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Abstract

Purpose: A significant barrier to adoption of de-escalated treatment protocols for human
papillomavirus-driven oropharyngeal cancer (HPV-OPC) is that few predictors of poor prognosis
exist. We conducted the first large whole-genome sequencing (WGS) study to characterize the
genetic variation of the HPV16 genome and to evaluate its association with HPV-OPC patient
survival.

Patients and Methods: 460 OPCs from 2 large US medical centers (1980-2017) underwent
HPV16 WGS. Site-specific variable positions (SNPs) across the HPV16 genome were identified.
Cox proportional hazards models estimated hazard ratios (HRs) and 95% confidence intervals
(Cls) for overall survival by HPV16 SNPs. Harrell C-index and time-dependent positive predictive
value (PPV) curves and areas under the PPV curves were used to evaluate the predictive accuracy
of HPV16 SNPs for overall survival.

Results: 384 OPCs (83.48%) passed quality control filters with sufficient depth and coverage

of HPV16 genome sequencing to be analyzed. 284 HPV16 SNPs with a minor allele

frequency >1% were identified. Eight HPVV16 SNPs were significantly associated with worse
survival after false discovery rate (FDR) correction (individual prevalence:1.0%-5.5%; combined
prevalence: 15.10%); E1 gene position 1053 (HR for overall survival [HRyg]:3.75, 95%CI:1.77—
7.95; P:4,=0.0099); L2 gene positions 4410 (HRys:5.32, 95%CI:1.91-14.81; P:4,=0.0120), 4539
(HRgs:6.54, 95%C1:2.03-21.08; P;q;=0.0117); 5050 (HRqs:6.53, 95%Cl:2.34-18.24; P;4,=0.0030)
and 5254 (HRys:7.76, 95%CI:2.41-24.98; FPy,=0.0030); and L1 gene positions 5962 (HRys:4.40,
959%C]1:1.88-10.31; Pxy=0.0110) and 6025 (HRs:5.71, 95%CI:2.43-13.41; Py,=0.0008) and
position 7173 within the upstream regulatory region (HRy5:9.90, 95%CI:3.05-32.12; P4,=0.0007).
Median survival time for patients with =1 high-risk HPV16 SNPs was 3.96 years compared

to 18.67 years for patients without a high-risk SNP; log-rank test ~<0.001. HPVV16 SNPs
significantly improved the predictive accuracy for overall survival above traditional factors (age,
smoking, stage, treatment); increase in C-index was 0.069 (95%Cl: 0.019-0.119, £<0.001);
increase in area under the PPV curve for predicting 5-year survival was 0.068 (95%ClI: 0.015-
0.111, £=0.008).

Conclusions: HPV16 genetic variation is associated with HPV-OPC prognosis and can improve
prognostic accuracy.

Keywords

HPV16; viral genome sequencing; HPV16 variants; HPV16 sublineages; OPC; oropharyngeal
cancer; HPV-OPC

INTRODUCTION

The incidence of oropharyngeal cancer (OPC) is rapidly increasing within the US due to
an increase in the subset caused by human papillomavirus infection (HPV-OPC).1-8 HPV is
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now responsible for approximately 75% of all OPCs within the US.”- 2 Approximately 90%
of HPV-OPC cases are due to just one HPV type — HPV/16.10. 11

HPV positivity is the single most important prognostic factor for survival; 3-year overall
survival is 82% among HPV-OPC patients compared to 57% for HPV-negative OPC
patients.12 Despite high survival rates, HPV-OPC treatment is associated with severe
morbidity including speech problems, difficulties in swallowing/eating, and chronic pain.13
Considerable interest is focused on de-escalation of treatment to reduce treatment-associated
morbidity. However, not all patients with HPVV-OPC have favorable outcomes; up to 25%
recur within 3 years, and following recurrence, 2-year survival is only 55%.14 15 The most
significant barrier for the adoption of de-escalated treatment protocols is the inability to
identify patients at high risk for recurrence and death. Currently, there are no clinically
utilized markers for HPV-OPC prognosis.

A genetic characterization of 279 head and neck cancers by The Cancer Genome Atlas
found that HPV-driven tumors had significantly fewer genetic alterations than HPV-negative
tumors suggesting that the HPV genome may be a potential driver of tumorigenesis and

thus potentially an important factor for treatment response and/or recurrence.8 Yet, no study
to date has evaluated whether genetic variation within the HPV genome explains why a
subset of patients have poor outcomes. However, recent advances in HPV whole genome
sequencing (WGS) technology is allowing for the HPV16 genome to be interrogated at

a level of detail impossible just a few years ago. In a large study of over 5,500 HPV16
whole-genomes from cervical specimens, our group found that extreme genetic conservation
of the viral E7 oncogene and HPV16 SNPs located within the upstream regulatory region
(URR) were strongly associated with risk of developing cervical precancer and cancer.’

