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Profiling HPV-16-specific T cell responses reveals
broad antigen reactivities in oropharyngeal

cancer patients

Kunal H. Bhatt!, Michelle A. Neller!, Sriganesh Sriharit, Pauline Crooks!, Lea Lekieffre!, Blake T. Aftab?®, Howard Liu*, Corey Smith’, Liz Kenny*®,

Sandro Porceddu*®, and Rajiv Khanna»®

Cellular immunotherapeutics targeting the human papillomavirus (HPV)-16 E6 and E7 proteins have achieved limited success
in HPV-positive oropharyngeal cancer (OPC). Here we have conducted proteome-wide profiling of HPV-16-specific T cell
responses in a cohort of 66 patients with HPV-associated OPC and 22 healthy individuals. Unexpectedly, HPV-specific T cell
responses from OPC patients were not constrained to the E6 and E7 antigens; they also recognized E1, E2, E4, E5, and L1
proteins as dominant targets for virus-specific CD8* and CD4* T cells. Multivariate analysis incorporating tumor staging,
treatment status, and smoking history revealed that treatment status had the most significant impact on HPV-specific CD8*
and CD4* T cell immunity. Specifically, the breadth and overall strength of HPV-specific T cell responses were significantly
higher before the commencement of curative therapy than after therapy. These data provide the first glimpse of the overall
human T cell response to HPV in a clinical setting and offer groundbreaking insight into future development of cellular

immunotherapies for HPV-associated OPC patients.

Introduction

Head and neck cancers are the sixth most common type of
cancer worldwide, and their incidence is growing (Kreimer
et al., 2018). Human papillomavirus (HPV) can be detected in
38-56% of oropharyngeal cancer (OPC) cases in Australia, Japan,
North America, and Northern and Western Europe (de Martel
et al., 2020). Other estimates indicate an HPV-positive OPC in-
cidence of 60-70% in the United States (Chaturvedi et al., 2013).
Although the worldwide prevalence of head and neck squamous
cell carcinoma (HNSCC) has decreased over the past few dec-
ades, the incidence of HPV-associated OPC has increased
(Chaturvedi et al., 2011). Despite the recent approval of two
very effective HPV vaccines that prevent primary infection, the
impact of vaccination on the incidence of HPV-associated OPC
is not expected to become evident until 2060 (Gillison et al.,
2015). The morbidity associated with treatment for OPC and the
favorable long-term survival demonstrate an ongoing need to
develop better prognostic markers for this disease to allow
better selection of de-escalation strategies (Gillison et al., 2019;
Jones et al., 2020; Mehanna et al., 2019).

HPV serotype 16 (HPV-16) is the predominant viral type as-
sociated with OPC and other HPV-positive cancers, including
cervical cancer and anogenital cancer. HPV has an 8-kb genome
that encodes six early genes (EI, E2, E4, E5, E6, and E7) that are
involved in replication and transcription and two late genes
(L1 and L2) that encode capsid proteins. In infected malignant
cells, HPV-16 is known to integrate into the host genome,
leading to disruption of E2 gene expression and induction of
E6 and E7, which have known oncogenic function. As a con-
sequence, the majority of immunotherapeutic developmental
work in HPV has concentrated on the E6 and E7 antigens.
However, recent cancer genome sequencing in HNSCC
showed that >70% of cancers contain a hybrid episomal form
of virus, indicative of the potential presence of other HPV
antigens in tumor tissue (Morgan et al., 2017; Nulton et al.,
2017). Furthermore, previous reports have demonstrated
mRNA expression and high titers of serum antibodies against
El, E2, E4, and E5, in addition to E6 and E7, in HPV-positive
OPC (Anderson et al., 2015; Gleber-Netto et al., 2019; Krishna
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et al., 2018), which further supports the persistence of all
early antigens and their immunogenicity in OPC.

Virus-specific T cells have been shown to play an important
role in remission of HPV-associated cancers, and immunode-
ficiency correlates with poor survival in HNSCC patients
(Masterson et al., 2014). However, most previous studies have
concentrated solely on the association of T cell responses
against E6 and E7 with the prognosis of patients with OPC
(Albers et al., 2005; Masterson et al., 2016). Therefore, in the
present study, we adopted a proteome-wide profiling approach
to study HPV-specific T cell immunity in a cohort of 66 OPC
patients. The frequency, magnitude, and antigen specificity of
HPV-specific T cell responses were further correlated to pa-
tient demographics, including the impact of curative therapy,
disease staging, and smoking history.

