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Abstract: Human papillomavirus (HPV) infection drives tumorigenesis in almost all cervical cancers
and a fraction of vulvar and penile cancers. Due to increasing incidence and low vaccination rates,
many will still have to face HPV-related morbidity and mortality in the upcoming years. Current
treatment options (i.e., surgery and/or chemoradiation) for urogenital (pre-)malignancies can have
profound psychosocial and psychosexual effects on patients. Moreover, in the setting of advanced
disease, responses to current therapies remain poor and nondurable, highlighting the unmet need for
novel therapies that prevent recurrent disease and improve clinical outcome. Immunotherapy can be
a useful addition to the current therapeutic strategies in various settings of disease, offering relatively
fewer adverse effects and potential improvement in survival. This review discusses immune evasion
mechanisms accompanying HPV infection and HPV-related tumorigenesis and summarizes current
immunotherapeutic approaches for the treatment of HPV-related (pre-)malignant lesions of the
uterine cervix, vulva, and penis.

Keywords: human papillomavirus; immunotherapy; urogenital; cervical cancer; vulvar cancer;
penile cancer

1. Introduction

Human papillomavirus (HPV) is a virus that can be sexually transmitted or nonsex-
ually acquired, primarily through skin-to-skin or skin-to-mucosa contact. Infection with
HPV is so common that the lifetime risk in sexually active individuals is around 80-90% [1].
More than 100 HPV genotypes have been identified, of which >40 are able to infect the mu-
cosa [2,3]. The HPV genotypes can be classified as low-risk or high-risk (hrHPV). Infection
with low-risk HPV types mainly causes skin lesions such as anogenital warts, whereas per-
sistent infection with hrHPV types increases the risk of dysplasia and cancerous lesions [4].
Moreover, persistent infection with hrHPV types is estimated to be responsible for ~5% of
human cancers [5]. It accounts for virtually all cervical cancers [4,6,7], approximately one
third of vulvar cancers, and ~50% of all penile cancers [5,8,9].

Current treatment options for HPV-related urogenital (pre-)malignancies are often
associated with significant treatment-related morbidity and/or toxicity. Early stages of
HPV-related cancers of the cervix, vulva, and penis can be surgically treated; however,
surgery is often associated with morbidity due to lymphedema, wound infections, and
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psychosocial and psychosexual problems [10-14]. Indeed, vulvar cancer and penile cancer
patients especially experience deleterious effects on sexual function given the large surgical
extent in a sexually sensitive area. In addition to surgery, adjuvant chemoradiotherapy
may also have short-term and long-term effects. In cervical cancer, long-term effects of
chemoradiation on sexual, bladder, and bowel function as well as premature ovarian
failure and infertility in premenopausal women have been described. In the setting of
advanced HPV-related cancers, patients have limited treatment options that offer poor and
nondurable clinical responses [10,15,16]. The occurrence of treatment-related morbidities
and poor survival in the advanced or metastasized setting highlight the need for novel,
well-tolerated, and most importantly, durable therapies that prevent recurrent disease and
improve clinical outcome.

Immunotherapy can be a useful addition to the current therapeutic strategies in various
settings of disease, offering relatively fewer adverse effects and potential improvement
in survival. Here, we discuss several immune evasion mechanisms accompanying HPV
infection and HPV-related tumorigenesis and summarize current immunotherapeutic
approaches for the treatment of HPV-related (pre-)malignant lesions of the uterine cervix,
vulva, and penis.

2. HPV Infection, Prevention, and Related Urogenital (Pre-)Malignancies
2.1. HPV Infection

Epithelial cells in the undifferentiated basal layer can be infected by hrHPV types as a
result of micro-abrasions in the cutaneous or mucosal epithelium [2,17]. The infected basal
keratinocytes form a reservoir of infection, and as these cells divide, viral replication moves
towards the suprabasal layers (the midzone and superficial zone) of the epithelium. HPV
virions are released from the cornified keratinocytes and shed viral particles that can then
initiate a new infection.

2.2. Prophylactic Vaccines Play an Important Role in Preventing Initial HPV Infection

Three prophylactic vaccines for prevention of HPV infection are currently available:
bivalent (targeting HPV 16 and 18), quadrivalent (targeting HPV 6, 11, 16, and 18), and
nonavalent (targeting HPV 6, 11, 16, 18, 31, 33, 45, 52, and 58). All vaccines are composed
of L1 virus-like particles (VLPs) that are specific for the HPV types being targeted [18].
These vaccines are highly immunogenic and induce specific HPV-neutralizing antibodies.
Prophylactic HPV vaccination of both girls and boys protects against initial infection.
Vaccination in combination with cervical screening programs can eliminate the risk for
cervical cancer, as well as other HPV-related malignancies [19]. A recent observational
study showed a corresponding risk reduction of 97% for precursor lesions of the cervix
and an 87% reduction for cervical cancer for those vaccinated at age 12-13 years [20].
This highlights the importance of implementing HPV immunization programs worldwide.
Unfortunately, vaccination coverage in most countries is still suboptimal and varies both
between and within countries [21-23]. Another obstacle is that in many countries boys
and men are vaccinated at low rates. In 2019, only 4% of boys had received the full course
of the vaccine worldwide [22]. At the moment, vaccination of boys is recommended to
reduce HPV prevalence and has been included in nationwide school-based vaccination
programs across the globe [23]. Models predict that vaccination of boys, in addition to
girls, can eliminate HPV 6, 11, 16, and 18, if 80% coverage is achieved [24]. However,
considering existing societal barriers against vaccination and the increasing incidence
rates for HPV-related cancers, many men and especially women will still have to face
HPV-related morbidity and mortality in the upcoming years.

2.3. HPV-Related (Pre-)Cancer of the Cervix, Vulva, and Penis
2.3.1. Cervical Cancer and Precursor Lesions

Cervical cancer is the fourth most frequently diagnosed cancer in women, with an
estimated 604,000 new cases and 342,000 deaths worldwide in 2020 [25]. The two main
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histological subtypes, squamous cell carcinoma (SCC) and adenocarcinoma (AC), account
for 65% and 30% of the cases, respectively [26]. HPV 16 is often associated with SCC,
and HPV 18 with AC [27]. Precancerous cervical intraepithelial neoplasia (CIN) lesions
are categorized as low-grade (CIN1) and high-grade (CIN2 and 3). CIN develops in
the transformation zone, which is an area of metaplastic tissue between the squamous
epithelium of the vagina and ectocervix and the glandular tissue of the endocervical
canal. CIN2 and CINS3 are often treated by excision or ablation to remove the affected
transformation zone.

The standard of treatment for early stage cervical cancer is radical hysterectomy with
pelvic lymphadenectomy or primary radiation therapy [28]. Adjuvant radiotherapy, with
or without chemotherapy, is considered when patients present risk factors for disease
recurrence (e.g., positive surgical margins, lymph node metastasis, and/or parametrial
involvement) [29-32]. In locally advanced cervical cancer, treatment consists of definitive
chemoradiotherapy [33]. In the setting of metastasized or recurrent disease, patients are
treated with chemotherapy and bevacizumab (targeting vascular endothelial growth factor
(VEGF)) [34].

2.3.2. Vulvar Cancer and Precursor Lesions

Vulvar cancer is a rare type of cancer. Its incidence has been increasing annually
and currently stands at approximately 45,000 new cases and 17,000 deaths worldwide in
2020 [25]. Approximately 90% of all vulvar cancers are vulvar squamous cell carcinomas
(VSCCQ) [35]. Two main oncogenic pathways have been identified in the pathogenesis
of VSCC: (1) an HPV-dependent pathway that starts with infection with hrHPV and (2)
an HPV-independent pathway that is associated with chronic inflammation (e.g., lichen
sclerosus) with either wildtype p53 or mutated p53 [36-38]. Patients with HPV-related
vulvar cancer have a more favorable prognosis, while patients with HPV-negative tumors
carrying p53 mutations have the worst prognosis [37]. Nevertheless, all patients receive
the same treatment regardless of HPV or p53 status. Vulvar intraepithelial neoplasia
(VIN) is considered a precursor of VSCC and can be divided into low-grade squamous
intraepithelial lesions (LSIL), vulvar high-grade squamous intraepithelial lesions (vHSIL),
or differentiated VIN (dVIN). dVIN is the precursor of hrHPV-negative VSCC and has
been associated with worse disease-free survival compared to HSIL-associated vulvar
cancer [39]. VHSIL is the precursor of hrHPV-positive VSCC and was formerly referred to
as vulvar intraepithelial neoplasia of the usual type (uVIN).

Management options for precursor lesions are surgical excision for dVIN and surgical
excision, laser evaporation, or topical treatment for vHSIL. The standard treatment for
VSCC consists of radical excision, if feasible. The presence of inguinofemoral lymph
node (LN) metastases is the most significant prognostic factor for survival [40]. For this
reason, sentinel LN procedure, lymphadenectomy, or LN debulking is performed as well,
except for women with stage IA disease (lesions < 2 cm and stromal invasion < 1 mm).
Chemotherapy and radiation are applied as adjuvant or primary treatment for disease that
cannot be surgically resected.

2.3.3. Penile Cancer and Precursor Lesions

Penile cancer is a rare malignancy with an estimated 36,000 new cases and 13,000 deaths
worldwide in 2020 [25]. More than 95% of penile tumors are penile squamous cell car-
cinoma (PSCC) [41]. Similar to VSCC, two molecular pathways of etiology have been
described: HPV-dependent and HPV-independent carcinogenesis [42,43]. hrHPV+ patients
tend to have better disease-specific survival compared to hrHPV— PSCC patients [44—48].
Penile intraepithelial neoplasia (PeIN) is considered to be the precursor lesion for PSCC
and is classified as being either undifferentiated (HPV-related) or differentiated (non-HPV-
related) [10,41,49]. HPV-related lesions are usually found on the penile glans and/or
foreskin with basaloid /warty features [10,41]. Non-HPV-related lesions can be character-
ized by atrophic and hyperplastic epithelium and are typically associated with underlying



J. Clin. Med. 2022, 11, 1101

4 0f29

lichen sclerosus [42]. Treatment options for precursor lesions include therapeutic circum-
cision, topical therapies, laser ablation, and/or local excision or total glans resurfacing.
The location, extent, persistence, and recurrence rate of the lesions determine the type of
treatment [10].

Once progressed to invasive disease, the excision technique used for management
of disease depends on the stage at diagnosis. Organ-sparing surgical techniques have
been developed for cT0-2 disease to ensure maximal organ preservation [50]. On the
other hand, large tumors (cT3—4) may require more aggressive options, such as partial or
total penectomy [10]. Moreover, patients presenting with inguinal and/or pelvic lymph
node metastasis are generally treated with lymphadenectomy, which is associated with
considerable morbidity. Unresectable, locally advanced, or metastatic PSCC requires
multimodal approaches [10].

3. Immune Evasion Strategies of HPV and HPV-Related Cancer and Precursor Lesions
of the Cervix, Vulva, and Penis

HPV-related urogenital tumors are associated with improved survival, most likely due
to their increased immunogenicity that is related to antiviral immune responses. This in
turn requires immune evasion strategies in order for the tumor to grow and invade. Several
intracellular evasion strategies of HPV, which are mediated by altered gene expression and
disturbed protein functions, and extracellular strategies, which are mediated by interfering
with immune cell networks, have been described [51]. Clearly, it is important to identify
all these possible immune evasion mechanisms in order to achieve optimal efficacy of
immunotherapy. The most important ones established so far are summarized below
(Figure 1).

3.1. Intracellular Immune Evasion Strategies of HPV

In the early phases of infection, HPV infection primarily involves the basal layer
of the stratified epithelium, where the virus has the capability of maintaining low abun-
dance of viral proteins, resulting in low-level immunogenicity [52]. Additionally, since
HPV virions are only released at the epithelium surface without inducing cytolysis and
inflammation [53-55], there is a limited to almost absent release of danger signals. This
impairs the activation of pathogenic recognition receptors (PRR), such as toll-like recep-
tors (TLRs), interferon-gamma-inducible protein 16 (IFI16), cyclic GMP-AMP synthetase
(cGAS), and retinoic-acid-inducible gene I (RIG-I), and ensures the suboptimal activation
of the local immune response. However, during disease progression, the expression of
HPV oncoproteins E6 and E7 starts to increase [51,56]. To evade immune recognition
and establish persistence of infection, HPV E6 and E7 are able to modulate host gene
expression via (1) the activation of the transcription factors STAT3 and NFkB, and (2) the
antagonism of several pathogen sensors (such as TLRs, IFI16, cGAS, and RIG-I) [51,56-58].
In this manner, important signaling pathways (such as cGAS-STING, TLR9, and NF«B)
are dysregulated at different stages [51,59-61]. HPV E7 is known to epigenetically repress
the expression of the adhesion molecule E-cadherin, which is necessary for adhesion of
Langerhans cells (LC) to keratinocytes [62]. Next to downregulated antiviral gene ex-
pression and disturbed cell-to-cell interactions, HPV-transformed cells display impaired
production of major histocompatibility complex (MHC) class I and II components of the
antigen-processing machinery (APM), resulting in less immune recognition due to reduced
presentation of HPV epitopes [54].
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Figure 1. This figure shows an adapted version of the cancer immunity cycle to illustrate the intracel-
lular and extracellular evasion strategies of human papillomavirus (HPV). (1) Release of viral antigens
and neoantigens; (2) cancer antigen presentation (chemokine CCL20 (CCL20), interleukin-6 (IL-6),
prostaglandin E2 (PGE2), receptor activator of NF-KB ligand (RANKL), Langerhans cells (LCs), and
dendritic cells (DCs)); (3) priming and activation (major histocompatibility complex II (MHC-II), pro-
grammed death-ligand-1 (PD-L1), regulatory T cells (Tregs), and cytotoxic T-lymphocyte-associated
protein (CTLA)); (4) tumor infiltration (pro-inflammatory macrophages (M1 M®), granzyme B (GrB),
T-helper cells 1 (Th1s), anti-inflammatory macrophages (M2 M®), and myeloid-derived suppressor
cells (MDSCs)); (5) recognition of tumor cells (antigen-processing machinery (APM) modification);
(6) killing of tumor cells (PD-1 receptor (PD-1), T-cell immunoglobulin and mucin-domain-containing-
3 (TIM-3), lymphocyte activation gene-3 (LAG-3), transforming growth factor (TGF-f3), indoleamine
2,3-dioxygenase (IDO)). Created with BioRender.com (last accessed on 15 February 2022).

3.2. Extracellular Immune Evasion Strategies of HPV-Related (Pre-)Cancers

In addition to intracellular immune evasion strategies, HPV employs several extracel-
lular strategies that prevent a robust immune response through perturbation of cellular
immune networks that are vital for the clearance of infection [51]. All these strategies
enable the virus to persist for a long time, which increases the risk of (pre-)malignancy.
Furthermore, HPV-driven tumors have their own tissue-specific immune escape mecha-
nisms. Understanding these mechanisms involved in immune escape of HPV-tumors may
help us find clinical opportunities for immune interventions at the various steps of disease
development.

3.2.1. Antigen-Presenting Cells

Antigen-presenting cells (APCs) initiate the cellular immune response and are the
connection between the innate and adaptive immune system. They capture, process, and
present viral antigens on MHC molecules. In the upper epithelial layers of the epidermis,
LCs (members of the dendritic cell (DC)/macrophage family) detect viral structures through
their TLRs. Upon recognition and uptake of antigens, they migrate to tumor-draining
lymph nodes (TDLNs), where they can cross-talk with lymph-node-resident DC subsets
and mediate the priming and activation of effector T-cell responses against the HPV-derived
and cancer cell-related antigens. However, several immune evasion strategies have been
linked to defective or inhibited T-cell priming in the TDLNs. For example, different
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studies have shown that HPV virus-like particles are not able to properly activate LCs
and prime T-cells [63-65]. Moreover, HPV E7 disrupts LC retention in epithelial tissue
through the downregulation of E-cadherin [62,66]. HPV E6 and E7 in keratinocytes can
also downregulate the release of the chemokine CCL20, thereby preventing migration of
immature LCs into the epidermis [67]. Indeed, in cervical lesions, active HPV infection
and/or expression of E6 and E7 was associated with decreased frequencies of intraepithelial
LCs [67-69]. In addition, in VHSIL, decreased numbers of CDla+ migratory DCs and
Langerin+ DCs were found compared to healthy tissue [70].

Not only is the frequency of DCs of significance for an effective HPV-specific immune
response, but so to is their activation status. In low-grade CIN lesions, reduced expression
of MHC-II and Langerin on LCs is observed compared to normal cervical tissue [69]. The
expression of the T-cell-activating costimulatory molecules CD80 and CD86 on CD11c+
DCs decreases with increasing CIN grade, resulting in a poor antigen-presenting environ-
ment [71]. Cervical and vulvar cancer cells can inhibit the maturation and function of DCs
through the secretion of factors such as IL-6, prostaglandin E2 (PGE2), receptor activator
of NF-KB ligand (RANKL), and indoleamine 2,3-dioxygenase (IDO) [72-75]. Altogether,
HPV-infections seem to be associated with less activation and migration of DCs, which
may lead to defective or inhibited T-cell priming in the TDLNs and thereby the absence of
an effective T-cell response.

3.2.2. T-Helper Cell and Cytotoxic T-Cell Responses

Robust HPV-specific CD4+ T-helper cell and CD8+ T-cell responses are necessary for
effective elimination of HPV-infected cells. After interaction with mature APCs, naive
CD8+ T cells can differentiate into cytotoxic CD8+ T cells (CTLs) and then migrate to
the tumor bed and recognize cancer cells through the interaction between their T cell
receptor (TCR) and MHC-I-bound antigens. However, CTL recognition is prevented
by downregulation of MHC-I molecules on HPV-infected keratinocytes [76-79]. CTLs
can also be present but functionally inactive within the tumor microenvironment, as
demonstrated by their limited and/or absent production of IL2, granzyme B (GrB), and
IFNy [80,81]. Furthermore, regression rates of CIN lesions are strongly correlated with the
presence of intraepithelial GrB+ CTLs [82]. In vulvar and penile cancer, the number of GrB+
intraepithelial lymphocytes was related to better outcomes [83,84].

Proper CD4+ T-helper (Th) cell responses are also needed for clearance of HPV and for
durable T-cell memory. Thl-type responses (characterized by high levels of IFN-y and IL-2)
are required for an effective and durable anti-HPV immune response [85,86]. Persistent
infection is known to promote Th2 responses, which are characterized by high levels of
IL-6, IL-8, and IL-10 [87]. In CIN, a shift from Th1 to Th2 response has been associated with
progression of lesions [87-90]. This has not yet been established in vHSIL and PelN.

3.2.3. Regulatory T Cells

Foxp3+ regulatory T cells (Tregs) are key mediators of immune suppression in the
tumor microenvironment. Tregs exert their immunosuppressive function via multiple
mechanisms: (1) the secretion of the cytokines IL-10, TGF-§3, IL-35 and through direct cell-
to-cell contact via membrane-bound TGF-f3 and cytotoxic T-lymphocyte-associated protein
4 (CTLA-4) [91,92]. The mechanisms by which Tregs are recruited and activated in HPV-
infected tumors are not fully understood. It is believed that Tregs can possibly originate
from both thymus-generated natural Tregs and peripheral inducible Tregs [93]. The latter
are generated during priming by activated DCs in an anti-inflammatory milieu with high
expression levels of cytokines such as TGF-3 and IL-10. These host-derived cytokines are
produced by suppressive immune subsets and tumor cells in the local microenvironment
and help activate and expand Tregs [91,94,95]. Moreover, the activation and expansion of
Tregs may also be induced by their interaction with M2 macrophages [96-98]. In CIN, Tregs
are recruited and activated at higher frequencies in the blood of patients with persistent
HPV infection compared with patients that had cleared infection or had detectable E6-



J. Clin. Med. 2022, 11, 1101

7 of 29

specific CD4+ T-cell responses [99,100]. Patients with uVIN more often have recurrences
when high numbers of intraepithelial Tregs are present [96]. In patients with cervical
cancer and penile cancer, increased frequencies of Tregs were associated with poor clinical
outcome [77,101,102]. Remarkably, high numbers of Tregs in cervical SCC were associated
with poor outcome [77,101], whereas in the AC tumor microenvironment, an opposite
association was observed [103]. The latter may be due to co-infiltration of Tregs with
conventional effector T cells, which overall is less in AC than in SCC [104]

3.2.4. Myeloid Cells

HPV-transformed cells are able to recruit and alter the phenotype and functional-
ity of myeloid cells through the release of various soluble factors. Macrophages are a
heterogeneous population of monocyte- or tissue-resident precursor-derived myeloid
phagocytes with extraordinary plasticity. Macrophages are typically categorized into the
pro-inflammatory M1 phenotype (CD68 + CD80+) and an immunosuppressive M2 (CD68 +
CD163+) phenotype based on an in vitro polarization system [105]. However, macrophages
in vivo have more complex phenotypes in the tumor microenvironment beyond this simple
categorization, which merely represents two ends of a continuous spectrum [105,106]. In
cervical cancer tissue, higher numbers of intraepithelial M2 tumor-associated macrophages
are present compared to nontumorous cervical tissue [107]. In cervical cancer, increased
numbers of M2 macrophages were associated with disease progression and worse clinical
outcome [108,109]. On the other hand, the presence of M1 macrophages (CD14 + CD33—
CD163-) in the microenvironment was associated with an influx of intraepithelial T cells
and a good prognosis [110]. Interestingly, CD163+ M2-like macrophages appeared to be
recruited to tumor-involved cervical TDLN, where they formed an immune-suppressive
cordon around the tumor nests and their numbers were perfectly correlated to Treg rates,
suggesting co-regulation or possibly macrophage-mediated Treg expansion [98,111]. How-
ever, the finding that Treg recruitment to TDLN appeared to precede both tumor invasion
and subsequent M2 recruitment rather suggested a driving role for Tregs in tumor progres-
sion and an associated M2 macrophage influx [111]. No association was found between
CD14+, CD68+, and CD163+ myeloid densities and survival in patients with PSCC [112].

