é){v% diagnostics

Systematic Review

T Cell Immunity in Human Papillomavirus-Related Cutaneous
Squamous Cell Carcinoma—A Systematic Review

Shi Huan Tay !

check for
updates

Citation: Tay, S.H.; Oh, C.C. T Cell
Immunity in Human Papillomavirus-
Related Cutaneous Squamous Cell
Carcinoma—A Systematic Review.
Diagnostics 2024, 14, 473. https://
doi.org/10.3390/ diagnostics14050473

Academic Editor: Laurent Bélec

Received: 5 January 2024
Revised: 19 February 2024
Accepted: 19 February 2024
Published: 21 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Choon Chiat Oh 1.2/*

Duke-NUS Medical School, Singapore 169857, Singapore; tay_shi_huan@u.duke.nus.edu
Department of Dermatology, Singapore General Hospital, Singapore 169608, Singapore
*  Correspondence: oh.choon.chiat@singhealth.com.sg

2

Abstract: Cutaneous squamous cell carcinoma (cSCC) is an invasive malignancy that disproportion-
ately afflicts immunosuppressed individuals. The close associations of cSCC with immunosuppres-
sion and human papillomavirus (HPV) infection beget the question of how these three entities are
intertwined in carcinogenesis. By exploring the role of T cell immunity in HPV-related ¢SCC based
on the existing literature, we found that the loss of T cell immunity in the background of 3-HPV in-
fection promotes cSCC initiation following exposure to environmental carcinogens or chronic trauma.
This highlights the potential of developing T-cell centred therapeutic and preventive strategies for
populations with increased ¢SCC risk.

Keywords: cutaneous squamous cell carcinoma; human papillomavirus; T cell; immunosuppression;

animal model

1. Introduction

Cutaneous squamous cell carcinoma (cSCC) is an invasive malignancy that arises from
keratinocytes. Its rising global incidence and its severe burden on immunosuppressed
individuals put forth an urgent need to develop novel approaches for preventing and
treating cSCC [1-4].

The human papillomavirus (HPV) has been implicated as a risk factor for cSCC.
There is an increased HPV prevalence (in particular 3-HPVs) in ¢SCC compared to normal
skin [5,6]. However, the causal relationship between HPV and ¢SCC remains controversial.
HPV may exhibit direct oncogenic effects, but it may also act as a co-carcinogen with other
risk factors (e.g., UVB radiation) to amplify the risk of developing cSCC [6-9].

Immunosuppression profoundly elevates the risk of cancers associated with viral
infection, including cSCC. Immunosuppressed patients have up to 100-fold higher cSCC
rates compared with the general population [10-13]. Antiviral immunity is chiefly regulated
by the adaptive immune system, where T cells orchestrate effective long-lived responses.
Immunosuppression profoundly diminishes T cell function, metabolism, and proliferation.
This results in compromised protection against HPV proliferation in the skin, which likely
contributes to carcinogenesis.

In this study, we aimed to clarify the role of T cell immunity in HPV-related cSCC
based on the current literature. We identified potential causal relationships among T cell
immunity, HPV, and ¢SCC, which may guide future preventive and therapeutic approaches,
particularly in high-risk populations.

2. Materials and Methods

A systematic search of research databases (PubMed, Embase, Scopus, Cochrane Li-
brary) was performed on 27 August 2023 in accordance with PRISMA guidelines (Figure 1;
PROSPERO registry number CRD42023470491). Article screening and data extraction were
performed in duplicate. Full-text studies (in vitro, in vivo, ex vivo, clinical) published in
English that investigated T cell immunity in HPV-related ¢SCC were included.
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Figure 1. PRISMA flow diagram.

The retrieved sources were screened by two independent authors (SHT and CCO)
using titles and abstracts for inclusion. In situations where article suitability was uncertain,
full text assessment was conducted, and discrepancies were resolved by a vote of consensus.
Articles were selected based on the following inclusion criteria: (1) written in the English
language, (2) using validated in vitro and in vivo models of HPV-related c¢SCC, ex vivo
studies on patients with HPV-related cSCC, or randomised control trials (RCTs) on patients
with HPV-related cSCC, and (3) having an emphasis on T cell immunity. Articles were
excluded for the following reasons: (1) not reporting original data, (2) not focusing on
HPV-related ¢SCC, (3) not focusing on T cell immunity, (4) observational clinical studies,
and (5) lacking available full text.

3. Results

Our literature search enabled us to retrieve 706 articles, from which 8 were included
for the final qualitative analysis (Figure 1).
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3.1. T Cell Immunity in HPV-Related cSCC Carcinogenesis

A total of six articles discussed T cell perturbations in HPV-related cSCC carcinogenesis
(Tables 1 and 2). All articles employed ¢SCC mouse models and one of the six reported
additional data from human c¢SCC samples. For the c<SCC mouse models, five of the six
studies focused on B-HPVs—HPV8 mice were used in two of the six studies and Mus
musculus papillomavirus 1 (MmuPV1)-colonised mice in three of the six studies. Only one
of the six studies investigated a-HPVs with HPV16 mice. For carcinogenesis protocols, four
of the six studies utilised spontaneous tumorigenesis, four of the six looked into ultraviolet
B (UVB) irradiation, while one of the six investigated 7,12-Dimethylbenz(a)anthracene-12-
O-tetradecanoylphorbol-13-acetate (DMBA-TPA) chemical carcinogenesis.

Table 1. Key T cell perturbations in c-HPV-related cSCC carcinogenesis.

Author and Year

Study Population Key T Cell Perturbations

De Visser et al. (2005) [14]

cSCC mouse models

Raglf/* K14-HPV16 mice e  Genetic elimination of CD4" and/or CD8* T
CD4~/—K14-HPV16 mice ’ cells did not reduce mast cell and granulocyte
CcD8/~ :Kl 4-HPV16 mice, recruitment into premalignant skin (vs.

CD4~/~CD8~/~:K14-HPV16 mice K14-HPV16 mice, p = n.s.)
e  Spontaneous tumorigenesis

¢SCC, cutaneous squamous cell carcinoma; HPV, human papillomavirus; K14, keratin 14; n.s., non-significant.