We recently expanded upon our prior work by using next-generation HPV16 whole genome
sequencing to conduct the first large study to characterize the genetic variation of the
HPV16 genome within HPV-OPC.18-20 |n total, we evaluated 460 OPC tumor specimens
from 2 large US-based academic medical centers. Here, we present results pertaining to
HPV-OPC patient prognosis. To our knowledge, this is the first study, at any anatomic site,
to evaluate the predictive accuracy of HPV16 genomic variation and patient survival.

MATERIALS AND METHODS

Participants and Study Design

Vanderbilt University Medical Center (VUMC)—Incident, previously untreated cases
of OPC were identified though the Vanderbilt Research Derivative (RD), an IRB-approved,
identified, searchable database of more than 3.5 million electronic health records (EHRS)
from patients seen at VUMC.21 The RD contains clinical data collected as part of routine
patient care but reorganized to be easily searchable and usable for research purposes. The
RD also links with the Vanderbilt Cancer Registry (VCR), which collects detailed clinical
information from all reportable neoplasms diagnosed and/or treated at VUMC. Patients
diagnosed between June 1, 2000 and July 9,2018 were identified using the following
International Classification of Diseases for Oncology, 3™ Edition (ICD-O-3) codes: C01.9,
C02.4, C05.1, C05.2, C05.8, C09.0, C09.1, C09.8, C09.9, C10.0, C10.2, C10.3, C10.8,
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C10.9, C14.0 and C14.2. Clinical information prior to the year 2000 was not reliably
captured within the VUMC EHR system; thus, cases diagnosed prior to 2000 were excluded.
Each patient’s EHR was manually reviewed. Patients for whom an OPC diagnosis could not
be confirmed, those with a prior history of cancer (other than non-melanoma skin cancer),
patients who were immunocompromised, those without a tumor specimen collected prior to
treatment and those with a histologic diagnosis other than squamous cell carcinoma were
excluded. For patients that met inclusion criteria, all surgical pathology specimen slides

and pathology files created as part of the original diagnosis were reviewed by a trained

head and neck pathologist (JSL). Tumor specimens of insufficient size for DNA extraction,
those with original histologic diagnoses inconsistent with the findings of the pathology
re-review, or with tumor blocks missing and/or exhausted were excluded. In total, 290
specimens were available for DNA isolation. Of these, 280 had sufficient DNA quantity

and quality for sequencing and were sent to the NCI for HPV WGS (Supplementary Figure
S1). All available samples were sent to the NCI for HPV WGS regardless of prior p16
testing or p16 status. For the subset of VUMC specimens that had no prior p16 testing,

p16 immunohistochemistry was performed concurrently with the HPV WGS using the E6H4
antibody (Ventana Medical Systems, Inc.). Slides were read by a head and neck pathologist
(JSL) and interpreted as positive or negative according to CAP recommendations (positive

= nuclear and cytoplasmic positivity in >70% of tumor cells of at least moderate to strong
intensity).22 All studies were reviewed and approved by the Vanderbilt IRB.

University of Pittsburgh Medical Center (UPMC)—Incident, previously untreated,
cases of OPC were identified using an IRB-approved protocol (UPCI 99-069) that collects
biospecimens and data on head and neck cancer patients at the University of Pittsburgh
Medical Center; all patients provided written informed consent. Since the establishment

of the biobank, a total of 1,861 patients with OPC (ICD10 codes: C01.0, C02.4, C05.1,
C05.2, C05.8, C09.0, C09.1, C09.8, C09.9, C10.0, C10.2, C10.3, C10.8, C10.9, C14.0)
were treated at UPMC; 1,225 (66%) were enrolled as part of the tissue banking study.
Cases for inclusion were restricted to those with a clinical diagnosis of HPV-associated
OPC squamous cell carcinoma, by p16 IHC and/or direct HPV testing (HPV PCR and
RNA ISH). Identified cases then underwent histopathology re-review by a head and neck
cancer-specialized pathologist for confirmation of diagnosis and selection and confirmation
of adequate tumor tissue for DNA extraction, which yielded 180 (15%) cases for inclusion in
this study (Supplementary Figure S2).

Clinical Data Abstraction

Demographic and clinical information including treatment course, treatment responses,
outcome (death) were obtained from each institutions’ cancer registry. An additional manual
review of the EHRs was conducted to obtain data elements not routinely captured and/or
frequently updated by the registries including p16 status, tobacco use, recurrence and last
known follow up. For VUMC, study data were collected and managed using REDCap
(Research Electronic Data Capture) electronic data capture tools hosted at Vanderbilt
University.23 For UPMC, data were housed within the UPMC Head and Neck Biorepository.
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Specimen Collection, Processing and DNA isolation

Formalin fixed paraffin embedded (FFPE) specimens were retrieved from surgical pathology
archives. Tumor regions were marked on the H&E slides by a head and neck pathologist for

macro-dissection and DNA isolation was performed using a QiAamp DNA FFPE Tissue Kit
(Qiagen) in accordance with the manufacturer’s instructions.

