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SUMMARY

Melanoma, the most aggressive form of skin cancer, remains challenging to treat due to the
lack of clear biomarkers of response or resistance to current therapies and its complex
interactions with the immune system. Understanding the molecular mechanisms underlying
melanoma progression and response to immunotherapy is critical for the development of

effective therapeutic strategies.

In this study, we have investigated the role of p38a, a key signaling molecule, in melanoma
development and progression, and its impact on the tumor microenvironment (TME) and
response to immunotherapy. This study provides novel insights into the dual role of p38a in
UVB-induced Braf¥®*t melanoma development and progression. Using mouse models, our
results suggest that p38a may act as a tumor suppressor in the melanocyte transformation

induced by Braf¥%F

oncogene activation and UVB irradiation but may facilitate melanoma
tumor growth and progression. Analysis of the tumor-infiltrating immune cells demonstrates
that p38a contributes to melanoma progression by regulating anti-tumor immunity, impairing
cytotoxic immune responses, and modulating the recruitment and activity of
immunosuppressive myeloid cells. Our findings reveal differential gene expression profiles
between tumors with and without p38a expression, particularly in immune-related processes.
Tumor cells regulate the expression of a number of inflammatory molecules through p38a that
may potentially impact the anti-tumor immune response and the TME. In addition, we show
that the absence of p38a in tumor cells leads to a more favorable response to PD-1 blockade,
suggesting that targeting p38a could enhance the efficacy of immunotherapy in melanoma
patients. A p38a-associated gene signature identified in this study correlates with a good
response to immunotherapy in melanoma patients, highlighting the translational potential of

our findings.

In conclusion, our study provides valuable insights into the role of p38a in melanoma
development, progression and immunotherapy response. Targeting p38a may represent a
promising therapeutic approach to enhance the anti-tumor immune response and improve

patient outcomes in melanoma.
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RESUMEN

El melanoma, la forma mas agresiva de cancer de piel, sigue siendo dificil de tratar debido a
la falta de biomarcadores claros de respuesta o resistencia a las terapias actuales y a sus
complejas interacciones con el sistema inmunitario. Comprender los mecanismos moleculares
que subyacen a la progresion del melanoma y la respuesta a la inmunoterapia es fundamental

para el desarrollo de estrategias terapéuticas eficaces.

En este estudio, hemos investigado el papel de p38a, una molécula de senalizacion clave, en
el desarrollo y la progresion del melanoma, y su impacto en el microambiente tumoral (MAT)
y la respuesta a la inmunoterapia. Este estudio aporta nuevos conocimientos sobre la doble
funcion de p38a en el desarrollo y la progresion del melanoma Braf¥*t inducido por UVB.
Utilizando modelos de raton, nuestros resultados sugieren que p38a puede actuar como
supresor tumoral en la transformacion de melanocitos inducida por la activacion del oncogén
Braf¥%°t y la irradiacion UVB, pero puede facilitar el crecimiento y la progresion del tumor
de melanoma. El analisis de las células inmunitarias que infiltran el tumor demuestra que p38a
contribuye a la progresion del melanoma regulando la inmunidad antitumoral, perjudicando
las respuestas inmunitarias citotoxicas y modulando el reclutamiento y la actividad de las
células mieloides inmunosupresoras. Nuestros resultados revelan perfiles de expresion génica
diferenciales entre tumores con y sin expresion de p38a, particularmente en procesos
relacionados con la inmunidad. Las células tumorales regulan la expresion de una serie de
moléculas inflamatorias a través de p38a que pueden potencialmente impactar en la respuesta
inmune antitumoral y en el MAT. Ademas, mostramos que la ausencia de p38a en las células
tumorales conduce a una respuesta mas favorable al bloqueo de PD-1, lo que sugiere que
dirigirse a p38a podria mejorar la eficacia de la inmunoterapia en pacientes con melanoma.
Una firma génica asociada a p38a identificada en este estudio se correlaciona con una buena
respuesta a la inmunoterapia en pacientes con melanoma, destacando el potencial traslacional

de nuestros hallazgos.

En conclusion, nuestro estudio proporciona informacion valiosa sobre el papel de p38a en el
desarrollo del melanoma, la progresion y la respuesta a la inmunoterapia. Dirigirse a p38a
puede representar un enfoque terapéutico prometedor para potenciar la respuesta inmunitaria

antitumoral y mejorar los resultados de los pacientes con melanoma.
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RESUM

El melanoma, la forma més agressiva de cancer de pell, continua essent dificil de tractar a
causa de la manca de biomarcadors clars de resposta o resisténcia a les terapies actuals i les
seves complexes interaccions amb el sistema immunitari. Comprendre els mecanismes
moleculars subjacents a la progressio del melanoma i la resposta a la immunoterapia és

fonamental per al desenvolupament d'estratégies terapeutiques eficaces.

En aquest estudi, hem investigat el paper de p38a, una molécula de senyalitzaci6 clau, en el
desenvolupament i la progressiéo del melanoma, i el seu impacte al microambient tumoral
(MAT) i la resposta a la immunoterapia. Aquest estudi aporta nous coneixements sobre la

600E induit per

doble funci6 de p38a en el desenvolupament i la progressio del melanoma Bra
UVB. Utilitzant models de ratoli, els nostres resultats suggereixen que p38a pot actuar com a
supressor tumoral en la transformacié de melanocits induida per l'activacié de 'oncogen
Braf¥%%t i la irradiaci6 UVB, per0 pot facilitar el creixement i la progressio del tumor de
melanoma. L'analisi de les c¢l-lules immunitaries que infiltren el tumor demostra que p38a
contribueix a la progressiéo del melanoma regulant la immunitat antitumoral, perjudicant les
respostes immunitaries citotoxiques i modulant el reclutament i l'activitat de les c¢l-lules
mieloides immunosupressores. Les nostres resultats revelen perfils d'expressi6 génica
diferencials entre tumors amb i sense expressid0 de p38a, particularment en processos
relacionats amb la immunitat. Les cé¢l-lules tumorals regulen 1’expressid d’una série de
molécules inflamatories a través de p38a que poden potencialment impactar a la resposta
immune antitumoral i al MAT. A més, mostrem que l'abséncia de p38a a les cél-lules tumorals
condueix a una resposta més favorable al bloqueig de PD-1, cosa que suggereix que dirigir-se
p38a podria millorar I'eficacia de la immunoterapia en pacients amb melanoma. Una firma
genica associada a p38a identificada en aquest estudi es correlaciona amb una bona resposta
a la immunoterapia en pacients amb melanoma, destacant el potencial translacional de les

nostres troballes.

En conclusio, el nostre estudi proporciona informaci6 valuosa sobre el paper de p38a en el
desenvolupament del melanoma, la progressio i la resposta a la immunoterapia. Dirigir-se a
p38a pot representar un enfocament terapcutic prometedor per potenciar la resposta

immunitaria antitumoral i millorar els resultats dels pacients amb melanoma.
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INTRODUCTION

1. SKkin cancer.

1.1. Classification and epidemiology.

Skin cancer is the most common human malignancy and its global incidence is increasing at
an alarming rate, with approximately 2-3 million documented cases of skin cancer worldwide
each year!. In a general classification, skin cancer is divided into two main types: melanoma,
which originates from melanocytes, and non-melanoma skin cancers, which originate from
epidermal-derived cells?. The most common forms of non-melanoma skin cancer are basal
cell carcinoma (BCC) and squamous cell carcinoma (SCC). While BCC arises from basal cells
that line the bottom of the epidermis and is the most common form of skin cancer, representing
around 80% of diagnosed skin cancers, SCC starts in the squamous cells that line the top of
the epidermis and accounts for about 20% of skin cancers**. Both BCC and SCC have a good

prognosis, especially when detected in the early stages’.

Melanoma, on the other hand, results from abnormal proliferation of melanocytes, specialized
cells in the basal layer of the skin that produce melanin, the pigment that gives color to our
hair and skin. Although melanomas represent around 1% of all skin cancers, it is responsible
for about 80% of all skin cancer-related deaths*®. In fact, 324,635 new cases of melanoma and
57,043 deaths were registered worldwide in 2020, making melanoma the 17th most commonly
diagnosed cancer worldwide’. Unlike other solid malignancies, melanoma affects a higher
proportion of younger patients and its incidence continues to increase with age*®. In particular,
up to the age of 55, the incidence of melanoma is almost twice as high in women as in men.

Thereafter, this pattern shifts with a higher prevalence in men®!°,

In terms of prognosis, early diagnosis of melanoma can lead to a complete cure with surgical
resection!!, and more than 99% of early diagnosed patients are successfully treated in this
manner 12, However, metastatic malignant melanoma exhibits significant resistance to existing
therapies and has a very poor prognosis, with a 5-year survival rate of 35.1%!2. Therefore,

there is an urgent need to develop new treatment strategies.

1.2. Risk factors.

The development of skin cancer, particularly melanoma, is influenced by the interaction

between genetic and environmental factors.
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1.2.1. Environmental factors: ultraviolet (UV) radiation.

The main environmental risk factor for the development of melanoma is ultraviolet (UV)
radiation. Two types of UV radiation are the primary contributors to carcinogenic skin
damage: UVA (320 nm to 400 nm) and UVB (280 nm to 320 nm). Although UVA radiation
is the most abundant waveband in sunlight, accounting for 95% of solar UV radiation, UVB
radiation is considered the primary carcinogen associated with melanoma development'®!4,
The mechanisms by which UV radiation induces the malignant transformation of melanocytes

include DNA damage, accumulation of reactive oxygen species (ROS), oxidative stress, and

inflammatory responses.

UVB penetrates into the epidermis and causes direct DNA damage mainly by inducing the
formation of cyclobutene pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4)
photoproducts (6-4PPs). When not efficiently repaired by the cells through the nucleotide
excision repair (NER) pathway, it leads to the accumulation of the characteristic C>T
mutations associated with UV radiation'*!>, The persistence of these lesions increases the
probability of errors during DNA replication, resulting in mutations in key genes associated
with cell cycle regulation and tumor suppression. The accumulation of such mutations
contributes to the oncogenic transformation of melanocytes, leading to the development of
melanoma'#!%, In contrast, UVA radiation penetrates deeper into the skin and causes indirect
DNA damage by producing ROS, which are chemically reactive molecules containing oxygen,
leading to oxidative stress. This condition can cause cellular damage, including lipid
peroxidation, DNA fragmentation, apoptosis and cell death, thus contributing to melanoma

development!'”.

Exposure to UV radiation also triggers inflammatory responses in the skin, characterized by
the infiltration of immune cells such as macrophages and neutrophils. In general, these cells
play a role in the body’s defense mechanism. However, under certain conditions they can also

contribute to tissue damage and promote tumor progression'4,

Epidemiological studies show that intense levels of intermittent sun exposure, especially
during childhood, are associated with a higher risk of melanoma development'®-22, Moreover,
exposure to UVA from artificial light sources, especially frequent use of tanning beds, has

also been associated with an increased risk of melanoma?3-24,
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1.2.2. Genetic factors.

Pigmentation has an undeniably important impact on the susceptibility of the skin to malignant
changes. The melanocortin 1 receptor (MC1R) is a cell surface receptor of melanocytes that
induces melanin production (via recruitment of the microphthalmia-associated transcription
factor (MITF) signaling cascade) when activated by its ligand, a-melanocyte-stimulating
hormone (a-MSH)?®. Specifically, in response to UV, keratinocytes secrete a-MSH, which
binds to MCIR and stimulates melanin production by melanocytes. This melanin is rarely
stored in melanocytes but is transferred to surrounding epithelial cells such as keratinocytes,
resulting in the tanning response to protect our skin from the damaging effects of UV radiation
and thus prevent skin cancer?®. Polymorphisms of the MCIR gene are responsible for the
different skin color phenotypes observed in humans. Variants such as red hair, fair skin and
light eyes are characterized by a low pigmentation and therefore have a higher sensitivity to

UV exposure and, consequently, an increased risk of developing melanoma?>-%7.

Other risk factors, such as the number and type of congenital and acquired nevi and family
history are also important in the development of melanoma. Approximately 25% of melanoma
cases develop on pre-existing nevi®®, with the risk of melanoma influenced not only by the
total number of nevi, but also by the size and type of the existing nevi®®. Family history can
increase the risk of melanoma, with some cases showing hereditary patterns, such as the
familial atypical multiple mole-melanoma syndrome (FAMMM syndrome) and its variant, the
melanoma-astrocytoma syndrome (MAS). Germline mutations in genes such as
cyclin-dependent kinase inhibitor 2A (CDKN2A) and cyclin-dependent kinase 4 (CDK4) are

common in these melanoma-prone families®°.

2. Melanoma.

2.1. Classification.

Melanoma, the deadliest form of skin cancer, arises from melanocytes, specialized cells that
originate from neural crest progenitors and migrate during embryonic development to various
tissues throughout the body, including the skin, eyes and meninges. In the skin, melanocytes
are primarily found in the basal layer of the epidermis and in hair follicles?. Based on the
primary site of origin, melanoma can be classified as cutaneous (skin), mucosal (mucous
membrane) and uveal (eye) melanoma®'. Among these, cutaneous melanoma is by far the most
common subtype’!, and can be further subdivided into four main clinical subtypes: superficial

spreading, nodular, lentigo maligna and acral lentiginous (Table 1).
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Table 1 | Cutaneous melanoma subtypes. Table showing the different subtypes of cutaneous melanoma, their

incidence and their main characteristics in the Caucasian popula‘cionlo’32 .

Cutaneous melanoma subtype | Incidence | Main characteristics

. . It usually presents as a flat, slowly growing lesion, but
Superficial spreading 70% it can invade the skin vertically. It is associated to
intermittent sun exposure.

It develops as a nodule, which may be pigmented or
Nodular 20% amelanotic, with a rapid growth and high rate of
metastasis. It is associated to intermittent sun exposure.

It starts as a flat, brown lesion in the surface of the skin
that may evolve for decades before starting to invade
deeper in the skin. It is associated with long-term sun
exposure, thus typically occurring in face and neck of
older individuals.

Lentigo maligna 4-15%

It is often found on the palms, soles or under the nails.
It is uncommon in Caucasian populations, but is the
most common type among Asian, Hispanic and African
individuals. It is not strongly associated with UV
exposure.

Acral lentiginous 1-2%

2.2. Melanoma tumor progression and staging.
The Clark’s level is a staging system that describes the level of penetration of melanoma into
the skin layers. It consists of five levels, each representing a different depth of invasion
(Table 2).

Table 2 | Clark’s levels. Table showing the main characteristics of the different levels of the Clark’s
33

classification .
Level of invasion | Description
Level I Lesions involving only the epidermis (in situ melanoma); not an invasive lesion.
Level 11 Invasion of the papillary dermis.
Level I11 Invasion to the junction of the papillary and reticular dermis.
Level IV Invasion into the reticular dermis.
Level V Invasion through the reticular dermis into the subcutaneous tissue.

Based on the Clark’s model, the development and progression of melanoma involves a gradual
transformation from benign melanocytic nevi to metastatic melanoma driven by genetic and/or

epigenetic alterations>+*,

Melanocytic nevi are benign proliferations of melanocytes that are unlikely to progress to
melanoma®. It is known that BRAF is mutated in up to 80% of benign nevi, resulting in limited
melanocyte proliferation due to the occurrence of senescence-like cell cycle arrest, which is
known as oncogene-induced senescence (OIS)***7. These nevi remain dormant for decades,

suggesting that BRAF mutation alone may not be sufficient to potentiate melanoma
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tumorigenesis. Therefore, additional genetic events are required to bypass the OIS and acquire
a tumorigenic phenotype®®. The synergistic effect of acquiring mutations in tumor suppressor
genes such as CDKN2A4 or PTEN may promote melanoma initiation and transformation. Once
the tumor cells reach the radial growth phase, the deregulation of other cell differentiation and
metabolic pathways, as well as the loss of E-cadherin and the upregulation of N-cadherin are

essential for tumor cell invasiveness and metastasis®* (Figure 1).

Benign nevus | Dysplastic nevus | Radial growth = Vertical growth = Metastatic melanoma

phase phase
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Figure 1 | Melanoma tumor progression. Representative scheme showing the different stages of melanoma
initiation and transformation from a benign melanocytic nevus to a metastatic melanoma.

It is important to note that melanomas associated with chronic sun exposure usually do not
arise from pre-existing nevi, but from melanoma in situ or dysplastic lesions, and carry a

different set of mutations?®.

The American Joint Committee on Cancer (AJCC) no longer considers Clark's level, as it has
been found to be less prognostic and more subjective than other alternatives. The revised
AJCC system now relies on tumor, node, metastasis (TNM) scores and other prognostic
factors to determine melanoma staging®. However, despite its exclusion from the AJCC
system for clinical purposes, Clark’s classification remains a valuable model for

understanding the transformation of melanoma.

2.3. Main alterations in melanoma.

Melanoma has been found to have one of the highest somatic mutational burdens of all human
tumors. The most common somatic mutations in melanoma affect genes involved in key
cellular processes, including proliferation (BRAF, NRAS and NF1), growth and metabolism
(PTEN, AKT3 and KIT), resistance to apoptosis (7P53), cell cycle control (CDKN2A),
replicative lifespan (TERT) or melanocyte proliferation and survival (MITF)**#! (Table 3).
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In addition to K/7 mutations, amplification of other receptor tyrosine kinases (RTKs) such as
MET, PDGFRA or VEGFR?2 have been reported to be involved in melanoma progression®?.
Furthermore, mutations in GNAQ and GNAI1, which encode to G-protein alpha subunits
involved in the transmission of signals between G-protein coupled receptors (GPCRs) and
downstream effectors, are the most common in uveal melanoma®. All of these genomic
alterations result in the constitutive activation of two major signaling pathways in melanoma:
the  mitogen-activated protein  kinase @ (MAPK) pathway, specifically the
RAS/RAF/MEK/ERK cascade, and the phosphoinositol 3-kinase (PI3K)/AKT pathway**4!.

Table 3 | Predominant genetic alterations in human cutaneous melanoma. Table showing the main genes

altered in cutaneous melanoma (CM), the biological pathway involved, the alteration frequency (data from The
Cancer Genome Atlas (TCGA) database), the specific type of alteration and their respective function.

. . Frequency . q

Biological pathway Gene in CM (%) Type of alteration Function

BRAF ~50% Mutation Oncogene

NRAS ~30% Mutation Oncogene
MAPK pathway

NFI ~15% Mutation Tumor suppressor

KIT ~10% Mutation, amplification | Oncogene

PTEN ~20% Deletion, mutation Tumor suppressor
PI3K/AKT pathway

AKT3 ~20% Amplification Oncogene

CDKN24 ~45% Deletion, mutation Tumor suppressor
Cell cycle

TP53 ~25% Mutation Tumor suppressor
Transcription factor | MITF ~15% Amplification Melanocyte survival
Telomerase pathway | TERT ~85% Prornpter mutations, Replicative lifespan

amplification

2.3.1. MAPK pathway alterations.

The MAPK signaling pathway is hyperactivated in over 90% of melanomas and plays a critical
role in melanoma development*!. This pathway is involved in the transduction of signals from
RTKs to downstream effectors, resulting in the regulation of several cellular processes,

including cell proliferation, differentiation, motility, and survival*.

The RAS/RAF/MEK/ERK signaling is driven by the binding of growth factors to RTKs,
which induces the receptor dimerization. This stimulates the intrinsic tyrosine-kinase activity
of the receptor and the subsequent activation of RAS, a family of small G-proteins (HRAS,
KRAS and NRAS) that, when bound to GTP, initiate the signaling cascade by activating
MAPK kinase kinases (MAP3Ks; ARAF, BRAF and CRAF). RAF proteins dimerize and
phosphorylate MAPK kinases (MAP2Ks; MEK1/2), which in turn phosphorylate MAPKs
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(ERK1/2). Finally, activated ERK1/2 phosphorylate nuclear transcription factors involved in

the regulation of cell differentiation, proliferation and survival* (Figure 2).

The most commonly mutated component of this pathway is BRAF, which is mutated in
approximately 50% of cutaneous melanomas (TCGA database). The most common BRAF
mutation detected in melanoma, accounting for approximately 90% of all mutations, occurs at
position T1796A in exon 15, resulting in a valine to glutamic acid substitution at position 600
(V600E). Although BRAFY6%E jg the most common mutation, 5-6% of mutations are valine
to lysine substitution (V600K) and less than 5% are valine to aspartic acid (V600D) or valine
to arginine (V600R) substitutions*. These mutations alter the catalytic domain of the BRAF
protein, where the substitution of the hydrophobic valine for a polar, hydrophilic amino acid
results in a constitutively active conformation with kinase activity 500-fold higher than the
wild-type BRAF#. This results in the hyperactivation of ERK1/2, leading to aberrant

regulation of cell proliferation and survival of melanoma cells®.

NRAS is the second most commonly mutated gene in cutaneous melanoma and is mutated in
approximately 30% of the cases (TCGA database). The majority of NRAS mutations are
missense mutations in codons 12, 13 or 61, with the most common mutation being a glutamine
(Q) to arginine (R), lysine (K), or leucine (L) substitution at position 61, which accounts for
80% of all NRAS mutations in melanoma. Mutations in these codons lead to the prolongation
of the active GTP-bound form of NRAS, resulting in aberrant NRAS signaling through both
MAPK and PI3K/AKT pathways. Importantly, NRAS and BRAF mutations are considered

mutually exclusive, but co-mutations can rarely occur?’.

The NFI gene, which is the third most frequently mutated gene in melanoma, occurring in
approximately 15% of the cases (TCGA database), encodes a protein called neurofibromin 1,
which acts as a tumor suppressor, primarily by inhibiting the activity of RAS proteins. NF1
accelerates the conversion of RAS from its active GTP-bound form to its inactive GDP-bound
conformation, thereby inhibiting downstream RAS signaling. Mutations in the NF'/ gene often
result in a loss-of-function, which in turn leads to the hyperactivation of the NRAS protein
increasing signaling through the MAPK and PI3K/AKT pathways, which are critical for cell
proliferation and survival®.

Furthermore, somatic activating mutations and amplifications in the KIT receptor tyrosine

kinase gene, which cause receptor dimerization, autophosphorylation of tyrosine residues and
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the activation of the downstream oncogenic pathways*’, have been found in 10% of cutaneous

melanomas (TCGA database).
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Figure 2 | MAPK and PI3K/AKT pathways. Schematic representation of the two major altered signaling
pathways in melanoma: the mitogen-activated protein kinase (MAPK) and the phosphatidylinositol 3-kinase
(PI3K)/AKT pathways. Mutations in NRAS, BRAF, NFI1 and KIT result in constitutive MAPK pathway
activation. The PI3K/AKT cascade is activated by oncogenic NRAS, KIT alterations and loss of PTEN.
Furthermore, mutations in GNAQ and GNAII, commonly found in uveal melanomas, also lead to the
hyperactivation of MAPK and PI3K/AKT pathways. Amplification of the melanocyte-specific transcription
factor MITF also promote melanoma survival. The aberrant activation of these pathways leads to uncontrolled
proliferation, survival and migration of tumor cells.

2.3.2. PI3K/AKT pathway alterations.

The second most frequently activated pathway in melanoma is the PI3K/AKT pathway, and
its activation is driven by a number of different factors, including ligand binding to RTKs and
GPCRs, and by active GTP-bound RAS proteins. These signals activate the catalytic activity
of PI3K, which then activates AKT, resulting in the regulation of essential processes such as
cell proliferation and survival. The phosphatase and tensin homolog (PTEN) regulates the

activation of the PI3K/AKT pathway by antagonizing the PI3K activity >* (Figure 2).

The dysregulated activation of the PI3K/AKT pathway in melanoma is in some cases the result
of AKT3 amplification or PTEN loss®®. PTEN is a tumor suppressor gene, and missense
mutations and chromosomal deletions in this gene are found in approximately 20% of
cutaneous melanomas (TCGA database). This loss of PTEN results in the constitutive

activation of AKT and thus the hyperactivation of this oncogenic pathway>°
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2.3.3. Other pathways alterations.
Alterations in BRAF, NRAS, NFI and KIT genes are considered drivers of melanoma

development. However, other genes are also involved in melanoma pathogenesis. For
instance, amplification of the melanocyte-specific transcription factor MITF gene is found in
approximately 15% of melanoma samples (TCGA database). MITF is a transcription factor
that can regulate multiple biological processes in melanocytes, including differentiation,
proliferation, migration, and senescence. In addition, MITF expression and transcriptional

activity are regulated by ERK1/2 and p38 activation, among others’!.

Mutations in the telomerase reverse transcriptase (7TERT) promoter lead to increased TERT
expression, thus conferring a proliferative advantage to melanoma cells. TERT promoter
mutations, together with heterozygous alterations in the CDKN2A gene, have been frequently
detected in in situ melanoma®?. Mutations in the CDKN24 gene, which encodes two proteins
pl6™ 42 and p14AT through distinct translational programs, lead to uncontrolled cell cycle
progression by impairing the function of downstream RB1 and p53, respectively. Bi-allelic
inactivation of CDKN24 is rarely observed in precursor lesions but serves as a subsequent step

in the development of the invasive melanoma phenotype>>.

2.4. Treatment of melanoma.

The majority of newly diagnosed melanoma patients with early-stage disease (more than 99%
of patients) can be successfully treated with surgical removal of the tumor!2. However, some
patients may relapse with disseminated disease. Furthermore, approximately 15% of
melanoma cases are diagnosed at an advanced stage and are unresectable or have already
metastasized!2. Until a decade ago, the chemotherapeutic agent dacarbazine and interleukin-2
(IL-2) were the only FDA-approved treatment options for these patients, showing very low
response rates. However, melanoma treatment has been revolutionized since 2011 with the
approval of several therapeutic agents including RAF and MEK inhibitors and immune
checkpoint inhibitors>*. While the existing therapies have significantly changed the standard
of care for patients with advanced melanoma, the limited response rates and the emergence of
resistance to treatments impede further advances in therapeutic outcomes. Consequently, there
is an unmet need to better understand the molecular mechanisms that drive melanoma
pathogenesis, which might lead to the development and implementation of more effective

therapies for the treatment of advanced melanoma.
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2.4.1. Targeted therapy.
As stated above, most of melanomas exhibit hyperactivation of the RAS/RAF/MEK/ERK

signaling pathway*!. Therefore, several therapies targeting components of this pathway have
been developed. Approximately 50% of melanomas harbor mutations in the BRAF gene, with
the most common mutation being BRAFV6%E, In this regard, the specific BRAF inhibitors
vemurafenib and dabrafenib were approved in 2011 and 2013, respectively, for the treatment
of metastatic and unresectable BRAF mutant melanomas, showing an improved survival when
compared to the previously used chemotherapeutic agent dacarbazine>-. However, while
these drugs are highly effective in approximately half of patients with BRAF-mutated

melanomas, most patients develop resistance within a relatively short period of time>~>7.

Some of the mechanisms by which melanoma cells evade BRAF inhibitor therapies have been
described, revealing that the majority of resistances involve the reactivation of the MAPK
pathway. Upstream of BRAF, pathway reactivation can be driven by overexpression or
activating mutations of NRAS or loss of NFI, leading to MEK activation in a
BRAF-independent manner’®. In the presence of activated NRAS, inhibition of BRAF
induces the binding of wild-type BRAF to CRAF, resulting in hyperactivation of CRAF and
consequently increased MEK and ERK signaling, leading to paradoxical reactivation of the
RAS/RAF/MEK/ERK signaling®®. Furthermore, the constitutive activation of several RTKs
such as platelet-derived growth factor receptor B (PDGFR), epidermal growth factor receptor
(EGFR) or insulin-like growth factor 1 receptor (IGFI1R) has also been found to drive
resistance by the activation of the MAPK but also the PI3K/AKT signaling pathways>®-6!:62,
At the level of RAF kinases, the overexpression of CRAF, the amplification of the BRAF gene
and the presence of truncated forms of BRAF due to alternative splicing also result in
constitutive ERK activation®>-%°, Downstream of the BRAF protein, the overexpression or
mutation of MEK or its activators, such as MLKs or COT/TPL2/MAP3KS, also reactivate the
MAPK pathway%6-68,

On the other hand, hyperactivation of the PI3K/AKT signaling pathway has also been
identified as a key factor contributing to the development of resistance to BRAF inhibitors in
melanoma. One of the most commonly described mechanisms underlying this resistance is the
loss of PTEN, leading to uncontrolled activation of this pathway and promoting cell survival
and proliferation despite the presence of BRAF inhibitors®®. Moreover, high expression of

MITF has also been associated with acquired resistance to BRAF inhibitors, which upregulate
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MITF expression particularly in the early stages of patient treatment, allowing melanoma cells

to enter a drug tolerance phase in the early steps of BRAF inhibitor treatment’ (Figure 3).

Cell survival,
proliferation and < @

migration

Figure 3 | The most common resistance mechanisms to BRAF inhibition. Representative scheme of the
described mechanisms of resistance to BRAF inhibitors: (1) Upregulation of RTKs. (2)
Overexpression/activating mutations of NRAS. (3) Loss of NFI. (4) CRAF overexpression. (5) BRAF
amplification. (6) BRAF alternative splicing. (7) MEK overexpression or mutation. (8) COT/TPL2/MAP3KS and
MLK overexpression or mutations. (9) Loss of PTEN. (10) MITF overexpression.

To overcome BRAF inhibitor resistance, co-administration of BRAF and MEK inhibitors was
proposed to avoid the reactivation of the RAS/RAF/MEK/ERK signaling, showing a great
success in BRAF mutant patients’'’?. Indeed, the use of BRAF inhibitors, such as
vemurafenib, dabrafenib and encorafenib, in combination with MEK inhibitors, like
trametinib, binimetinib and cobimetinib, is the standard of care for patients with advanced
melanoma that harbor BRAF mutations>?. However, these therapeutic approaches provide a
clinical benefit only to patients with BR4F-mutated melanomas and the duration of response
is still limited, with patients developing acquired resistance after a short period of time in the

same genes that support single-agent resistance’.

The second most frequently mutated gene in melanoma is NRAS. Despite the significant role
of NRAS mutations in melanoma, the development of effective targeted therapies has been
largely unsuccessful. First, the development of direct inhibitors of NRAS has been challenging
due to the lack of druggable pockets on the RAS protein’. Therefore, other strategies have
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been attempted to target NRAS-mutant melanomas. Farnesyl transferase inhibitors, which
prevent the post-translational modification of RAS and its translocation to the cell membrane,
have been investigated as a potential treatment strategy. However, clinical trials with these
inhibitors have been disappointing due to severe off-target effects and lack of efficacy due to
alternative prenylation by geranylgeranyl transferase type 1, which also allows NRAS
translocation to the membrane’*”>. MEK inhibitors, particularly binimetinib, have shown
some activity against NRAS-mutant melanoma. However, MEK inhibition alone is not
sufficient to provide durable responses and the rapid acquisition of resistance hinders
successful long-term treatment’?. To improve the therapeutic efficacy of MEK inhibition,
many drug combinations are currently being evaluated, with dual therapies with MEK and
pan-RAF inhibitors such as belvarafenib being of particular interest, given the critical
dependence of BRAF-CRAF dimerization to mediate NRAS signaling through MAPK

pathway’47,

Targeting the receptor tyrosine kinase c-KIT, which is frequently mutated especially in acral
and mucosal melanomas, is also a potential treatment. Indeed, the use of the specific RTK
inhibitors imatinib and nilotinib has shown efficacy in the treatment of K/7-mutant, but not

KIT-amplified, melanomas’”78,

2.4.2. Immune response in melanoma and immunotherapy.
2.4.2.1.  Anti-tumor immune response and immune evasion mechanisms.

The human immune system can distinguish between self and non-self through major
histocompatibility complex (MHC) class I molecules, which are involved in the presentation
of epitopes derived from proteins that have been expressed and subsequently degraded by the
cell and can be either self or non-self. When non-self-epitopes are presented on MHC-I
molecules, the immune system is signaled to neutralize these cells. Cancer cells, while
essentially self-cells, are highly mutagenic, and the epitopes presented by MHC-I molecules
on their surface can be recognized as abnormal by immune cells indicating that these cells

require neutralization”.

Melanoma, in particular, has the highest mutation rate of all cancers*’, thus producing a broad
spectrum of highly immunogenic tumor antigens that are recognized by the immune system.
These tumor antigens can be divided into tumor-associated antigens (TAA), which are
primarily found on tumor cells but are also expressed on normal cells®, and tumor-specific

antigens (TSA) or neoantigens, which are expressed exclusively on tumor cells®!. In
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melanoma, TAAs also include a subset of antigens specific to melanoma cells, including
tyrosinase, PMEL/gp100, MART1/Melan-A or tyrosinase-related protein (TRP) 1 and 2,
known as melanoma differentiation antigens (MDA )3>-84, All of these proteins, TAAs, TSAs,
and MDAs, are presented on MHC-I molecules on the surface of melanoma cells, which can
alert the immune system to the diseased state of the cells. The antigens presented on the MHC-I
proteins are recognized by T cell receptors (TCR) found on CD8* cytotoxic T lymphocytes
(CTLs), which can eliminate the detected tumor cells. On the other hand, antigen-presenting
cells (APCs), such as macrophages and dendritic cells (DCs), can internalize antigens derived
from extracellular proteins and present them via MHC class II molecules to activate CD4" T
helper (Th) cells in the draining lymph nodes (dLNs), which then activate the specific immune
response against a particular tumor antigen. Once immune cells have been primed to recognize
tumor cells, lymphocytes infiltrate the tumor and stroma and begin to recognize and eliminate
these abnormal cells and are now referred as tumor-infiltrating lymphocytes (TILs) (Figure 4).
These TILs include CD4" and CD8" T cells, B cells, natural killer (NK) and natural killer-T
(NK-T) cells, with CD8" T cells being the most common subtype in melanoma and associated
with a better prognosis”. In contrast, other immune cells such as M2 macrophages, regulatory
T cells (Treg), and myeloid-derived suppressor cells (MDSCs), can infiltrate the tumor and

act immunosuppressive, leading to tumor progression’®83-86,

Despite the initial recognition and elimination of tumor cells by the immune system, tumor
cells that are not eliminated develop mechanisms to evade the immune detection and
elimination through a process known as tumor immunoediting®. Specifically, melanoma cells
downregulate the expression of MHC-I, as well as TAAs and MDAs, thereby inhibiting the
recognition and elimination of tumor cells by CTLs®”-%8, Furthermore, melanomas also secrete
immune inhibitory molecules such as transforming growth factor-beta (TGF-f), prostaglandin
E» (PGE>), and immunosuppressive cytokines®>3%%, The absence of chemoattractants or their
receptors on the infiltrating T cells and the secretion of suppressor factors not only by tumor
cells but also by neighboring cells or suppressor immune cells in the tumor microenvironment

(TME) also influence tumor immune evasion®,
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Figure 4 | The cancer-immunity cycle. Schematic representation of the anti-tumor immune response. Released
tumor-derived antigens are processed by antigen-presenting cells (APCs), which activate CD4" T cells to
recognize and eliminate tumor cells. Activated T cells migrate and infiltrate into the tumor and stroma, where
they detect and kill cancer cells. This anti-tumor response leads to the accumulation of activated T cells in the
tumor microenvironment (TME) which interact with other immune cells to effectively eliminate tumor cells.
However, within the TME, inhibitory immune cells and stroma, and loss of T cell function can occur, halting
the cancer-immunity cycle. TLS, tertiary lymph node structure. Mellman 1. et al. 202.386.

Melanoma cells can also evade immune detection by manipulating immune checkpoints,
which are regulatory programs that normally ensure an appropriate immune response.
However, cancer cells can exploit these mechanisms to avoid detection and elimination by the
immune system. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) was the first
immune checkpoint molecule to be identified. CTLA-4 is a protein receptor that, when
expressed on the surface of T cells after antigen activation, can bind to the ligands CD80 and
CD86 on APCs with a higher affinity than the co-stimulatory molecule CD28, which also
binds to these ligands. The binding of CTLA-4 to CD80/CD86 inhibits the co-stimulatory
signal that is necessary for T cell activation, leading to an immunosuppressive effect’!.
Programmed cell death protein 1 (PD-1) was the second immune checkpoint to be discovered.
Similar to CTLA-4, PD-1 acts as a negative regulator of T cell activity. When PD-1 on T cells
binds to its ligands, PD-L1 or PD-L2, on APCs, it results in inhibition of T cell activity®?.
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PD-L1 and PD-L2 have been found to be overexpressed in melanoma, allowing them to evade

immune detection and elimination by inhibiting T cell activity®® (Figure 5).

Other immune checkpoints include lymphocyte activation gene-3 (LAG-3), T cell
immunoglobulin and mucin-domain containing-3 (TIM-3), V-domain immunoglobulin
suppressor of T cell activation (VISTA) and T cell immunoreceptor with immunoglobulin and
ITIM domains (TIGIT). In particular, after chronic antigen stimulation, as occurs in cancer,
CD8" T cells overexpress these co-inhibitory receptors and acquire an exhausted phenotype
characterized by loss of cytotoxic activity, reduced cytokine production and reduced

proliferative capacity®>°4.
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Figure 5 | Immune checkpoint blockade. Representative scheme showing the functionality of immune
checkpoints in normal immune response and in tumors, and the use of antibodies against immune checkpoint
molecules to reactivate the anti-tumor immune response. Co-stimulatory signals are required for T cell activation
by antigen presenting cells (APCs). Binding of CD28 on T cells to CD80 or CD86 expressed on APCs induces
activation of T cell function. Activated T cells express immune checkpoint molecules such as CTLA-4 and PD-1,
which, when bound to their ligands CD80/86 and PD-L1/2 on APCs, respectively, induce T cell deactivation to
ensure an appropriate immune response. However, immune checkpoint molecules such as PD-L1 are often
overexpressed on tumor cells, allowing cancer cells to evade immune elimination. In addition, chronic
stimulation of antigen-activated T cells induces overexpression of these immune checkpoint molecules, resulting
in an exhausted phenotype characterized by loss of T cell activity. For this reason, some cancers, including
melanoma, are amenable to treatment with immunotherapy based on antibodies against these immune checkpoint
molecules.

2.4.2.2.  Immune-based therapies.

To reactivate the immune system and stimulate the anti-tumor immune response, novel
therapeutic immune strategies have been developed, including immune checkpoint inhibitors,

cancer vaccines and adoptive cell therapies.
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2.4.2.2.1. Immune checkpoint inhibitors (ICls).

One of the first immune-based therapies developed for metastatic melanoma, which was
approved for use in 1998, was the treatment with the pro-proliferative cytokine IL-2, which
promotes the expansion of melanoma-specific T cells. However, only a small percentage of

patients responded to IL-2 treatment, which was associated with a high toxicity!!.

The most effective treatments for metastatic melanoma to date are the immune checkpoint
inhibitors (ICIs). These therapies have revolutionized the management of advanced
melanoma, offering the potential for durable tumor regression and long-term cancer control in
a significant proportion of patients. The first immune checkpoint inhibitor approved for
clinical use was the CTLA-4 blocking antibody ipilimumab in 2011, In 2014, the anti-PD-1
antibodies pembrolizumab and nivolumab were approved for the treatment of advanced and
unresectable melanoma, showing an extended survival compared to ipilimumab or

chemotherapy®’’

. Treatment with these antibodies effectively blocks binding to their
respective ligands and the corresponding inhibitory signals that cause T cell dysfunction,
allowing the re-stimulation of the immune response against the tumor (Figure 5). The
subsequent combination of CTLA-4 and PD-1 antibodies demonstrated greater long-term
efficacy than either agent alone in metastatic melanoma'®. However, toxicity was higher and

other regimens and/or doses are being investigated'®!.

