
Mei Hwei Chang · Kuan-Teh Jeang
Editors

123

Viruses and Human 
Cancer

Recent Results in Cancer Research
P. M. Schlag · H.-J. Senn   Series Editors

From Basic Science to Clinical 
Prevention

Indexed in PubMed/Medline



Recent Results in Cancer Research

Volume 193

Managing Editors

P. M. Schlag, Berlin, Germany
H.-J. Senn, St. Gallen, Switzerland

Associate Editors

P. Kleihues, Zürich, Switzerland
F. Stiefel, Lausanne, Switzerland
B. Groner, Frankfurt, Germany
A. Wallgren, Göteborg, Sweden

Founding Editor

P. Rentchnik, Geneva, Switzerland

For further volumes:
http://www.springer.com/series/392

http://www.springer.com/series/392


Mei Hwei Chang • Kuan-Teh Jeang

Editors

Viruses and Human
Cancer

From Basic Science to Clinical
Prevention

123



Editors
Mei Hwei Chang
Department of Pediatrics
National Taiwan University Hospital
Taipei
Taiwan, R.O.C.

Kuan-Teh Jeang
Molecular Virology Section, Laboratory of

Molecular Microbiology
National Institute of Allergy

and Infectious Disease
Bethesda, MD
USA

ISSN 0080-0015
ISBN 978-3-642-38964-1 ISBN 978-3-642-38965-8 (eBook)
DOI 10.1007/978-3-642-38965-8
Springer Heidelberg New York Dordrecht London

Library of Congress Control Number: 2013944531

� Springer-Verlag Berlin Heidelberg 2014
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must
always be obtained from Springer. Permissions for use may be obtained through RightsLink at the
Copyright Clearance Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Obituary

This special book ‘‘Viruses and Human Cancer: From Basic Science to Clinical
Prevention’’, is dedicated to the memory of Dr. Kuan-Teh Jeang. He was the Chief
of the Molecular Microbiology, National Institute of Allergy and Infectious Dis-
eases (NIAID), National Institutes of Health (NIH), Bethesda, USA. It is with deep
sadness to learn that Dr. Kuan-Teh Jeang, the co-editor of this book, passed away
on January 27, 2013. His great devotion and contribution in research and the
propagation for the knowledge will be missed forever in the scientific community.

Dr. Jeang is a highly respected world scientific leader, particularly in the field of
molecular mechanisms of HIV and HTLV-1 pathogenesis and oncogenesis. When
I was invited by Professor Hans-Joerg Senn and Professor Peter Schlag to editor
this book, Dr. Jeang was the most suitable co-editor for this very important book in
my mind. I felt truly honored that Dr. Jeang accepted my invitation to co-edit this
book. He was such an inspiring and supportive co-editor of this book, I have been
very grateful to have worked with him for this book.

Research on oncogenic viruses and related human cancers has advanced rapidly
in the past decade. Most updated articles are focused mainly on a specific onco-
genic virus and human cancer. A comprehensive updated monograph with inte-
grated depth of knowledge in this regard is needed. In this book, leading
researchers in the world delivered their most updated knowledge from basic sci-
ence to clinical prevention to the readers. The book covers the virology, virus-
induced inflammation and tissue injuries, oncogenic mechanisms, epidemiology,
clinical and preventive or therapeutic strategies for the main human oncogenic
viruses, including hepatitis B virus, hepatitis C virus, papilloma viruses, EB virus,
Human Adult T-cell Leukemia-1 (HTLV-1), Human Herpes Virus-8 (HHV-8), and
their related human cancers. The high risk hosts such as transplantation recipients
are discussed. Future prospects, particularly the preventive strategies such as new
vaccine development are also discussed.

Dr. Jeang had edited at least six books previous to this book. This book,
‘‘Viruses and Human Cancer: From Basics to Clinical Prevention’’ is an important
book with his devotion not only as an editor but also an author for a chapter
entitled ‘‘HTLV-1 and Leukemogenesis: Virus-cell Interactions in the Develop-
ment of Adult T-cell Leukemia’’.
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Dr. Jeang was born in Taiwan. At age 5, he moved with his family to Libya
where he stayed until age 12, when he arrived in the United States. He was
accepted to the Massachusetts Institute of Technology at age 16, and at age 18, he
started his MD and Ph.D. training at the Johns Hopkins University of Medicine
(Baltimore, USA); graduating with both degrees in 1984. He joined the NIH in
1985, had been a tenured investigator at the NIH for 27 years. His work has
tremendous contribution to insights into HIV-1 gene expression and HTLV-1
transformation of cells, Mouse model of diseases, and Non-coding RNAs. He
published more than 290 paper on peer reviewed journals, in the field of molecular
virology, particularly on HIV and HTLV-I, with very high total citations [14,900
and H-index 65, ISI Web of Science.

In 2004, he and his colleagues founded the open access journal Retrovirology
and served as the Editor-in-Chief of Retrovirology since 2004. His dedication had
driven the excellent performance of the journal to one of the top ranking journals
in virology. He also served as the Editor of Journal of Biomedical Science
(1994–2004) and the Editor of Cell and Bioscience (2011–2013), an Associate
Editor for Cancer Research (2003- present), and editor of Human Retrovirus and
AIDS database (1994–1998). He was also on the editorial board of many other
important scientific journals, such as the Journal of Biological Chemistry, and the
Journal of Virology. He was the immediate Past-President of the Society of
Chinese Bioscientists in America.

He was a gifted scientist and a remarkable and caring person. He was so
passionate to link molecular virology to cancer. He also devoted a substantial
amount of his intellectual effort to the promotion of scientific publication. His
enthusiasm for the editorial work was showed by his extraordinary effort and
dedication. While working on this book, he was very kind and liked to help when it
is in need. He responded kindly and quickly in our e-mail communication. He
leaves behind a unique heritage of ideas and spirit for others to pursue. Our
condolence is with his wife Diane, and his children David, John, and Diana.

On behalf of the authors, I sincerely hope the readers like this special book,
which is dedicated to the memory of Dr. Kuan-Teh Jeang.

Mei-Hwei Chang

vi Obituary
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Virus Infection and Human Cancer:
An Overview

John T. Schiller and Douglas R. Lowy

Abstract

It is now estimated that approximately 10 % of worldwide cancers are
attributable to viral infection, with the vast majority ([85 %) occurring in the
developing world. Oncogenic viruses include various classes of DNA and RNA
viruses and induce cancer by a variety of mechanisms. A unifying theme is that
cancer develops in a minority of infected individuals and only after chronic
infection of many years duration. The viruses associated with the greatest
number of cancer cases are the human papillomaviruses (HPVs), which cause
cervical cancer and several other epithelial malignancies, and the hepatitis
viruses HBV and HCV, which are responsible for the majority of hepatocellular
cancer. Other oncoviruses include Epstein–Barr virus (EBV), Kaposi’s
sarcoma-associated herpes virus (KSHV), human T-cell leukemia virus
(HTLV-I), and Merkel cell polyomavirus (MCPyV). Identification of the
infectious cause has led to several interventions that may reduce the risk of
developing these tumors. These include preventive vaccines against HBV and
HPV, HPV-based testing for cervical cancer screening, anti-virals for the
treatment of chronic HBV and HCV infection, and screening the blood supply
for the presence of HBV and HCV. Successful efforts to identify additional
oncogenic viruses in human cancer may lead to further insight into etiology and
pathogenesis as well as to new approaches for therapeutic and prophylactic
intervention.

J. T. Schiller (&) � D. R. Lowy
Laboratory of Cellular Oncology, Center for Cancer Research, National Cancer Institute,
Bethesda, MD, USA
e-mail: schillej@mail.nih.gov
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One of the most notable achievements in cancer etiology is the establishment that
infection by a specific subset of human viruses is the primary cause of a substantial
fraction of human malignancies. It was recently estimated that more than 10 % of
the almost 13 million yearly cases of human cancer worldwide are caused by one of
the following human viruses: Human papillomaviruses (HPV), hepatitis B virus
(HBV), hepatitis C virus (HCV), Epstein–Barr virus (EBV), Kaposi’s sarcoma-
associated herpes virus (KSHV) (also called Human Herpes Virus 8), human T-cell
leukemia virus (HTLV-1), and Merkel cell polyomavirus (MCPyV) (de Martel
et al. 2012). An additional 5 % of worldwide cancers, mostly gastric cancer, are
attributed to infection by the bacterium Helicobacter pylori. This conclusion is
based on the cumulative results of a large number of laboratory experiments and
epidemiological studies over the last five decades. As discussed in more detail in
Chap. 2, the number of worldwide incident cases associated with each virus varies
widely, from 600,000 for HPV to 2,100 for HTLV (Table 1). More than 85 % of the
burden of virus-induced cancers is borne by individuals in the developing regions of
the world (Table 1), with profound implications for translating the knowledge of
virus-induced cancers into public health interventions.

Table 1 Number of new cancer cases attributable to specific viral infections by development
status (de Martel et al. 2012)

Virus World Less developed More developed

HPV 600,000 520,000 80,000

HBV 380,000 330,000 44,000

HCV 220,000 190,000 37,000

EBV 110,000 96,000 16,000

KSHV 43,000 39,000 4,000

HTLV 2,100 660 1,500

2 J. T. Schiller and D. R. Lowy
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1 Viruses that Cause Human Cancer

The types of cancers induced by the various viruses and the fraction of these
cancers attributed to the virus infection also varies widely (de Martel et al. 2012)
(Table 2). In addition, viral prevalence in cases can vary depending on geo-
graphical location. HPVs, which normally infect stratified squamous epithelium,
are causally associated with a number of anogenital cancers, from almost 100 % of
cervical cancers to less than 50 % of vulvar cancers. They have more recently been
implicated in oropharyngeal cancers, with prevalence estimates varying quite
widely by region (Gillison 2008). Rates of HPV-associated oropharyngeal cancers
appear to be substantially increasing, with current prevalences of over 50 % in the
U.S. and several other (Arora et al. 2012) industrialized countries (Chaturvedi

Table 2 Prevalence of viruses in virus-associated cancers (de Martel et al. 2012)

Virus Cancer Geographical area Prevalence in
cases (%)

HPV Cervix World 100

HPV Penile World 50

HPV Anal World 88

HPV Vulvar World 43

HPV Vaginal World 70

HPV Oropharynx North America 56

HPV Oropharynx Southern Europe 17

HPV Oropharynx Japan 52

HBV Liver Developing 59

HBV Liver Developed 23

HCV Liver Developing 33

HCV Liver Developed 20

EBV Hodgkin’s lymphoma Developing-children 90

EBV Hodgkin’s lymphoma Developing-adults 60

EBV Hodgkin’s lymphoma Developed 40

EBV Burkitt’s lymphoma Sub-saharan Africa 100

EBV Burkitt’s lymphoma Other regions 20–30

EBV Nasopharyngeal carcinoma High-incidence areas 100

EBV Nasopharyngeal carcinoma Low-incidence areas 80

KSHV Kaposi’s sarcoma World 100

HTLV-1 Adult T-cell leukaemia and lymphoma World 100

MCPyV Merkel cell carcinoma World 74

Virus Infection and Human Cancer: An Overview 3



et al. 2011; Chaturvedi 2012) (Table 2). HBV and HCV have a strict tropism for
hepatocytes and together are the major cause of liver cancer (El-Serag 2012). EBV
normally infects epithelial cells and lymphocytes, especially B cells, and is the
cause of most cases of Hodgkin’s and Burkitt’s lymphomas (Saha and Robertson
2011). It is also an etiological agent in most cases of an epithelial cancer, naso-
pharyngeal carcinoma (Kutok and Wang 2006). KSHV is detected in virtually all
Kaposi’s sarcomas and is also strongly associated with two relatively rare B-cell
neoplasias, multicentric Castleman’s disease and primary effusion lymphoma
(Gantt and Casper 2011). HTLV-1 also targets lymphocytes and is a primary cause
of adult T-cell leukemia and lymphoma (Gallo 2011). MCPyV appears to be part
of the normal flora of the skin and is causally related to approximately three-
quarters of a relatively rare skin cancer, Merkel cell carcinoma (Arora et al. 2012).

Human tumor viruses encompass several distinct viral groups, including those
with small DNA genomes (HPV, HBV, and MCPyV), large DNA genomes (EBV
and KSHV), positive sense RNA genomes (HCV), and retroviruses (HTLV-1)
(Table 3) (Butel and Fan 2012). Their specific mechanisms of carcinogenesis also
vary widely. However, a common feature of human tumor viruses is that onco-
genesis is an aberration of their normal viral life cycle and an uncommon outcome
of infection. With some viruses, e.g. HPV and MCPyV, the viral genomes in
cancer cells are usually altered by mutation and/or insertion into the host DNA,
such that they can no longer produce infectious virions (Vinokurova et al. 2008;
Arora et al. 2012). Virally associated cancers almost always arise as monoclonal
events from chronic infections, usually after an interval of many years, indicating
that the infections are just one component in a multi-step process of carcinogen-
esis. A notable exception is KSHV-induced Kaposi’s sarcoma, which can arise as a

Table 3 Basic features of human oncoviruses

Virus Genome Virion structure Normal tropism Year isolated
(reference)

HPV16 Circular 7.9 kb DS
DNA

55 nm naked
Icosahedron

Stratified squamous
epithelium

1983 (Dürst et al.
1983)

HBV Circular 3.2 kb partial
DS DNA

42 nm enveloped Hepatocytes 1970 (Dane et al.
1970)

HCV Linear 9.6 k nt positive
sense RNA

Enveloped Hepatocytes 1989 (Choo et al.
1989)

EBV Linear 172 kb DS DNA Enveloped Epithelium and B
cells

1964 (Epstein
et al. 1964)

KSHV Linear 165 kb DS DNA Enveloped Oropharyngeal
epithelium

1994 (Chang
et al. 1994)

HTLV-
1

Linear 9.0 k nt positive
sense RNA

Enveloped T and B cells 1980 (Poiesz
et al. 1980)

MCPyV Circular 5.4 kb DS
DNA

40 nm naked
icosahedron

Skin 2008 (Feng et al.
2008)

4 J. T. Schiller and D. R. Lowy



polyclonal tumor within months of infection in immunosuppressed individuals
(Mesri et al. 2010) (also see Chap. 13).

2 Oncogenic Mechanisms

As discussed in detail in later chapters of this book, the oncogenic mechanisms of
most tumor viruses involve the continued expression of specific viral gene
(oncogene) products that regulate proliferative or anti-apoptotic activities through
an interaction with cellular gene products. Examples of oncoproteins include E6
and E7 of HPVs, LMP1 of EBV, and Tax of HTLV-1 (Chaps. 8, 10 and 11,
respectively). Virally encoded microRNAs, for instance those of EBV, may also
play a role in carcinogenesis by decreasing the expression of negative regulators of
cell growth (Raab-Traub 2012). KSHV may act primarily by altering complex
cytokine/chemokine networks (Mesri et al. 2010) (Chap. 13). In contrast, some
tumor viruses, such as HCV and HBV, may induce cancer more indirectly, as a
result of continued tissue injury and regeneration and the chronic inflammatory
response of the host to persistent infection (Alison et al. 2011) (Chaps. 3, 5 and 6).

Some viruses, particularly retroviruses, can induce cancers by insertional
mutagenesis in animal models (Fan and Johnson 2011). However, this mechanism
has not been convincingly documented in humans, except in a few patients in
experimental gene transfer trials involving delivery of high doses of recombinant
retroviral vectors (Romano et al. 2009). HIV could also be considered a tumor
virus in that HIV infection is a strong risk factor for several cancers, including
most cancers that are associated with infections by other viruses (Parkin 2006).
However, the effect of HIV infection on oncogenesis is thought to be indirect, by
inhibiting normal host immune functions that would otherwise control or eliminate
oncovirus infections and/or provide immunosurveillance of nascent tumors
(Clifford and Franceschi 2009). Consistent with this conjecture, increases in many
of the same cancers are seen in patients with other forms of immunosuppression
(Rama and Grinyo 2010).

2.1 Causal Association of Viral Infection and Cancer

The causal associations between the seven viruses and specific cancers noted
above are well established. They fulfill most, if not all, of the causality criteria
proposed by Sir A. Bradford Hill in the early 1970s (Hill 1971). The strength and
consistency of association between infection and cancer are high based upon
multiple epidemiological studies in varying settings. For instance, the relative risk
of HPV and KSHV infection for the development of cervical carcinoma and
Kaposi’s sarcoma, respectively, is over 100 in most studies. In some instances,
establishing a strong association required identification of especially oncogenic
types, e.g., HPV16 and 18 among mucosotropic HPVs, and a specific subset

Virus Infection and Human Cancer: An Overview 5
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tumors, e.g., oropharyngeal among head and neck cancers. Temporality was
established by demonstrating that infection proceeded cancer, usually by many
years. In some cases, the viruses are consistently detected in well-established
cancer precursor lesions, as is the case for HPV and high-grade cervical intraep-
ithelial neoplasia (Chap. 8). Dose–response relationships were established by
demonstrating that, for the most part, populations with higher prevalences of virus
infection also had higher incidences of the associated tumor, e.g., HBV and liver
cancer (El-Serag 2012) (Chap. 5). However, these associations were sometimes
confounded by high prevalence of the oncovirus in the general population and
variability in the prevalence of additional risk factors. An example is the high
frequency of EBV infection in the general population and the strongly associated
cofactor of malaria infection in the induction of EBV-positive Burkitt’s lymphoma
(Magrath 2012) (Chap. 10). Biological plausibility as oncogenic agents was
established in numerous laboratory studies that identified the interaction of viral
proteins with key regulators of proliferation and apoptosis, their immortalizing and
transforming activity in vitro, and their oncogenic activity in animal models
(Chaps. 4, 6, 8, 10, 11, and 13). These studies also support the criterion that the
associations be in agreement with current understanding of disease pathogenesis,
in this case, the process of tumorigenic progression. The last criterion, that
removing the exposure prevents the disease, has been most convincing demon-
strated for HBV, as discussed below and in Chap. 5.

2.2 Basic and Clinical Implications of Identifying a Viral Etiology

The identification of a virus as a central cause of a specific cancer can be an important
discovery for several reasons. First, it can provide basic insights into the carcinogenic
process, which in turn can identify potential cellular targets for interventions that are
often relevant for both virus-associated and virus-independent tumors. For example,
the tumor suppressors p53 and pRb were first identified as binding partners of the
small DNA tumor viruses in experimental systems and later shown to be targets for
human oncoviruses. They are also among the most frequently mutated genes in non-
virally induced cancers (Howley and Livingston 2009) (Chap. 8).

Second, the presence of the virus can be used in cancer diagnosis or risk
assessment. This aspect is well illustrated by the increasing use of HPV DNA testing
to screen for cervix cancer risk (Schiffman et al. 2011). HPV DNA tests are more
sensitive for the detection of high-grade premalignant lesions and cervical cancer
than is the standard Pap test, so intervals between tests can be increased in women
who test negative for high-risk HPV DNA in their cervix (Saslow et al. 2012).
Another example is HCV screening to identify individuals at high risk of progression
to liver cirrhosis and cancer. HCV screening was recently recommended in the U.S.
for all individuals born between 1945 and 1965 (Smith et al. 2012).

Third, viral gene products provide potential targets for treatment for cancers,
precancerous lesions, or chronically infected patients at high risk of cancer by
therapeutic drugs or therapeutic vaccines. There has been substantial research

6 J. T. Schiller and D. R. Lowy
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activity in this potentially fruitful area, which, although it has not lead to viral-
based treatment of malignancy or premalignant lesions, has had some clinical
success in the development of anti-virals to treat chronic HBV and HCV infection
(Chap. 14). Pegylated interferon alpha or a nucleoside/nucleotide analogue is
currently being used to suppress HBV replication (Chap. 5) and thereby liver
cirrhosis and risk of hepatocellular carcinoma. HCV infection can be similarly
treated. However, sustained virologic responses are limited. Fortunately, several
promising drug candidates that directly act on viral gene products are currently
under development and appear to be more active and better tolerated (Poordad and
Dieterich 2012) (Chap. 7). Similarly, treatment for KSHV infection in patients
with AIDs decreases risk of developing Kaposi’s sarcoma (Uldrick and Whitby
2011). In addition, Kaposi’s sarcoma lesion often regress in HIV-infected indi-
viduals after initiation of HAART, but this is primarily an indirect effect related to
the reconstitution of the immune system rather than direct activity of the drugs
against KSHV (Uldrick and Whitby 2011). In addition, HAART treatment for
HIV-infected individuals has been associated with risk reduction for the devel-
opment of some, but not all, virally induced tumors (Shiels et al. 2011).

Fourth, the knowledge of a viral etiology can serve as the basis of cancer
prevention measures. One approach involves behavioral interventions to reduce
susceptibility to infection, e.g., limiting exposure to blood products in the case of
HBV and HCV (Chaps. 5 and 7), limiting number of sexual partners in the case of
HPV, or preventing HTLV-1 transmission by discouraging breast-feeding by
infected mothers (Ruff 1994) (Chap. 12). Alternatively, the identification of human
oncoviruses can be used to develop effective vaccines to prevent oncovirus
infection. This approach has been successful implemented for HBV and HPV.
HBV prophylactic vaccines were introduced more than 20 years ago (reviewed in
Chap. 5). A dramatic reduction in childhood liver cancers of greater than two-
thirds has been documented in Taiwan, a high-incidence region (Chang et al.
2009). A substantial reduction in adult liver cancer is expected in the near future as
individuals who would have otherwise contracted HBV as infant reach the age of
peak cancer incidence. HPV vaccines targeting HPV16 and 18 have been licensed
for only 6 years (Schiller and Lowy 2012) (see Chap. 9). While substantial
reductions in the incidences of HPV-associated cancer are not expected for at least
another decade, there has already been a significant reduction in premalignant
cervical disease and evidence of herd immunity developing in Australia, a country
with high vaccination coverage and a screening program that includes relatively
young women (Brotherton et al. 2011). There are considerable efforts underway to
develop prophylactic and/or therapeutic vaccines against EBV and HCV (Wu et al.
2010; Feinstone et al. 2012) (Chap. 10). However, specific characteristics of their
biology have made the development of effective vaccines challenging. These
include viral latency and genetic instability in the case of EBV and HCV,
respectively. Vaccines against these viruses would likely be commercially viable
products. There has been less effort devoted to developing KSHV and HTLV-1
vaccines because the numbers of worldwide cancers they induce are lower, and
they do not appear to be a frequent cause of medically important non-malignant
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disease, in contrast to EBV and HCV (Schiller and Lowy 2010). They also have
proven susceptible to other interventions, specifically reduction in KSHV-induced
Kaposi’s sarcoma by treating HIV infection and reduction in transmission of
HTLV-1 by discouraging infant breast-feeding by infected mothers (Chap. 12).

2.3 The Search for Additional Oncoviruses

Are there other human oncoviruses waiting to be discovered? The technologies of
high through-put nucleic acid sequencing of entire cellular genomes, as now
applied to a wide variety of human tumors, provide an unprecedented wealth of raw
data for the hunt (Lizardi et al. 2011). The discovery of MCPyV illustrates how this
technology can be employed to identify novel human oncoviruses (Feng et al.
2008). However, this type of search will miss oncoviruses with RNA genomes. In
addition, identification of a viral nucleic acid sequence in a tumor is only the first
step. It takes many additional laboratory, clinical, and epidemiological studies to
establish that a viral infection is causally related to the development of a cancer, as
opposed to being a passive parasite of the tumor. Establishment of causality can be
particularly difficult in situations where the implicated virus is a common infection
in the general population. It will also be difficult to establish causality if a virus is
involved in the initiation of a tumor but not in its maintenance, a plausible but as yet
unproven mechanism for human cancers, commonly referred to as a hit and run
(Schiller and Buck 2011). There are suggestions that viral infections may be
associated with several other cancers. For instance, the incidence of non-melanoma
skin cancer increases dramatically after immunosuppression (Schiller and Buck
2011), and some epidemiological studies have linked the risk of prostate cancer
with sexual activity variables, suggesting involvement of a sexually transmitted
infectious agent (Sutcliffe 2010). Interesting arguments have also been made that
colorectal carcinomas and childhood leukemia’s may be caused by as yet
unidentified viral infections (zur Hausen 2009, 2012).

There is no doubt that oncovirus studies have been at the forefront of biomedical
research over the last several decades. They have provided important insights into
basic cell biology and disease mechanisms and have generated important public
health interventions for the control of major human cancers. This monograph pro-
vides an outstanding summary of the current state of the art of this dynamic field. We
expect that continued research in this area will generate new and excites insights into
the genesis of cancer and novel interventions to prevent and treat it.
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Epidemiology of Virus Infection
and Human Cancer
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Abstract

The International Agency for Research on Cancer (IARC) has comprehensively
assessed the human carcinogenicity of biological agents. Seven viruses
including Epstein–Barr virus (EBV), hepatitis B virus (HBV), hepatitis C virus
(HCV), Kaposi’s sarcoma herpes virus (KSHV), human immunodeficiency
virus, type-1 (HIV-1), human T cell lymphotrophic virus, type-1 (HTLV-1), and
human papillomavirus (HPV) have been classified as Group 1 human
carcinogens by IARC. The conclusions are based on the findings of epidemi-
ological and mechanistic studies. EBV, HPV, HTLV-1, and KSHV are direct
carcinogens; HBV and HCV are indirect carcinogens through chronic inflam-
mation; HIV-1 is an indirect carcinogen through immune suppression. Some
viruses may cause more than one cancer, while some cancers may be caused by
more than one virus. However, only a proportion of persons infected by these
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oncogenic viruses will develop specific cancers. A series of studies have been
carried out to assess the viral, host, and environmental cofactors of EBV-
associated nasopharyngeal carcinoma, HBV/HCV-associated hepatocellular
carcinoma, and HPV-associated cervical carcinoma. Persistent infection and
high viral load are important risk predictors of these virus-caused cancers. Risk
calculators incorporating host and viral factors have also been developed for the
prediction of long-term risk of hepatocellular carcinoma. These risk calculators
are useful for the triage and clinical management of infected patients. Both
clinical trials and national programs of immunization or antiviral therapy have
demonstrated a significant reduction in the incidence of cancers caused by HBV,
HCV, and HPV. Future researches on gene–gene and gene–environment
interaction of oncogenic viruses and human host are in urgent need.
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1 Introduction

The International Agency for Research on Cancer has comprehensively assessed
the carcinogenicity of the biological agents to humans based on epidemiological
and mechanistic evidence (IARC 2009). Seven viruses including Epstein–Barr
virus (EBV), hepatitis B virus (HBV), hepatitis C virus (HCV), Kaposi’s sarcoma
herpes virus (KSHV), human immunodeficiency virus, type-1 (HIV-1), human T
cell lymphotrophic virus, type-1 (HTLV-1), and several types of human papillo-
mavirus (HPV) have been classified as Group 1 human carcinogen as shown in the
Table 1.

There is sufficient evidence to conclude that EBV causes nasopharyngeal car-
cinoma, Burkitt’s lymphoma, immune suppression-related non-Hodgkin lym-
phoma, extranodal NK/T cell lymphoma (nasal type), and Hodgkin’s lymphoma in
humans. The evidence for EBV-caused gastric carcinoma and lympho-epitheli-
oma-like carcinoma is limited. HBV and HCV cause hepatocellular carcinoma
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with sufficient evidence. The evidence for HCV-caused non-Hodgkin lymphoma,
especially B-cell lymphoma, is sufficient, while the evidence for HBV-caused non-
Hodgkin lymphoma is limited. There is also limited evidence to conclude that
HBV and HCV cause cholangiocarcinoma. The evidence to conclude that HIV-1
causes Kaposi’s sarcoma, non-Hodgkin lymphoma, Hodgkin’s lymphoma, and
cancers of the cervix, anus, and conjunctiva is sufficient. But the evidence for HIV-
1 to cause cancers of the vulva, vagina, penis, non-melanoma skin cancer, and
hepatocellular carcinoma is limited.

Table 1 Cancers caused by Group 1 oncogenic viruses with sufficient and limited evidence
according to the IARC criteria

Virus Cancer sites with sufficient
evidence

Cancer sites with limited
evidence

Epstein–Barr virus (EBV) Nasopharyngeal carcinoma,
Burkitt’s lymphoma, immune
suppression-related non-
Hodgkin lymphoma,
extranodal NK/T cell
lymphoma (nasal type),
Hodgkin’s lymphoma

Gastric carcinoma, lympho-
epithelioma-like carcinoma

Hepatitis B virus (HBV) Hepatocellular carcinoma Cholangiocarcinoma, non-
Hodgkin lymphoma

Hepatitis C virus (HCV) Hepatocellular carcinoma, non-
Hodgkin lymphoma

Cholangiocarcinoma

Human immunodeficiency
virus, type 1 (HIV-1)

Kaposi’s sarcoma, non-
Hodgkin lymphoma,
Hodgkin’s lymphoma, cancers
of the cervix, anus, and
conjunctiva

Cancers of the vulva, vagina
and penis, non-melanoma skin
cancer, hepatocellular
carcinoma

Human papillomavirus type 16
(HPV-16)

Cancers of the cervix, vulva,
vagina, penis, anus, oral cavity,
oropharynx, and tonsil

Cancer of the larynx

Human papillomavirus type 18,
31, 33,35, 39, 45, 51, 52, 56,
58, 59 (HPV-18, 31, 33,35, 39,
45, 51, 52, 56, 58, and 59)

Cancer of the cervix

Human papillomavirus type 26,
30, 34, 53, 66, 67, 68, 69, 70,
73, 82, 85, 97 (HPV- 26, 30,
34, 53, 66, 67, 68, 69, 70, 73,
82, 85, and 97)

Cancer of the cervix

Human T cell lymphotrophic
virus, type-1 (HTLV-1)

Adult T cell leukemia and
lymphoma

Kaposi’s sarcoma herpes virus
(KSHV)

Kaposi’s sarcoma, primary
effusion lymphoma

Multicentric Castleman’s
disease
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There is sufficient evidence to conclude that HPV-16 causes cancers of the
cervix, vulva, vagina, penis, anus, oral cavity, oropharynx, and tonsil; but the
evidence for HPV-16 to cause cancer of the larynx is limited. Cervical cancer is
caused by several types of HPV including HPV-18, 31, 33, 35, 39, 45, 51, 52, 56,
58, and 59. The evidence for HPV-26, 30, 34, 53, 66, 67, 68, 69, 70, 73, 82, 85, and
97 to cause cervical cancer is limited. HTLV-1 causes adult T cell leukemia and
lymphoma with sufficient evidence. There is sufficient evidence to conclude
KSHV causes Kaposi’s sarcoma and primary effusion lymphoma, but the evidence
for KSHV to cause multicentric Castleman’s disease is limited.

The proportion of cancers caused by infectious agents was recently estimated to
be more than 20 % (IARC 2009). The identification of new cancer sites attributed
to these agents means that more cancers are potentially preventable. This chapter
will review mainly the epidemiology of oncogenic viruses and their associated
cancers.

2 Prevalence of Oncogenic Virus Infection in the World

EBV is highly prevalent throughout the world with more than 90 % adults infected
with EBV even in the remote populations (IARC 2009). The estimated number of
persons infected with EBV is more than 5.5 billion. The age at primary infection of
EBV varies significantly in the world. People live in overcrowded conditions with
poor sanitation have a younger age at primary infection than those live in better
environments. Two major types of EBV have been identified and differ in geo-
graphical distribution with EBV-2 more common in Africa and homosexual men.
The role of specific EBV types in the development of difference cancers remains to
be elucidated. As EBV infection is ubiquitous, the specific geographical distri-
bution of EBV-related malignancies including endemic Burkitt lymphoma and
nasopharyngeal carcinoma is more likely attributable to the variation in the dis-
tributions of other cofactors which may activate EBV replication.

Figure 1 shows the geographical variation in the prevalence of oncogenic
viruses in the world. HBV infects more than 2.0 billion people in the world and
more than 300 million of them are chronic HBV carriers (IARC 2009). There is a
wide variation of chronic HBV infection in the world1 as shown in Fig. 1a.
Approximately 45 %, 43 %, and 12 % of the world population live in areas where
the endemicity of chronic HBV infection is high (seroprevalence of hepatitis B
surface antigen [8 %), medium (2–7 %), and low (\2 %). The prevalence is
highest in sub-Saharan Africa, the Amazon Basin, China, Korea, Taiwan, and
several countries in Southeast Asia. In areas of high endemicity, the lifetime risk
of HBV infection is more than 60 % with most infections acquired from perinatal
and child-to-child transmission, when the risk of becoming chronic infection is
greatest. Perinatal (vertical) transmission is predominant in China, Korea, and

1 CDC http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-3-infectious-diseases-related-to-
travel/hepatitis-b.htm
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Fig. 1 Estimated prevalence (per 100) of Group 1 oncogenic viruses in the world. a HBV,
b HCV, c HIV-1, d HPV, e HTLV-1, and f KSHV
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Fig. 1 (continued)
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Taiwan where the seroprevalence of HBeAg in pregnant women is high, while
child-to-child (horizontal) transmission is common in sub-Saharan Africa where
HBeAg seroprevalence is low in mothers. In areas of medium endemicity, mixed
HBV transmission patterns occur in infancy, early childhood, adolescence, and
adulthood. In the low endemicity areas, most HBV infections occur in adolescents
and young adults through injection drug use, male homosexuality, health care
practice, and regular transfusion or hemodialysis.

In addition to the striking geographical variation in seroprevalence of HBsAg in
the world, the distribution of eight genotypes of HBV varies significantly in dif-
ferent countries (IARC 2009). Genotype A is prevalent in Europe, Africa, and
North America; genotypes B and C are prevalent in East and Southeast Asia;
Genotype D is predominant in South Asia, Middle East, and Mediterranean areas;
genotype E is limited to West Africa; genotypes F and G are found in Central and
South America; and genotype H is observed in Central America.

HCV infects around 150 million people in the world showing an estimated
prevalence of 2.2 % (IARC 2009) with a wide variation in different regions as
shown in Fig. 1b. The estimates of HCV infection (seroprevalence of antibodies
against HCV) range from \0.1 % in the United Kingdom and Scandinavia to
15–20 % in Egypt (Alter 2007). The high prevalence of HCV infection was
observed in Mongolia, northern Africa, Pakistan, China, southern Italy, and some
areas in Japan. There are at least six major genotypes of HCV have been identified.
There is a wide variation in geographical distribution of HCV genotype in the
world. The response to antiviral therapy also varies by HCV genotype. It is better
in patients infected with genotype 2 or 3 than those with genotype 1 or 4.

HCV have two major transmission routes including injection drug use and
iatrogenic exposures through transfusion, transplantation, and unsafe therapeutic
injection. While iatrogenic transmission of HCV has been reduced after 1990 in
developed countries such as Japan and Italy, it remains frequent in low-resource
countries where disposable needles tend to be reused. Injection drug use is the
most important transmission route for newly acquired HCV infection in developed
countries. Transmission of HCV through perinatal, sexual, and accidental needle-
stick exposures is less efficiently than iatrogenic exposure and injection drug use.

HIV infects estimated 34 million people in the world at the end of 2010 (IARC
2009).2 An estimated 0.8 % of adults aged 15–49 years worldwide are living with
HIV, and the burden varies considerably between countries and regions as shown
in Fig. 1c. Sub-Saharan Africa remains most severely affected with a prevalence of
4.9 %. Although the prevalence of HIV infection is nearly 25 times higher in sub-
Saharan Africa than in Asia, almost 5 million people are living with HIV in South,
Southeast, and East Asia combined. After sub-Saharan Africa, regions most
heavily affected are the Caribbean and Eastern Europe and Central Asia, where
1.0 % of adults were living with HIV in 2011. There were 2.5 million people
including 0.39 million children were newly infected with HIV in 2011. Since

2 UNAIDS http://data.unaids.org/pub/epislides/2012/2012_epiupdate_en.pdf
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2001, annual HIV incidence has fallen in 33 countries, 22 of them in sub-Saharan
Africa. However, incidence is accelerating again in Eastern Europe and Central
Asia after having slowed in the early 2000s, and new infections are on the rise in
the Middle East and North Africa.

HIV-1 infection is transmitted through three major routes: sexual intercourse,
blood contact, and mother-to-child transmission. The HIV-1 infectivity is deter-
mined by the interaction of three factors of agent, host, and environments. The
probability of HIV-1 transmission is highest for blood transfusion, followed by
mother-to-child transmission, needle sharing, man-to-man sexual transmission,
and lowest for woman-to-man sexual transmission.

HPV infection is very prevalent in most sexually active individuals will acquire
at least one genotype of anogenital HPV infection during their lifetime (IARC
2009). The estimated oncogenic HPV DNA point prevalence has been reported as
high as 10 % in a meta-analysis of 157,879 women with normal cytology, giving
an estimate of 600 million people being infected (de Sanjose et al. 2007). The
point prevalence was highest (20–30 %) in Africa, East Europe, and Latin
America; and lowest (6–7 %) in southern and western Europe and Southeast Asia
demonstrating a striking geographical variation as shown in Fig. 1d. The estimated
point prevalence is highly dynamic because both incidence and clearance rates are
high.

Among 13 oncogenic HPV types, the most prevalent types include 16, 18, 31,
33, 35, 45, 52, and 58. HPV 16 is the most common type in all regions with
prevalence ranging 2.3–3.5 %. HPV infections are transmitted through direct skin-
to-skin or skin-to-mucosa contact. Anogenital HPV types spread mainly through
sexual transmission in teenagers and young adults. Non-sexual routes including
perinatal and iatrogenic transmissions account for a minority of HPV infections.

HTLV-1 infects estimated 15–20 million people in the world (IARC 2009).
HTLV-1 infection is characterized by the micro-epidemic hotspots surrounded by
low prevalence areas as shown Fig. 1e (Proietti et al. 2005). The HTLV-1 infec-
tion prevalence ranges from \0.1 % in China, Korea, and Taiwan to 20 % in
Kyushu and Okinawa of Japan. The regions of high endemicity include south-
western Japan, parts of sub-Saharan Africa, the Caribbean Islands, and South
Africa. HTLV-1 has three major transmission routes: vertical transmission, sexual
transmission, and parenteral transmission. Vertical transmission through breast-
feeding has a high efficiency to result in mother-to-child infection. However, in
utero infectivity is low due to limited trafficking of HTLV-1-infected lymphocytes
across placenta. The efficiency of sexual transmission of HTLV-1 depends on the
proviral load and use of condom. Parenteral transmission through transfusion is
significantly reducing due to the sensitive serological examination of blood
products. Needle sharing associated with injection drug use is another parenteral
route for HTLV-1 transmission.

Infection prevalence of KSHV determined by serological tests varies signifi-
cantly in the world (Dukers and Rezza 2003) as shown in Fig. 1f. It ranges from
2–3 % in northern Europe to 82 % in Congo (IARC 2009). The prevalence is
generally low (\10 %) in northern Europe, the USA, and Asia, elevated in
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Mediterranean region (10–30 %) and high in sub-Saharan Africa ([50 %). The
KSHV is primarily transmitted via saliva. In the countries where KSHV preva-
lence is high, the infection occurs during childhood and increases with age. The
transmission of KSHV among homosexual men is also via saliva. KSHV may also
be transmitted with a low efficiency through prolonged injection drug use, blood
transfusion, and organ transplantation.

3 Incidence of Some Virus-caused Cancers in the World

The world maps of age-adjusted incidence rates of some oncogenic virus-related
cancers are shown in Fig. 2. The age-adjusted incidence rates of nasopharyngeal
cancer range from \0.1 to 8.05 per 100,000 as shown in Fig. 2a. The highest
incidence was observed in southern China, Southeast Asia, and sub-Saharan
Africa, and the lowest incidence in Europe, western Africa, and Central America.
Chinese ethnicity in different cancer registries has the highest incidence of naso-
pharyngeal cancer. As EBV infection is ubiquitous in humans, the uniquely high
incidence of nasopharyngeal carcinoma suggesting Chinese lifestyles or genetic
susceptibility may play an important role in the development of nasopharyngeal
cancer.

The age-adjusted incidence rates of Burkitt lymphoma are shown in Fig. 2b.
Central Africa, equatorial South America, Papua New Guinea, and Caribbean
countries are endemic for Burkitt lymphoma, but the incidence rate of Burkitt
Lymphoma is relatively low in other countries. As EBV infection is ubiquitous in
humans, the extraordinarily high endemicity of Burkitt lymphoma in Africa sug-
gesting local environments or genetic susceptibility may play an important role in
the development of endemic Burkitt lymphoma.

The age-adjusted incidence rates of liver cancer range from 0.70 to 94.4 per
100,000 as shown in Fig. 2c. The highest incidence was observed in East Asia,
Southeast Asia, Egypt, and sub-Saharan Africa, and the lowest incidence in
Europe, Middle East, Australia, New Zealand, and Canada. The geographical
variation in liver cancer incidence is consistent with that of seroprevalence of
HBV and HCV.

The age-adjusted incidence rates of cervical cancer range from 2.14 to 56.29
per 100,000 as shown in Fig. 2d. The highest incidence was observed in Latin
America, South Asia, and sub-Saharan Africa, and the lowest incidence in Europe,
North America, Australia, New Zealand, and Middle East. The geographical
variation in cervical cancer incidence is consistent with that of seroprevalence of
oncogenic HPV.

The age-adjusted incidence rates of Kaposi’s sarcoma range from \1.0 to 30
per 100,000 as shown in Fig. 2e. The highest incidence was observed in sub-
Saharan Africa and the lowest incidence in Europe, Australia, North America, and
East Asia. The geographical variation in Kaposi’s sarcoma incidence is consistent
with that of seroprevalence of KSHV.
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4 Carcinogenic Mechanisms of Oncogenic Viruses

There are three major mechanisms of carcinogenesis for seven Group 1 oncogenic
viruses as shown in Table 2. They are defined as direct, indirect through chronic
inflammation, and indirect through immune suppression (IARC 2009). The direct
carcinogens include EBV, HPV, HTLV-1 and KSHV; the indirect carcinogens

Fig. 2 Age-standardized incidence rate (per 100,000) of virus-caused cancers in the world.
a Nasopharynx, b Burkitt lymphoma c Liver, d Cervix uteri, and e Kaposi’s sarcoma
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Fig. 2 (continued)
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through chronic inflammation include HBV and HCV; and the indirect carcinogen
through immune suppression is HIV-1.

Direct oncogenic viruses have following characteristics: (1) The entire or
partial viral genome can usually be detected in each cancer cell. (2) The virus can
immortalize after the growth of target cells in vitro. (3) The virus expresses several
oncogenes that interact with cellular proteins to disrupt cell-cycle checkpoints,
inhibit apoptosis, and DNA damage response, cause genomic instability, and
induce cell immortalization, transformation, and migration.

Both HBV and HCV cause hepatocellular carcinoma through chronic inflam-
mation, which leads to the production of chemokines, cytokines, and prostaglan-
dins secreted by infected cells and/or inflammatory cells. The chronic
inflammation also leads to the production of reactive oxidative species with direct
mutagenic effects to deregulate the immune system and promote angiogenesis,
which is essential for the neovascularization and survival of tumors.

Individuals infected with HIV-1 have a high risk of cancers caused by another
infectious agent. HIV-1 infection, mainly through immunosuppression, leads to
increased replication of oncogenic viruses such as EBV and KSHV. Although
antiretroviral therapy lowers the risk of many cancers associated with HIV-1, risks
remain high worldwide.

5 Lifetime Cumulative Incidence of Some Virus-caused
Cancers

Some viruses may cause more than one cancer, while some cancers may be caused
by more than one virus. However, only a proportion of persons infected by these
oncogenic viruses will develop specific cancers. Table 3 shows the lifetime
cumulative incidence of some virus-caused cancers. The cumulative lifetime

Table 2 Established carcinogenic mechanisms of oncogenic viruses

Mechanism Group 1 virus (carcinogenic properties)

Direct EBV (cell proliferation, inhibition of apoptosis, genomic instability,
cell migration)

HPV (immortalization, genomic instability, inhibition of DNA
damage response, anti-apoptotic activity)

HTLV-1 (immortalization and transformation of T cells)

KSHV (cell proliferation, inhibition of apoptosis, genomic
instability, cell migration)

Indirect through chronic
inflammation

HBV (inflammation, liver cirrhosis, chronic hepatitis)

HCV (inflammation, liver cirrhosis, liver fibrosis)

Indirect through immune
suppression

HIV-1 (immunosuppression)
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(30–75 years old) risk of developing nasopharyngeal carcinoma was 2.2 % for
men seropositive for IgA antibodies against EBV VCA or antibodies against EBV
DNase and 0.48 % for those seronegative for both antibodies.

Only around one-quarter of patients with patients chronically infected with
HBV will develop hepatocellular carcinoma showing a striking gender difference
of 27.4 % for men and 8.0 % for women (Huang et al. 2011). The development of
hepatocellular carcinoma caused by HBV has been considered as a multistage
hepatocarcinogenesis with multifactorial etiology, which involved the interaction

Table 3 Lifetime cumulative incidence and risk cofactors of virus-caused cancers

Virus (cancer) Lifetime
incidence

Viral factors Host factors Environmental factor

EBV
(nasopharyngeal
carcinoma)

Men, 2.0 %. Elevated
serotiter of
antibodies
against EBV,
EBV viral
load

Male gender,
family history,
genetic
polymorphisms
(xenobiotic
metabolism, DNA
repair, human
leukocyte antigen)

Cantonese salted
fish, Dietary
nitrosamine, wood
dust, formaldehyde,
tobacco

HBV
(hepatocellular
carcinoma)

Men, 27.4 %;
women, 8.0 %.

Persistent
infection,
viral load,
genotype,
mutant, serum
HBsAg level

Elder age, male
gender, obesity,
diabetes, serum
androgen and ALT
level, family
history, genetic
polymorphisms
(DNA repair,
human leukocyte
antigen, androgen,
and xenobiotic
metabolism)

Aflatoxins, alcohol,
tobacco, carotenoids,
selenium, HCV
infection

HCV
(hepatocellular
carcinoma)

Men, 23.7 %;
women, 16.7 %

Persistent
infection,
viral load,
genotype,
mutant

Elder age, male
gender, obesity,
diabetes, serum
ALT level, family
history, genetic
polymorphisms

Alcohol, tobacco,
betel, HBV or
HTLV-1 infection,
radiation

HPV (cervical
carcinoma)

HPV-16, 34.3 %;
HPV-52, 23.3 %;
HPV-58, 33.4 %;
Any oncogenic
HPV, 20.3 %.

Persistent
infection,
viral load,
genotype

Elder age, number
of pregnancies,
family history,
serum estrogen
level, genetic
polymorphisms
(DNA repair,
human leukocyte
antigen)

Tobacco,
immunosuppression,
HIV-1 infection,
contraceptives,
nutrients
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of HBV, chemical carcinogens, host characteristics, and genetic susceptibility
(Chen et al. 1997; Chen and Chen 2002; Chen and Yang 2011; IARC 2009).

Around one-fifth of patients seropositive for antibodies against HCV (anti-
HCV) will develop hepatocellular carcinoma showing a less significant gender
difference of 23.7 % for men and 16.7 % for women (Huang et al. 2011). The
lifetime cumulative risk of HCC for anti-HCV seropositives with and without
detectable serum HCV RNA level was 3.53 % and 24.2 %, respectively. Many
cofactors have been involved in the development of hepatocellular carcinoma in
anti-HCV seropositives (Lee et al. 2010; IARC 2009).

The cumulative lifetime (30–75 years old) risk of cervical cancer for women
who were infected by HPV16, HPV 52, HPV 58, and any Group 1 oncogenic HPV
was 34.3 %, 23.3 %, 33.4 %, and 20.3 %, respectively. Women with persistent
oncogenic HPV infection have a much higher cumulative risk of cervical cancer
than those with the transient infection (Chen et al. 2011b).

6 Cofactors of Some Virus-caused Cancers

Only a proportion of persons infected by oncogenic viruses will develop specific
cancers. The fact strongly suggests the involvement of cofactors in the oncogenic
process. Carcinogenesis would result from the interaction of multiple risk factors
including viral factors, host factors, and environmental factors as shown in
Table 3. The viral factors include various infection markers such as viral load,
genotypes, variants, mutants, and serotiter of antibodies. The host factors include
age, gender, race, anthropometric characteristics, immune status, hormonal level,
personal disease history, and family cancer history. The environmental factors
include chemical carcinogens, nutrients, ionizing radiation, immunosuppressive
drugs, and coinfections of other infectious agents. The contribution of several
additional factors to the development of virus-associated cancers seems to be
substantial, but has not yet been elucidated in detail.

Several cofactors for nasopharyngeal carcinoma have been reviewed previously
(Chien and Chen 2003). The viral factors associated with EBV-caused nasopha-
ryngeal carcinoma include the elevated serotiter of antibodies against EBV
including anti-EBV VCA IgA, anti-EBV DNase, anti-EBNA1 (Chien et al. 2001;
Hsu et al. 2009), and the elevated serum EBV DNA level (viral load). Host factors
include male gender, family history of nasopharyngeal carcinoma (Hsu et al.
2011), and genetic polymorphisms of xenobiotic metabolism enzymes (Hildes-
heim et al. 1997), DNA repair enzymes (Cho et al. 2003), and human leukocyte
antigen (Hildesheim et al. 2002; Hsu et al. 2012b). Environmental factors include
consumption of Cantonese salted fish, high dietary intake of nitrite and nitrosa-
mine (Ward et al. 2000), occupational exposure to wood dust and formaldehyde
(Hildesheim et al. 2001), long-term tobacco smoking (Hsu et al. 2009), and low
intake of plant vitamin, fresh fish, green tea, and coffee (Hsu et al. 2012a).
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The viral factors associated with HBV-caused hepatocellular carcinoma include
the elevated serum level HBeAg serostatus (Yang et al. 2002), serum HBV DNA
level (Yang et al. 2002; Chen et al. 2006; Chen et al. 2009 ), HBV genotype and
mutant types (Yang et al. 2008), and elevated serum HBsAg level (Lee et al.
2013). Host factors include elder age, male gender, elevated serum alanine ami-
notransferase (ALT) level, family history of hepatocellular carcinoma (Chen et al.
1991; Yu et al. 2000a; Yang et al. 2010), disease status of obesity and diabetes
(Chen et al. 2008), elevated serum level of androgen and androgen-related genetic
polymorphisms (Yu and Chen 1993; Yu et al. 2000b), and genetic polymorphisms
of xenobiotic metabolism enzymes and DNA repair enzyme (Chen et al. 1996a;
Yu et al. 1995a, 1999a, 2003). Environmental factors include aflatoxin exposure
(Chen et al. 1996b; Wang et al. 1996), habits of alcohol consumption and tobacco
smoking (Chen et al. 1991; Wang et al. 2003), inadequate intake of carotenoids
and selenium (Yu et al. 1995b, 1999a, b), and coinfection with HCV (Huang et al.
2011).

The viral factors associated with HCV-caused hepatocellular carcinoma include
the elevated serum level of HCV RNA and HCV genotype 1 (Lee et al. 2010;
Huang et al. 2011). Host factors include elder age, male gender, obesity, diabetes,
elevated serum ALT level, family history of hepatocellular carcinoma, and genetic
polymorphisms (Sun et al. 2003; Chen et al. 2008; Lee et al. 2010; IARC 2009).
Environmental factors include alcohol consumption, tobacco smoking, betel
hewing, radiation exposure, and coinfection with HBV or HTLV-1 (Sun et al.
2003; Huang et al. 2011; IARC 2009).

The viral factors associated with oncogenic HPV-caused cervical cancer
include the persistent infection, elevated viral load, HPV genotypes, and variants
(Chen et al. 2011a, b; Chang et al. 2011; IARC 2009). Host factors include elder
age, number of pregnancies, family history of cervical cancer, serum estrogen
level, genetic polymorphisms of DNA repair enzymes, and human leukocyte
antigen (Chen et al. 2011a; Chuang et al. 2012; IARC 2009). Environmental
factors include tobacco smoking, immunosuppression, HIV-1 coinfection, use of
oral contraceptives, and inadequate intake of micronutrients (IARC 2009).

7 Risk Calculators of HBV-caused Hepatocellular Carcinoma

As there are many risk predictors for each virus-caused cancer, it is useful to
incorporate all these factors to develop a risk model or risk calculator for the
prediction of cumulative cancer incidence. Such risk calculators may provide
clinicians important information for the triage of patients who need intensive
treatment from those who need only routine follow-up. Several risk models/cal-
culators have been developed to predict the incidence of hepatocellular carcinoma
of chronic hepatitis B patients (Yang et al. 2010), and only REACH-B score was
externally validated (Yang et al. 2011). The REACH-B score has recently been
used to examine the efficacy of antiviral therapy to reduce liver cancer risk of
chronic hepatitis B patients.
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Table 4 shows a most recent HCC risk calculator for chronic hepatitis B
patients (Lee et al. 2013). Predictors included in the risk calculator are age, gender,
family history of hepatocellular carcinoma, serum ALT level, HBeAg serostatus,
serum levels of HBV DNA and HBsAg, and HBV genotype. Risk scores are

Table 4 Scores assigned to risk predictors of HBV-caused hepatocellular carcinoma

Risk predictor Risk score

Age

30–34 0

35–39 1

40–44 2

45–49 3

50–54 4

55–59 5

60–64 6

Sex

Female 0

Male 2

Family history of hepatocellular carcinoma

No 0

Yes 2

Serum ALT levels (IU/L)

\15 0

15–44 1

C45 2

HBeAg/HBV DNA (copies/mL)/HBsAg (IU/mL)/Genotype

Negative/\104/\100/any type 0

Negative/\104/100–999/any type 2

Negative/\104/C1000/any type 2

Negative/104–106/\100/any type 3

Negative/104–106/100-999/any type 3

Negative/104–106/C 1000/any type 4

Negative/C106/any level/B or B ? C 5

Negative/C106/any level/C 7

Positive/any level/any level/B or B+C 6

Positive/any level/any level/C 7
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assigned for various categories of risk predictors. For example, a 60-year-old (risk
score = 6) male (risk score = 2) chronic hepatitis B patient who had a family
history of hepatocellular carcinoma (risk score = 2), a serum ALT level of 90 IU/
L (risk score = 2), a HBeAg-seropositive serostatus, a serum HBV DNA level of
107 copies/mL, a serum HBsAg level of 104 IU/mL, and a HBV genotype C
infection (risk score = 7) has a sum of risk score of 19. The 5-, 10-, and 15-year
cumulative risks of hepatocellular carcinoma by the sum of risk score are shown in
the nomogram of Fig. 3. For the patient with a sum of risk score as high as 19, his
5- and 10- and 15-year risk of hepatocellular carcinoma will be 35 %, 80 %, and
90 %. In contrast, a 34-year-old women with no family history of hepatocellular
carcinoma, a serum ALT level of 10 IU/L, a HBeAg-negative serostatus, a serum
HBV DNA level of 103 copies/mL, and a serum HBsAg level of 50 IU/mL (sum of
risk score = 0) has 5-, 10-, and 15-year risk of hepatocellular carcinoma of
0.0075 %, 0.025 %, and 0.065 %.

The risk calculators for other virus-caused cancers such as nasopharyngeal
carcinoma and cervical cancer may also be helpful to improve the triage and
clinical management of patients infected with other oncogenic viruses. The
development of the risk calculators needs large-scale prospective cohorts, which
have been followed for a long period of time with accurate measurements of risk
predictors. Demographical characteristics, viral infection biomarkers, family his-
tory, and polymorphisms of genetic susceptibility may be incorporated to develop
valid and useful cancer risk calculators.

Fig. 3 Nomogram for predicted 5-, 10-, and 15-year risk of hepatocellular carcinoma by sum of
risk score
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8 Cancer Incidence Reduction through Vaccination
and Antiviral Therapy

The most effective strategy to prevent virus-caused cancers is through the vacci-
nation to prevent viral infection or the antiviral therapy to eliminate oncogenic
viruses in human host. Table 5 shows currently available vaccines or antivirals to
prevent or treat patients with oncogenic viral infection. Vaccines are available for
the prevention of HBV-caused hepatocellular carcinoma and HPV-caused cervical
cancer, while antiviral therapies are available for the treatment of chronic infection
of HBV, HCV, and HIV.

Many clinical trials have demonstrated the efficacy of the HPV vaccination to
prevent cervical neoplasia, the precursor lesions of cervical cancer, and the effi-
cacy of antiviral therapy to prevent hepatocellular carcinoma in cirrhotic patients
(Liaw et al. 2004). The national HBV immunization program in Taiwan imple-
mented in 1984 has successful reduced the incidence of hepatocellular carcinoma
at ages 6–19 years in vaccinated birth cohorts (Chang et al. 1997, 2009; Chien
et al. 2006). The HPV immunization program in Australia has effectively lowered
the incidence of cervical neoplasia in vaccinated adolescent cohorts. A national
antiviral therapy program was implemented in 2003 to control chronic hepatitis B
or C in Taiwan. It is expected to reduce the incidence and mortality of hepato-
cellular carcinoma in treated adult patients. However, its efficacy to prevent
hepatocellular carcinoma remains to be assessed.

9 Future Perspectives

Along with the advancement in proteomic and genomic medicine, more and more
biomarkers associated with the development of virus-caused cancers have been
identified. They may be applied for the risk prediction or early detection of the
cancers. For example, multiple micro RNAs have been combined for the diagnosis
of hepatocellular carcinoma. However, its efficacy and cost-effectiveness for early
diagnosis of HCC should be further assessed and compared with those of other
methods including abdominal ultrasonography (Chen and Lee 2011). More

Table 5 Evidence showing the reduction of incidence of virus-caused cancers through the
preventive strategy of vaccination and antiviral therapy

Virus Cancer Preventive strategy

HBV Hepatocellular carcinoma Vaccination and antiviral therapy

HCV Hepatocellular carcinoma Antiviral therapy

HIV-1 Kaposi’s sarcoma Antiviral therapy

HPV Cervical cancer Vaccination
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importantly, repeated measurements of biomarkers may further improve the risk
prediction or early detection of virus-caused cancers (Chen 2005). For example,
the trajectory of serum HBV DNA levels has been found to predict long-term risk
of hepatocellular carcinoma effectively (Chen et al. 2011c). More longitudinal
studies with regular follow-up examinations of various biomarkers are in urgent
need to identify good molecular targets for the development of preventives,
diagnostics, or therapeutics of various virus-caused cancers. The health economic
assessment of these biopharmaceuticals may help the clinical application of them.
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Abstract

Our molecular understanding of cancer biology has made substantial progress
during the last two decades. During recent years it became evident that
inflammation is a major driving force in tumor development since chronic virus
infection and carcinogenesis are closely correlated. These insights refined our
view on the decisive role of persistent virus infection and chronic inflammation
in tumor onset, growth, and metastatic progression. Explanations have been
delivered how tumor cells interact and correspond with neighbouring epithelia
and infiltrating immune cells for shaping the so-called ‘tumor-microenviron-
ment’ and establishing tumor-specific tolerance. This extended view on
malignant diseases should now allow for rational design of interventions
targeting inflammation and underlying pathways for prevention and therapy of
inflammation-associated cancer. This chapter outlines the role of virus-
mediated inflammations in tumorigenesis thereby shedding light on the
mechanisms of cancer-related inflammation and on characteristic features of
the tumor-microenvironment, which has been recently identified to play a key
role in maintenance and progression of tumors. Finally, the chapter discusses
latest aspects in prevention of inflammation-related cancer and provides a short
outlook on the future prospects of cancer immunotherapy.
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In the 19th century, Rudolph Virchow hypothesized that tissue injury precedes
tumor development at the same locus. Observations of leukocyte infiltrations in
tumor tissue let him speculate that inflammatory processes of wound healing may
be involved in tumor development (Balkwill and Mantovani 2001). Picking up
these ideas, tumors have been later described as a result of ‘possible overhealing’
(Haddow 1972) or as ‘wounds that do not heal’ (Dvorak 1986) thereby referring to
obvious similarities between tumor growth and wound healing such as fibroblast
activation, attraction of leukocytes, cell proliferation and angiogenesis. During the
last two decades, this notion was supported by molecular evidence confirming that
inflammatory processes are essentially involved in the development of tumor and
in emergence of metastases (Karin 2006; Guerra et al. 2007). With regard to
etiology of cancer, germline mutations play a minor role in the development of
cancer whereas up to 90 % of all cancers are associated with acquired somatic
mutations, which are mainly acquired by environmental and life style factors.
30 % of global malignancies can be attributed to tobacco smoking and 35 % are
due to dietary factors including obesity (Aggarwal et al. 2009). An estimated
20-25 % of the global cancer burden is associated with pathogen inflammations,
the vast majority due to unresolved, persistent virus infections that drive inflam-
mation (Hussain and Harris 2007; Parkin 2006). Moreover, an inflammatory
component is also present in the microenvironment of tumors that are epidemio-
logically not related to classical pathogen infections but to other environmental
risk factors such as tobacco smoking or inhalation of silica fibres thus illustrating
the general role of inflammation in carcinogenesis. In this review, we summarize
the key aspects of the role of virus-associated infections and inflammations for
tumor development, and discuss applicable measures to prevent infection-associ-
ated cancers. Hereby, we will focus on infection-associated inflammatory pro-
cesses involved in carcinogenesis that may offer attractive molecular targets for
pharmacologic means in cancer prevention and therapy. In the following section,
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the clinically most relevant virus types that cause chronic tissue inflammation and
cancer are briefly introduced.

1 Chronic Virus Infection as a Cause of Cancer

Virus infections belong to the most important causes of cancer (de Martel and
Franceschi 2009). Among those tumors that are related to virus infections, solid
tumors in the liver and cervix uteri are the most relevant entities in terms of global
health burden. These tumors are mainly attributable to hepatitis B and C virus
(HBV; HCV) and human papilloma virus (HPV), respectively. HBV is a small
DNA virus from the hepadnavirus family which can be transmitted between
humans mainly via blood contact or sexual intercourse. Liver infections by HBV
frequently lead to severe complications such as acute hepatitis including the risk of
liver failure and furthermore to cirrhosis and hepatocellular carcinoma if the
infection persists. The causal relationship between HBV and HCC development is
well established (Chen et al. 2006) and conservatively estimated 54 % of liver
cancer cases are due to HBV infection. Though an effective vaccination is
available since more than 20 years, HBV remains a major health problem since
approximately 360 million chronic HBV carriers exist worldwide (Shepard et al.
2006; Custer et al. 2004). The risk to develop HCC as a late complication of liver
infection is closely linked to the duration of the virus-mediated inflammation.
Several pathogenic mechanisms are involved including oncogenic effects mediated
by HBV proteins (such as HBx), by mutagenic insertion of parts of the viral DNA
into the host cell genome, and by T cell-dependent autoimmunity (Farazi and
DePinho 2006).