In addition to macrophages, monocytic or polymorphonuclear myeloid-derived sup-
pressor cells (MDSC) derived from early myeloid precursors can also contribute to T cell
suppression when conditioned by tumor-derived suppressive cytokines, such as IL-6, VEGF,
and TGF-f3. Indeed, both MDSC subsets were found at increased frequencies in cervical
TDLN, and monocytic MDSC in vulvar TDLN, upon metastatic involvement [98,113].

3.2.5. T-Cell Activation and Inhibition

T cells are activated after presentation of antigens on MHC I/II molecules by APCs
to T-cell receptors (TCR). Antigen recognition alone is not enough for the full induction
and activation of T cells; co-stimulation is also needed and results, amongst others, from
the interaction of CD28 receptors on T cells and CD80/CD86 on APCs. T-cell anergy and
apoptosis ensue in the absence of co-stimulation [114]. To prevent uncontrolled T-cell
activation, immune checkpoint molecules bind to their respective ligands [115]. The tumor
microenvironment is enriched with immunosuppressive factors, inducing checkpoint
receptor expression on T cells, which promotes T cells with an exhausted /dysfunctional
phenotype, ultimately resulting in immune escape [116].

One of the most studied immune checkpoint pathways is that of programmed death-1
receptor (PD-1) and PD-ligand-1 (PD-L1) and PD-ligand-2 (PD-L2). PD-1 is a co-inhibitory
receptor on activated T cells that has an immunoregulatory function in normal situations.
Interaction of PD-1 on T cells with PD-L1 and PD-L2 on several types of myeloid cells and
tumor cells triggers a cascade of downstream signals, resulting in the inhibition of signaling
through the TCR complex and CD28 [117]. Inhibition of TCR signal transduction and CD80
co-stimulation results in T-cell functional exhaustion and anergy [118,119]. In HPV-related
cervical, vulvar, and penile (pre-)cancer, multiple immunohistochemistry (IHC) studies
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have shown that the expression of PD-1 on T-cells and PD-L1 on myeloid cells and tumor
cells is common [71,84,120-132]. The exact underlying mechanism for this upregulation
remains to be elucidated [133]. Moreover, in SCC of both the cervix and penis, patients with
diffuse PD-L1 expression had a worse survival compared with patients with tumor—stroma
margin PD-L1 expression [84,126,130], highlighting the importance of expression patterns
of PD-L1. The observed marginal expression of PD-L1 may be related to the vicinity of
IFNy-releasing effector T cells, which fits with the apparent association with improved
survival [126,134,135].

Another well-studied immune checkpoint is CTLA-4. This is a receptor that is ex-
pressed on activated T-cells and especially on Tregs. CTLA-4 competes with CD28 receptor
for binding to CD80 and CD86 on APC, and binding of antagonistic antibodies may lead
to Treg depletion based on antibody-dependent cytotoxicity mediated by (non-)classical
monocytes [136]. The expression of additional immune checkpoints in various cancer types
has also been described, such as T-cell immunoglobulin and mucin-domain-containing-3
(TIM-3), lymphocyte activation gene-3 (LAG-3), and T-cell immunoglobulin and ITIM
domain (TIGIT) [116]. TIM-3 is expressed on fully differentiated Thl cells and activated by
binding to its ligand galectin-9 [137]. This leads to termination of Th1-driven immunity and
an increased Tregs suppressive activity [137-139]. In cervical cancer, various immune check-
points were often co-expressed on effector T cells and elevated upon metastatic involvement
in TDLN [140], observations consistent with the acquisition of an exhausted phenotype. In
vulvar TDLN, beside PD-1 upregulation, in particular high expression levels on T helper
cells of CTLA-4 were noticeable upon tumor invasion, which, together with high Treg
frequencies and decreased rates of effector T cells, suggested that combined CTLA-4 and
PD-1 blockade might help block metastatic spread of this tumor type [113]. In penile cancer,
higher frequencies of CD4+ and CD8+ T cells that express CTLA-4 and PD-1 were found in
LN containing metastases, indicative of an immunosuppressed microenvironment (Rafael
et al., manuscript in preparation).

4. Restoring Immune Cell Function in the HPV-Related Tumor Microenvironment

Immune cells present in the microenvironment of HPV-related (pre-)cancers are often
inhibited in their antitumor function. Given the current knowledge on evasion strate-
gies of HPV and HPV-driven tumors, different strategies at different stages of disease
development are being employed to restore immune cell function in HPV-infected mi-
croenvironments (Figure 2). This section summarizes current results based on studies
investigating immunotherapeutic strategies for HPV-related (pre-)cancer of the uterine
cervix, vulva, and/or penis.

4.1. Toll-like Receptor Agonists

There are several TLR agonists that are being tested for their ability to boost anticancer
immune response in HPV-related (pre-)cancers. Imiquimod, an TLR7 agonist, can stimulate
local production of pro-inflammatory cytokines such as IFN-y, TNF-«, and IL-12, which,
in turn, can induce type 1 and cytolytic T-cell responses [141,142]. The induction of these
responses can initiate immune clearance of HPV-infected cells. Patients with HPV-related
intraepithelial neoplasia are increasingly being treated with topical imiquimod treatment
instead of excision or ablation. In patients with vHSIL lesions, imiquimod is already used as
an initial topical therapy [143]. So far, randomized controlled trials have revealed complete
response in 46-58% of patients with vHSIL [143,144]. This therapy also seems to be effective
in treating CIN and PelN lesions, with complete response rates of 67-75% for CIN2-3
and 62% for PeIN [145,146]. These encouraging effects, however, should be interpreted
with caution since the available evidence is based on studies lacking uniformly defined
endpoints and/or controlled trial data. Moreover, although topical imiquimod is a good
alternative for otherwise mutilating treatments, it is of interest to identify determinants
of response and resistance to therapy. Several studies have shown that responsiveness to
imiquimod was associated with the presence of a pre-existing pro-inflammatory immune
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microenvironment [147-149]. In both vHSIL and CIN, the immune microenvironment of
complete responders prior to imiquimod comprised a coordinated infiltrate of type 1 (Tbet+)
T-cells as well as pro-inflammatory M1 macrophages [147,148]. The infiltration of CD4+ and
CD8+ T-cells was also further amplified after topical imiquimod application in the complete
responder group [147,150]. Nonresponsiveness to imiquimod was related with increased
proportions of Tregs, limiting the action and development of any HPV T-cell immunity [150].
No studies determining such effects in PeIN have been performed yet. These findings
suggest that imiquimod can amplify T-cell responses but is mostly effective in settings
where the lesions comprise a pre-existing pro-inflammatory immune microenvironment. In
order to break down barriers existing in lesions with local immune suppression, additional
immunotherapeutic strategies (e.g., therapeutic HPV vaccination) should be employed to
help tip the balance of immune equilibrium in favor of the host effector response. Indeed,
in vitro stimulation of tumor-containing TDLN single-cell suspensions from patients with
either cervical or vulvar cancer with different TLR agonists failed to overcome apparent
T-cell anergy but instead increased the release of immune-suppressive cytokines, such as
IL-6 and IL-10 [113,140]. This is in accordance with the need for additional therapeutic
immune modulation.

3. Priming and
activation

Anti-CTLA

4. Tumor infiltration

Anti-VEGF

2. Cancer antigen TIL therapy

presentation

HPV vaccines
TLR agonists

1. Release of viral

antigens and 5. Recognition of

neoantigens e tumor cells
6. Killing of
Chemotherapy tumor cells CAR-T therapy
Radiotherapy
Targeted therapy Anti-PD-L1
Anti-PD-1
Anti-LAG-3
Anti-TIM-3
Anti-IDO

Figure 2. This figure highlights examples of strategies that are currently being employed in preclinical
and clinical settings to restore immune function in human papillomavirus (HPV) infected tumor
microenvironment. The strategies marked in red are discussed in this review. Toll-like receptor
(TLR); cytotoxic T-lymphocyte-associated protein (CTLA); vascular endothelial growth factor (VEGF);
tumor-infiltrating lymphocytes (TIL) therapy; chimeric antigen receptor T-cells (CAR-T) therapy;
programmed death-ligand-1 (PD-L1); PD-1 receptor (PD-1); T-cell immunoglobulin and mucin-
domain-containing-3 (TIM-3); lymphocyte activation gene-3 (LAG-3); indoleamine 2,3-dioxygenase
(IDO). Created with BioRender.com (last accessed on 15 February 2022).

4.2. Therapeutic HPV Vaccination

Rather than generating HPV-neutralizing antibodies, therapeutic HPV vaccines aim
to restore or prime cell-mediated immunity through the induction of HPV-specific T-cell
responses [151]. Given that E6 and E7 oncoproteins are constitutively active in HPV-
transformed cells (and needed to maintain the transformed phenotype) and absent in
healthy cells, they are the ideal targets for a therapeutic vaccine [152]. Several therapeutic
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HPV vaccines targeting E6 and E7 in HPV-related (pre-)cancers have been investigated,
including genetic vaccines (e.g.,, DNA/RNA /virus/bacterial), protein-based, peptide-
based, or dendritic-cell-based vaccines [151].

DNA vaccination forms an attractive approach for the induction of cellular immune
responses, as these vaccines are very stable and tolerable for all patient populations and
easy to produce and relatively cheap [153]. The disadvantages of DNA vaccines are their
low transfection efficiency and restricted immunogenicity [154]. A few strategies facili-
tating antigen delivery, processing, and presentation have been widely adopted to help
increase the immunogenicity of HPV vaccines [151,155,156]. Clinical trials have reported
on the enhanced immunization by electroporation-delivered DNA vaccine. Electropora-
tion at the injection site can increase cell membrane permeability and enhanced nucleic
acid uptake and subsequent immunogenicity [157]. In a phase I trial in patients with
CINS3, vaccination with GX-1183 by electroporation elicited a significant E6/E7-specific
IFN-y-producing T-cell response in all nine patients, and 7/9 (78%) of the patients had
complete regression of their lesion and clearance of HPV DNA [156]. A Phase II study in a
larger population found that 52% (33/64) of the patients had histopathologic regression of
CIN3 [158]. Another electroporation-delivered vaccine, VGX-3100, elicited robust adaptive
immune responses and provided complete histological regression for 49.5% (53/107) of the
CIN2/3 patients [159]. Ex vivo immunological analyses demonstrated that the magnitude
of the T-cell response against E6 was associated with clinical outcome. Currently, VGX-3100
is in a Phase III clinical trial (NCT03185013) and is being investigated in 201 patients with
confirmed HPV-16/18-positive CIN2/3. Another vaccination strategy to enhance immu-
nization is by DNA tattooing. This strategy showed an increased vaccine-specific T-cell
response in comparison with classical intramuscular DNA vaccination in non-human pri-
mates [160]. A recent phase I/1I clinical trial performed by our group used DNA tattooing
technique to deliver a genetically enhanced vaccine targeting E6 and E7 in patients with
uVIN [153]. The vaccine was found to be well tolerated, and importantly, 6/14 patients
showed an objective clinical response (43%; 14% CR, 29% PR). Systemic HPV-specific T-cell
responses were observed in five out of the six responders. Moreover, in a similar patient
population, lesion clearance was related to the magnitude of the HPV-specific response ex
vivo after vaccination with HPV 16 synthetic long peptide [161-163].

In one of these studies, remarkable response rates were observed in patients with
VIN upon vaccination with a synthetic long peptide vaccine encompassing the HPV 16 E6
and E7 oncoproteins [162]. At 12 months of follow-up, 15 out of 19 patients (78%) had a
clinical response, with a complete response observed in 9 out of 19 patients (47%). These
responses were accompanied by the induction of type-1 T-cell responses against E6 and E7.
Results from a phase II study investigating the same HPV 16 synthetic long peptide vaccine
in advanced or recurrent HPV-16-induced gynecological carcinomas were disappointing;
monotherapy with this vaccine showed only weak T-cell responses and no clinical bene-
fit [164]. The reason for this failure in late-stage cancer patients is likely due to high immune
suppression in both the tumor and the associated lymph nodes. Therapeutic HPV vaccina-
tion in combination with other treatment modalities (e.g., checkpoint inhibitors) is therefore
needed in order to overcome immune suppression and establish effective anti-immune
responses in HPV-related cancers. Indeed, in a phase II study (NCT02426892), the ISA101
synthetic long peptide vaccine in combination with nivolumab (anti-PD-1) resulted in a
response rate of 33% (8/24) and median survival of 17.5 months in patients with incurable
HPV-16-positive malignant neoplasms (22 oropharyngeal, one cervical, and one anal) [165].
Moreover, several ongoing basket trials are investigating HPV vaccines in combination with
other immunotherapy agents in locally advanced or metastatic HPV-positive malignancies
(NCT04432597, NCT03439085, NCT04287868).

Overall, for both CIN and uVIN patients, clinical efficacy of therapeutic vaccination
was associated with the strength of the vaccine-induced immune response [153,156,159,161,162,166].
Although these results are encouraging, no therapeutic vaccines have been approved for
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clinical use in patients with HPV-related lesions of the cervix and vulva yet. In the case of
PelN, the usefulness of therapeutic vaccines has yet to be investigated.

4.3. Immune Checkpoint Inhibitors in HPV-Related Cancer of the Cervix, Vulva, and Penis
4.3.1. Immune Checkpoint Inhibitors and Cervical Cancer—Results

Immune checkpoint therapy blocking PD-1, PD-L1, and/or CTLA-4 has proven to
be successful in several cancer types, usually characterized by high mutation burdens
and a relatively dense T-cell infiltrate, such as melanoma or non-small-cell lung cancer
(NSCLC) [167,168]. In HPV-related cancers, the largest studies on immune checkpoint
inhibitors (ICI) occurred in head and neck squamous cell carcinoma (HNSCC) [169]. Al-
together, these studies indicated activity of immune checkpoint inhibitors, which led
anti-PD-1 immune checkpoint blockade to become the standard first- and second-line treat-
ment for recurrent and metastatic HNSCC [170-173]. In other HPV-related cancers such as
cervical cancer, the current evidence of efficacy for ICI is mostly supported by single-arm
studies and two randomized controlled trials. Based on the results from the KEYNOTE-826
(NCT03635567) randomized Phase III trial, pembrolizumab (anti-PD-1) has been approved
by the US Food and Drug Administration (FDA) as of October 2021 for use as first-line
treatment in combination with chemotherapy 4 bevacizumab for patients with persistent,
recurrent, or metastatic cervical cancer whose tumors express PD-L1 (combined positive
score (CPS) > 1) [174]. In the second-line setting, based on the results from the phase II
KEYNOTE-158 (NCT02628067), pembrolizumab gained FDA approval as treatment for
patients with PD-L1-positive cervical cancer (CPS of >1) in 2018 [175]. Table 1 summarizes
the (preliminary) results of clinical trials investigating ICI in cervical cancer.

Table 1. Results of clinical trials investigating ICI as treatment for cervical cancer.

Study

Medication Population ORR N AEs

ICI—Monotherapy

. o >
KEYNOTE-826 Pembrolizumab I;szif‘rt:;‘: // PFS: 104 months vs. 82 ¥ \f . —Qg;a‘ie 3f§§?§r°
(NCTO03635567)—phase III (anti-PD-1) . months for control arm RN 28
metastatic control arm
CxCa (as primary outcome)
GOG 3016/ ENGOT-cx9 T Recurrent/ OS: 12.0 months vs. 8.5
(NCT03257267)—phase 111 Cemiplimab metastatic months for control arm 304 NA
(anti-PD-1) CxCa (as primary outcome)
KEYNOTE-028 . PD-L1* o o
(NCT02054806)—Phase Tb Pembrolizumab advanced 17% (no CR, 4 PR, 3 SD) 24 21% grade 3
CxCa
KEYNOTE-158 . Recurrent/ o o
(NCT02628067)—Phase II Pembrolizumab metastatic 12% (3 CR, 9 PR) 98 12% grade 3—4
CxCa
CheckMate 358 . Recurrent/ o o
(NCT02488759)—Phase Nivolumab metastatic 26% (3 CR, 1 PR) 19 21% grade 3—4
I/ (anti-PD-1) CxCa
NCT02257528 . Persistent/ o o
Phase /11 Nivolumab recurrent 4% (1 PR) 26 32% grade 3—4

CxCa
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Table 1. Cont.

Study Medication Population ORR N AEs
NCT03104699 Balstilimab Recurrent/ 15% (5 CR, 16 PR) 161 12% > grade 3
Phase I metastatic
(anti-PD-1) CxCa
NCT03104699 Ipilimumab Recurrent/ 3% (1 PR) 42 29% > grade 3
Phase I metastatic
(anti-CTLA-4) CxCa

ICI—combination therapy

GOG 9929 trial Ipilimumab + Node-positive o o o
(NCTO1711515)phase I P R o l-year OS 90%, PFS81% 32 9.5% grade 3
(as secondary outcome)
o Persistent/
NCT02383212 Cemiplimab Recurrent 10% both cohorts (1 PR) 10 10% > grade 3 mono
Phase I Mono or
combo with CxCa 10% > grade 3 combo
hfRT
Combo A: nivo Recurrent/ A:32% w/o PST A:

Checkmate-358
(NCT02488759)—Phase

+ipi metastatic 23% with PST 45 A:29% grade 34

Combo B: nivo

/1 + ipi, followed CxCa B3§§; /zvvl\;ﬁ%giT f() B: 37% grade 3—4
by nivo ?
Bastilimab
NCT03104699 (anti-PD-1) + Recurrent/ o o
Phase II Zalifrelimab metastatic 22% (8 CR, 23 PR). 143 10.5% > grade 3

(anti-CTLA-4)
CxCa

Abbreviations: N, number of patients; AEs, adverse events; CxCa, cervical cancer; ICIs, immune checkpoint
inhibitors; CR, complete response; PR, partial response; SD, stable disease; hfRT, hyperfractionated radiotherapy;
mono, monotherapy; combo, combination therapy; nivo, nivolumab; ipi, ipilimumab; pembro, pembrolizumab;
w /o, without; PST, prior systemic therapies; CRT, chemoradiation therapy; OS, overall survival; PFS, progression-
free survival; NA, not applicable.

4.3.2. First-Line Treatment for Recurrent or Metastatic Cervical Cancer

To our knowledge, (preliminary) results from two phase III trials evaluating check-
point inhibitors in comparison with current standard of care first-line therapy have been
published.

