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Abstract

HPV infection drives tumorigenesis in the majority of cervical, oropharyngeal, anal, and vulvar
cancers, amongst other cancer types. Genetic and epidemiologic evidence have highlighted the
role of immunosuppression in the oncogenesis of HPV-related malignancies. Here we review how
HPV modulates the immune microenvironment and subsequent therapeutic implications. We
describe the landscape of immunotherapies for these cancers with a focus on findings from early
phase studies exploring antigen-specific treatments, and we discuss future directions. Whilst
responses across these studies have been modest to date, a deeper understanding of HPV-related
tumor biology and immunology may prove instrumental for the development of more efficacious
immunotherapeutic approaches

l. INTRODUCTION

Human papillomavirus (HPV) infection with high-risk subtypes is linked to squamous cell
carcinomas and adenocarcinomas that arise in several different organs but share many
common biological and immunologic properties. Collectively referred to as HPV-associated
cancers, these tumors arise in organs with a high incidence of HPV infections and include
the more prevalent cervical, anal, and oropharyngeal cancers as well as the less prevalent
vaginal, vulvar and penile cancers. In cervical and anal cancers, HPV is the etiology for
nearly 90% of malignancies whereas for oropharyngeal, vaginal, vulvar and penile cancers
up to 30% of tumors diagnosed in the United States are still driven by carcinogen exposure
or other causes (1). Persistent infection with high-risk HPV subtypes results in malignant
transformation, canonically by the expression of HPV oncogenes E6 and E7, which inhibit
the tumor suppressors p53 and Rb, respectively (2). These oncoproteins additionally inhibit
apoptosis, promote genomic instability, inhibit telomere shortening, promote angiogenesis,
and facilitate invasion and metastasis, amongst other emerging functions (3-5). While the
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association between global immune compromise and HPV-related malignancies is well
established, our understanding of how HPV creates a state of immune suppression in the
microenvironment is still limited. Further complicating this issue is the fact that different
subtypes of HPV preferentially infect each tumor sub-site, and there may be tissue-specific
immune barriers in each microenvironment. Modulation of the immune system by the most
frequently implicated high-risk HPV subtypes, HPV 16 and HPV 18, in pre-invasive lesions,
as well as sustained immune evasion and resistance in invasive HPV malignancies, has been
the subject of many recent studies. Simultaneously, advances in tumor immunology and
immunotherapy in the past decade have reinvigorated interest in immunotherapeutic
approaches to treat HPV-related malignancies. HPV-related malignancies theoretically have
unique viral antigens that can be targeted by novel immunotherapeutic approaches such as
adoptive cell therapies and therapeutic vaccines. Although early clinical studies have shown
promise, further work is needed to define the basis of the modulation of the immune system
in HPV-related cancers. This review focuses on the interactions of HPV and the immune
system, particularly the adaptive immune system, which promote a persistent state of
oncogenesis, and it also explores novel therapeutic avenues that target the immune system
for the treatment of HPV-related malignancies. We focus particularly on HPV-related
cervical and head and neck cancers, for which more robust pre-clinical and clinical data are
available; however, we also highlight relevant studies on other HPV-related malignancies.

Il. Population-based studies support arole for the host immune system in

HPV-related carcinogenesis

1. Epidemiologic studies link global immune compromise to HPV cancer risk

Given the increasing prevalence of immunocompromised patients in the past decades a
significant correlation between immune suppression and the risk of cancer development has
been demonstrated in population-based studies. Particularly, HPV-associated malignancies
have been shown to be enriched in immunocompromised patients and cervical cancer is now
an AIDS-defining illness (1). Likewise, reports from multiple global populations have now
demonstrated increased incidence of penile, anal, and oropharyngeal cancers in patients with
HIV/AIDS, with risks increasing between 3 to 33 fold compared to a baseline population
(6-9).

Further, solid organ transplantation is also associated with an increased risk of HPV-
associated malignancies. Patients with solid organ (liver, heart, kidney) transplants in the
United States showed a clear increase in all infection-related malignancies, in particular
oropharyngeal, vulvar, penile and anal cancers (10). This increase in risk in HPV-associated
malignancies after solid organ transplant has been corroborated in other populations across
the globe (11,12). A, a meta-analysis combining both HIVV/AIDS patients and solid organ
transplant patients demonstrated a uniform increase in standardized incidence ratios of all
HPV-related malignancies that ranged from 2 to 30 depending on the cancer subtype. These
data strongly suggest that immune compromise, rather than an intrinsic variable of either
HIV/AIDS or solid organ transplantation, underlies an increase in HPV-related cancer risk
across these populations (13).
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2. Genomic analyses identify mutations in immune function associated with HPV cancer

risk

Large scale genetic studies have identified both germline and somatic genetic alterations in
genes involved in immune function and HPV oncogenesis. After multiple reports initially
suggested an association between cervical cancer and single nucleotide polymorphisms at
human leukocyte antigen (HLA) loci, a genome-wide association study (GWAS) of 1000
cervical cancers and 4000 controls in the Danish population identified multiple loci
associated with increased cancer risk: a locus adjacent to the MHC class | polypeptide-
related sequence A gene (M/CA), a locus between HLA-DRBI1 and HLA-DQAI, and a
locus at HLA-DPB2(14). The first locus encodes a frameshift mutation in M/CA resulting
in decreased surface expression. Surface expression of M/CA is essential in binding NKG2D
and activating natural Killer cells and T cells early in the infection (15). The increased risk
associated with the second locus, however, lacks a mechanistic explanation at present;
hence, further studies are required to establish its causal relationship. The third locus maps
close to HLA-DPBZ2which encodes the B chain of the peptide antigen receptor HLA-DP, a
gene found to be associated with genetic susceptibility to carcinoma /n situ (16).
Furthermore the HLA class Il haplotype DRB1*1301-DQA1*0103-DQB1*0603 was
associated with decreased risk of HPV-related cervical malignancies (14). The mechanistic
basis for the protection against HPV-induced oncogenesis conferred by these particular HLA
class Il alleles remains to be elucidated. Another GWAS of 2600 oropharyngeal cancers and
6500 controls also identified HLA loci as primary risk loci. Similarly, the authors noted the
observation that DRB1*1301-DQA1*0103-DQB1*0603 was protective and associated with
a statistically-significant decreased risk of HPV-positive oropharyngeal cancers, but not
HPV-negative oropharyngeal cancers (17).

Analysis of somatic genetic alterations from The Cancer Genome Atlas (TCGA)
demonstrated that in cervical cancer, 8% of patients appear to have novel mutations in HLA-
Aand 6% in HLA-B. Intriguingly, 8% of cervical cancers also demonstrated a predominant
gain of function mutation in CDZ274, the gene coding for PD-L1 (18). In head and neck
cancer, TCGA data demonstrated dysregulated immune pathways due to somatic mutations
in 7% percent of all HPV-negative tumors and 11% of HPV-positive tumors (19). Taken
together, these data describe a genetic profile of both germline and somatic mutations that
affect critical immune pathways of antigen presentation and immune checkpoints. While
these mutations appear to arise in fewer than 10% of patients, their presence sheds light on
possible mechanisms that allow for HPV immune evasion and resistance.

