ONCOIMMUNOLOGY
2018, VOL. 7, NO. 10, 1498439 (14 pages)
https://doi.org/10.1080/2162402X.2018.1498439

Taylor & Francis
Taylor &Francis Group

ORIGINAL RESEARCH

a OPEN ACCESS | ™ Check for updates

Treatment-naive HPV+ head and neck cancers display a T-cell-inflamed phenotype
distinct from their HPV- counterparts that has implications for immunotherapy

Steven F. Gameiro?, Farhad Ghasemi®, John W. Barrett®, James Koropatnick®<?<f, Anthony C. Nichols®<f,
Joe S. MymrykaP<® and Saman Maleki Vareki<™

2Department of Microbiology and Immunology, The University of Western Ontario, London, ON, Canada; ®Department of Otolaryngology, Head &
Neck Surgery, The University of Western Ontario, London, ON, Canada; “Department of Oncology, The University of Western Ontario, London, ON,
Canada; “Department of Pathology, The University of Western Ontario, London, ON, Canada; ¢Department of Physiology and Pharmacology, The
University of Western Ontario, London, ON, Canada; fLondon Regional Cancer Program, Lawson Health Research Institute, London, ON, Canada

ABSTRACT

Cancers progress when the immune system fails to identify and eliminate malignant cells. Recognition of
this, combined with advances in tumor immunology, has allowed development of therapies that induce
effective anti-tumor immune responses. For incompletely-understood reasons, effective responses to
immunotherapy occur in some patients and not others. Head and neck squamous cell carcinomas
(HNSCC) are a common cancer type that can be divided into two subsets based on human papilloma-
virus (HPV) status. HPV status is a strong predictor of positive clinical outcome. Expression of exogenous
viral antigens by HPV+, but not HPV-, HNSCC allows direct comparison of the immune status (immune
cell presence and characteristics) between these two otherwise anatomically-similar tumors. Using TCGA
data, we compared the immune landscape between HPV+ and HPV- treatment-naive HNSCC. As
compared to HPV- samples, HPV+ HNSCC exhibited a strong Th1 response characterized by increased
infiltration with multiple types of immune cells and expression of their effector molecules. HPV+ HNSCC
also expressed higher levels of CD39 and multiple T-cell exhaustion markers including LAG3, PD1, TIGIT,
and TIM3 compared to HPV- HNSCC. Importantly, patients with higher expression of these exhaustion
markers—indicative of a T-cell-inflamed tumor-correlated with markedly improved survival in HPV+, but
not HPV-, HNSCC. Thus, profound differences exist between the immune landscape of HPV+ and HPV-
HNSCC. These results suggest that immune checkpoint inhibitor therapy is a promising treatment
strategy for HPV+ HNSCC, and that expression of immune checkpoint molecules could serve as a
predictive biomarker of patient outcome in HPV+ HNSCC.

ARTICLE HISTORY
Received 18 April 2018
Revised 13 June 2018
Accepted 4 July 2018

KEYWORDS

human papillomavirus; head
and neck cancer; immune
checkpoint markers; tumour
infiltrating lymphocytes;
survival

Introduction Infection with human papillomavirus (HPV) is a major
etiological factor for tumors located in the oropharynx.
Indeed, HPV positive (HPV+) HNSCC is increasing at an
epidemic pace.”” Importantly, HPV negative (HPV-) and
HPV+ HNSCC are molecularly distinct, with a different spec-
trum of mutations.® HPV+ HNSCC also constitutively express
viral oncogenes that deregulate cell growth and gene
expression.” In addition, clinical outcomes for HPV+ HNSCC
are far superior to those in HPV- cases.'®"!

Both HPV+ and HPV- HNSCC display a comparable fre-
quency of somatic mutations, a major source of tumor specific
neoantigens that can be recognized and targeted by anti-
tumor immunity.® However, HPV+, but not HPV-, HNSCC
express exogenous antigenic viral proteins that may be the
source of a key difference in the tumor immune landscape
between these two types of HNSCC and may contribute to the
superior clinical outcomes associated with HPV+ HNSCC.
Several studies have compared various immunological para-
meters between HPV+ and HPV- HNSCC and have

Recent advances in understanding the basics of tumor immu-
nology have paved the way for development of therapies that
can induce effective anti-tumor immune responses. Many of
these are based on immune checkpoint inhibition, in which
normal negative regulatory mechanisms, which keep immune
responses in check, are overcome.”? Current immuno-oncol-
ogy therapies can demonstrate tremendous efficacy and
induce long-term remission in patients.” However, responses
to immunotherapy are often restricted to a subset of cancers,
for reasons that are not entirely understood.