In the phase III, randomized, double-blind, placebo-controlled KEYNOTE-826 trial
(NCT03635567), 617 patients with persistent, recurrent, or metastatic cervical cancer were
enrolled irrespective of PD-L1 expression status and randomly assigned to receive pem-
brolizumab (anti-PD-1) 200 mg or placebo every 3 weeks for up to 35 cycles plus platinum-
based chemotherapy with or without bevacizumab [174]. In 548 patients with a PD-L1
CPS > 1, median progression-free survival was 10.4 months in the pembrolizumab group
and 8.2 months in the placebo group (HR: 0.62; 95% confidence interval (CI), 0.50 to 0.77;
p < 0.001). Moreover, the benefit of pembrolizumab was shown to increase with increasing
PD-L1 expression. Based on the KEYNOTE-826 trial, the FDA has recently approved
pembrolizumab in combination with chemotherapy, with or without bevacizumab, for
the first-line treatment of patients with persistent, recurrent, or metastatic cervical cancer
whose tumors express PD-L1 (CPS > 1).
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The randomized, phase III GOG 3016/ENGOT-cx9 trial (NCT03257267) is evaluat-
ing the role of monotherapy with cemiplimab (anti-PD-1) in patients with recurrent or
metastatic cervical cancer that progressed after platinum-based chemotherapy [176]. In this
trial, patients were treated with either cemiplimab 350 mg every 3 weeks (1 = 304) or inves-
tigator’s choice of chemotherapy for up to 96 weeks (n = 304). Interim analysis showed an
improved overall survival in cemiplimab group in comparison with chemotherapy group
(median survival, 12.0 vs. 8.5 months; p < 0.001). Furthermore, cemiplimab activity was
observed regardless of PD-L1 status or histology.

4.3.3. Trials with PD-1/PD-L1 or CTLA-4 Inhibitor Therapy in Cervical
Cancer—Second-Line

In the phase Ib KEYNOTE-028 study (NCT02054806), the safety and efficacy of pem-
brolizumab (anti-PD-1) therapy was investigated in patients with PD-L1+ advanced solid
cancers, including cervical SCC (n = 24) [177]. Patients with previously treated locally
advanced or metastatic cervical cancer received pembrolizumab 10 mg/kg every 2 weeks
for up to 24 months. Overall response rate was 17% (7/24); four patients (17%) achieved
a confirmed partial response (PR) and three patients (13%) had stable disease (SD). All
patients discontinued treatment during this study, because of physician’s decision, dis-
ease progression, or adverse events (AEs). Grade 3 treatment-related AEs were observed
in 21% of the patients. Furthermore, based on the subsequent phase II KEYNOTE-158
basket study (NCT02628067) including a cohort of patients with advanced cervical can-
cer, pembrolizumab gained FDA approval as a second-line treatment for patients with
PD-L1-positive cervical cancer (CPS of >1) in 2018 [175,178]. Patients with recurrent
and/or metastatic cervical carcinomas after >1 prior chemotherapy regimens (n = 98) were
recruited regardless of PD-L1 status and received pembrolizumab 200 mg every three
weeks for up to 2 years. The objective response rate was 12% (12/98; 3 CR, 9 PR). All
responses were seen in patients with PD-L1+ tumors (CPS of >1 based on 22C3 assay).
Treatment-related grade 3 or 4 AEs were seen in 12% of patients.

In the phase I/II CheckMate 358 trial (NCT02488759), an encouraging response rate
of 26.3% (4/19; 3 CR, 1 PR) was observed after nivolumab (anti-PD-1) administration in
patients with previously treated recurrent or metastatic cervical cancer [179]. These patients
received nivolumab 240 mg every 2 weeks for up to 2 years. Remarkably, responses to
nivolumab were not related to PD-L1 status or previous treatments. Treatment-related
grade 3 or 4 AEs were seen in 21% of patients. In another phase II trial (NCT02257528), 26 pa-
tients with persistent/recurrent cervical cancer previously treated with platinum-based
chemotherapy received nivolumab 3 mg/kg IV every 2 weeks until disease progression
or intolerable toxicity [180]. Objective response rate was only 4%; one patient obtained a
confirmed PR (4%) and nine patients had SD (36%). No significant correlation was found
between PD-L1 expression and objective tumor response to nivolumab. Treatment-related
grade 3 or 4 AEs were seen in eight patients (32%).

Another promising anti-PD-1 agent is balstilimab. Results from a recent phase II
trial (NCT03104699) investigating balstilimab showed encouraging responses and durable
clinical activity in patients with recurrent and/or metastatic cervical cancer [181]. Patients
(n = 161) received balstilimab 3 mg/kg once every two weeks, for up to 24 months. The
objective response was 15% and included 5 patients with a complete response and 16
with a partial response. Responses were durable with a median duration of response of
15.4 months. Tumor responses were observed irrespective of squamous cell histology or
PD-L1 status. Treatment-related AEs (>grade 3) were seen in 19 patients (12%).

In a phase I/1I trial investigating the effects of ipilimumab (anti-CTLA-4) monotherapy
in patients with metastatic or recurrent cervical cancer (n = 42), there was an overall
response rate of only 2.9% (1/42; 1 PR) [182]. In another phase I study, the GOG 9929 trial
(NCTO01711515), the safety and efficacy of adjuvant ipilimumab following chemoradiation
(CRT) therapy in newly diagnosed node-positive cervical cancer patients was investigated.
This combination was well tolerated with possible clinical activity [183]. Treatment-related
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grade 3 AEs were seen in 9.5% of patients. Of note, inducible T-cell costimulator (ICOS)
and PD-1 expression increased on T-cell subsets following CRT and was sustained with
sequential anti-CTLA-4 immunotherapy [184].

In a phase I trial (NCT02383212), cemiplimab (anti-PD-1) was investigated as monother-
apy or in combination with hypofractionated radiation therapy (hfRT) in patients with
recurrent or metastatic cervical cancer [185]. Patients in the monotherapy cohort were
treated with cemiplimab 3 mg/kg every 2 weeks for up to 48 weeks (n = 10), and patients
in the combination cohort received additional hfRT in week 2 (n = 10). In each cohort,
one patient experienced a partial response and both patients had squamous histology. Re-
garding PD-L1 status, correlative analysis of PD-1 expression from study patients was not
performed due to insufficient tumor material. Treatment-related AEs (>grade 3) occurred
in 1/10 monotherapy patients and in 3/10 patients in the combination cohort.

4.3.4. Combination of Checkpoint Inhibitors in Cervical Cancer

Single-agent immune checkpoint inhibitor administration in patients with cervical
cancer has provided encouraging, but modest clinical efficacy with often short-lived ben-
efit. The failure of single-agent monotherapy may be attributable to the fact that there
are other mechanisms of immune evasion involved. In order to improve responses to
immunotherapy, combined approaches are relevant, and first data of studies combining
different combinatorial strategies are discussed below.

At the European Society for Medical Oncology (ESMO) congress 2019, interim results
of the CheckMate-358 phase I/1I trial (NCT02488759) investigating the combination of
nivolumab and ipilimumab in patients with recurrent or metastatic cervical cancer were pre-
sented [186]. Two different dosing combinations were administrated: nivolumab 3 mg/kg
every two weeks and ipilimumab 1 mg/kg every 6 weeks (Combo A; n = 45), or nivolumab
1 mg/kg and ipilimumab 3 mg/kg every 3 weeks for four doses followed by nivolumab
240 mg every 2 weeks (Combo B; n = 46), for <24 months until progression or unacceptable
toxicity. The objective response rate was higher in patients without prior systemic therapies:
32% (6/19) for combo A and 46% (11/24) for combo B. In patients with prior systemic
therapy, the objective response rate was 23% (6/26) for combo A and 36% (8/22) for combo
B. Clinical benefit was observed regardless of PD-L1 status. Grade 3—4 AEs were observed
in 29% of patients in combo A and in 37% in combo B.

At ESMO congress 2020, preliminary results of the phase 1II trial (NCT03495882)
investigating balstilimab (anti-PD-1) in combination with zalifrelimab (anti-CTLA-4) in
recurrent or metastatic cervical cancer patients were presented [187]. Patients (n = 143)
received balstilimab 3 mg/kg every 2 weeks in combination with zalifrelimab 1 mg/kg
every 6 weeks for up to 2 years. All patients received platinum-based chemotherapy as
previous treatment. ORR was 22% (6% CR; 16% PR). Responses were mostly common in
the PD-L1+ and SCC patients, but responses were also observed in PD-L1- and AC patients.
Treatment was well tolerated, with severe AEs (grade 3+) in 10.5% of the patients.

4.3.5. Immune Checkpoint Inhibitors and Rare HPV-Related Malignancies (Vulva
and Penis)

Based on the FDA approval of pembrolizumab as second-line therapy for PD-L1+ cer-
vical cancer and microsatellite instability-high (MSI-H)/mismatch repair-deficient (IMMR)
solid tumors, pembrolizumab is included in the National Comprehensive Cancer Network
(NCCN) guidelines for vulvar cancer. The NCCN recommends pembrolizumab for the
treatment of recurrent and metastatic vulvar cancers that are PD-L1+ or MSI-H/dMMR.
The NCCN guidelines for penile cancer also recommend pembrolizumab as second-line
therapy for PSCC patients with recurrent or metastatic disease that is unresectable, MSI-H,
or dAMMR.

Several case reports and case series from basket trials have reported on the efficacy of
pembrolizumab in vulvar and penile cancer. An impressive response to pembrolizumab
after two cycles of immunotherapy was observed in a recurrent vulvar cancer case character-
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ized by PD-L1 and PD-1 mutation [188]. In the basket KEYNOTE-028 trial (NCT02054806),
within the advanced PD-L1+ VSCC cohort (n = 18), only one (1/18) patient achieved
a partial response and seven (7/18) had stable disease after pembrolizumab monother-
apy [189]. Preliminary results of the subsequent phase II KEYNOTE-158 (NCT02628067)
were presented at the 2021 Society of Gynecological Oncology 52nd Annual Meeting [190].
A total of 101 patients received pembrolizumab 200 mg every 3 weeks until disease pro-
gression, unacceptable toxicity, or completion of 35 treatment cycles. ORR was 10.9%
(11/101; 1 CR, 10 PR). Responses were durable with a median duration of 20.4 months
and occurred in both PD-L1+ and PD-L1- patients. It is unclear whether patients with
PD-L1- tumors had MSI-H/dMMR status or tumors with mutational burdens. In another
phase II basket trial (NCT02721732), patients with rare tumors that were unresectable or
metastatic received pembrolizumab 200 mg every 3 weeks for up to 24 months in the
absence of disease progression or toxicity [191]. One case with recurrent PD-L1+ VSCC
had a 30% reduction in target lesions after five cycles of pembrolizumab, but discontin-
ued due to grade 3 treatment-related oral mucositis [192]. In the same basket trial, three
patients with recurrent, locally advanced, or metastatic PSCC who had progressed on
platinum-based chemotherapy triplet were treated with pembrolizumab. One patient with
a high-mutational-burden tumor exhibited a partial response, and the other two progressed
within 3 months after start of therapy [193]. Moreover, in penile cancer, an additional case
series reported durable complete and partial responses in two patients with chemorefrac-
tory metastatic disease [194]. The first patient had high tumor mutational burden and a
complete response on pembrolizumab that lasted for an impressive 38 months. The second
patient had positive PD-L1 expression and a partial response to pembrolizumab that lasted
for 18 months.

Other immune checkpoint inhibitors and checkpoint inhibitor combinations are also
being studied. The checkmate-358 phase I/1I trial (NCT02488759) investigating nivolumab
monotherapy reported a partial responder (HPV-negative VSCC) within the vulvar/vaginal
cancer cohort (n = 5) [179]. In penile cancer, a partial response to nivolumab and significant
tumor shrinkage (<80% reduction in tumor volume) in a patient with HPV-negative, p16-
negative advanced chemoradiation refractory cancer was described in a case report [195].
The pretreatment tumor material presented positive expression of PD-L1 on >5% of tumor
cells, high mutational burden, and MSI absence. Furthermore, a recent phase II basket
trial (NCT03333616) examining the combination of nivolumab and ipilimumab enrolled 56
patients, including 6 with advanced penile cancer; unfortunately, no objective response was
observed for any of the patients with penile carcinoma [196]. Ongoing exploratory research
is studying the predictive potential of tumor mutational burden, PD-L1 status, and other
markers to further delineate which patients have the most benefit from the combination of
nivolumab and ipilimumab. This might give a better idea as to why such poor responses
were observed in patients with penile cancer.

Altogether, evidence for the use of checkpoint inhibitors in vulvar or penile cancer is
based on data that are often extrapolated from case reports and basket trials with very small
numbers of patients, and should be interpreted with caution. Well-designed, multicentric
clinical trials should be conducted at referral institutions with high caseloads and extensive
experience in disease management [197].

4.3.6. Predictors of Response to PD-1/PD-L1 Inhibitors

Currently, a combined positive score (CPS) of >1 is used for selecting cervical cancer
patients to receive pembrolizumab treatment [174,175,177]. The CPS is the combined score
for PD-L1 expression in tumor and tumor-field infiltrating immune cells, as calculated by
the number of PD-L1-positive cells divided by the total number of tumor cells, multiplied
by 100. The CPS positivity is determined by an FDA-approved PD-L1 IHC 22C3 pharmDx
test. However, not all patients with CPS positivity show a response to anti-PD-(L)1 therapy,
and patients with PD-L1-negative tumors can also benefit from anti-PD-1 and anti PD-L1
therapies. These discordant results in advanced tumors might be due to the observed
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intrapatient variability in PD-L1 expression. Discordant IHC scores for PD-L1 on tumor
cells were observed between primary tumor cells and metastatic tumor cells and within
cores of the primary tumor from the same patient [126,198]. Interestingly, with RNA
in situ hybridization (RNAish), PD-L1 heterogeneity between core biopsies of the same
patient was observed in only 11% instead of 27% of the cases, which highlights the superior
consistency of PD-L1 mRNA detection over PD-L1 protein detection [198]. Future research
should therefore evaluate whether RNAish could serve as a better biomarker compared to
PD-L1 protein expression.

MSI-H/dMMR status and tumor mutational burden status are approved by the FDA
as tumor-site agnostic biomarkers for pembrolizumab [194]. Almost all vulvar and penile
cancer patients that responded to pembrolizumab had PD-L1+, MSI-H/dMMR, and/or
high-tumoral-mutational-burden tumors. Of note, prospective studies investigating pem-
brolizumab and other checkpoint inhibitors in vulvar and penile cancer are relatively small.
Future studies in bigger cohorts are needed to investigate the role of these biomarkers and
explore whether checkpoint inhibitors can be administered in a broader patient population,
irrespective of PD-L1, MSI-H/dMMR, or tumor mutational burden status.

It remains unclear whether differences in treatment outcomes exist between hrHPV —
and hrHPV+ cervical, vulvar, and penile cancer patients treated with ICI. What is known
is that hrHPV+ and hrHPV — tumors are two molecularly and immunologically distinct
subgroups with different levels of immune cell infiltration and immunosuppression, and
importantly, improved clinical outcome in HPV+ subgroups [37,84,112,199-201]. Future
studies should investigate if HPV status affects objective response rate or prognosis in
ICI-treated patients. If proven to be true, trials on ICI in HPV-related urogenital cancers
should start stratifying patients by HPV status when performing correlative analysis to
assess the predictive potential of biomarkers for each subgroup individually. The relation
between PD-L1 status, tumor mutational burden, and MSI-H/dMMR status and response
to ICI can be masked by the mixture between hrHPV — and hrHPV+ tumors. In addition,
beside HPV status, patients with urogenital tumors should be stratified by histology type.
In cervical cancer, differences in immune infiltration and PD-L1 expression patterns were
observed that are likely to impact responsiveness to PD-1/1C blockade [104,126].

In addition to the above-mentioned biomarkers, CD8+FoxP3+ T-cell rates in cervical
tumors and TDLN were found to be associated with PD-1 blockade efficacy in vitro [140],
which was confirmed for clinical PD-1 blockade in melanoma using multiplex IHC [202].
In the future, state-of-the-art high-dimensional techniques such as single-cell RNA-Seq
(scRNA-Seq), imaging cytometry by time of flight (CyTOF), and spatially resolved RNA
transcriptomics should be applied for the discovery of biomarkers beyond PD-L1 expres-
sion. In this way, the depth and dimensionality of immune profiling in HPV-related cervical,
vulvar, and penile cancer will be greatly improved and may lead to more accurate predic-
tors of clinical response for patients receiving PD-1/PD-L1 inhibitors as well as other novel
immunotherapeutic agents.

4.4. Clinical Opportunities for Local Immune Modulation in HPV-Related Cancers

TDLNSs are essential players in antitumor immunity and for that reason, serve as
potential therapeutic targets for immunotherapy. Indeed, recent studies point to the
essential role of TDLN in both CTLA-4 and PD-1 blockade efficacy [203-205]. Intratumoral
or local ipsilateral administration of ICI ensures optimal access to suboptimally primed
tumor-specific T cells in TDLN, in contrast to systemic administration of ICI [203,206], thus
facilitating proper priming and differentiation of T-cells. Cancer growth and spread may
thus be halted at an early stage, and systemic antitumor T-cell responses could be triggered,
which would offer long-lasting protection against recurrences [207,208]. In this way, the
tumor acts as its own “vaccine” [209].

The lower levels of immune suppression, higher clonal “trunk” neoantigens, and
limited tumor heterogeneity in early stage cancers makes is it easier to target and convert
the immunosuppressive environment into an immune-stimulating one [210]. Early stage
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cancers might substantially benefit from a less aggressive approach, such as local adminis-
tration of low-dose ICI instead of systemic ICI. Monoclonal antibodies accumulate at low
levels in off-target tissues when administered locally in contrast to intravenously [211],
which minimizes treatment-related AEs. Indeed, preliminary results from the phase I
DURVIT trial investigating intratumorally applied durvalumab (anti-PD-L1) in early cer-
vical cancers [212] showed that this strategy is safe and more tolerable than systemically
applied anti-PD-L1 therapy; none of the patients had adverse events exceeding grade 2
(Rotman et al.; manuscript in preparation). Moreover, if local administration with low-dose
ICI is proven to be not only tolerable but also effective, less extensive surgery needs to
be employed in the future, thereby avoiding surgical complications that result from LN
dissection (e.g., infection and lymphedema) [213].

Currently, ICI therapy is mainly applied in the recurrent or metastatic setting for
HPV-related cancers. Since cervical, vulvar, and penile cancer initially metastasizes to
lymph nodes, local modulation of primary tumor and TDLN with low-dose ICI may be of
great interest for disease management and reduction of treatment-related morbidity and
toxicity. One approach would be to administer local ICI therapy while primary tumor and
TDLNSs are still in situ. This idea is based on evidence that neoadjuvant immunotherapy can
enhance immunity against tumor-specific antigens and eliminate micrometastatic deposits
that otherwise would lead to postsurgical relapses [214]. In that manner, this approach
would be able to prevent nodal metastatic disease and subsequent invalidating treatments.

In-depth analysis of the immune microenvironment of TDLN could help discover
potential therapeutic targets for local immune modulation. In cervical cancer, T cells in
TDLN seem to be less exhausted (i.e., lower levels of multiple immune checkpoints and
intermediate rather than high levels of PD-1) compared with T-cells in the primary tumor
and may thus be more responsive to ICI [140]. The effects of in vitro PD-1 blockade on HPV
16 E6-specific T cells were indeed more pronounced in cervical cancer TDLN compared to
primary tumor. Moreover, high rates of Tregs and suppressive PD-L1 + CD14+ macrophage-
like cells were found in TDLNSs that contained metastases [98]. These data support the use
of local PD-(L)1 blockade for the treatment of cervical cancer, in order to lift loco-regional
immune suppression.

In vulvar cancer, metastatic involvement of TDLN was accompanied by an inflamed
microenvironment with immunosuppressive features, marked by hampered activation of
migratory DCs, terminal CD8+ effector-memory T-cell differentiation, high regulatory T-cell
rates, T-cell activation, and expression of CTLA-4 and PD-1 immune checkpoints [113].
Correlation analyses with primary and metastatic tumor burden suggested respective roles
for Tregs and suppression of ICOS+ T helper cells in early metastatic niche formation and
for CD14+ lymph-node-resident DCs and terminal T-cell differentiation in later stages of
metastatic growth. TDLN-targeting interventions combining CTLA-4 (in earlier stages) and
PD-1 blockade (in later stages) should be considered for vulvar cancer patients, in order to
reinvigorate memory T cells and prevent metastatic spread and growth.

In penile cancer, the major finding up to now is the high expression of various check-
point molecules in an increasing fashion from nonmetastatic lymph nodes, to metastatic
lymph nodes, to primary tumors (Rafael et al.; manuscript in preparation). These results
support clinical exploration for TDLN-targeted approaches based on immune checkpoint
blockade therapy.

