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Abstract

Polyomaviruses (PyV) are potentially tumorigenic viruses in humans. However, limited data
exists on the population seroprevalence or longitudinal serostability of PyVs, and individual
characteristics that relate to seropositivity. Further, PyVs may be associated with the occurrence of
cutaneous squamous cell carcinoma (SCC).

We determined the seroprevalence of ten human PyVs among participants from a US
population-based case-control study. Antibody response against each PyV type was measured
using multiplex serology of recombinantly expressed VP1 capsid proteins in 253 SCC cases and
460 matched controls. On a subset of control participants, lymphocyte subtype proportions were
inferred from DNA methylation profiles. Amongst controls, JC and TSV seropositivity was more
common among men than women; smokers were more likely to be HPyV9 seropositive but MCV
seronegative; and HPyV7 seropositivity was associated with prolonged glucocorticoid use.
Differences were observed in CD8+ T and B cell proportions by BK, JC, and HPyV9 serostatus.
Odds ratios (OR) for SCC incidence associated with seropositivity to each PyV type were
estimated using unconditional logistic regression. Those who were JC seropositive had increased
odds of SCC when compared to JC seronegativity (OR=1.37, 95% CI: 0.98-1.90), with an
increasing trend in risk with increasing quartiles of seroreactivity (P-for-trend=0.04).

In a US nested case-control study, BK and JC seroreactivity was measured on 113 SCC
cases and 229 matched controls who had a prior keratinocyte cancer. Repeated serum samples
from controls, and both pre- and post-diagnosis samples from a subset of SCC cases, were also
assayed. Among controls, BK and JC seroreactivity was stable over time, and there was little

evidence of seroconversion following SCC diagnosis among cases. Odds of SCC associated with
ii
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seropositivity to each PyV type were estimated using conditional logistic regression. JC
seropositivity prior to diagnosis was associated with an elevated risk of SCC (OR=2.54, 95% CI:
1.23-5.25).

Our findings suggest PyV seropositivity is common in the US, and varies by
sociodemographic and immunologic characteristics. PyV antibody levels were stable over time
and following an SCC diagnosis. This thesis also provides some evidence that a history of PyV

infection may be related to the occurrence of SCC in the US population.
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Seroprevalences of human polyomaviruses (PyV) as determined by VP1
seroreactivity among 229 controls by age group from the Skin Cancer
Prevention Study, using the baseline or earliest serum sample collected. The
overall seroprevalence (%) and number of participants who were
seropositive for each PyV is shown above the bars. The number of
participants within each age group is noted in the legend.

Modelled probability of cutaneous squamous cell carcinoma (SCC) by PyV
seroreactivity assessed in the baseline or earliest serum sample collected,
with adjustment for continuous age, gender, and study center, in
multivariable binomial generalized additive models (binomial GAMs)
among 342 study participants from the Skin Cancer Prevention Study. The
solid line represents the modelled probability of SCC, and the dashed lines
denote the 95% confidence intervals. The rug along the x axis shows the
distribution of study participants. The estimated degrees of freedom (edf)
and corresponding significance is shown above each plot. The only
smoothed (nonparametric) component of the binomial GAM was PyV
seroreactivity.

Does immune status confound the relationship between polyomavirus
infection and risk of cutaneous squamous cell carcinoma?

Robustness of human polyomavirus (PyV) seroprevalence estimates. The
cut points were varied from 50 to 450 median fluorescence intensity (MFI)
units (x axis), and the resulting seroprevalences were calculated using the
new cutoffs (y axis). The red cross hairs show the seroprevalences for each
PyV VP1 using the recommended cutoff=250 MFI units. The two red dots
show the range of MFI units that would result in seroprevalences +1% of
the seroprevalences calculated using the recommended cutoff. The blue
crosses denote the cut points calculated using a frequency distribution
analysis as described in van der Meijden et al, 2013, with two JC cutoffs
calculated using 1 bin versus 2 bins to illustrate the large difference in
seroprevalence estimates depending upon binned samples included.

Spearman rank correlation coefficients, p, between immune cell proportions
and median fluorescence intensity (MFI) values for each human
polyomavirus (PyV) VP1 or T antigen (TAg). Not all PyV TAgs were
assayed, and MCV large TAg was assayed using the entire protein as well as
with two fragments (exon 1 and exon 2) of the full length large TAg. The
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red square emphasizes the correlations between immune cell proportions
and MFI values for each PyV, while the red triangle emphasizes the
correlations between PyV TAgs.

Manhattan and volcano plots for the results of an epigenome wide
association study (EWAS) following locus-by-locus examination of
differentially methylated CpG sites based on polyomavirus (PyV)
seroreactivity, as well as seropositivity for </> 7 PyVs. Included in the
analysis were 20,046 CpG sites used to predict seropositivity against 10
different human PyV or seropositivity for </> 7 PyVs in 194 study subjects.
CpG loci located on the sex chromosomes, assayed with probes containing
SNPs, assayed with cross-reactive probes, or assayed with repeated probes
were removed along with poor-performing loci. The 2 plots present -
values and association estimates after adjusting for age, sex, and immune
cell proportions. The P-values presented were derived from logistic models
using logit-transformed B-values, and the paired odds ratios (OR) from
models using untransformed B-values to allow for biologic interpretability.
The dotted green line represents an a.=0.05 level of significance, while the
solid green line represents an 0=0.0001 level of significance. No significant
associations were significant at the FDR level.

Spearman rank correlation coefficients, p, between the median fluorescence
intensity (MFI) values against each human polyomavirus (PyV) VP1 or T
antigen (TAg) among 460 controls from the New Hampshire Skin Cancer
Study, where * P<0.05, ** P<0.01, *** P<0.001. Not all PyV TAgs were
assayed, and MCV large TAg was assayed using the entire protein as well as
with two fragments (exon 1 and exon 2) of the full length large TAg. The
red triangle emphasizes the strong correlations between PyV TAgs.

Robustness of odds ratio (OR) estimates for cutaneous squamous cell
carcinoma (SCC) by seropositivity for each polyomavirus (PyV) type
among 713 study participants from the New Hampshire Skin Cancer
Study, following adjustment for age group and gender. The cut points were
varied from 50 to 450 median fluorescence intensity (MFI) units (x axis),
and the resulting ORs were calculated using the new cutoffs (y axis). The
red dots show the ORs using the recommended cutoff of 250 MFI units.
The blue dots denote the cut points calculated using a frequency distribution
analysis described in van der Meijden et al, 2013. OR estimates for
HPyV10 could not be accurately computed due to the viruses’ high
seroprevalence. The gray bands are the 95% confidence intervals (CI) about
each OR.

Plot of odds ratios (95% confidence intervals as whiskers) for cutaneous
squamous cell carcinoma (SCC) by seropositivity for each polyomavirus
(PyV) type among study participants from the New Hampshire Skin Cancer
Study, when excluding participants with a history of organ transplantation
(“organ”, n=1 control and 6 cases), restricting to participants with no
previous skin cancers (“NMSC”, n=423 controls and 179 cases), and
excluding participants with a concomitant basal cell carcinoma (“BCC”,
n=22 cases), following adjustment for age group and gender. “Main” refers
to unstratified risk estimates presented in Figure 3.1. The dashed line
represents an OR=1.

Plot of odds ratios (95% confidence intervals as whiskers) for cutaneous
squamous cell carcinoma (SCC) by seropositivity for each polyomavirus
(PyV) type among study participants from the New Hampshire Skin Cancer
Study, when stratified by oral glucocorticoid use for one month or longer
(“yes” refers to use (n=39 controls and 33 cases) and “no” to nonuse
(n=415 controls and 211 cases); as people with a history of glucocorticoid
use may also have undergone organ transplantation, we restricted the
analysis to those who were not organ transplant recipients), p HPV
seropositivity (“>2” (n=125 controls and 82 cases) and “<2” (n=335
controls and 171 cases) refers to number of p HPV seropositive), and SCC
location (“head” (n=146 cases) refers to SCC located on the head or neck,
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and “other” (n=97 cases) refers to SCC located on other body parts),
following adjustment for age group and gender. “Main” refers to
unstratified risk estimates presented in Figure 3.1. OR and 95% CI were
not computed for strata in which all participants were seropositive for the
PyV of interest (represented by a solid vertical black line). The dashed line
represents an OR=1.

Plot of odds ratios (95% confidence intervals as whiskers) for cutaneous
squamous cell carcinoma (SCC) by seropositivity for John Cunningham
polyomavirus (JC) among study participants from the New Hampshire Skin
Cancer Study, when restricting to participants with a combination of MCV
serostatus (either seropositive or seronegative) and </> median age,
following adjustment for age group and gender. The dashed line represents
an OR=1.

Plot of odds ratios (95% confidence intervals as whiskers) for cutaneous
squamous cell carcinoma (SCC) by seropositivity for each polyomavirus
(PyV) type among study participants from the New Hampshire Skin Cancer
Study, when stratified by HLA-Cgenotype (C1, C1C2, C2).

Plot of odds ratios (95% confidence intervals as whiskers) for cutaneous
squamous cell carcinoma (SCC) by seropositivity for each polyomavirus
(PyV) type among study participants from the New Hampshire Skin Cancer
Study, when stratified by HLA-C -35 kbgenotype (TT, CT, CC).

Plot of odds ratios (95% confidence intervals as whiskers) for cutaneous
squamous cell carcinoma (SCC) by seropositivity for each polyomavirus
(PyV) type among study participants from the New Hampshire Skin Cancer
Study, when stratified by NKG2Da genotype (CC, CT, TT).

Plot of odds ratios (95% confidence intervals as whiskers) for cutaneous
squamous cell carcinoma (SCC) by seropositivity for each polyomavirus
(PyV) type among study participants from the New Hampshire Skin Cancer
Study, when stratified by NKG2Dbgenotype (CC, CG, GG).

Flowchart of the “Skin Cancer Prevention Study” randomized clinical trial
(RCT) design from which the study group was derived. Patients with a
prior history of squamous cell carcinoma (SCC) or basal cell carcinoma
(BCC) were enrolled. In a nested case-control study, risk of a new,
nonrecurrent SCC was associated with polyomavirus (PyV) seropositivity
assessed in the earliest pre-diagnostic serum sample available (n=113 cases
and 229 controls). Further, repeated serum measures drawn from controls
(n=210 controls with 876 serum samples), and serum samples drawn pre-
and post-SCC diagnosis from cases (n=85 cases), were investigated to
determine the serostability of PyV antibodies over time.

Robustness of human polyomavirus (PyV) seroprevalence estimates among
229 controls from the Skin Cancer Prevention Study. The cut points were
varied from 250 to 550 median fluorescence intensity (MFI) units (x axis),
and the resulting seroprevalences were calculated using the new cutoffs (y
axis). The red cross hairs show the seroprevalences for each PyV VP1 using
the recommended cutoff=400 MFI units. The two red dots show the range
of MFI units that would result in seroprevalences +1% of the
seroprevalences calculated using the recommended cutoff.

Robustness of odds ratio (OR) estimates obtained from conditional logistic
regression analysis for cutaneous squamous cell carcinoma (SCC) by
seropositivity for each polyomavirus (PyV) type among 306 study
participants from the Skin Cancer Prevention Study. The cut points were
varied from 250 to 550 median fluorescence intensity (MFI) units (x axis),
and the resulting ORs were calculated using the new cutoffs (y axis). The
red dots show the ORs using the recommended cutoff of 400 MFI units.
OR estimates for BK could not be accurately computed below ~275 MFI
units due to the viruses’ high seroprevalence. The gray bands are the 95%
confidence intervals (CI) about each OR.
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Robustness of odds ratio (OR) estimates obtained from unconditional
logistic regression analysis for cutaneous squamous cell carcinoma (SCC) by
seropositivity for each polyomavirus (PyV) type among 342 study
participants from the Skin Cancer Prevention Study, with adjustment for
continuous age, gender, and study center. The cut points were varied from
250 to 550 median fluorescence intensity (MFI) units (x axis), and the
resulting ORs were calculated using the new cutoffs (y axis). The red dots
show the ORs using the recommended cutoff of 400 MFI units. OR
estimates for BK could not be accurately computed below ~275 MFI units
due to the viruses’ high seroprevalence. The gray bands are the 95%
confidence intervals (CI) about each OR.

Plot of conditional (left) and unconditional (right) odds ratios (95%
confidence intervals as whiskers) for cutaneous squamous cell carcinoma
(SCC) by seropositivity for each polyomavirus type among study
participants from the Skin Cancer Prevention Study, when stratified by A.
treatment arm of the randomized clinical trial from which the participants
were drawn (“treated” refers to patient assignment to the PB-carotene
treatment group (n=99 controls and 64 cases for conditional analyses;
n=115 controls and 66 cases for unconditional analyses) and “placebo” to
the placebo group (n=96 controls and 47 cases for conditional analyses;
n=114 controls and 47 cases for unconditional analyses)), B. having ever
had a prior SCC (“SCC” refers to having had a prior SCC (n=9 controls and
6 cases for conditional analyses; n=9 controls and 6 cases for unconditional
analyses) and “no SCC” refers to never having had a prior SCC (n=186
controls and 105 cases for conditional analyses; n=220 controls and 107
cases for unconditional analyses)), and C. having ever had a prior BCC
(“BCC” refers to having had a prior BCC (n=100 controls and 68 cases for
conditional analyses; n=118 controls and 69 cases for unconditional
analyses) and “no BCC” refers to never having had a prior BCC (n=95
controls and 43 cases for conditional analyses; n=111 controls and 44 cases
for unconditional analyses)). Unconditional odds ratios were adjusted for
continuous age, gender, and study center. “Main” refers to unstratified risk
estimates presented in Table 4.4 and Supplemental Table 4.2. OR and
95% CI were not computed for uninformative pairs or strata in which all
participants were seropositive for the PyV of interest (represented by a solid
vertical black line). The dashed line represents an OR=1.

Plot of conditional (left) and unconditional (right) odds ratios (95%
confidence intervals as whiskers) for cutancous squamous cell carcinoma
(SCC) by seropositivity for each polyomavirus type among study
participants from the Skin Cancer Prevention Study, when stratified (as
delincated in Table 4.1) by A. smoking status (“never” refers to never
smokers, “former” refers to former smokers, and “current” refers to current
smokers), B. UV skin damage (“mild” refers to mild skin damage,
“moderate” refers to moderate skin damage, and “severe” refers to severe
skin damage), C. skin sun sensitivity (“always” refers to always/usually
burns and “moderate” refers to burns moderately/minimally), and D. hair
color (“blonde” refers to blonde/red hair and “black” refers to brown/black
hair). Unconditional odds ratios were adjusted for continuous age, gender,
and study center. OR and 95% CI were not computed for uninformative
pairs or strata in which all participants were seropositive for the PyV of
interest (represented by a solid vertical black line). The dashed line
represents an OR=1.
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Abbreviations

27k array
AAPC
AK
BCC
BK

CI
ELISA
EV
GAM
GO
GST
HLA
HPV
HPyVo6
HPyV7
HPyV9
HPyV10
ICC

Ig

IQR

JC

K (kappa)
KC

KI

KIR
LTAg
McCC
MCV
MDR
MFI
NK cells
NKG2D
NMSC
NSAIDS
OR
PAH
PML
PUFA
PUVA
PVAN
pyv

p (tho)
Rb
RCA
SCC

SD

SES
SNP
STAg
SV40
TAg

Ilumina Infinium HumanMethylation27 BeadChip array
average annual percentage change
actinic keratosis

basal cell carcinoma

BK virus

confidence interval

enzyme-linked immunosorbent assay
epidermodysplasia verruciformis
generalized additive model

gene ontology

glutathione S-transferase

human leukocyte antigen

human papillomavirus

human polyomavirus 6

human polyomavirus 7

human polyomavirus 9
Malawi/human polyomavirus 10
intraclass correlation coefficient
immunoglobulin

interquartile range

John Cunningham virus

kappa statistic

keratinocyte cancer

Karolinska Institute polyomavirus
killer immunoglobulin-like receptors
large T antigen

Merkel cell carcinoma

Merkel cell polyomavirus

multifactor dimensionality reduction
median fluorescence intensity

natural killer cells

NK group 2 member D
nonmelanoma skin cancer
nonsteroidal anti-inflammatory drugs
odds ratio

polycyclic aromatic hydrocarbon
progressive multifocal leukoencephalopathy
polyunsaturated fatty acid

psoralen UVA
polyomavirus-associated nephropathy
polyomavirus

Spearman rank correlation coefficient
retinoblastoma

rolling circle amplification

cutaneous squamous cell carcinoma
standard deviation

socioeconomic status

single nucleotide polymorphism
small T antigen

simian virus 40

T antigen

Trichodysplasia spinulosa
Trichodysplasia spinulosa-associated polyomavirus
United States of America

ultraviolet radiation

warts, hypogammaglobulinemia, infections, and myelokathexis
Washington University polyomavirus
xeroderma pigmentosum
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Chapter 1

General introduction

Adapted from: Anala Gossai, Dorothea T. Barton, Judy R. Rees, Heather H. Nelson, and Margaret R. Karagas.
“Chapter 58: Keratinocyte cancers.” Schottenteld & Fraumeni’s Cancer Epidemiology and Prevention, 4th ed,
Oxtord (2016). (in press; excluding sections 1.1 & 1.3).
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1.1 HUMAN POLYOMAVIRUSES

Polyomaviruses (PyV) have been discovered in humans, nonhuman primates, mice, birds, bats,
and a host of other species.! However, the diversity of the human polyomavirome and its impact
on human health has not been fully elucidated, as evidenced by the continued discovery of new
PyVs within well and ill individuals. The PyV is a non-enveloped virus with an icosahedral capsid
~45 nm in diameter, containing a circular double-stranded DNA genome of ~5,000 base pairs.>
3 The genome of the Polyomaviridaefamily encodes three capsid proteins (VP1, VP2, VP3), as
well as a small and large T antigen (TAg)." 2 The viral life cycle is divided into an early phase
taking place before viral DNA replication, and a late phase occurring after replication of the viral
genome.* Early in infection, the early proteins large TAg (LTAg) and small TAg (STAg) are
expressed. The LTAg contains a ] domain which is required for efficient viral replication, and is
involved in the regulation of early and late gene expression.* The capsid proteins are expressed
during the late phase of infection.* Primary human PyV infection typically occurs during
childhood;* ® but as yet, the potential risk factors for infection are not well understood.
Although prevalent in various tissues across multiple populations, most PyV infections
have yet to be associated with a specific disease phenotype.® In the immunocompetent host, the
virus is believed to remain latent following primary infection. In immunocompromised patients,
BK virus is associated with polyomavirus-associated nephropathy (PVAN) and cystitis,”> ® John
Cunningham virus (JC) with progressive multifocal leukoencephalopathy (PML),” 8 and
Trichodysplasia spinulosa-associated polyomavirus (TSV) with the rare skin disease Trichodysplasia
spinulasa (TS)® characterized by spiny lesions due to abnormal maturation of hair follicles.!® !!

Merkel cell polyomavirus (MCV) containing mutations in LTAg 2 is causally related to the

aggressive skin cancer, Merkel cell carcinomas (MCC).!% 1314
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PyVs cause tumors in animal experiments and 711 vitroassays. The LTAg has transforming
potential due to its ability to bind and thereby inactivate tumor suppressor proteins
retinoblastoma (Rb)'® and p53,'® and stimulate entry into the host cell and cell cycle.? The STAg
and agnoprotein'” expressed by some viruses may also exhibit oncogenic properties.® However,

there is limited support for carcinogenesis in humans.

1.1.1 Historical aspects and discovery
PyVs were first described in the peer-reviewed literature in the year 1953 within mice,'® and were
named for their notable ability to induce a wide range of tumors in murine models.'® BK and JC

were the first human PyVs isolated,?% 2!

and were observed to be highly homologous in amino
acids. Until the year 2006, BK virus, JC virus, and simian virus 40 (SV40) - a natural infection
of some species of Asiatic macaques, were the only PyVs known to circulate in the human
population, which was mainly confirmed by polymerase chain reaction (PCR) and the presence of
virus-specific antibodies.

Advanced high-throughput sequencing and improved rolling circle amplification (RCA)
techniques rapidly identified novel human PyVs. In the year 2007, two new PyVs found within
nasopharyngeal samples were described: the Karolinska Institute polyomavirus (KI) was
identified by a research group at the Karolinska Institute, Sweden,?* and researchers from
Washington University, USA, isolated the Washington University polyomavirus (WU).?? KI was
isolated from a virus-enriched DNA-cDNA library constructed using nasopharyngeal aspirates,?>
and WU was isolated from respiratory secretions using high-throughput DNA sequencing.? KI
and WU were found to be closely related, but were divergent from both BK and JC.?3 The

genomic organization of KI and WU revealed regions encoding STAg and LTAg (including

putative Rb and p53 binding domains).** 2* Surprisingly, two partially overlapping LTAg
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binding sites in WU were present and had varied spacing when compared to BK and JC.?® Both
KI and WU were found to lack the putative agno gene encoded by BK and JC.2>23

Subsequent to the discovery of KI and WU, MCV was identified using digital
transcriptome subtraction of cDNA libraries prepared from MCC tissue, and additional
examination of the MCV genome revealed mutations and deletions that supported
carcinogenesis.'? Upon further study, clonal integration of the MCV genome was identified in
nearly all MCC cells, with the number of integrated copies found to range from a single copy to
several thousand.?* 2% 26 The wild type MCV genome encodes the full length LTAg, although
truncation of the STAg in some MCV was found.?” MCV does not encode the agnoprotein.!?

An improved RCA technique resulted in the simultaneous isolation of human
polyomaviruses 6 and 7 (HPyV6 and HPyV7) from the skin,?” and TSV from the hair follicle of
an immunocompromised patient suffering from TS.? Both LTAg and STAg were encoded by the
HPyV6 and HPyV7 genomes.?” TSV genome analysis revealed the LTAg with a putative Rb-
binding motif, a sequence previously described to be involved in p53-complex formation, and a
protein phosphatase 2A subunit binding motif.” On the basis of the anatomical sites where PyV
DNA had been isolated, it was suspected that skin cells and tissues supported infection by MCV,
HPyV6, HPyV7, and TSV, implying that these viruses may be skin tropic.