Strategies employed by HPV-positive tumors to evade the adaptive

immune system

Modulation of effector T cells has gradually become the cornerstone of immunotherapies
across the vast majority of cancers, and more recently HPV-related malignancies. As such,
understanding the mechanisms governing T cell activation, reactivity, suppression, and
exhaustion in HPV-related malignancies is of paramount importance. Multiple reports have
described the enrichment of tumor infiltrating lymphocytes (TIL) in HPV-positive tumors.
Analysis of TILs from 12 cervical tumors showed that 9/12 had CD4+ T cells and 8/12
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patients had CD8+ T cells that were specific to HPV antigens when stimulated with
overlapping peptides derived from E6 and E7 ex-vivo, and most patients had polyclonal
responses (20). A more comprehensive effort using peptides derived from all HPV genes
was performed in HPV16+ head and neck squamous cell carcinoma (HNSCC), where HPV
antigen-specific T cell responses were seen in 43 of 66 patient samples and displayed
significant heterogeneity. T-cells from patients pre- and post-treatment were expanded and
re-stimulated /n vitro using peptides spanning all the known early and late genes of HPV.
The results showed that both CD4+ and CD8+ T cells were reactive against peptides from all
HPV genes with a predominance for E1 and L1. Interestingly, the levels of activated T cells
increased with tumor stage and decreased post-curative therapy, suggesting that the
prevalence of HPV antigen-primed cytotoxic T cells is dependent on tumor burden, which
serves as the source of antigen (21). On the other hand, it is intriguing that these cells are
unable to control HPV-infected cells /n vivo despite retaining reactivity when stimulated ex-
vivo. Taken together, these findings imply that HPV-associated cancers employ mechanisms
mediating immune evasion and/or resistance. Indeed, several recent studies have examined
HPV immune escape and regulatory pathways within the tumor microenvironment, which
we have broadly classified into different categories described below. It is worth noting that
many of these mechanisms have been studied using /n vitro systems and as such the rate of
their occurrence /n vivois variable.

1. Downregulation of MHC molecules to prevent cytotoxic T and NK cell activation

Activation of CD4+ and CD8+ T cells and T cell-mediated tumor killing are dependent on
intact antigen presentation by antigen-presenting cells and tumor cells. As a result, tumors
frequently harbor mutations in genes affecting the antigen presentation pathway of both
major histocompatibility complex (MHC) class | and Il molecules (22). As discussed above,
GWAS identified mutations in the host genome at HLA loci that may affect predisposition
and susceptibility to HPV-related malignancies. In addition, HPV modulates the antigen
presentation pathway through its own gene expression program to prevent presentation of
viral antigens on MHC class | and class Il molecules during infection. The HPV E5 protein
causes alkalization of late endosomes, preventing peptide-bound MHC class | and class 1l
molecules from reaching the cell surface (Figure 1). Expression of E5 early in infection
allows HPV to “hide” from anti-viral CD4+ and CD8+ T cells, which leads to increased
viral persistence, replication, and spread to surrounding cells, contributing to malignant
transformation (23).

Expression of E5 within HPV-infected tumor cells may also prevent the presentation of non-
viral tumor-associated antigens on MHC molecules and the activation of anti-tumor T cells
(24). Overexpression of E5 in HNSCC cell lines renders them resistant to immune
checkpoint blockade, likely through the acquired loss of antigen presentation. Interestingly,
this effect can be reversed with rimantadine, an anti-viral medication that inhibits E5 and
upregulates MHC class | in vitro (25).

Interestingly, natural killer (NK) cells, which normally recognize cells without surface MHC
expression, did not kill HPV-infected cells in the above work. This is consistent with
previous reports that HPV dysregulates specific HLA molecules and renders NK cells
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incapable of clearing virally-infected cells (26) (Figure 2). For example, HPV strongly
down-regulates HLA-A, HLA-B, and HLA-C molecules, but upregulates HLA-E, which
binds to the CD94-NKG2A inhibitory receptor on NK cells (24,27). However, cytotoxic NK
cell activity does not seem to be completely abrogated in patients with advanced HNSCC, as
patients with high CD569M (cytotoxic NK cell phenotype) infiltration have improved
survival (28). In addition, HPV-positive oropharyngeal carcinoma is associated with higher
CD56+ cell infiltration than HPV-negative head and neck squamous cell carcinomas, and the
level of CD56+ infiltration correlates with outcomes (29,30).

2. Modulation of CD4+ T-cells activation

Population studies have linked the depletion of CD4+ T cells in HIV/AIDS patients to the
development of HPV-related malignancies. This finding was recapitulated in mice where
CDA4+ T cell depletion resulted in the failure of CD8+ T cells to mount an effective immune
response against E7, which was required to maintain tumor control (31). Furthermore, in
cervical cancer patients, CD4+ T cell response to HPV-derived peptide stimulation was
impaired when compared to healthy controls suggesting an important role for CD4+-
mediated immune surveillance (32). Data from clinical samples suggest that the phenotype,
rather than absolute number of CD4+ T cells is critical for anti-HPV immunity. For example,
cervical cancers display a surprising heterogeneity in the absolute number of CD4+ tumor
infiltrates, with no correlation between the overall number of CD4+ T cells and survival. A
subset of CD4+ T cells, CD4+CD161+ T cells, was positively correlated with survival, and
cervical cancers overall had fewer CD4+CD161+ effector T cells than oropharyngeal
cancers (33,34). In a similar study in HPV-related oropharyngeal cancers, the absolute
number of CD4+ tumor infiltrating lymphocytes also did not appear to correlate with
outcomes (35).

Interestingly, cervical cancer patients appear to have a skewed CD4+ Ty cell response
towards a T2 response (humoral immunity) rather than Tyl (cell mediated immunity)
(Figure 2). This appears to coincide with a decline in peripheral IFN-y levels (36). In cervical
tumors, altered levels of cytokines favoring a T2 response have been observed as well (32),
but that has not been well characterized in HPV-positive HNSCC. In concordance with these
studies, a TH1 response with CD161+ T cells and CD103+ T cells has been associated with
better outcomes in HPV-positive oropharyngeal squamous cell carcinoma (33). Finally, a
pro-tumorigenic IL-17-associated T17 response mediated by stromal fibroblasts through
the secretion of CCL20 has been recently described. This response was found to mediate
progression of high-grade cervical neoplasia to invasive cancer. Whether this T417 response
persists in the invasive cancer stage and represents a therapeutic target is still unknown (37).

3. Theinhibitory function of regulatory T cells

A subset of CD4+ T cells, Foxp3+ regulatory T cells (Treg), can suppress anti-tumor
immunity by downregulating induction and proliferation of effector T cells. Tregs play an
important role in dampening the host immune response in autoimmune diseases and viral
infections. Interestingly, a high number of Tregs has been identified in cervical
intraepithelial neoplasms (CIN) and cervical cancers, and the frequency of Tregs correlated
with severity of disease, suggesting that Tregs may be associated with interference of anti-
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HPV immunity (38,39). This is further supported by studies demonstrating that tumor-
infiltrating Tregs in cervical cancer patients exhibit specificity for HPV antigens (Figure 2).
Interestingly, CD4+ lymphocytes expressing a regulatory phenotype with low proliferative
response are found in the primary site, lymph node metastases, and peripheral blood in
patients with cervical cancer, suggesting that the induction of immune tolerance is systemic
and may promote metastatic spread (40).

A high number of infiltrating Tregs have also been found in HNSCC tumors; however, there
are conflicting data whether this is more prevalent in HPV-positive vs HPV-negative
HNSCC (41,42). Some data point to the ratio of Treg to CD8+ T cells as a predictor of
clinical outcomes irrespective of HPV status in HNSCC (43,44). Moreover, an increased
ratio of Tregs to CD3+ cells in the peripheral blood of HNSCC patients has been associated
with a poorer outcome, consistent with other cancer types (45).

4. Modulation of the cGas-STING pathway

Activation of the cGas-STING pathway in response to cytosolic DNA is a conserved anti-
viral pathway for sensing DNA viruses. Signaling via cGas-STING in response to viral-
associated molecular patterns results in the expression of genes encoding type | interferons
and pro-inflammatory cytokines. In turn, this leads to upregulation of cell adhesion
molecules, co-stimulatory molecules, and MHC class | and class |1 molecules on tumor and
stromal cells within the tumor microenvironment. The immunostimulatory environment
results in the recruitment of both innate and adaptive immune effector cells and a highly
cytotoxic T cell infiltration to clear the viral infection consistent with a Th1 response (46).