Results

HPV-specific CD8* and CD4* T cells from OPC patients display
broad, multiantigen-specific reactivity

To comprehensively analyze HPV-specific T cell immunity, we
recruited a cohort of 66 OPC patients and 22 healthy volunteers
as control subjects (Table S1). This cohort was predominantly
male (91%), with a median age of 59.06 + 7.79 yr at diagnosis. The
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majority (61.19%) of these patients were diagnosed with OPC of
the tonsillar region and recruited after therapy (62.68%; Table
S1). Our initial studies indicated that it was difficult to detect
HPV-specific T cells ex vivo in peripheral blood mononuclear
cells (PBMC) from both OPC patients and healthy volunteers
(data not shown). To enhance the sensitivity of detection of
HPV-specific T cells, PBMC from OPC patients and healthy
volunteers were stimulated with overlapping peptide pools
(OPPs) from HPV-encoded antigens E1, E2, E4, E5, E6, E7, and L1
and cultured for 14 d in the presence of IL-2. HPV antigen-
specific reactivity of these in vitro-expanded T cells was then
assessed by intracellular cytokine staining (ICS). A representa-
tive flow cytometric analysis showing frequency of IFN-
y-positive CD8* and CD4* T cells after recall with either El,
E2, E4, E5, E6, E7, or L1 or left unstimulated from an OPC patient
(RB-012) is shown in Fig. 1, A and B. This analysis showed that
HPV-specific CD8* and CD4* T cell responses (>1% above the no-
peptide control) were detected in the majority of OPC patients
(43 of 66) in our cohort (Fig. 2, A and B). In contrast, HPV-
specific T cell responses were less prominent and detected at a
lower frequency in healthy volunteers (3 of 22). T cells from OPC
patients not only reacted against E6 and E7 but also consistently
displayed comparable reactivity against E1, E2, E4, E5, and L1
proteins.
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Figure 2. Proteome-wide profiling of HPV-
16-specific T cell responses in the peripheral
blood of OPC patients and healthy volunteers.
PBMC from OPC patients (n = 66) and healthy
volunteers (n = 22) were stimulated with OPPs
covering the entire sequence of HPV-encoded
antigens E1, E2, E4, E5, E6, E7, and L1; cells
were cultured in the presence of IL-2. On day 14,
these cells were restimulated with individual
antigen OPPs, and antigen-specific reactivity
was assessed by intracellular IFN-y FACS stain-
ing. (A and B) Box-and-whisker plots show HPV-
16-specific CD8* T cell (A) and CD4* T cell (B)
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reactivity in OPC patients and healthy volun-
teers. Each patient’s sample screening was re-
peated a minimum of three times independently.
(C) OPC patients showing CD8* and CD4* T cell
responses 21% IFN-y* (n = 43) were analyzed
using a response matrix, which was memo sorted
and displayed as response plots. Each row of the
response plot shows the presence or absence of
a CD4* or CD8* T cell response to an individual
HPV antigen, and each column shows the re-
sponse for an individual patient. The bar graph
on top shows the number of antigen-specific
responses observed for each patient. The per-
centage adjacent to each row shows the antigen-
specific T cell response frequency among all OPC
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patients recruited in the study (n = 66). The bar
graph on the right side shows the number of
patients responding to each antigen. *, P < 0.05;
**, P <0.03; **%, P < 0.00L; **** P < 0.0001; ns,
not significant; two-tailed t test with Welch’s
correction.
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In-depth analysis of these responses emphasized the recog-
nition of multiple antigens by patients, with 30% of patients
having T cell responses against three or more HPV antigens
(Fig. 2 C). Furthermore, when CD4* and CD8* T cell responses
against each antigen were tallied, two patients (RB-020 and
RB-032) had nine discrete T cell responses. Although the
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predominant targets were E1 (39% of patients) and L1 (35% of
patients) for CD4* T cells and L1 (21% of patients), E5 (15% of
patients), and E6 (15% of patients) for CD8* T cells, all antigens
were recognized by CD4* and CD8* T cells from at least one
patient, excluding CD4* T cell recognition of E5 (Fig. 2 C). This
demonstrates the diversity of the HPV-specific T cell response in
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OPC patients. Correlative analysis showed significant cor-
ecognition of antigens, including a correlation of E1 recognition
with all other antigens (P < 0.05). E2-specific responses showed a
positive correlation with all other antigens except E6; E6-specific
responses with all other antigens except E2; and Ll-specific re-
sponses with E1, E2, and E6 (Fig. 3).