Human polyomavirus 9 (HPyV9) was isolated from the serum of a kidney transplant
recipient under immunosuppressive treatment.*® The early coding region contained both LTAg
(with a clear Rb-binding domain) and STAg, but sequences for a putative agnoprotein were not

found.?® HPyV9 (or a variant) was assumed to have been re-identified on the skin of MCC

patients at a higher frequency than on healthy persons, and may have been shed from the skin.?®
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Finally, human polyomavirus 10 (HPyV10) virus was isolated from skin warts derived
from a patient with the rare warts, hypogammaglobulinemia, infections, and myelokathexis
(WHIM) syndrome.3° Sequences for both the LTAg and STAg were identified (although no
agnoprotein was found).3® HPyV 10 was found to be nearly identical to a PyV identified in the
stool of a child from Malawi, and may represent a new subclade of PyVs collectively referred to as

Malawi/human polyomavirus 10.3%32 33

1.1.2 Seroprevalence of polyomaviruses in adults

PyV infections are ubiquitous within human populations (reviewed in DeCaprio & Garcea,
2013),* but seroepidemiologic studies have primarily been conducted in European populations
or among blood donors (Table 1.1). BK was first isolated from the urine of a renal allograft
patient,?! and JC was cultured from the brain of a PML patient post-mortem.?° Serologic analyses

suggested both types to be prevalent in the adult population, with antibodies against BK in 55-

00%5> 34 35, 36,37, 38,39 5,34, 35,37, 38,39 [(]22

and against JC in 20-90% of the study populations.
and WU?3 were each isolated from the nasopharyngeal aspirates of acute respiratory disease
patients, and had reported seroprevalences of 55-90% for KI3 > 14,40, 41,42, 43,44 3,4 69-98% for
WU by adulthood.> 14 40 42,43, 44,45 M[CV was found integrated into the genome of an MCC
tumor - a rare but aggressive human tumor of the skin characterized by high metastatic

1,12

potential,’* and reported MCV seroprevalences among those without MCC ranged from 61-

800p.27, 37, 46,47, 48,49

PyV-linked pathologies in humans rekindled interest in Polyomaviridae, leading to the
search for other human PyVs. HPyV6 and HPyV7 were isolated from healthy human skin using
an RCA technique, and had reported seroprevalences of 69-83%?7: %8 and 35-64%,>”*8

respectively. The TSV genome was identified from the plucked facial spines of a severely
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immunocompromised heart transplant recipient who had developed TS.° The range of
seroprevalences reported for TSV was considerably narrower than other PyVs, varying from 70-
80% in adults,*! 8 50 although this virus had been less studied. HPyV9 was amplified from the
serum of a kidney transplant recipient,?® and the literature suggested seroprevalences for HPyV9
ranged from 33-47%.*% *8 RCA was again used to identify HPyV10 in condyloma specimens
from a patient with the rare genetic disorder, WHIM syndrome.>* HPyV 10 seroprevalence was
recently reported as 42-66% in adulthood.>! >2

Differences in the seroprevalences reported in the peer-reviewed literature could represent
true differences between geographical regions, but could also reflect differences in study
populations, techniques used for PyV antibody detection and antigen preparation, and definition
of seropositive cutoff values. While these studies suggest PyVs are highly prevalent, there is
limited information on the distributions of these viruses in the United States population, and

potential risk factors for infection are not well-established.

www.manharaa.com




Table 1.1. Selected human polyomavirus (PyV) seroprevalences among

reported in the peer-reviewed literature.*

healthy, immunocompetent, adults

Year of discovery, Seropr No. seropositive/ .
Human PyV types (refarénics) (%) o, oF study subjects! Remarks References
BK virus, BK 1971 (Gardner eral,, 1971)  55-90 Healthy individual N logical studies Reviewed in Knowles,
2006; Moens et al., 2013;
John Cunningham virus, 1971 (Padgeweral., 1971) 20-90 Healthy individual M logical studics Reviewed in Knowles,
Jc 2006; Moens eral,, 2013;
Karolinska Institutet 2007 (Allander er al., 2007) 55-90 Healthy individual N logical studies Reviewed in Moens et al.,
polyomavirus , K1 2010
Washington University 2007 (Gaynor et al,, 2007) 69-98 Healthy individual Ni logical studies Reviewed in Moens et al.,
polyomavirus, WU 2013; Ciotti eral., 2013;
Merkel cell palyomavirus, 2008 (Feng et al., 2008) 61 58/95 American blood donors (47-75 yearsof  Schowalter etal., 2010
Mcv age)
68.6 456/665 General Czech Republic population (220 Sroller eral,, 2013
years of age)
BO 38/47 German volunteers (24-79 years of age) Pastrana et al., 2012
87 461/530 Iralian blood donors (=20 years of age) Nicol eral., 2013
B8 42/48 American older adults (47-75 years of age)  Pastrana et al., 2009
89.2 166/186 Italian blood donors (18-85 years of age)  Nicol eral,, 2012
Human polyomavirus 6, 2010 (Schowalter eral,, 2010) 69 66/95 American blood donors (47-75 years of Schowalter et al., 2010
HPyVo age)
834 442/530 Italian blood donors (=20 years of age) Nicol et al,, 2013
Human polyomavirus 7, 2010 (Schowalter eral,, 2010) 35 33/95 American blood donors (47-75 years of Schowalter et al., 2010
HPyV7 age)
63.6 337/530 Iralian blood donors (=20 years of age) Nicol eral,, 2013
Trichodysplasia spinulosa- 2010 (van der Meijden eral., 70 104/149 Finnish university students and staff Cheneral., 2011
associated polyomavirus,  2010)
TSV
76.4 405/530 Italian blood donors (=20 years of age) icol er al., 2013
B0 304/380 Dutch population-based serum bank (220 van der Meijden etal., 2011
years of age)
Human polyomavirus 9, 2011 (Seuda et al., 2011) 328 61/186 Italian blood donors (18-85 years of age) Nicol eral., 2012
HPyVO
39.4 209/530 Italian blood donors (=20 years of age) Micol eral., 2013
47 154/328 German adults and adolescents (16-72 Trusch eral., 2012
years of age)
Malawi/human 2012 (Buck et al., 2012) 41.8 221/528 Ttalian blood donors (=20 years of age) Nicol eral., 2014
polyomavirus 10,
HPyV10
66 248/377 American adults (=21 years of age) Berrios eral,, 2014

" This table is not exhaustive and does not necessarily represent every study conducted to investigate the
sense as to reasonable PyV seroprevalences.

* Some fractions and age groups of interest
ascertai for

' Method of seropreval
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1.1.3 Human polyomavirus serology

Hemagglutination inhibition assays and virus infectivity neutralization assays were the original
standard methods for the measurement of antibodies against PyVs, and gradually gave way to the
use of enzyme immunoassay technology as the preferred method for measurement. Serological
assays have evolved, and the use of recombinant VP1 capsid proteins specific for each viral type
has enabled the development of high-throughput screens and sensitive competition assays to
distinguish between a history of infection with the various PyVs.

At the time of publication (year 2015), serologic analysis could be performed on the first
ten discovered human PyVs: BK,?! JC,2° K1,>> WU,>* MCV, !> HPyV6, HPyV7,%” TSV,’
HPyV9,%8 and HPyV10.3° Antigen preparation and techniques used for human PyVs3 53, 54
closely followed methods previously described for human papillomaviruses (HPV).5% °6 Briefly,
plasma samples were tested for antibodies against PyV antigens (capsid protein VP1 for BK, JC,
KI, WU, MCV isolate 344, HPyV6, HPyV7, TSV, HPyV9, HPyV10; LTAg for BK, JC, MCV,
HPyV6, HPyV7, TSV, HPyV10; and STAg for MCV). The multiplex antibody detection
approach was based on a glutathione S-transferase (GST) capture enzyme-linked immunosorbent
assay (ELISA) method in combination with fluorescent bead technology (Luminex Corp., Austin,
Texas, USA, Figure 1.1).5%57 58 Plasma samples - masked to individual identity and

characteristics as well as case-control status, were shipped to the German Cancer Research Center

(DKFZ; Heidelberg, Germany) on dry ice for PyV serologic analysis by the laboratory that

developed the technology.
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- streptavidin-R-phycoerythrin

horseradish peroxidase-/
biotin-labeled secondary
antibody

primary antibody

viral antigen
fused to GST

capture protein
glutathione-casein

Figure 1.1. Glutathione S-transferase (GST) capture enzyme-linked immunosorbent
assay (ELISA) method (adapted from Waterboer et al, 2005). Simplistically, PyV
GST fusion proteins are recombinantly expressed in Escherichia coli, and indirectly
bound to the surface of a bead. Several antigens can be tested simultaneously under
identical conditions using an assay platform, and quantities of human
immunoglobulin (Ig) G and M (primary antibody) bound to the antigens are detected
with a flow cytometer-like analyzer using fluorescent reagents bound to a secondary
anti-human IgG/M antibody.
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PyV seroreactivity is used as a marker of PyV infection.3®> > Seroreactivity against PyV
proteins is expressed as the median fluorescence intensity (MFI) of 100+ beads of the same
internal color. MFI values reflect antibody affinity, titer, and reactivity, as determined by dilution
series.® Serum MFI values also correspond to the presence of viral DNA within tumor tissues,
with MCV DNA-positive SCC tumors (but not MCV DNA-negative SCC tumors) having
significantly higher serum MFI values compared to controls.>* In addition, MCV viral load and
antibody titer were shown to have a strong positive monotonic correlation,*? although less is
known about the other PyV types. The GST capture of recombinantly expressed VP1 capsid
proteins was shown to be a reliable technique to assess PyV seroreactivity and has been used as a

39, 53, 54, 59

marker of PyV infection in prior studies, as well as previously being used in serologic

studies on HPV infection.>% ©1- 62

1.1.4 Potential role of polyomaviruses in skin carcinogenesis

All human PyVs discovered thus far encode potentially oncogenic proteins that allow them to act
as oncoviruses in cell culture and animal models. Indeed, the virus’ name is derived from the
Greek poly meaning ‘many’ and oma referring to ‘cancers’ observed in infected murine models.!
The early PyV proteins, LTAg and STAg, provide PyVs with their tumorigenic properties. LTAg
contains the LxCxE motif in the Rb-binding pocket which is necessary for transforming activity
and cell proliferation,® %% and also harbours a p53-binding domain that binds and inactivates the
p53 protein to induce cell division. 1¢ 0364 The ] domain of the LTAg cooperates with the
LxCxE motif to disrupt the interaction between Rb and the E2F family transcription factors to
promote cell cycle entry and progression. Disruption of p5S3 and Rb functions is necessary but not
sufficient to maintain transformation, indicating the requirement of other processes for

transformation.®* STAg contributes to the oncogenic potential of PyVs through the inactivation

10
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of protein phosphatase 2A,% which stimulates the MAP kinase pathway and cellular
proliferation.® % The late regions of BK and JC also encode an agnoprotein which may exert its
tumorigenic influence through cell cycle dysregulation, interference with DNA repair processes,
and chromosome instability.®”- °% ¢ BK, JC, and MCV encode a miRNA that downregulates
LTAg expression, which may allow the virus to escape the immune system.”® Despite mechanistic
and experimental evidence for oncogenicity, further research is needed to investigate the
relationship between PyVs and human cancers.

Although LTAg is required for viral replication, mediation of oncogenic transformation by
PyV requires the separation of TAg expression from the latter parts of the viral life cycle -
including DNA replication and host cell lysis.'? Truncating mutations in TAg are characteristic of
MCV DNA sequences amplified from MCC skin tumors following viral genome integration, but
the domains required for Rb-induced cell transformation are preserved while viral replication is
eliminated (and thus the likelihood of cell survival is increased), and the pS3-binding site is
removed.!? It has been suggested that the truncation of LTAg may be a feature of PyV-mediated

12 implicating Rb inactivation as the mechanism through which MCV infection

carcinogenesis,
drives transformation. These mutations would also suggest MCV is not merely a secondary
infection of MCC tumors, as the truncating mutation prevents viral replication.'? Truncation of
the TAg has not been described in other human PyVs.

MCQC of the skin is the only human cancer found to contain clonally integrated PyV DNA.
MCYV has been detected at low levels in other human cancers, including BCC and SCC, although
not integrated into the genome.! 5% 7! BK persists in the kidneys and urinary tract,”* 73 which

prompted several investigations into possible relationships between BK and urogenital

carcinomas (with a tentative association with prostate cancer through loss of LTAg expression
11
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proposed”* 7%) or bladder cancer (in immunocompromised patients during renal transplantation
76:77). Despite the detection of BK and JC in a variety of gastrointestinal and genitourinary
cancers, evidence of PyV genome integration is lacking.”® 7%- 80

The skin tropism of human PyVs and their dermatopathologic potential have not been
thoroughly investigated. BK virus DNA has been amplified in 25/33 (76%) of healthy skin
tissues, and BK and JC sequences were detected in Kaposi’s sarcoma skin lesions.8! However,
several studies decline the skin as a natural site for BK or JC replication. KI and WU have not

82 suggesting neither virus possesses

been isolated from skin samples?” or melanoma biopsies,
skin tropism. MCV virions are shed from the skin at high numbers, suggesting that infection is
likely not restricted to Merkel cells, and common cells in the epidermis like keratinocytes or
melanocytes are involved in the production of virus particles.?” As with MCV, HPyV6 and
HPyV7 virions appear to be shed continuously from the skin (although at a lower number than
MCV), and thus are thought to be skin tropic.?” The TSV genome was first sequenced from the
spicules of a young TS patient, but only 3 of the 69 plucked eyebrows collected from
immunocompetent renal transplant recipients had evidence of the TSV viral genome,® suggesting
the occurrence of TSV in skin requires additional research. The occurrence of HPyV9 and
HPyV10 in the skin has, at the time of publication, not been thoroughly published on in the
literature.

Increased incidence of cancers in immunocompromised patients often suggests a viral
etiology due to impaired immunological control over a typically harmless infection, and those
who are immunocompromised are at a much higher risk of keratinocyte cancers (KC). 8384

Recent epidemiologic studies suggest an oncogenic role for PyV infection in the development of

cutaneous squamous cell carcinoma (SCC). In a clinic-based case-control study in Florida, USA,

12
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MCV seropositivity was associated with an increased risk for SCC (OR=1.58, 95% CI: 0.96-
2.60), and the association was stronger among those with tumors containing MCV DNA
(OR=2.49, 95% CI: 1.03-6.04),5* although these findings could not be replicated in an
expansion of the study group.”! MCV sequences are also found more frequently in the
nonmelanoma skin cancer (NMSC) tumors of immunosuppressed patients when compared to
immunocompetent patients, with a 2-fold higher number of MCV positive SCCs in
immunosuppressed patients.®> Conversely, no association was found between SCC and JC
seropositivity assessed in samples collected at least 1 month prior to diagnosis in a large Swedish
study.®® Further, a case-control study conducted within organ transplant recipients found no
relation between SCC following surgery and the seroprevalence of several types of PyVs (i.e., JC,
KI, WU, MCV, HPyV6, and HPyV7) prior to transplantation.3” However, epidemiologic studies
exploring the effect of other PyV infections (apart from MCV) on the risk of SCC are limited,

despite evidence of skin tropism for multiple PyVs, including MCV, TSV, HPyV6, and HPyV7.3

1.2 KERATINOCYTE CARCINOMAS (CUTANEOUS SQUAMOUS CELL

CARCINOMA)

Keratinocyte carcinomas include basal (BCC) and squamous cell carcinomas that arise from
keratinocytes or their precursors.®8 KCs comprise the most common malignancies in humans,?°
and incidence rates appear to be increasing over time.”® KCs are often referred to as
nonmelanoma skin cancers, which can include rarer forms of skin cancer.88 8% °1.92 SCC is
subclassified into the following histologic types: Squamous Cell Acantholytic, Spindle-cell,
Verrucous, and Adenosquamous cell; with 7n situ disease classified as SCC in situ (Bowen’s

disease).”® Intraepidermal proliferations (dysplasias), actinic keratosis (AK), and SCC 7n situ,

may represent precursor lesions of SCC.”* The tumor progression model for SCC is still being

13
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studied, but is thought to involve multiple steps which may include 7P53 alteration induced by
ultraviolet radiation (UVR),> 96:°7 Src-family kinases (SFK),’® Ras oncogene,” and activating

transcription factor 3 (A7F3).1%°

1.2.1 Disease burden

Cutaneous squamous cell carcinoma arises from epithelial keratinocytes, with increasing

101, 102, 103, 104 Australia 105, 106 107,108
ol

incidence rates reported in the United States, and Europe.
In the United States, an estimated 186,157-419,543 individuals were diagnosed with SCC of
the skin, and 3,932-8,791 SCC patients died from their disease, in the year 2012.1%* Although
the prognosis is generally favorable, the disfigurement and morbidity resulting from SCC ranks
as an important public health concern and under-recognized health burden.

The geographic and sociodemographic features of SCC cases have remained consistent over
the past several decades, with a gradient of increasing incidence rates with proximity to the
equator, impacting primarily fair-skinned populations, and increasing with age.'!®* Men generally
have 2-4 times the incidence of SCC when compared to women.?! Individuals with higher
socioeconomic status (SES) living in the least deprived regions (e.g., professional workers,
greater educational attainment, car ownership) may have increased risk of KCs, but this research

109, 110

has primarily been conducted in northern European countries, and may be attributed to

leisure time spent in sunnier climes.!!°

Efforts to document the incidence of SCC around the world have greatly expanded
(reviewed in Lomas eral.,, 2012),%° although the standardization of rates to different standard
populations makes direct comparisons of incidence difficult. SCC studies have primarily been

conducted in white populations from the USA, Europe, and Australia. Worldwide incidence rates

for SCCs vary over 100-fold in white populations (Figure 1.2). Australia continues to report the

14
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highest rates in the world, with an average incidence rate for SCC of 387 per 100,000 person-
years in 2002 age-standardized to the world standard population.'!! On continental Europe,
Ttaly and Switzerland appear to have some of the highest SCC incidence rates.!12 113 114, 115, 116,
17 The high incidence rates of SCC reported in Switzerland may be attributed to having the
highest average altitude in Europe.?® The average incidence rate in England for SCC has been
calculated to be 22.65 per 100,000 person-years in the 2000s.°° The lowest reported incidence
rates among populations of European descent come from Croatia, with rates for SCC of <10 per
100,000 person-years between 2003 and 2005, although these estimates were standardized to
the 2001 Croatian census population.!1®

In the United States, Southern state Arizona has reported some of the highest SCC

incidence rates of >100 per 100,000 person-years standardized to the 1970 USA population.!!?

In contrast, Northern states New Hampshire and Minnesota have SCC rates of approximately 30

120, 121, 122 123, 124, 125

per 100,000 person-years - comparable to those found in Canada.
The lowest rates of SCC occur in populations of largely non-European descent (e.g., India,
Asia, and Africa).!2% 127128 The limited data on non-white populations in the United States also
suggest racial or ethnic variation in KC incidence rates. For example, In Arizona, USA, SCC rates
among Hispanics were 13.8 and 32.9 per 100,000 person-years among women and men
respectively, while the rates were 11-fold higher in non-Hispanic whites.!!® Despite lying at a
similar latitude to North America, a study conducted in Jordan (consisting of darker-skinned
people of Arabian descent) using the Jordan Cancer Registry from 1997 to 2001 found SCC
incidence rates of 14.2 for men and 4.18 for women per 100,000 person-years standardized to

the USA population for the years 1997-2000.'%° Among Asians in Singapore, SCC rates were

over 2-fold higher among the lighter-skinned Chinese than the Malays and Indians.!3°
15
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Interestingly, a recent study conducted in a Southern region of Brazil (with a higher proportion of
those of European decent) found the incidence of invasive or in situ SCC to be 94.39 per
100,000 person-years in 2006.13! While lack of standardized reporting methods and ethnic
differences complicate international comparisons, available data from the USA and Australia

indicate a distinct gradient of increasing incidence rates with proximity to the equator. 11132133,

134,135,136
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Figure 1.2. Selected incidence rates (per 100,000 person-years) for cutaneous squamous cell carcinoma (SCC)
worldwide. Male rates are black, female rates are white, and rates including both males and females are gray. The
rate values presented for the corresponding time periods were drawn from the following references: (1) Staples
et al., 2006, (2) Nunes et al, 2009 a population of primarily European ancestry, (3) Sng et al,, 2009 a Malay,
Asian, and Indian population, (4) Omari er al,, 2006 a population of primarily Arabian descent, (5) Harris et al,
2001, (6) Boi er al, 2003, (7) Karagas et al, 1999, (8) Lipozencic¢ er al, 2009, (9) Hayes et al, 2007, (10)
Christenson et al., 2005, (11) Levi er al, 2001, (12) Lomas et al, 2012, (13) Eisemann er al., 2014, (14)
Demers et al., 2005, (15) Jung eral,, 2010, (16) Dal eral, 2008. The populations from references (1, 2, and 5-
16) are primarily of European ancestry; the populations from references (3-4) are of non-European ancestry.
The references (1, 6, 9, 10, 11, and 14) were world-standardized, (12, 13, and 16) were European-
standardized, (3, 4, 5, 7, 8, and 15) were standardized to the population structure of that country, and (2) was
not standardized to a population outside of the study sample.
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A number of studies indicate a dramatic worldwide increase in the number of cases of KC
(reviewed in Lomas eral,, 2012),%° and the incidence rates of KCs may be increasing more
rapidly than any other malignancy.'3” For SCC, USA surveys done in the 1970s found a 1-2%
average increase per year in age-adjusted incidence rates.!3? Increases in SCC rates now range
from 3-19% each year in the USA and Canada,'20: 123, 136,138,139, 140 with the exception of a
decline in invasive SCC in Arizona.'!® In Europe, the estimated average annual percentage change
(AAPC) for SCC rates was 1-5% in Scotland,'*!> 12 and 10-13% in the UK,'*° for different time
periods since the late 1970s. Studies of the Nordic countries have found SCC incidences in
Sweden, Norway, Denmark, and Finland to have also increased annually by 3-12% since the
1960s and 1970s to more recent years. 43 144,145, 146 The disease burden for SCC in the
Netherlands increased by 2-10% annually since the 1980s with no evidence of plateauing in the
number of cases.!47: 148, 149,150, 151 Other regions of the world also report AAPC increases over
time such as Australia (reviewed in Perera eral, 2015)'52 with evidence that the rate of increase

90. 111 in Serbia,'5% and in Tran.!>* The reasons for increasing incidence rates are

has been slowing,
not fully understood, but may be related to stratospheric depletion of the world’s ozone layers
increasing the amount of ambient UVR,!5% 156 or an increase in sun exposure behavior (e.g.,
leisure time outdoor activities). Enhanced or earlier detection of SCC cases are unlikely to account
for these temporal trends.!16: 157, 158, 159,160, 161

There is evidence that the worldwide mortality rates of KC are declining slightly,®® but
survival rates for SCC have been relatively stable.!*® Five-year relative survival after SCC has been
estimated to be 90%,'%% which is consistent with clinical observations that a relatively small

subset of patients develop metastatic disease that can be fatal.!® For patients who have SCC

metastases, the 10-year survival is less than 20% for patients with regional lymph node
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involvement, and less than 10% with distant metastases.'®* Men have a higher rate of mortality
from SCC than women.!® Independent predictors of poor outcomes include a tumor diameter at
least 2 centimeters, invasion beyond fat, poor differentiation, ear or temple location, perineural
invasion, and anogenital invasion.'®® 196 SCC patients experience higher overall mortality not
attributable to smoking history nor could be explained by their heightened risk of other
malignancies or intervening cancers,'®” but may be due to other factors such as alcohol use or
immunosuppression. 6% 168169 Although fatal in only a small fraction of SCC cases, certain
subgroups of the population experience appreciable mortality from these tumors, such as the
immunocompromised (e.g., patients who have undergone an organ transplantation or who have

HIV/AIDS).104

1.2.2 Etiologic factors

The skin is the primary barrier against the external environment, and epidermal cells are often the
first cells to be exposed to potentially carcinogenic agents. While the etiology of cutaneous SCC is
likely multifactorial including both environmental and endogenous risk factors, the exact

mechanisms by which risk factors cause SCC are not fully understood (Figure 1.3). Established

96,170 171, 172

risk factors include ultraviolet light exposure, skin pigmentation, exposure to ionizing

173,174 175,176, 177, 178

radiation, arsenic, and polycyclic aromatic hydrocarbons (PAH).!7 180

Chronic ultraviolet radiation®! and artificial UVR exposure (e.g., indoor tanning lamps, '8! 182

183,184, 185 ngoralen UVA (PUVA) therapy for psoriasis!8® 187 188) are consistently associated
with an elevated risk of SCC through the induction of DNA damage!8%- 199 191 and
immunosuppression.'?? Photodamage is recognizable clinically, as chronic sun exposure results in

skin photoaging that progressively destroys the organized basket weave pattern and overall

elasticity of the skin.!9% 194:195,196,197 [ joht piomentary traits for hair and eye color (e.g., fair
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skin, blue eyes, and blonde or red hair) are accepted risk factors for KCs.?% 19%:200 [nvestigations

have also documented an increased risk of SCC among those with a freckling phenotype°?-202

and nevi. 35 198203 Elevated risks of SCC following exposure to ionizing radiation have been

observed in several occupationally exposed groups, including uranium miners and quarrymen,2*

early medical radiation workers,?% and radiologic technologists.?°® Occupational exposure to
metalworking fluids that often contain PAHs, such as among autoworkers, has been consistently
linked to SCC (particularly of the scrotum).2°” A prior SCC diagnosis is a strong predictor of a

subsequent SCC.2%8 209.210 Iy addition, patients with autosomal recessive genetic defects in the

), 211,212
b

ability to correct DNA photolesions (e.g., xeroderma pigmentosum (XP) and those who

are immunocompromised (e.g., transplant recipients or those given immunosuppressive
medications),3* 213214 carry a high risk of SCC.