Head and neck squamous cell carcinomas (HNSCC) repre-
sent the 6th most common human cancer type* and are often
characterized by aggressive local invasion and overall poor
prognosis.” In addition to mortality, both the disease and its
treatment often result in significant patient morbidity. Indeed,
treatments for HNSCC often impact the most personal char-
acteristics of an individual, including facial appearance and
the ability to eat and speak.
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commonly concluded that HPV+ HNSCC are immune “hot”
tumors, with markedly more immune infiltration and higher
levels of CD8" T-cell activation than HPV- HNSCC.'>"
These and other studies suggest that a detailed comparison
of the immunological differences between HPV+ and HPV-
HNSCC provides an opportunity to identify immunological
determinants that contribute to successful treatment in
HNSCC that may be broadly applicable to cancer treatment
in general.'*'°

In this study, we used RNA-sequencing data from over 500
HNSCC samples from The Cancer Genome Atlas (TCGA) to
compare the immune landscape between HPV+, HPV-, and
normal adjacent control tissue. Importantly, these samples
were treatment-naive prior to surgical resection, avoiding any
confounding effects of exposure to chemotherapy or radiation
on the immune status of these tumors. Such analysis can
provide scientific rationale for treating HNSCC patients with
immune checkpoint inhibitors (ICIs) as first-line therapy.

We determined that HPV+ HNSCC tumors exhibit a
strong Thl response, characterized by increased infiltration
with dendritic cells (DCs), CD4" and CD8" T-cells. HPV
+ HNSCC also expressed higher levels of CD39 and multiple
T-cell exhaustion markers including LAG3, PD1, TIGIT, and
TIM3 compared to HPV- HNSCC. This gene expression
profile is consistent with a “T-cell-inflamed” phenotype, one
that is dominated by T-cell markers and chemokines asso-
ciated with effector T-cell recruitment.'” Importantly, higher
expression of these T-cell exhaustion genes correlated with
markedly improved patient survival in HPV+, but not HPV-,
HNSCC. These results illustrate the profound differences
between the immune landscape of HPV+ and HPV-
HNSCC tumors and its association with patient outcome.
Furthermore, the presence of high expression levels of multi-
ple immune inhibitory genes in HPV+ HNSCC suggests that

these cancers will exhibit strong beneficial responses to
immunotherapy, providing a strong rationale for using ICIs
as single treatment or combination therapies in first-line
treatment of HPV+ HNSCC. This would save patients from
disfiguring surgery, or the toxicities associated with conven-
tional chemotherapy or radiation treatment.

Results

HPV+ and HPV- head & neck carcinomas exhibit
differences in some leukocyte populations

To identify and understand differences in the immune land-
scape between HPV+ and HPV- HNSCC, we conducted a
preliminary analysis using the CIBERSORT deconvolution
algorithm in order to elucidate the immune cell populations
present in each sample.'® This computational method is based
on the differential expression of 547 genes to estimate the
relative fraction of 22 leukocyte populations in each of the
samples for the TCGA HNSCC cohort (Figure 1). Our com-
parison of the HPV+ and HPV- samples revealed a number of
differences, including an increased percentage of CD8" T-cells
and CD4" T-regulatory cells (Tregs) in HPV+ samples com-
pared to HPV- samples. HPV+ samples were also estimated to
contain a greatly decreased level of uncommitted (M0) and
anti-inflammatory (M2) macrophages as compared to HPV-
samples. Increased levels of follicular helper CD4" T-cells, but
not other types of CD4" T-cells, were present in HPV+ versus
HPV- HNSCC samples, as well increased levels of naive and
memory B-cells, but not plasma cells. These data indicate a
difference between the immune landscape of HPV+ and
HPV- HNSCC tumors that requires further investigation.
Given the observed differences in the various leukocyte
populations, we also compared the total leukocyte fraction
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Figure 1. The relative population of 22 leukocyte types present in the tumor microenvironment was determined by the CIBERSORT algorithm and compared between
HPV+, HPV-, and normal control samples. Four leukocyte types (neutrophils, eosinophils, naive CD4 * T-cells, and gamma delta T-cells) are not shown, as they were
undetectable in this cohort. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001, ns (not significant).



between the HPV+ and HPV- samples in the TCGA HNSCC
cohort using a previously defined DNA methylation signature
that is highly specific for leukocytes."” However, no significant
differences were detected between the overall leukocyte frac-
tion of HPV+ versus HPV- HNSCC (Supplementary
Figure 1).

HPV+ head & neck carcinomas exhibited a Th1 CD4"*
helper T-cell phenotype

CIBERSORT identified a number of differences between HPV
+ and HPV- HNSCC samples for multiple classes of T-cells,
however, cancer-induced dysregulations and immune cell
phenotypic plasticity can limit the ability of CIBERSORT to
accurately characterize immune components of the tumor
microenvironment.'® Therefore, we began a detailed and
mechanistically oriented comparison of the immune
responses in HPV+ versus HPV- HNSCC. CD4" helper
T-cells are instrumental in establishing the type of response