HPV Genome Sequencing

Extracted tumor DNA was sent to the National Cancer Institute’s Cancer Genomics
Research Laboratory (Rockville, Maryland) for sequencing. A custom Thermo Fisher lon
Torrent AmpliSeq HPV16 panel approach was used to amplify the HPVV16 genome as
previously described.24 This next-generation sequencing (NGS) assay uses Thermo Fisher
Life Sciences’ lon Torrent Proton in combination with a custom HPV16 lon Ampliseq panel
of 48 multiplexed primers designed to cover the entire viral genome for all HPV16 variant
lineages. SNP calls were made using the Torrent Variant Caller v.5.0.3, and nucleotide
variants were annotated with HPV gene/region using snpEff v.3.6¢.2° Pipeline settings

and parameters can be found at https://github.com/cgrlab/cgrHPV16. HPV16 lineage

(A, B, C, D) and sublineage assignment (Al-4, B1-4, C1-4, D1-4) was based on the
maximum likelihood (ML) tree topology using RAXML MPI v7.2.8.2726 and 16 HPV16
sublineage reference sequences. In the event that multiple HPV16 variants were detected, the
predominant variant was assigned based on presence in at least 60% of the sequence reads.
Seventy-two specimens were excluded due to poor read depth, incomplete coverage across
the genome, or inability to assign lineage. This method was previously validated and was
found to have 99.9% concordance with the “gold standard” Sanger sequencing.24

Statistical Analyses

Patient characteristics were evaluated overall and by study site. The Cox proportional
hazards models were used to evaluate the association between each individual HPV16

SNP (N=284 SNPs with a minor allele frequency >1%) and overall survival. To assess

risk of death from any cause, the only censoring event was at time of last known follow-

up; years since cancer diagnosis was used as the time variable. Multiple comparisons
adjustment was performed to control the false discovery rate (FDR). Benjamini-Hochberg
false discovery rates were calculated using the FDRestimation package in R. FDR-corrected
A5 less than 0.05 (2-tailed) were considered statistically significant. We further used the
Harrell C-index?7 and the time-dependent predictive curves?® 29 to evaluate the added
predictive accuracy of the identified HPVV16 SNPs for overall survival above traditional
factors (age, smoking, stage, treatment). The Harrell C-index was used to evaluate the
overall predictive accuracy for survival, and the time-dependent predictive curves were

used to evaluate the predictive accuracy for survival at specific years. The time-dependent
predictive curves extend the positive predictive value (PPV) and negative predictive value
(NPV) for binary outcomes to time-to-event outcomes and characterize event/event-free
probabilities at specific years for high/low risk subjects. Since we were interested in
selecting patients at high risk, we used PPV curves in our analysis. We evaluated the added
predictive accuracy of the identified HPVV16 SNPs by comparing C-index and the 3-, 5-, and
8-year PPV curves between the Cox regression model with the identified HP\VV16 SNPs and
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traditional factors and the Cox model with traditional factors alone. The procedure to obtain
the 3-, 5-, and 8-year PPV curves is as follows. First, under each Cox regression model, a
risk score formula was constructed and a risk score was calculated for each subject. Second,
for a given cut-off value of the risk score, the population was divided into high-risk (risk
core >cut-off) and low-risk (risk core <cut-off) groups; the proportion of population in that
high-risk group was calculated and the corresponding 3-, 5-, and 8-year death probabilities
of that high-risk group were obtained by the Kaplan-Meier method. Finally, the 3-, 5-, and
8-year PPV curves were obtained by plotting the 3-, 5-, and 8-year death probabilities of the
high-risk group against the proportion of population in that high-risk group, respectively. A
higher PPV curve indicates a more predictive model. The difference in area under the PPV
curve (AAUC) was calculated as a summary measure to compare the PPV curves of two
models at a given year, which measures the averaged difference in probability of death at
that given year between the high-risk groups selected by the two models. For both AAUC
and increase in C-index, the 95% confidence intervals were calculated using the bootstrap
method as in our previous publication.2® A 95% confidence interval with the lower limit
greater than 0 indicates a statistically significant increase in predictive accuracy. Analyses
were performed by STATA IC version 15 and R version 3.6.0.

