+\
INE

=

UNIVERSITATo:
BARCELONA

Role of p38a kinase in myeloid cells
during lung metastasis and inflammation

Clara Borras Eroles

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

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

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




p380c ENE
el _ cells

Y
i






F

Ef® UNIVERSITATo:

BARCELONA RB

BARCELONA

e

UNIVERSITAT DE BARCELONA

Facultat de Biologia

Programa de doctorat en Biomedicina

Role of p38a in myeloid cells
during lung metastasis
and inflammation

Memoria presentada per Clara Borras Eroles
per optar al grau de doctora per la Universitat de Barcelona

Aquesta tesi s'ha realitzat a
I'Institut de Recerca Biomedica de Barcelona (IRB Barcelona)

DOCTORANDA DIRECTOR CODIRECTORA TUTORA

Clara Borras Eroles Dr. Angel Rodriguez Dra. Monica Cubillos Dra. Annabel Valledor
Nebreda Fernandez

Barcelona, Desembre 2022












“It seems to me that the natural world is the greatest source of
excitement; the greatest source of visual beauty, the greatest source of
intellectual interest. It is the greatest source of so much in life that makes
life worth living.”

DAVID ATTEMBOROUGH

“L’art i la naturalesa lluiten sempre fins que es sedueixen ['un a l'altre,
la victoria és el mateix trag i linia: aquell que és conquerit, conquereix al

mateix temps.”

MARIA SIBYLLA MERIAN

“Quan observes, coneixes; quan coneixes, estimes; i si estimes,
protegeixes.”

JORDI SABATER I PI
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SUMMARY/RESUM

Summary

The lungs are constantly exposed to external particles and microbes, so their
particular immune environment is immunosuppressive to avoid unnecessary
inflammatory responses. This increases the susceptibility of this organ to lung
metastasis, a hallmark of advanced cancer constituting an important cause of dead.
Among immune cells in tumors, myeloid cells are very predominant and strongly
influence the outcome of primary tumours and metastasis. They promote an
immunosuppressive environment and several studies indicate that a high infiltration
of myeloid cells in tumours correlates with worse prognosis in patients. In the lungs
there is a specific type of tissue-resident myeloid cells, alveolar macrophages (AMs),
which are crucial for the fitness of the lungs. These cells are found patrolling the
alveolar surface and maintain the immune tolerance of the lungs. A tight regulation of
the inflammation pathways is central in AMs. Here, we have studied the influence of
the stress-activated protein kinase p38a in lung myeloid cells to determine its role in
lung tumorigenesis. By using a mouse model in which we deleted p38a kinase from
myeloid cells (p38aAY*), we observed that those mice presented less lung metastasis,
accompanied by an increase in activated T cells. Further transcriptomic analysis
allowed us to determine that p38a is of particular importance in the biology of AMs,
especially in their antigen presentation capacity via the major histocompatibility
complex class Il (MHCII). In vitro experiments using bone marrow derived
macrophages (BMDMs) have allowed us to determine that the regulation of MHCII by
p38a is through transcriptional regulation of class Il transcriptional activator (CIITA).
Our results indicate that p38a could regulate CIITA by controlling histone deacetylase
6 (HDAC6) through MK2, a key p38a substrate. We have also observed that AMs
highly depend on p38a for other crucial functions such as phagocytosis, efferocytosis
and cholesterol homeostasis, processes which were also found affected in AMs from
p38aAbs. Additionally, in vivo lung inflammation experiments of asthma and acute
lung injury revealed that p38a is crucial to maintain lung immunosuppression, a
condition which benefits immune evasion of cancer cells. Our results support the
importance of a balanced p38a signalling both in homeostasis and in different lung

inflammatory pathologies.
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SUMMARY/RESUM

Resum

Els pulmons estan sota constant exposicié a particules externes i microbis, de manera
que el seu ambientimmunitari és immunosupressor per evitar reaccions inflamatories
innecessaries. Aix0 incrementa la susceptibilitat d'aquest organ a la metastasi
pulmonar, malaltia que actualment constitueix una important causa de mort. Entre les
cél-lules immunitaries dels tumors, les cél-lules mieloides sén molt predominants i
influencien de manera important al desenvolupament tumoral i la metastasis.
Promouen un ambient immunosupressor que beneficia el tumor i de fet, molts estudis
correlacionen una alta infiltracié de cél-lules mieloides als tumors amb una pitjor
prognosi dels pacients. Als pulmons hi ha un tipus especial de cél-lules mieloides
residents de teixit, els macrofags alveolars (MAs), que sén clau per mantenir el bon
funcionament pulmonar. La regulacié de les cascades de senyalitzacié inflamatories
és central en els MAs. En aquesta tesi, hem estudiat la influéncia de la proteina cinasa
activada per estrées p38a en cél-lules mieloides per veure la seva funcié en la formacid
de tumors pulmonars. Per fer-ho, hem fet servir un model de ratoli en qué la proteina
p38a esta delecionada en les cél-lules mieloides (p38aA*). Amb aquest model, hem
observant que els ratolins p38aAY* presentaven menys metastasis que els control, i
aixo estava acompanyat d’'un increment en les cél-lules T activades. Amb analisis de
transciptomica hem pogut veure que p38a és crucial en la biologia dels MAs,
particularment en la seva capacitat de presentacié d'antigens via el complex major
d'histocompatibilitat de classe Il (MHCII). Experiments in vitro usant macrofags
derivats de medul-la 0ssia ens han permés determinar que la regulacié de MHCII per
p38a és mitjangant la regulacié de I'activador transcripcional de classe Il (CIITA). Els
nostres resultats indiquen que p38a podria regular CIITA mitjangant la regulacié de
la histona desacetilasa 6 (HDAC6) per mitja de la cinasa MK2, un dels principals
substrats de p38a. També hem observat que els MAs depenen de p38a per altres
funcions importants, com la fagocitosi, esferocitosi i la regulacié de la homeostasi del
colesterol. Experiments in vivo d'asma i lesié pulmonar aguda han revelat que p38a
és crucial en el manteniment de la immunosupressié pulmonar, una condicié que, per
altra banda, és beneficiosa pel creixement tumoral. Els nostres resultats suporten la
importancia de la senyalitzacié de p38a en homeostasi i en diferents patologies

inflamatories pulmonars.
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5-AZA
ActD
ALT
AM
APC
ARDS

BAC
BAL
BCR
BMDM
BrdU

CARD
CD-
cDC
CDK
Cef
CITA
CLIP
COPD
CREB
CTLA4

DC
ddH20
DMSO
DSS
DUSP

ABBREVIATIONS

5-azacytidine
Actinomycin D

Alanine aminotransferase
Alveolar macrophage
Antigen presenting cell

Acute respiratory distress syndrome

Bacterial artificial chromosome
Bronchoalveolar lavage

B Cell receptor

Bone marrow-derived macrophages

Bromodeoxyuridine

Caspase activation and recruitment domain
Cluster of differentiation

Classic dendritic cell

Cyclin-dependent kinase

Ceftriaxone

Class Il transcriptional activator

Class-Il associated li chain peptide

Chronic Obstructive Pulmonary Disease
Cyclic-AMP-responsive-element-binding protein
Cytotoxic T-lymphocyte antigen 4

Dendiritic cell

Double distilled H,O
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Metastasis

Described as one of the main hallmarks of cancer (Hanahan, 2022), metastasis is
usually a final and fatal stage in solid tumor progression and accounts for the majority
of deaths from cancer (Dillekas et al., 2019). In this process, cancer cells from the
primary tumor detach, intravasate and travel through the circulatory or lymphatic
system, evading immune attack, to finally extravasate at distant capillary beds, to

proliferate and colonize distant organs (Fares et al., 2020; Ganesh & Massagué, 2021).

Metastatic cells have selective pressure all over the process. The ones that reach and
colonize a secondary organ have succeeded in all the previous stages of the
metastatic cascade, surviving in a foreign microenvironment and protecting
themselves against immune surveillance. Thus, a fine cross-talk between the tumor
cells and the microenvironment is required for the colonization of the distal organ.
Mechanisms of tumor cells to successfully colonize secondary organs include evasion
of the immune system, promotion of survival signals in the stem/resident cell niches
in the local microenvironment and recruitment of cells that remodel the host
microenvironment to match the requirements of cancer cells. The metastatic niche can
form after the tumor cell arrival (post-formed niche) or start forming before the tumor
cell arrives (premetastatic niche). In this premetastatic niche, factors from the primary
tumor travel through circulation and prepare the niche in the secondary organ before
metastatic cell arrival (H. Wang et al., 2021).

Primary tumors have a unique and recurrent tropism for certain organs to metastasize.
For instance, lung cancer usually metastasizes to liver, brain, bone and lung; breast
cancer spreads to bone, liver, lung and brain; colon cancer to liver and lung (Obenauf
& Massagué, 2015). The fact that specific primary tumors usually metastasize to the
same tissues and that these tissues are common amongst different cancers points at
a combination of certain cellular traits in the cells of origin and a specific “permissive”
composition of the target organ microenvironment that determine this specific
tropism (Obenauf & Massagué, 2015). Already described in 1889, the “seed and soil”
hypothesis proposed that for a tumor to metastasize, the “seed” (cancer cell) and the
“soil” (target or secondary organ) have specific characteristics that facilitate the
metastatic process (Fidler & Poste, 2008; Q. Liu et al., 2017; Paget, n.d.).

The lungs constitute a very common metastatic destination for a variety of primary
tumors, including breast cancer, gastrointestinal tumors, renal carcinomas,

melanoma, sarcomas and lung cancer (Budczies et al., 2015; Riihimaki et al., 2018).
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Lung metastasis is a hallmark of advanced malignant cancer and constitutes an
important cause of dead in cancer patients (Obenauf & Massagué, 2015). The lungs
present a very particular immune environment that might be responsible for the
susceptibility of this organ to tumor metastasis. The lung facilitates the process of
metastasis at different stages; by developing a premetastatic niche by inflammatory
factors produced by the primary tumor and/or when the tumor cells arrive to the
lungs. The characteristic physiology of the lungs, with immune suppression and
tolerance to maintain an immune balance, makes this tissue a perfect target organ for
metastasis. A better understanding of the lung functions in homeostatic conditions

can provide clues about the biology of the lung metastatic process.

The tumor microenvironment

Tumors include several types of non-malignant cells that shape the processes of
tumor initiation, growth, invasion and metastasis. Early in tumor formation, there are
already reciprocal interactions between malignant cells and the components of the
stroma that support cancer cell survival, local invasion and metastatic dissemination
(Anderson & Simon, 2020). To help overcome the acidic and hypoxic conditions, the
tumor microenvironment (TME) orchestrates a program promoting angiogenesis to
supply nutrients and remove metabolic waste. Tumors become infiltrated with
immune cells that can perform anti-tumor or pro-tumorigenic functions. Moreover, the
TME can also affect the response to cancer therapy. The participation of the TME in
cancer is considered one of the hallmarks of cancer given itsimportance in the biology
of this disease (Hanahan & Weinberg, 2011). Some authors even consider factors
beyond the TME, the tumor organismal environment, as key important factors for the
development of this disease (Laplane et al., 2019). For these reasons, increasing
research efforts are put into the development of new therapies to target specific
components of the TME. However, the clinical efficacy of these new therapies remains

still unsatisfactory.

The TME comprises cancer cells and non-malignant cells such as fibroblasts, immune
cells, endothelial cells, and neural cells, as well as the extracellular matrix components
(Anderson & Simon, 2020; Jin & Jin, 2020). The TME is complex and heterogeneous
and can exert different functions depending on the tumor type and stage. Interactions
between the different components can promote anti-tumoral or pro-tumoral activities.
The types of stromal cells found in the TME are heterogeneous and depend on the
tumor type. Cancer cells and immune cells establish complex relationships though the

expression of cytokines and the release of exosomes, which finally determine the
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stage and outcome of the disease (Farc & Cristea, 2021). Given their potential use for
anti-cancer therapy, immune cells are one of the most important players in the TME
(Figure 11).

Immune cells in the TME

Immune cell infiltrates are usually abundant in biopsies of human tumors. Their role in
tumor progression is crucial, so their study is of major importance. Immune cells in the
TME can be classified in different ways, although a common one is to distinguish
between adaptive and innate cellular components (Figure 11). Adaptive immunity is
activated by specific antigens and uses “memory” to evaluate the threats and enhance
the immune responses. Adaptive immunity in the tumors comprises the function of
CD4* and CD8" T lymphocytes, and B lymphocytes (Farc & Cristea, 2021). Although
the adaptive response is the one actually promoting the ultimate anti-tumoral
response, it is clear that innate immune mechanisms are also involved in the
recognition of tumors by the immune system and play a crucial role in tumorigenesis
(Gajewski et al., 2013). As the first line of defence, innate immunity is a non-specific
defence mechanism that starts within hours after a foreign antigen enters the body.

The innate cells mainly come from the myeloid lineage of the hematopoietic system
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and comprise macrophages and monocytes, dendritic cells (DCs), granulocytes,

natural killer (NK) cells, NK T cells, y8-T-cells and innate lymphoid cells (ILCs).

The cancer immunity cycle

Tumor cells can be detected and eliminated by the immune system through the
cancer immunity cycle (Chen & Mellman, 2013), which is the basis for most current
immunotherapies. In this process, genetic alterations and de-regulation of normal
cellular processes in the cancer cells result in the expression of neoantigens,
differentiation antigens or cancer testis antigens (Figure 12). These are released when
cancer cells die being captured and processed by professional antigen presenting
cells (APCs) which, together with proinflammatory signals, present the captured
antigens to T cells in the proximal lymph nodes (Chen & Mellman, 2013) (Figure 12).
This results in the priming and activation of T cells to effector responses, which travel
and infiltrate the tumor mass to kill the tumor cells. This death releases additional
tumoral antigens, which boost and re-start the cycle again (Figure 12). In fact, tumor
infiltration by CD4* and CD8" T lymphocytes is often a marker of good prognosis in
different cancer types (Barnes & Amir, 2017). However, this simplified process does
not perform optimally in cancer patients. The cycle is not sustained as there are
handicaps and tumor hijacks in all the stages of the cycle. The tumors gradually evade
from this immune surveillance by shaping the TME to become immunosuppressive
and allow cancer cell growth.

Immunosuppression in the TME

The TME may include both immune cells that attack or supress the tumor and immune
cells that promote tumor growth. Immunosuppressive environments promote tumor
progression, protecting the tumor from immune attack and limiting the efficacy of
immunotherapies. However, immunosuppressive responses are not a de novo
mechanism of tumors, in fact, they are physiological responses that are crucial to
promote tolerance, limit the inflammatory response and promote wound healing and
tissue repair (Byun & Gardner, 2013). Therefore, tumors not only survive and
disseminate, but they can also co-opt pre-existing mechanisms of the immune system
to boost conditions that favour tumor immune tolerance and escape the immune
attack (Byun & Gardner, 2013).
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The immunosuppressive microenvironment of tumors is composed of a variety of
cellular and soluble components. The main cells that play a role in the
immunosuppressive phenotype of the TME are different types of myeloid cells and
adaptive immune cells like the regulatory T cells (T-regs) (Tie et al., 2022). A vast
amount of research effort is being devoted to developing therapies that target these
cells in cancer (Tie et al., 2022). The final outcome of the tumor will depend on the
complex balance between anti-tumor and immunosuppressive responses. For
instance, large amounts of T-regs compared to effector T cells in tumors tilt the
balance in favour of a more tolerogenic environment (Zou, 2005). Changes in the APC
subsets with an increased expression of co-inhibitory molecules and IL-10 production
also tilt the balance towards a more immunosuppressive environment (Zou, 2005).
Besides, small molecules released by cancer cells or immune cells are also involved
in the immunosuppressive phenotype, such as vascular endothelial growth factor
(VEGF), transforming growth factor (TGF)-B, and cytokines like interleukin (IL)-10
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(Aguilera et al., 2014; S. Li et al., 2020; Ouyang & O'Garra, 2019). In addition, cancer
cells can also evade the immune response by decreasing the expression of
neoantigens and antigen presentation molecules, or by upregulating the expression
of immune checkpoint molecules to avoid immune recognition (Sade-Feldman et al.,
2017; Vinay et al., 2015). Amongst all the immune cells in the TME, myeloid cells are

major players in the immunosuppressive response in tumors.

Myeloid cells in the TME

Myeloid cells are the most abundant cell type in the TME, and emerging evidence
indicates that their presence in tumors influences patient survival (Engblom et al.,
2016). Myeloid cells are a type of innate immune cells crucial for the defence against
infection and are also very important in tissue homeostasis, as well as by the initiation,

maintenance and termination of T cell adaptive immune responses.