3.1.1. T Cell Immunity in o-HPV-Related Epithelial Carcinogenesis

De Visser et al. (2005) hypothesised that an activated adaptive immunity promotes
chronic inflammation in premalignant skin, thereby facilitating de novo epithelial carcino-
genesis (Table 1) [14]. To address this, de Visser et al. used a transgenic mouse model of
multistage epithelial carcinogenesis that expresses early region genes of HPV16 under the
control of the human keratin 14 (K14) promoter/enhancer and is Recombination—Activating
Gene-1 homozygous null (Rag1 ~/=)[15,16]. HPV16 is one of the most common high-risk
x-HPVs, responsible for most HPV-related anogenital and head and neck cancers [17].
Rag1~/~ mice are deficient in mature B and T lymphocytes [16].

HPV16/ Ruglf/ ~ mice had reduced infiltration of innate immune cells and minimal
inflammation in premalignant skin, which was associated with a decreased ¢SCC incidence.
However, the lack of mature CD4* and/or CD8" T lymphocytes alone (using CD4~/~:K14-
HPV16, CD8~/~:K14-HPV16, CD4~/~CD8~/~:K14-HPV16 mice) did not replicate the
clinical phenotype (Table 1). On the contrary, the adoptive transfer of B lymphocytes and
serum transfer from HPV16 mice into HPV16/ Ragl’/ ~ mice restored the characteristic
chronic inflammation in premalignant skin and reinstated processes that are necessary for
malignant progression. This study thus suggests a limited role for T cells in inflammation-
associated «-HPV-driven, de novo epithelial carcinogenesis.

3.1.2. T Cell Immunity in 3-HPV-Related Epithelial Carcinogenesis

Of the five major HPV genera, 3-HPVs are the most implicated genus in ¢SCC. 3-
HPVs are commensal viruses of the skin that are usually associated with asymptomatic
infection in healthy individuals. However, several studies have reported increased 3-HPV
replication in the skin and greater 3-HPV seropositivity in ¢SCC patients, which suggest a
potential role for viral oncogenesis [18]. More importantly, the increased incidence of cSCC
with concomitantly higher rates of 3-HPV amongst solid organ transplants suggests a role
for anti-B-HPV immunity in carcinogenesis [10-13].

Borgogna et al. (2023) and Antsiferova et al. (2017) utilised transgenic mice that ex-
press early region genes (encoding E1, E2, E4, E6, and E7) of HPVS, the prototypical 3-HPV
that is studied in HPV-related cSCC [19-21]. Borgogna et al. demonstrated accelerated
papilloma development and greater accumulation of UVB-induced epidermal DNA dam-
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age in Rag2~/~:K14-HPV8 mice, which lack mature B and T lymphocytes (Table 2). They
proposed that adaptive immune deficiency, such as that in solid organ transplant patients,
sensitised 3-HPV-infected skin to UVB-induced inflammation and promoted subsequent
epithelial carcinogenesis.

Antsiferova et al. [20] reported more epidermal CD4" (including presumptive CD4*CD25*
regulatory T cells) and CD8* T cells in tumorous skin of activin A-overexpressing mice com-
pared to that of age-matched wild-type mice (Table 2). Activin A, a member of the TGF-f3
superfamily, is a growth and differentiation factor that promotes wound healing and skin
morphogenesis [22]. It has been shown to be upregulated in skin wounds and human non-
melanoma skin cancers (including ¢SCC) [22,23]. The authors also observed fewer epidermal
gamma delta T cells for the same comparison (Table 2). However, CD4* T cell depletion did
not significantly reduce the tumour-promoting effect of activin A overexpression (Table 2).
Hence, T cell perturbations alone appear to be insufficient for driving 3-HPV-associated cSCC
initiation, especially in the context of activin A overexpression.

Table 2. Key T cell perturbations in 3-HPV-related c¢SCC carcinogenesis (HPV8 mice).

Author and Year

Study Population Key T Cell Perturbations

Borgogna
etal. (2023) [19]

. Genetic elimination of T and B cells increased spontaneous tumour
incidence in Rag2~/~:K14-HPV8 mice (vs. Rag2*/*:K14-HPVS mice;
week 10: p < 0.05; Week 25: p < 0.0001)

e Genetic elimination of T and B cells increased percentage of
spontaneously affected skin in Rag2~/~:K14-HPV8 mice (vs.
Rag2*/*+:K14-HPV8 mice; week 24: p < 0.0001)

e  Genetic elimination of T and B cells increased percentage of affected
skin following UVB irradiation in Rag2~/~:K14-HPV8 mice (vs.

¢SCC mouse models Rag2*/*:K14-HPV8 mice and non-transgenic control mice; week 30:
both p < 0.01)
Rag2~/~:K14-HPV8 mice . Genetic elimination of T and B cells increased epidermal thickness
Spontaneous tumorigenesis, UVB following UVB irradiation in RagZ’/ ~:K14-HPV8 mice (vs.

Rag2*/*:K14-HPVS mice; p < 0.0001)

. Genetic elimination of T and B cells increased epidermal DNA
damage following UVB irradiation in Rag2~/~:K14-HPV8 mice (vs.
Rag2*/*+:K14-HPV8 mice; YH2AX-positive nuclei: p < 0.001,
53BP1-positive foci: p < 0.001)

. Genetic elimination of T and B cells was associated with accumulation
of epidermal DNA damage following UVB irradiation in
Rag2~/~:K14-HPV8 mice (vs. Rag2~/~:K14-HPV8 mice without UVB
irradiation; p < 0.0001)

Antsiferova
etal. (2017) [20]

Spontaneous tumorigenesis

e Accumulation of epidermal and dermal CD4* and CD8* T cells in
tumour-laden ear skin of 10-week-old HPV8-Act mice (vs.
age-matched wt mice, CD4: p < 0.0001, CD8: p = 0.0009; vs.
age-matched HPV8-wt mice, CD4: p < 0.0001, CD8: p = 0.0022)

. Accumulation of epidermal CD4*CD25" T cells in tumour-laden ear

¢SCC mouse models skin of 10-week-old HPV8-Act mice (vs. age-matched wt mice,

p = 0.0004; vs. age-matched HPV8-wt mice, p = 0.0007)

HPV8-Act, HPV8-wt mice + CD4KO . Large increase in tumour incidence in HPV8-Act-CD4KO mice vs.

