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Preface

Hodgkin lymphoma has become one of the most curable malignancies, both
in adult and pediatric patients. More than 80 % of all patients can be cured
with risk-adapted treatment including chemo- and radiotherapy. This prog-
ress is largely due to the development of multi-agent chemotherapy more
than 40 years ago and the improvements in radiotherapy. Since then, this
fascinating disease has been in the focus of scientific and clinical research.
Major recent achievements were the definite proof that Hodgkin lymphoma is
a true malignancy derived from “crippled” B-lymphocytes. Establishing
immortal cell lines from patients with end-stage disease initiated a variety of
different research activities that advanced our understanding of Hodgkin lym-
phoma pathophysiology, biology, and immunology, in addition to providing
an in vitro model for testing new therapies. The discovery of the CD30 anti-
gen that is expressed in high density on H-RS cells substantially improved the
prognostic precision. Monoclonal antibodies against this antigen were suc-
cessfully used for diagnostic immunophenotyping and were exploited thera-
peutically. After a number of unsuccessful clinical trials with unconjugated
antibody constructs or fully human monoclonal antibodies targeting CD30,
this strategy has come full circle with the advent of an anti-CD30 antibody
drug conjugate that has given remarkable responses in relapsed and refractory
Hodgkin lymphoma.

Due to the very good prognosis and the young age of most patients
affected, Hodgkin lymphoma has also become a model to study long-term
effects of radio- and chemotherapy. Unfortunately, a substantial number of
patients die from treatment-related long-term toxicity. We must thus very
carefully balance our attempts to further improve disease control with the
need to keep the risk of long-term consequences as low as possible. In addi-
tion, there are a number of relevant physical and psychosocial issues that
need to be further exploited including the risk of infertility and fatigue.
Fortunately, after more than 20 years of standstill, we now experience the
development of new targeted treatment also for patients with Hodgkin lym-
phoma. This hopefully might result in more individualized and less toxic
treatments for our patients. The next decade will witness additional progress
relevant to exploiting the interaction between the malignant H-RS cells and
the immune cells in the microenvironment, which will likely result in further
refinement of our treatment strategies.
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Preface

This book should give you a comprehensive overview on the most relevant
biology, diagnostic and clinical aspects of Hodgkin lymphoma. We would
like to express our sincere gratitude to all those who have contributed to this
project.

Cologne, Germany Andreas Engert
New York, NY, USA Anas Younes
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Hodgkin lymphoma (HL) is a relatively rare
malignancy, occurring in the United States (USA)
at approximately 1/20th the rate of lung cancer
and 1/8th the rate of non-Hodgkin lymphoma in
2010 [132]. Yet, it has inspired considerable sci-
entific interest because of its clinical heterogene-
ity, with some aspects characteristic of
malignancy but others recalling an infectious
process; the complexity of its histology, includ-
ing the infrequent malignant (Hodgkin Reed-
Sternberg (HRS)) cell in an otherwise normal
reactive infiltrate, and the variability of cell sur-
face markers [173]; and its occurrence not only in
older adults but also in children and young adults,
in whom it is a common cancer [132]. Following
MacMahon’s seminal papers on HL epidemiology
[171, 172], epidemiologists have worked to dis-
entangle the complexity of HL so as to arrive at a
clear understanding of its pathogenesis and etiol-
ogy. However, even as study findings have helped
elucidate some aspects of HL etiology, they have
continued to reveal significant epidemiologic
heterogeneity, which in turn complicates the
interpretation of epidemiologic research con-
ducted for HL as a single entity and perhaps
challenges how it is currently categorized.
Indeed, in 1999, HL was split into two main
groups—classical HL, which comprises the
majority of the histological subtypes, and nodular
lymphocyte predominant HL, an uncommon dis-
ease considered a B-cell lymphoma despite HRS
cell presence [110]. Even so, for classical HL, the
central feature of its epidemiology is the consis-
tent observation of heterogeneity in its occur-
rence and risk factors.

Therefore, this chapter will provide an over-
view of the epidemiology of HL with particular
attention to its etiologic heterogeneity. It will do
so for several areas of established relevance: inci-

dence patterns, timing of exposure to common
infections, the role of Epstein-Barr virus (EBV),
altered immune function, genetic susceptibility,
and selected lifestyle exposures. Where possible,
it focuses on classical HL.

1.1 Incidence Patterns

HL has a low and relatively stable incidence with
a slight male excess. Worldwide, estimated age-
adjusted incidence rates for 2012 were 1.1 and
0.7 per 100,000 males and females, respectively
[75]. Over time in the USA, HL incidence rates
overall changed minimally since 1973 [132].

1.1.1 Heterogeneity
HL incidence varies internationally: estimated
2012 incidence rates ranged from 2.3 and 1.9 per
100,000 males and females in more developed
regions to 0.8 and 0.5 per 100,000 males and
females in less developed regions [75]. Additional
rate variation occurs by race/ethnicity. In
England, age-standardized rates of HL per
100,000 person-years for 2001-2007 were higher
in South Asians than whites [218]. Within the
USA, the average annual age-adjusted incidence
rates per 100,000 (2006-2010) were 3.2 in non-
Hispanic whites (hereafter referred to as
“whites”), 2.5 in blacks, 2.3 in Hispanics, and
1.3 in Asians [225]. However, while HL rates
showed little secular change for US whites, in US
Asians they increased significantly, at 2.2 %
annually (3.1 % in females) between 1992 and
2010 [132]; a similar, albeit larger, annual rate
increase (6.5 %) occurred in Japan in that period
[51]. This rate variation across relatively homo-
geneous populations suggests additional group-
specific influences on disease occurrence.
Arguably, the hallmark of HL epidemiology is
its unique variation in incidence by age at diag-
nosis. In 1902, Dorothy Reed (for whom the HRS
cell was named in part) wrote, “The disease
occurs in more than half the instances in early
life; probably the majority of cases are in chil-
dren” [209]. In 1957, Brian MacMahon described
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the age-incidence curve as bimodal [171] and, in
1966, the young-adult incidence peak as “...a
distinct bump, almost as though a separate group
of cases with a symmetrical age distribution
around age 25-29 had been superimposed on the
basic lymphoma pattern” [172]. While this
bimodal curve remains apparent in recent US
data (Fig. 1.1 [225]), its shape varies substan-
tially by patient and tumor characteristics, includ-
ing race: Fig. 1.2 shows that the young-adult
peak was most pronounced in whites, intermedi-
ate in blacks, and lowest in Hispanics and Asians
[225]. In 1971, Correa and O’Conor showed in
international data that the magnitudes of child-
hood and young-adult rates for males were indi-
rectly and directly correlated, respectively, with
regional economic status [57]. Updating this
analysis, Macfarlane et al. found that this correla-
tion had weakened as international economic dif-
ferentials narrowed over time [169]. However,
HL rates in young adults are higher in popula-
tions experiencing improved standards of living,
as noted in Singapore over time [125], and in
comparisons of Asians in Asia to those who
migrated to the USA [87] and Canada [8] and of
US-born to foreign-born Asians in California
[53]. Nevertheless, an age-specific social-class
gradient persists both internationally [34] and

Age group (years)

within the USA: HL rates in California (1988—
1992) varied with neighborhood socioeconomic
status (SES) for young but not older adults
(Fig. 1.3) [52] and the SES gradient further dif-
fered by racial/ethnic group, being strongest for
Hispanic and Asian females (Table 1.1).

The age-specific variation in HL incidence
rates also differs by sex. HL is slightly less com-
mon in men than women—an uncommon pat-
tern in cancers [69]—at ages 15-29 but
consistently more common in older men than
women (Fig. 1.4) [225]. Furthermore, temporal
rate increases seen for young adults have been
more pronounced in women than men [50, 125].
HL rates also differ markedly by histological
subtype (Fig. 1.5) [225]. Nodular sclerosis HL,
the most common subtype (average annual age-
adjusted incidence rate of 1.6 per 100,000 in the
USA in the period 2006-2010 [225]), primarily
affects adults under age 45. Mixed cellularity,
the next most common subtype (average annual
age-adjusted incidence rate of 0.3 per 100,000 in
the USA in the period 2006-2010 [225]), has a
slight young-adult peak and rising rates with
age. The positive associations of neighborhood
SES with HL incidence in California young
adults (Fig. 1.3) occurred primarily for nodular
sclerosis HL [52].
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Fig.1.2 Average annual
incidence rates of Hodgkin
lymphoma per 100,000
persons by age group and
race/ethnicity, 2006-2010,
US Surveillance,
Epidemiology, and End
Results program [225]

Fig.1.3 Average annual
incidence rates of Hodgkin
lymphoma per 100,000
persons by age group and
tertile of neighborhood
socioeconomic status,
1988-1992, California [52]
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Fig. 1.4 Average annual
incidence rates of Hodgkin
lymphoma per 100,000

persons by age group and sex,

2006-2010, US Surveillance,
Epidemiology, and End
Results program [225]

Fig.1.5 Average annual
incidence rates of Hodgkin
lymphoma per 100,000
persons by age group and
histological subtype,
2006-2010, US Surveillance,
Epidemiology, and End
Results program [225]
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A challenge in sorting out these incidence pat-
terns involves the comingling of HIV-associated
and HIV-unassociated cases in many reports. In
the USA, 3.8 % of all HL was estimated to be
HIV-associated, but this prevalence was higher
among males than females (6.0 % vs. 1.2 %) and,
among males, substantial among 40- to 59-year-
olds (14.2 %), non-Hispanic blacks (16.9 %),
Hispanics (9.9 %), lymphocyte-depleted HL
(15.1 %), and mixed cellularity HL (10.5 %)
[217]. The concentration of HIV-associated cases
in these subgroups may skew some of the inci-
dence patterns and trends observed in population
data.

Thus, the descriptive epidemiology of HL
clearly illustrates variation in incidence across
patient and characteristics. While some cluster-
ing of characteristics (e.g., young-adult HL pri-
marily comprising the nodular sclerosis subtype)
suggests etiologically distinct subgroups of HL,
the inconsistency of many such associations
(e.g., the occurrence of mixed cellularity HL in
some young adults) prevents the clean assign-
ment of subcategories of HL based on these
characteristics.