Participant Characteristics

Association

Of the 460 OPC tumors assessed, 384 (83.48%) passed our quality control filters with
sufficient depth and coverage of HPV16 genome sequencing to be included in the analyses;
217 from VUMC and 167 from UPMC. Demographic and clinical characteristics were
similar between study sites with the exception of year of diagnosis, smoking history, stage
and treatment (Table 1). Overall, median age at diagnosis was 57 (interquartile range [IQR]:
51 to 64). The majority were male (89.32%), Caucasian (97.66%), reported a history

of tobacco use (65.36%) and presented with stage | disease (68.23%; according to the

8t edition of the American Joint Committee on Cancer [AJCC] guidelines). Of the 384
HPV16+ tumors included in our analysis, 372 (97%) had p16 testing. Of those with p16
testing results, 366 (98%) were p16 positive. The vast majority of HPVV16 lineages detected
were A (90.36%). Al was the most common HPV16 sublineage (55.99%; N=215) followed
by A2 (27.86%; N=107; Table 1).

of HPV16 SNPs with Patient Prognosis

We identified 284 site-specific variable positions (SNPs) across the 384 HPVV16 genomes
with a minor allele frequency (MAF) of 1.0% or greater and evaluated the association
between each of these 284 HPV16 SNP and overall survival (Supplementary Table S1).
Among the 384 patients included in our genomic analyses, median follow-up time was 4.00
years (interquartile range [IQR]: 2.55 to 6.78 years); 70 patients died (18.23%; median time
from diagnosis to death: 2.67 years, [IQR]: 1.11 to 6.61 years). Among 284 HPV16 SNPs
evaluated, 8 SNPs, varying in prevalence from 1.0% to 5.5%, were significantly associated
with reduced overall survival after FDR correction (Figure 1). These 8 SNPs were localized
to 4 regions within the HPV16 genome; E1 gene (position 1053); L2 gene (positions 4410,
4539, 5050, 5254), L1 gene (position 5962, 6025) and the URR (position 7173). The URR
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SNP was most strongly associated with an increased hazard of death (HR: 9.90 [95% ClI:
3.05 t0 32.12], P;4=0.0007) (Table 2, Figure 2). Of the 384 patients, 58 (15.10%) patients
had at least 1 of the 8 high-risk HP\VV16 SNPs; 46 patients had only 1 SNP, 10 patients had

2 SNPs, 1 patient had 3 SNPs and 1 had 4 SNPs. Patients with at least 1 of the 8 high-risk
HPV16 SNPs identified had a median survival time of 3.96 years compared to 18.67 years
for patients without a high-risk HPVV16 SNP (log-rank test A<0.001); HR =7.81 (95% CI:
4,61 to 13.21, P=1.83x10714) (Figure 3). All patients with a high-risk HP\/16 SNP were
p16 positive. High-risk HPVV16 SNP prevalence varied significantly by stage (P=0.017) and
gender (P=0.027). Individuals with at least 1 high-risk HP\V/16 SNP trended toward a higher
stage at clinical presentation. Of those with a high-risk HPV16 SNP, 62% were Stage 1, 19%
were Stage 2, 12% were Stage 3, 3% were Stage 4 and 3% were missing stage information.
For those without a high-risk HPV16 SNP, 69% were Stage 1, 18% were Stage 2, 10% were
Stage 3, 0% were Stage 4 and 3% were missing stage information. Almost twice as many
women had at least 1 high-risk HPVV16 SNP; prevalence was 14% among men and 27%
among women.

Interestingly, 2 of 8 SNPs most strongly associated with prognosis were part of the
haplotype that defines the D2 sublineage (positions 4410, 6025). Eleven patients had 1 or
both SNPs at positions 4410 and 6025; including both patients with the D2 sublineage and 9
patients with an Al sublineage HPV16 virus. Of the 9 patients with an Al sublineage, 5 had
SNPs at both positions 4410 and 6025 and 4 had 6025 only. Over the course of follow-up,
both D2 sublineage patients and 4 of the 9 Al sublineage (44%) patients died compared

to 18% for all 384 patients. HRs for overall survival were 5.32 (95% CI: 1.91 to 14.81,
Prgr=0.0120) and 5.71 (95% ClI: 2.43 to 13.41, P4,=0.0008) for positions 4410 and 6025,
respectively.