Emerging risk factors requiring additional study confirmation include the use of BRAF

215 216,

inhibitors,”"> photosensitizing drugs (e.g., tetracyclines, fluoroquinolones, thiazide diuretics),

217,218,219, 220 221, 222,223,224, 225,226

sex steroids (particularly high doses of oral contraceptives

and hormone replacement therapy containing high levels of exogenous estrogen),??% >2” and

certain analgesics (e.g., aspirin) and nonsteroidal anti-inflammatory drugs (NSAIDs)?28: 229 230,

231,232 that act through a COX-2 pathway for a chemopreventive effect.>3> Tumorigenesis may be

enhanced by a hyperactive immune system and chronic inflammation, or alternatively could
suppress cancer cells due to heightened immune surveillance, which has lead to increased

exploration of the association between atopic and allergic states?33 234

in the etiology of KCs
resulting in some suggestions of an increased SCC risk among asthmatics?3° and those with a

history of atopic dermatitis.>*® 237 An increased risk of SCC occurrence with higher dietary fat

d,238, 239, 240

intake has been foun

and observational data regarding the consumption of various
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fatty acids (e.g., omega-3 and omega-6 polyunsaturated fatty acids (PUFAs)?#1> 242, 243, 244,245,

246)  leafy vegetables,?3% 249 247 alcohol use,?*® 249 tea consumption, 244 250; 251, 252, 253

237,254,255,256

caffeine, and other micronutrients such as vitamins D,257- 258 B3,259,260 354 A261,

262,263, 264,265 3re growing. Other dietary factors with potential photoprotective effects (e.g.,

garlic, curcumin, lycopene, limonene) are being investigated, but have not been assessed in trials.

2 267,268,269 has

Tobacco smoke, a source of PAH exposure2°® and reduced antioxidant defenses,

been associated with an increased risk of SCC - particularly with current smoking.!> 270271, 272,

273,274

Organ transplant recipients who require potent immunosuppressive therapy to prevent
allograft rejection experience extreme risks of NMSC.8% 275 In addition to increased incidence of
skin cancer in transplant recipients, SCCs appear to be more aggressive with higher rates of
recurrence and metastasis.?”® Increased incidence of cancers in immunocompromised patients
often suggests a viral etiology. SCC tumors from epidermodysplasia verruciformis (EV) patients
were found to contain HPV DNA, and this viral DNA has been detected in up to 90% of SCC
tumors in EV patients (who are already extremely susceptible to skin cancer).?”% 2”7 Thus far,
genus B HPVs®! 278 have been associated with an increased risk of SCC, raising the possibility of
other viral risk factors for the development of this skin cancer, and an etiologic role for PyVs has

been recently raised in the peer-reviewed literature.>* 71279
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Figure 1.3. Exogenous factors related to cutaneous
squamous cell carcinoma (SCC).
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Legend: @ filled circle = well established risk factor; O
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protective risk factor. Two circles/squares/triangles reflects a
stronger association in the specified direction.
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1.3 THESIS AIMS

The following thesis addresses critical gaps in our understanding of the risk factors for PyV
infection and its relation to skin cancer occurrence within the United States. We first aimed to
determine the seroprevalence and risk factors for seropositivity of human polyomavirus types
among adults in a general United States population. Next, we investigated the association
between human polyomavirus infection and risk of cutaneous squamous cell carcinoma in the
New Hampshire Skin Cancer Study. Lastly, we performed a prospective study of human
polyomaviruses and risk of cutaneous squamous cell carcinoma in the Skin Cancer Prevention

Study conducted in the United States.
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Chapter 2

Seroepidemiology of human polyomaviruses

In a United States population

Published as: Anala Gossai, Tim Waterboer, Heather H. Nelson, Angelika Michel, Martina Willhauck-
Fleckenstein, Shohreh F. Farzan, Anne G. Hoen, Brock C. Christensen, Karl T. Kelsey, Carmen J. Marsit, Michael
Pawlita, and Margaret R. Karagas. “Seroepidemiology of Human Polyomaviruses in a US Population. ” American
Journal of Epidemiology 183 (2016): 61-69. (excluding sections 2.3.5, 2.4.4, & bold italicized paragraphs of
2.5).
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2.1 ABSTRACT

Polyomaviruses (PyV) are potentially tumorigenic viruses in humans. However, limited data
exists on the population seroprevalence of PyVs and individual characteristics that relate to
seropositivity. Using multiplex serology, we determined the seroprevalence of ten human PyVs
(BK, JC, KI, WU, MCV, HPyV6, HPyV7, TSV, HPyV9, and HPyV10) among controls from a
population-based skin cancer case-control study (n=460). On a subset of participants (n=194),
methylation at CpG sites across the genome was measured in peripheral blood using the Illumina
Infinium HumanMethylation27 BeadChip array, from which lymphocyte subtype proportions
were inferred. All participants were seropositive for at least one PyV, with seroprevalences
ranging from 17.6% (HPyV9) to 99.1% (HPyV10). Seropositivity to JC, MCV, and HPyV?7
increased with age. JC and TSV seropositivity was more common among men than women.
Smokers were more likely to be HPyV9 seropositive but MCV seronegative, and HPyV7
seropositivity was associated with prolonged glucocorticoid use. In peripheral blood, differential
methylation at CpG sites depending upon PyV seroreactivity did not reach statistical significance
at the FDR level (g<0.05), but genes associated with cancer pathways and the immune response
were over-represented in a gene ontology analysis of CpG sites with P<0.05. Cancer and immune
pathways were over-represented in an exploratory gene ontology analysis of CpG sites
differentially methylated when PyV seropositive. Based on DNA methylation profiles, differences
were observed in CD8+ T and B cell proportions by BK, JC, and HPyV9 seropositivity. Our
tindings suggest seropositivity to PyVs is common in the United States, and varies by

sociodemographic and biologic characteristics, including those related to immune function.
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2.2 INTRODUCTION

Polyomaviruses (PyV) are non-enveloped viruses with an icosahedral capsid ~45 nm in diameter,
containing a circular double-stranded DNA genome.*® The PyV genome contains genes
encoding three capsid proteins (VP1, VP2, VP3), as well as small and large T antigens (TAg).>
Members of the Polyomaviridaefamily have been discovered in humans, nonhuman primates,
mice, birds, bats, and a host of other species.! Urine or other bodily fluids have been implicated as
the main vehicle for transmission within families or intimate contacts.?8® However, the diversity
of the human polyomavirome and its impact on human health has not yet been fully elucidated,
reflected in the continued discovery of new PyVs.

Although largely based on studies in European populations and blood donors, PyVs appear
to be ubiquitous within human populations (reviewed in DeCaprio & Garcea, 2013).* While
often asymptomatic, under conditions of immunosuppression, BK virus?! has been associated
with polyomavirus-associated nephropathy (PVAN) and cystitis,” & JC virus?® with progressive
multifocal leukoencephalopathy (PML),” 8 and Trichodysplasia spinulosa-associated polyomavirus
(TSV) with the skin disease Trichodysplasia spinulosa (TS).° Furthermore, Merkel cell
polyomavirus (MCV) with mutations in the large TAg!? has been implicated as a causal factor for
Merkel cell carcinomas (MCC)?* regardless of immune status.'® '* Although prevalent in various
tissues across multiple populations,*® Karolinska Institute polyomavirus (KI),>> Washington
University polyomavirus (WU),?® human polyomaviruses 6 and 7 (HPyV6 and HPyV7),%’
human polyomavirus 9 (HPyV9),?® and Malawi/human polyomavirus 10 (HPyV10)3° have not
yet been associated with any specific disease phenotype.°

To determine the seroprevalence of these viruses, and the individual sociodemographic and

biologic characteristics associated with seropositivity, we measured the frequency of serum
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antibodies against ten PyVs amongst controls from a United States population-based case-control

study.

2.3 METHODS

2.3.1 Study population

The study participants and methods have been described in detail elsewhere.®> 129 Briefly, our
study included controls from a population-based case-control study of basal cell and squamous
cell skin cancers. Controls were frequency-matched to the age (25-74 years) and gender
distribution of skin cancer cases diagnosed from July 1993 through June 1995. Residents of
New Hampshire, USA, were selected from the New Hampshire Department of Transportation
(<65 years) and the Center for Medicaid and Medicare Services enrollment lists (=65 years), and
were required to speak English and have a listed telephone number. Sociodemographic
information (e.g., age, gender, and level of education), lifestyle factors (e.g., cigarette smoking),
sunlight-related characteristics (e.g., response to first exposure in summer to one hour of
sunlight, number of severe sunburns, and skin color), and medical history (e.g., use of
glucocorticoids for one month or longer, or organ transplant recipient) were collected through
personal interviews. All participants provided informed consent in accordance with the

Committee for the Protection of Human Subjects at Dartmouth College.

2.3.2 Blood sample collection

Venous blood samples of 20-30 mL were collected in heparinized tubes for serologic analysis (as
described in Karagas eral., 2006).%2 Blood was separated by centrifugation at 2,500g for 20
minutes at 4°C. Each component (plasma, red blood cells, buffy coat) was labeled and stored
separately at -80°C until analysis. DNA was also extracted from the buffy coat for DNA
methylation analysis. Plasma samples, masked to individual identity and characteristics, were
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shipped to the German Cancer Research Center (DKFZ; Heidelberg, Germany) on dry ice for

serologic analysis.

2.3.3 Human polyomavirus serology

39,53,54 closely follow methods

Antigen preparation and techniques used for human PyVs
previously described for human papillomaviruses (HPVs).5% %6 Briefly, plasma samples were
tested for antibodies against ten human PyVs (capsid protein VP1 for BK, JC, KI, WU, MCV
isolate 344, HPyV6, HPyV7, TSV, HPyV9, HPyV10; large TAg for BK, JC, MCV, HPyV®6,
HPyV7, TSV, HPyV10; and small TAg for MCV). Monkey viruses (e.g., chimpanzee
polyomavirus (ChPyV), simian virus 40 (SV40), and lymphotropic polyomavirus (LPV)) were
not considered. The multiplex antibody detection approach was based on a glutathione S-
transferase (GST) capture enzyme-linked immunosorbent assay (ELISA) method in combination
with fluorescent bead technology (Luminex Corp., Austin, Texas, USA).55 5758

Seroreactivity against PyV proteins was expressed as the median fluorescence intensity
(MFI) of 100+ beads of the same internal color. MFI values reflect antibody affinity, titer, and
reactivity determined by dilution series.®® Standard cut points for seropositivity were chosen for
the MFI of each PyV tested by visual inspection of frequency distribution curves (percentile

14,39, 56, 62 grringent criteria were chosen to increase specificity. For

plots), as done previously;
VP1, the cutoff value was 250 MFI units for all ten PyVs (as used in Teras eral,, 2014).28! The
cutoff value for TAg was 400 MFI units for BK, JC, HPyV6, HPyV7, TSV, HPyV10, and MCV
large TAg; the cutoff value for MCV small TAg was 50 MFI units.

To evaluate the robustness of PyV VP1 seroprevalence estimates, we used a sliding cut

point between 50 and 450 MFI units (Supplemental Figure 2.1). We also calculated cut points

using a method adapted from van der Meijden eral,, 2013.28% This involved a frequency
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distribution analysis with a bin width of 250 MFI units, and the seronegative population defined
by either all the bins containing >10% of the study participants, or the first bin. Cutoffs were
then calculated as the mean seroresponse for those who were seronegative plus three times the
standard deviation. This resulted in similar seroprevalence estimates as the standard cut points,
except for JC due to the use of two bins (as opposed to one) in cutoff determination. Given the
insensitivity of PyV seroprevalence to cut point definitions, we ultimately used the standard cut

points in all analyses.

2.3.4 Statistical analyses

We first constructed a phylogenetic tree relating human PyVs from the complete genome
sequences stored in the RefSeq database using Muscle 3.8.31 to create a neighbour-joining tree
without distance corrections.?8? The accession numbers of the complete genome sequences for the
ten assayed human PyVs selected from RefSeq were: NC_001538.1 (BK), NC_001699.1 (JC),
NC_009238.1 (KI), NC_009539.1 (WU), NC_010277.1 (MCV), NC_014406.1 (HPyV6),
NC_014407.1 (HPyV7),NC_014361.1 (TSV), NC_015150.1 (HPyV9), and NC_018102.1
(HPyV10).

The frequency of PyV seropositivity for each virus was then examined for both PyV
seropositivity overall (any PyV positive versus no PyV positive), and by the number of PyV types
to which an individual tested positive, using binary MFI cut points. In addition, we used the
continuous MFI values to compute Spearman rank correlation coefficients (p) between each of
the PyVs assayed.

We tested the association between various individual characteristics in relation to PyV
seropositivity using the X> test (for categorical variables, i.e., age groups 25-44, 45-54, 55-64,

65-69, and 70-75 years; gender, education, smoking status, skin sun sensitivity, number of
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sunburns 0-1 or 2+, and glucocorticoid use), or Fisher’s exact test (for categorical variables with
small strata, i.e., <10 participants), and Wilcoxon rank sum test or Kruskal-Wallis test (for
continuous variables, i.e., age and for the mean number of PyVs seropositive). We further used
logistic regression to assess the association between PyV seropositivity and each characteristic of
interest while considering the potential confounding effects of other characteristics. Variables that
altered associations between the characteristics of interest and PyV seropositivity (i.e., changed
our effect estimates by >10% 2%*) were included in our model. Only age group and gender were
found to change the estimates, so P-values adjusted for these variables are presented. All statistical
tests were two-sided, and significance was assessed at the a=0.05 level. All analyses of the

serology data were performed in R version 3.0.1.

2.3.5 Analysis of DNA methylation and immune cell proportions

DNA methylation data and inferred immune cell proportions have been previously reported in
Marsit eral,, 2011 285 and Koestler eral, 2012,28¢ respectively. Briefly, DNA was extracted from
peripheral blood using QIAmp DNA mini kit (Qiagen, California, USA), and underwent sodium
bisulfite modification using EZ DNA Methylation kit (Zymo, California, USA) according to the
manufacturers’ protocols. DNA methylation data was obtained using the Illumina Infinium
HumanMethylation27 array, using methods described in detail elsewhere.?85 287. 288,289 Array
quality assurance was assessed and poor-performing loci were removed.?8”> 288290 Sex-linked
loci, SNP-containing CpG loci and CpGs assayed with a SNP-containing probe, and autosomal
probes reported to be cross-reactive or repetitive, were removed.*8”>291: 292 The resulting
methylation dataset consisted of 20,046 CpG loci (associated with 12,348 genes) for analysis.

From methylated (M) and unmethylated (U) allele intensity, B-values representing the

methylation status at each CpG locus were calculated, where the ratio of fluorescent signals
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B=Max(M,0)/[Max(M,0)+Max(U,0)+100].28” The average probe intensity for the M and U
alleles was used.?” DNA methylation values were obtained in the form of B-values ranging from
[0,1] with a B distribution.?®® Complete methylation was indicated by B-values near 1 and
absence of methylation indicated by B-values near 0.28% 289 B-values were logit-transformed to
M-values [log2(B/1-B)] prior to analysis.?87> 289

The proportion of immune cell subtypes was inferred from DNA methylation profiles
using an algorithm described in Houseman eral., 2012.%°> We compared the median proportion
of adaptive lymphocyte predictions for CD8+ T cells, CD4+ T cells, and B cells between those
who were PyV seropositive versus seronegative for each PyV type except those with <10
participants seronegative (i.e., WU and HPyV10) using the Wilcoxon rank sum test.

The extent of methylation at individual CpG sites (predictor) and PyV seropositivity
(outcome) in a locus-by-locus analysis for each of the ten human PyVs, as well as seropositivity
for </>7 (median) PyVs, was examined using logistic regression models. False discovery rate
(FDR) was used to adjust for multiple comparisons using the qvalue package in R and a
significance threshold of g<0.05.29% 295296 A]l models included age (continuous) and gender as
potential confounders.?*”- 298 To adjust for potential differences in cell proportions among
participants, we included immune cell proportions for CD8+ T cells, CD4+ T cells, B cells,
natural killer (NK) cells, monocytes, and granulocytes as continuous variables in our logistic
regression models.??% 3% All tests were two sided, and analyses for the methylation and immune
cell proportions data were carried out in R version 3.1.0.

Finally, the official gene symbols of the PyV-associated differentially methylated CpG sites
(where P<0.05 following adjustment for age, gender, and immune cell proportions) were

assessed for gene enrichment and functional annotation with the Database for Annotation,
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Visualization and Integrated Discovery (DAVID) version 6.7 (http://david.abcc.nciferf.gov/).30h
302,303 DAVID consists of an integrated database and analytic tools intending to mine biological
meaning from a large list of genes.3%1> 392 Gene lists for each PyV were compared with a
background of 11,123 genes (90.1% of 12,348 genes associated with the final methylation
dataset);°* and >80% of the differentially methylated genes of interest were found in the DAVID
database for Homo sapiens. Gene Functional Classifications with an FDR ¢<0.05 were considered

significantly enriched after using the highest classification stringency and default parameters.

2.4 RESULTS

2.4.1 Study population characteristics

Venous blood samples were available for serologic analyses from 460 study participants (85.2%
of the 540 interviewed; 1 participant was excluded due to insufficient bead count during
serologic analysis). DNA was extracted from the buffy coat samples, and a subset of 194 study
participants (42.2% of the 460 with blood) were randomly selected for DNA methylation
analysis. No appreciable differences were noted in the characteristics of individuals for whom we
did not obtain serology data (data not shown). There were also no notable differences in the
characteristics of the 460 individuals with PyV serology data (Table 2.1) and the subset of 194
study participants with paired methylation data (Supplemental Table 2.1).

The study population included a higher proportion of men than women, >50% had skin
that tanned following sun exposure, almost half had completed at least high or technical school,
and most were former smokers. The mean age of participants was 61.2 years (standard
deviation=10.7 years). There was one organ transplant recipient (0.2%), and other participants

(8.5%) reported the use of oral glucocorticoids for 1 month or longer (Table 2.1).
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2.4.2 Seropositivity to polyomavirus

We did not find correlations or evidence of cross-reactivity between the VP1 capsid proteins of
most PyV types. The exceptions were positive correlations between the closely related HPyV6 and
HPyV7 (p=0.59, P=1.1 e-67), and MCV and HPyV9 (p=0.43, P=1.0 e-33) (Figure 2.1).
However, when restricted to participants who were seropositive for each PyV pair, we did not see
any strong correlations between the VP1 capsid proteins (data not shown). In contrast, many of
the PyV TAgs were positively correlated, especially the phylogenetically related BK and JC, and
HPyV6 and HPyV7 (Supplemental Figure 2.2). Due to the high correlation between TAgs, the

1,53

immunodominance of VP1,°° and the use of VP1 antibodies as cumulative exposure markers to

PyVs, we focused our analyses on VP1 serostatus.

POLYOMAVIRUS 2

Spearman
JR N, -1 -08 -0.6 -0.4 -02 0 0.2 o4 0.6 o8 1 Correlationp

Figure 2.1. Phylogenetic tree relating human polyomaviruses (PyV) from human isolates (left). This simplified
tree was constructed from the complete genome sequences aligned using MUSCLE 3.8.31 with default
parameters. Branch length is in substitutions per site. The RefSeq accession numbers for the viruses are listed in
the text. Spearman rank correlation coefficients, p, between the median fluorescence intensity (MFI) values
against each PyV VP1 antigen are shown (right), where * P<0.05, ** P<0.01, *** P<0.001.
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All participants were seropositive for at least one type of PyV. Seroprevalences ranged from
17.6% for HPyV9 to 99.1 % for HPyV10 (Figure 2.2). The mean number of PyV VP1s to which
individuals tested positive was 7.3 (standard deviation=1.4) (Figure 2.3), and increased with age
group (P-for-trend=0.002). Men were seropositive for a higher average number of PyVs
(mean=7.5, standard deviation=1.5) than women (mean=7.0, standard deviation=1.3;

continuous P=0.0007, X? P=0.02, Table 2.1).
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Figure 2.3. Number of different human polyomaviruses (PyV) against
which an individual tested positive for the VP1 antigen amongst all 460
study participants. The mean number of different PyVs for which a
participant was seropositive was 7.3 (standard deviation, SD=1.4) and
median 7.0, out of 10 human PyVs assayed.

Seroprevalence was consistent across age groups for KI, WU, HPyV6, TSV, HPyV9, and
HPyV10; and increased with age group for JC (P-for-trend=0.02), MCV (P=0.002), and
HPyV7 (P=0.006) (Figure 2.2). A slight decrease by age group was observed for BK
seroprevalence, albeit not of statistical significance (P=0.4). Men had higher VP1 seropositivity
for many of the PyVs compared to women, and this difference was statistically significant for JC
(60.0% in men and 48.9% in women, P=0.02), and TSV (85.4% in men and 73.9% in women,
P=0.003) (Table 2.1).

Other individual characteristics were related to certain PyVs (Table 2.1). For HPyV9, a
higher seroprevalence was observed among former or current smokers than never smokers (age
group and gender-adjusted P=0.03). MCV seropositivity was less common among those who
were current or former smokers, compared to those who had never smoked (adjusted P=0.02).

HPyV7 seropositivity was more common among those who used glucocorticoids for one month
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or longer (adjusted 2=0.003). In addition, HPyV7 seropositivity was more common among
those with skin that tended to tan following sun exposure, but this difference was not statistically
significant (adjusted P=0.09). The sole organ transplant recipient was seropositive for almost all

PyV types, except HPyV9. PyV seropositivity did not differ appreciably by level of education.

2.4.3 Polyomaviruses and immune cell proportions

Differences in immune cell proportions by serostatus were observed for BK, JC, and HPyV9
seropositivity (Figure 2.4). The median proportion of B cells was higher among those BK
seropositive versus seronegative (P=0.03). In contrast, the median proportion of B cells was
lower among those JC seropositive versus seronegative (P=0.02). CD8+ T cell proportions were
lower for BK (P=0.02) and HPyV9 (P=0.05) seropositive versus those seronegative. However,
the extent of these differences was relatively small. Correlations of the continuous MFI values for
all PyV VP1 capsid and TAg proteins with immune cell proportions were small and not

statistically significant (Supplemental Figure 2.2).
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Median (IQR)
Polyomavirus Total,
No. (%) CD8+ T Cells CD4+ T Cells B Cells
. Scropositive | 164 (845) e, R ok i
Seronegative 30(15.5) id o il 9.02 (0.00:0.05)
JC
Seropositive 105 (54.1) — P 0.02 (0.01-0.04)*
: 0.03 (0.02-0.044)
Seronegative 89 (45.9) — — . e e
KI
Seropositive 177 (91.2) —. P — .
Seronegative 17 (8.8) —— — P —
MCV
Seropositive 130 (67.0) — —_— P —
Seronegative 64 (33.0) — —- — .
HPyV6
Seropositive 144 (74.2) —. —_— —_——
Seronegative 50 (25.8) — . —_— —
HPyV7
Seropositive 120 (61.8) —_—— —_— —
Seronegative 74 (38.1) — —_— —_—
TSV
Seropositive 163 (84.0) —_—— ey g
Seronegative 31 (16.0) —_— S — —
HPyVO
Seropositive 38 (19.6) Pels (110167 —— ——
Seronegative 156 (80.4) w —_— ——
1 I 1 I ! 1 I I 1 I 1 I I I 1
Proportion: 0.10 0.12 0.14 0.16 0.18 020 010 012 014 016 018 001 002 003 004 005
Figure 2.4. Cell proportion median (square) and interquartile range (IQR, whiskers) for human immune cell
types among 194 study participants by polyomavirus (PyV) seropositivity. Adaptive lymphocyte proportions
were determined using Illumina Infinium HumanMethylation27 BeadChip array data and an algorithm
published by Houseman er al, 2012. PyV seropositivity was determined using the VP1 protein. * P<0.05, **
P<0.01, *** P<0.005 to test difference in medians between groups, as determined by Wilcoxon rank sum test.