Despite the success of ICIs targeting CTLA-4 and PD-1, not all patients respond to these
treatments. This has led to the exploration of additional immune checkpoint molecules to
broaden the therapeutic landscape and overcome resistance to current therapies, including
LAG-3, TIM-3 and TIGIT. For example, LAG-3 shares a structural similarity with the CD4
receptor and is overexpressed on Treg cells, contributing to their immunosuppressive activity,
and on antigen-stimulated T cells, including exhausted T cells. LAG-3 has a higher affinity
than CD4 for binding to MHC-II, which has been suggested to affect CD4" T cell function by
inducing cell cycle arrest!®2. However, there is evidence showing that competitive inhibition
of CD4 is not a major mechanism of LAG-3-mediated inhibition. In fact, LAG-3 is expressed
at higher levels on CD8" T cells compared to CD4" T cells and plays an important role in
inhibiting their activation, which is independent of CD4. Studies have shown that LAG-3 can
regulate the accumulation and effector function of CD8" T cells in both self-tolerance and
tumor-tolerance systems!®®. In March of 2022, the combination of the anti-LAG-3 monoclonal

antibody relatlimab with the anti-PD-1 antibody nivolumab was approved for the treatment of
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untreated advanced melanoma. This combination demonstrated similar progression-free

survival results to the anti-CTLA-4 + anti-PD-1 combination!%*,

TIM-3 is another negative regulator of T cell activation, and its interaction with ligands such
as galectin-9 can induce T cell apoptosis, contributing to immune evasion by tumors. It is also
involved in T cell exhaustion, making combination therapy with PD-1 blocking antibodies an
attractive option to enhance the efficacy of anti-PD-1 therapy!®>. Moreover, TIGIT is an
inhibitory receptor also expressed by antigen-activated T cells, Tregs and NK cells. Preclinical
data showed that TIGIT was upregulated in tumor-antigen-specific CD8" T cells and CD8"
TILs from patients with melanoma and that these TIGIT-expressing CD8" T cells also
co-expressed PD-1. Indeed, dual blockade of PD-1 and TIGIT, but not single TIGIT blockade,
enhanced the proliferation and function of tumor antigen-specific CD8" T cells and CD8" TILs
of melanoma patients!®197. However, the combination of anti-PD-1 with anti-TIGIT

antibodies should be further explored for the treatment of patients with advanced melanoma.

Although ICIs have significantly advanced cancer treatment, durable responses remain elusive
for most patients, mainly due to the limited understanding of the interaction of the immune
system with the tumor and the lack of clear biomarkers of response or resistance to
immunotherapy. The reasons for both initial and subsequent resistance to ICIs are not fully
understood and include several factors: inadequate infiltration of cytotoxic T cells into the
tumor, impaired formation of T memory cells, the presence of immunosuppressive cytokines
and immunosuppressive cells within the TME, T cell dysfunction due to upregulation of other
co-inhibitory molecules, alterations in interferon-gamma (IFNy) signaling resulting from
mutations in JAKI1/2, and impaired presentation of tumor antigens and loss of
neoantigens'%!%, Understanding these mechanisms is critical for developing strategies to

overcome resistance and improve the efficacy of ICls.

2.4.2.2.2. Cancer vaccines.

The discovery of TAAs opened the door for the development of therapeutic cancer vaccines
that, unlike prophylactic vaccines that are administered to healthy people to prevent disease,
these are administered to patients in the late stages of cancer to try to sensitize the immune
system to cancer antigens. Initial vaccination approaches were based on the administration of
patient-derived tumor cells together with an adjuvant or virus to activate polyclonal immune
responses against TAAs. For example, administration of autologous tumor cells infected with

Newcastle disease virus or the combination of vaccine approaches with immune checkpoint
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blockade agents showed efficacy in preclinical studies of melanoma and laid the groundwork
for the development of more sophisticated vaccine approaches!!®!!!, The advent of next-
generation sequencing (NGS) technologies has been pivotal in the development of
personalized neoantigen-based vaccines. NGS allows for the detailed analysis of the genomic
DNA from tumors, identifying unique mutations (neoantigens) that can be targeted by the
immune system. Clinical trials using peptide and RNA vaccines designed to target these
neoantigens have shown promising results in the treatment of melanoma!!'*!!3, However, the
ability of cancer cells to adapt and evade the immune system and the high mutational burden
of melanoma tumors make it difficult to predict which neoantigens will elicit strong anti-tumor
responses and to develop effective cancer vaccines. Furthermore, the development of
personalized cancer vaccines is also time-consuming and costly, further hindering their
widespread clinical use. Despite these efforts, no melanoma vaccines have been approved for

clinical use'®.

2.4.2.2.3. Adoptive cell therapy (ACT).

Adoptive cell therapy (ACT) with tumor-infiltrating lymphocytes (TILs) is a form of
personalized cancer immunotherapy that uses a patient's own immune cells to fight cancer.
TILs collected from the patient’s tumor are identified, expanded and stimulated ex vivo, and
then infused back into the patient to target and eliminate cancer cells. Lymphodepletion
followed by non-myeloablative chemotherapy or total body irradiation is usually required
before T cell transfer to the patient, which is performed in combination with high doses of
IL-2 to increase the survival of the transferred T cells. This approach enhances innate
immunity, reduces the competition for homeostatic cytokines and decreases the number of
immunosuppressive myeloid cells and Treg cells. However, because the potential targets
selected are TAAs, which are present in both healthy and malignant tissues, this therapy leads
to autoimmune toxicity, preventing wider use of ACT. To overcome this autoimmune toxicity,
genetically engineered T cells expressing chimeric antigen receptors (CARs) or highly active
T cell receptors (TCRs) have been developed to target specific antigens expressed on cancer
cells'!*, For example, genetically modified T cells expressing TCRs against NY-ESO-1 or
expanded CD8" T cell clones targeting the melanoma-associated antigens gpl00 and
MART1/Melan-A have demonstrated high efficacy and low toxicity in the treatment of
melanoma!!>!1® Despite promising clinical outcomes, however, the extensive effort, cost and
time required generating individual TIL cultures limit the use of ACT to only a selected

number of specialized institutions. Additionally, the efficacy of ACT is compromised by the
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variability in myeloid and lymphocytic infiltration within tumors, as well as the heterogeneous
mutational and neoantigen burden. These factors contribute to tumor evasion of immune
recognition and elimination by T cells. The unpredictable nature of TIL infiltration after
transfer and the potential downregulation of tumor-specific antigens further limits the

therapeutic potential of ACT!!4,

3. Mitogen-activated protein kinase (MAPK) pathways.

3.1. Classification.

MAPK signaling pathways are critical signaling cascades in cells that mediate responses to
various extracellular stimuli, leading to a wide range of cellular behaviors including
proliferation, survival, differentiation, development, inflammation and apoptosis. They are
generally divided into four major distinct subgroups: extracellular signal-regulated kinase
(ERK), p38 MAPK, stress-activated protein kinase/c-Jun NH2-terminal kinase (SAPK/JINK),
and ERK5/big MAP kinase 1 (BMK1) pathways. These pathways are highly conserved among
eukaryotes and are characterized by a three-tiered kinase cascade involving MAP3Ks,
MAP2Ks, and MAPKs. Each cascade is initiated by specific extracellular stimuli that lead to
the activation of protein kinases downstream of cell surface receptors and/or small GTPases,
which subsequently activate MAP3Ks. Activated MAP3Ks directly phosphorylate and
activate MAP2Ks, which in turn activate MAPKs through dual phosphorylation of threonine
and tyrosine at conserved tripeptide threonine-x-tyrosine (TXY') motifs within their activation
loops. Activated MAPKs phosphorylate a variety of substrates, including other kinases and
transcription factors, leading to changes in protein function and gene expression that mediate
the cellular response to the initial stimulus. MAPKSs typically contain docking motifs that
facilitate high-affinity protein-protein interactions. These interactions ensure that MAPKSs are
activated by the correct upstream MAP2K and that they phosphorylate specific downstream

targets!!”.

Each member of this family can be activated in response to different stimuli, and they also
have specific intracellular activators and targets. The ERK cascade is generally activated by
mitogens, growth factors and GPCR agonists, resulting in the regulation of cell proliferation,
survival and differentiation. On the other hand, the SAPK/JNK and p38 kinase pathways are
not only activated by these stimuli, but also respond to stress and inflammatory cytokines,
117,18

exerting both protective and pro-apoptotic effects depending on the context memory

Similar to the ERK pathway, the ERK5/BMK1 pathway can be activated by mitogens, growth
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factors, and GPCR agonists, but it also responds to stress stimuli. ERKS plays roles in cell
proliferation and survival similar to ERK1/2 but is distinguished by a unique C-terminal
domain that regulates its activation, subcellular localization, and nuclear shuttling!!®

(Figure 6).
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Figure 6 | MAPK signaling pathways. Schematic representation of the four major subgroups of MAPK
signaling pathways: ERK, p38 MAPK, SAPK/INK, and ERK5/BMK1. MAPKSs are central to cellular signaling
and mediate responses to a variety of extracellular stimuli. These responses encompass a wide range of cellular
processes, including proliferation, differentiation, survival, inflammation and apoptosis. They are activated
through a kinase cascade involving MAP3Ks, MAP2Ks, and MAPKSs. Activation of these pathways involves the
sequential phosphorylation and activation of these kinases, culminating in the activation of MAPK, which then
phosphorylates various substrates including other kinases and transcription factors to execute cellular responses.

3.2. p38 MAPK pathway.
3.2.1. The p38 MAPK family.

The first member of the p38 MAPK family was identified by four independent studies: as a
38-kDa protein that was rapidly tyrosine phosphorylated in response to lipopolysaccharide
(LPS) stimulation'?’; as a target of pyridinyl imidazole derivatives that inhibit the biosynthesis
of some inflammatory cytokines such as interleukin-1 (IL-1) and tumor necrosis factor (TNF)
in LPS-stimulated human monocytes!?!; as a MAPK-activated protein kinase 2

(MAPKAPK2/MK?2) activator in response to arsenite, heat shock or osmotic stress'??; and as
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a protein kinase which was activated in response to IL-1'2%, This new identified protein kinase
showed high sequence homology to the Saccharomyces cerevisiae HOG1, a kinase involved

in the regulation of the osmotic response!?*.

Up to date, four members of the p38 MAPK family have been identified: p38a, p38f3, p38y
(ERK6, SAPK3), and p385 (SAPK4), which are encoded by MAPK 14, MAPK11, MAPKI2,
and MAPK]13 genes, respectively!'?!1125-127 Despite p38 kinases share more than 60% of tt

amino acid sequence, these isoforms differ significantly in tissue expression, upstream
activators and downstream effectors, and sensitivity to chemical inhibitors!?*. Of these, p38a
and p38p isoforms are expressed in most cell types and can be targeted by a class of pyridinyl
imidazole drugs such as the widely used SB203580, whereas p38y and p38d have more tissue-
specific expression patterns and cannot be inhibited by these types of drugs!?%!%.
Furthermore, p38a is the only isoform whose genetic disruption causes embryonic lethality

due to its key function in placental morphogenesis!'3%!3!

, whereas p38p, p38y or p385
deficiency in mice has no effect on embryonic viability!**!33. While p38p can perform some
of the functions of p38a, particularly in the absence of p38a, the inability of p38p to fully
compensate for the loss of p38a in certain developmental and physiological contexts and the
higher expression of p38a in most cell types, highlight the non-redundant and specific
functions of p38a!2*. It is important to note that all the isoforms except the p383 are expressed

in melanoma!34.
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Figure 7 | p38 MAPK family. Schematic representation of the structure of the four human p38 kinases. Gene
names (in parentheses), amino acid numbers and the different domains are indicated. The p38 MAPK family
members share a highly conserved kinase domain that is central to their catalytic activity. The CD and ED
domains play significant roles in substrate and regulator interactions, contributing to the specificity of signaling.
The unique carboxy-terminal region of p38y allows it to interact with PDZ domain-containing proteins,
potentially affecting various signaling pathways. Adapted from Canovas et al. 2021'**,

The four members share 90% of the amino acid sequence of the kinase domain, which is

responsible for their catalytic activity. The domain contains a dual phosphorylation motif
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consisting of threonine-glycine-tyrosine (TGY) within the activation loop. The
phosphorylation of threonine (T) and tyrosine (Y) residues is crucial for kinase activation,
resulting in a conformational change that activates the kinase domain. This process involves
the transfer of a phosphate group from ATP, which is bound to the ATP binding site, to specific
substrate proteins!?#!2®, The common docking (CD) domain is a conserved region located
outside the catalytic region of p38 MAPKSs. This region is characterized by negatively charged
residues that facilitate high-affinity interactions with positively charged docking motifs of
substrates and regulators'3®>. The ERK docking (ED) site contributes to substrate docking and
specificity, particularly for interactions with MAPKAPK2/MK2 and MK 336137 Additionally,
p38y has a carboxy-terminal region that binds to PDZ domain-containing proteins. These
proteins often act as scaffolds for signaling pathways. Interactions with p38y may affect their

localization and function!3%!3 (Figure 7).

3.2.2. Pathway activation and signal transduction.

The p38 MAPK pathway is activated by external stress such as oxidative stress, UV
irradiation, inflammatory cytokines, osmotic shock and growth factors, leading to the
activation of a high number of protein kinases and transcription factors involved in the
regulation of numerous cellular processes, including cytokine production, apoptosis,

migration, proliferation and differentiation!%°,

Like other MAPK signaling pathways, p38 kinases are activated by dual phosphorylation by
a MAP2K, which in turn is activated by a MAP3K. Several MAP3Ks have been reported to
contribute to the activation of p38 kinases, including apoptosis signal-regulating kinase 1
(ASK1), dual-leucine zipper-bearing kinase 1 (DLK1), MAPK/ERK kinase kinase 3
(MEKK3) and MEKK4, mixed-lineage kinase 3 (MLK3), TGF-B-activated kinase 1 (TAKI),
thousand-and-one amino acid 1 (TAOI) and TAO2, tumor progression loci 2 (TPL2), and

leucine zipper and sterile-a-motif kinase 1 (ZAK1)!23

. Upstream of the cascade, the regulation
of MAP3Ks activation involves phosphorylation by STE20 family kinases, binding to small
GTPases of the Rho family such as Cdc42 and Racl, and ubiquitylation by TRAF ubiquitin
ligases!'?*14!, Different MAP3KSs are activated by different signals, allowing the pathway to
integrate a wide range of stimuli, provide versatility in response and integrate p38 MAPK
activation with other signaling pathways. Once activated, MAP3Ks phosphorylate the
MAP2Ks!'?*, Although the dual phosphorylation sites are conserved among p38 members,
selective activation by different MAP2Ks has been observed depending on the cell type and

stimulus context. The two major upstream MAP2Ks that activate p38 are MKK3, which
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preferentially activates p38a, p38y and p38d but not p38B, and MKK6, which can
phosphorylate all four members!*?!43. Moreover, MKK4, an upstream kinase of JNK, has been
reported to phosphorylate p38a and p383 in certain cell types!#*. This phosphorylation cascade

is known as the canonical activation pathway'?* (Figure 8).

Canonical pathway Non-canonical pathways
Inflammatory
Oxidative Growth factors cytokines uv
stress .
Stimulus Y{ W W ;

| | |

Small GTPases, kinases, ubiquitin ligases

; A

y | |
( TAK1 D CI'AO1/2> (TPLZ) (ZAK1 )

| |

| |
(ke ) (MKxae) 4—J

TAB1 WA
l P P p38a G p38B @D
Cpsau, 8.V, 5) — (MNK1 /2) v

@

3
£
O

®
—

O
(1] —
3/

4
<
<

v l Nuclear membrane

p38a,B,v, & j

MK2/3

MSK1/2

;| EEED cRe
(C/EBPa) ( STAT1 )(PAX6) @

=
>
]
a
]
=
QOO

NF-kB

Cytokine production, apoptosis, migration,
proliferation, differentiation

Figure 8 | Canonical and non-canonical p38 MAPK activation pathways. The canonical pathway is activated
in response to various stimuli, including stress signals such as oxidative stress and ultraviolet (UV) radiation,
growth factors, and inflammatory cytokines, which lead to activation of MAP3KSs through phosphorylation by
kinases, binding to small GTPases, and ubiquitylation. Activated MAP3Ks phosphorylate and activate MAP2Ks,
which in turn phosphorylate p38 kinases, which activate specific substrates, including other kinases and
transcription factors, to regulate numerous cellular processes. Non-canonical pathways include the
autophosphorylation of p38a by binding to transforming growth factor-B-activated kinase 1-binding protein 1
(TAB1) triggered by unknown stimuli, or the phosphorylation of both p38a and p38f by ZAP70 following T cell
receptor (TCR) activation.

In addition to the activation by upstream MAP2Ks, p38a can also be activated by two
non-canonical pathways. One of the MAP2K-independent mechanisms involves binding to
TGF-B-activated kinase 1 (TAKI1)-binding protein 1 (TABI1), which induces p38a

autophosphorylation at T'8 and Y'#2, resulting in full activation of the protein'*>. This
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mechanism has been implicated in ischemic myocardial injury, T cell senescence, skin
inflammation, GPCR agonist-induced endothelial inflammation and triiodothyronine-
mediated browning of white adipose tissue, but the signals responsible for the activation of
this pathway are not well defined!?*. Furthermore, TABI can also induce p38a activation
through the canonical pathway by binding to TAK1!46, The other non-canonical mechanism
of p38 activation is mediated by zeta-chain associated protein kinase 70kDa (ZAP70)
exclusively in T cells after TCR stimulation, leading to the phosphorylation of p38a and p38f
at Y*2 by ZAP70, which subsequently leads to autophosphorylation of both p38a and p38

147

preferentially at the T'8 residue!#’. The monophosphorylated p38a show some kinase activity

but altered substrate specificity in vitro'*® (Figure 8).

Several mechanisms regulate p38 activation to ensure proper cell homeostasis, as p38
hyperactivation can be detrimental to the cell. Dephosphorylation appears to play an important
role in the downregulation of p38a activity. To inactivate the catalytic kinase activity of p38a,
there are several phosphatases that target the threonine and tyrosine residues in the activation
loop. These include serine/threonine phosphatases such as protein phosphatase 2A (PP2A) and
PP2C, and dual-specificity phosphatases of the DUSP/MKP family, which dephosphorylate
both threonine and tyrosine residues!>*!2%. Interestingly, p38a can induce the expression of

some phosphatases such as DUSP1 and create a negative feedback loop!'#

. Other regulatory
feedback loops include the downregulation of MKK6 expression, the phosphorylation of
TABI thus affecting both the non-canonical and TAK1-mediated canonical activation, and

the phosphorylation of ZAP70 preventing its association with the TCR!24128,

There are other mechanisms for regulating p38a activity that do not involve dephosphorylation
of activation loop residues. Post-translational modifications, including phosphorylation of
other residues, acetylation, methylation and proline isomerization, can modulate p38a activity
by either facilitating or impairing the interaction with upstream and downstream effectors.
Furthermore, p38a signaling can be modulated by scaffold proteins that bind multiple
components of the pathway and localize them to a specific area of the cell for site-specific
signaling. Moreover, post-translational modifications of MAP3Ks and MAP2Ks also

contribute to the regulation of the pathway!?+128,

3.2.3. Downstream substrates of p38a.

As mentioned above, MAPKs possess docking (D) domains, such as CD and ED motifs, to

interact with specific upstream MAP2Ks, scaffold proteins, phosphatases and downstream
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substrates, allowing for the ordered and sequential regulation of the p38 MAPK pathway and

the correct response to a specific stimulus!*.

The use of chemical inhibitors and downregulation of several components of the pathway has
led to the identification of many proteins that are potentially phosphorylated by p38 MAPKs.
Substrates of p38a are involved in diverse cellular processes, including transcription and
chromatin remodeling, protein degradation and localization, mRNA stability, cell cycle,
metabolism, endocytosis, apoptosis, cytoskeletal dynamics, and cell migration'?®. In addition,
some of the substrates of p38a are also protein kinases that can in turn phosphorylate other
proteins, thereby expanding the processes regulated by this pathway. Among the most relevant
are MK2 and MK3!2215! which play an important role in the post-transcriptional regulation
of gene expression. Furthermore, MSK1 and MSK2, which are also activated by ERK1/2 in
response to mitogens, control gene expression by phosphorylating transcription factors such
as cyclic AMP-responsive element-binding protein (CREB), nuclear factor-kappa-B (NF«B)
and signal transducer and activator of transcription (STAT) or nucleosome components such
as histone H3. Moreover, MNK1 and MNK2 can phosphorylate the initiation factor eIF4E,

thereby regulating protein synthesis!'?+128,

In addition to protein kinases, p38a activates several transcription factors involved in diverse
cellular functions such as apoptosis, inflammation, angiogenesis or proliferation, including
cyclic AMP-dependent transcription factor 1 (ATF1)!52 and ATF2!53, p53!54, growth arrest
and DNA damage inducible gene 153 (GADD153, or CHOP)'*5, CCAAT/enhancer binding
protein alpha (C/EBPa)!>®, myocyte enhance factor 2 (MEF2)!*7, HMG-box transcription
factor 1 (HBP1)'%8, retinoic acid receptor o (RAR)!'°, protein C-ets-1 (ETS)!%°, ETS-related
protein 81 (ER81)!'®!, ETS domain-containing protein (ELK1)!%2, STAT1!%3, activator protein
1 (AP-1)'%21%4 paired box protein 6 (PAX6)'6° and MITF!%, among others.

3.2.4. p38ain cancer.

The p38 MAPK signaling pathway is involved in processes important for normal cell function,
such as the response to environmental stimuli, and the regulation of gene expression, cell
growth, DNA repair, and apoptosis, which are often deregulated in many diseases, including
cancer. In this context, both tumor suppressor and pro-tumorigenic functions have been

attributed to the activation of this pathway and in particular to p38a!2.
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3.2.4.1.  Role of the p38 MAPK pathway in the response to stress stimuli.

p38a has been described as a regulator of the cell cycle, specifically the Gi/S and G2/M
checkpoints, acting as a tumor suppressor. UV radiation alters cellular function through
several mechanisms, including DNA damage, ROS accumulation, and inflammatory
responses. In response to oxidative stress and UV radiation, p38 is activated and
phosphorylates transcription factors involved in cell cycle arrest, DNA repair and apoptosis!'®’.
For example, in response to UV, p38-mediated activation of the transcription factor p53
induces the expression of genes such as p21V2!, which promote cell cycle arrest in G phase,
allowing time for DNA repair before cell division, thereby reducing the DNA mutation rate!®,
In addition, p38 can induce G2/M cell cycle arrest through MK2-mediated phosphorylation of
Cdc25B and Cdc25C. This phosphorylation increases the affinity for 14-3-36 binding, leading
to the inactivation of Cdc25B and Cdc25C and preventing the cell from entering the mitotic
phase!'®®. Furthermore, the p38-dependent activation of p53 promotes the transcription of
14-3-38, which binds to phosphorylated Cdc25B and Cdc25C, and GADD45A, which binds
to the Cdkl/cyclin B complex, thereby inducing cell cycle arrest at the G2/M transition and
further preventing the propagation of damaged DNA!6%170 (Figure 9).
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Figure 9 | p38a induced cell cycle arrest in response to stress stimuli. In response to stress, p38 can induce
cell cycle arrest at the G1 and G2/M phases, preventing the spread of damaged DNA. Specifically, p38 activates
p53, leading to the expression of genes such as p21V#!, which induces cell cycle arrest in Gi. In addition, the
p53 effector genes 14-3-36 and GADD45A contribute to G2/M cell cycle arrest. Furthermore, p38 induces G2/M
cell cycle arrest through MK2-mediated phosphorylation of Cdc25B and Cdc25C, inhibiting their activity and
preventing the cell from entering mitosis.
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However, most of the irreparably DNA-damaged cells induced by UV irradiation are
eliminated by apoptosis. UV-induced apoptosis is thought to be a protective mechanism that
ensures the removal of irreversibly damaged and potentially cancerous cells'®®. On the one
hand, p38 contributes to UV-induced apoptosis by mediating the release of mitochondrial
cytochrome c into the cytosol, a critical step in the intrinsic apoptotic pathway. This release
leads to the activation of effector caspases, such as caspase-3 and caspase-9, which execute
the apoptotic program. In addition, p38 can also phosphorylate and activate proteins of the
B-cell lymphoma 2 (Bcl-2) family. These include both anti-apoptotic proteins (Bcl-2, Bel-xL
and myeloid leukemia 1 (Mcl-1)) and pro-apoptotic proteins (Bcl-2 associated X protein (Bax)
and Bim). These proteins are essential for regulating mitochondrial integrity and function,
which is a central control point for the apoptotic process'®®!7!, On the other hand, p38 also
mediates UV-induced apoptosis in a p53-dependent manner. Activated p53 can transactivate
genes involved in apoptosis, such as Bax, and inhibit the expression of anti-apoptotic genes,

such as Bcl-2, thereby promoting apoptosis in response to UV-induced DNA damage!®%.

In the skin, p38 has been suggested to play an important role in protecting the skin from UV
damage by promoting the tanning response, which is an important protective mechanism
against UV-mediated DNA damage. This process involves the increased production of
melanin in melanocytes, which is subsequently transferred to keratinocytes to reduce the risk
of DNA damage that can lead to skin cancer. In melanocytes, in response to UV, p38
phosphorylates and activates upstream stimulatory factor 1 (USF-1), which induces the
expression of Tyrosinase, an essential enzyme for the production of melanin!’?. Furthermore,
USF-1 also induces the expression of pro-opiomelanocortin (POMC) and MCIR, which
encode a precursor of a-MSH and its receptor, respectively, which are crucial for the
pigmentation process!’?. At the same time, binding of a-MSH to its receptor MCIR on
melanocytes induces the activation of p38, which regulates melanogenic and proliferative
responses' 4. On the other hand, p38 phosphorylates CREB in response to UV, which induces
MITF expression required for melanocyte survival, proliferation, and activation of

melanogenic enzymes such as tyrosinase, TRP-1 and L-dopachrome tautomerase (DCT)!7>.

Additionally, p38 plays an important role in the UV-induced inflammatory response,
particularly in the skin, leading to the expression of COX-2, which plays an important role in
tumorigenesis, and the production of pro-inflammatory cytokines such as TNF, IL-6, IL-8 and

IL-1168.176
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3.2.4.2.  Role of the p38 MAPK pathway in the inflammatory cytokine response.

The p38 MAPK pathway plays an important role in mediating responses to inflammatory
cytokines and regulating their expression. Inflammatory cytokines such as TNF, IL-6, and
IL-1B are key activators of p38a, regulating the production of inflammatory mediators in
different cell types!'?*. At the same time, p38a signaling regulates the production of these
pro-inflammatory cytokines, which modulate growth and survival and therefore show
remarkable pro-tumorigenic capacities, through the activation of transcription factors, such as
NF«B, or at the posttranscriptional level, by regulating the stability or the translation of the
corresponding mRNAs, which is mostly mediated by the downstream kinase MK2!24177 Tn
addition, cancer cells also rely on p38a for the production of cytokines and chemokines that

recruit pro-tumorigenic myeloid cells into the tumor niche!”%.

Apart from the regulation of cytokine production, p38a can also modulate the expression of
cytokine receptors. For example, p38a can phosphorylate the IFNa/p receptor IFNARI,
leading to ubiquitin-dependent degradation of the receptor, which has been associated with
metastatic disease and poor prognosis in several cancers including colorectal cancer and

melanoma!7%-180,

3.2.4.3.  Role of the p38 MAPK pathway in oncogene-induced senescence.

Oncogene-induced senescence (OIS) is a critical tumor suppressor mechanism that arrests the
proliferation of cells harboring oncogenic mutations, thereby acting as a barrier to cancer
development. Several studies have shown that the p38 MAPK pathway plays a key role in this
process by mediating cell cycle arrest induced by oncogenic ras or its downstream effector
raf-1'31-184 These studies have shown that activation of p38 by oncogenic Ha-rasV12, which
is an activated ras allele, or active raf-1, leads to a state of permanent cell cycle arrest or
senescence through the stimulation of its protein kinase activity by the upstream kinases
MKK3 and MKK6'3!"18 Conversely, inhibition of p38 activity can prevent the induction of
senescence, highlighting the essential role of this pathway in OIS'®!, In addition, the p38
MAPK pathway acts downstream of the RAS/RAF/MEK/ERK cascade to mediate

ras-induced OIS!31-182,

Regarding the molecular mechanisms linking the ERK and p38 MAPK pathways in the
induction of OIS, several mechanisms have been proposed. On the one hand, activation of the
RAS/RAF/MEK/ERK cascade by oncogenic ras can lead to the accumulation of ROS, which

in turn may activate p38 and induce OIS!®>!3¢, On the other hand, hyperproliferative signals
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from activated ERK can cause DNA damage due to DNA hyper-replication, activating p38
and leading to senescence-like cell cycle arrest!8>187:188 Tt has been shown that oncogenic
ras-induced ROS cause activation of DNA damage responses!®!%0, Therefore, the
involvement of ROS and DNA damage in the sequential activation of the ERK and p38 MAPK

pathways may not be mutually exclusive.
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Figure 10 | Oncogenic ras-induced senescence is mediated by sequential activation of the
RAS/RAF/MEK/ERK and p38 pathways. The p38 MAPK pathway, specifically involving p38a, p38y, and
p389, plays a crucial role in oncogene-induced senescence (OIS). In response to oncogenic ras, ERK activates
the transcription factors AP-1 and ETS, inducing the expression of p385, which contributes to OIS by regulating
CHKI1 and CHK2. p38a mediates OIS by phosphorylating of HBP1, which induces p16"™“? expression, and by
activating PRAK, which phosphorylates p53 at serine 37. p38y phosphorylates p53 at serine 33, which leads to
p21WVafl expression and, together with p16'™42, promotes OIS.

Among the p38 MAPK members, only p38a, p38y, and p386 mediate OIS through different
mechanisms. The expression of p383 is stimulated by the transcription factors AP-1 and ETS,

which in turn are activated by ERK in response to oncogenic ras. Furthermore, p38d mediates

OIS by regulating the activity of checkpoint kinase 1 (CHK1) and CHK2, two DNA damage
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checkpoint kinases involved in ras-induced DNA damage responses!®!. In addition, p38a can

mediate OIS by phosphorylating HBP1, which induces p16™“s expression!®>1%3

, or by
activating the p38-regulated/activated protein kinase (PRAK), which in turn activates p53
through phosphorylation at serine 37'%*. Moreover, p38y also phosphorylates p53, but at serine
33. Activated p53 induces the expression of p21WVal| which together with p16™42 contributes
to OIS!2. The requirement of p38 for OIS suggests that the p38 MAPK pathway may have a

tumor suppressor function in addition to its previous roles in inflammatory and stress

responsces.

3.2.4.4.  Role of the p38 MAPK pathway in tumor growth and progression.

Despite the p38 MAPK signaling pathway is best known for its tumor suppressor functions
due to its involvement in cell cycle arrest and apoptosis, there is evidence suggesting that it
may also have oncogenic potential under certain conditions, particularly in the context of
metastasis and the regulation of the immune response within the tumor microenvironment'®>,
In general, experimental evidence suggests that, during tumor initiation, p38 MAPK acts
primarily as a tumor suppressor, maintaining cell homeostasis and ultimately inducing cell
death. However, more advanced tumors may benefit from increased activation of the pathway,
by inducing cell survival and proliferation, and promoting the production of extracellular

factors that support tumor progression!21%,

Moreover, p38a may promote metastasis of different types of cancer, including melanoma, by
targeting several proteins involved in the regulation of epithelial-mesenchymal transition
(EMT), cell migration and vascularization. In particular, matrix metalloproteinases (MMPs),
especially MMP-2 and MMP-9, play a key role in promoting tumor cell infiltration and

197

migration by degrading components of the extracellular matrix'”’. The expression of these

MMPs has been suggested to be regulated by p38 MAPK through the activation of several
transcription factors such as NF-kB and AP-1 in various cancers, including melanoma!®%-2%2,
It has also been shown that NF-«xB induces the overexpression of MMP-2 and MMP-9 through
the activation of osteopontin (OPN/SPP1), another protein of the tumor microenvironment,

thus playing a fundamental role in the development and progression of melanoma?®3-204,

Furthermore, p38 MAPK also plays a role in the regulation of angiogenesis. For example, p38
MAPK is involved in both the production and the downstream signaling of the vascular
endothelial growth factor (VEGF), leading to the secretion of angiogenic factors to promote

the formation of new blood vessels??>-2%®, In melanoma, p38 induces the degradation of plasma
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membrane Ca?* pump isoform 4b (PMCA4b), a metastasis suppressor that contributes to the

invasive activity of BRAF-mutant melanoma cells?’.

Pro-tumorigenic roles of p38 MAPK signaling have also been reported in immune cells such
as macrophages and DCs, where p38a signaling promotes inflammation associated with

tumorigenesis in mouse models?%-219,

3.2.5. p38a as a therapeutic target.

The discovery of p38a as a regulator of inflammation and immune response has led to the
development of chemical inhibitors for various inflammatory diseases. To date, several
selective inhibitors of p38 MAPK have been synthesized, including SB203580°!!,
doramapimod (BIRB-796)?!2, talmapimod (SCIO-469)?"*, neflamapimod (VX-745)>!4,
losmapimod (GW856553X)?!3, PH-797804%!6 and LY2228820%!7. However, the translation of
p38a inhibitors into the clinic has been challenging due to the non-specific effects of some
inhibitors, the use of models that do not accurately recapitulate the actual disease environment,
and the complexity of the functions regulated by p38a. As a result, no compounds have yet

been approved!?.

The p38 MAPK signaling pathway has a broad regulatory impact on cellular functions, and
its prolonged inhibition in chronic conditions such as autoimmune or neurodegenerative
diseases may lead to adverse effects and reduced efficacy due to adaptation. However, in the
context of cancer, acute application of p38a inhibitors, particularly in combination with other
drugs, may provide more favorable responses'?*. Several in vivo studies have shown that p38
inhibitors can suppress tumor progression. However, inhibition of p38a may promote tumor
initiation in other tissues exposed to oncogenic stimuli'*®. Given that p38 MAPK also regulates
the response to chemotherapeutic agents and contributes to the development of resistance!*,
an increasingly relevant approach is based on the synergistic effect observed when classical
anticancer drugs are combined with p38 inhibitors. Inhibiting p38 MAPK can decrease the
expression of stemness factors, impair the survival of circulating tumor cells, and overcome
chemoresistance. This suggests that combining p38 inhibitors with chemotherapy could allow
for lower doses of toxic chemotherapy drugs to be used, potentially reducing side effects and
improving treatment outcomes?!8. In addition, p38 MAPK inhibitors have been reported to
synergize with cisplatin in breast cancer?!®, reduce resistance to the multi-kinase inhibitor
sorafenib in hepatocarcinoma??’, restore sensitivity to fibroblast growth factor receptor

(FGFR) inhibitors in non-small cell lung cancer??!, and enhance the cytotoxic effects of other
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chemotherapeutic agents in various cancer types!?4. These findings suggest that targeting p38
MAPK may enhance the effects of chemotherapy and may be a promising approach to cancer

treatment.

Given the role of the p38 MAPK pathway in the response and production of inflammatory

177,178

cytokines with pro-tumorigenic effects , and in modulating the immunosuppressive

function of several immune cells such as macrophages, DCs, and Treg cells?93-210.222)
therapeutic inhibition of p38 MAPK may benefit patients receiving immunotherapies. Indeed,
pharmacological inhibition of p38 in tumor-reactive T cells ex vivo enhanced their anti-tumor
functions in vivo in melanoma and in acute lymphoblastic leukemia mouse models, and also
improved the functionalities of human tumor-reactive and genetically engineered T cells,
suggesting the use of p38 inhibitors to improve the therapeutic efficacy of ACT?23, Another
study showed that the addition of the p38 inhibitor doramapimod increased T cell proliferation
and function, and conferred resistance to TGF-B-induced functional suppression of T cells,
resulting in enhanced T cell generation for ACT?**. Moreover, blocking both the p38 MAPK
signaling and PD-1 enhanced the proliferation of senescent CD8* T effector memory cells in
vitro, suggesting a potential benefit of this combination in cancer patients??>. Indeed, p38
inhibition enhanced the efficacy of the treatment with PD-L1 and CTLA-4 blocking antibodies
in mouse models??®. In addition, p38 inhibition in DCs has been shown to enhance the priming
of tumor-specific effector T cells?*’ and to improve the efficacy of the treatment with a
monoclonal antibody against CD137 in glioblastoma cells in vitro??8. Taken together, these

studies suggest a potential clinical benefit for the use of p38 inhibitors to improve the efficacy

of immunotherapies.

Targeting downstream kinases of the p38 MAPK pathway, such as MK2, represents a
promising strategy to improve the efficacy of cancer treatments while limiting the broad and
sometimes adverse effects associated with direct p38 inhibition. For example, inhibition of
MK?2 has been shown to inhibit pro-inflammatory cytokine production without serious adverse
effects??” and to induce regression of p53-deficient tumors in vivo after treatment of mice with

cisplatin and doxorubicin?°, supporting its further clinical use.

Nearly all clinical trials to date have failed, and the development of compounds that induce

! and the potential to target p38 in a tissue-specific manner**? have been

p38 degradation?
considered to improve efficacy and reduce the adverse effects of systemic administration.

Furthermore, inhibition of the nuclear translocation of p38a, and thus its functions in the
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nucleus, has been shown to reduce cancer cell proliferation and inflammation in mouse

models?33.

Therefore, efforts should be focused on gaining a better understanding of how p38 contributes
to cancer development and progression at both the cellular and organismal level, in order to
develop better compounds that specifically target other components or products of this MAPK
pathway to improve treatment efficacy, overcome the limitations associated with conventional
inhibitors, and open the possibility of combining p38 inhibitors with other therapeutic

strategies to enhance their efficacy.
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HYPOTHESIS AND OBJECTIVES

Melanoma, one of the most aggressive forms of skin cancer, has been extensively used as a
model tumor for understanding immunity to cancer and for the development of
immunotherapy. Although immune-based therapies have dramatically changed the treatment
of many types of cancers, including melanoma, their effectiveness is limited to a small fraction
of patients, primarily due to the lack of clear biomarkers for the response or resistance to
immunotherapy. Therefore, understanding the interactions between melanoma tumor cells and
the immune system, and the evolving changes that lead to tumor immune evasion, is critical
for the development and implementation of more effective cancer treatments. In this context,
not much is known about how oncogenic pathways influence the immune infiltrate, which

could have a significant impact on therapies.

Although RAS pathway activation is a central event in melanoma, MAPK stress pathways
also play an important role in several processes related to the melanoma development and
progression, including the signaling of several cytokines that modulate and activate the
immune system. Previous results from our group showed that spontaneous mouse tumors and
human samples harbor genetic alterations in these pathways, including alterations in MAPK 14,
the gene encoding p38a. Despite the well-established contribution of p38a in response to UV
in the existing literature, its role in UV-induced melanoma development remains unexplored.
Furthermore, the involvement of p38a in melanoma progression, including potential

modulation of the immune system and tumor microenvironment, is also unknown.

In line with this, the overall aim of this thesis is to understand the role of p38a in melanoma
development and progression in cooperation with BRAFY®E oncogene and UV irradiation,
and its contribution to the modulation of the intratumoral immune response. To further
elucidate how p38a may be involved in melanoma pathogenesis and potentially lead to the
identification of new biomarkers and the development of new immune-based therapeutic

strategies, the following objectives have been outlined.
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Objectives:

1. To determine the status of p38a in human cutaneous melanoma.

2. To define the status and functionality of p38a in BRAF mutated human melanoma
cells.
2.1 To study the consequences of p38a downregulation and inhibition in BRAF mutated

melanoma cells.

3. To establish the significance of p38a in melanoma development and progression
using UV-induced BrafY**’t mouse melanoma models.

3.1 To generate UV-inducible Tyr::CreER™; Braf*“*; p38aFF melanoma mouse model.

3.2 To evaluate the role of p38a in melanoma development and progression in response to
UVB.

3.3 To establish the contributions of p38a in modulating the intratumoral immune
response.

3.4 To study the role of p38a in regulating of the expression of critical inflammatory
molecules that modulate the anti-tumoral immune response.

3.5 To investigate the role of p38a in the response to immunotherapy in syngeneic mouse

models.

4. To correlate our results with human data and evaluate the contribution of p38a in

the immunotherapy response to determine response biomarkers.
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p38a is altered in human cutaneous melanoma and is associated to a poor
survival of patients.