A

ONCOIMMUNOLOGY €1498439-3

triggered by immune activation, whether it be a cell-mediated
Th1 response, a humorally-biased Th2 response, or the proin-
flammatory Th17 response necessary to maintain the immu-
nological integrity of mucosal barriers.”® Each of the CD4"
subsets is characterized by a distinct transcriptional program
regulated by specific master regulatory transcription factors.*'
To examine the tumor immune landscape of HPV+ and
HPV- HNSCC, we analyzed the TCGA Illumina HiSeq RNA
expression data from the HNSCC cohort for expression of
TBX21 (Thl), GATA3 and STAT6 (Th2), and RORA and
RORC (Th17) (Figure 2). As expected, a strong Th17 signa-
ture was observed in normal control samples, and that signa-
ture expression profile was markedly reduced in HPV+ and
HPV- carcinomas (Figure 2A). HPV+ samples had signifi-
cantly increased levels of TBX21 as compared to HPV- and
normal control samples, indicative of a polarization toward a
Thl response (Figure 2B). A modest increase in GATA3
accompanied by a reduction in STAT6 was observed in
HPV+ samples versus normal control samples (Figure 2C).
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Figure 2. Expression of marker genes indicating that CD4" helper T-cell subsets present in head & neck carcinomas stratified by human papillomavirus (HPV) status.
Normalized RNA-seq data for TBX21 (Th1), GATA3 and STAT6 (Th2), and RORA and RORC (Th17) was extracted from The Cancer Genome Atlas (TCGA) database for the
head & neck cancer (HNSC) cohort for HPV+, HPV—, and normal control tissues. Numbers in brackets refer to the number of samples included in each analysis. *

p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001, ns (not significant).



€1498439-4 e S. F. GAMEIRO ET AL.

Taken together, these results indicate that a strong shift in the
normal Th17 bias towards Thl occurred in HNSCC, with a
significantly accentuated Th1 signature in HPV+ versus HPV-
carcinomas.

Higher levels of CD4" and CD8" T-cells were present in
HPV+ head & neck carcinomas

We next assessed the relative proportion of CD4" and CD8"
T-cells in these samples, based on relative expression of the
lineage defining CD4 and CD8A/CD8B marker genes,
respectively (Figure 3A and B). HPV+ samples showed sig-
nificantly increased expression of all three genes versus
HPV- HNSCC or normal control samples, confirming that
enhanced T-cell infiltration is a common feature of HPV
+ HNSCC. We also observed significantly higher FoxP3
expression in HPV+ HNSCC compared to HPV- HNSCC
and normal samples. FoxP3 is associated with Tregs infiltrat-
ing into these tumors (Figure 3C). Furthermore, analysis of
the expression of CD137 (4-1BB), an activation-induced
costimulatory molecule present primarily on CD8" T-cells,
detected significantly higher levels in HPV+ versus HPV- or
normal control samples, suggesting a higher overall level of
T-cell activation and effector function in HPV+ disease
(Figure 3D).

Activated cytotoxic CD8" T-cells produce various effector
molecules, including IFN-y and TNF-a. Although expression
of IFN-y mRNA in these samples was low, it was detectable at
significantly higher levels in HPV+ samples versus HPV-
HNSCC or normal control tissues. No significant difference
was observed for TNF (Figure 3E). HPV+ HNSCC tumors
also expressed significantly higher levels of cytotoxic media-
tors, including granzyme A (GRZA), granzyme B (GRZB),
and perforin (PRF1) compared to both HPV- HNSCC or
normal control tissues (Supplementary Figure 2A). Taken
together, these results indicate CD8" T-cells are not only
present at higher levels in HPV+ HNSCC, but are concomi-
tantly more active and producing effector molecules such as
IFN-y, granzyme A, granzyme B, and perforin, but not TNF.
We also observed low-but significantly higher than in HPV-
HNSCC or normal control tissues—expression levels of genes
associated with natural killer (NK) cells (SH2D1A, XCL2,
NCR1, KIR2DL3, KIR3DL1, and KIR3DL2) and B-cells
(IL21R and CD19) in HPV+ tumors indicating higher infil-
tration of these immune cells into HPV+ HNSCC
(Supplementary Figures 2B and C, respectively). While many
of these observations agree with the CIBERSORT estimations
(Figure 1), there are some differences. In some cases, this may
be related to the use of different marker genes, or to the fact
that CIBERSORT divides some classes of leukocytes into
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Figure 3. Detection of tumor infiltrating T-cells and their activation status in head & neck carcinomas stratified by HPV status. Normalized RNA-seq data for genes
indicative of tumor infiltrating CD8" (CD8A and CD8B) or CD4™ (CD4) T-cells and their activation status (CD137, INFG, and TNF) was extracted from the TCGA database
for the HNSC cohort for HPV+, HPV-, and normal control tissues. Numbers in brackets refer to the number of samples included in each analysis. * p < 0.05, **
p < 0.01, *** p < 0.001, **** p < 0.0001, ns (not significant).



multiple subcategories based on a gene signature that can be
affected by disease dysregulation.