Myeloid cells comprise various cell types including mononuclear phagocytes, as
macrophages and DCs, and granulocytes, as neutrophils, eosinophils, mast cells and
basophils. However, in the context of a tumor, the TME can define and remodel both
infiltrating and resident myeloid cells into tumor-associated macrophages (TAMs),
tumor-associated neutrophils (TAN), tumor-associated DCs (tDCs) and others.
Myeloid-derived suppressor cells (MDSC) are exclusively found in tumors, and include
an heterogeneous population of myeloid progenitors and monocyte/granulocyte-like
cells, defined by their functional ability to supress T cells in vitro (Lu et al., 2011).
However, macrophages can also suppress T cell activity, and it is disputed whether
MDSC are a different myeloid cell population or just a different cell state (Engblom et
al., 2016; Pittet et al., 2022). Macrophages perform local functions including the
regulation of tissue homeostasis, inflammation and immune surveillance. TAMs from
monocytic or tissue-resident origin can affect tumor growth and have a variety of
functions (Pittet et al., 2022). DCs consist on different subsets; classic DCs (cDCs),
which are specialized in sampling antigens, migrating to the draining lymph node and
activating the T cell adaptive response, and plasmacytoid DCs (pDCs), which produce
interferon (IFN)-a (IFNa) and also regulate cancer progression (Swiecki & Colonna,
2015). Within tumors, tDCs can affect the fate of tumor infiltrating T cells shaping the
adaptive immune response against tumors (Gerhard et al., 2021). Granulocytes can
accumulate in disease states and release potent inflammatory agents that protect the
host against various inflammatory insults (Galli et al., 2011; Nathan, 2006; Rosenberg
et al.,, 2013). Although the role of eosinophils and basophils in tumor progression
remains still unresolved, neutrophils have been linked to cancer progression and their
presence in tumors is associated with poor prognosis (Coffelt et al., 2016).
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The functions of myeloid cells in tumorigenesis have been linked mainly to tumor-
promoting abilities, but they also have anti-tumoral functions. The tumor-promoting
functionsinclude promotion of cancer proliferation by secreting cytokines and growth
factors, increased tumor vascularization by production of angiogenic factors,
increased tumor cell invasion by enzymes and other factors, and suppression of NK
and T cells by intracellular, cell surface and secreted molecules (Engblom et al., 2016).
Anti-tumoral functions include direct cell killing or elimination by other immune cells
as NK or CD8* T cells (Engblom et al., 2016).

Tumors may also use myeloid cells to promote cancer cell proliferation not only within
the local TME but also in distant body organs. Some tumors express soluble factors
that travel and act in other parts of the body and induce myeloid cell production from
haematopoietic stem and progenitor cells (HSPCs) (Bayne et al., 2012; Casbon et al.,
2015; Cortez-Retamozo et al., 2013). In that line, enriched myelopoiesis has been
observed in human cancer patients (W. C. Wu et al., 2014), and mice with tumors also
show an increase in myeloid progenitors in the bone marrow (Casbon et al., 2015).
Moreover, the primary tumor can prime other tissues to form a supportive metastatic
environment, called the premetastatic niche (Sceneay et al., 2013), and myeloid cells
have emerged as crucial players in this process. Various studies have reported tumor-
produced factors that promote mobilization of bone marrow derived myeloid cells
and their recruitment to premetastatic sites (Granot et al., 2011; Hiratsuka et al., 2006;
S. Kim et al., 2009; Kowanetz et al., 2010; Sceneay et al., 2012; Wculek & Malanchi,
2015; Yan et al., 2010). These cells produce integrins, chemokines, growth factors,
inflammatory mediators and angiogenic factors in response to the tumor-released
soluble molecules which together promote a niche that facilitates tumor cell invasion
of the secondary organ (Sceneay et al., 2013).

Macrophages in the TME

Amongst the myeloid cells in the TME, macrophages represent a very heterogeneous
population which is particularly abundant in tumors, and are present throughout all
the stages of tumor progression (Noy & Pollard, 2014; Pittet et al., 2022).
Macrophages have been described to perform pro-tumoral functions in the primary
and metastatic sites, including suppression of T cell responses, promotion of
angiogenesis, tumor cell invasion and motility, intravasation and stimulation of cancer
cell proliferation (Biswas et al., 2013; Coussens et al., 2013; Nielsen & Schmid, 2017;
Qian & Pollard, 2010; Redente et al., 2010). Therefore, macrophages represent a very
promising target for cancer therapy (DeNardo & Ruffell, 2019), including both
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enhanced chemotherapy response and immune checkpoint blockade
immunotherapies like anti-cytotoxic T-lymphocyte antigen 4 (CTLA4) or anti-
programmed cell death 1 (PD-1) or anti-programmed cell death ligand 1 (PD-L1)
(Cassetta & Kitamura, 2018).

In the early 2000, the M1 and M2 paradigm of macrophage polarization was
introduced continuing the Th1/Th2 lymphocytic polarization (Mills et al., 2000). This
classification resulted from in vitro stimulation experiments and considers that M1
macrophages express pro-inflammatory factors, while M2 macrophages express anti-
inflammatory and wound-healing mediators. In a general canonical sense, M1
macrophages are “classically-activated” under IFNy or lipopolysaccharide (LPS)
stimulation, and produce high levels of tumor necrosis factor (TNF)a, IL-6, IL-12, IL-18
and reactive oxygen species (ROS) to promote inflammation and activate an
immunological response against foreign pathogens (ltaliani & Boraschi, 2014). On the
other side, M2 macrophages are “alternative-activated” in response to IL-4 or IL-13,
and express high levels of arginase and anti-inflammatory IL-10 and TGFp, promoting
tissue repair, angiogenesis and modulating effector functions of lymphocytes to
resolve inflammation (S. Gordon, 2003). Further classification of M2 macrophages has
been suggested according to the agents they are exposed to: M2a exposed to IL-4/IL-
13, M2b to immune complexes and toll like receptor (TLR) agonists, M2c to IL-10 and
glucocorticoid hormones, and M2d to TLR agonists through adenosine receptor
(Benoit et al., 2008; Shapouri-Moghaddam et al., 2018). However, with recent
technical advances in genomics and transcriptomics, this M1-M2 concept has become
oversimplified. The reality in vivo is that there is a continuum of macrophage
populations with various functions that exhibit high plasticity and can switch from
phenotypes when exposed to different environmental cues. There have been some
attempts to standardize the nomenclature of macrophages, but a unifying language
to describe macrophage phenotypes is still missing (F. O. Martinez & Gordon, 2014;
Murray et al., 2014). However, although simplistic and with some limitations, the M1-
M2 paradigm has proven useful to classify macrophage functions in cancer. Pro-
tumoral states of macrophages in cancer have been described as M2-like, whereas
anti-tumoral properties have been attributed to M1-like phenotypes. However, TAMs
can express M1 and M2 markers at the same time or express other markers not
included in this paradigm. A further important distinction is whether the TAMs are
recruited or have a tissue-resident origin, since their functions related to the
development of the tumor can differ. Hence, techniques like RNA Sequencing (RNA-
Seq) or single cell RNA-Seq (sc-RNA-Seq) are becoming crucial to understand

macrophage functions in cancer.
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Origin of macrophages

Macrophages have two distinct developmental origins; they can form from
hematopoietic stem cell-derived circulating monocytes or from embryonic precursors
(Perdiguero & Geissmann, 2016). In mice, circulating monocytes can be either
classical/Ly6C" or patrolling/Ly6C'® monocytes. Classical or Ly6C" monocytes are
recruited to the tissues in response to injuries, infections, inflammation or neoplastic
transformation (Kratofil et al., 2017; L. Liu et al., 2017). Patrolling or Ly6C'° monocytes,
on the other hand, are primarily involved in vasculature maintenance (Lichanska &
Hume, 2000). The majority of tissue-resident macrophages are seeded in the organs
before birth and derive from embryonic precursors (Perdiguero & Geissmann, 2016).
After birth, the tissue-resident macrophages are mainly maintained by self-renewal.
Under certain conditions like ageing or inflammation, circulating monocytes can also
give rise to tissue-resident macrophages with self-renewal capacities (Gomez
Perdiguero et al., 2015; Molawi et al., 2014; Van Hove et al., 2019).

Tissue-resident macrophages

Tissue-resident macrophages are a heterogeneous population with a substantial
tropism to their niche and are less plastic than the recruited macrophages (Guilliams
& Svedberg, 2021). Although sharing the same developmental origin, there is
significant genetic diversity amongst tissue-resident macrophage populations
(Gautiar et al., 2012). However, almost all of them are dependent on CSF1/CSF1R
signalling for their development and survival (Cotechini et al., 2021), except alveolar
macrophages (AMs), which depend on granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Guilliams et al., 2013). Tissue-resident macrophages are critical to
maintain tissue homeostasis and control tissue remodelling. Given their anatomical
position, they are sentinels of the immune system and play important roles in antigen
presentation, control of inflammation and resolution (Mu et al.,, 2021). They also
coordinate the maintenance of tolerance in their target organs, for instance, by
expressing tolerogenic transcriptional programs and immune checkpoint inhibitors,
or by controlling the generation of FoxP3* T-regs (Balhara & Gounni, 2012; Soroosh
etal., 2013).

There are tissue-resident macrophages in the majority of adult organs. The
populations described so far comprise lung AMs, dermal macrophages, large
peritoneal macrophages, pancreatic macrophages, osteoclasts, epidermal
Langerhans cells, brain microglia, liver Kupffer cells, splenic red pulp macrophages,
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kidney, adipose tissue, mammary gland and cardiac macrophages (Perdiguero &
Geissmann, 2016; T'Jonck et al., 2018).

Tissue-resident macrophages in cancer

Given their specific localization, tissue-resident macrophages are amongst the first
cellular components that interact with the tumor cells. For this reason, they play an
important role in tumorigenesis, both in tumor initiation, when the tumors are
established, and in pre-metastatic and metastatic lesions. However, little is known
about their specific roles in tumor progression partly due to the only recent
knowledge of their ontology. It seems that their origin and tissue specificity
differentially impact tumor progression. For instance, depletion of resident
macrophages, but not recruited monocyte-derived macrophages, reduced tumor
progression in a mouse model of pancreatic ductal adenocarcinoma (Y. Zhu et al.,
2017). In the context of the M1/M2 paradigm, tissue-resident macrophages fall into
the M2-like category, since their function is fundamentally to coordinate tissue
development, resolve inflammation and maintain tissue integrity activating repair
mechanisms (Davies et al., 2013). These characteristics have been suggested to
contribute to the establishment of a “soil” or premetastatic niche for eventual
metastatic cancer. In fact, the main sites of metastasis in patients and in mouse models
are lung, liver, brain and bone, all populated by tissue-resident macrophages. In
experimental models of metastasis, tissue-resident macrophages correlate with tumor
growth (Loyher et al., 2018). For example, in an ovarian tumor model, tissue-resident
macrophages facilitate the epithelial to mesenchymal transition and their targeted
depletion prevents peritoneal metastatic disease (Etzerodt et al., 2020). Thus, tissue-
resident macrophages contribute to tumor progression and could be considered as

therapeutic targets to help preventing malignant progression.

Macrophage-targeted therapies to boost anti-tumoral response

Many research efforts are devoted to understand the role of macrophages in cancer,
and a vast amount of therapeutic strategies have been developed to target
macrophages in tumors (Cotechini et al., 2021; Pittet et al., 2022). Some strategies aim
at preventing the recruitment of macrophages by the tumors, such as treatments with
inhibitors of CSF1/CSF1R, CCR2-CCL2 or CXCR4. Other strategies aim at depleting
macrophages, such as TREM1/2 or CSF1/CSF1R inhibitors. Also, inhibitors of SIRP1a.-
CDA47 and SIGLEC10-CD24 are being studied to exploit the antitumoral functions of
TAMs. A recent interesting strategy is to reprogram the TME to a more anti-tumoral
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state, characterized by increased infiltration of cytotoxic T cells, with M1-like
macrophages and decreased numbers of M2-like cells. This is being explored by the
use of CD40 or TLR agonists, anti-PD-L1 antibody, and TREM, PI3K and histone
deacetylase (HDAC) inhibitors, which all aim at reprogramming TAMs to a M1-like
phenotype. The development of engineered macrophages is also under study to
reprogram the TME or to eliminate cancer cells (Cotechini et al., 2021; Pittet et al.,
2022; Xu et al., 2022).

It is important to note that those treatments used alone rarely lead to tumor
elimination, and their efficacy lays in the combination with other treatments, such as
the use ofimmune checkpoint blockade antibodies that further boost the anti-tumoral
phenotype of T cells (Pittet et al., 2022; Xu et al., 2022).

Lung immunity in health and disease

The lungs are one of the main and most important organs in our body. They are part
of the respiratory system and their main function is to perform respiration, the gas
exchange that provides oxygen to the rest of the organs and removes carbon dioxide
from the blood. This function is vital for the organism, so the fitness of airways and
their cellular components are of crucial importance. The lungs are formed by lobes
and the respiratory airways; the larynx and trachea, branching to the bronchus,
continuing through bronchioles and finally terminating in millions of highly-
vascularized alveoli, which are microscopic air-filled sacs where the gas exchange
occurs (Popper, 2017).

Lungs filter around 11.000 litters of air every day in an airway surface area of 90 m?,
which compared to the 10 m? of the guts, is a quite large surface. This means that
airways are under continuous exposure to many external particles, which may be
harmful or not, as well as to allergens and microbes. Lungs represent the most
frequently targeted organ by pathogens, so this organ faces the challenge of a
continuous demand of gas-exchange while fighting against foreign pathogens in a
controlled manner (“The Lungs at the Frontlines of Immunity,” 2014). Inappropriate
inflammatory responses can cause various diseases such as asthma, pulmonary
edema, fibrosis and emphysema, which can damage the organ and result in life-
threating lung failure (Kopf et al., 2015). Some of the mechanisms by which the lungs
protect against foreign particles are physical or soluble. Big particles remain trapped
in the upper areas of the respiratory tract in the nasopharynx or tonsillar regions and

expelled with coughing or sneezing. Further down, foreign particles are expelled
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back up in the mucus layer through rhythmic movements of the microscopic cilia, a
process called the mucociliary “escalator” (Bustamante-Marin & Ostrowski, 2017). The
mucus layer of the airways also contains various antimicrobial components like
surfactant proteins, collectins and complement components that bind to microbial
peptides allowing their uptake by innate immune cells. Moreover, lung airways count
on immune cells that repel pathogens and, equally important, repair injury in an
inflammation-restrained manner. In this context, the lung immune system has evolved
to simultaneously repel pathogens and restrain damage caused by inflammation to
maintain gas exchange. Importantly, as mentioned above, the lung represents one of

the most common sites of tumor metastasis.

Lungs are full of immune cells which maintain this delicate balance between immunity
and tolerance. There are cells both of myeloid and lymphoid lineages, which reside
in the lungs and provide a localized tissue-specific immune protection (Ardain et al.,
2020). Lung resident immune cells comprise macrophages (alveolar and interstitial),
DCs, neutrophils, eosinophils, basophils, mast cells, NK cells, ILC, B cells and T cells.
Lung-resident macrophages are found near the epithelial surface and sample the air-
borne material. Together with DCs and alveolar epithelial cells, they determine the
threshold and quality of the immune response.

Lung-resident macrophages

In the lungs, the majority of macrophages are AMs, which reside in the alveolar space,
while a small population of interstitial macrophages (IMs) resides in the lung
parenchyma. The population of IMs is complex and has been less studied than AMs.
However, they are important given that they function as neuroimmune
communicators, provide chemoattractant signals for leukocytes, are involved in
wound healing and repair, and secrete immunoregulatory cytokines like IL-10, TGFB,
IGF-1 and others (Ardain et al., 2020; Bedoret et al., 2009; Ural et al., 2020). Although
less numerous than AMs, IMs can also phagocyte particles and bacteria (Bedoret et
al., 2009; Fathi et al., 2001). Their antigen presentation capacity is superior than AMs
and can drive T cell proliferation and T-regs differentiation (Chakarov et al., 2019).
Unlike AMs, IMs mainly rely on the replenishment by blood monocytes (Aegerter et
al., 2022; Ardain et al., 2020). On the other hand, AMs have been more studied in
both homeostasis and pathological conditions and have been implicated in both

processes.
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Alveolar macrophages

AMs are the very first line of defence in the alveoli and the lung airways. As tissue-
resident macrophages, they perform functions to keep homeostatic and metabolic
conditions which are required to maintain the organ fit. At the same time, they also
perform repair functions and are sentinel phagocytic cells (Aegerter et al., 2022;
Bissonnette et al., 2020). AMs are localized in the luminal side of the alveolar space,
in close contact with alveolar epithelial cells type | and |l, capillary endothelial cells
and interstitial fibroblasts (Westphalen et al., 2014) (Figure 13). Like most tissue-
resident macrophages, AMs are sessile and crawl through alveoli patrolling the zone
to keep it clean from pathogens and potentially hazardous factors (Neupane et al.,
2020). Both AMs and epithelial cells are the gatekeepers of the lungs and together
they exert the functions needed to preserve lung homeostasis (Bissonnette et al.,
2020).