Initially, we leveraged previous work from our group where we analyzed the whole-exome
sequencing data from tumors from three different melanoma mouse models (UVB-induced
Tyr::CreER™;Braf*VCA;LkbIF®  (McGrail K. et al, 2024)*, Sleeping beauty;
Tyr::CreER™;Braf*~“A (Mann MB. et al., 2015)*° and a chronic UV irradiation
Tyr::CreER™;Braf*"'A (Viros A. et al, 2014)?3%), and compared this analysis with the human
melanoma data from The Cancer Genome Atlas (TCGA Firehose Legacy) database (n =479
tumors/470 patients) (Figure 11).
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Figure 11 | Common altered genes in mouse and human melanoma. Whole-exome sequencing data form
three different melanoma mouse models including UVB-induced Tyr::CreER™; Braf®"CA; LkbI"F (n = 8
tumors), Sleeping beauty; Tyr::CreER'; Braf®4“* (n = 77 tumors), and chronic UV irradiation Tyr::CreER";
Braf*»“A (n = 77 tumors) were analyzed, and unique mutated mouse genes (n = 2292) were compared with the
mutated genes found in the human Skin Cutaneous Melanoma dataset (TCGA, Firehose Legacy, n = 479
samples/470 patients) (n = 1257). These common altered genes in both mouse and human melanomas (n = 226)
underwent to a GSEA analysis, that revealed the involvement of some of these common genes in MAPK
signaling pathways (n = 98).

The analysis of the UVB-induced Tyr::CreER™; Braf*A'“*; LkbI¥F (our model) and the
Sleeping beauty; Tyr::CreER™?; Braf®CA revealed a total of 1127 and 1231 unique mutated
genes (VAF 10%) respectively, whereas Viros et al., study published only 31 of the identified
mutated genes?3®. TCGA human data analyses showed that human melanoma harbored similar
number of unique mutated genes (1257 (VAF 10%) out of approximately 20.000 genes).
Despite the low number of genes published by Viros et al., 35% of these genes were also
altered in our UVB-induced melanoma model. The study from Mann et al. (sleeping beauty)
was designed to identify tumor suppressor genes (loss of function) that would cooperate with

BRAF activation (Braf’®"’f). Eighty-five of those genes were also found altered in our
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UVB-induced melanoma model. Among all used mouse models, we identified 2292 unique
mutated genes, out of which, 226 genes were also altered human melanoma tumors indicating
the robustness of these spontaneous melanoma models recapitulating the genetic alterations in
the human disease. Further functional and pathway enrichment analysis (Gene Set Enrichment
Analysis, GSEA) revealed that 98 of these 226 commonly altered genes were associated to the
MAPK signaling pathways (Figure 11).

MAPK signaling pathways are subdivided into four main different pathways: extracellular
signal-regulated kinase (ERK), p38 MAPK, stress-activated protein kinase/c-Jun
NH2-terminal kinase (SAPK/INK) and ERKS5/big MAP kinase 1 (BMKI1) signaling

17 In melanoma, the most commonly mutated genes are BRAF and NRAS, which

pathways
are involved in the ERK pathway. However, the analysis of the commonly altered genes
associated to the MAPK signaling pathways in human and mouse melanomas revealed that a
number of these genes were components of the SAPK/JNK and p38 MAPK stress
pathways?*’. Detailed analysis of genetic alterations in the components of the SAPK/JNK and
p38 MAPK pathways in the Skin Cutaneous Melanoma dataset (TCGA, Firehose Legacy)

identified MAPK 4 as the most frequently altered gene (25% of the patients) (Figure 12).
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Figure 12 | Genetic alterations in SAPK/JNK and p38 MAPK pathway components in human skin
cutaneous melanoma (TCGA database). Human data from the Skin Cutaneous Melanoma dataset (TCGA,
Firehose Legacy, n = 287 samples/patients) showing the percentage of genetic alterations found in cutaneous
melanoma for the following genes: BRAF, NRAS, MAP4K3, MAP4K4, MAP3K1, MAP3K4, MAP3K6, MAP3K7,
MAP3K13, MAP2K4, MAP2K7, MAPKS, MAPK9, MAPK10, MAPK14, MAPSIP1, MAPKS8IP2 and MAPKBPI.
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Further analysis of MAPK14 genetic alterations (mutation, structural variant, amplification or
deletion) among 10,967 tumor samples (10,953 patients) across 32 different tumor types
(TCGA database), identified skin cutaneous melanomas as the tumor type more frequently
altered in this gene (Figure 13A). The percentage of samples harboring mutations in MAPK 14
was relatively low; however, it appeared to be transcriptionally upregulated and/or amplified
in 25% of the skin cutaneous melanomas during tumor progression (from Clark stage II to
stage V) (Figure 13B). These alterations were more frequent in NRAS- than in BRAF-mutated
melanomas, mostly at early stages (Clark stage II and III, 50-54% vs. 20-22%, of tumors,

respectively) (Figure 13C).
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Figure 13 | MAPK14 alterations in cutaneous melanoma. (A) Human data from TCGA database (PanCancer
Atlas, n = 10967 samples/10953 patients) showing MAPK4 alteration frequency in 32 studies from different
cancer types. (B) Human data from the Skin Cutaneous Melanoma dataset (TCGA, Firehose Legacy, n = 287
samples/patients) showing MAPK4 alterations in cutaneous melanoma. Samples are sorted by Clark level at
diagnosis (I-V). (C) Table showing the percentage of BRAF or NRAS mutated samples harboring either mRNA
upregulation or amplification of MAPK14.

Importantly, patients harboring alterations in MAPKI4 were associated to a poor survival

independently to any other genetic alteration/s (Figure 14A); however, this condition did not
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impact on melanoma recurrence (Figure 14B). Furthermore, the presence of alterations in
MAPK14 decreased the survival of patients harboring mutations in either BRAF (Figure 14C)
or NRAS (Figure 14D) genes.
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Figure 14 | Alterations in MAPKI4 are associated with a poor survival of cutaneous melanoma patients.
Kaplan-Meier graphs from human data from Skin Cutaneous Melanoma (TCGA, Firchose Legacy, n = 287
patients) dataset showing (A) the percent survival and (B) disease free survival of patients with alterations in
MAPK 14, (C) the percent survival of patients with alterations in BRAF and in BRAF together with MAPK 4, and
(D) the percent survival of patients with alterations in NRAS and in NRAS together with MAPK 4.

To determine the correlation between p38a protein amounts and the observed mRNA
upregulation and amplification, we first examined the data available in The Human Protein
Atlas database. We observed that the amount of p38a protein was increased in human
melanoma samples when compared with the expression in normal melanocytes. In agreement
with the mRNA expression data (TCGA), the expression of p38a was heterogeneous among
melanoma samples, and 20% of the samples presented a moderate increased expression of
p38a (Figure 15A). To validate these data, we evaluated by immunofluorescence the p38a
expression in 8 additional human melanoma samples. Again, the expression of p38a among
different tumor samples was heterogeneous ranging from low to medium H-Score values

(Figure 15B).
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We also analyzed p38a expression in normal skin and in situ melanoma. Consistent with the
previous data, p38a expression was absent in normal melanocytes. Interestingly, in melanoma
in situ samples, tumor cells at the advance front of the tumor (starting to cross the basal
membrane of the epidermis to the dermis), increased the expression of p38a when compared

to melanoma cells that were still confined to the epidermis or melanocytes (Figure 15C).

Altogether, these data suggest that upregulation of p38a expression may contribute to

melanoma development and progression.
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Figure 15 | Expression of p38a in human cutaneous melanoma samples. (A) p38a expression in human
melanoma and normal skin samples from the Protein Atlas database. (B) Representative images of
immunohistochemistry showing the expression of p38a (green) and the melanocyte marker S100B (red) in human
melanoma tumors. Hoechst (blue) was used for nuclei visualization. Scale bars represent 100 um. Graph showing
the quantification (H-Score) of p38a expression. Data are represented as means = SD (n = 8). (C) Representative
images of immunohistochemistry showing the expression of p38a (green) and the melanocyte marker S100B
(red) in normal skin (left) and in situ melanoma (right). Hoechst (blue) was used for nuclei visualization. Scale
bars represent 50 um (right), 100 um (left), 50 um (zoom-in).

p38a is involved in melanocyte survival, proliferation and stress response.

It is well known that the p38 MAPK pathway is involved in the regulation of essential cellular
processes, including proliferation, stress response and apoptosis'?®. To validate the role/s of
p38a in melanoma cell lines, we transduced NRAS- and BRAF-mutated melanoma cells with

an inducible shRNA construct targeting p38a (Supplementary Figure 1).
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Figure 16 | p38a regulates proliferation and survival of melanoma cells. (A) Representative images showing
the phenotypic changes associated to the downregulation of p38a in UACC903 and SKMel103 cell lines. Western
blot showing the amounts of p38a 96h after expression of shRNA for p38a induced by doxycycline (Dox +)
(2 pg/ml). Arrows point to vacuole formation. Scale bars represent 50 um. (B) Graphs showing proliferation
curves of 4375, UACC903 and SKMel28 cell lines upon induction of sARNA for p38a or treatment with the p38
inhibitor SB203580 (10 uM). Percentage of dead cells determined by trypan blue staining in each case is shown
on the right to the proliferation curves. Data are represented as means + SD of triplicates. Representative western
blots showing the downregulation of p38a upon sARNA expression are shown below. GAPDH was used as
loading control. The numbers indicate the fold change with respect to the control (Dox -). Statistical significance
was determined using unpaired #-test; (ns) non-significant, (*) p <0.05, (**) p <0.01, (***) p <0.001.
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The specific knockdown of p38a resulted in an increased vacuole formation associated with
cell death in both UACC903 (BRAFYF) and SKMel103 (NRASQ!R) cell lines 96 hours after
shRNA induction (Figure 16A). Proliferation and viability assays of BRAF"%"’E-mutant
melanoma cells (4375, UACC903 and SKMel28) either treated with a p38 inhibitor
(SB203580) or after the induction of two different sARNA constructs targeting p38a, revealed
a significant decreased in proliferation in response to both, the treatment with the p38 inhibitor
SB203580 or p38a depletion. In response to the p38 inhibitor, the extent of this reduction was
cell line-dependent, ranging from 20% to 60% reduction in proliferation compared to the
control cells, where 4375 cells appeared to be the more sensitive cell line (Figure 16B). The
knockdown of p38a also resulted in a cell line-dependent reduction in the proliferation rate
(ranging between 20% and 40%). Again, 4375 cells showed the most significant reduction in
proliferation after the induction of the different assayed shRNAs (#I and #2). On the other
hand, UACC903 only showed a significant reduction after the induction of the shRNA#2, while
knockdown of p38a did not result in a significant decrease in SKMel28 proliferation (Figure
16B). Although we detected a slight increase of dead cells in all cell lines after the treatment
with SB203580 or the knockdown of p38a, especially evident at later time points, in 4375

cells this observation did not correlate with the decreased in cell proliferation (Figure 16B).

-UuvB +UVB

p-p38 p-p38
Hoechst Hoechst

-~
¥ .
A

p-p38 — : p-p38
Hoechst Hoechst

. eI

Figure 17 | Activation of p38 in melanocytes of the skin in response to UV irradiation. Representative images
of immunohistochemistry showing the activation of p38 (nuclear staining of p-p38 in green) and the melanocyte
marker SOX10 (red) in mouse skin 4 h after UVB irradiation. Hoechst (blue) was used for nuclei visualization
in all immunohistochemistry. Scale bars represent 50 um and 10 um (zoom-in).

The main environmental risk factor is ultraviolet radiation (UVR), which may influence
melanoma risk through multiple mechanisms!'#2%, In addition to its recognized role in the

regulation of cell proliferation and survival, the p38 MAPK pathway is also involved in the
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response to UV irradiation'¢’

. In this regard, we wanted to corroborate the participation of p38
in the UV radiation-mediated response in cutaneous melanocytes. To that end, we subjected
3-days old mice to a single physiological dose of 6.24 kJ/m? of UVB radiation and checked
p38 phosphorylation in the skin after 4 hours. As expected, in response to UVB irradiation
p38 became phosphorylated in different cell types including keratinocytes and dermal and
intra hair-follicle melanocytes (Figure 17), supporting the implication of p38 in UV-induced

melanomagenesis.

Altogether, these data warrant the role of p38 in the melanocyte stress response to UV
irradiation and confirm the previously described contributions of this molecule to melanoma

cell proliferation and survival.

Absence of p38a expression in melanocytes is associated with a delay in
melanoma development, a higher tumor multiplicity and reduced tumor
size in a UVB-induced Braf'*** melanoma mouse model.

The BRAF oncogene is the most commonly mutated gene in melanoma, leading to
hyperactivation of the downstream RAS/RAF/MEK/ERK pathway*6. However, BRAF
mutations result in cell cycle arrest and/or oncogene-induced senescence (OIS)?’. Therefore,
additional genetic events are necessary to bypass the OIS and acquire a tumorigenic
phenotype®®. UV radiation is the major environmental risk factor associated with the
development of melanoma'4, and several studies have demonstrated that UVR cooperate with
the BRAFV®E mutation to promote melanoma development®**23%2° The p38 MAPK
pathway is activated in response to environmental stress, such as UVR, resulting in cell cycle
arrest, DNA repair and apoptosis'®’. Furthermore, the p38 MAPK pathway mediates cell cycle
arrest and/or OIS downstream of the RAS/RAF/MEK/ERK cascade!®!:182, Additionally, the
p38 MAPK pathway plays a role in cytokine signaling and regulates the expression of
particular cytokines and chemokines that are essential for the anti-tumor immune
response!?*177178  Due to the numerous functions attributed to the p38 MAPK pathway,
particularly p38a, including the response to UVR, cytokine signaling and the regulation of cell
proliferation and survival, and the above results, we aimed to investigate the role of p38a in

FV600E

vivo in cooperation with BRA oncogene and UVB irradiation in melanoma development

and progression in vivo.

To that end, we crossed the Tyr::CreER™*;Braf“¥“4 strain with the p38a/*** mouse to
generate a conditional inducible melanoma mouse model, where the administration of

4-hydroxytamoxifen (4-OHTx) induced the expression of BrafY**E and the concomitant
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targeted loss of p38a, exclusively in the melanocytes. Subsequently, by successive
backcrossing of the resulting offspring, we generated an extensive set of mice with different
allelic combinations for Braf®® and p38a/>* alleles. All resulting offspring were included in
our investigation, regardless of the allelic combinations for Braf'and p38a. This approach aims
to investigate the influence of the genetic dose of p38a in a Braf¥*°E mutational background
on melanoma development and progression. In addition, to investigate the effect of the UVB
in melanoma development within the different resulting genotypes, we designed two study
subgroups: a spontaneous melanoma model activated by topical administration of 4-OHTx at
postnatal days 2.5 and 3.5, and a UVB-induced melanoma model, where 4-OHTx was
administered in the same manner but coupled with a single physiological dose of UVB
irradiation (6.24 kJ/m?) at postnatal day 3.52*° (Figure 18A). These specific time points were
chosen in accordance with epidemiological data suggesting that cutaneous melanoma may
arise as a consequence of intense, intermittent exposure of the skin to UV radiation,
particularly in children, rather than from the cumulative lifetime exposure that is associated

with other forms of skin cancer!?22241,

It is known that the expression of mutated BRAFY?E alone is insufficient for the generation
of melanoma tumors since it promotes cell cycle arrest and/or OIS?”. Consistent with previous
research?*?24, the expression of a single allele of BrafV**F did not lead to melanoma tumor

development and the activation of the second allele of Braf¥¢%F

promoted the melanoma
development in three aged mice (Figure 18B). Interestingly, although the deletion of p38a
alone had no effect in melanoma development, the loss of one or both alleles of p38a
cooperated with mutated Braf¥*t in melanomagenesis, resulting in a 20% increase in tumor

incidence in a p38a genetic dose-dependent manner (Figure 18B).

UV radiation constitutes the main environmental insult associated to melanoma development

and progression!. Thus, we incorporated to the model a physiological neonate UVB

d234 600E

irradiation dose. As expected-®, concomitant Bra activation and UVB irradiation
induced melanoma development in 85% of the mice (Figure 18C). The loss of both alleles of
p38a, but not haploinsufficiency, delayed the development and/or progression of
UVB-induced Braf¥%"°F melanomas. However, we did not observe significant differences in
tumor onset promoted by the loss of one or two alleles of p38a when both Braf¥$°F mutated

alleles were active (Figure 18C).

Interestingly, the depletion of p38a (one or both alleles) correlated with an increased tumor

multiplicity (Figure 18D). Furthermore, tumors lacking p38a appeared to be significantly
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smaller than tumors expressing this protein (Figure 18E and 18F), suggesting a potential role

of p38a in tumor growth biology.
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Figure 18 | p38a plays an important role in the regulation of Braf'**"E-mutated melanoma development
and progression. (A) Scheme showing the followed treatment steps for spontaneous and UVB-induced
melanoma mouse models. (B,C) Kaplan-Meier graphs showing the percentage of melanoma free survival in (B)
spontaneous and (C) UVB-induced melanoma models. (D) Graphs showing tumor multiplicity in spontaneous
and UVB-induced melanoma models. Data are represented as means + SD. (E) Graphs showing percentage of
tumors with the different sizes indicated in the figure legend in spontaneous and UVB-induced melanoma
models. (F) Representative images showing the differences in tumor sizes. Scale bars represent 50 mm.
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Altogether, these findings indicate that p38a may have a dual effect on melanoma
pathogenesis. On the one hand, in melanocytes it could confer protection against melanoma
development restricting the number of developed tumors, particularly in response to UVB
radiation, but on the other hand, it also plays a pro-tumoral role in melanoma cells allowing

the timely full size tumor growth.

Smaller size of B;p38a tumors correlates with a decreased proliferation of
melanoma cells.

Noting that UVB-induced melanoma tumors from Tyr::CreER™;Braf“¥“4;p38¢** mice
(hereafter referred as B;p38a) presented some difficulties to develop and grow to full size
when compared to tumors derived from Tyr::CreER™;Braf“¥“4 mice (B mouse model), we

decided to further characterize these tumors by immunohistochemistry.

First, we examined the expression of p38a in the resulting melanoma tumors to validate the
functionality of our model. Staining of tumor samples using p38a antibody demonstrated the
absence of p38a in B,;p38a melanomas but not in tumors generated in B mouse model (Figure
19A). Furthermore, according to p-ERK1/2 staining both B and B,;p38a melanomas exhibited
similar levels of ERK1/2 activation (Figure 19B), confirming Braf"*"°E expression and the

p38a-independent activation of the RAS pathway.

Since we had previously observed that p38 inhibition or downregulation hampered melanoma
cell proliferation and survival, we decided to investigate whether the reduced size of B;p38a
tumors, could be attributed to an increased apoptosis or decreased proliferation of tumor cells
lacking p38a expression. We observed a significant reduction of Ki67-expressing cells in
B;p38a tumors (10%) when compared to B melanomas (Figure 19C), suggesting a reduced
tumor cell proliferation. Moreover, both B and B,;p38a tumors showed similar expression of

the apoptotic marker cleaved caspase-3 (Figure 19D).

Therefore, these data suggest that the smaller size of B, p38a tumors may be partially attributed
to a reduced proliferation of melanoma cells, but the existence of other contributing

mechanisms should be considered.
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Figure 19 | Characterization of mouse melanoma tumors by immunohistochemistry showed a decreased
expression of the proliferation marker ki67 in tumors lacking p38a expression. Representative images of
immunohistochemistry showing expression of (A) the melanocyte marker Pepl (red) and p38a (green), (B) the
melanoma marker HMB45 (red) and the activation of ERK1/2 (p-ERK1/2) (green), (C) HMB45 (red) and ki67
(green), and (D) HMB45 (red) and cleaved caspase-3 (green) in B and B;p38a tumors. Graphs with the
corresponding quantification (H-Score) or the percentage of the corresponding positive cells per field are shown.
Hoechst (blue) was used for nuclei visualization in all immunohistochemistry. Scale bars represent 100 um and
50 pm (zoom-in). Data are represented as means + SD (n = 10 for each group). Statistical significance was
determined using unpaired #-test; (ns) non-significant, (*) p < 0.05, (**) p < 0.01, (¥****) p <0.0001.

Absence of p38a in tumor cells results in increased and prolonged cytotoxic
immune response in Braf'%"t mouse melanoma tumors.

It is well established that the p38 MAPK signaling pathway is a critical mediator of the
inflammatory response, playing a role in both the response to inflammatory cytokines and the

regulation of cytokine and chemokine production, which are essential for the immune
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response! 2177178 Given the delay in tumor development, the diminished tumor size in B;p38a
mice and the role of p38a in mediating cytokine signaling and production, p38a inactivation
in melanoma cells could potentially alter the cytokine profile within the tumor
microenvironment (TME), thereby affecting the recruitment and activation of immune cells
and consequently the anti-tumor response. Therefore, we decided to investigate the potential
role of p38a in the modulation of the intratumoral immune response by immunophenotyping
B and B;p38a tumors. To characterize all immune cells irrespectively of their anatomical
position within the tumor, we decided to use whole spontaneous tumors for
immunophenotyping (13 tumors per genotype). After whole tumor disaggregation, tumoral
cells were selected in vitro to generate different tumor cell lines for further studies, and
intratumoral CD45" cells were analyzed by flow cytometry to phenotype the immune cells
present in the TME (Figure 20).
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Figure 20 | Scheme showing the procedure for processing mouse melanoma tumors to generate tumor cell
lines and to immunophenotype the intratumoral immune cell populations by flow cytometry. Tumors from
B and B,;p38a mice were collected and disaggregated. Tumoral cells were selected in vitro for tumor cell line
generation. On the other hand, the phenotype of the intratumoral immune cells (CD45") was analyzed by flow
cytometry.

We initially hypothesized that the reduced size of B;p38a tumors may be due to a possible
differential anti-tumoral immune response. Both B and B;p38a tumors showed similar
amounts of total infiltrating immune cells (CD45") (Figure 21A) and total T cells (CD3")
(Figure 21B). We therefore wondered whether the phenotype and the functional status of these

T cells may be influence by the lack of p38a in melanoma cells.

Within the immune response against tumors, CD4" T cells function as helpers, contributing to
durable and effective cellular immune responses®*. On the other hand, CD8" T cells are the
primary effector cells in the anti-tumor response, exerting a cytotoxic effect that is crucial for
the elimination of tumor cells??°. In this matter, we did not observe any difference in the total

number of CD4" and CD8" T cells (Figure 21C). However, although CD4* T cells were the
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predominant subtype in both tumors, some B,;p38a tumors tended to have a higher ratio of

CD8/CD4" T cells (Figure 21C).
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Figure 21 | Absence of p38a expression in melanoma cells has no impact in the recruitment of total immune
cells and total T cells to the tumor. (A) Representative density plot and graph showing the percentage of tumor
infiltrating immune cells (CD45"). (B) Graph showing the percentage of T cells. (C) Representative density plot
and graphs showing the percentage of CD4" and CD8" T cells. Graph showing the CD8":CD4" ratio. Data are
represented as means = SD of biologically independent tumor samples (n=12 (B) and n = 13 (B;p38a)).
Statistical significance was determined using unpaired #-test; (ns) non-significant.

According to their state of differentiation, CD4" and CD8" T cells can be categorized into
naive T cells, effector T cells, and subsets of memory cells, each with unique characteristics
and functions in the immune response?#®. Naive T cells are primed by antigen presenting cells
(APCs) in the draining lymph nodes, where they are activated and expanded. Subsequently,
they differentiate into T effector (TE) cells, which are responsible for the immediate
anti-tumor defense through the production of effector cytokines and granzyme/perforin-
mediated cytotoxicity. However, these TE cells have a short lifespan and limited capacity for
self-renewal, so the surviving T cells differentiate into T effector memory (EM) cells, which
have a higher long-term survival and confer immunity against previously encountered

antigens94’247’248.

As expected, since we are analyzing the intratumoral immune populations, we observed
similar low amounts of infiltrating CD4" and CD8" naive T cells (CD44 CD62L") in both B
and B,;p38a melanomas (Figure 22A and 22B). Moreover, there were not significant
differences in the amount of CD4" TE/EM cells (CD44*CD62L") between both tumor types

(Figure 22A). However, although not significant, B;p38a tumors tended to have an increased
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number of CD8" TE/EM cells (Figure 22B) compared to B tumors, suggesting a possible

stronger cytotoxic effector response in B, p38a melanoma tumors when compared to B tumors.

During a prolonged and chronic immune response, such as that occurring in cancer,
tumor-antigen reactive T memory/central memory (TM/CM) cells are generated. These
TM/CM cells are less differentiated, exhibit a higher anti-tumor activity compared to TE/EM
cells and have the capability of durably persisting and functioning in the tumor?’-2%,
Interestingly, tumors lacking p38a presented significant increased numbers of both, CD4" and
CD8" TM/CM cells (CD44"CD62L") (Figure 22A and 22B), suggesting that there was an
enhanced anti-tumor immune response during the development and/or progression of B;p38a

compared to B tumors.
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Figure 22 | Absence of p38a expression in melanoma cells enhances the generation of tumor-antigen
reactive T memory cells. (A) Representative density plot and graphs showing the percentage of CD4" T naive,
TE/EM and TM/CM cells. (B) Representative density plot and graphs showing the percentage of CD8" T naive,
TE/EM and TM/CM cells. T effector/Effector Memory (TE/EM); T Memory/Central Memory (TM/CM). Data
are represented as means = SD of biologically independent tumor samples (n= 12 (B) and n = 13 (B;p38a)).
Statistical significance was determined using unpaired #-test; (ns) non-significant, (**) p <0.01.
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However, a prolonged and unresolved anti-tumor immune response causes TE/EM cells to
become exhausted and express high levels of inhibitory receptors on their surface, including
PD-1 and TIM-3. This state of T cell exhaustion impairs the proliferative and cytotoxic
capacity of effector T cells, thus producing less effector cytokines and losing the ability to

eliminate tumor cells®*.

We observed that both B and B,;p38a tumors showed similar amounts of exhausted CD4*
TE/EM expressing either PD-1, TIM-3 or both PD-1 and TIM-3 exhaustion markers
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(Figure 23A). However, CD8" TE/EM cells in B;p38a tumors exhibited a more exhausted
phenotype, primarily due to a higher expression of PD-1 (Figure 23B), suggesting an increased

but unresolved cytotoxic response in these tumors compared to B melanomas.

Furthermore, no correlation was observed between the amount of CD4" TE/EM and the
exhaustion of these cells in either B or B;p38a tumors (Figure 23C). Interestingly, the
increased exhausted phenotype of CD8* TE/EM was homogeneously observed in all B;p38a
tumors, in contrast to the heterogeneous correlation observed in B melanomas (Figure 23D),
highlighting once again that p38a may play a crucial role in the modulation of the anti-tumor

cytotoxic response.
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Figure 23 | Lack of p38a in tumor cells leads to an increased induction of exhaustion in cytotoxic T cells.
(A) Representative density plot and graphs showing the percentage of CD4" TE/EM cells expressing PD-1 and
TIM-3 exhaustion markers. Graph showing the percentage of total CD4" exhausted TE/EM cells.
(B) Representative density plot and graphs showing the percentage of CD8" TE/EM cells expressing PD-1 and
TIM-3 exhaustion markers. Graph showing the percentage of total CD8" exhausted TE/EM cells. (C) Graphs
showing the correlation between CD4" TE/EM and CD4" exhausted TE/EM cells in B and B;p38a tumors. (D)
Graphs showing the correlation between CD8" TE/EM and CD8" exhausted TE/EM cells in B and B,;p38a
tumors. T effector/effector memory (TE/EM). Data are represented as means + SD of biologically independent
tumor samples (n =12 (B) and n = 13 (B;p38a)). Statistical significance was determined using unpaired #-test;
(ns) non-significant, (*) p < 0.05, (**) p < 0.01.
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Among the subtypes of immune cells with regulatory roles, it has been widely demonstrated
that Treg cells have an immunosuppressive and pro-tumoral function by inhibiting the activity
of TE/EM??, Accordingly, we analyzed the frequency of Tregs in our tumors. The results
showed that both tumor types (B and B,;p38a) harbored similar amounts of CD4" and CD8"
Tregs (FoxP3*; CD25") (Figure 24).

Taken together, these findings indicate that the absence of p38a in melanoma cells facilitates
an enhanced and more prolonged cytotoxic immune response against the tumor but has no

effect on the recruitment and/or differentiation of Tregs.
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Figure 24 | Treg infiltration into the tumor is not modulated by p38a expression in melanoma cells.
Representative density plots and graphs showing the percentage of (A) CD4" and (B) CD8" regulatory T cells
(Tregs). Data are represented as means + SD of biologically independent tumor samples (n =12 (B) and n = 13
(B;p38a)). Statistical significance was determined using unpaired #-test; (ns) non-significant.

Tumors lacking p38a exhibit an enhanced activity and recruitment of NK
and NK-T cells.

In addition to the adaptive immune response, the innate immune response also plays an
important role in tumor immunity. As innate immune cells, NK cells can eliminate tumor cells

without prior sensitization?!

. Our results revealed that the lack of p38a did not have a major
effect in the amount of tumor infiltrating NK cells (Figure 25A). However, NK cells from
B;p38a tumors showed an increased expression of CD62L (Figure 25B), a lymphoid tissue
homing receptor, concomitant with a significant decreased expression of the exhaustion
marker PD-1 (Figure 25C), which has been associated with an enhanced anti-tumor activity
and a reduced exhaustion of these cells*>!~2%3. Moreover, both tumor types (B and B,p38a)
showed similar amounts of NK cells expressing CD44, a receptor associated with increased

cytotoxic activity of NK cells*>* (Figure 25D).
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Figure 25 | NK cells show a higher activated and less exhausted phenotype in B;p38a tumors.
(A) Representative density plot and graph showing the percentage of natural killer (NK) cells. Representative
density plots and graphs showing the percentage of NK cells expressing (B) CD62L, (C) PD-1, and (D) CD44.
Data are represented as means + SD of biologically independent tumor samples (n = 12 (B) and n = 13 (B;p38a)).
Statistical significance was determined using unpaired #-test; (ns) non-significant, (*) p < 0.05, (**) p <0.01.

NK-T cells are a subpopulation of T cells that express T cell receptors (TCR) and also share
surface markers with NK cells, thus combining features of both the innate and the adaptive
immunity?>®. In addition to the above data, we also observed that tumors lacking p38a
(B;p38a) were infiltrated with a significant higher number of NK-T cells compared to B
melanomas (Figure 26A). Furthermore, as in the case of NK cells, the number of NK-T-
CD62L" cells from B;p38a melanomas was significantly increased in comparison with this
type of cells identified in B melanomas. This feature in NK-T cells, has also been associated
with the recruitment of these cells to the tumor and with a higher anti-tumor activity?>¢ (Figure
26B), which also correlates with the tendency towards a less exhausted phenotype (PD-1%) of
NK-T cells in B;p38a melanomas, albeit not significant (Figure 26C).

Altogether, these data suggest that lack of p38a in tumor cells may enhance the recruitment

and anti-tumor cytotoxic activity of the innate immune NK and NK-T cells.
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Figure 26 | B;p38a tumors show a higher recruitment of NK-T cells. (A) Representative density plot and
graph showing the percentage of natural killer T (NK-T) cells. Representative density plots and graphs showing
the percentage of NK-T cells expressing (B) CD62L, and (C) PD-1. Data are represented as means + SD of
biologically independent tumor samples (n = 12 (B) and n = 13 (B, p38a)). Statistical significance was determined
using unpaired #-test; (ns) non-significant, (*) p <0.05, (**) p <0.01.

Lack of p38a in tumor cells favors the accumulation of polymorphonuclear
over monocytic MDSCs and decreases the recruitment of macrophages and
activated DCs.

Myeloid cells are a diverse group of innate immune cells that contribute significantly to the
anti-tumor response by shaping the TME and modulating immune cell differentiation and
activation. Among the most important myeloid cells in the TME are dendritic cells (DCs),
macrophages and myeloid-derived suppressor cells (MDSCs)?’. In relation to this, we did not
observe any difference in the total number of myeloid cells (CD11b") between B and B;p38a
melanomas (Figure 27A). Therefore, we decided to analyze the specific subtypes of myeloid

cells.

MDSCs are immature myeloid cells with potent immunosuppressive activity, playing an
important role in tumor progression by inhibiting the activity of cytotoxic T cells and NK cells.
There are two subtypes of MDSCs differentiated by their phenotype and their mode of
suppression. Monocytic MDSCs (M-MDSCs) are phenotypically similar to monocytes and
mediate immune suppression mainly through nitric oxide (NO), arginase 1 (ARG1),
immunosuppressive cytokines, and the expression of immune regulatory molecules such as
PD-L1. On the other hand, polymorphonuclear MDSCs (PMN-MDSCs), which are
morphologically similar to neutrophils, preferentially use reactive oxygen species (ROS),

ARG, peroxynitrite, and prostaglandin E» (PGE>) to suppress antigen-specific CD8" T cells.
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Furthermore, M-MDSCs have a higher immunosuppressive activity than PMN-MDSCs, and
the number of M-MDSCs, but not of PMN-MDSCs, directly correlated with suppression of in
vitro T cell activation?"-2%, Interestingly, although the number of total MDSCs was similar
in both tumor types (B and B,;p38a), the analysis of these populations revealed a switch
between the MDSC subtypes (PMN-MDSCs and M-MDSCs) in respect to the tumor
genotype. While the analysis of the infiltrates from B tumors showed mostly and significantly
higher amounts of M-MDSCs (CD11b"Ly6GLy6C"e"), B;p38a melanomas were infiltrated
by mainly by PMN-MDSCs (CD11b"Ly6G*Ly6C%), which have less immunosuppressive
activity and were the predominant subtype in these tumors (B,;p38a) (Figure 27B).
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Figure 27 | Lack of p38a in tumor cells favors the accumulation of PMN-MDSCs over M-MDSCs.
(A) Representative density plots and graphs showing the percentage of total myeloid cells. (B) Representative
density plots and graphs showing the percentage of total myeloid-derived suppressor cells (MDSC), monocytic
MDSCs (M-MDSC) and polymorphonuclear MDSCs (PMN-MDSC). Data are represented as means = SD of
biologically independent tumor samples (n = 12 (B) and n = 13 (B,p38a)). Statistical significance was determined
using unpaired #-test; (ns) non-significant, (**) p <0.01.

As of the macrophages, they can promote tumor progression by producing growth factors and
cytokines that shape the TME. Macrophages are often classified into M1 and M2 profiles, with
the M2-like phenotype being the most prevalent in growing tumors, promoting tumor cell
growth and invasion, enhancing tumor angiogenesis, and blunting anti-tumor T cell
functions?®®, Melanomas lacking the expression of p38a in tumor cells showed a significant
decrease in macrophage infiltration (Ly6G CDI11b"F4/80") (Figure 28A). In addition,
infiltrating macrophages in B;p38a tumors tended to show a reduced polarization towards an

M2-like phenotype (Ly6C CD206'Ly6G CD11b"F4/80") (Figure 28B).
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Figure 28 | Absence of p38« in tumor cells produces a decrease in macrophages. (A) Representative density
plot and graph showing the percentage of total macrophages. (B) Representative density plot and graph showing
the percentage of M2-like macrophages. Data are represented as means + SD of biologically independent tumor
samples (n = 12 (B) and n = 13 (B;p38a)). Statistical significance was determined using unpaired #-test; (ns) non-
significant, (**) p <0.01.

DCs are not abundant at tumor sites but are central for the initiation of antigen-specific
immunity and tolerance due to their ability to process and present tumor-associated antigens

via major histocompatibility (MHC) molecules to activate naive T cells¢!

. Tumors lacking
p38a expression showed less infiltrating DCs (CD11b"CD11c"), although the difference was
not statistically significant (Figure 29A). Additionally, these infiltrating DCs in B;p38a
tumors showed a decreased expression of the major histocompatibility complex class II
(MHC-1II) (Figure 29B), thus limiting their function of presenting antigens to other immune

cells.

Overall, these data suggest that p38a may influence the composition and function of myeloid
cells within the TME by modulating the balance between M-MDSCs and PMN-MDSCs, the
recruitment of macrophages and their polarization to an M2 phenotype, and the recruitment

and activation of DCs.
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Figure 29 | DCs of B;p38a tumors showed a less activated phenotype. (A) Representative density plot and
graph showing the percentage of total dendritic cells (DCs). (B) Representative histogram and graph showing the
mean fluorescence intensity (MFI) of the major histocompatibility complex class II (MHC-II) in DCs. Data are
represented as means + SD of biologically independent tumor samples (n=12 (B) and n = 13 (B;p38a)).
Statistical significance was determined using unpaired #-test; (ns) non-significant, (**) p <0.01.

95




RESULTS

Gene expression analysis confirmed the role of p38a in the modulation of
the tumor microenvironment and the anti-tumor immune response by
tumor cells.

The data indicated that p38a may contribute to melanoma progression by regulating the anti-
tumor immunity, impairing the cytotoxic immune response and modulating the recruitment
and the activity of immunosuppressive myeloid cells. It is well known that cytokines and
chemokines are essential for the modulation of the immune response, including the
recruitment and activation of different immune cell populations that have distinct effects on
tumor progression and therapeutic outcomes?®?. Indeed, p38a is known to be involved in
regulating the production of pro-inflammatory cytokines and chemokines !24!77:178 T¢ validate
our data and to further investigate the mechanisms involved in the distinct immune responses
observed in B and B;p38a tumors, we performed a gene expression profile analysis to

characterize the molecular features and the active biological processes of these tumors.

Upregulated processes B; p38a vs. B

rmi m( 5168 Her es simplex virus 1 infection
DNA metabolic process
5 ?ulatlon of natural killer cell mediated immunity
- 12 Cell-cell adhesion via plasma-membrane adhesion molecules
E ) 4 Positive regulation of natural killer cell mediated cytotoxicity
r ) > Cilium organization
F R-MM 1367 Neurexins and neuroligins
r ) 30 Synaptic membrane adhesion
[— r 342 Positive regulation of cell killing
e F Gliogenesis
—— rG Mitotic cell cycle checkpoint signaling
— F\ ’ Lung fibrosis
— r GO:0 0 Retinal ganglion cell axon guidance
—— r GO:0 45 Trans-synaptic S|gnalln% by trans-synaptic complex
—  R-MMU-9037¢ Lewis blood group biosynthesis
— - GO:0017121 Plasma membrane phospholipid scramblin
— F G( . Negative regulation of natural killer cell mediated immunity
— FG 44 Subpallium development
— rG 53 Regulation of synapse assembly
— r GO:0 ' Reflex
— -log10(P)  R-MMU ¢ Cilium Assembly
——1 ) - G0:0001912 Positive regulation of leukocyte mediated cytotoxicity
:I : 8 : 0 F G( Negative regulation of lymphocyte mediated immunity
2 4 6 8
-log10(P)

Downregulated processes B; p38a.vs. B

U Keratinization
<‘ 0: of 106954 Inflammatory response
4 ! Blood vessel morphogenesis
Developmental Biology
Positive regulation of locomotion
Neutrophil degranulation
) 15 Circulatory s¥stem process
):1901342 Regulation of

F vasculature development
—— F G( 43588 Skin development
—— - (JL 0001817 Regulation of cytokine production
—— - Regulation of body fluid levels
—— - Regulation of system process
—— - 5 Epithelial cell differentiation
— - 5 Supramolecular fiber organization
—— - External encapsulating structure organization
— F Cell chemotaxis
— - Muscle structure development
1 dogt0(P) [ Muscle tissue development
) ) - Tyrobg causal network in microglia
125 0 ell-cell adhesion
T T T T
0O 5 10 15 20 25
-log10(P)

Figure 30 | Differentially regulated processes in B;p38a compared to B tumors. Heatmap showing the
differentially upregulated (log2FC > 0.265, n = 2214 genes) and downregulated (log2FC < -0.265, n= 3000
genes) genes in B;p38a vs. B tumors (left) and the regulated processes obtained from the analysis of the
differentially regulated genes using Metascape (right).
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Metascape analysis of the top upregulated genes in B;p38a vs. B tumors (log2FC > 0.265,
n=2214 genes) (Supplementary Table 1) showed that these genes were associated with

99 <6

immune-related processes including “herpes simplex virus 1 infection”, “regulation of natural
killer cell mediated immunity”, “positive regulation of cell killing” and “positive regulation of
leukocyte mediated cytotoxicity” (Figure 20). On the other hand, the top downregulated genes
in the absence of p38a (log2FC < 0.265, n = 3000 genes) (Supplementary Table 2) were also
found to be involved in processes related to the immune response, such as “inflammatory

response” and “regulation of cytokine production” (Figure 30).