1.2  Timing of Exposure

to Common Infections

Based on epidemiologic heterogeneity in HL by
age, MacMahon proposed an infectious etiology
for the disease in young adults [172]. Noting sim-
ilar incidence increases with age in young adults
for HL and paralytic polio prior to the availability
of polio vaccine, Gutensohn and Cole proposed
that HL at these ages resulted from late infection
with a common agent [103]. This “delayed-
infection” hypothesis was supported by three
lines of evidence: (1) the association between HL
rates and social-class rates [52, 59, 82, 100, 103]
and a twofold or greater increased risk of HL in
young adults with a higher personal SES and
educational level [1, 18, 55, 86, 103, 104, 216],
which suggested that environmental conditions
regulating exposure to infections impacted dis-
ease risk; (2) the increased HL risk in young
adults associated with having an early birth order,
a small family, a more highly educated mother,

and, more recently, not attending nursery school
[3, 18, 27, 39, 41, 104, 237], which suggested a
role of protected childhood environments and
thus reduced or delayed exposure to infectious
agents; and (3) the finding of a threefold elevated
risk of HL in young adults reporting a history of
infectious mononucleosis (IM) [35, 56, 119, 120,
123, 156, 178, 210] (a manifestation of primary
infection with EBV (a ubiquitous B-lymphotropic
oncogenic virus that establishes latent infection
and causes IM [138])) occurring in adolescence
or young adulthood rather than childhood (the
more usual age at infection).

1.2.1 Heterogeneity

While the timing of infection relates to HL
development in general, the patterns of associ-
ation vary with age. In the 1970s, HL risk in
young adults (ages 15-39 years) was associ-
ated with having fewer siblings, living in a
single- vs. multiple-family house, and having
better educated parents, whereas in children
(ages 0-14 years) and older adults (ages
55 years and older), risk increased with mea-
sures of more rather than fewer social expo-
sures in childhood [104-106]. These age
differences in risk patterns, supported by later
studies [3, 18, 27, 39, 237], were interpreted to
suggest three etiologic forms of HL—child-
hood, young adult, and older adult—an impor-
tant initial paradigm of HL epidemiology. In
more recent studies, many of these childhood
social-class risk factors have not been associ-
ated with HL risk [41, 64, 85, 86, 123],
suggesting that temporal demographic changes,
such as decreasing family size, may have
altered some of the childhood exposures previ-
ously relevant to HL development [41, 86].

1.3  Role of Epstein-Barr

Virus (EBV)

The inference from the IM-HL association that
EBYV might have a direct role in HL etiology has
been supported by serologic and tumor findings.
After HL patients were noted to have elevated
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anti-EBV titers compared to controls (e.g.,
[74]), Mueller et al. demonstrated that IgA and
IgG antibody titers against EBV lytic and latent
antigens were significantly elevated before HL
diagnosis, with patterns that suggest viral reacti-
vation and enhanced replication [184]. These
findings suggest defective immunological sur-
veillance and control of infection with EBV
leading to viral reactivation and, potentially, a
higher risk of B-cell transformation and HL
development. In the late 1980s, this possibility
was supported by detection in some HL tumors
of EBV gene products that were monoclonal
and expressed by all HRS cells, indicating infec-
tion prior to malignant expansion [236]. More
recently, increased HL risk was associated with
detectable circulating plasma or serum EBV
DNA [202, 234]. HL and IM patients were dis-
tinguished by modified lytic antigens [174], and
patterns of latent antigens [188], supporting the
concept of immune dysregulation in HL inde-
pendent of IM history.

1.3.1 Heterogeneity

The proportion of tumors with evidence of EBV
in the malignant cells (hereafter called EBV-
positive) varies substantially by patient demo-
graphic and tumor characteristics, providing
strong evidence of the virus’ varying role across
subsets of HL [84, 142]. In 1,546 patients from
14 studies, the percentages of tumors that were
EBV-positive were 34 and 64 % in developed
and less developed countries, 23 and 70 % for

nodular sclerosis and mixed cellularity histolo-
gies, 48 and 22 % in males and females, 36 %
and 60-65 % in whites and most non-whites,
and higher in children (57 %) and older adults
(52 %) than in young adults (32 %) [84]. Similar
differences in associations of EBV and HL by
age, sex, and race/ethnicity emerged in more
uniformly collected population-based data from
1,032 US cases (Table 1.2) [91], 537 UK cases
[143], 515 Dutch cases, and 157 northern
Chinese cases [135]. Estimated incidence rate
curves for EBV-positive and EBV-negative HL
in the UK (Fig. 1.6) show the close resemblance
between age-incidence curves for EBV-positive
HL and mixed cellularity (Fig. 1.5), and for
EBV-negative HL and nodular sclerosis
(Fig. 1.5).

Like descriptive findings, analytic findings
also support EBV-positive and EBV-negative
HL as separate pathogenic entities. Studies to
relate risk of EBV-positive HL to IM history
produced mixed findings due, in part, to
possibly inaccurate self-reported history of IM
[5, 41, 62, 90, 183, 190, 222]. However, in
prospective data linking serologically con-
firmed IM with HL diagnoses from a popula-
tion-based registry, Hjalgrim et al. observed
that IM was associated only with risk of EBV-
positive HL (estimated RR=4.0, 95 % CI 3.4—
4.5), with an estimated median time from IM to
HL of 4.1 years (95 % CI 1.8-8.3) [119]. Chang
et al. showed that EBV-positive HL patients
were more likely than EBV-negative patients to
be EBV carriers and to have more prevalent and
elevated EBV antibody titers against both lytic

Table 1.2 Numbers of Hodgkin lymphoma cases and percentages with Epstein-Barr virus (EBV)-positive tumors by
patient age group, race/ethnicity, and sex, California regions, 1988—-1997 [91]

White Hispanic
Males Females Males Females
Age group % % % %
(years) N EBV-positive N EBV-positive N EBV-positive N EBV-positive
0-14 10 50.0 11 9.1 20 70.0 9 88.9
15-34 137 25.6 189 13.2 55 38.2 47 12.8
35-54 88 19.3 84 9.5 23 47.8 28 39.3
55+ 34 49.3 26 38.2 20 85.0 17 76.5
Total 304 29.9 352 17.1 118 534 101 37.6
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Fig. 1.6 Age-specific incidence rates of Hodgkin lym-
phoma per 100,000 person-years and Epstein-Barr virus
(EBV) tumor status, 1993 to mid-1997, ages 16-74 years,
Scotland and Northern England [143]

and latent virus antigens [40]. In pre-diagnosis
sera, anti-EBV antibody patterns were altered
in EBV-positive but not EBV-negative HL
[161], and detectable pretreatment circulating
EBV DNA appeared to be a feature of EBV-
positive but not EBV-negative disease [79, 80].
These findings support an aberrant immune
response to EBV and thus abnormal immunity
in patients with EBV-positive HL compared to
those with EBV-negative HL, with risk likely
exacerbated by differences in other factors
(Table 1.3). Jarrett suggested that HL repre-
sents four entities—one in children (EBV-
positive), one in young adults experiencing late
EBV infection (EBV-positive), one in older
(and any immunosuppressed) persons (EBV-
positive), and one (EBV-negative) primarily in
young adults [141, 144].

1.4  Immune Function

A role for immune function in HL pathogenesis
is anticipated, as HL is a B-cell malignancy char-
acterized by immune dysregulation and, within
the tumor, by a reactive inflammatory infiltrate
and abnormal cytokine expression [173]. Indeed,
the etiologic importance of immune function has
been demonstrated directly by associations of HL

risk with HIV infection (which depletes T-helper
cell populations) and iatrogenic immunosuppres-
sion after organ transplantation, with diseases
involving immune dysregulation, and with evi-
dence of inflammation.

1.4.1 Immunodeficiency

Risk of HL is strongly increased in persons with
primary immune deficiencies [187] and with
immunosuppression subsequent to HIV infection
or organ transplantation. From large linkages of
US population-based AIDS and cancer registries,
HL risk in HIV-infected populations was esti-
mated at 11.5-fold (95 % CI 10.6-12.5) higher
than in the general population, with greater risks
for the mixed cellularity (RR=18.3, 95 % CI
15.9-20.9) and lymphocytic depletion (RR=35.3,
95 % CI 24.7-48.8) histological subtypes [78].
Compared to HIV-unrelated HL, HIV-HL is clini-
cally more aggressive, portends poorer survival,
and is almost uniformly EBV-positive [16].
Among HIV-infected persons, HL risk is higher
for those with CD4 cell counts of 150-199 cells/
pL than for those with fewer than 50 cells/pL
[21], implying greater risk with moderate than
with severe immunodeficiency. Accordingly,
HIV-HL rates have increased since the introduc-
tion of highly active antiretroviral therapies in
1996 [73], presumably because of related
improvements in average CD4 counts. With iatro-
genic immunosuppression following solid organ
transplant, HL incidence is at least three times
higher than in the general population (standard-
ized incidence ratio (SIR) = 3.6, 95 % CI12.9-4.4),
with risk significantly elevated and increasing
with time 1 year after transplant [54]. This obser-
vation also supports a role in HL pathogenesis for
prolonged, moderate immunosuppression, as
opposed to the acute, severe immunosuppression
typical of induction therapy. In patients who had
undergone bone marrow transplantation, the inci-
dence of HL was estimated at sixfold (SIR=6.2,
95 % C12.7-12.0 [211]) and nearly 15-fold higher
(SIR=14.8, 95 % CI 3.9-32.9) than expected
[11]. HL occurring post transplant is also thought
to be largely EBV-positive [211].
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Table 1.3 Risk factor patterns for Hodgkin lymphoma (HL) subclassified by tumor Epstein-Barr virus (EBV) status,

selected studies

Adjusted odds ratios (95 % confidence intervals)
EBV-positive HL EBV-negative HL EBV-positive vs.