Origin of AMs

It was initially believed that AMs were derived and replenished from the differentiation
of circulating monocytes, following the mononuclear-phagocytic theory proposed
over 50 years ago (Van Oud & Van Furth, 1979). Although this has proven true for
some AMs, more recent research has shown that AMs develop from embryo yolk sac
and foetal liver cells, occupy the alveolar niche and self-maintain though a local low-
grade proliferation in absence of inflammation and during inflammatory responses.
They remain in the lungs after inflammation gets resolved (Gomez Perdiguero et al.,
2015; Schulz et al., 2012; Yona et al., 2013). Gene expression profiles of resident AMs
remain stable during inflammation (Mould et al., 2017). Replenishment of AMs from
circulating monocytes is minimal if the lungs experience no major insult or injury
(Hashimoto et al., 2013; Jakubzick et al., 2013). Depending on the degree of
inflammation, the pool of AMs can be restored by self-proliferation of the remaining
AMs or if the injury is more severe, macrophages are recruited from circulating
monocytes to replenish the population (Janssen et al., 2011; Machiels et al., 2017,
Mould et al., 2017).
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Signals and regulators of AMs

AMs have a transcriptional signature which is specifically dictated by the unique
environment conferred by the alveolar signals (Gautiar et al., 2012; Lavin et al., 2014).
Already on the first weeks of life, AM proliferation from foetal monocytes requires GM-
CSF, derived from alveolar epithelial cells (Gschwend et al., 2021). This process is also
enforced by autocrine signalling of TGFB (X. Yu et al., 2017) (Figure 13). These signals
induce the stable expression of the transcription factor peroxisome proliferator-
activated receptor y (PPARy), which is known to regulate several lipid handling
enzymes and transporters involved in surfactant turnover (Schneider et al., 2014).
Apart from the generic macrophage transcription factors C/EBPf and PU.1, AM self-
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renewal and development also rely on other transcription factors like Bhlhe40,
Bhlhe41, Egr2, KIf4 and Car4, which bind to enhancer regions of AM specific genes
(Daniel et al., 2020; Gorki et al.,, 2021; Lavin et al.,, 2014; Mass et al., 2016;
Rauschmeier et al., 2019; Sajti et al., 2020; Schneider et al., 2014) (Figure 13).

Patrolling the alveolar luminal area, AMs are in a constant exposed position, which
allows them to capture, phagocyte and neutralize a large number of foreign particles
(Westphalen et al., 2014) (Figure 13). However, this is done in an immunologically
“silent” way without triggering excessive inflammation or neutrophil influx. AMs
efferocytose apoptotic cells and phagocyte debris through scavenger receptors
MARCO and Axl, and keep inflammatory response low through the transcription
factors KIf2 and Klf4 activated by tissue-specific signals (Fujimori et al., 2015; Roberts
etal., 2017). Apart from scavenger receptors, AMs also express high immunoglobulin
(fcR), complement and mannose receptors which facilitate phagocytosis of opsonized
and non-opsonized particles (Allard et al., 2018; Dahl et al., 2007; Fadok et al., 2001;
Rajaram et al., 2017; Zhang et al., 2008). Only when the phagocytic capacity is
surpassed, AMs start producing pro-inflammatory factors such as cytokines and
chemokines (type | IFNs, TNFa and IL-1B) that activate other players of the innate
immune response: neutrophils, monocytes and DCs (Goritzka et al., 2015). In addition
to their function as initiators of the immunological response, AMs are also responsible
for the resolution of inflammation through the secretion of immunoregulatory
cytokines like TGFB, IL-1RA and prostaglandins (Branchett et al., 2021; Jardine et al.,
2019; Thepen et al., 1991).

AMs in homeostasis and inflammation

In homeostatic conditions, AMs are found in an immunosuppressed (M2-like) state
and promote immune tolerance. They prevent unnecessary inflammation by
phagocytosis of foreign particles and facilitate resolution of inflammation by
producing anti-inflammatory factors such as IL-10, TGFp and prostaglandin E, (PGE>)
(Hussell & Bell, 2014; Ménard et al., 2007; Zissel et al., 1996). In that sense, the cross-
talk with the alveolar epithelium is responsible for a multitude of AM phenotypes
(Bissonnette et al., 2020). In basal conditions, AMs adhere to the epithelium via
expression of proteins such as CD200R, PD-1 and SIRP1a, whose ligands CD200,
programmed death-ligand 1 (PD-L1) and CD47 are expressed by epithelial cells
(Figure 13). These protein interactions not only maintain the cells in close proximity,
but also keep AM activation at low levels avoiding unnecessary inflammation (Barclay
& Van Den Berg, 2014; Hu et al., 2020; Jiang-Shieh et al., 2010; Lauzon-Joset et al.,
2015; Oumouna et al., 2015; Shinohara et al., 2006; Snelgrove et al., 2008; B. Zhu et
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al., 2019). Epithelial damage or sensing of pathogens in the airways can cause the loss
of these regulatory interactions, leading to the activation of AMs and initiation of the
inflammatory response. Thus, the alveolar niche tightly controls the activation state of
AMs. Some studies have also reported that TGFB expression by AMs can suppress
immune responses by inhibiting the DC-mediated activation of T cells (P. G. Holt et
al., 1993; Strickland et al., 1996; Thepen et al., 1989). The production of TGFp
together with retinal dehydrogenases 1 and 2 induces retinol, which results in the
generation of FoxP3* T-regs from naive CD4* T cells (Soroosh et al., 2013). T-regs
induce immune tolerance to inhaled innocuous antigens by inhibiting spontaneous
and antigen-induced Th2-type inflammation (Josefowicz et al., 2012; Lloyd &
Hawrylowicz, 2009).

The state of immunosuppression and tolerance is lost when inhaled pathogens and
other dangers trigger the activation of pattern recognition receptors (PRRs) including
TLRs, NOD-like receptors (NLRs) and C-type lectin receptors (S. B. Gordon & Read,
2002; C.H. Liuetal., 2017; E. C. Martinez et al., 2019). AMs switch from the tolerogenic
to the inflammatory state through induction of TNFa, NO, IL-1B, IL-6, IFNs and MIP-1a
(Kolli et al., 2014; Menard & Bissonnette, 2000; Soroosh et al., 2013). However, over-
production of those mediators is dangerous, and contributes to the pathogenesis of
diseases such as acute lung injury, asthma and chronic obstructive pulmonary disease
(COPD) (Fricker & Gibson, 2017; Lomas-Neira et al., 2006; Russell et al., 2002). Hence,
a very tight regulation of AMs is essential to maintain lung homeostasis.

Surfactant and lipid metabolism of AMs

Avery important function of AMs in maintaining lung homeostasis is the internalization
and catabolism of surfactant, a phospholipid that keeps the surface tension of the
lungs and is crucial for the lung biomechanical function (Knudsen & Ochs, 2018;
Lopez-Rodriguez et al.,, 2017; Ochs et al., 2020; Stern et al., 1986). Pulmonary
surfactant is composed by 90% of lipids, whose main components are phospholipids
and cholesterol. Proteins compose the remaining 10% of surfactant and actively
contribute to its properties and are involved in the immunity of the lungs (Veldhuizen
et al.,, 1998). AMs are the primary cells involved in the clearance of surfactant by
phagocytosis of its lipids and catabolism of cholesterol through PPARy (A. D. Baker,
Malur, Barna, Ghosh, et al., 2010) (Figure 13). Deficiency in GM-CSF signalling leads
to an impaired surfactant clearance by AMs causing the accumulation of proteins and
phospholipids in the airways that can lead to pulmonary alveolar proteinosis in
humans and mice (Carey & Trapnell, 2010; Dranoff et al., 1994).
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The lipidic microenvironment of the lung alveoli also influences the metabolism of
AMs. To prevent bacterial outgrowth, the lung environment has a good supply of
oxygen and lipids but is actively depleted of glucose (E. H. Baker & Baines, 2018).
Given the low capacity of AMs to use glucose, their energy metabolism mainly uses
fatty acid oxidation, in contrast to IMs, which mainly use glycolysis, possibly due to
their monocytic origin (Mould et al.,, 2017; Svedberg et al., 2019). The nuclear
receptor PPARy regulates genes related to lipid metabolism and fatty acid B-oxidation,

and this TF is crucial to maintain the metabolism in AMs (Schneider et al., 2014).

Antigen presentation function in AMs

Antigen presentation in the lung is mainly performed by DCs (P. G. Holt et al., 1993;
T. Kawasaki et al., 2022), which sample foreign antigens and migrate to the lung
draining lymph node, where they encounter naive CD4* and CD8* T cells and activate
their clonal proliferation. Antigen-specific T cells will then migrate to the lungs for
pathogen clearance, and in the lung environment, T cells encounter other local APCs,
such as other DCs, AMs and IMs and even lung endothelial cells, which can also
perform antigen presentation promoting further T cell activation (T. Kawasaki et al.,
2022; Low et al., 2020).

Although AMs are the most abundant immune cell in the lung, their role in antigen
presentation is still unclear (T. Kawasaki et al., 2022). AMs have been described to
have poor antigen-presentation capacity (Chelen et al., 1995), supported by their low
MHCII expression compared to IMs or DCs (Misharin et al., 2013). Although they can
suppress DC function and migration to avoid inflammation against innocuous
particles (Jakubzick et al., 2006), they have also been shown to play a functional role
in antigen presentation in mice and during different infections in humans (P. Holt &
Leivers, 1985; Ina etal., 1991; Vecchiarelli et al., 2012). Finally, some studies show that
AMs have the ability to transport antigens to the lung draining lymph nodes (Kirby et
al., 2009). Hence, the role of AMs role in in vivo antigen presentation is not well known
yet.

AMs in tumorigenesis

The function AMs in tumorigenesis has been less studied than other macrophage
populations like recruited TAMs or MDSC. However, some studies point at the
implication and relevance of AMs in the development of lung tumors. It is conceivable
that their distinct embryonic origin and their specialized local functions in the alveolar
niche provides them with specific properties that can affect tumor formation.
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Considering their physiological immunosuppressive and tolerogenic functions and
their presence in the organ prior to tumor formation, AMs represent the perfect allies
for tumoral growth.

Already in the 80's, AMs were described as an immune suppressor population that
facilitated pulmonary LLC metastasis by inhibiting T cell activity and NK-cytotoxicity
(Young et al., 1987). In vitro studies of human, mice and rat AMs also proved their
immunosuppressive capacity through T cell inhibition (Aubas et al., 1984; Hengst et
al., 1985; P. G. Holt, 1979; McCombs et al., 1982, 1984; Shellito & Kaltreider, 1985).
More recently, a study on breast cancer metastasis showed that AMs promote
metastasis in the lungs by suppressing Th1 and promoting Th2 response (Sharma et
al., 2015). In the same study, AMs were also shown to modulate DC activity through
TGFB production. The depletion of AMs with clodronate liposomes reversed the
immunosuppressive state increasing Th1 cell responses that reduced lung metastasis
(Sharma et al., 2015). Moreover, a new study using state-of-the-art sc-RNA-Seq
technology has reported that AMs localize close to tumor cells during early metastatic
development of non-small cell lung carcinoma (NSCLC) (Casanova-Acebes et al.,
2021). These macrophages help tumor progression by inducing tumor-promoting
functions and increasing T-regs that protect the tumoral cells from CD8" cytotoxic
activity. Specific depletion of AMs reduced tumor development and T reg number in
both the NSCLC and a melanoma metastatic model (Casanova-Acebes et al., 2021).
Hence, evidence exists on the implication of AMs in lung tumorigenesis, but the

underlying molecular mechanisms remain unsolved.

Antigen presentation

Antigen presentation is a fundamental process in the immune system as it is the
bridge between innate and adaptive immunity. It is a finely tuned mechanism to
expose peptides in the optimal context to activate T and B cells, which will ultimately
lead to a specific adaptive immune response against harmful microbes, pathogens or
cells. The process comprises antigen uptake, processing and display, which together
with co-stimulatory molecules has the capacity to successfully activate specific T and
B cells (Zuniga et al., 2008).

For activation on the adaptive immune response, naive T cells need to be activated or
“orimed” (Figure 14). When they encounter the matching antigen, lymphocytes
undergo clonal expansion and differentiation to their specific functions. Active CD8*
or cytotoxic T cells can promote death in infected or malignant cells while active CD4*
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or helper T cells activate other immune cells as macrophages, CD8+ T cells or B cells.
On the other hand, B cells become plasma cells that can secrete antibodies, which will
bind to the specific antigen. In contrast to B cells, which can bind directly to the soluble
antigens with the B cell receptor (BCR), T cells can only recognize antigens with the
appropriate T cell receptor (TCR) that are displayed on the surface of cells bound to
major histocompatibility complex (MHC) molecules. There are two types of antigen
presentation, one performed by all nucleated cells, which comprises presentation via
MHC class | (MHCI), and the other one performed by a specialized group of leukocytes
named professional APCs via MHCII. CD8* T cells detect peptides bound to MHCI,
while CD4* T cells bind to MHCII.

The “three signals” hypothesis

Distinct signals need to be delivered to CD4* T cells for their priming (Figure 14). The
first signal is antigen recognition by the MHCII-TCR synapse. The second signal is
provided by co-stimulatory molecules in the surface of APCs which can affect T cell
response providing activatory or inhibitory co-stimulation (Liechtenstein et al., 2012)
(Figure 14). For instance, binding of CD80/CD86 expressed in APCs to CD28/CD27 in
T cells induces T cell proliferation and acquisition of cytotoxic properties (Nurieva et
al., 2006). Other interacting molecules are CD40/CD40L, or OX40/0X40L, whose
binding between APCs and T cells promotes activation of T cells (Hubo et al., 2013).
On the other hand, CD80/CD86 binding to CTLA4 will engage an inhibitory signal to
T cells which can lead to anergic T cells or T-regs (Collins et al., 2002; Fooksman et al.,
2010). Likewise, binding of the PD-L1 in APCs to its receptor PD-1 on T cells causes
the inhibition of T cells at multiple levels (Karwacz et al., 2011; Latchman et al., 2004,
S. C. Liang et al., 2006). Modulation of these signals has allowed the development of
checkpoint inhibitor therapies for cancer, including the antibodies against CTLA4 and
PD-1/PD-L1, which inhibit the negative co-stimulatory signals to T cells, therefore
activating T cell responses.

Additionally, there is a third signal that can polarize T cells to particular subsets and
modulate the type of immune response towards tolerance, antibody responses or
cytotoxicity (Figure 14). This signal is provided by cytokines, chemokines and other
inflammatory mediators present during antigen presentation (Curtsinger et al., 1999;
Liechtenstein et al., 2012). Only APCs provide the three signals which are needed to
activate T cell response to recognise, destroy or tolerate certain antigens. When this
occurs, T cells differentiate into different effector T cells such as CD4 Th1, Th2, Th17,
T-regs or enhance CD8 T cell responses to weakly immunogenic antigens. Cytokines
such as IL-12, IL-15, IL-6 or TNFa provide different cues for T cell modulation
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(Curtsinger et al., 2003; Ramanathan et al., 2011). In general, T cells exposed to IL-12
and IL-18 differentiate to Th1, whereas IL-4 induces differentiation to Th2 (Leung et
al., 2010). Combination of TGFB, IL-6, IL-21 and IL-23 dictate Th17 differentiation, and
TGFB alone induces T-regs, which can inhibit Th1 and Th2 response (Leung et al.,
2010).

However, it is important to notice that a single costimulatory molecule is not restricted
to tolerogenic or immunogenic functions. It is rather the combined effect of several
costimulatory events, the interactions with soluble co-factors and the differentiation

state of interacting T cells that will ultimately dictate the specific immune response.

Molecular basis of MHCII antigen presentation

To present exogenous proteins in MHCII, APCs internalize pathogens or other factors
by endocytosis, phagocytosis or micropinocytosis (Blum et al., 2013; Jurewicz & Stern,
2018; Roche & Furuta, 2015) (Figure 15). Internalized antigens are degraded by
lysosomal proteases, which takes place in a series of progressively more acidic and
proteolytically active compartments described as early endosomes, late endosomes
and lysosomes (Huotari & Helenius, 2011) (Figure 15). Cytoplasmic or nuclear antigens
can also be trafficked into the endosomal network for antigen presentation via

autophagy.
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Simultaneously, newly synthesized MHCII a and B dimers are loaded with the specific
chaperone invariant chain (H2-li or CD74) in the endoplasmic reticulum (ER) and
translocated to the endosomes or lysosomes. In the proteolytic endosomes, H2-li is
degraded into smaller fragments, called class ll-associated li chain peptides (CLIP)
(Figure 15). CLIP loading blocks unspecific peptides from binding MHCII (Landsverk
et al., 2009; Riberdy et al., 1992; Sette et al., 1992). CLIP is later removed from MHCII
by the interaction with another unconventional MHCII molecule, MHC-2M, which
causes a conformational change that promotes CLIP release and permits MHCII
binding to foreign degraded antigen peptides (Cresswell, 1994; Denzin & Cresswell,
1995; P. Morris et al., 1994) (Figure 15). Premature release of CLIP leads to
autoimmunity conditions since it allows MHCII biding to autoantigens from self-
peptides from the different endosomal compartments (R. Busch et al., 2005; Mohan
etal., 2011; Pu et al., 2004). Then, the vesicles are fused to the cell membrane where
functional antigen-bound MHCII is ready to perform synapsis to the TCR on T cells
(Figure 15). Later, surface expressed peptide-MHCIlI complexes can be internalized
through the ubiquitin-dependent endocytosis pathway and be targeted for lysosomal
degradation or be recycled back to the plasma membrane (Shin et al., 2006).
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Transcriptional control of MHCII by CIITA

The regulation of MHCII is mainly controlled at the level of transcription by a group of
factors that are ubiquitously expressed which include cyclic-AMP-responsive-
element-binding protein (CREB), regulatory factor X (RFX) and nuclear transcription
factor Y (NFY). All those factors are assembled together by the Class Il transcriptional
activator (CIITA) (Boss & Jensen, 2003) (Figure 16). Mutations in CIITA or RFX factors
are found in bare lymphocyte syndrome, a condition in which patients do not have
expression of MHCII and suffer from a severe immunodeficiency (DeSandro et al.,
1999; Reith et al., 1995). Also, models of CIITA deficient mice have a global loss of
MHCII and lack T cell antigen-specific responses (Chang et al., 1996; Itoh-Lindstrom
et al., 1999). Several reports have showed that expression of CIITA is necessary and
sufficient for MHCII expression (Chang et al., 1994; Steimle et al., 1994), and there is
a close relationship between CIITA and MHCII levels in diverse tissues (Otten et al.,
1998). For these reasons, CIITA is considered as the “master regulator” of MHCII
expression (Ledon Machado & Steimle, 2021) (Figure 16).