Further analysis of upregulated processes (“herpes simplex virus 1 infection”, “positive
regulation of lymphocyte mediated immunity” and “regulation of natural killer cell mediated
immunity”) revealed that the upregulated genes in B;p38a vs. B tumors were mainly cytokines
(e.g., 111b, 1112b, Ifng, Ifnal and Ifna6) and immune receptors (mostly Killer cell lectin-like
receptors (Klr), or genes involved in apoptosis (e.g., Apafl, Casp3 and Fasl), antigen
presentation and T cell activity regulation and exhaustion (e.g., H2-MHC Class-I molecules,

H60a, Harver2, Lag3) (Figure 31).
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Figure 31 | Upregulated immune-related processes in B;p38a vs. B tumors. (A) Volcano plot showing the
differentially regulated genes in B;p38a vs. B tumors of the herpes simplex virus 1 infection (mmu05168)
process. (B) Volcano plot showing the differentially regulated genes in B;p38a vs. B tumors of the positive
regulation of lymphocyte mediated immunity (GO:0002708) process. (C) Volcano plot showing the differentially
regulated genes in B;p38a vs. B tumors of the regulation of natural killer cell mediated immunity (GO:0002715)
process. List of relevant upregulated genes, the corresponding logoFC and the processes involved are shown in
the left of the corresponding volcano plot.
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Figure 32 | Differentially regulated immune-related genes in B;p38a vs. B tumors. (A) Volcano plot showing
the differentially regulated genes in B,;p38a vs. B tumors of the regulation of cytokine production (GO:0001817)
process. (B) Volcano plot showing the differentially regulated genes in B;p38a vs. B tumors of the inflammatory
response (GO:0006954) process. List of relevant downregulated (left) and upregulated (right) genes, the
corresponding log>FC and the processes involved are shown for each graph.

Although the “inflammatory response” and “regulation of cytokine production” processes
appeared to be downregulated, a deeper analysis of the differentially expressed genes
associated to these terms revealed that the lack of p38a resulted in a significant
downregulation of genes involved in cytokine-induced signaling, including p38a (Mapkli4),
p38P (Mapkll) and p386 (Mapkl3), p38a downstream effectors and Stat family members
(e.g., Stat3, Stat5a and Stat5h). Moreover, downregulated genes also include a number of
molecules involved in immunosuppression (e.g., 116, Csf1, Argl, Lep, Tgfbl...). Conversely,
the upregulated genes within this GO-terms were mostly associated with the activation of the
immune response, including genes contributing to cytotoxicity (e.g., Ifng, 1l1b, 1112b...),

immune cell proliferation (e.g., 1/2), recruitment of inflammatory cells (e.g., Cxcl9, Cxcl10,
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Ccl20...), and immune cell exhaustion (e.g., Havcr2, Cd274, Tigit ...), supporting the role of

p38a in restricting the antitumoral immune response. (Figure 32).

The gene expression data is circumscribed at the tumor recolection endpoint. Thus, this data
is reflecting the gene expression status at the time of collection according to the functional
status of the different cell populations, and in the case of B;p38a tumors, the lack of p38a in
tumor cells. Therefore, the recapitulation of the whole immune response history according to
the status of these molecules would be highly complex. However, it would be very informative
to discern between the contribution/s of immune tumor-infiltrating cells and tumor/stroma to
this expression profile at this endpoint. To determine the contribution of the tumor/stroma or
the tumor-infiltrating immune cells to the differential expression of immune-related genes, we
used magnetic beads to separate and enrich the CD45 (tumor/stroma) and CD45" (immune
cells) populations and performed a microarray analysis to investigate the transcriptional

regulation of genes involved in immune processes (Figure 33A).

Analysis of the data revealed that immune-related genes were differentially regulated in both
CD45" and CD45" populations of B;p38a vs. B tumors, suggesting that lack of p38a not only
modify the tumor cell transcriptional regulation, but also the transcriptional reprograming of
the tumor microenvironment. The tumor/stroma cells (CD457) of B;p38a tumors compared to
B tumors showed a decreased expression of several chemokines, including Ccl5, Ccl6, Ccl9,
Ccll2, Ccl22, Xcll and Cxcll6, chemokine and cytokine receptors such as Ccr2, Cer3, Ccro,
Cxcr4, Cxcr5, Xcrl and Csflr (mostly associated to the atraction of immune cell populations,
including myeloid cells), immune checkpoint molecules (Ctla4, Vsir (VISTA) and Pdcdllg2
(PD-L2)), pro-inflammatory cytokines (7nf, Illa, and I/1b) and molecules associated with
invasion and metastasis, including Mmp9, Ifi202b, Spp1, Serpinalb and Serpina3n. However,
these cell (CD45") populations of B;p38a tumors showed increased amounts of Ackri, Cxcl9
and Cxcl10 mRNA expression when compared to B melanomas, which have been associated

with an IFNy signature and higher T cell infiltration?%%-264

, yet molecules associated with
immunosuppression such as Cd276 (B7-H3), Lif, Lag3 or Slamf7 appeared to be also

upregulated in B;p38a vs. B stroma/tumor cells (Figure 33B).

In respect to the tumor-infiltrating immune cells (CD45"), B,p38a compared to B tumors
showed a decreased mRNA expression of several cytokines and chemokines, including /13,
1125, Ifnal, Ccl22, Cxcll6, several receptors such as Ifngrl, 1/123r, Ccr6 and Ccr7, and immune
checkpoint molecules such as Btla and Pdcdllg? (PD-L2). Consistent with the previous
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observation related to the increased number of exhausted T cells in B;p38a compared to B
tumors, tumor-infiltrating immune cells of melanomas lacking p38a expression showed
increased expression of the exhaustion markers Pdcdl (PD-1) and Havcr2 (TIM-3), as well
as, other immune checkpoint molecules such as Cd274 (PD-LI) and Slamf7. Interestingly,
infiltrated immune cells (CD45%) of B,;p38a melanomas compared to B tumors showed an
increased expression of several cytokines and chemokines, as well as molecules with
anti-tumor functions, such as 1/12a, 111 7f, Ifna4, Casp4, Cxcl10, Cxcll, Cxcl2, Cxcl5 and Ccl4.
However, the expression of genes with immunosuppressive functions, such as //1b, 1l6 and

Csf1, was also increased (Figure 33B).
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Figure 33 | Differentially regulated immune-related genes in CD45 and CD45" populations from B;p38a
compared to B tumors. (A) Schematic representation of the CD45 and CD45" separation process from mouse
melanoma tumors using magnetic beads to perform the gene expression analysis of the separated populations.
(B) Heatmap showing the differentially regulated immune-related genes in CD45" (left) and CD45" (right)
populations from B;p38a vs. B tumors. (C) Dotplot showing the logoFC (color) and -logio P.Value (dot size) of
relevant differentially regulated immune-related genes in complete, CD45 and CD45" samples from B and
B;p38a.
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When comparing these results with those observed in whole tumor, we detected the absence
of some important molecules related to the observed response (//2 or Ifng). Disaggreation of
tumors will cause the loss of a number of regulatory mechanisms induced by ligands or
cell-cell interactions. Isolated cells most likely retain features asociated to their functional
phenotype but not related to local physiological regulations. Thus, to identify molecules
strongly linked to the the loss of p38a and the functional phenotype of cells, we selected
molecules that where regulated in the same direction in the analysis of the whole tumors and
the CD45" and CD45" tumor cell populations. Overall, we observed that the CD45" population
showed a higher contribution to the downregulation of immune-related genes that were
downregulated in B;p38a vs. B complete tumors, while the CD45" population showed a higher
contribution to the upregulated genes (Figure 33C).

Stroma/tumor cells from B;p38a compared to same type of cells from B tumors showed a
decrease expression of immunosuppressive molecules (Csf receptors, 1/10r, Ccl22, Mmp?9,
Xcll) and overexpression of relevant molecules related to the anti-tumor response and T cell
or NK cell attraction and activation such as, Casp4, Sytl2, Ccl4, Ccl5, Cxcll, Cxcl9 Cxcll0
and Tnfsf4 (OX40-L). Since tumors were not complete resolved, stroma/tumor cells (B;p38a
vs. B) also overexpressed immune checkpoint molecules (Slamf7 and Pdcdl (PD-1)) and
immunosuppressive molecules such as Lif (Figure 33C). In line with these data, tumor
immune-infiltrated cells (B;p38a vs. B) had downregulated the same immunosuppressive
molecules, particularly Ccl22, Argl and Pdcdllg? (PD-L2), and contributed to the tumor
microenvironment upregulating, principally, Casp4, Cxcll, Cxcl5, Cxcll0 and Tnfsf4.
Immunoregulation of these immune cell population was also inferred by the increased

expression of Pdcdl (PD-1) and the expression of Lif (Figure 33C).

Altogether, these data suggest that, in melanoma cells, p38a regulates the expression of
immune-related genes, modulating the anti-tumor immune response. This, in turn, results in
the modulation of the tumor microenvironment, including the gene expression profile of
tumor-infiltrating immune cells, where the loss of p38a in tumor cells appears to promote the

gene expression programs toward a more active and less suppressed immune response.

p38a mediates the expression of cytokines and chemokines that are critical
for the modulation of the anti-tumor immune response.

The above transcriptional regulation analysis supported the role of p38a restricting the

anti-tumor immune response, where cytokines such as IFNy are clearly involved. To
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functionally validate the role of p38a regulating cytokine production in tumor cells, we
performed a mouse cytokine array analyzing the secretion 111 different cytokines in B;p38a
(VHMM?203) or B(VHMM109) tumor-derived cells (as tumor models) (Figure 34A,B) at basal

level or after IFNy treatment for 24 hours.
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Figure 34 | p38a regulates the expression of cytokines crucial for the modulation of the anti-tumor immune
response. (A) Schematic representation of the spot positions of the indicated cytokines/chemokines in duplicate
on the membranes with the respective internal controls, adapted from the manufacturer's information.
(B) Representative images of membranes from the cytokine array. (C) Graph showing the quantification of not
differentially regulated cytokines in VHMM203 vs. VHMM]109 cells. (D) Graph showing the quantification of
upregulated cytokines in VHMMZ203 vs. VHMMI109 cells. (E) Graph showing the quantification of
downregulated cytokines in VHMM?203 vs. VHMM109 cells. Mean pixel density of the corresponding dots was
determined using Image] software. Statistical significance was assessed by multiple unpaired #-test; (ns)
non-significant, (*) p < 0.05, (**) p < 0.01, (***) p < 0.001.

Initial analysis of the cytokine array using the basal secretome of B and B, p38a tumor-model
cells, revealed the detection of 42 out of the 111 cytokines present in the array. Thirty-four of
those cytokines were differentially regulated between B and B;p38a cells, including some of
the aforementioned cytokines regulated at transcriptional level. VHMM109 and VAMM?203
cells secreted similar amounts of DLK1, IL-15, CSF-2, LDL R, CST3, CCLS5, endostatin and
CCL2. Protein expression of CCL12, F3, POSTN, IL-11, ENG, CXCL1 and CXCL10 were
increased in VHMM?203 compared to VAMMI09 (Figure 34D), while CXCL9 protein
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expression was not detected at basal levels in any of the cell lines (Figure 34B). Moreover,
VHMM?203 cells showed increased protein expression of IGFBP-3 and IGFBP-6 compared to
VHMM]109 cell line (Figure 34D), which have been associated with anti-tumoral functions?®>-
267 In contrast, VHMM?203 cells secreted fewer amounts of SERPINF1, CCN4, GDF-15,
CCL20, NGAL, PCSK9, TNFRSF11B, IL-33, MRP, AR, CX3CLI1, CXCL2 and CXCL5
compared to VHMM]109 cells (Figure 34E). Furthermore, the protein expression of CSF-3,
SPP1, VEGF-A, SERPINE1, MMP-9, LIF, CSF-1, HGF, MMP-2, IL-6, CXCL16 and
MMP-3, associated with invasion, metastasis and immunosuppression'®7-2%-280 were also

decreased in VHMM?203 cells compared to VHMM109 cells (Figure 34E).
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Figure 35 | p38a regulates the expression of cytokines crucial for the modulation of the anti-tumor immune
response. (A) Representative images of membranes from the cytokine array are shown. The following cytokines
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In response to IFNy, the regulation of the protein expression among the cytokines analyzed
was a highly variable. We focused on the regulation of cytokines that showed differential

expression at the basal level and that were also relevant according to the previous results.

IFNy treatment did not significantly modify the basal expression of CCL20, CXCL2, CXCLS5,
MMP-9 and IL-6 in any of the two models. However, treatment of VHMM 109 cells with I[FNy
increased the protein expression of CXCL1, CXCL10 and IGFBP-6, and decreased the protein
amounts of IGFBP-3. Furthermore, some cytokines such as CSF-1, SPP1, TNFRSF11B and
MMP.2 showed opposite responses to IFNy treatment in the two cell lines, whereas the protein
amounts of CXCL9, LIF and SERPINEI increased in response to [FNy in both cell lines. In
addition to the differential regulation in the production of these cytokines in response to IFNy,
the resulting absolute amount in response to the treatment of some of the immunosuppressive
cytokines was also different. In this matter, in addition to the lack of expression of IL-6 and
MMP-9, VHMM?203 cells produced a significant lower amounts of SERPINE1, CXCL16, LIF
and TNFRSF11B (Figure 35).

The above data suggested that the absence of p38a in tumor cells may lead to differential
expression of cytokines and chemokines involved in immune cell recruitment and regulation,
thus resulting in a less immunosuppressive TME that allows the successful tumor recognition
and elimination by immune cells. Based on these findings and considering the role of the p38

24177178 e wanted to validate the

MAPK pathway in cytokine response and production
contribution of p38a in regulating the expression of relevant cytokines for the anti-tumor
immune response. To this end, we analyzed the expression of relevant inflammatory molecules
by RT-qPCR in response to the p38 inhibitor SB203580 and/or after the treatment with IFNy,
a key cytotoxic cytokine, in five different B tumor-derived cell lines. Additionally, we used
four cell lines derived from B;p38a tumors to validate the genetic expression of these

cytokines in the absence of p38a expression at basal levels and after IFNy stimulation.

It is known that p38f3 can compensate some of the functions of p38a, particularly in its
absence!?*. To ensure that the absence of p38a was not compensated by the upregulation of
other p38 MAPK members and considering that p383 is not expressed in melanoma'34, we
first validated the protein expression of p38a, p38p, and p38y in the tumor-derived cell lines.
We found that cell lines lacking p38a expression also did not express p38f or p38y (Figure
36A).
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Figure 36 | p38a regulates the expression of cytokines crucial for the modulation of the anti-tumor immune
response. (A) Western blot showing p38a and p38a/p/y protein expression in B and B;p38a tumor-derived cell
lines. GAPDH was used as loading control. (B) Dotplot showing the fold change (dot size) and mRNA mean
expression (color scale bar) of the indicated cytokines in B and B,;p38a cell lines after 24 hours treatment with
IFNy (50 ng/ml) and/or the p38 inhibitor SB203580 (10 uM). (C) Graphs showing the mRNA fold change of the
indicated cytokines in B and B,;p38a cell lines after 24 hours treatment with IFNy (50 ng/ml) and/or the p38
inhibitor SB203580 (10 uM). Statistical significance was assessed by Mann-Whitney #-test; (ns) non-significant,
(*)p=<0.05 (**)p=<0.01.
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In response to SB203580 (p38 inhibitor), B cell lines downregulated the mRNA expression of
several inflammatory molecules including Spp1, Serpinel, Lif, 116, Igfbp3, Cxcl2, Cxcll and
Ccl20, although not significantly due to cell line variability. Furthermore, upon IFNy
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treatment, the expression of most of the cytokines and chemokines analyzed, including Mmp9,
Lif, 116, Cxcll, Cxcl2, Cxcll6, Ccl20, Serpinel, Igfbp3, Sppl, Ifi202b, Cxcl9 and Cxcl10, was
increased. However, the expression of Spp/ and Igfbp3 decreased and no differences were
observed in the expression of Mmp2, Igfbp6, Hgf, Vegfa and Tnfrsf11b in response to IFNy
treatment (Figure 36B,C and Supplementary Figure 4). The inhibition of p38 reduced the
induction of the expression of Serpinel, Mmp9, Lif, 116, Cxcl2, Cxcll, Csfl, and Ccl20 in
response to IFNy (Figure 36B,C and Supplementary Figure 4), suggesting a regulatory role of
the p38 MAPK in the expression of these inflammatory molecules upon IFNy treatment. In
agreement with this, B,;p38a cell lines showed a reduced expression of Spp 1, Serpinel, Mmp9,
Lif; 116, Ifi202b, and Cxcll6 at basal level compared to the expression of B cell lines (Figure
36B,C). The observed reduction in the expression of /gfbp6 at basal levels in B;p38a compared
to B cell lines was due to the high contribution of two B cell lines, whereas no expression was
detected in the other three B cell lines and in neither of the B;p38a cell lines (Figure 36B and
Supplementary Figure 4). Furthermore, molecules associated with anti-tumoral functions such
as Igfbp3, Cxcl9 and Cxcll0*%%%63, showed an increased expression at basal level in B;p38a
compared to B cell lines. Overall, the expression of the inflammatory molecules analyzed did
not increase or showed a lower increase in response to IFNy in B;p38a cell lines compared to
the response observed in B cells (Figure 36B,C), again highlighting the role of p38a in

modulating cytokine expression in response to IFNy.

Altogether, these results indicate that tumor cells regulate the expression of a number of
inflammatory molecules through p38a. Consequently, the lack of p38a leads to a distinct

cytokine expression profile that will impact in the anti-tumor immune response and the TME.

p38a expression by tumor cells determines the response to PD-1 immune
checkpoint blockade.

The consistent data suggesting that p38a may regulate the production of relevant cytokines
and chemokines critical for the anti-tumor immunity, resulting in an immunosuppressed TME
and an impaired cytotoxic immune response, prompted us to investigate its relevance in the
context of immunotherapy. Moreover, we had previously observed that tumors lacking p38a
expression exhibited a higher proportion of exhausted CD8" T cells, primarily due to a higher
PD-1 expression, but a subpopulation also co-expressed TIM-3, suggesting that blockade of
these immune checkpoint molecules might enhance the anti-tumor response in p38a-deficient
tumors. Therefore, to evaluate the potential therapeutic impact of the TME modulation by

p38a, we used syngeneic mouse models to investigate the response to PD-1 and/or TIM-3
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blockade in the presence or absence of p38a expression in melanoma cells. We subcutaneously
inoculated YUMMERI.7 (Braf*»V7T; Pten’~; Cdkn2a’") and VHMM?212 (Braf*"“A; p38a’")
cell lines in C57BL/6JRj mice and when tumor size reached 50-100 mm?, mice were treated
with 200 pg of either isotype (rat IgG2a, ) for the control group, aPD-1, aTIM-3 or the
combination of both antibodies via intraperitoneal injection. Mice were dosed twice a week
for a total of five doses and were euthanized one week after the end of the treatment. The
intratumoral immune cell populations of the remaining tumors were analyzed by flow

cytometry.
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Figure 37 | p38a expression by tumor cells determine the response to aPD-1 in vivo. (A) Graphs showing in
vivo tumor growth of YUMMERI.7 and VHMM?212 cell lines treated with isotype (rat IgG2a, ), aPD-1, aTIM-3,
or the combination aPD-1+aTIM-3. Dashed lines represent individual tumors. Scheme representing the
experimental procedure is shown. (B) Graph showing YUMMERI1.7 and VHMM?2 12 tumor volumes at endpoint
of the study. Statistical significance was assessed by unpaired t-test; (ns) non-significant, (*) p <0.05. (C)
Representative images of YUMMER1.7 and VHMM?2 12 tumors treated with aPD-1, aTIM-3, or the combination.
Bars represent 1 cm.
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Treatment with oPD-1 antibody or with the combination of aPD-1+aTIM-3 antibodies
significantly reduced tumor growth only in VHMM?2]12 tumors which lack p38a expression.
However, single treatment with the aTIM-3 antibody did not reduce tumor growth in either
YUMMERI.7 or VHMM212 tumors (Figure 37), suggesting that the primary mechanism
driving the reduction in tumor growth with the combination of aPD-1+aTIM-3 antibodies was

the blockade of PD-1.
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Figure 38 | The increased response to PD-1 or PD-1+TIM-3 blockade in VHMM?212 syngeneic tumors was
associated with an increased T cell infiltration. (A) Graph showing the percentage of T cells in YUMMERI.7
and VHMM?212 syngeneic tumors treated with isotype (rat IgG2a, k), aPD-1, aTIM-3, or the combination
aPD-1+0TIM-3. (B) Graphs showing the percentage of CD4" and CD8" T cells in YUMMER]I.7 and VHMM?212
syngeneic tumors treated with isotype (rat IgG2a, k), aPD-1, oTIM-3, or the combination aPD-1+aTIM-3.
Statistical significance was assessed by unpaired #-test; (ns) non-significant, (¥) p < 0.05, (**) p < 0.01.

The increased response of VHMM?212 tumors to the treatment with aPD-1 or aPD-1+aTIM-3
was associated with an increased recruitment of T cells (Figure 38A), including both CD4*
and CD8" T cells (Figure 38B). Notably, the recruitment of cytotoxic CD8" T cells was
significantly increased in the isotype-treated control group in VHMM?212 tumors compared to
control YUMMER1.7 tumors (Figure 38B). This enhanced recruitment of T cells, particularly
the significant increase in cytotoxic CD8" T cells, further supports the notion that the absence
of p38a in tumor cells contributes to a more favorable environment for T cell-mediated

anti-tumor activity.

Altogether, these results suggest that the absence of p38a makes the tumors more susceptible
to PD-1 blockade, highlighting the critical role of p38a in modulating the immune response
within the TME and suggesting a potential therapeutic strategy of inhibiting p38a to enhance

the anti-tumor immune response of PD-1 blocking antibodies.
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Absence of p38a expression in tumor cells recapitulates a good prognosis
signature to immune checkpoint blockade in humans.

To evaluate the similarity of our model to the human response to immunotherapy, we
compared the gene expression data from B;p38a vs. B tumors with published signatures of
response to the treatment with immune checkpoint inhibitors (ICIs) in melanoma. We
interrogated five gene signatures associated with good prognosis (good response to aPD-1 in
aCTLA-4-resistant or aCTLA-4-naive patients®®!, upregulated genes in responders to aPD-1
or aPD-1+aCTLA treatments?®?, good response to oPD-1 in aCTLA-4-resistant melanoma

283

patients?®3 and an IFNy signature of good response to aPD-1 treatment®®#) and seven gene

signatures associated with bad prognosis (tumor immune dysfunction and exclusion (TIDE)

285

signature associated with bad response to aPD-1 or aCTLA treatments=>>, upregulated genes

282

in non-responders to aPD-1 or oPD-1+aCTLA treatments=®4, innate oPD-1 resistance

signature?®, T cell-induced CSF1 signature associated with resistance to aPD-1 treatment?’?,

bad response to aPD-1 in aCTLA-4-resistant or aCTLA-4-naive patients?®!

and upregulated
genes associated with resistance to aPD-1 therapy?®’) to immune checkpoint blockade in

human melanoma patients.

We found that genes associated with a good response to immunotherapy were mostly
upregulated in B;p38a vs. B tumors, whereas genes associated with bad response to the
treatment with ICIs were downregulated in tumors lacking p38a expression (Figure 39).
Specifically, 54,7% (111 of 203 genes) of unique genes included in all good prognosis
signatures were upregulated in B;p38a vs. B tumors (Supplementary table 3), whereas 69,3%
(264 of 381 genes) of the genes associated with bad prognosis were downregulated in B;p38a
vs. B mouse melanomas (Supplementary table 4). Therefore, the lack of p38a in melanoma
cells recapitulates a good response gene signature to the treatment with ICIs in melanoma

patients.
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Good response to aPD-1 Up in responders to aPD-1 Up in responders to aCTLA-4+aPD-1
Riaz et al., Cell, 2017 Gide et al., Cancer cell, 2019 Gide et al., Cancer cell, 2019
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Figure 39 | Absence of p38a in tumor cells recapitulate a good prognosis signature to immune checkpoint
blockade in humans. Volcano plots showing the differential transcriptional regulation in B;p38a vs. B tumors
of genes previously associated with good (red) and bad (blue) prognosis in the indicated signatures in patients
treated with immune checkpoint inhibitors (ICIs). Upregulated genes in B;p38a vs. B of good prognosis
signatures are highlighted in red. Downregulated genes in B;p38a vs. B of bad prognosis signatures are
highlighted in blue. TIDE: Tumor Immune Dysfunction and Exclusion; IPRES: Innate aPD-1 Resistance.

To generate a p38a-associated gene signature of good response to the treatment with ICIs, we
selected the top upregulated genes (log2FC > 0.5) among all good prognosis signatures in
B;p38a vs. B tumors. A nine-gene signature of good response associated with the absence of
p38a expression in melanoma cells was identified, consisting of Cxcl9, Slamf7, Sytl2, Adam?28,
Cxcll0, Cxcll3, Fmo3, Cxcr6 and Lag3, which could potentially predict the outcome of
melanoma patients to the treatment with ICIs (Figure 40A,B).
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Figure 40 | A p38a-associated nine-gene signature can predict the response to PD-1 blockade. (A) Volcano
plot showing the upregulated genes (red) in B;p38a vs. B tumors associated with a good prognosis to the treatment
with immune checkpoint inhibitors (IClIs). Top upregulated genes (log2FC > 0.5) are highlighted. (B) Heatmap
showing the top upregulated genes (log2FC > 0.5) associated with a good prognosis to the treatment with ICIs
(p38a-associated gene signature). BP: B;p38a. (C) Survival matrix from the Tumor Immunotherapy Gene
Expression Resource (TIGER) database showing the predictive good (blue) or bad (red) response of different
gene signatures, including the p38a-associated gene signature, in different melanoma studies of response to the
treatment with ICIs or adoptive cell therapy (ACT). CAF: cancer-associated fibroblasts; GEP: gene expression
profile; TAM: tumor-associated macrophages, IFNG: interferon gamma; TLS: tertiary lymphoid structure;
MDSC: myeloid-derived suppressor cells. (D) Graphs generated in the TIGER database showing the gene
expression of MAPK14 or the p38a-associated gene signature in non-responders (NR) (n = 27) and responders
(R) (n = 23) to aPD-1 treatment (study: PRJEB23709 from Gide et al. 2019%%%). Associated survival graphs of
patients having low or high expression of MAPK14 or the p38a-associated gene signature are shown.

To validate the predictive power of our p38a-associated nine-gene signature to the response

to the treatment with ICIs, we used the Tumor Immunotherapy Gene Expression Resource

(TIGER) database (www.tiger.canceromics.org), which is a web portal that integrates bulk

and single-cell gene expression data related to cancer immunotherapy?®, to analyze the
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expression of the signature in melanoma tumor samples and correlate it with immunotherapy
outcomes by comparing the expression levels of the signature in responders versus
non-responders. Notably, the p38a-associated gene signature predicted a good response to
immunotherapy in all melanoma studies analyzed in the TIGER database with similar
predictive power to established signatures of response to immunotherapy (Figure 40C),

validating the robustness of our nine-gene signature.

In addition, we evaluated the predictive power of p38a and of our p38a-associated signature
for the response to aPD-1 treatment in the Gide et al. 2019 patient cohort?®? in the TIGER
database. The responder (R) cohort was defined as complete response (CR) or partial response
(PR), and the non-responder (NR) cohort was defined as stable disease (SD) or progressive
disease (PD). While p38a expression did not predict the response to aPD-1, responders to
aPD-1 treatment had significantly higher expression of the p38a-associated signature, with
patients with high expression of the nine-gene signature having approximately 50% higher

probability of survival (Figure 40D).

Overall, these data support the critical role of p38a in controlling the expression of genes that
define the response to the treatment with ICIs in melanoma patients and validate the robustness
of our model in the response to immunotherapy, suggesting p38a as a potential therapeutic

target to improve the response to the treatment with PD-1 blocking antibodies in melanoma.
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Melanoma is a highly aggressive form of skin cancer with increasing incidence rates
worldwide!. The treatment of melanoma has been revolutionized in recent years with the
approval of targeted therapies and immunotherapy, which have shown promising results in
improving patient outcomes>*76-98-100.104289 " Degpite these advances, challenges such as
primary or acquired resistance to current therapies and disease progression persist,
highlighting the need for further research and development of more effective strategies to treat
melanoma®*. Immunotherapy, particularly ICIs, has become the first-line treatment for
advanced melanoma. However, response rates are still limited to a subset of patients mainly
due to the development of immune evasion strategies by melanoma cells, including the
expression of molecules that limit the functionality of tumor-reactive T cells or the recruitment

108.109.29 " Degpite the growing knowledge of the

of immunosuppressive immune cells
interaction between the immune system and the tumor, the mechanisms underlying immune
evasion by cancer cells are not fully understood due to the high complexity of the anti-tumor
immune response, which is the major obstacle to optimizing the efficacy of immunotherapy
in cancer patients. Therefore, a better understanding of both tumor cell intrinsic and extrinsic
mechanisms used to evade the detection and elimination by immune cells is an unmet need to

develop more effective therapeutic approaches and to identify patients with greater potential

to respond to immunotherapy.

The RAS/RAF/MEK/ERK signaling pathway has long been recognized as a central player in
melanoma oncogenesis, with mutations in key oncogenes such as BRAF and NRAS driving
hyperactivation of this pathway*!. However, emerging evidence suggests that additional
signaling cascades, such as the stress-responsive SAPK/JNK and p38 MAPK pathways, also
contribute significantly to melanoma biology?’-?*1-2°4, Indeed, analysis of whole-exome
sequencing data from three different mouse melanoma models and human skin cutaneous
melanoma data from the TCGA database revealed commonly mutated genes that were
involved in these stress MAPK pathways. Despite their important roles in proliferation,
survival and signaling of cytokines that modulate the immune system!!’, their precise role in
melanoma pathogenesis remains unclear. Here we showed that melanoma was the most
prevalent tumor type showing alterations in the MAPK14 gene. Mutations in this gene were
not commonly observed in melanoma or other tumors. However, 25% of the skin cutaneous
melanoma samples from the TCGA database showed transcriptional upregulation and/or
amplification of this gene. These observations support a previously postulated idea suggesting
that, despite its tumor suppressor role in normal epithelial cells, inactivating mutations of p38a

are not frequently identified in tumors because it acts as a non-oncogene addiction factor in
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malignant cells'?*!%, Indeed, upregulation and/or amplification of MAPKI4 was associated
with poor survival of melanoma patients, independently of other genetic alterations. These
alterations decreased the survival of melanoma patients harboring mutations in either BRAF

or NRAS genes, suggesting a potential contribution of p38a to melanoma pathogenesis.

The development and progression of a tumor involves alterations in the regulation of signaling
pathways that normally maintain tissue homeostasis*”. Although mutations in key protein
kinases are the main drivers causing uncontrolled proliferation of melanoma cells*!, tumor
development also involves interactions between tumor cells and the surrounding
microenvironment®>. The p38 MAPK signaling pathway is involved in processes important
for normal cell function, such as the response to environmental stimuli, cytokine signaling,
and the regulation of gene expression, cell growth, and apoptosis!?*. Therefore, cancer cells
may benefit from the versatility of this signaling pathway to contribute to primary tumor
growth but also facilitate the dissemination of tumor cells'®®. Further analysis of the human
melanoma samples from the TCGA dataset showed that alterations in the p38a gene appeared
to occur during the invasive phase (from Clark stage II to stage IV), when melanoma cells
cross the basement membrane of the skin, thus getting in contact with the underlying
microenvironment. Consequently, these melanoma cells are compelled to confront the
detection and elimination by immune cells. Immunohistochemical analysis of in situ
melanoma samples showed that while p38a expression was absent in normal melanocytes,
melanoma cells that were beginning to cross the basal layer of the skin had higher p38a
expression than melanoma cells that remained confined to the epidermis, further supporting

the idea that p38a expression may confer an advantage to melanoma progression.

The p38a signaling pathway has been classically considered a tumor suppressor, inducing
apoptosis, differentiation, and cell cycle arrest and/or OIS in response to oncogenic
stimuli!67.168.182.184.296 * Although it seems that p38a may act as a tumor suppressor during early
stages of tumorigenesis, recent reports have also shown pro-tumorigenic functions for p38a,
promoting cell growth and survival and facilitating metastasis!24196.205-207.294.297.298 ' Gjyen that
the role of p38a in tumorigenesis seems to be cell and context dependent, in this work we have
addressed the function of p38a in the particular context of melanoma cells. Consistent with
previous research showing a crucial role of p38a in regulating cell proliferation and migration

of A375 melanoma cells?%*

, we showed that downregulation of p38a or pharmacologic
inhibition of p38 with SB203580 decreased the proliferation rate of BRAF-mutated melanoma

cells, providing additional support for the pro-tumoral role of p38a in melanoma cells.
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However, given the number of stimuli that can activate the p38a signaling pathway in the
tumor microenvironment and the plethora of functions regulated by this pathway,
investigating the systemic effects of p38a signaling by tumor cells may be particularly

necessary for understanding its role in melanoma progression.

In melanoma, mutations in the BRAF oncogene are observed in approximately 50% of the
tumor samples*S. It is well established that BRAF mutations result in cell cycle arrest and/or
OIS, Previous studies have described the role of p38a. in tumor initiation in cooperation with
ras or raf-1 as driving oncogenes. These studies have demonstrated that activation of p38a
leads to permanent cell cycle arrest and/or OIS and indicate a link between the
RAS/RAF/MEK/ERK and the p38 MAPK signaling pathways, suggesting that p38a may act
as a tumor suppressor, preventing oncogene-driven tumor initiation'¥!-184, In this work, we

characterized the role of p38a in melanoma development and progression in a BrafY6"E

mutational background. Our findings align with previous studies®*?2*, which have
demonstrated that the expression of BrafV¢%F alone does not promote melanoma tumor

600E in the

development. Notably, we found that p38a deletion cooperates with mutated Bra
generation of spontaneous melanoma tumors. This observation is consistent with previous
studies that have demonstrated the potential role of p38a as a tumor suppressor in oncogene-
driven tumor development!'#1-18429 Therefore, we speculate that p38c may prevent melanoma
initiation by promoting cell cycle arrest and/or OIS through a negative feedback mechanism

for BRAFV6%E proliferative signaling.

The main environmental risk factor for the development of melanoma is UV radiation!?. Tt is
well established that p38a is activated in response to UV radiation, promoting cell cycle arrest,
DNA repair and apoptosis'¢’, but also the expression of pro-carcinogenic molecules such as
COX-2, TNF, IL-6, IL-8 and IL-1'%%17, Two previous studies have characterized the role of
p38a in UV-induced non-melanoma skin carcinogenesis with controversial results. In these
studies, a hairless mouse model of chronic UV-induced skin carcinogenesis with a dominant-
negative inactive p38a was used. In one of the studies, p38a dominant-negative mice showed
a reduced epidermal apoptosis after acute UVB exposure, but not after chronic UVB exposure.
However, these mice also showed a reduced number and growth of UVB-induced skin tumors,
which they attributed to a reduced number of proliferative cells*®. In the other study, chronic
solar UV irradiation of p38a dominant-negative mice also resulted in fewer and smaller
tumors®®, suggesting a pro-tumoral function of p38a in the development and progression of

non-melanoma skin carcinogenesis induced by UV radiation. However, the role of p38a in
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UV-induced melanoma development and progression has not been previously addressed.

Therefore, we incorporated to our BrafV6%E

mouse melanoma model a single physiological
neonate dose of UVB irradiation. While BrafY*°°F oncogene activation together with UVB
irradiation promoted melanoma development with high penetrance, as previously reported by
our group?**, we observed that loss of p38a resulted in a delay in the development and/or

progression of UVB-induced BrafY®'E

-mutant melanomas. Nevertheless, these differences
were not observed when both Braf¥%t mutated alleles were active. This may be attributed to
the high penetrance in melanoma tumor formation that is already induced by both active alleles
of Braf¥V*"t in cooperation with UVB irradiation. Importantly, depletion of p38a resulted in

600E_mytant

increased tumor multiplicity but reduced tumor size of these UVB-induced Bra
melanomas. The smaller size of tumors lacking p38a expression correlated with a significant
reduction of Ki67-expressing cells in these tumors. The Ki67 protein is expressed at its highest

301 This lower

levels in cycling cells, indicating proliferation of cells expressing this protein
percentage of proliferating cells observed in B;p38a tumors is in line with the reduced
proliferation rate observed in BRAF-mutant human melanoma cells after p38a inhibition,
which would support previous studies suggesting that p38a plays an important role in

promoting melanoma cell proliferation both in vitro and in vivo**3%,

Collectively, our results suggest a dual role of p38a in melanoma tumorigenesis. On the one
hand, p38a may act as a tumor suppressor in the malignant transformation of melanocytes.
This phenomenon may be attributed to the normal cellular response wherein p38a is activated
after oncogene activation or UV damage, leading to cell cycle arrest or apoptosis!?®. The lack
of p38a in melanocytes may prevent the progression of stress-damaged cells after BrafY6°°E
oncogene activation and UVB irradiation, allowing their survival and ultimately resulting in a
higher number of tumors per mouse. On the other hand, p38a may also facilitate cancer cell
proliferation in both established melanoma cell lines and in mouse melanoma tumors, for
example through mechanisms involving proliferation, gene expression regulation and the
interaction with the surrounding microenvironment. In line with this idea, some reports have
provided evidence for a dual role of p38a in several cancer types, including breast, lung and
colon cancer!?62963%3 For example, in a colitis-associated colorectal cancer mouse model,
p38a expression suppressed colitis-associated tumor initiation but was required for the
proliferation and survival of colon cancer cells?*®. Another study found that p38a controls the
renewal of lung stem and progenitor cells, and that inactivation of p38a leads to increased

G12V

proliferation and less differentiated lung cells, promoting increased Kras®'-'-induced

303

tumorigenesis~*”. Therefore, our model provides additional evidence for the dual function of
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p38a in tumor initiation and progression. We suggest that p38a may act as a tumor suppressor

in the malignant transformation of melanocytes induced by Braf¥®%E

oncogene activation and
UVB irradiation. However, it may also have a pro-tumoral role in melanoma tumor growth

and progression.

While low Ki67 expression in B;p38a tumors may partially explain the reduced size of these
tumors, other factors, such as the interaction of the tumor with the surrounding tumor
microenvironment, also play a critical role in tumor progression®”®. A key strength of our
model system is that, in contrast to syngeneic melanoma models (such as B16), it allows the
study of melanoma progression under conditions of natural interactions between tumor and
host cells over time. This has allowed us to study the intratumoral immune populations in
spontaneously arising melanoma tumors that develop and progress over months, thereby
recapitulating the anti-tumor immune response more closely to what occurs in humans.
Immunophenotyping of UVB-induced Braf¥***E-mutated mouse melanoma tumors showed
that p38a expression by melanoma cells orchestrate the anti-tumor immune response,
regulating the recruitment and activity of immune cells, including cytotoxic T cells and
immunosuppressive myeloid cells (Figure 41). It is important to note that the tumors analyzed
are already immunoedited, meaning that clones that have developed mechanisms to evade the
immune system have been selected. The immunoediting process is a complex and dynamic
interaction between the immune system and the tumor cells. It involves multiple phases,
including elimination, equilibrium, and escape or immune evasion. During these phases, the
immune system detects and eliminates highly immunogenic melanoma clones, while the
tumor cells adapt and evolve to evade detection and elimination®. Consequently, the observed
immunophenotype only reflects the response in the remaining tumors that have evade the
immune system. However, it provides valuable insights into the anti-tumor immune response

that has previously occurred in the remaining tumors.

The presence of T cells within the TME is a crucial indicator of a pre-existing anti-tumor
immune response. Nevertheless, the activity and functionality of these cells to combat the
tumor is frequently impaired. The inhibitory properties of PD-1 receptor binding on activated
T cells are well established in physiological and pathological contexts®. However, PD-1
expression on antigen-specific CD8" T cells has also been shown to reflect the functional

capacity and anti-tumor reactivity of these T cells in melanoma3®%4+-3%7

. In contrast to previous
studies on breast, colon and melanoma syngeneic tumors, where CD8" T cells co-expressing

both PD-1 and TIM-3 were the most abundant®*®®, in our melanoma spontaneous model the
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most prevalent population of CD8" TE/EM cells expressing exhaustion markers was the PD-
1 single-positive. Additionally, they also found that these PD-1"TIM-3"CD8" T cells had the
most exhausted phenotype, while CD8" T cells only expressing PD-1 contained the highest
frequency of IFNy-producing cells, even higher than the PD-1"TIM-3" population, suggesting
a functional effector activity of these cells’®. Interestingly, tumors lacking p38a expression
showed a higher proportion of these PD-1" CD8" TE/EM cells, which would reflect a higher
cytotoxic immune response against these tumors that has not yet been resolved. The presence
of PD-1-expressing CD8" T cells at the tumor site has been associated with increased
therapeutic responses to anti-PD-1 therapy*®. Both cells with high anti-tumor functionality
and cells capable of sustaining a durable response are required for effective T cell-mediated
immunity. In this line, B;p38a tumors showed higher amounts of both CD4" and CD8"
TM/CM cells. A high ratio of TM/CM cells to TE/EM cells in the blood has been shown to be
a positive predictor of response to anti-PD-1 therapy and survival in patients with advanced
melanoma and non-small cell lung cancer®!?, which may be attributed to the ability of these T
memory cells to rapidly respond to reactivation signals and mount a strong anti-tumor
response?*’-?¥, Taken together, these data suggest that the absence of p38a expression in
melanoma cells may facilitate a more effective T cell-mediated immune response, thereby

offering novel avenues for the development of immunotherapeutic strategies.