Risk factor Study Patient group vs. controls vs. controls EBV-negative HL
Social-class measures
Lower vs. higher [407* All adults 0.8 (0.6-1.0)
education
Single vs. shared [901° Young-adult 4.0 (1.1-14.4) 1.0 (0.7-1.6)
bedroom, age 11 women
N of older siblings [123]¢ Young adults 0.77 (0.56-1.05) 1.01 (0.83-1.22) 0.65 (0.45-0.95)
(trend per sibling)
N of older siblings Older adults 1.35 (1.06-1.70) 0.84 (0.68-1.03) 1.60 (1.12-2.29)
(trend per sibling)
EBYV infection
Elevated antibody to [161]¢ All adults 3.1 (1.1-8.7) 1.7 (0.9-3.5) 1.4 (0.5-3.8)
VCA
Anti-EBNA-1: 4.7 (1.6-13.8) 0.4 (0.1-1.3) 14.0 (2.7-72.5)
anti-EBNA-2<1.0
™M [123]¢ Young adults 3.96 (2.19-7.18) 1.36(0.81-2.26) 2.68 (1.40-5.12)
Years since IM: 1-4 11.86 0.41 (0.04-3.75)

(3.10-45.3)
Smoking
Current vs. never [37]f All adults 2.26 (1.69-3.02) 1.40 (1.08-1.81)
Current vs. never [145]e All adults 1.81 (1.27-2.56) 1.02 (0.95-1.52) 1.45 (1.02-2.05)
Former vs. never 1.28 (0.93-1.78) 1.02 (0.79-1.33) 1.11 (0.79-1.57)
Ultraviolet radiation
High (quartile 4) vs. [1801" All adults 0.56 (0.35-0.91) 0.86 (0.63-1.19)

low lifetime

2N=95 EBV-positive HL cases, 303 EB V-negative HL cases (OR adjusted for age, sex, education level)

*Ages 19-44: N=24 EBV-positive HL cases, 187 EBV-negative HL cases; ages 45-79: N=13 EBV-positive HL cases, 44
EBV-negative HL cases (OR for EB V-positive HL vs. controls adjusted for age, race/ethnicity, Catholic religion, ever smok-
ing, childhood household size, birth order, bedroom sharing at age 11, and number of playmates at age 8; OR for EBV-
negative HL vs. controls adjusted for age, race/ethnicity, Catholic religion, lactation, birthplace, living in a rented family
home at age 8, childhood household size, birth order, bedroom sharing at age 11, and number of playmates at age 8)

cAges 18-44: N=85 EBV-positive HL cases, 253 EBV-negative HL cases; ages 45-74: N=57 EBV-positive HL cases,
104 EBV-negative HL cases (OR adjusted for age, gender, country, history of IM, maternal education)

IN=40 EBV-positive HL cases, 88 EBV-negative HL cases (OR adjusted for age, sex, race, year of serum collection,
and histology)

¢N=95 EBV-positive HL cases, 303 EBV-negative HL cases (OR adjusted for age, sex, education level, smoking status,
elevated VCA IgG and IgA, and EA IgA and EBNA-1: EBNA-2<1.0)

fSubset analysis within a meta-analysis of 14 case-control and 3 cohort studies

¢Pooled analysis of seven case-control studies. Case series analyses, EBV-positive vs. EBV-negative, took into account
the correlation between EBV status and histology

hN =208 EBV-positive HL cases, 526 EBV-negative HL cases (OR adjusted for age, sex, study center, education/socio-
economic status, and skin pigmentation)

1.4.2 Autoimmune Conditions

HL risk is increased in persons with certain
autoimmune diseases, although such evidence
is impacted by the often-small sample sizes
given the rarity of these conditions and by

the possibility of reverse causality [223]. A
large Scandinavian database linking disease
registries showed HL risk (n=9,314 cases com-
pared with 37,069 controls) increased twofold
for systemic autoimmune disease overall, with
significantly elevated ORs ranging from two to
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five for rheumatoid arthritis, systemic lupus
erythematosus (SLE), Sjogren’s syndrome, and
sarcoidosis [154]. In 1,155 HL cases over age
67 years at diagnosis from the Surveillance,
Epidemiology, and End Results (SEER)-
Medicare data and controls from the Medicare
files, HL risk was similarly elevated among
those with a history of SLE, scleroderma, or
rheumatoid arthritis [7]. The association
between autoimmune disease and HL risk
appears to occur irrespective of age possibly
due to autoantigen-mediated chronic B-cell
stimulation leading to emergence of a malig-
nant clone (perhaps further enabled by acquired
resistance to apoptosis in autoimmune disor-
ders) [70], to immunosuppressive treatment for
autoimmune disorders, and/or to shared envi-
ronmental and/or genetic risk factors for both
autoimmunity and HL [223].

1.4.3 Inflammation

Cytokines, produced in HL tumors by HRS cells
and believed to act as autocrine growth factors
and maintainers of the inflammatory infiltrate
[173], have been linked to HL risk through find-
ings of elevated serum/plasma levels of interleu-
kin (IL)-2 [61]; IL-6 [22, 60, 81], including
before treatment [22, 81]; IL-10 [112, 117, 127];
IL-12 [61]; CC chemokine ligand (CCL)117 and
CCL22 [193]; and inflammatory marker YKL-40
[22]. Genetic evidence for cytokine associations
with HL risk is described below.

Further, a role for chronic and, perhaps, sub-
clinical inflammation in HL etiology has been
suggested by reduced risks of HL with regular
aspirin use (OR=0.60, 95 % CI 0.42-0.85) in a
large US case-control study [42], with >2 vs. <2
prescriptions of low-dose aspirin (OR=0.7, 95 %
CI 0.5-1.2) in a prospective nested case-control
study in linked northern Danish cancer registry
and prescription databases [46] and, in a larger
version of that study, with long-term (>7 years)
vs. never/rare use (OR =0.65, 95 % C10.39-1.09)
[48]. In contrast, risks of HL tended to be
elevated for use of other NSAIDS, although con-
founding by indication was not ruled out. Aspirin

may exert a protective effect by triggering HL
cell death through inhibition of NF-xB [10, 242],
which is constitutively activated in and required
for survival by HRS cells [12, 13, 118, 140], or
through its irreversible binding to the active site
of cyclooxygenase (COX)-1 and COX-2 [232],
potent mediators of inflammation and tumor
growth overexpressed in HL [96, 133].

1.4.4 Heterogeneity

The lack of variation in associations of aspirin
use and the NFKBI polymorphism with HL risk
by age group, sex, and tumor EBV status
(described below) suggests that inflammation is
an essential underlying component of HL patho-
genesis [45, 46]. However, relative risks of HL
after organ transplant are higher in males than
females [207], inferring gender-related variation
in the importance of immunosuppression. For
autoimmune conditions, stratified analyses to
inform heterogeneity of risk have been limited by
low statistical power. However, HL risk with sys-
temic autoimmune disease was stronger for
mixed cellularity HL in a subset of Swedish
patients with histological subtype information
[154], while Baecklund et al. found that risk of
HL with rheumatoid arthritis did not vary by his-
tological subtype or EBV presence [9].

1.5  Genetic Susceptibility

1.5.1 Familial Aggregation

Case studies showed that families of HL pro-
bands can have affected 1st-, 2nd-, and 3rd-
degree members with HL [128, 165] and with
hematologic [23, 68, 93, 167, 200, 208] and other
malignancies [32, 101, 168, 177]; can share
human leukocyte antigen (HLA) haplotypes [38,
111]; and can be consanguineous [32, 108]—
consistent with an inherited predisposition. HL
risk was found to be nearly 100 times higher in
identical than fraternal twins [170], indicating a
substantially stronger effect of shared genes than
shared environment. Case-control and cohort
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studies have reported a three- to sevenfold
increased risk of HL in first-degree relatives of
patients [31, 44, 77, 92, 99, 101, 108, 113, 149,
176, 205, 208, 213] and familial associations
with hematopoietic malignancies [36, 44, 49,
235]. Linkages of population-based cancer and
family record registries yielded similar findings
[6, 64, 93, 95, 115] as well as showed higher HL
risks for siblings than parents of cases [93], a
younger age at diagnosis for familial than
nonfamilial cases [6, 203, 220], and an elevated
family occurrence of some autoimmune diseases
[121, 159]. In affected families, analyses have
implicated the HLA region of chromosome 6 and
polymorphisms of various cytokine genes, as
reviewed below. In 44 high-risk families, a
genome-wide linkage screen found strong link-
age consistent with recessive inheritance on chro-
mosome 4p, as well as on chromosomes 2, 4q, 7,
11, and 17 [94]. A study of 97 HL patients from
high-risk UK families identified a risk-elevating
deletion in the NPAT gene on chromosome
11g22.3 [214].

1.5.2 Immune Gene Polymorphisms
The highly polymorphic HLA system, which
plays an essential role in immune function and
recognition of self vs. foreign antigens, has long
been associated with HL risk [15, 111, 128, 129,
166], including class II polymorphisms (DRBS5-
0101, the haplotype of DRB*1501-DQAI*0102-
DQBI1%0602, and a TAP]I allele) in family studies
[111], and various HLA genotypes in population
studies, with considerable patient subgroup spec-
ificity as described below. While this evidence
suggests recessive inheritance and additional
genetic and environmental factors [15, 38, 204,
219], it is unclear whether the identified associa-
tions involve true susceptibility alleles or reflect
the strong linkage disequilibrium in the HLA
region [2], although findings from recent genome-
wide association studies (GWAS) (described
below) have introduced greater precision into
genetic findings.

HL risk has been linked with several single
nucleotide polymorphisms (SNPs) in /L6 [163],

including a promoter region polymorphism
(-174G>C) in young adults [60]; in ILIRI
(involved in activation of NF-kB) and IL4R
(expressed on HRS cells) [163]; with ILI2 +
1188A>C in 90 case twins vs. 90 convenience
controls [61]; and with ILI10 —1082A>G (possi-
bly restricted to EBV-positive cases [65]) and
IL10 -3575 T > A (in predominantly late-stage
patients over age 40 [243]). Patients homozygous
for IL10 —592C>A and —1082A>G had elevated
IL-10 plasma levels [127]. An intronic SNP in
NFKBI1 was linked to increased HL risk
(rs1585215 GG vs. AA: OR=3.5,95 % CI 2.2—
5.7, Puena=1.7%107%), as were NFKBI haplo-
types  (Pgopu=06.0x102")  [45]. In 200
hospital-based cases and 220 population controls,
HL risk was associated with combinations of
variants of several anti-inflammatory (ILR4,
TLR7, IL10) and proinflammatory (/L18, COX-2)
genes (ORs rising with increasing numbers of
adverse alleles compared to none: for heterozy-
gotes = 1.10, 95 % CI 1.02-1.83; for two risk
alleles = 1.35, 95 % CI 1.06-3.75; for three to
four risk alleles = 3.26, 95 % CI 1.27-7.34,
(Pyena=0.01)) [182]. In a large European study,
HL risk was associated with several SNPs in
genes in the JAK-STAT pathway (STAT3, STAT®,
and TP63), particularly STAT6, which appeared
to reduce risk 40—45 %, and for IFNG, also asso-
ciated with risk of SLE [33].

1.5.3 Other Candidate Genes

A recent analysis identified an elevated HL risk
with several DNA repair genes (allelic variants in
XPC, NBN, XRCC3, and XRCCI) and docu-
mented significant gene-gene interactions (for
BEV and DSB SNPs involved in oxidative dam-
age repair) [181].

