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Preface

Recent advances in the fields of molecular biology and epidemiology have led to
significant development of studying revelations between infectious agents and
cancer, and provide valuable insights into the molecular basis of carcinogenesis.
Since the first oncogenic virus was discovered by Rous in 1911, many infectious
agentsincluding viruses, bacteria, and parasites are known to associate with about one-
fifth of all human cancers worldwide. Their impact on global health is significant.

Despite that the link between cancer and microbe infection has been recognized
in chickens over ten decades ago, the mechanistic basis for cell transformation
became clearer until 1970. The discoveries of oncogenes/proto-oncogenes and
tumor suppressors, as well as insights into cell growth factors, cell cycle regulation,
checkpoints, and their operative protein factors, further promoted the understanding
of infectious agents-associated cancers. Today in 2017, although close association
between viruses and cancer has been established only in seven human viruses (HBV,
HCV, HPV, HTLV, EBYV, KSHYV, and MCYV), other infectious microbes including
HIV, bacteria (H. pylori), parasites (blood flukes/liver flukes), and prions as pre-
sented in many of the chapters in the book illustrate a potential association with a
variety of human cancers. The interplay between microbes and various microenvi-
ronment factors, including stress, inflammation, and deregulation of immune
responses, is currently a hot topic in the field of microbe-related cancer.

A few important scientific concepts detailed in the various chapters include the
animal tumor models, the coinfection of different microbes, the interplay between
microbe and microenvironmental stress, the multistepped process for cell transfor-
mation caused by infectious microbe, and the common and various mechanisms
used by different types of infectious microbes. From such mechanistic and transla-
tional research, we hope that safe and more effective therapeutic drugs or vaccines
against specific cancers will ensue in the future.

This book emerged from a desire to provide an up-to-date progress of human
cancers and their infectious causes. The editors have made great efforts to bring
together teams of expert authors from all aspects of infectious microbes associated
with cancer in this book. As tumor virologists, they have personally witnessed many
pivotal advances in infectious causes of human cancers. It is therefore appropriate



vi Preface

for them and all authors to review current and past exciting discoveries on human
infectious oncology, to share with a larger audience, particularly for colleagues and
students. To make the list of infectious agents complete, this book includes not only
viruses but also bacteria, parasites, and prions. However, the emphasis is on viruses,
as viruses have more complex interactions with hosts, and new breakthroughs in
oncovirology are to be expected.

I believe this book will help the readers to better understand the pathogenesis of
human cancers, particularly those that are associated with infectious microbes, and
assist in the development of new and more effective strategies toward prevention
and treatment of cancer in the future.

Key Laboratory of Medical Molecular Virology Yumei Wen
(Ministries of Education and Health)

School of Basic Medical Science

Fudan University

Shanghai, People’s Republic of China
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Chapter 1
Overview of Infectious Causes of Human
Cancers

Qiliang Cai and Zhenghong Yuan

Abstract Emerging evidence has demonstrated that almost each person is infected
at least one potentially cancer-causing organism; however, only a small proportion
of infected individual develops cancer. In this review, to elucidate the potential role
of infectious organisms in the development and progression of human cancers, we
summarize the previous history and current understandings of infection-associated
cancers and highlight the common molecular mechanisms of cancers caused by
infectious agents and their potential cofactors, which may bring us to effectively
prevent and reduce the infection-associated cancers in the future.

Keywords Infection-associated cancer ® Molecular mechanisms ¢ Epidemiological
distribution

1.1 Introduction

It has been estimated that over 99% people worldwide are infected with at least one
potential cancer-causing organism during whole lifetime and about six million peo-
ple die each year of cancer [1]. Globally, at least 16% of all cancers are associated
with chronic infections, while in the developing countries the proportion could be
greater than 25% [1], which is underestimated due to absence of cases of infections
acting as cocarcinogens.

Although it has been debated for over two centuries whether cancer is an infec-
tious disease or not, the interval between the first recognition of the virus (tobacco
mosaic by Ivanovsky in 1892) and the first proposal that animal virus plays a critical
role in some cancer formation (foot-and-mouth virus by Loeffler and Frosch in
1898) was short [2]. After yellow fever as the first human virus identified by Reed
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Fig. 1.1 Timeline of milestones of discoveries in infectious causes of human cancer

in 1901, viruses have been proposed as common causes of cancer 2 years later,
which led to establishment of how important and widespread viruses are as human
carcinogens and the appearance of concepts of the oncogene and tumor suppressor
(like p53) [2]. Several key milestones occur in history of infection-associated cancer
as shown in Fig. 1.1. The first tumor virus was discovered by Peyton Rous from
Rockefeller Institute in 1911, which he provided the first experimental proof of the
malignant avian tumor is dependent on a filterable virus [3, 4]. However, despite
Rous went on to confirm that other avian tumors were also transmissible in a similar
fashion, there were many arguments against that filtrations could be inadequate to
remove all cell-fragments, or no relevance for human cancers. Until the 1930s, two
major events further stimulate the notion of infection as a significant cause of can-
cer—one is that Richard Shope from Rockefeller Institute also reported that papil-
lomaviruses can induce tumors in rabbits [5] and another is that Nobel Prize in 1926
was awarded to Johannes Fibiger, a Danish medical researcher who has demon-
strated that a nematode worm causes stomach cancer in laboratory rats, albeit it has
been proved later that diet (vitamin A-deficient rat) not nematodes was the crucial
factor causing the cancer [6, 7]. Due to Fibiger’s “mistaken” Nobel award, Rous
eventually received a Nobel Prize for his viral cancer-related work 40 years later
(just 4 years before he died) [8]. In addition, it is also worthy to mention John
Bittner’s discoveries of nonchromosomal influence in the incidence of murine mam-
mary tumor [9], which leads to the identifications of the first retroviruses called
MMTYV and reverse transcriptase later.
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In human, Burkitt’s lymphoma (BL) was first described as a sarcoma in African
children in 1958 by Denis Burkitt who is a surgeon of Uganda [10]. Three years
later, virologist Anthony Epstein occasionally attended Burkitt’s lecture and was
intrigued by the possibility of a viral cause and started to prove his speculation
based on frozen tumor samples which are kindly provided by Dr. Burkitt [11].
Another 3 years later (in 1964), Epstein, along with colleagues Bert Achong and
Yvonne Barr, identified the first human tumor virus named as Epstein-Barr virus
(EBV) from Burkitt lymphoma cell line by using electron microscopy [12].
However, the viral genome of EBV B95.8 strain was fully sequenced until 20 years
later [13].

In contrast to EBV, Helicobacter pylori was the first bacterium bug found to
associate with gastritis and peptic ulceration by Robin Warren and Barry Marshall
in 1984 [14, 15], which led to the award of Nobel Prize for Physiology or Medicine
in 2006. Initially, Warren failed to culture the organism by standard 48-h culture
protocol and succeed by a chance for 5 days of culture due to leftovers from Easter
holiday [16]. Although stomach ulcers were previously ascribed to diet (too many
alcohol and spicy food), increasing evidence demonstrated that chronic inflamma-
tion is linked with cancer, and H. pylori was considered as a carcinogen that directly
contributes to malignant transformation of stomach ulcers.

During the development history of infectious cause of cancers, we have to men-
tion two key events. One is the discoveries of retroviruses and reverse transcriptase
by Baltimore, Dulbecco, and Temin in 1975; another is the understanding of the
oncogene and the tumor suppressor gene, which were initially introduced as of virus
origin by Huebner and Todaro in 1969 [17] and were later termed cellular onco-
genes or proto-oncogenes (their normal functions are to promote cell growth and
division, while malignant cell occurs due to they are expressed aberrantly) by
Bishop and Vermus in 1976 [18], which subsequently led them to receive a Nobel
Prize in 1989.

Based on the discovery of cellular oncogenes, Harald zur Hausen began series of
studies to demonstrate the relationship between HPV and cervical cancer in the
1970s [19], which eventually led to a Nobel Prize in 2008. In addition, it is worthy
to mention that two important tumor viruses, namely, Kaposi’s sarcoma-associated
virus (KHSV) and Merkel cell polyomavirus (MCV), were discovered by Drs. Yuan
Chang and Patrick Moore (a couple who from the University of Pittsburgh) in 1994
and 2008, which are the etiology causes of Kaposi’s sarcoma and Merkel carci-
noma, respectively [20-22]. This indicates that more and more new tumor viruses
will be discovered as our researches are ongoing in the future.
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1.2 Basic Molecular Mechanisms of Cancer Caused
by Infection

It is well known now that carcinogenesis caused by infection may be direct or indi-
rect. For example, insertion of viral genes into the host cell’s genome will trigger
cell malignant transformation, while induction of chronic inflammation (i.e., cir-
rhosis, chronic gastritis) will create a local microenvironment with a greatly
increased risk of cell transformation, or when the infective organism suppresses the
host immune response, it will trigger tumorigenesis. In general, direct cause
increases the risk of individual cells to malignant transformation, while indirect
cause usually acts at tissue microenvironment level to increase the risk of emer-
gence of a malignant clone.

1.2.1 Direct Cause by Infection

To date, it is well known that chromosome instability is a virtual feature of cancer
cells. To understand the molecular biology of infectious causes of cancer, we need
to know normal cell biology and then to interpret how the malignant cell subverts
the normal processes. Some key concepts have been demonstrated in cell malignant
transformation, which include apoptosis (one type of cell death, which is distinct
from necrosis that induces inflammatory response) and the cell cycle (cells divide in
an ordered sequence of G1, S, G2, and M phase under the control of genes including
cyclins and cyclin-dependent kinases, while some cells are not dividing or prepar-
ing to divide, called GO or rest phase). During the process of cell malignant trans-
formation, a normal cell usually occurs as a complex of genetic changes, which
regulate cell growth, division, and death, as well as escape from localization con-
trols of basement membrane integrity (metastases). The major types of these essen-
tial genes usually included oncogenes (which drive pathological cell division),
tumor suppressor genes (which normally inhibit growth and division), and DNA
repair genes (which lose ability to maintain genomic integrity).

Since oncogene was discovered in about four decades ago, it has been well dem-
onstrated that oncogenes are frequently active and typically act in a dominant fash-
ion to drive forward the cell cycle and cell division. The normal functions of these
oncogenes are usually acting as growth factors (messages communicate between
cells in blood), cell surface receptors (receive and pass chemical messages from one
to other cells), transcription factors (regulate genes on or off), or signal transmission
proteins (carry the signal from the cell surface receptors to the nucleus). In contrast
to oncogene functions as an accelerator of cell division, tumor suppressor gene is a
braker [23]. In general, oncogene and tumor suppressor gene operate cooperatively
during the cell cycle. The main function of tumor suppressor genes is to activate
DNA repair process once any abnormal DNA occurs. If repair is unsuccessful, the
cell will initiate apoptosis and sacrifice itself. Therefore, it is not surprising that the
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arrest of the cell division process will fail and lead to generation of faulty daughter
cells with high-potential malignant property, once tumor suppressor genes are
absent or defective. Many cellular tumor suppressors have been discovered so far.
One of the most important tumor suppressors is p53. It is well known that p53 is the
key gene (also called the “guardian of the genome”) to initiate cellular repair path-
ways in response to DNA damage and to ensure apoptosis of any cell with irrepara-
bly defective genome. Other prominent examples include BRCA1, BRCA2, and
retinoblastoma (Rb). Given that the DNA repair genes are of great importance to the
cell and highly conserved across species in eukaryote evolution, the dysfunction of
DNA repair process by infection of organisms through various different pathways
will lead to chromosome abnormality. To directly increase the cell dividing and risk
of a cell acquiring mutation, one of common strategies used by pathogen infection
is to deregulate the promoters of oncogene and tumor suppressor genes and another
is to encode oncoproteins which may directly deregulate cell cycle, alter apoptotic
or other cell signal pathways. These are basic molecular mechanisms why infection
of organism could trigger cell transformation.

1.2.2 Indirect Cause by Tissue Microenvironment

Another important trigger of cancer malignancy caused by infection is induction of
chronic inflammation within tumor tissue microenvironment. Inflammation is a protec-
tive response of body tissues to different harmful stimuli by activating immune cell,
blood vessels, and molecular mediators. It can be classified as two types: acute or
chronic. Acute inflammatory response will increase movement of plasma and leuko-
cyte (especially granulocytes) from the blood into the injured tissues to eliminate the
initial cause of cell injury and repair, while prolonged inflammation, also known as
chronic inflammation, will result into a progressive shift of cell types such as mono-
nuclear cells at the injury tissues and stimulate destruction and healing of the tissue
during inflammatory process. The role of chronic inflammation in cell malignancy is to
create a background in which oncogenesis is more likely to occur, while inflammation
alone is not sufficient to induce malignant diseases. It is known that persistent organism
infection may cause chronic inflammation by producing cytotoxic molecules into tis-
sue microenvironment, which will alter cellular immune response and eventually lead
to inflammation. For instances, the persistent infection of hepatitis viruses can cause
cirrhosis and potentially hepatocellular carcinoma. Another example is that the chronic
inflammation induced by H. pylori infection and chronic gastritis.

During the inflammatory process of tumor development, one of key events is
angiogenesis (also named vasculogenesis). It is a normal physiological process in
which new blood vessels form from preexisting vessels in tissue growth and devel-
opment as well as wound healing. However, as tumors grow, to overcome the
requirement for oxygen and nutrient supply, the cancer cells were also found by
Judah Folkman in 1971 to release different cytokines to induce angiogenesis around
tumor. It has been demonstrated that one of the most famous cytokines associated
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with angiogenesis is called VEGF. It has been well demonstrated that many organ-
ism infection could greatly enhance expression of VEGF through the HIFla path-
way and highly associate with tumor angiogenesis [24]. Given the role of
angiogenesis in driving cancer development, it has long been proposed as a poten-
tial target for anticancer therapy. In 1994, although Judah Folkman and his team in
the first time reported promising results of endostatin as an antiangiogenic com-
pound in inhibition of new vessel development both in vitro and in murine models,
there is no effective anti-angiogenesis agent applied in clinical cancer therapy.

1.3 Epidemiological Distribution of Infection-Associated
Cancers

The chief contributors to the burden of infection-associated cancer discovered so far
are viruses including EBV (Epstein-Barr virus, review in Chaps. 5 and 6) [25],
hepatitis virus (HBV and HCYV, review in Chaps. 2 and 8, respectively) [26], human
papillomaviruses (HPV 16 and 18, review in Chap. 3) [27], HLTV-1 (human T lym-
photropic virus-1, review in Chap. 9), KSHV (Kaposi’s sarcoma-associated herpes-
virus, review in Chap. 7), and MCV (Merkel cell polyomavirus, review in Chap. 4).
These are estimated to account for over 90 % of infection-associated cancers. In
addition to viruses, nonviral infections including bacterium such as Helicobacter
pylori (gastric cancer and lymphoma, review in Chap. 11) [28] and parasite includ-
ing Schistosoma species and liver flukes (review in Chap. 12) as well as prion
(review in Chap. 13) are also known to associate with cancer. Although some patho-
gens like parasites are rare in the developed world, knowledge of their associated
cancer is necessary as it may be encountered in any clinical environment. In many
cases, parasite-associated cancers can be found due to very brief exposure, tourists
who are vulnerable, or population movement after the long latency between infec-
tion and cancer diagnosis. Thus, those who have experience in the developing world
may be diagnosed with a parasite-link cancer after they spent many years living in
the developed world.

In addition to those infectious organisms definitely identified as causes of spe-
cific cancers, there are many others which are suspected of carcinogenic potential
and various pathways by which infection may lead to cancer. For example, the
patient who is infected with human immunodeficiency virus (HIV) not only cause
acquired immunodeficiency syndrome (AIDS) but also increase the risk of EBV- or
KSHV-induced lymphoma due to coinfection. Chapters 10 and 15 will review the
basic concepts of HIV-associated cancer biology and microbiology, to explore the
current understanding of HIV infections which may induce or drive malignant
transformation. Given the critical role of tumor microenvironment and animal
model in studying infectious causes of cancer, we not only address the recent prog-
ress on interplay between microenvironmental abnormalities and infectious agents
in tumorigenesis in Chap. 16 but also include Chap. 14 to address the recent
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understanding of murine gammaherpesvirus 68 (MHV68) as an animal model in
studying EBV- and KSHV-associated disease in vivo.

Virtually, most cases of infection-associated cancers occur after an extended
latency — sometimes decades long from initial infection to eventual diagnosis of
cancer. Commonly, only a small percentage of infected individuals will develop
cancer. For instance, in the case of Helicobacter pylori, India has one of the highest
infection rates in the world, but the incidence of gastric cancer is very low [29].
Therefore, the risk of gastric cancer in Helicobacter pylori carriers appears to be
determined by a combination of several factors including host genetics, bacterial
genetics, and habits of diet, smoking, etc. [30] In conclusion, there is geographical
variation in incidence rates of each infection-associated cancer due to several cofac-
tors. The reason why only small population and certain population develop cancer
after infection could be due to the consequence of different interactions among sev-
eral factors as follows: (1) different incidence of relevant infections, (2) timing of
infection, (3) biological variability of the infectious agents, (4) genetic variation in
host susceptibility to infection, and (5) incidence of external cofactors, e.g., diet and
smoking.

1.4 Future Perspective

Given the incredible amount of infectious organisms in the world, it is almost
impossible to estimate the amount of infectious organism within an average per-
son’s body in his/her whole life. Despite the rate of host cell malignant transforma-
tion which is low, the incidence of many of the infections is very high. Due to
infection-associated cancers which usually have a very long latency between infec-
tion and development of malignancy, reduction of the burden of infection-associated
cancer will require a combination of primary prevention (blocking transmission
route of infection, boosting host immune resistance against infection by vaccina-
tion), and secondary prevention (preventing progression from chronic infection to
malignant transformation), based on different infection-associated cancers. For
example, in hepatitis B, a compelling evidence has been found that infection during
early infancy carries a high risk of eventual liver cancer, while infection in adult
confers a much lower risk. Therefore, the priority strategy for prevention of HBV-
associated liver cancer is to block transmission from mother to child. Another case
is high-risk HPV-associated cervical cancer and, in almost all cases of infection, is
acquired early after a woman becomes sexually active. The best strategy for preven-
tion is to ensure vaccination before young women first experience penetrative sex.
In contrast, the tropical infections of schistosomiasis and fluke appear to be poten-
tially carcinogenic at any age of population, and the effective interruption of the
associated cancer requires a program and may take decades. Thus, to effectively
prevent the infection-associated cancers, it requires all medical scientists and health-
care professionals continue to work together and explore the nature of each infec-
tion-associated cancers.
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Chapter 2
Hepatitis B Virus-Associated Hepatocellular
Carcinoma

Youhua Xie

Abstract Liver cancer is the fifth most common cancer worldwide in men and the
ninth in women. It is also the second most common cause of cancer mortality.
Hepatocellular carcinoma (HCC) is the most common type of liver cancer. About
350 million people globally are chronically infected with HBV. Chronic hepatitis B
virus (HBV) infection accounts for at least 50% cases of HCC worldwide. Other
non-HBV factors may increase HCC risk among persons with chronic HBV infec-
tion. Both indirect and direct mechanisms are involved in HCC oncogenesis by
HBV. HCC-promoting HBV factors include long-lasting infection, high levels of
HBYV replication, HBV genotype, HBV integration, specific HBV mutants, and
HBV-encoded oncoproteins (e.g., HBx and truncated preS2/S proteins). Recurrent
liver inflammation caused by host immune responses during chronic HBV infection
can lead to liver fibrosis and cirrhosis and accelerate hepatocyte turnover rate and
promote accumulation of mutations. Major breakthroughs have been achieved in
the prevention of HBV-associated HCC with HBV vaccines and antiviral
therapies.

Keywords Chronic infection ¢ Cirrhosis ¢ Genotype ° Hepatitis B virus
Hepatocellular carcinoma * HBeAg « HBsAg * HBx e Integration ® Mutation ¢ PreS/S

2.1 Introduction

According to a survey conducted in 2012, liver cancer is the fifth most common
cancer worldwide in men (7.5% of the total new cancer cases in 2012) and the
ninth in women (3.4%) [1]. It is also the second most common cause of cancer
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mortality [1]. Hepatocellular carcinoma (HCC) is the most common type of liver
cancer. The majority of HCC is associated with chronic infection of hepatitis B
virus (HBV) or hepatitis C virus (HCV). This concise review focuses on HBV-
associated HCC.

About 350 million people globally are chronically infected with HBV [2].
Chronic HBV infection accounts for at least 50% cases of HCC worldwide [3] and
is the dominant risk factor for HCC in areas with endemic HBV infection such as
Eastern and Southeastern Asia and sub-Saharan Africa [4].

Other non-HBV factors may increase HCC risk among persons with chronic
HBYV infection, including older age [5], male sex [6], cirrhosis [7], diabetes mellitus
[8], exposure to environmental carcinogens (aflatoxin B1 (AFB1), heavy alcohol
and tobacco consumption) [9, 10], HIV coinfection [11], and possibly HDV super-
infection [12].

HBYV infection is transmitted mainly vertically in endemic HBV areas, in con-
trast to horizontally in HBV low prevalent areas. More than 90% of vertical HBV
transmission cases lead to chronic infection, whereas only 5-10% of horizontal
HBYV transmission cases do so. Accordingly, the average age of HBV chronic carri-
ers who develop HCC is younger in endemic HBV areas. Men are more susceptible
to HBV-associated HCC than women, probably as a result of stimulation of HBV
replication by androgens and a protective role of estrogens against HBV replication
[13—15]. In most cases, HBV-associated HCC develops progressively from chronic
liver disease, with cirrhosis in the majority of patients (70-90%) [5]. However, cir-
rhosis is not a prerequisite for the development of HB V-associated HCC [7]. HBV
carriers without cirrhosis, especially those who have long-lasting infection, may
also develop HCC. AFBI is the foremost environmental risk factor of HCC in some
Eastern Asian areas with endemic HBV infection. AFB1 causes a specific p53 muta-
tion and predisposes mutant hepatocytes to DNA damage [9]. AFB1 was reported to
exert a synergistic carcinogenic effect with chronic HBV infection, resulting in a
60-fold increased HCC risk [16].

2.2 HBYV Oncogenic Factors for HCC Development

Both indirect and direct mechanisms are involved in HCC oncogenesis by HBV. HCC-
promoting HBV factors include long-lasting infection, high levels of HBV replica-
tion, HBV genotype, HBV integration, specific HBV mutants, and HBV-encoded
oncoproteins. In addition, recurrent liver inflammation caused by host immune
responses during chronic HBV infection can lead to liver fibrosis and cirrhosis and
accelerate hepatocyte turnover rate and promote accumulation of mutations.
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2.2.1 Long-Lasting Infection and High Levels of Viral
Replication

Long-lasting chronic HBV infection is associated with HCC development. As
aforementioned, there is a much higher rate of chronic HBV infection in endemic
HBYV areas due to vertical viral transmission. The lengthened HBV infection period
is thought to provide more opportunities for various viral and nonviral risk factors
to promote HCC oncogenesis.

Hepatitis B e antigen (HBeAg) seropositivity and higher levels of serum HBV
load are associated with high risk of HCC. A long-term follow-up study among
11,893 male HBV carriers in Taiwan who were without HCC at study entry showed
that the relative risk of HCC was 9.6 among men who were positive for hepatitis B
surface antigen (HBsAg) alone and 60.2 among those who were positive for both
HBsAg and HBeAg, as compared with men who were negative for both [17].
HBeAg seropositivity was also found associated with higher risk of early recurrence
and poorer survival in patients after curative tumor resection [18]. With the routine
application of HBV DNA quantification, HBeAg as a surrogate of HBV replication
indicator is less utilized. The REVEAL-HBYV study reported that the incidence of
cirrhosis and HCC is positively and quantitatively correlated to the serum HBV
DNA load in a cohort of 3653 participants with chronic HBV infection [19, 20].
Similar results were observed in a follow-up study among a prospective cohort of
1006 patients with chronic HBV infection from Hong Kong [21].

2.2.2 HBYV Genotype

There are at least eight HBV genotypes (A—H), which display distinct geographical
distributions [22]. Both genotypes B and C are prevalent in Eastern Asian areas.
Infection with genotype C was reported to more likely result in severe liver disease,
cirrhosis, and HCC than infection with genotype B [21, 23, 24]. However, a study
from Taiwan reported that genotype B was associated with HCC in children with
chronic HBV infection [25]. In Europe where genotypes A and D are dominant,
infection with genotype D is associated with more severe liver disease or HCC than
infection with genotype A [26].

2.2.3 HBYV Integration

HBYV replicates through reverse transcription using its pregenomic RNA as tem-
plate. Progeny viral DNA in nascent capsids can be trafficked to nucleus to supple-
ment nuclear cccDNA pool, which constitutes a reservoir of templates for HBV gene
expression and replication. Unlike retroviruses, chromosomal DNA integration is
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not required for HBV replication. Nevertheless, DNA integration into the genomes
of host hepatocytes likely contributes to oncogenesis by HBV.

HBYV DNA integration in host chromosomes has been found in the majority (85—
90%) of HBV-associated HCC and probably occurs early during HBV infection
[27, 28]. The genomic sites of HBV DNA integration appear random [27]. However,
it is thought that HBV DNA integration into some specific genomic sites may allow
the integrant-containing cells to obtain a growth advantage so that they may expand
clonally. The integrated HBV DNA may induce chromosomal instability or alter the
expression of host genes through cis-acting mechanisms. In addition, the integrated
viral DNA may allow the continuous expression of viral oncoproteins such as HBx
and truncated preS2/S proteins.

Recurrent HBV DNA integration occurs near actively transcribed gene-coding
chromosomal regions, as well as within or near fragile genomic sites or repetitive
regions, such as the Alu sequences and long interspersed nuclear elements (LINEs)
[29-31]. Sequence analysis has revealed integration sites that are in the proximity
of many genes involved in cell survival, proliferation, metabolism, and cell cycle
regulation [29-31]. Among these genes, insertion of HBV DNA near the hTERT
gene, encoding the catalytic subunit of telomerase, has been frequently found in
HCC [29, 32]. The integration of HBV DNA into fragile genomic sites or repetitive
regions may induce genomic instability or alter the expression of noncoding RNAs
[33]. A HBV-human fusion transcript (HBx-LINE1) was reported to function as a
long noncoding RNA (IncRNA) to influence the epithelial-mesenchymal transition
and correlate with reduced patient survival and tumor formation in mice [34].

2.2.4 HBYV Mutations

The reverse transcriptase of HBV lacks of proofreading activity. As a result, muta-
tions are accumulated during chronic HBV infection and selected under the pres-
sure of host immunity and antiviral drugs during treatment. Due to the compact and
overlapping properties of HBV genome, many mutations generate defective viruses.
HBYV mutations that have been identified to be associated with HCC are enriched in
the basal core promoter (BCP)/preC region and the preS region.

Among the many mutations in the BCP/preC region, the most common one that
is significantly associated with HCC development in genotypes B and C is the
T1762 and A1764 double mutation (BCP double mutation) [35, 36]. The G1896A
mutation in the preC region is a common HBV mutation that creates a premature
stop codon that abolishes HBeAg translation. No association exists between the
G1896A mutation and HCC development [37, 38]. Several other mutations in the
BCP/preC region (C1653T, T1753V) may also be associated with HCC develop-
ment [38]. It is unclear how these mutations contribute to HCC development. Since
the BCP/preC region contains essential HBV regulatory elements, these mutations
may alter HBV gene expression and replication. In addition, because the HBx open



2 Hepatitis B Virus-Associated Hepatocellular Carcinoma 15

reading frame overlaps the BCP/preC region, some mutations may affect HBx
expression or activity.

HBYV mutants with point mutations, deletions, or insertions in the preS region
have been frequently found in HCC [39, 40] and are associated with an increased
risk of HCC [38, 39]. The preS mutations may alter the expression and secretion of
HBYV envelope proteins, resulting in intracellular accumulation of HBV envelope
proteins, which can cause endoplasmic reticulum (ER) stress, leading to cell trans-
formation [41, 42].

2.2.5 HBx Protein

The viral regulatory protein HBx contributes critically to HBV replication [43] and
is thought to be closely related to HBV oncogenicity. It probably does not bind
directly to DNA but rather acts on many cellular and viral promoters through
protein-protein interactions. In the cytoplasm, HBx modulates multiple signaling
pathways. These nuclear and cytoplasmic interactions result in the activation or
repression of a large number of signaling pathways that play important roles in
chromatin dynamics, DNA damage response, cell proliferation, viability, metabo-
lism and migration, angiogenesis, and immune response. However, precautions
should be taken concerning HBx’s multiple activities. Due to the low-level expres-
sion of HBx during HBV infection and a lack of sensitive detection tools, many
findings have been derived from in vitro HBx overexpression experiments and need
to be verified in models that more closely mimic HBV infection and HB V-associated
HCC.

HBx causes chromosomal instability by binding with different cellular proteins
(Crml1, HBXIP, DDBI, p53, hBubR1) to dysregulate centriole replication, mitotic
checkpoint, mitotic spindle formation, and chromosome segregation [44—47]. HBx
promotes cell proliferation, viability, and migration through modulating multiple
signaling pathways. HBx binds with p53 to impair p53-mediated apoptosis and
checkpoint functions [48, 49]. HBx may upregulate TERT expression [50], but con-
flict results have been shown in HBx transgenic mice [51]. HBx induces CREB-
dependent transcriptional activation through interacting with the CBP/p300
acetyltransferases and preventing CREB inactivation by PP1 phosphatase, resulting
in expression of CREB-responsive genes involved in hepatocyte metabolism and
proliferation [52, 53]. HBx can recruit DNMT3a DNA methyltransferase to sup-
press all-trans retinoic acid (ATRA)-mediated induction of p16 and p21 in HepG2
and Hep3B cells via promoter hypermethylation, resulting in inactivation of retino-
blastoma protein [54]. HBx may promote cell migration and HCC cell invasive and
metastatic capacity by increasing the expression of matrix metalloproteinase 3 and
9 [55, 56] and epigenetically suppressing E-cadherin expression [57]. HBx can also
block tumor necrosis factor-a-mediated apoptosis [58]. On the other hand, HBx can
increase cellular reactive oxygen species (ROS) levels that lead to apoptosis by
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promoting mitochondria membrane depolarization or Ca2+ accumulation in mito-
chondria [59, 60]. HBx may also promote stemness of HCC cells [61].

HBx has been shown to promote HCC angiogenesis. HBx was reported to upreg-
ulate the stability and transcriptional activity of hypoxia-inducible factor-la
(HIF1o) and the expression of vascular endothelial growth factor (VEGF) and
angiopoietin 2 (ANG?2), which leads to enhanced angiogenesis [62, 63].

2.2.6 PreS/S Proteins

The PreS/S open reading frame of HBV uses alternative start codons for translation
and encodes three envelope proteins (large, middle, and small) that share the
226-amino-acid sequence of the small envelope polypeptide. The contribution of
wild-type or mutant PreS/S proteins to HCC development is not fully understood.
Wild-type large envelope protein accumulated in the ER of hepatocytes of trans-
genic mice could induce ER stress and consequently cause inflammation, hyperpla-
sia,and aneuploidy [64]. PreS2/S mutant proteins frequently found in HB V-associated
HCC also accumulate in ER and may trigger a similar process [42], resulting in the
upregulation of cyclin A that in turn promotes cell proliferation and chromosome
instability [65, 66]. In addition, PreS2/S mutant proteins have been shown to tran-
scriptionally activate the TERT expression [67].

2.3 Prevention

HBV-associated HCC can be prevented by vaccination against HBV infection.
Vaccination of newborns against HBV has been incorporated into universal hepati-
tis B immunization programs of many countries and regions, which has greatly
reduced the incidence of HCC in children [68]. Hepatitis B immune globulin
(HBIG), in addition to hepatitis B vaccine, administered within 12—24 h after birth,
has been shown to achieve 90—-100% protective efficacy against perinatal transmis-
sion from mothers who are positive for HBsAg and HBeAg [69]. Recent studies
showed that tenofovir treatment of HBeAg-positive mothers can successfully pre-
vent vertical HBV transmission [70, 71].

Antiviral therapy can significantly suppress HBV replication in chronic HBV
patients. Studies with patients treated with lamivudine or adefovir have shown to
help prevent HCC in patients with chronic hepatitis [72, 73]. Nevertheless, nucleos(t)
ide analogue therapy does not completely eliminate the risk of HCC [73]. The cur-
rent first-line anti-HBV drugs, namely, entecavir and tenofovir, have been shown to
improve the prevention of HCC in responders with cirrhosis [74].
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2.4 Conclusions

HCC will continue to be one of the major cancers worldwide as chronic HBV infec-
tion remains a public health threat. A great deal of knowledge has been gained on
the epidemiologic features and pathogenesis of HBV-associated HCC in the past
three decades. However, the oncogenic mechanisms of HBV and HBV-related risk
factors are not fully understood, in large part owing to a lack of animal models that
recuperate clinical HBV-associated HCC. Nevertheless, major breakthroughs have
been achieved in the prevention of HBV-associated HCC with HBV vaccines and
antiviral therapies. With the advances in HBV virology and pathology, there will be
novel prophylactic and therapeutic means for HB V-associated HCC.
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Chapter 3
Human Papillomavirus-Related Cancers

Yanyun Li and Congjian Xu

Abstract Human papillomavirus (HPV) infection is associated with several can-
cers such as cancer in the cervix, vagina, and vulva and oropharyngeal, anal, penile,
and cutaneous carcinomas, which is regarded as a great public health concern. The
association between HPV is the strongest with cervical cancer because almost all
such malignancies contain viral DNA, notably HPV types 16 and 18. The present
chapter summarizes recent progresses of the HPV-associated cancers regarding epi-
demiology, molecular biology, HPV testing, vaccination, and treatment of HPV-
related cancers.

Keywords Human papillomavirus ¢ Cancer ¢ Epidemiology ¢ Molecular biology *
Vaccine

3.1 Introduction

Human papillomaviruses (HPVs) are non-enveloped, double-stranded circular DNA
viruses and are associated with a wide spectrum of benign and malignant neoplasia.
Until now, more than 120 HPV subtypes have been identified and characterized.
HPV has an exclusively intraepithelial infectious cycle and infects both the cutane-
ous and mucosal squamous epithelia. According to oncogenic potentials epidemio-
logically, some of them are classified into “high-risk (HR)” group and “low-risk
(LR)” group.

Until now, HPV subtypes 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 69, 73,
and 82 are considered high risk. They are carcinogenic viruses, causing not only
most cervical cancers in women but also a substantial proportion of other anogenital
cancers, head and neck cancers, and notably carcinoma of the oropharynx, tonsils,
and tongue in men and women [1-3]. Among all the high-risk genotypes of HPV,
HPV16 and HPV 18 are considered to have the highest ability to cause cancer and
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are responsible for approximately ~70% of invasive cervical cancers worldwide [4].
In contrast with the HR types, the LR HPV types, notably types 6 and 11, cause
almost all clinically visible benign lesions, that is, genital warts (flat condyloma and
condyloma acuminata) and laryngeal papillomas.

3.2 Epidemiology

In general, HPV is associated with more than 90% of anal and cervical cancers,
about 70% of vaginal and vulvar cancers, 70% of oropharyngeal cancers, more than
60% of penile cancers, and more than 10% of oral cavity cancers [5]. In addition,
specific HPV types also have been linked to certain cutaneous cancers [1]. On a
global scale, HPV accounts for approximately 600,000 cases of cervical cancer,
oropharyngeal cancers, anal cancers, vulvovaginal and penile cancers, as well as a
genital wart and recurrent papillomatosis of the lungs worldwide [5].

HPV could be transmitted through direct skin-to-skin, skin-to-mucosa, and
mucosa-to-mucosa contact with an HPV-infected individual. The transmission is
correlated with sexual intercourse, both vaginal and anal. In addition, transmission
can also occur following non-penetrative sexual activity such as oral-genital sex
[6]. It is less common that HPV can occur via vertical transmission from mother to
infant during the intrapartum period [2], and occasionally transmission even through
fomites has been known to occur [7].

Risk factors for the development of HPV infection include sexual activity, mul-
tiple sex partners, lack of condom use, use of oral contraceptives, age at first sexual
intercourse, non-monogamous sexual relationships, and history of prior infection
[8]. In addition, low socioeconomic status and smoking habit of individuals have
reported to increase the risk of acquiring the infection.

The estimated global prevalence rate of genital HPV infection is 12% [9].
However, in most cases, the infection of HPV is subclinical, and 60-70% of new
infections are cleared within 1 year and 91% are cleared within 2 years [10]. Only a
small proportion of HPV infections progress to persistent infection, often involving
HR HPV types. Among sexually active individuals, the lifetime risk of HPV infec-
tion is ~75%. The HPV risk and prevalence vary by age and gender. Genital HPV
infection is very common in the younger age group (<25 years old). Sexually active
adolescents and young adult females are at a higher risk compared to women and
men greater than 25 years of age [10, 11]. However, the more clinical cases were
studied in women than that in men, although the natural rate of the HPV infection is
similar in both populations.
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3.3 Molecular Biology

It is known that HPVs replicate and assemble exclusively in the nucleus. Virus
infects the keratinocytes in the basal layers of a stratified squamous epithelium. The
expression of HPV genes from polycistronic pre-mRNA depends on cell differen-
tiation and is tightly regulated at the transcriptional and posttranscriptional levels.
The genome of HPV consists of double-stranded cDNA and encodes DNA sequences
for six nonstructural viral regulatory proteins (E1, E2, E4, E5, E6, and E7) from the
early region of the viral genome in undifferentiated or intermediately differentiated
keratinocytes and two structural viral capsid proteins (L1 and L2) from the late
region of the genome in keratinocytes undergoing terminal differentiation [12].

The E1 and E2 proteins are the early viral proteins required for viral DNA repli-
cation and the regulation of early transcription. The E4 protein continues to be
expressed in the terminally differentiated keratinocytes, and ES helps in viral assem-
bly and growth stimulation, whereas late proteins L1 and L2 form minor and major
capsid proteins [13]. ES5, E6, and E7 are viral oncogenes, and their expression
induces cell immortalization and transformation. In particular, E6 and E7 are two
viral oncoproteins, where among other functions, E6 destabilizes p53 and prevents
apoptosis and E7 promotes cell proliferation by degrading the retinoblastoma pro-
tein pRb, inducing epithelial cell malignant transformation [14].

3.4 Pathogenesis

Human papillomaviruses are small, non-enveloped double-stranded DNA viruses
that infect the mucosal or cutaneous epithelium. The HPV infects squamous epithe-
lial cells, which have the capacity to proliferate and get access to basal cell during
trauma or abrasion. In the basal cells, HPV infection induces the expression of viral
genes that helps in the viral replication. The virus may persist in the basal layer in
latent form or may continue to replicate as the basal layers differentiate and rise
through the epithelium at which point histological and cytological changes may
occur. The early proteins E1 and E2 are required for the initiation of replication. The
protein E2, being the transcriptional repressor of E6 and E7, controls the expression
of E6 and E7. The mode of replication is the rolling circle mechanism during which
the virus gets integrated into the human genome. The integration disturbs the E2
gene, thereby resulting in a higher expression of E6 and E7 oncoproteins and lead-
ing to cell transformation. After the viral replication, the L1 and L2 gene products
form the virus capsid and the mature virus is produced. Finally, the virus is released
with the help of E4 protein [15-17].

Despite the high prevalence of HPV infection, many cases resolve spontaneously
due to a gradual development of an immune response against HPV DNA. Some
HPYV infections can be subclinical and consequently the person is asymptomatic. It
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is possible for the virus to remain in a non-detectable, dormant state and then reac-
tivate years later [18].

3.5 Molecular Diagnostics

To date, highly sensitive and reproducible laboratory techniques to detect oncogenic
HPYV and cervical cancer have been developed and are being used or considered in
place of cervical cytology for primary screening. The US Food and Drug
Administration has approved five of the many tests available for routine laboratory
service including [19]:

* Hybrid Capture 2 detects 13 oncogenic types of HPV (16, 18, 31, 33, 35, 39, 45,
51,52, 56, 58, 59, and 68).

e Cervista HPV HR detects 14 HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56,
58, 59, 66, and 68).

e Cervista HPV16/18 detects only HPV16 and 18.

e Aptima (transcription-mediated amplification test) detects RNA from 14 HPV
types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68).

e Cobas 4800 (real-time polymerase chain reaction [PCR]-based test) detects 14
HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68).

Until now, most of HPV diagnostics are mainly based on viral DNA detection for
which signal and target amplification technique are required. For example, PCR
techniques can be divided into type-specific and consensus PCRs. While the Hybrid
Capture 2 (HC2) test became the gold standard in routine HPV testing, due to its
high clinical sensitivity and its relatively high specificity. The HC2 method hybrid-
izes 13 (near) full-length stabilized synthetic RNA probes of high-risk HPV types
to denature target DNA followed by detection with antibodies and chemilumines-
cence [20].

To avoid costly validation studies for new HPV tests, internationally accepted
standards for evaluation have been defined. Meanwhile, several new HPV detection
assays have been commercialized. Three tests have received Food and Drug
Administration approval (Cervista™, signal amplification; Cobas™ HPYV test, real-
time PCR; APTIMA™ HPV RNA test). Cervista can detect 14 high-risk HPV types
and is based on signal amplification technique using two simultaneous isothermal
reactions [20]. This offers an advantage over hybrid capture because it determines
the presence of sufficient DNA for reliable results [21]. Cobas™ HPV test uses
DNA technology or hybrid capture to increase the DNA signal to detectable levels.
Unlike other Food and Drug Administration (FDA)-approved DNA-based test,
APTIMA™ detects mRNA overexpressed from E6 and E7 viral oncogenes that are
entangled to carcinogenesis [22]. Among them, the Cobas HPV test has been most
broadly validated for use in triage and as an adjunct to cytology.

HPV RNA testing is another promising option with potentially higher specificity.
The HPV test is already in use for primary screening in several countries, although
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in the United States, primary HPV testing has been recommended only in combina-
tion with cytology in primary screening or for triage of cytologic abnormalities.
Accumulating data support that HPV testing without cytology might be sufficiently
sensitive for primary screening [23]. However, developing countries face several
challenges in widespread adoption of these tests for screening purposes.

3.5.1 HPYV and Cervical Cancer

Cervical cancer, caused by HPV, is the third leading malignancy among women in
the world, after breast cancer and colorectal cancer, with an estimated 527,624 new
cases and 265,653 deaths in 2012. Incidence and mortality rates have been declining
in most areas of the world in the past 30 years, at a worldwide rate of about 1.6%
per year [24].

Almost every cervical cancer is positive for some HR HPV [25]. In a worldwide
survey, HPV16 was the most prevalent type in cervical cancer (61%), followed by
HPV18 (10%), HPV45 (6%), HPV31 (4%), HPV33 (4%), HPV52 (3%), HPV35
(2%), and HPVS58 (2%) [26]. About 90% of cervical cancers are squamous cell
carcinoma (SCC), whereas 10% are adenocarcinoma [27]. Both types of cancer are
mainly caused by HPV type 16 (62% and 50%, respectively), but adenocarcinoma
is significantly associated more with HPV types 18 (32%) and 45 (12%). Another
study that evaluated HPV infection in 10,575 histologically confirmed cases of inva-
sive cancer from 38 countries in Asia, Europe, Latin America and the Caribbean,
North America, Oceania, and sub-Saharan Africa over a 60-year period found that
85% (n = 8977) of the cases were positive for HPV DNA [27]. HPV types 16, 18,
and 45 were the three most common types in each histologic form of cervical cancer
(squamous cell, adenocarcinoma, and adenosquamous carcinoma), accounting for
61%, 10%, and 6%, respectively.

Good evidence suggests that HPV infection precedes the development of cervi-
cal cancer by decades and that persistent infection with HPV is necessary for the
development and progression of precancerous lesions of the cervix, either to higher
grades of precancerous disease or to cancer. Cervical cancer progresses slowly from
a preinvasive state to invasive cervical cancer, a process that can take 10-30 years.
Although HR-HPYV infection may result in cervical low-grade squamous intraepi-
thelial lesion (LSIL) and HPV infections are very common, particularly among
young women, most HR HPV infections resolve in instances of spontaneous regres-
sion without appearance of any clinical manifestations. Only a small proportion
(10-30%) of HR HPV infection that persists for a long time, with a high viral load,
eventually progress to high-grade squamous intraepithelial lesion HSIL and/or inva-
sive cervical cancer [28-33]. A small proportion (~1%) of LSIL and ~12% of HSIL
will progress into invasive cancer, if left untreated [34]. Progression of precursor
lesions to invasive cancer usually takes place over a period of more than a decade,
allowing time for the identification and treatment. Cervical cancer precursor lesions
progress more quickly in women with HPV16 and/or 18 infections than in women
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with other HR HPV types [35]. HPV 16 and HPV 18 viral loads have been reported
to be a stronger predictor for the persistence of lesions than the load of other HR
HPV types [36]. Studies have shown that HPV16 and HPV18 load increased with
the increased lesion grade [37]. In this regard, viral load per unit amount of genomic
DNA is a potential HPV-related biomarker, which could predict those at risk of
cervical cancer development [38]. Factors that may influence progression include
coinfection with other sexually transmitted infections such as Chlamydia trachoma-
tis, herpes simplex virus or HIV, tobacco smoking, high parity, and immune sup-
pression [25].

The prognostic value of HPV genotypes has also been studied in patients with
cervical cancer treated with radiotherapy. In one study including 327 patients with
cervical cancer treated with radiotherapy alone or concurrent chemoradiation, of the
22 genotypes detected in 98.8% patients, the most common genotypes were HPV
16, 58, 18, and 33. A significant improvement was reported in the chemoradiother-
apy arm of patients with HPV 18 and HPV 58 positive tumors [39]. Another study
implies that viral DNA status including intactness of E2 gene was evaluated as a
marker for optimization of radiation treatment [40].

3.5.2 HPV and Oropharyngeal Cancer

Oral infection with HPV is recognized as an independent cause of oropharyngeal
cancer, although the occurrence of HPV-associated head and neck cancer is lower
than those of the genital tract. Studies have shown that 63% of oropharyngeal can-
cers each year are associated with HPV infection [41] and 95% of HPV-associated
oropharyngeal cancers are HPV 16 related [42]. HPV-associated oropharyngeal can-
cers typically develop near the base of the tongue and in the tonsils.

A higher incidence of HPV-associated oropharyngeal cancers has been related to
an increased number of sexual partners and younger adults. A fourfold higher inci-
dence has been observed in men (48,900 cases) as compared to women (12,600
cases). HPV-positive oropharyngeal cancers are associated with oral sex, age
younger than 60 years, infrequent p53 gene mutation, and a more favorable clinical
outcome, whereas HPV-negative cancers are associated with smoking, excessive
alcohol use, age older than 60 years, frequent p53 gene mutation, and poor progno-
sis [43].

Studies have shown that as compared to those with environmentally related can-
cers, patients with HPV oropharyngeal cancer present with a better performance
status, are healthier, and have a higher likelihood of a complete response to treat-
ment [44, 45]. Thus, HPV-associated cancers have a favorable outcome with radio-
therapy, and treatment may be optimized depending on the HPV status so as to
achieve the best possible treatment outcome and circumvent treatment-related tox-
icity and morbidity. Hence, less intensive treatment regimens could be used to
achieve a similar treatment efficacy along with decreased toxicity and an improved
quality of life. Several ongoing clinical trials are currently under investigation to
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evaluate the possibility of de-escalation of radiotherapy doses in the treatment of
HPV-associated oropharyngeal cancers [46].

3.5.3 HPV and Anal, Penile, and Vulvovaginal Cancers

Similar to the cervix, the anus has a transformation zone that is highly susceptible
to HPV infection. The association of HPV is well documented in the development
of anal cancers. Of anal cancer cases, 97% are HPV positive, mostly with HPV16
(75%) followed by HPV 18 (3%) [47]. The incidence of this relatively uncommon
cancer has been reported increasing over the last few decades. The risk for anal
carcinoma is increased among men having sex with men (MSM) and in the immu-
nocompromised population (individuals with AIDS and organ graft recipients) [26].
Though there is emerging evidence that anal intraepithelial neoplasia (AIN) is a
precursor of anal cancer unlike cervical cancer, the evidence is mainly from small
studies with a follow-up duration of only 5-10 years. Larger studies are required to
evaluate the progression of AIN to anal cancers and to study its impact on treatment
outcome [48].

HPYV contribution in penile cancer is 45%, mostly attributed to the two most
common HR HPV types, HPV16 (60%) and 18 (13%), but also to the two most
common LR HPV types, 6 and 11 (together 8%) [49].

Most vulvar and vaginal cancers are squamous cervical cancer in older women,
and mechanisms similar to those of cervical cancer development have been docu-
mented. A systematic review has reported a progression rate of 3.3% from vulval
intraepithelial neoplasia to SCC of the vulva [50]. The HPV contribution in vulvar
cancer is 40%, mostly HPV16 (32%) and then HPV 18 (4%) [49]. In vaginal cancer,
the HPV contribution is higher, being 70% and mostly HPV16 (54%) followed by
HPV18 (8%) [49].

3.5.4 HPYV and Skin Cancers

In addition to the HR a-HPV types, several f-HPV types, notably HPV types 5 and
8, are associated with skin cancer and are thus considered possibly carcinogenic.
The clinical relevance of f-HPV infection has clearly been demonstrated in patients
suffering from epidermodysplasia verruciformis (EV). EV is a rare genetically het-
erogeneous disease, either autosomal recessive or X linked, but also associated with
a high risk for nonmelanoma skin cancer [51]. EV is a unique model where genetic
susceptibility to HPVs is demonstrated [52]. In the normal population, beta-PV is
suspected to have an etiologic role in skin carcinogenesis as well, but this is still
controversially discussed. Their oncogenic potency has been investigated in mouse
models and in vitro. In 2009, the International Agency for Research on Cancer



30 Y. Liand C. Xu

(IARC) classified the genus beta HPV types 5 and 8 as “possible carcinogenic”
biological agents in EV disease.

3.6 HPV-Related Cancer Prevention

So far, HPV vaccines have been used mainly in the prevention of cervical cancer.
Prophylactic HPV vaccines were primarily designed and produced to prevent infec-
tion with the most common HR HPVs, types 16 and 18, which cause about 70% of
cervical cancer cases. The quadrivalent vaccine (4vHPV) Gardasil, marketed by
Merck, protects against initial infection with HPV types 6, 11, 16, and 18. Another
bivalent vaccine is Cervarix by GlaxoSmithKline that is protective against HPV16
and 18 [53-55]. Both vaccines are highly effective in preventing cervical dysplasia.
Countries that have achieved high coverage with the 4vHPV vaccine have seen
dramatic reductions in genital warts and infection with HPV16 and 18 [56, 57]. The
Advisory Committee on Immunization Practices (ACIP) recommends routine HPV
vaccination starting at age 11 or 12 years, though the series can be started as early
as 9 years of age. Vaccination is also recommended for female ages 13 through
26 years and for males ages 13 through 21 years who have not completed the three-
dose series. Men up to age 26 should also be vaccinated if they have sex with men
or are immunocompromised [2].

The two HPV vaccines, i.e., Gardasil and Cervarix, approved for the use in cervi-
cal cancer prevention by the FDA have been also been approved for other indica-
tions. Gardasil is now approved for the prevention of genital warts and the
HPV-associated precancerous lesions in the anogenital region besides prevention of
vulvar, vaginal, and anal cancers. Cervarix is approved for the prevention of precan-
cerous cervical lesions caused by HPV infection besides cervical cancer prevention.
These vaccines have not been approved as yet in the prevention of penile or oropha-
ryngeal cancer. The vaccine is however not effective if infections or lesions in the
cervix have already been reportedly caused by HPV [53].

A new 9-valent HPV vaccine (9vHPV) was approved by the FDA in December
2014 for females ages 9-26 and males ages 9—15. In addition to the four HPV sub-
types (6, 11, 16, 18) found in the quadrivalent vaccine, it includes five additional
oncogenic HPV subtypes (31, 33, 45, 52, 58), which cause an additional 15% of
cervical cancer. In March 2015, the ACIP updated their guidelines to allow substitu-
tion of the 9vHPV vaccine for the quadrivalent vaccine [58].

Cervical screening should be sought by women, even if she has received the vac-
cine. Furthermore, the recommendations for screening continue to remain the same
even for females who have received the HPV vaccine. Other preventive and cost-
effective strategies continue to play an important role, especially in the context of
developing countries [59].

Great progress has also been made to develop and improve therapeutic HPV vac-
cines to treat existing HPV infections and diseases. These are being targeted to E6
and E7 oncoproteins that are expressed throughout the life cycle of thevirus [60, 61].
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3.7 Conclusion

HPV infection has been shown to play an important role in various benign and
malignant diseases. HPV-related cancers constitute a distinct entity compared to
non-HPV-related lesions and are usually associated with a favorable prognosis.
HPYV type 16 is the most common type found in all anogenital, oral, and oropharyn-
geal malignancies. For cervical cancer, well-established cytology and HPV test
screening allow early detection and successful treatment of precancerous cervical
lesions [62]. For other HPV-associated disorders, the early detection of precancer-
ous lesion is either difficult or almost impossible. Effective preventive measures
could help reduce the burden of these cancers, which have shown an increase in the
incidence over the last few decades. Many questions regarding HPV testing, vacci-
nation, and treatment of HPV-related cancers continue to remain unanswered. Large
multicenter trials are required in order to study the biological behavior and treat-
ment strategies in the management of HPV-related cancers.
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Chapter 4
Merkel Cell Polyomavirus: A New DNA Virus
Associated with Human Cancer

Margo MacDonald and Jianxin You

Abstract Merkel cell polyomavirus (MCPyV or MCV) is a novel human polyoma-
virus that has been discovered in Merkel cell carcinoma (MCC), a highly aggressive
skin cancer. MCPyV infection is widespread in the general population. MCPyV-
associated MCC is one of the most aggressive skin cancers, killing more patients
than other well-known cancers such as cutaneous T-cell lymphoma and chronic
myelogenous leukemia (CML). Currently, however, there is no effective drug for
curing this cancer. The incidence of MCC has tripled over the past two decades.
With the widespread infection of MCPyV and the increase in MCC diagnoses, it is
critical to better understand the biology of MCPyV and its oncogenic potential. In
this chapter, we summarize recent discoveries regarding MCPyV molecular virol-
ogy, host cellular tropism, mechanisms of MCPyV oncoprotein-mediated oncogen-
esis, and current therapeutic strategies for MCPyV-associated MCC. We also
present epidemiological evidence for MCPyV infection in HIV patients and links
between MCPyV and non-MCC human cancers.