A second virus that is significantly involved in the development of liver cancer
is HCV, a single stranded RNA virus from the flavivirus family. HCV infection is
a blood borne disease that chronically infects 3 % of the world’s population
(Shepard et al. 2005). HCV-positive individuals have a highly significant risk to
develop an HCC (Donato et al. 1998) and about 31 % of liver cancer cases are due
to chronic HCV infections. The underlying pathogenetic mechanisms are not fully
understood. As in case of HBV, HCV can establish persistent infections and
malignant transformation results from a longer-lasting process of coincident
inflammation, cell death and tissue renewal. Molecular studies have shown that
several HCV proteins such as NS3, NS4B, NS5A and core actually have oncogenic
potential (Farazi and DePinho 2006; Barth et al. 2008).

A further virus involved in development of infection- and inflammation-asso-
ciated solid tumors is human papilloma virus (HPV) (Parkin and Bray 2006). HPV
is a non-enveloped DNA virus that can induce benign and malignant lesions of
skin and mucosa. The course of infection is usually asymptomatic and local
immunity leads to virus clearance in most individuals (Plummer et al. 2007). In
about 10 % of infected women HPV establishes a persistent infection, which
elevates the risk for cervix cancer development. Among 100 different genotypes,
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several HPV strains are regarded as high risk strains due to their causal correlation
with development of cervix carcinoma. In this context, the most virulent HPV-16
and HPV-18 genotypes account for the majority of cervical neoplasias (Smith et al.
2007). The pathogenic mechanisms underlying HPV-mediated oncogenesis are
relatively well studied. Chronic infection with HPV is accompanied by integration
of viral DNA sequences into the DNA of the host cell. The expression of early
viral genes such as E6/E7 from viral integrates interferes with the activity of the
tumor suppressors p53 and Rb, thus activating the cell cycle and inhibiting
intrinsic apoptosis. Additional immunological or mutagenic influence factors can
further promote cell transformation and tumor growth.

A further example for a clinically relevant oncogenic pathogen is the Epstein-
Barr virus (EBV) which has been associated with several hematological malig-
nancies such as Burkitt’s lymphoma, Hodgkin- and non-Hodgkin-lymphoma.
Further tumor-associated viruses are the human herpes virus 8 (HHV-8), the causal
pathogen for Kaposi Sarcoma, the human T cell leukemia virus type 1 (HTLV-1),
and Merkel cell polyoma virus.

2 Inflammation and Cancer

2.1 The Interconnection Between Inflammation and Tumor
Development

Under steady-state conditions, maintenance of tissue-integrity and cell renewal is
tightly regulated by the host. Upon disturbance of tissue-integrity by pathogen
infection or tissue damage, an acute inflammation is elicited, a locally and timely
limited immune mechanism that enables both effective elimination of the pathogen
and wound healing responses. Though the preferential goal of an acute inflam-
mation is the pathogen-free reconstitution of tissue integrity, infection is eventu-
ally not completely cleared by acute inflammatory mechanisms. This consequently
is leading over to a chronic inflammatory response, which is in coincidental bal-
ance with pathogen persistence. Two events appear to be fundamental to establish
chronic virus-mediated inflammations. First, tumor-associated viruses must find
ways to subvert the host’s antiviral immune defense or to retreat into immuno-
privileged niches to persist in a latent state. Second, the rigor of antiviral immune
responses must be adjusted to levels that outbalance sufficient control of viremia
and prevention of severe immunopathology in the infected organ. These persistent
infections lead to a mild, but chronic inflammation. In persistent infections, cells
are not only subject of transformation by viral oncogenes. Accumulation of tumor-
prone genetic alterations is also accelerated by enhanced cell turnover during
chronic inflammations. Both features, chronic inflammation and viral transfor-
mation of cells, are important events of tumorigenesis (Rakoff-Nahoum and
Medzhitov 2009). Moreover, inflammation has been identified to be of utmost
importance to promote virtually every step of tumorigenesis (Karin 2006). Even
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the involvement of inflammatory processes in initial cell transformation is a matter
of discussion. It has been shown that inflammation may increase mutation fre-
quency in tissues even in the absence of defined extrinsic triggers (Sato et al. 2006;
Bielas et al. 2006). Inflammatory mechanisms are involved in the process of
‘immunosurveillance’ which effectively limits tumor development at a very early
stage. Triggered by aberrant oncogene activation, induction of cellular senescence
in liver cells consequently leads to the elimination of senescent cells, orchestrated
by CD4 T cells and M1 macrophages (Kang et al. 2011). On the other hand,
immunosuppression or overcoming and escape from senescence further promote
tumorigenesis at an early stage by inflammatory mechanisms such as senescence-
associated cytokine secretion (Rodier et al. 2009).

Once an early neoplastic nodule is established, several kinds of leukocytes and
mesenchymal cells are attracted, which establish the tumor-microenvironment and
provide cancer cells with supplemental growth stimuli and cytokines. This smol-
dering inflammatory tumor-microenvironment is vital for tumor development and
has been generally accepted as another hallmark of cancer (Hanahan and Wein-
berg 2011). These observations also attracted much attention towards the contri-
bution of non-malignant cells to the tumor-microenvironment, their interactions,
the released signalling molecules and central molecular pathways.

2.2 Cytokine Signalling and Molecular Pathways
in Tumor-Associated Inflammation

Tumor-associated inflammation and tumorigenesis are closely interconnected
mechanisms with the inflammatory process as a predominant driver of the
malignant disease. Crucial endogenous factors of tumor-associated inflammation
have already been identified in numerous studies such as the signal transducer
activator of transcription-3 (STAT-3) and the transcription factor NFjB. These
transcriptional activators are essentially involved in signal transduction and/or
expression of inflammatory cytokines playing a role in tumor-associated inflam-
mation, such as TNF-a, IL-6, IL-1b, IL-11, and IL-23 (Grivennikov et al. 2009;
Fukuda et al. 2011; Lesina et al. 2011; Voronov et al. 2003; Langowski et al.
2006). NFjB is a well known key orchestrator in innate immune and inflammatory
responses and is activated in both tumor cells as well as in immune cells involved
in tumor-associated inflammation. NFjB translates a panoply of extrinsic and
intrinsic danger signals into specific gene activation. NFjB lies downstream of
toll-like-receptor (TLR)-MyD88 dependent pathways and processes signals from
receptors of inflammatory cytokines such as TNF-a and IL-1b. Additionally,
NFjB can be upregulated by endogenous genetic alterations in cancer cells. Upon
upstream signalling, NFjB activates expression of proinflammatory factors such
as cytokines, adhesion molecules, NO-synthase, stimulators of angiogenesis, and
COX2, a crucial enzyme in prostaglandin synthesis. NFjB as well as STAT3
promote cell survival by expression of the antiapoptotic mediators Bcl-2, Bcl-XL,
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Mcl-1, c-Flip, survivin, and IAPs thereby conferring resistance against antitumoral
immune responses in cancer surveillance. Additionally, links between NFjB
activation and the hypoxic response have been reported (Rius et al. 2008). Both
NFjB and STAT3 also interfere with p53 functions in genome surveillance, DNA
damage response and intrinsic apoptosis (Colotta et al. 2009; Ryan et al. 2000).

2.3 The Inflammatory Tumor-Microenvironment

Most prominent cells of the immune system recruited to the tumor-microenviron-
ment are tumor-associated macrophages (TAMs). This cell type reflects a subtype
of the monocyte-macrophage lineage and may be obligatory for invasion, metas-
tasis, and angiogenesis (Condeelis and Pollard 2006). Due to the plasticity and
diversity of these cells, two fundamental phenotypes are distinguished. The clas-
sical M1 activation is mediated by TLR ligands and IFN-c, whereas alternative M2
activation is stimulated by IL-4/IL-13. The polarization of M1-M2 mirrors the
polarization of Th1-Th2 T cells. M1 macrophages promote Th1 responses and
release high levels of proinflammatory cytokines, reactive oxygen species and
reactive nitrogen intermediates, whereas M2 polarized macrophages display
immunoregulatory functions, promote tissue remodeling and display high expres-
sion of scavenger receptors (Gordon and Martinez 2010; Biswas and Mantovani
2010; Mantovani et al. 2002). TAMs found in advanced stages during tumor-
development generally display an M2-like phenotype, which is characterized by a
tumor-promoting activity of tissue-remodelling and angiogenesis together with a
high IL-10 expression. These cells are polarized by tumor-resident lymphocytes of
different origin, depending on the organ (Biswas and Mantovani 2010). In breast
carcinogenesis, plasma cells promote TAM-polarization (DeNardo et al. 2009;
Pedroza-Gonzalez et al. 2011) whereas in development of skin tumors IL-4
secreting Th2 cells induce the M2-like phenotype (Schioppa et al. 2011; Andreu
et al. 2010). Additionally, tumor cells have the ability to directly influence mac-
rophages towards a cancer-promoting mode by secretion of different components.
These include components of the extracellular matrix, the cytokines M-CSF and IL-
10, and chemokines like CCL2, CCL17, CCL18, and CXCL4 (Mantovani et al.
2008; Erler et al. 2009; Kim et al. 2009; Roca et al. 2009). It has been shown, that a
high TAM infiltration correlates with a poor prognosis (Murdoch et al. 2008).

Besides the central role of TAMs, several other innate and adaptive immune
cells are found in the tumor-microenvironment, and for almost all of them a
protumorigenic role has been demonstrated. These include T and B cells, dendritic
cells, mast cells, myeloid-derived suppressor cells, and neutrophils. Only NK cells
lack an established tumor-supporting function so far. Mature T cells present in
solid tumors are classically defined as cytotoxic CD8 T cells (CTLs) and CD4
helper cells (Th). The latter are further classified in Th1, Th2, Th17, and regulatory
T (Treg) cells. The polarization of these cells dictate, whether T cell subsets
(including CD8 T cells) promote tumor development and metastasis (Roberts et al.
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2007). Additionally, polarization correlates with survival in some cancers, due to
invasion of tumor-specific CTLs and Th1 cells, as shown in melanoma, pancreatic
cancer, colon cancer, and multiple myeloma (Galon et al. 2006; Laghi et al. 2009;
Swann and Smyth 2007). Moreover, presence of tumor-infiltrating lymphocytes
(TILs) with high ratios of CD8/CD4 and Th1/Th2 indicates an improved prognosis
in breast cancer (Kohrt et al. 2005). Treg cells are mainly suspected to mediate
tumor tolerance by suppression of antitumor immune responses (Gallimore and
Simon 2008). However, Erdman and colleagues could demonstrate that Tregs can
also inhibit cancer-associated inflammation thereby playing an antitumorigenic
role in malignant diseases (Erdman et al. 2005). Myeloid-derived suppressor cells
(MDSCs) are often recruited and activated by the inflammatory tumor-microen-
vironment by multiple factors, such as IL-6, IL-1ß, and VEGF (Gabrilovich and
Nagaraj 2009). Activated MDSCs in turn release pro-inflammatory factors which
results in a positive feedback loop promoting cancer-associated inflammation.
Furthermore, MDSCs are not only capable to suppress adaptive immune responses,
but also influence the cytokine production of macrophages (Sinha et al. 2007).
Tumor-associated neutrophils (TAN) have been identified to play a role in cancer-
related inflammation as well (Cassatella et al. 2009; Mantovani 2009). Their
previously unnoticed plasticity can exert tumor-promoting and tumoricidal func-
tions, depending on the polarization by TGF-ß (Fridlender et al. 2009).

Cancer-associated fibroblasts (CAFs) are a major component of the tumor
stroma and an integral part of the cancer-related inflammatory environment. They
are activated by IL-1 and share many characteristics with activated fibroblasts in
wound healing processes. CAFs have a proinflammatory signature and promote
tumor growth and angiogenesis (Erez et al. 2010).

During tumorigenesis, malignant cells frequently interact with immune cells
resulting in their polarization into a tumor-supportive phenotype. The tumor-
microenvironment is to a large extent borne by feedback of these tumor-promoting
immune cells finally mediating tolerance by adaptation and manipulation of
infiltrating lymphocytes within the tumor-microenvironment.

Many, if not all innate and adaptive immune cells that are involved in tumor
development, exhibit a more or less significant plasticity, which can even be
reverted under certain conditions (Sharma et al. 2010; Fridlender et al. 2009).
Therefore, it can be assumed that cancer-associated inflammation and antitumor
immunity are able to coexist simultaneously and thereby mutually affect each
other during tumor progression. However, a growing tumor mass might finally
quench antitumor immunity, thus achieving the tumor’s complete immune escape
in advanced stages of tumor development (Koebel et al. 2007).

2.4 Inflammation, Hypoxia and Angiogenesis in Tumor-Growth

Hypoxic conditions generally appear in solid malignancies, when the demand for
oxygen and nutrients of a growing tumor is greater, than the blood supply is able to
provide. At first, cells respond by induction of hypoxia-inducible factor (HIF1a),
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which finally modifies glucose metabolism, angiogenesis and furthermore cell
survival and invasion (Staller et al. 2003). Hypoxic conditions also result in
necrotic cell death in the core of the tumor. These dying cells induce the proin-
flammatory mediators IL-1 and HMGB1, which additionally trigger angiogenesis
and deliver further growth factors to the tumor environment (Vakkila and Lotze
2004). However, besides hypoxia, tumor neoangiogenesis is moreover driven by
TAMs, which recognize hypoxia and respond with the release of angiopoetin 2 and
VEGF. It is important to note, that proangiogenic genes in TAMs and other cell
types are regulated by AP1, STAT3, and the NF-jB-pathway (Kujawski et al.
2008; Rius et al. 2008). So far, it cannot be finally concluded, whether hypoxia is
sufficient to induce neoangiogenesis or whether the inflammatory mediators
activated by hypoxia are the key drivers of angiogenesis.

2.5 T Cell Exhaustion in Chronic Viral Infection
and Malignant Diseases

CD8 T cells play a pivotal role in antitumoral immune responses. Mature cytotoxic
T cells are able to invade infected or tumor tissue and directly lyse target cells in
an antigen-specific manner. Specificity is mediated by the abT cell receptor rec-
ognizing mutated or overexpressed self-antigens or antigens of viral origin pre-
sented on major histocompatibility complex (MHC) molecules of the putative
target cell. Naïve antigen-specific CD8 T cells proliferate extensively following
acute viral infection. First, they are activated by professional antigen-presenting
cells (APCs), such as dendritic cells (DCs), which cross-present captured viral
peptides and provide all necessary signals of costimulation. The expansion of
naïve virus specific T cells after initial antigen stimulation is accompanied by the
acquisition of effector functions, chemokine production and the ability to migrate
towards the site of infection. The expanded population of pathogen-specific CD8 T
cells normally facilitates clearance of the virus and after reaching the peak of
clonal expansion, the virus-specific T cell population is subject to a rapid con-
traction, where most of the T cells undergo apoptosis. A small percentage of this
cell population survives and establishes a pool of long-lived memory CD8 T cells
that can be subdivided into effector memory (EM) and central memory (CM) T
cells, depending on phenotypic markers (CD62L and CCR7). Upon rechallenge,
memory cells can rapidly proliferate and exert effector functions thus providing
protective immunity.

In contrast to the development of protective CD8 T cell immunity after acute
infections, behaviour of CD8 T cells in chronic infections and cancer is dramat-
ically altered. In the early course of chronic diseases, naïve pathogen- or disease-
specific T cells are primed and initially gain effector functions. However, they are
often incapable to differentiate into functional memory cells and effector functions
deteriorate. This loss of function is also called T cell exhaustion. The process
follows a hierarchical order, whereby exhausted T cells have impaired IL-2
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production and proliferation, then acquiring improper cytolytic function and
produce less TNF. Finally, fully exhausted T cells may even lose the ability to
secrete IFN-c (Zajac et al. 1998; Fuller and Zajac 2003; Wherry et al. 2003).

During exhaustion, CD8 T cells continually upregulate inhibitory receptors,
including PD-1, Tim-3, LAG3, CD160 and 2B4 (Barber et al. 2006; Blackburn
et al. 2009; Fourcade et al. 2010). Commonly, the need of T cell exhaustion is
explained by the adjustment of the inflammatory response of the immune system
towards viral antigens in order to limit viral replication on the one hand and on the
other hand to avoid durable inflammation-mediated tissue damage in permanently
infected tissue, if the host cannot fully eliminate the virus.

CD8 T cell responses in malignant diseases, directed against antigens expressed
by the tumor, are frequently found in melanoma patients (Boon et al. 2006). The
coexistence of spontaneously arising tumor-specific immune responses with pro-
gressive disease demonstrates a tumor-induced dysfunction in T cells as well. In
cancer patients, the induction of tumor-specific T cells does not follow the
mechanisms of acute viral infections. Tumor-tolerance mechanisms actively
interfere with antitumoral immune responses and tumor-antigens further lack
pathogen-associated molecular patterns (PAMPs) in malignant cells. This might
lead to incomplete activation and licensing of cytotoxic T cells. Additionally, the
constitutive antigenic challenge and the presence of an inflammatory tolerance-
mediating tumor-microenvironment might further contribute to the malfunction of
exhausted T cells (Fourcade et al. 2010; Baitsch et al. 2011).

The tumor-associated antigens (TAA) investigated in patients are often can-
cer-germline antigens (CGAs), which are expressed by tumor cells of different
origins, but not by non-malignant cells, except the testis. The CGA NY-ESO-1 is
often subject to spontaneous cellular and humoral responses that are detectable
in patients with advanced NY-ESO-1-expressing tumors (Stockert et al. 1998;
Mandic et al. 2005; Fourcade et al. 2008). Recent studies of spontaneous tu-
morantigen-specific CD8 T cells revealed upregulation of PD-1 and Tim-3 in
mice and melanoma patients (Fourcade et al. 2010; Sakuishi et al. 2010; Baitsch
et al. 2011). These two negative regulatory or immune checkpoint molecules are
very important markers of T cell exhaustion in malignant diseases. PD-1 abro-
gates T cell receptor signaling and Tim-3 plays a role in promoting MDSCs and
in regulating cytokine responses of myeloid cells (Dardalhon et al. 2010; Zhang
et al. 2012).

Furthermore, PD-1 controls expansion of NY-ESO-1-specific CD8 T cells and
PD-1/Tim-3 double positive cells have a more exhausted phenotype by production
of less IFN-c, IL-2 and TNF compared to single positive CD8 T cells in patients
(Fourcade et al. 2010). Blockade of PD-1 and Tim-3 in animal models has been
shown to partially restore T cell function and that combined targeting of Tim-3 and
PD-1 pathways is more effective in tumor growth inhibition than either pathway
alone (Sakuishi et al. 2010).

Interestingly, coexistence of TAA-specific CD8 cells with an effector profile
were found in the circulation and exhausted cells were present in the tumor
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environment of metastases from melanoma patients after vaccination with CpG
and Melan–A/MART–1 (Baitsch et al. 2011).

3 Inflammation and Metastases

Metastases are a central aspect in clinical oncology because over 90 % of cancer
mortality is attributable to metastases. Formation of metastases is a highly com-
plex process including tumor cell motility, intravasation into the circulation,
spread through the blood or the lymphatic system, extravasation and finally
establishment and outgrowth of tumor-nodules in new tissues and organs.
Approximately only 0.01 % of cancer cells that enter the circulation will suc-
cessfully develop micrometastases (Joyce and Pollard 2009). The initially
increased motility and invasiveness of metastatic tumor cells are caused by the
epithelial-mesenchymal transition (EMT). In the process of EMT, epithelial cells
aquire a fibroblast-like properties that increase their motility and facilitates to
invade epithelial barriers and to cross the basal membrane towards the circulation
(Kalluri and Weinberg 2009). The extravasation of premetastatic cells is mediated
by integrins, followed by crosstalk with immune and stromal cells, which allow
them to proliferate (Polyak and Weinberg 2009). It has been shown, that leuko-
cytes pave the way for the construction of a premetastatic niche (Erler et al. 2009;
Hiratsuka et al. 2006; Kaplan et al. 2006; Kaplan et al. 2005; Padua et al. 2008)
and that the inflammatory stimuli is furthermore mediated by the extracellular
matrix component versican, which in turn activates macrophages and leads to the
secretion of the prometastatic cytokine TNF-a (Kim et al. 2009). Another prom-
etastatic and anti-inflammatory cytokine is TGF-b. It mediates trans-endothelial
migration and metastasis by induction of angiopoietin 4 and is secreted by cancer
cells, myeloid cells, and T lymphocytes. Elevated levels of TGF-b therefore often
indicate a poor prognosis (Yang and Weinberg 2008).

4 Prevention of Inflammation-Associated Cancer

Cancers that are related to chronic viral infections, can be addressed at different
stages during tumorigenesis (feasible interventions are summarized in Fig. 1).
First of all, effective vaccinations are fundamental, not only to prevent acute
infection-related illness, but also to finally prevent the development of cancer as
late complication of the underlying viral infection. Patients that have suffered from
an infection once in their life by viruses that are known to cause enhanced cancer
risk must be routinely monitored for chronification. Chronically-infected patients
need state of the art pharmacologic treatments to reduce viral loads to the most
possible extend or, at its best, to finally heal up the infection. Furthermore, patients
with chronic infections have to be carefully investigated for signs of precancerous
lesions of the affected tissue. In this case, therapeutic interventions to inhibit or
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even revert tissue organization should be considered in particular for those indi-
viduals that have a genetic predisposition for cancer. Since chronic inflammation
promotes carcinogenesis and dissemination, long-term antiphlogistic treatment
could represent a suitable cancer-preventive regimen for infected patients. Con-
crete means to address the above listed options for prevention of virus-mediated
cancers are presented in the following section.

4.1 Antiviral Vaccinations and Therapies

HBV, HCV, or HPV are causative for the vast majority of solid cancers that are
associated with chronic virus infections and infection-related inflammation.

The options to prevent HBV-related HCC is to ward off acquisition of chronic
HBV infection for risk groups like intravenous drug-addicts or recipients of blood-
infusions. Furthermore, effective vaccines against HBV exist since more than
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Fig. 1 The figure illustrates different stages of the development of inflammation-associated
cancer, the corresponding host’s immune defense mechanisms involved in tumor prevention and
applicable interventions to prevent or treat cancer
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20 years. Vaccination programs, including passive immunizations as part of a
post-exposition-prophylaxis for children of HBV infected women, have led to a
dramatic reduction of HBV carriers, and to a reduction of HCC during childhood
(Chang et al. 1997). HBV vaccination is now part of the National Infant Immu-
nization Schedule in 162 countries and represents the first example of cancer
preventive vaccination. However, the actual clinical benefit of the ongoing vac-
cination programs on mortality due to HBV-related HCC will become apparent
after further decades (Zanetti et al. 2008). Additionally, routine HBsAg-screening
of blood donors will help to reduce blood transfusion-associated transmission of
HBV (Schreiber et al. 1996). For the multitude of chronically HBV-infected
persons, HBV vaccinations would not be effective in preventing HCC. Here,
control of HBV viremia is the major therapeutic goal to reduce hepatic inflam-
mation and disease progression to cirrhosis and HCC. If liver histologic diagnosis
in chronic HBV carriers indicates the requirement of a therapeutic intervention,
interferon-a and/or nucleoside analoga are applied to control the viral burden, a
management that additionally has the beneficial effect to avoid HCC development.
However, resistance development to nucleoside analoga remains a problem
(Colombo and Donato 2005).

Unfortunately, no functional vaccines against HCV are available to prevent
HCV-associated HCC. Only a few vaccine candidates have proceeded to clinical
phase I/II trials but it is not yet clear whether these will reach clinical applicability
(Torresi et al. 2011). Whereas effective vaccination strategies are still under
investigation, significant advances have been made in the treatment of both acute
and chronic HCV infection. With current medical therapy, based on pegylated
IFN-a and ribavirin, approximately 50 % of patients can be cured. However, the
recently developed ‘directly acting viral agents’ (DAAs) such as inhibitors of the
NS3/4A protease or cyclophilin B inhibitors, promise further improvements to
achieve sustained virologic responses in treatment of HCV infection (Patel and
Heathcote 2011; Kronenberger and Zeuzem 2012; McHutchison et al. 2009).

In case of HPV, the availability of an effective vaccine represents a milestone
for prevention of cervical cancer worldwide. Bivalent and quadrivalent vaccines
prepared from empty virus shells (virus-like-particles) effectively prevent infection
by high-risk HPV genotypes 16 and 18 that account for 70 % of cervical cancer
(Garland et al. 2007; Paavonen et al. 2007). Some protection against other
genotypes related to 16/18 has been reported (Joura et al. 2007).

4.2 Antifibrotic Therapy

Transient fibrogenesis and later reversal of fibrotic scar tissue is a hallmark of
wound healing. Though not fully understood, the mechanisms of perpetuating
fibrogenesis in case of chronic tissue damage and their fatal consequences have
been intensively studied in the liver. Liver cirrhosis, the end stage of fibrotic
reorganization of liver tissue, is a frequent complication of chronic HBV or HCV
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infections. Liver cirrhosis is associated with portal hypertension, reduced liver
functions, and with an increased risk at developing HCC. A heterogenous cell
population of profibrogenic myofibroblasts (MFB), originating from hepatic stel-
late cells (HSC) is known to orchestrate liver fibrogenesis (Lee and Friedman
2011). Upon liver injury and inflammation, a key event in the onset of fibrosis is
the activation of quiescent HSCs, that can be triggered by several factors including
reactive oxygen species, TLR4 ligands, uptake of apoptotic bodies and paracrine
stimulation by adjacent hepatocytes, Kupffer cells and liver sinusoidal endothelial
cells (LSEC). The perpetuation of the fibrogenic phenotype of MFB mainly results
from a microenvironment wherein profibrogenic cytokines and growth factors such
as TGF-b and PDGF are dominating. Activated cholangiocytes have been iden-
tified as an important source of these profibrogenic mediators. Phenotypic markers
of activated MFBs are expression of a-smooth muscle actin (SMA), excessive
collagen production, enhanced proliferation and reduced lipid content contributing
to tissue stiffness. With regard to specific gene regulation, it has been shown that
angiotensin 2 activates the transcription factor NF-jB thus rendering MFBs less
sensitive against induction of apoptosis and promoting cell survival (Oakley et al.
2009). Recent data demonstrated that activation of the NF-jB pathway in hepa-
tocytes induces liver fibrosis in mice (Sunami et al. 2012). Accumulation of
extracellular matrix (ECM) is a further characteristic of fibrogenesis which con-
tributes to tissue stiffening. Major regulators of ECM are matrix metalloprotein-
ases (MMP), enzymes that are responsible for matrix degradation and removal of
scar tissue. Net production of ECM results from a dysbalance of MMP expression,
and secretion of their specific inhibitors (tissue inhibitors of metalloproteinases or
TIMPs) by MFBs. During physiological regeneration and repair of liver damage,
mechanisms exist that can mediate regression of fibrotic scar tissue once the initial
cause of tissue damage has been resolved. In this process, MFBs finally disappear
from the hepatic scar by phenotypic reversion, senescence, and deletion by natural
killer cells. Thereby, fibrotic tissue is removed by enhanced MMP activity and
reduced TIMP levels. Hepatic macrophages have been demonstrated to be
involved in this regulation and scar tissue remodeling.

The ideal anti-fibrotic therapy consists of the withdrawal of the underlying
disease trigger. Virus elimination in chronic HBV or HCV infection can lead to
regression of fibrosis and improved liver function even in cirrhotic patients. For
patients that do not sufficiently respond to antiviral treatments, specific antifibrotic
therapies are urgently needed to slow down the progress of fibrosis and to reduce
the risk of late stage complications and HCC development. Patients with increased
risk at developing fibrosis should be determined by targeted screenings. As
example, a ‘seven gene signature’ with specific polymorphisms in genes with
relevance to fibrosis risk such as e.g. TGF-b, TNF-a, or IL-10, has a significant
predictive value (cirrhosis risk score) for fibrosis progression in patients with
chronic HCV (Huang et al. 2007). Consequent monitoring of those patients to
determine progression of fibrosis should be performed. Non-invasive methods like
Fibroscan, a sonographic evaluation of liver stiffness, could be valuable alterna-
tives to liver biopsy in the future. Combined with serologic markers like
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a-fetoprotein this allows for detecting HCC at an early, potentially curable stage
(Mok et al. 2005). For antifibrotic therapies, all molecular factors or mechanisms
that contribute to progression or regression of fibrosis can be considered suitable
targets (Fallowfield 2011). Liver damage due to inflammation and oxidative stress
can be addressed by so-called hepatoprotectants. The hepatoprotective activity of
some of these substances can be attributed to their ability to suppress the
inflammatory activation of NFjB. A number of natural substances that can be
long-term consumed in significant amounts have been investigated for their anti-
oxidant and hepatoprotective effect such as resveratrol (from red wine), silymarin
(from milk thistle), coffee and vitamin E.

Hepatocyte growth factor (HGF) has been identified to stimulate hepatocyte
generation and demonstrated promising results in inhibition of experimental
fibrosis in animal models (Xia et al. 2006). However, since HGF is a potent
mitogen for hepatocytes, concerns about potential oncogenesis remain. A further
potential target is the reduction of apoptotic cell turnover during liver inflamma-
tion. Apoptosis of hepatocytes activates HSC directly or via Kupffer cells. Con-
sequently, the pan-caspase inhibitor VX-166 demonstrated antifibrotic activity in
animal models (Witek et al. 2009). In contrast, pro-apoptotic strategies could also
be an alternative if cell death can be selectively induced in activated HSC. To this
end, the proapoptotic IkB inhibitor gliotoxin has been coupled to a single-chain
antibody against synaptophysin which is selectively expressed on these cells. This
approach reduced fibrosis in a rat model of CCl4 intoxication (Douglass et al.
2008). As an alternative strategy to induce apoptosis of activated HSC, interfer-
ence with cannabinoid receptor signaling has led to promising results in fibrotic
animal models (Teixeira-Clerc et al. 2006), but showed psychomimetic side effects
in clinical trials. Further strategies to prevent HSC activation like ligands (‘‘glit-
azones’’) for the peroxisome proliferator-activator receptor-c (PPAR-c), Farne-
soid-X-receptor-agonists, or HMG-CoA reductase inhibitors (‘‘statins’’) have
shown antifibrotic activity in experimental models that awaits confirmation in
clinical trials. Angiotensin system inhibitors are on the cusp to clinical application.
Both angiotensin-converting enzyme inhibitors and angiotensin-1 receptor antag-
onists (‘‘sartans’’) can inhibit fibrosis in animals. Importantly, the AT1R antagonist
losartan slowed down progression of fibrosis in patients with chronic HCV. Further
future strategies could be targeting of the TGF-b pathway. Neutralizing antibodies,
decoy receptors and siRNA have been studied but are not yet ready for clinical
application. Pirfenidone, an inhibitor of TGF-b production has shown promising
results in a non-controlled pilot study (Armendariz-Borunda et al. 2006). amb6
integrin activates matrix-bound, latent TGF-b in the local microenvironment. The
specific inhibition of this integrin could therefore be an intriguing approach to
avoid side effects of systemic TGF-b inhibition. Neutralizing antibodies against
amb6 integrin inhibited cholangiocyte activation and collagen deposition in biliary
and non-biliary fibrosis models (Popov et al. 2008). Agents, that stimulate the
collagenolytic activity of MMP, such as the oral alkaloid Halofuginone, showed
promise in animal models but still needs investigations in patients. Notably, the
clinical success achieved so far does not correlate with the antifibrotic effects in
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experimental animal models suggesting that the available animal fibrosis models
may not fully reflect the influence of ECM maturation by crosslinking and the
potential existence of a ‘‘point of no return’’ in fibrosis (Rockey 2008). Never-
theless, functional antifibrotic therapies are urgently needed, and first progress
towards clinical application becomes visible.

4.3 Anti-Inflammatory Treatment

Since chronic inflammation contributes to carcinogenesis and dissemination, anti-
phlogistic drugs appear to be a promising preventive regimen for infected patients
upon diagnosis of virus-mediated tissue damage. Several factors that fuel cancer-
associated inflammatory processes have been identified and are therefore reasonable
molecular targets to prevent cancer in risk-associated patients. Several antiphlo-
gistic drugs have been shown to reduce the incidence of cancer when used as
prophylactics or to slow down tumor growth and improve survival when given as
therapeutics, e.g. in colon cancer (Gupta and DuBois 2001). At first, preventive use
of classical non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin could
be a method of choice (Cuzick et al. 2009; Langley et al. 2011). NSAIDs are cheap,
off-patent, well established and long-term clinical experience exists for low-dose
usage as anti-thrombotic prophylaxis. It has been demonstrated that preventive
Aspirin treatment can significantly reduce the long-term risk to develop colorectal
cancer (Flossmann and Rothwell 2007; Rothwell et al. 2010). A large meta analysis
showed a reduced cancer risk in several solid, mainly gastrointestinal tumors, such
as gastric, oesophageal, colorectal and pancreatic cancer, but also in lung cancer
(Rothwell et al. 2011). Benefit correlated with duration of aspirin uptake and with
increasing age of the individual. Notably, no benefit was seen in hematological
malignancies consistent with the hypothesis that the anti-inflammatory treatment is
mainly directed against the chronic inflammatory microinvironment of a solid
tumor. Regarding the risk and benefit balance, the Rothwell study suggests that the
additional risk of aspirin-associated gastrointestinal bleedings (including fatal
bleedings) is outweighed by a gain of 10 % reduction in all-cause mortality after
5–10 years daily aspirin consumption. It has to be pointed out, that the patients in
these studies were not stratified whether they actually had any inflammatory burden
or not. It has been shown that aspirin reduces the risk of prostate cancers, but only in
individuals carrying a particular polymorphic allele of the lymphotoxin a gene
which leads to increased lymphotoxin expression (Liu et al. 2006). This observation
illustrates the need to early identify those patients with elevated cancer risk by
genetic screenings and/or by monitoring inflammatory parameters, which would
likely profit most from anti-inflammatory treatment. To reduce gastrointestinal
complications in long-term treatments, selective COX-2 inhibitors could be an
alternative as preventive cancer treatment (Kawamori et al. 1998; Reddy et al.
2000). In studies of several preclinical models of inherited or carcinogen-induced
cancers of colon, intestine, skin and bladder it could be observed that celecoxib
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could significantly reduce cancer incidence (Fischer et al. 2011). Also in studies in
human patients, celecoxib showed promise in prevention of spontaneous colorectal
adenomas and reduced the number of polyps in familial adenomatous polyposis
(Bertagnolli et al. 2006; Arber et al. 2006; Steinbach et al. 2000). However, it has to
be considered that celecoxib has been associated with adverse cardiovascular events
(Mukherjee et al. 2001).

Drugs that address specific molecular targets in cytokine or chemokine sig-
naling involved in inflammatory processes also represent promising alternatives.
However, most of these agents are already in use for the treatment of chronic
inflammatory diseases such as rheumatoid arthritis, psoriasis, or inflammatory
bowel diseases (IBD) or are in clinical development for cancer therapy. It is yet
unclear whether these agents are suitable for long-term treatments. The structural
analogue of thalidomide, lenalidomide, is known to suppress the production of
several inflammation-associated cytokines and has shown to be active against
melanoma in combination with dexamethasone (Weber et al. 2007).

As already mentioned, NFjB and STAT3 pathways play a critical role in both
carcinogenesis and resistance to therapy suggesting that targeted inhibitors could
have significant preventive or therapeutic potential. However, pharmacologic
long-term inhibition of NFjB can lead to severe immunodeficiency, neutrophilia
and enhanced acute inflammation due to increased IL-1b levels (Greten et al.
2007). Alternatively, it appears to be more promising to address defined upstream
targets of NFjB since multiple extrinsic and intrinsic pathways converge to
activate this central transcription factor. Inhibitors for STAT3 and JAK2, which is
upstream of STAT3, have been developed and showed oncostatic activity in solid
tumors in mouse xenograft models (Hedvat et al. 2009). Furthermore, receptor
antagonists and blocking antibodies addressing IL-6, IL-6 receptor, CCR2, CCR4,
and CXCR4 are in clinical development for the treatment of several tumor entities.
TNFa-antibodies such as infliximab has been a breakthrough for the treatment of
IBD and, importantly, long term application appears to be safe (Fidder et al. 2009).
First clinical studies of TNFa antagonists in patients with advanced cancer have
resulted in stable disease or partial responses (Brown et al. 2008; Harrison et al.
2007). It is further known that infliximab also reduced colitis-associated cancer in
mice (Kim et al. 2010) suggesting a cancer preventive benefit in patients. On the
other hand, TNFa has been implicated in the clearance of virus infections (Trevejo
et al. 2001) and has been shown to be critical for induction of antitumoral T cell
responses in animals (Calzascia et al. 2007). Due to this complex and sometimes
contradictory biology of TNFa it is currently difficult to estimate whether TNFa
antagonists could be promising as preventive mean for cancer that is caused by
virus-mediated inflammation. From the clinical point of view, metastases are the
much more challenging manifestation of a malignant disease compared to the
primary nodule. Since inflammation is a central driving force of dissemination,
application of anti-inflammatory drugs could be an effective intervention to pre-
vent the development of metastases. Recently, the antagonistic RANKL antibody
denosumab, initially developed for the treatment of osteoporosis, delayed the
development of bone metastases in advanced clinical studies in prostate and breast
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cancer (Stopeck et al. 2010; Smith et al. 2012). For prevention of metastases,
inhibition of TNFa could also be promising, since mouse experiments have shown
that blocking TNFa can convert inflammation-promoted metastatic tumor growth
to TRAIL-mediated tumor regression (Luo et al. 2004). Altogether, these examples
show that molecular mechanisms and signaling pathways involved in tumor- and
metastases-associated inflammation are promising targets for preventive and
therapeutic interventions.

5 Outlook: Perspectives in Cancer Immunotherapy

Not only for prevention but also in therapy of cancer, antitumoral immune responses
are coming more and more into focus. Antitumoral immune responses can even be
triggered by conventional chemotherapeutic treatments and may significantly con-
tribute to the therapeutic outcome (Casares et al. 2005; Apetoh et al. 2008). Our
current knowledge about tumor-immune responses basically suggests two different
strategies for tumor immunotherapy. One strategy is to support or reactivate innate
or preexisting adaptive immune responses, the other is de novo induction of adaptive
responses by therapeutic interventions. Both are about equally challenging, since
tumors have developed numerous ways to escape immune attacks. Even if we are
able to elucidate the underlying mechanisms and have many therapies at hand, we
still cannot be sure, whether a certain therapy could be undermined by the tumor’s
mechanisms of immune suppression in the individual case. Therefore, the ideal
immunotherapeutic strategy aims at the achilles heel of the tumor and would be
additionally applicable for all solid tumor entities.

Recent findings on the importance of the chronic inflammatory tumor-envi-
ronment for tumor-maintainance and –progression have lead to the idea to use
anti-inflammatory drugs for cancer therapy. The fundamental advantage of this
approach is, that immune cells are not prone to develop drug resistance. However,
it is likely, that anti-inflammatory therapy does not exhibit sufficient cytotoxic
effects on cancer cells and thus must be combined with additional therapies to
manifest effective therapeutic effects. As already mentioned above, some phase I/II
clinical trials investigate efficacy of anti-IL6 and anti-TNF-a drugs in various
cancers (Balkwill 2009).

Among adaptive immune responses, cytotoxic T cells, which are able to mediate
direct lysis of transformed cells, are commonly regarded as the most promising cell
type for cancer immunotherapy. However, effective tumor-specific CD8 T cell
responses are difficult to induce in tumor-bearing hosts. Paracrine mediators, like
adenosine, prostaglandin E2, VEGF-A, and TGF-ß mediate direct and indirect
immunosuppressive activities and act on different levels of the immune system. It
has been shown that immunosuppressive activities lead to blunted spontaneous
adaptive responses by T cell exhaustion (Fourcade et al. 2010; Sakuishi et al. 2010;
Baitsch et al. 2011) or take effect on dendritic cells, inducing defective maturation by
inhibiting costimulatory signals, which in turn fails to prime a tumor-directed CD8
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T cell response (Sharma et al. 2010). Therefore, a careful design of a vaccine to elicit
an effective tumor-directed CD8 T cell response must encompass a strategy to block
the tumors counteractions as well. In a melanoma mouse model inhibition of IDO
(indoleamine 2,3-dioxygenase)-mediated immune suppression by use of 1-methyl-
tryptophan allowed for induction of potent cytotoxic responses with a CD8 T cell-
vaccine by protecting DCs in TDLN from malfunction (Sharma et al. 2010). Another
approach to circumvent tumor-mediated immunosuppression is an infection medi-
ated by a lytic virus in a tumor nodule. The infection disrupts tumor architecture and
leads to an inflammation, which is accompanied by leukocytic infiltration and
abundant tumor-cell death. When a tumor-directed DC-vaccine is applied at this
time point of virus-mediated inflammation, it triggers a strong cytotoxic CD8 T cell
response, whereas other timepoints of vaccination in combination with virotherapy
does not exhibit a significant therapeutic effect. Interestingly, compared to a true
virus infection, inflammations mediated by toll-like receptor ligands failed to sup-
port effective induction of CD8 T cell response by DC-vaccination, most likely due
to lacking cross-presentation of tumor-associated antigens by dendritic cells within
the infected tumor (Woller et al. 2011).

The clinical translation of immunotherapeutic strategies in the recent years
raises hope to establish a new field in the treatment of cancer, a field, which might
be also combined with conventional therapies. A GM-CSF-armed, tk-deficient
poxvirus showed promising results in clinical studies, where significant responses
were observed in hepatocellular carcinoma (Breitbach et al. 2011; Park et al.
2008). In a clinical study phase I/II patients with advanced solid tumors of
different origin received anti-PD-1 antibodies to reverse exhausted T cells. Some
observable responses were durable for more then one year. However, treatment
with a blocking PD-1 antibody only showed objective responses in patients with a
positive staining of PD-L1 in tumor-tissue (Topalian et al. 2012).

These studies, among many others, elucidate novel interventions and possi-
bilities for immunotherapy of cancer. They are based on accumulating knowledge
about the immune system, cancer biology, and interactions between both. Induc-
tion of specific immune reactions redirected to the tumor appears to open up an
exiting new field in the treatment of malignant diseases. On the other hand, many
lessons have to be learned and it is still a long way to go from the more or less
experimental approach of immunotherapy towards well-established therapies.
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The Oncogenic Role of Hepatitis B
Virus

Lise Rivière, Aurélie Ducroux and Marie Annick Buendia

Abstract

The hepatitis B virus (HBV) is a small enveloped DNA virus that causes acute
and chronic hepatitis. HBV infection is a world health problem, with 350
million chronically infected people at increased risk of developing liver disease
and hepatocellular carcinoma (HCC). HBV has been classified among human
tumor viruses by virtue of a robust epidemiologic association between chronic
HBV carriage and HCC occurrence. In the absence of cytopathic effect in
infected hepatocytes, the oncogenic role of HBV might involve a combination
of direct and indirect effects of the virus during the multistep process of liver
carcinogenesis. Liver inflammation and hepatocyte proliferation driven by host
immune responses are recognized driving forces of liver cell transformation.
Genetic and epigenetic alterations can also result from viral DNA integration
into host chromosomes and from prolonged expression of viral gene products.
Notably, the transcriptional regulatory protein HBx encoded by the X gene is
endowed with tumor promoter activity. HBx has pleiotropic activities and plays
a major role in HBV pathogenesis and in liver carcinogenesis. Because hepatic
tumors carry a dismal prognosis, there is urgent need to develop early
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diagnostic markers of HCC and effective therapies against chronic hepatitis B.
Deciphering the oncogenic mechanisms that underlie HBV-related tumorigen-
esis might help developing adapted therapeutic strategies.
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1 Introduction

The hepatitis B virus (HBV) is a small, enveloped DNA virus with preferential
tropism for the hepatocyte. HBV is highly infectious, and its spread in all countries
over the world can be easily followed using the surface antigen HBsAg as serum
marker (El-Serag 2012). Chronic HBV carriage has been linked to the develop-
ment of hepatocellular carcinoma (HCC) by robust epidemiologic evidence: liver
cancer is more frequent in HBV endemic areas, the rate of HBV infection is higher
among liver cancer patients than in the general population, and the risk of
developing hepatic tumors is markedly increased for HBV carriers (Beasley et al.
1981; Pagano et al. 2004). Moreover, mammalian hepadnaviruses closely related
to HBV, including the woodchuck hepatitis virus (WHV) and the ground squirrel
hepatitis virus (GSHV) induce liver tumors in their hosts (reviewed in Benhenda
et al. 2009b). While the risk of developing HCC is strongly increased for people
chronically infected with HBV, significant differences in disease outcome have
been associated with host and viral parameters, including male gender, infection at
early age, cooperative effects of different risk factors such as Aflatoxin B1,
alcohol, diabetes and obesity, as well as high viral load, HBeAg positivity, and
some HBV genotypes (for review, see Fallot et al. 2012). Importantly, in a meta-
analysis including a total of 11,582 HBV-infected individuals, it has been shown
that HBV mutations accumulate at specific positions during chronic hepatitis from
healthy carrier state to HCC. Notably, high probability of HCC development has
been correlated with mutations in the PreS domain combined with mutations
C1653T, T1753 V, and A1762T/G1764A in the basal core promoter that overlaps
with the 30 end of the X gene (Liu et al. 2009).

60 L. Rivière et al.



While chronic HBV infection is currently associated with more than one half of
HCC cases worldwide, only 15–20 % of the tumors occur in HBsAg-positive
patients in Western countries and Japan (Parkin 2006). Epidemiological studies
have shown a high prevalence of anti-HBs and anti-HBc antibodies in HBsAg-
negative patients with HCC. Furthermore, HBV DNA has been detected in HCCs
developing on non-cirrhotic livers from HBsAg-negative patients (Matsuzaki et al.
1997). Thus, past and resolved HBV infection might retain pro-oncogenic prop-
erties. Accordingly, increased risk of tumor development has been noted in patients
that display characteristics of ‘‘occult’’ HBV infection, including absence of HBV
serological markers but low levels of HBV DNA detected by polymerase chain
reaction (PCR) in the serum and/or liver (Brechot 2004; Raimondo et al. 2008).

Therapeutic options for patients with chronic HBV infection consist mainly in
treatment with pegylated interferon-alpha (IFNa), which has antiviral, immuno-
modulatory, and probably antitumoral activities, and treatment with oral nucleo-
side or nucleotide analogs, including lamivudine and adefovir (Scaglione and Lok
2012). Although these protocols rarely lead to complete elimination of the virus,
they might prevent further liver damage and even reverse previous damage.
Interestingly, a significantly lower incidence of HCC has been noted for chronic
hepatitis B patients receiving therapy for two years compared to untreated patients
(Papatheodoridis et al. 2010).

The hepatitis B vaccine, which prevents chronic HBV infection and related
liver diseases, has been introduced into national immunization programs for
children in most countries. The efficacy of this vaccine in lowering the rate of
chronic infections, and the incidence of liver cancer, particularly in children, has
been fully demonstrated in endemic countries (Ott et al. 2012). However, the total
number of chronic HBV carriers worldwide is still increasing, representing 6 % of
the total world population.

2 The HBV Genome and Replication

The HBV genome, 3.2 kb in size, is the smallest among human DNA viruses.
Eight HBV genotypes (genotypes A–H) with greater than 8 % nucleotide sequence
divergence have been identified, and further categorized into subgenotypes
(Schaefer 2005). The viral genome presents a highly compact organization with 4
overlapping open reading frames (ORFs) that cover the entire genome and encode
the capsid and surface proteins, the polymerase and the HBx transactivator
(Fig. 1). In addition, a protein generated from a spliced mRNA through a frame
shift within the polymerase gene has been termed HBSP (Soussan et al. 2000).
Consequently, the regulatory regions (promoters, enhancers, transcription start
sites, and polyA signal) are embedded within coding sequences.

Upon HBV infection, the partially double-stranded DNA genome is delivered
to the nucleus where it is converted into a covalently closed circular DNA
(cccDNA). The cccDNA serves as the template for transcription of all viral RNAs
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by the host RNA polymerase II (Fig. 1). The production of the major HBV
transcripts of 3.5-, 2.4-, 2.1-, and 0.7-kb is controlled by 4 distinct viral promoters
and by 2 enhancers, Enh I and Enh II (Doitsh and Shaul 2004; Moolla et al. 2002).
Several binding sites for ubiquitous and liver-specific transcription factors that
likely regulate HBV transcription in vivo have been identified in the cis-acting
sequences of HBV promoters and enhancers (Fallot et al. 2012; Moolla et al.
2002). Moreover, it has been shown that HBV cccDNA transcription is regulated
by epigenetic mechanisms such as DNA methylation and histone acetylation
(Pollicino et al. 2006; Vivekanandan et al. 2009). Because persistence of the
cccDNA might be responsible for the failure of most antiviral treatments to
completely eradicate the virus, it represents an interesting target for effective
therapy of chronic hepatitis B.

Following transport of HBV RNAs to the cytoplasm and their translation into
viral proteins, the pregenomic RNA is selectively packaged with the polymerase
into progeny capsids and reverse-transcribed into RC-DNA by the viral poly-
merase. The HBV polymerase harbors RNA-dependent DNA polymerase activity
and sequence homology with the RTs of retroviruses and cauliflower mosaic virus

Fig. 1 The hepatitis B virus genome and the covalently closed circular DNA (cccDNA). The
viral genome (left panel) is made of two linear DNA strands maintained in circular configuration
by their cohesive ends. The minus strand is around 3.182 kb in length, while the plus strand has
variable length with fixed 50 end position and variable 30 end. The broad arrows surrounding the
viral genome represent four open reading frames that encode the viral proteins. After viral entry,
the HBV genome is delivered into the nucleus where it is converted into cccDNA by the cellular
machinery. The cccDNA is organized into a minichromosome with bound histone and non-
histone proteins including HBx and the core protein. By recruiting different chromatin modifying
factors such as CBP/p300, HBx plays a pivotal role in the modulation of epigenetic marks such as
histone tail acetylation and methylation that results into active HBV transcription
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(CaMV) (Toh et al. 1983). HBV replication is initiated by the binding of the viral
RT to the encapsidation signal epsilon located at the 50 end of pregenomic RNA
(Bartenschlager and Schaller 1992). After asymmetrical replication of the two
HBV DNA strands, capsids containing mature RC-DNA are then assembled with
the viral envelope in the endoplasmic reticulum, and subsequent budding of HBV
is thought to occur at intracellular membranes (Bruss 2007). Additionally, empty
envelope particles are produced in large excess, behaving probably as decoys for
the host immune system. A minor portion of mature capsids can re-cycle RC-DNA
to the nucleus and contribute to the amplification of the nuclear cccDNA pool. The
availability of envelope proteins in adequate amounts and their efficiency to
package nucleocapsids are critical for coordinate regulation of virion morpho-
genesis and accumulation of cccDNA (Summers et al. 1991). While huge amounts
of viral particles can be produced in healthy liver from asymptomatic HBV car-
riers, liver damage can result from disruption of the normal replication process
leading to intrahepatic accumulation of the large envelope protein or excessive
amounts of cccDNA (Wang et al. 2006).

3 HBx: A Promiscuous Transactivator

The HBx (or pX) protein encoded by the X gene is a small polypeptide of 154
amino acids (16.5 kDa) that is expressed at low levels in acute and chronic
infections and induces humoral and cellular immune responses (Su et al. 1998).
The X gene is conserved in mammalian hepadnaviruses, but curiously, it is absent
from avian hepadnavirus genomes. Different domains associated with specific
functions have been identified in this small protein (Fig. 2). However, little is
known about the three-dimensional structure of HBx, as it has not been possible so
far to produce sufficient amounts of soluble protein. HBx appears as an unstruc-
tured protein that might be folded and gain secondary structure through its
interaction with partner proteins (Rui et al. 2005). Such flexibility could account
for the large array of HBx activities.

An essential role of HBx is virus replication in vivo, but this role is far from
being completely understood, and it is likely multifactorial. Indeed, HBx has been
endowed with multiple activities. The HBx protein is described as a promiscuous
transactivator of viral and cellular genes, acting both from cytoplasmic and nuclear
locations. HBx activates the transcription from cellular and viral promoters
including HBV promoters, and it subverts different cellular functions and signal
transduction pathways through modulation of cytoplasmic calcium, cell prolifer-
ation, and apoptosis. While these cellular activities modulated by HBx likely
contribute to increase virus replication, evidence for a more direct role of HBx in
stimulating HBV transcription has been provided by different studies in cell lines
and murine models. HBx strongly activates HBV replication in HBV transgenic
mice and in mice hydrodynamically injected with a plasmid encoding the HBV
genome, and this effect is less pronounced in hepatoma cell lines (Keasler et al.
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2007; Leupin et al. 2005; Tang et al. 2005). HBx is also required to initiate and
maintain HBV replication as a key regulator during natural HBV infection
(Lucifora et al. 2011). It has been shown recently that HBx interferes with epi-
genetic regulation of the HBV minichromosome by increasing the active chro-
matin marks and antagonizing the inhibitory factors (Belloni et al. 2009; Cougot
et al. 2012).

HBx exerts its activities by interacting with a large number of cellular partners
that are located either in the cytoplasm or in the nucleus, in agreement with the
dual location of HBx. Consistent with its role in transcription, HBx has been
shown to interact with components of the basal transcriptional machinery (RPB5,
TFIIB, TBP, TFIIH), with transcription factors (ATF/CREB, c/EBP, NF-IL6, RXR
receptor) as well as coactivators (CBP/P300, ASC-2) or repressor (DNMT)
(reviewed in Benhenda et al. 2009a). We have shown that HBx is recruited to the
promoters of CREB target genes and increases the recruitment of CBP/P300 on
CREB, thereby activating transcription (Cougot et al. 2007). Thus, HBx could be
directly involved in assembly of enhancer–transcription factor complexes. HBx
clearly plays a direct role in the epigenetic regulation of HBV transcription, by
modulating a network of transcription regulatory factors within large molecular
weight protein complexes (Belloni et al. 2009; Cougot et al. 2012).

Fig. 2 Schematic representation of the small HBx protein with important functional domains.
The N-terminal domain encodes a regulatory region (Murakami 1999) and a proline/serine-rich
region. The domain carrying most HBx transcriptional transactivation activity has been mapped
by Kumar and colleagues (Kumar et al. 1996). It includes the mitochondrial targeting region (Li
et al. 2008). Binding domains with cellular partners are shown at the bottom part, including
CREB/ATF (Maguire et al. 1991), CBP/p300 (Cougot et al. 2007), DDB1 (Becker et al. 1998;
Lin-Marq et al. 2001), and p53 (Lin et al. 1997)
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4 HBx and E3 Ubiquitin Ligases: A Link Beyond Protein
Stability?

Manipulation of protein degradation machineries is a common strategy used by
viruses to provide a favorable environment for their replication and escape pro-
tective mechanisms raised by the host cell (Barry and Fruh 2006). Interaction
between HBx and damage-specific DNA binding protein 1 (DDB1), an adaptor
subunit of the Cul4A-based ubiquitin E3 ligase complex, has been extensively
documented (Lee et al. 1995; Leupin et al. 2003; Sitterlin et al. 1997). DDB1 is a
highly conserved protein that links multiple WD40 proteins to the CUL4– ROC1–
E2 catalytic core and that is implicated in DNA repair via its association with
DDB2 (Jackson and Xiong 2009). The minimal DDB1 binding domain on HBx
(amino acids 88–100) contains a sequence evoking the DDB1-binding WD40
(DWD) motifs shared by cellular DCAFs (He et al. 2006). Several point mutations
in this region impede HBx binding to DDB1 (Bergametti et al. 2002; Hodgson
et al. 2012) (Table 1). High-resolution crystal structure demonstrated that a

Table 1 Survey of recurrent HBx mutants detected in hepatocellular carcinoma and synthetic
mutants used for demonstrating specific HBx functions. For each HBx mutant, reported activities
such as transcriptional transactivation, deregulation of cell cycle and viability, and transformation
are shown. Increased activity of mutant as compared to wild-type HBx is shown by +, equal
activity by =, and reduced activity by -. Divergent data from 2 different papers are represented as
double symbols (=/+ or =/-). Corresponding references can be found in the reference section
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peptide consisting of the HBx amino acids 88–100 could directly bind to DDB1
(Li et al. 2010). Moreover, the specific region on DDB1 that is bound by HBx is
the common binding site of most DCAFs. These data suggest that HBx shares
similar properties with cellular DCAFs and might displace other DCAFs, thereby
modifying the profile of Cul4A complex substrates. So far, however, a role of HBx
in regulating the stability or localization of such substrates has not been identified.

It has been shown that the HBx/DDB1 interaction is conserved among mam-
malian hepadnaviruses and plays essential role in virus replication and in the
stability and functions of HBx (Bontron et al. 2002; Sitterlin et al. 2000a). In
particular, transcriptional and pro-apoptotic properties of HBx are dependent upon
its interaction with DDB1 (Lin-Marq et al. 2001; Sitterlin et al. 2000b). Mutant
HBx that has lost DDB1 binding capacity also loses concomitant cytotoxicity, but
regains activity when directly fused to DDB1. These studies indicate that HBx
does not inhibit the normal DDB1 functions, but confers apoptotic potential to
DDB1 (Bontron et al. 2002). However, in other studies using HBx mutants that no
longer bind to DDB1, the transcriptional activity of HBx has been dissociated from
DDB1 binding (Wentz et al. 2000) (see Table 1). Moreover, recent studies of
HBx-mediated activation of HBV transcription and replication have confirmed the
importance of HBx-DDB1 interaction, but also pointed to the requirement for the
HBx carboxy-terminal region for maximal stimulation of HBV transcription
(Hodgson et al. 2012; Luo et al. 2012).

DDB1 also belongs to the UV-DDB complex implicated in repair of UV-
damaged DNA, and HBx has been shown to inhibit nucleotide excision repair
(NER) (Mathonnet et al. 2004). Further investigations of the effects of HBx-DDB1
interaction on DNA repair have shown that HBx induces mitotic abnormalities
indirectly, by interfering with S-phase, and that an altered S-phase can result in
abnormal centrosome duplication. HBx induces lagging chromosomes in cells
dividing with a normal bipolar spindle, followed by the formation of multinu-
cleated cells with abnormal centrosome numbers and multipolar spindles,
and these effects are strictly dependent upon correct binding of HBx to DDB1
(Martin-Lluesma et al. 2008). This interaction is therefore of crucial importance
for the pathogenesis of chronic hepatitis B.

5 HBx and Malignant Transformation of Liver Cells

The regulatory hepatitis B virus X protein is thought to be involved in oncogen-
esis. Although HBx does not behave as a strong oncogene per se, it can transform
SV40-immortilized murine hepatocytes and induce liver tumors or accelerate
carcinogenesis induced by carcinogens or by c-Myc in HBx transgenic mice.
(Höhne et al. 1990; Kim et al. 1991; Madden et al. 2001; Terradillos et al. 1997).
Transactivation of cellular oncogenes and growth factors, and deregulation of cell
cycle progression are two mechanisms that might account for the weak oncoge-
nicity of this viral protein (reviewed in (Bouchard and Schneider 2004). Indeed, in
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other human oncogenic viruses such as HTLV-1, EBV, and HPV-16 and -18,
transforming capacity is associated with the transcriptional transactivation activity
of viral gene products. Comparative analyses of the different viral transactivators
may help guide future work in this field. Additionally, the ability of HBx to induce
aberrant activation of several signaling pathways, including the Src, Ras, MAP
kinase, and CREB pathways, might lead to accumulation of cellular dysfunctions
that favor malignant transformation (reviewed in Andrisani and Barnabas 1999).

Another relevant pro-carcinogenic activity of HBx has been shown to target the
mitotic cell cycle. Interaction of HBx with different cellular partners implicated in
centrosome formation might result in defects in centrosome dynamics and mitotic
spindle formation. HBx has been shown to bind and partially inactivate BubR1, a
mitotic kinase effector that specifies microtubule attachments and checkpoint
functions (Kim et al. 2008). HBx also binds HBXIP, a major regulator of cen-
trosome duplication, required for bipolar spindle formation and cytokinesis
(Wen et al. 2008). Interestingly, DNA re-replication induced by HBx has been
causally related to partial polyploidy, a condition known to be associated with
cancer (Rakotomalala et al. 2008). Accordingly, HBx has been implicated in
induction of chromosomal instability (CIN), a cancer hallmark. CIN cells with
extra centrosomes display an increased frequency of lagging chromosomes during
anaphase, leading to chromosome missegregation. In cells expressing HBx, pro-
longation of S-phase has been associated with aberrant centrosome duplication,
multipolar spindle formation, chromosome segregation defects, and appearance of
multinucleated cells (Studach et al. 2009, 2010). HBx-expressing polyploid cells
are prone to oncogenic transformation mediated by the mitotic entry factor polo-
like kinase 1 (Plk1), and in turn, Plk1 downregulates ZNF198 and SUZ12 that
modulate HBV transcription and replication through epigenetic mechanisms
(Wang et al. 2011). Others have implicated the interaction between HBx and
DDB1 in increasing genetic instability (Li et al. 2010; Martin-Lluesma et al.
2008). Altogether, these data provide a strong link between HBx activities and
chromosomal instability that could account for the high rate of chromosomal
defects observed in tumors related to HBV infection compared with other risk
factors (Boyault et al. 2007).

The question of whether HBx is involved in cancer progression has been raised
by the observation that HBx expression is usually retained in human HCCs, cor-
relating with HBV methylome studies that showed global hypermethylation of the
HBV genome in HCC, except for the X gene (Fernandez et al. 2009).

6 Integration of HBV DNA and Mutated X Genes in HCC

Integrated HBV DNA sequences have been detected in a majority of HBV-related
HCCs (Bréchot et al. 1980; Bonilla Guerrero and Roberts 2005). Recent analysis
of viral insertion sites using various PCR-based methods has demonstrated that
integration occurs not only in repetitive elements and fragile sites, but also
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frequently in actively transcribed regions, nearby or within cellular genes
(Murakami et al. 2005). Evidence for oncogenic potential of the rearranged viral-
host sequences has been provided conclusively in few cases in which production of
chimeric HBV/cellular transcripts resulted in hybrid viral/cellular proteins.
Besides ‘‘historical’’ targets such as the retinoic acid receptor a (RARa) and cyclin
A2, a number of HBV insertions have been shown to target key regulators of cell
proliferation and cell death. HBx fusion proteins have been described in many
cases, including fusion with the SERCA1 gene and the MLL2, MLL3, and MLL4
genes (Chami et al. 2000; Saigo et al. 2008; Tamori et al. 2005).