There is no evidence that CIITA can bind to DNA. Instead, it seems to activate
transcription initiation and elongation by different mechanisms. For instance, CIITA
can activate transcriptional machinery like TFIID and TFIIB, and its ability to
phosphorylate RNA polymerase Il has also been reported. CIITA can also recruit
chromatin remodelling factors like p300, CBP, PCAF and BRG1, and has been
reported to be associated with histone acetyltransferase (HAT) activity (Choi et al.,
2011; Devaiah & Singer, 2013; Leén Machado & Steimle, 2021).

Transcriptional requlation of CIITA

ClITAis mainly regulated at transcriptional level. Three different isoforms of CIITA that
differ in their N-terminal region can be generated by the expression from three
different promoters (pl, plll and plV), which differ in their 5’ regions and are spread
over around 13 kb (Ledn Machado & Steimle, 2021; Reith et al., 2005) (Figure 17).
Although all the isoforms share the downstream exons, isoforms | and Il have their
own AUG, while isoform [V has the AUG in the common exon 2 of the gene. Moreover,
the N-terminal region of isoform | contains a region of weak homology to a caspase
activation and recruitment domain (CARD), which confers a slightly more efficient
transcriptional activation of MHCII (Nickerson et al., 2001).
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The different isoforms were initially proposed to play differential roles in cell lines and
primary-cell populations (Reith et al., 2005) (Figure 17). The pl was described to be
mainly used by DCs, plll by B cells and plV is induced by IFNy stimulation (Muhlethaler-
Mottet et al., 1997, 1998). However, later experiments using CIITA promoter-specific
knock-out (KO) mice challenged this simplistic view (LeibundGut-Landmann,
Waldburger, Krawczyk, et al., 2004; Leén Machado & Steimle, 2021; Reith et al., 2005).
These studies concluded that pl is expressed in myeloid cells, such as macrophages
and DCs, and plll is mainly expressed in lymphoid cells, such as B cells, T cells in
humans and plasmocytoid DCs (LeibundGut-Landmann, Waldburger, Reis e Sousa,
etal., 2004) (Figure 17). However, DCs have also been shown to express plll if they lack
pl, indicating a certain level of flexibility in the expression of the different isoforms.
Finally, plV is induced by IFNy in cells of non-hematopoietic origin, as those
responsible for CD4* T cell selection, the thymic cortical epithelial cells (Waldburger
etal., 2001).

The transcription factors regulating the different CIITA promoters have been
described mainly for plll and plV. In response to INFy, Janus kinase (JAK) 1 and JAK2
get activated and induce the phosphorylation, dimerization and nuclear transport of
signal transducer and activator of transcription (STAT) 1. STAT1 homodimers in
association with USF-1 bind to an IFNy-activated (GAS)-E-box motif of the plV
promoter. STAT1 also activates the transcription of IFN-regulatory factors (IRF), and
IRF1-IRF1 or IRF1-IRF2 dimers activate the promoter (A. C. Morris et al., 2002; Ni et al.,
2005; Reith et al., 2005). The plll promoter is a bit more complex and requires the
interaction of different factors in different cell types. These include Oct1, NF-1, CREB
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or ATF family members, RUNX3 and heterodimers of Pu.1 with IRF4 or IRF8 (Wright &
Ting, 2006). Recent research has also identified NFATS5 as a crucial regulator of the pl
promoter in primary macrophages (Buxadé et al., 2018).

Distal regulation of CIITA transcription

Apart from its proximal promoters, CIITA is also regulated by distal regulatory
elements, which have been specially studied in IFNy-induced plV and in B cell lines
for plll. Epigenetic mechanisms have a crucial role in the regulation of CIITA, and have
also been reported as ClITA-silencing mechanisms to promote immune escape in
tumor cells (Blanck, 2002). Histone modifications and the recruitment of p300 and
CBP have been reported in the CIITA promoter region, and are suggested to be
induced by the chromatin remodelling enzymes BRG1 and PRC2 (Abou El Hassan et
al., 2015; Ni et al., 2008). Studies with IFNy-unresponsive trophoblast-derived cell
lines and with tumor cells, which silence MHCII to avoid immune response, revealed
in both cases an hypermethylation in the plV of CIITA, which could be rescued by 5-
azacytidine (5-AZA), an inhibitor of DNA methylation. The HDAC inhibitor trichostatin
(TSA) also restored IFNy inducibility in trophoblasts and tumor cells, proving that both
methylation and deacetylation are able to silence the plV promoter of CIITA (Holtz et
al., 2003; Morimoto et al., 2004; A. C. Morris etal., 2000, 2002; Radosevich et al., 2007;
Satoh et al., 2004; Van den Elsen et al., 2000; Van Der Stoep et al., 2002). Although
less studied, the plll promoter is also epigenetically regulated. The histone
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deacetylases HDAC1 and HDAC2 and other chromatin silencers like G9a have been
suggested to regulate CIITA (Gyory et al., 2004; Piskurich et al., 2000; J. Yu et al.,
2000). Murine T cells and T-cell acute lymphoblastic leukaemia cell lines have plli
hypermethylation, which could be rescued by 5-AZA. In a B-cell ymphoma line, CIITA
expression was rescued by the HDAC inhibitor TSA, indicating that various
mechanisms coexist in the regulation of plll ClIITA depending on the context and the
cell type (Chou et al., 2005; Holling et al., 2004; Murphy et al., 2002; Schooten et al.,
2005). Finally, little is known about the epigenetic regulation of pl, except from the
observation that this promoter is silenced during DC maturation, which correlates with
decreased histone acetylation (Landmann et al., 2001). Thus, epigenetic regulation is

important for CIITA transcriptional regulation.

The regulation of MHCII in different APCs is likely controlled by cell-specific CIITA
transcription mechanisms (Boss & Jensen, 2003; Reith et al., 2005). However, the
specific regulation of CIITA in steady-state myeloid cells is poorly characterised.
Although macrophages and DCs are thought to have similar mechanisms of
transcriptional regulation of CIITA and MHCII, their MHCII expression differences
indicate that each cell type might have specific molecular elements that regulate the
basal expression of MHCIl. Moreover, the regulation of MHCII in tissue-resident
macrophages has not been studied and remains crucial, given the importance of
those cells for the maintenance of tolerance and homeostasis in different tissues.
Besides, little is known on the identity and in vivo relevance of upstream regulators of
CIITA expression in myeloid cells beyond IFNy.

The p38a MAPK pathway

To be able to integrate cues from the environment, cells rely on signalling pathways
that lead to activation or inhibition of intracellular programs allowing the specific
responses. Amongst those, an important pathway is the group of the mitogen-
activated protein kinases (MAPK). The MAPK family consists of highly conserved
serine/threonine protein kinases which in mammalian cells includes p38 (Freshney et
al., 1994; Han et al,, 1994; J. C. Lee et al., 1994; Rouse et al., 1994), the extracellular
signal regulated kinase (ERK) 1-4 (Boulton & Cobb, 1991), ERK5 (J. D. Lee et al., 1995;
G. Zhou et al., 1995) and the c-Jun N-terminal kinase (JNK) 1/2/3 (Dérijard et al., 1994;
Kyriakis et al., 1994). In general, the ERK1/2 cascade is activated by mitogen signals,
while JNK and p38 MAPK cascades are activated mainly by stresses and pro-
inflammatory cytokines.
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The transmission of signals in MAPK signalling pathways happens through an
evolutionary conserved mechanism of sequentially acting kinases. In the canonical
activation pathway, a MAP3K receives an upstream signal and in turn activates a
MAP2K, which will activate the MAPK. When active, MAPKs can phosphorylate a
variety of downstream targets as transcription factors, other protein kinases, RNA-
binding proteins, etc (Keshet & Seger, 2010) (Figure 18).

The p38 MAPK signalling pathway is especially important in immune cells as it is
activated by pro-inflammatory cytokines (Canovas & Nebreda, 2021). The p38 MAPK
family includes 4 different members, p38a/MAPK14, p38B/MAPK11, p38y/MAPK12,
p388/MAPK13 (Figure 18). Their amino-acid sequences share around 60% of
homology, but the different family members have diverse tissue expression patterns,
target preferences and sensitivity to inhibitors. p38a was the first one identified and it
is the best studied family member, given its high abundance in most cell types.
Expression of other family members is more restricted to specific tissues: p38p to
brain, p388 to muscle and p38y to endocrine glands (Cuadrado & Nebreda, 2010),
although the relevance of p388 and p38y has been described in a variety of processes
and inflammatory conditions (Cuenda & Sanz-Ezquerro, 2017).

In general, the p38 pathway starts with the activation of a MAP3K, which includes up
to ten different protein kinases, such as ASK1, MEKK3, TAK1, and DLK. The activation
of the MAP3K can be induced by cytokines, TLR ligands, growth factors, hormones
and environmental stresses like oxidative and osmotic stress, ultraviolet (UV), DNA
damage and gamma radiation. MAP3K phosphorylation leads to activation of the
MAP2Ks MKK3 and MKKé (Figure 18). The full activation of p38a requires dual
phosphorylation at the residues of threonine (Thr)-180 and tyrosine (Tyr)-182 (Han et
al., 2020). The contribution of each MAP2K to p38a activation depends on the signal,
the cell type and the expression level of each MAP2K (Remy et al., 2010). p38a can be
localized either in the cytoplasm or in the nucleus, and the translocation upon
activation is bi-directional (Maik-Rachline et al., 2020).
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The responses orchestrated by the p38a pathway depend on the cell type and the
context, and provide a variety of outcomes. There is evidence that p38a can directly
phosphorylate more than 150 proteins (Han et al., 2020; Trempolec et al., 2013), so
the outcomes of the pathway activation can vary from regulation of transcription
factors, chromatin remodelling, mRNA stability, translation, protein degradation and
localization, metabolism, differentiation, migration, apoptosis or proliferation
(Canovas & Nebreda, 2021). Some p38a substrates are protein kinases, transcription
factors and chromatin modifiers, which expand the versatility of the pathway by

regulating a vast amount of different processes.
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In particular, MAPK-activated protein (MAPKAP) kinase 2 (MK2) is of special relevance.
p38a and MK2 form a complex that regulates the activation of both kinases. MK2 is
involved in post-transcriptional regulation of mRNA stability by phosphorylating ARE-
binding proteins. MK2 is also described to phosphorylate HSP-27, which can remodel
the actin filaments, and eEF2K that regulates protein synthesis (Gaestel, 2016; Knebel
etal., 2002) (Figure 18). Other important p38a substrates are MNK1 and MNK2, which
can control protein synthesis though the activation of the initiation factor elF4E (Sonali
& Leonidas C., 2014) (Figure 18). p38a also phosphorylates MSK1 and MSK2, which
are important players in the control of gene expression by phosphorylating
components of the nucleosome, such as histone H3 (Knauf et al., 2001; Reyskens &
Arthur, 2016) (Figure 18).

Several mechanisms can terminate or attenuate the signal of the p38a pathway,
mainly by dephosphorylation, but also through other mechanisms (Cuadrado &
Nebreda, 2010). Dephosphorylation usually occurs by dual-specificity phosphatases
like MKP-1 or DUSP1, which target Thr-180 and Tyr-182 (Moosavi et al., 2017).
Moreover, DUSP1 itself is activated by p38a signalling, inducing a negative feedback
loop that inactivates the pathway. Also, p38a controls the expression of MKKé, one of

its activators, limiting in that way the activation of the pathway (Ambrosino etal., 2003).

Pathophysiological functions of the p38a pathway

Several studies have described the role of p38a in pathophysiological conditions,
especially in heart, neurodegenerative and inflammatory diseases and in cancer
(Canovas & Nebreda, 2021; Cuadrado & Nebreda, 2010) (Figure 19). Mice with defects
in p38a die during embryonic development due to defects in placental formation
(Adams et al., 2000; Mudgett et al., 2000; Tamura et al., 2000), thus the studies of
p38a in adult mice have been done using conditional alleles. In homeostatic
conditions, p38a has been implicated in a variety of different processes. Inactivation
of p38a affects lung homeostasis due to its function in the proliferation and
differentiation in lung epithelial cells (Hui et al., 2007; Ventura et al., 2007). Also, p38a
is important for skeletal muscle differentiation, proliferation of hepatocytes and
hematopoietic cells, and several neuronal processes amongst other functions
(Canovas & Nebreda, 2021). Studies using a mouse model that expresses inactive
p38a showed increased proliferation and regeneration in pancreas, liver and spleen,
which correlated with lower levels of cyclin-dependent kinase (CDK) inhibitors in

those tissues, supporting a role for p38a.in ageing (Wong et al., 2009).
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p38a is also implicated in several pathologies, many of which are inflammatory
conditions (Figure 19). As detailed later, numerous studies using chemical inhibitors
of p38a have reported beneficial effects in asthma and COPD (Pelaia et al., 2021).
Beyond controlling cytokine production and innate immunity, p38a can also regulate
the adaptive immunity (J. S. C. Arthur & Ley, 2013; Rincédn & Davis, 2009). It has been
shown that p38a inhibition improves T cell expansion and expression of stemness
markers, and promotes genomic stability in T cells, enhancing the efficacy of T cell-
based immunotherapy (Gurusamy et al., 2020). Also, p38a inhibition in macrophages
or DCs reduces colon inflammation and the associated tumorigenesis in mice (Youssif
et al., 2018; T. Zheng et al., 2018). Moreover, inhibition of p38a has been shown to
stabilize IFNAR1, which improves the viability of cytotoxic T lymphocytes and boosts
the anti-tumour immune responses, which results in a reduction of colorectal tumours
(Katlinski et al., 2017). In a model of premetastatic niche formation, the inhibition of
p38a induces chemokine expression that enables neutrophil infiltration into lungs

suppressing tumour growth (Gui et al., 2020).

Overall, p38a is a crucial regulator of immune cell functions and inflammatory

responses, however, the ability of p38a to control both proinflammatory and anti-
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inflammatory functions complicates the clinical use of pharmacological inhibitors of

this pathway.

Immune functions of the p38a pathway

p38a signalling is involved in a variety of immune cell functions and plays a major role
during inflammatory responses. Several in vivo and in vitro studies link p38a signalling
with production of inflammatory mediators (Gupta & Nebreda, 2015). Also, factors
and cytokines like TNFa, IL6, IL1B, IL18, PMA or TGFp are known activators of the p38a
pathway (Tzavlaki & Moustakas, 2020; Yang et al., 2014). Bacterial and microbes also
trigger p38a activation through TLRs like LPS and other PRRs. In turn, p38a regulates
the production of inflammatory cytokines in diverse immune cell types, epithelial cells,
fibroblasts and endothelial cells (Canovas & Nebreda, 2021). Inflammatory mediators
can be controlled by p38a through general transcription regulators, or by specific
transcription factors like NFkB, or by regulating the stability, processing or translation
of mRNAs usually through MK2 (Cuenda & Rousseau, 2007; Gaestel, 2016; Wagner &
Nebreda, 2009). Besides regulating inflammatory mediators, the p38a pathway
controls the expression of cytokine receptors such as the IFNaf receptor IFNART,
important in the response to pathogens and inflammation (Bhattacharya et al., 2011).
Furthermore, p38a has been shown to induce VCAM-1, which plays a role in cell

proliferation and immune cell differentiation (Pietersma et al., 1997).