Keywords Merkel cell polyomavirus ® Merkel cell carcinoma ® Oncogenesis ®* HIV
patients * Host cellular tropism

4.1 Introduction

Merkel cell polyomavirus (MCPyV), a member of the Polyomaviridae family, was
first isolated from Merkel cell carcinoma (MCC) in 2008 using digital transcrip-
tome subtraction [1, 2]. Merkel cell carcinoma (MCC) typically presents as a neu-
roendocrine carcinoma of the skin. Historically, MCC has been thought to arise
from Merkel cells, a unique cell type of the skin bearing both epithelial and
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neurosecretory characteristics [3]. The incidence rates of MCC have tripled in the
last decades, and it is incredibly lethal, with a disease-associated mortality of 46%
[4]. The major risk factors for MCC include advanced age, immunosuppression,
and prolonged exposure to sunlight and ultraviolet (UV) radiation [5, 6]. Since the
initial discovery of MCPyV in MCC tumors, a compelling line of evidence has
established it as the causative agent of MCC. As many as 80% of all MCC tumors
have clonally integrated MCPyV genomes [1, 7]. Integration of MCPyV genome
into the host genome appears to occur before clonal expansion of the tumor, while
persistent expression of the viral tumor antigens is required to maintain MCC tumor
growth [1, 8]. This evidence strongly supports an important oncogenic role of
MCPyV in MCC tumors. However, MCPyV infection of the skin is ubiquitous and
largely asymptomatic in the general population [9-11]. Therefore, there is a grow-
ing interest in understanding the basic molecular virology of MCPyV and its role in
oncogenesis. In this chapter, we present our current knowledge on the first polyoma-
virus linked to human cancer.

4.2 MCPyV Genome and Encoded Proteins

MCPyYV, like other members of the polyomavirus family, is a small, non-enveloped,
icosahedral, double-stranded circular DNA virus [12]. The 5.3 kb viral genome is
composed of a multiply spliced early “tumor antigen” region, a late region, and a
noncoding regulatory region (NCRR) which divides the two coding regions
(Fig. 4.1). The NCRR contains the viral origin of replication (Ori) flanked by the
promoters that drive early and late gene expression.

The early region of MCPyV encodes large tumor antigen (LT), small tumor
antigen (sT), 57-kilodalton tumor antigen (57kT), and the overprinting gene

NCC\R
- Small T antigen
.

5387 bp

VP
“—Large T antigen

f

& — 57K T antigen

Fig. 4.1 MCPyV genome. This schematic diagram shows the noncoding regulatory region
(NCRR), early genes, late genes, and a microRNA (miR-M1) encoded by the MCPyV genome
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alternate LT ORF (ALTO) (Fig. 4.1). The MCPyV LT antigen is a multifunctional
protein that plays important roles in host cell-cycle regulation as well as viral
genome replication (reviewed in [13]). The N-terminal region of LT contains a
conserved region 1 (CR1), a DnaJ domain (for binding heat-shock proteins), and
an LxCxE motif that interacts with retinoblastoma protein (RB) to stimulate host
cell proliferation (Fig. 4.2) [14]. The C-terminal region of LT contains an Ori
binding domain (OBD) necessary for LT binding to the viral Ori and a helicase
domain that stimulates replication of the viral genome (Fig. 4.2) [15, 16]. The sT
protein shares the LT N-terminal region, including the CR1 and DnaJ domains,
but has a unique C-terminus carrying a protein phosphatase 2A (PP2A) binding
site [17]. Unlike other polyomavirus sTs, MCPyV sT appears to play a central
role in inducing oncogenesis [18]. MCPyV sT has been shown to stimulate cel-
lular proliferation by inducing hyper-phosphorylation of the eukaryotic transla-
tion initiation factor 4E-binding protein 1 (4E-BP1) independent of PP2A binding
[18]. It also binds the ubiquitin ligase SCF™"7 and disrupts proteasomal degrada-
tion of both LT and certain cellular cell-cycle regulators [19]. The unique
C-terminal domain of MCPyV sT also contains highly conserved iron-sulfur
clusters that are important for stimulating LT-mediated viral replication [20]. In
contrast to LT and sT, the functions and physiological significance of both 57kT
and ALTO remain to be elucidated [12, 21, 22].

The late region of MCPyV encodes VP1 and VP2 (Fig. 4.1), which function as
major and minor subunits of the viral capsid, respectively. VP1 and VP2 form cap-
sids around the MCPyV genome. While the major capsid protein VP1 is necessary
and sufficient for producing pseudovirions, the minor protein VP2 may confer spec-
ificity in host cell targeting [11, 23-26].

Like many polyomaviruses, MCPyV encodes a microRNA, termed miR-M1
(Fig. 4.1), which has been shown to downregulate expression of LT [27, 28]. This
regulation of LT was shown to be important for long-term MCPyV episome main-
tenance in cell culture and potentially for establishing persistent infection in vivo
[27, 28].

4.3 Mechanisms of MCPyV Oncoprotein-Mediated
Oncogenesis

Like papillomavirus-induced cancers, MCPyV-associated MCC tumors typically
carry the viral genome integrated into the host genome [1, 29, 30]. MCPyV-
associated MCC tumors demonstrate a clonal integration pattern of the viral
genome, suggesting that the integration event occurs prior to the initiation of onco-
genesis and expansion of tumor cells. These tumors typically express both of the
major viral tumor antigens, LT and sT [8, 31]. However, the MCC tumors carrying
the integrated viral genome do not support a productive viral life cycle. Both LT and
sT play unique and important roles in driving MCC oncogenesis.
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Fig. 4.2 Selective deletion of the C-terminus of MCPyV LT is a critical event during the onco-
genic progression of MCPyV-associated cancers. Shown are the domain structures of MCPyV LT
antigen and mutations found in MCPyV-associated MCCs that introduce premature stop codons to
delete the LT C-terminus. The LT C-terminus can induce DNA damage response to activate the p53
tumor suppressor. This growth inhibitory property may function as an anticancer brake to inhibit
cell proliferation and transformation. Deletion of the replication domains in the C-terminus of LT
releases this antitumor brake to allow oncogenic progression. The truncated tumor-specific LT
mutants retain RB tumor-suppressor inhibiting activities to drive cellular transformation

A common feature of MCPyV genomes integrated into the MCC genome is the
selection for mutations in the LT coding sequence that introduce premature stop
codons which delete the LT C-terminal Ori binding and helicase domains (Fig. 4.2)
[14]. Therefore, the MCPyV LT protein is typically expressed in a truncated form in
MCC tumors [14]. In contrast, these tumor-specific mutations do not disrupt the
expression of sT. The N-terminal portion of LT still expressed in these tumors is
referred to as LTT (tumor-derived LT). LTT retains the CR1, DnaJ, and RB-binding
motifs, allowing these tumor-specific LT mutants to robustly disrupt the host cell
cycle (Fig. 4.2) [32].

The selection for premature stop mutations in MCPyV LT is remarkably com-
mon in MCPyV-associated tumors, suggesting that deletion of the replication
domains in the C-terminus of LT is required for tumorigenesis. One selective pres-
sure that may exist is the elimination of viral DNA replication activity after the
genome has been integrated into the host DNA [14]. It is conceivable that continu-
ous LT-mediated replication from the integrated viral Ori could result in replication
fork collisions and double-strand breaks in the host DNA; disrupting LT’s OBD and
helicase domains would alleviate this genotoxic stress. In addition, other functional
activities of the C-terminal domain may need to be negatively selected for during



4 Merkel Cell Polyomavirus Molecular Virology and Pathogenesis 39

tumorigenesis. For example, expression of just the OBD and helicase domains of
MCPyV LT induces a host cellular DNA damage response (DDR). This activation
stimulates p53 activity and can arrest the host cell cycle [33]. This growth inhibitory
property of the MCPyV LT C-terminus may function as a barrier to oncogenic pro-
gression (Fig. 4.2) [33, 34]. Since replicative stress, DNA damage responses, and
cell-cycle arrest all pose challenges to oncogenesis, together they provide a strong
rationale for the selection of truncated LT proteins which retain RB tumor-suppressor
inhibiting activities while avoiding potentially antagonistic activity conferred by the
C-terminal domain of LT.

Compared to MCPyV LT, sT plays a more dominant role in MCPyV-induced
carcinogenesis [18]. Contrary to other polyomaviruses, expression of MCPyV LT
alone is not sufficient to transform cells [18]. MCPyV sT, however, has been sug-
gested to transform immortalized rat fibroblasts in cell culture even when expressed
alone [18]. MCPyV sT also demonstrates robust transforming activity in vivo [35].
sT’s oncogenic activity is mostly mediated through induction of the hyper-
phosphorylated and inactivated state of 4E-BP1, leading to dysregulation of cap-
dependent translation that accelerates cell proliferation and malignant transformation
[18]. In addition, sT inhibits the E3 ubiquitin ligase SCF™"’ to prevent proteasomal
degradation of MCPyV LT and key cellular proliferative proteins like c-Myc and
cyclin E [19]. Unlike LT, sT is commonly expressed in MCPyV-associated tumors,
and almost no mutations have been found in the sT-coding regions integrated into
the genome of MCC tumors [13], again highlighting the important role this protein
plays in MCPyV-associated cancers.

MCPyV-positive MCC cells are dependent on MCPyV LT/sT oncoproteins.
Persistent expression of these oncogenes from the integrated viral genome is
required to sustain growth of MCPyV-associated tumors, in both in vitro and xeno-
graft models [8, 31]. Knockdown of LT/sT antigens induces growth arrest and cell
death in all MCPyV-positive MCC cell lines tested [8, 31] and leads to tumor regres-
sion in xenotransplantation models [32].

4.4 Genetic Basis of MCPyV-Associated MCC

Recent studies have begun to delineate the differences in the causes of MCPyV-
positive and MCPy V-negative MCCs. Genetic studies have shown that UV radiation
is the primary cause of MCPyV-negative MCCs, which constitute about 20% of all
MCC cases [36-38]. Compared to MCPyV-positive MCCs, MCPyV-negative
tumors demonstrate much higher mutational burdens, which are associated with a
prominent UV-induced DNA damage signature [36-38]. Both MCPyV-positive and
MCPyV-negative MCC tumors are commonly found on sun-exposed regions of the
body, such as the head, neck, and limbs [37]. However, the lower number of genetic
mutations found in the genomes of MCPyV-positive MCCs compared to MCPy V-
negative tumors, along with the lack of a definitive UV mutation signature in
MCPyV-positive MCCs, indicates that UV plays a primary etiologic role in
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MCPyV-negative MCC tumorigenesis [36]. In MCPyV-positive MCCs, UV may
simply promote tumor growth through immunosuppressive effects on the tumor
microenvironment or through inducing the mutations needed for MCPyV integra-
tion and generation of the truncated viral LT antigen [36].

Compared to MCPyV-positive MCCs, MCPyV-negative tumors also contain a
much higher number of cancer-promoting mutations [36-38]. Some of the common
mutations frequently observed in MCPyV-negative MCCs include mutations in
RBI, TP53, and PIK3CA, along with mutations in host DDR and chromatin modu-
lation pathways [36—38]. Inactivating mutations in the NOTCH signaling pathway
were also detected, supporting a tumor-suppressor role for this pathway in MCC
[38]. The lower levels of cancer-promoting mutations observed in MCPy V-positive
MCCs confirm that MCPyV oncogenes are the primary oncogenic drivers for these
tumors [36-38]. Activating mutations of HRAS were among the very few frequently
observed in MCPyV-positive tumors, suggesting that these genetic mutations may
cooperate with the viral oncogenes to drive MCC tumorigenic progression [36, 38].
In several studies, inactivating mutations in RB/ were observed in MCPyV-negative
tumors, but not in MCPyV-positive tumors [36—38]. This is consistent with the fact
that the truncated MCPyV LT antigen interacts with and inactivates RB1, suggest-
ing that RB1 disruption is required for all MCC tumorigenesis [37].

Potentially due to their higher mutational burden, MCPyV-negative MCCs typi-
cally display a more aggressive subtype, with patients having an increased risk of
disease progression and death [39]. MCPy V-negative tumors are also more likely to
recur after treatment than MCPy V-positive tumors [39]. There are a variety of pos-
sible reasons for the more aggressive behavior observed in MCPyV-negative sub-
type of MCCs, including the fact that fewer oncoproteins are expressed as targets
for T-cell-infiltrating lymphocytes (TILs), their advanced stage at presentation, and
a higher number of mutations in oncogenic pathways [39].

4.5 MCPyV Host Cellular Tropism and the Origin of MCC

4.5.1 MCPyV Entry into the Host Cells

An important part of the MCPyV life cycle that is particularly useful for the devel-
opment of antivirals and vaccines is viral entry into the host cell. MCPyV dsDNA
genome is encapsidated in an icosahedral shell of viral capsid consisting of the
structural proteins VP1 and VP2 at a ratio of 5:2 [1, 25]. For most polyomaviruses,
the major capsid protein VP1 determines antigenicity and receptor specificity. It
initiates viral entry into host cells and has a significant impact on attachment, tissue
tropism, and viral pathogenicity [40]. In line with findings from other polyomavi-
ruses, MCPyV’s entry into host cells is mediated by binding of the major capsid
protein VP1 pentamer to cellular receptors [41]. The minor capsid protein VP2 is
essential for infectious MCPyV entry in some cell types, but others could be
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Fig. 4.3 MCPyV entry into host cells. MCPyV viral entry is a two-step process mediated primar-
ily by the major capsid protein VP1. The primary binding partner for MCPyV VP1 is the glycos-
aminoglycan (GAG) heparan sulfate. This GAG is found on the host cell membrane in the form of
heparan sulfate proteoglycans (HSPGs). While this interaction is all that is necessary for VP1
binding to occur, a secondary interaction with the sialylated ganglioside GT1b is required for entry.
MCPyV interacts with the sialic acids in both arms of GT1b, which are shown in red. MCPyV
minor capsid protein VP2 (not shown) has been suggested to play a role in post-attachment entry

transduced with MCPyV pseudovirions deficient in VP2, indicating that in cell
types where VP2 is necessary for MCPyV entry, there is some barrier that it helps
to overcome [25, 42]. Virion assembly, packaging of DNA, and attachment to target
cells were not significantly affected by knockdown of VP2, indicating that the role
of VP2 is in post-attachment entry [25]. While most polyomaviruses also contain
another minor capsid protein VP3, this minor capsid protein is not detectable in
either MCPy V-infected cells or native MCPyV virions [25]. Phylogenetic analysis
suggests that MCPyV belongs to a member of a divergent clade of polyomaviruses
lacking the conserved VP3 N-terminus [25].

The functional receptors of most human polyomaviruses are sialylated glycans
[43]. Sialic acids are found mostly in glycoproteins and gangliosides [43]. The gan-
glioside GT1b, which has sialic acids on both arms, was the first proposed to be the
receptor for MCPyV VP1 (Fig. 4.3) [44]. VP1 interacts with the sialic acids on both
branches of the GT1b carbohydrate chain (Fig. 4.3) [44]. In a later study, where
MCPyV reporter vectors and native MCPyV virions were used to transduce human
cells, it was discovered that the initial attachment receptors of MCPyV VPI are
sulfated glycosaminoglycans (GAGs), specifically heparan sulfate (HS) proteogly-
cans [26]. While VP1 can bind to GAGs such as HS and chondroitin sulfate (CS),
only the N-sulfated and 6-O-sulfated forms of HS mediate infectious entry, and both
CS and other forms of HS were dispensable for this process [26]. In addition, Neu
et al. used X-ray structures to show that a shallow binding site on the apical surface
of the VP1 capsomer recognizes the linear sialylated disaccharide Neu5Ac-a2,3-
Gal, which is present in GT1b [41]. Previous studies were not able to show GDla
binding with VP1, yet this study showed VP1 interactions with GT1b, GD1a, 3SLN,
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and DSL oligosaccharides, all of which contain the Neu5Ac motif [41, 44]. This
indicates that GT1b, and possibly these other sialylated glycans, are the post-
attachment co-receptors for VPI that enable the secondary entry step after primary
attachment through GAGs. More importantly, mutagenesis studies revealed that the
VP1 sialic acid binding site plays a role in post-attachment infection, not initial
attachment [41]. Together, current knowledge supports a two-step attachment and
entry process for MCPyV, with sulfated GAGs being the initial attachment receptors
for VP1. The primary binding, mediated mostly by HS, is followed by secondary
interactions with a sialylated glycan post-attachment co-receptor (Fig. 4.3) [26, 40,
42,43, 45]. These glycans are not required for initial attachment of MCPyV virions,
but they are necessary for viral entry into the cell (Fig. 4.3) [26, 41, 43].

MCPyV enters its target cells in a slow and asynchronous motion [45]. After
entry, MCPyV must travel through the cytoplasm to the nucleus in order to use the
host cell replication machinery. Host cell surface glycoproteins and glycolipids play
arole in both the entry stage of viral infection and channeling the virions to specific
intracellular membrane-bound compartments and ultimately to the nucleus [43].
However, the molecular events that occur after MCPyV penetrates the cell mem-
brane and allow delivery of the encapsidated viral DNA to the host nucleus have not
been elucidated. This is largely due to a lack of cell culture model for MCPyV infec-
tion [45].

4.5.2 MCPyV Host Cellular Tropism

While the MCPyV binding factors, such as sialic acid and heparan sulfate, which
mediate attachment and entry, have been actively discovered [26, 41], much remains
to be elucidated with respect to MCPyV natural infection and MCPyV host cellular
tropism. It is unclear how MCPyV targets specific cell types given both sialic acid
and heparan sulfate are ubiquitous. Studies of basic MCPyV virology have been
hampered by the facts that MCPyV replicates poorly in the majority of cell lines
tested thus far and its natural host cell up until very recently had not been described.
The lack of a robust cell culture system for MCPyV infection has limited our under-
standing of this important tumor virus.

Multiple lines of evidence point toward the skin being the major site of MCPyV
replication in humans. First, various deep sequencing studies have provided evi-
dence of persistent and asymptomatic infection of MCPyV in adult skin [46, 47].
Additionally, the cell types which support MCPyV replication have been either epi-
thelial or fibroblast in origin [15, 23, 48]. Finally, MCC is a tumor of the dermis, and
the presumed cells of origin for MCC, Merkel cells, are a resident of the epidermis.
Following this line of reasoning, our group examined the ability of various skin cell
types to support MCPyV infection and discovered that human dermal fibroblasts
(HDFs) are a natural host cell of MCPyV [49]. We demonstrated that both epider-
mal growth factor (EGF) and fibroblast growth factor (FGF) were required to pro-
mote efficient MCPyV infection of dermal fibroblasts; these factors may stimulate
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expression of cellular factors necessary for infection, producing an environment
conducive to MCPyV infection and replication [49]. Interestingly, these growth fac-
tors are stimulated upon wounding [50], suggesting that wounding processes may
facilitate MCPyV infection in the human skin. We also found that induction of
matrix metalloproteinases (MMPs) mediated by the WNT/B-catenin signaling path-
way is critical for MCPyV infection of HDFs. WNT signaling is crucial for the
formation of hair follicles [51]. Interestingly, we showed that MCPyV could effi-
ciently infect the HDFs surrounding hair follicles [49]. This finding is in line with
the observation that MCPyV is frequently detected in eyebrow hair bulbs [52].
Remarkably, several MCC risk factors, including UV exposure and aging, are
known to upregulate MMPs [53-58], once again linking risk of MCC incidence
with MCPyV infection.

4.5.3 Origin of MCC

The relationship between the cells that MCPyV infects and those that it transforms
to cause MCC remains a central question for MCPyV research. The establishment
of dermal fibroblasts as a natural host cell for MCPyV may help resolve a long-
standing puzzle in the MCC field regarding the cells of origin for MCC [59].
Historically, MCC has been thought to arise from Merkel cells due to its expression
of cytokeratin 20, a unique marker of Merkel cells. However, this assumption has
been challenged by a number of recent studies. First, Merkel cells are postmitotic
and do not have robust proliferative potential, making them less likely to support
MCPyV infection, replication, and associated tumorigenesis [60, 61]. Additionally,
Merkel cells are of epidermal origin, while MCC tumors are thought to derive from
the dermis [62—64]. Because MCC tumors also express markers common to pro-/
pre-B cells, such as paired box gene 5 (PAXS5) and terminal deoxynucleotidyl trans-
ferase (TdT), it has been suggested that MCC tumors may derive from the B-cell
lineage [65]. The finding that dermal fibroblasts support MCPyV infection provides
new alternative hypotheses [49]. For example, MCPyV infection of dermal fibro-
blasts can, over time, induce their transformation and upregulate genes commonly
expressed in other cell types, including B cells and Merkel cells. This hypothesis is
in line with the finding that MCC tumors are dermal in origin. Alternatively, Merkel
cells residing at the boundary of the epidermis and dermis may be infected as a
nonproductive bystander of dermal fibroblast infection. Along this line, the fact that
Merkel cells do not support the full MCPyV life cycle may predispose this infection
toward genome integration, which eventually lead to oncogenesis. Both of these
models — dermal fibroblast origin or infection of bystander Merkel cells — remain to
be tested in vivo using animal and skin explant models.
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4.6 Current Therapeutic Strategies for
MCPyV-Associated MCC

4.6.1 Surgery, Radiation Therapy, and Chemotherapy

Early-stage, localized MCCs are usually treated with surgical excision [66].
Adjuvant radiation therapy applied after the initial surgery has been shown to
improve local and regional recurrence rates and therefore has also been recom-
mended for primary tumors [66]. However, MCC frequently undergoes metastasis,
increasing the probability that tumors may arise in areas that are harder to reach and
to fully eradicate with radiotherapy [67]. Thus, chemotherapy has been used to treat
advanced stage MCC. Although MCC tumors are responsive to chemotherapy in the
short term, the duration of the response is usually transient, and many tumors often
develop resistance to chemotherapy [66, 68, 69]. Additionally, chemotherapy has
little overall survival benefit for MCC tumors due to its immunosuppressive effect,
which counteracts the cellular immune reaction to MCC tumors. Currently, there
are very few viable options for patients with advanced MCCs [69].

4.6.2 Immune Checkpoint Inhibitors and Immunotherapy

MCC patients with robust immune responses and higher level of intratumoral TILs
generally showed better prognoses and increased rates of regression [70-73].
Intratumoral CD8+ and CD3+ lymphocytes, which predict better survival, are typi-
cally more commonly found in MCPy V-positive MCCs [74]. This tight correlation
between prognosis and immune function suggests that immunotherapies may have
great potential for treating metastatic MCCs. Methods of increasing interferon pro-
duction, such as stimulation by the targeted delivery of the IL-12 gene using vaccine
and electroporation, are currently being investigated [75]. A promising immuno-
therapy strategy for MCC treatment targets the programmed cell death receptor 1/
programmed cell death ligand 1 (PD-1/PD-L1) checkpoint. PD-L1 is often overex-
pressed in MCC tumors, especially in MCPyV-positive cases [37]. MCPyV-specific
T cells also express elevated levels of PD-1 [76]. Interaction of PD-L1 with the
PD-1 receptor on the surface of MCPyV-specific T cells activates an immune check-
point pathway, which inhibits the antitumor immune response [77, 78]. Therefore,
anti-PD-1 monoclonal antibody treatment has become an attractive treatment option
for MCC [79]. A response rate of 56% was observed in patients treated with an anti-
PD-1 antibody called pembrolizumab [77]. However, these responses were not last-
ing, ranging in duration from 2.2 to 9.7 months [77]. Studies with this drug and
another anti-PD-1 antibody called avelumab both showed more success following
fewer first-line treatments, suggesting that they should be used as a first-line therapy
for advanced MCC rather than the last in a long line of treatments [75]. While these
and some other studies have shown improvements in patients with various
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immunotherapies, the success has for the most part been minimal, further highlight-
ing the need for new treatments for this cancer.

4.6.3 MCPyV DNA Vaccine

One potential treatment option to explore for MCC is a MCPyV DNA vaccine. As
described above, it has been repeatedly shown that CD8+ T-cell tumor infiltration in
MCC is associated with better prognosis, decreased likelihood of metastasis, and
prolonged survival [70, 74]. Therefore, DNA vaccines capable of generating potent
antigen-specific CD8+ T-cell immunity are a promising option for MCC treatment
[80]. DNA vaccines are an attractive therapeutic option due to their safety, simplic-
ity, stability, and the possibility to be administered multiple times [80].

MCPyV LT is truncated by stop codons in nearly all MCPyV-positive MCC
tumors, losing its C-terminal domain responsible for viral replication, while retain-
ing the N-terminal RB-interacting domain for driving cancer development [8].
Because the MCPyV LT amino terminus plays an important role in oncogenesis and
is expressed in all MCPyV-positive tumors, it is an ideal vaccine target. In addition,
as a foreign antigen, MCPyV LT avoids the issue of immune tolerance that could
impede the development of antitumor immunity. Stop codons introduced by MCPyV
integration into MCC tumor genome typically truncate LT at amino acid 258 (aa258)
or beyond, so the Hung laboratory created a DNA vaccine to specifically target the
MCPyV LT aal-258 region [80]. When tested in mice injected with the B16/LT
murine melanoma cell line stably expressing LT, this vaccine demonstrated both
protective and therapeutic effects against LT-expressing tumors in vivo [80].
Compared to mice vaccinated with control empty vector, MCPyV LT-vaccinated
mice injected with B16/LT cells exhibited smaller tumors and better survival, and
the tumor-bearing mice given the MCPyV LT vaccine as a treatment showed smaller
tumor volume and longer survival [80]. These antitumor effects appear to be medi-
ated by CD4+ T-cell induction, while no significant CD8+ T-cell induction was
observed [80].

Due to CD8+ T cells’ association with better prognosis and disease clearance
[70, 74], the Hung group went on to construct a DNA vaccine tailored to eliciting
LT-specific CD8+ T-cell responses [81]. This vaccine encodes LT fused to a damage-
associated molecular pattern protein, calreticulin (CRT), which has been shown to
promote induction of CD8+ T cells when fused to other antigens [80, 81]. The new
vaccine, named CRT/LT, was also tested on the B16/LT mice and showed prolonged
survival after tumor challenge compared to mice vaccinated with the original
MCPyV LT vaccine [81]. Compared to MCPyV LT vaccine or control empty vector,
this vaccine also resulted in the best survival when given to tumor-bearing mice
[81]. Confirming that this better performance was due to CD8+ T-cell induction,
CD8+-depleted mice were not protected by the CRT/LT vaccine [81]. The results
indicate that CD8+ T cells were the main mediator of the antitumor effects of the
CRT/LT vaccine [81].
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A MCPyV DNA vaccine was also created to target the sT antigen, which is a key
driver of MCC oncogenesis [82]. MCPyV sT shares the same N-terminus with LT
but contains a different C-terminus with a PP2A binding site that is important for
virus-induced transformation in other PyVs [17, 82]. When tested against a murine
tumor model that expresses MCPyV sT antigen, this vaccine demonstrated success-
ful protection and treatment, leading to increased survival and decreased tumor vol-
ume in vivo [83]. As in the case of CRT/LT vaccine, CD8+ T-cell induction was
essential for the sT vaccine antitumor effect, which was diminished upon CD8+
T-cell depletion [83]. These preliminary results are promising, but testing in an
actual MCC cell line and a MCC animal model would be needed to confirm the
efficacy of these MCPyV-targeted vaccines for the control of MCC.

4.7 MCPyV Infection in HIV Patients

Immunosuppression is one of the most important risk factors for the development of
MCPy V-associated MCC skin cancer, with immunocompromised individuals mak-
ing up about 10% of the MCC patient population [84]. This relationship is likely
linked to the causative role played by MCPyV in MCC tumorigenesis. A significant
portion of these patients experiences immunosuppression as a result of HIV/AIDS
infection. HIV-infected individuals have a 13.4-fold increased risk of developing
MCC compared to the general population [85]. While this association between HIV
infection and MCC has been observed for some time, various recent studies have
started to validate the link between HIV and MCPyV infection. The elevated
MCPyV prevalence in HIV patients was confirmed by a study looking at MCPyV
status in HIV-positive men [86]. This study showed that 59.0% of HIV-positive men
had MCPyV DNA in their forehead swabs, compared to only 49.4% of HIV-negative
men [86]. However, the level of viral DNA loads in HIV-positive and HIV-negative
men did not differ significantly [86]. Another study confirmed that there is no dif-
ference in MCPyV viral load between HIV-positive and HIV-negative populations
of women [87]. Nonetheless, within the HIV-positive subset of patients, men with
poorly controlled HIV infection had higher viral loads compared to those with well-
controlled infection [86].

The majority of healthy adults (45-85%, increasing with age) are positive for
MCPyV immunoglobulin G (IgG). Using VLP-based enzyme-linked immunosor-
bent assay (ELISA) to measure MCPyV IgG titers, it was recently shown that levels
of MCPyV IgG were higher in HIV/AIDS patients than in either non-AIDS/HIV
patients or uninfected controls [88]. Again, MCPyV viral loads did not differ sig-
nificantly between the tested populations, and there was not much of a difference
between uninfected controls and HIV patients without severe immunosuppression
[88].

MCPyV detection in the skin is frequent, but the virus is rarely detected in the
blood [89]. One study found that only 5.5% of the general population had MCPy V-
positive blood serum, while MCPyV DNA was found in the sera of 39.1% of
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untreated HIV-positive patients [8§9]. For those in each population whose sera were
MCPyV positive, the copy number did not differ significantly between the HIV-
positive and HIV-negative groups [89].

MCPyV DNA is usually found in the skin, and MCC typically arises in sun-
exposed areas of the body [84, 90]. However, in HIV-positive individuals, MCC
often arises in sites not exposed to the sun [84, 90, 91]. One HIV-positive patient
even had an oral MCC tumor that tested positive for MCPyV DNA [90]. In some
other HIV-positive patients, MCPyV DNA has been detected not only on the skin
but also in oral and anogenital mucosa as well as in plucked eyebrow hairs [91].

MCC in HIV-positive individuals is also unusual in the sense that it typically has
a much earlier onset in HIV/AIDS patients, with a mean age of diagnosis of
49 years — 20 years younger than the average for immunocompetent patients [84,
91]. In addition, MCCs in AIDS patients are characterized by aggressive clinical
course with higher-grade lesions, more advanced tumor stage, and shortened sur-
vival [84]. These differences suggest that viral oncogenesis is more rapid and
aggressive in patients with HIV-induced immunosuppression [91]. One reason
could be that MCPyV infectivity may be exacerbated by these patients’ impaired
immune response [84]. In addition, the elevated MCPyV DNA loads associated
with HIV-induced immunosuppression could explain the increased likelihood of
MCC development observed in HIV-infected individuals [91]. Also, the increased
viral infection in HIV-positive individuals could make integration of MCPyV into
the host cell genome more likely and therefore increase the risk of tumorigenesis
[91].

In summary, significantly increased risk of developing MCPy V-associated MCC
has been observed among immunocompromised individuals, including HIV-
infected patients [84]. This data suggests that screening for early detection of MCC
in HIV-positive patients and MCPyV antiviral therapy could both be beneficial to
the survival of these patients [91].

4.8 Epidemiological Evidence for MCPyV in Non-MCC
Cancers

While MCPyV has an established correlation with MCC, with 80% of this cancer
being MCPyV positive, its potential association with a variety of other cancers has
been a common topic of exploration recently. There is some evidence suggesting
that, in addition to MCC, MCPyV may be associated with extrapulmonary small
cell carcinoma (ESCC), cervical cancer, other types of skin cancer, lung cancer, and
even some types of leukemia.

One of these cancers, ESCC, was investigated because it shows histological sim-
ilarities to both small cell lung cancer (SCLC) and MCC, although ESCC is nega-
tive for the CK20 marker [92]. ESCC tumors were tested for MCPyV DNA through
the use of qPCR, and 19% of the tumors were MCPyV positive [92]. While this



48 M. MacDonald and J. You

prevalence is not high, it is significant enough to suggest that MCPyV may be the
driver of a small number of ESCC cases. On the other hand, this same study found
no MCPyV DNA in any SCLC samples tested [92].

Among the lung cancers investigated, non-small cell lung cancer (NSCLC) has
shown the most evidence supporting an association with MCPyV. In one study, 18%
of NSCLC patients had MCPyV DNA present in their tumors, and viral infection
was significantly correlated with poorer cancer prognosis within subgroups [93].
Another study found MCPyV DNA in various types of NSCLC in Japanese patients,
including squamous cell carcinomas, adenocarcinomas, and others, with some
tumors expressing LT RNA transcripts [94]. Prevalence was low in this study as
well, but the virus’s presence suggests that MCPyV is at least partially associated
with NSCLC pathogenesis in some patients. A study of MCPyV in NSCLC in
Chilean patients also found a small but not insignificant portion of patients with
MCPy V-positive tumors, with 4.7% of patients’ cancer testing positive for the virus
[95].

While these recent studies suggest that lung cancer may be associated with
MCPyV, others show contradictory results. One study looked for MCPyV and other
human PyV antibodies in lung cancer samples from patients in China but found no
association between MCPyV or other human PyV antibodies and incident lung can-
cer [96]. Another study examined PyV infection and the risk of lung cancer in never
smokers but also found no association. MCPyV seropositivity was detected in
59.3% of lung cancer samples and 61.6% of controls, indicating that there is no dif-
ference in MCPyV infection rates in populations with and without lung cancer [97].

In addition to lung cancer, there is contradictory evidence regarding whether
MCPyV is associated with various nonmelanoma skin cancers. One paper sug-
gested that 36% of immunocompetent cutaneous squamous cell carcinoma (SCC)
patients that participated in their study had one or more samples test positive for
MCPyV, while MCPyV positivity in SCCs overall was found to be only 15% [98].
However, most other studies found no correlation between MCPyV and common
nonmelanoma skin cancers such as SCC and basal cell carcinoma (BCC). For
example, in a study examining SCC and BCC samples from Japanese patients for
MCPyV DNA, only 13% of SCCs were found to be MCPyV positive, and none of
the BCC samples tested were [99]. One case study tested the SCC tumors of a
patient who had both SCC and MCC but only found MCPyV LT in the MCC tumor
[100]. Another study detected MCPyV DNA in both BCC and SCC samples but
observed a low immunohistochemical detection rate of MCPyV and a lack of MCC-
specific MCPyV mutations in the samples [101]. Similarly, Reisinger et al. tested
BCC and SCC samples for MCPyV LT and found that none of the samples con-
tained this protein [102]. These results indicate that frequent MCPyV detection in
these cancers could simply be due to the ubiquitous spread of MCPyV in the general
population, not a result of a causative relationship between MCPyV and these
cancers.

However, MCPyV DNA was found in the SCC lesions of a patient with both
MCC and SCC, along with HPV coinfection in both lesions, indicating a potential
for co-oncogenesis between the two viruses [103]. It was suggested that a low viral
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copy number in SCC cases has led to difficulties with immunohistochemical detec-
tion and may be the reason why many studies do not detect MCPyV in these cancers
[103]. To help elucidate whether MCPyV is truly associated with SCC and BCC,
larger epidemiological studies are likely necessary.

Additional studies have also investigated the role of MCPyV in non-cutaneous
squamous cell carcinomas. A study of esophageal SCCs in Northern Iran detected
MCPyV DNA at a low viral copy number in both cancerous and noncancerous
esophageal samples but did not find a statistically significant difference in detection
rates [104]. Imajoh et al. investigated MCPyV in cervical SCCs and cervical adeno-
carcinomas (ACs) in Japanese women. They detected MCPyV DNA in 19% of cer-
vical SCCs and 25% of cervical ACs [105]. MCPyV LT was detected in virus-positive
tumors [105].

There is also evidence that MCPyV may be associated with some blood cancers.
For example, 50% of follicular mycosis fungoides, a lymphoma of the skin, con-
tained MCPyV DNA [106]. However, MCPyV LT was not detected in these sam-
ples [106]. In addition, the complete DNA sequence of MCPyV was found in a
patient with acute myeloid leukemia [107]. Since there is an established epidemio-
logical link between chronic lymphocytic leukemia (CLL) and MCC, one group
investigated the potential role of MCPyV in CLL oncogenesis [108]. They discov-
ered that 13% of T cells in CLL patients tested positive for MCPyV, while none of
the patients’ B cells did, suggesting that MCPyV may have tropism for T cells
[108]. Another study detected MCPyV in 27.1% of CLL patients and even observed
LT expression and deletions in some of these patients, suggesting that MCPyV may
play arole in a subset of CLL cases [109].

Despite its association with immunosuppression, no correlation between
Kaposi’s sarcoma and MCPyV has been demonstrated [110, 111]. On the other
hand, some recent studies have shown possible correlations between MCPyV and
various rare cancers. One group investigated porocarcinoma, a rare malignant neo-
plasm that arises from the intraepidermal ductal portion of the eccrine sweat glands
[112]. MCPyV was found in 68% of primary porocarcinomas, compared to 30% of
healthy controls, suggesting that MCPyV may play a role in oncogenesis of this
cancer [112]. Another study investigated epidermodysplasia verruciformis-
associated (EV-associated) skin neoplasms and detected MCPyV in the in situ car-
cinomas of all congenital EV patients tested, revealing a strong association between
the disease and MCPyV [113].

In summary, most of the recent studies suggest a possible link between MCPyV
and various non-MCC cancers. However, there is conflicting information regarding
whether MCPyV truly is involved in the pathogenesis of other cancers beside
MCC. Therefore, larger epidemiological studies and more definitive data are neces-
sary to further elucidate MCPyV’s role in tumorigenesis outside of MCC.
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4.9 Conclusions and Future Perspectives

Accumulating evidence demonstrates a role for MCPyV in the development of
MCC, making MCPyV the first polyomavirus to be clearly associated with human
cancer [1, 12]. MCPyV infection is prevalent in the general population. During the
course of its persistent infection, integration of viral genomes into the host genome
induces LT truncation mutations that antagonize the tumor-suppressor function.
Proliferation of cells carrying integrated viral genomes expressing LT truncation
mutations and the sT viral oncogene is selected for during viral oncogenesis.
Immune downregulation by viral proteins likely allows MCPyV to establish a per-
sistent infection; it may also play a key role in allowing virally induced early-stage
MCC tumors to persist and expand. MCPyV oncogenes are not only persistently
expressed as foreign viral antigens in MCC tumors but also required for the growth
of the tumors cells. These key features make them ideal targets for developing novel
immunotherapy to treat MCC tumors. Elucidation of the mechanism by which
MCPyV escapes host immune surveillance and modulates the host immune system
to drive cellular transformation will offer important leads for developing viral-
targeted therapeutic strategies to treat MCPyV-associated cancers. The recent dis-
covery of HDFs as a target of MCPyV infection in human skin provides an exciting
opportunity to study the infectious life cycle of this important oncogenic human
polyomavirus [49]. Identification of the target cells of MCPyV natural infection will
also facilitate establishment of better animal models to fully elucidate the MCPyV
infectious life cycle and MCPyV-induced tumorigenesis in vivo.
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Chapter 5
Current Progress in EBV-Associated B-Cell

Lymphomas
Yonggang Pei, Alexandria E. Lewis, and Erle S. Robertson

Abstract Epstein-Barr virus (EBV) was the first human tumor virus discovered
more than 50 years ago. EBV-associated lymphomagenesis is still a significant
viral-associated disease as it involves a diverse range of pathologies, especially
B-cell lymphomas. Recent development of high-throughput next-generation
sequencing technologies and in vivo mouse models have significantly promoted our
understanding of the fundamental molecular mechanisms which drive these cancers
and allowed for the development of therapeutic intervention strategies. This review
will highlight the current advances in EBV-associated B-cell lymphomas, focusing
on transcriptional regulation, chromosome aberrations, in vivo studies of EBV-
mediated lymphomagenesis, as well as the treatment strategies to target viral-
associated lymphomas.

Keywords Epstein-Barr virus ¢ Latent infection ® B-cell lymphomas

5.1 Introduction

Approximately two million new cases of cancer are annually attributed to infectious
agents. 12% to 15% of human cancers are associated with oncogenic virus infection
and are suspected to be major drivers [1, 2]. Uncovering the roles of infectious
agents will help facilitate our understanding of the mechanism of cancer pathogen-
esis mediated by infectious agents and develop potential methods for therapeutic
intervention. Epstein-Barr virus (EBV), also known as herpesvirus 4, was the first
human tumor virus to attract significant attention since it was discovered associated
with Burkitt’s lymphoma in 1964 [3]. EBV infects more than 95% of the world’s
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population and sustains lifelong asymptomatic infection. Its ability to induce
oncogenesis is likely due to suppression of the immune system or a result of the
uncontrolled proliferation. A recent study demonstrated that 1.8% of cancer deaths
were related to EB V-attributable malignancies worldwide [4].

Initial infection of EBV is usually asymptomatic or can cause infectious mono-
nucleosis (IM) [5]. The following lytic infection in epithelial cells results in the
expression of the complete viral gene program. Previous studies clearly showed that
EBYV had the ability to transform human primary B lymphocytes into lymphoblas-
toid cell lines (LCLs) [6, 7]. To date, EBV is still the most efficient transforming
virus in culture and can rapidly transform resting B cells in vitro [8, 9]. The persis-
tence of EBV infection is mainly in B cells and leads to EBV associated B-cell
lymphoma, typically in individuals with suppressed immune systems.
Nasopharyngeal carcinoma (NPC) and EB V-associated gastric carcinoma (GC) are
also related with EBV-infected epithelial cells, but whether or not the virus is a
major contribution to the pathogenesis of these tumors is still unclear. Therefore, the
presence and precise contributions of EBV to numerous human cancers is a chal-
lenge to explain. However, it also provides a great opportunity to the development
of novel prophylactic or therapeutic methods.

5.2 EBV-Associated B-Cell Lymphomas

5.2.1 Burkitt’s Lymphoma (BL)

Burkitt’s lymphoma (BL) can be classified into three forms based on the geographic
distribution: endemic BL (eBL), sporadic BL (sBL), and HIV-associated BL [10].
The discovery of EBV in BL tumors and the fact that almost 100% of endemic BL.
are EBV positive support the possibility that BL tumors are driven by EBV as a
major contributor. Further sera-epidemiological studies have provided evidence that
African BL tumors are positive for EBV [11]. One critical feature of BL tumors is
the translocation and activation of MYC [10]. MYC overexpression in BL tumors
results from a translocation event between the MYC gene and immunoglobulin
locus which further regulates the downstream network and facilitates tumorigenesis
[12, 13]. Most EBV-positive BL tumors consistently express latent antigen EBNA1
as the predominant latent antigen and are termed latency I [14]. Previous studies
show that EBNA1 can play antiapoptotic roles which also contributes to increased
tumorigenicity [15, 16]. In addition, and different from that observed in Africa, only
15-20% of BL tumors are EBV positive in other parts of the world [12]. The
extremely uncommon observation is consistent with the fact that EBV together with
malaria can increase the frequency of BL tumors. However, the mechanism of their
interaction is not fully understood and needs further investigation [12, 17].
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5.2.2 Diffuse Large B-Cell Lymphoma (DLBCL)

Diffuse large B-cell lymphoma (DLBCL) is the most common non-Hodgkin lym-
phoma (NHL), accounting for 40% of adult NHL [18]. Two major subtypes of
DLBCL, germinal center B cell (GCB) and activated B cell (ABC), were divided
based on genomic signatures [19]. Approximately 10% DLBCL is EBV positive,
which has been described in the World Health Organization (WHO) classification
system [20]. EBV-positive DLBCL is mainly identified in the elderly because the
median age of these patients is 71 years, although in younger patients can also be
found [20, 21]. The incidence of EBV among DLBCL patients is less than 5% in the
United States and European countries but 10-15% in Asian and Latin American
countries [21-24]. EBV-positive DLBCL is associated with activation of NF-xB
and JAK/STAT signaling pathways, but the detailed mechanisms of tumorigenesis
will need to be further investigated [25].

5.2.3 Posttransplant Lymphoproliferative Disease (PTLD)

Posttransplant lymphoproliferative disease (PTLD) is mainly derived from B cells
in transplant patients [26, 27]. It is often associated with EBV infection in the con-
text of an impaired immune surveillance system. Furthermore, 60-80% of PTLDs
are shown to be EBV positive [28]. EBV is the crucial driver of PTLDs develop-
ment that is typically early-onset cases of posttransplantation [29]. Early-onset
PTLDs that are associated with EBV-infected B cells are usually polyclonal or oli-
goclonal, while most late-onset PTLDs with or without EBV infection are monoclo-
nal [30]. The transplant-associated immunosuppression in PTLDs leads to
expression of EBNA3 family members in addition to all the latent antigens, which
are characteristics of latency IlI-associated EBV infection [9]. The prevention and
treatment of EBV-associated PTLDs rely on surgery with irradiation, immunother-
apy with monoclonal antibodies (e.g., rituximab), and antiviral drugs [31]. The
development of T-cell-based therapies has been very promising to treat EBV-driven
PTLDs by transferring patient-derived ex vivo amplified EBV-specific cytotoxic T
cells back to patients [32].

5.2.4 Hodgkin Lymphoma (HL)

Hodgkin lymphoma (HL) is characterized by the presence of Hodgkin-Reed-
Sternberg (HRS) cells [33]. The direct link of EBV and HL is confirmed by the
detection of EBER expression in HRS cells using EBER-specific in situ hybridiza-
tion [34]. In addition, EBNA1, LMP1, and LMP2A are also expressed in EBV-
infected HRS cells [35]. HL cells are B-cell originated and derived from the
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germinal center. They require the necessary signals to escape apoptosis as a result
of the lack of functional BCRs [36]. Therefore, in EBV-infected HRS cells, LMP1
mimics the CD40 receptor, recruits TRAF family members, and further activates
downstream NF-kB signaling pathways to promote cell survival by inhibiting cell
apoptosis [37]. Meanwhile, LMP2A recruits cytoplasmic kinase to activate B-cell
Ig receptors or activates the PI3K-AKT pathway in the absence of Ig receptors to
promote B-cell survival and growth [9, 38].

5.2.5 EBV-Associated B-Cell Lymphoma in the Context
of HIV

The increased reports of EBV-associated lymphomas with the onset of acquired
immunodeficiency syndrome (AIDS) imply a molecular connection between EBV
and HIV in the infected hosts [39]. In HIV-associated lymphomas, EBV infection
can be found in 80% of DLBCL and 80-100% of primary central nervous system
lymphomas (PCNSL) [40]. BL can occur before HIV infection even if circulating
CD4+ T-cell numbers are normal. DLBCL typically occurs only after HIV infection
when circulating CD4+ T cells are exhausted [41]. AIDS-BLs involve the typical
MYC translocation and are less frequently infected by EBV [42, 43]. These observa-
tions suggest that HIV may be a potential stimulator which leads to an increase in
the risk of EBV-mediated MYC translocation and therefore lymphomagenesis. Most
AIDS-associated lymphomas that are EBV positive do express broad expression of
the latent antigens and are type III latency program. This is likely due to the sup-
pressed immune system and so a loss of control of the EBV-positive cells.

5.3 Molecular Biology of EBV-Mediated B-Cell Lymphomas

EBYV is an oncogenic herpesvirus because of its ability to immortalize human pri-
mary B lymphocytes in vitro. In general, EBV primary infection is asymptomatic,
and the following persistent infection will be established in memory B cells after an
early period of virus production [44]. Therefore, two typical EBV infections can be
established in the host: lytic infection in epithelial cells and latent infection in mem-
ory B cells [45, 46]. The initial events of EBV primary infection are the focus of
current studies, but the detailed mechanisms are still not completely understood. In
latent infection, specific transcription programs are defined as latency I, II, and III
according to the expression of the viral-encoded latent antigens, which are thought
to be the critical drivers of EBV-associated lymphomagenesis.
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5.3.1 EBV-Associated Transcription Regulatory Network

One hallmark of cancer is the dysregulation of gene expression [47]. The character-
istic of effective in vitro transformation by EBV indicates its strong ability to regu-
late cellular transcriptional programs. With the rapid development of high-throughput
sequencing technologies, more and more studies are focused on a complicated regu-
latory network during EBV-mediated B-cell transformation by utilizing the com-
mon database such as NCBI GEO, ENCODE, and TCGA project [48-50].

To determine the molecular mechanisms which drive lymphomagenesis, EB V-
transformed lymphoblastoid cell lines (LCLs) are one of the best systems to per-
form in vitro studies. More recent studies have concentrated on EBV latent
protein-mediated regulatory networks using next-generation high-seq analysis, of
which the frequently used is ChIP-seq (Table 5.1). ChIP-seq analysis indicated that
EBNAZ2 can convert B lymphocytes to LCLs by targeting H3K4mel modified sites
as well as noncoding regions to regulate cellular gene expression to drive prolifera-
tion of LCLs [51]. In addition, EBNA?2 induces a new pattern of genome-wide bind-
ing through recruitment of RBPJk and EBF1 to drive LCL survival [52]. EBNA2
recruits the SWI/SNF ATPase BRGI to bind large-scale MYC enhancers activating
its expression [53]. EBNA-LP binds with B-cell transcription factors (TFs), which
are highly similar to EBNA2 including RBPJx and EBF [54]. These high-seq data
provides evidence to support the explanation that both EBNA2 and EBNA-LP are
crucial for LCL outgrowth. EBNA3C, another EBV latent antigen essential for
LCLs growth, is associated with cellular transcription factors. It binds to BATF/
IRF4 and SPI1/IRF4 sites to repress CDKN2A transcription through the recruit-
ment of Sin3A in LCLs [55]. EBV latent proteins EBNA3A and EBNA3C inhibit
BCL2L11 transcription by recruiting the H3K27 methyltransferase EZH?2 to silence
long-range enhancers [53]. ChIP-seq analysis shows that EBNA2 and EBNA3s
(EBNA3A, EBNA3B, and EBNA3C) can target multiple cellular genes through
cell-specific regulation of long-range enhancer-promoter interactions [56]. Another
study indicated that while these four latent antigens can competitively bind to
RBPJx at its repressive sites to control cellular genes expression, EBNA3s are more
likely to interact with other transcription factors [57]. For example, IRF4 is essential
for EBNA3C to associate with specific sites on viral and cellular DNA [16, 55, 57,
58]. A recent study identified a number of host dependency factors in BL and LCLs
using CRISPR/Cas9 loss-of-function screen [59]. These specific genes, including
PI3K/AKT, cFLIP, BATF/IRF4, and IRF2, are likely crucial in regulating down-
stream transcriptional network to facilitate cell growth and survival.

During EBV primary infection, the correlative latent antigens convert resting B
cells to LCLs, and their dependent function may rely on super-enhancers to control
B-cell growth [60]. EBV super-enhancers (ESEs) with higher H3K27c signals
involve the oncogenes MYC and Bcl2 to promote LCL growth and survival, which
provides new insights on EBV-induced lymphoproliferation [60]. EBNA2,
EBNA3A, and EBNA3C can enhance RUNX3 expression via RBPJ« to regulate the
upstream RUNX3 super-enhancer and meanwhile control the downstream RUNX1
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Table 5.1 The transcription factors (TFs) identified in ChIP-seq analysis

Associated TFs? Targets Cell lines References
EBNAI Human Raji [4]
genome,
EBV latent
promoter
EBNA2, RBPJx, CTCF, EBF, RELA, H3K9ac, Human GM12878 [51]
H3K4mel, Pol II, P300 genome
EBNA2, EBF1, RBPJk Human LCL, [52]
genome,
EBV latent Mutu III
promoter
EBNA2, H3K27Ac Human GM 12878, [53]
genome Mutu I1I
EBNA-LP, EBNA2 Human GM12878 [54]
genome
EBNA3C,Sin3A, REST, EBNA2, RBPJk, IRF4, Human GM12878 [55]

BATF, SPI1, RUNX3, p300, Pol II, H3K4mel, genome
H3K4me3, H3K9ac
EBNA2, RBPJx, H3K27ac, H3K4mel, BRD4, Human GM 12878 [60]
P300, Pol II, BATF, EBF1, PAXS, SPI1, Spl, genome
NFAT, STATS, ETS1, IRF4, CTCF, RAD21,
SMC3,YY1; EBNA3A, EBNA3C, EBNA-LP,
RelA, RelB, cRel, p50, p52

Notchl, RBPJx, ZNF143 Human GM12878 [109]
genome
EBNA3A, EBNA3C, EBNA2, RBPJx, BATF, Human GM12878 [110]

IRF4, SPI1, RUNX3, NF-kB, MEF2A, PAX5, | genome
POU2F2, MAX, MYC, POL2, SIN3A, H3K27ac
CHD2, CFOS, BRCA, EGRI1, PBX3, BCL3, Human GM12878 | [111]
GCNS5, p300, TBP, TAF1, CTCF, Pol I, TCF12, | genome,

EBFI, SP1, PU.1, PAXS, BATF, JUND, SMC3, |EBV latent

RAD21, H3K27ac promoter

CTCF, RAD21, RPB1 EBYV genome | Raji [112]

Cohesin, RNA Polymerase 11

EBNA3A, EBNA3B, EBNA3C Human LCL [113]
genome

“EBYV latent antigens are underlined

expression [61]. Additionally, abundant enhancers (eRNAs) are also transcribed
from ESEs and are regulated by the activity of ESEs [62]. For example, the inactiva-
tion of EBNA2 and bromodomain-containing protein 4 (BRD4) in ESEs will sig-
nificantly reduce the expression of eRNAs and further the MYC protein, therefore
affecting LCL growth [62].

About 300 novel EBV transcripts have been predicted by combining multiple
platform data from PacBio SMART Iso-Seq, RNA-Seq, and deep-CAGE, which
illustrates the complex regulation of viral gene transcription during EBV infection [63].
Studies on miRNA targetome show that EBV miRNAs mainly target cellular
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transcription factors to manipulate the microenvironment during latent infection,
suggesting the importance of EBV-expressed miRNAs in contributing to viral-
mediated oncogenesis [64]. Furthermore, EBV miRNAs can modulate immune rec-
ognition to protect infected cells from killing by cytotoxic EBV-specific CD4* T
cells through repression of pro-inflammatory cytokine release, naive CD4* T-cell
differentiation, and peptide presentation, which allow for establishment of latent
infection and development of lymphomas [65]. Similarly, EBV miRNAs can use
multiple pathways to evade immune surveillance and killing by EB V-specific CD8*
T cells [66].

Although the development and manipulation of high-throughput sequencing
technologies provide us a deeper and wider understanding of EBV-mediated trans-
formation or lymphomagenesis (Fig. 5.1), the complicated regulatory network tar-
geted by EBV latent infection is still being explored. Furthermore, systematic
proteomic analyses can possibly validate some of the genomic observations and
gain additional insights into EBV-host interactions [67]. In the future, more efficient
systems and more advanced technologies with higher resolution, specificity, and
sensitivity will be helpful in revealing the complex EB V-host interactions in associ-
ated lymphomas.

5.3.2 Genomic Instability and Chromosome Aberrations

Genomic instability is a hallmark of cancer that increases the risks of oncogenic
chromosome alterations [1, 9]. Previous studies have indicated that EBV persistent
infection can result in chromosome aberrations in associated lymphomas [9, 26,
68]. EBV latent antigens play crucial roles in driving genomic instability. To be
specific, EBNAT may function to contribute to genomic instability through activa-
tion of the RAG gene or induction of reactive oxygen species (ROS) [17, 29].
EBNA3C can promote genomic instability by inhibiting BubR1 transcription and
inactivating the mitotic spindle checkpoint [69]. Additionally, EBNA3C can com-
promise the mitotic spindle checkpoint and block caspase-mediated cell death, lead-
ing to abnormal mitosis and DNA damage accumulation [15, 70]. Although the
detailed mechanism of EBNA3C-mediated genetic instability needs further investi-
gation, multiple functions of EBNA3C may contribute to genetic instability directly
or indirectly by binding with cell cycle or DNA damage checkpoint proteins, includ-
ing cyclin A [71], Chk2 [72], cyclin D1 [73], p53 [74, 75], and the E2F family
member E2F1/E2F6 [28, 76]. LMP1-associated genomic instability may also result
from telomerase activation and DNA damage response (DDR) inhibition [69, 77].
Intriguingly, EBV tegument protein BNRF1 could also induce centrosome amplifi-
cation and further chromosome instability during lytic infection, suggesting that
EBYV viral particles may be sufficient to modify host chromosome without the estab-
lishment of latent infection [78].

