UNIVERSITAT ox
BARCELONA

Influence of tumor microenvironment and cancer cells
interplay on cutaneous squamous cell carcinoma
progression and immunotherapy response

Adria Archilla Ortega

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacié de les seglients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Diposit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual unicament per a usos privats emmarcats en activitats
d’investigacié i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusié i posada a disposicio
des d’un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacio del seu contingut en una finestra
o marc alie a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentacié de
la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusién de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB (diposit.ub.edu)
ha sido autorizada por los titulares de los derechos de propiedad intelectual unicamente para usos privados enmarcados en
actividades de investigacion y docencia. No se autoriza su reproduccién con finalidades de lucro ni su difusion y puesta a
disposicion desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza la presentacion de su
contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta reserva de derechos afecta
tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacién o cita de partes de la tesis es obligado
indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you’re accepting the following use conditions: Spreading this thesis by the TDX
(www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the intellectual
property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative aims is not
authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital Repository. Introducing
its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not authorized (framing). Those
rights affect to the presentation summary of the thesis as well as to its contents. In the using or citation of parts of the thesis
it's obliged to indicate the name of the author.




Barcelona, 2023

n
o
ME
o 5
=
Z

oo
x =z
WO
i
0z
O &
= -
¥ <
@)

2 o
u O
S &
0o
> Z
w <
- 0O
—

L3
< g

SQUAMOUS CELL CARCINOMA PROGRESSION

AND IMMUNOTHERAPY RESPONSE

Doctoral thesis memory
Adria Archilla Ortega







Influence of tumor microenvironment and cancer
cells interplay on cutaneous squamous cell
carcinoma progression and immunotherapy
response

Report presented by Adria Archilla Ortega to opt for the degree of Doctor from the
University of Barcelona

UNIVERSITAT DE BARCELONA - FACULTAT DE MEDICINA
DOCTORAL PROGRAMME IN BIOMEDICINE

This thesis was performed in Cancer and Aging group, integrated in the Oncobell
program in the Institut d’Investigacié Biomedica de Bellvitge (IDIBELL)

Dra. Purificacién Munoz Moruno Dr. Francesc Vinals Canals

Director Tutor

Adria Archilla Ortega

Doctoral student






.
N

V-
¥ -
7y

t

UNIVERSITAT oe
BARCELONA

Influence of tumor microenvironment and cancer
cells interplay on cutaneous squamous cell
carcinoma progression and immunotherapy
response

Doctoral thesis memory

Adria Archilla Ortega
Barcelona, 2023

IDI %
BELL

Institut d'Investigacio
Biomédica de Bellvitge







“I can accept failure, everyone fails at something.
But I can’t accept not trying.”

Michael Jordan
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INTRODUCTION






1. CUTANEOUS SQUAMOUS CELL CARCINOMA (¢SCC)
1.1 Structure of the skin

The skin is the outermost defense barrier of the body against environmental aggressions and
external pathogens. The cellular organization of the skin ensures tissue homeostasis by
maintaining a constant number of cells during tissue turnover or after acute injury. This process
is accomplished by different populations of stem cells that reside in the skin epidermis, which
present an enhanced ability to self-renew and differentiate into distinct cell lineages that will
mature into adult tissue (Blanpain & Fuchs, 2009). A highly defined histological organization
classifies the human skin into a three-layers tissue. From external to internal layers, the skin is

composed of the epidermis, the dermis, and the hypodermis.

The epidermis is a stratified squamous epithelium formed by the interfollicular epidermis and
associated structures such as the hair follicle, the sebaceous gland, and the sweat glands. The
interfollicular epidermis is composed of several layers of keratinocytes in gradual stages of cell
differentiation. In the basal layer, in direct contact with the basal lamina, which separates the
epidermis and the dermis, more undifferentiated and proliferative cells are located. The suprabasal
layers are the spinous layer, the granular layer, and the stratum corneum (Figure 1). Thus, as the
keratinocytes of the basal layer differentiate, they move progressively through the suprabasal

layers toward the surface of the epidermis, where they eventually shed (Solanas & Benitah, 2013).

— Figure 1. Histological organization of the human

Stratuni interfollicular epidermis. (Adapted from Solanas & Benitah,
corneum [

Granular layer{ =

Spinous layer {

Epidermis

Basal layer —(

L Basal lamina
Dermis —

The dermis is a connective tissue composed of collagen, elastin, and reticulin which give

characteristic elasticity and flexibility to the skin. The major cellular components in the dermis

are fibroblasts but blood vessels, lymphatic vessels, and nerves are also present. Underlying the

dermis, the hypodermis layer is found and is characterized by being the thickest layer. Its main

cellular components are adipocytes which actively participate in thermoregulation and

homeostasis upon inflammatory processes.
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Ageing results in structural changes in the skin concomitantly with increased incidence of skin
infections and cancer. The epidermis thins, collagen, and elastin are fragmented and there is an
altered immune infiltration (Chambers & Vukmanovic-Stejic, 2020). These alterations decrease
skin immunity, increasing the susceptibility to experience pathogen infection and to develop

cancer.
1.2 Generation of ¢cSCC

Squamous cell carcinoma (SCC) of the skin or cutanecous SCC (¢SCC) is the second most
common form of non-melanoma skin cancer (NMSC) in humans and accounts for 20% of all
NMSC:s (Stratigos et al., 2015). The incidence of NMSC has increased in the past decades. Among
other factors, this increase is related to poor use of sun protection and increased life expectancy
given that NMSC incidence is based on lifetime exposure to risk factors (Lomas et al., 2012).
Basal cell carcinoma (BCC), which is the most common form of NMSC, nearly does not cause
metastatic lesions (1 case per 14 000 000) and, hence, its associated mortality rate is low.
Oppositely, cSCC is characterized by a more aggressive growth and a greater capacity of
developing metastases (0.1-9.9%) which cause the lead number of deaths by NMSC (Didona et
al., 2018). Given its high prevalence and increased mortality rate in comparison to other NMSCs,

¢SCC is an increasing problem for health care worldwide.

The main risk factor of ¢SCC development is cumulative exposition to ultraviolet radiation
(UVR), typically sun exposure (de Vries et al., 2012). Hence, elderly becomes a risk factor to
present ¢SCC. In this sense, cSCCs are typically developed in sun exposed anatomic regions and
are more frequent in advanced age populations (Fania et al., 2021). Other environmental risk
factors consist of X-ray radiation (Karagas et al., 2007) and exposure to chemical agents such as
arsenic (Wong et al., 1998). Additionally, risk factors include long inflammatory processes such
as those seen in chronic wounds, burns, and ulcers. Immunosuppression, either by therapeutic use
for allogenic organ transplantation, therapy of immune-related diseases, or defective skin
immunity, is also a risk factor for cSCC appearance (Berg & Otley, 2002). Human papillomavirus
(HPV) infection is associated with ¢SCC development in immunosuppressed patients.
Specifically, HPV DNA has been more detected in immunosuppressed cSCC patients compared
to immunocompetent cSCC patients indicating that HPV viral infection altogether with poor skin

immunity can increase the risk of cSCC appearance (Harwood et al., 2000).

c¢SCCs are characterized by the uncontrolled proliferation of keratinocytes of the epidermis. The
development of ¢SCC follows a multistage process of malignancy. Initially, the appearance of
genetic mutations in keratinocytes due to continuous exposure to cSCC risk factors leads to local
damage. Affected skin tissue loses its histological architecture leading to a process of increased

keratinization (hyperkeratinization) known as actinic keratosis (AK). AKs are defined as
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dysplastic keratinocytic lesions and are considered precancerous. Clinically, AKs can regress,
persist as benign AK, or evolve into an invasive ¢SCC (Criscione et al., 2009). The rate of
malignancy of AKs into carcinomas is small but mutations on key genes, as p53 or Ras, lead to
expansion of AKs through the epidermis generating in situ carcinomas (also known as Bowen’s
disease) (Marks et al., 1988). Further accumulation of mutations and cellular events promotes the
generation of invasive carcinomas characterized by uncontrolled tumor growth (Ratushny et al.,
2012). Invasive carcinomas, also referred to as ¢cSCC, can migrate reaching blood and lymphatic
vessels, disseminating, and eventually generating metastases in distant organs (Figure 2). Most
¢SCCs arise from AKs (~97%) despite some de novo cSCCs can arise without AK phase. These
can be identified by a different histology and are clinically considered more aggressive (Yanofsky
et al., 2011). cSCC presents impaired genomic repair that allows rapid acquisition of mutations,
as observed with other cancers. In cSCC, UVR-induced inactivation of p53 favoring the genomic

instability of keratinocytes.

uv
radiation

Skin epithelium Actinic cSCCin situ
keratosis

,’ L‘jl

WD-SCCs Metastasis PD-SCCs
MD/PD-SCCs PD/S-SCCs

Figure 2. Schematic representation of stages of progression of skin squamous cell carcinomas. The
development of SCCs presents a multistage process. After an external stimulus such as ultraviolet radiation
(UVR), the skin epithelium can develop actinic keratosis (AK) which can present genetic alterations such
as mutations in Ras or p53 causing keratinocytes to start an uncontrolled proliferation giving rise to in situ
carcinomas. These in situ carcinomas can progress towards invasive carcinomas. Most invasive carcinomas
conserve epithelial differentiated traits and are classified as well-differentiated (WD-SCCs) or moderate-
differentiated/poorly-differentiated SCCs (MD/PD-SCCs). However, some tumors lose epithelial-
differentiation features and acquire mesenchymal traits, which are classified as poor-differentiated SCCs
(PD-SCCs) or eventually poorly-differentiated/spindle (PD/S-SCCs) and are associated with enhanced

recurrence and metastasis.
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Invasive ¢SCC can be graded into four groups depending on their histopathological
characteristics. Most of them preserve epithelial differentiation traits and are named well-
differentiated SCCs (WD-SCCs). WD-SCC cells exhibit epidermic characteristics with increased
keratinization levels and are characterized by presenting big cytoplasmic regions. Secondly,
moderate-differentiated/poorly-differentiated SCCs (MD/PD-SCCs) show an increased structural
disorder and preserve fewer epithelial characteristics than WD-SCCs. WD-SCCs and MD/PD-
SCCs present low frequency of metastasis and good prognosis despite being highly prevalent
(Alam & Ratner, 2001). Next, poorly-differentiated SCCs (PD-SCCs) have lost the epithelial
differentiation state. These tumors present elongated cells, with pleomorphic nuclei and frequent
mitoses. Finally, a rare subtype of ¢cSCCs called poorly-differentiated/spindle SCCs (PD/S-SCCs)
are characterized by being completely anaplastic, with a total loss of epithelial differentiation
traits that can reach a sarcomatoid spindle cell stage (Evans & Smith, 1980). PD-SCCs and PD/S-
SCCs are very relevant in the clinic since they present rapid tumor growth and high frequency of
disease recurrence and metastasis that leads to poor patient prognosis (Brantsch et al., 2008)

(Brinkman et al., 2015).
1.3 Treatment of ¢cSCC

The prognosis of patients with cSCC is typically good, with a 10-year curation rate of ~89% of
patients (Schmults et al., 2013). However, ¢cSCC patients with local recurrences (5-8%) and
metastatic disease (3-5%) show a poor prognosis. Recurrent ¢SCCs present an increased
aggressiveness and metastatic capacity (Alam & Ratner, 2001). Around ~87% of metastasis
derived from cSCCs are located in lymph nodes, and the remaining metastases are found in distant

organs such as the lungs, liver, and brain (Brougham et al., 2012).

The diagnosis of cSCC is based on clinical features including biopsy or excisions and histological
confirmation of cutaneous suspicious lesions. The applied treatment to cSCC varies depending
on the tumor characteristics such as location, size, and level of invasiveness. The first line of
treatment for cSCCs consists of surgical excision with histopathological control of excision
margins by post-operative pathologic conventional histology or Mohs micrographic surgery
(Stratigos et al. 2015). However, surgery is contra-indicated for patients with tumors located in
difficult resection areas, elderly patients, or large tumors. For these patients, radiotherapy and
chemotherapy agents (cisplatin, 5-fluorouracil, among others) can be given but have shown poor
clinical benefits (Franco et al., 2013). In addition, 5-8% of patients treated with surgery develop
recurrences giving rise to locally advanced and metastatic cSCC that are more aggressive than the
primary tumor. These recurrent cSCCs can also be treated with radiotherapy and chemotherapy

but have also shown low response rates.

-30 -



Recently, the food and drug administration (FDA) and the European medicines agency (EMA)
have approved immunotherapy based on immune checkpoint (IC) inhibitors (ICI) to treat
advanced and metastatic cSCCs. Specifically, two monoclonal antibodies (mAbs) against the 1C
receptor programmed death receptor 1 (PD-1) have proven efficacy to induce a response among
patients with advanced cSCC. PD-1 is a receptor present on the surface of T lymphocytes that has
a role in downregulating the immune response and preserving self-tolerance. Upon binding to its
ligand programmed death-ligand 1 (PD-L1), which is upregulated in multiple tumor types, PD-1
downmodulates T cell cytotoxic activity. PD-1 biological relevance will be further discussed in
section 4.1.2. Firstly, the mAb anti-PD-1 cemiplimab showed efficacy in a ¢cSCC metastatic-
disease cohort in phase II trials (NCT02383212 and NCT02760498). The objective response rate
(ORR), defined as the percentage of patients in a study showing a partial or complete response in
a certain time period, of cemiplimab treatment was ~47%. The estimated probability of
progression-free survival (PFS) at 12 months, which is the percentage of patients that after the
treatment lives with the disease, but it is not worsening, was ~53%. Finally, progressive disease
(PD), which measures the percentage of patients presenting cancer that is still growing, spreading,
and worsening, affected ~19% of patients (Migden et al., 2018). Similar results were obtained by
the treatment of recurrent or metastatic cSCC with the mAb anti-PD-1 named pembrolizumab in
the phase II trial (KEYNOTE-629). The ORR of pembrolizumab was ~34%, the PFS estimated
probability at 12 months was ~32% and PD affected ~28% of patients (Grob et al., 2020). Despite
the initial promising results of ICI, only a subset of patients can benefit from these therapies.
Hence, it is necessary to understand the mechanisms that lead advanced and metastatic cSCC to

present an incomplete response to ICI to further improve their responsiveness.
1.4 Mouse model of ¢cSCC progression

The study of ¢SCC biology has been limited by the experimental models used. In order to study
the development of ¢SCC, a chemical carcinogenesis mouse model can be a useful tool. Mice are
treated topically with the carcinogenic agent dimethylbenzanthracene (DMBA), which serves as
a tumor initiator. Next, tumor promotion is induced by continuous treatment with 12-O-
tetradecanoylphorbol-13-acetate (TPA). Mouse cancer models obtained by this approximation are
known as two-stage carcinogenesis models. Mouse ¢cSCC models obtained by DMBA/TPA-

treated mice have shed light on the process of skin carcinogenesis (P. Y. Huang & Balmain, 2014).

Another possibility to study cSCC biology is the use of genetically modified mice. In this sense,
the mouse model K14-HPV 16 (keratin 14 — human papillomavirus 16) develops hyperplastic and
dysplastic lesions that progress to malignant cSCC (Coussens et al., 1996). HPV infection is
involved in the generation and development of SCC malignancies (Lowy et al., 1994).
Specifically, HPV16 expresses the E6 and E7 oncoproteins, responsible for inactivating p53 and
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the retinoblastoma protein respectively, which are implicated in the control of the cell cycle and
cell death. In the case of K14-HPV 16 transgenic mice, the oncoproteins E6 and E7 are expressed
under the promoter of the keratin 14. Hence, basal keratinocytes of squamous epithelium, which
are characterized by expressing keratin 14, also expressed E6 and E7 oncoproteins leading to the
appearance of cutaneous dysplastic lesions. After one year, the development of ¢cSCC was
observed in 20-30% of K14-HPV 16 transgenic mice depending on the mouse genetic background,

and generated cSCCs presented distinct grades of differentiation (Coussens et al., 1996).

The described mouse models of cSCC only permit the study of cSCC at a unique progression step
while it is known that ¢SCC presents a multistage development resulting in the formation of
invasive tumors (DiGiovanni, 1992). Given this limitation, our group created a mouse model of
¢SCC progression to study the molecular mechanisms implicated in this malignant process. To
this end, K14-HPV 16 transgenic mice were treated with carcinogenic agents DMBA and TPA to
promote the appearance of ¢cSCCs. Small fragments of spontaneous or chemically induced tumors
were implanted subcutaneously in the back of nude mice. When tumors reached a critical size,
were removed and a small fragment was serially engrafted in a new immunodeficient mouse
during several passages (da Silva-Diz et al., 2016). This process allowed an unlimited growth of

c¢SCC and the generation of different lineages (Figure 3).

Orthotopic implant

T - - Ty
Passage 1 Passage 2 Passage 3 Passage 4 Passage X

OT-PD DISpindI:

SCC progression

Figure 3. Schematic representation of the process to generate orthotopic ¢cSCC lineages. Spontaneous
or chemical-induced (DMBA/TPA treatment) cSCCs generated in K14-HPV 16 mice were serially engrafted
in immunodeficient mice allowing tumor progression. After several passages, WD-SCCs progressed to PD-
SCCs allowing the generation of ¢cSCC lineages and their posterior molecular and cellular study. From da

Silva-Diz et al., 2016.

Primary ¢SCCs obtained after DMBA/TPA treatment in K14-HPV16 mice mostly showed
epithelial-like traits while spindle tumors only represented ~5% of the tumors. After the first
engraftment, tumors recapitulated the histopathological conditions of the parental tumors.

Nevertheless, after serial engraftment over multiple passages, ~62% of WD-SCCs, showing
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epithelial traits progressed to MD/PD-SCCs, which evolved to PD-SCCs displaying
mesenchymal-like features and finally advanced to PD/S-SCCs, which present spindle-shaped
characteristics (da Silva-Diz et al., 2016). Hence, our group concluded that PD-SCCs and PD/S-
SCCs are generated through the malignant progression of WD-SCCs. The characterization of
these lineages showed that PD/S-SCCs grew faster and had an increased frequency of metastasis
in comparison to WD-SCCs. In addition, PD-SCCs compared to WD-SCCs presented an
increased presence of tumor-initiating cells or cancer stem cells (CSCs) identified by the co-
expression of the molecular markers a6-integrin and CD34, which are markers of hair follicle
stem cells (R. J. Morris et al., 2004). Finally, tumor cells from PD/S-SCCs presented
downregulated expression of EpCAM and E-cadherin (epithelial-like markers) and upregulated
expression of vimentin (mesenchymal-like marker) and epithelial-mesenchymal transition
(EMT)-inducing transcript factors (da Silva-Diz et al., 2016). So, enhanced EMT features, and

aggressive growth and metastatic capability were characterized in cSCC progression.

Specifically, the EMT is a reversible process that allows an epithelial polarized cell to acquire a
mesenchymal phenotype. During EMT activation, epithelial cells lose cell-cell interactions and
apical-basal polarity, suffer reorganization of the cytoskeleton, and start expressing extracellular
matrix (ECM) degrading enzymes, which facilitates cell migration. In addition, under the EMT
program, epithelial cells acquire mesenchymal features such as increased migratory and invasive
capacity, and resistance to apoptosis. The induction of the EMT program is observed under
physiological conditions during embryogenesis and wound healing. However, the EMT program
is also tightly linked to tumor progression and metastasis (Kalluri & Weinberg, 2009). The
metastatic potential of tumors has been linked to the loss of epithelial markers, such as E-cadherin,
and the acquisition of mesenchymal markers, such as Vimentin, N-cadherin, and Fibronectin
(Thiery et al., 2009). The EMT process is mediated by the activation of various transcription
factors such as SNAIL, SNAI2, TWIST, ZEBI1, and ZEB2 which are referred to as EMT-inducing
transcription factors. Initially, the EMT program was considered as the switch between two final
states (epithelial vs. mesenchymal). However, it was demonstrated that cells oscillate between
these two states through hybrid/intermediate states induced by partial activation of the EMT
program. In these hybrid/intermediate states tumor cells retain the epithelial phenotype and at the
same time express mesenchymal markers (Chaffer et al., 2016) (da Silva-Diz et al., 2018).
Importantly, partial EMT and the presence of intermediate states in tumor cells have been linked
to poor patient prognosis and decreased survival in HNSCCs (Pal et al., 2021), in SCCs including
c¢SCC, HNSCC, esophageal SCC, and cervical SCC (Liao et al., 2021), and breast cancer
(Yamashita et al., 2018). Some studies indicate that after dissemination, tumor cells must reverse
their mesenchymal state to endow colonization and growth of metastatic lesions in distant organs.

This process is known as mesenchymal-epithelial transition (MET) and typically involves the
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repression of EMT-transcription factors. These findings have also been observed for cSCC
metastasis, where it was shown that the transcription factor Twistl promotes EMT but once
disseminated tumor cells had arrived at distant organs the inactivation of Twistl and EMT was

essential to proliferate and metastasize (Tsai et al., 2012).

More recently, our group demonstrated that during ¢cSCC progression, SCC cancer cells can
acquire a strong plasticity defined as the ability to progress from an epithelial to a mesenchymal-
like state undergoing a progressive EMT. Specifically, epithelial cancer cells from MD/PD-SCCs
show a plastic phenotype primed to switch to mesenchymal-like cancer cells, which later progress
to a full mesenchymal state. In this sense, epithelial plastic EpCAM™* SCC cells isolated from
MD/PD-SCCs can be classified into EpCAM"¢" SCC cells or plastic EpCAM"" SCC cells
depending on their EpCAM expression. EpCAM"e" SCC cells can lose epithelial differentiation
traits becoming EpCAM* SCC cells, which can finally progress to EpCAM™ mesenchymal-like
SCC cells. Both plastic EpCAM"e" and plastic EpCAM!™ SCC cells show strong plasticity, can
lose epithelial traits, and induce the expression of mesenchymal markers such as vimentin and
EMT-inducing transcription factors, finally resulting in the progression to mesenchymal-like SCC
cells. These events are induced during in vivo cSCC growth, indicating that TME-derived signals

regulate the acquisition of mesenchymal-like features (Lopez-Cerda et al, unpublished results).
2. HEAD AND NECK SQUAMOUS CELL CARCINOMA (HNSCC)

2.1 Generation of HNSCC

Head and neck SCC (HNSCCs) are a group of heterogeneous tumors originating in the mucosal
epithelium of the oral cavity, pharynx, larynx, and sinonasal tract. HNSCC stands for ~90% of
head and neck cancers and is the sixth most common cancer with an increasing incidence
worldwide (Ferlay et al.,, 2019). The 5-year survival expectancy of HNSCC patients is
approximately ~66% (Pulte & Brenner, 2010). HNSCCs are mainly caused by tobacco and
alcohol consumption or infection with HPV16. Consequently, HNSCCs can be ranked into HPV-
negative and HPV-positive HNSCCs, having this last subgroup a better prognosis. While HPV-
negative HNSCCs are mainly associated with oral cavity and larynx cancers, HPV-positive
HNSCCs are typically pharynx cancers (Johnson et al., 2020). Given its high prevalence, the

management of HNSCCs represents a global healthcare challenge.

Development of HNSCC has been tightly linked to the exposition of individuals to various risk
factors including tobacco consumption, continuous alcohol intake, exposure to environmental
pollutants, or viral infection with HPV or Epstein-Barr virus (EBV). Some of these risk factors
present different prevalence depending on the gender or cultural habits such as smoking or high
alcohol intake. HPV infection that causes HNSCC is typically transmitted by oral sex in the not

vaccinated population and is more common in men (Gillison et al., 2008).
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Transformed mucosal epithelial cells from the oral cavity, pharynx, and larynx originate
HNSCC:s. The heterogeneous nature of HNSCC:s is explained by the specific anatomical location
of the cell of origin. The histological progression to invasive HNSCCs follows a multistage
process similar to ¢SCC. This process begins with epithelial cell hyperplasia (enlargement of
tissue by cell proliferation), continued by dysplasia (abnormal growth or development of cells)
that can advance towards a carcinoma in situ that ultimately results in the appearance of invasive
carcinoma (Figure 4). Specific genetic alterations occur in each stage. These genetic
modifications typically cause the inactivation of suppressor genes CDKN24 and TP53 in the early
stages of HNSCC progression and phosphatase and tensin homolog (PTEN) at later stages
(Johnson et al., 2020). The initiating and early events of HPV-negative HNSCC are caused by the
carcinogenic agents present in tobacco smoke including nitrosamines, benzopyrene, and
polycyclic aromatic hydrocarbons. These carcinogens, and their derived metabolites, can form
DNA adducts leading to genetic mutations. Alcohol consumption synergizes with tobacco to
promote carcinogenesis by solving carcinogens (Pai & Westra, 2009). For HPV-positive
HNSCC:s, the initiating event is infection with HPV, mainly HPV16. In HNSCC cells, the HPV
genome is usually integrated at a single genomic site. The genome of HPV consists of seven early
genes (E1-E7) and two late genes (L1 and L2). E1-E5 genes encode proteins for viral replication
and transcription while L1 and L2 genes encode the viral capsid proteins. E6 and E7 proteins are

responsible for promoting the oncogenic transformation as described in section 1.4.

Normal mucosa Hyperplasia Dysplasia Carcinoma in situ Invasive carcinoma

Figure 4. Stages of progression of HNSCC. The mucosal epithelium from the oral cavity, pharynx, and
larynx is the location of origin of HNSCC. HNSCC progression follows a histological order that begins
with mucosal hyperplasia, followed by dysplasia, the appearance of carcinomas in sifu that finally

transforms into invasive carcinomas. From Johnson et al., 2020.
2.2 Treatment of HNSCC

The diagnosis of HNSCC is done by histopathological analysis of the primary tumor. The
histopathological range of HNSCC is characterized by cellular origin and squamous
differentiation. Well-differentiated HNSCCs resemble stratified epithelium with cells organized
in layers and irregular levels of keratinization are found. Poorly differentiated HNSCCs are
characterized by loss of organized stratification and keratinization. Most HPV-negative HNSCCs
are well-differentiated while HPV-positive HNSCCs are commonly poorly differentiated. HPV

infection is analyzed in all oropharyngeal tumors. Next, HNSCCs are staged to determine the
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anatomical origin. The median age of diagnosis for HPV-negative HNSCCs is ~66 years while

for HPV-positive HNSCCs is ~53 years (Windon et al., 2018).

Given the high heterogeneity of HNSCCs, the treatment of every patient is determined by the
anatomical site, stage, and tumor characteristics. The first line of treatment includes resection,
radiation, and systemic therapy in the highest curative combination. Small primary HNSCCs are
treated by resection or radiation. For oral cavity tumors, surgery is recommended while
pharyngeal and laryngeal tumors are commonly treated with radiation. These therapies can be
combined with the use of chemotherapy like cisplatin or targeted therapies such as epidermal
growth factor receptor (EGFR) inhibitors (Johnson et al., 2020). In 2016, for the treatment of
recurrent and metastatic HNSCC, the FDA and the EMA approved the use of the ICI
pembrolizumab and nivolumab, which block PD-1 function. These therapies are given to patients
presenting PD-L1" expressing tumors. Since 2019, immunotherapy based on ICI is also the first
line of treatment for unresectable or metastatic HNSCCs. A phase 3 study (KEYNOTE-048) of
pembrolizumab efficacy to treat recurrent or metastatic HNSCC showed an ORR of ~23%,
median overall survival of ~15 months, and did not improve PFS (Burtness et al., 2019). Another
phase 3 clinical trial (NCT02105636) analyzed the efficacy of nivolumab treatment in recurrent
and metastatic HNSCC. This study concluded that nivolumab treated patients presented an ORR
of ~13%, median overall survival of ~8 months, and also did not improve PFS (Ferris et al., 2016).
These results pinpoint that uniquely a subset of patients suffering recurrent and metastatic
HNSCCs benefit from immunotherapy. It is necessary to understand why some recurrent and
metastatic HNSCCs do not respond to ICI to further enhance the response and duration of these

therapies.
3. TUMOR MICROENVIRONTMENT (TME)
3.1 Definition of the tumor microenvironment (TME)

The tumor microenvironment (TME) is composed by the ensemble of host cells, molecular
components, and blood vessels forming the tumor that are not strictly cancer cells. A reciprocal
interplay between tumor cells, and the TME exists. Tumor cells can modulate the
microenvironment and the TME directly affects tumor growth, aggressiveness, and metastatic
capabilities. Intercellular communication between the TME and tumor cells is a complex
framework that includes growth factors, cytokines, chemokines, exosomes, and cell-free DNA,
among other mechanisms that are recently emerging (Baghban et al., 2020). Exploiting the
mechanisms that regulate the interplay between the TME and tumor cells can be useful as a novel
strategy to develop and increase the efficacy of therapeutic interventions against cancer. Initially,
it was thought that exclusively targeting the TME might represent an approach for any cancer.

However, the complexity of the TME function has hindered this approach (Xiao & Yu, 2021).
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Depending on the tumor type, stage of progression, cellular, and molecular characteristics the
TME can present tumor-suppressive activities or a tumor-supporting role (Quail & Joyce, 2013)
(Salmon et al., 2019). Multiple strategies targeting the TME have been developed with different
degrees of efficacy including depletion of tumor-supporting infiltrating cells or transformation
towards an anti-tumor suppressive profile (Bejarano et al., 2021). Finally, the TME composition
has been linked to acquired resistance to standard-of-care anticancer treatments such as
chemotherapy and radiotherapy or TME-targeting therapies (Khalaf et al., 2021) (Klemm &
Joyce, 2015).

3.1.1 Cellular components of the TME

The cellular content of the TME differs between tumor types (S. Cheng et al., 2021) (H. Luo et
al., 2022) (Zheng et al., 2021). Nonetheless, common cellular components that can be found in

the TME include stromal fibroblasts, immune cells, endothelial cells, and pericytes.

Activated stromal fibroblasts located in the TME are known as cancer-associated fibroblasts
(CAFs) and can support tumor growth through several processes. CAFs are a heterogenous
population that results from the expansion of local resident fibroblasts and/or the interconversion
of' endothelial cells, pericytes, and adipocytes (Ping et al., 2021) (Xing et al., 2010). Consequently,
CAFs do not express a common surface marker. Diverse mechanisms promote CAFs activation
such as transforming growth factor  (TGF-P) signaling, inflammatory signals, physiological
stress, DNA damage, and Notch signaling. Once fibroblasts are activated in the tumor context,
become more proliferative and can facilitate tumor growth and invasiveness. CAFs secrete soluble
factors including the vascular endothelial growth factor (VEGF) which promotes angiogenesis
(B. Huang et al., 2019). Most ECM proteins and components are secreted by CAFs, which
orchestrate tumor architecture. Hence, CAFs are directly related to tumor aggressiveness and
metastasis through remodeling ECM. In addition, the structure of ECM also influences drug
delivery and therapy response. CAFs directly interplay with other cell types infiltrating the TME
including immune cells by secreting cytokines and chemokines like interleukin (IL)-6, CXCL12,
and CCL2 (Xiang et al., 2022). Furthermore, metabolic effects derived from CAFs have been
observed in the TME. CAFs promote amino acid depletion which interferes with adaptive
immunity against tumor cells and the appearance of lactate inducing a more acidic TME which

has been linked to tumor growth (Sahai et al., 2020).

Immune cells from the innate and adaptive immune systems are also recruited in the TME. The
innate immunity function is the first defense against pathogens and is composed of multiple
immune cell types including macrophages, neutrophils, natural killer cells, and dendritic cells.
This last immune population works as the link between the innate and adaptive immune systems.

Adaptive or acquired immunity learns and remembers specific antigens from pathogens providing
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long-term defense. This immunity includes the immune populations of dendritic cells, CD4" T
helper lymphocytes, CD8" T cytotoxic lymphocytes, and B lymphocytes. Tumor-infiltrating
immune cells play a key role in tumor progression and therapy response and will be discussed in

detail in section 3.2.

Endothelial cells are responsible for regulating and forming blood vessels in the tumor ensuring
O, and nutrients supply in a process named angiogenesis. Specifically, endothelial cells form a
single cell layer around blood vessels controlling the flow of fluid into a tissue. CD34 is
selectively expressed in vascular endothelial cells and serves as a molecular marker to identify
this cell population. At the initial stages, tumor development relies on passive diffusion for
nutrients and O, transport. Once tumors reach a critical size tumor metabolism causes a hypoxic
and acidic TME (Boedtkjer & Pedersen, 2020). At this point, hypoxia-induced factors promote
vessel development by endothelial cells. In this process, endothelial cells secrete platelet-derived
growth factor (PDGF) and VEGF that stimulates the formation of new blood vessels. Blood
vessels generated in the TME are immature and lack strong cell-to-cell attachments enabling
cancer cells to transverse and disseminate (Sobierajska et al., 2020). Endothelial cells also affect
immune cell infiltration and stromal fibroblast rearrangement. In addition, endothelial cells can
undergo a transition known as endothelial-to-mesenchymal transition (EndMT) where endothelial
cells are able to convert to fibroblasts in response to external stimuli such as TGF-f§ (van Meeteren
& ten Dijke, 2012) (Wermuth et al., 2017). Hence, it has been reported that endothelial cells are
a source of CAFs (Zeisberg et al., 2007) (Potenta et al., 2008). Pericytes are mural cells that situate
around endothelial cells in the capillaries. Pericytes concomitantly with endothelial cells regulate
the formation of blood vessels and vascular permeability and are also found within the TME (R.
Sun et al., 2021). Pericytes are involved in tumor angiogenesis and regulate immune cells
recruitment to the TME by secreting cytokines and chemokines. It has been reported that pericytes
secrete 1L-33 (Y. Yang et al., 2016), CXCL12 (Asada et al., 2017), and CECR1 (C. Zhu et al.,

2017) resulting in the recruitment of immunosuppressive cells.
3.1.2 Non-cellular components of the TME

Non-cellular components of the TME include the ECM, exosomes, circulating free DNA, and
apoptotic bodies (Baghban et al., 2020). Additionally, soluble molecules such as cytokines,
chemokines, growth factors, and metabolites are present in the TME establishing a complex
signaling network (Labani-Motlagh et al., 2020). Recent evidence points out that soluble
molecules can promote tumor progression and modulate response to therapy. Hence, in certain
tumors, soluble molecules present in the TME might actively support cancer development (W.

Huang et al., 2018).
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The ECM provides the physical structure of tumor cells and cellular components of the TME. It
is composed of fibrous proteins (collagen and elastin), glycoproteins (fibronectin and laminin),
proteoglycans (heparan sulfate), and glycosaminoglycans (hyaluronic acid). CAFs are the major
supplier of components of the ECM but other cells participate in building and modeling the ECM.
Matrix metalloproteinases (MMPs) are enzymes responsible for degrading the ECM proteins
which allow the remodeling of ECM, promoting tumor growth and metastasis (Kessenbrock et
al., 2010). Dynamic crosstalk mediated by cytokines, growth factors, and soluble molecules
occurs in the ECM. In addition, drug delivery is affected by the composition of the ECM. Of high
relevance is the role of collagen within the TME since it is the most abundant component and
contributes to cancer fibrosis. Collagen synthesis can be regulated by tumor cells and can affect

tumor cell behavior by altering integrins and tyrosine kinases signaling (S. Xu et al., 2019).
3.2 Tumor-infiltrating immune cells

The tumor immune microenvironment is composed of the immune cells that are recruited within
the tumor and its periphery. Depending on the presence and the location of specific immune cell
populations, tumors can be classified into immune-desert, immune-excluded, and immune-
inflamed phenotypes (Figure 5), some of them associated with poor therapy response (Binnewies
et al., 2018). Immune-inflamed tumors are referred to as “hot tumors” while immune-desert

tumors and immune-excluded are considered to be “cold tumors” (Y.-T. Liu & Sun, 2021).

Cold Hot

Desert Excluded Inflamed

CD8+ T cells are absent from CD8+ T cells accumulated but CD8+ T cells infiltrate but their
the tumor and its periphery do not efficiently infiltrate effects are inhibited

Response to immune checkpoint inhibitors

Figure 5. Tumor immune microenvironment classification. According to CD8" T cell infiltration, tumors
can be classified as immune-desert, immune-excluded, and immune-infiltrated/inflamed. In immune-desert
tumors, CD8" T cells cannot be found either in the tumor core or the periphery. In immune-excluded tumors,
CDS8"' T cells accumulate in the periphery but cannot enter the tumor core. In immune-inflamed tumors,

CDS8" T cells can infiltrate inside the tumor core. From Liu & Sun, 2021.
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In immune-desert tumors, CD8" T cells are not recruited into the tumor core, the periphery of the
tumor, or the stroma while in immune-excluded tumors, CD8" T cells are restricted along the
border of the tumor mass or in the stroma but cannot enter inside the tumor core. This is relevant
since activated CD8" T cells can identify and eliminate tumor cells by establishing proximal
contact. Specifically, T-cell receptors (TCRs) of CD8" T cells need to recognize peptides
presented by the major histocompatibility complex class-I (MHC-I) of tumor cells. Hence, in
immune-excluded tumors, despite CD8" T cells presenting a close location to the tumor, they are
not able to identify tumor cells. These cold tumors are characterized by low MHC-I expression,
low mutational load making the tumor cells less immunogenic, and low PD-L1 expression which
is a protein involved in the inhibition of CD8" T cell function (see details in section 4.1.2). The
presence of immunosuppressive cells, including myeloid-derived suppressor cells (MDSCs), M2-
like macrophages, and T regulatory (Treg) cells, also inhibit CD8" T cell function and are thought
to be responsible to prevent CD8" T cell intratumor infiltration (Beatty et al., 2015). Immune-
excluded phenotypes have been observed in various epithelial-derived cancers such as melanoma
(Herbst et al., 2014), colorectal carcinoma (CRC) (Mlecnik et al., 2016), and pancreatic ductal
adenocarcinoma (PDAC) (Ademmer et al., 1998) and have been linked to lack or poor response

to IC blockade immunotherapies.

Immune-inflamed tumors are characterized by a high infiltration of CD8" T cells into the tumor
allowing proximal contact with tumor cells. These tumors are characterized by increased PD-L1
expression, high tumor mutational burden (TMB) making tumor cells more immunogenic, and
enhanced interferon-y (IFN-y) signaling which is a marker of cytotoxic activity by CD8" T cells.
Tumors that presented an immune-inflamed profile are more responsive to immunotherapy based
on ICI (Galon & Bruni, 2019). Of note, the immune microenvironment of a tumor can be
heterogenous containing sites with different phenotypes that may evolve with disease progression
and in response to therapeutic interventions (Bindea et al., 2013). Given its predominant role in
therapy response, modulating the immune cell infiltration to “fire up” the TME has been tested to
improve the response of immunotherapies based on ICI (Duan et al., 2020) (Roma-Rodrigues et
al., 2019). However, limited benefits have been observed in particular tumor conditions which are
probably explained by the complex microenvironment context and the high heterogeneity within

the TME.
3.2.1 Effector immune cells

Activated CD8" T cells, also known as cytotoxic T lymphocytes (CTLs), and natural killer (NK)
cells are effector immune cells characterized by the ability to identify and eliminate tumor cells.
CD8" T cells participate in adaptive immunity while NK cells form part of innate immunity.

Cytotoxicity arises by Perforin and Granzyme B (GzmB) lysis, and despite CD8" T cells and NK
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cells act mechanistically in a similar way, these cell populations identify target cells by different
processes. Importantly, the activity of CTLs and NK cells is tightly controlled by the balance of
positive and negative signals upon detecting a target cell in order to ensure self-tolerance and
homeostasis. An unprecise controlled activity of effector immune cells has been related to severe

autoimmune events (Walter & Santamaria, 2005) (Zitti & Bryceson, 2018).

Activated CD8" T cells are lymphocytes of the acquired immune system that can recognize and
target viral infected and malignant tumor host cells. CTLs express TCRs that interact with
peptides presented through the MHC-I complex by nucleated cells. Through the interaction
between TCR and MHC-I, CTLs can identify and eliminate malignant host cells that express viral
or oncogenic antigens. Each immature CD8" T cell in a naive state expresses a different TCR and
only become activated when interacting with dendritic cells, which are professional antigen-
presenting cells (APCs). DCs carry viral or oncogenic antigen that matches the TCR of the
immature CD8" T cell. To become completely functional, the costimulatory receptor CD28
expressed by CD8" T cells must interact with their ligands CD80 and CD86 expressed by APCs.
Once an activated CD8" T cell detects an antigen through the TCR, the CD8" T cell is expanded
and eliminates the antigen-expressing host cell secreting perforin and GzmB (Raskov et al., 2021).

Phenotypically, mouse CTLs can be detected by the co-expression of the marker CD3 and CD8.

NK cells are cytotoxic lymphocytes of the innate immune system with the ability to recognize
and eliminate stressed host cells in the absence of antigen presentation by MHC-I. NK cells
express multiple activator and inhibitory receptors that allow them to identify cell surface markers
of stress. In addition, the lack of expression of MHC-I promotes the cytotoxic activity of NK cells.
The final balance between positive and negative signals activating NK cells that can sense through
multiple receptors allows them to eliminate host cells that present cellular stress, or malignancy
such as tumor cells (Myers & Miller, 2021) (Shimasaki et al., 2020). In the tumor context, NK
cells present a complementary role to CD8" CTLs since NK cells are in charge of eliminating
tumor cells lacking MHC-I expression. Mechanistically, once NK cells have been activated, they
release perforin and GzmB to eliminate the target cell. Phenotypically, mouse NK cells can be

detected by the expression of NK marker NK1.1 together with the lack of expression of CD3.

To ensure self-tolerance and homeostasis, CTLs and NK cells peripheral activity is closely
controlled. In physiological conditions, the release of immunosuppressive molecules by Treg
cells, M2-like macrophages, and MDSCs dampens CTLs and NK cells cytotoxic activity in
inflammation and infection situations (Gabrilovich & Nagaraj, 2009) (R. Kim et al., 2006).
Furthermore, activated CTLs and NK cells express IC receptors, which are mostly inhibitory
receptors that dampen the cytotoxic activity of effector immune cells upon binding to their IC

ligands and will be discussed in detail in section 4.1.
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3.2.2 Tumor-associated macrophages (TAMs)

Macrophages are differentiated myeloid cells originating from monocytic precursors that
eliminate infectious agents by phagocytosis, regulate adaptive immunity by antigen presentation,
and participate in tissue repair. According to their polarization state and functional role,
macrophages can be classified into classically activated or M1 macrophages, and alternatively
activated or M2 macrophages. M1 macrophages are activated by T-helper I (Th-1) cells derived
cytokines and/or pathogen components such as lipopolysaccharide (LPS). M1-like macrophages
secrete pro-inflammatory cytokines including tumor necrosis factor o (TNF-a), IL-1p, and IL-6
among others. On the other side, M2 macrophages are activated by T-helper II (Th-2) derived
cytokines and present an immunosuppressive profile. M2-like macrophages secrete
immunosuppressive cytokines such as IL-4, IL-10, and IL-13, express the enzyme Arginase 1
(ARG1), and produce VEGF and MMPs facilitating tumor malignancy (Yunna et al., 2020).
Specifically, macrophages recruited to the tumor site are known as tumor-associated macrophages
(TAMs) and can present pro-tumorogenic or anti-tumorogenic functions. While M1-like TAMs
mainly present a tumoricidal function, M2-like TAMs promote tumor progression (B.-Z. Qian &
Pollard, 2010) (J. Liu et al., 2021). Despite both M1 and M2 macrophages can be found infiltrating
a tumor, the TME can promote the polarization towards an M2-like profile through hypoxia and
cytokines such as IL-4. In addition, the M1/M2 nomenclature has been proven to be simplistic
and it is currently known that macrophages can change their polarity in response to external
stimuli presenting intermediate phenotypes (S. K. Biswas & Mantovani, 2010) (Martinez &
Gordon, 2014). Phenotypically, murine macrophages can be identified by the expression of
CDl11b and F4/80 markers. M2-like macrophages also express CD206 and CD163 while M1-like

macrophages do not express these markers.

Immunosuppressive M2-like TAMs alter anti-tumor immunity by impairing CD8" and NK cells
cytotoxic activity by several mechanisms. Firstly, M2 macrophages secrete immunosuppressive
cytokines such as IL-10, TGF-B, and prostaglandins. In addition, M2 macrophages express high
levels of ARGI that depletes the amino acid L-arginine from the microenvironment preventing
CD8" T cell function (Chanmee et al., 2014). Finally, M2-like macrophages express the IC ligands
PD-L1/-L2 and CD80/86 which bind respectively to PD-1 and cytotoxic T-lymphocyte-associated
molecule 4 (CTLA-4) IC receptors, resulting in effector cells inhibition (Lim et al., 2002) (Y. Liu
et al., 2020).

3.2.3 Myeloid-derived suppressor cells (MDSCs)

MDSCs are a heterogeneous group of immune cells that arise from an aberrant expansion of
immature cells from the myeloid lineage. MDSCs are characterized by presenting a potent

immunosuppressive activity and are expanded under pathological conditions such as chronic
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infection or cancer (Gabrilovich & Nagaraj, 2009). Similarly to differentiated myeloid cells,
MDSCs interact with other immune cells from the adaptive and acquired immune system. Tumors
presenting high levels of MDSCs infiltration are associated with poor clinical outcomes and
therapy resistance (Gabrilovich et al., 2012). MDSCs can be classified into two main
subpopulations: granulocytic or polymorphonuclear MDSCs (PMN-MDSCs), and monocytic
MDSCs (M-MDSCs). PMN-MDSCs resemble neutrophils with less phagocytic capability while
M-MDSCs present similarities to immunosuppressive M2-like macrophages. Phenotypically,
murine PMN-MDSCs can be identified by the expression of the markers CD11b" Ly6G* Ly6C'™
and murine M-MDSCs by CD11b" Ly6G~ Ly6Chieh (Veglia et al., 2021). PMN- and M-MDSCs
can be recruited into the tumor by tumor-cell derived cytokines and chemokines described in

section 5.1.