Although the primary focus of current immunotherapies has been on T cells, there is a growing
appreciation of the potential of NK and NK-T cells because of their distinct mechanism for
recognizing cancer cells without prior sensitization®®. Nevertheless, their utilization in clinical
settings is constrained by the same limitations observed for T cells®!!. Despite the fact that
infiltrating NK cells are usually poor in melanoma tumors, the presence of NK cells in
melanoma TME has been associated with tumor regression, response to anti-PD-1
immunotherapy, and better overall survival?!%3!3, In this regard, a higher number of infiltrating
NK-T cells and fewer exhausted NK cells were observed in B;p38a tumors. This may enhance
the anti-tumor immune response independently of tumor-antigen recognition. This is of
particular significance in the context of tumors lacking p38a expression, as we also observed
a reduced number of activated DCs expressing MHC-II in these tumors. The presentation of
tumor-derived antigens by DCs is a crucial aspect of the anti-tumor immune response,

particularly at the initial stages?¢!

. As mentioned above, the tumors analyzed have already
undergone the immune recognition and elimination of highly immunogenic melanoma cells.
Consequently, when analyzing these tumors at an advanced stage where this response has

already occurred, the activation of these cells may not be necessary. On the other hand, the
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remaining tumor cells may have developed mechanisms to evade the immune detection, being
the downregulation of the expression of MHC-I and tumor antigens one of the most frequent
mechanisms observed in melanoma cells®”-%8. In fact, we have observed that some of the
tumor-derived cell lines from B;p38a melanomas have lost MHC-I expression (data not

shown).

B B; p38a.

g
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Figure 41 | Summary scheme highlighting the resulting immunophenotypes in B and B;p38a tumors.
Absence of p38a in tumor cells modulates the immune profile of the tumor, which results in a higher and more
cytotoxic immune response against the tumor, which is reflected with a higher T memory/central memory
(TM/CM) cells and a higher exhaustion of CD8" T effector/effector memory (TE/EM) cells. Furthermore, B;
p38a tumors showed a higher recruitment and activation of natural killer (NK) and NK-T cells. As the myeloid
cells are known to promote tumor progression, the decrease in the number of macrophages, M2-type
macrophages as well as the switch from monocytic (M)- to polymorphonuclear (PMN)-myeloid derived
suppressor cells (MDSCs) confers a less immunosuppressive environment to these tumors. Moreover, B, p38a
tumors exhibited less activated dendritic cells (DCs).

Most of the studies have been focused on T cell populations as mainly mediators of anti-tumor
immune responses. Nevertheless, myeloid cells represent a major component of the TME and
play a pivotal role in tumor progression, primarily through the exertion of immunosuppressive
functions. The potential role of M2-like macrophages and MDSCs as biomarkers of patient
outcomes and response to immunotherapy remains a topic of active investigation. Both M2-
like macrophages and MDSCs are known to play critical roles in maintaining an
immunosuppressive TME?®, which can hinder the effectiveness of immunotherapies. In
melanoma, the accumulation of M2-like macrophages is associated with poor patient
outcomes, including reduced overall survival, an increased risk of metastasis and increased

resistance to immunotherapy®'43!6, Among the two subtypes of MDSCs, M-MDSCs have
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been suggested to have a higher immunosuppressive activity than PMN-MDSCs, and the
number of M-MDSCs, but not of PMN-MDSCs, directly correlated with suppression of in
vitro T cell activation?>’2%. A correlation has been observed between high levels of MDSCs
and a poor prognosis for patients with melanoma treated with ICIs*!”. Specifically, lower
levels of M-MDSCs have been associated with a more favorable clinical response to
immunotherapy in melanoma patients®'®. The analysis of the myeloid compartment of B;p38a
tumors revealed a significant decrease in the frequency of macrophages, as well as a trend
towards less M2-like polarization, together with a shift from M-MDSC to a less
immunosuppressive PMN-MDSC subtype, compared to B melanomas. Our results indicate
that p38a signaling may be involved in the recruitment and differentiation of
immunosuppressive immune cell populations, which may contribute to an impaired anti-tumor

immune response.

The infiltration of immune cells into the TME is indeed a crucial factor in cancer prognosis.
Cytokines and chemokines play a pivotal role in orchestrating immune cell trafficking,
activation and function within the TME, influencing the anti-tumor immune response and

t319

ultimately the outcome of cancer treatment’'”. Given the pivotal role of p38a signaling in the

regulation of cytokine and chemokine production!?*!77:178

, it was hypothesized that p38a
expression in tumor cells might modulate the recruitment and functional activity of immune
cell populations through the expression of specific cytokines and chemokines. It is important
to note that the gene expression data is limited to the time of tumor collection, which makes it
challenging to recapitulate the complete immune response history based on the expression of
these molecules. Furthermore, discrepancies were observed in the differential regulation of
certain immune-related genes in the analysis of enriched CD45" (tumor/stroma) and CD45"
(immune cells) populations compared to whole tumors, which may be attributed to the
disruption of complex cell-cell interactions and local regulatory mechanisms that occur during
tumor disaggregation. Consequently, we focused on the molecules that were regulated in the
same direction in the analysis of the whole tumors and the CD45" and CD45" tumor cell
populations. Notwithstanding these limitations, the gene expression profile of mouse
melanoma tumors revealed that tumor cell-intrinsic p38a expression regulates the expression

of pro-inflammatory cytokines and chemokines, as well as immunosuppressive factors,

thereby contributing to immune evasion and immunotherapy resistance.

Although the functions of cytokines and chemokines in cancer are context-dependent,

meaning their roles can vary depending on the specific type of cancer, the individual patient's
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immune response, and the TME?!?, the differential expression of many of them correlated with
the immunophenotype observed in the tumors. Several chemokines have previously been
associated with the recruitment of T cells into the tumor site in melanoma, including CCL2,
CCL3, CCL4, CCL5, CXCL9, and CXCL103%°, In particular, CXCL9 and CXCL10 are potent
chemoattractants for tumor-reactive effector CD8" T cells expressing CXCR3%%, and are
associated with an increased functional activity of these cells and an effective response to
ICIs*21-32%, Our results revealed that p38a-deficient tumors exhibited elevated expression of
Ccl2, Ccl3, Ccl4, Ccl5, Cxcl9, and Cxcl10. Although this result was not correlated with an
increased T cell infiltration, it is possible that these chemokines, particularly Cxc/9 and
Cxcl10, are contributing to the enhanced activity of these cells. In addition, the upregulation
of these molecules may occur at early stages of tumor development and contribute to T cell
recruitment, as we have also observed an increased number of CD3™ cell populations in UVB-
irradiated skins of p38a-deficient mice (data not shown). OX40-L (TNFSF4) is a co-
stimulatory molecule expressed on activated APCs and its interaction with OX40 on T cells
has been demonstrated to promote T cell survival, proliferation, effector functions and
memory generation®?>26, The upregulation of Tnfsf4 in tumors lacking p38a expression,
particularly in immune-infiltrated cells, further supports that T cell activation and effector
responses may be enhanced, and correlates with the increased accumulation of T memory cells
observed in B;p38a tumors. The pyroptosis-associated gene Casp4 was also found to be
upregulated in tumors lacking p38a expression. This molecule has been demonstrated to be
critical for the induction of pyroptosis in cancer cells in response to granzyme B secreted by
CDS8" T effector cells*?’. Furthermore, it has been associated with an increased anti-tumor
immune response and an effective response to anti-PD-1 therapy in melanoma’?®,
Additionally, the increased expression of Sy#/2 in tumor-infiltrating cells of B;p38a tumors,
which is required for granule exocytosis in cytotoxic T cells*%’, further supports the increased
functional activity of T cells in these tumors. Despite the upregulation of many genes
indicating an active immune response, molecules associated with T cell exhaustion, including
Slamf7, Lag3, Havcr2 (TIM-3), Pdcdl (PD-1), Cd274 (PD-LI) and Tigit, were also
upregulated in p38a-deficient tumors, particularly in tumor-infiltrating cells. These results are
consistent with the observation of increased exhaustion of CD8" T cells in tumors lacking
p38a expression and indicate a T cell-mediated anti-tumor immune response that has not yet

been resolved.

LIF is a member of the IL-6 cytokine family that has been reported to promote the

development and progression of several tumor types and is commonly associated with poor
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prognosis. Furthermore, it has been suggested to drive the polarization of immunosuppressive
macrophages in human tumors?’# and to prevent CD8" T cell infiltration through the regulation
of CXCL9 expression in TAMs*°, However, it has also been reported to have tumor
suppressive functions in melanoma through the regulation of TGF-B-mediated cell cycle arrest
and cell death®}!. Our results showed that both tumor/stroma and immune cells from B;p38a
tumors expressed higher amounts of Lif. These results did not correlate with a decreased Cxc/9
expression, which was actually increased, or a decreased CD8" T cell infiltration. Therefore,
in order to better understand its effects, LIF expression in melanoma tumors needs to be further
characterized. However, this piece of data could be related to the spatio-temporal functional

status of the immune system, i.e., the time at which the tumors are analyzed.

Neutrophils and PMN-MDSCs are recruited primarily by CXCL1, CXCL5, CXCL6, CXCLS8
and CXCL12, whereas CCL2, CCL3, and CCL4 are critical for the recruitment of M-
MDSCs**. Although B;p38a tumors expressed higher amounts of Cxc/l and Cxcl5, which
correlate with the increased infiltration of PMN-MDSCs, we also observed upregulation of
Ccl3 and Ccl4 in these tumors. These chemokines are associated with the recruitment of
M-MDSCs*? but have also been previously associated with the recruitment of CD8* T cells
in melanoma3?’, highlighting the complexity of recapitulating the full immune response with
the expression of these molecules. We detected decreased expression of Arg/ in tumors
lacking p38a expression, particularly in the tumor-infiltrating immune cells, which as been

linked to the immunosuppressive activity of MDSCs?®

. We speculated that reduced Argl
expression in immune-infiltrated cells may correlate with the less immunosuppressive
phenotype attributed PMN-MDSCs?7-2%°, CXCL16 has been proposed to have a dual role in
regulating the anti-tumor immune response. In glioblastoma, CXCL16 has been demonstrated
to facilitate the initial recruitment of T cells to the tumor site, yet it exerts immunosuppressive
functions once infiltrated into the tumor®?. Additionally, CXCL16 expression has been
associated with higher M2-like macrophage infiltration in thyroid cancer?” and its
neutralization increased the efficacy of ICIs in triple-negative breast cancer’**. Moreover, the
chemokines CCL2, CXCLS5 and CXCL12, but also CSF-1 and VEGFs act as recruiting and
differentiating factors for M2-like macrophages**°~37. The downregulation of Csf1, Vegfd and
Cxcll6, but also of Tgfb1, which encodes to the cytokine TGF-B1 produced by TAMs and has
immunosuppressive functions*>, correlate with the decreased amounts of macrophages and
M2-like polarization observed in B;p38a tumors. One of the most downregulated genes in

both tumor/stroma and infiltrated immune cell populations from B,;p38a was Ifi202b, which

is an interferon-inducible gene that has been previously associated with immunosuppression.
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A recent study reported that the expression of [fi202b by breast cancer cells induced the
secretion of pro-inflammatory cytokines such as IL-1pB, IL-6 and TNF-a from macrophages,
thereby contributing to their immunosuppressive activity. Indeed, tumors lacking Ifi202b
expression showed a reduced tumor growth that correlated with the increased recruitment and
cytotoxic activity of CD8" T cells**®. In immune cells, [fi202b has been reported to modulate
the differentiation of monocyte into macrophages**® and to promote the suppressive capacity
of CD8" Tregs in lupus®*’. The observed downregulation of these molecules, together with the
reduced infiltration of immunosuppressive myeloid cells in tumors lacking p38a expression,

provides evidence that p38a plays a role in establishing an immunosuppressive TME.

In addition to molecules involved in the modulation of the immune response, other molecules
with a critical role in melanoma progression due to their roles in angiogenesis and metastasis
were also found to be downregulated in tumors lacking p38a. Matrix metalloproteinases
(MMPs), particularly MMP-2 and MMP-9, play a pivotal role in facilitating melanoma cell
infiltration and migration by degrading components of the extracellular matrix!'®7-203-341 Tn
fact, the regulation of MMPs expression by the p38 MAPK pathway has been previously
reported!*®292, Moreover, SPP1/OPN has been demonstrated to induce the overexpression of

2 and immunosuppression®¢®,

MMP-9%% and has also been shown to promote metastasis®*
Consistent with this, the expression of both Mmp9 and Spp! was decreased in B;p38a tumors,
suggesting that tumor cell-intrinsic p38a expression may contribute to melanoma progression,

metastasis and immunosuppression by regulating the expression of these molecules.

The differential regulation of some of the aforementioned inflammatory molecules was also
confirmed in tumor-derived cell lines (B and B,p38a). The cytokine array analysis identified
differential secretion profiles between B and B;p38a cells, highlighting the significant
upregulation of chemokines such as CXCL1 and CXCLI10, which are involved in the
recruitment of neutrophils/PMN-MDSCs*? and T cells?®, respectively. Importantly, the
increased amounts of CXCLI10 in the secretome of tumor cells lacking p38a expression
correlated with the absence of MMP-9 expression in these cells, as MMP-9 has been shown
to produce the cleavage and degradation of CXCL9 and CXCL10%**, contributing to tumor
progression and migration. Additionally, the lower amounts of immunosuppressive factors
such as CXCL16, CSF-1, IL-6 and SPP1 observed in B,;p38a tumor-derived cells further
supports the notion that p38a expression by tumor cells confers an immunosuppressive TME.
In contrast to the transcriptional data from tumors, LIF secretion was downregulated in tumor

cells lacking p38a expression. This may be due to the complexity of the TME, where cell-cell
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interactions and the presence of other soluble factors and other cell types may contribute to
the upregulation of LIF in the tumor, having different effects on different cell types. In fact,
as stated above, it has been previously reported that TGF-B-induced LIF expression is required
for the cell cycle arrest and apoptosis effects induced by TGF-B in melanoma cells*!.
Therefore, the expression of LIF may have different effects depending on the context.
Nevertheless, the fact that p38a-deficient tumor cells express lower amounts of LIF may have

a positive effect on the functional activity of immune cells.

Evaluation of the transcriptional regulation of these molecules in response to p38 inhibition
(SB203580) and IFNy stimulation in tumor-derived cell lines (B and B,;p38a) confirmed the
regulation of the expression of the inflammatory molecules discussed through p38a and the
inability of these cells to increase the expression of immunosuppressive cytokines in response
to IFNy. It is important to point out the almost complete absence of transcriptional expression
of Mmp?9, 116 and Ifi202b in p38a-deficient tumor cells, which are inflammatory molecules
that have been demonstrated to facilitate tumor progression and immune evasion!®7-280:338.343,
Overall, these data indicate that tumor cells regulate the expression of certain inflammatory
molecules through p38a. The expression of these molecules is essential for the recruitment

and functional activity of both anti-tumoral and immunosuppressive immune cells, suggesting

a potential therapeutic strategy of inhibiting p38a to enhance the anti-tumor immune response.

Immune checkpoint inhibitors targeting PD-1 and CTLA-4 have revolutionized melanoma
therapy by triggering anti-tumor immune responses. However, resistance to ICIs remains a
significant clinical challenge, requiring the identification of predictive biomarkers and
combination strategies to improve treatment efficacy. The p38 MAPK pathway has been
demonstrated to regulate the response to chemotherapeutic agents and contribute to the
development of resistance!*. Consequently, the use of p38 inhibitors has been demonstrated
to exhibit a synergistic effect when combined with chemotherapy and the use of other
inhibitors in several cancers, including breast cancer, hepatocarcinoma and non-small cell lung
cancer 21221, However, the extent to which the expression of p38a by tumor cells contributes
to the response to ICIs has not yet been investigated. We found that the expression of p38a in
melanoma cells determines the response to immune checkpoint blockade, particularly to PD-
1 blockade. Absence of p38a expression in melanoma cells resulted in improved efficacy of
treatment with aPD-1 or the combination of aPD-1+aTIM-3 antibodies, which was correlated
with the increased recruitment of both CD4* and CD8" T cells. Interestingly, the combination

of both antibodies resulted in decreased tumor growth in both tumor models independently of
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p38a expression. Indeed, targeting both PD-1 and TIM-3 has previously been reported to be

more effective in controlling tumor growth%8

. These results suggest a potential therapeutic
strategy of inhibiting p38a to enhance the anti-tumor immune response of PD-1 blocking
antibodies. Further experiments using p38 inhibitors in combination with aPD-1 or
aPD-1+aTIM-3 antibodies are needed to validate the efficacy of this therapeutic strategy for

the treatment of melanoma.

One of the main concerns regarding the use of p38 inhibitors pertains to their potential impact
on the immune system. Nevertheless, several studies have indicated that p38 inhibition may
enhance the cytotoxic capacity of T cells and improve the functionality of other immune cells.
For example, ex vivo inhibition of p38 in tumor-reactive T cells has been demonstrated to
enhance their anti-tumor functions in vivo in melanoma??. Additionally, p38 inhibition has
been shown to increase T cell proliferation, function, and generation for ACT?*4. Moreover,
p38 inhibition has been demonstrated to enhance the priming of tumor-specific effector T cells
by DCs??72%8 and to increase the efficacy of ICIs in vitro*?® and in vivo*?°. Consequently, the
concurrent use of p38 inhibitors with immunotherapy may prove advantageous, as it may
enhance the efficacy of immunotherapy treatments by affecting both tumor cells and immune

cells.

The development of gene signatures to predict immunotherapy response in melanoma and
other cancers has been a significant area of research. However, the use of these signatures in
clinical settings has been challenging due to the large number of genes they contain. Currently,
the markers of response to ICIs in melanoma are the presence of T cell infiltration into the
tumor, the expression of immune checkpoint molecules such as PD-L1, the IFNy signature,
and the mutational load or predicted neoantigen load®. Nevertheless, only a small fraction of
patients respond to immunotherapy due to the lack of clear biomarkers that can predict

response or resistance to the treatment with ICIs!%®

. We compared transcriptomic data of
published signatures of response to the treatment with ICIs in melanoma?’%281-287 with the
gene expression data from our mouse tumors. Our findings indicate that p38a expression is
associated to resistance to ICIs in melanoma patients. Furthermore, the robustness of our
model in predicting responses to immunotherapy was validated. These results are consistent

with the observation that tumors lacking p38a expression respond more effectively to anti-

PD-1 treatment.

Further increasing the translational relevance of our work, the analysis of our data together

with the transcriptome analysis of human melanoma studies of good response to ICIs?81-284
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identified a gene signature associated with the lack of p38a expression in melanoma cells
which could potentially predict the immunotherapy response in melanoma. The high
expression of the p38a-associated gene signature correlates with favorable treatment
outcomes, particularly to PD-1 blockade. The predictive power of the p38a-associated gene
signature was validated in different public datasets of melanoma patients treated with ICIs in
the TIGER database, demonstrating a similar predictive power to established signatures of
response to immunotherapy. This underscores the potential clinical utility of the signature in
predicting the response to anti-PD-1 treatment and guiding therapeutic decisions. These
findings highlight the potential clinical utility of targeting p38a in combination with IClIs,
particularly with PD-1 blocking antibodies, to enhance patient responses to immunotherapy.
Nevertheless, further studies are necessary to confirm the prognostic value of the
p38a-associated gene signature and to investigate its potential as a predictive biomarker in

clinical practice.

In conclusion, our study provides novel insights into the dual role of p38a in UVB-induced
BrafV®"°t melanoma development and progression. Our results suggest that p38a may act as a
tumor suppressor in melanocyte transformation but may facilitate melanoma tumor growth
and progression. In addition, our data provide further insight into the role of tumor cell-
intrinsic p38a expression in shaping the tumor immune microenvironment. Given its multiple
roles in promoting tumor growth and immune evasion, our study adds p38a as a promising
target for enhancing the efficacy of existing immunotherapies, particularly PD-1 blockade.
Moreover, our findings suggest that alterations in p38a expression may serve as predictive
biomarkers of patient response to immunotherapy. This may facilitate the development of

more personalized treatment strategies and improve clinical outcomes.
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CONCLUSIONS

p38a is upregulated and/or amplified in human cutaneous melanomas, which is associated

to a poor survival of the patients independently to other genetic alterations.

p38a plays a dual role in melanoma tumorigenesis. p38a may act as a tumor suppressor in

600E

melanocyte transformation in response to Bra oncogene activation and UVB

irradiation, but may promote melanoma tumor growth and progression.

p38a contributes to melanoma progression by regulating the anti-tumor immunity,
impairing the cytotoxic immune response, and modulating the recruitment and activity of

immunosuppressive myeloid cells.

p38a is involved in the regulation of the production of pro-inflammatory cytokines and
chemokines, which are essential for the modulation of the immune response and the

recruitment of different immune cell populations.

p38a expression by melanoma cells determine the response to aPD-1 treatment in vivo,
suggesting p38a as a potential therapeutic target to improve the response to ICIs in

melanoma.

A nine-gene signature associated with the absence of p38a in tumor cells (Cxcl9, Slamf7,
Sytl2, Adam28, Cxcll0, Cxcll3, Fmo3, Cxcr6 and Lag3) can predict a good response to

immunotherapy in melanoma patients.
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Cell culture and treatments.

Human melanoma cell lines 4375 (CRL-1619) and SKMel28 (HTB-72) were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA). UACC903
(CVCL _4052) cells were a gift from J. Trent (Tgen, Phoenix, AZ, USA). SKMel103 cell line
was obtained from M. Soengas (CNIO, Madrid, Spain). YUMMERI.7-H2B-GFP5 mouse
melanoma cell line was purchased from Sigma-Aldrich (St Louis, MO, USA).

A375 and SKMell03 cell lines were cultured in Dulbecco’s Modified Eagle Media (DMEM)
(Biowest). UACC903 cell line were cultured in Roswell Park Memorial Institute (RPMI)
media (Biowest). SKMel28 cell line was cultured in Eagle’s Minimum Essential Media
(EMEM) (ATCC). In all these cell lines, media was supplemented with 10% fetal bovine
serum (FBS) (Gibco), 2 mM L-glutamine (Gibco), 100 u/ml penicillin, 100 pg/ml
streptomycin ~ (Gibco), 5 pg/ml Plasmocin  (Invivogen, Toulouse, France).
YUMMERI.7-H2B-GFPS5 cells were cultured in DMEM-F12 (Biowest) supplemented with
10% FBS, 2 mM L-glutamine, 100 u/ml penicillin, 100 pg/ml streptomycin and 1x MEM
Non-Essential Amino Acids (NEAA) (Gibco).

The p38 inhibitor SB203580 (used at 10 uM) was purchased from Selleckchem (Houston, TX,
USA). Mouse recombinant IFNy (used at 50 ng/ml) was obtained from R&D Systems
(Minneapolis, MN, USA). For I[FNy treatment, mouse cells were cultured in DMEM without
FBS for 24 hours.

Immunohistochemistry.

Immunostaining was performed on sections from formalin-fixed, paraffin-embedded tumor
samples according to the manufacturer’s antibody protocol. All patient-derived samples were
obtained upon the informed consent of the patients and the Vall d’Hebron Hospital Ethical
and Clinical Research Committee approval. First, tumors were fixed in 4% formaldehyde
(Sigma) for 24 hours. Then, samples were embedded in paraffin blocks and 4 um sections
were obtained using a microtome. Before the staining process, sections were incubated at 56°C
overnight followed by a deparaffinization and rehydration steps consisting in two incubations
with xylol 100% for 10 minutes, and a chain of 5-minute washes with 100%, 96% and 75%
ethanol. Subsequently, slides were placed in Milli-Q water for 10 minutes. For antigen
retrieval, samples were incubated with target retrieval solution pH 6.0 or pH 9.0 according to
manufacturer’s antibody recommendations (Dako, Agilent, Santa Clara, CA, USA) at 100°C

for 20 minutes. Once cooled, samples were permeabilized by incubating with Tris-buffered
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saline (TBS) containing 0.2% Triton X-100 (Sigma) for 5 minutes at room temperature. Next,
samples were blocked for 1 hour at room temperature with TBS containing 1% bovine serum
albumin (BSA) (PanReac AppliChem, Barcelona, Spain) and 10% goat serum. Forthwith,
slides were incubated at 4°C overnight with the primary antibody (Table 4) diluted in TBS,
1% BSA. Next day, samples were washed twice with TBS, 0.025% Triton X-100, and
incubated with the corresponding secondary antibodies linked to a fluorophore. Staining with
Hoechst solution (1:10000, Sigma-Aldrich) was used for nuclei visualization. Finally, slides
were subjected to three more washes with TBS, 0.025% Triton X-100, and were immediately
mounted using Vectashield mounting media (Vector Laboratories Inc., Burlingame, CA,
USA). Images were acquired using the fluorescence FSX100 inverted microscope (Olympus,

Tokyo, Japan).

Table 4 | List of antibodies used for immunohistochemistry. Information of all the antibodies, including
the reference, manufacturer, source and dilution. NIH: National Institute of Health.

Antibody ‘ Reference Manufacturer Source Dilution
Primary antibodies

Cleaved caspase-3 (Aspl175) (SA1E) #9664 Cell Signaling Rabbit 1:500
ki67 (SP6) abl6667 Abcam Rabbit 1:100
Melanoma Marker (HMBA45) sc-59305 SCBT Mouse 1:50
p-ERK1/2 (Thr202/Tyr204) (D13.14.4E) |#4370 Cell Signaling Rabbit 1:300
p-p38 (Thr180/Tyr182) (D3F9) #4511 Cell Signaling Rabbit 1:25
p38 alpha (F-9) sc-271120 SCBT Mouse 1:25
PEP1 (TYRPI1) From Dr. Vincent J. Hearing (NIH) | Rabbit 1:1000
S100B (16HCLC) #710363 Invitrogen Rabbit 1:50
SOX10 (A-2) sc-365692 SCBT Mouse 1:25
Secondary antibodies

Anti-Rabbit IgG (H+L) Alexa Fluor 488 | A11070 Invitrogen Goat 1:200
Anti-Rabbit IgG (H+L) Alexa Fluor 594 |A11012 Invitrogen Goat 1:200
Anti-Mouse IgG (H+L) Alexa Fluor 488 |A11001 Invitrogen Goat 1:200
Anti-Mouse IgG (H+L) Alexa Fluor 594 | A11005 Invitrogen Goat 1:200

Lentiviral infection for p38a knockdown.

TRIPZ lentiviral doxycycline-inducible plasmids with two different shRNA sequences for
MAPKI4  gene  (shp38a#l: TCTTCCAGTCAACAGCTCG  (ClonelD:
V2THS 113220), shp38a#2: TTCATATGTTTAAGTAACC (ClonelD: V2THS 113215))

human

were purchased from Horizon Discovery (Cambridge, UK). For lentivirus production,
HEK293-T cells were seeded at 80% of confluency in 100 mm plates (Sarstedt, Barcelona,
Spain) with 8 ml of DMEM containing 10% FBS, 2 mM L-glutamine, 100 u/ml penicillin,
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100 pg/ml streptomycin, 5 pg/ml Plasmocin. Before transfection, media was replaced with
DMEM supplemented with 10% heat inactivated (HI)-FBS and chloroquine (Sigma) at 15 uM
final concentration. HEK293-T cells were then transfected with 20 pg of the plasmid of
interest, 15 pg of pPAX2 and 5 pg of pMD2.G in 150 mM sodium chloride (NaCl) using
polyethyleneimine (PEI). After 16 h, media was replaced with fresh medium containing 2%
HI-FBS and 5 mM sodium butyrate (Sigma-Aldrich). Virus-containing media was harvested
after 24 h and replaced with fresh media. The collected media was centrifuged at 1000 rpm
for 5 minutes, filtered through a 0.2 um filter (Sarstedt) and used for infection of the target
cells with polybrene (SCBT) at 8 png/ml final concentration. This procedure was repeated after
24 hours. Induction with doxycycline (2 pg/ml) (Sigma-Aldrich) allow the expression of the
shRNA and detection of infected cells by red fluorescent protein (RFP) signal.

Cell proliferation and viability assay.

A known number of 4375, UACC903 and SKMel28 cells were seeded in 6-well plates
(Sarstedt) and data were collected in triplicate at 24, 48, 72 and 96 h after treatment with
SB203580 (10 uM) or downregulation of p38a upon shRNA expression with doxycycline
(2 pg/ml). For every time point, cells were trypsinized and counted using a Neubauer chamber.

The viability was determined using trypan blue stain solution 0.4% (Gibco).

Immunoblotting.

For protein extraction, cells were first washed twice with cooled phosphate buffered saline
(PBS) (Biowest) followed by the addition of NP-40 lysis buffer (150 mM NaCl, 50 mM Tris,
I mM EDTA and 1% NP-40) containing protease and phosphatase inhibitor cocktails
(Millipore). Cells were then scrapped, collected into a tube, and incubated on ice for 20
minutes to ensure an appropriate cell lysis. Following this, samples were centrifuged at 4°C
and 15000 rpm for 30 minutes, and supernatant was collected and transferred into a new tube.
Protein concentration was assessed using the Pierce BCA Protein Assay Kit (Thermo Fisher)
and an equal amount of protein (30-50 pg) was used for sample preparation. For protein
denaturation, Laemmli sample buffer 1X (62.5 mM Tris-HCI, 25% glycerol, 2% SDS, 0.01%
Bromophenol Blue and 5% [-mercaptoethanol) was added and the mixture was then incubated
at 95°C for 5 minutes. Next, samples were loaded into 10% SDS-PAGE and proteins were
transferred at a voltage of 400mA for 90 minutes to a Polyvinylidene Difluoride (PVDF)
membrane (Millipore). Beforehand, the PVDF membrane was activated for one minute with

methanol (Sigma). To prevent non-specific binding, the membrane was incubated with a
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solution of 5% non-fat dry milk (SCBT) dissolved in Tris-buffered saline containing 0.1%
Tween 20% (Sigma) (TBS-T) for one hour at room temperature. Subsequently, membranes
underwent three washes with TBS-T and were incubated with the corresponding primary
antibody (Table 5) at 4°C overnight with shaking. Next day, membranes were subjected to an
additional three washes with TBS-T followed by the incubation with the horseradish
peroxidase (HRP)-conjugated secondary antibody (Table 5) for 1 hour at room temperature.
After a final set of three washes in TBS-T, protein detection was performed by

chemiluminescence method using ECL (GE Healthcare).

Table 5 | List of antibodies used for western blot (WB). Information of all the antibodies, including the
reference, manufacturer, source and dilution.

Antibody Reference ‘ Manufacturer Source Dilution

Primary antibodies

GAPDH 60004-1 Proteintech Mouse 1:10000
p38 #9212 Cell Signaling Rabbit 1:1000
p38 alpha (L53F8) #9228 Cell Signaling Mouse 1:1000
Secondary antibodies

Rabbit IgG HRP-linked NA934 GE Healthcare Donkey 1:10000
Mouse IgG HRP-linked NA931 GE Healthcare Sheep 1:10000

Mouse model and UVB irradiation.

Braf*"'CA strain has been previously described***. Original Tyr::CreER™ mice were from
Lynda Chin (Dana Farber, Boston, USA). Tyr::CreER™; Braf®'“A mice were obtained and
described by our lab as previously reported®®. p38a/*”* mice were provided by Angel R.
Nebreda (Institute for Research in Biomedicine, IRB, Barcelona, Spain). We crossed the
Tyr::CreER™; Braf®'“A strain with p38a/*"** mice and generated their mendelian offspring
in a mixed genetic background (FVB-C57BL/6J). All the resulting genotypes were used for
the study independently of allelic combinations for Braf4 and p38a/>* alleles. Both genders

were used in all the experiments.

To induce Braf 00k

expression and p38a deletion in melanocytes, neonatal mice were
topically treated with 200 ul of a 5 mg/ml solution of 4-hydroxitamoxifen (4-OHTx) in
acetone (Sigma-Aldrich) at post-natal days 2.5 and 3.5. Moreover, mice were irradiated at
post-natal day 3.5 with a single dose of 6.24 kJ/m? of UVB radiation using a bank of six
Phillips TL 40/12 UV lamps. For the irradiation, neonatal mice were placed in separate wells
of a 6-well plate with the lid removed, which was positioned 20 cm beneath the bank of

sunlamps. The details about the spectral power distribution and UV monitoring regimens have
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been described in a previous study?*’. Exposed mice exhibited skin reddening and sporadic
superficial desquamation. Notably, there was no observed neonatal mortality associated with
UV exposure. Data for time to tumor development was analyzed by Kaplan-Meier survival
analysis. Animal experiments were designed and performed in accordance with protocols and
regulations approved by the Institutional Animal Care and Use Committee of Vall d’Hebron
Research Institute (VHIR, Barcelona, Spain) and the Biomedical Research Park of Barcelona

(PRBB, Barcelona, Spain).

Mouse genotyping.

Genomic DNA was isolated from the ear tissue fragment obtained during mouse identification.
Ear tissue was lysed in 100 pl of STE buffer (50 mM Tris-HCI [pH 8.0], 100 mM NaCl, 10
mM EDTA and 0,1% SDS) at 56°C and 1200 rpm in a ThermoMixer (Eppendorf) for 1 hour.
Then, samples were centrifuged at 15000 rpm for 15 minutes and the supernatant was collected
and transferred into a new tube. An equal volume of isopropanol was added to the supernatant
and mixed by inversion until the cloud of DNA was observed. Samples were then centrifuged
at 15000 rpm for 10 minutes and the supernatant was discarded. DNA pellet was washed with
100 ul of 70% ethanol, vortexed and centrifuged at 15000 rpm for 5 minutes. Supernatant was
discarded and the pellet was airdried for 10 minutes. Then, the pellet was resuspended in 50 pl
of DNase-free water and incubated at 65°C to ensure an appropriate resuspension. One
microliter (~100 ng) of genomic DNA were used for PCR. Primers used for genotyping are
shown in Table 6. PCR conditions and product sizes are indicated in Table 7. PCR products

were resolved by agarose gel electrophoresis and visualized in a Gel Doc XR+ System

(Bio-Rad, Hercules, CA, USA).

Table 6 | Primer sequences used for mouse genotyping.

Targeted allele Primer name Sequence
MB182F CAATGGTAGGCTCACTCTGGGAGATGATA
— MBI182R AACACACACTGGCAGGACTGGCTAGG
MB183F CAGGGTGTTATAAGCAATCCC
MBI183R CCTGGAAAATGCTTCTGTCCG
FWD Al TGAGTATTTTTGTGGCAACTGC
Braf REV Bl CTCTGCTGGGAAAGCGGC
Flox-X CTACAGAATGCACCTCGGATG
p3da Flox-Y AGAAGGCTGGATTTGCACAAG
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Table 7 | PCR conditions and product sizes.

Tyr::CreER™ PCR protocol Braf PCR protocol p38a PCR protocol

92°C — 2 min 92°C — 2 min 94°C — 5 min

92°C-30s 92°C-30s 94°C-30s

58°—45s x30 cycles | 60°—30s x34 cycles | 60°—30s x35 cycles
72°C—-45s 72°C—-45s 72°C-30s

72°C — 5 min 72°C — 3 min 72°C — 3 min

4°C — 0 4°C — o 4°C — 0

Allele Product size | Allele Product size | Allele Product size
GABRA (control) 300 bp WT 187 bp WT 121 bp
Tyr-CreER™ 400 bp Targeted 307 bp Floxed 188 bp

Mouse melanoma cell lines generation.

To generate mouse melanoma cell lines, a section of approximately 10-20 mm? was excised
from each tumor and placed in a 60 mm plate (Sarstedt) containing 1 ml of DMEM
supplemented with 20% FBS, 2 mM L-glutamine, 100 u/ml penicillin, 100 pg/ml
streptomycin, 5 pg/ml Plasmocin, insulin 5 pg/ml (Sigma), and 5 pg/ml Human Recombinant
EGF (Peprotech, Rocky Hill, NJ, USA). The tumor sample was then mechanically disrupted
into small pieces using a scalpel and additional 2 ml of complete media were added to the
plate. Once established (approximately 4-8 weeks), tumor cell lines were maintained in
DMEM containing 10% FBS, 2 mM L-glutamine, 100 u/ml penicillin, 100 pg/ml
streptomycin, 5 upg/ml Plasmocin. VHMMI104, VHIMMI108, VHMMI109, VHMMII4,
VHMMI118 cell lines were generated from Tyr::CreER™, Braf“¥““* (B) tumors and
VHMMZ203, VHMMZ206, VHMM?212, VHMM?221 derived from Tyr::CreER™, Braf<4“4;
p380™* (B;p38a) melanomas. p38o. expression was validated by immunoblot using protein

lysate from the tumor-derived cell lines.

Immunophenotyping.

Spontaneous melanoma tumors from 7yr::CreER™, Braf¥“4 and Tyr::CreER™, Brafc¥/4;

A/A

p38a™* mice were used for the phenotyping of the intratumoral immune cell populations. One
week after tumor detection, mice were sacrificed, and tumors were collected and processed.
Briefly, tumors were first mechanically disrupted into small pieces following an enzymatic
digestion using 1 mg/ml of collagenase type-IA (Sigma-Aldrich) and 2.5 pg/ml of DNase |

(Sigma-Aldrich) for 45 minutes at 37°C in DMEM supplemented with 20% FBS, 2 mM
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L-glutamine, 100 u/ml penicillin, 100 pg/ml streptomycin, 5 pg/ml Plasmocin, insulin 5

pg/ml, and 5 pg/ml Human Recombinant EGF.

Table 8 | List of antibodies used for flow cytometry. Information of all the antibodies, including the
fluorochrome, clone, reference, manufacturer and dilution.

Antibody Fluorochrome |Clone Reference Manufacturer Dilution
CD3e FITC 145-2C11 561827 BD Biosciences 1:50
CD4 APC-H7 GK1.5 560246 BD Biosciences 1:500
CD8a BV510 53-6.7 563068 BD Biosciences 1:200
CDl11b BV510 M1/70 562950 BD Biosciences 1:1000
CDllc PE HL3 561044 BD Biosciences 1:50
CD25 PE PC61.5 12-0251-81 | eBioscience 1:50
CD44 PE M7 561860 BD Biosciences 1:1000
CD45 PerCP-Cy5.5 30-F11 561869 BD Biosciences 1:1000
CD45 FITC 30-F11 103107 BioLegend 1:100
CD62L BV605 MEL-14 563252 BD Biosciences 1:50
CD86 BV605 GL1 563055 BD Biosciences 1:100
CD206 AF647 C068C2 141711 BioLegend 1:100
F4/80 BV421 T45-2342 565411 BD Biosciences 1:100
FoxP3 APC FJK-16s 17-5773-80 | eBioscience 1:100
I-A/I-E (MHC-II) |APC-Cy7 M5/114.15.2 107627 BioLegend 1:500
Ly6C PE-Cy7 AL-21 560593 BD Biosciences 1:1000
Ly6G FITC 1A8 561105 BD Biosciences 1:100
NK1.1 APC PK136 561117 BD Biosciences 1:100
PD-1 BV421 29F.1A12 135217 BioLegend 1:200
TIM-3 PE-Cy7 RMT3-23 25-5870-80 | eBioscience 1:200

Single-cell suspensions were passed through a 70 um nylon mesh cell strainer (Corning), and

centrifugated at 1500 rpm for 5 minutes at room temperature. Cells were washed twice with

PBS, counted, and then resuspended in PBS in the order of 10° cells/50 pl. Next, cells were
stained with Fixable Viability Stain 700 (564997, BD Biosciences, San Jose, CA, USA) for

15 minutes at 4°C for cell viability determination. Non-specific unions were then blocked

incubating with the anti-mouse CD16/32 antibody (553141, BD Biosciences San Jose, CA,

USA) for 10 min at room temperature. The phenotyping of the different intratumoral immune

cell populations was performed using the corresponding cocktail of anti-mouse antibodies

listed in Table 8, prepared in PBS buffer containing 1% BSA and 0.05% sodium azide

(Sigma-Aldrich). Following cell-surface staining, cells were fixed and permeabilized using

the FOXP3/Transcription Factor Staining Buffer Set (eBioscience, San Diego, CA, USA) for

the FoxP3 staining or the Fixation/Permeabilization Solution Kit (BD Biosciences, San Jose,

145




MATHERIALS AND METHODS

CA, USA) for the CD206 antibody, according to the manufacturer’s indications, following an
incubation with the corresponding antibodies. The acquisition of the data was performed using
a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) coupled to CytExpert
Software (version 1.2.11, Beckman Coulter, Brea, CA, USA). The selection and quantification
of clusters representing the populations of interest was performed using FlowJo™ Software
(version 10.6.2, Becton Dickinson, Ashland, OR, USA) (Table 9 and Supplementary Figures
2 and 3).