5. Conclusions and Future Perspectives

Immune cells present in the microenvironment of HPV-related (pre-)malignant le-
sions of the cervix, vulva, and penis are often functionally impaired and inhibited in their
antitumor function. Better understanding of evasion strategies of HPV and HPV-driven
tumors, especially as to how the immune escape mechanisms differ per anatomic/tissue
site, is of high importance due to the distinct clinical behavior of HPV-related malignancies.
Based on current knowledge on evasion strategies of HPV and HPV-driven tumors, specific
strategies at different stages of disease development can be employed to restore immune
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cell function in HPV-related tumor microenvironments. Since immune escape mechanisms
present in the tumor microenvironment become more and more complex with progres-
sion of the disease, early interventions (such as imiquimoid, therapeutic vaccination, or
local immune checkpoint blockade) in the premalignant setting should be considered to
overcome early immune escape and progression to full-blown malignancy. Many prospec-
tive studies on imiquimod and therapeutic vaccines have shown the clinical benefit of
adding such agents to the treatment regimen. In advanced disease settings, PD-1/PD-L1
monotherapy has provided encouraging but modest clinical efficacy with often short-lived
benefit. The failure of PD-1/PD-L1 monotherapy may be attributable to a whole plethora of
additional immune evasion mechanisms causing primary or adaptive resistance. In order
to increase and prolong clinical efficacy in advanced HPV-related cancers, combinations of
different immunotherapeutic agents should be explored. Early stage cancers might bene-
fit from less aggressive approaches, such as neoadjuvant and/or local administration of
low-dose ICI. Stratification based on histological subtype and HPV status should be taken
into consideration in trials investigating immunotherapeutic agents, as distinct immune
microenvironments and immune escape mechanisms have been observed between AC
and SCC, and hrHPV- and hrHPV+ tumors. Further well-designed, multicentric studies
are especially needed to investigate the efficacy of checkpoint inhibitors in vulva and
penile cancer and to investigate whether checkpoint inhibitors can be administered in a
broader patient population, irrespective of PD-L1+, MSI-H/dMMR, or tumor mutational
burden status.
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Abbreviations

AC adenocarcinoma

APC antigen-presenting cells

APM antigen-processing machinery

CIN cervical intraepithelial neoplasia

CPS combined positive score

CTL cytotoxic CD8+ T cells

CTLA-4 cytotoxic T-lymphocyte-associated protein 4
DC dendritic cells

dMMR  mismatch repair-deficient

GrB granzyme B

HPV human papillomavirus

HNSCC  head and neck squamous cell carcinoma
ICI immune checkpoint inhibitors

IDO indoleamine 2,3-dioxygenase

IHC immunohistochemistry

LAG-3 lymphocyte-activation gene 3

LC langerhans cells

LN lymph node

MHC major histocompatibility complex

MDSC myeloid-derived suppressor cells



J. Clin. Med. 2022, 11, 1101 19 of 29

MSI-H  microsatellite instability-high
NSCLC  non-small-cell lung carcinoma
ORR objective response rate

PD-1 programmed death-1

PD-L1 programmed death-ligand-1

PeIN penile intraepithelial neoplasia
PRR pattern recognition receptor
PSCC penile squamous cell carcinoma
SCC squamous cell carcinoma

TCR T-cell receptor
TDLN  tumor-draining lymph nodes

Th T-helper cells

TIGIT T-cell immunoglobulin and ITIM domain

TILs tumor-infiltrating lymphocytes

TIM-3 T-cell immunoglobulin and mucin-domain-containing molecule 3
TLR toll-like receptor

TMB tumor mutational burden

Tregs regulatory T cells

VEGF vascular endothelial growth factor
VIN vulvar intraepithelial neoplasia
VSCC vulvar squamous cell carcinoma

References

1.

10.

11.

12.

13.

14.

15.

Chesson, HW.; Dunne, E.F,; Hariri, S.; Markowitz, L.E. The estimated lifetime probability of acquiring human papillomavirus in
the United States. Sex. Transm. Dis. 2014, 41, 660. [CrossRef]

De Villiers, E.-M.; Fauquet, C.; Broker, T.R.; Bernard, H.-U.; Zur Hausen, H. Classification of papillomaviruses. Virology 2004, 324,
17-27. [CrossRef]

Van Doorslaer, K.; Tan, Q.; Xirasagar, S.; Bandaru, S.; Gopalan, V.; Mohamoud, Y.; Huyen, Y.; McBride, A.A. The Papillomavirus
Episteme: A central resource for papillomavirus sequence data and analysis. Nucleic Acids Res. 2012, 41, D571-D578. [CrossRef]
[PubMed]

Doorbar, J. Molecular biology of human papillomavirus infection and cervical cancer. Clin. Sci. 2006, 110, 525-541. [CrossRef]
de Martel, C.; Plummer, M.; Vignat, J.; Franceschi, S. Worldwide burden of cancer attributable to HPV by site, country and HPV
type. Int. J. Cancer 2017, 141, 664-670. [CrossRef] [PubMed]

Walboomers, ]. M.M.; Jacobs, M.V.; Manos, M.M.; Bosch, EX.; Kummer, J.A.; Shah, K.V.; Snijders, PJ.E; Peto, J.; Meijer, C.].L.M.;
Mufioz, N. Human papillomavirus is a necessary cause of invasive cervical cancer worldwide. J. Pathol. 1999, 189, 12-19.
[CrossRef]

Bosch, EX,; Lorincz, A.; Mufioz, N.; Meijer, C.; Shah, K.V. The causal relation between human papillomavirus and cervical cancer.
J. Clin. Pathol. 2002, 55, 244-265. [CrossRef]

De Sanjosé, S.; Alemany, L.; Ordi, J.; Tous, S.; Alejo, M.; Bigby, S.M.; Joura, E.A.; Maldonado, P,; Laco, J.; Bravo, L.G. Worldwide
human papillomavirus genotype attribution in over 2000 cases of intraepithelial and invasive lesions of the vulva. Eur. J. Cancer
2013, 49, 3450-3461. [CrossRef] [PubMed]

Olesen, T.B.; Sand, FL.; Rasmussen, C.L.; Albieri, V.; Toft, B.G.; Norrild, B.; Munk, C.; Kjeer, S.K. Prevalence of human
papillomavirus DNA and p16(INK4a) in penile cancer and penile intraepithelial neoplasia: A systematic review and meta-
analysis. Lancet Oncol. 2019, 20, 145-158. [CrossRef]

Thomas, A.; Necchi, A.; Muneer, A.; Tobias-Machado, M.; Tran, A.; Van Rompuy, A.-S.; Spiess, P.; Albersen, M. Penile cancer. Nat.
Rev. Dis. Prim. 2021, 7, 11. [CrossRef]

Ferrandina, G.; Mantegna, G.; Petrillo, M.; Fuoco, G.; Venditti, L.; Terzano, S.; Moruzzi, C.; Lorusso, D.; Marcellusi, A.; Scambia,
G. Quality of life and emotional distress in early stage and locally advanced cervical cancer patients: A prospective, longitudinal
study. Gynecol. Oncol. 2012, 124, 389-394. [CrossRef] [PubMed]

Brooks, R.A.; Wright, ].D.; Powell, M.A.; Rader, ].S.; Gao, F.; Mutch, D.G.; Wall, L.L. Long-term assessment of bladder and bowel
dysfunction after radical hysterectomy. Gynecol. Oncol. 2009, 114, 75-79. [CrossRef] [PubMed]

Gaarenstroom, K.N.; Kenter, G.G.; Trimbos, ].B.; Agous, I.; Amant, F,; Peters, A.A.W.; Vergote, I. Postoperative complications
after vulvectomy and inguinofemoral lymphadenectomy using separate groin incisions. Int. J. Gynecol. Cancer 2003, 13, 522-527.
[CrossRef]

Pieterse, Q.D.; Maas, C.P; ter Kuile, M.M.; Lowik, M.; van Eijkeren, M.A_; Trimbos, ].B.M.Z.; Kenter, G.G. An observational
longitudinal study to evaluate miction, defecation, and sexual function after radical hysterectomy with pelvic lymphadenectomy
for early-stage cervical cancer. Int. |. Gynecol. Cancer 2006, 16, 1119-1129. [CrossRef] [PubMed]

Hong, J.-H.; Tsai, C.-S.; Lai, C.-H.; Chang, T.-C.; Wang, C.-C.; Chou, H.-H.; Lee, S.P.; Hsueh, S. Recurrent squamous cell carcinoma
of cervix after definitive radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 2004, 60, 249-257. [CrossRef] [PubMed]


http://doi.org/10.1097/OLQ.0000000000000193
http://doi.org/10.1016/j.virol.2004.03.033
http://doi.org/10.1093/nar/gks984
http://www.ncbi.nlm.nih.gov/pubmed/23093593
http://doi.org/10.1042/CS20050369
http://doi.org/10.1002/ijc.30716
http://www.ncbi.nlm.nih.gov/pubmed/28369882
http://doi.org/10.1002/(SICI)1096-9896(199909)189:1&lt;12::AID-PATH431&gt;3.0.CO;2-F
http://doi.org/10.1136/jcp.55.4.244
http://doi.org/10.1016/j.ejca.2013.06.033
http://www.ncbi.nlm.nih.gov/pubmed/23886586
http://doi.org/10.1016/S1470-2045(18)30682-X
http://doi.org/10.1038/s41572-021-00246-5
http://doi.org/10.1016/j.ygyno.2011.09.041
http://www.ncbi.nlm.nih.gov/pubmed/22035809
http://doi.org/10.1016/j.ygyno.2009.03.036
http://www.ncbi.nlm.nih.gov/pubmed/19410279
http://doi.org/10.1136/ijgc-00009577-200307000-00019
http://doi.org/10.1136/ijgc-00009577-200605000-00027
http://www.ncbi.nlm.nih.gov/pubmed/16803495
http://doi.org/10.1016/j.ijrobp.2004.02.044
http://www.ncbi.nlm.nih.gov/pubmed/15337563

J. Clin. Med. 2022, 11, 1101 20 of 29

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Peyraud, E; Allenet, C.; Gross-Goupil, M.; Domblides, C.; Lefort, E; Daste, A.; Yacoub, M.; Haaser, T.; Ferretti, L.; Robert, G.; et al.
Current management and future perspectives of penile cancer: An updated review. Cancer Treat. Rev. 2020, 90, 102087. [CrossRef]
Schiffman, M.; Doorbar, J.; Wentzensen, N.; De Sanjosé, S.; Fakhry, C.; Monk, B.J.; Stanley, M.A_; Franceschi, S. Carcinogenic
human papillomavirus infection. Nat. Rev. Dis. Prim. 2016, 2, 16086. [CrossRef] [PubMed]

Olczak, P; Roden, R.B.S. Progress in L2-Based Prophylactic Vaccine Development for Protection against Diverse Human
Papillomavirus Genotypes and Associated Diseases. Vaccines 2020, 8, 568. [CrossRef]

Crosbie, E.J.; Einstein, M.H.; Franceschi, S.; Kitchener, H.C. Human papillomavirus and cervical cancer. Lancet 2013, 382, 889-899.
[CrossRef]

Falcaro, M.; Castarion, A.; Ndlela, B.; Checchi, M.; Soldan, K.; Lopez-Bernal, J.; Elliss-Brookes, L.; Sasieni, P. The effects of the
national HPV vaccination programme in England, UK, on cervical cancer and grade 3 cervical intraepithelial neoplasia incidence:
A register-based observational study. Lancet 2021, 398, 2084-2092. [CrossRef]

Bruni, L.; Diaz, M.; Barrionuevo-Rosas, L.; Herrero, R.; Bray, F; Bosch, FEX.; de Sanjosé, S.; Castellsagué, X. Global estimates of
human papillomavirus vaccination coverage by region and income level: A pooled analysis. Lancet Glob. Health 2016, 4, e453-e463.
[CrossRef]

Bruni, L.; Saura-Lazaro, A.; Montoliu, A.; Brotons, M.; Alemany, L.; Diallo, M.S.; Afsar, O.Z.; LaMontagne, D.S.; Mosina, L.;
Contreras, M. HPV vaccination introduction worldwide and WHO and UNICEEF estimates of national HPV immunization
coverage 2010-2019. Prev. Med. 2021, 144, 106399. [CrossRef] [PubMed]

Grandahl, M.; Nevéus, T. Barriers towards HPV Vaccinations for Boys and Young Men: A Narrative Review. Viruses 2021, 13,
1644. [CrossRef]

Brisson, M.; Bénard, E.; Drolet, M.; Bogaards, J.A.; Baussano, I.; Vanskd, S.; Jit, M.; Boily, M.-C.; Smith, M.A.; Berkhof, J.
Population-level impact, herd immunity, and elimination after human papillomavirus vaccination: A systematic review and
meta-analysis of predictions from transmission-dynamic models. Lancet Public Health 2016, 1, e8—e17. [CrossRef]

Sung, H.; Ferlay, |J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
Howlader, N.; Noone, A.M.; Krapcho, M. SEER Cancer Statistics Review, 1975-2017; National Cancer Institute: Bethesda, MD,
USA, 2017.

Bulk, S.; Berkhof, J.; Bulkmans, N.W.J.; Zielinski, G.D.; Rozendaal, L.; Van Kemenade, E].; Snijders, PJ.E; Meijer, C. Preferential
risk of HPV16 for squamous cell carcinoma and of HPV18 for adenocarcinoma of the cervix compared to women with normal
cytology in The Netherlands. Br. J. Cancer 2006, 94, 171-175. [CrossRef]

Cohen, P.A,; Jhingran, A.; Oaknin, A.; Denny, L. Cervical cancer. Lancet 2019, 393, 169-182. [CrossRef]

Monk, B.J.; Wang, J.; Im, S.; Stock, R.J.; Peters, W.A., III; Liu, PY.; Barrett, R.]., IT; Berek, ].S.; Souhami, L.; Grigsby, PW. Rethinking
the use of radiation and chemotherapy after radical hysterectomy: A clinical-pathologic analysis of a Gynecologic Oncology
Group /Southwest Oncology Group/Radiation Therapy Oncology Group trial. Gynecol. Oncol. 2005, 96, 721-728. [CrossRef]
Peters, W.A,, IIT; Liu, P.Y;; Barrett, R.J.; Stock, R.J.; Monk, B.J.; Berek, ].S.; Souhami, L.; Grigsby, P.; Gordon, W., Jr.; Alberts, D.S.
Concurrent chemotherapy and pelvic radiation therapy compared with pelvic radiation therapy alone as adjuvant therapy after
radical surgery in high-risk early-stage cancer of the cervix. Obstet. Gynecol. Surv. 2000, 55, 491-492. [CrossRef]

Petignat, P.; Roy, M. Diagnosis and management of cervical cancer. BMJ 2007, 335, 765-768. [CrossRef] [PubMed]

James, RM.; Cruickshank, M.E.; Siddiqui, N. Management of cervical cancer: Summary of SIGN guidelines. BM] 2008, 336, 41-43.
[CrossRef] [PubMed]

Green, J.A.; Kirwan, ].J.; Tierney, J.; Vale, C.L.; Symonds, PR.; Fresco, L.L.; Williams, C.; Collingwood, M. Concomitant
chemotherapy and radiation therapy for cancer of the uterine cervix. Cochrane Database Syst. Rev. 2005, 3. [CrossRef] [PubMed]
Tewari, K.S,; Sill, M.W.; Long, H.J., 3rd; Penson, R.T.; Huang, H.; Ramondetta, L.M.; Landrum, L.M.; Oaknin, A.; Reid, T.J.; Leitao,
M.M,; et al. Improved survival with bevacizumab in advanced cervical cancer. N. Engl. J. Med. 2014, 370, 734-743. [CrossRef]
[PubMed]

Kurman, RJ.; Carcangiu, M.L.; Herrington, C.S. World Health Organisation Classification of Tumours of the Female Reproductive
Organs; International Agency for Research on Cancer: Lyon, France, 2014; ISBN 9283224353.

van der Avoort, I.A.M.; Shirango, H.; Hoevenaars, B.M.; Grefte, ] M.M.; De Hullu, J.A.; de Wilde, P.C.M.; Bulten, J.; Melchers,
W.J.G.; Massuger, L.EA.G. Vulvar squamous cell carcinoma is a multifactorial disease following two separate and independent
pathways. Int. J. Gynecol. Pathol. 2006, 25, 22-29. [CrossRef] [PubMed]

Kortekaas, K.E.; Bastiaannet, E.; van Doorn, H.C.; de Vos van Steenwijk, PJ.; Ewing-Graham, P.C.; Creutzberg, C.L.; Akdeniz, K,;
Nooij, L.S.; van der Burg, S.H.; Bosse, T.; et al. Vulvar cancer subclassification by HPV and p53 status results in three clinically
distinct subtypes. Gynecol. Oncol. 2020, 159, 649-656. [CrossRef]

Nooij, L.S.; ter Haar, N.T.; Ruano, D.; Rakislova, N.; van Wezel, T.; Smit, V.T.H.B.M.; Trimbos, B.].B.M.Z.; Ordi, J.; van Poelgeest,
M.ILE.; Bosse, T. Genomic Characterization of Vulvar (Pre)cancers Identifies Distinct Molecular Subtypes with Prognostic
Significance. Clin. Cancer Res. 2017, 23, 6781-6789. [CrossRef] [PubMed]

van de Nieuwenhof, H.P,; van Kempen, L.C.L.T.; de Hullu, J.A.; Bekkers, R.L.M.; Bulten, J.; Melchers, W.]J.G.; Massuger, L.EA.G.
The etiologic role of HPV in vulvar squamous cell carcinoma fine tuned. Cancer Epidemiol. Prev. Biomark. 2009, 18, 2061-2067.
[CrossRef]


http://doi.org/10.1016/j.ctrv.2020.102087
http://doi.org/10.1038/nrdp.2016.86
http://www.ncbi.nlm.nih.gov/pubmed/27905473
http://doi.org/10.3390/vaccines8040568
http://doi.org/10.1016/S0140-6736(13)60022-7
http://doi.org/10.1016/S0140-6736(21)02178-4
http://doi.org/10.1016/S2214-109X(16)30099-7
http://doi.org/10.1016/j.ypmed.2020.106399
http://www.ncbi.nlm.nih.gov/pubmed/33388322
http://doi.org/10.3390/v13081644
http://doi.org/10.1016/S2468-2667(16)30001-9
http://doi.org/10.3322/caac.21660
http://doi.org/10.1038/sj.bjc.6602915
http://doi.org/10.1016/S0140-6736(18)32470-X
http://doi.org/10.1016/j.ygyno.2004.11.007
http://doi.org/10.1097/00006254-200008000-00017
http://doi.org/10.1136/bmj.39337.615197.80
http://www.ncbi.nlm.nih.gov/pubmed/17932207
http://doi.org/10.1136/bmj.39399.642894.AD
http://www.ncbi.nlm.nih.gov/pubmed/18174599
http://doi.org/10.1002/14651858.CD002225.pub2
http://www.ncbi.nlm.nih.gov/pubmed/16034873
http://doi.org/10.1056/NEJMoa1309748
http://www.ncbi.nlm.nih.gov/pubmed/24552320
http://doi.org/10.1097/01.pgp.0000177646.38266.6a
http://www.ncbi.nlm.nih.gov/pubmed/16306780
http://doi.org/10.1016/j.ygyno.2020.09.024
http://doi.org/10.1158/1078-0432.CCR-17-1302
http://www.ncbi.nlm.nih.gov/pubmed/28899974
http://doi.org/10.1158/1055-9965.EPI-09-0209

J. Clin. Med. 2022, 11, 1101 21 of 29

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Burger, M.P.M.; Hollema, H.; Emanuels, A.G.; Krans, M.; Pras, E.; Bouma, J. The importance of the groin node status for the
survival of T1 and T2 vulval carcinoma patients. Gynecol. Oncol. 1995, 57, 327-334. [CrossRef] [PubMed]

Vanthoor, J.; Vos, G.; Albersen, M. Penile cancer: Potential target for immunotherapy? World J. Urol. 2021, 39, 1405-1411.
[CrossRef]

Hoekstra, R.J.; Trip, E.J.; ten Kate, FJ.W.; Horenblas, S.; Lock, M.T.W.T. Penile intraepithelial neoplasia: Nomenclature, incidence
and progression to malignancy in the Netherlands. Int. ]. Urol. 2019, 26, 353-357. [CrossRef]