Interferon-gamma-induced immunomodulatory genes
are expressed at higher levels in HPV+ head & neck
carcinomas

An expected consequence of higher levels of infiltrating CD8"
T-cells producing IFN-y would be induction of expression of
interferon response genes in tumor cells in close proximity to
the infiltrating T-cells. Indeed, we previously reported that
multiple interferon responsive components of the MHC-I anti-
gen presentation apparatus were upregulated in HPV
+ HNSCC.”> We extended those studies to PDLI and IDO,
two immunomodulatory genes known to be expressed by
tumor cells in response to IFN-y (Figure 4). Both PDL1 and
IDO1 were significantly upregulated in HPV+ HNSCC com-
pared to normal control. While IDO was also significantly
upregulated compared to HPV- HNSCC, no significant differ-
ence was observed between PDLI1 expression in HPV+ versus
HPV- carcinomas. Interestingly, BIN1 expression was signifi-
cantly downregulated in HPV+ compared to both HPV-
HNSCC and normal control samples (Figure 4). As BIN1 is a
negative regulator of IDO expression and deletion of BIN1
increases IFN-y stimulation of IDOI1 gene expression, these
results are consistent with the higher levels of IDO observed
in HPV+ HNSCC.** Taken together, these data (Figures 3 and
4) indicate that HPV+ HNSCC, in treatment-naive patients,
shows a T-cell-inflamed phenotype.'”

Dendritic cell signatures are elevated in HPV+ head &
neck carcinomas

Because HPV+ HNSCC displayed a T-cell-inflamed pheno-
type and DCs play a key role as professional antigen-present-
ing cells to stimulate T-cell function, we performed an
analysis of DC signatures in these tumors. Using the
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expression of mRNA encoding CD103 and CDI11C to detect
DCs in tumor samples, we found that both genes are
expressed at higher levels in HPV+ HNSCC compared to
normal control samples (Figure 5A). While CD103 was
expressed at significantly higher levels in HPV+ versus
HPV- carcinomas, CD11C was not. We also determined that
there was a modest but significant correlation between CD103
and CDI11C in individual tumors (Figure 5A; r = 0.56,
p = 2.6e-07). This suggested that these markers tended to be
coordinately expressed, although the link was not strong
enough to lead to increased CD11C expression in HPV+ car-
cinomas in accord with increased CD103.

A key anti-tumor role for DCs is to express effector cyto-
kines such as IL12 and IL23 that mediate CD8" T-cell activa-
tion and IFN-y production. While IL12A mRNA levels in HPV
+ samples were not significantly induced versus normal control
tissue, they were elevated compared to HPV- HNSCC
(Figure 5B). IL12 activates STAT4 signaling, which is critical
for anti-tumor immunity.>* Notably, STAT4 expression levels
were higher in HPV+ HNSCC tumors (Figure 5B). Activated
DCs also produce IL23-a proinflammatory cytokine-that
induces IFN-y secretion from activated CD4" T-cells.”” IL23A
levels were higher in HPV+ HNSCC than HPV- tumors and
normal samples (Figure 5B). Moreover, Epstein-Barr virus-
induced gene 3 (EBI3) transcripts that encode a component
of IL27 (a cytokine that synergizes with IL12 and induces IFN-y
production by naive CD4" T-cells)*® were significantly higher
in HPV+ than HPV- tumors and normal samples (Figure 5B).
We were not able to analyze the other two genes within the
IL12 family of cytokines-IL12B and IL27A-because their RNA
transcripts were not detectable in the majority of tumor and
normal control samples. Finally, we looked at a number of
inflammatory chemokines and chemokine receptors that are
crucial for DC and T-cell recruitment to tumors.”’>° CCR5,
CCL4, and CXCR3 were highly expressed in HPV+ HNSCC
compared to HPV- tumors and normal samples, while CCL3
expression was elevated in HPV+ HNSCC compared to normal
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Figure 4. Transcript levels of tumor-derived interferon-responsive immunomodulatory genes in head & neck carcinomas stratified by HPV status. Normalized RNA-seq
data for genes associated with tumor cell mediated immunomodulation including IDO1, its negative regulator BIN1, and PDL1 was extracted from the TCGA database
for the HNSC cohort for HPV+, HPV-, and normal control tissues. Numbers in brackets refer to the number of samples included in each analysis. * p < 0.05, **

p < 0.01, ** p < 0.001, **** p < 0.0001, ns (not significant).
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Figure 5. Detection of dendritic cells and their effector cytokines in head & neck carcinomas, stratified by HPV status. Normalized RNA-seq data for genes indicative
of tumor infiltrating dendritic cells (CD103 and CD11C) and genes encoding cytokines indicative of dendritic cell activation status (IL12A, STAT4, IL23A, and EBI3) was
extracted from the TCGA database for the HNSC cohort for HPV+, HPV-, and normal control tissues. Numbers in brackets refer to the number of samples included in
each analysis. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns (not significant).

samples (Supplementary Figure 3). Overall, these results indi-
cate a higher level of DC involvement in HPV+ than in HPV-
HNSCC, with higher levels of effector cytokines that could be
responsible for the elevated levels of T-cell infiltration of these
samples.