MDSCs cells exert a strong immunosuppressor activity inhibiting NK and T cells cytotoxicity
and impairing macrophages MIl-like polarization by several mechanisms: i) induction of
immunosuppressive Treg cells and M2-like TAMs through the secretion of IL-10 and IFN-y; ii)
expression of ARG1 enzyme; iii) production of free radical molecules including reactive oxygen
species (ROS) and nitrogen species (RNS) through NADPH oxidase 2 (NOX-2) and nitric oxide
synthase 2 (NOS2) respectively; iv) induction of nitric oxide synthase (iNOS), which produces
nitric oxide (NO) limiting lymphocytes homing into tumors; v) expression of IL-10, TGF-f,
cyclooxygenase-2 (COX-2), and prostaglandin E2 (PGE2) which directly inhibits effector
immune cells function; vi) upregulation the expression of IC ligands such as PD-L1, inhibiting

CTLs activity through IC receptors interaction (Groth et al., 2019).
3.2.4 T Regulatory (Treg) cells

Treg cells are a subset of CD4" CD25" lymphocytes responsible for limiting the cytotoxic
functions of T and NK cells in peripheral tissues maintaining self-tolerance in physiological
conditions. Treg cells express the transcription factor forkhead box protein P3 (FOXP3) which
serves as an exclusive lineage-specifying into Treg cells (Rudensky, 2011). Physiologically, Treg
cells are recruited into inflammatory sites where they limit the immune response. In the tumor
context, Treg cells promote tumor growth and development by limiting anti-tumor immune
response and their recruitment have been mainly linked to poor clinical outcome in cancer patients

(Togashi et al., 2019).

Immunosuppressive activity of Treg cells interferes with T cell function and suppresses tumor-
antigen presentation. Treg cells indirectly enhance tumor growth by inhibiting APCs function
which results in impaired antitumor immunity (Nishikawa & Koyama, 2021). Additionally, Treg
cells secrete soluble factors such as IL-10, IL35, and TGF-B that modulate innate immune cell

populations (von Boehmer & Daniel, 2013). Specifically, Treg cells recruit immunosuppressive
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M2-like macrophages and MDSCs to the tumor site. Treg cells also upregulate the expression of

IC ligands directly inhibiting CD8" T cell function.
3.2.5 Other tumor-infiltrating immune cells

T helper cells are CD4" T lymphocytes that recognize peptides presented by MHC class 11
molecules and regulate effective immune responses. Depending on the phenotypic characteristics
and the specific cytokine production, CD4" T cells can be divided into different subsets which
mainly include Th-1 and Th-2, among others (Luckheeram et al., 2012). Cytokines released by
CD4" T helper cells, regulate the survival, proliferation, and programming of memory CTLs
which reside in peripheral tissues after an infection is cleared, providing a potent early response
after later exposition to the same antigen (Pennock et al., 2013). In the tumor context, CD4" T
helper cells regulate an extensive range of immune responses depending on the microenvironment
stimuli. Th-1 cells present a proinflammatory profile and enhance CD8" T cell activity and M1-
like macrophage polarization by secreting IL-2 and IFN-y. Indeed, the recruitment of Th-1 cells
within the tumor has been associated with positive clinical outcomes. On the other side, Th-2 cells
promote the humoral immune response by secreting IL-4 and stimulating eosinophils, basophils,
and B cells (Basu et al., 2021). Importantly, the increase of Th-2/Th-1 ratio has been associated
with poor prognosis in patients suffering from breast cancer (Hong et al., 2013) and uterine

cervical cancer (W. Lin et al., 2020).

Neutrophils are granulocytic myeloid cells and the most abundant circulating leukocytes in the
blood. Neutrophils can phagocyte pathogens and serve as the first line of defense against
pathogenic infections (Nauseef & Borregaard, 2014). In the context of cancer, neutrophils can
present pro-tumor and anti-tumor activities by secreting different cytokines depending on the
tumor type and development stage. Indeed, neutrophils have been shown to present different
phenotypes depending on the TME signals (Que et al., 2022). Similarly to macrophages,
neutrophils located in the tumor have been named tumor-associated neutrophils (TANs) and have
been functionally classified as N1-like if they present anti-tumor activities or N2-like if they
present pro-tumor activities. Specifically, it was observed that TGF-B signaling polarized
neutrophils towards an N2 pro-tumor profile (Fridlender et al., 2009). However, N1-like and N2-
like neutrophil cell populations are defined by their functional phenotype since no differentiating

cell surface markers have yet been described (Giese et al., 2019).

Dendritic cells are professional APCs responsible for promoting immunity or tolerance by
processing and displaying antigens to T cells. Despite dendritic cells are low frequently located
within the TME, they exert a central role in regulating the adaptive immune response against
tumor cells by capturing and presenting tumor antigens to CD8" T cells (Y. S. Lee & Radford,

2019). Dendritic cells within the TME are initially programmed to present anti-tumor functions.
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However, TME pressure can induce dendritic cells towards a more tolerogenic state which ends
up supporting tumor progression (Gardner & Ruffell, 2016). In addition, dendritic cells also
secrete immunomodulatory signals through cell-to-cell contact and cytokines that orchestrate the

adaptive and innate immune response (Wculek et al., 2020).

B cells are lymphocytes responsible for secreting antibodies and cytokines in the humoral
response. Typically, B cells can be found in the margins of the tumors or infiltrating lymph nodes
close to the tumor. Like most immune cells, B cells can display pro-tumorigenic and anti-
tumorigenic activities (Engelhard et al., 2021). The anti-tumorigenic activities of B cells include
the secretion of cytokines that stimulate effector immune cells such as [FN-y and IL-12, and the
production of antibodies against tumor antigens that mediate antibody-dependent cell cytotoxicity
(ADCC). However, B cells can present pro-tumor activities under certain TME stimuli. Then, B
cells secrete immunosuppressive cytokines such as IL-10 and TGF-f promoting the recruitment

of Treg cells and MDSCs to the tumor site (Sharonov et al., 2020).
4. IMMUNE CHECKPOINT (IC) BLOCKADE IMMUNOTHERAPY
4.1 Immunotherapy based on immune checkpoint (IC) blockade

Last decades immunotherapy has emerged as a clinical option to treat cancer patients. Unlike
conventional therapies such as chemotherapy, radiotherapy, or targeted therapy, immunotherapy
is based on stimulating the host immune system to identify and target cancer cells. Antibody-
based immunotherapies allow the modulation of the immune response against tumors.
Specifically, the use of IC blockade antibodies against CTLA-4, PD-1, and PD-L1 have been

approved in clinics to treat several tumor types (Archilla-Ortega et al., 2022).

ICs are signaling pathways that regulate the immune system response. In physiological states, ICs
pathways are crucial regulators of the immune response maintaining self-tolerance and preventing
autoimmunity. Specifically, IC receptors are mainly inhibitory receptors expressed by activated
CD8" T cells and NK cells which dampen cytotoxicity upon binding to their specific IC ligands
(E. S. Kim et al., 2016). Immunosuppressive cells including M2-like macrophages, Treg cells,
and MDSCs express IC ligands controlling the peripheral immune response ensuring a
proportional response by effector immune cells. However, the uninterrupted interaction between
IC receptors, expressed by CD8" T cells and NK cells, and their respective ligands, leads to a
dysfunctional state in cytotoxic cells known as exhaustion. These mechanisms can be exploited
by cancer cells in tumor immune evasion, which consist of the strategies of tumor cells to evade
the host’s immune response. Specifically, tumor cells upregulate the expression of IC ligands and
recruit immunosuppressive cells preventing anti-tumor immunity. By this, tumor cells establish

what is known as an immunosuppressive TME, which is associated with impaired anti-tumor
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immunity, increased tumor aggressiveness, and poor clinical outcome (M. Wang et al., 2017)

(Moon et al., 2021).

Inhibition of IC signaling by disrupting the interaction between IC receptors and IC ligands is a
promising strategy to therapeutically activate anti-tumor immunity (Figure 6). The IC receptors
CTLA-4 and PD-1 were the first IC pathways to be blocked in preclinical models and are the most
studied ones (Pardoll, 2012) (Pandey et al., 2022). However, a plethora of different IC receptors
have been described in CD8"* T cells and NK cells and its blockade is currently being addressed
as a possible anticancer treatment in clinical trials (Marin-Acevedo et al., 2021) (Archilla-Ortega
et al., 2022). As mentioned before, antibodies against CTLA-4, PD-1, and PD-L1 were approved
by the FDA and the EMA to treat different tumor types. However, we are far from completely
exploiting the potential of ICI therapies. Despite the blockade of IC pathways has shown clinical
benefits in some patients, a considerable percentage of patients present short-duration response
or no response (Aslan et al., 2020). The existence of these innate and acquired resistances to IC
blockade points out the need to improve efficacy by administrating the correct treatment, or

combination of treatments, to the correct tumor type in the stage of progression appropriated.

PD-L1 binds to PD-1 and inhibits
T cell killing of tumor cell

Tumor cell

Blocking PD-L1 or PD-1 allows
T cell killing of tumor cell
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~
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Figure 6. Immune checkpoint blockade strategy. IC ligands such as PD-L1 can be expressed by tumor
cells preventing T cell cytotoxic activity against tumor cells. When disrupting the interaction of the receptor
PD-1 with its ligands PD-L1 by using blockade antibodies T cells can reactivate and eliminate tumor cells.
From National Cancer Institute, U.S. Govt. (n.d.) Immune checkpoint inhibitors. National Cancer Institute.

https://www.cancer.gov/about-cancer/treatment/types/immunotherapy/checkpoint-inhibitors

To achieve an effective response to ICI therapy, clonal proliferation and activation of antigen-
experienced T cells in the TME are required. This process has been named cancer-immunity cycle
(Figure 7). Briefly, tumor antigens are captured and processed by dendritic cells, which present
processed antigens to T cells through MHC-I molecules. T cells that can bind and recognize tumor

antigens are primed and activated. Activated T cells traffic and infiltrate into the tumor core. T
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cells recognize tumor cells by the interaction of the TCR with the specific tumor antigen displayed
by the MHC-I. Once T cells have recognized a target cell, T cells secrete perforin and GzmB to
kill tumor cells (D. S. Chen & Mellman, 2013) (Pio et al., 2019). As previously described, NK
cells can eliminate tumor cells independently from cytotoxic T cells. NK cells target cells
presenting oncogenic and stress surface markers or lack of MHC-I expression. Furthermore,
activated NK cells also exert an immunomodulatory effect impacting and enhancing all the steps

of the cancer-immunity cycle (Huntington et al., 2020) (M. Wang et al., 2022).
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Figure 7. The cancer-immunity cycle. The generation of anti-tumor immunity can be described as a cyclic
process where T cells that recognize tumor antigens are activated, and they mobilize to the tumor core to

eliminate cancer cells. From Chen & Mellman, 2013.

4.1.1 CTLA-4 axe

CTLA-4 was the first IC receptor described. CTLA-4 binds to its IC ligands CD80 and CD86 and
exerts negative signals in T cells inhibiting T-cell proliferation and function. The ligands CD80
and CD86 also bind to the T-cell activator receptor CD28, but with lower affinity than to CTLA-
4. Hence CTLA-4 and CD28 compete for the binding of CD80 and CD86 (Rowshanravan et al.,
2018). CTLA-4 regulates the initial stages of CD8" T cell activation, ensuring tolerance to self-
antigens in, what is known as, central tolerance. This process occurs in the lymph nodes where
APCs activate CD8" T cells. Blockade of CTLA-4 showed increased T cell proliferation and
cytotoxicity. In addition, Treg cells also express CTLA-4 and its signaling stimulates
immunosuppressive functions (Wing et al., 2008). Anti-CTLA-4 administration in preclinical
tumor models caused the rejection of tumors that were pre-established by stimulating CD8" CTLs

response against tumor cells. Given these strong results, CTLA-4 was the first IC that moved to

-47 -



the clinic. The mAb against CTLA-4 named ipilimumab was the first IC blockade antibody
approved for treating patients with advanced melanoma. However, given the central role of
CTLA-4 regulating the initial stages of T-cell proliferation and function, anti-CTLA-4 therapies
produce secondary autoimmune events, also known as immune-related adverse events (irAEs)
which can cause the stop of the treatment administration to patients (Dougan et al., 2021).
Ipilimumab is often combined with anti-PD-1 antibodies like nivolumab and it has been observed

they present a synergic effect.

The exclusive use of anti-CTLA-4 antibodies in patients suffering from ¢SCC is limited to a few
case reports (Alberti & Bossi, 2021). Patients with metastatic melanoma altogether with advanced
or metastatic cSCC were administrated with ipilimumab and presented a durable remission of
both pathologies (Day et al., 2017). Another case report described a complete response of a patient
with metastatic cSCC to the combination of ipilimumab and nivolumab (Miller et al., 2017). The
administration of ipilimumab (anti-CTLA-4) to treat cSCC patients is currently being tested in
one clinical trial combined with nivolumab (anti-PD-1), to date, no results have yet been reported

(NCT04620200).

The single administration of the anti-CTLA-4 antibody ipilimumab is also being tested to treat
HNSCC patients in clinical phase trials (Ferris et al., 2022). Despite that, other clinical trials have
demonstrated that the administration of anti-CTLA-4 antibodies combined with anti-PD-1
antibodies did not improve the antitumor response in comparison to anti-PD-1 single blockade in

locally advanced and recurrent HNSCC (Siu et al., 2019) (Ferris et al., 2020) (Ferris et al., 2021).
4.1.2 PD-1/PD-L1 axe

The IC receptor PD-1 delivers inhibitory signals to CD8" T cells upon binding to its ligands PD-
L1 and PD-L2. PD-1 signaling decreases T cell proliferation and cytotoxic activities (Y. Han et
al., 2020). In contrast to CTLA-4, PD-1 regulates the activity of T cells in peripheral tissues upon
inflammatory processes to prevent autoimmunity. Activated T cells induce the expression of PD-
1. Tumor-infiltrating lymphocytes express high levels of PD-1 along other IC receptors, which
have been associated with an exhausted phenotype (Ahmadzadeh et al., 2009). When activated
by its ligands, PD-1 inhibits TCR downstream signaling by recruiting the phosphatase SHP2
(Freeman et al., 2000). Treg cells also express PD-1, and PD-1 signaling promotes their
immunosuppressive activities. In addition, PD-1 expression can also be detected in NK cells under
pathological situations inhibiting NK cell function. The blockade of the PD-1 axis with either
anti-PD-1 or anti-PD-L.1 mAbs has been shown to promote anti-tumor immunity and decrease
tumor growth in mouse tumor models. Specifically, inhibition of the PD-1 signaling promotes
CD8" T cells and NK cells anti-tumor activities (Pesce et al., 2017). The blockade of PD-1 axis is
the most applied ICI in the clinics. The combinatory blockade of PD-1/PD-L1 and CTLA-4 is
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also being administrated in clinics. In addition, PD-1/PD-L1 blockade therapies present fewer
secondary events than anti-CTLA-4 making them a good option to combine with other treatments

(Dougan et al., 2021).

The blockade of PD-1 signaling by administrating anti-PD-1 antibodies has shown positive
clinical responses in patients suffering from advanced and metastatic cSCC (Aboul-Fettouh et al.,
2021). Treatment of advanced and metastatic cSCC with cemiplimab (anti-PD-1) presented ORRs
of ~47% (Migden et al., 2018), ~44% (Migden et al., 2020), and ~45% (Rischin et al., 2020).
Former studies tested other anti-PD-1 antibodies such as cemiplimab and pembrolizumab to treat
advanced and metastatic cSCC with ORRs of ~42% (In et al., 2021), ~41% (Maubec et al., 2020),
and ~59% (Salzmann et al., 2020). In addition, the administration of anti-PD-L1 antibodies such
as avelumab is being tested in clinical trials to treat advanced and metastatic cSCC without
published results yet (NCT03944941). Anti-PD-1 therapies have been approved to be
administered in the clinics to treat patients suffering from advanced and metastatic cSCC as
commented in detail in section 1.3. Still, a significant percentage of patients diagnosed with

advanced or metastatic cSCC do not benefit from anti-PD-1 interventions.

Blockade of PD-1 signaling with nivolumab and pembrolizumab has proven therapeutic benefits
in recurrent HNSCCs (Shibata et al., 2021). Treatment of recurrent and metastatic HNSCCs with
nivolumab presented ORRs of ~13% (Ferris et al., 2016) and 12% (Ferris et al., 2021). While the
treatment of these advanced HNSCCs with pembrolizumab presented an ORR of ~23% (Burtness
etal., 2019) and ~15% (Cohen et al., 2019). Additionally, the anti-PD-L1 antibody durvalumab is
currently being tested alone or in combination with the anti-CTLA-4 antibody tremelimumab to
treat oropharyngeal squamous cell carcinoma, a subtype of HNSCC (Ferrarotto et al., 2020). As
described in section 2.2, anti-PD-1 therapies have been approved to treat patients suffering from
recurrent and metastatic HNSCC. Nonetheless, a large percentage of HNSCC patients still do not

benefit from anti-PD-1 intervention.
4.1.3 Other ICs axis

Besides CTLA-4 and PD-1, a plethora of different IC receptors are expressed by CD8" T cells
and NK cells inhibiting their function. From these multiple ICs, LAG-3, TIM-3, and TIGIT stand
out and are currently being targeted in clinical trials. These receptors, despite presenting a similar
function to CTLA-4 and PD-1, present singular and unique characteristics and signaling
pathways. Importantly, exhausted CD8" T cells and NK cells co-express various IC receptors and
the simultaneous blockade of some of them may present benefits in comparison to single-blockade
strategies (Archilla-Ortega et al., 2022). However, up to date, few clinical trials have analyzed the
clinical relevance of blocking LAG-3, TIM-3, and TIGIT in advanced ¢SCC and HNSCC.
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Lymphocyte activation gene-3 (LAG-3) is an IC receptor expressed by CD8" T cells and NK cells.
LAG-3 regulates peripheral tolerance by binding to its ligands Galectin-3 (GAL-3), HLA class II,
fibrinogen-like protein 1 (FGL-1), and LSECTin (Anderson et al., 2016). Cancer cells upregulate
the expression of LAG-3 IC ligands preventing anti-tumor immunity by effector immune cells. In
addition, LAG-3 is also expressed by Treg cells promoting suppressor functions. Mechanistically,
LAG-3 downstream signals remain largely unknown but end up interfering with T-cell activation.
Blockade of LAG-3 increases CD8" T cells function and delays tumor growth. Simultaneous
blockade of LAG-3 and PD-1 synergized to delay tumor growth (Burova et al., 2019). Anti-LAG-
3 mAbs are being studied in clinical trials either as a single agent or combined with other anti-IC

antibodies.

No studies targeting LAG-3 have been done in ¢SCC however, the expression of LAG-3 was
detected in tumor-infiltrating lymphocytes of cSCC patients indicating a high potentiality to target
LAG-3 signaling with anti-LAG-3 therapies and enhance antitumor immunity (S. Wu et al., 2020).
A mouse model of HNSCC was used to test the blockade of LAG-3 and it was shown that anti-
LAG-3 antibodies reduced tumor growth and increased CD8" T cell cytotoxicity (Deng et al.,
2016). Various ongoing phase II clinical trials are testing the anti-LAG-3 antibody relatlimab in
HNSCC patients. Specifically, relatlimab is being studied in combination with nivolumab in
patients with recurrent and metastatic HNSCC (NCT04080804, NCT04326257). These clinical

studies are still recruiting patients and the results are expected to be posted in 2026.

T-cell immunoglobulin and mucin-domain containing-3 (TIM-3) is another IC receptor expressed
by T cells and NK cells that tightly modulate effector immune response. TIM-3 ligands are
Galectin-9 (GAL-9), carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAMI1),
phosphatidylserine (PS), and high-mobility group protein 1 (HMGBI1). Ligands activating TIM-
3 are upregulated by certain tumor types inhibiting T cell and NK cell function. Blocking TIM-3
signaling could reverse the exhausted phenotype of CD8" T cells that were infiltrating tumors.
TIM-3 activation leads to inhibition of the kinase LCK, which is downstream of the TCR
activation signaling in T cells (Davidson et al., 2007). Blockade of TIM-3 signaling activates
CD8" T cells against tumor cells. Additionally, the co-blockade of TIM-3 and PD-1 increases the
regression of murine glioma in comparison to single-blockade agents (J. E. Kim et al., 2017).
TIM-3 blockade antibodies are also being tested in clinical trials as monotherapy or in

combination with other IC blockade antibodies.

Anti-TIM-3 therapies have not been tested in cSCC to date. In a phase I study the anti-TIM-3
agent sabatolimab alone and combined with an anti-PD-1 mAb safety and tolerability were
validated in multiple solid tumors including HNSCC patients (Curigliano et al., 2021). In

addition, another phase I clinical trial is evaluating a bispecific antibody anti-PD-1/TIM-3 in
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patients suffering from metastatic HNSCC among other advanced and metastatic solid tumors

(NCT03708328).

T cell immunoglobulin and ITIM domain (TIGIT) is an IC receptor also expressed by activated
T cells and NK cells that impairs its function upon binding to its ligands. TIGIT ligands are PVR,
nectin-2, and nectin-3 which are expressed by APCs and tumor cells. Specifically, TIGIT interacts
with PVR with the highest affinity. In addition. DNAM-1 is a co-stimulatory receptor expressed
by T cells and NK cells that competes with TIGIT for the binding of PVR and nectin-2 (Sanchez-
Correa et al., 2019). Upon binding its ligands, TIGIT recruits SHP-1 phosphatase that interferes
with activation signals in T and NK cells (Joller et al., 2011). Anti-TIGIT treatment promotes
tumor regression by enhancing CD8" T cell response. Dual blockade of TIGIT with PD-1 or TIM-
3 presented anti-tumor synergistic effects. As LAG-3 and TIM-3, TIGIT blockade is being

analyzed in clinical trials as a single or combinatory agent against different tumor types.

The blockade of the IC TIGIT has not been addressed yet to treat cSCC. In HNSCC, the anti-
TIGIT antibody tiragolumab is being tested alone or combined with anti-PD-L1 antibodies in two

phase 1II clinical trials (NCT03708224, NCT04665843) without posted results yet.
4.2 Resistance to IC blockade therapies

Despite IC blockade therapies have improved clinical outcomes in various cancer types, only a
minority of patients present a durable response (Fares et al., 2019). Three groups of patients
treated with ICI can be identified: a) those that present a long-term response (responders), b) those
that never respond to therapy (innate/primary resistance), and c¢) those who initially responded
but eventually present disease progression (acquired/secondary resistance) (Sharma et al., 2017).
In addition, defining patients as responders and non-responders is challenging given the
heterogeneity of responses to ICI observed. The response to the blockade of IC pathways varies
depending on the tumor type and stage of progression. Mechanisms of innate and acquired
resistance are not fully elucidated in part to the incomplete understanding of molecular processes
leading to a beneficial IC blockade strategy. Moreover, multiple factors can impact anti-tumor
immunity and consequently immunotherapy response. These have been classified as host-intrinsic
factors such as the TME and the immune system, host genomics and epigenomics, host systemic
factors, and the composition of the circulating microbiota. Host-extrinsic factors such as exposure
to environmental hazards, lifestyle and psychosocial factors, and microbial infections can also
impact on anti-tumor immunity (Morad et al., 2021). Hence, the understanding of ICI resistance
mechanisms is gaining more levels of complexity since many factors can impact anti-tumor

immunity and consequently lead to the failure of ICI.

Several resistance mechanisms to ICI prevent an optimal function of the cancer immunity cycle

(D. Liu et al., 2019) (Schoenfeld & Hellmann, 2020). These resistance mechanisms can be
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grouped into tumor-cell intrinsic features and tumor-infiltrating immune and stromal cell features
(Figure 8). It is necessary to keep in consideration that these mechanisms do not happen
individually in the tumor context, and their combination will conditionate the outcome of the

therapeutic intervention.
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Figure 8. Resistance mechanisms to IC inhibition therapies. A, Alterations in PD-L1 expression. B,
Oncogenic mutations. C, Deficiencies in antigen presentation due to low TMB or downregulation of MHC-
I expression. D, T cell exclusion. E, Recruitment of immunosuppressive immune cells. F, Co-expression of
other immune checkpoint receptors. G, T cell dysfunction and exhaustion. H, Impaired formation of

memory T cells.

The tumor-cell intrinsic features refer to the set of changes that intrinsically a tumor cell
experiences and are linked to resistance to ICI therapies (Kalbasi & Ribas, 2020). Alterations in
PD-L1 expression levels in cancer cells have been linked to ICI outcomes with controversial
results. The presence of PD-L1" tumor cells has been associated with successful PD-1/PD-L1-
based therapies, whereas negative PD-L1 tumors are expected to exhibit primary resistance (C.
Sun et al., 2018) (Figure 8A). Nevertheless, PD-L1 expression is highly variable between tumors
which can be due to intratumor heterogeneity and lack of standardized PD-L1 quantification
methods between clinical studies (F. Yang et al., 2021). In this sense, the use of PD-L1 expression

as a predictive biomarker of response to anti-PD-1/PD-L1 therapy is not good since some patients
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with PD-L1 negative tumors respond to PD-1 signaling blockade (L. Horn et al., 2017) (Zheng,
2017). One proposed explanation for this observation is that infiltrating myeloid immune cells
can also express PD-L1, which would lead to the activation of PD-1 signaling in effector immune
cells and inhibit their cytotoxicity (Bocanegra et al., 2019). More recently new studies pointed
out that PD-L1 expression in circulating tumor cells has shown the potential to be used as
predictive biomarkers to PD-1 signaling inhibitors in hepatocellular carcinoma (HCC) and would

be a more reliable biomarker (Su et al., 2022).

Mutations affecting oncogenes have also been linked to IC blockade resistance. Genetic mutations
that have been linked to resistance to anti-PD-1/PD-L1 include EGFR activating mutations, MYC
overexpression, poly (ADP-ribose) polymerase (PARP) inhibition, alterations in INF-y signaling
pathway such as loss-of-function mutations in f2-microglobulin, pyruvate dehydrogenase kinase
(PDK) amplifications, PTEN loss, inactivating mutations in JAKI and JAK2, and
phosphoinositide 3-kinase (PI3K)/Akt activating mutations (Cretella et al., 2019) (Schoenfeld &
Hellmann, 2020) (Figure 8B).

Tumor cells are recognized by CTLs through the expression of neoantigens derived from
genetic/epigenetic alterations as mutations or the overexpression of oncogenes. Tumor cells
presenting a high number of genetic alterations are likely to be more immunogenic and present a
higher TMB score. Generally, tumors with high TMB, such as melanoma, cSCC, non-small cell
lung cancer (NSCLC), HNSCC, or microsatellite instability (MSI) colorectal cancer are expected
to be sensitive tumors to ICI-based therapy, although a large percentage of these tumors showed
a poor response to this therapy (Yarchoan et al., 2017) (Chan et al., 2019). In this regard, a higher
TMB has been reported in responder patients compared to non-responders with the same tumor
condition including NSCLC (Rizvi et al., 2015), melanoma (Van Allen et al., 2015), and urothelial
carcinoma (Rosenberg et al., 2016). Indeed, the TMB is not always a reliable predictor of response
since other tumor features can also contribute to the final response to ICI-based therapy (Chan et
al., 2019). In addition, for proper cytotoxic T-cell recognition, tumor cells need to express tumor
antigens through MHC-I molecules. Genetic alterations that disrupt the machinery of MHC-I
antigen presentation have been described in different tumor cells (Figure 8C). These include the
downregulation of MHC-I expression and loss of heterozygosity of B2-microglobulin among

others and will be discussed in detail in section 4.2.1.

The tumor-infiltrating immune and stromal cell features refer to the set of cellular events
happening in the TME that causes resistance to ICI therapies. The spatial location of effector cells
is important for the accomplishment of anti-tumor response since a proximal contact between
activated T cells and tumor cells is needed for correct anti-tumor immunity. When activated CTLs

cannot enter inside the tumor cores, a process that is known as T-cell exclusion and is influenced
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by the composition of tumor-infiltrating immune and stromal cells (Y. Zhang et al., 2020). The
presence of immunosuppressive cells such as MDSCs and M2-like macrophages, and specific
subgroups of CAFs and their derived cytokines regulate the spatial distribution of CTLs and
promote T-cell exclusion (Feig et al., 2013) (Figure 8D). For example, secreted IL-10 by M2-like
macrophages prevent the tumor recruitment of T cells trapping them in the stroma in mammary
cancer (Ruffell et al., 2014). RNS derived from MDSCs metabolism alter chemokine signaling
within the tumoral context preventing the contact of T cells with tumor cells (Molon et al., 2011).
CAFs can restrict the infiltration of T cells into the tumor core by modulating the composition of

the ECM or by secreting the cytokine CXCL12 (Joyce & Fearon, 2015).

The composition of the TME impacts ICI therapy outcome. TMEs enriched in neutrophils, M 1-
like TAMs, CTLs, and DCs are typically associated with good prognostics and efficacy of ICI
therapies (Raftopoulou et al., 2022) (Russo & Nastasi, 2022). On the other side, the presence of
immunosuppressive cells, such as MDSCs, Treg, and M2-like TAMs are linked to a poor response
to IC blockade (Galon & Bruni, 2019). This is mainly due to immunosuppressive cells secrete
local immunosuppressive factors and express IC ligands that dampen CTLs function and prevent
proper antigen processing function within the TME (Saleh & Elkord, 2019) (Nakamura & Smyth,
2020) (Figure 8E).

Beyond CTLA-4 and PD-1, CTLs can express other IC receptors that upon binding to their
respective ligands, impair T cell effector function. Cancer cells express their respective ligands to
evade the attack of cytotoxic immune cells. The activation of alternative IC receptors rather than
the ones being targeted by the anti-IC treatment causes IC blockade therapy resistance (E. S. Kim
et al., 2016) (Figure 8F). Hence, simultaneous blockade of different immune checkpoints is a
good strategy to recover the functionality of T cells and has proven increased antitumor responses

in comparison to single blockade strategies (Zhouhong et al., 2021) (Archilla-Ortega et al., 2022).

The sustained exposure of CTLs to antigens leads to a dysfunctional state known as exhaustion
in which T cells lose their proliferation and effector functions. This effect is observed in chronic
viral infections and cancer and prevents the obtention of durable responses of IC blockade
treatment. Exhausted T cells are characterized by the co-expression of various IC receptors, do
not exhibit cytotoxic activity, present reduced mRNA levels of perforin and granzyme B, and do
not secrete effector cytokines such as IFN-y and TNF-a (Wherry & Kurachi, 2015) (W. Jiang et
al., 2020) (Figure 8G). After persisting antigenic stimulation, CTLs undergo epigenetic changes
that lead to the exhausted phenotype. Within the first stages of exhaustion, T cells can restore
functionality after PD-1 blockade (A. C. Huang et al., 2017) (Tough et al., 2020). However, if
these reinvigorated CTLs cannot eliminate tumor cells and antigenic stimulation persists, T cells

acquire fixed epigenetic modifications and become re-exhausted T cells (Philip et al., 2017). This
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re-exhausted state makes T cells unresponsive to anti-PD-1 therapy (Pauken et al., 2016). In
addition, one of the biggest drawbacks of ICI therapies is the lack of long-term durable responses.
For that, effector T cells must differentiate into effector memory cells (Qingjun et al., 2020).
However, epigenetic changes that occur during T-cell exhaustion impair the formation of T-
memory cells (Y. Jiang et al., 2015) (Pauken et al., 2016) (Figure 8H). Specifically, chromatin
remodeling that suffer T cells in an exhausted state prevents the differentiation of effector T cells

into T-memory cells (Tough et al., 2020).
4.2.1 Defective MHC-I antigen processing and presentation

The antigen presentation is a key process to ensure anti-tumor immunity. Cancer cells must
present intracellular neoantigens through MHC-I to be recognized by CTLs. Hence, tumor cells
can bypass immune surveillance and become invisible to CTLs by losing the expression of MHC-
I (Dhatchinamoorthy et al., 2021). If activated CD8" cells cannot identify tumor cells, IC blockade
stimulation of CD8" T cells will hardly present benefits. Understanding class I antigen processing
downregulation is crucial to elucidate the mechanisms of cancer progression and resistance to ICI
therapies. By contrast, MHC-II participates in antigen processing and the presentation of
extracellular peptides. Consequently, despite MHC-II is also crucial in developing immune
responses, its implication in tumor surveillance is not as relevant as MHC-I. Whereas class | MHC
is expressed in all nucleated cells, class I MHC is restricted to APCs including dendritic cells,
macrophages, and monocytes. In addition, non-professional APCs can express MHC-II in

pathologic situations such as autoimmune processes (Lipski et al., 2017).

Structurally, MHC-I is a non-covalently linked heterodimer consisting of an o polymorphic
polypeptide chain (heavy chain) where presented peptides bind, and a non-polymorphic B2-
microglobulin chain. Presented peptides are generated from degraded intracellular proteins
through the proteasome. Cytosolic proteins, after being ubiquitinated, are driven towards the
proteasome to be cleaved into peptides ranging from 16 to 20 amino-acid length (Tanaka, 2009).
These peptides are translocated into the endoplasmic reticulum (ER) thanks to ER transporter
TAP proteins which are a heterodimer formed of transporter 1 ATP binding cassette subfamily B
member (TAP1), and transporter 2 ATP binding cassette subfamily B member (TAP2). In the
luminal side of ER, the MHC-I a-chain and f2-microglobulin chain are synthetized and assembled
thanks to the chaperone calreticulin. In addition, the glycoprotein Tapasin and the oxidoreductase
ERp57 mediate the interaction between newly assembled MHC-I molecules and TAP transports
allowing optimal loading of the presented peptide. Besides having the right length, not all peptides
present affinity to bind to the MHC-I and only high-affinity peptides will be assembled to empty
MHC class I molecules. In fact, IFN-y induces the formation of immunoproteasomes, a type of

proteasome that produces peptides with high affinity to class | MHC chains. The loading peptide
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needs to be cut between 8-to-9 amino-acid length by ERAP to fit in the groove of the empty MHC-
I molecule (F. Zhou, 2009). After loading of MHC class I with a high-affinity peptide, the
interaction between Tapasin, TAP transporters, calreticulin, ERp57, and MHC-I disappears and
the complex peptide/MHC-I is able to mature through the Golgi apparatus. Finally, MHC-I with
the high-affinity peptide arrives at the cell membrane through exocytic vesicles. Once, the MHC-
I complex is located on the cell surface displays intracellular antigens to activated CD8" T cells

(Figure 9).

Defects in any step of the antigen processing pathway will prevent the correct loading of the high-
affinity peptide to the MHC-I and its maturation towards de Golgi apparatus until the cell
membrane. Moreover, alterations in antigen presentation pathway components such as losing the
expression of immunoproteasomes, TAP1, TAP2, ERAP, and Tapasin as well as mutations in [32-
microglobulin have been detected in different cancers and work as immune evasion mechanisms
by downregulating the cell surface expression of MHC-I (Reeves & James, 2017). Unmature and
unstable MHC-I molecules are retained inside the ER preventing its maturation towards the cell
membrane. Ultimately, these MHC-I can be degraded in the lysosome (Dhatchinamoorthy et al.,
2021). Lack of MHC-I cell surface expression due to defects in antigen processing pathway makes
cancer cells invisible for CD8" CTLs and can contribute to resistance to immunotherapies based
on ICL
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Figure 9. MHC-I antigen processing pathway. Intracellular proteins after being degraded by the
proteasome, are translocated to the ER through the TAP heterodimer (TAP1 and TAP2). Then peptides
with the correct length and high affinity to MHC-I molecules are loaded with the help of Tapasin,
calreticulin, and ERp57. After that, the peptide/MHC-I complex goes through Golgi to complete its
maturation until the cell membrane where is recognized by CD8" CTLs. Modified from Abul K, Abbas. et

al. Cellular and molecular immunology, Elsevier, 2021.
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4.2.2 Impaired IFN-y signaling

Given the crucial role of MHC-I in CD8" T cells dependent anti-tumor immunity its regulation
has consequences for tumor immune evasion. The expression of MHC-I a heavy chain and B2-
microglobulin as well as MHC-I antigen processing machinery including TAP1, TAP2, Tapasin,
and ERAP is coordinated by similar gene control elements that bind to their promoter and
enhancer regions. These include various transcription factors such as NLRCS, IRF1/IRF2, and
NF-kB (Jongsma et al., 2019). Importantly, NLRCS, IRF1, and IRF2 transcription factors are not
essential for cell viability, hence their expression can be lost in tumor cells (Matsuyama et al.,
1993) (A. Biswas et al., 2012). The stimulation with interferons, especially with IFN-y, increases
the expression of MHC-I and antigen processing components. Specifically, [FN-y upregulates the
expression of IRF-1 and NLRC5 (Der et al., 1998). Upon an infection, T cells induce the
expression of interferons enhancing the detection of infected cells. In the cancer context, mice
presenting defects in interferon pathways presented increased cancer incidence (Kaplan et al.,

1998).

IFN-y is a cytokine mainly expressed by CD8" CTLs, NK cells, and Th-1 cells. Upon binding to
its receptor, a heterodimer formed by interferon gamma receptor 1 (IFNGR1) and interferon
gamma receptor 2 (IFNGR2), [FN-y initiates a tyrosine kinase cascade. Intracellular Janus kinase
1 (JAKT) binds to the cytosolic tail of IFNGR1 and Janus kinase 2 (JAK2) binds to the cytosolic
tail of [FNGR2. JAKI1 and JAK2 trans-phosphorylates in tyrosine residues creating a binding
pattern to recruit the signal transducer and activator of transcription 1 (STAT1). When bound to
JAK1 and JAK?2, JAKs phosphorylate tyrosine residues of STAT1 promoting its dimerization and
translocation to the nucleus. Homodimers of phospho-STAT1 bind to the elements of gamma
activated sequences (GAS) in the promotor region of interferon-stimulated genes (ISG). This
promotes the expression of IRF1 and NLRCS5. As a result, IRF1 and NLRCS5 drive MHC-I
expression by binding to IFN sensitive response element (ISRE) and W/S, X1, X2, and Y1 boxes,
respectively, both located in the promotor region of MHC class I (Jongsma et al., 2019)
(Dhatchinamoorthy et al., 2021) (Figure 10). This promotes the expression of MHC-I and antigen-
processing proteins such as TAP1, TAP2, Tapasin, and ERAP. In addition, IRF1 also promotes
the expression of MHC-II and PD-L1. MHC-II expression is controlled by the transcriptional
regulator Class II TransActivator (CIITA) which is induced by IRF1 (Muhlethaler-Mottet et al.,
1998). By contrast, IRF1 directly induces PD-L1 expression by binding to its promoter (Garcia-
Diaz et al., 2017) (Shi, 2018).

The IFN-y signaling signature refers to a set of genes that are induced by IFN-y signaling in a cell
and are involved in a range of biological processes, including immune response, inflammation,

cell growth, and apoptosis. The IFN-y signaling signature can serve as a biomarker of [FN-y
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activity and can be used to study the role of IFN-y in physiological and pathological conditions
(Benci et al., 2016). Importantly, IFN-y signaling signature correlates with immunotherapy
response in cancer patients (Grasso et al., 2020). In addition, the ratio between the IFN-vy signaling
signature to the immunosuppression signature positively correlates with response to anti-PD-1

treatment in melanoma patients (Cui et al., 2021).
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5. CYTOKINE INTERPLAY WITHIN TME

Cytokines are soluble proteins with low molecular weight involved in cell signaling. Cytokines
are produced by multiple cell types and are involved in autocrine, paracrine, and endocrine cell
communication. Cytokines are molecules with pleiotropic effects since the same cytokine can act
on more than one cell type producing multiple biological actions (Saxton et al., 2023). Given that
cytokines cannot cross the lipid barrier, they exert their effects by signaling through cell surface
receptors. Cytokines participate in immunity modulating the maturation and responsiveness of
immune cells. Specifically, cytokines control the immune response to inflammation, infection,
trauma, and cancer (Foster, 2001). In addition, cytokines exhibit redundancy, which means that
multiple cytokines exert similar actions producing a shared biological action (C. Liu et al., 2021).

Hence, cytokines establish a complex network of cellular communication.

Cytokines constitute a heterogeneous set of factors, which includes several families such as
interleukins (ILs), tumor necrosis factors (TNFs), interferons (IFNs), transforming growth factors
(TGFs), colony-stimulating factors (CSFs), growth factors (GFs), and chemokines (Khan, 2019).
However, due to cytokines present redundancy and pleiotropism, this classification has changed
over time and may be slightly different depending on the consulted bibliography. Initially, ILs
were referred to cytokines produced by immune cells. However, later it was demonstrated that

these factors were also secreted by other cell types and participate in distinct physiological
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processes (Briukhovetska et al., 2021). TNFs are mediators of inflammatory reactions and play
an important role in chronic inflammatory diseases (Chu, 2013) while IFNs present a key role in
regulating innate and adaptive immunity (Pestka et al., 2004). CSFs regulate the proliferation and
differentiation of monocytic and granulocytic hematopoietic cells (Hamilton, 2008). GFs are
involved in the regulation of cell proliferation and differentiation, as well as in hematopoiesis,
angiogenesis, migration, and apoptosis (Barrientos et al., 2008). Finally, chemokines are
considered chemotactic cytokines given their capacity to induce chemotaxis and recruit specific
immune cells located nearby. Cytokines can also be classified as pro-inflammatory or anti-
inflammatory depending on their role. Pro-inflammatory cytokines include TNF-a, IL-18, IL-6,
IL-8, IL-12, and IFNs among others. By contrast, anti-inflammatory cytokines include TGF-f,
IL-4, IL-6, IL-10, and IL-1RA among others (Wojdasiewicz et al., 2014) (Singh et al., 2022).

Cytokines are active transducers of cell communication within the TME. While some cytokines
participate in host anti-tumor response, others support tumor progression (S. Lee & Margolin,
2011) (R. M. Morris et al., 2022). Dysregulated cytokine secretion by tumor cells, stromal cells,
and immune cells is observed in all stages of cancer progression (Propper & Balkwill, 2022).
Specifically, some cytokines have been extensively linked with pro-tumor effects. TGF-f has a
direct effect on tumor cells either by promoting cell survival, proliferation, and EMT or by acting
as tumor suppressor inhibiting tumor cells proliferation depending on the tumor pathological
characteristics (Baba et al., 2022). IL-1f promotes tumor cell proliferation, dysregulated cytokine
response, and abnormal ECM production (Rébé & Ghiringhelli, 2020). IL-4 and IL-10 also
participate in promoting an immunosuppressive TME by recruiting immunosuppressive cells such
as Treg cells, MDSCs and M2-like TAMs (Mirlekar, 2022) (Y. Li et al., 2023). Furthermore, 1L-
6 and VEGF promote angiogenesis (Y.-H. Huang et al., 2016). By contrast, other cytokines
promote anti-tumor effects: IL-2 enhances NK and T cell response, Th-1 proliferation, and
antibody production by B cells (Bachmann & Oxenius, 2007, p. 2). IFN-y signaling directly
enhances the cytotoxic activity of lymphocytes (Pestka et al., 2004). IL-12 stimulates NK and T
cell proliferation and cytotoxicity (Oka et al., 2020) while IL-15 promotes the persistent activity
of CD8" CTLs and NK cells (Briukhovetska et al., 2021). In addition, the cytokine signaling
network within the TME may vary depending on the stage of progression and individual tumor
features (Hinshaw & Shevde, 2019) (Q. Wang et al., 2023). Given the role of cytokines
modulating the immune response, their pharmacological target with single-agent cytokine-based
therapies has been assayed for cancer treatment. However, clinical trials presented limited
therapeutic benefits (Propper & Balkwill, 2022). Last decade, the explosion of immunotherapy
has increased the interest in a better understanding of the modulation of the TME by cytokines as

possible combinatory targets to boost immune response and ameliorate irAEs.

-59 -



5.1 Role of chemokines recruiting immunosuppressive cells

Chemokines are a family of cytokines that were initially characterized for their chemoattractant
function for different leukocyte populations (Griffith et al., 2014). Chemokines can attract specific
immune cell populations and can modulate the TME profile. In addition, chemokines act on non-
immune cells, and regulate numerous processes, such as angiogenesis, tumor growth, and
metastasis development (Vandercappellen et al., 2008). Chemokines are the largest subfamily of
cytokines being formed by approximately 50 ligands. Chemokines are characterized by the
presence of 2 cysteine (C) residues in the N-terminal which are essential for their three-
dimensional structure. Hence, chemokines are subdivided into four subgroups depending on the
exact location of the first 2 C residues: C-chemokines, CC-chemokines, CXC-chemokines, and
CX;C-chemokines (X represents any amino acid) (“Chemokine,” 2009). Importantly, chemokines
present a high redundancy with many ligands binding different receptors and receptors binding
multiple ligands (Nagarsheth et al., 2017). In the tumoral context, chemokines can be secreted by
immune cells, stromal cells, and tumor cells. Given that chemokines regulate the location and
function of immune cells they can present pro-tumor and anti-tumor immunity (Ozga et al., 2021).
The final effect of chemokines depends on the stage of tumor progression, the activation state of
the immune response, and the balance between effector and regulatory target cells (Ozga et al.,

2021).

Unraveling the chemoattract signals that cause the establishment of an immunosuppressive TME
by attracting immunosuppressive cells is of high interest. Immunosuppressive cells are recruited
into tumors in response to chemokines, but also other cytokines such as TGFs, GFs, ILs, and CSFs
(Lorenzo-Sanz & Muioz, 2019). Macrophages are recruited to tumor sites in response to CCL2,
CCL3, CCL4, CCL7, CCL8, CSF1, CSF2, macrophage-stimulating protein (MSP), PDGEF,
VEGEF, and TGF-B (Joyce & Pollard, 2009) (B.-Z. Qian et al., 2011). Then, macrophages may
differentiate into an M2-like profile in response to IL-4, IL-10, and IL-3 (N. Wang et al., 2014).
M-MDSC:s are recruited into tumor mainly by CCL2 and CCL5 while PMN-MDSC:s are recruited
in response to CXCL1, CXCL2, CXCLS5, CXCL6, CXCL8, CXCL12, CCL2, CCL3, and CCL15
(Kumar et al., 2016). Finally, it has been described that Treg cells are recruited to the tumor by
CCL17,CCL22,CCL28, and CXCL12 (Mizukami et al., 2008). Importantly, the expression levels
of cytokine receptors in immune cells can change in response to external stimuli (O’Shea et al.,
2019) (Propper & Balkwill, 2022). In addition, as mentioned before, there is an overlap and
redundancy in cytokine signaling reflecting the complexity of the recruitment of immune cells to

the TME.
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OBJECTIVES






The studies carried out by our laboratory have shown that the presence of mesenchymal-like SCC
cancer cells and the establishment of an immunosuppressive TME has been associated with
resistance to ICI immunotherapy in advanced mouse cSCC. In addition, previous studies indicate
that immunosuppressive cells can enhance tumor progression by promoting EMT on cancer cells
of different tumor types. However, it remains unknown if these immunosuppressive cells promote
c¢SCC progression toward a mesenchymal-like state. We hypothesize that cytokines produced by
specific populations of tumor-infiltrating immune cells could be inducing the switch of cancer
cells to the mesenchymal state, promoting cSCC progression. In turn, mesenchymal cancer cell-
derived factors may drive the conversion of tumor immune-microenvironment toward an
immunosuppressive state, which is characterized by the recruitment of immunosuppressive cells
that block antitumor response. This scenario may be responsible for resistance to ICI therapies in

¢SCCs.