The role of cGas-STING in HPV-related cancers is beginning to be elucidated (Figure 1). In
biochemical studies, HPV 18 E7 protein exerts a direct inhibitory action on STING through
its LCXCE motif (47). However, there is little sequence homology between the E7 protein of
HPV 16 and 18 and unlike HPV-18 E7, HPV-16 E7 modulates STING stability through the
NOD-like receptor NLRX1 (48). Depletion of NLRX1 improved type | interferon-
dependent T cell infiltration and tumor control in mice (48). More recent data demonstrated
that in HPV 16-positive HNSCC cell lines, dampening of the cGas-STING pathway appears
to be mediated by the LCXCE domain in HPV 16 E7 (49). Taken together, these data
suggest that HPV E7 directly downregulates STING activation and mitigates the type |
interferon response in a strain-specific manner, although differences in the mechanism
across various tumor types have yet to be elucidated. Finally, HPV 16 E6 has also been
demonstrated to inhibit the interferon regulatory transcription factor IRF3, an adaptor of
STING, thereby independently decreasing type | IFN production (50).

Clinically, the data for the involvement of cGas-STING pathway are mostly correlative, and
a positive association between STING expression and TILs is seen in tissue microarrays
from diverse tumor types in the TCGA database. Furthermore, STING expression in tumors,
but not the microenvironment, correlates positively with survival outcomes on multivariate
analysis (48). One report found higher levels of STING mRNA in HPV-positive HNSCC
patient samples as compared to HPV-negative HNSCC, indicating that while HPV
oncoproteins may inhibit STING, STING expression in HPV-infected cells is still higher
than non-infected cells. Whether or not the STING pathway was intact in these samples
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despite high levels of MRNA expression was not studied; however, STING agonism
appeared to modulate cetuximab-mediated NK cell activation and resulted in tumor
regression (51). While this hints at a potential role for STING agonism in augmenting
immune directed therapy effects, standalone STING agonism strategies have yet to yield
convincing data in early-phase trials. Further pre-clinical and clinical studies are needed to
uncover a role for STING agonism in HPV-related malignancies.

5. Regulation of the PD1/PD-L1 immune checkpoint

The PD-1/PD-L1 immune checkpoint is a conserved inhibitory mechanism regulating the
immune system in order to prevent auto-immunity. Multiple cancers, including HPV-related
tumors, upregulate this checkpoint to facilitate immune tolerance, and inhibitors targeting
both PD-1 and PD-L1 have been used successfully in the clinic to overcome this resistance
mechanism (Figures 1, 2). Multiple studies have suggested HPV positivity increases PD-L1
on tumors and infiltrating immune cells, however this effect has been hard to disentangle
from increased immune infiltrate in these malignancies. An initial analysis of 27 HNSCC
tumors suggested that PD-L1 expression was higher in HPV-positive vs HPV-negative
tumors (70% vs 29%), although HPV-positive tumors more frequently had TILs present
(52). This study also identified PD-L1+ CD68+ tumor associated macrophages (TAMS)
frequently in HPV-positive diseases. A subsequent larger study of 214 patients with
oropharyngeal cancer showed 85.2% HPV-positive cancers expressed tumor PD-L1 staining
compared with only 57.1% of HPV-negative cancers (53). Interestingly, there was no
difference in PD-L1 staining of tumor cells at the tumor stromal interface between HPV-
positive and HPV-negative tumors. This study also validated that HPV/-positive tumors were
more likely to have higher intensity of TIL infiltrate than HPV-negative tumors (>25% TIL,
85.2% vs. 51.1%) and TAMs were found to more likely be PD-L1 positive in HPV-positive
disease (67.9% vs 49.6%). Of note, an earlier study of 133 patients with oropharyngeal
cancer did not identify a difference in tumor PD-L1 expression between HPV-positive and
HPV-negative tumors (71% vs 61%), although a much higher cut-off for PD-L1 positivity
was used in this study (>20% of tumor cells staining PD-L1+) (54). In another study of 161
patients with HNSCC, 53.7% of HPV-positive cases had tumor surface PD-L1 expression,
compared to 28.7% of HPV-negative cases, although this study included cancers from
subsites of HNSCC other than the oropharynx (55). In this study, CD8+ TILs expressing
PD-1 and PD-L1 were also quantitated and associated with overall survival. In the HPV+
cohort, CD8+ TILs with high expression of PD-L1 were associated with better overall
survival than CD8+ TILs with low expression of PD-L1. Interestingly the expression of
PD-1 on TILs was not correlated with survival. When PD-1 expression on TILs was
analyzed by compartment, however, an association with survival was found for PD-1
expressing TILs in the tumor, as well as at tumor edge but not for stromal TILs expressing
PD-1. The discrepancies between these studies that used immunohistochemistry is partially
due to the absence of a standardized methodology for reporting PD-L1 expression, the
absence of standardized thresholds for positivity, and known differences in staining between
antibodies. More recently the combined positive score (CPS), a measure of the number of
PD-L1 staining cells divided by the number of viable tumor cells multiplied by 100, has
become a useful clinical parameter that predicts response to checkpoint inhibitors clinically
(see section V).
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As discussed above, TILs are more abundant in HPV-positive tumors when compared to
HPV-negative tumors. Since PD-L1 is a dynamic biomarker that gets upregulated in
response to IFNvy secretion by TILs, the increase in PD-L1 expression in HPV-positive
tumors may signify a more inflamed tumor microenvironment with recruitment of TILs
rather than a direct causative effect of HPV on PD-L1 expression. This is supported by
findings from a pooled analysis of the TCGA and MSK-IMPACT cohorts which showed that
HPV positivity predicted a better response to immune checkpoint inhibitors in HNSCC,
independent of PD-L1 expression level by immunohistochemistry. This effect was positively
correlated with increased inflammatory gene expression program and infiltration of CD8+ T
cells in the tumor microenvironment of HPV-positive HNSCC. Importantly, an increase in
tumor mutational burden and neoantigens was not observed in these tumors compared to
HPV-negative HNSCC (56).

HPV positivity is also associated with PD-L1 expression in cervical cancer, where a direct
mechanism for HPV oncoproteins in upregulating PD-L1 may exist. In particular, expression
of HPV E7, was found to be significantly associated with intra-tumoral surface PD-L1
expression. Overexpression of E7 in an HPV-negative epithelial carcinoma cell line
increased PD-L1 expression, and knockdown of E7 in an HPV-positive cervical cancer cell
decreased expression of PD-L1 (57). In these experiments, E7-induced PD-L1 expression
led to increased CD8+ T cell dysfunction, and vice versa. In mice bearing HPV-positive
tumors, administration of vaccines targeting the HPV E6 and E7 proteins leads to induction
of tumor-specific T cells, but also results in upregulation of PD-L1 on tumor cells leading to
poor tumor control (58). Taken together, these results in pre-clinical models are consistent
with clinical data showing that PD-L1 expression in cervical cancer is associated with poor
outcomes, likely secondary to cytotoxic T cell inhibition (59).

6. A possible role for the humoral response in regulating cell-mediated cytoxicity

Whilst the importance of the humoral response has been well-established in pre-clinical and
clinical HPV preventive vaccine studies, the role of B cells in modulating an effective
immune response against established HPV-associated cancers was previously poorly
understood. The past decade has seen investigations exploring correlations of B-cells with
clinical outcomes, whether they are more frequent in HPV-positive tumors, the type of B
cells present in the microenvironment, and whether they are tumor-antigen specific. Early
evidence for a role for the humoral response in anti-tumor immunity came from an analysis
of 33 patient with HNSCC which identified a strong correlation between B cell infiltration in
lymph node metastatic deposits and favorable outcomes (60). A subsequent study analyzing
over 800 patients with cervical and HPV-related HNSCC from the TCGA identified the
expression of B-cell genes CD19and /GJas associated with favorable clinical outcomes
(61). Investigators in HNSCC have identified higher level of B-cell infiltrate in HPV-positive
vs HPV-negative patients in a cohort of 38 patients samples; however, CD86+/CD21-
antigen-presenting B cells were found at a lower proportion in HPV-positive tumors (62).
Gene expression analysis of B cells from another small HNSCC patient cohort (N=23
patients) demonstrated a unique B cell-associated signature in HPV-positive cancer
compared to HPV-negative tumors, which was further validated with patients from TCGA
(63). Finally, single-cell RNA sequencing analysis of 26 patients with HNSCC has revealed
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an increased proportion of germinal center B cells, likely of tonsillar origin, in HPV-positive
tumors, whereas HPV-negative tumors were found to harbor a relatively lower number of B-
cells which were less likely to be in germinal center states that in HPV-positive cancers (64).
Further work in HNSCC has demonstrated that these B-cells in the tumor microenvironment
are enriched in HPV-specific antibody producing cells, and that these B-cells are not solely
non-productive passengers as a consequence of inflammation (65). Surprisingly, this work
revealed a stronger antibody response to E2 compared to E6 or E7, although this latter effect
may be limited to HNSCC, given that E2 is more frequently lost in cervical malignancies.
These later investigators also validated the presence of germinal-center state B-cells in the
tumor microenvironment of HPV-positive cancers.

