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ABSTRACT
Background High- risk human papillomavirus (HPV) is a 
primary cause of an increasing number of oropharyngeal 
squamous cell carcinomas (OPSCCs). The viral etiology 
of these cancers provides the opportunity for antigen- 
directed therapies that are restricted in scope compared 
with cancers without viral components. However, specific 
virally- encoded epitopes and their corresponding immune 
responses are not fully defined.
Methods To understand the OPSCC immune landscape, 
we conducted a comprehensive single- cell analysis of 
HPV16+ and HPV33+ primary tumors and metastatic 
lymph nodes. We used single- cell analysis with encoded 
peptide- human leukocyte antigen (HLA) tetramers 
to analyze HPV16+ and HPV33+ OPSCC tumors, 
characterizing the ex vivo cellular responses to HPV- 
derived antigens presented in major Class I and Class II 
HLA alleles.
Results We identified robust cytotoxic T- cell responses 
to HPV16 proteins E1 and E2 that were shared across 
multiple patients, particularly in HLA- A*01:01 and 
HLA- B*08:01. Responses to E2 were associated with 
loss of E2 expression in at least one tumor, indicating the 
functional capacity of these E2- recognizing T cells and 
many of these interactions validated in a functional assay. 
Conversely, cellular responses to E6 and E7 were limited 
in quantity and cytotoxic capacity, and tumor E6 and E7 
expression persisted.
Conclusions These data highlight antigenicity beyond 
HPV16 E6 and E7 and nominate candidates for antigen- 
directed therapies.

BACKGROUND
Human papillomavirus (HPV) is a major risk 
factor for head and neck cancers, particu-
larly within the oropharynx.1 HPV- associated 
oropharyngeal squamous cell carcinoma 
(OPSCC) is characterized by distinct biology 
and heterogenous mutational and immune 
landscapes compared with HPV- negative 
tumors.2–5 In general, HPV+ OPSCC is asso-
ciated with a better prognosis compared with 
HPV- negative cancers, but treatment- related 
morbidities are substantial following standard 

of care surgery, radiation, and chemotherapy.6 
Furthermore, for patients who experience 
locoregional recurrence or distant meta-
static spread, subsequent therapy options are 
limited.6 Immune checkpoint inhibitors have 
now been approved for patients with recur-
rent/metastatic OPSCC,7–9 but response rates 
are generally low and overall survival remains 
poor.10 While preventative vaccines provide 
protection against prevalent high- risk HPV 
genotypes, they do not appear to offer thera-
peutic benefit and are not projected to make 
a significant impact on HPV- driven malignan-
cies for decades to come.11

The HPV genome is composed of early (E) 
and late genes involved in different aspects of 
the viral life cycle.12 13 Human leukocyte anti-
gens (HLAs) are genes encoding proteins 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Most research and immunotherapies for human 
papillomavirus (HPV)- associated cancers focus on 
proteins E6 and E7 from HPV16 but these therapies 
have had limited clinical success, leaving an unmet 
clinical need for additional targets for immunothera-
pies. Additionally, all HPV+ cancers are treated with 
the same standard of care regardless of HPV geno-
type which could influence outcomes.

WHAT THIS STUDY ADDS
 ⇒ We find here robust T- cell recognition of HPV16 
proteins E1 and E2 which are expressed in many 
HPV16+ oropharyngeal squamous cell carcinoma 
(OPSCC) and T cells recognizing these epitopes are 
shared across patients.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ These data indicate that proteins HPV16 E1 and 
E2 are good candidates for immunotherapy in 
HPV16+OPSCC, and that HPV subtyping at diagnosis 
might provide benefit to stratify some patients for 
therapy deintensification.
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that are critical components of antigen recognition and 
are influential in the outcome of viral infections.14 15 
Historically, numerous studies have focused on HPV16 
E proteins E6 and E7 as targets of T- cell reactivity16 and 
immunotherapy due to the established role of E6 and 
E7 in neoplastic transformation.17–23 Despite limited 
early clinical successes targeting these antigens, durable 
complete tumor regression has been an elusive goal. 
Other HPV genes have been relatively understudied and 
may offer promise for therapeutic intervention. E1 and 
E2 play a role in the viral life cycle and can be involved in 
carcinogenesis.24 25 It has been suggested that E1 and E2 
expression is downregulated in more advanced tumors,26 
but other studies indicate that these antigens could in 
fact be relevant tumor antigens.27 In this regard, a recent 
study by Eberhardt et al, identified E2- reactive T cells in 
HPV- related OPSCC,28 suggesting that further evaluation 
of the key antigenic drivers of HPV- reactive T cells may 
be merited.

Though HPV16 is associated with most HPV- related 
cancers, there are other genotypes responsible for a 
subset of HPV+ cancers. Beyond HPV16, there is limited 
information on the differential prognosis linked to HPV 
genotype differences that could impact disease outcomes. 
Despite these differences, OPSCC driven by different HPV 
genotypes are similarly treated at all stages of disease.29

Here, we employed high- throughput, single- cell 
immune synapse profiling using multiplexed barcoded 
tetramers and single- cell RNA sequencing of HPV16+ and 
HPV33+ OPSCC tumors to further characterize disease- 
relevant T cells to identify new candidates for immuno-
therapeutic intervention. We observed T cell reactivity 
against both HPV16 E1 and E2 antigens that were highly 
expanded, cytotoxic and exhibited clonotype sharing 
across patients in HPV16+ patients. We compared these 
findings to HPV33+ tumors. Most notably, we found HLA 
differences that appear to influence disease susceptibility 
and T cell recognition of viral proteins. Overall, our find-
ings provide deep insights into the immune repertoire 
of HPV- associated OPSCC combined with heightened 
understanding of disease- relevant targets and their inter-
play with the immune machinery that will lay the founda-
tion for future immunotherapies.

RESULTS
We used dissociated fresh surgical resections of 13 
untreated and 1 previously treated HPV+ malignancies to 
profile HPV+ OPSCC tumors at single- cell resolution. 
Patient characteristics are shown in table 1. The cohort 
comprised both male and female patients with a median 
age of 63. A majority of these patients were white non- 
Hispanic in origin. Approximately 50% of these patients 
had a history of alcohol consumption and/or smoking. 
The tumors analyzed in this study primarily originated 
either in the oropharynx (base of tongue or tonsil) or were 
collected from involved metastatic neck lymph nodes. 
For each sample, we performed ex vivo characterization 

of cell phenotype via single- cell transcriptomics, expres-
sion of HPV genes, and paired TCRA/TCRB sequences 
of tumor infiltrating T cells (Schema in figure 1). For 
those samples stained with tetramer (n=9), we also quan-
tified peptide- major histocompatibility complex (MHC) 
binding for subsequent determination of T- cell receptor 
(TCR) specificity. This provided a comprehensive charac-
terization of the immune cell landscape in OPSCC and a 
deep characterization of T cell reactivity.