The main aim of this project is to characterize the crosstalk between tumor-infiltrating immune
cells and cancer cells that is responsible for promoting the mesenchymal-like state of SCC cells,

and the recruitment of immunosuppressive cells in advanced ¢cSCCs.
The specific objectives of the present thesis are:

1. Identify tumor-infiltrating immune cells-derived cytokines responsible for promoting the

mesenchymal-like state of cancer cells during mouse cSCC progression.

2. Determine cancer cell-derived cytokines and mechanisms involved in the recruitment of
immunosuppressive cells, which contribute to the exhaustion of cytotoxic T cells in advanced

mouse cSCCs.

3. Study alternative strategies to promote the anti-tumor response of ICI therapies in advanced

¢SCCs.

4. Study of patient cSCC and HNSCC cell characteristics associated with resistance to ICI

therapy.
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MATERIALS AND METHODS






1. In vitro cell culture of primary SCC cells and treatments

Primary SCC mouse cells previously obtained in the laboratory were used. Specifically, cancer
cells from WD-SCCs (full epithelial cancer cells), MD/PD-SCCs (Plastic EpCAM" cancer cells),
PD-SCCs (mesenchymal-like EpCAM" cancer cells) and PD/S-SCCs (full mesenchymal cancer
cells) were plated and cultured in DMEM-F12 GlutaMAX medium (Life Technologies,
31331093) with 1X B27 (Life Technologies, 17504044) and 1% penicillin/streptomycin
(Biowest, L0022-100) (Table 1). Cells were grown in a 60 mm treated cell culture dish (Corning,
353002) in a humidified incubator at 37°C and 5% COs. Primary SCC cells were previously
transduced with the plasmid MSCV-IRES-GFP and can be identified by enhanced Green

fluorescent protein (GFP) expression.

Primary SCC cells Origin Differentiation degree
2C3 WD-SCCs Full epithelial SCC cells
3A
Plastic S2T2 EpCAM™* MD/PD-SCCs Plastic EpCAM™ SCC cells
Plastic S5T2 EpCAM™*
S3T1 EpCAM- PD-SCCs Mesenchymal EpCAM™ SCC cells
6G2 EpCAM-
468-8A PD/S-SCCs Full mesenchymal SCC cells

Table 1: Primary SCC cells and its degree of differentiation.

Primary SCC cells were subcultured when reached ~80% confluence. Cell passaging was
performed by carefully washing the plates with phosphate buffered saline (PBS) 1X (Life
Technologies, 11593377) and adding 2X trypsin-EDTA 0.5% (Life Technologies, 10779413).
Once cells were detached, DMEM high glucose GlutaMAX medium (Life Technologies,
31966047) supplemented with 10% FBS (Life Technologies, 10270106) and 1% antibiotic-
antimycotic (Biowest, L0010-100) was added and centrifuged at 1.200 rpm for 4 minutes. The

supernatant was removed, and cells were resuspended at desired dilution in the culturing medium.

Full epithelial cancer cells (2C3 and 3A) and mesenchymal-like EpCAM cancer cells (S3T1
EpCAM  and 6G2 EpCAM") were used to perform in vitro assays. For IFN-y treatment, 350 000
full epithelial cancer cells or 400 000 mesenchymal-like EpCAM: cancer cells were seeded in 6-
well plates (Corning, 353046) with 10 ng/mL of IFN-y (R&D systems, 485-MI) or PBS in culture
medium (DMEM-F12 GlutaMAX with 1X B27 medium and 1% P/S) for 48 hours. Then, treated
cells were analyzed by fluorescent activated cell sorter (FACS) analysis or cell pellets were

collected for RNA and western blot analysis.

The selective inhibitor of the methyltransferase EZH2, GSK 126 (Selleckchem, S7061), was used
to treat full epithelial cancer cells or mesenchymal-like EpCAM- cells. Specifically, 200 000 2C3
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SCC cells or 300 000 S3T1 EpCAM" SCC cells were seeded in 6-well plates with 5 pM of
GSK126 or dimethyl sulfoxide (Sigma, D4540) in culture medium for 72 hours. Treated cells
were then analyzed by FACS analysis or cell pellets were collected for RNA and western blot

assays.

To inhibit the autophagic flux, Bafilomycin A (BafA, Sigma, B1793) was used to treat
mesenchymal-like EpCAM- cells. Specifically, 400 000 S3T1 EpCAM- SCC cells were seeded in
6-well plates with 200 nM of BafA or DMSO in the culture medium for 24 hours. Treated cells

were then analyzed by FACS analysis or cell pellets were collected for western blot analysis.
2. Tumor-cell grafting and in vivo treatments

Isolated GFP" full epithelial SCC cells from WD-SCCs, GFP" epithelial EpCAM* SCC cells from
MD/PD-SCCs and GFP" mesenchymal-like EpCAM- SCC cells from PD-SCCs (#10 000 cells)
were mixed 1:1 with matrigel basement membrane matrix (Corning, 356234), and subcutaneously
engrafted in the back skin of 6-8-week syngeneic males (C57BI16/FVB F1 background). Tumor
growth volume was monitored every 2-3 days by applying V = n/6 x L x W2. Tumors were resected
when reached a critical size for processing by flow cytometry and immunohistology assays.
Animal housing, handling and all procedures involving mice were approved by the Institutional
Animal Care and Use Committee IDIBELL (Barcelona, Spain), in accordance with the Spanish
national guidelines and regulations. Mice were housed at 2-5 animals per cage with a 12-hour

light/dark cycle at a constant temperature of 23°C with food and water ad libitum.

To study the role of CXCL1 and CXCL2 signaling on tumor growth and tumor immune landscape,
PD-SCCs were generated in immunocompetent syngeneic mice by engrafting S3T1 EpCAM-
cells as described above. Once tumors were palpable (approximate volume of 14 mm?®) mice were
randomly assigned to a group and treated intraperitoneally with the selective small-molecule
antagonist of CXCR2 (CXCL1 and CXCL2 receptor) SB225002 6 days per week at a dose of 2
mg/kg or with solvent solution (Table 2). SB225002 powder was solubilized according to the
manufacturer's instructions by adding sequentially 10% DMSO >> 40% PEG300 >> 5% Tween-
80 >> 45% saline. Once tumors achieved a critical size (approximately after 30 days of treatment)

were excised and processed.

To assess the function of CSF3 signaling on tumor growth and tumor immune landscape, PD-
SCCs were generated in immunocompetent syngeneic mice by engrafting S3T1 EpCAM- cells as
described above. Once tumors were palpable (approximate volume of 14 mm?®) mice were
randomly assigned to a group and treated with anti-CSF3 or anti-IgG; 2 days per week at a dose
of 10 ug (Table 2). Anti-CSF3 or anti-IgG; drugs were reconstituted at 0.5 mg/mL in sterile PBS
according to the manufacturer's instructions. Once tumors achieved a critical size (approximately

after 30 days of treatment) were excised and processed.
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To determine the role of CCL2 signaling on tumor growth and tumor immune landscape, PD-
SCCs were generated in immunocompetent syngeneic mice by engrafting S3T1 EpCAM- cells as
described above. Once tumors were palpable (approximate volume of 14 mm?®) mice were
randomly assigned to a group and treated with anti-CCL2 or anti-IgG 2 days per week at a dose
of 200 ng (Table 2). Once tumors achieved a critical size (approximately after 30 days of

treatment) were excised and processed.

In vivo treatment Clone Source
Anti-mouse G-CSF Antibody 67604 R&D systems (MAB414)
Rat IgG; Isotype control 43414 R&D systems (MABO005)
InVivoMab anti-mouse/human/rat CCL2 2H5 BioXCell (BE0185)
InVivoMab polyclonal Armenian hamster IgG / BioXCell (BE0091)
SB225002 / MedChemExpress (HY-16711)

Table 2: Drugs used in in vivo treatments.
3. Fluorescent activated cell sorter (FACS) analysis and isolation of SCC cells

To analyze mouse tumors fresh samples were mechanically minced and enzymatically digested
ON at 37°C in soft mix with RPMI 1640 GlutaMAX medium (Life Technologies, 61870044)
supplemented with 10% FBS (Life Technologies, 10270106), 20 mM HEPES (Sigma, H3537),
1% antibiotic-antimycotic (Biowest, L0010-100), 28.8 U/ml collagenase type I (Sigma, C0130)
and 0.42 U/ml dispase (Life Technologies, 17105041). Obtained cell suspensions were filtered
with a 70 pm cell strainer (Corning, 087712) and depleted of erythrocytes by incubating with
ACK lysis buffer (Lonza, BP1-548E) for 10 min at RT. Endothelial cells were depleted by
incubating in a rotary mixer with a purified rat anti-mouse CD31 antibody (1/100, BD Bioscience,
550274) for 30 min at 4°C, and then with Dynabeads anti-rat 1gG (3/100, Life Technologies,
11035) for 30 min at 4°C. For cell surface staining, ~100.000 isolated cells were incubated with
flow cytometry antibodies (Table 3) in blocking buffer (5% FBS in PBS) with 0.01 pg/uL IgG
(Sigma, I5381) for 30 min at 4°C. Next, cells were washed with wash buffer (0.5% BSA, 2 mM
EDTA in PBS) and resuspended in analysis buffer (2% FBS, 2 mM EDTA in PBS). Viability was
determined by DAPI (Thermo Scientific, 62248) staining exclusion. FACS analysis and sorting
were performed in BD Bioscience Fusion II equipment. Obtained data were analyzed using

FlowlJo 10.6 Software.

Antibody Clone Dilution Source
CD11b APC M1/70 1/250 BioLegend (101212)
CDI11b PE M1/70 1/200 BD Bioscience (557397)
CD11b PE/Cyanine? M1/70 1/250 BioLegend (101215)
CTLA-4 PE/Cyanine7 UC10-4B9 1/250 BioLegend (106313)
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LAG-3 PE/Cyanine7 CO9B7TW 1/250 BioLegend (125225)

PD-L1 PE/Cyanine7 10F.9G2 1/200 BioLegend (124313)
PD-1 APC/Cyanine7 29F.1A12 1/350 BioLegend (135223)
CD3¢g APC 145-2C11 1/300 BioLegend (100311)
EpCAM APC-eF780 G8.8 1/400 eBioscience (47-5791-82)
TIM-3 PE/Cyanine7 B8.2C12 1/250 BioLegend (134009)
CD4 PE/Cyanine7 RM4-5 1/300 BioLegend (100527)
CD45 PE 30-F11 1/350 TONBO (50-0451-U100)
CD8a PE 53-6.7 1/400 BioLegend (100707)
F4/80 PE BMS 1/200 BioLegend (123110)
Ly-6C PE/Cyanine7 HK1.4 1/150 BioLegend (128017)
Ly-6G APC 1A8 1/150 BioLegend (127613)
MHC-I (H-2K®) PE/Cyanine7 AF6-88.5 1/200 BioLegend (116519)
MHC-II (I-A/I-E) PE/Cyanine7 ~ M5/114.15.2 1/400 BioLegend (107629)
NK-1.1 PE PK136 1/400 BioLegend (108707)
TIGIT PE/Cyanine7 1G9 1/250 BioLegend (142107)

Table 3: Cell surface mouse conjugated antibodies used in flow cytometry assays.
4. Patient ¢cSCC and HNSCC samples

Samples of ¢SCC and HNSCC patients treated with ICI therapy were supplied by the Plastic
Surgery and Pathology Units of the Hospital Universitari de Bellvitge (Barcelona, Spain). Sample
collection protocol was supervised and approved by the Research Ethics Committee of the
Hospital Universitario de Bellvitge (Barcelona, Spain). All patients were fully informed about the

study before giving their signed consent to be included in it.
5. Bone marrow derived macrophages (BMDM) culture

To obtain primary cultures of BMDM fresh femur and tibiae from euthanized mice were
processed. Muscle tissue was removed from bones and the end of bones was cut off using
disposable scalpers. Femur and tibia were put inside a 200 uLL Eppendorf with a hole in the bottom
(opened with a needle). This 200 puL. Eppendorf was centrifuged at the highest speed for 15
seconds inside a 1.5 mL Eppendorf. A red pellet on the bottom of the 1.5 mL Eppendorf'is formed
which includes the bone marrow. Pellets were resuspended with macrophage induction medium
(DMEM high glucose GlutaMAX, 10% FBS, 1% A/A, 25 mM HEPES (Sigma, HO887) and 10
ng/mL CSF1 (Peprotech, 315-02)) and cells were seeded in 100 mm cell culture dish untreated at
a ratio of 5 dishes per leg for 5-7 days in a humidified incubator at 37°C and 5% CO». Then,
monocytes were induced into macrophages. Macrophage polarization was achieved by culturing
induced macrophages with the macrophage induction medium supplemented with soluble

molecules 10 ng/mL LPS (Sigma, L2630) or 10 ng/mL IL-4 (Sigma, 11020) for 24 hours or by
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culturing induced macrophages with 72-hour conditioned medium from primary SCC cells with
10 ng/mL CSF1 for 24 hours. Polarized macrophages were collected to be analyzed by RT-qPCR
or cultured for 48 hours in DMEM-F12 GlutaMAX medium with 1X B27 and 1% P/S to obtain
BMDM conditioned medium for further experiments.

6. Splenic MDSCs analysis and sorting

For splenic MDSCs obtention, mice were euthanized, and the spleen was collected into RPMI
1640 GlutaMAX medium with 10% FBS, 20 mM HEPES and 1% A/A. Using a plunger end of a
1 mL syringe the spleens were gently mashed through a 70 pm cell strainer. Obtained single cell
suspensions were depleted of erythrocytes by incubating with ACK lysis buffer for 3 min at 4°C.
Isolated splenocytes were incubated with conjugated antibodies (Table 3) in blocking buffer (5%
FBS in PBS) with 0.01 pg/uL 1gG for 30 min at 4°C, then washed with 0.5% BSA, 2 mM EDTA
in PBS, and finally resuspended in analysis buffer (2% FBS, 2 mM EDTA in PBS). FACS-sorting
was performed in BD Bioscience Fusion II equipment. PMN-MDSCs (CD11b" Ly6C* Ly6G")
and M-MDSCs (CD11b* Ly6C" Ly6G") were sorted into RPMI 1640 GlutaMAX medium with
10% FBS, 20 mM HEPES, and 1% A/A and cultured in DMEM-F12 GlutaMAX medium with
1X B27 and 1% P/S for 48 hours in a humidified incubator at 37°C and 5% CO,. Next, splenic

MDSCs conditioned medium and cell pellets were collected for further analysis.
7. RNA extraction, reverse transcription and quantitative real-time PCR analysis

RNA was extracted from isolated cells by using TRIzol Reagent (Invitrogen, 15596026) and
chloroform and precipitated by isopropanol and ethanol. Isolated RNA was quantified in
Nanodrop 2000. Reverse transcription was performed using the kit High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, 4374966). 2 ug of RNA were retrotranscribed into cDNA
following the indicated conditions: 10 min at 25°C, 2 hours at 37°C and 10 min at 85°C.
Quantitative real-time PCR reactions were carried out in triplicate by mixing 20 ng of cDNA with
1X PowerUp SYBR Green Master Mix (Applied biosystems, A25742) and 500 nM of specific
forward and reverse primers targeting each gene of interest (Table 4). Gapdh and Ppia were used
to normalize the gene expression values for all mouse samples. Quantitative Polymerase Chain
Reaction (qPCR) was performed using the QuantStudio 7 Pro machine (Applied biosystems)
following the indicated conditions: 2 min at 50°C, 10 min at 95 °C and 40 cycles of 15 sec 95°C
+ 1 min 65°C followed by standard melting curve dissociation. Relative gene expression was

calculated using the 222 analysis method with Gapdh and Ppia as housekeeping genes.

Gene Forward (5’ - 3°) Reverse (5’ - 3°)

Argl TTTTAGGGTTACGGCCGGTG CCTCGAGGCTGTCCTTTTGA
p2-microglobulin TCACACTGAATTCACCCCCA TCACATGTCTCGATCCCAGT

Cdl63 GTGCTGGATCTCCTGGTTGT CGTTAGTGACAGCAGAGGCA
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Csfl AGTGGAAGTGGAGGAGCCAT TGGTGAGGGGTCATAGAATCC
Cxcll0 ATGACGGGCCAGTGAGAATG TCGTGGCAATGATCTCAACAC
Cxcl2 CCAAAAGATACTGAACAAAGGCA CGAGGCACATCAGGTACGA
Cxcl9 GCCATGAAGTCCGCTGTTCT TAGGGTTCCTCGAACTCCACA
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

Gas6 GGAGGCCTGCCAGAAGTATC TGCTTGTACGAGGCCGTATC
Hnrnpr CCAGCTCTGCCCTGCATAAT GGCCTGCCTCTATCAGTGTC
1l-1b TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT
1l-6 ACCAGAGGAAATTTTCAATAGGC TGATGCACTTGCAGAAAACA
Infgrl GGTGCCTGTACCGACGAATG AGTCCAGGAACCCGAATACAC
Infgr2 CGAAACAACAGCAAATGCCTC CAATGCGAAGATGCCCAACG
Inos TCCTGGACATTACGACCCCT CTCTGAGGGCTGACACAAGG
Irf~1 ATTGACAGCCCTCGAGGAAAC TTCGTGATCGACGCATGTCA
Mex-3c GTCGGACGCCAGGGTTGTAA ATGGGTTCTTCACCACGAACA
Mhc-I (H-2d) ACCCAGGACATGGAGCTTGT GCTCCAAGGACACCCAGAAC
Mhc-11 AAGCTTTGACCCCCAAGGTG GGAGCCTCATTGGTAGCTGG
Pd-11 CGCCTGCAGATAGTTCCCAA AGCCGTGATAGTAAACGCCC
Pd-12 TGCTGGGTGCTGATATTGACA GGGGCTGTCACGGTGAATAA
Ppia GTTCATGCCTTCTTTCACCTTCCC CAAATGCTGGACCAAACACAAACG
Tapl AAGTCTGGACCACGAGTGTCT TGACAGCCCCTCTGATCACC
Tap?2 GCAGACGACTTCATAGGGGAAAT TCTCCAGTTCTGTAGGGCCTG
Tapasin ATACTTCAAGGTGGATGACCCG GACTTCTAGCCCACTTCGCC
Tnf-a GCCTCTTCTCATTCCTGCTTG CTGATGAGAGGGAGGCCATT

Table 4: Primers for mouse mRNA quantification in qRT-PCR assays.

8. Histology, immunohistochemistry and immunofluorescence assays

Mouse and patient tumor samples were fixed in 4% formaldehyde (PanReac, 252931) overnight
(ON) at 4°C. Next, samples were paraffin-embedded and sectioned at 4 um using a microtome
(Leica). To quantify necrotic areas, tumor sections were stained with hematoxylin and eosin (H/E)
and mounted with DPX mounting medium (Sigma, 06522). Tumor sections were captured using
bright-field microscopy (Nikon Eclipse 80i). Tumor micrographs were overlapped to obtain
whole digital sections of tumors. Next, viability was analyzed with the Weka Training
Segmentation Plugin available in the Fiji Image J software, which combines machine learning
algorithms with selected image features to produce pixel-based segmentations. The selection of
viable and necrotic regions (identified by nuclear fragmentation) provides a labeled result for the

whole tumor section, from which the percentages of viable and necrotic areas were calculated.
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Mouse and patient tumor paraffin-embedded sections were deparaffinized and antigen retrieval
was performed using 10 mM sodium citrate (pH 6.0) or 10 mM TRIS / 1 mM EDTA (pH 9.0),
depending on the primary antibody. Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide (Millipore, 107210) for 10 min at RT. Next, samples were blocked with 5%
horse serum (HS, Life Technologies, 16050122) in Tris-buffered saline (TBS) buffer 1X (TBS;
10 mM Tris-HCI pH 8, 150 mM NaCl) with 0,1% Tween-20 (Merck, 9005-64-5) for 1h at RT,
and incubated with primary antibodies (Table 5) ON in 3% HS in TBS 1X with 0,1% Tween-20
at 4°C in a humidified chamber. For immunohistochemistry (IHC) detection, sections were
incubated with a secondary antibody (Table 6) in 3% HS in TBS 1X with 0,1% Tween-20 for 1h
at RT, followed by 3,3’-Diaminobenzidine (DAB) developing system (Dako, K3468). Tumor
sections were then counterstained with hematoxylin, mounted with permanent DPX mounting
medium and captured using bright-field microscopy (Nikon Eclipse 80i). For
immunofluorescence (IF) detection, samples were incubated with secondary antibodies (Table 6)
in 3% HS in TBS 1X with 0,1% Tween-20 for 1h at room temperature. Nuclei were stained with
4’6’-Diamidino-2-Phenylindole (DAPI, Life Technologies, D3571) 1/5000 for 10 min at RT.
Samples were mounted with Vectashield mounting medium (Palex, 416397), and micrographs
were captured with a Leica TCS SP5 confocal microscope. All images were analyzed with Fiji

Image J software.

Reactivity Antibody Host Source Retrieval Use
CD163 Rb Abcam 10 mM sodium IHC: 1/100
(ab182422) citrate (pH 6.0)
CD8a Rb Cell Signaling 10 mM sodium IHC: 1/50
(D4W27) (98941) citrate (pH 6.0)
Mouse FoxP3 Rb Cell Signaling 10 mM sodium IHC: 1/100
(D608R) (12653) citrate (pH 6.0)
GzmB Gt R&D systems 10 mM sodium IHC: 1/50
(AF1865) citrate (pH 6.0)
Ly6-G/Ly6C Rt R&D systems 10 mM sodium IF: 1/200
(Gr-1) (MAB1037) citrate (pH 6.0)
CD8a Ms Abcam 10 mM TRIS / 1 mM IF: 1/50
Human (144B) (ab17147) EDTA (pH 9.0)
PD-1 Rb Abcam 10 mM TRIS / 1 mM IF: 1/100
(EPR4877 2) (ab137132) EDTA (pH 9.0)

Table 5: Primary antibodies used in immunohistochemistry and immunofluorescence mouse and
human assays. Gt, Goat; Ms, Mouse; Rb, Rabbit; Rt, Rat. IF, immunofluorescence; IHC,

immunohistochemistry.
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Antibody Host Source Use

Anti-Mouse Alexa Fluor 647 Gt Invitrogen (A21235) IF: 1/200
Anti-Rabbit Alexa Fluor 568 Dy Invitrogen (A10042) IF: 1/200
Anti-Rat Alexa Fluor 546 Gt Invitrogen (A11081) IF: 1/400
Anti-Rabbit EnVision+System-HRP - Dako (K4003) IHC: -
Anti-Goat Immunoglobulins/HRP Rb Dako (P044901-2) IHC: 1/100

Table 6: Secondary antibodies used in immunohistochemistry and immunofluorescence assays. Dy,

Donkey; Gt, Goat; Rb, Rabbit. IF, immunofluorescence; IHC, immunohistochemistry.
9. Obtention of total protein lysates and western blotting (WB)

To extract proteins, obtained cell pellets were resuspended in 80 pL of lysis buffer: 350 mM NacCl,
50 mM Tris pH 8, 5 mM EDTA, 0.5% NP4O, 10% glycerol, cOmplete protease inhibitor cocktail
1X (Roche, 11697498001), PhosSTOP 1X (Roche, 4906845001), 2 mM NaF, 0.1 mM Na3;VOs, 1
mM DTT, 1 mM phenylmethanesulfonylfluoride (PMSF) and 0.1% SDS. Cell pellets were then
maintained for 20 minutes at 4°C in lysis buffer, sonicated at 30kHz 1 Cycle 100% amplitude for
10 seconds twice (UP50H, Biotech) and centrifugated at 12.000 rpm for 10 min at 4°C. Obtained
supernatants were transferred into new Eppendorf and total protein concentration was measured
using Bradford's protein assay (Bio-rad, 5000006). The absorbance lectures were quantified at
A=595 nm using the BioTek PowerWave XS microplate reader.

Protein extracts were mixed with 1X SDS-Page sample loading buffer (4X: 50 mM Tris-HCI pH
6.8, 2% SDS, 10% glycerol, 12.5 mM EDTA, 0.02 bromophenol blue, 12% 2-mercaptoethanol).
Samples were heated for 5 min at 95°C to denature proteins. Electrophoresis was performed after
loading 40 pg of protein from each condition in 10% polyacrylamide gel and ran under 100V for
2h in electrophoresis buffer (25 mM Tris-HCI, 192 mM Glycine, 1% SDS). Then, proteins were
transferred via wet blotting system to 0,2 pm Amersham Protran Western blotting nitrocellulose
membranes (Sigma, GE10600001) for 2h at 200 mA in transfer buffer (25 mM Tris-HCI pH 8.3,
192 mM Glycine, 20% methanol). Next, membranes were stained with Ponceau S solution
(Sigma, P7170). Membranes were washed with 1X TBS 0,1% Tween 20 and blocked a least for
1 hour with 5% BSA in TBS-Tw at RT in agitation. Membranes were incubated O/N at 4°C in
agitation with primary antibody solution (Table 7). The next day, membranes were rinsed with
TBS-Tw 3 times for 10 min and incubated with secondary antibody (Table 7) diluted in 5% milk
TBS-Tw for 1 hour at RT with agitation. Membranes were then washed with TBS-Tw 3 times and
incubated with the ECL western blotting detection reagents (Sigma, GERPN2209) to detect
specific protein bands. Detection of the labeling was achieved by chemiluminescence analysis at
chemidoc (Amersham Imager 600). The intensity of the bands was quantified using the Fiji Image

J software.
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Antibody Host Source Use Secondary antibody

1/500 000 in
Anti-p-actin- Sigma
Ms 5% milk TBS- N/A
HRP (A3854)
Tw
) ) 1/50 000 in ) )
Anti-Histone H3 Cell signaling 1/2000 Goat Anti-Rabbit
Rb 5% milk TBS-
(D1H2) (4499) T Immunoglobulins/HRP (Dako, P0448)
w
Anti-Tri-
Methyl-Histone - Cell signaling ~ 1/1000 in 5% 1/2000 Goat Anti-Rabbit
H3 (Lys27) (9733) milk TBS-Tw  Immunoglobulins/HRP (Dako, P0448)
(C36B11)
MBL 1/1000 in 5% 1/2000 Rabbit Anti-Rat
Anti-LC3 Rb
(PDO014) milk TBS-Tw  Immunoglobulins/HRP (Dako, P0450)
Biorad 1/500 in 5% 1/2000 Rabbit Anti-Rat
Anti-MHC-I Rt
(MCA2398) milk TBS-Tw  Immunoglobulins/HRP (Dako, P0450)
Anti-p-STATI1 Rb Cell signaling ~ 1/1000 in 1% 1/2000 Goat Anti-Rabbit
(Tyr701) (58D6) 9167) milk TBS-Tw  Immunoglobulins/HRP (Dako, P0448)

Table 7: Primary and secondary antibodies used in western blot assays. Rb, Rabbit; Rt, Rat; Ms,

Mouse.

For Histones detection a different procedure was performed to ensure the separation of proteins
from DNA. Cell pellets were resuspended in Laemmli buffer 1X (0.0625 M Tris-HCI pH 6.8, 2%
SDS. 15% glycerol and 0.01% bromophenol blue), sonicated 10 seconds three times and
quantified by measuring the absorbance at A=260 nm in the Nanodrop 2000. 20 ug of samples
were loaded with Laemli buffer supplemented with 1.25% 2-mercaptoethanol in 15%
polyacrylamide gel and ran under 100V for 2h in electrophoresis buffer. Then, proteins were
transferred via wet blotting system to 0,2 um Amersham Protran Western blotting nitrocellulose
membranes at 10 V in transfer buffer O/N at 4°C. The next day, membranes were washed three
times with TBS-Tw and incubated with primary antibodies (Table 7) for 2 hours at RT in agitation.

After the primary antibody incubation, the procedure was followed as described above.
10. Immunocytochemistry

To analyze antigen expression and location in in vitro cells immunocytochemistry assays were
performed. Round cover glasses (Harvard Apparatus, BS4 64-0702) were introduced into a 24-
well plate (Corning, 353047) and treated with poly-L-lysine (Sigma, P4832) to ensure cell attach.
Full epithelial cancer cells (2C3) and mesenchymal-like EpCAM- cancer cells (S3T1 EpCAM")
were seed (#40 000 cells) and cultured for 48 hours in a humidified incubator at 37°C and 5%
COs. Next, cells were washed with PBS, fixed with 4% paraformaldehyde (PFA) for 15 min at
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RT and washed again. Cells were then permeabilized by adding 0.1% Triton PBS 10 min a RT
and washed with PBS. Next, cells were blocked with 5% BSA PBS 0,1% Tw (PBS-Tw) for 2
hours at RT and incubated with primary antibody rabbit anti-MHC class I (Abcam, ab281901) in
3% BSA PBS-Tw O/N at 4°C. The next day, cells were washed with PBS-Tw and incubated with
secondary antibody Anti-Rabbit Alexa Fluor 568 in 3% BSA PBS-Tw for 1 hour at RT. Cells were
then washed with PBS and nuclei were stained with DAPI 1/5000 for 10 min at RT. Finally, cells
were mounted with Vectashield mounting medium, and micrographs were captured with a Leica

TCS SP5 confocal microscope. All images were analyzed with Fiji Image J software.
11. Mouse cytokine proteome profiler

Cytokines secreted by full epithelial cancer cells and mesenchymal-like EpCAM™ cancer cells
were detected using the mouse cytokine array proteome profiler array (R&D systems, ARY0006),
which are membranes spotted with a duplicate of antibodies against 40 different mouse cytokines.
The array was proceeded as indicated by the manufacturer and 600 pL of the conditioned medium
was loaded into each membrane. Cytokines secreted by splenic MDSCs were detected using the
mouse XL cytokine array proteome profiler array (R&D systems, ARY028), which are
membranes spotted with a duplicate of antibodies against 111 different mouse cytokines (Table
8). The array was proceeded as indicated by the manufacturer and 400 pL of the conditioned

medium was loaded into each membrane.

Detection of the labeling was achieved by chemiluminescence analysis at chemidoc (Amersham

Imager 600). The intensity of the dots was quantified using the Fiji Image J software.

Coordinate 1  Coordinate 2  Analyte / Control Entrez Gene ID
Al A2 Reference Spot N/A
A3 A4 Adiponectin/Acrp30 11450
A5 A6 Amphiregulin 11839
A7 A8 Angiopoietin-1 11600
A9 Al0 Angiopoietin-2 11601
All Al2 Angiopoietin-like 3 30924
Al3 Al4 BAFF/BLyS/TNFSF13B 24099
AlS Al6 Clq R1/CD93 17064
Al7 Al18 CCL2/JE/MCP-1 20296
Al19 A20 CCL3/CCL4/MIP-10/B 20302/20303
A21 A22 CCL5/RANTES 20304
A23 A24 Reference Spot N/A
B3 B4 CCL6/C10 20305
B5 B6 CCL11/Eotaxin 20292
B7 B8 CCL12/MCP-5 20293
B9 B10 CCL17/TARC 20295
BI1 B12 CCL19/MIP-3p 24047
BI3 B14 CCL20/MIP-30. 20297
BI15 BI16 CCL21/6Ckine 18829
B17 BI8 CCL22/MDC 20299
B19 B20 CD14 12475
B21 B22 CD40/TNFRSF5 21939
C3 C4 CD160 54215
C5 C6 Chemerin 71660
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C7
C9
Cl1
CI3
CI15
C17
C19
C21
D1
D3
D5
D7
D9
D11
D13
D15
D17
D19
D21
D23
Ell
E3
ES)
E7
EY)
Ell
B3
E15
1B17
E19
E21
E23
F1
F3
F5
F7
F9
F11
F13
F15
F17
F19
F21
F23
Gl
G3
G5
G7
G9
Gl1
G13
G15
G17
G19
G21
G23
H1
H3
H5
H7
H9
H11
H13
H15

C8
C10
C12
Cl4
Cl6
C18
C20
C22
D2
D4
D6
D8
D10
D12
D14
D16
D18
D20
D22
D24
E2
E4
E6
E8
E10
El12
El4
El6
E18
E20
E22
E24
F2
F4
F6
F8
F10
F12
F14
Fl16
F18
F20
F22
F24
G2
G4
G6
G8
G10
G12
Gl14
Gl16
G18
G20
G22
G24
H2
H4
Heé
H8
HI10
HI12
H14
H16

Chitinase 3-like 1
Coagulation Factor III
Complement Component C5/C5a
Complement Factor D
C-Reactive Protein / CRP
CX3CL1/Fractalkine
CXCLI/KC
CXCL2/MIP-2
CXCLIMIG
CXCL10/1P-10
CXCLI1/I-TAC
CXCL13/BLC/BCA-1
CXCL16

Cystatin C

DKK-1
DPPIV/CD26

EGF
Endoglin/CD105
Endostatin

Fetuin A/AHSG
FGF acidic
FGF-21

Flt-3 Ligand

Gas 6

G-CSF

GDF-15

GM-CSF

HGF
ICAM-1/CD54
IFN-y

IGFBP-1

IGFBP-2

IGFBP-3

IGFBP-5

IGFBP-6
IL-1o/IL-1F1
IL-1B/IL-1F2
IL-1ra/IL-1F3

IL-2

IL-3

1L-4

IL-5

IL-6

IL-7

1L-10

IL-11

1L-12 p40

IL-13

IL-15

IL-17A

1L-22

IL-23

IL-27 p28
IL-28A/B

IL-33

LDL R

Leptin

LIF
Lipocalin-2/NGAL
LIX

M-CSF

MMP-2

MMP-3

MMP-9
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12654
14066
15139
11537
12944
20312
14825
20310
17329
15945
56066
55985
66102
13010
13380
13482
13645
13805
12822
11625
14164
56636
14256
14456
12985
23886
12981
15234
15894
15978
16006
16008
16009
16011
16012
16175
16176
16181
16183
16187
16189
16191
16193
16196
16153
16156
16160
16163
16168
16171
50929
83430
246779
330496/338374
77125
16835
16846
16878
16819
20311
12977
17390
17392
17395



H17 H18 Myeloperoxidase 17523

H19 H20 Osteopontin 20750
H21 H22 Osteoprotegerin/TNFRSF11B 18383
H23 H24 PD-ECGF/Thymidine phosphorylase 72962
I1 12 PDGF-BB 18591
I3 14 Pentraxin 2/SAP 20219
I5 16 Pentraxin 3/TSG-14 19288
17 I8 Periostin/OSF-2 50706
19 110 Pref-1/DLK-1/FA1 13386
111 112 Proliferin 18811
113 114 Proprotein Convertase 9/PCSK9 100102
115 I16 RAGE 11596
117 118 RBP4 19662
119 120 Reg3G 19695
121 122 Resistin 57264
J1 J2 Reference Spots N/A
I3 J4 E-Selectin/CD62E 20339
JS J6 P-Selectin/CD62P 20344
J7 18 Serpin E1/PAI-1 18787
J9 J10 Serpin F1/PEDF 20317
J11 J12 Thrombopoietin 21832
J13 J14 TIM-1/KIM-1/HAVCR 171283
J15 J16 TNF-o 21926
117 J18 VCAM-1/CD106 22329
J19 J20 VEGF 22339
121 122 WISP-1/CCN4 22402
J23 124 Negative Control N/A

Table 8. Antibodies for cytokine detection and their location within the membrane.

12. ELISA

To analyze the in vitro secretion of CXCL1 and CXCL2 7-10° full epithelial SCC cells and 8-10°
mesenchymal EpCAM- SCC cells were seeded in 6-well plates and cultured for 48 hours in a
humidified incubator at 37°C and 5% CO; in DMEM-F12 GlutaMAX medium with 1X B27 and
1% penicillin/streptomycin. After this, the medium was collected and centrifuged at 12.000 rpm
for 10 minutes at 4°C. Next, the supernatant was collected for the ELISA analysis. The PeproTech
ELISAkit (Mini ABTS ELISA Development kit) to detect CXCL1 (900-M127) and CXCL2 (900-
M152) was used together with the ABTS ELISA Buffer Kit (900-K00) following the
manufacturer's recommendations. Subsequently, the substrate solution (TMB Liquid Substrate)
was added and incubated for 20 minutes at room temperature for color development. The

absorbance was measured at 450 nm in a VICTOR X Multilabel Plate reader (PerkinElmenr, Inc).
13. Statistical analysis

Statistical tests and graphs were generated using GraphPad Prism 6 (GraphPad Software Inc.).
Data is presented as mean =+ standard deviation (SD). Statistical analysis was performed applying
unpaired two-tailed Student’s #-test to determine the significance of group differences in each
experiment. Significant differences between tumor growth were analyzed by repeated measures
ANOVA test. Statistically significant differences between compared groups are represented as:

not significant (ns) p>0.05; * p<0.05; ** p<0.01; *** p<0.001.
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RESULTS






CHAPTER 1: IDENTIFICATION OF TUMOR-INFILTRATING IMMUNE CELLS-
DERIVED CYTOKINES RESPONSIBLE FOR PROMOTING THE MESENCHYMAL-
LIKE STATE OF CANCER CELLS DURING MOUSE ¢SCC PROGRESSION

Previous results of the group demonstrated that the infiltrate of immune cells with
immunosuppressive features was increased in PD-SCCs as compared to WD-SCCs. Specifically,
Treg cells, M-MDSCs, M2-like macrophages, and exhausted CD8" T cells populations are more
strongly recruited into PD-SCCs. In addition, the blockade of PMN-MDSCs recruitment after
anti-GR1 treatment in MD/PD-SCCs (containing epithelial plastic cancer cells) decreases the
acquisition of mesenchymal traits in cancer cells. Hence, these results suggest that MDSCs-
derived signals could be responsible for promoting the acquisition of mesenchymal-like traits by
cancer cells during cSCC progression, as described in other tumor types such as breast cancer
(Ouzounova et al., 2017) (H. Zhu et al., 2017) and nasopharyngeal carcinoma (Z.-L. Li et al.,
2015). In addition, macrophages recruitment and polarization changed concomitantly with cSCC
progression suggesting that derived cytokines from macrophages could also play an active role in
c¢SCC progression and acquisition of mesenchymal characteristics. Macrophages derived factors
and cytokines have also been described to enhance the acquisition of mesenchymal traits and
promote EMT in different tumor conditions such as gastric cancer (W. Li et al., 2019) and lung
cancer (Techasen et al., 2012). In addition, previous studies from our group also showed that
¢SCC progression succeed in athymic nude mice, which are deficient in Treg cells, indicating that
Treg cells were not necessary to acquire mesenchymal-like traits in our cSCC model. However,
it has not been tackled which specific cytokines secreted by MDSCs or macrophages could be

promoting the advance toward a mesenchymal phenotype in cSCCs.

Initially, tumor-infiltrating macrophages and MDSCs from WD-SCCs and PD-SCCs were
isolated in order to study if their derived secreted factors and cytokines were promoting the
acquisition of mesenchymal features of ¢cSCC tumor cells. To this end, WD-SCCs and PD-SCCs
were grown in immunocompetent syngeneic mice by engrafting full epithelial SCC cells or
mesenchymal EpCAM- SCC cells, respectively. Once tumors achieved critical size were excised
and enzymatically digested with collagenase and dispase. Two enzymatic digestion protocols
were tested: 3 hours vs. O/N digestion. Next, CD11b" Ly6C" Ly6G* cells (PMN-MDSCs),
CD11b" Ly6C*" Ly6G™ (M-MDSCs), CD11b" F4-80" CD206" cells (M1-like macrophages) and
CDI11b" F4-80" CD206" (M2-like macrophages) infiltrating in WD-SCCs and PD-SCCs were
sorted by flow cytometry to establish primary cultures for 48 hours (Figure 11). However, we
obtained low cell sorting recovery rates and sorted immune cells were not viable for a short in
vitro culture. This could be because enzymatic digestion might be producing cellular damage or

immune cells could be highly sensitive to cellular stress during the process of cell sorting.
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Alternative methods to obtain macrophages and MDSCs with a similar polarization to that in vivo

described when infiltrating cSCCs at different stages of progression were explored.

- - . ‘ —_— Conditioned
— ) ey T [ 0 = =) medium for
' E s.) @ cytokine

Enzymatic | detection
digestion

Immune 48h in vitro
/ \ cell sorting culture
ON digestion ~ 3h digestion

Figure 11. Strategy to isolate tumor-infiltrating immune cells from WD-SCC and PD-SCC tumors.
WD-SCCs and PD-SCCs were excised and enzymatically digested 3 hours or O/N with collagenase and
dispase to obtain a single-cell suspension. Next, immune cells were sorted by FACS and in vitro cultured

for 48 hours.

1.1 Generation of bone marrow-derived macrophages (BMDM) and splenic MDSC:s in vitro
cultures with similar characteristics to the respective immune cell populations when

infiltrating ¢cSCCs

To study macrophages, BMDMs from tumor-bearing mice were isolated and differentiated to a
macrophage phenotype by the treatment with CSF1 for 5 to 7 days (Warren & Vogel, 1985).
BMDM can be polarized to M1 or M2-like macrophages by the treatment with soluble factors
(Figure 12A). BMDM were differentiated with recombinant LPS or murine IL-4 as a positive
control of M1-like and M2-like profiles, respectively (Ying et al., 2013). Hematopoietic cells were
differentiated into macrophages by the addition of the cytokine CSF1, which promotes
hematopoietic stem cells differentiation into macrophages. Hematopoietic cells that were not
stimulated with CSF1 did not proliferate and survive, while induced macrophages by CSF1
presented a characteristic attachment to the cell plate (Figure 12B). BMDM isolated from WD-
SCC- or PD-SCC-bearing mice polarized with LPS induced the expression of //-15, Tnf-a, 1I-6,
Cxcl9, and Cxcli0, which are Ml-like markers (Jayasingam et al., 2019) (Figure 13A).
Oppositely, the polarization of BMDM isolated from WD-SCC- and PD-SCC-bearing mice with
IL-4 induced the expression of Cdi163, Argl, Pd-12, and Gas6, which are M2-like markers
(Jayasingam et al., 2019) (Figure 13B). Hence, independently if BMDM were isolated from WD-
SCC or PD-SCC-bearing mice LPS polarization induced the expression of M 1-like markers while

IL-4 polarization induced the expression of M2-like markers.
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Figure 12. Procedure to isolate and polarize BMDM with soluble molecules. (A) Strategy to obtain
BMDM cultures. Femur and tibiae were put inside a 200 uL Eppendorf with a hole in the bottom. After
centrifugation, a red pellet is formed containing the bone marrow. Cells were seeded with CSF1 for 5-7
days and then obtained BMDM polarized with CSF1 and soluble molecules for 24 hours. (B) Representative
images of obtained BMDM without CSF1 or with CSF1 and polarized 24 hours with CSF1 alone or
combined with LPS or IL-4. Scale bar: 100 um.

BMDM can polarize towards a similar profile as tumor-infiltrating macrophages (tumor-
associated macrophages) if they are incubated with the conditioned medium from cancer cells
(Al-Rayahi et al., 2017). BMDMs from WD-SCC-bearing mice were treated with conditioned
medium from in vitro culture of full epithelial SCC cells and BMDMs from PD-SCC-bearing
mice with conditioned medium from in vitro culture of EpCAM- cells from mesenchymal SCCs
(Figure 14A). BMDM polarized with conditioned medium from full epithelial SCC cells slightly
induced the expression of the M1-like markers Cxc/10, Il-1f3, and /-6 in comparison to non-
polarized BMDM (F12 B27 group) (Figure 14B). However, the expression levels of the M1
markers 7nf-a and Cxcl9 were not increased in BMDM polarized with conditioned medium from
full epithelial SCC cells. By contrast, BMDM with conditioned medium from mesenchymal
EpCAM  SCC cells slightly induced the expression of the M2-markers Argl, Cd163, and Gas6 in
comparison to non-polarized BMDM (Figure 14C). The expression of the M2-marker Pd-/2 was
not increased in BMDM polarized with conditioned medium from mesenchymal EpCAM- SCC
cells. Secreted factors from full epithelial SCC cells promote the expression of certain M1-
markers while secreted factors from mesenchymal EpCAM™ SCC cells promote the expression of
specific M2-markers (Figure 14D). Hence, our results indicate that tumor cells polarize BMDM
towards M1-like or M2-like profiles with particularities. This matches the current knowledge of
macrophage polarization where it has been shown that the M1/M2 macrophage categorization is

an oversimplistic approach and there is a continuum of multiple intermediate phenotypes between
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MI-like and M2-like states (Nahrendorf & Swirski, 2016). These data go in accordance with
previous characterization of WD-SCCs and PD-SCCs immune landscape (Lorenzo-Sanz et al.,
under-review manuscript) where it was shown that they were mainly infiltrated by M1-like
macrophages or M2-like macrophages, respectively. Once BMDM were polarized to a similar
profile to the one observed in the TME, they were rinsed to ensure the removal of secreted factors
from SCC tumor cells, and fresh medium was added for 48 hours. These conditioned mediums
during 48 hours of in vitro culture of polarized BMDM were collected to study the capability of

secreted factors to induce the acquisition of mesenchymal features of plastic EpCAM™ SCC cells.
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Figure 13. BMDM from WD-SCC or PD-SCC-bearing mice polarized with LPS express M1-like
markers while those polarized with IL-4 express M2-like markers. Results shown (mean + SD) the
mRNA levels normalized to Ppia of (A) M1-like marker genes and (B) M2-like marker genes on the
indicated BMDM cell cultures polarized with CSF1 + F12 B27 alone (control) or CSF1 + F12 B27
combined with LPS or IL-4. BMDM from WD-SCCs and PD-SCC-bearing mice were polarized with LPS

and IL-4. Dots represent independent experiments (n=2).
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Figure 14. Figure legend on next page.
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Figure 14. Characterization of mouse BMDM polarized with conditioned medium from full epithelial
SCC cells or with conditioned medium from mesenchymal EpCAM- SCC cells. (A) Representative
images of BMDM polarized with CSF1 alone (F12 B27) or combined with conditioned medium from full
epithelial SCC cells or from mesenchymal EpCAM- SCC cells. Scale bar: 100 um. (B) Results show (mean
+ SD) the mRNA level fold change to control F12 B27 normalized to Gapdh and Ppia of M1-like marker
genes in BMDM polarized with conditioned medium from full epithelial SCC cells. (C) Results show (mean
+ SD) the mRNA level fold change to control F12 B27 normalized to Gapdh and Ppia of M2-like marker
genes in BMDM polarized with conditioned medium from mesenchymal EpCAM- SCC cells. (F) Results
show (mean + SD) the log, of mRNA fold change of M1- and M2-like markers expression in BMDM
polarized with conditioned medium from mesenchymal EpCAM- SCC cells vs BMDM polarized with
conditioned medium from epithelial SCC cells. Only BMDM from WD-SCC-bearing mice were polarized
with conditioned medium from full epithelial SCC cells while only BMDM from PD-SCC-bearing mice
were polarized with conditioned medium from mesenchymal EpCAM" cells. Dots represent independent
experiments (n=3). Statistical significance of the differences observed between compared groups was
analyzed using unpaired two-tailed Student's T-test. ns: p>0.05. C.M. epi: conditioned medium from full

epithelial SCC cells; C.M. mes: conditioned medium from mesenchymal EpCAM- SCC cells.