2.4.4 Polyomaviruses and DNA methylation

None of the locus-by-locus analyses reached statistical significance following FDR correction
(Supplemental Figure 2.3). However, tens to thousands of genes were identified that contained a
differentially methylated CpG locus without FDR correction (P<0.05), both for specific PyV
types, and for number of PyV types seropositive above or below the median. In an exploratory
gene function enrichment analysis, zinc finger proteins, transmembrane proteins (sialic acid
binding), ion (potassium, calcium) channels, and cell death or apoptosis were among the major

gene families consistently outputted by Gene Functional Classifications for all PyV types, and for
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seropositivity above versus below the median number of PyV types. Moreover, immune-related
gene families (such as immunoglobulin-like and interleukin receptors, immunoglobulin domains,
immunoglobulin superfamily and interleukins) were returned for BK, JC, KI, MCV, HPyV®6,
HPyV9, and for number of PyVs above versus below the median; and pathways in cancer (such as
oncogenes, RAS family members, carcinoembryonic antigens, and individual types of cancers)

were returned for BK and HPyV9 (data not shown).

2.5 DISCUSSION

In a large sample of the general adult United States population, we examined the prevalence of
antibodies against the VP1 capsid proteins from the first ten discovered human PyVs: BK, JC, KI,
WU, MCV, HPyV6, HPyV7, TSV, HPyV9, and HPyV10. The number of PyVs to which
individuals tested positive ranged from at least one to all ten, with a mean of 7.3 PyVs. Thus, our
findings support the notion that PyVs are widespread in the human population. We also found
age, gender, smoking status, glucocorticoid use, and indicators of immunity to be associated with
PyV seropositivity.

We observed seroprevalences for BK, JC, WU, MCV, HPyV6, HPyV7, and TSV which
were within the range of what has been reported previously in adults (reviewed in DeCaprio &
Garcea, 2013,* Moens eral, 2013,*3 and Nicol eral., 2013 #8). For KI (91.3%), the
seroprevalence was just above the highest seroprevalences reported in the literature (55-90%),> 5
14,40,41, 42,43, 44 with the highest seroprevalence (90.0%) found in a United States female
population from Seattle, Washington.!* In Italian and German blood donors, the seroprevalence
of HPyV9 ranged from 33-47%,*® 8 3% and was 24% in an Australian population,**? whereas

we found a seroprevalence of only 17.6%. For HPyV10, the seroprevalence was 42% in a large

sample from Italy,5? and 66% in a sample from Colorado, USA,>! but almost 100% in our study.

40

www.manharaa.com




However, a different HPyV10 was isolated from a human sample and investigated, with the
study from Colorado using an isolate roughly 95% identical to the isolate used in the Italian

51,52 and >99% identical to that used in our study,>® which may impact antibody binding

study,
during serologic analysis. Thus, there may be variations in the PyV prevalences resulting from the
use of different assays, as well as by geographical region and characteristics of the study
population. Techniques used for PyV antibody detection and antigen preparation, and definition
of cutoff values could also explain inter-study differences.

The trends we observed in seroprevalence by age were in agreement with the available
literature. The increasing seroprevalence of JC and MCV with age was previously found in a large
cohort from the Czech Republic®” and among American blood donors.?°° The increase in HPyV?7
seroprevalence with age was reported in an Italian study,*® and may be explained by continuous
transmission of HPyV7 throughout life.*® The slight fall in BK seroprevalence we observed was

36,307 and a population survey in the Czech Republic,®” and could be

present in English cohorts
related to diminished antibody reactivity against BK over time or cohort effects in infection rates.
For the PyVs that appeared stable during adulthood, primary infection likely occurred during
childhood and thus little change in seroprevalence for adults might be expected. Indeed, there is
evidence that primary infection occurs early in life for BK,3°7 KI,%%- 42 WU, *0- 42 TSV *1:48 and
HPyV10.52

Differences in PyV infection rates between men and women have generally not been
observed in past studies.> 3% 42 52:397 However, an English study found more men than women

C307

to have antibodies against J as was found in our study. Differences in TSV seroprevalence by

41,48

gender have not been reported previously and may be due to limited epidemiologic studies

on TSV or population differences.
41
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Studies examining the role of PyVs in smoking-related cancers have not found associations
between smoking status and BK, JC, or MCV seropositivity across multiple populations.38: 30%
310 We found seropositivity to MCV to be less common among smokers than never smokers - as
observed in both a Chinese®'® and Chilean study*°® of non-small cell lung cancer samples assayed
for MCV large TAg DNA, and in a Spanish study of bladder cancer and PyV seroprevalence;3°8
although these differences were not statistically significant, possibly because these studies did not
adjust for gender in their analyses.

We also found HPyV9 seropositivity to be higher among current and former smokers than
never smokers, which has not been reported previously. In theory, cigarette smoking could
increase risk of a viral infection through various mechanisms, including structural changes to the
respiratory tract which may predispose to pathogen adherence; altered composition of cellular
immunity that in turn could impair one’s ability to limit viral replication (i.e., decreased number
of CD4+ T cells and B cell proliferation, and eventually lower serum immunoglobulin levels);
and enhanced cell infectivity (reviewed in Arcavi & Benowitz, 2004).31! Interestingly, the
prevalence of HPyVO (first isolated from the blood and urine of a kidney transplant recipient®®)
appeared to increase following organ transplant - likely due to the immunosuppression.3> As
smoking may also be immunosuppressive, HPyV9 could infect or reactivate under conditions of
immune dysfunction.

Indeed, in previous studies, the prevalence of multiple PyVs have differed in
immunodeficient versus immunocompetent individuals. In our study, the single organ transplant
recipient was seropositive for all but HPyV9: the least seroprevalent PyV).?® 312 In numerous

prospective studies, BK313 314 and JC3!° DNA or viral shedding have been detected in renal

transplant patients at a higher frequency following transplantation, and antibody reactivity
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against BK and JC was found to increase with time following transplant.?!® Additionally, BK
replication has been associated with corticosteroid treatment in transplant recipients.313 317 We
also found HPyV7 seropositivity to be more common among those who reported using
glucocorticoids for at least one month, which have immunosuppressive properties.'8
Furthermore, a case series found high levels of JC viruria following long-term steroid use in an
otherwise healthy adult;3!? however, additional data are needed. In a study on solid organ
transplant recipients from Seattle, Washington, the reported seroprevalences for JC, KI, WU,
MCV, HPyV6 and HPyV7 were lower than what we observed in our study population.?” Thus,
the effect of immunosuppression on PyV seropositivity will require additional study.

Overall, methylation explained a relatively small proportion of variability in the pattern of
PyV seroreactivity after adjusting for multiple comparisons in a subset of the study population. In
our gene ontology (GO) analyses, we found altered DNA methylation in immune gene families
related to PyV seropositivity. Changes in expression of immune-related genes was likewise observed
in GO analyses of BK seropositivity in nephropathy patients from the Czech Republic.>?° In addition
to genes related to carcinogenesis, GO analyses in our study returned possible associations between
PyV seroreactivity and pathways involving sialic acids, zinc fingers, and apoptosis. Sialic acid
binding by the VP1 subunit of the PyV structure assists with cell attachment for most PyVs,>*! the
small TAg encodes two zinc fingers for protein binding,3?? and lytic infections caused by JC (leading
to PML) and BK (leading to PVAN) involve tissue destruction.” &

We further found individual PyVs to be associated with small but statistically significant
changes in adaptive lymphocyte proportions: Those who were seropositive for BK had lower

proportions of CD8+ T cells but higher B cell proportions, which was consistent with the

findings that anti-allograft rejection immunosuppressive drugs often suppress T cell activation3*
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and are associated with PVAN.32* HPyV9 seropositivity was also associated with lowered CD8+
T cell proportions. Furthermore, JC seropositivity was associated with lowered B cell proportions.
Among immunocompromised (HIV/AIDS) patients, IgG responses against JC were higher
among PML survivors than those who died,3?® suggesting B cells and the humoral immune
response may be important in defense against JC. Impaired cellular immune responses and
decreased immune surveillance could promote active PyV infection, as has been known for BK
and JC.3!8 Smaller differences in immune cell proportions were observed in our study, and this
might be expected among immunocompetent individuals. Thus, while our findings are
speculative, they are consistent with the clinical and experimental evidence* suggesting that PyV
infectivity may be influenced by conditions of immunosuppression and warrant further

investigation as potential oncogenic viruses.

2.5.1 Strengths and limitations of the study

An advantage of our study was the availability of a large number of samples from participants in a
population-based study. The comprehensive assessment of multiple human PyV types in a North
American study population, and the association of individual PyV seropositivity with
sociodemographic characteristics as well as measures of immune cell proportions derived from a
novel algorithmic technique, were unique strengths of our research.

Limitations of our research include the use of PyV seroreactivity as a measure of PyV
infection.3% > However, the GST capture of recombinantly expressed VP1 capsid proteins was
shown to be a reliable technique to assess PyV seroreactivity and has been used as a marker of PyV
infection in prior studies.3% 535459 In addition, MCV viral load and antibody titer have been
shown to have a strong positive monotonic correlation,* although less is known about the other

PyV types. The VP1 assay showed minimal signs of cross-reactivity in antibody detection
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between PyV types, although potential serological cross-reactivity between HPyV6 and HPyV 7,
and MCV and HPyV9, may limit our interpretation for these PyV types. However, once we
restricted to those where were just PyV seropositive, we did not see any VP1 cross-reactivity.
Although it is possible that our seroprevalences could be affected by our choice of cut point to
convert a continuous MFI measure into a binary variable, our sensitivity analysis suggested that
this did not appreciably impact our findings. Cross-reactivity with other, yet undiscovered,
human PyVs cannot be excluded. For instance, we did not investigate the recently identified Saint
Louis polyomavirus (STLPyV),32¢ HPyV 12,327 or New Jersey polyomavirus (NJPyV).3?8 Finally,

293 rather

the immune cell proportions were derived from genome-wide DNA methylation profiles
than more labor intensive methods such as flow cytometry, although cell lineage-specific DNA
methylation patterns closely approximate leukocyte subsets purified from human blood.3?° As

the same blood sample was used both for PyV antibody and DNA methylation assays, we cannot

determine whether immune cell variability is a cause or consequence of seroprevalence.

2.5.2 Conclusions

Our findings suggest that PyVs may be ubiquitous in the United States population. The
seroprevalence of specific PyV types may differ by individual characteristics (such as age, gender,

smoking status, glucocorticoid use), and immune profiles, which could impact disease risk.
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Chapter 3

Human polyomaviruses and incidence of
cutaneous squamous cell carcinoma in the

New Hampshire Skin Cancer Study

Published as: Anala Gossai, Tim Waterboer, Anne G. Hoen, Sholreh F. Farzan, Heather H. Nelson, Angelika
Michel, Martina Willhauck-Fleckenstein, Brock C. Christensen, Ann E. Perry, Michael Pawlita, and Margaret R.
Karagas. “Human polyomaviruses and incidence of cutaneous squamous cell carcinoma in the New Hampshire Skin
Cancer Study.” Cancer Medicine (2016): 1-12. (exduding sections 3.3.3, 3.3.5, 3.3.6, 3.4.3, 3.4.4, & bold
italicized paragraphs of 3.5).
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3.1 ABSTRACT

Squamous cell carcinoma (SCC) of the skin is a malignancy arising from epithelial keratinocytes.
Experimental and epidemiologic evidence raise the possibility that human polyomaviruses (PyV)
may be associated with the occurrence of SCC. To investigate whether the risk for SCC was
associated with PyV infection, seropositivity to ten PyV types was assessed following diagnosis in
a population-based case-control study conducted in the United States. A total of 253 SCC cases
and 460 age group and gender-matched controls were included. Antibody response against each
PyV was measured using a multiplex serology-based glutathione S-transferase capture assay of
recombinantly expressed VP1 capsid proteins. Odds ratios (OR) for SCC associated with
seropositivity to each PyV type were estimated using logistic regression, with adjustment for
potentially confounding factors. SCC cases were seropositive for a greater number of PyVs than
controls (P=0.049). Those who were JC seropositive had increased odds of SCC when compared
to those who were JC seronegative (OR=1.37, 95% CI: 0.98-1.90), with an increasing trend in
SCC risk with increasing quartiles of seroreactivity (P-for-trend=0.04). Furthermore, a
multifactor dimensionality reduction (MDR) analysis suggested effects on the risk of SCC from
synergistic interactions between JC, MCV, and age group (OR=1.7,95% CI: 1.2-2.4). There
were no clear associations between SCC risk and serostatus for other PyV types. This study
provides limited evidence that infection with certain PyVs may be related to the occurrence of

SCC in the general population of the USA.
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3.2 INTRODUCTION

Cutaneous squamous cell carcinoma (SCC) is a keratinocyte cancer (KC), with increasing

105, 106

incidence rates reported in the USA,!01: 102,103,104 Aygtralia, and Europe.'°7- 198 Estimates

of up to 420,000 individuals in the USA were diagnosed with incident SCC in 2012, and 8,800

SCC patients died from this malignancy.'?? Established risk factors include elderly age!©?- 104330

173,174 175,

and ultraviolet light,® 17° but environmental exposure to ionizing radiation, arsenic,

176,177,178 and polycyclic aromatic hydrocarbons!”® 189 further increases the risk of SCC.
Inherited traits such as skin pigmentation'”! 172 and genetic defects in the ability to correct DNA
photolesions (e.g., xeroderma pigmentosum)?!!:212:331 3150 contribute to risk. While the
prognosis is generally favorable, metastases can occur; and the aging population, as well as
disfigurement and morbidity resulting from SCC, makes this malignancy an important public
health concern and under-recognized health burden.

Immunocompromised persons (e.g., organ transplant recipients, and those given
immunosuppressant medications) carry a higher risk of SCC,8* 101, 104,213,214, 332 rai5ino the
possibility of a viral etiology. However, the detection of viral sequences in tumors can reflect
either a causal or bystander role.33% 33 Thus far, genus p human papillomaviruses (HPV)%1 278
have been associated with an increased risk of SCC, but a causal relationship has not yet been
established in the general population.33%

A potential etiologic role for polyomaviruses (PyV) in cancer has been investigated, and a
rapidly expanding number of viral types are being identified in the family Polyomaviridae
(reviewed in DeCaprio & Garcea, 2013).* PyVs are DNA viruses with an icosahedral capsid ~45

nm in diameter containing a circular double-stranded genome® 3 that encodes capsid proteins

(VP1, VP2, VP3), as well as small and large T antigens (TAg).> In simian virus 40 (SV40) - a
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PyV naturally infecting Asian macaques,33% 337

the large TAg possesses tumorigenic properties,
including the ability to bind and thereby inactivate tumor suppressor proteins Rb'® and p53,1©
thus stimulating the host cell cycle.?

While the ability of PyVs to cause tumors 7z vitro and in experimental systems is
undisputed, their role in human malignancies - and specifically KCs - is just beginning to
emerge. Multiple human PyVs show evidence of skin tropism, including Merkel cell polyomavirus
(MCV), Trichodysplasia spinulosa-associated polyomavirus (TSV), and human polyomaviruses 6
and 7 (HPyV6 and HPyV7).> MCV was initially discovered in Merkel cell carcinoma (MCC) of

338 with potentially carcinogenic

the skin,?* and integration of the viral genome in MCC tumors
mutations in the large TAg'? supported a causal role for MCV in MCC development. Recently, a
clinic-based case-control study from Florida, USA, found an increased SCC risk associated with
antibodies against MCV measured following diagnosis, and the association was stronger among
those with tumors containing MCV viral sequences.>* Conversely, a case-control study conducted
within organ transplant recipients found no evidence of an association between SCC development
following transplant surgery and the seroprevalence of numerous PyV types prior to
transplantation.” Further, a large prospective Swedish study found no association between SCC
and JC seropositivity assessed prior to diagnosis.>3°

Limited epidemiologic research exists on the role of PyV infections (apart from MCV) in
SCC carcinogenesis. We therefore sought to investigate the potential association between PyVs
and SCC by performing a comprehensive serologic analysis of the frequency of antibodies to the
first ten identified human PyVs: BK virus;?! JC virus;2° Karolinska Institute polyomavirus

(KI);2> Washington University polyomavirus (WU);* MCV;** HPyV6 and HPyV7;?” TSV;’

human polyomavirus 9 (HPyV9);?® and Malawi/human polyomavirus 10 (HPyV10)3° in
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plasma samples collected as part of a large, population-based case-control study conducted in

New Hampshire, USA.

3.3 METHODS

3.3.1 Study population

The New Hampshire Skin Cancer Study population and methods have been described in detail
elsewhere (epidemiologic study design described in Karagas eral., 1998 340).62 120,278 Briefly,
histologically-confirmed, incident SCC cases were identified through active surveillance of
dermatology and pathology laboratories throughout New Hampshire, USA. We selected all
identified SCC cases diagnosed between July 1993 and June 1995, during the first enrollment
phase of this large, population-based case-control study. Controls were selected from lists of New
Hampshire residents obtained from the New Hampshire Department of Transportation (<65
years) and Medicare enrollment lists (=65 years), and frequency-matched to the age (25-34, 35-
44, 45-54, 55-64, 65-69, and 70-74 years) and gender distribution of cases. For the purpose of
the interview, controls were randomly assigned a reference date that matched a case’s diagnosis
date. To be eligible, participants were required to be residents of New Hampshire, aged 25-74
years at time of diagnosis, speak English, and have a listed telephone number. We excluded
participants with squamous cell or basal cell carcinomas on genital sites.

Study participants completed an extensive, structured interview, usually in their homes.
Personal interviews were conducted to obtain sociodemographic information (e.g., level of
education), lifestyle factors (e.g., cigarette smoking), sunlight-related characteristics (e.g.,
response to first exposure in summer to one hour of sunlight, number of severe sunburns, and
skin color), and medical history (e.g., prior history of skin cancer, use of oral glucocorticoids for

one month or longer, and organ transplant status). Data on the primary tumor(s) (e.g., SCC
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anatomical location) were collected from a medical records review. Tumors diagnosed as a
recurrence of a previously treated tumor, and those appearing contiguous with a scar from a
previously excised skin cancer, were not considered a new primary SCC and thus were excluded.
All participants provided informed consent in accordance with the Committee for the Protection

of Human Subjects at Dartmouth College.

3.3.2 Human polyomavirus serology

As part of the New Hampshire Skin Cancer Study, we requested a blood sample from all
participants for use in future research.3*® We collected venous blood samples of 20-30 mL in
heparinized tubes following SCC diagnosis (as described in Karagas eral, 2010 and Karagas et
al., 2006 ©>278), Blood was separated by centrifugation at 2,500g for 20 minutes at 4°C, and
each component (plasma, red blood cells, buffy coat) was labeled and stored separately at -80°C
until analysis. Specimen label did not reveal the case-control status of the study participant.
Samples were shipped to the German Cancer Research Center (DKFZ; Heidelberg, Germany) on
dry ice for analysis.

Plasma samples were assayed for antibodies against the immunodominant VP1 capsid
protein®? of ten human PyVs (BK, JC, KI, WU, MCV isolate 344, HPyV6, HPyV7, TSV,
HPyV9, HPyV10). Plasma samples were also tested for antibodies against the TAg of selected
PyV types (large TAg for BK, JC, MCV, HPyV6, HPyV7, TSV, HPyV10; and small TAg for
MCV). In our prior study, we did not find strong positive correlations or evidence of cross-
reactivity between the VP1 capsid proteins of most PyV types (data not shown), suggesting that
risk estimates obtained during analysis would be specific to that PyV type.3*! However, the
strong positive correlations between TAg seroreactivities from various PyVs suggestive of assay

cross-reactivity (Supplemental Figure 3.1), and the small number of participants TAg
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seropositive (Supplemental Table 3.1), resulted in the exclusion of TAg serostatus from the
presented analyses. The multiplex antibody detection approach was based on a glutathione S-
transferase (GST) capture enzyme-linked immunosorbent assay (ELISA) method in combination
with fluorescent bead technology (Luminex Corp., Austin, Texas, USA).5% %8 Antigen

39, 53,54

preparation and techniques used for PyVs closely follow methods applied to HPVs as

described previously.>% 56

Seroreactivity against PyV VP1 proteins was expressed as the median fluorescence intensity
(MFI) of 100+ beads of the same internal color.>® MFI values reflect antibody affinity, titer, and
reactivity determined by dilution series.®® Standard cut points to define seropositivity were
chosen for each PyV by visual inspection of frequency distribution curves (percentile plots) for
the inflection points of all sera tested, as done in prior studies.'* 3% 56 62 The standard cutoff
value for VP1 was 250 MFI units for all ten PyVs (as used in Teras eral, 2014 28! and Gossai e
al., 2015 3*1). To evaluate the robustness of odds ratio (OR) estimates for SCC by PyV
seropositivity, we used a sliding cut point between 50 and 450 MFI units, and also calculated cut
points from controls using a method adapted from van der Meijden eral., 2013 282

(Supplemental Figure 3.2). Given the stability of ORs to cut point definition, we ultimately used

the standard cut points in all analyses.

3.3.3 HLA-C and NKG2D genotyping

As the immune system and natural killer (NK) cell killing phenotype is related to both risk of
SCC and potentially PyV infection outcomes, we tested the hypothesis that genetic variation in
HLA-Cand NKG2Dis related to PyV seropositivity amongst controls, and modifies the risk of
SCC by PyV seroreactivity in a population-based case-control study. HLA-Cencodes a ligand for

inhibitory killer immunoglobulin-like receptors (KIR).3*? y3 T cells express activating NK group
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2 member D (NKG2D) receptors, which respond to stress proteins.>*> The NKG2D genotype is
associated with NKG2D expression levels and NK cell cytotoxicity.34>

DNA was extracted from the buffy coat of blood samples for multiplex immune single
nucleotide polymorphism (SNP) genotyping for HLA-Cand NKG2D with a Luminex-based
typing kit (Lifecodes) and a Tagman assay (Life Technologies), as has been described
previously.3*3: 344345 Briefly, the inhibitory ligand for KIR receptors, HLA-Calleles, were
classified as group C1 when containing serine (AGC) at codon 77 and asparagine (AAC) at
codon 80, and group C2 when containing asparagine (AAC) at codon 77 and lysine (AAA) at
codon 80, in the ligands. HLA-C-35 kbis the HLA-Cexpression SNP (CC is the high expressing
genotype and TT has low activity). NKG2Da corresponds to 1s2255336 (C=low activity,

T=high activity, with CC having the lowest activity), and NKG2Dbcorresponds to r1s1049174

(C=low activity, G=high activity, with CC having the lowest activity).

3.3.4 Statistical analyses

Individual characteristics of SCC cases and controls were compared using the X> test (for
categorical variables, i.e., gender, education, smoking status, skin color, skin sun sensitivity,
number of sunburns, prior KC, glucocorticoid use) or Fisher’s exact test (for categorical variables
with small strata, i.e., transplant recipients), and Wilcoxon rank sum test (for continuous
variables, i.e., age, mean number of PyVs seropositive). Among controls, we previously published
the seroprevalence of each PyV type, and tested the association between various individual
characteristics in relation to PyV seropositivity; therefore, these analyses were not repeated in this
study.3*!

We used unconditional logistic regression to calculate the ORs and 95% confidence

intervals (CI) for SCC by VP1 seropositivity compared to seronegativity for each PyV type, while
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adjusting for age group and gender (as used in the frequency matching). We also examined
seropositivity for multiple PyV types (7-8 and 9-10 types positive compared with 1-6 types
positive), and calculated a P-for-trend based on these categories and a continuous variable of the
number of types seropositive. Quartiles of seroreactivity based on the control distributions of
continuous MFI values were created for each PyV, and associated with SCC by comparing the
second, third, and fourth quartile to the first (lowest) quartile. Tests-for-trend were conducted by
including an ordinal variable in the logistic model. In addition, we evaluated seropositivity for
multiple cutaneous PyVs (i.e., MCV, HPyV6, HPyV7, TSV), and whether seropositivity for all 4
or <3 cutaneous PyVs, was associated with SCC risk.

Potentially confounding covariates included level of education, smoking status, eye color,
hair color, skin color, skin sensitivity to the sun, number of lifetime painful sunburns, lifetime sun
exposure, and the self-reported use of oral glucocorticoids for one month or longer. As none of
these factors consistently produced a >10% change in OR*®* when individually placed in a
logistic regression model including the frequency matching factors (age group and gender), our
OR estimates were ultimately adjusted for only these factors.