Moch, H.; Cubilla, A.L.; Humphrey, P.A.; Reuter, V.E.; Ulbright, T.M. The 2016 WHO classification of tumours of the urinary
system and male genital organs—Part A: Renal, penile, and testicular tumours. Eur. Urol. 2016, 70, 93-105. [CrossRef] [PubMed]
Djajadiningrat, R.S.; Jordanova, E.S.; Kroon, B.K.; van Werkhoven, E.; de Jong, J.; Pronk, D.T.M.; Snijders, PJ.F.; Horenblas, S.;
Heideman, D.A.M. Human papillomavirus prevalence in invasive penile cancer and association with clinical outcome. J. Urol.
2015, 193, 526-531. [CrossRef] [PubMed]

Lont, A.P.; Kroon, B.K.; Horenblas, S.; Gallee, M.P.W.; Berkhof, J.; Meijer, C.J.L.M.; Snijders, P.J.F. Presence of high-risk human
papillomavirus DNA in penile carcinoma predicts favorable outcome in survival. Int. ]. Cancer 2006, 119, 1078-1081. [CrossRef]
[PubMed]

Sand, F.L.; Rasmussen, C.L.; Frederiksen, M.H.; Andersen, K.K.; Kjaer, S.K. Prognostic Significance of HPV and p16 Status in Men
Diagnosed with Penile Cancer: A Systematic Review and Meta-analysis. Cancer Epidemiol. Prev. Biomark. 2018, 27, 1123-1132.
[CrossRef] [PubMed]

Malakhov, M.P.; Aschenbrenner, L.M.; Smee, D.F.; Wandersee, M.K ; Sidwell, R W.; Gubareva, L.V.; Mishin, V.P.; Hayden, F.G;
Kim, D.H.; Ing, A.; et al. Sialidase fusion protein as a novel broad-spectrum inhibitor of influenza virus infection. Antimicrob.
Agents Chemother. 2006, 50, 1470-1479. [CrossRef]

Ferrandiz-Pulido, C.; Masferrer, E.; De Torres, 1; Lloveras, B.; Hernandez-Losa, J.; Mojal, S.; Salvador, C.; Morote, J.; Cajal, S.R,;
Pujol, R.M. Identification and genotyping of human papillomavirus in a Spanish cohort of penile squamous cell carcinomas:
Correlation with pathologic subtypes, p16INK4a expression, and prognosis. J. Am. Acad. Dermatol. 2013, 68, 73-82. [CrossRef]
Diorio, G.J.; Giuliano, A.R. The role of human papilloma virus in penile carcinogenesis and preneoplastic lesions: A potential
target for vaccination and treatment strategies. Urol. Clin. 2016, 43, 419-425. [CrossRef]

Raskin, Y.; Vanthoor, J.; Milenkovic, U.; Muneer, A.; Albersen, M. Organ-sparing surgical and nonsurgical modalities in primary
penile cancer treatment. Curr. Opin. Urol. 2019, 29, 156-164. [CrossRef]

Steinbach, A.; Riemer, A.B. Inmune evasion mechanisms of human papillomavirus: An update. Int. J. Cancer 2018, 142, 224-229.
[CrossRef]

Ferreira, A.R.; Ramalho, A.C.; Marques, M.; Ribeiro, D. The Interplay between Antiviral Signalling and Carcinogenesis in Human
Papillomavirus Infections. Cancers 2020, 12, 646. [CrossRef]

Burd, E.M.; Dean, C.L.; Hayden, R.T.; Wolk, D.M.; Carroll, K.C.; Tang, Y.-W. Human Papillomavirus. Microbiol. Spectr. 2016, 4,
177-195. [CrossRef] [PubMed]

Bordignon, V.; Di Domenico, E.G.; Trento, E.; D’Agosto, G.; Cavallo, I.; Pontone, M.; Pimpinelli, F.; Mariani, L.; Ensoli, F. How
Human Papillomavirus Replication and Immune Evasion Strategies Take Advantage of the Host DNA Damage Repair Machinery.
Viruses 2017, 9, 390. [CrossRef] [PubMed]

Woodworth, C.D. HPV innate immunity. Front. Biosci. 2002, 7, d2058-d2071. [CrossRef] [PubMed]

Graham, S.V. The human papillomavirus replication cycle, and its links to cancer progression: A comprehensive review. Clin. Sci.
2017, 131, 2201-2221. [CrossRef] [PubMed]

Gusho, E.; Laimins, L. Human Papillomaviruses Target the DNA Damage Repair and Innate Immune Response Pathways to
Allow for Persistent Infection. Viruses 2021, 13, 1390. [CrossRef]

Burgers, W.A,; Blanchon, L.; Pradhan, S.; de Launoit, Y.; Kouzarides, T.; Fuks, F. Viral oncoproteins target the DNA methyltrans-
ferases. Oncogene 2007, 26, 1650-1655. [CrossRef]

Hasan, U.A.; Zannetti, C.; Parroche, P.; Goutagny, N.; Malfroy, M.; Roblot, G.; Carreira, C.; Hussain, I.; Miiller, M.; Taylor-
Papadimitriou, J.; et al. The human papillomavirus type 16 E7 oncoprotein induces a transcriptional repressor complex on the
Toll-like receptor 9 promoter. J. Exp. Med. 2013, 210, 1369-1387. [CrossRef] [PubMed]

Lau, L.; Gray, E.E.; Brunette, R.L.; Stetson, D.B. DNA tumor virus oncogenes antagonize the cGAS-STING DNA-sensing pathway.
Science 2015, 350, 568-571. [CrossRef]

Senba, M.; Buziba, N.; Mori, N.; Fujita, S.; Morimoto, K.; Wada, A.; Toriyama, K. Human papillomavirus infection induces NF-xB
activation in cervical cancer: A comparison with penile cancer. Oncol. Lett. 2011, 2, 65-68. [CrossRef]

Caberg, ].-H.D.; Hubert, PM.; Begon, D.Y.; Herfs, M.E; Roncarati, PJ.; Boniver, ].].; Delvenne, P.O. Silencing of E7 oncogene
restores functional E-cadherin expression in human papillomavirus 16-transformed keratinocytes. Carcinogenesis 2008, 29,
1441-1447. [CrossRef]

Woodham, A.W,; Yan, L.; Skeate, ].G.; van der Veen, D.; Brand, H.E.; Wong, M.K ; Da Silva, D.M.; Kast, W.M. T cell ignorance is
bliss: T cells are not tolerized by Langerhans cells presenting human papillomavirus antigens in the absence of costimulation.
Papillomavirus Res. 2016, 2, 21-30. [CrossRef] [PubMed]

Fausch, S.C.; Da Silva, D.M.; Rudolf, M.P,; Kast, WM. Human papillomavirus virus-like particles do not activate Langerhans cells:
A possible immune escape mechanism used by human papillomaviruses. J. Immunol. 2002, 169, 3242-3249. [CrossRef] [PubMed]


http://doi.org/10.1006/gyno.1995.1151
http://www.ncbi.nlm.nih.gov/pubmed/7774836
http://doi.org/10.1007/s00345-020-03510-7
http://doi.org/10.1111/iju.13871
http://doi.org/10.1016/j.eururo.2016.02.029
http://www.ncbi.nlm.nih.gov/pubmed/26935559
http://doi.org/10.1016/j.juro.2014.08.087
http://www.ncbi.nlm.nih.gov/pubmed/25150641
http://doi.org/10.1002/ijc.21961
http://www.ncbi.nlm.nih.gov/pubmed/16570278
http://doi.org/10.1158/1055-9965.EPI-18-0322
http://www.ncbi.nlm.nih.gov/pubmed/29987099
http://doi.org/10.1128/AAC.50.4.1470-1479.2006
http://doi.org/10.1016/j.jaad.2012.05.029
http://doi.org/10.1016/j.ucl.2016.06.003
http://doi.org/10.1097/MOU.0000000000000587
http://doi.org/10.1002/ijc.31027
http://doi.org/10.3390/cancers12030646
http://doi.org/10.1128/microbiolspec.DMIH2-0001-2015
http://www.ncbi.nlm.nih.gov/pubmed/27726787
http://doi.org/10.3390/v9120390
http://www.ncbi.nlm.nih.gov/pubmed/29257060
http://doi.org/10.2741/woodworth
http://www.ncbi.nlm.nih.gov/pubmed/12165480
http://doi.org/10.1042/CS20160786
http://www.ncbi.nlm.nih.gov/pubmed/28798073
http://doi.org/10.3390/v13071390
http://doi.org/10.1038/sj.onc.1209950
http://doi.org/10.1084/jem.20122394
http://www.ncbi.nlm.nih.gov/pubmed/23752229
http://doi.org/10.1126/science.aab3291
http://doi.org/10.3892/ol.2010.207
http://doi.org/10.1093/carcin/bgn145
http://doi.org/10.1016/j.pvr.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/27182559
http://doi.org/10.4049/jimmunol.169.6.3242
http://www.ncbi.nlm.nih.gov/pubmed/12218143

J. Clin. Med. 2022, 11, 1101 22 of 29

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Da Silva, D.M.; Woodham, A.W.; Rijkee, L.K,; Skeate, J.G.; Taylor, ].R.; Koopman, M.E.; Brand, H.E.; Wong, M.K.; McKee, G.M.;
Salazar, A.M.; et al. Human papillomavirus-exposed Langerhans cells are activated by stabilized Poly-I:C. Papillomavirus Res.
2015, 1, 12-21. [CrossRef] [PubMed]

Laurson, J.; Khan, S.; Chung, R.; Cross, K.; Raj, K. Epigenetic repression of E-cadherin by human papillomavirus 16 E7 protein.
Carcinogenesis 2010, 31, 918-926. [CrossRef]

Jiang, B.; Xue, M. Correlation of E6 and E7 levels in high-risk HPV16 type cervical lesions with CCL20 and Langerhans cells.
Genet. Mol. Res. 2015, 14, 10473-10481. [CrossRef]

Mota, EF.; Rayment, N.B.; Kanan, J.H.; Singer, A.; Chain, B.M. Differential regulation of HLA-DQ expression by keratinocytes
and Langerhans cells in normal and premalignant cervical epithelium. Tissue Antigens 1998, 52, 286-293. [CrossRef]
Jimenez-Flores, R.; Mendez-Cruz, R.; Ojeda-Ortiz, ].; Mufioz-Molina, R.; Balderas-Carrillo, O.; De La Luz Diaz-Soberanes, M.;
Lebecque, S.; Saeland, S.; Daneri-Navarro, A.; Garcia-Carranca, A.; et al. High-risk human papilloma virus infection decreases the
frequency of dendritic Langerhans’ cells in the human female genital tract. Immunology 2006, 117, 220-228. [CrossRef]

van Seters, M.; Beckmann, I.; Heijmans-Antonissen, C.; van Beurden, M.; Ewing, P.C.; Zijlstra, E].; Helmerhorst, T.].M.; KleinJan,
A. Disturbed patterns of immunocompetent cells in usual-type vulvar intraepithelial neoplasia. Cancer Res. 2008, 68, 6617-6622.
[CrossRef] [PubMed]

Yang, W.; Song, Y.; Lu, Y.-L.; Sun, J.-Z.; Wang, H.-W. Increased expression of programmed death (PD)-1 and its ligand PD-L1
correlates with impaired cell-mediated immunity in high-risk human papillomavirus-related cervical intraepithelial neoplasia.
Immunology 2012, 139, 513-522. [CrossRef]

Pahne-Zeppenfeld, J.; Schroer, N.; Walch-Riickheim, B.; Oldak, M.; Gorter, A.; Hegde, S.; Smola, S. Cervical cancer cell-derived
interleukin-6 impairs CCR7-dependent migration of MMP-9-expressing dendritic cells. Int. J. Cancer 2014, 134, 2061-2073.
[CrossRef]

Heusinkveld, M.; de Vos van Steenwijk, PJ.; Goedemans, R.; Ramwadhdoebe, T.H.; Gorter, A.; Welters, M.].P,; van Hall, T.; van
der Burg, S.H. M2 macrophages induced by prostaglandin E2 and IL-6 from cervical carcinoma are switched to activated M1
macrophages by CD4+ Th1 cells. J. Immunol. 2011, 187, 1157-1165. [CrossRef] [PubMed]

Sznurkowski, J.J.; Zawrocki, A.; Biernat, W. The overexpression of p16 is not a surrogate marker for high-risk human papilloma
virus genotypes and predicts clinical outcomes for vulvar cancer. BMIC Cancer 2016, 16, 465. [CrossRef] [PubMed]

Demoulin, S.A.; Somja, J.; Duray, A.; Guénin, S.; Roncarati, P.; Delvenne, P.O.; Herfs, M.F,; Hubert, PM. Cervical (pre)neoplastic
microenvironment promotes the emergence of tolerogenic dendritic cells via RANKL secretion. Oncoimmunology 2015, 4, e1008334.
[CrossRef] [PubMed]

Ashrafi, G.H.; Haghshenas, M.R.; Marchetti, B.; O'Brien, PM.; Campo, M.S. E5 protein of human papillomavirus type 16
selectively downregulates surface HLA class I. Int. ]. Cancer 2005, 113, 276-283. [CrossRef]

Jordanova, E.S.; Gorter, A.; Ayachi, O.; Prins, F,; Durrant, L.G.; Kenter, G.G.; van der Burg, S.H.; Fleuren, G.J. Human leukocyte
antigen class I, MHC class I chain-related molecule A, and CD8+/regulatory T-cell ratio: Which variable determines survival of
cervical cancer patients? Clin. Cancer Res. 2008, 14, 2028-2035. [CrossRef]

Vermeulen, C.EW.,; Jordanova, E.S.; Zomerdijk-Nooijen, Y.A.; ter Haar, N.T.; Peters, A.A.W,; Fleuren, G.]J. Frequent HLA class I
loss is an early event in cervical carcinogenesis. Hum. Immunol. 2005, 66, 1167-1173. [CrossRef]

Ferns, D.M.; Heeren, A.M.; Samuels, S.; Bleeker, M.C.G.; de Gruijl, T.D.; Kenter, G.G.; Jordanova, E.S. Classical and non-classical
HLA class I aberrations in primary cervical squamous- and adenocarcinomas and paired lymph node metastases. J. Immunother.
Cancer 2016, 4, 78. [CrossRef]

Cromme, EV.; Walboomers, ] M.M.; Van Oostveen, ].W.; Stukart, M.].; De Gruijl, T.D.; Kummer, J.A.; Leonhart, A.M.; Helmerhorst,
T.J.M.; Meijer, C. Lack of granzyme expression in T lymphocytes indicates poor cytotoxic T lymphocyte activation in human
papillomavirus-associated cervical carcinomas. Int. J. Gynecol. Cancer 1995, 5, 366-373. [CrossRef] [PubMed]

de Vos van Steenwijk, PJ.; Heusinkveld, M.; Ramwadhdoebe, T.H.; Lowik, M.].; van der Hulst, ].M.; Goedemans, R.; Piersma, S.J.;
Kenter, G.G.; van der Burg, S.H. An Unexpectedly Large Polyclonal Repertoire of HPV-Specific T Cells Is Poised for Action in
Patients with Cervical Cancer. Cancer Res. 2010, 70, 2707-2717. [CrossRef]

Woo, Y.L,; Sterling, J.; Damay, I.; Coleman, N.; Crawford, R.; Van Der Burg, S.H.; Stanley, M. Characterising the local immune
responses in cervical intraepithelial neoplasia: A cross-sectional and longitudinal analysis. BJOG Int. ]. Obstet. Gynaecol. 2008, 115,
1616-1622. [CrossRef] [PubMed]

Sznurkowski, J.J.; Zawrocki, A.; Biernat, W. Subtypes of cytotoxic lymphocytes and natural killer cells infiltrating cancer nests
correlate with prognosis in patients with vulvar squamous cell carcinoma. Cancer Immunol. Immunother. 2014, 63, 297-303.
[CrossRef]

Chu, C;; Yao, K;; Lu, J.; Zhang, Y.; Chen, K,; Lu, J.; Zhang, C.Z.; Cao, Y. Imnmunophenotypes Based on the Tumor Immune
Microenvironment Allow for Unsupervised Penile Cancer Patient Stratification. Cancers 2020, 12, 1796. [CrossRef]

Seresini, S.; Origoni, M; Lillo, E,; Caputo, L.; Paganoni, A.M.; Vantini, S.; Longhi, R.; Taccagni, G.; Ferrari, A.; Doglioni, C.; et al.
IFN-y Produced by Human Papilloma Virus-18 E6-Specific CD4+ T Cells Predicts the Clinical Outcome after Surgery in Patients
with High-Grade Cervical Lesions. J. Immunol. 2007, 179, 7176-7183. [CrossRef] [PubMed]

Scott, M.; Stites, D.P.; Moscicki, A.-B. Th1 Cytokine Patterns in Cervical Human Papillomavirus Infection. Clin. Diagn. Lab.
Immunol. 1999, 6, 751-755. [CrossRef] [PubMed]


http://doi.org/10.1016/j.pvr.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26665182
http://doi.org/10.1093/carcin/bgq027
http://doi.org/10.4238/2015.September.8.8
http://doi.org/10.1111/j.1399-0039.1998.tb03046.x
http://doi.org/10.1111/j.1365-2567.2005.02282.x
http://doi.org/10.1158/0008-5472.CAN-08-0327
http://www.ncbi.nlm.nih.gov/pubmed/18701485
http://doi.org/10.1111/imm.12101
http://doi.org/10.1002/ijc.28549
http://doi.org/10.4049/jimmunol.1100889
http://www.ncbi.nlm.nih.gov/pubmed/21709158
http://doi.org/10.1186/s12885-016-2503-y
http://www.ncbi.nlm.nih.gov/pubmed/27411473
http://doi.org/10.1080/2162402X.2015.1008334
http://www.ncbi.nlm.nih.gov/pubmed/26155412
http://doi.org/10.1002/ijc.20558
http://doi.org/10.1158/1078-0432.CCR-07-4554
http://doi.org/10.1016/j.humimm.2005.10.011
http://doi.org/10.1186/s40425-016-0184-3
http://doi.org/10.1046/j.1525-1438.1995.05050366.x
http://www.ncbi.nlm.nih.gov/pubmed/11578506
http://doi.org/10.1158/0008-5472.CAN-09-4299
http://doi.org/10.1111/j.1471-0528.2008.01936.x
http://www.ncbi.nlm.nih.gov/pubmed/19035938
http://doi.org/10.1007/s00262-013-1511-x
http://doi.org/10.3390/cancers12071796
http://doi.org/10.4049/jimmunol.179.10.7176
http://www.ncbi.nlm.nih.gov/pubmed/17982110
http://doi.org/10.1128/CDLI.6.5.751-755.1999
http://www.ncbi.nlm.nih.gov/pubmed/10473530

J. Clin. Med. 2022, 11, 1101 23 of 29

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Al-Saleh, W.; Giannini, S.L.; Jacobs, N.; Moutschen, M.; Doyen, J.; Boniver, J.; Delvenne, P. Correlation of T-helper secretory
differentiation and types of antigen-presenting cells in squamous intraepithelial lesions of the uterine cervix. J. Pathol. 1998, 184,
283-290. [CrossRef]

Clerici, M.; Merola, M.; Ferrario, E.; Trabattoni, D.; Villa, M.L.; Stefanon, B.; Venzon, D.].; Shearer, G.M.; De Palo, G.; Cleridi, E.
Cytokine production patterns in cervical intraepithelial neoplasia: Association with human papillomavirus infection. J. Natl.
Cancer Inst. 1997, 89, 245-250. [CrossRef]

Peghini, B.C.; Abdalla, D.R.; Barcelos, A.C.M.; Teodoro, L.D.G.V.L.; Murta, E.F.C.; Michelin, M.A. Local cytokine profiles of
patients with cervical intraepithelial and invasive neoplasia. Hum. Immunol. 2012, 73, 920-926. [CrossRef]

Bais, A.G.; Beckmann, I.; Lindemans, J.; Ewing, P.C.; Meijer, C.J.L.M.; Snijders, PJ.F.; Helmerhorst, T.J.M. A shift to a peripheral
Th2-type cytokine pattern during the carcinogenesis of cervical cancer becomes manifest in CIN III lesions. J. Clin. Pathol. 2005,
58, 1096-1100. [CrossRef]

Hazelbag, S.; Gorter, A.; Kenter, G.G.; van den Broek, L.; Fleuren, G. Transforming growth factor-betal induces tumor stroma and
reduces tumor infiltrate in cervical cancer. Hum. Pathol. 2002, 33, 1193-1199. [CrossRef] [PubMed]

Tanaka, A.; Sakaguchi, S. Regulatory T cells in cancer immunotherapy. Cell Res. 2017, 27, 109-118. [CrossRef]

Arce-Sillas, A.; Alvarez—Luquin, D.D.; Tamaya-Dominguez, B.; Gomez-Fuentes, S.; Trejo-Garcia, A.; Melo-Salas, M.; Cardenas,
G.; Rodriguez-Ramirez, J.; Adalid-Peralta, L. Regulatory T Cells: Molecular Actions on Effector Cells in Immune Regulation. J.
Immunol. Res. 2016, 2016, 1720827. [CrossRef] [PubMed]

Paluskievicz, C.M.; Cao, X,; Abdi, R.; Zheng, P; Liu, Y.; Bromberg, ].S. T Regulatory Cells and Priming the Suppressive Tumor
Microenvironment. Front. Immunol. 2019, 10, 2453. [CrossRef] [PubMed]

Dhainaut, M.; Moser, M. Chapter Six—Mechanisms of Surveillance of Dendritic Cells by Regulatory T Lymphocytes. In Regulatory
T Cells in Health and Disease; Liston, A., Ed.; Academic Press: Cambridge, MA, USA, 2015; Volume 136, pp. 131-154. ISBN
1877-1173.