Tumor microenvironment characterization
Consistent with the prognosis of HPV+ OPSCC, we 
observed that 4/19 (21%) patients within our cohort 
developed recurrence during a median follow- up time of 
13.6 months (range: 4.2–29.1+) (table 1).30 31 Using cell 
type inference from single- cell RNA sequencing (RNA- 
seq) of dissociated tumors, we found that the tumor 
microenvironment (TME) was composed of a complex 
mix of cell types aside from tumor, T cells, and B cells 
(online supplemental figure 1A,B). B cells from 13 
different tumors where B cells were detected (DFCI17 
had no B cells) were further re- clustered (online supple-
mental figure 1C) to discern different B cell subpopula-
tions. One patient who recurred had an extremely high 
proportion of macrophages, but this was not represen-
tative of the other two patients who recurred (online 
supplemental figure 1B).

Heterogeneity in HPV gene expression is correlated with CD8+ 
T-cell infiltration
HPV gene expression patterns in tumors can vary and 
this can occasionally be associated with loss of E1, E2 
and E5 and lower overall HPV expression.32 It has also 
been reported that patients with higher expression of E2, 
E4 and E5 have better outcomes compared with those 
where E6 and E7 expression predominates.33 We report 
HPV gene expression pattern and tumor size, nodal 
status (number of involved nodes) or smoking status 
(figure 2A) in a subgroup of 13 patients. The patient 
with high macrophages had no detectable tumor cells 
and therefore was excluded from this analysis. Among 
the other two patients who recurred, one of them showed 
E6/E7 expression only, but the other had expression of 
E1, E2, E4 and E5 with particularly high expression of E2.

We next sought to understand the relationship 
between HPV gene expression and tumor immune cell 
infiltrates. Differential composition of T cells across all 
biopsies is displayed following re- clustering analysis from 
(figure 2B). T cell subtype distributions were heteroge-
nous among patients. We calculated an adjusted Pearson 
correlation with an adjusted correlation coefficient for 
multiple comparisons. We found a correlation between 
E1 gene expression and CD8 effector T cells (figure 2C; 
p=0.026, R2=0.394) and a trend between E1 gene expres-
sion and CD8 memory T cells (figure 2Dfigure 2C; 
p=0.101, R2=0.242). We detected CD4 Tregs as defined by 
FOXP3 expression, and there was a trend towards negative 
association with E1 gene expression (figure 2Efigure 2C; 
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p=0.108 R2 = 0.233). We also analyzed correlations 
between HPV E6 gene expression and T- cell subsets 
and found that E6 expression negatively correlated with 
CD4 Tfh cells (p=0.021, R2=0.412). Together, these data 
indicate that higher HPV E1 gene expression results in 
a more robust proinflammatory TME associated with 
greater CD8 infiltration, activation and differentiation in 
virally- driven OPSCC.

HPV16 E1 and E2 drive robust public cytotoxic T cell 
responses
We observed broadly that expression of some HPV genes 
was positively correlated with CD8 infiltration, so we 
sought to analyze if tumor infiltrating lymphocytes (TIL) 
were recognizing HPV antigens. We probed T cells from 
four HPV16+ tumors with tetramers from HPV16 E1, E2, 
E4, E5, E6 and E7 and three with tetramers from E6 and 
E7 alone. We probed two HPV33+ tumors with tetramers 
from HPV16 E1, E2, E4, E5, E6 and E7. Peptide sequences 
in the tetramer libraries can be found in online supple-
mental table 1 and a list of alleles tested per patient can be 
found in online supplemental table 2. HPV16- reactive T 
cells were abundant in tumors, particularly those reacting 
to E2, E1 and E6 (figure 3A). We found no reactivity 
to any HPV33 proteins in the two alleles probed, HLA- 
A*02:01 and HLA- A*24:01 despite other viral controls in 
the experiment working well. Similarly, we found limited 
or no reactivity to HPV16 proteins in HLA- A*02:01 and 
HLA- A*24:02. We found limited reactivity to proteins 

E5 and E7 (figure 3A,B, filled circles). In contrast we 
found abundant reactivity to proteins HPV16 E1 and 
E2 in two patients, particularly in A*01:01 and B*08:01 
(figure 3A,B, filled circles). In patient DFCI20, we saw 
robust T- cell recognition of E2 and a near complete loss 
of E2 gene expression. This may indicate the function-
ality of these T cells in lysing E2+ tumor cells. T- cell reac-
tivity to the epitope QVDYYGLYY- A*01:01 from HPV16 
E2 was previously reported by Eberhardt et al from an 
HPV+ OPSCC patient.28 We also identified many T cells 
specific for this epitope which made up approximately 
1.6% of TIL in patient DFCI18. HPV- reactive CD8s recog-
nizing E1 and E2 and showed moderate expression of 
TOX high mobility group box family member 2 (TOX2) 
indicative of exhaustion and showed high expression of 
genes associated with tumor reactivity34 (figure 3C). Most 
HPV- reactive CD4s recognized E5, E6 and E7 and showed 
moderate- to- low expression of interferon (IFN)- y, and 
moderate- to- high expression of TOX2. The combina-
tion of low IFN- y and high TOX2 may indicate that these 
clonotypes may have a limited ability to carry out cyto-
toxic gene programs (figure 3D).35 36

It has been reported that paired CDR3 TCRA and 
TCRB amino acid sequences can be shared across indi-
viduals, and similar TCR sequences may recognize the 
same epitope.37 38 We sought to look for TCR homology 
across patients with matched HLAs to see if they may have 
similar or identical TCRs recognizing the same antigen 

Figure 1 Experimental workflow. Biopsies were dissociated and subjected to scRNA- seq. Separately, tumor- infiltrating 
lymphocytes were isolated and probed with DNA- encoded peptide- MHC tetramers, sorted using flow cytometry and subjected 
to scRNA- seq. Readout of TCR, GEX, and tetramer sequencing data allowed for the characterization of TCRs, cellular 
phenotype, and tetramer binding. GEX, gene expression; HLA, human leukocyte antigen; HPV, human papillomavirus; MHC, 
major histocompatibility complex; OPSCC, oropharyngeal squamous cell carcinoma; scRNA- seq, single- cell RNA sequencing; 
TCR, T- cell receptor; UMAP, uniform manifold approximation and projection.
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allowing us to infer T cell reactivity. We were unable to 
probe dissociated tumor cells from all patients with 
tetramer due to resection size limitations or tetramer 
availability at the time of collection. We aggregated TCR 
sequences across single- cell sequencing data of patient 
tumor resections (n=14) and assessed homology of TCR 
alphas and TCR betas using TCRDist3. We then cross- 
mapped our tetramer- identified TCRs to infer specificity 
onto TCR clusters.