The p38a pathway also has anti-inflammatory roles that involve phosphorylation of
the transcription factor CREB and histone H3 by MSK1/2, which lead to the expression
of anti-inflammatory genes like IL10 (Reyskens & Arthur, 2016). Other anti-
inflammatory functions of p38a in myeloid cells are mediated by a negative feedback
mechanism that limits TLR signalling via TAK1 inhibition (J. S. Arthur & Ley, 2013) or
by the MSK1 and MSK2-mediated activation of dual specificity phosphatase (DUSP)-1
transcription, a phosphatase that deactivates p38a (Ananieva et al., 2008; C. Kim et
al., 2008).

Given its implication in immune functions, p38a has been extensively described to be
important in inflammatory diseases such as asthma and COPD (Pelaia et al., 2020,
2021), rheumatoid arthritis, multiple sclerosis, atherosclerosis and inflammatory
bowel disease (Canovas & Nebreda, 2021; Gupta & Nebreda, 2015). Focussing on
lung inflammation, analysis of alveolar walls and AMs in COPD and asthma patients
shows increased p38 phosphorylation (Bhavsar et al., 2008; Gaffey et al., 2013; Renda
et al., 2008). The use of p38a chemical inhibitors have shown promising results in

several pre-clinical asthma models. Intranasal administration of ovalbumin (OVA) to
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induce asthma in mice has shown to cause less infiltration of immune cells in the
bronchoalveolar lavage (BAL), less production of cytokines and overall better survival
in p38a-inhibitor treated animals (Choudhury et al., 2002; Dahl et al., 2007; Duan et
al., 2005; Jaiswal et al., 2020; L. Liang et al., 2013; J. Y. Ma et al., 2008; Martucci et al.,
2017; Nath et al., 2006; Underwood et al., 2000; Q. Wu et al., 2018). Similarly, using
mouse models of COPD and LPS-induced acute lung injury, p38a was implicated in
disease pathogenesis and the p38a inhibitors decreased neutrophil recruitment by
decreasing inflammatory cytokine release before and during the inflammatory
response (Amano et al., 2014; D. Li et al., 2018; Nick et al., 2000, 2002). Furthermore,
in a MK2 KO mouse model, reduced TNFoa promoted a better resistance to LPS-
induced endotoxic shock (Kotlyarov et al., 1999). Similarly, p38a. deletion in myeloid
cells using the LysM-Cre mouse model led to improved survival of the mice and
reduced TNFa levels in serum (Kang et al., 2008). However, the anti-inflammatory role
of p38a in myeloid cells has also been reported using the LysM-Cre animal models (J.
S. Arthur & Ley, 2013). In an experimental model of rheumatoid arthritis, myeloid
specific deletion of p38a resulted in increased disease severity and reduced ability to
resolve the inflammation in comparison with the wild type (WT) mice (Guma et al.,
2012). This was also observed in a mouse model of UV-B-induced skin inflammation,
in which the deletion of p38a in myeloid cells using the LysM-Cre system induced

more severe swelling in the skin of the mice (C. Kim et al., 2008).

p38ain macrophages

MAPK pathways are important for the activation and proliferation of macrophages
(Neamatallah, 2019). The stimulation of macrophages with various agents usually
leads to the activation of MAPKs (Murali & Rao, 2001), which regulate transcription
factors such as Ets-1, EIk/TCF and AP-1, all involved in the expression of early,
intermediate and late inflammatory genes (Lloberas et al., 2016). However, there is
variability in the kinetics of MAPK activation in macrophages, which might be due
various factors, including the cell-surface expression of receptors, and the differential
activation of pathways under the ligand-engaged receptor. For instance, although M-
CSF and LPS both activate ERK1/2 though the same molecules (Ras, Raf, MEK1/2),
their timings to initiate phosphorylation are different (Kolch, 2005). Thus, it remains

very important to define the stimuli and the context of MAPK activation.

In particular, p38a is well known to regulate genes of the innate immune response
and the polarization state of macrophages in vitro and in vivo. However, p38a can
have both pro- and anti-inflammatory functions, thus remaining crucial to define the

cell type, stimulus, kinetics and mode of kinase activation. In bone marrow-derived
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macrophages (BMDMs) and peritoneal macrophages, IL-4 induction of M2 markers
was dependent on p38a signalling (Li et al. 2019; Jiménez-Garcia et al. 2015).
Regulation of TNFa and the anti-inflammatory cytokine IL-10 was also reported to be
dependent on p38a in macrophages, including the MH-S alveolar macrophage cell
line (C. Kim et al., 2008; Krementsov et al., 2014; Meng et al., 2014; Raza et al., 2017)
Similar observations were found when blocking MK2, which reduced the expression
of M2 markers CD206 and IL-10 after IL-4 stimulation in BMDMs (Suarez-Lopez et al.,
2018). Using a mouse model of autoimmune multiple sclerosis, specific deletion of
p38a in macrophages was shown to reduce the disease severity by decreasing M2
macrophage polarization (B. Li et al., 2019). MK2 KO in myeloid cells also reduced M2
markers in macrophages, decreasing colitis-associated cancer (Suarez-Lopez et al.,
2018). Moreover, a study comparing the action of different p38a inhibitors and
genetic p38a deletion in macrophages, showed that the function of p38a. is context-
dependent since each type of inhibition gave a different outcome in terms of cytokine
production (Raza et al., 2017). In another study comparing the kinetics of p38a
inhibition, the effects were found to vary amongst macrophage type and time of
inhibition (Q. Shi et al., 2015). Taken together, these observations stress the
importance of the context when studying p38 MAPK signalling.

Apart from macrophage polarization, p38a has also been implicated in phagocytosis,
one of the main functions of macrophages. Different studies show that the chemical
inhibition of p38a promotes a reduction in the capacity of macrophages to phagocyte
bacteria (Blander & Medzhitov, 2004; Kang et al., 2008; Olman et al., 2022; Shiratsuchi
& Basson, 2005). However, other studies show no effect of p38a inhibition on the
macrophages’ phagocytic capacity (Bewley et al., 2016; X. Li et al., 2003).
Interestingly, a recent study has shown the role of p38a. in efferocytosis (phagocytosis

of apoptotic bodies) in human macrophages though regulation of the TIM4 receptor
by the HAT p300 (De Maeyer et al., 2020).

However, very little is known on the contribution of the p38a pathway to the functions
of tissue-resident macrophages like AMs both in homeostasis and during

inflammation and tumorigenesis.

p38a in tumorigenesis

The role of p38a in tumorigenesis is dual as it has both tumour suppressor and
promoting functions. Similar to the homeostatic conditions and in other diseases, the
role of p38a in cancer is context-dependent. Several in vitro studies have

demonstrated the ability of p38a to suppress malignant cell transformation by
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inhibiting cell proliferation or promoting cell death or differentiation. This has been
also observed in different mouse models of liver, lung, colon and skin cancer, where
p38a downregulation in vivo enhances tumor growth (Igea & Nebreda, 2015).
However, the pathway can also be harnessed by cancer cells and ultimately support
primary tumor growth by controlling cell survival and proliferation by different
mechanisms. In metastasis, p38a has also been implicated in the regulation of
epithelial to mesenchymal transition (EMT), migration and extravasation. Moreover, it
has also been described that p38a inhibition promotes the normalization of blood
vessels, which can potentially enhance drug delivery and avoid leaky walls that can
lead to metastasis (Batlle et al.,, 2019). MK2 has been shown to promote tumor
formation in mouse models of DSS-induced colitis by inducing macrophage
recruitment into the colon (Ray et al., 2016). Also, p38a-MK2 signalling induces
upregulation of PD-L1 in cancer cells by increasing its mRNA stability, favouring tumor
immunosuppression (Coelho et al., 2017). In summary, the p38a pathway plays an
important role in keeping homeostatic conditions and is a caretaker in normal cells.
However, when tumors have initiated, p38a favours tumor growth via diverse

mechanisms.

There is also evidence that p38a has crucial functions in various cells of the tumor
microenvironment. Thus, p38a in fibroblasts promotes the expression of cytokines,
chemokines and other factors that recruit pro-tumoral myeloid cells to the tumor niche
or that remodel the niche towards a pro-tumoral environment (Curtis et al., 2019; Gui
et al.,, 2020). Other studies have shown that p38a. deletion in myeloid cells promotes
inflammation-induced colon tumorigenesis though IGF-1 (Youssif et al., 2018). In
CD4* T lymphocytes, p38a activation leads to a pro-tumorigenic inflammatory state
that promotes pancreatic cancer (Alam et al., 2015). Furthermore, in a model of lung
pre-metastatic niche formation, deletion of p38a in fibroblasts suppresses lung
metastasis by decreasing different factors, cytokines and chemokines as well as
pulmonary neutrophil infiltration (Gui et al., 2020). Altogether, this proves the
importance of p38a in different cells of the tumor stroma, and stresses the importance
of carefully studying each of them to have a general idea of the possible beneficial
effects of a systemic p38a chemical inhibition.

Inhibitors of p38a in clinics

Efforts have long been focused in investigating the effects of inhibiting the p38a
pathway in clinics, given the role of p38a in a variety of pathological processes. Initially
to target inflammatory diseases such as asthma, COPD and rheumatoid arthritis, p38a

inhibitors were developed and supported by favourable results in preclinical models
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(Canovas & Nebreda, 2021; Pelaia et al., 2021). More recently, p38a inhibitors have
entered clinical trials for other diseases, such as Alzheimer disease, Huntington
disease, multiple myeloma, muscular dystrophy and more COVID-19 (Canovas &
Nebreda, 2021). In cancer, p38a inhibitors have been proposed in combination with
other therapies, such as tamoxifen or gemcitabine and carboplatin in breast and
ovarian cancer, respectively (Patnaik et al., 2016; Vergote et al., 2020). However, the
use of the inhibitors in clinical settings has not given the expected results so far and
none of them has progressed to phase Ill. The diversity of the functions regulated by
p38a in different cells and contexts might contribute to the failure of p38a inhibitors
in clinical trials, together perhaps with certain lack of selectivity of the inhibitors and
secondary undesired toxicity. For these reasons, new strategies to target p38a
signalling are emerging, such as the inhibition of downstream substrates of the
pathway, p38a degradation using PROTACsS, or specific targeting of the pathway in a
tissue- and/or cell-specific manner.
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OBJECTIVES

The aim of this thesis is to unravel the role of the p38a kinase in myeloid cells in the
regulation of lung immunity, in homeostasis and in pathological conditions such as lung
metastasis.

Specific objectives

e Determine the role of myeloid p38a in the development of lung metastatic

melanoma.

e Study the function of myeloid p38a in lung inflammation using models of asthma

and acute lung inflammation.

e Characterize a mouse model that overexpresses p38a.
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MATERIALS AND METHODS

Mouse work

Mouse holding

Experimentation animals were housed in the specific pathogen-free (SPF) mouse
facility of the Parc Cientific de Barcelona (PCB). Animals were maintained under a
standard 12 h light-dark cycle, at 21°C, with free access to regular chow diet and
autoclaved sterile water. Breeding pairs were set at a minimum age of 6 weeks. Litters
were weaned at 21 days of age and marked with an ear tag. The mice used in this
present work were all in a C57BL/6J background. Experiments were performed
following the European Union, national and institutional guidelines and experimental
protocols were approved by the Animal Ethics Committee of the PCB.

Generation of mouse models

p38aAtys transgenic mice

Myeloid-specific p38a KO mice were generated by crossing MAPK14lox/lox mice
(Ventura et al., 2007) which have loxP sites upstream of exon 2 and downstream of
exon 3 of the p38a-encoding gene MAPK14, with constitutive LysM-Cre mice
(Clausen et al., 1999). Offsprings were maintained in a C57BL/6J background.
MAPK14lox and Cre alleles were amplified by PCR to verify the genotype of the
offspring in each crossing. To check the efficiency of p38a deletion, peritoneal
macrophages were obtained and p38a protein was evaluated by western blot. The
Cre transgene was always kept in heterozygosis. Littermate animals without Cre were
used in all experiments as controls. In some experiments, animals with Cre but without

MAPK14lox/lox alleles were also used as controls.

OT-II-TCR transgenic mice

OT-ll transgenic mice were kindly provided by Dr. Eduard Batlle laboratory at Institut

de Recerca Biomédica de Barcelona (IRB Barcelona).

STATI-KO transgenic mice

STAT1-KO and littermates mice were a kind gift of Dr. Annabel Valledor from the
University of Barcelona.
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p38a-BAC transgenic mice

The strategy to generate p38a overexpressing mice was designed by Dr. Stephen
Forrow and Dr. Angel R. Nebreda. The mice were generated by the Mouse Mutant
core facility at IRB Barcelona. Briefly, A bacterial artificial chromosome (BAC) covering
the entire MAPK14 coding region and 20 kb of upstream sequence, named #RP24-
137E7, was obtained from CHORI-BACPAC (http://bacpac.chori.org). Inverted
terminal repeats were engineered into the vector to allow for transposase mediated
integration. C57BL/6 zygotes were injected with the BAC vector and piggyBAC
transposase mRNA. The zygotes were implanted into pseudo-pregnant female mice
and the offspring was genotyped for integration of the vector in the genome.
Maintenance of the line was done by crossing p38aBAC/+ with WT C57BL/6 mice. To
generate homozygous animals, two p38aBAC/+ mice were crossed and the offspring

was genotyped by copy number analysis (see section Mouse genotyping).

Mouse genotyping

Mouse tails were digested in 750 pl of Tail buffer (100 mM NaCl, 50 mM Tris-HCI pH
8, 10 mM EDTA pH 8, 1% SDS in sterile dH2O) with proteinase K (0.5 pg/ul) at 56°C.
After overnight digestion, 250 pl of saturated NaCl was added, mixed for 5 min and
centrifuged at 1600xg 10 min at room temperature (RT). The supernatant was poured
into a new tube containing 500 pl of isopropanol. Tubes were inverted several times
and centrifuged again at full speed for 10 min at RT. The supernatant was carefully
discarded without disturbing the DNA pellet. Pellet was washed with 70% ethanol
and, after drying, resuspended in 150 pl of autoclaved dH,O.

The polymerase chain reaction (PCR) mixture was prepared with 50 ng of genomic
DNA (gDNA), 2 ul of 10x Taq buffer, 1.5 ul of each primer (10 uM), 0.5 pl of dNTP mix
(10 mM), 0.3 pl Tag polymerase (BioTaqg, Ecogen #21060) and double distilled H.O
(ddH20) to a final volume of 20 pl. Primers were purchased from Sigma and
sequences are shown in Table M1. The mix was subjected to the following PCR
program in a BioRad thermocycler: 94°C for 5 min; 35 cycles of 94°C for 30 s, 57°C
for 30 s, 72°C for 45 s; and 72°C for 10 min, then cool down to 4°C. PCR products
were resolved by electrophoresis in a 2% agarose gel.

p38a-BAC genotyping by copy number analysis

Copy number analysis was done as previously reported (Chandler et al., 2007; L. Ma
& Chung, 2014). Briefly, mouse tails were digested as described above, gDNA was
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quantified and a total of 7,5 ng was used for each quantitative PCR reaction. RT-gPCR
was performed using primers for MAPK14 exon 2 and exon 12 (Table M1). For
normalization, primers for Actin and GAPDH were used. RT-qPCR was run as
described below (see section Molecular biology) except for the following
considerations. A standard curve with increasing concentration of DNA was run in
parallel to assess sensitivity of the technique using Actin. RT-qPCR was always run with
known WT and heterozygous as controls for the BAC cassette (offspring of a WT and
a p38aBAC/+ animal). For the analysis, the sample CTs were compared to the WT and
p38aBAC/+ controls to assess the number of MAPK14 genetic copies present in each
sample. Animals with 2 copies were considered WT, with 5 were considered
heterozygous for the BAC cassette, and with >10 copies were deemed to be

homozygous for the BAC cassette.

Table M1 |
Primers for genotyping
Cre tg FW ACGAGTGATGAGG Cre tg RV CCCACCGTCAGT 520 bp
TTCGCAAG ACGTGAGAT
MAPK14 FW | CTACAGAATGCACC | MAPK14 RV AGAAGGCTGGAT MAPK14 WT:
TCGGATG TTGCACAAG 121 bp
MAPK14 lox:
188 bp
MAPK14 del:
411 bp
MAPK14- GTGAGGCGTGCTTG | MAPK14-BAC RV CATCAATGCCTGT 402 bp
BAC FW TCAATG CAAGGGC

Mouse experiments

Subcutaneous primary tumor generation

To generate subcutaneous tumors, 2.5 x10°B16/F10 cells or 5x10°B16/F10-OVA cells
were subcutaneously injected in the right flank of the mice. Around 12-14 days later,
when tumor volume was around 80-100 mm?3, tumors started to be measured with a
caliper every day. Volume of the tumor was calculated by multiplying the biggest
measure for the square of the smallest one.

Lung metastasis studies

To generate the experimental metastasis model,1.5x10° B16/F10 cells were injected
intravenously in the tail vein of 8 weeks-old female mice at a density of 1.5x10°
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cells/mL. Mice cages were heated up with an infrared lamp and a heat blanket. Cells
were thoroughly resuspended to avoid clumps right before each injection and loaded
in a 25G needle syringe which was changed for every mouse. The tail was cleaned
with 70% ethanol right before injection, and after injection was kept pressed with a
tissue to stop bleeding, and mouse health state was monitored for 5 min. Lung tumors
were allowed to grow for 21 days (unless otherwise specified). At the end of the
experiment, lungs were carefully collected for analyses.