HPV+ head & neck carcinomas expressed high levels of
multiple T-cell exhaustion markers

Once activated, T-cells upregulate expression of multiple cell
surface receptors that negatively regulate their proliferation
and moderate their level of activation. These so-called “exhaus-
tion markers” include LAG3, PD1, TIGIT, and TIM3.*' They
are important targets for immune checkpoint blockade thera-
pies that are approved or under development. Notably, all four
of these checkpoint genes were significantly upregulated in
HPV+ compared with HPV- HNSCC or normal control sam-
ples (Figure 6). We also determined that individual tumors
expressing high levels of any one of these T-cell inhibitory
genes generally co-expressed high levels of the other exhaustion
markers (r values ranging from 0.78 to 0.9), suggesting that
these genes are coordinately expressed (Supplementary
Figure 4). We also examined the expression of the immuno-
suppressive molecule CD39°% in this cohort of patients. CD39

was recently shown to be exclusively expressed on tumor anti-
gen-specific CD8" T-cells and not bystander CD8" T-cells in
colorectal and lung tumors.*® Notably, CD39 showed signifi-
cantly higher RNA expression levels in HPV+ HNSCC tumors
compared to HPV- HNSCC samples (Figure 6). Interestingly,
individual tumors expressing high levels of CD39 also co-
expressed high levels of the four exhaustion markers (r values
ranging from 0.37 to 0.62), suggesting that these genes are
coordinately expressed (Supplementary Figure 5). Taken
together, HPV+ HNSCC display a markedly different immune
signature from HPV- HNSCC, indicative of sustained CD8"
T-cell activation in HPV+ HNSCC.

High levels of T-cell exhaustion markers correlated with
improved survival of HPV+ head & neck carcinomas

High CD8" T-cell infiltration into HNSCC tumors has been
previously linked to better patient outcome.** Moreover,
expression of checkpoint molecules such as PD1 on circulat-
ing CD8" T-cells is a biomarker of tumor antigen specificity.*
We therefore dichotomized the HPV+ HNSCC data set based
on median LAG3, PD1, TIGIT, or TIM3 expression and
calculated the impact of high versus low expression on overall
patient survival (Figure 7, black and red curves). Higher than
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Figure 6. Transcript levels of T-cell exhaustion marker genes and CD39 in head & neck carcinomas, stratified by HPV status. Normalized RNA-seq data for genes
associated with T-cell exhaustion (LAG3, PD1, TIGIT, TIM3, and CD39) was extracted from the TCGA database for the HNSC cohort for HPV+, HPV-, and normal control
tissues. Numbers in brackets refer to the number of samples included in each analysis. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns (not significant).

median expression of any of these genes predicted markedly
improved survival in HPV+ HNSCC over those patients with
tumors expressing these markers at levels below the median.
This sharp overall increase in clinical outcome was also sta-
tistically significant following correction for multiple testing
in all the assessed genes, with the exception of LAG3
(Supplementary Table 1). In contrast, a similar analysis did
not reveal any survival advantage for HPV- samples expres-
sing higher levels of LAG3, PDI, TIGIT, or TIM3 (Figure 7,
green and purple curves).

Given our observation that HPV+ tumors expressing high
levels of LAG3, PD1, TIGIT, or TIM3 transcripts generally dis-
played higher levels of at least one more of these exhaustion
markers (Supplementary Figure 4), we repeated the survival ana-
lysis by comparing HPV+ HNSCC samples that were above the
median expression for each combination of two markers to those
below the median for both markers (Figure 8, black and red
curves). Remarkably, overall survival for patients with high expres-
sion of any combination of two of the T-cell exhaustion markers
identified individuals with a virtual certainty of long-term survival.
No improvement was seen when a similar analysis was performed

using the HPV- HNSCC cohort (Figure 8, green and purple
curves). These results suggest that the co-expression of high levels
of LAG3, PD1, TIGIT, and TIM3 in HPV+, but not HPV-,
HNSCC reflect the successful development of T-cell-based anti-
tumor immunity and a T-cell-inflamed phenotype, which con-
tributed to long-term remission. This immune signature could be
used as a predictive biomarker of HPV+ HNSCC patient outcome
after surgery.

High levels of CD39 predict improved survival of HPV
+HNSCC

We also dichotomized the HPV+ and HPV- HNSCC data
set based on median CD39 expression and calculated the
impact of high versus low expression on overall patient
survival (Figure 9). Higher than median expression of
CD39 predicted markedly improved survival in HPV
+ HNSCC over those patients with tumors expressing
this marker at levels below the median. This sharp overall
increase in clinical outcome was also statistically signifi-
cant. Similar to our previous analysis (Figure 8), a
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Figure 7. High LAG3, PD1, TIGIT, or TIM3 gene transcript levels are strongly associated with improved survival in treatment naive patients with HPV+ but not HPV-
head & neck carcinomas. Overall survival of patients within the HPV-positive cohort dichotomized by median expression of LAG3, PD1, TIGIT, and TIM3. Comparison
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combination of CD39 and any of the T-cell exhaustion
markers identified long-term survivors in HPV+ HNSCC.