We assessed the potential modifying effects of prolonged oral glucocorticoid use for
reasons other than organ transplantation, as PyVs have been related to skin conditions and
cancers in immunosuppressed populations. In these stratified analyses, we classified participants
as users if they reported taking glucocorticoids for one month or longer, and excluded those who
reported having had an organ transplant. An association between SCC risk and seropositivity to
multiple cutaneous p HPVs has been reported previously.®! 278 Therefore, using published
serologic data from the New Hampshire Skin Cancer Study®!-278 on 16 cutaneous  HPVs

(specifically 5, 8, 20, 24, 36 (beta-1); 9, 15,17, 23, 38, 107 (beta-2); 49, 75, 76 (beta-3); 92
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(beta-4); and 96 (beta-5)), we stratified participants by those with seropositivity to 0-1 or
seropositivity to >2 3 HPV types to assess possible effect modification by concomitant § HPV
infections. We further calculated separate ORs for SCC occurring exclusively on anatomical sites
with chronic sunlight exposure (head or neck) and other body, sites in comparison to controls.
As sensitivity analyses, we excluded participants with a history of organ transplantation
(n=7), restricted to participants with no previous skin cancers (neither a prior SCC nor basal cell
carcinoma (BCC); n=423 controls and 179 cases), and excluded participants with a concomitant
BCC (n=22 cases) to assess whether the OR estimates differed from those obtained for all
participants. No appreciable change in results was detected (Supplemental Figure 3.3), and thus
these individuals were included in the presented analyses. All statistical tests were two-sided, and
significance was assessed at the a=0.05 level. Statistical analyses were performed in R version

3.0.1.

3.3.5 Multifactor dimensionality reduction analysis

We systematically examined the effect of multiple interactions between PyVs on the risk of SCC
using the machine learning approach, Multifactor Dimensionality Reduction (MDR version
3.0.3_dev, www.epistasis.org). MDR was developed as a model-free approach to detect epistasis
through the reduction of high-dimensional data by assigning all parameter combinations to either
“high risk” or “low risk” groups for having the outcome of interest (based on the ratio of cases to
controls).3%0:347:348 Here, MDR was used to examine SCC case or control status by seropositivity
for 10 human PyVs. MDR assigned PyV combinations to “high risk” or “low risk” groups for
having SCC.3%¢347: 348 Within MDR, the simple method of duplicating rows was used to adjust
for age group and gender.>*° The type of relationships between PyVs was then inferred using an

entropy-based approach, which computed information gained from considering interactions
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between parameters: a negative entropy value implied redundancy (that is, the effect of the two
interacting parameters is smaller than a sum of individual effects), while a positive entropy value
implied synergy (that is, the effect of the two interacting parameters is greater than a sum of
individual effects).3*8

All <5-way PyV combinations were investigated using an exhaustive search. PyV
combinations, as well as age group and gender, were investigated using an exhaustive interaction
method (up to 5-way variable combinations), and models were compared to avoid overfitting or
overparameterization, and to increase model generalizability. After training on 9/10ths of the
dataset, the best model was required to have the highest balanced testing accuracy (TA) in
classification of a SCC case or control, a cross validation (CV) consistency between 9/10-10/10
(using a 10-fold CV), and remain statistically significant after undergoing 1000-fold
permutation testing (i.e., the case-control labels were shuffled 1000 times and the entire MDR
model was fitted on each randomized dataset). Variables included in the “best model” were then

assessed in logistic regression models.

3.3.6 Immuno-genotype statistical analyses

We first solved the Hardy-Weinberg equation for each allele within control and case participants,
separately. We then tested the association between various individual characteristics (including
case or control status) in relation to genotype amongst all study participants using the X test (for
categorical variables), or Fisher’s exact test (for categorical variables with small strata, i.e., <10
participants), and Wilcoxon rank sum or Kruskal-Wallis tests (for continuous variables).
Amongst controls, we examined the frequency of PyV seropositivity for each type by genotype
using the X test or Fisher’s exact test (for small strata). We also used the Kruskal-Wallis test to

investigate the association between genotype and number of PyV types to which an individual
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tested positive. The association between PyV serostatus (outcome) and genotype (predictor)
amongst controls was further assessed using unconditional logistic regression to adjust for the
potentially confounding influence of age group and gender.

We stratified participants by HLA-Cand NKG2D genotypes to look for modifying effects
of inherent immunity on the relationship between PyVs and SCC. Stratified by immuno-
genotype, we used unconditional logistic models to calculate the odds of 95% confidence intervals
for SCC by VP seropositivity compared to seronegativity for each PyV type, while adjusting for
age group and gender (the matching factors) to assess for potential effect modification within
each genotype. In addition, quartiles of VP1 seroreactivity based on the control distributions of
continuous MFI values were created for each PyV, and associated with SCC by comparing the
second, third, and fourth quartile to the first (lowest) quartile, for each genotype, with
adjustment for the matching factors. All statistical tests were two-sided, with significance assessed

at the a=0.05 level, and analyses were performed in R version 3.1.0.

3.4 RESULTS

3.4.1 Study population characteristics

Plasma samples for PyV serology were obtained from 253 (86.3%) of the 293 interviewed SCC
cases following diagnosis, and 460 (85.2%) of the 540 interviewed controls (excluding 1 control
with an insufficient bead count during serologic analysis). No appreciable differences were noted
in the characteristics of individuals for whom we did not obtain serology data (data not shown).
Compared to controls, SCC cases were older, were of lighter skin color, had skin that tended to
burn following sun exposure, reported a greater number of painful sunburns in their lifetime,
were more likely to have had a prior KC (SCC and/or BCC), and were more likely to have had an

organ transplant (Table 3.1).
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Table 3.1. Selected characteristics of cutaneous squamous cell carcinoma (SCC)
cases and controls from the New Hampshire Skin Cancer Study (n=713).*
SCC Cas
. - Controls (n=460),
Variable (n=253), No. (%)
No. (%) ’
Gender
Male 168 (66.4) 280 (60.9)
Female 85(33.6) 180 (39.1)
Median age, SD (years) 68 (8.0) 65 (10.7)***
Education
Elementary to high or technical 111 (43.9) 227 (49.3)
school
Any college 80(31.6) 144 (31.1)
Graduate or professional school 61 (24.1) 89(19.3)
Smoking status "
Never 79(31.2) 146 (31.7)
Former 133 (52.6) 230 (50.0)
Current 40 (15.8) 84 (18.3)
Skin color
Light 213 (84.2) 279 (60.6)***
Medium 38(15.0) 180 (39.1)
Skin sun sensitivity ©
Severe sunburn with blistering 22 (8.7) 28 (6.1)***
Painful sunburn and then peeling 93 (36.8) 116 (25.2)
Mild sunburn with some tanning 111 (43.9) 234 (50.9)
Tan without sunburn 25 (9.9) 80 (17.4)
No. of lifetime painful sunburns 4
0 66 (26.1) 147 (32.0)***
1-2 49 (19.4) 134 (29.1)
3+ 136 (53.8) 174 (37.8)
Prior keratinocyte cancer ©
Yes 74 (29.2) 37 (8.0)***
No 179 (70.8) 423 (91.9)
Glucocorticoid use
Yes 33(13.0) 39 (8.5)
No 211(83.4) 415 (90.2)
Transplant recipient
Yes 6(2.4) 1(0.2)**
No 246 (97.2) 458 (88.6)
* P<0.05,** P<0.01, *** P<0,001. Pvalues obtained from X2, Fisher’s exact, or Wilcoxon rank
sum test (as appropriate) comparing sociodemographic and skin cancer risk factors between SCC
cases and controls.
* Numbers may not sum to the overall total due to missing data. They were excluded from complete-
case analyses.
b Cigarerte smoking status at 1 year prior to the reference or diagnosis date
¢ Sun sensitivity was defined as the skin reaction to 1 hour of sun exposure the first time in the
summer.
4 Sunburns that caused pain for 2 or more days
¢ Prior keratinocyte cancer was defined as having had a previous squamous cell, basal cell, or both
squamous cell and basal cell carcinoma.
f Glucocorticoid use was defined as having used oral steroid or corticosteroid medications (e.g.,
cortisone or prednisone) for one month or longer.

58

www.manharaa.com




3.4.2 Polyomaviruses and cutaneous squamous cell carcinoma

Seroprevalences ranged from 17.6% for HPyV9 to 99.1% for HPyV10 among controls, and from
22.9% for HPyV9 to 98.8% for HPyV10 among cases (Figure 3.1). All study participants were
seropositive for at least one type of PyV, but cases (mean="7.52, standard deviation=1.40) were
seropositive for a slightly greater number of PyVs than controls (mean=7.30, standard
deviation=1.45; Wilcoxon rank sum test P=0.049). However, we found no evidence of an
increasing trend in SCC odds with increasing number of PyV types for which an individual tested
seropositive, either using a categorical variable (P-for-trend=0.42) or on a continuous scale
(P=0.32) (Table 3.2). Further, no association with SCC was observed for combined
seropositivity to the known cutaneous PyVs (i.e., MCV, HPyV6, HPyV7, and TSV; Supplemental

Table 3.3).

Table 3.2. Odds ratios (95% confidence intervals) for cutaneous squamous cell carcinoma (SCC) by number of
polyomavirus (PyV) types seropositive among 713 study participants from the New Hampshire Skin Cancer
Study.

No. of PyV types Controls (n=460), SCC Cases (n=253)
seropositive No. (%) No. (%) OR (95% CI)"
1-6 129 (28.0) 60 (23.7) 1.00 (referent)
7-8 236 (51.3) 128 (50.6) 1.04 (0.71-1.53)
9-10 95 (20.6) 65 (25.7) 1.21 (0.76-1.91)

Pfor trend 0.42
Continuous

. 1.4 52 (1.4 ] .95-1.1

[mean No. (SD)] 7.30 (1.45) 7.52 (1.40) 06 (0.95 8)

P 0.32

" Adjusted for age group and gender. OR=0dds ratio, CI=confidence interval, SD=standard deviation.

In an analysis of SCC associations with antibodies to specific capsid antigens from each
PyV type (classified as a dichotomous variable), an elevated odds of SCC was observed with
seropositivity to JC of borderline statistical significance (OR=1.37, 95% CI: 0.98-1.90; Figure

3.1), and a positive trend in SCC risk was associated with increasing MFI quartiles of JC
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seroreactivity (P-for-trend=0.04) (Table 3.3). A weakly positive association with SCC risk was
observed for seropositivity to WU (OR=2.04, 95% CI: 0.64-6.49) (Figure 3.1), and a slightly
inverse association with SCC risk was observed for seropositivity to HPyV10 (OR=0.72, 95%
CI: 0.16-3.32), but neither estimates achieved statistical significance. There were no trends in

SCC risk by MFI quartiles for any PyV type but JC (Supplemental Table 3.2).
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Table 3.3. Odds ratios (95% confidence intervals) for cutaneous squamous cell carcinoma (SCC) by quartiles of
JC polyomavirus (PyV) seroreactivity among 713 study participants from the New Hampshire Skin Cancer
Study.

PyV seroreactivity Controls (n=460), SCC Cases (n=253)

(MEFI units) No. (%) No. (%) OR (95% CI)

JC
Quartile 1 115 (25.0) 51(20.2) 1.00 (referent)
Quartile 2 115 (25.0) 43 (17.0) 0.79 (0.48-1.30)
Quartile 3 115 (25.0) 74 (29.2) 1.27 (0.80-1.99)
Quartile 4 115 (25.0) 85 (33.6) 1.41 (0.90-2.20)

Pfor trend 0.04

" Adjusted for age group and gender. OR=0dds ratio, CI=confidence interval.

SCC was more strongly related with seropositivity to JC among those reporting oral
glucocorticoid use for one month or longer (OR=1.88, 95% CI: 0.61-5.76) than those without a
history of prolonged glucocorticoid use (OR=1.37, 95% CI: 0.96-1.96) - albeit with limited
statistical power (P-for-interaction=0.50; Supplemental Figure 3.4). When excluding
glucocorticoid users, the positive association between SCC risk and HPyV9 seropositivity was
strengthened (OR=1.49, 95% CI: 0.99-2.24). Interestingly, a weakly positive association with
SCC risk was found for HPyV10 seropositivity among those seropositive for <2 § HPV types
(OR=1.45,95% CI: 0.15-14.37), although with wide confidence intervals. We did not find any
notable differences for the other PyVs according to glucocorticoid use, anatomical site of the SCC

tumor, or seropositivity to f HPVs, in stratified analyses.

3.4.3 MDR findings

MDR analysis for SCC consistently revealed the best model to include 3 variables: JC, MCV, and
age group. The model had a balanced accuracy of 0.6 (slightly better than random), CV
consistency of 10/10, and 2=0.007-0.008 after 1,000 permutations. From the graphical model,

it was inferred that a synergistic interaction between JC and age group, and this interaction with
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MCV, was detected (Figure 3.2A). There were 302 participants allocated to the high risk group,
and 578 participants allocated to the low risk group in MDR (the sum of MDR participants was
slightly higher than the actual sample size due to the row duplication procedure used for covariate
adjustment; Figure 3.2B).3*° The risk of SCC amongst those who were in the high risk group
was OR=2.5 (95% CI: 1.9-3.4) times greater than the risk of SCC amongst those who were in

the low risk group.

A

MCV

00 10

Figure 3.2. Top Multifactor Dimensionality Reduction (MDR) result for cutaneous squamous cell carcinoma
(SCC) case/control status by polyomavirus (PyV) serostatus for 10 human PyV types, as well as age group and
gender. The overall model balanced accuracy=0.6. The risk of SCC amongst those who were in the high risk
group was OR=1.7 (95% CI: 1.2-2.4) times greater than the risk of SCC amongst those who were in the low
risk group, following adjustment for just gender amongst the n=713 study participants. A. Entropy dendrogram
(left) and circle graph (right). Red and orange lines suggest a synergistic relationship, while yellow lines suggest
independence. For the dendrogram, the shorter the line connecting two attributes, the stronger the interaction.
Information gained or lost is shown in the circle graph. B. Graphical model. High-risk cells are shaded dark gray
while low-risk cells are shaded light gray, with the number of cases (left bars) and controls (right bars) for each
cell shown. JC and MCV serostatus is noted as seropositive (1) or seronegative (0). Age group (years) is noted
along the top.

When the classification rules were used to assign study participants to risk groups in the

original dataset, 107 cases and 138 controls were allocated to the high risk group, and 146 cases
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and 322 controls were allocated to the low risk group (n=713), resulting in the risk of SCC
amongst those at high risk being OR=1.7 (95% CI: 1.2-2.4) times greater than the risk of SCC
amongst those at low risk, in logistic regression following adjustment for just gender (as age
group was considered when allocating study participants to high or low risk groups).

Additional logistic models found SCC risk to be slightly higher among those who were JC
seropositive compared to seronegative when restricted to participants >65 years of age (OR=1.6,
95% CI: 1.1-2.5) or MCV seronegative (OR=1.9, 95% CI: 1.0-3.6). Logistic models created to
mimic the best MDR model consisted of 4 analyses that stratified participants by a combination
of median age (</>65 years) and MCV serostatus (seropositive or seronegative) (Supplemental
Figure 3.5). However, in a logistic regression model restricted to just those participants who were
MCV seropositive, no significant interaction between JC serostatus and median age was found
(P-for-interaction=0.34). The most relevant comparison revealed a pattern in risk supported by
the top MDR result, whereby restriction to those who were MCV seropositive and <65 years
(OR=0.8, 95% CI: 0.4-1.6), and MCV seropositive and >65 years (OR=1.5, 95% CI: 0.9-2.5),

showed a difference in the odds of SCC with JC seropositivity.

3.4.4 Immuno-genotype findings

Of the 713 case and control participants, 615 (86.2%) had HLA-C genotyping data, 652
(91.4%) had HLA-C -35 kb genotyping data, 654 (91.7%) had NKG2Da genotyping data, and
638 (89.5%) had NKG2Db genotyping data. No appreciable differences were noted in the
characteristics of the individuals for whom we did not obtain immuno-genotyping data. The
allele frequencies were in Hardy-Weinburg equilibrium for all study participants, cases

separately, and controls separately.
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No association between HLA-C, the HLA-C -35 kb expression SNP, NK2Da, or NKG2Db
genotype and SCC case or control status was observed, nor was an association found following
adjustment for age group and gender. Amongst all study participants, there were some differences
in the frequency of HLA-C genotypes by skin color; HLA-C -35 kb genotypes by number of
lifetime painful sunburns; and NKG2Db genotypes and smoking status and glucocorticoid use
(Supplemental Table 3.4). Amongst the controls, WU serostatus was found to differ by
NKG2Da and NKG2Db genotype; MCV serostatus to differ by HLA-C genotype; and HPyV6
serostatus to differ by HLA-C-35 kb genotype (Supplemental Table 3.5).

Overall, there was little to no evidence of effect modification by HLA-C or NKG2D
genotype on SCC risk by PyV VP1 serostatus (Supplemental Figures 3.6-3.9) or quartiles of
seroreactivity (Supplemental Tables 3.6-3.9) for our limited subset of participants for whom we
had genotype data. While generally null, when stratified by HLA-C genotype and amongst those
with the C2 variant, the risk of SCC with HPyV9 seropositivity was 3.9 (95% CI: 1.1-13.7,
P=0.03) times greater than the risk of SCC amongst those who were HPyV9 seronegative,

following adjustment for age group and gender (Supplemental Figure 3.6).

3.5 DISCUSSION

We measured antibodies against the first ten discovered human PyVs in a large, population-based
case-control study to investigate the relation between multiple PyVs and SCC incidence. No clear
associations were observed for most PyV types and SCC risk. However, we observed an intriguing
elevated odds ratio for SCC associated with JC seropositivity that approached statistical
significance, and a trend in risk by quartiles of JC seroreactivity. While no clear associations were

detected, we had limited statistical power for many of these analyses due to the high PyV

seroprevalence.
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Several epidemiologic studies have raised the possibility of an oncogenic role for PyV
infection in SCC development. Among 173 SCC cases and 300 controls in a clinic-based case-
control study conducted in Florida, USA, MCV seropositivity was related to an increased risk for
SCC (OR=1.58,95% CI: 0.96-2.60), and the association was strongest among those with
tumors containing MCV DNA (OR=2.49, 95% CI: 1.03-6.04).5* We did not observe evidence
of an association with MCV seropositivity. An association of a similar magnitude with JC
seropositivity was also observed in the Florida study (OR=1.40, 95% CI: 0.89-2.20). However,
unlike our study, there was no trend by quartiles of JC seroreactivity (P-for-trend=0.44).5*

In our case-control study design, we are unable to address the issue of ‘reverse causality’
common to studies aiming to elucidate the etiology of KC at or following diagnosis. Namely, it is
possible antibodies measured at the time of SCC diagnosis do not accurately reflect antibodies
that would have been circulating in the early stages of carcinogenesis. Indeed, a large, prospective,
Swedish study which drew upon samples donated to a biobank and cancer registry data found no
association between SCC (OR=1.0, 95% CI: 0.8-1.4) or BCC (OR=0.9, 95% CI: 0.8-1.1) and
prediagnostic JC seropositivity, with blood samples collected at least 1 month prior to
diagnosis.**® However, the primary hypothesis of the Swedish study was an association between
HPV and SCC or BCC, and thus used a multiplex assay optimized for the detection of antibodies
against various HPV types, with JC included as a specificity control.33? A discrepancy in results
may be attributed to both differing populations and assay optimization for human PyV types.
Thus, further prospective data that include repeated measurements over time from each
participant are needed.

Increased incidence of cancers in immunosuppressed patients - such as skin cancers,®*

suggests a possible viral etiology that may be attributed to impaired immune surveillance of
66

www.manharaa.com




infections with oncogenic potential. Moreover, immune suppression could lead to viral
reactivation and higher levels of antibodies, thus confounding any observed relationship between
PyVs and SCC. A greater than expected proportion of transplant recipients are seropositive for KI
and WU,3%0:351 and MCV sequences are also more frequently found in the skin tumors of
immunocompromised patients than those from immunocompetent individuals.3> TSV
seroprevalence is likewise higher in renal transplant patients when compared to healthy
participants,®® and has been causally linked to a rare disease of abnormal maturation of the hair
follicles characterized by spiny lesions on the skin.!% ' HPyV9 was first isolated from a kidney
transplant recipient?® and has been found at higher seroprevalence in immunocompromised
patients.35 HPyV 10 was isolated from a patient with warts, hypogammaglobulinemia,

infections, and myelokathexis (WHIM) syndrome,3°

an inherited immune deficiency with
increased susceptibility to HPV-induced warts and cancers.35% 353 BK and JC are known to
reactivate under conditions of immunosuppression.”> 3 Indeed, JC seropositivity has been used
as an indicator of immune status in prior studies.>* In a small, nested case-control study among
transplant recipients, no excess risks for SCC following organ transplantation were found with
antibody levels against PyVs (specifically, JC, KI, WU, MCV, HPyV6, and HPyV7) in serum
drawn immediately prior to surgery (n=149 SCC cases and 290 controls).8” We observed
increased odds of SCC associated with increasing JC antibody levels, which may reflect the
detection of JC reactivation arising from immune dysregulation associated with skin cancer.
Therefore, our findings of an association between JC serostatus and SCC could represent the
predisposing role of immunodeficiency, rather than the virus itself. With limited statistical power,

there was weak evidence that the association we found between SCC and JC seropositivity may be

slightly stronger among those with prolonged oral glucocorticoid use, raising the possibility of
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effect modification rather than confounding by immunosuppression. However, further studies
are needed.

NK cells are often the immune system’s first line of defense against transformed or infected
host cells.>>® NK cells operate through their KIR receptors which are licensed to bind specific diverse
and polymorphic human leukocyte antigen (HLA) class I ligands on target cells, resulting in
cytolysis if the correct “signals” are received by the NK cell.>>° The diverse and polymorphic nature
of the KIR gene family is thought to drive NK cell killing phenotypes and inter-individual variation
in these interactions (reviewed in Middleton et al., 2010).3%6 Inter-individual variation in the KIR
and HLA loci have been associated with susceptibility to numerous infectious and autoimmune
diseases, such as HIV®°” and hepatitis C,3%8 as well as cancers (e.g., NMSC).343: 344, 345, 359
However, we found no evidence of effect modification of the relation between PyV serostatus and SCC
risk by HLA-C or NKG2D genotype in our small study. The role of underlying immuno-genotype in
SCC risk requires additional study in larger populations as it was interesting that the proportion of
CD8+ T cells varied with HPyV9 serostatus in our previously published work amongst the

341

controls,”*" and SCC risk among those who were HPyV9 seropositive compared to seronegative was

higher for those who had the C2 genotype for HLA-C, as HLA-C presents antigens to CD8+ T cells
to generate a response.36% 361

MCV, TSV, HPyV6, and HPyV7 show evidence of skin tropism,® yet we found no
association with SCC risk. We could not assay for the presence of PyV DNA within SCC tumor
tissues, which is a more direct indication of a potential association between PyVs and SCC. In the
Florida study, MCV TAg DNA was isolated from ~40% of SCC tumors from patients, but they
did not find BK, JC, KI, or WU TAg DNA sequences within SCC tumors.>* Other small studies

have failed to detect DNA from JC in skin swabs®®? or skin biopsies from normal skin,*¢
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82,363

common warts, Bowen’s disease,>** BCC,3%> SCC,363- 365 melanoma, or cutaneous B cell

lymphomas.3® However, JC TAg sequences were detected in Kaposi’s sarcoma skin lesions, and

81 suggesting that these viruses can inhabit

has been amplified from 16% of healthy skin tissues,
the skin even without being skin tropic? or the skin acting as a suitable host for viral
propagation.3®” A potential etiologic role of JC in the absence of JC DNA within tumors remains
unexplained and warrants additional study.