On the other side, integrated HBx sequences are usually mutated, and they have
been endowed with peculiar properties, leading to the notion of ‘‘transacting’’
oncogenic mechanisms. Because the 30 end of the X gene coincides with the
recombination-prone region of the HBV genome located between the direct
repeats DR1 and DR2, frequent C-terminal truncations of the X gene have been
detected in HCCs (Luo et al. 2012) (Table 1). Functional studies have outlined
diverse properties of tumor-derived HBx proteins compared to wild type. In some
cases, these sequences retained transactivating capacity and the ability to bind p53
and block p53-mediated apoptosis, which may provide a growth advantage for
neoplastic cells (Huo et al. 2001). Moreover, in vitro and in vivo studies showed
that the truncated rather than the full-length HBx could effectively transform
immortalized liver cells and modulate expression of key genes implicated in the
control of cell cycle and apoptosis (Ma et al. 2008). Recent studies have dem-
onstrated that the C-terminus of HBx impacts the stability of the protein, its
transactivation activity and its ability to stimulate HBV replication (Lizzano et al.
2011). By contrast, in other cases, the truncated X sequences harbored a number of
missense mutations and were less effective in transcriptional transactivation,
apoptosis induction, and in supporting HBV replication (Sirma et al. 1999). Col-
lectively, recent studies of the HBx protein functions have contributed to better
delineate the importance of the X gene product at different steps of the malignant
process induced by persistent HBV infection.

7 Conclusions and Future Prospects

HCC is among the most frequent cancers in many countries, and its incidence has
been rising during the last years (Ferlay et al. 2010). Like other human cancers, the
tumorigenic process in HBV carriers evolves through multiple steps resulting in
the accumulation of genetic and epigenetic lesions (Fig. 3). In the absence of
direct transforming capacity of the virus in cell lines and transgenic mice, and
because HCC develops after a long latency period following primary HBV
infection, the question may be raised of whether the hepatitis B virus is oncogenic.
In a simple view, immune responses against infected hepatocytes might trigger a
pro-carcinogenic inflammatory process associated with continuous necrosis and
cell regeneration, fostering the accumulation of genetic and epigenetic defects. In
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this model, the long-term toxic effects of viral gene products during productive
HBV infection might potentiate the action of exogenous carcinogenic factors, such
as Aflatoxin B1 and alcohol. However, it is worth noticing that chronic HBV
infection has been assigned a strong and independent causative role by extensive
epidemiological studies worldwide and that evidence is increasing for oncogenic
potential of the regulatory protein HBx and surface glycoproteins in native or
mutant state. Thus, HBV shares a number of basic strategies with other human
oncogenic viruses. It might also be speculated that HCC latency period depends on
the occurrence of a decisive HBV integration event that would promote genetic
instability or lead to cis- or transactivation of relevant genes. Identifying the
cellular effectors connecting HBV infection and liver cell transformation is of
upmost importance.

The question of whether HBV could trigger distinct tumorigenic pathways
compared to other risk factors can now be addressed via novel technologies for
genome-wide scans of gene expression, genetic and epigenetic alterations, and
proteomics. Thus, despite substantial heterogeneity, HBV-related tumors have
been recently classified into subgroups that display high chromosomal instability,
stemness features, increased frequency of p53 mutation, and low rate of ß-catenin
mutation (Boyault et al. 2007; Guichard et al. 2012). It will now be important to
apply these technologies to the analysis of chronic hepatitis B at different stages, in
order to identify suitable prognostic markers and therapeutic targets. In addition,
there is need to better define the role of HBV in the occurrence of epigenetic

Fig. 3 Multistep process of HBV-induced liver tumorigenesis. Chronic HBV infection, alone or
in combination with cofactors, triggers a cascade of events ultimately leading to transformation.
At preneoplastic stages, the immune response induces a necroinflammatory disease that creates a
suitable environment for the occurrence of genetic and epigenetic lesions. Integration of HBV
DNA sequences into the host genome as well as long-term production of the viral HBx and
surface proteins may contribute to the tumoral process via multiple mechanisms
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alterations such as methylation-associated gene silencing and abnormal expression
of microRNAs that play crucial part in malignant transformation. Ongoing
advances in this field will undoubtedly provide adapted tools for improving the
management of chronic hepatitis B and liver cancer.
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Prevention of Hepatitis B Virus
Infection and Liver Cancer

Mei-Hwei Chang

Abstract

Hepatocellular carcinoma (HCC) is one of the five leading causes of cancer
death in human. Hepatitis B virus (HBV) is the most common etiologic agent of
HCC in the world, particularly in areas prevalent for HBV infection such as
Asia, Africa, southern part of Eastern and Central Europe, and the Middle East.
Risk factors of HBV-related HCC include (1) viral factors—persistent high
viral replication, HBV genotype C or D, pre-S2 or core promoter mutants; (2)
host factors—older age ([40 years old) at HBeAg seroconversion, male
gender; (3) mother-to-infant transmission; and (4) other carcinogenic factors—
smoking, habitual use of alcohol, etc. Prevention is the best way to control
cancer. There are three levels of liver cancer prevention, i.e., primary
prevention by HBV vaccination targeting the general population, secondary
prevention by antiviral agent for high-risk subjects with chronic HBV infection,
and tertiary prevention by antiviral agent to prevent recurrence for patients who
have been successfully treated for liver cancer. Primary prevention by hepatitis
B vaccination is most cost effective. Its cancer preventive efficacy supports it as
the first successful example of cancer preventive vaccine in human. This
experience can be extended to the development of other cancer preventive
vaccine. Careful basic and clinical research is needed to develop ideal vaccines
to induce adequate protection. Understanding the main transmission route and
age at primary infection may help to set the optimal target age to start a new
cancer preventive vaccination program. Besides timely HBVvaccination, the
earlier administration of hepatitis B immunoglobulin immediately after birth,
and even antiviral agent during the third trimester of pregnancy to block
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mother-to-infant transmission of HBV are possible strategies to enhance the
prevention efficacy of HBV infection and its related liver cancer.

Keywords

Hepatocellular carcinoma � Hepatitis B virus � Mother-to-infant transmission �
Hepatitis B vaccination � Primary cancer prevention � Cancer preventive
vaccine
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1 Introduction

Hepatocellular carcinoma (HCC) is one of the five leading cancers in the world
(Parkin et al. 2001). Because of its high fatality (overall ratio of mortality to
incidence of 0.93), liver cancer is the third most common cause of death from
cancer worldwide. There were an estimated 694,000 deaths from liver cancer in
2008 (477,000 in men, 217,000 in women) (Source: www.globocan.iarc.fr/)
(accessed March 13, 2012). Persistent infection with hepatitis B virus (HBV) or
hepatitis C virus (HCV) is associated with approximately 90 % of HCC. Data from
epidemiologic studies, case–control studies, animal experiments, and molecular
biology studies, all support the important oncogenic role, either directly or indi-
rectly, of HBV and HCV in HCC. As evidenced by the large population infected
with HBV in the developing world, HBV remains the most prevalent oncogenic
virus for HCC in humans. HBV is estimated to cause around 55–70 % of HCC
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worldwide, while HCV accounts for around 25 % of HCC (Bosch and Ribes
2002). Liver cirrhosis is a common precancerous lesion, accounting for approxi-
mately 80 % of patients with HCC, including children (Hsu et al. 1983). This
sequela usually results from severe liver injury caused by chronic HBV or HCV
infection.

Hepatitis B immunization provides the first evidence to support the success of
human cancer prevention by vaccination against an oncogenic infectious agent. In-
depth research in epidemiology, transmission routes, clinical long-term follow-up
of the consequence of persistent HBV infection, virology, and oncogenic mech-
anisms of HBV provide the most helpful example in the development of effective
strategies for the control of infection related cancer.

2 Disease Burden of HCC

Globally, an estimated 57 % of cases of liver cirrhosis and 78 % of cases of
primary liver cancer result from hepatitis B or C virus infection. About 2 billion
people have been infected with HBV worldwide, of whom more than 350 million
are chronically infected, and between 500,000 and 700,000 people die annually as
a result of HBV infection (http://www.who.int/immunization/topics/hepatitis/en/)
(accessed January 26, 2012). The high incidence areas of HCC are mainly in
developing regions, such as Eastern and Southeastern Asia, Middle and Western
Africa (Ferlay et al. 2010. The geographic distribution of the mortality rates is
similar to that observed for incidence. Even in the same country, different ethnic
groups may have varied incidence of HCC. The annual incidence of HCC in
Alaskan Eskimo males was 11.2 per 100,000, five times that of white males in the
USA (Heyward et al. 1981).

The world geographic distribution of HCC overlaps well with that of the dis-
tribution for chronic HBV infection (Beasley 1982). Regions with a high preva-
lence of HBV infection also have high rates of HCC. HBV causes 60–80 % of the
primary liver cancer, which accounts for one of the three major cancer deaths,
particularly in areas highly prevalent for HBV infection, such as Asia, the Pacific
Rim, and Africa (Bosch and Ribes 2002). The southern parts of Eastern and
Central Europe, the Amazon basin, the Middle East, and the Indian subcontinent
are also areas with high prevalence of HBV infection and HCC (Lavanchy 2004).

3 Transmission Routes of Hepatitis B Virus Infection

HBV infection is most prevalent in Asia, Africa, Southern Europe, and Latin
America, where the HBsAg-positive rates in the general population ranged
between 2 and 20 %. The age and source of primary HBV infection are important
factors affecting the outcome of infection.
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Maternal serum HBsAg and hepatitis B e antigen (HBeAg) status affect the
outcome of HBV infection in their offspring. In Asia and many other endemic
areas, before the era of universal HBV immunization, perinatal transmission
through HBsAg carrier mothers accounts for 40–50 % of HBsAg carriers. Irre-
spective of the extent of HBsAg carrier rate in the population, around 85–90 % of
the infants of HBeAg-seropositive carrier mothers became HBsAg carriers (Ste-
vens et al. 1975). In endemic areas, HBV infection occurs mainly during infancy
and early childhood. In contrast to the infection in adults, HBV infection during
early childhood results in a much higher rate of persistent infection and long-term
serious complications, such as liver cirrhosis and HCC. Taking Taiwan as an
example of endemic areas, the HBsAg carrier rate is highest in chronic HBsAg
carriers resulted from infections before 2 years of age in this population (Hsu et al.
1986).

Horizontal transmission, which accounts for another half of the transmission
route before the HBV vaccination era, is through the use of unsterile needles or
medical equipment, unsafe blood product or transfusions, unprotected sex,
unsterile skin piercing, or other intrafamilial close contact. In Africa, where HBV
infection is also endemic, horizontal infection during early childhood is the main
route of transmission. In rural Senegal, by the age of 2 years, 25 % of children are
infected, while at age 15, the infection rate rises to 80 % (Feret et al. 1987).

4 Chronic Hepatitis B Virus Infection and Liver Cancer

Liver injury caused by chronic HBV infection is the most important initiation
event of hepatocarcinogenesis (Bruix et al. 2004). The role of HBV in tumor
formation appears to be complex and may involve both direct and indirect
mechanisms of carcinogenesis (Grisham 2001; Villanueva et al. 2007) (see also
Chap. 4). The outcome of persistent HBV infection is affected by the interaction of
host, viral, and environmental factors (Table 1).

4.1 Viral (HBV) Risk Factors for HCC

4.1.1 Seropositive HBsAg
Chronic HBV infection with persistent positive serum HBsAg is the most
important determinant for HCC. A prospective general population study of 22,707
men in Taiwan showed that the incidence of HCC among subjects with chronic
HBV infection is much higher than among non-HBsAg carriers during long-term
follow-up. The relative risk is 66. These findings support the hypothesis that HBV
has a primary role in the etiology of HCC (Beasley et al. 1981).
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4.1.2 Active Viral Replication
HBeAg is a marker of active HBV replication. Chronic HBV-infected subjects
with prolonged high HBV replication levels or positive HBeAg after 30 years of
age have a higher risk of developing HCC during follow-up. Those HBsAg carriers
with persistent seropositive HBeAg have 3–6 times higher risk of developing HCC
than those with negative serum HBeAg (Yang et al. 2002) (Table 1). Higher HBV
DNA levels predict higher rates of HCC in those with chronic HBV infection. In
comparison with those with serum HBV DNA level \ 104 copies/ml, those with
greater serum HBV DNA levels [104 *\105], [105 * 106], or [[106] copies/ml
have a higher risk of HCC [2.7, 8.9, or 10.7] during long-term follow-up (Chen
et al. 2006).

4.1.3 HBV Genotype
There are at least ten genotypes of HBV identified with geographic variation.

Table 1 Summary of risk factors for progression to HCC in HBV-infected individuals

Risk factors High risk/low risk References

Viral factors

1. HBsAg Positive/negative = 66/1 Beasley et al. (1981)

2. HBeAg in
HBsAg-positive
persons

Positive/negative = 60/10 Yang et al. (2002)

3. HBV DNA level High {[[106]/105 * 106/
[104 *\105]}/low [\104]copies/
ml = 11/9/3/1

Chen et al. (2006)

4. HBV genotype [C or D]/[A or B] Tseng et al. (2012)

Host factors

1. Age [40/\40 years = 2–12/1 Chen et al. (2008), Tseng et al.
(2012)

2. Age at HBeAg
seroconversion

Older ([40 Years)/younger (\30
Years) = 5/1

Chen et al. (2010)

3. Ethnic group Asian or African/others Ferlay et al. (2010)

4. Gender Male/female = 2–4/1 Ferlay et al. (2010), Ni et al.
(1991), Schafer and Sorrell (1999)

5. Family HCC
history

Positive/negative = 2–3/1 Turati et al. (2012)

6. Liver cirrhosis Yes/no = 12/1 Yu et al. (1997)

7. Maternal HBsAg Positive/negative = 30/1 Chang et al. (2009)

Other factors

Smoking Yes/no = 1–2/1 Yu et al. (1997), Jee et al. (2004)

Habitual alcohol Yes/no = 1–2/1 Yu et al. (1997), Jee et al. (2004)
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Those with HBV genotype C or D infection have a higher risk of developing
HCC than those infected with genotype A or B HBV (Tseng et al. 2012). In
Alaska, those infected with genotype F have a higher risk of HCC than other
genotypes (Livingston et al. 2007).

4.1.4 HBV Mutants
The presence of pre-S mutants carries a high risk of HCC in HBV carriers and was
proposed to play a potential role in HBV-related hepatocarcinogenesis (Wang
et al. 2006). Subjects infected with HBV core promoter mutants were reported to
have a higher risk of developing HCC.

4.2 Host Factors for HCC (Table 1)

4.2.1 Age Effect
Older age ([40 years) is a risk factor for HCC development (Tseng et al. 2012;
Chen et al. 2008). It is very likely due to the accumulation of genetic alterations
with gain or loss of genes and liver injury with time during chronic HBV infection.
HCC patients are mostly (around 80 %) anti-HBe seropositive at diagnosis (Chien
et al. 1981). This implies that HCC occurs after long-term HBV infection and liver
injury, and that the patients have seroconverted to anti-HBe. Chronic HBV-
infected patients with delayed HBeAg seroconversion after age 40 have signifi-
cantly higher risk of developing HCC (hazard ratio 5.22), in comparison with
patients with HBeAg seroconversion before the age of 30 (Chen et al. 2010).

4.2.2 Male Predominance
There is a strong male predominance in HBV-related HCC, with a male to female
ratio of 2–4:1, even in children (Ferlay et al. 2010; Ni et al. 1991; Schafer and
Sorrell 1999). Male gender is a risk factor for the development of HCC, but the
mechanisms are not fully understood. The higher activity of androgen pathway
functions as a tumor-promoting factor in male hepatocarcinogenesis, and the
higher activity of the estrogen pathway functions as a tumor-suppressing factor in
female hepatocarcinogenesis. As both mechanisms function in a ligand-dependent
manner, both the ligand and the receptor of these sex hormones are suggested to be
included in assessing the relative risk of HCC patients of each gender (Yeh and
Chen 2012). Additionally, the RNA-binding motif (RRM) gene on Y chromosome
(RBMY), which encodes a male germ cell-specific RNA-binding protein associ-
ated with spermatogenesis, is considered as a candidate oncogene specific for male
liver cancer (Tsuei et al. 2004).

4.2.3 Other Host Factors
Chronic severe liver injury caused by hepatitis virus or other agents, leading to
hepatocyte transformation and finally HCC. Liver cirrhosis is a precancerous
lesion for HCC (Yu et al. 1997). Cirrhotic HBV carriers have a 3–8 % annual rate
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of developing HCC. The risk of HCC also varies in different ethnic groups. In
North America as an example, Asian, Hispanic, and African American have higher
rates of HCC than non-Hispanic White people (Ferlay et al. 2010).

Those with positive HCC family history have a higher risk of HCC in com-
parison with those without a positive history of HCC. Familial clustering of HCC
suggests the role of genetic predisposing factors in addition to the intrafamilial
transmission of HBV infection (Chang et al. 1984). In a meta-analysis, based on
nine case–control and four cohort studies, for a total of approximately 3,600 liver
cancer cases, the pooled relative risk for family history of liver cancer was 2.50
(95 % CI, 2.06–3.03) (Turati et al. 2012) (Table 1).

4.3 Maternal Effect

Those with positive maternal serum HBsAg have a higher risk of 30 times in
developing HCC than those with negative maternal HBsAg (Chang et al. 2009).
HBeAg is a soluble antigen produced by HBV. It can cross the placenta barrier
from the mother to the infant. Transplacental HBeAg from the mother induces a
specific loss of responsiveness of helper T cells to HBeAg and HBcAg in neonates
born to HBeAg-positive HBsAg carrier mothers (Hsu et al. 1992). This may help
to explain why 85–90 % of the infants of HBeAg-positive carrier mothers became
persistently infected (Beasley et al. 1977), while only approximately 5 % of the
infants of HBeAg-negative HBsAg carrier mothers became persistently infected.
The immune tolerance state persists for years to decades after neonatal HBV
infection.

4.4 Environmental/Life Style Factors

Smoking, habitual alcohol drinking, and in some regions aflatoxin exposure are
factors which were related to higher risk of HCC (Yu et al. 1997; Jee et al. 2004;
Chen et al. 2008).

5 Prevention of Liver Cancer

The prognosis of HCC is grave, unless it is detected early and complete resection
or ablation is performed. Even in such cases, de novo recurrence of HCC is always
a problem. Prevention is thus the best way toward the control of HCC. There are
three levels of liver cancer prevention, i.e., primary, secondary, and tertiary pre-
vention of liver cancer (Fig. 1). Universal vaccination to block both mother-to-
infant and horizontal transmission routes, starting from neonates to interrupt HBV
infection, is the most effective and safe way to prevent HCC.
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Antiviral therapy for hepatitis B is aimed at the normalization of the liver
enzymes, HBeAg clearance, reduction in HBV DNA levels as well as inflamma-
tion and fibrosis in the liver. Studies have shown that a finite course of conven-
tional interferon-a (IFN) therapy may provide long-term benefit for achieving a
cumulative response as well as reducing the progression of fibrosis and the
development of cirrhosis and/or HCC. Long-term therapy with nucleos(t)ide
analogs may also improve fibrosis or reverse advanced fibrosis as well as reduce
disease progression and possibly the development of HCC. However, current
antiviral therapies and immune modulating agents do not reach a high sustained
response rate. Even in those with sustained response, HBV cannot be eradicated
from the hosts in the majority of treated cases because it is difficult to eliminate
cccDNA by this treatment. Drug resistance after prolonged use of NUC is another
problem. Antiviral therapy, therefore, may have some but limited beneficial effect
in preventing HBV-related complications including HCC.

A prospective randomized controlled trial of antiviral therapy was conducted in
patients with HBV-related cirrhosis. HCC was diagnosed in 3.9 % of lamivudine-
treated patients and in 7.4 % of placebo controls after a median follow-up of
32 months (p = 0.047) (Liaw et al. 2004). Another retrospective study revealed
that the cumulative incidence of HCC at the end of 15 years (median 6.8 years)
follow-up in the 233 interferon (IFN)-treated patients and 233 controls was 2.7
versus 12.5 % (p = 0.011). Yet, significant reduction in HCC was only observed
in patients with preexisting cirrhosis and HBeAg seroconverters (Lin et al. 2007).

Fig. 1 Strategies for primary, secondary, and tertiary prevention of liver cancer. HBV
immunization is the most effective way. For persons who have been infected by hepatitis virus,
antiviral therapy may delay or reduce the risk of developing HCC in a minor degree. The effect of
other strategies such as chemoprevention and avoidance of risky behavior is still not confirmed
and is under investigation. HBV hepatitis B virus; IFN interferon; NA nucleos(t)ide analog
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The outcome with pegylated IFN (PEG-IFN) and newer nucleoside/nucleotide
may be better because of more effective viral suppression effect, and/or a low risk
of resistance. However, the treatment outcomes still need to be improved, and
more effective, safe, and affordable anti-HBV agents/strategies are needed (Liaw
2011).

For HCC patients who have been treated successfully by surgery, liver trans-
plantation, or local therapy, tertiary prevention of HCC using antiviral therapy
against HBV or HCV may potentially prevent late tumor recurrence (Braitenstein
et al. 2009). Yet, further study is needed to confirm its efficacy.

Other strategies to prevent HCC such as chemoprevention of high-risk subjects
(Jacobson et al. 1997; Egner et al. 2001), prevention of high-risk behavior, changes
in environment and/or diet, and liver transplantation for precancerous lesion (e.g.,
liver cirrhosis) may also be helpful to prevent liver cancer. Yet, more evidence is
needed to support their efficacy.

5.1 Primary Prevention of Hepatitis B Virus Infection
by Immunization

5.1.1 Universal Hepatitis B Vaccination in Infancy
Currently, there are mainly three strategies of universal immunization programs in
the world, depending on the resources and prevalence of HBV infection (Table 2).
In countries with adequate resources, such as the USA, pregnant women are
screened for HBsAg but not HBeAg. It is recommended that every infant receive
three doses of HBV vaccine. In addition, infants of all HBsAg-positive
mothers, regardless of HBeAg status, also receive HBIG within 24 h after birth

Table 2 Current pregnant women screening and universal infant hepatitis B virus (HBV) im-
munoprophylaxis strategies in different countries and proposed surveillance program for high-risk
children with breakthrough infection linked to the specific strategies

Strategy
type

Pregnant
women
screening

Neonatal immunization#

HBsAg HBeAg HBV
vaccine

HBIG to children of HBsAg
(+)/HBeAg(-) mothers

HBIG to children of HBsAg
(+)/HBeAg (+) mothers

I Yes No Yes Yes Yes

II* Yes Yes Yes No Yes

III No No Yes No No

#Examples of applied countries: Strategy type I: USA, Italy, Korea; Strategy type II: Taiwan,
Singapore; Strategy type III: Thailand
*In Strategy type II, either simultaneous or sequential HBsAg and HBeAg tests can be applied.
All pregnant women are screened for HBsAg and HBeAg at the same time; or all pregnant
women are screened for HBsAg, while HBeAg is tested only in those positive for HBsAg; the
former strategy is time saving and the latter is budget saving

Prevention of Hepatitis B Virus Infection and Liver Cancer 83



(Shepard et al. 2006). This strategy saves the cost and the procedure of maternal
HBeAg screening but increases the cost of HBIG, which is very expensive.

The first universal hepatitis B vaccination program in the world was launched in
Taiwan since July 1984 (Chen et al. 1987). Pregnant women were screened for
both serum HBsAg and HBeAg (Strategy II).

To save the cost of screening and HBIG, some countries with intermediate/low
prevalence of chronic HBV infection or inadequate resources do not screen
pregnant women, and all infants receive three doses of HBV vaccines without
HBIG. Using this strategy, the cost of maternal screening and HBIG can be saved.
The efficacy of preventing the infants from chronic infection seems satisfactory
(Poovorawan et al. 1989).

5.2 Effect of HBV Vaccination on the Reduction in HBV Infection
and Related Complications

HBV vaccine has been part of the WHO global immunization, resulting in major
declines in acute and chronic HBV infection. Approximately 90 % of the inci-
dence of chronic HBV infection in children has been reduced remarkably in areas
where universal HBV vaccination in infancy has been successfully introduced.
After the universal vaccination program of HBV, the rate of chronic HBV
infection was reduced to one-tenth of that before the vaccination program in the
vaccinated infants worldwide. Fulminant or acute hepatitis also has been reduced.

Serial epidemiologic surveys of serum HBV markers were conducted in Taiwan
(Hsu et al. 1986; Chen et al. 1996; Ni et al. 2001, 2007). The HBsAg carrier rate
decreased significantly from around 10 % before the vaccination program to
0.6–0.7 % afterward in vaccinated children younger than 20 years of age. A
similar effect has also been observed in many other countries (Whittle et al. 2002;
Jang et al. 2001), where universal vaccination programs have been successfully
conducted. Universal HBV vaccination in infancy is more effective than selective
immunization for high-risk groups.

The HBV vaccination program has indeed reduced both the perinatal and hor-
izontal transmission of HBV worldwide (Da Villa et al. 1995; Whittle et al. 2002).
In the reports from many countries, such as Gambia and Korea, universal vacci-
nation programs have been equally successful. The hepatitis B carrier rate has fallen
from 5 to 10 % to less than 1 %, demonstrating that universal vaccination is more
effective than selective immunization for high-risk groups (Montesano 2011).

6 Effect of Liver Cancer Prevention by Immunization
against Hepatitis B Virus Infection (Table 3)

Current therapies for HCC are not satisfactory. Even with early detection and
therapy for HCC, recurrence or newly developed HCC is often a troublesome
problem during long-term follow-up. Therefore, vaccination is the best way to
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prevent HBV infection and HCC. Since it usually takes 40 years or longer for
HCC to develop after HBV infection in most occasions, we may expect to see the
reduction in HCC in adults 40 years after the implementation of the universal
HBV vaccination program. Studies on the changes of the incidence of HCC in
children born before and after universal HBV vaccination program in a hyper-
endemic area may facilitate our understanding of the effect of HCC prevention by
HBV immunization, if the HCC in children is similar to the HCC in adults.

HCC in children is closely related to HBV infection, and the characteristics are
similar to HCC in adults (Chang et al. 1989). In comparison with most other parts
of the world, Taiwan has a high prevalence of HBV infection and HCC in children.
Children with HCC in Taiwan are nearly 100 % HBsAg seropositive, and most
(86 %) of them are HBeAg negative. HCC children are mostly (94 %) having
positive maternal HBsAg. Most (80 %) of the non-tumor portion has liver cir-
rhosis. Integration of HBV genome into host genome was demonstrated in the
HCC tissues in children (Chang et al. 1991). The histological features of HCC in
children are very similar to that in adults.

The reduction in HBV infection after the launch of universal hepatitis B vac-
cination program in July 1984 in Taiwan has had a dramatic effect on the reduction
in HCC incidence in children. The annual incidence of HCC in children aged 6–14
was reduced to one-fourth from 0.52 to 0.54 per 100,000 children born before July
1984 to 0.13 to 0.20 per 100,000 children born after July 1984 (Chang et al. 1997,
2000, 2005).

Table 3 Incidence rates of HCC among children 6–19 years old and born before or after uni-
versal HBV vaccination program

Age at
diagnosis,
year

HBV
vaccination

Years Hepatocellular carcinoma

No. of
HCCs

Incidence rate
(per 105 person-years)

Rate ratio
(95 % CI)

Taiwan Birth year

6–19 No 1963–1984 444 0.57 1 (referent)

Yes 1984–1998 64 0.17 0.30 (0.18–0.42)

Khon Kaen (Thailand) Birth year

[5–18 No Before 1990 15 0.097 1 (referent)

Yes After 1990 3 0.024 0.25

Alaska (USA) Diagnostic year

\20 No 1969–1984 0.7–2.6

Yes 1984–1988 2.9

Yes 1989–2008 0.0–1.4

References
1. Taiwan-Chang et al. (2009); 2. Thailand-Wichajarn et al. (2008); 3. Alaska-McMahon et al.
(2011)

Prevention of Hepatitis B Virus Infection and Liver Cancer 85



Approximately 90 % of the mothers of the HCC children with known serum
HBsAg status were positive for HBsAg. This provides strong evidence of perinatal
transmission of maternal HBV as the main route of HBV transmission in HCC
children born after the immunization era and was not effectively eliminated by the
HBV immunization program (Chang et al. 2009).

The cancer prevention effect by the universal HBV vaccine program has
extended further beyond childhood after 20 years of the program (Table 3). HCC
incidence was statistically significantly lower among children and adolescents
aged 6–19 years in vaccinated compared with unvaccinated birth cohorts.

The incidence of HCC is significantly lower in Thai children who received
hepatitis B vaccine at birth (year of birth after 1990) than unvaccinated children.
Cases of liver tumors in children under 18 years old diagnosed during 1985–2007
of Khon Kaen region, Thailand. The age-standardized incidence rates (ASRs) for
liver cancer in children [10 years of age of non-vaccinated and vaccinated chil-
dren were 0.88 and 0.07 per million, respectively (p = 0.039) (Wichajarn et al.
2008).

Alaska Native people experience the highest rates of acute and chronic HBV
infection and HCC in the USA. Universal newborn HBV vaccination coupled with
mass screening and immunization of susceptible Alaska Natives has eliminated
HCC among Alaska Native children. The incidence of HCC in persons\20 years
decreased from 3/100,000 in 1984–1988 to zero in 1995–1999, and no HCC cases
have occurred since 1999 (McMahon et al. 2011).

7 Problems to be Solved in Liver Cancer Prevention

The risk of developing HCC for vaccinated cohorts was statistically significantly
associated with incomplete HBV vaccination, prenatal maternal HBsAg or HBeAg
seropositivity (Chang et al. 2005, 2009). Failure to prevent HCC results mostly
from unsuccessful control of HBV infection by highly infectious mothers. To
eradicate HBV infection and its related diseases, we have to overcome the diffi-
culties that hinder the success of universal HBV vaccination.

7.1 Low Coverage Rate

7.1.1 Inadequate Resources in Developing Countries
Failure to attract national government fund delays the integration of HBV vacci-
nation into the EPI program, such as in some countries in Southeast Asia and
Africa. Even with integration into the EPI program, the coverage rate is still
inadequate. One main reason is that parents still have to pay for the HBV vaccines
in those countries.

Since 1991, WHO has called for all countries to add hepatitis B vaccine to their
national immunization programs. Yet, many low-income countries do not use the
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vaccine. In 1992, WHO further recommended that all countries with a high burden
of HBV-related diseases should introduce hepatitis B vaccine in their routine
infant immunization programs by 1995 and that all countries do so by 1997 (Kane
1996). In 1996, an additional target was added, that is, an 80 % reduction in the
incidence of new hepatitis B carriers among children worldwide by 2001 (Kane
and Brooks 2002). This is particularly urgent in areas where HBV infection and
HCC are prevalent.

How to reduce the cost of the vaccine and to increase funds for HBV vacci-
nation to help children of endemic areas with poor economic conditions are
important issues to solve for the eradication of HBV infection and its related liver
cancer. The Global Alliance for Vaccines and Immunization (GAVI) was estab-
lished in 1999. GAVI has contributed very much in helping the developing
countries to increase the coverage of HBV vaccination.

Increasing uptake of HBV vaccine was noted globally year by year. According
to the recent report of WHO, hepatitis B vaccine for infants was introduced
nationwide in 179 countries of the 193 WHO member states (including in parts of
India and the Sudan) by the end of 2010. Global hepatitis B vaccine coverage is
estimated at 75 % and is as high as 91 % in the Western Pacific and 89 % in the
Americas. However, the coverage in the Southeast Asia region only reached 52 %
in 2010 (World Health Organization 2012).

7.1.2 Poor Compliance Caused by Anxiety to the Adverse Effects
of Vaccination or Ignorance

In countries with adequate resources, the ignorance of the parents/guardians or an
anti-vaccine mentality drives some of the people to refuse vaccination. Opposition
to vaccination may be reduced by clarification of the vaccine-related side effects.
For instance, although there is a lack of supporting evidence, the correlation of
central nervous system demyelinating diseases and hepatitis B vaccine has been
suspected. Clarification of this question may help to eliminate opposition to
vaccination, which hampers the effort of HBV vaccination and, hence, the goal of
eradication of HBV and its related liver diseases (Halsey et al. 1999). Education
and propagation of the benefits of HBV vaccination will enhance the motivation of
the public and the governments to accept HBV vaccination, even in low preva-
lence areas.

7.2 Breakthrough Infection in Vaccinees

Causes of breakthrough infection or non-responders include high maternal viral
load (Lee et al. 1986), intrauterine infection (Tang et al. 1998; Lin et al. 1987),
surface gene mutants (Hsu et al. 1999, 2004, 2010), poor compliance, genetic
hyporesponsiveness, and immune-compromised status. A positive maternal
HBsAg serostatus was found in 89 % of the HBsAg-seropositive subjects born
after the launch of the HBV vaccination program in Taiwan (Ni et al. 2007).
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Maternal transmission is the primary reason for breakthrough HBV infection and
is the challenge that needs to be addressed in future vaccination programs.

7.2.1 Mother-to-Infant Transmission: High Maternal Viral Load
and Positive Serum HBeAg and HBsAg

Risk factors of immunoprophylaxis failure include a high level of maternal HBV
DNA, uterine contraction and placental leakage during the process of delivery, and
low level of maternal anti-HBc (Lin et al. 1991; Chang et al. 1996).

Mother-to-infant transmission is the major cause of HBV infection among
immunized children. Among 2,356 Taiwan children born to HBsAg-positive
mothers, identified through prenatal maternal screens, children born to HBeAg-
positive mothers are at greatest risk for chronic HBV infection (9.26 %), despite
HBIG injection \24 h after birth and full course of HBV vaccination in infancy
(Chen et al. 2012). Intrauterine HBV infection, though infrequent, is a possible
reason.

Although immunoprophylaxis for HBV infection is very successful, still around
2.4 % of infants of HBeAg-positive mothers already had detectable HBsAg in the
serum at birth or shortly after birth (Tang et al. 1998) and persisted to 12 months
of age and later. They become HBsAg carriers despite complete
immunoprophylaxis.

7.2.2 Hepatitis B Surface Gene Mutants
The rate of HBsAg gene mutants in HBsAg carriers born after the vaccination
program is increasing with time. The rate of HBV surface gene mutation was 7.8,
17.8, 28.1, and 23.8 %, respectively, among those seropositive for HBV DNA, at
before, and 5, 10, and 15 years after the launch of the HBV vaccination program
(Hsu et al. 1999, 2010). Fortunately, it has remained stationary (22.6 %) at
20 years after the vaccination program. HBV vaccine covering surface gene
mutant proteins is still not urgently needed for routine HBV immunization at
present, but careful and continuous monitoring for the surface gene mutants is
needed.

7.2.3 Immunocompromised Host, Hyporesponders,
or Non-responders

Before receiving immunosuppressant or organ transplantation, hepatitis B markers
and anti-HBs need to be monitored routinely. Hepatitis B vaccination should be
given to those with inadequate anti-HB levels. A double dose of HBV vaccine can
be given to hyporesponders to enhance the vaccine response. Further development
of a better vaccine is needed for non-responders to conventional HBV vaccine.
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8 Strategies Toward a Successful Control
of HBV-Related HCC

Primary prevention by universal vaccination is most cost effective toward a suc-
cessful control of HBV infection and its complications. Yet currently, there are
several problems that remain to be solved. The most important strategy is to
provide effective primary prevention to every infant for a better control of HBV
infection globally, including further increasing the world coverage rates of HBV
vaccine, and better methods to act against breakthrough HBV infection/vaccine
non-responsiveness. It is extremely important to find ways to reduce the cost of
HBV vaccines and to increase funding for HBV vaccination of children living in
developing countries endemic of HBV infection. It is particularly urgent in areas
where HBV infection and HCC are prevalent.

Increasing efforts are required to eliminate acute and chronic hepatitis B. Due to
the competition of other new vaccines, HBV has not captured sufficient attention
from policymakers, advocacy groups, or the general public. This is a major
challenge for the future (Van Herck et al. 2008). It is very important to persuade
and support the policy makers of countries that still have no universal HBV
vaccination program to establish a program, and to encourage the countries which
already have a program to increase the coverage rates. A comprehensive public
health prevention program should include prevention, detection, and control of
HBV infections and its related complications, and evaluation of the effectiveness
of prevention activities (Lavanchy 2008).

8.1 Prevention of Breakthrough HBV infection

Further investigation into the mechanisms of breakthrough HBV infection or non-
responders is crucial for setting effective strategies to prevent breakthrough
infection of HBV. Current HBV vaccine induces good immune response and
protection against HBV infection in most vaccines. Yet, approximately 10 %
breakthrough infection rate occurs in high-risk infants of HBsAg carrier mothers
with positive HBeAg and/or high viral load.

8.1.1 Better Vaccine
Whether the development of new HBV vaccines against surface antigen gene
mutants and better vaccines for immune-compromised individuals may further
reduce the incidence of new HBV infections requires further investigation.

8.1.2 Treating High-Risk Pregnant Mothers
Nucleoside analog treatment during pregnancy was used in the attempt to prevent
perinatal transmission of HBV infection. A pilot study included 8 highly viremic
(HBV DNA [ = 1.2 9 109 copies/mL) mothers treated with lamivudine per day
during the last month of pregnancy. At 12 months old, 12.5 % of infants in the
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lamivudine group and 28 % in the control group were still HBsAg and HBV DNA
positive (van Zonneveld et al. 2003). Another clinical trials using lamivudine
100 mg per day was given from 34 weeks of gestation to 4 weeks after delivery
for HBsAg seropositive highly viremic mothers (Xu et al. 2009) and demonstrated
a reduction in HBsAg-seropositive rate in the infants of the treated group (18 %) in
comparison with infants of the control group (39 %) at week 52.

A recent study recruited mothers with positive HBeAg and HBV DNA[
1.0 9 107 copies/ml. The incidence of perinatal transmission was lower in the
infants that completed follow-up born to the telbivudine-treated mothers than to the
controls (0 vs. 8 %; p = 0.002) (Han et al. 2011). Further studies to clarify the benefit
and efficacy of nucleoside/nucleotide analogs in the prevention of intrauterine/
perinatal infection are needed.

8.2 Screening High-Risk Subjects and Secondary Prevention
of HBV-Related HCC

HBsAg carriers are at high risk for HCC. Screening for serum HBsAg is the first
step to early detect the high-risk persons as the target for HCC screening. With
limited resources, the priority target subjects to be screened are illustrated in
Fig. 2. Subjects with an HBsAg carrier mother or HBsAg carrier family member(s)

Fig. 2 Screening and secondary prevention of hepatocellular carcinoma. HBsAg carriers are at
high risk of developing HCC. So, the first step is screening to find HBsAg-positive persons. #
Subjects with positive HBsAg, particularly those with special high risk of HCC, i.e.,
males [40 years, positive HCC family history, cirrhosis, high viral load with persistent
abnormal ALT levels, are the priority target groups to receive periodic HCC screening and
secondary prevention of HCC
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are at higher risk of chronic HBV infection and HCC. They should be screened for
HBsAg, and if positive, further screened for HCC. Screening HBsAg among
pregnant women is helpful to interrupt mother-to-infant transmission. Further-
more, those females with positive HBsAg can be followed up regularly to screen
for or secondarily prevent HCC.

The HCC risk is higher in HBsAg carriers who are males, over 40 years old,
Asian or African ethnic groups, with liver cirrhosis, a family history of HCC, and
high HBV DNA [10,000 copies/mL (Table 1). For the HBV carriers at high risk
for HCC, periodic (every 6 month) screening of HCC by ultrasonography and
alpha-fetoprotein (AFP) is recommended. For those who are living in areas where
ultrasound is not readily available, periodic screening with AFP should be con-
sidered (Bruix and Sherman 2005).

Secondary prevention of HCC can be considered in high HCC risk patients with
chronic HBV infection, such as those with liver cirrhosis, or with high HBV DNA
levels ([10,000 copies/mL) and persistent or intermittent abnormal ALT levels.

9 Future Prospects and Implications in Other Cancer
Prevention

Prevention is the best way to control cancer. Prevention of liver cancer by hepatitis
B vaccination is the first successful example of cancer preventive vaccine in
human. With the universal hepatitis B vaccination program starting from neonates
in most countries in the world, HBV infection and its complications will be further
reduced in this century. It is expected that an effective decline in the incidence of
HCC in adults will be achieved in the near future. Furthermore, the impact of HBV
vaccination on the control of hepatitis B and its related diseases can be extrapo-
lated to other infectious agent-related cancers, such as human papillomavirus and
cervical cancer, Epstein-Barr virus (EBV) and endemic Burkitt’s lymphoma, as
well as nasopharyngeal carcinoma, human T cell virus type 1 (HTLV-1) and adult
T cell leukemia/lymphoma (ATL), and Helicobacter pylori and mucosa-associated
lymphoid tissue lymphoma (MALToma) or gastric cancer. Besides vaccination,
the addition of hepatitis B immunoglobulin immediately after birth, and even
antiviral agent during the third trimester of pregnancy to block mother-to-infant
transmission of HBV are existing or possible emerging strategies to enhance the
prevention efficacy of HBV infection and its related liver cancer.
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The Oncogenic Role of Hepatitis C
Virus

Kazuhiko Koike

Abstract

Persistent infection with hepatitis C virus (HCV) is a major risk toward
development of hepatocellular carcinoma (HCC). However, it remains contro-
versial in the pathogenesis of HCC associated with HCV whether the virus
plays a direct or an indirect role. The observation that chronic hepatitis C
patients with sustained high levels of serum alanine aminotransferase are prone
to develop HCC suggests the significance of inflammation in hepatocarcino-
genesis in hepatitis C. However, the rare development of HCC in patients with
autoimmune hepatitis, which is accompanied by robust inflammation, even
after the progress into cirrhosis, implies a possibility of the direct role of HCV
in HCC development. What is the role of HCV, a simple plus-stranded RNA
virus, whose genome is never integrated into the host genome, in hepatocar-
cinogenesis? The studies using transgenic mouse and cultured cell models, in
which the HCV proteins are expressed, indicate the direct pathogenicity of
HCV, including oncogenic activities. In particular, the core protein of HCV
induces overproduction of oxidative stress by impairing the mitochondrial
electron transfer system, through insulting the function of molecular chaperon,
prohibitin. HCV also modulates the intracellular signaling pathways including
mitogen-activated protein kinase, leading to the acquisition of growth
advantage by hepatocytes. In addition, HCV induces disorders in lipid and
glucose metabolisms, thereby accelerating the progression of liver fibrosis and
HCC development. These results would provide a clue for further
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understanding of the role of HCV in pathogenesis of persistent HCV infection
including hepatocarcinogenesis.
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Hepatitis C � Hepatocellular carcinoma � Core protein � Oxidative stress � Lipid
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1 Introduction

Worldwide, approximately 170 million people are persistently infected with
hepatitis C virus (HCV), which induces a spectrum of chronic liver diseases, from
chronic hepatitis, cirrhosis, eventually, to hepatocellular carcinoma (HCC) (Saito
et al. 1990). HCV has been given an increasing attention because of its wide and
deep penetration in the community, tied with a very high incidence of HCC in
persistent HCV infection. Once liver cirrhosis is established in hosts persistently
infected with HCV, HCC develops at a yearly rate of approximately 7 % (Ikeda
et al. 1998), resulting in the development of HCC in nearly 90 % of HCV-asso-
ciated cirrhotic patients in 15 years. In addition, the outstanding features in the
mode of hepatocarcinogenesis in HCV infection, i.e., development of HCC in a
multicentric fashion and in a very high incidence, are not common in other
malignancies except for hereditary cancers such as familial polyposis of the colon.
The knowledge on the mechanism underlying HCC development in persistent
HCV infection, therefore, is imminently required for the prevention of HCC.

2 Hepatitis C Virus and Viral Proteins

The hepatitis C virus is an enveloped RNA virus belonging to the family Flavi-
viridae, and it contains a positive-sense, single-stranded RNA genome of
approximately 9,600 nucleotides (nt) within the nucleocapsid (Houghton et al.
1991). The genome consists of a large open reading frame (ORF) encoding a
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polyprotein of approximately 3,010 amino acids (aa) (Fig. 1). The ORF is con-
tiguous to highly conserved untranslated regions (UTRs) at both the 5’ and 3’
termini. The complete 5’ UTR consists of 341 nt and acts as an internal ribosomal
entry site. Such feature leads to the translation of the RNA genome using a cap-
independent mechanism, rather than ribosome scanning from the 5’ end of a
capped molecule.

The polyprotein is processed by both the cellular and viral proteases to generate
the viral gene products, which are subdivided into structural and non-structural
proteins. The structural proteins, which are encoded by the NH2-terminal quarter
of the genome, include the core protein and the envelope proteins, E1 and E2. The
E2 has an alternative form, E2-p7, though it is not clear whether or not the p7
composes the viral particle. The NS2, NS3, NS4A, NS4B, NS5A, and NS5B are
the non-structural proteins that are coded in the remaining portion of the poly-
protein. These include serine protease (NS3/4A), NTPase/helicase (NS3), and
RNA-dependent RNA polymerase (NS5B).

The core protein of HCV occupies residues 1–191 of the precursor polyprotein
and is cleaved between the core and E1 protein by host signal peptidase. The
C-terminal membrane anchor of the core protein is further processed by host signal
peptide peptidase (Moradpour et al. 2007). The mature core protein is estimated to
consist of 177–179 amino acids and shares high homology among HCV genotypes.
The HCV core protein possesses the hydrophilic N-terminal region ‘‘domain 1’’
(residues 1–117) followed by a hydrophobic region called ‘‘domain 2,’’ which is
located from residue 118–170. The domain 1 is rich in basic residues and is
implicated in RNA binding and homo-oligomerization. The amphipathic helices I
and II spanning from residue 119–136 and residue 148–164, respectively, in domain
2 are involved in the association of HCV core protein with lipid (Boulant et al. 2006).
In addition, the region spanning from residue 112–152 is associated with membranes

C E1 E2 NS2 NS3 NS5A

p22 gp35 gp60  p7 p21 p70 p27

NS5B

p58 p60

NS4B

1 192 384 810 1027 16581712 1973 30102420

protease

p4

helicase RNA polymerase

NTPaseenvelope

a.a.

"ISDR"

structural
genes

core

nonstructural (NS)
genes
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Fig. 1 The structure of hepatitis C virus genome. The HCV genome RNA encodes a polyprotein
of 3,010 a.a., which is processed into structural and non-structural proteins by the cellular or viral
proteases. One of the structural proteins, the core protein, shows a versatile character in
experiments both in vitro and in vivo. ISDR, interferon sensitivity–determining region
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of the endoplasmic reticulum and mitochondria (Suzuki et al. 2005). The core
protein is also localized into the nucleus (Miyamoto et al. 2007; Shirakura et al.
2007) and binds to the nuclear proteasome activator PA28c/REG c, resulting in
PA28c-dependent degradation of the core protein (Moriishi et al. 2003). Autophagy
is involved in the degradation of cellular organelles and the elimination of invasive
microorganisms. Disruption of autophagy often leads to several protein deposition
diseases. Recently, it has been shown that replication of HCV RNA induces
autophagy in a strain-dependent manner, suggesting that HCV harnesses autophagy
to circumvent cell death, and dysfunction of autophagy flux may participate in the
genotype-specific pathogenesis of HCV (Taguwa et al. 2011).

3 Possible Role of HCV in Hepatocarcinogenesis

The mechanism underlying hepatocarcinogenesis in HCV infection is not fully
understood yet, despite the fact that nearly 80 % of patients with HCC in Japan and
30 % of those in the world (Perz et al. 2006) are persistently infected with HCV
(Kiyosawa et al. 1990; Saito et al. 1990; Yotsuyanagi et al. 2000). These lines of
evidence prompted us to seek for determining the role of HCV in hepatocarcino-
genesis. Inflammation induced by HCV should be considered in hepatitis viral
infection: necrosis of hepatocytes due to chronic inflammation followed by regen-
eration enhances genetic aberrations in host cells, the accumulation of which cul-
minates in HCC. This theory presupposes an indirect involvement of HCV in HCC
via hepatic inflammation. However, this context leaves us with a serious question:
Can inflammation alone result in the development of HCC in such a high incidence
(90 % in 15 years) or multicentric nature in HCV infection?

The other role of HCV would have to be weighed against a rare occurrence of
HCC in patients with autoimmune hepatitis in which severe inflammation in the liver
persists, even after the development of cirrhosis. These backgrounds and reasonings
lead to a possible activity of viral proteins for inducing neoplasia. This possibility
has been evaluated by introducing genes of HCV into hepatocytes in culture with
little success. One of the difficulties in using cultured cells is the carcinogenic
capacity of HCV, if any, which would be weak and would take a long time to
manifest itself. Actually, it takes 30–40 years for HCC to develop in individuals
infected with HCV. On the basis of these viewpoints, investigation was started on
carcinogenesis in chronic hepatitis C, in vivo, using transgenic mouse technology.

4 HCV Shows an In Vivo Oncogenic Activity
in Mouse Studies

One of the major issues regarding the pathogenesis of HCV-associated liver lesion
is whether the HCV proteins have direct effects on pathological phenotypes.
Although several strategies have been used to characterize the hepatitis C viral
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proteins, the relationship between the protein expression and disease phenotype
has not been clarified. For this purpose, several lines of mice have been established
which were transgenic for the HCV cDNA (Table 1). They include the ones
carrying the entire coding region of HCV genome (Lerat et al. 2002), the core
region only (Machida et al. 2006; Moriya et al. 1997), the envelope region only
(Koike et al. 1995; Pasquinelli et al. 1997), the core and envelope regions (Lerat
et al. 2002; Naas et al. 2005), and the core to NS2 regions (Wakita et al. 1998).
Although detection of mRNA from the NS regions of the HCV cDNA has been
reported (Honda et al. 1999; Lerat et al. 2002), the detection of HCV NS proteins
in the transgenic mouse liver has not been successful. The reason for this failure in
detecting NS proteins is unclear, but the expression of the NS enzymes may be
harmful to mouse development and may allow the establishment of only low-
expression mice.

Table 1 Consequences of the expression of HCV proteins in mice

HCV gene Genotype Promoter Protein
expression

Phenotypes References

Core 1b HBV Similar to
patients

Steatosis, HCC, insulin
resistance, oxidative stress

Moriya et al.
(1997, 1998)
Moriishi et al.
(2003, 2007)
Shintani et al.
(2004)
Miyamoto
et al. (2007)

Core 1b EF-1a Similar to
patients

Steatosis, adenoma, HCC,
oxidative stress

Machida et al.
(2006)

E1-E2 1b HBV Abundant None in the liver Koike et al.
(1995, 1997)

Core-E1-
E2

1b Albumin Similar to
patients

Steatosis, HCC, oxidative
stress

Lerat 2003

Core-E1-
E2

1a CMV Similar to
patients

Steatosis, HCC Naas et al.
(2005)

Structural
proteins

1b MHC Low in the
liver

Hepatitis Honda et al.
(1999)

Entire
Polyprotein

1b Albumin Only mRNA
detectable

Steatosis, HCC Lerat 2003

Entire
Polyprotein

1a A1-
antitrypsin

Steatosis, intrahepatic
T-cell recruitment

Alonzi et al.
(2004)

NS3/4A 1a MUP None (modulation of
immunity)

Frelin et al.
(2006)

NS5A 1a ApoE None (resistance to TNF) Majumder
et al. (2002)

HBV, hepatitis B virus; EF, elongation factor; MUP, major urinary protein; Alb, albumin; CMV,
cytomegalovirus; MHC, major histocompatibility complex; AT, antitrypsin; apo E, apolipoprotein E
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We have engineered transgenic mouse lines carrying the HCV genome where
by introducing the genes from the cDNA of the HCV genome of genotype 1b
(Moriya et al. 1997, 1998). Established are four different kinds of transgenic
mouse lines, which carry the core gene, envelope genes, the entire nonstructural
(NS) genes, and NS5A gene, respectively, under the same transcriptional regula-
tory element. Among these mouse lines, only the transgenic mice carrying the core
gene developed HCC in two independent lineages (Moriya et al. 1998). The
envelope gene transgenic mice do not develop HCC, despite high expression levels
of both E1 and E2 proteins (Koike et al. 1995, 1997), and the transgenic mice
carrying the entire NS genes or NS5A gene have developed no HCC.

The core gene transgenic mice, early in life, develop hepatic steatosis, which is
one of the histologic characteristics of chronic hepatitis C, along with lymphoid
follicle formation and bile duct damages. Thus, the core gene transgenic mouse
model well reproduces the feature of chronic hepatitis C. Of note, any pictures of
significant inflammation are not observed in the liver of this animal model. Late in
life, these transgenic mice develop HCC. Notably, the development of steatosis
and HCC has been reproduced by other HCV transgenic mouse lines, which harbor
the entire HCV genome or structural genes including the core gene (Lerat et al.
2002; Machida et al. 2006; Naas et al. 2005). These outcomes indicate that the
core protein per se of HCV has an oncogenic potential when expressed in vivo.

5 HCV Augments Oxidative Stress Production
and Modulates Intracellular Signaling

There is a notable feature in the localization of the core protein in hepatocytes;
while the core protein predominantly exists in the cytoplasm associated with lipid
droplets, it is also present in the mitochondria and nuclei (Moriya et al. 1998). On
the basis of this finding, the pathways related to these two organelles, the mito-
chondria and nuclei, were thoroughly investigated.

One effect of the core protein is an increased production of oxidative stress in
the liver. We would like to draw particular attention to the fact that the production
of oxidative stress is increased in the core gene transgenic mouse model in the
absence of inflammation in the liver. The overproduction of oxidative stress results
in the generation of deletions in the mitochondrial and nuclear DNA, an indicator
of genetic damage (Moriya et al. 2001a).

Augmentation of oxidative stress is implicated in the pathogenesis of liver
disease in HCV infection as shown by a number of clinical and basic studies
(Farinati et al. 1995). Reactive oxygen species (ROS) are endogenous oxygen-
containing molecules formed as normal products during aerobic metabolism. ROS
can induce genetic mutations as well as chromosomal alterations and thus con-
tribute to cancer development in multistep carcinogenesis (Fujita et al. 2008; Kato
et al. 2001). Oxidative stress has been shown to be more augmented in hepatitis C
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than in other types of hepatitis such as hepatitis B (Farinati et al. 1995). Thus, a
major role in the pathogenesis of HCV-associated liver disease has been attributed
to oxidative stress augmentation, but little has been known about the mechanism of
increased oxidative stress in HCV infection. Hence, it is an important issue to
understand the mechanism of oxidative stress augmentation, both on generation
and scavenging of ROS, which may allow us to develop new tools of therapies for
chronic hepatitis C.

Other pathways in hepatocarcinogenesis would be the alteration of the
expression of cellular genes and modulation of intracellular signaling pathways.
For example, tumor necrosis factor (TNF)-a and interleukin-1b have been found
transcriptionally activated (Tsutsumi et al. 2002). The mitogen-activated protein
kinase (MAPK) cascade is also activated in the liver of the core gene transgenic
mouse model. The MAPK pathway, which consists of three routes, c-Jun N-
terminal kinase (JNK), p38, and extracellular signal-regulated kinase (ERK), is
involved in numerous cellular events including cell proliferation. In the liver of the
core gene transgenic mouse model prior to HCC development, only the JNK route
is activated. In the downstream of the JNK activation, transcription factor–acti-
vating protein (AP)-1 activation is markedly enhanced (Tsutsumi et al. 2002,
2003). At far downstream, the levels of cyclin D1 and cyclin-dependent kinase
(CDK) 4 are increased. Thus, the HCV core protein modulates the intracellular
signaling pathways and gives advantage for cell proliferation to hepatocytes. In
addition, HCV core protein suppresses the expression of suppressor of cytokine
signaling (SOCS)-1, a negative regulator of cytokine signaling pathway, which
may work as a tumor suppressor gene (Miyoshi et al. 2005).

Such an effect of the core protein on the MAPK pathway, combined with that
on oxidative stress, may explain the extremely high incidence of HCC develop-
ment in chronic hepatitis C (Fig. 2).

6 Mitochondria as Origin of ROS Production in HCV
Infection

What is the origin for the increase in oxidative stress in the liver of hepatitis C
patients? The core protein is mostly localized to the endoplasmic reticulum (ER),
but it is also localized to the mitochondria in cultured cells and transgenic mice
(Moriya et al. 1998; Suzuki et al. 2005). In addition, the double structure of
mitochondrial membranes is disrupted in hepatocytes of core gene transgenic
mice. Evidence suggests that the core protein modulates some mitochondrial
functions, including fatty acid b-oxidation, the impairment of which may induce
lipid abnormalities and hepatic steatosis. In addition, the mitochondrion is an
important source of ROS. In livers of transgenic mice harboring the core gene,
increased ROS production has been observed (Moriya et al. 2001a). A recent study
found, by the proteomic profiling of biopsy specimens, that impairment in
key mitochondrial processes, including fatty acid oxidation and oxidative

The Oncogenic Role of Hepatitis C Virus 103



phosphorylation, and in the response to oxidative stress occurs in HCV-infected
human liver with advanced fibrosis (Diamond et al. 2007). Therefore, it is probable
that the HCV core protein affects mitochondrial functions, since such pathogenesis
is observed in HCV core transgenic mice, cultured cells expressing the core
protein (Korenaga et al. 2005), and HCV-infected patients.

The recent progress in proteomics has opened new avenues for disease-related
biomarker discovery. We performed a two-dimensional polyacrylamide gel elec-
trophoresis (2D-PAGE) of mitochondria isolated from HepG2 cells stably
expressing the HCV core protein and identified several proteins of different
expressions when compared with control HepG2 cells. Among upregulated pro-
teins in the core-expressing cells, we focused on prohibitin, which functions as a
mitochondrial protein chaperone, and found that the core protein interacts with
prohibitin and represses the interaction between prohibitin and subunit proteins of
cytochrome C oxidase (COX), which leads to a decrease in the expression level of
the proteins and in COX activity.

Prohibitin, a mitochondrial protein chaperone, was identified as an upregulated
protein in core-expressing cells. Prohibitin is a ubiquitously expressed and highly
conserved protein that was originally determined to play a predominant role in
inhibiting cell cycle progression and cellular proliferation by attenuating DNA

Fig. 2 Molecular pathogenesis of hepatocarcinogenesis in HCV infection. Induction of
oxidative stress together with hepatic steatosis by the HCV core protein would play a pivotal
role in the development of HCC. Alterations in cellular gene expressions, such as TNF-a, and
those in the intracellular signaling pathways including JNK would be co-accelerators to
hepatocarcinogenesis in HCV infection. ROS, reactive oxygen species; HCC, hepatocellular
carcinoma; TNF-a, tumor necrosis factor-a; JNK, c-Jun N-terminal kinase; AP-1, activating
protein-1; ETS, electron transfer system
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synthesis (Mishra et al. 2005). It exists in the nucleus and interacts with tran-
scription factors that are vital in cell cycle progression. In core-expressing cells,
prohibitin was also detected in the nucleus, and its expression level was also higher
than that in control cells. Mitochondrial prohibitin acts as a protein chaperone by
stabilizing newly synthesized mitochondrial translation products through direct
interaction (Nijtmans et al. 2000). We examined the interaction between prohibitin
and mitochondria-encoded subunit II of COX and found a suppressed interaction
between these proteins in core-expressing cells. In addition, there are several
studies that showed the association of prohibitin with the assembly of mitochon-
drial respiratory complex I as well as complex IV (COX) (Nijtmans et al. 2000).
Complex I also consists of both nuclear and mitochondrial DNA-encoded subunits;
therefore, it is probable that the assembly and function of complex I are impaired
by the core protein. With respect to the complex I function, we previously found a
decreased complex I activity in core-expressing cells. Other groups have also
shown that complex I activity is decreased in cultured cells (Piccoli et al. 2007).
From these findings, the interaction between prohibitin and the core protein may
impair the function of complex I as well as complex IV, leading to an increase in
ROS production. In fact, the suppression of the prohibitin function is shown to
result in an increased production of ROS (Theiss et al. 2007), a phenomenon
observed in core-expressing cells used in this study as well as in the liver of core
gene transgenic mice (Moriya et al. 2001a). Very interestingly, the liver-specific
deletion of prohibitin resulted in the morphological abnormality and HCC (Ko
et al. 2010).

This is a new mechanism for ROS overproduction in viral infection in that HCV
induces mitochondrial dysfunction through the inhibition of chaperone function in
the mitochondria (Tsutsumi et al. 2009).

7 HCV not only Induces ROS But Attenuates Some
Antioxidant System

As discussed above, chronic hepatitis C is characterized by its prominent aug-
mentation of oxidative stress. Related to this, iron accumulation in the liver has
been shown to aggravate the oxidative stress as shown by the increase in the
amount of DNA adducts in the liver (Farinati et al. 1995). Iron is accumulated in
the liver of the HCV core gene transgenic mice (Moriya et al. 2010). The accu-
mulation of iron observed in the liver of the core gene transgenic mice fed with
normal chow corroborates well with the observation in chronic hepatitis C patients
(Farinati et al. 1995; Fujita et al. 2008). Then, the impact of iron overloading on
the oxidant/antioxidant system was examined using this mouse model and cultured
cells. Iron overloading caused the induction of ROS as well as antioxidants.
However, some of the key antioxidant enzymes, including HO-1 and NADH
dehydrogenase, and quinone 1 (NDQ-1), were not augmented sufficiently by iron
overloading, while other antioxidant enzymes such as catalase and GST were
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augmented more strongly in the iron-overloaded core gene transgenic mice than in
the iron-overloaded control or non-iron-overloaded core gene transgenic mice. The
attenuation of iron-induced augmentation of HO-1 was also confirmed in HepG2
cells expressing the core protein. HO-1 catalyzes the initial and rate-limiting
reaction in heme catabolism and cleaves pro-oxidant heme to form biliverdin,
which is converted to bilirubin in mammals, both of which have been known to
have very strong antioxidant activities (Stocker et al. 1987). In addition, HO-1 has
been also suggested to be a central antioxidant under the condition of glutathione
depletion. Thus, HO-1 is an essential protective endogenous mechanism against
oxidative stress, particularly, in the case of iron overload. Therefore, it is probable
that the attenuation of HO-1 and NQO-1 would hamper the antioxidant system and
lead to a robust production of oxidative stress in HCV infection.

Thus, HCV infection not only induces ROS but also hampers the antioxidant
activation in the liver, thereby exacerbating oxidative stress that would facilitate
hepatocarcinogenesis. Aggravation of oxidative stress by overloading of iron was
also shown using other transgenic mouse lines carrying HCV genome (Nishina
et al. 2008).

8 Metabolic Changes in HCV Infection: Co-factor for Liver
Disease Progression

Steatosis is frequently observed in chronic hepatitis C patients and significantly
associated with accelerated progression rate of fibrosis of the liver (Powell et al.
2005). The composition of fatty acids that are accumulated in the liver of core gene
transgenic mice is different from that in fatty liver due to simple obesity. Carbon
18 mono-unsaturated fatty acids (C18:1) such as oleic or vaccenic acid, which
favor the proliferation of cancer cells (Kudo et al. 2011), are significantly
increased. This is also the case in the comparison of liver tissues from hepatitis C
patients and simple fatty liver patients due to obesity (Moriya et al. 2001b).