Table 9 | Defined markers for immune cell populations. The gating strategy followed for the phenotype
determination of the intratumoral immune cell populations was (1) FSC vs SSC debris exclusion; (2) FSC-H
vs FSC-A for doublets exclusion; (3) Dead cell exclusion with Fixable Viability Stain 700; (4) Selection of
CD45" cells. Further population definition was performed by clustering methods described in this table.
Natural Killer (NK); Natural Killer T (NK-T), T effector/effector memory (TE/EM); T memory/central
memory (TM/CM); Polymorphonuclear (PMN) and monocytic (M) myeloid derived suppressor cells
(MDSC); Dendritic cells (DCs).

Cell type Markers
T cells CD4" T cells CD45"CD3*CD4"CD§"
CD8" T cells CD45"CD3*CD4CD8"
Naive T cells CD45*CD3*CD4*/CD8*CD44 CD62L high
TE/EM CD45*CD3*CD4%/CD8*CD44"Me"CD62L-
T™/CM CD45*CD3*CD4*/CD8"CD44"CD62L high
Exhausted T cells CD45*CD3*CD4*/CD8*CD44 ""e"CD62L Tim3"/PD-1*
T regulatory cells CDA45*CD3*CD4'/CD8"CD25'FoxP3"
NK cells NK CD45"CD3'NK1.1*
NK-T CD45"CD3*NK1.1*
Myeloid cells PMN-MDSC CD45°CD11b"Ly6G*Ly6C™
M-MDSC CD45°CD11b*Ly6G-Ly6Chieh
Neutrophils CD45'CD11b"Ly6Ghieh
Macrophages CDA45'Ly6G CD11b*F4/80"
M2 macrophages CDA45'Ly6G CD11b*F4/80"Ly6C CD206*
DCs CD45°CD11b"CD11c¢*
DCs activation state g)g)igiscl]o)nl lt§)+fC])I?l/£}§ péxﬂgﬁ) and CD86 in  the

Gene expression analysis.

For complete tumors, frozen samples of mouse melanoma tumors were first cryoground to
obtain tumor powder. On the other hand, CD45" and CD45" cells were separated from single
cell suspensions of fresh mouse tumor samples using the MagniSort Mouse CD45 Positive
Selection Kit (Invitrogen) following the manufacturer’s protocol. Samples were then lysed in
TRIsure (Bioline Ltd, UK) and RNA was purified using a Direct-Zol RNA kit (Zymo

Research, Irvine, CA, USA) according to the manufacturer’s recommendations. RNA quantity
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and quality were assessed using a 2100 Bioanalyzer (Agilent). Only high-quality samples with
RNA Integrity Number (RIN) < 9 were selected for the analysis. Gene expression analysis
was performed using a Clariom S Mouse Array (Affymetrix, Santa Clara, CA, USA). The
open-source software R Studio was used to process the raw data collected from the array. The
first step in the analysis was to convert the intensity values into gene expression values. This
was done using the Robust Multiarray Average (RMA) method through the BioConductor
package oligo. The process included background correction, logarithmic transformation,
quantile normalization and probe normalization. The /imma package was then used to identify
differentially expressed genes. A moderated #-test based on the empirical Bayes method was
applied for each comparison. The resulting top tables contained genes ranked from most to
least differentially expressed genes according to the logoFC value. Metascape
(metascape.org)**® was used for functional analysis of the differentially expressed genes
obtained. In addition, Morpheus (software.broadinstitute.org/morpheus) and the pheatmap

package in R Studio were used to generate heatmaps for data visualization.

Quantitative Reverse Transcription Polymerase Chain Reaction
(RT-qPCR).

YUMMERI.7-H2B-GFP, VHMMI104, VHMMI109, VHMMI14, VHMMI18, VHMM203,
VHMM?206, VHMM?212, VHMM?221 cells were seeded in 60 mm plates at 70% confluence,
incubated overnight and then subjected to 2 h of serum starvation prior to the treatment with
mouse recombinant [FNy (50 ng/ml) and SB203580 (10 mM) in serum-free media for another
24 h. RNA was isolated using a Direct-Zol RNA kit (Zymo Research, Irvine, CA, USA)
according to the manufacturer’s protocol. One hundred micrograms of RNA per sample was
used to generate cDNA using the SuperScript III First-Strand Synthesis System SuperMix for
RT-PCR (Invitrogen). Quantitative PCR analysis was performed using the SYBR Green PCR
Master Mix Kit (Applied Biosystems Inc., Foster City, CA, USA) and the QuantStudio™ 5
Real-Time PCR System (Applied Biosystems Inc.). The primers used are shown in Table 10.
The measurements were calculated employing the AACt method using Design and Analysis
2.6.0 Software (Applied Biosystems, Inc.). We applied geNorm algorithms to select vimentin
(Vim) and 14-3-3 protein zeta/delta (Ywhaz) as the most stable reference transcripts. The
geometric means of the expression values for both housekeeping genes were used to normalize
the expression and to calculate the normalized SD of all transcripts analyzed. Relative

expression levels were calculated after normalization. Data were represented as mean + SD of
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replicates from independent cell lines. The ggplot2 package in R Studio was used to generate

the dotplot for data visualization.

Table 10 | Primer sequences used for qRT-PCR.

Gene Forward (5°-3’) Reverse (5°-3°)

Ccl20 GCTATCATCTTTCACACGAAG TCTTGACTCTTAGGCTGAGG
Csf1 CTTCAGCCACTAGCGAGCAA CCATGTCGAAGAAGGGCA

Cxcll CCGAAGTCATAGCCACACTC GGGGACACCTTTTAGCATCT
Cxcl2 CATCCAAAAGATACTGAACAAAGGC TTCTCTTTGGTTCTTCCGTTGAG
Cxcl9 TTCGAGGAACCCTAGTGAT GGCAAACTGTTTGAGGTCTT
Cxcll0 TCAAGGGATCCCTCTCGC CTCGCAGGGATGATTTCA
Cxcll6 CCAGATACCGCAGGGTACTT GGACTGCAACTGGACCTGATA
Hgf TCGGATAGGAGCACAAGGA GCCGGGCTGAAAGAATCAAAG
Igfbp3 GAGACAGAATACGGTCCCTG CAGTTTGGGATGTGGACG
Igfbp6 GCCGTCGGAGGAGACTACAA GAGCAGCAGAGGTCCGTG

1i6 GCAAGAGACTTCCATCCAGT GGAGTGGTATCCTCTGTGAAG
Lif GCCCAACAACGATGGTGT CCTGATTTATATACTGGAGCCGTGG
Mmp2 TGCCCCCATGAAGCCTTGT GTTGTAGGAGGTGCCCTGGAAG
Mmp9 CAGCGCCAGCCGACTTTT GCGGTACAAGTATGCCTCTGC
Serpinel | CAACTACACTGAGTTCACCACCC CTCAAAGGGTGCAGCGAT

Sppl1 TCGTCCCTACAGTCGATGT GCATCAGGATACTGTTCATCAG
Stat3 AAAGTACTGTAGGCCCGAGAGC CTGCAGGTCGTTGGTGTCA
Tnfrsfl11b | TGGTGCTCCTGGACATCATT TGTCACACAGGAGCTGATGACC
Vegfa TGAAGTGATCAAGTTCATGG CTATCTCGTCGGGGTACTC

Vim TGTTCCTACCCCCAATGT TCAGTGTAGCCCAAGATG
Ywhaz CCTGCTCTCTTGCAAAAAC GTATCCGATGTCCACAATG

Cytokines array.
In a 6-well plate, 0.8 x 10° VHMM109 (Brafc“4) and VHMM?203 (Braf</“4; p380*™) cells

were seeded, incubated overnight, and treated the next day. Cells were subjected to serum
starvation for 2 hours and then treated with 50 ng/ml of mouse recombinant IFNy in serum-free
DMEM. After 24 h, media was collected, centrifuged at 1500 rpm for 5 minutes at 4°C, and
500 ul of media were used to perform the Proteome Profiler Mouse XL Cytokine Array (R&D
Systems) according to manufacturer’s protocol. Quantification of the dots was performed by

pixel density determination using ImageJ software.
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In vivo immunotherapy.

For syngeneic mouse models, 1.5 x 10 YUMMER]I.7-H2B-GFP and VHMM?212 cells were
subcutaneously inoculated in 100 pul of PBS on each flank of 8 weeks-old C57BL/6JRj males
(Janvier Labs, Le Genest-Saint-Isle, France). Mice were weighed and tumors were measured
with a digital Vernier caliper twice a week. Tumor volume was calculated as D x d?/2, where
D was the major diameter and d was the minor diameter. Mice were randomized into different
treatment groups (n = 8 per group) when tumors reached a volume of 50-100 mm?. A dose of
200 pg of either rat IgG2a, k isotype (BE0OS, BioXCell), rat anti-mouse PD-1 blocking
antibody (aPD-1, BP0146, BioXCell), rat anti-mouse TIM-3 blocking antibody (aTIM-3,
BP0115, BioXCell), or the combination of both aPD-1 + oTIM-3, was administered
intraperitoneally twice a week for a total of 5 doses. At the end of the experiment,
representative tumor pictures were taken and tumor samples were collected for further

analysis. Results are presented as mean = SD of tumor volume.

Statistical analysis.

Statistical analyses were performed in GraphPad Prism 9.0 (GraphPad Software Inc.). To
compare differences between two groups, we calculated p value (p) using Student’s #-test
(paired or unpaired) for parametric variables and Mann—Whitney test for non-parametric
variables. Survival curves comparison was performed using Kaplan-Meier test. (*) p <0.05;
(**)p<0.01; (***) p <0.001; (****) p <0.0001. The schemes and explanatory figures were

generated using BioRender (www.biorender.com).

149







SUPPLEMENTARY

INFORMATION







SUPPLEMENTARY INFORMATION

A TRE UBC
RRE J—@En{ }.g-( rtTA3H IRES H{ZT1%
L 1

shRNA MAPK14

pTRIPZ shRNA MAPK14

SV40 ori

B
A375 UACC903
shp38o#1 shp38o#2 shp38o#1 shp38o#2

Supplementary Figure 1 | Generation of human melanoma cells expressing inducible shRNA targeting
p38a. (A) Lentiviral vector map containing the inducible shRNA for p38a (MAPK4). (B) Representative images

of uninduced (-Dox) and induced with doxycycline (+Dox) (2 pg/ml) infected 4375 and UACC903 cells.
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Supplementary Figure 2 | Flow cytometry gating strategy of the indicated immune cell subsets. (A) CD45*
cell population from total tumor cells disaggregation. (B) CD4" and CD8" T cells (T Effector/Effector Memory
(TE/EM), T Memory/Central Memory (TM/CM), and T naive) and exhausted CD4" and CD8* TE/EM subsets
expressing PD-1 and TIM-3. (C) CD4" and CD8" regulatory T (Treg) cells. (D) Natural killer (NK) and natural
killer T (NK-T) cells and the subpopulations expressing CD44, CD62L and PD-1.
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Supplementary Figure 3 | Flow cytometry gating strategy of myeloid cell subpopulations. (A) CD45" cell
population from total tumor cells disaggregation. (B) Macrophages and M2 type macrophages. (C)
Polymorphonuclear (PMN) and monocytic (M) myeloid derived suppressor cells (MDSCs). (D) Dendritic cells
(DCs) and the expression of the activation markers major histocompatibility complex IT (MHC-II) and CD86.
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Supplementary Figure 4 | Cytokine mRNA expression in B and B; p38a cell lines. Graphs showing the
mRNA fold change of the indicated cytokines in B and B;p38a cell lines after 24 hours treatment with IFNy
(50 ng/ml) and/or the p38 inhibitor SB203580 (10 uM). Statistical significance was assessed by Mann-Whitney
t-test; (ns) non-significant.
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Supplementary Table 1 (1/3) | Upregulated genes in B; p38a vs. B tumors (log:FC > 0.265) (n = 2214).

Upregulated genes in B, p38a vs. B

Aadacl2fm2 Alk B3galt5 Carf Cenpp Crabp2 Dgkh Ephb6 Filip1l Gpbplll
Abcal6 Alkal2 B4galnt2 Carmil2 Cepl12 Crebl2 Dhtkdl Erbin Fjx1 Gpc4
Abca5s Almsl Bag4 Cascl Cepl26 Crebrf Dhx32 Ercc612 Fkbp3 Gpepdl
Abcab Ambp Baiap2l1 Casc4 Cepl52 Crispld1 Dhx36 Erich2 Fkbp7 Gpm6b
Abca8a Amelx Banf2 Cask Cepl64 Crp Dip2c Erich3 Fktn Gpnl
Abca8b Amph Bard1 Caspl2 Cepl92 Crppa Dixdcl Ermard Flrt3 Gprl42
Abcbl1 Amt Bbipl Casp3 Cep250 Crtacl Dkcl Esp24 Fmnl Gprl43
Abcb7 Amyl Bbofl Casp4 Cep290 Crybbl Did Esp3 Fmnl2 Gprl5
Abhd17b Amy2b Bbs10 Casq2 Cep295 Crym Dlg3 Esp34 Fmo3 Gprl55
Abhd2 Anapc4 Bbs12 Catspere2 Cep44 Cryzll Dlgapl Esp36 Fnbp4 Gprl56
Abhd3 Angptl3 BC049715 Cbll1 Cep57 Csmd2 Dmac2l Etd Fndc10 Gprl61
Abtbl Ankdd1b BC051142 Cbr4 Cep78 Csnls2b Dmbtl Etfbkmt Fndc9 Gprl7
Acbd4 Ankibl BC052040 Cbx7 Cep83 Csn3 Dmd Etfrfl Fos Gprl73
Acbd5 Ankra2 BC106179 Cbyl Cep851 Csnk1g3 DmxI2 Etnk1 Fosb Gprl9
Acer3 Ankrdl Bcap29 Cc2d2a Cerkl Csnka2ip Dnaaf4 Etvl Foxdl Gpr26
Acotl Ankrd13b Bcar3 Ccedcl3 Cetn2 Cspg4 Dnah7a Etv4 Foxf2 Gpr31b
Acpl Ankrd28 Bche Ccdcl41 Cetn4 Cspg5 Dnajc16 EU599041 Foxjl Gpr3711
Acpb Ankrd6 Bckdhb Ccdc144b Cfap126 Cst12 Dnajcl7 Evi5 Foxp2 Gpr52
Acr Ankrd9 Bcel2ala Ccdc149 Cfap20 Cst6 Dnall Exoc4 Fpr-rs4 Gpr65
Acsbg2 Ankslb Bcel2alb Ccedcl152 Cfap45 Cstad Dner Exosc8 Frg2fl Gpr82
Acsbg3 Ano3 Bcel2ald Ccedc178 Cfap69 Cstdcl Dnmtl Extll Frg2f12 Gpr88
Acsl4 Ano4 Bel2l11 Ccedcl18 Cfap77 Ctcl Dnmt3b Eyal Frg2f2 Gramdlc
Actr6 Ano5 Bcl2112 Ccdc180 Cfhrl Ctla4 Dnmt31 F2rll Frg2f3 Grbl4
Acvr2b Ano7 Bcl2115 Ccdc184 Cfl2 Ctnnd1 Dnttip2 Fabp7 Frg2f4 Gria3
Adam20 Anp32e Bclafl Ccdc34 Chdo6 Ctre Doc2b Fam120c Frmd4a Grid2ip
Adam22 Apbbl Bdkrbl Ccdc39 Chd9 Cts3 Dockl1 Faml135a Frmd6 Grikl
Adam28 Apc2 Bend6 Ccdc59 Chek1 Cttnbp2 Dock3 Fam13a Frzb Grik2
Adam3 Apobecl Best3 Ccdc62 Chgb Ctul Dock7 Faml151b Fscb Grik3
Adam32 Apod Bfspl Ccdc68 Chicl Cubn Dok6 Faml167a Fscn2 Grik4
Adamdecl Apoh Bhlhe40 Ccdc74a Chill Cul4b Donson Fam169b Fsdll Grin2b
Adamts17 Apolllb Bicdl Ccdc78 Chll Cul5 DphS5 Fam171b Fstl4 Grk3
Adamts19 Apol7e Birc2 Ccdc81 Chmp4c Cwc22 Dpp6 Fam177a2 FstlS Grtpl
Adamts8 Appl2 Blm Ccl20 Chrm5 Cwc27 Dpy1913 Fam180a Fundc2 Gsap
Adamtsl1 Aqpl2 Bmil Ccl3 Cilp2 Cwfl1912 Dpyd Fam183b Fut10 Gsdme
Adamts]2 Aqp8 Bmpl5 Ccl4 Cip2a Cxcll Drc3 Fam184a Fut4 Gsted
Adamtsl3 Arap2 Bmp5 Ccl5 Cirbp Cxcll0 Drdl Fam184b Fvl Gstkl
Adarbl Arfgef3 Bmper Ccendl Ckap2 Cxcll3 Dscaml1 Fam204a Fxyd6 Gstt2
Add2 Arhgap18 Bmprlb Ccnd3 Ckap$5 Cxcll4 Dsccl Fam214a Fyttd1 Gsx2
Adgb Arhgap22 Bnc2 Cenll Cks2 Cxcl5 Dsnl Fam216b Fzd2 Gtpbpl0
Adgral Arhgap36 Bnipl Ccser2 Clasp2 Cxcl9 Dtna Fam217a G2e3 Gtpbp8
Adgrb3 Arhgap5 Bphl Cct6b Clca3a2 Cxcr6 Dtwd2 Fam227a Gabl Gufl
Adgrl3 Arhgef26 Bpifb9a Cd109 Clcada Cxxc4 Dus4l Fam228b Gabra3 Gulpl
Adk Arhgef28 Bpifc Cd177 Clenl Cyhrl Duspl5 Fam229b Gabrb2 Gypa
Adm?2 Arhgef39 Braf Cd200 Clen2 Cyld Dynclli2 Fam3b Gabre Gzmb
Adnp Arhgef9 Brca2 Cdz27 Clen3 Cyp2c37 Dynltla Fam3c Gabrg3 Gzmce
Adnp2 Arid3b Bricd5 Cd46 Cldnl Cyp2d22 Dynltlb Fam57b Gal3st3 Gzmf
Adra2c Arll5 Brinpl Cds Cldn34c2 Cyp2d37-ps  Dynltlc Fam76b Galnt12 Gzmm
Aff3 Arl4a Brinp2 Cd52 Clecla Cyp2gl Dynltlf Fam8la Galnt18 HI1{7
Afmid Arl5a Bsph2 Cd69 Clec2e Cyp2j6 Dynlt3 Fam8&3b Ganc H2-M10.1
Agbll Arl6 Btbd35£5 Cd72 Clec7a Cyp2j9 Dytn Fam98b Gapdhs H2-Q4
Agbl2 Arl6ip6 Btbd35t6 Cd8bl Clec9a Cyp2ul Dzank1 Fanl Garem1 H2-T22
Agbl3 Armcl0 Btbd8 Cd9 Clgn Cyp39al Dzipl Fancb Garnl3 H2al3
Agbl5 Armc3 Btf314 Cdoo Clk4 Cyp3all Ebf2 Fancd2 Gas2 H2ap
Agmo Armc4 Btnl6 Cdanl Clmp Cyp3al3 Echdc3 Fancd2os Gbpl0 H60a
Agrn Armh4 Bubl Cdcl4a Cmbl Cyp3a57 Ect2l Far2 Gcea H60c
Agrp Arnt2 Bublb Cdcl4b Cmcl Cyp46al Eda Faxc Gefe2 Hal
Agtrlb Arntl2 Bves Cdc20b Cmssl Cyp4fls Eda2r FbxI12 Geg Hamp
Agtr2 Art3 Bzw2 Cdc3711 Cnga4 Cyp4fl8 Efcabl1 FbxI21 Gdapl Hasl
Agxt Art4 C130073F10Rik  Cdc42bpa Cngbl Dbh Efcab5 FbxI3 Gemin8 Haus2
Ahcyll As3mt Clqll Cdc42bpg Cnksr2 Dbndd1 Efcab7 Fbxl14 Gfodl Haver2
Al182371 Asahl Clrl Cdc6 Cnksr3 Dbp Efcab8 Fbxo10 Ggh Hbqla
Al429214 Asfla Cc7 Cdh10 Cnnl Dbpht2 Efhb Fbxol6 Ginsl Hbqlb
Al504432 Aspa Cacna2d4 Cdh19 Cnotl0 Dclk2 Efna5 Fbxo3 GjalO Hces
AlI506816 Asrgll Cacng2 Cdh20 Cnot6 Dclrela Efnb3 Fbxo7 Gjc3 Hcen4
Al987944 Asx13 Cacng5 Cdh23 Cntn6 Dcplb Egfl6 Fbxwl14 Gjd2 Hert
Aim2 Atadl Cadm2 Cdho6 Coll0al Ddahl Ehbpl Fbxw26 Gjd3 Hdac8
Aimpl Atad5 Cagel Cdhr4 Col20al Ddb2 Eid3 Fbxw9 Gk Hddc2
Ajapl Atf2 Calm5 Cdk14 Col26al Ddil Eif2s3x Fenb GkS Hdx
Akapl1 Atf7ip Calnl Cdk15 Col4a3 Ddias EifSa2 Ferll Gkn3 Hectd2
Akapl2 Atll Calr4 Cdk19 Col4as Ddx10 Elacl Fesk Glecil Hells
Akapl4 Atm Camklg CdkSrap2 Col6as Ddx43 Elk3 Fdxr Glde Helq
Akap5 AtplOb Camk2b Cdko6 Col9a2 Ddx52 ElovI2 Fgd4 Gldn Henmt1
Akap6 Atp6apll Camk4 Cdk8 Colgalt2 Defa41 Elovl4 Fgfl Gli3 Hercl
Akap8 Atp6v0e2 Camkmt Cdkls Commd3 Defb34 Elp4 Fgf13 Glis3 Hesx1
Akipl Atp6vig2 Capn6 Cdkn2b Coq7 Defb43 Eml6 Fgfl7 Glmn Hexb
Akrlcl2 Atp8al Capn7 Cdkn3 Cox6b2 Defb47 Encl Fgf2 Gltpd2 Hexdc
Akrlc20 Atp8bl Caps2 Cdrl Cpad Defb6 Enpp4 Fgf21 Glyat Hghl
Akt3 Atpafl Capza3 Cdyl Cpd Dennd2a Enpp5 Fgf23 Glycam!l  Hhat
Aldhla3 Atr Carl2 Cecr2 Cphx1 Dennd3 Epb4l115 Fgf6 Gnaz Hhip
Aldhla7 Aurke Carl4 Celal Cplanel DenndSb Epc2 Fgll Gng4 Hibch
Aldhl12 AY761185  Car6 Celf5 Cplx2 Depdcla Epdrl Fhdcl Gnpda2 Hint2
Algll B3galtl Card11 Cenph Cplx3 Depdc7 Epha7 Fhll Gplba Hivep2
Algb B3galt2 Card14 Cenpn Cpsfo Dgke Ephb2 Filipl Gp2 Hmg20a
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SUPPLEMENTARY INFORMATION

Supplementary Table 1 (2/3) | Upregulated genes in B; p38a vs. B tumors (log:FC > 0.265) (n = 2214).

Upregulated genes in B, p38a vs. B

Hmga2 Irgml Klrcl Lypd2 Mmpl5 Nek5 Pak3 Pih1d2 Prokrl Rbm34
Hnf4aos Irgm2 Klrd1 Lypd6 Mmpl6 Nek8 Palb2 Pik3c2g Prorp Rbm44
Hnrnpd Irs4 Klrel Lypd8 Mmp20 Nelll Pam Pik3ipl Prosl Rbm46
Hnrnpdl Isgls Klrhl Lyrm4 Mmp25 Nemf Panx2 Pip Prpf39 Rbmx
Homerl Itfgl Klril Lyrm7 Mnatl Nemp2 Parn Pip4p2 Prph2 Rbp3
Homer2 Itgal Klri2 Lyzl6 Mndl Neto2 Parp4 Pithd1 Prps113 Rebtbl
Homez Itga2 Klrk1 Macrod2 Mnsl Neurod4 Parp8 Pkd1l1 Prps2 Reedl
Hoxal0 Itga8 Kng2 Mael Mnt Neurogl Pate2 Pkdrej Prr33 Rchyl
Hoxa7 Itgax Knll Maff Moapl Neurog3 Patj Pkhd1 Prrgl Revrn
Hoxcll Itgb3bp Krt19 Magea3 Mocs2 Nexn Pax5 Pkib Prrg4 Rdh10
Hoxd3os1 Itgb4 Krtap13 Magea5 Morc4 Nfl Paxbpl Pkp2 Prssl Rdh14
Hpn Itgb8 Krtap20-2 Magebl18 Morf4l1-psl Nfe2l3 Pbdcl Pla2gl2a Prss3 Recql
Hpse2 1tih2 Ktnl Magehl Mospd4 Nfia Pbx3 Pla2g3 Prss33 Reepl
Hrg Itm2a L2hgdh Magi3 Mpl Nhs Pbx4 Plaatl Prss37 Reep6
Hs3st5 Ivd L3mbtl3 Magohb Mplkip Nipall Pbxipl Plac9a Prss45 Rev3l
Hscb Ivnslabp Lag3 Mal Mpp5 Nipsnapl Pcbdl Plcb4 Prss51 Rfesd
Hsd17b7 Izumo2 Lairl Mamstr Mpvl17l Nkain2 Pcdhl10 Pld1 Prx12a Rfpldb
Hsf2 Jakmip2 Larplb Manba Mrl Nkapl Pcdhls Plekha4 Psd2 Rftn2
Hspa2 Jam2 Lat Manbal Mrella Nlgnl Pcdhl7 Plekha5 Psgl7 Rfx3
Htr2b Jchain Lax1 Manea Mrgpra2b Nlgn3 Pcdh7 Plekha6 Psgl8 Rgece
Hunk Jkamp Lcas Mansc4 Mrgpra9 Nlrc5 Pcdh9 Plekhbl Psg22 Rgsl
Husl Jmjdle Leelk Map2k4 Mrgprb4 Nlrpl0 Pcdhbl 1 Plekhhl Psipl Rgs9
1dil Jmy Leell Map2k6 Mro Nme4 Pcdhbl2 Plod2 Psmc3ip Rhbdl3
Idol Josd2 Lce3b Map3kl Mroh7 NmeS5 Pcdhbl3 Plpl Psmc6 Rhox13
Ter3 Jrkl Lcor Map3k13 Mrpll Nmi Pcdhbl4 Plpp4 Psme4 Rhox3g
Iffol Kank4 Lcorl Map3k19 Mrpl46 Nnt Pcdhbls Plpprl Psmg3 Ribel
1£i208 Kansl11 Ldcl Map3k7 Mrps35 Nobox Pcdhbl8 Plppr3 Pspcl Rictor
1£i209 Kat2b Ldhb Map3k9 Ms4al9 Nol4 Pcdhbl9 Plscrl Psrcl Rida
Ifi213 Kat6b Ldlr Map6d1 Ms4a4b Nol7 Pcdhb20 Plscr4 Pstk Rifl
Ifitl Katnall Ldlrad3 Map9 Msh3 Nostrin Pcdhb21 Plxdcl Ptbp2 Riiadl
Ifitlbll Kbtbd13 Lefl Mapk10 Msh4 Nox4 Pcdhb3 Plxna3 Ptcd3 Rimklb
Ifit2 Kbtbd7 Lekrl Mapk8ip2 Msi2 Npas3 Pcdhb6 Pmaipl Ptchl Rims3
Ifit3 Kcna2 Lelpl Mapre3 Msl2 Nphpl Pcdhb? Pmsl Ptges31 Ripor2
Ifit3b Kcna3 Leng8 Marc2 Msmol Nppa Pcdhb8 Pms2 Ptgfr Ripply2
Ifnal4 Kcnip3 Leol March4 Mtap Nrld2 Pcdhb9 Pnck Ptgfrn Ripply3
Ifng Kcnip4 Lepr March7 Mtbp Nrlh4 Pcfll Pnisr Pth2r Rlbpl
Ift140 Kenk2 Lgals2 Masl Mterflb Nrli2 Pcgfs Pnlip Pthlh Rmdnl
Ift57 Kenk5 Lgi4 Mast4 Mterf2 Nr2fl Pcgt6 Pnma3 Ptk6 Rmdn2
Ift80 Kenmbl Lgr6 Mastl Mtf2 Nr4a3 Pcml Pnmal2 Ptpdcl Rmnd5a
Ift88 Kenmb4 Lhegr Matr3 Mtgl Nrcam Pcp4 Pnmt Ptpn4d Rnaseh2b
Igbplb Kenn2 Lhx6 Mbd312 Mtif2 Nrg3 Peskl Pnptl Ptprm Rnd1
Igf2bp2 Kenn4 Lig3 Mbd5 Mtml Nrnl Pcytlb Pnrc2 Ptprzl Rnf128
Igfbp5 Kenrg Lim2 Mbip Mtmr7 Nrxn3 Pdelc Pold3 Pttgl Rnf138
Igfbp6 Kensl Limchl Mboat2 Mtss2 Nsg2 Pde3b Polm Ptx3 Rnf148
1gfl3 Kens2 Lin28b Mbtdl Mtx3 Nsrpl Pdedb Poln Ptx4 Rnf152
Igfnl Kens3 Lipn Mc3r Muc2 Nt5c3 Pde4d Polr3f Purb Rnf170
Igsfl1 Kenul Lipo3 Mchrl Muc4 Nt5e Pde7b Polr3h Purg Rnf217
IgsfOb Kenv2 Lmbrd2 Mcoln3 Mxd3 Ntnl Pde8a Pon2 Pus10 Rnf38
ligpl Kctd4 Lmntdl Mcphl Mybll Ntngl Pde9a Pop4 Pus3 Rngtt
Tkzf2 Kctd9 Lncpint Metsl Mybpc3 Nudt12 Pdgfa Pou2fl Pvr Rnpc3
Tkzf4 Kdm4d Lnpep Mcub Mybphl Nudt6 Pdgfd Pou3fl Pwwp3b Ro60
1112b KdmS5a Lnpk Mdga2 Mycn Oardl Pdlim4 Pou4fl Pxmp2 Rorc
11s Kdmé6a Lonrf3 Mecp2 Myef2 Oaz3 Pdzd3 Pou4f2 Pyroxdl Rpl
m7f Kifl8a Lpar4 Med121 Myhl4 Obox8 Pdzd9 Ppa2 Qpct Rplll
117rd Kif2la Lrat Med30 Myl4 0Odf21 Pdzr3 Ppara Qrfprl Rpa3
1118r1 Kif24 Lrba Med6 Myolh Odf311 Pegl0 Ppil6 Rab27b Rpgripl
111b KifSc Lrchl Megfl10 Myo9a Odr4 Penk Ppmlj Rab30 Rps6kas
1116 Kirrel3 Lrguk Meid Mzbl Ofdl Per3 Ppml1l Rab36 Rsbnl
1119 Kiz Lrifl Mertk N4bp2 Ogdhl Pexl Ppox Rab39b Rsfl
Il1rap KIf12 Lrmda Mesp2 N4bp212 Oip5 Pexllg Ppplrldc Rab3b Rsph10b
Il1rapll KIf5 Lrplb Metapld Naalad2 Oligl Pex2 Ppplrlc Rab6b Rsph9
12 Klhdc9 Lrp4 Metrn Naaladl2 Olig2 Pex3 Ppplr2 Rab9ob Rtkn2
1120rb Klhl15 Lrrel Mettll1b Nael Olig3 Pex51 Ppplr9a Rabgapll Rtn4
1123r Kl1hi24 Lrrel8 Mettl18 Nat14 Omd P2 Ppp2r3a Rabl3 Rtn4rl2
1125 Kl1h132 Lrre36 Mettl21c Nat8f4 Omg Pgap2 Ppp3cc Radl Runx1t1
n7 Kl1h134 Lrrc40 Mettl25 Nat8f6 Omp Pggtlb Ppp4rd Rad50 Rwdd2a
Impal Kl1h138 Lrrede Mettl5 Nav2 Opnlmw Pgr Ppp6e RadSlapl S100b
Impad1 K1h142 Lrre7 Mettl7b Nav3 Osbpl3 Phactrl Pqlc3 RadS1b S100pbp
Inava Klk11 Lrrc75b Mettl9 Ncald Oscar Phf19 Pramef25 Radx Samd5
Ing2 Klk12 Lrre8e Mga Ncaml Ostn Phf8-ps Pramel5 Ralgapb Sapcd2
Inha Klk13 Lrrecl Mgmel Ncam2 Otogl Phgdh Prdml Ralgpsl Sarml
Inhba Klral0 Lrriq3 Mgmt Nckapl Otud7b Phkal Prelid2 Ranbpl17 Satl
Inka2 Klra2 Lrrk2 Micall2 Nckap5 Ovgpl Phlda3 Prex2 Rapla Satbl
InppSf Klra20 Lrrn3 Micu3 Nerl Oxrl Phxr4 Pricklel Rarb Sbspon
Insl6 Klra23 Lrrtm?2 Mid2 Ndp P2rx3 Pidk2b Prim1 Rarres1 Sc5d
Insrr Klra3 Lrrtm3 Mierl Ndst3 P2ryl Piezo2 Prkaa2 Rasal Scai
Insyn2a Klra7 Lrsam1 Migal Ndufs5 P2ryl2 Pigf Prkei Rasa2 Scaper
Ints6l Klra8 Lsamp Mill2 Necabl P3h2 Pigh Prkdl Rasgeflc Scarb2
Ints8 Klra9 Ltbpl Mios Nectin3 Pabpcll Pigl Pri3d2 Rasl10a Scd2
Ipp Klrbl Ltbp3 Mir23b Negrl Pabpc4l Pigm Pri8a9 Rbak Scd3
Igcall Klrbla Luc712 Mis18a Neil3 Pacrg Pign Prm3 Rbbp6 Scd4
Iqebl Klrblb Luc713 Mis18bpl Nek11 Pacrgl Pigp Prmt3 Rbm26 Scg3
Iqck Klrble Luzp2 Mkx Nek3 Paics Pigu Prodh2 Rbm3 Scgblal
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SUPPLEMENTARY INFORMATION

Supplementary Table 1 (3/3) | Upregulated genes in B; p38a vs. B tumors (log:FC > 0.265) (n = 2214).

Upregulated genes in B, p38a vs. B

Scgb1b3 Slc33al Srp54b Tedcl Tst Xlr5c Zp825
Scgb2b6 Slc38a6 SrpS4c Teddmla Tsx Xpa Zp827
Schipl Slc41a2 Srsf5 Tefm Tti2 Xree5 Zfp846
Scltl Slc4a7 Ss1812 Tenm?2 Ttll2 Xrnl Zfp85
Scml2 Slc4a8 Ssbpl Tetl TtllS Yesl Zp850
Scml4 Slc4a9 Ssxb8 Tet2 Tubb3 Ylpml Zp867
Scn8a SlcSal0 St3gal6 Tex10 Tubgcep5 Ypeld Zp870
Scoc SlcSa7 Stogall Tex16 Tulp2 Zbtb10 Zp873
Scube3 Slc6all St8sia2 Tex21 Tut4 Zbtb18 Zp879
Scx Slc6als Stac2 Tex9 Txndcl1 Zbtb20 Zp93
Scyl3 Slc6al7 Stag3 Tfap4 Txndcl6 Zbtb39 Zp931
Sec22a Slc7al4 Stapl Tfdp2 Txnrd3 Zc3hl4 Zp933
Sele Slc7als Stard10 Tgfb2 Tyro3 Zc3h6 Zp934
Sema3e Slc7a2 Stard6 Tgfbrl U2surp Zc4h2 Ztp935
Semadg Slc8a2 Stfa3 Thada Ubapll Zcchel0 Ztp936
Sema6d Slc9a7 Stk32a Thbs4 Ubash3b Zcchel8 Ztp937
Senp6 Slcob2 Stk38l1 Themis3 Ube2dnl2 Zcche4 Ztp938
Sept10 SIf1 Stox2 Thnsl1 Ube2e2 Zdhhcl5 Ztp939
Sept6 Sif2 Stra6l Thoc2 Ube2q2 Zdhhcl7 Ztp94
Serfl S1fn3 Stx19 Thsd7a Ube2u Zdhhc19 Ztp94s
Serinc4 Slit1 Stx1b Thumpd2 Ubpl Zebl Ztp947
Serpinal6 Slitrk3 Styx Thynl Ubxnl1 Zfand1 Ztp952
Serpina3b SlitrkS StyxI1 Tiall Ucn2 Zfc3hl Ztp958
Serpina7 Smad5 Suco Tigd4 Ugp2 Zthx4 Ztp959
Serpinb3d Smad7 Sugct Timd2 Ugt2b35 Ztp101 Ztp960
Serpinb9c Smarca5 Sultlbl Timm21 Uimcl Ztpll Ztp964
Serpinb9e SmarcaS-ps  Sultldl Timm8al Umad1 Ztpl19a Ztp965
Serpinb9g Smc3 Sult2a2 Timm8a2 Umodll Ztpl119b Ztp966
Sertad4 Smc5 Supt20 Tipin Unc93a Ztpl74 Ztp97
Setdb2 Smchdl Supt3 TII2 Unc93a2 Ztp180 Ztp970
Setmar Smco3 Supv3l1 TIr12 Ung Ztp182 Ztp971
Sfrp4 Smim23 Svip TIr3 Unkl Ztpl184 Ztp973
SfrpS Smim3 Svs6 Tm2dl Upf3b Ztp2 Ztp975
Sfswap Smok2a Syce2 Tm7sf3 Upkla Ztp229 Ztp976
Sftpc Smok2b Sycpl Tmal6 Upklb Ztp248 Ztp995
Sgee Smr3a Sycp3 Tmbim4 Uprt Ztp267 Zgrfl
Sgez Sms Syn3 Tmcl Urgcp Ztp273 Zhx1
Sgipl Sncaip Syndigll Tmc2 Uril Ztp28 Zicl
Sgms2 Snhgl1 Syne2 Tmc3 Usel Ztp280c Zic4
Sh2d1bl Snrpn Sytl1 Tmed8 Uspl4 Ztp280d Zkscan]
Sh2d2a Sntg2 Syt4 Tmod2 Usp2 Ztp286 Zkscanl6
Sh3kbp1 Snx16 Sytl2 Tmprss15 Usp20 Z{p292 Zkscanl7
Sh3rf2 Snx22 T Tmprss3 Usp53 Ztp326 Zkscan8
Sh3yll Snx27 Taar7f TmprssS Usp6nl Ztp329 Zmatl
She3 Socs6 Taar8c Tmsb15b2 Ust Ztp354c Zmat4
Shc4 Sod3 Tab3 Tmtc2 Uvssa Ztp365 Zmym4
Shprh Sorbs1 Tac2 Tmx3 Vcan Zfp37 Znhit6
Siahla Sorcsl Tacr2 Tnfaip6 Vepipl Zfp385b Znrf3
Siahlb Sorcs2 Taf4b Tnfrsf9 Vegfa Zp389 Zpbp
Sik3 Sorcs3 Taf5 Tnik Vephl Zfp438 Zrsrl
Sipalll Sortl Taf9 Tnmd Vprebl Ztp442 Zscanl8
Skil Sosl Tafal Tnn Vpreb2 Ztp454 Zscan30
Skint11 Sos2 Tafa$ Tnni3k Vpreb3 Zfp455 Zswim5
Skint7 Sox2 Tagap Tnnt2 Vpsl3a Zfp462 Zswim6
Skint9 Sox5 Tagapl Tnpl Vps26a ZtpaT2 Zupl
Sla2 Sox6 Tal2 Togaram1 Vps50 Zp51 Zwl0
Slamf6 Sp4 Taokl Tomlll Vrtn Zfp521

Slamf7 Spagl6 Tarsl2 Toml12 Vsig2 Zfp523

Slamf9 Spag4 Tas2rl14 Top2b Vitn Zfp551

Slc10al Spag9 Tas2r117 Tox Vwa5a Zfp560

Slc12a2 Sparcll Tas2r119 Tpbpa Vxn Zfp58

Slc13as Spatal Tas2r135 Tph2 Whbp4 Zfp61

Slc14a2 Spata48 Tas2r137 Tpmt Wdhd1 Zp619

Slc15a2 Spc25 Tas2r139 Tprkb Wdpcep Zfp62

Slcl6al Spem?2 Tas2r140 Tpsgl Wdr20rt Zfp641

Slc18al Spgll Tatdnl Traf3ip2 Wdr31 Zfp644

Slc19a3 Spib Tbcld10c Traf5 Wdr34 Zfp65

Slc22al5 Spin2d Tbcld19 Trappc2 Wdr35 Zfp654

Slc22al7 Spink11 Tbcld8b Trappc6b Wdr37 Zfp663

Slc22a2 Spintl Tbpll Trdmtl Whrn Zp709

Slc24a2 Spirel Tcaim Trigk Wifl Zfp74

Slc24as Spoll Tceall Trmt10b Wnk3 Zfp763

Slc25a23 Sponl Tceanc Trmtl1 Wnk4 Ztp773

Slc25a27 Spopl Tcergl Trpe3 Wntl6 Ztp777

Slc25a33 Sppl Tefl12 Trpcd Wnt8b Zfp78

Slc26al Sprr3 Tcf24 Trpm3 Wnt9a Zp788

Slc26a4 Spryd7 Tcfl5 Trpm6 Wrn Zp791

Slc26a8 Sptssa Tcllb4 Trpsl Wsbl Zp804b

Slc26a9 Spx Tepllll Trub2 Wwel Zp808

Slc27a6 Spzl Tdpoz4 TsgalOip Xiap Zp81

Slc2al Sqle Tdrd3 Tspan6 Xkr4 Zp810

Slc30a4 Srek1 Tdrkh Tspan7 Xkr5 Zp811

Slc30a9 Srp54a Tecta Tspyl5 Xkr7 Zp819
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SUPPLEMENTARY INFORMATION
Supplementary Table 2 (1/4) | Downregulated genes in B; p38a vs. B tumors (log:FC < -0.265) (n = 3000).