MDSCs are expanded in the spleen of tumor-bearing mice and show immunosuppressive
capabilities (C. Liu et al., 2007). To study MDSCs, spleens from mice carrying WD-SCCs
(composed of full epithelial SCC cells), MD/PD-SCCs mixed tumors (composed of plastic
EpCAM" and plastic EpCAM™ SCC cells), and PD-SCCs (composed of mesenchymal EpCAM-
SCC cells) were collected. Splenocytes were obtained by a gentile mechanical disruption of
spleens. Next, splenic MDSCs were sorted by flow cytometry and in vitro cultured for 48 hours
(Figure 15A). Specifically, CD11b" Ly6C" Ly6G™ cells (PMN-MDSCs) and CD11b* Ly6C* Ly6G
cells (M-MDSCs) were sorted. According to the literature, the spleens of tumor-bearing mice
were bigger than the ones from tumor-free mice. As ¢SCC advanced the spleens were increasingly
larger (Figure 15B). In addition, the presence of immune myeloid cells within the spleen,
identified by the surface expression of CD11b", also increased as ¢SCC advanced and spleens
were larger (Figure 15C). The proportion of PMN-MDSCs and M-MDSCs within CD11b* cells
was similar in spleens from tumor-free mice and WD-SCC, MD/PD-SCC, and PD-SCC-bearing
mice. Given that the presence of CD11b" cell population was increased in spleens from tumor-
bearing mice and the proportion of PMN-MDSCs and M-MDSCs within CD11b" cells was
maintained, the global presence of MDSCs in spleens from tumor-bearing mice was higher. Both
PMN-MDSC and M-MDSC populations were more abundant in the spleens as ¢cSCC progressed
and spleens were aberrantly bigger (Figure 15D).
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Figure 15. Isolation strategy of splenic MDSCs from WD-SCC-, MD/PD-SCC-, and PD-SCC-bearing
mice. (A) Strategy to obtain splenic MDSCs cultures. Spleens were gently mashed through a cell strainer
using a plunger end of a syringe obtaining single-cell suspensions. MDSCs were sorted by FACS and in
vitro cultured for 48 hours. (B) Results show (mean + SD) the fresh weight of excised spleens. Results
show (mean + SD) the percentage of (C) splenic CD11b" within live cells, (D) splenic PMN-MDSCs
(Ly6C* Ly6G™), and M-MDSCs (Ly6C* Ly6G") within live cells, as analyzed by flow cytometry. Dots
represent independent experiments (n=3-6). Statistical significance of the differences observed between
compared groups was analyzed using unpaired two-tailed Student's T-test. * p<0.05; ** p<0.01; ***

p<0.001.

After 48 hours of in vitro culture MDSCs expression markers were characterized. A little amount
of RNA was obtained from splenic MDSCs and a pool of splenic MDSCs cultures was performed
to analyze the expression of several MDSCs markers. Splenic MDSCs expressed Argl, Inos, and
Mhc-1I, which are markers of MDSCs populations (Figure 16). Argl expression in splenic
MDSCs (both PMN-MDSCs and M-MDSCs) showed a slightly upregulation concomitantly with
c¢SCC progression. Similar behavior was observed in the expression of /nos in splenic M-MDSCs
while in splenic PMN-MDSCs /nos expression was the highest in PMN-MDSCs from MD/PD-
SCCs spleens. Finally, Mhc-1I expression in splenic PMN-MDSCs and M-MDSCs did not show
a clear trend during cSCC progression. The characterization of splenic MDSCs showed that PMN-
MDSCs and M-MDSCs slightly expressed more immunosuppressive markers Arg/ and Inos
when isolated from spleens of PD-SCC-bearing mice than from spleens of WD-SCC-bearing
mice, while Mhc-1I expression remained unaltered (Figure 16). This suggests that MDSCs in the

spleen of PD-SCC-bearing mice exhibited more immunosuppressive features than those from
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WD-SCC-bearing mice, accordingly to our previous data which showed that M-MDSCs were
more frequently infiltrating PD-SCCs than WD-SCCs and presented higher immunosuppressive
capabilities (Lorenzo-Sanz et al., under-review manuscript). Conditioned mediums from splenic
MDSCs were recovered after 48 hours to analyze the capability of secreted factors to induce the
switch to mesenchymal-like states of plastic EpCAM" SCC cells from MD/PD-SCCs, which are
epithelial SCC cells with the ability to lose epithelial-differentiation traits and acquire

mesenchymal features under specific stimuli (Lopez-Cerda et al., submitted manuscript).
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Figure 16. Characterization of the pool of PMN-MDSCs and M-MDSCs cell cultures from spleens
from WD-SCC-, MD/PD-SCC-, or PD-SCC-bearing mice. Results show the mRNA levels normalized
to Ppia of the indicated genes. Data was obtained from the pool of various (3-5) splenic PMN-MDSCs and
M-MDSC:s in vitro cultures for 48 hours. PMN-: PMN-MDSCs; M-: M-MDSCs.

1.2 Study of the capacity of polarized BMDM and splenic MDSC secreted factors to induce

the acquisition of mesenchymal-like features in plastic SCC cells

MD/PD-SCCs were generated by injecting plastic EpCAM* SCC cells into immunocompetent
syngeneic mice. Once tumors reached a critical size were excised and enzymatically digested to
obtain a single-cell suspension. Plastic EpCAM"" and plastic EpCAM!" SCC cells with the
ability to lose epithelial differentiation traits and gain mesenchymal features (Lopez-Cerda et al.,

submitted manuscript) were sorted by FACS. Specifically, plastic SCC cells can progress from
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EpCAM"e" to EpCAM™ and from EpCAM" to EpCAM- when cultured in vitro and during in
vivo tumor growth. To study if secreted factors by polarized BMDM or splenic MDSCs further
promoted the acquisition of mesenchymal characteristics, EpCAM"&" and EpCAM"Y plastic SCC
cells were sorted and in vitro cultured with the conditioned medium from the studied immune
populations for 4 days. Then, the resulting percentage of EpCAM"e" EpCAM"Y, and EpCAM-
tumor cells was evaluated by flow cytometry (Figure 17). Two distinct plastic SCC cells were
used to obtain derived plastic SCC cells: plastic S5T2 EpCAM® SCC cells and plastic S2T2
EpCAM" SCC cells (Table 9).
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Figure 17. Design of mesenchymal traits acquisition experiment. Strategy to obtain plastic EpCAM*
SCC cells and test the acquisition of mesenchymal features. MD/PD-SCCs were excised and enzymatically
digested O/N with collagenase and dispase to obtain a single-cell suspension. Next, EpCAM"¢" and
EpCAM"¥ SCC cells were sorted by FACS and in vitro cultured for 4 days with conditioned medium from
polarized BMDM or splenic MDSCs. C.M.: conditioned medium.

Plastic SCC cells Derived plastic SCC cells
Plastic S5T2 EpCAM"* PL-5 EpCAMPMigh / PL-5 EpCAM!Y
Plastic S2T2 EpCAM"* PL-2 EpCAMbMigh / PL-2 EpCAMY

Table 9. Derived plastic SCC cells isolated by cell sorting. Plastic S5ST2 EpCAM™ and plastic S2T2
EpCAM" cells were injected in immunocompetent syngeneic mice to generate MD/PD-SCCs. PL-5
EpCAM"e" and PL-5 EpCAM™ cells were sorted from MD/PD-SCCs generated from plastic S5T2
EpCAM" cells. PL-2 EpCAMP"" and PL-2 EpCAM'"¥ cells were sorted from MD/PD-SCCs generated from
plastic S2T2 EpCAM™ cells.

The characterization of PL-5 EpCAM"¢" and PL-2 EpCAM"¢" cells by flow cytometry showed
that after a period of in vitro culture, a percentage of EpCAMP"e" cells progressed to EpCAM"Y in
both cell types. However, neither PL-5 EpCAMP&" nor PL-2 EpCAM"" cells completely lose
epithelial marker EpCAM after 7 or 14 days of in vitro culture (Figure 18A). When PL-5
EpCAM""and PL-2 EpCAM" cells were established and characterized by flow cytometry it was
observed that most of EpCAM™ cells reversed to EpCAM"e! after 4 days of in vitro culture.
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Longer culture time allowed a percentage of EpCAMPIe" cells to progress back to EpCAM™¥ cells
in both cell types, although without losing the expression of EpCAM (Figure 18B). Hence, PL-5
EpCAM"" and PL-2 EpCAM™" cells presented a certain degree of switch from a more epithelial
state (EpCAMMe") to a less epithelial and more mesenchymal state (EpCAM"¥) but did not
completely lose the expression of EpCAM. Previously our group characterized EpCAM"Y SCC
cells and observed that these cells partially lose epithelial characteristics and concomitantly gain

mesenchymal features, presenting a strong plasticity (Lopez-Cerda et al., submitted manuscript).
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Figure 18. Characterization of obtained plastic EpCAM™* SCC cells. Results shown the percentage of
EpCAM"eh EpCAM! ¥, and EpCAM- SCC cells (mean + SD) after in vitro culture of sorted (A) PL-5
EpCAMP"e" and PL-2 EpCAM"2" SCC cells for 4 days, 7 days, or 14 days without a conditioned medium
(F12 B27 alone) and (B) PL-5 EpCAM™" and PL-2 EpCAM"" SCC cells for 4 days or 7 days without a
conditioned medium (F12 B27 alone), as analyzed by flow cytometry. Data obtained from 3 independent

experiments (n=3).

Next, PL-5 EpCAM"¢" and PL-2 EpCAM"&" SCC cells were cultured for 4 days with a control
medium (F12 B27) or with conditioned medium of polarized BMDM or splenic MDSCs cell
cultures. As a control, PL-5 EpCAM"¢" and PL-2 EpCAM"" cells were treated with the
conditioned medium from SCC tumor cells used to polarize BMDM. The conditioned mediums
containing secreted factors from the full epithelial SCC cells or mesenchymal EpCAM™ SCC cells
did not induce the acquisition of mesenchymal traits of PL-5 EpCAM"&" and PL-2 EpCAMP"h
cells (Figure 19). Hence, possible remaining secreted factors from full epithelial SCC cells or
mesenchymal EpCAM™ SCC cells when polarizing BMDM will not affect the acquisition of

mesenchymal features by plastic SCC cells.
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Figure 19. Secreted factors from full epithelial SCC cells or mesenchymal EpCAM- SCC cells do not
promote the acquisition of mesenchymal-like features in plastic EpCAMP"#" SCC cells. Results shown
(mean + SD) the percentage of EpCAM"e" EpCAM"", and EpCAM- SCC cells after in vitro culturing PL-
5 EpCAM"¢" and PL-2 EpCAMM"e" SCC cells for 4 days without (F12 B27) or with the indicated
conditioned medium, as analyzed by flow cytometry. Data obtained from 2-4 independent experiments
(n=2-4). C.M. epi: conditioned medium from full epithelial SCC cells; C.M. mes: conditioned medium
from mesenchymal EpCAM- SCC cells.

Secreted factors from BMDM polarized with conditioned medium from full epithelial SCC cells
(BMDM WD) did not enhance the switch from EpCAM"" to EpCAM"" or EpCAM" cells. By
contrast, secreted factors from BMDM polarized with conditioned medium from mesenchymal
EpCAM- cells (BMDM PD) significantly increased the appearance of EpCAM"" SCC cells in
comparison to F12 B27 but did not induce a complete loss of the EpCAM marker in both PL-5
EpCAM"2" and PL-2 EpCAM"eh cells (Figures 20A, 20C). Secreted factors from splenic PMN-
MDSCs and M-MDSCs from WD-SCC-bearing mice (MDSCs WD) and MD/PD-SCC-bearing
mice (MDSCs MD/PD) did not promote the appearance of EpCAM"" nor EpCAM- SCC cells.
Nonetheless, secreted factors by splenic PMN-MDSCs isolated from PD-SCC-bearing mice
(PMN-MDSCs PD) slightly increased the appearance of EpCAM" and EpCAM- cells in PL-5
EpCAM"e" and PL-2 EpCAM"¢" cells (Figures 20A, 20C). Conditioned medium by splenic M-
MDSCs isolated from PD-SCC-bearing mice (M-MDSCs PD) promoted the acquisition of
mesenchymal traits by significantly increasing the percentage of EpCAM!" and EpCAM cells in
comparison to F12 B27 in PL-5 EpCAM"¢" and PL-2 EpCAM"" SCC cells (Figures 20A-20D).
Therefore, secreted factors by splenic M-MDSCs from PD-SCC-bearing mice exhibited the

highest ability to induce the acquisition of mesenchymal-like features in plastic SCC cells.
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Figure 20. Secreted factors by splenic M-MDSCs from PD-SCC-bearing mice promote the advance
of plastic SCC EpCAM"¢" cells to EpCAM'" cells. Results shown (mean + SD) the percentage of
EpCAM"e" EpCAM"Y, and EpCAM- SCC cells after in vitro culturing sorted (A) PL-5 EpCAM"g" SCC
cells and (C) PL-2 EpCAMP"eh SCC cells for 4 days without (F12 B27) or with the indicated conditioned
medium, as analyzed by flow cytometry. Representative flow cytometry dot plots of sorted (B) PL-5
EpCAMP"e" SCC cells and (D) PL-2 EpCAM"¢" SCC cells after 4 days growing without (F12 B27) or with
the indicated conditioned medium. (A and C) Dots represent independent experiments (n=2-4). Significant
differences between analyzed group vs control F12 B27 were evaluated via unpaired two-tailed Student's
T-test. * p<0.05; ** p<0.01; *** p<0.001. BMDM WD / PD: BMDM in vitro polarized with conditioned
medium from full epithelial SCC cells / mesenchymal EpCAM- SCC cells; MDSCs WD / MD/PD / PD:
splenic MDSCs from WD-SCCs / MD/PD-SCCs / PD-SCC-bearing mice.
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Figure 21. Secreted factors from splenic MDSCs from PD-SCC-bearing mice do not promote the

advance of tumor EpCAM"™ cells to EpCAM- cells. Results shown (mean = SD) the percentage of
EpCAM"e" EpCAM"¥, and EpCAM- SCC cells after in vitro culturing sorted (A) PL-5 EpCAM SCC

cel

Is and (B) PL-2 EpCAM"¥ SCC cells for 4 days without (F12 B27) or with the indicated conditioned

medium, as analyzed by flow cytometry. Representative flow cytometry dot plots of sorted (C) PL-5

EpCAM"™¥ SCC cells after 4 days growing without (F12 B27) or with the indicated conditioned medium.

(A

and B) Dots represent independent experiments (z=/-2). BMDM WD / PD: BMDM in vitro polarized

with conditioned medium from full epithelial SCC cells / mesenchymal EpCAM™ SCC cells; MDSCs WD
/ MD/PD / PD: splenic MDSCs from WD-SCCs / MD/PD-SCCs / PD-SCC-bearing mice.

Similarly, it was analyzed whether secreted factors by polarized BMDM or splenic MDSCs could
induce the acquisition of mesenchymal-like traits in PL-5 EpCAM"" and PL-2 EpCAM"" SCC

cells. These cell types were cultured for 4 days with a control medium (F12 B27) or with

conditioned medium from the immune cell populations studied. Secreted factors by PMN-MDSCs

in

and M-MDSCs from PD-SCC-bearing mice induced the emergence of EpCAM"" and EpCAM-

both PL-5 EpCAM™" and PL-2 EpCAM"" cells (Figures 21A-21C). The other conditioned

mediums from polarized BMDM and splenic MDSCs did not show a clear trend to increase the

percentage of EpCAM"" or EpCAM- SCC cells (Figures 21A-21B). Hence, secreted factors from
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polarized BMDM or splenic MDSCs may promote the loss of epithelial traits of plastic EpCAM!"

SCC cells. More experiments should be addressed in the future to confirm these results.

1.3 Identification of cytokines secreted by splenic M-MDSCs responsible for promoting the

mesenchymal-like state of cancer cells during mouse ¢SCC progression

The conditioned medium from splenic M-MDSC:s isolated from PD-SCC-bearing mice showed
the strongest effect promoting the acquisition of mesenchymal-like features. Specifically, secreted
factors from M-MDSCs presented the highest capability of inducing the switch of plastic
EpCAM"e! SCC cells to EpCAM™™ SCC cells. To identify the secreted cytokines that may be
involved in this process, it was used a mouse XL cytokine array proteome profiler array (R&D
systems) which is a membrane-based sandwich immunoassay. Capture antibodies are spotted in
duplicate on nitrocellulose membranes bind to 111 different cytokines. Captured cytokines are
detected with biotinylated antibodies and visualized using chemiluminescent reagents. The
obtained signal is proportional to the amount of cytokine bound. The cytokines secreted by splenic
M-MDSCs from WD-SCC-bearing mice, which did not induce the acquisition of mesenchymal
features in plastic cancer cells, were compared to cytokines secreted by splenic M-MDSCs from
PD-SCC-bearing mice, which promoted the switch from plastic EpCAMMe" SCC cells to
EpCAM™™ SCC cells (Figure 22A). As could be expected, a different pattern of secreted cytokines
was detected between the conditioned medium of splenic M-MDSCs from WD-SCCs and splenic
M-MDSCs from PD-SCC-bearing mice (Figure 22B). The quantification of upregulated and
downregulated secreted cytokines in splenic M-MDSCs from PD-SCC-bearing mice identified
BAFF, CRP, IL-2, IL-28A/B, CCL20, C1gR1, CCL21, Angiopoietin-like 3, Complement factor
D, and IL-7 as the 10 most upregulated secreted cytokines, while CXCL2, IL-6, Lipocalin-2,
CXCLI1, Chitinase 3-like 1, MMP-9, G-CSF, Myeloperoxidase, IL-12p40, and CCL22 as the 10

most downregulated secreted cytokines (Figure 22C).
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Figure 22. Splenic M-MDSCs from WD-SCC- and PD-SCC-bearing mice present a different cytokine
secretion profile. (A) Representative flow cytometry dot plots of PL-5 EpCAM"¢" SCC cells after 4 days
without (F12 B27) or with the indicated conditioned medium used in the cytokine array. (B) Representative
image of cytokine detection using the mouse XL cytokine array proteome profiler array. (C) Results show
(mean) the log, of the fold change of secreted cytokines by M-MDSCs from the spleen of PD-SCC-bearing
mice normalized to cytokines secreted by M-MDSCs from the spleen of WD-SCC-bearing mice. Top 10
upregulated and downregulated cytokines secreted by M-MDSCs from the spleen of PD-SCC-bearing mice

in comparison to M-MDSCs from the spleen of WD-SCC-bearing mice are presented. Data obtained from

2 independent experiments (n=2).
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CHAPTER 2: DETERMINE CANCER CELL-DERIVED CYTOKINES AND
MECHANISMS INVOLVED IN THE RECRUITMENT OF IMMUNOSUPPRESSIVE
CELLS, WHICH CONTRIBUTE TO THE EXHAUSTION OF CYTOTOXIC T CELLS IN
ADVANCED MOUSE ¢SCCS

A previous RNA microarray study of our group identified gene expression alterations associated
with cSCC progression by comparing the whole gene expression profile of 3 different populations
of full epithelial SCC cells isolated from WD-SCCs, 3 different populations of plastic EpCAM"
and plastic EpCAM™ SCC cells isolated from MD/PD-SCCs and 3 different populations of
mesenchymal EpCAM- SCC cells isolated from PD-SCCs (Lopez-Cerda et al., submitted
manuscript) (Figure 23). The previous analysis of this RNA microarray revealed differences in
the gene expression between the different SCC cell populations and defined the gene signature of
SCC cells in each step of ¢SCC progression (Figure 24). This allowed our group to study which
genes were differently expressed in full epithelial SCC cells, plastic EpCAM™ SCC cells, plastic
EpCAM SCC cells, and mesenchymal EpCAM- SCC cells. It was observed that there is an
important change in the transcriptomic profile when plastic EpCAM™ SCC cells switched to
plastic EpCAM" SCC cells (Lopez-Cerda et al., submitted manuscript). However, it has not been
studied specifically which cytokines are upregulated in cancer cells during the acquisition of the
mesenchymal state, which could be actively recruiting immunosuppressive cells and establishing

the characteristic immunosuppressive TME of PD-SCCs (Lorenzo-Sanz et al., under-review

manuscript).
WD-SCCs MD/PD-SCCs PD-SCC
¥ —@ _, e
Full epithelial Plastic Plastic Mesenchymal
EpCAM* EpCAM* EpCAM" EpCAM-
Epithelial Plastic phenotype Mesenchymal
phenotype phenotype

Figure 23. Schema of ¢SCC progression model from WD-SCCs to MD/PD-SCCs, and PD-SCCs. WD-
SCCs are composed of full epithelial SCC cells, MD/PD-SCCs are composed of plastic EpCAM" and
plastic EpCAM" cells, and PD-SCCs are composed of mesenchymal EpCAM- SCC cells.
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2.1 Identification and validation of secreted cytokines by mesenchymal EpCAM" SCC tumor

cells that promote the recruitment of immunosuppressive cells in advanced SCCs

A deeper analysis of the RNA microarray permitted the identification of upregulated and
downregulated biological processes in SCC cell populations. When comparing the gene
signatures of full epithelial SCC cells and mesenchymal EpCAM- SCC cells (the two extreme
populations) the gene ontology bioinformatic analysis showed that cell migration, cell adhesion,
wound healing, collagen fibril organization, and cell chemotaxis processes were upregulated in
mesenchymal EpCAM- SCC cells. Additionally, keratinocyte differentiation, keratinization,
peptide cross-linking, the establishment of the skin barrier, and epidermis development processes
were downregulated in mesenchymal EpCAM- SCC cells (Figure 25A). The results of this
analysis support our previous findings of ¢SCC progression model where WD-SCCs containing
full epithelial SCC cells present an epithelial-like phenotype characterized by a clear histological
organization of the epidermis with keratinized layers. By contrast, PD-SCCs containing
mesenchymal EpCAM- SCC cells lose the epithelial histological organization and cellular
migration is enhanced. Mesenchymal EpCAM- SCC cells upregulate the expression of secreted
factors, glycoproteins, disulfide bond proteins, and extracellular matrix proteins (Figure 25B).
Next, the 10 most upregulated cytokines RNA expression in mesenchymal EpCAM™ SCC cells in
comparison to full epithelial SCC cells were identified: Cxcl2, Csf1, Greml, Lifl, Cxcl10, Cxcli4,
Csf2,Cx3cll, Spp1, and Bmp2 (Figure 25C). Specifically, CXCL2, CSF1, and CSF2 were selected
as cytokines candidates to recruit immunosuppressive cells in advanced SCCs since according to

the bibliography they actively participate in establishing an immunosuppressive TME in other
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tumor conditions. Each of these cytokines presents a particular gene expression across ¢cSCC
progression which ends in an increased expression in mesenchymal EpCAM- SCC cells (Figure

25D).
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Figure 25. RNA microarray gene ontology analysis identifies upregulated expression of cytokines in
mesenchymal EpCAM- SCC cells. (A) Results show the -log of the P-value of the gene ontology
enrichment analysis performed using DAVID bioinformatics resources on upregulated and downregulated
groups of genes (full epithelial SCC cells - mesenchymal EpCAM™ SCC cells) classified based on gene fold
changes above 2. (B) Results show the -log of the P-value of the functional category enrichment analysis
performed using DAVID bioinformatics resources on the upregulated genes groups (full epithelial SCC
cells -mesenchymal EpCAM™ SCC cells) classified based on gene fold changes above 2. (C) Results show
(mean + SD) the relative expression of the top 10 upregulated cytokines comparing full epithelial SCC cells
to mesenchymal EpCAM" SCC cells. (D) Results show (mean + SD) the relative expression of candidate
cytokines profile expression across the different cSCC cancer cell states. Data obtained from 3 biological

replicates (n=3).

Next, the expression of the candidate cytokines to establish an immunosuppressive TME was
analyzed in in vitro growing full epithelial and mesenchymal EpCAM™ SCC cells by RT-qPCR to

validate the RNA microarray obtained data. Cxc/2 expression levels in full epithelial and
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mesenchymal EpCAM- SCC cells remained unchanged in contrast to the data obtained in the
RNA microarray (Figure 26A). The expression of Csfl was significantly increased in
mesenchymal EpCAM™ SCC cells in comparison to full epithelial SCC cells and Csf2 expression
was slightly higher in mesenchymal EpCAM- SCC cells (Figure 26A). In addition, we analyzed
the expression of CXCLI since this cytokine signals through the same receptor as CXCL2
(CXCR2) and have also been described to recruit immunosuppressive cells. Cxc// expression was
significantly increased in mesenchymal EpCAM- SCC cells in comparison to full epithelial SCC
cells which was not observed in the RNA microarray (Figure 26A). Next, the secretion of CXCL1
and CXCL2 was analyzed by ELISA. In vitro growing full epithelial and mesenchymal EpCAM-
SCC cells secreted similar amounts of CXCL1 and CXCL2 (Figure 26B). Hence, some
divergences were observed between the RNA data obtained from the microarray analysis of SCC
cells grown in vivo and the RT-qPCR and the protein quantification by ELISA in full epithelial
SCC cells and mesenchymal EpCAM™ SCC cells grown in vitro.
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Figure 26. Full epithelial and mesenchymal EpCAM- SCC cells present a unique cytokine expression
and secretion profile. (A) Results show (mean + SD) the mRNA fold change of the indicated genes in
mesenchymal EpCAM™ SCC cells as compared to full epithelial SCC cells. RNA expression was
normalized to Gapdh and Ppia. (B) Results show the amount of CXCL1 and CXCL2 secreted in the culture
medium of the indicated cells, as determined by ELISA assays. Dots represent independent experiments
(n=1-3). Significant differences between full epithelial and mesenchymal EpCAM- groups were evaluated

by unpaired two-tailed Student's T-test. ns: p>0.05; ** p<0.01; *** p<0.001.
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To further characterize the secretion of cytokines by cancer cells at different stages of ¢SCC
progression, WD-SCCs and PD-SCCs were grown by engrafting full epithelial and mesenchymal
EpCAM" SCC cells respectively in immunocompetent syngeneic mice. Primary cell cultures of
full epithelial SCC cells from WD-SCCs and mesenchymal EpCAM™ SCC cells from PD-SCCs
were freshly obtained to ensure that cancer cells resemble the most in vivo cancer cells.
Conditioned mediums with secreted factors from tumor cells were collected after 48 hours of in
vitro culture (Figure 27). Secreted cytokines were identified using a mouse cytokine proteome
profiler (R&D systems). These membranes detect 40 different cytokines and work with the same
principle as the membranes described in section 1.3. Full epithelial SCC cells and mesenchymal
EpCAM- SCC cells presented a different cytokine secretion profile. While full epithelial SCC
cells secreted IL-1ra, mesenchymal EpCAM™ SCC cells secreted CXCL1, CCL2, TIMP1, CSF3,
and to a lesser extent CXCL2, CSF1, and CXCL10 (Figures 28A-28B). Given that CXCLI,
CCL2, and CSF3 are highly secreted by mesenchymal EpCAM- cells and their signaling promoted
the recruitment of immunosuppressive cells in other tumor models, their signaling were blocked

in PD-SCCs to analyze their role in recruiting immunosuppressive cells in advanced SCCs.

! - Conditionate

) - —) \— —) == yedium for
' cytokine
detection

Enzymatic
digestion

Tumor cell 48h in vitro
sorting culture

Figure 27. Experimental schema for obtaining conditioned medium from full epithelial SCC cells
from WD-SCCs and mesenchymal EpCAM™ SCC cells from PD-SCCs. WD-SCCs and PD-SCCs were
excised and enzymatically digested O/N with collagenase and dispase to obtain a single-cell suspension.
Next, full epithelial SCC cells and mesenchymal EpCAM™ SCC cells were sorted by FACS and in vitro
cultured for 48 hours.
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Figure 28. Full epithelial SCC cells from WD-SCCs and mesenchymal EpCAM- SCC cells from PD-
SCCs present a different cytokine secretome. (A) Representative image of cytokine detection using the
mouse cytokine proteome profiler array. (B) Results (mean) presented as a heat map of the densitometry
analysis of the indicated cytokines. Data obtained from 2 independent experiments (n=2). Significant
differences between full epithelial and mesenchymal EpCAM- groups were evaluated by unpaired two-

tailed Student's T-test. * p<0.05; ** p<0.01; *** p<0.001.

2.2 Study the relevance of CXCL1, CSF3 and CCL2 stablishing an immunosuppressive
TME in PD-SCCs

To block CXCLI signaling, mesenchymal EpCAM~ SCC cells were engrafted in
immunocompetent syngeneic mice and once PD-SCCs were palpable, mice were treated 6-day a
week with the CXCR2 (CXCL1 and CXCL2 receptor) antagonist SB225002 or control solution
(vehicle). Blockade of CXCR2 signaling did not delay PD-SCCs growth and did not reduce
cellular viability nor the percentage of tumor cells (GFP* CD45" cells), immune cells (CD45"
cells), or stromal cells (GFP- CD45" cells) in PD-SCCs, as analyzed by flow cytometry (Figures
29A-29C). PD-SCCs remained mainly composed of EpCAM™ SCC cells and the presence of
tumor EpCAM" cells were not increased by SB225002 treatment (Figure 29D). Blockade of
CXCR2 function with SB225002 did not modify the recruitment of myeloid-lineage immune cells
(CDI11b" cells) and macrophages into PD-SCCs (Figure 30A). According to the bibliography,
CXCR?2 signaling promotes the recruitment of neutrophils, PMN-MDSCs (Katoh et al., 2013),
and Treg cells (Lv et al., 2014a) to the TME in different tumor conditions. However, SB225002
treatment did not alter PMN-MDSCs neither M-MDSCs recruitment in PD-SCCs (Figure 30B).
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Figure 29. SB225002 treatment does not affect PD-SCCs growth. (A) Results show the tumor volume
in mm? (mean + SD) indicating the growth kinetics of Vehicle and SB225002 treated tumors. Results show
(mean + SD) (B) the percentage of DAPI exclusion cell population, defining tumor viability; (C) the
percentage of tumor cells (GFP*/CD45 cell population), leukocytes (CD45" cell population), and
fibroblasts (GFP/CD45" cell population); and (D) the percentage of EpCAM™ and EpCAM* tumor cells
(EpCAM™- within GFP*/CD45" cell population) in PD-SCCs as determined by flow cytometry. Each dot
represents a single tumor (n=8). Statistical significance of the differences observed between Vehicle and

SB225002 treated tumors were analyzed by unpaired two-tailed Student's T-test. ns: p>0.05.

PD-SCCs treated with SB225002 presented increased tumor recruitment of CD8" T cells and
slightly increased presence of T helper cells, while NK cell recruitment remained unchanged
(Figure 31). SB225002 treatment did not increase the percentage of necrotic regions in PD-SCCs
(Figure 32A). However, effector immune cell cytotoxicity, as tested by the expression of GzmB
(GzmB" cells), was increased, while Treg cells (FoxP3" cells) recruitment was reduced under
SB225002 treatment (Figures 32B-32C). Hence, blockade of CXCL1/CXCL2 derived signaling
with SB225002 reduced the immunosuppressive environment of PD-SCCs and increased the
presence of active cytotoxic effector cells. However, these effects were not sufficient to alter PD-

SCC growth or viability.
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Figure 30. Myeloid cells recruitment into PD-SCCs is not affected by SB225002 treatment.
Quantification of the percentage (mean + SD) of recruited (A) myeloid cells (CD11b™ within live cells),
total macrophages (F4-80" within CD11b" cell population), M 1-like macrophages (F4-807/CD206" within
CD11b" cell population), and M2-like macrophages (F4-80%/CD206* within CD11b™ cell population); and
(B) PMN-MDSCs (Ly6C*/Ly6G* within CD11b" cell population) and M-MDSCs (Ly6C*/Ly6G- within
CD11b" cell population) into PD-SCCs, as analyzed by flow cytometry. Each dot represents a single tumor
(n=8). Statistical significance of the differences observed between Vehicle and SB225002 treated tumors

were analyzed by unpaired two-tailed Student's T-test. ns: p>0.05.
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Figure 31. PD-SCCs treated with SB225002 present increased infiltration of CD8* T cells.
Quantification of the percentage (mean + SD) of recruited T lymphocytes (CD3" cell population within
live cells), T helper lymphocytes (CD4/CD8" within CD3" cell population), CD8" T lymphocytes (CD4
/CD8* within CD3" cell population), and NK cells (NK1.1*/CD11b* within CD3" cell population) into PD-
SCCs, as analyzed by flow cytometry. Each dot represents a single tumor (n=38). Statistical significance of
the differences observed between Vehicle and SB225002 treated tumors were analyzed by unpaired two-

tailed Student's T-test. ns: p>0.05; * p<0.05.
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Figure 32. PD-SCCs treated with SB225002 recruit less immunosuppressive Treg cells and more
cytotoxic GzmB* cells. (A) Quantification of the percentage (mean + SD) of tumor necrotic area and
representative H/E section of PD-SCCs treated with Vehicle or SB225002, where necrotic areas are marked
with black lines. Scale bar: 1 mm. Each dot represents a single tumor (n=6). Frequency (mean £ SD) of (B)
FoxP3* (Treg) cells and (C) cytotoxic (GzmB*) cells per tumor area and representative
immunohistochemistry images of Vehicle and SB225002 treated tumors. Scale bar: 100 pm. Data obtained
from 6 independent samples per group (n=6) and quantified from 20 images per sample. Statistical
significance of the differences observed between Vehicle and SB225002 treated tumors were analyzed by
unpaired two-tailed Student's T test. ns: p>0.05; *** p<0.001.
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Blockade of CSF3 signaling in PD-SCCs was achieved using an anti-CSF3 antibody.
Mesenchymal EpCAM™ SCC cells were engrafted in immunocompetent syngeneic mice and once
PD-SCCs were palpable, mice were treated 2 days a week with anti-CSF3. Inhibition of CSF3
derived signaling did not significantly alter PD-SCCs growth kinetics (Figure 33A). The cellular
viability and the percentage of tumor cells (GFP* CD45 cells), immune cells (CD45" cells), or
stromal cells (GFP- CD45" cells) remained unchanged in PD-SCCs after anti-CSF3 treatment
(Figures 33B-33C). PD-SCCs were mainly composed of EpCAM™ tumor cells and the presence
of tumor EpCAM" cells were not increased with anti-CSF3 treatment (Figure 33D). Blockade of
CSF3 function did not modify the recruitment of myeloid-lineage immune cells (CD11b" cells)
neither macrophages into PD-SCCs (Figure 34A). It has been described that CSF3 recruits
neutrophils and PMN-MDSCs to the TME in different tumor conditions (J. Li et al., 2018).
Accordingly, anti-CSF3 administration decreased PMN-MDSCs recruitment into PD-SCCs
(Figure 34B). However, the recruitment of M-MDSCs into PD-SCCs was slightly increased with
anti-CSF3 intervention (Figure 34B).
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Figure 33. Anti-CSF3 treatment does not affect PD-SCCs growth. (A) Results show the tumor volume
in mm® (mean + SD) indicating the growth kinetics of IgG1 and anti-CSF3 treated tumors. Results show
(mean £+ SD) (B) the percentage of DAPI exclusion cell population, defining tumor viability; (C) the
percentage of tumor cells (GFP'/CD45  cell population), leukocytes (CD45" cell population), and
fibroblasts (GFP/CD45" cell population); and (D) the percentage of EpCAM"™ and EpCAM- tumor cells
(EpCAM*- within GFP*/CD45" cell population) in PD-SCCs as determined by flow cytometry. Each dot
represents a single tumor (n=6-8). Statistical significance of the differences observed between I1gG1 and

anti-CSF3 treated tumors were analyzed by unpaired two-tailed Student's T-test. ns: p>0.05.
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Figure 34. Anti-CSF3 treatment reduces the recruitment of PMN-MDSCs into PD-SCCs.
Quantification of the percentage (mean + SD) of recruited (A) myeloid cells (CD11b* within live cells),
total macrophages (F4-80" within CD11b* cell population), M1-like macrophages (F4-80"/CD206" within
CD11b" cell population), and M2-like macrophages (F4-80%/CD206* within CD11b™ cell population); and
(B) PMN-MDSCs (Ly6C*/Ly6G* within CD11b" cell population) and M-MDSCs (Ly6C*/Ly6G™ within
CD11b" cell population) into PD-SCCs as analyzed by flow cytometry. Each dot represents a single tumor
(n=6-8). Statistical significance of the differences observed between IgG1 and anti-CSF3 treated tumors
were analyzed by unpaired two-tailed Student's T-test. ns: p>0.05; * p<0.05.

PD-SCCs treated with anti-CSF3 did not present increased recruitment of T helper cells, CD8" T
cells, nor NK cells (Figure 35). Blockade of CSF3 did not alter the percentage of necrotic regions
in PD-SCCs nor the recruitment of Treg cells (FoxP3" cells) (Figures 36 A-36B). Despite the total
number of CD8" cells and Treg cells were not altered, anti-CSF3 caused an increased presence of
GzmB" cells (Figure 36C). So, anti-CSF3 treatment ultimately enhanced cytotoxic activity by

effector immune cells.
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Figure 35. Anti-CSF3 treatment did not alter the recruitment of lymphoid cells into PD-SCCs.
Quantification of the percentage (mean + SD) of recruited T lymphocytes (CD3" cell population within live
cells), T helper lymphocytes (CD4*/CD8" within CD3* cell population), CD8* T lymphocytes (CD4/CD8*
within CD37 cell population), and NK cells (NK1.17/CD11b" within CD3" cell population) into PD-SCCs,
as analyzed by flow cytometry. Each dot represents a single tumor (n=6-8). Statistical significance of the
differences observed between IgG1 and anti-CSF3 treated tumors were analyzed by unpaired two-tailed

Student's T-test. ns: p>0.05.

- 107 -



A Tumor necrosis PD-SCCs
20- T
o 157
8 ns
B0 e
= [ ]
== 51
0- __1lmm
A )y R
RS 1gG Anti-CSF3
B , Anti-CSF3
FoxP3" cells : } _ e e ST A
g 400, AR i g A FoXP3 LR
T
@©
&
5
£
3
'—
=
o
o
5
[T

R S AT
.\\\‘ .\\\k‘?

FahUe W

A TN
o\
L

GzmB* / Tumor area (mm?) 0

4N ',J-N W, .\ K, W S i L4 3 J";'a-- 'Q'.\Ii;'¢.‘|": -
#) i \,\. B s R N ¥ e RNk iy %
AT WS A = N

Figure 36. Anti-CSF3 treatment enhances the recruitment of cytotoxic GzmB™" cells into PD-SCCs.
(A) Quantification of the percentage (mean + SD) of tumor necrotic area and representative H/E section of
PD-SCCs treated with IgG1 or anti-CSF3, where necrotic areas are marked with black lines. Scale bar: 1
mm. Each dot represents a single tumor and the mean + SD for each group is shown (n=6). Frequency
(mean + SD) of (B) FoxP3" (Treg) cells and (C) cytotoxic (GzmB™) cells per tumor area and representative
immunohistochemistry images of IgG1 and anti-CSF3 treated tumors. Scale bar: 100 pm. Data obtained
from 6 independent samples per group (n=6) and quantified from 20 images per sample. Statistical
significance of the differences observed between IgG1 and anti-CSF3 treated tumors were analyzed by

unpaired two-tailed Student's T test. ns: p>0.05; ** p<0.01.
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To block CCL2 signaling, mesenchymal EpCAM™ SCC cells were engrafted in immunocompetent
syngeneic mice and once PD-SCCs were palpable, mice were treated 2 days a week with anti-
CCL2. Blockade of CCL2 signaling did not affect PD-SCCs growth (Figure 37A). In addition,
tumor viability and the percentage of tumor cells (GFP* CD45" cells), immune cells (CD45" cells),
or stromal cells (GFP- CD45" cells) were not modified by the anti-CCL2 intervention (Figures
37B-37C). CCL2 recruits macrophages (H. Yang et al., 2020) and Treg cells (Mondini et al., 2019)
to the TME of different tumor types. In this sense, the blockade of CCL2 signaling decreased
infiltration of total macrophages and specifically of MIl-like macrophages into PD-SCCs.
Furthermore, the blockade of CCL2 signaling slightly decreased tumor recruitment of M2-like
macrophages without achieving statistical significance (Figure 38A). By contrast, the recruitment
of MDSCs cell populations remained unchanged with anti-CCL2 treatment in PD-SCCs (Figure
38B).
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Figure 37. Anti-CCL2 treatment does not affect PD-SCCs growth. (A) Results show the tumor volume
in mm?® (mean + SD) indicating the growth kinetics of IgG and anti-CCL2 treated tumors. Results show
(mean £+ SD) (B) the percentage of DAPI exclusion cell population, defining tumor viability; (C) the
percentage of tumor cells (GFP'/CD45  cell population), leukocytes (CD45" cell population), and
fibroblasts (GFP/CD45" cell population); and (D) the percentage of EpCAM"™ and EpCAM- tumor cells
(EpCAM™- within GFP*/CD45" cell population) in PD-SCCs as determined by flow cytometry. Each dot
represents a single tumor (n=8). Statistical significance of the differences observed between IgG and anti-

CCL2 treated tumors were analyzed by unpaired two-tailed Student's T-test. ns: p>0.05.
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Figure 38. Anti-CCL2 treatment reduces the recruitment of macrophages into PD-SCCs.
Quantification of the percentage (mean + SD) of recruited (A) myeloid cells (CD11b* within live cells),
total macrophages (F4-80" within CD11b* cell population), M1-like macrophages (F4-80"/CD206" within
CD11b" cell population), and M2-like macrophages (F4-80%/CD206* within CD11b™ cell population); and
(B) PMN-MDSCs (Ly6C*/Ly6G* within CD11b" cell population) and M-MDSCs (Ly6C*/Ly6G™ within
CD11b" cell population) into PD-SCCs, as analyzed by flow cytometry. Each dot represents a single tumor
(n=38). Statistical significance of the differences observed between IgG and anti-CCL2 treated tumors were

analyzed by unpaired two-tailed Student's T-test. ns: p>0.05; * p<0.05; ** p<0.01.

Blockade of CCL2 signaling did not increase the recruitment of T helper cells, CD8" T cells, or
NK cells into PD-SCCs (Figure 39). Anti-CCL2 treatment slightly increased the presence of
tumor necrotic areas in PD-SCCs despite not achieving statistical significance (Figure 40A). In
addition, a reduced presence of immunosuppressive Treg cells (FoxP3" cells) and increased
recruitment of active effector cells (GzmB" cells) was observed in PD-SCCs treated with anti-
CCL2 (Figures 40B-40C). These results indicate that anti-CCL2 decreases the
immunosuppressive  TME of PD-SCCs. Modifying and reducing the recruitment of
immunosuppressive cells by inhibiting CXCL1/CXCL2, CSF3, and CCL2 signaling in PD-SCCs
ultimately results in increased activity of cytotoxic cells, although it is not enough to alter tumor

growth kinetics or tumor cell viability.
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Figure 39. T cells and NK cells infiltrating PD-SCCs are not altered in response to anti-CCL2
treatment. Quantification of the percentage (mean + SD) of recruited T lymphocytes (CD3* cell population
within live cells), T helper lymphocytes (CD4*/CD8" within CD3" cell population), CD8" T lymphocytes
(CD47/CD8" within CD3" cell population), and NK cells (NK1.1*/CD11b" within CD3" cell population)
into PD-SCCs, as analyzed by flow cytometry. Each dot represents a single tumor (n=§). Statistical
significance of the differences observed between IgG and anti-CCL2 treated tumors were analyzed by

unpaired two-tailed Student's T-test. ns: p>0.05.
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Figure 40. Anti-CCL2 treatment reduces the recruitment of immunosuppressive Treg cells and
increases the infiltration of cytotoxic GzmB" cells in PD-SCCs. (A) Quantification of the percentage
(mean £ SD) of tumor necrotic area and representative H/E section of PD-SCCs treated with IgG or anti-
CCL2, where necrotic areas are marked with black lines. Scale bar: 1 mm. Each dot represents a single
tumor and the mean = SD for each group is shown (n=6). Frequency (mean + SD) of (B) FoxP3" (Treg)
cells and (C) cytotoxic (GzmB™) cells per tumor area and representative immunohistochemistry images of
IgG and anti-CCL2 treated tumors. Scale bar: 100 pum. Data obtained from 6 independent samples per group
(n=6), quantified from 20 images per sample, and represented as mean = SD. Statistical significance of the
differences observed between 1gG1 and anti-CCL2 treated tumors were analyzed by unpaired two-tailed
Student's T test. ns: p>0.05; ** p<0.01.
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2.3 Analysis of the role of CXCL12 promoting an immunosuppressive TME in PD/S-SCCs

A recent study revealed that the dual blockade of CXCL12/CXCR4 and PD-L1/PD-1 pathways
prevented the establishment of an immunosuppressive TME in an ovarian cancer mode (Zeng et
al., 2019). Simultaneous blockade of CXCL12/CXCR4 signaling by the antagonist of CXCR4
AMD3100 and PD-L1/PD-1 signaling by anti-PD-1 antibody reduced ovarian cancer growth and
prolonged survival of tumor-bearing mice. Specifically, mice treated with AMD3100 + anti-PD-
1 presented increased effector T-cell infiltration and function, decreased intratumor Treg cells
presence and increased conversion of Treg cells into T helper cells, decreased recruitment of
MDSCs, and increased M2-to-M1 macrophage polarization in the tumor (Zeng et al., 2019).
These effects of remodeling the TME and establishing a less immunosuppressive profile were

observed in single treatments and synergized when combined AMD3100 with anti-PD-1.