The mechanism of steatogenesis in hepatitis C was investigated using this
mouse model. At least three pathways are involved in the development of steatosis.
One is the frequent presence of insulin resistance in hepatitis C patients as well as
in the core gene transgenic mice, which occurs through the inhibition of tyrosine
phosphorylation of insulin receptor substrate (IRS)-1 (Shintani et al. 2004). Insulin
resistance increases the peripheral release and hepatic uptake of fatty acids,
resulting in the accumulation of lipid in the liver. The second pathway is the
suppression of the activity of microsomal triglyceride transfer protein (MTP) by
HCV core protein (Perlemuter et al. 2002). This inhibits the secretion of very-low-
density protein (VLDL) from the liver, yielding an increase in triglycerides in the
liver. The last one involves the sterol regulatory element–binding protein
(SREBP)-1c, which regulates the production of triglycerides and phospholipids. In
HCV core gene transgenic mice, SREBP-1c is upregulated, neither SREBP-2 nor
SREBP-1a (Moriishi et al. 2007). This corroborates the results of in vitro studies
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(Kim et al. 2007; Waris et al. 2007) and a chimpanzee study (Su et al. 2002). Thus,
the involvement of three pathways would easily lead to the development of hepatic
steatosis in hepatitis C patients (Fig. 3). The presence of steatosis exacerbates the
production of ROS and accelerates the progression of liver disease in hepatitis C.

9 Conclusion

The results of HCV mouse studies indicate a carcinogenic activity of the HCV core
protein in vivo; thus, HCV would have an oncogenic potential in the liver. In
research studies of carcinogenesis, it has been established that the accumulation of a
complete set of cellular genetic aberrations is necessary for the development of
neoplasia such as colorectal cancer (Kinzler and Vogelstein 1996). They have
deduced that mutations in the APC gene for inactivation, those in K-ras for acti-
vation, and those in the p53 gene for inactivation accumulate, which cooperate
toward the development of colorectal cancer. Their theory has been extended to the
carcinogenesis of other cancers as well, called ‘‘Vogelstein-type’’ carcinogenesis.

On the basis of the results we obtained for the induction of HCC by the HCV
core protein, we would like to present a different mechanism for the hepatocar-
cinogenesis in HCV infection. We do allow multistages in the induction of all
cancers; it would be mandatory for hepatocarcinogenesis that many mutations
accumulate in hepatocytes. Some of these steps, however, may be skipped in the
development of HCC in HCV infection to which the core protein would contribute.
The overall effects achieved by the expression of the viral protein would be the
induction of HCC, even in the absence of a complete set of genetic aberrations,
required for carcinogenesis (Fig. 4). By considering such a ‘‘non-Vogelstein-type’’
process for the induction of HCC, a reasonable explanation may be given for

Fig. 3 HCV induces steatosis in the liver by involving three pathways of lipid metabolism. First,
HCV core protein induces insulin resistance, leading to the increase in peripheral release and
hepatic uptake of fatty acids. Second, HCV core protein suppresses the activity of MTP,
inhibiting the secretion VLDL from the liver, yielding an increase in triglycerides in the liver.
Lastly, a transcription factor, SREBP-1c, is upregulated by HCV core protein, resulting in an
increased production of triglycerides. Thus, the involvement of three pathways easily leads to the
development of hepatic steatosis in hepatitis C patients. MTP, microsomal triglyceride transfer
protein; VLDL, very-low-density protein; SREBP, sterol regulatory element–binding protein
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unusual events happening in HCV carriers (Koike 2005). Now it does not seem so
difficult as before to determine why HCC develops in persistent HCV infection at
an outstandingly high incidence. Our theory may also give an account of the non-
metastatic and multicentric de novo occurrence characteristics of HCC, which
would be the result of persistent HCV infection.
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Prevention of Hepatitis C Virus
Infection and Liver Cancer

E. J. Lim and J. Torresi

Abstract

Hepatocellular carcinoma (HCC) is the fifth most prevalent cancer and the third
leading cause of cancer-related death, and its incidence is increasing. The
majority of HCC cases are associated with chronic viral hepatitis. With over
170 million individuals chronically infected with hepatitis C virus (HCV)
worldwide, HCV is currently a serious global health concern, leading to chronic
hepatitis, cirrhosis and HCC, thereby causing significant morbidity and
mortality. With the incidence of HCV infection increasing, the problem of
HCV-associated HCC is expected to worsen as well, with the majority of HCCs
developing in the setting of cirrhosis. Thus, it is imperative to provide antiviral
therapy to infected individuals prior to the development of established cirrhosis
in order to reduce the risk of subsequent HCC. Indeed, the successful
eradication of HCV is associated with clinical and histological improvement as
well as a greatly reduced risk of subsequent HCC development. Even after the
development of cirrhosis, successful viral clearance is still associated with
reduced HCC risk. Current standard of care antiviral treatment consists of
pegylated interferon-a and ribavirin, but viral clearance rates are suboptimal
with this regimen, especially in difficult to treat cohorts. However, there is a
myriad of different classes of HCV-specific direct-acting antiviral agents
currently in development, which can be used in combination with one another
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or with standard of care treatment to improve HCV cure rates. Preventative and
therapeutic vaccines against HCV remain an area of ongoing research with
good progress towards developing an effective vaccine in the future.
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1 Introduction

Hepatocellular carcinoma (HCC) is the fifth most prevalent cancer and the third
leading cause of cancer-related death worldwide (Parkin 2001). The incidence of
HCC is increasing (El-Serag and Rudolph 2007), and currently around 80 % of
HCC cases worldwide are associated with chronic viral hepatitis (Thomas and Zhu
2005). An estimated one-third of HCC cases in the USA are attributable to hep-
atitis C (HCV), making HCV the leading risk factor for HCC in this country
(National institutes of health consensus development conference statement:
Management of hepatitis C 2002). Although a strong association exists between
chronic HCV and the development of HCC, the precise mechanisms by which
HCV infection ultimately results in HCC are uncertain. There is, however, good
evidence to suggest that eradication of the virus in both cirrhotic and non-cirrhotic
HCV-infected patients reduces the subsequent risk of developing of HCC.
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2 Hepatitis C Infection

There are currently over 170 million individuals chronically infected with HCV
worldwide, and this is associated with an estimated 476,000 deaths annually (Dore
et al. 2003). HCV is transmitted via infected blood. Currently in Western coun-
tries, acquisition of HCV occurs primarily through intravenous drug use and tat-
toos (Razali et al. 2007), whereas in Asia and Africa, infection mainly occurs
through the use of contaminated blood products and medical instruments. In
contrast to these modes, HCV transmission via sexual and perinatal routes is
infrequent (Razali et al. 2007).

Following infection with HCV, up to 85 % of patients are unable to clear the virus,
resulting in chronic infection which may ultimately progress to cirrhosis in
approximately 20 % of individuals (National institutes of health consensus devel-
opment conference statement: Management of hepatitis c 2002). The natural history
of HCV infection is shown in Fig. 1. The majority of chronically infected patients are
asymptomatic for several decades, thus delaying both the diagnosis and treatment of
this disease. It is often not until the development of complications of cirrhosis such as
hepatic decompensation and HCC that these patients present to medical care
practitioners. The impact of chronic hepatitis C is highlighted by the fact that
HCV-related liver failure is now the commonest indication for liver transplantation
in the USA, Europe and Australia (Davis et al. 2003; Law et al. 2003).

HCV belongs to the genus Hepacivirus in the Flaviviridae family (Forns and Bukh
1999). It has a single-stranded linear RNA genome of approximately 9,600 nucleo-
tides that encodes a large polyprotein of approximately 3,000 amino acids (Bart-
enschlager et al. 2011). The structure of the HCV genome and functions of the various

Fig. 1 Natural history of HCV infection. Adapted from Alter et al. (1995)
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viral proteins are shown in Fig. 2. HCV exists as six major genotypes with genotype 1
being the dominant genotype in the USA, Europe and Australia (Simmonds et al.
2005). Genotype 3 is more prevalent in India and Southeast Asia, whereas genotype 4
is more commonly seen in the Middle East and Africa (Kamal and Nasser 2008).
Each genotype contains multiple subtypes that are detected by viral sequencing and
that are identified with lower case letters (a, b, c, etc.). HCV genotype influences
treatment response and also the severity of liver disease. For example, chronic
infection with genotype 1b may be associated with the development of more
advanced fibrosis, cirrhosis and HCC. In fact, a recent meta-analysis found that
genotype 1b HCV infection was associated with a doubling of the risk of HCC
development compared to infection with other genotypes (Raimondi et al. 2009).

Like other RNA viruses, the RNA polymerase protein of HCV lacks proof-
reading ability, and as a consequence, replication of the viral genome is error-
prone resulting in a high mutation rate. The result is great genetic heterogeneity
that leads to the evolution of diverse viral quasispecies. This viral diversity
interferes with the development of effective host humoral immune responses
against the virus, thereby promoting viral persistence within infected individuals
(Forns and Bukh 1999).

3 Hepatitis C and Associated Risk Factors for HCC
Development

HCV is recognized as a major cause of HCC globally. In a large population-based
prospective study, infection with HCV conferred a 20-fold increased risk of
developing HCC compared to HCV-negative individuals (Sun et al. 2003). This
strong association between chronic HCV and HCC has been noted since the early
1980s, when the virus was known as non-A, non-B hepatitis (Kiyosawa et al.
1984). Almost all HCV-related HCCs occur in the setting of established cirrhosis,
with cirrhosis itself being a strong independent risk factor for developing HCC.

Fig. 2 HCV genome structure and functions of viral proteins. Adapted from Bartenschlager
et al. (2011)
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In the setting of HCV-induced cirrhosis, the incidence of HCC is between 2 and
8 % per year (Bruix et al. 2005). Consequently, HCC develops many years (often
2–3 decades) after initial HCV infection.

However, not all HCV-related HCCs occur in patients with pre-existing cir-
rhosis. In a large prospective study, about 17 % of HCV-positive patients with
HCC were not cirrhotic, but were noted to have at least an Ishak fibrosis score of 3
or more on serial liver biopsies (Lok et al. 2009), indicating that even in the
absence of cirrhosis, HCC may develop in HCV-infected individuals with estab-
lished chronic hepatitis and advanced liver fibrosis.

Risk factors that may contribute to the progression of HCV-associated liver
disease leading to cirrhosis and HCC include concurrent alcohol consumption, older
age at time of infection, male gender, co-infection with HIV or hepatitis B, immu-
nosuppression, associated insulin resistance or non-alcoholic steatohepatitis, and a
higher degree of inflammation and fibrosis on liver biopsy (Chen and Morgan 2006).

Significant alcohol intake of [40 g alcohol/day in women and [60 g of alco-
hol/day in men for more than 5 years is associated with a two to threefold
increased risk of cirrhosis and decompensated liver disease in HCV-infected
individuals (Wiley et al. 1998). Furthermore, the risk of developing HCC is
doubled in HCV-infected individuals who consume [60 g of alcohol/day com-
pared to those consuming \60 g/day (Donato et al. 2002). Also, the presence of
chronic HCV infection has been associated with more advanced liver disease and
increased mortality in alcoholic individuals compared to alcoholic patients with
chronic hepatitis B infection (Mendenhall et al. 1991).

Age of infection is also an independent risk factor for the development of more
severe liver disease in chronic HCV. After controlling for duration of HCV
infection, patients who acquire HCV infection at an older age ([40 years old) are
significantly more likely to progress to advanced liver fibrosis than individuals
infected at a younger age (Poynard et al. 1997). The incidence of HCC is up to 29
times higher for individuals who become infected with HCV after 39 years of age
compared to those infected before the age of 19 years (Pradat et al. 2007).

In the setting of HIV–HCV co-infection, a low CD4 count is associated with
higher HCV viral loads as well as an accelerated progression to cirrhosis (Di
Martino et al. 2001). Other causes of immunosuppression, such as organ trans-
plantation, have also been associated with more rapid liver fibrosis progression
(Berenguer et al. 2000). Finally, individuals with HCV–HBV co-infection may
also be at a higher risk of HCC development (Cho et al. 2011).

How HCV infection results in the development of HCC is not entirely clear.
There is evidence to suggest that HCV may interact with various intracellular
signal transduction pathways or effect epigenetic changes, thereby altering hepa-
tocyte physiology to directly promote malignant transformation. For example,
HCV core protein has been noted to interact with the mitogen-activated protein
(MAP) kinase signalling pathway, thereby promoting cell proliferation (Hayashi
et al. 2000). Also, it has been shown that the tumour suppressor gene p16INK4A in
tumour tissue resected from the livers of HCV-infected patients with HCCs is
hypermethylated, and this results in the inactivation of p16INK4A, a feature not
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seen in non-HCV-associated HCCs (Li et al. 2004). Secondly, immune-mediated
liver inflammation and the promotion of apoptosis of HCV-infected hepatocytes
result in a compensatory stimulation of cell proliferation to replace dead hepato-
cytes. The increased cell turnover permits the accumulation of genetic mutations
within hepatocytes, and this together with the surrounding inflammatory liver
milieu promotes HCC development (Hino et al. 2002).

4 Prevention of HCC in Patients With Hepatitis
C–induced Cirrhosis

The incidence of HCV-related HCC continues to rise worldwide because of the
increasing number of individuals with chronic HCV infection, the presence of
associated co-morbidities and the longer survival of patients with advanced liver
disease as a result of improved management of the complications of liver failure.
HCC develops at an annual rate of about 3 % in patients with HCV-related cirrhosis,
with an 11.5 % four-year risk of HCC (Serfaty et al. 1998), hence emphasizing the
importance of HCC screening in this population. The successful clearance of HCV
with interferon therapy in patients with cirrhosis is associated with a threefold
reduction in the risk of subsequent HCC development (Bruno et al. 2007; Singal
et al. 2010b), indicating that despite the presence of cirrhosis, successful antiviral
therapy of HCV-infected patients will still reduce the future risk of HCC. However,
as the risk of HCC is not completely eliminated despite achieving viral eradication,
ongoing HCC screening is still indicated in patients with cirrhosis. In contrast, there
appears to be no benefit of interferon therapy on reducing HCC risk if viral eradi-
cation has not been successful. In patients with HCV-induced cirrhosis who have not
achieve viral clearance with standard antiviral therapy, the provision of long-term
half-dose maintenance pegylated interferon may reduce the incidence of HCC
development (Lok et al. 2011). In this study, the beneficial effect in reducing HCC
incidence was not seen in HCV-infected patients who had advanced hepatic fibrosis
but not cirrhosis. However, in a meta-analysis of four studies with 1,152 non-
responders, there was no statistically significant reduction in HCC risk in patients
maintained on low-dose interferon compared with those who did not receive
maintenance therapy (Singal et al. 2010b).

A meta-analysis of patients with HCV-induced cirrhosis who developed HCC has
shown that after curative treatment for HCC via local ablative therapy or surgical
resection, successful eradication of HCV with antiviral therapy was associated with a
reduced risk of HCC recurrence from 61 to 35 % (Singal et al. 2010a). Furthermore,
successful treatment with pegylated interferon and ribavirin was associated with
improved hepatic functional reserve and increased survival (96 % vs. 61 % at
3 years) in this cohort (Ishikawa et al. 2012). In patients undergoing liver trans-
plantation for HCV-associated HCC, interferon therapy for recurrent HCV post-liver
transplant was found to decrease subsequent HCC recurrence from 27 to 4 % (Kohli
et al. 2012). These studies indicate that antiviral therapy is important in the secondary
prevention of HCC in HCV-induced cirrhosis.
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5 Prevention of Cirrhosis and HCC in Patients with Hepatitis
C–Induced Chronic Hepatitis

The potential long-term benefits of successful antiviral therapy of HCV-infected
patients with chronic hepatitis include the normalization of serum transaminase
levels a reduction in hepatic necroinflammation and fibrosis, improvement in
health-related quality of life and the reduction in HCC risk, all of which enhance
patient survival (Patel et al. 2006). We know that HCC primarily develops in
HCV-infected patients with cirrhosis. In order to reduce the risk of developing
HCV-related HCC, the aim would be to provide treatment to eradicate HCV prior
to the development of cirrhosis. Indeed, studies have shown that successful viral
clearance with antiviral therapy results in clinical and histological improvement in
the vast majority of patients (Marcellin et al. 1997), with an associated reduction in
the risk of subsequent development of cirrhosis and HCC (Pradat et al. 2007).

In a large multi-centre European study of largely non-cirrhotic (89 %) HCV-
infected patients, successful viral eradication was associated with the progression
to cirrhosis in only 2.3 % of patients with no patients developing HCC, whereas a
failure to achieve viral clearance was associated with progression to cirrhosis in
20 % of patients and development of HCC in 4.2 % (Pradat et al. 2007). In another
study of HCV-infected patients, the majority of whom (90 %) did not have cir-
rhosis, successful viral clearance with interferon therapy was associated with a
reduction in the risk of HCC development from 2.31 to 0.24 %/year (Maruoka
et al. 2012). This study also showed that patients who failed to achieve viral
eradication despite antiviral therapy had the same risk of subsequent HCC
development as patients who did not receive antiviral therapy (Maruoka
et al. 2012).

Even in non-cirrhotic patients who do not achieve viral clearance with inter-
feron therapy, the provision of long-term interferon monotherapy appears to
reduce the risk of subsequent development of HCV-related HCC. In a retrospective
study, patients with genotype 1 HCV infection who failed previous therapy with
interferon, 93 % of whom did not have cirrhosis at the time of treatment, receiving
a further 48 weeks or more of interferon monotherapy was associated with a
reduction in the 10-year incidence of HCC from 16.4 to 11.5 % (Takeyasu
et al. 2012).

6 Antiviral Treatment for Hepatitis C

A vaccine for the prevention of HCV is not yet available, and therefore, the only
effective means to prevent the development of liver cirrhosis and HCC is with
antiviral therapy. The aim of such treatment is to clear the virus, thereby halting
the progression of liver injury and fibrosis. The currently available standard of care
in the treatment for chronic HCV infection comprises the combination of pegy-
lated interferon alpha and ribavirin. However, the advent of direct-acting antiviral
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(DAA) drugs has vastly changed the landscape of antiviral therapy for chronic
HCV and may provide a more effective approach to the long-term prevention of
HCV-associated HCC.

6.1 Standard of Care Therapy

The current standard of care for the treatment for HCV infection consists of a
combination of subcutaneous pegylated interferon alpha given weekly and daily
oral ribavirin (Fried et al. 2002). The two forms of pegylated interferon currently
approved for HCV treatment are pegylated interferon alpha-2a (Pegasys, Hoff-
mann-La Roche, Nutley, NJ) and pegylated interferon alpha-2b (Pegintron, Merck
Sharp and Dohme, Whitehouse Station, NJ), with no statistically significant dif-
ference in efficacy seen between the two forms (McHutchison et al. 2009b).
Interferon alpha exerts its immunoregulatory properties by binding to interferon
alpha 1 and 2 cell surface receptors to induce JAK-STAT signal transduction.
Upon ligand binding, receptor-associated Janus kinase (JAK) tyrosine kinases are
activated, leading to the phosphorylation and activation of members of the signal
transducers and activators of transcription (STAT) family of transcription factors
(Kisseleva et al. 2002). These transcription factors then translocate to the cell
nucleus where they transcribe several genes involved in cell cycle regulation,
apoptosis and promotion of an antiviral state within hepatocytes (Thomas et al.
2003). Besides the direct effect against virally-infected host cells, interferon alpha
is also involved in modulating the immune system by enhancing the
CD8+ cytotoxic T cell response against infected hepatocytes, as well as promoting
the proliferation of B cells to augment the production of antibodies against HCV
(Thomas et al. 2003).

Ribavirin (Copegus, Hoffmann-La Roche, Nutley, NJ; Rebetol, Merck Sharp
and Dohme, Whitehouse Station, NJ) is a synthetic guanosine nucleoside analogue
which has in vitro activity against a range of RNA and DNA viruses (Patterson and
Fernandezlarsson 1990). When used as monotherapy in patients with chronic
HCV, ribavirin was noted to reduce serum aminotransferase levels without having
an antiviral effect (Dibisceglie et al. 1995). The precise mechanism by which
ribavirin produces its antiviral effect when combined with pegylated interferon is
unknown; however, there are a number of hypotheses. Ribavirin is administered as
an orally active pro-drug, which is metabolized within the body into a form that
resembles purine RNA nucleotides, thus enabling the incorporation of ribavirin
into the viral genome during RNA replication. This induces hypermutation of the
viral RNA genome resulting in viral lethality (Crotty et al. 2002). Ribavirin also
inhibits the viral RNA-dependent RNA polymerase that is essential for HCV
replication and it is also an inosine monophosphate dehydrogenase inhibitor.
Inhibition of this intracellular enzyme leads to the depletion of intracellular GTP
levels, thus decreasing viral protein synthesis and reducing RNA genome repli-
cation (Streeter et al. 1973).
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6.2 Predictors of Pegylated Interferon/Ribavirin Antiviral
Response

A successful response to treatment, which effectively equates to permanent viral
eradication, is defined as the absence of HCV RNA in the serum 24 weeks after
the completion of antiviral therapy and is referred to as a sustained virological
response (SVR) (Pradat et al. 2007). An undetectable HCV RNA in the serum at
week 4 of treatment, known as a rapid virological response (RVR), is predictive of
a highly favourable outcome, with over 86 % of patients achieving an RVR
subsequently attaining an SVR (Yu et al. 2007). If viral eradication is achieved
prior to the development of cirrhosis, and no other hepatotoxic factors were
present, hepatic fibrosis is expected to improve and the patient’s risk of developing
HCC returns to that of the baseline population.

There are a number of host and viral factors that can predict antiviral treatment
response prior to commencing therapy, with the most reliable of these being the
HCV genotype. Patients infected with genotypes 2 and 3 attain much higher viral
clearance rates than genotype 1–infected patients (Hadziyannis et al. 2004).

Single nucleotide polymorphisms at different loci within the IL28B gene on
chromosome 19, which encodes interferon lambda 3, have also recently been
shown to be strongly associated with response to interferon therapy, especially for
individuals infected with genotype 1 HCV. Compared to patients possessing CT
and TT polymorphisms at the rs12979860 locus of this gene, patients with a CC
polymorphism are twice as likely to achieve viral clearance with pegylated
interferon/ribavirin treatment (Ge et al. 2009).

In addition to the HCV genotype and IL28B gene polymorphisms, a low pre-
treatment HCV viral load (\600,000 IU/mL) also predicts for a favourable out-
come to antiviral treatment (Fried et al. 2002). Other factors that predict a poor
response to treatment with pegylated interferon/ribavirin include vitamin D defi-
ciency, the presence of insulin resistance or a body mass index of more than 30 kg/
m2 (Bressler et al. 2003; Romero-Gomez et al. 2005), and the presence of cirrhosis
or decompensated liver disease (Fried et al. 2002; Manns et al. 2001).

Although pegylated interferon and ribavirin treatment offers permanent eradi-
cation of the virus from chronically infected individuals, it is extremely expensive
and is associated with a significant number of side effects. Furthermore, overall
cure rates using the standard regimen are disappointing in patients infected with
genotype 1 in whom SVR rates of 40–50 % are achieved compared to 70–80 % in
patients with genotypes 2 and 3, and approximately 70 % in patients with geno-
type 4 (Chevaliez and Pawlotsky 2007; Khuroo et al. 2004).

6.3 Direct-Acting Antiviral Agents

Significant advances have recently been made in the treatment for chronic HCV
infection. The development of direct-acting antiviral agents (DAAs), which target
specific HCV proteins crucial for the replication cycle of HCV, have resulted in

Prevention of Hepatitis C Virus Infection and Liver Cancer 121



significant improvements in achieving SVR. This has been most beneficial for
patients infected with HCV genotype 1, patients with poor pre-treatment prog-
nostic factors, and non-responders and relapsers to pegylated interferon and
ribavirin therapy. Some of the DAAs that are currently in use or in development
are listed in Table 1.

Protease inhibitors: The first NS3/4A protease inhibitors to be licensed include
telaprevir (Incivek, Vertex) and boceprevir (Victrelis, Merck Sharp and Dohme).
Both are only effective in patients infected with genotype 1 HCV. The addition of
these protease inhibitors to standard of care therapy significantly improves SVR
rates in both naïve patients and those who have failed to achieve an SVR with
previous therapy.

In a large phase III, randomized, double-blind, placebo-controlled trial of
treatment-naïve patients infected with genotype 1 HCV, telaprevir was adminis-
tered for 12 weeks together with pegylated interferon and ribavirin, after which
pegylated interferon and ribavirin were continued for a further 12–36 weeks

Table 1 HCV direct-acting antiviral agents

DAA Type of inhibitor Study
phase

Genotypic
activity

Barrier to
resistance

Company

Telaprevir NS3/4A protease (1st
generation, 1st wave)

Phase
III

1 Low Vertex

Boceprevir NS3/4A protease (1st
generation, 1st wave)

Phase
III

1 Low Merck Sharp
and Dohme

Danoprevir NS3/4A Protease (1st
generation, 2nd wave)

Phase
IIb

1 Low Roche/
Genentech

Asunaprevir NS3/4A protease (1st
generation, 2nd wave)

Phase
III

1 Low Bristol-Myers
Squibb

Vaniprevir NS3/4A protease (1st
generation, 2nd wave)

Phase
IIb

1 Low Merck Sharp
and Dohme

MK-5172 NS3/4A protease (2nd
generation)

Phase
II

1, 2, 3 Moderate Merck Sharp
and Dohme

Mericitabine NS5B polymerase
(nucleoside)

Phase
IIb

1, 2, 3 High Roche/
Genentech

Sofosbuvir NS5B polymerase
(nucleoside)

Phase
III

1, 2, 3 High Pharmasset/
Gilead

BI207127 NS5B polymerase (non-
nucleoside)

Phase
IIb

1 Low Boehringer
Ingelheim

VX-222 NS5B polymerase (non-
nucleoside)

Phase
II

1 Low Vertex

ABT-072 NS5B polymerase (non-
nucleoside)

Phase
II

1 Low Abbott

Daclatasvir NS5A Phase
IIb

1 Low Bristol-Myers
Squibb
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(Jacobson et al. 2011). Telaprevir increased SVR rates from 44 to 75 % compared
to standard therapy alone. Even for patients with high pre-treatment viral loads,
SVR was improved from 36 to 74 % with the addition of telaprevir (Jacobson et al.
2011). In another large phase III study, after a 4-week ‘‘lead-in’’ phase of pegy-
lated interferon and ribavirin, boceprevir was added and therapy with all three
drugs continued for a total of 28–48 weeks (24–44 weeks of boceprevir) (Poordad
et al. 2011). The addition of boceprevir enhanced SVR rates from 38 to 66 %
compared to pegylated interferon and ribavirin alone. In both studies, the SVR
rates in treatment-naïve cirrhotic patients were also improved from 33 to 62 %
with the addition of telaprevir (Jacobson et al. 2011), and 38–52 % with the
addition of boceprevir (Poordad et al. 2011).

For patients who experienced virological relapse after becoming HCV RNA
PCR negative with previous pegylated interferon and ribavirin, the addition of
telaprevir for the first 12 weeks of a 48-week course of pegylated interferon and
ribavirin treatment improved SVR rates from 24 % to over 80 % compared to
pegylated interferon and ribavirin alone for 48 weeks (Zeuzem et al. 2011a). The
addition of boceprevir to pegylated interferon and ribavirin for 44 weeks after the
4-week ‘‘lead-in’’ phase also resulted in an improvement in SVR from 29 to 75 %
compared to pegylated interferon and ribavirin alone for 48 weeks (Bacon et al.
2011). For treatment-experienced cirrhotic patients, the results were also encour-
aging for relapsers, with SVR rates increasing from 13 to 84 % with telaprevir
(Zeuzem et al. 2011a), and from 20 to 83 % with boceprevir (Bacon et al. 2011).

Common side effects of telaprevir therapy include skin rash, anaemia and
gastrointestinal symptoms, while common side effects of boceprevir include
anaemia and dysgeusia (Jacobson et al. 2011; Poordad et al. 2011). Ribavirin
remains crucial to antiviral therapy with the trials employing telaprevir and
boceprevir to date showing that even in the era of potent DAAs, SVR and viro-
logical relapse rates were suboptimal without the use of full-dose ribavirin (Kwo
et al. 2010; McHutchison et al. 2009a). Although potent inhibition of HCV rep-
lication is achieved with these agents, the rapid development of drug-resistant
HCV variants has also been noted, with the potential to confer cross-resistance to
other protease inhibitors (Halfon and Locarnini 2011). As such, these agents
should not be used as monotherapy.

In addition to telaprevir and boceprevir, a number of other NS3/4A protease
inhibitors, such as danoprevir (Roche/Genentech), asunaprevir (Bristol-Myers
Squibb) and vaniprevir (Merck Sharp and Dohme) have now entered into clinical
trials. These second wave, first generation protease inhibitors have potent antiviral
activity, but also have improved pharmacokinetics and side effect profiles com-
pared to telaprevir and boceprevir. Like telaprevir and boceprevir, these agents
suffer from a low genetic barrier to resistance and should be used in combination
with pegylated interferon and ribavirin (Gane et al. 2011a). The second generation
protease inhibitor MK-5172 (Merck Sharp and Dohme) inhibits the NS3/4A
protease of HCV genotypes 1, 2 and 3 in vitro and is also active against telaprevir-
and boceprevir-resistant HCV. MK-5172 has been shown to have potent antiviral
activity clinically against both genotypes 1 and 3 HCV, was well tolerated and was
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not associated with viral rebounds indicating an improved resistance profile
(Brainard et al. 2010).

Polymerase inhibitors: Agents that inhibit the active site of the HCV RNA-
dependant RNA polymerase (NS5B) are also currently in development. There are
two classes of polymerase inhibitors: nucleoside and non-nucleoside inhibitors.

Nucleoside NS5B inhibitors: These nucleoside inhibitors are incorporated by
the NS5B polymerase into the elongating HCV genomic RNA causing premature
chain termination. Nucleoside inhibitors have a high barrier to drug resistance and
appear to act across different genotypes because the active site of the polymerase is
highly conserved across the HCV genotypes (Buhler and Bartenschlager 2012).
Mericitabine (Roche/Genentech), which is metabolized to a pyrimidine (cytosine)
analogue, has been shown to increase SVR rates when combined with pegylated
interferon and ribavirin, without the development of resistant variants (Pockros
et al. 2011). Another nucleoside inhibitor sofosbuvir (Pharmasset/Gilead), a
pyrimidine (uridine) analogue, has been shown to have potent efficacy against
genotypes 1, 2 and 3 HCV (Lalezari et al. 2011; Nelson et al. 2011).

Non-nucleoside NS5B inhibitors: These NS5B inhibitors bind to 1 of 4 allo-
steric sites on the viral polymerase away from the catalytic site and induce con-
formational changes within the polymerase that results in the loss of enzymatic
activity and subsequent inhibition of viral replication. Because these allosteric
binding sites are genotype specific, all non-nucleoside NS5B inhibitors developed
to date are only active against genotype 1 HCV. Some of these agents currently in
development include BI207127 (Boehringer Ingelheim), VX-222 (Vertex) and
ABT-072 (Abbott). Non-nucleoside NS5B inhibitors have a low genetic barrier to
resistance and antiviral resistant variants are rapidly selected if these drugs are
used alone (Lagace et al. 2010).

NS5A inhibitors: NS5A inhibitors bind to domain I of the NS5A protein, but the
precise mechanism by which these drugs inhibit HCV replication remains unknown.
Daclatasvir (Bristol-Myers Squibb) has been shown to potently inhibit HCV repli-
cation at low concentrations in phase I trials, but rapidly selects for antiviral resis-
tance when used as monotherapy (Gao et al. 2010). In combination with pegylated
interferon and ribavirin, daclatasvir results in viral clearance in about 90 % of
treatment-naïve patients infected with HCV genotype 1 (Pol et al. 2011).

At present, almost all of the DAAs developed to date have to be used in
combination with pegylated interferon and ribavirin in order to prevent the rapid
selection of drug-resistant HCV variants. Hence, therapy with these DAAs results
in further adverse effects in addition to those already experienced by using
interferon and ribavirin alone. However, with the development of more potent
DAAs, it is envisaged that interferon-free regimens using combinations of different
classes of DAAs could result in successful HCV eradication without the devel-
opment of antiviral resistance. Recently, it has been reported that the combination
of the nucleoside polymerase inhibitor RG7128 and the protease inhibitor dano-
previr, without pegylated interferon or ribavirin, was able to rapidly reduce HCV
viral load by 5 log10 IU/mL without the development of drug-resistant HCV (Gane
et al. 2010). In a subsequent study, the nucleoside polymerase inhibitor sofosbuvir
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in combination with ribavirin without pegylated interferon produced viral clear-
ance in 100 % of patients with genotypes 2 and 3 HCV after only 12 weeks of
therapy (Gane et al. 2011b). Combinations of DAAs may also be effective in
patients who are unlikely to respond to treatment with pegylated interferon and
ribavirin. In one study of patients with HCV genotype 1 who were null responders
(less than 2 log IU/mL reduction in HCV viral load after 12 weeks of pegylated
interferon and ribavirin) to previous treatment with pegylated interferon and
ribavirin, 24 weeks of dual therapy with the NS5A inhibitor daclatasvir and the
NS3/4A protease inhibitor asunaprevir produced a viral clearance rate of 90 %
(Chayama et al. 2012).

6.4 Host-Targeted Agents

6.4.1 Interferon Lambda
Interferon lambda binds to a different cell surface receptor than interferon alpha,
but shares the same intracellular JAK-STAT signalling pathway to produce its
antiviral action against HCV. Unlike interferon alpha receptors, which are found
ubiquitously in most tissues, interferon lambda-1 receptors are expressed abun-
dantly on hepatocytes but not in many other cell types, thus allowing for a more
targeted action within the liver (Sommereyns et al. 2008). In a study comparing
pegylated interferon lambda and ribavirin with pegylated interferon alpha and
ribavirin, interferon lambda produced higher RVR and complete EVR rates than
interferon alpha and had significantly less adverse effects (Zeuzem et al. 2011b),
indicating that interferon lambda may be a more effective and better-tolerated
interferon for use in future DAA combinations.

6.4.2 Cyclophilin Inhibitors
The cyclophilins are a family of proteins found abundantly within all cells and
perform a diverse array of functions including acting as protein chaperones to
ensure correct protein folding, modulate protein function and intracellular sig-
nalling events (Wang and Heitman 2005). The cyclophilins are crucial for HCV
viral replication, with NS5A known to interact with cyclophilin A (Hanoulle et al.
2009). Inhibition of cyclophilin A by cyclosporine was noted to inhibit HCV
replication, but treatment with cyclosporine also results in the inhibition of cal-
cineurin which is immunosuppressive. Subsequently, non-immunosuppressive
cyclophilin inhibitors that do not interact with calcineurin have been developed.
Alisporivir (Debiopharm/Novartis) interferes with the interaction between NS5A
and cyclophilin A and suppresses viral load in patients infected with HCV
genotypes 1–4 (Flisiak et al. 2009). The development of alisporivir, however, was
recently suspended following reports of pancreatitis in association with its use in
patients with chronic HCV.
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6.5 Therapeutic Vaccines

The function of an effective therapeutic vaccine would be to prime the immune
system of infected individuals to produce HCV-specific T cell-mediated responses
in order to improve SVR rates when antiviral therapy is employed (Torresi et al.
2011). Although the results of therapeutic vaccines to date have been encouraging
with regard to viral load reduction in inoculated individuals, they have had limited
success in clearing HCV when used as monotherapy. As such, their current role is
primarily as an adjunct to standard of care antiviral therapy. This treatment
strategy would be beneficial in patients with poor pre-treatment prognostic
markers or who have failed previous antiviral therapy.

Vaccines aimed at stimulating T cell responses against HCV are currently being
studied in clinical trials. These include HCV vaccines based on synthetic peptide
antigens (IC41, Intercell AG), tarmogens (GI-5005a, Globeimmune), modified
HCV DNA (ChronVac-C, Tripep AB, Sweden) and modified vaccinia Ankara
virus (TG4040, Transgene). Other strategies utilizing recombinant adenoviruses,
and virus-like particles, are currently in the pre-clinical phase of development
(Torresi et al. 2011). Some of the HCV vaccines currently in development are
listed in Table 2.

Table 2 HCV preventive and therapeutic vaccines

Vaccine Immunogenicity Challenge inoculum Outcome Study
phase

Company

IC41 Induce HCV-specific
T cell responses

HCV peptide vaccine
with polyarginine

Completed Phase
II

Intercell AG

GI-5005a Reduction in ALT
compared with
placebo and reduction
in viral load to -1.4
log

Inactivated
recombinant
Saccharomyces
cerevisiae expressing
NS3-Core fusion
protein

Ongoing Phase
I

GlobeImmune

ChronVac-
C

Safe, immunogenic
and transient effects
on viral load

DNA-based vaccine in
combination with
electroporation

Recruiting
patients

Phase
IIa

Tripep AB

TG4040 T cell responses and
viral load reduction
up to 1.5 log observed

MVA virus expressing
non-structural proteins
(NS3, NS4 and NS5B)

Recruiting
patients

Phase
I

Transgene

E1/E2
vaccine

Recombinant E1 and
E2 proteins

Data not
yet
published

Phase
I

Chiron Corp

Adapted from Torresi et al. (2011)
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7 Prevention of the Acquisition of HCV in High-Risk
Patients

7.1 Preventative Vaccines

Despite HCV being discovered over 20 years ago, there is still no effective vaccine
to prevent HCV infection, and the development of a preventative vaccine remains
an area of intense research (Torresi et al. 2011). We know that individuals who
spontaneously clear HCV infection develop a strong and broadly cross-reactive
CD4+ and CD8+ T cell responses against HCV core and non-structural proteins
NS3, NS4 and NS5 (Lauer et al. 2004) as well as the production of cross-reactive
neutralizing antibodies (Pestka et al. 2007). As such, prospective preventative
vaccines would need to generate all these responses against the various genotypes
of HCV. Few vaccine strategies other than live attenuated viruses or virus-like
particles are likely to fulfil these criteria.

One vaccine in development that incorporates recombinant HCV E1 and E2
envelope glycoproteins (Chiron Corp) has been reported to protect chimpanzees
against HCV genotype 1 infection (Vajdy et al. 2006). Another vaccine candidate
has utilized a recombinant HCV core protein, although this vaccine is still in a
relatively early stage of development (Drane et al. 2009).

7.2 Public Health Measures

As a safe and effective preventative vaccine remains elusive, strategies to reduce
HCV transmission among individuals at high risk of acquiring the virus should be
employed. In particular, harm reduction measures to reduce unsafe injecting
practices among intravenous drug users, such as behavioural interventions, the
access to sterile needles and syringes, and the management of substance abuse,
have been shown to reduce the risk of HCV infection by about 75 % (Hagan et al.
2011). The universal screening of blood donors is also important to prevent
transmission via contaminated blood products, as is adhering to universal pre-
cautions and strict needle-stick protocols within health care facilities.

8 Conclusions

HCV is currently a serious global health concern, chronically infecting about 3 %
of the world’s population, leading to chronic hepatitis, cirrhosis, liver failure and
HCC, thereby causing significant morbidity and mortality. With the incidence of
HCV infection increasing, the problem of HCV-associated HCC is expected to
worsen as well, with the majority of HCCs developing in the setting of cirrhosis.
Thus, it is imperative to provide antiviral therapy to infected individuals prior to
the development of established cirrhosis in order to reduce the risk of subsequent
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HCC. Even after the development of cirrhosis, successful HCV clearance is still
associated with reduced HCC risk. There is a myriad of different classes of HCV-
specific DAAs currently in development, which can be used in combination with
one another or with current standard of care treatment to improve HCV cure rates.
Preventative and therapeutic vaccines against HCV remain an area of ongoing
research and hopefully an effective vaccine will be available in the future.
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The Role of Human Papillomaviruses
in Oncogenesis

Kristen K. Mighty and Laimonis A. Laimins

Abstract

Human papillomaviruses (HPVs) are the causative agents of cervical and other
anogenital as well as oral cancers. Approximately fifty percent of virally
induced cancers in the USA are associated with HPV infections. HPVs infect
stratified epithelia and link productive replication with differentiation. The viral
oncoproteins, E6, E7, and E5, play important roles in regulating viral functions
during the viral life cycle and also contribute to the development of cancers.
p53 and Rb are two major targets of the E6 and E7 oncoproteins, but additional
cellular proteins also play important roles. E5 plays an auxiliary role in
contributing to the development of cancers. This review will discuss the various
targets of these viral proteins and what roles they play in viral pathogenesis.

Contents

1 Introduction.......................................................................................................................... 136
1.1 The HPV Life Cycle .................................................................................................. 137
1.2 The HPV Genome ...................................................................................................... 139
1.3 Oncoproteins: E5, E6, and E7 ................................................................................... 139

2 Summary .............................................................................................................................. 144
References.................................................................................................................................. 145

K. K. Mighty � L. A. Laimins (&)
Department of Microbiology-Immunology, Feinberg School of Medicine,
Northwestern University, 303 E, Chicago Avenue, Morton 6-681, Chicago, IL 60611, USA
e-mail: l-laimins@northwestern.edu

M. H. Chang and K.-T. Jeang (eds.), Viruses and Human Cancer,
Recent Results in Cancer Research 193, DOI: 10.1007/978-3-642-38965-8_8,
� Springer-Verlag Berlin Heidelberg 2014

135



1 Introduction

Human papillomaviruses (HPVs) are small, double-stranded DNA viruses that
contain circular genomes of approximately 8 kilobases (kb) in length and encode
approximately eight major open reading frames (ORFs) (Howley and Lowy 2007).
These viruses have a tropism for squamous epithelial tissues of the feet, hands, and
anogenital tracts where they propagate via an unusual life cycle utilizing the
differentiation program of the host cell (zur Hausen and de Villiers 1994). There is
vast diversity among the HPVs with almost 200 different types identified to date.
Even though the viruses are genetically distinct, they all infect epithelial tissues,
only differing in the preferential target body location for infection (zur Hausen and
de Villiers 1994). About 40 types of HPVs exhibit tropism for the genital tract,
while the remaining HPVs specifically infect cutaneous tissues (Howley and Lowy
2007; Moody and Laimins 2010).

Genital HPVs can be further categorized into two main groups, high-risk (HR)
and low-risk (LR) types, which is determined by the propensity of the infection to
progress to malignancy. HR genital HPVs, including types 16, 18, 31, 33, 45, and
5, are frequently associated with cervical carcinomas (zur Hausen and de Villiers
1994). HPV DNA is found in over 99 % of cervical cancers, while HPV DNA
exists as extrachromosomal elements, or episomes, in precancerous lesions.
Although up to 50 % of HPV 16-positive and most HPV 18-positive carcinomas
maintain HPV DNA as episomes (Parkin et al. 2000). While at least 10 HPV types
can contribute to development of cervical cancer, three types are the major con-
tributors: HPV 16 is found in about 50 % of cervical cancers, HPV 18 in
approximately 25 %, and HPV 31 in about 10 % of cases (Fehrmann and Laimins
2003; Longworth and Laimins 2004a). Conversely, LR genital HPVs are rarely
associated with malignancies and instead primarily cause benign genital warts. LR
genital HPVs include types 6, 11, 42, 43, and 44, of which types 6 and 11 are
responsible for about 90 % of all genital warts (Lorincz et al. 1992).

High-risk HPVs (HR-HPVs) are the causative agents of most cervical cancers
accounting for up to 5 % of all human cancers (Stanley 2010). Cervical cancer is
the second most common cancer in women worldwide with over 500,000 new
cancer cases diagnosed each year and is the third leading cancer killer, causing
nearly 300,000 deaths in women annually (Ferlay et al. 2008). The use of the
Papanicolaou smear (Pap smear) has reduced the incidence of cervical cancers by
over 80 % in the USA in the past 50 years (Moody and Laimins 2010). Addi-
tionally, the Federal Drug and Administration (FDA) recently approved the use of
two prophylactic polyclonal vaccines targeted against the most common HPV
types associated with cervical cancers and genital warts. The use of these vaccines
is approved for males and females between the ages of 10 and 25. Gardasil� is the
quadrivalent vaccine (HPV 6, 11, 16, 18) developed by Merck, and Cervarix� is
the bivalent (HPV 16, 18) vaccine developed by GlaxoSmithKline. Both of these
vaccines are effective in preventing initial HPV infection (Markowitz et al. 2007).
These vaccines are recommended for individuals, who have never been sexually
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active since they can only prevent new infections, and not treat existing infections
or used as a cancer treatment. Immunization with one of these vaccines along with
annual Pap smear screening is the most effective prevention strategy.

HPV infections are sexually transmitted and rank as the most common sexually
transmitted viral infections (Markowitz et al. 2007). Recent analyses indicate that
approximately 20 million Americans are currently infected with HPV. Further
studies by the American Social Health Association estimate that 75 % of sexually
active individuals between the ages of 15 and 49 have been infected with HPV at
some point in their lives. It is also estimated that more than half of infection-
related cancers in females are attributed to HPV (zur Hausen 2009). Together,
these findings demonstrate the major public health impact HPV infection and
cervical cancer has in the USA and globally. This exemplifies the need for con-
tinued research for prevention and treatment of HPV infections and HPV-related
cancers.

Infection with genital HPVs in most individuals can last for up to 2 years due to
the ability of the virus to evade the innate immune surveillance, and thus delaying
onset of an adaptive immune response. This immune evasion is due in part to
HPVs not being cytolytic and the fact that viral proteins are expressed at very low
levels (Bodily and Laimins 2011). In addition, HPV-induced innate immune
evasion results in a delayed onset of the adaptive immune response, facilitating the
persistence and productive replication of the virus. Eventually, most people are
able to mount an effective cell-mediated immune response, which clears the viral
infection (Stanley 2008). However, up to 20 % of women fail to clear the infection
and are at high risk of developing cervical carcinoma (Bodily and Laimins 2011).
Although persistent HR-HPV infection is the single most important contributing
factor to the development of cervical cancer, other risk factors such as immuno-
suppression, cigarette smoking, and infection with human immunodeficiency virus
(HIV) also contribute to progression to malignancy (Markowitz et al. 2007; Bodily
and Laimins 2011; zur Hausen 1996).

The development of cervical carcinoma is not a rapid event as it typically
occurs over a period of several decades. In the cases where initial infection is not
cleared by immune surveillance, precancerous lesions can typically develop within
a decade and cervical cancer within several decades. To understand how viral
infection can progress to cervical cancer, it is first important to examine the
unusual life cycle of the virus and genomic arrangement.

1.1 The HPV Life Cycle

The HPV life cycle is intimately associated with the differentiation program of
epithelial cells (Fig. 1). To understand the unusual life cycle of HPV, it is first
important to understand the normal epithelial differentiation program. In normal
epithelial cells, the only actively dividing cells are present in the basal layers of the
stratified epithelium, which consist of transit amplifying (TA) cells and stem cells.
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TA cells are defined as cells that are proliferating and can terminally differentiate.
In contrast, stem cells have the potential to proliferate indefinitely, but divide
infrequently in order to replenish the TA cell pool. Once cells in the basal layer
divide and one daughter cell migrates suprabasally and differentiates, it loses its
ability to remain active in the cell cycle. The differentiating cells go through a
number of events including changes in gene expression and desquamation (Bodily
and Laimins 2011).

Upon infection, the virus establishes its double-stranded DNA genome in the
nuclei of infected host cells (Howley and Lowy 2007). HPV gains entry to cells in
the basal layer of the epithelium that become exposed through micro-abrasions
(Moody and Laimins 2010). Infection of the basal layer allows the virus to
establish a persistent infection, as the basal cells are the only cells of the epithe-
lium undergoing active replication (Moody and Laimins 2010). Since the HPV
genomes are only 8 kb in size, they do not encode viral polymerases or other
enzymes required for viral replication. The virus must therefore rely on host cell
replication machinery to facilitate viral DNA synthesis (Moody and Laimins
2010). Following entry, viral genomes are established in the nucleus as extra-
chromosomal plasmids, or episomes. In the infected basal cells, early viral gene
expression is activated, and genome copy numbers are maintained at approxi-
mately 20–100 copies per cell (Moody and Laimins 2010). As HPV-infected basal
cells divide, one of the infected daughter cells remains in the basal layer. The other
daughter cell migrates away from the basal layer and begins to differentiate,
resulting in the activation of the late viral promoter. This results in the onset of the
productive phase of the life cycle, which includes viral DNA amplification, with

Fig. 1 Differentiation-dependent HPV Life Cycle. The HPV life cycle is intimately associated
with the differentiation program of epithelial cells. HPV infects actively dividing cells in basal
layer of the epithelium via a micro-abrasion. Following entry, viral gene expression is activated
and episomal HPV DNA is maintained at approximately 50–100 copies per cell. HPV
oncoproteins then enable the infected cells that exit the basal layer to remain active in the cell
cycle. Once the infected cells begin to differentiate, the late promoter is activated, which results
in the onset of the productive phase of the viral life cycle. During this phase, viral DNA
amplification occurs and viral protein expression is increased. Finally, synthesis of viral capsids
and packaging occurs in the uppermost differentiated layer of the epithelium, followed by release
of the progeny virions
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copy number increasing to over 100 copies of HPV DNA per cell, and the onset of
capsid gene expression. Finally, synthesis of viral capsids and packaging of viral
genomes occur in the uppermost differentiated layer of the epithelium, ultimately
resulting in the release of the progeny virions.

The signals that control the induction of late viral events in the life cycle are not
well characterized, but studies have shown that HPV oncoproteins enable infected
cells in the suprabasal layer to remain active in the cell cycle and to reenter S
phase or arrest in G2/M to allow for viral amplification. This alteration of cell
cycle control is essential for activation of the productive phase of the life (Moody
and Laimins 2010). Furthermore, studies have indicated that viral proteins E6, E7,
E1^E4, and E5 are needed for this activation, and these activities will be briefly
summarized below.

1.2 The HPV Genome

The small, double-stranded DNA genome of all HPVs is approximately 8 kb in
size. On average, HPVs encode eight major ORFs which are expressed from
polycistronic mRNAs transcribed from a single DNA strand (Howley and Lowy
2007) (Fig. 2). The early proteins, E1, E2, E6, and E7, are expressed early in
infection in undifferentiated cells and have drastically different functions.
Sequences within the upstream regulatory region (URR) located in the non-coding
region of the genome are responsible for regulation of viral transcription and
replication. Expression of HPV gene products is directed from two different
promoters, the early promoter and the late promoter (Moody and Laimins 2010).
The early promoter, termed P97 in HPV 31, is located upstream of the E6 ORF and
directs expression of early (E) gene products in undifferentiated cells. Early pro-
teins include E1, E2, E6, E7, E1^E4, and E5. Translation of HPV messages occurs
by a leaky scanning mechanism resulting in high levels of E6 and E7, but low
levels of E1^E4 and E5 protein synthesis. The E1 and E2 proteins function in
replication and transcription control, while E1^E4 modulates late viral functions.
The late promoter, P742 in HPV 31, directs the expression of late (L) gene products
and is located within the E7 ORF. Importantly, P742 is activated upon epithelial
cell differentiation. Late proteins include L1 and L2 as well as E1^E4, and E5, and
these are all expressed from P742 (Moody and Laimins 2010).

1.3 Oncoproteins: E5, E6, and E7

The E6 and E7 proteins are expressed upon initial HPV infection of host kerati-
nocytes, while E5 is primarily expressed in the late phase of the life cycle.
Although these proteins all contribute to promoting tumor growth in host cells,
each of these proteins has distinct functions. As previously discussed, E1 and E2
are responsible for replication and regulation of viral transcription, whereas E6 and

The Role of Human Papillomaviruses in Oncogenesis 139



E7 proteins are largely responsible for modulating cell cycle progression. In the
HR-HPVs, E6 and E7 act as oncoproteins that are necessary for the development
of genital carcinomas. Conversely, no such function has been demonstrated for
LR-HPV proteins. While both E6 and E7 proteins are localized to the host nucleus,
the E6 proteins are also detected in the cytoplasm of HPV-infected cells (Howley
and Lowy 2007; Moody and Laimins 2010). Studies have shown that expression of
E6 proteins is sufficient for immortalization of human mammary epithelial cells
and transformation of NIH3T3 fibroblasts; however, expression of both E6 and E7
proteins is required for efficient immortalization of human keratinocytes (Howley
and Lowy 2007).

E6 proteins are approximately 150 amino acids (18 kilodaltons) in size and
contain two zinc-binding domains consisting of four Cys–X–X–Cys motifs
(Howley and Lowy 2007). Studies have identified various E6-mediated activities
that are mediated by interactions with over a dozen different proteins. One of the
well-characterized interactions is the binding of E6 proteins to the tumor sup-
pressor protein p53, affecting p53-dependent cell cycle regulation. The p53 protein
is important in regulating the G1/S and G2/M cell cycle checkpoints following
DNA damage (Slee et al. 2004; Oren 2003). Studies have shown that E6 proteins
form complexes with an E3 cellular ubiquitin ligase, E6-associated protein

Fig. 2 Linear arrangement of HPV genome. The HPV genome is represented in linear form
here for simplicity. The genomes are small, circular, double-stranded DNA genomes of 8
kilobases (kb) in size. There are on average 8 open reading frames (ORFs) (E1, E2, E4, E5, E6,
E7, L1, and L2) expressed from a single polycistronic transcript transcribed from a single strand
of DNA. The upstream regulatory region (URR) is located in the non-coding region and contains
sequences responsible for regulating viral transcription and replication. Three general groups of
HPV genes that are regulated during differentiation are the virus early promoter (P97), the
differentiation-dependent late promoter (P742), and two polyadenylation signals (PolyA). P97 is
located upstream of the E6 ORF and directs expression of early genes in undifferentiated cells.
P742 is located within the E7 ORF, is activated upon differentiation of the host cells, and directs
expression of late gene products. E6 and E7 are oncogenes involved in replication competence.
E1 and E2 are genes involved in viral DNA replication and regulation of viral transcription. E4
and E5 are genes involved in late functions. L1 and L2 are the capsid proteins
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(E6AP), and p53, resulting in rapid proteasomal (26S) degradation of p53
(Scheffner et al. 1990). In a normal response to DNA damage or unscheduled
induction of replication, p53 is activated via various modifications. The activation
of this short-lived transcription factor results in modulation of the cell cycle and in,
some cases, activation of apoptotic processes. Activated p53 forms a homotetr-
amer that transcriptionally activates expression of cell cycle regulatory proteins,
such as cyclin kinase inhibitor p21, which is responsible for inducing a G1/S arrest
(Ko and Prives 1996). The activation of p53 can also induce programmed cell
death (apoptosis). Cell cycle arrest allows the cell to repair the damage to the DNA
prior to entry to S phase. In the event that the damage is too extensive, the cell
triggers apoptosis to prevent a cell from replicating damaged DNA. In addition,
p53 is activated following viral infection. Given that HPV relies on host cell
machinery and S phase entry to replicate its genome, the virus has devised a
mechanism to disrupt normal p53 action. The E6-mediated proteasomal degra-
dation of p53 results in the deregulation of the cell cycle, which allows the virus to
persist and replicate its genome (Moody and Laimins 2010).

An additional HR E6 activity is its ability to interact with p300/CBP, a p53
co-activator (Patel et al. 1999; Zimmermann et al. 1999). The p300/CBP/E6
interaction prevents acetylation of p53, which down-regulates p53 activity,
therefore blocking cell cycle arrest. The binding of p300/CBP occurs indepen-
dently of E6-mediated degradation of p53 (Patel et al. 1999; Zimmermann et al.
1999). Interestingly, studies indicate that immortalization competency is not
exclusively linked to p53-dependent mechanisms since E6 mutants incapable of
degrading p53 are still able to immortalize cells; similarly, E6 mutants with
normal degradation activity fail to immortalize cells (Kiyono et al. 1997).

One p53-independent function of E6 is the activation of telomerase by HR E6
proteins (Klingelhutz et al. 1996). Telomerase is an enzyme with four subunits that
replicates telomeric DNA at the ends of chromosomes by adding hexamer repeats.
Expression of its catalytic subunit, human telomerase reverse transcriptase
(hTERT), plays an essential role in regulation of telomerase activity (Liu 1999).
Over successive cell divisions, the telomeres become critically shortened and
dysfunctional, leading to a limited cell proliferative lifespan because of the
induction of senescence and irreversible cell growth arrest. In contrast, in cancers,
hTERT expression is typically reactivated resulting in reconstitution of telomerase
activity (Liu 1999). Studies have revealed that E6 increases expression of
endogenous hTERT levels through transcriptional activation of the hTERT pro-
moter through the action of NFX1-123, Myc and Sp-1 (Kyo et al. 2000; Howie
et al. 2009; Gewin and Galloway 2001; Katzenellenbogen et al. 2009). While this
activity is not the only function necessary for efficient immortalization of the host
cell, it is a crucial function of E6.

Another interaction important for the ability of E6 proteins to immortalize cells is
its association with several PDZ domain–containing proteins. PDZ domains are
approximately 90 amino acids in size and are binding domains for a number of
proteins including post-synaptic density protein (PSD-95), Drosophila disk large
tumor suppressor (Dlg1), and zonula occludens-1 protein (zo-1). These domains are
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often found in proteins responsible for cell–cell adhesion as well as cell signaling and
typically localized in areas of cell–cell contact. Studies have shown that PDZ pro-
teins MUPP-1, hDLG, hScribble, and MAGI-1, 2, 3 bind to the extreme C-terminus
of HR E6 proteins resulting in degradation of the PDZ protein (Lee et al. 1997, 2000).
While PDZ protein interactions with E6 proteins may contribute to malignant pro-
gression, complete characterization of the mechanisms involved is still unclear.

HR E6 proteins have also been found to interact with various other cellular
factors including paxillin, the putative calcium-binding protein E6-BP, and the
interferon regulatory factor IRF-3 (Patel et al. 1999; Ronco et al. 1998). Several
studies have identified many cellular binding partners for LR E6 proteins such as
MCM7, Bak, zyxin, and GPS2 (Kuhne and Banks 1998; Kukimoto et al. 1998;
Thomas and Banks 1999). It is clear from the characterization of numerous E6-
binding partners and activities, that this viral protein is essential in the viral life
cycle since knockout of E6 in genomes results in loss of ability to maintain
episomes (Thomas et al. 1999).

The second oncoprotein, E7, is approximately 100 amino acids in size and is
able to form dimers via its C-terminus. HR E7 proteins are comprised of three
conserved regions: CR1 present at the N-terminus; CR2 containing an LXCXE
motif that binds the retinoblastoma protein (Rb); and CR3, which contains two
zinc finger-like motifs (Dyson et al. 1992). The CR1 and CR2 domains have
sequence homology to the conserved regions CR1 and CR2 in adenovirus E1A. E7
is able to transform NIH3T3 fibroblasts by itself and with increased efficiency
upon co-expression of E6. In contrast to E6, E7 oncoproteins are able to
immortalize human keratinocytes when expressed alone, albeit, at a very low
frequency (Howley and Lowy 2007; Munger et al. 1989; Riley et al. 2003).

A central activity of E7 proteins is their association with the Rb family of
proteins (Dyson et al. 1989). Rb, p107, and p130 are the members of this family,
and their expression occurs throughout the cell cycle, regulating cell cycle pro-
gression. In order to understand how E7 can circumvent Rb-regulated cell cycle
progression, it is first important to appreciate how Rb regulates the cell cycle in
normal circumstances. Unphosphorylated Rb proteins and the E2F/DP1 tran-
scription factors form complexes to repress transcription of genes involved in S
phase progression (DNA synthesis) or apoptosis. E2F transcription factors regulate
the transcription of proteins required for normal cellular DNA synthesis. The
transition from G1 to S phase is triggered when cyclin kinase complexes phos-
phorylate the Rb proteins causing their release from the E2F complex relieving
transcriptional repression of transcription of genes involved in DNA synthesis.

E7 alters the regulation of G1/S by promoting the constitutive expression of
E2F-regulated genes by binding Rb and sequestering it away from forming E2F/
DP1 complexes. This relieves transcriptional repression and allows genes required
for DNA synthesis to be transcribed (Edmonds and Vousden 1989; Weintraub
et al. 1995). Additionally, E7 is able to target Rb for ubiquitin-mediated prote-
asomal degradation, which again allows for E2F-regulated genes to be constitu-
tively transcribed, promoting DNA synthesis (Howley and Lowy 2007; Moody and
Laimins 2010). Rb proteins are also responsible for controlling cell cycle exit
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during epithelial differentiation; hence, E7-mediated abrogation of Rb function
maintains cell cycle activity. This activity is necessary for productive viral rep-
lication to occur in the differentiated epithelial cells (Thomas et al. 1999). The
importance of the Rb-E7 is also essential for the virus’ ability to maintain the
genome as episomes in undifferentiated cells (Longworth and Laimins 2004b).

Another way in which E7 proteins can affect cell cycle progression is via its
ability to associate with cyclins and cyclin-dependent kinases (cdk) inhibitors. For
example, the association of E7 with cyclins A and E as well as cdk inhibitors p21
and p27 has been characterized in various studies (Davies et al. 1993; Funk et al.
1997; Jones et al. 1997; Ruesch and Laimins 1998; Tommasino et al. 1993;
Zerfass-Thome et al. 1996). These cellular proteins affect the phosphorylation
status of Rb proteins, and in doing so facilitate cell cycle progression. Specifically,
E7 proteins can bind cyclins A, E, p21, and p27 resulting in an increase in cyclin A
and E levels while causing a decrease in p21 and p27 levels (Jones et al. 1997;
Ruesch and Laimins 1998; Tommasino et al. 1993). The net effect of these
interactions is to drive progression of the cell cycle, which is necessary for
facilitating the HPV life cycle in differentiating epithelia.

Alteration of Rb phosphorylation status is not the only means of affecting E2F-
responsive promoters as they can also be repressed by action of histone deacet-
ylases (HDACs). Targeting of class I HDACs is another mechanism in which E7
affects cell cycle regulation (Longworth and Laimins 2004a, b; Brehm et al. 1998).
HDACs are ubiquitously expressed transcriptional co-repressors that remove
acetyl groups from lysine-rich N-terminal tails of histone proteins in the nucleo-
some. Additionally, HDACs can directly deacetylated E2F-responsive factors
resulting in the loss of their function. There are three classes of HDACs, which are
classified according to sequence homology and localization of the factors in the
cell. Class I HDACs are localized to the nucleus and include HDACs 1, 2, 3, and 8.
Class I HDACs require binding to cofactor proteins that either modify their
activity or localize them to site of action. HR E7 proteins indirectly associate with
class I HDACs through direct binding to the auxiliary protein, Mi2b, via sequences
in the zinc finger regions at the C-terminus (Brehm et al. 1998). This HDAC/E7
interaction specifically results in increased levels of E2F-responsive transcription
in differentiating cells, which allows cells to maintain cell cycle activity (Long-
worth and Laimins 2004b). The binding of E7 to HDACs is also important in
facilitating the viral life cycle as HPV 31 genomes with mutations abrogating the
E7/HDAC interaction have slower growth, are defective in maintaining genomes
as episomes, and have a limited life span (Longworth and Laimins 2004b).