Pre-clinical work in murine models of HPV-related HNSCC has begun to evaluate how B-
cells influence response to both anti-PD1, radiotherapy and combination treatment.
Combination treatment was found to enhance the development of memory B cells, plasma
cells, and antigen-specific B cells with B cell receptor sequencing showing increased
clonality and somatic hypermutation (61). Taken together, these studies may elucidate a
previously underappreciated role for B cells impacting clinical outcomes. The findings also
raise multiple interesting questions that warrant further investigation: 1) How does the
specific B cell gene signature in HPV positive cancers impact the tumor microenvironment
and cell-mediated immunity? 2) Can the antigen-presenting role of B cells differentially
activated during treatment mediate an increase in cell-based cytotoxicity? 3) Do antibodies
produced by cancer-associated B cells target HPV and other tumor-associated antigens?

IV. Modulation of the immune system for targeting of HPV positive

malignancies

Strategies to enhance the immune system’s recognition of HPV-related cancers include
inhibition of immune checkpoints and methods to target viral antigens directly. We first
review the evolution of immune checkpoint blockade in these cancers, which provides proof-
of-concept that the immune system can be activated against this set of malignancies. Next,
we review work in progress for antigen-specific immune targeting via two differing
approaches: therapeutic vaccination and adoptive cell therapy.

1. Immune Checkpoint Blockade

Immune evasion and resistance in HPV-positive malignancies has led to a natural interest in
applying established immunotherapies to these cancers. Immune checkpoint blockade (ICB)
is the most rigorously tested strategy to date, with the largest studies in HPV positive
cancers occurring in HNSCC. Table 1 summarizes the major clinical trials that have shaped
our understanding of how to employ ICB for HPV-positive malignancies. Many of these
trials did not restrict participation by HPV status and as such some HPV-negative patients
did participate, complicating the interpretation of the results. In recurrent platinum-
refractory HNSCC, CHECKMATE-141, a phase 11 trial of single agent nivolumab versus
standard therapy showed a significant improvement in overall survival with nivolumab (HR
of 0.70 with a 1-year survival rate of 36% vs. 16%) (66). Similar results in the second line
setting in HNSCC were reported in the KEYNOTE-040 trial, a phase 11l study comparing
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pembrolizumab with standard of care therapy, with an overall survival benefit in the
pembrolizumab arm (HR of 0.80 and a 1-year survival rate of 37% vs. 26%) (67). Both
studies included HPV-positive and HPV-negative patients. Exploratory subgroup analyses
from CHECKMATE-141 suggested that the effect of anti-PD-1 may be larger in HPV-
positive tumors (median OS of 9.1 vs. 4.4 months, compared to 7.5 vs. 5.8 months in HPV-
negative tumors); however, an improved benefit in the HPV-positive subgroup was not
observed in KEYNOTE-040 trial (66,67). Finally, KEYNOTE-048 was a phase Il
randomized trial of single agent pembrolizumab versus pembrolizumab and chemotherapy
versus cetuximab and chemotherapy in the first line setting for recurrent/metastatic HNSCC.
The study demonstrated the superiority of pembrolizumab alone or in combination with
chemotherapy compared to standard of care chemotherapy, regardless of HPV status (68).
Altogether these results indicate activity of anti-PD-1 agents in HNSCC, although it is
unclear whether there is a differential effect on HPV-positive versus HPV-negative tumors.
The overall increased sensitivity of both HPV+ and HPV-HNSCC to immune checkpoint
blockade as compared to standard of care chemotherapy-based regimens likely represents
multiple distinct mechanisms promoting inflammation and immunogenicity. HPVV+ HNSCC
tumors typically have a low tumor mutational burden; however, viral antigens act as strong
immunogens leading to HPV antigen-specific CD8+ T cell infiltration. On the other hand,
HPV — HNSCC tumors feature moderate to high tumor mutation burden which likely
enriches for neo-antigen-specific CD8+ T cells. This is akin to Merkel cell carcinoma, where
both Merkel cell polyomavirus-positive and -negative tumors respond to immune checkpoint
blockade (69).

The evidence of efficacy for ICB in other HPV-positive malignancies is less well established
due to small single arm studies, rather than randomized controlled trials. In cervical cancer,
current standard of care chemotherapies for recurrent/metastatic disease carry dismal
outcomes (70). KEYNOTE-158 was a basket phase Il trial which tested pembrolizumab in a
variety of solid tumors. In this trial, 98 patients with cervical cancer were treated with 12
patients achieving an objective response (3 complete responses), of note responses were only
seen in PD-L1-positive tumors. The responses were durable and led to the accelerated
approval of pembrolizumab by the FDA for advanced PD-L1-positive cervical cancers (71).
These results were similar to the phase 1/l CHECKMATE-358 trial, a multi-cohort study of
nivolumab with or without ipilimumab for virus-associated cancers regardless of PD-L1
expression. In the monotherapy arm of this trial, 19 cervical cancer patients and 5 vulvar/
vaginal cancer patients were treated with response rates of 26.3% and 20%, respectively, and
median duration of response was not reached for these patients (72). The combination of
ipilimumab and nivolumab appeared to increase the response rate, particularly in patients
that had not previously received chemotherapy in the advanced disease setting, with a 36%
response rate in previously treated and 46% response rate in untreated patients (73).

In anal squamous cell carcinomas, The NCI9673 phase Il trial enrolled 37 patients with
treatment-refractory metastatic disease to receive nivolumab, with 9 patients responding, 2
of which achieved complete responses (74). Similarly, KEYNOTE-028 enrolled 24 patients
with advanced anal squamous cell cancer onto pembrolizumab, and the observed response
rate was 17% with a median overall survival of 9.3 months (75). Based on these early single-
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arm studies, checkpoint inhibitors in the treatment of recurrent/metastatic anal cancer are
currently part of the NCCN guidelines.

Lastly, multiple trials have explored the combination of ICB as well as the use of ICB in
earlier settings in HNSCC. For example, the EAGLE Trial, a randomized phase 11 clinical
trial in advanced HNSCC, investigated the role of tremelimumab (anti-CTLA4) and
durvalumab (anti-PD-L1) therapy. Unfortunately, neither combined ICB therapy nor single
agent durvalumab were superior to standard of care, although this may have been due to an
unexpected high survival rate in the standard of care arm (76).

In the locally advanced setting, a number of studies are currently evaluating combination of
chemoradiation (CRT) with PD-1 or PD-L1 blockade in the upfront setting for locally
advanced cervical cancer patients, including CALLA (durvalumab), NCT02635360
(pembrolizumab), and NRG-GY017 (atezolizumab) trials. In locally advanced HNSCC,
JAVELIN HN100, a phase Il trial of CRT versus CRT plus avelumab (anti-PD-L1)
completed accrual but was stopped early when the trial showed that the primary endpoint of
progression-free survival was not met. The addition of avelumab did not improve PFS or OS
for locoregionally advanced non-metastatic HNSCC with approximately one third of the
entire cohort comprised of HPV-positive HNSCC (77). A similar study to JAVELIN 100,
KEYNOTE-412 (pemrolizumab) was also closed to accrual, and results have not yet been
reported. The PembroRad phase 111 GORTEC trial was recently reported in ASCO 2020,
which showed that pembrolizumab was not superior to cetuximab for cisplatin-ineligible
patients with HNSCC (78) Other trials evaluating the concurrent use of immunotherapy with
RT in the upfront setting are still actively recruiting and include KEYCHAIN
(pembrolizumab for patients with p16+ HNSCC) and HN-005 (nivolumab with de-
intensified RT for early stage HPV-positive oropharyngeal carcinoma). Finally, HN-004 is a
phase I11 trial of cetuximab versus durvalumab in locally advanced head and neck cancer in
cisplatin-ineligible patients. Further work is needed to elucidate the mechanism explaining
the lack of improvement of anti-PD-1/PD-L1 therapy in combination with radiation therapy
for HNSCC.