We extended our T cell reactivity analysis to map HLA class
I- and class II-restricted T cell epitopes within HPV-encoded
antigens using standard two-dimensional peptide matrices.
Data from these assays were then used to precisely map T cell
epitopes using N-terminal and C-terminal trimming. A repre-
sentative analysis is shown in Fig. S1 and Fig. S2. HLA restriction
of these epitopes was determined by assessing T cell reactivity
against peptide-loaded, HLA-matched and -mismatched lympho-
blastoid cell lines. Table 1 and Table 2 contain comprehensive lists
of CD8* and CD4* HPV T cell epitopes and their HLA restrictions.

Chemoradiotherapy treatment impacts on HPV-specific T cell
responses

Current curative therapeutic options for OPC incorporate con-
current cisplatin and/or cetuximab with radiotherapy (Table
S1). To assess the impact of curative treatment on HPV-specific
T cell immunity, patients were stratified into two groups based
on treatment stage (pretreatment, n = 24; post-treatment, n =
42). Interestingly, following treatment, many patients displayed
a decline in HPV-specific CD8* T cell reactivity, characterized by
a significant reduction in the frequency of E1-, E2-, E5-, and E6-
specific CD8* T cells (Fig. 4 A). In contrast, in the CD4* T cell
compartment, only E2-specific responses were significantly
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reduced after therapy (Fig. 4 B). In-depth analysis of T cell re-
sponses above the 1% reactivity cutoff further emphasized
changes in the diversity of the HPV-specific T cell response
following curative therapy (Fig. 5). In this analysis, a CD4" or
CD8* T cell response to an individual antigen was classified as a
“reactivity.” Patients in the pretreatment group had up to nine
reactivities, with a median of two. In contrast, the post-therapy
group had up to six reactivities, with a median of one. Although
the predominance of CD4* T cell responses to El and L1 was evident
in both patient cohorts, the proportion of responding patients de-
creased after treatment (E1, 50% to 33%; L1, 50% to 26%; Fig. 5, A
and B). CD8* T cell responses displayed a more dramatic reduction
following treatment, with at least a 50% reduction in the proportion
of patients responding to each HPV antigen (Fig. 5, A and B).

Impact of OPC tumor staging and smoking history on HPV-
specific T cell responses

The American Joint Committee on Cancer (AJCC) tumor, node,
metastasis (TNM) staging (eighth edition) is employed for cat-
egorizing OPC tumors to assist with the assessment of disease
status, prognosis, and management. To explore the possibility
that TNM staging at diagnosis may impact HPV-specific T cell
immunity, we compared the HPV-specific CD4* and CD8* T cell
responses of OPC patients whose tumors were classified as stage
I (n=17), stage II (n = 35), or stage ITI (n = 10). This revealed that
HPV-specific CD8* T cell responses directed toward E1 and E6
were significantly enhanced in patients with stage III tumors
when compared with patients with stage I or II classifications
(Fig. 6 A). In contrast, HPV-specific CD8* T cell responses
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Table 1. Mapped HPV-16 CD8* T cell epitopes

Antigen Epitope HLA restriction Number of +ve patients Number of patients with HLA
HPV-16-E1 FELSQMVQW B*18:01 1 5
B*44:02 1 24
TLLQQYCLYL® A*02:01 2 34
SEIAYKYAQL B*18:01 1 5
B*44:02 1 24
RPFKSNKST B*07:02 1 17
ALDGNLVSMDV A*02:01 1 34
YLHNRLVVF B*08:01 2 14
SRWPYLHNR B*27:05 1 6
HPV-16-E2 TLQDVSLEVYL® A*02:01 3 34
YICEEASVTVV? A*02:01 1 34
NKVWEVHAGGQVILC A*01:01 2 24
HRDSVDSAPI B*27:05 3 6
YVHEGIRTY? B*35:01 1 6
QVDYYGLYY A*01:01 1 24
HPAATHTKAV? B*07:02 2 17
HPV-16-E4 WPTTPPRPI B*07:02 1 17
HPV-16-E5 NLDTASTTL C*05:01 5 21
NLDTASTTL C*08:02 2 3
SAFRCFIVY2 B*35:01 1 6
B*35:43 1 1
HPV-16-E6 HDIILECVY? B*18:01 2 5
TIHDIILECV? A*02:01 1 34
AFRDLCIVY? C*07:02 3 19
GRWTGRCMSC? B*27:05 4 6
HPV-16-E7 LEDLLMGTLGI? C*04:01 2 9
HVDIRTLEDLLMGTL? A*02:01 1 34

3Previously published epitope sequences.

against E2 and E5 were significantly higher in patients with
stage II tumors than in those with stage I tumors (Fig. 6 A).
Patients diagnosed with different stages of OPC showed com-
parable levels of CD8* T cells specific for E4, E7, and L1, whereas
CD4* T cell responses did not differ on the basis of tumor staging
(Fig. 6 B). We also noted that only patients with stage II or III
OPC had T cell responses against three or more antigens,
whereas patients diagnosed with stage I disease only showed
responses against a single antigen (Fig. 6 C).