We took advantage of a previous study done in our group where it was demonstrated that CXCL12
(also known as SDF-1) autocrine signaling promoted metastasis in advanced skin carcinoma
(Bernat-Peguera et al., 2019). Specifically, full mesenchymal SCC cells were engrafted in
immunocompetent syngeneic mice and once PD/S-SCCs were palpable, mice were treated daily
with AMD3100 or a control solution (Figure 41A). Our previous studies showed that AMD3100
treatment did not delay PD/S-SCCs tumor growth but reduced lung metastasis lesions in
immunocompetent syngeneic mice (Figures 41B-41C). The characterization of Cxc/12 expression
determined that full mesenchymal SCC cells from PD/S-SCCs expressed Cxcl/l2 while full
epithelial SCC cells from WD-SCCs scarcely expressed this cytokine (Figure 41D). This was
further corroborated by CXCL12 secretion analysis by ELISA where it was shown that full
mesenchymal SCC cells from PD/S-SCCs were secreting more CXCL12 to the medium (Figure
41E). In addition, our group observed that fibroblasts from both WD-SCCs and PD/S-SCCs were
expressing Cxcll2 (Figure 41F). This was further corroborated by the fact that SDF-1 could be
detected in stromal regions of WD-SCCs while in PD/S-SCCs SDF-1 was detected
homogeneously in the tumor cells regions (Figure 41G) (Bernat-Peguera et al., 2019). We further
validated the Cxc/I2 expression in the different cancer cell populations identified during cSCC
progression, and we observed that Cxcl//2 was expressed by full mesenchymal SCC cells from
PD/S-SCCs while full epithelial SCC cells from WD-SCCs and mesenchymal EpCAM™ SCC cells
from PD-SCCs were expressing low levels of Cxcl/12 (Figure 42A). Total tumor lysates expressed
more Cxc/l2 than their specific tumor cells suggesting that Cxc//2 could be expressed by the
stromal components. However, the expression levels of Cxc/I2 by total tumors were significantly
lower in comparison to full mesenchymal SCC cells (Figures 42A-42B). Given the low expression
of Cxcl12 in WD-SCCs and PD-SCCs, we focused our efforts on determining how the lack of
CXCL12 signaling could impact the TME of PD/S-SCCs. We hypothesized that blockade of
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CXCL12 signaling in PD/S-SCCs by AMD3100 treatment could reduce the immunosuppressive
TME as observed in mouse ovarian cancer. To test this hypothesis, we analyzed the samples from

(Bernat-Peguera et al., 2019) in order to characterize the recruitment of immune cells.
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Figure 41. Full mesenchymal SCC cells from PD/S-SCCs express Sdfl (CXCL12) and AMD3100
treatment decreases PD/S-SCCs derived metastasis. (A) Experimental scheme for the treatment of PD/S-
SCCs with Vehicle or AMD3100. Full mesenchymal SCC cells were subcutaneously engrafted in
immuncompetent syngeneic mice and once PD/S-SCCs were palpable mice were intraperitoneally treated
with AMD3100 (15 mg/kg; diluted in sterile serum), or serum (n=7). (B) Growth kinetics (means + SE of
tumor size, mm?) of control and AMD3100 treated PD/S-SCCs (seven tumors per group) growing in
immunocompetent mice. (C) Mean of metastatic foci (+ SE) per lung section (categorized by size, mm?) in
mice with PD/S-SCC and the indicated treatments (six mice per group). (D) Mean (+ SE) of Sdfl mRNA
levels relative to Gapdh, as quantified by qRT-PCR in in vitro growing tumor cells isolated from WD-SCC
(WD cells) and PD/S-SCCs (PD/S cells) of the indicated tumor lineages (two different primary cell cultures
per tumor type and lineage). (E) SDF-1 concentration in the culture medium of the indicated cells (two
primary culture cells per group and lineage), as quantified by ELISA assays. (F) Mean (+ SE) levels of Sdf1
mRNA relative to Gapdh, as quantified by qRT-PCR in tumor cells (06-integrin”/CD457/CD31" cells),
immune cells (06-integrin /EpCAM /CD45"/CD31~ cells), and fibroblasts (a6-
integrin /EpCAM /CD457/CD31" cells), isolated from OT14 WD-SCCs and PD/S-SCCs (two different
samples per group) by FACS-sorter. (G) Representative images of the SDF-1 immunodetection in paraffin
sections of WD-SCCs and PD/S-SCCs of OT14 lineage. Scale bar: 100 pm. *, significant differences
between the compared groups (t-test; p < 0.05). Adapted from Bernat-Peguera et al., Oncogene (2019).
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Figure 42. Full epithelial and mesenchymal EpCAM- SCC cells do not express Cxcl12. (A) Results
show (mean + SD) the Cxcl/2 mRNA levels normalized to Ppia expression in the indicated tumor cells or
tumor lysates. Data obtained from 2-4 independent experiments (n=2-4). Statistical significance of the
differences observed between groups was analyzed using one-way ANOVA followed by Tuckey’s multiple
comparison test. * p<0.05. (B) Results show (mean + SD) the Cxc//2 mRNA level fold change of WD-
SCCs and PD-SCCs tumors to its tumor cells normalized to Gapdh and Ppia expression. Data obtained
from 2-4 independent experiments (n=2-4). Statistical significance of the differences observed between

compared groups was analyzed by unpaired two-tailed Student's T-test. * p<0.05; ** p<0.01.

AMD3100 treatment decreased the recruitment of CD8" T cells and Treg cells (FoxP3* cells) into
PD/S-SCCs (Figures 43A-43B). Despite the reduced presence of CD8™ cells, the ratio of CD8"
and Treg cells was increased upon AMD3100 treatment, suggesting that these fewer CD8" cells
might be more active thanks to an even greater reduction in Treg cells infiltration (Figure 43D).
In this sense, activated effector cells expressing GzmB (GzmB* cells) were more present in PD/S-
SCCs upon AMD3100 treatment (Figure 43C). The presence of macrophages with an M2 profile
(CD163" cells) was also decreased in PD/S-SCCs treated with AMD3100 (Figure 44A). In
contrast, infiltration of GR1" cells, which includes both polymorphonuclear and monocytic
MDSC subtypes, remained unchanged in PD/S-SCCs with AMD3100 treatment (Figure 44B).
However, the blockade of CXCL12 signaling did not increase the necrotic areas on PD/S-SCCs
(Figure 45). Therefore, blocking CXCLI12 signaling decreases the presence of
immunosuppressive cells in PD/S-SCCs. Despite reducing the immunosuppression, the single
blockade of CXCL12 was not sufficient to decrease PD/S-SCCs tumor growth or increase tumor

Nnecrosis.
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Figure 43. AMD3100 promoted a less immunosuppressive TME in PD/S-SCCs by increasing the CD8
vs. FoxP3 ratio and the recruitment of cytotoxic GzmB™ cells. Frequency (mean + SD) of (A) CD8"
cells, (B) FoxP3* (Treg) cells and (C) cytotoxic (GzmB") cells per tumor area and representative
immunohistochemistry images of control and AMD3100 treated tumors. Scale bar: 100 um. (D)
Quantification (mean + SD) of CD8 vs. FoxP3 cells ratio per tumor area. Data obtained from 6 independent
samples per group (n=6) and quantified from 20 images per sample. Statistical significance of the
differences observed between control and AMD3100 treated tumors were analyzed by unpaired two-tailed

Student's T test. * p<0.05; ** p<0.01; *** p<0.001.
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Figure 44. AMD3100 treatment reduces the infiltration of M2-like macrophages in PD/S-SCCs. (A)
Frequency (mean = SD) of CD163" cells (M2-like macrophages) per tumor area and representative
immunohistochemistry images of control and AMD3100 treated tumors. Scale bar: 100 pm. Data obtained
from 6 independent samples per group (#=6) and quantified from 20 images per sample. (B) Frequency
(mean = SD) of GR17 cells per tumor area and representative immunofluorescence images of GR1 (red) in
control and AMD3100 treated tumors. Cell nuclei were stained with DAPI (blue). Scale bar: 100 pm. Data
obtained from 3 independent samples per group (n=3) and quantified from 10 images per sample. Statistical
significance of the differences observed between control and AMD3100 treated tumors were analyzed by

unpaired two-tailed Student's T test. ns: p>0.05; *** p<0.001.
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Figure 45. AMD3100 treatment does not increase necrosis of PD/S-SCCs tumors. Quantification of the
percentage (mean + SD) of tumor necrotic area and representative H/E section of PD/S-SCCs treated with
control solution or AMD3100, where necrotic areas are marked with white lines. Scale bar: 1 mm. Each dot
represents a single tumor (n=7). Statistical significance of the differences observed between control and

AMD3100 treated tumors were analyzed by unpaired two-tailed Student's T test. ns: p>0.05.

CHAPTER 3: STUDY ALTERNATIVE STRATEGIES TO PROMOTE ANTI-TUMOR
RESPONSE OF ICI THERAPIES IN ADVANCED ¢SCCS

The expression of MHC-I by cancer cells is fundamental for CD8+ T cells to identify and
eliminate malignant cells. In addition, PD-L1 expression has been proposed as a predictive marker
of anti-PD-1/PD-L1 response in patients (C. Sun et al., 2018). Previous results from our laboratory
indicated that epithelial cancer cells from WD-SCCs expressed cell surface MHC-I and PD-L1
while mesenchymal cells from PD-SCCs cells did not express cell surface MHC-I neither PD-L1.
We aimed to validate these observations in primary SCC cell cultures and study the possible
mechanisms leading to the lack of cell surface expression of MHC-I and PD-L1 in advanced SCC

tumor cells.

3.1 Characterize the transcriptional status of MHC-I and antigen processing genes in ¢cSCC

cells

To study the mechanisms that prevent MHC-I and PD-L1 cell surface expression, two full
epithelial primary SCC cell cultures (2C3 and 3 A cells) and two mesenchymal EpCAM- SCC cell
cultures (S3T1" and 6G2" cells) were used. The expression of Mhc-I, Mhc-11, Pd-11, and MHC-I
antigen processing genes such as Tap 1, Tap2, Tapasin, and f2-microglobulin was analyzed by RT-
gPCR in basal conditions. Mesenchymal EpCAM™ SCC cells showed a downregulated expression
of Mhc-1, Mhc-11, and Pd-11 mRNA as compared to full epithelial SCC cells (Figures 46A-46C).
Furthermore, the expression of 7ap/ was reduced in mesenchymal EpCAM- SCC cells, while the
expression of Tap2, Tapasin, and f2-microglobulin did not vary between full epithelial and
mesenchymal EpCAM~ SCC cells (Figure 47). Hence, these results demonstrate that
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transcriptional downregulation of Mhc-1, Mhc-1I, Pd-11, and Tapl genes is induced in
mesenchymal EpCAM- SCC cells.
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Figure 46. Mhc-1I, Mhc-II and Pd-I1 mRNA basal expressions are downregulated in mesenchymal
EpCAM SCC cells. Results show (mean + SD) the basal mRNA levels normalized to Ppia of (A) Mhc-1,
(B) Mhc-11, and (C) Pd-I1 in the indicated tumor cells. Dots represent independent experiments (n=3-8).
Grouped analysis were performed considering 2C3 and 3A full epithelial SCC cells and S3T1" and 6G2°
mesenchymal EpCAM- SCC cells. Statistical significance of the differences observed between full
epithelial and mesenchymal EpCAM- SCC cells was analyzed by unpaired two-tailed Student's T test. *
p=<0.05; *** p<0.001. Full epi.: full epithelial SCC cells; Mes. EpCAM™: mesenchymal EpCAM" SCC cells.
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Figure 47. The basal expression of MHC-I antigen processing protein Tapl is downregulated in
mesenchymal EpCAM- SCC cells. Results show (mean + SD) the basal mRNA levels normalized to Ppia
of Tapl, Tap2, Tapasin, and f2-microglobulin in full epithelial SCC cells (2C3 cells) and mesenchymal
EpCAM" SCC cells (S3T1" cells). Dots represent independent experiments (n=3). Statistical significance
of the differences observed between full epithelial and mesenchymal EpCAM- SCC cells was analyzed by
unpaired two-tailed Student's T test. ns: p>0.05; * p<0.05. Full epi.: full epithelial SCC cells; Mes. EpCAM"
: mesenchymal EpCAM™ SCC cells.
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Next, the cell surface expression of MHC-1, MHC-II, and PD-L1 was analyzed by flow cytometry
in full epithelial and mesenchymal EpCAM" SCC cells. In accordance with the previous in vivo
data from the group, full epithelial SCC cells expressed MHC-I, MHC-II, and PD-L1 while
mesenchymal EpCAM- cells did not express these proteins on the cell surface (Figures 48A-48C).
So, despite Mhc-1, Mhc-II, and Pd-I1 mRNA being detectable in mesenchymal EpCAM™ SCC
cells, these cells did not express these proteins in the cell surface, indicating a further post-

transcriptional control on the processing and cell surface location of these proteins.
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Figure 48. MHC-I, MHC-II and PD-L1 proteins are not detected in the cell surface of mesenchymal
EpCAM-" SCC cells. Representative flow cytometry dot plots and quantification of the percentage of cells
(mean = SD) expressing cell surface (A) MHC-I, (B) MHC-II, and (C) PD-L1, as determined by flow
cytometry. Dots represent independent experiments (n=4). Grouped analysis were performed considering
2C3 and 3A full epithelial SCC cells and S3T1" and 6G2- mesenchymal EpCAM- SCC cells. Statistical
significance of the differences observed between full epithelial and mesenchymal EpCAM™ SCC cells was
analyzed by unpaired two-tailed Student's T test. *** p<0.001. Full epi.: full epithelial SCC cells; Mes.
EpCAM : mesenchymal EpCAM™ SCC cells.
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Histone methylation is a conserved process, where the addition of methyl groups on certain amino
acids of histones modifies the packaging and accessibility to DNA, ultimately resulting in gene
expression control. Dysregulation of histone methylation has been extensively documented in
aging and cancer states leading to altered gene expression regulation (Michalak et al., 2019). In
this sense, the administration of GSK126, which is a selective EZH2 methyltransferase inhibitor,
promotes antigen presentation and antitumor immunity in head and neck cancer cells by
increasing Mhc-I transcription (L. Zhou et al., 2020). To determine if MHC-1 downregulation
may be related to altered histone methylation in mesenchymal SCC cells, full epithelial SCC cells
and mesenchymal EpCAM- SCC cells were treated with GSK126, following a previously
established protocol in our laboratory, and the expression of Mhc-I and Pd-/1 was analyzed.
GSK126 treatment reduced histone H3 lysine 27 trimethylation, which is a target of EZH2
methyltransferase, indicating a correct function of the drug (Figure 49A). Despite blocking EZH2
function, Mhc-I and Pd-I]1 expression was not increased in full epithelial or mesenchymal
EpCAM" SCC cells. Accordingly, Mhc-I and Pd-I1 mRNA levels in mesenchymal EpCAM™ SCC
cells were not restored to the levels of full epithelial SCC cells with GSK126 treatment (Figures
49B-49C). The cell surface expression of MHC-I and PD-L1 also remained unaltered after
GSK126 treatment (Figures 49D-49E). Thus, in advanced mesenchymal SCC cells, Mhc-1
downregulation is not dependent on EZH2 methyltransferase activity on histones interacting with

the Mhc-I promoter and gene region as observed in other tumor types.
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Figure 49. Figure legend on next page.

-121-




Figure 49. GSK126 treatment does not restore Mhc-I expression in mesenchymal EpCAM- SCC cells.
(A) Representative image of histone 3 lysine 27 trimethylation levels in full epithelial SCC cells (2C3 cells)
and mesenchymal EpCAM™ SCC cells (S3T1" cells) upon DMSO or 5 uM GSK126 treatment during 72
hours, as determined by western blot. Results show (mean + SD) the mRNA levels normalized to Gadph
of (B) Mhc-I and (C) Pd-11 upon DMSO or 5 uM GSK126 treatment for 72 hours in the indicated tumor
cells. Quantification (mean + SD) of the percentage of cells expressing cell surface (D) MHC-I and (E) PD-
L1 as determined by flow cytometry upon DMSO or 5 uM GSK126 treatment during 72 hours in the
indicated tumor cells. Dots represent independent experiments (n=3). Statistical significance of the
differences observed between compared groups was analyzed by unpaired two-tailed Student's T test. ns:

p>0.05; * p<0.05. Full epi.: full epithelial SCC cells; Mes. EpCAM™: mesenchymal EpCAM™ SCC cells.
3.2 IFN-y signaling pathway and MHC-I expression in ¢cSCC cells

Given that Mhc-1, Mhc-11, Pd-11 and MHC-I antigen processing genes expression is controlled by
IFN-y signaling (F. Zhou, 2009)(Abiko et al., 2015), it was analyzed whether this pathway was
altered in mesenchymal EpCAM- cells. The receptor of IFN-y is a heterodimer composed of two
subunits, [IFNGR1 and IFNGR2, both needed for the correct transduction of the signal. The Ifngr!
was expressed at higher levels in full epithelial SCC cells than in mesenchymal EpCAM- SCC
cells (Figure 50A), while Ifngr2 expression was higher in mesenchymal EpCAM™ SCC cells
(Figure 50B). Interestingly, when combining the data of both receptors, it was observed that
mesenchymal EpCAM™ SCC cells had balanced mRNA levels of both /fngri and Ifngr2, whereas
full epithelial SCC cells presented an unbalanced transcriptional level of both receptors (Figure
50D). In addition, the basal expression of Irf1, which is a downstream effector of [FN-y signaling
was higher in mesenchymal EpCAM™ SCC cells than in full epithelial SCC cells (Figure 50C).
So, despite both full epithelial and mesenchymal EpCAM™ SCC cells expressed Ifingr! and Ifngr2
they might respond differently to IFN-y given its different expression levels.
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Figure 50. Infgrl, Infgr2 and Irfl are differently expressed in full epithelial SCC cells and
mesenchymal EpCAM" SCC cells. Results show (mean + SD) the basal mRNA levels normalized to Ppia
of (A) Ifngrl, (B) Infgr2, (C) Irfl, (D) Ifngri/2 in the indicated tumor cells. Dots represent independent
experiments (n=3-6). Grouped analysis were performed considering 2C3 and 3A full epithelial SCC cells
and S3T1" and 6G2- mesenchymal EpCAM- SCC cells. Statistical significance of the differences observed
between full epithelial and mesenchymal EpCAM™ SCC cells was analyzed by unpaired two-tailed Student's
T test. * p<0.05; *** p<0.001. Full epi.: full epithelial SCC cells; Mes. EpCAM™: mesenchymal EpCAM-
SCC cells.

To test this hypothesis, full epithelial SCC cells and mesenchymal EpCAM™ SCC cells were
treated with recombinant murine IFN-y for 48 hours and both upregulated STAT1 phosphorylation
and /rf1 expression, which are downstream effectors of IFN-y signaling indicating that these SCC
cells are sensible to IFN-y and present a correct signal transduction of this pathway (Figures 51A-
51C). Specifically, mesenchymal EpCAM™ SCC cells treated with IFN-y induced a higher
phosphorylation state of STAT1 than full epithelial SCC cells (Figure 51B). In contrast, full
epithelial SCC cells induced higher levels of Irf1 upon IFN-y stimulation in comparison to
mesenchymal EpCAM- SCC cells (Figure 51C). So, despite presenting some differences, the IFN-
v signaling pathway is functional in both full epithelial SCC cells and mesenchymal EpCAM-
SCC cells.
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Figure 51. IFN-y signalling is functional in full epithelial and mesenchymal EpCAM- SCC cells. (A)
Representative image of Phospho-STAT1 (Tyr 701) levels in the indicated cell populations upon basal and
10 ng/mL IFN-y treatment, as determined by western blot. (B) Quantification of phosphorylated STAT1
(Tyr-701) relative to B-actin levels (mean = SD) in the indicated cell populations upon basal and 10 ng/mL
IFN-y treatment. Densitometry analysis was based on 3 different WB assays performed in the same
conditions. (C) Results show the IrfT mRNA levels fold change (mean + SD) of 10 ng/mL IFN-y treated
cells compared to its basal condition normalized to Gapdh and Ppia expression in the indicated cell
populations. Dots represent independent experiments (n=3). Grouped analysis were performed considering
2C3 and 3A full epithelial SCC cells and S3T1" and 6G2° mesenchymal EpCAM- SCC cells. Statistical
significance of the differences observed between compared groups was analyzed by unpaired two-tailed

Student's T test. * p<0.05; ** p<0.01; *** p<0.001. Full epi.: full epithelial SCC cells; Mes. EpCAM™:
mesenchymal EpCAM™ SCC cells.
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Once validated that full epithelial SCC cells and mesenchymal EpCAM- SCC cells were
responding to IFN-y, we studied the expression of Mhc-1, Mhc-II, Pd-11, and MHC-I antigen
processing genes upon IFN-y stimulation. Full epithelial SCC cells and mesenchymal EpCAM-
SCC cells treated with IFN-y increased the mRNA expression of Mhc-I, Mhc-II, and Pd-11
(Figures 52A-52C). Pd-11 upregulated expression was higher in mesenchymal EpCAM- SCC
cells than in full epithelial SCC cells treated with IFN-y (Figure 52C), while the induction of M#Ac-
1 and Mhc-II expression was slightly higher in IFN-y stimulated full epithelial SCC cells than
mesenchymal SCC cells (Figures 52A-52B). The expression of MHC-I antigen processing genes
Tapl, Tap2, Tapasin, and f2-microglobulin was increased in both full epithelial and mesenchymal
EpCAM" SCC cells upon IFN-y treatment (Figures 53A-53D). INF-y induced expression of 7ap2
was higher in full epithelial SCC cells than in mesenchymal EpCAM" SCC cells (Figure 53B)
while f2-microglobulin and Tapasin expression was slightly more induced in mesenchymal
EpCAM" SCC cells (Figures 53C-53D). So, the expression of Mhc-1, Mhc-11, Pd-11, and MHC-I
antigen processing genes was increased in full epithelial SCC cells and mesenchymal EpCAM-
cells upon IFN-y stimulation indicating that IFN-y signaling pathway is not altered in SCC cells

and correctly induces the mRNA expression of MHC-I related genes as reported in the
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Figure 52. Mhc-1, Mhc-II, and Pd-I1 mRNA levels are increased upon IFN-y treatment in full
epithelial and mesenchymal EpCAM- SCC cells. Results show (mean = SD) the mRNA level fold change
of 10 ng/mL IFN-y treated cells compared to its basal condition normalized to Gapdh and Ppia expression
of (A) Mhc-1, (B) Mhc-II, and (C) Pd-I1 in the indicated cell populations. Dots represent independent
experiments (n=3-4). Grouped analysis were performed considering 2C3 and 3A full epithelial SCC cells
and S3T1" and 6G2" mesenchymal EpCAM" SCC cells. Statistical significance of the differences observed
between compared groups was analyzed by unpaired two-tailed Student's T test. ns: p>0.05; * p<0.05. Full
epi.: full epithelial SCC cells; Mes. EpCAM™: mesenchymal EpCAM- SCC cells.
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Figure 53. mRNA levels of MHC-I antigen processing proteins are increased upon IFN-y treatment
in full epithelial and mesenchymal EpCAM™ SCC cells. Results show (mean + SD) the mRNA levels
fold change of 10 ng/mL IFN-y treated cells compared to its basal condition normalized to Gapdh and Ppia
expression of (A) Tap1, (B) Tap2, (C) Tapasin, and (D) f2-microglobulin in full epithelial SCC cells (2C3
cells) and mesenchymal EpCAM- SCC cells (S3T1" cells). Dots represent independent experiments (n=3).
Statistical significance of the differences observed between compared groups was analyzed by unpaired
two-tailed Student's T test. ns: p>0.05; * p<0.05; ** p<0.01; *** p<0.001. Full epi.: full epithelial SCC
cells; Mes. EpPCAM™: mesenchymal EpCAM" SCC cells.

Next, the total amount of MHC-I expressed by full epithelial SCC cells and mesenchymal
EpCAM: SCC cells were analyzed via WB analysis. Interestingly, a similar level of MHC-I
protein was detected in both full epithelial and mesenchymal EpCAM™ SCC cells under basal
conditions (Figure 54A). In addition, the total amount of MHC-I protein was increased in both
cell types upon IFN-y stimulation, although only in full epithelial SCC cells this induction was
significant (Figure 54B). Hence, despite mesenchymal EpCAM™ SCC cells did not express MHC-
I in the cell surface, MHC-I was being translated into protein suggesting that mesenchymal
EpCAM" SCC cells might present alterations in MHC-I processing and translocation to the cell

membrane.
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Figure 54. MHC-I protein levels are increased in full epithelial SCC cells upon IFN-y stimulation. (A)
Representative image of Phospho-STAT1 (Tyr 701) and MHC-I levels in the indicated cell populations
upon basal and 10 ng/mL IFN-y treatment, as determined by western blot. (B) Quantification of MHC-I
relative to B-actin levels (mean + SD) in the indicated cell populations upon basal and 10 ng/mL IFN-y
treatment. Densitometry analysis was made on 3 different WB assays performed in the same conditions.
Dots represent independent experiments (n=3). Grouped analysis were performed considering 2C3 and 3A
full epithelial SCC cells and S3T1" and 6G2" mesenchymal EpCAM" SCC cells. Statistical significance of
the differences observed between compared groups was analyzed by unpaired two-tailed Student's T test.

ns: p>0.05; * p<0.05. Full epi.: full epithelial SCC cells; Mes. EpCAM™: mesenchymal EpCAM" SCC cells.

Next, MHC-I, MHC-II, and PD-L1 cell surface expression upon basal and IFN-y treatment was
analyzed by flow cytometry in full epithelial SCC cells and mesenchymal EpCAM™ SCC cells.
Full epithelial SCC cells treated with IFN-y increased the cell surface expression of MHC-I.
However, MHC-I was not detected in the mesenchymal EpCAM- SCC cell surface even after
IFN-y stimulation (Figures 55A-55C). MHC-II cell surface expression in full epithelial SCC cells
was increased upon [FN-y treatment, and mesenchymal EpCAM- SCC cells presented a slightly
increased MHC-II cell surface expression upon IFN-y stimulation (Figures 56A-56C).
Interestingly, both full epithelial SCC cells and mesenchymal EpCAM- SCC cells upregulated the
cell surface expression of PD-L1 upon IFN-y treatment (Figures 57A-57C). This indicates that
MHC-I, MHC-II, and PD-L1 proteins present an independent maturation process and
translocation to the cell membrane in mesenchymal EpCAM- SCC cells. In addition, the lack of
MHC-I cell surface detection despite its mRNA levels and the total amount of MHC-I protein
being increased with IFN-y stimulation suggests that there is a post-translational mechanism

preventing the arrival of MHC-I to the cell membrane of advanced SCC cells.
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Figure 55. MHC-I is not detected in the cell surface of mesenchymal EpCAM- SCC cells despite IFN-
v stimulation. (A) Representative flow cytometry dot plots and intensity of cell surface expression of
MHC-I in the indicated cell types upon basal and 10 ng/mL IFN-y treatment (B) Quantification of the
intensity (mean + SD) of MHC-I expression at cell surface in full epithelial SCC cells (2C3 and 3A cells)
and mesenchymal EpCAM- SCC cells (S3T1" and 6G2" cells) upon basal and 10 ng/mL IFN-y treatment,
as determined by flow cytometry. (C) Quantification of the percentage of cells (mean = SD) expressing cell
surface MHC-I in full epithelial SCC cells (2C3 and 3 A cells) and mesenchymal EpCAM- SCC cells (S3T1"
and 6G2" cells) upon basal and 10 ng/mL IFN-y treatment, as determined by flow cytometry. Dots represent
independent experiments (n=4). Grouped analysis were performed considering 2C3 and 3A full epithelial
SCC cells and S3T1- and 6G2" mesenchymal EpCAM- SCC cells. Statistical significance of the differences
observed between compared groups was analyzed by unpaired two-tailed Student's T test. ns: p>0.05; *

p=<0.05; *** p<0.001. Full epi.: full epithelial SCC cells; Mes. EpCAM : mesenchymal EpCAM™ SCC cells.
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Figure 56. MHC-II cell surface expression is increased in mesenchymal EpCAM- SCC cells upon
IFN-y treatment. (A) Representative flow cytometry dot plots and intensity of cell surface expression of
MHC-II in the indicated cell types upon basal and 10 ng/mL IFN-y treatment. (B) Quantification of the
intensity (mean + SD) of MHC-II expression at cell surface in full epithelial SCC cells (2C3 and 3A cells)
and mesenchymal EpCAM" SCC cells (S3T1" and 6G2" cells) upon basal and 10 ng/mL IFN-y treatment,
as determined by flow cytometry. (C) Quantification of the percentage of cells (mean = SD) expressing cell
surface MHC-II in full epithelial SCC cells (2C3 and 3A cells) and mesenchymal EpCAM™ SCC cells
(S3T1 and 6G2" cells) upon basal and 10 ng/mL IFN-y treatment, as determined by flow cytometry. Dots
represent independent experiments (n=4). Grouped analysis were performed considering 2C3 and 3A full
epithelial SCC cells and S3T1" and 6G2- mesenchymal EpCAM- SCC cells. Statistical significance of the
differences observed between compared groups was analyzed by unpaired two-tailed Student's T test. ns:

p>0.05; * p<0.05; *** p<0.001. Full epi.: full epithelial SCC cells; Mes. EpCAM™: mesenchymal EpCAM-

SCC cells.
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Figure 57. PD-L1 expression detected in the cell surface of mesenchymal EpCAM- SCC cells is
increased upon IFN-y treatment. (A) Representative flow cytometry dot plots and intensity of cell surface
expression of PD-L1 in the indicated cell types upon basal and 10 ng/mL IFN-y treatment. (B)
Quantification of the intensity (mean + SD) of cell surface expression of PD-L1 in full epithelial SCC cells
(2C3 and 3 A cells) and mesenchymal EpCAM™ SCC cells (S3T1" and 6G2- cells) upon basal and 10 ng/mL
IFN-y treatment, as determined by flow cytometry. (C) Quantification of the percentage of cells (mean +
SD) expressing cell surface PD-L1 in full epithelial SCC cells (2C3 and 3A cells) and mesenchymal
EpCAM: SCC cells (S3T1" and 6G2" cells) upon basal and 10 ng/mL IFN-y treatment, as determined by
flow cytometry. Dots represent independent experiments (n=4). Grouped analysis were performed
considering 2C3 and 3A full epithelial SCC cells and S3T1" and 6G2" mesenchymal EpCAM- SCC cells.
Statistical significance of the differences observed between compared groups was analyzed by unpaired
two-tailed Student's T test. ns: p>0.05; * p<0.05; *** p<0.001. Full epi.: full epithelial SCC cells; Mes.
EpCAM : mesenchymal EpCAM™ SCC cells.
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To further validate these observations, the cellular location of MHC-I was analyzed via an
immunofluorescence assay on full epithelial SCC cells and mesenchymal EpCAM™ SCC cells
with or without IFN-y stimulation. Accordingly with our previous data, full epithelial SCC cells
expressed MHC-I in the cell membrane in basal conditions, and upon IFN-y treatment MHC-I
expression was increased in the cell membrane (Figure 58). By contrast, MHC-I was not detected
in the cell membrane of mesenchymal EpCAM- cells in basal conditions or upon stimulation with
IFN-y. Importantly, MHC-I was detected in accumulations at perinuclear regions when
mesenchymal EpCAM- SCC cells were stimulated with IFN-y (Figure 58). Hence, Mhc-I was
translated into protein in mesenchymal EpCAM- cells but its trafficking to the cell membrane was
not functional. This goes in accordance with the fact that mesenchymal EpCAM™ SCC cells were
not expressing cell surface MHC-I despite IFN-y upregulated Mhc-I mRNA expression. Thus,
advanced SCC cells correctly respond to IFN-y increasing the expression of Mhc-I mRNA, but

the protein cannot reach the cell surface, preventing its antigen presenting function.

Finally, it has been described that autophagy directly causes immune evasion by degrading MHC-
I in different tumor conditions, such as pancreatic ductal adenocarcinoma (Yamamoto et al.,
2020). Given that our results indicate that MHC-I is being translated into protein in mesenchymal
EpCAM' cells but cannot arrive at the cell membrane, we hypothesized that autophagy could be
preventing the arrival of MHC-I at the cell membrane by degrading MHC-I. To test this
hypothesis, mesenchymal EpCAM™ SCC cells were treated with the inhibitor of autophagic flux
Bafilomycin A1, which led to the accumulation of LC3 protein (Figure 59A) validating the
function of the drug. However, Bafilomycin A1 treatment did not increase MHC-I trafficking to
the cell surface membrane of mesenchymal EpCAM™ SCC cells (Figure 59B). Increasingly
concentrations of Bafilomycin Al did not increase MHC-I and PD-L1 levels at the cell surface
(Figure 59C). In addition, combinatory treatment of Bafilomycin A1 with IFN-y did not further
increase MHC-I or PD-L1 cell surface expression in mesenchymal EpCAM™ SCC cells (Figure
59D). Hence, MHC-I is accumulated in perinuclear regions upon IFN-y stimulation, and this

process is not dependent on autophagy, unlike other reported tumor types.
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Figure 58. MHC-I is retained in perinuclear regions in mesenchymal EpCAM- SCC cells after IFN-y
stimulation. Representative immunofluorescence images of MHC-I (red) in full epithelial SCC cells (2C3
cells) and mesenchymal EpCAM™ SCC cells (S3T1" cells) upon basal and 10 ng/mL IFN-y treatment. Cell
nuclei were stained with DAPI (blue). Images were obtained from 2 independent experiments in the same

conditions (n=2). Arrows indicate MHC-I perinuclear accumulation. Scale bar: 10 um.
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Figure 59. BafA treatment does not increase MHC-I expression in mesenchymal EpCAM- SCC cell
surface. (A) Representative image of LC3 levels in mesenchymal EpCAM™ SCC cells (S3T1" cells) upon
DMSO or BafA 200 nM treatment, as determined by western blot. (B) Quantification of the percentage of
cells (mean =+ SD) expressing cell surface MHC-I1 upon DMSO or BafA 200 nM treatment in mesenchymal
EpCAM™ SCC cells (S3T1" cells), as determined by flow cytometry. Dots represent independent
experiments (n=3). (C) Quantification of the percentage of cells expressing MHC-I and PD-L1 at the cell
surface upon DMSO or increasing concentrations of BafA (200 nM — 400 nM — 600 nM) treatment in
mesenchymal EpCAM™ SCC cells (S3T1" cells), as determined by flow cytometry. Data obtained from 1
experiment (n=1). (D) Quantification of the percentage of mesenchymal EpCAM" SCC cells (S3T1" cells)
(mean £ SD) expressing cell surface MHC-I and PD-L1 upon DMSO, IFN-y 10 ng/mL, BafA 200 nM, or
IFN-y 10 ng/mL + BafA 200 nM treatment, as determined by flow cytometry. Dots represent independent
experiments (n=3). Statistical significance of the differences observed between compared groups was

analyzed by unpaired two-tailed Student's T test. ns: p>0.05.
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CHAPTER 4: STUDY OF PATIENT ¢SCC AND HNSCC CELL CHARACTERISTICS
ASSOCIATED WITH RESISTANCE TO ICI THERAPY

According to results from our group resistance to anti-PD-1/PD-L1 ICI therapy in cSCC may be
a consequence of the plasticity of tumor cells, defined as the ability of cancer cells to progress
from an epithelial state to a mesenchymal state. Our previous studies in mouse models of cSCC
progression demonstrated that the emergency of mesenchymal tumor cells was associated with
higher recruitment of immunosuppressive immune cells (Treg cells, M-MDSCs, and M2-like
macrophages), which inactivate the antitumor activity of CD8" T lymphocytes (Lorenzo-Sanz et
al., under-review manuscript). Additionally, mesenchymal SCC cells induce the expression of
alternative ligands rather than PD-L1, which is mostly expressed by epithelial SCC cells.
Specifically, murine mesenchymal SCC cells induced the expression of CD155 and CD80, which
activate the IC receptors TIGIT, and CTLA-4, respectively. This would lead to the impairment of
the anti-tumor immunity exerted by CD8" T cells even in the presence of anti-PD-1/PD-L1
inhibitors (Lorenzo-Sanz et al., under-review manuscript). Hence, we hypothesize that
mesenchymal SCC cells activate evasion mechanisms of the anti-tumor immune response that are
different from epithelial SCC cells. This scenario would prevent the correct response to

immunotherapy based on anti-PD-1/PD-L1.

To determine if the presence of mesenchymal cancer cells may be associated with resistance to
anti-PD-1 based therapy in patients, we compared cSCC and HNSCC samples from patients that
showed response to treatment (responders) or those that exhibit resistance to ICI. Initially we
aimed to identify 7 patients with advanced cSCC and 10 patients with recurrent and metastatic
HNSCC who would have shown a response (sustainable response or stable disease for around one
year) and a similar number of patients who would have shown resistance (lack of response or
short-term response ending in disease progression). A retrospective study was performed with
c¢SCC patients who had already been treated with this therapy and tumor samples (pre-treatment
samples) were available. However, since immunotherapy based on anti-PD-1 was recently
approved by the EMA for the treatment of advanced and cSCC, most of the patients who had been
treated in our hospital center received this therapy for compassionate use, and we have been able
to have samples from 5 patients, at the time of these assays. Given that immunotherapy based on
anti-PD-1 was approved by the EMA a few years before to treat recurrent and metastatic HNSCC,
we could obtain various samples of patients treated with anti-PD-1. However, most recurrent and
metastatic HNSCC patients were resistant to anti-PD-1. To increase the number of responsive
patients for this study, we have expanded the search to patients who had received anti-PD-L1 +
anti-CTLA-4 combination therapies obtaining a total of 11 recurrent and metastatic HNSCC

patient samples. The frequency of epithelial, hybrid, and mesenchymal cancer cells and the
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expression of ICR in CD8" T cells were characterized by immunohistology analysis. This
retrospective study was part of a project that we performed in collaboration with different
members of the laboratory, and that was later validated in a higher cohort of cSCC patients

(Lorenzo-Sanz et al., under-review manuscript).
4.1 Study of patient cSCC cell characteristics associated with resistance to ICI therapy

Six ¢SCC patient samples treated with anti-PD-1 therapy were studied in this initial retrospective
study (Table 10). A complete response to this treatment (strong reduction in the size of the tumor
or disappearance of the lesion) is rare in these patients and has been observed in ~7-13 % of
advanced and metastatic cSCC patients (Migden et al., 2018) (Migden et al., 2020). Stabilization
of the disease during a long period was considered a positive response, which indicated that the
treatment prevented the progression of the disease, as the best response. The intra-treatment
samples from PT 4 and PT 5 correspond to tumor biopsies obtained 6 months after the start of
treatment, and therefore are samples with ongoing treatment. In contrast to the PT 4, the response
of PT 5 was maintained for one year, therefore considering PT 5 as responder, even if disease

progressed latter.

Some of the available pre-treatment samples correspond to tumor samples from several months
before starting treatment with ICIs, and before to chemotherapy or radiotherapy treatments. The
composition and characteristics of the tumor cells could change significantly after each treatment
and subsequent recurrence. Thus, there could be important differences in the characteristics of the
tumor cells between the biopsy analyzed (several months before starting treatment) and the time
of starting treatment. Ideally, the tumor cell characteristics of the samples should be analyzed
immediately before starting treatment, to establish a more precise relationship between the

presence of hybrid or mesenchymal tumor cells and the response to ICI-based therapy.
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Treatment lines prior Time from biopsy to

Patient Biopsy Response
to immunotherapy start of ICI therapy
PT1  PT1PRE Surg.1 11 months Resistant!
Surg. 1
PT2 PT2PRE Surg.2 + Rdt. > 24 months Responder?
Erbitux
Surg. 1
PT3  PT3PRE 10 months Resistant®
Surg.2
PT 4 PRE Surg.1 15 days
PT 4 PT 4 Surg.2 Resistant®
6 months*
INTRA Surg.3
PTS Surg.1
PT 5 6 months Responder®
INTRA Chem. + Rdt.

Table 10: Summary of the clinical information of skin SCC patients treated with anti-PD-1
immunotherapy included in this study. PT: patient; PRE: pretreatment sample; INTRA: intra-treatment
sample; Surg.: surgery; Chem.: chemotherapy; Rdt.: radiotherapy; Erbitux: treatment of cisplatin and
cetuximab (EGFR inhibitor). 'No response was obtained and therapy was discontinued because the patient
had an adverse reaction; Treatment for a year and the best response was a stable disease for several months;
3Treatment was interrupted before 6 months without response; “Time elapsed from the start of therapy based
on ICIs and obtaining a tumor sample (in the course of treatment); “Treatment had an effect but failed to

eliminate the tumor; *Treatment gave a sustained response for a year, but eventually the disease progressed.

Initially, other members of our group determined the epithelial and mesenchymal characteristics
of tumor cells by analyzing the expression of E-cadherin (epithelial marker) and Vimentin
(mesenchymal marker) by immunofluorescence (Figure 60), which allowed the quantification of
the frequency of epithelial (E-cadherin’/Vimentin), hybrid (E-cadherin’/Vimentin®) and
mesenchymal (E-cadherin’/Vimentin®) tumor cells of ¢cSCC samples (Figure 61A). Despite the
high intra-tumor heterogeneity, it was observed that the tumors from PT 5 (responder) presented
the highest frequency of E-cadherin’/Vimentin™ tumor cells (Figure 61A). The tumors from PT 2
(responder) and PT 1 and PT 3 (resistant) presented a similar composition of epithelial, hybrid,
and mesenchymal cells (Figure 61A). Remarkably, PT 2 (responder) showed the highest E-
cadherin expression (Figure 61C). In addition, PT 4 (resistant) presented the highest frequency of
Vimentin* cancer cells (hybrid and mesenchymal cancer cells) (Figure 61B). We hypothesize that
the presence of hybrid and mesenchymal tumor cells would be related to therapy resistance.
However, given the low number of sensible and resistant cSCC patients to ICI included in this
study, it is not possible to extract conclusions regarding the relationship between the ICI response

and the E-cadherin/Vimentin expression of tumor cells.
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PT1 Resist. PRE PT2 Resp. PRE PT3 Resist. PRE

\ \

ECAD VIM DAPI

Other members of the lab data

Figure 60. E-cadherin and vimentin expression in tumor cells from ¢SCC patients treated with ICIs.
Representative images of the immunodetection of epithelial (E-cadherin®/Vimentin’), hybrid (E-
cadherin®/Vimentin®), and mesenchymal (E-cadherin’/Vimentin*) tumor cells in the indicated cSCCs. Cell
nuclei were stained with DAPI (blue). Scale bar: 100 um. PT: patient; PRE: pretreatment sample; INTRA:

intra-treatment sample; S: stroma region; T: tumor cell region; Resist.: resistant; Resp.: responder.
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Figure 61. Quantification of the relative frequency of epithelial, hybrid or mesenchymal tumor cells
in ¢SCCs treated with ICIs. (A) Quantification (mean + SD; n= 10-14 images per tumor) of the frequency
of epithelial (E-cadherin®/Vimentin®), hybrid (E-cadherin®/Vimentin®, and mesenchymal (E-cadherin’
/Vimentin®) tumor cells per area of tumor region in the indicated samples. (B) Percentage (mean + SD;
n=10-14 images per tumor) of mesenchymal tumor cells (Vimentin®) per area of tumor region in the
indicated cSCCs. (C) Mean intensity (mean + SD; n=10-14 images per tumor) of E-cadherin expression in

the indicated cSCCs. PRE: pretreatment sample; INTRA: intra-treatment sample.

Exhausted CD8" T cells are characterized by an increased expression of various IC receptors
including PD-1, CTLA-4, LAG-3, TIM-3, or TIGIT (W. Jiang et al., 2020) (Saleh et al., 2020).
To study the presence of exhausted T cells in ¢cSCC patient samples, the expression of the IC
receptor PD-1 (Figure 62) and LAG-3 (analyzed by another member of the laboratory) in CD8"
T cells was characterized by immunohistology analysis. Tumors from resistant cSCC patients to
anti-PD-1 (PT 1 Pre, PT 3 Pre, and PT 4 Intra) presented a higher CD8" T cell infiltration
compared to the responders (PT 2 Pre and PT 5 Intra) and the PT 4 Pre resistant tumors (Figure
63A). In addition, these T cells in resistant tumors showed a greater capacity to infiltrate the
interior of resistant tumors in comparison to responder tumors (Figure 63B). Thus, favoring the
contact of these immune cells with tumor cells. These apparently contradictory results suggest
that the high infiltrate of CD8" T cells in resistant tumors could correspond to inactive or

dysfunctional T cells that express IC receptors such as PD-1, LAG-3, and/or CTLA-4. In this
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sense, our results showed that the frequency of CD8/PD-1" and CD8/LAG-3" cells was higher
in resistant patients PT 1 and PT 3 than in responder patients PT 2 and PT 5 (Figures 63C-63D).
Hence, despite more CD8" T cells were infiltrating resistant tumors, these CD8" T cells would be
inactive and unable to attack tumor cells. These results indicate tumors from resistant patients to
ICT accumulate a higher percentage of inactive CD8" cytotoxic cells than tumors from responder

patients.

PT 1 Resist. PRE PT 2 Resp. PRE PT 3 Resist. PRE

PD1 CD8 DAPI

Figure 62. Immunodetection of CD8" T cells with or without PD-1 expression in ¢cSCC patient samples
treated with anti-PD-L1/PD-1. Representative immunofluorescence images of the immunodetection of
CDB8" cells (green) with expression of PD-1 (red) in the indicated cSCCs. Cell nuclei were stained with
DAPI (blue). Scale bar: 100 um. PT: patient; PRE: pretreatment sample; INTRA: intra-treatment sample;

S: stroma region; T: tumor cell region; Resist.: resistant; Resp.: responder.
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Figure 63. ¢SCC patients resistant to anti-PD-L1/PD-1 present increased infiltration of exhausted
CDS8' T cells. (A) Frequency (mean + SD; n=15-30 images per tumor) of CD8" T cells per area of tumor
region in the indicated samples. (B) Percentage (mean + SD; n=10-14 images per tumor) of CD8" cells
located in the stroma or infiltrating the interior of the tumor mass. Frequency (mean + SD; n=15-30 images
per tumor) of (C) CD87/PD-1" and (D) CD8"/LAG-3" T cells by tumor area in the indicated ¢SCCs.
Statistical significance of the differences observed between responder vs. resistant groups was analyzed

using unpaired two-tailed Student's T test. * p<0.05; ** p<0.01. Resist.: resistant; Resp.: responder.