HPV8-wt-CD4KO (p < 0.0001)

. Slight but statistically insignificant increases in tumour incidence in
HPV8-wt-CD4KO mice vs. HPV8-wt mice, and in HPV8-Act-CD4KO
vs. HPV8-Act-wt (p =n.s.)

. Loss of epidermal gamma delta T cells in tumour-laden ear skin of
10-week-old HPV8-Act mice (vs. age-matched wt mice, p < 0.0001; vs.
age-matched HPV8-wt mice, p = 0.0007)

Act, activin A-overexpressing; ¢SCC, cutaneous squamous cell carcinoma; HPV, human papillomavirus; KO,
knockout; n.s., not significant; UVB, ultraviolet B; wt, wild-type.

Strickley et al. (2019), Johnson et al. (2022), and Dorfer et al. (2020) relied on another
experimental model for studying commensal HPV interaction with human hosts: MmuPV1-
colonised mice [24-26]. By doing so, these studies sought to interrogate T cell immunity



Diagnostics 2024, 14, 473

50f11

through an infection-based system that models the natural history of HPV-related cSCC
carcinogenesis [27].

Strickley et al. (2019) [24] observed that the adoptive transfer of T cells from MmuPV1-
immune mice into wild-type FVB mice promoted wart rejection and protected against
DMBA-TPA chemical carcinogenesis (Table 3). They also noticed an increased ratio of epi-
dermal CD8* tissue-resident memory T (Trp) cells to total T cells in the skin of MmuPV1-
colonised mice compared to their sham-infected controls following chemical or UVB carcino-
genesis (Table 3). Hence, the authors hypothesised that CD8* T cells mediate anti-tumour
immunity that is induced by MmuPV1 skin colonisation. They showed that CD8* T cell
depletion in MmuPV1-colonised mice increased the tumour incidence following chemical
carcinogenesis (Table 3). Furthermore, they observed fewer CD8* T cells and CD8* Try
cells alongside a higher 3-HPV load in cSCC samples from immunosuppressed patients
than in those from immunocompetent individuals (Table 3). f-HPV E7 peptides activated
CD8" T cells that were isolated from the normal facial skin of immunocompetent adults
(Table 3). As such, the results showed that MmuPV1-immune mice were protected against
epithelial carcinogenesis in a CD8* T cell-dependent fashion. This finding suggests a role
for commensal 3-HPV-specific adaptive immunity in eliminating virus-positive malignant
keratinocytes, thereby achieving anti-tumour protection.

Table 3. Key T cell perturbations in 3-HPV-related cSCC carcinogenesis (MmuPV1-colonised mice).

Author and Year

Study Population Key T Cell Perturbations

Strickley et al.
(2019) [24]

cSCC mouse models

o Adoptive transfer of T cells from MmuPV1-immune mice
into wild-type FVB mice with persistent warts reduced skin
wart burden (vs. mice that received control T cells from
spleen of uninfected wild-type FVB mice, n = 3 each group)

e Adoptive transfer of T cells from MmuPV1-immune mice
into wild-type FVB mice promoted wart rejection and
protected against DMBA-TPA chemical carcinogenesis (vs.
mice that received control T cells from spleen of uninfected
wild-type FVB mice, n = 3 each group)

e Increased ratio of epidermal CD8" Tgy cells to total T cells
in the skin of MmuPV1-colonised mice following
DMBA-TPA chemical carcinogenesis (vs. sham-infected
mice, p = 0.0287) and DMBA-UVB carcinogenesis (vs.

e  MmuPVI1-colonised FVB mice,
MmuPV1-colonised SKH-1 mice

e DMBA-TPA (FVB), DMBA-UVB
(SKH-1)

e  Human cSCC patients
(immunosuppressed,
immunocompetent)

sham-infected mice, p = 0.0054)

More tumour-infiltrating CD8" T cells in
MmuPV1-colonised mice following DMBA-TPA chemical
carcinogenesis (vs. sham-infected mice, p = 0.0208)

CD8" T cell depletion in MmuPV1-colonised mice increased
tumour incidence following DMBA-TPA chemical
carcinogenesis (vs. IgG-treated immunocompetent control
mice, p = 0.0009)

Fewer tumour- and skin-infiltrating CD8* T cells and CD8*
Tru cells in cSCC of immunosuppressed patients (vs. c<SCC
of immunocompetent patients; tumour-infiltrating CD8* T
and CD8™* Try: both p < 0.0001; skin CD8* T: p = 0.0001;
skin CD8* Try: p = 0.0009)

CD8* T cells from normal facial skin of immunocompetent
adults activated by 3-HPV E7 peptides (vs. negative control;
CD69*: p < 0.01, CD137*CD69*: p < 0.01), but not by
high-risk «-HPV HPV16 E7 peptides (vs. negative control;
CD69*: p =n.s., CD137*CD69*: p =n.s.)
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Table 3. Cont.

Author and Year  Study Population Key T Cell Perturbations

e  CD8" T cell depletion increased MmuPV1 DNA levels in
virus-colonised mouse skin following DMBA-UVB
carcinogenesis (vs. IgG-treated immunocompetent control

Johnson et al. ) ) mice; p = 0.0229)

(2022) [25] e  MmuPVl-colonised SKH-1 mice e  CD8" T cell depletion resulted in higher antibody titres to

DMBA-UVB MmuPV1 E6, E7, and L1 antigens following DMBA-UVB
carcinogenesis (vs. IgG-treated immunocompetent control
mice; E6: p = 0.0030, E7: p = 0.0220, L1: p = 0.0041)

cSCC mouse model

. MmuPV1 infection of back skin resulted in ¢<SCC
development in CsA-immunosuppressed mice
(non-UVB-treated: n = 7/10; UVB-treated: n = 9/20), but not
in immunocompetent mice (non-UVB-treated: n = 0/10;
UVB-treated: n = 0/5)