Mouse treatments

For p38a inhibition, mice were administered PH-797804 or LY-2228820 at a final
concentration of 15 mg/kg every day during 2 weeks. Compounds were administered

in 250 plL via oral gavage.

For anti-PD1 treatment, the antibody was diluted in PBS and 250 pg/mouse in 100 uL
were administered via intraperitoneal (i.p.) injection. Treatment was started when
tumors were 80-100 mm?® and mice were administered a total of 5-6 doses every 3-4
days.

For gram-negative bacteria depletion, Ceftriaxone at 50 mg/kg was injected i.p. every

day during 7 consecutive days.

House dust mite-induced asthma model

Mice were anesthetized with isoflurane until breathing pace was continuous. At that
point, they were intranasally inoculated with 20 ul of house dust mite (HDM) at 1.25
ug/ul (kind gift from Dr. Annabel Valledor, Universitat de Barcelona). This procedure
was repeated for 10 consecutive days. Control animals were inoculated with 0.9%
sterile physiological saline buffer. After 10 days, Bronchoalveolar Lavage (BAL) fluid

was extracted and lungs were carefully collected for analyses.

LPS-induced acute lung inflammation

Mice were anesthetized with isoflurane until breathing pace was deep. At that point,
they were intranasally inoculated with 20 ul of LPS at 1.25 ug/ul or 5 pg/ul. Control
animals are inoculated with 0.9% sterile physiological saline buffer. After 24 h, BAL

fluid was collected and lungs were carefully collected for analyses.
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DSS-induced colitis

To induce acute colitis, mice received 1.5% dextran sulphate sodium (DSS) in the
drinking water. After 6 days, DSS was removed and mice were back to plain drinking
water. Body weight was recorded daily to keep track of the mouse health. At sacrifice,
colon region was collected and separated from the cecum at the ileocecal junction
and flushed with cold PBS to remove faeces and blood. After removing excess fat, the
colons were opened longitudinally and were fixed as “swiss-rolls” in 10% formalin.
Tissue processing for immunohistochemistry (IHC) was followed as described later in
this section.

Acute liver damage model

Liver damage experiments were performed with male mice between 8 and 10 weeks
of age following previous reports (Fortier et al., 2019). CCls was dissolved in corn oil
in a ratio of 1:9 and was administered i.p. at 0.56 g/kg of mouse body weight. Facial
blood collection was performed at the indicated times for ALT analysis, which was
performed in the Animal Facility of the PCB. Mice were euthanized 48 h post-CCls
treatment. If indicated, 2 h before tissue harvest, mice were i.p. injected with 50 mg/kg
of Bromodeoxyuridine (BrdU). After sacrifice, liver tissue was collected for histological
or biochemical analyses.

Bronchoalveolar lavage

BAL was performed as previously reported (Sun et al., 2017). In brief, mice were
euthanized using Pentobarbital (200 mg/kg) and trachea was exposed. Using a 24-G
shielded catheter, trachea was carefully cannulated around 5 mm just below the
larynx. The catheter was secured in place with surgical threat. A 1 mL syringe was
attached to the catheter and around 7 mL of 37°C BAL Buffer (2 mM EDTA, 0.5% FBS
in sterile PBS) were injected and recovered in turns of 1 mL each time (recovery
around 800-900 pl each time). Collected BAL was kept at 37°C. Cells were pelleted
at 300xg 5 min. If pellet was red, red blood cell (RBC) lysis Buffer (5% PBS, 0.8%
NH4Cl in sterile H20, filtered) was added for 1 min at RT. Cells were used for culture

or for Flow cytometry analyses.
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Blood extraction

For facial vein extraction, mice were carefully pierced in the facial vein using a 20G
needle. A maximum of 200 ul was collected in a 1.5 mL Eppendorf tube. For serum
extraction, tubes were left for 1 h at RT and centrifuged 15 min at 1500xg and 4°C.
Next, yellowish supernatant (serum) was carefully collected and analysed or stored at
-80°C until use.

Immunohistochemistry (IHC)

Tissues, with the exception of the lungs, were directly fixed in formalin for 24 h at RT.
Lungs were fixed by insufflating 10% neutral buffered Formalin with a 25G-needle
syringe in the lobes, and incubated overnight at RT in 10 mL 10% neutral buffered
Formalin. After that, samples were keptin 70% ethanol at 4°C before processing. Then
samples were washed with PBS and dehydrated in a tissue processor (Sakura). Finally,
samples were embedded in paraffin blocks using a paraffin embedding module
(Leica), and blocks were cut with a microtome (Leica) into 4 pm-thick sections. After a
de-wax step in xylene for 10 min, samples were rehydrated in a descending series of
3 min in ethanol solution at decreasing concentrations (100%, 95%, 75%, 50% and
ddH20). Lung sections were then either stained with H&E following the standard
protocol, or used for IHC staining. See Table M2 for antibodies used in IHC.

Table M2 |
IHC antibodies
Antibody Company Reference

CD4 Abcam 14976680
CD8 Abcam 209775
Myeloperoxydase (MPO) Dako A0398

CDé68 Biorbyt ORB47985
CD45 Abcam 208022

Histopathological scores

Scoring for histopathological traits of the HDM-induced asthma model and the LPS-
acute lung inflammation model was performed by Dr. Neus Prats from the
Histopathology Facility at IRB Barcelona.
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Scoring for colon epithelial damage was quantified as the average of two different
scores. First score was given to the state of the crypts: 1-intact crypts, 2-basal/one third
damaged, 3-basal/two thirds damaged, 4-damaged surface epithelium. The second
score was given to the percentage of affected total colon area: 1 for 25%, 2 for 25-
50%, 3 for 50-75% and 4 for 75-100%.

Cell culture

Cell line maintenance

Cells were cultured in humidified atmosphere in a 37°C incubator at 5%. For
passageing, cells were washed once with PBS and incubated with trypsin/EDTA
solution at 37°C until detached; cells were then diluted in culture medium and plated

in a new dish in a ratio of 1:3- 1:10 depending on the experiment.

The B16/F10 melanoma cell line was bought from ATCC. B16/F10-OVA were a kind
gift from Dr. Marisol S.Soengas (CNIO, Madrid). These cell lines were cultured in high
glucose DMEM medium supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin (P/S) and 1% glutamine.

Jurkat cells were a gift from Dr. Raul Méndez from IRB Barcelona. Cells were cultured
in RPMI supplemented with FBS (10%) and 1% P/S.

L9-cell conditioned medium generation

Conditioned medium (L-cell) to generate macrophages from bone marrow precursor
cells was obtained from the mouse fibroblast cell line L929 (ATCC CCL 1, NCTC clone
929). 7x10° L929 cells were cultured in high glucose DMEM supplemented with 1%
P/S, 10% FBS at 37°C and 5% CO2. Cells were grown in 150 mm plates up to
confluence and 7 days later the supernatant was removed, filtered with a 0.22 um
vacuum filter and stored in aliquots at -80 °C. Once thawed, the aliquots were stored
at4°C.

Cell freezing and thawing

For freezing, cells from a 70-85% confluent 10 cm culture dish were collected and
resuspended in freezing media consisting of 90% FBS and 10% DMSO and transferred
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to 1 or 2 1.5 mL cryo-tubes. Cryo-tubes were stored at -80°C for up to one week and
then transferred to liquid nitrogen for long term storage.
For thawing, frozen cells were placed in a 37°C water bath until completely thawed.
Then cells were transferred to a 5 cm plate with 5 mL of media. Next day, the media
was replaced with fresh medium or passaged if needed.

Mycoplasma detection

All cell lines were checked routinely for mycoplasma using Mycoplasma Detection Kit.
100 pL of media from cells grown for a minimum of 48 h were collected and
centrifuged for 5 min at 200xg. The supernatant was transferred to a test tube. 100 pL
of MycoAlert reagent (A) were added and luminescence was measured after 5 min
incubation. Then, 100 puL of MycoAlert substrate (B) were added and luminescence
was measured after 10 min incubation. The ratio of B/A was used to determine the
mycoplasma status according to manufacturer’s parameters. This assay was always

performed using a positive control.

Generation of primary cell cultures

Isolation of bone marrow-derived macrophages (BMDMs)

8 weeks-old male mice were sacrificed by cervical dislocation and legs were removed
to isolate tibia and femur, which were kept in PBS. Bones were cleaned from skin and
muscle with the help of a clean tissue. Epiphysis of the bones was cut with sterile
scissors and bones were flushed with a 5 mL of DMEM through the hole with a 25G
syringe into a non-adherent 6 cm dish. The process was repeated until the bone looks
white and empty. This procedure was repeated for the 4 bones of the same animal. 1
mL of bone marrow-containing medium was added to a non-adherent 15 mm plate
with 40 mL of warm medium (DMEM (2% P/S) + 30-40% L9 cell medium + 20% FBS).

Cells were cultured at 37°C for 6-7 days until confluent.

Isolation of alveolar macrophages (AMs)

AMs were isolated from BAL fluid as previously reported (C. Busch etal., 2019). Briefly,
BAL was extracted from mice (see above) and cells were counted. 3x10°-4 x10° cells
per well were plated into non-treated 6-well plates with 3mL of pre-warmed RPMI
supplemented with 1X glutamine, 1X pyruvate, 1% P/S and 10%FBS. After incubating
the cells for 6-18 h, medium was replaced with fresh medium and recombinant GM-
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CSF was added to the culture at 5 ng/mL. Medium was changed every 2 days
considering that alveolar macrophage culture is 20% in suspension, so cells in the
supernatant were pelleted and fresh medium was used to resuspend them and add
them back to the well. For cell passage, 30-45 min of incubation with Accutase was

used to detach cells.

Isolation of peritoneal macrophages

Mice were euthanized and a small incision was performed in the abdominal skin to
carefully expose the intact peritoneal area. Then, 5 mL of sterile PBS was injected in
the peritoneal cavity using a 21G needle and, after a peritoneal massage, PBS was
recovered with the same syringe. Peritoneal macrophages were isolated from
peritoneal lavage by pelleting the collected PBS at 300xg for 5 min at 4°C. Cells were
seeded onto non-treated 6-well plates with DMEM containing 1% P/S. After 1 h
incubation at 37°C, cells were washed twice with PBS to remove erythrocytes and non-
adherent cells. Then, DMEM containing 20%FBS, 30% L9-cell and 1%P/S was added
to the cells, which were left to proliferate for 2-4 days depending on the starting cell

number.

Isolation of naive CD4* T lymphocytes

For isolation of CD4* T cells, 7-8 weeks-old OT-II-TCR mice were euthanized by CO,
inhalation and spleen and lymph nodes (inguinal, axillar and mesenteric) were
extracted. Samples were maintained all time on ice. Tissues were mashed through a
70 pum strainer with a 10 mL-syringe plunge and loaded into a 50 mL tube using cold
PBS to flush residual material stuck in the strainer. Samples were washed with PBS and
spun 10 min at 350xg. Pellet was resuspended in 1 mL RBC lysis Buffer and incubated
no more than 1-3 min at RT. Reaction was quenched by adding 15 mL of PBS and
filtered through a 40 um strainer. Next, cells were centrifuge 5 min at 350xg. Pellet
was resuspended in 1 mL PBS and cells were counted. At this point, cells can be stored
in liquid nitrogen for future use.

CD4* T cells were isolated from the cell suspension using the Dynabeads Untouched
Mouse CD4 Cells following the manufacturer's instructions. In brief, cells were set to
a dilution of 5x107 cells in 500uL of cold Isolation buffer. Then, 100 ulL of Antibody mix
were added together with 100 puL of FBS. The mix was incubated for 20 min at 4°C and
after that, it was washed with 10 mL of Isolation buffer. The pellet was resuspended in
4 mL of Isolation buffer and 1 mL of clean magnetic beads was added and incubated
for 15 min with gentle tilting. Then, 5 mL of isolation buffer were added and the mix
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was resuspended with a narrow 1 mL tip avoiding foam formation. The mix was
transferred to 2 mL Eppendorf tubes and placed in a magnetic stand for 2 min. After
that, the clear supernatant containing CD4+ T cells was carefully transferred to a new
tube to perform experiments. T cells were cultured in RPMI 1640 supplemented with
10% heat-inactivated FBS, 0.5 mM Sodium Pyruvate, 1X Non-essential amino acids, 2
mM L-glutamine, 1% P/S, 10 mM HEPES and 50 uM B-mercaptoethanol.

Cellular biology

BMDMs stimulation

After 6-7 days of BMDMs differentiation, cells were washed with PBS and 5 mL of fresh
DMEM supplemented with glutamine, P/S and 10% FBS was added to the plates
(starving medium). Cells were collected with the help of a cell scrapper and were
placed in non-treated 6-well plates in the starving medium for 16-18 h to attach
(overnight). After that period, inhibitors were added and left for 2 h before stimulation
with cytokines. Working concentrations of inhibitors and cytokines are described in
Table M3 and Table M4. PH-797804 (PH) was used to inhibit p38a unless otherwise
indicated. Stimulated cells were cultured for 20-24 h until they were collected for
analysis by FACS, RT-gPCR or western blot.

Table M3 |
Cell treatments with inhibitors
Compound Activity Concentration Company Reference
PH-797804 p38a/P inhibitor 2 uM Selleckchem S2726
LY-2228820 p38a/P inhibitor 200 nM MedChem HY-13241
NR-7H (PROTAC) p38a/p degradation 1 uM - -
NR-11C (PROTAC) p38a degradation 1 uM - -
PF-3644022 MK2 inhibitor 10 uM Sigma P70188
SB-747651A MSK1/2 inhibitor 10 uM Axon 1897
Tomivosertib MNK?1/2 inhibitor 10 uM MedChem eFT508
Trichostatin A HDAC inhibitor 20 nM Sigma T1952
5-Aza-2'-deoxycytidine DNA-methylation .
L 10 uM Sigma A3656
inhibitor
Cé46 p300 inhibitor 20 uM Sigma 382113
Nexturastat A HDACS6 inhibitor 5uM Sellekchem S7473
. . Transcription .
Actinomycin D o 5 pg/ml Sigma A1410
inhibitor
) TNFa neutralizing
Anti-TNFo ) 2.5/5uM BIOTECHNE | MAB4101-SP
antibody
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Table M4 |
Cell treatments with cytokines

Cytokine Concentration Company Reference
LPS 100 ng/ml Sigma L3129
TNFa 2 ng/ml eBIOSCIENCE 14-8321-62
GM-CSF 20 ng/ml Peprotech 315-03
IL10 20 ng/ml eBIOSCIENCE 14810162
IL4 10 ng/ml BD pharmingen 550067
TGFpB 5 ng/ml Peprotech 100-21
IFNy 50 ng/ml Peprotech 315-05

BMDMs silencing RNA transfection

BMDMss were electroporated by using the Neon transfection system kit, pipette and
pipette station. After differentiation, BMDMss (20x10°) were resuspended in 100 L
of buffer R (provided in the kit). The cell suspension was mixed with 800 nM of
silencing RNA (siRNA), which were ordered from Silencer Select Pre-designed siRNAs
by Thermofisher and are shown in Table M5. Cells were electroporated with 2 pulses
of 1400V for 20 ms. 2-3x10° cells were transferred into 6 cm plates with pre-warmed
medium (without antibiotics). Cells were left to recover overnight and then were
stimulated as previously described. We observed better recovery when cells were

cultured with Opti-MEM medium after electroporation.

Table M5 |
siRNAs
Sense Antisense Reference
siHDAC6 CAGUGUAUCUGCAUCCGAATT UUCGGAUGCAGAUACACUGAA 4390771
control siRNA Negative control (undisclosed) Negative control (undisclosed) 4390843

Antigen presentation assay

The assay of antigen presentation was optimised for AMs following previously
published protocols (Campisi, 2017).

AMs were isolated from BAL fluid and 4x10* cells were placed in a low-adherent U-
shaped 96-well plate in 40 ul of AM medium without GM-CSF. Cells were left to attach
for 1 h and after that, 50 ug/mL OVA 323-339 was added to the culture with or without
LPS and PH in 60 pl of fresh medium, and AMs were incubated with OVA overnight.
The next morning, CD4* T cells were isolated from fresh or frozen cell suspensions

(see section Cell culture) and stained with Celltrace Violet following the
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manufacturer’s instructions. After that, AM medium was carefully removed from the
wells and 1x10° stained CD4"* T cells were added to the AM culture in 150 pl T cell
medium containing IL-2 at 200 ng/mL. Cells were co-cultured for 7 days adding 25-
50 pl of fresh T-cell medium with IL2 every 3 days. At day 7, the cells in suspension
(mainly T cells) were collected and stained for FACS analysis. As a control, Violet
stained CD4"* T cells were cultured alone in the same plate and in the presence of anti-
CD3 and anti-CD28 at 2 pg/ul to induce proliferation.