Van Esch, EM.G.; Van Poelgeest, M.LE.; Trimbos, ].B.M.Z.; Fleuren, G.J.; Jordanova, E.S.; Van Der Burg, S.H. Intraepithelial
macrophage infiltration is related to a high number of regulatory T cells and promotes a progressive course of HPV-induced
vulvar neoplasia. Int. |. Cancer 2015, 136, E85-E94. [CrossRef] [PubMed]

Heeren, A.M.; Kenter, G.G.; Jordanova, E.S.; de Gruijl, T.D. CD14(+) macrophage-like cells as the linchpin of cervical cancer
perpetrated immune suppression and early metastatic spread: A new therapeutic lead? Oncoimmunology 2015, 4, €1009296.
[CrossRef] [PubMed]

Heeren, A.M.; Koster, B.D.; Samuels, S.; Ferns, D.M.; Chondronasiou, D.; Kenter, G.G.; Jordanova, E.S.; de Gruijl, T.D. High and
Interrelated Rates of PD-L1+CD14+ Antigen-Presenting Cells and Regulatory T Cells Mark the Microenvironment of Metastatic
Lymph Nodes from Patients with Cervical Cancer. Cancer Immunol. Res. 2015, 3, 48-58. [CrossRef]

Kim, K.H.; Greenfield, W.W.; Cannon, M.].; Coleman, H.N.; Spencer, H.].; Nakagawa, M. CD4+ T-cell response against human
papillomavirus type 16 E6 protein is associated with a favorable clinical trend. Cancer Immunol. Immunother. 2012, 61, 63-70.
[CrossRef]

Molling, ].W.; de Gruijl, T.D.; Glim, J.; Moreno, M.; Rozendaal, L.; Meijer, C.J.L.M.; van den Eertwegh, A.].M.; Scheper, R].; von
Blomberg, M.E.; Bontkes, H.J. CD4(+)CD25hi regulatory T-cell frequency correlates with persistence of human papillomavirus
type 16 and T helper cell responses in patients with cervical intraepithelial neoplasia. Int. J. Cancer 2007, 121, 1749-1755. [CrossRef]
[PubMed]

Shah, W.; Yan, X.; Jing, L.; Zhou, Y.; Chen, H.; Wang, Y. A reversed CD4/CDS8 ratio of tumor-infiltrating lymphocytes and a high
percentage of CD4(+)FOXP3(+) regulatory T cells are significantly associated with clinical outcome in squamous cell carcinoma of
the cervix. Cell. Mol. Immunol. 2010, 8, 59-66. [CrossRef]

Vassallo, J.; Rodrigues, A.E.F.; Campos, A.H.J.EM.; Rocha, RM.; da Cunha, I.W.; Zequi, S.C.; Guimaraes, G.C.; da Fonseca, FP;
Lopes, A.; Cubilla, A.; et al. Pathologic and imunohistochemical characterization of tumoral inflammatory cell infiltrate in
invasive penile squamous cell carcinomas: Fox-P3 expression is an independent predictor of recurrence. Tumor Biol. 2015, 36,
2509-2516. [CrossRef]

Punt, S.; van Vliet, M.E,; Spaans, V.M.; de Kroon, C.D.; Fleuren, G.J.; Gorter, A.; Jordanova, E.S. FoxP3+ and IL-17+ cells are
correlated with improved prognosis in cervical adenocarcinoma. Cancer Immunol. Immunother. 2015, 64, 745-753. [CrossRef]
Rotman, J.; Heeren, A.M.; Gassama, A.A.; Lougheed, S.M.; Pocorni, N.; Stam, A.G.M.; Bleeker, M.C.G.; Zijlmans, HJ.M.A.A;
Mom, C.H.; Kenter, G.G; et al. Adenocarcinoma of the Uterine Cervix Shows Impaired Recruitment of cDC1 and CD8(+) T Cells
and Elevated 3-Catenin Activation Compared with Squamous Cell Carcinoma. Clin. Cancer Res. 2020, 26, 3791-3802. [CrossRef]
[PubMed]

Cheng, S.; Li, Z.; Gao, R.; Xing, B.; Gao, Y,; Yang, Y,; Qin, S.; Zhang, L.; Ouyang, H.; Du, P; et al. A pan-cancer single-cell
transcriptional atlas of tumor infiltrating myeloid cells. Cell 2021, 184, 792-809. [CrossRef] [PubMed]

Vogel, D.Y.S,; Glim, ].E.; Stavenuiter, A.W.D.; Breur, M.; Heijnen, P.; Amor, S.; Dijkstra, C.D.; Beelen, R.H.J]. Human macrophage
polarization in vitro: Maturation and activation methods compared. Immunobiology 2014, 219, 695-703. [CrossRef]

Li, Y.; Huang, G.; Zhang, S. Associations between intratumoral and peritumoral M2 macrophage counts and cervical squamous
cell carcinoma invasion patterns. Int. J. Gynaecol. Obstet. 2017, 139, 346-351. [CrossRef] [PubMed]


http://doi.org/10.1002/(SICI)1096-9896(199803)184:3&lt;283::AID-PATH25&gt;3.0.CO;2-K
http://doi.org/10.1093/jnci/89.3.245
http://doi.org/10.1016/j.humimm.2012.06.003
http://doi.org/10.1136/jcp.2004.025072
http://doi.org/10.1053/hupa.2002.130109
http://www.ncbi.nlm.nih.gov/pubmed/12514788
http://doi.org/10.1038/cr.2016.151
http://doi.org/10.1155/2016/1720827
http://www.ncbi.nlm.nih.gov/pubmed/27298831
http://doi.org/10.3389/fimmu.2019.02453
http://www.ncbi.nlm.nih.gov/pubmed/31681327
http://doi.org/10.1002/ijc.29173
http://www.ncbi.nlm.nih.gov/pubmed/25220265
http://doi.org/10.1080/2162402X.2015.1009296
http://www.ncbi.nlm.nih.gov/pubmed/26155430
http://doi.org/10.1158/2326-6066.CIR-14-0149
http://doi.org/10.1007/s00262-011-1092-5
http://doi.org/10.1002/ijc.22894
http://www.ncbi.nlm.nih.gov/pubmed/17582606
http://doi.org/10.1038/cmi.2010.56
http://doi.org/10.1007/s13277-014-2864-2
http://doi.org/10.1007/s00262-015-1678-4
http://doi.org/10.1158/1078-0432.CCR-19-3826
http://www.ncbi.nlm.nih.gov/pubmed/32220890
http://doi.org/10.1016/j.cell.2021.01.010
http://www.ncbi.nlm.nih.gov/pubmed/33545035
http://doi.org/10.1016/j.imbio.2014.05.002
http://doi.org/10.1002/ijgo.12320
http://www.ncbi.nlm.nih.gov/pubmed/28884821

J. Clin. Med. 2022, 11, 1101 24 of 29

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Petrillo, M.; Zannoni, G.E; Martinelli, E.; Pedone Anchora, L.; Ferrandina, G.; Tropeano, G.; Fagotti, A.; Scambia, G. Polarisation
of Tumor-Associated Macrophages toward M2 Phenotype Correlates with Poor Response to Chemoradiation and Reduced
Survival in Patients with Locally Advanced Cervical Cancer. PLoS ONE 2015, 10, e0136654. [CrossRef]

Chen, X.-].; Han, L.-E;; Wu, X.-G.; Wei, W.-F.; Wy, L.-F; Yi, H.-Y,; Yan, R.-M.; Bai, X.; Zhong, M.; Yu, Y. Clinical significance of
CD163+ and CD68+ tumor-associated macrophages in high-risk HPV-related cervical cancer. J. Cancer 2017, 8, 3868. [CrossRef]
[PubMed]

de Vos van Steenwijk, PJ.; Ramwadhdoebe, T.H.; Goedemans, R.; Doorduijn, E.M.; van Ham, ].J.; Gorter, A.; van Hall, T.; Kuijjer,
M.L.; van Poelgeest, M.L.E.; van der Burg, S.H.; et al. Tumor-infiltrating CD14-positive myeloid cells and CD8-positive T-cells
prolong survival in patients with cervical carcinoma. Int. J. Cancer 2013, 133, 2884-2894. [CrossRef] [PubMed]

Heeren, A.M.; de Boer, E.; Bleeker, M.C.G.; Musters, R.J.P,; Buist, M.R.; Kenter, G.G.; de Gruijl, T.D.; Jordanova, E.S. Nodal
metastasis in cervical cancer occurs in clearly delineated fields of immune suppression in the pelvic lymph catchment area.
Oncotarget 2015, 6, 32484-32493. [CrossRef]

Rafael, T.S.; de Vries, H.M.; Ottenhof, S.R.; Hofland, I.; Broeks, A.; de Jong, J.; Bekers, E.; Horenblas, S.; de Menezes, R.X,;
Jordanova, E.S.; et al. Distinct Patterns of Myeloid Cell Infiltration in Patients with hrHPV-Positive and hrHPV-Negative Penile
Squamous Cell Carcinoma: The Importance of Assessing Myeloid Cell Densities within the Spatial Context of the Tumor. Front.
Immunol. 2021, 12, 2202. [CrossRef]

Heeren, A.M.; Rotman, J.; Samuels, S.; Zijlmans, HJ.M.A A.; Fons, G.; van de Vijver, KK,; Bleeker, M.C.G.; Kenter, G.G,;
Jordanova, E.J.; de Gruijl, T.D. Immune landscape in vulvar cancer-draining lymph nodes indicates distinct immune escape
mechanisms in support of metastatic spread and growth. J. Immunother. Cancer 2021, 9, €003623. [CrossRef]

Smith-Garvin, ].E.; Koretzky, G.A.; Jordan, M.S. T cell activation. Annu. Rev. Immunol. 2009, 27, 591-619. [CrossRef] [PubMed]
Sharpe, A.H.; Wherry, E.J.; Ahmed, R.; Freeman, G.J. The function of programmed cell death 1 and its ligands in regulating
autoimmunity and infection. Nat. Immunol. 2007, 8, 239-245. [CrossRef] [PubMed]

Rotte, A.; Jin, J.Y.; Lemaire, V. Mechanistic overview of immune checkpoints to support the rational design of their combinations
in cancer immunotherapy. Ann. Oncol. 2018, 29, 71-83. [CrossRef] [PubMed]

Hui, E.; Cheung, J.; Zhu, J.; Su, X; Taylor, M.].; Wallweber, H.A.; Sasmal, D.K.; Huang, J.; Kim, ].M.; Mellman, I.; et al. T cell
costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. Science 2017, 355, 1428-1433. [CrossRef] [PubMed]
Sugiura, D.; Maruhashi, T.; Okazaki, I.-M.; Shimizu, K.; Maeda, T.K.; Takemoto, T.; Okazaki, T. Restriction of PD-1 function by
cis-PD-L1/CD80 interactions is required for optimal T cell responses. Science 2019, 364, 558-566. [CrossRef]

Butte, M.].; Keir, M.E.; Phamduy, T.B.; Sharpe, A.H.; Freeman, G.J. Programmed death-1 ligand 1 interacts specifically with the
B7-1 costimulatory molecule to inhibit T cell responses. Immunity 2007, 27, 111-122. [CrossRef] [PubMed]

Lérias, S.; Esteves, S.; Silva, F; Cunha, M.; Cochicho, D.; Martins, L.; Félix, A. CD274 (PD-L1), CDKN2A (p16), TP53, and EGFR
immunohistochemical profile in primary, recurrent and metastatic vulvar cancer. Mod. Pathol. 2020, 33, 893-904. [CrossRef]
[PubMed]

Mezache, L.; Paniccia, B.; Nyinawabera, A.; Nuovo, G.J. Enhanced expression of PD L1 in cervical intraepithelial neoplasia and
cervical cancers. Mod. Pathol. 2015, 28, 1594-1602. [CrossRef] [PubMed]

Sznurkowski, J.J.; Zawrocki, A.; Sznurkowska, K.; Peksa, R.; Biernat, W. PD-L1 expression on immune cells is a favorable
prognostic factor for vulvar squamous cell carcinoma patients. Oncotarget 2017, 8, 89903-89912. [CrossRef] [PubMed]

Cocks, M.; Chaux, A.; Jenson, E.G.; Miller, ].A.; Rodriguez Pena, M.D.C.; Tregnago, A.C.; Taheri, D.; Eich, M.-L.; Sharma, R.; Vang,
R.; et al. Immune checkpoint status and tumor microenvironment in vulvar squamous cell carcinoma. Virchows Arch. 2020, 477,
93-102. [CrossRef]

Howitt, B.E.; Sun, H.H.; Roemer, M.G.M.; Kelley, A.; Chapuy, B.; Aviki, E.; Pak, C.; Connelly, C.; Gjini, E.; Shi, Y.; et al. Genetic
Basis for PD-L1 Expression in Squamous Cell Carcinomas of the Cervix and Vulva. JAMA Oncol. 2016, 2, 518-522. [CrossRef]
Yang, W.; Lu, Y.-P; Yang, Y.-Z.; Kang, J.-R.; Jin, Y.-D.; Wang, H.-W. Expressions of programmed death (PD)-1 and PD-1 ligand
(PD-L1) in cervical intraepithelial neoplasia and cervical squamous cell carcinomas are of prognostic value and associated with
human papillomavirus status. J. Obstet. Gynaecol. Res. 2017, 43, 1602-1612. [CrossRef]

Heeren, A.M.; Punt, S.; Bleeker, M.C.; Gaarenstroom, K.N.; van der Velden, J.; Kenter, G.G.; de Gruijl, T.D.; Jordanova, E.S.
Prognostic effect of different PD-L1 expression patterns in squamous cell carcinoma and adenocarcinoma of the cervix. Mod.
Pathol. 2016, 29, 753-763. [CrossRef] [PubMed]

Ottenhof, S.R.; Djajadiningrat, R.S.; Thygesen, H.H.; Jakobs, PJ.; Jozwiak, K.; Heeren, A.M.; de Jong, ].; Sanders, J.; Horenblas, S.;
Jordanova, E.S. The prognostic value of immune factors in the tumor microenvironment of penile squamous cell carcinoma. Front.
Immunol. 2018, 9, 1253. [CrossRef]

Hecking, T.; Thiesler, T.; Schiller, C.; Lunkenheimer, J.-M.; Ayub, T.H.; Rohr, A.; Condic, M.; Keyver-Paik, M.-D.; Fimmers, R.;
Kirfel, J.; et al. Tumoral PD-L1 expression defines a subgroup of poor-prognosis vulvar carcinomas with non-viral etiology.
Oncotarget 2017, 8, 92890-92903. [CrossRef] [PubMed]

Choschzick, M.; Gut, A.; Fink, D. PD-L1 receptor expression in vulvar carcinomas is HPV-independent. Virchows Arch. 2018, 473,
513-516. [CrossRef] [PubMed]

Ottenhof, S.R.; Djajadiningrat, R.S.; de Jong, J.; Thygesen, H.H.; Horenblas, S.; Jordanova, E.S. Expression of programmed death
ligand 1 in penile cancer is of prognostic value and associated with HPV status. J. Urol. 2017, 197, 690-697. [CrossRef]


http://doi.org/10.1371/journal.pone.0136654
http://doi.org/10.7150/jca.21444
http://www.ncbi.nlm.nih.gov/pubmed/29151975
http://doi.org/10.1002/ijc.28309
http://www.ncbi.nlm.nih.gov/pubmed/23740735
http://doi.org/10.18632/oncotarget.5398
http://doi.org/10.3389/fimmu.2021.682030
http://doi.org/10.1136/jitc-2021-003623
http://doi.org/10.1146/annurev.immunol.021908.132706
http://www.ncbi.nlm.nih.gov/pubmed/19132916
http://doi.org/10.1038/ni1443
http://www.ncbi.nlm.nih.gov/pubmed/17304234
http://doi.org/10.1093/annonc/mdx686
http://www.ncbi.nlm.nih.gov/pubmed/29069302
http://doi.org/10.1126/science.aaf1292
http://www.ncbi.nlm.nih.gov/pubmed/28280247
http://doi.org/10.1126/science.aav7062
http://doi.org/10.1016/j.immuni.2007.05.016
http://www.ncbi.nlm.nih.gov/pubmed/17629517
http://doi.org/10.1038/s41379-019-0429-z
http://www.ncbi.nlm.nih.gov/pubmed/31844270
http://doi.org/10.1038/modpathol.2015.108
http://www.ncbi.nlm.nih.gov/pubmed/26403783
http://doi.org/10.18632/oncotarget.20911
http://www.ncbi.nlm.nih.gov/pubmed/29163797
http://doi.org/10.1007/s00428-020-02759-y
http://doi.org/10.1001/jamaoncol.2015.6326
http://doi.org/10.1111/jog.13411
http://doi.org/10.1038/modpathol.2016.64
http://www.ncbi.nlm.nih.gov/pubmed/27056074
http://doi.org/10.3389/fimmu.2018.01253
http://doi.org/10.18632/oncotarget.21641
http://www.ncbi.nlm.nih.gov/pubmed/29190964
http://doi.org/10.1007/s00428-018-2364-7
http://www.ncbi.nlm.nih.gov/pubmed/29736798
http://doi.org/10.1016/j.juro.2016.09.088

J. Clin. Med. 2022, 11, 1101 25 of 29

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Karim, R.; Jordanova, E.S; Piersma, S.J.; Kenter, G.G.; Chen, L.; Boer, ].M.; Melief, C.].M.; van der Burg, S.H. Tumor-Expressed
B7-H1 and B7-DC in Relation to PD-1+ T-Cell Infiltration and Survival of Patients with Cervical Carcinoma. Clin. Cancer Res.
2009, 15, 6341-6347. [CrossRef]

Grochot, R.M.; Brollo, J.; Neto, ER.; Tregnago, A.C.; Scholze, C.; Norris, R.; Silva, S.; Weschenfelder, D.C.; Reiriz, A.B.; Michelin,
L.; et al. Expression of PD-L1 in cervical carcinoma and its impact on survival associated with T-cell infiltration and FoxP3
expression. Cancer Manag. Res. 2019, 11, 4597-4605. [CrossRef] [PubMed]

Allouch, S.; Malki, A.; Allouch, A.; Gupta, I.; Vranic, S.; Al Moustafa, A.-E. High-Risk HPV Oncoproteins and PD-1/PD-L1
Interplay in Human Cervical Cancer: Recent Evidence and Future Directions. Front. Oncol. 2020, 10, 914. [CrossRef]
Garcia-Diaz, A.; Shin, D.S.; Moreno, B.H.; Saco, J.; Escuin-Ordinas, H.; Rodriguez, G.A.; Zaretsky, ].M.; Sun, L.; Hugo, W,;
Wang, X.; et al. Interferon Receptor Signaling Pathways Regulating PD-L1 and PD-L2 Expression. Cell Rep. 2017, 19, 1189-1201.
[CrossRef] [PubMed]

Taube, ] M.; Anders, R.A; Young, G.D.; Xu, H.; Sharma, R.; McMiller, T.L.; Chen, S.; Klein, A.P.; Pardoll, D.M.; Topalian, S.L.
Colocalization of inflammatory response with B7-h1 expression in human melanocytic lesions supports an adaptive resistance
mechanism of immune escape. Sci. Transl. Med. 2012, 4, ra37-ral27. [CrossRef] [PubMed]