Added Predictive Accuracy of HPV16 SNPs for Overall Survival

To evaluate the added predictive accuracy of the identified 8 high-risk SNPs, we compared
patients with at least 1 of the 8 high-risk HPVV16 SNPs (15.10%) to patients without a
high-risk HPV16 SNP (84.90%). Compared to the Cox model with traditional factors (age,
smoking, stage, treatment) alone, the Cox model that incorporated HPVV16 SNP information
had a significant increase in C-index of 0.069 (95% CI: 0.019 to 0.119, £<0.001). There
were also significant increases in areas under the PPV curves for predicting 3-year (AAUC
=0.042 [95%CI: 0.002 to 0.081], £=0.028), 5-year (AAUC =0.068 [95%ClI: 0.015 to
0.111], £=0.008) and 8-year (AAUC=0.09 [95%CI: 0.026 to 0.135], £<0.001) overall
survival, Figure 4. The HPV16 SNPs particularly improved the identification of the high-risk
subgroup, i.e. patients with higher probability of death. For example, as shown in Figure
4C, patients who were categorized in the top 25% of risk using traditional factors alone

had an 8-year probability of death of 34%. In contrast, patients who were categorized

in the top 25% of risk using HPVV16 SNPs and traditional risk factors combined had

an 8-year probability of death of 54%, resulting in a 20% (95% CI: 3.1% to 37%, P

=0.03) higher probability of death. The results for the Cox model with traditional factors
alone and the Cox model with both traditional factors and HPVV16 SNP information were
presented in Table 3. Multivariable Cox models were run to evaluate traditional factors
alone (age, smoking, stage and treatment) and traditional risk factors plus HP\VV16 SNP
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information. The risk score for the Cox model with traditional factors alone (Model A)
was calculated by the formula: risk score A= 0.060*age + 0.541*smoking + 0.664 *stage +
0.357*treatmentl — 0.274* treatment2 — 0.206*treatment3 + 0.769*treatment4, where age
is in years, smoking=1 if with smoking history and 0 if without, stage=1 if stage I11&IV
and 0 if stage I&II, treatment1=1 if treatment is “Radiation + Chemo” and 0 otherwise,
treatment2=1 if treatment is “Surgery Only” and 0 otherwise, treatment3=1 if treatment

is “Surgery + Radiation” and 0 otherwise, and treatment4=1 if treatment is “Other” and

0 otherwise. The risk score for the Cox model with both traditional factors and HPV16
SNP information (Model B) was calculated by the formula: risk score B = 0.050*age +
0.334*smoking + 0.792 *stage + 0.196*treatment1 — 0.183* treatment2 —0.077*treatment3
+0.626*treatment4 + 1.811 * combined SNP. For the combined SNP variable, SNP=1 if at
least one of the 8 high-risk SNPs was detected and 0 if no high-risk SNPs were detected.

DISCUSSION

To our knowledge, this is the first HPV whole genome sequencing study of HPV-OPC and
patient prognosis. We used next-generation HPVV16 WGS to comprehensively characterize
the genetic variation within the HPV16 genome among patients with HPV-OPC. An analysis
of the 284 SNPs that varied across the 384 HPV16 genomes revealed that 8 HPV16 SNPs
were strongly associated with reduced overall survival. Patients with 1 or more of the

8 high-risk viral SNPs (9.8%) identified had a median survival time of only 3.96 years
compared to 18.67 years for patients without a high-risk HPV16 SNP. Additionally, the
inclusion of HPV16 SNP information significantly improved the predictive accuracy for
HPV-OPC overall survival above traditional factors including age, smoking status, stage and
treatment. This study provides the first evidence that genetics of individual HPV16 viruses
may impact prognosis among patients with HPV16-driven OPC and may be a useful tool for
improving risk stratification of HPV-OPC patients prior to treatment.

The 8 high-risk SNPs were located within 4 regions of the HPVV16 genome: E1 gene
(position 1053); L2 gene (positions 4410, 4539, 5050, 5254), L1 gene (position 5962, 6025)
and the URR (position 7173). Elucidating exactly how these SNPs may contribute to more
aggressive cancers will require functional laboratory studies. Yet, many of these SNPs and
viral gene regions have been previously implicated in HPV carcinogenesis, upregulation of
HPV viral gene expression and immune escape — all of which may explain the increased
hazard of death associated with these viral variants. For example, position 6025 is located
within the FG loop of the L1 protein within the HPV/16 genome and constitutes an
immunodominant epitope region.3% Mutations within the FG surface loop of HPV16 L1
have been shown to affect recognition of both type-specific neutralizing and cross-reactive
antibodies.31- 32 Prior studies by our group and others have suggested that reduced antibody
responses against some HPV proteins may increase the risk of OPC recurrence.33 34 Both
positions 6025 and 4410 are also considered HPV16 D2 sublineage defining variants. Prior
studies in cervical cancer have consistently reported that non-European variants (A4, C1,
D2, D3) were associated with an increased risk of cervical precancer and cancer, compared
to the more common European sublineages (A1, A2).35-5417.52,54 A |arge case-control
study of 3,215 US women conducted by our group found that women infected with an
HPV16 D2 sublineage had a 28-fold greater odds of invasive cervical cancer. Compared to
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the A1/A2 sublineages, the D2 sublineage was associated with a 29-fold greater odds of
adenocarcinoma in situ and 137 greater odds of developing adenocarcinoma.52 Thus, prior
studies of cervical cancer as well as the findings presented in this current study, suggest
that SNPPs more common to the D2 sublineage may confer both a greater risk of cancer
development as well as contribute to more aggressive disease.