Although previous studies had recognized smoking as one of
the major risk factors for high-grade HPV-associated cervical
lesions (Fang et al., 2018; Mzarico et al., 2015) and OPC (Du et al.,
2019), this increased risk has been proposed to be linked to poor
immune control. Furthermore, it is also possible that smoking
history along with disease burden and treatment status may also
have an impact on the HPV-specific T cell immunity. To explore
this hypothesis, we performed a multivariate analysis to deter-
mine the relationship between CD8* and CD4* T cell responses
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against individual HPV antigens and smoking history, treatment
status, and tumor stage. Table 3 lists the most significant indi-
vidual associations, and Table 4 shows combined associations.
Overall, treatment status had the most significant impact on
T cell response, followed by tumor stage and smoking history. In
particular, treatment status showed a significant association
with CD8* T cell responses directed against E6 (P = 0.0164) and
E1 (P = 0.0106) and CD4* T cell responses against E2 (P = 0.007)
and E7 (P = 0.0043). A combination of these factors—in partic-
ular, patients who were untreated (pretherapy), with a smoking
history, and stage II or III disease—had a significant impact on
CD4* T cell responses against E2 (P = 0.031) and E7 (P = 0.0362).

Discussion

Previous studies have shown that HPV status of OPC patients is
an independent prognostic factor for improved progression-free
and overall survival (Ang et al., 2010). Concurrent cisplatin and/or
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Table 2. Mapped HPV-16 CD4* T cell epitopes

Antigen Epitope HLA restriction Number of patients
HPV-16-E1 VSFSELVRPFKSNKSTCCD DRB1*15:01 1
FLRYQGVEFMSFLTALKRF Not defined 1
AAMLAKFKELYGVSFSELV Not defined 1
PSIADSIKTLLQQYC Not defined 1
GWFYVEAVVEKKTGD Not defined 1
CTFELSQMVQWAYDN Not defined 1
AKFKELYGVSFSELVRPFK DRB1*07:01 1
YDNDIVDDSEIAYKYAQLA Not defined 1
QGIPKKNCILLYGAANTGK Not defined 1
LFGMSLMKFLQGSVICFVN Not defined 1
QGVEFMSFLTALKKRF DRB1*09:01 1
LFGMSLMKFLQGSVICFVN Not defined 1
WKSFFSRTWSRLSLH DRB1*04:01 3
FMSFLTALKRFLQGIPKKN DRB1*11:04, DRB*04:01 2
VEAVVEKKTGDAISDDENE ND 1
HPV-16-E2 SVDSAPILTAFNSSH? DQA1*05:01-DQB1*03:01 1
LRYRFKKHCTLYYTAV? DRB1*15:01 2
HIDYWKHMRLECALY? DRB1*13:02 2
NVCQDKILTHYENDSTDLR? Not defined 1
QVVPTLAVSKNKALQAIEL® Not defined 1
VSLEVYLTAPTGCIKKHGY? Not defined 1
HPV-16-E6 KQRFHNIRGRWTGRCMSCC? DRB1*15:01/DQB1*03:01 3
EKQRHLDKKQRFHNIRGRW? DRB1*13:02/DQR1*13:03 2
VYDFAFRDLCIVYRD? Not defined 1
AFRDLCIVYRDGNPYAVCD? Not defined 2
VCDKCLKFYSKISEYRHYC? Not defined 1
HPV-16-E7 VQSTHVDIRTLEDLLMGTL? DQA1*05:01-DQB1*03:01 2
YEQLNDSSEEEDEID? DQB1*06:09 1
TPTLHEYMLDLQPETTDLY? Not defined 2

3Previously published epitope sequences.

cetuximab with radiotherapy is a curative therapeutic option for
OPC; however, multimodality treatment often drastically im-
pacts the patient’s quality of life (Xie et al, 2017). HPV-
associated malignancies are an ideal target for adoptive T cell
therapy because they express “foreign” viral antigens, and it is
known that T cells play a vital role in suppressing and elimi-
nating HPV-infected cells (Senba and Mori, 2012). Adoptive
T cell therapy may provide a better-tolerated alternative to
chemoradiotherapy in this setting. As yet, the majority of studies
investigating HPV-specific T cell responses in HNSCC patients
have focused on the E6 and E7 antigens (Masterson et al., 2016;
Sirianni et al., 2004; Spanos et al., 2009; Wansom et al., 2010).
However, recent reports have confirmed that the majority of
HPV-positive HNSCC tumors contain HPV-16 in an episomal
form (Arias-Pulido et al., 2006; Morgan et al., 2017), suggesting
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that there might be an opportunity to target other antigens with
adoptive T cell therapy. Indeed, previous studies have shown
that HNSCC tumors with the episomal form of the virus often
express high levels of E2 (Anayannis et al., 2018). Furthermore,
Anderson and colleagues demonstrated a strong serological re-
sponse against HPV-16-encoded E1, E2, E4, E5, E6, and E7 in OPC
patients (Anderson et al., 2015). In the present study, we have
validated these observations, demonstrating that OPC patients,
particularly those with advanced disease, generate T cell re-
sponses against the full array of HPV antigens.