All human PyVs discovered thus far encode proteins that allow them to act as oncoviruses.
Indeed, the virus’ name is derived from the Greek poly meaning ‘many’ and oma referring to their
induction of tumors in murine models.! Truncating mutations in the large TAg of integrated
MCV are characteristic of MCC tumors, with domains required for Rb-induced cell
transformation preserved, while those for viral replication and p53 binding!? are eliminated

resulting in no interaction with p53,3¢8

thereby enhancing the likelihood of cell survival.
Truncating mutations of the TAg have not been described in other human PyVs. Consequent to
its transforming potential, the large TAg has been considered the main oncoprotein in PyVs.? The
small TAg and agnoprotein expressed by some viruses also exhibit oncogenic properties.® The late
regions of BK and JC encode an agnoprotein which exerts a tumorigenic effect through cell cycle
dysregulation, interference with DNA repair processes, and increased chromosome instability.5”
68 Similar to SV40,3%° BK, JC, and MCV encode a miRNA that downregulates large TAg
expression, which may allow the virus to escape the immune system.”® Thus, there is some
evidence for a putative mechanistic role for PyVs in human carcinogenesis, although further
research is needed.

It has been theorized that PyVs may serve as cofactors for oncoviruses by acting on common

tumorigenic targets, perturbing the cell cycle, assisting with immune evasion, or trans-activating the
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promoters of co-infecting viruses — although evidence of such an interaction is lacking.3?
Interactions between PyVs and other viruses have been documented, such as the in vitro cooperation
between JC and the HIV-1 regulatory protein, Tat, that enhances JC transcription in glial cells.>”®
371 Additionally, interactive effects between a murine polyomavirus strain with Moloney murine
leukemia virus have been shown to result in stunted growth only in co-infected animals, possibly
through a proinflammatory cytokine pathway.>”? In our study, we were only able to assess
concomitant seropositivity to § HPVs, and did not detect any consistent interactions with PyV types
and SCC risk. MDR analysis identified a strong synergistic interaction between JC and age group,
and JC and age group with MCV, as being related to SCC. Evidence of synergy between JC and MCV
implies this interaction provides information on SCC case or control status that cannot be obtained
from individual inspection of the association between SCC and PyV seropositivity, i.e., in logistic
regression models. MCV has been described as a “cutaneous” PyV,? and it was interesting that it
appeared to be related to a NMSC outcome in MDR as it has been previously implicated as a
etiologic agent in MCC. The inclusion of JC — a virus that reactivates under conditions of
immunosuppression and has been used as an indicator of immune status,>* could represent the
predisposing role of immunodeficiency in the association between SCC and cutaneous PyVs.
Although the MDR results had poor model statistics, concordance with a series of logistic regression

models that aimed to mimic the top MDR model leant support to the MDR findings.

3.5.1 Strengths and limitations of the study

A strength of our study was the large number of histologically confirmed cases of incident
invasive SCC identified through active population-based surveillance, along with controls derived
from the general USA population. This type of study design decreases the opportunity for

selection bias, and is more generalizable than clinic- or hospital-based case-control studies. Still,
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the possibility of selection bias and residual confounding cannot be excluded, and the
generalizability to non-white populations is limited due to the study’s location in an almost
exclusively white USA population. The use of multiplex serology to comprehensively measure a
wide range of human PyVs was an additional study strength. The GST capture of recombinantly
expressed VP1 capsid proteins has been found to be a reliable technique to assess PyV
seroreactivity and has been used as a marker of PyV infection in prior studies.3* 53 5* Our blood
samples were collected following the skin cancer diagnosis, and thus PyV infection may have
occurred during or following tumor development, and the influence of disease state on
susceptibility to PyV infection and immune response cannot be disentangled from these data. We
are unable to assess temporality or reverse causality, so the direction of any observed associations
cannot be determined. PyV seropositivity does not necessarily correspond to the presence of PyV
DNA in tumor tissues and seroreactivity is an indirect measure of infection. However, MCV viral
load and antibody titer have been shown to have a strong positive monotonic correlation,*® with
higher MFI values corresponding to MCV DNA-positive SCC tumor tissues.>* Lastly, given the
high seroprevalence of PyVs in the study population, power to detect differences in SCC risk for

some PyVs was limited.

3.5.2 Conclusions

In this population-based case-control study, we examined the association between the first 10
discovered human PyVs and incidence of SCC using multiplex serology. Our findings, though
limited, provide some support for the possibility that specific PyV types may play a role in the

occurrence of SCC in the United States population, but not PyV seropositivity in general.
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Chapter 4

Prospective study of human polyomaviruses
and risk of cutaneous squamous cell

carcinoma in the United States

Published as: Anala Gossai, Tim Waterboer, Heather H. Nelson, Jennifer A. Doherty, Angelika Michel, Martina
Willhauck-Fleckenstein, Shohreh F. Farzan, Brock C. Christensen, Anne G. Hoen, Ann E. Perry, Michael Pawlita,
and Margaret R. Karagas. “Prospective study of human polyomaviruses and risk of cutaneous squamous cell
arcinoma in the United States.” Cancer Epideniology, Biomarkers & Prevention (2016): cebp-1111.
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4.1 ABSTRACT

Merkel cell polyomavirus (PyV) is causally related to Merkel cell carcinoma, a rare skin
malignancy. Little is known about the serostability of other PyVs over time, or associations with
cutaneous squamous cell carcinoma (SCC). As part of a US nested case-control study, antibody
response against the PyV VP1 capsid proteins of BK and JC was measured using multiplex
serology on 113 SCC cases and 229 gender, age, and study center-matched controls who had a
prior keratinocyte cancer. Repeated serum samples from controls, and both pre- and post-
diagnosis samples from a subset of SCC cases were also tested. Odds ratios (OR) for SCC
associated with seropositivity to each PyV type were estimated using conditional logistic
regression. Among controls, BK and JC seroreactivity was stable over time, with intraclass
correlation coefficients of 0.86 for BK and 0.94 for JC. Among cases, there was little evidence of
seroconversion following SCC diagnosis. JC seropositivity prior to diagnosis was associated with
an elevated risk of SCC (OR=2.54, 95% CI: 1.23-5.25), and SCC risk increased with increasing
quartiles of JC (P-for-trend=0.004) and BK (P-for-trend=0.02) seroreactivity. PyV antibody
levels were stable over time and following an SCC diagnosis. A history of PyV infection may be
involved in the occurrence of SCC in a population at high risk for this malignancy. A single
measure of PyV seroreactivity appears a reliable indicator of long-term antibody status, and PyV

exposure may be a risk factor for subsequent SCC.
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4.2 INTRODUCTION

The human polyomavirus (PyV) is a non-enveloped virus with an icosahedral capsid containing a
circular double-stranded DNA genome.> 3 The genome of the Polyomaviridae family encodes
three capsid proteins (VP1, VP2, VP3), as well as small and large T antigens (TAg)." 2 The large
TAg (LTAg) has oncogenic potential,> !> 16 but there is limited support for carcinogenesis in
humans.

PyV infection rates vary between populations and viral types, and seroprevalence usually
increases with age.37- 4142, 46, 48,305 1 jt(le is known about intraindividual PyV antibody stability
over time in the general population,”? but repeated measures of PyV seroreactivity collected from

individuals with a compromised immune system3% 316374, 375, 376,377, 378, 379

suggest antibody
levels may be consistent longitudinally.

PyV infections are ubiquitous within human populations.* Among immunosuppressed
patients, BK virus is the etiologic agent of polyomavirus-associated nephropathy and cystitis,” 8
and John Cunningham virus (JC) reactivation has been linked to progressive multifocal
leukoencephalopathy.”>® Merkel cell polyomavirus (MCV) containing mutations in LTAg!? has
been established as a causal factor for Merkel cell carcinoma (MCC) - a rare but aggressive skin
cancer, 12 13, 14, 24

Cutaneous squamous cell carcinoma (SCC) arises from epithelial keratinocytes,'%! and is a
common malignancy with increasing incidence rates reported in the United States.!0% 103, 120, 380,
381 SCC etiology is largely attributed to ultraviolet radiation,”® !7° but other risk factors including

84,213,214

immunosuppression raise the possibility of a viral etiology. An oncogenic role for PyV

infection in the development of SCC has been hypothesized in recent epidemiologic studies.>* A

clinic-based case-control study from Florida, USA, found an increased SCC risk associated with
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antibodies against MCV assessed at the time of diagnosis.>* Conversely, a case-control study
conducted among organ transplant recipients found no association between SCC development
following transplant surgery and seropositivity to multiple PyV types prior to transplantation.’”
There are limited prospective studies assessing whether past virus exposure predicts risk of future
SCC development.

Therefore, using data and stored serum samples from patients with a prior history of
keratinocyte cancer (KC) enlisted in a USA skin cancer prevention trial, we performed a
longitudinal analysis of the presence and stability of antibodies against human PyV types BK and
JC, and conducted a nested case-control study to investigate the role of polyomaviruses on

subsequent SCC incidence.

4.3 METHODS

4.3.1 Patient population and parent study design

We derived our study group from the Skin Cancer Prevention Study - a multicenter, randomized
clinical trial conducted in the United States from 1980 to 1989 to test the efficacy of oral -
carotene supplementation in the prevention of KC among persons with a prior history of this
malignancy'>® 382 (Supplemental Figure 4.1). The trial methods and study participants have
been described in detail elsewhere.!>% 382 383 Briefly, patients were 35-<85 years of age and had
had at least one biopsy-proven SCC or basal cell carcinoma (BCC) removed since January 1,
1980. Of the 5,232 potentially eligible patients identified through a review of dermatopathology
reports in the four clinical centers, 1,805 (34.5%) fulfilled the trial criteria, and were
subsequently enrolled for randomization to receive either B-carotene or a placebo.

Upon entry to the trial, patients completed a questionnaire regarding individual

characteristics, including age, hair and eye color, cigarette smoking, sun exposure, and medical
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history (e.g., vitamin use). A dermatological evaluation determined each patients’ skin type (i.e.,
tendency to sunburn, extent of solar damage), and the histological type and number of previous
KC diagnoses was documented from patients’ medical records.

Follow-up consisted of an interval questionnaire mailed every 4 months. A dermatological
examination was conducted at enrollment and annually thereafter, during which a 20 mL blood
specimen was collected and stored in heparinized vacuum tubes at -75°C until analysis. The
appearance of new, primary skin cancers was monitored, and microscopic slides of suspected
cancerous lesions were re-reviewed by a dermatopathologist at the study coordinating center for
independent validation. The primary trial end point was the first occurrence of a new basal or
squamous cell carcinoma after randomization. Follow-up for each patient continued for 5 years or
until September 30, 1989 when the treatment phase of the trial ended. All participants provided
informed consent in accordance with the Committee for the Protection of Human Subjects at

Dartmouth.

4.3.2 Nested case-control study design

We conducted a nested case-control study within this intervention trial to examine the risk of
subsequent incident SCC (i.e., the first new occurrence of a nonrecurrent squamous cell skin
cancer following randomization) in relation to PyV infection status prior to diagnosis of this new
SCC (hereafter referred to as the ‘prediagnostic’ or ‘prior to diagnosis’ time period) among
patients with a history of KC. Of the 1,805 patients enrolled in the trial, 132 (7.3%) developed a
new, nonrecurrent SCC during the follow-up period (hereafter referred to as a ‘case’). For each of
these case patients, 2 controls were randomly selected from among patients who, up until or
during the study year the SCC case was diagnosed, (2) had been actively followed, and (5) had

not developed an incident and nonrecurrent SCC (hereafter referred to as a ‘control’). Controls
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were pair-matched to cases on gender, age (<45, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74,
and 75-84 years), and study center (Hanover, NH; Minneapolis, MN; Los Angeles, CA; and San
Francisco, CA). Controls were assigned a reference date corresponding to the case’s diagnosis date
to whom they were matched.

We aimed to analyze the baseline (pre-randomization) serum sample for the determination
of PyV seroreactivity for each case and control included in our study sample. If the baseline
sample was unavailable, we tested the earliest blood sample collected - provided it was drawn

prior to the diagnosis date for SCC cases or the reference date for controls.

4.3.3 Repeated measures

A subset of 89 cases had both a pre-diagnosis blood, and a post-diagnosis blood drawn nearest to,
but following, the diagnosis date of the new SCC occurrence. We further investigated the stability
of PyV antibodies over time in serial serum samples through a longitudinal serological study
conducted among controls included in the nested case-control study. A total of 895 serum
samples from 229 controls were available for serologic analysis. Control participants were
included in this longitudinal sub-study if they had >2 serum samples collected during the follow

up period of 6 years.

4.3.4 Human polyomavirus serology

Serum samples masked to case-control status were shipped on dry ice to the German Cancer
Research Center (DKFZ; Heidelberg, Germany) for analysis. Serum samples were assayed for
antibodies against the immunodominant VP1 capsid protein®® of two human-associated PyV
types: BK?! and JC.2° PyV seroreactivity was determined using a multiplex antibody detection
approach based on a glutathione S-transferase (GST) capture enzyme-linked immunosorbent

assay method in combination with fluorescent bead technology (Luminex Corp., Austin, Texas,
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USA).>5 58 Antigen preparation and techniques used for PyVs3% 5354

closely follow methods
applied to human papillomaviruses (HPV) as described previously.> 56 Although the multiplex
technology assayed for other viruses simultaneously (i.e., HPVs), BK and JC were the only PyVs
included in the assay.

Seroreactivity against the PyV VP1 antigens was expressed as the median fluorescence
intensity (MFI) of 100+ beads of the same internal color.>® MFI values reflect viral load,*’ as well
as antibody affinity, titer, and reactivity as determined by dilution series.®° Standard cut points to
define seropositivity were chosen for each PyV by visual inspection of frequency distribution
curves (percentile plots) for the inflection points of all sera tested, as done in prior studies.* 3
56,62 The standard cutoff value for VP1 seropositivity was 400 MFI units. To evaluate the
robustness of PyV VP1 seroprevalence and odds ratio (OR) estimates for SCC by PyV
seropositivity, we used a sliding cut point between 250 and 550 MFI units. We ultimately used
the standard cut points in all analyses as PyV seroprevalence (Supplemental Figure 4.2) and OR

estimates (from conditional and unconditional logistic regression models; Supplemental Figures

4.3-4.4) were insensitive to cut point definition.

4.3.5 Statistical analyses

Statistical analyses were performed in R version 3.1.0. All statistical tests were two-sided, and
statistical significance assessed at the a=0.05 level. Individual characteristics of SCC cases and
controls were compared using the X? test (for categorical variables, i.e., gender, randomization
arm, study center, previous skin cancers, cigarette use, skin sun sensitivity, occupational sun
exposure, eye color, hair color, vitamin use) or Fisher’s exact test (for categorical variables with
small strata containing <10 persons, i.e., BMI category, extent of UV skin damage, sun bathing),

and Wilcoxon rank sum test (for continuous variables, i.e., age). Among controls, the
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seroprevalence of each PyV type was examined for both PyV seropositivity overall, and by age
groups, using binary MFI cut points. Additionally, we tested the association between various
individual characteristics in relation to PyV seropositivity within controls. We used the
continuous MFI values from controls to compute Spearman rank correlation coefficients (p)
between both PyVs assayed.

Within controls, we investigated intraindividual changes in PyV seroreactivity over time
using repeated measures taken after baseline by calculating the intraclass correlation coefficient
(ICC)3#* for continuous MFI values, and also stratified analyses by randomization arm of the
original trial (i.e., treatment or placebo). Additionally, to determine serostatus (positive versus
negative) stability over time, we defined control participants as being seropositive at all time
points (stably seropositive), seronegative at all time points (stably seronegative), seroconverting
(change from seronegative to seropositive over time), seroreverting (change from seropositive to
seronegative), or fluctuating between seropositive and seronegative (fluctuating), as has been
done previously.316-373:385 The likelihood of seroconversion following SCC diagnosis was
evaluated with the kappa (k) statistic among cases.38¢: 387,388

We used both conditional (as there was one-to-two pair-matching between cases and
controls in the original trial) and unconditional logistic regression (while adjusting for the
matching factors: age, gender, and study center) to calculate the ORs and 95% confidence
intervals (CI) for the development of a new SCC by VP1 seropositivity compared to
seronegativity for each PyV type in the baseline or earliest blood sample collected. Quartiles of
seroreactivity based on the control distributions of continuous MFI values were created for each

PyV, and associated with SCC by comparing the second, third, and fourth quartiles to the first

(lowest) quartile in conditional and unconditional logistic regression models. Tests-for-trend
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were conducted by including an ordinal variable in the logistic model in place of the categorical
quartile variable. Using the study sample for unconditional models, generalized additive logistic
models (GAM) were fit to evaluate deviations from linearity in risk of SCC by the continuous
MEFI values from the earliest blood samples.?8% 39° The smoothed (nonparametric) component of
the binomial GAMs was PyV seroreactivity, and adjustment was made for the unsmoothed
matching factors. Models were not further adjusted for potentially confounding covariates, as no
sociodemographic or individual characteristic was found to both be associated with PyV
serostatus and a risk factor for SCC development in our study group. We assessed the potential
modifying effects of the assigned randomization arm from the original trial, having had a prior
SCC, and having had a prior BCC in stratified analyses. We also performed stratified analyses by

smoking status, UV skin damage, skin sun sensitivity, and hair color.

4.4 RESULTS

4.4.1 Patient characteristics

We tested a prediagnostic serum sample for 113 (85.6%) of the 132 SCC cases, and 229
(86.7%) of the 264 controls, for the nested case-control study. Pair-matched sets with at least
one measured control directly matched to a case consisted of 111 (84.1%) SCC cases and 195
(73.9%) controls. Tested serum samples for all 342 study participants were drawn by the first
year after baseline on 93.3% of both cases and controls, and samples were taken 15 days to 5.3
years before the diagnosis or reference date (median=2.2 years, interquartile range (IQR)=1.3-
3.3 years). Among 210 controls (excluding 19 controls who only had a single sample collected),
we performed repeated serologic analysis on 876 (97.9%) of the 895 serum samples drawn
during the follow-up period for the longitudinal study. Controls had 2 to 8 serial samples with a

median of 4 samples per participant, taken 11 days to 4.2 years apart (median number of years
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between repeated measures=1.0 years, IQR=1.0-1.1 years). We analyzed 85 (95.5%) of the
subset of 89 SCC cases with both pre- and post-diagnosis serum samples, and the post-
diagnostic samples were obtained 17 days to 1.7 years following the diagnosis date (median=0.7
years, IQR=0.6-0.7 years).

Participants in this study ranged in age from 35 to 84 years (median age of 67 years) upon
study entry, and 88.1% were men. Cases and controls were balanced with respect to age, gender,
and study center through the matched design. Compared to controls, SCC cases were more likely
to have had >2 previous KCs, be current or former cigarette smokers, have skin that always or

usually burned with sun exposure, be blonde or red-haired, and have moderate to severe actinic

damage (Table 4.1).
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Table 4.1. Distribution of selected baseline characteristics
among cutaneous squamous cell carcinoma (SCC) cases
and controls from the Skin Cancer Prevention Study
(n=342).2

Charareesiaiic SCC Cases (n=113), Controls (n=229),

No. (%) No. (%)

Gender

Male 100 (88.5) 201 (87.8)

Female 13(11.5) 28(12.2)
Median age, SD (years) 68 (8.0) 67 (8.2)
Randomization arm in RCT

Treatment 66 (58.4) 115 (50.2)

Placebo 47 (41.6) 114 (49.8)
Study center®

DHMC 24(21.2) 43 (18.8)

ucLa 32(28.3) 65 (28.4)

UCSF 25(22.1) 56 (24.4)

UMN 32(28.3) 65 (28.4)
Previous skin cancers

1 24(21.2) 102 (44.5)***

2 21 (18.6) 41(17.9)

3 12(10.6) 20(8.7)

4-5 26 (23.0) 36(15.7)

6-9 12(10.6) 17 (7.4)

=10 18(15.9) 11 (4.8)
Cigarette use

Mever smoked 28 (24.8) 91 (39.7)**

Former smoker 62 (54.9) 111 (48.5)

Current smoker 23 (20.3) 27 (11.8)
Body mass index (kg/m?)

Underweight <18.5 1(0.9) 2(0.8)

Mormal 18.5-24.9 50 (44.2) 98 (42.8)

Overweight 45.0-29.9 47 (41.6) 108 (47.2)

Obese >30.0 12(10.6) 15 (6.6)
Skin sun sensitivity

Always or usually burns 72(63.7) 110 (48.0)"*

Burns moderately or minimally 41 (36.3) 118 (51.5)
Extent of UV skin damage

Mild 9 (8.0) 62 (27.1)***

Moderate 71 (62.8) 134 (58.5)

Severe 32(28.3) 31(13.5)
Sun bathed (hours)

Mever 40 (35.4) 62(27.1)

0-200 18(15.9) 63 (27.5)

200-400 25(22.1) 54(23.6)

400-600 21 (18.6) 33(14.4)

600 7 (6.2) 17 (7.4)
Oceupational sun exposure (years)

0-7 41 (36.3) 78 (34.1)

7-20 31(27.4) 64 (27.9)

21-40 28 (24.8) 40(17.5)

=40 13 (11.5) 46 (20.1)
Eye color

Blue, green, gray, hazel 97 (85.8) 185 (80.8)

Brown, black 16 (14.2) 44(19.2)
Hair color

Blonde, red 49 (43.4) 61 (26.6)**

Brown, black 64 (56.6) 64 (27.9)
Vitamin use

No 67 (59.3) 128 (55.9)

Occasional 15(13.3) 37(16.2)

Daily 24 (21.2) 60 (26.2)
* P<0.05,** P<0.01,*** P< 0,001, Pralues obtained from X2, Fisher's exact, or Wilcoxon rank
i gt (i dpprog paring sociod phic and ski risk factors between SCC
cases and controls,

* Numbers may not sum to the overall total due to missing data.
B This multicenter study was conducted at sites in California (University of California at Los Angeles
School of Medicine (UCLA); University of California Medical School, San Francisco (UCSF)),

il (University of Mi Schools of Medicine and Public Health, Minneapolis (UMN)),
and New Hampshire (D h-Hitcheock Medieal Center, Hanover (DHMC)), USA.
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4.4.2 BK and JC antibody status over time among controls

Among the baseline or first measured samples in controls, the overall seroprevalence was 96.9%

for BK and 77.3% for JC (Figure 4.1). Seroprevalence was constant across age groups for BK,

and increased with age group for JC (P-for-trend=0.02). Sociodemographic and individual

characteristics at study entry were not related to BK or JC serostatus (Supplemental Table 4.1).

We did not find correlations or evidence of cross-reactivity between the VP1 capsid proteins of

BK and JC for the earliest prediagnostic samples collected (p=0.06, P=0.09) or for the repeated

measures (p=0.06, P=0.07).
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group is noted in the legend.

96.9
n=222
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65
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64, n—43
—69, n=T72
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—84, n—=34
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Polyomavirus

Figure 4.1. Seroprevalences of human polyomaviruses (PyV) as determined by VP1 seroreactivity
among 229 controls by age group from the Skin Cancer Prevention Study, using the baseline or
earliest serum sample collected. The overall seroprevalence (%) and number of participants who
were seropositive for each PyV is shown above the bars. The number of participants within each age
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BK and JC seroreactivity remained stable over time within controls in the repeated serum
measures (Table 4.2). The intraclass correlation coefficient was 0.86 for BK and 0.94 for JC, and
no difference was found in ICC estimates when stratified by randomization arm of the original
trial. For BK, 95.7% were stably seropositive, and 2.9% remained seronegative. There were no
seroreversions, and <1% seroconverted (0.9%) or had fluctuating antibody levels (0.5%). For
JC, 74.8% were stably seropositive, and 20.9% remained seronegative; 2.9% seroconverted,

0.9% seroreverted, and 0.5% had fluctuating antibody levels.

Table 4.2. Secrostability for BK and JC human polyomavirus (PyV) seropositivity * in samples collected
longitudinally over time among 210 ® controls from the Skin Cancer Prevention Study.

Controls Serostability (n=210), No. (%)

o'
By Stably seropositive  Stably seronegative Seroconversion  Seroreversion  Fluctuating
BK 201 (95.7) 6(2.9) 2(0.9) None 1(0.5)
]JC 157 (74.8) 44 (20.9) 6 (2.9) 2(0.9) 1(0.5)

* PyV infection was determined using seropositivity for the VP1 protein.
b Not including 19 controls who only had a single sample collected. Only controls with 22 repeated serum
samples were included.