We next applied the Cox Proportional Hazards model
to identify clinical variables and immunological markers
predictive of overall survival (Supplementary Table 2). By
univariate analysis high expression of TIGIT, TIM3, PD1,
and CD39 were correlated with favorable prognosis
(HR = 0.29, 0.24, 0.22 and 0.15 respectively, p < 0.05),
while an HPV type other than HPV16 was associated with
a markedly poorer survival (HR = 3.22, p = 0.03). Oral
cavity tumors had significantly worse survival compared
those in the oropharyngeal subsite (HR = 3.05, p = 0.03).
There was a trend towards improved outcome with high
expression of LAG3 (HR = 0.32, p = 0.06). Stepwise
regression analysis was used to identify the best multi-
variate model of survival, and the final model included N
stage, HPV type, and CD39. Notably, CD39 (HR = 0.07,

p = 0.0007), and HPV type (HR = 9.23, p = 0.001
remained as significant predictors of survival in the multi-
variate model.

Discussion

Although evading anticancer immunity is one of the hallmarks
of cancer, immunotherapy-also referred to as immuno-oncol-
ogy-harnesses the power of the immune system to destroy
cancer cells. Durable responses to immunotherapy among
cancer patients are what sets immunotherapy apart from con-
ventional oncology therapies, including chemotherapy, radio-
therapy, and targeted therapy. Cancer immunotherapy is now
widely recognized as having the potential to revolutionize
cancer treatment. Despite the recent “tsunami of immunother-
apy in oncology” and many reports of immunotherapy treat-
ment resulting in near-miraculous cures in cases of highly
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Figure 8. Concordant levels of multiple markers of T-cell exhaustion is strongly associated with survival in patients with HPV+ head & neck carcinomas. Overall
survival of patients within the HPV-positive cohort dichotomized by median transcript levels of the indicated pairs of T-cell exhaustion markers. Comparison between
groups was made by the 2-sided log-rank test. Red = low expression of the indicated gene in HPV+ samples, Black = high expression of the indicated gene in HPV
+ samples, Purple = low expression of the indicated gene in HPV- samples, Green = high expression of the indicated gene in HPV- samples.

refractory cancers, in general only a subset of patients respond
to these treatments. The underlying reasons for response, or
lack thereof, remain an intense area of investigation.36

Based on their somatic mutation prevalence,”” tumors can
be categorized as immunologically “cold” or immunologically
“hot”. Immunologically hot tumors such as melanoma and
smoking-induced lung cancer, often respond more favorably
to immune checkpoint inhibition therapy than cold tumors.
Therefore, a partial explanation for immune checkpoint inhi-
bitor response appears to be related to high mutation burden,
which leads to higher levels of tumor-derived neoantigens.
Indeed, a significant correlation exists between immune
checkpoint inhibitor response and mutational load across
cancer sites.”®

A variety of studies have compared various immunological
parameters between HPV+ and HPV- HNSCC and generally
concluded that HPV+ HNSCC are immune “hot” tumors,

with markedly more immune infiltration and higher levels
of CD8" T-cell activation than HPV- HNSCC.'>'>?*4
Although this is thought to contribute to the improved prog-
nosis of HPV+ HNSCC, the mutational loads in HPV+ and
HPV- HNSCC are similar therefore the immune hot and cold
model cannot explain the survival differences observed among
HNSCC patients. However, HPV+, but not HPV-, HNSCC
express exogenous antigenic viral oncoproteins that may
represent a key difference in the tumor immune landscape
between these two types of HNSCC, giving HPV+ HNSCC a
T-cell-inflamed phenotype that can at least partially explain
the better patient outcome in HPV+ HNSCC compared to
HPV- HNSCC. Furthermore, HPV+ HNSCC tumors are dif-
ferent from HPV- HNSCC tumors at the epigenetic and
genomic levels, but viral etiology alone may not be sufficient
to confer favorable outcome in HNSCC.*' Therefore, the
substantial differences observed in anti-tumor immunity
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Figure 9. High CD39 gene transcript level is strongly associated with improved survival in treatment naive patients with HPV+head & neck carcinomas. Overall
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Red = low expression of the indicated gene in HPV+ samples, Black = high expression of the indicated gene in HPV+ samples, Purple = low expression of the
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between HPV+ and HPV- cancers could be the major source
of improved prognosis in HPV+ tumors.

In this study, for the first time, we report the detailed
immune characteristics of T-cell-inflamed HPV+ HNSCC
compared to non-T-cell-inflamed HPV- HNSCC. We per-
formed a mechanistic analysis of the tumor immune land-
scape in treatment-naive HNSCC using the TCGA cohort,
which allows a detailed and direct comparison between HPV
+ and HPV- HNSCC and normal adjacent control tissue.
However, examination of only the RNA expression levels
limits the ability to accurately confirm expression levels on
each cell type. To address this limitation, we primarily used
immune lineage-specific markers or examined co-expression
correlations for markers that are expressed by more than one

cell type. We found that HPV+ HNSCC has a predominant
Thl immune phenotype (Figure 2) with a significant increase
in CD8" and CD4" T-cell infiltration compared to HPV-
HNSCC (Figure 3). Interestingly, higher T-cell infiltration
into HPV+ tumors was accompanied with greater T-cell acti-
vation, as shown by high CDI137 (4-1BB) gene transcript
levels.