. MmuPV1 infection increased mean CD4" T cell numbers in
back skin tissue of

¢SCC mouse models CsA-immunosuppressed /non-UVB-treated mice (vs.
non-infected, equally treated controls; p < 0.05)
e  MmuPVi-colonised FVB mice + e  Non-tumorous back skin in MmuPV1-infected,

Dorfer et al. L .
(2020) [26] CsA immunosuppression
[ ]

NMRI-Foxn1™/™ mice
Spontaneous tumorigenesis, UVB

CsA-immunosuppressed /UVB-treated mice had higher
CD8" T cell numbers (vs. non-tumorous back skin in
CsA-immunosuppressed /non-UVB-treated mice; p < 0.05)

e  Higher FoxP3" T cell numbers in tumorous back skin of
MmuPV1-infected,

CsA-immunosuppressed /non-UVB-treated mice (vs.
non-tumorous back skin of same mice; p < 0.05)

e  Intradermal administration of primary cSCC cells of passage
11 (MmuPV1 DNA undetectable) to athymic
NMRI-Foxn1™/™ mice gave rise to secondary tumours at
30 days post-inoculation (1 = 2)

CsA, cyclosporine A; ¢SCC, cutaneous squamous cell carcinoma; DMBA, 7,12-Dimethylbenz(a)anthracene;
HPV, human papillomavirus; MmuPV1, Mus musculus papillomavirus 1; n.s., not significant; TPA, 12-O-
tetradecanoylphorbol-13-acetate; Try, tissue-resident memory T; UVB, ultraviolet B; wt, wild-type.

Following up on Strickley et al. (2019) [24], Johnson et al. (2022) [25] investigated
if a compromised T cell immunity could explain the increased 3-HPV replication and
seropositivity that is found in patients with an increased ¢SCC risk, such as those under
immunosuppression. The authors demonstrated that CD8" T cell depletion did increase
the MmuPV-1 DNA levels in virus-colonised mouse skin and resulted in higher antibody
titres to MmuPV1 E6, E7, and L1 antigens (Table 3). Interpreting both Strickley et al.
(2019) and Johnson et al. (2022) in conjunction, it appears that the loss of T cell immu-
nity against commensal 3-HPVs confers an increased ¢SCC risk and higher viral load in
immunosuppressed patients.

Dorfer et al. (2020) [26] also looked into how MmuPV1 infection can induce ¢SCC
development in the context of immunosuppression. For this study, they treated mice
with cyclosporine A (CsA), which inhibits calcineurin and preferentially suppresses T cell
activation. The authors reported that MmuPV1 infection of back skin caused ¢SCC devel-
opment in CsA-immunosuppressed mice but not in immunocompetent mice. Additionally,
athymic NMRI-Foxn1™/"" mice developed secondary tumours after receiving intradermal
administration of primary cSCC cells that were isolated from a cSCC of a MmuPV1-infected,
CsA-immunosuppressed /UVB-treated mouse (Table 3). These primary ¢SCC cells were
multiply passaged and lacked MmuPV1 DNA. Thus, this study concurs with the prior two
articles that a deficient T cell immunity in the presence of 3-HPV infection predisposes to
¢SCC initiation. It also implicates 3-HPVs as non-essential in cSCC maintenance.
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3.2. T Cell Immunity in Potential Vaccination Strategies against B-HPV-Related
cSCC Carcinogenesis

Marcuzzi et al. (2014) and Hufbauer et al. (2022) assessed potential vaccination
strategies against 3-HPV-related epithelial carcinogenesis by relying on the preclinical
keratin-14 (K14)-HPVS transgenic mouse model [28,29]. This model preferentially expresses
all early genes (E1, E2, E4, E6, and E7) of HPVS8 in the epidermis and developing hair
follicles [21,30,31]. Viral gene expression is controlled by the human K14 promoter. At
baseline, the viral antigens are synthesised at a subthreshold level that does not induce
carcinogenesis, which is comparable to asymptomatic colonisation in immunocompetent
individuals. Mechanical skin irritation from tattooing and/or tape-stripping induces
epithelial carcinogenesis by activating high levels of HPVS8 early gene expression.

Marcuzzi et al. (2014) [28] first showed that tattooing HPV8 E6 DNA onto the skin
could prevent papilloma formation, which depends on anti-HPV8-E6-specific T cell immu-
nity (Table 4). The HPV8 transgenic skin grafts of 6/15 tattooed (i.e., HPV-E6-immunised)
mice did not develop papillomas after mechanical wounding. Following a HPV8 E6 epitope
aa76-90 challenge and subsequent ELISpot assaying, splenocytes that were isolated from
these six mice yielded a higher median number of spots (reflecting IFN-y-producing cells
per 100,000 splenocytes) than splenocytes from mice with papillomas (Table 4). Hence, a
cytotoxic T cell response induced by skin tattooing of HPV E6 DNA may offer protection
against HPV8-related epithelial carcinogenesis, albeit unreliably.

Table 4. Key T cell perturbations in potential vaccination strategies against HPV-related ¢SCC

carcinogenesis.
Author and Year  Study Population Vaccination Strategy Key T Cell Perturbations
e  Higher median number of spots reflecting
cSCC mouse model IEN-y-producing cells per 100,000
: splenocytes (via IFN-y ELISpot) following
Marcuzzi et al. HPV8 E6 DNA tattooin i - i
(2014) 28] K14-HPVS-CER mice onto kin 8 HI;VS E6 eplt;)}];e;\?z% 90 ch(?lllilnge. in
Mechanical wounding Sp enocytes 0 -Immunised mice
without papilloma (vs. with papilloma,
p <0.00001)

Hufbauer et al.
(2022) [29]

Mechanical wounding

) More total and activated CD4" T cells
detected in poly(I:C)-treated
non-tumorigenic sites (vs. untreated skin,
total CD4: p < 0.001, activated CD4:

p <0.01)
° More activated CD8" T cells detected in

cSCC mouse model poly(I:C)-treated non-tumorigenic sites (vs.
) untreated skin, p < 0.01)
K14-HPVS-CER mice POIY(IiS) tattooing ° CD4* T cel'l depletion resulted i'n tumour
onto skin formation in poly(I:C)-treated sites

(n =5/6 mice)

e  CD8"* T cell depletion resulted in tumour
formation in poly(I:C)-treated sites, but to a
smaller extent (n = 2/6 mice)

e  CD4" T cell depletion resulted in larger
tumour sizes in poly(I:C)-treated sites (vs.
CD8" T cell depletion)

aa, amino acid; CER, complete early genome region; cSCC, cutaneous squamous cell carcinoma; ELISpot, enzyme-
linked immunosorbent spot; HPV, human papillomavirus; IFN, interferon; K14, keratin-14; poly(I:C), polyinosinic-
polycytidylic acid.

