initial clinical experiences
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with antibody therapeutics for Human Immunodeficiency Virus (HIV), which can be
targeted to either the HIV virion or to host cell proteins. A discussion of the breadth
immune strategies that is required to control human rabies is provided by Nagargjan
et al., with aparticular focus on Indiaand other developing countriesin which rabies
is endemic. The development of pavilizumab for RSV prophylaxis is reviewed in
Wu et al., in addition to results of antibody optimization studies that provide surpris-
ing insights and have broad general implications for anti-viral antibody engineering.
Melhop and Diamond explicate the biology of West Nile Virus (WNV) as ageneral
model for flaviviruses, while using their cloned antibodies as a springboard to con-
sider the mechanisms of WNV neutralization. The volume concludes with a descrip-
tion of methods to clone human antibodies in their native configurations, which
access a class of antibodies that differ from those obtained by recombinant DNA or
transgenic mouse methods.

The articles in this volume are definitive and comprehensive reviews written by
thought |eaders who have sought to define the principles of viral neutralization by
human antibodies. They explore and anticipate the obstacles and opportunities that
will be encountered as the power of human antibodies is harnessed to address the
vast, un-met need for effective anti-viral therapeutics.

Philadelphia, PA Scott Dessain
March 2007
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Abstract Liver failure associated with hepatitis C virus (HCV) accounts for a
substantial portion of liver transplantation. Although current therapy helps some
patients with chronic HCV infection, adverse side effects and a high relapse rate are
major problems. These problems are compounded in liver transplant recipients as
reinfection occurs shortly after transplantation. One approach to control reinfection
is the combined use of specific antivirals together with HCV-specific antibodies.
Indeed, a number of human and mouse monoclonal antibodies to conformational
and linear epitopes on HCV envelope proteins are potential candidates, since they
have high virus neutralization potency and are directed to epitopes conserved across
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diverse HCV genotypes. However, a greater understanding of the factors contribut-
ing to virus escape and the role of lipoproteins in masking virion surface domains
involved in virus entry will be required to help define those protective determinants
most likely to give broad protection. An approach to immune escape is potentially
caused by viral infection of immune cells leading to the induction hypermutation of
the immunoglobulin gene in B cells. These effects may contribute to HCV persist-
ence and B cell lymphoproliferative diseases.

1 Introduction

Over 170 million people worldwide are infected with hepatitis C virus (HCV). A
large proportion of these individuals will harbor a chronic infection that eventu-
ally leads to the development of severe liver disease, liver failure, and hepatocel-
lular carcinoma (Major et al. 2001). In the United States, 40% of patients needing
liver transplantation have HCV-associated diseases. While current therapy with
pegylated interferon and ribavirin is effective in some patients with chronic HCV
hepatitis, adverse side effects and a high relapse rate, particularly in individuals
infected with genotype 1 virus, are major problems. These problems are com-
pounded in liver transplant recipients, where HCV reinfection occurs shortly after
transplantation and antiviral treatment can only start at a later time point (Biggins
and Terrault 2005). Allograft failure due to HCV reinfection is the most common
cause of retransplantation and death (Charlton et al. 1998). HCV reinfection
occurs immediately after transplantation and viral replication starts within hours
of surgery (Garcia-Retortillo et al. 2002). Risk factors associated with recurrent
and severe liver disease include donor and recipient age, acute rejection, human
cytomegalovirus infection, and higher levels of HCV viral load. Serum viral load
increases rapidly and peaks by 4 months after transplantation with titers up to 20
times higher than pretransplant levels at 1 year after transplantation (Everhart et
al. 1999). Treatment of acute rejection with steroids leads to further increases in
viral load. Combined treatment with pegylated interferon and ribavirin is more
effective than interferon alone (Biggins and Terrault 2005), but combined therapy
is associated with more than 50% of patients needing to stop treatment because
of ribavirin-associated anemia. The occurrence of HCV reinfection in liver trans-
plant recipients indicates that the prior immunity in HCV patients does not pro-
vide protection. Clearly, more effective strategies are needed for treating and
preventing HCV reinfection among liver transplant recipients, and more under-
standing on the mechanisms of HCV immune escape is needed.

One possibility to control posttransplantation HCV reinfection is the combined
use of specific antivirals together with HCV-specific antibodies. This type of approach
is widely used for the control of hepatitis B virus (HBV) after liver transplantation,
where the standard of care is pretransplant treatment with lamivudine for at least
4 weeks followed by posttransplant treatment with combined lamivudine and HBV
immunoglobulin (Schreibman and Schiff 2006). When lamivudine or other
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nucleoside analogs are used alone, emergence of HBV escape mutants is a major
concern (Perrillo et al. 2001; Fung et al. 2006). Similarly for HCV, a number of small
molecule inhibitors of HCV NS3-4A protease and NS5B polymerase are in advanced
stage clinical studies, potentially providing new therapeutic options (reviewed in De
Francesco and Migliaccio 2005). However, a growing concern is that a high and error-
prone viral replication will eventually lead to resistance to these antivirals. Our proposal
is that virus neutralizing (Vn) antibodies when used in combination with antivirals
could achieve the needed therapeutic outcome and minimize escape virus mutants.
Selected antibodies ideally should be broadly reactive to different HCV genotypes,
each inhibiting at different steps of virus entry, and be synergistic in their ability to
control virus infection. At least two antibodies to different epitopes are proposed to
minimize the concern of escape mutants. We and others have shown that the majority
of HCV antibodies with the broadest and most potent Vn activities recognize confor-
mational epitopes (Habersetzer et al. 1998; Allander et al. 2000; Ishii et al. 1998).
Nonetheless, Vn monoclonal antibodies (MAbs) to conserved linear epitopes have
been identified and should be considered as therapeutic candidates (Owsianka et al.
2001, 2005; Tarr et al. 2006). While antibodies offer an as yet under-explored avenue
for HCV treatment, there are a number of factors that will influence the efficacy of
this approach and therefore dictate the most appropriate strategy. These factors are
considered below.

2 Evolutionary Dynamics of HCV Envelope Genes

HCV can be classified into six genetically distinct genotypes and further subdi-
vided into a large number of subtypes, of which the six major genotypes differ by
approximately 30% and the subtypes differ by 20%-25% at the nucleotide level
(Simmonds et al. 2005). A significant challenge for vaccine and immunotherapeu-
tic development is the identification of protective epitopes conserved in the major-
ity of viral genotypes and subtypes. This problem is compounded by the fact that
the envelope E1E2 proteins, the natural targets for the Vn response, are two of the
most variable proteins (Bukh et al. 1995). The error-prone nature of the RNA-
dependent RNA polymerase together with the high HCV replicative rate in vivo
(Neumann et al. 1998) results in the production of viral quasispecies (Martell et al.
1994; Bukh et al. 1995). Quasispecies can respond to and overcome a variety of
selective pressures including host immunity (Cooreman and Schoondermark-Van
de Ven 1996; Cooreman and Schoondermark-Van de Ven 1996); chronic infection
arises, at least in part, through the outgrowth of immune escape mutants (Frasca
et al. 1999; Farci et al. 2000; Majid et al. 1999; Ray et al. 1999; Sullivan et al. 1999).
The envelope glycoprotein genes display some of the highest levels of genetic het-
erogeneity, with E2 exhibiting greater variability at the quasispecies level than E1.
Mean pair-wise genetic distances, calculated for translated HCV protein sequences
spanning the entire ELE2 coding region, highlight regions of high and low variabil-
ity and are distributed throughout all of the ELE2 genes (Fig. 1).
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Fig. 1 Mean pair-wise distance plot for ELE2 amino acids and synonymous sites generated for
HCV sequences representative of genotypes 1 through 6 (98 isolates, 543 codons). Mean
p-distance at specific amino acid positions are represented by black bars in the foreground.
Mean p-distance at synonymous sites in homologous codons are represented by gray bars in the
background. Positions are relative to homologous codons in the H77 reference strain polyprotein.
Dotted columns represent HVR1 and HVR2. The labeled black bars located above the diversity
plot represent the relative positions of characterized VVn and non-Vn MAbs recognizing linear
epitopes

While high levels of amino acid diversity are evident, pair-wise distances calcu-
lated at synonymous (silent) sites revealed that a considerable proportion of genetic
variation across HCV genotypes 1-6 is due to synonymous substitution. These high
levels of synonymous site diversity observed throughout E1 and E2 indicate these
genes are under strong purifying selection. Much of the current knowledge of adap-
tive evolution within the envelope genes during HCV chronic infection is based on
averaged estimates of synonymous (d;) and nonsynonymous (d,) nucleotide
substitution rates across very small regions of the envelope genes such as the first
hypervariable region (HVR1; Curran et al. 2002; Gretch et al. 1996; Honda et al.
1994; McAllister et al. 1998; Smith 1999). However, these averaging types of analy-
sis are too blunt to dissect out exact evolutionary mechanisms leading to antibody
escape. Averaged d, /d, ratios across regions are highly conservative, as only a few
codons within the protein may be under diversifying selection. The signal is there-
fore diluted in an overbearing purifying selective background that arises through
strong functional constraint. To overcome analytical problems associated with dif-
ferential selection across a region, the distribution of the d, /d, ratio (w) can now be
estimated for individual amino acids by assessing competing models of codon sub-
stitution within a maximum likelihood (ML) framework (Yang and Bielawski 2000).
These ML methods have recently been applied to the identification of site-specific
adaptive mutations in human immunodeficiency virus (HIV) env genes (Choisy
et al. 2004) and partial ELE2 sequence data sets from individuals with chronic (Brown
et al. 2005) and acute phases of HCV infection (Sheridan et al. 2004). The latter
study extended earlier findings (Puig et al. 2004; Farci et al. 2000) revealing a sta-
tistically significant association between outcome of acute phase infection and the
number of positively selected sites (Sheridan et al. 2004). Importantly, these meth-
ods can help pinpoint those residues and regions that the virus can easily change to
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help evade both cellular and humoral responses as well as those that are under strong
functional constraint. This information is key to devising appropriate immunothera-
peutic approaches, since utilizing antibodies that target highly conserved function-
ally constrained regions will minimize the likelihood of antibody escape and
maximize breadth of action and therapeutic potential.

Analysis of viral evolution has shown that the amino terminus of the E2 envelope
protein contains residues that have a very high propensity for adaptive change.
Indeed, this is the only locus within E1E2 that harbors positively selected sites that
are common across all genotypes (Fig. 2). This region, known as the first hyper-
variable region (HVRL1), is the major determinant for strain-specific Vn antibody
responses (Farci et al. 1994, 1996; Bartosch et al. 2003a; Rosa et al. 1996; Shimizu
et al. 1994). There is increasing evidence that acute infection outcome is correlated
to the rate and nature of nucleotide substitutions within the envelope genes (Farci
et al. 2000; Ray et al. 1999; Sheridan et al. 2004). Patients harboring stable HVR1
quasispecies frequently resolve infection, while those with evidence of a rapidly
evolving quasispecies develop chronic infection (Farci et al. 2000; Ray et al. 1999).
Evolution of the viral quasispecies continues during the chronic phase (Brown et al.
2005; Gretch et al. 1996), and differences in evolutionary rates and disease severity
in individuals with differing levels of immunocompetency highlight the importance
of antibody responses in controlling the infection (Booth et al. 1998; Kumar et al.
1994). While there is strong evidence that antibodies directed to this region corre-
late with a beneficial outcome, the limited cross-reactivity of most HVR1-specific
responses presents a serious problem to their wider therapeutic potential. A recent
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Gtl ..., AA...S..TS.FS..P?2.K.... ..
Gt2 SewTeiwQuuaus SePAL eSS 4 iQuuesmaet s wsnn s
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Fig. 2 Alignment of genotype consensus amino acid sequences relative to the H77 reference
strain, showing distribution of amino acid sites identified as under diversifying selection in E1E2
sequences relative to their homologous positions in the H77 reference strain polyprotein (accession
no. NC_004102). Symbols above the sequence indicate positively selected sites for sequences
representative of each genotype 1 through 6. Also shown is the region targeted by the MAb AP33.
#, putative N-linked glycosylation site (NXT or NXS). ?, no overall consensus amino acid at this
position. Modified from Brown et al. (2007)
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study examining a series of ELE2 sequences in the form of retroviral pseudoparti-
cles from samples collected over a 26-year period of one patient found that sequen-
tial serum antibodies obtained at the same time points of the ELE2 sequences either
fail or showed reduced Vn activity demonstrating a continuous generation of
escape mutants predominately in HVR1 (von Hahn et al. 2007). Despite this caveat,
studies have shown that positive selection is not evenly distributed across HVR1
and instead is focused on a few discontinuous residues (Brown et al. 2007;
McAllister et al. 1998; Penin et al. 2001). By using consensus HVR1 sequence
mimotopes, Puntoriero et al. (1998) were able to induce cross-reactive antibody
responses in immunized mice. Therefore, isolation of antibodies focused on the
conserved HVR1 residues may still have therapeutic promise.

We recently performed in-depth analysis of the E1E2 evolution, both across
diverse genotypes as well as within individual-patient quasispecies (Brown et al.
2005, 2007), and this work has shown that much of the E1E2 coding region is under
very strong purifying selective pressure. This is particularly evident in regions of
known or suspected functional importance. We have shown that several discontinu-
ous regions of E2 contain highly conserved residues that are involved in binding to
CD81, a receptor for HCV (Owsianka et al. 2006) and, importantly, some of these
residues are targeted by Vn antibodies. For example, MAb AP33 (see Sect. 3.5,
“Antibodies to Linear Epitopes” below) has a broadly Vn phenotype that can be
attributed to the extreme conservation of its epitope and the importance of this region
of E2 in CD81 bhinding (Owsianka et al. 2005, 2006; Tarr et al. 2006). Utilizing VVn
antibodies that target such highly conserved, functionally constrained epitopes will
limit the likelihood of viral escape, and therefore maximize Vn antibodies’ therapeu-
tic potential. Even if escape occurs within these conserved epitopes, it is probable that
this will come at a replicative cost to the virus, such as decreased receptor binding.
Such a relationship is not unprecedented; there is mounting evidence that mutations
in and around the CD4 binding domain of gpl120 are associated with reduced
sensitivity to Vn antibodies but at the cost of efficient CD4 receptor binding
(Beaumont et al. 2004; Pinter et al. 2004; Pugach et al. 2004).

3 Humoral Immunity

What is the evidence that Vn antibodies can be protective? Until recently, the role of
antibodies in preventing and controlling HCV infection has been less defined because
of difficulties in having efficient and reliable in vitro systems to grow HCV. Early clini-
cal trials with IgG therapy achieved significant prophylactic effects on transfusion-
associated HCV hepatitis (Sugg et al. 1985; Sanchez-Quijano et al. 1988) and a
reduction of infection among sex partners of HCV-infected patients receiving gamma-
globulin (Piazza et al. 1997). Experimental animal studies have shown that 1gG therapy
delayed the onset of acute infection in HCV-challenged chimpanzees (Krawczynski et
al. 1996). If the challenge HCV inoculum is first pre-incubated with HCV-specific Ig
plasma, complete protection can be achieved (Farci et al. 1994). This led to studies
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showing that serum antibodies from patients with chronic HCV are directed at HVR1
(Shimizu et al. 1994, 1996; Zibert et al. 1995; Rosa et al. 1996). Additional findings
were later obtained in chimpanzees by pre-incubating the infectious plasma with a
rabbit antiserum specific for HVR1 (Cooreman and Schoondermark-Van de Ven 1996;
Farci et al. 1996). Vaccination with recombinant HCV E1 and E2 proteins also pro-
vided some protection (Choo et al. 1994). Supporting the view that the humoral
immune response is at least partly protective is the finding that circulating HCV virions
in a chronically infected chimpanzee exist in two forms, as free virions and as immune
complexes, with the latter displaying lower infectivity (Hijikata et al. 1993).

Acute infection with HCV is usually silent, with most infected individuals going on
to develop persistent infections (Alter and Seeff 2000). Nonetheless, 20%-25% of
acutely infected individuals clear viremia without disease progression. Also, a study of
injecting drug users (IDU) comparing previously HCV-infected individuals (HCV
antibody-positive and HCV RNA-negative) and those without evidence of prior infec-
tion (HCV antibody-negative and RNA-negative) found previously infected IDU were
12 times less likely than those with first time exposure to develop persistent infection
(Mehta et al. 2002). Peak viral load on average was 1072 lower in previously infected
IDU. These findings indicate that adaptive immunity can prevent disease progression.
Understanding the mechanisms contributing to acute infection resolution and control
of disease persistence will be essential for vaccine and immunotherapeutic develop-
ment. Conversely, identifying factors contributing to virus escape will help define
those protective determinants most likely to give broad protection. In a recent study of
a single-source outbreak of hepatitis C in a cohort of women, viral clearance was found
to be associated with a rapid induction of \VVn antibodies in the early phase of infection,
the amounts of which were reduced or lost altogether following recovery from virus
infection. In contrast, chronic HCV infection in this cohort was characterized by
absent or low-titer VVn antibodies in the early phase and during persistence of infection
despite the induction of cross-neutralizing antibodies in the late phase of infection.
These data suggest that rapid induction of Vn antibodies during the early phase of
infection may contribute to control of HCV infection (Pestka et al. 2006).

Vn epitopes can be broadly classified as either isolate-specific or broadly
cross-reactive. The N-terminus of E2, encompassing HVR1 and the region immediately
downstream contains potent linear epitopes (Flint et al. 2000; Flint et al. 1999;
Owsianka et al. 2001; Triyatni et al. 2002; Zibert et al. 1997). Conservation in the
region downstream of HVR1 leads to some cross-reactivity, although high levels of
diversity seen between different genotypes can abrogate Vn (Bartosch et al. 2003a).
More broadly, Vn antibodies have been demonstrated (Logvinoff et al. 2004) and
these are usually directed against conformational epitopes within E2 (Allander et al.
2000; Bugli et al. 2001; Habersetzer et al. 1998; Hadlock et al. 2000; Ishii et al. 1998).
El-specific Vn antibodies are rare (reviewed in Depraetere and Leroux-Roels
1999), probably because this protein has low immunogenicity. However, there is
evidence that El-specific responses can be invoked following experimental
vaccination and these responses may be protective (Rollier et al. 2004). Further,
E1-specific Vn antibodies are present in some HCV-infected patients. We have pre-
viously described the use of an HCV-producing lymphoma cell line (Sung et al. 2003)
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to confirm Vn activity of a human monoclonal antibody (HMAb), H-111, to an
epitope located on the N-terminal end of E1 that also blocks baculovirus-expressed
HCV-like particles binding to target cells (Baumert et al. 1998; Keck et al. 2004b).
The presence of E1 Vn antibodies is supported by recent studies showing that
E1-specific sera are capable of neutralization of both retroviral pseudoparticles car-
rying HCV E1E2 proteins as well as cell cultured HCV (Dreux et al. 2006).
Different groups have suggested that both E1 and E2 contain putative fusion
domains and the development of HMADbs to E1 should facilitate functional and
structural analyses of this HCV envelope protein.

3.1 Human Antibodies to Conformational Epitopes

There are two fundamental approaches to characterize the antibody response through
the generation of HMADs: the immortalization of antigen-specific B cells and the
combinatorial approach of cloning Ig gene repertories; each with its distinct
attributes. The first approach includes Epstein-Barr virus (EBV) transformation,
which itself is of limited utility because of the inherent instability of antibody secre-
tion in EBV-transformed B cells. This instability can be addressed by fusing EBV-
activated B cells to a human heteromyeloma fusion partner (Foung et al. 1984). The
refinements of cell fusion methods have led to successes in generating relevant
HMADbs with as few as 10° human B cells from peripheral blood (Foung et al. 1984,
1990; Zimmermann et al. 1990; Perkins et al. 1991). The advantages of this approach
are the relative ease in obtaining antigen-specific B cells from peripheral blood and
the ability to more directly analyze the B cell response under disease constraints.
EBV transformation or activation of peripheral B cells followed by fusion to a
human heteromyeloma has been used successfully by a number of groups to isolate
HCV-specific HMAbs (Siemoneit et al. 1995; Habersetzer et al. 1998; Hadlock
et al. 2000; Keck et al. 2004h). The second approach involves the construction of
combinatorial libraries expressing human Fab fragments on the surface of M13
phage (Burton and Barbas 1994). This approach has the theoretical ability to exam-
ine millions of Fabs and consequently the full display of possible antibody diversity
in the human B cell repertoire. Enrichment of combinatorial libraries constructed
from the bone marrow of HCV-infected individuals has led to the recovery of a
number of recombinant HMAbs to HCV E1E2 glycoproteins (Allander et al. 2000;
Burioni et al. 1998; Burioni et al. 2001; Schofield et al. 2005; Zhong et al. 2005).
The majority of antibodies capable of interacting with diverse strains of HCV
are directed to conformational epitopes within E2 (Allander et al. 2000; Bugli et al.
2001; Habersetzer et al. 1998; Bartosch et al. 2003b; Hadlock et al. 2000). In a
panel of HCV HMADs, cross-competition studies showed that the E2 glycoprotein
contains three immunogenic conformational domains, designated A, B, and C, and
these are accessible on the surface of retrovirus particles incorporating HCV glyco-
proteins, HCVpp (Keck et al. 2004a). Without knowing the exact location of Vn
and non-Vn HMADbs to conformational epitopes on E2, their spatial relationship
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was assessed based on competition studies (Keck et al. 2005). Each HMAb was
biotinylated and binding was tested with competing HMADb. Relatedness of the
HMADbs to each other was determined by a modified unweighted pair-group method
using arithmetic averages (UPGMA\) (Fitch and Margoliash 1967; Keck et al. 2004a;
Sneath and Sokal 1973). This method assumes the extent of bidirectional inhibition
as the extent of epitope overlap by the competing antibodies. Unidirectional inhibi-
tion or enhancement is interpreted as proximal but not overlapping epitopes. This
approach spatially places paired antibodies with the highest bidirectional inhibition
as most related and an example of such an analysis is shown in Fig. 3. The
cluster analysis yielded three distinct immunogenic domains. The epitopes recog-
nized by HMAbs CBH-4G, -4B, and -4D constitute domain A.

A second domain, B, is characterized by CBH-2, -5, -8C, -8E, and -11, and a third
domain C by CBH-7 and -23. HMAbs within a domain have significant bidirectional
inhibition and minimal competition with HMAbs in other domains. For recently
isolated HMADbs (Fig. 3 in italics), their placements were based on cross-competition
with representative antibodies from each domain. CBH-20, -21, and -22 belong to
domain A, and CBH-23 to domain C. HMADbs to domain B and C inhibit E2-CD81
interaction and HMADbs to domain A do not (Hadlock et al. 2000).

[\
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Fig. 3 Competition analysis of HCV HMAbs and proposed model for three immunogenic
domains. Phylogenetic grouping of HCV HMADbs is based on cross-competition. Solid lines
with numbers indicate the relatedness of the two adjoining antibodies, the smaller the number,
the greater the relatedness. Circles are clusters of antibodies in a specific domain. Competition
results used for calculation are the mean values obtained from 2-5 separate experiments (Keck
et al. 2004a)
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3.2 Virus Neutralization with HCV Retroviral Pseudoparticles

A robust means to analyze Vn potency and breadth is the infectious HCV retroviral
pseudoparticle (HCVpp) system, whereby infection by retroviral particles containing
an appropriate reporter gene is mediated by HCV E1E2 envelope proteins (Bartosch
et al. 2003b; Bartosch et al. 2003c; Hsu et al. 2003). These HCVpp preferentially
infect human hepatocytes and hepatocellular cell lines, and the E1E2 present in these
particles has been shown to represent the functional and antigenic noncovalent E1E2
heterodimer formed by their recognition by a panel of conformation-dependent E2-
specific HMADbs (Op De Beeck et al. 2004). All E2 HMADbs to conformational epitopes
were able to immunoprecipitate HCVpp, suggesting their expression on the HCVpp
surface (Keck et al. 2004a). Studies with HCVpp have provided important insights into
the early stages of virus entry (Bartosch et al. 2005, 2003c; Goffard et al. 2005;
Lavillette et al. 2005; Voisset et al. 2006). With genotype 1b HCVpp infection on Huh-
7 cells, HCV E2 HMADbs in domains B (CBH-2, -5, -8C, -11) and C (CBH-7, -23) have
Vn activities as measured by reduction of luciferase activity compared with the infec-
tion medium contains phosphate-buffered solution (PBS) (no antibody) or RO4 (Keck
et al. 2004a, 2005). All domain A HMADbs were non-Vn (Fig. 4).

To assess the breadth of Vn, three HCV HMADbs with broad binding profiles to
different genotypes, CBH-2, -5, and -7, were tested with six HCV genotype HCVpp
(Fig. 5). CBH-2 showed Vn with one of two isolates of genotype 1a, genotypes 1b,
2a, 2b, 5, 6, and weak Vn with 4. CBH-5 showed Vn with 1a, 1b, 2a, 2b, 4, 6, and
weak Vn with 5. CBH-7 showed Vn with only 1a, weak Vn with other genotypes,
and no activity with one of two isolates of genotype 4. The breadth of \Vn is roughly
correlated with the breadth of binding with each Vn HMAb (A.M. Owsianka,
AW. Tarr, Z.Y. Keck, T.K. Li, J. Witteveldt, R. Adair, S.K.H. Foung, J.K. Ball, and
A.H. Patel, manuscript in preparation).

The relationship between inhibiting E2-CD81 interaction and HCVpp neutralization
also holds true with recombinant HMAbs to E2 (Schofield et al. 2005). Cross-
competition studies with HMADbs from phage display libraries mapped a cluster of

1b HCVpp 1b HCVpp
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Fig. 4 Genotype 1b HCVpp Vn with E2 HMAbs. The HCVpp neutralization assay was per-
formed as described by Keck et al. (2005) with each HMADb tested at 20 pg/ml. HC60, an HCV-
positive human serum, was tested at 1:100 dilution. RO4 is an isotype-matched HMAb to CMV
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Fig. 5 Neutralization of six genotype HCVpp (ten isolates). Huh-7 cells were seeded at 8x 10°
cells per well in a 96-well plate 24 h before infection. HCVpp bearing envelopes from HCV geno-
type 1a (H11, H77c), 1b (1B5.23), 2a (2A1.2), 2b (2B2.8), 3a (3A13.6), 4 (4.11.1, 4.21.16),
5(5.15.7), and 6 (6.5.8) were incubated with HMAbs (CBH), an irrelevant isotype control HMAb
RO4, or PBS (no MADb control) for 1 h at 37°C. After 15 h the HCVpp medium was replaced with
fresh complete medium and incubated for an additional 72 h. Vn activity of an antibody was
determined by the percentage reduction of luciferase activity compared with the infection medium
containing PBS (not shown)

related epitopes inhibiting E2-CD81 interaction or neutralization of binding (NOB)-
positive and three unrelated epitopes that are NOB-negative (Bugli et al. 2001).

3.3 Virus Neutralization with Cell Culture Infectious
HCV Virions

Three groups recently developed full-length HCVV RNA genomes that are able to rep-
licate efficiently and produce infectious viral particles when transfected into human
hepatoma cells (Huh-7) (Lindenbach et al. 2005; Wakita et al. 2005; Zhong et al.
2005). The availability of these and other cell-cultured infectious HCV virions
(HCVcc) should greatly accelerate studies of HCV biology (Cai et al. 2005;
Lindenbach et al. 2005; Pietschmann et al. 2006; Wakita et al. 2005; Yi et al. 2006;
Zhong et al. 2005). Another group reported that stable human hepatoma cell lines
containing a chromosomally integrated cDNA of HCV genotype 2a (JFH1) RNA
constitutively secrete HCVcc into the medium (Cai et al. 2005). Employing this
source of HCV virions, HMADs to three distinct immunogenic domains on HCV E2
to neutralize HCVcc were tested (Keck et al. 2007). Vn was determined by measuring
the levels of HCV NS3 protein expression by Western blot analysis. Figure 6 shows
the inability of each domain A HMADb and the abilities of representative domain B
(CBH-5) and C (CBH-7) HMADbs to neutralize HCV infectivity to Huh-7.5 cells. All
domain A HMADbs had no effect on NS3 protein levels (Fig. 6A). HCVcc was com-
pletely neutralized at low antibody concentrations by all domain B HMADbs (as rep-
resented by CBH-5 in Fig. 2B and more fully discussed below). However, domain C
HMADb, CBH-7, showed Vn activity only at 5 pg/ml IgG (Fig. 6B). The GAPDH
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Fig. 6 Effect of HMAbs on genotype 2a HCVcc infectivity as determined by NS3 expression.
HCVcce was incubated with each HMAD at increasing concentrations prior to infection to Huh-7.5
cells pre-seeded in a 24-well plate. At 3 h post infection (p.i.) the HCVcc/antibody-containing
medium was removed, the cells washed twice with PBS followed by incubation at 37°C in fresh
medium. Cells were harvested for Western blotting analysis at 72 h p.i. A Domain A HMAbs
showed no reduction of NS3 expression. B Quantitative HCVcc VVn with CBH-5 and -7 shown as
respective representative domain B and C antibodies. HCV NS3 protein expression was deter-
mined by a MADb specific to NS3 (Cai, Zhang et al. 2005). The GAPDH protein used as an internal
control was detected using an anti-GAPDH MAD (Abcam)

protein used as an internal control was detected by using an anti-GAPDH MAD (in
Fig. 6A and 6B; Abcam, Cambridge, MA). Similar findings of Vn neutralization with
domain B and C HMAbs were obtained with infectious genotype 2b HCV virions
from a B cell lymphoma-derived cell line that continuously produces infectious HCV
virions in culture (Sung et al. 2003; M. Lai, personal communication). Collectively,
these findings support an immunogenic model of HCVcc E2 containing three distinct
functional domains as previously shown with HCVpp studies.

3.4 Virus Neutralization Potency with HCV Virions

A more quantitative measure of neutralization potency was determined by the
inhibitory antibody concentration that reduces HCV infectivity 90%, IC,  (Keck
et al. 2007).
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Table1 Neutralization titer

IC, IC,?
Antibodies pg/ml nmol/| pg/ml nmol/l
CBH-2 0.057 0.378 0.350 2.330
CBH-5 0.056 0.375 0.096 0.640
CBH-8C 0.205 1.367 0.980 6.530
CBH-11 0.283 1.886 4.061 27.070
CBH-7 25.580 170.530  49.800 332.000

2Antibody concentration to reach 50% and 90% viral
neutralization

HCVcc neutralization conferred by each HMAD is summarized in Table 1. The IC,
for HMAb CBH-5 was 0.01 pug/ml, while CBH-7 required approximately 50 ug/ml.
The neutralization potency is in the order of CBH-5>CBH-2>CBH-8C>CBH-
11>CBH-7. Another observation was that the HCVcc neutralization profiles for CBH-
5 and CBH-7 displayed a linear relationship with antibody concentration from IC_; to
IC,, (Fig. 6B and Table 1) However, the profiles for CBH-2, -8C, and -11 displayed a
nonlinear relationship between IC_ and IC,, in which 5 to 14 times more antibodies
were required to achieve IC,; than IC, . The possible contributions to differences with
Vn profiles include the affinity of antibody binding to different viral epitopes, Kinetics
of antibody association and dissociation with targeted antigen, IgG subclass, and mech-
anisms of VVn whereby these antibodies inhibit different facets of HCVcc interactions
with its putative receptor(s) (Harris et al. 1997). However, IgG subclass and antibody
affinity are unlikely factors in this case as these antibodies are all I9G, and their relative
K, values are similar except for CBH-5 (Keck et al. 2007). More studies will be required
to find out whether these antibodies block at distinct steps in virus—receptor interactions.
In summary, the immunogenic organization of HCVcc E2 glycoprotein consists of three
distinct domains, with \VVn epitopes restricted to two domains as described for HCVpp.
The fact that the ability to block E2 binding to CD8L1 is predictive of VVn provides addi-
tional support that CD81 is a required molecule for HCVpp and HCVcc entry.

3.5 Antibodiesto Linear Epitopes

While VVn E1 antibodies have been described (Keck et al. 2004a; Dreux et al. 2006;
Pietschmann et al. 2006), the majority of antibodies in natural infection are targeted
to the E2 protein. Antibodies that demonstrate broad Vn capacity described to date
generally tend to be directed against conformational epitopes within E2 (Habersetzer
et al. 1998; Ishii et al. 1998; Allander et al. 2000; Hadlock et al. 2000; Bugli et al.
2001). However, Vn antibodies that recognize linear epitopes within HCV E2 have
also been reported. Farci et al. (1996) first described a rabbit hyperimmune serum
directed against HVR1 of E2 that was able to neutralize virus in vitro and thus pro-
tect chimpanzees in experimental infections. Subsequently, Zibert et al. (1995,
1997) showed that patient antibodies to HVR1 as well as a rabbit immune serum to
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that region were able to specifically block virus binding to cells. More recently,
antibodies targeting this region have been shown to inhibit binding of E2 to cells
(Scarselli et al. 2002), HCV virus-like particles (VLPs), and serum-derived HCV
(Steinmann et al. 2004; Zhou et al. 2000; Barth et al. 2005), as well as HCVpp entry
into target cells (Bartosch et al. 2003a; Hsu et al. 2003; Owsianka et al. 2005). The
HVR1, which comprises the N-terminal 27 residues of E2 (aa 384-410), is highly
variable among HCV genotypes as well as subtypes belonging to the same geno-
type. Deletion of HVR1 was shown to attenuate virus infectivity both in the
chimpanzee model and also in HCVpp assay (Bartosch et al. 2003c; Forns et al.
2000). Together, these indicate an important role of this region in virus entry.
However, due to the high variability of this epitope, these antibodies exhibit poor
cross-neutralization potency across different HCV isolates. The use of conserved
HVR1 mimotopes has been proposed to overcome problems of restricted specifi-
city (Cerino et al. 2001; Roccasecca et al. 2001; Zucchelli et al. 2001).

Several antibodies targeting different linear regions (other than HVR1) within
E2 that inhibit E2-CD81 interaction in in vitro assays have been identified. The
first of these regions lies immediately downstream of the second hypervariable
region between positions 480 and 493 (Flint et al. 1999), the second spans residues
528 to 535 (Owsianka et al. 2001; Clayton et al. 2002), and a third region encom-
passes residues 544 to 551 (Flint et al. 1999; Owsianka et al. 2001). In addition,
antibodies targeting amino acids 412-423 and 432-447 are also capable of block-
ing CD81 binding (Owsianka et al. 2001; Hsu et al. 2003). Barth et al. (2003, 2006)
recently showed that antibodies specific to regions 516-530 block the interaction
between E2 and heparin sulfate, a candidate receptor for HCV, and they also inhibit
HCVpp entry. Interestingly, however, those antibodies recognizing regions
480-493, 528-535, and 544-551 failed to neutralize HCVpp infection of target
cells (Hsu et al. 2003). Furthermore, the region 432-447 displays a high degree of
variation among different HCV isolates, and therefore the antibodies targeting this
region have restricted cross-neutralizing potency (Owsianka et al. 2005).

The region 412-423, which is located immediately downstream of HVR1, has
been shown to contain a potent neutralizing epitope (Clayton et al. 2002; Flint et al.
2000; Triyatni et al. 2002). This epitope, defined by the mouse MAb AP33 and a
rat MAb 3/11, inhibited the interaction between CD81 and a range of presentations
of E2, including soluble E2, E1E2, and virus-like particles (VLPs) (Owsianka et al.
2001). Moreover, MAb AP33 inhibited the interaction between E2 and heparin
sulfate (Barth et al. 2006). Indeed, the MAb AP33 was reported to potently neutral-
ize HCVpp-bearing envelope glycoproteins derived from all six HCV genotypes
and major subtypes (Owsianka et al. 2005). As shown in Fig. 7 and Table 2, the
IC,, of AP33 when neutralizing HCVpp of diverse genotypes ranged from approxi-
mately 0.6 up to 32 ug/ml. The rat MAb 3/11, which recognizes the same E2
region, also neutralized diverse HCVpp, albeit with a lower potency than MAb
AP33 (Tarr et al. 2006). Similarly, both MAbs AP33 and 3/11 were capable of
neutralizing the genotype 2a HCVcc in cell-culture infection assays, with the
former more potent than the latter (Fig. 8). Fine mapping identified four highly
conserved residues within the E2 region 412-423 crucial for MAb AP33 binding,
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Fig. 7 MAb AP33-mediated neutral- 120
ization of HCVpp-bearing envelope
glycoproteins from HCV genotypes

1a (1A H77 and 1A14.36), 1b 1001
(1B12.6), 2a (2A2.4), 2b (2B1.1), 3a
(3A13.6), 4 (4.21.16), 5 (5.15.11),
and 6 (6.5.340). Taken from
Owsianka et al. (2005)
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Table 2 MAb AP33 concentration required to achieve 50% (IC,)) or 90% (IC,) inhibition of
infection by diverse HCVpp shown in Fig. 7

Genotype HCVpp isolate IC,, IC,,

1A H77 5.9nM (0.9 ug/ml) 145nM (22.0 ug/ml)
1A UKN1A.14.36 132.0nM (20.0 pg/ml) 198 mmM (300.0 pg/ml)
1B UKN1B.12.6 72.0nM (12.0 pg/ml) 528nM (80.0 ug/ml)
2A UKN2A2.4 59.4nM (9.0 ug/ml) 363nM (55.0 ug/ml)

2B UKN2B1.1 119.0nM (18.0 ug/ml) 165mM (250.0 pg/ml)
3A UKN3A13.6 211.0nM (32.0 pg/ml) 198 mM (300.0 pg/ml)
4 UKN4.21.16 19.8nM (3.0 pg/ml) 396 nM (60.0 ug/ml)

5 UKN5.15.11 4.0nM (0.6 pg/ml) 26.4nM (4.0 pg/ml)

6 UKN6.5.340 8.6nM (1.3pug/ml) 145.2nM (22.0 pg/ml)

whereas three residues were found to be critical for MAb 3/11, only two of which
were shared with MAb AP33 (Tarr et al. 2006). Thus, this MAb targets an overlap-
ping yet distinct epitope, indicating that this region harbors multiple Vn epitopes
(Tarr et al. 2006).

Analysis of over 5,500 sequences obtained from the Genbank database showed
that the AP33 epitope is highly conserved. Identifying potently Vn antibodies with
epitopes conserved across all isolates of HCV is an essential step in the develop-
ment of a successful vaccine. They could have a future role in the treatment of HCV
infection and they might also serve to define future vaccine candidates. It will be
important to define whether or not passive transfer of AP33 and 3/11 can protect in
animal model-challenge experiments. Similarly, immunization and challenge studies
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Fig. 8 Neutralization by MAbs AP33 and 3/11 of HCVcc infection of target cells in culture.
HCVcc was pre-incubated with various concentrations of MAbs for 1 h at 37 °C. Serial dilution
of each mixture was used to infect Huh-7 cells. Following incubation at 37 °C for 4 days the cells
were fixed with methanol and analyzed by indirect immunofluorescence for the presence of viral
protein NS5a. The wells of infected cells were scored for the presence or absence of fluorescing
cells, and the virus infectivity was determined as TCID, (tissue culture infectious dose) essen-
tially as described by Lindenbach et al. (2005). DM165 denotes a irrelevant MAb control of the
same isotype as AP33

using various immunogens containing the AP33 or 3/11 epitope will define its use-
fulness as a vaccine candidate. However, studies with HIV-1 have shown that focus-
ing the immune response on epitopes recognized by broadly Vn antibodies is a
significant challenge.