Bead phagocytosis assay

BMDMs or AMs were plated in low attachment 12-well plates at around 5x10° cells
per well on medium without L9-cell-conditioned medium or GM-CSF in each case.
Cells were left overnight and the next morning, 4 h prior to adding the beads, PH was
added to the cell medium (if specified) followed by LPS 2 h later. After 2 h of LPS
stimulation, 5x10° fluorescent latex beads were added to the culture and left for
different times. The plate was then placed on ice, and macrophages were washed
thoroughly 3-4 times with ice cold PBS to stop phagocytosis, collected with a cell
scrapper and used for FACS staining and analysis.

Apoptotic cell efferocytosis assay

Efferocytosis assays were devised from previous reports (Kozmar et al., 2010). In short,
Jurkat cells were labelled with Celltrace CFSE following manufacturer’s instructions.
Labelled cells were washed 2 times and resuspended in complete medium at 5x10°
cells/mL containing 40 uM of etoposide and cultured for 16-18 h. Meanwhile, the
culture medium of BMDMs or AMs was changed to medium without L%-cell-
conditioned medium or without GM-CSF, respectively. Next day, when indicated,
macrophages were treated with PH and/or LPS for 4 h and 2 h, respectively, prior to
the addition of Jurkat cells. Then, apoptotic Jurkat cells were washed twice with PBS,
and 1.5x10% cells were added to 5x10° macrophages. After incubation for the
indicated times, cells were collected with a cell scrapper and stained for FACS

analysis.

mRNA decay assay with Actinomycin D

BMDMs were starved overnight from L9-cell-conditioned medium and PH and LPS
were added to the culture as reported above. After 16 h of LPS treatment,
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macrophages were treated with actinomycin D (ActD) at 20 ng/mL for the indicated

times before collection in Trizol for RNA extraction.

Flow cytometry

Preparation of single cell suspensions for flow cytometry

Lungs with or without tumors were collected and were finely minced with the help of
a scalpel. The tissue was enzymatically digested in 10 mL of protein-free DMEM
containing 1 mg/mL Collagenase A (Roche), 0.2 mg/mL Dispase Il (Sigma) and 0.2
mg/mL DNAse | (Roche), during 25 min at 37°C with rotation. The enzymatic reaction
was quenched by the addition of 30 mL of ice-cold 10% heat-inactivated fetal bovine
serum DMEM (10% HI-FBS DMEM). Cell suspension was filtered through a 70 um cell
strainer (BD) and the remaining pieces of tissue were smashed against the filter with
the help of a 1 mL syringe plunge. The filter was washed with 10 mL of ice-cold 10%
HI-FBS DMEM and the cells were pelleted at 280xg for 5 min at 4°C. Lysis of
erythrocytes was performed in Red Cell Lysis Buffer during 4 min at RT and
immediately washed with ice-cold 10% HI-FBS DMEM. After filtration through a 70 pm
cell strainer and centrifugation, cells were resuspended in ice-cold PBS or FACS Buffer
(1 mM EDTA, 4% FBS in PBS), depending on the FACS staining protocol.

Alveolar macrophages from BAL fluid and peritoneal macrophages from peritoneal
lavage were centrifuged and haemolysis with Red blood cell lysis Buffer was
performed for maximum 2 min at RT if the pellet was very red. After quenching the
reaction and washing with PBS (if haemolysis was performed), cells were resuspended
in FACS Buffer or PBS, depending on the FACS staining protocol.

Flow cytometry analysis of immune cell populations

Prior to surface staining with the conjugated antibodies, cells were incubated 20 min
at 4° in the presence of anti-CD16/CD32 to block Fc receptor with or without
Live/Dead Fixable cell dead stain kit, depending on the panel. This incubation was
done in PBS buffer if Live/Dead Fixable cell dead stain kit was used or in FACS buffer
otherwise. Cells were then centrifuged and the mix of conjugated antibodies was
added and incubated during 20-30 min at 4° in the dark. Antibodies are detailed in
Table M6, and the combination of antibody panels are described in Table M7. If no
intracellular staining was needed, cells were washed once with FACS buffer and
resuspended in FACS buffer with or without DAPI depending on the panel.

99



100

For intracellular staining, membrane-stained cells were washed with PBS and then
were incubated with a fixing solution of PBS + 4% Paraformaldehide (PFA) for 20 min
in the dark at RT. Samples were spun at 350xg for 5 min and the supernatant was
discarded. Cells were resuspended in 200 pl of permeabilization solution (PBD + 0,5%
Tween and 1% BSA) and centrifugued at 350xg for 5 min. This process was repeated
twice. Next, samples were resuspended in permeabilization solution with the
intracellular antibodies and incubated for 20 min in the dark. Samples were washed
twice with permeabilization solution and finally resuspended in FACS Buffer for
analysis.

For T reg intracellular staining, the FOXP3 Transcription Factor staining buffer kit was
used following the Manufacturer’s instructions.

Flow cytometry analysis and cell separation were performed in a Beckman Gallios
Flow Cytometer or in a Beckton Dickinson FACS Aria Fusion flow cytometer. Data was
analysed using the FlowJo software. Immune cell populations were defined as
described in Table M8.

Table M6 |
FACS antibodies

Antibody Company Reference Clone
MHCII PECY7 Invitrogen 25-5321-82 M5/114.15.2
F4/80 FITC Invitrogen 11-4801-82 BM8
CD11C BV785 BioLegend 117336 N418
F4/80 PE BioLegend 123109 BM8
SIGLECF PERCP-CY5.5 BD-Bioscience 565526 E50-2440
CD11B BV711 BioLegend 101241 M1/70
CD45-BV510 BD-Bioscience 563891 30-F11
LY-6C FITC BD-Bioscience 561085 AL-21
LY-6G APC Cy7 BD-Bioscience 560600 1A8
I-A/I-E APC BioLegend 107613 M5/114.15.2
CD3 PERCP-CY5.5 BioLegend 100327 145-2C11
CD19 BV711 BioLegend 115555 6D5
CD4 FITC Invitrogen 11-0041-81 GK1.5
CD8a APC Invitrogen 17-0081-82 53-6.7
CD44 BV711 BioLegend 103057 IM7
CDé62L PE-CY7 BioLegend 104417 MEL-14
FOXP3 PE Invitrogen 12-5773-80 FJK-16S
CD69 PE BioLegend 104507 H1.2F3
CD25 APC-CY7 BioLegend 101917 3C7
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MHCI APC Invitrogen 17-5958-80 AF6-88.5.5.3
CD103-BV421 BioLegend 121421 2E7
NK1.1-BV421 BD-Bioscience 562921 PK136
CD16/CD32 eBioscience 16-0161-85 93
CD4 APC Invitrogen 17-0041-81 GK1.5
Table M7 |
FACS antibody panels
Panel Antibodies Life/Dead
MHCII panel MHCII-PE-Cy7, F4/80-FITC, (MHCI-APC) Aqua Life/Dead
staining kit
CD45-BV510, CD11b-BV711, CD11¢-BV785, F4/80-PE,
Myeloid cells Ly6C-FITC, Ly6G- APC-Cy7, I-A/I-E-APC, CD103-BV421, DAPI

SiglecF-PerCP-Cy5.5 (only lung)

Lymphoid cells

CD45-BV510, CD3-PerCP-Cy5.5, CD19-BV711, CD4-FITC,
CD8a-APC, NK1.1-BV421, MHCII-PE-Cy7

DAPI

T cell activation

CD45-BV510, CD3-PerCP-Cy5.5, CD4-FITC, CD8a-APC,

Yellow Life/Dead

CD44-BV711, CD62L-PE-Cy7 staining kit
. CD45-BV510, CD11b-BV711, CD11c-BV785, F4/80-PE,
Myeloid cells from .
SiglecF-PerCP-Cy5.5, Ly6C-FITC, Ly6G- APC-Cy7, I-A/I-E- DAPI

BAL

APC

Regulatory T cells

CD45-BV510, CD3-PerCP-Cy5.5, CD4-FITC, CD8a-APC,

Yellow Life/Dead

FoxP3-PE staining kit

T cells for ) Yellow Life/Dead
. . CD4-APC, CD69-PE, CD25-APC-Cy7, Celltrace Violet o .
proliferation assay staining kit

Table M8 |

Cell population definition

Myeloid cells

CD45+, total CD11b+ and/or CD11c+ cells

Alveolar macrophages

CD45+, CD11c+, F4/80+, CD11b low, Ly6C/G-, CD103-, SiglecF+

Neutrophils

MHCII-

CD45+, CD11c-, F4/80-, CD11b+, Ly6Cmed, Ly6G+, CD103-, SiglecF-,

Dendritic Cells

CD45+, CD11c+, F4/80+, CD11b-, Ly6C/G-, SiglecF-, MHCII+

CD103+ DC

CD45+, CD11c+, F4/80-, CD11b-, Ly6C/G-, CD103+, SiglecF-, MHCII+

CD11b+ DC

CD45+, CD11c+, F4/80-, CD11b+, Ly6C/G-, CD103-, SiglecF-, MHCII+

Ly6C low monocytes

CD45+, CD11c-, F4/80+, CD11b+, Ly6Clow, Ly6G-, CD103-, SiglecF-

Ly6C high monocytes

low or high

CD45+, CD11c-, F4/80+, CD11b+, Ly6Chigh, Ly6G-, CD103-, SiglecF-, MHCI|

Interstitial macrophages

CD45+, CD11c-, F4/80+, CD11b+, Ly6Clow, Ly6G-, CD103-, SiglecF-, MHCII

high
. . CD45+, CD11c-, F4/80+, CD11b+, Ly6Clow, Ly6G-, CD103-, SiglecF+,
Eosinophils )
MHCII-, SSC high
CD8 T cells CD45+, class Il MHC -, CD19-, NK1.1-, CD3+, CD4-, CD8+
CD4 T cells CD45+, class Il MHC -, CD19-, NK1.1-, CD3+, CD4+, CD8-
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NK cells CD45+, class Il MHC -, CD19-, NK1.1+, CD3-, CD4-, CD8-

B cells CD45+, class Il MHC +, CD19+

Effector T cells CD45+, CD3+, CD4/CD8+, CD44+, CD62L-
Central Memory T cells CD45+, CD3+, CD4/CD8+, CD44+, CD62L+
Naive T cells CD45+, CD3+, CD4/CD8+, CD44-, CD62L+
Regulatory T cells CD45+, CD3+, CD4+, CD8-, FoxP3+

Peritoneal macrophages

, F4/80+
(peritoneal lavage)
T cells (blood) CD45+, CD3+
B cells (blood) CD45+, CD19+

RNA-Seq of alveolar macrophages

Sample collection and RNA isolation

For this experiment, we used mice with and without lung metastasis. Mice with
metastasis were left for 11 days after B16/F10 cell inoculation. We used 4 mice per
condition divided and pooled into 2 biological replicates of each condition. AMs were
extracted from BAL, pelleted at 350xg for 5 min at 4°C and the pellet was resuspended
in 350 pl of Trizol. RNA isolation was performed with the PureLink RNA minikit. Total
RNA extractions were quantified with the Qubit RNA Hs Assay kit (Invitrogen), and
RNA integrity assessed with the Bioanalyzer 2100 RNA Pico assay (Agilent).

Library preparation and sequencing

Libraries for RNA-seq were prepared at IRB Barcelona Functional Genomics Core
Facility. Briefly, mRNA was isolated from 140 ng of total RNA using the kit NEBNext
Poly(A) mRNA Magnetic Isolation Module (New England Biolabs). Libraries for RNA-
seq were prepared from the purified mRNA using the NEBNext Ultra I| RNA Library
Prep Kit for Illumina (New England Biolabs). Twelve cycles of PCR amplification were
applied to all libraries. The final libraries were quantified using the Qubit dsDNA HS
assay (Invitrogen) and quality controlled with the Bioanalyzer 2100 DNA HS assay
(Agilent). An equimolar pool was prepared with the nine libraries and submitted for
sequencing at the Centre for Genomic Regulation (Barcelona). A final gPCR quality
control was performed before sequencing in one lane of an Illumina HiSeq2500.
Sequencing output was 294 Million 50-bp single-end reads and a minimum of 29

million reads were obtained for all libraries.

Bioinformatics analysis of RNA-Seq
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Bioinformatics analyses were performed by the Biostatistics/Bioinformatics Facility at
the IRB Barcelona. In brief, RNA-seq was used to compare WT and p38aKO mice in
healthy and metastatic lungs. RNA-seq reads were aligned to the mouse genome
version mm10 using STAR (v.2.5.2b) (Dobin et al., 2013). SAM files were converted to
BAM files and sorted using sambamba (v0.7.1) (Tarasov et al., 2015). The count matrix
was generated with Rsubread with the built-in annotation for mm10 (Liao et al., 2019).
DESEg2 (v1.30.1) was used for differential expression analysis with fold change
shrinkage as implemented in the IfcShrink function (Love et al., 2014). Functional
enrichment analysis was performed over gene sets defined in the Molecular
Signatures Database (MSigDB) hallmark gene set collection, Gene Ontology
database, and KEGG. The rotation-based approach for enrichment implemented in
the R package limma was used to represent the null distribution (D. Wu et al., 2010).
The max-mean enrichment statistic, under restandardization, was considered for
competitive testing (Efron & Tibshirani, 2007).

For Venn diagram, Biovenn online tool was used (Hulsen et al., 2008).

sc-RNA-Seq of CD45* cells

Sample collection

We used a pool of 4 mice for each genotype in tumor-free conditions (1 replicate of
each condition), and 2 pools of 2 mice of each genotype in the case of animals with
lung metastasis (2 replicates of each condition). Mice with metastasis were left for 11
days after B16/F10 cell inoculation. Lungs were collected as described before and

CD45* cells were sorted using an Aria Sorter.

Single cell and library preparation

The cell suspensions for single-cell transcriptome analysis were processed at IRB
Barcelona Functional Genomics Core Facility. Briefly, the cell concentration of each
sample was adjusted to approximately 1,000 cells/ul. Cell partition into GEMs was
performed using Chip G and the 3' v3.1 chemistry (10X Genomics). Barcoded cDNA
was amplified for eleven cycles, quantified, and quality controlled on the Bioanalyzer
2100 using a high sensitivity DNA assay (Agilent). Libraries were generated using only
10 pl (25%) of the total cDNA (40 pl), strictly following the manufacturer instructions.
13 amplification cycles were performed for each library. Purified libraries were quality

103



104

controlled on the Bioanalyzer 2100 and quantified. A 20 nM equimolar pool was
prepared and a final gPCR validated libraries before cluster generation. lllumina
sequencing was performed at CNAG using a NovaSeqé000 S2 with an asymmetric
strategy (28+90) to reach 150 Gbp. Sequencing output was 1,589 million paired-end
reads and a minimum of 233 million reads were obtained for all libraries.

Bioinformatics analysis of sc-RNA-Seq

Bioinformatics analysis were performed by the Biostatistics/Bioinformatics Facility at
the IRB Barcelona. Briefly, Chromium single cell RNA sequencing reads were aligned
to the reference transcriptome (refdata-gex-mm10-2020-A) with CellRanger (v4.0.0)
(G.X.Y.Zhengetal., 2017). The count utility was used with default options to quantify
gene expression. The subsequent processing steps and analysis were performed with
Seurat package (v4.0.3) (Butler et al., 2018; Hao et al., 2021; Satija et al., 2015; Stuart
et al., 2019). Cells having <20% mitochondrial read content and >500 UMIs were
considered for downstream analyses. Ribosomal reads were removed. The
proportion of mitochondrial reads was regressed out during the normalization and
variance stabilization of raw counts, which was performed with the sctransform
method (Hafemeister & Satija, 2019). SCT transformed counts were further imputed
and smoothed with MAGIC (v.2.0.3) (van Dijk et al., 2018). Cell types were annotated
with singleR using as reference the InmGen expression dataset from celldex (Aran et
al., 2019). The mitochondrial and UMI content thresholds were manually refined by
inspecting their distribution in each cell type. A threshold of 1000 UMIs was set for
Neutrophils, T cells, NK cells, B cells, ILC, NKT, Endothelial cells, Tgd, proB cells,
Basophils, Stromal cells and Eosinophils. A threshold of 1500, 2000, 3000, 4000, and
4500 was set for Monocytes, Mast cells, Macrophages, Fibroblasts, and DCs,
respectively. A threshold of 5000 was set for Stem cells and Epithelial cells. As for the
mitochondrial content, the threshold ranged from 10 to 20% for all cell types. Cells
that passed this filtering step were renormalized, imputed/smoothed with MAGIC and
classified again with singleR. The first 10 principal components were used to obtain
the Uniform Manifold Approximation and Projection (UMAP) for visualization
purposes. Cells were assigned to clusters using FindClusters Seurat function
(resolution = 1.2). A focused analysis was performed on the lymphoid and myeloid
lineages separately. The expression of marker gene signatures from Hurskainen et al.
was summarized by taking the average MAGIC score of its constituent genes and then
used to refine the cell type annotation manually (Hurskainen et al., 2021).
Pseudobulk differential expression analysis was performed for each cell type using
DESEQ2 with IfcShrink fold change shrinkage, as described above (Love et al., 2014).