Of the 8 high-risk viral SNPs identified, position 7173 was most strongly associated with
patient prognosis. Variation in the URR region near position 7173 has been previously
reported in several studies of cervical cancer.3% 55-57 This region of the URR is postulated
to contain multiple binding sites for C/EBPB30 and FOXA1.57 Both C/EBP and FOXA1
are transcription factors with important roles in tumorigenesis,®’~%3 and have been shown
to regulate HPV16 transcription.4-66 A prior study from our group found that high HPV
E6 oncogene expression was associated with an increased risk of OPC recurrence.8” Four
of the 8 high-risk SNPs were located within the L2 gene. In addition to its structure
importance, the highly conserved L2 protein is also critical for facilitating viral entry,

viral DNA encapsulation, and mediating endosomal escape of the HPV genome during
infection.8 L2 has also been shown to interfere with the maturation of some types of
antigen presenting cells, which may help facilitate immune escape.89 Work from our group
and others have reported that a robust immune response against HPV, as measured by the
presence tumor-infiltrating lymphocytes, is a strong predictor of HPV-OPC survival.”%-73 In
a large study of over 5,500 cervical specimens conducted by our group, SNPs within the
URR and L2 gene regions were strongly associated with CIN3+ risk.1” Although the exact
SNPs varied between this and our previous study, the consistency of these findings provide
strong evidence for the importance of these viral regions in the carcinogenic process.

While the prevalence of each individuals high-risk HPVV16 SNP ranged from 1.0% to 5.5%,
combined, these SNPs were detected in 15.1% of our patient population. Having at least

1 high-risk HPV16 SNP was strongly associated with overall survival. Median survival

time for patients with at least 1 high-risk HPV16 SNPs was only 3.96 years compared to
18.67 years for patients without a high-risk HPVV16 SNP. Additionally, incorporating HPV16
SNP information into the Cox model resulted in significant increases in C-index and areas
under the PPV curves for predicting 3-year, 5-year and 8-year overall survival compared to
the Cox model that included traditional factors alone (age, stage, smoking, treatment). The
HPV16 SNPs also improved the identification of individuals at high risk for poor prognosis.
Taken together, the high combined prevalence of these 8 high-risk HPVV16 SNPs as well as
their increased predictive accuracy suggest that HPVV16 SNP information may have potential
clinical utility for improving risk stratification of HPV-OPC patients prior to treatment.

Our study has several strengths and limitations. Although our total sample size was large
and we had 2 independent cohorts, we were unable to split the cohorts into a discovery and
validation set since the number of events limited our power. Due to the low progression

rate of OPC, only 70 patients died over follow-up. Additionally, the risk allele frequency

for each individual SNP was low — ranging from 1% to 5.5%. We also considered nearly

300 individual SNPs in our analysis and needed to account for multiple comparisons with
adjustment. Taking these factors into consideration, we felt that for this first study of the
HPV16 genome in OPC, the increased power afforded by combining the cohorts provided us
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with the most reliable results. Future validation of these findings will be important and will
likely require a consortium effort. Given the rarity of OPC?, low rates of progression and
the relatively low frequency of the HPV16 risk alleles, the construction of another sizable
cohort powered to validate these findings will likely require a large multi-institutional effort.
With a sample size of 460, our study is one of the largest studies of OPC conducted to

date. Additionally, we focused on HPV16 given that type 16 accounts for approximately
90% of HPV-OPCs.10 While not the focus of the current study, samples from our study
population that were HPV16-negative but high-risk HPV-positive are undergoing additional
whole-genome sequencing to understand the role of other high-risk HPV types in HPV-OPC.
In addition to the large size, a significant strength of our study was our access to high
quality clinical information with patient outcome data — this information has often been
missing or incomplete in other large molecular studies of head and neck cancer.18 Yet, as

is common with retrospective cohorts, we were missing high quality alcohol consumption
data. Despite alcohol use data being routinely collected at both institutions, this data was
often incomplete or missing. Thus, we were unable to include alcohol use in our models.
While alcohol consumption is a known risk factor for the development of head and neck
cancer, it has not been shown to be associated with HPV-OPC survival.”* Thus, we would
not anticipate the lack of alcohol consumption information to affect our estimates of the
association between HPV16 genetic variation and survival. Our study was also conducted
using tumors from 2 large US-based academic medical centers with robust OPC patient
populations. The demographic and clinical characteristics of our patient populations closely
align with those observed nationally and thus, our findings are likely to be generalizable to
the larger US population.