We found a striking level of alpha and beta sharing 
at the amino acid and gene level across these patients 
particularly in T cells reacting to viral antigens, with 
identical matches or encoded sequences differing by 
only 1- 2aa. In our data we found that clonotype sharing 
existed among a number of previously characterized 
virally- associated epitopes.39 40 Examining HPV- relevant 
antigens, T cells recognizing QVDYYGLYY- A*01:01 from 
HPV16 E2 displayed the most clonotype sharing across 
patients primarily from patients DFCI1, DFCI11, DFCI20, 

DFCI18, with a common alpha motif (figure 3E) recog-
nizing QVDYYGLYY- A*01:01 (HPV16 E2). By tetramer, 
we identified numerous TCRs binding to the QVDYY-
GLYY- A*01:01 (HPV16 E2) tetramer sharing the alpha 
CAVDTGGFKTIF or CAVNTGGFKTIF between patients 
DFCI18 and DFCI20. We also saw a robust clonotype 
network among T cells reacting to YSKNKVWEV- B*08:01 
from HPV16 E2 that were united by a common beta motif 
(figure 3F).

To test the validity of these TCR- epitope interactions, 
recombinant TCRs were purchased and expressed in J76- 
CD8- NFAT- GFP cells, incubated overnight with cognate 
peptide and HLA- matched antigen presenting cells. Acti-
vation was assessed by nuclear factor of activated T cells 
(NFAT) and CD69 signal by flow cytometry (Schema in 
figure 4A). We chose a subset of TCR- epitope pairs iden-
tified by tetramer to validate in this functional assay.41 
Results of this validation confirmed TCRs reactive to 
several epitopes and are presented in figure 4B. We also 

Figure 2 Heterogeneity in HPV gene expression influences T cell infiltrates. (A) The percentage of HPV+ tumor cells expressing 
each HPV gene assessed is heterogenous. (B) UMAP showing cell classifications of T cell subtypes in TME. (C). HPV E1 
expression is positively correlated with CD8 memory infiltration. HPV E1 expression is positively associated with CD8 effector T 
cell infiltration. HPV E1 expression is negatively associated with CD4 Treg infiltration. adj., adjusted; HPV, human papillomavirus; 
Th1, type 1 T helper cells; TME, tumor microenvironment; Treg, regulatory T cells; UMAP, uniform manifold approximation and 
projection.
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tested a subset of the T cells inferred to be specific to 
QVDYYGLYY- A*01:01 and YSKNKVWEV- B*08:01 (HPV16 
E2). From the YSKNKVWEV- B*08:01 network we selected 
three clonotypes to test in our TCR- epitope validation 
assay from patient DFCI11, whose TIL we were unable to 
probe directly with tetramer. All three of these clonotypes 
validated, including those constituting 1.20%, 0.13% and 
0.025% of that patient’s TIL (figure 4C). For QVDYY-
GLYY- A*01:01, we tested T cells with homology both in 
the alpha and beta chain and found that T cells with 
alpha chains homologous to those measured by tetramer 
validated, while those united by beta homology did not.

(figure 4D). Overall, we see that in line with prior 
reports showing homology and clonotype sharing in 
virally- reactive T cells, HPV16 E1 and E2- reactive T cells 
are observed to induce clonotype sharing among patients.

In summary, we observed that HPV genes E1 and E2 
elicited robust T cell responses including expression of 
genes reported to be associated with tumor- reactive T 
cells.34 We also observed that HPV proteins E1 and E2 
elicited robust public or pseudo- public Tcell responses. 
These T cells expressed genes reported to be associated 

with tumor- reactive T cells.34 Together, these data indi-
cate that HPV16 E1 and E2 gene expression results in a 
robust proinflammatory TME associated with CD8+ T cell 
infiltration, activation and differentiation in virally- driven 
OPSCC.

HPV33 and HPV16-driven tumors are immunologically distinct 
and display differences in lymphocyte infiltration and HLA-A 
allele usage
We performed an exploratory analysis of the tumor 
microenvironment to assess the proportion of dendritic 
cells, fibroblasts, monocytes, natural killer cells, neutro-
phils or overall T- cell number between HPV16 (n=10) 
and HPV33+ (n=4) patients (online supplemental figure 
2A). Consistent with Chatfield- Reed et al42 we found that 
there was a trend for fewer cytotoxic T cells accounting 
for 1.45% of dissociated tumor cells in HPV33+ patients 
compared with 7.33% of HPV16+ patients (p=0.02398) 
(online supplemental figure 2B). There were no differ-
ences in any other CD4 or CD8 subsets between geno-
types (online supplemental figure 2B).