Many cancers exhibit increased genomic instability, and similar effects are seen
in HPV-induced cancers. HR E7 expression is responsible for inducing genomic
instability in these cancers. In biopsies isolated from HPV-positive cancers, high
levels of aneuploidy are observed suggesting that changes in chromosome num-
bers may promote the progression from low-grade lesions to malignancy. During
normal cell division, centrosomes coordinate equal segregation of chromosomes to
the daughter cells. Expression of E7 in human keratinocytes results in an increase
in the number of cells harboring abnormal centrosome numbers, indicating E7 is a
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major inducer of chromosome missegregation (Duensing et al. 2000). Further-
more, E7 was found to induce chromosomal abnormalities in cells deficient of
p130, Rb, and p107, indicating that this action is independent of E7’s ability to
bind and/or degrade Rb (Duensing and Munger 2003).

The third oncoprotein, E5, is a small, hydrophobic membrane protein that is
localized primarily to the endoplasmic reticulum, but is also found in the Golgi and
plasma membrane (Conrad et al. 1993; Disbrow et al. 2005). The HPV E5 proteins
are approximately 84 amino acids in size and are primarily expressed late in the viral
life cycle. The function of E5 in the viral life cycle is less well understood as
compared to other viral proteins; however, studies have begun to illuminate E5’s role
in promoting cancer. In Bovine papillomavirus (BPV), E5 proteins exhibit efficient
transforming ability of rodent fibroblasts when expressed alone (Petti et al. 1991). In
contrast, HR-HPV E5 proteins exhibit very weak transforming ability when
expressed alone. However, when HR-HPV E5 proteins are expressed in conjunction
with E6 and E7 proteins, E5 proteins enhance transformation capacity of the cells
(Stoppler et al. 1996; Valle and Banks 1995; Bouvard et al. 1994). The oncogenic
potential of E5 proteins was most evidently demonstrated in estrogen-treated
transgenic mice expressing E5 alone, which rapidly developed cervical cancer
(Maufort et al. 2007). Although this is not the exclusive pathway by which HPVs
promote tumorigenesis, these studies have shown that E5 proteins are important for
the virus’ survival, possibly serving as a putative target for cervical cancer therapies
(Valle and Banks 1995; Bouvard et al. 1994; DiMaio and Mattoon 2001).

A number of studies have identified proteins that associate with E5. One such
association is the binding and subsequent alteration of the activity of the epidermal
growth factor receptor (EGFR) (Straight et al. 1995). In addition, E5 is able to
interact with the 16 kDa subunit of the vacuolar proton-ATPase, which alters
endosomal pH, endocytic trafficking, and may contribute to the alteration of EGFR
turnover (Conrad et al. 1993; Disbrow et al. 2005; Straight et al. 1993). Studies
have also illustrated the importance of E5 in activating late functions in the pro-
ductive phase of the viral life cycle. This was shown using stable keratinocyte cells
lines containing HPV 31 genomes harboring wild-type or translational termination
mutant E5 sequences (Fehrmann et al. 2003). Recently, a split-ubiquitin yeast two-
hybrid system yielded identification of novel E5-binding partners, including a B
cell receptor protein (BAP31), which is involved in the regulation of membrane
protein transport. This interaction has been shown to be important for maintaining
proliferative capacity of HPV-infected cells following differentiation (Regan and
Laimins 2008).

2 Summary

Human papillomaviruses are important human pathogens that are responsible for
the induction of a variety of human cancers. Despite the introduction of vaccines
against HPV, they only protect against initial infections and no therapeutics, other
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than surgery, are available to treat existing HPV lesions. The E6 and E7 viral
proteins provide important functions in the viral life cycle and also provide major
contributions to progression to malignancy. Among the E6 and E7, cellular targets
are p53, Rb, p300, and telomerase as well as a variety of other factors. The
membrane-associated E5 protein can also contribute to malignant progression
though its mechanism of action is unclear. Understanding the modes of action of
HPV oncoproteins can provide important targets for therapeutics to treat HPV-
associated cancers.
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Control of HPV Infection and Related
Cancer Through Vaccination

Nam Phuong Tran, Chien-Fu Hung, Richard Roden and T.-C. Wu

Abstract

Human papillomavirus (HPV), the most common sexually transmitted virus,
and its associated diseases continue to cause significant morbidity and mortality
in over 600 million infected individuals. Major progress has been made with
preventative vaccines, and clinical data have emerged regarding the efficacy
and cross-reactivity of the two FDA approved L1 virus like particle (VLP)-
based vaccines. However, the cost of the approved vaccines currently limits
their widespread use in developing countries which carry the greatest burden of
HPV-associated diseases. Furthermore, the licensed preventive HPV vaccines
only contain two high-risk types of HPV (HPV-16 and HPV-18) which can
protect only up to 75 % of all cervical cancers. Thus, second generation
preventative vaccine candidates hope to address the issues of cost and broaden
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protection through the use of more multivalent L1-VLPs, vaccine formulations,
or alternative antigens such as L1 capsomers, L2 capsid proteins, and chimeric
VLPs. Preventative vaccines are crucial to controlling the transmission of HPV,
but there are already hundreds of millions of infected individuals who have
HPV-associated lesions that are silently progressing toward malignancy. This
raises the need for therapeutic HPV vaccines that can trigger T cell killing of
established HPV lesions, including HPV-transformed tumor cells. In order to
stimulate such antitumor immune responses, therapeutic vaccine candidates
deliver HPV antigens in vivo by employing various bacterial, viral, protein,
peptide, dendritic cell, and DNA-based vectors. This book chapter will review
the commercially available preventive vaccines, present second generation
candidates, and discuss the progress of developing therapeutic HPV vaccines.
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1 Introduction

Why is it important to have an effective method to control human papillomavirus
(HPV) infections on a global scale? HPV currently infects an estimated 660
million people worldwide and is the most common viral infection of the human
reproductive tract (Brooks 2010). The mucosal-specific HPVs cause a variety of
diseases in the human body, ranging from benign warts to metastatic cervical
cancer. The benign strains, notably HPV-6 and -11 cause anogenital condylomas
and laryngeal papillomas. These lesions are not inherently carcinogenic in nature.
The high-risk types of HPV strains (16, 18, 31, 33, 35, 45, etc.), however, are a
necessary cause of 99.7 % of cervical cancer, 90 % of anogenital cancer, 40 % of
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penile cancers, and 42–60 % of oropharyngeal carcinomas [for review see (Brooks
2010; Kwak et al. 2010; Simard et al. 2012)].

Of the above HPV-associated diseases, cervical cancer causes the greatest
number of deaths per year (Lowy and Schiller 2012). Cervical cancer is also the
third most common cancer in women worldwide and kills over 400,000 women
each year (Brooks 2010; Jemal et al., 2011). Women in developing countries bear
85 % of the burden of cervical cancer, yet they are also the least likely to have
access to vaccination, screening, or treatment programs (Lowy and Schiller 2012).
The prevalence of cervical cancer in developed countries has decreased anywhere
between 27 and 77 % since the 1950s due to earlier detection and treatment;
however, women in developed countries still have a greater than 80 % lifetime risk
of infection with an oncogenic strain of HPV and treatment is associated with
some morbidity [for review see (Echelman and Feldman 2012; Trimble and Frazer
2009)]. Additionally, the rising incidence of head and neck neoplasms attributable
to HPV infections is alarming (Chaturvedi et al. 2011), especially considering the
fact that there are no screening tests for oropharyngeal cancers equivalent to the
Pap smear for cervical cancer (Trimble and Frazer 2009). Action needs to be taken
to control such oncogenic viruses. The understanding of HPV as the etiological
factor for HPV-associated malignancies has led to the notion of controlling these
cancers through vaccination against HPV.

Our growing understanding of HPV molecular biology has driven the devel-
opment of vaccines targeting HPV. HPVs are double-stranded DNA viruses that
belong to the family of Papillomaviridae and specifically replicate in human hosts.
HPV DNA is circular and comprises about 8000 base pairs which code for an
assortment of early (E) and late (L) genes. The early genes (E1, E2, E4, E5, and
E6) provide viral DNA replication and transcription control functions while the
two late genes (L1 and L2) encode viral capsid proteins. The non-coding region (or
URR) regulates expression and contains the viral origin of replication. Once inside
of a host cell, early genes carry out processes essential to viral replication and
transcription, but some of the early genes are directly involved in oncogenic
transformation of host cells. The early proteins E1 and E2 are involved in viral
DNA replication and viral RNA transcription, while E4 is involved in cytoskeleton
reorganization. E5 is an oncogenic protein that has been found to enhance EGFR
activation, limit recycling inside host cells, cause cell–cell fusion, and immortalize
human keratinocytes [for review see (DiMaio and Mattoon 2001)]. E6 downreg-
ulates p53, a checkpoint protein in the cell cycle while E7 sequesters Rb protein—
both processes instrumental in causing unregulated proliferation of infected cells
and transformation into cervical cancer. In most cases of cervical cancer, the HPV
genome integrates into the host chromosomal DNA and causes disruption of the
viral E2 gene. E2 is a transcriptional regulator for the E6 and E7 genes. Thus, loss
of E2 leads to the uncontrolled expression of E6 and E7 proteins, which in turn
leads to disruption of the normal cell cycle regulation by interacting with p53 and
Rb, respectively. This leads to an uncontrolled cell cycle, genomic instability, and
the suppression of apoptosis, facilitating progression to HPV-associated cervical
cancer [for review, see zur Hausen (2002)]. Among the late genes, L1 serves as the

Control of HPV Infection and Related Cancer 151



major structural protein of the viral capsid and is used in commercially available
preventive vaccines. L2 is the minor viral capsid protein to be discussed later in
the context of broadening the spectrum of future generation preventative vaccines
[for review, see (Roden and Wu 2006)].

HPVs have tissue tropism in that they preferentially replicate in specific
mucosal epithelia. The expression of early and late genes correlates with the
differentiation of the keratinocyte: from newly infected basal cells expressing early
proteins in stratum basale and keratinocytes in the middle layers to finally dif-
ferentiated keratinocytes expressing both L1 and L2 viral capsid proteins used in
viral shedding from superficial layers (Roden and Wu 2006). HPV infections are
restricted to the epithelium. This makes it difficult for the human immune system
to launch potent HPV-specific immune responses to eradicate an HPV infection
since HPV lesions remain above the basement membrane and no HPV antigen is
found in the circulatory or lymphatic systems. Furthermore, HPV does not elicit a
potent inflammatory response, but rather seems to slip below the radar. In pre-
ventive vaccines, the goal is to deliver HPV L1 and/or L2 capsid antigens in order
to stimulate immune production of neutralizing antibodies that can block HPV
from infecting epithelial cells. Antibodies to HPV, though effective in preventing
infection, are unable to kill established HPV-infected and/or transformed cells.
The actions of specific cytotoxic T cells (CTLs) and T helper cells are needed in
order to eliminate the infected and/or transformed cell [for review, see (Hung and
Wu 2003)]. Therapeutic HPV vaccines rely upon activation of T-cell-mediated
immunity by antigen-presenting cells (such as dendritic cells) that present HPV
antigens through MHC class I and II molecules to prime HPV-antigen-specific T
cells. These characteristics of the HPV life cycle are very important to keep in
mind while devising strategies for preventive and therapeutic vaccines.

The choice of target antigen is also an important factor that needs to be con-
sidered. While L1 and L2 are suitable targets for the development of preventive
vaccines, they are not ideal targets for therapeutic HPV vaccine development since
they are not expressed in the basal cells infected with HPV. On the other hand,
early viral proteins, particularly E6 and E7, are expressed early in viral infection
and help drive malignant the progression. Therefore, therapeutic vaccines should
aim to generate T-cell-mediated immune responses against the early proteins E6
and E7 [for review, see (Lin et al. 2010)]. Furthermore, E6 and E7 co-expression is
essential for transformation, and they are not expressed in normal cells. Therefore,
E6 and E7 represent ideal targets for the development of therapeutic HPV
vaccines.

2 Current Commercially Available Preventive Vaccines

The successful development of two preventative HPV vaccines in the last decade,
CervarixTM from GlaxoSmithKline and Gardasil� from Merck, provides the
opportunity to prevent the spread of HPV. Both vaccines are available
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commercially, each in three dose regimens spread out over six months. Addi-
tionally, both vaccines employ L1 virus like particles (VLPs): non-infectious
papillomavirus particles without the viral genome [for review see (Campo and
Roden 2010; Roden and Wu 2006)]. CervarixTM, a bivalent vaccine, contains
HPV-16 and HPV-18 VLPs produced in insect cells (Trichoplusia ni) using a
baculovirus expression vector system and incorporates Adjuvant System 04
(monophosphoryl lipid A and aluminum hydroxide salt). Gardasil� is a quadri-
valent vaccine that contains HPV-6, 11, 16, and 18 VLPs produced in yeast cells
(Saccharomyces cerevisiae) and an amorphous aluminum hydroxyphosphate salt
adjuvant (Einstein et al. 2009). Thus, this quadrivalent vaccine protects patients
from oncogenic HPV-16 and -18 as well as HPV-6 and -11, which cause common
genital warts. In a comparison study of the 2 vaccines in which 1106 women,
stratified by age, received either the bivalent (CervarixTM) or the quadrivalent
(Gardasil�) vaccine, the bivalent vaccine induced 2.3–9.1-fold higher geometric
mean titers (GMTs) of neutralizing antibodies for HPV-16 and HPV-18 across all
age strata as well as higher numbers of circulating memory B cells than the
quadrivalent vaccine (Einstein et al. 2009). In a follow-up study of these patients at
months 12–24 after vaccination, Einstein et al. 2011 found that GMTs were
2.4–5.8-fold higher for HPV-16 and 7.7-9.4-fold higher for HPV-18 with the
bivalent compared to the quadrivalent vaccine (Table 1).

Data regarding efficacy of each of the two vaccines have recently been pub-
lished in 4 year follow-up studies of women from each vaccine’s phase 3 clinical
trials. In a 4-year trial with 17,622 women aged 16–26, the quadrivalent vaccine
was found to be effective in preventing the development of lesions caused by
HPV-6, 11, 16, and 18: 96 % for CIN1 (cervical intraepithelial neoplasia 1),
100 % for VIN1 and VAIN1 (vulva and vaginal intraepithelial neoplasia 1), and
99 % for condyloma (Dillner et al. 2010). However, protection against HPV
strains not covered by the quadrivalent vaccine was less robust; efficacy against
any lesion regardless of HPV type was 30, 75, 48, and 83 % for cervical, vulvar,
vaginal intraepithelial neoplasia, and condyloma, respectively, suggesting that the
quadrivalent vaccine has low cross-reactivity for other HPV strains. The bivalent
vaccine also had its own four-year follow-up study. In a trial enrolling 18,644
women ages 15–25, the bivalent vaccine was found to be 100 % effective in
preventing CIN3 and AIS caused by HPV strains 16 and 18 and 93.2 % effective in
protecting against all CIN3 lesions regardless of HPV type. However, in a con-
current study analyzing the same data, the cross-protective efficacy of the bivalent
vaccine in preventing CIN2 ? lesions caused by non-HPV-16 and -18 strains was
variable among HPV naïve patients who received all 3 doses of vaccine: 84.3 %
effective for HPV-31, 59.4 % effective for HPV-33, and statistically insignificant
for HPV-39, 45, 52, 58, 59, and 68 (Wheeler et al. 2012). Therefore, the cross-
reactivity of the bivalent vaccine, like that of the quadrivalent vaccine, is also
limited in nature. The observation that the bivalent vaccine is more effective in
preventing AIS and CIN3 ? lesions caused by any HPV infection but not as
effective in preventing CIN2 ? lesions caused by non-HPV-16 and -18 strains
suggests that a significant proportion of higher grade lesions are caused by
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Table 1 Comparison of therapeutic vaccines

Type Advantage Disadvantage Developmental
stage

References

Live
vector-
based

Highly immunogenic
customizable

Vector-specific
neutralizing
antibodies or pre-
existing vector-
specific immunity,
safety concerns, flu-
like adverse effects

ADXS11-001
in phase II Trial

Maciag et al. (2009),
NCI (2012b),
Radulovic et al.
(2009)

MVA-E2 in
phase II trial

Corona Gutierrez
et al. (2004)

TA-HPV
completed
phase I/II trial

Kaufmann et al.
(2002)

TG4001-R3484
completed
phase II trial

Brun et al. (2011)

Peptide-
based

Safe, easy to produce,
stable

HLA restriction,
Poorly immunogenic

HPV-16 E7 for
HLA-A*0201
completed
phase 1 Trial

Kenter et al. (2008),
Muderspach et al.
(2000)

Overlapping
peptides
Clinical trials

Kenter et al. (2008,
Kenter et al. (2009),
Welters et al. (2010),
Welters et al. (2008)

Protein-
based

Safe, easy to produce,
stable

Poorly immunogenic HspE7
completed
phase I and II
trials

Derkay et al. (2005),
Einstein et al. (2007),
Goldstone et al.
(2002), Van
Doorslaer et al.
(2009)

TA-CIN
completed
phase II trials

Daayana et al. (2010)

DC-
based

Highly immunogenic Individualized and
labor intensive,
potentially oncogenic

HPV-16 and -
18 E7 pulsed
DC vaccine
completed
phase 1 trials

Wang et al. (2009)

DNA-
based

Easy to produce,
stable, prolonged
expression of
antigens, capacity for
repeated
administration

Poorly immunogenic,
potentially oncogenic

ZYC101a
completed
phase II trial

Garcia et al. (2004),
Matijevic et al.
(2011), Sheets et al.
(2003)

VGX-300 in
phase II trials

Inovio (2012)

pNGVL4a-Sig/
E7/HSP70
completed
phase I trial

Trimble et al. (2009)
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HPV-16 and -18 relative to other strains (Wheeler et al. 2012). Efficacy of the
bivalent vaccine in preventing CIN2 ? and CIN3 ? lesions in both studies was
found to be highest in the 15–17 age group and declined with increasing age,
supporting the current recommendation of vaccinating at younger ages (Lehtinen
et al. 2012; Wheeler et al. 2012).

Both commercially available vaccines are currently marketed as a 3-dose
regimen. However, one recent randomized trial involving 960 subjects compared
the bivalent vaccine at either 2 doses or the standard 3-dose regimen. The 3-dose
regimen was considered superior if there was more than a twofold difference in the
ratio of geometric mean antibody titers (GMTs). Results showed that 2 doses of
the bivalent vaccine elicited antibody responses both at one month and 24 months
after vaccination that were non-inferior to those of the same concentration vaccine
given in the standard 3-dose regimen. This suggests that 2 doses of the current
bivalent vaccine would yield equivalent protection to the standard 3-dose regimen
up to 24 months post-vaccination (Romanowski et al. 2011); however, the lon-
gevity of protection beyond this has yet to be determined.

Although the primary purpose of commercial HPV vaccines is to prevent
cervical cancer in women, the quadrivalent vaccine may be used to prevent con-
dyloma and anogenital lesions, caused by HPV 6 and 11, in males. Males may also
benefit from protection against HPV-16 and -18 that can cause cancers of the
penis, anus, and oropharynx (Giuliano et al. 2011). In a randomized, placebo-
controlled, double-blind trial of 4065 males age 16–26, the efficacy of the quad-
rivalent vaccine in preventing external genital lesions was tested. In the intention
to treat group, comprised of subjects who may or may not have been seropositive
for HPV before the trial and received at least one dose of either vaccine or placebo,
36 external genital lesions were seen in the HPV-vaccinated group compared to 89
lesions in the placebo group, yielding an overall efficacy of 60.2 % (95 % CI,
40.8–73.8). In the per-protocol population of males, who were seronegative before
vaccination and completed all 3 doses of quadrivalent vaccine, the efficacy against
HPV-6, 11, 16, and 18 lesions was 90.4 % (95 % CI, 69.2–98.1), suggesting that
the quadrivalent vaccine is effective in preventing HPV-associated genital lesions
in males (Giuliano et al. 2011).

3 Second Generation of Preventive Vaccine Development

The clinical results offered by available HPV vaccines are excellent for the types
targeted, but issues remain. Eighty-five percent of the burden of cervical cancer is
in developing countries (Jemal et al. 2011). Not only are most residents in these
developing countries unable to afford the current commercial vaccines, many do
not even live in areas which have the capability to store and distribute such
vaccines (through cold chains). Another limiting factor of the available preventive
vaccines is their limited cross-reactivity to many oncogenic HPV strains. Patients
vaccinated with available vaccines will be protected from HPV-16 and -18, which
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cause more than 70 % of cervical cancers, but there are a dozen other oncogenic
strains against which patients have limited or no defense. Broader coverage against
oncogenic HPV strains is a desirable attribute in future generations of HPV vac-
cines. Therefore, efforts to improve upon the already available HPV vaccines have
much merit.

There have been several approaches for the next generation of preventative
HPV vaccines, which include as follows: (1) more multivalent VLP-based vac-
cines, (2) L1-based capsomers, (3) L2-based vaccines, and (4) chimeric L1-L2
vaccines. Figure 1 summarizes the various strategies in the current as well as the
next generation of preventive HPV vaccines. Multivalent VLP vaccines build upon
the original idea used to make commercially available bivalent and quadrivalent
vaccines (CervarixTM and Gardasil�). If VLPs of high-risk strains of HPV-16 and
HPV-18 are protective, then why not add more VLPs in order to broaden the
coverage? Currently, there are ongoing trials to compare nonavalent VLP vaccines
to the quadrivalent vaccine (Merck 2011). The addition of more VLPs will likely
increase the costs of production; however, there are several efforts to cost-effec-
tively produce HPV VLPs inside of bacteria.

Another potential avenue for new preventive vaccines involves the creation of
L1 capsomer vaccines, a potential cost effective alternative to VLP vaccines.
Capsomers are basic structural components of viral capsids, whereas HPV L1 VLP
is composed of 360 copies of the L1 protein, only five L1 monomers are needed to
assemble a pentavalent capsomer. Additionally, these capsomer proteins can be
made in bacteria and thus are cheaper to produce than VLPs made in insect or
yeast cells. L1 capsomer proteins made in E. coli, recombinant measles virus, or
recombinant Salmonella enterica serovar Typhimurium have successfully induced

HPV-16

L2 Peptide Chimeric L1-L2

Ceravix Gardasil

L1 capsomer 
vaccine

Concatenated L2 Peptide Phage

HPV-18
HPV-11

HPV-11
HPV-6

HPV-6

HPV-16

HPV-16

HPV-18 HPV-18

HPV-45 HPV-52 HPV-58

HPV-31 HPV-33

L2
L2

(a)

(e) (f) (g) (h)

(b) (c) (d)

Fig. 1 Schematic diagram to depict the next generation of preventive HPV vaccines. a Cervarix
composed of HPV-16 and HPV-18 VLPs. b Gardasil composed of HPV-6, HPV-11, HPV-16, and
HPV-18 VLPs. c Multivalent VLP vaccines composed of HPV-6, HPV-11, HPV-16, HPV-18,
HPV-31, HPV-33, HPV-45, HPV-52, and HPV-58 VLPs. d L1 capsomer vaccine. e L2 peptide
vaccine. f Concatenated L2 peptide vaccine. g Phage vaccine with L2 on the surface of the phage.
h Chimeric L1-L2 VLP vaccine with L2 on the surface
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protective antibodies in preclinical models and these genetically modified live
vaccines might be another approach to lower costs and perhaps reduce the number
of immunizations (Chen et al. 2000; Fraillery et al. 2007; Li et al. 1997; Rose et al.
1998).

Another approach for second generation preventive vaccines involves the use of
L2 instead of L1 VLPs. L2 is highly conserved among different HPV types and the
L2 from one strain of HPV can possibly induce broader protection through cross-
neutralizing antibodies, even across species. It has been shown that immunization
of animals with the amino-terminal peptide of L2 produced in E. coli elicited
neutralizing antibodies that protect against challenge with cognate papillomavirus
types in vivo (Embers et al. 2002; Gaukroger et al. 1996) cross-neutralize heter-
ologous types in vitro (Kawana et al. 1999; Pastrana et al. 2005; Roden et al.
2000), and confer cross-protection in vivo (Gambhira et al. 2007).

L2 has also been used in other forms. In a preclinical experiment, concatenated
multitype L2 fusion proteins were used in different combinations (L2 residues
11–200 from 3 HPV types (6, 16, and 18), L2 residues 11–88 from 5 HPV types (1,
5, 6, 16, and 18), or L2 residues 17–36 of five cutaneous, two mucosal low-risk,
and 15 oncogenic HPV types) (Jagu et al. 2009). Vaccination in both mice and
rabbits with the concatenated multitype L2 with different adjuvants elicited higher
neutralizing antibody titers than in animals vaccinated with only HPV-16 amino-
terminal L2 polypeptides, HPV-16 L1 VLP, Gardasil�, or the negative control
(Jagu et al. 2009). Mice vaccinated with these concatenated multitype L2 fusion
proteins also had immunity against challenge with HPV-16 pseudovirions
4 months later. Furthermore, the HPV-16 L2 peptides were able to generate
antisera that neutralized HPV-18, 31, 45, and 58, thus confirming the cross-reac-
tivity of L2 (Jagu et al. 2009). Generally, L2 is less immunogenic than L1, and this
limitation prompted Tumban et al. 2011 to create a vaccine consisting of PP7
bacteriophage VLPs that displayed the neutralizing epitope from L2 proteins of 8
different HPV types on their surfaces (Tumban et al.). Mice vaccinated twice with
HPV-16 L2 peptide displaying PP7 and HPV-18 L2 peptide displaying PP7 pro-
duced GMTs ranging from 104 to 105 of broadly reactive anti-L2 IgGs. Addi-
tionally, these anti-L2 antibodies protected against vaginal challenge with HPV-16
or -18 pseudovirions and cross-reacted with synthetically engineered HPV L2
peptides (Tumban et al. 2011). Although they have the potential to confer greater
cross-reactivity, the immunogenicity of L2 proteins is low and more potent
adjuvants and display technologies are currently being explored.

The advantages of highly immunogenic L1 vaccines and the broad cross-pro-
tection mediated by L2 can potentially be combined in the form of chimeric L1-L2
VLPs. Since L2 is a less abundant protein that is found predominantly in the
interior of the viral particle, replacing some regions of the VLP surface normally
occupied by L1 immunodominant epitopes with a neutralizing epitope of L2 may
generate more immunogenic, cross-protective immune responses against multiple
HPV genotypes. The surface expression of the neutralizing epitope of L2 on L1
VLP in chimeric models is essential since VLPs with L1 and L2 s in their normal
positions do not readily generate L2 antibodies. Immunization of rabbits with
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chimeric L1-L2 VLPs with L2 peptides on their surface was shown to induce not
only antibodies neutralizing HPV-16 but also antibodies cross-neutralizing HPV-
18, 31, 52, 58 pseudovirions (Kondo et al. 2008). Additionally, vaccination with a
chimeric HPV-16 L1-L2 VLP vaccine in both rabbits and mice also exhibited
cross-neutralization to high-risk and low-risk HPV types evolutionarily divergent
from HPV-16 (Schellenbacher et al. 2009). The inclusion of the immunodominant
neutralizing epitopes of L2 into the L1 VLPs represents a promising direction for
the next generation of preventative HPV vaccines to induce broad-spectrum
neutralizing antibodies against HPV.

4 Strategies of Therapeutic Vaccines in Clinical
Development

4.1 Concept and Goals of Therapeutic Vaccines

HPV preventive vaccines, though effective in blocking HPV infections, cannot
eliminate established HPV infections or HPV-associated lesions and thus, have no
therapeutic activity (Lin et al. 2010). Given the fact that almost all cervical cancers
are caused by high-risk HPVs, therapeutic vaccines targeting HPVs offer great
potential for highly specific eradication of HPV-infected cells and HPV-associated
tumors through immunotherapy. As discussed in the preceding chapter, the pro-
gression of latent HPV infections into invasive cancer takes many years and
fortunately, most women clear their infections. However, if women with high-
grade CIN lesions suffer few symptoms and are not screened, they may be unaware
that cancer is progressing inside of their cervix. In a prolonged chronic infection,
there is a considerable window for secondary preventive treatment for infections
caught by cytologic screening/HPV DNA testing. Effective therapeutic HPV
vaccines that can actively attack HPV-infected cells during this long phase of
tumor progression are greatly needed to prevent the development of and to treat
advanced cancer. If therapeutic vaccines can eradicate transformed cells early, the
morbidity and mortality associated with HPV-associated malignancies and inva-
sive treatments may dramatically diminish.

Many different platforms have been used in the development of therapeutic
HPV vaccines, each in various phases of testing and clinical trials. In order to
compare the potential of various candidates, one has to keep in mind the char-
acteristics of an ideal therapeutic vaccine. These qualities include: (1) safety, (2)
the ability to trigger effective HPV-antigen-specific cytotoxic T-cell-mediated
responses that target the lesion, (3) specificity for tumor cells, (4) long duration of
efficacy, (5) cheaper mass production and storage, and (6) fewer number of
required doses. The ability of a therapeutic vaccine to trigger specific T-cell-
mediated killing is essential to a vaccine’s efficacy in targeting transformed cells
vs. healthy cells. Reduced cost of production and storage is a highly desirable trait
that will increase access to cancer treatments for patients worldwide. Currently,
the compliance rate of patients who start and complete all three shots of either
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available bivalent or quadrivalent vaccine is roughly 25 % [for review, see
Trimble and Frazer (2009)]. Thus, simplicity of delivery will greatly increase the
compliance rates of a therapeutic vaccine.

As aforementioned in Sect. 1, E6 and E7 are ideal targets for therapeutic
vaccines. There has been much research and development in the field of thera-
peutic HPV vaccines, including live-vector-based, peptide-based, protein-based,
dendritic cell-based, DNA-based, and combination vaccines targeting E6 and/or
E7 antigens.

4.2 Live Vector-Based Therapeutic HPV Vaccines

The concept of live vector vaccines encompasses the use of bacterial and viral
vectors, which effectively infect host cells and provide a source of E6 and/or E7
antigens for antigen-presenting cells. Several bacterial vectors have been explored
for therapeutic HPV vaccines, and among these, L. monocytogenes, a gram-posi-
tive intracellular bacterium, has generated significant interest since it is able to
invade macrophages and evade phagocytosis within the phagosome using the pore-
forming toxin, listeriolysin O (LLO). Antigens from L. monocytogenes infection
can be processed in both MHC class I and II pathways. L. monocytogenes-based
HPV E7 vaccines have been shown to stimulate a greater number of E7-specific
CD8+ T cells and resolve solid tumors in both transgenic and wild type mice
(Gunn et al. 2001; Hussain and Paterson 2004; Sewell et al. 2004; Souders et al.
2007). There has been translation of this research into clinical trials. ADXS11-001,
formerly known as Lovaxin C or Lm-LLO-E7, is a live, attenuated L. monocyt-
ogenes bacterial vector secreting HPV-16 E7 fused to LLO. In phase I trials,
ADXS11-001 was found to be safe and well-tolerated with a dose limiting toxicity
linked to flu-like symptoms (Maciag et al. 2009; Radulovic et al. 2009). Currently,
ADXS11-001 is being studied in two clinical trials with active enrollment. The
primary goal of one randomized, single blind, placebo-controlled phase 2 study is
to determine whether 3 doses of ADXS11-001 can safely reverse disease in sub-
jects with CIN2/3 in whom surgery is indicated (NCI 2012d). Another ongoing
phase 2 trial involves testing the safety and efficacy of ADXS11-001 in treating
and increasing the one-year survival rate of subjects with persistent or recurrent
carcinoma of the cervix (NCI 2012b).

In addition to bacteria, live viral vectors have been investigated due to their
high immunogenicity. There have been several viral vectors used to deliver HPV
E7 antigens, but the Vaccina virus, an enveloped, double-stranded DNA virus
within the Poxviridae family, represents a particularly promising viral vector of
interest because of its large genome and high infectivity. A recombinant Vaccinia
virus expressing HPV-16 and HPV-18 E6/E7 antigens (TA-HPV) has been eval-
uated in phase I/II clinical trials in patients with early-stage cervical cancer
(Kaufmann et al. 2002), late-stage cervical cancer (Borysiewicz et al. 1996),
vulvar intraepithelial neoplasia (Davidson et al. 2003), and vaginal intraepithelial
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neoplasia (Baldwin et al. 2003). TA-HPV was found to be safe and potent in
stimulating vaccinia-specific antibody and HPV-antigen-specific CTL responses
(Adams et al. 2001; Borysiewicz et al. 1996; Kaufmann et al. 2002).

Another vaccinia-based therapeutic HPV vaccine is MVA-E2, an attenuated,
recombinant vaccinia virus encoding bovine papillomavirus type 1 (BPV-1) E2
(Corona Gutierrez et al. 2004). In a phase I/II clinical trial, four intrauterine doses
of MVA E2 led to significant effects in patients with CIN lesions. It was reported
that 34 of 36 subjects in the trial showed complete CIN lesion regression, while the
other 2 subjects had a reduction in the lesion grade from CIN3 to CIN1 (Corona
Gutierrez et al. 2004). Several possible explanations may account for the observed
therapeutic effects. First, in the early stage of infection, for example CIN lesions
when the HPV genome in infected cells has not yet been integrated into the host
genome, infected cells may still express the E2 antigenic peptide on their sur-
faces—enabling E2-specific CTLs, generated through treatment, to hone in and
attack. However, it is not clear whether the BPV-1 E2-specific CTLs generated
through treatment with MVA-E2 are capable of recognizing HPV E2 targets on the
infected cells of the CIN lesions. Second, the E2 from MVA-E2 may act as a
transcriptional repressor that inhibits the expression of E6 and E7. Lastly, local
administration of a highly immunogenic live vector, such as MVA-E2, may
stimulate stronger immune responses in the microenvironment of HPV-associated
lesions. While the initial observation is encouraging, further validation is required
to establish this approach for the control of CIN lesions.

Another modified vaccinia-based vaccine uses the Ankara vector to express
HPV-16 E6 and E7 antigens and adjuvant IL-2 (TG4001/R3484). In phase II
clinical trials, TG4001/R3484 was found to be both safe and encouraging in
generating clinical responses in women with HPV-16-positive CIN 2/3. Ten of 21
women in the trial no longer had detectable levels of CIN 2/3 six months after
vaccination. At the twelve-month follow-up, no relapse or HPV-16 persistence was
observed in these women (Brun et al. 2011). Although live vector vaccines have
shown promising results, they inherently pose a potential safety risk, particularly
to immunocompromised individuals. Live vectors may also face limited capacity
for repeated administration due to induction of vector-specific neutralizing anti-
bodies and/or pre-existing vector-specific immunity.

4.3 Peptide-Based Therapeutic HPV Vaccines

Short peptides of HPV antigens along with adjuvant can be delivered to dendritic
cells, which then present those antigens onto MHC class I molecules and thus
activate antigen-specific T-cell immunity. Production of these short-peptide vac-
cines involves the prior identification of specific CTL and CD4+ T helper epitopes
of HPV antigens. Peptide-based vaccines are advantageous in that they are stable,
easy to produce, and have a high safety profile. Current research focuses on
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addressing the main limitations of these vaccines—namely low immunogenicity
and MHC restriction.

The immunogenicity of HPV peptide-based vaccines can be enhanced with
adjuvants including immunoglobulin G fragment (Qin et al. 2005), streptavidin
fused to the extracellular domain of murine 4-1BBL (Sharma et al. 2009), den-
dritic cell stimulatory cytokine bryostatin (Yan et al. 2010) and toll like receptor
(TLR) agonists (Daftarian et al. 2006; Wu et al. 2010; Zhang et al. 2010;
Zwaveling et al. 2002). For example, a prime boost regimen of HPV-16 E7
(a.a. 43–77), which contains both CTL and Th epitopes, adjuvanted with TLR9
agonist CpG oligodeoxynucleotide, was shown to enhance priming of E7-specific
CD4+ and CD8+ T cells and produce potent antitumor effects in vaccinated mice
(Zwaveling et al. 2002). MHC restriction is another problem that has to be
overcome. Since HLA-A*0201 is the most common human MHC class I molecule,
peptide-based therapeutic HPV vaccine studies have focused on HPV-16 E7
HLA-A*0201 CTL epitopes. A phase I clinical trial found that a vaccine with
HPV-16 E7 peptide specific for HLA-A*0201 along with adjuvant was able to
stimulate an immune response in 10 of 16 HLA-A2-positive patients with cervical
or vulva intraepithelial neoplasia (CIN/VIN) stage 2/3 and complete regression of
CIN lesions in 3 of 18 patients (Muderspach et al. 2000). However, these peptide
vaccines are only effective in patients with HLA-A*0201.

Long overlapping peptides circumvent the problem of MHC restriction by
including a range of antigenic epitopes of HPV E6 and E7 proteins for CTLs and
additionally provides CD4 Th epitopes. A vaccine comprised of 13 overlapping
peptides representing HPV-16 E6 and E7 antigens with adjuvant was able to elicit
a broad T cell response in end-stage cervical cancer patients (Kenter et al. 2008). A
vaccine with a broad array of epitopes generated increased HPV-16-specific
CD4+ and CD8+ T cell responses in early-stage cervical cancer patients relative to
unvaccinated patients (Welters et al. 2008). A nonplacebo-controlled phase II
clinical trial of this same vaccine demonstrated great efficacy in subjects with
HPV-16-positive-high-grade vulva intraepithelial neoplasia (VIN): Half of the
patients with histologically confirmed HPV-16-positive VIN3 displayed a com-
plete regression of their lesion (Kenter et al. 2008). One possible explanation for
outcomes of lesion regression could be attributed to the ratio of the number of
HPV-16-specific primed effector T cells to the number of HPV-16-specific
CD4+CD25+Foxp3+T reg cells. Foxp3+ T cells have been associated previously
with impaired immunity in malignancies (Welters et al. 2010).

4.4 Protein-Based Vaccines

Protein-based vaccines have also been developed as potential therapeutic vaccines
for cervical cancer. They are safer than live vector-based vaccines and have an
advantage over peptide vaccines in that they include epitopes that bind to all
haplotypes of MHC class I and class II molecules. However, disadvantages of
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protein-based vaccines include poor immunogenicity and generation of predomi-
nantly antibody rather than CTL responses. Numerous strategies to increase the
potency of protein-based vaccines have been studied, including the use of a diverse
array of adjuvants and fusion proteins. These adjuvants include liposome-poly-
cation-DNA (LPD) adjuvant (Cui and Huang 2005), saponin-based ISCOMA-
TRIX (Frazer et al. 2004), and toll like receptor agonists (Kang et al. 2010).

Among the several protein-based therapeutic HPV candidates explored in
clinical trials, HspE7, a chimeric protein of bacille Calmette-Guerin heat shock
protein (Hsp65) linked to HPV-16 E7, has generated considerable interest. HspE7
has been found to be well tolerated in both phase I and phase II clinical trials of
various types of lesions caused by HPV. In a phase II trial in which 27 subjects
with high-grade anal squamous intraepithelial lesions were vaccinated with
HspE7, 21 % of subjects had complete, and 71 % had nearly complete lesion
regression (Goldstone et al. 2002). In a phase II trial studying CIN3 lesion
regression, 13 of 58 subjects had complete pathologic regression while 32 of 58
subjects had partial regression following subcutaneous administration of HspE7
vaccination (Einstein et al. 2007; Roman et al. 2007; Van Doorslaer et al. 2009).
However, there was no significant difference in lesion regression in subjects
infected with HPV-16 vs. non-HPV-16 infected subjects, so it is not clear as to the
exact cause of lesion regression (Einstein et al. 2007). In a different phase II trial
involving 27 subjects with recurrent respiratory papillomatosis (the majority of
which is caused by HPV-6 and -11), HspE7 was able to reduce the frequency of
required surgeries by increasing the time between surgeries by 93 % (Derkay et al.
2005). These results could be due to the non-specific immunogenicity of Hsp or
the ability of the E7 protein from HPV-16 to provide cross protection against that
of HPV-6 and -11.

Another protein-based vaccine that has shown efficacy against HPV infections
is TA-CIN, a fusion protein-based vaccine consisting of HPV-16 L2-E6-E7. A
recent phase II clinical trial assessed intramuscular administration of TA-CIN
combined with topical application of imiquimod in patients with high-grade VIN.
This combination was well tolerated without adverse effects, and ‘‘responders’’ to
the therapy demonstrated high levels of CD4+ and CD8+ T cells locally as well as
within HPV-associated lesions. Imiquimod was shown to increase T cell infiltra-
tion, leading to the complete regression of VIN lesions in 63 % of patients one
year post-treatment. Additionally, 36 % of patients with VIN lesions showed
complete HPV clearance, and 79 % of women remained symptom free (Daayana
et al. 2010). Phase III clinical trials will be needed to assess the efficacy of this
combinatorial approach.

4.5 Dendritic Cell-Based Vaccines

Dendritic cells (DCs) are professional antigen-presenting cells able to induce the
adaptive immune response by processing antigens to prime antigen-specific T
cells. DCs can be pulsed with peptides, proteins, or DNA encoding antigens
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ex vivo. The prepared DCs are then reintroduced into the body in order to elicit a
cell-mediated immune response. Understanding DC maturation and antigen pre-
sentation has proven fruitful in exploring DCs as a means of immunotherapy [for a
review, see (Santin et al. 2005)].

Strategies to increase the immunogenicity and efficacy of DC-based vaccines
have emerged in recent years, including a range of adjuvants such as cholera toxin
(Nurkkala et al. 2010) and toll like receptor (TLR) agonists (Chen et al. 2010). A
phase I clinical trial of a DC-based HPV vaccine using HPV-16 E7 and/or HPV-18
E7 proteins assessed the safety and immunogenicity of the therapeutic vaccine in
patients diagnosed with early-stage cervical cancer. Isolated dendritic cells were
primed with HPV proteins E6 and E7 and then re-administered to patients to elicit
specific T-cell responses. Subjects generated HPV-16 E7-specific CD4+ T-cell
immunity to three immunodominant E7-specific regions: amino acid sequences
46–70, 47–70, and 76–98. However, one patient generated a T-cell response to a
novel E7 antigen of amino acids 58–68 (Wang et al. 2009). This newly identified
CD4+ Th cell epitope may be used in future DC-based HPV therapeutic vaccine
strategies as well as in peptide-based HPV vaccines.

4.6 DNA-Based Vaccines

Among the different forms of therapeutic HPV vaccines, DNA vaccines have
emerged as an attractive approach for their safety, stability, and simplicity. DNA
vaccination involves injecting plasmid DNA encoding antigens of interest into
host cells. The expression of the encoded antigens can lead to cell-mediated and/or
humoral immune responses against the encoded antigen. DNA vaccines have less
acute safety risks than live vectors such as bacteria or viruses but integration
remains a potential issue. Naked DNA is relatively easy to manufacture and can
sustain expression of antigens inside target cells for a longer period of time.
Additionally, DNA vaccines do not elicit neutralizing antibodies like live-vector-
based vaccines, therefore yielding the capacity for repeated administration. DNA
vaccines, however, have shown limited immunogenicity and require strategies to
improve delivery to target dendritic cells (DCs), the potent activators of antigen-
specific immune responses. In general, these strategies can be classified as: (1)
increasing the number of antigen-expressing/antigen-loaded DCs, (2) improving
HPV antigen expression, processing, and presentation in DCs, and (3) enhancing
DC and T cell interaction [for review, see (Lin et al., 2010)].

Strategies to increase the number of antigen-expressing/antigen-loaded DCs
include enhanced delivery methods of DNA vaccines to DCs via gene gun,
microencapsulation, and electroporation. Of particular interest is ZYC101, a
plasmid encoding a HPV-16 E7 HLA-A2 restricted peptide encapsulated in mi-
croparticles composed of poly-lactide co-glycolide (PLG). A phase I trial showed
that ZYC101 produced complete histological regression in 5 of 15 patients, and
significant HPV-specific T cell responses with no serious adverse effects were
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found in 11 of 15 patients (Sheets et al. 2003). A more recent version, ZYC101a
(amolimogene bepiplasmid encoding antigenic peptides derived from HPV-16 and
-18 E6 and E7), was used in a phase II clinical trial involving 127 subjects with
high-grade CIN. The vaccine was well tolerated and promoted CIN 2/3 resolution
in patients under 25 years of age compared to the placebo group (70 vs. 23 %)
(Garcia et al. 2004). Recently, a phase II trial of ZYC101a involving 21 subjects
with CIN 2/3 showed elevated CD8+ T-cell responses to HPV-16 and -18 in 11
subjects; however, there was no significant difference between the placebo and
vaccinated groups in clearance of CIN lesions (Matijevic et al. 2011).

Besides microencapsulation of DNA vaccines, intramuscular injection with
subsequent electroporation has also been assessed as a delivery method (Inovio
2012). VGX-3100, a DNA vaccine incorporating plasmids targeting HPV-16 and -
18 E6 and E7 proteins is delivered via intramuscular injection, and the vaccinated
area is then electroporated using an electroporation device. In a phase I trial of
subjects with high-grade CIN lesions, VGX-3100 was able to elicit a T cell
response in 13 of 18 subjects. Individuals with histologically confirmed HPV-16
and -18 associated high-grade CIN are currently being recruited for a double-
blinded, randomized, placebo-controlled phase II clinical trial (Inovio 2012).

In hopes of enhancing antigen delivery to DCs, different methods of DNA
vaccine delivery are being tested in clinical trials. Currently, a head-to-head
comparison of the immunogenicity of three routes of administration of a DNA
vaccine encoding calreticulin linked to a non-oncogenic form of HPV-16 E7
[pNGVL4a-CRT/E7 (Detox)] is recruiting women with HPV-16 ? CIN2/3. Sub-
jects will be divided into groups and receive various doses of the same vaccine
either intradermally via gene gun, intramuscularly, or intralesionally in the cervix
in order to compare their ability to generate HPV-16 E7 antigen-specific immune
responses and therapeutic efficacies (NCI 2012c).

Another strategy to enhance DNA vaccine efficacy is to employ HPV antigen
linked to a molecule capable of targeting professional antigen-presenting cells to
improve cross-priming of the linked antigen. One of such molecules is heat shock
protein 70 (HSP 70). A phase I clinical trial studied the effects of intramuscular
injection with pNGVL4a-Sig/E7(detox)/HSP70 (a vaccine consisting of DNA
encoding a signal sequence localized to the endoplasmic reticulum (Sig), an
attenuated form of HPV-16 E7, and HSP70) in fifteen subjects with high-grade
CIN (Trimble et al. 2009). Results demonstrated evidence of HPV-16 E7 specific
T cell responses post-vaccination in 4 of 15 subjects and in 5 of 9 subjects six
months later in those who received the highest dose. Despite weak immunologic
responses, complete histologic regression occurred in 33 % of patients vaccinated
with the highest dose of pNGVL4a-Sig/E7(detox)/HSP70 (3 mg) (Trimble et al.
2009). The same vaccine has also been explored in patients with HPV-16+ head
and neck cancer, 20 % of which are related to HPV infection (Gilison and Wu
personal communication). These early phase clinical trials with pNGVL4a-Sig/
E7(detox)/HSP70 demonstrate great safety and few side effects in both CIN 2/3
and head and neck cancers caused by HPV.
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Therapeutic HPV DNA vaccines have also been used in conjunction with
adjuvants to improve DNA vaccine potency (Chuang et al. 2010). One such
adjuvant is a TLR7 agonist, imiquimod, which has been shown to promote acti-
vation of antigen presenting cells and lead to the production of cytokines (IFN-
alpha, IL-6, and TNF-alpha) that facilitate adaptive immune cell differentiation
(Bilu and Sauder 2003). Currently, an ongoing phase I clinical trial combines the
use of topical imiquimod along with pNGVL4a-Sig/E7(detox)/HSP70 DNA vac-
cine priming and TA-HPV vaccine boosting in patients with HPV-16+ CIN3
lesions (NCI 2012a). This use of multiple vaccines and adjuvant tested together is
an attempt to generate increased HPV antigen-specific immune responses and
better therapeutic effects.

4.7 Combination Strategies

Therapeutic HPV vaccines can be used in combination with other therapies to
improve vaccine potency. Combinatorial approaches of therapeutic HPV vaccines
along with chemotherapy, radiation therapy, and/or surgery may potently enhance
treatment for cancer cells, particularly for minimal residual disease. For example,
treatment of mice with DNA encoding calreticulin (CRT) fused to HPV-16 E7
(CRT/E7) in combination with radiation therapy showed a significant increase in
the number of E7-specific CD8+ T-cell responses and antitumor effects against
E7-expressing tumors as compared to treatment with therapeutic HPV DNA
vaccine or radiation alone (Tseng et al. 2009). Another combination therapy
involves the use of a recombinant, HPV E6 and E7-expressing adenovirus vaccine
(Ad-p14) along with systemic administration of one of the following immuno-
modulating reagents: imiquimod, anti-CD4, alpha-interferon, or anti-GITR. Sig-
nificant antitumor results were found in the E6/E7-expressing TC-1 mouse model
whereby combining Ad-p14 with anti-GITR resulted in complete and permanent
eradication of all TC-1 tumors (Hoffmann et al. 2010). Chemotherapy in con-
junction with therapeutic HPV DNA-based vaccines is another promising
approach. One preclinical study in tumor-bearing mice combined the use of a
common chemotherapeutic drug, cisplatin, along with a therapeutic HPV DNA
vaccine (CRT/E7). The use of cisplatin led to cell-mediated lysis of E7-expressing
tumor cells, thus increasing the available E7 antigens for T-cell priming. Results
also showed an increased number of E7-specific CD8+ T-cell precursors that were
able to proliferate and migrate into tumor locations (Tseng et al. 2008). Recently,
the chemotherapeutic agent apigenin, a flavonoid with antioxidant, anti-inflam-
matory and anti-cyclooxygenase activity, was used concurrently with a HPV DNA
vaccine encoding HPV-16 E7 linked to heat shock protein 70 (E7/HSP70)
(Chuang et al. 2009). Vaccination of E7/HSP70 DNA in conjunction with apigenin
chemotherapy in TC-1 tumor-bearing mice demonstrated the greatest increase in
the number of E7-specific effector and memory CD8+ T cells compared to con-
trols. Apigenin treatment also increased tumor cell apoptosis in a dose-dependent
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manner. Vaccination and chemotherapy most likely caused tumor susceptibility to
E7-specific cytotoxic immune responses, which led to a reduction in tumor size
and an increase in survival rates (Chuang et al. 2009). The combination of che-
motherapy and/or radiation therapy with therapeutic HPV vaccines has produced
encouraging anti-tumor results in preclinical models and therefore warrants future
testing in patients with HPV-associated malignancies.

5 Conclusion

Although HPV infections are incredibly common throughout the world, the
development of accessible, efficacious and highly specific methods of controlling
infection and malignant transformation due to HPV infections remains challeng-
ing. The current commercially available preventive vaccines represent a significant
triumph for the HPV research field. However, there is still much room for
improvement in the control of cervical cancer in terms of: (1) making broader
spectrum, low cost, one dose, heat stable and widely accessible preventative
vaccines, and (2) employing our knowledge of the immunology of HPV infections
to create effective therapeutic HPV vaccines. A variety of innovative strategies
have been used to develop therapeutic HPV vaccines, resulting in several phase I/
II clinical trials. It is important to further advance these trials in order to identify
suitable therapeutic HPV vaccine candidates for the control of established HPV
infections and HPV-associated lesions. The control of advanced HPV-associated
malignancies will most likely require combinatorial approaches using therapeutic
HPV vaccines in conjunction with conventional therapies such as surgery, che-
motherapy, and radiation therapy. The advances in both preventive and therapeutic
HPV vaccines will undoubtedly offer relief to the hundreds of millions of indi-
viduals exposed to HPV each year.
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Prevention and Treatment
for Epstein–Barr Virus Infection
and Related Cancers

Françoise Smets and Etienne M. Sokal

Abstract

Epstein–Barr virus (EBV) was the first herpes virus described as being oncogenic
in humans. EBV infection is implicated in post-transplant lymphoproliferative
diseases (PTLD) and several other cancers in non-immunocompromised patients,
with more than 200,000 new cases per year. While prevention of PTLD is
improving, mainly based on EBV monitoring and preemptive tapering of
immunosuppression, early diagnosis remains the best current option for the other
malignancies. Significant progress has been achieved in treatment, with
decreased mortality and morbidity, but some challenges are still to face,
especially for the more aggressive diseases. Possible prevention by EBV
vaccination would be a more global approach of this public health problem, but
further active research is needed before this goal could be reached.
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1 Introduction

Epstein–Barr virus (EBV) was the first virus of the gamma herpes family shown to
be oncogenic in humans (Schiller and Lowy 2010). EBV infection is implicated in
more than 200,000 new cases of cancer per year. Tumors can develop because of
deficient immunity as in post-transplant lymphoproliferative diseases (PTLD). In
non-immunocompromised patients, the high oncogenic potential of EBV gives rise
to aggressive cancers such as gastric carcinoma, nasopharyngeal carcinoma,
Burkitt’s and Hodgkin’s lymphoma, or T/NK cell lymphoproliferation.

EBV is ubiquitous and infects more than 90 % of the population before
adulthood (Cohen 1999; Steven 1997). Primary infection most often occurs in
early childhood, often asymptomatic or with mild non-specific symptoms. In
adolescents and young adults, the EBV infection is related to infectious mono-
nucleosis (IM) in which symptoms are classically described as the result of the
immune response to the virus. The first step of natural EBV infection is a lytic
phase, mainly located in the epithelial cells of the oropharynx, leading to new virus
production and death of the infected cells. After the primary infection, the EBV
lytic cycle is usually inactive in healthy carriers but may be reactivated in some
conditions, such as immunosuppression. Concomitant with the productive phase,
lifelong infection is promoted by latent infection in B lymphocytes, leading to
EBV-infected B lymphoblasts in which EBV genome is integrated as an episome
and multiplies with the host cell. Early expansion of the infected blasts may be
important for viral survival. Latent EBV has a complex survival strategy involving
(1) the production of viral proteins that can transform human cells or inhibit
antigen processing, (2) the secretion of a cytokine and soluble receptor that act
against the cytotoxic cellular immunity, and (3) the down-regulation of its gene
expression (Cohen 1999; Liebowitz 1998; Rickinson 1998). In this latent pathway,
EBV is a potentially transforming virus and its oncogenicity is closely related to its
ability to escape immune surveillance (Okano 2012; Schiller and Lowy 2010).
However, the fact that a minority of immunocompetent EBV-infected individuals
develop tumor underlies that infection alone is not sufficient and that other factors
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are involved (genetic and epigenetic, environmental…). Finally, some EBV-
infected B lymphoblasts differentiate in memory B cells that present no more viral
specific antigens and therefore are invisible to the cellular immunity, representing
the final EBV reservoir (Steven 1997).

2 Post-Transplant Lymphoproliferative Diseases

2.1 Introduction

Post-transplant lymphoproliferative diseases (PTLD) occur after either solid organ
or bone marrow/stem cell transplantation (Gulley and Tang 2010; Landgren et al.
2009; Reddy et al. 2011; Smets and Sokal 2002a; Smets et al. 2000). PTLD are
classified into 4 categories according to WHO classification from 2008 (Swerdlow
et al. 2008): early lesions (plasmacytic hyperplasia, IM), polymorphic PTLD,
monomorphic PTLD (B- or T-cell lymphomas), and classic Hodgkin’s lymphoma-
like PTLD. The early lesions and polymorphic PTLD are the commonest pre-
sentations, usually arise within 1 year of transplantation and are mostly associated
with EBV, while the more monomorphic one will present later and can be EBV
negative in up to 70 % of cases. Incidence varies according to type of transplant
and age of recipient (Table 1), reflecting underlying pathogenic mechanisms and
following risk factors. In early PTLD, lymphoproliferation of EBV-infected cells
is enabled by inadequate immune surveillance. Indeed, some EBV-naïve patients
are unable to mount specific immunity after solid organ transplantation because of
immunosuppression (IS). After bone marrow/stem cell transplant, PTLD appear
while awaiting T-cell immunity restoration. Later on, PTLD can occur despite
sufficient immunity thanks to several escape mechanisms of the virus (antigens
under-expression, genetic mutations, or polymorphisms…). Diagnosis should rely
on detailed histology of the tumor (including lymphocytes typing, search for
monoclonality, and EBV staining), evaluation of performance status, and staging
of the disease according to clinical presentation (radiology, bone marrow, or
cerebrospinal fluid examination…). The role of EBV monitoring is detailed below.

Table 1 Incidence of PTLD

Incidence (%)

Type of organ Children Adults or all

Liver 4–15 1.6–5

Kidney 1–10 0.5–1

Heart–lung 6–20 1.9–10

Intestine 12 –

Bone marrow or stem cells – 0.5–8

Gulley and Tang (2010), Reddy et al. (2011), and Landgren et al. (2009)
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2.2 Risk Factors and Prevention

Based on pathophysiology and known risk factors (Table 2), several strategies of
prevention are described and aim to decrease incidence of PTLD. Current results,
however, mainly allow earlier diagnosis, leading to decreased mortality and
morbidity. Clear impact on incidence remains to be demonstrated by well-
designed prospective studies, when ethically acceptable.

One corner stone of prevention relies on EBV load monitoring by quantitative
polymerase chain reaction (PCR), as high viral load is clearly associated with

Table 2 Risk factors for PTLD

Type of transplantation

Early PTLD Solid organa Bone marrow/stem cellsb

Pre-transplant EBV
status

EBV-naïve patients Indifferent

Age at
transplantation

Young children or advanced age [ 50 years

Immunosuppression
(IS)

Anti-T-cell antibodies (ATG,
OKT3), high degree of IS

ATG, T-cell depletion of graft

Other Past graft rejection(s) Unrelated or HLA-mismatched grafts,
graft-versus-host disease
(GVHD), 2nd transplantation

Type of HLA (HLA-A3)

Cytokine polymorphisms (IFN-c,
TGF-b, IL-10)

T- and B-cell depletion of
graft = protective

Protection by rapamycin?

CMV mismatch?

Type of transplantation

Late PTLD Solid organ Bone marrow/stem cells

Pre-transplant EBV
status

EBV-naïve patients Indifferent

Age at
transplantation

Indifferent Indifferent

Immunosuppression
(IS)

Duration of IS Cyclosporine or combined
cycloazathioprine

Other EBV genomic polymorphism Chronic GVHD

Past history of PTLD

Chronic high EBV load
a Kamdar et al. (2011), Smets and Sokal (2002a, b), Cockfield (2001), Gulley and Tang (2010),
Weiner et al. (2012), D’Antiga et al. (2007), Bakker et al. (2007), and Bingler et al. (2008)
b Lynch et al. (2003) and Landgren et al. (2009)
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PTLD. Numerous studies report the characteristics of EBV load after transplan-
tation, measured in peripheral blood mononuclear cells (PBMC), plasma or whole
blood (reviewed in Gulley and Tang 2010). Viral load is usually higher in patients
under immunosuppression as compared to healthy controls, while the highest viral
load is described after transplantation in subjects with acute primary infection,
disease reactivation, and PTLD. In pediatric solid organ recipients, viral load
[5,000/lg PBMC DNA was a diagnostic criterion for PTLD with a positive
predictive value (PPV) of 89 % and negative predictive value (NPV) of 100 %,
while both PPV and NPV were 100 % for an EBV load [1,000/100ll plasma
(Wagner et al. 2001). High viral load was correlated with PTLD and normalized
after treatment. Similar differences were described in other types of transplantation
and led to preemptive assays. In Houston (Lee et al. 2005), after 2001, IS was
decreased in liver-transplanted children after two EBV loads [4,000/lg PBMC
DNA (previously described as giving PPV for PTLD of 56 % and NPV of 100 %).
Before and after 2001, PTLD incidence was, respectively, 16 % (within 30
patients) and 2 % (out of 43 patients, 29 EBV-naïve patients before transplanta-
tion, p \ 0.05). Preemptive IS alleviation (tacrolimus tapering, corticoids arrest)
induced lowering of viral load in all and led to rejection in 1/11 patient. Another
retrospective comparison of children after liver transplantation with or without
EBV load monitoring (2001–2005 and 1993–1997), with preemptive IS tapering in
case of high viral load, showed no difference in PTLD incidence (7.5 and 10.9 %,
respectively) (Kerkar et al. 2010). PTLD occurring in the 2001–2005 era were,
however, less advanced (polymorphic versus monomorphic, p = 0.03), with no
mortality as compared to 3/10 deaths before. One problem is that each laboratory
has to define its own cutoff for ‘‘high viral load’’ and risk assessment. The major
drawback for using EBV load, as a predictive marker of PTLD, is the intermediate
specificity and PPV that could lead to needless IS tapering and risk of graft
rejection. The same group showed, always in liver-transplanted children, that
reducing IS preemptively for EBV active infection led to graft rejection in 27.9 %
of cases (with 1 graft loss), while IS tapering or cessation in case of PTLD was
complicated by rejection in 83.3 % of patients, without graft loss (Weiner et al.
2012). Both the risk of PTLD and the risk of rejection after IS reduction were
higher in case of past history of rejection. Finally, chronic high EBV load was also
described as risk factor for late PTLD. EBV load [500/105 PBMC was found in
12/18 EBV-seronegative children who underwent primary infection after liver
transplantation, as compared to 0/13 seropositive children before transplant
(D’Antiga et al. 2007). Sustained viral detection, meaning positive for more than
6 months, was only seen in those EBV-naïve patients (14/18), and three of them
developed late PTLD (median time 47 months, range 15–121). In 71 cardiac-
transplanted children, chronic high viral load was defined as EBV load [16,000/
mL whole blood in[50 % of samples over at least 6 months (Bingler et al. 2008)
and was found in 20 of them (8 with prior PTLD, 7 with prior symptomatic EBV).
Late PTLD occurred in 9 of them (45 %) compared to 2 in the 51 controls (4 %,
p \ 0.001). Multivariate analysis showed independently increased odds ratio
(ORs) to develop late PTLD for chronic high viral load (OR = 12.4, 95 % CI
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2.1–74.4) and prior history of PTLD (OR = 10.7, 95 % CI 1.9–60.6). Therefore,
experts recommend serial monitoring of EBV load in EBV-naïve patients under-
going primary EBV infection after transplantation, to assess the risk to develop
early or late PTLD (Gulley and Tang 2010; KDIGO 2009).