Hufbauer et al. (2022) [29] explored if innate immunity-driven in situ autovaccination
against the patients” own commensal 3-HPV types in the skin could induce T cell immunity
against 3-HPV-related epithelial carcinogenesis in high-risk groups. Tattooing polyinosinic—
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polycytidylic acid (poly[I:C]) prevented tumour formation in eight out of eight treated mice.
Poly(I:C) is a synthetic analogue of double-stranded RNA, a known ligand for the innate
immune receptors TLR3 and MDADS [32]. In poly(l:C)-treated non-tumorigenic sites, there
were more activated CD4* and CD8* T cells than in untreated skin (Table 4). CD4* T cell
depletion and, to a smaller extent, CD8* T cell depletion resulted in tumour formation in
poly(L:C)-treated sites (Table 4). CD4" T cell depletion also resulted in larger tumour sizes
in poly(I:C)-treated sites compared to CD8* T cell depletion (Table 4). As such, CD4" T
cells are likely the main effectors of poly(I:C)-mediated protection against HPV8-related
epithelial carcinogenesis.

4. Discussion

The coexistence of impaired T cell immunity, 3-HPV infection, and carcinogen ex-
posure (such as UVB irradiation and DMBA) or chronic trauma promote ¢SCC initiation
(Figure 2). An impaired T cell immunity exists in certain populations, such as organ trans-
plant recipients on chronic immunosuppression, atypical epidermodysplasia verruciformis
(EV), and EV-like phenotypes [10-13,33-35]. Consequently, these individuals possess
markedly weakened anti-3-HPV defences, which are primarily orchestrated by T cells.
The compromised (3-HPV-specific T cell immunity reduces the clearance of 3-HPVs and
virus-positive malignant keratinocytes that have spawned following carcinogen exposure
or chronic trauma, thereby potentiating cSCC initiation.

G cSCC initiation

Loss of T cell immunity

Figure 2. Loss of T cell immunity in the background of 3-HPV infection promotes ¢SCC initiation
following exposure to environmental carcinogens or chronic trauma. 3-HPV, beta human papillo-
mavirus; cSCC, cutaneous squamous cell carcinoma. Created with BioRender.com (accessed on 31
December 2023).

The host specificity of HPV has restricted the translatability of preclinical models when
studying HPV-related cSCC [36]. An HPV transgenic mouse or animal papillomavirus-
based infection model does not fully replicate the complex skin microbiome of human skin,
is limited by inherent discrepancies in both innate and adaptive immunity, and may be
affected by variations in experimental conditions. Nevertheless, the multitude of cSCC
mouse model studies that were reviewed in this article have proved invaluable in revealing
the anti-tumour effects of 3-HPV-specific T cells in a tractable manner, which is otherwise
not possible to conduct in human studies.

There is a significant lack of granularity regarding the specific T cell perturbations in
HPV-related ¢SCC carcinogenesis. The included studies primarily relied on the enumeration
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of total T cell counts in affected skin and the depletion of total CD4" and/or CD8" T
cells. Given that T cell diversity is wide-ranging, ranging from effector to regulatory, it
is reasonable to hypothesise that specific T cell populations drive anti-tumour immunity.
Addressing the 3-HPV specificity of these populations is also pertinent, as the findings
will provide crucial mechanistic evidence for whether the loss of 3-HPV-specific T cell
immunity or the de novo oncogenic effect of 3-HPVs predominantly raises cSCC risk.
Doing so will bridge key findings on T cell immunity in non-HPV-related ¢<SCC models,
where tumour-specific cytotoxic T cells (primarily Thl and CD8" T cells) inhibit UVB
and/or chemical carcinogenesis, while tumour-infiltrating regulatory T cells (Tregs) likely
suppress anti-tumour immunity [37].

Topical imiquimod has emerged as a potential treatment for actinic keratosis, the
prototypical premalignant lesion of ¢SCC that often possesses high 3-HPV loads [38]. Its
promise has been highlighted in pre-invasive a-HPV-related neoplasms of the female
lower tract, whereby imiquimod may be a valid, cost-effective first-line treatment to avoid
surgical excision [39]. Imiquimod directly induces apoptosis of malignant keratinocytes
and partially overcomes HPV E6/E7 activity to stimulate robust Th1-Th17 responses [39].
Thus, it would be interesting to explore if imiquimod is effective as a monotherapy or in
combination with other modalities to impair HPV-related cSCC initiation by enhancing
-HPV-specific T cell immunity.

The advent of spatial omics technologies can address these issues by permitting in
tumorous and non-tumorous skin the high-dimensional interrogation of immune pertur-
bations extending beyond just T cells [40,41]. The in situ single cell-level profiling would
greatly complement traditional reductionist approaches in resolving the complexities of the
tumour microenvironment, by uncovering spatio-temporal relationships between T cells,
malignant keratinocytes, and other contributors to carcinogenesis. Doing so will clarify
the role of T cells and simultaneously assess other cellular players like macrophages in
protecting against HPV-related ¢SCC. Another advantage of these technologies is their
amenability to limited tissue samples, facilitating ex vivo human studies. Discoveries via
these modalities can rapidly aid explorations and validation in animal models, thereby
seeding the future for improved therapy and prevention in high-risk populations.

Allin all, T cells are intimately involved in the defence against HPV-related cSCC
(specifically p-HPV), as their deficiency potentiates carcinogenesis in high-risk popula-
tions. Studies integrating omics approaches and appropriate animal models are warranted
to elucidate T cell-mediated immunosurveillance and inhibition of HPV-related cSCC
initiation. In parallel, further characterisation of the skin virome in immunocompetent
and immunosuppressed individuals will shed light on the immunogenicity of different
-HPV types and the viruses’ differential contributions to carcinogenesis. Future work can
build upon these mechanistic studies to focus on protecting high-risk individuals with the
prospects of T cell-centred vaccines against commonly occurring 3-HPVs, 3-HPV-specific
T cell immunotherapy, and prognostication with 3-HPV-specific T cells.