To delineate the dynamics of HPV-specific T cell-mediated
immune regulation, we recruited 66 OPC patients and 22 healthy
volunteers and assessed proteome-wide CD8* and CD4* T cell
responses against HPV. Although most of the healthy volunteers
showed low or undetectable HPV-specific T cell responses, more
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A @ Pre-therapy @ Post-therapy Figure 4. HPV-16 antigen-specific T cell reactivity in
PBMC from OPC patients before and after treat-
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than 60% of the OPC patients showed detectable HPV-specific
T cell reactivity. We detected both CD4* and CD8* T cell re-
sponses against all of the antigens tested, excluding CD4* T cell
responses against E5. This lack of E5-specific CD4* T cell reac-
tivity is consistent with previous observations demonstrating
that the lack of an E5-specific CD4* T cell response corresponds
with increasing grade of neoplasia (Gill et al., 1998). This
analysis also allowed us to map a large number of novel HLA
class I- and class II-restricted CD8* and CD4* T cell epitopes for
further use in novel immunotherapeutic approaches to treating
HPV-positive OPC. It is important to mention here that our T cell
profiling was focused primarily on HPV-16, and it is possible that
we may have missed some of the T cell responses to other high-
risk HPV types which are also associated with OPC. However,
we point out that we did assess the HPV-18 antigen-specific
T cell response in the same cohort, and only two patients
showed HPV-18-specific T cell reactivity, and one patient had a
positive test result for both HPV-16 and HPV-18 (data not
shown).

Given the heterogeneity of T cell responses to HPV-
l6-encoded proteins in OPC patients, we further evaluated
the potential impact of clinical and pathological parameters on
HPV-specific T cell immunity. We observed broader and higher-
magnitude HPV-specific T cell responses in blood samples col-
lected from patients before the initiation of curative therapy.
A significant drop in CD8* T cell reactivity was observed in
PBMC collected after the completion of curative therapy. Al-
though the precise reason for this is unknown, it is possible that
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immunosuppressive effects of chemoradiotherapy may impair
HPV-specific T cell immunity (Parikh et al., 2014). It is also
possible that the resolution of active disease following therapy
reduces the potential source of antigen required to maintain
HPV-specific T cell immunity. Our observations align with those
of a previous study by van Meir et al. (2016) and colleagues, who
reported a significant reduction in HPV-specific CD4* and CD8*
T cell responses directed against E6 and E7 antigens after ther-
apy, with altered CD4/CD8 ratios. Furthermore, a previous study
has shown that an increase in myeloid-derived suppressor cells
and altered CD8*/T regulatory cell ratios in patients after che-
moradiotherapy can antagonize HPV-specific T cell immunity
(Parikh et al., 2014).

We further extended our analysis to explore the potential
impact of tumor burden and smoking history on HPV-specific
T cell reactivity. Although HPV-specific CD4* T cell responses
were largely unaffected by disease burden, CD8* T cell responses
directed against each of the HPV antigens showed distinct dif-
ferences in relation to OPC staging. Patients diagnosed with
stage II or III OPC showed significantly larger CD8* T cell re-
sponses to El, E2, E5, and E6 antigens than did patients with
stage I disease. However, subsequent multivariate analysis re-
vealed that disease stage only impacted CD8* T cell responses
directed toward E6, whereas treatment status was more defin-
itively associated with changes in the responses to multiple
antigens. Nevertheless, patients with stage II or III disease were
more likely to generate T cell responses against multiple anti-
gens. This selective impact on T cell responses in the context of
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Figure 5. Profile of HPV-specific T cell reactivity in
OPC patients and the impact of curative treatment.
CD8* and CD4* T cell responses against individual HPV
antigens 21% IFN-y* were identified in 43 OPC patients,
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19) and after therapy (B; n = 24). In the response plots,
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each row shows the presence or absence of a CD4* or
CD8* T cell response to an individual HPV antigen, and
each column shows the response for an individual pa-
tient. The bar graph on top shows the number of
antigen-specific responses observed for each patient.
The percentage adjacent to each row shows the
antigen-specific response frequency in the pretherapy
(n = 24) and post-therapy (n = 42) patient cohorts. The
bar graph on the right side shows the number of pa-
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disease burden was unexpected, and it is difficult to delineate
the precise underlying reason. It is possible that the differential
expression of HPV antigens in the advanced-stage disease set-
ting (potentially due to the presence of the episomal HPV ge-
nome) may drive the differential expansion of CD8* T cells
directed toward these antigens. A more in-depth analysis of HPV
protein expression in OPC should provide further insight into
T cell response dynamics in OPC patients. Smoking history has
been recognized as a risk factor for supporting HPV prevalence
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and enhancing the risk of high-grade cervical lesions (Fang et al.,
2018; Mzarico et al., 2015). This increased risk has been assumed
to be linked to poor immune control. Surprisingly, our multi-
variate analysis revealed only minimal differences in T cell
responses to HPV in OPC patients with a smoking history,
suggesting that smoking does not have a dramatic impact on
HPV-specific T cell immunity in OPC patients.