Hence, these initial results suggest that tumors with a higher presence of epithelial tumor cells
would respond to anti-PD-1/PD-L1 therapy while tumors with a lower presence of epithelial
tumor cells and a higher presence of hybrid and mesenchymal tumors cells could be resistant to
immunotherapy based on anti-PD-1/PD-L1. In addition, resistant tumors to ICI presented
increased recruitment of exhausted T cells, which we hypothesize are linked to a higher presence
of mesenchymal tumor cells. These initial observations were further validated in a larger cohort
of ¢cSCC patient samples in a posterior study conducted in our laboratory (Lorenzo-Sanz et al.,
under-review manuscript). In addition, results from our group further suggest that the infiltrate of
immunosuppressive cells (Treg cells, MDSCs, and M2-like macrophages) is associated with the
presence of mesenchymal tumor cells and could further contribute to the lack of response to

therapy, as previously demonstrated by our group in cSCC progression mouse model.
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4.2 Study of patient HNSCC cell characteristics associated with resistance to ICI therapy

Eleven advanced and metastatic HNSCC patients treated with anti-PD-L1/anti-PD-1 or the
combination of anti-PD-L1 + anti-CTLA-4 therapy were studied (Table 11). A complete response
to these immunotherapy treatments (strong reduction in the size of the tumor or disappearance of
the lesion) is rare in these patients and is observed in around ~2 % of patients (Ferris et al., 2016)
(Burtness et al., 2019). Stabilization of the disease or response maintained for 1 year has been
considered a positive response, which indicated that the treatment prevented the progression of

the disease, as the best response.

As done with ¢SCC patient samples, firstly a member of our group characterized the expression
of E-cadherin and Vimentin by immunofluorescence assays in HNSCC samples (Figure 64) and
quantified the presence of epithelial (E-cadherin®/Vimentin®), hybrid (E-cadherin’/Vimentin®) and
mesenchymal (E-cadherin/Vimentin®) cancer cells (Figure 65A). Similarly to what we observed
in ¢cSCC patients, we observed that advanced and metastatic HNSCCs showed strong
heterogeneity. Thus, most of the samples analyzed had a variable content of hybrid tumor cells
(E-cadherin®/Vimentin®) and mesenchymal cells (E-cadherin/Vimentin®). When comparing the
content of epithelial and mesenchymal cells between the samples of patients sensitive and
resistant to ICIs, we observed that while the resistant PT 28 showed a high content of
mesenchymal cells, the resistant PT 30 contained mostly epithelial cells and the percentage of
epithelial cells was higher than that observed in the PT 66, which is sensitive to anti-PD-L1
(Figure 65A). Therefore, the hybrid and mesenchymal cell content varied markedly between
patient samples. Nevertheless, when calculating the average number of Vimentin® cancer cells
(mesenchymal and hybrid cancer cells) it was observed that was significantly higher in tumors
from non-responders than from responders treated with anti-PD-L1 + anti-CTLA-4 while this
increase did not reach statistical significance in HNSCCs treated with anti-PD-1/PD-L1 (Figure
65B). These initial results suggest that a high content of mesenchymal cells would be associated
with resistance to ICIs in advanced and metastatic HNSCCs. However, further analyses with a
higher number of sensible and resistant advanced and metastatic HNSCC samples will be needed

to reinforce and validate these results.
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PT 24
PT 28
PT 30
PT 66
PT 15

PT1

PT 6

PT 26

PT 42

PT 27

PT 60

PT 24 PRE
PT 28 PRE
PT 30 PRE
PT 66 PRE
PT 15 PRE

PT 1 PRE

PT 6 PRE

PT 26 PRE

PT 42 PRE

PT 27 PRE

PT 60 PRE

Anti-PD-L1
Anti-PD-L1
Anti-PD-L1
Anti-PD-L1
Anti-PD-1
Anti-PD-L1 +
Anti-CTLA-4
Anti-PD-L1 +
Anti-CTLA-4
Anti-PD-L1 +
Anti-CTLA-4
Anti-PD-L1 +
Anti-CTLA-4
Anti-PD-L1 +
Anti-CTLA-4
Anti-PD-L1 +
Anti-CTLA-4

1,20
1,90
0,93
14,87
2,13

1,50

1,87

1,20

1,87

11,87

14

0,97

1,80

0,93
20,77
1,43

1,37

2,80

1,20

2,10

21,17

14,10

7,13
21,5
10,3
9.5
6.3

0,8

6,3

9,9

8,3

9,8

8,9

Resistant

Resistant

Resistant
Responder

Resistant

Resistant

Resistant

Resistant

Resistant

Responder

Responder

Table 11: Summary of the clinical information of HNSCC patients treated with immunotherapy

included in this study. PT: patient; PRE: pretreatment sample.

-142 -



Anti-PD-L1/PD-1
Resist. (PT 24)

ECAD VIM DAPI
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Figure 64. E-cadherin and vimentin expression in tumor cells from HNSCC patients treated with
ICIs. Representative images of the immunodetection of epithelial (E-cadherin®/Vimentin®), hybrid (E-
cadherin®/Vimentin®), and mesenchymal (E-cadherin/Vimentin®) tumor cells in the indicated HNSCCs
treated with anti-PD-1/PD-L1 or with anti-PD-L1 + anti-CTLA-4 therapy. Cell nuclei were stained with
DAPI (blue). Scale bar: 100 um. PT: patient; S: stroma region; T: tumor cell region; Resist.: resistant; Resp.:

responder.
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Figure 65. Figure legend on next page.
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Figure 65. Quantification of the relative frequency of epithelial, hybrid or mesenchymal tumor cells
in HNSCCs treated with ICIs. (A) Quantification (mean £ SD; n= 10-14 images per tumor) of the
frequency of epithelial (E-cadherin’/Vimentin®), hybrid (E-cadherin®/Vimentin®, and mesenchymal (E-
cadherin’/Vimentin*) tumor cells per area of tumor region in the indicated samples treated with the indicated
ICIs. (B) Percentage (mean + SD; n=10-14 images per tumor) of Vimentin® tumor cells per area of tumor
region in the indicated HNSCCs treated with the indicated ICIs. Statistical significance of the differences
observed between compared groups was analyzed using unpaired two-tailed Student's T-test. ns: p>0.05;

k% n<0.001.

To analyze the possible presence of exhausted T cells, the expression of the ICR PD-1 (Figure 66)
and LAG-3 (analyzed by another member of the laboratory) in CD8" T cells in patient HNSCC
samples sensible or resistant to ICI treatment was analyzed by immunohistology analysis. This
analysis showed that advanced and recurrent HNSCCs presented a lower CD8" T cell infiltrate
than ¢cSCCs. In addition, we observed that the infiltrate of CD8" T cells was higher in resistant
tumors (anti-PD-L1 + anti-CTLA-4 therapy) than in tumors sensitive to this therapy (Figure 67A).
These CD8" T cells were distributed both in the stroma and inside the tumor in a similar proportion
in responder and resistant tumors (Figure 67B). Unlike what was observed in anti-PD-1-treated
¢SCCs, only a small percentage of CD8" T cells co-expressed PD-1 or LAG-3 in ICI-treated
HNSCCs (Figures 67C-67D). However, and consistent with our previous results in advanced
c¢SCC, those HNSCCs that showed a higher content of mesenchymal cells (resistant HNSCCs to
anti-PD-L1 + anti-CTLA-4) had a higher percentage of inactive cytotoxic CD8" cells that co-
expressed LAG-3 (Figure 67D), but these differences were not significant.
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Figure 66. Immunodetection of
CD8" T cells with or without PD-1
expression in advanced and
metastatic HNSCC patient
samples treated with IC inhibitors.
Representative immunofluorescence
images of the immunodetection of
CD8* cells (green) with expression of
PD-1 (red) in the indicated HNSCC
treated with (A) anti-PD-1/PD-L1 or
(B) anti-PD-L1 + anti-CTLA-4. Cell
nuclei were stained with DAPI
(blue). Scale bar: 100 pm. PT:
patient; S: stroma region; T: tumor
cell region; Resist.: resistant; Resp.:

responder.
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Figure 67. Increased infiltration of CD8" T cells is observed in advanced and metastatic HNSCCs
from patients resistant to anti-PD-L1 + anti-CTLA-4 therapy. (A) Frequency (mean + SD; n=15-30
images per tumor) of CD8" T cells per area of tumor region in the indicated samples. (B) Percentage (mean
+ SD; n=10-14 images per tumor) of CD8" cells located in the stroma or infiltrating the interior of the
tumor mass. Frequency (mean + SD; n=15-30 images per tumor) of (C) CD8"/PD-1" and (D) CD8"/LAG-
3" T cells by tumor area in the indicated HNSCCs. Statistical significance of the differences observed
between responder vs. resistant groups was analyzed using unpaired two-tailed Student's T test. ns: p>0.05;

* p<0.05. Resist.: resistant; Resp.: responder.

Considering these results, we hypothesize that advanced and recurrent HNSCCs with a higher
content of mesenchymal cells could be resistant to immunotherapy based on ICI. Nevertheless,
due to the limited number of HNSCC samples from responsive and resistant patients to ICI
analyzed in this study, it is not possible to establish a correct correlation between the response to
ICI and the expression of E-cadherin/Vimentin in tumor cells. In addition, we further hypothesize
that resistant HNSCCs to ICI may present higher infiltration of exhausted CD8" T cells co-
expressing various IC receptors. All these initial observations should be addressed in further
experiments with a larger cohort of advanced and metastatic HNSCC patients sensible and

resistant to ICI to further validate them.

- 146 -



DISCUSION






The TME plays a critical role in tumor progression and immunotherapy response (Binnewies et
al., 2018). The presence of immunosuppressive cells is linked to poor ICI-based immunotherapy
response leading to primary and acquired resistance against ICI (Jenkins et al., 2018). In addition,
secreted factors by immunosuppressive cells can promote tumor progression and aggressiveness
(F.-F. Qian & Han, 2020). Given the clinical relevance of the TME, it is crucial to unravel the
reciprocal interplay and crosstalk between the TME and the tumor cells. More specific therapies
can be designed by understanding how the TME becomes immunosuppressive and how tumors
advance to more aggressive stages. This will help improve the clinical outcome of patients that

do not benefit from actual ICI immunotherapies.

IDENTIFICATION OF TUMOR-INFILTRATING IMMUNE CELLS-DERIVED
CYTOKINES RESPONSIBLE FOR PROMOTING THE MESENCHYMAL-LIKE
STATE OF CANCER CELLS DURING MOUSE ¢SCC PROGRESSION

In the first objective of the present thesis, we aimed to characterize the cytokines released by
immunosuppressive cells which can be responsible for promoting the acquisition of mesenchymal
traits by cSCC cells. Previous data from our group demonstrated that PD-SCCs are enriched with
immunosuppressive cells in comparison to WD-SCCs. The polarization profile of macrophages
and MDSCs changes to a more immunosuppressive profile as cSCC progress. Specifically, M2-
like macrophages and M-MDSCs express higher levels of immunosuppressive markers when
infiltrating in PD-SCCs than when infiltrating WD-SCCs (Lorenzo-Sanz et al., under-review
manuscript). In addition, the blockade of PMN-MDSCs recruitment into MD/PD-SCCs, which
are characterized by containing plastic EpCAM" SCC cells with the ability to switch towards a
mesenchymal-like phenotype, decreases the appearance of mesenchymal-like SCC cells
(Lorenzo-Sanz et al., unpublished results). Remarkably, previous studies from our laboratory
demonstrated that cSCC progression happens in athymic nude mice, which are deficient in T cells
(including Treg cells), suggesting that Treg cells and their derived signals are not required to
promote the acquisition of mesenchymal-like traits in cSCC. Therefore, we selected the immune
cell populations of macrophages and MDSCs as candidates to release cytokines and soluble
factors responsible for promoting the acquisition of mesenchymal-like traits by inducing the
switch from epithelial-like states. Since macrophages and MDSCs tumor recruitment and
polarization profile change during mouse ¢SCC progression (Lorenzo-Sanz et al., under-review
manuscript), we aimed to isolate tumor-infiltrating macrophages and MDSCs from WD-SCCs
and PD-SCCs to study which specific cytokines were releasing these immune cell populations.
However, we could not establish primary cell cultures of tumor-infiltrating macrophages and
MDSCs as others could (Schlecker et al., 2012) (Cassetta et al., 2016). An explanation to this
could be that probably when ¢cSCC tumors were enzymatically digested O/N tumor-infiltrating

immune cells received cellular damage decreasing their short lifespan. We tested a shorter

- 149 -



enzymatic digestion of cSCC tumors before isolating tumor-infiltrating immune cells as described
in the bibliography (Cassetta et al., 2016). However, isolated macrophages and MDSCs by cell
sorting did not survive 48 hours in vitro. Given these initial technical issues, we decided to obtain
alternative primary cell cultures of macrophages and MDSCs resembling the most to these
immune cells when infiltrating into the tumor to study their derived cytokines, which we
hypothesize could be inducing the switch from plastic EpCAM* SCC cells to the mesenchymal

state.

To study macrophages, we decided to isolate and culture BMDM from WD-SCC- and PD-SCC-
bearing mice. Once isolated, BMDM cell cultures can be polarized into M1-like or M2-like
profiles with soluble factors. In accordance with the bibliography, BMDM polarization with LPS
increased the expression of M1-like markers (//-1b, Tnf-a, 1I-6, Cxcl9, and Cxcl10) while the
polarization with IL-4 promoted the expression of M2-like markers (Cd163, Argl, and Pd-12)
(Ying et al., 2013) (Jayasingam et al., 2019). Independently if BMDM were isolated from WD-
SCC- or PD-SCC-bearing mice, BMDM differentiated into M1- and M2-like profiles indicating
that these BMDM were able to shift to both polarization extremes upon soluble signals.
Surprisingly, Gas6 expression, which is a marker of an M2-like differentiation profile, was highly
expressed in non-polarized BMDM growing in our culture medium (F12 B27). The expression of
Gas6 in macrophages is induced via STAT6, a downstream effector of IL-4 (Nepal et al., 2019).
Hence, according to the bibliography, we would expect an increased expression of Gas6 in 1L-4
treated BMDM and this result would need further validation in our BMDM obtained from WD-
SCC- and PD-SCC-bearing mice.

To obtain BMDM with a similar profile to tumor-infiltrating macrophages, we polarized the
isolated BMDM with conditioned medium from full epithelial SCC cells (tumor cells from WD-
SCCs) or mesenchymal EpCAM™ SCC cells (tumor cells from PD-SCCs). This approach to obtain
BMDM with a similar profile to the one when infiltrating into the tumor has been used and
validated in other tumor models such as melanoma (Al-Rayahi et al., 2017), lung carcinoma (Y.
Zhang, Zhang, et al., 2022), and bladder cancer (Z. Jiang et al., 2021). We polarized the obtained
BMDM with conditioned medium from in vitro culture of SCC cells. Secreted factors from full
epithelial SCC cells slightly promoted the expression of certain M1-like markers while secreted
factors from mesenchymal EpCAM™ SCC cells upregulated gene expression of specific M2-like
markers. BMDM polarization profile with conditioned medium resembled that reported in the
TME characterization during cSCC progression. In detail, M1-like macrophages were mainly
infiltrating WD-SCCs while M2-like macrophages recruitment was induced in PD-SCCs
(Lorenzo-Sanz et al., under-review manuscript). In addition, BMDM polarized with soluble
factors from mesenchymal EpCAM- SCC cells expressed slightly higher levels of the

immunosuppressive marker Argl/ suggesting that these BMDM would be more
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immunosuppressive as described in M2-like macrophages infiltrating in PD-SCCs (Lorenzo-Sanz
et al., under-review manuscript). So, despite not being able to establish primary cultures of tumor-
infiltrating macrophages, we could obtain BMDM with a similar profile thanks to the polarization

with conditioned medium from SCC tumor cells.

MDSCs are recruited into the spleen of tumor-bearing mice and can be isolated and used to study
their derived signals (Youn et al., 2008) (Kumar et al., 2017). The isolation of splenic MDSCs
can be performed either by magnetic-activated cell sorting or by FACS techniques (Y. Xu et al.,
2014). We sorted splenic MDSCs by FACS given that this technique was routinely used in the
laboratory. As described in the bibliography, we observed that the spleens of tumor-bearing mice
were larger and MDSCs were more enriched in these spleens than in those from tumor-free mice
(Beheshti et al., 2015). Additionally, MDSCs were increasingly more enriched as cSCC presented
a more advanced profile and spleens were aberrantly bigger. Splenic MDSCs expressed higher
immunosuppressive markers when isolated from spleens of PD-SCC-bearing mice than when
isolated from spleens of WD-SCC-bearing mice. This goes in accordance with previous data from
the group where M-MDSC:s infiltrating PD-SCCs expressed high levels of immunosuppressive
markers than M-MDSCs infiltrating WD-SCCs (Lorenzo-Sanz et al., under-review manuscript).
Hence, MDSCs in contact with PD-SCCs derived signals expressed more immunosuppressive
markers and we could establish primary cell cultures of splenic MDSCs with this characteristic.
However, to completely validate the immunosuppressive capability of these immune cells a
functional assay co-culturing splenic MDSCs with T cells would be needed. T cells in contact
with immunosuppressive MDSCs stop proliferating and secrete lower levels of GzmB and IFN-y

(Bruger et al., 2019).

We obtained plastic EpCAM* SCC cells (from MD/PD-SCCs) with the ability to acquire
mesenchymal-like traits. These primary cell cultures showed the ability to pass from EpCAMbieh
to EpCAM"™ SCC cells but presented a little capacity to finally switch to EpCAM- SCC cells. A
previous characterization from our group of plastic EpCAM"¢" and plastic EpCAM"" SCC cells
revealed that the conversion of plastic EpCAM"e" SCC cells towards plastic EpCAM* SCC cells
was the first step towards the acquisition of a mesenchymal phenotype. Plastic EpCAM!™" SCC
cells induce the expression of mesenchymal markers and diminish the expression of epithelial
markers despite do not completely lose the expression of these epithelial features (Lopez-Cerda
et al., submitted manuscript). In addition, every plastic EpCAM" SCC primary cell culture can
present a different capacity to acquire mesenchymal traits as observed previously in our laboratory
(Lopez-Cerda et al., submitted manuscript). Therefore, the capacity of plastic EpCAM™ SCC cells
to acquire mesenchymal traits needs to be characterized before being used in these experiments.
To this end, we cultured in vitro our derived plastic EpCAM"#" and EpCAM! " SCC cells for 7-

14 days with the control medium (F12 B27) and we analyzed its ability to generate mesenchymal
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cells without external stimulus inducing the switch. Next, we compared these results with the
acquisition of mesenchymal features when plastic EpCAM"e" or EpCAM"Y were cultured with
the conditioned medium from immune cells and analyzed its ability to promote the generation of

mesenchymal SCC cells.

To minimize the experimental variability from establishing a derived plastic EpCAM* SCC cell
culture, we used two different plastic EpCAM" SCC primary cultures. These derived plastic
EpCAM" SCC cells were cultured with conditioned mediums from polarized BMDM or splenic
MDSCs. Secreted factors from macrophages polarized with the conditioned medium of
mesenchymal EpCAM-~ SCC cells (BMDM PD) and splenic M-MDSCs from PD-SCC (M-
MDSCs PD) showed the greatest capacity to induce the acquisition of mesenchymal traits in
plastic EpCAM* SCC cells by promoting the switch from plastic EpCAMP"e" to plastic EpCAM™Y
SCC cells. Hence, derived signals from BMDM PD and splenic M-MDSCs PD, which present
similarities to tumor-infiltrating M2-like macrophages and M-MDSCs in PD-SCCs, induced in
vitro the acquisition of mesenchymal features of plastic EpCAM"e" SCC cells. However, these
secreted factors by polarized macrophages and MDSCs were not sufficient to induce the complete
loss of the expression of the epithelial marker EpCAM. This could be attributed to a lack of
complementary signaling that could further promote the complete acquisition of a mesenchymal
phenotype such as TGF-J secreted by other cells from the TME such as CAFs (Papageorgis, 2015)
(Yoon et al., 2021) (Lopez-Cerda et al., submitted manuscript). Revealing which cytokine
signaling can activate the switch of plastic EpCAM* SCC cells towards plastic EpCAM™" and
EpCAM™ tumor cells and might contribute to the progression of tumor cells towards a

mesenchymal phenotype in MD/PD-SCCs is of high interest.

The cytokines secreted by M-MDSCs from spleens of PD-SCC-bearing mice (M-MDSCs PD),
which presented the greatest capacity to induce the acquisition of mesenchymal-like features in
plastic EpCAM"¢" SCC cells, were identified using a proteome profiler cytokine array. We
detected several cytokines upregulated by M-MDSCs PD that have been described to induce EMT
in various tumor conditions. B cell-activating factor (BAFF) which promotes the proliferation and
differentiation of B cells has been observed to also promote EMT in epithelial breast cancer
(Pelekanou et al., 2018) and induce the expression of EMT-related genes in pancreatic cancer
(Koizumi et al., 2013). IL-28 signaling which participates in antiviral immunity also promotes
EMT in a mammary tumor model (Mucha et al., 2014). CCL20 which participates is a
chemoattractant of lymphocytes also promotes EMT of tumor cells from lung adenocarcinoma
(Fan et al., 2022), gastric cancer (G. Han et al., 2015), epithelial breast cancer (Marsigliante et
al., 2016), colorectal cancer (X.-S. Cheng et al., 2014), and pancreatic cancer (B. Liu et al., 2016).
CCL21 which also serves as a chemoattractant of T cells also triggers EMT in oral squamous cell

carcinoma (Y. Chen et al., 2020), pancreatic cancer (L. Zhang et al., 2016), and breast carcinoma
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(F. Li et al., 2014). Finally, IL-7 which stimulates the proliferation of lymphoid lineage cells also
promotes EMT in prostate cancer (Seol et al., 2019) and breast carcinoma (J. Yang et al., 2014).
However, C reactive protein (CRP) which is a marker of tissue damage and mediates
inflammation, IL-2 which participates in the immune response against microbial infections,
C1gR1 which participates in the cellular adhesion process, Angiopoietin-like 3 which modulates
lipid metabolism and Complement factor D which participates in the alternative complement
pathway of the complement system were also upregulated in M-MDSCs PD but have not been
previously described to promote EMT to date according to the bibliography. Importantly, the role
of BAFF, IL-28, CCL20, CCL21, and IL-7 has not been studied in cSCCs. The implication of
these cytokines promoting the acquisition of mesenchymal features has not been analyzed and
should be addressed in future experiments. As a workflow, it should be studied which receptors
of these cytokines are expressed by plastic SCC cells with the ability to acquire mesenchymal
traits and undergo EMT. These receptors are BAFF-R (receptor of BAFF), IL-28 receptor alpha
chain plus IL-10 receptor beta chain (receptor of 1L-28), CCR6 (receptor of CCL20), CCR7
(receptor of CCL21), and IL-7 receptor (receptor of IL-7). Next, plastic EpCAM" SCC cells
should be treated in vitro with recombinant proteins of the cytokine candidates. If an effect
inducing the acquisition of mesenchymal traits is observed, the depletion of the cytokine signaling
should be analyzed in MD/PD-SCCs to further validate the role of these cytokines in the
acquisition of mesenchymal features from plastic EpCAM?" cells in the in vivo context. In addition,
it should not be discarded the possible additive effects of different cytokines promoting EMT.
Thus, we have identified five candidate cytokines secreted by M-MDSCs, which could be

responsible for promoting the acquisition of mesenchymal-like state of SCC cancer cells.

DETERMINE CANCER CELL-DERIVED CYTOKINES AND MECHANISMS
INVOLVED IN THE RECRUITMENT OF IMMUNOSUPPRESSIVE CELLS, WHICH
CONTRIBUTE TO THE EXHAUSTION OF CYTOTOXIC T CELLS IN ADVANCED
MOUSE ¢SCCS

A prior RNA microarray done in the laboratory permitted the identification of the gene signature
of SCC cells during ¢SCC progression and the differently expressed genes in this process. We
took advantage of this information to analyze which cytokines were upregulated in advanced SCC
cells. Using the RNA microarray data we analyzed the two extreme populations: full epithelial
SCC cells the major cell component of WD-SCCs and mesenchymal EpCAM- SCC cells which
form the PD-SCCs. The analysis revealed that mesenchymal EpCAM™ SCC cells upregulate the
mRNA of several cytokines including Cxcl2, Csfl, and Csf2 among others, which could be
responsible for recruiting immunosuppressive cells. The data obtained by an RNA microarray
needs to be validated by other techniques such as RT-qPCR to ensure the observed differences.

However, according to our results, some upregulated cytokines in mesenchymal EpCAM- SCC
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cells identified by the RNA microarray, such as Cxc/2, were not upregulated according to RT-
gPCR data. These discrepancies could be attributed to technical differences but also to the fact
that the microarray analysis was performed in FACS-isolated tumor cells growing in vivo while
our RT-qPCR data was obtained from the same tumor cells but from growing in vitro. Next, we
decided to detect released cytokines at the protein level using a cytokine proteome profiler array.
We detected secreted cytokines of freshly established primary cell cultures of full epithelial SCC
cells and mesenchymal EpCAM™ SCC cells. This allows the identification of cytokines which
might be secreted by tumor cells and be present in the TME. Mesenchymal EpCAM- SCC cells
from PD-SCCs present a different cytokine secretion profile than full epithelial SCC cells from
WD-SCCs. CXCL1, CSF3, CCL2, and TIMP1 were the most secreted cytokines by mesenchymal
EpCAM SCC cells while IL-1ra was highly secreted by full epithelial SCC cells. CXCL1, CSF3,
and CCL2 were the identified cytokines released by mesenchymal cells which have been linked
to the establishment of an immunosuppressive TME in various tumor types by recruiting
immunosuppressive cells. Specifically, CXCL1 promotes an immunosuppressive TME profile
and CD8" T cell exhaustion by recruiting PMN-MDSCs in gastric cancer (X. Zhou et al., 2022)
and pancreatic cancer (Kemp et al.,, 2021). CSF3 contributes to the establishment of an
immunosuppressive TME by recruiting granulocytic MDSCs (PMN-MDSCs) in pancreatic
cancer (J. Li et al., 2018) and both PMN-MDSCs and M-MDSC:s in breast cancer (H.-W. Sun et
al., 2020). Lastly, CCL2 recruits M-MDSCs and Treg cells to form an immunosuppressive
microenvironment in glioma (Chang et al., 2016) and M2-like macrophages in lung
adenocarcinoma (Hartwig et al., 2017). Given these reports, we hypothesized that CXCL1, CSF3,
and CCL2 could be actively recruiting immunosuppressive cells into PD-SCCs and, consequently,
preventing anti-tumoral immunity. To test this, we blocked pharmacologically the signaling of

these cytokines in PD-SCCs and analyzed the derived TME profile.

CXCLI1 is a small peptide belonging to the CXC chemokine family that acts as a chemoattractant
for several immune cells, especially neutrophils (Moser et al., 1990). CXCL1 binds to the
chemokine receptor CXCR2, which is also the receptor for CXCL2. CXCL1 mobilizes
neutrophils (Jablonska et al., 2014), PMN-MDSCs (Varikuti et al., 2017) (Gibson et al., 2020),
M-MDSCs (X. Han et al., 2019), and Treg cells (Lv et al., 2014b) to the tumor site. Inhibiting
CXCR?2 signaling reduces MDSCs trafficking to the tumor site improving anti-PD1 efficacy in
rhabdomyosarcoma (Highfill et al., 2014). This pinpoints the role of CXCL1 modulating immune
cell infiltration to the tumor core establishing an immunosuppressive TME. Despite CXCR2
signaling mobilizes MDSCs to the tumor site, the blockade of CXCR?2 signaling using the small
molecule SB225002 did not reduce MDSCs trafficking into PD-SCCs. This might be explained
by cytokine redundancy, referred to the fact that many different cytokines can induce similar

signals involved in the tumor recruitment of these immunosuppressive cells (C. Liu et al., 2021).
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Hence, other signals beyond CXCR2 might be inducing MDSCs recruitment into PD-SCCs. Treg
cells have been shown to express CXCR2 and its reduced infiltration on PD-SCCs treated with
SB225002 might be a direct effect of CXCR2 signaling inhibition. Oppositely, CD8" T cells do
not express CXCR2 (Kershaw et al., 2002). Thus, the increased presence of CD8" T cells and
cytotoxic GzmB™ cells in SB225002 treated tumors we hypothesize might be a secondary effect
of Treg cells reduced presence. Hence, blockade of CXCR2, impairing CXCL1 and CXCL2
derived signaling in PD-SCCs, finally resulted in increased tumor presence of more active

cytotoxic effector cells.

CSF3 is a cytokine that stimulates the production of bone marrow-derived granulocytes and
hematopoietic stem cells and their release into the bloodstream (Tay et al., 2017). CSF3 binds
specifically to the G-CSF-R, which is present in precursor cells in the bone marrow. CSF3
signaling induces neutrophils (Mouchemore et al., 2018) and MDSCs (W.-C. Wu et al., 2014)
trafficking to the tumor site in breast cancer. In addition, MDSCs recruitment by CSF3 is linked
to anti-tumoral therapy resistance in uterine cervical cancer (Kawano et al., 2015). Given the
granulocytic characteristics of PMN-MDSC s, this specific cell population is highly recruited by
CSF3 (Pelosi et al., 2021). Anti-CSF3 decreased the recruitment of PMN-MDSCs into PD-SCCs,
while slightly increased M-MDSCs recruitment. This might be explained by the fact that PMN-
MDSCs are granulocytic cells while M-MDSCs are not. We detected increased recruitment of
GzmB" cells. The receptor of CSF3, G-CSF-R, has not been described in lymphocytes (Reyes et
al., 1999). Hence, the increased recruitment of active cytotoxic cells (GzmB™ cells) might be
explained by indirect immunoregulatory effects such as the reduced presence of PMN-MDSCs or
by the effect of other immune cells not analyzed in the present work such as TANs (which express
G-CSF-R). So, the blockade of CSF3 signaling in PD-SCCs, decreased the tumor recruitment of
PMN-MDSCs and resulted in an increased presence of cytotoxic GzmB* cells despite not

increasing the tumor infiltration of CD8" T cells.

CCL2 is a cytokine that belongs to the CC chemokine family and participates in the inflammatory
response produced by tissue injury or infection. CCL2 binds to the CCR2 cell surface receptor
and serves as a strong chemoattractant involved in macrophage recruitment and as a powerful
initiator of inflammation (Carson et al., 2017). Neutrophils are also recruited by CCL2 into the
TME and can amplify the inflammatory response (Granot et al., 2011). In addition, the CCL2-
CCR?2 axe participates in Treg cells recruitment (Mondini et al., 2019), which is explained by the
fact that Treg cells express CCR2 (Briihl et al., 2004). CCL2 mainly promotes tumor growth
because of the accumulation of immunosuppressive cell subtypes, specifically TAMs (Wei et al.,
2019). As expected, the blockade of CCL2 signaling reduced total macrophage recruitment in PD-
SCCs. Specifically, M1-like macrophage infiltration was reduced while M2-like macrophage

presence was slightly reduced despite not achieving statistical significance. In addition, the
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blockade of CCL2 also reduced the TME recruitment of Treg cells as previously described
(Kadomoto et al., 2021). Despite CCR2 can be expressed by T cells as serves as a tissue homing
signal (Fei et al., 2021), the blockade of its signaling did not decrease CD8" T cells tumor
recruitment. An increased presence of GzmB™ cells was also detected in anti-CCL2 treated PD-
SCCs and we suggest it could be attributed to a direct effect on CCR2" T cells or to an indirect
effect of CCL2 reducing macrophages and Treg cells infiltration, which may also increase the
cytotoxic activity of NK cells. In all, blocking CCL2 signaling in PD-SCCs reduced the

immunosuppressive component of the TME and activated cytotoxic effector cells.

Single blockade of cytokine signaling is not sufficient to drastically reduce immunosuppression
and achieve potent anti-tumor effects in PD-SCCs. This has been attributed to the redundancy of
the cytokine network (C. Liu et al.,, 2021). Despite this, combinatory treatments blocking
cytokines signaling are a promising approach to target tumors by increasing the efficacy of single
treatment options (Berraondo et al., 2019). In addition to the immunosuppressive effect of
immune cells, tumor cells, through the expression of IC ligands, activate IC receptors and block
the function of CD8" and NK cells. Therefore, we probably have not seen a net effect of the tested
inhibitors on tumor growth, because PD-L1 and other IC ligands are still operative. In this sense,
combining the blockade of cytokine signaling with ICI has shown an increased anti-tumoral
efficacy without increased adverse events in melanoma and CRC (Hailemichael et al., 2022)
(Mortezaee & Majidpoor, 2022). The blockade of CXCL1, CSF3, and CCL2 derived signaling
has shown benefits, and their blockade simultaneously to ICI might improve anti-tumor effects in
PD-SCCs. In that regard, future experiments should combine the blockade of CXCL1, CSF3, or
CCL2 signaling concomitantly with anti-ICs such as anti-PD-1/PD-L1, anti-CTLA-4, or anti-

TIGIT and analyze if an anti-tumor synergic effect is observed.

A previous study of the group identified CXCL12 as a highly secreted cytokine in PD/S-SCCs,
which are composed of full mesenchymal SCC cells. Specifically, CXCL12 binds to CXCR4 in
PD/S-SCCS and the blockade of its signaling pathway by AMD3100 significantly decreases the
presence of metastatic lesions in PD/S-SCCs (Bernat-Peguera et al., 2019). Accordingly, our data
indicated that full mesenchymal SCC cells, which form PD/S-SCCs, expressed high levels of
Cxcl12, while mesenchymal EpCAM™ SCC cells, which are the main components of PD-SCCs,
did not express Cxc//2. In addition, we observed that total WD-SCCs and PD-SCCs tumor lysates
expressed higher levels of Cxcl12 compared to their tumoral cells. This goes in accordance with
the fact that other cells from the TME such as fibroblasts also express Cxc//2 as demonstrated
previously by our group (Bernat-Peguera et al., 2019). Importantly, the blockade of CXCL12
signaling with AMD3100 synergized with anti-PD-1 treatment reducing the immunosuppressive
TME component in a mouse ovarian tumor model (Zeng et al., 2019). Considering this, we

analyzed the TME of PD-S/SCCs treated with AMD3100. Our results demonstrated that the
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blockade of CXCL12 signaling using AMD3100 reduced the immunosuppressive TME of PD/S-
SCCs. CXCR4 is expressed on Treg cells and blockade of CXCR4 signaling with AMD3100
reduced their tumor infiltration (Santagata et al., 2017). AMD3100 treatment also decreased CD8*
T cell recruitment. This may be explained by the fact that T cells express CXCR4 and CXCL12-
CXCR4 signaling serves as a chemoattractant homing factor for T cells to infiltrate in peripheral
lymph nodes (Scimone et al., 2004). Hence, blocking CXCL12-derived signaling in PD/S-SCCs
with AMD3100 treatment would prevent the tumor infiltration of T cells by the CXCL12-CXCR4
signaling. Despite the decreased presence of CD8" T cells, the ratio of CD8" cells vs. Treg cells
was higher in tumors treated with AMD3100 indicating that those CD8" T cells might be more
active since proportionally fewer Treg cells are present in the TME of PD/S-SCCs. In addition,
M2-like macrophages presence was reduced upon AMD3100 treatment. Macrophages express
CXCR4, and blockade of CXCR4 signaling promotes M2-to-M1 polarization (Zeng et al., 2019).
AMD3100 also increased the tumoral presence of cytotoxic GzmB™ cells, which we hypothesize
is probably an effect of Treg cells and M2-like macrophages decreased recruitment. Despite
AMD3100 treatment reduced the immunosuppressive TME profile, this was not sufficient to
induce strong anti-tumor effects delaying tumor growth or increasing necrotic regions in PD/S-
SCCs. As observed in PD-SCCs, the single blockade of one cytokine signaling helps diminish the
immunosuppression but probably should be combined with ICI agents to see an anti-tumor
response. The fact that IC receptors keep being active in the TME is probably preventing stronger
effects of single cytokine blockade therapies. Hence, the blockade of CXCL12 signaling could
synergize with ICI treatments in PD/S-SCCs and this should be addressed in future experiments

in dual blockade in vivo experiments.

STUDY ALTERNATIVE STRATEGIES TO PROMOTE ANTI-TUMOR RESPONSE OF
ICI THERAPIES IN ADVANCED ¢SCCS

To evade the immune response, tumor cells adopt various mechanisms including defective antigen
presentation. Tumor cells downregulating MHC-I have been described in 40-90% of human
tumors and often correlate with worse prognosis (Cornel et al., 2020). Remarkably, MHC-I
downregulated expression has been described to be a mechanism of intrinsic and acquired
resistance to ICI immunotherapy (Taylor & Balko, 2022). Depending on the downregulation
mechanism, MHC-I expression can be therapeutically restored to participate in anti-tumor
immunity and improve ICI interventions. Specifically, the molecular mechanisms by which
cancer cells can downregulate MHC-I expression at the cell surface have been previously
described for many cancers (Cornel et al., 2020) (Dhatchinamoorthy et al., 2021). Those include
loss of MHC-I expression in tumor cells through mutation or deletion of structural genes,
transcriptional regulation, post-transcriptional/pre-translational regulation, post-translational

mechanisms, and TME-derived extrinsic stimuli. Because tumor cells can avoid the expression of
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MHC-I through a large variety of mechanisms, downregulation of MHC-I can be the result of
various processes and might not be attributed to a single cause. We firstly validated in our primary
in vitro SCC cells the previous results from our group indicating that full epithelial SCC cells
from WD-SCCs expressed cell surface MHC-I and PD-L1 while mesenchymal EpCAM- SCC
cells from PD-SCCs did not express these proteins in the in vivo context. Oppositely to cSCC,
PD-L1 expression has been observed to be upregulated during EMT and in mesenchymal-like
tumor cells in breast cancer (Noman et al., 2017), non-small cell lung cancer (Manjunath et al.,
2019), and various sarcomas (Kosemehmetoglu et al., 2017). Hence, cSCC specific characteristics
might alter MHC-I and PD-L1 expression in mesenchymal EpCAM- SCC cells avoiding their cell

surface presence and leading to poor responsiveness to IC blockade therapies.

We observed a decreased expression of Mhc-I, Mhc-11, Pd-11 and Tapl in mesenchymal EpCAM-
SCC cells compared to full epithelial SCC cells, which indicates that there is a specific
transcriptional downregulation of these genes. Transcriptional silencing of Mhc-I and antigen
processing genes has been described in numerous tumor types (Burr et al.,, 2019)
(Dhatchinamoorthy et al., 2021). Mhc-I expression can be dysregulated through alterations and
impairment of the transcription factors NF-kB, IRF1, and NLRC5 (Lorenzi et al., 2012)
(Yoshihama et al., 2016). Genetic defects in the antigen-presenting pathway have been
documented in various tumor types resulting in decreased MHC-I antigen presentation. It has
been reported that MHC-I expression is reduced by ~30-70% in TAP genetic deletions, by ~90%
in Tapasin loss, and by ~50% in genetic defects affecting the immunoproteasomes
(Dhatchinamoorthy et al., 2021). Reduced expression of 7ap! and Tap2 has been documented in
melanoma (Vitale et al., 1998), colorectal cancer (Kaklamanis et al., 1994), and renal cell
carcinoma (Seliger et al., 1996) resulting in defective peptide presentation. Hence, the
downregulation of 7apl in mesenchymal EpCAM™ SCC cells could be partially responsible for
the decreased expression of cell surface MHC-I in mesenchymal EpCAM- SCC cells.
Upregulation of specific miRNAs has been also reported to repress the expression of antigen
processing genes (Colangelo et al., 2016) (Mari et al., 2018). Tap! transcripts decay has been
associated to the binding of miR-200a-5p in melanomas (Lazaridou et al., 2020). Furthermore,
mutations in K-RAS can downregulate TAP1 and Tapasin expression levels in colorectal
carcinoma (Atkins et al., 2004). Somatic mutations, loss of heterozygosis, or complete loss of the
B2-microglobulin gene leads to a decreased presence of MHC-I in tumor cells (Toth et al., 2013).
However, according to our results, f2-microglobulin, Tap2, and Tapasin expression was not
altered in mesenchymal EpCAM™ SCC cells. Hence, in mesenchymal EpCAM™ SCC cells there is
a specific transcriptional downregulation specifically affecting Mhc-1, Mhc-11, Pd-11, and Tap1.

Histone methylation is a conserved mechanism in which methyl groups are added to specific

amino acids on histones. This process modifies the arrangement and availability of DNA,
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ultimately influencing the control of gene expression. Alterations of histone methylation have
been widely observed in aging and cancer conditions, causing changes in the regulation of gene
expression (Michalak et al., 2019). The enzyme EZH2, which is a histone-lysine N-
methyltransferase enzyme forming part of the Polycomb repressive complex 2, prevents Mhc-1
expression causing cancer immune evasion in small cell lung cancer (Burr et al., 2019) and human
lymphomas (Dersh et al., 2021). Targeting the methyltransferase EZH2 with the GSK126
inhibitor restores the expression of Mhc-I overcoming anti-PD-1 resistance in HNSCC (L. Zhou
et al., 2020). Given the similar physiopathology of HNSCCs and ¢SCC, we hypothesized that the
inhibition of EZH2 methyltransferase activity in ¢SCC by using GSK126 could restore Mhc-I
expression in mesenchymal EpCAM- SCC cells. However, GSK126 treatment did not increase
Mhe-1 expression either in full epithelial or mesenchymal EpCAM- SCC cells. So, the
downregulation of Mhc-I in mesenchymal EpCAM- SCC cells is not dependent on EZH2 histone-

lysine N-methyltransferase activity.

Other epigenetic mechanisms could be involved in the Mhc-I downregulation, like DNA
methylation of the MHC-I locus. Hypermethylation of the MHC-I locus and NLRC5 promoter
region impairs Mhc-I expression as observed in esophageal squamous cell carcinoma (Nie et al.,
2001), gastric cancer (Ye et al., 2010) and other tumor types (Yoshihama et al., 2016). MHC-I
locus DNA hypermethylation can be reversed by IFN-y stimulation (Vlkova et al., 2014) or by
DNA methyltransferases (DNMT) inhibitors like 5-aza-2'-deoxycytidine in melanoma (Fonsatti
et al., 2007), 5-azacytidine in HPV16-associated tumors (Simova et al., 2011), or guadecitabine
in breast cancer (N. Luo et al., 2018). The treatment with DNMT inhibitors such as 5-aza-2'-
deoxycytidine, 5-Azacytidine, or guadecitabine could restore Mhc-I expression levels of

mesenchymal EpCAM- SCC cells and this should be addressed in future experiments.

To assess the functionality of the regulation of MHC-I gene expression and related proteins in full
epithelial and mesenchymal EpCAM™ SCC cells, we induced their expression by treating them
with [FN-v, as it has previously been shown to promote MHC-I mRNA expression in other tumor
types (Jorgovanovic et al., 2020). In contrast to the abnormal functionality of the IFN-y pathway
that has been observed in different tumor types (Gao et al., 2016), full epithelial SCC cells and
mesenchymal EpCAM™ SCC cells correctly responded to IFN-y indicating that this pathway was
functional in SCC primary cells. We observed that IFN-y induced levels of Irf1 were significantly
lower in mesenchymal EpCAM™ SCC cells than those observed in full epithelial SCC cells, despite
mesenchymal EpCAM™ SCC cells showed increased phosphorylation levels of STAT1. IFN-y
binds an heterodimer of IFNGR1 and IFNGR2 in a relationship 1:1 (Alspach et al., 2019).
Mesenchymal EpCAM- cells expressed balanced levels of both receptors while full epithelial SCC
cells may present restricted IFNGR availability because of low expression of /fngr2. Basal and

induced 7rf1 mRNA levels were lower in mesenchymal EpCAM- SCC cells suggesting that [FN-

- 159 -



vy signaling transduction could be altered, resulting in a downregulation of /rfI. In this sense, it
has been described that /rf1 expression is downregulated in melanoma (Lowney et al., 1999),
breast cancer (Connett et al., 2005), and pancreatic cancer (Sakai et al., 2014), among other
tumors, leading to increased tumor growth. In contrast to our observations in mesenchymal
EpCAM SCC cells, IRF1 expression negatively correlates with the tumor differentiation stage in
colorectal cancer cells (Ohsugi et al., 2019). Despite this reduced /rf1 induction upon IFN-y
treatment, mesenchymal-SCC cells upregulated Mhc-I, Mhc-II, Pd-11, and antigen-presenting
genes expression. Hence, full epithelial SCC cells and mesenchymal EpCAM- SCC cells were

not resistant to IFN-y and correctly responded to its stimulation.

It has been extensively shown that [FN-y derived signaling promotes the expression of MHC-I (F.
Zhou, 2009), MHC-II (Steimle et al., 1994), and PD-L1 (Garcia-Diaz et al., 2017). Upon IFN-y
stimulation, full epithelial SCC cells and mesenchymal EpCAM™ SCC cells expressed higher
levels of Mhc-I, Mhc-11, and Pd-[1. Concretely, Mhc-I and Mhc-1I were slightly more increased
in full epithelial SCC cells, while Pd-/1 was more induced in mesenchymal EpCAM™ SCC cells
upon IFN-y stimulation. The distinct transcription factors that upregulate the expression of Mhc-
1, Mhc-11, and Pd-/1 may explain the differences in the upregulated mRNA levels. Mhc-I transcript
levels are upregulated by NLRCS5, IRF1, and NF-kB pathway activation (Jongsma et al., 2021).
Mhc-1I expression is regulated by the master regulator CIITA, inducible by IRF1 (Choi et al.,
2011). In contrast, Pd-/1 expression can be induced by IRF1, STAT proteins, NF-kB3, AP-1, MYC,
and JUN transcription factors (Ju et al., 2020). The expression of antigen-presenting genes
including B2-microglobulin, TAP proteins, Tapasin, ERAP1, and immunoproteasome subunits are
mainly coordinated under the transcription factors NF-kf, IRF1, and NLRCS5 (Kelly & Trowsdale,
2019) (Jongsma et al., 2019). Hence, their expression is also controlled by IFN-y signaling. In
this sense, f2-microglobulin, Tapl, Tap2, and Tapasin expression was upregulated upon IFN-y
stimulation. Interestingly, Tap2 transcript levels were more upregulated in full epithelial SCC
cells, f2-microglobulin expression was slightly more increased in mesenchymal EpCAM™ SCC
cells, and the other antigen processing genes were upregulated in a similar way in both compared
SCC cells. This could be explained by the different affinity of transcription factors to bind to
promoter regions of the indicated genes. A study reported that NLRCS5 specifically binds to the
promoter regions of MHC-I heavy chains, f2-microglobulin, and TAP1 while did not bind to the
TAP2 promoter (Ludigs et al., 2015). Hence, the expression of Mhc-1, Mhc-I1I, Pd-11, and antigen
processing genes was upregulated upon IFN-y stimulation supporting the proper functionality of
the regulation of MHC-I transcription in both full epithelial SCC cells and mesenchymal EpCAM-
SCC cells.