1.5.4 Genome-wide Association
Studies

By early 2014, four GWAS in persons of
European origin had been conducted to
identify common genetic variants that confer
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susceptibility to HL [63, 72, 76, 231]. The first
identified putative susceptibility loci at 2p16.1
(the transcription factor REL), 8q24.21 (the RNA
oncogene PVTI), and 10pl4 (the transcription
factor GATA3), while also confirming a strong
association with HLA-DRA [72]. The second
identified new loci at 6p21.32, which contains
HILA-DRBI and HLA-DQBI, and confirmed a
previously detected SNP in the HLA region [63].
The third GWAS identified two new loci for over-
all HL in the HLA region, one adjacent to the
class-I-related ligand MICB and the other at
HIA-DRA [231]. A genome-wide meta-analysis
combining two large European sets, including
one previously published [72], identified new
loci at 3p24.1 (the eomesodermin transcription
factor EOMES) and 6p23.3 (intergenic to the
G-protein/elongation factor HBSIL and the tran-
scription factor MYB) [76]. Together, these find-
ings strongly implicate HLA class I and class II
components in HL susceptibility and offer addi-
tional insight into the genetic and mechanistic
origins of HL. Of note, the HLA locus (specifi-
callyy, HLA-DRB1 and HLA-DQBI) was also
implicated by a GWAS and linkage analysis com-
bined with a gene expression profile analysis
conducted to identify genetic factors influencing
the antibody response to EBV protein EBNA-1 in
Mexican American families [212]. Four putative
HL susceptibility SNPs previously identified in
the HLA region were also associated with the
antibody response to EBNA-1, highlighting
immune-related mechanisms by which EBV may
contribute to HL pathogenesis.

1.5.5 Heterogeneity

The association of HL risk with familial lym-
phoma has been reported to vary by age, sex, and
familial relationship. In linked Swedish registry
data, Goldin et al. found HL risk higher for fami-
lies of probands than controls under 40 years
(RR=4.25, 95 % CI 1.85-9.77) and older than
40 years (RR=2.56, 95 % CI 0.90-7.25) [93]. In
similar data, Crump et al. noted HL risk to be
increased 8- to 11-fold in persons under age 37
with an affected sibling and sevenfold for those

with an affected parent [64]. Other studies found
higher risks of familial lymphoma for HL patients
younger than 60 years at diagnosis [36] and for
offspring diagnosed under age 50 years [116].
Some studies, but not all [64], noted higher HL
risk for male relatives of patients (particularly
brothers), for same-sex siblings, and for siblings
compared with parents of cases [6, 93, 99, 114,
226]. Same-sex concordance has been hypothe-
sized to reflect a susceptibility gene in the pseu-
doautosomal regions of the sex chromosomes
[130, 131] or shared environmental exposures.
Multiplex families with EBV-positive HL. have
been reported [146], but tumors in familial cases
do not appear consistently to be concordant for
EBV [165].

Associations of HL risk with HLA genotype
appeared heterogeneous by patient and disease
characteristics. Risk was increased for HLA class
IT DPBI1#*0301 in whites [25, 199, 229, 230] but
decreased for DPBI*0201 [25] and for
DPBI*0401 in Asians using population-stratified
controls [199]. In northern Chinese, HLA class 1
but not class II expression was associated with
EBV-positive vs. EBV-negative HL [134], and
HILA-A*02 positivity did not differ significantly
between HL cases and controls or between EB V-
positive and EBV-negative HL [136]. The HLA-
A*02:07 subtype (rare in Caucasians) was
associated with higher risk of EBV-positive HL
and lower risk of EBV-negative HL [136].
DPBI*0301 associations were restricted to nodu-
lar sclerosis HL in one study [151] and to EBV-
positive tumors in young adults in another [4];
the risk association with a TAPI allele was lim-
ited to nodular sclerosis [111]. For EBV-positive
HL, risk was elevated with specific class I A mic-
rosatellite markers (D6S265, D6S510) (ORs of
6.0,95 % CI 1.7-22.1,t0 9.8, 95 % CI 2.7-34.9,
for seven SNPs) [67], whereas for EBV-negative
HL, it was associated with a class III marker
(D6S273) [194]. Subsequent studies detected
associations of HLA-A*0I with increased risk
and HLA-A*02 with decreased risk of EBV-
positive HL and significantly lower prevalence of
HILA-A*02 patients among 152 EBV-positive
patients (35.5 %) than 322 EB V-negative patients
(50.9 %) [192]. Further analysis revealed several
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HLA alleles significantly associated with HL
overall (HLA-B5 and HLA-DR7 [the latter
inversely associated]), with EBV-negative HL
(HLA-DR2, HLA-DRS, and the haplotype HLA-
A2-B7-DR?2), and with EBV-positive HL (HLA-
B37 and HLA-DRI10, as well as HLA-A*0I and
HILA-A*02 [the latter inversely associated])
[137]. A pooled study confirmed independent
dose-response relationships of HLA-A*01 and
HILA-A*02 with EBV-positive HL risk and
showed that the HLA-A*02 allele appeared to
protect against the association between history of
IM and risk of EB V-positive HL [126]. In GWAS,
previously reported associations with class I vari-
ants in HLA-A and HCG9 were restricted to EBV-
positive HL, and a previously reported class II
variant in HLA-DRA was restricted to EBV-
negative nodular sclerosis HL [231]. As HLA-A
molecules present EBV peptides to T cells, it is
feasible that SNPs with low affinity for EBV and
thus an inefficient immune response could affect
risk of EBV-positive HL [29, 67, 191].
Observations linking risk of IM in young adults
with HLA class I polymorphisms (including
markers D6S510 and D6S265) [175], and results
showing overlap in putative susceptibility genes
between the EBV antibody response and HL risk
[212], strengthen support for a role for manage-
ment of EBV infection in the etiology of EBV-
positive HL.

1.6  Selected Lifestyle
and Environmental Risk
Factors

1.6.1 Smoking

Early case-control and cohort studies found that
self-reported cigarette smoking was associated
with an increased risk for HL [19, 30, 40, 62, 89,
122, 150, 164, 194, 195, 239]; recently, this risk
was further explored in two meta-analyses [37,
215], a pooled analysis [145], and a large cohort
of UK women [155]. The meta-analyses found an
increased risk of HL in current cigarette smokers
(OR=1.4, 95 % CI 1.2-1.6 [37]; pooled effect
estimate = 1.3, 95 % CI 1.1-1.6 [215]) with sig-

nificant dose response effects for the number of
cigarettes smoked per day, years of smoking, and
pack-years [37, 215]. Current (but not former
[37, 145, 215]) smoking was associated with an
increased risk of HL (as above), with associa-
tions in both nodular sclerosis (pooled effect esti-
mate = 1.35, 95 % CI 1.12-1.63) and mixed
cellularity subtypes (pooled effect estimate =2.53,
95 % CI: 1.72-3.72) [215]. In a subset analysis,
Castillo et al. found that currently smoking men
and persons over 30 years of age increased HL
risks of 78 and 76 %, respectively [37]. However,
a subsequent metaregression analysis found no
differences by age and conflicting results for gen-
der [215]. Current cigarette smokers were found
to have a higher risk of EBV-positive HL [37,
145] and mixed cellularity HL (OR=1.6, 95 %
CI 1.3-2.0) (Table 1.3) [145], while smoking
generally was not associated with increased risk
of nodular sclerosis or EBV-negative HL [89,
122, 145, 239]. Tobacco smoke may impact HL.
pathogenesis through its associated immunosup-
pression [224], especially that permitting reacti-
vation of latent EBV infection.

1.6.2 Alcohol Consumption

Moderate alcohol consumption has been associ-
ated with reduced risk of HL. Five case-control
studies reported a significant halving of HL risk
for drinkers at most levels of total alcohol intake
[18, 19, 97, 147, 194], while four others reported
nonsignificant protective effects or null associa-
tions [150, 179, 228, 239]. Few of these studies
had sufficient numbers of cases to assess level of
drinking by relevant HL subtypes, although one
study reported null associations for both EBV-
positive and EBV-negative diseases [239].
However, as most of these studies used nondrink-
ers as reference groups, their findings may be
biased by pre-diagnostic “alcohol-related pain”
[24], which could have led to voluntary cessation
of alcohol consumption before development of
full-blown HL. One prospective cohort study
reported nonsignificant protective effects of alco-
hol similar to those reported by case-control
studies [164], but used nondrinkers as opposed to



1 Epidemiology

17

lifetime abstainers as a reference group. A pro-
spective cohort study of women found occasional
drinkers to have a lower HL risk than nondrink-
ers, but without evidence for a lower HL risk with
increasing alcohol intake [155]. Alcohol could
influence lymphomagenesis through its moderate
immunosuppressive effects [66].

1.6.3 Ultraviolet Radiation
Exposure

A large, population-based case-control study in
Sweden and Denmark detected a consistent
inverse association, with significant inverse dose
response trends, between risk of HL and expo-
sure to ultraviolet radiation (UVR), as estimated
by sunbathing habits, sunburn history, sun vaca-
tions abroad, and solarium visits [71]. Subsequent
studies mostly reported no significant associa-
tion, although small sample sizes constrained sta-
tistical power [26, 47, 98, 206, 241]. In a recent,
large, pooled analysis of four case-control studies
including 1,320 HL cases and 6,381 controls,
inverse associations with HL risk were detected
for history of sunburn (OR=0.77, 95 % CI 0.63—
0.95) and sunlamp use (OR=0.81, 95 % CI 0.69—
0.96), with asignificantinverse exposure-response
trend detected in association with estimated life-
time UVR exposure [180]. Inverse associations
were especially pronounced for EBV-positive HL
(Table 1.3). The putative inverse association
between UVR exposure and HL risk may be a
consequence of activation of antiproliferative
vitamin D production by UVR [107], immuno-
modulation by regulatory T cells induced by
UVR [197], or triggering of the DNA damage
response by UVR [17, 196].

1.6.4 Body Size and Physical
Activity

HL patients have been found to be significantly
heavier at birth and heavier and taller as children
than controls matched on age, sex, and social
class [139]; intrauterine characteristics have been
noted as possible contributors to birth weight

associations in recent cohort studies (fetal growth,
adjusted hazard ratio (aHR) of childhood/young
adult HL=1.09, 95 % CI 1.03-1.16 per standard
deviation increment, P,,,;,=0.005 [64]; placental
length, aHR =0.7, 95 % CI1 0.53-0.92 [14]). Adult
height also has been implicated as a risk factor in
some studies [104, 109, 148, 189] but not all [157,
164, 201, 238]. Adult height could be associated
with HL risk because of better nutrition [102,
221], which, like HL risk, is likely related to
higher childhood socioeconomic status [185,
186]; common genetic determinants [67, 94, 102,
151]; or promotion of nascent HL tumors in taller
persons by higher circulating levels of insulin-like
growth factors and other growth hormones [102,
198]. Obesity has been associated with a nearly
two- [201] to threefold [238, 240] increased risk
in men but not in women [28, 43, 238, 240],
although one study found a nonsignificant asso-
ciation in both sexes [164]. The stronger relation-
ship between obesity and HL risk in men may be
due to their greater tendency to visceral adiposity
[238]. A meta-analysis of five prospective studies
found an increased risk of HL for obese, but not
overweight, men and women [160], while a pro-
spective cohort of women found increased risks of
HL for both overweight and obese women [189].
Higher body mass index was associated with
increased HL risk in young-adult women but
reduced risks in older women [148, 162]. Higher
body size could influence risk of HL by triggering
higher levels of IL-6 [60], insulin resistance, com-
pensatory hyperinsulinemia, or increased produc-
tion of growth factors, including estrogens [20]. A
meta-analysis of seven case-control and five
cohort studies did not find evidence for an asso-
ciation of HL risk with physical activity [233].