Author Contributions: Conceptualisation, S.H.T. and C.C.O.; data curation, S.H.T. and C.C.O,;
formal analysis, S.H.T. and C.C.O.; methodology, S.H.T. and C.C.O.; investigation, S.H.T. and C.C.O.;
writing—original draft preparation, S.H.T.; writing—review and editing, C.C.O. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analysed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.



Diagnostics 2024, 14, 473 10 of 11

References

1.
2.
3.

=0 *® N

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Alam, M.; Ratner, D. Cutaneous squamous-cell carcinoma. N. Engl. ]. Med. 2001, 344, 975-983. [CrossRef] [PubMed]

Gloster, HM.; Neal, K. Skin cancer in skin of color. |. Am. Acad. Dermatol. 2006, 55, 741-760; quiz 761-764. [CrossRef] [PubMed]
Tokez, S.; Hollestein, L.; Louwman, M.; Nijsten, T.; Wakkee, M. Incidence of Multiple vs First Cutaneous Squamous Cell
Carcinoma on a Nationwide Scale and Estimation of Future Incidences of Cutaneous Squamous Cell Carcinoma. JAMA Dermatol.
2020, 156, 1300-1306. [CrossRef] [PubMed]

Oh, C.C,; Jin, A.; Koh, W.P. Trends of cutaneous basal cell carcinoma, squamous cell carcinoma, and melanoma among the
Chinese, Malays, and Indians in Singapore from 1968-2016. JAAD Int. 2021, 4, 39-45. [CrossRef]

Chahoud, J.; Semaan, A.; Chen, Y.; Cao, M; Rieber, A.G.; Rady, P; Tyring, S.K. Association between -Genus Human Papillo-
mavirus and Cutaneous Squamous Cell Carcinoma in Immunocompetent Individuals-A Meta-analysis. JAMA Dermatol. 2016,
152, 1354-1364. [CrossRef] [PubMed]

Tampa, M.; Mitran, C.I.; Mitran, M.L; Nicolae, I.; Dumitru, A.; Matei, C.; Manolescu, L.; Popa, G.L.; Caruntu, C.; Georgescu, S.R.
The Role of Beta HPV Types and HPV-Associated Inflammatory Processes in Cutaneous Squamous Cell Carcinoma. J. Immunol.
Res. 2020, 2020, 5701639. [CrossRef] [PubMed]

Howley, PM.; Pfister, H.]. Beta genus papillomaviruses and skin cancer. Virology 2015, 479-480, 290-296. [CrossRef]
Tommasino, M. The biology of beta human papillomaviruses. Virus Res. 2017, 231, 128-138. [CrossRef]

Gheit, T. Mucosal and Cutaneous Human Papillomavirus Infections and Cancer Biology. Front. Oncol. 2019, 9, 355. [CrossRef]
Garrett, G.L.; Blanc, P.D.; Boscardin, J.; Lloyd, A.A.; Ahmed, R.L.; Anthony, T.; Bibee, K.; Breithaupt, A.; Cannon, J.; Chen, A ; et al.
Incidence of and Risk Factors for Skin Cancer in Organ Transplant Recipients in the United States. JAMA Dermatol. 2017, 153,
296-303. [CrossRef]

Lanz, ].; Bouwes Bavinck, ].N.; Westhuis, M.; Quint, K.D.; Harwood, C.A.; Nasir, S.; Van-de-Velde, V.; Proby, C.M.; Ferrandiz, C.;
Genders, R.E; et al. Aggressive Squamous Cell Carcinoma in Organ Transplant Recipients. JAMA Dermatol. 2019, 155, 66-71.
[CrossRef] [PubMed]

Urso, B.; Kelsey, A.; Bordelon, ].; Sheiner, P.; Finch, J.; Cohen, J.L. Risk factors and prevention strategies for cutaneous squamous
cell carcinoma in transplant recipients. Int. |. Dermatol. 2022, 61, 1218-1224. [CrossRef] [PubMed]

Zavdy, O.; Coreanu, T.; Bar-On, D.Y,; Ritter, A.; Bachar, G.; Shpitzer, T.; Kurman, N.; Mansour, M.; Ad-El, D.; Rozovski, U; et al.
Cutaneous Squamous Cell Carcinoma in Immunocompromised Patients-A Comparison between Different Inmunomodulating
Conditions. Cancers 2023, 15, 1764. [CrossRef] [PubMed]

De Visser, K.E.; Korets, L.V.; Coussens, L.M. De novo carcinogenesis promoted by chronic inflammation is B lymphocyte
dependent. Cancer Cell 2005, 7, 411-423. [CrossRef] [PubMed]

Arbeit, ] M.; Miinger, K.; Howley, PM.; Hanahan, D. Progressive squamous epithelial neoplasia in K14-human papillomavirus
type 16 transgenic mice. . Virol. 1994, 68, 4358-4368. [CrossRef] [PubMed]

Mombaerts, P.; lacomini, J.; Johnson, R.S.; Herrup, K.; Tonegawa, S.; Papaioannou, V.E. RAG-1-deficient mice have no mature B
and T lymphocytes. Cell 1992, 68, 869-877. [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. Primers 2016, 2, 16086. [CrossRef] [PubMed]

Rollison, D.E.; Amorrortu, R.P.; Zhao, Y.; Messina, ].L.; Schell, M.].; Fenske, N.A.; Cherpelis, B.S.; Giuliano, A.R.; Sondak, V.K,;
Pawlita, M.; et al. Cutaneous Human Papillomaviruses and the Risk of Keratinocyte Carcinomas. Cancer Res. 2021, 81, 4628-4638.
[CrossRef]