2. Therapeutic vaccination strategies:

Preventive vaccines against HPV utilize capsid proteins from multiple high-risk HPV strains
as a means to generate a neutralizing antibody response to prevent subsequent HPV
infection. Antibody-generating HPV vaccination has proven to be a successful measure to
prevent HPV-related malignancies in healthy individuals by reducing the risk of developing
cancer by half (79). On the other hand, since pathogenesis of HPV-related malignancies is
closely tied to sustained expression of the viral oncogenic E6 and E7 proteins, the majority
of therapeutic HPV vaccines in the setting of pre-invasive or invasive disease have targeted
these antigens derived from these proteins. Therapeutic HPV vaccines utilized in clinic have
used differing technologies to deliver HPV-related antigens as well as differing adjuvants to
stimulate an immune response. Below, we review vaccination strategies for the platforms
most frequently tested in clinic, namely, peptide-based, vector-based (bacterial or viral), and
DNA-based, and subsequently we discuss lessons learned. For each platform, we first
highlight key studies in the pre-invasive arena before discussing results in developed
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cancers. A summary of vaccination studies in invasive tumors is presented in table 2, 3 and 4
while a presentation of relevant studies in the pre-invasive setting is presented in
supplementary table 1..

Peptide-based vaccines directly deliver short or long peptides encoding HPV-oncoproteins.
These have been shown, however, to be weakly immunogenic and need to be delivered with
adjuvants to improve potency of both cellular and humoral immunity. As short peptides are
HLA-restricted, preclinical work established that HPV16 E71,_50 and E7gg.g3, two peptides
computationally predicted to bind to HLA A*0201, bind /n vitro using T2 assays, and also
generate immune responses in mice that clear the HPV virus (80,81). Building on these
findings, the first trial to demonstrate efficacy of a therapeutic vaccine in HPV-related
disease was a phase Ib trial of these HLA-restricted peptides (i.e E712.09 and E7gg.93)
conducted on 18 patients with high grade vulvar or cervical lesions. Ten patients in this
study received HPV 16 E715_.pg emulsified with complete Freund’s adjuvant and 8 patients
received HPV 16 E7g.93 along with an additional lipopeptide consisting of a linker peptide,
the T cell helper peptide PADRE-965. Nine of 17 evaluable patients had clinical regression
by colposcopy measurements, of which 3 patients had complete regression. Correlative
studies identified that 15/18 patients had diminished or eliminated HPV viral DNA by PCR,
and 10/18 patients showed increased T cell activation by cytokine release assays. In
addition, a limited examination of histologically available tissue showed an increased
infiltration of dendritic cells which likely suggests increased antigen presentation (82).

Unlike short peptide vaccines, long peptide vaccines avoid the need for HLA restriction as
the longer peptides are processed intracellularly before being presented on MHC molecules.
TA-CIN is a synthetic fusion protein of HPV 16 L2, E6 and E7, which has been combined
with sequentially delivered imiquimod, a topical TLR7/8 agonist in patients with vulvar
intraepithelial neoplasia (VIN). A phase I trial demonstrated robust complete regression of
VIN in 12/19 patients receiving TA-CIN and imiquimod at 52 weeks. Correlative analysis
identified a marked increase in CD4+ and CD8+ T cell infiltrates in responders while an
increase in Treg cells was seen in non-responders. Systemic circulating T cells specific to
HPV antigens was detected only in responders (83).Similar results were seen in a phase Il
trial using overlapping HPV 16 E6 and E7 synthetic long peptides with incomplete Freund’s
adjuvant (ISA 101) to treat women with VIN, where 15/19 patients had clinical regression of
their lesions, of which 9 had complete regression. These regressions were correlated with a
peripheral induction of CD4+ and CD8+ T cells (84).

Given the robust antigen-specific T cell responses of the peptide vaccines in the pre-invasive
setting, a strong rationale exists for their addition to ICB in invasive cancers to enhance T
cell responses. ISA 101 is being evaluated in a number of single arm studies, in both the
localized and metastatic setting (e.g. NCT03669718, NCT04369937, NCT04646005,
NCT04398524, NCT02426892) and in a randomized phase Il study (NCT03669718). An
early readout of a single center phase Il trial of ISA 101 with nivolumab in 24 patients with
incurable HPV-related cancers (22 of them were oropharyngeal) showed a response rate of
33% by RECIST (25% partial responses and 8% complete responses) with the average
response lasting around 10 months (85). Lastly, a short peptide vaccine to HPV 16 E711.19
(DPX-ET), similar to the one used by Muderspach et al. in their pre-invasive study, is now
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being investigated in an early phase I trial of HLA A*0201 positive patients with
oropharyngeal, cervical and anal cancers (NCT02865135).

Vector-based vaccines are genetically engineered live attenuated or inactive, either viral or
bacterial vectors modified to express an antigen of interest. Their appeal in vaccine
technology stems from the ease of their generation, scalability, as well as their ability to
faithfully produce large amounts of antigens /7 vivo and elicit a strong immune response.
The risk of producing the original disease of the vector, especially in live attenuated vectors,
does exist. In the pre-invasive setting, a prime-boost vaccination regimen with a DNA
vaccine expressive HPV E7 followed by a recombinant vaccinia boost expressing HPV16
and 18 E6 and E7 showed marked T cell expansion and formation of tertiary lymphoid tissue
in mucosal lesions in patients with CIN2/3 indicating an immune response (86). TG4001 is
another recombinant vaccine composed of a modified vaccinia vector expressing mutated
HPV 16 E6 and E7 proteins and the stimulatory T cell cytokine IL-2. Data from a single arm
phase Il trial of 21 patients with CIN2/3 showed a 48% response rate by colposcopy (87).

Based on promising results in pre-invasive lesions, the TG4001 is being further evaluated in
a phase Ib/Il study with avelumab in recurrent/metastatic oropharyngeal cancers
(NCT03260023). A heterologous prime-boost strategy using adenovirus-based prime and
Maraba virus-based boost against HPV 16/18 E6 and E7 antigens has reported significant
activity in preclinical models, and a clinical trial is currently ongoing (NCT03618953) (88).
Finally, an analogous prime-boost vaccine strategy employing two replication-attenuated
arenaviruses (lymphocytic choriomeningitis and Pichinde virus) expressing a HPV 16 E6
and E7 fusion protein is being tested in monotherapy and combination therapy regimens,
including in combination with anti-PD-1 therapy, in a phase I/11 trial of HPV-positive
HNSCC (NCT04180215).