1.6.5 Reproductive Factors

The marked, unusual, age-varying gender pat-
terns of HL incidence rates, particularly the
change from female-dominated in young adult-
hood to male-dominated at later ages, provoked
some interest in the effect of reproductive factors
on HL risk [83, 100]. Studies have described a
slight to moderate decrease in HL risk with
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higher parity, with some finding a more protec-
tive apparent effect in women of reproductive age
[1, 58,152,153, 158, 227, 244] and one confirm-
ing no effect in men or due to social-class con-
founding [58]. These data, and findings of lower
HL risk with nursing, exogenous hormone use,
and a history of endometriosis [88], suggest an
effect of steroid or other hormones on HL
pathogenesis, possibly through influences on
regulation of immune system development or
function.

1.7  Summary

The epidemiology of HL reveals a disease with
complex pathogenesis, with the distinctive pat-
terns of its incidence rates and risk profiles by
age, race/ethnicity, sex, economic level, and
tumor characteristics. Efforts to interpret and
summarize these heterogeneous findings have
resulted in models of multiple-disease etiologies
[141, 172]. However, epidemiologic efforts to
further understand etiologic pathways have been
hampered by two challenges. One is the recent
observation that some markers of childhood
social class initially predictive of risk no longer
are associated with HL [41, 86]. This change
leaves few established risk factors for HL, espe-
cially for the largest subgroup of patients, i.e.,
young adults with EBV-negative HL [124].
Moreover, the factors shown to strongly impact
risk (e.g., HIV infection) have low population
prevalence, and few novel ones have been identi-
fied. Thus, epidemiologic research into the etiol-
ogy of HL currently lacks strong leads, especially
for EBV-negative young-adult disease. The other
challenge to advancing the epidemiology of HL,
given its heterogeneity, is the problem of con-
ducting adequately powered studies in meaning-
ful patient subgroups of such an uncommon
disease. The apparent importance for HL etiol-
ogy of age, sex, tumor EBV status, histological
subtype, genetic predisposition, and environmen-
tal exposures indicates that, to be informative,
studies must be large enough to examine and dis-
entangle the joint contributions of these factors to
HL development.

The accumulated epidemiologic evidence
points to HL as an uncommon outcome in at least
two circumstances: (1) under conditions of sus-
tained, moderate immunosuppression (as with
HIV infection or organ transplant) and (2) in oth-
erwise healthy persons with subclinical immune
dysfunction provoked by early and concurrent
environmental exposures, including EBV infec-
tion. Beyond this, however, our understanding of
HL etiology remains poor. To meet the ultimate
public health goal of disease prevention, epide-
miologic research into HL. must be focused in
novel directions and involve study populations of
substantial size in order to address its etiologic
heterogeneity.
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provide broad support for these hypotheses [3, 4].
Data linking young adult HL with a high standard
of living in early childhood and lack of child—
child contact suggest that delayed exposure to
common childhood infections may be involved
in the etiology of these cases [5, 6]. There is now
compelling evidence that a proportion of cases
of HL are associated with the Epstein—Barr virus
(EBV). Paradoxically, older adult and childhood
cases of HL are more likely to be EBV associ-
ated than young adult cases [7-9]. In this article,
I will review studies on viral involvement in HL
with a focus on classical HL (cHL), since nodu-
lar lymphocyte-predominant HL is considered
a separate disease entity. The association with
EBV will be discussed with an emphasis on
findings which support a causal role for EBV
in this malignancy. Studies investigating direct
involvement of other exogenous viruses will be
summarized.

2.2 Hodgkin Lymphoma

and Epstein-Barr Virus

EBV is a gamma-herpesvirus with a worldwide
distribution [10, 11]. Over 90 % of healthy adults
are infected by EBV and, following primary
infection, the virus establishes a persistent infec-
tion with a reservoir in memory B cells [12].
Although EBV is an extremely efficient trans-
forming agent, the virus is kept under tight con-
trol by cell-mediated immune responses, and
both primary and persistent infections are usually
asymptomatic [10].

EBV infection can be lytic or latent. Lytic
infection is associated with expression of a large
number of viral genes, production of progeny
virus, and death of the infected cell; in contrast,
latent infection is associated with expression of a
small number of EBV genes, persistent infection,
and growth transformation [10]. In B cells trans-
formed by EBV in vitro, six EBV nuclear anti-
gens (EBNAI, 2, 3a, 3b, 3c, and LP, also called
EBNAI1-6) and three latent membrane proteins
(LMP1, LMP2A, and LMP2B) are expressed
[11]. In addition, noncoding viral RNAs are tran-
scribed in latently infected cells [11]. These

include two small nonpolyadenylated transcripts,
the EBERS, and over 40 viral microRNAs located
within an intron of the BARTs (BamHI-A right-
ward franscripts) or around the coding region of
the BHRF1 gene [11, 13—17]. Expression of the
full set of latent genes is known as latency type
III and is associated with transformation of B
cells [11]. EBV gene expression in EBV-positive
lymphomas occurring in the context of immuno-
suppression frequently follows this pattern, but
more restricted patterns of EBV gene expression
are observed in other malignancies, including
cHL [10]. The EBNA3 family proteins are
immunodominant, and the other latent antigens
elicit only subdominant or weak cell-mediated
immune responses [18, 19]. The pattern of gene
expression in EBV-associated malignancies most
probably depends on both the lineage and stage
of differentiation of the infected tumor cells and
the host EBV-specific immune response.

In EBV-associated cHL (also referred to here
as EBV-positive cHL), the Hodgkin and Reed—
Sternberg (HRS) cells are infected by EBYV, and
the infection is clonal, i.e., all the tumor cells are
derived from a single infected cell [20-23]. The
virus is present in all of the HRS cells, and
EBNA1, LMP1, LMP2A, and 2B as well as the
EBER RNAs and BART microRNAs are
expressed; the remaining EBNAs are downregu-
lated [22-27]. This pattern of gene expression is
referred to as latency type II [10]. EBV infection
of HRS cells can be readily demonstrated in
sections of routinely fixed, paraffin-embedded
material using either EBER in situ hybridization
or LMP1 immunohistochemistry (IHC)
(Fig. 2.1). Reagents for both assays are commer-
cially available.

2.2.1 EBV and the Pathogenesis

of Hodgkin Lymphoma

The molecular pathogenesis of cHL and the ori-
gin of the HRS cell are described in detail in the
following chapter. Briefly, HRS cells have clon-
ally rearranged immunoglobulin genes with evi-
dence of somatic hypermutation, indicating a
derivation from B cells that have participated in a
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Fig. 2.1 EBV EBER in situ hybridization staining of
EBV-positive Hodgkin and Reed-Sternberg cells. The
characteristic staining pattern is observed in the nuclei of
Hodgkin and Reed—Sternberg cells

germinal center reaction [28, 29]. A pathogno-
monic feature of these cells is the global suppres-
sion of B-cell signature genes and inappropriate
expression of genes associated with other hemo-
poietic lineages [30, 31]. Importantly, HRS cells
do not express B-cell receptors (BCRs). Survival
of germinal center B cells normally requires sig-
naling through both BCRs and CD40; HRS cells
must therefore have acquired a nonphysiological
survival mechanism(s). Functional studies of
EBYV, and LMP1 and LMP2A in particular, sup-
port arole for the virus in HRS cell survival, tran-
scriptional reprogramming, and immune evasion,
as summarized below.

In 2005, three independent groups published
data showing that germinal center B cells lacking
BCRs could survive and be immortalized by
EBV [32-34]. In elegant experiments, Mancao
and Hammerschmidt (2007) later showed that
this survival function was dependent on LMP2A
expression [35]. A series of in vivo and in vitro
studies from the Longnecker laboratory further
defined LMP2A function [36-38] and showed
that this viral protein can mimic an activated
BCR and provide a survival signal to BCR-
negative B cells [36]. LMP2A expression in B
cells also results in downregulation of B-cell-
specific genes and induction of genes associated
with proliferation and inhibition of apoptosis, a
gene expression profile similar to that seen in
cHL-derived cell lines [39]. Constitutive activa-

tion of Notchl by LMP2A, and subsequent inhi-
bition of E2A and downregulation of EBF, two
transcription factors that regulate B-cell develop-
ment, appears to be involved in both survival sig-
naling and transcriptional regulation [38].
Although these data suggest a role for LMP2A in
the survival and reprogramming of HRS cells,
many of the intracellular molecules involved in
BCR signaling are downregulated in established
HRS cells, and therefore, the precise contribution
of LMP2A in cHL is not clear.

CDA40 signaling plays a critical role in the pos-
itive selection of germinal center B cells express-
ing high-affinity immunoglobulin and their
subsequent exit from the germinal center [40].
EBV LMPI is an integral membrane protein
which interacts with several signal transduction
pathways to activate NF-xB, Jun N-terminal
kinase (JNK), and p38 mitogen—activated protein
kinase [41-45]. In this way, LMP1 mimics a con-
stitutively active CD40 molecule, although pro-
vides a more potent and sustained signal [10, 11].
Many of the genes that are transcriptionally regu-
lated by LMP1 in germinal center B cells are also
CD40 and NF-xB targets [46]. Activation of the
NF-xB pathway, which is a feature of both EBV-
positive and EBV-negative HRS cells, leads to
upregulation of antiapoptotic genes and is
thought to play a key role in HRS cell survival
[47—-49]. LMP1 expression in germinal center B
cells also leads to increased expression of Id2, an
inhibitor of the E2A transcription factor men-
tioned above, and repression of B-cell signature
genes [46]; therefore, LMP1 may also contribute
to transcriptional reprogramming. Cader et al.
(2013) also reported that LMP1, but not CD40,
upregulates the discoidin domain receptor 1
(DDR1), a receptor tyrosine kinase expressed by
HRS cells in the majority of cHL cases irrespec-
tive of EBV status [50]. Engagement of DDR1 by
collagen leads to activation of downstream sig-
naling pathways including NF-kB and phosphati-
dylinositol 3-kinase/Akt, thus providing a link
between expression of LMP1 and pro-survival
signaling from the tumor microenvironment.