Taken together, this study provides comprehensive profiling
of HPV-specific T cell immunity in OPC patients. Data presented
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here open new opportunities for the development of effective
T cell therapies for the treatment of OPC. Until now, much of the
focus of T cell-based therapeutics has been on targeting E6 and
E7. We propose that there is an urgent need to revisit the design
strategy for these cellular therapies. The detection of T cell re-
activity against El, E2, E4, and E5 in OPC patients, especially
those with advanced stage disease, clearly demonstrates that
targeting a broader array of antigens may provide better ther-
apeutic outcomes. It also remains to be determined if T cells
directed to El, E2, E4, and E5 antigens can infiltrate the OPC
tumor microenvironment. The data presented here strongly
support the further investigation of HPV-specific T cell re-
sponses in other HPV-associated cancers. This knowledge
should be exploited to develop autologous and allogeneic
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(“off-the-shelf”) T cell therapies to enhance current chemo-
radiotherapy treatment strategies.

Materials and methods

Characteristics of patients and healthy volunteers

This study was performed according to the principles of the
Declaration of Helsinki. It was approved by the QIMR Berghofer
Medical Research Institute Human Research Ethics Committee
and the Metro South Hospital and Health Service Human Re-
search Ethics Committee. All participants in the study provided
written informed consent. 67 patients diagnosed with HPV-
associated OPC were recruited from Princess Alexandra Hospi-
tal (n = 23) and Royal Brisbane and Women’s Hospital (n = 43).
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Table 3. Association of CD8* and CD4* T cell responses with smoking history, treatment status, and tumor stage in multivariate linear regression

analysis

Responding T cell subset HPV antigen Smoking history Treatment status Tumor stage
CcD8* El NS 0.0106 NS
E2 NS 0.0797 NS
E5 0.0897 NS NS
E6 NS 0.0164 0.044
E7 NS NS NS
L1 NS 0.053 NS
CD4* El NS NS NS
E2 NS 0.007 NS
E4 NS NS NS
E7 NS 0.0043 NS

NS, P> 0.1

These patients were recruited before treatment, during treat-
ment, or after the completion of definitive radiation therapy
and/or systemic therapy. All nonconsecutively recruited pa-
tients were diagnosed with either an incisional or excisional
biopsy and/or fine-needle aspiration, and plé immunohisto-
chemistry was performed on the tumor. Patients were consid-
ered pl6 positive if >70% of tumor cells stained positive for plé.
Patient demographics, tumor location, AJCC TNM staging
(eighth edition), treatment received, and disease status are pre-
sented in Table S1.

PBMC isolation

Freshly drawn blood samples from OPC patients and healthy
donors were collected in 10-ml BD Vacutainer tubes with K2
EDTA (BD Diagnostics). PBMC were isolated in a 50-ml SepMate
tube (StemCell Technologies) according to the manufacturer’s
instructions within 2 h of blood collection. After cell counting,
PBMC were cryopreserved at 1 x 107 cells per 1 ml and placed
inside a Nalgene Mr. Frosty Cryo 1°C Freezing Container
(Thermo Fisher Scientific) at -80°C for 48 h, and the cells were
later transferred to liquid nitrogen until further experiments
were performed.