In addition, the EBV genome can frequently integrate into host cell chromo-
somes in persistently infected B cells [22, 79, 80]. This integration increases the
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Fig. 5.1 EBV latent antigen-associated cellular signaling pathways from the current high-
throughput sequencing data during EBV-mediated lymphomagenesis. (a) EBNA?2 regulates target
genes expression through the recruitment of transcription factors RBPJk and EBF1. (b) EBNA3s
and EBNA2 bind with partially the same RBPJk genomic sites. The interaction between RBPJk
and EBNA3s or EBNA2 will result in different effects of downstream gene expression, which are
also associated with other EBNA-interacting cell transcription factors. (¢) EBNA?2 activates the
three clusters of upstream enhancers of MYC promoter with increased H3K27Ac and BRG1
binding, and then EBNA2 mediates MYC activation through promoting the interaction of MYC
promoter and the activated upstream enhancers. (d) EBNA3A and EBNA3C repress BCL2L11
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possibility of lymphomagenesis when the constitutive regions release the viral
genome which leads to loss of normal DNA or chromosome instability [81]. For
instance, the integration of the EBV genome into chromosome 6ql15 blocks the
expression of the tumor repressor BACH2 in Burkitt lymphoma cell lines [80].
Using whole genome sequencing technology, a recent study reports that a compre-
hensive view of integration sites shows that they are randomly distributed across the
entire host genome in EBV-positive Raji (Burkitt’s lymphoma cells), and C666-1
(nasopharyngeal carcinoma cells) and so may be contributing to lymphomagenesis
[25]. The frequent chromosome recombination, involved in chromosome 8 and
c-Myc activation, is also noted in Burkitt’s lymphoma cells after combined treat-
ment with EBV and purified 4-deoxyphorbol ester [82].

5.3.3 InVivo Models of EBV Infection

Host-range restriction is a major limitation of EBV research because humans are the
exclusive natural host for EBV. Therefore, the development of a more efficient
in vivo system to support the studies from in vitro results will provide additional
information related to the complicated EB V-host interactions. An important achieve-
ment on in vivo system began with the development of scid-hu PBL mouse through
the injection of human peripheral blood leukocytes (PBL) into C.B-17 scid mice
that lack B and T cells because of the severe combined immunodeficiency (SCID)
phenotype [83, 84]. Later, another scid-hu thy/liv mouse was generated by implant-
ing fetal thymus, liver cells, and fetal lymph nodes into C.B-17 scid mice [85].
However, these mice have obvious shortcomings of generated graft versus host dis-
ease and transient immune responses [86]. Subsequently, a new series of mice mod-
els were generated to overcome the preceding disadvantages by transplanting
human hematopoietic stem cells (HSCs) into various mice such as NOD/Shi-scid
I2rg™" (NOG) [87], BALB/c Rag2~-112rg~~ (BRG) [88], and NOD/LtSz-scid
112rg== (NSG) [89]. These transplanted HSCs reconstituted the human immune sys-
tem by differentiating into diversified cells, including B cells, T cells, natural killer
(NK) cells, dendritic cells (DCs), monocytes, and macrophages [86].

Given the great improvement in mouse models, it is possible to further study the
mechanisms of EBV-associated lymphomagenesis in vivo using humanized mice.
Previous studies have shown that EBV could infect humanized BALB/c

<
<

Fig. 5.1 (continued) expression by inactivating the upstream enhancers of its promoter. The inacti-
vation is associated with increased H3K27me3 and EZH2 binding as well as the inhibition of
interactions between BCL2L11 promoter and its enhancers. (¢) EBNA3C binds to the promoters
through BATF/IRF4, SPI1/IRF4, and RUNX and further recruits Sin3A to inhibit CDKN2A
expression. (f) EBNA-LP regulates the derepression of target genes by removing NCOR repres-
sion complex from the promoters with the help of HA95 and further promotes the long-distance
enhancer-promoter interaction through CTCF, RAD21, and SMC3 proteins. EBV latent antigens
are highlighted by colorful patterns, while cellular factors are labeled with colorless patterns
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Rag2~"T12rg~~ mice and induce specific T-cell response [88]. A mouse model for
EBYV infection was established by transplanting only CD34*-depleted human cord
blood mononuclear cells into NOD/LtSz-scid 112rg~~ (NSG) mice [90]. The results
from this EBV-infected mouse model indicated that the PD-1/CTLA-4 blockade
will induce strong specific T-cell responses and inhibit the outgrowth of EBV-
associated lymphomas [90].

To further support human T cells which demonstrate HLA-restricted cytotoxic
functions in mouse models, an immunodeficient NSG-HLA-A2/HHD mouse was
created through the introduction of HLA-A2 allele into CD34*CD38~
HSC-transplanted NSG mice [91]. The new mouse model showed a relatively com-
plete immune system that expresses HLA class I heavy and light chains, promotes
human T-cell development, and produces functional CD4+ and CD8* T cells. In this
mouse model, EBV infection will result in B-cell-associated lymphoproliferative
diseases, which can be inhibited by HLA-restricted CTL cytotoxicity [91]. What’s
more, NK cells are necessary to control infectious mononucleosis (IM) symptoms
by targeting EBV lytic antigens and so control lytic infection [92]. Furthermore,
NOD/SCID-hu BLT mice (or BLT mice) are developed by transplanting scid-hu
thy/liv mice with autologous CD34* cells which combines the advantages of scid-hu
thy/liv mice model and CD34* cell-transplanted NOD/SCID mice model [36]. BLT
mice were shown to have a more complete human immune system, of which the T
cells generate long-term, specific adaptive immune responses after EBV infection
via human major histocompatibility complex (MHC) class I and II [36].

In 2011, an improved humanized mouse model was developed through the trans-
plantation of human fetal CD34* hematopoietic stem cells and thymus/liver tissue
into NOD/LtSz-scid 112rg~~ (NSG) mice [93]. The mouse model supports long-
term EBV latent infection and lymphoma development. Further experiments showed
that EBV lytic infection was critical for B-cell lymphomagenesis with limited help
of the immune system [93]. The following application of this mouse model with
wild-type EBV or LMP1-deficient EBV infection demonstrated that LMP1 may not
be essential for EBV-mediated lymphomagenesis but that T cells may substitute
LMP1 function for development of B-cell lymphomas [94].

Different from the application of humanized mouse model, a recent study
reported establishment of a transgenic mouse model with conditional LMP1/2A
coexpression in germinal center (GC) B cells [95]. In this mouse model, LMP1/2A
showed very limited function in immunocompetent mice, while they promote B-cell
lymphoproliferative diseases in the context of T-cell or NK-cell deficiency [95].

5.4 Treatment of B-Cell Lymphomas

Diffuse large B-cell lymphoma (DLBCL) continues to be one of the few lympho-
mas that remain curable due to advancements made over the last decade. More than
half of the patients can be cured using treatments that include chemo-, radio-, or
immunotherapeutic regimens [96]. However, approximately 30—40% of patients
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diagnosed will develop relapsed or refractory disease after being treated for DLBCL
[97, 98]. Treatment of these patients has become extremely difficult due to the resis-
tance that has grown with the disease [99]. The improved outcome in patients with
DLBCL and relapsed-refractory DLBCL (RR-DLBCL) is largely attributed to the
incorporation of rituximab into standard regimens [99, 100]. With further findings
and introduction of novel specific anticancer agents and therapeutic approaches,
treatment and survival of affected patients are likely to improve tremendously [101].

DLBCL is commonly treated with R-CHOP, a combination of rituximab, cyclo-
phosphamide, doxorubicin, vincristine, and prednisone, and it has shown great
benefits for patients [102]. Tolerance in patients of all ages has been demonstrated,
and survival rates have increased, specifically in patients diagnosed with non-Hodg-
kin’s lymphoma [103]. Recent findings indicate that in combination with rituximab
or R-CHOP, drugs lenalidomide and epratuzumab could be effective in not only
first-line treatment of DLBCL but also RR-DLBCL [96]. Other novel agents such as
ibrutinib, bortezomib, CC-122, and pidilizumab have been shown to be successful
in the first-line treatment of DLBCL as both single agents or in combination with
rituximab-based chemotherapy [96]. Studies have also investigated the role of the
NF-«xB/Rel family, specifically nuclear factor kappa-B (NF-kB) and RelA (p65) in
DLBCL. High p65 nuclear expression is a significant adverse biomarker in patients
with early-stage (I/II) DLBCL [104]. Findings have shown that with p65 inactiva-
tion, cell growth and survival can be effectively inhibited. Furthermore, activation
of the JAK-STAT and NF-xB pathways is characteristic of EBV-positive DLBCL
[25]. Therefore, development of therapies targeting these pathways would be of
potential benefit for these patients and lead to an improvement in their post-therapy
outcomes.

Another major development in the treatment of DLBCL is CAR T-cell therapy.
This therapy utilizes chimeric antigen receptor (CAR)-engineered T cells specifi-
cally engineered to recognize their target antigen through the scFv-binding domain
[105]. This recognition results in the activation of T cells in a major histocompati-
bility complex (MHC)-independent manner [106]. Investigation of this therapy has
demonstrated promising outcomes by targeting CD19, CD20, or CD30 which is
significant for B-cell malignancies such as B-cell non-Hodgkin’s lymphoma
(B-NHL) and Hodgkin’s lymphoma (HL) [106]. Though still in development, suc-
cess has been shown in treatment of patients, and with a deeper understanding of its
functional role, the future of this novel therapy will likely prove to be promising for
many diseases.

Research has led to the discovery that B-aggressive lymphoma-1 protein and
ADP-ribosyltransferase BAL1/ARTD9 may serve as a novel potential drug target
for treatment [96, 107]. Combining a drug(s) targeting STAT1 or the macrodomains
of BALI/ARTDY with common day therapeutic treatments might be a successful
strategy toward increasing the sensitivity of HR-DLBCL to classic therapy [107].
Several other potential therapies have been identified through other ongoing inves-
tigations including the targeting of Deltex-3-like E3 ubiquitin ligase (DTX3L) and
the BET Bromodomain Protein BRD4 [1, 96, 108]. Preliminary studies indicate that
DTX3L controls CXCR4, a chemokine receptor [108]. Further studies would need
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to be done to identify the link, if any, of DTX3L via CRCX4 with DLBCL. However,
a therapy involving this control mechanism shows great potential [108]. Regarding
BRD4, studies have shown that the BET inhibitors have the ability to inhibit onco-
genic NF-kB activity through decreased expression of the NF-«xB target genes IL6
and IL10 [1]. These findings, along with the developments in understanding the
functions of NF-xB and RelA (p65), highly support the need for further research
into developing a therapeutic drug targeting NF-kB complex.

Further investigation on these therapies, with or without standard immunoche-
motherapy, would provide major insights and pave the way to developing successful
treatments for patients suffering from more aggressive types of DLBCL or
RR-DLBCL or even different types of lymphomas. It is also believed that acquired
drug resistance is mediated by a finite set of pathways. If these pathways can be
identified and the targets that need to be suppressed or activated can be determined,
sensitivity could be restored to drugs that were used successfully in a prior line of
therapy or optimize the efficiency of the available therapeutic personalized regi-
mens [13, 96].

5.5 Conclusions

EBYV was discovered more than 50 years ago, but a large body of questions remain
unanswered. Although EBV infects more than 90 % of the world’s population, only
a subset of the related infections results in lymphomagenesis. The lifelong relation-
ships between host and EBV suggest the importance of the immune system in nor-
malindividuals. Formany immunodeficient patients, EB V-induced lymphomagenesis
is a frequent occurrence. Although EBV-associated lymphomas have been studied
for many years, the precise roles of EBV in these processes are still unclear. EBV
can infect B cells and establish latent infection, further inducing them toward lym-
phomagenesis under specific conditions in the microenvironment. Although the
in vitro model of EBV infection has been established for many years, the detailed
strategies of EBV infection, which includes latent and lytic infection, are not com-
pletely understood. The complex regulatory network is associated with regulation
of numerous transcription factors, viral lytic/latent antigens, and their associated
relationships. In addition, the development of NPC or GC after EBV infection has
not been completely investigated because of the limitation of an efficient in vitro
and in vivo model system. It is anticipated that the combined application of high-
throughput next-generation sequencing technologies and in vivo mouse models will
significantly improve our understanding of EBV biology in the near future and the
development of potential therapeutic intervention strategies.
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Chapter 6
EBYV Infection and Glucose Metabolism
in Nasopharyngeal Carcinoma

Jun Zhang, Lin Jia, Chi Man Tsang, and Sai Wah Tsao

Abstract To establish persistent infection in cells, viruses evolve strategies to alter
host cellular pathways to regulate cell proliferation and energy metabolism which
support viral infection. Epstein-Barr virus (EBV) undergoes both lytic and latent
infection to achieve persistent and lifelong infection in human. EBV readily infects
human B cells, driving their transformation to proliferative lymphoblastoid cell
lines (LCL), and eventually establishes lifelong latent infection in memory B cells.
In contrary, EBV undergoes lytic replication upon infection into normal epithelial
cells which is essential for the replication of EBV genome and production of infec-
tious viral particles for transmission through saliva. EBV shuttles between B cells
and epithelial cells to complete its infection cycle. EBV infection is closely associ-
ated with nasopharyngeal carcinoma (NPC) and is present in practically 100% of
undifferentiated NPC. In contrast to undergo lytic infection of normal pharyngeal
epithelium, EBV establishes latent infection in NPC. The switch from lytic infec-
tion to latent infection may represent an early and essential step in the development
of NPC. Recent studies in both B cells and NPC cells latently infected with EBV
reveal alterations in cell metabolism to support persistent and latent EBV infection.
Events underlying the switching of lytic to latent EBV infection in NPC cells are
largely undefined. Molecular events and alterations of cell metabolism are likely to
play crucial roles in switching EBV infection from lytic to latent in NPC cells.
Latent EBV infection and expression of viral genes, including LMP1, LMP2, and
possibly EBV-encoded micro RNAs, may play essential roles in alterations of cell
metabolism to support NPC pathogenesis. Alteration of energy metabolism is an
essential hallmark of cancer. The role of altered energy metabolism in host cells in
modulating latent and lytic EBV infection in NPC cells is unclear. In this review, we
will discuss the impact of genetic alterations in NPC to module cellular metabolism
and its influence on latent infection and lytic reactivation of EBV infection in NPC
cells. In particular, the role of EBV-encoded genes in driving glucose metabolism
and their contribution to NPC pathogenesis will be discussed. This new perspective
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on the interplay between EBV infection and altered host metabolic pathways in
NPC pathogenesis may offer novel and effective therapeutic strategies in the treat-
ment of NPC and other EBV-associated malignancies.

Keywords Epstein-Barr virus ¢ Latent infection ¢ Nasopharyngeal carcinoma e
Glucose metabolism

6.1 Introduction

The EBV is a type of human y-herpesvirus infecting over 90% of the populations
worldwide. EBV infection is associated with human malignancies of both lymphoid
and epithelial origins [1, 2]. Upon infection, EBV effectively transforms and immor-
talizes B cells into lymphoblastoid cell lines with unlimited proliferative potential,
a hallmark property of EBV contributing to B-cell malignancies [3]. Nearly 100%
of undifferentiated NPC and a subtype of gastric cancer (about 10%) are latently
infected with EBV infection [4]. Compared to B-cell malignancies, the pathogenic
roles of EBV in human epithelial cancers are much less understood. In complete
contrast to EBV infection of primary B cells, infection of primary epithelial cells by
EBV does not induce cell proliferation. In contrast, the EBV-infected primary epi-
thelial cells readily undergo growth arrest. As EBV infection is practically present
in all undifferentiated NPC cells, presumably, EBV infection should have selective
growth advantages to NPC cells in patients. The nature of growth advantages of
EBYV infection in NPC remains to be determined but have been postulated to involve
immune evasion and survival advantage of infected NPC cells. EBV readily under-
goes lytic infection in normal epithelial cells. However, in NPC cells, EBV infection
is predominantly latent with expression of restricted number of latent genes includ-
ing EBER, EBNA1, LMP1, LMP2, and miR-BARTs. An earlier study has shown
that LMP2 induces mTOR activation to upregulate c-myc protein translation [5].
Recent studies showed that LMP1 drives mTORCI signaling and glucose metabo-
lism [6, 7] supporting the important role of EBV infection in energy metabolism in
NPC pathogenesis. Recent genomic profiling of NPC also revealed frequent muta-
tions leading to activation of NF-«xB [8, 9] and other cell signaling pathways such as
ERBB/PI3K signaling [10], which are upstream events involved in mTOR signal-
ing. Activation of mTOR signaling and enhanced glucose metabolism may play a
crucial role to support latent infection of EBV and contribute to NPC
pathogenesis.
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6.2 EBYV Establishes Latent Infection in NPC

Both lytic and latent infection of EBV are involved to maintain persistent and life-
long infection in human. EBV devises specific strategies to switch its cellular tro-
pism to facilitate the shuttling of virus between epithelial cells and B cells during its
infection cycle [11]. EBV establishes latent infection in human memory B cells and
is believed to be the reservoir for persistent EBV infection in human. Differentiation
of infected B cells to plasma cells will trigger lytic reactivation of EBV resulting in
production of infectious viruses to infect epithelial cells. The EBV episomes in
infected epithelial cells replicate efficiently and packaged into infectious viruses for
transmission. Lytic replication of EBV in infected oropharyngeal epithelial cells has
been postulated to be the continuous source of infectious virus shedding into saliva
which is the major route of EBV transmission [12]. As mentioned, EBV infection in
NPC is predominantly latent [2]. The switching of EBV infection from lytic to
latent mode may represent an early and essential step in NPC pathogenesis.

Three types of latent infection program of EBV in human cells have been
observed. In NPC, EBV undergoes a specific type of latency infection program
(referred as latency type II) where expression of latent EBV genes is limited to
EBERs, EBNA1, LMPI1, LMP2, and BART transcripts. The BART transcripts are
expressed with high abundance in NPC cells, which are further processed to EB V-
encoded microRNAs (miR-BARTS). Interestingly, the miR-BARTS are expressed at
exceptionally high levels in epithelial cancers, including the NPC and EBV-
associated gastric cancer, but at reduced levels in lymphoid malignancies (type I
latency) and very low levels in EB V-transformed lymphoblastoid cell lines (type I11
latency). The high expression of miR-BARTSs in NPC as well as EBV-associated
gastric cancer suggests the pathogenic roles of miR-BARTSs in NPC [13]. Events
regulating latent infection of EBV in NPC are largely undefined [11]. Interestingly,
overexpression of Cyclin D1 and inactivation of p16, which are common events in
NPC, support stable and latent EBV infection in immortalized nasopharyngeal epi-
thelial cells [14]. Additional genetic mutations and alterations of host cell signaling
in NPC cells are likely to contribute to the establishment of latent EBV infection.

6.3 Glucose Metabolism and Viral Infection

Alteration in cell signaling pathways to rewire energy metabolism is an essential
hallmark of human cancer. In the presence of oxygen, differentiated tissues and
normal cells metabolize glucose mainly rely on oxidative phosphorylation to gener-
ate energy which is a highly efficient process, resulting in generation of up to 38
ATP molecules per molecule of glucose metabolized. Under low oxygen condition
(hypoxia), normal cells switch to anaerobic glycolysis which results in 2 ATP per
glucose molecule and generation of lactate. Enhanced glucose consumption, via
glycolysis despite the presence of oxygen (referred as aerobic glycolysis), is
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common in cancer cells and is referred to as the “Warburg’s effect” [15, 16]. Besides
ATP, enhanced aerobic glycolysis in cancer cells also generates substantial number
of biosynthetic metabolites, which are essential for biomass production associated
with cell growth. Enhanced glycolysis also results in high accumulation of lactate
which has important influence on the tumor microenvironment. Adaptions of host
cell metabolism to viral infection have been observed in cells infected with EBV,
KSHYV, HPV, and HCV [17-19]. Virus-encoded oncoproteins, such as E6 and E7 of
the high-risk HPVs, drive cell proliferation which requires high demand for energy
and biosynthetic metabolites to support cell growth [20]. The key pathway involved
in balancing cell metabolisms to meet requirement of cell growth is the mTOR sig-
naling pathway, which could sense the levels of energy and nutrients in cells. The
viral oncoproteins also regulate metabolic pathways to control the nutrient assimila-
tion required by proliferating cells [21]. In EBV-infected NPC cells, the expression
of EBV-encoded LMP1 has been shown to enhance glycolysis by modulating mul-
tiple signaling pathways including FGF1 [22], AMPK [23], and mTORCI [6] to
drive up glucose metabolism. The viral oncoproteins may also act as transcription
factors to upregulate the enzyme activities directly involved in glucose metabolism
[24].

There are much remains to be determined on how EBV infection in NPC alters
the glucose metabolism and contributes to the malignant transformation of nasopha-
ryngeal epithelial cells. Recently, the landscape of somatic mutations in NPC has
been reported [8—10]. Their involvement in glucose metabolism in NPC and latent
EBYV infection will be discussed. Altered energy metabolism in NPC may stabilize
latent EBV infection. Expression of latent EBV products may further enhance and
stabilize energy reprogramming in EBV-infected NPC cells. A close interplay
between genetic alterations and EBV infection to enhance energy metabolism may
support NPC development.

6.4 Genomic Profiling of NPC Reveals Alteration of Multiple
Signaling Pathways Involved in Glucose Metabolism

Several comprehensive genomic profiling studies in NPC have revealed unique
genetic landscapes relevance to NPC pathogenesis [8—10]. The most common
genetic mutations observed in NPC are those involved in NF-kB activation [8, 9].
NF-kB signaling activation could be linked to mTOR activation which is a key
driver in glucose metabolism in cancer cells [25]. Other common mutations in NPC
alterations that are implicated in glucose metabolism including PTEN/AKT/PIK3CA
mutations, which activate PI3K/AKT signaling upstream of mTOR activation, were
also identified.
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6.4.1 Activation of NF-xB Signaling

Two recent genomic studies in NPC employing whole exome sequencing (WES)
have identified frequent mutations in multiple upstream negative regulators of
NF-xB signaling including CYLD, TRAF3, NFKBIA, TNFAIP3, and NLRC5 [8, 9].
The CYLD cleaves the lysine 63-linked polyubiquitin chains from target proteins,
including NEMO (IKKy) which is involved in phosphorylation and degradation of
IxBs, which are inhibitors of NF-xB signaling. The CYLD also deubiquitinates
TRAF2 which is an activator of NF-kB signaling. Furthermore, the CYLD inhibits
activation of bcl3, which was reported in an early study to be involved in atypical
activation of NF-kB in NPC associated with p50 dimmers [26]. The TRAF3 is
involved in the suppression of NIK-activating NF-kB signaling. Most mutations of
TRAF3 in NPC are in the domain regions involved in this suppression of NIK acti-
vation. The NFKBIA encodes IkBa, which belongs to the NF-xB inhibitor family
(IxkBs). The NLRCS is a potent inhibitor of NF-kB activation and competes with
NEMO for binding to IKKa and IKKf. Collectively, mutations of all these negative
regulators upstream of NF-kB signaling may contribute to the constitutive activa-
tion of NF-kB commonly detected in NPC [26, 27]. Interestingly, an exclusive rela-
tionship between mutation of these negative regulators of NF-kB and high expression
levels of LMP1 in NPC was observed [9]. The potent function of NF-kB activation
of the EBV-encoded LMP1 is well documented. Together, LMP1 expression and
mutations of upstream negative regulators of NF-kB account for the majority of
NPC samples examined. Hence, the genomic landscape of NPC reveals an essential
role of NF-kB signaling in NPC pathogenesis either by genomic mutation or expres-
sion of EBV-encoded LMP1 [9]. The role of NF-«xB signaling contributing to estab-
lishment of latent EBV infection in NPC is unclear.

Earlier study has showed that activation of NF-kB signaling by overexpressing
p65 in EB V-infected cells inhibits activation of lytic promoter of EBV [28]. In lym-
phocytes and epithelial NPC latently infected with EBV, treatment with an NF-xB
inhibitor (Bay 11-7082) resulted in expression of lytic viral protein [28, 29]. Using
a more specific inhibitor of NF-kB, NBD peptide, we also observed lytic reactiva-
tion of EBV in infected NPC cells (Tsao SW. unpublished observations). The NBD
peptide specifically inhibits NF-kB activation by binding to the NEMO-binding
domain of IKK to inactivate the kinase activity of IKK complex upstream of NF-kB
signaling [30]. Furthermore, expression of LMP1 or activated CD40 domain, which
effectively activates NF-kB signaling in EBV-infected lymphocytes, also sup-
pressed lytic reactivation of EBV [31]. These studies support a role of NF-kB acti-
vation in establishment of latent infection of EBV in infected cells. The underlying
mechanisms are unclear.

As a key inflammatory modulator, aberrantly activation of NF-kB signaling con-
tributes multiple hallmarks of cancer, including energy metabolism [32-34]. An
early study reported that NF-kB activation is directly involved in activation of
mTORCI signaling [25]. The IKK kinase complex is upstream of NF-kB signaling
and composed of IKKa, IKKf, and IKKy (NEMO). The IKKp could directly
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interact and phosphorylate the TSC1, which is the negative regulator of the mTORC1
complex [25]. Phosphorylation of TSC1 at Ser®” and Ser*** by IKKp results in the
release of TSCI1 suppression on mTORCI signaling. Furthermore, the IKKa,
another key component of the kinase complex in NF-kB activation, could also phos-
phorylate mTOR at Ser'#! to activate mTORCI1 signaling [35]. Activation of
mTORCI signaling enhances uptake of glucose through activation of HIFla to
upregulate Glut-1 transcription which increases the glucose influx to support aero-
bic glycolysis [21]. We showed that NF-xB activation by LMP1 could directly
enhance transcription of Glut-1, and another study also showed that LMP1 induced
Glut-1 translocation to plasma membrane, both of which increase the glucose influx
into cells to support aerobic glycolysis [6, 7].

Here, we postulated that metabolic adaption through NF-kB activation to acti-
vate mTOR and glucose metabolism may minimize metabolic stress associated with
viral infection and play an essential role in establishment of latent EBV infection in
NPC cells. In support of this hypothesis, we have also observed enhanced lytic rep-
lication in EBV-infected NPC cells upon treatment with rapamycin (a specific
inhibitor of mMTORC1) (Tsao SW, unpublished observation). Similarly, inhibition of
lytic reactivation in BX-1 EBV-infected AGS (gastric cancer cells) by rapamycin
has also been reported [36].

6.4.2 Activation of PTEN/PI3K/AKT Signaling Pathway

The PTEN/PI3K/AKT signaling pathway, which is a key signaling pathway
upstream of mTOR activation, is frequently activated in cancer cells. Mutation of
their negative regulator, PTEN, and activation mutations in PIK3CA could activate
PI3K/AKT signaling [21, 37]. Recent genomic profiling studies of NPC revealed
deletion of PTEN, amplification, and hot spot mutations of PIK3CA [8-10]. The
mTORCI, a serine/threonine protein kinase, is the key sensor in cells to regulate
cell metabolism by balancing the energy status and controlling the synthesis of
essential metabolic resources in cells including proteins, nucleotides, and lipids
[38]. The constitutive activation of mTORCI signaling is commonly observed in
human cancers including NPC [39]. Activation of mTORCI signaling enhances
glucose uptake and consumption to ensure sufficient energy and generation of bio-
synthetic metabolites for growth and proliferation of cancer cells [21]. Interestingly,
this adaptive process also confers metastatic potential to cancer cells and their resis-
tance to chemotherapy [40]. PTEN is an inhibitor of AKT, which suppresses PI3K
activity, the common cell signaling pathway in mTOR activation. Mutation and
deletion of PTEN were detected in NPC [9] which may lead to activation of PI3K/
AKT and mTOR. Interestingly, loss of function mutation of PTEN in mammalian
cells may also regulate aerobic glycolysis via a PI3K-independent manner through
the E3 ubiquitin ligase activity of APC/C-Cdhl to enhance aerobic glycolysis [41].
Other mutations detected in NPC including the ERBB2/ERBB3 may also converge
to PI3K/MAPK signaling leading to mTOR activation [9, 10].
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6.5 Latent EBV Genes Drive Glucose Metabolism in NPC

6.5.1 LMPI

The LMP1 is a well-documented EB V-encoded oncoprotein expressed during latent
EBV infection in NPC. LMP1 is a potent activator of multiple signaling pathways.
Its role in activation of NF-kB signaling is well documented [42]. The LMP1 has
been shown to enhance aerobic glycolysis in NPC cells through alteration of
metabolism-associated pathways [6, 7, 22, 23, 43, 44]. A recent study showed that
LMP1 induces expression of hexokinase 2 (HK2), a key enzyme to control and
enhance the glycolysis process [43]. LMP1 expression is positively correlated with
HK?2 expression in NPC tissue and poor overall survival of NPC patients following
radiation therapy. Enhanced aerobic glycolysis also conferred insensitivity to radia-
tion therapy in LMP1-expressing cells. Suppression of HK2 expression induces
apoptosis in NPC cells. The transport of glucose over the plasma membrane by its
glucose transporters (Gluts) is the first rate-limiting step of glucose metabolism. We
recently reported that LMP1 upregulates Glut-1 transcription in NPC cells to
enhance aerobic glycolysis, a process dependent on activation of mTORC1 and
NF-kB signaling [6]. Blocking aerobic glycolysis by specific chemical and genetic
inhibitors also suppressed multiple LMP1-mediated malignant phenotypes. An ear-
lier study also showed that LMP1 mediated the relocation of Glut-1 to plasma mem-
brane in EBV-infected B cells involving activation of IKKp/NF-kB signaling [7].
Localization of the Glut-1 to cell membrane enhances glucose uptake to support
cell proliferation and also confers resistance to apoptosis. Hence expression of
LMP1 serves as an important driver in EBV-infected cells to accelerate aerobic
glycolysis by targeting glycolysis-associated events, particularly activation of
Glut-1 and HK2.

Additional signaling pathways or upstream modulators have been identified in
driving glucose metabolism in cancer cells. The LMP1 is also involved in modulat-
ing these pathways. The LMP1 was reported to induce FGF expression and secre-
tion to promote FGFR1 signaling which drive aerobic glycolysis [22]. Blockade of
FGFR signaling by small molecules suppressed the LMP1-induced transformed
phenotypes. HoxC8 is a negative regulator of aerobic glycolysis commonly down-
regulated in NPC. LMP1 could suppress the expression of HoxC8 via stalling the
activity of RNA polymerase II (RNA Pol II) [44]. The AMPK-mTOR axis activity
is well known for its involvement in energy metabolism. LMP1 was reported to
inhibit AMPK activity and signaling in immortalized nasopharyngeal epithelial
cells [45]. Inhibition of AMPK suppressed LMP1-induced proliferation and trans-
formation of immortalized nasopharyngeal epithelial cells. The inhibition of AMPK
signaling also accelerated glucose uptake and lactate production and conferred
resistance of NPC cells to apoptosis induced by irradiation [46]. In B cells, infection
with EBV induced cell proliferation which demands increased supply of energy and
metabolites. These observations are concordant with the close association of prolif-
eration of EBV-infected B cells with AMPK inhibition and mTOR activity [47]. A
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role of latent EBV infection and expression of the EBV-encoded LMP1 in driving
glucose metabolism to meet the increased demand of energy and metabolites for
cell proliferation is emerging.

6.5.2 LMP2

LMP2A is another latent EBV-encoded protein expressed in NPC that could acti-
vate mMTORCI signaling. Expression of LMP2A in HONEI cells leads to mTOR
activation as revealed by the phosphorylation of 4E-BP1 which is the downstream
effector of mTOR [5]. Activation of PI3K/AKT signaling pathway is the upstream
in mediating mTOR activation and may provide growth advantage to LMP2A-
expressing cells. Activation of mTOR by LMP2A may also contribute to the
enhanced glucose metabolism in latent EB V-infected NPC cells.

6.5.3 miR-BARTs

EBV-encoded miRNAs have been identified to be highly expressed in EBV-
associated cancers and contribute to viral latency, cell survival, as well as immune
escape. High expression of miR-BARTS is found in epithelial malignant cells with
latency type II EBV infection, including NPC and gastric carcinoma, but low in
EB V-infected B cells which strongly indicates a specific role of miR-BARTSs in the
pathogenesis of EBV-associated epithelial malignancies [13].

The role of NF-«B in driving latent EBV infection and expression of miR-BARTSs
has been reported [28, 48]. Expression of miR-BARTS is known to be deregulated
in EBV-associated tumors and associated with NPC pathogenesis [49, 50].
Interestingly, constitutively activation of NF-xB upregulates LMP1 and miR-BART
expression in EBV-infected NPC cells [48]. Multiple miR-BARTs can downregu-
late LMP1 expression by targeting its 3’-UTR and thereby form a negative feedback
loop to modulate the level of LMP1 in NPC. The miR-BARTSs have also been dem-
onstrated to suppress EBV lytic replication in both B cell and epithelial cell lines
induced by TPA. miR-BART6 was reported to target DICER, and miR-BART20-5p
has the ability to stabilize EBV latency by directly targeting BZLF1 and BRLF1;
both of them can govern the EBV entry into the lytic replication phase [51, 52].
These studies are in agreement with the view that miR-BARTSs can support latency
infection.

At present, the evidence for EBV microRNA in glucose metabolism is limited. A
recent report showed that the miR-BART-1 may be involved in enhancing aerobic
glycolysis through upregulation of a panel of genes involved in cell metabolism
[53]. Based on RNA deep sequencing analysis, overexpression of miR-BART-1
leads to the upregulation of G6PD, PHGDH, PASTI1, IDH2, and PISD and down-
regulation of UGTS8, LDHB, SGPLI, and DHRS3 [53]. It remains to be determined
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whether the effects of miR-BART in glucose metabolism are direct or indirect
through modulation of metabolism-related pathways.

6.6 The Impact of Glucose Metabolism to EBV Infection
in NPC

As aforementioned, EBV infection readily immortalizes and transforms primary B
cells both in vitro and in vivo but not in primary epithelial cells. Primary epithelial
cells have finite life span in culture and readily undergo senescence upon passages.
EBYV infection may induce cellular stress and proliferation arrest in primary epithe-
lial cells. EBV could infect and undergo lytic replication in oral keratinocyte grown
as three-dimensional organotypic culture [54]. However, neither latent infection of
EBV nor proliferation of EBV-infected epithelial cells was observed in EBV-
infected stratified keratinocytes in the organotypic culture. This supports the postu-
lation that EBV undergoes lytic infection in normal epithelium to amplify the EBV
genomes and generate infectious viral particles for transmission.

Establishment of latent EBV infection requires modification of host cell signal-
ing. Latent EBV infection could be established in telomerase-immortalized naso-
pharyngeal epithelial cells [14, 55]. Immortalization is a prerequisite property of
cancer cells and is regarded as an early event in human carcinogenesis [15].
Metabolic stress is a major barrier for cell immortalization. The high demand for
energy and biosynthetic metabolites to sustain continuous proliferation requires
metabolic adaptation in both immortalized and cancer cells. Our recent study
showed that mMTORCI, as well as NF-kB signaling, is commonly activated during
the immortalization of nasopharyngeal epithelial cells mediated by telomerase [56].
Another barrier to immortalization is cellular senescence induced by reactive oxy-
gen species (ROS), which are generated during cell proliferation. Primary cells
propagated for extended period of culture will accumulate ROS to induce cellular
senescence and apoptosis [57]. Enhanced glycolysis could protect cells from apop-
tosis due to ROS induced oxidative stress and facilitate immortalization [58].

Metabolic stress has been characterized as a major barrier for immortalization
and latency establishment of B cells mediated by EBV infection [47]. Only a small
population of EBV-infected B cells could be immortalized by EBV. Analysis of
these EBV-immortalized B cells revealed activation of aerobic glycolysis with high
glucose metabolism which is associated with suppression of AMPK and activation
of mTOR signaling. Accordingly, activation of AMPK and a decrease of mTOR
activity were detected in the growth-arrested B cells that further failed to be immor-
talized upon EBV infection [47]. Furthermore, inhibition of mMTORCI in the EB V-
infected epithelial cells with specific inhibitor, rapamycin, effectively elevated the
Iytic EBV replication in a dose- and time-dependent manner as evidenced by the
increase of Zta and Rta transcripts and their translated proteins in rapamycin-treated
cells [36]. As aforementioned, blockade of mTORC1 by rapamycin induces lytic
reactivation in NPC and gastric cancer cells. Blockage of mTORCI1 activation by
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rapamycin may induce a starvation status by slowing down the glucose uptake,
which may be a physiological signaling for EBV to switch into lytic replication.
Enhanced glucose metabolism may represent essential cellular properties to support
latent EBV infection which warrants further investigations.

6.7 Enhanced Glucose Metabolism Alters the Tumor
Microenvironment

The tumor microenvironment is known to play an important function for modula-
tion of tumor growth, progression and metastasis to distant sites, and development
of acquired treatment resistance and accounts for poor patient prognosis [59]. The
tumor microenvironment contains multiple elements, including immune cells, stro-
mal fibroblasts, and tumor-associated endothelial cells, all of which are known to be
involved in modulating malignant behaviors of cancer cells. A typical feature of
tumor microenvironment is high acidity, which plays key roles for tumor progres-
sion. As a result of enhanced aerobic glycolysis, accumulation of lactate is a major
contributor for the high acidity of tumor microenvironment. Lactate has been shown
to promote angiogenesis, cell migration, metastasis, and growth sufficiency in can-
cer cells [15, 60—62]. High concentrations of lactate are associated with develop-
ment of distant cancer metastasis [62—65]. Expression of the EBV-encoded LMP1 in
NPC has been postulated to enhance malignant properties of NPC by inducing
angiogenesis [66—-68], cell motility, and immune escape [69-71]. Some of these
malignant properties of NPC cells may be accounted for by the enhanced aerobic
glycolysis and accumulation of elevated level of lactate in the tumor microenviron-
ment. Interestingly, treatment of LMP1-expressing nasopharyngeal epithelial cells
with aerobic glycolysis inhibitors, STF-31 and 2-DG, suppressed the LMP1-induced
cell migration and invasion supporting a role of EBV gene-driven aerobic glycolysis
in NPC metastasis (Tsao’s unpublished data).

Lactate may also contribute to immune escape of tumor cells through suppress-
ing monocyte migration and release of cytokines [72, 73], inhibiting activation of T
cells and natural killer cells [74-76]. NPC is characterized by substantial infiltration
of immune cells in the tumor microenvironment including dendritic cells, mono-
cytes, T cells, and B cells. The contribution of aerobic glycolysis driven by EB V-
infected NPC cells to modulate host immune responses remains to be determined.

6.8 Conclusions

The role of EBV in NPC pathogenesis has been enigmatic. The underlying mecha-
nism supporting latent EBV infection and growth advantage in NPC are not well
defined. Genomic profiling revealed that mutations involved in activation of NF-kB
and PTEN/PI3K/AKT may drive mTOR signaling to support latent infection of
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Fig. 6.1 Schematic diagram showing how EBV infection and glucose metabolism may contribute
to pathogenesis and progression of nasopharyngeal carcinoma (NPC). The glucose demand
increases during malignant transformation of nasopharyngeal epithelial cells which serves as a
selective force for latent EBV infection and NPC development. EBV initially establishes latent
infection in premalignant nasopharyngeal epithelial cells harboring genetic alterations, e.g., cyclin
D1 amplification and p16 deletion. Expression of latent EBV genes, e.g., LMP1 and LMP2, drives
glycose metabolism and supports clonal expansion of EBV-infected premalignant nasopharyngeal
epithelial cells harboring additional mutations. Genetic alterations involved in activation of NF-kB
signaling have selective advantage growth in EBV-infected nasopharyngeal epithelial cells for its
ability to activate mTOR and glucose metabolism which support latent EBV infection. Positive
feedback of latent EBV genes further enhances glucose metabolism to support malignant transfor-
mation of premalignant nasopharyngeal epithelial cells. Enhanced glucose metabolism and accu-
mulation of metabolites of aerobic glycolysis, e.g., lactate, further modulate the tumor
microenvironment to promote NPC progression including immune evasion, angiogenesis, anti-
apoptosis, resistance to treatment, invasion, and metastasis

EBYV in NPC cells. Latent infection of NPC cells and expression of latent EBV
genes further drive glucose metabolism and modify the tumor microenvironment to
enhance malignant properties of NPC including immune evasion and antiapoptosis.
Enhanced glucose metabolism is a common hallmark of human cancer. In NPC,
enhanced glucose metabolism has been demonstrated by the EBV-encoded LMP1.
A schematic diagram illustrating how latent EBV infection and enhance glucose
metabolism may drive the development of NPC and its progression is shown in
Fig. 6.1. An interactive interplay between glucose metabolism and EBV gene-driven
glucose metabolism may modulate malignant properties of NPC cells including
angiogenesis, invasion, metastasis, and resistance to therapy. Understanding the key
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events involved in altered glucose metabolism and the role of latent EBV infection
in NPC pathogenesis may reveal novel therapeutic targets to suppress NPC metas-
tasis and potentially reverse resistance to treatment therapy in NPC patients.
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Chapter 7
Kaposi’s Sarcoma-Associated Herpesvirus:
Epidemiology and Molecular Biology

Shasha Li, Lei Bai, Jiazhen Dong, Rui Sun, and Ke Lan

Abstract Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as Human
herpesvirus 8§ (HHV-8), is a member of the lymphotropic gammaherpesvirus sub-
family and a human oncogenic virus. Since its discovery in AIDS-associated KS
tissues by Drs. Yuan Chang and Patrick Moore, much progress has been made in the
past two decades. There are four types of KS including classic KS, endemic KS,
immunosuppressive therapy-related KS, and AIDS-associated KS. In addition to
KS, KSHYV is also involved in the development of primary effusion lymphoma
(PEL) and certain types of multicentric Castleman’s disease. KSHV manipulates
numerous viral proteins to promote the progression of angiogenesis and tumorigen-
esis. In this chapter, we review the epidemiology and molecular biology of KSHV
and the mechanisms underlying KSHV-induced diseases.

Keywords Kaposi’s sarcoma-associated herpesvirus © KSHV life cycle « KSHV
epidemiology * KSHV pathogenesis

7.1 Discovery, Definition, and Classification of Kaposi’s
Sarcoma-Associated Herpesvirus (KSHV)

7.1.1 Discovery of KSHV

Kaposi’s sarcoma (KS) was initially described by the Hungarian-born dermatolo-
gist Moritz Kaposi in 1872. He reported this new disease as “idiopathic purplish
pigmented sarcoma of the skin,” which is characterized by multiple purple patches
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or nodular lesions located in the lower extremity. In his clinical report, this sarcoma
was first observed on the feet of five men aged 40-68 years old; later evidence
showed that similar lesions were present in the trachea, esophagus, stomach, liver,
and bowel. He declared that this disease was incurable and patients will eventually
die within 5 years [1]. KS was considered rare for a long time since its description.
Until the 1980s, the annual incidence of KS was reported to be as low as 0.021-
0.061 per 100,000 in the United States, and it often occurred in elderly men [1].
Case reports indicated that the high-incidence areas were equatorial tropical Africa
or sub-Saharan Africa, Eastern Central Europe [2], Xinjiang of China [3, 4], etc.

In 1981, Alvin Friedman-Kien firstly reported KS syndrome in 41 young homo-
sexual men aged between 26 and 51 [2]. The discovery of acquired immunodefi-
ciency syndrome (AIDS) resulted in an increase in the number of AIDS-associated
KS cases. The outbreak of the AIDS epidemic in 1980s shifted attention to this
neoplastic complication of AIDS and its association with human pathogens. Much
effort has been made to identify the pathogens involved in KS. In 1972, typical
herpes-type virus particles were found in five of eight selected tissue culture lines
derived from different cases of KS [5], although one of these viruses was deter-
mined to be cytomegalovirus (CMV). Another study confirmed the presence of
“intranuclear herpes-type viral inclusions” in KS specimens [6]. The association
between AIDS and KS and the discovery of human immunodeficiency virus (HIV)
led to the assumption that HIV may be the causal agent of KS. However, this
hypothesis cannot explain the distinct distribution of KS among HIV patients with
different transmission pathways. For example, the incidence of KS is lower in
patients infected with HIV through blood products than in homosexual and bisexual
AIDS patients [7]. In addition, KS was initially reported in HI'V-negative patients.
This phenomenon indicated that other environmental factors or infectious agents
may be responsible for the emergence of KS.

The breakthrough occurred in 1994 when Yuan Chang and Patrick Moore et al.
discovered new sequences in KS lesions that were absent in control tissue using the
representational difference analysis (RDA) technique [8]. These new sequences
were similar but not the same as those of the Gammaherpesvirinae, such as
Herpesvirus saimiri and Epstein-Barr virus. It was later determined that they
belonged to a new human herpesvirus termed Kaposi’s sarcoma-associated herpes-
virus (KSHV). Further research demonstrated that KSHYV is the etiological agent of
Kaposi’s sarcoma.

Herpesviridae is a large family of DNA viruses that cause diseases in various
animals and humans. The formal name of KSHV is Human herpesvirus 8§ (HHV-8)
according to the International Committee on Taxonomy of Viruses (ICTV). It
belongs to the Gammaherpesvirinae subfamily, which is characterized by lympho-
cytic tropism. The Gammaherpesvirinae subfamily can be further divided into five
genera according to the 2015 ICTV report of virus taxonomy, such as the
Lymphocryptoviridae, containing the human Epstein-Barr virus (EBV), and
Rhadinoviridae, containing human KSHV.
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7.1.2 Virion Structure

As a typical herpesviral particle, KSHV consists of three major morphologically
distinct parts: a highly ordered nucleocapsid encasing a linear double-strand viral
DNA, an outer envelope bilayer containing large amounts of viral glycoprotein on
the surface, and an electron-dense layer called the tegument layer between the cap-
sid and the outer envelope (Table 7.1).

The three-dimensional (3D) structure of the KSHV capsid was analyzed in
detail using cryo-electron microscopy reconstruction. Similar to the structure of
herpes simplex virus type 1 (HSV-1) and human cytomegalovirus (HCMYV), the
KSHYV capsid possesses a shell composed of 12 pentons, 150 hexons, and 320 tri-
plexes arranged on a T = 16 icosahedral lattice [9]. Four viral structural proteins
constitute these units. The major capsid protein (MCP) encoded by open reading
frame (ORF) 25 forms hexameric and pentameric capsomers; the triplexes are het-
erotrimeric structures encoded by one molecule of ORF62 and two molecules of
ORF26 [10]. These proteins show significant amino acid sequence homology to the
capsid proteins of alpha- and betaherpesviruses. ORF65, as the smallest and highly
antigenic capsid protein, is attached to the upper domain of the major capsid pro-
tein in hexons but not to that in pentons [11]. ORF56 also plays a pivotal in the
KSHYV capsid assembly process [12, 13]. There are at least three capsid species: A
(empty capsid), B (containing structural protein), and C (containing the viral
genome) [10]. B-capsids contain various inner scaffolding proteins that probably

Table 7.1 Major KSHV virion structural proteins

Category Gene Function

Capsid proteins ORF17.5 Scaffold protein

ORF25 Major capsid protein
ORF26 Capsid triplex homologs
ORF62 Capsid triplex homologs

ORF65 Capsid-associated structural protein
Envelope proteins ORF8 e¢B
K8.1 Glycoprotein
ORF22 ¢H
ORF39 M
ORF47 gL
ORF53 eN
ORF68 Glycoprotein
Tegument proteins ORF21 TK
ORF33 Tegumentation and viral assembly
ORF45 Assembled capsid-tegument complexes transportation
ORF52 Tegumentation and viral assembly

ORF63 Tegument protein

ORF64 Scaffold protein interact with capsid and tegument protein

ORF75 Viral particle transportation
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represent different intermediates rather than a structurally homogenous group dur-
ing the process of KSHV capsid assembly and maturation [14]. Cryo-electron
tomography revealed that an internally localized, umbilicated portal complex exists
in the KSHV capsid [15].

Seven viral glycoproteins are interspersed in the envelope, including ORFS8 (gB),
ORF22 (gH), ORF39 (gM), ORF47 (gL), ORF53 (gN), K8.1, and ORF68 [16-21].
These glycoproteins function in mediating KSHV interactions with cell surface
receptors and virion entry into host cells. The tegument layer remains largely unde-
fined and is thought to be an amorphous structure. Several possible tegument pro-
teins have been characterized as tegument components based on the following
criteria: (1) resistance to protease digestion in the absence of detergent and (2) sus-
ceptibility to protease digestion with envelope dissolved [21-23]. Under these con-
ditions, ORF11, ORF21, ORF33, ORF45, ORF50, ORF52, ORF63, ORF64, and
ORF75 are considered tegument proteins with more to be characterized in the future
[21-23]. Studies on the structure of tegument in HSV-1 [24, 25], HCMV [26], and
MHV-68 [27] suggest a two-layered organization of the tegument. The inner layer
may interact with the capsid, and the outer layer is loosely organized to conform to
the shape of the envelope [23]. A recent study of the KSHV virion showed that five
tegument densities cap each penton vertex. Each KSHV tegument density includes
a penton-binding globular region, a helix-bundle stalk region, and a B-sheet-rich
triplex-binding region [28]. The role of tegument proteins in mediating the interac-
tion of inner capsid and outer envelope suggests their function of tegumentation and
viral assembly and egress processes. Major KSHV virion structural proteins are
listed in Table 7.1.

7.1.3 Viral Genome

The KSHV genome is a double-stranded DNA consisting of a 140.5-kb-long unique
coding region flanked by a GC-rich terminal repeat region. About 90 ORFs are pres-
ent in this long unique region, including 66 Herpesvirus saimiri-conserved ORFs
[29, 30]. The repeat regions are 803 bp in length and are 85% G+C. The number of
repeats varies at each end, but the total number remains at 35-45 [31].

Similar to other rhadinoviruses, KSHV has a large number of regulatory genes
with similarity to known cellular genes. This is probably due to the virus pirating
these genes from the host cell genome during evolution. They include IL-6, BCL-2,
several different interferon regulatory factor homologs, cyclin D, and other genes
whose function resembles that of their cellular homologs [32]. In addition, KSHV
has a significant number of unique genes that are not found in other herpesviruses.
These specific genes are named K1-K15 based on the locations from left to right in
the genome [33]. In addition, several noncoding RNAs, such as polyadenylated
nuclear RNA (PAN RNA), and 13 pre-miRNAs, encoding 25 mature microRNAs
(miRNAs), are encoded by KSHV [34-37].
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7.2 Epidemiology of KSHV

7.2.1 Prevalence and Genetic Diversity

The prevalence of KSHV infection varies globally. The infection rates in Western
Europe and America are low, whereas the rates in Africa are higher [38]. The
Mediterranean region (e.g., Italy and Spain) is an exception in that it shows a rela-
tively high prevalence of KSHV infection [39, 40]. KSHV is also prevalent in the
Xinjiang province of China, where high rates are found in the Uyghur and Kazakh
ethnic groups [3, 4]. The seroepidemiological approach is the major method to
determine the prevalence of KSHYV infection. Seropositivity not only reflects past
exposure to KSHV but also the presence of an ongoing viral infection. However,
in most cases, KSHV infection is not associated with any symptoms, and the anti-
body titers in these individuals are lower than those in individuals with KSHV-
related diseases. Thus, the reported seropositivity may be underestimated. To
determine seroprevalence, testing of LANA (the major latently expressed antigen)
and at least one lytic antigen (e.g., K8.1, ORF65) is recommended for variable
seroreactivity [38].

Unlike the rates of KSHV infection, which may be difficult to determine accu-
rately in epidemiological studies, the incidence of KSHV infection-related diseases
such as KS is clear. The incidence of KS is around 1 in 100,000 in the general popu-
lation, whereas it is approximately 1 in 20 in HIV-infected individuals, increasing to
almost 1 in 3 in HIV-infected gay men prior to the introduction of highly active
antiretroviral treatment (HAART) [7, 41]. The overall incidence of KS in the United
States is as follows (age-standardized incidence in males per 100,000): non-Hispanic
whites, 0.8; white Hispanics, 1.4; and blacks, 2.4. In Italy, the incidence ranges from
0.2 to 2.0. The incidence of KS in Africa is much higher and can be above 22 in
endemic or HIV pandemic regions [38]. KS is one of the most common cancers in
many subequatorial African countries. Almost all KS patients are seropositive for
KSHYV infection [42]. The geographic variation in KS incidence corresponds to the
imbalanced worldwide seropositivity of KSHV infection. Therefore, the association
of KS with KSHYV infection strongly supports that KSHV is the etiologic agent of
KS. Moreover, KSHV genomic DNA and viral antigens can be detected in all cases
of KS [43].

Although KSHV is a DNA virus with a highly conserved genome, remarkable
sequence variability can be found in the regions surrounding the terminal repeats,
which are the ORFs of K1 and K15 [44, 45]. The genetic diversity in the K1 and
K15 regions is used as a marker of strain diversity, which can help track the spread
of KSHV and study the evolution of KSHYV, as well as the relationship with its
human host. The K1 gene encodes a transmembrane protein. Its N-terminal domain
is highly variable, and the hypervariable regions are named by V1 and V2 [46]. The
sequence variability may be related to the host immune pressure or the recognition
of highly polymorphic cell surface proteins [47]. KSHV isolates can be classified
into four major subtypes, A, B, C, and D, according to the K1 sequence variation.
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The genetic diversity can only be found among different individuals, which means
the viral sequences are stable in a given individual [46]. KSHV-infected individuals
in Europe, the United States, the Middle East, and Asia are majorly A and C sub-
types, whereas viral isolates from sub-Saharan Africa belong to the B strain. The
type D strain is found primarily in Australia, South Asia, and the Pacific Islands
[38]. The A and C subgroups (and only rare B isolates) have two allelic variants,
termed P (for prototype) and M (for minority) in the K15 coding sequence. The P
and M K15 isolates share 33% amino acid identity [45]. Additional alleles (N and
Q) were reported in a recent study [48]. The diversity of the KSHV genome is also
related to its pathogenesis, as suggested by a few studies. Subtype A is the predomi-
nant KSHV subtype in HIV-positive patients in Brazil, whereas subtype C is found
mostly in the HIV-negative population [49, 50]. KSHV subtype A is also more fre-
quent than subtype C in China [51]. Patients with rapid progression of KS are
infected by KSHV subtype A, whereas KSHV subtype C is related to slow progres-
sion [52]. Additional evidence is necessary to support the relationship between
genetic diversity and KSHV pathogenesis.