Higher viral load is also described in patients developing PTLD after bone
marrow/stem cell transplantation, and same recommendations are applied. Addi-
tional factors are important to determine high-risk patient as EBV status before
transplantation does not influence the occurrence of PTLD in this type of graft. In
the large series from Landgren et al. (26.901 patients after allogeneic hemato-
poietic cell transplantation, 127 PTLD, 105 in the first-year post-transplant), the
cumulative incidence of PTLD was 0.2 % in patients with no major risk factors
(T-cell-depleted graft, HLA-mismatched graft, ATG, age [50 years), 1.1 % if 1
risk factor, 3.6 % if 2, and 8.1 % if 3 or more (Landgren et al. 2009). They
underlined the theoretical interest to prospectively monitor EBV infection in this
sub-group of high-risk patients, aiming to early treatment intervention.
Additionally, preemptive strategy by low-dose rituximab in the conditioning
regimen was proposed (Savani et al. 2009; Bacigalupo et al. 2010). This was based
on one study showing no PTLD in 27 adult recipients of intestinal and multivis-
ceral transplantation whom induction IS included one single dose of rituximab
150 mg/m2 (Vianna et al. 2008). Moreover, 14 patients having developed EBV
reactivation after allogeneic stem cell transplantation received preemptive ritux-
imab therapy (standard doses) and did not develop PTLD (Kindwall-Keller et al.
2009). Finally, PTLD did not occur in 38 patients after rituximab-containing
conditioning regimen or prior rituximab, even in 8 of them with 3 high risk factors
(Savani et al. 2009). These preliminary data were confirmed by a retrospective
study comparing 55 patients preemptively treated with 200 mg/m2 rituximab at
day+5 of conditioning to 68 who did not receive prophylaxis (Dominietto et al.
2012). Both groups received ATG. EBV viremia was found in 56 % of rituximab-
treated patients as compared to 85 % of the controls (p = 0.0004). The maximal
median viral load was also lower (91 vs 1321/105 cells, p = 0.003), and the risk to
have EBV[1,000/105 cells, which is a known risk factor for PTLD, was found in
14 versus 49 % of patients (p = 0.0001). No PTLD were observed in the treated
group as compared to 2 in the controls. No side effects were reported although
leukocyte and lymphocyte counts were lower at day+50 and +100 after rituximab.
Acute GVHD was reduced after preemptive treatment (20 vs 38 %, p = 0.02).
Finally, in 70 pediatric stem cell transplant recipients, preemptive strategy was
prospectively applied in case of EBV high load ([40,000/mL whole blood) (Worth
et al. 2011). When CD3 count was \300 9 106/L, classical doses rituximab was
given (13/70), if not, IS was decreased (6/70). Incidence of PTLD was decreased
as compared to historical controls (1.4 vs 21.7 %, p = 0.003), even more in
patients with high viral load (2.7 vs 62.5 %, p \ 0.0001). There were few side
effects of rituximab, the main being longer time for B-cell recovery (27.6 vs
8.9 months). All PTLD occurred in patients with low CD3 count. The possibility
to further improve this prevention in high-risk patients by using sirolimus as
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GVHD prophylaxis was proposed but should be demonstrated (Reddy et al. 2011;
Cen and Longnecker 2011).

Monitoring of EBV-specific immunity in correlation with EBV load is proposed
to better differentiate patients with asymptomatic high EBV load from those at risk
of PTLD. This strategy was efficient in children after liver transplantation for
which an inadequate ratio between high viral load and low specific EBV T lym-
phocytes (EBV–CTL) at the time of EBV primary infection was 100 % predictive
of following PTLD (Smets et al. 2002). EBV–CTL were detected by the enzyme-
linked immunospot assay (Elispot) through their specific IFNc secretion after
stimulation with an autologous EBV ? cell line. No PTLD occurred when EBV–
CTL were[2/mm3 of blood, independently of the viral load. The same profile was
described in 14 healthy adults followed prospectively (Vogl et al. 2012). EBV
reactivation was related to lower Elispot-detected EBV-TL in 8/12 subjects.
However, the Elispot monitoring is time-consuming, requires the production of
autologous EBV cell line for all the patients, and is therefore difficult to implement
for routine follow-up. An alternative would be the tetramer technique that allows
easy detection of EBV-peptide-specific HLA-restricted lymphocytes by flow
cytometry. No correlation was found with viral reactivation in healthy carriers
(Vogl et al. 2012). In 31 prospectively followed liver-transplanted children, level
of tetramer EBV-specific CD8 T cells were the same in 11 patients with chronic
high viral load and 20 controls (Gotoh et al. 2010). Genetic profile of EBV in these
11 children showed type 0 latency (EBER, BART, and LMP2), suggesting that
high viral load can be related to viral immune escaping. No early or late PTLD
occurred during the study (follow-up 0.8–7.4 years). In a small series, tetramer
EBV-specific CD8 T cells were lower in 10 PTLD patients and 6 healthy controls
as compared to the 2 transplanted patients without complication, with only 30 %
of them being functional (Sebelin-Wulf et al. 2007). Moreover, the absolute CD4
T-cell count was also lower (336 ± 161/lL vs 1008 ± 424/lL, p = 0.00001).
CD4 T cells\230/lL were associated with high viral load[1,000/lg DNA. In 307
patients after allogeneic hematopoietic cell transplant, EBV–CTL at D28 post-
transplantation, assessed by flow cytometry after specific peptide stimulation, did
not allow us to predict the 25 PTLD (Hoegh-Petersen et al. 2011) although they
tend to be higher in patients without complication. In pediatric liver-transplanted
children, the PPV of high viral load for PTLD was increased from 29 to 57 % if
associated with low IFNc (A/A) polymorphism (Lee et al. 2006b). No differences
were found for polymorphism in TGF-b, TNF-a, and interleukin 2, 6, and 10.
Children had 100 % risk of having high viral load in case of low release of ATP by
CD3+ cells, stimulated for 24 h with phytohemagglutinin (\125 ng/mL). Fol-
lowing IS tapering, increase in ATP release and decreased viral load were
observed (Lee 2006a). Finally, the potential implication of EBV-specific natural
killer (NK) cells was recently proposed. Important NK response was described in
adults followed prospectively after IM, with particular expansion of a CD56 highly
positive sub-population (CD56bright) (Williams et al. 2005). Higher NK cells were
correlated with lower viral load. In a retrospective review of adult and pediatric
solid organ transplant recipients, polymorphism of Fc-c receptor 3A (FCGR3A)
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and killer cell immunoglobulin-like receptor (KIR) genes, involved in NK cell
function, was shown to influence significantly survival after PTLD diagnosis but
were not risk factors for PTLD (Stem et al. 2010). More recently, both NK cell
phenotype and function were different in pediatric patients developing PTLD after
thoracic transplantation and those without complication (Wiesmayr et al. 2012).
Patients with chronic high viral load but no PTLD displayed intermediate values.
The interest to monitor NK cells in transplanted patients should, however, be
confirmed.

Antiviral drugs were also proposed as preemptive therapy. Although they are
not active on latent EBV cycle involved in PTLD, they can impair or reduce lytic
cycle, limiting intercellular EBV transmission. Use of ganciclovir in adults and
children after renal transplantation was associated, especially within the first-year
post-transplant, with up to 83 % reduction in the risk of PTLD (Funch et al. 2005).
One month of treatment in this period gave a 38 % reduced risk. Effect of acy-
clovir was less marked. Forty-seven children with positive PCR for EBV after liver
transplant were treated with valganciclovir but no IS reduction (Hierro et al. 2008).
Symptoms were present in 28 % of them. After a short treatment (1 month),
negative PCR was observed in 34 % of patients, with 82 % relapse after val-
ganciclovir arrest. After longer therapy (8 months), PCR negativity was found in
47.6 % children and was maintained in 60 % of them off treatment. PTLD was
suspected but not confirmed in one child (2.1 %).

2.3 Treatment

Early diagnosis and treatment are mandatory to avoid PTLD-related morbidity and
mortality, the latter having been often reported between 30 and 60 % (Bakker et al.
2007). High index of suspicion is necessary due to non-specificity of initial
symptoms. Unexplained fever, adenopathies, hepatosplenomegaly, sepsis like
syndrome, and extra-nodal involvement (graft, gastrointestinal tract, and sinonasal
cavity) are common presentations. Graft localization is more often reported in
early PTLD. The interest of fluorodeoxyglucose positron emission tomography for
disease staging and follow-up after treatment is described, but its role in preco-
cious diagnosis remains to be demonstrated. Unrecognized PTLD can rapidly lead
to graft and multiorgan severe dysfunction and death.

In early PTLD after solid organ transplantation, reducing IS is the first step of
treatment, aiming to allow restoration of specific immunity and control of the
EBV-infected proliferative cells, with a response rate reported up to 75 % (Heslop
2009). While it could be an option in late PTLD after bone marrow/stem cell
transplantation, IS tapering is usually needless in early cases because of the pro-
found immunosuppression of the patient at that time. For those, unmanipulated
donor cell injection or in vitro expanded EBV–CTL adoptive transfer would be a
better treatment. The sustained response rate to such therapy was demonstrated to
be [70 % in 49 PTLD patients after hematopoietic stem cell transplantation
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(Doubroniva et al. 2012; Heslop 2012), with same results observed for donor
unselected lymphocytes, donor EBV–CTL, or third-party EBV–CTL. Symptoms
improved after 5–15 days, with radiological and complete response described after
3 weeks and 3 months, respectively. Cell therapy was also efficient in central
nervous system localization of PTLD. Authors showed that treatment failure was
associated with mismatched viral antigen or HLA presentation between EBV–CTL
and tumor, explaining why the target proliferative cells were not recognized and
eliminated. In a PTLD SCID mice model, injection of EBV–CTL resulted in
delayed tumor development and tumors were prevented in 40 % of cases
(p = 0.001). Results were improved by preselection of CD8+ cells or conditioning
of CTLS with a combination of IL 2, 7, and 15 (Johannessen et al. 2011). Daily
injection of IL2 in addition to EBV–CTL infusion led to PTLD prevention in 78 %
of animals. Cell therapy was also shown to be an efficient preemptive strategy in
13 high-risk children receiving partially matched stem cell transplant (Leen et al.
2009). One single dose of EBV–CTL was administered 30 days after transplan-
tation, and neither PTLD nor GVHD was observed. Limitations for cell therapy are
GVHD risk (mostly with unmanipulated donor T cells) and need for special
facilities to expand EBV–CTL and have them readily available in rapid pro-
gressing diseases, as their expansion requires 2–3 months (Heslop 2009; Bollard
et al. 2012).

Targeting the proliferative cells with anti-CD20 antibodies (rituximab, 4-weekly
injections of 375 mg/m2) is well recognized as part of initial treatment in case of
CD20+ tumor, with response rates around 50 %. In a review of 80 PTLD in adults
after solid organ transplantation, 74 % received first-line rituximab treatment in
addition to reduced IS, with or without following chemotherapy (Evens et al. 2010).
The 3-year progression-free survival and overall survival were 70 and 73 % in
patients having received rituximab as compared to 21 and 33 % in others
(p \ 0.0001 and = 0.0001). Multivariate analysis showed 3 risk factors associated
with disease progression and lower survival: central nervous system or bone marrow
involvement and hypoalbuminemia. Overall survival in case of 0, 1, or more than 2
risk factors was, respectively, 93, 68, and 11 %. In case PTLD do not respond to IS
reduction and rituximab within 8 weeks, it is now recommended to rapidly start
chemotherapy (Montserrat et al. 2012). Seventy adult patients developed B-cell
PTLD after solid organ transplant and were prospectively included in a phase 2
international study (Trappe et al. 2012). Subjects that did not respond to IS reduction
received 4 courses of rituximab followed after 4 weeks by chemotherapy (cyclo-
phosphamide, doxorubicin, vincristine, and prednisolone = CHOP). PTLD was of
late type in 76 %, with monomorphic classification in 96 % and associated with
EBV in only 44 % of patients. Fifty-nine patients received the complete treatment
and showed partial and complete response in 90 and 68 % of cases. The median
survival was 6.6 years. The main adverse events were severe leucopenia (68 %) or
infections (41 %), with CHOP-related mortality in 11 % (5/7 being non-rituximab
responders). EBV-associated PTLD occurred earlier and in younger patients,
involved more often the graft and the kidney, and less frequently lymph nodes, were
associated with lower performance status and developed more severe infections. Of
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the 40 patients with complete response, 8 relapsed and died from PTLD (5 within
6 months). Globally, lower risk of disease progression was observed in EBV-
associated PTLD (HR 0.007) and higher risk was seen in patients in partial remission
after sequential treatment (HR 20.83). The interest of low-dose chemotherapy was
also described in children after liver transplant (Gross et al. 2005). Patients with
EBV-related PTLD received six cycles of low-dose cyclophosphamide and pred-
nisone (one cycle every 3 weeks with cyclophosphamide 600 mg/m2 on day 1,
prednisone 1 mg/kg orally twice a day on days 1–5) after a trial of IS reduction.
Two-year disease-free survival and overall survival were 67 and 73 %. The same
group reported results with rituximab added to the low-dose chemotherapy (375 mg/
m2 on days 1, 8, and 15 of the 2 first cycles) (Gross et al. 2012). Two-year disease-
free survival and overall survival were 71 and 83 %. Side effects were similar to the
previous study. Of the 55 children, 10 died, 7 of PTLD, and 3 of infections.

Antiviral drugs (ganciclovir, acyclovir) are not described as an efficient treat-
ment for overt PTLD because they are inactive on latent EBV cycle present in
these diseases. Surgery or radiotherapy can be useful in localized disease or central
nervous system involvement, but often require additional treatment (Heslop 2009).

Outcome of the different treatments for EBV–PTLD in hematopoietic stem cell
transplant recipients was extensively reviewed (Styczynski et al. 2009a), showing
that preemptive therapy with rituximab of EBV–CTL reduced most significantly
the risk of death (survival rates of 89.7 and 94.1 %). The same treatments used for
overt PTLD also improved survival rates (63 and 88.2 %, respectively). Reduction
in IS approximately allowed a survival rate of 56.6 %. Chemotherapy and antiviral
agents did not influence survival of the patients.

According to all the results described, guidelines for PTLD treatment after solid
organ or stem cell transplant were defined (Styczynski et al. 2009b; Parker et al.
2010). After solid organ transplantation, recommendations are the following.
Reduction in IS should be initiated in all patients (limited disease, 25 % reduction;
extensive disease, 50 % reduction in calcineurin inhibitors, stop azathioprine/
mycophenolate, keep prednisone at maximum 10 mg/day; extensive disease and
critically ill patient, stop all drugs except prednisone). Graft function should be
carefully monitored. For patients with low-risk PTLD (age [60 years, normal
LDH, performance status ECOG 0–1) and disease progression despite IS reduc-
tion, rituximab monotherapy is recommended. Addition of chemotherapy (CHOP-
based regimen) should not be delayed in patients with disease progression despite
this treatment or immediately in clinically aggressive PTLD. When chemotherapy
is given, prophylactic granulocyte colony-stimulating factor and anti-infectious
agents should be used. In case of central nervous system involvement, reduced IS
should be followed by local radiotherapy and steroids. High-dose methotrexate can
be considered in young patients. Surgery or radiotherapy may be adequate for
localized diseases. Treatment with EBV–CTL infusions, antiviral drugs, and/or
arginine butyrate, interferon or intravenous immunoglobulin should be currently
limited to clinical trials. In cases where the graft failed or has been removed,
retransplantation can be considered, if possible at least one year after PTLD
healing. After bone marrow/stem cell transplantation, recommendations are the
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following. Regarding prevention of EBV reactivation, recipients of allogeneic
grafts and graft donors should be tested for EBV serology, and antiviral agents and
immunoglobulin have no impact and are not recommended. For PTLD preemptive
therapy, high-risk patients after allogeneic transplant should be closely monitored
for EBV load and PTLD symptoms, and for preemptive treatment with rituximab
(1–2 doses), IS reduction or EBV–CTL should be considered in patients with high
viral load. Monitoring is not necessary in HLA identical without T-cell depletion
or auto transplantation. For PTLD treatment, rituximab (4–8 doses), IS reduction,
or EBV–CTL are recommended as first-line therapy. Chemotherapy is a second-
line treatment, while antiviral drugs are not recommended.

2.4 Conclusion

EBV-related PTLD are still a common complication after solid organ or stem cell
transplantation, with significant morbidity and mortality. Preemptive and curative
treatments have been clearly improved in the last decade, leading to specific
guidelines that are summarized in Fig. 1. Exact impact of such strategy on PTLD
incidence and patient/graft survival remains to be demonstrated in large multi-
centre prospective studies.

PTLD prevention 

Monitor EBV DNA 

High viral load 

In very high risk patients: 
consider rituximab or 
adoptive cell therapy 

In others : monitor 
frequently, reduce 

immunosuppression if 
possible  

PTLD treatment 

Biopsy and WHO  
classification, staging of the 

disease, EBV status and 
CD20 staining  

If possible, reduce or break 
off immunosuppression 

If localized : consider surgery 
or radiotherapy 

If early stage : monitor EBV 
DNA and tumor; if no 

response consider rituximab, 
chemotherapy or cell therapy 

If high grade : first line 
rituximab, consider early 

chemotherapy 

Fig. 1 According to specific
guidelines, algorithm for
EBV monitoring and
prevention, treatment, and
follow-up of EBV-related
PTLD in patients after solid
organ or bone marrow/stem
cell transplantation (adapted
from Heslop 2009 and Parker
et al. 2010)
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3 Other EBV-Associated Cancers

The principal cancers are listed in Table 3 with percentage of those attributable to
EBV. At least 200,000 new cases of EBV-related cancers arise every year.

3.1 Gastric Carcinoma

Despite association in less than 10 % of cases, EBV-associated gastric carcinoma
(EBVaGC) is the most frequent EBV-related cancer because of high frequency of
gastric carcinoma (Fukayama and Ushiku 2011). Two types are histologically
described, lymphoepithelioma-like carcinoma and ordinary gastric carcinoma, and
are characterized by the presence of EBV latent infection in the stomach neoplastic
cells. Clinical features include male predominance, preponderant proximal loca-
tion in the stomach, lower rate of lymph node involvement in early stages, and
relatively good prognosis as compared to EBV-negative gastric carcinoma (Chang
and Kim 2005; Chen et al. 2012; Murphy et al. 2009; Truong et al. 2009). Fre-
quency of EBVaGC is described in up to 25 % of remnant cancers after previous
gastrectomy (33 % after gastrojejunostomy, 12 % after gastroduodenostomy), and
cautious follow-up of these patients would therefore be part of the prevention
(Fukayama and Ushiku 2011). The pathogeny being based on methylation of
promoter region of many oncogenous genes induced by EBV latent membrane
protein 2A, better understanding of epigenetic modifications could lead to more
specific prevention and treatment, as recently exemplified with modulation of
WNT5A expression with methyltransferase inhibitor (Liu et al. 2012).

Current treatment relies on chemotherapy and surgery. Partial chemoresistance
to commonly used drugs (5-fluorouracil and docetaxel) induced by EBV infection
was, however, described in vitro (Seo et al. 2011; Shin et al. 2011). As one of the
effects of chemotherapy is to induce a switch from latent to lytic EBV cycle,
adding antiviral drugs as ganciclovir could improve results (Zhao et al. 2012).
Possible interest of endoscopic resection was recently described (Lee et al. 2012).

Table 3 Principal cancers possibly associated with EBV and attributable to new cases per year

Type of cancer % Attributable to EBV EBV ? new cases/year

Gastric carcinoma 9 % 84.050

Nasopharyngeal carcinoma 98 % 78.100

Hodgkin’s lymphoma 46 % 28.600

Burkitt’s lymphoma 82 % 6.700

Cohen et al. (2011) and Schiller and Lowy (2010)
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3.2 Nasopharyngeal Carcinoma

Etiology of NPC is multifactorial and includes genetic predisposition, EBV
infection, and environmental carcinogens (salted fish, lack of dietary vegetables,
and tobacco). NPC arises in Asia for more than 80 % of cases, with a male
predominance and an age peak between 40 and 50 years (Lee et al. 2012; Cao
et al. 2011). It is a highly malignant disease with early lymphatic spread and
distant metastases. Modernization of lifestyle has allowed a significant decrease in
incidence by more than 50 % in the last 3 decades, with a reduction in mortality of
about 60 %. Primary prevention remains, however, difficult, and the main objec-
tive is to diagnose the disease as early as possible because it could be silent for a
long time before overt disease. Indeed, patients with early-stage diseases (I and II)
have a 5-year survival rate of up to 94 % compared to 80 % in stages III and IV.
EBV serology is the basis for NPC screening, and detection of viral capsid antigen
(VCA)-IgA has a sensitivity and specificity of up to 90 % for the diagnosis.
Adding another serology, such as EBV nuclear antigen 1 (EBNA-1)-IgA or early
antigen (EA)-IgA, can improve prediction. High-risk subjects have VCA-IgA[1/
80 or VCA-IgA and EA-IgA [1/5 and should be retested every 6 months to
1 year. Patients with an intermediate risk, meaning VCA-IgA alone [1/5, should
be screened every 2–3 years and subjects with negative serology every 5 years
(Cao et al. 2011). This strategy allowed diagnosing NPC at stages I or II in more
than 80 % of cases in several studies. Adding nasopharyngoscopy can further
increase sensitivity. The role of EBV load monitoring remains to be determined.

Treatment relies first on megavoltage radiotherapy that has allowed and
increased in 5-year survival from 30 to 70 %. Adding chemotherapy is beneficial,
and concurrent chemotherapy is the more potent modality. On this basis, more
recent studies showed 5-year survival of 75 % or more, with locoregional control
of the disease in at least 90 % of cases. The interest of using induction and
concurrent radiotherapy is debated, and 5 randomized trials are ongoing. Finally,
the possibility to have personalized treatment based on tumor staging, plasma EBV
quantification, and different genes’ expression (epidermal growth factor receptor,
vascular endothelial growth factor, or excision repair cross-complementation
group 1) is under study.

3.3 Hodgkin’s and Burkitt’s Lymphoma

In both diseases, prevention mostly relies on early diagnosis. Hodgkin’s lymphoma
should be treated by current chemotherapy/radiotherapy protocols, according to
disease staging and risk factors (Ansell 2012; Parker et al. 2010). Localized dis-
ease may be successfully treated by radiotherapy alone. High-dose chemotherapy
followed by autologous stem cell transplantation is the rescue treatment in case of
relapse. Burkitt’s lymphoma is often treated with the CODOX–M/IVAC chemo-
therapy regimen (cyclophosphamide, vincristine, doxorubicin, high-dose
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methotrexate/lfosfamide, etoposide, and high-dose cytarabine). Radiotherapy has
been eliminated except in case of emergency. New therapeutic approaches include
rituximab, targeted cellular immune therapy, and small molecule inhibitors (Miles
et al. 2012).

3.4 T/NK Cell EBV-Associated Lymphoproliferative Diseases
in Non-immunocompromised Patients

These rare cancers are aggressive diseases, occurring more often in young age and
leading to death in about 44 % of cases (Kimura et al. 2012). They are classified
into 4 sub-types: chronic active EBV disease, hemophagocytic lymphohistiocy-
tosis, severe mosquito bite allergy, and hydroa vacciniforme. Prevention is until
now impossible. Globally, treatment with chemotherapy, immunomodulators, or
antiviral agents gives poor results and best outcome is obtained after hematopoi-
etic stem cell transplantation with sustained complete response in 57–63 % of
cases. Higher mortality rate is associated with age[8 years and liver dysfunction
at diagnosis. Probability of survival after transplantation was higher in patients
transplanted at a younger age with inactive disease at the time of transplant. These
diseases arise often in young children, and the possibility to treat them with high
doses of mother’s lymphocyte infusion was studied in 5 patients, with complete
response in 3 and partial response in 2 (Wang et al. 2010). The in vitro killing
effect of a combination of valproic acid and bortezomib on the T/NK proliferating
cells was recently described and could be an option for future treatment (Iwata
et al. 2012).

4 EBV Vaccination

As described above, more than 200,000 EBV-related cancers arise every year and
EBV vaccination would be a major progress in prevention and public health
(Cohen et al. 2011; Schiller and Lowy 2010). The largest study about EBV vaccine
was done with a recombinant gp350 vaccine delivered in alum/monophosphoryl A
adjuvant (Sokal et al. 2007). Vaccination did not protect against infection in this
placebo-controlled study involving 181 EBV-naïve adults, but significantly reduce
the incidence of IM by 78 %. A small study of healthy subjects showed immu-
nogenicity of an EBNA-3 peptide with tetanus toxoid and water oil adjuvant with
virus specific T-cell response, but was not studied further (Elliott et al. 2008).
Therapeutic vaccination is also under investigation, and an EBNA-1/LMP-2
vaccine was able to induce immunity in NPC patients (Long et al. 2011). Until
now, no vaccines were able to give sterilizing immunity and to completely prevent
EBV infection. However, such a result is perhaps not necessary for prevention of
EBV-related malignancies, which are mostly associated with high EBV load.
Vaccination reducing IM and/or viral load could per se be efficient in prevention of

186 F. Smets and E. M. Sokal



following malignancies. Recommendations are to reinforce research in the field
(Cohen et al. 2011; Schiller and Lowy 2010).
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HTLV-1 and Leukemogenesis: Virus–
Cell Interactions in the Development
of Adult T-Cell Leukemia

Linda Zane and Kuan-Teh Jeang

Abstract

Human T-cell lymphotropic virus type 1 (HTLV-1) was originally discovered
in the early 1980s. It is the first retrovirus to be unambiguously linked causally
to a human cancer. HTLV-1 currently infects approximately 20 million people
worldwide. In this chapter, we review progress made over the last 30 years in
our understanding of HTLV-1 infection, replication, gene expression, and
cellular transformation.
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1 Introduction

Human T-cell lymphotropic virus type 1 (HTLV-1) is the first identified human
retrovirus. This virus belongs to the Deltaretrovirus genera of the Orthoretrovirinae
subfamily which includes HTLV-2, HTLV-3, HTLV-4 (Mahieux and Gessain 2005;
Mahieux and Gessain 2009), Bovine Leukemia Virus (BLV), and Simian T-cell
lymphotropic virus (STLV). The virus was discovered in 1980–1981 by analyzing T
cells from a patient suffering T-cell leukemias (ATL) (Poiesz et al. 1980; Hinuma
et al. 1981; Miyoshi et al. 1981; Yoshida 1982; Watanabe et al. 1983; Gallo 2005).
ATL is a rapidly fatal disease first described in Japan (Takatsuki 2005). Since then, a
causal association between HTLV-1 and ATL has become firmly established (Gallo
2005). To date, HTLV-1 is the only known retrovirus that is directly linked to a
human cancer. In addition to this cancer link, the virus can also cause inflammatory
diseases such as HTLV-1-associated Myelopathy (HAM)/tropical spastic parapa-
resis (TSP), uveitis, infective dermatitis, and myositis (Gessain 2011; Goncalves
et al. 2010).

2 HTLV-1 Infection

2.1 Epidemiology

Approximately 20 million people worldwide are infected with HTLV-1 (Proietti
et al. 2005). However, HTLV-1 is not evenly distributed throughout the world.
Indeed, the areas of highest prevalence of HTLV-1 are mainly southern Japan, the
Caribbean islands, parts of South America and Central Africa, with foci in the
Middle East, and Australia (Goncalves et al. 2010). This geographic distribution of
HTLV-1 with some clustering of regions with high prevalence is still not under-
stood (Proietti et al. 2005). Among HTLV-1-infected people, 2–5 % will develop
ATL after a long latency period of 30–60-year post-infection; by comparison,
approximately 0.25–5 % of the infected individuals will develop HAM/TSP. The
development of ATL or TSP/HAM is not influenced by the subtype of HTLV-1
infection (Watanabe 2011; Ono et al. 1994). Indeed, while six subtypes of HTLV-1
(subtypes A-F) have been reported, the great majority of infections are caused by
the cosmopolitan subtype A.

HTLV-1 has 3 modes of transmission: (1) mother to child, mainly through
prolonged breastfeeding ([6 months); sexual, (2) mainly but not exclusively
occurring from male to female; and (3) by blood products contaminated with
infected lymphocytes (Goncalves et al. 2010; Matsuura et al. 2010). Male indi-
viduals and those infected in their early childhood are at the highest risk of
developing ATL (Goncalves et al. 2010; Matsuura et al. 2010).
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2.2 Tropism and Receptors

In vitro, HTLV-1 can infect many cell types including several non-lymphoid
tumor cell lines such as human osteogenic sarcoma cells, lung cells, cervical
carcinoma cells (HeLa), human gastric HGC-27 cells, human promyelocytic leu-
kemia HL60 cells, as well as primary endothelial cells, monocytes, microglial
cells, and mammary epithelial cells (Clapham et al. 1983; Hayami et al. 1984; Ho
et al. 1984; Hiramatsu et al. 1986; Akagi et al. 1988; LeVasseur et al. 1998).
However, in vivo, HTLV-1 is found primarily in CD4+ and CD8+ T lymphocytes
(Nagai et al. 2001) and less frequently in other cell types such as monocytes,
endothelial cells, myeloid, and plasmacytoid dendritic cells (Macatonia et al. 1992;
Koyanagi et al. 1993; Jones et al. 2008), and CD34+ hematopoietic progenitor
cells (Banerjee et al. 2008, 2010; Feuer et al. 1996; Grant et al. 2002; Tripp et al.
2003, 2005). Until the discovery of the glucose transporter GLUT1 as a receptor
for HTLV-1 in 2003, little was known about the entry receptors for HTLV-1
(Manel et al. 2003). Currently, the published data from different laboratories
support the idea of a multireceptor model for HTLV-1 entry (Fig. 1). Three cell
surface proteins have been found to be involved in HTLV-1 entry: glucose
transporter 1 (GLUT1), neuropilin-1 (NRP-1), and heparan sulfate proteoglycans
(HSPG) (Jones et al. 2011). The following steps possibly explain HTLV-1 entry
into cells. First, the surface subunit (SU) of the virally encoded envelope glyco-
protein interacts with the heparan sulfate proteoglycans/neuropilin-1 complexes.
Next, these interactions trigger conformational changes of the SU which are fol-
lowed by the binding of the SU to GLUT1, and finally membrane fusion occur to
allow the entry of the virus into the target cell (Jones et al. 2005, 2011; Pinon et al.
2003; Ghez et al. 2006; Lambert et al. 2009).

Fig. 1 A multireceptor model for HTLV-1 entry. HSPG = heparan sulfate proteoglycans;
SU = the subunit of HTLV-1 envelope glycoprotein; NRP-1 = neuropilin-1; GLUT-1 = glucose
transporter 1; CTD = C-terminal domain; RBD = receptor-binding domain; PRR = proline-rich
region. This drawing is modified after Jones et al. (2012) (Jones et al. 2011)
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2.3 Viral Replication

At the cellular level, HTLV-1 is transmitted via two major routes: through cell-to-
cell contact (horizontal transmission) and via clonal expansion of HTLV-1-
infected cells (vertical transmission).

2.3.1 Cell-to-Cell Transmission
Naturally infected T lymphocytes produce little to no free viral particles, and the
infectivity of these cell-free particles is very low. In vivo, HTLV-1 intercellular
transmission, i.e., horizontal, reverse-transcription-based replication, requires
close cell-to-cell contact. To date, three mechanisms have been reported in the
literature (Fig. 2). First, in 2003, Igakura et al. showed the formation of a ‘‘viro-
logical synapse,’’ composed of viral and cellular molecules, at the point of contact
between the HTLV-1-infected and recipient target cells (Igakura et al. 2003;
Nejmeddine et al. 2005). Second, Pais-Correia et al. described that after viral
budding, HTLV-1 virions are retained on the cell surface of infected cells in
extracellular viral assemblies composed of collagen, agrin, and linker proteins

Fig. 2 Mechanisms of cell-to-cell transmission of HTLV-1. This drawing is modified after
Yasunaga and Matsuoka (2011)
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such as tetherin and galectin-3 (Pais-Correia et al. 2010). When HTLV-1-infected
cells attach to uninfected cells, the viral particles contained in these extracellular
biofilm-like structures are rapidly transferred to the surface of the target cells,
resulting in infection (Pais-Correia et al. 2010). Third, it was recently demon-
strated by Franchini and colleagues that HTLV-1 encodes a protein, p12I, in its pX
region. The processing of p12I generates p8I. This protein increases T-cell contact
by clustering lymphocyte function-associated antigen-1 (LFA-1); it promotes T-
cell conjugation through LFA-1 and intercellular adhesion molecule 1 (ICAM-1)
interaction; and it enhances HTLV-1 cell-to-cell transmission by inducing the
formation of cellular conduits (Van Prooyen et al. 2010; Fukumoto et al. 2009).

2.3.2 Clonal Expansion
HTLV-1 infection is associated with an elevated proviral load, very low cell-to-
cell transmission rate, and high viral genetic stability. This high genetic stability of
HTLV-1 (and other deltaretroviruses) is due to its replication in vivo via ‘‘the
clonal expansion of infected cells’’ (Wattel et al. 1995; Cavrois et al. 1996;
Cavrois et al. 1996; Wattel et al. 1996; Zane et al. 2009). Indeed, instead of using
the error-prone viral RT, the HTLV-1 genome is propagated as an integrated
provirus that is replicated during cellular DNA synthesis. Since HTLV-1 mostly
integrates randomly into the host genome, sequential analyses of integration sites
have verified that the proliferation of HTLV-1-infected cells is clonal and per-
sistent (Etoh et al. 1997; Cavrois et al. 1998). In some animal models [e.g.,
experimentally infected squirrel monkeys (Saimiri sciureus) and sheep with
HTLV-1 and BLV, respectively], it has been shown that deltaretrovirus infection is
a two-step process that includes an early (primo-infection) and transient phase of
reverse transcription, before the establishment of an immune response, followed
by the persistent multiplication of infected cells by clonal expansion (Mortreux
et al. 2001; Pomier et al. 2008). The clonal cells survive over time, and it has been
found that ATL originates from one of these clones present during the primo-
infection (Moules et al. 2005).

2.4 Viral Expression

As shown in Fig. 3, the HTLV-1 proviral genome contains retroviral structural and
non-structural genes. The viral gag, pro, pol, and env genes are flanked by the long
terminal repeats (LTR) at both ends, and a region named pX is located between
env and the 30 LTR. The 50 LTR serves as the viral promoter for transcription. The
Pol open reading frame encodes reverse transcriptase, protease, and integrase. Gag
provides the virion core proteins, and Env is used for viral infectivity. The pX
region contains four partially overlapping open reading frames (ORFs); and
through the use of alternative splicing and internal initiation codons, it encodes
several regulatory proteins. Orf-I produces the p12I protein which can be pro-
teolytically cleaved at the amino terminus to generate the p8I protein, while dif-
ferential splicing of mRNAs from orf-II results in the production of the p13II and
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p30II proteins. Orf-III and orf-IV encode the Rex and Tax proteins, respectively;
and an antisense mRNA transcribed from the 30 LTR generates the HTLV-1 basic
leucine zipper (HBZ) protein. Below, we will discuss in brief the roles of Tax and
HBZ on the induction and the maintenance of leukemogenesis, respectively
(Matsuoka and Jeang 2007).

3 Tax Expression Dictates the Fate
of HTLV-1-infected Cells

Expression of the viral Tax oncoprotein is sufficient to immortalize T cells
(Grassmann et al. 1992), transform rodent cells (Tanaka et al. 1990), and induce
tumorigenesis in mouse models (Hinrichs et al. 1987; Nerenberg et al. 1987; Green
et al. 1989; Iwakura et al. 1991; Kwon et al. 2005; Hasegawa et al. 2006; Fu et al.
2011). Recently, Banerjee et al. have reported on the transformation of human
cells into leukemic cells. Using immune-deficient NOD/SCID mice, they showed
that CD4+ lymphomas can arise from mice that are injected with CD34+hema-
topoietic progenitor stem cells transduced to express Tax (Banerjee et al. 2010).
These data raise the notion that a target of Tax transformation may be the CD34+
hematopoietic progenitor stem cells, instead of and perhaps in addition to the
currently considered mature CD4+ or CD8+ T lymphocytes.

Fig. 3 The HTLV-1 proviral genome showing the expression of various spliced transcripts and
the open reading frames (ORFs) that they encode. This drawing is modified from Matsuoka and
Jeang (2007)
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To become tumorigenic, cells have to grow more rapidly than non-transformed
cells. The tumorigenic cells accumulate genetic changes (clastogenic damage or
aneuploidy) and enforce the propagation of these aberrant changes by neutralizing
the cell cycle checkpoints. To be effective, tumorigenic cells must also evade the
host’s immune responses (Hanahan and Weinberg 2000, 2011).

Data from multiple laboratories over the past 25 years have begun to shed light
on how Tax confers growth advantage to HTLV-1-infected cells, and how this
viral oncoprotein triggers DNA damage accumulation and inhibits the cell cycle
checkpoints during its transformation of a normal cell into a leukemic cell (Fig. 4).

3.1 Tax Promotes the Survival and the Proliferation
of HTLV-1-infected Cells

3.1.1 Tax and Apoptosis and Senescence
Like other oncogenes, Tax confers pro-proliferative and pro-survival properties to
cells (Schmitt et al. 1998; Xiao et al. 2001; Iwanaga et al. 2008). Curiously, its
expression also has been reported to trigger apoptosis (Yamada et al. 1994;
Chlichlia et al. 1995; Fujita and Shiku 1995; Chen et al. 1997; Hall et al. 1998;
Kao et al. 2000; Nicot and Harrod 2000) and senescence (Kinjo et al. 2010; Yang
et al. 2011; Zhi et al. 2011). These apparently contradictory findings are reconciled
if one realizes that Tax performs a single signaling event that differentially elicits
either a growth or death/senescence response depending on the context of the cell.
Thus, the Tax signal for cells to grow capably stimulates cellular to proliferation
under physiologically conditions favorable for growth conditions. On the other
hand, under austere conditions that are non-permissive for cellular growth, the
same Tax proliferative signal presumably attempts to initiate an increased meta-
bolic program that cannot be consummated and instead the cells react by com-
mitting apoptosis or entering senescence (Kasai and Jeang 2004). Stated another
way, Tax signaling is always intended to promote cell division. Cells, depending
on context, can respond to that dictate to proliferate by growing or by executing
apoptosis/senescence. Thus, Tax does not have two countervailing and contra-
dictory functions; rather, it is the same function that elicits two different cellular
outcomes (proliferation versus apoptosis/senescence) depending on the status of
the infected cell (Jeang 2010; Boxus and Willems 2012). In vivo, because HTLV-1
infection ultimately leads to leukemogenesis and T-cell proliferation in some
individuals, in these persons, it is clear that the prevailing effect of Tax is pro-
proliferative and anti-apoptotic (Copeland et al. 1994; Kishi et al. 1997; Arai et al.
1998; Mulloy et al. 1998; Kawakami et al. 1999); in others who do not develop
ATL, it is possible that apoptotic/senescent cellular responses predominate. For
understanding the process of leukemogenesis, Tax’s activity on factors such as p53
(Mulloy et al. 1998; Haoudi and Semmes 2003; Jung et al. 2008) and NF-kB is

HTLV-1 and Leukemogenesis 197



consistent with the requirements in transformed cells of activating anti-apoptotic
genes and suppressing pro-apoptotic genes (Kawakami et al. 1999; Tsukahara
et al. 1999; Nicot et al. 2000; Mori et al. 2001; Pise-Masison et al. 2002; Krueger
et al. 2006; Okamoto et al. 2006; Waldele et al. 2006).

Fig. 4 Multistep processes that lead to the transformation of normal hematopoietic cells into
ATL cells. The scheme incorporates the concept that ATL leukemogenesis is induced by Tax.
This drawing is modified from Matsuoka and Jeang (2011)
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3.1.2 Tax and NF-jB
NF-jB is a major survival factor engaged by HTLV-1. NF-jB is constitutively
active in most tumor cells, and its suppression inhibits the growth of tumor
(Chaturvedi et al. 2011; Perkins 2012). Although tightly controlled in normal cells,
including T cells, NF-jB is constitutively activated in both transformed and
untransformed HTLV-1-infected cells (Watanabe et al. 2005; Qu and Xiao 2011).

The NF-jB family of transcription factors has five closely related DNA-binding
proteins (RelA (p65), RelB, c-Rel, NF-jB1/p50, and NF-jB2/p52) that can form
various homodimers and heterodimers to regulate the transcription of genes con-
taining jB motifs in their promoters. Latent or unstimulated cells sequester NF-jB
dimers in the cytoplasm using inhibitors of kappa B (IjBs) proteins such as IjBa
and p100. Upon activation, IjBs are degraded (canonical pathway) or p100 is
processed to generate p52 (non-canonical pathway) leading to the translocation of
active NF-jB proteins into the nucleus to activate transcription (Qu and Xiao
2011; Rauch and Ratner 2011). In the canonical pathway, IjBa degradation
requires its phosphorylation by a specific IjB kinase (IKK) complex composed of
two catalytic subunits IKKa (or IKK1) and IKKb (or IKK2), and a regulatory
subunit IKKc (or NEMO). This phosphorylation results in rapid ubiquitination and
proteasomal degradation of IjBa, allowing RelA (or p65), and other NF-jB
members to localize to the nucleus in order to induce gene expression. In the non-
canonical NF-jB pathway, IKKc is specifically recruited into the p100 complex to
phosphorylate p100, leading to p100 ubiquitination and processing to p52 which
then associates with NF-jB-binding partners and translocates into the nucleus to
induce or repress gene expression (Qu and Xiao 2011).

Work from many investigators has shown that Tax activates both canonical and
non-canonical NF-jB signaling pathways in HTLV-1-infected cells (Xiao et al.
2001; Iha et al. 2003; Qu and Xiao 2011). Tax persistently activates IKK through
binding to IKKc, leading to the degradation of IjBa (canonical pathway) (Chu
et al. 1999; Harhaj and Sun 1999; Jin et al. 1999; Xiao et al. 2000); and Tax
promotes the formation of an IKKa-IKKc-p100 complex followed by the pro-
cessing of the NF-jB p100 precursor protein to its active p52 form (non-canonical
pathway) (Xiao et al. 2001). Tax also binds to and increases the stability and
activity of NF-jB (Hirai et al. 1992; Suzuki et al. 1993; Suzuki et al. 1994)
and inactivates NF-jB inhibitors (Maggirwar et al. 1995; Suzuki et al. 1995; Good
and Sun 1996; McKinsey et al. 1996; Petropoulos et al. 1996).

Recently, two independent studies using two different Tax transgenic mouse
models have revealed that Tax-induced tumorigenesis is dependent on the NF-jB
pathway and that both canonical and non-canonical NF-jB pathways are involved
in this process (Kwon et al. 2005; Fu et al. 2011). The first study used mice
expressing a wild-type Tax or a mutant form of Tax that is unable to activate the
NF-jB pathway. A lethal cutaneous disease that shares several features in common
with the skin disease that occurs during the preleukemic stage in HTLV-1-infected
patients developed in the wild-type Tax–expressing mice (Kwon et al. 2005). In
the second study, the investigators found that the genetic knockout of the NF-jB2
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gene alone dramatically delayed tumor onset in Tax-expressing transgenic mice
(Fu et al. 2011).

3.1.3 Tax and the Cell Cycle
Progression through the cell cycle is a tightly controlled process regulated by
interactions between cyclins and cyclin-dependent kinases (CDKs). Tax deregu-
lates the progression of infected cells through different phases of the cell cycle,
especially the progression through G1.

Tax propels the cell through G1 by increasing the formation of complexes of
cyclin D/CDK4, cyclin D/CDK6, and cyclin E/CDK6 via several mechanisms
(Marriott and Semmes 2005). First, Tax can transcriptionally activate the expression
of cyclins D2 (Akagi et al. 1996; Santiago et al. 1999; Iwanaga et al. 2001) and E
(Iwanaga et al. 2001), CDK2 and 4 (Iwanaga et al. 2001), and transcriptionally
repress CKIs such as p18INK4c, p19INK4D, and p27KIP1 (Suzuki et al. 1999; Iwanaga
et al. 2001). Additionally, Tax can directly bind CDK4 (Haller et al. 2002; Fraedrich
et al. 2005) and p16INK4a, thereby preventing the inhibitory p16INK4a molecule from
binding to CDK4 and CDK6 (Low et al. 1997). Finally, Tax directly binds the
retinoblastoma (RB) protein, which is a target substrate of cyclin D/CDK4/CDK6
and cyclin E/CDK2 complexes, and triggers proteosomal degradation of the RB
protein; this then leads to the release of the E2F1 transcription factor from RB and
the transcription of E2F1-responsive genes whose products are necessary for pas-
sage of the cells through G1 into S phase (Kehn et al. 2005). Moreover, it has also
been reported that Tax expression activates the transcription of the E2F1 gene (Mori
1997; Lemasson et al. 1998; Ohtani et al. 2000).

Another fundamental property of Tax is that it can inhibit the G1/S checkpoint
to allow cell cycle progression to happen even with the presence of DNA damage
(Marriott and Semmes 2005). Accordingly, Tax can inhibit p53 activity which
functions to monitor DNA structure integrity at the G1/S transition (Tabakin-Fix
et al. 2006).

3.2 Tax-Expressing Cells Accumulate DNA Damage

Genetic instability of HTLV-1-infected cells generates the acquisition of eight
biological changes predicted to be needed for the multistep development of ATL
(Hanahan and Weinberg 2000, 2011). Two major types of genetic instability include
the loss of DNA repair capabilities and the loss of euploidy. Indeed, Tax is able to
disrupt normal cellular processes of DNA repair and chromosomal segregation
(Majone et al. 1993; Saggioro et al. 1994, 1996; Lemoine and Marriott 2002).

3.2.1 Tax and Clastogenic Damage
The chromosomes in ATL cells show clastogenic damage (Marriott et al. 2002).
Tax engenders direct DNA damage by increasing reactive oxygen species (Kinjo
et al. 2010) and/or by inhibiting p53 checkpoint function (Tabakin-Fix et al. 2006).
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Two major mechanisms have been hypothesized to explain Tax-abrogation of p53
function. One model suggests that there is a competition between p53 and Tax for
binding to the transcription coactivator CREB–binding protein (CBP)/p300
(Ariumi et al. 2000); a second model suggests that Tax activation of NF-jB is
required for its inactivation of p53 (Miyazato et al. 2005). More recent data
suggest that neither model satisfactorily explain Tax-p53 functional interaction,
leaving incompletely answered the question of how Tax disables p53 function.

3.2.2 Tax and Aneuploidy
The majority of cancer cells including ATL cells are aneuploid. Aneuploidy has
been proposed to be a cause of transformation. It has been shown that Tax can
induce aneuploidy via several mechanisms. Tax can directly trigger chromosomal
separation errors in two ways. First, Tax has been shown to cause multipolar
mitosis (Peloponese et al. 2005; Ching et al. 2006; Nitta et al. 2006). Tax can also
induce aberrant centrosomal multiplication by targeting the cellular TAX1BP2
protein, which normally blocks centriole over-duplication (Ching 2006). Second,
during mitosis, Tax engages RANBP1 and fragments spindle poles, provoking
multipolar segregation (Peloponese et al. 2005). Moreover, Tax has also been
shown to promote premature mitotic exit by binding and activating the anaphase-
promoting complex/cyclosome (APC/C). Finally, Tax-expressing cells are lost for
the ‘‘aneuploidy’’ checkpoint in mitosis because of Tax-mediated inactivation of
the critical spindle assembly checkpoint protein, Mad1 (Liu et al. 2005; Jin et al.
1998).

4 ATL

4.1 Absence of Tax Expression and Evasion of the Host’s
Immune Surveillance

HTLV-1 chronic infection arises when an equilibrium is established between viral
virulence and the host immunity. HTLV-1 requires Tax expression to transform
cells, but Tax is also the main target of the host’s cytotoxic T Lymphocytes (CTLs)
(Jacobson et al. 1990; Kannagi et al. 1991; Elovaara et al. 1993; Yamano et al.
2002). Thus, biologically, the virus has to evolve a process to control Tax
expression to evade the host’s immune surveillance. Early after infection, the
current view is that Tax is needed to initiate the cascade of events leading to
transformation. On the other hand, Tax-expressing cells immediately become
recognized as foreign entities and are targeted by the host’s immune system
(cytotoxic T cells, CTL) for elimination. Accordingly, a balance has to be reached
between growth advantage conferred by Tax to the cell and the susceptibility of
the same cell to CTL killing. Early in virus infection when growth advantages
conferred by Tax outweigh CTL killing, Tax expression is maintained in virus-
infected cells; later in infection, the opposite may be the case which then explains
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why most HTLV-1 transformed cells become silenced for Tax expression. Thus, it
is currently considered that although Tax is needed early to initiate transformation,
when cells become transformed, Tax is no longer needed for maintenance of
transformation. Given that situation and the need to evade CTL killing, it is not
surprising that in ATLs cells late in the course of virus infection, more than 60 %
of such cells show no detectable Tax transcripts (Takeda et al. 2004; Taniguchi
et al. 2005; Miyazaki et al. 2007). While it is still not fully understood how Tax
expression is silence, some of this likely occurs from genetic changes in the Tax
gene (Furukawa et al. 2001; Takeda et al. 2004), epigenetic changes in the viral
promoter in the 50LTR (DNA hypermethylation and histone modifications) (Koiwa
et al. 2002; Takeda et al. 2004; Taniguchi et al. 2005), and/or deletion of 50LTR
sequences (Tamiya et al. 1996).

4.2 HBZ Expression

The mechanism of how cells acquire Tax-independent proliferation is not com-
pletely understood. One explanation is that the genetic host chromosomal changes
accumulated over time in HTLV-1-infected cells may have conferred sufficient
virus-independent transformation/growth properties to those cells. An additional
explanation may be the expression of the viral HBZ transcript/protein. Indeed,
HBZ mRNA is highly expressed in ATL cells (Murata et al. 2006; Satou et al.
2006; Miyazaki et al. 2007). Using in vivo models, it has been shown that HBZ is
expressed later than Tax in the infected cell, and its expression increases over time
(Li et al. 2009). In contrast to Tax, HBZ sequence is not mutated in ATL cells (Fan
et al. 2010), and the 30LTR containing its promoter remains intact (Taniguchi et al.
2005; Fan et al. 2010). Moreover, although HBZ is an immunogenic protein, HBZ-
specific CTLs seem unable to efficiently eliminate HTLV-1-infected cells
(Suemori et al. 2009). HBZ further promotes virus-infected cell to proliferate late
in infection (Satou et al. 2006), and its silencing of viral expression appears to
enhance virus-infected cells to escape the host’s immune response (Gaudray et al.
2002). The complementary expression patterns of Tax and HBZ suggest that Tax
and HBZ may act early and late, respectively, in virus infection with the former
used to initiate transformation and the latter utilized to maintain the transformed
phenotype of ATL cells.

5 Concluding Remarks

Despite robust progress, several questions regarding ATL leukemogenesis remain
unresolved. First, what is the true cellular target of virus/Tax transformation? To
date, only human CD34+ hematopoietic progenitor stem cells have been suc-
cessfully transformed by Tax while other differentiated human primary cells have
been refractory to Tax-mediated transformation. Thus, it is unclear what cellular
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factor differences between progenitor versus differentiated human cells govern
Tax-induced transformation? Second, how does Tax fully inactivate p53 function?
As mentioned above, current hypotheses on how Tax inactivates p53 appears to be
unsatisfactory. Third, what factors are needed for the initiation of ATL versus
those needed for maintenance of ATL? One anticipates that progress will be made
on these and other questions in the coming years.
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Prevention of Human T-Cell
Lymphotropic Virus Type 1 Infection
and Adult T-Cell Leukemia/Lymphoma

Makoto Yoshimitsu, Yohann White and Naomichi Arima

Abstract

Adult T-cell leukemia/lymphoma (ATLL) is a highly aggressive peripheral
T-cell malignancy that develops after long-term chronic infection with human
T-cell lymphotropic virus type-1 (HTLV-1). Despite the recent advances in
chemotherapy, allogeneic hematopoietic stem cell transplantation (alloHSCT),
and supportive care, the prognosis for patients with ATL is one of the poorest
among hematological malignancies; overall survival (OS) at 3 years is only
24 % in the more aggressive subtypes of ATLL. HTLV-1 is a human retrovirus
infecting approximately 10–20 million people worldwide, particularly in
southern and southeastern Japan, the Caribbean, highlands of South America,
Melanesia, and Equatorial Africa. Despite this high frequency of human
infection, only 2–5 % of HTLV-1-infected individuals develop ATLL. Three
major routes of viral transmission have been established: (1) mother-to-child
transmission through breast-feeding; (2) sexual transmission, predominantly
from men to women; and (3) cellular blood components. Multiple factors
(e.g., virus, host cell, and immune factors) have been implicated in the
development of ATLL, although the underlying mechanisms of leukemogenesis
have not been fully elucidated. No preventive vaccine against HTLV-1 is
currently available, and interrupting the well-recognized primary modes of
HTLV-1 transmission is the mainstay of ATLL prevention. Prevention of
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mother-to-child transmission through the replacement of breast-feeding has
been shown to have the most significant impact on the incidence of HTLV-1
infection, and public health policies should consider the risk of malnutrition,
especially in developing countries where malnutrition is the significant cause of
infant mortality.
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1 Introduction of Prevention of HTLV-1 and Adult
T-Cell Leukemia/Lymphoma

Human T-cell lymphotropic virus type 1 (HTLV-1) was first discovered as the
human retrovirus causally linked to the T-cell hematological malignancy and adult
T-cell leukemia/lymphoma (Poiesz et al. 1980; Yoshida et al. 1982). The virus is
transmitted through contact with body fluids containing HTLV-1-infected cells,
mostly from mother-to-child transmission through breast-feeding or through blood
transfusions. Adult T-cell leukemia/lymphoma (ATLL) develops after a prolonged

212 M. Yoshimitsu et al.



incubation period in a minority of individuals infected with HTLV-1, and strate-
gies aimed at preventing ATLL are based on interrupting HTLV-1 transmission.
Firstly, interrupting HTLV-1 transmission by screening for HTLV-1 among blood
donors and restricting breast-feeding by mothers who are HTLV-1 carriers have
been the primary public health approaches in HTLV-1 endemic areas. The second
strategy, although intuitive but that has yet to be realized due to a lack of effective
modalities, is the prevention of progression to ATLL among HTLV-1 carriers.
Approximately 90 % of HTLV-1 carriers remain as healthy uninfected individuals
throughout their lifetime, and there are no clear predictors of progression to ATLL.
In addition, preventive strategies such as vaccination could theoretically lead to
preventive strategies based on our current understanding of immune-mediated
disorders also known to be linked to HTLV-1, including HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP).

2 Epidemiology of HTLV-1 Infection

2.1 Worldwide

Nearly 20 million people worldwide are estimated to be infected with HTLV-1 (de
The and Kazanji 1996). Among them, only less than 10 % develops HTLV-1-related
disorders, including adult T-cell leukemia/lymphoma throughout their lifetime. A
number of studies investigating the geographical and ethno-epidemiological dis-
tribution of the virus have been conducted over the last 3 decades (Goncalves et al.
2010; Sonoda et al. 2011) and have revealed that southwestern Japan, parts of Africa,
the Caribbean Islands, and Central and South America are the endemic areas. In
Europe and North America, infection with HTLV-1 is predominantly found in
immigrant populations originating from endemic countries.

2.2 Japan

A recent seroprevalence study has revealed that the estimated number of HTLV-1
carriers in Japan is at least 1.08 million (Satake et al. 2012). This is 10 % lower
than that reported in 1988. The estimated prevalence rates were 0.66 % in men and
1.02 % in women.

3 Mode of Transmission and Clinical Outcome

The primary modes of infection with HTLV-1 have been well described; namely (1)
mother-to-child transmission, mainly via breast-feeding (Kinoshita et al. 1987;
Yamanouchi et al. 1985); (2) sexual transmission, predominantly from men to
women (Murphy et al. 1989; Tajima et al. 1982); and (3) through cellular blood
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components (Okochi and Sato 1984). Studies suggest an association between the
mode of infection and the type of HTLV-1-associated disease seen. ATLL has been
mainly associated with acquiring infection through breast-feeding, and HAM/TSP
with acquiring infection through blood transfusions (Osame et al. 1990). Reports of
ATLL cases occurring in patients infected through blood transfusion are few (Chen
et al. 1989). The risk of transmission from mother to child during breast-feeding has
been estimated to be 20 % (Hino et al. 1985), while the risk of transmission during
pregnancy or the peripartum period was estimated to be less than 5 % (Fujino and
Nagata 2000). ATLL development may be linked to a prolonged period of infection
with HTLV-1 acquired through vertical transmission.

4 Epidemiology of Adult T-Cell Leukemia/Lymphoma

Only a small proportion of HTLV-1 carriers develop ATLL after a long latency
period. Despite the wide geographical distribution, data on the incidence and prev-
alence of ATLL, except for Japan, are scarce. Furthermore, it is likely that existing
reports may be underestimating the prevalence of lymphoma subtype especially due
to similarities in clinical presentation compared with other T-cell lymphomas and
limited diagnostic capabilities in resource-poor settings. Among the Japanese pop-
ulation, the incidence of ATLL among carriers is estimated to be between 4.5 and
7.3 % in men and 2.6 and 3.5 % in women (Koga et al. 2010; Kondo et al. 1989;
Tokudome et al. 1989). ATLL is reported to develop among individuals predomi-
nantly in their fifth decade of life in Japan (Takatsuki et al. 1996), whereas in Jamaica
and Brazilian series, patients tend to present with the disease in the fourth decade of
life, suggesting that other immunological or host genetic factors may play a role in
the pathogenesis of ATLL (Gibbs et al. 1987; Pombo de Oliveira et al. 1995).

5 Mechanisms of HTLV-1 Transmission

HTLV-1 can infect a wide variety of human cell types in vitro (Koyanagi et al. 1993;
Sommerfelt et al. 1988), and its presumed receptor is therefore thought to be a widely
expressed molecule. Glucose transporter-1 (GLUT1), heparin sulfate proteoglycan
(HSPG), and neuropilin-1 have been reported to be involved in the interaction
between the viral envelop and the host cell membrane, and for viral entry into the
target cells (Jones et al. 2005; Lambert et al. 2009; Manel et al. 2003). The current
model postulates that HTLV-1 particles first come into contact with HSPG, followed
by recruitment of the HTLV-1/HSPG complex by neuropilin-1, finally interacting
with GLUT1. Formation of the HSPG/neuropilin-1/GLUT1 complex appears to be
essential for the fusion of the viral envelope and host cell membrane and viral entry.

Cell-free HTLV-1 virions are poorly infectious in vitro for most of cell types,
including their primary target cells, CD4 T-cells. Direct cell-to-cell contact
appears to be essential for HTLV-1 infection, except for myeloid and plasmacytoid
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dendritic cells (DCs), which appear to be susceptible to infection by cell-free
HTLV-1 virions (Jones et al. 2008). DCs may therefore play an important role in
transmission, possibly facilitating spread during contact between breast milk and
the infant’s gastrointestinal mucosa.

Three major mechanisms of cell-to-cell transmission of HTLV-1 have been
proposed: (1) HTLV-1-infection of lymphocytes results in polarization of their
microtubules and viral components upon contact with other T-cells, forming a so-
called virological synapse (Igakura et al. 2003); (2) HTLV-1-infected cells pro-
duce and transiently store viral particles in extracellular adhesive structures rich in
extracellular matrix components, including collagen and agrin, and cellular linker
proteins, such as tetherin and galectin-3, similar to bacterial biofilms. Extracellular
viral assemblies then rapidly adhere to other cells upon contact, allowing viral
spread and infection of target cells (Pais-Correia et al. 2010); and (3) the HTLV-1–
pX region-encoded p8 protein increases T-cell conjugation through lymphocyte
function-associated antigen-1 clustering. In addition, p8 induces cellular conduits
among T-cells and increases viral transmission (Van Prooyen et al. 2010).

6 Prevention of Transmission of HTLV-1

The prognosis for ATLL remains one of the worst among hematological malig-
nancies, even with the best available therapies, and no preventive vaccine against
HTLV-1 is currently available. Prevention of transmission of HTLV-1 is therefore
an important strategy in preventing ATLL.

6.1 Prevention of Vertical Transmission

Based on retrospective and prospective epidemiological studies, the mother-to-
child transmission rate is estimated to be 20 % (Hino et al. 1985). Prevention of
mother-to-child transmission by restricting breast-feeding has the most significant
impact on the incidence of HTLV-1 infection and associated diseases. In a pre-
fecture-wide intervention study in Nagasaki, southern Japan, in which mothers
with HTLV-1 infection were counseled to avoid breast-feeding, there was a
marked reduction of mother-to-child transmission from 20.3 to 2.5 %. Thus,
prenatal screening for HTLV-1 may be an important public health strategy in
endemic areas, in conjunction with counseling of mothers with HTLV-1 infection
to avoid breast-feeding. Although children breast-fed for less than 6 months have
significantly lower incidence of HTLV-1 infection than those breast-fed for more
than 6 months, the risk of transmission is significantly higher for the former group
compared with formula-fed infants (Hino 2011).

Even with exclusive bottle-feeding, 2.5 % of infants born to carrier mothers
become infected with HTLV-1. As intrauterine transmission of HTLV-1 is rare,
transplacental transmission during delivery seems to be the probable mode of
transmission, as has been reported for hepatitis B and hepatitis C viruses.
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Although exclusive formula-feeding reduces the risk of mother-to-child trans-
mission of HTLV-1, risk of malnutrition is a significant concern in developing
countries, where malnutrition remains a significant contributor to infant mortality.

6.2 Prevention of Horizontal Transmission

HTLV-1 can also spread through contact with body fluids, whole blood or blood
components. As ATLL is associated with prolonged infection acquired during
vertical transmission, and with infection through blood transfusions, the purpose of
the prevention of horizontal transmission is mainly to reduce the general pool of
HTLV-1 carriers.

6.3 Transfusion and Sexual Transmission

HTLV-1 screening programs aimed at preventing transfusion-related transmission
of HTLV-1 through systematic screening of all blood donors as a public health
control measure have been implemented in many endemic areas, since 1986 (Inaba
et al. 1989; Osame et al. 1990). Restricting breast-feeding and blood donor screening
resulted in a decrease in HTLV-1 carriers from 2.79 to 0.44 % in Kagoshima Pre-
fecture, southern Japan (Table 1). In HTLV-1 non-endemic areas, reports indicate
that HTLV-1 infection may be concentrated in select donor populations, especially
among immigrants from endemic areas. For developing countries, the cost of
imported screening test kits may be prohibitive, necessitating the development of
more cost-effective tools and programs for blood donor screening. In most African
countries, transfusion remains a significant contributor to HTLV-1 transmission.

Table 1 Changes in the number of HTLV-1 carrier among blood transfusion donor at Kago-
shima prefecture, southern part of Japan (1999–2008)

Year The number of blood transfusion donor The number of HTLV-1 carrier %

1999 98,644 2,751 2.79

2000 91,456 1,368 1.50

2001 92,281 1,048 1.14

2002 89,458 827 0.92

2003 86,000 686 0.80

2004 82,310 565 0.69

2005 73,792 435 0.59

2006 69,133 388 0.56

2007 69,741 360 0.52

2008 71,226 313 0.44
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Sexual transmission of HTLV-1 is primarily due to the transmission from men to
women. Recommendations to prevent sexually transmitted infections should be
emphasized, including condom use and avoiding multiple and anonymous sexual
partners. Access to accurate information about HTLV-1 infection and appropriate
counseling are important preventive strategies, as blood donor candidates and sex-
ually active persons are usually asymptomatic and are primarily of reproductive age.