Figure 3 Cellular response to HPV antigens in OPSCC. (A) Number of clonotypes by subject measured and inferred with high 
confidence to be specific to epitopes derived from HPV antigens. (B) Frequency of HPV- reactive clonotypes in dissociated 
tumor samples. Measured clonotypes are displayed with filled dots and inferred clonotypes are displayed with open dots. (C) 
UMAP of CD8+ TIL showing HPV- specific clonotypes overlaid on tumor reactive and TOX2 gene scores. (D) UMAP of CD4+ TIL 
showing HPV- specific clonotypes overlaid on IFN- y and TOX2 gene scores. (E) HPV16 E2 QVDYYGLYY- A*01:01- specific T cells 
show strong clonotype sharing within the TCR- alpha chain across patients. We observed T cells from several different patients 
appearing in this cluster, with heaviest contributions from DFCI1, DFCI11, DFCI20 and DFCI18, all patients that were HLA- 
A*01:01+and HPV16+. (F) HPV16 E2 YSKNKVWEV- B*08:01- specific T cells show strong clonotype sharing within the TCR- beta 
chain across patients. We observed T cells from several different patients appearing in this cluster, with heaviest contributions 
from DFCI1, DFCI11, DFCI20 and DFCI15, all patients that were HLA- B*08:01+ and HPV16+. HLA, human leukocyte antigen; 
HPV, human papillomavirus; IFN, interferon; OPSCC, oropharyngeal squamous cell carcinoma; TCR, T- cell receptor; TIL, tumor- 
infiltrating lymphocytes; TOX2, TOX high mobility group box family member 2; UMAP, uniform manifold approximation and 
projection.
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Next, we compared the HLA- A*02 allele distribution 
across our patient cohort (total n=13 (HPV16+); n=6 
(HPV33+)) with the US Caucasian population. Intrigu-
ingly, we noted that HLA- A*02 allele frequency was 
higher among HPV33+ patients in our cohort compared 
with the US Caucasian population (HLA- A*02 allele 
frequency: 0.5 (DFCI data set) compared with 0.28 (US 
Caucasian)) (online supplemental figure 2C). The data in 
our patient cohort were concordant with an independent 
data set of patients with OPSCC (Tempus) where total 
n=16 HPV33+ and n=202 HPV16+ patients were analyzed 
(online supplemental figure 2C). Therefore, we found 
1.77- fold more HPV33+ patients carrying the HLA- A*02 
allele than in US Caucasians (p=0.0247) (online supple-
mental figure 2C). We next sought to define epitopes 
well presented in HPV16 but missing in HPV33 which 
could potentially explain susceptibility to HPV33 but not 
HPV16- driven OPSCC among HLA- A*02:01+ patients. 
We performed single- cell HPV gene expression in tumor 
cells from four patients with HPV33 and nine patients 
with HPV16. Two HPV33+ patients in our cohort had no 
tumor gene expression data. Comparing the ratios of E7/
E6 expression across this cohort, HLA- A*02:01+ HPV33+ 
patients had higher E7 gene expression than E6 (online 

supplemental figure 2D). In contrast, all patients with 
HPV16 had lower E7/E6 expression regardless of HLA 
type, and the single HLA- A*02:01− HPV33+ had E7/E6 
gene expression resembling the HPV16+ patients (online 
supplemental figure 2D).

To test if there was a recognition deficit in A*02:01 of 
HPV33 E7 versus HPV16 we used NetMHCpan I to predict 
potentially presented epitopes from HPV16 versus HPV33 
in HLA- A*02:01. While HPV16 and HPV33 are similar 
in sequence, they are not identical and differences in 
their amino acid sequence results in different predicted 
epitopes for many regions of the HPV genome (online 
supplemental figure 2E). There were several predicted 
epitopes across HPV E1, E2, E4, E5 and E6 with no clear 
deficiencies in HPV33 compared with HPV16. However, 
E7 epitope prediction revealed that each genotype had 
three (HPV33) or four (HPV16) predicted epitopes 
under 200nM affinity within E7 with sequence, with 
differences between these epitopes (online supplemental 
figure 2E). One epitope predicted to have high affinity 
in HPV16 E7- amino acids 11–19, was not predicted to 
be presented in HPV33 (online supplemental figure 2E). 
HPV16 E711–19 has been reported to be a critical epitope 
in HPV16 recognition and has been the target of several 

Figure 4 Functional validation of TCR- epitope pairs. (A) TCR- epitope interactions across HPV16 genes were tested using this 
workflow. (B) The TCRs derived from patient TIL tested signaled when presented with cognate peptide as measured by CD69 
induction. Peptides tested included WPYLHNRLV- B*08:01, QVDYYGLYY- A*01:01, YSKNKVWEV- B*08:01, KFKELYGVSFSELVR- 
DRB1*07:01, KQRHLDKKQRFHNIRGRWTGR- DRB1*07:01 and LDKKQRFHNIRGRWTGRCMSC- DRB1*07:01. (C) Three TCRs 
derived from tumor of patient DFCI11 tested with beta chain homology to YSKNKVWEV- B*08:01- reactive T cells signal when 
presented with cognate peptide and make up 1.2%, 0.13% and 0.025% of TIL. (D) TCRs with beta chains homologous to 
QVDYYGLYY- reactive T cells fail to signal but both TCRs with similar alphas signal when presented with cognate peptide. APC, 
allophycocyanin; DMSO, dimethylsulfoxide; TCR, T- cell receptor; TIL, tumor- infiltrating lymphocytes.
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clinical trials seeking to treat HPV16- driven malignan-
cies.21 43 44 Therefore, we infer that a deficiency in HPV E7 
recognition by T cells in HPV33 HLA- A*02:01+ may pose 
an elevated risk of virally- driven malignancy for this HPV 
genotype.

DISCUSSION
Broadly, we demonstrate that the antigenic landscape of 
HPV- driven OPSCC is far more complex than the nearly 
unilateral focus on HPV16 E6 and E7 would imply. This 
focus has historically been both because HPV16 is the 
most common cancer- causing HPV genotype and because 
E6 and E7 are the only proteins required to maintain 
malignancy. However, HPV16 E6 and E7 targeted ther-
apies have had only modest success and there is much 
room for improvement. We find that other HPV16 
proteins, particularly E1 and E2 drive highly expanded 
and cytotoxic T cell responses and these antigens could 
be promising targets for immunotherapy.

In at least one patient, DFCI20, these E2- reactive T 
cells were associated with E2 loss, potentially indicating 
the functional relevance of these T cells. One patient we 
examined with high E2 expression who failed to mount 
an E2 response did poorly and relapsed quickly on stan-
dard treatment. This patient might be a good candidate 
for an E2- targeted immunotherapy as expression of the 
antigen remains. We also observed robust clonotype 
sharing among E1 and E2- reactive T cells. This phenom-
enon has been previously reported particularly among T 
cells reacting to viral antigens such as influenza, human 
cytomegalovirus and Epstein- Barr virus.45 To our knowl-
edge this is the first report to show this occurring in HPV- 
reactive T cells. This is important because it highlights 
the strength of these antigens in inducing strong public 
T cell responses and the universal availability of reactive 
precursors.