The EBV genome is normally maintained as
an episome in infected cells, i.e., it does not inte-
grate. The EBNA1 protein is responsible for
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maintenance of the genome in episomal form,
genome replication, and genome partitioning
during mitosis [11, 51]. EBNA1 can also influ-
ence both viral and cellular gene expression and
appears to confer a B-cell survival advantage,
although the impact of EBNA1 on oncogenesis
in vivo is controversial [11, 52-55]. Interestingly,
in the context of cHL, overexpression of EBNA1
in vitro leads to the appearance of multinucleated
cells [52]. The precise function of the EBER
transcripts is also unclear, but expression of these
small RNAs appears important for efficient EB V-
induced B-cell growth and transformation [11,
56].

The function of the EBV BHRFI1 and BART
microRNAs and their role in oncogenesis are
being actively studied at present, and there are
excellent recent reviews of this subject [17, 57].
Studies of mutant viruses lacking some or all of
the microRNAs suggest that they play an impor-
tant role in initial stages of B-cell transformation
by EBV [17]. Only a relatively small number of
EBV-encoded microRNA targets have been veri-
fied to date, but the collective data point to roles
in immune evasion (targeting of MICB) and reg-
ulation of apoptosis (targeting of Bim, PUMA,
Caspase 3, and IPO7) [17, 57, 58]. Ross et al.
(2013) also reported downregulation of the B-cell
transcription factor EBF1 by microRNA
BART11-5p [59]. EBV-associated malignancies,
including cHL, Burkitt’s lymphoma, and naso-
pharyngeal carcinoma, show deregulated expres-
sion of BART microRNAs with subtle differences
between tumor types [27]. It is therefore likely
that these virally encoded microRNAs play a role
in cHL pathogenesis. EBV also regulates the
expression of host microRNAs; infection of pri-
mary B cells leads to a conspicuous downregula-
tion of many microRNAs with the notable
exception of mIR-155, which is highly expressed
by both EBV-positive and EBV-negative HRS
cells [60, 61]. Analysis of host microRNAs in
cHL is described in more detail elsewhere in this
volume, but it has been reported that EBV status
of tumors is associated with differences in expres-
sion pattern [62].

2.2.2 Risk Factors for EBV-
Associated Hodgkin
Lymphoma

It is clear that EBV is associated with only a pro-
portion of cHL cases, around one third in indus-
trialized countries [8, 9, 63]. EBV-associated
cHL cases are not randomly distributed among
all cHL cases, and the demographic features and
risk factors for development of EB V-positive and
EBV-negative cHL show distinctive features [8,
9]. Childhood (<10 years) and older adult (50+
years) cases are more likely to be EBV associated
than young adult cases (15-34 years) [7, 8, 63].
Among EBV-associated cases, males predomi-
nate with a ratio of approximately 2:1, whereas
males and females are more evenly represented
among EBV-negative cases [9, 63]. In developing
countries, where childhood cHL is more com-
mon, a higher proportion of cases are EBV asso-
ciated [8, 9]. Material deprivation is associated
with an increased proportion of EBV-positive
childhood cHL cases in industrialized countries,
and there is some evidence that this also holds
true for older adult cases [63, 64].

EBV infection usually occurs in childhood
and, in many parts of the world, there is almost
universal infection by the age of 5 years. If infec-
tion is delayed until adolescence, as is increasingly
occurring in industrialized countries, primary
EBYV infection manifests as infectious mononucle-
osis in around 25 % of individuals [65]. Infectious
mononucleosis is associated with an increased risk
of EBV-associated cHL [66—-69]. The increased
risk appears short-lived with a median time inter-
val between infectious mononucleosis and cHL of
approximately 3—4 years [68, 69]. Thus, in both
developing and developed countries, there appears
to be a period following primary EBV infection,
probably lasting several years, in which risk of
EBV-associated cHL is increased. cHL occurring
in the context of immunosuppression is almost
always EBV associated (see Chap. 1) [70, 71],
and it is likely that the increased incidence of
EBV-associated cHL that occurs in older adults
is related to immune senescence. On the basis of
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Fig. 2.2 The four-disease model of classical Hodgkin
lymphoma. This model divides classical Hodgkin lym-
phoma into four subgroups on the basis of EBV associa-
tion, age at diagnosis, and age at EBV infection. Three
groups of EBV-associated disease are recognized: (/) a
childhood disease, usually occurring below the age of
10 years, which is more common in developing countries;
(2) a disease, most commonly seen in young adults, which
occurs following infectious mononucleosis; (3) a disease
associated with poor control of EBV infection, which is
typified by the older adult cases but can occur at other
ages, particularly in the context of immunosuppression.
(4) Superimposed on these is a single group of EBV-
negative classical Hodgkin lymphoma cases, which
account for the young adult age-specific incidence peak
seen in industrialized countries. The incidence of each of
these four disease subgroups will determine the overall
shape of the age-specific incidence curve in any particular
geographical locale

the above data, we have proposed an extension of
MacMahon’s model of HL that divides cHL into
four subgroups on the basis of EBV association,
age at diagnosis, and age at infection by EBV
(Fig. 2.2) [2, 72].

Recent data also suggest that humoral and cell-
mediated responses to EBV modulate risk of EBV-
associated cHL. Levin and colleagues (2012) [73]
examined anti-EBV antibody profiles in serum
samples from military personnel (mainly young
men) that had been collected several years before
the diagnosis of cHL [73]. Individuals who sub-
sequently developed EBV-positive, but not EBV-
negative, cHL were more likely to have elevated
antibody titers to EBV viral capsid and early anti-
gens and an anti-EBNA1/anti-EBNA2 antibody
ratio <1.0 when compared to controls. Decreased

anti-EBNA1/anti-EBNA2 antibody ratios have
been previously associated with EBV-associated
cHL [74], and it has been suggested that a ratio
<1.0, which persists for more than 2 years after
infectious mononucleosis, indicates defective con-
trol of persistent EBV infection [75]. Variations in
EBNAL titer have been shown to be significantly
associated with polymorphisms in the human leu-
kocyte antigen (HLA) region [76], suggesting that
titers may, in part, be genetically determined and
relate to the findings described below.

Data from HLA association studies and
genomewide association studies (GWAS) show
clear associations between cHL risk and both
HLA alleles and single-nucleotide polymor-
phisms (SNPs) in this region. Although some
SNPs appear to be associated with all cHL, inde-
pendent of EBV status, most HLA associations
differ between EBV-positive and EBV-negative
subgroups [77-81]. Both HLA class I and II
alleles are associated with EBV-positive cHL,
whereas EBV-negative cHL is largely associated
with class II alleles [79-81]. Since class I and II
alleles present peptides from pathogens to CDS§-
and CD4-positive T cells, respectively, this sug-
gests that genetically determined differences in
the cell-mediated response to EBV influence dis-
ease risk. HLA-A*01 is associated with an
increased risk of EBV-associated cHL, whereas
HLA-A*02, specifically A*02:01, is associated
with decreased risk [79-82]. Associations with
these alleles are independent, i.e., the increased
risk associated with A*01 is not simply due to
lack of A*02, and effects are dependent on the
copy number of each of the alleles (Fig. 2.3) [80].
As aresult, there is an almost tenfold variation in
odds of EBV-associated cHL between HLA-
A*01 homozygotes and HLA-A*02 homozy-
gotes [80]. More recent data suggest that B*37:01
is also associated with an increased risk of EBV-
positive cHL [81, 83]. Class II alleles have been
less extensively studied, but Huang et al. (2012)
reported an increased frequency of DR10 alleles
in patients with EBV-positive cHL compared to
controls, and we have detected protective effects
of DRB1*#15:01 and DPB1*01:01 [81, 83].
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Fig. 2.3 Odds ratios and 95 % confidence intervals for
development of EBV-associated classical Hodgkin lym-
phoma from a case series analysis of HLA and non-HLA
risk factors. Data derived from a comparison of EBV-
positive and EBV-negative classical Hodgkin lymphoma
(cHL) cases described by Hjalgrim et al. [80]. Add, addi-
tive; IM, infectious mononucleosis. Odds of EBV-
associated classical Hodgkin lymphoma is increased in
males compared to females, cases aged 50 years and over
compared to those aged 15-34 years, cases who have
HLA-A*01:01 alleles, and cases with a past history of
infectious mononucleosis. Odds ratio of EBV-associated
classical Hodgkin lymphoma is decreased in cases who
have HLA-A*02:01 alleles; there is an interaction
between A*02:01 and infectious mononucleosis such that
risk associated with prior infectious mononucleosis is
abrogated in A*02:01-positive individuals

Cytotoxic T-cell responses, restricted through
HILA class I, are critical for the control of EBV
infection, and A*02 is known to present a wide
range of peptides derived from EBV lytic and
latent antigens, including those expressed by HRS
cells [18, 19]. In contrast, there are no well-
characterized A*01-restricted EBV epitopes [19],
and EBV-specific T-cell responses restricted
through A*01:01 have not been described [84].
The observed associations with HLA-A therefore
seem biologically plausible. However, HLA-
A*01 is in strong linkage disequilibrium with
HLA-B*08, which is associated with immuno-
dominant EB V-specific cytotoxic T-cell responses,
and yet there is no protective effect associated
with this allele [83]. The biological basis of asso-
ciations between HLA alleles and EB V-associated
cHL is therefore not straightforward and requires
further investigation. Further work is also neces-
sary to determine whether the critical HLA-A-
restricted cell-mediated immune responses are
directed toward EBV-infected HRS cells or
whether it is the control of persistent EBV infec-
tion and the host: virus equilibrium, which is all
important. The increased risk associated with

individual class I alleles favors the idea that fail-
ure to respond to a particular protein, or very
restricted group of proteins, determines risk; this
focuses attention on EBV proteins expressed by
HRS cells. Consistent with this, no EBNAI,
LMP1, or LMP2 epitopes restricted by B*37:01
have been identified although a B*37:01-restricted
EBNAS3C epitope has been described [19].