Borgogna, C.; Martuscelli, L.; Olivero, C.; Lo Cigno, I.; De Andrea, M.; Caneparo, V.; Boldorini, R.; Patel, G.; Gariglio, M.
Enhanced Spontaneous Skin Tumorigenesis and Aberrant Inflammatory Response to UVB Exposure in Immunosuppressed
Human Papillomavirus Type 8-Transgenic Mice. . Investig. Dermatol. 2023, 143, 740-750.e744. [CrossRef]

Antsiferova, M.; Piwko-Czuchra, A.; Cangkrama, M.; Wietecha, M.; Sahin, D.; Birkner, K.; Amann, V.C.; Levesque, M.; Hohl, D,;
Dummer, R.; et al. Activin promotes skin carcinogenesis by attraction and reprogramming of macrophages. EMBO Mol. Med.
2017, 9, 27-45. [CrossRef]

Schaper, 1.D.; Marcuzzi, G.P.; Weissenborn, S.J.; Kasper, H.U.; Dries, V.; Smyth, N.; Fuchs, P; Pfister, H. Development of skin
tumors in mice transgenic for early genes of human papillomavirus type 8. Cancer Res. 2005, 65, 1394-1400. [CrossRef] [PubMed]
Namwanje, M.; Brown, C.W. Activins and Inhibins: Roles in Development, Physiology, and Disease. Cold Spring Harb. Perspect.
Biol. 2016, 8, a021881. [CrossRef] [PubMed]

Antsiferova, M.; Huber, M.; Meyer, M.; Piwko-Czuchra, A.; Ramadan, T.; MacLeod, A.S.; Havran, W.L.; Dummer, R.; Hohl,
D.; Werner, S. Activin enhances skin tumourigenesis and malignant progression by inducing a pro-tumourigenic immune cell
response. Nat. Commun. 2011, 2, 576. [CrossRef] [PubMed]

Strickley, J.D.; Messerschmidt, J.L.; Awad, M.E,; Li, T.; Hasegawa, T.; Ha, D.T.; Nabeta, H.-W.; Bevins, P.A.; Ngo, K.H.; Asgari,
M.M.; et al. Immunity to commensal papillomaviruses protects against skin cancer. Nature 2019, 575, 519-522. [CrossRef]
[PubMed]

Johnson, L.H.; Son, H.G.; Ha, D.T; Strickley, ].D.; Joh, ].; Demehri, S. Compromised T Cell Inmunity Links Increased Cutaneous
Papillomavirus Activity to Squamous Cell Carcinoma Risk. JID Innov. 2022, 3, 100163. [CrossRef] [PubMed]


https://doi.org/10.1056/NEJM200103293441306
https://www.ncbi.nlm.nih.gov/pubmed/11274625
https://doi.org/10.1016/j.jaad.2005.08.063
https://www.ncbi.nlm.nih.gov/pubmed/17052479
https://doi.org/10.1001/jamadermatol.2020.3677
https://www.ncbi.nlm.nih.gov/pubmed/33112377
https://doi.org/10.1016/j.jdin.2021.05.006
https://doi.org/10.1001/jamadermatol.2015.4530
https://www.ncbi.nlm.nih.gov/pubmed/26720285
https://doi.org/10.1155/2020/5701639
https://www.ncbi.nlm.nih.gov/pubmed/32322596
https://doi.org/10.1016/j.virol.2015.02.004
https://doi.org/10.1016/j.virusres.2016.11.013
https://doi.org/10.3389/fonc.2019.00355
https://doi.org/10.1001/jamadermatol.2016.4920
https://doi.org/10.1001/jamadermatol.2018.4406
https://www.ncbi.nlm.nih.gov/pubmed/30516812
https://doi.org/10.1111/ijd.16070
https://www.ncbi.nlm.nih.gov/pubmed/35080249
https://doi.org/10.3390/cancers15061764
https://www.ncbi.nlm.nih.gov/pubmed/36980651
https://doi.org/10.1016/j.ccr.2005.04.014
https://www.ncbi.nlm.nih.gov/pubmed/15894262
https://doi.org/10.1128/jvi.68.7.4358-4368.1994
https://www.ncbi.nlm.nih.gov/pubmed/7515971
https://doi.org/10.1016/0092-8674(92)90030-G
https://doi.org/10.1038/nrdp.2016.86
https://www.ncbi.nlm.nih.gov/pubmed/27905473
https://doi.org/10.1158/0008-5472.CAN-21-0805
https://doi.org/10.1016/j.jid.2022.10.023
https://doi.org/10.15252/emmm.201606493
https://doi.org/10.1158/0008-5472.CAN-04-3263
https://www.ncbi.nlm.nih.gov/pubmed/15735026
https://doi.org/10.1101/cshperspect.a021881
https://www.ncbi.nlm.nih.gov/pubmed/27328872
https://doi.org/10.1038/ncomms1585
https://www.ncbi.nlm.nih.gov/pubmed/22146395
https://doi.org/10.1038/s41586-019-1719-9
https://www.ncbi.nlm.nih.gov/pubmed/31666702
https://doi.org/10.1016/j.xjidi.2022.100163
https://www.ncbi.nlm.nih.gov/pubmed/36714811

Diagnostics 2024, 14, 473 11 of 11

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

Dorfer, S.; Strasser, K.; Schrockenfuchs, G.; Bonelli, M.; Bauer, W.; Kittler, H.; Cataisson, C.; Fischer, M.B.; Lichtenberger, B.M.;
Handisurya, A. Mus musculus papillomavirus 1 is a key driver of skin cancer development upon immunosuppression. Am. J.
Transplant. 2020, 21, 525-539. [CrossRef]

Spurgeon, M.E.; Lambert, P.F. Mus musculus Papillomavirus 1: A New Frontier in Animal Models of Papillomavirus Pathogenesis.
J. Viirol. 2020, 94, 10-1128. [CrossRef]

Marcuzzi, G.P.; Awerkiew, S.; Hufbauer, M.; Schédlich, L.; Gissmann, L.; Eming, S.; Pfister, H. Tumor prevention in HPV8
transgenic mice by HPV8-E6 DNA vaccination. Med. Microbiol. Immunol. 2014, 203, 155-163. [CrossRef]