In this context, the finding that MAbs AP33 and 3/11 potently neutralize the
entry of diverse HCVpp, and also HCVcc, is significant, particularly as their
epitope is linear and highly conserved across different genotypes of HCV, and as
such it offers significant hope for the development of a successful HCV vaccine.
The exact mechanism of neutralization by these antibodies is unknown, although
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inhibition of CD81-binding or heparin sulfate-binding (or both) is the most likely
(Owsianka et al. 2001; Barth et al. 2006). Thus, the design of future vaccine candi-
dates based on these epitopes and AP33 (or 3/11)-like therapeutic antibodies will
require a better understanding, at the molecular level of the antigen—antibody inter-
action. Only with correct presentation of an immunogen will a vaccine generate the
desired immune responses.

4 Mechanisms of Virus Neutralization

HCV is a member of the family Flaviviridae and is composed of three structural pro-
teins, capsid, two envelope proteins, E1 and E2, and six nonstructural proteins
(Robertson et al. 1998; Lindenbach and Rice 2001; McLauchlan et al. 2002). Similar
to other flaviviruses, virus entry is thought to be mediated by envelope proteins, which
are responsible for virus attachment and receptor-mediated endocytosis where a low
pH environment in the endosomes triggers conformational structural changes leading
to virus envelope fusion with the endosomal membrane (Bartosch et al. 2003c; Hsu
et al. 2003; Op De Beeck et al. 2004). Antibody binding to E1 or E2 epitopes on virion
surface should then lead to VVn by a number of mechanisms (Smith 2001; Fig. 9).
First, HCV antibodies may mediate aggregation of virus particles, leading to a
reduced number of infectious virions, the pentameric status of IgM therefore being
associated with increased neutralization potency. Second, the prevailing view for some
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Fig. 9 Graphical representation of the mechanisms of virus neutralization
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viruses is that \Vn correlates with increased antibody binding to any virion surface site
independent of the epitope recognized by the antibody. Vn is then the result of a critical
number of binding sites being occupied, thus preventing virus entry through steric
hindrance (Burton et al. 2001). Higher affinity antibodies will have a higher Vn while
non-Vn antibodies either do not bind to virion surface or bind with low affinity.
Alternatively, for some viruses, only specific surface epitopes that are involved in
functional steps of virus entry have been proposed to be associated with neutralization
(Houghton 1996). Steps targeted in this way include interaction with receptor and
co-receptor, and initiation of viral envelope fusion with the cellular membrane. Our
studies on HCVpp showed that E2 immunogenic domains A, B, and C are on the
surface of these particles (Keck et al. 2004a). However, only domain B and C HMAbs
mediate Vn, and domain A HMADbs are non-Vn, supporting the perspective that HCV
virion attachment and entry are restricted to specific virion surface domains.

5 Mechanisms of Immune Escape

The mechanisms of viral escape include mutational escape from humoral (see
Sect. 2, “Evolutionary Dynamics of HCV Envelope Genes”) and cellular immunity,
and viral infection of immune cells that leads to the induction of Ig hypermutation.
The latter phenomenon is associated with a reduction in binding affinity and Vn
activity of antibodies that are specific for HCV envelope proteins. Furthermore,
antibody-dependent enhancement of infection and potential roles of lipoproteins
and glycans to modify antibody binding to epitopes mediating Vn have been
described (\Voisset et al. 2006; Nielsen et al. 2006; Germi et al. 2002).

5.1 Mutational Escape from Cellular Immunity

The relationship between cell-mediated immunity and the outcome of HCV infection
has been established by numerous studies. Memory CD8* cytotoxic T cells (CTL) are
required for protection against persistent HCV infection; at the same time, durable
intrahepatic memory is likely established during acute HCV infection, since T cells
recognizing HCV antigens have been recovered from the livers of chimpanzees sev-
eral years after spontaneous clearance of infection (Shoukry et al. 2004). Consequently,
the outcome of HCV infection may be dictated by escape mutations in the epitopes
targeted by CTL (Erickson et al. 2001). On this issue, one report demonstrated that
CTL escape mutations occurred in persistent HCV infection (Cox et al. 2005). A sec-
ond report described that divergent and convergent virus evolution after a common-
source outbreak of HCV affected disease outcome (Ray et al. 2005). Immune evasion
leading to persistent infection, in contrast to recovery from viral infection, after acute
HCYV infection from a shared source has been reported (Tester et al. 2005), reinforc-
ing the general relevance of this immune evasion mechanism to persistence of RNA
viruses in humans (Bowen and Walker 2005a). Amino acid changes also can alter
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Fig. 10 Possible mechanisms of immune evasion by HCV infection or viral protein expression.
All possible steps of immune dysfunction caused by HCV infection are italicized

CTL recognition of variant peptide-MHC complexes (Bowen and Walker 2005b).
This and other mechanisms of HCV persistence are outlined in Fig. 10.

Successful immune responses in HCV infection generally target multiple major
MHC class I-restricted epitopes in structural and nonstructural HCV proteins
(Cooper et al. 1999; Shoukry et al. 2004). At the earliest time point studied in
persons infected with HCV, highly activated CTL populations were observed that
temporarily failed to secrete interferon (IFN)-y, a “stunned” phenotype, from which
they recovered as viremia declined (Lechner et al. 2000). In long-term HCV-
seropositive persons, CTL responses were more common in those who had cleared
viremia than those with persistent viremia, although the frequencies of HCV-
specific CTL were lower than what was found in persons during and after resolu-
tion of acute HCV infection (Lechner et al. 2000).

CTL escape mutants are found during HCV infection in humans (Chang et al.
1997). Escape mutations in MHC class I-restricted epitopes are a feature of HCV
infection that can diminish CTL responses via several mechanisms. For mutations
in the CTL epitopes, marked fitness cost is not exacted by viral escape, and rever-
sion to a more immunogenic ancestral state is not automatic upon passage to a host
in which immune selection pressure is absent. It is tempting to speculate that this
phenomenon might be due to low fitness cost associated with this particular
mutation, thus allowing persistence of the variant sequence in the absence of
immune selection pressure. A loss of epitope phenotype can also occur when amino
acid anchor residues required for MHC binding are changed (Chang et al. 1997;
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Erickson et al. 2001). Evidence for the emergence of escape mutations and their
role in HCV infection are well-documented. The evolution of escape mutations in
HCV is likely constrained by both intrinsic viral factors and certain characteristics
of the adaptive immune response (see Sect. 2 above). There are several supporting
reports on the lack of protective immunity against reinfection with HCV (Lai et al.
1994), the failure of naturally acquired antibodies to prevent reinfection of immune
chimpanzees or humans (Farci et al. 1992), and emergence of CTL escape variants
(Weiner et al. 1995).

Immune selection of HCV variants in humans includes the following steps
(Bowen and Walker 2005a). First, mutations occur in immune epitopes of both
structural and nonstructural viral proteins during acute infection. Second, evolution
of quasispecies occurs in early infection. Third, a divergent or convergent CTL
mutational evolutionary pattern from the prototypical epitope has been observed
following a common-source HCV outbreak (Bowen and Walker 2005b; Ray et al.
2005; Tester et al. 2005). Some of these mutations are due to viral reversion to a
more fit ancestral state (Cox et al. 2005; Ray et al. 2005). Nonetheless, these adap-
tive mutations can temper the effectiveness of CD8* CTL function (Franzin et al.
1995). There is a complex interplay between the breadth and specificity of the anti-
gen-specific immune response and the degree to which mutations selected by this
immune pressure govern viral reproduction. Fourth, limited epitope variation
occurs during the late or chronic infection phase. Last, epitope variation can be
present (restricting MHC allele vs nonrestricting MHC) without seroconversion
during chronic infection (Post et al. 2004). Similarly in chimpanzees, immune
selection of HCV variants includes the following observations (Cooper et al. 1999;
Bowen and Walker 2005b). First, there is a minimal viral variation prior to onset
of adaptive immune response. Second, escape mutations abrogating CTL function
do occur in acute phase infection. Third, escape mutations evading the antiviral
CTL response occurs in MHC class I-restricted epitopes (Weiner et al. 1995; Sasso
2000; Erickson et al. 2001).

Immune escape by mutations in CTL epitopes occurs by at least two mecha-
nisms (Drummer et al. 2002; Bowen and Walker 2005a, b), the loss of T cell recep-
tor (TCR) recognition (lvanovski et al. 1998; De Re et al. 2000; Sasso 2000;
inhibition of CTL response, antigenic sin, and preferential stimulation of response)
and the loss of epitope by altered proteasome processing and reduced MHC class |
binding. The amino acid substitutions within or adjacent to CTL epitopes can alter
proteasomal processing, causing epitope destruction before transport to the endo-
plasmic reticulum for MHC binding (Seifert et al. 2004; Timm et al. 2004; Kimura
et al. 2005). In HLA-A*01- and B*08-negative individuals, absence of these alleles
was associated with evolution toward consensus within epitopes restricted by these
MHC molecules (Ray et al. 2005).

The viral epitopes on the virus-specific CD4* and CD8* T cell frequently evolve
during HCV infection, resulting in impaired effector function of HCV-specific CTL
(Gruener et al. 2001; Wedemeyer et al. 2002) and a lack of protective immunity
against reinfection with HCV (Lai et al. 1994). In the presence of the restricting allele,
mutational escape of MHC class I-restricted epitopes may occur in four ways. First,
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sustained cellular immune responses are associated with resolution of infection during
the acute phase (Zuckerman et al. 1997). The diverse clonal CTL TCR repertoire due
to sustained CD4* T cell response may constrain the development of escape mutations
in the restricting MHC molecule. Second, in the case of absent or weak CD4* T cell
responses, CTL responses are weak and CTL-escape mutations may not develop
(Hanley et al. 1996; De Vita et al. 2000). Third, where the CD4* T cell response fails,
escape mutations might emerge, particularly if their fitness cost is low. Lastly, if the
TCR repertoire of the clonal CTL is narrow in the absent or weak CD4* T cell
response, escape mutations may emerge (Grakoui et al. 2003; Shoukry et al. 2004).
In the absence of the restricting allele, when there is low associated fitness cost or
well-developed compensatory mutations and if there is no CTL-mediated immune
pressure, the mutated sequence may persist or may mutate to an equally “fit” alterna-
tive. Where there is high fitness cost associated with the presence of an escape muta-
tion and if there is no CTL-mediated immune pressure (minimal immune selection
pressure), reversion to the wild-type (“fitter”) sequence is likely to occur.

Epitope mutations in individual MHC alleles may alter the interaction of
epitope with the immune system by at least four different mechanisms. First,
mutational escape from CD8* T cell immunity can occur (Bowen and Walker
2005a, b). Second, mutations in cognate epitopes in anchoring residues may lead
to dissociation of the MHC—peptide complex. Third, mutations in the epitope or
in flanking regions can alter proteasomal processing, leading to destruction of the
epitope. Fourth, reduced TCR recognition of the neo-epitope-MHC complex is
involved (Chang et al. 1997). TCR recognition may be reduced or possibly
altered, leading to antagonism against responses to the wild-type peptide. Such
mutated peptide-MHC complexes may alternatively antagonize responses to the
wild-type epitope (Chang et al. 1997; Kaneko et al. 1997; Tsai et al. 1998).
Nonsynonymous mutations may occur within CTL epitopes or within regions
flanking these sequences.

Other immunological mechanisms (Bowen and Walker 2005b, ¢) are MHC
class Il-restricted escape mutations (Misiani et al. 1994), CD4* T cell response from
Th1 toward Th2 response (Casato et al. 2002), marked CD4* CD25* regulatory
T cells (Rushbrook et al. 2005), regulatory CD8* T cell, MHC class I-restricted
antigen-specific regulatory activity with the potential to suppress antiviral T cells
(Koziel et al. 1995), narrow CD8* T cell receptor repertoire and impaired dendritic
cell maturation in chronic hepatitis C patients (Auffermann-Gretzinger et al. 2001).
Memory CD8* T cells can vary in differentiation phenotype in different persistent
virus infections (Appay et al. 2002). HCV persistence and immune evasion do occur
in the absence of memory T cell help (Grakoui et al. 2003). A role of primary intra-
hepatic T cell activation in the “liver tolerance effect” has been reported (Bertolino
et al. 2002). Finally, the upregulation of inhibitory receptor programmed death-1
(PD-1) expression has been shown to lead to HCV-specific CD8 exhaustion (Tseng
and Klimpel 2002). Thus, due likely to interplay between the opposing forces of
immune selection pressure and viral fitness cost, a variety of outcomes are possible
upon initial infection with HCV, or after subsequent transmission of the virus to a
recipient in whom the initial MHC class | alleles are not expressed.
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5.2 HCV Infection of B Cells Induces | g Hypermutation,
Altering B Cell Immunity

Besides chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma, HCV
infection is also frequently associated with B lymphocyte proliferative disor-
ders, including mixed cryoglobulinemia, a disorder characterized by oligoclonal
proliferation of B cells, and non-Hodgkin’s B cell lymphoma (Silvestri et al.
1997). These B cell diseases may be the result of infection of B cells by HCV or
the activation of B cells by HCV envelope proteins. The HCV envelope proteins
E1 and E2 are type | transmembrane proteins, with N-terminal ectodomains and
C-terminal hydrophobic anchors. It has been suggested that HCV infects human
cells through the interaction of E2 with a tetraspanin molecule CD81. CD81 is
thought to be a cellular receptor for HCV, based on its ability to bind E2 (Pileri
et al. 1998; Hsu et al. 2003; McKeating et al. 2004; Zhang et al. 2004). CD81 is
a member of the tetraspanin family and is a component of the multimeric B cell
antigen receptor complex (Levy et al. 1998). It is associated with other mem-
brane proteins, which vary in different B cell lineages and include the signaling
molecule CD19, complement receptor 2 (CD21), and interferon-inducible Leu-
13 (CD225) protein (Takahashi et al. 1990; Levy et al. 1998). Binding of CD81
with E2 or certain MAbs against CD81 induces B cell aggregation, inhibits
Daudi cell proliferation (Flint et al. 1999), stimulates T cells (Soldaini et al.
2003), and inhibits natural killer cell functions (Crotta et al. 2002; Tseng and
Klimpel 2002). In addition, triggering of the CD81 signaling pathway in B cells
enhances the production of tumor necrosis factor-o. (TNF-o)) (Altomonte et al.
1996). Correspondingly, HCV infection of primary macrophages has been
reported to induce TNF-o production (Radkowski et al. 2004). Coengagement of
the CD19-CD21-CD81 complex and the B cell antigen receptor lowers the
B cell activation threshold by antigen-presenting cells or lipopolysaccharide
(Carter and Fearon 1992). Lymphocytes in mice lacking CD81 develop normally
but have altered proliferative responses and are deficient in antibody production,
suggesting that CD8L1 is one of the essential receptors for the production of anti-
bodies (Miyazaki et al. 1997). These observations suggest that HCV may modify
the B cell receptor-associated signaling pathway by binding to CD81 or by
infecting B cells.

Evidence has been presented that at least certain strains of HCV can infect and
replicate in B cells (Sung et al. 2003; Machida et al. 2004b, 2005). HCV infection
of B cells triggers double-strand DNA breaks in many cellular genes (Machida et al.
20044, b). Interestingly, the mere engagement of B cells by purified E2 alone, with-
out viral replication, induces double-strand DNA breaks specifically in the variable
region of the Ig gene locus, leading to hypermutation in Ig of B cells (Machida
et al. 2005). Other gene loci are not affected by the E2-CD81 interaction. Pre-
incubation with the anti-CD81 MADb blocks this effect. E2-CD81 interaction on B
cells triggers the enhanced expression of activation-induced cytidine deaminase
(AID) and also stimulates the production of TNF-oo (Machida et al. 2005).
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Knockdown of AID by the specific small interfering RNA (siRNA) blocked the
E2-induced double-strand DNA breaks (DSBs) and the hypermutation of the Ig
gene (Machida et al. 2005). Therefore, HCV infection, through the E2-CD81 inter-
action, may modulate host’s innate or adaptive immune response by activation of
AID and ensuing hypermutation of immunoglobulin gene in B cells. These effects
may contribute to HCV persistence and B cell lymphoproliferative diseases.

In addition to the increased mutation frequency in the Ig gene, HCV infection
also induces hypermutation of many other cellular genes, including p53 genes
(Machida et al. 2004b). Subsequent studies showed that the HCV-induced mutations
of somatic genes, such as p53, are mediated by nitric oxide (NO) and reactive
oxygen species (ROS) (Machida et al. 2004a). In contrast, as stated above, the Ig
mutations are mediated by AID activation through the binding of HCV E2 protein
to CD81. AID is involved in both the somatic hypermutation and class-switching
recombination of the Ig gene in normal B cell development; it causes deamination
of deoxycytidine to deoxyuracil (dU) in the template DNA strand, with preference
for certain hot-spot motifs (Petersen-Mahrt et al. 2002). The resulting dU/dG pairs
can be resolved by the mismatch repair system (Papavasiliou and Schatz 2002),
uracil glycosylase endonuclease (Di Noia and Neuberger 2002), and error-prone
DNA polymerases (Radkowski et al. 2004). Among the latter, Pol t, Pol 11, and Pol
are involved in these pathways (Zan et al. 2001; Zeng et al. 2001; Faili et al. 2002).
Interestingly, AID, Pol £, and Pol 1 are induced in HCV-infected B cells (Machida
et al. 2004b), at least partially caused by the binding of HCV E2 protein to CD81,
which, in turn, triggers DSBs and subsequent Ig hypermutations (Fig. 11).

Furthermore, this interaction induces TNF-o. production by B cells. These
effects have been confirmed in the natural HCV infection of B cell in vitro and in
vivo. These findings implicate that, even in the absence of virus replication, the
very act of virus binding to B cells can contribute to the pathogenesis of HCV by
Ig hypermutation and TNF-o. production.

Double-strand DNA Breaks (DSBs)

.' Repair Complex Forms

I .
Etror-prone Flepair 2po

Fig. 11 Postulated mechanism of Ig hypermutation
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The E2-CD81 interaction enhances mutation frequencies specifically in the Ig
gene, but not in other genes, such as p53. The basis for such a specific effect is still
not completely clear. E2-CD81 interaction may trigger a signaling response similar
to that triggered by anti-CD40, interleukin (IL)-4, and other cytokines in B cells
(Muramatsu et al. 1999; Chaudhuri et al. 2003). The normal somatic hypermutation
mechanism of the Ig gene in B cells typically affects the genomic sequences within
approx. 2 kb downstream from the transcription initiation site of the Ig gene (Rada
and Milstein 2001), under the influence of the Ig gene enhancer (Goyenechea et al.
1997). The HCV EZ2-induced Ig hypermutation mirrors precisely this pattern,
indicating that it is the result of hyper-activity of the normal Ig mutation mechanism.
This specificity may explain the differential effects of E2-CD81 interactions on the
Ig and p53 genes. E2 likely will bind most cell types, since CD81 is expressed ubig-
uitously. However, although E2 can bind to hepatocyte cell lines expressing CD81,
it does not induce enhancement of expression of AID or DSBs in this non-B cell line
(Machida et al. 2005). These findings suggest that the other components of the CD81
complex, including CD21 and CD19, are important for the signal transduction
involved in the induction of AID (Fig. 12). Several protein kinases have been shown
to associate with CD19 and CD21 but not with CD81 (Fearon and Carter 1995).

TNF-a is one of the earliest host responses to viral infections (Guidotti and Chisari
2001); itis an inflammatory cytokine, which can contribute directly or indirectly to viral
pathogenesis. On the other hand, it may purge viruses from infected cells noncytolyti-
cally and mediate intracellular signaling by adjusting the redox potential of the cell
(Wong and Goeddel 1988; Kizaki et al. 1993). Thus, the E2-CD81 interaction may
contribute to HCV pathogenesis through TNF-o. production. The activation of AID and
subsequent Ig mutations may also contribute to the development of B cell lymphoma.

B cell Hepatocyte

i

Hypermulatin
ofVu

Restricted V gene repertoire
Dual signaling (BCR + CD81: one case)

Fig. 12 A postulated signaling pathway for induction of hypermutation of the Ig gene in B cells
or lack of induction in hepatocytes by E2 binding. BCR, B-cell receptor complex. A dual signaling
model for B cell activation by HCV antigens has been reported (Weng and Levy 2003)
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Another consequence of Ig hypermutation is that the specificity and avidity of
antibodies produced from B cells will likely diverge following HCV infection. If
the B cells producing HCV-specific antibodies are infected, it is predicted that the
HCV-specific antibodies produced from these cells may lose their avidity and spe-
cificity within a short period of time. As a consequence, the neutralization activity
or the antibody-mediated cell lysing activity may decline following HCV infection.
This effect will enable the virus to escape from humoral immunity. This prediction
has recently been proved correct by showing that HCV can infect human hybridoma
cells producing E2-specific HMADbs, causing the decline of the avidity and specifi-
city of the HCV-specific antibodies (K. Machida, Y. Kondo, J. Hwang, Y.C. Chen,
K.T. Cheng, V.M. Sung, Z. Keck, S. Foung, J. Dubuisson, and M.C. Lai, unpub-
lished observation). This mechanism will contribute to immune escape of HCV.
Similarly, at least some strains of HCV can infect certain T cells, affecting T cell
functions, including IFN-y signaling (Kondo et al. 2007). The suppression of T cell
functions may contribute to T cell anergy and immune escape of HCV.

5.3 Antibody-Dependent Enhancement of Infection

Complement-mediated enhancement of antibody function for neutralization of
pseudotype virus containing HCV E2 chimeric glycoprotein has been reported
(Meyer et al. 2002). Significant increases in the neutralization titers of E2 HMAbs
and rabbit antiserum to HVR1 mimotopes have been observed upon addition of
guinea pig complement. Complement activation occurred primarily by the classical
pathway, since a deficiency in the C4 component led to a significant decrease in the
level of Vn. During infection, HCV E2 glycoprotein induces a weak Vn antibody
response; these antibodies can be measured in vitro by the surrogate pseudotype
virus plaque reduction assay, and the neutralization function can be augmented by
complement (Meyer et al. 2002). Therefore, it is possible that complement activa-
tion enhances infection, and lipoproteins and glycans can modify antibody binding
to epitopes mediating Vn.

5.4 Potential Roles of Lipoproteins and Glycans
to Modify Antibody Binding to Epitopes Mediating
Virus Neutralization

Lipoproteins, high-density lipoproteins (HDL), low-density lipoproteins (LDL), and
very low-density lipoproteins (VLDL) could potentially reduce the neutralizing effect
of the HCV-specific antibodies by promoting HCV entry (Voisset et al. 2006). In stud-
ies on HCVpp, HDL inhibits HCV Vn antibodies by stimulating cell entry via activa-
tion of the scavenger receptor Bl (SR-B1). SR-B1 mediates lipid transfer and is
proposed as a cell entry cofactor of HCV (Dreux et al. 2006). HDL interaction with
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the SR-BI has been shown to strongly reduce Vn of HCVpp by Vn MAbs and
HMADbs (Dreux et al. 2006). For serum and liver HCV virions, it is probable that
VLDL/LDL are involved in virus entry (Nielsen et al. 2006). The majority of serum
and liver HCV RNA can be precipitated by antibodies to apolipoprotein B and
apolipoprotein E. As to the site of lipoprotein linkage to virions, a study on intracel-
lular infectious HCVcc and extracellular infectious HCVcc suggests that acquisi-
tion of lipoproteins might occur during viral secretion from infected cells
(Gastaminza et al. 2006). While it is possible that some VVn E2 epitopes are masked
by lipoproteins as suggested by HCVpp studies, some HCVcc E2 epitopes remain
exposed as shown by Vn HMADbs to domain B (Keck et al. 2007). In addition, some
E2 HMADbs will immunoprecipitate serum and liver virions (Kumar et al. 1994).
Antibodies targeted to E1 protein of HCV efficiently neutralize HCVpp and HCVcc
in the presence of human serum. Functional features of HCV glycoproteins for
pseudotype virus entry into mammalian cells have been reported (Meyer et al.
2000; Beyene et al. 2002). LDL receptor-related molecules partially inhibit E1
pseudotype virus infectivity, while CD81-related molecules interfere with E2 pseu-
dotype virus infectivity. A further understanding of HCV entry and strategies
appropriate for mimicking cell surface molecules may help in the development of
new therapeutic modalities against HCV infection.

6 Final Remarks

Vn monoclonal antibodies will likely succeed in the prevention of HCV reinfection
after liver transplantation. However, it should be noted that a small trial was
recently performed where liver transplant recipients with HCV-associated liver
failure received multiple infusions of high-dose immunoglobulin of 200 mg/kg per
dose over 14 weeks, but no viral load decrease was detected (Davis et al. 2005).
However, this study should be considered with caution. In addition to the concern
that the dosage used was based on the protective amount previously observed in
chimpanzees (Krawczynski et al. 1996), there are a number of other issues. First,
specific HCV antibodies are only a small fraction of the total Ig and of these only
a smaller fraction will be directed to the important targets involved in entry, i.e., the
E1E2 envelope glycoproteins. Second, not all antibodies to E1 or E2 mediate Vn
(Keck et al. 2004a). Both VVn and non-Vn HMADs to HCV E2 have been described.
The existence of non-Vn HMAbs to HCV E2 has similarly been observed in sera
of patients with chronic HCV infection (Burioni et al. 2004). As chronically
infected patients were probably the primary source of IgG used in this trial, it is
probable that large portions of these antibodies were non-Vn. Finally, the viral load
in the patients enlisted for this clinical trial was many logs higher than in the chal-
lenged animals, and the supposedly “high” dose thus may still be inadequate.
Supporting this possibility is the observation that liver tissue viral load in biopsies
tended to be lower in high-dose Ig recipients compared to low-dose recipients
(Davis et al. 2005).
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The studies summarized in this review support the feasibility of isolating Vn
antibodies to broadly conserved epitopes among different HCV genotypes. While
candidate Vn antibodies to highly conserved conformational and linear epitopes
have been identified, a greater understanding of the factors contributing to virus
escape will be required to help define those protective determinants most likely to
give broad protection. The emergence of the escape viral mutants may be slowed by
the combination of Vn antibodies and antivirals. In addition, the antibodies used
should be broadly reactive to different HCV genotypes, each inhibiting at different
steps of virus entry, and be synergistic in their ability to control virus infection. At
least two antibodies to different epitopes are needed to minimize the concern of
escape mutants. Additional studies will also be required on the possible role of lipo-
proteins in masking virion surface domains involved in virus entry, although current
data suggest that a specific cluster of epitopes (designated domain B) on HCV E2
remains exposed on low-density cell culture infectious HCV virions. In summary,
the Vn antibodies clearly merit consideration as a therapeutic and preventative strat-
egy against HCV reinfection in the liver transplantation setting.
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Abstract Monoclonal antibodies are routinely used as therapeutics in a number of
disease settings and have thus also been explored as potential treatment for human
immunodeficiency virus (HIV)-1 infection. Antibodies targeting vira antigens, and
those directed to the cellular receptors, have been considered for use in prevention
and therapy. For virus-targeted antibodies, attention has focused primarily on their
neutralizing activity, but such antibodies also have the potential to exert antiviral
effects via effector functions, such as antibody-dependent cellular cytotoxicity
(ADCC), opsonization, or complement activation. Anti-cell antibodies act through
occlusion or down-modulation of the viral receptors with notable impact in vivo,
as recent trials have shown. This review summarizes the diverse specificities and
modes of action of therapeutic antibodies against HIV-1 infection. Successes,
challenges, and future opportunities of harnessing antibodies for therapy of HIV-1
infection are discussed.
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1 Introduction

Twenty-five yearsinto the human immunodeficiency virus (HIV) epidemic, antiret-
roviral therapy (ART), where available, succeedsin dramatically reducing mortality
and morbidity and significantly lowers rates of mother-to-child transmission
(MTCT). However, although initiation of ART suppresses viral |oads to undetecta-
blelevelsfor several yearsin most individuals (Gulick et al. 2006), hopes that HIV
infection would eventually be cleared by ART have not yet been fulfilled.
Consequently, infected individuals may require life-long treatment, which can be
problematic due to side effects of the drugs and evolution of vira resistance.
Emergence of drug-resistant strains has been reported for all currently licensed
substances and necessitates the unremitting development of alternate therapies.
While oral drugsarein general the preferred choice, dueto their ease of administra-
tion, antibodies that interfere with viral replication have also been considered for
therapeutic purposes in HIV infection.

To date, polyclonal and monoclonal antibody therapeutics are routinely used in
cancer therapy and diagnostics, in autoimmune disorders, as antitoxins, and in the
treatment or prevention of viral, bacterial, or parasitic infections (Keller et al. 2000;
Sawyer 2000; Zeitlin et a. 2000; Brekke et a. 2003; Reichert et al. 2005; Schrama
et a. 2006). Over 20 monoclonal antibodies (mAbs) and immunoglobulin Fc fusion
proteins have received FDA approval. In a number of instances these products rep-
resent first-line therapy and the current standard of care. In viral infections, polyclo-
nal and monoclonal antibodies are used for treatment and prevention of infections
with hepatitis B virus (HBV), cytomegalovirus, varicella zoster virus, respiratory
syncytial virus, and rabies virus (Sawyer 2000; Brekke et al. 2003). For example,
Synagis (palivizumab; Medlmmune, Gaithersburg, MD), ahumanized 1gG1 mAb to
the respiratory syncytial virus (RSV) fusion protein, remains the product of choice
for prevention of serious lower respiratory tract disease caused by RSV in children,
despite intensive research to develop small molecule inhibitors (Ding et al. 1998;
McKimm-Breschkin 2000; Huntley et al. 2002; Cianci et al. 2004).

The potential that antibody-based therapeutics bear in treatment and prevention
of HIV infection has been zealously debated over the years. Do we have enough
evidence that naturally occurring antibodiesimpact on HIV infection to support this
approach? Have clinical studies of investigational antibodies provided clear proof-
of-concept? Which antibodies would we need to develop? In which clinical settings
could antibody-based therapeutics be of greatest use? In principle, awide spectrum
of antibodies with diverse specificities and modes of action could be envisioned for
therapeutic purposes in HIV infection (see Fig. 1 and Table 1). Antibodies that are
directed against both the virus and cellular receptors have demonstrated activity
against HIV and can block its infectivity. In the following we will summarize the
knowledge gained on the functionality and feasibility of antibody therapeutics in
HIV infection over the years and emphasize areas that await further investigation.
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Fig. 1 Modes of action of therapeutic antibodies in prevention and therapy. Anti-HIV antibod-
ies (blue), anti-cell antibodies (red), CD4 and co-receptors (violet), Fc receptors (black)

2 Targeting the Virus and Infected Cells

HIV infects host cells upon interaction of the viral envelope glycoprotein gp120
with the cellular receptor CD4 (Maddon et al. 1986) and a co-receptor (most com-
monly CCR5 or CXCR4) (Alkhatib et al. 1996; Deng et al. 1996; Dragic et al.
1996; Feng et al. 1996). Receptor binding induces conformational changes in
gp120 that subsequently lead to rearrangements in gp41, the transmembrane unit of
the envelope, and prompt fusion (Wyatt et al. 1998b; Pierson et al. 2003).
Antibodies employ distinct modes of action to interfere with thelife cycle of viruses.
The initid steps in viral infection—receptor engagement and fusion mediated by the
envelope glycoproteins—are primary targets for neutralizing antibodies (Klasse et al.
2002). All neutralizing antibodies against HIV described to date inhibit infection of tar-
get cells by blocking engagement of CD4 or the co-receptor, or by binding to domains
involved in subsequent steps of the fusion process (Trkola et a. 1996a; Wu et al. 1996;
Wyatt et a. 1998b; Parren et al. 2001a; Xiang et a. 2002; Decker et a. 2005; Pantophlet
et d. 2006). The initialy high hopes of exploiting antibody-based immunity for treat-
ment and prevention were dampened when it became clear that most of the neutralizing
activity dicited to HIV-1in vivo is strain and subtype specific. Demands on therapeutic
antibodies are severe: they have to be safe, potent, and broadly active against divergent
HIV drains. To date, only a handful of monoclona antibodies that neutralize with a



Tablel Potential functions of antibody therapeuticsin HIV infection

Target

Virus

Infected cell

Uninfected cell

Epitope

Mechanisms of action

Effector functions
Antibody class

Potential use in prevention

Potential use in therapy

Escape mechanisms
Potential safety concerns

Tested in humans

HIV envelope proteins (gp120, gp4l)
Virus subtype specific
Neutralization (inhibition of entry and fusion)

Fc and CR-mediated phagocytosis
Complement-mediated lysis
Potentially advantageous

1gG (all subtypes), IgM, 1gA

Microbicide

Mother-to-child transmission

Active/passive immunization

Combination therapy as part of ART regimen
Intermittent treatment during drug holiday

Diagnostics

Rapid escape through mutations in viral proteins

Antibody-dependent enhancement of infection

2G122
2F5P

4E10°
F105¢

HIV envelope proteins (gp120, gp4l)
Virus subtype specific
Antibody-dependent cellular
cytotoxicity (ADCC)
Complement-mediated lysis

Potentially advantageous
1gG (all subtypes), IgM, 1gA

Combination therapy as part of ART
regimen

Combination therapy with early ART
to reduce pool of infected cells

Immunotoxin (combined with other
strategies to reactivate/eliminate
|atent reservoir)

Diagnostics

Rapid escape through mutations
invira proteins

Effector function of anti-HIV
antibodies have not been verified
invivo

HIV receptors (CD4, CCR5, CXCR4)
No subtype specificity
Inhibition of receptor interaction/entry

Potentially detrimental

1gG2 and 1gG4 preferred to limit
effector functions

Microbicide

Mother-to-child transmission

Post-exposure prophylaxis

Combination therapy as part of ART
regimen

Intermittent treatment during drug
holiday

Escape (virus changes binding site
on receptor)

Interference with immune functions
and cell depletion

TNX-355¢

PRO 140

CCR5mAD0049

CR, complement receptor

aArmbruster et al. 2002; Stiegler et al. 2002; Trkola et al. 2005, "Armbruster et al. 2002, 2004; Stiegler et al. 2002; Trkolaet a. 2005, ‘Armbruster et al. 2002, 2004;
Trkola et al. 2005, “Wolfe et a. 1996; Cavacini et al. 1998, ¢Jacobson et al. 2004b; Norris et al. 2006, ‘Olson et al. 2006
9Roschke et al. 2004
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broad cross-neutralizing activity have been isolated: the antibody 1gG1b12, which
recognizes a unique epitope overlapping the CD4-binding site (Burton et al. 1994), the
carbohydrate-specific antibody 2G12 (Trkolaet a. 1996b), which recognizes an equaly
unique mannose-dependent epitope within gp120 (Scanlan et a. 2003), and the antibod-
ies 2F5 and 4E10, which bind to the membrane-proximal external region (MPER) in
gp4l (Muster et al. 1993; Stiegler et al. 2001; Zwick et al. 2001; Binley et al. 2004).

2.1 Modes of Action of Antiviral Antibodiesin HIV Infection

Initial effortsto develop antibodies for therapeutic use focused on defining antibod-
ieswith neutralizing capacity—i.e., antibodies that bind virus and inhibit entry into
target cells. As discussed above, neutralizing antibodies and their mechanisms of
action have been intensively studied over the years. It is generally agreed that anti-
bodieswith neutralizing capacity will beimportant components of vaccine-induced
immunity and thus have also been prime candidates for the development as thera-
peutics. All HIV-specific antibodies probed for efficacy in vivo to date have neutral -
izing activities. Their characteristics and effects will be discussed in detail below.

Whether neutralizing activity is the sole function these antibodies can or should
fulfill in vivo has been increasingly debated. Besides neutralizing free viruses, anti-
bodies could have significant impact on virus elimination by inducing phagocytosis
or complement-dependent lysis of opsonized viral particles (Fig. 1). Activity of
complement and antibody in controlling viral infection has been described in other
viral diseases (Pincuset a. 1995; Blue et a. 2004; Hangartner et al. 2006). However,
to what extent this mechanism is active against HIV remains uncertain: antibodies
against HIV that induce complement lysis of virions are common in HIV infection
(Aasa-Chapman et al. 2005; Huber et al. 2006) and may contribute to vira control
invivo (Huber et al. 2006). Nevertheless, the overall lysisactivity against HIV islow
compared to other viruses (Marschang et al. 1993; Sullivan et al. 1996; Stoiber et a.
2001; Huber et al. 2006). HIV weakens complement attack by incorporating into its
outer membrane the cellular complement regulatory proteins CD46, CD55, and
CD59, which cause termination of the complement cascade and rescue the virus
from lysis (Montefiori et al. 1994; Marschang et al. 1995; Saifuddin et al. 1997).
Furthermore, antibody- and complement-coated virions could potentially enhance
infection of Fc and complement receptor-expressing cells, which needsto be consid-
ered if antibodies that trigger effector functions are used for therapy (Robinson et al.
1988; Takeda et al. 1988; Montefiori 1997; Stoiber et al. 2001; Stoiber et a. 2005).
Of note, none of the passive immunization studies conducted to date has given evi-
dence of antibody-driven enhancement in vivo. That is, treatment with antibody
resulted in decreased or unchanged viral loads; increased vira burden was not
observed (Gunthard et al. 1994; Mascolaet al. 2000; Armbruster et al. 2004; Trkola
et al. 2005). Nevertheless, whether or not vaccines or therapeutics should include
antibodies that elicit complement activity needs to be carefully evaluated to assess
potential benefits and risks of their activity.
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Another major immune function of antiviral antibodies that needs to be evaluated
is antibody-dependent cellular cytotoxicity (ADCC). If active in HIV infection, the
impact of this mechanism could indeed be high, as ADCC-mediating antibodies
would eliminate HIV-1 infected cells and thereby reduce production of progeny.
Antibodies that mediate ADCC are omnipresent in HIV-infected individuals,
athough uncertainty prevails on the functionality of the mechanism, as effector cells
(natural killer cells, neutrophils) may have decreased activity upon disease progres-
sion (Bender et al. 1988; Monari et a. 1999; Azzam et al. 2006). Evidence has
accumulated that ADCC-mediating antibodies may nevertheless function in vivo, as
they were described to positively influence disease progression (Baum et al. 1996;
Broliden et al. 1993; Ahmad et al. 2001; Forthal et a. 2001). Equally, in animal
models ADCC activity has been associated with delayed disease progression and
protection (Belo et al. 1991; Ferrari et al. 1994; Broliden et a. 1996; Banks et a.
2002). Antibody therapeutics that function through complement and/or ADCC are
used in cancer treatment (Golay et al. 2003; Mimura et al. 2005; van Meerten et al.
2006), but have not yet been actively pursued for treatment in HIV infection. This
may need reconsideration, as the effect on HIV replication could be significant if
ADCC could be successfully harnessed to destroy infected cells. Latent reservoirs
of HIV-infected cells with extremely long half-lives have been identified (Finzi et al.
1997, 1999; Wong et al. 1997), a situation excluding the possibility that HIV infec-
tion in a patient can be eradicated within a frame of several years, as initialy pro-
posed (Perelson et a. 1997). Attempts to eliminate this latent reservoir in vivo
through stimulation paired with ART have failed so far (Kulkosky et al. 2006).
ADCC-mediating antibodies could be envisioned to be effective in such combined
stimulation/elimination strategies, supporting their further investigation.

Antibodies that specifically target virus and infected cells could be further used
for generation of immunotoxins, an approach that has proved successful in cancer
treatment (Bross et al. 2001; Pastan et al. 2006; Schramaet al. 2006). |mmunotoxins
are antibodies linked to toxins that, when taken up by target cells, lead to their
destruction. Several immunotoxins that specifically eliminate HIV-infected cellsin
vitro have been developed in previous years (Till et a. 1989; Pincus et al. 1990,
1991, 1993; Pincus 1996; Lueders et al. 2004). Clinical testing of the immunotoxin
CD4(178)PE40, a fusion protein directed against the CD4 binding site of gp120,
showed little effect, however, which was attributed to rapid clearance of the
immunotoxin and the differential resistance of clinical HIV isolates (Davey et al.
1994; Ramachandran et al. 1994). Recent studies suggest that combination of anti-
bodies of different specificities and other toxins could potentially improve efficacy
and tolerability of immunotoxins (Johansson et al. 2006; Kennedy et al. 2006).