Downregulated genes in B, p38a vs. B

A2mll Adipoq Aplpl B020004J07Rik  Calr Cd209g Citedl Cptla Cyth4 Dock2
Adgalt Adm Apoal B3gatl Camkld Cd226 Cited2 Cpxml Cytll Dohh
Aacs Adora2a Apoasd B3gat3 Camk2a Cd248 Cited4 Cpz Cyyrl Dokl
Aadacl3 Adra2a Apobec2 B3gnt9 Camk2n2 Cd300a CK137956  Crat D17H6S53E  Dok2
Aadacl4fm4 Adrb2 Apocl B430306N03Rik  Camp Cd300e Ckap4 Cretl D2hgdh Dpagtl
Aard Adtrp Apoc2 B4galt6 Camsap3 Cd3001b Ckb Creb311 Dabl Dpep2
Aass Aebpl Apollla Bag3 Cantl Cd3001d Ckm Crhrl Dab2 Dpf3
Abcal AF366264  Apol7a Baiap3 Capnl Cd3001d3 Ckmt2 Cripl Daglb Dppl0
Abcal3 Agpatl Apol8 Bakl Capnl1 Cd3001d4 Clcal Crispl Dapkl Dpp3
Abcbla Agpatd Apol9a Bank1 Capn8 Cd3001g Cldnl6 Crispld2 Dapll Dpp4
Abcb9 Agtrla Apol9b Banp Capsl Cd33 Cldn20 Crlf3 Dbil5 Dpp7
Abcc3 Agtrap Apoldl Baspl Carl Cd3e6 Cldn3 Crnn Dbx2 Dpp9
Abcc9 Ahcyl2 Apom Batf3 Carl 1 Cd37 Cldn34-ps  Crocc Dchsl Dpt
Abcdl Ahsal Agpl BB019430 Carl5 Cd38 Cldn4 Cryaa Dclkl Dgx1
Abcgl Ak4 Aqp3 Bcan Car3 Cd40 Cldn5 Cryba4 Dclrelc Drc7
Abcg3 Ak7 Aqp5 Bcatl Car4 Cd53 Cldn8 Crygb Dcpp3 Dscl
Abi3 Ak8 Aqp6 Bellla CarSa Cd55b Cldn9 Crygf Dcps Dsc2
Abi3bp Akp3 Aqp7 Belllb Car7 Cdsl Cldnd2 Csfl Dct Dsc3
Ablim3 Akrlcl8 Aqp9 Bcl6b Card10 Cde68 Clec10a Csflr Dctnl Dscam
Abo Akrlc21 Ar Bcl7c Casp8 Cd82 Cleclla Csf2ra Ddal Dse
Abra Akrlcl Areg Bdhl Casql Cdg4 Clecl18a Csf2rb Ddit4 Dsgla
Abtl Aktl ArfS Bex4 Cass4 Cdo3 Clec2g Csf2rb2 Ddn Dsglb
Acads Aktlsl Argl Bex6 Castor2 Cdc34 Clec3b Csf3r Ddo Dsg2
Ace Alad Arhgap23 Bgn Catsper4 Cdc42ep2 Clec4al Csk Ddr2 Dsg4
Acerl Alas2 Arhgap27 Bhlhe22 Catsperb Cdc42ep4 Clec4a3 Csmd2os Ddx28 Dsp
Acer2 Alb Arhgap28 BicdI2 Catsperd Cdcep2 Clec4bl Csrp3 Ddx3y Dtnbpl
Ackr3 Alcam Arhgap29 Bik Cavl Cdhl Clec4n Cstal Defa-rs4 Dubr
Ackr4 Aldhla2 Arhgap30 Birce5 Cavinl Cdh13 Clhcl Csta2 Defal?7 Duox2
Acly Aldhlll Arhgap45 Blnk Cavin2 Cdh26 Clic5 Cstdc4 Defa23 Duoxal
Acot3 Aldh2 Arhgap6 Blvrb Cavind Cdh3 Clmn Ctf2 Defa27 Duoxa2
Acot5 Aldh3b2 Arhgdib Bmp2k Cbfa2t3 Cdh4 Cln3 Cth Defa28 Dupdl
Acot7 Aldoa Arhgdig Bmp7 Cblnl Cdh5 Cln6 Ctla2a Defa3 Duspl
Acp7 Algl2 Arhgefl7 Borcs6 Cbr2 Cdh9 CIn8 Ctnna2 Defa30 Duspl0
Acpp Alg3 Arid5a Bpifal Cc2dla Cdk18 Clstn2 Ctps Defa34 Duspl8
Acsll Alox5 Armc2 Bpifa2 Ccedc106 Cdk2ap2 Clu Cts6 Defa42 Dusp7
Acsm4 AloxSap Armc6 Bpifa3 Ccedel17 Cdk3 Cluh Cts8 Defbl Dynap
Acsm5 Alpk2 Arpc3 Bpifb6 Ccedc137 Cdol Cmal Ctsa Defbl4 Dysf
Acss3 Alpl Arpc4 Bpntl Ccedc142 Cdsn Cmah Ctsb Defb25 E2f1
Actal Als2cl Arrb2 Bsn Ccedc153 Cdx2 Cmip Ctsc Defb36 Earl
Acta2 Alyref2 Arrdc4 Bstl Ccedcl62 Cdyl2 Cmklrl Ctsd Defb41 Earl0
Actbl2 Amigo2 Arsi Btbd35f2 Ccedc190 Ceacaml Cmtm7 Ctse Defb42 Earl2
Actg2 Amotl2 Artl Btbd35£25 Ccedc51 Ceacaml1 Cmtm8 Ctsh Depdclb Ebfl
Actll0 Ampdl Arvef Btbd3513 Ccedc711 Ceacam?2 Cmya$5 Ctsk Deptor Ebf3
Actléb Ampd3 Arxesl Btbd35f4 Ccdc80 Ceacam9 Cndp2 Ctsll3 Des Ebi3
Actnl Ang6 Asah2 Btbd6 Ccdc85a Cebpa Cnfn Ctsr Desi2 Ebp
Actn2 Angell Asbl4 Btnl2 Ccdc85¢ Cebpb Cnih2 Cx3cll Detl Ecel
Actn3 Angpt2 Asb4 Btnl9 Ccdc87 Cemip Cnnml1 Cxadr Dffa Ece2
Actrtl Angpt4 Asb5 C130026121Rik Ccdc89 Cercam Cnpy3 Cxcll2 Dffb Ecell
Acvrlc Angptl4 Ascl2 Clqa Ccdc96 Cerk Cnrl Cxcl3 Dgat2 Ecml
Acvrll Ankl1 Ascl4 Clgb Cckbr Ceslf Cnr2 Cxcrl Dhrs3 Ecrg4
Adaml1 Ank3 Asgr2 Clqe Ccl2la Ces2c Cntd1 Cxcr4 Dhrs9 Ecscr
Adaml5 Ankk1 Asic2 Clqtnfl Ccl21b Ces2g Cntfr Cxcr5 Dhx58 Edaradd
Adam24 Anklel Asic5 Clqtnf3 Ccl2lc Cfap206 Cntn3 Cyb561 Diaphl Edfl
Adam5 Ankmy1 Aspn Clqtnf5 Ccl22 Cfap43 Colllal Cyb561d2 Dio3 Ednl
Adam8 Ankrd13a Asprvl Clqtnf6 Ccl24 Cfap74 Coll4al Cyba Dipk2b Edn2
Adamts12 Ankrd2 Assl Clqtnf7 Ccl6 Cfd Collal Cybcl Disp2 Ednrb
Adamts15 Ankrd35 Astl Clra Ccl8 Cfp Colla2 Cybrdl DIkl Eefla2
Adamts18 Ankrd60 Aszl Clrb Ccl9 Cggbpl Col3al Cygb DIl Eef2k
Adamts2 Anks4b Atfob C2cd4d Cem?2l Cgrefl Col4al Cypllal DII3 Eepdl
Adamts5 Anol Atmin C3 Ccen3 Ch25h Col4a2 Cyplbl Dll4 Efcab6
Adamts9 Ano2 Atox1 CSarl Ccend Chacl ColSal Cyp26bl DIx3 Efempl
Adamtsl4 Anpep Atpl3a2 C5ar2 CcenS Chadl ColS5a2 Cyp27al DIx60s2 Efemp2
Adapl Anxa3 Atpl3a4 C6 Ccnal Chchd10 Col6al Cyp2abl Dmacl Efhc2
Adap2 Anxa7 Atpla3 C8b Ccnb3 Chd3 Col6a2 Cyp2bl3 Dmkn Ethd2
Adcyl0 Anxa9 Atplad C8g Ccnel Chek2 Col6a3 Cyp2bl9 Dmpk Efnbl
Adcy4 Aoah Atp2al Cabcocol Ccno Chil3 Col6a4 Cyp2c67 Dmrtl Egfeml
Adcy5 Aoc2 Atp4da Cabpl Cerl Chil4 Col6a6 Cyp2c69 Dmrt2 Egfl7
Adcy7 Aoc3 Atp5d Cabp7 Cer2 Chil5 Colq Cyp2d26 Dmrta2 Egfr
Adcyaplrl Aox2 Atp6vle2 Cachdl Cer3 Chp2 Commd9 Cyp2d34 Dmrtc2 Egln2
Adgrbl Aox3 Atp6v1fnb Cacnalb Cer5 Chpf Comt Cyp2el Dnah2 Egr2
Adgrdl Aox4 Atp8b2 Cacnals Ccserl Chrnal Comtd1 Cyp2£2 Dnah8 Ehdl
Adgrel Aplbl Atp8b4 Cacnbl Cdl163 Chrna2 Cops7b Cyp2sl Dnaicl Ehd2
Adgre4 Aplm2 Atpsckmt Cacnb3 Cdld2 Chrng Corola Cyp4a32 Dnaja3 Ehd3
Adgrf3 Aplsl Atxn713 Cacngl Cd2 Chstl Corolb Cyp4bl Dnajbl Ehd4
Adgrf4 Apls3 AU016765 Calb2 Cd200r1 Chstl15 Cotll Cyp4bl-ps2 Dnajbl3 Eif2s3y
Adgrfs Ap2a2 AU018091 Calca Cd200r2 Chst5 Cox4i2 Cyp4fl4 Dnajb7 Eif3a
Adgrgl Ap2sl Avprla Calcoco2 Cd200r4 Chst7 Cox6a2 Cyp4f39 Dnajc28 Eifdebpl
Adgrg2 Apbal AWS551984  Calhm4 Cd209a Chsyl Cox8b Cyp4fal-ps Dnajc6 Eifdebp2
Adgrg3 Apba3 Axdndl Calhm5 Cd209b Ciart Cpa3 Cyptl2 Dnasel12 Eif6
Adgrg7 Apbblip Axin2 Calhm6 Cd209c Cib4 Cpnl Cyptl4 Dnase2a Elane
Adgrl4 Apcddl AY074887 Calm4 Cd209d Cidec Cpne4 Cysltrl Dndl Elavl3
Adhl Apln AY358078 Calml3 Cd209e Ciita Cpne6 Cystml1 Dnml Elf4
Adh7 Aplnr Azgpl Calml4 Cd209f Cish Cpne9 Cyth3 Dnpep EIf5
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SUPPLEMENTARY INFORMATION

Supplementary Table 2 (2/4) | Downregulated genes in B; p38a vs. B tumors (log:FC < -0.265) (n = 3000).

Downregulated genes in B, p38a vs. B

Elmol Fank1 Fthl17a Gplbb H4fl6 Hspb6 Islr Krt25 Ldlrapl Lyg2
Elmodl Fasn Fthl17d Gpat2 Heépd Hspb7 Isml Krt26 Lemd2 Lyll
Eln Fat2 Fthll7e Gpdl Hacd4 Hspb8 Isynal Krt27 Lep Lypdl
Eloa Fat4 Ftll Gpha2 Hand2 Hspdl Itgall Krt28 Lfng Lypdl10
Elovll Fblnl Futl Gpihbpl Hao2 Hspg2 Itgas Krt31 Lgals12 LypdS
Elovl3 Fbln2 Fxyd2 Gpnmb Hba-al Hsphl Itga9 Krt32 Lgals3 Lypd6b
Elp5 FblnS Fxyd4 Gprl32 Hba-a2 Htrlb Itgam Krt33a Lgals3bp Lyvel
Emb Fbln7 Fzd10 Gprl35 Hbb-bs Htr6 Itgb2 Krt33b Lgalsl Lyzl
Emcn Fbnl Fzd4 Gprl41 Hbb-bt Htr7 Itgb2l Krt34 Lgi2 Lyz2
Emilin2 Fbn2 Fzd6 Gprl53 Hbb-y Htra2 Itgb7 Krt35 Lgi3 Lztsl
Enl Fbpl Go6pd2 Gprl60 Hcarl Htra3 Itgbll Krt36 Lgmn Lzts3
En2 Fbx113 Goépdx Gprl76 Hefelrl Hydin Itpke Krt39 Lhx5 Maats1
Enah Fbxol5 Gaa Gprl79 Hck Hyoul Itprid1 Krt4 Lhx9 Mab2114
Endou Fbxo43 Gabra5 Gprl182 Hclsl 10C0044D17Rik Itprip Krt71 Lilrdb Maccl
Enol Fbxw21 Gabrp Gpr35 Hest Icall Itsnl Krt72 Lilra$ Macrod1
Enolb Fbxw27 Gadd45g  Gpr39 Hdacl1 Icam2 Ivl Krt73 Lilra6 Macroh2a2
Eno3 Fcerlg Gal Gpr75 Hdac7 1d1 Jadel Krt74 Lilrb4a Madd
Eno4 Fcer2a Gal3st2c  GpreSc Hdc 1d4 Jag2 Krt75 Lin28a Maf
Enox2 Fegrl Galm Gpre5d Hddc3 Idua Jak3 Krt80 Lingo2 Mafa
Enpep Fegr2b Galns Gpt Hdhd3 Ter5 Jakmipl Krt82 Lipa Mafb
Enpp2 Fegr3 Galntl5 Gpx1 Heatr9 1fi202b Jaml Krt84 Lipe Mageal
Entpdl Fegrt Galntl6 Gpx3 Hebpl 1£i207 Jead Krt86 Lipg MagealO
Entpd2 Fcna Galnt9 Gpx7 Hebp2 Ifi2712a Jhy Krt87 Liph Mageb3
Entpd3 Ferls Gapt Grap Hecw?2 Ifi2712b Jup Krtapl-3 Lipi Mal2
Entpd5 Fdps Gas6 Grb7 Hegl Ifi30 Kank1 Krtapl-5 Lipk Mall
Entpd6 Fermt3 Gaskla Grebl Hemgn Ifitm5 Kazaldl Krtapl1-1 Lipm Mamll
Eomes Fes Gask1b Greml Heph Ifitm6 Kazn Krtap12-1 Lman2 Manlbl
Epb41 Fetub Gata3 Grem?2 Hephll Ifngrl Kbtbd6 Krtap13-1 Lmecdl Manlcl
Epb42 Fez2 Gatm Grhll Herpudl Ifngr2 Kbtbd8 Krtapl14 Lmo2 Man2a2
Epha3 Ffarl Gba Grhl2 Hes6 Ifnlrl Kcna4d Krtapl5 Lmod2 Man2bl
Epha4 Ffar2 Gbgtl Gridl Heyl Igf2bpl Kcnabl Krtap16-1 Lmod3 Man2b2
Ephbl Fga Gbx1 Grin2d Hfe Igfals Kcnab2 Krtap16-3 Lnx1 Maneal
Ephx2 Fgd2 Gceat Grk2 Hhex Igfbp2 Kcnab3 Krtap17-1 LOC100861615  Manf
Ephx3 Fgd3 Gcehl Grm3 Hhipl1l Igfbp4 Kenbl Krtap19-1 LOC547349 Maob
Epor Fgd5 Gcehfr G Hif3a Igsf21 Kend3 Krtap19-2 Lox Map2k3
Eps8 Fgdo Gem?2 Grrpl Hiplr Igsfo Kcenh2 Krtap19-3 Lpar5 Map3k21
Eps812 Fgf10 Gda Gsdmc2 Hjv Ikbkb Kcenh3 Krtap19-4 Lpgatl Map3k5
Erg Fgfll Gdf10 Gsdmc3 Hk2 Tkzf1l Kcenh6 Krtap19-5 Lpin3 Map3k6
Esp8 Fgfl4 Gdfo Gstml Hk3 1110ra Kcnip2 Krtap19-9b Lpl Map3k7cl
Esrl Fgf18 Gdnf Gstm?2 Hix 1110rb Kenj6 Krtap22-2 Lratdl Map4k1
Esrpl Fgfrl Gdpd3 Gstm3 Hmox1 Il11ral Kenkl15 Krtap24-1 Lratd2 Map7d1
Esrp2 Fgr Gemin5 Gstm7 Hnf4a 1n17d Kenk18 Krtap26-1 Lrfn5 Mapk11
Esytl Fhl5 Gfilb Gstol Hnmt 111 7re Kenk6 Krtap27-1 Lrgl Mapk4
Ets2 Fhod3 Gfra3 Gsttl Hopx 1118 Kenk9 Krtap3-1 Lrmp Mapt
Etve Ficd Gga2 Gtpbp6 Hormadl  I11f5 Kenmal Krtap31-1 Lrpl0 Marchl
Evala Fitm1 Ggtl Gucala Hoxb2 I1rl Kennl Krtap31-2 Lrpll Mark1
Evalb Fkbp11 Ggt5 Gucylal Hoxb4 112 Keng4 Krtap4-1 Lrp3 Maspl
Evpl Fkbpl5 Ghrh Gucy2d Hoxb5 Il1rapl2 Ketdl11 Krtap4-13 Lrrl Matk
Exdl Fkbp6 Gimap3 Gukl Hoxb6 I1rl1 Ketd12 Krtap4-2 Lrrel5 Matnl
Eya2 Flaccl Gimap6 Gusb Hoxb7 Illm Kdelrl Krtap4-6 Lrrel7 Matn4
Eya4 Flen Gipcl Gxylt2 Hoxb9 1120 Kdelr3 Krtap4-7 Lrre2 Mb
F13al Flil Gipc2 Gzmg Hoxc10 1122ra2 Kdm5d Krtap4-8 Lrre25 Mbnl3
F2rl2 Flnb Gja4 HI1f8 Hoxc6 1127 Kdr Krtap4-9 Lrre29 Mboatl
F3 Flrt2 Gja8 H2-Abl Hoxc8 1127ra Keapl Krtap5-1 Lrre3 Mboat7
F5 Flt4 Gjb4 H2-Ea-ps Hoxd10 I12ra Kel Krtap5-2 Lrre32 Mbp

F7 Fmn2 Gjb6 H2-K1 Hoxd11 I2rg Kera Krtap5-4 Lrre3b McSr
F930015N05Rik  Fmnll Glb112 H2-L Hoxd3 1134 Kifl9a Krtap6-1 Lrre59 Mce
Fabp2 Fmod Gliprl H2-M10.4 Hp Il4ra Kiflc Krtap6-2 Lrre72 Mcf2
Fabp3 Fnl Glral H2-M11 Hpcall Il5ra Kif26b Krtap6-5 Lrrdl Mecf21
Fabp4 Folrl Glra2 H2-M5 Hpsl Il6ra Kif4-ps Krtap7-1 Lrrkl Mcfd2
Fabp5 Folr2 Gltldl H2-M9 Hpse 19 KIfl1 Krtap8-1 Lrrn2 Mcem2
Fabp6 Foxal Gltp H2-Q1 Hr 119r KIf13 Krtap9-3 Lrrn4cl Mcptd
Fads2b Foxcl Glul H2-T-ps Hre Ildr2 Klif14 Krtap9-5 Lrrtm1 Mdgal
Fads6 Foxc2 Glyatl3 H2-T23 Hrhl Inhbb Kif2 L3mbtll Lrwdl Mel
Fah Foxel Glyctk H2acl5 Hrk Inhbe Klif4 Lactb Lsm10 Mecom
Faim2 Foxi3 Gm1995  H2ac4 Hrnr Inmt Kif6 Ladl Lsmem1 Mecr
Fam129a Foxl1 Gm5124  H2afb2 Hs3stl InppSd KIf8 Lama3 Lsr Med22
Fam13c Foxnl Gm6300  H2afx Hs3st3al  Inpp5j Klhdc7b Lamb3 Ltb Megfl1
Fam167b Foxo3 Gm7104  H2allb Hs6st2 Ints3 KlhI2 Lancl3 Ltb4rl Meikin
Fam186a Foxo4 Gmfg H2allk Hs6st3 Ints5 Klhi21 Laol Ltb4r2 Menl
Fam186b Foxr2 Gml H2alln Hsbplll Ip6k3 Klhi31 Laptm5 Ltcds Mest
Fam214b Foxsl Gmnce H2bcll Hsdl1bl Igsec3 K1h140 Large2 Lurapll Met
Fam25¢ Fprl Gnal2 H2bc12 Hsdl1b2  Irak4 Klhl41 Lat2 Lvrn Metrnl
Fam43a Frmd4b Gnal4 H2bc13 Hsd17b6  Irf4 Klk1bl1 Layn Ly6a Mettl24
Fam43b Frmpdl Gnal5 H2bc14 Hsf2bp Irf8 Klk1bl6 Lbp Lyé6cl Mfap2
Fam53b Fry Gnaol H2bcl5 Hsfy2 Irgq Klk1b22 Lbx2 Ly6c2 Mfap4
Fam57a Fsenl Gnmt H2bc6 Hsh2d Irsl Klk1b8 Lcat Ly6d Mfap5
Fam71b Fsdl Gnpdal H2bc7 Hspal2b Irs3 Klral6 Len2 Ly6e Mfge8
Fam71e2 Fsd2 Gns H2bc8 Hspala Irx1 Kmt5c Lepl Ly6g2 Mfhas1
Fam78a Fshr Golga7b  H2bc9 Hspalb Irx2 Kndcl Letl Ly6g6e Ming
Fam78b Fsip2l Golph3 H2bu2 Hspall Irx3 Krtl7 Ldb3 Ly6g6f Mfsd12
Fam8&3h Fstll Goltla H3c7 Hspa5 Irx4 Krt20 Ldhe Ly6h Mfsd2a
Fam90alb Fted Gotl H4c9 Hspbl 1sg20 Krt23 Ldhd Ly6k Mfsd4bl
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SUPPLEMENTARY INFORMATION
Supplementary Table 2 (3/4) | Downregulated genes in B; p38a vs. B tumors (log:FC < -0.265) (n = 3000).

Downregulated genes in B, p38a vs. B

Mgarp Mup5 Nfatc4 Onecut2 Pgm5 Pop5 Ptp4a3 Rgs7bp Scara3 Shisal2b
Mgatl Mup6 Nfkbie Oogl Phf2 Popdc2 Ptpnl8 Rhag Scara$ Shkbpl
Mgat4b Mup7 Nfya Oog4 Phf21b Pou3f2 Ptpn6 RhbdI2 Scarf2 Shox2
Mgl2 Mup8 Ngfr Opn3 Phlda2 Pou3f4 Ptprb Rhobtb1 Scdl Shpk
Mgll Mustnl Ngp Orai3 Phldb2 Ppal Ptpro Rhod Scel Shroom3
Mgstl Mvp Nhlrcl Orml Phxrl Pparg Ptprq Rhou Scgb1b30 Shtnl
Micalcl Myadm Nhsl2 Orm2 Phyhd1 Ppefl Ptprr Rhox2g Scgb2b3 Siglecl
Micalll Myadml2 Nimlk Ormdl3 Pil5 Ppfiad Ptrhdl Rhox2h Scly Siglece
Mief2 Mybl2 Ninj1 Osbpll1 Pil6 Ppfibp2 Pvalb Rhox4b Scn2a Sigmarl
Mienl Mybpcl Nkd1 Osrl Pidl Ppif Pygl Rhox4c Scn3a Sim2
Mip Mybpc2 Nkiras2 Otof Piga Ppmlh Pygm Rhox4d Scn3b Sirpa
Mir322 Myc Nkx1-2 Otulinl Pigz Ppplrlda Pyurf Rhox4f Scnnla Six2
Mir692-3 Myectl Nlrc4 Ovoll Pik3cb Ppplrldd Pyy Rhox4g Scnnlg Six3osl
Mknk2 Myd88 Nlrp14 P2rx1 Pik3cd PpplrlSb Qrich2 Rhpnl Scp2 Skint5
Mkrn2os Myf5 Nlrp4b P2rx4 Pik3cg Ppplrlb Qsox1 Rinl Scrgl Skorl
Mlana Myf6 Nlrp9b P2rx5 Pik3r5 Ppplr27 RablIfipl Rin2 Scrn3 Skor2
Mlec Myhl Nmbr P2rx6 Pik3r6 Ppplr37 Rabl Ifip4 Rin3 Sct Sla
Mlitl Myhll Nme6 P2ry2 Pinl Ppplr3a Rab25 Rinl Sdcl Slainl
Mlph Myh2 Nmrk2 P2ry6 Pinlyp Ppplr3c Rab29 Ripk3 Sdc3 Slc10as
Mmp12 Myh4 Nmu P4hal Pip4k2a Ppplr3d Rab32 Rit2 Sdf211 Slcllal
Mmpl3 Myh7 Nod2 P4ha3 Pip4k2b Ppplrob Rab35 RIn3 Sdhafl Slc12a3
Mmp19 Myh7b Nog Pacsl Pipox Ppp2rlb Rab37 Rmdn3 Sds Slc12a7
Mmp23 Myh8 Nol9 Pacsin2 Piral Pqlcl Rab38 Rnasell Secl Slc12a8
Mmp27 Myll Nos2 Padi3 Pira6 Praf2 Rab3ill Rnasel3 Secl4l4 Slc13a3
Mmp3 Myl2 Nos3 Padi4 Pirb Pramef17 Rab42 Rnase2a Secl6b Slcl5al
Mmp8 Mylk Notch3 Pak4 Pirt Prep Rab44 Rnfl13a2 Sec61b Slc15a4
Mmp9 Mylk2 Notch4 Palm Pitpna Prdm16 Rab5c Rnf125 Selll3 Slc15as
Mmrnl Mylpf Npas2 Palmd Pitpnm?2 Prdm6 Rab7b Rnfl44a Selenbpl Slcl6al3
Mmrn2 Myol5 Npclll Pamrl Pitx2 Prdm8 Rac2 Rnfl144b Selenom Slc16a3
Mobla Myol8b Npdcl Papln Piwil2 Preb Rad51lap2 Rnfl51 Selenop Slc16a6
Mob3a Myolc Npl Papss2 Pjvk Prelp Rad52 Rnfl165 Selenov Slcl6a7
Mob3b Myold Npnt Parml Pkdcc Prfl Rag2 Rnf183 Selp Slc16a9
Mocos Myolf Nppb Parvb Pkhd111 Prg3 Rail4 Rnf187 Selplg Slc17a3
Mog Myolg Nprl Pawr Pkpl Prg4 Ralb Rnf222 Sema3g Slc17a4
Moxdl Myo3a Npr3 Pbld1l Pkp3 Prkacb Ralgps2 Rnf32 Semada Slclas
Mpo Myo5b Nptx1 Pbx2 Pkp4 Prkarlb Raly Rnf39 Sephs2 Slc22al4
Mppl Myocd NrObl Pcdhl Plala Prkcb Ralyl Rnf43 Septl Slc22a26
Mpp3 Myoml NrOb2 Pcdhl12 Pla2gl5 Prked Ramp2 Rnhl Sept3 Slc22a3
Mpped2 Myom?2 Nrlh2 Pcdhl18 Pla2g2a Prkch Rapgef5 Rnpep Sept8 Slc22a4
MpzI2 Myot Nr1h3 Pckl Pla2g2d Prkeq Rasgefla Rnpepll Serf2 Slc25al8
MpzI3 Myozl Nrap Pclo Pla2g2e Prkd2 Rasgrf2 Robo4 Serinc2 Slc25al19
Mrap Myoz2 Nrgl Pcnx2 Pla2g2f Pri2c2 Rasgrp2 Rosl SerincS Slc25a31
Mrcl Mypn Nrg4 Pcolce Pla2g4d Pri2c3 Rasgrp4 Rph3a Serpinal2 Slc25a37
Mrc2 Myrip Nrgn Pcolce2 Pla2gaf Prlr Rasllla Rpp25 Serpinala Slc25a39
Mrgpra$ Mytl Nrip3 Pcsk5 Pla2g7 Prml Rassf10 Rprm Serpinalb Slc26all
Mrgpra6 N4bp211 Nrk Pcsko6 Plagll Prm2 Rassf5 Rps19bpl Serpinalc Slc27a2
Mrgprbl Naa40 Nrpl Pctp Plau Prnd Rassf7 Rps4l Serpinale Slc28a2
Mrgprb2 Naa60 Nrp2 Pcx Plbd1 Proc Rassf9 Rpso6kal Serpina3c Slc28a2b
Mrgprf Naaa Nrros Pcyox1 Pledl Procr Rbbp8nl Rps6kad Serpina3f Slc2al0
Mrohl Naaladl1l Nrxnl Pcyox11 Plcg2 Prox1 Rbml11 Rps6kel Serpina3h Slc2al2
Mrpl14 Nab2 Nsf Pdcdllg2 Plchl Prr14l Rbm20 Rptn Serpina3i Slc2a3
Mrpsl1 Nabpl Nt5c Pdela Plch2 Prr30 Rbm24 Rrpl2 Serpina3m Sle30al
Mrvil Naga Nt5el Pdelb Plcl2 Prrs Rbm47 Rsphl Serpina3n Slc30a2
Ms4a3 Nagpa Ntf5 Pde2a Plexd3 Prr9 RbmxI12 Rsph4a Serpina5 Slc35a2
Ms4ada Naifl Ntn4 Pde3a Pld2 Prrg2 Rbp2 Rspol Serpina9 Sle35cl
Ms4a4dd Naip2 Ntng2 Pdeda Pld4 Prrt4 Rbp4 Rtl3 Serpinb10 Sle35d3
Ms4a6b Naip5 Ntper Pdedc PId5 Prrx1 Rbp7 Rt19 Serpinbl 1 Sle35el
Ms4a6e Nap115 Ntrk3 Pde6b Plek2 Prss12 Rbpj Rtnl Serpinblb Sle35f3
Ms4a6d Napsa Nudtl5 Pde6g Plekhb2 Prss2 Rcan2 Rtn2 Serpinb2 Sle35f6
Ms4a7 Nat8f7 Nudtl7 Pdgfc Plekhfl Prss23 Rcel Rtp3 Serpinb5 Sle36al
Ms4a8a Navl Nudt18 Pdgfra Plekhg5 Prss27 Resdl Runx1 Serpinb6b Slc36a2
Msantd1 Ncehl Nudt4 Pdgfrb Plinl Prss34 Rdhl16 Ruvbl2 Serpinb8 Slc37a2
Msrl Necfl Nuggce Pdgfrl Plin2 Prss41 Rdm1 Rxra Serpinel Slc38al
Msrbl Ncf2 Nup62cl Pdha2 Plin4 Prss53 Regl Ryrl Serpinfl Slc38al0
Msrb2 Ncf4 Nxn Pdia5 PIk3 Prx Reg3b Ryr3 Serpinhl Slc38a3
Mstl Nckapll Nxnll Pdlim2 PIkS Psap Reg3d S100al Serpinil Slc38a4
Mstlr Ncln Nxpe2 Pdlim3 PlppS Psd Relll S100all Sertm1 Slc39all
Msx1 Ndn Nxpe5 Pdxk Plppr5 Psen2 Reln S100a3 Sf3a2 Slc39al2
Msx2 Ndnf Nxph2 Pdzd7 Pltp Psg21 Renl S100a4 Stn Slc39a8
Msx3 Ndufa4l2 Oaslg Pecaml Plvap Psmb5 Repl5 S100a7a Strp2 Slc40al
Mt3 Ndufb8 Oaslh Pegl2 Plxnal Psmb8 Repinl S100a8 Sgkl Slc43a2
Mt4 Ndufs7 Oas2 Peg3 Pmel Psmb9 Reps2 Slprl Sh2d3c Slc44a3
Mtfr2 Neb Oasll Pepd Pnliprpl Psors1c2 Rerg Saa2 Sh2d4a Slc45a2
Mtg2 Necab2 Ocell Per2 Pnpla2 Pstpip2 Retn Sall2 Sh3bgr Slc45a3
Mtmr4 Necapl Ocstamp Perp Pnpla3 Ptafr Retnla Samd4b Sh3bgrl2 Slc45a4
Mucl3 Nectin2 Odaph Pf4 Pnpla5 Ptgdr2 Retnlg Samhd1 Sh3bgrl3 Slc46al
Mupl2 Nectin4 Odf1 Pfkl Pnpo Ptgds Rex1bd Samt3 Sh3bpl Slc46a2
Mupl3 Nedd9 Odf3 Ptkp Podn Ptger2 Rflnb Samt4 Sh3bps Slc47a2
Mupl19 Nefh Ogn Pgas Podnll Ptger4 Rfx8 Sash3 Sh3gl3 Slc48al
Mup20 Nefm Olah Pgaml Poflb Ptges Rgs18 Sbk2 Sh3tcl Slc52a2
Mup21 Nell2 Olfim1 Pgam2 Polr2c Ptgis Rgs19 Sbk3 Shb Slc52a3
Mup3 Neol Olfm2 Pgd Pom121112 Ptgsl Rgs4 Sbpl She SlcSal
Mup4 Nfaml Olfml2b Pgml Ponl Pthlr Rgs7 Sbsn Shisa9 SlcSal2
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SUPPLEMENTARY INFORMATION

Supplementary Table 2 (4/4) | Downregulated genes in B; p38a vs. B tumors (log:FC < -0.265) (n = 3000).

Downregulated genes in B, p38a vs. B

SlcSa3 Srl Tef21 Tmem229b Trpc6 Uty Ztp98s
SlcSadb Srm Tef711 Tmem233 Trpml Vampl Zfpm1
Slc5a8 Srms Tchh Tmem246 Trpm4 Vamp8 Ziml
Slc6al Srpx Tchhll Tmem?250-ps Trpv2 Vangl2 Znrd2
Slc6al2 Srpx2 Ten2 Tmem252 Trpv3 Vashl Znrf4
Slc6al8 Ssbp3 Testv3 Tmem255a Trpv4 Vatl Zp3
Slc6a2l St3gal2 Tetel Tmem256 Trpv6 Vatll Zp3r
Slc6a3 St6galnac5  Tdo2 Tmem262 Tsc22d3 Vcaml Zpbp2
Slc6ad Stabl Tdpoz2 Tmem267 Tsfm Vdr Zscanl0
Slc7al0 Stac3 TdrdS Tmem35a Tshr Vegfd Zscan20
Slc7all Stap2 Tdrd9 Tmem37 Tslp Vgll4 Zscan22
Slc7al2 Stard8 Tek Tmem40 Tspanl2 Vill Zscan4d
Slc7a7 Stat2 Tekt3 Tmem45a Tspanl3 Vit

Slc7a8 Stat6 Tepsin TmemS50b Tspan2 Vidir

Slc8al Stel Terbl Tmem51 Tspan32 Vmol

Slc9a3rl Stc2 Tesc TmemS54 Tspan4 Vps26b

Slc9as Steapl Tex12 TmemS56 Tspan5 Vsigd

Slc9a9 Steap3 Tex13a TmemS591 Tspan8 Vsig8

Slcobl Stipl Tex26 Tmem?79 Tspo Vsir

Slcolcl Stk11 Tex45 Tmem§ Tssk2 Whbp2nl

Slco3al Stk40 Tfap2a Tmem§88 Tssk3 Wdfy4

Slcodal Stmn2 Tfap2b Tmem98 Tstdl Wdr38

Slco6bl Stmn4 Tfap2c Tmie Ttcl6 Wdr54

Slfnl Stom Tfec Tmod4 Ttc22 Wdr66

Slfn2 Stpg3 Tff2 Tmprsslle Ttc24 Wdr91

SlfnS Strc T2 Tmprss11f Ttc34 Wdr93

Slit2 Strip2 Tgtbl Tmprss13 Ttc6 Wifdc12

Slit3 Stum Tgtbr3 Tmtcl Ttc7 Widc17

Slx1b Stx2 Tgml Tnfaip812 Ttc9 Wifdc18

Smagp Stxbp2 Tgm2 Tnfrsfl1b Ttll9 Wifdc21

Smclb Sucnrl Tgm3 Tnfrsfl13b Ttn Wntl0a

Smcol Sultlcl Them5 Tnfrsfl17 Ttpal Wntl0b

Smim1012a  Sult2a$ Themis2 Tnfrsfla Ttr Wnt5b

Smim12 Susdl Thrsp Tnfrsflb Ttyh3 Wnt8a

Smim17 Susd2 Thyl Tnfrsf21 Tubada Wscd2

Smim24 Susd3 Tiam1 Tnfsf18 Tuba8 Wil

Smlrl Svall Tiam2 Tnfsf9 Tubbl Xbpl

Smpx Svepl Ticaml Tnnc2 Tubb2a Xdh

Smyd1 Sybu Ticam2 Tnni2 Tubb4da Xirpl

Snail Sycel Tiel Tnnt3 Tufm Xirp2

Sncg Syk Tifab Tnp2 Tuscl Xk

Snx18 Syn2 Tigd3 Tnsl Twif2 Xkr6

Snx3 Syndigl Timd4 Tnxb Twistl Xkrx

Snx30 Syngr3 Timm10b Toplmt Twist2 Xlr4a

Snx8 Syngr4 Timm17b Tor3a TxInb Xylb

Soat2 Synpo2 TimmS50 Tpbg Txndc8 Xylt2

Sohlh2 Synpr Timp3 Tphl Txnip Yiflb

Sord Sypl2 Tkl Tpil Txnl4a Yipf7

Sostdcl Sytl17 Tldc2 Tpm2 Tyr Ypel2

Sox1 Syt2 Tlnrd1 Tpo Tyrobp Ywhag

Sox14 Syt6 TIrS Tppp Tyrpl Zarll

Sox17 Sytll TIr8 Tpsabl Ube2c Zbed4

Sox18 Syvnl Tmo6sfl Tpsb2 Ube2g2 Zbtb16

Sp6 Szrdl Tmc8 Trabd2b Ube216 Zbtb3

Sp7 Taar6 Tmcc2 Traf4 Ube2ql1 Zbtb34

Spaca9 Taar9 Tmed6 Trargl Ubl4a Zbtb5

Spata32 Tacstd2 Tmeffl Trdn Ubl4b Zbtb7c

Spata4 Taf10 Tmeff2 Trem2 UbqIn2 Zbtb9

Spc24 Taf71 Tmem104 Trem3 Ubtd2 Zcchel2

Spdyeda Tafa2 Tmeml106a  Tremll Ubtfl1 Zdhhc14

Speerda Tanc2 Tmem119 Treml4 Ucp2 Zdhhc22

Speerdb Taok3 Tmem129 Trex2 Ucp3 Zdhhc23

Speer4f2 Tap2 Tmeml132a  Trf Ugtla2 Ztp185

Spert Tapbp Tmem132b  Trhde Ugt2a2 Ztp213

Spespl Tas2r103 Tmem144 Trhr2 Ugt2a3 Ztp296

Spg20 Tas2r105 Tmeml4c Trim12¢ Ulk4 Ztp3611

Spil Tas2r120 Tmem150a  Triml4 Umps Ztp3612

Spint2 Tas2r134 Tmem150b  Trim16 Unc45a Ztp385a

Spns2 Tbeld2b Tmem150c  Trim29 Unc45b Ztp420

Spock2 Tbeld9 Tmeml5la  Trim30c Unc93bl Ztp423

Spock3 Tbkbp1 Tmem154 Trim30e-psl Uox Ztp526

Spon2 Tbx15 Tmem169 Trim32 Upk2 ZtpST75

Spopfm?2 Tbx18 Tmem173 Trim46 Uppl Ztp600

Spred3 Tbx2 Tmem177 Trim54 Uqerel Ztp612

Sprr2e Tbx21 Tmem178 Trim62 Urah Ztp623

Sprr2h Tbx5 Tmem178b  Trim63 Urocl Ztp628

Spsb4 Tbxasl Tmem182 Trim65 Usfl Ztp697

Sptb Tcap Tmem184b  Trim67 Ushbpl Ztp703

Sptbn2 Tcea3 Tmem185b  Trim75 Uspl9 Ztp750

Sptssb Tceal3 Tmem189 Triobp Usp29 Ztp764

Sqor Tceal7 Tmem212 Trmo Usp51 Ztp771

Srd5al Tcfl5 Tmem215 Trnpl Utfl Ztp979

Srgn Tcf19 Tmem229a  Trp63 Uts2b Ztp981
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SUPPLEMENTARY INFORMATION

Supplementary Table 3 (1/3) | Published gene signatures associated with good response to immune
checkpoint inhibitors (ICIs). Human gene symbols and the homologous mouse gene symbols of the indicated
published signatures associated with good response to ICIs. logoFC and -logio P.Value data in B; p38a vs. B
tumors are indicated for each gene. Dark gray cells indicate missing homologous gene in mouse. Light gray cells
indicate missing data for the corresponding gene in our model.