Upon IFN-y stimulation, we detected an increase in the total amount of MHC-I protein via WB

assays in full epithelial and mesenchymal EpCAM™ SCC cells. Of note, MHC-I needs to arrive at
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the cell membrane to present antigens. In full epithelial SCC cells, we observed an induced cell
surface expression of MHC-1, MHC-II, and PD-L1 upon IFN-y signaling stimulation, accordingly
to the upregulated transcript levels of these proteins. However, mesenchymal EpCAM- cells
treated with IFN-y, did not express cell surface MHC-I, but upregulated the cell surface
expression of PD-L1 and, to a lesser degree, MHC-II. Hence, Mhc-I, Mhc-1I, and Pd-I1 mRNA
expression was upregulated upon IFN-y treatment in mesenchymal EpCAM- cells, and the total
amount of MHC-I protein could be detected, but only PD-L1 and MHC-II were translocated and
detected in the cell membrane of mesenchymal EpCAM- cells. Our results indicate that specific
post-translational alterations may prevent MHC-I translocation to the cell surface of
mesenchymal EpCAM™ SCC cells and consequently make mesenchymal EpCAM- SCC cells
invisible to CD8" T cells. To further validate this, we analyzed the cellular location of MHC-I in
full epithelial SCC cells and mesenchymal EpCAM- SCC cells upon IFN- vy stimulation by
immunocytochemistry. According to our data, we observed that full epithelial SCC cells
upregulated the cell surface expression of MHC-I upon IFN-y stimulation, while MHC-I
presented a perinuclear accumulation, and no cell surface expression was detected in stimulated
mesenchymal EpCAM- cells. This indicates that MHC-I could not mature and translocate to the

cell surface of mesenchymal EpCAM™ SCC cells and consequently presents a mislocation.

Several mechanisms have been described as responsible for downregulating MHC-I at the protein
level through post-translational mechanisms (Dhatchinamoorthy et al., 2021) (Blander, 2023).
SND1 oncoprotein, which is highly expressed in various cancers, binds to MHC-I in the ER and
promotes endoplasmic reticulum-associated degradation (ERAD) interrupting antigen
presentation. Genetic silencing of SND1 increases MHC-I expression and arrival on the cell
surface of melanoma and adenocarcinoma cells (Y. Wang et al., 2020). However, SND1 MHC-I
degradation it is unlikely to happen in our SCC model given that we observed a perinuclear
accumulation of MHC-I in mesenchymal EpCAM- SCC cells rather than a total absence due to
increased degradation. In breast cancer, the MAL2 transmembrane protein participating in
endocytosis causes the accumulation and turnover of cell surface MHC-I by regulating the
interaction between MHC-I and RAB7, which is a protein implicated in the transport of late
endosomes and lysosomes controlling the autophagic flux (Fang et al., 2021). In pancreatic
cancer, it was described that MHC-I was not being translocated to the cell membrane of cancer
cells because lysosomes were selectively degrading MHC-I by an autophagy-dependent
mechanism. Blockade of autophagy using clinically available chloroquine and Bafilomycin A
increased MHC-I cell surface levels and anti-tumor T cell response when combined with
immunotherapy based on dual blockade of PD-1 and CTLA-4 (Yamamoto et al., 2020). So,
different post-translational mechanisms could be impairing the arrival of MHC-I to the cell

surface of mesenchymal EpCAM™ SCC cells. We focused on inhibiting lysosomal degradation
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given that the availability of drugs impairing the autophagic flux. Nevertheless, the blockade of
autophagic flux with Bafilomycin A in mesenchymal EpCAM" SCC cells did not restore MHC-I
cell surface expression. Other post-translational mechanisms, as the increased MAL2 activity
should be analyzed in further experiments given that autophagy inhibition did not enhance the
arrival of MHC-I to the cell membrane of mesenchymal EpCAM- SCC cells. In addition, other
mechanisms can affect MHC-I/TCR interaction once MHC-I has arrived at the cell membrane
and cannot be discarded to also happen in advanced SCC tumors. Lack of MHC-I cell surface
expression in mesenchymal EpCAM™ SCC cells can be considered as a combination of Mhc-1
transcription inhibition altogether with post-translational mechanisms preventing the correct
processing and arrival of MHC-I to the cell membrane of mesenchymal-like SCC cells. Further
investigation in this subject is needed, so that elucidating the molecular mechanisms that regulate
MHC-I cell surface expression in tumor cells may allow advanced SCC patients to increase their

response to immunotherapy.

STUDY OF PATIENT ¢SCC AND HNSCC CELL CHARACTERISTICS ASSOCIATED
WITH RESISTANCE TO ICI THERAPY

Failure of ICI therapy can result from defects in any step of the formation of tumor-reactive T
cells, activation of effector T cells, and formation of effector memory T cells (Jenkins et al., 2018).
For instance, lack of neo-antigens, impaired processing and presentation of tumor antigens by
alterations on MHC-I antigen-presenting pathway, or impaired intratumor immune infiltration can
impair the generation of newly tumor-reactive T cells. In addition, the presence of
immunosuppressive cells and activation of alternate ICs pathways prevent the activation and
function of effector T cells. Finally, severe T cell exhaustion and epigenetic changes prevent the
formation of effector memory T cells, which hinders long-term duration effects of ICI therapy.
These resistance mechanisms are poorly understood in ¢SCC (Garcia-Sancha et al., 2021) and
HNSCC (Dos Santos et al., 2021) and their relevance in patient response to anti-PD-1/PD-L1

immunotherapy has not been completely elucidated.

According to previous data from our group, the resistance to ICI based on anti-PD-1/PD-L1
immunotherapy may be a consequence of tumor cell plasticity leading to the acquisition of
mesenchymal-like features. In a mouse model of ¢SCC progression, our group determined that
mesenchymal tumor cells could induce the expression of alternative IC ligands leading to the
activation of the various IC receptors such as CTLA-4 and TIGIT (Lorenzo-Sanz et al., under-
review manuscript). In addition, the presence of mesenchymal tumor cells was accompanied by
a higher presence of immunosuppressive cells (Treg cells, M-MDSCs, and M2-like macrophages)
(Lorenzo-Sanz et al., under-review manuscript). All these events would be impairing the

antitumor immunity exerted by CD8" T cells upon anti-PD-1/PD-L1 interventions. Given these
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results, we were interested in analyzing whether the presence of mesenchymal tumor cells may
be associated with resistance to anti-PD-1/PD-L1 immunotherapy in advanced and metastatic
c¢SCC and HNSCC patients. We conducted a retrospective study analyzing six cSCC patient
samples and eleven HNSCC patient samples that were treated with anti-PD-1/PD-L1
immunotherapy. A strong reduction in the size of the tumor or disappearance of the tumors is rare
in these patients and has been observed in ~7-13 % of advanced and metastatic cSCC patients
(Migden et al., 2018) (Migden et al., 2020) and in ~2 % of recurrent and metastatic HNSCC
patients (Ferris et al., 2016) (Burtness et al., 2019). Hence, patients were classified as responders
when presented an objective response (complete or partial response) or stabilization of the disease
for 1 year, indicating in this last case that the treatment stopped the progression of the disease as
the best response. This initial study was conducted by different members of the laboratory and
the results were afterward confirmed in a larger cohort of advanced and metastatic cSCC patients

(Lorenzo-Sanz et al., under-review manuscript).

Firstly, the epithelial and mesenchymal characteristics of tumor cells in human ¢cSCC samples
sensible and resistant to ICI were analyzed by other members of the group. Despite the high
intratumor heterogeneity observed, which has also been documented in patient samples suffering
from melanoma (Grzywa et al., 2017), esophageal SCC (L. Lin & Lin, 2019), and oral cavity SCC
(Zandberg et al., 2019), we could initially observe that responder patients presented a higher
epithelial tumor cell component. This was later validated in a larger cohort of cSCC patients where
it was observed that non-responder patients to ICI were composed of more hybrid (E-
cadherin'/Vimentin®) and mesenchymal (E-cadherin/Vimentin) tumor cells. Importantly, this
has not been previously documented in ¢SCC patients according to the bibliography. The
induction of EMT, which leads to the appearance of mesenchymal tumor cells, has been observed
in a chemically induced squamous cell carcinoma mouse model leading to resistance to anti-PD-
1 therapy (Dodagatta-Marri et al., 2019). In this sense, in metastatic melanoma patients, the
expression of genes related to EMT in tumor cells has also been associated with innate anti-PD-
1 resistance (Hugo et al., 2016). Hence, there is growing evidence that epithelial/mesenchymal
plasticity in tumors leads to the appearance of mesenchymal tumor cells and is linked to resistance

to therapeutic blockade of the PD-1 axe (L. A. Horn et al., 2020).

Exhausted CD8"* T cells exhibit elevated expression of multiple IC receptors (W. Jiang et al.,
2020). The expression of IC receptors was characterized in CD8" T cells to investigate the
presence of exhausted T cells in ¢cSCC samples. An increased presence of CD8" T cells expressing
PD-1 and LAG-3, which might be exhausted, were detected in pre-treatment samples of cSCC
patients resistant to anti-PD-1/PD-L1 immunotherapy. Different responses to anti-PD-1/PD-L1
therapies have been observed between different subsets of PD-1" CD8" T cells (Blackburn et al.,
2008). Partially exhausted PD-1" CTLA-4" CD8 T cells infiltrating tumors have been correlated
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with a correct PD-1 response in melanoma (Daud et al., 2016). However, PD-1* CD8" T cells co-
expressing various ICs receptors such as CTLA-4, TIM-3, LAG-3, or VISTA have been linked to
resistance to anti-PD-1 immunotherapy in lung cancer (Thommen et al., 2015) (Koyama et al.,
2016). The combination of anti-IC antibodies has shown improved anti-tumor response
overcoming CD8" T cell exhaustion in preclinical models. Simultaneous blockade of LAG-3 and
PD-1 improves anti-tumor response against melanoma and colon adenocarcinoma (Woo et al.,
2012) while co-blockade of TIM-3 and PD-1 enhanced anti-tumor immunity against colon and
mammary adenocarcinomas (Sakuishi et al., 2010). Indeed, results from our group indicate that
mesenchymal tumor cells could be activating other IC apart from PD-1, which would maintain
the exhaustion state of CD8+ T cells despite applying anti-PD-1 treatment (Lorenzo-Sanz et al.,
under-review manuscript). Hence in ¢SCC patients, the activation of various IC pathways in
tumor-infiltrating CD8" T cells would lead to an exhausted state of CD8" T cells that probably
cannot be reversed by the single blockade of the PD-1 axe.

Therefore, these initial results suggest that cSCC from patients resistant to anti-PD-1/PD-L1
therapies are composed of more hybrid and mesenchymal tumors cells accompanied by an
increased presence of exhausted CD8" T cells. These initial observations were recently validated
by other members of the lab in posterior studies using a larger cohort of sensible and resistant

cSCC patients treated with ICI (Lorenzo-Sanz et al., unpublished results).

Given that HNSCCs present histopathological similarities with ¢SCCs, and anti-PD-1 therapy
was approved before to treat advanced and metastatic HNSCC patients, we also analyzed
molecular and cellular characteristics of HNSCCs of resistant patients to ICI treatment. A similar
analysis was done as with cSCC samples. Firstly, the epithelial and mesenchymal characteristics
of tumor cells of HNSCCs were determined by other members of the group. Despite observing a
high intratumor heterogeneity, which has been observed in multiple tumor types, resistant
HNSCC tumors to anti-PD-L1 + anti-CTLA-4 therapy had a higher presence of Vimentin® cancer
cells (hybrid and mesenchymal cancer cells expressing Vimentin). To date, no other studies have
linked an increased presence of mesenchymal tumor cells in human HNSCCs resistant to anti-
PD-1 immunotherapies. In accordance with our observations, a bioinformatic study analyzing
human HNSCCs found that tumors containing mesenchymal cells correlated with poor patient
prognosis and presented higher IC signaling than those tumors mainly composed by epithelial
cells (Jung et al., 2020). Another study correlated the presence of mesenchymal cells in HNSCC
with increased tumor growth accompanied by decreased T-cell proliferation (Liotta et al., 2015).
Hence, the presence of mesenchymal tumor cells in advanced and metastatic HNSCC could be
actively disrupting antitumor immunity upon ICI treatment. To fully validate these preliminary
observations, it is essential to address them through additional experiments involving a larger

cohort of advanced and metastatic HNSCC patients sensitive and resistant to ICI therapy.
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In contrast to resistant cSCC patients, HNSCC patients resistant to ICI did not present a significant
increase presence of CD8" T cells co-expressing different IC receptors. A slightly increased
presence of cytotoxic CD8" cells that expressed LAG-3 was detected in resistant tumors to anti-
PD-1 + anti-CTLA-4 but not in resistant tumors to anti-PD-1/PD-L1. These differences might be
explained by the low number of biological samples that were analyzed. Importantly, the presence
of exhausted CD8" T cells in HNSCC, characterized by the co-expression of various IC receptors,
has been linked to poor patient prognosis (Y. Zhang, Li, et al., 2022). Next studies should address
a similar analysis in a larger cohort of sensible and resistant HNSCCs to ICI to corroborate this

hypothesis.

Hence, resistant HNSCC to ICI may present higher frequency of hybrid and mesenchymal tumor
cells that could go accompanied by an increased presence of exhausted T cells expressing various
IC receptors. These prelaminar results in advanced and metastatic HNSCC patients would need
to be further validated by increasing the sample size of patients and performing bioinformatic
analysis correlating the presence of mesenchymal-like tumor cells and exhausted T cells with ICI

outcome.
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CONCLUSIONS






Based on the results obtained in this doctoral thesis, we conclude:

1. Secreted factors from BMDM polarized with the conditioned medium of mesenchymal
EpCAM" SCC cells and splenic MDSCs from PD-SCC-bearing mice, which present similar
characteristics to tumor-infiltrating macrophages and M-MDSCs in PD-SCCs, promote the
acquisition of mesenchymal traits of plastic EpCAM"e" SCC cells.

2. Splenic M-MDSCs from PD-SCC-bearing mice upregulate the secretion of several cytokines
including BAFF, 1L28, CCL20, CCL21, and IL-7 which are candidates to promote the
acquisition of mesenchymal-like features of plastic EpCAM"e" SCC cells.

3. Mesenchymal EpCAM™ SCC cells from PD-SCCs present a different cytokine secretion
profile than full epithelial SCC cells from WD-SCCs, being CXCL1, CSF3, CCL2, and
TIMP1 the most secrete cytokines by mesenchymal EpCAM- SCC cells.

4. Blockade of CXCL1 and CXCL2 signaling in PD-SCCs upon SB225002 treatment reduces
immunosuppression by decreasing Treg cells recruitment and increasing the presence of

GzmB" cytotoxic cells.

5. CSF3 signaling inhibition in PD-SCCs enhances cytotoxic activity by effector immune cells
despite not decreasing the recruitment of immunosuppressive M-MDSCs, macrophages, and

Treg cells.

6. Anti-CCL2 treatment in PD-SCCs decreases the immunosuppressive TME of PD-SCCs by
reducing Treg cells and macrophages recruitment and enhancing the presence of active

GzmB" cytotoxic cells.

7. Blockade of CXCL12 signaling in PD/S-SCCs reduces immunosuppression by reducing
Treg cells and M2-like macrophages recruitment and increasing CD8 vs. FoxP3 ratio and the

frequency of active GzmB" cytotoxic cells.

8. Single blockade of cytokines signaling is not sufficient to drastically reduce

immunosuppression and block the growth of advanced SCCs.

9. Mesenchymal EpCAM™ SCC cells present a decreased expression of Mhc-1, Pd-11, and Tap!
in comparison to full epithelial SCC cells indicating the existence of a specific transcriptional

downregulation of these proteins in mesenchymal EpCAM™ SCC cells.
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10.

11.

12.

13.

In contrast to PD-L1, MHC-I cell surface expression is not increased in response to [FN-y
treatment in mesenchymal EpCAM- SCC cells despite the transcript and protein levels are

increased upon IFN-y stimulation.

MHC-I accumulates in perinuclear regions under IFN-y stimulation in mesenchymal
EpCAM'SCC cells indicating the existence of post-translational alterations in the MHC-I

processing and arrival to the cell membrane of mesenchymal EpCAMSCC cells.

The frequency of CD8"/PD-1" and CD8/LAG-3" cells was higher in ¢SCCs of resistant
patients, indicating the exhausted state of these tumor infiltrating CD8" T cells in resistant

¢SCCs.

Characterization of cancer cell features in HNSCC samples from patients resistant to anti-
PD-1/PD-L1 or anti-PD-1 + anti-CTLA-4 therapy indicates that a high content of
mesenchymal tumor cells would be associated with resistance to ICIs in advanced and
metastatic HNSCCs. Further analyses with a higher number of sensible and resistant

advanced and metastatic HNSCC samples will be needed to further validate these results.
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Abstract

Immunotherapy has emerged as a promising strategy for boosting antitumoral immunity. Blockade of immune
checkpoints (ICs), which regulate the activity of cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells has proven
clinical benefits. Antibodies targeting CTLA-4, PD-1, and PD-L1 are IC-blockade drugs approved for the treatment of
various solid and hematological malignancies. However, a large subset of patients does not respond to current anti-IC
immunotherapy. An integrative understanding of tumor-immune infiltrate, and IC expression and function in immune

cell populations is fundamental to the design of effective therapies. The simultaneous blockade of newly identi-

fied ICs, as well as of previously described ICs, could improve antitumor response. We review the potential for novel
combinatory blockade strategies as antitumoral therapy, and their effects on immune cells expressing the targeted
ICs. Preclinical evidence and clinical trials involving the blockade of the various ICs are reported. We finally discuss the
rationale of IC co-blockade strategy with respect to its downstream signaling in order to improve effective antitu-
moral immunity and prevent an increased risk of immune-related adverse events (irAEs).

Keywords: Immunotherapy, Immune checkpoint, Cytotoxic T lymphocytes, NK cells, Tumor microenvironment

Background

Tumor growth involves a complex interplay between
tumor, immune, and stromal cells, and extracellular
matrix components. In the last decade, the relevance
of the tumor-immune microenvironment and its direct
impact on patients’ clinical outcome has become widely
acknowledged [1]. The host immune system is primed to
identify and kill malignantly transformed cells to prevent
tumorigenesis and tumor growth. Cytotoxic T lympho-
cytes (CTLs) and natural killer (NK) cells are immune
cell populations responsible for immunosurveillance
and, when required, for eliminating target cells. Tumor
cells can be identified by CTLs as altered cells by the
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expression of neoantigens displayed by the major histo-
compatibility complex (MHC) [2]. Tumor cells express-
ing low levels of MHC molecules can become invisible to
T cells and may escape T-cell immune control. In these
cases, NK cells can identify and target cancer cells that
lack MHC expression. However, tumor immune evasion,
defined as the ability of tumor cells to evade the host’s
immune response, happens during tumorigenesis and
tumor growth. Multiple activating and inhibiting mecha-
nisms tightly regulate the effector function of CTLs and
NK cells to prevent autoimmune events and preserve
tissue homeostasis. In this regard, immune checkpoints
(ICs) are signaling pathways that modulate the immune
response. CTLs and NK cells can express IC receptors
that, when interacting with IC ligands, activate IC signal-
ing pathways, blocking their cytotoxic activity [3]. These
IC ligands can be expressed by immunosuppressive
cells, including M2-like macrophages, myeloid-derived
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suppressor cells (MDSCs), and T-regulatory (Treg)
cells, as well as cancer cells. The continuous interaction
between IC ligands and their respective IC receptors
expressed by CTLs and NK, help produce a dysfunctional
state in these immune cells known as exhaustion. Tumors
avoid antitumoral immunity by upregulating the expres-
sion of IC ligands and recruiting immunosuppressive
cells, which give rise to an immunosuppressive tumor
microenvironment (TME). Tumors with a strong immu-
nosuppressive TME have been associated with impaired
immune cytotoxicity, are more aggressive, and have a
poor prognosis [4].

Immunotherapy is based on stimulating the host
immune system to elicit a response against cancer cells.
Pharmacological blockade of the interaction between ICs
and their ligands with IC inhibitors has been identified
as a promising strategy for restoring immune cytotoxic
activity [5]. In recent years, T cell-mediated cytolysis has
been the focus of major efforts to modulate antitumor
cytotoxicity as therapy. However, NK cells are another
immunotherapy target for boosting antitumor response.
Importantly, the IC receptors expressed by NK and T
cells can be expressed by other immune cell popula-
tions, and their blockade may also modulate the function
of those populations. Here, we describe the various IC
receptors expressed by T, NK, and other immune cells,
and their biological function. We also analyze the antitu-
moral activity of IC blockade therapies, as single agents
or in combination, for cancer treatment.

Main text

Effector cells: cytotoxic T lymphocytes and natural killer
cells

CTLs and NK cells are the two major immune popula-
tions that are able to eliminate malignant cells. CTLs
participate in the adaptive immune response while NK
cells are part of the innate immune system. Cytotoxicity
arises by two pathways: Perforin/Granzyme B/Granuly-
sin-related lysis, and death receptor-induced apoptosis.
Although CTLs and NK cells act in a mechanistically
similar fashion, the regulation of the activity of these
immune cells, and the recognition of the targets differ.
CTL cytotoxicity is acquired after T cell activation upon
antigen presentation by antigen presenting cells (APCs)
—mainly dendritic cells (DCs) — whereas NK cells lyse
target cells without antigen presentation [6]. When acti-
vated, CTLs and NK cells both secrete interferon (IFN)-y
and tumor necrosis factor (TNF)-a, which stimulate a
pro-inflammatory immune response. Antitumoral effects
have been extensively ascribed to these two immune
cell populations, highlighting the relevance of compre-
hensively understanding the activation and inhibition
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mechanisms that regulate their cytotoxic activity against
cancer cells by pharmacological strategies.

CTLs are defined as activated effector CD3" CD8" T
lymphocytes and recognize target cells via the interaction
between polyclonally rearranged T-cell receptor (TCR)
with a peptide/MHC class I complex. Naive CD8" T
cells interact with APCs and, upon the correct presenta-
tion of the peptide-MHC class I complex, TCR signaling
causes the formation of a stabilization complex between
T cells and the APC. To become fully activated, the co-
stimulatory receptor CD28 must interact with its ligands,
CD80 (B7.1) and CD86 (B7.2). The activity of T cells is
determined by the balance of positive and negative sig-
nals from co-activator and co-inhibitory receptors when
they recognize their target. To eliminate target cells,
CTLs produce a stabilization complex, after which, lytic
granules are secreted. Perforin forms pores in the extra-
cellular membrane of the target cells, allowing Granzyme
B and Granulysin to enter the cytosol and induce apop-
tosis, while membrane-bound FasL binds to its receptor
Fas, inducing apoptosis in an independent manner [6].

Human NK cells are phenotypically defined as CD3~
CD56" lymphocytes. Two functionally distinct subsets of
NK cells have been defined on the basis of their levels of
expression of CD56 and CD16 (also known as Fcy recep-
tor III). NK cells with high-density expression of CD56
(CD56"8) and CD16~ are mostly found in lymph nodes
and have a great ability to release immune-modulating
cytokines such as IFN-y and TNF-a. On the other hand,
low-density expression of CD56 (CD56%™) CD167 NK
cells mostly occurs in peripheral blood, where it presents
a more cytotoxic phenotype characterized by high levels
of Perforin and Granzyme B expression [7]. Cytotoxic
NK cell activity is independent of foreign antigens pre-
sented by MHC molecules. The balance between activa-
tion and inhibition signals, which NK cells sense through
multiple innate receptors, allows the cells to respond to
alterations such as cellular stress, cellular transformation,
and malignancy. When activated, NK cells form a stabi-
lization complex similarly to CTLs and release cytotoxic
granules.

CTL and NK-cell activity is tightly controlled to pre-
serve antigenic self-tolerance. Autoreactive T-cell clones
are eliminated in the thymus by a process known as
central tolerance. Also, a peripheral regulation of the
cytotoxic response is essential to avoid inappropriate
responses to self-antigens. The release of immunosup-
pressive molecules by M2-like macrophages and Treg
cells plays a key role in establishing immune self-toler-
ance [8]. Activated CTLs and NK cells upregulate the
expression of multiple coinhibitory receptors, known as
ICs receptors, which downregulate their cytotoxic activ-
ity when binding to their ligands, ensuring the precise
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regulation of their effector function (Fig. 1). Although
self-tolerance mechanisms are tightly regulated, T-cell
exhaustion occurs and is often observed in tumors and
chronic infections [9]. NK cells can present a similar
exhausted phenotype that is characterized by stronger
expression of coinhibitory receptors and weaker expres-
sion of activating receptors [10]. Tumor-infiltrating lym-
phocytes (TILs) and tumor-infiltrating NK cells exhibit
enhanced expression of IC receptors [5, 10]. This has
boosted interest in understanding how these coinhibitory
receptors function in order to therapeutically block them.
The best characterized IC receptors are the cytotoxic
T-lymphocyte-associated molecule 4 (CTLA-4) and the
programmed cell death protein 1 (PD-1), but many other
ICs play key central roles in controlling CTL and NK cell
effector functions (Table 1).

Approved IC inhibitors for cancer treatment

IC signaling inhibition can be exploited as a therapeu-
tic strategy for treating cancer [11, 12]. CTLA-4 and
PD-1 were the first ICs to be blocked in preclinical
models addressing cancer therapy. Several IC blockade
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antibodies were approved by the US Food and Drug
Administration (FDA) and the European Medicines
Agency (EMA), and are currently used to treat a vari-
ety of tumor types (Table 2). However, we are far from
fully exploiting the potential of this therapeutic strategy.
CTLs and NK cells may be modulated by anti-IC drugs
by direct mechanisms when the effector cells express the
targeted IC, and/or by indirect mechanisms, when block-
ade of the IC alters the immunomodulatory functions
of other immune cell populations. While the currently
approved IC blockade drugs produce a good clinical
response in some patients, a percentage of patients show
short-duration response or even no response at all
(Table 3). Furthermore, late relapses occur in subsets of
patients who initially responded to IC blockade therapy
[13], which has sparked interest in targeting other coin-
hibitory receptors to find new therapeutic combinations
to treat non-responsive tumors.

CTLA-4 blockade
CTLA-4, which binds CD80 and CD86 ligands, was the
first IC to be described in T cells [11]. CD80 and CD86
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Fig. 1 Coinhibitory receptors expressed by cytotoxic T lymphocytes (A) and natural killer cells (B) and their ligands. Cytotoxic T lymphocytes and
natural killer cells can express multiple coinhibitory receptors, known as immune checkpoints, that produce downstream inhibitory signals when
activated upon binding to their ligands. Note that not all ICs are expressed simultaneously by cytotoxic T lymphocytes or NK cells
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Table 2 Immune checkpoint inhibitors approved for clinical use up to 2021, according to www.fda.gov

Target Drug name

Indication

Brand name (company)

CTLA-4
CTLA-4+PD-1

Ipilimumab
Ipilimumab + nivolumab

PD-1 Nivolumab

PD-1 Pembrolizumab

PD-1 Cemiplimab

PD-L1 Atezolizumab

PD-L1
PD-L1

Durvalumab
Avelumab

Melanoma; metastatic melanoma

HCC; metastatic CRC; metastatic melanoma; meta-
static RCC; metastatic NSCLC; malignant pleural
mesothelioma

HCC; Hodgkin lymphoma; metastatic CRG;
metastatic melanoma; melanoma; metastatic RCC;
metastatic urothelial carcinoma; metastatic HNSCC;
metastatic SCLC; metastatic NSCLC; ESCC

HCC; Merkel cell carcinoma; NSCLC; metastatic
squamous NSCLC; RCC; melanoma; metastatic gas-
tric cancer; metastatic gastroesophageal junction
adenocarcinoma; metastatic urothelial carcinoma;
metastatic cervical cancer; Hodgkin lymphoma;
metastatic NSCLC; metastatic endometrial cancer;
CRGC; NMIBC; pancreatic cancer; primary mediastinal
B-cell lymphoma; metastatic HNSCC; metastatic
tumor mutational burden-high solid tumors; meta-
static cSCC, metastatic TNBC

Metastatic cSCC

Metastatic TNBC; metastatic NSCLC; SCLC; meta-
static urothelial cancer; HCC; metastatic melanoma

SCLG; metastatic urothelial cancer; NSCLC

Metastatic RCC; metastatic urothelial cancer; Merkel

Yervoy (Bristol-Myers Squibb Co.)
Yervoy + Opdivo (Bristol-Myers Squibb Co.)

Opdivo (Bristol-Myers Squibb Co.)

Keytruda (Merck & Co. Inc))

Libtayo (Regeneron Pharmaceuticals Inc. / Sanofi-
Aventis SA)

Tecentrig (Genentech Inc. / Roche Registration Ltd.)

Imfinzi (AstraZeneca Pharmaceuticals LP)
Bavencio (Merck KGaA / Pfizer Inc.)

cell carcinoma

HCC hepatocellular carcinoma, CRC colorectal cancer, RCC renal cell carcinoma, NSCLC non-small-cell lung cancer, HNSCC head and neck squamous cell carcinoma,
SCLC small-cell lung cancer, ESCC esophageal squamous cell carcinoma, NMIBC non-muscle invasive bladder cancer, c¢SCC cutaneous squamous cell carcinoma, TNBC

triple-negative breast cancer

are also ligands of the T cell co-activator receptor CD28.
CTLA-4 has a high sequence similarity to that of CD28
and competes, with higher affinity, to bind CD80 and
CD86. CTLA-4 regulates early stages of CD8" T cell acti-
vation, ensuring tolerance of self-antigens in the lymph
nodes. Mechanistically, CTLA-4 indirectly limits CD28
signaling by capturing and sequestering CD80 and CD86
from ligand-expressing cells through a process named
trans-endocytosis [14]. Genetic ablation of CTLA-4
increases early lethality in mice due to lymphoprolifera-
tion [5]. Blockade experiments demonstrated that in vitro
and in vivo anti-CTLA-4 treatment enhance T-cell prolif-
eration [15]. CTLA-4 is also expressed by Treg cells, and
its signaling enhances their suppressive functions [16]. In
addition, CD4™ T cells expressing CTLA-4 exhibit lower
rates of proliferation [17]. The role of CTLA-4 in NK
cells remains to be elucidated. While some studies indi-
cated that CTLA-4 is expressed in mouse and human NK
cells, and that it regulates their effector functions, oth-
ers reported that human NK cells are not affected by the
CD28/CTLA-4 axis [18].

In vivo administration of anti-CTLA-4 antibody
increases antitumor immunity, causing pre-established
tumors to be rejected [11]. Further experiments dem-
onstrated that blockade of CTLA-4 stimulates the

CD8" T cell cytotoxic response against tumor cells
[5]. Importantly, the complete antitumoral response
provoked by CTLA-4 blockade requires Treg cells.
CTLA-4 conditional knockout (KO) in Treg cells
reduces tumor growth [15]. Blockade of CTLA-4 accel-
erates Thl proliferation and increases interleukin (IL)-2
production. While no direct function of anti-CTLA-4
in NK cells has yet been clearly identified, in vivo
blockade of CTLA-4 might enhance NK cell activity
indirectly by inhibiting Treg immunosuppressive activ-
ity and enhancing Th1 pro-inflammatory function [18].
Finally, the concomitant blockade of CTLA-4 and PD-1
signaling enhances antitumor response and increases
the cytotoxic activity of CD8" T cells in preclinical
models [19].

CTLA-4 was the first IC receptor to be clinically tar-
geted. In 2011, ipilimumab, an anti-CTLA-4 monoclonal
antibody (mAb), was approved by the FDA and the EMA
for treating patients with advanced melanoma. At pre-
sent, ipilimumab is the only anti-CTLA-4 mAb approved
for clinical use. It has value as a monotherapy for mela-
noma in adjuvant and metastatic settings, or combined
with nivolumab, an anti-PD-1 antibody, for patients suf-
fering several advanced cancer types (Table 2). Several
clinical trials are testing the efficacy of anti-CTLA-4
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Table 3 Summary of the differences in the application of immune checkpoint inhibitors against common tumors, according to FDA

approval information

Condition Drug ORR (%) mPFS (months) mOS (months) Grade Approval time Key trials
3-5AE
(%)

Melanoma Ipilimumab 16.8 2.70 1.2 1 03/2011 NCT00324155
Ipilimumab + nivolumab 60 8.50 Not reached 62 10/2015 CheckMate-067
Pembrolizumab 37 5.00 > 24 <10 09/2014 KeyNote-001
Nivolumab 32 4.70 17.3 9 12/2014 CheckMate-037
Atezolizumab 60 15.10 16.1 335 07/2020 IMspire150

NSCLC Nivolumab 20 3.50 9.2 7 03/2015 CheckMate-063; CheckMate-017
Ipilimumab + nivolumab 36 5.1 17.1 58 05/2020 CheckMate-227
Pembrolizumab 194 4.00 12.7 <10 10/2015 KeyNote-001; KeyNote-010
Atezolizumab 17 2.70 126 11 10/2016 Poplar (NCT01903993)
Durvalumab 284 16.80 232 299 02/2018 NCT02125461
Cemiplimab 39 8.20 Not reached 28 02/2021 NCT03088540

RCC Nivolumab 25 460 25 19 11/2015 CheckMate-025
Ipilimumab + nivolumab 41.6 11.6 Not reached 65 04/2018 CheckMate-214
Pembrolizumab 593 15.10 Not reached 758 04/2019 KeyNote-426
Avelumab 514 13.80 11.6 712 05/2019 JAVELIN Renal 101

HCC Nivolumab 14.3 4.00 15 25 09/2017 CheckMate-040
Ipilimumab + nivolumab 33 83 17.5 37 03/2020 Checkmate-040
Pembrolizumab 17 49 12.9 26 11/2018 KeyNote-224
Atezolizumab 65 6.80 Not evaluated ~ 56.5 05/2020 IMbrave150

SCLC Nivolumab 12 14 56 45 08/2018 CheckMate-032
Atezolizumab 60.2 5.20 123 37 03/2019 Impower133
Pembrolizumab 19 2.0 8.7 31 06/2019 KeyNote-158; KeyNote-028
Durvalumab 68 5.10 13 62 03/2020 CASPIAN (NCT03043872)

CRC Nivolumab 32 14.30 56 45 08/2017 CheckMate-142
Ipilimumab + nivolumab 55 12 Not evaluated 20 07/2018 CheckMate-8HW
Pembrolizumab 43.8 16.50 13.7 22 06/2020 KeyNote-177

ORR overall rate response, mPFS median progression free survival, mOS median overall survival, AE adverse events, NSCLC non-small-cell lung cancer, RCC renal cell
carcinoma, HCC hepatocellular carcinoma, SCLC small-cell lung cancer, CRC colorectal cancer

combined with other anti-ICs in a variety of tumor types
(Table 4).

PD-1 and PD-L1 blockade

PD-1 promotes inhibitory signals upon binding to its
ligands, programmed death-ligand 1 (PD-L1) and pro-
grammed cell death 1 ligand 2 (PD-L2), in T cells [12].
PD-1 is expressed in distinct immune cell populations,
including those of B, Treg, and myeloid cells. While
PD-L1 may be expressed in hematopoietic and non-
hematopoietic cells, physiological expression of PD-L2
is restricted to DCs, macrophages, and B cells. Notably,
PD-L1 and PD-L2 expression is upregulated in many
tumor types and is usually associated with poor patient
outcome. PD-1 regulates activated T cell function in
the later stages of the immune response in peripheral
tissues [15]. Activated T cells induce PD-1 expres-
sion, and its signaling, upon binding to PD-L1/-L2,

decreases T cell proliferation and cytokine secretion.
PD-1 cytoplasmic tail contains classic inhibitory motifs
ITIM and ITSM which recruit SHP-2 phosphatases
resulting in reduced TCR downstream phosphoryla-
tion and signaling [20] (Fig. 2B). High PD-1 levels, con-
comitantly with other ICs, can be detected in TILs and
in association with an exhausted phenotype [21]. PD-1
signaling in Treg cells enhances their proliferative and
suppressive functions [5]. In NK cells, PD-1 expres-
sion has only been identified under pathological con-
ditions [22]. PD-1 is upregulated in tumor-infiltrating
NK cells and PD-1" NK cells are known to be func-
tionally exhausted [23]. Although PD-1 downstream
mechanisms leading to NK exhaustion have not been
completely elucidated, SHP-2 recruitment might par-
ticipate in the process, given its role damping NK cell
function [24]. An interaction between PD-L1 and CD80
expressed in T cells was also characterized, which led
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Table 4 Clinical-stage development of monotherapies and combinatory therapies with immune checkpoint inhibitors in 2021,
according to www.clinicaltrials.gov

Target Drug name Indication Status

CTLA-4+PD-1 Ipilimumab + nivolumab NSCLC (NCT03351361) (NCT02864251) Phase lll
(NCT02477826) (NCT02869789)
(NCT03391869) (NCT04026412)
(NCT02998528) (NCT03215706); gas-
tric cancer; GEJ cancer (NCT02872116)
(NCT03604991); HNSCC (NCT03700905);
metastatic HNSCC (NCT02741570);
melanoma (NCT02905266) (NCT02599402)
(NCT03068455) (NCT02388906); SCLC
(NCT02538666); RCC (NCT03793166)
(NCT03873402) (NCT03937219)
(NCT03138512) (NCT04513522);
esophageal cancer (NCT03143153);
sarcoma (NCT04741438); glioblastoma
(NCT02017717) (NCT04396860); squamous
cell lung cancer (NCT02785952); metastatic
urothelial cancer (NCT03036098); meta-
static prostate cancer (NCT03879122)

CTLA-4+PD-1 Ipilimumab + pembrolizumab Metastatic NSCLC (NCT03302234); meta- Phase Il
static melanoma (NCT01866319); solid
tumors (NCT03755739)
CTLA-4+PD-1 Ipilimumab + REGN2810 NSCLC (NCT03515629) (NCT03409614) Phase Il
CTLA-4+PD-L1 Tremelimumab + durvalumab Advanced solid tumors (NCT03084471); Phase lll

HNSCC (NCT02369874); NSCLC
(NCT02453282); SCLC (NCT03703297);
metastatic NSCLC (NCT02542293)
(NCT02352948) (NCT03164616); metastatic
urothelial cancer (NCT03682068); urothelial
cancer (NCT02516241); metastatic HNSCC
(NCT02551159); HCC (NCT03298451); squa-
mous cell lung cancer (NCT02154490); RCC
(NCT03288532); SCLC (NCT03043872)

PD-1+LAG-3 Nivolumab + relatlimab Metastatic melanoma (NCT03470922) Phase Il

PD-1+4LAG-3+B7-H3 MGDO013 + enoblituzumab Gastric cancer; GEJ cancer (NCT04082364),  Phase Il
metastatic HNSCC (NCT04129320)

PD-1+TIGIT Tislelizumab 4 BGB-A1217 NSCLC (NCT04746924) Phase Il

PD-14TIGIT Zimberelimab + AB154 Metastatic NSCLC (NCT04736173) Phase Il

PD-1+4B7-H3 MGAO12 + enoblituzumab Metastatic HNSCC (NCT04129320) Phase lll

PD-L1+TIGIT Atezolizumab + tiragolumab NSCLC (NCT04294810) (NCT04513925); Phase Il

SCLC (NCT04256421) (NCT04665856);
esophageal squamous cell carcinoma
(NCT04540211) (NCT04543617);

LAG-3 +PD-1 Relatlimab + nivolumab Multiple solid tumors (NCT01968109); Phase Il
CRC (NCT03642067); metastatic soft-
tissue sarcoma (NCT04095208); HNSCC
(NCT04080804); NSCLC (NCT04205552)
(NCT02750514); RCC (NCT02996110);
gastric cancer (NCT02935634); metastatic
melanoma (NCT04552223) (NCT03743766)
(NCT03724968); solid tumors
(NCT03607890); HCC (NCT04567615);
metastatic basal cell carcinoma
(NCT03521830); HNSCC (NCT04326257);
metastatic NSCLC (NCT04623775); meta-
static CRC (NCT03867799); GEJ adenocar-
cinoma (NCT03704077) (NCT03662659)
(NCT03610711) (NCT04062656); advanced
cancers (NCT03459222) (NCT02488759);
metastatic ovarian cancer (NCT046111269);
melanoma (NCT02519322); multiple
myeloma (NCT04150965)




Archilla-Ortega et al. J Exp Clin Cancer Res (2022) 41:62 Page 9 of 24

Table 4 (continued)

Target Drug name Indication Status

LAG-3 +PD-1 BI-754111 +BI-754091 Metastatic solid tumors (NCT03697304) Phase Il

LAG-3 +PD-1 REGN3767 + cemiplimab Breast cancer (NCT01042379); metastatic Phase Il
solid tumors (NCT04706715)

LAG-3 +PD-1 LAG525 + spartalizumab TNBC (NCT03499899); advanced malig- Phase Il
nancies (NCT03365791) (NCT02460224);
melanoma (NCT03484923)

LAG-3 +PD-1+TIM-3 INCAGN02385 + INC- Advanced malignancies (NCT04370704) Phase Il

MGAO00012 4 INCAGN02390

LAG-3+PD-1 MK-4280 4 pembrolizumab Hodgkin lymphoma; non-Hodgkin lym- Phase ll
phoma (NCT03598608); advanced NSCLC
(NCT03516981)

TIM-3 MBG453 Myelodysplastic syndromes; chronic Phase Il
myelomonocytic leukemia (NCT04266301)

TIM-3 MBG453 AML (NCT04150029) (NCT04623216); Phase Il
advanced solid tumors (NCT02608268);
myelofibrosis (NCT04097821)

TIM-3 4+PD-1 BMS-986258 + nivolumab Solid tumors (NCT03446040) Phase Il

TIM-3 4+ PD-1 BGB-A425 +tislelizumab Solid tumors (NCT03744468) Phase Il

TIM-3 4+PD-1 TSR-022 +TSR-042 Liver cancer (NCT03680508); melanoma Phase Il
(NCT04139902)

TIGIT +PD-L1 Tiragolumab + atezolizumab Cervical cancer (NCT04300647); gastric Phase Il
adenocarcinoma; GEJ adenocarcinoma;
esophageal carcinoma (NCT03281369);
urothelial carcinoma (NCT03869190); pan-
creatic adenocarcinoma (NCT03193190);

NSCLC (NCT03563716); metastatic NSCLC
(NCT04619797); metastatic HNSCC
(NCT04665843); SCLC (NCT04308785);
HNSCC (NCT03708224); liver cancer
(NCT04524871)

TIGIT+PD-1 AB154 + zimberelimab NSCLC (NCT04262856) Phase Il

TIGIT BMS-986207 Multiple myeloma (NCT04150965) Phase Il

TIGIT+PD-1 BMS-986207 + nivolumab Solid tumors (NCT02913313) Phase Il
(NCT04570839)

PVRIG + PD-1 COM701 + nivolumab Advanced solid tumors (NCT03667716) Phase |
(NCT04570839)

KIR2DL1 + KIR2DL2 + KIR2DL3 Lirilumab AML (NCT01687387); chronic lymphocytic ~ Phase |l
leukemia (NCT02481297); refractory AML
(NCT02399917)

KIR2DL1 + KIR2DL2 + KIR2DL3 + PD-1 Lirilumab + nivolumab HNSCC (NCT03341936); metastatic malig-  Phase I
nancies (NCT03347123); multiple myeloma
(NCT01592370); refractory tumors
(NCT02813135)

KIR2DL1 + KIR2DL2 + KIR2DL3 + PD-1+ CTLA-  Lirilumab + nivolumab + ipilimumab Advanced solid tumors (NCT01714739) Phase Il

4

KIR3DL2 IPH4102 Advanced T cell lymphoma Phase I
(NCT03902184).

NKG2A Monalizumab Metastatic HNSCC (NCT04590963) Phase Il

NKG2A Monalizumab Metastatic HNSCC (NCT02643550) Phase Il
(NCT03088059); breast cancer
(NCT04307329); chronic lymphoid leuke-
mia (NCT02557516)

NKG2A +PD-L1 Monalizumab + durvalumab CRC (NCT04145193); solid tumors Phase Il
(NCT02671435); NSCLC (NCT03822351)
(NCT038223519) (NCT03833440)

CD200 Samalizumab AML (NCT03013998), multiple myeloma Phase I

(NCT00648739)
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Target Drug name Indication Status

CD47 Magrolimab Myelodysplastic syndrome (NCT04313881); Phase lll
AML (NCT04778397)

CD47 +PD-L1 Magrolimab + atezolizumab Metastatic urothelial carcinoma Phase Il
(NCT03869190)

CD47 Magrolimab Solid tumors (NCT02953782); refrac- Phase Il
tory B-cell non-Hodgkin lymphoma
(NCT02953509); myeloid malignancies
(NCT04778410)

CD47 RRX-001 SCLC (NCT03699956) Phase Il

CcDb47 RRX-001 Solid tumors (NCT02489903); metastatic Phase Il
CRC (NCT02096354)

BTLA JS004 Advanced solid tumors (NCT04278859) Phase |

BTLA TAB0O4 Advanced solid malignancies Phase |
(NCT04137900)

VISTA JNJ-61610588 Advanced solid tumors (NCT02671955) Phase |

VISTA +PD-L1 CA170 Advanced solid tumors and lymphomas Phase |
(NCT02812875)

B7-H3 Enoblituzumab Metastatic HNSCC (NCT04129320) Phase lll

B7-H3 Enoblituzumab Prostate cancer (NCT02923180) Phase Il

B7-H3 131l-omburtamab Neuroblastoma; central nervous system Phase Il
metastases; leptomeningeal metastases
(NCT03275402)

B7-H3 177Lu-DTPA-omburtamab Medulloblastoma (NCT04167618); solid Phase Il
tumors (NCT04315246)

B7-H3 DS-7300a Advanced solid tumors (NCT04145622) Phase Il

B7-H3 +PD-1 MGC018 +MGC012 Advanced solid tumors (NCT03729596) Phase Il

NSCLC non-small-cell lung cancer, GEJ gastroesophageal junction, HNSCC head and neck squamous cell carcinoma, SCLC small-cell lung cancer, RCC renal cell
carcinoma, HCC hepatocellular carcinoma, MIBC muscle invasive bladder cancer, ESCC esophageal squamous cell carcinoma, TNBC triple-negative breast cancer, CRC
colorectal cancer, NMIBC non-muscle invasive bladder cancer, AML acute myeloid leukemia

to inhibition of T cell function in vitro [25]. However,
other studies suggest that the PD-L1 interaction with
CD80 could cause T cell expansion without promot-
ing exhaustion. Specifically, it has been reported that
in bone marrow transplantations, the interaction of
CD80 from donor CD8' T cells with PD-L1 in lym-
phoid tissues from recipient patients, promotes T cell
expansion, resulting in increased graft-versus-leukemia
activity [26]. According to these findings, the blockade
of PD-L1 signaling could reduce the antitumoral activ-
ity of T cells in specific tissue environments.