7.2.2 Transmission Routes and Susceptibility Factors

The most obvious transmission route of KSHV is sexual or blood-borne transmis-
sion, reflecting the high prevalence of KS in the AIDS population. Another signifi-
cant fact is that the seroprevalence of KSHV infection can range from 25% to 60%
in the homosexual population [53]. The seroprevalence rates are lower among
women than men, but heterosexual transmission occurs. Blood-borne transmission
(blood transfusion) of KSHV was documented in a prospective observational cohort
study [54]. However, a historical cohort study showed that there is no statistically
significant difference in KSHV seroconversion between the transfusion and non-
transfusion groups [38]. The incidence of KS is also high in organ transplant recipi-
ents because of immunosuppressive therapy, and this is known as iatrogenic KS
[55]. Tatrogenic KS may originate from the donor, although the evidence of this is
weak, and there are no formal guidelines for the clinical screening of organ trans-
plantation patients [38].

In addition to the studies of AIDS-KS and iatrogenic KS regarding the routes of
transmission, important epidemiological studies have been performed in the
endemic KS population in Africa [56-58]. Reports of KSHV-infected children in
endemic regions suggest that KSHV infection can occur at a very early age and the
transmission routes of KSHV are not limited to sexual or blood-borne transmission.
A strong familial association (a child is positive if the mother or a sibling is positive
for KSHYV infection) in endemic regions has been reported [59, 60]. Studies in rural
Uganda further support that KSHV infection in endemic regions is transmitted
mostly through nonsexual routes (contacts with family members in childhood and
continued into adulthood) [61]. Moreover, KSHV viral particles can be found in the
maternal saliva and breast milk in endemic areas, which suggests an oral/salivary
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transmission route for KSHV [62]. Studies in the AIDS-KS population showed that
KSHYV is consistently detected in patients’ saliva, which is in a line with the study
in endemic KS [63]. However, further mechanistic studies are needed to explain the
epidemiological observations.

The susceptibility factors involved in KSHV infection and those involved in the
development of KSHV-related diseases are two different but tightly related issues.
It is difficult to evaluate the susceptibility factors of KSHV infection using serop-
revalence data without specific surveys of the behavioral and biological background.
However, the existence of prevalence regions for endemic and classic KS suggests
that the host genetic and behavioral factors and environmental factors (certain vol-
canic soils, arthropod bites, and living in rural areas) may be involved in KSHV
infection [64]. For example, Uyghur and Kazakh ethnic groups, which live in the
Xinjiang province of China, have significantly higher rates of KSHV infection than
the Han population [65]. Although KSHYV infection is necessary for the develop-
ment of KS, it is not sufficient for its pathogenesis. Susceptibility factors have been
identified for the oncogenic outcome of KSHYV infection. Cases of AIDS-KS and
iatrogenic KS indicate that the immune status of the host is critical for the pathogen-
esis of KSHYV infection [38]. However, a more direct role of HIV infection alone in
the development of the disease cannot be excluded [65]. Genetic polymorphisms of
inflammatory and immune-response genes have been associated with the classic KS
risk [38]. The susceptibility factors for the development of KSHV-related diseases
should be studied in the same background as that of KSHV infection.

7.2.3 KSHYV-Related Diseases
7.2.3.1 Kaposi’s Sarcoma

KS can be classified into four subtypes according to geographical distribution and
clinical origins, namely, classic KS, endemic KS, iatrogenic KS, and AIDS-
related KS [42]. Dr. Moritz Kaposi first described the rare, frequently indolent
tumor of the skin in older men of Mediterranean and Eastern European origins
currently known as classic KS. Endemic KS, which is more aggressive than clas-
sic KS, was first described in the sub-Saharan region in the 1960s. Iatrogenic KS
was identified among immunosuppressive patients, such as those undergoing
transplantation surgery [66]. AIDS-related KS, the most common subtype,
robustly appeared along with the HIV pandemic. These subtypes are histologi-
cally indistinguishable regarding their clinical detection. KS lesions are charac-
terized by poorly formed and dilated vascular spaces, where the spindle-shaped
cell proliferates. These spindle cells are thought to be the KS tumor cells. The
infiltration of inflammatory mononuclear cells including lymphocytes, plasma cells,
and some macrophages is consistently observed in KS lesions [67]. The symptoms
of KS vary, ranging from indolence to aggressive tumors leading to significant
morbidity and mortality. Cutaneous lesions are mostly found in the lower
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extremities, face, and genitalia and are typically multifocal, with the appearance of
papules, patches, plaques, or nodules. Patch lesions correspond to the earliest
stage, whereas other forms are characteristic of more advanced disease. However,
these clinical manifestations do not necessarily reflect the progression of KS
because different lesion forms can appear simultaneously. KS lesions are also
found in the oral cavity and internal organs (gastrointestinal tract, lungs, and
lymph nodes) [68]. Diagnostic confirmation of KS is done through immunohisto-
chemistry for LANA detection in biopsies.

7.2.3.2 Primary Effusion Lymphoma and Multicentric Castleman’s
Disease

Primary effusion lymphoma (PEL) is a rare tumor associated with KSHV infection,
and it is also known as body cavity-based lymphoma (BCBL). The incidence of this
tumor is very low, even in populations with high KSHV seroprevalence (3% of
AIDS-related lymphomas and 0.4% of all AIDS-unrelated diffuse large cell NHLs)
[38]. PEL is commonly found as lymphomatous effusions in body cavities. Although
it is more common in HIV-positive males, HIV-negative men and women can also
develop PEL [69]. Diagnostic criteria for PEL have been proposed, including immu-
noblastic anaplastic large cell morphology, null cell phenotype, and B-cell genotype
[70]. The PEL cell is assumed and confirmed at a preterminal stage of B-cell dif-
ferentiation. Multiple copies of the KSHV genome can be found in PEL cells, rang-
ing from 40 to 80 copies per cell, and the viral particles of KSHV can be isolated
from cells derived from PEL, which makes it a useful tool to study the virology of
KSHV. It also boosts the serologic assays in the clinical diagnosis. Similar to KS,
KSHYV infection is necessary but not sufficient for the development of PEL. EBV
infection may be also involved in the development of this disease because both viral
genomes are found in many types of PEL [38].

Patients with Castleman’s disease usually have multiple enlarged lymph nodes,
hence the name multicentric Castleman’s disease (MCD). Approximately 90% of
patients with MCD have the plasma cell-type morphology. The association
between KSHYV infection and MCD was established shortly after the discovery of
KSHYV [71]. Both PEL and MCD can originate from KSHV-infected preterminal
B cells, although cells in MCD do not undergo the GC reaction, whereas those in
PEL do [38]. The symptoms of MCD include fever, malaise, wasting, hypoalbu-
minemia, cytopenia, and hyponatremia. The systemic symptoms in MCD are
related to the excess production of cytokines (both IL-6 and vIL-6). Lytic anti-
gens can be detected in MCD, indicating that abundant lytic viral replication
occurs; this makes it a feature of MCD by comparison with other KSHV-related
diseases [72].
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7.3 KSHYV Life Cycle

KSHYV can successfully infect multiple cells including endothelial cells, B cells,
monocytes, epithelial cells, and keratinocytes to establish latency [71]. KSHV can
also infect human and mouse fibroblast cells, owl monkey kidney cells, BHK-21
(baby hamster kidney) cells, and CHO (Chinese hamster ovary) cells [73, 74].
However, KSHV does not infect rodents in vivo, and there are no small or primate
animal models that can imitate human KSHYV infection and pathogenesis. KSHV
infection includes three steps: (1) manipulation of the host signaling pathways to
enter and traffic in the cytoplasm of target cells; (2) delivery of the viral genome into
the nucleus; and (3) initiation of viral gene expression for successful de novo infec-
tion. KSHV entry is the fundamental as well as key process for de novo infection.

7.3.1 Virus Entry

KSHYV entry is a complex multistep process involving viral envelope glycoproteins
as well as a variety of cell surface molecules that are utilized by KSHYV for its bind-
ing and entry.

Because KSHV displays a broad cell tropism, KSHV uses a cell type-specific
approach for entry [75]. For example, KSHV enters human B cells, fibroblasts,
epithelial cells, and endothelial cells by endocytosis. Specifically, KSHV enters
human dermal microvascular endothelial cells (HMVEC-D) and human foreskin
fibroblasts (HFFs) by macropinocytosis and clathrin-mediated endocytosis, respec-
tively [76-80]. Macropinocytosis, a specific form of endocytosis, is the major route
of KSHYV infection in endothelial HMVEC and HUVEC cells. Clathrin-mediated
endocytosis is another major route involving the uptake of KSHV into the cell from
the surface via clathrin-coated vesicles.

KSHYV entry is initiated by the binding of KSHV-encoded glycoproteins to
receptors in the host cell membrane. KSHV encodes several glycoproteins includ-
ing gB (ORFS), gH (ORF22), gl. (ORF47), gM (ORF39), and gN (ORF53), which
are conserved among herpesviruses [81, 82]. KSHV also encodes certain unique
Iytic cycle-associated glycoproteins such as ORF4, gpK8.1A, gpKS8.1B, K1, K14,
and K15, among which ORF4 and gpK8.1A are associated with the KSHV enve-
lope [16, 17, 83]. These glycoproteins are important for the following processes:
virus-host cell initial attachment, virus entry, viral particle assembly, and virus
egress. Among these glycoproteins, KSHV gB is the most vital envelope glycopro-
tein involved in the initiation of entry [84].

Similar to other herpesviruses, there are two categories of host cellular receptors
that can be recognized by KSHV glycoproteins. One is the host cellular binding
receptor heparan sulfate (HS), which promotes KSHV attachment and concentra-
tion in target cells [74]. The other one is the entry receptor that is highly specific
according to cellular tropism as well as the entry pathways utilized by
KSHYV. Integrins, DC-SIGN, xCT, and ephrin receptor A2 (EphA2) are all host cel-
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lular entry receptors for KSHV. Integrins are entry receptors utilized by KSHV in
adherent cells such as endothelial cells, fibroblasts, and monocytes [85]. DC-SIGN
is a dendritic cell specific entry receptor that is expressed on the DC cell surface and
is exploited by KSHV in human myeloid dendritic cells, macrophages, and B cells
during infection [86]. xCT is a fusion-entry receptor for KSHV infection in HMVEC
cells [87]. EphA2 is the entry receptor utilized by KSHV in HFFs [88]. The interac-
tion between KSHV glycoproteins and host cellular receptors not only promotes
viral entry but also triggers host cell signaling pathways that may modulate the cel-
lular microenvironment to enhance virus entry and infection.

During early infection, focal adhesion kinase (FAK) and Src are induced to facil-
itate KSHV entry and infection. FAK is an important tyrosine kinase activated by
the KSHV-integrin interaction, inducing multiple biological processes including
cell adhesion, proliferation, migration, apoptosis, and endocytosis [8§9]. KSHV gly-
coprotein gB can phosphorylate FAK, leading to the assembly of a membrane-
bound signaling complex and linking other kinases to downstream signaling events,
facilitating KSHV entry [90]. Phosphorylated FAK associates with other kinases
such as Src and RhoA to facilitate KSHV entry and infection. Moreover, Src kinases
are also critical for the endocytosis of KSHV [91].

During early infection, phosphoinositide 3-kinase (PI3K) interacts with RhoA-
GTP to assist KSHV entry and infection. PI3K is involved in KSHV entry as a sig-
nal mediator, which can be activated via the interaction between KSHV and the
cellular receptor EphA2. This results in signaling to downstream RhoA GTPases
and other effectors to promote endosome formation and endosome trafficking dur-
ing KSHYV entry [92]. The RhoA GTPase pathway, which is induced by KSHV gB
through the FAK-Src-PI3K pathway, is a vital signaling pathway regulating endocy-
tosis of KSHV. Recent reports showed that reactive oxygen species (ROS) generated
by KSHV have a significant impact on the entry of KSHV by amplifying the initial
host signal including EphA2, FAK, Src, and Rho GTPase [93].

In conclusion, the coordinated activities of these proteins play an important role
in regulating the mechanism of KSHV entry and infection.

7.3.2 Intracellular Trafficking

KSHYV enters the host cell cytosol and delivers its genome in infected cell nuclei as
early as 15 min postinfection, and trafficking of KSHV DNA to the nucleus is maxi-
mal at 90 min postinfection, suggesting that KSHV trafficking is a very rapid pro-
cess [94]. During KSHV infection, Rho GTPase is involved in microtubule
acetylation and aggregation, which can increase the nuclear delivery of the KSHV
genome. Moreover, Rho GTPase utilizes dynein proteins (Dia-2) to rearrange the
cytoskeleton, leading to acetylation and aggregation of microtubules. Rho GTPase
is activated by KSHV infection targeting the FAK-Src-PI3K signaling pathway
[94]. Therefore, KSHV infection-induced Rho GTPase plays an important role in
facilitating not only virus entry but also the nuclear delivery of viral DNA.
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The endosomal sorting complexes required for transport (ESCRT) proteins,
including ESCRT-0, -I, -II, and -III, function in a sequential manner to mediate
endosomal trafficking with the VPS4 ATPase. A recent study showed that the
ESCRT-I complex protein Tsg101 plays an important role during KSHYV trafficking.
Small interfering RNA assays showed that Tsg101 does not affect KSHV entry but
dramatically reduces the delivery of the KSHV genome to the nucleus [95, 96].

7.3.3 Viral and Host Gene Expression

To overcome the host cell restrictions on virus entry and viral gene expression,
KSHYV induces robust expression of ERK1/2, nuclear factor kB (NF-xB), and
nuclear factor E2-related factor 2 (Nrf2) transcriptional factors early during de novo
infection by interacting with the cell surface receptors [97]. For example, Nrf2, as a
transcription factor involved in the establishment of de novo KSHV infection, is an
important host factor and plays a crucial role in viral gene expression. The inhibi-
tion or knockdown of Nrf2 with the chemical brusatol blocks viral gene expression
[96, 98].

In conclusion, KSHV has evolved with a prominent survival strategy that reflects
the biological complexity of the virus and host interactions [97, 99]. KSHV cell
entry involves a sequence of events: (1) macropinocytosis and clathrin-mediated
endocytosis facilitate the rapid entry of viral particles into different cell types, (2)
modulation of the various host cell functions to enable KSHV trafficking from the
cytoplasm into the nucleus, and (3) induction of cytoplasmic ERK1/2, NF-xB, and
Nrf2 transcription factors early during infection to initiate viral gene expression
soon after the entry of the viral genome into the nucleus (Fig. 7.1). These data pro-
vide crucial information for the design of future drugs that can efficiently inhibit the
entry of KSHV.

7.4 Two Different Phases of the KSHV Life Cycle

Similar to other human herpesviruses, KSHV has two different phases of infection
referred to as persistent latent infection and transient lytic reactivation, which are
distinguished by their viral gene expression patterns [100].

7.4.1 Latent Phase and Latent-Associated Proteins

During latent infection, viral gene expression is highly restricted to limit host
immune responses while promoting cell survival. The latent viral genome is repli-
cated as a circular episome within the nucleus through host cellular DNA
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Fig. 7.1 Diagram demonstrating the sequence of events in the processes of KSHV entry and intra-
cellular trafficking. (/) KSHV utilizes macropinocytosis and clathrin-mediated endocytosis to
facilitate the rapid entry of viral particles into different cell types; (2) KSHV modulates the diverse
host cellular proteins for its trafficking from the cytoplasm to the nucleus; (3) KSHV induces the
cytoplasmic ERK1/2, NF-kB, and Nrf2 transcription factors very early during infection to initiate
viral gene expression soon after the entry of the viral genome into the nucleus

polymerase, and the replicated genomes are evenly distributed to the daughter cells.
Latency is the default pathway of KSHYV infection, and although no infectious viri-
ons are produced during this stage, it retains the potential for virion production [22,
100]. It is commonly accepted that ORF73/LANA, ORF72/v-cyclin, ORF71/vFLIP,
and the K12/kaposin family of proteins (kaposin A, B and C) are latent genes, as are
the 13 pre-miRNAs that can yield approximately 25 miRNAs [101, 102].
ORF73/LANA, a major KSHV-encoded latent protein, is located in the nucleus
of latently infected cells and has been detected in PEL and KS tumor cells in vivo,
in B cells in MCD, and in every latent cell type infected in vitro [101, 103, 104].
LANA is a multifunctional protein consisting of 1,162 amino acids, and it is approx-
imately 220-230 kDa in size. LANA has three major domains. The C-terminal
domain binds directly to the conserved TR sequences of the KSHV genome, the
N-terminal domain docks onto the host chromosome to hitch a ride during host
mitosis to maintain a stable copy number in the latently infected cells, and the cen-
tral region includes highly acidic amino acid repeats. One of the most critical func-
tions of LANA is maintaining efficient segregation of the viral genomes as a circular
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episome from generation to generation [105, 106]. The C-terminal DNA-binding
domain of LANA interacts with the host TR sequences to initiate semiconservative
replication by recruiting the host cell origin recognition complex (ORC) and mini-
chromosome maintenance (MCM) proteins, whereas the N-terminal chromosomal
binding domain enhances this latent replication process [107]. LANA has also been
reported to bind to several viral promoters and suppress viral lytic gene transcrip-
tion to maintain the latent process. For example, LANA can inactivate the intracel-
lular domain of Notch (ICN), which mediates transactivation of ORF50/replication
and transcription activator (RTA) and interacts with RBP-Jk, located in the pro-
moter of RTA, to repress the function of RTA, thereby preventing lytic reactivation
[108]. In addition to maintaining the KSHV latent genome, LANA also binds and
interacts with multiple cellular proteins, such as the tumor suppressors Rb and p53
to partly inactivate their functions [109]. Meanwhile, LANA can impact host gene
expression by interacting with certain transcription factors including ATF4/CREB2
and CPB [110]. In conclusion, LANA is a multifunctional protein that plays a cen-
tral role in the establishment and maintenance of viral latency.

v-Cyclin, the product of ORF72, shares 54% homology and 32% identity with
cellular cyclin D2, which binds and activates cellular cyclin-dependent kinase 6
(CDKO) to regulate cell cycle progression and proliferation [111, 112]. v-Cyclin
forms a complex with CDK6 to mediate Rb phosphorylation and activation of p27
and histone H1 [113]. Although the exact role of this viral protein in the regulation
of KSHYV latency is not fully understood, studies indicate that v-cyclin can interact
with CDK6, and the v-cyclin-CDK6 complex participates in mediating the
phosphorylation of nucleophosmin (NPM), promoting the interaction between
NPM and LANA and the recruitment of HDAC]1 to maintain KSHV latency [114].
In addition, v-cyclin might induce apoptosis through the inactivation of the anti-
apoptotic factor BCL2, and the expression of v-cyclin is low during latency, which
prevents KSHV-triggered apoptosis [115, 116]. In a similar functional relationship
to that of murine gammaherpesvirus 68 (MHV68) v-cyclin, KSHV v-cyclin modu-
lates the latent-lytic switch [117].

ORF71/vFLIP, also referred to as K13, is homologous with cellular FLICE [Fas-
associated death domain (FADD)-like interleukin-1 beta-converting enzyme, now
called caspase-8] [118, 119]. VFLIP activates the NF-kB pathway through two
approaches: direct upregulation of the antiapoptotic transcription factor NF-xB and
binding to the inhibitor of NEMO (also referred to as IKK-gamma) [120, 121].
NF-xB activation can hinder lytic gene expression, whereas NF-kB inactivation can
induce lytic reactivation. Therefore, VFLIP plays a critical role in maintaining
KSHV latency and promoting cell proliferation and survival [122]. Moreover,
VFLIP can also activate the JNK signal pathway by binding to RIP and TRAF2
upstream of IKK [123].

Kaposin, also known as K12, is composed of at least three proteins named
kaposin A, B, and C, which show differential translation initiation [104]. Kaposin
A is located in intracellular membranes and the plasma membrane and has the
potential to transform rodent fibroblasts, and the resulting cell lines form tumors in
nude mice. Kaposin B is a small soluble nuclear protein that can bind and activate



104 S.Lietal.

MAP kinase-associated protein kinase 2 (MK2) and the upstream kinase, p38
MAP kinase [124].

miRNAs are 21-23 nucleotide long RNAs that regulate gene expression through
base pairing to their mRNA targets. KSHV encodes 13 pre-miRNAs designated as
miR-K1 to miR-K12, which generate 25 mature miRNAs that are highly conserved
and expressed in all latently infected cells of KS and PEL [37, 125, 126]. Several
putative functions for KSHV miRNAs have been proposed since their discovery
[127-129]. Deletion of most KSHV miRNAs stimulates KSHV reactivation, sug-
gesting that these miRNAs play an important role in maintaining KSHV latent
infection. miR-K1 represses the activation of lytic viral promoters, miR-K12-7-5p
target viral ORF50 to stabilize latency [130], and miR-K10 inhibits cell apoptosis
by hindering pro-inflammatory responses [131]. Similar to cellular miRNAs, these
KSHV-encoded miRNAs have an impact on the development of viral malignancies
by affecting the differentiation status of the KSHV-infected cell [132]. Because
miRNAs are expressed in latency, they may promote cell survival and regulate
oncogenesis and the aberrant angiogenesis phenotype of KS [133, 134].

7.4.2 Lytic Phase and Lytic-Associated Proteins

At 12 h postinfection, KSHV-infected cells display both latent and lytic gene expres-
sion. At approximately 24—48 h postinfection, KSHV-infected cells predominantly
express viral latent genes, except for a small fraction (1-3%) of cells that enter the
lytic replication phase [135]. However, latently infected cells have the potential to
undergo lytic reactivation, a process that can turn the virus from latency back into
lytic replication mode under different exogenous stimuli. The process of lytic reac-
tivation predominantly involves lytic DNA replication and infectious virion particle
production. Similar to other herpesviruses, during lytic reactivation, the entire viral
genome is expressed in a temporally regulated mode, resulting in the transcriptional
activation of three classes of lytic genes named immediate early (IE) genes, early
(E) genes, and late (L) genes [136, 137]. Proteins encoded by the three classes of
lytic genes assist in the assembly and release of infectious as well as mature virion
particles that egress out of the cell by destroying the cellular membrane [100].

The IE genes consist of ORF50/RTA, ORF45, K8alpha, K8.2, K4.2, K4.1, K4,
ORF48, ORF29b, K3, and ORF70, and they are primarily expressed within 10 h of
induction. The proteins encoded by the IE genes are involved in gene transcription
and cellular modifications for the purpose of viral replication [138]. The E genes,
including K8, K5, K2, K12, ORF6, ORF57, ORF74, K9, ORF59, ORF37, K1,
K8.1A, ORF21, K2/vIL6, PAN RNA, vIRF1, and ORF65, are expressed between
10 and 24 h post-induction and encode proteins primarily required for DNA replica-
tion and gene expression [139]. The L genes, which are expressed after 48 h post-
induction, encode viral structural proteins such as membrane glycoproteins (gB and
K8.1) and a small viral capsid protein involved in the process of assembly and matu-
ration of the virion particles [140].
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The RTA protein (691 amino acids and 110 kDa) has an N-terminal DNA-binding
domain and a C-terminal activation domain that can be phosphorylated during lytic
reactivation, and it is regarded as both an initiator and a controller of KSHV lytic
DNA replication [141]. RTA acts as the latent-lytic switch that induces KSHV lytic
reactivation by transcriptionally activating its own promoter. Moreover, RTA tran-
scriptionally activates at least 19 genes through direct binding to their promoters,
including ORFS, K4.1, K5, PAN, ORF16, ORF29, ORF45, ORF50, K8, K10.1,
ORF59, K12, LANA, K14/vGPCR, K15, the two origins of lytic replication
OriLyt-L and OriLyt-R, and the miRNA cluster, inducing latent cells to disrupt
latency and complete the lytic cascade. Among these 19 genes, the highest activa-
tion by ORF50 is observed in the PAN promoter, which drives the transcription of
an abundant noncoding PAN RNA [142]. Direct DNA binding by RTA is not the
only approach by which RTA transactivates promoters. RTA can also target other
promoters by interacting with RBP-Jk (known as a transcriptional repressor), which
can be converted to an activator via the activation domain of RTA [143]. Recent
research reported a new mechanism by which KSHV RTA activates the Notch sig-
naling pathway in neighboring cells to inhibit lytic gene expression, which main-
tains these cells in the latent phase [144].

In conclusion, KSHYV lytic reactivation is a complex process that involves a com-
bination of both viral and cellular factors. RTA plays a pivotal role during this pro-
cess. Lytic reactivation is not only important for infectious virus production but also
fundamental for tumor growth, as shown in animal models [145].

7.4.3 Switch Between Latent and Lytic Proteins

LANA and RTA, the two major proteins of KSHV, interact with each other and
control the switch between latency and lytic reactivation by targeting the RBP-Jk
effector protein, which is a major transcriptional repressor of the Notch signaling
pathway. RTA can transactivate several viral genes, inducing lytic reactivation of
latent cells. Therefore, regulation of the expression and function of RTA is vital for
the latent-lytic balance and the fate of infected cells. LANA interacts with the
RBP-Jk effector protein to repress the promoter of RTA. LANA competes with
RTA for binding to RBP-Jx, inhibiting RTA self-activation and maintaining the
cells in latency. In addition, the RTA protein can activate the expression of LANA
by interacting with the RBP-Jxk effector protein on the promoter of LANA during
de novo infection, contributing to the establishment of KSHV latency [108, 146].
Therefore, the interaction between LANA and RTA proteins in KSHV-infected
cells controls the molecular transition between latency and lytic reactivation
(Fig. 7.2).
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Fig. 7.2 Model for the switch of the latent phase and lytic phase. The model for the switch of the
latent phase and lytic phase: LANA and RTA control the switch between latency and lytic reactiva-
tion through targeting of the RBP-Jk effector protein

7.5 KSHYV-Related Pathogenesis

7.5.1 An Overview of KSHV-Related Pathogenesis

In established KS lesions, spindle cells account for most of the cell mass and are
considered as the driving force of KS; however, KS also contains heterogeneous cell
types including B cells, plasma cells, T cells, and monocytes, which orchestrate an
inflammatory microenvironment. Interestingly, KS is not formed by a monotonous
clonal outgrowth of mesenchymal cells as traditional cancers. In fact, KS lesions
progress in a stepwise manner with unique features. Considerable angiogenesis and
inflammatory cell infiltration are present at the initial stages. The patched lesions
are reddish but flat. Despite lack of in vivo data of de novo KSHV infection, it is
speculated that KSHV infects endothelial cells from unknown sources, either the
blood vascular system or lymphatic vascular system. Initial infection of endothelial
cells promotes endothelial cell proliferation and differentiation, which leads to neo-
vascularization [147]. Whether KSHV infects lymphocytes and endothelial cells
simultaneously remains unclear. It is also possible that newly formed vessels recruit
lymphocytes to the infection sites and KSHV subsequently infects the recruited
cells. The subsequent stage is the plaque stage, as the infected cells constantly
undergo excessive proliferation as well as endothelial-to-mesenchymal transition
[148] and are transformed into spindle cells. The lesions become more edematous
and continue to progress toward the next stage, the nodular stage, which is featured
by visible tumor masses. In this stage, the tumor consists of mainly spindle cells.
The spindle cells express multiple endothelial markers such as CD31, CD34, and
CD36, indicative of their endothelial origin [149, 150]. Although a lymphatic endo-
thelial origin of KS spindle cells has been suggested [151-154], it remains contro-
versial which endothelial cell type, the lymphatic endothelial cell (LEC) or blood
vascular endothelial cell (BEC), is primarily infected by KSHV. However, we may
not be able to tease apart one from the other, as HSHV infection tends to alter the
transcription patterns of the terminally differentiated cells to a mixed expression of
both LEC and BEC markers [152, 155, 156].
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KSHYV infection induces spindle cell morphology in endothelial cells, as evi-
denced by extensive in vitro data and in vivo observations in the past two decades
[152, 155, 157-159]. These spindle cells harbor an incompletely transformed phe-
notype characterized by excessive proliferation [160—162] and loss of contact inhi-
bition [158, 163, 164], although they do not necessarily induce malignancy. This
differs dramatically from real cancers. Instead, KSHV-infected spindle cells may
promote the onset of KS, PEL, and MCD in the context of an appropriate environ-
ment. Over 95% of healthy people who are infected with KSHV have no symptoms
during their lifetime, whereas those who become immunosuppressed display severe
symptoms or even death, suggesting that the suppressed immune system is one of
the most important factors synergizing with KSHV to induce tumorigenesis.
Another essential element is inflammation, as KS lesions occur at sites of injury, to
which many inflammatory cells and cytokines are recruited [165]. As discussed
above, angiogenesis starts early during KS pathogenesis and persist throughout KS
progression, indicating the presence of a third key element. Therefore, immune
escape, inflammation, and angiogenesis act together to establish a permissive condi-
tion that allows KSHYV to function as an oncogenic virus.

7.5.2 KSHV-Induced Angiogenesis and Lymphangiogenesis

The transportation system in the human body is supported by two tubular networks,
blood vessels and lymphatic vessels, which are interconnected but relatively inde-
pendent [166]. The vessels are formed by endothelial cells. KS is highly vascular-
ized. KSHV directly infects endothelial cells, which may facilitate the
neovascularization process. On the other hand, proangiogenic cytokines secreted by
KSHV-infected cells induce vessel formation in a paracrine manner.

The first key factor shown to induce angiogenesis in KS is basic fibroblast growth
factor (bFGF) [167-170], which is highly expressed in KS tissues. Since then,
increasing evidence supports that KSHV plays an essential role in altering the phe-
notype of infected cells. The tight junctions between endothelial cells are also dis-
rupted by KSHV through the degradation of VE-cadherin, which initiates
angiogenesis [171, 172]. KSHV-infected endothelial cells form vascular tubes on
Matrigel, induce capillary morphogenesis in 3D cultures, and display an enhanced
invasive capability [148, 173—176]. The vascular endothelial growth factor (VEGF)
family and related signaling pathways are required for angiogenesis, which can also
be usurped by KSHV for its own benefit.

Many KSHV-encoded proteins participate in these processes. KSHV LANA,
which is encoded by ORF73, increases the proliferation and life span of primary
human umbilical vein endothelial cells (HUVEC) and maintains its ability to form
vessel-like structures in vitro [177]. LANA also interacts with Daxx and interferes
with the Daxx/Ets-1 complex, which antagonizes the inhibitory activity of Daxx on
VEGEF receptor expression, thereby contributing to its high expression in infected
cells [178]. Another protein complex that is targeted by LANA is EZH2 via the
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NF-kB pathway, and upregulated EZH2 leads to the induction of Ephrin-B2, a well-
known proangiogenic factor [179]. In addition, LANA stabilizes Notch signaling
and upregulates the Notch downstream factor Hey1 to achieve pathologic angiogen-
esis [180]. vGPCR (ORF74) activates INK/SAPK and p38MAPK signaling cas-
cades and induces an angiogenic phenotype in infected cells [181]. VEGF expression
can also be enhanced by vGPCR through the stimulation of the activity of hypoxia-
inducible factor (HIF)-1 alpha [182]. vIL6 (ORF-K2) cooperates with vGPCR to
upregulate angiopoietin-2 (Ang2) through the mitogen-activated protein kinase
(MAPK) pathway [183—-185], resulting in RAC1 activation, migration, and sprout-
ing angiogenesis [186]. The KSHV K1 protein induces the expression of VEGF and
matrix metalloproteinase-9 [187]. K15 recruits and activates PLCyl and down-
stream calcineurin and NFAT1 to induce RCAN1/DSCRI1 expression and capillary
tube formation [188]. In addition, VFLIP and vGPCR induce the reprogramming of
lymphatic endothelial to mesenchymal transition (EndMT), which requires Notch
signaling and leads to the morphological differentiation of cells into capillary struc-
tures [148]. Therefore, KSHV directly induces the differentiation of infected cells
into an angiogenic phenotype (shown in Fig. 7.3).

During KSHYV infection, viral or host cytokines are secreted and promote angio-
genesis in a paracrine manner. The most important cytokine family is VEGF, the
expression of which is highly regulated by KSHV. The VEGF family has five mem-
bers: VEGF-A, placental growth factor (PGF), VEGF-B, VEGF-C, and
VEGEF-D. KSHV-conditioned media contain VEGF-A and VEGF-B, which are suf-
ficient to induce the formation of angiogenic capillaries from cultured cells [189].
The mechanism by which KSHV induces VEGF may involve its ability to stabilize
HIF-1a [190], which binds the hypoxia-response elements (HRE) in the enhancers
of VEGF [191]. Angl and Ang?2 are ligands that bind to the tyrosine kinase Tie2,
and the interaction between the ligands and receptors regulates angiogenesis. In KS,
Ang2 is upregulated and plays a role in vascular permeability and angiogenesis
[192]. Many other cytokines including interleukin 6 (IL-6) [193], CCL-2 [194], and
prostaglandin E2 [195] are induced and secreted by KSHV-infected cells to promote
neovascularization. In addition, KSHV encodes several unique cytokine-like factors
to stimulate angiogenesis. A viral homolog of interleukin 6 (vIL-6) assists to pro-
mote VEGF-A secretion [183]. Viral macrophage inflammatory proteins (vMIPs)
encoded by KSHYV include three members. vMIP-II upregulates multiple proangio-
genic factors including VEGF in vivo [196]. vMIP-III functions as a CCR4 agonist
and stimulates angiogenesis [197]. These proangiogenic cytokines act on both
infected cells and neighboring uninfected cells to facilitate new vessel formation in
a paracrine manner.

In summary, proangiogenic cytokines, which are either host factors induced by
viral infection or virus-encoded proteins, and the activation of the corresponding
signaling pathways create a permissive milieu that helps induce the formation of
new vessels, contributing to the highly vascularized feature of KS.
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Fig. 7.3 Schematic representation of KSHV protein-induced angiogenesis-related signaling path-
way. The KSHV K1 protein induces VEGF expression, and secreted VEGF binds to VEGFR to
promote angiogenesis. K15 recruits and activates PLCy1, which in turn activates downstream
NFAT1 to induce RCAN1/DSCR1 expression and capillary tube formation. vGPCR activates
INK/SAPK, p38MAPK, and HIF-1a (which activates VEGF expression), which induce an angio-
genic phenotype in infected cells. vIL6 (ORF-K2) cooperates with vVGPCR to upregulate angiopoi-
etin-2 (Ang2) through the mitogen-activated protein kinase (MAPK) pathway. LANA promotes
angiogenesis in multiple phases: (/) LANA stabilizes Notch intracellular domain (ICN) and
induces Heyl; (2) LANA activates NF-kB and induces proangiogenic factor Ephrin-B2 expres-
sion; (3) LANA antagonizes the inhibitory activity of Ets-1/Daxx complexes on VEGF and induces
VEGEF expression

7.5.3 KSHV-Induced Immune Escape and Regulation

During KSHYV infection, the host immune system recognizes various pathogen-
associated molecular patterns (PAMPs) of KSHV by pattern recognition receptors
(PRRs) to clear infection; however, KSHV has developed many ways to counteract
host immunosurveillance, which is critical for its survival and related disease pro-
gression. PRRs can be classified into four groups based on their localization and
function: free receptors in serum, membrane-bound phagocytic receptors,
membrane-bound signaling receptors, and cytoplasmic signaling receptors. Among
these, four types of PRRs have been extensively studied in the KSHYV field: Toll-like
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receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like recep-
tors (NLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLR), and cyto-
solic DNA-sensing receptors.

7.5.3.1 KSHYV and TLRs

There are ten TLR genes in humans. They are single-pass transmembrane proteins
containing an extracellular leucine-rich repeat (LRR) domain specific for ligand
binding. TLR-1, TLR-2, TLR-4, TLR-5, and TLR-6 are located on the plasma
membrane and sense lipids and lipoproteins, whereas TLR-3, TLR-7, TLR-8, and
TLR-9 are expressed on endosomal membranes to sense nucleic acids. The signal-
ing cascades induced by TLRs include the NF-kB and MAPK pathways, which
activate transcription factors such as activator protein 1 (AP-1) and interferon regu-
latory factor (IRF) via adaptor proteins such as myeloid differentiation factor 88
(MyD88), TIR domain-containing adaptor-inducing IFN- f (TRIF), and TRIF-
related adaptor protein molecule (TRAM). Thus, TLRs activate a diverse range of
intracellular responses and result in the production of inflammatory factors, chemo-
tactic factors, and antiviral factors such as interferon (IFN)-a and IFN-p. KSHV
manipulates each step of TLR signaling to evade it. KSHV RTA or ORF50 down-
regulates TLR2 and TLR4 protein expression and alters their localization on the
plasma membrane [198]. The adaptor protein TRIF undergoes RTA-mediated deg-
radation through the ubiquitin-proteasome pathway, which blocks the TLR3 path-
way [199]. MyD88 is also targeted by RTA for degradation via direct interaction
between RTA and MyD88 [99]. Viral interferon regulatory factors (VIRFs) encoded
by KSHV have three members named vIRF-1, vIRF-2, and vIRF-3. vIRF-1
decreases the phosphorylation and subsequent translocation of IRF3 into the nucleus
upon TLR3 activation [200].

7.5.3.2 KSHYV and NLRs

NLRs consist of another family of PRRs that use LRR scaffold domains to detect
pathogen products in the cytoplasm. NLRs contain a nucleotide-binding oligomer-
ization domain (NOD) and an LRR domain close to the carboxyl terminus. Based
on the domains near the amino terminus, NLRs are divided into two subfamilies.
One subfamily harbors an amino-terminal caspase recruitment domain (CARD) and
is represented by NOD1 and NOD2. Upon ligand activation, the NLRs recruit the
CARD-containing serine-threonine kinase RIPK2. RIPK2 then activates TAKI
kinase, which activates NF-kB by phosphorylating IKK. Another subfamily has a
pyrin domain at its amino terminus and is known as the NLRP family. NLRPs inter-
act with proteins containing other pyrin domains such as PYCARD, which is associ-
ated with pro-caspasel through the CARD domain. The large complex (termed the
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inflammasome) undergoes autoactivation via proteolytic cleavage to generate active
caspasel. Caspasel cleaves pro-IL1 and pro-IL18 into their mature forms, leading
to their secretion to induce inflammation. The pyrin subfamily includes another
member known as AIM2. AIM2 replaces the LRR domain with an HIN (H inver-
sion) domain that recognizes double-stranded DNA genomes and triggers caspasel
activation. KSHV blocks NLRs by mimicking the receptor, although it elicits domi-
nant negative activity. KSHV ORF63 functions as a viral homolog of NLRP1 lack-
ing the pyrin domain. ORF63 interacts with NLRP1 and blocks NLRP1/3 to interact
with PYCARD, hindering assembly of the inflammasome [201]. In addition to
AIM2, IF116 is a member of the PYHIN subfamily that senses cytosolic dsDNA;
instead of escaping recognition, KSHV usurps IFI16 to maintain latency, which is
related to viral life cycle regulation [202, 203].

7.5.3.3 KSHYV and RLRs

RLRs have an RNA helicase-like domain that can bind viral RNA and two CARD
domains at the amino terminus. RLRs interact with the adaptor protein MAVS at the
mitochondrial membrane when bound to viral RNA and activate the NF-xB and
interferon pathways via IKK and IRF3, respectively. RIG-I/MAVS suppresses both
KSHYV infection and reactivation, although the underlying mechanism is not com-
pletely understood [204]. The KSHV tegument protein ORF64 harbors deubiquiti-
nase (DUB) activity and suppresses K63-linked ubiquitination of RIG-I and RIG-I
activation [205], thus counteracting the RLR-induced antiviral interferon pathway.

7.5.3.4 KSHYV and the Cytosolic DNA Sensor

Unlike the PYHIN proteins AIM2 and IFI16, which induce inflammasome activa-
tion, the cGAMP synthase (cGAS)/cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP)/STING pathway mediates the activation of IRF3 and
type I interferon responses. KSHV VvIRF1 blocks the interaction between STING
and TBKI, thereby inhibiting the phosphorylation of STING and concomitant acti-
vation [206]. Furthermore, an N-terminally truncated cytoplasmic isoform of LANA
forms a complex with cGAS via direct interaction, disturbing cGAS/cGAMP/
STING signaling. In addition, the KSHV tegument protein ORF52 has been reported
to antagonize host cGAS DNA sensing by directly inhibiting cGAS enzymatic
activity [207].

In summary, the proteins encoded by the KSHV genome inhibit the host innate
immune system by blocking PRRs and the related pathways or take advantage of the
host immunity to establish latency, which promotes KSHV-related disease progres-
sion (Fig. 7.4).
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Fig. 7.4 Schematic representation of KSHV-induced immune escape and regulation. TLR signal-
ing uses adaptor proteins such as TRIF and MyD88 to mediate signal transduction. RTA can
degrade TRIF and MyD88 via the ubiquitin-proteasome pathway. In addition, RTA downregulates
TLR2 and TLR4 protein expression. Upstream of NF-kB and IRF3, the blockade of adaptor and
receptors of TLR inhibit pro-inflammatory activity. The activity of the RNA sensor RIG-I can be
inhibited by ORF64 through the suppression of K63-linked ubiquitination. The LANA N-terminal
truncated isoform can directly bind the DNA sensor cGAS and disturb the cGAS/cGAMP/STING
pathway. The NLR pathway leads to IL-1 and IL-18 maturation and secretion. ORF63 serves as a
viral homolog of NLRP1 and functions as a dominant negative molecule to block the NLR path-
way. VIRF1 also functions as a dominant negative molecule to block IRF3 phosphorylation and
translocation; furthermore, VIRF1 blocks STING and TBKI interaction and subsequent IRF3
activation

7.5.4 KSHV-Induced Cellular Metabolic Alterations

Cancer cells rely on aerobic glycolysis for their proliferation, in contrast to normal
cells that generate energy via mitochondrial oxidative phosphorylation. This does
not indicate that mitochondria are useless; however, they are indispensable for ana-
bolic activities such as de novo lipid biosynthesis and glutamine-dependent anaple-
rosis, in what is termed the Warburg effect [208, 209]. Therefore, glucose, fatty
acids, and glutamine constitute the cornerstone for tumorigenesis metabolically.
KSHV manipulates these three aspects of metabolism to promote its survival,
stress adaptation, and pathogenesis. During latent infection of endothelial cells,
KSHYV induces a Warburg effect by enhancing aerobic glycolysis and lactic acid
production while lowering oxygen consumption. Cells will undergo apoptosis
when treated with glycolysis inhibitors, suggesting that this metabolic alteration
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contributes to cell survival during infection [209]. Mechanistically, the miRNAs
encoded by KSHYV target and downregulate the HIF prolyl hydroxylase EGLN2 and
the heat shock protein HSPA9. The decrease of EGLN2 and HSPAO stabilizes
HIF-1a and reduces mitochondrial numbers [210]. As a downstream effector of
HIF-1a, pyruvate kinase2 (PKM?2) is upregulated upon KSHYV infection [211]. The
M2 isoform of pyruvate kinase is characterized by its low affinity for its substrate
phosphoenol pyruvate, thereby serving as a rate-limiting checkpoint and facilitating
the accumulation of upstream intermediates during glycolysis for cancer anabolic
synthesis [209]. Under stress conditions such as nutrient deficiency, however,
KSHV miRNAs and vFLIP suppress both aerobic glycolysis and oxidative phos-
phorylation by downregulating the glucose transporters GLUT1 and GLUT3. The
reduced metabolic activities help KSHV adapt to stress and survive in the tumor
microenvironment [212]. In a condition opposite to that of excessive glucose provi-
sion, the augmented metabolism caused by high glucose induces hydrogen peroxide
production, which reduces the expression of silent information regulator 1 (SIRT1).
SIRT1 downregulation results in the epigenetic transactivation of KSHV lytic genes
and contributes to virus spread and reinfection, promoting KS development [213].
Glutaminolysis is also regulated by KSHV during infection [214]. KSHV induces
the Myc/Max and Mondo/Mix heterodimers to upregulate the glutamine transporter
SLCIAS, thereby promoting glutamine uptake. Glutamine is required for KSHV-
infected cells to supply intermediates for the tri-carboxylic acid (TCA) cycle and
macromolecule biosynthesis. SLC1AS inhibition causes the death of KSHV-infected
but not that of mock-infected cells, indicating that the metabolic shift induced by
KSHYV disturbs the physiological activity of infected cells [214]. With the excessive
production of intermediates, KSHV enhances biosynthetic pathways to generate
fatty acids and lipid droplet organelles [215], similar to other cancers. Although the
KSHV-induced altered metabolism is a relatively new field, growing evidence indi-
cates that KSHV-infected cells display the Warburg effect, which serves as a thera-
peutic target for treatment (Fig. 7.5).

7.5.5 KSHV-Induced Tumorigenesis

Cancer is characterized by sustained proliferation, resistance against cell death, eva-
sion of growth suppressors, angiogenesis, alterations in metabolism, evasion of
immune destruction, and activation of invasion and metastasis [208]. We discussed
above how KSHYV induces angiogenesis, alters the cell metabolism, and regulates
the host immune system. As an established oncogenic virus, KSHV encodes pro-
teins that either activate oncogenes or inhibit tumor suppressors to escape cell death,
support proliferation, and help invasion. Here, we discuss further how KSHYV trans-
forms cells by targeting multiple host factors.

Two key tumor suppressors, retinoblastoma protein (pRb) and p53 are inacti-
vated by KSHV through multiple ways. pRb prevents excessive cell proliferation by
inhibiting cell cycle progression, and pRb inactivation retains host cells in the S
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Fig. 7.5 Schematic representation of KSHV-induced cellular metabolic alterations. KSHV-
infected cells display the Warburg effect: aerobic glycolysis, reduced mitochondrial oxidative
phosphorylation, and glutamine-dependent anaplerosis. KSHV microRNAs target HSPAO, result-
ing in reduced mitochondrial number and EGLN2, which in turn stabilizes HIF-1a. HIF- 1o upreg-
ulates pyruvate kinase 2 and delays the generation of Ac-CoA, which enters the TCA cycle. HIF-1a
also helps induce glycolytic genes and promotes the glycolysis process. KSHV induces Myc/Max
and Mondo/Mix heterodimers to upregulate the glutamine transporter SLC1AS and facilitate glu-
tamine uptake. c-Myc also induces the expression of glutaminase (GLS1), which converts gluta-
mine to glutamate to be utilized for glutaminolysis

phase. p53 controls genomic stability and prevents genomic mutations, and its inac-
tivation promotes cell immortalization. KSHV LANA interacts with both p53 and
pRb, adversely impacting pRb/E2F and p53 transcriptional regulation [216]. LANA
also serves as a component of the EC5S ubiquitin complex and targets p53 for deg-
radation [217]. In addition, LANA upregulates Aurora A transcriptional expression,
and Aurora A dramatically enhances the binding affinity of LANA for p53, which
positively controls LANA-mediated p53 degradation [218]. In addition to LANA,
VvIRFI interacts with p53 through its central DNA-binding domain and inhibits the
transcriptional activity of p53 [219]. VIRF-3 antagonizes p53 oligomerization and
DNA binding by interacting with p53 and inhibiting p53 phosphorylation on serine
residues S15 and S20 [220]. K-cyclin, which is uniquely encoded by KSHY, inter-
acts with cyclin-dependent kinase 9 (Cdk9) through its basic domain, which in turn
phosphorylates p53 to regulate its function [221]. LANA2 (ORF10.5) inhibits the
SUMOylation of p53 by SUMO2, a posttranslational modification of p53 responsi-
ble for virus clearance [222]. Furthermore, structural proteins such as ORF22, ORF25,
and ORF64 counteract pS3-induced apoptosis by suppressing the transactivation of
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the promoters of p53 target genes [223]. Murine double minute 2 (MDM2), a p53
E3 ubiquitin ligase, targets p53 for ubiquitin-mediated degradation and is bound to
KSHV vIRF4 [224]. The interaction leads to reduced MDM?2 auto-ubiquitination
and stabilizes MDM?2. Stabilized MDM?2 therefore facilitates proteasome-mediated
degradation of p53. In sum, KSHV regulates tumor suppressors such as p53 and
pRb at multiple phases.

In parallel with tumor suppressor inactivation, KSHV promotes tumorigenesis
by activating oncogenes and related signaling pathways. Two well-known KSHV-
encoded oncogenes are LANA and vGPCR. The regulation of p53 by LANA was
discussed extensively; however, LANA itself can activate a number of oncogenes.
Notch signaling is highly correlated with oncogenesis, and LANA stabilizes
intracellular-activated Notch (ICN) by inhibiting the E3 ligase Sell0 [225]. Another
critical signaling pathway is mediated by the TGF-f superfamily, which includes
TGF-p and BMP. TGF-f inhibits tumorigenesis at an early stage, and KSHV devel-
ops multiple mechanisms to repress it. KSHV-encoded miR-K12-11, a homolog of
the oncogenic host miR-155, downregulates Smad5 and attenuates TGF-f signaling
[129]. On the other hand, LANA silences the TGF-f type II receptor (TbetaRII) by
modulating the modification of the TbetaRII promoter [226]. BMP, however, pro-
motes malignancy through its downstream effector inhibitor of DNA-binding (Id)
proteins. LANA binds to and sustains BMP-activated p-Smadl in the nucleus,
which leads to aberrant Ids expression and tumorigenesis [227]. vGPCR is involved
in KS progression by regulating multiple cellular pathways including MAPK/ERK,
PI3K/Src, and the TSC2/mTOR axis [228, 229], which are well-known oncogenic
signaling pathways. In addition, vGPCR collaborates with HIV-1 Tat to accelerate
KS progression [230], confirming that coinfection with HIV is critical for KSHV-
induced pathogenesis.

Collectively, KSHV modulates multiple aspects of cellular activity, which
together contribute to KSHV-induced tumorigenesis.

7.5.6 Treatment of KSHV-Related Diseases

Combination antiretroviral therapy (cART) is the most common treatment for HIV-
related KS. The incidence of KS has decreased significantly where cART is avail-
able. However, cART acts by controlling HIV, as HIV creates a milieu permissive
for KSHV to promote KS formation. Regarding KS itself, there is a lack of effective
targeted therapeutics. Because it is a highly vascularized tumor, therapeutic
approaches that inhibit KS angiogenesis are promising. VEGF-neutralizing anti-
bodies and tyrosine kinase inhibitors show efficacy in KS [230-232]. The cellular
signaling pathways hijacked by KSHV to promote tumorigenesis, such as PI3K/
Akt/mTOR and Notch, were discussed extensively. Consistent with this, rapamycin
(mTOR inhibitor) displays clinical activity against KS [232-234]. Despite the fact
that KSHV has been studied for more than two decades, further investigation of its
role in disease progression is challenging because of a lack of in vivo animal
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models. Therefore, everything we learn from the current experimental system may
invite misinterpretation. To better develop effective therapeutics, KSHV virology
and its related pathogenesis need to be studied in a more physiological system.

7.6 Remarks and Perspectives

In the past two decades, considerable progress has been made in the KSHYV field in
terms of the mechanisms of viral latency, the functions of viral genes, and the
mature experimental systems, such as cell lines for virus production, BAC systems
for genetic manipulation, and cell transformation models. However, our understand-
ing of KSHV is still hampered by several difficulties, such as limitations in human
cellular transformation models and a lack of animal models for the study of viral
infection and oncogenesis. Although the incidence of AIDS-KS has been reduced
by the effective control and treatment of AIDS, KSHYV infection and its related dis-
eases remain a serious threat to AIDS patients in developing countries and people in
KS endemic regions, such as Central Africa and Xinjiang, China. Available treat-
ments are very limited and not curative for these diseases. Meanwhile, there is no
available vaccine for the prevention of KSHV infection, and the prevalence rate of
KSHV-related diseases remains high in endemic areas. With the wide application of
new technologies in the KSHV field, such as gene editing and targeted immune
therapy, we believe that the study of KSHV will shed light on the control of viral
infection and facilitate the design of targeted therapies for KSHV-related
malignancies.
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Chapter 8
Hepatitis C Virus-Associated Cancers

Zhigang Yi and Zhenghong Yuan

Abstract Most hepatitis C virus (HCV) infection results in persistent infection.
Significant portion of chronic HCV-infected patients develop hepatocellular carci-
noma (HCC). Chronic hepatitis C is also associated with extrahepatic manifesta-
tions, including cryoglobulinemia, lymphoma, insulin resistance, type 2 diabetes,
and neurological disorders. The molecular mechanisms of how HCV infection
causes liver cancer are largely unknown. HCV replication or viral proteins may per-
turb cellular hemostasis and induce the generation of reactive oxygen species (ROS);
viral components or viral replication products act as agonist to trigger innate immune
response and cause chronic inflammation. Within the liver, non-hepatocytes such as
hepatic stellate cell (HSC) are activated upon HCV infection to provide the major
source of extracellular proteins and play important roles in fibrogenesis. With the
great achievements of HCV treatment, especially the direct-acting antivirals (DAAs)
against HCV, HCV eradication is possible. However, until now there are only very
limited data on the effect of DAA-based anti-HCV treatment on HCC patients.

Keywords Hepatitis C virus * Chronic infection ¢ Direct-acting antivirals ¢
Hepatocellular carcinoma ¢ Fibrogenesis ® Steatosis ¢ Inflammation ¢ Hepatic stel-
late cells » Transforming growth factor * Reactive oxygen species

8.1 Introduction

Hepeatitis C virus (HCV), a member of the genus Hepacivirus within the Flaviviridae
family, chronically infects approximately 160 million people worldwide and causes
hepatocellular carcinoma (HCC) in a significant proportion of the chronically
infected population [1]. HCC represents the leading cause of death from cancer
worldwide and is the most common cause of death in patients with cirrhosis [2].
HCV was discovered as the etiologic agent of non-A, non-B hepatitis in 1989 [3].

Z.Yi (B4) » Z. Yuan (P<)

Key Laboratory of Medical Molecular Virology (Ministries of Education and Health),
School of Basic Medical Sciences, Fudan University, Shanghai 200032,

People’s Republic of China

e-mail: zgyi@fudan.edu.cn; zhyuan @shmu.edu.cn

© Springer Nature Singapore Pte Ltd. 2017 129
Q. Cai et al. (eds.), Infectious Agents Associated Cancers: Epidemiology

and Molecular Biology, Advances in Experimental Medicine and Biology 1018,

DOI 10.1007/978-981-10-5765-6_8


mailto:zgyi@fudan.edu.cn
mailto:zhyuan@shmu.edu.cn

130 Z.Yiand Z. Yuan

Protease  Helicase RNA polymerase
NTR NTR
s mec [B1[e2 ] 2 ] 3 [=] 48 SA 58 | Sy
A Ao I
Host protease NS2 NS3

Fig. 8.1 Schematic of HCV genome. The HCV single open reading frame is flanked by the highly
conserved 5’ and 3’ untranslated regions (UTRs). The 5" UTR contains an internal ribosome entry
site (/RES) to start a cap-independent translation. The 3" UTR is required for RNA replication. The
structural proteins core protein (C) and envelope glycoproteins (E1 and E2) constitute the virion.
The nonstructural proteins NS3 to NS5B assemble viral replicase for viral replication. NS2 is a
protease. NS3 contains a protease and an RNA helicase domain. NS5B is the viral RNA-dependent
RNA polymerase. The structural proteins are processed by host proteases. HCV NS2 specifically
cleave NS2-3 precursor, whereas NS3 processes the other nonstructural proteins

Thereafter, using an assay for detecting circulating antibodies identified, approxi-
mately 80% of the infected patients develop chronic infections, and 15% of the
infected patients develop acute infections [4]. About 5-20% of the chronically
infected patients progress to cirrhosis within 5-20 years, and about 1-2% of the
patients with cirrhosis develop HCC per year [5]. HCV together with hepatitis B
virus are the predominant cause of HCC all over the world [6].