As mentioned above, prior infectious mono-
nucleosis is associated with an increased risk of
EBV-positive cHL [66-69]. Propensity to
develop infectious mononucleosis has been asso-
ciated with the same genotypic markers (micro-
satellites and SNPs) as EBV-positive cHL, albeit
with lesser statistical significance [85]. It there-
fore appeared possible that the association
between infectious mononucleosis and EBV-
associated cHL could result from shared genetic
susceptibility rather than a temporal association.
HLA-A typing of over 700 cHL cases with avail-
able self-reported history of infectious mononu-
cleosis revealed that prior infectious
mononucleosis was independently associated
with EBV-associated cHL after adjusting for the
effects of HLA-A alleles (Fig. 2.3) [80]. In addi-
tion, a statistically significant interaction between
prior infectious mononucleosis and HLA-A*02
was detected; the effect of this was to abrogate
the increased risk of EBV-associated cHL fol-
lowing infectious mononucleosis in HLA-A*02-
positive individuals [80]. These results suggest
that infectious mononucleosis is associated with
an increased risk of EBV-associated cHL and that
this risk is modified by the EBV-specific cyto-
toxic T-cell response restricted through HLA-
A*02. Thus, it is possible that different HLA
alleles exert their effects at different stages in the
natural history of EBV-associated cHL.

Associations with childhood cHL and infec-
tious mononucleosis suggest that there is a win-
dow of time following primary EBV infection
when there is an increased risk of EB V-associated
cHL and that genetic factors, specifically HLA-A
genotype, modify this risk. EBV-associated cHL
patients have higher numbers of EBV-infected
cells than patients with EBV-negative disease
[86], and infectious mononucleosis patients have
very high numbers of circulating EB V-infected B
cells, which decrease over time [87]. The number
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of EBV-infected cells carried by an individual
may therefore influence risk of EBV-associated
cHL. If this is indeed the case, then it would be
theoretically possible to decrease the risk of
EBV-positive cHL by EBV vaccination or by
treatment of infectious mononucleosis.

2.2.3 EBV and Hodgkin Lymphoma:
A Causative Association?

In the absence of good animal models and the
ability to prevent EBV infection, it is difficult to
prove that the association between EBV and cHL
is causal; however, consideration of the viral,
molecular, and epidemiological data provides
support for this idea. (1) The EBV infection in
EBV-positive cHL tumors is clonal indicating that
all the tumor cells are derived from a single EBV-
infected cell. (2) In EB V-associated cases, all HRS
cells are infected by the virus. Although EBNA1
facilitates both synchronous replication of the
viral episome with cellular DNA and genome par-
titioning, this process is not 100 % efficient [51].
If the virus is not required for maintenance of the
transformed phenotype, a gradual loss of viral
genomes from the tumor cells would be antici-
pated. (3) EBV is consistently associated with
a significant proportion of cHL cases. Although
most adults are infected by EBYV, only 1-50 per
million B cells are infected in healthy individuals
[88]. If EBV were simply a passenger virus, i.e.,
present in a B cell that was subsequently trans-
formed by other mechanisms, EBV-associated
cHL would be a rare occurrence. (4) LMP1 and
LMP2A have plausible biological functions in
the pathogenesis of cHL, as described above. (5)
Crippling mutations of immunoglobulin genes
have been described in a quarter of cHL cases,
and almost all of these cases were EBV associated
[89]. This suggests that EBV is required to res-
cue HRS cells (or precursors) that have destruc-
tive mutations of their immunoglobulin genes.
(6) Deleterious mutations of the TNFAIP3 gene,
a negative regulator of NF-kB, are much more
frequent in HRS cells from EBV-negative com-
pared to EBV-positive cases (see Chap. 4) [90].
Likewise, mutations of the gene encoding the
NF-xB inhibitor IxkBa have been described only

in EBV-negative cases [91-94]. This suggests
that HRS cells in EBV-negative cHL have devel-
oped alternative strategies to constitutively acti-
vate NF-xB. (7) EBV-associated cHL cases share
genetic risk factors for disease development,
which are generally distinct from those associated
with EBV-negative cHL [77-81, 95]. (8) In some
cases, development of EBV-associated cHL is
temporally related to primary EBV infection [68,
69, 71]. (9) Individuals who subsequently develop
EBV-associated cHL. have abnormal EBV anti-
body profiles prior to diagnosis [73].

2.2.4 EBV and the Clinicopathological
Features of Hodgkin Lymphoma

Although the above data indicate that EBV-
positive and EBV-negative cHL have distinct
natural histories, the phenotypic expression of
both processes appears remarkably similar
(Fig. 2.4). Gene expression profiling of HRS

Host factors

Q

EB\j/’-ve 00

b Q

o _~" EBV+ve o
PN

Fig. 2.4 The natural history of classical Hodgkin lym-
phoma. At present classical Hodgkin lymphoma (cHL) is
divided into two etiological subgroups: EBV positive and
EBV negative. EBV-positive cHL arises either following
primary infection, which usually occurs in early childhood
or adolescence, or in association with some degree of
immune dysregulation, such as immune senescence. Host
factors also influence disease risk; some genetic risk factors
are common to all cases, whereas many are specific to either
EBV-positive or EBV-negative cHL. Despite these differ-
ences in the natural history of cHL, the resultant disease is
remarkably similar in all cases. Cases of mixed cellularity
cHL are more likely to be EB V-positive than nodular sclero-
sis cases, but gene expression profiling of isolated Hodgkin
and Reed-Sternberg cells suggests that EBV has little
impact on the overall gene expression profile
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cells suggests that EBV has only a small influ-
ence on the transcription profile of established
HRS cells [96]. However, EBV status does show
clear associations with histological subtype. In
most series around 60-70 % of MCHL cases are
EBV associated, compared to ~25 % of NSHL
cases [8, 9]. Despite this difference, it is clear that
“barn door” NSHL cases can be EBV positive,
and so the lack of a complete correlation between
histological subtype and EBV status is not sim-
ply due to the criteria used in, and subjective
nature of, histological subtyping. In industrial-
ized countries, NSHL is more common than
MCHL and, in our experience, the majority (just)
of EBV-positive cases are in fact NSHL and not
MCHL.

Early studies investigating clinical outcome in
relation to EBV status in cHL appeared conflict-
ing, but a more consistent picture is now emerg-
ing [97-100]. In young adult patients, there
appears to be no significant difference in overall
survival by EBV status. In contrast, EBV positiv-
ity is associated with inferior outcome among
patients aged 50 years and over. It is not clear
whether this difference is related to the disease
process itself or whether it is a reflection of the
underlying comorbidity or immune dysregula-
tion that potentially predisposes to EBV-
associated cHL. EBV status is not routinely used
in therapeutic decisions, but it is possible that this
group of patients would benefit from alternative
treatments, such as third-party cytotoxic lympho-
cyte infusions. Further studies investigating this
issue and other targeted treatment options in
EBV-positive patients are required.

23 Non-EBV-Associated

Hodgkin Lymphoma Cases

As mentioned above, young adult cHL cases are
the group least likely to be associated with EBV,
and yet it is for these cases that there is most epi-
demiological evidence pointing to viral involve-
ment. Early studies reported consistent
associations between young adult HL and corre-
lates of a high standard of living in early child-
hood [101]. Recent studies have generally not
detected associations with the same social class

variables, and this probably reflects temporal
changes in living standards; however, one study
observed an increased risk of young adult HL in
individuals with <1 year of preschool attendance
[6, 69]. Together, the data suggest that dimin-
ished social contact in early childhood is associ-
ated with an increased risk of this disease. From
this it is inferred that young adult HL is associ-
ated with delayed exposure to a common child-
hood infection. Interview and questionnaire data
generally support the idea that young adult HL
patients have experienced fewer common infec-
tions in childhood [66, 102].

It has frequently been suggested that EBV is
involved in all cases of cHL but uses a hit-and-
run mechanism in “EBV-negative” cases. This
possibility is very difficult to exclude, but the
available data indicate that this mechanism can-
not account for all “EBV-negative” cases.
Importantly, not all cases are EBV infected [74,
103]; in fact, we found that EBV-negative cHL
cases in the 15-24-year age group were more
likely to be EBV seronegative than age-matched
controls [103]. In addition, there is no evidence
for retention of fragments of integrated EBV
genomes in “EBV-negative” cHL biopsies [103,
104].

We believe that another viral agent may be
involved in the pathogenesis of EBV-negative
cHL. This agent is likely to be a virus which
infects many people early in life; therefore, can-
didates include herpesviruses and polyomavi-
ruses. These are discussed in further detail below.
The Anelloviridae, the virus family that includes
Torque teno virus (TTV) and related viruses, also
fits these criteria. zur Hausen and de Villiers
[105] have suggested that TTVs and TTV-like
viruses could play a role in the development of
leukemias and lymphomas that are associated
with a “protected childhood environment” [105].
In their model, it is postulated that TTVs and
related anelloviruses increase the risk of chromo-
somal abnormalities and that anellovirus load is
increased in individuals who have experienced
fewer infections. TTVs have been detected in HL
[106-108]; however, further knowledge of these
extremely common and genomically diverse
viruses is required before their potential involve-
ment in cHL can be evaluated.
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2.3.1 Hodgkin Lymphoma
and Herpesviruses Other

than EBV

At present, there are nine known human herpes-
viruses (HHVs), including EBV (officially HHV-
4). With the exception of herpes simplex virus 2
(HHV-2) and HHV-8, all are widespread in distri-
bution. Like EBV, HHV-8 belongs to the gamma-
herpesvirus subfamily and is associated with
lymphomagenesis, but there is no evidence that
this virus is involved in cHL [109-112]. The
alpha-herpesviruses, herpes simplex virus 1 and
varicella zoster virus, have also not been detected
in HL biopsies [111]. In contrast, genomes of the
beta-herpesviruses, human cytomegalovirus,
HHV-6A, HHV-6B, and HHV-7 have been
detected in cHL tumors using sensitive molecular
assays. Schmidt et al. (2000) detected human
cytomegalovirus genomes by PCR in 8/86 HL
biopsies [110], although smaller case series failed
to identify this virus in tumor samples [111, 113—
115]. HHV-7 has been detected in 20-53 % of
HL biopsies by PCR [110, 111, 115]; however,
negative results have been obtained using
Southern blot analysis, which is much less sensi-
tive than PCR but would still be expected to
detect a virus present in all HRS cells [116].
There is therefore no evidence that HHV-7 is
directly involved in cHL pathogenesis.

HHV-6 deserves special mention because this
virus has been consistently linked with
cHL. HHV-6 is now classified as two distinct
viruses, HHV-6A and HHV-6B [117], rather than
two variants but until recently many studies did
not distinguish between the two viruses.
Serological studies have shown that HHV-6 anti-
body titers and, in some studies, seroprevalence
are higher in HL cases than controls [118-120].
We also found that young adults with non-EBV-
associated HL had higher titers of HHV-6 anti-
bodies than  age-matched cases  with
EBV-associated disease (unpublished results).
HHV-7 antibody titers were similar in the two
groups of cases suggesting a specific association
between HHV-6 and cHL.