Obvioudly, as with all medications, safety concerns are high for antibody thera-
peutics. As mentioned already, antibody and complement may lead to infection
enhancement. Eliciting ADCC bears the potential of harming uninfected cells if
antibodies are polyspecific or viral antigen bound to uninfected cells is recognized.
The latter has been shown in vitro, where uninfected cells coated with gp120 were
susceptible to ADCC (Lyerly et al. 1987; Ahmad et al. 1994; Hober et al. 1995).
While free gp120 in vivo is not likely to be present at high enough concentrations
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for this to occur (Klasse et a. 2004), this scenario needs to be considered.
Polyspecificity and autoreactivity of antibodies, and the potentially ensuing adverse
effects, came into recent focus when it was described that 2F5, 4E10, and to alesser
extent 1gG1b12 cross react with autoantigens (Haynes et al. 2005), prompting con-
cern that these antibodies upon in vivo application may predispose patients for
autoimmunity. Notably though, in the case of 2F5 and 4E10, prolonged treatment
at high doses during phasel and Il testing in adults showed no serious adverse
effects (Trkola et al. 2005). Moreover, there was no sign of autoimmune disease
despite high and sustained levels of these two antibodies. Nevertheless, considering
thein vitro data available, monitoring of patients for autoimmune disease would be
appropriate in future investigational trials with these antibodies.

While the main focus has been on defining neutralizing antibodies that limit
transmission of free virus particles, the role free virions play in vivo compared to
spread from cell to cell remains ambiguous. Notably, in vitro the capacity of neu-
tralizing antibodies in limiting cell-to-cell spread was reported to be considerably
lower than the activity against free virions (Pantaleo et al. 1995). Only recently it
became evident that in close cellular contact HIV particles spread from cell to cell
viaso-called virological synapses (Sato et al. 1992; Bangham 2003; McDonald et al.
2003; Arrighi et al. 2004; Jolly et al. 20044, b). Transmission through the synapse
may render the virus less susceptible to neutralization; however, no change in sus-
ceptibility was observed for virus transmitted in trans across the synapse between
dendritic cells and T cells (Ketas et al. 2003). Over the coming years, it will be
important to determine the modes of viral transmission in vivo and whether these
modes of transmission can be effectively blocked by neutralizing antibodies. This
information may be important for designing effective vaccines and antibody
therapeutics.

2.2 Efficacy of HIV-Specific Antibodiesin vivo

Passive immunization studies in anima models conducted over recent years
brought the confirmation that neutralizing antibodies function in vivo and can limit
transmission and de novo infection when applied topically (Veazey et al. 2003) or
systemically (Gauduin et al. 1997; Shibata et al. 1999; Baba et al. 2000; Mascola
et a. 2000; Hofmann-Lehmann et al. 2001; Montefiori et al. 2001; Parren et a.
2001b; Ruprecht et al. 2001; Haigwood et al. 2004).

Among the broadly neutralizing HIV antibodies, so far only 2G12, 2F5, and 4E10
have undergone clinical testing and will thus be discussed below in more detail. The
discussion also includes PRO 542 (previoudly referred to as CD4-1gG2), atetravalent
CD4-immunoglobulin fusion protein that also broadly neutralizes HIV (Allaway
et a. 1995). Thefirst monoclonal antibody against HIV applied in passive immuniza-
tion invivo was MAb F105, which bindsto the CD4-binding site (Posner et al. 1991).
However this antibody has acomparatively restricted neutralization capacity and was
not successful as atherapeutic (Wolfe et al. 1996; Cavacini et . 1998).
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The monoclonal antibodies 2G12, 2F5, 4E10, and F105 and the immunogl obu-
lin fusion protein PRO 542 have all been probed for efficacy in established HIV
infection (Wolfe et al. 1996; Cavacini et al. 1998; Jacobson et al. 2000, 20043;
Armbruster et al. 2004; Nakowitsch et al. 2005; Trkola et al. 2005). These studies
were limited in size and produced no conclusive answer on the efficacy or poten-
tial of using HIV-specific antibodies as a therapeutic strategy (Gauduin et al.
1997; Mascola et al. 1999; Baba et a. 2000; Mascola et a. 2000; Hofmann-
Lehmann et al. 2001; Parren et al. 2001b; Trkola et al. 2005). However, thetrials
provided important safety, pharmacokinetic, and preliminary antiviral informa-
tion. All of these antibodies could be delivered at high doses, were tolerated
without notable side effects, and had half-lives in the range of other described
antibodies in clinical use, ranging from 4.3 to 21.8 days (Table 2). Notably
though, despite their in vitro potency, the HIV-specific antibodies have demon-
strated no or modest antiviral activity, which was subject to viral escape

Table2 Serum half-lives of antiviralsin humans

Type Drug Haf-life Reference

Monoclonal antibodies

Anti-HIV 2G12 21.8d Joos et al. 2006
4E10 5.5d Joos et al. 2006
2F5 4.3d Joos et al. 2006
F105 13d Wolfe et a. 1996

Anti-cell TNX-355 (anti-CD4) 2.4d Jacobson et al. 2004b
PRO 140 (anti-CCR5) 18d Olson et al. 2006

Non-HIV licensed Synagis (anti-RSV) 20d Medlmmune 2006
Hepatitis B-1g (polyclonal) 21d PDR 2006

Peptide/protein inhibitors

Anti-HIV CD4-1gG2 (PRO 542) 42-33d  Jacobson et. al. 2000
T-20 (enfuvirtide) 3.8h PDR 2006

Small molecule inhibitors

Anti-HIV (NRTI) AZT 1.1h PDR 2006
3TC 5-7h PDR 2006
Abacavir 1.5h PDR 2006

Anti-HIV (NNRTI) Efavirenz 52-76h PDR 2006
Nevirapine 45h PDR 2006

Anti-HIV (protease inhibitors) Saguinavir 7h PDR 2006
Ritonavir 3-5h PDR 2006
Indinavir 1.8h PDR 2006

Anti-cell (anti-CCR5) Maraviroc (UK-427) 0.9-2.3h*  Dorr et a. 2005
Vicriviroc (SCH-D) 3.4h° Strizki et al. 2005

Non-HIV licensed Oseltamivir 6-10h PDR 2006
Zanamivir 2.6-5.1h PDR 2006
Acyclovir 29h PDR 2006

Rat and dog

®Rhesus monkey
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(Armbruster et al. 2004; Nakowitsch et al. 2005; Trkola et al. 2005). Although
comparatively limited, the antiviral effects observed in these studies provided the
first direct proof of neutralizing antibody activity in humans. Y et the outcome of
these studies raised many questions that will need to be answered in order to drive
development of vaccines and antibody therapeutics forward. Central to al isto
define why HIV-specific antibodies were not more successful in these trials. The
possible reasons are multifaceted. Modes and kinetics of viral transmission may
be different in vivo and in vitro. Distribution to relevant sites of viral replication
may have not occurred or necessary dose levels may not have been reached.
Collectively, these studies suggest that the quantities of HIV-specific antibody
needed to control infection in vivo are higher than the in vitro effective doses,
perhaps by tenfold or more (Poignard et al. 1999; Veazey et al. 2003; Trkola
et al. 2005). Further insight into these issues may be obtained from additional
clinical trials, both of HIV-specific antibodies and of antibodies that bind cellular
receptors.

2.3 Characteristics of Clinically Tested Anti-HIV Antibodies

231 MAb 2G12

The antibody 2G12 recognizes a cluster of high mannose carbohydrates of N-linked
glycosylated amino acid residues on the immunologically silent face of gp120
(Trkola et al. 1996b; Wyatt et al. 1998a; Sanders et al. 2002; Scanlan et al. 2002)
and has broad neutralizing activity in vitro against isolates from subtype B and to
a lesser extent also against other subtypes (Burton et al. 1994; Binley et al. 2004;
Trkola et al. 2005). The heavy and light chains of 2G12 are not associated in atra-
ditional “Y”-like manner but instead are lying vertically and adjacent to one
another. This unique structure provides the antibody with the flexibility to undergo
multivalent interactions with the gp120 oligomannose cluster (Calarese et al.
2003). Phasel and phasel/ll studies with this antibody have been conducted
(Armbruster et al. 2002; Stiegler et al. 2002; Trkola et al. 2005).

2.3.2 The MPER-Specific Antibodies 2F5 and 4E10

The antibodies 2F5 (Muster et al. 1993; Purtscher et al. 1994; Trkola et a. 1995)
and 4E10 (Stiegler et al. 2001; Zwick et al. 2001) bind to adjacent linear epitopes
on the ectodomain of gp41 in close proximity to the viral membrane (MPER). This
MPER of gp41l is accessible to neutralizing antibodies, as recently confirmed by
cryoelectron microscopy tomography (Zhu et al. 2006). The core epitopes of 2F5
and 4E10 span amino acids 662-668 (ELDKWAS) and 671-676 [NWF(D/N)IT],
respectively. Both antibodieswere successfully tested in phase | studies (Armbruster
et al. 2002, 2004).
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In arecent clinical study we found that a combination of 2G12, 2F5, and 4E10
was ableto delay viral rebound in several patients after cessation of successful ART
(Trkola et al. 2005). Notably, escape mutant analysis demonstrated that the activity
of 2G12 was crucial for the in vivo effect of the neutralizing antibody cocktail in
thistria (Trkola et al. 2005).

2.3.3 The Tetravalent CD4-lmmunoglobulin Fusion Protein PRO 542

Gp120 binds the most amino-terminal of the four immunoglobulin-like domains of
CDA4 (Peterson et al. 1988; Arthoset al. 1989; Kwong et d. 1998), and antiviral activity
has been demonstrated in CD4-based proteins that incorporate 1, 2, or 4 domains.
PRO 542 (CD4-1gG2, Progenics Pharmaceuticals) isatetravalent CD4-immunoglobu-
lin fusion protein that comprises the D1 and D2 domains of human CD4 genetically
fused to the constant domains of both the human 1gG2 heavy chain and the « light
chain (Allaway et a. 1995). Compared to monovaent and divalent CD4-based pro-
teins, PRO 542 more broadly and potently neutraizes primary HIV-1 isolates, inde-
pendent of vira subtype and co-receptor usage, in a variety of preclinical settings
(Trkola et a. 1995; Gauduin et a. 1996, 1998; Trkola et a. 1998; Nagashima et al.
2001; Ketas et al. 2003; Rusert et al. 2005). The activity of PRO 542 comparesfavora
bly with that of the leading HIV-1 neutralizing mAbs and is preserved also against in
vivo viral isolates, primary viruses that have not been cultured in vitro and thus have
not acquired higher sensitivity to CD4-based inhibitors (Olson et al. 2003; Beaumont
et d. 2004; Jacobson et al. 2004a; Pugach et al. 2004; Shearer et d. 2006). Dueto its
mechanism of action, PRO 542 can act synergistically with other entry inhibitors, as
was demonstrated for enfuvirtide in vitro (Nagashima et al. 2001). Administration of
single-dose PRO 542 to treatment-experienced HIV-infected adults at doses ranging
from 0.2 to 25 mg/kg (Jacohson et a. 2000; Jacobson et a. 2004a) was generally well
tolerated, with no dose-limiting toxicities observed. Mean HIV RNA reductions of
approximately 0.5 1og10 were observed at the higher dose levels, with a trend toward
greater antiviral effects in patients with more advanced disease (Jacobson et al. 2000;
Jacobson et a. 20044). Overall similar results were observed in a pediatric study that
examined four weekly doses of 10 mg/kg PRO 542 (Shearer et al. 2000).

3 Targeting the Uninfected Cell

3.1 Modes of Action and Efficacy of Anti-cell Antibodies

The cellular receptors for HIV, CD4 and the co-receptors CCR5 and CXCR4, have
proved to be promising targets for entry inhibition, and an array of small molecule
inhibitors, antagonists and antibodies targeting these receptors has been developed
over the years (Pierson et al. 2003). When used as short-term monotherapy, small-
molecule CCR5 antagonists have resulted in 1.5 10g10 mean reductionsin HIV RNA
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in patients without target-related toxicities, providing proof-of-concept for targeting
host receptors required for entry (Fatkenheuer et a. 2005; Lalezari et al. 2005).

Antibodies to host receptors are attractive from an efficacy perspective, given the
immutable nature of the target. For mAbs that bind virus, viral resistance can result
from mutations that abrogate antibody binding. However, for mAbs to host recep-
tors, viral resistance requires mutations that circumvent mAb binding. For example,
the virus must adapt to no longer require the host receptor, to utilize another site on
the receptor, or to utilize the mAb-bound form of the receptor. These escape mecha-
nisms have been described for receptor-targeting drugs and are expected to occur
asoin responseto antibodies (Trkola et al. 2002; Kuhmann et al. 2004; Modey et al.
2006). Preliminary indications are, however, that these forms of viral resistance typi-
cally require multiple mutations and may be slower to develop.

Safety considerations are particularly important for mAbs to host receptors,
given the potential to dysregul ate immune functions or deplete cellsthat expressthe
host receptor, as recent incidents have shown (Glass et al. 2006; Suntharalingam et
a. 2006). To minimize the risk of unwanted cell destruction, 1gG4 mAbs com-
monly are employed, as these are among the least reactive in terms of Fc effector
functions and therefore have a limited potential to eliminate cells by ADCC or
complement-dependent cytolysis.

Despite the potential drawbacks, several receptor-targeting antibodies have been
developed and have proved safe in clinical application. MADbs to the first immu-
noglobulin-like domain (D1) of CD4 can inhibit HIV-1 entry, but antibodies tested
thus far were shown to induce immune suppression and depletion of CD4* T cells,
and therefore none has been pursued for therapeutic application in HIV infection.
Similarly, development of CXCR4 mAbs for HIV-1 therapy has been complicated
by the relatively broad tissue distribution of the receptor and its critical role in
development and hematopoiesis (Murdoch 2000).

CCR5 and the second immunoglobulin-like domain (D2) of CD4 have proved to
provide more viable targets for mAb therapy. A significant fraction of Caucasianslacks
afunctiond CCR5 gene due to naturdly occurring mutations (Martinson et a. 1997).
The observation that these individuals display no obvious phenotype but are highly
resistant to infection by HIV-1 (Liu et a. 1996; Lederman et a. 2006) prompted afocus
on developing CCR5-specific drugs and antibodies. Antibodiesto CCR5 and CD4 have
been identified that do not block the natural activity of these receptorsin vitro, increas-
ing the chances that their application in vivo will be safe. As discussed below, both
CCR5 and CD4 mAbs are currently progressing through clinical development.

3.2 Characteristics of Clinically Tested Anti-cell Antibodies

3.21 CD4 Specific: TNX-355

TNX-355 (Tanox, Houston, TX) isahumanized 1gG4 version of thenondepl eting
murine anti-CD4 mAb, 5A8 (Burkly et al. 1992; Moore et al. 1992; Burkly et al.
1995; Reimann et al. 1997; Reimann et al. 2002). Unlike most HIV-inhibitory
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CD4 mAbs, TNX-355 does not block gp120 binding to CD4 but rather blocks
a post-attachment event in the entry cascade by binding the D2 domain of
CDA4. Notably, MAb binding to CD4 does not lead to T cell depletion or immu-
nosuppression (Reimann et al. 1997; Boon et al. 2002; Jacobson et al. 2004b).
TNX-355 potently inhibits HIV-1 in a co-receptor-independent manner and dem-
onstrates antiviral synergy with enfuvirtide in vitro (Zhang et a. 2006). In vivo
administration of asingle dose of TNX-355 to HIV-infected patients was found safe
and led, despite the relatively rapid clearance of antibody (serum half-life 2.4 days,
Table 2), to adecrease of HIV-1 RNA of 1-1.510g10 measured 14 days after appli-
cation (Jacobson et a. 2004b). This durability of the antiviral effect was correlated
with prolonged coating of CD4 lymphocytes (Jacobson et al. 2004b). In a current
phase Il trial, patients were randomized to receive TNX-355 or placebo plus opti-
mized background therapy. TNX-355 was administered intravenously every
2 weeks at doses of 15 mg/kg or 10 mg/kg, with the 10 mg/kg group receiving the
first nine doses on aweekly basis. On thistrial, 48-week data have been presented
(Norris et al. 2006). Both dose levels were well tolerated and demonstrated signifi-
cant antiviral activity. At 48 weeks, the mean HIV RNA reductions were 0.14,
0.96, and 0.71 10g10 for the placebo, TNX-355 10 mg/kg, and TNX-355 15 mg/kg
groups, respectively.

3.2.2 CCRS5 Specific: PRO 140

PRO 140 (Progenics Pharmaceuticals, Tarrytown, NY) isahumanized |gG4 CCR5
mADb, derived from the murine mAb PA 14, which potently and specifically blocks
R5 HIV-1 entry in vitro (Olson et a. 1999). PRO 140 and/or PA14 have been
shown to broadly inhibit primary R5 HIV-1 isolates independent of genetic subtype
(Trkola et al. 2001; Cilliers et al. 2003), HIV-1 disease stage (Rusert et al. 2005),
target cell type (Ketas et al. 2003), and resistance to existing antiretrovirals (Olson
et al. 2003; Shearer et al. 2006).

Unlike the available small-molecule CCR5 inhibitors (Tagat et al. 2004; Dorr
et al. 2005; Takashima et al. 2005; Watson et al. 2005), antiviral concentrations
of PRO 140 do not block natural CCR5 function in vitro (Olson et al. 1999).
Preliminary studies indicate that PRO 140 is active against viruses that are
resistant to small-molecule CCR5 antagonists (Kuhmann et al. 2004; Marozsan
et al. 2005) and shows antiviral synergy when combined with small-molecule
CCRS5 antagonistsin vitro (Murga et al. 2006). These complementary properties
may reflect the distinct differences in CCR5 binding. Small-molecule CCR5
antagonists bind a hydrophobic pocket formed by the transmembrane helices of
CCR5 and inhibit HIV-1 viaalosteric mechanisms (Dragic et al. 2000; Tsamis et al.
2003; Nishikawa et al. 2005; Watson et al. 2005), while PRO 140 binds an extra-
cellular epitope on CCR5 and appears to act as a competitive inhibitor (Olson et al.
1999). The synergies and complementary resistance profiles indicate that
PRO 140 and small-molecule CCR5 antagonists may represent distinct sub-
classes of CCR5 inhibitors. Phase | safety testing in healthy individuals showed
that concentrations of up to 5 mg/kg PRO 140 were well tolerated in vivo, non
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immunogenic, and had a half-life of 18 days. Importantly, at the 5 mg/kg dose
level, CCR5 lymphocytes were coated with PRO 140 for more than 60 days
without cellular depletion (Olson et al. 2006). A phase Ib study is underway to
examine the safety, pharmacokinetics, and antiviral effects of single-dose intra-
venous PRO 140 in individuals with R5 HIV-1 infection.

3.2.3 CCRS5 Specific: CCR5mADb0O04

CCR5mMADb004 (Human Genome Sciences, Human Genome Sciences, Rockville,
MD) is a fully human IgG4 mAb to CCR5 that inhibits R5 isolates in a subtype-
independent manner (Roschke et al. 2004). This mAb inhibits MIP-1 binding to
CCR5 and does not induce CCR5 signaling in the absence of chemokine. As
expected for an 1gG4 antibody, CCR5mAb004 does not mediate ADCC or comple-
ment-dependent cytotoxicity (CDC) in vitro (Roschke et al. 2004).

A phase | study was performed in 63 HIV-1 patients with R5 virus who were
randomized to receive asingleintravenous infusion of placebo or CCR4mAb004
at doses ranging from 0.4 to 40 mg/kg (Lalezari et al. 2006). The antibody was
well tolerated overall; however, infusion-related allergic reactions necessitated
pre-medication with antihistamines at doses above 2 mg/kg. The serum half-life
was 5-8 days, and more than 80% receptor occupancy was observed for 1428 days
with the higher dose cohorts. HIV RNA reductions of 1log or greater were
observed at day 14 in 16 of 29 subjects treated with 8, 20, and 40 mg/kg, with
corresponding mean HIV RNA reductions of 0.8-1.0 log10. The findings pro-
vide initial proof-of-concept for CCR5 mAb therapy of HIV-1 infection.

4 Potential Advantages of Therapeutic Antibodies

Several factors make antibodies an attractive class of molecules for HIV-1 therapy.
The most valuable feature of antibodies lies in their intrinsic nature: the immune
system engineers them to recognize their target with high specificity and affinity.
Therapy of various conditions with polyclonal and, more recently, monoclonal anti-
bodies has been performed for decades and proved to be generaly safe (Sawyer
2000; Zeitlin et al. 2000; Reichert et al. 2005). Metabolic side effects, as observed
with many small-molecule drugs, are generally not seen due to their predictable
catabolisminto naturally occurring amino acids. Additionally, unlike small-molecule
drugs, mAbs do not passively diffuse across cellular membranes, reducing their
potential for metabolic and other nontarget toxicities. Therefore, mAb therapy could
be expected to offer an improved or at least nonoverlapping side effect profile com-
pared to existing antiretrovirals. Unless selected to react with host moieties, cross
reactivity with host antigens is rare and usually can be excluded during preclinical
development. Antigenicity of human or humanized antibodies is commonly low,
alowing continued, high-dose application. Notably a so, haf-lives of humanized and
human antibodies are, in genera, considerably higher than those of small-molecule
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inhibitors (Table 2). All HIV-1 drugs currently in use have to be administered once
to several times per day to maintain therapeutic levels. If drug adherenceis not strict,
resistant viral strainsevolverapidly. Antibodies, if provided asacomponent of ART,
could be of benefit in this regard. Due to their typically long serum half-lives, they
could enable infrequent dosing that does not require daily vigilance from the
patient.

In addition, several of the currently used antiretrovirals (protease inhibitors,
nonnucleoside reverse transcriptase inhibitors) are substrates or inducers of cyto-
chrome P450 enzymes and thus can substantially perturb metabolic pathways
(Cressey et al. 2006). Several of these drugs are indeed associated with signifi-
cant drug—drug interactions between antiretroviral drugs used in combination and
between additional medications the patient may require for other conditions (de
Maat et al. 2003; Winston et al. 2005). Antibodies could in this setting be advan-
tageous as they are not metabolized by cytochrome P450 enzymes, and thus
could simplify the selection of combination treatment regimens. Lastly, mAbs
may efficiently block protein—protein interactions or other targets that are not
readily drugable with small molecules. For example, there presently are no
licensed small-molecule drugs that target the CD4, CCR5, gpl20, and gp4l
epitopes recognized by the mAbs TNX-355, PRO 140, 2G12, and 2F5/4E10,
respectively. Such agents can be expected to inhibit viruses that are broadly
resistant to the available antiretroviral therapies.

A potential drawback of antibody therapeutics is the cost of production.
However, progressive advances in cell engineering and bioreactor operation have
enabled these products to be manufactured efficiently in mammalian cells, and cur-
rent processes often yield multi-gram per liter expression in chemically defined
medium (Butler 2005). A further limitation of mAb therapy is the need to deliver
the product by injection for systemic application. However, infrequent, self-
administered injections may provide an attractive alternative to daily pill regimens
for many patients, and needleless delivery devices offer ameans to further improve
patient acceptance.

Theoretically, various clinical settings can be envisioned where a nontoxic,
long-acting therapy could be beneficial (Box 1 and Table 1). Like other investiga-
tional drugs for HIV, antibody therapeutics are being developed for treatment of
HIV-1 in combination with other antiretroviral agents as a component of ART, and
antibody therapeutics have the potential to offer new treatment classes and addi-
tions to the armamentarium of HIV drugs. Aswith any new drug for HIV, antibody
therapeutics initially may find the greatest use in treatment-experienced patients
with fewer treatment options. However, as clinical experience increases, use in
earlier stage patients could be expected to increase as warranted by the safety and
efficacy profile of the molecule.

Where available, ART of infected mothers has dramatically lowered transmis-
sion rates (De Cock et al. 2000; UNAIDS 2006). Antibody therapeutics have been
suggested as a potential adjunct to ART therapy in MTCT as they could extend
protection throughout the breast-feeding period. Passive immunization to prevent
MTCT has been considered for along time and may provide an option, as not all
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HIV drugs are approved for pediatric use. In untreated mothers, transmission rates
before and during birth are high and an aimost equally high proportion of infant
infections is thought to be acquired through breast feeding (De Cock et al. 2000;
UNAIDS 2006). While bearing the risk of HIV infection, abstaining breast feed-
ing in these settings is problematic as it can lead to malnutrition of the newborn
and increased mortality due to other infections. Likewise, passive immunization
or combination of active and passive immunization, as successfully employed
against HBV infection (Kabir et al. 2006), could help to reduce transmission
postpartum.

Use of antibodies as topical microbicides may equally comein reach, since vari-
ous means for the controlled release of local delivery of therapeutic antibodies have
been developed and are in clinical use in other settings (Grainger 2004). As men-
tioned already, a potentially dramatic impact of antibodies in therapy could be
envisioned if these antibodies target and destruct infected cells through activation
of effector functions or by delivering immunotoxins.

5 Future Perspectives

The current generation of antibodies has provided initial insights into modes and
potential of antibody therapeutics, and the accumul ated knowledge provides a solid
basis for further development (Box 1). Importantly, all antibodies tested to date
have shown favorable safety profilesin man. In addition, compared to HIV-specific
antibodies, antibodies to host receptors have shown more promising antiviral activ-
ity. CD4 and CCR5 mAbs currently are progressing through controlled clinical tri-
as, and the results undoubtedly will add to our understanding of the potential role
of antibody therapeuticsin HIV.

To date, the antiviral effects seen for HIV-specific antibodies have been modest.
For these to be effective, we will need novel antibodies with enhanced features
(Box 1). Our best-characterized neutralizing antibodies, despite their comparatively
broad activity, preferentially recognize the subtype B isolates against which they
originated. Novel scaffolds for epitope presentation or envelope structure mimetics
that overcome the limitations of previous antigens used for vaccination are under
development and are anticipated to foster the isolation of antibodies with novel
specificities.

Impressive strides in antibody engineering have been made in recent years.
Antibody affinity can be enhanced through methods of directed evolution (Carter
2006; Luginbuhl et al. 2006). Increased affinity may reduce the amount of anti-
body required and thereby improve the affordability and delivery of these prod-
ucts. For example, high potency may be a requirement for self-administrable,
sub-cutaneous formulations of antibody. Directed evolution of antibody affinity
is especially attractive for antibodies to invariant host receptors. Antibody engi-
neering has been successful in enhancing effector functions by more than two
orders of magnitude (Umana et al. 1999; Lazar et al. 2006) and in eliminating
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Box 1 Future perspective: What is needed to drive development of antibody
therapeutics forward:
e Discover novel antibodies
- Define new isolation and screening methods for HIV -specific mAbs
- Define new target epitopes
- Isolate antibodies that neutralize divergent genetic subtypes with high
activity
- Define modes of action in vivo (neutralization versus effector
functions)
- Define modes of transmission in vivo (free virus versus cell-to-cell)
e Consider in vitro engineering of antibody characteristics
- Improve antivira activity
- Enhance activation of effector functions
- Increase stability and half-life
- Useimmunotoxin design.
¢ Probe antibody combinations
- Use multiple epitope specificities
- Use neutralizing and effector function-inducing antibodies
- Useantivira and anti-cell antibodies
e Improve production, formulation, and delivery
- Develop self-administered formulations
- Allow for needleless delivery
- Develop controlled release and local delivery systems for topical and
systemic application
e Probe clinical efficacy in relevant settings
- Combine with optimized background ART
- Usein prevention of mother-to-child transmission
- Include a microbicide

residual effector functions, if desired (Hsu et al. 1999). Additional modifications
can improve the serum half-life of antibodies and thereby reduce dose levels and
intervals (Hinton et al. 2006). This tool-chest of technologies can be exploited to
potentially optimize the efficacy, safety, and convenience of antibody therapies
for HIV.

6 Conclusion

Developing safe and effective antibody therapiesfor HIV infectionisrichin chalenge
and opportunity. Any single approach to battling HIV bears a high risk of failure;
however, thisrisk is spread among the diversity of targets and modalities for antibody
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therapy. Recent clinical trias have provided initial optimism for antibodies to host
receptors and a foundation for further studies. The prospects for HIV-specific anti-
bodies as therapeutic agents are less clear at present. But can we afford not to try this
approach? At minimum, there is much that HIV-specific antibodies can teach us
about vaccine design. By fully exploring the possibilities of antibody therapies for
HIV, we might end up with both better vaccines and new therapeutics.
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Abstract Rabies, being a major zoonotic disease, significantly impacts global
public health. It is invariably fatal once clinical signs are apparent. The majority
of human rabies deaths occur in developing countries. India alone reports more
than 50% of the global rabies deaths. Although it is a vaccine-preventable disease,
effective rabies prevention in humans with category |11 bites requires the com-
bined administration of rabies immunoglobulin (RIG) and vaccine. Cell culture
rabies vaccines have become widely available in developing countries, virtually
replacing the inferior and unsafe nerve tissue vaccines. Limitations inherent to
the conventional RIG of either equine or human origin have prompted scientists
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to look for monoclonal antibody-based human RIG as an alternative. Fully human
monoclonal antibodies have been found to be safer and equally efficacious than
conventional RIG when tested in mice and hamsters. In this chapter, rabies epide-
miology, reservoir control measures, post-exposure prophylaxis of human rabies,
and combination therapy for rabies are discussed. Novel human monoclonal anti-
bodies, their production, and the significance of plants as expression platforms are
emphasized.

Abbreviations ABLV: Australian bat lyssavirus; BHK-21: Baby hamster kidney-
21; CMV: Cytomegalovirus; CNS: Centra nervous system; CVS; Challenge virus
standard; DRV : DNA rabiesvaccine; DUV : Duvenhagevirus; EBLV : Europeanbat
lyssavirus;, EBV: Epstein-Barr virus; ELISA: Enzyme-linked immunosorbent assay;
ERIG: Equine rabiesimmunoglobulin; F(ab’),: Divalent fragment antigen bind-
ing; Fab: Fragment antigen binding; Fc: Fragment crystallizable; GP: Glycoprotein;
GT: Genotype HDCV: Human diploid cdl vaccing HRIG: Humaen rabies immuno
globulin; huMabs. Human monoclonal antibodies; 1C-ELISA: Immunocapture
ELISA ID: Intradermd; IgG: Immunoglobulin G; LBV: Lagos bat virus;, Mab:
Monoclonal antibody; MNT: Mouse neutralization test; MOKV: Mokola virus;
NTV: Nerve tissue vaccing; PAb: Polyclona antibody; PCECV: Purified chick
embryo cell vaccine; PEP: Post-exposure prophylaxis; PVRV: Purified vero cell
rabies vaccing, RFFIT: Rapid fluorescent focus inhibition test; RIG: Rabies immuno-
globulin; RRV: Rabiesrelated virus; RT-PCR: Reverse transcription polymerase
chain reaction; RV: Rabies virus, scFv: Single chain variable fragment; SPR:
Surface plasmon resonance; SRV: Street rabies virus; TSE: Transmissible spongiform
encephal opathy

1 Introduction

Rabies continues to pose a serious public health threat worldwide, especialy in
developing countries. The vast majority of human fatalities reported globally
come from India. Canine rabies continues to remain endemic in India, despite the
availability of proven control measures. Rabies prevention is achieved either by
pre- or post-exposure vaccination using modern, tissue culture-based vaccines.
However, combined administration of both potent rabies vaccine and rabies
immunoglobulin (RIG) is recommended in cases of all bites and mucosal expo-
sures. The human RIG (HRIG) iswidely used, especially in developed countries,
and is considered safer than equine RIG (ERIG). The high cost of HRIG and its
limited availability prohibit its wide use in developing countries such as India.
The need to replace HRIG with at least an equally potent and a safer RIG product
is considered to be important to improve the access to rabies biologicals. Fully
human monoclonal antibodies (huMabs) with characteristics equivalent to that of
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HRIG will provide anideal alternative for prophylaxis of rabid animal exposures.
When compared to various systems available, plants may offer the possibility of
economical production of safe and efficacious RIG. Commercialization of eco-
nomical RIGs in developing countries would result in their wider usage and
reduced human rabies fatalities.

2 Clinical Manifestations of Rabies

Clinically, rabies presents a horrifying clinical picture and is essentially invaria-
bly fatal. About 80% of patients develop a classic or encephalitic (furious) form
of rabies, and about 20% experience a paralytic (dumb) form of disease. About
50% to 80% of patients develop hydrophobia, which is a characteristic and widely
recognized manifestation of rabies. Fever is common and may be quite high
(>107°F), and there may be signs of autonomic dysfunction, including hypersali-
vation, lacrimation, sweating, piloerection, and dilated pupils (Hemachudhaet al.
2002). Rabies mortality after untreated bites by rabid dogs varies from 38% to
57%, depending on the severity and location of the wound and presumably the
virus concentration in the saliva (Sitthi-Amorn et a. 1987; Hemachudha 1989).
Bites from rabid animals of other species, such as wolves, may result in 80%
mortality or higher. The onset of infection depends on various factors such as the
status of biting animal, site and number of bites, first aid received and time of
initiation of rabies post-exposure prophylaxis (PEP) (Shetty et al. 2005). Biteson
the head, face, neck, and hand, particularly with bleeding, carry the highest
risk and are generally associated with a shorter incubation period. In the case of
rabid bats, risk is present even after a superficial bite, owing partly to the unique
ability of these viral agents to replicate in the epidermis and dermis (Morimoto
et al. 1996).

The clinical course of rabies can be divided into several stages: incubation
period, prodrome, acute neurological phase, coma, and death (Hemachudha
1989, 1994; Hemachudha and Phuapradit 1997). The typical incubation period
of rabiesis 1 to 3 months, but the range is from less than 7 days to more than
6 years (Smith et al. 1991; Hemachudha and Phuapradit 1997). The prodromal
stage begins when the virus moves centripetally from the site of the bite to the
dorsal root ganglia and to the central nervous system (CNS). These develop-
ments mark the end of the incubation period and symptoms at this stage are
nonspecific and often include neuropathic pain at the bite site described as burn-
ing, numbness, tingling, or itching (Hemachudha and Phuapradit 1997;
Hemachudha and Mitrabhakdi 2000). An intense and progressive local reaction,
starting at the bite site and gradually spreading to involve the whole limb in a
nonradicular pattern, or the ipsilateral side of the face, is areliable indicator of
rabies (Hemachudha 1989).
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During the acute neurological phase, objective signs of nervous system dysfunc-
tion begin. Two-thirds of patients with classic rabies have an encephalitic form, and
the remainder present with paralysis. Most patients with the encephalitic form die
within 7 days (average 5 days) of onset, and the average survival period is about
2 weeks in paralytic cases (Hemachudha 1989; Hemachudha and Phuapradit 1997).
The earliest feature of encephalitisis hyperactivity, aggravated by thirst, fear, light,
noise, and other stimuli. Within 24 h, three major cardinal signs follow: fluctuating
consciousness, phobic or inspiratory spasms, and autonomic stimulation signs. In
contrast, paralytic rabies is characterized by persistent fever from the onset of limb
weakness, intact sensory function of al modalities except at the bitten region, per-
cussion myoedema, and bladder dysfunction (Hemachudha and Mitrabhakdi 2000).
Coma precedes circulatory insufficiency (Kureishi et al. 1992). Attempted experi-
mental treatments include interferon and antiviral drugs such as ribavirin, vidarab-
ine, acyclovir, and inosine pranobex, as well as intrathecal and systemic high-dose
administration of HRIG, steroids, and antithymocyte globulin; none has been suc-
cessful (Hemachudha 1994). To date, most attempts to treat human rabies have
been unsuccessful (Hemachudha et al. 2002), although arecent report described the
survival of ayoung girl infected with rabies and treated with a combination of anti-
vira drugs and a drug-induced coma (Willoughby et al. 2005).

3 RabiesVirus

Rabiesis caused by virusesin the genus Lyssavirus, within the family Rhabdoviridae.
The Lyssavirus genus is subdivided into seven genotypes based on RNA sequencing
(Bourhy et al. 1992, 1993; Amengual et al. 1997; Hooper et al. 1997; Badrane et al.
2001): genotype 1 (classical rabies virus, RV), genotype 2 (Lagos bat virus, LBV),
genotype 3 (Mokola virus, MOKV), genotype4 (Duvenhage virus, DUV), geno-
type 5 (European bat lyssavirus 1, EBLV-1), genotype 6 (European bat lyssavirus 2,
EBLV-2), and genotype 7 (Australian bat lyssavirus, ABLV). Recently 4 new putative
Lyssavirus genotypes have been described from Eurasian bats (Kuzmin et a. 2005).
The members of genotypes 2—7 are known as rabies-related viruses (RRVS). All
genotypes have caused human and/or animal deaths in nature (Badrane et al. 2001).
The genotypes further segregate into two phylogroups. genotypes1, 4, 5, 6, and 7
(phylogroup 1); and 2 and 3 (phylogroup I1) (Badrane and Tordo 2001). Viruses of
each phylogroup differ in their biological properties, i.e., pathogenicity, induction of
apoptosis, cell receptor recognition etc. (Badrane and Tordo 2001; Nadin-Davis et al.
2002). Rahies virus possesses a 12-kb single-stranded, nonsegmented RNA genome
of negative polarity (Tordo et al. 1986). The viral genome encodes five structural
proteins (3" to 5): nucleoprotein (N), phosphoprotein (P), matrix protein (M), glyco-
protein (G), and RNA-dependent RNA polymerase (L) (Wunner et al. 1988;
Mebatsion et a. 1999). The 66 kDa glycoprotein coats the surface of the virus with
approximately 400 trimeric spikes that are the mgjor target for virus-neutralizing
antibodies (Wunner 2002).
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4 Rabies Epidemiology
4.1 Global

Rabies is considered to be a re-emerging zoonosis in many parts of the world
(Taylor et al. 2001; Rupprecht et a. 2002), causing annually about 60,000 deaths
worldwide (Martinez 2000), despite significant progress in vaccine development.
Endemic rabies has been reported on every continent except Antarctica, but the
vast majority of rabies deaths occur in Africa, Asia, and Latin Americawhere ani-
mal control, vaccination programs, and effective human PEP are either unavailable
or not effectively applied (Blancou 1988; Meslin et a. 1994; Kilic et al. 2006). In
addition to mortality, rabies poses a major economic burden in developing coun-
tries as a result of the high cost of human PEP (Meslin et al. 1994) and loss of
livestock (Ramanna et al. 1991; Nagarajan et al. 2006a). Dogs are the major res-
ervoir of rabiesin areas where canine rabies has not been controlled by vaccina-
tion (most of Asia, Africa, Latin America, and parts of the Caribbean) and are
responsible for most of the human rabies deaths that occur worldwide (WHO
2002b; Kallel et al. 2006). The predominance of cases attributable to dogs reflects
the high incidence of dog bites, estimated to be between 200 and 800 per 100,000
in many countries (Swaddiwuthipong et al. 1988). Approximately, 10 million
people receive PEP after being exposed to rabies-suspect animals every year
(Patrick and O’ Rourke 1998; WHO 2006). Despite its global impact, rabiesis not
notifiable in most of the developing countries and is widely perceived as rare and
unimportant by public health officials in many regions, especialy Asia (Coleman
et al. 2004; Ertl 2005). The World Health Organization ranks rabies low on its
priority lists (WHO 2001).