4.4.3 Pre- versus post-diagnostic BK and JC serostatus

We compared PyV serostatus prior to and closely following the first occurrence of an incident
SCC diagnosis among a subset of SCC cases (Table 4.3). One (1.2%) case who was BK
seronegative prior to diagnosis remained seronegative following SCC diagnosis, and 84 (98.8%)
cases who were seropositive prior to diagnosis remained so following diagnosis. For JC, we found
10 (11.8%) cases to remain seronegative, and 74 (87.1%) cases to remain seropositive, prior to
and following diagnosis; only 1 (1.2%) case who was seronegative seroconverted to JC
seropositive following SCC diagnosis. As a measure of agreement, the kappa statistic (k) was

close to 1 for both BK (k=1.0, 95% CI: 0.79-1.0) and JC (k=0.95, 95% CI: 0.73-1.0).
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Table 4.3. BK and JC human polyomavirus (PyV) serostatus ® prior to
cutaneous squamous cell carcinoma diagnosis (SCC), and post SCC
diagnosis, among 85 cases from the Skin Cancer Prevention Study.

PyV serostatus post-diagnosis (n=85)

PyV serostatus

! : Seronegative, Seropositive,

pre-diagnosis No. (%) No. (%)
BK

Never seropositive 1 (1.2) 0(0)

Ever seropositive 0(0) 84 (98.8)
JC

Never seropositive 10 (11.8) 1(1.2)

Ever seropositive 0 (0) 74 (87.1)

*PyV infection was determined using seropositivity for the VP1 protein.

We assessed risk of having a new SCC in relation to prediagnostic PyV seroreactivity
among patients with a history of KC (Table 4.4). In the conditional logistic regression models of
the matched cases and controls, an increased risk of SCC was specifically observed with
seropositivity for JC (OR= 2.54, 95% CI: 1.23-5.25), and a positive trend in SCC risk was
associated with increasing MFI quartiles of JC seroreactivity (P-for-trend=0.004). The highest
versus lowest quartile of JC seroreactivity was associated with a 3-fold greater risk of SCC
(OR=3.13,95% CI: 1.51-6.49). In conditional analyses, a positive association with SCC risk
was also observed with seropositivity for BK (OR= 3.90, 95% CI: 0.48-31.96) with limited
statistical power, and there was evidence of an increasing trend in SCC risk with increasing
quartiles of seroreactivity (P-for-trend=0.02). Similar estimates were obtained using
unconditional logistic regression models that adjusted for the matching factors: age, gender, and
study center (Supplemental Table 4.2). The binomial GAMs suggested an increasing probability
of SCC with increasing continuous MFI values for both BK (£=0.02) and JC (P=0.003) (Figure
4.2), with some deviations from linearity and statistical imprecision (especially for BK). Analyses
stratified by randomization arm, prior SCC status (220 controls and 107 cases with no prior
SCC presented with their first incident SCC), prior BCC status (Supplemental Figure 4.5),
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smoking status, UV skin damage, and hair color (Supplemental Figure 4.6) resulted in similar
OR estimates as the main analyses but were limited by the markedly reduced sample sizes. The
OR associated with JC was higher among those with a skin type that tended to burn, but this was

based on small stratum sizes and had wide CIs (Supplemental Figure 4.6).

Table 4.4. Conditional odds ratios * (95% confidence intervals) for cutaneous squamous cell carcinoma (SCC) by

seropositivity for each polyomavirus (PyV) ® type and quartiles € of PyV seroreactivity at baseline among cases and

matched controls (n=306) from the Skin Cancer Prevention Study.

SCC Cases (n=111)

PyV seroreactivity Controls (n=195),

(MET units) No. (%) No. (%) OR (95% CI)

BK
Seronegative 7(3.6) 1(0.9) 1.00 (referent)
Seropositive 188 (96.4) 110 (99.1) 3.90(0.48-31.96)
Quartile 1 54 (27.7) 26 (23.4) 1.00 (referent)
Quartile 2 48 (24.6) 14 (12.6) 0.65 (0.31-1.37)
Quartile 3 46 (23.6) 32(28.9) 1.67 (0.86-3.23)
Quartile 4 47 (24.1) 39 (35.1) 1.89 (0.96-3.73)

Pfor trend * 0.016

JC
Seronegative 45 (23.1) 13 (11.7) 1.00 (referent)
Seropositive 150 (76.9) 98 (88.3) 2.54 (1.23-5.25)
Quartile 1 50 (25.6) 18 (16.2) 1.00 (referent)
Quartile 2 49 (25.1) 26 (23.4) 1.60 (0.76-3.39)
Quartile 3 51 (26.1) 21(18.9) 1.10(0.50-2.44)
Quartile 4 45 (23.1) 46 (41.4) 3.13 (1.51-6.49)

Pfor trend ¢ 0.0039

* OR=o0dds ratios obtained from conditional logistic regression analysis, CI=confidence interval.

b PyV infection was determined in the baseline or earliest serum sample collected using seropositivity for the VP1 protein.

€ Controls may not be evenly distributed within quartiles due to uneven data distribution and the quartiles based upon all

229 controls.

4 Based on the seroreactivity quartiles modelled as a continuous variable.
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4.5 DISCUSSION

We conducted a nested case-control study to test the hypothesis that prediagnostic infection with
human PyVs is associated with incident SCC in a population at high risk for this malignancy.
Among participants with a history of KC, we found an increased risk of subsequent SCC
associated with JC seropositivity, as well as with increasing quartiles of BK and JC seroreactivity,
in serum samples collected prior to SCC diagnosis. SCC diagnosis was not associated with a
change in BK or JC serostatus, and intraindividual seroreactivity remained consistent over time.
There is limited information on the longitudinal serostability of these viruses within
individuals. Available studies on repeated measures of seroreactivity against PyVs have primarily

316,391

been conducted among special populations such as organ transplant recipients, pregnant

392,393 .

women,>* and heavily immunosuppressed patients (e.g., HIV-infected individuals,
multiple sclerosis patients treated with natalizumab377 378, 379, 394, 395,396) 'wyith evidence of
greater seroinstability over time, possible due to their condition or immunotherapy. A nested
case-control study of non-Hodgkin's lymphoma found only 1 change in JC serostatus and 3
changes in BK serostatus over a period of 15 years out of 94 controls.>*” One published study
aimed to investigate the serostability of PyVs in the general adult population: a longitudinal study
of 458 individuals from Australia.?”® Over an 11 year follow-up period, BK seroprevalence was
stable with only 2.5% displaying a change in serostatus over time.>”3 However, JC serostatus was
less stable during the same span of time, with 16% changing serostatus.?” In our study, we
found BK and JC seroreactivity to remain very stable within an individual, as nearly all
participants who tested seropositive or seronegative in their first sample retained this status over

373,397

the course of time. Thus, our findings along with prior work suggest a single measurement
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of serum antibody level is a reasonable indicator of long-term antibody status for BK and JC in
epidemiologic studies of adults.

Research exploring the effect of PyV serostatus prior to diagnosis on future SCC risk is
limited, despite evidence of a causal role for MCV in MCC development.'? 338 We found a
positive association between JC seropositivity in prediagnostic serum samples and the
development of a new primary SCC among those with least one previous KC. Our findings differ
from those observed in a large Swedish study, where no association was found between SCC
(OR=1.0, 95% CI: 0.8-1.4) and JC seropositivity with samples collected at least 1 month prior
to diagnosis.>3® However, the Swedish study included JC as a specificity control, as they had the
primary objective to investigate the association between HPV and SCC or BCC.?*” In a clinic-
based case-control study conducted in Florida, USA, a positive but weak association for SCC was
observed with JC seropositivity assessed at the time of diagnosis (OR=1.4, 95% CI: 0.9-2.2).5*
Our findings support this result, and further suggest a lack of bias from analysis of post-diagnosis
samples. We also explored the risk of SCC in relation to the presence of prediagnostic antibodies
against BK, but the high seroprevalence resulted in elevated but less stable estimates of SCC risk.

Infection with BK and JC has been categorized as ‘possibly carcinogenic to humans’ by the

398

International Agency for Research in Cancer,”® although the mechanism is not well understood.

The early PyV protein, LTAg contains a retinoblastoma (Rb)-binding pocket necessary for

3,12, 15,63

transforming activity and cell proliferation, and also harbors a p53-binding domain that

binds and inactivates the p53 protein to induce cell division.® 1¢ 6364 JC LTAg has been shown

1 399 400, 401

to directly interact with insulin receptor substrate- and B-catenin, resulting in a
nuclear translocation of proteins that may contribute to the process of malignant transformation

through the dysregulation of homologous recombination-directed DNA repair*°? and the proto-
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oncogene c-MYC*°! BK and JC differ from other PyV types, as their late regions encode an
agnoprotein which may exert its tumorigenic influence through cell cycle dysregulation,
interference with DNA repair processes, and chromosome instability.%”> 8 Moreover, BK, JC, and
MCYV also encode a miRNA that downregulates LTAg expression, which may allow the virus to
escape immune surveillance.”®

A history of PyV infection assessed through antibody detection against a viral antigen
implies that either viral action or confounding by an immune trait*%* related to both infection and
SCC risk may be responsible for skin carcinogenesis. BK and JC are known to reactivate under
conditions of immunosuppression (e.g., organ transplantation) due to impaired cellular immune
responses and decreased immune surveillance.” 318 354 Further, we previously found specific
PyVs to be associated with slight changes in adaptive lymphocyte proportions among
immunocompetent individuals using a bioinformatics approach.3*! As adaptive immunity is
modulated by both genetics and exposure to infections or allergens, and plays a role in future
cancer risk, research causally linking viruses and SCC is complicated by their shared association

with immune dysfunction.*°3

4.5.1 Strengths and limitations of the study

We leveraged a unique trial with follow-up and serial serum samples to prospectively assess the
relationship between SCC and PyV seroreactivity in a nested case-control study. Our prospective
design reduced the possibility of reverse-causality with respect to the new occurrence of SCC - a
concern of particular relevance for skin cancers, where the seroprevalence of HPV infections has
been suspected to increase following diagnosis.** Our data suggest that PyV reactivation or
increased susceptibility caused by the disease process are less likely to explain the observed

associations. Nonetheless, the use of a high risk study sample comprised of patients with a history
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of KCs in an intervention trial may limit the generalizability of our results. As all study
participants had a history of KC, our study design does not exclude the possibility that the initial
KC diagnosis prior to trial enrollment affected seroreactivity measurements.

Antibody response against each PyV type was used as a marker of PyV infection,3? 5
measured using multiplex serology and a GST fusion protein-based capture immunoassay of
recombinantly expressed VP1 capsid proteins. This has been shown a reliable technique to assess
PyV seroreactivity and used as a marker of PyV infection in prior studies.3? 53 5% 59 We found
antibody levels against BK and JC to be strongly correlated within individuals over time, and did
not find evidence of cross-reactivity between BK and JC VP1 antibodies, suggesting our results to
be virus-specific. A limitation of our study is the lack of measures for BK or JC virus in SCC
tumors. Serum MFI values have been shown to correspond to the presence of viral DNA within
tumor tissues, with MCV DNA-positive SCC tumors (but not MCV DNA-negative SCC tumors)
having notably higher MFI values compared to controls;>* yet far less is known about the other
PyV types. While other studies have failed to detect DNA from either virus types in Bowen’s
disease,3%* BCC,3%5 SCC,>* 363,365 or melanoma,®? 393 BK DNA has been amplified from 76% of
healthy skin tissues, and JC DNA from 16% of normal skin.3! This suggests that these viruses
can inhabit the skin even without being skin tropic.? In addition, BK (but not JC) early
promoters displayed strong activity in experimental skin cell lines, which may indicate skin is
suitable for polyomaviral propagation.®” Another limitation is that a history of PyV infection
inferred from antibody detection suggests either the virus itself or a confounding immunologic
factor may be responsible for SCC development. Thus, our findings of an association between BK

or JC and SCC could represent the predisposing role of an immune phenotype, rather than the

carcinogenic action of the virus.
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4.5.2 Conclusions

We found evidence for an association between prediagnostic seroreactivity to BK and JC, and
subsequent risk of SCC development in a USA adult population at high risk for KC. Further, our
data suggest that seroreactivity to BK and JC is relatively stable over a period of up to 6 years, and

following an SCC diagnosis.
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Chapter 5

Concluding remarks
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Compromised In this thesis, we were interested in the

Immune Status

Increased seroepidemiology of human polyomaviruses
risk

Viral
reactivation

(PyV) in a United States population, the

; 3 Cutaneous
Polyomavirus ; - Cell
Infection 7 SUATIOUS R association between human PyVs and
Carcinoma

Figure 5.1. Does immune status confound the | incidence of cutaneous squamous cell

relationship between polyomavirus infection and risk
; > . . . .
of cutaneous squamous cell carcinomas? carcinoma (SCC) in the New Hampshire Skin

Cancer Study, and the prospective relation of human PyVs and risk of SCC in the Skin Cancer
Prevention Study. We found that a history of PyV infection is common in the United States, and
varies by sociodemographic (i.e., age, gender, smoking status, glucocorticoid use) and biologic
(i.e., immune profiles) characteristics. We also learned that John Cunningham virus (JC)
seropositivity assessed following SCC diagnosis increased the odds of incident SCC, with a trend
in increasing risk with increasing quartiles of seroreactivity. Reverse causality was unlikely to
account for this association, as we further observed both BK and JC seroreactivity to be stable
longitudinally and following an SCC diagnosis. JC seropositivity prior to diagnosis was associated
with an elevated risk of SCC, and a trend in increasing risk with increasing quartiles of BK and JC
seroreactivity was observed amongst those with a prior keratinocyte cancer. However, these thesis
results should be interpreted cautiously as potential confounding by immune competence remains
(Figure 5.1), and a noteworthy limitation of this research is the use of serologic evidence of PyV

infection rather than assaying for PyV DNA in the tissue of interest.

5.1 FUTURE DIRECTIONS

All known human PyVs can act as oncoviruses because they encode the oncoprotein, T antigen;
yet the only human PyV that has demonstrated oncogenicity in humans is Merkel cell

polyomavirus (MCV), which is a causal factor for Merkel cell carcinoma (MCC). Apart from the
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role of MCV in MCC, none of the other PyVs have yet been implicated in human carcinogenesis.
In this thesis, we found high seroprevalence rates for most PyVs among adults in the US,
implying that PyVs circulate widely within the general population - including the pathogenic
PyVs. Despite the experimental evidence for a potential etiologic role in SCC, it is difficult to
establish a causal relation between the virus and the oncogenic events on a serological level due to
the ubiquitous prevalence of most PyVs. Our findings do not exclude the possibility that JC may
be involved in the disease. However, there has been no evidence in the literature that the SCC
tumors contain integrated JC virus genomes. Paraffin-embedded tissue samples were also
collected from a subset of study participants in the New Hampshire Skin Cancer Study*®® and
could be tested for PyV DNA using multiplex PCR.>* 362 However, the presence of episomal PyV
DNA is insufficient to support a causal role for these viruses in the pathogenesis of a cancer,
because the tumor itself might permit high levels of viral replication. MCV, HPyV6, HPyV7, and
TSV have been found to show high tropism for the skin but were not associated with SCC in this
thesis. The role of PyVs in human cancer (if any) is an important area of future research requiring
the screening of many different types of cancer, such as bladder cancer.3%® It is important to
understand that PyVs may simply not be involved in the etiology of skin cancer regardless of the
tindings of this thesis.

The precise mechanisms of PyV persistence and reactivation remains to be understood, and
the cell types that serve as viral reservoirs must be discovered. Defining the latency state, such as a
low level of continuous lytic infection, would assist in understanding the host immunological
response to PyV infection and its’ association with disease. It is possible infection with and

persistence of normally benign PyVs confers some advantage to the host. The increasing number
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of human and animal PyVs suggests that there are many more to be discovered and raises key
questions regarding their tropism, spread, and disease-causing potential.

An important characteristic of human PyVs (especially BK and JC viruses) is that while
they initially cause asymptomatic infections, they can cause disease in immunocompromised
patients. Insight into reactivation of latent viruses or of normally ‘benign’ persistent viruses in
immunocompromised patients has become increasingly important in the field of organ
transplantations and for HIV infected patients. Whether active PyV replication occurs in
immunocompromised patients such as organ transplant recipients, AIDS patients, and patients
with autoimmune disease remains to be thoroughly examined. In general, more research is
needed to understand the role of immunosurveillance in controlling PyVs by utilising special

populations.

5.2 IMPLICATIONS

Given the increasing use of immunosuppressive therapy after organ transplantation, and for
autoimmune diseases such as multiple sclerosis and rheumatoid arthritis, the frequency of
diseases resulting from PyVs and risk factors for infection or reactivation may become more
apparent over time. A market for effective therapeutics and vaccines that inhibit PyV replication,
target the oncogenic activity of T antigens, boost the immune response against certain PyVs, or
prevent infection altogether may emerge — especially when considering the causative role of JC in
the life-threatening condition of progressive multifocal leukoencephalopathy and granule cell
neuronopathy in immunosuppressed patients.**® The plausibility of antiviral therapy and vaccine
development should also be considered. Repeatedly, the medical world will be challenged with

emerging human viruses with novel disease associations, and therapies will need to be developed.
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CHAPTER 2 SUPPLEMENTAL MATERIALS
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Supplemental Figure 2.2. Spearman rank correlation coefficients, p, between immune cell proportions and
median fluorescence intensity (MFI) values for each human polyomavirus (PyV) VP1 or T antigen (TAg). Not
all PyV TAgs were assayed, and MCV large TAg was assayed using the entire protein as well as with two
fragments (exon 1 and exon 2) of the full length large TAg. The red square emphasizes the correlations between
immune cell proportions and MFI values for each PyV, while the red triangle emphasizes the correlations between

PyV TAgs.
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Supplemental Figure 2.3. Manhattan and volcano plots for the results of an epigenome wide association study
(EWAS) following locus-by-locus examination of differentially methylated CpG sites based on polyomavirus
(PyV) seroreactivity, as well as seropositivity for </> 7 PyVs. Included in the analysis were 20,046 CpG sites
used to predict seropositivity against 10 different human PyV or seropositivity for </> 7 PyVs in 194 study
subjects. CpG loci located on the sex chromosomes, assayed with probes containing SNPs, assayed with cross-
reactive probes, or assayed with repeated probes were removed along with poor-performing loci. The 2 plots
present P-values and association estimates after adjusting for age, sex, and immune cell proportions. The /-
values presented were derived from logistic models using logit-transformed B-values, and the paired odds ratios
(OR) from models using untransformed B-values to allow for biologic interpretability. The dotted green line
represents an a=0.05 level of significance, while the solid green line represents an a=0.0001 level of significance.
No significant associations were significant at the FDR level.
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CHAPTER 3 SUPPLEMENTAL MATERIALS

Supplemental Table 3.1. Distribution of polyomavirus (PyV) VP1 and T antigen (TAg)
seropositivities and seronegativities amongst 713 study participants from the New Hampshire
Skin Cancer Study. Data on whether an individual was seroreactive against the PyV protein TAg
(a PyV oncoprotein) was collected. Standard cut points for seropositivity were chosen for the MFI
of each PyV tested. The cutoffs were defined arbitrarily from visual inspection of frequency
distribution curves (percentile plots) of all sera tested, and stringent criteria were chosen to
increase specificity. The cutoff value for TAg was 400 MFI units for BK, JC, MCV large TAg,
HPyV6, HPyV7, TSV, and HPyV10; the cutoff value for MCV small TAg was 50 MFI units.
Generally, VP1 seropositivity is required to be considered to have a history of PyV infection.
However, it can be seen that those who are VP1 seropositive are rarely also TAg seropositive.

BK TAg negative TAg positive Concordance (%)

VP1 negative ~ 89 4 18.2

VP1 positive 579 41

JC TAg negative TAg positive

VP1 negative 257 33 42.6

VP1 positive 376 47

MCV Small TAg negative Small TAg positive

VP1 negative 214 1

VP1 positive 493 5 907

MCV Large T Exon 1 negative Large T Exon 1 positive

VP1 neg??ve 215 0 303

VP1 positive 497 1

MCV Large T Exon 2 negative Large T Exon 2 positive

VP1 neg:':lt.wc 213 2 30.2

VP1 positive 494 4

MCV Large T negative Large T positive

VP1 neg_at.we 214 1 303
VP1 positive 496 2

TSV TAg negative TAg positive

VP1 negative 136 1 19.5
VP1 positive 573 3 '
HPyV6 TAg negative TAg positive

VP1 negative 182 2 275
VP1 positive 515 14 '
HPyV7 TAg negative TAg positive

VP1 neg_al.:we 294 4 43.3
VP1 positive 400 15

HPyV10 TAg negative TAg positive

VP1 negative 7 0 31
VP1 positive 691 15 '
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Supplemental Table 3.2. Odds ratios (95% confidence intervals)
for cutaneous squamous cell carcinoma (SCC) by quartiles of
polyomavirus (PyV) seroreactivity among 713 study participants
from the New Hampshire Skin Cancer Study.

PyV seroreactivity Controls (n=460), SCC Cases (n=253)
(MFI units) No. (%) No. (%) OR (95% CI)*
BK
Quartile 1 115 (25.0) 64 (25.3) 1.00 (referent)
Quartile 2 115 (25.0) 64(253) 101 (0.65-1.57)
Quartile 3 115 (25.0) 63(24.9)  0.99 (0.64-1.55)
Quartile 4 115 (25.0) 62 (24.5) 1.15 (0.74-1.81)
Pfor trend 0.58
KI
Quartile 1 115 (25.0) 52(20.6)  1.00 (referent)
Quartile 2 115 (25.0) 83(32.8)  1.62(1.04-2.53)
Quartile 3 115 (25.0) 61(24.1)  1.27(0.80-2.01)
Quartile 4 115 (25.0) 57 (22.5) 1.08 (0.67-1.72)
Pior trend 0.89
wu
Quartile 1 115 (25.0) 74 (29.2) 1.00 (referent)
Quartile 2 115 (25.0) 49 (19.4) 0.68 (0.43-1.07)
Quartile 3 115 (25.0) 68 (26.9) 0.95 (0.62-1.47)
Quartile 4 115 (25.0) 62(24.5)  0.85(0.55-1.32)
Pfor trend 0.78
MCV
Quartile 1 115 (25.0) 66 (26.1) 1.00 (referent)
Quartile 2 115 (25.0) 77(304)  1.08 (0.70-1.66)
Quartile 3 115 (25.0) 41(16.2)  0.57(0.35-0.93)
Quartile 4 115 (25.0) 69(27.3)  0.97(0.63-1.51)
Pfor trend 0.37
HPyV6
Quartile 1 115 (25.0) 54(21.3) 1.00 (referent)
Quartile 2 115(25.0) 64 (25.3) 1.13 (0.72-1.79)
Quartile 3 115 (25.0) 65(25.7)  1.20(0.76-1.89)
Quartile 4 115 (25.0) 70(27.7)  1.22(0.78-1.92)
Pfor trend 0.37
HPyV7
Quartile 1 115(25.0) 51(20.2) 1.00 (referent)
Quartile 2 115 (25.0) 62 (24.5) 1.18 (0.74-1.88)
Quartile 3 115 (25.0) 57 (22.5) 0.90 (0.56-1.44)
Quartile 4 115 (25.0) 83 (32.8) 1.41 (0.90-2.21)
Pfor trend 0.25
TSV
Quartile 1 115 (25.0) 60 (23.7) 1.00 (referent)
Quartile 2 115 (25.0) 66(26.1)  0.98 (0.62-1.54)
Quartile 3 115 (25.0) 70 (27.7) 1.09 (0.70-1.72)
Quartile 4 115 (25.0) 57 (22.5) 1.02 (0.64-1.62)
Pfor trend 0.82
HPyV9
Quartile 1* 114 (24.8) 53(20.9)  1.00 (referent)
Quartile 2 113 (24.6) 72(284)  1.31(0.83-2.05)
Quartile 3 118 (25.6) 48(19.0)  0.85(0.52-1.37)
Quartile 4 115 (25.0) 80(31.6)  1.41(0.90-2.21)
Pror trend 0.35
HPyV10
Quartile 1 115(25.0) 66 (26.1) 1.00 (referent)
Quartile 2 115 (25.0) 72(284) 1.14 (0.74-1.76)
Quartile 3 115 (25.0) 50 (19.8) 0.82 (0.52-1.31)
Quartile 4 115 (25.0) 65(25.7)  1.16(0.75-1.82)
Pfor trend 0.84

" Adjusted for age group and gender. OR=odds ratio, Cl=confidence interval.
* Controls may not be evenly distributed within quartiles due to uneven data distribution.
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Supplemental Table 3.6. Odds ratios and P-values for cutaneous
squamous cell carcinoma (SCC) by quartiles of polyomavirus (PyV)
seroreactivity, stratified by HLA-C genotype, among 713 study
participants from the New Hampshire Skin Cancer Study.