HCV is a blood-borne virus and transmits mainly by sharing infected needles,
receiving infected blood by transfusion, or accidental exposure to infected blood,
whereas less efficiently from mother to child or by sexual contact [7]. There are seven
main HCV genotypes. The HCV genotypes are epidemiologically distinct with dif-
ferent geographical distributions, which may indicate their recent epidemic spread
[8]. In contrast to HBV that patients who get infected during childhood are prone to
chronic infection [9], HCV infection at any age can result in chronic infection.

HCV is a positive-sense, single-stranded RNA virus. Its 9.6-kb genome encodes
a single open reading frame that is translated into a polypeptide (Fig. 8.1). The
polyprotein is cleaved into at least ten individual proteins by the host and viral pro-
teinase [10]. HCV replication takes place in endoplasmic reticulum (ER)-associated
viral-specific double-membrane vesicles (DMVs) [11].

Although HCYV is likely only to replicate within hepatocytes, HCV infection is
commonly associated with extrahepatic manifestations in significant portion of
chronically infected patients. Chronic hepatitis C is also associated with
cryoglobulinemia, lymphoma, insulin resistance, type 2 diabetes, and neurological
disorders [12].

The discovery of new direct-acting antivirals (DAAs) is a breakthrough for anti-
HCYV treatment. Current treatment can obtain a cure rate that exceeds 90% for cer-
tain HCV genotypes [13-15]. Various studies have demonstrated sustained
virological response (SVR) in patients with different stages of liver disease includ-
ing compensated cirrhosis and patients for liver transplantation [16-20]. Anti-HCV
therapy with interferon (IFN) may decrease HCC incidence and HCC recurrence
and benefit patients [21]. The effect of DAA-based treatment on the HCC incidence
and HCC recurrence needs more clinical studies.
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8.2 HCV-Associated Hepatocellular Carcinoma (HCC)

Human viral oncogenesis shares common characteristics that oncoviruses are nec-
essary but not sufficient to trigger cancer development, and cancer develops after
many years of persistent infection with chronic inflammation or immune suppres-
sion [22]. HCV infection induces inflammation and immune-mediated liver dam-
age. During persistent viral infection, chronic inflammation results in prolonged
liver damage without virus clearance [23]. Immune-mediated liver damage prompts
repeated hepatocellular regeneration and progressive fibrosis, which in turn results
in a “cancer field” with genetically altered hepatocyte. Continued hepatocellular
turnover may select for cancer stem cells with growth advantages that eventually
develop hepatocellular carcinoma [24]. HCV infection or expression of HCV pro-
teins interferes with host cell proliferation and apoptosis. HCV infection triggers
oxidative stress, which may contribute to host genetic alteration and chronic inflam-
mation. Within the liver, HCV infection activates hepatic stellate cells (HSCs) to
produce excess extracellular matrix (ECM) and modulate fibrosis (Fig. 8.2). In
hepatocellular carcinoma progression, the epithelial-to-mesenchymal transition
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Fig. 8.2 Model for HCV-induced carcinogenesis. HCV infection triggers oxidative stress and
production of reactive oxygen species (ROS); perturbs lipid metabolism, contributing to steatosis;
modulates cellular proliferation signaling pathway, and induces TGF-f production. Viral proteins
interfere with components for host DNA repair; viral components are recognized by innate sensors
to trigger inflammatory signaling cascades. ROS in turn contributes to host genetic alteration and
inflammation. Inflammation triggers adaptive immune response, resulting in immune-mediated
liver injury. Liver damage induces hepatocyte regeneration. TGF-f activates hepatic stellate cell to
become myoblast to secret excess extracellular matrix (ECM), which contributes to fibrosis and
influences cancer initiation and progression. The repeated hepatocyte regeneration may select for
cancer progenitors with aberrant proliferation to form a “cancer field” which finally develops into
hepatocellular carcinoma (HCC)
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(EMT) plays an important role in early stages of metastasis [25]. HCV infection
provokes production of transform growth factor beta (TGF-p) that is a potent inducer
of EMT [26, 27]. Thus, HCV infection directly affects infected hepatocyte or indi-
rectly shapes intrahepatic microenvironment to prompt development of hepatocel-
lular carcinoma.

8.2.1 HCYV Viral Proteins Interfere with Cell Proliferation
and Apoptosis

Oncovirus is commonly not sufficient to drive cancer development, but is neces-
sary for human viral oncogenesis. During many years of persistent infection, viral
oncogenes trigger proliferative and antiapoptotic programs to prompt oncogenesis
[22]. Numerous studies suggest that HCV proteins trigger proliferative signaling.
By means of overexpression in cultured cells, HCV core and NS5A activate pro-
survival p-catenin and phosphoinositide 3-kinase (PI3K) signaling pathway [28-
31]. HCV NS5B induces tumor suppressor protein (pRb) degradation via
ubiquitination of pRb and proteasome-dependent degradation to activate E2F-
responsive promoters and cell proliferation [32, 33]. In a transgenic mouse model
expressing the entire HCV open reading frame, HCV NS5A activates Akt to stabi-
lize B-catenin, resulting in activation of the c-Myc promoter and aberrant cell cycle
arrest [34]. In a HCV core-transgenic mouse model, activated transforming growth
factor beta (TGF-p) may drive the cross talk between hepatocytes and stromal envi-
ronment [35]. However, infection of a cultured HCV strain JFH1 indicates a slow-
down in proliferation and delayed cell cycle progression and apoptosis [36, 37]. In
agreement with this, HCV NS5B interacts with cyclin-dependent kinase
2-interacting protein (CINP) to delay S-phase progression in hepatoma cells [38].
This discrepancy might be due to the unique of the JFH1 strain. HCV proteins also
modulate apoptosis signaling pathway. HCV proteins such as core, E1, E2, NS2,
NS3, and NS5A interfere with cellular apoptotic signaling pathway (reviewed in
[39, 40]). In HCV chronically infected patients, there are detectable apoptotic cells
and caspase activation in the liver that is probably due to immune-mediated liver
injury [41, 42].

8.2.2 HCYV Infection and Host Genetic Alteration

During hepatocarcinogenesis, accumulative genomic alteration progressively
changes the hepatocellular phenotype and eventually renders the hepatocellular car-
cinoma development [43]. HCV infection of two B-cell lines induces mutations in
tumor suppressor and proto-oncogenes, which is evidenced in HCV-associated
B-cell lymphomas [44]. HCV-infected PBMCs also show chromosome gaps with a
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partially overlapped pattern of chromosomal aberrations observed in HCV-associated
hepatocellular carcinomas [45]. In these cells, HCV-induced chromosomal aberra-
tion is due to the core- and NS3-induced nitric oxide (NO) and reactive oxygen
species (ROS) production [45—47]. In cultured cells, HCV NS3/4A interacts with
the ATM (ataxia-telangiectasia mutated), a cellular protein that plays an essential
role in cellular response to irradiation-induced double-strand DNA breaks, indicat-
ing it may impair efficiency of DNA repair [48].

8.2.3 HCYV Infection and Chronic Inflammation

In chronic infection, HCV activates immune response that fails to clear viral repli-
cation but develops an environment of inflammation and provokes chronic liver
damage-induced regeneration of hepatocyte [23]. HCV viral components or replica-
tion products act as pathogen-associated molecular pattern (PAMP) to trigger innate
immune response and immune modulatory cytokines [49]. HCV infection induces
IL-29 and chemokine protein in primary liver cultures [50]. HCV virion may be
taken up by intrahepatic macrophages, the Kupffer cells, wherein the viral RNA
triggers interleukin-1p (IL-1p) through the NLRP3 inflammasome [51]. When
cocultured with HCV-infected cells, hepatic stellate cell (HSC) is activated to
prompt HCV-infected hepatocytes to produce pro-inflammatory cytokines, chemo-
kines, and macrophage inflammatory protein 1o (MIP-1a) and MIP-1§ [52].

8.2.4 HCYV and Transforming Growth Factor Beta (TGF-p)

In hepatocellular carcinoma progression, the epithelial-to-mesenchymal transition
(EMT) plays an important role in early stages of metastasis [25]. TGF-f is a potent
inducer of EMT and plays an important role in fibrosis [26, 27]. In a HCV core-
transgenic mouse model, expression of HCV core activates TGF-f signaling path-
way [35]. In cultured cells, HCV infection induces endoplasmic reticulum stress
and the unfolded protein response, which in turn triggers the generation of reactive
oxygen species (ROS) and activation of the p38 mitogen-activated protein kinase
(MAPK) signaling pathway, resulting in production of TGF-f [53, 54]. Jee et al.
reported that there are higher expression levels of TGF-f in HCV-infected liver cells
from HCV patients, and HCV infection induces TGF-f production through HCV
E2-triggered overproduction of glucose-regulated protein 94 (GRP94) [55].
Conversely, overexpression of HCV NS5A protein inhibits TGF beta-mediated sig-
naling pathway in hepatoma cell lines [56].
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8.2.5 HCYV Induces Oxidative Stress

Altered redox balance is one of the common hallmarks of tumors. Cancer cells
exhibit high reactive oxygen species (ROS), which in turn is compensated by an
increased antioxidant ability [57]. High ROS can induce DNA damage and genomic
instability, which then further active inflammatory response and reprogramming
metabolism of cancer cells [58, 59]. HCV infection is frequently associated with
oxidative stress [60—62]. In chronically HCV-infected patients, there is frequently
elevated iron in serum or in the liver, and the iron overload may play an important
role in hepatic oxidative stress [62]. Upon overexpression, HCV core, E1, NS3, and
NS5A are potent inducers of oxidative stress [63]. In a HCV core-transgenic mouse,
the core protein induces hepatocellular carcinoma probably through altering the
oxidant/antioxidant state [64, 65].

Oxidative stress or oxidative stress-generated products activate quiescent stel-
late cells and cultural fibroblasts to increase production of collagen type I, contrib-
uting to hepatic fibrosis. Free radicals and malondialdehyde, a product of lipid
peroxidation, activate stellate cells [66]. Ascorbic acid induces lipid peroxidation
and reactive aldehydes to stimulate collagen gene expression in cultured fibroblasts
[67]. Generation of reactive oxygen species (ROS) may activate inflammation
engaging the NLRP3 inflammasome [68] to contribute to fibrosis as discussed
above.

8.2.6 Hepatic Stellate Cells (HSCs) and Fibrosis

Cross talk of parenchymal with nonparenchymal cells, along with signaling of
inflammation, provides a permissive microenvironment for transition of prolifera-
tive hepatocytes into hepatocellular carcinoma [69]. Most HCC patients are associ-
ated with fibrosis. Stromal fibroblasts have a profound influence in cancer initiation
and progression [70]. Following liver damage, hepatic stellate cells (HSCs) are acti-
vated to become matrix-secreting myofibroblasts, providing the major source of
extracellular matrix (ECM), and may directly influence HCC through effects on the
tumor stroma [71]. Primary human HSCs and HSC cell lines are not permissive for
HCYV entry or replication [72]. However, hepatoma cells expressing HCV core or
HCV-infected cells activate HSC through a TGF-p-dependent signaling pathway
[35, 55]. Reciprocally, when cocultured with HCV-infected cells, HSC secrets
IL-1a to stimulate HCV-infected hepatocytes to express pro-inflammatory cyto-
kines and chemokines, which may contribute to inflammation-mediated, HCV-
related diseases [52].
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8.2.7 Chronic HCV Infection and Steatosis

Hepatic steatosis (fatty liver) is characterized by the cytoplasmic accumulation of
lipid droplets (LDs). Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH) are associated with HCV with approximate prevalence of
55% and 4-10%, respectively. HCV genotype 3 preferentially induces “viral steato-
sis,” with a prevalence of about 86%, whereas genotypes 1 and 2 induce steatosis in
about 40 and 50% of infected patients, respectively. HCV-associated NAFLD has a
higher prevalence than in the general population and in HBV-infected population
[73]. Hepatic steatosis poses an additional risk for HCC in patients with hepatitis
C-related cirrhosis [63].

HCYV infection perturbs host lipogenesis in a chimpanzee model [74]. Expression
of HCV proteins directly alters lipid metabolism in a transgenic mouse model
expressing a full length of viral polypeptide [75, 76]. HCV chronically infected
patients has a unique composition of triglycerides enriched in carbon monounsatu-
rated (C18:1) fatty acids, suggesting that it may be induced via a virus-specific
mechanism [63]. HCV core protein may play an important role in hepatic steatosis.
Core protein accumulates on LD [77]. HCV core-transgenic mouse develops HCC
and shows hepatic steatosis early in life [64]. In a transgenic mouse model, hepatic
overexpression of core protein reduces microsomal triglyceride transfer protein
(MTP) activity and the particle size of nascent hepatic triglyceride-rich very low-
density lipoproteins (VLDL) [78]. In chronic hepatitis C, hypobetalipoproteinemia
that is characterized by areduced plasma level of apolipoprotein B (apo B)-containing
lipoproteins (LDL, VLDL) is observed and associated with steatosis, especially in
patients infected with genotype 3 [79].

The mechanism of steatosis that contributes to fibrosis in hepatitis C may be
similar to that observed in NAFLD, in which steatosis acts as a “first hit” and
together with a “second hit” to progress to inflammation and fibrosis [80]. The oxi-
dative stress may act as a “second hit” and induces lipid peroxidation, generating
proinflammation and profibrotic products. A pilot study of antioxidant therapy with
d-a-tocopherol significantly decreases the oxidative stress and reduces stellate cell
activation and collagen al (I) expression, an important step in fibrogenesis [81].

8.2.8 The Cellular Origin of HCC

The origin to the cancer progenitor in HCV-associated HCC is poorly understood.
Both infected hepatocytes and uninfected hepatic progenitor cells are capable of
regeneration following liver injury to develop HCC founder cells [24]. Immune-
mediated liver damage prompts hepatocellular regeneration, which in turn results in
a “cancer field” with genetically altered hepatocyte. Whether HCV infects the
regenerated hepatocytes is unclear, given that robust interferon production is
detected within the HCV-infected hepatocytes from HCV-infected patients [82].
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The level of HCV replication within the tumor remains controversial. There are
reports showing no differences in the levels of viral RNA between the tumor and
nontumorous liver tissues [83, 84], whereas other reports show low levels of viral
RNA in the tumor tissue [85, 86], which is probably due to the loss of miR-122, a
host factor required for HCV replication [87, 88]. Harouaka et al. reported that HCV
infection is dramatically reduced in HCC tissues compared with non-tumor tissue.
And the diminished viral replication is not associated with the abundance of miR-
122 [89]. Previous studies demonstrate HCV replication is compartmental in the
liver and the percentage of infected hepatocytes is low, ranging from 5 to 20% [82,
90-93], which may reflect the cell-to-cell transmission of HCV in vivo [94]. A
recent study shows limited intrahepatic compartmentalization in end stage of liver
disease [95]. In agreement with this finding, Harouaka et al. found no compartmen-
talization of HCV replication between non-tumor cells and serum, indicating effi-
cient HCV replication in nontumorous liver tissue [89].

8.2.9 HCYV Genotypes and HCC

There are seven main HCV genotypes with distinct geographical distributions [8].
Several studies suggest certain HCV genotypes as an increased risk factor for
HCC. HCV genotype 3 may increase the risk of HCC compared to genotype 1 [96],
which might be due to its association with steatosis as discussed above. HCV geno-
type 1b shows a higher risk than genotype 2 to develop HCC [97]. Some mutations
in HCV core region of genotype la and 1b are associated with high risk of develop-
ing HCC [98, 99].

8.3 Association of HCV Infection and Lymphoma

8.3.1 HCYV Infection and Mixed Cryoglobulinemia (MC)

Chronic HCV infection is commonly associated with extrahepatic manifestation
[12]. Type I mixed cryoglobulinemia (MC) is the most common extrahepatic mani-
festation in HC V-infected patients, ranging from 10 to 70%. MC is characterized by
the presence of cryoglobulins in the circulation. Cryoglobulins are cold-insoluble
immune complexes, which precipitate at temperature below 37 °C. Type II MC is
characterized by a mixture of polyclonal immunoglobulin (IgG) and monoclonal
IgM with rheumatoid factor activity usually against IgG. Cryoglobulins contain
rheumatoid factor, polyclonal IgG, and HCV particles and can form intravascular
deposition [100].
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8.3.2 HCYV Infection and Non-Hodgkin Lymphoma (NHL)

Although there is a low incidence of HCV infection (about 2.5%) in non-Hodgkin
lymphoma (NHL) patients [101], chronic HCV infection is associated with B-cell
non-Hodgkin lymphoma (B-NHL) as HCV eradication by antiviral therapy induces
B-NHL regression, suggesting a causal relationship between HCV infection and
Ilymphoma development [102]. HCV MC may represent an antigen-driven B-cell
proliferation that occasionally develops NHL [100]. The molecular mechanism of
HCV-induced lymphomagenesis may include continuous stimulation of lympho-
cyte receptors by viral antigens, viral replication in B cells, and permanent B-cell
damage [102].

HCV glycoprotein E2 binds the CDS81 for virus entry [103]. HCV may bind
simultaneously to CD81 and a specific B-cell receptor (BCR) on B cells to trigger
B-cell activation and proliferation. Although there are reports to show no binding
ability of lymphoma BCRs from B-NHL patients to HCV antigens [104], chronic
viral antigen stimulation may play an import role in aberrant B-cell proliferation.
Expression of HCV viral proteins in B cells from HC V-infected patients upregulates
BCR signaling. HCV nonstructural protein NS3/4A modulates HuR-mediated post-
transcriptional regulation of a network of mRNAs that is associated with B-cell
lymphoproliferative disorders [105]. The pro-inflammatory cytokines such as IL-6
and some chemokines may also contribute to aberrant B-cell proliferation [106].

HCYV infection in B cells is controversial. A B-cell line (SB) from a HCV-
infected B-NHL patient supports HCV replication and produces HCV virions.
Epstein-Barr virus-immortalized B-cell lines from PBMCs of HCV-positive
patients are positive for HCV RNA and protein, suggesting HCV infection in B
cells [107]. Using a cell-cultured HCV, Marukian et al. did not observe HCV infection
in peripheral blood mononuclear cells (PBMC), and PBMC is unlikely to support
HCYV viral translation [108].

8.4 Effect of Anti-HCV Treatment on HCC Occurrence
and Recurrence

8.4.1 Anti-HCYV Treatment with Interferon (IFN)

Before the emergence of direct-acting antivirals before 2011, interferon (IFN)-
based therapies are the standard treatment for HCV. The endpoint of treatment is a
6-month-long sustained virological response (SVR) after drug withdrawal. SVR is
defined by undetectable HCV RNA below 10-15 international units [IU]/ml.
Administration of a combination of pegylated IFN-a with ribavirin for 24 or
48 weeks yielded viral eradication in approximately 80% patients infected with
HCV genotypes 2 and 3 or 40-50% of patients infected with HCV genotype 1
[109]. Probably due to the relative low efficacy of IFN therapy, a decreased
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incidence of HCC or lower recurrence of HCC in HCV-infected patients who receive
IFN-based therapy is only observed in more than 5-year follow-up studies. Overall
IFN-based therapies significantly benefit HCC patients after curative HCC therapy,
which is probably due to the additional inhibitory effects of IFN on liver cancer
rather than antiviral effect [21].

8.4.2 Anti-HCV Treatment with Direct-Acting
Antivirals (DAAs)

The discovery of new direct-acting antivirals (DAAs) is a breakthrough for HCV
treatment. Anti-HCV treatment with DAA can yield sustained virological response
(SVR) exceeding 95% in patients with genotype 1 HCV infection and compensated
cirrhosis within 12 weeks [18]. Administration of combination of HCV NS5A
inhibitor, the nucleotide polymerase inhibitor, and ribavirin to patients with
advanced liver disease or post-liver transplantation recurrence produces high rates
of SVR12 exceeding 80% [19, 20]. In real-world patients with HCV genotype 1
infection, treatment with NS3/4A protease inhibitor simeprevir and nucleotide
polymerase inhibitor sofosbuvir yields overall SVR rate of 84% [15].

Eradication of viral infection by DAA theoretically removes the oncogenic agent
and may, like IFN-based therapy, decrease HCC incidence or benefit HCC patients.
However a recent study enrolled HCV-related HCC patients who have been success-
fully treated before for their cancer to receive DAA treatment. After a follow-up of
5.7 months, there is unexpected high rate of tumor recurrence in some patients with
HCYV eradication [110]. This may be attributed to the sudden elimination of inflam-
mation signals from viral replication and following reduction of immune surveil-
lance [110]. More studies are needed to assess the effect of IFN-free DAA treatment
on HCC incidence and recurrence.

8.5 Conclusion and Perspectives

As a cytoplasmic RNA virus, it is possible to eradicate HCV infection in patients by
antiviral therapy. The discovery of DAAs makes it possible to successfully cure
HCYV patients with IFN-free DAA therapies within a short time. Clearance of virus
and viral antigens may significantly decrease the incidence of HCC and relieve
other extrahepatic manifestations. However, the long-term effect of DAA treatment
on HCC incidence and recurrence needs more cohort studies.

Chronic HCV infection induces local inflammations within the liver; HCV infec-
tion induces reactive oxygen species and interferes with functions of maintaining
host genomic stability; these may generate a microenvironment for aberrant hepato-
cellular proliferation and help develop hepatocellular carcinoma. The molecular
mechanism of how HCV infection induces HCC is still not well understood. If there
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Table 8.1 HCV proteins interfere with cellular proliferation signaling pathways

HCYV protein Experiment system Signaling pathway Reference

Polyprotein Transgenic mouse model c-myc [34]

Core, E2, NS5A | Transgenic mouse model, HCV TGF-p [35, 55, 56]
replicon, overexpression in cell line

Core Transgenic mouse model Oxidative stress [65]

Core, NS5A Overexpression in cell line wnt/beta-catenin [28, 29]

NS5A, Overexpression in cell line; HCV PI3K [30, 31]

polyprotein subgenomic replicon

NS5B Overexpression in cell line Rb, CINP [32, 38]

NS3/4A Overexpression in cell line ATM [48]

are any driver mutations for HCC development remains to be elucidated in the
future studies [24]. The lack of reliable animal model recapitulating the HCV infec-
tion and HCC development hampers the studies to address these questions in vivo.
The only natural animal model of HCV, chimpanzee, mainly resolves HCV infec-
tion. A chimpanzee infected with a cell culture-derived genotype la virus with
culture-adaptive mutations develops persistent infection with chronic hepatitis,
which may provide an opportunity to address the molecular mechanism of HCC
[111]. However due to the limitation of accessibility of chimpanzee model, small
animal models for HCV infection are needed. HCV transgenic mice expressing
HCYV core develop HCC without obvious inflammation [64]. Recently an immune-
competent mouse model with transgenic human CD81 and occludin genes supports
HCYV the entire life cycle and develops fibrotic and cirrhotic progression [112].
These animal models may provide tools to dissect the molecular mechanisms of
HCC development and identify the key molecular signaling pathways contributing
to HCC development.

HCV-associated HCC often develops after many years. It is beneficial to identify
the molecular alterations during early time of HCC development for diagnosis and
prognosis. Using the high-throughput technologies may help identify the host
genetic alterations associated with HCC development [113] (Table 8.1).
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Chapter 9

Human T-Cell Leukemia Virus Type 1
Infection and Adult T-Cell Leukemia

Chi-Ping Chan, Kin-Hang Kok, and Dong-Yan Jin

Abstract Human T-cell leukemia virus type 1 (HTLV-1) is the first retrovirus
discovered to cause adult T-cell leukemia (ATL), a highly aggressive blood cancer.
HTLV-1 research in the past 35 years has been most revealing in the mechanisms of
viral oncogenesis. HTLV-1 establishes a lifelong persistent infection in CD4* T
lymphocytes. The infection outcome is governed by host immunity. ATL develops
in 2-5% of infected individuals 30-50 years after initial exposure. HTLV-1 encodes
two oncoproteins Tax and HBZ, which are required for initiation of cellular trans-
formation and maintenance of cell proliferation, respectively. HTLV-1 oncogenesis
is driven by a clonal selection and expansion process during which both host and
viral factors cooperate to impair genome stability, immune surveillance, and other
mechanisms of tumor suppression. A better understanding of HTLV-1 biology and
leukemogenesis will reveal new strategies and modalities for ATL prevention and
treatment.

Keywords Human T-cell leukemia virus type 1 ¢ Adult T-cell leukemia * Tax
* HBZ » Humanized mouse model

9.1 Introduction

Human T-cell leukemia virus type 1 (HTLV-1) was discovered in 1980 as the first
human retrovirus and the etiological agent of adult T-cell leukemia (ATL) [1, 2].
Since then HTLV-1 research has laid the foundation of viral oncology and human
retrovirology [3]. Animal oncogenic retroviruses such as Rous sarcoma virus are
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Fig. 9.1 HTLV-1 genome organization. The structural genes gag, pro, pol, and env as well as the
regulatory genes tax, rex, p21, p12, p13, p30, and HBZ are shown

replication defective, and they carry viral oncogenes that are originally derived from
cellular proto-oncogenes of their host. Unlike these animal retroviruses, HTLV-1 is
replication-competent and does not carry any cellular oncogenes. The viral oncop-
roteins encoded by HTLV-1 are unique, have no cellular counterparts, and are not
homologous to any cellular proteins. HTLV-1 has been under intense investigations
since HTLV-1 infection causes significant morbidity and mortality in endemic areas.
In addition, it also serves as an excellent model for the study of viral oncogenesis.
HTLV-1 research has contributed substantially to our understanding of oncogenic
viruses and oncogenesis in general.

HTLV-1 is a complex deltaretrovirus that harbors additional regulatory genes in
addition to gag, pol, pro, and env genes flanked by long terminal repeats (LTR) as
found in simple retroviruses (Fig. 9.1). The gag gene encodes the major component
of the viral capsid. The pol and pro region provides the reverse transcriptase, prote-
ase, and integrase. Interestingly, gag and pol are produced by ribosome frameshift
from a single transcript. The env gene codes for a glycoprotein that mediates viral
entry. The pX region between env and the 3'-LTR encodes Tax, Rex, as well as other
accessory proteins p12, p13, p21, and p30 derived from alternatively spliced tran-
scripts. Tax is a viral transactivator that potently activates transcription from the
LTR. Rex mediates nuclear export of viral RNA. The additional accessory proteins
are dispensable for viral replication and transformation in vitro but are required for
viral propagation and persistence in vivo. In particular, p30 counteracts Toll-like
receptor signaling and cooperates with c-Myc to promote cellular transformation [4,
5]. p12 and its cleavage product p8 mediate T-cell activation, immune evasion, and
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cell-to-cell transmission [6, 7]. Distinct to other retroviruses, HTLV-1 also expresses
an antisense transcript encoding the helix-basic loop zipper protein HBZ [8, 9]. Tax
and HBZ are two viral oncoproteins that cooperate to drive HTLV-1 leukemogene-
sis. A full discussion of this will be provided below in part 4 of this review.

HTLV-1 has a relative known as HTLV-2. Although they are similar in genome
organization and tissue tropism, there is one important difference in pathogenesis:
human infection with HTLV-2 is not associated with any malignancy. HTLV-2 and
its proteins are therefore commonly used as controls in the study of HTLV-1 onco-
genesis. More recently, two new HTLV viruses named HTLV-3 and HTLV-4 have
been isolated from Cameroonian hunters of nonhuman primates [10, 11]. Primate
counterparts of all four HTLVs have also been identified, and these four pairs of
viruses, together with bovine leukemia virus (BLV) and another orphan primate
retrovirus, constitute the genus of deltaretroviruses [11, 12]. Whereas infection with
HTLV-1 and BLYV is associated with leukemia, but HTLV-2 infection is not, it
remains to be seen whether HTLV-3 and HTLV-4 are also leukemogenic.

ATL is a heterogeneous disease with four clinical subtypes: acute, lymphoma,
chronic, and smoldering. Acute, lymphoma, and unfavorable chronic subtypes are
known as aggressive ATL with large tumor burden, blood and lymph node involve-
ment, and hypercalcemia. Favorable chronic and smoldering subtypes are indolent
ATL characterized by rash and minimal blood involvement [13]. Smoldering ATL is
considered to be an early phase of the disease, which progresses subsequently to
acute ATL. Prognosis of aggressive ATL is very poor, with an average survival rate
of only a few months.

The mechanisms of HTLV-1 oncogenesis have recently been reviewed [3, 13—
16]. In this chapter, we will revisit the topic with an emphasis on new thoughts and
findings. We will start with an overview of epidemiology, followed by a brief sum-
mary of experimental models in HTLV-1 research. The interplay of the two HTLV-1
oncoproteins and the mechanisms of HTLV-1 oncogenesis will then be discussed in
detail. Finally, we will highlight the treatment options and the new approaches to
anti-HTLV-1 therapy.

9.2 Epidemiology

Based on sequence and epidemiological analysis, the primate counterparts of
HTLVs are well established in their natural hosts. Several lines of evidence includ-
ing phylogenetic clustering and geographical coincidence support zoonotic trans-
mission of these primate viruses to humans, plausibly through petting and
butchering. The process by which HTLVs establish as a human pathogen through
adaptive mutations is similar to that demonstrated for human immunodeficiency
viruses. The detection of HTLV-3 and HTLV-4 in African hunters of primates has
lent further support to this notion [10, 11]. HTLV-1 and HTLV-2 have obviously
acquired the ability to transmit from human to human readily. The identification of
HTLV-3 and HTLV-4 has provided a golden opportunity to study their
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human-to-human transmissibility, pathogenicity, and degree of adaptation.
Interestingly, each HTLV has its own primate counterpart. Phylogenetic analysis
supports at least four independent introductions of virus into human population.
Each of this involves a different species of primate virus.

It is estimated that about 20 million people are infected with HTLV-1 worldwide.
About one million of them are in Japan, and the adjusted overall prevalence nation-
wide is approximately 1% [17]. However, the distribution of HTLV-1 carriers within
the country is uneven and highly focal. As such, carrier rate in Japanese women in
the age of >50 in endemic areas can be as high as 40%, but these areas are sur-
rounded by areas of low to middle prevalence. HTLV-1 is also highly prevalent in
African people resided in the Caribbean islands and tropical Africa; Mongoloid
people in South America, Central America, and the Middle East; as well as
Melanesian people in northern Oceania [18]. Particularly, some Aboriginal
Australians have been found to have the highest prevalence (>50%) of HTLV-1.
Interestingly, the study of HTLV-1 prevalence in different populations might even
provide useful anthropological information concerning their origin, migration
routes, and genetic history.

The prevalence of HTLV-1 in healthy blood donors in China is very low, ranging
from 0.01 to 0.08% [19, 20]. The rate could be 0.5% or higher in some professional
blood donors and drug addicts. Only some of the Chinese individuals who are sero-
positive for HTLV-1 have been found to have close contact with Japanese people
[21]. Interestingly, prevalence rates of HTLV-1 in healthy blood donors in two cities
named Ningde and Putian in the coastal Fujian Province are 0.40% and 0.14%,
respectively. These significantly higher rates are indicative of some foci of HTLV-1
carriers [19]. The seropositive rate of HTLV-1 of 0.74% in the ethnic group of
Xinjiang Uyghurs is also high. A very small number of sporadic tropical spastic
paraparesis (TSP) and ATL cases associated with HTLV-1 infection have also been
diagnosed in China in recent years. Several sporadic cases of ATL have been found
in Hong Kong, where a more advanced disease surveillance system is in place [22].
Some of these victims in Hong Kong had unsafe sex in Southern Japan. The carrier
rate in Hong Kong is estimated to be 0.0041%. In Taiwan, the seropositive rate for
HTLV-1 was found to range from to 0.058 to 0.48% [23, 24]. Interestingly, the rates
in Aborigines and Hakka Taiwanese are higher than in other ethnic groups. Blood
donor screening for HTLV-1 has been implemented in Taiwan since 1996. It will be
of some interest to determine whether the Taiwanese HTLV-1 strains are closer to
those found in Japan or Fujian, which is geographically closer to Taiwan.

Although HTLV-1 can be divided into six genotypes A to F, sequence variations
among genotypes are minor and not as significant as in HIV-1. The sequence diver-
gence among HTLV-1 genotypes is much less than that among different HTLV
viruses. Genotype A is predominant. The genotype of HTLV-1 in ATL patients and
healthy carriers is not found to be different. Neither is there evidence in support of
the influence of genotype on pathogenicity or infection outcome.

HTLV-1 is an infection vertically transmitted from mother to child through
breastfeeding. The risk of infection acquired through this route can be as high as
30%. Blood transfusion and unsafe sex are two other routes by which HTLV-1 is
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transmitted, but sexual transmission is not as efficient as in the case of HIV-1. More
than 90% of HTLV-1-infected people remain healthy throughout their lifetime. ATL
develops in 2-5% of infected individuals after a prolonged latent period of
30-50 years, during which they remain asymptomatic. Once developed, ATL is
highly aggressive and fatal, with very limited and unsatisfactory treatment options
[25]. A smaller subset of infected people suffers from TSP or HTLV-1-associated
myelopathy, a chronic debilitating neurological disease of the spinal cord. It is not
common that TSP and ATL develop sequentially in the same individual. During the
long process of ATL development, multiple viral, host, and environmental factors
are involved. Notably, high HTLV-1 proviral load is the single major risk factor for
ATL development in HTLV-1 carriers. Other reported risk factors include advanced
age, family history of ATL, male sex, and HTLV-1 infection early in life [26]. Most
ATL cases are associated with breastfeeding. The cumulative risks of developing
ATL among HTLV-1 carriers are approximately 6% for males and 2% for females.
The high predictive value of proviral load suggests that anti-HTLV-1 therapy might
be beneficial in the prevention of ATL.

CD4* T lymphocytes are the primary and preferential target cells of HTLV-1
in vivo, although other cells such as CD8" T lymphocytes, monocytes, and dendritic
cells (DCs) can also be infected. It remains to be clarified whether HTLV-1 might
first infect DCs, which pass on the virus to T cells [27]. One recent report has impli-
cated HTLV-1-transformed CD45RA* T memory stem cells with stemlike proper-
ties as the ATL-initiating cells [28]. These cells could serve as the viral reservoir and
a barrier for viral eradication by antivirals. Cell-free transmission of HTLV-1 is
highly inefficient except for DCs. All major routes of HTLV-1 transmission includ-
ing breastfeeding, blood transfusion, and sexual intercourse involve the transfer of
infected cells residing in the breast milk, blood, and semen. Cell-to-cell transmis-
sion of HTLV-1 is achieved through the virological synapse, which involves the
interaction between ICAM-1 on infected cells and LFA-1 on target cells and polar-
ization of the microtubule-organizing center induced by Tax protein [29, 30].
Interestingly, virions at the virological synapse are stored as biofilm-like extracel-
lular assemblies [31]. In addition to cell-to-cell contact, HTLV-1 can also be passed
on to daughter cells via mitosis. Thus, the HTLV-1 proviral load in vivo might be
determined by both mitotic spread and cell-to-cell transmission. In this connection,
it will be of great interest to see how the interaction between Tax and mitotic regula-
tors such as MADI [32] might influence both processes. In addition, the HTLV-1
proviral load is also affected by host immune response and particularly by cytotoxic
T lymphocyte (CTL) response against viral proteins such as Tax and HBZ [33].
Thus, a better understanding of anti-HTLV-1 CTL response might reveal new strate-
gies for prevention of ATL.
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9.3 Experimental Models in HTLV-1 Research

Mechanistic studies of HTLV-1 pathogenesis have largely been conducted in trans-
fected cells in which the HTLV-1 protein of interest is overexpressed. Although
these cells provide a good model for the study of HTLV-1 proteins, there are several
concerns about their relevance to HTLV-1 infection and biology. First, the expres-
sion level of the HTLV-1 protein of interest in transfected cells might be much
higher than in infected cells. Second, constitutive expression of the HTLV-1 protein
of interest could exhaust or sequester its partners and effectors leading to a squelch-
ing effect. Regulated or inducible expression is desired. For example, JPX9 cells, in
which Tax expression can be induced by Cd** [34], have proved useful in HTLV-1
research. Third, target cells of HTLV-1 are difficult to transfect. Surrogate models
such as HeLa and HEK293 cells with high transfection efficiency are helpful, but
they are significantly different from CD4* T cells in many ways. The concern might
be addressed by the use of new transfection reagents tailor-made for T cells. Finally,
different HTLV-1 proteins interact with each other to fulfill some functions coopera-
tively or antagonistically. This might not be reconstituted in transfected cells. Tens
if not hundreds of cellular binding partners of HTLV-1 proteins such as Tax and
HBZ have been identified. Not all of them have been validated in infected cells.
Interpretation of these interaction results should be cautious, bearing in mind the
limitations of the transfection system. Whenever possible, T-cell lines such as Jurkat
and CEMT4 as well as peripheral blood mononuclear cells (PBMCs) infected with
HTLV-1 should be used to verify findings obtained from transfected cells.

Various types of cultured cells including T cells, B cells, DCs, monocytes, endo-
thelial cells, and fibroblasts can be infected in vitro with HTLV-1 through coculture
with HTLV-1-infected cells such as MT2 and C8166. These freshly infected cells
serve as a good model for acute infection. In contrast, other ATL or derivative cell
lines are chronically infected with and transformed by HTLV-1. For example, MT4
and HUT102 cells were derived from ATL patients. MT2 cells were established
through coculture of normal cord leukocytes with ATL cells. C8166 cells were
obtained by fusion of normal cord leukocytes with ATL cells. Whereas these several
lines constitutively express Tax, other lines in which Tax expression has faded but
HBZ expression remains robust include ED and TL-Om1 [35, 36]. These cells rep-
resentative of different phases of infection are widely used in HTLV-1 research. In
addition to infection through coculture, infectious molecular clones of HTLV-1 are
also available [37]. These clones can be transfected into any cells and spawn HTLV-1
infection in susceptible cells. They greatly facilitate genetic analysis of HTLV-1.

BLV and HTLV-1 share many features in common. Both are transmitted through
body fluids requiring cell-to-cell contact. Both are leukemogenic in only a fraction
of infected hosts after a prolonged latent period. Thus, BLV serves as a good and
relevant model for HTLV-1 research [38]. Particularly, promising results on the
prevention of BLV-associated diseases through competitive infection with an
attenuated BLV provirus provide useful information as to how proviral load can be
reduced with this strategy [39]. BLV can infect several ruminant species with
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highest prevalence in dairy cattle. Infection of small ruminants such as sheep with
BLYV has therefore been developed as a productive animal model for both BLV and
HTLV-1 research. Sheep can be easily infected and the disease outcome can be
observed sooner [40]. By the same reasoning, infection of monkeys such as
Japanese macaques with STLV-1 provides useful information about HTLV-1
pathogenesis [41].

Various types of tumor develop in Tax- or HBZ-transgenic mice, but in most
cases these are neither leukemia nor lymphoma [42, 43]. Directing the expression of
Tax or HBZ more specifically to particular tissues and cells such as thymus and
leukocytes is a technical challenge that has only been met partially. Tissue-specific
promoters such as those of CD4, CD3e, Ig, Lck, and granzyme B have been used
with some success in the generation of more relevant disease outcomes. Although
these transgenic mice are not perfect models for HTLV-1 infection or ATL develop-
ment, they provide convincing evidence for the oncogenicity of Tax and HBZ pro-
teins, reveal different facets of HTLV-1 oncogenesis, and also serve as platforms for
the development of new therapy for ATL. Complementary to transgenic mice, infec-
tion of immunocompetent rabbits with HTLV-1 provides another model [38].
However, no disease or symptom related to ATL or TSP can be recapitulated in
rabbits.

Many features of ATL can be reproduced in immunocompromised mice engrafted
with ATL cells or ATL-derived cell lines [44]. These mouse xenograft models have
been used to study HTLV-1 leukemogenesis and to develop anti-HTLV-1 therapy.
The immunocompromised mice that have been developed include SCID, NOD-
SCID, NSG, NOG, and BRG mice [45]. SCID mice contain a nonsense mutation in
the protein kinase required for VDJ recombination of T- and B-cell receptors, lead-
ing to a severe combined immunodeficiency (SCID). In NOD-SCID mice, the SCID
mutation has been introduced into the nonobese diabetic (NOD) genetic back-
ground. This further compromises innate immunity by blocking the function of
complements, DCs, and macrophages. Similar to X-linked SCID in human, defi-
ciency in the interleukin-2 receptor common subunit y (IL2R-y¢) in mice results in
a complete loss of T, B, and NK cells. In NSG and NOG mice, this mutation in
IL2R-yc has been introduced into the NOD/SCID background. Likewise, BRG
mice are deficient for IL2R-y¢ and the recombinase-activating gene 2 (Rag2).

Humanization of immunocompromised mice by reconstituting their immune
system through engraftment of human hematopoietic stem cells has not only opened
the door for detailed analysis of human immunity but also provided a powerful new
tool for the study of human pathogens including HTLV-1 [46]. The mice are
engrafted with CD34* hematopoietic stem cells from human peripheral and cord
blood. Because all CD4* T lymphocytes in these mice are derived from the engrafted
human cells, they are excellent models for lymphotropic viruses such as HTLV-1
[47, 48]. These models have already been used successfully to study HTLV-1 infec-
tion and oncogenesis [49, 50]. For example, CD4* T-cell lymphoma was shown to
develop in NOD-SCID mice engrafted with human CD34* cells infected with
HTLV-1 [50]. Although the original paper reporting this finding was later retracted
by the editors and it remains to be determined whether HTLV-1 infects CD34" cells,
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which subsequently differentiated into CD4* cells, humanized mice still hold great
promises to advance HTLV-1 and ATL research with a biologically relevant model.
One challenge in this area is to develop a good model for persistent HTLV-1 infec-
tion in humanized mice.

9.4 HTLV-1 Oncoproteins

HTLV-1 encodes two major oncoproteins Tax and HBZ. In this part we will first
describe existing findings on Tax and HBZ essentially in chronological order. Then
we will summarize how they exert their impacts on the hallmarks of cancer. Finally
we will discuss their differential roles in HTLV-1 leukemogenesis.

Tax is a 40-kDa transactivator protein serving as the master regulator of HTLV-1
proviral expression from the LTR. To activate HTLV-1 transcription, Tax forms a
homodimer to engage CREB and DNA of three cAMP-response element-like 21-bp
repeats in the LTR [51-54]. Tax has a minimal transactivation domain [55]. Optimal
activity of Tax specifically requires the core TATAA promoter of HTLV-1, CREB,
and the 21-bp repeats [56]. Transcriptional coactivators including p300/CREB-
binding protein (CBP) and CREB-regulating transcriptional coactivators (CRTCs)
are then attracted by Tax [52, 57, 58]. Tax also recruits other regulators and protein
modification enzymes to modulate this process [59]. For example, p21-activated
kinases are recruited to activate LTR-dependent transcription [60], whereas LKB1
and salt-inducible kinases [61], protein deacetylases SIRT1 [62], as well as T cell-
specific transcription factors TCF1 and LEF1 [63] are recruited to medicate nega-
tive regulation of proviral transcription.

In addition to CREB, NF-«B is another major cellular transcription factor acti-
vated by Tax [16, 64]. Tax interacts with NF-kB regulators such as IxB kinase regu-
latory subunit IKK-y [65-67], ubiquitin-editing enzyme A20 [68, 69],
ubiquitin-binding adaptor protein TAX1BP1 [70, 71], E2 ubiquitin-conjugating
enzyme UBC13 [72], and E3 ubiquitin ligase RNF8 [73] to modulate NF-xB activa-
tion through the ubiquitin-proteasome pathway. Notably, Tax is a powerful modula-
tor of K48-linked, K63-linked, and linear ubiquitination of key adaptors of NF-kB
signaling such as IKK-y and TAB2 [73, 74]. Furthermore, Tax can also interact with
and stimulate SRF [75, 76] and c-Jun [73, 77] transcription factors resulting in the
activation of transcription from serum response elements and AP-1-binding sites.

It is generally accepted that Tax is required for the initiation of HTLV-1-mediated
malignant transformation. Expression of Tax alone can sufficiently transform
murine fibroblasts [78], immortalize T lymphocytes [79], and induce tumor forma-
tion in nude mice and transgenic mice [42, 43, 80]. Through CREB and NF-kB, Tax
activates a wide variety of cellular genes that contribute to transformation. Activation
of both CREB and NF-«xB signaling is required for full-blown transformation
induced by Tax [81, 82].

Tax is a multifunctional protein that activates transcription and transformation
primarily through protein-protein interaction [59]. Tax is known to interact with a
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subset of PDZ domain-containing proteins. For example, Tax interacts with TIP1
[83], PDLIM2 [84], and MAGTI!I [85] that contain PDZ domains. Another group of
Tax-binding proteins contains the coiled-coil motifs that mediate their interaction
with Tax [86]. Proteins in this group include mitotic checkpoint protein MADI1 [32],
transcriptional repressor GPS2 [87], regulatory subunit IKK-y of IkB kinase [65—
67], centrosomal and ciliary protein TAX1BP2 [88], transcriptional coactivators
CRTCI1/CRTC2/CRTC3 [57, 58], as well as ubiquitin-binding adaptor protein
TAXI1BP1 [70, 71]. Tax-binding proteins in both groups are the effectors of Tax in
transcriptional regulation and transformation.

HTLV-1 expresses both unspliced and spliced forms of HBZ, with the latter form
being more abundant in infected cells [9]. The expression of HBZ appears to be
required for HTLV-1 infectivity in vivo [89, 90]. Interestingly, HBZ RNA and pro-
tein show differential activity on apoptosis, but both promote cell cycle progression
into S phase [87]. HBZ protein was initially identified as a heterodimerization part-
ner of ATF4 [8]. In most cases dimerization of HBZ with ATF4, CREB, c-Jun, and
other bZIP transcription factors results in repression of their activity. Thus, HBZ is
a negative regulator of proviral transcription and it counteracts the activity of Tax.
In addition, HBZ suppresses canonical pathway of NF-kB activation. Collectively,
HBZ plays an important role in the proliferation of infected T cells as well as the
induction and maintenance of latent infection [3, 16, 89-93].

The hallmarks of cancer include self-sufficiency in growth signal, insensitivity to
antigrowth signals, resisting cell death, enabling replicative immortality, evading
immune surveillance, genome instability and mutation, as well as tumor-promoting
inflammation [94]. Although Tax and HBZ are antagonistic in many scenarios, they
cooperate with each other to impinge on the different hallmarks of cancer. Some key
examples are summarized below. HBZ activates Wnt signaling to sustain T-cell pro-
liferation [95]. Tax perturbs tumor suppressor function of p53 [96] and Rb [97, 98].
HBZ suppresses apoptosis by targeting FoxO3a that activates proapoptotic genes
[99]. Tax suppresses innate antiviral response by preventing TBK1-induced type 1
interferon production [100]. HBZ induces the expression of immune checkpoint
molecule TIGIT to evade T-cell response [101]. Tax impairs DNA damage response
[100-105], mitotic checkpoint [32], and centrosome duplication [88] leading to
genome instability and a mutator phenotype. HBZ activates the transcription of
hTERT to elevate telomerase activity [106]. Whereas HBZ enhances transforming
growth factor-f signaling leading to overproduction of IFN-y [43, 107, 108], Tax
activates NF-kB to induce various cytokines [64]. Both result in activation of pro-
inflammatory response.

Tax and HBZ play different roles in HTLV-1 oncogenesis. Whereas Tax is
required for the initiation of oncogenic transformation, HBZ is essential for the
induction and maintenance of HTLV-1 persistence and T-cell proliferation.
Consistent with this model, Tax is abundantly expressed in the early stage of infec-
tion and transformation, but its expression and activity are suppressed through mul-
tiple mechanisms. First, promoter hypermethylation occurs in the 5'-LTR, leading
to inhibition of Tax gene transcription [109]. Second, deletions and inactivating
mutations are commonly found in the 5'-LTR and Tax coding region in the HTLV-1
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genome in ATL cells [3]. Third, Tax recruits a group of inhibitors of proviral
transcription such as LKB1, SIRT1, TCFI1, and LEF1 through a negative feedback
loop [61-63]. Last but not least, the strong CTL response directed against Tax
essentially selects for T cells with low or no expression of Tax [33, 110]. In contrast,
HBZ is constitutively expressed in all stages of infection and transformation. The
differential activation of 5’- and 3’-LTR in the HTLV-1 genome is governed by
chromatin insulator CTCF and the CTCF-binding site in the pX region [111].

The expression of Tax and HBZ in infected individuals is highly dynamic. There
exist a large number of HTLV-1* clones, each of which is characterized by a unique
integration site of the HTLV-1 provirus in the host genome [112]. The pattern and
level of Tax and HBZ expression could vary from one to another clone. They might
even be passed on to the daughter cells through mitosis. In particular, Tax expres-
sion is known to be influenced by the distance and transcriptional direction of the
provirus relative to the host gene in the closest vicinity. Importantly, the abundance
of Tax- and HBZ-expressing cells is also governed by the CTL response. HBZ is
less immunogenic than Tax [110], but CTL response targeting HBZ can potently
suppress T-cell proliferation and has protective effect [113]. As mentioned above,
the CTL response confers a survival advantage to HTLV-1* clones that do not
express Tax [33, 110]. From another perspective, HTLV-1-infected cells express
cyclin-dependent kinase inhibitors p21 and p27 to high levels and enter cellular
senescence in an NF-kB-dependent manner [110]. Cells in which Tax is abundantly
expressed, NF-xB activity is high, and HTLV-1 replication is robust would be elimi-
nated by apoptosis. Only latently infected cells with high HBZ expression and low
NF-kB activation would survive [16, 114].

9.5 Mechanisms of HTLV-1 Oncogenesis

The long latency period of ATL development indicates that HTLV-1 oncogenesis is
a slow and multistage process. Above we describe with examples the impact of Tax
and HBZ oncoproteins on the different hallmarks of cancer. The subversion of
genome instability, the evasion from immune response, and the induction of pro-
inflammatory response are particularly attractive mechanisms that warrant further
investigations. These mechanisms are critically important and they contribute to
different stages of HTLV-1 oncogenesis. However, we should also bear in mind that
ATL does not develop overnight, and it is the collective effect of Tax and HBZ over
several decades that ultimately gives rise to ATL. Currently there is no consensus
model that could fully explain the process of HTLV-1 oncogenesis.

Although insertional mutagenesis is a widely accepted mechanism for retroviral
oncogenesis, how this applies in the case of HTLV-1 remains to be clarified.
Integration site analysis in asymptomatic carriers and ATL patients indicates non-
random insertion of HTLV-1 provirus into the host genome, with a preference for
transcriptional start sites and CpG islands. Although no integration hot spots are
found in ATL, a strong bias toward certain binding sites for transcription factors
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such as STAT1 and p53 is seen [115]. Because HTLV-1 contributes a CTCF site
with the potential of forming a chromatin loop with another CTCF site in the host
genome [111], it might modify host chromatin structure both in the vicinity and
over a long distance, leading to aberrant activation of proto-oncogene, which confers
a growth and survival advantage in natural selection. This model could explain why
ATL development is a rare accident that occurs only in a small subset of HTLV-1-
infected subjects. Further investigations are required to elucidate whether and how
CTCF-mediated DNA looping might contribute to HTLV-1 oncogenesis.

Analysis of HTLV-1 clonality by deep sequencing reveals the difference in the
frequency distribution of HTLV-1-infected T-cell clones in asymptomatic carriers
and ATL patients [112]. In an asymptomatic carrier, there are about 10,000 lower-
abundance clones. In a TSP patient, the number increases to about 30,000. These
clones contribute substantially to the HTLV-1 proviral load, which is the major risk
factor for TSP and also ATL. That is to say, the total number of clones but not the
degree of oligoclonal expansion is influential in ATL development. Tax expression
is more common in the lower-abundance clones than their high-abundance counter-
parts. Whether ATL arises from these lower-abundance clones is an issue of debate.
Evidence in support of this model comes from integration site analysis and compari-
son with HTLV-2 [112, 116].

ATL cells are aneuploid and exhibit a mutator phenotype. Various genetic muta-
tions have been found to accumulate in ATL cells, many of which are known to
affect NF-xB activation [82]. For example, mutations in CARDI11, PRKCB, and
PLCGI are thought to be critical in the activation of NF-xB signaling [117].
Plausibly, some of these mutations might serve as the second or third hit to drive full
development of ATL. In light of the requirement of CREB signaling in HTLV-1
oncogenesis, it will not be too surprising if some of the genetic mutations might also
be found in the future to have an impact on CREB activation. For instance, muta-
tions of E3 ubiquitin ligase FBW7 have been found to affect Notch signaling [118].
FBW7 is a well-characterized tumor suppressor gene. It will be of interest to see
whether these mutations might affect other pathways critically involved in tumor
suppression. Through its Tax and HBZ oncoproteins, HTLV-1 can also induce alter-
ations in epigenetic regulators, promoter methylation profiles, and microRNA
expression patterns [82, 119]. In this regard, it will be of great importance to deter-
mine to what extent the epigenetic and genetic alterations in ATL cells would con-
tribute to leukemogenesis. A working model for HTLV-1 oncogenesis that has
incorporated some of the points mentioned above is presented in Fig. 9.2.

9.6 Treatment of ATL

Treatment options for ATL are very limited and unsatisfactory [25, 120, 121].
Indolent ATL can be managed by watchful waiting until disease progression.
However, this strategy has been found to result in an even poorer long-term out-
come. An alternative treatment for indolent ATL uses a combination of zidovudine
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and interferon-o (AZT/IFN-a). This treatment has been shown to be effective for
ATL [122, 123] and has been successfully used in the USA and Europe, but the
mechanism of action remains unclear. Whether antiviral or cytotoxic effect is more
important needs to be clarified. It is possible that the antiviral effect of AZT relieves
viral suppression of IFN signaling, which has immunomodulatory and proapoptotic
effect. The AZT/IFN-a therapy is not recommended in Japan pending the final
result from an ongoing clinical trial. For patients with aggressive ATL, AZT/IFN-«
or intensive chemotherapy is the first-line treatment. Whereas the outcome of AZT/
IFN-a treatment is good for leukemia-type ATL [123], chemotherapy is reserved for
lymphoma-type ATL. In addition to AZT/IFN-a and chemotherapy, allogeneic
hematopoietic stem cell transplantation (allo-HSCT) is a potentially curative option
for aggressive ATL. Using unrelated bone marrow and umbilical cord blood as alter-
native donor source in allo-HSCT has been successful in Japan. Notably, the antitu-
mor effect of allo-HSCT provides the proof of principle for novel immunotherapy
of ATL, including immune checkpoint therapy.