Human rabies is uncommon in developed nations (WHO 1998), where sys-
tematic canine vaccination has led to a considerable decrease in the incidence of
human exposures (Jenkins et al. 2004). Rabies virus continues to circulate
mainly in wild animal hosts, presenting a more challenging problem (Fu 1997).
In the United States, Canada, and most of Europe, infections in wild animals
account for more than 95% of cases of rabies in animals, and the disease spills
over to domestic animals and humans (Jenkins et al. 1988). In North America,
reservoirs of rabies exist in many diverse animal species, including raccoons,
skunks, bats, and foxes. In the United States a major rabies epizootic is associated
with expansion of the raccoon rabies virus variants (Jenkins et al. 2004), and
Canadian outbreaks are associated with the Arctic fox in the southern provinces
of Canada, especially Ontario. The European rabies situation is largely associ-
ated with virus spread in the red fox, and the spread seems to be largely restricted
to this species (Real et al. 2005). Gray foxes have been implicated as reservoirs
of urban rabies posing direct threat to human health in parts of North and South
America. Sylvatic rabies affecting mainly red foxes appeared during the mid-
1940s at the Russian-Polish border and spread to other parts of Europe (Wandeler
2004). Rabies in domestic pets, such as dogs and cats, has been controlled in
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most parts of Europe, except in parts of the Russian Federation and Eastern
Europe. Turkey is the only European country in which dog rabies is still preva-
lent and human rabies and rabies-suspect animal bites continue to pose public
health problems (Kilic et al. 2006).

Thereis agrowing incidence of human rabies cases transmitted by insectivorous
bats in some parts of the world (i.e., the Americas and Australia), suggesting their
importance in the epidemiol ogy of rabies (Messenger et al. 2002; Mayen 2003; Kilic
et al. 2006). Bats account for less than 20% of annual rabies cases reported in the
USA and Canada, but during the last 20 years, variants of bat rabies have become
the most common cause of human death from rabies (Hemachudha et al. 2002). Bat
rabies has also been reported in several European countries, from Russia to Spain,
particularly in coastal regions, and vampire bats are the major rabies reservoir in
Latin America (Ito et a. 2003). Some countries, such as New Zeaand, Japan,
Taiwan, Finland, and Greece are free from rabies, as are Hawaii and many Pacific
and Caribbean islands (excluding Cuba, the Dominican Republic, Haiti, Grenada,
and Puerto Rico) (Chin 2000; WHO 2006). However, this freedom from rabies
depends on the effective methods to prevent introduction of the virus and on active
|aboratory-based surveillance (Rupprecht and Gibbons 2004).

42 Asa

Rabies remains endemic in most of the developing countries of the Asian continent,
including much of the Middle East, Pakistan, Afghanistan, India, Sri Lanka, Nepal,
Bangladesh, Myanmar, Thailand, Laos, Cambodia, Vietnam, parts of Indonesia, the
Philippines, and most of the former Soviet Republics. Greater than 95% of the
approx. 50,000 cases are caused by dog bites, and more than 50% occur in children.
Animals other than dogs can also pose a significant threat, as infected bats, mon-
gooses, jackals, and other wildlife have been found in South and Southeast Asia
(WHO 2004; Wilde et al. 2005). More than 3 cases of rabies per 100,000 popula-
tion per year were reported in India and Sri Lanka in the 1970s (Bogel and
Motschwiller 1986), and the Philippines reported 5-6 deaths per million population
(Nishizono et al. 2002). Lack of animal rabies control programs, coupled with
inadequate effective PEP, contributes to the high incidence of rabies in Asia
(Knobel et a. 2005). Subsequent reports, however, have indicated that Asian coun-
tries such as the Philippines, Thailand, and Sri Lanka have been able to reduce
rabies deaths recently to agreat extent by application of effective PEP, but in India,
Pakistan, and Bangladesh death rates have been stable (Sudarshan et al. 2007).

4.3 India

India has a prevalence of rabies that is among the highest in the world. In India,
rabies is enzootic and widespread in all the states except in the island group of
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Andaman, Nicobar, and L akshadweep, which have consistently been free of rabies
(Sudarshan et al. 2001). Based on community survey data, approximately 20,000
(or 2 per 100,000 population) human rabies deaths occur in India annualy (WHO-
APCRI 2004; Wilde et al. 2005). This is about 30% lower than an earlier estimate
of 30,000 deaths (or 3 per 100,000 population) for the period 1992—2002, which
was obtained from anecdotal data (WHO 2002b). Approximately 500,000 people
undergo PEP in India, but only approximately 86% of bite cases receive rabies vac-
cination (Sudarshan et al. 2001).

Rabies in India occurs mainly in its urban form, in which stray dogs play an
important role as areservoir and transmitter of the disease to humans and domestic
animals (Ramannaet al. 1991; Bhatiaet al. 2004; Nagargjan et al. 2006a). Exposures
may occur as a single event, or one rabid animal may expose multiple people or
animals (Ramanna et al. 1991; Rotz et al. 1998). It is also evident from various
reports that rabies maintenance and transmission happen in the sylvatic form, com-
prising various wildlife species, including foxes, wolves, mongooses, and others
(Shah and Jaswal 1975; Bhatia et al. 2004; Matha and Salunke 2005). Overall,
rabiesin Indiaisthe result of contact with dogs in more than 96% of cases, jackals
in 1.7%, cats in 0.8%, monkeys in 0.4%, mongooses in 0.4%, and foxes in 3%
(Bhatia et al. 2004). Even rabid stray cattle have also been found to potentially
transmit rabies to humans when ecological and societal factors are favorable
(Nagargjan et al. 2006a). It is presumable that livestock animals and, rarely, human
beings residing in villages along the forest areas are the common victims of wild
animal bites and eventual contributors to the spread of rabies. Active surveillance
studies would be able to unravel the actual existence of such acycle (Kitalaet al.
2000), but rabiesis not anotifiable disease in Indiaand there is no national program
for animal rabies control and elimination.

To begin to assess rabies dynamics, vector ecology, transmission patterns,
and the emergence of viral variantsin India, we have begun molecular epidemi-
ology studies (Nagargjan et al. 2006a). We obtained samples from different
animal species (dog: 13 isolates; buffalo: 9 isolates; cow: 3 isolates; and goat:
4 isolates) and different geographical regions of India (Punjab, Andhra Pradesh,
Karnataka, and Kerala). We used RT-PCR to amplify regions of the virus
genome likely to contain meaningful genetic diversity: a 132-nucleotide region
(G-CD), which encodes the cytoplasmic domain of the G gene, and a 549-
nucleotide region (Psi-L), which includes sequences from the noncoding (Psi)
region and the L gene. We found that the Indian RV isolates were genetically
related to one another, with an average nucleotide similarity of greater than
95% in these regions. This observation was supported by similar data obtained
by sequencing a domain of the N gene, in which all Indian RV's were identical
to each other, thus defining a single major genetic cluster irrespective of the
geographic region of origin (data not shown). Indian RV isolates could be dis-
tinguished from RV isolates from Asia, Europe, the Americas, and South Africa
and from RRVs by the existence of three amino acids, 462G, 465H, and 468K .
These three amino acids may be a useful epidemiological marker for RV's that
have originated in the Indian subcontinent.
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Within India, phylogenetic analyses of G-CD and Psi-L gene segments revealed
that canine RV is the single major variant (Nagargjan et a. 2006a). The analyzed
RV isolates form five genetic clusters ordered by geography, but not by host spe-
cies. For instance, the RV isolates of GC4 and GC5 both were localized within
Kerala, which is physically separated from the rest of India by the Western Ghats,
but were found in three different hosts: goats, cattle, and dogs. Similar patterns of
geographical restriction of RV's have been observed in southern Africa, Israel, and
Middle Eastern countries (David et al. 2004; Nel et al. 2005). The predominance of
canine RV circulation in India reflects the central role of the dog as the principal
reservoir for rabiesin India. Spread of caninerabiesin Indiaislikely facilitated by
the high population density, constant supply of susceptible hosts, close proximity
of donor species, inadequate herd immunity, and unrestricted animal movement
(Holmes et al. 2002). These initial studies were limited to isolates from dogs and
domestic animals. Future phylogenetic studies of RV isolates from human and wild
animal cases will help to understand the nature of animal—human RV transmission
and the possible role of the sylvatic cycle in the maintenance of endemic rabies. In
addition, molecular phylogenetic studies will be essential to guide the creation and
use of vaccine and antibody countermeasures that target the unique RV isolates
circulating in India.

5 Reservoir Control and Vaccination

Globally, and particularly in developing countries, a combination of social, politi-
cal, epidemiological, and technical factors have impeded the control of rabies.
Much of the persistence of the disease results from the millions of unvaccinated
stray or community-owned dogs that live in close association with humans
(Wandeler et a. 1993). Movements of infected dogs to new uninfected areas have
the potential to produce explosive, sustainable outbreaks (Childs et al. 2000) and
may also result in spillover across geographical locations. Therefore, reduction of
the prevalence of rabiesin the canine reservoirsis the cornerstone of a multifaceted
approach to control human rabies. Rabies, unlike any other viral zoonosis, offers
the possibility of selective elimination, rather than mere control (Rupprecht et al.
2002). Epidemiological surveillance and the prevention of infection are essential to
this process (Belotto et al. 2005). Efforts to monitor and control the incidence of
rabiesinitsanimal reservoirswill inform the development of optimized and afford-
able therapies for the prophylaxis and treatment of rabies exposure in humans.
Strategies developed for the control of animal and human rabies in India can con-
tribute to the process of canine rabies elimination in other developing countries.
Traditional approaches to dog rabies control have involved vaccination,
movement restriction, and the culling of stray dogs (Cleaveland et al. 2003). In the
past, various lethal techniques, including habitat destruction and extermination,
have been attempted for culling stray dogs for rabies control. However, population
reduction as the sole technique in disease abatement has been extremely difficult to
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justify in widespread, long-term, government-sponsored programs, and it raises
serious economical, ethical, efficacy, and ecological issues (Rupprecht et al. 2002).
Nonetheless, attempts have been made by municipal authoritiesin Indiato achieve
rabies control through either culling or sterilization, but these efforts received a
setback 4 years ago when animal rights activists influenced the Indian government
to pass the Animal Birth Control Rules, which prohibit municipal authorities from
killing stray animals (Mudur 2005).

A greater attention to prevention and control of animal rabies should lead to
greater long-term benefits in public health than a narrow focus on human prophy-
laxis alone (Rupprecht et al. 2002). To control canine rabies in endemic areas, the
WHO recommends mass vaccination of at least 80% of the dog population (WHO
2002a). Since a number of killed and live attenuated vaccines are now available
for veterinary use that are safe, potent, and effective (Aubert et al. 1994; Fu 1997),
at a small fraction of the cost of human vaccines, rabies prevention needs to
remain focused clearly on disease control in the animal reservoir (Rupprecht et al.
2002). Mass vaccination of canines is the only way that could virtually eliminate
rabies, but excessive bureaucracy, and technical and economical difficulties ham-
per this undertaking (Fu 1997). Nonetheless, the WHO reports indicate that
approximately 50 million dogs are vaccinated annually against rabies throughout
the world.

Delivery of an appropriate vaccine dosage can only be guaranteed by parenteral
administration. In this case, current vaccines licensed for use in human and ani-
mals can confer protective immunity against avariety of street rabiesvirus (SRV)
strains (Bourhy et al. 1992). This approach is not suitable for wild and stray ani-
mals. For mass vaccination, self-replicating virus vaccines are needed to contact
the oral mucosa of a diversity of mammalian carnivores (Rupprecht et al. 2002).
Oral immunization of stray dogs and wildlife against rabies using live vaccine is
the most effective method to control and eventually eliminate rabies by induction
of herd immunity. ldentifying an accurate target for coverage is important
because optimizing the cost-effectiveness of any vaccination program is likely to
be a critical factor in determining the success and sustainability of control meas-
ures in countries with limited resources (Cleaveland et al. 2003). Spatial, temporal,
and genetic heterogeneities that affect contact rate and transmission have impor-
tant implications for the design of vaccination programs (May and Anderson
1984). During the last 30 years, great progress has been made in the development
of oral vaccines against rabies. An ideal vaccine would protect against infection
by all of the SRV strains that are associated with different mammalian speciesin
diverse geographical locations (Morimoto et al. 2001a). More than optimal effi-
cacy, safety is the most important criterion of any live vaccine. When used under
field conditions, these vaccines must be safe for humans, the target species, and
other animal species that may come in contact with the vaccine. Therefore, to be
useful as a vaccine strain, pathogenicity of the virus must be highly attenuated
without affecting the antigenic and immunogenic properties of the virus. This
strategy has resulted in a substantial decrease of rabies enzooticity (Mitmoonpitak
et al. 1998).
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With the development of oral rabies vaccines for wildlife, control efforts can
be focused on elimination of rabies among wildlife species serving as reservoirs
(Velasco-Villaet al. 2005). Oral vaccination of free-ranging animals has been suc-
cessfully used as an adjunct public health tool in both the developing and the
developed world (Haddad et al. 1994; Perera et a. 2000; Estrada et al. 2001; Corn
et al. 2003). Since the early 1980s, rabies vaccines, distributed by hand and by
aircraft, have controlled rabies in foxes in parts of Western Europe, particularly
Switzerland, Germany, Belgium, and France (Steck et al. 1982; Wandeler et al.
1988; Winkler and Bogel 1992). The primary focus of these efforts has been
toward application in control against wildlife rabiesin Europe and North America
by strategic distribution of vaccine-laden baits (Sitthi-Amorn et al. 1987; Stohr
and Medlin 1996; Maclnnes et al. 2001). Conventional modified live vaccines,
such as SAG-2 or poxvirus rabies glycoprotein recombinant vaccines, are very
effective for oral immunization of foxes (Aubert et al. 1994), but they do not
immunize skunks well or induce only low seroconversion by the ora route
(Rupprecht et al. 1990). Very high doses of these vaccines may be necessary to
induce protective immunity after oral immunization of dogs (WHO 1993), which
makes an oral field vaccination impractical for economic reasons. Thus, although
oral rabies virus vaccines have been used to immunize a diversity of mammalian
carnivores, no single biological has yet been shown to be effective for al major
species (Rupprecht et al. 2005).

Recently, advances in reverse genetics have alowed the design of recombinant
RV (rRV) for consideration as new vaccines. These rRVs are as safe and effective as
other commercia productsin use for rabies prevention and control (Dietzschold et al.
1992; Dietzschold and Schnell 2002). To be useful as an ora vaccine, the recom-
binant virus must be able to replicate sufficiently not only after parenteral inoculation
but, more importantly, after oral immunization. Safety, efficacy, and immunogenicity
of recombinant RV vaccines were examined in captive dogs vaccinated by the oral
route, compared to acommercial vacciniarabies glycoprotein recombinant virus vac-
cine. Preliminary data demonstrated noninferiority of rRV products, suggesting that
these vaccines hold promise for future development as oral immunogens for dogsand
other important carnivore species (Rupprecht et al. 2002). The success of such control
programs can be predi cted according to an accurate identification of the species serv-
ing as amaintenance reservoir in the particular region targeted in areservoir vaccina
tion campaign. Accurate determination of patterns of disease transmission within and
between different regions can suggest natural barriers to animal movement that can
be exploited in a control program (Velasco-Villa et al. 2006).

6 DNA Vaccines

A variety of cell culture-derived vaccines are available for prophylaxis against
rabies (Rupprecht et al. 2002). However, the perceived high cost of production may
prohibit their wider use in developing countries. Clearly new concepts are needed
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to improve the potency, purity, safety, efficacy, stability, and economy of rabies vac-
cines. As such, a number of approaches are being explored for enhanced rabies
prevention and control through molecular applications, including the creation of
DNA vaccines (Lodmell and Ewalt 2001; Bahloul et a. 2006). The immunization
of susceptible hosts with plasmid DNA is potentially a very promising way of con-
ferring protection against infection (Hassett and Whitton 1996). The popularity of
DNA vaccination isrelated in part to several characteristics, including relative ease
of construction, elicitation of both humoral and cell-mediated immunity, adequate
tolerance, versatility of delivery by multiple routes, and thermo-stability, which
simplifies storage and shipment conditions (Wang et al. 1998). Furthermore, most
bacterial plasmids provide their own adjuvant in the form of CpG motifs present in
the bacterial DNA backbone (Pasquini et al. 1999).

Most research with DNA vaccines has focused upon the rabies virus G protein
(RVGP), known to induce rabies virus neutralizing antibodies, which plays a criti-
cal rolein immunity (Cox et al. 1977; Prehaud et al. 1988). To achieve high G pro-
tein expression levels, transcription of the RVGP gene is brought under the control
of highly active promoters and enhancers, such as the cytomegalovirus (CMV)
early promoter and enhancer (Bahloul et al. 1998) or the SV40 promoter (Tolliset al.
1991). Many groups have developed DNA vaccines encoding RV GP that provide
protection against rabies in several experimental animal species (Tolliset al. 1991,
Perrin et a. 1995; Xiang et al. 1995; Ray et al. 1997; Lodmell et al. 1998, 2001;
Bahloul et al. 1998, 2006). Inoculation of mice with plasmids containing the gene
encoding the RVGP efficiently induces humoral and cellular immune responses,
resulting in protection against intracerebral challenge with the virus (Xiang et al.
1994). Full protection from a peripheral RV challenge has been observed in dogs
4 years after administration of asingle dose of DNA rabiesvaccine (DRV) (Bahloul
et al. 2006). A DNA vaccine in newborn mice did not result in induction of toler-
ance but rather in induction of protective immunity (Wang et al. 1997). Immune
responses in neonatal mice were only marginally affected by the presence of mater-
na immunity (Wang et al. 1998), suggesting that these vaccines may have utility in
dogs less than 3 months old. Through recombinant DNA techniques, novel DNA
vaccines can be readily created that may have improved potency and antiviral spec-
tra. A DRV expressing both the ectodomain and the transmembrane domain (TD)
of the RVGP may be an improved immunogen for generating high rabies virus
neutralizing antibody (RVNA) titers (Rath et al. 2005). In addition, the spectrum of
protection against lyssaviruses (including RV and RRV) has been broadened in
mouse models by using chimeric lyssavirus glycoproteins (Bahloul et al. 1998;
Jallet et al. 1999).

Historically, DRV has only demonstrated efficacy in pre-exposure rather than
post-exposure situations. This could be due to the slow onset of antibody response
following DNA vaccination (Lodmell et al. 1998). The usual response to DNA vac-
cination is a strong, durable, but slowly rising immune response to the encoded
antigen (Lodmell et al. 1998). Several strategies are being examined to enhance the
potency of DRV so that it can be used for both PEP and pre-exposure prophylaxis.
The use of lymphokines such as granul ocyte-macrophage col ony-stimulating factor
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(GM-CSF) and adjuvants such as monophosphoryl lipid A (MPL) has been shown
to enhance the potency of DRV. A novel combination DNA vaccine containing a
low dose of tissue culture-derived rabies vaccine and DRV has been tried and found
to give complete protection against both peripheral and intracerebral RV challenge
(Biswas et a. 2001). This co-inoculation approach seems to be anovel vaccination
strategy for combating rabies in particular and infectious diseases in general (Biswas
et a. 2001). Booster effects of DNA vaccines have been poor whether priming has
been done by DNA vaccine or other vaccines (Ertl and Xiang 1996). However, res-
timulation with traditional vaccines has demonstrated the priming effects of aDNA
vaccine (Ertl and Xiang 1996). Analyses of the pre- and post-exposure efficacy of
DRV inmice (Ray et a. 1997; Bahloul et al. 1998; Wang et al. 1998), dogs (Perrin
et al. 1999; Bahloul et al. 2006), and nonhuman primates (Lodmell et al. 1998) have
yielded encouraging results, and several workers recently demonstrated post-exposure
efficacy inamouse model (Lodmell and Ewalt 2001; Bahloul et al. 2003). Since most
rabies vaccinations in humans are initiated in post-exposure situations, it remains
to be proved whether DNA vaccines are superior to currently used tissue culture
rabies vaccinesin human PEP (Dietzschold et al. 2003). Nonetheless, the WHO and
FDA have expressed favorable recommendations toward the application of this
technology to humans, so long as the necessary safety rules are applied (Center for
Biologics Evaluation and Research 1995).

As a means of rabies control in animals, DNA-based vaccination may pave
the way for effective national vaccination campaigns. Rather than revaccinating
all dogs each year with tissue culture rabies vaccines as currently performed,
which consumes vast quantities of human resources and is a costly task. The use
of DNA vaccines may allow us to increase the time interval between two vac-
cine administrations, or even to rely on asingle, lifelong injection and to target
more specifically younger puppies and newly introduced dogs. The new vac-
cines may thus overcome the drawbacks of the established technologies (Bahloul
et al. 2006). It would be optimal if strong immune responses to a DNA vaccine
could be obtained rapidly after a single dose, because it is difficult to recover
dogs for booster injections in developing countries (Bahloul et al. 2006). If
potency can be sufficiently improved, then DNA vaccines may offer many
advantages over classic technologies in terms of rapid development, simplicity,
low cost, and broader immune responses. Accordingly, efforts are underway to
enhance the immunogenicity of DNA vaccines by developing improved delivery
systems or by combining DNA vaccines with adjuvants or tissue culture-derived
vaccines (Jallet et al. 1999; Lodmell et al. 2000; Biswas et al. 2001; Lodmell and
Ewalt 2001; Pinto et al. 2003). The fact that DNA vaccines can be produced
more economically than the tissue culture-based vaccines and do not require a
cold chain suggests that DNA vaccines may be ideally suited for canine rabies
elimination programs in developing countries. In addition, the results of dog
protection experiments demonstrate that DNA immunization is of great potential
for protecting humans against RV by immunizing the canine reservoir against
the disease (Perrin et al. 1999).
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7 Human Rabies Vaccines

In countries where rabies is enzootic, most of the vaccines used are still produced
from brain tissue, either from adult or suckling mammals (Y usibov et al. 2002), and
are similar to the one developed by Louis Pasteur. The Semple rabies vaccine of
sheep brain origin was developed by Sir David Semple in 1911 at the Central
Research Institute, Kasauli, India. The presence of the myelin component in the
Semple vaccine has resulted in severe neuroparalytic adverse reactions and even
death in some recipients (Hemachudha et a. 1987; Meslin and Kaplan 1996). It
holds an additional theoretical risk of transmission of transmissible spongiform
encephal opathies (TSEs) from infected sheep to humans (Arya1991). To overcome
the neurol ogic complications of the Semple rabies vaccine, Fuenzalida and Palacios
(1955) developed a rabies vaccine from brain tissue of newborn suckling mice,
which is unmyelinated. The Fuenzalida rabies vaccine has been widely used in
Latin American countries. These nerve tissue vaccines (NTVs) are primarily used
in developing countries because they are less expensive than vaccines produced by
tissue culture (Perrin et a. 1995). Unfortunately, the poor immunogenicity of
NTVsincreases the risk of vaccine failure (Perrin et al. 1999).

The first highly successful modern cell-culture vaccine was produced in the
1960s in human diploid cells by Wiktor et a. (1969). The human diploid cell vaccine
(HDCV) produced significantly higher immunogenicity and less alergic reactions
compared with first generation NTVs (Wiktor et al. 1969; Plotkin 1980). Clearly
HDCYV is highly effective in protection against rabies and rabies-related lyssavirus
strains (Brookes et a. 2005). Although the HDCV produces high serologic titers,
lower virus yields and higher production costs make this vaccine unaffordable in
developing countries of the world, where the majority of human deaths occur
(Plotkin et al. 1999). Economical and technical hurdles have hampered the use of
these tissue culture rabies vaccines in devel oping countries (Trabelsi et al. 2006). In
the 1980s a second cell culture vaccine, primary chick embryo cell vaccine
(PCECV), was developed (Barth et al. 1984). The PCECV is highly purified and is
as effective asHDCV (Dreesen et a. 1989). It is used worldwide in both industrial-
ized and developing countries. Another of the most reliable and economical human
rabies vaccine is purified Vero cell rabies vaccine (PVRV) produced from Vero, a
continuous cell line. The Vero cell line has a long and successful history of being
used in the production of rabies and polio vaccines worldwide (Montagnon et a.
1983). The highly purified PVRV is manufactured in France, Columbia, China, and
Indiaand iswidely used in Europe and Asia. The virustiter produced by Vero cells
is higher than the titer produced by human diploid cells and hence the final product
isless expensive. Large-scal e propagation using improved tissue culture technology
(e.g., microcarriers and bioreactors) will result in further reduction in the cost of
rabies vaccines (Dietzschold et al. 2003).

Currently in India, six modern cell culture vaccines are available, namely
HDCV (Rabivax, Serum Institute of India, Pune), PCECV (Rabipur, Chiron
Behring, Ankleshwar), PVRV (Abhayrab, Human Biologicals Institute,
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Udhagamandalam; Rabirix, Bharat Biotech International Limited, Hyderabad), and
Verorab, (Aventis Pasteur, Lyon), and DEV (Vaxirab, Zydus Cadila, Ahmedabad).
Abhayrab has recently been shown to be a highly immunogenic and a safe vaccine
(Sampath et a. 2005). The production methods of both the human and veterinary
rabies vaccines remain the same with afew minor variationsin upstream and down-
stream processes (Table 1). Rabies vaccine production requires stringent quality
control to ensure adequate safety and potency. Viral inactivation isacritical stepin
the manufacture of rabies vaccines, since the presence of uninactivated virusin the
final vaccines can cause post-vaccina accidents. There are instances in which
rabies vaccines had to be recalled after live rabies virus contamination was suspected
in a commercial vaccine (Centers for Disease Control and Prevention 2004). This
stresses the significance of optimizing inactivation conditions and studying the
inactivation kinetics. We have validated the inactivation process by studying the
inactivation kinetics for beta propiolactone (BPL) used in the manufacture of
human rabies vaccines by testing the antigen at different intervals after addition of
BPL for infectivity titers (M. Elaiyargja, T. Nagargjan, G.S. Reddy, D. Thiagaragjan,
and V.A. Srinivasan, unpublished data). One of the tests gaining significance is
estimation of RV GP content of rabies vaccines as an in-process control in addition
to the NIH potency test. Measurement of RV GP content also hel ps to maximize the

Tablel Comparison of tissue culture-based human and veterinary rabies vaccines

S.No. Item Human rabies vaccine Veterinary rabies vaccine
1 Vaccine virus strain PV/PM/Flury LEP CVS/Flury LEP/SAD/PM
2 Cell substrate Vero/ CEF/MRC-5/Duck embryo BHK-21/PHK
3 Cell type Anchorage dependent Anchorage independent/

suspension
4 Production system Roller culture/microcarrier Suspension culture—
culture bioreactor
5 I nactivant BPL BEI/BPL
6 Vaccine type Freeze dried/liquid Liquid
7 Adjuvant No adjuvant in freeze dried Aluminum hydroxide gel

vaccines; liquid vaccines
contain auminum

hydroxide gel
8 Purification technique  Rate zonal ultracentrifugation/  No elaborate downstream
chromatography processing
9 Potency 2.5|U/dose 11U/dose
10 Duration of immunity  lyear 3years for nonendemic
countries and 1year
for endemic countries
11 Cost Expensive Inexpensive
12 Special requirements Freedom from host cell DNA None
and BSA

BEI, binary ethyleneimine; BPL, beta propiolactone; BSA, bovine serum albumin; CEF, chick
embryo fibroblast; S. No., serial number
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recovery of antigen during vaccine production, which may help to reduce the cost
of production. To this end, we have developed an immunocapture ELISA (IC-
ELISA) for GP measurement that uses a novel murine Mab specific for the RVGP
(Nagargjan et al. 2006b). RVGP content of our Abhayrab vaccine, as measured
with the IC-ELISA, correlates closely with established NIH potency estimates
(Nagargjan et al. 2006b).

Rabies vaccines produced by tissue culture techniques are safe and effective in
humans for PEP and pre-exposure prophylaxis and have significantly reduced the
worldwide incidence of human rabies. The economic and human benefits of vacci-
nation are well documented (Ulmer and Liu 2002). Commercial rabies vaccines for
human use are compo sed of inactivated RV strains and are fully protective against
RV (>99%) (Koprowski et al. 1985; Bourhy et al. 1992). The RV immune response
also dlicits cross-protection against the lyssavirus genotypes, principally those in
phylogroup I. Rabies vaccines have not been shown to provide cross-protection for
other lyssaviruses in genotype 2 and 3, LBV and MOKYV, respectively, which are
those in phylogroup Il (Badrane et al. 2001). Tissue culture rabies vaccines are
highly purified and therefore produce few severe alergic reactions (Nicholson
1996). Significantly, they also induce less pain, require fewer doses, and produce
fewer side effects than the lower potency NTVs (Hemachudha et al. 1987;
Swaddiwuthipong et al. 1988; Parviz et al. 1998). In some developing countries,
NTVs have aready been replaced through the use of tissue culture rabies vaccine
following reduced dosage intradermal (ID) regimens for PET. The ID regimens
have proved to be efficacious and cost-effective replacementsfor NTV (Chutivongse
et a. 1990; Briggs et al. 2000). Currently, almost 60% of rabies-exposed people
take one of the modern tissue culture vaccines (Ichhpujani et al. 2001) and nearly
5 million doses of these vaccines are sold every year (Sudarshan et a. 2007).
Semple vaccine production in India was suspended in December 2005.

While vaccines from tissue culture are undoubtedly the vaccines of choice, it
must be recognized that they are currently inaccessible to a significant part of the
developing world. Despite the presence of at least six brands of modern cell culture
vaccines in the Indian market, the inequalities in distribution and the suboptimal
use of these vaccines are striking. For economic reasons, varying ID regimens are
also used for PEP (Warrell et al. 1985; Suntharasamai et al. 1994; Briggs et al.
2000). In India, most of the patients undergoing PEP are given only 3 dosesinstead
of the 5 doses of the Essen schedule. Though people perceive rabies as a dreaded
disease, most dog bhites result in an initial visit to the physician for advice and
primary vaccination. However, the patients may fail to complete the series of vac-
cinations if the animal appears to remain healthy after the biting incident. The
administration of RIG will depend on the earlier history of vaccination of individu-
als. Patients who have received three doses, which can be considered a prophylactic
vaccination, may not need to be administered RIG along with rabies vaccine in
cases of future rabies exposures. The consequence of not properly vaccinating
against rabies is often not fully understood by the public. The future strategy for
human rabies vaccination should therefore aim to educate the public as well as to
ensure a stable, affordable, and universally accessible supply of existing vaccines.
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Our approach to these problems has been to establish a series of Abhay clinics to
provide the Abhayrab vaccine. These franchise clinics are operated by qualified
medical practitioners who provide disease education while ensuring that the cold
chain is maintained and that the vaccine is properly administered.

8 Post-exposure Prophylaxis

Rabies is one of the few infectious diseases that can be prevented by PEP.
According to the WHO guidelines, category 3 exposures to rabies, which are
defined as either single or multiple transdermal bites or contamination of mucous
membranes with saliva of a rabid animal, require rabies PEP (WHO 2006). PEP
includes immediate local treatment of the wound with washing and disinfection,
local wound infiltration with therapeutic RIGs, and vaccination. The efficacy of
PEP is probably due to the long incubation period of the disease (Lafon et al.
1990). The principal modality of protection from rabies exposure by vaccination
is the development of neutralizing antibodies, which are primarily directed against
the viral surface G protein (Wunner 2002). Induction of these antibodies by the
vaccine is a key determinant of viral neutralization and animal protection against
disease development, and must occur before the RV has entered the relatively
immunoprotected CNS (Cox et al. 1977; Baer and Lentz 1991; Cliquet et al.
1998). The measurement of neutralizing antibodies to RV is commonly used to
assess the level of immunity to rabies in animals and humans. The appropriate
administration of modern rabies hiologics according to approved regimens virtu-
ally assures protection against the development of rabies (Rotz et al. 1998). The
success of PEP in humans is highly dependent on the punctuality of intervention,
the severity and location of the wounds, the quality of the vaccine, and proper local
ingtillation of RIG into all the wounds in a timely manner after exposure (Servat
et al. 2003). Most human rabies cases occur because of one or more of the follow-
ing reasons: (1) no PEP of any kind isused; (2) RIG isunavailable or unaffordable;
(3) prophylaxis is significantly delayed or inappropriate; or (4) acute illness,
malnutrition, or other underlying conditions compromise the immune response
(Hanlon et al. 2001).

The life-saving benefit of combining rabies immune serum with vaccine was first
shown by Balthazard et al. (1955), and has been validated in many follow-up clinical
studies, particularly for category 3 exposures (Dean et a. 1963; Chutivongse et al.
1991; Strady et al. 1996; Wilde et al. 1996). For transdermal or mucosal exposure to
rabies virus, it is recommended that as much as possible of the RIG be instilled into
the bite site (WHO 1996). Although the mechanism by which RIG neutralizes RV
remains unclear, the local infiltration of virus inoculation sites has been shown to be
a key element to confer protection in humans, particularly in previously unimmu-
nized subjects (Khawplod et al. 1996; Servat et al. 2003). It is likely that the com-
bined effects of RVNA and an active vaccine-induced immune response work together
to clear the virus before access to CNS can occur (Wilde et a. 1989; Wilde et al. 1996).
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Laboratory studies have demonstrated that use of vaccine alone does not prevent
lethal RV infection in severe post-exposure situations (Koprowski et al. 1950; Sikes
et a. 1971), and study of attenuated RV infectionsin immunocompromised mice has
shown that cellular and humoral mechanisms collaborate in viral clearance (Hooper
et al. 1998). This perhaps explains the need for both passive administration of RIG
and vaccination for reliable PEP of humans, despite the fact that under some condi-
tions passive immunization may possibly interfere with the induction of an active
immune response to RV (Hattwick et al. 1976; Rupprecht et a. 1992).

9 Conventional Polyclonal Rabies Immune Globulins

Either polyclona ERIG or HRIG is recommended for use in PEP (Stecle 1988).
Historicaly, hyperimmune polyclonal antibodies (PAb) prepared from pooled sera
have been used extensively, largely due to the multitude of antibody specificities
generated in the typica polyclonal response. PAb are generdly relatively easy to
make, provided the immune donors are available. The PAb preparations have the
advantage of including antibodies of various specificities and isotype that provide
diversity in biological function through various constant regions. Due to their poly-
valent characteristics and superior ability to eliminate or neutralize complex target
antigens, blood-derived 1gGs remain the preferred therapeutic choice for many condi-
tions (Haurum and Bregenholt 2005). The therapeutic implication isthat PAb reacting
with several epitopes of the sameviral protein may be superior to aMab that inherently
only reacts with asingle vira epitope (Casadevall 2002; Brekke and Sandlie 2003).

HRIG has asafety profile superior to that of ERIG andisideally used in all cases
of PEP (McKay and Wallis 2005). Unfortunately, more than 90% of rabies cases
are encountered in developing countries where HRIG is not readily affordable or
available and ERIG is the only option (Medlin et a. 1994; Wilde et al. 1996;
McKay and Wallis 2005). Potential complications of ERIG administration include
serum sickness (bone pain, renal failure, and encephal opathy), severe allergic reac-
tions, and life-threatening anaphylaxis. Many modern ERIG formulations consist
of purified, heat-treated, F(ab’), products that have a lower rate of adverse effects
than crude serum, although there is a theoretical weakness of F(ab’), products in
severe exposures due to their rapid clearance and the lack of the Fc region. In addi-
tion to the safety concerns associated with ERIG, some animal ethics groups
oppose the rearing of animals for serum production (Wilde et al. 2002).

Despite their intrinsic advantages, HRIG products are expensive to manufacture
and have severa limitations, such as variable pharmacological profiles (Bregenholt
and Haurum 2004), lot-to-lot variation in the amount of rabies virus-specific antibody,
the possihility of transmission of infectious agents (Slade 1994), and a chronically
limited worldwide supply (Farrugia and Poulis 2001). The limitation in supply is
related in part to inherent imprecision in the capacity to predict future demands, as
well aslimited recruitment of new donors and a substantial production delay from the
bleeding of donors to release of the final product (Wilde et al. 1996). We have
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considered the possibility of creating asimilar HRIG product indigenously to increase
its availability and lower its cost. However, this could be expensive and technically
complex, dueto problems associated with recruitment of healthy donors, the high cost
involved in the screening of donors and batches of serafor identified pathogens, and
the possibility of transmission of unidentified blood-borne pathogens. These difficul-
ties encouraged us to embark on the development of human monoclonal antibodies
(huMabs) against RV that can be used as an alternative to ERIG and HRIG.

10 Human Monoclonal Antibodies for Rabies PEP

10.1 Combination Therapy for Rabies PEP

An ideal antibody preparation for rabies PEP intended for use in India and other
developing countries must meet a number of essential criteria. First, it must be able
to neutralize the viruses likely to be encountered in the geographical areain which
it is to be used. Idedly, clinical use of a cloned RIG would be combined with
ongoing epidemiological surveillance of RV and RRV strains (Krebs et al. 2005;
Nagargjan et al. 2006a). Second, it should contain at least two antibodies that bind
nonoverlapping and noncompeting epitopes, so that mutant viruses able to escape
the neutralization of one antibody will still be neutralized by the other (Marissen
et al. 2005; Goudsmit et al. 2006). Third, the antibodies must be nonimmunogenic,
to reduce therisk of first-dose side effects and to enable repeat dosing, if necessary.
For this purpose, fully human antibodies are required. Fourth, it must have efficacy
comparable to existing HRIG preparations in animal models of RV infection
(Goudsmit et al. 2006; de Kruif et al. 2007). Finaly, it must be produced at a cost
that makes it affordable for the individuals who require it, many of whom are
impoverished yet are required to pay for PEP out-of-pocket.

The ability of cloned antibodies to neutralize RVs is well-established with both
murine (Wiktor and Koprowski 1978; Libeau and Lafon 1984; Schumacher et al.
1989; Nagarajan et al. 2006b) and also human antibodies (Lafon et al. 1990; Ueki
et a. 1990; Ensde et al. 1991; Champion et a. 2000; Kramer et al. 2005).
Neutralizing antibodies bind to one of three antigenic regions of the G protein,
which forms the outer surface of the virion (Benmansour et al. 1991; Marissen et
a. 2005). The mechanisms of antibody-mediated neutralization of the virus are
incompletely understood, but appear to involve complex mechanisms that both
inhibit viral entry into itstarget neurons aswell asthe ahility of the virusto function
once it has entered the cell, perhaps by inhibiting the exit of the virus from the
endosomal vesicles (Dietzschold et al. 1987, 1992). Short single-chain (scFv) and
dimeric, antigen-binding domain-only (Fab) antibodies are able to neutralize virus
in vitro, indicating a capacity to directly interfere with viral function (Cheung et al.
1992; Muller et al. 1997; Kramer et al. 2005). For efficient rabies virus clearance
from the CNS, full-length antibodies collaborate with cell-mediated inflammatory
processes (Hooper et al. 1998).