Work done to understand clearance of precancerous 
HPV- driven lesions may also be applicable to OPSCC. 
Two studies have reported that the clearance of these 
lesions is associated with the emergence of peripheral 
E2, but not E6 or E7, T cell responses.46 47 An HPV16 
E2 vaccination has been used as a therapy with striking 
efficacy, though the study was closed due to low enroll-
ment issues.48 Additionally, a separate study reported that 
greater E1 T cell response was associated with improved 
prognosis in cervical cancer.49 Many clinical trials have 
targeted proteins E6 and E7 in HPV- driven OPSCC, but 
none have been particularly successful. Although these 
are viral targets usually associated with robust immune 
responses, both proteins are small (E7 98aa and E6 158aa) 
with a limited number of presentable epitopes. Both E1 
and E2 are substantially larger at 649aa and 365aa, respec-
tively, and may be a better therapeutic target partially 
for this reason. This literature around precancerous 
lesion clearance and E1 reactivity in relation to cervical 
cancer outcome paired with our findings of robust cyto-
toxic tumor T cell reactivity to E1 and E2 make HPV16 

E1 and E2 promising candidates for immunotherapy 
development.

Additionally, we find that HPV33- driven OPSCC may be 
associated with HLA- A*02:01 as a risk allele and is char-
acterized by lower cytotoxic T cell infiltration that may 
partially explain reports of worse outcomes. We were 
unable to find tumor T cells recognizing any HPV33 
antigens in the two alleles that we probed. Clinically, p16 
immunohistochemistry is commonly used as a surrogate 
to detect high- risk HPV infection as p16 is typically upreg-
ulated by HPV proteins. This approach fails to delineate 
the HPV genotype driving malignancy and therefore, all 
patients regardless of their HPV genotype are currently 
subjected to the same standard of care treatment which 
may not be an optimal strategy. HPV33- driven malignan-
cies have worse outcomes compared with HPV16 genotype 
in patients with both OPSCC and cervical cancer42 50 and 
the disparity in clinical outcomes can be partly attributed 
to the unique genomic and immunologic characteris-
tics.51–53 Despite the very limited sample size, our obser-
vation of fewer cytotoxic T cells in HPV33- driven tumors 
replicated previously published reports.42 Plasma tumor 
tissue- modified viral (TTMV)- HPV DNA testing can help 
clarify HPV genotype if integrated as a part of the diag-
nostic evaluation to potentially provide a more tailored 
approach.

The HPV16 E711–19 epitope is important for T cell medi-
ated recognition of HPV16 E7 and has been the focus of 
multiple clinical trials.54 Others have noted that HPV33+ 
OPSCCs do not show the same affinity for immune- 
protected tonsillar crypts in the way that HPV16+ 
OPSCCs do, potentially confirming that these tumors are 
less immunogenic than HPV16+ cancers.55 Regardless, 
we find an unmet need that presents a unique oppor-
tunity for novel precision- based immunotherapeutic 
approaches for non- HPV16 malignancies and to improve 
outcomes for this growing patient population.

There are several limitations to our work. First, the 
number of patients we were able to study was small. 
Though we were able to do a comprehensive analysis 
on each patient our ability to extrapolate our findings is 
limited by sample size and it is likely that with a larger 
sample size, more variables significantly impacting recur-
rence and tumor milieu would be uncovered. Addition-
ally, most of the patients that we examined were newly 
diagnosed and therefore the translatability to patient 
tumors who have failed treatment is unknown.

In conclusion, we find that the biology of HPV+ 
OPSCC is exquisitely complex. We find evidence that 
differences in the underlying OPSCC HPV genotype 
results in heterogeneity of TME and patient outcomes. 
This indicates that HPV typing at diagnosis could provide 
significant benefit in terms of clinical management and 
selection of patients for de- intensified or more aggressive 
therapy. Additionally, we find that reactivity to proteins 
HPV16 E1 and E2 contribute meaningfully to T cell recog-
nition of HPV+ tumors and could be valuable targets for 
immunotherapies.
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MATERIALS AND METHODS
Patient accrual and clinical annotation
Patients with newly diagnosed HPV- driven OPSCC (base 
of tongue, tonsil, and unknown primary) were identified 
and prospectively enrolled over a 12- month study period 
if they were undergoing confirmatory tissue biopsy or 
definitive oncologic transoral robotic- assisted resection 
with neck management of the primary tumor and/or 
involved cervical neck nodes. Patients with known distant 
metastatic disease were excluded, otherwise all clinical 
stages of curable disease were eligible (stages I, II, and III 
by American Joint Commission on Cancer 2017 eighth 
edition). Patients were consented to an existing, institu-
tional review board- approved head and neck cancer tissue 
collection protocol (DF/HCC#09- 472) prior to enroll-
ment and sample acquisition. Clinical information and 
demographics were recorded for each participant along 
with initial treatment and response data. Patients were 
followed post- treatment to evaluate for biopsy- confirmed 
recurrence, survival status, and therapy- related toxicity. 
Recurrence was defined as locoregional tumor regrowth 
or distant metastatic spread (either or both).

Tissue acquisition and collection
Following informed consent, at the time of intra- office 
or interventional radiology facilitated core needle biopsy 
for diagnosis and/or transoral operative resection tissue 
specimens were prospectively collected. On the day of 
the procedure, freshly acquired tissue samples were 
submerged fully in pre- filled 1.5 mL cryovials or 5 mL 
Eppendorf tubes with magnetic- activated cell sorting 
(MACS) tissue storage solution (Miltenyi Biotec) and 
immediately labeled and stored at 4°C. Samples were 
then shipped directly to Repertoire Immune Medicines 
within 24 hours (using Biocair life science shipping), 
avoiding late in the week collections to avoid weekend- 
related processing delays.

Blood and buccal swab collection
On the same day as the planned biopsy or operative 
procedure for tissue procurement, patients underwent 
collection of 5×6 mL or 3×10 mL green top heparin (or 
thylenediaminetetraacetic acid (EDTA) purple top tubes 
based on availability) stored at ambient temperature and 
similarly shipped directly to Repertoire within 24 hours of 
venipuncture. Additionally, two buccal cheek swabs (RSC 
Buccal Swab DNA kit, Maxwell, Madison, Wisconsin, 
USA) were obtained from each participant pretreatment 
with collection supervised by a study team researcher and 
stored at ambient temperature; shipped directly to Reper-
toire with matching patient blood samples.

HPV plasma and tissue diagnostic testing
Fine needle aspiration cytology, core needle, or surgical 
biopsy specimens were obtained from all patients to 
ensure clinical diagnostic accuracy. Immunostaining 
for p16 was performed in all cases and required 70% or 
great expression to be deemed positive, as is convention. 