Ovcinnikovs, V.; Ross, E.M.; Petersone, L.; Edner, N.M.; Heuts, F; Ntavli, E.; Kogimtzis, A.; Kennedy, A.; Wang, C.J.; Bennett, C.L.;
et al. CTLA-4-mediated transendocytosis of costimulatory molecules primarily targets migratory dendritic cells. Sci. Immunol.
2019, 4, eaaw0902. [CrossRef]

Zhu, C.; Anderson, A.C.; Schubart, A.; Xiong, H.; Imitola, J.; Khoury, S.J.; Zheng, X.X.; Strom, T.B.; Kuchroo, V.K. The Tim-3 ligand
galectin-9 negatively regulates T helper type 1 immunity. Nat. Immunol. 2005, 6, 1245-1252. [CrossRef] [PubMed]

Banerjee, H.; Nieves-Rosado, H.; Kulkarni, A.; Murter, B.; McGrath, K.V.; Chandran, U.R.; Chang, A.; Szymczak-Workman, A.L,;
Vujanovic, L.; Delgoffe, G.M.; et al. Expression of Tim-3 drives phenotypic and functional changes in Treg cells in secondary
lymphoid organs and the tumor microenvironment. Cell Rep. 2021, 36, 109699. [CrossRef] [PubMed]

Dardalhon, V.; Anderson, A.C.; Karman, J.; Apetoh, L.; Chandwaskar, R.; Lee, D.H.; Cornejo, M.; Nishi, N.; Yamauchi, A;
Quintana, EJ.; et al. Tim-3/Galectin-9 Pathway: Regulation of Thl Immunity through Promotion of CD11b+Ly-6G+ Myeloid
Cells. J. Immunol. 2010, 185, 1383-1392. [CrossRef] [PubMed]

Heeren, A.M.; Rotman, J.; Stam, A.G.M.; Pocorni, N.; Gassama, A.A.; Samuels, S.; Bleeker, M.C.G.; Mom, C.H.; Zijlmans,
H.J.M.A.A.; Kenter, G.G,; et al. Efficacy of PD-1 blockade in cervical cancer is related to a CD8(+)FoxP3(+)CD25(+) T-cell subset
with operational effector functions despite high immune checkpoint levels. J. Immunother. Cancer 2019, 7, 43. [CrossRef]

Schon, M.P,; Schén, M. Imiquimod: Mode of action. Br. |. Dermatol. 2007, 157, 8-13. [CrossRef]

Stanley, M.A. Imiquimod and the imidazoquinolones: Mechanism of action and therapeutic potential. Clin. Exp. Dermatol. 2002,
27,571-577. [CrossRef] [PubMed]

van Seters, M.; van Beurden, M.; ten Kate, FJ.W.; Beckmann, I.; Ewing, P.C.; Eijkemans, M.].C.; Kagie, M.].; Meijer, C.].M.;
Aaronson, N.K; KleinJan, A.; et al. Treatment of Vulvar Intraepithelial Neoplasia with Topical Imiquimod. N. Engl. ]. Med. 2008,
358, 1465-1473. [CrossRef]

Tristram, A.; Hurt, C.N.; Madden, T.; Powell, N.; Man, S.; Hibbitts, S.; Dutton, P.; Jones, S.; Nordin, A.J.; Naik, R; et al. Activity,
safety, and feasibility of cidofovir and imiquimod for treatment of vulval intraepithelial neoplasia (RT3VIN): A multicentre,
open-label, randomised, phase 2 trial. Lancet Oncol. 2014, 15, 1361-1368. [CrossRef]

de Witte, C.J.; van de Sande, A.].M.; van Beekhuizen, H.J.; Koeneman, M.M.; Kruse, A.].; Gerestein, C.G. Imiquimod in cervical,
vaginal and vulvar intraepithelial neoplasia: A review. Gynecol. Oncol. 2015, 139, 377-384. [CrossRef] [PubMed]

Deen, K.; Burdon-Jones, D. Imiquimod in the treatment of penile intraepithelial neoplasia: An update. Australas. . Dermatol. 2017,
58,86-92. [CrossRef] [PubMed]

Abdulrahman, Z.; Hendriks, N.; Kruse, A.; Sande, M.; Piek, J.; Kooreman, L.; Slangen, B.; Burg, S.H.; Esch, EM.G.; Steenwijk, PJ.
760 Inflammatory Immune Microenvironment in Cervical High-Grade Squamous Intraepithelial Lesions Predicts Response to
Topical Imiquimod Immunotherapy. Int. J. Gynecol. Cancer 2021, 31, A337.

Abdulrahman, Z.; de Miranda, N.E.C.C.; Hellebrekers, B.W.J.; de Vos van Steenwijk, P.J.; van Esch, EM.G.; van der Burg, S.H.;
van Poelgeest, M.LE. A pre-existing coordinated inflammatory microenvironment is associated with complete response of vulvar
high-grade squamous intraepithelial lesions to different forms of immunotherapy. Int. J. Cancer 2020, 147, 2914-2923. [CrossRef]
[PubMed]

van Poelgeest, M.LE.; van Seters, M.; van Beurden, M.; Kwappenberg, K.M.C.; Heijmans-Antonissen, C.; Drijthout, ].W.; Melief,
C.JM.; Kenter, G.G.; Helmerhorst, T.J.M.; Offringa, R.; et al. Detection of Human Papillomavirus (HPV) 16-Specific CD4+
T-cell Immunity in Patients with Persistent HPV16-Induced Vulvar Intraepithelial Neoplasia in Relation to Clinical Impact of
Imiquimod Treatment. Clin. Cancer Res. 2005, 11, 5273-5280. [CrossRef]

Daayana, S.; Elkord, E.; Winters, U.; Pawlita, M.; Roden, R.; Stern, P.L.; Kitchener, H.C. Phase II trial of imiquimod and HPV
therapeutic vaccination in patients with vulval intraepithelial neoplasia. Br. J. Cancer 2010, 102, 1129-1136. [CrossRef] [PubMed]
Garbuglia, A.R; Lapa, D.; Sias, C.; Capobianchi, M.R.; Del Porto, P. The Use of both Therapeutic and Prophylactic Vaccines in the
Therapy of Papillomavirus Disease. Front. Immunol. 2020, 11, 188. [CrossRef]

Chabeda, A.; Yanez, R.J.R.; Lamprecht, R.; Meyers, A.E.; Rybicki, E.P; Hitzeroth, LI. Therapeutic vaccines for high-risk HPV-
associated diseases. Papillomavirus Res. 2018, 5, 46-58. [CrossRef]


http://doi.org/10.1158/1078-0432.CCR-09-1652
http://doi.org/10.2147/CMAR.S194597
http://www.ncbi.nlm.nih.gov/pubmed/31191020
http://doi.org/10.3389/fonc.2020.00914
http://doi.org/10.1016/j.celrep.2017.04.031
http://www.ncbi.nlm.nih.gov/pubmed/28494868
http://doi.org/10.1126/scitranslmed.3003689
http://www.ncbi.nlm.nih.gov/pubmed/22461641
http://doi.org/10.1126/sciimmunol.aaw0902
http://doi.org/10.1038/ni1271
http://www.ncbi.nlm.nih.gov/pubmed/16286920
http://doi.org/10.1016/j.celrep.2021.109699
http://www.ncbi.nlm.nih.gov/pubmed/34525351
http://doi.org/10.4049/jimmunol.0903275
http://www.ncbi.nlm.nih.gov/pubmed/20574007
http://doi.org/10.1186/s40425-019-0526-z
http://doi.org/10.1111/j.1365-2133.2007.08265.x
http://doi.org/10.1046/j.1365-2230.2002.01151.x
http://www.ncbi.nlm.nih.gov/pubmed/12464152
http://doi.org/10.1056/NEJMoa072685
http://doi.org/10.1016/S1470-2045(14)70456-5
http://doi.org/10.1016/j.ygyno.2015.08.018
http://www.ncbi.nlm.nih.gov/pubmed/26335596
http://doi.org/10.1111/ajd.12466
http://www.ncbi.nlm.nih.gov/pubmed/26952903
http://doi.org/10.1002/ijc.33168
http://www.ncbi.nlm.nih.gov/pubmed/32574376
http://doi.org/10.1158/1078-0432.CCR-05-0616
http://doi.org/10.1038/sj.bjc.6605611
http://www.ncbi.nlm.nih.gov/pubmed/20234368
http://doi.org/10.3389/fimmu.2020.00188
http://doi.org/10.1016/j.pvr.2017.12.006

J. Clin. Med. 2022, 11, 1101 26 of 29

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Bakker, N.A.M.; Rotman, J.; van Beurden, M.; Zijlmans, HJ.M.A.A; van Ruiten, M.; Samuels, S.; Nuijen, B.; Beijnen, J.; De Visser,
K.; Haanen, |.; et al. HPV-16 E6/E7 DNA tattoo vaccination using genetically optimized vaccines elicit clinical and immunological
responses in patients with usual vulvar intraepithelial neoplasia (uVIN): A phase I/1I clinical trial. J. Immunother. Cancer 2021, 9,
€002547. [CrossRef]

Smalley Rumfield, C.; Roller, N.; Pellom, S.T.; Schlom, J.; Jochems, C. Therapeutic Vaccines for HPV-Associated Malignancies.
ImmunoTargets Ther. 2020, 9, 167-200. [CrossRef] [PubMed]

Samuels, S.; Marijne Heeren, A.; Zijlmans, H.J.M.A.A.; Welters, M.].P; van den Berg, ]. H.; Philips, D.; Kvistborg, P.; Ehsan,
L; Scholl, S.M.E.; Nuijen, B.; et al. HPV16 E7 DNA tattooing: Safety, immunogenicity, and clinical response in patients with
HPV-positive vulvar intraepithelial neoplasia. Cancer Immunol. Immunother. 2017, 66, 1163-1173. [CrossRef] [PubMed]

Kim, T.J; Jin, H.-T.; Hur, S.-Y.; Yang, H.G; Seo, Y.B.; Hong, S.R.; Lee, C.-W.; Kim, S.; Woo, ].-W.; Park, K.S; et al. Clearance of
persistent HPV infection and cervical lesion by therapeutic DNA vaccine in CIN3 patients. Nat. Commun. 2014, 5, 5317. [CrossRef]
[PubMed]

Broderick, K.E.; Humeau, L.M. Electroporation-enhanced delivery of nucleic acid vaccines. Expert Rev. Vaccines 2015, 14, 195-204.
[CrossRef]

Choi, Y.J.; Hur, S.Y,; Kim, T.-].; Hong, S.R.; Lee, ] K.; Cho, C.-H.; Park, K.S.; Woo, ].W.; Sung, Y.C.; Suh, Y.S.; et al. A Phase
II, Prospective, Randomized, Multicenter, Open-Label Study of GX-188E, an HPV DNA Vaccine, in Patients with Cervical
Intraepithelial Neoplasia 3. Clin. Cancer Res. 2020, 26, 1616-1623. [CrossRef]

Trimble, C.L.; Morrow, M.P,; Kraynyak, K.A.; Shen, X.; Dallas, M.; Yan, J.; Edwards, L.; Parker, R.L.; Denny, L.; Giffear, M.; et al.
Safety, efficacy, and immunogenicity of VGX-3100, a therapeutic synthetic DNA vaccine targeting human papillomavirus 16 and
18 E6 and E7 proteins for cervical intraepithelial neoplasia 2/3: A randomised, double-blind, placebo-controlled phase 2b trial.
Lancet 2015, 386, 2078-2088. [CrossRef]

Verstrepen, B.E.; Bins, A.D.; Rollier, C.S.; Mooij, P.; Koopman, G.; Sheppard, N.C.; Sattentau, Q.; Wagner, R.; Wolf, H.; Schu-
macher, TN.M.; et al. Improved HIV-1 specific T-cell responses by short-interval DNA tattooing as compared to intramuscular
immunization in non-human primates. Vaccine 2008, 26, 3346-3351. [CrossRef]

van Poelgeest, M.LE.; Welters, M.].P.; Vermeij, R.; Stynenbosch, L.EM.; Loof, N.M.; Berends-van der Meer, D.M.A.; Lowik, M.].G,;
Hamming, I.L.E.; van Esch, EM.G.; Hellebrekers, B.W.J.; et al. Vaccination against Oncoproteins of HPV16 for Noninvasive
Vulvar/Vaginal Lesions: Lesion Clearance Is Related to the Strength of the T-Cell Response. Clin. Cancer Res. 2016, 22, 2342-2350.
[CrossRef]

Kenter, G.G.; Welters, M.].P,; Valentijn, A.R.PM.; Lowik, M.].G.; Berends-van der Meer, D.M.A; Vloon, A.P.G.; Essahsah, F;
Fathers, L.M.; Offringa, R.; Drijthout, ].W.; et al. Vaccination against HPV-16 Oncoproteins for Vulvar Intraepithelial Neoplasia. N.
Engl. ]. Med. 2009, 361, 1838-1847. [CrossRef]

Abdulrahman, Z.; Kortekaas, K.E.; De Vos Van Steenwijk, P.J.; Van Der Burg, S.H.; Van Poelgeest, M.L.E. The immune microen-
vironment in vulvar (pre)cancer: Review of literature and implications for immunotherapy. Expert Opin. Biol. Ther. 2018, 18,
1223-1233. [CrossRef]

van Poelgeest, M.LE.; Welters, M.].P,; van Esch, E.M.G.; Stynenbosch, L.EM.; Kerpershoek, G.; van Persijn van Meerten, E.L.; van
den Hende, M.; Lowik, M.].G.; Berends-van der Meer, D.M.A.; Fathers, L.M.; et al. HPV16 synthetic long peptide (HPV16-SLP)
vaccination therapy of patients with advanced or recurrent HPV16-induced gynecological carcinoma, a phase II trial. ]. Transl.
Med. 2013, 11, 88. [CrossRef] [PubMed]

Massarelli, E.; William, W.; Johnson, F.; Kies, M.; Ferrarotto, R.; Guo, M.; Feng, L.; Lee, ].].; Tran, H.; Kim, Y.U.; et al. Combining
Immune Checkpoint Blockade and Tumor-Specific Vaccine for Patients with Incurable Human Papillomavirus 16-Related Cancer:
A Phase 2 Clinical Trial. JAMA Oncol. 2019, 5, 67-73. [CrossRef] [PubMed]

Bagarazzi, M.L.; Yan, ].; Morrow, M.P;; Shen, X.; Parker, R.L,; Lee, J.C.; Giffear, M.; Pankhong, P.; Khan, A.S.; Broderick, K.E.; et al.
Immunotherapy against HPV16/18 generates potent TH1 and cytotoxic cellular immune responses. Sci. Transl. Med. 2012, 4,
155ral138. [CrossRef] [PubMed]

Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, ].].; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.; Rutkowski,
P; et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N. Engl. |. Med. 2015, 373, 23-34.
[CrossRef]

Borghaei, H.; Paz-Ares, L.; Horn, L.; Spigel, D.R.; Steins, M.; Ready, N.E.; Chow, L.Q.; Vokes, E.E.; Felip, E.; Holgado, E.; et al.
Nivolumab versus Docetaxel in Advanced Nonsquamous Non-Small-Cell Lung Cancer. N. Engl. ]. Med. 2015, 373, 1627-1639.
[CrossRef]

Shamseddine, A.A.; Burman, B.; Lee, N.Y.; Zamarin, D.; Riaz, N. Tumor Immunity and Immunotherapy for HPV-Related Cancers.
Cancer Discov. 2021, 11, 1896-1912. [CrossRef] [PubMed]

Ferris, R.L.; Blumenschein, G., Jr.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Harrington, K.; Kasper, S.; Vokes, E.E.; Even,
C. Nivolumab for recurrent squamous-cell carcinoma of the head and neck. N. Engl. J. Med. 2016, 375, 1856-1867. [CrossRef]
[PubMed]

Ferris, R.L.; Haddad, R.; Even, C.; Tahara, M.; Dvorkin, M.; Ciuleanu, T.E.; Clement, PM.; Mesia, R.; Kutukova, S.; Zholudeva, L.
Durvalumab with or without tremelimumab in patients with recurrent or metastatic head and neck squamous cell carcinoma:
EAGLE, a randomized, open-label phase III study. Ann. Oncol. 2020, 31, 942-950. [CrossRef]


http://doi.org/10.1136/jitc-2021-002547
http://doi.org/10.2147/ITT.S273327
http://www.ncbi.nlm.nih.gov/pubmed/33117742
http://doi.org/10.1007/s00262-017-2006-y
http://www.ncbi.nlm.nih.gov/pubmed/28451790
http://doi.org/10.1038/ncomms6317
http://www.ncbi.nlm.nih.gov/pubmed/25354725
http://doi.org/10.1586/14760584.2015.990890
http://doi.org/10.1158/1078-0432.CCR-19-1513
http://doi.org/10.1016/S0140-6736(15)00239-1
http://doi.org/10.1016/j.vaccine.2008.03.091
http://doi.org/10.1158/1078-0432.CCR-15-2594
http://doi.org/10.1056/NEJMoa0810097
http://doi.org/10.1080/14712598.2018.1542426
http://doi.org/10.1186/1479-5876-11-88
http://www.ncbi.nlm.nih.gov/pubmed/23557172
http://doi.org/10.1001/jamaoncol.2018.4051
http://www.ncbi.nlm.nih.gov/pubmed/30267032
http://doi.org/10.1126/scitranslmed.3004414
http://www.ncbi.nlm.nih.gov/pubmed/23052295
http://doi.org/10.1056/NEJMoa1504030
http://doi.org/10.1056/NEJMoa1507643
http://doi.org/10.1158/2159-8290.CD-20-1760
http://www.ncbi.nlm.nih.gov/pubmed/33990345
http://doi.org/10.1056/NEJMoa1602252
http://www.ncbi.nlm.nih.gov/pubmed/27718784
http://doi.org/10.1016/j.annonc.2020.04.001

J. Clin. Med. 2022, 11, 1101 27 of 29

172.

173.

174.

175.

176.

177.

178.
179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Burtness, B.; Harrington, K.J.; Greil, R.; Souliéres, D.; Tahara, M.; de Castro, G., Jr.; Psyrri, A.; Basté, N.; Neupane, P; Bratland,
A. Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy for recurrent or metastatic squamous
cell carcinoma of the head and neck (KEYNOTE-048): A randomised, open-label, phase 3 study. Lancet 2019, 394, 1915-1928.
[CrossRef]

Cohen, E.E.W.; Souliéres, D.; Le Tourneau, C.; Dinis, J.; Licitra, L.; Ahn, M.-].; Soria, A.; Machiels, J.-P.; Mach, N.; Mehra, R.
Pembrolizumab versus methotrexate, docetaxel, or cetuximab for recurrent or metastatic head-and-neck squamous cell carcinoma
(KEYNOTE-040): A randomised, open-label, phase 3 study. Lancet 2019, 393, 156-167. [CrossRef]

Colombo, N.; Dubot, C.; Lorusso, D.; Caceres, M.V.; Hasegawa, K.; Shapira-Frommer, R.; Tewari, K.S.; Salman, P.; Hoyos Usta, E.;
Yafiez, E.; et al. Pembrolizumab for Persistent, Recurrent, or Metastatic Cervical Cancer. N. Engl. ]. Med. 2021, 385, 1856-1867.
[CrossRef] [PubMed]

Chung, H.C.; Ros, W.; Delord, ].-P.; Perets, R.; Italiano, A.; Shapira-Frommer, R.; Manzuk, L.; Piha-Paul, S.A.; Xu, L.; Zeigenfuss,
S.; et al. Efficacy and Safety of Pembrolizumab in Previously Treated Advanced Cervical Cancer: Results From the Phase II
KEYNOTE-158 Study. J. Clin. Oncol. 2019, 37, 1470-1478. [CrossRef] [PubMed]

Tewari, K.S.; Monk, B.J.; Vergote, I.; Miller, A.; de Melo, A.C.; Kim, H.S.; Kim, Y.M,; Lisyanskaya, A.; Samouélian, V.; Lorusso,
D.; et al. VP4-2021: EMPOWER-Cervical 1/GOG-3016/ENGOT-cx9: Interim analysis of phase III trial of cemiplimab vs.
investigator’s choice (IC) chemotherapy (chemo) in recurrent/metastatic (R/M) cervical carcinoma. Ann. Oncol. 2021, 32, 940-941.
[CrossRef]

Frenel, J.-S.; Le Tourneau, C.; O'Neil, B.; Ott, P.A ; Piha-Paul, S.A.; Gomez-Roca, C.; van Brummelen, E.M.].; Rugo, H.S.; Thomas,
S.; Saraf, S.; et al. Safety and Efficacy of Pembrolizumab in Advanced, Programmed Death Ligand 1-Positive Cervical Cancer:
Results from the Phase Ib KEYNOTE-028 Trial. J. Clin. Oncol. 2017, 35, 4035-4041. [CrossRef] [PubMed]

Caruso, C. Pembrolizumab OK’d for Cervical Cancer. Cancer Discov. 2018, 8, 904.