In vitro expansion of HPV-specific T cell lines
PBMC from patients and healthy donors were stimulated with
HPV-16 OPPs from El, E2, E4, E5, E6, E7, and L1 proteins (JPT

Peptide Technologies GmbH) at a concentration of 1 pg/ml per
peptide and incubated at 37°C in 6.5% CO, for 1 h. The cells were
then washed and cultured for 14 d in 24-well plates at 37°C in
6.5% CO,. These cultures were supplemented with RPMI-1640
medium (Life Technologies) containing 10% fetal bovine serum.
Recombinant IL-2 (Komtur Pharmaceuticals) at 200 IU/ml was
included from day 2, and medium was changed every 3 d
thereafter until day 14. On day 14, a portion of the T cells was
counted using trypan blue exclusion and analyzed by IFN-y ICS
following recall with individual antigens. The remaining cells
were cryopreserved in culture medium containing 10% dimethyl

sulfoxide (Sigma-Aldrich).

IFN-y ICS
Cultured T cells (2 x 105) were incubated for 4 h at 37°C in 6.5%
CO, with HPV OPPs, peptide matrices, minimization peptides,
or defined peptide epitopes in the presence of GolgiPlug (BD
PharMingen). After incubation, the T cells were washed and
labeled with anti-CD4-FITC (clone RPA-T4; BD Biosciences) and
anti-CD8-PerCP-Cy5.5 (clone RPA-TS; eBioscience) antibodies
and LIVE/DEAD Fixable Near-IR Dead Cell Stain (Life Technol-
ogies). Cytofix/Cytoperm solution (BD PharMingen) was used to
fix and permeabilize the T cells before washing and incubation
with anti-IFN-y-PE antibody (clone B27; BD Biosciences). The
T cells were washed and resuspended in phosphate-buffered
saline containing 1% paraformaldehyde and acquired using a

Table 4. Multivariate analysis of association of antigen-specific CD8* and CD4* T cell responses with smoking history, treatment status, and tumor

stage

Responding cell T antigen Smoking history Treatment status Tumor stage Prediction ability (multivariate P value)
CD8 L1 Smoker Pretherapy 0.0915
CD4 E2 Smoker Pretherapy I 0.0301

E7 Pretherapy 1l 0.0515

E7 Smoker Pretherapy I 0.0362

Only significant associations (P < 0.1) are shown.
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BD LSRFortessa flow cytometer (BD Biosciences). For each
sample screening or minimization or all other ICS assays, an
internal positive control in which T cells are stimulated with a
polyclonal stimulator (PMA/ionomycin) and also appropriate
negative controls (no peptide) were included. Postacquisition
analysis was conducted using FlowJo software (FlowJo LLC).
Antigen-specific IFN-y* CD4* and CD8* responses were calcu-
lated by subtracting the proportion of IFN-y* cells in the no-
peptide control from each peptide-stimulated response; =1%
IFN-y* was considered an antigen-specific response.

Statistical analysis

All statistical analyses were performed using Prism version 8.2.1
software (GraphPad Software). Flow cytometric data were
summarized as percentages and presented as mean + SEM. An
unpaired t test with Welch’s correction was used for all cate-
gorical variable analyses. In addition, a response matrix was
derived by binning the CD8* and CD4* T cell responses to HPV-16
antigens on the basis of T cell reactivity of 21% IFN-y* (consid-
ered a positive response) or <1% IFN-y* (considered a negative
response). The response matrix was then memo sorted and
plotted as response plots. Memo sorting arranged the HPV an-
tigen (E1, E2, E4, E5, E6, E7, and L1) based on the number of
patients who had a T cell response against each antigen. It also
ordered the patients based on the number of antigens to which
their T cells responded. The response matrix was used to derive
Pearson’s correlations for the antigen-specific T cell responses
across patients. A significance level of P < 0.05 was considered
statistically significant. The Pearson values were calculated
by pooling together CD8* and CD4* T cell responses for the
patient; statistical significance was computed using “corrplot”
and “chart.correlation.”