Human gene symbol | Mouse gene symbol | logoFC | -logio P.Value Human gene symbol | Mouse gene symbol | logoFC | -logio P.Value
CCL16 BATF2 Batf2 0.228 0.475
CCL4 Ccl4 0.442 0.495 BESP2 Bfsp2 0.262 0.465
CCLAL C4orf50
CCLA4L1 CD274 Cd274 0.096 0.116
CCL5 Ccl5 0.313 0.253 CD38 Cd38 -0.334 0.602
CCL8 Ccl8 -0.850 0.709 CD7 Cd7 0.155 0.113
CD2 Cd2 -0.598 0.660 CD79A Cd79a -0.065 0.054
CD247 Cd247 -0.169 0.212 CD8A Cd8a 0.192 0.132
CD3D Cd3d 0.181 0.161 CD8B Cd8bl 0.278 0.242
CD3G Cd3g 0.168 0.124 CXCL10 Cxcll0 0.620 1.140
CD7 Cd7 0.155 0.113 CXCLI11 Cxclll 0.094 0.099
CD8A Cd8a 0.192 0.132 CXCL13 Cxcll3 0.613 0.282
CD8B Cd8bl 0.278 0.242 CXCL9 Cxcl9 1.170 1.473
N CHGA Chga 0.032 0.038 DBH Dbh 0.428 0.603
S CTLA4 Ctla4 0.409 0.224 DBH-ASI1
S CXCL2 Cxcl2 0.067 0.030 DTHDI1 Dthdl -0.076 0.123
© CXCL9 Cxcl9 1.170 1.473 FAIM3 Femr 0.091 0.189
§ CXCR6 Cxcr6 0.564 0.421 FCRL6 Ferl6 0.227 0.463
N DBH Dbh 0.428 0.603 FRMPD3 Frmpd3 -0.241 0.336
5 FASLG Fasl 0.090 0.109 GFI1 Gfil 0.015 0.022
- GBP1 Gbp2b 0.154 0.222 GPR114 Adgrg5 0.022 0.024
é GNLY GZMA Gzma 0.113 0.095
El GZMA Gzma 0.113 0.095 GZMK Gzmk 0.070 0.053
E GZMB Gzmb 0.466 0.423 HSH2D Hsh2d -0.327 0.528
E GZMH 2 IDO1 Idol 0.470 1.079
2 ICOS Icos 0.202 0.121 ] IFNG Ifng 0.457 0.460
E IDO1 Idol 0.470 1.079 B IKZF3 Tkzf3 -0.118 0.072
g IFNG Ifng 0.457 0.460 5 IL12RBI 1112rbl 0.241 0.430
o KLRC2 Klrc2 0.262 0.258 é IL18RAP 1118rap 0.229 0.315
LAG3 Lag3 0.524 0.599 © IL411 [14i1b -0.094 0.261
LCK Lck -0.042 0.034 3 KIR2DL4
LILRA3 § LAG3 Lag3 0.524 0.599
MPO Mpo -0.284 0.235 E LCK Lck -0.042 0.034
PDCD1 Pdcdl -0.024 0.022 \ NCR1 Nerl 0.307 0.165
PRF1 Prfl -0.421 0.441 g NKG7 Nkg7 0.201 0.128
SIRPG “g NLRP7
SIT1 Sitl 0.030 0.039 8 NUGGC Nugge -0.425 0.890
SKAP1 Skapl 0.110 0.104 g P2RY10 P2ryl0 0.185 0.135
SLA2 Sla2 0.491 0.645 T PDCD1 Pdcdl -0.024 0.022
THEMIS Themis 0.107 0.113 §. PLA2G2D Pla2g2d -0.349 0.181
TNFRSF9 Tnfrsf9 0.356 0.410 2 PRF1 Prfl -0.421 0.441
ZAP70 Zap70 0.155 0.135 £ PYHIN1 Ifi209 0.400 0.283
5 RLTPR Carmil2 0.301 0.790
SAMD3 Samd3 0.228 0.254
SIRPG
SIT1 Sitl 0.030 0.039
SLAME7 Slamf7 1.093 0.980
SLFN14 Slfn14 -0.101 0.132
SYNGR3 Syngr3 -0.329 0.888
TBX21 Tbx21 -0.378 0.582
TIGIT Tigit 0.077 0.068
TMPRSS3 Tmprss3 0.274 0.703
TNFRSF9 Tnfrsf9 0.356 0.410
TNIP3 Tnip3 -0.065 0.087
TRAJ1 Trajl
TRAJ36 Traj36
TRAJ42 Traj42
TRAJ43 Traj43
TRAJS Traj5
TRBV28 Trabv28
TRBV7-6 Trbv7/Trbvé
TRGV10
UBD Ubd 0.120 0.147
XIRP1 Xirpl -0.373 1.103
ZBP1 Zbpl -0.038 0.047
ZNF683 Zfp683
ZNF831 Zp831 0.068 0.088
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SUPPLEMENTARY INFORMATION

Supplementary Table 3 (2/3) | Published gene signatures associated with good response to immune
checkpoint inhibitors (ICIs). Human gene symbols and the homologous mouse gene symbols of the indicated
published signatures associated with good response to ICIs. logoFC and -logio P.Value data in B; p38a vs. B
tumors are indicated for each gene. Dark gray cells indicate missing homologous gene in mouse. Light gray cells
indicate missing data for the corresponding gene in our model.

Human gene symbol | Mouse gene symbol | log2FC | -logio P.Value Human gene symbol | Mouse gene symbol | log2FC | -logio P.Value
ABCBI Abcbla -0.380 0.423 JAK2 Jak2 0.260 0.763
ADAM28 Adam28 0.786 1.872 LGR5 Lgr5 -0.114 0.233
AK9 Ak9 LPHN2 Adgrl2 0.186 0.210
AMICAL Jaml -0.299 0.369 LRRCI8 Lrrcl8 0.404 0.610
APOBEC3H LYN Lyn -0.069 0.116
APOLI MCTP2 Lynxl -0.247 0.321
ARRDC5 Arrdc5 0.078 0.123 MMP12 Mctp2 -0.196 0.239
BIN2 Bin2 -0.262 0.263 MTMI Mmp12 -0.295 0.152
BIRC3 Birc3 -0.135 0.197 MUC16 Miml 0.374 0.852
BTLA Bila 0.171 0.172 NLRC3 Nlrc3 -0.011 0.017
Cl0orf131 NUGGC Nugge -0.425 0.890
Clorf204 OR2B6 Olfrl1 0.020 0.017
C5orf56 P2RXS5 P2rx5 -0.461 0.728
C7orf31 PATL2 Patl2 0.073 0.098
CADM3-AS1 PCDH11X Pedhllx 0.195 0.265
CADPS2 Cadps2 0.086 0.127 PIK3CG Pik3cg -0.359 0.330
CCDC186 Ccdc186 -0.098 0.276 PITRM1-AS1
CCDC69 Ccdc69 -0.175 0.363 PLACS Plac8 0.040 0.038
CCL4 Ccl4 0.442 0.495 PLCG2 Plcg2 -0.517 0.524
CCL5 Ccl5 0313 0.253 PLEKHG1 Plekhgl -0.029 0.041
CCNDBPI Cendbpl 0.153 0.277 PRKCQ Prkcq -0.380 0.418
CCR5 Cer5 -0.981 0.989 PSD4 Psd4 -0.210 0.189
CD247 Cd247 -0.169 0.212 PTPN22 Ptpn22 0.111 0.064
o CD274 Cd274 0.096 0.116 o PTPRC Piprc -0.157 0.122
S CD38 Cd38 -0.334 0.602 S PTTG2 Ptprcap -0.027 0.037
D CD79A Cd79a -0.065 0.054 D RABIIFIP3 Rabl1fip3 0.127 0.356
E CD84 Cds4 0.743 0.861 E RASSF5 RassfS 0.423 0.778
5 CDSA Cd8a 0.192 0.132 5 RCSDI Resdl -0.307 0.786
S CD96 Cd96 0.287 0.214 S RELN Reln -0.699 0.794
© CDH24 Cdh24 -0.069 0.114 © RFC3 Rfc3 0.108 0.113
3 CLEC4E Clec4e -0.144 0.135 3 RLTPR Carmil2 0.301 0.790
3 COL20A1 Col20al 0.326 0.303 3 RNF144B Rnfl44b -0.757 1.496
3 CSMD3 Csmd3 -0.126 0.104 3 SAMDI2 Samd12 0.214 0.262
Q CSRNP3 Csmp3 0.169 0.169 9 SAMD3 Samd3 0.228 0.254
Z CTSW Ctsw 0.110 0.088 Z SAMSNI1 Samsnl -0.052 0.030
& CXCL9 Cxcl9 1.170 1.473 = SIDTI Sidtl 0.151 0.194
3 CYTIP Cytip 0.011 0.008 3 SIGLEC6
& DAPPI Dappl -0.195 0.269 & SKAPI Skapl 0.110 0.104
= DCHS2 Dchs2 = SLAMF6 Slamf6 0484 0.554
Q DLK1 DIkl -1.233 2.165 Q SLAMF7 Slamf7 1.093 0.980
° EOMES Eomes -0.307 0.215 ° SLFN12L Slfn3 0.486 0.460
2 EPSSL2 Eps812 -0.438 0.473 2 SLFNI12L Slfn4 -0.011 0.016
§ FAIM3 Femr 0.091 0.189 § SLFN13 SIfn8 0.029 0.030
s FAM177B Fam177b s SLFN13 SIfn9 -0.141 0.215
g FAM26F Calhm6 -0.354 0.409 g SP140 Spl140 -0.098 0.218
E FAMG65B Ripor2 0.282 0.328 £ SQRDL Sqor -0.322 1.037
s FASLG Fasl 0.090 0.109 s SRSF4 Srsf4 0.018 0.051
FCRL3 STRA6 Stra6 0.042 0.025
FDCSP SUMO4
FGR Far -0.624 0.952 SYTL2 Sytl2 0.829 1271
FMO3 Fmo3 0.583 0.921 TEAD2 Tead2 0.016 0.018
GBP1 Gbp2b 0.154 0.222 TESPA1 Tespal 0.014 0.011
GBP5 Gbps TIGIT Tigit 0.077 0.068
GCH1 Gehl -0.586 1.401 TLX2 TIx2 -0.047 0.110
GFOD1 Gfodl 0.414 1.182 TMEMG62 Tmem62 -0.054 0.124
GNAS-ASI TMEM71 Tmem71 0.191 0.168
GPR114 Adgrg5 0.022 0.024 TNFAIP3 Tnfaip3 0.076 0.048
GPSM1 Gpsml 0.000 0.000 TNFRSF9 Tnfrsf9 0.356 0.410
GTF3C5 Gtf3c5 -0.152 0.506 TRBC2 Trbc2
GZMK Gzmk 0.070 0.053 TRBV25-1 Trbv25
HID1 Hid1 -0.219 0.342 TRBV28 Trbv28
HLA-F-ASI TRGC2 Trge2
HS3ST3Bl Hs3st3bl 0.216 0.348 TRGV5 Trgv5
1IGDCC3 Igdec3 -0.272 0.843 TRIM22
1IGDCC4 Igdccd -0.106 0.234 TRIM36 Trim36 0.177 0.294
IKZF1 Tkzf1 -0.303 0.284 TSPAN7 Tspan7? 0.327 0.533
IKZF3 Tkzf3 -0.118 0.072 TTC24 Ttc24 -0.386 0.960
IL2RG Ii2rg -0.279 0.276 UBASH3A Ubash3a 0.013 0.015
1L32 WWCI Wwel 0.370 0.305
IPCEF1 Ipcefl 0.254 0.244 ZBP1 Zbpl -0.038 0.047
ITPR1 Ttprl 0.036 0.048 ZNF831 Z1p831 0.068 0.088
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SUPPLEMENTARY INFORMATION

Supplementary Table 3 (3/3) | Published gene signatures associated with good response to immune
checkpoint inhibitors (ICIs). Human gene symbols and the homologous mouse gene symbols of the indicated
published signatures associated with good response to ICIs. logoFC and -logio P.Value data in B; p38a vs. B
tumors are indicated for each gene. Dark gray cells indicate missing homologous gene in mouse. Light gray cells
indicate missing data for the corresponding gene in our model.

Human gene symbol | Mouse gene symbol | logoFC | -logio P.Value

CCL5 Cel5 0.313 0.253

- CD2 Ccd2 -0.598 0.660

3 CD3D Cd3d 0.181 0.161

o CD3E Cd3e -0.054 0.034

S CITA Ciita -0.344 0.346

< CXCL10 Cxcll0 0.620 1.140

3 CXCL13 Cxcll3 0.613 0.282

g CXCL9 Cxcl9 1.170 1.473

< CXCR6 Cxcer6 0.564 0.421

¢ GZMB Gzmb 0.466 0.423

E GZMK Gzmk 0.070 0.053

g HLA-DRA H2-Ea-ps LIS | 0381

i HLA-E H2-T23 -0.280 0.306

z 1DO1 Idol 0.470 1.079

= IFNG Ifng 0.457 0.460

§ IL2RG I2rg -0.279 0.276

g LAG3 Lag3 0.524 0.599

] NKG7 Nkg7 0.201 0.128

STATI Statl 0.053 0.079

TAGAP Tagap 0.349 0.345

ACTB Actb -0.132 0.494

AMIGO3 Amigo3 0.085 0.134

ANGPT4 Angpt4 -0.800 1.347

ARG2 Arg2 -0.137 0.114

CALR Calr -0.279 1.221

CCL25 Ccl25 0.019 0.040

CD74 Cd74 -0.155 0.091

3 CEACAM16 Ceacam16 0.029 0.046

N CTSB Ctsb -0.379 1.655

2 CTSS Ctss -0.262 0.213

N CXCL12 Cxcll2 -0.715 0.800

g EPHAG6 Epha6 0.119 0.174

S GRN Grn -0.671 2.153

< HLA-B
3 HLA-C

§ HLA-DMA H2-Dma -0.261 0.214
S HLA-DPAI
- HLA-DPBI
g HLA-DQA2

: HLA-DQBI H2-Abl -0.285 0.172

p HLA-DRA H2-Ea-ps -1.118 0.381
= HLA-DRB1

< HLA-E H2-T23 -0.280 0.306

) IFNA14 Ifnal4 0.366 0.825

2 IFNA16 Ifnal6 0.186 0.414

g IL1F6 1116 0.282 0.780

g IL23A 1123a -0.026 0.028

g MMP20 Mmp20 0.275 0.810

S MMP21 Mmp21 0.164 0.269

OGDHL Ogdhl 0.407 0.915

S100A5 S100a5 0.082 0.129

S100Z S100z 0.177 0.243

SSTR2 Sstr2 -0.127 0.130

TIMP3 Timp3 -0.351 0.770

TRIM46 Trim46 -0.339 0.630

VIN Vin 0.301 0.236
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SUPPLEMENTARY INFORMATION

Supplementary Table 4 (1/3) | Published gene signatures associated with bad response to immune
checkpoint inhibitors (ICIs). Human gene symbols and the homologous mouse gene symbol of the indicated
published gene signatures associated with bad response to ICIs. logoFC and -logio P.Value data in B, p38a vs. B
tumors are indicated for each gene. Dark gray cells indicate missing homologous gene in mouse. Light gray cells
indicate missing data for the corresponding gene in our model.

Human gene symbol | Mouse gene symbol | logoFC | -logio P.Value Human gene symbol | Mouse gene symbol | logoFC | -logio P.Value
ABCC3 Abcc3 -0.558 0.631 FAM46C Tent5¢c 0.113 0.149
ACRBP Acrbp 0.041 0.084 FCHO1 Fchol 0.143 0.139
ACTN3 Actn3 -1.308 1.988 FERMT3 Fermt3 -0.741 0.686
ACY3 Acy3 -0.051 0.070 FGD3 Fgd3 -0.401 0.676
ADAM19 Adam19 0.085 0.113 FGF1 Fgfl 0.356 0.286
ADGRGS5 Adgrg5 0.022 0.024 FILIPIL Filip1l 0.313 0.468
ALOXS5AP Alox5ap -0.895 1.608 FMNL3 Fmnl3 0.169 0.533
AMPD3 Ampd3 -0.434 0.535 FOLR2 Folr2 -1.558 1.567
ANKRD29 Ankrd29 -0.228 0.415 FUCAL1 Fucal 0.025 0.054
ANTXR2 Antxr2 -0.001 0.003 GPR68 Gpré68 0.096 0.115
APBBIIP Apbblip -0.344 0.504 GRK2 Grk2 -0.482 1.497
ARHGAP22 Arhgap22 0.497 0.694 HCK Hck -0.364 0.494
ARHGAP25 Arhgap25 -0.055 0.050 HCLSI Hcls1 -0.464 0.459
ARHGAP30 Athgap30 -0.786 1.223 HLA-C
ARHGAP45 Athgap45 -0.630 0.944 HLA-DMA H2-DMa -0.261 0.214
ARL4C Arldc -0.192 0.530 HLA-DPB1
ASPN Aspn -0.345 0.482 HLA-DRB1
ATP9B Atp9b 0.138 0.349 HLA-DRB5 H2-Ebl 0.028 0.011
AXL Axl -0.173 0.447 HSH2D Hsh2d -0.327 0.528
B3GALTS B3galt5 1.166 1.756 HTRAI Hiral -0.106 0.095
BASP1 Baspl -0.606 0.756 HVCNI Hvenl 0.165 0.278
BCLIL Bel9l -0.153 0.263 IKZF1 Tkzfl -0.303 0.284
BLNK Blnk -0.285 0.328 IL17F 117f 0.369 0.677
BMF Bmf -0.048 0.098 IL21R 121r -0.084 0.087
C100rf54 Vsir -0.558 1.159 IL4R Tl4ra -0.757 1319
Cl4orf159 Dglucy 0.102 0.151 INPP5D InppSd -0.410 0.463
Cl60rf54 Al467606 -0.450 0.540 ITGAS Itga5 -0.286 0.425
C180rf8 Rmcl -0.002 0.004 ITGAL Itgal -0.214 0.209
C200rf197 ITGAM Itgam -0.719 0.689
C2CD2L C2cd2l -0.182 0.401 ITGB2 Itgh2 -0.919 1.187
C3ARI C3arl -0.120 0.073 JAML Jaml -0.299 0.369
o C5AR2 C5ar2 -0.374 0.586 % KCNA3 Kcna3 0.328 0.449
S CTorf34 Licfcl -0.190 0326 S KCNMAL Kenmal -0.316 0213
< CALHM2 Calhm2 -0.163 0.368 < KIF21B Kif21b 0.058 0.086
S CBL Cbl -0.207 0.514 S KLF13 KIf13 -0.318 0.803
< CCDC69 Ccdc69 -0.175 0.363 < KLRB1 Klrb1 0.297 0.508
= CCIN Ccin -0.172 0.218 = LAIRI Lairl 0.483 0.438
< CCL22 Ccl22 -0.615 0.650 < LAPTMS5 Laptm3 -0.853 0.831
3 CCL24 Ccl24 -0.784 0.975 3 LAT Lat 0.291 0.360
%" CCRL2 Cerl2 0.118 0.086 %" LGALS2 Lgals2 0.943 1.292
S CD14 Cd14 -0.019 0.013 S LGALS9 Lgals9 -0.107 0.205
= CD180 Cd180 -0.051 0.042 = LGMN Lgmn -0.434 1.857
=] CDIB =] LILRB4 Lilrb4a -0.410 0.313
&= CDIE &= LIMK]1 Limk1 -0.270 0.743
CD300C Cd300c -0.008 0.013 LINGO3 Lingo3 -0.102 0.139
CD300LF Cd3001f 0.043 0.074 LOC145474
CD37 Cd37 -0.868 1.008 LPXN Lpxn -0.167 0.143
CD4 Cd4 -0.057 0.055 LRRC15 Lrrcl5 -0.925 0.925
CD5 Cds 0.811 1.156 LRRC25 Lrrc25 -1.004 1.045
CD6 Cd6 -0.230 0.222 LTBP2 Ltbp2 0.112 0.062
CHSTI15 Chstl5 -0.751 1.722 LY9 Ly9 -0.078 0.070
CHST2 Chst2 -0.126 0.160 MAFB Mafb -0.494 0.708
CLMP Clmp 0.284 0.565 MBD1 Mbd1 0.003 0.009
CMKLRI1 Cmklrl -0.289 0.293 MFNG Mfng -0.352 0.758
CMTM3 Cmtm3 -0.195 0.471 MGLL Mgll -0.287 0.302
CNGA3 Cnga3 0.251 0.417 MIDI1IP1 Midlipl -0.166 0.570
COL10A1 Coll0al 0.721 0.671 MILR1 Milrl -0.128 0.126
COL8A2 Col8a2 -0.239 0.649 MLKL MIkl 0.003 0.008
CSF1Z MMP9 Mmp9 -0.630 0.778
CXCLI2 Cxcll2 -0.715 0.800 MPEGI Mpegl -0.102 0.072
CXCLI16 Cxcll6 0.011 0.008 MRGPRF Mrgprf -0.418 0.709
CYTH4 Cyth4 -0.438 0.445 MYOIF Myolf -0.525 0.824
DENND3 Dennd3 0.308 0.595 NAAA Naaa -0.434 0.789
DIAPHI Diaphl -0.340 1.098 NCF1 Nefl -0.605 0.748
DIRC1 NCF1B
DNAH5 Dnah5 0.130 0.240 NCFIC
DNAJC5B Dnajc5b -0.028 0.023 NCF4 Ncf4 -0.578 0.600
DOK1 Dokl -0.501 0.950 NCKAPIL Nckapll -0.471 0.472
DOK2 Dok2 -1.838 2.605 NFATC3 Nfatc3 0.061 0.148
EHBPILI Ehbp1l11 -0.209 0.408 NLRP3 Nlrp3 -0.155 0.102
ELF4 Elf4 -0.579 1.007 NR1H3 Nrlh3 -0.579 1271
ELMOI Elmol -0.417 1.158 NT5E Nt5e 0.803 0.554
FAMI171A1 Faml71al -0.102 0.176 P2RY8
FAM20C Fam20c -0.003 0.005 PCOLCE Pcolce -0.637 1.197
FAM30A PDPN Pdpn -0.264 0.421
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SUPPLEMENTARY INFORMATION

Supplementary Table 4 (2/3) | Published gene signatures associated with bad response to immune
checkpoint inhibitors (ICIs). Human gene symbols and the homologous mouse gene symbol of the indicated
published gene signatures associated with bad response to ICIs. logoFC and -logio P.Value data in B, p38a vs. B
tumors are indicated for each gene. Dark gray cells indicate missing homologous gene in mouse. Light gray cells

indicate missing data for the corresponding gene in our model.
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Human gene symbol | Mouse gene symbol | logoFC | -logio P.Value Human gene symbol | Mouse gene symbol | log:FC | -logio P.Value
PIK3R6 Pik3r6 -0.818 1.573 AADAC Aadac -0.034 0.040
PILRA Pilra 0.240 0.348 > CA9 Car9 -0.249 0.544
PIM1 Piml -0.174 0.185 L2 GABRA2 Gabra2 0.046 0.061
PIM2 Pim2 0.108 0.134 E 2 GRIA2 Gria2 -0.138 0.197
PLAU Plau -0.308 0.508 s 3 GRIA4 Gria4 0.216 0.237
PLAUR Plaur 0.221 0.233 f § GRIK3 Grik3 0.950 0.467
PLCG2 Plcg2 -0.517 0.524 S8 ITIH5 Itih5 0.135 0.291
PLCL2 Plcl2 -0.367 | 0.605 z° LAMB4
PODNL1 Podnll -0.445 0.498 23 NDST3 Ndst3 0.853 1.780
POU2AF1 Pou2afl -0.016 0.016 £ § RP1 Rpl 0.865 1.090
POU2F2 Pou2f2 -0.060 0.075 5‘5 SYTLS5 Sytl5 0.010 0.010
PRRSL PrrSl -0.104 0.138 TMEM246 Tmem?246 -0.384 0.552
PSD4 Psd4 -0.210 0.189 WNT3 Wnt3 0.046 0.087
PTAFR Ptafr -0.925 1.313 ANKRD22 Ankrd22 0.153 0.174
PTK2B Ptk2b -0.148 0.154 z CCDC64 Bicdll -0.015 0.025
PVRIG Pvrig Ao CDC42SE2 Cdc42se2 0.204 0.712
RAC2 Rac2 -0.818 0.954 :a" § CP Cp 0.060 0.061
RASA4 Rasa4 0.019 0.022 T DPH7 Dph7 0.137 0.383
RHOF Rhof -0.124 0.155 j 3 IRF1 Irfl 0.082 0.188
RNASE6 Rnase6 0.089 0.102 S § SSFA2 Itprid2 0.220 0.577
RNF166 Rnfl66 -0.042 0.065 s § MEX3A Mex3a -0.087 0.135
S100A16 S100al6 0.062 0.077 E U NABP1 Nabpl -0.712 1.201
S1PR4 Slpr4 0.066 0.100 H E P2RY13 P2ryl13 0.244 0.354
SASH3 Sash3 -0.555 0.740 g N PHF21B Phf21b -0.284 0.574
SELM Selenom -0.290 0.977 £ S SLCI12A3 Slc12a3 -0.606 1.743
SELPLG Selplg -0.638 0.800 £ SOX11 Sox11 -0.213 0.408
SEMA6B Sema6b -0.274 1.154 5 TRIL Tril 0.214 0.203
SERPINA1 Serpinala -3.333 3.476 TSPAN33 Tspan33 0.066 0.093
SERPINA1 Serpinalb -3.243 2.858 AXL Axl -0.173 0.447
SERPINA1 Serpinalc -0.738 1.226 © CCL13
- SERPINA1 Serpinald -0.087 0.079 § CCL2 Ccl2 0.072 0.063
= SERPINA1 Serpinale -1.453 2.160 = CCL7 Ccl7 -0.063 0.046
N SERPINA1 Serpinalf 0.258 0.418 3 CCL8 Ccl8 -0.850 0.709
3 SIGLEC1 Siglecl -1.410 1.692 o5 FAP Fap 0.023 0.019
; SIGLEC9 Siglec15 -0.178 0.376 »; IL10 1110 0.003 0.002
§ SIK3 Sik3 0.309 0.535 S LOXL2 LoxI2 -0.033 0.035
3 SIRPB2 f ROR2 Ror2 -0.094 0.142
.g SLC12A6 Slc12a6 - TAGLN Tagln 0.104 0.063
) SLC12A8 Slc12a8 -0.531 0.956 = TWIST2 Twist2 -1.165 1.856
;;§ SLC43A2 Slc43a2 -0.676 1.728 é VEGFA Vegfa 0.323 0.545
| SLC7A7 Slc7a7 -0.647 1.671 VEGFC Vegfc -0.224 0.529
g SLCO2B1 Slco2bl -0.221 0.292 WNTS5A Wnt5a -0.250 0.381
= SNX33 Snx33 -0.004 0.006 ARNT2 Arnt2 0.324 0.372
SPI1 Spil -0.729 0.604 CCM2L Cem?2l -0.489 0.680
SPN Spn 0.175 0.217 CST2

SPOCK2 Spock2 -0.749 1.136 S CXCR2 Cxcr2 -0.050 0.055
SUN2 Sun2 -0.215 0.477 S DACTI1 Dactl -0.177 0.195
SYNDIG1 Syndigl -0.555 0.705 < DSCl Dscl -1.114 0.736
SYNJ2 Synj2 -0.172 0.360 D: DSC3 Dsc3 -0.768 0.396
TBL1X Tbllx -0.211 0.838 S EXO1 Exol -0.015 0.011
TBXASI Tbxasl -0.463 0.397 = FAM183B Fam183b 0.483 0.957
TGFBI Tgibl -0.312 0.629 S FLG2 Flg2 0.163 0.231
TGFBI Tgtbi 0.197 0.382 3 GUSB Gusb -0.320 0.967
TLE3 Tle3 -0.081 0.146 S KLK7 KIk7 -0.218 0.222
TMEM130 Tmem130 0.213 0.258 N KRT1 Krtl -0.014 0.020
TNFRSF1B Tnfrsflb -0.376 0.651 2 KRT10 Krt10 0.165 0.212
TNFRSF8 Tnfrsf8 -0.159 0.308 < KRT15 Krtl5 -0.066 0.046
TOX2 Tox2 -0.171 0.457 v-:4 KRT5 Krt5 -0.085 0.031
TPD52L.2 Tpd5212 0.074 0.171 E KRT78 Krt78 0.113 0.183
TRERF1 Trerfl 0.107 0.192 : LAMA3 Lama3 -0.360 0.358
TRIM14 Trim14 -0.396 0.495 e LGALS7 Lgals7 -0.222 0.234
TRIMS Trim8 -0.073 0.177 g LOR Lor -0.106 0.173
TTCTA Ttc7 -0.470 1.268 B4 LOXL4 Lox14 0.173 0.234
TXNDCI11 Txndcl1 0.272 0.625 = NDUFA4L2 Ndufa412 -0.544 0.599
UBE2J1 Ube2jl -0.170 0.611 i PTPRC Ptpre -0.157 0.122
VAV1 Vavl -0.127 0.096 =) SBSN Sbsn -0.651 1.123
VOPP1 Voppl -0.141 0.224 TSLP Tslp -0.595 0.888
WDFY4 Wdfy4 -0.389 0.599 WNT3 Wnt3 0.046 0.087
WNTI1 Wntl 0.097 0.177 WNTSA Wnt5a -0.250 0.381

XBP1 Xbpl -0.366 1.297

ZBTB32 Zbtb32 0.005 0.009

ZBTB7A Zbtb7a -0.235 0.733

ZMYNDI5 Zmynd15 0.223 0.286

ZYX Zyx -0.232 0.351




SUPPLEMENTARY INFORMATION

Supplementary Table 4 (3/3) | Published gene signatures associated with bad response to immune
checkpoint inhibitors (ICIs). Human gene symbols and the homologous mouse gene symbol of the indicated
published gene signatures associated with bad response to ICIs. logoFC and -logio P.Value data in B, p38a vs. B
tumors are indicated for each gene. Dark gray cells indicate missing homologous gene in mouse. Light gray cells
indicate missing data for the corresponding gene in our model.

Human gene symbol | Mouse gene symbol | log:FC | -logio P.Value Human gene symbol | Mouse gene symbol | log:FC | -logio P.Value
ACSL1 Acsll -0.402 0.583 PLIN2 Plin2 -0.538 1.722
ADAP2 Adap2 -0.362 0.518 PTAFR Ptafr -0.925 1.313
AIF1 Aifl -0.051 0.024 RAB20 Rab20 0.150 0.211
APOC1 Apocl -1.025 1.927 RASSF4 Rassf4 -0.089 0.148
BCL2A1 Bcel2ala 0.554 0.621 RNF144B Rnfl44b -0.757 1.496
BCL2A1 Bcel2alb 0.546 0.467 S100A9 S100a9 -0.264 0.193
BCL2A1 Bcl2alc 0.115 0.113 JJ SERPINA1 Serpinala -3.333 3.476
BCL2A1 Bcel2ald 0.693 0.713 E ® SERPINA1 Serpinalb -3.243 2.858
CIQA Clqa -0.664 0.564 RS SERPINA1 Serpinalc -0.738 1.226
CIQB Clgb -0.553 0.380 ¥ SERPINAL Serpinald -0.087 0.079
C1QC Clqe -0.862 0.829 8= SERPINAL Serpinale -1.453 2.160
C3AR1 C3arl -0.120 0.073 8g SERPINA1 Serpinalf 0.258 0.418
C5AR1 CSarl -1.387 2.374 'é S SIGLECI1 Siglecl -1.410 1.692
CCR1 Cerl -0.402 0.346 il SIGLEC9
CD14 Cdl4 -0.019 0.013 = "1 SIRPBI1 Sirpbla/b/c
CD163 Cd163 -1.504 1.773 [SIS SLAMF8 Slamf8 -0.220 0.181
CD300E Cd300e -0.382 0.585 g E SLCI1A1 Slcllal -0.670 0.812
CD68 Cde68 -1.278 1.508 ] E SLC31A2 Slc31a2 -0.005 0.005
CD86 Cdg86 -0.157 0.125 23 SLC7A7 Slc7a7 -0.647 1.671
CLEC4A Clec4a2 -0.209 0.154 § = SLCO2B1 Slco2bl -0.221 0.292
CLEC7A Clec7a 0.465 0.346 = SPP1 Sppl 0.684 0.612
CPVL Cpvl 0.063 0.080 TBXASI1 Tbxasl -0.463 0.397
CSFIR Csflr -0.659 0.625 TLR2 TIr2 -0.070 0.073
CSF3R Csf3r -0.353 0.349 TNFSF13 Tnfsf13b 0.166 0.151
< CSTA Cstal -0.427 0.481 TYMP Tymp
:{ CXCL16 Cxcll6 0.011 0.008 TYROBP Tyrobp -0.566 0.564
3 F13A1 Fl3al -1.697 2.025 VSIG4 Vsigd -0.886 0.916
§ FCERIG Fcerlg -0.826 0.708 ALX1 Alx1 0.178 0.168
3 FCGRIA Fegrl -0.321 0.305 BCAN Bcan -0.719 1.371
& FCGRIB CITEDI Cited] -0.799 1.015
3 FCGRIC DCT Det -0.707 0454
= FCGR2A Fcgr3 -0.355 0.358 DLL3 DII3 -0.338 0.502
g FCGR3A Fcgrd -0.051 0.033 DNER Dner 0.269 0.360
5 FGL2 Fgl2 0.048 0.037 DPF1 Dpfl 0.007 0.009
< FGR Fgr -0.624 0.952 EN2 En2 -0.323 0.834
g FRPR1 EPHAS Epha5 0.187 0.333
o FRR3 ETV4 Etv4 0.279 0.329
E FTL Ftll -0.468 2.494 FABP Fabpl -0.157 0.216
E GK Gk 0.529 1.223 FABP7 Fabp7 0.281 0.275
2 GLUL Glul -0.824 1.856 ~ FMN2 Fmn2 -1.204 1.454
2 GPX1 Gpx1 -0.342 1.195 § FSTL4 Fstl4 0.348 0.784
= HCK Hck -0.364 0.494 ~ GABRB3 Gabrb3 0.144 0.101
'é HK3 Hk3 -0.329 0.756 3 GPR143 Gprl143 0.304 0.639
= IFI130 1fi30 -0.592 1.044 E: HCN1 Henl 0.045 0.044
= IL18 1118 -0.407 0.629 3 HILS1 Hils1 0.077 0.088
O IL4L1 114i1b -0.094 0.261 N MAGECI1
K ISGF6 = MCOLN3 Mcoln3 0495 1.250
= ITGAM Itgam -0.719 0.689 - MDGA2 Mdga2 0.577 0.937
£ ITGAX Itgax 0.503 0.451 g MLANA Mlana -0.442 0.522
§ LILRA1 : MYHI14 Myhl4 0.560 1.362
= LILRAS Lilra$ -0.296 0.383 b MYTI1 Mytl -0.307 0.471
LILRA6 Lilra6 -0.566 0.676 é NRG3 Nrg3 0.574 1.231
LILRB2 & NYAP Nyapl -0.160 0.272
LILRB4 Lilrbda -0.410 0.313 £ NYAPI Nyap2 0.082 0.113
LIPA Lipa -0.327 0.979 = PAX3 Pax3 0.122 0.102
LRRC25 Lrre25 -1.004 1.045 a PRAME Prame 0.073 0.084
LST1 Lstl -0.056 0.040 RGS20 Rgs20 -0.053 0.073
LYZ Lyzl -1.373 2.064 RIMS2 Rims2 0.257 0.785
LYZ Lyz2 -0.647 0.508 S100A1 S100al -0.466 0.626
MAFB Mafb -0.494 0.708 SLC45A2 Slc45a2 -0.496 0.594
MNDA Mndal -0.113 0.114 SLC6A17 Slc6al7 0.384 0.915
MS4A4A Ms4ada -0.939 0.759 SOX10 Sox10 0.181 0.240
MS4A6A Ms4a6b -0.533 0.550 SOX6 Sox6 0.541 0.819
MS4A6A Ms4a6e -0.755 0.951 TEX15 Tex15 -0.039 0.077
MS4A6A Ms4a6d -0.973 1.186 TFAP2A Tfap2a -0.444 0.678
MS4A7 Ms4a7 -0.290 0.235 TYR Tyr -0.491 0.519
MSRI1 Msrl -0.616 0.943 TYRPI Tyrpl -0.600 0.372
NCF2 Ncf2 -0.832 1.175 ZIC2 Zic2 0.044 0.074
NINJ1 Ninjl -0.582 1.674
NLRP3 Nlrp3 -0.155 0.102
NPL Npl -0.662 1.243
OLRI1 Olrl -0.147 0.142
PILRA Pilra 0.240 0.348
PLAUR Plaur 0.221 0.233
PLBDI Plbdl -0.302 0.211
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