Hufbauer, M.; Rattay, S.; Hagen, C.; Quaas, A.; Pfister, H.; Hartmann, G.; Coch, C.; Akgiil, B. Poly(I:C) Treatment Prevents Skin
Tumor Formation in the Preclinical HPV8 Transgenic Mouse Model. |. Investig. Dermatol. 2022, 143, 1197-1207.€1193. [CrossRef]
Marcuzzi, G.P.; Hufbauer, M.; Kasper, H.U.; Weifienborn, S.J.; Smola, S.; Pfister, H. Spontaneous tumour development in human
papillomavirus type 8 E6 transgenic mice and rapid induction by UV-light exposure and wounding. |. Gen. Virol. 2009, 90,
2855-2864. [CrossRef]

Pfefferle, R.; Marcuzzi, G.P; Akgtil, B.; Kasper, H.U.; Schulze, F; Haase, I.; Wickenhauser, C.; Pfister, H. The human papillomavirus
type 8 E2 protein induces skin tumors in transgenic mice. J. Investig. Dermatol. 2008, 128, 2310-2315. [CrossRef] [PubMed]
Cheng, Y.S.; Xu, F. Anticancer function of polyinosinic-polycytidylic acid. Cancer Biol. Ther. 2010, 10, 1219-1223. [CrossRef]
Landini, M.M.; Borgogna, C.; Peretti, A.; Colombo, E.; Zavattaro, E.; Boldorini, R.; Miglio, U.; Doorbar, J.; Ravanini, P.; Kumar, R.;
etal. «- and 3-Papillomavirus infection in a young patient with an unclassified primary T-cell immunodeficiency and multiple
mucosal and cutaneous lesions. J. Am. Acad. Dermatol. 2014, 71, 108-115.e101. [CrossRef] [PubMed]

Saluzzo, S.; Pandey, R.V,; Gail, L.M.; Dingelmaier-Hovorka, R.; Kleissl, L.; Shaw, L.; Reininger, B.; Atzmiiller, D.; Strobl, J.;
Touzeau-Romer, V,; et al. Delayed antiretroviral therapy in HIV-infected individuals leads to irreversible depletion of skin- and
mucosa-resident memory T cells. Immunity 2021, 54, 2842-2858.e2845. [CrossRef] [PubMed]

Uitto, J.; Saeidian, A.H.; Youssefian, L.; Saffarian, Z.; Casanova, ].L.; Béziat, V.; Jouanguy, E.; Vahidnezhad, H. Recalcitrant Warts,
Epidermodysplasia Verruciformis, and the Tree-Man Syndrome: Phenotypic Spectrum of Cutaneous Human Papillomavirus
Infections at the Intersection of Genetic Variability of Viral and Human Genomes. . Investig. Dermatol. 2022, 142, 1265-1269.
[CrossRef] [PubMed]

Doorbar, J. Model systems of human papillomavirus-associated disease. ]. Pathol. 2016, 238, 166-179. [CrossRef] [PubMed]
Bottomley, M.].; Thomson, J.; Harwood, C.; Leigh, I. The Role of the Immune System in Cutaneous Squamous Cell Carcinoma.
Int. ]. Mol. Sci. 2019, 20, 2009. [CrossRef]

Jansen, M.H.E.; Kessels, ].PH.M.; Nelemans, P.J.; Kouloubis, N.; Arits, A.H.M.M.; van Pelt, H.P.A.; Quaedvlieg, PJ.F.; Essers,
B.A.B.; Steijlen, PM.; Kelleners-Smeets, N.W.].; et al. Randomized Trial of Four Treatment Approaches for Actinic Keratosis. N.
Engl. ]. Med. 2019, 380, 935-946. [CrossRef]

Borella, F; Gallio, N.; Mangherini, L.; Cassoni, P; Bertero, L.; Benedetto, C.; Preti, M. Recent advances in treating female genital
human papillomavirus related neoplasms with topical imiquimod. J. Med. Virol. 2023, 95, €29238. [CrossRef]

Lewis, S.M.; Asselin-Labat, M.L.; Nguyen, Q.; Berthelet, J.; Tan, X.; Wimmer, V.C.; Merino, D.; Rogers, K.L.; Naik, S.H. Spatial
omics and multiplexed imaging to explore cancer biology. Nat. Methods 2021, 18, 997-1012. [CrossRef]

Hsieh, W.C.; Budiarto, B.R.; Wang, Y.F; Lin, C.Y.; Gwo, M.C,; So, D.K; Tzeng, Y.S.; Chen, S.Y. Spatial multi-omics analyses of the
tumor immune microenvironment. J. Biomed. Sci. 2022, 29, 96. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/ajt.16358
https://doi.org/10.1128/JVI.00002-20
https://doi.org/10.1007/s00430-014-0327-4
https://doi.org/10.1016/j.jid.2022.12.007
https://doi.org/10.1099/vir.0.012872-0
https://doi.org/10.1038/jid.2008.73
https://www.ncbi.nlm.nih.gov/pubmed/18401427
https://doi.org/10.4161/cbt.10.12.13450
https://doi.org/10.1016/j.jaad.2014.01.859
https://www.ncbi.nlm.nih.gov/pubmed/24612648
https://doi.org/10.1016/j.immuni.2021.10.021
https://www.ncbi.nlm.nih.gov/pubmed/34813775
https://doi.org/10.1016/j.jid.2021.10.029
https://www.ncbi.nlm.nih.gov/pubmed/34843682
https://doi.org/10.1002/path.4656
https://www.ncbi.nlm.nih.gov/pubmed/26456009
https://doi.org/10.3390/ijms20082009
https://doi.org/10.1056/NEJMoa1811850
https://doi.org/10.1002/jmv.29238
https://doi.org/10.1038/s41592-021-01203-6
https://doi.org/10.1186/s12929-022-00879-y
https://www.ncbi.nlm.nih.gov/pubmed/36376874

	Introduction 
	Materials and Methods 
	Results 
	T Cell Immunity in HPV-Related cSCC Carcinogenesis 
	T Cell Immunity in -HPV-Related Epithelial Carcinogenesis 
	T Cell Immunity in -HPV-Related Epithelial Carcinogenesis 

	T Cell Immunity in Potential Vaccination Strategies against -HPV-Related cSCC Carcinogenesis 

	Discussion 
	References