Online supplemental material

Fig. S1 includes a brief outline of mapping of HPV-16 epitopes
recognized by CD8* T cells from OPC patients. Fig. S2 provides
an outline for mapping HPV-16-specific CD4* T cell epitopes in
OPC patients. Table S1 includes demographic and clinical pro-
files of OPC patients recruited in this study.
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Figure S1.  Mapping of HPV-16 epitopes recognized by CD8* T cells from OPC patients. (A) Overview of the process for mapping HPV epitopes recognized
by T cells from OPC patients. An example of the trimming of a 15-amino acid sequence to define the minimal T cell epitope is shown to the right of the
flowchart. The amino acid sequence was trimmed from the C-terminal and N-terminal ends, as indicated by the arrows. (B) Representative data showing the
identification of a T cell determinant. (i) T cell cultures were generated by stimulating PBMC with OPPs from HPV-16 antigens. After 14 d in culture, the T cells
were restimulated with OPPs from individual antigens, and intracellular IFN-y production was analyzed by flow cytometry. Reactive T cells were further
analyzed to determine the cognate peptide. (i) Subpools of peptides were made for each antigen (nine subpools for E5 are pictured) and used in an IFN-y ICS
assay. The T cell response against each subpool is shown in the bar graph. (iii) The responses against each subpool were overlaid on a two-dimensional matrix,
which shows the common individual peptides among the pools. The positive responses against pools 1 and 6 are highlighted in yellow, showing the common
peptide 1in red (row and column highlighted in yellow; common peptides in red text). (iv) Flow cytometric plots showing the T cell responses against subpools
1and 6, assessed by intracellular IFN-y staining. (C) Fine epitope mapping and HLA restriction. (i) Minimization of the active epitope within the 15-amino acid
sequences derived from the peptide matrix analysis. T cell cultures responding to peptide 1 from the E5 subpools were tested against a range of shorter
peptides within the peptide 1 sequence. The shorter peptides were synthesized by sequentially trimming one amino acid from the N-terminus and C-terminus
down to a nine-amino acid peptide. T cell cultures were assayed for the expression of IFN-y upon stimulation with each of the trimmed peptides at a
concentration of 1 ug/ml for 4 h. The figure shows the CD8* T cell response for each trimmed peptide from E5 subpool 1 (MTNLDTASTTLLACF). The peptides
that stimulated a T cell response, denoted by brackets, were further analyzed in a dose titration assay. (i) Peptide dose titration assay. T cell cultures were
stimulated with serial decimal dilutions of selected minimized peptide sequences to determine the exact epitope sequence within the longer peptides. A
representative example of the titration assay is shown; in this example, NLDTASTTL is the likely minimal epitope sequence. (iii) Modified peptide sequences
were tested in a dose titration assay to determine if the addition of extra amino acids at the N- or C-terminus could enhance peptide specificity. The example
pictured demonstrates that NLDTASTTL is the likely minimal epitope sequence targeted by HPV-16-E5-specific CD8* T cells from this patient. (iv) Repre-
sentative HLA class | restriction analysis for epitopes mapped from HPV antigens. A panel of lymphoblastoid cell lines with one HLA allele matched to the
patient were loaded with each individual peptide for 1 h before coincubation with T cells for 4 h. Responses were assessed by intracellular IFN-y staining. The
OPC patients whose T cells responded to NLDTASTTL had a class | HLA type of A*32:01, B*27:05, B*44:02, C*02:02, or C*05:01. In this example, the strongest
response was elicited against antigen-presenting cells expressing HLA-C*05:01; therefore, this was determined to be the HLA restriction of NLDTASTTL.
Asterisk indicates positive response.
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Figure S2. HPV-16-specific CD4* T cell epitope mapping in OPC patients. Representative data showing the identification of a CD4* T cell epitope.
(A) T cell cultures were generated by stimulating PBMC with OPPs from HPV-16 antigens. After 14 d in culture, T cells were restimulated with OPPs from
individual antigens, and intracellular IFN-y production was analyzed by flow cytometry. Reactive T cells were further analyzed to determine the cognate
peptide. (B) Subpools of peptides were made for each antigen (13 subpools for E6 are pictured) and used in an intracellular IFN-y assay. The T cell response
against each subpool is shown in the bar graph. The CD4* T cell responses against subpools 5 and 12 were selected as a positive response. (C) Flow cytometric
plots showing the CD4* T cell responses against subpools 5 and 12, assessed by intracellular IFN-y staining. (D) The responses against each subpool were overlaid
on a two-dimensional matrix, which shows the common individual peptides among the pools. The positive responses against subpools 5 and 12 are highlighted in
yellow, showing the common peptide 33 in red. This peptide, KQRFHNIRGRWTGRC, was synthesized and further characterized. (E) Representative HLA class Il
restriction analysis for CD4* epitopes mapped from HPV antigens. A panel of lymphoblastoid cell lines with one HLA allele matching to the patient were loaded
with each individual peptide for 1 h before coincubation with T cells for 4 h. The OPC patients whose T cells responded to KQRFHNIRGRWTGRC had a class Il HLA
type of DRB1*08:10, DRB1*15:01, DQB1*06:02, or DQB1*03:01. In this example, the strongest response was elicited against antigen-presenting cells expressing
HLA-DRB1*15:01; therefore, this was determined to be the HLA restriction of KQRFHNIRGRWTGRC. Asterisk indicates positive response.

Table S1 is provided online and includes demographic and clinical profiles of patients with OPC recruited in this study.
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