HHV-6 genomes have also been consistently
detected in HL biopsies using PCR although
detection rates vary from 8 to 79 % [110, 111,

115, 120-125], and some studies have reported
similar detection rates in reactive lymph nodes
[115, 122]. Variations in detection rate most
probably reflect differences in PCR assay sensi-
tivity and the amount of DNA assayed, since
viral genome copy numbers are often low.
Detection rates of 83.6 and 87 % have been
reported in NSHL [125, 126], but it is clear that
PCR-positive cases include both EBV-associated
and nonassociated cases [111, 122, 125, 126].
Both HHV-6A and HHV-6B have been detected
within biopsies with four studies showing a clear
bias toward HHV-6B [111, 121, 122, 125], one
detecting a higher proportion of HHV-6A-
positive tumors [110] and one detecting HHV-6A
and HHV-6B as well as dual infections [126].
The low viral genome copy in many tumors sug-
gests that the virus cannot be present in every
HRS cell and raises the suspicion that the virus is
simply present in T cells in the tumor microenvi-
ronment. Very high viral copy numbers must also
be interpreted with caution since chromosomally
integrated HHV-6 is transmitted in the germline
in 0.21-5 % of individuals and results in the pres-
ence of the virus in every nucleated cell in the
body [127]. Following exclusion of cases with
chromosomally integrated HHV-6, studies using
the less sensitive technique of Southern blot anal-
ysis have largely been negative [109, 120, 122,
123, 128]. This contrasts with the situation in
EBV-associated cHL. where EBV genomes are
almost always detectable using this technique [7,
20, 129]. The critical question is whether HHV-6
infects HRS cells and, if so, is the virus present in
every HRS cell and is the infection latent.

Early studies using in situ hybridization and
IHC reported that the virus was present in cells in
the tumor microenvironment, either exclusively
[122, 130] or with occasional positive HRS cells
[131, 132]. However, two recent studies have
described HHV-6-positive HRS cells [126, 133],
renewing interest in the association between cHL
and HHV-6. Lacroix et al. (2010) made a poly-
clonal antiserum to the DR7 open reading frame
(ORF) of HHV-6B (designated DR7B) to exam-
ine the cellular localization of the virus in PCR-
positive cases [125, 133]. They selected this
particular ORF because the equivalent HHV-6A
ORF has transforming properties, and the
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translated protein binds p53 and inhibits p53-acti-
vated transcription [123, 134]. It is likely that the
DR7 ORF is in fact expressed as the second exon
of DR6, a larger nuclear protein [135, 136].
Using this antiserum in IHC, Lacroix et al. (2010)
demonstrated cytoplasmic staining of HRS cells
in 28/38 PCR-positive biopsies [133]. In 17
cases, positive staining was exclusive to HRS
cells, and in a further 17 cases, positive staining
of cells in the microenvironment was noted. In 15
of the 38 biopsies, HRS cells also stained using
an antibody to the HHV-6 gp116/64/54 glycopro-
tein. They further showed that DR7B bound p53,
upregulated NF-kB p105 and p65 promoters, sig-
nificantly increased NF-kB activation, and
induced upregulation of I1d2. In the second study,
Siddon et al. (2012) investigated biopsies from
21 NSHL cases, including 18 that were HHV-6-
positive by PCR, using multiple approaches
[126]. In ten cases, staining of HRS cells was
demonstrated using a commercially available
monoclonal antibody raised against virus lysate
(Santa Cruz Biotechnology); scattered positive
HRS cells were also demonstrated using antibod-
ies to the late viral proteins p41 and p98. Laser
capture microdissection coupled with PCR con-
firmed the presence of HHV-6 DNA in pooled
HRS cells from eight of the ten IHC-positive
biopsies. This study provides the most convinc-
ing evidence to date that HHV-6 can infect HRS
cells but does not show that the virus is present in
every HRS cell. Furthermore, the IHC staining
pattern suggests lytic replication (or abortive rep-
lication) rather than latent infection, and so the
outcome of viral infection in these cells is not
clear. The association between cHL and HHV-6
clearly requires further investigation, and the
HHV-6 Foundation is helping to make and share
HHV-6 monoclonal antibodies that work on
formalin-fixed, paraffin-embedded tissue to assist
with this endeavor. Although HHV-6 may play a
role at some stage in cHL pathogenesis in some
cases, it is the author’s opinion that HHV-6 is
unlikely to be the causative agent of EBV-
negative cHL.

In order to search for novel members of the
herpesvirus family, we and others have designed

degenerate PCR assays which amplify herpesvi-
rus polymerase and glycoprotein B gene
sequences [111, 137]. The primer sequences in
degenerate assays are derived from well-
conserved peptide motifs in amino acid sequences
of proteins; therefore, these assays should have
the ability to detect genomes from known and
currently unknown viruses [138]. Using herpes-
virus polymerase assays, we have not detected
novel herpesviruses in cHL biopsies although the
assays had sufficient sensitivity to detect EBV in
EBV-associated cases, as well as low-level
HHV-6 and HHV-7 infection [111] (and unpub-
lished results).

2.3.2 Polyomaviruses and Hodgkin
Lymphoma

There are now (at least) 12 human polyomavi-
ruses (HPyVs): JC polyomavirus (PyV), BKPyV,
KIPyV, WUPyV, Merkel cell PyV (MCPyV),
HPyV6, HPyV7, trichodysplasia spinulosa PyV
(TSPyV), HPyV9, HPyV10, Saint Louis PyV
(STLPyV), and HPyV12 [139-142]. JCV and
BKYV were discovered over 40 years ago, but the
latter viruses have all been discovered since 2007
with the advent of modern molecular techniques
for virus discovery. Seroprevalence studies sug-
gest that the majority of adults are infected by
BKPyV, KIPyV, WUPyV, MCPyV, HPyV6 and
HPyV7, and TSPyV and a significant minority
with JCPyV, HPyV9, and HPyV12 [142-145].
Among this expanding list of HPyVs, only
JCPyV, BKPyV, TSPyV (associated with tricho-
dysplasia spinulosa in immunosuppressed per-
son), and MCPyV show clear disease associations.
MCPyV, which is associated with Merkel cell
carcinoma, is the only human polyomavirus to be
unambiguously linked with a specific malignancy
[141, 146]; however, other polyomaviruses
clearly have oncogenic potential.

Using sensitive quantitative PCR assays, we
found no evidence of JCV or BKV genomes in 35
cHL biopsies [147]. Hernandez-Losa et al. (2005)
detected JCV in 1/20 and BKV in 2/20 cHL sam-
ples using a multiplex, nested PCR [115]. Robles
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et al. (2012) reported that MCPyV seropreva-
lence was slightly higher in HL cases than
controls, 84.4 % compared to 81.2 %, but differ-
ences were not statistically significant [148]. Two
quantitative PCR studies detected MCPyV
genomes in a small proportion (1/30 and 3/41) of
cHL tumors [149, 150]; viral copy numbers were
low making it extremely unlikely that this virus is
playing any role in disease pathogenesis. To date,
there have been no reports on the prevalence of
the more recently identified viruses in cHL.

Degenerate PCR assays have also been applied
to the study of PyVs and HL [147, 151]. Volter
et al. (1997) examined five cases of HL using a
degenerate PCR assay based on the viral VP1
protein but did not detect any evidence of poly-
omavirus infection [151]. We examined 35 cases
of cHL, including 23 EBV-negative cases, using
three degenerate PyV assays based on the large T
antigen, and also obtained negative results [147].
The latter assays were designed before 2006 and
therefore before most HPyVs were discovered.
Alignment of large T antigen amino acid
sequences from the recently identified viruses
suggests that our assays would be able to detect
KIPyV, WUPyV, TSPyV, and HPyV9 and
HPyV10 but not MCPyV, HPyV6, and HPyV7;
however, given the tropism of the latter viruses
for skin, it is less likely that they are involved in
cHL [142]. Overall, these results provide no evi-
dence for PyV involvement in the pathogenesis
of cHL, but it remains possible that an unknown
PyV has escaped detection.

2.3.3 Measles Virus and Hodgkin
Lymphoma

In 2003, Benharroch and colleagues reported an
association between measles virus (MV) and
cHL [152]. They subsequently reported that MV
proteins were detectable by IHC in HRS cells
from the majority of HL cases [153]. MV RNA
was also detected by RT-PCR and in situ hybrid-
ization in a significant minority of the cases
examined [153]. Subsequent studies have failed
to confirm these associations [154, 155]. Our

group found no evidence of MV in 97 cHL cases
examined by IHC and 20 cHL cases investigated
using RT-PCR [155]. Similarly, Maggio et al.
(2007) found no evidence of MV genomes or
transcripts in HRS cells microdissected from
biopsies from 18 German and 17 Israeli HL cases
[154]; the latter cases had previously scored posi-
tive for MV antigens [153]. Epidemiological
studies have also failed to show that MV infec-
tion is a risk factor for development of cHL; on
the contrary, the data suggest a mild protective
effect of prior MV infection [66, 102, 156].

Conclusions

While the evidence suggesting a causal rela-
tionship between EBV and a proportion of
cHL cases appears strong, current data do not
show a consistent and specific association
between any virus and EBV-negative
cHL. This does not exclude viral involvement.
cHL is a notoriously difficult disease to inves-
tigate, and virus discovery studies present par-
ticular challenges. The difficulty of obtaining
large numbers of highly enriched HRS cells
has precluded the use of certain techniques,
such as representational difference analysis, in
the analysis of cHL [138]. Next-generation
sequencing methods have opened new ave-
nues for virus discovery and have led to the
identification of several novel viruses in the
last few years [140, 141, 157]. Digital tran-
scriptome subtraction [141], the technique
used in the discovery of MCV, is now being
applied to the study of cHL. It is likely that
genomic sequence data from HRS cells will
also be available in the near future. These
techniques provide our best hope of discover-
ing a new virus in EBV-negative HRS cells. It
is possible that cellular mutations substitute
for the functions of EBV genes in EBV-
negative HRS cells. Deleterious mutations of
inhibitors of the NF-kB pathway, including
genes encoding A20 and IxBa, appear to be
present in the HRS cells of many cases of
EBV-negative cHL (see Chap. 4) [90-94], and
it is possible that these mutations substitute
for LMP1. However, there is no obvious link
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between these mutations and the epidemio-
logical features of cHL and involvement of
anothe