Human Monoclona Antibody and Vaccine Approaches to Prevent Human Rabies 85

Human antibodies capable of neutralizing the RV in vivo have been isolated
by recombinant DNA (phage display) and hybridoma methods (Wiktor et al.
1969; Dietzschold et al. 1990; Ueki et a. 1990; Enssle et al. 1991; Champion
et al. 2000; Kramer et al. 2005). The first neutralizing antibodies were cloned by
creating hybridomas between Epstein-Barr virus (EBV)-immortalized primary
human B cells, obtained from rabies-immune volunteers, and murine myeloma or
heteromyeloma cell lines (Dietzschold et al. 1990; Lafon et al. 1990; Ueki et al.
1990; Enssle et al. 1991; Champion et al. 2000; Kramer et al. 2005). Prosniak et
al. (2003) first combined three cloned human antibodies to create a “cocktail”
capable of comprehensively neutralizing a variety of fixed and street RVs. The
cocktail effectively provided PEP in rabies-exposed mice and had an efficacy
comparable to HRIG (Prosniak et al. 2003). The two most potent of these anti-
bodies (CR57 and CRJB) were studied further. Unfortunately, the two antibodies
were found to bind overlapping epitopes on antigenic domain | of the RVGP, such
that mutant virus strains that had acquired resistance to one antibody were often
found to be resistant to the other (Marissen et al. 2005). A potentially cross-
protective antibody was sought through a phage display cloning experiment that
used RV-immune human peripheral blood lymphocytes as starting material,
producing 21 novel human 1gG antibodies capable of RV neutralization in vitro
(Kramer et al. 2005). One of these antibodies, CR 4098, was found to interact
with antigenic domain Il of the RVGP and to have optimal association and dis-
sociation kinetics by surface plasmon resonance (SPR) analysis. Cross-protection
with the two antibodies was demonstrated, such that the second antibody neutral-
ized mutant viruses escaping neutralization by the other antibody. Thus, these
two antibodies fulfilled two essential requirements of an effective huMab cock-
tail, including broad strain reactivity and the ability to bind nonoverlapping,
cross-protective G protein epitopes (Kramer et al. 2005). Accordingly, the anti-
body combination was found to be effective in a Syrian hamster PEP model and
to be of comparable potency to standard HRIG. Importantly, the combination did
not interfere with the devel opment of immunity induced by concomitantly admin-
istered vaccine (Goudsmit et al. 2006; de Kruif et al. 2007).

10.2 Novel Human Monoclonal Antibodies Suitable
for Usein the I ndian Subcontinent

We sought to build on our murine monoclonal antibody experience to develop novel
human antibodies suitable for use in RIG tailored to the RV isolates circulating in
the Indian subcontinent. For this purpose, we created heterohybridomas between
primary peripheral blood B cells and a heteromyeloma cell line, K6H6/B5 (Carroll
et al. 1986). We chose the KEH6/B5 cell line because it has been successfully used
to clone human antiviral antibodies (Siemoneit et a. 1994; Funaro et al. 1999). We
used mitogen stimulation, rather than EBV transformation, to prepare the primary
B cells for fusion to reduce the likelihood that the heterohybrid cell lines would
express EBV antigens that may contaminate antibodies purified for human use.
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We obtained peripheral blood lymphocytes from a subject multiple vaccinated with
the Abhayrab vaccine, which incorporates the PV strain and is known to provide
broad coverage against RV strains (Badrane et al. 2001).

Using the hybridoma method, we have cloned eight new human IgG antibodies
(huMabs) that bind the RVGP. We first characterized the isotype, specificity, and
crossreactivity of each of the huMabs. Each of the huMabs was of gamma 1 (y1)
heavy chain and lambda () light chain isotype. Their specificity to RV was dem-
onstrated by a cell-ELISA using unfixed mock and RV-infected cultured cells. All
the huMabs showed reactivity to al the fixed RVs except the BHK-21-adapted
CVS dtrain. None of the huMabs showed any reactivity to host cell protein (see
Table 2). The huMabs bound specifically to the native form of whole virus antigens
as well as purified RVGP and did not react with ribonucleoprotein (RNP) as evi-
dent from the results of indirect ELISA (see Table 3). The huMabs recognized

Table2 Reactivity of anti-rabies virus human monoclona antibodies with vari-
ous fixed RV strainsin cell-ELISA?

Fixed RV strains
CVS11 SAD Fury LEP CVSBHK Host cell

HuMab

R17D6
R14D3
R16C9
R14D6
R18G9
R16F7
R17G9
R16E5
aUnfixed rabies virus infected and mock-infected cell culture was used as the

solid phase antigen for doing cell-ELISA to demonstrate the specificity of huMabs
to rabies virus
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Table3 Characteristics of anti-rabies virus human Mabs

Protein specificity

| sotype Native (strain PV)  Denatured (strain PV)
Heavy  Light Whole Whole Antigenic
S.No. HuMab chain chain virus GP RNP virus GP RNP site
1 R17D6 y1 A + + - - - - 11
2 R14D3 y1 A + + - - - - 11
3 R16C9 y1 A + + - - - - 11
4 R14D6 y1 A + + - - - - 11
5 R18G9 y1 A + + - - - - 11
6 R16F7 y1 A + + - - - - 11
7 R17G9 y1 A + + - - - - 11
8 R16E5 y1 A + + - - - - 11
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antigenic site 11l of RVGP as determined by a competitive ELISA using a mouse
Mab (D1) against antigenic sitelll as described elsewhere (Nagarajan et al.
2006b).

We tested the ability of our huMabs to neutralize various street and fixed RVs
both in vitro and in vivo. In the mouse neutralization test (MNT) with Swiss albino
mice, the huMabs neutralized all the four Indian SRV's of dog origin (108, 129, 141,
and 142) (Table 4). All the huMabs neutralized four fixed RV strains (PV, Flury
LEP, SAD, and CVS-11) while none of the huMabs neutralized BHK-21-adapted
CVS RV when tested by the rapid fluorescent focus inhibition test (RFFIT). The
huMab R17D6 had the highest RFFIT titers of our tested antibodies, ranging from
251U to 13.5 1U. The titers of the other huMabs were lower (Table 5). We tested
the ability of the five huMabs with the most potent RFFIT titers to neutralize mem-
bers of other Lyssavirus genotypes. All four huMabs neutralized GT7 (ABLV) and
GT4 (DUV) effectively in the RFFIT, although none neutralized GT3 (MOKY) or
GT5 (EBLV-1) (Table 6).

Dietzschold and colleagues have repeatedly emphasized the importance of eval-
uating the suitability of antibodies for use in rabies prophylaxis by testing in animal
models (Dietzschold et al. 1990, 1992). We tested whether two of our antibodies,
aone and in combination, could enhance the efficacy of the Abhayrab vaccine in
conferring PEP to Syrian hamsters inoculated with the Indian SRV 129 and

Table4 Survivorship of Swissalbino mice subjected to mouse
neutralization test® to demonstrate the ability of human mono-
clonal antibodies to neutralize various fixed and street rabies
viruses in vivo

Virus
S.No. huMab® SRV 108 SRV 129 SRV 141 SRV 142

1 R17D6  100% 100%  100% 100%
2 R14D3 ND 100% ND ND

3 R16C9  100% 100%  100% 100%
4 R14D6  100% 100% 100% 100%
5 R18G9  100% 100%  100% 100%
6 R16F7  100% 100%  100% 100%
7 R17G9  100% 100% 100% 100%
8 R16E5  100% 100%  100% 100%
* Not done

aHeat inactivated heterohybridoma culture supernatant con-
taining huMabs was used for neutralization reaction

bFemale Swiss abino mice (3-4weeks old) were intracrani-
aly inoculated with 30l of (50MICLD,_/30ul) either rabies
virus infected culture fluid or brain homogenates from natu-
raly infected rabid stray dogs. The inoculated mice were
observed daily for symptomstypical of rabiesfor 21days. The
results are expressed as percentage of mice that survived after
21 days of observation
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Table 5 Neutralization of rabies viruses by anti-rabies virus human mono-
clonal antibodies

VNA? (1U/ml)
Fixed RV strains

S.No. huMabP PV CvVs11 SAD Flury LEP CVS-BHK
1 R17D6 2.6 115 13.8 10.0 -
2 R14D3 26 2.8 4.8 31 -
3 R16C9 2.8 35 12.9 0.3 -
4 R14D6 0.8 16 2.8 13 -
5 R18G9 2.8 52 129 8.1 -
6 R16F7 2.6 2.8 6.3 4.8 -
7 R17G9 2.6 2.0 2.8 3.0 -
8 R16E5 0.7 2.0 2.8 2.6 -

aVNA titer was determined by RFFIT using rabies virus strain CVS-11 essen-
tially as described by Smith et al. (1996)

PHeterohybridoma culture supernatant containing huMabs was used after heat
inactivation. None of the huMabs tested could neutralize the rabies virus
strain CVS-BHK

Table6 Neutralization of rabies-related viruses by anti-rabies virus human mono-
clona antibodies

VNA? (1U/ml)
Rabies-related viruses
S. No. huMab’/SRIG Mokola(GT3) DUV (GT4) EBV1(GT5) ABV (GT7)

1 R16C9 <5 7 <5 250
2 R16E5 <5 7 <5 250
3 R16F7 <5 6 <5 250
4 R14D6 <5 <5 <5 145
5 SRIG <5 9 11 56

aV/NA titer was determined by RFFIT at CDC, Atlanta, essentially as described
by Smith et al. (1996)
bSemipurified huMADb preparation was used

SRV 141 dtrains. Both the R16F7 and R14D6 huMabs provided 100% protection
against both of these strains, whether given singly or in combination (see Table 7).
In contrast, the HRIG/vaccine combination and vaccine aone provided only 80%
and 40% protection, respectively. We observed that, in PEP against SRV 141, the
HRIG/Vaccine PEP combination appeared less successful than the vaccine alone.
This result suggests that the HRIG inhibited the development of vaccine-induced
immunity to the virus. In contrast, R16F7 and R14D6, by enabling 100% protec-
tion, did not apparently interfere with the potency of the vaccine. The huMabs
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Table 7 Efficacy of human monoclonal antibodies against
Indian dog rabies virus isolates®

Virus
S.No. Group® SRV 141 SRV 129
1 R16F7+vaccine 100% 100%
2 R14D6+vaccine 100% 100%
3 R16F7+R14D6+vaccine  100% 100%
4 HRIG+vaccine 60% 80%
5 Vaccine only 80% 40%
6 Controls 0% 0%

aVirus inoculation consisted of 0.05ml administered intra-
muscularly in the right gastrocnemius muscle of Syrian
hamsters with 10g10*3 MICLD,/0.05ml Indian dog rabies
virus (SRV 141) or log10** MICLD_/0.05ml Indian dog
rabies virus (SRV 129) (mouse-brain-passaged homoge-
nate). Beginning 4h after virus inoculation, post-exposure
prophylaxis was initiated consisting of the rabies vaccine
Abhayrab at 1/10th the human dose, and administered in
the left gastrocnemius muscle on days 0, 3, 7, 14, and 28.
In groups 14 there was an additional, single administration
of huMabs (either alone or in combination) and commercial
human rabies immunoglobulin (Imogam, Aventis Pasteur,
Lyon) (RIG at 201U/kg) at the site of virus inoculation on
day 0. Group5 received only vaccine. The controls, group6,
received no treatment. These experiments were done essen-
tialy as described by Hanlon et a. (2005)

appear to have a spectrum of neutralizing activity suggesting that they will be
efficacious for usein at least the Indian subcontinent. Studies are underway to spe-
cifically map the binding sites of R16F7 and R14D6 on neutralization domain I11
and to evaluate the ability of this pair of antibodies to cross-neutralize spontane-
oudly arising variant Indian RVs.

Our studies on molecular epidemiology indicate that the virus circulating in
the Indian subcontinent belongs to GT1, and dogs are the primary transmitters
of the disease. Anti-rabies antibodies against the PV strain neutralize GT1, GT4,
GT5, and GT6 viruses (Badrane et al. 2001). Abhayrab incorporates a PV strain
that is likely to neutralize the RVs circulating in India. Moreover, the huMabs
generated using the PV strain will be appropriate for passive immunotherapy in
India. Abhayrab and these monoclonal antibodies will be distributed through the
Abhay clinics as well as government hospitals to ensure availability of quality
products and administration. India accounts for nearly 60% of the total number
of global human rabies deaths and awider use of affordable vaccine and huMabs
relevant to the Indian subcontinent will reduce the mortality rate to negligible
numbers.
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11 Methods for Production of Human Rabies M onoclonal
Antibodies for PEP

The widespread use of ERIG and HRIG is constrained in developing countries by
their limited availability and high cost. A monoclonal RIG will only be of value to
the majority of people who need it if it can be produced in large amounts for a cost
comparable to, and ideally less than, the cost of current ERIG and HRIG products.
Initid industrial-level scale-up of heterohybridoma cell lines may not be cost-effective
because of instability and low levels of antibody production. However, the cost-
effective production of these huMabs and avoidance of instability of heterohybrido-
mas can be achieved by taking advantage of recombinant DNA technology to clone
thelg H and -L chain genesinto suitable expression vectors and expressing theinserted
protein-coding sequencesin appropriate cells, preferably eukaryotic cells(Morimoto
et a. 2001b). The Ig heavy and light chains of several Mabs have been cloned into
different expression vectors, which has enabled the expression of functional anti-
bodiesin avariety of cells, including lymphoid and nonlymphoid mammalian cells
(Owens and Young 1994), insect cells (Liang et a. 2001), and plants (Whitelam
et al. 1994; Ko et a. 2003; Girard et a. 2006). For cost-effective and industrial-
scale antibody production, arhabdovirus-based vector has shown promise and several
advantages such as ease of genetic manipulation and suitability for propagétion in
mammalian cell culture, enabling rapid production of large amounts of antibody
(Morimoto et al. 2001b; Prosniak et a. 2003). Rabies huMabs produced by this
method have shown effectiveness in murine and Syrian hamster PEP models and
could, if produced in accordance with industrial standards, provide an acceptable
solution to the current global shortage of HRIG.

Plant expression systems may also be idea for the economical, high-level
expression of rabies huMabs. Since the initial report of functional Mabs expressed
in transgenic plants (Hiatt et a. 1989), therapeutic and diagnostic Mabs have been
successfully produced in transgenic tobacco (Ma et al. 1998) and other plants
(Daniell et a. 2001). Plant expression systems have several advantages, such as
well-established cultivation and downstream processing of plant products, easily
scaled-up levels of production, and minimal risk of human pathogen and toxin
contamination (Ma et a. 1998; Lerouge et a. 2000; Bakker et al. 2001; Ko et al.
2003). Antibodies made in plants are aso efficiently glycosylated, although the
effects of the plant-type glycosylations on the function and immunogenicity of the
produced Mabs have yet to be fully characterized (Girard et a. 2006). The potential
economic superiority of these systems for recombinant protein production has been
extensively reviewed (Hellwig et a. 2004; Stoger et al. 2005). The effectiveness of
plant expression systems for the production of functional human rabies monoclonal
antibodies have been demonstrated (Dietzschold et al. 1990; Ko et al. 2003;
Goudsmit et al. 2006). They used Agrobacterium-mediated transformation of the
tobacco plant Nicotiana tabacum to express SO57, aversion of the CR57 antibody
used in the antibody cocktail described above. The antibody was retained in the
endoplasmic reticulum and could be isolated from soluble protein extracts by
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standard protein A affinity purification (Ko et al. 2003). Consistent with its intrac-
elular localization, the glycosylation of the SO57 antibody was largely composed
of oligomannose-type N-glycans, but without the plant-specific o (1-3)-linked
fucose residues that may engender an allergic or immune reaction in human recipi-
ents. In the Syrian hamster PEP model, the SO57 antibody given in combination
with vaccine afforded 100% protection against an SRV strain, similar to the activity
observed with aversion of the same antibody expressed by mammalian cells (Ko et
a. 2003). Cells from the transgenic tobacco plants were subsequently adapted to
plant cell culture, which may complement whole-plant expression systems by ena-
bling industrial production of antibody that does not depend on the agricultural
growing season (Girard et al. 2006).

12 Conclusions and Future Challenges

In this article we have discussed the public health impact of rabies and various
approaches available for effective rabies prevention and control aimed at possible
reduction of rabies burden and the associated human deaths. Rabies continues to
pose a significant threat to those who live in and visit endemic countries, which
are mainly developing nations. A lack of sustained efforts toward meaningful
reduction of vector populations, disease surveillance, and nationwide rabies con-
trol programs has resulted in persistence of the problem. Although rabiesis vac-
cine preventable, the WHO has recommended combined administration of
vaccine and RIG in cases of category |11 bites. The equine RIG isin wide usein
developing countries despite the inherent limitations associated with heterolo-
gous RIG. However, the human RIG is preferred in developed countries for rea-
sons of safety and efficacy. The cost, limited availability, and need for human
donors have stimulated efforts to develop alternatives for HRIG that are safe,
efficacious, and potentially less expensive, and we and others have created cloned
human antibodies that may fill this need.

Continued ignorance on the issues related to rabies control may lead to a more
complex situation than ever before. Rabies may fail to attract the attention of policy
makers for allotment of sufficient funds for implementation of nationwide disease
surveillance and control programsif it continues to remain a nonnotifiable disease in
many developing countries. Given the changing socioeconomic conditions accompa-
nying globalization, the inevitable human and animal translocations may lead to rabies
exposures and the introduction of rabiesinto rabies-free countries. The continuation of
human rabies exposures stresses the need to have better preparedness in terms of the
availability of rabies biologicals and education on rabies. To supply quality rabies
biologicals of proven potency and efficacy with aproper cold chain to the remote parts
of rabies-endemic countries at affordable cost may be areal challenge. It remains to
be seen whether new rabies prevention and control strategies, aided by novel rabies
biologicals, will find broad use in the rabies-enzootic Third World countries and lead
to ameaningful reduction in the incidence or elimination of the disease.
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Abstract Antibodies mediate humoral immune responses and play key roles in
the defense of viral infection by the recognition, neutralization, and elimination
of viruses from the circulation. For the prevention of respiratory syncytia virus
(RSV) infection, the natural immune response to RSV from pooled human plasma
has been harvested and successfully developed as a prophylactic polyclona RSV
hyperimmune globulin, RespiGam (RSV-1GIV; Medlmmune, Gaithersburg, MD).
The success of RSV-IGIV validated the immunoprophylaxis approach for RSV
prevention and led to the development of Synagis (paivizumab; Medimmune,
Gaithersburg, MD), a humanized monoclonal antibody (mAb) that binds to the
RSV F protein. Palivizumab is a potent anti-RSV mAb that is about 50-fold more
potent than RSV-IGIV, and since obtaining regulatory approval in 1998 it has been
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used extensively to help prevent severe RSV disease in high-risk infants and chil-
dren. However, a very small number of patients receiving the drug do not appear
to be adequately protected. To further improve protection against RSV, we have
applied a directed evolution approach to enhance the binding of palivizumab to
F protein by manipulation of both the on and off rates. These efforts have yielded a
more potent second-generation mAb, motavizumab, which is currently under study
in phaselll clinical trials. Most recently, a third generation mAb, Numax-Y TE, has
been generated with the intent to extend the serum half-life of the mAb in humans. If
successfully developed, this drug may offer the opportunity for less frequent dosing,
obviating the need for the monthly treatmentsthat are required with palivizumab. The
development of these anti-RSV approaches exemplifies the accel erated pace of drug
development made possible with cutting-edge antibody engineering technologies.

1 Introduction

Respiratory syncytial virus (RSV) is a nonsegmented, negative-strand RNA virus
and a member of the Paramyxoviridae family. First identified in 1956 (Blount
et al. 1956), it was very quickly recognized as a major cause of serious respiratory
tract diseasein the pediatric population (reviewed by Collinset al. 2001). Premature
infants and children with chronic lung disease or congenital heart disease are at
high risk of severe RSV infection. Primary infection typically occurs in over 65%
of children before 12 months of age (Glezen et al. 1986). However, exposure does
not confer long-term immunity, and individuals are subject to reinfection during
subsequent seasonal outbreaks. In addition, RSV infects the elderly and immuno-
compromised individuals and can cause severe lower respiratory tract disease
(Garvie and Gray 1980; Falsey and Walsh 2000).

The morbidity and mortality associated with RSV disease in very young infants,
coupled with its frequency and worldwide distribution, have made it a prime target
for the development of a vaccine that could be used early in life. However, to date
thereisno licensed RSV vaccine. A formalin-inactivated RSV vaccine used in the
1960s not only failed to induce a protective neutralizing antibody response, but also
led to an increased incidence of lower respiratory tract RSV disease and death in
some immunized children upon subsequent natural infection with RSV (Kapikian
et al. 1969). Alternative approaches that use attenuated live virus vaccines have yet
to yield, in this young patient population, the appropriate balance of sufficient
infectivity to provoke a strong immune response but appropriate attenuation to
minimize reactogenicity (Wright et al. 1976, 1982). Another factor leading to the
difficulty of developing an RSV vaccine may be that neonates may not mount a
robust protective immune response following vaccination, due to immunologic
immaturity, or that the presence of circulating maternally derived anti-RSV anti-
bodies leads to the suppression of an effective immune response (Crowe 2001).

Although the development of an effective vaccine has remained elusive, several
studies have suggested that high titers of specific neutralizing antibody to RSV may
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provide protection to both primary and recurrent infection. It has been shown that
the severity of RSV-induced pneumoniawas inversely related to the level of mater-
na neutralizing antibody in infants with a mean age of 4.9 months (Lamprecht
et al. 1976). Likewise, serum neutralizing antibody titer has been shown to corre-
late inversely with the rate of infection (Henderson et al. 1979; Fernald et al. 1983).
Finally, the amount of serum 1gG to the RSV F protein has correlated with a protec-
tive effect against RSV reinfection and illness severity (Kasel et a. 1987). These
findings imply that high serum titers of neutralizing antibody should provide at
least partial protection against RSV infection and raised the possibility of preven-
tion against serious RSV disease by passive transfer of serum immunoglobulins. In
agreement with this, intraperitoneal administration of serum derived from RSV-
convalescent cotton rat or human, or of purified human gamma globulin derived
from pooled plasma (Sandoglobulin, Novartis Pharmaceuticals, East Hanover, NJ;
of note: Sandoglobulinisageneral gammaglobulin that is not particularly enriched
for RSV neutralization), has been shown to prevent RSV replication in the lungs of
cotton rats upon subsequent intranasal challenge with the virus (Prince et al.
19854, b). A serum neutralizing antibody titer of at least 1:380 in the recipient ani-
mals conferred almost complete protection against viral replication in the lungs.
Additionally, treatment of RSV -infected owl monkeys with intravenously adminis-
tered Sandoglobulin diminished RSV replication in the lungs of the animals
(Hemming et al. 1985). Similar results were achieved with RSV -neutralizing mon-
oclonal antibodiesin mice (Taylor et a. 1984) and cotton rats (Walsh et al. 1984).
In contrast to the early human vaccination experience, no evidence of enhanced
pathology was observed in any of these animal models with administration of anti-
RSV antibodies in the presence of RSV.

2 Development of RespiGam (RSV-1GIV)

The successful prevention of RSV replication in the presence of specific neutraliz-
ing antibody in animal models without the enhanced pathology in the lungs raised
the possibility of passive immunoprophylaxiswith IgG in infants to protect against
RSV infection. Initial trials used standard intravenous immunoglobulin (IGIV) in
high-risk infants and demonstrated the safety of IGIV usein the prevention of RSV
disease; the results showed a trend toward lessening the severity of the disease and
to shorter hospitalization in the treatment groups compared to the control groups.
However, the studies failed to demonstrate unequivocal efficacy (Groothuis et al.
1991; Meissner et al. 1993). The data were interpreted as indicating that the
standard I1GIV preparations used in these initial trials lacked sufficient titers of
RSV -neutralizing antibodies. This then led to the development of an immune glob-
ulin preparation that was enriched for RSV-neutralizing antibodies (Siber et al.
1992). A microneutralization assay was used to select for plasma from donors that
contained high levels of antibodies that neutralized virus rather than those simply
with ahigh RSV antibodly titer; this gave rise to the production of an RSV hyperimmune
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globulin, RSV-IGIV, which possessed an about fivefold better capacity to neutral-
ize RSV virus than conventiona 1GIV.

Several multicenter clinical studies were performed to evaluate the prevention
of RSV disease by prophylaxis with RSV-IGIV (Groothuis et a. 1993; The
PREVENT Study Group 1997; Simoes et al. 1998). Based on the results of these
trials, the U.S. Food and Drug Administration (FDA) licensed RespiGam (RSV-
IGIV; Medimmune, Gaithersburg, MD) on 18 January 1996 for the prevention of
serious lower respiratory tract infection caused by RSV in children younger than
24 months of age with bronchopulmonary dysplasia (BPD) or a history of prema-
ture birth (<35 weeks gestation). RespiGam represented an important first step in
preventing severe respiratory tract illness due to RSV (of note: RespiGam is no
longer commercialy available; it has been replaced by another drug, palivizumab,
which is discussed in Sect. 3). It is worth noting that both RespiGam and
Sandoglobulin (human gammaglobulin) had been tested separately in the therapeu-
tic treatment of RSV-infected infants or children. However in both of these studies,
at the doses used, neither of the antibodies was shown to have a significant thera-
peutic effect (Rimensberger et al. 1996; Rodriguez et al. 1997).

3 Development of Synagis (Palivizumab)

3.1 Generation and Preclinical Development of Palivizumab

Although RSV-IGIV was effective for immunoprophylaxis against severe RSV dis-
ease, it needed to be administered intravenously, typically by infusion over several
hours, and in relatively large volumes. In addition, RSV-IGIV isisolated from human
blood, which is more complicated than the production of antibodies produced recom-
binantly. Also, becauseit isamixed human 1gG product, RSV-IGIV, like cther IGI Vs,
may potentially affect subsequent vaccination schedules of certain vaccines, such as
for measles, mumps, and rubella (American Academy of Pediatrics 1997).

For the reasons outlined above, we subsequently developed a potent anti-RSV
prophylactic agent Synagis (palivizumab; Medimmune, Gaithersburg, MD),
which is a humanized mAb (IgG1/x) that binds to RSV F protein. The molecule
was constructed by grafting the six complementarity-determining regions (CDRs)
of amurine monoclona antibody (mAb 1129) to human frameworks (Johnson et al.
1997). mAb 1129 was derived from BALB/c mice that were initially immunized
by intranasal infection with the A2 strain of RSV. This initial immunization was
followed by successive intraperitoneal inoculations of recombinant F protein and
intravenous infusion of purified A2 RSV (Beeler and Coelingh 1989). The splenic
lymphocytes of these mice were fused to a murine myeloma cell line to generate
the 1129 hybridoma, which secreted an antibody that neutralized a broad spectrum
of RSV isolates. The corresponding light and heavy chain variable domain genes
from the mouse 1129 hybridoma were cloned and sequenced. The three CDRs of
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mAb 1129 light chain were transplanted onto the first three frameworks of human
light chain K102 (Kabat et al. 1991). The fourth framework was derived from the
human light chain gene Jk4 (Hieter et al. 1982). Likewise, the three CDRs of mAb
1129 heavy chain were transplanted onto the first framework of human heavy
chain Cor (Kabat et al. 1991) and the second, third, and fourth frameworks of
human heavy chain CE-1 (Kabat et al. 1991). Palivizumab (also initially referred
to as MEDI-493) was generated by the cloning of this humanized Fv in frame with
the constant regions of a human 1gGLl/x; palivizumab heavy and light chain V
region frameworks are over 98% human. Of note, Johnson et al. (1997) also
reported a frame-shift that resulted in the substitution of the first four residues of
the light chain CDR1 (LCDR1), SASS, by four random, nonhuman/nonmouse
residues, KCQL.

Palivizumab had abinding affinity (K, ~1-2 nM) to the RSV F protein that was
very similar to that of its chimeric counterpart and showed a high specific activity
and potency in the ability to neutralize various subtypes of RSV invitroandin vivo.
Thein vitro assays demonstrated that palivizumab neutralized the RSV subtypes A
and B with an EC_ of 0.1 and 0.17 pg/ml using assays for microneutralization and
fusion inhibition, respectively. In these assays, palivizumab showed an approx.
20- to 30-fold greater potency over RSV-IGIV (Johnson et al. 1997).

The in vivo efficacy studies were designed to assess the prophylactic activity of
palivizumab in cotton rats. These challenge studies indicated that palivizumab was
effective in reducing the replication of RSV subtypes A and B in the lungs by more
than 99% when injected intramuscularly at a dose of 2.5 mg/kg. This corresponded
to serum concentrations of about 30 pg/ml. Treatment with palivizumab did not
enhance RSV-induced pathology or RSV replication during primary infection
(Porterfield 1986), nor did it affect the development of a protective anti-RSV immune
response or result in increased pulmonary pathology upon a secondary challenge
(Kapikian et al. 1969). In light of these promising preclinical results, we selected pal-
ivizumab as a lead candidate for RSV prophylaxis in high-risk human infants.

3.2 Clinical Development of Palivizumab and Its Licensure

Several multicenter clinical studies were performed to evaluate the prevention of
RSV disease by prophylaxis with palivizumab (Subramanian et al. 1998; Saez-
Llorens et al. 1998; The IMpact-RSV Study Group 1998). In the IMpact study
(1998), over 1,500 premature infants and young children less than 2 years old with
BPD were recruited and treated with either five monthly intramuscular injections
of palivizumab at 15 mg/kg or an equivalent volume of placebo. In the prophylactic
palivizumab arm an overall 55% reduction in RSV -related hospitalization incidence
(p<0.001) was found over that in the placebo arm. Based on the results of these
multiple trials, in 1998 the FDA approved Synagis (palivizumab) administered via
monthly intramuscular injection for the immunoprophylaxis of serious RSV
respiratory disease in high-risk infants and children, such as those with BPD or
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with a history of premature birth. Subsequent to FDA licensure of palivizumab, a
placebo-controlled trial of palivizumab in young children with congenital heart
disease (CHD) (n=1287) was conducted (Feltes et al. 2003). In the palivizumab
treatment group a 45% relative reduction in RSV hospitalizations (p=0.003) over
that in the control group was observed. The data from this study showed that
monthly palivizumab administration (15 mg/kg intramuscularly) was safe, well-
tolerated, and effective for prophylaxis of serious RSV disease in young children
with hemodynamically significant CHD. This study was the pivotal clinical trial for
FDA approval for use in this patient popul ation.

Palivizumab was also approved in Europe in 1999. Subsequently, bridging stud-
ies to evaluate the safety and efficacy of palivizumab in the Japanese population
were also carried out (Groothuis and Nishida 2002), and the results led to its
approval in Japan in 2002. Of equal importance, the consistency and robustness of
the palivizumab manufacturing processin terms of cell line stahility, varying scales
of production, and location of manufacturing siteswas al so established (Schenerman
et al. 1999).

In summary, palivizumab isindicated for the prevention of serious|ower respira-
tory tract disease caused by RSV in pediatric patients at high risk of RSV disease.
These include infants with BPD and infants with a history of premature birth, as
well as children with hemodynamically significant CHD. The recommended dose
of palivizumab is 15 mg/kg. The first dose should be administered prior to com-
mencement of the RSV season. In the northern hemisphere, the RSV season typi-
cally beginsin November and lasts through April, but it may begin earlier or persist
later in certain communities [Synagis (palivizumab), Package insert, Medlmmune,
Inc.; product information as of 10 March 2006].

3.3 Ability of Palivizumab to Neutralize Clinical RSV |solates

The ability of palivizumab to bind to and neutralize a broad spectrum of RSV sub-
typesislikely linked to itsoverall clinical efficacy. In one study, palivizumab bound
to over 700 RSV isolates that originated from 19 countries (Branco et al. 2000).
Palivizumab also bound to and/or neutralized another 47 subtype A and 33 sub-
type B RSV isolates, including samples from Japan (Johnson et al. 1997; Groothuis
and Nishida 2002). Finally, palivizumab was able to bind to 100% of a panel of 371
RSV isolates from infants that were hospitalized for RSV disease in the United
States (DeVincenzo et a. 2004). The samples were collected over the first 4 years
following the licensure of palivizumab in 1998 and included 25 “breakthrough”
recipients (i.e., from patients that received palivizumab but still had RSV infec-
tions). Taken together, these datahave established the broad reactivity of palivizumab.
RSV mutants resistant to palivizumab or its parental murine counterpart have been
generated in culture or in immunosuppressed cotton rats (Beeler and Coelingh
1989; Crowe et al. 1998a; Zhao et al. 2004; Zhao and Sullender 2005), and palivi-
zumab likely exerts a selective pressure on RSV in treated infants (DeVincenzo
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et a. 2003, 2004). However, in studies to date, in the patients that received mAb
but were hospitalized due to breakthrough RSV disease in mAb, there does not
appear to be arapid selection of viral mutants that are resistant to the mAb, and the
monitoring of clinical isolates has not detected the appearance of palivizumab-
resistant vira strains in the human population. It is possible that the decreased fit-
ness of some of these variants would preclude their dissemination in the population
(Zhao et al. 2006). However, at present, the clinical significance and relevance of
mAb-resistant variants remain largely unknown.

3.4 The Recognition Site of Palivizumab

The F glycoprotein is one of the two major surface proteins of RSV. This homotrimeric
protein, initialy synthesized as an inactive precursor (F), is cleaved during its matura-
tion processinto two disulfide-linked chains (F, and F,; Collinsand Mottet 1991). Once
activated by cleavage, the protein alows the viral and infected cell membranes to fuse,
and thusit promotes the formation of syncytia(Walsh and Hruska 1983). The F protein
congtitutes a prime antibody target for neutralizing vird infectivity (Merz et a. 1980;
Murphy and Walsh 1988) because of its high degree of conservation both between and
within RSV subtypes (Johnson et a. 1987; Lopez et al. 1988).

Severa techniques have enabled the mapping of neutralizing epitopes on the sur-
face of the RSV F protein. For instance, competition between the various neutralizing
antibodies for binding to RSV has enabled the broad definition of distinct antigenic
sites, and this has led to the recognition of at least three major antigenic areas on its
surface (A, B, and C; Bedler and Coelingh 1989). Further definition of specific bind-
ing sites has come from studying the interaction of the antibodies with F-derived
peptides or protein fragments (Trudel et al. 1987; Lopez et a. 1990; Bourgeois et al.
1991; Martin-Gallardo et a. 1991). Another approach to map the epitopes has come
from analyses of the sequence changes in the virus following the generation of mAb-
resistant mutants of RSV (MARMS) in cell culture. The amino acid sequences of the
mutants have reveal ed sequence changes in the protein that regulate antibody binding
(Beeler and Coelingh 1989; Garcia-Barreno et a. 1989; Arbiza et al. 1992; Lopez et
a. 1998). Combined, these studies have identified at least five distinct neutralizing
antigenic sites on the surface of the F protein (1, 11, IV, V, and V1), asshown in Fig. 1.
Attempts to correlate these sites to the three previoudly defined antigenic areas
revealed that the antigenic areas A, B, and C comprised components of antigenic sites
I, 1, and IVIVIVI, respectively.

Much of our current knowledge regarding the epitope of palivizumab and its
parental murine counterpart has been derived from competitive binding analysis of
mAbs to RSV and through the generation of MARMS. These approaches indicated
that at least part of the epitope bound by palivizumab mapped in the F, subunit of the
RSV F glycoprotein to the antigenic area A (Bedler and Coelingh 1989) and involved
residues at positions 272 and 275, using the amino acid numbering of the full-length
F, form (Crowe et al. 1998a; Zhao et a. 2004; Zhao and Sullender 2005). These
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Fig. 1 Location of neutralizing epitopes within the primary structure of the RSV F glycoprotein.
Amino acid numbers are for the full-length F, form. Residues 1-20, 21-136 and 137-574 corre-
spond to the signal peptide, F, and F, subunits, respectively (according to GeneBank entry
BAA00240). Antigenic sites are centered around (vertical arrow), or spanning (boxesin black) the
positions at which mutations are known to occur in the corresponding MARMs. Residues critical
for the interaction of the RSV F protein with palivizumab are underlined

residues corresponded to antigenic sitell (Crowe et al. 1998b). The spatial location
of the antigenic area recognized by palivizumab can be broadly defined, even
though no X-ray or nuclear magnetic resonance (NMR)-derived three-dimensional
structure of the RSV F protein has been reported. A three-dimensional model of RSV
F protein exists, and this has revealed a cone-shaped structure consisting of three
regions, namely head, neck, and stalk (Smith et al. 2002). Based on this model, the
epitope of palivizumab is located on the exterior of the neck of the F protein. This
finding isin good agreement with studies of the complex of RSV F protein and vari-
ous monoclonal antibodies by electron microscopy, which showed that sitell is
located near the base of the F protein head (Calder et a. 2000).

However, despite the body of knowledge regarding the epitope of palivizumab, the
molecular mechanism by which this antibody neutralizes RSV has yet to be elucidated.
V arious hypotheses have been suggested, which include the inhibition of the binding of
the F protein fusion domain to the infected cell or the prevention of the structural rear-
rangements of the F protein required prior to fusion (Johnson et a. 1999).

3.5 Comparison of Palivizumab with Other
Monoclonal Antibodies

Over the years several other anti-RSV monoclonal antibodies have been devel oped
to prevent RSV infections. Among these, RSHZ19 (also referred to as SB 209763),
is a humanized 1gG1/x developed by Glaxosmithkline. The epitope of RSHZ19 is
distinct from, though functionally overlapping with, that of palivizumab (Johnson
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et al. 1999). RSHZ19 exhibited both a curative and prophylactic effect in RSV-
infected mice by binding to a neutralizing epitope on the RSV F protein (Tempest
et a. 1991). However, despite these promising early results and an established
safety profile in human (Everitt et al. 1996), in aclinical phase Il study RSHZ19
failed to significantly protect high-risk infants against RSV infection. A direct
comparison has indicated that the lack of efficacy of RSHZ19 in humans likely was
due to an overal 2- to 5-fold lower potency than palivizumab in the inhibition of
RSV replicationin vivo, the binding affinity to RSV F protein, and microneutraliza-
tion and inhibition of fusion (Johnson et al. 1999).

HNK20 is amouse monaoclonal IgA that is directed against the RSV F glycopro-
tein that was developed by OraVax. Administration of the mAb to the upper airway
of monkeys resulted in high titers of the neutralizing IgA in both serum and nasal
secretions, and the mAb also significantly reduced virus shedding (Weltzin et al.
1996). However, in aclinical phase 1l trial no significant prophylactic effectiveness
was seen in humans, and development of HNK 20 was apparently discontinued.

The use of phage display technology has led to the identification of fully human
Fab fragments that are directed against neutralizing epitopes on the RSV F glyco-
protein (Barbas et al. 1992). One such Fab (Fab19) showed potent neutralization of
RSV in vitro. Upon intranasal administration to RSV-infected mice, the Fab
potently neutralized the virus and decreased lung RSV titers (Crowe et a. 1994).
The authors of this work suggested that this Fab might be used for the short-term
prophylaxis of RSV diseasein high-risk individuals via direct nasal administration.
Another Fab (Fab RSVF2-5) exhibited broad activity in neutralizing RSV sub-
types A and B and also showed significant therapeutic efficacy upon intranasal
ingtillation on RSV-infected mice (Crowe et al. 1998b). However, none of these
antibodies or antibody fragments has yet progressed into clinical testing.

In summary, despite a significant interest and active efforts in the targeting of
RSV in both hiotechnological and academic settings, palivizumab remains the only
monoclonal antibody approved for the prevention of serious RSV-related lower
respiratory tract infection in high-risk infants and young children.

4 Development of Motavizumab

The successful development of RSV-IGIV and palivizumab has vaidated the
approach of immunoprophylaxis for the prevention of RSV infection. The improved
potency of palivizumab over RespiGam has resulted in a dramatic reduction in
monthly dosing of 1gG, from 750 mg/kg to 15 mg/kg, while maintaining similar
clinica efficacy. Thelower dose made it possible to formulate the drug (at 100 mg/ml)
for intramuscular administration. Although RespiGam and palivizumab have success-
fully reduced RSV hospitalizations for infants and young children at high risk (as
discussed in earlier sections), a question remains whether this clinica efficacy could
be improved. One way to better protect these patients would be to increase the pro-
phylactic dose; however, thislikely would require a formulation concentration much
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higher than 100 mg/ml (for intramuscular administration), which has not been easy
to achieve. Alternatively, an antibody with higher potency than palivizumab might
protect more patients from RSV infection; we have adopted this approach.