One of the most thoroughly studied vector-based vaccines is Axalimogene filolisbac
(ADXS11-001), a live attenuated Listeria monocytogenes vaccine that secretes the
endogenous Listereolysin O protein fused with the HPV 16 E7 protein. Studies of this
vaccine encountered hurdles, including a temporary hold by the FDA following the
development of systemic listeriosis in a patient enrolled on a phase I trial for oropharyngeal
cancers (89). To date, only phase 1l results have been reported. These include a 10-patient
phase I trial of ADXS11-001 with radiation and mitomycin/5-FU for locally advanced anal
cancer. The rationale behind adding the vaccine to chemoradiation was to augment the
immune response to the vaccine by combining its administration with radiation. This was the
first trial combining therapeutic HPV vaccination with radiation, and it demonstrated the
safety of their co-administration. It should be noted, however, that no serologic or T cell
analysis was performed on these patients to validate whether or not radiation did actually
enhance the HPV-specific immune response (90). A larger phase Il trial in India of
ADXS11-001 +/- cisplatin for the treatment of recurrent/refractory cervical cancer
demonstrated a median survival of about 8 months in both arms. Interestingly, the 12 and 18
months overall survival rates were 1.5-2 times higher than historical rates on GOG trials,
however the failure to include a cisplatin-only arm meant that the superiority of
ADXS11-001 monotherapy to cisplatin could not be established (91). Since then, the
standard of care for recurrent cervical cancer has moved to include doublet platinum-based
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chemotherapy and bevacizumab when tolerated. A follow-up study of ADXS11-001 in 50
patients with advanced platinum-refractory cervical cancer demonstrated a 12-month overall
survival of 38%, which compared favorably to the historical 12-month survival rate of 21%
(92). The study did not include correlative analyses; thus, it is unclear whether the clinical
benefit observed on the study correlated with an HPV-specific T cell response. The study
paved the way for a phase 3 study of ADXS11-011 vs placebo following chemoradiation in
cervical cancer patients at high risk of recurrence (AIM2CERV). The study was initially put
on hold by the FDA due to an inquiry into manufacturing procedures before being closed in
2019 based on the funding company priorities and before full accrual was reached. A
window of opportunity trial of neoadjuvant ADXS11-001 prior to resection of HPV-positive
oropharyngeal cancer (NCT02002182) is currently underway.

Finally, DNA vaccination is a strategy which incorporates an antigen-encoding gene into a
backbone of a bacterial plasmid. Its main advantage is its ability to activate both innate and
adaptive immune responses. Upon its injection, the bacterial plasmid transfects myocytes
and triggers the expression of the antigen. The bacterial plasmid contains unmethylated CpG
motifs which act as adjuvants and trigger a robust dendritic-cell mediated TLR9-dependent
immune response. These dendritic cells subsequently act as antigen presenting cells and
activate the adaptive immune response. The variability of the immune response to DNA
vaccine (stronger in mice than in humans) is partially attributable to the expression of TLR9
on immune cells (93,94). A recent phase 1 trial for VGX-3100 is currently accruing
(NCT03185013). The construct pPNGVL3a-Sig/E7-detox-Hsp70 is a DNA vaccine which
produces E7 protein bound to heat shock protein 70. While preclinical models were
encouraging, data from a phase I trial of 15 patients with pre-clinical CIN 2/3 showed no
effects in regression of CIN as compared to the unvaccinated cohort, and the vaccine failed
to elicit a detectable T cell response (95).

In invasive tumors, early phase clinical trials with DNA vaccines are beginning to report
outcomes. A phase Ib/Il safety data trial of MEDI0457, a DNA based vaccing, in
conjunction with ICB showed a robust induction of antigen-specific T cells in p16+ HNSCC
in 18/21 patients. The cellular responses persisted out to a year on the study and flow
cytometric analysis showed induction of HPV16-specific PD-1+ CD8+ T-cells (96). More
recently, an interim analysis of a single arm phase 1l trial of a DNA vaccine encoding the
E6/E7 protein of HPV 16 and 18 in a vector encoding the adjuvant FLT3L (branded
GX-188E) with pembrolizumab in recurrent/advanced cervical cancer showed 11/26 patients
with response, 4 of which were complete at 24 weeks as assessed by RECIST (97). This
provides a rationale for further exploring combination of vaccines and ICB to potentiate T
cell specific responses clinically.

In summary, advances in therapeutic vaccination strategies have allowed for the production
of highly immunogenic vaccines. The data from studies on pre-invasive lesions and early
phase invasive clinical trials show that these vaccines are generally safe. Immunologic
correlative assays clearly demonstrate an expansion of antigen-specific adaptive immune
cells, particularly when combined with ICB. However, single arm studies remain difficult to
fully interpret. Ongoing randomized trials (e.g NCT04534205 and NCT03669718)
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evaluating the efficacy of different vaccine platforms will be necessary to determine the
clinical utility of this approach.

3. Adoptive cell therapy:

Adoptive cell therapy presents an attractive immunotherapy strategy for HPV-related
malignancies since HPV viral antigens are tumor-specific and may be uniformly shared
amongst patients with these cancers. Adoptive T cell therapies involve the collection,
expansion, selection, and manipulation of T cells from a patient ex vivo, followed by re-
infusion into patients. The re-infusion is typically preceded by a myeloablative
chemotherapeutic regimen to facilitate engraftment. Three main modalities of adoptive cell
therapy include tumor-infiltrating lymphocytes (TILS), genetically modified T cell receptors
(TCRs) and T cells with chimeric antigen receptors (CAR T-cells) (Figure 3).

TIL therapy comprises non-clonal ex vivo expansion of a heterogeneous population of
lymphocytes isolated from a surgically resected specimen. Initial trial of infusion of these
cells to 9 patients with metastatic cervical cancer showed durable complete responses in 2/9
patients and one partial response in 1/9 patients (98). Interestingly, T cell receptor
sequencing from the 2 complete responders revealed T cell reactivity against neo-antigens as
well as germline antigens rather than antigens derived from the known HPV oncoproteins
(99). A larger phase Il trial of adoptive T cell therapy was conducted at the NIH on 28
patients with HPV related cancers, 18 cervical and 11 non-cervical, and response was seen
in 28% and 18% of patients, respectively. In this study, it was noted that peripheral blood re-
population with HPV-reactive T cells correlated with clinical response (100). C-145-04 is an
ongoing phase Il trial of TIL therapy open to locally advanced, recurrent or metastatic
cervical cancers, and interim analysis presented at ASCO 2019 showed a response rate of
44% in the 27 treated patients with an acceptable safety profile (101).

TCR-engineered T cells are generated by transduction of T cells with a single T cell receptor
(TCR) demonstrated to recognize a specific tumor antigen in an HLA-dependent manner.
Given the reliance of this technology on TCR-MHC pairing, HLA matching of patients is
required for this approach. A phase I/11 clinical trial using autologous T cells genetically
engineered to express a T cell receptor targeting an HLA-A*02:01-restricted epitope of
HPV-16 E6 was recently conducted. Twelve patients were enrolled on the trial and 9
received the highest T cell dose. Of these 9 patients, 2 patients with anal cancer responded (1
complete, 1 partial). Interestingly, responders showed increased E6 TCR T cell presence in
resected specimens for several months post-therapy. Genomic analysis of non-responders
showed mutations in either antigen recognition pathways (HLA mutations) or interferon
response (102). Another phase | study from the NIH demonstrated a slightly better response
rate with autologous TCR T cells engineered to target HPV 16-E7 (response in 4/12
patients) (103). The patients on the trial included 5 cervical cancers, 4 HNSCC, 2 anal and 1
vulvar cancers. The updated results from this study show response extended to 6/12 patients
by RECIST with a good persistence of the engineered T cells. Genomic analysis in one
patient showed mutations in HLA A*0201 to be a late mechanism of resistance to therapy
(104). Further trials exploring HPV-specific TCRs are currently being conducted in the
United States (NCT02379520) and abroad (NCT03578406).
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CAR T cell therapy in HPV-mediated cancers is of interest as it targets surface antigens and
thus circumvents the need to target MHC-bound antigens, overcoming defects in the antigen
presentation pathway seen in HPV-related malignancies. However, the identification of
recurrent and unique cell surface antigens outside of MHC-bound viral antigens in HPV-
related malignancies presents a major challenge to this approach. Promisingly, a recent
phase | study assessing the safety of CAR-T cells engineered against ErbB in HNSCC
showed no dose limiting toxicities with 69% patients demonstrating stable disease (105). In
addition, a phase I/11 trial using CAR T cells targeting mesothelin, Mucl, PSMA and GD2
in cervical cancer is underway (NCT03356795). These studies will provide data on the
effectiveness of CAR therapies in patients with HPV-positive malignancies.