An anti-CCR4 monoclonal antibody is a novel targeted therapy for ATL [124].
CCR4 is selectively expressed in regulatory T cells and T helper type 2 cells. It is
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found in most ATL cells and its expression is induced by HBZ [125]. CCR4 expres-
sion is an indicator of poor prognosis [126]. Thus, anti-CCR4 can selectively elimi-
nate ATL cells primarily through antibody-dependent cell-mediated cytotoxicity.
Identification of new biomarkers that can be used to select patients who will benefit
most from anti-CCR4 antibody might be the next challenge. In addition to anti-
CCR4, an antibody against CD25, the a-subunit of IL2R, has also been tested for
targeted therapy of ATL [127].

9.7 Concluding Remarks

More than 35 years have passed since the discovery of HTLV-1. Research findings
in the field have not only advanced our understanding of HTLV-1 biology and onco-
genesis but also provided new strategies and modalities in the management of
ATL. A group of international experts in the field has formed a task force under the
Global Virus Network and suggested priorities and open questions in HTLV-1
research [128]. Below I would echo their five suggestions as the concluding remarks
of this chapter. First, global prevalence of HTLV-1 infection should be reviewed to
identify opportunities and means to expand epidemiological studies [17]. A method
to reduce mother-to-child transmission by breastfeeding in low-income countries
should be developed. Second, biomarkers to predict disease progression should be
identified. Searching for driver mutations through deep sequencing [117] should be
continued and their clinicopathological significance determined. Third, preventive
and therapeutic vaccines should be developed. Fourth, existing drugs should be
screened and novel drugs should be developed to improve therapy [25, 120, 121].
Last but not least, basic research should be strengthened. Unraveling mechanisms of
viral replication, persistence, and pathogenesis will open insights into novel treat-
ments. This includes studies on HTLV-1 oncoproteins Tax and HBZ that promote
viral replication and persistence [14, 16], viral entry, infectious and mitotic cycles
of replication, genetic and epigenetic mechanisms that underlie ATL [82], the role
of host immunity in the control of HTLV-1 infection [33], as well as HTLV-2,
HTLV-3, and HTLV-4 pathogenesis [12]. We are optimistic that better answers to
many of these open questions will be obtained in the near future.
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Chapter 10
Malignancies in HIV-Infected and AIDS
Patients

Yongjia Ji and Hongzhou Lu

Abstract Currently, HIV infection and AIDS are still one of the most important
epidemic diseases around the world. As early in the initial stage of HIV epidemic,
the high incidence of ADCs including Kaposi sarcoma and non-Hodgkin’s lym-
phoma was the substantial amount of disease burden of HIV infection and
AIDS. With the increasing accessibility of HAART and improving medical care for
HIV infection and AIDS, AIDS-related illness including ADCs has dramatically
decreased. Meanwhile, the incidence of NADCs rises in PLWH. Compared with the
general population, most of cancers are more likely to attack PLWH, and NADCs in
PLWH were characterized as earlier onset and more aggressive. However, the
understanding for cancer development in PLWH is still dimness. Herein, we
reviewed the current knowledge of epidemiology and pathogenesis for malignan-
cies in PLWH summarized from recent studies. On the basis of that, we discussed
the special considerations for cancer treatment in PLWH. As those malignancies
could be the major issue for HIV infection or AIDS in the future, we expect enhanced
investigations, surveillances, and clinical trial for improving the understanding and
management for cancers developed in PLWH.
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10.1 Introduction

Globally, more than 35 million people are living with human immunodeficiency
virus (HIV) infection or acquired immunodeficiency syndrome (AIDS) [1].
Compared with the general population, the population of people living with HIV
infection (PLWH) was at higher risk for cancer incidence [2-8]. As early at the
opening phase of AIDS epidemic, it was found that non-Hodgkin lymphoma (NHL),
cervical premalignant lesions, and Kaposi sarcoma (KS) were strongly associated
with immune suppression induced by HIV infection [9]. As a consequence, the US
Centers for Disease Control (CDC) has defined KS, certain non-Hodgkin lympho-
mas, and cervical cancer as AIDS-defining cancers (ADCs) since the 1990s [10].

Over the years with the increasing accessibility to highly active antiretroviral
therapy (HAART) and improving medical care for HIV infection and AIDS, the
outcome for PLWH has substantially improved, which is largely benefited from the
decreasing incidence and mortality rate of AIDS-related illness including opportu-
nistic infections (OI) and ADCs [11]. While with the extension of life span during
the HAART era, the spectrum of malignancies occurred in PLWH has significantly
transformed [12]. Compared with the general population or people without HIV
infection, several non-AIDS-defining cancers (NADCs) such as lung cancer, hepa-
tocellular carcinoma (HCC), and classical Hodgkin lymphoma were found attack-
ing PLWH more frequently [1, 13]. And especially in developed country, malignancy
has gradually become the leading cause of deaths in PLWH, and NADCs have
replaced ADCs as the major malignancies burden in HIV-infected population [1, 12,
14, 15].

In recent years, the focal interest for malignancies in PLWH was growing, and a
large amount of studies in this field were published. In this review, we will discuss
the latest advances of epidemiology, pathogenesis, and special consideration for
treatment in this field.

10.2 Epidemiology

10.2.1 AIDS-Defining Cancers

ADC:s were identified by comparing the risk (standard incidence ratio, SIR) of can-
cer incidence in PLWH with that in the general population [16]. According to the
definition of US Centers for Disease Control (CDC), Kaposi sarcoma, cervical can-
cer, and specific non-Hodgkin lymphoma (NHL) including primary central nervous
system lymphoma (PCNSL), Burkitt’s lymphoma (BL), diffuse large B-cell lym-
phoma (DLBCL), plasmablastic lymphoma (PL), and primary effusion lymphoma
(PEL) were categorized as ADCs [10].

For ADCs, several large-scale epidemiology studies have revealed that the SIR in
PLWH population is significantly higher than that in general population in both the
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pre-HAART and HAART eras [1, 7, 17-19]. Kaposi sarcoma and NHL contributed
to most cases of ADCs in the pre-HAART era [20]. As reported in the United States,
in early phase of HIV epidemic, the risk for Kaposi sarcoma and cervical cancer
was about 50,000-fold and eightfold higher in PLWH compared with the general
population [20]. And for NHL in pre-HAART era, the most common pathological
type of NHL occurred in PLWH was DLBCL and PCNSL took the second place
[21]. Compared with the general population, the risk of DLBCL and PCNSL for
AIDS patients significantly increased 5000 and 98-fold in the pre-HAART era [20].

After entering into the HAART era, the incidences of ADCs in PLWH have
decreased and the outcome got substantial improvement [19, 22]. As studies reported
in western country, with the introduction of HAART, Kaposi sarcoma and NHL
cases declined by more than 80% and 50%, respectively [1, 20]. However even
under such circumstances, ADCs still possess as an important issue in the HAART
era, several recent studies indicated that the risks of ADCs are still higher in PLWH
than that in the general population [5, 7, 18-20].

Several studies found that HIV infection inducing immune suppression indicated
by CD4+ T-cell count is the most important risk factor for ADCs development [7,
23, 24]. As retrospectively analyzed, compared with CD4+ T-cell count less than
100 cells/ml, the SIR for NHL and KS in PLWHA decreased from 145 to 35.8 and
571 to 76 per 100,000 person-years separately when CD4+ T-cell count was more
than 500 cells/ml [20]. On the contrary, with the CD4+ T-cell count increased from
less than 50 to greater than 250 cells/ml, the incidence of Burkitt’s lymphoma
increased from 9.6 to 30.7 per 100,000 person-years, which could be correlated
with immune reconstitution [25]. As a consequence, Burkitt’s lymphoma has
replaced PCNSL as the second most common NHL in PLWH during the HAART
era [18].

10.2.2 Non-AIDS-Defining Cancers

During the HAART era, NADCs incidences among PLWH increase rapidly. As
reported in developed country, NADCs have contributed to more than half of all
HIV malignancies, while the number in pre-HAART era was less than 40% [1-3].
Similar with other age-associated diseases, the risk for NADCs is higher in PLWH
[26]. And also, the prognosis of HIV-infected patients with NADCs is indepen-
dently worse than those without HIV infection [27].

There have been numerous studies for exploring risk factors of NADCs in
PLWH. Previous studies have identified older age and the longer duration time liv-
ing with HIV infection as the most important risk factors related with NADC inci-
dence in PLWH [7, 28]. While comparing with people without HIV infection,
NADCs occurred at similar ages in PLWH [26]. Previously, several studies have
found that HAART administration could be a possible contributor for malignancy
development [28-30]. However, there is the view that the lifetime extension bene-
fited by HAART other than its direct effective could be the factor related with
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Table 10.1 Oncogenic virus infection associated with malignancy development in PLWH

Virus Malignancies

HHV-8 KS, NHL (PEL, PL)

EBV NHL (PCNSL, BL, DLBCL PEL), HL, head and neck
carcinoma

HPV Cervical and anal cancer, head and neck carcinoma

Chronic hepatitis virus Liver cancer

(HBV/HCV)

HHV human herpes virus, HPV human papillomavirus, EBV Epstein—Barr virus, HBV hepatitis B
virus, HCV hepatitis C virus, KS Kaposi sarcoma, NHL non-Hodgkin lymphoma, PEL primary
effusion lymphoma, PL plasmablastic lymphoma, BL Burkitt’s lymphoma, DLBCL diffuse large
B-cell lymphoma, PCNSL primary central nervous system lymphoma

increasing incidence of NADCs [31]. Moreover, the latest epidemiology studies
revealed that the early initiation of HAART could diminish the cancer risk and slow
the progression of cancer development [32, 33]. The correlation between CD4+
T-cell count and NADCs incidence is controversial depending on different kind of
malignancies. For anal cancer, in the setting of patients with CD4+ T-cell count less
than 200 cells/ml for more than 5 years, the SIR would rise up [34]. On the contrary,
the SIR for Hodgkin lymphoma increases when CD4+ T-cell count rises from 50 to
200 cells/ml [1, 35, 36]. While the incidence of lung cancer is higher among PLWH
compared with that in the general population, the CD4+ T-cell count has not been
identified as a risk factor [37, 38]. The other risk factors for NADCs development in
PLWH included smoking and oncogenic virus infection [39].

10.3 Pathogenesis

10.3.1 Viral Infection

Most cancers including ADCs and NADCs with excess risk among PLWH are asso-
ciated with oncogenic virus infection (Table 10.1) [39]. Compared with that only
less than 5% malignancies in the general population were associated with virus
infection, the number in PLWH was reported as up to 40% [40]. This disparity could
be attributed to the shared transmission routes of HIV with several oncogenic
viruses and immunosuppression induced by HIV infection, which resulted in higher
prevalence in PLWH than that in the general population [41-43].

The carcinogenesis of these viruses involves multiple ways, which include regu-
lation of apoptosis and cell life cycle and disturbance of host’s tumor-associated
genes [44]. And in recent studies, it was suggested that several miRNAs expressed
by these oncogenic viruses could be the important promoter for cancer development
[45-47]. As for EBV infection, which is highly correlated with various types of
lymphoma development in HIV/AIDS setting, the virus expressing MiR-BHRF1-1
and miR-BART1 could involve oncogenesis by inhibiting the tumor suppressor
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gene p53 and depressing apoptosis by activating antiapoptotic protein BCL-2
[46-48].

Besides, there is growing evidence that HIV could directly participate in the
development of malignancies. Tat, the HIV-expressing transactivator protein, is
responsible for the activation of viral and cellular genes. In several studies, Tat dem-
onstrated oncogenic effects in vitro and in vivo. After being excreted from cells
infected by HIV and accumulated in tissues, tat could induce malignant transforma-
tion by interruption of cell proliferation, DNA reparation, and apoptosis [49].
Further, there is evidence suggesting that tat could enhance malignant capacity of
other oncogenic viruses such as HPV [42, 50]. Otherwise, it was found that HIV
matrix protein (P17) persists in germinal centers even after efficient HAART [51].
And further, several specific variants of HIV P17 were associated with aberrant
proliferation of B cell, which may contribute to the development of B-cell lym-
phoma [52].

10.3.2 Immunosuppression and Inflammation

Host’s immunological function impaired by HIV infection has been recognized as
an important risk factor for cancer development, which leads to the attenuation of
tumor surveillance. An inverse association between CD4+ T-cell count and ADCs
risk has been demonstrated by several studies conducted in pre- and early-HAART
era [53-55]. As for NADC:s, the inverse relationship between CD4 count and cancer
risk for NADCs has been reported in recent studies [56, 57]. Nevertheless, the rela-
tionship between immunosuppression induced by HIV infection and cancer risk is
controversial [58]. Even in patients with virus suppression, low CD4 count is still an
important risk factor for cancer incidences [57]. Otherwise, HIV-infected patients
with immune reconstitution (CD4+ T-cell counts >500/ml) are still at elevated risks
for HL and liver cancer [56]. Similarly, during the HAART era, the incidence of
anal cancer was observed as rising in HIV-infected population [34, 59]. These
results suggested that early HIV infection inducing immunosuppression-associated
carcinogenesis could not be reversed by immunologic function restoration, or the
CD4+ T-cell count could not indicate the alterations of host’s immune system
related with susceptible to malignancy.

Recently, it is found that chronic inflammation could greatly contribute to carci-
nogenesis in HIV-infected patients. HIV infection could induce a series of immune
activation, as B-cell hyperactivation could be induced by HIV replication [60], and
CD4+ T-cell exhaustion in mucosal layer of the intestine could evoke host inflam-
matory response [61]. In clinical observation, even with long-term virological sup-
pression, inflammatory biomarkers remain at high levels in HIV-infected people
[59]. And also, the role of inflammation biomarkers for predicting oncogenesis in
PLWHA has been confirmed by cohort study [62].
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10.4 Treatment

After entering into the HAART era, more HIV-infected patients with malignancies
have accepted chemotherapy which is contradicted to immunocompromised
patients. Benefiting from efficient HAART and the advancement of anticancer ther-
apy, the outcome for HIV-infected patients with cancers has been improved signifi-
cantly. Compared with pre-HAART era, the overall survival rate at 5 years for
HIV-infected patients with HL. and DLBCL has increased to more than 50% [63—
66]. And for anal cancer, the prognosis is comparable between PLWH and general
population [67]. Considering the drug interaction and special physical condition,
the treatment for HIV-infected patients with cancer would be more complicated. We
will discuss around the special points of cancer treatment for PLWH, which needs
attention of physician and other medical care providers.

10.4.1 Combination of HIV Treatment and Chemotherapy

Currently, it is suggested that all HIV-infected patients with malignancies should
continue HAART during chemotherapy [31], and early HAART could diminish the
risk for cancer development. However, similar with chemotherapy agents, many
drugs for HIV treatment were metabolized by the liver through cytochrome P450
enzyme system, which could interfere the pharmacokinetic of chemotherapy agents
and further influence therapeutic efficacy [68, 69]. Ritonavir, the inhibitor of HIV
protease, also could exert potential inhibition effective for CYP34A and defer the
clearance of specific chemotherapy agents such as vinca alkaloids, taxanes, and
alkylating agents [68, 69]. Therefore, the combination of ritonavir and vincristine or
vinblastine-based chemotherapy would increase the incidences of chemotherapy-
related toxicity such as neuropathy and neutropenia. Similarly, fluconazole is also
the inhibitor for CYP3A4 system, which should be avoided in combining with the
vinca alkaloid-based chemotherapy [70]. Otherwise, several ART drugs cause over-
lapping side effect with chemotherapy agents, such as renal and hepatic toxicity,
myelosuppression, and peripheral neuropathy [68, 69].

Considering the complex conditions as described above, all these interaction fac-
tors should be carefully evaluated before prescribing combination of HAART and
chemotherapy. The optimized therapeutic regimen for HIV-infected patients with
malignancies should be made by the consensus between the specialists of infectious
disease, oncologists, and pharmacists.
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10.4.2 HAART Discontinuation During Chemotherapy

As described above, the excessive adverse effects caused by the combination of
HAART and chemotherapy could lead to treatment discontinuation. For AIDS
patients with lymphoma, there have been investigations evaluating the outcome for
discontinuation of HAART during chemotherapy period [65, 71]. During the course
of chemotherapy without HAART ranging from 4 to 6 months, the patients’ serum
HIV viral load rose with the falling of CD4+T-cell count. However, HAART was
resumed when chemotherapy is completed; both HIV viral load and CD4+ T-cell
count would restore in 6—12 months. And further, the 5-year OS was comparable
with that reported by other studies conducted in AIDS patients with lymphoma co-
administrated with HAART and chemotherapy [65, 71]. As the lack of studies
directly comparing the outcome for chemotherapy with or without HAART, the
optimal choice is still in dispute.

10.4.3 Immunological Suppression Associated
with Chemotherapy

As for NHL treatment, even co-administrated with HAART, the patients’ CD4+
T-cell counts would decline more than half in most cases after taking chemotherapy
[72]. Commonly, with the end of chemotherapy, CD4+ T-cell counts will increase to
the level before treatment in about 6 months to 1 year [72]. In conditions with radia-
tion therapy, the immunosuppression would be more serious, which might not
recover after treatment [73]. This situation might be caused by myelosuppression
related with radiation. Pelvic radiation could induce the most severe immunosup-
pression, and the intestine as the important gathering place of CD4+ T cell could be
also affected by abdominal radiation [74]. For this immunosuppression effect of
antitumor therapy, it was recommended that the prophylaxis for Pneumocystis jir-
oveci and other opportunistic infections should be administrated in HIV-infected
patients with malignancies when initiating chemotherapy or radiotherapy, regard-
less of CD4+ T-cell count [73]. Meanwhile, for minimizing the risk of opportunistic
infections, granulocyte colony-stimulating agents could be administrated on the
basis of risk assessments [71, 72, 75].

10.4.4 Immunotherapy

Besides chemotherapy, treatment targeting the modulation of host immune system
has emerged as promising options for tumor treatment. So far, FDA has approved
CTLA-4 inhibitor and PD-1 inhibitor for specific cancer treatment, respectively,
and the IL-2 stimulation has also been in late clinical development [76, 77]. Of note,
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PD-1 inhibitor and IL-2 stimulation demonstrate the effectiveness of CD8+ T-cell
restoration. Considering the important role of CD8+ T-cell dysfunction in both HIV
infection and malignancies, the immunotherapy for AIDS patients with malignan-
cies would be deserved for anticipating [78].

10.5 Conclusion

It has been more than 50 years after the first case of HIV infection was identified,
while HIV infection and AIDS are still one of the most important epidemic diseases
around the world [79]. In early phase of HIV epidemic, the high incidence of NHL
and KS in PLWH was noted, which was recognized relating with specific virus
infection. With the improving medical care for AIDS, AIDS-related illness includ-
ing ADCs has decreased sharply, and NADCs rise in PLWH. Compared with
patients without HIV infection or AIDS, NADCs were characterized as earlier onset
and more aggressive in PLWH [80].

Until now, the understanding of pathogenesis for cancer especially NADC devel-
opment in HIV-infected patients is still unclear. Because those patients with HIV/
AIDS have not regularly enrolled in clinical trial for cancer treatment, the optimized
therapy for PLWH with cancer is controversial [81]. In the future, the enchantment
of foundation and clinical research in this field should be expected. Current epide-
miology studies indicated that PLWH seems to be more susceptible for most can-
cers [82]. Considering that, PLWH should be closely monitored for both ADCs and
NADCs. And for treatment, multidisciplinary cooperation including specialists of
infectious disease, oncologist, and clinical pharmacist is strongly recommended.
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Chapter 11
Bacterial Infection and Associated Cancers

Caixia Zhu, Yuyan Wang, Cankun Cai, and Qiliang Cai

Abstract Bacterial infections were traditionally not considered as major causes of
cancer. However, increasing evidence in the past decades has suggested that several
cancers are highly associated with bacterial infection. The bacterial infections have
evolved some unique strategies including lateral gene transfer, biofilm and microbi-
ome to induce genome instability and chronic inflammation, as well as escape of
immune surveillance for carcinogenesis. Here we summarize and highlight the
recent progress on understanding of how bacterial infection plays a role in tumor
formation and malignancy.

Keywords Bacterial infection  Cancer

11.1 Introduction

Although viral infection is the main agent of infection-causing cancers in humans,
and a number of bacterial pathogens have also been shown to make a significant
contribution to cancer [1], research on effects of bacterial infection was left far
behind than viral infection. The role of bacterial infection in inducing cancer is still
a highly debated subject; in fact, several parameters must be met to be infectious
cause of cancer. While the evidence of antibiotics such as aspirin could reduce risks
of breast cancer for some time [2, 3], indicating that appropriate bacteria may con-
tribute to the development and progress of particular cancer.

Early observations in 1772, Mycobacterium tuberculosis was the first bacterium
thought to cause lung cancer, due to active tuberculosis in the lung cancer patient
which was more frequently than the general population [4]. However, the
Mycobacterium tuberculosis-cancer theory failed to stand in many cases test and
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Table 11.1 The association of bacterial infection with various cancers
Bacterium Related cancers References
Helicobacter pylori Gastric adenocarcinoma [13]
Mucosa-associated lymphoid tissue
(MALT) lymphoma
Fusobacterium nucleatum Colorectal cancer [23, 34, 35]
Oral squamous cell carcinoma
Pancreatic cancer
Porphyromonas ssp. Colorectal cancer [23, 34, 35]
(asaccharolytica, gingivalis) Oral squamous cell carcinoma
Pancreatic cancer
Staphylococci aureus Mortality of patients with pneumonia? | [39]
Streptococci
S. VGS Pediatric acute myeloid leukemia [41, 42]
S. GBS Breast cancer [43]
S. pneumoniae Leukemia, lymphoma, or myeloma [44]
S. bovis Colorectal cancer [50]
Enterococci faecium Hematologic malignancies [52]
Salmonella typhimurium Gallbladder cancer [53, 54]

appear to be the results of the malignancy instead of the cause. Despite the early
mistake, the possible association of bacterial infection with carcinogenesis contin-
ues to be promulgated. A significant breakthrough was made when the chronic
infection of Helicobacter pylori was identified to cause stomach ulcers followed by
onset of gastric carcinomas or MALT (mucosa-associated lymphoid tissue) lym-
phomas [5, 6]. After the substantial progress in understanding the role of H. pylori
on carcinogenesis, it has been estimated that bacteria account for at least half of
organism infections in patients with malignancy [7]. Here we will address and high-
light the relevance of H. pylori, oral bacteria, and some gram-positive bacteria with
cancers (Table 11.1).

11.2  Helicobacter pylori and Cancers

Helicobacter is spiral-shaped, gram-negative bacterium [8, 9] and was firstly iso-
lated and cultured from a human gastric biopsy by Marshall and Warren in 1982
[10]. The seminal discovery of this bacterium and its role in gastritis and peptic
ulcer disease led to award of Nobel Prize of Medicine in 2005 for Marshall and
Warren. Unlike other viruses and bacteria, H. pylori has the ability to colonize in
highly acidic environment within the stomach [11]. The majority of H. pylori strains
have expressed several virulence factors that have evolved to affect host cell signal-
ing pathways, which included CagA (cytotoxin-associated gene A antigen), VacA
(vacuolating cytotoxin), BabA (blood group antigen-binding adhesion), OipA
(outer inflammatory protein), and IceA.
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It has been estimated that nearly half of the world’s population is infected with
H. pylori, and the majority of colonized individuals could develop chronic inflam-
mation. Despite that H. pylori colonization does not absolutely cause symptoms
[12], long-term carriage of H. pylori will significantly increase the risk of develop-
ing site-specific diseases. For example, around 10% of the infected individuals will
develop peptic ulcer disease, 3% of them will develop gastric adenocarcinoma, and
0.1% of them will develop mucosa-associated lymphoid tissue (MALT) lymphoma
[13]. However, due to the fact that individuals infected with H. pylori do not neces-
sarily have antibodies against bacteria, or may not be detectable in blood, the num-
ber of cancer patients seropositive for H. pylori may be underestimated. It has been
found that gastric MALT lymphoma can be completely cured by eradication of H.
pylori at early stage and therefore is considered the first clonal lesion which can be
eliminated by treatment with antibiotics [14].

The relationship between H. pylori infection and gastric cancer has been widely
studied for over four decades. Several studies have now provided clear notion that
H. pylori infection is significantly associated with gastric cancer and eradication of
H. pylori could significantly decrease the risk of gastric cancer in infected individu-
als without premalignant lesions [15—17]. Gastric cancer as the third most common
cause of cancer deaths in the world; gastric adenocarcinoma accounts for over 95%
of malignant neoplasms of the stomach, followed by gastrointestinal stromal tumors
and mucosa-associated lymphoid tissue (MALT) lymphoma [18]. H. pylori infec-
tion is more prevalent (some up to 80%) in the developing countries where poor
hygiene enhances person-to-person transmission through domestic contacts at an
early age [8]. A recent prospective and population-based study in China showed that
higher education, lifestyle changes, and sanitation habits could influence the rate of
infection [9]. Although gastric cancer is relatively rare in United States, the inci-
dence varies in many developed countries, for example, Korea, Mongolia, and Japan
are the highest (29.9-41.8 per 100,000 persons), while Canada, Western Europe,
and Australia are much lower [8, 19].

11.3 Oral Bacteria and Cancers

Many bacteria including Bacteroides fragilis, Enterococcus faecalis, Escherichia
coli, Fusobacterium nucleatum, and Porphyromonas asaccharolytica have been
shown to modulate tumorigenesis in colorectal cancer (CRC) [20, 21]. A recent
review has summarized well how oral bacteria potentially induce colorectal cancer
[22]; here we will address the key progress on the association between oral bacteria
and cancer.

Although B. fragilis, E. faecalis, and E. coli present weak pathogenic features,
two oral bacteria F. nucleatum and P. asaccharolytica were consistently identified in
CRC patients and often synergistically promote oral and colon cancer progression
[23]. In addition to F. nucleatum and P. asaccharolytica, other oral strains including
Peptostreptococcus, Prevotella, Parvimonas, and Gemella were effectively used as
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biomarkers to detect CRC [24, 25]. Given the fact of the consistent co-occurrence
of these oral bacteria in CRC, their potential roles in tumorigenesis were proposed
to be synergistic activities of biofilm formation and anaerobic asaccharolytic metab-
olism. A “driver-passenger”” model, namely, a “driver” organism such as P. gingiva-
lis and F. nucleatum can produce virulence factors to help a “passenger” bacterial
load and growth, has been proposed to induce this cancer-associated biofilm forma-
tion. The consistence of high abundance of F. nucleatum in many CRC and adenoma
instead of healthy colon biofilm samples indicates that this oral organism plays an
essential role in carcinogenesis [26, 27]. Besides F. nucleatum, other oral anaerobic
bacteria such as Leptotrichia and Campylobacter have also been revealed by deep
sequencing and pairwise correlation analysis of CRC and normal tissues [28].

Because there are so many anaerobic organisms that exist in colon tissue, it has
been proposed that the asaccharolytic metabolism of these oral bacteria may play a
role in carcinogenesis. Due to these bacteria usually that digest peptides and amino
acids instead of sugar or carbon, they become typically proteolytic. The coordinated
metabolism will promote growth of a diverse and cooperative polymicrobial eco-
system and continue the breakdown of host proteins to inhibit immune response
[29]. A similar effect was observed when these oral organisms inhabit the colon
[30]. Recent studies have shown that F. nucleatum can disrupt epithelial junctions
through E-cadherin to alter mucosal environment where it facilitates growth of
other anaerobic microbes once it localizes in colon tissue [31]. In addition, F.
nucleatum-mediated degradation of host protein in the mouth and gut will build up
a chronic inflammatory microenvironment to promote the development of CRC
[32]. Another outcome of these metabolites was found to cause DNA damage in
colon tissues by inducing polyamines and genotoxic ROS production, which will
facilitate biofilm formation and promote cancer cell proliferation [33].

Given the recent advances in the integrated view of the oral microbiome in colorec-
tal tumorigenesis, it has been accepted that all polymicrobes coordinate in concert
rather than just a specific pathogen nor virulence factors to create an inflammatory
microenvironment that leads to bacteria-associated cancers. In regard to how the
microbe disseminates from the oral cavity to the colon, two hypotheses have been
proposed. One possible hypothesis is that the microbe could disseminate from ulcer-
ated gingival tissues into the bloodstream and then is located at colon tissue. The other
possible hypothesis is that the oral bacteria are swallowed and colonized at colon tis-
sue. However, these two routes remain to be further studied, and inflamed colon or
perturbed community may contribute to colonization of oral microbes.

In addition to colorectal cancer, the oral bacteria including Porphyromonas and
Fusobacterium have also been found to strikingly associate with oral squamous cell
carcinoma (OSCC is one of the most common cancers worldwide) and pancreatic
cancer [34, 35]. In the epithelial and OSCC cell model, it has been found that P.
gingivalis infection not only can upregulate the expression of B7-H1 and B7-DC
receptors, which contribute to chronic inflammation [36], but also promote cellular
invasion of OSCC cells through inducing metalloproteinase MMP-9 expression
[37]. Further studies revealed that gingipains, a cysteine proteinase produced by P.
gingivalis, plays a critical role in this process [37]. Similarly, F. nucleatum can also
enhance tumor cell proliferation and migration through MMP-9 and MMP-13 [38].
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11.4 Gram-Positive Bacteria and Cancer

Several lines of evidence have shown that many gram-positive microbes can cause
serious infections and invasive bacterial disease in cancer patients. They include
Staphylococci, Streptococci, and Enterococci. To understand the impact of these
bacteria in patients with malignancy will help develop cancer therapeutic strategy
and improve the survival of the cancer patient. We will describe the most recent
progress on these three types of bacteria and their associated cancers below.

Staphylococcus aureus—Whether S. aureus is a cause of infection in cancer
patients remains to be further demonstrated; it has a high relevance with the mortal-
ity of patients with pneumonia [39]. Cancer patients treated with antistaphylococcal
antibiotics (i.e., daptomycin or ceftaroline) have shown a generally favorable out-
come [40].

Streptococci—Among the Streptococci, viridans group streptococci (VGS) is the
prominent member of the oral microbiome and is often found to correlate with high
mortality of patients with pediatric acute myeloid leukemia [41, 42]. f-hemolytic
streptococci GBS is found to associate with breast cancer [43], and S. pneumoniae
affects the malignancy of patients with leukemia, lymphoma, or myeloma [44]. It
has been shown that VGS is multidrug resistant including B-lactams, while GBS
remains susceptible to f-lactams and could be treated with penicillins or cephalo-
sporins, and S. pneumonia is susceptible to levofloxacin and vancomycin [45-47].
In addition, Streptococcus bovis in gastrointestinal microflora was found in blood
and caused infective endocarditis [48, 49], which has been previously shown to
associate with colorectal cancer [50], albeit no S. bovis DNA was identified in
colorectal neoplastic tissues by using the PCR technique [51].

Enterococci—Although Enterococci is generally considered as low-virulence
bacteria, E. faecium is found to associate with increased risk of mortality of patients
with hematologic malignancies [52]. It is known that E. faecium is penicillin sus-
ceptible, while B-lactam or vancomycin is resistant for therapy of cancer patients.

Another example is Salmonella typhimurium (S. typhi) and gallbladder cancer
(GBC), due to patients who are infected with this bacterium developed GBC more
frequently [53, 54]. However, the causative links between this bacterial infection
and cancer remain to be further demonstrated.

11.5 Potential Mechanisms of Bacterium-Associated
Carcinogenesis

Chromosome instability is a common feature of cancer cells. Despite evidence of
epidemiological studies of bacteria-associated cancer is persuasive, the molecular
mechanisms of bacterial infection-causing genome instability still remain largely
unclear. However, recent studies have shown that bacteria—their eukaryotic endo-
symbionts lateral gene transfer (LGT)—are a mean of causing genome instability
[55]. Although the link between the LGT and tumor-causing ability has not been
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established, it is speculated that LGT may cause tumorigenesis. For example,
in vitro experiments demonstrated that Bartonella henselae (a bacterium causing
bacillary angiomatosis-peliosis tumor in humans [56]) is able to integrate their plas-
mid DNA into the human host genome [57]. Bioinformatics analysis revealed high
incidence of LGT from Acinetobacter and Pseudomonas like DNA in the mitochon-
drial DNA of patients with acute myeloid leukemia [58]. In contrast, very few evi-
dence of integration of H. pylori DNA was reported, despite the fact that infection
with this bacterium is highly associated with gastric cancer.

Given chronic inflammation which is also a common physiological response of
host immunity to microbe infections, and is involved in generation of several media-
tors such as free radicals, prostaglandins, and cytokines, deregulation of these medi-
ators by bacteria will lead to cell proliferation, angiogenesis, and oncogenic
activation. Therefore, the specific modification of the inflammatory response by
bacteria will lead to persistent infections and eventually development of cancer
cells. For instance, ROS and IL-1p, as products of chronic inflammation, are shown
to be upregulated by H. pylori in gastric epithelial cells for cell proliferation and
angiogenesis [59, 60]. Epithelial cell infection with Pseudomonas aeruginosa or H.
pylori is able to induce VEGF expression and trigger angiogenesis [61, 62]. In addi-
tion, H. pylori also plays a key role in activation of NF-xB through increasing the
expression of IL-8 and TNF-a [63, 64]. Further studies have revealed that Toll-like
receptors TLR4-mediated activation of NF-xB signaling facilitate the H. pylori col-
onization [65].

Deregulation of host cell proliferation and apoptosis is another common mecha-
nism targeted by viral infection [66]. Emerging evidence has shown that bacteria
could also evolve several strategies to control cell progression. For example, H.
pylori-encoded CagE could promote the activation of Cyclin D1 in cell cycle [67].
The toxin CNF released by E. coli could not only induce G1-S transition and DNA
replication but also inhibit cell apoptosis to stimulate cell progression [68, 69]. To
block cell apoptosis, H. pylori-encoded Cag antigen also induces COX-2 expression
to activate Bcl-2 and suppress apoptosis [70].

The evasion of the immune system is another key mechanism utilized by bacteria
to promote cell malignancy. It has been demonstrated that bacteria have evolved
multiple mechanisms to evade host immune response, including the modulation of
bacteria surface, subversion of phagocytes, and blockade of innate immunity. To
avoid surface signal recognition by immune system, many bacteria form
carbohydrate-rich capsules or incorporate host proteins into capsules to mask their
surface antigens from host receptors [71]. Since phagocytosis is one of the main
ways used by host to counter bacterial infection, it is not surprising for bacteria to
employ different strategies to escape. For example, Streptococcus pneumonia and
Staphylococcus aureus produced immunoglobulin proteases to preclude the capture
of antigens [72] or antibody-binding proteins to scavenge opsonizing antibodies
[73]. To avoid the acquired immune response, H. pylori produce a vacuolating toxin
VacA to block T cell proliferation and in turn inhibit the receptor-IL-2 signaling
pathway and decrease of activated T cells [74, 75].



11 Bacteria and Cancers 187
11.6 Future Perspective

Although it has been demonstrated that some bacterial infections associate with
development of cancer, very few studies demonstrate the genomic instability of
cells which was directly caused by bacteria or exposed to bacterial components
through blood. More details about the molecular pathways involved in the induction
of genomic instability in response to bacterial infection remain to be further
explored. It still needs to answer why the causative relationship between the bacte-
rial infection and cancers is only limited for a few cancers and whether the bacterial
infection process is required to cause cancer. The association of oral organisms with
colorectal cancer indicates that relocation of bacteria in inappropriate tissues and
polymicrobial interactions together could be the key for bacteria to cause carcino-
genesis. Along with the development of next-generation deep sequencing technol-
ogy and bioinformatics analysis, it will provide a clear scenario about how bacterial
infection contributes to cancer, which will facilitate to develop effective diagnostic
and therapeutic strategies against infection-causing cancers.
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Chapter 12

Parasite-Associated Cancers (Blood
Flukes/Liver Flukes)

Meng Feng and Xunjia Cheng

Abstract Parasitic infection remains as a persistent public health problem and can
be carcinogenic. Three helminth parasites, namely, Clonorchis sinensis (liver fluke)
and Opisthorchis viverrini as well as Schistosoma haematobium (blood fluke), are
classified as Group 1 carcinogens by the World Health Organization’s International
Agency for Research on Cancer (IARC Infection with liver flukes (Opisthorchis
viverrini, Opisthorchis felineus and Clonorchis sinensis), World Health Organization,
International Agency for Research on Cancer, 2011). Infection by these parasites is
frequently asymptomatic and is thus rarely diagnosed at early exposure. Persistent
infection can cause severe cancer complications. Until now, the cellular and molec-
ular mechanisms linking fluke infections to cancer formation have yet to be defined,
although many studies have focused on these mechanisms in recent years, and
numerous findings were made in various aspects of parasite-associated cancers.
Herein, we only introduce the fluke-induced cholangiocarcinoma (CCA) and blad-
der carcinoma and mainly focus on key findings in the last 5 years.

Keywords Parasitic infection * Helminth parasites ® Fluke-induced cholangiocar-
cinoma * Bladder carcinoma ¢ Cancer

12.1 Cholangiocarcinoma and Liver Flukes

The small liver flukes O. viverrini and C. sinensis are helminths that can affect
humans. These flukes are particularly prevalent in the Southeast and East Asia, par-
ticularly in countries such as Thailand, Lao PDR, Vietnam, and Cambodia [1-4].
These countries have a strikingly high incidence of CCA (hepatic cancer of the bile
duct epithelium) and approximately 700 million people at risk of infection.
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Moreover, 10 and 35 million people are infected by O. viverrini and C. sinensis,
respectively [2]. Thus, liver fluke infections are considered a serious global public
health concern.

O. viverrini is represented in literature as a cause of hepatobiliary disease often
referred to clinically as “opisthorchiasis,” particularly CCA [5, 6]. The disease is
acquired by ingesting contaminated raw or undercooked freshwater fish or fish
products, such as fish sauces and fermented fishes. The flukes reside in the small
intrahepatic bile ducts and cause chronic inflammation and, eventually,
CCA. Similarly, C. sinensis is considered as an agent of CCA. However, the detailed
mechanisms in the pathogenesis of CCA caused by C. sinensis are less clear than
those caused by O. viverrini. Meanwhile, infections caused by Opisthorchis felin-
eus, another kind of liver fluke, have no observed association with CCA so far [7].
O. felineus holds a highly close phylogenetic relationship with O. viverrini.
Moreover, the biology of the former and the medical and epidemiological implica-
tions of the related infection are suggested to be essentially identical to those of O.
viverrini and C. sinensis. Thus, further studies are warranted to assess the contribu-
tion of opisthorchiasis to CCA.

O. viverrini is endemic in the northeastern region of Thailand, which has the
highest worldwide incidence of CCA. This geographical coincidence typically sup-
ports the liver fluke—-CCA causal relationship. Pathophysiological research demon-
strated the capability of O. viverrini to induce cancer in artificially infected
laboratory animals (hamsters) [8]. The main liver fluke-CCA causal mechanisms
were observed to be involved in the mechanical damage caused by parasite activi-
ties and immunopathology due to infection-related inflammation. Each of these
effects has several minor counterparts. In brief, liver flukes generate tumor microen-
vironments that result in CCA.

12.1.1 Risk Factors for Liver Fluke-Associated
Cholangiocarcinoma

To date, studies that were able to attain the valuable risk factors of liver fluke-
associated CCA are few, indicating that the disease factors are exceedingly com-
plex. A meta-analysis found that liver fluke infection is significantly associated with
cholangitis, cholecystitis, cholelithiasis, hepatocellular carcinoma, and CCA [9].
Moreover, heavy infection was observed to be significantly associated with high
incidence of hepatobiliary pathological changes.

Apart from heavy infection, risk factors were reported to affect the liver fluke—
CCA relation. Liver fluke infections may exhibit hepatobiliary abnormalities and
chronic infection that may lead to CCA development. A study on a population in the
northeast of Thailand found that the prevalence of O. viverrini infection has
decreased because of a liver fluke control program that has been implemented over
the decades [10]. However, the prevalence of PDF remained high. In 55,246 subjects,
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the overall prevalence of PDF was 33.0 %, and males were at higher risk in develop-
ing PDF than females. The study also showed that old age (>70 years) and hepatitis
B are associated with increased PDF risk. By contrast, the number of praziquantel
treatments and diabetes mellitus cases were significantly associated with decreased
PDF risk. Another report suggested that fermented food consumption can exacer-
bate cholangitis and cholangiofibrosis, which are risk factors for CCA-associated
opisthorchiasis [11].

12.1.2 Cholangiocarcinoma-Associated Gene Variation

Genetic changes have been widely reported to be associated with liver fluke-related
CCA. Ong et al. reported that whole-exome and targeted sequencing not only can
verify frequent mutations in known CCA-related genes, including TP53 (44 %),
KRAS (16.7 %), and SMAD4 (16.7 %), but also can identify somatic mutations in
10 newly implicated genes, including MLL3 (14.8 %), ROBO2 (9.3 %), RNF43
(9.3 %), PEG3 (5.6 %), and GNAS oncogene (9.3 %) [12]. Gene functions can be
grouped according to the deactivation of histone modifiers, activation of G protein
signaling, and genome stability loss. Another report compared CAA associated with
O. viverrini with those not associated with O. viverrini. The study revealed muta-
tions in novel CCA-related genes associated with chromatin remodeling (BAPI,
ARIDI1A, MLL3, and IDH1/2), WNT signaling (RNF43 and PEG3), and KRAS/G
protein signaling (GNAS and ROBO2) [13].

Genetic variations are frequently reported in liver fluke-related CCA. In addi-
tion, when the epigenetic changes and miRNAs were characterized in liver fluke-
related CCA, they were found to hold potential as diagnostic or prognostic
biomarkers. Sriraksa et al. reported that aberrant hypermethylation of a certain loci
is a common event in liver fluke-related CCA and thus may potentially contribute to
cholangiocarcinogenesis. In their results, a number of CpG islands (OPCML,
SFRP1, HIC1, PTEN, and DcR1) showed frequent hypermethylation, and 91 % of
CCA were methylated in at least one CpG island [14]. Furthermore, patients with
methylated DcR1 exhibited significantly longer overall survival than those without.
Runglawan et al. revealed that the levels of urinary miR-192 and miR-21 are higher
in the risk group of subjects than those in healthy individuals. This result suggests
that increased miR-192 and miR-21 levels in host urine may provide better predic-
tive values in areas endemic for O. viverrini than they do in nonendemic regions
[11].

Liver fluke-induced chronic inflammation plays a crucial role in cholangiocar-
cinogenesis through distinct signatures of genetic, epigenetic, and transcriptional
alterations. These alterations indicate a unique pathogenic process in liver fluke-
related CCA and thus may hold potential clinical implications in CAA diagnostics,
therapeutics, and prevention.
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12.1.3 Cholangiocarcinoma-Associated Parasite Proteins

Liver fluke-secreted proteins were previously shown to accelerate human cholan-
giocytes. The endocytosis of liver fluke proteins by host epithelial cells affects the
pathways and induces the parasites to cause a highly devastating form of cancer,
that is, CCA. Although the detailed mechanisms by which cells internalize liver
fluke-secreted proteins remains unclear, recent studies implied that liver fluke pro-
teins have a role in pathogenesis and highlighted an approach for vaccine develop-
ment against this infectious cancer.

O. viverrini excretory/secretory products (OvESs) have been a focus of study.
These products are especially internalized by biliary cells and postulated to be
responsible for the chronic inflammation and proliferation of cholangiocytes. The
physical attachment of O. viverrini to the biliary epithelium causes damage by
releasing highly immunogenic OVES. When internalized preferentially by liver cell
lines, OVESs induce liver cell proliferation and promote IL6 secretion [15].

Proteins secreted by O. viverrini accelerate wound resolution in human cholan-
giocytes. Smout et al. demonstrated that a gene encoding granulin-like growth fac-
tor (Ov-GRN-1), which was derived from recombinant O. viverrini, induces
angiogenesis, an essential mechanism for malignant tumor development. In addi-
tion, Monica et al. showed that Ov-GRN-1 induces angiogenesis and accelerates
wound healing in mice. In fact, wound healing and cancer progression have remark-
able similarities, such as new blood vessel growth in a process called angiogenesis.
Thus, determining the effect of Ov-GRN-1 in CCA progression is valuable [16].

Recent reports have highlighted the presence of secreted extracellular vesicles
(EVs) in helminths. In particular, O. viverrini secretes EVs that induce a proinflam-
matory or tumorigenic phenotype in human cholangiocytes. Chaiyadet et al. dem-
onstrated that O. viverrini EVs are released in the secreted products of carcinogenic
liver flukes. These EVs are then internalized by cholangiocytes, subsequently driv-
ing cell proliferation and IL-6 secretion and promoting an inflammatory but simul-
taneously modulatory environment. These processes ultimately facilitate the CCA
development [17].

Thioredoxin from O. viverrini was reported to inhibit the oxidative stress-
induced apoptosis of bile ductepithelial cells and cholangiocytes. Immunolocalization
revealed the presence of liver fluke thioredoxin within the cholangiocytes. The cells
exposed to thioredoxin were observed to downregulate the apoptotic genes in
mitogen-activated protein kinase pathway and upregulate antiapoptosis-related
genes, including apoptosis signaling kinase 1, caspase 9, caspase 8, caspase 3, and
survivin. These results suggest that O. viverrini thioredoxin can inhibit apoptosis
and facilitate carcinogenesis. As such, thioredoxin may play an important role for
liver fluke oxidoreductase in O. viverrini-induced CCA [18].
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12.1.4 Immunopathology, Tissue Damage,
and Cholangiocarcinoma

Cholangiocarcinoma (CCA) incidence related to chronic O. viverrini infection is a
multifactorial process encompassing immunopathological mechanism, tissue dam-
age, and signal pathway activation. Immune-mediated pathogenesis in response to
liver fluke infection is a major driving force of CCA onset. Liver fluke-associated
CCA involves different pro- and anti-inflammatory cytokines that may instigate
cancer development. In O. viverrini infection, elevated total serum IL-6, and IL-6
production stimulated by O. viverrini in PBMC have been reported in infected indi-
viduals with advanced periductal fibrosis. Surapaitoon et al. reported 11 cytokine
profiles, including those of IFN-y, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10,
IL-12p70, TNF-a, and LT-a, which were increased in CCA incidence associated
with O. viverrini infection relative to the same profiles in uninfected normal con-
trols. The results suggest the dysregulation of immune response in liver fluke-
associated CCA [19].

Oxidative tissue damage caused by the free radicals released from effector cells
has been observed to surround infected bile ducts. Thanee et al. suggested that the
accumulation of CD44v suppresses p38MAPK expression in transforming bile duct
cells and is linked to poor prognosis in CCA patients [20]. CD44 is a single trans-
membrane protein involved in cancer development and expressed in a wide variety
of isoforms. Moreover, the expression of CD44v on a cell surface stabilizes xCT
and promotes glutathione synthesis as defense against reactive oxygen species
(ROS). This process enhances cancer development and increases chemotherapy
resistance. Apinya et al. identified the oxysterols Triol and 3K4 as potential media-
tors of cholangiocarcinogenesis. Triol and 3K4 induce DNA damage and cell apop-
tosis via mitochondrial-dependent mechanisms. Chronic liver fluke infection
increases the production of ROS/RNS when chronic inflammation occurs in the bili-
ary system. Oxysterols and free radicals can induce biliary epithelial cell apoptosis.
Ineffective DNA repair and persistent exposure to DNA damaging agents select for
resistant cells that clonally expand to become malignant.

Signaling pathways involved in chronic inflammation regulate the progression of
liver fluke-associated CCA. Yothaisong et al. reported a significant activation of the
PI3K/AKT signaling pathway with PTEN suppression in human CCA tissues.
Watcharin et al. suggested that the PKA signaling pathway and the switching of
PKA regulatory subunits from Prkar2b/PKAII to Prkarla/PKAI are involved in the
development of CCA via altered cell transformation and proliferation [13].
Furthermore, the overexpression of Prkarla can lead to the secretion of extracellular
PKA (ECPKA) outside the CCA cells. Thus, the signal pathway activation may be
responsible for the CCA development induced by O. viverrini. Targeting the com-
ponents of these particular pathways may prove beneficial for the development of
effective treatment, early diagnostics, and prevention strategies for CCA.

Inflammation is a well-known key component of tumor microenvironments.
CCA is induced by chronic inflammation caused by the combination of several
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mechanical damage types. Immunosuppressive prednisolone was found to enhance
early CCA in Syrian hamsters with liver fluke infection. This result suggests that
host immune responses occur to ameliorate pathology and are also crucially associ-
ated with the pathogenesis of O. viverrini infection. Thus, imbalanced host immu-
nity may enhance cancer-related inflammation.

12.1.5 Liver Fluke-Associated Microbiome
and Cholangiocarcinoma

Microbial interaction with host cells can influence the health of the host consider-
ably and has been implicated in liver fluke-associated CCA. The bacterial families
Dietziaceae, Pseudomonadaceae, and Oxalobacteraceae are distinct microbiomes
that dominate bile duct tissues. Chng et al. compared groups associated with those
not associated with O. viverrini and then identified the enrichment for specific
enteric bacteria (Bifidobacteriaceae, Enterobacteriaceae, and Enterococcaceae).
They found that Bifidobacteriaceae was enriched and dominant in the O. viverrini
microbiome and thus provided a mechanistic link to the parasite. Functional analy-
sis revealed that altered microbiota increases the production of bile acids and
ammonia in O. viverrini tissues and thus is linked to carcinogenesis [21]. These
findings denote that parasitic infections and tissue microenvironments can influence
each other and both can contribute to cancer.

12.2 Bladder Carcinoma and Blood Flukes

Schistosomiasis is a neglected tropical disease transmitted to humans from freshwa-
ter snails [22]. This disease is caused by a blood fluke of the genus Schistosoma.
Schistosomiasis is considered as the most important helminthiasis that causes high
rates of morbidity and mortality. Schistosomes affect at least 76 countries and 200—
400 million people worldwide. S. haematobium is the causative agent of urogenital
schistosomiasis and is responsible for two-thirds of the 200-400 million cases of
human schistosomiasis worldwide [22, 23]. This infection is also associated with a
high incidence of squamous cell carcinoma of the bladder, which is prevalent in the
developing world [24, 25].

S. haematobium cercariae penetrate the skin and then transform into schistoso-
mula. After infecting the subcutaneous tissue, the schistosomula enter the circula-
tion and travel to the lungs and liver, where they achieve sexual maturity before
entering into the vesical venous plexus. The eggs released from paired adults travel
to the bladder, become trapped in the bladder wall, and release antigens and other
metabolites. The eggs then lodge into the tissues and produce granulomatous inflam-
mation that can lead to fibrosis [26, 27].
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Long-term urinary schistosomiasis has been associated with the development of
bladder cancer [28]. This disease is the leading cause of bladder cancer and occurs
following years of chronic inflammation, fibrosis, and hyperproliferation. As a result,
bladder cancer has become a significant health problem in the rural areas of Africa and
the Middle East, where S. haematobium is prevalent [29, 30]. This information sup-
ports the association between malignant transformation and infection caused by this
blood fluke. A study on an adult rural population in a Ghana region with endemic
urinary schistosomiasis revealed the potential schistosome-associated bladder cancer
problem and increasing association among age, severe bladder abnormalities, and
occurrence of cancer biomarkers. Data on the epidemiological extent in different geo-
graphical areas estimate a schistosome-associated bladder cancer incidence of 3—4
cases per 100,000 [31]. This value suggests that schistosome-associated bladder can-
cer is an important public health concern in areas where S. haematobium is prevalent.

12.2.1 Bladder Carcinoma-Associated Parasite Genes

Bladder cancer is often difficult to diagnose without invasive measures, such as
cystoscopy. However, benefitting from the development of molecular diagnostic
techniques, some biomarkers were recognized as candidates for diagnosis and prog-
nosis of this neglected tropical disease-linked cancer. In a recent study, liquid chro-
matography—mass spectrometry analysis was performed on urine from Angolans
diagnosed with urogenital schistosomiasis and schistosome-associated bladder can-
cer. The metabolites were analyzed and expected to provide deep insight into the
schistosome-associated bladder cancer. The analysis revealed numerous estrogen-
like metabolites, including catechol estrogen quinones, CEQ-DNA-adducts, and
novel metabolites derived directly from 8-oxo-7,8-dihydro-2’-deoxyguanosine,
which were identified in urine of all patients [32].

A correlation was observed among the frequency of the biomarkers of bladder
cancer associated with S. haematobium, those with p53, and sialylated glycans. The
correlation highlights a missing link between infection and cancer development.
The eggs of S. haematobium express sLea and sLex antigens in mimicry of human
leukocyte glycosylation and thus may play a role in colonization and disease dis-
semination [33]. These results may facilitate early identification of infected patients
at a high risk of developing bladder cancer and guide the future development of
noninvasive diagnostic tests.

12.2.2 Bladder Carcinoma-Associated Parasite Proteins

Chronic infection with S. haematobium is associated with squamous cell carcinoma
of the bladder. However, the molecular mechanisms underlying this association are
poorly understood. Previous data revealed that the soluble extracts of mixed-sex
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adult S. haematobium worms (SWAP) are tumorigenic [22]. Moreover, the estrogen-
related molecules in SWAP downregulate the estrogen receptors (ERs) in estrogen-
responsive cells [22, 34]. Schistosome estrogens present in the sera of schistosomiasis
patients repress the transcription of ERs in urothelial cells [34].

The soluble egg antigens of S. haematobium (Sh-SEA) exhibit potent tumori-
genic capacity, because the S. haematobium eggs are in the developmental stage
wherein they can directly cause urogenital disease during schistosomiasis haemato-
bia. The findings confirmed that Sh-SEA can stimulate cell proliferation, reduce
apoptosis, and increase the oxidative stress of urothelial cells. Furthermore, the
presence of catechol estrogens in Sh-SEA might induce bladder cancer. These cat-
echol estrogens are formed by a prospective estrogen—DNA adduct-mediated path-
way in the S. haematobium eggs [22].

12.2.3 Immunopathology, Tissue Damage, and Bladder
Carcinoma

Schistosomes elicit chronic inflammatory responses in both humans and mice. In S.
haematobium infection, the prolonged inflammatory response is thought to contrib-
ute to the development of squamous cell carcinoma. Furthermore, the dependence
of schistosomes on host factors for successful infection is evolutionarily conserved
in S. haematobium. When infecting its host, schistosomes use common host mecha-
nisms. In addition, schistosomes use immune signals for its development. The con-
tributions of the host genes, which are discrete from immune system genes, must be
understood, because these contributions are necessary for parasite establishment
and development. Previous studies addressing the host—parasite interactions during
schistosomiasis focused on a subset of immune response genes used to mount a
Th1/Th2 response during infection. These genes include critical immune response
genes, such as IL-4, IL-6, and IL-10, which control the Th1/Th2 response. In brief,
regulatory pathways accommodate host permissiveness to schistosome establish-
ment and productive schistosome infection and parasitism [35].