Following the licensure of palivizumab in 1998, several strategies were under-
taken to develop a more effective neutralizing mAb against RSV. Cutting-edge
technologiesin the antibody field have been employed; these include phage display,
hybridomas from transgenic mice expressing human antibodies, and protein engi-
neering by directed evolution. Though human antibodies against the RSV F protein
have been successfully identified through the first two approaches, none of the
resulting mAbs has shown an enhanced ability to neutralize virus over that seen
with palivizumab. In contrast, as outlined below, engineering of palivizumab has
been successful in improving the activity of the mAb. In spite of several unexpected
outcomes that had to be addressed, the final candidate, motavizumab, has improved
potency over palivizumab both in vitro and in vivo.

Our firgt step in engineering palivizumab was to restore the parenta LCDR1
sequence. In previous studies, due to a synthetic error in the humanization process,
four random, nonhuman, nonmouse residues (KCQL) were introduced in LCDR1
instead of the original SASS residues (Johnson et a. 1997). Although these residues
did not appear to impact the affinity significantly and the free cysteine did not pose
problemswith antibody production, we decided to revert these to the original sequence.
In addition, we mutated two murine residues in the palivizumab sequence to human
residues (A105Q on the heavy chain and L104V on the light chain). Previoudy, the
murine residues were retained based on the molecular modeling that implicated their
potential involvement in F protein binding. However, after the changes were made, we
did not observe any significant changesin antibody affinity, which indicatesthat A105
and L104 are unlikely to be involved in binding. The engineered antibody, 493L 1FR,
has a fully human framework sequence and similar binding affinity to F protein as
palivizumab. It was used as a starting template for subsequent affinity maturation
engineering (Wu et a. 2005). All residues discussed in this article are numbered
according to the Kabat numbering system (Kabat et a. 1991).

4.1 Improvement of Dissociation Rate
and Its Impact on Viral Neutralization

In nature, high-affinity antibodies are generated by multiple rounds of somatic hyper-
mutation followed by preferential B cell clona selection. We have developed a
directed evolution approach that mimics this natural process. Point mutations were
generated in the CDR regions by an approach of oligonucleotide-based mutagenesis.
Variants in the Fab format were expressed in Escherichia coli and an ELISA-based
screening procedure was developed to select for beneficial mutations that enhanced
the affinity. Combinatorial libraries that included the beneficial point mutations were
constructed and then subjected to another round of selection (Wu et a. 1998). In a
period of about 3 months, many beneficial point mutations were identified and
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severa high-affinity combinatorial variants were selected (Wu et a. 2005). These
point mutations are located at four CDR positions: S32A and S32P at heavy chain
CDR1 (HCDR1), W100F at heavy chain CDR3 (HCDR3), S52F and S52Y at light
chain CDR2 (LCDR2), and G93F, G93Y, and G93W at light chain CDR3 (LCDR3).
Affinity measurements of these variants in Fab format by the BIAcore biosensor
showed a three- to sevenfold increase in binding to F protein when compared with
493L 1FR Fab. The best combinatorial Fab variants (K, 37 to 45 pM) contained three
or four beneficial mutations and exhibited a>117-fold higher affinity than the palivi-
zumab Fab (K, 5.25 nM). The &ffinity improvement observed in these variants (both
single-mutation and combinatorial variants) islargely driven by adecreasein the dis-
sociation rate (K ,,).

To characterize the antiviral activities of thesek , variants, we used an assay that
measures RSV microneutralization (Anderson et al. 1985; Johnson et al. 1997). The
neutralization titers (IC, ) of the combinatorial Fab variants ranged from 1.43 to
4,98 nM (0.0715 to 0.249 pg/ml) and were 110- to 384-fold more potent than pal-
ivizumab Fab (IC,, 549.2nM or 27.46 ug/ml) (Wu et a. 2005). In vitro we
observed an excellent correlation between the affinity and the ability to neutralize
virus among the single-mutation and combinatorial Fab variants. However, upon
conversion of these Fab variants into |gGs we encountered unexpected results. We
observed little to no improvement in the ability of these IgGs to neutralize RSV
over that observed for palivizumab 1gG. The IC_ values of the variants ranged from
2.04 to 3.47 nM (0.306 to 0.521 pg/ml) versus that of 3.02 nM (0.453 pug/ml) for
palivizumab IgG (Wu et al. 2005). Our results showed that the palivizumab, when
converted from the Fab to 1gG format, had a 182-fold increase in in vitro potency
(IC,, decreased from 549.2 nM to 3.02 nM). In contrast, when the palivizumab-
derived variants were converted to 1gG, there was no enhancement in potency. Itis
not clear why the palivizumab in vitro potency dramatically increases upon conver-
sion from Fab to IgG format, yet that of itsk , variants do not. These results cannot
be explained by an avidity effect that arises from bivalent IgG binding sincethe K|
(andk ;) of palivizumab improved only very marginally upon conversionto IgG. In
addition, the combinatorial variant AFFF IgG, while having an approx. 2 log higher
avidity than palivizumab, only showed aminimal increase in potency. To decipher
this, a clear understanding of the mechanism at the molecular level for RSV neu-
tralization by palivizumab (and its variants) is necessary.

4.2 Improvement of Association Rate and Its | mpact
on Viral Neutralization

Although studies have shown that k -driven affinity maturation improves biological
function (reviewed in Chowdhury and Wu 2005), this strategy did not work for our
anti-RSV mAb. We decided to explore an alternative strategy by which we would
engineer association rate (k) and study itsinfluence on RSV neutralization. For this
purpose we developed anovel k  ELISA screen (Wu and An 2003; Wu et al. 2005).
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To favor high k  selection, the interaction time between antibody and antigen was
reduced to 10 min. In addition, the number of washes and washing time were
reduced to minimize the impact of antibody—antigen complex dissociation (3 washes
in <30s). The best k , variant based on viral neutralization, AFFF, was chosen as
the starting template. AFFF contains four beneficia k , mutations located at four
CDRs (S32A in HCDR1, W100F in HCDR3, S52F in LCDR2, and G93F in
LCDR3) (Fig. 2). We applied an iterative mutagenesis and screening strategy to
gradudly increase the k . Altogether, about ten CDR mutation libraries including
single, double, and combinatorial mutations were constructed and screened. In con-
trast to the k ,, mutations that improved the off rate 3.7- to 7.8-fold, we found that
each k  mutation only produced about a 20%-80% increase in the on rate.

Beneficial single k . mutations were identified across all CDR loops, and the best
combinatorial variantstypically contained about 7-13 k  mutations. These combina
torial variants in the Fab format exhibited an approx. 4- to 5-fold increase in k and
2- to 13-fold improvement in k . over palivizumab Fab (Wu et a. 2005). Although
the starting clone AFFF had an approx. 2 log,, improvement ink ., during the process
some of the beneficial k ,, mutations ended up being replaced with mutations that
dteredk . We subsequently evaluated thesek | Fab variantsin an RSV microneutrali-
zation assay and found that they had a vastly improved ability to neutralize virus and
the activity observed in these k| variants was substantialy greater than that of k
variants. For example, the best k . variant AFFF Fab has a 384-fold improvement
whilethek  variants A17d4, A12a6, and A13c4 (see Wu et a. 2005 for sequences)
have a 1,000- to 1,534-fold improvement. Most importantly, unlike the k , variants,
when these k| variants were converted from Fab to 1gG they retained much higher
potency than that of palivizumab IgG. In addition, unlike palivizumab, some, but not
al, of the converted k | variants showed a 3- to 13-fold improvementink . (over their
Fab counterpart) due to the increased avidity of the IgG over the Fab. Following these
rounds of this genetic manipulation, the best full-length antibody in terms of ability
to neutraize virusis Adb4 (Fig. 2). Adb4 1gG hasa 27 pM avidity to RSV F protein,
which is 125-fold better than palivizumab. It neutralizes RSV in tissue culture with
an|C,, of 69 pM; thisrepresents a44-fold improvement in potency over palivizumab.
Our findings also indicatethat k , of amAb can play adominant rolein the neutraliza-
tion of RSV, particularly when the antibody is in an 1gG format. This may be
explained in part by the likelihood that higher k  antibodies bind to the virus more
quickly and thus neutralize it before it has a chance to infect cells.

4.3 Characterization of Palivizumab Variants: Viral
Neutralization, Pharmacokinetics, and Biodistribution

Several of thetop k  variants that had a 12- to 44-fold improvement in the ability to
neutralize RSV in vitro were further evaluated in an immunoprophylaxis modd in
cotton rats (Wu et . 2007). To our surprise, we did not observe the anticipated efficacy
improvement to the extent predicted by the in vitro potency of the mAb. In a dose
titration study even the best variant, A4b4, achieved only aroughly twofold improvement
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Fig. 2 Amino acid sequence aignment of the variable regions of palivizumab, AFFF (k , variant),
Adb4 (k , variant), and motavizumab. Residues are numbered according to the Kabat numbering
system (Kabat et a. 1991). CDR regions as defined by Kabat are underlined

in dose efficacy over palivizumab. When both mAbs were given at the same dose,
A4b4 reduced lung vira titers about 3-5 times more effectively than palivizumab.
A pharmacokinetic study of A4b4 in cotton rats showed that it had rather poor proper-
ties. In a comparative study that included A4b4, AFFF, and palivizumab, 6 days after
intramuscular administration, the serum levels of A4b4 had dropped to levels 5-fold
lower than those of palivizumab, and after 10 daysthese were 50-fold lower (Wu et al.
2007). In contrast, AFFF behaved very similarly to palivizumab. We also compared the
lung biodistribution of these antibodies. Again A4b4 was different and the levels were
substantialy lower in lung homogenates and bronchia alveolar lavage (BAL) fluid
than those of palivizumab or AFFF. Adb4 was further tested in mice and cynomolgus
monkeys, and again poor pharmacokinetic properties and lower distribution into the
lung were observed. The poor pharmacokinetic and bioavailability properties of Adb4
probably explain the initial apparent discrepancy between the observed potency in
vitro and results for ability to neutralize virusin vivo.

To explore the reasons for the poor in vivo properties of A4b4, weinvestigated the
stability of Adb4 in circulation, the immunogenicity against A4b4 in cotton rats, and
aso looked for nonspecific binding of the mAb to various tissues. Our studies ruled
out the first two causes; however, our immunohistochemical analyses reveaed that
A4b4 stained a broad array of tissues, including lung, liver, spleen, skeletal muscle,
intesting, and skin from normal human and cotton rat, and lung tissues from cynomolgus
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monkey and chimpanzee (Wu et al. 2007). Such broad cross-reactivity may result in
the rapid removal of A4b4 from blood circulation and may also cause the low lung
bioavailability. Such cross-reactive binding has not been observed with palivizumab.

4.4 I mprovement of the in vivo Properties
of Palivizumab Variant Ad4b4

Since A4b4 was built upon AFFF through the engineering of k , and AFFF was
found to have pharmacokinetic and biodistribution properties that were similar to
palivizumab, it was likely that some of the k = mutations (in the context of the
remaining k . mutations) in A4b4 contributed to the broad tissue binding, and hence
negatively affected the pharmacokinetic and biodistribution properties of the mAb.
Since these k ,, mutations were distributed among the heavy and light chain CDRs,
we generated chain-swapped variants in which we paired the palivizumab heavy
chain (HC) with the A4b4 light chain (LC), and palivizumab LC with A4b4 HC.
The lung bioavailability of both variants together with A4b4 and palivizumab was
assessed in cotton rats. Only the antibodies that contained the A4b4 LC had poor
distribution to the lung, thus indicating that mutations on A4b4 LC played arolein
this poor biodistribution. Subsequently, we engaged in a thorough mutagenesis
study of these mutations (located at LC positions 29, 52, 53, and 55) for their
impact on the in vivo properties (Wu et al. 2007). Point mutations were generated
to revert each position respectively to the palivizumab sequence. A4b4 LCs con-
taining each of these reverse mutations were coexpressed with the A4b4 HC, and
the resultant antibodies were tested for their ability to neutralize RSV in tissue
culture and were also assessed for their lung bioavailability in cotton rats. In
addition, individual mutations were made on the 493L1FR LC to the A4b4 residue
(S29R and S52F), and these mutated 493L1FR LCs were coexpressed with the
A4b4 HC. The resultant molecules were also tested both in vitro and in vivo. From
these studies, we found two molecules that displayed properties for lung biodistri-
bution that were similar to those of palivizumab; these molecules were also very
potent in viral neutralization. These two leads were tested further for their pharma-
cokinetic and biodistribution properties in cynomolgus monkeys. Only one of the
leads exhibited properties that were comparable to palivizumab; it comprised
the A4b4 HC and a mutated 493L1FR LC containing a S29R forward mutation.
This clone, motavizumab, was selected as the final clinical candidate.

45 Motavizumab: A Second-Generation Anti-RSV mAb

Motavizumab (also known as MEDI-524) contains six CDR changes and one frame-
work change in the HC and five CDR changes and one framework changeinthe LC
compared to its parent palivizumab (Fig. 2). The binding affinity of motavizumab
(K, 34.6 pM) for RSV F protein is about 70-fold greater than palivizumab, and it
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has a 6-fold faster k  and an 11-fold slower k  than its parent (Wu et a. 2007).
Motavizumab is about 20 times more potent than palivizumab in the neutralization
of RSV in tissue culture. Studies that followed the ability of the mAbs to protect
cotton rats from RSV infection showed that, at equivalent doses, motavizumab
reduced RSV titersin the lung 10-100 times more than palivizumab (depending on
the RSV strain). Furthermore, at adose of 2 mg/kg, motavizumab reduced the RSV
titers in nasal turbinates by 2.8 log,, while palivizumab reduced titers by only
0.7 log,,. These results indicate that this new anti-RSV antibody likely will give rise
to improved vira neutralization in both the upper and lower respiratory tracts in
humans. Motavizumab will thus potentialy provide an efficacy superior to that of
palivizumab in the prevention of severe RSV illnessin high-risk infants and children.
Such efficacy studies are currently being carried out in pivotal clinical trials. The
results from the phase | and |1 trials have shown that the drug is safe. Moreover, in a
preliminary analysis of data from the comparative phase I11 pivotal study (data not
shown), motavizumab achieved its primary endpoint of noninferiority by reducing the
incidence of hospitalizations caused by RSV in infants at high risk for serious RSV
disease by 26% when compared to palivizumab. The data aso indicate that motavi-
zumab showed statistical superiority over paivizumab in a secondary endpoint by
reducing the incidence of RSV -specific, medically attended outpatient lower respira-
tory infection by 50%. If these results hold true we will have validated, for the first
time, an affinity maturation approach to improve mAb efficacy for human therapy.

5 Long-Lasting Anti-RSV mAb: Numax-YTE

Both palivizumab and motavizumab have acirculation haf-life of up to 3 weeks; thus
they need or will need to be administered monthly in order to maintain effective 1gG
levels to prevent RSV infection. To cover the RSV season in any of the geographic
locations where the disease is seen, several monthly injections are necessary. Thusto
ensure full protection for high-risk infants, full compliance will be needed with
monthly visits to the doctors' office.

Recent studies have shown that the neonatal Fc receptor (FcRn) plays akey role
in maintaining the serum 1gG level (reviewed by Junghans 1997; Ghetie and Ward
2000). This receptor is responsible for the long serum half-life observed with IgG.
Binding of 1gG to FcRn is pH dependent. It binds tightly at pH 6 and exhibits
amost no binding at pH 7.4. This property of pH-dependent binding enables IgG
recycling to occur in which IgGsin circulation are taken up into cells by pinocyto-
sis. Following uptake, 1gGs that bind to FcRn in the acidic endosomes are recycled
to the cell surface and then released back into the circulation. 1gGs that do not bind
FcRn enter the lysosomal pathway and are degraded by proteases. Based on this
mechanism, one can hypothesize that an engineered 1gG with a higher affinity to
FcRn at pH 6 than wild-type 1gG, but still with no detectable binding at neutral pH,
should compete favorably with wild-type 1gG for FcRn binding and hence have a
longer half-life (better recycling).
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To improve the half-life of our therapeutic antibodies, we have engaged in engi-
neering the human Fc region for improved affinity to human FcRn at pH 6. Through
rationally designed libraries and phage display selection, we have identified variants
with up to 57-fold increases in affinity (Dall’ Acqua et a. 2002). One of the Fc vari-
ants has been further characterized as a variant of motavizumab. The Fc changes
consisted of atriple substitution, M252Y /S254T/T256E (EU numbering; Kabat et al.
1991), in the CH2 region of motavizumab. The engineered antibody, named Numax-
YTE (aternatively MEDI-524-YTE or MEDI-557), has approx. a tenfold higher
afinity to human FcRn at pH 6 compared to motavizumab, but has almost no detect-
able binding to human FcRn at pH 7.4. It shows similar binding properties to
cynomolgus monkey FcRn. The pharmacokinetic and biodistribution properties of
this molecule were tested in cynomolgus monkeys (Dall’ Acqua et a. 2006). In these
animals, Numax-YTE consistently showed a fourfold increase in serum haf-life
compared with the parental motavizumab. Furthermore, the sustained serum 1gG lev-
esresulted in afourfold increase in lung bioavailability of the Numax-Y TE. We plan
to test Numax-Y TE in humans to determine whether this favorable pharmacokinetic
profileis retained. If successful, Numax-Y TE may offer the opportunity for less fre-
quent dosing. It may also be possible to develop a long-lasting anti-RSV mAb that
requires administration only once or twice per season for full protection, through a
combination of increased half-life and further potency improvement, together with a
higher dose of mAb. This may improve the prevention of RSV by improving both
efficacy and compliance. Importantly, if this long-half-life Y TE technology is vali-
dated in humans, it can be applied broadly to many other therapeutic antibodies and
will likely revolutionize the field of antibody therapy.

6 Conclusions

In the past two decades, there has been immense growth in novel antibody technol-
ogies, enabling researchers to readily generate highly specific and high-affinity
antibodies against almost any disease target and to further manipulate antibody
properties beyond their natural limitations. In this report we summarize our efforts
in developing anti-RSV antibodies using the most advanced tools available. In our
study, through mutagenesis of the mAb sequence, we were able to engineer both the
invitro and in vivo properties of the antibody, including affinity, tissue cross-reactiv-
ity, and serum half-life. We have found that thereis amajor differential effect on the
neutralization of RSV caused by the on and off rate of the mAb, with the on rate
playing a dominant role. In addition, our engineering of the pH-specific binding
properties of the antibody Fc domain to FcRn has led to an increased antibody serum
half-life by a few fold in a primate model. Its application to RSV intervention may
lead to the development of a vaccine-like immunoprophylactic agent in terms of its
potential prolonged effect of protection. Similarly, this half-life extension technol-
ogy can be used to generate long-lasting antibody therapeutics for other diseases.
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Abstract West Nile virus (WNV) infection of mosquitoes, birds, and vertebrates
continues to spread in the Western Hemisphere. In humans, WNV infects the central
nervous system and causes severe disease, primarily in the immunocompromised
and elderly. In this review we discuss the mechanisms by which antibody controls
WNYV infection. Recent virologic, immunologic, and structural experiments have
enhanced our understanding on how antibodies neutralize WNV and protect against
disease. These advances have significant implications for the development of novel
antibody-based therapies and targeted vaccines.
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1 West NileVirus

West Nile virus (WNV) is an enveloped, arthropod-borne RNA virus of the
Flaviviridae family. Isolated in 1937 in the West Nile district of Uganda from a
woman with an undiagnosed febrile illness (Smithburn et al. 1940), WNV is closely
related to a group of viruses that cause disease globally. The genus Flavivirus is
composed of 73 viruses, approx. 40 of which are associated with severe human
diseases, including dengue (DENV), yellow fever (YFV), Japanese encephalitis
(JEV), and tick-borne encephalitis (TBE) viruses (Burke et al. 2001). Based on
antibody cross-neutralization patterns, WNV shares a serocomplex with the closely
related JEV, Saint Louis (SLEV), and Murray Valley (MVEV) encephalitis viruses
(Brinton 2002; Lindenbach et al. 2001). WNV cycles enzootically between Culex
mosquitoes and birds, although it also can infect and cause illness in a range of
vertebrate species including humans and horses (Hayes et al. 2005a; Kile et al.
2005; Miller et al. 2003). These vertebrate animals act as dead-end hosts and gener-
ally do not contribute to virus spread or evolution in nature because infection in
nonavian species results in a low-level, transient viremia that is generally insuffi-
cient for infection of mosquitoes (Hubalek et al. 1999a).

Historically, WNV caused sporadic outbreaks of a mild febrile illness in regions
of Africa, the Middle East, Asia, and Australia. However, in the 1990s the epide-
miology of infection appeared to change. New outbreaks in parts of Eastern Europe
were associated with higher rates of severe neurological disease (Hubalek et al.
19993, b). In 1999, WNV entered North America and caused seven human fatalities
in the New York area as well as the deaths of a large number of birds and horses.
Over the last 7 years WNV has spread throughout the continental United States, as
well as to parts of Canada, Mexico, the Caribbean, and Central and South America
(Deardorff et al. 2006; Komar et al. 2006). Nucleotide sequencing separates WNV
strains into two major lineages (Lanciotti et al. 2002). Lineage | viruses are emerg-
ing globally, and subsets of these strains have been associated with severe human
and avian disease (Beasley et al. 2002b; Brault et al. 2004). In contrast, lineage Il
viruses isolated from central and southern Africa and parts of Asia have not been
associated with severe human disease (Berthet et al. 1997; Jupp 2001). Because of
the increased range of WNV, the number of human cases has continued to rise.
During an epidemic the seroconversion rate within the affected human population
is estimated at approx. 3% (Mostashari et al. 2001; Petersen et al. 2003; Tsai et al.
1998) and the incidence of severe disease is approx. 7/100,000 (Huhn et al. 2005).
Overall, only a small percentage of humans (1/150) with WNYV infection develop
severe neurological disease, which can include cognitive dysfunction, ocular mani-
festations, meningitis, encephalitis, and flaccid paralysis (Hayes et al. 2005b;
Petersen et al. 2003; Sejvar et al. 2003). Neuroinvasive WNYV infection results in
roughly 10% mortality, and long-term neurological dysfunction is commonly
observed (Davis et al. 2006¢; Sejvar et al. 2006). In the United States between 1999
and 2006, approx. 23,000 cases were diagnosed and associated with 880 deaths.
However, the spectrum of disease may be much larger. In 2003 alone, based on
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screening of blood-bank samples, there were an estimated 730,000 undiagnosed
infections (Busch et al. 2005). No vaccines or specific therapies for WNV infection
are currently approved for human use.

WNV is composed of an approx. 11-kb single-stranded, positive-polarity RNA
genome encoding a single open reading frame (ORF) bracketed by 5" and 3’ non-
translated regions (NTRs). The NTRs contain conserved sequences and predicted
secondary structures that provide signals for negative strand synthesis, genome
amplification, translation, and packaging (Lindenbach et al. 2001). WNV genomic
RNA is translated as a single polyprotein that is both co- and post-translationally
cleaved by host and viral proteases into three structural and seven nonstructural
(NS) proteins (Nowak et al. 1989). The N-terminal one-third of the WNV genome
encodes the viral structural proteins capsid (C), membrane (prM/M), and envelope
(E), which are involved in viral assembly, host cell binding, and entry. The remain-
ing C-terminal region encodes the seven NS proteins (NS1, NS2A/B, NS3, NS4A/
B, and NS5) involved in viral transcription, RNA replication, and attenuation of
host antiviral responses. NS1 is a cofactor activity for the viral replicase (Khromykh
et al. 2000; Lindenbach et al. 1999), it is secreted from infected cells (Winkler et al.
1988; Winkler et al. 1989), and recent studies suggest it may have immune-evasive
function (Chung et al. 2006a). NS2A inhibits interferon (IFN) responses and may
participate in virus assembly (Liu et al. 2004, 2005, 2006; Munoz-Jordan et al.
2003). NS2B is a cofactor required for NS3 proteolytic activity and contributes to
antagonism of IFN responses (Liu et al. 2005). NS3 has protease, NTPase (nucleoside
5’ triphosphatase), and helicase activities (Khromykh et al. 2000; Liu et al. 2003).
NS4A and NS4B can block IFN-mediated signal transducer and activator of tran-
scription (STAT) signaling (Liu et al. 2006; Munoz-Jordan et al. 2003, 2005). NS5
encodes the RNA-dependent RNA polymerase and methyltransferase, and may
independently antagonize antiviral IFN responses (Best et al. 2005; Egloff et al.
2002; Khromykh et al. 1999; Lin et al. 2006; Yusof et al. 2000).

WNV infection occurs following cellular attachment and receptor-mediated
endocytosis. Although both dendritic cell-specific intercellular adhesion molecule 3
grabbing nonintegrin (DC-SIGN)-R and the o 3, integrin have been implicated as
WNV attachment ligands (Chu et al. 2004a; Davis et al. 2006b), the cellular recep-
tors for WNV on physiologically relevant cell types such as neurons remains poorly
understood. Cellular entry appears to require the formation of clathrin-coated pits
(Chu et al. 2004b). Following a pH-dependent conformational change in the E protein
(Modis et al. 2004; Zhang et al. 2004), the viral and endosomal membranes fuse,
releasing the viral nucleocapsid into the cytoplasm (Allison et al. 1995; Gollins et al.
1986a). Upon nucleocapsid release, viral RNA associates with endoplasmic reticu-
lum (ER) membranes and is translated. Translation is a prerequisite for generating
a negative-strand RNA intermediate that serves as a template for nascent positive-
strand genomic RNA synthesis (Mackenzie et al. 2001). Flaviviral RNA synthesis
is semi-conservative and asymmetric, as positive-strand RNA genome production
is about ten times more efficient than negative-strand synthesis (Brinton 2002).
Positive-strand RNA is either packaged within progeny virions or used to translate
additional viral proteins. WNV assembles and buds into the ER to form enveloped
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immature particles containing the prM protein. Following transport through the
trans-Golgi network, furin-mediated cleavage of prM to M generates mature, 500-
A infectious virions that are released by exocytosis (Elshuber et al. 2003; Guirakhoo
et al. 1992; Stadler et al. 1997).

WNV is an emerging human and animal pathogen and a member of a family of
viruses that causes significant disease. Intensive study has increased our under-
standing of WNV pathogenesis and the immune responses required for protection
from severe neuroinvasive disease (Lim et al. 2006; Samuel et al. 2006a; Wang et al.
2004a). This review will focus on the recent advances in understanding the role of
antibody in protection from disease, the mechanisms of antibody-mediated WNV
neutralization, and the potential for development of vaccines and antibodies for
therapeutic use.

2 Pathogenesis and Immune Protection

The pathogenesis of WNV and the immune responses that prevent central nervous
system (CNS) dissemination are beginning to be characterized through studies in
small animal models. Following peripheral inoculation WNV is believed to initially
replicate in skin dendritic cells (DCs) (Johnston et al. 1996, 2000). These cells then
migrate to the draining lymph nodes (Byrne et al. 2001; Johnston et al. 2000),
where a new round of infection occurs that leads to a subsequent viremia and spread
to the visceral organs (e.g., kidney and spleen). Dissemination of WNV to the CNS
occurs shortly before clearance of infectious virus from peripheral tissues (Diamond
et al. 2003a). Infectious WNV is detected within the CNS at multiple sites includ-
ing the cerebral cortex, hippocampus, basal ganglia, cerebellum, brain stem, and
spinal cord (Chambers et al. 2003; Diamond et al. 2003a; Xiao et al. 2001). In most
animals, CNS infection occurs primarily in neurons and is associated with their
degeneration, loss of cell architecture, and apoptosis (Shrestha et al. 2003). However,
the mechanisms of WNV CNS seeding remain poorly understood. Earlier entry of
WNV in the CNS has been observed in mice exhibiting increased levels of viremia,
suggesting hematogenous spread may contribute to CNS seeding (Diamond et al.
2003c; Samuel et al. 2005). Yet, earlier viral invasion of the CNS has also been seen
in complement-deficient mice that have normal levels of viremia (Mehlhop et al.
2005, 2006). These studies suggest that additional soluble inflammatory factors
may affect blood-brain barrier (BBB) permeability and WNV CNS seeding.
Indeed, recent evidence has suggested tumor necrosis factor (TNF)-o-mediated
changes in BBB permeability can enhance WNV CNS seeding (Wang et al. 2004b).
Retrograde neuronal transport may also contribute to CNS dissemination
(Hunsperger et al. 2006). Clearly, additional studies are necessary to define the
precise mechanism(s) for spread of WNV to the CNS.

Experiments in small animals suggest that both innate and adaptive immune
responses are required to control WNV dissemination and disease. Type | IFN (o/B)
and its downstream effector molecules protein kinase (PK)R and RNAse L are critical
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components of the innate immune response to WNV infection (Samuel et al. 2005,
2006b; Scherbik et al. 2006). Pretreatment of cells with type I IFN in vitro prevents
WNV infection (Anderson et al. 2002; Fredericksen et al. 2004; Keller et al. 2006;
Lucas et al. 2003; Samuel et al. 2005). Analogously, a deficiency of type | IFN
signaling in vivo results in increased viral replication, expanded tropism, and uni-
form lethality (Keller et al. 2006; Liu et al. 2005; Samuel et al. 2005). Similarly,
type Il IFN (IFN-y) produced by v8 T cells also limits peripheral viral replication
and early WNV dissemination into the CNS (Shrestha et al. 2006b; Wang et al.
2003a). Additional innate immune responses, including toll-like receptor 3 (TLR3)
and 2’5’ oligoadenylate synthetase activities, also regulate WNYV infection in vivo
(Mashimo et al. 2002; Perelygin et al. 2002; Wang et al. 2004b). Development of
antiviral adaptive immunity is also necessary for protection from disease, as pas-
sive transfer of immune antibody protected wild-type and B cell-deficient mice
from lethal WNV challenge. However, antibody alone did not eradicate infection
in RAG1-deficient hosts, which lack both B and T cells (Diamond et al. 2003a;
Engle et al. 2003), indicating T cells likely have a critical role limiting severe
WNV disease. Indeed, mice lacking either B cells or CD8* T cells exhibited
increased viral burden and lethality following peripheral WNV infection (Diamond
et al. 2003a; Shrestha et al. 2004; Wang et al. 2003b). Cytolytic T cell responses
are required for clearance of WNV infection, as persistence within the CNS was
observed in mice that lacked either classical class | MHC or perforin molecules
(Shrestha et al. 2006a; Wang et al. 2004c). Antibody responses may also contrib-
ute to viral clearance in the CNS (Griffin et al. 2001; Levine et al. 1991), as pas-
sive transfer of a potently neutralizing mAb against WNV after CNS infection
protected mice and hamsters against lethal infection (Morrey et al. 2006; Oliphant
et al. 2005).

The priming of early effective neutralizing antiviral antibody responses is
crucial for control of severe WNV infection. In wild-type C57BL/6 mice, the
development of WNV-specific neutralizing IgM was consistently observed begin-
ning on day 4 after subcutaneous infection (Fig. 1; Diamond et al. 2003a;
Mehlhop et al. 2005, 2006). Mice lacking secreted IgM (slgM~") were highly
susceptible to lethal WNV infection and exhibited sustained viremia, earlier viral
entry into the CNS, and greater CNS viral accumulation (Diamond et al. 2003c).
Transfer of serum from wild-type to sigM~~ mice on day 4 after infection signifi-
cantly protected mice from lethal WNV infection. This suggested that early IgM
neutralizing antibodies were critical for control of WNV disease. Indeed, the
level of WNV-specific IgM in serum on day 4 after infection predicted disease
outcome in mice (Diamond et al. 2003c). Accordingly, immune deficiencies that
impair antibody priming also predispose to WNV susceptibility. Mice lacking the
C3 or C4 components of complement, or complement receptors 1 and 2, exhib-
ited blunted antiviral antibody priming and enhanced susceptibility to lethal
WNV infection (Mehlhop et al. 2005, 2006). Additionally, the absence of CD4*
T cells, class I MHC expression, or CD40 signaling decreased neutralizing anti-
viral antibody responses and survival rates after WNV infection (Sitati and
Diamond 2006; Sitati et al. 2007).
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Fig. 1 WNV antibody responses in C57BL/6 mice. The kinetics WNV-specific neutralizing anti-
body development are shown following subcutaneous inoculation of 8- to 10-week-old C57BL/6
mice with 102 plaque-forming units (PFU) of WNV. A Endpoint titers of WNV-specific IgM and
IgG were determined by ELISA. B WNV neutralizing activity of heat-inactivated serum was
assayed by classical plaque reduction neutralization (PRNT) assay

3 Structural Determinants of Antibody-Mediated WNV
Neutralization

The E glycoprotein is the major surface protein on the Flavivirus virion and is the
principal antigen that elicits protective neutralizing antibodies (Roehrig et al.
2001). However, a subset of neutralizing antibodies to flaviviruses may also recog-
nize the prM protein on the virion (Churdboonchart et al. 1991; Vazquez et al.
2002). Interestingly, antibodies to the nonstructural protein NS1, which is absent
from the virion, also are protective in vivo (Chung et al. 2006b). Antibody responses
to NS3 and NS5 have also been observed during WNV infection (Churdboonchart
et al. 1991; Valdes et al. 2000; Wong et al. 2003), although their functional signifi-
cance remains uncertain.

3.1 E Protein Structure and WNV Virion Composition

Recent studies of Flavivirus E protein structure have elucidated critical determi-
nants of antibody-mediated protection. The crystal structure of soluble E protein
has been determined for DENV, tick-borne encephalitis virus (TBEV), and WNV
(Bressanelli et al. 2004; Kanai et al. 2006; Modis et al. 2003, 2004, 2005; Nybakken
et al. 2006; Rey et al. 1995, 2003; Zhang et al. 2004). The E protein has three struc-
tural domains that mediate viral attachment, entry, and viral assembly (Fig. 2A).
Domain I (DI), the central structural domain, is an 8-stranded B-barrel that contributes
to the conformational changes that occur after exposure to acid pH in the endosome.
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Fig. 2 WNV E protein structure and neutralizing Fab fragment binding of the virion. A DI (red),
DIl (yellow), and DIII (blue) domains of monomeric WNV E protein as determined by X-ray
crystallography. The fusion loop (residues 98-110) is highlighted in green. B Pseudoatomic model
of the cryoelectron microscopic reconstruction of the WNV virion. The E16 structural epitope is
mapped in magenta. C Saturation binding of E16 on the WNV particle. E16 is predicted to bind
120 out of 180 potential epitopes with exclusion from the inner fivefold axis. D and E Magnified
regions of the boxed areas in panel C. (Reprinted with permission from Macmillan Publishers Ltd.
For details, see Nybakken et al. 2005, copyright 2005)

Domain I (DI) is a 12-stranded B-barrel that is involved in dimerization (Rey et al.
1995) and contains a highly conserved hydrophobic fusion-peptide that mediates
the class Il acid-catalyzed fusion event (Allison et al. 2001; Bressanelli et al. 2004;
Modis et al. 2004). Domain IIl (DIII) adopts an immunoglobulin-like fold and
contains a putative receptor-binding domain (Bhardwaj et al. 2001; Chu et al. 2005;
Rey et al. 1995). Short, flexible linkers connect the E protein domains and allow for
the conformational changes associated with virus maturation and membrane fusion.
Several unique characteristics of WNV E protein relative to other flaviviruses have
been identified by X-ray crystallography (Kanai et al. 2006; Nybakken et al. 2006).
In contrast to the dimeric forms of DENV and TBEV E proteins, WNV E protein
exists as a monomer in solution. Differences in the angle observed at the DI-DII
hinge between WNV and DENV suggest critical WNV E dimer contact residues
may be weaker or more easily disrupted. Nonetheless, WNV E proteins form dimers
on the surface of the mature virion (Mukhopadhyay et al. 2003). Additionally, the
single N-linked glycosylation site on E, which is essential for DC-SIGN-R recognition
(Davis et al. 2006b) and neurovirulence of WNV (Beasley et al. 2005; Shirato et al.
2004), is located on a unique o-helical segment in DI of WNV E in comparison to
other flaviviruses. Differences in the location of the glycosylation site may contrib-
ute to differences in viral tropism and pathogenesis among flaviviruses (Davis et al.
2006a; Hanna et al. 2005).

Understanding E protein structure in the context of WNV virion assembly has
provided fundamental insights into the potential mechanisms of antibody-mediated
neutralization. The glycoproteins on the surface of the 600-A immature Flavivirus
virion are organized into 60 asymmetric trimeric spikes of prM-E heterodimers
(Zhang et al. 20033, b). At the apices of the spikes, prM caps the fusion loop of E
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(Roehrig et al. 1990), presumably to prevent premature fusion as the virus passes
through the acidic secretory pathway (Heinz et al. 1994a, b). A membrane proximal
furin-catalyzed cleavage releases the N-terminal pre-peptide from prM (Stadler
et al. 1997; Wengler 1989) allowing the transition from trimeric prM-E heterodim-
ers to E homodimers found in the mature 500-A enveloped virion (Mukhopadhyay
et al. 2003; Zhang et al. 2003b, 2004). Cryoelectron microscopy (cryoEM) has
shown that in the mature virus head-to-tail homodimers of E form a smooth icosa-
hedral protein shell over the lipid bilayer in a “herringbone” pattern that defines
three repeating environments. The twofold, threefold, and fivefold axes of symme-
try are defined by the dimerization of E, and radial arrangement of DI and DIII,
respectively (Kuhn et al. 2002; Mukhopadhyay et al. 2003). Antibody recognition
or receptor binding may occur in different symmetry environments, resulting in
differential occupancy of the virion. This likely has functional consequences for the
recognition of viral particles by different cell types and the immune system.

3.2 ldentification of Neutralizing Epitopes

The antigenic domains of Flavivirus E proteins were initially characterized by
mapping and competition experiments with monoclonal antibodies (mAbs)
(reviewed in Roehrig et al. 2001). These studies identified three antigenic
domains (C, A, and B), which were later correlated with the structural domains
DI, DII, and DIl of Flavivirus E proteins (Heinz et al. 1983; Kimura-Kuroda
et al. 1983; Roehrig et al. 1998). Many of the B domain epitopes of DENV-2,
JEV, and TBE elicited neutralizing virus-specific antibody responses (Heinz et al.
1983; Lin et al. 1994; Mason et al. 1989; Roehrig et al. 1998). However, not all
E glycoprotein-reactive antibodies neutralize virus infectivity. Indeed, some
virus-specific nonneutralizing mAbs were found to recognize C domain epitopes
of DENV recombinant proteins (Megret et al. 1992). Additionally, mAb recogni-
tion of TBE A domain epitopes were inhibited by low pH treatment, whereas
recognition of B domain epitopes were unaffected (Guirakhoo et al. 1989; Heinz
et al. 1983). These studies suggest distinct domains of WNV E protein elicit
antibodies with distinct functional activities.