Conclusion and Future Directions

Epidemiologic and genetic evidence strongly support the role of immunosuppression and
immune resistance during oncogenesis of HPV-related malignancies. Further, multiple viral
oncogenes promote immune evasion to facilitate viral persistence, some of which are now
being explored for pharmaceutical intervention. ICB therapies have shown activity in these
cancers in multiple settings and disease sites. The unique shared viral antigens of these
malignancies have facilitated the development of both adoptive cell therapies and
vaccination strategies based on these shared neo-antigens. Unfortunately, response rates to
these interventions have been modest to date, and in some cases, resistance has developed
secondary to genetic alterations in antigen processing machinery. However, this shared set of
antigens has facilitated rapid important advances in tumor immunology, including the recent
identification of antigen-specific B cells in the tumor microenvironment. Furthermore,
because of distinct clinical behavior of HPV-related malignancies based on the location of
the primary tumor, these solid malignancies present an opportunity to understand more
accurately the mechanisms of immune homeostasis in different anatomic sites. Further
studies, however, are warranted. Future work will need to identify the best way to harness
improvements in antigen-specific immune response to improve oncologic outcomes in
patients.
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Statement of Significance:

HPV modulates the microenvironment to create a pro-tumorigenic state of immune
suppression and evasion. Our understanding of these mechanisms has led to the
development of immunomodulatory treatments that have shown early clinical promise in
patients with HPV-related malignancies. This review summarizes our current
understanding of the interactions of HPV and its microenvironment and provides insight
into the progress and challenges of developing immunotherapies for HPV-related
malignancies.
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Figure 1: Cell-intrinsic mechanisms of HPV immune modulation.
Infection by HPV and expression of HPV proteins E5, E6, and E7 can lead to immune

suppression, evasion, and resistance. HPV E7 has been shown to downregulate the cGAS
STING pathway, an important innate response pathway to viral DNA that induces the
expression of type | IFN genes, by directly inhibiting STING (left). HPV E6 can also
dampen type | IFN gene expression by inhibiting the IFN regulatory factor IRF3. HPV E5
inhibits transport of MHC to the cell surface, which may be bound to either viral or tumor
antigens, by alkalization of late endosomes. Finally, overexpression of E7 in a preclinical
cervical cancer model has been shown to upregulate the PD-L1 immune checkpoint.
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Figure 2: HPV immune modulation of the tumor microenvironment.
HPV infected tumor cells promote an immunosuppressive microenvironment through several

mechanisms. Downregulation of antigen presentation on MHC by HPV E5 or mutations in
antigen presentation pathway genes leads to decreased recognition by effector T cells.
Upregulation of the PD-L1 immune checkpoint on infected tumor cells can lead to inhibition
of cytolytic T cell activity. HPV also modulates HLA expression to engage NK cell
inhibitory receptors, for example through the interaction of HLA-E molecules with NKG2A.
There is also evidence of HPV-antigen specific FOXP3+ T regulatory cells, which function
to suppress both CD8+ and CD4+ cells in the tumor microenvironment. CD4+ cells are
typically skewed towards a Th2 response due to an upregulation of Th2 cytokines, which
stimulates a humoral response. In some HPV-positive malignancies, a high frequency of
antibodies specific to E2, E6, and E7 is also detected.
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Figure 3: Strategies of adoptive cell therapy in HPV-positive malignancies.
A. Polyclonal TILs are collected from patients, expanded ex-vivo and re-infused into

patients. B. An HLA matched, antigen-specific T-cell receptor is identified and cloned and
infused into patients for TCR therapy. TCRs in this approach are highly dependent on the
patient HLA haplotype C. CAR T cells are dependent on extracellular antigens and
circumvent the HLA matching problem seen with TCR based therapies
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Summary of resulted/ongoing immune checkpoint blockade trials in HPV-related malignancies

Trial Phase Stage Comparison Results
Resulted
HPV+ OPC
CHECKMATE-141 (66) 3 Recurrent Single agent Nivolumab vs standard 1-year survival rate of 36% for
platinum- (Methotrexate, Docetaxel or nivolumab vs 16% for standard therapy
refractory Cetuximab)

KEYNOTE-40 (67) 3 Recurrent Single agent Pembrolizumab vs 1-year survival rate of 37% for
platinum- standard (Methotrexate, Docetaxel or pembrolizumab vs. 26% for standard
refractory Cetuximab) therapy

KEYNOTE-48 (68) 3 Recurrent Single agent Pembrolizumab vs Overall survival benefit in

Pembrolizumab + Cisplatin and 5FU Pembrolizumab + chemotherapy vs
vs Cetuximab + Cisplatin and 5FU Cetuximab + chemotherapy in study
population (13 months vs 10.7 months).
Pembrolizumab alone superior to
Cetuximab + chemotherapy in patients
with CPS>1
EAGLE (76) 3 Recurrent Single agent Durvalumab vs No statistically significant overall
Durvalumab + Tremelimumab vs survival benefit. 1-year survival of 37%
standard (Cetuximab, Taxanes, 5FU or in Durvalumab monotherapy arm,
Methotrexate) 30.4% in the combination arm, 30.5%
in standard arm

GORTEC 2015-01 2 Locally Cetuximab + RT vs Pembrolizumab + No difference in locoregional control

(PembroRad) (78) advanced non- RT (59% in the Cetuximab-RT arm vs 60%
platinum in pembrolizumab-RT). No difference
candidates in progression free survival or overall

survival. Acute toxicity lower in the
pembrolizumab arm (74% vs 92%)
Cervical Cancer

KEYNOTE-158 (71) 2 Recurrent/ Single agent Pembrolizumab (2 arms Overall response rate of 12.2%, 83.7%

Metastatic with 2 different doses) of tumors PD-L1 positive with
cPs ™1

CHECKMATE-358 (72) 1/2 Recurrent/ Non-comparative multi arm single Objective response rate of 26.3% for
Metastatic agent nivolumab or in combination cervical cancers with nivolumab
with other immunotherapies monotherapy and 40% for nivolumab +
ipilimumab
Anal Cancer
NCI9673 (74) 2 Recurrent/ Single arm phase 2 trial of single Overall response rate of 24%

Metastatic agent Nivolumab

KEYNOTE-28 (75) 1b Locally Single arm phaselb trial of single Overall response rate of 17%
advanced/ agent Pembrolizumab
metastatic