7 Development of Adult T-cell leukemia lymphoma

7.1 Pathogenesis of Adult T-Cell Leukemia/Lymphoma

The pathogenesis of ATLL is not completely understood. Extensive studies have
revealed that HTLV-1 transactivator/transcriptional activator (Tax) plays a critical
role in the transformation of virus-infected cells. Tax is thought to be a potent
oncoprotein, as it results in immortalization of human primary T-cells and Tax
transgenic mice malignancy. Tax enhances viral replication through transactiva-
tion of the viral promoter, the 50 long tandem repeat (LTR), results in activation of
the nuclear factor kappa-B (NF-kB) pathway, interferes with cell cycle regulators,
induces aneuploidy and DNA damage, and impairs DNA repair. Thus, Tax is
thought to play a key role in the pathogenesis of ATLL (Matsuoka and Jeang
2011).

HTLV-1 bZIP factor (HBZ) is coded for by the minus strand of the HTLV-1
provirus and can be found in all ATLL cells (Satou et al. 2006). HBZ protein was
originally reported to suppress Tax-mediated viral transcription; however, HBZ
RNA has also been shown to promote cell proliferation. Importantly, HBZ
transgenic mice developed CD4/forkhead box protein-3 (Foxp3)-positive T-cell
lymphoma, resembling the immunophenotype and clinical features of human
ATLL. These findings suggest that HBZ is a critical factor in leukemogenesis. The
proposed model for the interplay between Tax and HBZ is that Tax is needed to
initiate the transformation of HTLV-1-infected cells, while HBZ is required to
maintain the transformed phenotype in ATLL (Matsuoka and Jeang 2011).

7.2 Determinants of Progression from Asymptomatic Carrier
Status to ATLL

The determinants of ATLL progression in HTLV-1 carriers have been investigated
in many epidemiological and clinical studies. In Japanese cohorts, the average age
at diagnosis is about 65 years (Yamada et al. 2011), significantly greater than in
the Jamaican cohort, who present in their mid-forties, suggesting that other host
and environmental factors may also be involved in ATLL pathogenesis (Hanchard
1996). The age at the time of HTLV-1 infection is also a critical factor in ATLL
development, as ATLL rarely develops in HTLV-1 carriers who acquired infection
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through horizontal transmission. Several studies have examined host genetic fac-
tors, including HLA haplotypes, due to the observation that patients with ATLL
were more likely to have a family history of ATLL when compared with the
general population. The frequency of HLA-A*26, HLA-B*4002, HLA-B*4006,
and HLA-B*4801 alleles was significantly higher in ATLL patients than in HTLV-
1 asymptomatic carriers in Japan (Yashiki et al. 2001). In the Miyazaki cohort,
HTLV-1 carriers with a higher anti-HTLV-1 titer and lower anti-Tax reactivity
were at greatest risk of developing ATLL (Hisada et al. 1998), and higher HTLV-1
proviral load was a significant risk factor for progression from asymptomatic
HTLV-1 carrier status to ATLL. A nationwide prospective study of HTLV-1
carriers in Japan was initiated to identify the determinants of ATLL development.
Fourteen subjects out of 1,218 asymptomatic carriers developed ATLL, and all of
the 14 subjects had higher baseline proviral loads, whereas there were no cases of
ATLL among those with a baseline proviral load of less than 4 copies/100
peripheral blood mononuclear cells (Iwanaga et al. 2010).

8 Prognosis for Patients with Adult T-Cell Leukemia/
Lymphoma

8.1 Acute and Lymphoma Sub-Types

The prognosis for patients with acute and lymphoma subtypes of ATLL remains
poor, even with chemotherapy or allogeneic hematopoietic stem cell transplanta-
tion (alloHSCT). With currently best available chemotherapy in one series
(Tsukasaki et al. 2007), the rate of complete response (CR) was 40 % and overall
survival (OS) at 3 years was 24 %. The median survival time (MST) is 13 months.

8.2 Chronic and Smoldering Sub-Types

In a previous study, in which Japanese patients with ATLL were followed for a
total duration of 7 years, the 4-year survival rates for chronic and smoldering sub-
types were 26.9 and 62.8 %, respectively, with a MST of 24.3 months for the
chronic sub-type (Shimoyama 1991). Therefore, the chronic and smoldering
subtypes of ATLL are characterized by an indolent clinical course and are usually
managed by observation or ‘‘watchful waiting’’ until disease progression to acute
crisis, which is similar to the approach to the management of chronic lymphoid
leukemia or smoldering myeloma. However, a recent report with long-term fol-
low-up of these indolent sub-types of ATLL (chronic and smoldering) revealed
that the MST was 4.1 years and the estimated 5-, 10-, and 15-year survival rates
were 47.2, 25.4, and 14.1 %, respectively (Takasaki et al. 2010), which were
poorer than expected. These findings suggest that even patients with indolent
forms of ATLL should be carefully observed in clinical practice, and further
research is needed to improve the management of these patients.
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9 Current Treatment Options

9.1 Conventional Chemotherapy

The results of a phase III randomized control trial suggest that the vincristine,
cyclophosphamide, doxorubicin, and prednisone (VCAP); doxorubicin, ranimus-
tine, and prednisone (AMP); and vindesine, etoposide, carboplatin, and prednisone
(VECP) regimens show no benefit over biweekly cyclophosphamide, doxorubicin,
vincristine, and prednisone (CHOP) in newly diagnosed acute, lymphoma, or
unfavorable chronic subtypes of ATLL in terms of OS, primary study endpoint, or
progression-free survival (Tsukasaki et al. 2007). However, the rate of CR was
higher in the VCAP-AMP-VECP arm than the biweekly CHOP arm (40 vs 25 %,
respectively; P = 0.020). OS at 3 years was 24 % in the VCAP-AMP-VECP arm
and 13 % in the CHOP arm (P = 0.085). Nonetheless, the MST of 13 months still
compares unfavorably to other hematological malignancies.

9.2 Allogeneic Hematopoietic Stem Cell Transplantation

Allogeneic HSCT (alloHSCT) has been explored as a promising alternative
therapeutic modality that can provide long-term remission in a proportion of
patients with ATLL (Choi et al. 2011; Hishizawa et al. 2010; Utsunomiya et al.
2001). In a recent large nationwide retrospective analysis, investigators compared
outcomes of 386 patients with ATL who underwent alloHSCT. After a median
follow-up of 41 months, 3-year OS for the entire cohort was 33 % (Hishizawa
et al. 2010). Another retrospective study based on 294 ATLL patients who
received alloHSCT revealed that the development of mild-to-moderate acute
GVHD confers a lower risk of disease progression and a beneficial influence on
survival (Kanda et al. 2012), which is indicative of a graft-versus-ATLL effect.
Another large retrospective analysis of alloHSCT for ATLL (n = 586) in Japan
revealed no significant difference in OS between myeloablative conditioning
(MAC) and reduced intensity conditioning (RIC). There was a tendency toward
better OS in older patients receiving RIC (Ishida et al. 2012). The number of
ATLL patients eligible for allogeneic transplantation is few because of older age at
presentation and the low rate of CR. Selection criteria for alloHSCT for patients
with ATLL remain to be determined.

9.3 Interferon-a (IFN-a) and Zidovudine (AZT)

Results of a recent meta-analysis on the use of AZT/IFN for 254 ATLL patients
worldwide showed that the treatment of ATLL patients with AZT and IFN resulted
in better response and prolonged OS (Bazarbachi et al. 2010). Two hundred and
seven patients received AZT/IFN therapy. In these patients, 5-year OS rates were
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46 % for 75 patients who received antiviral therapy (P = 0.004). In acute ATLL,
achievement of complete remission with antiviral therapy resulted in 82 % 5-year
survival. These results suggest that the treatment of ATLL using AZT/IFN results
in high response and CR rates except for lymphoma type of ATLL, resulting in
prolonged survival in a significant proportion of patients. Although this is a ret-
rospective analysis, the results seem to be promising, and further studies com-
paring AZT/IFN-a and conventional chemotherapy or alloHSCT are warranted.

9.4 Prevention of ATLL

The prevention of ATLL mostly relies on the prevention of HTLV-1 transmission
as previously described. Another strategy could be the prevention of ATLL
development among HTLV-1 carriers. Despite the prolonged carrier status before
ATLL development, there are no interventions exploiting this window of oppor-
tunity to treat ATLL. This is partly because only approximately 10 % of HTLV-1
carriers develop HTLV-1-related disease in their lifetime. Careful risk–benefit
analysis including the acceptability of side effects during interventions is needed.

9.5 Future Directions for the Prevention of ATLL

9.5.1 Immunological Impairment of HTLV-1-Specific T-Cells
Vertical transmission, high proviral loads, and suppression of HTLV-1-specific T-
cell immune responses are important risk factors for ATLL development. It has
been reported that Tax-specific cytotoxic T lymphocytes (CTLs) detected in
chronic and smoldering ATLL and a subset of asymptomatic carriers are anergic to
antigen stimulation (Takamori et al. 2011). Such functional impairment of CTLs
seems specific to HTLV-1, as cytomegalovirus-specific CTLs, for example, remain
intact.

In animal models, oral inoculation of HTLV-1 virions induces T-cell tolerance
against HTLV-1 (Hasegawa et al. 2003). As breast-feeding is the main route of
vertical transmission in HTLV-1 infection, this may induce neonatal T-cell tol-
erance against HTLV-1.

In addition to immunological tolerance, T-cell exhaustion may be another
mechanism of antigen-specific T-cell suppression. We have reported on the
upregulation of programmed death-1 (PD-1) expression on Tax-specific CTLs,
suggesting Tax-specific T-cell exhaustion (Kozako et al. 2009).

9.5.2 Vaccine
Vaccination of uninfected individuals against HTLV-1 is not a sophisticated
feasible strategy for the prevention of ATLL, as ATLL develops after a long
latency period in individuals vertically transmitted HTLV-1 carriers within the first
6 months of life, and vertical transmission is almost completely prevented by
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avoiding breast-feeding. Thus, the purpose of vaccination should be to augment
HTLV-1-specific T-cell responses in asymptomatic carriers, enhancing clearance
of infected and transformed cells, thereby protecting against ATLL.

HTLV-1 Tax-targeted vaccines in a rat model of HTLV-1-induced lymphomas
showed promising antitumor effects (Ohashi et al. 2000). In addition, HTLV-1-
immunized monkeys developed a strong cellular immune response with HTLV-1-
derived peptide vaccines, and a significant reduction in HTLV-1 proviral load was
observed in these immunized monkeys after challenge (Kazanji et al. 2006).
Therefore, these results provide the scientific rationale for clinical use of such a
vaccine for preventing ATLL. There remain, however, several obstacles to be
overcome before clinical application can be realized. HTLV-1 synthetic peptides
are poorly immunogenic, with inefficient induction of antigen-specific CTLs. We
have shown in previous reports that oligomannose-coated liposomes (OMLs)
encapsulating the HLA-A*0201-restricted HTLV-1 Tax-epitope (OML/Tax)
resulted in the efficient induction of HTLV-1-specific T-cell responses (Kozako
et al. 2011). Further, immunization of HLA-A*0201 transgenic mice with OML/
Tax resulted in the efficient induction of HTLV-1-specific IFN-c producing T-
cells, and DCs exposed to OML/Tax showed increased expression of DC matu-
ration markers. In addition, HTLV-1-Tax-specific CD8+ T-cells were efficiently
induced by OML/Tax derived from HTLV-1 carriers ex vivo. OML/Tax increased
the number of HTLV-1-specific CD8+ T-cells by an average 170-fold. Further-
more, these HTLV-1-specific CD8+ cells efficiently lysed HTLV-1 epitope
peptide-pulsed T2-A2 cells. These results suggest that OML/Tax induces antigen-
specific cellular immune responses without the need for adjuvants and may be an
effective vaccine candidate to reduce progression to ATLL.

Better prognosticators would help identify individuals most at risk for pro-
gression to ATLL, allowing us to limit the exposure of lower-risk individuals to
unwanted immunological responses to vaccination, including autoimmune-like
conditions such as HAM/TSP.

10 Conclusion

To date, restricting breast-feeding by mothers with HTLV-1 infection has been the
mainstay of HTLV-1 prevention thereby extending ATLL. Antenatal screening for
HTLV-1 should be implemented in the endemic areas, with provision of accurate
information and counseling. In addition, screening of blood donor candidates has
been shown to be effective in preventing HTLV-1 transmission. Recommendations
to prevent sexual transmission should be emphasized, including condom use and
adopting safe sexual behavior. The development of an effective and safe vaccine
could be an important tool in protecting HTLV-1-infected carriers against ATLL.
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Molecular Biology of Human
Herpesvirus 8: Novel Functions
and Virus–Host Interactions
Implicated in Viral Pathogenesis
and Replication

Emily Cousins and John Nicholas

Abstract

Human herpesvirus 8 (HHV-8), also known as Kaposi’s sarcoma-associated
herpesvirus (KSHV), is the second identified human gammaherpesvirus. Like
its relative Epstein-Barr virus, HHV-8 is linked to B-cell tumors, specifically
primary effusion lymphoma and multicentric Castleman’s disease, in addition
to endothelial-derived KS. HHV-8 is unusual in its possession of a plethora of
‘‘accessory’’ genes and encoded proteins in addition to the core, conserved
herpesvirus and gammaherpesvirus genes that are necessary for basic biological
functions of these viruses. The HHV-8 accessory proteins specify not only
activities deducible from their cellular protein homologies but also novel,
unsuspected activities that have revealed new mechanisms of virus–host
interaction that serve virus replication or latency and may contribute to the
development and progression of virus-associated neoplasia. These proteins
include viral interleukin-6 (vIL-6), viral chemokines (vCCLs), viral G protein–
coupled receptor (vGPCR), viral interferon regulatory factors (vIRFs), and viral
antiapoptotic proteins homologous to FLICE (FADD-like IL-1b converting
enzyme)-inhibitory protein (FLIP) and survivin. Other HHV-8 proteins, such as
signaling membrane receptors encoded by open reading frames K1 and K15,
also interact with host mechanisms in unique ways and have been implicated in
viral pathogenesis. Additionally, a set of micro-RNAs encoded by HHV-8
appear to modulate expression of multiple host proteins to provide conditions
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conducive to virus persistence within the host and could also contribute to
HHV-8-induced neoplasia. Here, we review the molecular biology underlying
these novel virus–host interactions and their potential roles in both virus
biology and virus-associated disease.
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1 Introduction

Human herpesvirus 8 (HHV-8) is classified as a gamma-2 herpesvirus and is
related to Epstein-Barr virus (EBV), a member of the gamma-1 subfamily. One
important aspect of the gammaherpesviruses is their association with neoplasia,
either naturally or in animal model systems. HHV-8 is associated with B-cell–
derived primary effusion lymphoma (PEL) and multicentric Castleman’s disease
(MCD) as well as endothelial-derived Kaposi’s sarcoma (KS) (Arvanitakis et al.
1996; Carbone et al. 2000; Chang and Moore 1996; Gaidano et al. 1997). EBV is
associated with a number of B-cell malignancies, such as Burkitt’s lymphoma,
Hodgkin’s lymphoma, and posttransplant lymphoproliferative disease, in addition
to epithelial nasopharyngeal and gastric carcinomas, T-cell lymphoma, and muscle
tumors (Kawa 2000; Okano 2000; Young and Murray 2003). Despite the simi-
larities between the viruses and their associated malignancies, the particular pro-
tein functions and activities involved in the relevant aspects of virus biology and
neoplasia appear to be quite distinct. Indeed, HHV-8 specifies a number of proteins
that had not previously been identified in gammaherpesviruses, herpesviruses, or
even viruses in general, and these proteins are believed to play vital functions in
virus biology and to be centrally involved in viral pathogenesis.
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One such gene is viral interleukin-6 (vIL-6), which was immediately upon its
discovery implicated as a candidate contributor to HHV-8 pathogenesis (Moore
et al. 1996; Neipel et al. 1997a; Nicholas et al. 1997). Previous reports had
indicated that IL-6 was produced by and supported the growth of KS cells, pro-
moted inflammation and angiogenesis typical of KS, served as an important B-cell
growth factor, and was found at elevated levels in MCD patient sera (Burger et al.
1994; Ishiyama et al. 1994; Miles et al. 1990; Roth 1991; Yoshizaki et al. 1989).
Similarly, the discovery of viral chemokines, vCCLs 1-3, and demonstration of
their pro-angiogenic activities in experimental systems suggested that these pro-
teins also could contribute to disease, in addition to their suspected roles in
immune evasion during HHV-8 productive replication (Boshoff et al. 1997; Stine
et al. 2000). The chemokine receptor homologue, vGPCR, was found to induce
angiogenic cellular cytokines of the type produced in and suspected to promote the
growth of KS lesions (Cannon et al. 2003; Pati et al. 2001; Schwarz and Murphy
2001). The constitutively active membrane receptors encoded by HHV-8 open
reading frames (ORFs) K1 and K15 could function similarly (Brinkmann et al.
2007; Caselli et al. 2007; Samaniego et al. 2001; Wang et al. 2006). vGPCR and
K1 also acted as oncogenes, promoting cell transformation and inducing tumori-
genesis in animal models (Bais et al. 1998; Lee et al. 1998b; Yang et al. 2000).
However, like the v-cytokines, vGPCR and K1 are expressed predominantly or
exclusively during productive, lytic replication; therefore, any contributions to
malignant pathogenesis are likely to be mediated through paracrine signaling.
There is ample evidence that cytokine-mediated paracrine signal transduction
plays a role in KS, and B-cell growth can also be influenced by this route, as
discussed below. Apart from the likely involvement of these viral proteins in
HHV-8-associated pathogenesis, the roles of some of these ‘‘unique’’ viral prod-
ucts in virus biology are only beginning to be appreciated. For example, the pro-
survival signaling induced by vCCLs and vGPCR and the antiapoptotic activities
of vIRF-1 have been demonstrated to enhance productive replication. Therefore,
functions that serve normal virus biology, such as inhibiting infection-induced
apoptosis, may have the ‘‘side effect’’ of promoting virus-associated neoplasia.
This concept is familiar to viral oncologists, but the precise mechanisms deployed
by HHV-8 are novel.

Classical oncogene and tumor suppressor activities are mediated in an autocrine
fashion, and viral genes expressed during latency are potential contributors to
malignant disease. Chief among these for HHV-8 is the latency-associated nuclear
antigen, LANA, which specifies essential replication and genome segregation
activities in dividing cells and impacts several host pathways to promote cell
survival and proliferation (Verma et al. 2007). These activities have obvious
connections to processes involved in malignant transformation. Likewise, the viral
homologue of cellular FLICE-inhibitory protein, vFLIP, is both latently expressed
and crucially important for maintaining cell viability. vFLIP acts via induction of
NF-jB activity and associated antiapoptotic mechanisms, rather than via inhibition
of receptor-mediated caspase activation (Chugh et al. 2005; Guasparri et al. 2004).
Latency genes v-cyclin (ORF72) and micro-RNAs (miRNAs) have also been
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implicated in viral pathogenesis (Gottwein et al. 2011; Liang et al. 2012; Suffert
et al. 2011; Verschuren et al. 2004). In addition to these latency products, vIL-6,
vIRF-1, vIRF-3, K1, and K15, while expressed maximally during productive
replication, have also been detected in latently infected cells (of some types) and
may contribute in a direct, autocrine fashion to viral neoplasia. The interplay
between lytic and latent activities is likely to be important for KS, in which
cytokine dysregulation is believed to drive the disease, and this interplay may also
be significant in PEL and MCD. These issues and details of the molecular biology
of virus–host interactions involving these various HHV-8-encoded factors are the
topic of this review.

2 HHV-8 Latency Products and Autocrine Dysregulation

2.1 Latency-Associated Nuclear Antigen (LANA)

LANA is specified by ORF73 of HHV-8, and homologues are encoded by every
other sequenced member of the gamma-2 herpesvirus subfamily. The basic
functions of each of these proteins are to serve as a latency origin-binding protein
and to tether viral genomes to host chromosomes for appropriate segregation to
daughter cell nuclei during cell division (Barbera et al. 2006; Verma et al. 2007).
These activities are equivalent to those of EBNA1 of gamma-1 subfamily Epstein-
Barr virus (Lindner and Sugden 2007). However, LANA has further activities that
are likely to play roles in viral pathogenesis in addition to contributing to the
maintenance of HHV-8 latency.

One such property reported for LANA is its association with and inhibition of
the cell cycle checkpoint protein and tumor suppressor p53 (Friborg et al. 1999).
However, while the presence of wild-type p53 in most PEL cell lines suggests that
inactivation of p53 could be biologically relevant, the susceptibility of PEL cells to
p53 activation indicates that LANA is not fully able to inhibit the tumor suppressor
(Chen et al. 2010; Petre et al. 2007). LANA also interacts with retinoblastoma
protein (Rb) to mediate activation of E2F-responsive targets and can transform rat
embryo fibroblasts in combination with transduced H-Ras (Radkov et al. 2000).
Additionally, LANA was found to suppress cyclin-dependent kinase inhibitor
p16INK4a-mediated cell cycle arrest and to induce E2F-mediated S-phase entry in
lymphoid cells (An et al. 2005). However, as in the case of p53, the actual rele-
vance of this experimental finding has been questioned because Rb function
appears to be fully intact in PEL cells (Platt et al. 2002).

LANA also interacts with GSK3b, a kinase that targets various proteins
involved in cell cycle regulation. GSK3b targets include the transcriptional reg-
ulator b-catenin and proto-oncoprotein c-Myc; phosphorylation of these proteins
by GSK3b promotes their proteolytic degradation (Karim et al. 2004; Sears et al.
2000). b-catenin, in combination with the transcription factor TCF, induces
expression of various genes, including c-myc, c-jun, and cyclin D1; these genes

230 E. Cousins and J. Nicholas



are involved in cell cycle promotion and are dysregulated in oncogenesis. LANA
binding of GSK3b leads to nuclear sequestration and inactivation of the kinase,
removing its negative regulation of b-catenin and promoting cell proliferation
(Fujimuro and Hayward 2003; Fujimuro et al. 2003; Liu et al. 2007a, b). c-Myc
residue T-58, the target of GSK3b phosphorylation, was found to be hypo-
phosphorylated in PEL cells, and this underphosphorylation and consequent sta-
bilization of c-Myc were dependent on LANA expression (Bubman et al. 2007). In
addition, LANA interacts directly with c-Myc and induces ERK-mediated acti-
vation of c-Myc via phosphorylation of residue S-62 (Liu et al. 2007b). LANA
binding of c-Myc and activation of ERK activity occur independently of LANA
interaction with GSK3b. Thus, through these various interactions, LANA can
activate proliferative pathways of likely significance to both HHV-8 latency and
pathogenesis.

Recently, LANA has been reported to induce and interact with angiogenin
(ANG), a mediator of angiogenesis, which itself upregulates LANA expression
and appears to play a role in the establishment of latency and promotion of cell
viability (Paudel et al. 2012; Sadagopan et al. 2011). Furthermore, interaction of
LANA and ANG with annexin A2 has been identified in both HHV-8 latently
infected-telomerase immortalized endothelial (TIME) cells and BCBL-1 PEL
cells. Based on results from confocal analyses, it appears that these proteins
colocalize and can form complexes together in addition to establishing separate
ANG-LANA and ANG-annexin A2 interactions (Paudel et al. 2012). Annexin A2
is involved in regulation of cell proliferation, apoptosis, and cytoskeletal reorga-
nization, among other activities (Shim et al. 2007; Thomas and Augustin 2009).
Suppression of annexin A2 or ANG expression in PEL cells was found to increase
cell death, and depletion of annexin A2 led to decreased expression of ANG and
LANA (Paudel et al. 2012; Sadagopan et al. 2011). Thus, there appears to be an
integrated and functionally important relationship between LANA, ANG, and
annexin A2 that promotes viability of latently infected cells. Furthermore, the
increased level of ANG in HHV-8-infected cells may contribute to KS patho-
genesis via induction of endothelial cell activation, migration, and angiogenesis
(Sadagopan et al. 2009). While the mechanisms involved in LANA, ANG, and
annexin A2 mutual regulation and functional interactions remain to be elucidated,
the recently reported ANG interaction with and destabilization of p53 may be
significant with respect to pro-survival effects mediated via ANG (Sadagopan et al.
2012).

In addition to the individual LANA-cellular protein interactions outlined above,
LANA can mediate transcriptional regulation of cellular genes via more general
mechanisms. One such mechanism involves regulation of transcriptionally sup-
pressive DNA methylation. LANA interacts with DNA methyltransferase
DNMT3a, leading to its recruitment to and methylation of LANA-targeted pro-
moters (Shamay et al. 2006). LANA also associates with histone methyltransferase
SUV39H1 and transcriptional histone deacetylase-associated corepressors mSin3,
SAP30, and CIR; these interactions implicate additional mechanisms of direct,
promoter-specific repression by LANA (Krithivas et al. 2000; Sakakibara et al.
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2004). Such mechanisms are believed to be important for the suppression of both
viral lytic and cellular gene expressions to promote latency and long-term cell
viability (Verma et al. 2007). LANA-targeted epigenetic repression of specific
cellular genes that are silenced in various cancers could contribute to HHV-8-
associated malignancies in addition to viral latency (Shamay et al. 2006; Ziech
et al. 2010).

2.2 Viral FLICE-Inhibitory Protein (vFLIP)

HHV-8-encoded vFLIP is specified by ORF K13, and the protein is often referred
to simply as K13. vFLIP/K13 is related structurally to death effector domain
(DED)-containing and death receptor-interacting vFLIPs of other viruses, such as
MC159L from mulloscum contagiosum virus and equine herpesvirus-2 E8; these
vFLIPs are protective against Fas/CD95- and TNF receptor-induced apoptosis
(Bertin et al. 1997; Hu et al. 1997; Thome et al. 1997). It was reported that HHV-8
vFLIP/K13 mediated protection of mouse lymphoma and rat pheochromocytoma
cell lines from Fas- and TNFa-induced apoptosis (Belanger et al. 2001; Djerbi
et al. 1999). However, the unique ability of HHV-8 vFLIP/K13 to induce NF-jB
signaling and its inability to effectively suppress Fas-induced apoptosis suggest
that HHV-8 vFLIP/K13 functions primarily through activation of NF-jB rather
than via death receptor/caspase inhibition (Chaudhary et al. 1999; Chugh et al.
2005; Matta and Chaudhary 2004). HHV-8 vFLIP/K13 activates NF-jB classical
and alternative pathways by interacting directly with the inhibitory j-kinase (IKK)
complexes (IKKa:IKKb ± IKKc/Nemo) to stimulate kinase activity, leading to
disruption of IjB interaction with p50/p65-subunit NF-jB and to protease-medi-
ated release of RelB/p52 (active form) from RelB/p100 (Field et al. 2003; Liu et al.
2002; Matta et al. 2007). Thus, vFLIP/K13 is able to activate NF-jB indepen-
dently of upstream receptor-associated mechanisms involving signaling adaptors
and kinases such as TRAFs and RIP; in doing so, vFLIP/K13 can avoid activation
of JNK stress signaling (Matta et al. 2007). While it was reported that vFLIP/K13
interaction with TRAF2 is required for vFLIP/K13 binding to IKKc in BC-3 PEL
cells (Guasparri et al. 2006), TRAF2-dependent interaction between vFLIP/K13
and IKKc and activation of JNK/AP1 signaling by vFLIP/K13 was not evident in
subsequent studies (Matta et al. 2007).

NF-jB activation by vFLIP is significant because NF-jB is a suppressor of lytic
reactivation in latently infected PEL cells, and vFLIP and NF-jB promote survival
of these cells (Brown et al. 2003; Godfrey et al. 2005; Grossmann and Ganem
2008; Guasparri et al. 2004; Keller et al. 2000; Zhao et al. 2007). These effects
have clear implications for the maintenance of long-term latency and for the
potential contribution of vFLIP/K13 to HHV-8 malignancies. In addition to these
biological effects, NF-jB signaling also induces pro-inflammatory and angiogenic
cytokines, such as IL-6 and IL-8. These cytokines are produced by KS lesions and
are predicted to promote KS pathogenesis and mediate vFLIP/K13-induced
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cellular proliferation and transformation in experimental systems (An et al. 2003;
Grossmann et al. 2006; Sun et al. 2006). Together, these findings suggest that
vFLIP/K13 contributes to both viral latency maintenance and to PEL and KS
pathogenesis through the constitutive activation of pro-survival and generally anti-
lytic NF-jB signaling.

2.3 Kaposins

The K12 transcription unit comprises the K12 ORF and two sets of GC-rich repeat
units (DR1, DR2) positioned upstream of K12 (Sadler et al. 1999). Three proteins,
kaposins A, B, and C, are produced from this locus by virtue of alternative tran-
scriptional and translational initiation. Kaposin A, corresponding to the K12
translation product, is initiated from a conventional AUG codon in a transcript
originating proximal to K12. Kaposins B and C initiate from CUG codons in
different reading frames in transcripts containing the upstream repeat elements.
Kaposin B is translated from DR1 and DR2 in ‘‘frame 1,’’ while frame 2-translated
kaposin C contains DR1/2-translated sequences fused to K12. A larger, spliced
transcript initiating 5-kb upstream of K12 has also been identified, and this
sequence has the potential to encode non-AUG-initiated protein(s) with novel N-
terminal sequences derived from codons upstream of DR2 (Li et al. 2002; Pearce
et al. 2005). K12-locus transcripts are found in high abundance in latently infected
cells but are induced during lytic replication (Li et al. 2002; Sadler et al. 1999;
Staskus et al. 1997; Sturzl et al. 1997; Zhong et al. 1996). The relative expression
of kaposins A, B, and C in different cell types and tissues varies. For example,
kaposins A and C are predominant in primary PEL cells, whereas kaposin B is
most abundant in the BCBL-1 cell line (Li et al. 2002). While there have been no
functional studies of kaposin C, activities of kaposins A and B have been reported.

As the direct product of ORF K12, kaposin A was the first identified and studied
protein of this locus. In transfection experiments, the 6-kDa protein was found to
transform immortalized rat-3 and NIH3T3 cells, forming cell colony foci in culture
and tumors in athymic mice (Muralidhar et al. 1998). Transformation was
dependent on cytohesin-1, a guanine nucleotide exchange factor, which binds to
kaposin A. This interaction promotes membrane recruitment and activity of cy-
tohesin-1, which acts on membrane-associated target GTPases such as ARF1
(Kliche et al. 2001). Increased activities of kinases, such as cdc2, PKC, ERK, and
CAM kinase II, have been detected in kaposin A-transduced cells, but the
underlying mechanisms have not been established (Muralidhar et al. 2000).
Studies using gene arrays and signaling assays have implicated activation of MEK/
ERK, PI3K/AKT, and STAT3 pathways by kaposin A (Chen et al. 2009b). Initial
immunofluorescence studies indicated possible Golgi localization of kaposin A
(Muralidhar et al. 2000). However, subsequent confocal fluorescence microscopy,
cell fractionation, and flow cytometry analyses detected mostly perinuclear kap-
osin A with some plasma membrane localization also detectable (Tomkowicz et al.

Molecular Biology of Human Herpesvirus 8 233



2002, 2005). A LXXLL motif resembling ligand-interacting regions of nuclear
receptors was required for immortalized cell transformation, and mutation of this
motif led to greatly diminished nuclear association and newly acquired cytoplas-
mic localization of kaposin A (Tomkowicz et al. 2005). However, both wild-type
and motif-mutated kaposin A were equally capable of activating an AP1 reporter,
indicating that transformation occurs via a mechanism distinct from AP1 activa-
tion. More recently, kaposin A was identified as interacting with a variant of GTP-
binding protein septin-4, a protein which localizes to mitochondria and promotes
apoptosis (Lin et al. 2007; Mandel-Gutfreund et al. 2011). Co-expression of
kaposin A with the septin-4 variant led to suppression of septin-4 variant-induced
apoptosis in transfected cells (Lin et al. 2007). Therefore, inhibition of septin-4
function may be one mechanism by which kaposin A can influence malignant
pathogenesis by promoting cell survival. Normally, this activity would be expected
to serve virus latency. This mechanism would be biologically significant if septin-
4 was expressed and functional in HHV-8 latently infected cell types.

Kaposin B, translated from the DR repeats and K12, interacts via DR2-encoded
sequences with MK2 kinase and enhances its activity (McCormick and Ganem
2005). Kaposin B binds the ‘‘C-lobe’’ region of MK2, a region also targeted by p38
kinase. Kaposin B binding of the C-lobe, like its phosphorylation by p38, prevents
inhibitory intramolecular association of C-lobe and C-tail sequences of MK2,
which results in activation of the kinase. A single DR1 together with a single DR2
repeat, but neither element alone, is sufficient to mediate MK2 activation
(McCormick and Ganem 2006). MK2 activity leads to stabilization of high-turn-
over mRNAs containing AU-rich elements (AREs), and many of these mRNAs
specify cytokines, such as pro-inflammatory and angiogenic IL-6. Thus, kaposin B
has the potential to influence viral pathogenesis. Kaposin B is predicted to function
in the maintenance of latently infected cell populations and/or expansion of latent
cell pools through pro-survival and mitogenic activities of induced cellular pro-
teins. Importantly, kaposin B stabilizes the mRNA encoding PROX1, the ‘‘master
regulator’’ of lymphatic endothelial cell differentiation. PROX1 is targeted by
ARE-binding protein HuR, and kaposin B-activated p38 kinase promotes nucleo-
cytoplasmic export of HuR (Yoo et al. 2010). Reprogramming of blood endothelial
cells to cells expressing lymphatic markers is induced by HHV-8 infection and is
believed to be a key process in KS development (Pyakurel et al. 2006; Wang et al.
2004). Stabilization of PROX1 mRNA by kaposin B represents a mechanism by
which blood-to-lymphatic endothelial reprogramming is induced by HHV-8. Thus,
in addition to kaposin A, kaposin B is likely to contribute significantly to HHV-8-
associated disease.

2.4 Viral Interleukin-6 (vIL-6) in PEL

Viral IL-6 (vIL-6) shares approximately 25% sequence identity with its cellular
counterpart, human IL-6 (hIL-6); this viral cytokine was independently discovered
by multiple groups (Moore et al. 1996; Neipel et al. 1997a; Nicholas et al. 1997).
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Though sequence identity between human and viral homologues is low, the
cytokines adopt equivalent 4-alpha helical bundle structures and have similar
receptor interactions and signaling activities (Boulanger et al. 2003; Chow et al.
2001; Heinrich et al. 2003; Kishimoto et al. 1995). Signaling by hIL-6 requires
interaction with gp130 signal transducer and gp80 receptor subunits, which leads
to Janus kinase (JAK) activation and phosphorylation, dimerization, and nuclear
translocation of STATs 1 and 3 (Heinrich et al. 1998). Several groups have shown
that vIL-6 utilizes the same signaling components employed by human IL-6 but
that it does not require gp80 for active complex formation and can signal through
tetrameric (gp1302:vIL-62) or hexameric (gp1302:gp802:vIL-62) complexes (Aoki
et al. 2001; Chen and Nicholas 2006; Chow et al. 2001). Ultimately, both cyto-
kines share functional characteristics, such as the ability to sustain the growth of
IL-6-dependent cell lines (Burger et al. 1998; Nicholas et al. 1997). vIL-6, how-
ever, is distinct in its ability to signal not only through gp130 complexes located on
the plasma membrane but also intracellularly within the endoplasmic reticulum
(ER); vIL-6, unlike hIL-6, is secreted inefficiently and localizes in large part to the
ER. These unique properties of the viral homologue are likely involved in
maintenance of viral latency and important for HHV-8 pathogenicity.

Several studies have shown that vIL-6 is critical for the growth of PEL cells.
While vIL-6, IL-10, and vascular endothelial growth factor (VEGF) were detected
in PEL cell supernatants, only vIL-6 and IL-10 induced PEL cell proliferation
(Aoki and Tosato 1999; Jones et al. 1999). The detection of vIL-6 in these cultures
was initially assumed to be the result of spontaneous lytic reactivation, either full
or abortive, in a small proportion of cells because vIL-6 expression is induced
during productive replication. However, vIL-6 is now known to be expressed at
low levels in latent PEL cells (Chandriani and Ganem 2010; Chen et al. 2009a).
Depletion of vIL-6 in these cells induces apoptosis and slows the rate of cell
growth (Chen et al. 2009a). Similar growth effects were observed with intracel-
lularly delivered single-chain antibody and peptide-conjugated phosphorodiami-
date morpholino oligomers (PPMO) directed to vIL-6 and its transcript (Kovaleva
et al. 2006; Zhang et al. 2008). Fully ER-retained vIL-6 (cloned to include an ER-
targeting KDEL motif) is capable of rescuing the growth effects mediated by vIL-6
depletion (Chen et al. 2009a). These data indicate a prominent role of vIL-6
intracellular, autocrine signaling in support of growth and survival of latently
infected PEL cells.

The mechanism through which vIL-6 acts in the ER to promote growth and
viability of PEL cells is not entirely clear, but early evidence suggests that a novel
interaction with VKORC1v2 (vitamin K epoxide reductase complex subunit 1
variant 2) is critical. VKORC1v2, a protein present in the ER, was identified as a
novel binding partner of vIL-6 and was found to be required for PEL cell survival
(Chen et al. 2012). Depletion of VKORC1v2 yielded similar growth effects to
those observed in vIL-6-depleted cultures. Furthermore, a small peptide inhibitor
capable of disrupting the VKORC1v2:vIL-6 interaction recapitulated growth and
apoptosis effects observed upon vIL-6 or VKORC1v2 depletion, confirming the
biological relevance of the vIL-6:VKORC1v2 interaction (Chen et al. 2012).
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These studies suggest that the activities of this viral cytokine within the ER, acting
at least in part through VKORC1v2, are important for the maintenance of the virus
within latently infected B cells and that these activities contribute to viral
pathogenicity.

Increased levels of phosphorylated (active) STAT3 have been detected in
several PEL cell lines (Aoki et al. 2003). STAT3 is activated upon vIL-6 signaling
through gp130 complexes. Depletion of STAT3 in PEL cells leads to an increase
in apoptosis and a decrease in the levels of survivin (Aoki et al. 2003). Survivin is
a member of the IAP (inhibitors of apoptosis) family that has been shown to inhibit
apoptosis in several cancer cell lines (Ambrosini et al. 1997). These results are
significant because they link antiapoptotic activities of survivin to STAT3 sig-
naling and potentially to vIL-6. It is noteworthy, in this regard, that gp130
depletion in PEL cells leads to diminished growth and increased apoptosis in
culture (E. Cousins and J. Nicholas, unpublished). In addition to vIL-6:gp130
signaling, STAT3 can also be activated by VEGF (Bartoli et al. 2000). Impor-
tantly, vIL-6 has been found to induce VEGF in experimentally transduced cell
lines and to play a significant role in PEL growth and dissemination in a xenograft
model (Aoki et al. 1999; Aoki and Tosato 1999). Therefore, vIL-6 is involved in a
complex set of activities in PEL cells and is not only capable of initiating pro-
growth and survival signaling through the ER compartment (Fig. 1) but may
contribute to PEL pathogenesis through activation of STAT3/survivin and VEGF
signaling.

2.5 Viral Interferon Regulatory Factor-3 (vIRF-3) in PEL

HHV-8 specifies four viral interferon regulatory factor homologues, vIRFs 1-4
(Cunningham et al. 2003; Lee et al. 2009a), which serve to counter the effects of
cellular IRFs and to inhibit innate responses of the cell to virus infection and
productive replication (see below). While all of the vIRFs are expressed during
lytic replication, consistent with their presumed primary functions in evasion of
antiviral host cell defenses, vIRF-3 is expressed as a bona fide latent product in
PEL cells (Jenner et al. 2001; Paulose-Murphy et al. 2001; Rivas et al. 2001). As
such, vIRF-3 has been referred to by some investigators as latency-associated
nuclear antigen-2 (LANA2), despite its partial localization in the cytoplasm
(Munoz-Fontela et al. 2005) and the absence of demonstrable latent expression in
any other cell type examined. Nonetheless, in the context of PEL/B cells, vIRF-3
has the potential to impact cellular pathways that may be of biological relevance to
viral latency and virus-associated pathogenesis. In common with other vIRFs,
vIRF-3 can inhibit cellular IRF function. vIRF-3 does so by interfering with the
transcriptional activities of IRFs 3, 5, and 7 in addition to inhibiting PKR, a pro-
apoptotic kinase that is activated by interferon and dsRNA (Esteban et al. 2003;
Joo et al. 2007; Lubyova and Pitha 2000; Wies et al. 2009). Importantly, vIRF-3
has also been found to interact directly with p53 to inhibit the tumor suppressor
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and to induce c-Myc-directed transcription (Lubyova et al. 2007; Rivas et al.
2001). vIRF-3 can also interact with and inhibit FOXO3a, a transcription factor
targeting pro-apoptotic genes (Munoz-Fontela et al. 2007). These activities indi-
cate that vIRF-3 plays a significant role in promoting cell survival and prolifera-
tion in the context of PEL and potentially in general B-cell latency. Indeed, vIRF-3
has been demonstrated to be critically important for PEL cell viability in culture,
as its depletion triggers apoptosis (Wies et al. 2008). Pro-survival effects of vIRF-3
may in part be the result of its inhibition of PML-mediated repression of survivin
(Marcos-Villar et al. 2009). Furthermore, vIRF-3 has recently been reported to
repress CIITA transcription factor-directed expression of interferon-c and class-II
major histocompatibility complex in PEL cells (Schmidt et al. 2011). This immune
evasion activity of vIRF-3 is probably vital for the long-term survival of these cells
in vivo. Therefore, vIRF-3 activities are likely to be important for latency

Fig. 1 ER-localized interactions and activities of vIL-6 in latently infected PEL cells. In the
context of PEL latency, vIL-6 is expressed at low but functional levels and is largely sequestered
in the ER compartment. Latently expressed vIL-6 supports PEL cell growth and viability. In vIL-
6-depleted PEL cells, these activities can be complemented by ER-restricted (KDEL motif-
tagged) transduced vIL-6, demonstrating sufficiency of ER-localized vIL-6 activity. The vIL-6
signal transducer, gp130, and a novel splice-variant protein, VKORC1v2, each bind vIL-6 within
the ER, and depletion of each inhibits PEL cell growth and viability. Available evidence indicates
that vIL-6 activity via each of these ER receptors occurs independently. While gp130–mediated
activation of STAT and MAPK signaling has been detected in PEL cells, gp130 signaling (in
contrast to effects on growth and survival) is not affected by VKORC1v2 depletion or by peptide-
mediated disruption of vIL-6:VKORC1v2 interaction. Expression and pro-growth and pro-
survival activities of vIL-6 in latently infected PEL cells suggest that the viral cytokine may
contribute to latency maintenance in B cells and to PEL disease
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persistence in at least some cell types (where vIRF-3 is latently expressed) and are
probably significant contributors to PEL malignancy.

2.6 Micro-RNAs (miRNAs)

Micro-RNAs (miRNAs) are *22 nt non-coding RNAs that regulate the expres-
sion of mRNAs via cleavage or by inhibiting translation. miRNAs are encoded as
primary miRNAs (pri-mRNAs), synthesized by RNA Polymerase II, and pro-
cessed to pre-miRNAs (stem-loop structures) by the RNAse III domain of
DROSHA prior to nuclear export by exportin 5 (Lee et al. 2003b; Lund et al.
2004). In the cytoplasm, pre-miRNAs are cleaved into 21–24 nt double-stranded
RNAs by an RNAse III domain of DICER, and one strand of the miRNA duplex is
then incorporated into RISC (RNA-induced silencing complex) (Bartel 2004; Lee
et al. 2003b). The incorporated miRNA guides the loaded RISC to the mRNA
target (Schwarz et al. 2003). Generally, the mRNA target is degraded if the
miRNA is perfectly complementary to the targeted sequence. Alternatively,
binding of a miRNA lacking perfect complementarity inhibits translation of the
mRNA (Zeng et al. 2003).

While miRNAs have been detected in all metazoans, virus-encoded miRNAs
were discovered only recently (Pfeffer et al. 2004). To date, 12 HHV-8-encoded
miRNAs have been identified, termed miR-K12-1 to miR-K12-12. A total of ten of
the 12 miRNAs are located between latently expressed ORFs 71 and K12 in the
HHV-8 genome; miR-K12-10 is located within the ORF K12, and miR-K12-12 is
within the 30 UTR of K12 (Pfeffer et al. 2005; Samols et al. 2005). All 12 of the
HHV-8 miRNAs are oriented ‘‘in sense’’ with ORFs 71 to K12 and are expressed
during latency (Cai et al. 2005). Many of the miRNAs can be detected (and some
are even induced) during lytic infection (Cai et al. 2005; Umbach and Cullen
2010). Bioinformatic approaches have utilized miRNA seed sequences (nt 2-7/8 of
the miRNA) to search for miRNA gene targets (Gottwein and Cullen 2010; Lu
et al. 2010b; Nachmani et al. 2009; Qin et al. 2010), but these approaches yield
large numbers of potential candidates. Additionally, targets with less than perfect
seed sequence complementarity may be overlooked, and experimental validation
of identified candidates is necessary to assess authenticity. Functional approaches
involving transduction of recombinant viruses containing single or a combination
of HHV-8 miRNAs and monitoring potential changes in mRNA levels via
microarray have also been used (Ziegelbauer et al. 2009). More recently, immu-
noprecipitation of RISC and/or associated Argonaute proteins has been conducted,
and microarray analysis of co-precipitated mRNAs (RIP-ChIP) has been employed
(Dolken et al. 2010). These methods have identified multiple mRNA targets within
the host cell. From these data, the virally-encoded miRNAs have been deduced to:
(1) limit NK cell recognition of virally infected cells (Nachmani et al. 2009), (2)
repress RTA expression to inhibit latent-lytic switching (Bellare and Ganem 2009;
Lin et al. 2011; Lu et al. 2010a), (3) interfere with TGFb signaling (Liu et al.
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2012), (4) alter NF-jB signaling pathways (Lei et al. 2010), (5) modulate cytokine
production (Abend et al. 2010), and (6) modify cell cycle progression (Gottwein
and Cullen 2010). These targets and pathways are summarized in Table 1 and are
discussed further below.

HHV-8 employs many strategies to remain undetected by the host immune
response, and viral miRNAs are believed to play a vital role. HHV-8-encoded
miR-K12-7 targets MICB, a viral infection-induced cell-surface marker that
functions to induce natural killer (NK) cell recognition and killing via engagement
with the NK-expressed NKG2D receptor (Glas et al. 2000; Nachmani et al. 2009).
MICB targeting by virus-encoded microRNAs is conserved in human cytomega-
lovirus (Stern-Ginossar et al. 2007; Stern-Ginossar et al. 2008) and EBV infection
(Nachmani et al. 2009). In addition to immune evasion, several HHV-8 miRNAs
target RTA, thereby functioning to maintain viral latency and inhibit viral repli-
cation. Several research groups have identified miR-K12-3, miR-K12-5, miR-K12-
9, and miR-K12-11 as directly or indirectly targeting RTA expression (Bellare and
Ganem 2009; Lin et al. 2011; Lu et al. 2010b). Viral replication is also limited
through inhibition of the NF-jB inhibitor IjBa by miR-K12-1; upregulation of
NF-jB signaling abrogates lytic replication of HHV-8 (Lei et al. 2010). By
reducing virion production, the virus is able to further circumvent the host immune
response.

In addition to immune evasion, the virus counteracts pro-apoptotic pathways
induced by the host cell upon viral infection. Caspase 3 is a target of multiple viral
miRNAs (miR-K12-1, miR-K12-3, and miR-K12-4-3p), and its inhibition desen-
sitizes HHV-8-infected cells to caspase-induced apoptosis (Suffert et al. 2011).
Similarly, miR-K12-10a suppresses TWEAK receptor (TWEAKR) expression,
which limits TWEAK-induced caspase activation and apoptosis (Abend et al.
2010). TWEAKR inactivation also reduces production of pro-inflammatory
cytokines IL-8/CXCL8 and MCP-1/CCL2 (Abend et al. 2010). BCLAF1, a tran-
scriptional repressor, can be targeted by several of the HHV-8 microRNAs (miR-
K12-5, miR-K12-9, and miR-K12-10a/b), leading to decreased etoposide-induced
apoptosis in PEL cells (Ziegelbauer et al. 2009). Finally, miR-K12-11, a homo-
logue to cellular miR-155, alters expression of BACH1, which leads to a variety of
phenotypic changes including upregulation of HMOX1 (increased cell survival),
upregulation of xCT (increased infection permissivity in macrophages and endo-
thelial cells), and protection against apoptosis mediated by reactive nitrogen
species (Gottwein et al. 2007; Qin et al. 2010; Skalsky et al. 2007).

MicroRNAs encoded by HHV-8 also play significant roles in growth signaling
and angiogenesis. Transforming growth factor beta (TGFb) signaling can be
downregulated via the direct targeting of SMAD5 by miR-K12-11 (Liu et al.
2012); downregulation of TGFb signaling induces cell proliferation. It has been
noted that HHV-8+ B-cell lines have decreased levels of miR-155, the cellular
homologue of miR-K12-11; miR-K12-11 may compensate for the limited levels of
miR-155 in these cells (Skalsky et al. 2007). Inhibition of miR-K12-11 was found
to derepress TGFb signaling in HHV-8+ B cells (Liu et al. 2012). TGFb signaling
can be modulated by thrombospondin 1 (THBS1), a target of HHV-8 miRNAs
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Table 1 HHV-8-encoded microRNAs and their functions

Functional
Class

Viral
microRNA

Target Activity/
Function

References

Cell Cycle
Regulation

miR-K12-
1

p21 Inhibits cell
cycle arrest

Gottwein and Cullen (2010)

Apoptosis miR-K12-
10a

TWEAKR Reduced caspase
activation

Abend et al. (2010)

miR-K12-
5, 9, 10

BCLAF1 Inhibits apoptosis Ziegelbauer et al. (2009)

miR-K12-
1, 3, 4-3p

Caspase 3 Inhibits apoptosis Suffert et al. (2011)

miR-K12-
11

BACH1 Pro-survival Gottwein et al. (2007), Skalsky
et al. (2007), Qin et al. (2010)

Latency
Maintenance

miR-K12-
3

NFIB Inhibits RTA,
Stabilizes latency

Lu et al. (2010a, b)

miR-K12-
5, 7-5p, 9

RTA Stabilizes latency Bellare and Ganem (2009), Lin
et al. (2011), Lu et al. (2010a, b)

Growth
Signaling

miR-K12-
11

SMAD5 Limits TGFß
signaling

Liu et al. (2012)

miR-K12-
6, 11

MAF Cell fate
reprogramming

Hansen et al. (2010)

Immune
Evasion

miR-K12-
7

MICB Evasion from NK
cells

Nachmani et al. (2009)

Angiogenesis miR-K12-
1, 3, 6, 11

THBS1 Increases
angiogenesis

Samols et al. (2007)

Viral
Replication

miR-K12-
1

IkBalpha Limits viral
replication

Lei et al. (2010)

Chromatin
Modification

miR-K12-
4-5p

Rbl2 Global
epigenetic
modification

Lu et al. (2010a, b)

Unvalidated
Targets

miR-K12-
3

NHP2L1 Splicesome
assembly?

Dolken et al. (2010)

mIR-K12
cluster

LRRC8D Unknown Dolken et al. (2010)

miR-K12
cluster

SEC15L Vesicle
trafficking?

Dolken et al. (2010)

miR-K12-
4-3

GEMIN8 mRNA splicing? Dolken et al. (2010)

miR-K12
cluster

ZNF684 Transcriptional
regulation?

Dolken et al. (2010)

miR-K12
cluster

CDK5RAP1 CDK5 inhibitor? Dolken et al. (2010)
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miR-K12-1, miR-K12-3, miR-K12-6, and miR-K12-11 (Samols et al. 2007).
Thrombospondin 1 is an antiangiogenic factor, and its downregulation leads to
repressed TGFb signaling (Samols et al. 2005). Thus, multiple viral microRNAs
are capable of altering growth signaling and increasing angiogenesis to support the
establishment of HHV-8-associated neoplasias. Additionally, viral miRNAs can
alter the transcriptomes of endothelial cells and assist in cellular reprogramming.
Both blood vessel endothelial cell (BEC) and lymphatic endothelial cell (LEC)
expression markers are found in KS tissue, and the tissue can be reprogrammed
toward the LEC or BEC fate under the appropriate stimuli. Specifically, miR-K12-
6 and miR-K12-11 target the cellular transcription factor MAF (musculoaponeu-
rotic fibrosarcoma oncogene homologue) (Hansen et al. 2010), which is found in
LECs but not in BECs. Silencing of MAF by the microRNAs increases expression
of BEC marker genes within the KS tissue. Targeting of MAF by miR-155 in
CD4+ T cells has also been described (Rodriguez et al. 2007).

Several other studies have identified potential targets of viral microRNAs,
though the validation of these targets is still ongoing. For example, Rbl2 (reti-
noblastoma-like protein 2) has been identified as a target of miR-K12-4-5p (Lu
et al. 2010b). Rbl2 is an inhibitor of specific DNA methlytransferases (DNMT3a
and 3b). Epigenetic changes have been observed following inhibition of Rbl2, but
the consequences of these alterations are unclear (Lu et al. 2010b). Lastly, a large-
scale study utilizing a luciferase assay approach has identified several potential
targets of various HHV-8 miRNAs. These targets include proteins with roles in
vesicle trafficking, spliceosome assembly, transcription regulation, and cell cycle
progression (Dolken et al. 2010). Validation of these protein targets is needed and
will further enhance the understanding of the roles of miRNAs in HHV-8 biology
and pathogenesis.

3 Novel Virus–Host Interactions via Lytic Activities

3.1 Viral Interleukin-6 (vIL-6)

In contrast to its direct autocrine role in PEL pathogenesis, vIL-6 is believed to
contribute to KS and MCD predominantly via paracrine signaling. Newly infected
cells and those undergoing lytic replication express vIL-6 as an early gene product,
and vIL-6 is rapidly induced following RTA expression in these cells (Sun et al.
1999). The majority of HHV-8-infected cells in the KS lesion remain latently
infected, but small subsets of cells are lytically active. This minority of cells
expresses lytic proteins, including vIL-6, vGPCR, and K1; these proteins ulti-
mately enhance the expression of cellular inflammatory and angiogenic cytokines
(Mesri et al. 2010). For example, vIL-6 can induce expression of VEGF (Aoki and
Tosato 1999), considered to be a key contributor to KS development. VEGF and
cytokines such as IL-6, CXCL8, and bFGF are secreted from lytically active cells
and can further activate nearby latently infected and uninfected cells in a paracrine
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fashion. The secreted proteins modulate survival of HHV-8-infected cells, angi-
ogenesis (predominantly through VEGF), and recruitment of uninfected cells to
the lesion site. Inflammatory cytokines (including IL-6) and angiogenic factors
have been proposed to play a role in the initial development of KS (Ensoli and
Sturzl 1998).

In MCD patients, levels of IL-6 are substantially higher in affected lymph nodes
when compared to unaffected nodes of the same patient (Yoshizaki et al. 1989).
Additionally, disease severity correlates with IL-6 levels, and when affected lymph
nodes are resected, IL-6 levels decrease (Yoshizaki et al. 1989). Similarly, cell
lines derived from HIV positive KS patients express IL-6, and KS tissue produces
increased amounts of IL-6 compared to normal tissue (Miles et al. 1990). IL-6
antisense oligonucleotides were found to suppress the growth of KS cells from
HIV positive patients as well as the production of IL-6, and addition of exogenous,
recombinant IL-6 was able to restore growth and proliferation (Miles et al. 1990).
An additional study observed substantially elevated levels of IL-6 produced by
malignant plasma cells from MCD patients though not from other B-cell tumors
(Burger et al. 1994). At the time of these discoveries, the mechanism of disease-
associated IL-6 dysregulation was not understood. More recent reports have
demonstrated that vIL-6 can induce the expression of IL-6 and VEGF in some cell
types (Aoki et al. 1999; Mori et al. 2000). It is likely that vIL-6 also contributes
directly to MCD. Additionally, vIL-6 downregulates CCL2 and inhibits the
infiltration of neutrophils during acute infection of B cells (Fielding et al. 2005).

3.2 Viral CC-Chemokine Ligands (vCCLs)

The three HHV-8 chemokines, vCCL-1, vCCL-2, and vCCL-3, are encoded by
ORFs K6, K4, and K4.1, respectively (Moore et al. 1996; Neipel et al. 1997b;
Nicholas et al. 1997; Russo et al. 1996). All are expressed early during the lytic
cycle (Jenner et al. 2001; Paulose-Murphy et al. 2001). vCCL-1 and vCCL-2 are
most closely related structurally to cellular chemokines CCL3 and CCL4, while
vCCL-3 shares significant primary sequence similarity with a number of CC-
chemokines. However, the properties of the v-chemokines are distinct from those
of their cellular counterparts. With respect to receptor usage, vCCL-1 is an agonist
for CCR8; vCCL-2 signals through CCR3, CCR8, and potentially also CCR5;
vCCL-3 functionally targets CCR4 and XCR1 (Boshoff et al. 1997; Dairaghi et al.
1999; Luttichau 2008; Luttichau et al. 2007; Nakano et al. 2003; Stine et al. 2000).
In addition, vCCL-2 binds several CCR- and CXCR-type chemokine receptors and
CX3CR1 as a neutral (non-signaling) ligand and effectively inhibits cellular che-
mokine activity through these receptors (Chen et al. 1998; Crump et al. 2001;
Dairaghi et al. 1999; Kledal et al. 1997; Luttichau et al. 2001). The nature of the v-
chemokine-targeted receptors suggests that they may mediate immune evasion via
Th2 polarization and blocking of leukocyte trafficking, as has been demonstrated
for vCCL-2 in in vivo experiments (Chen et al. 1998; Weber et al. 2001).
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Apart from these immune evasion properties, each of the v-chemokines has
been demonstrated to promote angiogenesis, in part via induction of VEGF
(Boshoff et al. 1997; Liu et al. 2001; Stine et al. 2000). Like vIL-6, HHV-8 vCCLs
have the potential to promote KS pathogenesis via paracrine signaling and may
also play roles in PEL, where VEGF has been implicated as an important factor
based on data from murine studies (Aoki and Tosato 1999; Ensoli and Sturzl 1998;
Haddad et al. 2008). Additional contributions of vCCL-1 and vCCL-2 to patho-
genesis may include pro-survival signaling via CCR8, demonstrated in uninfected
and HHV-8-infected endothelial cells (Choi and Nicholas 2008). vCCL-1 and
vCCL-2 were also found to promote survival of PEL and murine cell lines (Liu
et al. 2001; Louahed et al. 2003). Unlike most (non-secreted) viral proteins, the v-
chemokines have the potential to function in a paracrine manner. Therefore, these
chemokines may promote cell survival of latently infected and uninfected cells
surrounding those supporting lytic replication, thus contributing to viral patho-
genesis. Nonetheless, an important aspect of the pro-survival activities of vCCL-1
and vCCL-2 is the positive contribution to productive replication via autocrine
signaling. The endogenously produced v-chemokines inhibit lytic cycle-induced
apoptosis and increase virus yields in HHV-8-infected endothelial cultures (Choi
and Nicholas 2008). This activity involves CCR8 signaling-dependent suppression
of lytic cycle stress-induced pro-apoptotic protein Bim, a powerful inhibitor of
productive replication.

3.3 Viral G Protein-Coupled Receptor (vGPCR)

While not unique to HHV-8, the vGPCR encoded by this virus is structurally and
functionally diverged from other gamma-2 herpesvirus vGPCRs and is strongly
implicated as a paracrine contributor to KS development (Cannon 2007; Nicholas
2005; Rosenkilde et al. 2001; Verzijl et al. 2004). HHV-8 vGPCR is unusual in its
promiscuous functional association with three classes of Ga proteins (i, q, and 13)
in addition to its direct association with and activation of the signaling protein
SHP2 (Couty et al. 2001; Liu et al. 2004; Philpott et al. 2011; Shepard et al. 2001).
Initial reports that vGPCR can function as a classical ‘‘autocrine’’ oncogene in
in vitro and in vivo experimental systems employing vGPCR-transduced cell lines
(Bais et al. 1998) implied that vGPCR may be expressed as a latent protein
(enabling it to contribute directly to HHV-8 oncogenesis). However, no evidence
of vGPCR latent expression has been forthcoming. Nonetheless, vGPCR can
induce KS-like tumors in receptor-transduced mice, and this phenotype is sup-
ported despite only a minority of cells expressing vGPCR (Montaner et al. 2003;
Yang et al. 2000). This can be explained by angiogenic, mitogenic, and inflam-
matory cellular cytokine induction via vGPCR signaling, leading to local endo-
thelial activation, proliferation, and tumorigenesis (Montaner et al. 2004). As
stated above, cytokine dysregulation is considered to be the principle driver of KS
disease. vGPCR is known to activate key factors, such as VEGF, bFGF, CXCL8,
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and IL-6, that are found in KS lesions and believed to promote and be required for
KS development and progression (Bais et al. 1998; Cannon et al. 2003; Pati et al.
2001; Schwarz and Murphy 2001). Thus, vGPCR produced in a small minority of
spontaneously reactivating endothelial cells may induce levels of cellular cyto-
kines sufficient to promote KS. It should be noted that in animal models, vGPCR-
expressing cells are able to cooperate with cells expressing latency genes v-cyclin
and/or vFLIP to increase the frequency of KS achieved with inoculated vGPCR+

cells alone (Montaner et al. 2003). This supports the notion that both autocrine
latent and paracrine lytic activities can function together in HHV-8-associated
neoplasia.