Sequencing of neutralization escape mutants identified DIl as a major target of
mAb-mediated flavivirus neutralization (Beasley et al. 2001; Beasley et al. 20023;
Cecilia et al. 1991; Choi et al. 2007; Lin et al. 1994; Roehrig et al. 1998). More
recent studies have confirmed the epitopes on DIII responsible for eliciting potently
neutralizing antibodies (Table 1). Using both forward and reverse genetic strate-
gies, several groups have established that the most potent WNV neutralizing mAbs
bind to the distal lateral ridge of DIII, with key contacts to residues K307, T330,
and T332 (Beasley et al. 2002a; Choi et al. 2007; Oliphant et al. 2005; Sanchez
et al. 2005; Volk et al. 2004). Neutralizing mAbs that recognize the same residues
were also characterized by NMR (Volk et al. 2004; Wu et al. 2003) and X-ray
crystallography (Fig. 2B; Nybakken et al. 2005). The latter structural studies
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Tablel Epitope mapping of WNV E protein domain Il neutralizing mAbs

mAb Isotype E contact residues Method Reference
A 307 Neutralization escape Chambers et al. 1998
5C5 IlgG2a 307, 332 Neutralization escape Beasley et al. 2002
rDIII expression Volk el al. 2004
Choi et al. 2007
TH2 lgG2a 307, 332 Neutralization escape Beasley et al. 2002
rDI1I expression Volk el al. 2004
Choi et al. 2007
3A3 IlgG2a 307, 330, 332 Neutralization escape Beasley et al. 2002
rDIII expression Volk el al. 2004
Choi et al. 2007
5H10 IlgG2a 307, 330, 332 Neutralization escape Beasley et al. 2002
rDIIl expression Volk el al. 2004
Choi et al. 2007
E16 IgG2b 302, 306, 307, 308, Yeast display Oliphant et al. 2005
309, 330, 331,
332, 333, 365,
366, 367, 368,
389, 390, 391
X-ray crystallography ~ Nybakken et al. 2005
E24 IlgG2a 307, 330, 332 Yeast display Oliphant et al. 2005
E27 1gG1 306, 307 Yeast display Oliphant et al. 2005
E33 IgG2b 307, 330, 332 Yeast display Oliphant et al. 2005
E40 IlgG2a 306, 307 Yeast display Oliphant et al. 2005
E34 1gG1 307, 330 Yeast display Oliphant et al. 2005
E43 IgG2a 307, 330 Yeast display Oliphant et al. 2005
E47 lgG2a 307, 330 Yeast display Oliphant et al. 2005
E48 IlgG2a 306, 307, 330, 332, 381 Yeast display Oliphant et al. 2005
E58 IlgG2a 307, 330, 332 Yeast display Oliphant et al. 2005
7G9 1gG3 280-466 rE expression Razumov et al. 2005
11G3 1gG3 280-466 rE expression Razumov et al. 2005
TE6 1gG3 280-466 rE expression Razumov et al. 2005
9E2 1gG2a  280-466 rE expression Razumov et al. 2005
8B10 1gG1 307, 330 VLP mutagenesis Sanchez et al. 2005
10C5 1gG1 307, 330 VLP mutagenesis Sanchez et al. 2005
17C8 1gG1 306, 307, 330 VLP mutagenesis Sanchez et al. 2005
11C2 1gG1 307, 330, 332 VLP mutagenesis Sanchez et al. 2005
5E8 1gG1 307, 332, 367 Neutralization escape Choi et al. 2007

CR4299 hlgG1
CR4374 hlgG1

DIl 7H2 epitope
DIl 7H2 epitope

rDIII expression
mAb competition
mAb competition

Throsby et al. 2006
Throsby et al. 2006

3Indicates the method used to map the mAb contact residues listed

demonstrated that one DIII-specific neutralizing antibody engaged 16 residues in
4 discontinuous regions that localize to the amino terminus (residues 302—309) and
3 strand-connecting loops (residues 330-333, 365-368, and 389-391). Antibody
binding at this epitope correlated with potent in vitro neutralization and strong in
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vivo protection (Oliphant et al. 2005), suggesting this site in DIl may be an impor-
tant neutralizing epitope. Both Fab fragments and single chain Fv that recognize the
DIl lateral ridge epitope neutralize infection, indicating that bivalent cross-linking
is not required for DIll-directed antibody-mediated inhibition of WNV infection
(Gould et al. 2005). Although DIII has been suggested to contribute to virus attach-
ment, at least some DIlI-directed neutralizing mAbs appear to block at a post-
attachment step. Potent neutralization was still observed following pre-incubation
of cells with WNV prior to the addition of DIlI-directed mAb (Nybakken et al.
2005). In contrast, the activity of a neutralizing mAb directed at the fusion peptide
in DIl was completely lost if virus was bound to cells prior to mAb addition.

Cross-reactive, neutralizing mAbs against flaviviruses generally map to the fusion
peptide (amino acids 98-110) in DIl (Crill et al. 2004; Oliphant et al. 2006; Stiasny
et al. 2006). In one study, 45% (40 of 89) of the DI-DII-specific mAbs showed mark-
edly reduced binding to WNV E protein mutated at the W101 residue in the fusion
peptide, and 85% of these (34 of 40) cross-reacted with the distantly related DENV
(Oliphant et al. 2006). Other groups also have established that mutations at either
G106 or L107 in the fusion peptide eliminate mAb recognition of Flavivirus group-
specific epitopes (Crill et al. 2004; Stiasny et al. 2006). Additionally, approx. 30% of
the cross-reactive antibodies in DENV patient sera mapped to a single amino acid
(L107) in the fusion loop (Stiasny et al. 2006). Preliminary studies with human mAbs
suggest that the cross-reactive fusion-peptide epitope may be immunodominant,
whereas the DIII-specific neutralizing epitope appears less dominant (Gould et al.
2005; Throshy et al. 2006). It is intriguing to consider that flaviviruses may manipu-
late the humoral response to direct antibody specificity away from highly protective
DIl neutralizing epitopes. Definitive studies examining the human antibody reper-
toire in larger numbers of individuals following WNV infection are needed to resolve
this issue.

Less strongly neutralizing WNV-specific mAbs mapped to six additional sites in
DI and DIl outside of the fusion loop: the lateral ridge of DI, the linker region
between DI and DIII, the hinge interface between DI and DII, the lateral ridge, the
central interface, and the dimer interface of DIl (Oliphant et al. 2006). These mAbs
exhibited little neutralization activity by classical plague reduction assays, but inhib-
ited infection on cells expressing alternate WNV attachment receptors, such as
DC-SIGN-R. Interestingly, most DI-DII-specific mAbs still protected mice from
lethal WNV challenge (Oliphant et al. 2006), although they were less effective than
DIlI-specific neutralizing mAbs. These data suggest DIlI- and DI-DII-specific mAbs
neutralize and protect against WNV infection through independent mechanisms.

Most flavivirus-reactive mAbs have the ability to enhance infection of Fc-y
receptor (FcyR)-bearing cells (Halstead et al. 1977, 1984; Peiris et al. 1979, 1982).
This phenomenon, antibody-dependent enhancement (ADE) of infection, has not
been documented to contribute to WNV disease, although it has been implicated in
the pathogenesis of severe DENV infection (reviewed in Halstead 1988; Morens
1994). WNV DI-DII-directed mAbs appear to behave distinctly from DIIl-specific
mADbs during infection of FcyR* cells. While DIlI-directed mAb neutralized infection
at high concentrations on FcyR* cells, DI or Dll-specific mAbs enhanced infection at
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similar concentrations (Nybakken et al. 2005; Oliphant et al. 2006). This could
reflect an inherent inability of these mAbs to completely neutralize infection.
Alternatively, differences in the mechanism of neutralization (attachment versus
post-attachment) could explain the distinct enhancement patterns. Indeed, WNV
Dlll-specific neutralizing mAbs have been suggested to block infection at a post-
attachment step (Nybakken et al. 2005), which should inhibit infection regardless
of the mechanism of cellular entry. In contrast, binding assays suggest DIl fusion-
loop specific mAbs may inhibit WNV receptor attachment. Since mAbs can facilitate
WNV attachment to FcyR* cells via the constant region Fc moiety, mAbs that
inhibit attachment likely exhibit less neutralizing activity on these cells. Thus, differ-
ences in epitope recognition may have different functional consequences depending
on the cell type infected.

3.3 Viral Particle Occupancy

In addition to correlating epitope location with mAb function, recent studies have
shown differences in occupancy of specific mAbs on WNV virions. Consistent with
proposed docking models (Fig. 2C; Nybakken et al. 2005), cryoEM studies found
a DIlI-directed neutralizing Fab bound a maximum of 120 of 180 available sites on
the mature WNV virion (Kauffman et al. 2006). Steric hindrance excluded Fab
binding at sites at the inner fivefold symmetry axis, suggesting that binding site
saturation is not required for mAb-mediated WNV neutralization. In contrast, no
differences in epitope accessibility were predicted for several DIl-specific neutral-
izing mAbs in any of the E protein symmetry environments (Oliphant et al. 2006).
However, many DI-DIlI-directed neutralizing mAbs mapped to sites that were
believed to be poorly accessible on the mature WNV virion. Destabilized WNV E
dimer contacts could affect exposure of these sites and mAb recognition and neu-
tralization (Oliphant et al. 2006; Stiasny et al. 2006). Interestingly, several of these
DI-DlI-directed mAbs still exhibited significant neutralizing activity, suggesting
partially mature WNV virions that contain accessible DI and DI sites in the context
of prM-E heterodimers may exist. Indeed, a recent study indicated that WNYV infec-
tious particles may still contain uncleaved prM (Davis et al. 2006b), the presence
of which can markedly affect mAb neutralization (Guirakhoo et al. 1992; Heinz
et al. 1994b). Alternatively, viral particles may not be as static as the cryoEM
pseudo-atomic model suggests.

4 Multiple Neutralizing Mechanisms of WNV Antibodies

Virus neutralization has been extensively studied and distinct mechanisms of mAb-
mediated virus neutralization have been proposed (reviewed in Burton et al. 2001;
Dimmock 1993; Parren et al. 2001). Antiviral antibody recognition may prevent



136 E. Mehlhop and M.S. Diamond

viral infection by aggregating virions, inhibiting virion attachment, preventing
virus-membrane fusion, or hindering viral uncoating. Additionally, mAb binding to
virions or virus-infected cells may activate other Fc-dependent antiviral activities,
such as complement activation or FcyR-mediated immune complex clearance
(Zinkernagel et al. 2001). Recent evidence suggests different neutralizing mAbs
may block WNV infection by inhibiting multiple stages of the viral life cycle.

4.1 Virus Neutralization by mAbs

Antibody recognition can prevent Flavivirus infection by blocking cellular attach-
ment. Some neutralizing mAbs against DENV inhibit infection only when added
before virus adsorption to cells (Crill et al. 2001; Hung et al. 1999). The most
potent of these inhibitory mAbs mapped to DIII of DENV E protein (Crill et al.
2001). Similarly, WNV DllI-directed mAbs partially prevented virus attachment to
cells (Nybakken et al. 2005). Interestingly, DII-specific mAbs directed at the fusion
peptide more strongly inhibited WNV attachment and exhibited little neutralizing
activity when added after viral attachment (Nybakken et al. 2005). The apparent
disparity between the function of WNV and DENV DllI-specific mAbs could be
due to subtle differences in epitope recognition, allowing mAb binding at the five-
fold symmetry axis. Indeed, recent cryoEM studies with a DIlI-specific DENV2
neutralizing mAb suggest complete (180 of 180) occupancy of E proteins (R. Kuhn,
personal communication). By comparing the attachment-blocking activity of DIII-
specific mAbs against DENV and WNV with their occupancy in the different
symmetry groups on the viral particle, we speculate that fivefold clustered DIl may
recognize a specific cellular attachment ligand.

Antibodies can also neutralize by inhibiting membrane fusion and viral uncoating.
Some mADbs neutralize JEV or DENV infectivity at a post-attachment step (Butrapet
et al. 1998; Se-Thoe et al. 2000), and others efficiently block the low pH-dependent
syncytium formation that occurs in Flavivirus-infected C6/36 insect cells (Guirakhoo
et al. 1992; Roehrig et al. 1998). In seminal studies by Gollins and Porterfield,
increasing concentrations of polyclonal immune antibody inhibited the pH-dependent
uncoating of WNV as measured by detection of cytoplasmic *H-uridine labeled
RNA (Gollins et al. 1986b). Thus, neutralizing antibodies could inhibit WNV infection
by blocking the acid-catalyzed fusion event that occurs at the endosomal membrane.
More recently, at least some DIlI-specific neutralizing mAbs against WNV have been
shown to act in this manner. Infectivity studies suggest these mAbs neutralize
WNV infectivity primarily at a post-attachment step (Nybakken et al. 2005) and
appear to directly block low pH-dependent plasma membrane fusion (B. Thompson,
M. Diamond, and D. Fremont, unpublished data). Additionally, structural studies of
DIII-E16 Fab complexes suggest this antibody may block the pH-dependent
rearrangement of the E protein by tethering a highly conserved Y302 residue in the
DI-DIII linker that makes a required hydrogen bond in the post-fusion structure
(Nybakken et al. 2005). Taken together, these data indicate highly potent DIlI-specific
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neutralizing mAbs against WNV likely prevent pH-dependent fusion in the endo-
some and nucleocapsid escape, thus targeting virions for destruction in the lysosome.

4.2 MAb-Mediated Complement Activation

Antibodies may also inhibit WNV infection by activating Fc-dependent effector
functions, including complement activation and Fc-yR targeting. Indeed, virus
opsonization with classical pathway complement components C1q, C4b, and C3b
inhibit receptor attachment (Berry et al. 1968) and promote the formation of
C5b-C9 membrane attack components that induce virolysis (Cooper et al. 1976).
Recent studies indicate that complement both directly neutralizes and augments
antibody-mediated neutralization of WNV in vitro (Mehlhop et al. 2005). Moreover,
in the presence of WNV-specific mAbs, complement promotes lysis of BHK or
mouse MC57GL cells that express surface E or NS1 proteins (Mehlhop et al. 2005;
K. Chung and M. Diamond, unpublished results). These data suggest antibodies
that avidly fix complement may augment neutralizing activity in vivo against WNV
and other flaviviruses. Consistent with this, a mouse 1gG2a switch variant of an E
protein-specific mAb against YFV protected mice more efficiently from lethal
infection than the parental 1gG1 (Schlesinger et al. 1995). Although complement
can augment mAb-mediated neutralization, it also has been implicated in enhanc-
ing WNV infection, at least in vitro. Serum complement enhanced CD11b/CD18-
dependent infection of WNV by macrophages (Cardosa et al. 1983, 1986). The
significance of complement-mediated enhancement of WNV infection in vivo
remains unclear.

4.3 Clearance Through Fc-y Receptor Recognition

Interaction of the antibody Fc region with Fc-yRs contributes to protection against
WNV infection in vivo. Mice lacking activating Fc-yRs required significantly
higher doses of a neutralizing anti-E mAb to maintain equivalent levels of protec-
tion against lethal WNV infection (Oliphant et al. 2005). Similarly, activating Fc-yRs
were required for the protective efficacy of nonneutralizing mAbs against the NS1
protein. Passive administration of nonneutralizing mAbs against YFV and DENV
NS1 proteins prevented lethal infection (Brandriss et al. 1986; Henchal et al. 1987,
1988; Schlesinger et al. 1985, 1993); this activity required Fc-dependent effector func-
tions, as Fab’, fragments of anti-YFV NS1 mAbs did not protect in vivo (Schlesinger
et al. 1993). The protective effect was independent of complement activation as the
efficacy of YFV NS1-specific mAbs were unaffected by depletion of C3 cobra
venom factor (Schlesinger et al. 1993). Consistent with this, most NS1-specific
mADbs lost protective efficacy against WNV in mice that lacked Fc-yR (Chung et al.
2006b). Although more studies are needed to define the precise protective mechanism,
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based on depletion studies, the Fc-yR-dependent mAb-mediated effector functions
appeared independent of natural Killer cells (Chung et al. 2007).

Although interactions with Fc-yR in vivo appear to enhance antibody potency
and confer protection against WNV, Fc-yR engagement in vitro can enhance repli-
cation of WNV and other flaviviruses in myeloid cells (Gollins et al. 1984, 1985;
Halstead 1994; Kliks 1989, 1990; Peiris et al. 1979, 1981). At subneutralizing
concentrations or an occupancy that is below the threshold necessary for neutrali-
zation, all mAbs that recognize WNV virions will enhance infection in Fc-yR*
cells (T. Pierson and M. Diamond, unpublished results). However, despite its
extensive characterization in vitro and its possible epidemiological link to the
pathogenesis of Dengue hemorrhagic fever, the pathogenic significance of ADE for
WNV and other flaviviruses in vivo remains uncertain (Barrett et al. 1986; Gould
et al. 1987, 1989; Wallace et al. 2003). It is also possible that Fc-yR-dependent
enhancement of infection of myeloid cells could have beneficial effects in vivo by
promoting antigen presentation. FcyR engagement by antibody-opsonized antigen
can stimulate dendritic cell and macrophage maturation (Edwards et al. 2006;
Nimmerjahn et al. 2005, 2006; Regnault et al. 1999) and promote antigen presen-
tation to both CD4* and CD8* T cells (den Haan et al. 2002; Hamano et al. 2000;
Regnault et al. 1999).

5 WNV Vaccines and Protective Antibody Responses

Induction of neutralizing antibodies is a critical determinant for the efficacy of
WNV vaccines. Several different immunization strategies have been utilized to
promote neutralizing antibody responses against WNV in multiple animal models.
The development of inhibitory antibodies correlates well with long-term protection
of animals from WNV challenge. One major challenge to WNV vaccination may
be to induce protective humoral immunity in the populations most at risk for severe
clinical disease, the elderly and immunosuppressed (Diamond et al. 2003b; Hayes
et al. 2005b). For example, as studies with influenza vaccines demonstrate, the
elderly are the least likely to seroconvert or generate high titers of neutralizing
antibodies after immunization (Goodwin et al. 2006).

5.1 Live-Attenuated and Chimeric WNV Strains

Live-attenuated WNV vaccine strains are inherently less pathogenic yet can repli-
cate and elicit both humoral and cellular immune responses in a manner akin to
infection with virulent WNV strains. The WNV-25 strain was developed by serial
passage in mosquito cells until mutations accumulated that reduced neuroinvasive-
ness greater than 10°-fold (Chambers et al. 1998; Halevy et al. 1994). Mice infected
with WNV-25 seroconvert as efficiently as those infected with parental virus
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(Halevy et al. 1994), and immunization protected geese against lethal challenge
with a virulent WNV isolate (Lustig et al. 2000). Analogously, mutation of a single
amino acid residue in the NS2A gene (A30P) converted an inherently less virulent
Australian subtype of WNV, Kunjin virus (KUNV), to a highly attenuated strain
(Liu et al. 2006). This defect was associated with attenuation of viral antagonism
of type I IFN responses. Intraperitoneal infection with A30P-KUN elicited anti-
body responses similar to the parent virus and significantly protected mice from
both peripheral and CNS challenges with a virulent WNV strain. However, the
introduction of additional attenuating mutations may be necessary to reduce the risk
of parental virus reversion.

Live-attenuated WNV vaccine strains have also been generated by chimerization,
which may further reduce the likelihood of viral reversion (Murphy et al. 2004).
Transplantation of the prM and E structural genes of WNV into the infectious clone
backbone of the 17D YFV vaccine strain, PDK-53 DENV-2 vaccine strain, or a
Caribbean strain of DENV-4 has produced candidate chimeric WNV vaccine strains
that induce specific neutralizing antibody responses (Arroyo et al. 2001; Huang et al.
2005; Monath 2001; Pletnev et al. 2002). Generation of these chimeric vaccine
strains on virus backgrounds that are already attenuated limits the neuroinvasiveness
and neurovirulence of these strains (Arroyo et al. 2001; Huang et al. 2005). Additionally,
the process of chimerization independently attenuates Flavivirusvirulence (Seligman
et al. 2004). To further minimize the risk of reversion or toxicity, attenuating muta-
tions have been introduced into chimeric WNV-YFV and WNV-DENV-4 vaccine
strains (Arroyo et al. 2001; Pletnev et al. 2002; Pletnev et al. 2006). Despite all of
the genetic changes, chimeric WNV vaccines still elicit effective neutralizing anti-
body responses. Immunization with a single dose of chimeric WNV-YFV virus
induced neutralizing and complement-fixing antibodies in rodents and nonhuman
primates and completely protected animals from a lethal challenge of virulent WNV
(Arroyo et al. 2001; Huang et al. 2005; Pletnev et al. 2002; Tesh et al. 2002). In
clinical trials in humans, administration of WNV-YFV chimeric virus to healthy
volunteers resulted in transient viremia and a low incidence of flu-like symptoms.
All subjects developed neutralizing antibodies and most developed antiviral T cell
responses to WNV (Monath et al. 2006).

5.2 Formalin-I nactivated WNV Vaccines

Inactivated whole virus vaccines have been developed against WNV, and are cur-
rently in use in veterinary practice (Ng et al. 2003). Administration of one or two
doses of formalin-treated WNV vaccine to geese resulted in 42% and 89% protec-
tion, respectively, at 3 weeks post-immunization (Malkinson et al. 2001). Similarly,
two doses of inactivated WNV completely protected hamsters from lethal WNV
challenge and elicited the development of neutralizing WNV-specific antibodies
(Tesh et al. 2002). Vaccination of horses with inactivated WNV also stimulated
long-lived neutralizing antibody responses within 14 days of vaccination (Ng et al. 2003).
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Although killed WNV vaccines could be used to vaccinate the immunocompromised,
their utility may be limited by their decreased immunogenicity. Administration of
multiple vaccine doses may be required to elicit a protective immune response.
Furthermore, it is unclear how durable immunity will be, as relatively low levels of
neutralizing and complement-fixing antibodies were detected in hamsters 1 month
after initial immunization (Tesh et al. 2002).

5.3 Subunit Vaccines, Nonreplicating Particles,
and DNA Vaccines

Vaccination of animals with recombinant WNV proteins or subviral (prM-E) parti-
cles also induces neutralizing antibody responses. Repeated immunization of mice
or hamsters with purified, recombinant WNV E protein resulted in the development
of complement-fixing and neutralizing anti-WNV antibodies that were protective
against lethal WNV challenge at least 1 year after vaccination (Ledizet et al. 2005;
Wang et al. 2001; Watts et al. 2006). Neutralizing antibody responses to recom-
binant E protein immunization in horses appeared to be more potent and durable
than that observed following vaccination with inactivated virus (Ledizet et al.
2005). Co-expression of prM and E protein alone can induce the formation of
Flavivirus subviral particles that are immunogenic in mice (Konishi et al. 1992;
Kroeger et al. 2002). Repeated immunization of mice with WNV subviral particles
induced neutralizing antibody responses and protected mice against lethal WNV
challenge, although a transient viremia was observed after challenge (Qiao et al.
2004). Similarly, DNA-based immunization with a plasmid encoding prM and
E stimulated robust humoral immune responses against WNV (reviewed in
Chang et al. 2001). A single dose of plasmid DNA encoding WNV prM and E
(Davis et al. 2001) or C proteins (Yang et al. 2001) protected horses and outbred
mice from a lethal dose of WNV. Because recombinant protein, subviral particles,
or DNA plasmid vaccines are not infectious, they may be safely administered to the
elderly and immunocompromised. Additionally, these vaccines may exhibit
improved specificity because they direct the immune response to a few viral anti-
gens. Nonetheless, multiple doses may be required to stimulate effective humoral
responses, and, similar to inactivated virus preparations, it is unclear how durable
the protective immune response will be to a nonreplicating protein antigen.

5.4 Other Viral Vectors

Vaccination with WNV antigens by transgenic expression from other viral vectors
has also been tested. The Schwarz strain of measles virus was engineered to express
WNV E protein; immunization induced potent neutralizing antibody responses in
mice equivalent to that seen after WNV infection (Despres et al. 2005). Notably,
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immunization with the recombinant measles virus vector completely protected the
highly susceptible IFN o/ receptor-deficient mice from lethal WNV challenge,
and serum from vaccinated mice when passively transferred to BALB/c mice con-
ferred protection. Analogously, immunization with a recombinant canarypox virus
encoding WNV prM-E genes induced neutralizing antibodies in cats, dog, and
horses, and prevented viremia upon challenge with WNV-infected mosquitoes
(Karaca et al. 2005; Minke et al. 2004). Lentiviruses that encoded WNV E protein
also induced protective neutralizing antibody responses in mice (Iglesias et al.
2006). Although these heterologous virus expression systems have been previously
characterized for safety and efficacy, they are still infectious and their use in the
elderly or immunocompromised may therefore be limited.

6 Antibody-Based Therapeutics Against WNV

Although antibody has been utilized as a therapeutic against several viral infections
(Sawyer 2000; Zeitlin et al. 1999), it has not been used extensively against
Flavivirus infections in humans, with the exception of its prophylactic use against
TBE virus (Kreil et al. 1997; Roehrig et al. 2001). In theory, antibody-dependent
enhancement of infection could complicate the therapeutic administration of anti-
bodies in patients. As mentioned, despite its extensive characterization in vitro, its
significance in vivo with WNV remains uncertain. Antibody-dependent enhance-
ment has been described after passive acquisition of antibodies against yellow fever
and Langat encephalitis viruses (Barrett et al. 1986; Gould et al. 1987, 1989; Wallace
et al. 2003). However, it was not observed after transfer of monoclonal or polyclonal
antibodies against Japanese encephalitis virus (Kimura-Kuroda et al. 1988) or TBE
virus (Kreil et al. 1997).

Recent studies indicate that passive administration of WNV-specific antibodies
is protective. Adverse effects related to immune enhancement in rodent models
have not been observed. Transfer of immune serum prior to WNV infection pro-
tected mice from lethality, and no increased mortality was observed at subneutral-
izing doses (Diamond et al. 2003a). Similarly, passive administration of immune
serum (Tesh et al. 2002) or anti-E antiserum (Wang et al. 2001) protected hamsters
and mice against lethal WNV infection. Several groups have demonstrated that
immune human y-globulin or neutralizing mAbs can prevent or treat neuroinvasive
WNV infection (Ben-Nathan et al. 2003; Engle et al. 2003; Gould et al. 2005;
Julander et al. 2005; Morrey et al. 2006; Oliphant et al. 2005, 2006; Throshy et al.
2006). Therapeutic intervention even 5 days after infection reduced WNV mortal-
ity; this time point is significant because WNV spreads to the brain and spinal cord
between days 4 and 5 (Morrey et al. 2006; Oliphant et al. 2005). However, admin-
istration of neutralizing antibody at day 6 after infection did not enhance survival
in mice, although average survival time was increased. Apparently, there is a window
for therapeutic intervention with antibodies, and efficacy may be limited once
significant neurological injury occurs.
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Small numbers of human patients have received antibody therapy against WNV
infection. As vaccination may not provide protective humoral immunity to the
populations most at risk for severe WNV disease, immunoprophylaxis and immu-
notherapy with neutralizing anti-WNV mAbs may serve as an effective intervention
in the elderly and immunocompromised. Case reports have documented clinical
improvement in humans with neurological WNYV disease following treatment with
neutralizing WNV-immune human y-globulin (Hamdan et al. 2002; Shimoni et al.
2001). Because it is obtained from pooled donors, WNV-immune human y-globulin
has relatively modest neutralizing activity (Engle et al. 2003). As it requires large
volume administration, WNV immune globulin may adversely affect patients with
cardiac or renal disease. Moreover, because it is a pooled blood product, it also has
an inherent risk of transmitting known and unknown infectious agents.

To overcome these limitations, humanized and human mAbs or MAb fragments
with therapeutic activity against WNV infection have been isolated or engineered
(Gould et al. 2005; Oliphant et al. 2005; Throshy et al. 2006). These mAbs or
antibody fragments have been well characterized in vitro and in vivo for neutral-
izing activity and mechanism of action. Molecular cloning of human or humanized
neutralizing mAbs offers another advantage, as the potency of these recombinant
mAbs may be improved by introducing mutations that increase the strength of
the antibody-antigen interaction. The use of a combination of human or humanized
antibodies that bind distinct epitopes and neutralize by independent mechanisms
could overcome the potential risk of rapidly selecting escape variants in vivo.

7 Conclusions

Over the last few years, significant advances have been made in our understanding
of the molecular and structural basis of antibody-mediated neutralization of WNV.
Despite this, many questions remain unanswered: (1) what is the mechanism of
inhibition for the DI- and DIl-specific mAb neutralizing mAbs that localize outside
of the fusion loop; (2) what role do anti-prM and anti-M antibodies have in neu-
tralization and protection; (3) how many antibody molecules must bind the virion
to neutralize infection; (4) how important is complement activation to the activity
of strongly neutralizing mAbs in vivo; (5) which E protein epitopes are immunodo-
minant following natural WNV infection in humans and other animals; (6) why are
antibodies against poorly exposed epitopes still protective in vitro and in vivo?
Ultimately, answering these questions will inform the development of novel
antibody-based therapeutics and vaccines against WNV and other flaviviruses that
target specific epitopes.
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Abstract Native human antibodies are defined as those that arise naturally as the
result of the functioning of an intact human immune system. The utility of native
antibodies for the treatment of human viral diseases has been established through
experience with hyperimmune human globulins. Native antibodies, as a class, differ
in some respects from those obtained by recombinant library methods (phage or trans-
genic mouse) and possess distinct properties that may make them ideal therapeutics
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for human viral diseases. Methods for cloning native human antibodies have been
beset by technical problems, yet many antibodies specific for viral antigens have
been cloned. In the present review, we discuss native human antibodies and ongoing
improvements in cloning methods that should facilitate the creation of novel, potent
antiviral therapeutics obtained from the native human antibody repertoire.

1 Introduction: The Native Human Antibody
Repertoire and Viral Disease

There is a growing awareness of the utility of and need for human antibody thera-
peuticsfor viral diseases (Keller and Stiehm 2000; Oral et al. 2002; Casadevall et al.
2004; Casadevall and Pirofski 2005). Individuals who have recovered from a viral
infection, or who have received a therapeutic vaccination, contain a population of
antibodies that is capable of contributing to a life-long immunity from the virus.
These are defined as “ native antibodies,” i.e., antibodies in exactly the configura-
tions created by a functioning, intact human immune system. Native antibodies are
most commonly obtained by methods that immortalize primary B cells by hybrid-
oma formation or Epstein-Barr virus (EBV) infection. They are distinct from
human or humanized antibodies derived from recombinant DNA or transgenic
mouse systems, which may not accurately replicate the complete, wild-type struc-
ture of full-length antibodies produced by the human immune system in situ. The
native human antibody repertoire has tremendous potential as a source for antiviral
antibody therapeutics because it contains definitive immunologic solutions to
human viral diseases and is likely to be the safest overall for human clinical use.
Polyclonal antibody therapeutics of unselected and disease-specific native immu-
noglobulins are effective in some clinical situations. These intravenous immu-
noglobulins (IVIG) are the starting point for exploring the potential value of the
native human antibody immunome, but they do not address the vast spectrum of
viral diseases for which antibodies have potential therapeutic efficacy. Over the
past 25 years, ongoing efforts to improve methods for cloning native human anti-
bodies that can capture and amplify the antiviral capabilities of IVIG have pro-
gressed, demonstrating the value of this approach and justifying further exploration.
In this review we will consider the history and therapeutic potential of cloned
native human antibodies specific for viral illnesses.

2 Intravenous Immunoglobulins for Human Viral Disease

IVIG is the purified population of native human 1gG antibodies obtained from
blood plasma. The only FDA-approved antiviral use for IVIG isto treat infection
by parvovirus B19 (PV B19) in patients who are immunocompromised or have
aplastic anemia (Table 1). PV B19 is a small DNA virus that in normal children
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causes fifth disease, characterized by fever, malaise, and atypical bilateral cheek/
facial rash (Broliden et al. 2006). In most people, parvovirusinfection is self-limited.
However, parvovirus can cause complications in susceptible individuals resulting
from its ability to infect erythroid progenitor cells. Patients who have undergone
allogeneic hematopoietic stem cell transplants or who have sickle cell anemia can
have an acute aplastic crisis as a result of parvovirus infection (Broliden et al.
2006; Eid et al. 2006). Fetuses carried by pregnant women infected with the virus
can develop severe anemia, complicated by an infectious myocarditis, that can
induce hydrops fetalis and fetal loss (Ergaz and Ornoy 2006). For these clinical
situations, 1VIG is often used (Moudgil et a. 1997; Geetha et al. 2000; Broliden et
al. 2006; Eid et al. 2006). Human antibodies have been cloned that bind the major
or minor capsid proteins and can neutralize parvovirus in vitro (Arakelov et al.
1993; Gigler et al. 1999). These may be candidates for cloned parvovirus antibody
therapeutics.

Hepatitis A is a picornavirus, containing a positive-strand RNA genome, which
causes an acute, self-limited hepatitis (Fiore et al. 2006). Prior to the creation of the
recombinant hepatitis A vaccine, IVIG was routinely given for hepatitis A prophy-
laxis, although it was not FDA-approved for this purpose (CDC 1985; Fiore et al.
2006; Table1). IVIG is still indicated for suspected, nonimmune contacts and for
people who are intolerant of the vaccine. Native antibodies have been cloned that
are specific for the capsid protein (Cerino et al. 1993) or the core antigen (Siemoneit
et a. 1994), and one antibody has been cloned that is capable of neutralizing hepa-
titis A invitro (Lewis et al. 1993).

The potentia utility of 1VIG for treatment of viruses other than PV B19 and
hepatitis A isbroad and reflects the collective antibody immunome of the population

Table 1 Common indications for the use of intravenous immunoglobulins (1VIG) or disease-
specific, hyperimmune immunoglobulins (Hyper-1G). References are cited in the text

Virus Globulins Patients Purpose
ParvovirusB19 IVIG HSCT patients Treatment
Sickle cell disease patients Treatment
Hepatitis A IVIG Anyone at risk Prophylaxis
Hepatitis B Hyper-1G Possibly exposed to HBV PEP
Neonates Inhibit vertical transmission
HBV-infected liver transplant  Prophylaxis
CMV Hyper-1G Solid organ transplant Treatment
vVzv Hyper-1G Immunocompromised Treatment of severe cases
Neonates Inhibit vertical transmission
\AY% Hyper-1G Immunocompromised Treatment
Rabies Hyper-1G Anyone at risk PEP
RSV Hyper-1G Premature infants/BPD Prophylaxis
HSCT patients Treatment

BPD, bronchopulmonary dysplasia; CMV, cytomegalovirus, HBV, hepatitis B virus; HSCT,
patients who have undergone allogeneic hematopoietic stem cell transplantation; PEP, post-
exposure prophylaxis; VV, vacciniavirus, VZV, varicella zoster virus
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from which it is derived. A study of five different IVIG preparations revealed
antiviral antibodies specific for types 1, 2, 6, and 7 herpesviruses (HSV), varicella
zoster (VZV), EBV, measles, mumps, rubella, and parvovirus B19 (Krause et al.
2002). Differences in the IVIGs were also noted, in that two had high levels of
antibodies specific for adenovirus and two had high levels of St. Louis encephalitis
virus antibodies. A panel of eight IVIG preparations was recently examined for the
presence of vaccinia virus (VV) neutralizing ability (Goldsmith et al. 2004). All
were found to contain significant in vitro and in vivo VV neutralizing activity, at
3%-9% of the measured titer of standard VV hyperimmune globulins (VIG), even
though widespread VV vaccination has not been practiced for nearly the past
30 years. IVIG may also have clinical activity against West Nile virus (WNV).
A WNYV patient in Israel recovered from the infection after treatment with IVIG.
It is notable that WNV is endemic in Israel and the Isradli 1VIG had a high titer of
WNYV antibodies. In contrast, IVIG from the United States was not found to contain
WNV antibodies. IVIG has also been considered to be of potential benefit for
cytomegalovirus (CMV) infection in renal and bone marrow transplants (Sechet et al.
2002; Sokos et al. 2002).

3 Hyperimmune Globulins and Native
Human Antibodies for Viral Diseases

The complications of some vira infections are preferably treated with hyperim-
mune globulins, which are polyvalent IVIGs obtained from subjects with high-titer
antibody responses to specific antigens (Table 1). Some of the viruses treated with
this category of therapeutics are hepatitis B (HBV), CMV, VZV, VV, rabies, and
respiratory syncytial virus (RSV). Thefirst three of these viruses share the capabil -
ity of reactivation in patients who become immunocompromised. In these settings,
hyperimmune globulins are used to ameliorate the immunodeficiency and bring the
reactivated viruses under control. VV causes an acute infection that can have severe
manifestations in immunocompromised hosts and can be mitigated by VV-specific
hyperimmune globulins. Rabies induces an acute infection that is invariably fatal,
unless treated, even in immunocompetent individuals. Rabies immune globulins
(RIG) provide initial control of the virus while a concomitantly administered vac-
cine induces permanent immunity. RSV can cause fatal bronchiolitisin premature
infants and recipients of allogeneic hematopoietic stem cell transplants. In these
patient populations, RSV immunoglobulins (RSV-1G) are effective for RSV proph-
ylaxisand treatment. The different rolesfor hyperimmune globulins are empirically
defined and reflect the unique clinical features of each virus and the infected hosts.
For most of these viruses, native human antibodies have been cloned that may pos-
sess some of the functions provided by the hyperimmune globulins. Future
optimized hyperimmune globulins would consist of these or similar antibodies in
completely defined monoclonal or oligoclonal antiviral therapies.
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3.1 HepatitisB Virus

HBYV is a partialy double-stranded DNA virus that is transmitted by direct contact
with infected bodily fluids (Hollinger and Liang 2001). In normal individuals, hepa-
titis B will generally induce a self-limited hepatitis, but it has the capacity to establish
a chronic active state that can eventually lead to cirrhosis or hepatocellular carci-
noma. In the United States, hepatitis B immune globulin (HBIG) is prepared from a
small number of donors hyperimmunized with the HBsAg vaccine (Terrault and
Vyas 2003). The main three categories of usefor HBIG are (1) post-exposure prophy-
laxis for nonimmune contacts, (2) inhibition of vertical transmission of the virus at
birth, and (3) prevention of relapse in HBV-positive patients following orthotopic
liver transplantation. Following a suspected infected needle-stick or fluid exposure,
HBIG is recommended to be administered in combination with the HBsAg vaccine
(CDC 1984). Maternal-fetal transmission can be inhibited by administration of HBIG
and the HBsAg vaccination immediately after birth to infants of mothers positive for
circulating HBe antigen and HBV DNA (Lo et a. 1985; Ip et a. 1989; Kabir et al.
2006). Further improvements in outcomes may also be achieved by passive immuni-
zation of HBe-positive mothers with HBIG prior to delivery (Xu et a. 2006; Xiao et al.
2007). The successful use of orthotopic liver transplantation to treat end-stage liver
disease caused by HBV depends on the prevention of reactivation of the virus in the
immunocompromised, post-transplant patient (Gish and McCashland 2006). HBIG
can collaborate with nucleoside antiviral agentsto limit reactivation in these patients,
but there remains arisk of reactivation of disease after the discontinuation of prophy-
lactic therapy. In this setting, the cost of long-term HBIG administration may poten-
tially be reduced through the use of low-dose combination therapy regimens
(Di Paolo et d. 2004; Ferretti et a. 2004).

Many native human IgG antibodies specific for HBV have been cloned using
hybridoma and EBV-immortalization methods (Stricker et al. 1985; Colucci et al.
1986; Desgranges et al. 1987; Ichimori et al. 1987; Tiebout et al. 1987; Andris
et al. 1992; Ehrlich et al. 1992; Sa'adu et al. 1992; Heijtink et al. 1995). Animal
data are difficult to obtain with HBV infection, but a combination of two human
antibodies administered to a chimpanzee chronically infected with HBV was able
to transiently (<7 days) reduce the levels of circulating virus (Heijtink et al. 1999).
An important concern regarding the efficacy of cloned antibodies for HBV is the
apparent ability of the virus to escape neutralization by polyclonal HBIG. This
phenomenon has been observed in liver transplant patients who had recurrent HBV
infection after liver transplantation despite HBIG therapy. In three studies, the
existence of mutations in antigenic regions of HBsAg correlated with resistant or
recurrent HBV infection (Carman et al. 1996; Ghany et al. 1998; Terrault et al.
1998). Furthermore, the length of time of therapy correlated with the likelihood of
finding mutated HBV strains (Ghany et al. 1998; Terrault et al. 1998). The potential
failure of polyclonal antibodies may suggest that the virus would be particularly
adept at escaping the effects of a monoclonal or oligoclonal antibody therapeutic.
A pair of antibodieswith significant HBV binding had considerably less affinity for
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avariant HBV strain that had arisen in a patient following ayear of HBIG therapy
(Heijtink et al. 1995). Nonetheless, it may be possible to create an oligoclonal
HBIG equivalent or superior to polyclonal HBIG by identifying two or three non-
cross-resistant antibodies directed at relatively stable portions of HBSAQ.