PD-1 signaling blockade increases antitumor immu-
nity and decreases tumor growth. Specifically, PD-L1

transgenic expression in tumor cells enhances tumori-
genesis, which can be reversed with anti-PD-L1 antibod-
ies. PD-L1 mAb blockade enhances DC-mediated T cell
activation and antitumor function. Tumor-infiltrating
exhausted NK cells express PD-1 and its blockade par-
tially restores NK antitumoral activity [23]. Although
PD-1 signaling in Treg cells enhances immunosuppres-
sive functions, in vivo PD-1 blockade in Treg cells leads
to different tumor-dependent responses [27]. Moreover, a
complete anti-PD-1 antitumoral effect requires DC stim-
ulation and function [28]. A bispecific anti-PD-1/PD-L1
antibody gave rise to greater antitumoral efficacy relative
to monospecific therapies in a high-grade serous ovarian

(See figure on next page.)

indirect mechanisms (created with BioRender.com)

Fig. 2 Immune checkpoint downstream inhibitory signaling in CD8™ T cells. Immune checkpoint pathways initiated after binding of ligands to
their respective IC receptors (blue boxes) interfere with TCR signaling by a variety of mechanisms. ICs have inhibitory motifs in their cytoplasmic tail
that can recruit (blue arrows) protein tyrosine phosphatases SHP1 and/or SHP2, which are responsible for dephosphorylating (red inhibitory arrows)
TCR downstream signaling proteins. This is the case for PVRIG, 2B4, Siglec-7/—9, ILT2, BTLA, KIR-L, NKG2A, TIGIT, PD-1, and KLRG1. However, some
ICs, such as CTLA-4, TIM-3, CD47, and CD200R1, present alternative downstream mechanisms, while other IC downstream signaling, such as that
involving LAG-3, VISTA, CD96, CD160, and B7-H3, remains to be fully elucidated. Schematic representation of (A) SHP1-dependent inhibition of TCR
signaling, (B) SHP2-dependent inhibition of TCR signaling, and (C) non-dependent SHP1 and SHP2 inhibition of TCR signaling. Dotted lines indicate
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cancer model by inducing a superior cytotoxicity in both
T and NK cells [29]. This suggests that PD-L1 could be
involved in interactions other than those binding to
PD-1. PD-1 blockade alongside other ICs has shown itself
to increase T cell response [30] and to bestow therapeu-
tic benefits, which will be further discussed in the corre-
sponding IC blockade section.

Inhibition of the PD-1/PD-L1 axis is the most com-
monly applied IC blockade therapy. Nivolumab, pem-
brolizumab, and cemiplimab are PD-1-blocking mAbs
that have proven therapeutic efficacy in treating patients
suffering from different tumor types (Table 2). Multiple
anti-PD-1 antibodies, including these three, are being
tested either alone (Table S1) or in combination with
other anti-IC antibodies in multiple cancers (Table 4).
The anti-PD-L1 antibodies, atezolizumab, durvalumab,
and avelumab, also have a therapeutic value in treating
certain tumor types and have been approved for clini-
cal use (Table 2). These three antibodies, among others,
are being tested as treatments for a wide range of solid
tumors in clinical trials, either as monotherapy (Table S1)
or in combination with other IC blockade antibodies
(Table 4).

IC inhibitors under clinical development
LAG-3 blockade
The coinhibitory receptor lymphocyte activation gene-3
(LAG-3) is an IC receptor expressed by CD8" T cells
and NK cells that regulates peripheral tolerance. LAG-3
binds to HLA class II as well as to fibrinogen-like pro-
tein 1 (FGL-1), Galectin-3 (Gal-3), and LSECTin. LAG-3
ligands are expressed by tumor cells, and, notably, FGL-1
participates in immune evasion mechanisms that reduce
the T cell response [31]. Mice deficient in LAG-3 have
altered T cell proliferation. LAG-3 is expressed in Treg
cells and its blockade disrupts Treg suppressor functions
[32]. LAG-3 is also expressed in NK cells, but its func-
tion is not yet fully understood. Blockade of LAG-3 in
human NK cells does not induce NK cytotoxicity against
different tumor types [18]. Recent findings indicate that
LAG-3 blockade in vitro increases cytokine production
by NK cells without affecting their cytotoxicity [33]. The
mechanism of action of LAG-3 remains largely unknown.
LAG-3 cytoplasmic tail does not contain classical inhibi-
tory motifs but presents a KIEELE motif that may medi-
ate LAG-3 inhibitory functions [34] (Fig. 2C).
Anti-LAG-3 mAb administration was found to increase
the proliferation and effector function of CD8" T cells
and delay tumor growth in a prostate cancer mouse
model. LAG-3 is co-expressed with PD-1 in CD4" and
CD8" TILs in many mouse and human tumors [35].
Simultaneous blockade of PD-1 and LAG-3 synergizes
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to enhance anti-tumor CTLs activity and reduces tumor
growth in a colon adenocarcinoma model [36], a chronic
lymphocytic leukemia (CLL) model [37], and a malignant
pleural mesothelioma model [38]. LAG-3 expression has
been linked to a stronger suppressive function of Treg
cells [39]. The role of NK cells in LAG-3 blockade therapy
response, and the possible contribution of NK cells to the
observed antitumoral effects remain largely unknown.
A unique study determined that treatment of the 4T1
mouse model of metastatic breast cancer with IL-12,
combined with anti-LAG-3 or anti-PD-1, recovered NK
cell cytotoxicity and proliferation, which resulted in a
reduced presence of pulmonary metastases [40]. LAG-3
blockade is currently being investigated in clinical trials,
either as monotherapy or combined with the inhibition
of other ICs, to treat multiple tumor types (Table 4).

TIM-3 blockade

T-cell immunoglobulin and mucin-domain contain-
ing-3 (TIM-3) acts as a coinhibitory receptor of T cells
and is also expressed in Tregs, NK cells, DCs, and mac-
rophages. TIM-3 expression is known to be increased
in exhausted TILs [41]. The first TIM-3 ligand to be
described was Galectin-9 (Gal-9), but TIM-3 also binds
to phosphatidylserine (PS), carcinoembryonic antigen-
related cell adhesion molecule 1 (CEACAMI), and
high-mobility group protein 1 (HMGB1). The expres-
sion of TIM-3 ligands is upregulated by APCs, endothe-
lial cells, and neutrophils, among other immune cells,
and has been linked to carcinogenesis and tumor pro-
gression. Gal-9 interaction with TIM-3 negatively
regulates T-helper function and can induce T-cell
death [42]. TIM-3 blockade and gene depletion down-
regulate Th1 cell function and increase CTL prolifera-
tion and cytokine production [31]. TIM-3" Treg cells
increase suppressor functions in vitro [43]. Blockade of
TIM-3 reverses the exhausted phenotype of CTLs from
patients with advanced tumors. TIM-3 interaction with
its ligands leads to the phosphorylation of conserved
tyrosine residues in its cytoplasmic tail by the tyrosine
ITK [44]. Phosphorylation of the TIM-3 cytoplasmic
tail leads to the release of BAT3 protein and the recruit-
ment of the tyrosine kinase FYN, ultimately resulting in
TCR downstream kinase LCK inhibition [45] (Fig. 2C).
In NK cells, TIM-3 acts as a negative regulator of NK
effector functions. Its expression is upregulated in can-
cer, and has been associated with NK exhaustion [18].
Additionally, TIM-3 ligand Gal-9 can also interact with
PD-1 expressed by T cells, which dampens the CD4"
and CD8' T cell response [42, 46]. Specifically, Gal-9
interacts with PD-1 through glycans without affecting
the PD-1/PD-L1 interaction. Likewise, the Gal-9/PD-1
interaction enables the formation of PD-1 and TIM-3
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heterodimers, which promotes T cell exhaustion but
dampens Gal-9/TIM-3-induced T cell apoptosis [47].
It is of note that, human Treg cells express high lev-
els of Gal-9, which induces Treg death upon interact-
ing with TIM-3 expressed by tumor resident cells [47].
Hence, anti-Gal-9 therapy might promote Treg func-
tion, thereby limiting the antitumoral function of CD8"
T cells. In this sense, the combination of anti-Gal-9
with Treg cell treatment depletion promotes synergistic
antitumor activity in a breast tumor model by activat-
ing specific subsets of TILs [47].

In a TIM-3-overexpressing mouse model, anti-
TIM-3 antibody reduces tumor growth by restoring
T-cell activity [48]. Concomitant blockade of PD-1 and
TIM-3 further improves T cell anti-tumor function and
reduces tumor growth more effectively. Simultaneously
targeting TIM-3 and PD-1 increases LAG-3 expres-
sion in TILs, suggesting a cross-regulation between
IC receptors, and triple blockade of TIM-3, PD-1, and
LAG-3 results in reduced tumor growth in a colon
adenocarcinoma model [49]. Simultaneous blockade of
TIM-3 and PD-L1 significantly reduces tumor growth
in orthotopic models of HNSCC [50] whereas treat-
ment with anti-TIM-3 concurrently with anti-PD-1
causes greater regression of murine glioma than is
produced by a single checkpoint blockade [51]. TIM-3
blockade reverses exhausted NK cells isolated from
lung adenocarcinoma patients [52], and advanced MHC
class I-deficient tumors treated with IL-21 combined
with anti-TIM-3 and anti-PD-1 reduce tumor progres-
sion by enhancing NK cell antitumoral immunity [53].
Hence, TIM-3 blockade also boosts NK cytotoxic activ-
ity in specific tumor settings. The presence of TIM-3"
Treg cells is associated with poor prognosis in lung can-
cer, and pharmacological blockade of TIM-3 reduces
the suppressive function of intratumoral Treg cells
[41]. In vitro experiments indicated that TIM-3 signal-
ing in DCs blocks DC activation and maturation [54].
A recent study concluded that the accumulation of
TIM-3% CD4" T cells in tumoral regions favors TIM-
3-mediated immunosuppressive functions in hepato-
cellular carcinoma (HCC) patients. Depletion of CD4*
T cells abrogates the antitumoral effects of anti-TIM-3
therapy, indicating that CD4" T cells might be respon-
sible for TIM-3-mediated immunosuppression [55]. The
response of TIM-3 blockade-based therapy is currently
being analyzed in clinical trials as monotherapy or in
combination with anti-PD-1 antibodies (Table 4).

TIGIT blockade

The T cell immunoglobulin and ITIM domain (TIGIT) is
a member of the immunoglobulin superfamily of paired
receptors expressed by T cells and NK cells that interact
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with ligands of the nectin and nectin-like family. TIGIT
acts as an inhibitor receptor when binding to its ligands
PVR, nectin-2, and nectin-3 (CD113), all of which are
expressed in APCs and a variety of non-hematopoietic
cells, including tumor cells [56]. Specifically, TIGIT inter-
acts with PVR with a higher affinity than with nectin-2,
while the nectin-3/TIGIT interaction has a weak binding
affinity. In addition, DNAM-1 is another co-stimulatory
receptor expressed by NK and T cells that competes with
TIGIT to bind PVR and nectin-2, which enables it to reg-
ulate T cell inhibition precisely [57]. In NK cells, TIGIT
signaling reduces NK cytotoxicity and cytokine release,
while in T cells it reduces T cell activation, proliferation,
and effector functions. Specifically, the TIGIT intracel-
lular cytoplasmic tail contains an ITIM and an ITT-like
domain that recruit SHP-1 phosphatases, leading to the
blockade of PI3K and MAPK pathways in NK cells [58],
and decreased TCR downstream signaling [59] (Fig. 2A).
TIGIT" Treg cells have greater suppressive capacities
in vitro and selectively suppress the Thl pro-inflamma-
tory response in vivo [31]. TIGIT interaction with PRV
expressed by DCs forces the DCs to be tolerogenic by
increasing their production of immunosuppressive IL-10
cytokine [60].

TIGIT ligands are expressed by cancer cells and
exhausted TIGIT™ T and NK cells are detected in various
human cancers. Antibody blockade of TIGIT enhances
antitumor CD8" T cell response and prompts tumor
regression in a colorectal cancer (CRC) mouse model.
TIGIT dual blockade with PD-1, PD-L1, or TIM-3 has a
synergistic action that produces enhanced CD8" T cell
activity and tumor regression in a colorectal carcinoma
model [61]. Dual blockade of PD-1 and TIGIT enhances
antitumor response and increases survival in a mouse
glioblastoma model [62]. Conditional TIGIT KO in Treg
cells reduces tumor growth in a melanoma mouse model,
proving that the TIGIT blockade effect is also mediated
by Treg cells [31]. Recently, it was demonstrated that
TIGIT blockade elicits NK-mediated antitumoral immu-
nity in tumor-bearing mouse models [63]. Antibod-
ies targeting TIGIT are currently being investigated in
clinical trials to treat patients with different tumor types
(Table 4).

PVRIG blockade

PVRIG, also known as CD112R, is another member of
the immunoglobulin superfamily of paired receptors. It
has recently been identified in human T and NK cells.
PVRIG binds to nectin-2 but does not recognize PVR.
In T cells, PVRIG signaling inhibits the TCR-mediated
signal dampening T cell response by recruiting SHP-1
and SHP-2 phosphatases to its [TIM-like domains [64]
(Fig. 2B). Human NK cells expressing PVRIG present
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reduced proliferation and cytokine release [56]. Recent
results suggest that PVRIG expression is reduced during
human NK-cell activation [65], while exhausted tumor-
infiltrating NK cells express high levels of PVRIG [66].
Until now, expression of PVRIG has not been described
in myeloid immune cell populations.

Targeting PVRIG with antibodies promoted T cell
expansion in vitro, which was further increased by
simultaneous blockade with TIGIT [64]. PVRIG block-
ade enhances in vitro NK cell antitumoral activity and
increases IFN-y release [67]. In AML patients, anti-
PVRIG therapy promotes NK-cell cytotoxicity against
AML blasts [65]. In mouse models of cancer, TILs
show high PVRIG levels [68]. Ex vivo PVRIG blockade
of patient-derived T cells upregulates T-cell function,
an effect that is further enhanced when combined with
anti-TIGIT or anti-PD-1 treatments [56]. Anti-PVRIG
treatment delays tumor growth and prolongs survival of
tumor-bearing mice by reversing exhaustion of NK and
CD8" T cells of solid tumors. Dual blockade of PVRIG
and PD-L1 enhances the antitumoral effects in compari-
son to single-blockade therapies in solid tumors [66, 68].
Notably, PVRIG™'~ mice exhibit reduced tumor growth
in a CD8" T cell-dependent manner, an effect that is syn-
ergistically enhanced by PD-L1 blockade. Finally, PVRIG
is co-expressed with PD-1 and TIGIT in activated T cells
and combinatory dual blockade of PVRIG with PD-1
or TIGIT additionally promoted T-cell activity [69]. An
anti-PVRIG mAb is currently being tested in a clinical
trial in patients with advanced solid tumors (Table 4).

KIR-L blockade

Killer immunoglobulin-like (KIRs) are a family of
receptors that regulate self-tolerance and effector func-
tions of NK cells by binding to classic HLA class I allo-
types (HLA-A, HLA-B, and HLA-C). These receptors
allow the identification and elimination of cells that fail
to express a sufficient level of HLA, like many tumor
cells, in a process called missing self-recognition. KIR
receptors with a long cytoplasmic tail (KIR-L) mainly
present NK coinhibitory capabilities, while short-
tailed KIR receptors (KIR-S) enhance NK function [70].
The KIR-L cytoplasmic tail contains ITIM motifs that
become phosphorylated upon binding with its ligand,
and recruit tyrosine phosphatases such as SHP-1 and
SHP-2, resulting in NK-cell inhibition [71] (Fig. 2A and
B). KIRs were initially characterized as NK cell recep-
tors, but they are also expressed in CD8" T-cell sub-
sets. It has been proposed that KIR expression can be
sustained by TCR engagement, and may participate in
T-cell tolerance to self-antigens [72].
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Initial evidence that the blockade of KIR signal-
ing could be beneficial in treating cancer came with
the observation that acute myeloid leukemia (AML)
patients did not experience recurrence within 5years
if they received a bone marrow transplantation from a
donor who presented NK with KIRs that mismatched
the interaction with the HLA of the patients [73]. Thus,
the lack of recognition of HLA class I molecules by KIRs
enhances NK cell cytotoxic activity, causing the elimina-
tion of malignant cells. Additionally, tumor-infiltrating
NK cells have a high level of expression of inhibitory
KIRs that are correlated with poor clinical outcome in
non-small-cell lung cancer (NSCLC) [74]. A unique
mAb targeting KIR2DL1, KIR2DL2, and KIR2DL3
receptors increases NK-cell cytotoxicity against autol-
ogous AML blasts and multiple myeloma cells [18].
Hence, KIR blockade appears to enhance NK cell func-
tion in the tumors. Different KIR inhibitors are being
tested in clinical trials as single agents or combined with
anti-PD-1 or anti-CTLA-4 antibodies (Table 4).

NKG2A blockade

The natural killer group 2A (NKG2A) is a member of
the NKG2 receptor group, which dimerizes with CD94
to bind to non-classic HLA-E class I molecules, which
are ubiquitously expressed. Upon binding to its ligand,
CD94/NKG2A signaling downregulates NK cell-medi-
ated cytotoxicity. Tumor-infiltrating NK cells from
patients with liver cancer express high levels of NKG2A
and are functionally exhausted [75]. NKG2A and CD%4
expression is restricted to a subset of CD8" T cells [76]
and its expression in TILs generates negative regula-
tory signals. Mechanistically, NKG2A contains cytoplas-
mic ITIM motifs responsible for its inhibitory functions
by recruiting the phosphatases SHP-1 and SHP-2 [77]
(Fig. 2A and B).

Combined blockade of NKG2A and PD-1 or PD-L1
synergizes to reduce tumor growth in a mouse model
of B-cell lymphoma by promoting NK and CD8" T cell
cytotoxic activity [78]. Anti-NKG2A blockade enhances
NKG2A"T NK cells’ cytotoxic function, eliminating
human leukemia cells engrafted in mice [79]. Monali-
zumab is a humanized mAb that specifically blocks
NKG2A and enhances NK and T cell effector function
and promotes anti-tumor immunity [78]. Monalizumab
is under analysis in clinical trials in which it is used either
alone or in combination with anti-PD-L1 antibodies to
treat a variety of tumor types (Table 4).

CD200 blockade
CD200 is a cell-surface glycoprotein that binds to the
coinhibitory receptor CD200R1 expressed in subsets of
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NK, T, B, and myeloid cells. CD200 expression is detected
in various human tissues such as endothelium, central
nervous system, retina, and in activated DCs, T, and B
cells. It is of note that the interaction between CD200
and CD200R1 occurs between different cells expressing
ligand and receptor (in trans), while the interaction in the
same cell (in cis) is remote due to steric constraints [80].
CD200R1 signaling in NK cells inhibits their cytotoxic
activity and cytokine release [18]. CD200R1 contains a
NPXY motif in its cytoplasmic tail that when phospho-
rylated inhibits the Ras/MAPK signaling [81] (Fig. 2C).
A direct effect of CD200R1 signaling on T cell activity is
less clear. While one study in CD200R KO mice suggested
greater T-cell cytotoxicity, another showed a normal
T-cell response with a lack of CD200R1 signaling [82]. In
DCs and macrophages, CD200R1 signaling reduces pro-
inflammatory cytokine production, leading to a tolero-
genic state [82]. CD200 may have indirect inhibitory
effects on T-cell activity by modifying the cytokine land-
scape rather than a direct cell-intrinsic inhibitory signal.
No direct effect of CD200R1 signaling in other CD200R-
expressing immune populations has been reported.

CD200~'~ mice displayed reduced rate of skin carcino-
genesis [82]. CD200™ leukemic cells from AML patients
reduced NK cytotoxic activity relative to CD200~ leu-
kemic cells and NK function was recovered with anti-
CD200 mADb [83]. CD200 blockade increased antitumoral
response in a mammary carcinoma mouse model [84].
Finally, CD200 blockade stimulated T cell antitumoral
response in CLL patients [85]. Samalizumab, an anti-
body that targets CD200, is being tested in clinical trials
(Table 4). No anti-CD200R1 antibodies have been evalu-
ated in preclinical or clinical contexts as antitumoral
therapy.

CD47 blockade

CD47, originally called integrin-associated protein (IAP),
is a transmembrane glycoprotein of the immunoglobu-
lin superfamily that is expressed ubiquitously by human
cells. When CD47 binds to its ligands, the signal regu-
latory protein alpha (SIRPa) and thrombospondin-1
(TSP1) can induce cell activation or apoptosis, depending
on the cellular context. CD47 activation in immune cells
has been linked to tumor immune evasion, decreased
antigen-presentation cell function, and impaired effec-
tor functions of NK and T cells [86]. In vivo experiments
have shown that CD47 signaling inhibits NK and T cell
cytotoxicity indirectly through impaired APC functions
[87, 88]. Notably, the best characterized function of
CD47 serves as an antiphagocytic signal for macrophages
upon binding to SIRPa [86].

Page 15 of 24

CD47 blockade indirectly enhances anti-tumor cyto-
toxicity by stimulating macrophage phagocytosis and
antigen presentation by APCs, which enhances CD8" T
cell cytotoxicity. In this sense, the antitumoral effects of
anti-CD47 treatment are abrogated in T cell-deficient
mouse models [88]. Head and neck squamous cell car-
cinoma (HNSCC) cells with a high level of expression
of CD47 show lower NK cytotoxicity, which is reversed
upon anti-CD47 treatment [87]. Another strategy that
has been developed involves the direct blockage of the
SIRPa ligand. An anti-SIRPa antibody reduced tumor
growth in an NK- and T cell-dependent manner [86].
A recent study in a mouse model of breast cancer dem-
onstrated that the simultaneous blockade of CD47 and
PD-L1 inhibits tumor growth by enhancing T- and NK-
cell activity [89]. The targeting of CDA47 is being tested
in clinical trials for the treatment of various tumor types
(Table 4).

BTLA blockade

B and T cell lymphocyte attenuator (BTLA) is a coinhibi-
tory receptor expressed in T cells, DCs, and B cells, but
not in NK cells. BTLA binds to the herpesvirus entry
mediator (HVEM) protein, which is expressed by B cells,
DCs, and T cells. In naive T cells, BTLA-HVEM interac-
tion in cis inhibits T-cell activation, ensuring a quiescent
state [90]. At the signaling level, BTLA cytoplasmic tail
contains ITIM and ITSM motifs responsible for recruit-
ing the tyrosine phosphatases SHP-1 and SHP-2 which
reduces TCR downstream phosphorylation [91] (Fig. 2A
and B). TILs exhibit upregulated expression of BTLA,
less proliferation, and less extensive cytokine production
when they interact with HVEM expressed by cancer cells.
Indeed, BTLA and PD-1 co-expression is detected in
exhausted TILs from patients with advanced melanoma
[92]. Finally, DCs expressing BTLA, when interacting
with HVEM, promote the differentiation of peripheral
Treg cells, and induce antigen tolerance [93].

Anti-BTLA therapy combined with chemotherapy
reduces tumor growth, and increases the survival of
tumor-bearing mice [94]. Recent proteomic studies have
revealed a rationale for simultaneously blocking PD-1
and BTLA in order to increase the T-cell antitumoral
response [95]. In this regard, BTLA blockade upon
anti-PD-1 and anti-TIM-3 treatment further increases
CD8™ T cell proliferation [92]. Interestingly, in ovarian
carcinomas BTLA expression was mainly identified in B
lymphocytes rather than T or NK cells, and the BTLA
blockade antitumoral effect was caused by inhibiting a
specific subset of B lymphocytes rather than stimulating
T or NK cell function [94]. Two mAbs targeting BTLA
are currently being studied in early-phase clinical trials
(Table 4).
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VISTA blockade

V-domain Ig suppressor of T cell activation (VISTA),
also known as programmed death-1 homolog (PD-
1H), is an IC expressed by CTLs, Treg cells, DCs, mac-
rophages, and neutrophils, but not NK cells. VISTA has
been considered to be a ligand or a receptor in different
studies. Here, we will consider it to be a receptor, since
the interaction with its ligand leads to VISTA intracel-
lular downstream signaling. VISTA is a functionally
pH-selective receptor and interacts with the P-selectin
glycoprotein ligand-1 (PSGL-1) under acid pH conditions
[96]. PSGL-1 is expressed by different cell populations as
T, B, endothelial cells, DCs, macrophages, monocytes,
and neutrophils, and participates in leukocyte homing
processes. VISTA signaling suppresses T-cell activation
and proliferation in in vivo experiments [97]. The VISTA
cytoplasmic tail contains conserved proline residues and
an SH2 domain that may be responsible for its inhibitory
functions [98] (Fig. 2C).

Anti-VISTA antibodies reduce tumor growth and
increase T-cell tumor infiltration and effector functions
in preclinical models. VISTA blockade decreases the sup-
pressive functions of Treg cells, reduces the intratumoral
presence of MDSCs, and increases tumor infiltration of
activated DCs [99]. Dual blockade of PD-1 and VISTA
synergistically enhance the antitumor T-cell response in
various mouse models [100]. Finally, given that VISTA
binds its ligand, PSGL-1, under low pH conditions, the
possibility of using engineered pH-selective antibod-
ies that bind its epitope in specific pH environments
has arisen. The synergy between an acidic pH-selective
VISTA-blocking antibody and an anti-PD-1 antibody has
been shown to reduce tumor growth in a mouse model
of colon adenocarcinoma [96]. VISTA blockade has been
translated to the clinical milieu for testing as an antican-
cer therapy (Table 4).

B7-H3 blockade

The B7 homolog 3 protein (B7-H3) is a B7 family mol-
ecule that functions as a ligand, but its receptor remains
to be discovered. T lymphocytes and NK cells respond to
B7-H3, suggesting that the B7-H3 receptor is expressed
in these immune cell types [18]. B7-H3 has been reported
as playing a variety of roles in T cells. B7-H3 signal-
ing increases T-cell proliferation, cytokine release, and
enhances antitumor T cell activity in cancer mouse mod-
els [101]. Conversely, B7-H3 signaling in T cells is also
able to inhibit them by blocking TCR signaling [102].
These contradictory effects might be due to specific TME
features interfering with T-cell function. B7-H3 func-
tions as an inhibitory ligand for NK cells, and anti-B7-H3
antibodies enhance NK-cell cytotoxicity in vitro. Various
human cancer cells upregulate B7-H3 expression, and are
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related to impaired T-cell function, suppressed NK cytol-
ytic activity, and tumor immune evasion [18].

Anti-B7-H3 treatment reduces tumor growth in cancer
mouse models that express B7-H3. B7-H3 KO glioma-ini-
tiating cells show less invasiveness and higher susceptibil-
ity to NK cell-mediated cytolysis [103]. Other preclinical
studies have indicated that higher levels of B7-H3 may
be beneficial in the T-cell-mediated anti-tumor response
against mastocytoma. A synergistic antitumoral response
between anti-B7-H3 mAbs and chemotherapy has been
observed in several preclinical models [104]. Thus, block-
ade of B7-H3 may be beneficial, boosting T and NK cell
effector functions in specific tumor types and cellular
contexts. Finally, the combination of anti-B7-H3 and
anti-PD-L1 treatment promotes a synergistic antitumor
response relative to single-agent blockades in a mouse
model of NSCLC [105]. Antibodies blocking B7-H3 are
being tested in clinical trials for the treatment of several
tumor types (Table 4).

IC inhibitors under preclinical investigation

CD96 blockade

CD96, also known as T cell activation increased late
expression protein (TACTILE), is a member of the
immunoglobulin superfamily of paired receptors which
contains intracellular inhibitory and activating motifs.
The cytoplasmic tail of CD96 contains an inhibitory
motif ITIM and a YXXM motif that is thought to medi-
ate activating or inhibitory functions depending on the
cell type [106] (Fig. 2C). CD96 binds to PVR and nec-
tin-1 (CD111) and is expressed in T and NK cells. It has
been reported that CD96 signaling in NK cells negatively
controls cytokine release [56]. CD96’s role in CD8" T
cells is controversial. Cross-linking CD96 in CD8" T
cells induces proliferation and effector cytokine pro-
duction [107]. However, recent findings indicate that
CD96 blockade inhibits primary tumor growth in vari-
ous tumor mouse models, an effect that is dependent on
CD8" T cell activity [108]. Further studies are needed to
determine the role of CD96 in T cells under pathological
conditions.

The presence of exhausted CD96™ NK cells is asso-
ciated with poor clinical prognosis in HCC patients.
CD96 blockade increases NK cell-mediated lysis and
synergizes with an anti-TIGIT antibody to produce an
enhanced antitumoral effect. CD96~/~ mice injected
with B16 melanoma cells develop fewer lung metasta-
ses, this reduction being dependent on NK cells. Another
study reported decreased metastasis development after
anti-CD96 treatment in several preclinical models [18].
Dual blockade of CD96 with PD-1, PD-L1, TIGIT, or
CTLA-4 increases antitumor response, and triple block-
ade of CD96, PD-1 and TIGIT yields the highest level of
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antitumoral immunity in various mouse tumor models
[108]. To date, antibodies blocking CD96 have not been
evaluated in clinical trials.

ILT2 blockade

The immunoglobulin-like transcript-2 (ILT2), also known
as leukocyte immunoglobulin-like receptor-1 (LIR1), is
a coinhibitory receptor expressed by NK cells, subsets
of T, B cells, and DCs. Non-classic HLA-G class I mol-
ecules are ILT2 ligands. HLA-G maintains fetal-mater-
nal immune tolerance, and is expressed in adult tissues
in cancer. ILT2 signaling inhibits NK-cell effector func-
tions by decreasing cytotoxicity and IFN-y release. ILT2
interaction with HLA-G inhibits T-cell proliferation and
related cytolysis by recruiting SHP-1 phosphatase to its
cytoplasmic ITIM domain [109] (Fig. 2A). In DCs, ILT2
signaling induces the development of tolerogenic DCs.
Furthermore, exposure of HLA-G molecules to DCs
induces anergy in CD4" and CD8" T cells, and impairs
NK cytolytic functions [110].

Simultaneous blockade of ILT2 and NKG2A increases
the cytotoxicity of NK cells to acute myelogenous leu-
kemia and acute lymphoblastic leukemia human blasts.
Moreover, ILT2 blockade increases NK-cell cytotoxicity,
leading to the elimination of malignant cells from CLL
patients [111]. At present, no ILT2 blockade antibodies
have been reported in clinical trials.

Siglec-7 and Siglec-9 blockade

Sialic acid-binding immunoglobulin type lectins (Siglecs)
are cell-surface receptors of the I-type lectin family that
bind sialic acid-containing glycans present on glycopro-
teins and glycolipids. Siglec-7 and Siglec-9 are expressed
by human NK cells, negatively regulating NK effector
function [18]. CD8" T cell subsets expressing Siglec-7
and Siglec-9 receptors present reduced activity. Specifi-
cally, Siglec-7 and Siglec-9 contain cytosolic inhibitory
ITIM motifs responsible for recruiting the phosphatase
SHP-1 [112] (Fig. 2A). In monocytes, Siglec-7 signaling
induces the release of pro-inflammatory molecules upon
pathogen recognition [113]. Siglec-9 signaling in mac-
rophages reduces LPS-induced CCR7 expression, reveal-
ing a role in modulating innate immunity [114], while
Siglec-9 ligand interaction with immature DCs reduces
LPS-induced IL-12 release [115]. Finally, the presence of
molecules containing sialic acid modifications, including
hypersialylation and xenosialylation, has been linked to
tumor progression [116].

Siglec-9 is co-expressed with PD-1 in TILs from
patients with various cancer types [117]. Targeting Siglec
signaling pathways enhances the antitumoral response,
while genetically modified mice expressing Siglec-9 in
T cells show accelerated growth of CRC tumors [117].
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Isolated NK cells from cancer patients with upregulated
Siglec-9 expression are less cytotoxic. Anti-Siglec-7 and
anti-Siglec-9 antibodies strengthen the effector function
of NK cells against cancer cell lines expressing Siglec-7 or
Siglec-9 ligands [118]. At present, there are no reports of
Siglec-7 or Siglec-9 antibodies being assessed in clinical
trials.

KLRG1 blockade

KLRGL1 is a coinhibitory receptor expressed exclusively in
NK and T cells that binds to E-cadherin and N-cadherin.
KLRG1 signaling inhibits NK-associated cytotoxicity
and reduces I[FN-y production [119]. In T cells, KLRG1
signaling inhibits cell proliferation and cytotoxic activ-
ity [120]. Upon binding to its ligands, KLRGI recruits
SHIP-1 and SHP-2 phosphatases but not SHP-1 to its
cytoplasmic ITIM domains resulting in interfered TCR
signaling [121] (Fig. 2B and C).

Although KLRG1 KO mice do not display increased
NK or T cell cytotoxic functions, pharmacological tar-
geting of KLRG1 increases the effector functions of NK
and T cells [122]. Antibody blockade of KLRG1 restores
NK-cell cytotoxicity of genetically engineered KLRG1-
expressing NK cells in vitro [123]. Administration of anti-
KLRG1 antibody does not modify primary tumor growth
but has been shown to reduce lung metastases in breast
cancer mouse models [124]. Notably, dual blockade of
KLRG1 and PD-1 has been shown to decrease primary
tumor growth synergistically in melanoma and CRC
mouse models [124]. No clinical trials involving anti-
KLRGI antibodies have so far been reported.

2B4 Blockade
2B4, also known as CD244, is a coinhibitory recep-
tor expressed by myeloid cells, NK cells, and a subset
of CD8" T cells. CD48, which is 2B4 ligand, is ubiqui-
tously expressed by hematopoietic cells and upregulated
in hematological malignancies [125, 126]. 2B4 receptors
contains inhibitory ITSM motifs responsible of recruit-
ing the tyrosine phosphatases SHP-1, SHP-2 and SHIP-1
[127] (Fig. 2). In human NK cell precursors, 2B4 pre-
sents inhibitory functions, whereas in mature NK cells,
2B4 signaling enhances their cytotoxic activity [128]. NK
cells and CD8" T cells expressing 2B4 from human can-
cer patients present an exhausted phenotype that can be
reversed by the blockade of the 2B4-CD48 interaction
[129]. Furthermore, 2B4 expression levels in tumor-infil-
trating DCs and MDSCs are correlated with tumor cell
PD-L1 expression and MDSC production of immunosup-
pressive molecules [130].

In vitro blockade of 2B4 with mAbs increases NK-
cell and T-cell functions in 2B4*-exhausted NK and T
cells [129]. A 2B4 KO mouse model revealed increased
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rejection of engrafted melanoma cells [131]. In addition,
2B4 KO mice presented impaired HNSCC growth in a
preclinical model. Anti-2B4 mAb treatment phenocop-
ies 2B4 KO mice, inhibiting tumor growth and increasing
the presence of TILs [130]. No 2B4 blockade therapies
have so far been tested in clinical trials.

Current challenges: improving efficacy without increasing
adverse events
Although immunotherapy based on IC blockade has
produced promising results in a fraction of patients, a
large number of patients do not benefit from the exist-
ing approved drugs (Table 3). Tumor-infiltrating immune
cells present in the TME play a fundamental role in ther-
apy response. Tumors that are not likely to generate a
robust immune response have been classified as poorly
immunogenic or cold tumors. These tumors have low
quantities of immune infiltrate [1]. On the other hand,
hot tumors have high levels of T cell infiltration and are
highly immunogenic. Targeting the TME to transform
cold tumors into hot tumors before IC blockade thera-
pies is being investigated as a strategy to increase the
responsiveness to these therapies. The approaches pro-
moting immunogenicity of cold tumors include enhanc-
ing antigen presentation by DCs, reducing the presence
and function of immunosuppressive cells, and delivering
immunomodulatory factors to boost inflammation [132].
Combining IC blockade drugs with other immuno-
therapeutic agents also produces promising enhanced
antitumoral responses. Chimeric antigen receptor (CAR)
T cells are engineered autologous T cells with an artifi-
cial TCR that recognize a specific antigen in an MHC-
independent manner. CAR T cells achieve long-lasting
responses in hematological malignancies, whereas the
clinical activity observed so far in solid tumors has been
more modest. This may occur because the immunosup-
pressive TME that present solid tumors can lead to CAR
T cell exhaustion [133]. Hence, combining CAR T cells
with anti-IC drugs and/or drugs targeting the immu-
nosuppressive TME may ideally produce a synergistic
effect, unleashing CAR T cell activity against tumoral
cells. Combining anti-PD-1 antibodies with adoptive
transfer of CAR T cells might overcome PD-1 dependent
T cell exhaustion, thereby improving single-treatment
responses [134, 135]. Another interesting strategy to
overcome the exhaustion of CAR T cells in solid tumors
is to use PD-1 KO CAR T cells, which have enhanced
cytotoxic activity [136]. Given the crucial role of APCs in
priming antigen-specific T cell immunity, the modulation
of APC function has also been used as an antitumoral
strategy. In this regard, several DC-based immuno-
therapies are being clinically studied, such as treatment
with immunostimulatory molecules that promote DC

Page 18 of 24

activity or vaccine administration of tumor-associated
antigens (TAAs) that can be processed and presented by
endogenous DCs [137]. The use of DC vaccines consist-
ing of ex vivo-amplified autologous DCs, tumor antigen
load and reinfusion to patients, has also proven clinical
benefits [137]. Combining dendritic cell vaccines with
anti-PD-1 therapies may boost efficacy by improving T
cell antitumoral function in mouse models [138, 139].
In addition, DC vaccination can overcome IC blockade-
resistant murine lung cancers by eliciting an antitumoral
response [140]. Hence, the appropriate combination of
immunotherapeutic agents is a promising strategy for
treating single-agent-resistant tumors. In addition, chem-
otherapy and radiotherapy are standard cancer therapies
used in the clinic setting that produce immunostimula-
tory effects and that can be combined with IC blockade
therapies to increase antitumoral immunity [141, 142].

Despite the positive results of IC blockade therapies
as single agents or in combination, patients treated with
IC inhibitors may suffer from secondary autoimmune
events, also known as immune-related adverse events
(irAEs) [143]. Immune cell exhaustion, promoted by the
activation of IC pathways, among other mechanisms,
prevents overactivation of effector immune cells and pre-
serves normal homeostasis and self-tolerance. Genetic
ablation of ICs leads to the development of autoim-
mune diseases in multiple mouse models. CTLA-4 KO
leads to lymphoproliferative disorders and early lethal-
ity, and PD-1 gene abrogation promotes severe autoim-
mune diseases, while TIM-3 KO and TIGIT KO cause
experimental autoimmune encephalomyelitis (EAE) [15].
Pharmacological blockade of IC receptors exacerbates
autoimmune events in mouse models of autoimmune
diseases [15]. Hence, IC blockade therapies in cancer
patients can lead to the appearance of irAEs, which can
be variable from person to person. Typically, these toxici-
ties, which have recently been reviewed [144], affect bar-
rier tissues such as the skin, gastrointestinal tract, liver,
and respiratory epithelium.

The overall response rate (ORR) to IC blockade anti-
bodies, as a measure of therapy response, varies between
tumor types (Table 3). This variation may be due to
tumor-specific biological differences. Tumor types with
a higher mutation rate and that conserve the expression
of HLA have more neo-antigens, and are more likely to
be identified and attacked by T cells. Moreover, tumor
types with an immunosuppressive TME, including the
presence of M2 macrophages, MDSCs, Treg cells, and
immunosuppressive soluble factors, are less responsive
to anti-IC therapies [145]. In addition, differences in
ORR within same tumor type between drugs targeting
the same pathway also arise (Table 3), possibly as a con-
sequence of the intertumoral heterogeneity observed in
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patients with the same tumor type [146]. As previously
described, IC blockade therapy response is affected by
the TME profile, which also varies between patients [1].
To improve efficacy, the immune infiltrate and IC
ligand expression in tumor and tumor-infiltrating
immune cells could be characterized to determine the
IC pathway most likely to be responsible for the attenu-
ation of cytotoxic immune cell activity. Despite this, the
overall response rates to single IC blockade therapies are
generally low. Combining the blockade of multiple ICs
is a strategy to increase the response of these therapies
against certain tumor types but potentially increases the
risk of irAE development. In order to minimize the risk
of irAEs and maximize the response, the combinatory
blockade of ICs with non-redundant downstream sign-
aling could be a good strategy for enhancing antitumor
immunity. Ideally, the blockade of an IC that recruits
the phosphatases SHP-1 and/or SHP-2, such as PD-1,
KLRGI, PVRIG, 2B4, Siglec-7/—9, ILT2, TIGIT, NKG2A,
KIR-L, or BTLA, should be combined with the blockade
of another IC that exhibits alternative downstream sign-
aling, such as CTLA-4, TIM3, LAG-3, CD47, CD200R1,
or VISTA. Non-redundant IC combinatory blockade
therapies may have synergistic effects that boost antitu-
moral immunity. However, further studies should be car-
ried out to address this hypothesis. In addition, it needs
to be considered that combining the blockade of any IC
with CTLA-4 might present stronger secondary events
given the role of CTLA-4 in regulating central toler-
ance [147]. Moreover, combinatory treatments that pro-
mote T and NK cell function simultaneously to reduce
the presence of immunosuppressive cells might also be
of value. The use of novel small-molecule inhibitors of
PD-1/PD-L1 currently under clinical development might
be beneficial because of their reduced immunogenicity.
Indeed, immune checkpoint antibodies have a longer
pharmacokinetic half-life than small-molecule inhibitors,
which manifests as sustained immune system activation
and a greater quantity of derived irAEs [148]. Combin-
ing small-molecule inhibitors of ICs concomitantly with
the blockade of antibodies for different ICs may result
in increased effector cell function and reduced tumor
growth without any more frequent occurrence of irAEs.
Finding the correct IC blockade combination for each
tumor setting to ensure that efficacy is increased with-
out raising the risk of irAEs occurring is a major chal-
lenge. Understanding the mechanisms leading to irAEs
will allow biomarkers to be developed that can classify
patients according to the administration of the most
effective and safe IC blockade therapy. Some of the
plausible biomarkers studied for this purpose include
peripheral blood cell counts, circulating cytokines and
chemokines, the presence of autoantibodies, and the

Page 19 of 24

composition of gut microbiota [149]. However, the pre-
dictive information of these biomarkers has been studied
in very few tumor types. The study of genetic polymor-
phisms associated with autoimmune diseases may also be
of importance in identifying patients who are more likely
to develop irAEs. Omics studies are of particular inter-
est when reliable biomarkers across multiple tumor types
need to be established. The expression of the lymphocyte
cytosolic protein 1 (LCP1) and the adenosine diphos-
phate- dependent glucokinase (ADPGK) have been pro-
posed as biomarkers of irAEs [150]. Further prospective
trials are needed to identify the probable combinations of
biomarkers that will allow us to categorize patients with
respect to the determining the therapy that is safest for
them to receive.

Conclusions

The stimulation of antitumoral immunity through immu-
notherapy has revolutionized cancer treatment in recent
years. Antibodies against CTLA-4, PD-1, and PD-L1
have been approved for the treatment of several types
of tumors but have been of limited clinical benefit in
some patients. This could be related to the existence of
the many mechanisms that tumor cells use to evade the
immune response, such as the expression of a long reper-
toire of IC ligands and the infiltration of several immuno-
suppressive immune cell populations. Blockade of novel
ICs is being evaluated in clinical trials. Antibodies against
LAG-3, TIM-3, TIGIT, CD47, and B7-H3 are the most
advanced IC blockade drugs and may be approved for
the treatment of specific tumor types in the near future,
depending on the results of the trials. However, other
challenges need to be overcome to fully exploit the thera-
peutic potential of blockade ICs, and thereby boost anti-
tumoral immunity.

A full understanding of the crosstalk between can-
cer cells and the TME of every tumor type is needed
to identify the specific immune-evasion mechanisms
exploited by cancer cells and, subsequently, to apply
proper therapy. Tumor cells can upregulate the expres-
sion of various IC ligands and promote the activation
of multiple IC receptors of tumor-infiltrating immune
cells. Hence, activation of alternative IC signals in the
tumors may diminish the effect of single-blockade anti-
bodies. Combinatory IC blockade treatments might
present synergistic antitumoral responses in specific
tumor types, and potentially increase the risk of sec-
ondary events such as irAEs. Hence, finding the best IC
blockade combination to achieve increased effective-
ness while minimizing the risk of irAEs should be a pri-
ority. Given that some IC receptors share downstream
mechanisms to interfere with T and NK cell activation,
the co-blockade of IC with non-redundant signaling to
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improve antitumoral immunity and prevent overlap-
ping signals could be a good strategy. Furthermore, the
use of small-molecule IC inhibitors might be advanta-
geous compared with blockade antibodies, given their
reduced immunogenicity. Importantly, development
and analysis of biomarkers that allow patients to be
classified according to their specific pathology settings
and IC activation status should improve response rates
to IC blockade therapies. The rational blockade of ICs,
based on the specific tumor characteristics of each
patient, may represent a breakthrough in our pursuit of
a more personalized medicine.
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