Confirmatory tissue- based in situ hybridization (ISH) or 
PCR testing was attempted in all cases to confirm HPV 
causality. Our in- house workflow is to perform a platform 
test for HPV E6/7 transcripts of subtypes 16/18 by RNA 
ISH, followed by reflex PCR to identify other high- risk 
subtypes if ISH returned negative. Results are interpreted 
by two independent anatomic pathologists with head and 
neck subspecialty training. All patient biopsies included 
here tested positive both by p16 and RNA ISH.

We performed baseline peripheral blood testing 
pretreatment on all participants for TTMV- HPV DNA 
(NavDx, Naveris, Waltham, Massachusetts, USA)56 57 at 
the time of enrollment on blood and/or tumor. This 
ultrasensitive digital droplet PCR assay detects the five 
most common high- risk subtypes of HPV (16, 18, 31, 
33, and 35) and reports TTMV- HPV DNA fragments/
mL of plasma (normalized across samples to generate a 
score) categorized as positive (>7 HPV16 and >12 non- 
HPV16), negative (<5 fragments/mL), or indeterminate 
(5–7 HPV16 and 5–12 non- HPV16) result for reporting 
purposes.

Tumor dissociation
Fresh tumor biopsy samples obtained from patients with 
HPV+ OPSCC were dissociated using a human tumor 
dissociation kit (Miltenyi Biotec, Bergisch Gladbach, 
Germany) per manufacturer guidelines. Briefly, tumors 
were weighed, and cut into small pieces (2–4 mm) in 
1–2 mL Roswell Park Memorial Institute (RPMI)- 1640 
media containing tumor dissociation enzymes. Tumor 
chunks were further minced on the gentleMACS Octo 
Dissociator (Miltenyi Biotec) at 37°C for 15 min. Dissoci-
ated tumor cells were pelleted and resuspended in 1–2 mL 
RPMI- 1640 containing 10% human serum albumin. The 
cell suspension was filtered through a MACS Smart-
Strainer (70 µm), pelleted, and resuspended in 1 mL of 
RPMI- 1640 with 10% serum. The dissociated tumor cells 
were counted, and viability was determined using the 
ViaStain viability dye (Nexcelom Bioscience, Lawrence, 
Massachusetts, USA) using an automated cellometer 
(Nexcelom Bioscience).

HLA typing
The genomic DNA (gDNA) was extracted from the 
peripheral blood of patients with HPV+ OPSCC by using 
GeneCatcher gDNA Blood Kit (Invitrogen). The quantity 
and quality of gDNA was evaluated in NanoDrop 8000 
(Thermo Fisher). The gDNA was then amplified using 
LinkSēq HLA- ABCDRDQDP+384 Kit, and the dissoci-
ation profile was subjected to SureType software (One 
Lambda) to determine the patient’s HLA type. HLA 
typing was validated by buccal swab through a commer-
cial service (Scisco Genetics).

Antigen library design
The amino acid sequences of HPV16 and HPV33 E1, E2, 
E4, E5, E6 and E7 were run through NetMHCpan58 in 
order to predict all possible 9- mers (class I), 15- mers or 
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21- mer (class II) binding to their respective MHCs with 
an affinity of 500 nM or stronger. We applied this strategy 
to predict HPV peptides for A*01:01, A*02:01, A*24:02, 
B*07:02, B*08:01 and DRB1*07:01. Finally, we added into 
libraries a set of well- defined viral epitopes from cyto-
megalovirus, Epstein- Barr virus, influenza viruses (CEF 
peptide pool) and SARS- CoV- 2 that elicit T- cell responses 
in the population at large. Antigenic peptides with 500 nM 
affinity or lower were then selected for inclusion.

Production of peptide MHC library pools
Class I MHC extracellular domains were expressed in Esch-
erichia coli and refolded along with beta- 2- microglobulin 
and ultraviolet (UV)- labile place- holder peptides.59–62 A 
C- terminal sortase recognition sequence on the HLA was 
modified by sortase transpeptidation63 64 with a synthetic 
alkynylated linker peptide, featuring an N- terminal trigly-
cine connected to propargylglycine via a PEG linker 
(Genscript, Piscataway, New Jersey, USA). The modi-
fied HLA monomer was then purified by size- exclusion 
chromatography (SEC). Full- length streptavidin with an 
N- terminal Flag tag and a C- terminal sortase recognition 
sequence and 6xHisTag was prepared by expression and 
purification from E. coli using immobilized metal affinity 
chromatography and SEC. Streptavidin was modified by 
sortase transpeptidation with a synthetic azidylated linker 
peptide, featuring an N- terminal triglycine connected 
to picolyl azide via a PEG linker (Click Chemistry Tools, 
Scottsdale, Arizona, USA). HLA tetramers were produced 
by mixing alkynylated HLA monomers and azidylated 
streptavidin in 0.5 mM copper sulfate, 2.5 mM BTTAA 
(2- (4-((Bis((1- (tert- butyl)−1H- 1,2,3- triazol- 4- yl)methyl)
amino)methyl)−1H- 1,2,3- triazol- 1- yl)acetic acid) and 
5 mM ascorbic acid for up to 4 hours on ice, followed by 
purification of highly multimeric fractions by SEC. Indi-
vidual peptide exchange reactions containing 500 nM 
HLA tetramer and 60 mM peptide were exposed to long- 
wave UV (366 nm) at a distance of 2–5 cm for 30 min at 
4°C, followed by 30 min incubation at 30°C. A biotinylated 
oligonucleotide barcode (Integrated DNA Technologies) 
was added to each individual reaction followed by 30 min 
incubation at 4°C. Individual tetramer reactions were 
then pooled and concentrated using 30 kDa molecular 
weight cut- off centrifugal filter units (Amicon). Tetramer 
production was quality controlled using SEC, sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE), and UV- mediated peptide exchange by assessing 
binding to peptide- expanded cell lines (data not shown).