Completed enrollment/Enrolling
HPV+ OPC
JAVELIN HN100 3 Locally Avelumab + CRT ¥*vs CRT **alone ~ Completed accrual but closed early due
advanced (Stage to interim analysis showing boundary of
1/1V) futility crossed
KEYCHAIN 2 Locally RT + Pembrolizumab vs CRT * Pending (NCT03383094)
advanced p16+
HN-005 2/3 Stage I-111 p16+ CRT **vs de-intensified RT + Pending (NCT03952585)
Cisplatin vs de-intensified RT +
Nivolumab
HN-004 2/3 Locally RT + Durvalumab vs RT + Cetuximab Pending (NCT03258554)
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Trial Phase Stage Comparison Results
Resulted
platinum
candidates
Cervical Cancer
CALLA 3 Locally Cisplatin+RT+Durvalumab vs Pending (NCT03830866)
advanced Cisplatin+RT
2 Locally Cisplatin+RT+pembrolizumab vs Pending (NCT02635360)
advanced Cisplatin+RT
BEATcc 3 Recurrent/ Cisplatin + Paclitaxel +Bevacizumab Pending (NCT03556839)
Metastatic + Atezolizumab vs Cisplatin+
Paclitaxel+ Bevacizumab
KEYNOTE-826 3 Recurrent/ Cisplatin+ Paclitaxel + Bevacizumab Completed accrual (NCT03635567)
Metastatic + Pembrolizumab vs Cisplatin +
Paclitaxel + Bevacizumab
Cemiplimab 3 Recurrent/ Cemiplimab vs chemotherapy Completed accrual (NCT03257267)
Metastatic
RaPIDS 2 Recurrent/ AGEN2034 +/-AGEN1884 Pending (NCT03894215)
Metastatic
SKYSCRAPER-04 2 Recurrent/ Tiragolumab+Atezolizumab Pending (NCT04300647)
Metastatic
*
OPC: Oropharyngeal cancer
CRT: Chemoradiotherapy
AAA
CPS: Combined positive score
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Summary of ongoing/resulted peptide vaccine trials for invasive HPV-associated malignancies
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Vaccine Vector Antigen Disease Study Results
DPX-E7 No vector HPV16 E7;11.19 HPV+ OPC ™ Single arm phase | trial in relapsed/ Pending
Cervix, anus metastatic anal, cervical and HPV+ (NCT02865135)
oprc”
ISA101  Novector 12 peptides 25-35 amino acids  Hpy+ opc*  Single arm phase |1 trial of ISA 101 + Pending
spanning HPV-16 E6 and E7 Nivolumab in recurrent/relapsed HPV+ (NCT02426892)
opc™
HPV+ OPC ™ Single arm Phase 11 of ISA 101 + Pending
Cemiplimab (NCT04398524)
HPv+opc*  Randomized study of Cemiplimab +/— Pending
ISA 101 (NCT03669718)
HPV+ OPC ™ Single arm Phase Il of ISA 101 + Pending
Utomilumab (NCT03258008)
HPV+opPc*  IMRT + Pembrolizumab + Cisplatin + Pending
ISA 101 (NCT04369937)
Cervix Phase I/11 of ISA 101 with carbo/ Pending
paclitaxel +/- bevacizumab (NCT02128126)
Cervix Phase Il Study of Cemiplimab after Pending
POD on 1st line therapy (NCT02128126)
Hespecta  No vector HPV16 E6 conjugated to HPV+ tumors Phase I study of Hespecta in HPV+ Pending
synthetic TLR2 ligand tumors (NCT02821494)
PepCan No Vector HPV 16 E6 peptides HPV+opPc*  Phase I/1l double blinded randomized Pending
study of PepCan vs placebo (NCT03821272)
P16_37-63 No Vector P16INK4a-37-63 HPV+ tumors Pilot study of cisplatin + P16_37-63 Pending
(NCT02526316)
HPV+ tumors  Phase I/11A of P16_37-63 + Montanide Pending
ISA-51 VG in advanced HPV+ tumors (NCT01462838)
PDS0101  No Vector  Liposomal HPV16 E6 and E7 HPV+ Phase I1 trial of pembrolizumab + Pending
peptides HNSCC PDS0101 in recurrent/metastatic HPV+ (NCT04260126)
HNSCC
Cervix Phase I1A trial of chemoradiation + Pending
PDS0101 in stage IB3-1VA cervical (NCT04580771)
cancer
HPV+ tumors  Phase /11 trial of PDS0101 + Anti-PD- Pending
L1/TGF-beta trap (M7824) + 1L12 (NCT04287868)

recurrent/metastatic HPV+ tumors

*
OPC: Oropharyngeal cancer

Cancer Discov. Author manuscript; available in PMC 2022 February 01.


https://clinicaltrials.gov/ct2/show/NCT02865135
https://clinicaltrials.gov/ct2/show/NCT02426892
https://clinicaltrials.gov/ct2/show/NCT04398524
https://clinicaltrials.gov/ct2/show/NCT03669718
https://clinicaltrials.gov/ct2/show/NCT03258008
https://clinicaltrials.gov/ct2/show/NCT04369937
https://clinicaltrials.gov/ct2/show/NCT02128126
https://clinicaltrials.gov/ct2/show/NCT02128126
https://clinicaltrials.gov/ct2/show/NCT02821494
https://clinicaltrials.gov/ct2/show/NCT03821272
https://clinicaltrials.gov/ct2/show/NCT02526316
https://clinicaltrials.gov/ct2/show/NCT01462838
https://clinicaltrials.gov/ct2/show/NCT04260126
https://clinicaltrials.gov/ct2/show/NCT04580771
https://clinicaltrials.gov/ct2/show/NCT04287868

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Shamseddine et al.

Table 3:

Page 31

Summary of ongoing/resulted viral/bacterial vector vaccine trials for invasive HPV-associated malignancies

Vaccine Vector Antigen Disease Study Results
ADXS11-001 ¥ Listeria HPV-16 E7 Anus (90) Single arm phase 11 trial of IMRT 8/9 (88.9%) patients were
Monocytogenes + Mitomycin + 5-FU + progression free at 42
ADXS11-001 months (NCT01671488)
Cervix (91) Randomized phase I1 trial of No difference in both arms.
ADXS11-001 +/- Cisplatin Median overall survival of 8
months in both arms (India
Trial Registry: CTRI/
2010/09/001232)
Cervix (92) Single arm phase 11 study in Median OS 6.1 months, (1-
women with recurrent/metastatic year OS ~ 38% vs 21% in
or poor prognosis of ADXS11-001 historical controls). Median
PFS 2.8 months
(NCT01266460)
Cervix Phase I11: Randomized study of Study closed early, results
ADXS11-001 vs. Placebo after pending (NCT02853604)
CCRT for definitive treatment of
cervical cancer
HPV+ Single arm window of opportunity Pending (NCT02002182)
opc** neoadjuvant ADXS11-001 prior to
surgery
TG4001 Modified vaccinia HPV-16 E6 HPV+ Phaselb/Il single arm trial of Pending (NCT03260023)
(MVA) and E7 +1L2 opc** TG4001 + Avelumab in recurrent/
metastatic setting
MG1-E6E7 Adenovirus vector HPV16 E6 HPV+ Dose escalation study with Pending (NCT03618953)
and Maraba boost and E7 oPC¥+ Atezolizumab
Cervix
TheraT LCMV and HPV16 E6 HPV+ Multi-arm dose expansion trial of Pending (NCT04180215)
Pichinde virus and E7 opc** TheraT in combination with anti-
vector antigens PD-1 therapy
PRGN-2009 Gorilla Adenovirus Epitopes of HPV+ Phase I/11 trial of PRGN-2009 +/- Pending (NCT04432597)
HPV 16/18 tumors Anti-PD-L1/TGF-beta trap
E6 and E7 (M7824) in recurrent/metastatic

HPV+ tumors

*
ADXS11-001: Additional small phase I/11 studies include: NCT02164461, NCT02002182, NCT02399813, NCT02291055

*Kk
OPC: Oropharyngeal cancer
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Table 4:

Summary of ongoing/resulted DNA/RNA based vaccine trials for invasive HPV-associated malignancies

Vaccine Vector Antigen Disease Study Results
MEDI-0457 VGX-3100 Modified E6 and HPV+ Phase 1/11 trial of MEDI-0457 with Pending
(previously plasmid and E7 peptides + 1L12 HNSCC durvalumab in ecurrent/metastatic (NCT03162224)
INO-3112) INO-9012 HPC+ HNSCC

plasmid
HPV+ OPC ¥ Phase 11 trial of observation vs Pending
durvalumab vs MEDI-0457 + (NCT04001413)
durvalumab in high risk HPV+ OPC
HPV+ Phase Il trial of MEDI-0457 + Pending
tumors durvalumab in recurrent/metastatic (NCT03439085)
HPV+ tumors
HPV+ Phase I/Il of concurrent INO-3112 Pending
HNSCC delivered by electroporation with (NCT02163057)
surgery or chemoradiation
Cervix Phase 1/11 of INO-3112 delivered by Pendin
electroporation following (NCT02172911)
chemoradiation or in recurrent setting
GX-188E Pgx27 plasmid HPV16 and 18 E6 Cervix (97) Phase Il study of pembrolizumab + 11/26 patients with
and E7 + FLT3 GX-188E in recurrent cervical cancer  response by RECIST,
4 complete at 24
weeks
(NCT03444376)
VB10.16 Proprietary HPV 16 E and E7 HPV16+ Phase 1l study of atezolizumab + Pending
Cervix VB10.16 in recurrent HPV16+ (NCT04405349)
cervical cancer
HARE-40 No vector HPV mRNA + HPV+ Phase 1/11 study of HARE-40 in Pending
anti-CD40 tumors upfront OPC in IA arm and recurrent (NCT03418480)
HPV+ tumors in IB arms
BNT113 No vector HPV16 E6 & E7 HPV+ opc*  Randomized study of Pembrolizumab Pending
+/- BNT113 in CPS >1 pts (NCT04534205)

*
OPC: Oropharyngeal cancer
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