Mononuclear cells isolated from patients with advanced
head and neck cancer have been reported to be defective in
IFN-y production in vitro.*> Given the high CD137 RNA
levels in HPV+ HNSCC samples, we expected higher effector
cytokine production by T-cells in these samples. Indeed, HPV
+ HNSCC expressed significantly higher levels of IFN-y,
granzyme A, granzyme B, and perforin compared to HPV-



HNSCC or normal control samples, indicating that there
remains some T-cell effector functionality in these tumors.
Moreover, the higher levels of CD137 and multiple effector
molecules in HPV+ HNSCC could be a consequence of higher
infiltration of these tumors with antigen-specific tumor-infil-
trating lymphocytes (TILs). In contrast, we did not observe
differences in TNF transcript levels-a critical cytokine for
antitumor immunity43—between HPV+ and HPV- HNSCC,
indicating T-cell dysfunction in these samples. Given the
role of IFN-y in inducing MHC-I expression in tumor cells,
these findings explain our previous observation that HPV
+ HNSCC tumors had significantly higher levels of expression
of MHC-1 apparatus.”> Furthermore, high IFN-y transcript
levels in HPV+ HNSCC were associated with significantly
higher levels of IFN-responsive gene transcripts, including
IDO and PD-L1 (Figure 4). These observations provide a
scientific rationale for combining immunotherapy of HPV
+ HNSCC with ICIs and IDO inhibitors in treatment-naive
patients. Currently the only phase II study of such a combina-
tion (NCT03325465) has been canceled in light of the recent
failure of combined IDO inhibition and pembrolizumab in
showing advantage in progression-free survival over pembro-
lizumab monotherapy in melanoma patients. However, that
study (NCT03325465) was not focused specifically on HPV
+ HNSCC, which we show here express higher levels of IDO
and PD-1 compared to HPV- HNSCC.

The observed increased numbers of CD8" and CD4"
T-cells in HPV+ HNSCC can likely be explained by the ability
of DCs to migrate to these tumors, pick up antigens, and
present those antigens to T-cells.** Indeed, we observed not
only high levels of transcripts from DC-associated genes, but
also molecules expressed by activated DCs, including chemo-
kines that attract DCs and T-cells into tumors (Figure 5 and
Supplementary Figure 3). We also observed less M2 macro-
phages in HPV+ HNSCC samples (Figure 1) indicative of less
immunosuppressive activity in these tumors compared to
HPV- HNSCC. These observations provide a mechanistic
insight into the processes that shape the immune structure
of HPV+ HNSCC as a T-cell-inflamed tumor.

T-cell-inflamed tumors show high levels of immune reg-
ulatory genes including IDO and PD-L1, and high infiltration
of FoxP3+ Tregs,” secondary to cytotoxic T-cell infiltration
into those tumors. The presence of these immunosuppressive
events in a T-cell-inflamed microenvironment is often accom-
panied by increased levels of multiple T-cell immune check-
point molecules and T-cell anergy.*> Our findings show that
HPV+ HNSCC, but not HPV- HNSCC, have similarly high
levels of multiple immune checkpoint molecules (LAGS3,
TIM3, PD1, and TIGIT; Figure 6), suggesting that combined
immunotherapy with drugs that target more than one of these
inhibitory molecules can be effective in overcoming resistance
to anti-tumor immunity in HPV+ HNSCC tumors. There are
no such trials currently under way, but these findings strongly
indicate that initiation of such clinical studies is justified.
CD39 is an immunosuppressive molecule that can be
expressed on intratumoral Tregs’> and tumor-specific CD8"
TILs, but not bystander CD8" T-cells.>> CD39 RNA expres-
sion was higher in both HPV+ and HPV- HNSCC tumors
compared to normal samples (Figure 6). Of note, CD39
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expression in HPV+ HNSCC was significantly higher than
HPV- tumors. CD39 alone or in combination with any of
the T-cell exhaustion markers analyzed above was also a
predictive biomarker of survival in HPV+ HNSCC
(Figure 9). Therefore, CD39 may represent a useful biomarker
of survival in HPV+ HNSCC. Our findings warrant the initia-
tion of prospective trials in determining the predictive value
of this gene as a potential genomic biomarker correlated with
improved overall survival in HNSCC.

High T-cell infiltration into HNSCC, regardless of HPV
status, has been reported as a positive prognostic factor.*® We
observed that high levels of transcripts from one or any
combination of two genes expressing immune checkpoint
molecules (PD1, TIM3, TIGIT, LAG3) in HPV+, but not
HPV-, HNSCC can predict patient survival after surgery.
These findings require confirmation by prospective clinical
studies to-we anticipate-pave the way for the development
of immune-predictive biomarkers for HPV+ HNSCC patients
that will ultimately lead to treatment deintensification in this
patient population.