In conclusion, this is the first study, at any anatomic site, to evaluate the association and
accuracy of HPV16 genomic variation for predicting patient survival. Our findings provide
the first evidence that viral variation within the HPV16 genome is associated with HPV-OPC
patient prognosis and, as such, may be a potential tool for risk stratification. Additional
larger studies are needed to validate these findings.
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HIGHLIGHTS

Few prognostic markers of human papillomavirus-driven oropharyngeal
cancer (HPV-OPC) exist.

We conducted the first large HPV16 whole-genome sequencing study of 384
HPV-OPCs.

We found 8 HPV16 SNPs to be strongly associated with HP\V-OPC prognosis.

Median survival was 4 years for HPV-OPC patients with =1 high-risk HPV16
SNPs versus 19 years for patients without.

HPV16 SNPs improved predictive accuracy for HPV-OPC overall survival
compared to age, stage, treatment and smoking alone.
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Figure 1:
Individual HPV16 SNP associations with overall survival

Cox proportional hazards models were used to generate hazard ratios and 95% confidence
intervals for the risk of death (overall survival) for each minor HPV16 SNP. The major
allele at each SNP position was used as the referent group. A total of 284 SNPs varied
between the 384 HPV16 genomes sequenced and were included in the analysis. The Y-axis
denotes the false discovery rate (FDR) corrected A for the hazard ratio of each outcome.
The X-axis denotes the position of each SNP in the HPVV16 genome; each gene is identified
with a different color. URR, upstream regulatory region (grey); E6, early gene 6 (purple);
E7, early gene 7 (magenta); E1, early gene 1 (green); E2, early gene 2 (light blue); E4, early
gene 4 (dark blue); E5, early gene 5 (pink); NC, non-coding region (black); L2, late gene 2
(orange); L1, late gene 1 (yellow). Dotted line denotes the FDR cutoff of 0.05.
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Figure 2:
Kaplan Meier plots for overall survival by individuals high-risk HPV16 SNPs

Overall survival probability comparing the minor allele (blue) to the major allele (red) for
the following SNP positions within the HPV16 genome: A) 1053; B) 4410; C) 4539; D)
5050; E) 5254; E) 5962; G) 6025 and H) 7173.
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Figure 3.
Kaplan Meier plots for overall survival comparing patients with and without at least 1

high-risk HPVV16 SNP

Overall survival probability comparing patients with at least 1 high-risk HPVV16 SNP (blue)

to patients with no high-risk HPV16 SNPs (red).
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Figure 4.
Positive Predictive Value (PPV) Curves

Time-dependent PPV curves comparing the predictive accuracy of the Cox model using
traditional factors (age, stage, smoking, treatment) to predict survival compared (black) to
the Cox model with the addition of high-risk HP\VV16 SNPs (red). Panel A depicts PPV curve
for predicting 3-year overall survival; Panel B for predicting 5-year overall survival and
Panel C for predicting 8-year overall survival.
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Table 1:
Patient characteristics overall and by study
Overall VuMC UPMC
Characteristics N=384 N=217 N=167 P-Value
N (%) N (%) N (%)
Age at Diagnosis (years)
Median (IQR) 57 (51-64) 57 (50-65) 57 (51-63) 0.968
Year of Cancer Diagnosis
1980-1990 5 (1.30) 0(0.0) 5 (2.99)
1991-2000 17 (4.43) 0(0.0) 17(10.18)
2001-2010 95(24.74) 90 (41.47) 5 (2.99)
20112018 267 (69.53) 127 (58.53) 140 (83.83)  <0.001
Gender
Male 343(89.32) 196 (90.32) 147 (88.02)
Female 41 (10.68) 21(9.68) 20 (11.98) 0.470
Race”
Caucasian 375(97.66) 210 (96.77) 165 (98.80)
African American 6 (1.56) 4(1.84) 2(1.20) 0.272
Smoking History2
No 128 (33.33)  81(37.33) 47 (28.14)
Yes 251 (65.36) 134 (61.75) 117 (70.06) 0.032
Pack year53
Median (IQR) 30 (15-45) 30 (15-48) 30 (13-42) 0.926
Stage (AJCC 8% Edition)*”
1 262 (68.23) 136 (62.67) 126 (75.45)
1 69 (17.97) 46 (21.20) 23 (13.77)
1 38 (9.90) 21(9.68) 17 (10.18)
\Y 2(0.52) 2(0.92) 0 (0.00) 0.009
Treatment6
Surgery + Radiation + Chemo 126 (32.81) 74 (34.10) 52 (31.14)
Radiation + Chemo 107 (27.86) 91 (41.94) 16 (9.58)
Surgery Only 55 (14.32) 32 (14.75) 23 (13.77)
Surgery + Radiation 62 (16.15) 14 (6.45) 48 (28.74)
other” 32(8.33) 5(2.30) 27(16.17)  <0.001
p16 Statusg
Negative 4 (1.04) 4(1.84) 0(0.0)
Positive 366 (95.31) 211(97.24) 155 (92.81)
Equivocal 2(0.52) 2(0.92) 0(0.0) <0.001
HPV16 Sublineage
Al 215(55.99) 114 (52.53) 101 (60.48)
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Characteristics
A2
A3
A4
B1
C1
D1
D2
D3
D4