Naumann, R.W.; Hollebecque, A.; Meyer, T.; Devlin, M.-].; Oaknin, A.; Kerger, ].; Lopez-Picazo, ].M.; Machiels, J.-P.; Delord,
J.-P; Evans, T.R.].; et al. Safety and Efficacy of Nivolumab Monotherapy in Recurrent or Metastatic Cervical, Vaginal, or Vulvar
Carcinoma: Results from the Phase I/II CheckMate 358 Trial. J. Clin. Oncol. 2019, 37, 2825-2834. [CrossRef]

Santin, A.D.; Deng, W.; Frumovitz, M.; Buza, N.; Bellone, S.; Huh, W.; Khleif, S.; Lankes, H.A.; Ratner, E.S.; O’Cearbhaill, R.E,;
et al. Phase II evaluation of nivolumab in the treatment of persistent or recurrent cervical cancer (NCT02257528 /NRG-GY002).
Guynecol. Oncol. 2020, 157, 161-166. [CrossRef]

O’Malley, D.M.; Oaknin, A.; Monk, B.J.; Selle, F.; Rojas, C.; Gladieff, L.; Berton, D.; Leary, A.; Moore, K.N.; Estevez-Diz, M.D.P;
et al. Phase II study of the safety and efficacy of the anti-PD-1 antibody balstilimab in patients with recurrent and/or metastatic
cervical cancer. Gynecol. Oncol. 2021, 163, 274-280. [CrossRef]

Lheureux, S.; Butler, M.O.; Clarke, B.; Cristea, M.C.; Martin, L.P,; Tonkin, K.; Fleming, G.E; Tinker, A.V.; Hirte, H.-W.; Tsoref,
D.; et al. Association of Ipilimumab with Safety and Antitumor Activity in Women with Metastatic or Recurrent Human
Papillomavirus-Related Cervical Carcinoma. JAMA Oncol. 2018, 4, €173776. [CrossRef]

Mayadeyv, J.S.; Enserro, D.; Lin, Y.G.; Da Silva, D.M.; Lankes, H.A.; Aghajanian, C.; Ghamande, S.; Moore, K.N.; Kennedy, V.A,;
Fracasso, PM.; et al. Sequential Ipilimumab after Chemoradiotherapy in Curative-Intent Treatment of Patients with Node-Positive
Cervical Cancer. JAMA Oncol. 2020, 6, 92-99. [CrossRef]

Da Silva, D.M.; Enserro, D.M.; Mayadeyv, ].S.; Skeate, ].G.; Matsuo, K.; Pham, H.Q.; Lankes, H.A.; Moxley, KM.; Ghamande, S.A;
Lin, Y.G,; et al. Immune Activation in Patients with Locally Advanced Cervical Cancer Treated with Ipilimumab Following
Definitive Chemoradiation (GOG-9929). Clin. Cancer Res. 2020, 26, 5621-5630. [CrossRef] [PubMed]

Rischin, D.; Gil-Martin, M.; Gonzélez-Martin, A.; Brana, I.; Hou, ].Y.; Cho, D.; Falchook, G.S.; Formenti, S.; Jabbour, S.; Moore,
K. et al. PD-1 blockade in recurrent or metastatic cervical cancer: Data from cemiplimab phase I expansion cohorts and
characterization of PD-L1 expression in cervical cancer. Gynecol. Oncol. 2020, 159, 322-328. [CrossRef] [PubMed]

Naumann, RW.; Oaknin, A.; Meyer, T.; Lopez-Picazo, ].M.; Lao, C.; Bang, Y.-J.; Boni, V.; Sharfman, W.H.; Park, J.C.; Devriese,
L.A,; et al. LBA62—Efficacy and safety of nivolumab (Nivo) + ipilimumab (Ipi) in patients (pts) with recurrent/metastatic (R/M)
cervical cancer: Results from CheckMate 358. Ann. Oncol. 2019, 30, v898-v899. [CrossRef]

O’Malley, D.M.; Oaknin, A.; Monk, B.J.; Leary, A.; Selle, F.; Alexandre, J.; Randall, L.M.; Rojas, C.; Neffa, M.; Kryzhanivska, A.;
et al. LBA34 Single-agent anti-PD-1 balstilimab or in combination with anti-CTLA-4 zalifrelimab for recurrent/metastatic (R/M)
cervical cancer (CC): Preliminary results of two independent phase II trials. Ann. Oncol. 2020, 31, S1164-51165. [CrossRef]
Shields, L.B.E.; Gordinier, M.E. Pembrolizumab in Recurrent Squamous Cell Carcinoma of the Vulva: Case Report and Review of
the Literature. Gynecol. Obstet. Investig. 2019, 84, 94-98. [CrossRef]

Ott, PA.; Bang, Y.-].; Piha-Paul, S.A.; Razak, A.R.A.; Bennouna, J.; Soria, ].-C.; Rugo, H.S.; Cohen, R.B.; O'Neil, B.H.; Mehnert, ] M.;
et al. T-Cell-Inflamed Gene-Expression Profile, Programmed Death Ligand 1 Expression, and Tumor Mutational Burden Predict
Efficacy in Patients Treated with Pembrolizumab Across 20 Cancers: KEYNOTE-028. J. Clin. Oncol. 2018, 37, 318-327. [CrossRef]
Frommer, R.S.; Mileshkin, L.; Manzyuk, L.; Penel, N.; Burge, M.; Piha-Paul, S.; Girda, E.; Martin, J.L.; van Dongen, M.; Italiano, A;
et al. Pembrolizumab for vulvar squamous cell carcinoma: Results from the phase 2 KEYNOTE-158 study. Gynecol. Oncol. 2021,
162, S44. [CrossRef]

Naing, A.; Meric-Bernstam, F.; Stephen, B.; Karp, D.D.; Hajjar, J.; Rodon Ahnert, J.; Piha-Paul, S.A.; Colen, R.R,; Jimenez, C,;
Raghav, K.P; et al. Phase 2 study of pembrolizumab in patients with advanced rare cancers. . Immunother. Cancer 2020, 8, €000347.
[CrossRef]


http://doi.org/10.1016/S0140-6736(19)32591-7
http://doi.org/10.1016/S0140-6736(18)31999-8
http://doi.org/10.1056/NEJMoa2112435
http://www.ncbi.nlm.nih.gov/pubmed/34534429
http://doi.org/10.1200/JCO.18.01265
http://www.ncbi.nlm.nih.gov/pubmed/30943124
http://doi.org/10.1016/j.annonc.2021.04.009
http://doi.org/10.1200/JCO.2017.74.5471
http://www.ncbi.nlm.nih.gov/pubmed/29095678
http://doi.org/10.1200/JCO.19.00739
http://doi.org/10.1016/j.ygyno.2019.12.034
http://doi.org/10.1016/j.ygyno.2021.08.018
http://doi.org/10.1001/jamaoncol.2017.3776
http://doi.org/10.1001/jamaoncol.2019.3857
http://doi.org/10.1158/1078-0432.CCR-20-0776
http://www.ncbi.nlm.nih.gov/pubmed/32816895
http://doi.org/10.1016/j.ygyno.2020.08.026
http://www.ncbi.nlm.nih.gov/pubmed/32917410
http://doi.org/10.1093/annonc/mdz394.059
http://doi.org/10.1016/j.annonc.2020.08.2264
http://doi.org/10.1159/000491090
http://doi.org/10.1200/JCO.2018.78.2276
http://doi.org/10.1016/S0090-8258(21)00728-9
http://doi.org/10.1136/jitc-2019-000347

J. Clin. Med. 2022, 11, 1101 28 of 29

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

How, J.A.; Jazaeri, A.A.; Soliman, P.T.; Fleming, N.D.; Gong, J.; Piha-Paul, S.A.; Janku, F,; Stephen, B.; Naing, A. Pembrolizumab
in vaginal and vulvar squamous cell carcinoma: A case series from a phase II basket trial. Sci. Rep. 2021, 11, 3667. [CrossRef]
Hahn, A.W.; Chahoud, J.; Campbell, M.T.; Karp, D.D.; Wang, J.; Stephen, B.; Tu, S.-M.; Pettaway, C.A.; Naing, A. Pembrolizumab
for advanced penile cancer: A case series from a phase II basket trial. Investig. New Drugs 2021, 39, 1405-1410. [CrossRef]
Chahoud, J.; Skelton, W.P.; Spiess, PE.; Walko, C.; Dhillon, J.; Gage, K.L.; Johnstone, P.A.S.; Jain, R.K. Case Report: Two Cases of
Chemotherapy Refractory Metastatic Penile Squamous Cell Carcinoma with Extreme Durable Response to Pembrolizumab. Front.
Oncol. 2020, 10, 2888. [CrossRef] [PubMed]

Trafalis, D.T.; Alifieris, C.E.; Kalantzis, A.; Verigos, K.E.; Vergadis, C.; Sauvage, S. Evidence for Efficacy of Treatment with the
Anti-PD-1 Mab Nivolumab in Radiation and Multichemorefractory Advanced Penile Squamous Cell Carcinoma. J. Immunother.
2018, 41, 300-305. [CrossRef] [PubMed]

McGregor, B.A.; Campbell, M.T.; Xie, W.; Farah, S.; Bilen, M.A.; Schmidt, A.L.; Sonpavde, G.P,; Kilbridge, K.L.; Choudhury,
A.D.; Mortazavi, A.; et al. Results of a multicenter, phase 2 study of nivolumab and ipilimumab for patients with advanced rare
genitourinary malignancies. Cancer 2021, 127, 840-849. [CrossRef] [PubMed]

Borella, F.; Preti, M.; Bertero, L.; Collemi, G.; Castellano, I.; Cassoni, P.; Cosma, S.; Carosso, A.R.; Bevilacqua, F,; Gallio, N.; et al. Is
There a Place for Immune Checkpoint Inhibitors in Vulvar Neoplasms? A State of the Art Review. Int. . Mol. Sci. 2020, 22, 190.
[CrossRef]

Rotman, J.; den Otter, L.A.S.; Bleeker, M.C.G.; Samuels, S.S.; Heeren, A.M.; Roemer, M.G.M.; Kenter, G.G.; Zijlmans, H]J M.A.A;
van Trommel, N.E.; de Gruijl, T.D.; et al. PD-L1 and PD-L2 Expression in Cervical Cancer: Regulation and Biomarker Potential.
Front. Immunol. 2020, 11, 596825. [CrossRef]

Chahoud, J.; Pickering, C.R.; Pettaway, C.A. Genetics and penile cancer: Recent developments and implications. Curr. Opin. Urol.
2019, 29, 364-370. [CrossRef]

Trietsch, M.D.; Nooij, L.S.; Gaarenstroom, K.N.; van Poelgeest, M.LLE. Genetic and epigenetic changes in vulvar squamous cell
carcinoma and its precursor lesions: A review of the current literature. Gynecol. Oncol. 2015, 136, 143-157. [CrossRef]

Lohneis, P.; Boral, S.; Kaufmann, A.M.; Lehmann, A.; Schewe, C.; Dietel, M.; Anagnostopoulos, I.; Johrens, K. Human papilloma
virus status of penile squamous cell carcinoma is associated with differences in tumour-infiltrating T lymphocytes. Virchows Arch.
2015, 466, 323-331. [CrossRef]

Berry, S.; Giraldo, N.A.; Green, B.F; Cottrell, TR,; Stein, J.E.; Engle, E.L.; Xu, H.; Ogurtsova, A.; Roberts, C.; Wang, D.; et al.
Analysis of multispectral imaging with the AstroPath platform informs efficacy of PD-1 blockade. Science 2021, 372, eaba2609.
[CrossRef]

Francis, D.M.; Manspeaker, M.P,; Schudel, A.; Sestito, L.F.; O’Melia, M.].; Kissick, H.T.; Pollack, B.P.; Waller, E.K.; Thomas, S.N.
Blockade of immune checkpoints in lymph nodes through locoregional delivery augments cancer immunotherapy. Sci. Transl.
Med. 2020, 12, eaay3575. [CrossRef]

Dammeijer, F,; van Gulijk, M.; Mulder, E.E.; Lukkes, M.; Klaase, L.; van den Bosch, T.; van Nimwegen, M.; Lau, S.P,; Latupeirissa,
K.; Schetters, S. The PD-1/PD-L1-checkpoint restrains T cell immunity in tumor-draining lymph nodes. Cancer Cell 2020, 38,
685-700. [CrossRef] [PubMed]

Fransen, M.E.; Schoonderwoerd, M.; Knopf, P.; Camps, M.G.M.; Hawinkels, L.].A.C.; Kneilling, M.; van Hall, T.; Ossendorp, F.
Tumor-draining lymph nodes are pivotal in PD-1/PD-L1 checkpoint therapy. JCI Insight 2018, 3, €124507. [CrossRef] [PubMed]
van Pul, KM.; Fransen, M.E; van de Ven, R.; de Gruijl, T.D. Immunotherapy Goes Local: The Central Role of Lymph Nodes in
Driving Tumor Infiltration and Efficacy. Front. Immunol. 2021, 12, 518. [CrossRef]

Molenkamp, B.G.; van Leeuwen, P.A.M.; Meijer, S.; Sluijter, B.J.R.; Wijnands, P.G.J.T.B.; Baars, A.; van den Eertwegh, A.J.M.;
Scheper, R].; de Gruijl, T.D. Intradermal CpG-B Activates Both Plasmacytoid and Myeloid Dendritic Cells in the Sentinel Lymph
Node of Melanoma Patients. Clin. Cancer Res. 2007, 13, 2961-2969. [CrossRef] [PubMed]

Koster, B.D.; van den Hout, M.F.C.M,; Sluijter, B.J.R.; Molenkamp, B.G.; Vuylsteke, R.J.C.L.M.; Baars, A.; van Leeuwen, PAM,;
Scheper, R.].; van den Tol, M.; van den Eertwegh, A.J.M.; et al. Local Adjuvant Treatment with Low-Dose CpG-B Offers Durable
Protection against Disease Recurrence in Clinical Stage I{\ textendash}II Melanoma: Data from Two Randomized Phase II Trials.
Clin. Cancer Res. 2017, 23, 5679-5686. [CrossRef] [PubMed]

Champiat, S.; Tselikas, L.; Farhane, S.; Raoult, T.; Texier, M.; Lanoy, E.; Massard, C.; Robert, C.; Ammari, S.; De Baere, T.; et al.
Intratumoral Immunotherapy: From Trial Design to Clinical Practice. Clin. Cancer Res. 2021, 27, 665-679. [CrossRef]
McGranahan, N.; Furness, A.].S.; Rosenthal, R.; Ramskov, S.; Lyngaa, R.; Saini, S.K.; Jamal-Hanjani, M.; Wilson, G.A.; Birkbak,
N.J.; Hiley, C.T.; et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. Science
2016, 351, 1463-1469. [CrossRef]

Francis, D.M.; Thomas, S.N. Progress and opportunities for enhancing the delivery and efficacy of checkpoint inhibitors for
cancer immunotherapy. Adv. Drug Deliv. Rev. 2017, 114, 33—42. [CrossRef]

Rotman, J.; Mom, C.H.; Jordanova, E.S.; de Gruijl, T.D.; Kenter, G.G. ‘DURVIT": A phase-I trial of single low-dose durvalumab
(Medi4736) IntraTumourally injected in cervical cancer: Safety, toxicity and effect on the primary tumour- and lymph node
microenvironment. BMC Cancer 2018, 18, 888. [CrossRef]


http://doi.org/10.1038/s41598-021-83317-7
http://doi.org/10.1007/s10637-021-01100-x
http://doi.org/10.3389/fonc.2020.615298
http://www.ncbi.nlm.nih.gov/pubmed/33425770
http://doi.org/10.1097/CJI.0000000000000221
http://www.ncbi.nlm.nih.gov/pubmed/29642086
http://doi.org/10.1002/cncr.33328
http://www.ncbi.nlm.nih.gov/pubmed/33216356
http://doi.org/10.3390/ijms22010190
http://doi.org/10.3389/fimmu.2020.596825
http://doi.org/10.1097/MOU.0000000000000640
http://doi.org/10.1016/j.ygyno.2014.11.002
http://doi.org/10.1007/s00428-014-1713-4
http://doi.org/10.1126/science.aba2609
http://doi.org/10.1126/scitranslmed.aay3575
http://doi.org/10.1016/j.ccell.2020.09.001
http://www.ncbi.nlm.nih.gov/pubmed/33007259
http://doi.org/10.1172/jci.insight.124507
http://www.ncbi.nlm.nih.gov/pubmed/30518694
http://doi.org/10.3389/fimmu.2021.643291
http://doi.org/10.1158/1078-0432.CCR-07-0050
http://www.ncbi.nlm.nih.gov/pubmed/17504997
http://doi.org/10.1158/1078-0432.CCR-17-0944
http://www.ncbi.nlm.nih.gov/pubmed/28972083
http://doi.org/10.1158/1078-0432.CCR-20-0473
http://doi.org/10.1126/science.aaf1490
http://doi.org/10.1016/j.addr.2017.04.011
http://doi.org/10.1186/s12885-018-4764-0

J. Clin. Med. 2022, 11, 1101 29 of 29

213. Rotman, J.; Koster, B.D.; Jordanova, E.S.; Heeren, A.M.; de Gruijl, T.D. Unlocking the therapeutic potential of primary tumor-
draining lymph nodes. Cancer Immunol. Immunother. 2019, 68, 1681-1688. [CrossRef] [PubMed]

214. Topalian, S.L.; Taube, ].M.; Pardoll, D.M. Neoadjuvant checkpoint blockade for cancer immunotherapy. Science 2020, 367, 6477.
[CrossRef] [PubMed]


http://doi.org/10.1007/s00262-019-02330-y
http://www.ncbi.nlm.nih.gov/pubmed/30944963
http://doi.org/10.1126/science.aax0182
http://www.ncbi.nlm.nih.gov/pubmed/32001626

	Introduction 
	HPV Infection, Prevention, and Related Urogenital (Pre-)Malignancies 
	HPV Infection 
	Prophylactic Vaccines Play an Important Role in Preventing Initial HPV Infection 
	HPV-Related (Pre-)Cancer of the Cervix, Vulva, and Penis 
	Cervical Cancer and Precursor Lesions 
	Vulvar Cancer and Precursor Lesions 
	Penile Cancer and Precursor Lesions 


	Immune Evasion Strategies of HPV and HPV-Related Cancer and Precursor Lesions of the Cervix, Vulva, and Penis 
	Intracellular Immune Evasion Strategies of HPV 
	Extracellular Immune Evasion Strategies of HPV-Related (Pre-)Cancers 
	Antigen-Presenting Cells 
	T-Helper Cell and Cytotoxic T-Cell Responses 
	Regulatory T Cells 
	Myeloid Cells 
	T-Cell Activation and Inhibition 


	Restoring Immune Cell Function in the HPV-Related Tumor Microenvironment 
	Toll-like Receptor Agonists 
	Therapeutic HPV Vaccination 
	Immune Checkpoint Inhibitors in HPV-Related Cancer of the Cervix, Vulva, and Penis 
	Immune Checkpoint Inhibitors and Cervical Cancer—Results 
	First-Line Treatment for Recurrent or Metastatic Cervical Cancer 
	Trials with PD-1/PD-L1 or CTLA-4 Inhibitor Therapy in Cervical Cancer—Second-Line 
	Combination of Checkpoint Inhibitors in Cervical Cancer 
	Immune Checkpoint Inhibitors and Rare HPV-Related Malignancies (Vulva and Penis) 
	Predictors of Response to PD-1/PD-L1 Inhibitors 

	Clinical Opportunities for Local Immune Modulation in HPV-Related Cancers 

	Conclusions and Future Perspectives 
	References