The MHC Class II α-chain and β-chain extracellular 
domains were recombinantly expressed with C- terminal 
Myc and His tag sequences, respectively. For DRB1*15:01 
the Myc tag was replaced with a V5 tag. The N- terminus of 
the β-chain was fused to class II- associated invariant chain 
(CLIP) peptide followed by a flexible Factor Xa- cleavable 
linker. Both α-chain and β-chain were co- expressed in 
Chinese hampster ovary (CHO) cells and secreted into 
the expression medium as a stable CLIP- loaded heterod-
imer. Heterodimerization of the α-chain and β-chain of 

DRB1*07:01 was forced using a fusion of an engineered 
human IgG1- Fc protein to each chain. Following CHO 
expression, the heterodimer was purified by immobi-
lized metal ion affinity chromatography and SEC and was 
subjected to an overnight biotinylation reaction at 4°C 
using a commercial BirA biotin- protein ligase reaction kit 
(Avidity). Biotinylated proteins were further purified via 
SEC and digested with Factor Xa protease according to 
the manufacturer’s instructions (New England BioLabs). 
The proteolytic reaction was stopped by the addition of 
Factor Xa inhibitor, 1,5- Dansyl- Glu- Gly- Arg Chloromethyl 
Ketone, Dihydrochloride (Sigma- Aldrich). Class II 
proteins were concentrated to ~30 µM and stored at −80°C 
prior to preparation of the corresponding barcoded 
peptide libraries. Individual peptide exchange reac-
tions containing 7 uM Class II heterodimer and 350 uM 
peptide in a sodium citrate buffer (100 mM sodium 
citrate, 100 mM sodium chloride, 0.1% octyl glucoside, 
SIGMAFAST Protease Inhibitor Cocktail Tablets) were 
incubated at pH5.5 and 30°C overnight. The individual 
reactions were then neutralized using 1M Tris- HCL at 
pH10 to a final concentration of 0.14M Tris- HCL. In a 
separate container, Klickmers (Immudex, Denmark) 
were individually barcoded using biotinylated oligonu-
cleotide barcodes (Integrated DNA Technologies) and 
incubated for 30 min at 4°C. Individually exchanged 
Class II heterodimers were then added to the individ-
ually barcoded Klickmers and allowed to incubate for 
30 min at 4°C. The 2 mM D- Biotin (Invitrogen) was then 
added to each individual reaction to quench the strepta-
vidin, and allowed to incubate for 30 min at 4°C. These 
individual reactions were then pooled and concentrated 
using 30 kDa molecular weight cut- off centrifugal filter 
units (Amicon), and subsequently washed using cold PBS 
(Gibco) until a desired number of washes was achieved. 
The pool was then concentrated to the desired final 
concentration for staining.

Cell staining
Dissociated tumor cells obtained from the patients with 
OPSCC were subjected to MACS to get an enriched CD3+, 
CD8+ or CD4+ T cells using CD3T cell or CD8 T cell 
isolation kit, respectively, (Miltenyi Biotec) following the 
manufacturer’s protocol. The enriched fraction of T cells 
was then stained with 1 nM final concentration tetramer 
library in the presence of 2 mg/mL salmon sperm DNA in 
phosphate- buffered saline (PBS) with 0.5% bovine serum 
albumin solution for 20 min. Cells were then labeled with 
anti- TCR antibody- derived tag (ADT, IP26, BioLegend, 
San Diego, California, USA) for 15 min followed by 
washing. Tetramer bound cells were then labeled with 
phycoerythrin (PE) conjugated anti- DKDDDDK- Flag 
antibody (BioLegend) followed by dead cell discrimi-
nation using 7- amino- actinomycin D. The live, tetramer 
positive cells were sorted using a Sony MA900 Sorter 
(Sony Biotechnology, San Jose, California, USA). Final 
counts were determined and viability was assessed using 
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an automated cell counter (Nexcelom Bioscience) for 
use in single- cell encapsulations.

Sample multiplexing
To ensure sufficient complementary DNA production in 
single- cell sequencing, we used sample multiplexing for 
several experiments. When applied, samples were stained 
and sorted separately according to the protocol described 
above using anti- TCR ADTs with unique barcodes. 
Labeled samples were combined prior to encapsulation 
and single- cell sequencing.

Single-cell sequencing
Single- cell encapsulations were generated using 5’ v1 
Gem beads from 10x Genomics (Pleasanton, California, 
USA) on a 10x Chromium controller and downstream 
TCR, and Surface marker libraries were made following 
manufacturer recommended conditions. All libraries 
were quantified on a BioRad CFX 384 (Hercules, Cali-
fornia, USA) using Kapa Biosystems (Wilmington, Massa-
chusetts, USA) library quantified kits and pooled at an 
equimolar ratio. TCRs, surface markers, and tetramer- 
generated libraries were sequenced on Illumina (San 
Diego, California, USA) NextSeq 550 instruments. 
Sequencing data were processed using the Cell Ranger 
Software Suite (V.3). Samples were demultiplexed and 
unique molecular identifier (UMI) counts were quanti-
fied for TCRs, tetramers, and gene expression.

Single-cell transcriptomic analysis
Hydrogel- based RNA- seq data were analyzed using the 
Cell Ranger package from 10x Genomics (V.3.1.0) with 
the GRCh38 human expression reference (V.3.0.0). 
Except where noted, the Seurat R package (V.1.6.0) was 
used to perform the subsequent single- cell analyses. Any 
exogenous control cells identified by TCR clonotype 
were removed before further gene expression processing. 
Hydrogels that contain UMIs for less than 300 genes were 
excluded. Genes that were detected in less than three cells 
were also excluded from further analysis. Several addi-
tional quality control thresholds were also enforced. To 
remove data generated from cells likely to be damaged, 
upper thresholds were set for per cent UMIs arising 
from mitochondrial genes (10%). To exclude data likely 
arising from multiple cells captured in a single drop, 
upper thresholds were set for total UMI counts based on 
individual distributions from each encapsulation (from 
1500 to 3000 UMIs). Any hydrogel outside of any of the 
thresholds was omitted from further analysis. A total of 
133,182 hydrogels were carried forward. Gene expression 
data were normalized to counts per 10,000 UMIs per cell 
(CP10K) followed by log1p transformation: ln(CP10K+1).

Highly variable genes were identified (1,567) and 
scaled to have a mean of zero and unit variance. They 
were then provided to Seurat (V.3.0),65) to perform batch 
integration and dimension reduction. The data were then 
used to generate shared principal components which 
were in turn used to generate a UMAP representation. 

Shared neighbor graphs and Leiden clustering were 
subsequently performed. The hydrogel data (not scaled 
to mean zero, unit variance, and before extraction of 
highly variable genes) were assigned labels using SingleR 
(V.1.4.0,66) using the Human Primary Cell Atlas Data 
reference from Celldex (V.1.0.0,67).66 67 SingleR was used 
to annotate the clusters with their best- fit match from 
the cell types in the references. Clusters that yielded cell 
types other than types of the T- cell lineage were removed 
from consideration and the process was repeated starting 
from the batch integration step. The best- fit annotations 
from SingleR after the second round of clustering and 
the annotation was assigned as putative labels for each 
Leiden cluster. Further clustering of transcriptomic data 
were performed using KMeans in sklearn (V.0.24) with n_
clusters set to 8. As the method has a preference to assign 
like- sized clusters, further consolidation of two central 
memory clusters was performed.