Schistosomiasis haematobia is a chronic infection. The adult and egg-producing
schistosomes can live for many years. Thus, reinfections frequently occur and thus
can lead to bladder cancer. To discuss the basic mechanisms that are potentially
common in cancers, many studies focused on the role of both estrogens and ERs on
the carcinogenesis associated with urogenital schistosomiasis. Botelho et al.
observed a noteworthy elevation in estradiol serum levels [34]. They also observed
that the serum levels of the luteinizing and follicle-stimulating hormones remained
normal. Thus, they hypothesized that excess estradiol is external to the host. The
molecule responsible for the effect may be an estradiol-like molecule derived from
S. haematobium. This molecule is an antagonist of estradiol and thus repressed the
transcriptional activity of the ERs. ER transcriptional activity was suppressed in
urothelial cells, and ER expression was also inhibited in the mouse bladders in
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response to S. haematobium infection. These findings revealed the estrogen metabo-
lism and ER signaling pathways associated with cancer induction in the context of
S. haematobium infection [36, 37].

Another kind of hormonal and estrogenic molecule was identified in the
Sh-SEA. The majority of these compounds are catechol estrogens, which are formed
through the hydroxylation of steroid aromatic ring A. The hydroxylation of both
C-2 and C-3 on a steroid ring is apparent and is subjected to further oxidation into
an estradiol-2,3-quinone [38, 39]. The genotoxic effects of estrogen metabolites
may be attributed to the oxidation of catechol estrogens to quinones, followed by
redox cycling and formation of reactive oxygen species, which react with DNA. The
metabolism of estrogens and production of depurinating estrogen—-DNA adducts
can be implicated in a pathway underlying host cell DNA damage promoted by S.
haematobium and eventually lead to cell transformation. The carcinogenic effect of
this estrogen—-DNA adduct-mediated pathway may explain the link between chronic
schistosomiasis haematobia and squamous cell carcinoma of the bladder [22].

At present, many mechanisms remain unclear, and further studies are necessary
to understand how schistosomiasis haematobia leads to the squamous cell carci-
noma of the bladder.

12.3 Other Parasite-Associated Cancers

Although certain cancer-related parasites belong to helminths, recent works have
reported the association between unicellular protozoa and tumor. Despite its small
size, protozoa can cause a series of diseases and public health problems worldwide.
Their ability to induce tumor must be given sufficient attention. Herein, we list two
kinds of tumors potentially caused by unicellular protozoa.

12.3.1 Toxoplasma and Brain Tumors

Toxoplasmosis is caused by Toxoplasma gondii and is a highly prevalent parasitic
disease. This condition is estimated to affect a third of the world’s human popula-
tion [40, 41]. Two recent studies highlighted a positive correlation between the
prevalence of brain tumors and 7. gondii at the national and international scales [42,
43]. Unfortunately, these studies are correlative, and the links between 7. gondii and
cancer are complex. Thus, a causality between 7. gondii and brain tumors was not
attained. Even so, further research could shed light on the possible mechanisms
underlying this association.
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12.3.2 Trichomonas and Prostate Cancer (PCA)

Trichomonas vaginalis is an extracellular flagellated parasitic protozoan that causes
a relatively common parasitic sexually transmitted infection. The disease holds an
annual incidence of over 3 million. The majority of infections is asymptomatic in
men and thus is often undiagnosed and untreated. These untreated cases are hypoth-
esized to promote chronic persistent prostatic infection and resultant urethritis and
prostatitis [44, 45].

T. vaginalis was previously suspected to be associated with the development of
PCA [46]. For decades, a couple of clinical studies seemed to support this correla-
tion. However, two recent studies gave negative results. A study that included 146
men with advanced prostate cancer demonstrated that 7. vaginalis serostatus is not
associated with increased risk of metastatic or fatal prostate cancer (odds ratio <1)
[47]. This result does not support the increased risk of advanced or fatal prostate
cancer in men infected with 7. vaginalis. In another study, Zhu et al. suggested that
the culture supernatant of 7. vaginalis inhibits prostate cancer growth by disrupting
the proliferation and promotion of apoptosis [48].

Epidemiologic evidence for the association of 7. vaginalis with prostate cancer
is inconsistent, and the role of 7. vaginalis in PCA development remains controver-
sial. Thus, further study may help elucidate the association between PCA and T.
vaginalis infection.
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Chapter 13
Prion Protein Family Contributes
to Tumorigenesis via Multiple Pathways

Xiaowen Yang, Zhijun Cheng, Lihua Zhang, Guiru Wu, Run Shi,
Zhenxing Gao, and Chaoyang Li

Abstract A wealth of evidence suggests that proteins from prion protein (PrP)
family contribute to tumorigenesis in many types of cancers, including pancreatic
ductal adenocarcinoma (PDAC), breast cancer, glioblastoma, colorectal cancer, gas-
tric cancer, melanoma, etc. It is well documented that PrP is a biomarker for PDAC,
breast cancer, and gastric cancer. However, the underlying mechanisms remain
unclear. The major reasons for cancer cell-caused patient death are metastasis and
multiple drug resistance, both of which connect to physiological functions of PrP
expressing in cancer cells. PrP enhances tumorigenesis by multiple pathways. For
example, PrP existed as pro-PrP in most of the PDAC cell lines, thus increasing
cancer cell motility by binding to cytoskeletal protein filamin A (FLNa). Using
PDAC cell lines BxPC-3 and AsPC-1 as model system, we identified that dysfunc-
tion of glycosylphosphatidylinositol (GPI) anchor synthesis machinery resulted in
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the biogenesis of pro-PrP. In addition, in cancer cells without FLNa expression,
pro-PrP can modify cytoskeleton structure by affecting cofilin/F-actin axis, thus
influencing cancer cell movement. Besides pro-PrP, we showed that GPI-anchored
unglycosylated PrP can elevate cell mobility by interacting with VEGFR2, thus
stimulating cell migration under serum-free condition. Besides affecting cancer cell
motility, overexpressed PrP or doppel (Dpl) in cancer cells has been shown to
increase cell proliferation, multiple drug resistance, and angiogenesis, thus, proteins
from PrP gene family by affecting important processes via multiple pathways for
cancer cell growth exacerbating tumorigenesis.

Keywords Prion protein * Doppel protein * Tumorigenesis ® Signal transduction ®
Cell motility

13.1 Introduction

The prion gene family is comprised of four genes, PRNP, PRND, SPRN, and PRNT,
among which PRNP, PRND, and PRNT genes are located within a 55 kb region on
20p13 locus (PRNP-20 kb-PRND-3 kb-PRNT) in human. PRNP, PRND, and SPRN
encode prion protein (PrP), doppel (Dpl) which is homologous to the C-terminus of
PRP and shadoo (Sho) which is homologous to the N-terminus of PrP, respectively,
whereas PRNT is probably a pseudogene due to multiple large transposon insertions
[1]. Positive immunoreaction against antibody specific to Prt, the potential protein
product of PRNT, was reported in the testis and ejaculated spermatozoa of ovine [2].
However, it remains to be seen that Prt is indeed expressing in those tissues. PRNP
and SPRN are present in all vertebrates, whereas PRND is detected in tetrapods but
not in avians probably due to its lost in an early ancestor of birds [1, 3, 4]. The pres-
ence of PRNT in mammals is controversial; some reported that PRNT is only identi-
fied in primates, whereas others argued that it is highly conserved in mammals [1,
3, 4]. The evolutionary origin of PRNP remains ambiguous although multiple lines
of evidence implicated that PrP may evolve from ZIP family of metal ion transport-
ers [5]. It is likely that during the emergence of metazoan, a prion-like ectodomain
in a subbranch of ZIP genes composing of ZIP5, ZIP6, and ZIP10 was generated by
a cysteine-flanked core domain inserting in a preexisting ZIP ancestor gene, which
then presumably evolved as the founder gene for prion [6]. The amino acid sequence
of PrP can be divided into two domains, the N-terminus flexible domain and the
C-terminus globular domain. PrP is expressed in many cells, such as neuron cells in
central nervous system (CNS), epithelial cells in the gut and intestine, smooth mus-
cle cells of blood vessel, islet cells of the pancreas, monocytes and lymphocytes,
etc. It’s generally undetectable in hepatocytes, ductal epithelial cells in the pancreas,
and the kidney. The regulation of tissue-specific PrP expression is not clear. It has
been shown that the 1.2 kb sequence upstream of PRNP contains promoter and
repressor elements with major promoter activity adjacent to the 5" region of exons 1
and 2 whereas suppressor activity adjacent to the 5’ region of intron 1 [7].
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Transcriptional factors such as metal transcription factor-1 (MTF-1), p53, Spl,
Sp-3, and cleaved activating transcription factor 6 o (AATF6x) and spliced X-box
protein-1 (sXBP1) have all been reported to increase PrP expression, whereas Yin
Yang-1 (YY), nuclear factor-erythroid 2-related factor-2 (Nrf-2), and Hes-1
reduced PrP expression [8—13]. In addition to transcriptional regulation, about 70%
of rat brain PrP mRNA is associated with polysomes and thus is subject to transla-
tional regulation [14]. Whether PrP mRNA in other species has the same level of
polysome association remains to be investigated. More importantly, this association
implies that the cells may need a quick synthesis of PrP under certain conditions.
However, not much is known on this aspect. Contrary to translational regulation, a
lot has been learned for posttranslational modification of prion protein. The newly
synthesized human PrP protein is a 254 amino acid polypeptide with a N-terminal
leader peptide (amino acids 1-22) for the endoplasmic reticulum (ER) and a
C-terminal glycosylphosphatidylinositol (GPI) signaling sequence (GPI-PSS)
(amino acids 232-254). The N-terminal leader signal is cleaved upon entry into
ER. However, due to its low efficacy to guide PrP into ER, cytosolic PrP is detected
in many cell types [15]. It remains to be determined whether this cytosolic PrP is
pro-PrP or not. Similar to the inefficiency of the N-terminal signal, in vitro experi-
ment proved that the C-terminal GPI-PSS of PrP is of low efficiency in replacing
GPI anchor compared to other GPI-anchored proteins [16]. Besides N-terminal and
C-terminal signals, human PrP may also be modified with N-linked glycans on
N181 and N197 and intramolecular disulfide bond connecting C179 and C214. The
significance of N-linked glycans and intramolecular disulfide bonds remains eluci-
dated for the physiological function of PrP, although it is reported that intramolecu-
lar disulfide bonds are required for the alpha-helical conformation of recombinant
PrP [17]. Like other GPI-anchored proteins, PrP is tethered on the outer leaflet of
the cholesterol-enriched cell membrane domain called lipid raft by means of its GPI
anchor. Lipid raft is the platform to integrate cellular signaling, and some membrane
receptors have been shown recruited into lipid raft to be activated [18, 19]. Although
the physiological functions of PrP in vivo remain unidentified, the location of PrP in
lipid raft implicates that PrP is involved in signal transduction or adhesion. By anti-
body crosslinking, it has been shown that PrP can activate tyrosine kinase Fyn in
murine 1C11 neuronal differentiation model [20]. Besides antibody crosslinking,
PrP can also stimulate signaling pathway by interacting with its physiological part-
ners. For example, when binding to stress-inducible protein 1, PrP may activate
mTOR [21], a pathway involved in cancer cell growth. PrP also plays roles in other
signaling pathways important for cancer cell growth, such as anti-apoptotic path-
way. For example, in breast cancer cells, MCF-7, PrP inhibits pro-apoptotic Bax
conformational change occurring initially in Bax activation to prevent cell death
[22]. In addition, cancer cells expressing PrP have accelerated cell cycle. PrP has
been shown transcriptionally activating cyclin D1 expression to promote G1/S tran-
sition of human gastric cancer cells SGC 7901 and AGS [23]. Since PrP can be
detected in the nuclei of some cancer cells, it remains to be determined if PrP can
directly bind to the promoter region of cyclin D1, thus activating its expression.
More importantly, PrP expression level is positively correlated with multidrug
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Table 13.1 Reported tumors with PrP family protein expression

Prion or prion-like protein Cancer type References
PrP Gastric cancer [90-94]
PrP Breast cancer [10, 42, 70]
Pro-PrP Pancreatic cancer [46]
Pro-PrP Melanoma [30]

PrP Glioblastoma [95, 96]
PrP and Dpl Osteosarcoma [97]

PrP and Dpl Colon cancer [89, 98, 99]
Dpl Lung cancer [89]

PrP Head and neck squamous cell [100]

carcinoma
PrP Oral squamous cells carcinoma [87]

resistance in cancer cells as shown in SGC7901/ADR gastric cancer cells or MCF-7/
ADR breast cancer cells [24, 25]. Besides cancer cell lines, PrP has been reported
to be upregulated in many types of cancers (Table 13.1). Together, these results sug-
gest that PrP participates into many important aspects of tumorigenesis.

In this review, we will focus on physiological functions of PrP implied in cancer
cell migration and growth and dissect how these functions contribute to
tumorigenesis.

13.2 PrP Participates in Cell Adhesion and Migration

Most cancer patients die due to cancer cell metastasis which includes cell adhesion
and migration. The role of PrP playing in cell adhesion and migration might be
conserved evolutionary. Unlike mammalian PrP which only composed of one PrP
gene, zebra fish has two PrP genes named PrP1 and PrP2. PrP-downregulated zebra
fish embryo showed arrested gastrulation due to deficient morphogenetic cell move-
ments [26]. In addition, using morpholino knockdown and PrP2-targeted inactiva-
tion, [27] found rosette formation defects in PrP2 morphants, which suggests an
abnormal primordium organization and a loss of cell adhesion during migration of
the primordium. Such a defect is accompanied by mislocation of adherens junction
proteins, E-cadherin and B-catenin. In a systematic integrin adhesome profiling
study, PrP is one of the molecules in consensus adhesion [28]. This is also supported
by other studies. In a large-scale quantitative and comparative interactome investi-
gation, Watts et al. identified a physical association between PrP and B1 integrins in
mouse neuroblastoma N2a cells [29]. In addition, we showed in melanoma cell line
A7 that PrP existed in the functional protein complex with FLNa and (1 integrins,
of which the binding between pro-PrP and FLLNa enhanced the association between
FLNa and 81 integrins, thus promoting cell adhesion and migration [30]. The above
observation is consistent with the fact that PrP is located at the outer cellular
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Fig. 13.1 Cartoon of several PrP isoforms expressed on cells and the potential interacting partners
for the PrP to initiate cell migration. GPI-anchored unglycosylated PrP binds GAG and VEGFR2
via its KKRPK, activating PI3K-Akt signaling pathway. In this model, PrP is required to localize
in lipid raft (left panel)

membrane. In fact, several types of PrP isoforms were implicated in cell adhesion
and migration (Fig. 13.1). Due to its cell surface location, GPI-anchored PrP is
implicated in cell-cell adhesion; in 2002, elevated PrP expression increases cation-
independent cell aggregation, which could be reduced after treatment of the cells
with phosphatidylinositol-specific phospholipase C to release cell surface PrP [31].
Previously, the PrP fragment which induces cell migration was attributed to amino
acids 106—-126, which induces migration of monocyte-derived dendritic cell regu-
lated by neuropeptide substance P [32]. In addition, PrP peptide (106—126) between
the concentration range 160-640 ng/ml induces murine macrophage cell line Ana-1
chemotaxis in a concentration-dependent manner, and the migration of macrophage
can be inhibited by inhibitors for multiple signaling pathways, implying that PrP-
stimulated macrophage motility is mediated by multiple manners [33]. A similar
phenomenon was observed when BV-2 microglia cells were treated with PrP frag-
ment (106-126) at the concentration range of 25-100 uM. This peptide stimulates
microglia cell chemotaxis [34]. However, induction of cell migration by PrP frag-
ment may be simply due to cells that respond to oxidative stress imposed by the
peptide. A better approach to assess whether PrP facilitates cell adhesion or migra-
tion is to knock down/knock out the expression of PrP and detect alteration of cell
behavior. In brain endothelial cells, PrP colocates with platelet endothelial cell
adhesion molecule-1 (PECAM-1) in lipid raft domains. Antibody specific to PrP
has the same efficacy as anti-PECAM-1 antibodies to block the transmigration of
U937 human monocytes as well as freshly isolated monocytic cells when preincu-
bated with U937 or hCMEC/D3 cells [35], suggesting that PrP is facilitating mono-
cyte transmigration. Dpl plays a similar role in astrocytomas. When Dpl expression
was reduced in IPDDC-A2 cell line, cellular migration was greatly reduced as
assayed by wound healing [36]. When PrP expression was knocked down in a
mouse brain microvascular endothelial cell line bEND.3, cell migration into the
damaged regions but not cell proliferation was greatly reduced, implicating that PrP
may play a role in neurovascular unit recovery from brain injury such as an isch-
emic insult [37]. Elevation of epidermal growth factor (EGF) or EGF receptor
(EGFR) signaling often affects cellular processes, including increasing cell motility
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and reducing cell adhesion by modifying turnover of E-cadherin/catenin complex
[38]. Proper maintenance of E-cadherin/catenin complex is necessary to prevent
extensive cell overlap, thus maintaining cell adhesion [39]. PrP by involving in
E-cadherin mediated adherens junction (AJ) formation in A431 cells regulating
phosphorylation of catenin, thus affecting cell adhesion [40]. More importantly, PrP
expression is positively correlated with an increased risk of metastasis in colorectal
cancer. Knocking down PrP expression or treatment of the cancer stem cells with
PrP-specific monoclonal antibodies significantly reduces cancer cell metastasis via
ERK2 pathway [41]. PrP is expressed in the breast cancer cell line MCF7/Adr
which showed a reduced migration in vitro when PrP is downregulated by siRNA
[42]. Knocking down PrP expression reduces the formation of uropod and mono-
cyte adhesion but increases cell motility on endothelial cell under shear stress most
likely through RhoA-mediated pathway [43]. This observation is especially inter-
esting considering that when cancer cells migrate out of the primary site, cancer
cells must reduce adhesion but increase migration capability. The functions can be
achieved simply by PrP downregulation. Considering that KKRPK the five posi-
tively charged amino acids at the far most N-terminus of PrP has been shown to bind
glycosaminoglycans (GAGs), such as heparin or sulfated heparan [44], it is not
surprising that PrP participates in cell adhesion and migration. We recently proved
that CHO cells expressing GPI-anchored unglycosylated PrP adhere and migrate
faster than GPI-anchored glycosylated PrP and this migration depends on the inter-
actions between GAG and the N-terminal KKRPK domain of PrP because cells
expressing similar level of KKRPK truncated unglycosylated PrP migrate much
slower [45]. Unlike previous reports which did not define other binding partners in
the interaction, we proved that VEGFR2 is the receptor involved in the protein com-
plex containing PrP and GAG because activation of VEGFR2 signaling is greatly
reduced when the cells were treated with EFGR2-specific inhibitor or when
VEGFR2 was downregulated [45]. We now provide further evidence that VEGFR2
is directly involved in migration of these CHO cell. Knocking down VEGFR2 or
treating the unglycosylated PrP expressing CHO cells with VEGFR2-specific inhib-
itor significantly reduced cell migration using wound-healing assays under serum-
free condition (Fig. 13.2). In addition to regulation of migration by the GPI-anchored
PrP€, we identified an isoform of PrP in pancreatic cancer, and melanoma cells also
contribute to cell migration [30, 46]. In this isoform, the GPI anchor peptide signal-
ing sequence (GPI-PSS) was not cleaved due to GPI anchor synthesis deficiency. To
identify the mechanism for the production of pro-PrP in most pancreatic cancer cell
lines, we found a pancreatic cancer cell line AsPC-1 expressing GPI-anchored PrP<;
profiling of GPI anchor synthesis machinery that identified several enzymes showed
a downregulated expression in BxPC-3 cells. To prove that the lower expression of
PIG F and PGAP1 in BxPC-3 cells is responsible for the production of pro-PrP, we
transfected PGAP1 alone into BXPC-3 cells, and the pro-PrP isoform was not
affected. However, when PIG F but not PIG P, another downregulated protein in
BxPC-3 cells, was co-expressed with PGAPI, the pro-PrP isoform was successfully
converted into GPI-anchored PrP and thus cleavable by phosphor-specific lipase C
(PI-PLC) [47]. The generation of pro-PrP obviously enhances the mobility of the
cancer cells due to pro-PrP retaining its GPI-PSS, which can interact with filamin A
(FLNa), a multifunctional cytoskeletal linker [30, 46]. When comparing AsPC-1, a
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Fig. 13.2 CHO cells expressing unglycosylated PrP showed VEGFR2-dependent cell migration
under serum-free culture condition. WT, WT human PrP expressed in CHO cells; DM, unglycosyl-
ated PrP expressed in CHO cells. DMSO, vehicle control; ZM306416, VEGFR 1-specific inhibitor;
ki8751, VEGFR2-specific inhibitor; sar131675, VEGFR3-specific inhibitor. Cell wound was
inflicted, and closure was measured 18 h later. Wound closure was quantified based on image J
software)

pancreatic cancer cell expressing GPI-anchored PrP to BxPC-3 in wound-healing
assays, BxPC-3 cells migrate much faster. More importantly, when pro-PrP was
converted into GPI-anchored PrP in PIG F and PGAI1 expressing BxPC-3 cells,
these cells showed a significant reduction in mobility [47]. To further confirm that
interactions between FLNa and pro-PrP contribute to cancer cell migration, we
compared the mobility of two melanoma cell lines, M2 and A7. M2 is the sole mela-
noma cell line that does not express FLNa, whereas A7 is an FLNa-expressing cell
line derived from M2. A7 showed a much greater mobility compared to M2.
However, when PrP was downregulated in A7 cells, those A7 cells with reduced PrP
expression migrate significantly slower, thus proving that pro-PrP increases cancer
cell migration via interacting with FLNa [30]. Moreover, when pro-PrP and FLNa
binding was attenuated in A7 cells by a peptide corresponding to the sequence of
PrP-interacting FLLNa domain, A7 cell migration was also greatly inhibited [30].
This result not only points out the interaction between pro-PrP and FLNa indeed
existed in vivo but also indicates a potential intervention method to interrupt mela-
noma metastasis. Overall, due to posttranslational differences, PrP bestows cell
adhesion and migration through different pathways in interaction with distinct
partner.
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13.3 PrP Is Pro-survival for Cells

One of the important characteristics of cancer cell is its ability against cell death.
Many proteins against apoptosis were upregulated in cancer cells including PrP. The
first study to show that PrP is probably participating against apoptosis was shown
by Kuwahara et al. [48]. Under serum-depletion condition, hippocampal neuron
cells from PrP WT mice are more sustainable than their PrP null counterpart cells,
thus implying that PrP is a pro-survival protein under this condition. However, it
remains to be investigated why PrP null cells die faster than WT neurons, as serum-
free condition may simply imply that nutrients are important for the survival of PrP
null neuron. After that, many studies indicated that PrP protects cells against oxida-
tive stress and ischemia. The effects of PrP on oxidative stress were revealed by
showing that PrP affects Cu/Zn superoxide dismutase (SOD) activity. Increased
level of Cu/Zn SOD activity is positively correlated with augmented levels of PrP
expression, most likely due to copper incorporation into these enzymes, and were
affected by the expression levels of the PrP which binds copper with relatively high
affinity [49, 50] showing that recombinant mouse and chicken PrP or mouse brain
tissue-purified PrP possess SOD activity. This SOD activity is acquired by PrP bind-
ing copper, and since octapeptide repeat is required to bind copper, deletion of octa-
peptide results in loss of SOD activity [51]. To further dissect which domain at the
N-terminus of PrP is important for the protective role against oxidative stress, [52]
found that the amino acids 23-50 from N2 fragment of PrP- cleavage are able to
initiate the protection. In addition, this protective reaction requires cell surface pro-
teins, such as glycosaminoglycans and intact lipid — raft domains — thus pointing out
a copper-independent pathway for PrP to protect against oxidative stress. In consid-
ering the low affinity between PrP and copper compared to other copper-bound
proteins, Wong et al. [53] set out to investigate if PrP in vivo can contribute to the
SOD activity. They found that the level of PrP expression is positively correlated
with the level of total SOD activity, thus supporting the idea that PrP differentially
contributes to the total SOD activity in vivo. Even if PrP does not transport copper
at physiological concentrations in the rabbit kidney epithelial cell (RK13) model
system, murine PrP expression indeed increases antioxidant enzyme activity and
glutathione levels [54]. This observation further supports a role for PrP in antioxi-
dant reaction. In addition, increased oxidative stress markers such as oxidation of
lipid and protein were detected in the brains of PrP null mice; thus, it is possible that
the antioxidant activity requires constitutive expression of PrP [55, 56]. Protection
of neuron cells by PrP against ischemia probably is the most studied function of PrP
against oxidative stress in vivo. Maintained under normoxia condition, C57BI/6J
mice showed elevated PrP expression in cerebral microvessels and in microvessel-
depleted brain homogenate at age 6, 18, and 24 months [57], thus implicating PrP
may compensate for a loss of antioxidant activity by increasing expressing levels as
mice aging. At the same year, McLennan found that mRNA and protein of PRNP
were upregulated during hypoxia damage in neuronal processes in the penumbra
[58]. This result suggests that upregulation of PrP may be a stress response of the
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cells to prevent cell death. To determine if PrP is a cellular component response to
neuronal injury in vivo, Weise et al. [57] used the thread occlusion stroke mouse
model and detected a significant upregulation of PrP in the ischemic hemisphere at
4 and 8 h after onset of permanent focal ischemia when compared to control ani-
mals. However, significant upregulation of PrP was not detected if the focal isch-
emia is transient. Thus, the extent of upregulation of PrP which is positively
correlated with the severity of ischemia may reflect the protection level required for
neuron cell survival. To further examine if overexpression of PrP may contribute to
transient cerebral ischemia, [59] subject PrP overexpressing TG35 mice and WT
mice to a 90 min focal cerebral ischemia and found a reduction of early activation
of Erk1/Erk2 in TG35 mice compared to WT mice along with reduced infarct vol-
ume, thus supporting PrP indeed is a pro-survival for neuron cells and implies a
neuroprotection role for PrP-Erk signaling axis. To determine if PrP plays a role in
a short period of ischemia, [60] performs a 30 min of intraluminal middle cerebral
artery occlusion in PrP null and PrP WT mice and found that increased infarct size
by about 200% in PrP null mice than PrP WT mice, along with increment in activity
of Erk1/Erk2, STAT-1, and caspase-3, thus imitating lack of PrP, may subject neu-
ron cells to apoptosis via Erk1/Erk2-STAT-1-caspase-3 axis. Stress-inducible phos-
phoprotein 1 (STI-1) is a ligand for PrP, in a STI-1 mutation ischemia mouse model,
transgenic expression of STI-1-rescued embryonic lethality in a prion protein-
dependent way [61]. This result further supports the notion that normal physiologi-
cal function of PrP is neuroprotective, maybe by interacting with STI-1. Besides
interaction with its potential ligand, the octapeptide repeat region at the N-terminus
of PrP together with the PI3K/Akt signaling pathway is important for neuroprotec-
tion when subject to ischemia. Comparing with WT PrP mice, infarct size of PrP
null mice or octapeptide repeat truncation PrP mice is significantly increased [62].
It is likely that the octapeptide repeat region by modifying SOD activity thus pre-
venting neuron cell death. The aforementioned ischemia models are focusing on
acute injury with maximal 3-day observation. To investigate if PrP participates in
poststroke neurogenesis and angiogenesis in an extended period, Doeppner et al.
induced focal cerebral ischemia by intraluminal middle cerebral artery occlusion in
a post-ischemia mouse model; increased neurogenesis and angiogenesis were
observed in PrP overexpression mice compared with PrP WT mice, whereas exac-
erbated neurological deficits and brain injury were detected in PrP null mice with
increased proteasome activity and oxidative stress [63]. This result suggests that PrP
is not only neuroprotective but also angiogenetic. Similarly, in a stroke rat model,
PrP expression that mainly occurred in neuron, glia, and vascular endothelial cells
was upregulated significantly in the penumbra of stroke brain compared with the
untreated brain in a time-dependent manner. In addition, the rat showed improved
neurological behavior and reduced cerebral infarction volume when PrP was forced
to express in the ischemic brain [64], thus further supporting a role for PrP in the
neuroprotection not only in the mouse model but also in the rat model. Most recently,
Guitart showed that it is the exosomal PrP from astrocytes but not neuronal PrP that
improves the neuron cell survival under oxidative stress [65]. Although PrP has
been shown to protect neuron cells from ischemia, it is not clear that the protection
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is due to PrP that prevents necrosis, autophagy, or apoptosis induced by ischemia.
The underlying mechanism for PrP protection of neural cell survival under Bax
challenge was first identified by Bounhar et al. [66]. Working with human primary
neuron and breast carcinoma MCF-7, Bounhar et al. showed that PrP potently inhib-
its Bax-induced cell death, and the protection role requires the octapeptide repeat
regions but not the GPI anchor, thus implying that lipid raft location of PrP is not
necessary for this anti-apoptotic role of PrP. To further investigate if the protection
by PrP against Bax-induced cell death requires other Bcl-2 family members,
Bounhar et al. [67] challenged Saccharomyces cerevisiae lacking Bcl-2 genes with
exogenous expression of Bax and found that PrP overcomes Bax-mediated S phase
growth and cell death. This result suggests that PrP does not require other Bcl-2
family proteins to protect against Bax-mediated mitochondrion-dependent apopto-
sis. In addition to protect breast carcinoma MCF-7 cells from Bax-induced cell
death, PrP also prevents breast cancer cell death induced by Adriamycin (ADR) and
TRAIL. In contrast to Bcl-2-independent protection of S. cerevisiae, downregula-
tion of PrP is accompanied with reduced Bcl-2 expression, thus suggesting Bcl-2 is
the target downstream of PrP to prevent cancer cell death [24]. Drug resistance by
PrP was also observed in gastric cancer cell line and colon cancer cells [25, 68], and
such drug resistance in gastric cancer is mediated by the first four octapeptide
repeats, but not the fifth octapeptide repeat at the N-terminus of PrP [69]. Although
suffered a limited sample size, probably the most intriguing observation is a retro-
spective analysis of breast cancer patients that showed patients with estrogen
receptor-negative and PrP-positive staining are resistant but patients with estrogen
receptor negative and PrP negative are sensitive to adjuvant chemotherapy [70].
This result not only points out that cancer cells expressing PrP are drug resistant but
also identifies PrP as a potential biomarker for molecular typing of cancer cells.

13.4 PrP Plays a Role in Inflammation Response

It is widely accepted that chronic inflammation may result in cancer. Due to its high
expression in lymphatic tissues, PrP have long been implicated in immune response
[71]. It was later shown that T-cell activation may be modulated by PrP expression
[72]. However, the role of PrP in inflammation was not well established. In normal
skin, there is little expression of PrP mainly confined to keratinocytes. But expres-
sion of PrP was strongly upregulated in both keratinocytes and infiltrating mono-
nuclear cells in psoriasis and contact dermatitis, two inflammatory skin diseases.
Strong expression of PrP can also be detected in viral warts. Cytokines such as
transforming growth factor alpha (TGFa) or interferon-y resulted in an increase of
PrP in primary cultured keratinocytes [73]. Similarly, in patients infected with
Helicobacter pylori, higher expression of PrP at mRNA and protein levels was
detected, which was correlated with gastric inflammation. More importantly, when
H. pylori are eradicated, expression of PrP is no longer detectable [74]. In peripheral
immune system, lack of PrP expression affects peripheral inflammation induced by
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ligands of either Toll-like receptors or Fas, as well as phagocytosis by macrophages
[75, 76], whereas the content of PrP in monocytes is modulated by IFN-y [77].
Additionally, PrP is expressed on the surface of human and mouse mast cells and is
constantly released. A rapid release by mast cells upon activation can be detected.
More importantly, PrP is also released in vivo in responding to mast cell-dependent
allergic inflammation. Although PrP release is activated upon activation, PrP expres-
sion is not required for mast cell differentiation [78]. When treated with dextran
sodium sulfate, PrP null mice showed elevated BAD protein level, IL-1, IL-6,
TNF-a, IL-4, IFN-y, and other cytokine profile to favor inflammation [79, 80]. All
these evidences suggest that PrP plays a role in modulating inflammation response.
However, whether to suppress or to activate inflammation reactions probably
depends on the agents or the time of the challenge. Neutrophils play critical roles in
both acute and chronic inflammatory responses. To investigate the role PrP plays in
neutrophil, Mariante et al. injected LPS intraperitoneally into mice and detected a
dose- and time-dependent upregulation of PrP expression. This elevated PrP expres-
sion depends on the serum content of TGFf and glucocorticoids, which, in turn, are
contingent on the activation of the hypothalamic-pituitary-adrenal axis in response
to systemic inflammation [81]. These results suggest that PrP participates in inflam-
mation, but its physiological functions remain unanswered. Besides participation in
peripheral immune system, PrP also played a role in immune reaction in central
nervous system (CNS). When infected with Mycobacterium bovis, BV2 microglia
cells showed a gradual increase in PRNP mRNA level along with an upregulation of
pro-inflammatory factors. When PrP expression level is silenced by siRNA in M.
bovis-infected BV2 microglia, a reduction of those pro-inflammatory cytokines was
observed. As a consequence, increased apoptosis occurred in infected microglia.
This result implies that microglia PrP is pro-inflammatory when infected by M.
bovis [82]. In addition to microglia cells, neuron cells expressing PrP also respond
to cytokine treatment. When hippocampal neuron was treated with pro-inflammatory
cytokines TNFa, IL-6, and IL-18, neuron cells expressing PrP were induced to form
cofilin/actin (1:1) rods, whereas PrP null neuron cells do not respond to those pro-
inflammatory cytokines. It is worth noting that overexpression of PrP by itself is
sufficient to induce this type of rod in an NOX-dependent manner [83]. Since
cofilin/actin (1:1) rods have been shown to impair transport and synaptic function of
neuron, an adverse effect of PrP responding to pro-inflammatory reaction in CNS is
anticipated. The function of PrP in vivo was additionally proved in an experimental
autoimmune encephalomyelitis (EAE) mouse model in which EAE is induced by
tail base subcutaneous injection with myelin oligodendrocyte glycoprotein; higher
levels of leukocytic infiltrates and pro-inflammatory cytokine gene expression as
well as increased spinal cord myelin basic protein and axonal loss were detected in
the prap null spinal cord, cerebellum, and forebrain examined during the acute
phase. In addition, during the chronic phase, a remarkable persistence of leukocytic
infiltrates was present in the forebrain and cerebellum, accompanied by an increase
in interferon-y and IL-17 transcripts [84]. Other than bacteria and cytokine treat-
ments, PrP also responds to virus infection in vivo. When infected with 600 pfu
encephalomyocarditis virus B variant (EMCV-B) via an intracranial route, Prnp
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WT mice showed more severe infiltration of inflammatory cells in the brain, accom-
panied by higher activation of microglia cells around the hippocampus, than prnp
null mice, thus indicating that PrP play some roles in induction of inflammation
[85]. Due to PrP response to both TNFa, a pro-inflammatory cytokine, and TGFB,
an anti-inflammatory cytokine, it was assumed that PrP may play dual roles in
inflammation reaction. Working with the PrP-deficient mouse model, Liu et al.
showed that PrP participates in pro-inflammatory responses by upregulating cyto-
kines such as TNFa, IL-18, IL-6, and NOS2 during acute stage to eliminate
LPS. However, PrP plays a role in anti-inflammatory reaction by increasing expres-
sion of cytokines such as IL-10, Argl, and Mrcl during tissue-repairing stage [86].
Previously, we reported that about 13% of patients in PanIN-3 stage showed posi-
tive staining for PrP [46], and Zhang et al. [87] reported that PrP immune-reaction-
positive specimens increased from 15-42 to 95% when comparing oral normal
mucosa, leukoplakia, and squamous cell carcinoma tissues, suggesting a positive
correlation from normal, inflammation transition to cancer. Since in some cases PrP
favors inflammation response and chronic inflammation may cause tumor, expres-
sion of PrP in precancerous stage may be a key factor initiating tumor.

13.5 Remarks and Perspectives

The notion that PrP contributes to tumorigenesis was an unanticipated one since PrP
null mice develop apparent normally without obvious phenotype. Those PrP null
mice strongly suggest that PrP is not an essential protein during mice development.
However, the concept that PrP is a garbage protein present in mammals is not sup-
ported by its conservation in evolution, its location in lipid raft, and its complex
posttranslational modifications during protein biogenesis. On the contrary, PrP is a
multifunctional protein, and many of its functions can be substituted by other pro-
teins. In considering that most cancer patients die from cancer cell metastasis and
multidrug resistance, it is natural to target any proteins expressed in cancer cells to
fulfill these two functions. Based on the evidences that PrP facilitates cell adhesion
and migration and protects cells against apoptosis, it is not surprising that expres-
sion of PrP is a biomarker for poor prognosis in some cancer types. Besides metas-
tasis and drug resistance, angiogenesis is another important factor for cancer cell
development. In fact, PrP was implicated in developmental angiogenesis although
no detailed mechanism was provided [88]. It is well known that VEGFR?2 is impor-
tant for tumor angiogenesis; by searching the physiological function of unglycosyl-
ated PrP, we identified an interaction between unglycosylated PrP and VEGFR?2 in
CHO cells. This result strongly suggests that PrP, maybe behaving as Dpl, partici-
pates in tumor angiogenesis [89]. By binding to VEGFR2 in tumor endothelial cells,
Dpl stimulates VEGFR?2 signaling and enhances tumor vascularization. Blocking
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the doppel/VEGFR?2 axis by an orally active glycosaminoglycan (LHbisD4) specifi-
cally represses tumor angiogenesis, thus reducing tumor growth [89].

Although PrP has been shown to contribute to tumorigenesis at cellular level, a
mouse model to prove PrP attributing to tumorigenesis has yet to be reported.
Another important question that remains unanswered is whether aberrant expres-
sion of PrP can cause cancer and, if so, why. Since PrP is an endogenous expressing
protein in many tissues, it is difficult to imagine that PrP expression can result in
cancer. However, considering that the expression of PrP may favor pro-inflammation
response, the possibility that PrP causes cancer cannot be totally excluded. Finally,
since PrP is a protein prone to aggregation and conformational altered PrP may lead
to neurodegeneration, overexpressed PrP in tumor cells may be a cause for future
problem for patients.
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Chapter 14

Murine Gammaherpesvirus 68: A Small
Animal Model for Gammaherpesvirus-
Associated Diseases

Sihan Dong, J. Craig Forrest, and Xiaozhen Liang

Abstract Murine gammaherpesvirus 68 (MHV68) is a naturally occurring patho-
gen of murid rodents that is genetically related to the human gammaherpesviruses
Epstein-Barr virus (EBV) and Kaposi sarcoma-associated herpesvirus (KSHV).
Viral, immunologic, and disease parameters following experimental infection of
laboratory mice with MHV68 closely resemble what occurs during primary EBV
infection of humans, which suggests that MHV68 infection of mice offers a small
animal model to study in general the pathogenesis of gammaherpesvirus infections.
Diseases elicited by MHV68 infection include lymphoproliferative diseases, idio-
pathic pulmonary fibrosis, and autoimmune diseases, ailments also associated with
EBYV infection of humans. Furthermore, MHV68 infection also is linked to the
development of vasculitis, encephalomyelitis, and other disorders that resemble
pathologies with viral and nonviral etiologies in humans. This review aims to pro-
vide an overview of MHV68-associated diseases in infected mice that may provide
a model for understanding basic mechanisms by which similar diseases in humans
occur and can be treated.
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14.1 Introduction

Murine gammaherpesvirus 68 (MHV68) is a naturally occurring virus that was
originally isolated from Slovakian bank voles and is endemic in European wood
mice [1-3]. MHV68 is genetically related to the human gammaherpesviruses
(GHVs), Epstein-Barr virus (EBV), and Kaposi sarcoma-associated herpesvirus
(KSHV), possessing a genome that is collinear with those of EBV and KSHV and
contains large blocks of conserved genes with interspersed unique genes as well [1,
4, 5]. Following intranasal infection of mice, MHV68 undergoes acute infection in
the lungs and nasal epithelium and establishes latency, a nonproductive, quiescent
infection characterized by minimal viral gene expression and maintenance of the
viral genome, in cells of the spleen and blood [6-9]. Productive replication mainly
involves epithelial and mononuclear cells in the lungs, with acute infection resolv-
ing by approximately 2 weeks post-infection [10]. Acute replication precedes and is
thought to be necessary for lifelong latent infection in lymphoid tissues, where B
cells serve as the major latent reservoir for MHV6S in the spleen [6]. Peritoneal
macrophages and lung epithelial cells also harbor latent MHV68 genomes [10, 11].

MHV68 infection of mice results in a variety of pathologies that resemble EB V-
associated diseases and other human disorders. Mice chronically infected with
MHV68 develop a marked splenomegaly and lymphoproliferative diseases (LPDs),
similar to what is observed in patients infected with EBV [12—-14]. MHV68 infec-
tion induces multi-organ fibrosis and vasculitis in interferon gamma receptor knock-
out (IFNyR-/-) mice [15-17]. In other disease models, MHV68 infection promotes
systemic inflammation, exacerbates autoimmune encephalomyelitis, and influences
development of other pathologies [18, 19]. Here, we will discuss MHV68-related
diseases and the potential value of this small animal model for the study of similar
diseases associated with infections by human GHVs.

14.2 MHYV68-Associated Diseases

14.2.1 MHYV68-Associated Lymphoproliferative Diseases

Infection of laboratory mice with MHV 68 leads to a variety of pathological changes
that mirror EBV-associated LPDs and other malignancies. Following intranasal
infection of wild-type mice with MHV68, acute infection in the lung develops and
is subsequently cleared, followed by the establishment of latency in the spleen [20,
21]. Latency establishment is accompanied by splenomegaly, which is character-
ized by a two- to threefold increase in the number of spleen cells, with the largest
increase occurring in the CD8+ T cell population [13]. Polyclonal B-cell activation
and autoantibody production also occur [13]. This is similar to what occurs during
EBV-induced infectious mononucleosis in humans [22, 23]. Development of sple-
nomegaly in MHV68 infection requires CD4+ T cells and organized secondary
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lymphoid tissue [13, 24, 25]. CD25-mediated IL-2 signaling also is necessary for
the CD8+ T cell mononucleosis that occurs [26].

BALB/c mice chronically infected with MHV68 develop LPDs, including high-
grade lymphomas that resemble centroblastic or plasmablastic non-Hodgkin lym-
phomas seen in humans [12]. MHV68-associated lymphomas primarily occur in
older mice (0.75-3 years of age), and lymphoma incidence is greatly increased
when infected mice are treated with the immunosuppressive drug cyclosporin A
[12]. Since cyclosporin A functions chiefly through inhibition of T cell function,
this finding strongly suggests that T cells are important for limiting tumor growth in
MHV68-infected mice. Indeed, adoptive transfer of CD4+ T cells from infected
mice promotes regression of lymphomas that developed following subcutaneous
injection of an MHV68-positive B-cell lymphoma line, S11, isolated from a tumor-
bearing BALB/c mouse [27]. Although MHV68 does not appear to transform pri-
mary murine B cells in culture, murine fetal liver-derived B cells are transformed by
MHV68 into plasmablast-like B cells in vitro [28]. Similar to S11 cells, when these
plasmablast-like B cells are injected into immunodeficient mice, the transformed B
cells induce lymphomas that can be controlled by both CD4+ and CD8+ T cells
[29]. Together, these findings illustrate (i) that MHV68 infection can cause lympho-
mas and (ii) that T cells are important for controlling infection-associated
lymphomas.

MHVG6S infection of BALB/c, microglobulin (B2M)-deficient mice (BALB
B2M-/-) also results in B-cell lymphoma and an atypical lymphoid hyperplasia
(ALH) [14]. ALH pathologically is differentially regulated by MHV68 genes and
resembles posttransplant lymphoproliferative disease observed in some EBV-
infected individuals that are immune suppressed for solid organ transplants [30, 31].
B2M is a critical component of the major histocompatibility I (MHCI) complex, a
cell surface receptor necessary for CD8+ T cells to engage target cells [32]. This
further illustrates the importance of T cells in preventing MHV68-associated LPDs.

Lymphomatoid granulomatosis (LYG) is a rare systemic angiodestructive LPD
caused by the combination of EBV infection and immunosuppression [33, 34]. LYG
mostly affects the lungs and is recently characterized as B-cell lymphomas with
prominent pulmonary involvement [33]. MHVG68-infected IFNyR-/- mice also
develop pulmonary B-cell lymphomas which closely mimic EBV-associated LYG
in human [35].

Nevertheless, there are differences between EBV-associated LPDs in humans
and MHV68-associated LPDs in mice. For example, CD8+ T cell lymphocytosis
associated with EBV-induced mononucleosis is predominantly an outgrowth of T
cells responding to viral lytic epitopes [36, 37]. In contrast MHV68-induced mono-
nucleosis in C57BL/6 mice represents expansion of CD8+ T cells that encode a V34
T cell receptor that is not reactive to viral epitopes and appears to be stimulated by
latently infected B cells [38, 39]. However, the striking pathological similarities
between EBV-associated LPDs and the corresponding syndrome in MHV68-
infected mice highlight MHV68 as a valuable small animal model for studying fun-
damental issues in gammaherpesvirus-associated LPD pathogenesis in a natural
host.
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14.2.2 MHYV68-Associated Fibrosis

Several reports associate EBV infection with idiopathic pulmonary fibrosis (IPF), a
chronic, progressive, fibrotic lung disorder of unknown etiology that is a risk factor
for lung cancer development [40-43]. Although EBV is frequently detected in lung
tissues of patients with IPF, an etiologic role for EBV in IPF is not established
REF. Interestingly, MHV68 infection of IFNyR-/- mice leads to multi-organ fibro-
sis, which occurs in the lung, spleen, mediastinal lymph nodes, and liver of these
mice [15, 16, 44, 45]. Lung fibrosis in MHV68-infected IFNyR-/- mice shares simi-
lar pathology to IPF in humans [45]. Mechanistic studies show that both viral and
cellular factors are involved in MHV68-induced fibrosis in IFNyR-/- mice. Persistent
MHVG68 lytic replication apparently is essential for induction or exacerbation of
IPF, because severe fibrosis is ameliorated in MHV68-infected IFNyR-/- mice that
receive antiviral treatment and in IFNyR-/- mice infected with a reactivation-
defective MHV68 mutant that fails to express v-cyclin [46]. Moreover, MHV68
superantigen-like M1 protein and activated Vp4+ CD8+ T cells, which are driven to
expand by M1, also are required for MHV68-induced inflammation and fibrosis in
IFN-yR-/- mice [47, 48]. Additionally, inhibition of NF-kB signaling reduces virus
persistence and pulmonary fibrosis in MHV68-infected IFNyR-/- mice, indicating
that NF-xB signaling also is important for MHV68-induced pulmonary fibrosis
[49]. Thus, MHV68 infection of IFNyR-/- mice could be used to model the associa-
tion of gammaherpesvirus infection with IPF and define underlying molecular
mechanisms of disease.

MHV68S infection of bleomycin-resistant BALB/c mice has also been used to
study the association between GHV infection and IPF. Bleomycin-induced fibrosis
is widely used experimental model for lung fibrosis occurring during chemotherapy
[50]. BALB/c mice are inherently resistant to lung fibrosis due to bleomycin treat-
ment and do not develop pulmonary fibrosis when infected with MHV68. However,
when BALB/c mice are simultaneously infected with MHV68 and treated with
bleomycin, lung fibrosis occurs [51], indicating that MHV68 functions as a cofactor
in bleomycin-induced fibrosis. Another study demonstrated that TLR9 signaling
protects against MHV68-induced exacerbation of lung fibrosis induced by bleomy-
cin in BALB/c mice [52]. These findings support the role of GHV infection in
human IPD, and future development of the MHV68/bleomycin model should fur-
ther explore mechanisms by which GHV infection functions as a cofactor in the
pathogenesis of pulmonary fibrosis.

Finally, MHV68 infection of IFNy deficient (IFNy-/-) mice on the BALB/c
genetic background results in acute lethal pneumonia that is dependent on MHV68-
encoded v-cyclin and v-bcl-2 [53]. However, whether MHV68-induced pneumonia
in IFNy-/- mice is pathologically similar to EBV-associated pneumonia, which
mainly occurs in children and transplant patients, is not yet clear [54-57].

In addition to lung fibrosis, MHV68 infection of IFNyR-/- mice also induces
fibrosis in the spleen. The prominent feature of splenic pathology in infected IFNyR-
/- mice is a loss of B cells and CD4+ and CD8+ T cells, which correlates with
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significant changes in cytokines and chemokines in spleens. In contrast, a dramatic
increase in T and B lymphocytes in peripheral blood occurs [15, 44]. CD8+ T cells
are the major mediators of splenic damage, since depletion of CD8+ T cells com-
pletely reverses the pathological and histological changes in spleens of these mice.
However, although removal of CD4+ T cells reverses the weight loss and reduces
the number of infective centers, some pathological changes are still observed in
CD4+ T cell-depleted mice. This suggests that CD4+ T cells are not the dominant
mediators but still play an important role in splenic fibrosis [44].

Furthermore, MHV68 infection of IFNyR-/- mice leads to enhanced production
of Th2 cytokines IL-5, IL-13, and IL-21 and increased expression of CCR4 in the
spleens of infected mice [16]. This drives alternative activation of macrophages to
produce arginase 1 (ARG1) and found in inflammatory zone 1 (FIZZ1)/resistin-like
molecule-a (RELMa) to promote fibrotic disease in the spleen [16, 58]. Though
EBYV infection is not directly linked to fibrotic disease of the spleen in humans, the
data from MHV68 infections suggest a role for GHV infection in such diseases.
This model may therefore hold future relevance for understanding how viruses
influence splenic fibrosis in general.

14.2.3 MHV68 Impact on Autoimmune Diseases

Multiple sclerosis (MS) is an autoimmune disorder in which the immune system
attacks the central nervous system (CNS), damaging the myelin sheath of nerve
cells in the brain and spinal cord. EBV is etiologically linked to MS [59-61]; how-
ever mechanisms by which EBV influences MS pathogenesis are not known. In
mice induction of inflammatory immune responses in the brain triggers an MS-like
syndrome known as experimental autoimmune encephalomyelitis (EAE) [62, 63].
Because MHV68 replicates in the mouse brain, infecting microglia and astrocytes
[64, 65], and globally influences immune activation in infected animals [66], the
impact of MHV68 infection on EAE pathogenesis was evaluated. Latent MHV68
infection enhances EAE pathogenesis and central nervous system pathology in a
manner reminiscent of human MS [19, 67]. This observation demonstrates that
GHYV infection can influence the course of disease in CNS autoimmune disorders
and highlights the potential of these small animal models in facilitating an under-
standing of mechanisms by which EBV influences MS.

EBV infection also is linked to development of lupus in humans, an autoim-
mune disease in which healthy tissues are attacked by the individual’s immune
system, leading to swelling and damage of various tissues of the body. In contrast
to EAE models, MHV68 infection protects, rather than exacerbates, lupus-prone
mice from the development and progression of autoimmunity [68]. Together, these
findings demonstrate that GHV infection influences the course of CNS autoim-
mune disease. However, the data also demonstrate that pathogenesis is likely a
multifactorial process in which GHV infections may have pleiotropic impacts on
disease progression.



230 S. Dong et al.

The impact of MHV68 infection in other mouse models of autoimmune disease
also has been evaluated. For instance, IL10~~ mice are prone to developing inflam-
matory bowel disease (IBD), and infection with MHV68 promotes more rapid and
severe disease in these mice [69]. This finding is similar to the observation that EBV
infection correlates with disease severity in some IBD patients [70-74]. In contrast,
MHV68 infection of nonobese diabetic (NOD) mice, a mouse model for evaluating
type I diabetes (T1D), significantly delays diabetes onset [75], which supports the
hypothesis that viruses are potential regulators of T1D [76-78]. Furthermore, trans-
genic mice expressing MHV68 chemokine decoy receptor M3 in beta cells are
remarkably resistant to diabetes induced by multiple low doses of streptozotocin
[79]. This suggests the importance of specific viral factors in regulating
T1D. Together, these data highlight the manner in which MHV68 studies could be
employed to define roles for GHVs in intestinal diseases and diabetes.

14.2.4 MHV68-Related Vascular and Ductal Disorders

In addition to lymphoma development and fibrosis, MHV68 causes severe large-
vessel arteritis associated with lipid accumulation in the vessel wall and luminal
thrombosis in IFNyR-/- mice. Lesions that develop are similar to those seen during
the acute inflammatory phase of Takayasu arteritis, the nongranulomatous variant of
temporal arteritis and Kawasaki diseases [17], suggesting possible GHV etiologies
in these pathologies and demonstrating the utility of MHV68 infection of mice in
dissecting GHV roles in human vasculitis. Furthermore, MHV68 induces chronic
inflammation of intrahepatic bile ducts in infected IFNyR-/- mice, which is patho-
logically similar to the human fibrotic liver disorder primary sclerosing cholangitis
[80]. Additionally, MHV68 reactivation from latency induces neointimal lesions in
pulmonary arteries of SI00A4/Mts1-overexpressing mice. These lesions are associ-
ated with elevated neutrophil elastase, which is produced by pulmonary artery
smooth muscle cells and linked to experimental and clinical pulmonary vascular
disease [81, 82]. Finally, MHV68 infection in mice also induces phenotypes that
mimic rare diseases such as systemic lymphocytosis following gastric instillation
and fatigue [83, 84]. MHV68 may therefore provide a useful model for the study of
fatigue and other physiologic and behavioral perturbations that occur during acute
and chronic infection with gammaherpesviruses.

14.3 Remarks and Perspectives

Human gammaherpesviruses are exquisitely species restricted, which limits possi-
ble approaches for defining precise mechanisms by which these viruses cause dis-
ease. The beauty of small animal models of viral pathogenesis is that they enable
evaluations of both viral and host determinants of disease in experimentally
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controlled settings. In contrast, analogous studies of GHV infections in humans
would require the presence of naturally occurring mutations in either virus or host,
paired with the ability to identify individuals and viruses that possess such genetic
variants. Even then, the studies would be necessarily associative, observational, and
potentially influenced by numerous outside variables due to environment, lifestyle,
additional genetic variations, age, coinfections, etc. The use of humanized mice,
immunodeficient animals in which the immune system is reconstituted by human
stem cells, allows an experimental system for evaluating certain aspects of GHV
infection in human cells. But again the system is still genetically limited and may
not faithfully recapitulate natural cellular development and cell-cell interactions,
and not all tissues in the reconstituted mouse are of human origin. Humanized mice
are also very expensive. Hence, the capacity to study a genetically related pathogen
(MHV68) in a natural host (rodents) offers a powerful tool for understanding virus-
host interactions in GHV infection-associated diseases. Here, infections of inbred
mice with MHV68 provide a simplified and standardized analysis of immune
responses against the virus and eliminate many potential experimental variables.
Moreover, the ease of genetically manipulating both virus and host further high-
lights the tractability of the MHV68 system. Indeed, genetically modified mice and
viruses enable many of disease models described above.

However, this is not to say that infection of mice with MHV68 is identical to
human infections with EBV or KSHV. Clearly mice are not humans, and it is naive
to think that all aspects of the host response will be identical in two quite divergent
species. Further, while genetic diversity is an experimental problem, genetic poly-
morphisms from human to human and population to population undoubtedly influ-
ence the pathogenesis and outcome of infection by GHVs.