Overall
N=384

107 (27.86)
3(0.78)

22 (5.73)
1(0.26)

6 (1.56)
1(0.26)
2(0.52)

25 (6.51)
2(0.52)

VUMC
N=217

64 (29.49)
3(1.38)
14 (6.45)
1(0.46)
4(1.84)
1(0.46)
0(0.0)

14 (6.45)
2(0.92)

UPMC
N=167

43 (25.75)
0(0.0)

8 (4.79)
0(0.0)

2 (1.20)
0(0.0)

2 (1.20)
11 (6.59)
0(0.0)

Page 23

P-Value

0.332

1 L .
Race missing for 3 VUMC patients

ZSmoking history missing for 5 patients; 2 from VUMC and 3 from UPMC

3Packyears missing from 73 patients; 34 from VUMC and 39 from UPMC

4Staged according to p16 result, those with missing p16 results were staged as if p16-positive

5Staging information missing for 13 patients, 12 from VUMC and 1 from UPMC

6Treatment was missing from 2 patients, 1 from VUMC and 1 from UPMC

Other treatment includes radiation only, chemo only, surgery and chemo, palliative care, immunotherapy, clinical trial protocols

8 . L .
p16 testing results missing from 12 UPMC patients

Abbreviations: VUMC, Vanderbilt University Medical Center; UPMC, University of Pittsburgh Medical Center; IQR, interquartile range; AJCC,
American Joint Commission on Cancer
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Table 2:

The association of HPV16 SNPs with patient prognosis

A
Overall Survival

. - . . o
Position  Viral Gene/Region  Minor Allele(s) MAF (%) Hazard Ratio (95% CI)2 P 3

1053 El C 55 3.75 (1.77-7.95) 0.0099
44101 L2 2.1 5.32(1.91-14.81) 0.0120
4539 L2 C 13 6.54 (2.03-21.08) 0.0117
5050 L2 AIT 2.0 6.53 (2.34-18.24) 0.0030
5254 L2 A 1.0 7.76 (2.41-24.98) 0.0030
5962 L1 C 34 4.40 (1.88-10.31) 0.0110
60251 L1 TIC 2.9 5.71 (2.43-13.41) 0.0008
7173 URR A 1.0 9.90 (3.05-32.12) 0.0007

1D2 sublineage defining SNP

ZUnivariabIe Cox proportional hazards model

3 .
False discovery rate (FDR) corrected

384 participants were included in the analysis; 70 deaths; median follow-up time was 4.06 years (IQR: 2.25 to 6.79)

Abbreviations: MAF, minor allele frequency; ClI, confidence interval
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Table 3:

Multivariable Cox models and univariate analysis results

Characteristics Univariate Model A1 Model BZ
HR (P-value) HR (P-value)  HR (P-value)

Age at Diagnosis (years) 1.073(<0.0001) 1.06 (0.0002)  1.05 (0.0017)
Smoking History

No - - -

Yes 157 (0.1016)  1.71(0.0733)  1.40 (0.2753)
Stage (AJCC 8! Edition)

1&I11 - - -

&IV 2.28(0.0056)  1.94(0.0698)  2.21 (0.0366)
Treatment

Surgery + Radiation + Chemo - - -

Radiation + Chemo 1.79 (0.0706)  1.43 (0.2874)  1.22 (0.5644)

Surgery Only 1.23(0.6503)  0.76 (0.5985)  0.83 (0.7240)

Surgery + Radiation 1.11(0.7864)  0.81(0.6550)  0.93 (0.8656)

Other 3.53(0.0026)  2.16(0.1042)  1.87 (0.1972)
4Sex

Male - -- -

Female 0.78 (0.5358) -- -
High-risk HPV16 SNP Status

No high-risk SNPs - - -

>1 high-risk SNP 7.81 (<0.0001) - 6.12 (<0.0001)

Model A is the model only with traditional factors including age, smoking, stage and treatment.

ZModeI B is the model with both traditional factors and HPV16 SNP information.

3HR for age is for 1-year increase.
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Gender had p-values of 0.54, 0.84, and 0.64 in univariate analysis, the model with traditional factors, and the model with both traditional factors
and HPV SNP information, respectively. With such large p-values, including gender in models yielded decreased model accuracy. Therefore, we

presented the models without gender.
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