3.4 Viral Interferon Regulatory Factors (vIRFs)

HHV-8 vIRFs 1-4 are specified by the genomic region encompassing ORFs K9 to
K11; an equivalent locus (encoding 8 vIRFs) has been identified only in the closely
related rhesus rhadinovirus (Alexander et al. 2000; Cunningham et al. 2003;
Moore et al. 1996; Searles et al. 1999). All four of the vIRFs are expressed during
lytic replication, but vIRF-1 and vIRF-3 are also expressed in PEL latency (Po-
zharskaya et al. 2004; Rivas et al. 2001). Additionally, vIRF-1 transcripts have
been detected in KS cells using reverse transcription-polymerase chain reaction
techniques (Dittmer 2003). As outlined above (Sect. 2.5), vIRF-3 is required for
PEL cell viability (Wies et al. 2008); however, vIRF-1 depletion has no detectable
influence on PEL cell growth or survival in culture (Y. Choi and J. Nicholas,
unpublished data). The vIRFs appear to function primarily to evade host cell
defenses against de novo infection and virus productive replication, which trigger
cellular IRF and interferon signaling cascades leading to cell cycle arrest and pro-
apoptotic signaling (Lee et al. 2009a; Offermann 2007). The vIRFs counter these
cellular signals in several ways. IRF5 and IRF7 functional dimerization and pro-
moter association are antagonized by direct binding of vIRF-3 to these cellular
factors, and vIRF-3 also inhibits IRF3 activity (Joo et al. 2007; Wies et al. 2009).
vIRF-1 mediates transcriptional repression of IRF-targeted genes by blocking IRF-
directed promoter recruitment of p300/CBP via competitive binding to the tran-
scriptional coactivators (Burysek et al. 1999a; Li et al. 2000; Lin et al. 2001; Seo
et al. 2000; Zimring et al. 1998). Transcriptional repression of IRF1-, IRF3-, and
ISGF3-targeted genes is mediated by vIRF-2, in part by activation of caspase 3-
mediated destabilization of IRF3 (Areste et al. 2009; Burysek et al. 1999b; Fuld
et al. 2006). In addition, vIRF-2 and vIRF-3 directly target and/or inhibit dsRNA-
activated PKR kinase activity; this suppresses PKR promotion of protein trans-
lation and inhibits interferon signaling (Burysek and Pitha 2001; Esteban et al.
2003). Interestingly, vIRF-3 associates with and stabilizes the pro-angiogenic
transcription factor HIF-1a (Shin et al. 2008), and this could serve not only to
promote endothelial cell survival but may also contribute to KS and PEL patho-
genesis via induction of cytokines such as VEGF. vIRFs 1, 3, and 4 have been
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shown to inhibit p53 activity via (1) direct binding to the tumor suppressor (vIRF-1
and vIRF-3), (2) through interaction with p53-phosphorylating and p53-activating
ATM kinase (vIRF-1), or (3) via stabilization of MDM2 (vIRF-4), which promotes
ubiquitination and proteasomal degradation of p53 (Lee et al. 2009b; Nakamura
et al. 2001; Rivas et al. 2001; Seo et al. 2001; Shin et al. 2006). Inhibitory
interactions of vIRF-4 with deubiquitinase HAUSP have been reported to be
involved in p53 destabilization (Lee et al. 2011). Therefore, p53 represents a major
vIRF target that is important to control for efficient virus productive replication to
occur. vIRF-4 also binds to CSL, the target of Notch, but the significance of this
interaction is unclear (Heinzelmann et al. 2010).

vIRF-1 associates with and inhibits the activities of other cellular proteins
involved in innate cellular responses to infection and the promotion of apoptosis.
These targets include retinoic acid/interferon induced protein GRIM19 and TGFb
receptor-activated transcription factors Smad3 (tumor suppressor) and Smad4 (co-
Smad) (Angell et al. 2000; Ma et al. 2007; Seo et al. 2002, 2005). More recently,
vIRF-1 has been found to bind directly to members of the so-called BH3-only
protein (BOP) family (Choi and Nicholas 2010; Choi et al. 2012). BOPs are Bcl-2-
related proteins that function to promote apoptosis either via inhibitory interactions
with pro-survival members of the Bcl-2 family or by direct activation of apoptotic
executioners Bax and Bak (Kuwana et al. 2005; Willis and Adams 2005). A region
of vIRF-1 comprising residues 170-184 (BOP-binding domain, BBD) interacts
with BOP BH3 domains, required for pro-apoptotic activities of these proteins,
thereby mediating BOP inhibition (Choi and Nicholas 2010; Choi et al. 2012).
vIRF-1 BBD, a predicted amphipathic a-helix, resembles the Bid BH3-inhibitory
BH3-B domain of Bid and represents only the second example of a BH3-B-type
BH3-inhibitory domain and therefore a novel viral mechanism of apoptotic inhi-
bition. BBD-mediated interactions with BOPs are functionally important, as
indicated by the following findings: (1) BBD-mutated vIRF-1 is less active than
wild-type vIRF-1 in promoting productive replication and inhibiting apoptosis in
lytically infected endothelial cells; (2) vIRF-1:BOP-disrupting BBD peptide cau-
ses significant inhibition of virus production in these cells; and (3) depletion of
vIRF-1-targeted BOPs Bim or Bid leads to substantial increases in replicative titers
(Choi and Nicholas 2010; Choi et al. 2012).

In summary, a wealth of published data indicates that the vIRFs of HHV-8
represent an effective panel of antiapoptotic proteins that promote productive
replication via interactions with an important group of cellular proteins involved in
host cell defenses against infection (summarized in Fig. 2).

3.5 K7-Encoded Viral Inhibitor of Apoptosis (vIAP)

In common with other gammaherpesviruses, HHV-8 specifies a homologue of
cellular Bcl-2 proteins. However, HHV-8 encodes an additional BH-like domain-
containing antiapoptotic protein that is a homologue of cellular survivin. This
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HHV-8 protein is referred to as K7 (corresponding to the encoding ORF) or viral
inhibitor of apoptosis (vIAP). K7/vIAP is a membrane-associated protein that
contains a putative mitochondrial-targeting signal and localizes to mitochondria,
ER, and possibly other membranes as well (Feng et al. 2002; Wang et al. 2002). It
has been reported that K7/vIAP binds to cellular Bcl-2 via its C-terminal BH2-like
domain and to activated (proteolytically cleaved) caspase 3, bridging the two
proteins and functionally inhibiting caspase 3 proteolytic activity (Wang et al.
2002). Interaction with and inhibition of terminal caspase 3 in the apoptotic cas-
cade is analogous to the activities of cellular IAPs, which include survivin, XIAP,
and cIAPs 1 and 2. However, the interaction between K7/vIAP and Bcl-2 is a
property not reported for its cellular counterparts. The functional and biological
significance of this interaction remains to be determined. Nonetheless, K7/vIAP is
able to inhibit pro-apoptotic signaling in transfected cells treated with agents such
as Fas antibody and TNF-a, indicating its potential to act as a promoter of lytic
replication via its pro-survival activity during lytic cycle-induced stress (Wang
et al. 2002). K7/vIAP also interacts with calcium-modulating cyclophilin ligand

Fig. 2 Summary of inhibitory interactions of vIRFs with cellular proteins. The particular vIRFs
interacting with each target are indicated by the adjacent numbering (red lettering), and the effect
of each interaction is indicated (italics). The activities of vIRF interactions are grouped into four
general, overlapping biological categories, as indicated by the brackets and color coding. The
vIRF:protein interactions and their significance are discussed fully in the text. (*Functional
inhibition; no physical interaction detected)
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(CAML), which regulates intracellular calcium ion concentrations (Bram and
Crabtree 1994; Feng et al. 2002). The functional significance of this interaction is
evident from the ability of wild-type but not CAML binding-refractory K7/vIAP to
inhibit chemically-induced mitochondrial depolarization (i.e., apoptotic triggering)
in transfected cells (Feng et al. 2002). Thus, in addition to its inhibitory binding to
caspase 3, K7/vIAP appears to mediate apoptotic inhibition via CAML interaction.
K7/vIAP also interacts with the cellular protein PLIC1 (protein-linking integrin-
associated protein and cytoskeleton-1, also called ubiquilin), which associates with
ubiquitin-conjugated proteins to inhibit their proteasomal degradation (Feng et al.
2004; Kleijnen et al. 2000; Wu et al. 1999). K7/vIAP appears to antagonize PLIC1
activity, thereby destabilizing ubiquitinated proteins, as demonstrated for p53 and
NF-jB-inhibitory IjB (Feng et al. 2004). Together, the inhibitory interactions
between K7/vIAP and cellular proteins PLIC1, caspase 3/Bcl-2, and CAML may
promote cell survival during lytic replication and consequently enhance the effi-
ciency of virus production.

4 Terminal Membrane Proteins

4.1 K1/Variable ITAM-Containing Protein (VIP)

The K1 ORF of HHV-8 is located at the left end of the genome and is collinear
with other gammaherpesvirus genes encoding signaling membrane proteins. These
include saimiri transformation-associated protein (STP) of herpesvirus saimiri
(HVS), latency membrane protein-1 (LMP-1) of EBV, and the K1-homologous R1
receptor of rhesus rhadinovirus (Albrecht et al. 1992; Damania et al. 1999; Kaye
et al. 1993; Lagunoff and Ganem 1997; Murthy et al. 1989). The K1 protein is a
type I transmembrane signaling protein containing a functional immunoreceptor
tyrosine-based activation motif (ITAM) in its cytoplasmic C-tail (Lagunoff et al.
2001; Lee et al. 1998a). Sequencing of K1 in different HHV-8 isolates identified an
unusual degree of amino acid sequence variability in the extracellular regions of
the encoded proteins (Nicholas et al. 1998; Zong et al. 1999), hence the naming of
the K1 protein as variable ITAM-containing protein (VIP). While the functional
significance of this variability has not been established, the K1 locus has served as
a basis of epidemiological studies of HHV-8 strain distribution and infectivity
(Hayward and Zong 2007; Mbulaiteye et al. 2006; Whitby et al. 2004). Based
initially on the genomic position of K1 and subsequently on the constitutive sig-
naling and transforming properties of K1/VIP, the protein was implicated as a
potential contributor to HHV-8 pathogenesis. K1/VIP, like RRV R1, was able to
substitute functionally for the positionally equivalent ORF1/STP of HVS in in vivo
tumorigenesis assays and to promote cell growth and transformation in isolation
(Lee et al. 1998b; Prakash et al. 2002). K1/VIP activation of the AKT pathway and
consequent activation of mTOR (associated with cell growth) and the inactivation
of pro-apoptotic GSK3, Bad, and forkhead transcription factors have been

Molecular Biology of Human Herpesvirus 8 247



implicated in these activities (Tomlinson and Damania 2004; Wang et al. 2006).
However, as K1 appears to be expressed primarily or exclusively during lytic
replication (Jenner et al. 2001; Lagunoff and Ganem 1997; Nakamura et al. 2003;
Paulose-Murphy et al. 2001), its potential role in KS, PEL, and MCD may be
restricted to paracrine effects of K1/VIP-induced cellular cytokines (see below)
rather than direct effects suggested by initial functional analyses. While immu-
nodetection of K1/VIP in KS and MCD tissues has been reported, this has not been
associated with latently infected cells (Lee et al. 2003a; Wang et al. 2006). It
should be noted, however, that in situ detection of K1 transcripts in some KS cells
lacking detectable lytic marker (major capsid protein) mRNA expression suggests
the possibility that K1/VIP may be expressed in at least some latently infected KS
cells (Wang et al. 2006).

K1/VIP recruits and activates Src-family kinases, PI3K, and PLCc to mediate
signal transduction via several pathways by ligand-independent, constitutive sig-
naling (Lagunoff et al. 2001; Lee et al. 2005, 1998a; Samaniego et al. 2001;
Tomlinson and Damania 2004). It has been suggested that K1/VIP may contribute
to HHV-8-associated disease, especially KS, by induction of cellular cytokines.
K1/VIP-induced cytokines include pro-inflammatory IL-1b, IL-6, and GM-CSF
and angiogenic factors VEGF, CXCL8, and bFGF (Lee et al. 2005; Prakash et al.
2002; Samaniego et al. 2001; Wang et al. 2006). Contributions of the HHV-8
receptor to pathogenesis via cellular cytokine induction could theoretically occur
during lytic replication or during latency. In KS, PEL, and MCD, small propor-
tions of cells support lytic reactivation, enabling lytically expressed proteins, like
K1, to exert paracrine influence on surrounding latently infected and uninfected
cells (Aoki et al. 2003; Aoki and Tosato 2003; Ensoli et al. 2001).

4.2 K15-Encoded Membrane Protein

The K15-encoded protein in its full-length form is a twelve-transmembrane
domain-containing signaling receptor. Like K1, K15 may play a role in patho-
genesis via cytokine dysregulation, and it could conceivably contribute to
malignant disease through pro-survival signaling during latency. Transcripts from
the K15 locus are expressed predominantly during the lytic cycle, but some K15
products have been detected in resting (latent) PEL cultures (Choi et al. 2000;
Glenn et al. 1999; Sharp et al. 2002). The issue is complex because the K15
primary transcript contains eight exons and can be differentially spliced; the
resulting mRNAs and encoded proteins may be expressed differently based on cell
type and whether the virus is in the latent or productive phase. All forms of K15
contain C-terminal protein sequences with functional signaling motifs (see below),
but the protein isoforms differ in their complement of transmembrane domains.
K15 transcripts and a 23-kDa protein isoform have been detected during latency in
PEL cells, but K15 mRNA levels are induced considerably upon lytic reactivation
(Choi et al. 2000; Glenn et al. 1999; Sharp et al. 2002; Tsai et al. 2009).
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Full-length K15 protein has been detected in HHV-8 bacmid-containing HEK293
cells, though only after lytic induction with butyrate treatment (Brinkmann et al.
2007). However, the full-length protein has not been observed in cells naturally
infected with HHV-8. The ability of immediate early, lytic trigger protein RTA to
activate transcription from the K15 promoter is consistent with predominant lytic
expression of K15 (Wong and Damania 2006). Nonetheless, uncertainty remains
regarding the expression characteristics of K15 transcripts and proteins and
whether K15 receptor signaling could contribute to latency and HHV-8 neoplasia
in an autocrine manner.

Signaling motifs in the cytoplasmic tail of all K15 isoforms and in both M and P
allelic protein types (Poole et al. 1999) include two SH2- and single SH3- and
TRAF-binding sites (Brinkmann et al. 2003; Choi et al. 2000; Glenn et al. 1999).
SH2 binding-mediated interactions with Src-family kinases occur via the Y481EEV
motif, which is the primary site of K15 phosphorylation (Brinkmann et al. 2003;
Choi et al. 2000). This, together with the SH3-binding sequence (PPLP), leads to
inhibition of B-cell receptor (BCR) signaling. PPLP-motif interactions with in-
tersectin 2 (endocytic adaptor protein) and with Src kinases (such as Lyn and Hck)
are important for this activity (Lim et al. 2007; Pietrek et al. 2010). BCR inhibition
by the K15 receptor parallels that of the collinearly encoded LMP-2 of EBV, and
each is likely to promote latency by inhibiting lytic cycle reactivation promoted by
BCR signaling. The Y481EEV motif has been implicated in the activation of NF-
jB and mitogen-activated protein kinases (MAPKs) ERK and JNK, which occurs
after Y481 phosphorylation (Brinkmann and Schulz 2006; Choi et al. 2000; Pietrek
et al. 2010). Interaction of the K15 receptor with TRAFs 1, 2, and 3 is likely to
contribute to NF-jB and MAPK signaling (Brinkmann and Schulz 2006; Glenn
et al. 1999). The second tyrosine-containing motif, Y432ASI, is not detectably
phosphorylated, and its significance is uncertain. However, its interaction with
apoptotic regulatory protein HAX-1 and ER and mitochondrial colocalization of
HAX-1 with K15 suggest that the viral receptor may function to promote cell
survival via this motif (Sharp et al. 2002).

Examination of the downstream effects of K15 signaling has provided insight
into possible functions of the receptor in HHV-8 biology and its potential con-
tributions to viral pathogenesis. In addition to suspected antiapoptotic activity via
interaction with HAX-1, K15 can induce the expression of several antiapoptotic
genes, including A20, Bcl-2A1, Birc2, and Birc3 (Brinkmann et al. 2007).
Induction of these genes may help promote cell survival during the lytic cycle,
further enhancing productive replication. If K15 is expressed during latency, its
pro-survival signaling could contribute to prolonged latent cell viability and
maintenance of latency pools in vivo and to viral pathogenesis. On the other hand,
the observed induction of cellular cytokines in K15-transduced cells suggests a
mechanism by which K15 can affect surrounding cells (latently infected and
uninfected) by paracrine signaling from lytically infected cells. K15-expressing
latently infected cells could exert similar effects on the microenvironment.
Cytokines induced by K15 receptor signaling include IL-6, CCL2, CXCL3, and
CXCL8; each of these possesses angiogenic activity and has been implicated in KS
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pathogenesis (Brinkmann et al. 2007; Caselli et al. 2007; Ensoli and Sturzl 1998).
It is intriguing that K15 also induces expression of genes representing downstream
targets of angiogenic VEGF signaling. This would clearly implicate K15 as an
autocrine contributor to pathogenesis should the receptor be expressed during
latency, but such activity of K15 could also contribute to productive replication.
Angiogenic targets of K15 include Dscr-1 and Cox-2 (Brinkmann et al. 2007). It is
notable that Cox-2 has been reported to be induced during de novo and subsequent
latent infection of endothelial cells by HHV-8, and Cox-2 is important for the
production of several inflammatory and angiogenic factors (Sharma-Walia et al.
2010). Thus, pro-survival and paracrine-mediated pro-angiogenic roles of K15 in
HHV-8 lytic replication and pathogenesis seem likely, and there is potential for
autocrine activity via pro-survival signaling contributing to latency and neoplasia
if the receptor is latently expressed.

5 Summary

The discovery and study of HHV-8 has provided the opportunity to identify unique
virus-specified activities encoded by proteins either not previously known among
viruses or those not previously investigated or characterized in depth in other viral
systems. HHV-8 has also provided a model for the identification and character-
ization of viral miRNAs, a new area of research that has provided unique and
important insights into viral manipulation of host cell processes as part of normal
virus biology and potentially in viral pathogenesis. The properties of the charac-
terized protein and miRNA players in these processes have been described in
detail, and several key points emerge. First, the notion that only autocrine, latent
viral activities are relevant to virus-associated neoplasia needs revision, certainly
in the case of KS and possibly for PEL and MCD. Paracrine factors (viral and/or
cellular) produced during lytic replication can contribute to pro-proliferative, pro-
survival, and other functions of pathogenic relevance. The latent and lytic viral
proteins implicated in HHV-8 pathogenesis and their likely autocrine and para-
crine contributions to disease are summarized in Fig. 3. Secondly, ‘‘lytic’’ and
‘‘latent’’ classifications for viral products are not as distinct as once thought. For
example, vIL-6, vIRF-1, vIRF-3, K1, and K15 are clearly expressed maximally
during productive replication, but there is evidence for their expression during
latency as well in some cell types. Furthermore, it is notable that latently expressed
vIL-6 and vIRF-3 are of demonstrable importance for PEL cell growth and via-
bility. A third key point is that the virally encoded chemokines vCCL-1 and vCCL-
2, while secreted during productive replication and thought to function to promote
virus production via paracrine effects on the microenvironment (most notably to
evade host immune responses), can also act directly on the cells in which they are
produced to enhance virus production via antiapoptotic signaling. Such direct pro-
replication activity has also been demonstrated for vGPCR. For the v-chemokines
and vGPCR, it is possible that induced cellular cytokines may serve similar and/or
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additional activities to promote virus replication in an autocrine fashion as well as
having broader effects on the host microenvironment. Finally, several of the HHV-
8 proteins have multiple interactions with a broad range of host factors, a point
summarized in Table 2 and exemplified by LANA and vIRF-1. Thus, viral pro-
teins can have extraordinarily multifaceted activities via numerous protein inter-
actions, and detailed characterization of these interactions and their functional

Fig. 3 Overview of potential contributions of HHV-8 proteins to virus-associated neoplasia. The
general activities of relevance to HHV-8 malignant pathogenesis are indicated. Both latent and
lytic proteins have the potential to contribute to disease, via autocrine and paracrine activities,
respectively. Latent expression of signaling receptors encoded by ORFs K1 and K15 has so far
not been demonstrated conclusively. Therefore, whether the autocrine activities detected
experimentally (dotted lines) reflect direct roles of the receptors in HHV-8 pathogenesis remains
uncertain (?). However, contributions of K1 and K15 receptors could contribute to neoplasia via
induction of mitogenic, pro-survival, and angiogenic secreted cellular factors. This is also true of
the viral chemokine receptor, vGPCR. The viral cytokines (lytic) are secreted and can act by both
autocrine and paracrine mechanisms to influence cell growth and survival. These activities can
promote virus replication (by autocrine signaling) in addition to contributing to viral pathogenesis
(via paracrine effects). Latent expression of vIL-6 in PEL is likely to contribute to pathogenesis,
mainly via intracrine signaling. vIRF-3 is also expressed during latency in PEL and like vIL-6
promotes PEL cell viability. The latency proteins have the potential to contribute to HHV-8-
associated malignancies by direct autocrine effects on cell proliferation and survival by
mechanisms typical of oncogenes and tumor suppressors (see the text). Kaposin B and vFLIP
have the potential to function as promoters of cell proliferation and/or angiogenesis, but these
functions have not been demonstrated directly (?)
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Table 2 Virus–host protein interactions and their activities

Protein Class Target(s) Activity/Function References

LANA Latent,
replication

p53 Pro-survival Friborg et al. (1999)

Angiogenin/
annexin A2

Pro-survival Paudel et al. (2012)

pRb Pro-mitogenic Radkov et al. (2000)

GSK3b Pro-mitogenic Fujimuro et al. (2003)

c-Myc Pro-mitogenic Liu et al. (2007b)

Histones H2A/B Viral genome-
chromosome tethering

Barbera et al. (2006)

DNMT3a Transcriptional
repression

Shamay et al. (2006)

SUV39H1 Transcriptional
repression

Sakakibara et al.
(2004)

mSin3/SAP30/CIR Transcriptional
repression

Krithivas et al. (2000)

K13/vFLIP Latent,
signaling

IKKa/b NF-jB activation/
survival

Matta et al. (2007)

TRAF2/IKKc? NF-jB/Jnk activation Guasparri et al. (2006)

Procaspase-8 Inhibition of caspase
activation/survival

Belanger et al. (2001)

Kaposin A Latent,
signaling

Cytohesin-1, Septin
4 variant

GTPase-mediated
signal transduction,
activation of several
signaling kinases;
roles in survival/
proliferation?

Kliche et al. (2001),
Lin et al. (2007)

Kaposin B Latent,
mRNA
reg.

MK2 kinase MK2 activation,
stabilization of ARE-
containing mRNAs
(e.g. IL-6, PROX1);
potential pro-survival
and/or mitogenic
activity, endothelial
reprogramming

McCormick and
Ganem (2005)

vIL-6 Ligand,
cytokine

gp130/gp80 STAT/MAPK
activation;
proliferation/survival,
pro-inflammatory/
angiogenic

Chow et al. (2001),
Boulanger et al.
(2004)

VKORC1v2 Proliferation/survival
(PEL), unknown
mechanism

Chen et al. (2012)

(continued)
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Table 2 (continued)

Protein Class Target(s) Activity/Function References

vCCL-1 Ligand,
chemokine

CCR8 Agonist, Th2
polarization;
pro-survival, promotes
virus replication; pro-
angiogenic

Dairaghi et al. (1999),
Choi and Nicholas
(2008)

vCCL-2 Ligand,
chemokine

CCR3, CCR8,
CCR5?

Agonist, Th2
polarization; pro-
survival, promotes
virus replication; pro-
angiogenic

Choi and Nicholas
(2008),Boshoff et al.
(1997), Nakano et al.
(2003)

CCR5, CCR2,
CCR10, CXCR4,
CX3CR1, XCR1

Chemokine
antagonist; pro-
survival, promotes
virus replication

Chen et al. (1998),
Boshoff et al. (1997),
Kledal et al. (1997),
Luttichau et al. (2001),
(2007)

vCCL-3 Ligand,
chemokine

CCR4, XCR1 Agonist, Th2
polarization; pro-
angiogenic

Stine et al. (2000),
Luttichau et al. (2007)

vGPCR Signaling
receptor

Ga (i, q, 12/13),
SHP2

Activation of various
pro-survival and
mitogenic signaling
pathways; promotes
virus replication; pro-
angiogenic

Couty et al. (2001),
Liu et al. (2004),
Philpott et al. (2011),
Shepard et al. (2001),
Sandford et al. (2009)

vIRF-1 Innate
response
reg.

p53, ATM, p300/
CBP, GRIM19,
Smads 3/4, BOPs
(incl. Bim & Bid),
IRF1, IRF3

Pro-survival; IFN
signaling inhibition

Burysek et al. (1999a),
Choi et al. (2012), Li
et al. (2000), Lin et al.
(2001), Nakamura
et al. (2001), Seo et al.
(2001), (2002),
(2005), Shin et al.
(2006)

vIRF-2 Innate
response
reg.

PKR, IRF1, IRF2,
p65, p300

IFN signaling
inhibition

Burysek and Pitha
(2001), Burysek et al.
(1999b)

vIRF-3 Innate
response
reg.

p53, IRF3, IRF5,
IRF7, 14-3-3, HIF-
1a, Foxo3a

Pro-survival; IFN
signaling inhibition;
angiogenic signaling

Joo et al. 2007,
Munoz-Fontela et al.
(2007), Rivas et al.
(2001), Shin et al.
(2008), Weis et al.
(2008)

(continued)
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effects is important for understanding their individual and combined contributions
to virus biology and pathogenesis. Such characterization can potentially provide
the basis for the development of new antiviral and therapeutic drugs designed to
interfere with specific virus–host interactions of critical importance for viral rep-
lication or pathogenesis. This chapter has attempted to overview the various novel
HHV-8–host interactions and related activities that contribute to these processes
and that could perhaps be targeted in this way. The interactions described also
illustrate the breadth and complexity of virus–host interactions and suggest that
similar activities and mechanisms may be operative in other viral systems.
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Anti-Viral Treatment and Cancer
Control

Wei-Liang Shih, Chi-Tai Fang and Pei-Jer Chen

Abstract

Hepatitis B virus (HBV), hepatitis C virus (HCV), human papillomavirus
(HPV), and Epstein–Barr virus (EBV) contribute to about 10–15 % global
burden of human cancers. Conventional chemotherapy or molecular target
therapies have been used to treat virus-associated cancers. However, a more
proactive approach would be the use of antiviral treatment to suppress or
eliminate viral infections to prevent the occurrence of cancer in the first place.
Antiviral treatments against chronic HBV and HCV infections have achieved
this goal, with significant reduction in the incidence of hepatocellular
carcinoma in treated patients. Antiviral treatments for EBV, Kaposi’s
sarcoma-associated herpesvirus (KSHV), and human T-cell lymphotropic virus
type 1 (HTLV-1) had limited success in treating refractory EBV-associated
lymphoma and post-transplant lymphoproliferative disorder, KSHV-associated
Kaposi’s sarcoma in AIDS patients, and HTLV-1-associated acute, chronic, and
smoldering subtypes of adult T-cell lymphoma, respectively. Therapeutic HPV
vaccine and RNA-interference-based therapies for treating HPV-associated
cervical cancers also showed some encouraging results. Taken together,
antiviral therapies have yielded promising results in cancer prevention and
treatment. More large-scale studies are necessary to confirm the efficacy of
antiviral therapy. Further investigation for more effective and convenient
antiviral regimens warrants more attention.

P.-J. Chen (&)
Institute of Clinical Medicine, National Taiwan University, Taipei, Taiwan
e-mail: peijerchen@ntu.edu.tw

W.-L. Shih � C.-T. Fang
Institute of Epidemiology and Preventive Medicine, National Taiwan University,
Taipei, Taiwan

M. H. Chang and K.-T. Jeang (eds.), Viruses and Human Cancer,
Recent Results in Cancer Research 193, DOI: 10.1007/978-3-642-38965-8_14,
� Springer-Verlag Berlin Heidelberg 2014

269



Contents

1 Introduction....................................................................................................................... 270
2 Hepatitis B Virus and Hepatitis C Virus......................................................................... 270

2.1 Anti-HBV Therapies................................................................................................ 272
2.2 Anti-HCV Therapies................................................................................................ 275

3 HBV–HCV Coinfection ................................................................................................... 276
4 HBV–HIV Coinfection and HCV–HIV Coinfection....................................................... 276
5 Kaposi’s Sarcoma-Associated Herpesvirus ..................................................................... 278
6 Human T-Cell Lymphotropic Virus Type 1.................................................................... 279
7 Epstein–Barr Virus ........................................................................................................... 280
8 Human Papillomavirus ..................................................................................................... 281
9 Merkel Cell Polyomavirus ............................................................................................... 282
10 Conclusion and Future Perspective.................................................................................. 282
References.................................................................................................................................. 283

1 Introduction

Hepatitis B virus (HBV), hepatitis C virus (HCV), human papilloma virus (HPV),
Epstein–Barr virus (EBV), human T-cell lymphotropic virus type 1 (HTLV-1),
Kaposi’s sarcoma-associated herpesvirus (KSHV) and Merkel cell polyomavirus
(MCV) are the seven viruses that are currently known to cause chronic infection
and to be associated with specific cancers in human (Moore and Chang 2010). In
total, viruses contributed to the development of 10–15 % human cancer cases
worldwide. Although only a small proportion of infected individuals actually
develop cancers, the clinical prognosis is usually very poor.

Viral factors have long been proposed to play important roles in carcinogenesis.
Advances in molecular technologies now allow rapid and accurate quantification
of viral load, a marker of virus replication activity in human body. Accumulated
data show that viral load and cancer risk often parallel for virus-associated cancers,
such as HBV and HCV for hepatocellular carcinoma (HCC), and EBV for naso-
pharyngeal carcinoma (NPC). In light of the importance of virus replication
activity in the carcinogenesis of virus-associated cancers, antiviral therapy that can
suppress or eliminate viruses could be one important strategy for cancer preven-
tion. Currently, antiviral therapy has been applied on these seven viruses-associ-
ated cancers (Table 1), and clinical benefit has been proved for antiviral therapy
for HBV and HCV.

In this chapter, we reviewed the current evidences on the correlation between
viral load and clinical outcomes (e.g., cancer risk and survival) and the current
understandings on the effect of antiviral treatments for cancer-associated viruses.
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2 Hepatitis B Virus and Hepatitis C Virus

Chronic HBV and HCV infections are major etiological factors in 75–80 % of
HCC cases worldwide. Universal HBV vaccination on newborns in Taiwan since
1985 has lead to a 70 % reduction in HBV-related HCC in young-aged children

Table 1 Human cancer viruses, associated cancers, and their specific antiviral therapies

Virusa Cancer typeb Antiviral therapyc

HBV HCC Interferons (Interferon-a and pegylated
interferon-a2a)

Nucleos(t)ide analogues (Lamivudine, adefovir,
entecavir, telbivudine, and
tenofovir)

HCV HCC Peglyated interferon plus
ribavirin

Direct antiviral agents
(protease inhibitor)

(Boceprevir and telaprevir)

KSHV AIDS-KS Antiviral herpesvirus drug (Ganciclovir and
valganciclovir)

HAART, PI based

HAART, NNRTI based

HIV-negative KS HIV protease inhibitor (Indinavir)

HTLV-
1

ATL (acute, chronic,
and smoldering forms)

Interferon-a plus zidovudine/
zalcitabine alone or combined
with chemotherapy

EBV PTLD, NPC, HL Immunotherapy (EBV-specific cytotoxic T
cells)

EBV-associate
lymphoma

Virus directed (Lytic replication inducer plus
acyclovir/ganciclovir)

HPV Cervical cancer Therapeutic HPV vaccine
(focus on HPV-16 and HPV-
18)

RNA-interference-based
therapy

(Antisense oligonucleotides,
ribozymes, and siRNAs)

MCV MCC Interferon (Interferon-a and interferon-b)
a HBV hepatitis B virus, HCV hepatitis C virus, EBV Epstein–Barr virus, HPV human papillo-
mavirus, HTLV-1 human T-cell lymphotropic virus type 1, KSHV Kaposi’s associated sarcoma
virus, MCV Merkel cell polyomavirus
b HCC hepatocellular carcinoma, AIDS-KS AIDS-Kaposi’s sarcoma, ATL adult T-cell lym-
phoma, PTLD post-transplant lymphoproliferative disorder, NPC nasopharyngeal carcinoma, HL
Hodgkin’s lymphoma, MCC Merkel cell carcinoma
c HAART highly active antiretroviral treatment, PI protease inhibitor, NNRTI: non-nucleoside
reverse transcriptase inhibitor
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(Chang et al. 2009). Nevertheless, millions of individuals who had already
chronically infected by HBV are still under the risk of developing HCC. Unfor-
tunately, no effective vaccine is available for preventing HCV infection now. The
proportion of HCV-related HCC has progressively increased, especially in the
developed countries (El-Serag 2012). For these people persistently infected by
either HBV or HCV, antiviral therapies’ target on HBV and HCV can be an
effective strategy to reduce risk of HCC.

2.1 Anti-HBV Therapies

HBV replication is the key force to drive the progression of HBV-related diseases
(Liaw 2006). HBeAg is a well-known HBV replication marker (Chen et al. 2009;
Fang et al. 2003). Epidemiological studies also consistently show that the elevated
HBV viral load, which represented a higher HBV replication activity, is associated
with high HCC risk, worse progression, and poor survival (Chen et al. 2009).
Reducing HBV DNA to undetectable level or induction of HBeAg seroconversion
has been the main therapeutic endpoints (Feld et al. 2009).

Conventional interferon-a, pegylated interferon-a2a, and nucleos(t)ide ana-
logues (NUCs), including lamivudine, adefovir, entecavir, telbivudine, and ten-
ofovir, are currently approved treatments for chronic HBV infection. Treatment
with newer NUCs, including entecavir, telbivudine, and tenofovir, could suppress
HBV DNA on average by 6.2–6.9 and 4.6–5.2 log10 IU/mL in HBeAg-positive
(Chang et al. 2006; Lai et al. 2007; Marcellin et al. 2008) and HBeAg-negative
patients (Lai et al. 2006, 2007; Marcellin et al. 2008), respectively. Undetectable
levels of HBV DNA can be achieved in 60–80 % of HBeAg-positive patients
(Chang et al. 2006; Dienstag 2009; Lai et al. 2007; Marcellin et al. 2008) and
88–95 % of HBeAg-negative patients (Dienstag 2009; Lai et al. 2006, 2007;
Marcellin et al. 2008). Treatment with lamivudine and adefovir yields less
reduction in HBV DNA and lower proportion of undetectable HBV DNA in both
HBeAg-positive and HBeAg-negative patients. In addition, HBeAg seroconver-
sion was observed in 12–23 % of NUC-treated patients (Chang et al. 2006;
Dienstag 2009; Lai et al. 2007; Marcellin et al. 2008). After one-year course of
NUC treatment, sustained virological response was maintained in relatively small
proportion of initial responders (Dienstag 2009). Thus, NUCs were usually used as
a long-term therapy. No optimal duration of NUC therapy is available now, but
extending treatment for at least more than 6 months after HBeAg seroconversion
to consolidate the sustained response is currently an acceptable practice.

Although NUCs are highly potent and safe, emergence of drug resistance after
prolonged use of NUCs is a major concern. It has been reported that patients
with lamivudine resistance had higher HCC risk than NUC-naïve patients
(Papatheodoridis et al. 2010). Lamivudine resistance would accumulate rapidly to
15–25 % after 12 months and to 60–65 % after 4 years of treatment (Papatheo-
doridis et al. 2008). Resistance to adefovir and telbivudine can also reach 25–30 %
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Table 2 Meta-analyses of nucleos(t)ide analogues and interferon-based therapy for HBV and
HCV infections

Study Design No. of
subjects

Therapy Endpoint Main findings

HBV

Mommeja-
Marin et al.
(2003)

26
prospective
studies

N = 3,428
(2,524
HBeAg
positive)

IFN vs. CN
&
NUCs vs. CN

Histological
response
Biochemical
response
Serological
response

Treatment-induced
HBV DNA
reduction correlated
with histological,
biochemical, and
serological
responses

Sung et al.
(2008)

12 studies N = 2,742
1,292
treated
1,450
untreated

IFN vs. CN HBV-related
HCC

RR = 0.66
(0.48–0.89)

5 studies N = 2,289
1,267
treated
1,022
untreated

NUCs vs. CN HBV-related
HCC

RR = 0.22
(0.10–0.50)

Yang et al.
(2009)

11 clinical
trials

N = 2,082
1,006
treated
1,076
untreated

IFN vs. CN HBV-related
HCC
incidence

RR = 0.59
(0.43–0.81)

5 clinical
trials

N = 935
516 treated
419
untreated

IFN vs. CN HBV-related
cirrhosis

RR = 0.65
(0.47–0.91)

Wong et al.
(2010)

11 studies N = 2,122
975 treated
1,147
untreated

IFN vs. CN Overall
hepatic
events

RR = 0.55
(0.43–0.70)

Liver-related
mortality

RR = 0.63
(0.42–0.96)

Papatheodoridis
et al. (2010)

21 studies N = 4,415
3,881
treated
534
untreated

NUCs vs. CN HCC
incidence

HCC incidence:
treated: 2.8 %
untreated: 6.4 %

Zhang et al.
(2011)

2 RCTs N = 1,58
95 treated
63
untreated

Non-
maintenance
IFN
treated vs.
CN

HBV-related
HCC
incidence

RR = 0.23
(0.05–1.04)

(continued)
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Table 2 (continued)

Study Design No. of
subjects

Therapy Endpoint Main findings

HCV

Cammá et al.
(2001)

14 studies HCV-
related
cirrhosis
N = 3,109

IFN
treated vs.
non-treated

HCC
incidence

OR = 0.28
(0.22–0.36)

Papatheodoridis
et al. (2001)

11 studies HCV-
related
cirrhosis
N = 2178

CN vs. IFN HCC
incidence

OR = 3.02
(2.35–3.89)

5 studies HCV-
related
cirrhosis
N = 683

Non-SVR vs.
SVR

HCC
incidence

OR = 3.65
(1.71–7.78)

Zhang et al.
(2011)

4 RCTs HCV
patients
N = 378

Non-
maintenance
IFN
treated vs.
non-treated

HCV-related
HCC
incidence

RR = 0.39
(0.26–0.59)

2 RCTs HCV
patients
N = 223

Non-
maintenance
IFN
treated vs.
non-treated

HCV-SVR RR = 0.30
(0.04–2.15)

2 RCTs Initial non-
responders
of IFN
therapy
N = 1,101

Maintenance
IFN
treated vs.
non-treated

HCV-related
HCC
incidence

RR = 0.96
(0.59–1.56)

Singal et al.
(2010)

20 studies HCV-
related
cirrhosis
N = 4,700

Treated vs.
non-treated

HCC
incidence

RR = 0.43
(0.33–0.56)

14 studies SVR vs. non-
SVR

HCC
incidence

RR = 0.35
(0.26–0.46)

Qu et al (2012) 8 RCTs HCV-
related
cirrhosis
N = 1505

Treated vs.
non-treated

HCC
incidence

OR = 0.29
(0.10–0.80)

3 RCTs HCV-
related
cirrhosis
N = 1155

Maintenance
IFN therapy
treated vs.
non-treated

HCC
incidence

OR = 0.54
(0.32–0.90)

CN control group (placebo or no treatment), RR relative risk, OR odds ratio, SVR sustained
virological response
IFN interferon, NUCs nucleos(t)ide analogues
RCTs randomized controlled trials
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after long-term treatment. Only treatment with entecavir and tenofovir showed
negligible resistance. Thus, due to better resistance profile, excellent safety profile,
and superior efficacy, entecavir and tenofovir have now been suggested as the first-
line therapy (Dienstag 2009).

In contrast to NUCs, interferon-based therapy was less used for HBV infection
due to side effects and poor tolerability. Nevertheless, recent studies have provided
more supportive evidence for its role in anti-HBV therapy. Treatment of HBeAg-
positive patients with pegylated interferon for 48–56 weeks achieved undetectable
HBV DNA in 10–25 % of patients and\2–4.5 log10 copies/mL mean reduction in
HBV DNA (Janssen et al. 2005; Lau et al. 2005). HBeAg loss and HBeAg
seroconversion were durable in 81 and 70 % of initial responders with or without
concomitant lamivudine therapy, respectively, for a mean of 3 years of follow-up
after treatment (Buster et al. 2008). The proportion of HBV DNA undetectability
in HBeAg-negative patients was 63 %, and average reduction of viral load was 4.1
log10 copies/mL after 48 weeks of therapy of pegylated interferon (Marcellin et al.
2004). After 24 weeks of follow-up (week 72), rate of HBV DNA undetectability
decreased to 19 % and average reduction in viral load became 2.3 log10 copies/mL
(Marcellin et al. 2004). A durable suppression of HBV DNA to undetectable level
was observed in 46 % of HBeAg-negative initial responders at 3 years of follow-
up after the end of treatment (Marcellin et al. 2009). Although pegylated interferon
resulted in virological response in a small proportion of patients, it seemed to have
higher probability to achieve sustained off-therapy response. Due to this advantage
and the fixed duration of treatment, pegylated interferon still has a therapeutic role
in selected patients.

The long-term effect of anti-HBV therapy with NUCs and interferon on survival
and incidence of HCC has also been investigated. For interferon-based therapy,
two studies reported that sustained virological responders showed significantly
better survival and lower risk of developing HCC (Niederau et al. 1996; van
Zonneveld et al. 2004). Compared with non-treated patients, interferon-treated
patients had lower HCC incidence with RR of 0.23–0.66 (Table 2). For NUCs, two
early, large randomized control trials of treatment for chronic HBV-infected
patients with advanced liver diseases showed that lamivudine could reduce risk of
disease progression including developing HCC in treated patients and in patients
with persistent viral suppression (Di Marco et al. 2004; Liaw et al. 2004). Several
meta-analyses consistently concluded that NUC treatment was associated with a
lower HCC incidence (Table 2).

2.2 Anti-HCV Therapies

For HCV, there is still no vaccine available. Fortunately, effective anti-HCV
therapies are available to provide good clinical outcomes for HCV patients.
Interferon-based treatments by using pegylated interferon with ribavirin are the
current standard of care for HCV patients. This regimen resulted in sustained
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virological response (SVR) in about 50 % of HCV patients with genotype 1 and
80 % of HCV patients with genotypes 2 and 3 (Munir et al. 2010). The
achievement of SVR is durable (Hofmann and Zeuzem 2011) and highly associ-
ated with good overall clinical outcome, including decreased risk of HCC
(Table 2) and liver-related deaths (Masuzaki et al. 2010). Nevertheless, non-SVR
patients did not show risk reduction in disease progression, and maintenance of
anti-HCV treatment provided no further benefits on clinical outcomes in these
patients (Table 2).

High viral load and genotype 1 were used to predict a lower response rate to
anti-HCV therapies in chronic hepatitis C patients. But the percentage of non-
responders has decreased in recent years because of the advance in therapy.
Pegylated interferon combined with ribavirin increased SVR to about 40 % in
HCV genotype 1b patients with high viral load (Masuzaki et al. 2010). In addition,
these non-responders now could be identified by many clinical markers (e.g.,
obesity, IL-28 polymorphisms) before treatment to allow treatment optimization
(Masarone and Persico 2011). Furthermore, upcoming new drugs (boceprevir and
telaprevir, two HCV non-structural 3/4A protease inhibitors) may provide satis-
factory HCV RNA suppression in patients with genotype 1 infection, which did
not respond to interferon-based regimens (Hofmann and Zeuzem 2011). We are
now at the dawn of a new era of more effective and friendlier anti-HCV therapies.

3 HBV–HCV Coinfection

Treatment of HBV–HCV coinfection is important in endemic area because of its
fairly high prevalence due to shared routes of transmission and increased risk for
liver diseases, including HCC. Although no specific treatment guidelines are
established, individualized therapy according to hepatitis virology, history of
antiviral treatment, and stage and grade of liver disease is recommended (Potthoff
et al. 2010).

Before initiation of therapy, determination of dominant virus infection is
required. Combination of interferon/pegylated interferon and ribavirin are current
choice of treatment for patients with dominant HCV infection. There were
43–69 % of treated patients who showed HCV-SVR at the end of 24 weeks of
therapy with interferon plus ribavirin (Potthoff et al. 2010). After 24 or 48 weeks
of combination therapy in genotype 2/3 HCV and genotype 1 HCV, respectively,
high HCV-SVR rate can be achieved in both genotypes (83 % for genotype 2/3
and 72 % for genotype 1) (Liu et al. 2009). At the end of 24–48 weeks of follow-
up, undetectability of HBV DNA was obtained in 11–18 % for interferon plus
ribavirin and 56 % for pegylated interferon plus ribavirin (Liu et al. 2009; Potthoff
et al. 2010). Interestingly, the combination therapy seemed to have higher chance
of HBsAg clearance, which is the optimal treatment goal. The proportion of
HBsAg clearance was 11–19 % for these two types of regimens (Liu et al. 2009;
Yeh et al. 2011). However, as severe hepatic flares and recurrence of HBV after
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therapy have been reported, using this combination therapy with caution and long-
term virological monitoring in some coinfected patients are necessary. In HBV-
dominant or dually active HBV–HCV-coinfected patients, the optimal therapeutic
regimen remains unestablished.

4 HBV–HIV Coinfection and HCV–HIV Coinfection

Coinfection of HBV–HIV and HCV–HIV usually hastens the development of liver
diseases, including fibrosis and HCC. Generally speaking, monotherapy of inter-
ferons, pegylated interferons, lamivudine, adefovir, entecavir, and telbivudine has
yielded much less satisfactory responses in HBV–HIV-coinfected patients (La-
combe and Rockstroh 2012). Nevertheless, tenofovir monotherapy offered some
benefits, such as effective virological suppression, good resistance profile, and
histological improvement. However, interruption use must be avoided because of
viral breakthrough-induced deleterious consequences.

According to the guidelines proposed by the European AIDS Clinical Society
(Lacombe and Rockstroh 2012; Soriano et al. 2010), HBV–HIV-coinfected
patients who do not need HIV treatment ([500 CD4 ? cells per uL) are suggested
to receive early combination therapy of tenofovir and lamivudine/emtricitabine or
to receive NUC therapy (either adefovir or telbivudine) in ‘‘early add-on’’ strategy
when their HBV DNA level was more than 2,000 IU/mL. In this group of patients
who have favorable response to interferon therapy, a 48-week course of interferon
is suggested. When both HBV and HIV treatments must be applied, the appro-
priate option for treatment depends on prior use of lamivudine. In lamivudine-
naïve patients, combination of tenofovir plus lamivudine/emtricitabine is the
therapeutic option. And for lamivudine-treated patients, adding tenofovir, ente-
cavir, or other HIV nucleos(t)ide reverse transcriptase inhibitors is recommended.
Besides, lamivudine-containing HAART has been shown to be able to suppress
HBV replication in HBeAg-negative HBV–HIV-coinfected patients (Fang et al.
2003). Although the above guidelines have been proposed, more solid evidence is
still needed to make evidence-based therapeutic decisions.

In regard to treatment of HCV–HIV-coinfected patients, SVR rates could be
achieved to 27–50 % by using treatment of pegylated interferon with ribavirin,
which is the current standard therapy. Higher SVR (44–73 %) was observed in
genotypes 2 and 3. In contrast, only 17–35 % genotype 1 and genotype 4 patients
reached SVR (Lacombe and Rockstroh 2012).

Regimens for HCV–HIV-coinfected patients would be different according to
HCV genotype and virological response. For non-HCV genotype 1 patients, in
patients with rapid virological response (undetectable HCV viral load at week 4),
24 and 48 weeks of pegylated interferon/ribavirin combination therapy are rec-
ommended for genotype 2/3 and genotype 4, respectively. If the virological
response is not achieved at week 12, treatment should be stopped. Patients with
virological response at week 12 and undetectable HCV RNA at week 24 are
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recommended to receive 48- and 72-week courses of treatment for genotype 2/3
and genotype 4, respectively (Lacombe and Rockstroh 2012; Soriano et al. 2010).
For HCV genotype 1 patients, longer duration of treatment may provide benefits
under the conditions of early virological response at week 12 and undetectable
virus at week 24. However, patients with higher fibrosis stages are recommended
to have therapy of interferon/ribavirin combination plus HCV protease inhibitors.
Recent pilot trials showed that this triple therapy in coinfected patients increased
the SVR rate when compared with patients receiving combined treatment (Ingiliz
and Rockstroh 2012). In addition, based on the results from clinical studies,
HAART may offer positive impact on control of prognosis of liver damage in
HCV–HIV-coinfected patients, and most of first-line HAART has good fitness in
these patients (Jones and Nunez 2011).

5 Kaposi’s Sarcoma-Associated Herpesvirus

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human herpes-
virus 8 (HHV-8), is a necessary factor for Kaposi’s sarcoma (KS), the most
common malignancy in HIV patients who became immunocompromised. Elevated
KSHV viral load was observed more frequently in KS patients than in asymp-
tomatic KSHV-infected patients and was associated with a higher risk of AIDS-KS
(Gantt and Casper 2011; Sunil et al. 2010). There is still no effective vaccine for
KSHV. Nevertheless, several studies showed that anti-herpes virus drugs, such as
ganciclovir and valganciclovir, not only reduced KSHV viral load but also pre-
vented AIDS-KS (Gantt and Casper 2011). Though these small studies still need
further confirmation (Gantt and Casper 2011), it will be interesting to examine the
effects of these promising agents in combination with DNA synthesis blockers or
lytic replication inducer in future clinical trials.

The replication of KSHV strongly depends on HIV-induced immunodeficiency
(Mesri et al. 2010). Early use of highly active antiretroviral treatment (HAART) can
restore host immunity and decrease the incidence and mortality of AIDS-KS in
HAART-treated patients (Bower et al. 2006; Mesri et al. 2010). Compared with that
in pre-HAART era, KS incidence in HAART era dropped by sixfold (Sunil et al.
2010). Even in resource-limited regions, early use of HAART can result in reduced
KS incidence (Casper 2011). In the individual patient level, HAART is also signif-
icantly associated with control of KSHV viremia (Bourboulia et al. 2004). However,
for late presenters who had already developed KS at the time of initial diagnosis,
HAART alone induces complete remission in only half of these patients (Nguyen
et al. 2008). For AIDS-KS patients, who did not reach complete remission with
HAART alone, co-administration of HAART and chemotherapy could improve the
response rate to 81.5 % (Bower et al. 2006). HAART can be classified to protease
inhibitor (PI)-based and non-nucleoside reverse transcriptase inhibitor (NNRTI)-
based regimens. No difference in KS incidence rate between these two types of
regimens was observed in small observational studies (Gantt and Casper 2011),
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but PI-based HAART seemed to have better efficacy because more complete
remission and relapse were reported when switching therapy from PI-based to
NNRTI-based HAART (Gantt and Casper 2011). Nevertheless, whether PI-based
HAART does have a therapeutic advantage for KSHV or not, this superiority still
requires more convincing evidence to support, and controlled trials with large sample
size and optimized HAART regimens are urgently needed.

For KS in HIV-negative patients, a 28-patient trial study showed that treatment
with individual ART (indinavir) induced tumor regression and stabilization of
disease progression in some patients (Monini et al. 2009). In addition to KS,
KSHV was also linked to primary effusion lymphoma (PEL) and multicentric
Castleman’s disease (MCD) (Chang et al. 2006), which are rare malignancies with
very poor prognosis. Recently, few studies proved that treatment with HAART
alone or with other therapy (e.g., monoclonal antibodies) for PEL and MCD may
prolong resolution of symptoms (Sunil et al. 2010).

6 Human T-Cell Lymphotropic Virus Type 1

Human T-cell lymphotropic virus type 1 (HTLV-1) is the etiological agent of adult
T-cell lymphoma (ATL) (Poiesz et al. 1980). Although only a small proportion
(\6 %) of 15–20 million estimated infected people worldwide developed ATL
after a 10- to 40-year latent period (Proietti et al. 2005), the prognosis for ATL
patients is very poor. Median survivals of acute and lymphomatous ATLs are less
than one year (Goncalves et al. 2010).

Compared with asymptomatic carriers, ATL patients had significantly higher
level of HTLV-1 proviral DNA and antibody titer (Manns et al. 1999). The
quantity of HTLV-1 proviral DNA is a predictive factor for the development of
ATL and is correlated with clinical outcomes (Etoh et al. 1999; Iwanaga et al.
2010; Okayama et al. 2004). Based on the accumulated data, antiviral therapy now
is one of the treatment options for ATL (Tsukasaki et al. 2009). Treatment for
ATL with antiviral drugs was investigated in the early 1980s in Japan, but
encouraging improvement was obtained from two trials that combined interferon-a
and zidovudine (AZT) in treating ATL patients reported in 1995 (Gill et al. 1995;
Hermine et al. 1995). These two studies described impressive high response rate
(more than 50 %) and mild toxic effects, and the survival time was prolonged to
more than one year. After that, many small studies (all less than 30 patients) using
interferon-a and AZT/zalcitabine were performed in France (Hermine et al. 2002),
United Kingdom (Matutes et al. 2001), Martinique (French West Indies) (Besson
et al. 2002), and United States (Ratner et al. 2009). Overall, these studies showed
consistent efficacy of antiviral therapy. Recently, a worldwide meta-analysis with
254 ATL patients treated with interferon-a and AZT combination and/or with
chemotherapy provided further evidence that combination of interferon-a and AZT
treatment resulted in high response and significantly prolonged survival
(Bazarbachi et al. 2010). However, the survival advantage was limited to acute,
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chronic, and smoldering subtypes. For lymphomatous ATL, chemotherapy seemed
to be more effective than antiviral therapy. Besides, treatment with combination of
interferon-a/AZT and arsenic trioxide also resulted in promising outcome on 7
patients with relapsed/refractory acute or lymphomatous ATL (Hermine et al.
2004). Another study using 10 chronic ATL patients showed 100 % response to
the treatment (Kchour et al. 2009). Although these were preliminary observations,
the feasibility of this regimen has been considered.

Improvement of treatment response and survival that resulted from antiviral
drugs was an important advance in treating ATL. Studies also showed a reduction
in HTLV-1 proviral DNA load in ATL patients after antiviral therapy, and the
decrease was correlated with the response of treatment (Kchour et al. 2007, 2009).
However, all these results came from studies with small sample size.

7 Epstein–Barr Virus

As the first identified carcinogenic virus, EBV has been linked to many malig-
nancies, including Burkitt’s lymphoma, Hodgkin’s lymphoma (HL), immune-
suppressed B-cell lymphoma, post-transplant lymphoproliferative disorder
(PTLD), gastric carcinoma, and NPC (Kutok and Wang 2006). Although there is
still no standard assay (De Paoli et al. 2007), quantification of EBV viral load has
been used in the management of PTLD and NPC patients. Because of different and
complex etiopathological and clinical features, the clinical significance of EBV
viral load varies across all types of EBV-associated malignancies (Kimura et al.
2008).

Pharmacological therapy, immunotherapy, and virus-directed approaches are
existing antiviral therapies for EBV-associated diseases. For EBV-associated
malignancies, the maintenance of latent replication makes pharmacological ther-
apy with nucleoside analogues produce no effect. Immunotherapy, which uses
adoptive EBV-specific cytotoxic T cells (EBV-CTLs) to kill infected cells, has
been used to treat PTLD (Rooney et al. 1995), NPC (Chua et al. 2001), and HL
(Bollard et al. 2004). Application of such therapy in PTLD provided some ben-
eficial consequences including EBV DNA reduction in 2–3 log scale and stabil-
ization of viral load (Gustafsson et al. 2000; Rooney et al. 1995), prevention of
development for PTLD (Heslop et al. 2010), and prolonged activity of infused
CTLs against viral reactivation for up to 9 years (Heslop et al. 2010). But, results
from treatment of NPC and HL patients were only partially satisfied. For NPC,
15–19 % of patients with metastatic and locally advanced diseases remained in
poor survival outcome under the standard care of chemoradiotherapy. Immuno-
therapy was considered because of the expression of EBNA1, LMB1, and LMB2
EBV antigens, which were the targets of EBV-CTLs, in NPC. Focussing mainly on
refractory and relapse NPC patients, the encouraging immunotherapeutic results
came from achievement of complete remission (Louis et al. 2010; Straathof et al.
2005), lack of significant toxicity, and in some patients, the control of disease
progression (Comoli et al. 2005). For relapsed HL patients, complete/partial
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remission, decrease in EBV DNA in PBMC, and stable disease progression were
observed (Bollard et al. 2004). Current data on immunotherapy were limited by the
small number of patients and the short-lasting effects. Therefore, all kinds of
immunotherapy for EBV-associated malignancies are still under investigation
(Merlo et al. 2011).

Virus-directed approaches, which use the EBV viral genome in tumor cells as
the target, could be divided into two groups. One group includes designs of
inhibition of EBV oncoprotein expression, inducing loss of EBV episome, and
production of cellular toxins in EBV-infected tumors. The other approach com-
bined the induction of EBV lytic replication and then followed by the use of
acyclovir and ganciclovir (Ghosh et al. 2012; Israel and Kenney 2003). Phase I/II
clinical trials for EBV-associated lymphoma found that combination of arginine
butyrate (one kind of HDAC inhibitor) and ganciclovir obtained noticeable clinical
response in some refractory patients (Faller et al. 2001; Perrine et al. 2007). For
lytic replication inducer, many chemical agents such as phorbol esters, DNA
methyltransferase inhibitor (e.g., 5-azacytidine), and HDAC inhibitors have been
developed and evaluated in in vitro and animal studies, but optimal agent remains
undetermined today. Taken together, studies of antiviral therapies on EBV-asso-
ciated malignancies provided some encouraging results to pave the way for future
large and long-term studies.

8 Human Papillomavirus

Of more than 100 identified human papillomavirus (HPV) types, 15 high-risk HPV
types have been linked to about 12 cancers (Bharti et al. 2009; Woodman et al.
2007). The causative role of HPV-16 and HPV-18 in the cervical cancer is the
most well documented. Viral load of HPV in general did not correlate well with
disease severity, duration of infection, clearance of disease, or prognosis of disease
(Boulet et al. 2008; Woodman et al. 2007), probably due to the extremely large
variation in oncogenic potential among different HPV genotypes (Josefsson et al.
2000). For the highest risk genotype HPV-16, nevertheless, high viral load appears
to be associated with prevalent cervical cancer precursors and may be used to
predict the development of incident disease and persistence of infection (Gravitt
et al. 2007; Josefsson et al. 2000; Xi et al. 2011).

Several antiviral strategies for treating HPV infection and HPV-induced cer-
vical cancer are under development, among which therapeutic HPV vaccines and
RNA-interference-based therapies are two possible approaches. Besides, a recent
in vitro study demonstrated that two synthetic polyamides could cause loss of HPV
episomal DNA, and their therapeutic utility is under assessment (Edwards et al.
2011).

Therapeutic HPV vaccines against HPV-16 and HPV-18, including proteins-/
peptides-based vaccines and DNA vaccines, are currently under testing (Bermúdez-
Humarán and Langella 2010; Bharti et al. 2009). In animal model, vaccines against
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E6 and E7 early HPV proteins showed regressive effect of disease progression
(Gomez-Gutierrez et al. 2007; Zwaveling et al. 2002). In Phase I/II clinical trials,
anti-HPV CTL responses and HPV clearance had been observed in some but not all
patients with advanced and early stage lesions (Bharti et al. 2009; Brinkman et al.
2007). Similar results were observed for vaccines using autologous dendritic cells
pulsed with HPV antigens. In a Phase II trial involving 127 patients, DNA vaccine
induces sustained cytotoxic T-lymphocyte immune responses in women with high-
grade lesions, with partial or even complete regression in some of the patients
(Brinkman et al. 2007). These encouraging results had demonstrated the potential of
therapeutic HPV vaccines.

RNA interference therapies used antisense oligonucleotides, ribozymes, and
small-interfering RNAs (siRNAs) to inhibit the expression of HPV E6 and E7
genes at post-transcriptional level. Several studies proved that RNAi therapies
induced apoptosis, reduction in growth rate, and cell death in cervical cancer cell
and mouse model (Benitez-Hess et al. 2011; Jonson et al. 2008; Sima et al. 2007;
Zhou et al. 2012) and also could increase sensitivity of cancer cells to some
chemotherapy, such as cisplatin (Koivusalo et al. 2005; Putral et al. 2005). Nev-
ertheless, most of these beneficial results came from pre-clinical studies and Phase
I trials, so that practical implication and the long-term potential as treatment are
still unclear. Furthermore, problems in using antisense molecules or ribozymes,
including target selection, delivery efficiency, and short-term maintenance, still
need to be overcome.

9 Merkel Cell Polyomavirus

Merkel cell polyomavirus (MCV) is a polyomavirus newly discovered in 2008
(Feng et al. 2008). MCV can be detected in 25–64 % healthy individuals (Carter
et al. 2009; Kean et al. 2009; Tolstov et al. 2009). MCV can also be found in many
normal tissues such as esophagus, liver, colon, lung, and bladder (Loyo et al.
2010). MCV is a causal factor of Merkel cell carcinoma (MCC), which is a rare
but aggressive and lethal neuroendocrine skin cancer (Feng et al. 2008). MCV had
a significantly higher MCV viral load than other tissues (Loyo et al. 2010). Given
the high association of MCV with MCC, antiviral therapy may be a new approach
to treat MCC beyond the current surgical excision, lymph node surgery, radiation
therapy, and chemotherapy (Schrama et al. 2012).

Studies on antiviral therapy against MCV for MCC are still limited. An in vitro
study showed that interferon-a may have anti-tumor effect on MCC (Krasagakis
et al. 2008). Interferon-a has been used to treat two MCV-positive MCC patients,
without clinical response (Biver-Dalle et al. 2011). Favorable response was repor-
ted, however, in a 62-year-old woman with MCV-positive MCC with interferon-b at
a dose of 3,000,000 IU per day (Nakajima et al. 2009). The in vitro and in vitro data
also suggested that interferon-a and interferon-b may have strong anti-tumor effect
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on MCC, especially for MCV-positive MCC (Willmes et al. 2012). Due to limited
data, much study is needed to evaluate the effect of antiviral therapy on MCC.

10 Conclusion and Future Perspective

The tremendous advances in antiviral therapy against oncogenic viruses, partic-
ularly HBV and HCV, have revolutionized the concepts and practice of cancer
prevention. Primary prevention of HCC in chronically HBV- and/or HCV-infected
patients is now a realistic goal, along with significant life and cost savings (Kim
et al. 2007; Toy et al. 2008). The widespread use of HAART also dramatically
reduced the incidence of KS in HIV-infected patients. For other oncogenic viruses,
there is still a lack of convenient, effective antiviral pharmacological agents that
can be used for primary prevention. Nevertheless, antiviral therapy can effectively
prolong patient’s survival in some types of HTLV-1-induced ATL and has become
one of the treatment options. Further studies on experimental antiviral therapy and
technology may yield promising results in adjuvant therapy for EBV-, HPV-, and
MCV-associated malignancies.

Furthermore, to facilitate the development of new preventive or therapeutic
approaches and agents, future researches are needed to continually improve our
understanding in biological mechanism of viral-related carcinogenesis and the
relationship between dynamics of virus and natural history of diseases. These
efforts could add to our arsenal against these viruses and yield a more favorable/
satisfactory and clinical outcomes in the future.
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