Taken together, this study provides clear evidence, for the
first time, that the immune landscape of HPV+ HNSCC
represents a T-cell-inflamed phenotype that is very different
from HPV- HNSCC. Of prime importance, we demonstrate
that multiple mechanisms that negatively regulate the anti-
tumor immune response are significantly upregulated in the
majority of HPV+ HNSCC cases, that is secondary to CD8"
T-cell infiltration and IFN-y production in HPV+ HNSCC.
Therefore, high levels of such gene transcripts-PD1, TIM3,
LAG3, and TIGIT-correlate strongly with improved clinical
outcome. Crucially, many of these negative regulators of the
immune response are targets of clinically-approved immune
checkpoint inhibitors or inhibitors under investigation in
current clinical trials. Thus, HPV+ HNSCC has many immu-
nological features that suggest that it would be highly amen-
able to immune checkpoint inhibition therapy. Based on these
data, we propose that HPV+ HNSCC is a T-cell-inflamed
disease and should be treated differently in the clinic than
HPV- HNSCC, specifically with combinations of immune
checkpoint inhibitors.

Materials and methods
Data collection

Patient data from The Cancer Genome Atlas (TCGA), includ-
ing Merged Clinical data (build 2016012800) and Level 3
RSEM normalized Illumina HiSeq RNA expression data
(build 2016012800) for the HNSC cohort, was downloaded
from the Broad Genome Data Analysis Centers Firehose ser-
ver (https://gdac.broadinstitute.org/). Written informed con-
sents were obtained from the patients (or their families) by
the TCGA project. CIBERSORT immune fraction data
(TCGA Kallisto.fulllDs.cibersort.relative.tsv) and Leukocyte
Fraction (TCGA_all_leuk_estimate.masked.20170107.tsv)
data from the Pan-Cancer Atlas was downloaded from the
National Cancer Institute Cancer Genome Commons (https://
gdc.cancer.gov/about-data/publications/panimmune).
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RNA expression comparisons

RSEM normalized expression data was extracted into
Microsoft Excel and the HPV status was manually curated
based on published datasets as described.” Primary patient
samples with known HPV status were grouped as HPV+,
HPV-, or normal control tissue. This classification agrees
completely with work done by others*', with the exception
of sample TCGA-BB-7862-01A. That sample had minimal
reads aligning to the HPV genome, none of which aligned
to the HPV16 E6 or E7 oncogenes, and we classified this
sample as HPV- rather than HPV+ . Patient samples with
unknown HPV status were omitted from our calculations, as
were samples obtained from secondary metastatic lesions.
This resulted in 73 HPV+, 442 HPV-, and 43 normal control
samples with data available for the HNSCC gene expression
analysis. This surgically managed cohort was considered treat-
ment-naive, as only 9 patients received neoadjuvant radiation
or chemotherapy treatment (2 HPV+, 7 HPV-). Boxplot com-
parison of gene expression was performed using GraphPad
Prism v7.0 (Graphpad Software, Inc., San Diego, California,
USA) and assembled into final form using CorelDRAW
(Corel, Ottawa, Ontario, Canada). For the boxplots, center
lines show the medians, box limits indicate the 25th and
75th percentiles as determined by Graphpad Prism, and whis-
kers extend 1.5 times the interquartile range from the 25th
and 75th percentiles. Statistical significance was calculated
using Graphpad Prism. P-values were assigned using a one-
tailed non-parametric Mann-Whitney U test. Selected genes
were compared in a pairwise fashion and concordance calcu-
lated using Spearman’s Rho analysis. Differences were con-
sidered to be statistically significant for P < 0.05.

Immune fraction estimates

The relative fractions of 22 leukocyte types as calculated using
CIBERSORT"® was previously reported for all TCGA samples
as part of the Pan-Cancer Atlas.*® Only those HNSCC samples
with a CIBERSORT p < 0.01 were included in our analysis,
which resulted in 28 HPV+, 209 HPV-, and 17 normal control
samples used in this analysis. The total leukocyte fraction was
also previously reported for all TCGA samples as part of the
Pan-Cancer Atlas. The HNSCC values were extracted from
this data and annotated for HPV status as described above.

Survival analysis

Five-year overall survival outcomes and disease-free progres-
sion were compared in both HPV+ and HPV- subsets of
patients as dichotomized by median expression of LAG3,
PD1, TIGIT, TIM3, or CD39. A second set of survival out-
comes were done to compare tumors expressing high levels of
each combination of two of these markers. Log-rank statistical
p-values were calculated for each Cox survival model.
Univariate survival analysis was done through R statistical
environment (version 3.4.0) based on a Cox Proportional
Hazard Model using survival package (version 2.41-3).*
Stepwise bidirectional multivariate analysis was then carried
out with clinical variables (gender, age, smoking history,

subsite, T stage, N stage, Overall stage, and HPV type),
LAG3, PD1, TIGIT, TIM3, and CD39 expression. The
p-values derived from the Wald test on survival coefficients
were reported for investigated variables. The derived log-rank
p-values for all tested genes (listed in Supplementary Table 1)
were assessed for significance after correcting for false dis-
covery rate (FDR) using the Benjamini-Hochberg method,
and an FDR threshold of 0.1 was set for significance.
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