In order to provide corroboration for the SingleR 
best- fit annotations and further evidence as to the pheno-
type of the clusters, gene panels representing functional 
T- cell categories (Naïve, Effector, Memory, Exhaustion, 
Proliferation) were used to score each hydrogel’s expres-
sion profiles using scanpy’s ‘score_genes’ function which 
compares the mean expression values of the target 
gene set against a larger set of randomly chosen genes 
that represent background expression levels. The gene 
panels for each class were: Naïve - TCF7, LEF1, CCR7; 
Effector - GZMB, PRF1, GNLY; Memory - AQP3, CD69, 
GZMK; Exhaustion - PDCD1, TIGIT, LAG3; Prolifera-
tion - MKI67, TYMS. The gene expression matrix for all 
hydrogels was first imputed using the MAGIC algorithm 
(V.2.0.4,68). These functional scores were the only data 
generated from imputed expression values.

B cell subtyping was performed using previously 
reported gene sets. The gene panels for each class were: 
Naïve – IGD, CD23, low CD80, low CD86, low CD95; 
Memory – low IGD, low CD23, CD21, CD40, CD80, CD86, 
CD95; Germinal center - PRDM1, IRF4, XBP1; CXCR4+ 
Centroblasts are subsets of GC B cells that also show an 
upregulation of BCL6, PAX5, and BACH2; Plasma – 
CD19−, CD138+.69–72

HPV calling
A transcriptome reference was built including different 
genotypes from HPV (hpv16, hpv18, hpv31, hpv33, 
hpv45, hpv52 and hpv 58). Fastq files from 10x single cell 
data were pseudo- aligned to this reference using Kallisto 
V.0.46.0. BUStools V.0.39.4 was used to error correct 
barcodes, collapse UMIs, and produce gene count 
matrices to use for further analysis. HPV counts were log 
transformed and normalized to tumor content across 
patients to compare relative expression levels.

Scoring peptide-HLA-TCR interactions
Tetramer data analysis was performed using Python 
(V.3.7.3). For each single- cell encapsulation, tetramer 
UMI counts (columns) were matrixed by cell (rows) 
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and log- transformed. Duplicates of this matrix were 
independently Z- score transformed by row or column, 
and subsequently median- centered by the opposite axis 
(column or row), respectively. For each peptide- HLA- cell 
interaction, this provided two scores—inter- tetramer ( Ztet

 ) and inter- cell ( Zcell  ), which were used to calculate a clas-
sifier for unique CDR3 a/b clonotypes across  N   cells as 

 N ×
−
Ztet ×

−
Zcell   . Classifier thresholds for positive interac-

tions were set at 16.

TCR network analysis
TCR motif analysis was performed in Python (V.3.8.5) 
using TCRdist3 (V.0.2.2) on both alpha and beta chains. 
Network graphs were assembled using NetworkX 
(V.2.7.1). Nodes representing alpha (circle) and beta 
chains (square) were connected by edges to each other 
within a clonotype and to corresponding chains from 
other cells when distances were less than or equal to 11 
and 23, respectively. Graphs were drawn using a spring 
layout with spring weights inversely proportional to 
distances. Once clusters were identified, sequence align-
ment was performed using the pairwise2 module in Biopy-
thon (V.1.78) and visualized using logomaker (V.0.8).

Recombinant TCR validation
TCRs identified from patient samples were ordered 
from TWIST Biosciences in the pLVX- EF1a lentiviral 
backbone (Takara) as a bicistronic TCRb- T2A- TCRa 
vector. Viral supernatants from transfected HEK 293T 
cells were collected 48 and 72 hours after transfection 
(MIR6655 TransIT Lentivirus System) and added to the 
parental TCRα/β−/− Jurkat J76 cell line expressing CD8 
and a NFAT- green fluorescent protein (GFP) reporter, 
referred to as J76- CD8- NFAT- GFP. Recombinant TCR 
surface expression was confirmed throughflow cytometry 
by staining transduced J76- CD8- NFAT- GFP cells with anti- 
CD3- PE (Clone UCHT1) and anti- TCRα/β -allophycocy-
anin (APC) antibodies (Clone IP26).

To assess functional activity of recombinant TCRs, 
J76- CD8- NFAT- GFP expressing recombinant TCRs were 
incubated at a 1:1 ratio with the HLA- A*01:01+, HLA- 
B*08:01+ or DRB1*07:01 expressing B- LCL cell line, with 
a final concentration of 0.5% dimethylsulfoxide (vehicle) 
or 50 µM of cognate peptide (Vivitide, >95% pure). Cell 
mixtures were incubated at 37°C, 5% CO2. At 16 hours, 
cells were washed and blocked with staining buffer (BD 
554656), stained with anti- CD3- PE- Cy7 (Clone UCHT1) 
and anti- CD69- APC (Clone FN50) antibodies, and 
analyzed using the Sartorius iQue Screener Plus and 
FlowJo V.10. CD69 activity was measured as percent posi-
tive of CD3+ cells.

External data set
Records of 250 patients with HPV+ OPSCC were licensed 
from Tempus. HLA class I typing for each sample was 
performed using Optitype to 4- digit resolution on DNA- 
seq data. HPV typing on each sample was performed using 
RNA- seq data using Kallisto- DESeq2 workflow. Kallisto 

was used for quantifying abundances of HPV genotype 
specific transcripts followed by count normalization using 
DESeq2 R package.73 74 HPV genotypes include HPV16, 
HPV18, HPV31, HPV33, and HPV45. Genes include 
E1, E2, E4, E5, E6, E7, L1 and L2 specific to each geno-
type. HPV genotype was assigned based on detection of 
genotype specific HPV E* genes. Specifically, for a given 
sample at least one E* gene for that genotype must have 
expression greater than/equal to 0.75 units.

Statistical analysis
Detailed description on data processing, normaliza-
tion, and handling is included in each of the methods’ 
subsections. Statistical analysis was performed using 
GraphPad Prism V.9 software and R. Statistical analyses of 
differences were performed using Shapiro- Wilk tests for 
normality and Mann- Whitney U tests for gene expression 
differences between HPV types. Pearson’s correlation 
analysis was run to determine association between HPV 
gene expression and different cell types.
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