Ci P Cic2 P Cz P

BK Q2 128 050 071 036 313 0.6
BKQ3 214 0.05 056 013 120 0.79
BKQ4 1.68 019 088 073 157 0.55
JCQ2 060 023 091 083 063 056
JCQ3 092 083 132 046 1.00 1.00
JCQ4 0.76 046 255 0.01 094 093
KIQ2 149 030 144 034 153 054
KIQ3 097 093 162 020 158 0.55
KIQ4 093 084 097 094 201 035
WU Q2 066 025 098 096 034 018
WUQ3 063 022 130 045 065 0.52
WUQ4 071 038 118 064 081 0.79
MCV Q2 149 027 086 068 064 0.54
MCV Q3 097 094 039 0.02 028 0.13
MCV Q4 1.62 023 079 050 067 0.56
HPyV6 Q2 1.24 057 1.74 0.6 084 080
HPyV6 Q3 150 028 143 035 047 0.34
HPyV6 Q4 124 057 132 044 110 0.90
HPyV7 Q2 287 0.01 094 088 043 0.30
HPyV7 Q3 130 054 090 0.79 026 0.06
HPyV7 Q4 1.95 009 164 0.19 148 0.60
TSVQ2 097 093 066 027 240 021
TSVQ3 099 097 1.04 091 142 0.65
TSVQ4 079 056 0.81 058 230 0.26
HPyV9 Q2 1.31 048 1.17 0.68 1.01 0.99
HPyV9 Q3 0.68 033 094 088 035 0.20
HPyV9 Q4 111 078 154 024 181 0.42
HPyVI0 Q2 0.69 031 093 084 516 0.02
HPyVI0 Q3 0.86 071 0.68 029 173 0.52
HPyV10 Q4 0.77 047 129 050 357 0.14
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Supplemental Table 3.7. Odds ratios and P-values for cutaneous
squamous cell carcinoma (SCC) by quartiles of polyomavirus (PyV)
seroreactivity, stratified by HLA-C -35 kb genotype, among 713 study
participants from the New Hampshire Skin Cancer Study.

TT P OT P CC P
BK Q2 086 0.71 097 093 1.66 040
BKQ3 120 066 096 091 124 0.73
BK Q4 200 008 089 074 083 0.81
JCQ2 059 021 1.09 083 086 083
JCQ3 087 073 136 038 237 021
JCQ4 093 085 1.99 0.06 144 057
KIQ2 154 026 159 019 225 021
KIQ3 064 026 226 0.02 1.14 0.86
KIQ4 051 0.11 152 023 1.97 0.40
WU Q2 042 0.05 1.08 082 015 0.01
WU Q3 084 064 1.28 046 047 0.25
WU Q4 068 031 093 083 072 058
MCV Q2 1.14 0.2 1.05 089 1.37 0.64
MCV Q3 0.69 037 058 014 055 0.40
MCV Q4 055 014 128 046 150 0.51

HPyV6 Q2 173 017 105 089 054 0.39

HPyV6 Q3 1.67 020 1.12 074 041 0.23

HPyV6 Q4 131 053 120 058 051 0.35

HPyV7 Q2 2.35 0.05 098 096 0.1 0.01

HPyV7 Q3 1.13 079 0.65 022 040 0.20

HPyV7 Q4 2.08 0.09 1.27 048 064 0.52
TSV Q2 096 091 0.77 045 1.26 0.72
TSVQ3 113 075 086 066 1.60 0.49
TSVQ4 060 024 107 084 1.72 041

HPyVO Q2 0.75 044 235 0.02 1.20 081

HPyV9 Q3 0.42 0.04 1.38 042 079 0.73

HPyV9 Q4 052 010 3.30 0.00 1.42 0.55

HPyVI0 Q2 097 094 112 0.73 145 0.5

HPyV10 Q3 099 099 0.58 0.3 1.99 0.29

HPyV10 Q4 129 053 1.02 095 1.60 0.5
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Supplemental Table 3.8. Odds ratios and P-values for cutaneous squamous cell carcinoma (SCC)
by quartiles of polyomavirus (PyV) seroreactivity, stratified by NKG2Da genotype, among 713
study participants from the New Hampshire Skin Cancer Study.
CC P CT P TT P
BK Q2 1.02 096 094 0.88 0.00 1.00
BK Q3 108 0.78 087 0.76 1.71  0.78
BKQ4 101 098 1.01 0.99 2.83  0.52
JCQ2 155 017 0.16 0.00 0.00 1.00
JCQ3 1.84 0.04 0.58 0.23 86.41 0.10
JCQ4 218 0.01 062 027 11.17  0.22
KIQ2 183 0.04 161 0.29 1.00 1.00
KIQ3 153 0.17 0.83 0.68 3980577597528562688.00 1.00
KIQ4 108 081 085 0.72 2863504934.97 1.00
WU Q2 079 043 045 0.09 0.00 1.00
WU Q3 087 064 081 0.61 1.26 0.84
wuQ4 115 0.62 055 0.16 0.51 0.67
MCV Q2 122 049 1.00 0.99 0.70 0.83
MCV Q3 080 047 031 0.04 0.10 0.22
MCV Q4 126 041 072 047 0.20 0.30
HPyV6 Q2 1.10 0.75 1.12 0.81 16.68 0.18
HPyV6 Q3 131 036 091 0.84 1.68 0.77
HPyV6 Q4 140 027 0.72 045 5.38 0.37
HPyV7 Q2 1.03 0.92 092 0.85 0.20 0.50
HPyV7 Q3 093 081 0.74 0.52 0.16 0.40
HPyV7 Q4 1.70 0.07 0.89 0.80 0.93 0.97
TSV Q2 083 053 1.29 0.58 751 041
TSVQ3 105 087 1.16 0.75 2.68 0.56
TSVQ4 1.09 079 1.04 0.93 0.55 0.75
HPyV9 Q2 139 0.26 0.98 0.96 0.39 0.57
HPyV9 Q3 0.77 040 091 0.85 0.26 0.48
HPyV9 Q4 159 0.10 1.10 0.84 0.46 0.60
HPyV10 Q2 1.17 0.59 1.02 0.97 3.62 044
HPyV10 Q3 0.72 0.29 092 0.85 5.27 0.38
HPyV10 Q4 0.97 0.92 133 0.55 1.34 0.88
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Supplemental Table 3.9. Odds ratios and P-values for cutaneous
squamous cell carcinoma (SCC) by quartiles of polyomavirus (PyV)
seroreactivity, stratified by NKG2Db genotype, among 713 study
participants from the New Hampshire Skin Cancer Study.

co P GG P GG P

BK Q2 1.08 0.81 1.07 086 077 0.80
BK Q3 091 0.76 093 0.86 1.86 0.6
BKQ4 085 0.62 165 023 1.91 047
JCQ2 164 0.17 022 0.00 1.00 1.00
JCQ3 147 026 115 0.71 486 0.16
JCQ4 190 006 1.04 091 1.82 051
KIQ2 158 0.16 136 044 412 0.11
KIQ3 133 040 101 098 534 0.09
KIQ4 120 059 080 0.60 294 0.26
WU Q2 0.62 017 080 057 098 0.98
WU Q3 097 093 056 013 264 0.22
WU Q4 1.07 083 059 017 204 0.39
MCV Q2 1.18 060 0.96 092 089 0.89
MCV Q3 0.73 037 029 0.01 118 0.5
MCV Q4 1.01 0.98 1.17 0.69 0.49 0.42
HPyV6 Q2 1.12 0.74 1.16 0.73 153 0.64
HPyV6 Q3 1.35 037 1.00 099 072 0.73
HPyV6 Q4 1.17 064 1.12 0.78 1.08 0.93
HPyV7 Q2 144 029 090 080 031 0.4
HPyV7 Q3 1.02 096 081 062 020 0.10
HPyV7 Q4 159 0.17 146 0.34 040 0.31
TSV Q2 0.69 025 132 050 142 0.68
TSVQ3 084 059 1.16 072 0.89 0.89
TSV Q4 0.87 067 1.38 044 045 0.46
HPyV9 Q2 1.68 0.12 122 0.62 046 0.39
HPyV9 Q3 1.14 0.71 047 0.10 0.86 0.85
HPyV9 Q4 1.75 0.09 1.24 0.58 0.67 0.67
HPyV10 Q2 0.84 057 159 025 3.40 0.19
HPyV10 Q3 0.58 0.12 1.09 0.83 4.07 0.20
HPyV10 Q4 0.79 0.46 2.02 0.09 285 0.33
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Supplemental Figure 3.1. Spearman rank correlation coefficients, p, between the median fluorescence intensity
(MFI) values against each human polyomavirus (PyV) VP1 or T antigen (TAg) among 460 controls from the
New Hampshire Skin Cancer Study, where * P<0.05, ** P<0.01, *** P<0.001. Not all PyV TAgs were assayed,
and MCV large TAg was assayed using the entire protein as well as with two fragments (exon 1 and exon 2) of
the full length large TAg. The red triangle emphasizes the strong correlations between PyV TAgs.
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Supplemental Figure 3.4. Plot of odds ratios (95% confidence intervals as whiskers) for cutaneous squamous cell
carcinoma (SCC) by seropositivity for each polyomavirus (PyV) type among study participants from the New
Hampshire Skin Cancer Study, when stratified by oral glucocorticoid use for one month or longer (“yes” refers to
use (n=39 controls and 33 cases) and “no” to nonuse (n=415 controls and 211 cases); as people with a history
of glucocorticoid use may also have undergone organ transplantation, we restricted the analysis to those who
were not organ transplant recipients), § HPV seropositivity (“>2” (n=125 controls and 82 cases) and “<2”
(n=335 controls and 171 cases) refers to number of B HPV seropositive), and SCC location (“head” (n=146
cases) refers to SCC located on the head or neck, and “other” (n=97 cases) refers to SCC located on other body
parts), following adjustment for age group and gender. “Main” refers to unstratified risk estimates presented in
Figure 3.1. OR and 95% CI were not computed for strata in which all participants were seropositive for the PyV
of interest (represented bv a solid vertical black line). The dashed line represents an OR=1.
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Supplemental Figure 3.5. Plot of odds ratios (95% confidence intervals as
whiskers) for cutaneous squamous cell carcinoma (SCC) by seropositivity
for John Cunningham polyomavirus (JC) among study participants from
the New Hampshire Skin Cancer Study, when restricting to participants
with a combination of MCV serostatus (either seropositive or
seronegative) and </> median age, following adjustment for age group
and gender. The dashed line represents an OR=1.
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CHAPTER 4 SUPPLEMENTAL MATERIALS

Supplemental Table 4.1. Distribution of BK and JC
human polyomavirus (PyV) seropositivity by selected
baseline characteristics among 229 controls from the
Skin Cancer Prevention Study. *
. Tatal, Seropositive, No. (%)"
No. (%) BK jc

Overall 229 (100} 222 (96.9) 177 (77.3)
Gender

Male 201 {100} 195 (97.0) 154 (76.6)

Female 28 (100) 27 (96.4) 23 (82.1)
Randomization arm in RCT

Treatment 115 (100) 111 (96.5) 88 (76.5)

Placebo 114 (100) 111(97.4) 89(78.1)
Study center®

DHMC 43 (100) 40 (93.0) 34(79.1)

ucLA 65 (100) 63 (96.9) 50(76.9)

UCSF 56 (100) 55(98.2) 42(75.0)

UMN 65 (100) 64 (98.5) 51(78.5)
Previous skin cancers

1 102 (100) 99 (97.1) 79774

2 41 (100) 40 (97.6) 31(75.6)

3 20 (100) 20 (100) 17 (85.0)

4-5 36 (100) 35(97.2) 27(75.0)

6-9 17 (100} 16 (94.1) 15(88.2)

=10 11 (100) 10 (90.9) 7 (63.6)
Cigarette use

Never smoked 91 (100) 89 (97.8) 70(76.9)

Former smoker 111 (100) 107 (96.4) 86(77.5)

Current smoker 27 (100) 26 (96.3) 21(77.8)
Body mass index (kg/m?)

Underweight <18.5 2(100) 2 (100) 2(100)

Normal 18.5-24.9 98 (100) 93 (94.9) 69 (70.4)

Overweight 45.0-29.9 108 (100) 106 (98.1) 89 (82.4)

Obese >30.0 15 (100) 15 (100) 13 (86.7)
Skin sun sensitivity

Always or usually bums 110 (100) 106 (96.4) 83 (75.4)

Burns moderately or minimally 118 (100) 115(97.5) 93 (78.8)
Extent of UV skin damage

Mild 62 (100) 60 (96.8) 48(774)

Maoderate 134 (100) 130 (97.0) 103 (76.9)

Severe 31(100) 30 (96.8) 25 (80.6)
Sun bathed (hours)

Never 62 (100) 58(93.5) 45(72.6)

0-200 63 (100) 62 (98.4) 53 (84.1)

200-400 54 (100) 54 (100) 43 (79.6)

A00-600 33 (100) 31(93.9) 21 (63.6)

>600 17 (100} 17 (100) 15(88.2)
‘Occupational sun exposure (years)

0-7 78 (100) 76 (97.4) 62 (79.5)

7-20 64 (100) 62 (96.9) 48(75.0)

21-40 40 (100) 39 (97.5) 26 (65.0)

=40 46 (100) 44 (95.6) 40 (86.9)
Eye color

Blue, green, gray, hazel 185 (100) 178 (96.2) 144 (77.8)

Brown, black 44 (100) 44 (100) 33(75.0)
Hair color

Blande, red 61 (100) 57 (93.4) 43 (70.5)

Brown, black 168 (100) 165 (98.2) 134 (79.8)
Vitamin use

Nao 128 (100) 122 (95.3) 97 (75.8)

Occasional 37 (100) 36 (97.3) 28(75.7)

Daily 60 (100) 60 (100) 48 (80.0)
“P<0.05, " P< 001, " P< 0,005 10 test di in prop between groups, as determined by
X% or Fisher's exact tests for categorical variables, or by Kruskal-Wallis or Wilcoxon rank sum tests for
continuous variables, and to test Por wrend across ordinal groups.
* Numbers may not sum to the overall total due to missing dara,
¥ Pereentages indicate the proportion of healthy adults who are PyV seropositive versus PyV seronegative in
each given strata. PyV infection was desermined in the baseline or carliest serum sample collected using
seropositivity for the VP'1 protein.
* This multicenter study was conducted at sites in California (University of California at Les Angeles School
of Medicine (UCLA); University of California Medical School, San Francisco (UCSF) ), Minnesota
{University of Minnesota Schools of Medicine and Public Health, Minneapalis {UMMN)), and New
Hampshire { Dartmouth-Hircheock Medical Center, Hanover (DHMC)), USAL
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Supplemental Table 4.2. Unconditional odds ratios * (95% confidence intervals) for cutaneous squamous cell
carcinoma (SCC) by seropositivity for each polyomavirus (PyV) ® type and quartiles ¢ of PyV seroreactivity at
baseline among 342 study participants from the Skin Cancer Prevention Study.
SCC Cases (n=113)
PyV seroreactivity Controls (n=229),
(MFI units) No. (%) No. (%) OR (95% CI)
BK
Seronegative 7(3.1) 1(0.9) 1.00 (referent)
Seropositive 222 (96.9) 112(99.1) 3.67 (0.44-30.42)
Quartile 1 57 (24.9) 26 (23.0) 1.00 (referent)
Quartile 2 57 (24.9) 15 (13.3) 0.60 (0.28-1.26)
Quartile 3 57 (24.9) 33 (29.2) 1.36 (0.71-2.61)
Quartile 4 58 (25.3) 39 (34.5) 1.57 (0.84-2.95)
Pfor trend ¢ 0.041
JC
Seronegative 52(22.7) 13(11.5) 1.00 (referent)
Seropositive 177 (77.3) 100 (88.5) 2.27 (1.18-4.40)
Quartile 1 57 (24.9) 18 (15.9) 1.00 (referent)
Quartile 2 58 (25.3) 27(23.9) 1.51 (0.74-3.05)
Quartile 3 57 (24.9) 22 (19.5) 1.22 (0.59-2.52)
Quartile 4 57 (24.9) 46 (40.7) 2,62 (1.34-5.11)
Pfor trend ¢ 0.0078
* Adjusted for continuous age, gender, and study center. OR=odds ratios obtained from unconditional logistic regression
analysis with adjustment for matching factors, Cl=confidence interval.
" PyV infection was determined in the baseline or earliest serum sample collected using seropositivity for the VP1 protein.
¢ Controls may not be evenly distributed within quartiles due to uneven data distribution.
4 Based on the seroreactivity quartiles modelled as a continuous variable.
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SKIN CANCER PREVENTION STUDY
RANDOMIZED CLINICAL TRIAL, USA, 1980-1989

5,232 potentially eligible patients identified

Inel criteria: Exclusion criteria:

= <85 years old = Other cancer

= Biopsy proven SCC or BCC = Xeroderma pigmentosum
= Basal cell nevus syndrome
= High arsenic exp

¥

1,805 patients fulfilled RCT
enrollment criteria and were
randomized

Study Design: Follow-up: interval questionnaire mailed every
4 months, dermatological examination and A subset of 89 SCC
i blood draw annually (1) cases had blood
K Pr:pr hl;::ry dt A drawn post-
eratinocyte cancer A : ;i
sccorBee) ™ Mcnods
[} t2 13 e I tn+1

—— ! ! ! .

RCT study entry Patient lost to follow-up (~4% per year), a
and randomization new occurrence of an SCC was documented,
‘ or trial ended September 30, 1989
264 controls pair-matched 132 patients enrolled in the
to each case from patients RCT developed a new,
who had not developed an nonrecurrent SCC during
SCC (up to 2 controls per follow-up
case)
Serologic analysis on Serologic analysis on
Nested Case- earliest serum sample carliest prediagnostic serum
. performed on 229 controls sample performed on 113
Control Study: (195 directly pair-matched SCC cases (111 directly
controls) pair-matched cases)
895 repeated serial serum

samples collected during
follow-up from controls (up
to 8 samples per control)
available for serologic

analysis
L. Serologic analysis on 876
Longitudinal repeated serum samples Serologic analysis on 85
serological study: from 210 controls with =2 cases with both pre- and
repeated measures post-diagnosis serum

Supplemental Figure 4.1. Flowchart of the “Skin Cancer Prevention Study” randomized clinical trial (RCT)
design from which the study group was derived. Patients with a prior history of squamous cell carcinoma (SCC)
or basal cell carcinoma (BCC) were enrolled. In a nested case-control study, risk of a new, nonrecurrent SCC was
associated with polyomavirus (PyV) seropositivity assessed in the earliest pre-diagnostic serum sample available
(n=113 cases and 229 controls). Further, repeated serum measures drawn from controls (n=210 controls with
876 serum samples), and serum samples drawn pre- and post-SCC diagnosis from cases (n=85 cases), were
investigated to determine the serostability of PyV antibodies over time.
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Supplemental Figure 4.2. Robustness of human polyomavirus (PyV) seroprevalence estimates among 229
controls from the Skin Cancer Prevention Study. The cut points were varied from 250 to 550 median
fluorescence intensity (MFI) units (x axis), and the resulting seroprevalences were calculated using the new
cutoffs (y axis). The red cross hairs show the seroprevalences for each PyV VP1 using the recommended
cutoff=400 MFI units. The two red dots show the range of MFI units that would result in seroprevalences +1%
of the seroprevalences calculated using the recommended cutoff.
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Supplemental Figure 4.3. Robustness of odds ratio (OR) estimates obtained from conditional logistic regression
analysis for cutaneous squamous cell carcinoma (SCC) by seropositivity for each polyomavirus (PyV) type
among 306 study participants from the Skin Cancer Prevention Study. The cut points were varied from 250 to
550 median fluorescence intensity (MFI) units (x axis), and the resulting ORs were calculated using the new
cutoffs (y axis). The red dots show the ORs using the recommended cutoff of 400 MFI units. OR estimates for
BK could not be accurately computed below ~275 MFI units due to the viruses” high seroprevalence. The gray
bands are the 95% confidence intervals (CI) about each OR.
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Supplemental Figure 4.4. Robustness of odds ratio (OR) estimates obtained from unconditional logistic
regression analysis for cutaneous squamous cell carcinoma (SCC) by seropositivity for each polyomavirus (PyV)
type among 342 study participants from the Skin Cancer Prevention Study, with adjustment for continuous age,
gender, and study center. The cut points were varied from 250 to 550 median fluorescence intensity (MFI) units
(x axis), and the resulting ORs were calculated using the new cutoffs (y axis). The red dots show the ORs using
the recommended cutoff of 400 MFI units. OR estimates for BK could not be accurately computed below ~275
MFTI units due to the viruses’ high seroprevalence. The gray bands are the 95% confidence intervals (CI) about
each OR.
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Supplemental Figure 4.5. Plot of conditional (left) and unconditional (right) odds ratios (95% confidence
intervals as whiskers) for cutaneous squamous cell carcinoma (SCC) by seropositivity for each polyomavirus
type among study participants from the Skin Cancer Prevention Study, when stratified by A. treatment arm of
the randomized clinical trial from which the participants were drawn (“treated” refers to patient assignment to
the B-carotene treatment group (n=99 controls and 64 cases for conditional analyses; n=115 controls and 66
cases for unconditional analyses) and “placebo” to the placebo group (n=96 controls and 47 cases for conditional
analyses; n=114 controls and 47 cases for unconditional analyses)), B. having ever had a prior SCC (“SCC”
refers to having had a prior SCC (n=9 controls and 6 cases for conditional analyses; n=9 controls and 6 cases for
unconditional analyses) and “no SCC” refers to never having had a prior SCC (n=186 controls and 105 cases for
conditional analyses; n=220 controls and 107 cases for unconditional analyses)), and C. having ever had a prior
BCC (“BCC” refers to having had a prior BCC (n=100 controls and 68 cases for conditional analyses; n=118
controls and 69 cases for unconditional analyses) and “no BCC” refers to never having had a prior BCC (n=95
controls and 43 cases for conditional analyses; n=111 controls and 44 cases for unconditional analyses)).
Unconditional odds ratios were adjusted for continuous age, gender, and study center. “Main” refers to
unstratified risk estimates presented in Table 4.4 and Supplemental Table 4.2. OR and 95% CI were not
computed for uninformative pairs or strata in which all participants were seropositive for the PyV of interest
(represented by a solid vertical black line). The dashed line represents an OR=1.
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Supplemental Figure 4.6. Plot of conditional (left) and unconditional (right) odds ratios (95% confidence
intervals as whiskers) for cutaneous squamous cell carcinoma (SCC) by seropositivity for each polyomavirus
type among study participants from the Skin Cancer Prevention Study, when stratified (as delineated in Table
4.1) by A. smoking status (“never” refers to never smokers, “former” refers to former smokers, and “current”
refers to current smokers), B. UV skin damage (“mild” refers to mild skin damage, “moderate” refers to
moderate skin damage, and “severe” refers to severe skin damage), C. skin sun sensitivity (“always” refers to
always/usually burns and “moderate” refers to burns moderately/minimally), and D. hair color (“blonde” refers
to blonde/red hair and “black” refers to brown/black hair). Unconditional odds ratios were adjusted for
continuous age, gender, and study center. OR and 95% CI were not computed for uninformative pairs or strata
in which all participants were seropositive for the PyV of interest (represented by a solid vertical black line). The
dashed line represents an OR=1.
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