Along these same lines, MHV68 is not EBV or KSHV. While all GHVs (and
herpesviruses in general) possess blocks of conserved genes, each virus also encodes
unique proteins that are not shared with their GHV relatives. These genes maintain
no vestige of sequence homology and may have developed through convergent evo-
lution to satisfy unique requirements of the virus-host relationship. It is however
interesting to note that the products of these divergent genes likely perform con-
served functions, for instance, both LMP2a of EBV and M2 of MHV68 manipulate
B-cell survival and differentiation [85]. If these unique genes are under selection
from the host, it is equally possible that they have simply diverged over millennia at
a rate that made them nonhomologous at the sequence level by modern informatics
techniques while maintaining critical functions. Perhaps the key take-home points
are these: MHV68 provides a highly tractable experimental system for understand-
ing how GHVs influence disease in a variety of experimental models. Though obvi-
ous differences exist between human and mouse infections, the data produced in the
mouse models are real and may offer invaluable insights into factors that influence
similar diseases in humans. As such, MHV68 infection of mice can serve as power-
ful tool in the arsenal for illuminating previously unappreciated factors and cofac-
tors that influence human disease and allow for preclinical testing of novel
hypotheses for treating related diseases.
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Chapter 15
Infection of KSHYV and Interaction with HIV:
The Bad Romance

Jie Qin and Chun Lu

Abstract Kaposi’s sarcoma-associated herpesvirus (KSHV), namely, human her-
pesvirus 8 (HHV-8), is considered as the pathogen of Kaposi’s sarcoma (KS), the
most frequent cancer in untreated HIV-infected individuals. Patients infected with
HIV have a much higher possibility developing KS than average individual.
Researchers have found that HIV, which functions as a cofactor of KS, contributes
a lot to the development of KS. In this article, we will give a brief introduction of
KS and KSHV and how the interaction between KSHV and HIV contributes to the
development of KS. Also we will take a glance at the development of treatment in
KS, especially AIDS-KS.

Keywords Kaposi’s sarcoma-associated herpesvirus (KSHV) ¢ Human immuno-
deficiency virus (HIV) ¢ Coinfection ® HIV viral proteins ® Treatment

15.1 Kaposi’s Sarcoma-Associated Herpesvirus
and Pathogenesis

15.1.1 Kaposi’s Sarcoma and Kaposi’s Sarcoma-Associated
Herpesvirus

With complex histology feature, Kaposi’s sarcoma (KS) shows abnormal vascular
proliferation peculiarity. There are four types of KS, including classical KS, mainly
affecting elderly men of Mediterranean or eastern European Jewish ancestry; AIDS-
related KS, as its name shows, happens to AIDS patients; iatrogenic KS, usually
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happens to immunosuppressive patients after organ transplant; and African endemic
KS, existing in parts of Central and Eastern Africa [1-4].

Investigation on KSHV seroprevalence shows that distribution of KSHV-positive
individuals differs in regions and subpopulations. A report has been made that all
forms of KS are more common in men than in woman, and further investigation
showed that men from sub-Saharan Africa (50% KSHYV prevalence) but not men
from other district have a higher prevalence of KSHV than women [5, 6]. KSHV
prevalence also shows distinct district differences. In endemic district, such as
Uganda, KSHV prevalence of 50% has been reported, while in the USA, the report
is 6% or even lowers [7-9]. Also in Xinjiang Uyghur Autonomous Region, China, a
traditional endemic area, KSHV prevalence is much higher than other districts in
China, with Han group showing a distinct lower rate [10]. Outside the endemic
district, men who have sex with men (MSM) show a much higher KSHV prevalence
than the average population. All around the world, KSHV prevalence are much high
in MSM [11-14]. KSHYV can also be found in saliva, and it is also reported as the
highest shedding place; oral exposure to infectious saliva can be the transmission
route of KSHV both sexually and nonsexually [15-17]. More researches have
proved that in nonendemic districts, KS is more likely to happen to HIV-infected/
AIDS population [18]. A recent study shows that HI'V-1-infected children and ado-
lescents in nonendemic districts have a higher possibility of KSHV seroprevalence
[19].

Infectious saliva is the major route of KSHV transmission. However, increasing
infection of KSHV among MSM strongly suggests that KSHV might transmit
through sexual contact. More research has to be done to validate though [20].

Despite the fact that the discovery of KS is early in the late nineteenth century by
Hungarian dermatologist Moritz Kaposi, it was not until the 1990s that KSHV, now
considered as the pathogen of KS, was detected in KS tissues. In 1994, Chang and
Moore identified KSHV genome in KS lesions [21]. They used representational dif-
ference analysis (a PCR-based technique) to identify and characterize alien DNA
sequences in KS tissues. Sequences homologous to, but distinct from, capsid and
tegument protein genes of the gammaherpesvirus Saimiri and Epstein-Barr virus
were found in these tissues [21]. Now, 20 years has gone since this remarkable dis-
covery. The characteristics of this virus have been mapped out by numerous scien-
tists. Except KS, KSHYV is also related to other two malignancies, primary effusion
lymphoma (PEL) and multicentric Castleman disease (MCD) [21, 22].

15.1.2 KSHYV Genome and Life Cycle

Soon after the discovery of KSHYV, the genome of KSHV was mapped with cosmid
and phage genomic libraries from the BC-1 cell line [23]. This group from New York
found that the BC-1 KSHV genome consists of a 140.5-kb-long unique coding
region flanked by multiple G+C-rich 801-bp terminal repeat sequences [23]. Now it
has been found that KSHV encodes at least 86 open reading frames (ORFs), which
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are expressed during distinct phases of KSHV infection [23]. It is believed that
among these ORFs, 22 of them have the capacity of modulating immune response,
such as K3, K5, K7, and K11.1 [24].

As a member of the y-herpesvirus, KSHV has two distinct phases of infection as
well, the latent and lytic phases [24]. After primary infection, both latent and lytic
genes are expressed. Expression of lytic genes is shut down after a few rounds of
replication to avoid immune surveillance, and latent infection of KSHYV is estab-
lished. During latency, KSHV expresses a few viral genes, ORF73 (latency-
associated nuclear antigen 1 [LANA-1]), ORF72 (viral cyclin [vCyclin]), ORF71
(K13/vFLIP), and ORFK12 (kaposins A, B, and C), along with at least 12 distinct
microRNAs [24, 25]. These all together facilitate the establishment of KSHV
latency in hosts for a lifetime, survival against the host innate, and adaptive immune
surveillance mechanisms, contributing to KSHV-related malignancies [24]. These
genes and miRNAs expressed during latency also aid malignant transformation and
oncogenesis by coping with several signaling pathways [26]. Among them, KSHV
LANA directly deregulates signaling pathways such as MAPK, JAK/STAT, MEK/
ERK, PI3K/AKT, Notch, and Wnt signaling to help establish latent infection [24,
27, 28].

Multiple chemicals, including tetracycline [29], are able to trigger KSHV reacti-
vation. Once lytic replication is activated, immediate early (IE), early and late genes
are expressed [30]. Production of lytic genes switches infected cell into intense viral
replication, contributing to KSHV-induced tumorigenesis [24, 30]. These proteins
encoded by KSHV lytic genes are also involved in modulating immune system or
pathogenesis. For instance, K2-encoded vIL-6 can regulate B-cell proliferation by
activating JAK/STAT, MAPK, and PI3K/Akt signaling pathways [31].

15.1.3 Noncoding RNA Encoded by KSHV

KSHYV also expresses noncoding genes during latent or lytic phase. During lytic
production, a 1.1-kb-long long noncoding RNA, which is now known as polyade-
nylated nuclear RNA (PAN RNA), is produced to facilitate KSHV lytic production
[32]. Recent study also shows that this particular noncoding RNA encodes three
peptides [33]. And with chromatin isolation by RNA purification coupled with next-
generation sequencing (ChIRP-seq), PAN is found binding to KSHV genome to
initiate lytic phase [33].

MiRNAs are expressed in latent cells, helping establish lifetime infection in host
cells. MiRNAs are a group of small, about 22 nt in length, noncoding RNAs that are
capable of regulating gene expression posttranscriptionally [34, 35]. The mecha-
nism of how these small RNAs works has been studied since its discovery. It is
believed that miRs can regulate gene expression through inhibiting transcription or
destabilizing target genes by targeting complementary sequences in the 3’ untrans-
lated regions (3'UTR) [34-37].
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Discovery of KSHV miRNAs went through a history of a half decade. In 2005,
Pfeffer et al., Cai et al., and Samols et al. identified 11 precursor-miRNAs (pre-
miRNA) coded by KSHV by cDNA cloning strategies [38—40]. Later, with the help
of a combined computational and microarray-based approach, Grundhoff et al.
uncovered a different hairpin that leads to the 12th pre-miRNA, miRNA-K12, as
well as most of the miRNAs discovered before [40]. With more digging, in 2010,
different groups ascertained that there were at least 25 mature miRNAs deriving
from those previously found pre-miRNAs [41]. No more miRs have been found
ever since.

In 2013, a group in the USA found out that KSHV miRNAs are essential for
tumorigenesis of KS. In this particular research, they found that deletion of KSHV
miRs fails to transform, and instead it caused cell cycle arrest and apoptosis [26].
These results show that KSHV miRs are of great significance in the tumorigenesis
of KS. And in this same research, NF-kB pathway is found to be the critical path-
way targeted by KSHV miRs [26].

Moreover, these miRNAs are capable of regulating viral life cycle and gene
expression, facilitating the tumorigenesis of KS. In a project done by Lu et al., they
discovered that KSHV miR-K3 regulates viral latency by targeting nuclear factor
I/B (NFIB), which indicates that KSHV miRNAs play a significant role in KSHV
life cycle [42]. Also, miR-K3, miR-K4, miR-K7-5p, and miR-K9 have been reported
to be related with the KSHV lytic switch protein (RTA)-regulated KSHV life cycle
[42—45]. Moreover, a recent study showed that KSHV miRNA miR-K12-6-5p
(miR-K6-5) can directly target and suppress a human gene, breakpoint cluster
region (Bcr), resulting the activation of Racl-mediated angiogenesis [46]. MiR-K1
also target IxkBa, leading to NF-kB-dependent viral latency [47].

Researches on miRs are developing rapidly. A lot of the target genes or pathways
regulated by miRs have been confirmed. For example, by inhibiting SH3BGR,
miR-K6-3p activates STAT3 pathway to aid the malignancy of KS [48]; and by
targeting GRK2, miR-K3 activates the CXCR2/AKT pathway, which influences the
angiogenesis, migration and invasion of KSHV-infected primary human umbilical
vein endothelial cells (HUVECsS) [49]. A lot more targets of KSHV miRs have been
confirmed, parts of the targets are shown in Table 15.1.

15.2 Interaction Between KSHV and HIV Viral Proteins

Although KSHYV is the pathogen of KS, KSHV alone is not sufficient for the tumori-
genesis of KS. HIV infection is thought as the cofactor in tumorigenesis of KS [50].
Epidemiology research on KSHV showed that KS is of higher possibility develop-
ing in AIDS patients [51, 52]. The HIV-KSHYV interaction must have a place in KS.

HIV genome encodes 16 viral proteins, which all play essential roles in HIV life
cycle. In the coinfected hosts, more cytokines are induced by HIV-1 effecting KSHV
life cycle. Experiment done on BCBL-1 cells found that cytokines, like OSM,
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Table 15.1 KSHV miRNAs and confirmed target genes

miRNA Related pathways or genes Ref.
miRNA-K12-1 Nuclear factor-kb (NF-kB) [109, 110]
Signal transducer and activator of transcription 3 (STAT3)
Casp3
miRNA-K12-3 G protein-coupled receptor (GPCR) kinase 2 [49, 110, 111]
Casp3
Nuclear factor I/B (NFIB)
miRNA-K12-4 Casp3 [110]
miRNA-K12-5 Tumor suppressor protein tropomyosin 1 (TPM1) [112]
miRNA-K12-6 Breakpoint cluster region (Bcr) protein [46, 48]
SH3 domain-binding glutamate-rich protein (SH3BGR)
miRNA-K12-7 Replication and transcription activator (RTA) [44]
miRNA-K12-9 Interleukin-1 receptor (IL-1R)-associated kinase 1 [113]
(IRAKT1)
MiRNA-K12-11 | SMADS [114]

HGF/SF, and IFN-y, can induce KSHV lytic reactivation [50]. Same results are
shown in other two PEL cell lines, BC-1 and BC-3 [50].

Multiple signaling pathways are involved in HIV-1 induced KSHV reactivation.
HIV-1-infected BCBL-1 activated several pathways, including phosphatidylinositol
3-kinase/AKT (also called protein kinase B, PKB), mitogen-activated protein kinase
(MAPK), and nuclear factor-xB (NF-kB) signaling pathways [53]. All these three
pathways are involved in KS pathogenesis. In HIV-1-infected BCBL-1 cells, phos-
phorylation of PI3K and AKT is dramatically increased, and meanwhile the nega-
tive regulator of PI3K and PTEN is decreased, all leading to the activation of the
PI3K/AKT pathway [53]. Moreover, HIV-1-infected BCBL-1 cells showed
increased expression of Ras and phosphorylation of c-Raf, MEK1/2, and extracel-
lular signaling-regulated kinase (ERK), which all represent their activation [53].
Furthermore, activation of the Ras/c-Raf/MEK1/2 MAPK pathway leads to the acti-
vation of KSHV lytic production [53]. However, the role of NF-kB in the reactiva-
tion of KSHV remains a controversy.

15.2.1 HIV-1 Tat and Its Function in the Oncogenesis of KS

The HIV-1 Tat is a polypeptide with a length of 86—104 amino acids (aa) [54]. With
its ability to transactivation, HIV-1 Tat is vital for HIV replication [54]. Extracellular
Tat is capable of entering uninfected cells and transactivate endogenous genes, such
as tumor necrosis factor, interleukin-2 (IL-2), and IL-6 [55]. Tat is positively
charged, and with this feature, it is able to bind to negatively charged molecules,
such as VEGFR-2, which significantly promotes angiogenesis in vivo [54]. With
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this effect, there is high possibility that Tat contributes to KSHV-inducing abnormal
angiogenesis in KS formation.

Researches confirmed that Tat, regulatory protein encoded by HIV, is involved in
several activities of KSHV. It has been proved that Tat, as a cofactor in pathogenesis
of AIDS-KS, is a growth factor for KS spindle cells [56, 57]. Transgenic expression
of Tat in mice helps in the formation of KS-like lesions [58]. Researches so far have
found that HIV Tat can affect KSHV life cycle and facilitate AIDS-KS by inducing
cellular proliferation and pro-inflammatory genes. In 2007, our group found that, by
inducing human interleukin-6 (hulL-6) and its receptor (hulL-6Ra), Tat enhances
KSHYV lytic replication through modulation of the JAK/STAT pathway [59].

Far in the late 1990s, it is demonstrated that, for Tat being capable of inducing
pro-inflammatory and proliferative genes in KS, it might contribute to the pathogen
of KS [60]. Tat enhances the expression of IL-6, MCP-1, ICAM-1, and VCAM-1 in
cultured KS cells [60]. Among these cytokines, IL-6 is a cytokine that activates
leukocytes and induces the proliferation of KS cells [60]. The expression of MCP-1
and other cellular adhesion molecules could in return promote the expression of
IL-6 [60].

In cooperation with a 13-amino-acid peptide corresponding to the basic region of
Tat, HIV-1 Tat enhances KSHYV infectivity by aiding KSHV entering into endothe-
lial cells and other cells [61]. This might be the reason AIDS-KS is far more aggres-
sive than KS in other immunodeficiency or immunocompromised states. In the
pathogenesis of KS, HIV-1 Tat may cooperate with KSHV-encoded genes to facili-
tate KS tumorigenesis. Research found that HIV-1 Tat may enhance KSHV kaposin
A-mediated tumorigenesis in vitro and in vivo through several signaling pathways,
such as MEK/ERK, STAT3, and PI3K/Akt signals [58]. However, it is not only that
kaposin A-mediated tumorigenesis is enhanced by Tat but also vIL-6. Through acti-
vating PI3K and AKT and inactivating PTEN and GSK-3p, Tat significantly pro-
motes vIL-6-induced angiogenesis and tumorigenesis of fibroblasts and human
endothelial cells in a chicken chorioallantoic membrane (CAM) model [62].

Most of the cells in KS are under latent infection; however, a few KSHV-infected
cells are activated and express lytic genes, such as Orf-K1 and Orf-K2 [63]. Soluble
Tat or ectopic expression of Tat enhanced K1-induced cell proliferation and angio-
genesis in vitro and in vivo [63]. In synergy with K1, Tat induces the expression of
miR-891a-5p of host cells, which activates NF-«xB by targeting IkBa 3’ untranslated
region [63]. Activation of NF-kB in turn contributes to the malignancy of KS.

Moreover, ectopic expression of HIV-1 Tat promotes HSV-2-induced KSHV
reactivation, resulting in KSHV going into lytic phase [64].

15.2.2 HIV-1 Nef and Its Role in Tumorigenesis of KS

Nef, expressed during the early stage of infection, is encoded by the nef gene, which
only exists in primate lentiviruses [65]. In 1991, Kestler et al. infected Rhesus
macaques with a mutated strain of SIVmac,;y lacking the Nef ORF, which proved



15 Infection of KSHV and Interaction with HIV: The Bad Romance 243

that the nef gene is vital in maintaining high viral load and viral infection [66]. Nef
is structurally multifunction. Far in the 1990s, multiple groups confirmed that in
HIV-1-infected cells, Nef assembles on the cell surface or in cytoplasm [67, 68].
Myristoylation of Nef and basic amino acids on its N-terminal helps the interaction
between Nef and membrane [68, 69], which facilities its coping with host contents
and helps the replication of HIV-1 [70]. Different groups confirmed that Nef is also
able to enhance the infectivity of HIV-1 [70, 71]. Recent study shows that Nef is
also involved in the localization of Gag, resulting in transferring viruses cell to cell
[72]. With its ability to interact with multiple host factors, Nef displays remarkable
ability in connecting with the cellular vesicular trafficking machinery and to perturb
cell signaling [65].

Not only is HIV-1 Nef of great importance in HIV-1 infection, but also it
plays significant roles in the oncogenesis of KSHV. Based on the fact that Nef
localizes in the pulmonary arterial endothelial cells of AIDS patients, our group
validated that in cooperation with KSHV viral interleukin-6 (vIL-6), HIV-1 Nef
facilitates angiogenesis and oncogenesis of KSHV by manipulating AKT signal-
ing pathway [73]. The experiment in vivo shows Nef boosts vIL-6-induced
angiogenesis and tumorigenesis [73]. In this particular research, we found that
exogenous Nef is able to penetrate endothelial cells, without impacting the
apoptosis of endothelial cells [73]. That corresponds with Nef being able to get
to cell membrane.

Despite vIL-6, HIV-1 Nef works in synergy with KSHV K1 to promote cell pro-
liferation and tubulogenesis of human umbilical vessel endothelial cells (HUVEC)
[74]. HIV-1 and KSHYV K1 together induce cellular miR-718, which in turn regu-
lates the PTEN/AKT/mTOR signaling pathway [74].

Moreover, Nef is capable of regulating KSHV life cycle. Our recent investigation
shows that soluble and ectopic Nef can suppress KSHV lytic replication to promote
latency in PEL cells [75]. Mechanism study revealed that cellular miR-1258
enhances Nef inhibition of KSHYV reactivation [75].

Besides Tat and Nef, HIV-1 viral protein R (Vpr) is another viral protein that is
involved in regulating KSHYV life cycle. Researchers found that Vpr is able to acti-
vate KSHV transcription [76]. And with its ability of internalizing into PEL cells,
Vpr can activate NF-kB signaling pathway, and cellular miR-942-5p directly target
inhibitor of NF-xB, revealing the role of NF-kB in balancing KSHV latency and
lytic production [77].

15.2.3 KSHYV Affects HIV

HIV influences KSHV in multiple ways and plays important roles in the oncogen-
esis of KS; KSHV in turn influences host cell susceptibility of HIV-1 and replication
in few ways as well [78]. The receptor for KSHV, DC-SIGN, is expressed on acti-
vated macrophages, B cells, and monocyte-derived dendritic cells (MDDCs). Also,
isoform of DC-SIGN, DC-SIGNR, is also expressed on endothelial cells [79].
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Among them, dendritic cells are of great significance in HIV-1 infection, which
indicates the relationship of KSHV and HIV-1 in their coinfection.

KSHYV plays a role in HIV viral transportation. Research found that dendritic
cells stimulated by KSHV capture more HIV viral particles and enhance HIV-1
transport to CD4+ T cells, which is a key route of HIV-1 transfer between cells [80].

KSHYV is also involved in regulating HIV-1 life cycle. KSHV ORF50 (encodes
RTA) is an important gene in KSHV reactivation [81]. In KSHV and HIV coinfec-
tion case, KSHV ORF50 increases cell susceptibility of HIV-1 infection in vitro and
is capable of transactivating the HIV-1 LTR in synergy with HIV-1 tat gene [81, 82].
In susceptible cell, like T cells and B cells, the expression of ORF50 activates HIV-1
replication, and in unsusceptible cells, HIV-1 alone is not able to launch reactiva-
tion, while transformed with ORF50, HIV-1 infection is more persist in parent cell
and leads to low level of HIV-1 virus production, infecting susceptible cell by direct
contact [83]. Meanwhile, KSHV ORF57 is found being able to activate HIV-1 rep-
lication by regulating ORF50 or other unidentified mechanism [82].

Despite OFR50, researchers found that KSHV-encoded ORF45 was the most
robust in mediating transcriptional activation of HIV-1 TLR via the cellular p90
ribosomal S6 kinase (RSK2) as well [83].

In addition, KSHV-encoded viral FLIP (Fas-associated death domain-like IL-1
beta-converting enzyme inhibitory protein) K13 can activate the HIV-1 LTR in
cooperation with HIV Tat [84]. The activation is done via K13 activating NF-kB
pathway [84].

Moreover, KSHV Ilatency-associated nuclear antigen (LANA) is constantly
expressed in KSHV-infected cells. Research found that by functioning as a regulator
of transcription, LANA is able to transactivate HIV-1 LTR in multiple cell lines,
including human B-cell line BJAB, human monocytic cell line U937, and the human
embryonic kidney fibroblast cell line 293 T [84]. And HIV-encoded Tat protein is in
cooperation with LANA in the reactivation [84].

15.3 Effect of Antiviral Treatment on KS Development
and New Treatment of KS

After the epidemic of HIV infection and outbreak of AIDS, till now, multiple anti-
HIV drugs have been approved by US Food and Drug Administration (FDA). And
in HIV-infected individuals, antiretroviral treatment (ART) is sufficient to prevent
transmission [85—-87]. At the same time, HAART has significantly reduced KS inci-
dence in HIV-positive patients, while in Africa, where antiretroviral drugs are not
easily accessible, KS remains a problem for HIV-infected patients [88, 89]. Effects
of HAART on AIDS-KS are diverse, including inhibition of HIV replication,
improved immune response, or direct inhibition of HIV-1 Tat [90]. However, no
scant evidence or clinical evidence shows that HAART alone is sufficient to treat
KS [89, 90]. KS several treatment methods have development in treating KS, while
no standard methods have been made.
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HAART, in combination with systemic and local therapy, is efficient in control-
ling KS, resulting in regression of KS both in size and number of KS lesions [88, 91,
92]. Such regimens include cytotoxic chemotherapy and protease inhibitor [90]. A
trail involving chemotherapy and HAART elucidated that a combination of HAART
and chemotherapy achieved higher overall KS response, resulting in higher overall
survival and improved quality of life [93]. Chemotherapy is strongly recommended
in treating KS, especially KS with pulmonary involvement [20]. HAART mainly
controls HIV, while chemotherapy is specific to KS.

Together with HAART, FDA-approved chemotherapeutic drugs including
pegylated liposomal doxorubicin (PLD), liposomal daunorubicin, and taxane pacli-
taxel are proved impactful in treating KS. PLD plus HAART showed better KS
response after 48-week treatment than HAART alone, and it shows equal efficiency
in advanced KS [20, 94, 95]. Later year, in 2005, researcher found that this combi-
nation can induce effective tumor remission and recovery of CD4+ cells [96]. The
comparison between paclitaxel and PLD showed similar response toward KS (a rate
of 50-60%), with paclitaxel showing hematologic toxicity and more alopecia and
sensory neuropathy [97]. And liposomal daunorubicin was approved by US FDA as
the first-line treatment of KS [98]. And KS patients benefit from higher cumulative
chemotherapeutic doses without significant cardiotoxicity [99]. However, HAART
in combination with chemotherapy is not as effective as expected. Still 51% of the
patients have persistent KS 36 months after diagnosis.

New drugs targeting KSHV regulated pathways or factors are developed during
recent decades. Rapamycin, an mTOR signaling pathway inhibitor, is proved effec-
tive in transplant-related KS, and in AIDS-KS, its effect still needs further investiga-
tion [100, 101]. And also there is a report on classic-KS regression after treatment
with rapamycin [102]. Drugs or immune modulators like interferon-a, interleukin-
12, thalidomide, and lenalidomide are effective either alone or in combination with
other treatment [103—106]. Other drugs targeting KSHV-encoded genes regulated
signaling or KSHV-induced angiogenesis; apoptosis is also under investigation
[90].

15.4 Remarks and Perspectives

In this article, we made a discussion on KSHV and the heated topic of KSHV miR-
NAs during the last few years. These products of KSHV latency are of great signifi-
cance in the angiogenesis, migration, and invasion of KS. This leads us one more
step closer to the myths of KSHV and KS. However, cell origin of KS is still con-
troversial and haunting around. The establishment of KSHV-infected MSCs is the
first step in searching the secret behind KS [107, 108]. Besides that, the network of
interaction between KSHV miRNAs and its target genes deserves more digging to
clarify the underlying secrets of KSHV miRNAs in the tumorigenesis of
KS. Researches on HIV and KSHV coinfection now mainly focus on the HAART
treatment. Drugs and methods in treating AIDS-KS have been found and proved
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effective, saving thousands of lives. However, works on prevention of KS is still
slow. No vaccines or other drugs have been found or developed in preventing KSHV
infection or KS development. And works on non-AIDS-related KS still need more

attention.
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Chapter 16

Interplay Between Microenvironmental
Abnormalities and Infectious Agents

in Tumorigenesis

Qing Zhu, Feng Gu, Caixia Zhu, Yuyan Wang, Fang Wei, and Qiliang Cai

Abstract Emerging evidence has shown that the cell of microenvironmental abnor-
malities is a key factor that controls many cellular physiological processes including
cellular communication, homing, proliferation, and survival. Given its central regu-
latory role, it is therefore not surprising that it is widely exploited by infectious
agents for inducing pathogenesis. In the past decade, a number of oncogenic patho-
gens including viruses, bacteria, and parasites are demonstrated to take advantage of
the tumor microenvironmental factors including hypoxia, oxidative stress, and cyto-
kines, to create an extracellular environment more favorable for pathogen survival
and propagation and escape from the host immune surveillance. Here we summa-
rize and highlight the current understanding of the interplay between common
tumor microenvironmental factors and oncogenic pathogens in promoting
tumorigenesis.

Keywords Tumor microenvironment ® Pathogen ¢ Oncogenesis
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16.1 Introduction

Oxygen and glucose are not only essential nutrients but also key microenvironment
factors to maintain cell survival. Imbalance between nutrients supply and demand
can lead to nutrient stress within regions of tumor tissues. The growth of solid
tumors, which are significantly different from the normal tissues, possesses the
characteristic of rapid expansion of tumor mass and chaotic growth of tumor vascu-
lature [1, 2]. Thus, excessive metabolism rate of tumor cells and insufficient blood
supply could profoundly influence the tumor microenvironment where forms
hypoxia and glucose starvation. To survive in hypoxia and glucose starvation stress,
tumor cells have evolved strategies of adaptive cellular response by acting on vari-
ous signaling pathways that are responsible for angiogenesis, glucose metabolism,
cell proliferation, and apoptosis [3, 4]. Importantly, increasing evidence suggests
that these adaptive strategies in cancer cells profoundly drive tumor growth and
aggressive progression [1, 4, 5]. In addition, the consequence of limitation on the
uptake of oxygen and glucose has also been shown to associate with the physio-
chemistry change within tumor microenvironment such as increase of acidic (H*)
concentration and ROS production [6]. Conversely, these physiochemistry changes
acting as a selective stress influence cellular signaling pathways and can be exploited
in tumorigenesis. Together, nutrient stress (hypoxia or glucose starvation) in syner-
gizing with the accompanied production of metabolites constitutes a unique tumor
microenvironment where it produces a potent selective stress in driving
carcinogenesis.

Distinct from noninfectious agent-associated cancer, pathogen—host interaction
has been causally demonstrated in the carcinogenesis of pathogen-associated cancer
[7]. The hemostasis of both extracellular and intracellular metabolic environment is
equally essential for oncogenic pathogen survival, especially for virus that abso-
lutely relied on cells for living. Whether these oncogenic pathogens are directly
capable of sensing changes in extracellular or intracellular microenvironment
remains to be exploited. However, the factors including low oxygen and ROS gen-
eration have been indicated to influence virus replication and virions production [8].
On the other hand, emerging evidence has also suggested that many oncogenic
pathogens participate in modulating key signaling pathways and gene expression
that triggered cellular response to metabolic stress. The adaptive genetic alteration
of signaling pathways by oncogenic pathogens may reflect the interaction between
pathogen-associated cancer cells and tumor microenvironment. Therefore, it is
highly possible that some of these oncogenic pathogens have evolved their own
unique adaptive mechanisms. The pathogen-specific subversion response of signal-
ing pathway not only facilitates the survival of infected cells under stress but also
promotes pathogen-mediated oncogenesis. Hence, the understandings of these
pathogen-associated critical signaling pathways in adaption to hypoxia and glucose
starvation stress will not only expand the oncogenesis mechanism induced by
pathogen in a microenvironment base but will also favor the identification of both
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Fig. 16.1 Schematic representation of microenvironmental abnormalities including immune
(immune cells, cytokines, and chemokines) and nonimmune (extracellular matrix, stromal cells,
blood vessels) components associated with infectious agents (virus, bacterium, and parasite)

pathogen and microenvironment based on potential therapeutic targets for the treat-
ment of pathogen-associated cancer (Fig. 16.1).

In this review, we summarize the key cellular adaptive signaling pathways that
are modified by oncogenic pathogens and highlight the common or unique mecha-
nisms utilized by these oncogenic pathogens for oncogenesis.

16.2 Pathogen-Mediated Alteration of Hypoxic Signaling
and Response to Hypoxic Stress

Cellular oxygen homeostasis is highly dependent on the regulation of oxygen-
sensitive signaling pathway. Accumulated evidence has strongly shown the acti-
vated oxygen-sensitive signaling is the first line to respond to hypoxic stress within
tumor microenvironment [9—11]. Activations of hypoxia-inducible factor 1 (HIF-1)
and HIF-dependent downstream gene are the master regulatory pathway during
hypoxia. In addition, mTOR kinase signaling pathway and unfolded protein
response (UPR) are another two oxygen-sensitive signaling that are individually
activated under the condition of severe and durative hypoxia stress [11]. Therefore,
it is not surprising that most oncogenic pathogens are involved in the deregulation
of key molecules in controlling these hypoxic signaling pathways.
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16.2.1 Deregulation of HIF-Dependent Hypoxic Signaling

HIF-1, which consists of a constitutively expressed p-subunit and an inducible
a-subunit, is a central transcriptional factor of HIF-dependent signaling in response
to hypoxia stress [12]. The modulation of HIF-1 is mainly through the stability and
availability of the inducible subunit HIF-1a. The stabilization of HIF-1a is oxygen-
dependent and is tightly regulated in the presence of oxygen [13]. More recently, it
has been proven that many oncogenic viruses can directly enhance the accumulation
of HIF-1a and promote its transcriptional activity through various mechanisms even
in normoxia [14]. Given the role of HIF-1a in inducing the expression of proangio-
genic factors, the subversion of HIF-1-dependnent angiogenesis has been deeply
involved in oncoprotein-stimulated tumor angiogenesis.

16.2.1.1 Synthesis of HIF-1a Protein

Activation of growth factor signaling pathways including MAPK signaling, PI3K/
Akt signaling, and TSC/mTOR signaling has been indicated to be involved in the
synthesis of HIF-1a protein [15]. Several oncogenic viruses have been found to
hijack these signaling pathways to enhance the synthesis of HIF-la protein in
hypoxia or normoxia. For instance, KSHV vGPCR-mediated paracrine secretion
can activate TSC/mTOR signaling and mTOR-dependent upregulation of HIF-1a/
HIF-2a [16]. Similarly, EBV-encoded latent membrane protein LMP-1 is also
shown to induce the activation of p42/p44 MAPK signaling pathway to promote the
synthesis of HIF-1a proteins [17], and HPV 16-encoded E6 associate with ERK1/2
signaling pathway to enhance HIF-1a accumulation [18]. In addition, some viral
oncoproteins are shown to regulate HIF-1a at a transcription level. For example,
HTLYV encodes Tax to promote the expression and DNA-binding activity of HIF-1a
by means of activating PI3K/Akt signaling [19]. EBV-encoded LMP-1 is also shown
to enhance the stability of HIF-1ao RNA transcripts through ERK1/2 and STAT3
signaling targeting the expression of RNA-destabilizing proteins TTP and PUM?2
[20].

16.2.1.2 Stability of HIF-1a Protein

The accumulation of HIF-1a protein not only depends on the constitutive synthesis
of HIF-1a but also requires the modulation of HIF-1a degradation. The degradation
of HIF-1a is primarily induced by PHD/HIF/VHL pathway in an oxygen-dependent
manner [21, 22]. The tumor suppressor VHL acts as an E3 ubiquitin ligase to induce
prolyl-hydroxylated HIF-1a for ubiquitylation and in turn proteasomal degradation.
The hydroxylation of HIF-1a in the specific proline residue is mediated by oxygen-
sensor prolyl hydroxylase (PHD) enzymes. Interestingly, increasing evidences have
shown that oncogenic viruses have exploited diverse strategies to interfere PHD/



16 Interplay Between Microenvironmental Abnormalities and Infectious Agents... 257

HIF/VHL pathway. For instance, both KSHV-encoded LANA and EBV-encoded
LMP-1 have been demonstrated to induce the proteasome-mediated degradation of
HIF-1a suppressor. LANA can stimulate the degradation of HIF-suppressor VHL
and p53, which is dependent on the recruitment of Cul5-Elongin BC complex by the
cytokine signaling-box motif within LANA [23]. In contrast, LMP-1 can induce the
degradation of oxygen-sensor PHD1 and PHD?3 via recruitment of Siah1 E3 ubiqui-
tin ligase [24]. Distinct from LANA and LMP-1, KSHV-encoded IFN-regulatory
factor 3 (vIRF3), a viral homologue of cellular IRF gene, can stabilize HIF-1a pro-
tein through forming a complex with HIF-1a, although the machinery of the inhibi-
tion of HIF-1a degradation remains unclear [25]. The EBV oncoproteins EBNA3
and EBNAS are shown to bind to PHD1 and PHD2 for blocking the hydroxylation
of HIF-1a [26]. Interestingly, in order to stabilize HIF-1a, the HBV-encoded HBx
not only blocks the formation of VHL-HIF complex but also induces interaction
between MTA I/HDAC and HIF-1a to promote the deacetylation of HIF-1a within
the oxygen-sensitive domain [27, 28].

16.2.1.3 Transcriptional Activity of HIF-1o

In addition to the accumulation of HIF-1a protein, the regulators of HIF-1a tran-
scriptional activity including nuclear translocation, and interaction with coactiva-
tors, DNA-binding capacity also plays a critical role in activating HIF signaling,
which is targeted by different viral proteins [29]. For example, KSHV-encoded
LANA and vIRF3 have been reported to promote nuclear accumulation of HIF-1a
[23]. EBV oncoprotein LMP-1 enhances DNA-binding ability of HIF-1a to hypoxia-
responsive DNA elements within the VEGF promoter [17], while HBx enhances the
transcriptional activity of HIF-1a through the activation of p42/p44 MAPK signal-
ing, leading to the interaction between HIF-1a and coactivator CREB-binding pro-
tein [30]. In addition, some viral oncoproteins are also involved in stimulating
HIF-1a activity through posttranslational modification. For instance, the p38/
MAPK signaling activated by KSHV vGPCR can phosphorylate HIF-la and
enhance its transcriptional activity [31], and HPV E7 prevents deacetylation of
HIF-1a through dissociation with histone deacetylases HDAC1, HDAC4, and
HDACT7 [32].

16.2.2 Deregulation of HIF-Independent mTOR Signaling

It has been demonstrated that the adaptive response to hypoxia stress involves not
only stimulation of angiogenesis but also inhibition of protein synthesis [33]. mMTOR
kinase signaling pathway, as a central regulator of protein synthesis that integrates
various physiological signals [34], has been shown to respond to hypoxia and
restrain the growth of tumor [33]. mTOR-mediated protein synthesis is a process
involving the phosphorylation of the eukaryotic initiation factor 4E binding protein



258 Q. Zhu et al.

1 (4E-BP1) and the p70 ribosomal S6 kinase 1(S6K1) [34]. These two are critical
effectors of the downstream of mTOR signaling and responsible for the initiation
process of translation. It has been shown that inhibition of mTOR by hypoxia
involves three hypoxia-inducible proteins REDD1, BNIP3, and PML [35-37]. Both
REDDI and BNIP3 can directly suppress mTORCI activity by disrupting Rheb-
mTOR interaction, whereas REDD-mediated downregulation of mTORCI1 by
hypoxia is dependent on TSC1/TSC2 complex (a negative regulator of mTOR). In
view of the fact that the deregulation of mTOR signaling appears in many advanced
cancers [38, 39], the constitutive activation of mTOR could be an adaptive strategy
in response to hypoxia. Intriguingly, a growing number of evidence has shown the
positive regulation of mTOR activity by several oncogenic viruses. For instance,
HPV16-encoded E6 and HBV-encoded HBx are shown to target TSC1/TSC2 com-
plex for stimulating protein synthesis. Moreover, HPV16 E6 not only induces the
activation of mMTOR/SK61 signaling, which is dependent on the disruption of TSC2
by E6-tuberin interaction and the proteasomal degradation of tuberin [40], but also
enhances Atk/mTOR activity to initiate cap-dependent translation [41]. For HBV,
the overexpression of HBx activates TSC1/mTOR/SK61 signaling by means of
IKKPp [42]. Meanwhile, HCV NS5A-mediated activation of mTOR presents a posi-
tive effect on two key translation initiation-associated proteins S6 K1 and 4EBPI,
by which NS5A promotes the dissociation of FKBP38 from mTOR by competitive
binding to mTOR [43, 44]. This indicates to some extent that activation of mMTORCI
and protein synthesis could be potent strategies targeted by oncogenic viruses in
response to hypoxia. Nonetheless, the increasing severity and duration of hypoxia
will conversely cause the suppression of protein synthesis in most cells. Therefore,
the mTOR signaling is also a critical regulator in hypoxia toleration. However,
whether the subversion of mTOR signaling by oncogenic virus for carcinogenesis
will still benefit to the survival of tumor cells during severe hypoxia remains elusive.
It is likely that the oncogenic virus will shift the regulatory mechanism of mTOR
signaling or constitutively activate mTOR-dependent protein synthesis to promote
viral replication in response to sever hypoxia.

16.3 Pathogen-Mediated Alteration of ROS Signaling
and Response to Oxidative Stress

Mounting evidence has indicated the excess generation of intrinsic or extrinsic ROS
in cancer cells. It has been proven that several factors including mitochondrial dys-
function and oncoprotein activity contribute to the accumulation of ROS [45]. In
tumor microenvironment, hypoxia stress and glucose starvation have been clearly
linked to the induction of intracellular ROS production [46, 47]. The constitutive
production of ROS (i.e., hydroperoxides) and the consequence of oxidative stress
will cause DNA damage and genomic instability and trigger the normal cell death
signaling. To date it is well known that oxidative DNA damage caused by ROS will
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activate p53 signaling through the enhancement of p53 stability and DNA-binding
activity [48], which is tightly modulated by negative regulator MDM?2 (an ubiquitin
E3 ligase) and ATM (an important sensor of DNA damage) [49, 50]. Different from
the effect on normal cells, it has been well established that the oxidative stress in
microenvironment profoundly contributes to tumor progression by affecting cell
proliferation, apoptosis sensitivity, and genome stability [45]. Therefore, adaptive
genetic change to subvert the death signaling induced by oxidative stress has evolved
in tumorigenesis.

Since the tumor suppressor p53 is demonstrated as a central regulator in both cell
cycle arrest and apoptosis and is potently activated in response to oxidative stress
[51], several viruses have been found to evolve an adaptive mechanism to directly
block p53 function. For example, the expression of VIRF1 encoded by KSHV can
attenuate ATM/p53-mediated DNA damage response through directly blocking
ATM-mediated phosphorylation of p53 on serine 15 which in turn increases the
degradation of p53 by MDM2. In addition, vIRF1 can also reduce the transcrip-
tional activation of p53 [52]. In contrast, EBV-encoded lytic protein BZLF-1 can
induce the degradation of p53 in ATM-dependent DNA damage response which is
independent of MDM?2 [53]. The deregulation of p53-dependent oxidative stress
response is also found in HCV infection. The overexpression of DHCR24 induced
by HCV infection can suppress the activation of pS3 through the accumulation of
p53-MDM?2 complex, although the specific viral protein involved in this process
remains unknown [54]. In addition, KSHV-encoded LANA and some structural
proteins expressed during the late stage of lytic replication have been found to
inhibit p53-mediated apoptosis [55, 56]. Both EBV nuclear antigen 3C and viral
oncoprotein LMP-1 have also been shown to be involved in repressing p53-induced
apoptosis and transcriptional activity [57-59]. However, despite that the activation
of p53 signaling has been linked to multiple types of DNA damage, how p53 is
regulated by viral oncogene and in turn responsible for oxidative DNA damage is
still elusive and requires to be further investigated.

16.4 Cross Talk Between Pathogens and Cytokines in Tumor
Microenvironment

Cytokines and chemokines, existing in tumor microenvironment, are a series of
small proteins that exert great effects on host response to pathogen infection. Despite
antiviral activity induced by cytokines and chemokines, extensive evidence demon-
strates that some pathogens, especially oncogenic viruses and bacteria, utilize cyto-
kines and chemokines to promote tumor progression [60, 61]. Here, we summarized
and highlighted several cytokines and chemokines that play a vital role in tumori-
genesis during infection of oncogenic pathogens (Fig. 16.1).
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16.4.1 IL-6

Interleukin 6 (IL-6), secreted by a variety of host cells such as T cells, macrophages,
fibroblasts, and malignant cells, is a multifunctional inflammatory cytokine, induc-
ing various biological effects including tumorigenesis [62]. Increasing evidence
indicates that IL-6 has a strong link with pathogen-mediated carcinomas. For exam-
ple, it has been found that IL-6 acts as an autocrine growth factor targeted by EBV
to promote immortalization of B cells and tumor growth [63—65]. In contrast, KSHV
encodes viral IL-6 (VIL-6), sharing about 25% homology with human IL-6 (hIL-6).
Different from hIL-6, vIL-6 stimulates almost each type of cells through directly
binding to gp130 without hIL-6 receptor [66]. VIL-6 is able to promote the growth
and survival of PEL cells and tumorigenesis of nude mice [67, 68]. Blockading
vIL-6 expression or neutralizing antibody against gp130 could efficiently inhibit the
growth of PEL cells [69, 70]. Further studies revealed that vIL-6 blocks IFN signal-
ing, which contributes to tumor cell proliferation [71]. In addition, miRNA K12-1,
a viral miRNA encoded by KSHYV, was found to activate NF-kB/IL-6/STAT3 path-
way to promote tumorigenesis [72]. In the HPV-associated cervical cancer, recent
studies reported that IL-6/STAT3 is activated by the E6 oncoprotein encoded by
high-risk HPV for tumorigenesis [73, 74], while HBV-encoded X protein modulates
IL-6 to promote the progression of liver cancer [75]. In the HTLV-1-associated
T-cell malignancy, the viral protein Tax is shown to enhance the expression of IL-6
receptor and leads to the malignant growth of T cells [76]. In the bacterium-
associated cancers, Helicobacter pylori, a gram-negative microaerophilic bacteria,
is found to parasitize in the stomach and results in chronic gastritis that is intensely
associated with gastric neoplasm [77]. Several reports indicated that the interplay
between H. pylori and TLR2 induces the expression of IL-6 and subsequently acti-
vates IL-6/STAT3 signaling pathway, which strongly contributes to immortality of
gastric cancer cells. Interestingly, TLR2 is also directly upregulated by STAT3 in
gastric tumors [78-81]. Therefore, TLR2/IL-6/STAT3 pathway may form a positive
loop to promote gastric tumorigenesis [77].

16.4.2 IL-10

Interleukin 10 (IL-10), initially identified as an inhibitor of cytokine synthesis, has
been shown to play a vital role in regulating cell differentiation and immune
response, including limiting inflammatory response to pathogens and thereby reduc-
ing damage to host [82, 83]. However, it is also reported that IL-10 is utilized by
various viruses to favor viral survival and pathogenesis, among which some even
encode IL-10 homologs. For instance, EBV encodes vIL-10, imitating biological
activities of cellular IL-10, to inhibit cytokine synthesis and regulate immune
response [83]. In addition, vIL-10 prevents EB V-infected B cells from being elimi-
nated by NK cell and protects antigen-specific T-cell proliferation by
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downregulating MHCII antigen on monocytes and ultimately maintains EBV latent
infection [84, 85]. On the other hand, human IL-10 (hIL-10) expression is also
induced in the EB V-infected B cells. Evidence shows that hIL-10 is upregulated by
latent membrane protein 1(LMP-1) via p38/SAPK2 pathway [86]. Another mecha-
nism study revealed that EBV transcription factor Zta, previously recognized as a
master regulator of EBV productive cycle, is also involved in the expression of hIL-
10 [87]. Furthermore, EBV-encoded small RNA, EBER, was found to induce hIL-
10 through RIG-I-mediated IRF3 pathway [88]. For another herpesvirus, KSHV
was found to force PEL cells to release hIL-10 into culture supernatant. Moreover,
neutralizing antibodies against IL-10 and IL-10 receptor shows that IL-10 is critical
for the progression of PEL [67]. In the HPV-associated malignant cervical cancer,
HPV drives immune cells to produce IL-10 to facilitate viral persistence and tumor-
igenesis [89]. During chronic HBV infection, high production of IL-10 suppresses
the biological activity of CD8* and CD4* T cells, which favors the progression of
tumorigenesis [90, 91]. Recently, it has been found that HTLV-1 bZIP factor (HBZ)
upregulates T-cell immunoglobulin and ITIM domain (TIGIT) and enhances expres-
sion of IL-10 for evading host immune response [92].

16.4.3 IL-13

Interleukin 13 (IL-13) is known as inflammation regulatory factor, mainly generated
by B cells, T cells, and NK cells [93]. The main function of IL-13 is to induce IgE
switching and CD23 expression in B cells, promoting antigen presentation ability of
MHCII, inhibiting inflammation in human monocytes, and suppressing apoptosis
[94-97]. Increasing evidence has shown that IL-13 collaborates with various viruses
including EBV, KSHYV, and HTLV-1 to promote tumorigenesis [61, 98—101]. In the
EBV-associated Hodgkin lymphoma, the expression of IL-13 is upregulated, and
the underlying molecular mechanism is that Zta serving as a EBV lytic protein elic-
its IL-13 production via directly binding to IL-13 promoter. Furthermore, neutral-
izing antibody against IL-13 suggests that IL-13 is vital for proliferation and latency
of EBV-immortalized lymphoblastoid cell lines [98]. STAT6, a key downstream
effector of IL-13, is a remarkable transcriptional factor whose constitutive phos-
phorylation has been indicated in controlling tumorigenesis [102]. Our group found
that the constitutive phosphorylation of STAT6 is due to autocrine/paracrine of
IL-13 and downregulation of SHP1 mediated by KSHYV, which is closely associated
with oncogenesis. Strikingly, neutralizing antibody against IL-13 suppresses the
proliferation and survival of PEL, suggesting IL-13 plays a significant role in
KSHV-associated latency and subsequent tumorigenesis [61]. Though previous
studies reveal that IL-4, sharing the same receptor IL-4Ra/IL-13Ral with IL-13,
also leads to the phosphorylation of STAT6, we found that IL-4/STAT6 pathway is
negatively regulated in the KSHV-infected cells through dephosphorylation of
STAT6 by latency-associated nuclear antigen (LANA), an important viral oncopro-
tein for maintaining viral latency [103, 104]. Similar to the effect of EBV and
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KSHYV, HTLV-1 Tax protein also induces production of IL-13, which is capable of
promoting cell proliferation and anti-apoptosis of infected cells in an autocrine
manner [96, 97, 99, 105]. This indicates that IL-13 is often targeted by oncogenic
virus for host immune escape and cell survival.

16.4.4 IL-8

Chemokines are a large family of small proteins that regulates inflammation. The
main property of chemokines is to attract immune cells to the site of inflammation,
resulting from various causes including infection, autoimmune disease, and carci-
nomas [106]. Interleukin 8 (IL-8), a member of CXC chemokine subfamily, is
responsible for recruiting neutrophils and T lymphocytes to the site of inflamma-
tion. Extensive evidence demonstrates that IL-8 is closely implicated in tumorigen-
esis such as breast cancer, gastric cancer, and pancreatic cancer [107-109]. Thus, it
is not surprising that IL-8 was also found to participate in pathogen-related tumori-
genesis. For example, EBV-encoded Zta protein activates IL-8 through binding to
two elements within IL-8 promoter and subsequently upregulates IL-8 production,
which is crucial for NPC development by recruiting infiltrates around infected cells
[110]. In contrast to EBV, KSHV adopts different mechanisms to regulate IL-8
expression. It has been demonstrated that LANA-1 boosts IL-8 production to assist
KSHV-infected cells in evading host immune response [111]. Similarly, in the con-
text of lung adenocarcinomas, HPV 16 infection upregulates IL-8 expression and in
turn promotes angiogenesis and metastasis through inducing MMP2 and MMP9
[112], while the downregulation of IL-8 in the HPV-immortalized exocervical cells
or primary keratinocytes could create a favorable microenvironment for HPV infec-
tion and subsequent tumorigenesis [113, 114]. In addition, previous studies showed
that HCV infection could upregulate IL-8 expression and contribute to host immune
tolerance and viral pathogenesis [115]. Interestingly, the similar phenomenon
occurs to HBV, which was found to increase viral tolerance to IFN-a by inducing
IL-8 production [116]. HTLV-1 also encodes Tax oncoprotein to activate IL-8 pro-
duction and in turn contribute to HTLV-1-associated pathogenesis [117]. In bacteria-
associated cancer, the discoveries from gastric epithelial cells exposed to
Helicobacter pylori indicate that bacterial infection could also upregulate the
expression of IL-8. The fact that high production of IL-8 is tightly associated with
tumor cell proliferation, angiogenesis, and metastasis suggests that IL-8 plays a key
role in H. pylori-associated gastric cancer [118—121].
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16.4.5 CCL20

CCL20 is a member of CC chemokine subfamily and acts as a potent chemotaxin of
immature dendritic cells, B lymphocytes, and T lymphocytes [122]. The main char-
acteristic of CCL20 is to recruit immune cells to the site of inflammation, and in
turn it is also involved in host immune response and tumorigenesis, such as breast
adenocarcinoma, hepatocellular carcinoma, and pancreatic cancer [123-125]. Many
reports have indicated that CCL20 is connected with pathogen-related tumorigene-
sis. For instance, in the EB V-positive Burkitt lymphoma (BL) cells or EBV-negative
cells overexpressing LMP-1, the production of CCL20 is highly upregulated, indi-
cating viral oncoprotein LMP-1 is involved in inducing chemokine CCL20 [126]. In
addition, CCL20 is also upregulated by another EBV latent antigen called EBNA1
[127]. Further studies showed that high-level CCL20 could recruit Treg and is capa-
ble of inhibiting CD4* and CD8* T cells [127, 128]. By which, EBV-infected cells
can inhibit host immune response and may promote tumorigenesis. Similarly, over-
expressions of CCL20 and its receptor CCR6 are also observed in both KSHV-
positive cells and HTLV-1-infected cells, which may drive virus-infected cells to
migrate in an autocrine or paracrine manner. In contrast, high-risk HPVs were also
found to escape immune response by downregulating CCL20 through E6 and E7
proteins [129].

16.5 Remarks and Perspectives

It is well known that metabolic stress within solid tumors is characterized by
hypoxia, nutrient deprivation, oxidative stress, and lactic acidosis as a hostile micro-
environment for the survival of cancer cells. Nonetheless, these adverse microenvi-
ronments have been successfully exploited by cancer cells and have been converted
as driving force in the initiation and progression of cancer. The same cases have
been extended to the mechanism by which oncogenic pathogen utilized to involve
in carcinogenesis. Here, we have summarized the potential roles of metabolic stress
like hypoxia, glucose starvation, and ROS accumulation in promoting viral
oncoprotein-induced adaptive signaling change and oncogenesis. Among these,
extracellular lactic acidosis has also been confirmed as a potent metabolic stress
that plays a multiple role in promoting cancer progression. However, rare informa-
tion was reported about the interaction between oncogenic pathogens and lactic
acidosis stress. In addition, the consequence of the interplay between oncogenic
pathogen and metabolic stress microenvironment is complicated and elusive. For
examples, although the metabolic stress environment could drive tolerance change
of cancer cells, the adaptive response strategies exploited by virus may not stable
but adjust to the severity and duration of metabolic stress. On ther other hand, the
metabolic stress factors are not isolated but cross talked, which may imply a coop-
erative or opposed effect of these selective stress on the same viral-mediated
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adaptive signaling pathway. Thus, a dynamic and comprehensive perspective in
understanding oncogenesis mechanism induced by microenvironment abnormali-
ties and oncogenic pathogen interaction will facilitate the development of a precise
pathogen-specific therapeutic strategy.

Cytokines and chemokines are crucial factors that benefit not only hosts but also
viruses. For hosts, cytokines and chemokines play a key role in regulating immune
system, in order to limit and eliminate harmful pathogens. In contrast, for patho-
gens, many of them would adopt various mechanisms to evade host immune
response by manipulating cytokines and chemokines. Moreover, many pathogens,
in particular oncogenic viruses, even utilize cytokines and chemokines to promote
persistent infection, even tumorigenesis [60]. In recent years, increasing evidence
demonstrates the strong relationship between pathogens and carcinoma, and more
and more cytokines and chemokines are proved to participate in pathogen-associated
tumorigenesis, whereas the potential related to underlying mechanisms remains to
be fully understood. As research exploited, more knowledge about virus-mediated
tumorigenesis by manipulating cytokines and chemokines will be unveiled, and this
knowledge could potentially be utilized to design therapies to defeat pathogen-
related malignancies.
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