3.2 Cytomegalovirus

CMV isadouble-stranded DNA virus that, in normal individuals, induces a febrile
illness that resembles mononucleosis from EBV, with chills, fatigue, headache, and
malaise (Gandhi and Khanna 2004). In immunocompromised patients, such as
those who have undergone bone marrow or other organ transplantation or who have
advanced human immunodeficiency virus (HIV) disease, CMV can cause consider-
able morbidity and mortality. CMV may be reactivated in a previously infected
person who becomes immunosuppressed. Alternatively, a de novo CMV infection
may be transmitted to a CMV -negative recipient of an organ from a CMV-positive
donor. Many organs can be affected by CMV infection, including the retina, lung,
liver, esophagus, or colon. CMV can also cause complicationsto afetusinfected in
utero, including hearing loss, visual loss, and neurological complications (Fowler
et a. 1992). CMV hyperimmune globulins (CMVIG) first demonstrated efficacy in
the treatment of disease associated with kidney transplants (Snydman et al. 1987).
Since then, CMVIG has been approved by the FDA for treatment of CMV reactiva-
tion in patients with transplants of the kidney, heart, lung, liver, and pancreas
(Sawyer 2000). Evidence does not clearly support the use of IVIG or CMVIG in
alogeneic bone marrow transplant patients (Zikos et al. 1998; Sokos et al. 2002).
The utility of CMVIG in organ transplant settings has been lessened by the availa-
bility of potent small molecule anti-CMV drugs, such as ganciclovir, valganciclo-
vir, foscarnet, and cidofovir, even though these drugs have significant toxicities
(Biron 2006). It is possible that CMVIG may synergize with small molecule anti-
CMV drugs in some clinica situations (Kocher et al. 2003; Varga et al. 2005;
Ruttmann et al. 2006).

Many native human monoclonal antibodies specific for CMV have been
described (Emanuel et al. 1984; Redmond et al. 1986; Foung et al. 1989; Bron
et al. 1990; Kitamura et al. 1990; Drobyski et al. 1991; Gustafsson et al. 1991;
Ohizumi et al. 1992; Ohlin et al. 1993; Rioux et al. 1994). Some of these were
found to be capable of neutralizing CMV in vitro (Redmond et al. 1986; Foung
et al. 1989; Ohizumi et al. 1992; Ohlin et al. 1993). The native human CMV
antibody, MSL-109, has been tested for clinical efficacy (Drobyski et al. 1991).
In arandomized controlled trial of allogeneic hematopoietic stem cell transplant
patients, no benefit from the antibody was seen in terms of the time to develop-
ment of CMV viremia or pp65 antigenemia (Boeckh et al. 2001). Studies of the
MSL-109 antibody in AIDS patients with newly diagnosed or recurrent CMV
retinitis did not show areduction in the progression of CMV disease (CDC 19973;
Borucki et al. 2004). The explanation for these disappointing results is unclear.



Exploring the Native Human Antibody Repertoire 161

The MSL-109 antibody is specific for the H glycoprotein (gp86). It is possible
that an antibody specific for the B glycoprotein complex (gp58/116), a major tar-
get of CMV neutralizing antibodies, may be useful alone or in combination with
an anti-H antibody (Ohlin et al. 1993). Nonetheless, the most likely explanation
may bethat T cell function is essential for CMV control in vivo and that neutral-
izing antibodies are minimally active in the absence of robust T cell activity
(Boeckh et al. 2003).

3.3 Varicella Zoster Virus

VZV is a highly transmissible, double-stranded DNA poxvirus that induces a
febrile illness (chickenpox), which is characterized in children by fever, maaise,
and a pruritic, vesicular rash (CDC 1996). VZV can also reactivate in adulthood as
a series of painful vesicular lesions in the distribution of a cutaneous dermatome.
Infection of pregnant women during the first and second trimesters may induce the
congenital varicella syndrome, which can result in significant fetal deformities, and
VZV infection transmitted to newborns can be fatal (Tan and Koren 2006).
Accordingly, VZV immunoglobulins (VZIG) are indicated for immunocompro-
mised patients, pregnant women, and neonates at risk for VZV infection (CDC
2006; Tan and Koren 2006). Native human antibodies capable of neutralizing VZV
in vitro have been cloned (Foung et al. 1985; Sugano et al. 1987, 1991).

3.4 Vaccinia Virus

One of the established uses of human hyperimmune globulins is the treatment of
complications of vaccinia virus (Lane et al. 1969; Henderson et al. 1999).
Vacciniavirusis apoxvirus that has been adapted for use as a human vaccine for
the prevention of smallpox. Although generally safe for immunocompetent per-
sons, disseminated and occasionally fatal infections can occur among patients
with underlying immunodeficiencies, such as those with HIV infection, eczema,
or atopic dermatitis (Henderson et al. 1999). Generalized vacciniais a syndrome
in which VV proliferation is systemically spread through the bloodstream
(Redfield et al. 1987). Progressive VV infection is characterized by unrestrained
proliferation of virus in the skin. Eczema vaccinatum is the excessive prolifera-
tion of VV in the skin lesions of eczema patients. For these conditions, VIG is
indicated and can often lead to a compl ete resolution of symptoms (Henderson et
al. 1999). VIG is also useful in immunocompetent individuals who have a com-
plicated infection, such as may result from accidental infection of the periorbital
region (Lewis et al. 2006).

Creation of cloned neutralizing antibody therapeutics for VV may be challenged
by its complex life cycle. The VV virion exists in two forms that differ in their abil-
ity to be neutralized by antibodies, the intracellular mature virion (IMV) and the
extracellular enveloped virion (EEV), withtheIMV moresusceptibleto neutralization
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than the EEV (Law and Smith 2001; Smith et al. 2002). Optimal protection against
lethal VV in murine and rhesus macaque models by a DNA vaccine required a com-
bination of four genes directed at both the IMV and EEV (Hooper et al. 2003).
A cloned native murine antibody specific for the A27L antigen (a neutralization
target of the IMV) was able to protect mice prophylacticaly and therapeutically
from alethal VV challenge (Ramirez et al. 2002). However, no comparable native
or nonnative human antibodies have been described. It will be important, however,
to determine how many cloned human antibodies will be required to improve the
symptoms of VV infection in immunocompromised patients.

3.5 Rabies Virus

Rabies is a virus with a single-stranded RNA genome that causes an acute and
universally fatal encephalitis. The efficacy of RIG for the post-exposure prophy-
laxis of rabies has been reviewed elsewhere in this volume (see the chapter by
T. Nagargjan et a.). Briefly, human rabies immunoglobulins (HRIG) are used in
combination with rabies vaccination for a known or suspected rabies exposure,
administered intravenously aswell as directly into the suspected exposure site (see
the chapter by T. Nagarajan et al., this volume). Native human antibodies have
been cloned that are capable of neutralizing the virusin vitro and in vivo; most of
these are reactive with the rabies glycoprotein (Dietzschold et al. 1990; Gebauer
and Lindl 1990; Lafon et al. 1990; Ueki et a. 1990; Enssle et al. 1991; Dorfman
et a. 1994; T. Nagargjan et al., this volume). A combination of two human anti-
bodies that bind noncross-resistant epitopes on the glycoprotein has undergone
preclinical in vivo testing. One of the antibodies was a native antibody and the
other was cloned using the phage display method (Champion et al. 2000; Bakker
et a. 2005). The antibody combination demonstrated efficacy comparable to
HRIG and did not interfere with the potency of a simultaneously administered
rabies vaccine (de Kruif et al. 2006).

3.6 Respiratory Syncytial Virus

RSV is a single-stranded, negative-strand virus that usually causes an upper
respiratory infection (Welliver 2003). In some patient populations, RSV infection
can develop into a bronchiolitis, an inflammation of the bronchioles, the smallest
air passages of the lung. It is an important cause of mortality in young children and
the elderly, and no vaccine for the disease currently exists (Shay et al. 2001;
Thompson et al. 2003; Falsey et al. 2005). RSV existsin two main subtypes, A and
B, but infection with one subtype does not even provide lifelong protection from
reinfection by the same subtype (Welliver 2003). Premature infants and those
affected by bronchopulmonary dysplasia (BPD) are at increased risk for
hospitalization and death from RSV bronchiolitis (Aujard and Fauroux 2002). The
prevalence of RSV infection in this population can be reduced by prophylactic
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treatment with RSV-1G (CDC 1997b). In contrast, RSV-1G did not show any
efficacy in the treatment of infants already admitted to the hospital with the disease
(Rodriguez et al. 1997). RSV may also cause afatal bronchialitisin patients under-
going allogeneic stem cell transplantation, and off-label administration of RSV-1G
with the antiviral drug ribavirin may reduce mortdity (DeVincenzo et a. 2000;
Ghosh et al. 2000; Small et al. 2002).

No native human antibodies that neutralize RSV have been cloned. However, a
humanized murine monoclonal antibody, palivizumab, is a potent substitute for
RSV and the first demonstration of the utility of a monoclonal antibody as an anti-
viral therapeutic (Young 2002; see the chapter by H. Wu et al., this volume).
Palivizumab binds an epitope on the F glycoprotein, aviral surface protein that is
amajor target for neutralizing antibodies and is highly conserved between type A
and B viruses. In aseries of high-risk infants with prematurity and/or BPD, a course
of monthly prophylactic doses of palivizumab reduced the overall rate of serious
infections and hospitalizations by 55% (CDC 1998). A role for palivizumab in the
treatment of RSV infection in the elderly or in allogeneic hematopoietic stem cell
patients has not yet been established.

3.7 Cloning Antibody Therapeutics for Viral Disease

The potency of IVIG, hyperimmune | Gs, and the monoclonal antibody palivizumab
demonstrate in principle that human antibody therapeutics are likely to be effective
for the treatment of viral diseases. A vast, unmet medical need exists for treatments
for the magjority of viral diseases that occur worldwide. The development of antivi-
ral antibody therapeutics will be challenged by the diversity of virus types, patient
populations and the roles antibodies play in the neutralization of specific viruses,
the ability of virusesto mutate antigenic domains, and an incompl ete understanding
of the specific features that endow an antibody with neutralizing ability. To counter
these uncertainties it will be important to explore as diverse an antibody repertoire
as possible, which can best be achieved by using avariety of different, complemen-
tary methods for human antibody cloning. The efficacy of 1VIG and hyperimmune
IGs suggests that an ideal starting point to clone a human antibody capable of
potently neutralizing aviral pathogen may be with B cells from subjects who have
developed a definitive antiviral body response, either by infection or vaccination.
Native antibody libraries created from these affinity-matured B cells would be
expected to contain individual antibodies that possess virus-neutralizing abilities
and would be suitable for use as monoclonal or oligoclonal antibody therapeutics.
The successes of native human antibody cloning methods in obtaining native
human antiviral antibodies, and the potency of these antibodies, establish aration-
ae for further exploration of these methods. It is evident that the effectiveness of
this approach will depend on the ability to create libraries that come as close as
possible to comprehensively incorporating the entire diversity of the human anti-
body response to viral pathogens.



164 SK. Dessain et a.

4 Features of Different Cloned Human Antibody Repertoires

The prevalent methods of cloning human antibodies from immune human reper-
toiresdiffer in biasand in the degree to which they sample antibodiesin their native
configurations (e.g., with the original heavy chain:light chain pairing). B cell
immortalization methods, which use hybridoma generation or EBV infection to
enable primary human B cells to proliferate in vitro, theoretically take an unbiased
sample of the repertoire of B cells and express each antibody with native heavy
chain:light chain pairings. In addition to the antibodies described in the preceding
section, these methods have been used to clone native human antibodies specific for
measles, HIV, severe acute respiratory syndrome (SARS), EBV and hepatitis C.
These methods have historically been challenged by poor antibody yields and
unstable antibody secretion. Nonetheless, they have been the focus of ongoing
optimization efforts that should improve their ability to comprehensively accessthe
native human antibody immunome.

Recombinant DNA methods offer a well-established method for cloning human
antibody repertoires. In these methods, heavy chain and light chain variable domains
are amplified from B cell populations using RT-PCR, fused, and expressed assingle-
chain antigen-binding domains (scFv) on the surface of filamentous phages (Barbas
1993; Winter et al. 1994). Screening for specific antibodies is performed by panning
for virusthat bindsto aplate or other solid support coated with antigen (Bradbury and
Marks 2004). A related technology is yeast display, in which the scFv molecules are
expressed on the surface of Saccharomyces cerevisiae (Boder and Wittrup 1997).
Yeast display alows greater diversification of expressed antibody sequences by
mutagenesis and has the advantage that yeast cells expressing human antibody can be
directly screened by flow cytometry with fluorescent antigen, enabling arapid assess-
ment of binding kinetics. Libraries of scFv antibodies have also been efficiently
expressed on the surface of Escherichia coli (Daugherty et a. 1999).

It is clear that recombinant DNA libraries obtained from immune individuals
differ from antibodies obtained from nonimmune individuals (Amersdorfer et al.
2002). However, the process of creating these libraries can introduce bias at differ-
ent steps in the process that may hinder their ability to capture the entire native
antibody repertoire. The first step is an RT-PCR amplification with consensus
DNA primers, which may not equally amplify each immunoglobulin gene sequence.
The second is at the level of expression in phage, because E. coli does not express
al eukaryotic peptides with the same efficiency, and human variable domain gene
sequences can differ significantly from one another in their length and amino acid
composition (Pavoni et al. 2006). A combination of these effects could potentially
reduce the prevalence of specific antibodies in the antibody libraries or eliminate
them entirely.

Evidence that this occurs comes from DNA sequence analysis of complementarity-
determining (CDR) regions of heavy chain variable domains (V) cloned by phage
display. The third CDR region (CDR3) of the V., is the most important contributor
to the antigen-binding specificity of an antibody (Xu and Davis 2000). CDR3
regions incorporated into phage display libraries tend to be short (less than
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15 amino acids), whereas CDR3 regions in native human antibodies vary widely in
length, with many over 20 amino acidsin length (Griffiths et al. 1994; Brezinschek
et al. 1995; Tian et a. 2007). Shorter CDR3 regions correlate overall with greater
levels of somatic hypermutation, but longer CDR3 regions may be better capable
of viral neutralization (Saphire et al. 2001; Hangartner et al. 2006; Tian et al. 2007).
It is possible that shorter CDR3 regions are selected against at the level of PCR
amplification or expression in E. coli.

Two studies have directly examined the types of immune libraries that arise from
phage display and hybridoma methods. In one comparative study, antibodies cloned
from mice immunized with human interleukin-5 protein using phage display and
hybridoma methods were compared (Ames et a. 1995). Each method produced a
structurally distinct group of antibodies, and only the antibodies cloned by the hybri-
doma method were able to block binding of the cytokine with its receptor. Ohlin and
Borrebaeck (1996) analyzed a dataset of cloned antibody sequences specific for infec-
tious disease antigens, the mgjority of which wereviral, and were cloned by either the
phage display or hybridoma method (Ohlin and Borrebaeck 1996). They noted sub-
stantial differencesin the heavy chain and light chain gene family utilization between
antibodies derived from the two different sources. They also noted a dramatic limita-
tion of the diversity of thelight chain gene repertoire. This observation may have been
due to the phenomenon of light chain promiscuity, i.e., the ability of heavy chainsto
productively associate with avariety of light chains (Kang et al. 1991).

The ability of aphagelibrary to recreate native heavy chain:light chain combina-
tions was recently assessed by comparing a phage display antibody library that
maintained native pairings with one made from the same cDNA that did not (Meijer
et a. 2006). In the random library, the assortment of heavy chain and light chain
sequences had apparently lost a majority of the origina heavy chain:light chain
pairings. Consistent with the principle of light chain promiscuity, the diversity of
the random library was less than the nonrandom library due to an over-representation
of VH chains capable of associating with many different light chain sequences. The
functional importance of the antibody repertoire shift in the random library was
revealed by the overall lower affinity of antibodies specific for tetanus toxoid (TT)
antibodies cloned from the two libraries.

Taken together, these experiments illustrate the concept that intrinsic biases in
phage display libraries may prevent some important native antibody structuresfrom
being incorporated into them. B cell immortalization methods of human antibody
cloning are therefore complementary to recombinant DNA methods and thus merit
further study and optimization.

5 Hybridoma Methodsto Clone Native Human Antibodies

As a starting point in native human antibody cloning methods, the source of virus-
immune B cellsis an immune individual who has generated an antibody response
that is effective in collaborating with the human immune system to cure the vira
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infection. Thus, there can be a presumption that antibodies with the requisite bio-
logical functions exist within the volunteer B cell donor. Donors can be subjects
who have either (1) received vaccines specific for the virus, (2) survived an infec-
tion by the relevant virus, or (3) have succumbed to the viral infection but have
made spleen, lymph nodes, or peripheral blood mononuclear cells (PBMCs) avail-
able post mortem. The use of B cells from a variety of genetically unrelated indi-
viduals can increase the diversity of the native antibody libraries to be screened.

There are many approaches to cloning human antibodies in their native configu-
rations. For the most part, these involve methods of converting primary human B
cells into a form that is viable in vitro through EBV immortalization, hybridoma
formation, or a combination of these protocols. In EBV immortalization, purified
B cells are infected with EBV-containing supernatant from the B95-8 marmoset
cell line (Brown and Miller 1982). These methods are effective, yet they can be
compromised by the low levels of antibody that are typically expressed by EBV-
transformed cells (lymphoblastoid cells, LCLS) (Stein and Sigal 1983). In hybrid-
oma methods, primary human B cells are fused to an immortal fusion partner cell
line, which is adapted to in vitro culture and capable of producing high levels of
antibody from immunoglobulin genes provided by the primary B cell. The primary
impediments to hybridoma approaches have been low hybrid cell yields and the
loss of antibody expression, which correlates with the loss of human chromosomes
from the hybrid cells. Combination approaches have been taken that can overcome
some of these defects by immortalizing and expanding the antigen-specific B cell
population first with EBV infection, and then fusing the immortalized cells to a
murine or murine/human fusion partner cell line.

5.1 Improvementsin Fusion Partner Cell Lines

Most of the technology development in this area has attempted to address the problem
of hybridoma instability by improving the fusion partner cell line. It had originaly
been considered that human cell lineswould be optimal as fusion partnersfor primary
human B cells because hybrid cells formed between murine cells and human cells
were known to segregate human chromosomes (Ephrussi and Weiss 1969). The first
reported human antibody cloning by a hybridoma method was an IgM antibody spe-
cificfor meadesvirus (Croce et a. 1980). For this purpose, Croce et al. used ahuman
myeloma cell line as a fusion partner cell and PBMCs from a patient with subacute
sclerosing panencephalitis, the clinical syndrome resulting from measles virus infec-
tion of the central nervous system. Shortly thereafter appeared the first report of use
of an EBV-immortalized B cell line asafusion partner to clone antibodies specific for
TT (Chiorazzi et a. 1982). An EBV-immortalized human B cell expressing an anti-
body to CMV was fused to ahuman myelomacell lineto give ahybrid with improved
antibody expression (Emanuel et al. 1984). Enthusiasm for human cell lines was
tempered, however, due to problems with the limited number of immortalized mye-
loma and other B cell lines that were available (Kozbor et a. 1986). Most of the cell
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lines had low fusion rates and produced slow-growing hybridomas, and many already
expressed human antibody genes. Chromosomal instability was also observed to be a
considerable problem (Olsson et al. 1983).

Experiments using murine myeloma cell lines as fusion partners for human B
cells demonstrated a poor efficiency that likely resulted from the strong tendency
of murine/human hybrid cells to rapidly segregate human chromosomes (Ephrussi
and Weiss 1969; Schlom et al. 1980; Kozbor et al. 1982; Koropatnick et al. 1988).
To compensate for the defects intrinsic to human and murine partner cell lines, a
variety of heteromyeloma (murine and human) cell lines have been created. The
general approach taken was to fuse murine myeloma cell lines with human cells,
either normal PBMCs (Foung et al. 1984; Ichimori et al. 1985; Grunow et al. 1988)
or malignant cells (Carroll et al. 1986; Posner et al. 1987; Faller et a. 1990;
Shirahata et al. 1998).

Where examined, these fusions have generally resulted in hybrid cells with
chimeric murine/lhuman genomes that appear to be improved fusion partners for
creating hybridoma cells that stably secrete human antibodies. For instance, the
CB-F7 and the SPAM-8 heteromyelomas contained no distinct human chromo-
somes, but did contain human DNA detectable by hybridization analysis, probably
in the form of murine/lhuman chimeric chromosomes (Grunow et al. 1988;
Gustafsson et al. 1991). The heteromyeloma cell lines K6H6/B5, HAB-1, HM-5,
and SPC-H20 all possessed independent, metacentric chromosomes, consistent
with a human origin (Foung et al. 1984; Ichimori et al. 1985; Carroll et al. 1986;
Faller et al. 1990). When directly compared to the parental murine myeloma cell
lines, the heterohybridoma fusion partner cell lines tended to have an improved
ability to give rise to hybrid cells that stably expressed human antibodies (Foung
et a. 1984; Carroll et al. 1986; Grunow et al. 1988; Faller et al. 1990). As many
of the hybrid cells derived from these fusion partner cells contained substantial
numbers of human chromosomes, it is likely the heteromyeloma cell lines were
better able to produce hybrid cells with a reduced tendency to segregate human
chromosomes (Foung et al. 1984; Carroll et al. 1986; Grunow et al. 1988; Faller
et a. 1990). Using heteromyeloma fusion partner cell lines, a wide variety of
native human antibodies have been cloned that were specific for important viral
pathogens. These included the human T cell lymphotropic virus (HTLV-1), CMV,
HBV, hepatitis C virus (HCV), HIV, and VZV (Foung et al. 1984; Carroll et al.
1986; Grunow et al. 1988; Bron et al. 1990; Faller et al. 1990; Gustafsson et al. 1991;
Hadlock et al. 1997, 2000).

5.2 Methods of Preparing Human B Cells for Fusion

Along with the improvements in the fusion partner cell lines, the parameters
affecting the rate of productive hybrid cell formation have been systematically
analyzed. The best sources of primary human B cells are the splenic mononuclear
cells, tonsils, or peripheral blood mononuclear cells from infants (Olsson et al.
1983; Grunow et al. 1988; Jessup et al. 2000; Karpas et al. 2001). The time of
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harvest of B cellsfollowing avaccination is also important, with the best outcomes
with TT antibodies seen with cells obtained 57 days following the vaccination,
which corresponds to the period of time when the maximum quantity of TT-
specific memory B cellsiscirculating intheblood (Butler et al. 1983; Lanzavecchia
et al. 2006). Treatment of the primary B cells with a proliferative stimulus prior to
fusion is also essential, either with pokeweed mitogen (PWM) or EBV (Butler et
al. 1983; Larrick et a. 1983; Olsson et a. 1983; Cole et a. 1984; Emanuel et al.
1984). PWM is superior to phytohemagglutinin and is optimally used for 5-7 days
(Olsson et al. 1983; Arinbjarnarson and Valdimarsson 2002). Costimulation of
mitogen-treated cells with antigen can increase the yield of antigen-specific anti-
bodies (Butler et al. 1983; Sugano et al. 1987). During the cell fusion, the ratio of
B cellsto immortal fusion partner cellsis an important variable (Butler et al. 1983;
Perkins et al. 1991).

Two groups of investigators have noted improvements in fusion efficiencies
when the PBMCs are expanded prior to cell fusion using the CD40 system, an in
vitro cell culture method that uses antibodies specific for CD40 and interleukin
(IL)-4 to stimulate B cell proliferation and survival in vitro prior to cell fusion
(Banchereau and Rousset 1991; Darveau et al. 1993; Thompson et al. 1994). Some
of the benefit from expansion of the B cells in the CD40 system or by EBV-
immortalization may derive from removing cytotoxic cellsfrom the fusion that may
threaten the viability of nascent heterohybridoma cells, which presumably express
a variety of murine protein antigens, in the context of human MHC, that may be
recognized as foreign by the human cytotoxic cell population. Consistent with this
hypothesis, Borrebaeck and his colleagues demonstrated a dramatic improvement
in the yields of murine/human and human/human cell fusions when they treated the
input PBM Cs with |-leucine methyl ester (Leu-OMe), which is toxic to lysosome-
rich cytolytic cells, including natural killer (NK) cellsand some T cells (Borrebaeck
et al. 1987; Borrebaeck et al. 1988). A similar potential effect on cytotoxic, unfused
cells was observed by Kalantarov et al. with the murine/lhuman fusion partner cell
line MFP-2S, which carried the neo drug-resistance marker. Inclusion of G418 in
the cell culture medium post-fusion substantially reduced the variability of yields
of antibody-secreting hybrid cells (Kalantarov et al. 2002).

In principle, it may be helpful to enrich cell populationsfor expression of specific
antibodies prior to cell fusion. In areport approximately 20 years ago, Casali et al.
selected B cells expressing antibodies specific for TT prior to EBV immortalization
(Casdli et al. 1986). More recently, in comparison to results obtained with unsel ected
PBMCs, fusions performed with CD19-selected B cells had increased hybridoma
yields (Schmidt et al. 2001).

5.3 Electrofusion and Hybrid Cell Culture

As an alternative to traditional chemical methods of inducing cell fusion with
polyethylene glycol (PEG), electrofusion can offer dramatically improved rates of
cell fusion (Pratt et al. 1987; Foung et al. 1990; Perkins et al. 1991). In electrofusion,
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the cells to be fused are aligned in a hypoosmolar buffer solution using an alternat-
ing current. Fusion is then induced by one or more bursts of direct current.
Electrofusion has been used with a variety of fusion partner cell lines, including
lymphoblastoid, heteromyeloma and murine myeloma cell lines (Pratt et al. 1987,
Foung et al. 1990; Y oshinari et al. 1996). Three studies have directly compared the
efficiency of electrofusion and polyethylene glycol (PEG) fusion, estimating an
apparent superiority of electrofusion of 4- to 100-fold, with a maximal calculated
fusion rate of approximately 1 cell per 1,000 input human B cells (Perkins et al.
1991; Krenn et al. 1995; Panova and Gustafsson 1995). To improve the viability of
hybrid cells following fusion, a delay of 24 h prior to the initiation of HAT selec-
tion (hypoxanthine, aminopterin, thymidine) and the use of cell feeder layers to
support hybridoma growth have also been found to be helpful (Cote et al. 1983;
Perkins et al. 1991; Hoffmann et al. 1996; Shirahata et al. 1998).

6 Recent Advancesin Native Human Antibody Cloning

Improvements continue to be made in the fusion partner cell lines. The Karpas 707H
cell line is a near-tetraploid human myeloma cell line that has been specifically
selected for improved growth rates in vitro and resistance to PEG, which isrequired
for cell fusion but which was toxic to the originad myeloma cell line (Karpas et al.
2001). Karpas 707H effectively fuses with tonsillar B cells and lymphoblastoid cells
and is notable for the creation of hybridomas that secrete up to 210 g antibody/ml
culture medium. An analysis of the antibodies cloned from thymocytes fused to the
Karpas 707H cell line revealed a spectrum of antibodies representing different
stages in the B cell differentiation process (Vaisbourd et al. 2001).

MFP-2B isanovel heterohybridomacell line that is actually the progeny of two
cell fusions. The first was between a murine myeloma cell line and a human mye-
loma cell line. The second was between one of the resultant heterohybridomas and
primary human lymphocytes obtained from alymph node (Kaantarov et al. 2002).
The MFP-2B has been additionally modified to express a neo resistance gene, ena-
bling negative selection against cytotoxic cellsfollowing the cell fusion (Kalantarov
et al. 2002). Thiscell lineis notable for its fusion and cloning efficiency. A karyo-
type demonstrates no intact human chromosomes, but 40% of the chromosomes are
partial human chromosomes or chimeric murine/human chromosomes. The MFP-2B
cell line has also been used to clone antibodies specific for breast cancer antigens
(Kirman et al. 2002).

An important alternative to hybridoma methods is a recently improved EBV-
immortalization method, in which human primary CD19*1gG*B cells are stimu-
lated with a CpG oligonucleotide prior to EBV exposure (Hartmann and Krieg
2000; Traggiai et al. 2004). The polyclonal B cell proliferation increases the rate
of EBV immortalization from 1%—2% to 30%—100%. In addition, the efficiency
of cloning the transformed cells was improved by including CpG oligonucleotides
in the culture medium and using an irradiated mononuclear cell layer. Others have
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noted that lymphoblastoid cells tend to have unstable 1gG expression, but the
immortalized cells were found to produce 3-20 pg antibody/ml supernatant and
were stable enough to enable in vitro and in vivo functional experiments (Stein
and Sigal 1983; Traggiai et al. 2004). This method enabled the cloning of a panel
of 1gG antibodies specific for either the nucleoprotein or the spike protein of the
SARS virus, some of which were able to significantly reduce proliferation of the
virus in a murine disease model (Traggiai et al. 2004).

Improvements have also been made in phage display methods that may miti-
gate some of the factors that hinder the incorporation of native human antibody
genes into typical phage display libraries. As described above, Meijer et al.
employed a novel approach of in-cell, single-cell PCR with consensus oligonu-
cleotides that produce an individual, correctly paired scFvs from each cell (Meijer
et al. 2006). These scFvs were then used to create a phage display library for
screening. Analysis of the paired sequences produced by this method demon-
strated consistent pairing of the same heavy and light chains, indicating preserva-
tion of the native paired antibody conformations.

7 The Use of Ectopic Gene Expression to Improve
Hybridoma Stability

Little is understood about the causes of the intrinsic instability of hybridomas
formed with primary human B cells or of the segregation of human chromosomes
by murine/human hybrid cells (Ephrussi and Weiss 1969; Cieplinski et al. 1983;
Harris et al. 1990). To begin to address these questions empirically, we and others
have considered that empiric modification of fusion partner cells by ectopic gene
expression may provide insight into the nature of hybridoma cells while potentially
improving their utility.

The first experiments along these lines were based on the observation that addi-
tion of IL-6 to the culture medium of murine/murine cell fusions could increase the
proportion of hybrid cells expressing murine antibody (Bazin and Lemieux 1989).
Interleukin-6 is essential for myeloma cell growth, possessing proliferative and
antiapoptotic functions, in addition to the ability to directly stimulate antibody gene
expression (Hirano 1998). Addition of 1L-6 to hybridoma culture medium improved
the cloning efficiency and antibody secretion of established hybridomas (Zhu et al.
1993). SP2/0 cells ectopically expressing high level miL-6 (SP2/mIL-6) were
found to give improved yields of hybridomas secreting both antigen-specific and
nonspecific antibodies, compared with untransfected, parental SP2/0 cells (Harris
et a. 1992).

A similar experiment was performed with the goal of improving the stability of
murine/human cell fusions (Zhu et al. 1999). Interleukin-11 (IL-11), which shares
many functions with IL-6, was ectopically expressed in amurine fusion partner cell
line. Expression of IL-11 improved the yields of hybridomas following selection,
and this effect was noted with both mitogen-stimulated and EBV-transformed
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B cells. IL-11 expression also increased the quantity of antibody produced by
hybrids derived from stable LCLs. However, no data were given on the long-term
stability of the hybridomas. It is likely that they were still prone to segregation of
human chromosomes and the associated |oss of antibody expression. We performed
similar experiments, comparing the ability of the SP2/mIL-6 and SP2/0 fusion
partner cell lines to form stable hybrids with human splenic B cells. Expression of
miL-6 was not able to overcome the instability resulting from the segregation of
human chromosomes (Dessain et al. 2004; K. Rybinski, S. Adekar, B. Barnoski,
S. Dessain, unpublished data).

We originally considered that ectopic expression of human telomerase (hTERT)
may improve fusions between human B cells and human immortal fusion partner
cell lines. Human/human hybridomas are affected by poor proliferation rates and
chromosome loss, both phenotypes having been associated in other cell culture
systems with telomere dysfunction (Olsson et al. 1983; Counter et al. 1992; Bailey
and Murnane 2006). Prior to the discovery of hTERT, experiments had shown that
mortal human T cells impose a dominant senescence program when fused to
immortal human cells (Pereira-Smith et al. 1990). Later, microcell fusion experi-
ments revealed that the introduction of an intact copy of human chromosome 3 into
an immortal, hTERT-expressing cell line repressed hTERT activity and caused cel-
lular senescence (Oshimura and Barrett 1997). Together, these results suggested
that human/human hybrid cells, formed between immortal fusion partner cell lines
and primary human B cells, suffered from hTERT deficiency. Unfortunately, initial
experiments with human fusion partner cell lines suggested that their deficiencies
were multifactorial and could not be overcome solely by ectopic hTERT expression
(S. Dessain, R. Goldshby, R. Weinberg, data not shown).

Because murine fusion partner cell lines are much better at forming hybrids than
most human fusion partners, we performed similar experiments with the SP2/0 cell
line (Shulman et a. 1978). The SP2/0 cell lineis avery poor fusion partner for pri-
mary human B cells, so it served as a useful starting point to assess the affect of
ectopic gene expression (Jessup et a. 2000). In murine/human hybrid cells, hTERT
could potentially contribute to hybrid cell stability by a species-specific stabilization
of human telomeres. In addition, hTERT has been shown to have many other func-
tions that may be beneficial to hybrid cells, including an incompletely characterized
tumor-promoting function that may be related to its antiapoptotic and growth factor-
stimulatory activities (Holt et al. 1999; Stewart et al. 2002; Kanzaki et al. 2003;
Smith et al. 2003). We found that most heterohybridoma cells formed between the
SP2/0 cell line and primary human B cells expressed murine TERT (MTERT), but
not hTERT. We introduced hTERT into SP2/0 cells, observing a modest increase in
the numbers of cells expressing hTERT, but without useful, long-term maintenance
of human antibody expression (S. Dessain, R. Goldsby, R. Weinberg, data not
shown). In contrast, the ectopically expressed combination of hTERT and miL-6
readily enabled the creation of stable hybrid cells secreting human antibodies.
Notably, the hybridomas that resulted from these fusions contained considerable
numbers of intact human chromosomes, even after 3 months of continuous culture
in vitro (Dessain et al. 2004). An example of this is shown in Fig. 1, the human
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Fig. 1 Human chromosomes in a human/murine heterohybridoma. Shown are G-banded human
chromosomes in a hybridoma that secretes a human antibody. Murine chromosomes are not
shown. Stable antibody expression results from the ability of the hybrid cells to maintain intact
human chromosomes

chromosome karyotype of a human/murine hybridoma cell that secretes a nonneu-
tralizing IgM antibody specific for the vaccinia virus A27L antigen. Virtualy afull
diploid human genome is present, in addition to over 100 murine chromosomes,
10 weeks following the creation of the hybrid cell.

Some of the apparent cooperative benefit of the hTERT and mIL-6 genes may
result from a mechanism whereby miL-6 expression may promote the maintenance
of human chromosomes by nascent hybridoma cells. Hybrid cells created by SP2/0
cells and human primary B cells do not proliferate in culture because the human
chromosome 21 represses miL-6 expression by the hybrid cells (Ebeling et al.
1998). Therefore, proliferation of the hybrid cellsin vivo may only be possible after
this chromosome is lost, indirectly selecting for cells that rapidly segregate human
chromosomes. The specific mechanisms whereby miL-6 and hTERT collaborate in
chromosome maintenance are under investigation.

8 High-Throughput Screening Technologies

Following their establishment through cell fusion and drug selection, hybridomas
need to be screened for specific antibody expression. In an optimal approach to
thoroughly explore the native antibody immunome, each hybridoma would be
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assayed individually for the binding specific of its particular antibody. Because of
practical considerations, hybridomas are generally assayed in pools of dozens or
more clones, but advanced screening technologies may significantly increase the
yields of specific antiviral antibodies that could be obtained. New antibody screen-
ing methods differ in how they achieve the core objective of associating individual
cellswith the antibodies they produce. In the selected lymphocyte antibody method
(SLAM), primary B cellsare cultured in the presence of complement and sheep red
blood cells (SRBC) conjugated to the antigen of interest (Babcook et al. 1996).
B cells expressing antibodies specific for the SRBC-conjugated antigen can be
identified because their secreted antibodies cause localized hemolytic reactions.
Although it was originally conceived that this method would be used with primary
B cells from which immunoglobulin genes would be directly cloned by RT-PCR,
this method may be useful for screening hybridomas or EBV-transformed cells.

Three methods combine the isolation of individual hybridoma cells with fluores-
cent assays for antigen binding. Thefirst distributesindividual hybridomasinto tiny
wells (0.1-1 nl volume) created on glass slides using a microengraving technique
(Love et al. 2006). The secreted antibodies are captured for analysis by sandwich-
ing the arrayed hybridoma supernatants with a capture slide that is coated with sec-
ondary antibody or antigen. The bound complexes are then detected with
fluorescently labeled antigens or secondary antibodies, respectively. Multiple cap-
ture dides can be used with a single hybridoma microarray, enabling cells to be
screened for avariety of antigen-binding specificities. An alternate method immo-
bilizes hybridomas on a filter through which secreted antibodies diffuse and then
bind to a plate coated with a secondary antibody (www.trellisbhio.com; Potera
2005). The plate is then probed with a panel of fluorescent probes that can be used
in acombinatorial fashion to allow simultaneous screening for many different anti-
gens. Computerized microscopy is used to analyze the binding reactions.
Hybridomas can also be enveloped in an agarose matrix that captures the antibodies
secreted by the hybridomas. For this purpose, secondary antibodies are attached to
the agarose through a biotin-avidin bridge (Gray et al. 1995). The secreted antibod-
ies are thus stably associated with the cells that produce them. The porous agarose
matrix enables the hybridomas to be screened for binding to fluorescently labeled
antigens. The matrix also offers structural stabilization for the hybridomas so that
they can be analyzed and sorted by FACS.

In one of our laboratories (J.B.) we have begun experiments with the FMAT
8200 Cellular Detection System. This system uses antigen-coated beads, which are
mixed with hybridoma supernatants and fluorescently labeled secondary antibodies
in 96-well or 386-well formats. The secondary antibodies detect specific antibody
bound to the beads, thereby concentrating the fluorescence into punctate signals
that are detected by a mechanized plate reader. The advantage of this method isthat
it enables high-throughput screening of hybridoma supernatants, but it does not
provide a means of isolating single cells prior to screening. Finally, the marriage of
such cell screening technologies with automated cell manipulators (ClonePix,
www.genetix.com) will accel erate the process of mining the native human antibody
immunome to obtain antibodies for use in the treatment of viral diseases.
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9 Summary and Future Prospects

The pressing demand for antibodies for use as antiviral therapeutics mandates a
broad-based effort that utilizes all of the available antibody cloning technologiesin
parallel. Cloning methods that directly immortalize B cells through hybridoma cre-
ation or EBV infection can complement recombinant DNA and transgenic mouse
methods of antibody cloning because they have an unbiased access to antibody
repertoires in their native configurations. In addition, these methods simplify the
exploration of the antibody repertoires of genetically diverse individuals. Over the
past 27 years, successive technical advances have improved the methods for clon-
ing native human antibodies such that they now may be able to contribute meaning-
fully to ongoing efforts with phage display and transgenic mouse methods. The
simplicity of these methods should facilitate their application by laboratories with
a diversity of research interests, as well as provide a rationale for creating core
facilities that provide high-throughput screening services to academic and other
researchers.
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