Functional enrichment analysis was performed over gene sets defined in
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the Molecular Signatures Database (MSigDB) hallmark gene set collection, Gene
Ontology database, and KEGG. The rotation-based approach for enrichment
implemented in the R package limma was used to represent the null distribution (D.
Wu et al., 2010). The max-mean enrichment statistic, under restandardization, was
considered for competitive testing (Efron & Tibshirani, 2007).

Molecular biology
Gene expression analysis by RT-qPCR

RNA extraction

Cells were washed with PBS, resuspended in 500 pl Trizol and placed in a 1.5 mL
Eppendorf tube, whereas tissue samples were homogenized using a Percellys
instrument. 100 pl of chloroform were added and tubes were centrifuged at 15000xg
at RT for 10 min. From the two liquid phases generated, the fraction with less density
was transferred into new tubes. After adding 200 ul of 70% ethanol, the RNA
extraction was followed using the Purelink RNA mini kit. DNAse treatment was
performed using on-column DNase treatment following manufacturer’s instructions.
RNA purity and concentration were determined by measuring absorbance at 260 nM
and 280 nM using a NanoDrop 2000 spectrophotometer (Thermo Scientific).

Synthesis of cDNA

cDNA was obtained from 150 ng to 1 pg of purified RNA. First, RNA was incubated
with random primers and dNTP at 65°C for 5 min and ramped down to 4°C in a
BioRAD. Samples were put on ice and a mixture of RNAsin and SuperScript IV reverse
transcriptase was added. Retrotranscription PCR was run with the following PCR
program: 23°C for 10 min, 55°C for 10 min and 80°C for 10 min. Samples were stored
for a maximum of 1 week at 4°C or for longer at -20°C.

RT-gPCR

3-15 ng of cDNA were mixed with 5 pl of SYBR green, 0.25 ul of each primer and up
to 10 pl of ddH20. Primers are described in Table M9. For pre-mRNA analysis, primers
were designed within the intron-exon junction using the USCS database (Zeisel et al.,
2013).The mix was incubated in a Quanté Flex (Thermofisher) with the following PCR
program: an initial step of 50°C for 2 min and 95°C for 10 min; 40 cycles of 95°C for
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15 sec and 60°C for 1 min; and a final step of 95°C for 15 sec, 60°C for 1 min and 95°C

for 15 sec.

Samples were analysed in triplicates and normalized to HPRT, GAPDH and/or beta-
Actin housekeeping genes. Analysis was done using the ACt method.
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Table M9 |
Primers for RT-qPCR
Gene FW RV
GAPDH GGCCCGGAGTCTTAAGTATTAG GGGCGCGAAAGTAAAGAAAG
HTRP GAGAGCGTTGGGCTTACCTC ATCGCTAATCACGACGCTGG
CIITA E16-18 (total) TGCGTGTGATGGATGTCCAG CCAAAGGGGATAGTGGGTGTC
CIITA-pl ACAGGGACCATGGAGACCATAG GGGTCGGCATCACTGTTAAGG
CIITA-plll GCCGGAGTTGCAAGACCATAG GGGTCGGCATCACTGTTAAGG
ClITA-pIV GAGACTGCATGCAGGCAGCAC GGGTCGGCATCACTGTTAAGG
H2-Aa TGCTTCCTGAGTTTGGCCAA GGAACACAGTCGCTTGAGGA
H2-Ab ACAGCTTATTAGGAATGGGGACT CACGGTGATGGGACTCTTCA
H2-Eb TGTCACGGTCGAGTGGAAAG AAGTAGATGAACAGCCCCGC
Pre-CIITA ex2 CTCTCTGCCTTTGCCTACCA GAGATCCCAGATCCATGGTG
p38a EX2 GCATCGTGTGGCAGTTAAGA GTCCTTTTGGCGTGAATGAT
p38a EX12 GCCCTCCCTCACTTCAGGAG TGTGCTCGGCACTGGAGACC
TNFa CCAGACCCTCACACTCAGATC CACTTGGTGGTTTGCTACGAC
CD74 TTGCTGATGCGTCCAATGTC GGGTCATGTTGCCGTACTTG
HDAC6 CCCAATCTAGCGGAGGTAAAG CACTCTTGTCTCAGGGTTCAG
Colec12 GCCAACAATGACACCCTAGA GGCCTGTGAGATAGTGGTAATG
MARCO CCAGTGCCCAAGAAGAGAAA TGCTCCTGCAGATTGAGAAC
CD36 CTGGGACCATTGGTGATGAAA CACCACTCCAATCCCAAGTAAG
FABP4 GCAGAAGTGGGATGGAAAGT GTGGAAGTCACGCCTTTCATA
ccLy CCCTCTCCTTCCTCATTCTTACA AGTCTTGAAAGCCCATGTGAAA
CCR2 TAACTGTGTGATTGACAAGCACT TGGAGAGATACCTTCGGAACTT
CXCL1 GCCAATGAGCTGCGCTGT CCTTCAAGCTGTCCATGTTCTTG
CXCL2 GCTGTCAATGCCCTGAAGACCCTGC GTACGATCCAGGCTTCCCGGGTG
IFNy CCTTCTTCAGCAACAGCAAGGC GGGTTGTTGACCTCAAACTTGGC
IL10 TTTCAATTCCCTGGGTGAGAA CTCCACTGCCTTGCTCTTATTTTC
IL12B (p40) GGAAGCACGGCAGCAGAATA AACTTGAGGGAGAAGRAGGAARGG
IL18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA
IL1B GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
IL6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA
TGFB CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG
DUSP1 GCTATTGACTTCATAGACT TCTGCTTCACAAACTCAAAG
MKK6 GACCAGTTCCACGCCGCCTC CGTCGCCCTCCCGGAAGAGT
CXCL12 TGCATCAGTGACGGTAAACCA TTCTTCAGCCGTGCAACAATC
p15 (Cdkn2b) AATCCAGGTCATGATGATGGG GTGCACAGGTCTGGTAAGG
p21 (Cdkn1a) CGTGGACAGTGAGCAGTT GTCTCCGTGACGAAGTCAAA
p16ink4 ATGGAGTCCGCTGCAGACAG ATCGGGGTACGACCGAAAG
p19arf GGGTCGCAGGTTCTTGGTC GTGCGGCCCTCTTCTCAA
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mAct * GATCTGGCTTTCCGGCTATT CCCTATTTGTGTGGCCTCTT
mGAPDH * GGCCCGGAGTCTTAAGTATTAG GGGCGCGAAAGTAAAGAAAG
16S * AGAGTTTGATCCTGGCTCAG GWATTACCGCGGCKGCTG

* Primers for genomic DNA

Protein analysis by western blot

Tissue and cell lysis for protein extraction

From tissue samples

A piece of snap frozen tissue was collected in a tube and 3 lysis balls were added
together with 250-300 ul of RIPA Buffer (1% NP40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris-HCI, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 20 mM sodium
fluoride, T mM PMSF, 1 mM sodium orthovanadate, 2.5 mM benzamidine, 10 pg/mL
pepstatin A, 1 uM mycrocystin, 10 pg/mL leupeptin and 10 pg/mL aprotinin). Tissue
was homogenized (Precellys 24 Tissue Homogenizer) and sample was transferred to
a 1.5mL Eppendorf and kept on ice.

From cultured cells

Adherent cells on plates were washed twice with PBS and placed on ice. RIPA buffer

was added and cells were collected using a scraper maintaining the plates on ice.

Protein extraction and quantification

Collected samples were incubated on ice for 10 min and, if indicated, they were
sonicated to remove remaining membrane lipids. Next, the lysate was spun at
maximum speed for 15 min at 4°C, and the supernatant was collected and either kept
at -80°C or used for protein quantification. If the lysate was used for
immunoprecipitation (IP), the same procedure was done using IP buffer (10 mM
Tris/Cl pH7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% Nonidet P40 Substitute) instead of
RIPA buffer.

Protein concentration was estimated using the RC DC protein assay kit |. 2 pl of protein
sample was mixed with 25 pl of freshly prepared working reagent A (10 pl of Protein
Assay Reagent S and 490 pl of Reagent A). Then, 200 pl of Protein Assay reagent C
was added and the solution was incubated for 5 min at RT. Absorbance at 750 nm was
measured using a spectrophotometer (BioTek, FLx800) and concentrations were
calculated using a BSA standard curve, which was prepared and quantified in every

experiment.
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Protein detection by western blot

Loading buffer was added to the quantified samples, which were boiled for 5 min at
95°C. Proteins (15-40 pg) were separated by SDS-PAGE using 8%, 10%, 12% Laemmli
gels, depending on the molecular weight of the proteins. After electrophoresis,
proteins were transferred from the polyacrylamide gel to a nitrocellulose membrane
using a wet transfer system (Bio-Rad). Ponceau Red was used to reversibly stain
proteins in order to check transfer quality and was then washed out with dH20O. The
membrane was blocked for 1 h with 5% non-fat milk in PBS+0.01% Tween at RT.
Primary antibody was diluted with 5% BSA in PBS-0.01% Tween and incubated
overnight at 4°C. Membranes were washed three times in PBS+0.01% Tween and
incubated for 1 h at RT with the secondary antibody diluted in the same buffer
containing 5% non-fat milk. Finally, membranes were washed three times with
PBS+0.01% Tween. Proteins were detected using the Odyssey Infrared Imageing
System. The antibodies used for western blot are indicated in Table M10.

MK?2 immunoprecipitation (IP)

For MK2 IP, the MK2-Trap Agarose kit was used following the user’s guide. In brief,
BMDMs were cultured in 15 cm plates and treated with PH and LPS stimulated for 24
h as usual. Cells were lysed with IP buffer supplemented with protease inhibitor
cocktail and 1 mM PMSF. The lysis suspension was sonicated with 4 pulses of 10 sec
each with pauses of 5 sec. Tubes were placed on ice for 30 min. Next, samples were
centrifuged at 17.000xg for 10 min at 4°C and transferred to a new tube with 300 pL
of Dilution Buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA) supplemented
with 1 mM PMSF and protease inhibitor cocktail. 50 uL of diluted lysate were kept as
input fraction. The diluted lysate was resuspended with 50 pl of equilibrated MK2-
beads or control-beads and left on rotation overnight at 4°. Next day, samples were
washed as stated in the kit's instructions, and finally resuspended in 30-50 pL of SDS-
sample buffer and boiled for 5 min at 95°C. Beads were sedimented by centrifugation
at 2500xg for 2 min at 4°C and samples were run in a NuPAGE 3-8% Tris-Acetate
gradient gel.



MATERIALS AND METHODS

Table M10 |
Western blot antibodies
Antibody Species Company Reference
p38a Mouse Santa Cruz SC81621
Tubulin Mouse Sigma 79026
p-MK2 (T334) Rabbit Cell Signalling 3007S
p-Stat1 (Ser727) Rabbit Cell Signalling 8826S
acetyl-o-Tubulin (Lys40) Rabbit Cell Signalling 5335T
HDAC6 Rabbit Cell Signalling 7612S
acetyl-H3K9 Rabbit Cell Signalling 9649T
MK2 Rabbit Cell Signalling 3042
p-p38 (T180-Y182) Rabbit Cell Signalling 4631S
p-CREB (5133) Mouse Cell Signalling 9196S
p-elF4E (5209) Rabbit Cell Signalling 9741S

Statistical analysis

All statistical analyses were performed using GraphPad Prism 9 software. Data is
presented as mean =standard error of the mean (SEM) unless otherwise indicated.
Statistical significance was determined by the Student’s test for comparison of two
groups. P-value (pval) was calculated and pval<0.05 was considered to be statistically
significant. Pval is expressed in numbers or as *(pval < 0.05), **(pval < 0.01 and)
***(pval < 0.001).
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Commercial reagents and kits

Table M11 |
Reagent Company Reference

10% buffered formalin Sigma HT501128
Acrylamide 40% 29:1 BioRad 161-0146
Anti-CD28 BD Biosciences 553295
Anti-CD3 BD Biosciences 553058
Anti-PD1 BIOXCEL BE0146
APS Sigma A3678
B-mercaptoethanol Sigma M7154
BSA Sigma A7906
Ceftriaxone disodium salt Sigma C5793
Cell trace CFSE Cell proliferation kit Invitrogen C34554
Celltrace Violet Cell proliferation kit Invitrogen C34557
Chloroform Merck 1024451000
Clodronate liposomes Liposoma B.V. C-005
Collagenase A Roche 20810727
Complete protease inhibitors Roche 11873580001
Control agarose beads Chromotek Bab-20
Corn oil Sigma C8267
Countbright absolute conting beads INVITROGEN C36950
Dextran sodium sulfate (DSS) MP Biochemicals 160110
Diaminobenzidine Dako K346811
Dispase Il Sigma D4693
DMEM Sigma 5796
DMSO Sigma D8418
DNAse Sigma D4513
dNTPs ThermoFisher RO192
DPX mounting media Leica 3808600E
DTT GE Healthcare 17-1318-02
Dynabeads Untouched Mouse CD4 Cells Invitrogen 11415D
EDTA Sigma E46758
EGTA Sigma E4378
Ethanol Panreac 1410861214
FBS ThermoFisher E6541L
Fludarabine (NSC 118218) 10mg Sellekchem S1491
FOXP3/Transcription factor Staining Buffer Kit | eBIOSCIENCE 00-5523-00
Glutamine LabClinics M11-004
Latex beads fluorescent yellow-green Sigma L4530
MEM Non-essential aminoacids 100X Gibco 11140-035




Methanol Panreac 1310911214
MK2-TRAP AGAROSE Chromotek mta
Nanodrop 2000 Spectrophotometer Thermo Scientific
Neon Transfection system kit ThermoFisher MPK10025
Nitrocellulose membrane 0.2 mm GE Healthcare 10600002
NP40 AppliChem A16960250
NuPAGE 3-8% Tris-Acetate gradient gel INVITROGEN EA0378BOX
Optimem Gibco 31985-070
OVA 323-339 Invivogen vac-isq
Paraformaldehyde 16% Electron Microscopy 15710
Sciences
Pepstatin A Sigma P4265
Peroxidase blocking buffer Dako 52023
Ponceau Red Sigma P3504
Proteinase K Roche 3115852001
PureLink on column DNAse Invitrogen 121-85-010
PureLink RNA mini kit INVITROGEN 12183018A
PureProteome Magnetic stand (8well) Millipore LSKMAGS08
Random primers Invitrogen 48190-011
RC DC Protein Assay Kit | Dako 52023
Recombinant murine IL-2 Peprotech 212-12
Rnase A Roche 10109142001
RNAsin 2500U Promega N211
RPMI 1640 Sigma-Aldrich R8758
SDS Sigma 71725
Shielded |.V Catheter 24G BD 381811
siRNA HDAC6 s67425 Thermofisher 4390771
Sodium citrate MERK 1064485000
Sodium pyruvate Sigma-Aldrich P2256
Stem Pro Accutase Thermofisher A1110501
Superfrost glass slides VWR J1800AMNZ
Superscript |V reverse transcriptase Invitrogen 18090010
SYBR Select master mix ThermoFisher 4472942
TEMED Sigma T9281
Trizol ThermoFisher 15596026
Ultracomp eBEADS INVITROGEN 01-2222-42
Vacuum filter Stericup QuickRelease Millipore | Merck S2GPUOSRE

express 0,22um 500ml

MATERIALS AND METHODS
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RESULTS

SECTION 1

Myeloid p38« in melanoma and lung
metastasis

Myeloid cells are important players in the immunosuppressive response of tumors. In
this project, we have studied whether the kinase p38a in myeloid cells participates in
the process of tumor immunosuppression. To address this, we have used a LysM®"
model crossed with a p38a™ strain, in which the exons 2 and 3 of the MAPK14 gene
encoding p38a are flanked by loxp sites, from now on referred to as p38aA* (Figure
R1A). Lysozyme M or LysM is an enzyme that is expressed mainly in some cells of the
myeloid lineage (Abram et al., 2014). The deletion of p38a was double-checked in
each experiment by PCR in newborn mice and by western blot of p38a in peritoneal
macrophages at the end of each experiment (Figure R1B).

Primary melanoma growth is unaffected by myeloid p38a

We first studied whether myeloid p38a could be involved in the development of
melanoma, a highly immunogenic type of cancer. Immunotherapies are extensively
used to treat these tumors, but patients develop resistance due to a certain degree of
immunosuppression. We explored whether the inhibition of p38a in myeloid cells
could be beneficial to overcome immunosuppression and ameliorate the response to
therapies. To this end, we used B16/F10 cells to study primary melanoma growth in
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mice. The B16/F10 cell line is widely used as a model of metastatic melanoma in
immune-oncology studies (Nakamura et al., 2002). We monitored the growth of
subcutaneous tumors in WT and p38aAY* mice. However, we observed no differences
in tumor growth between these two groups (Figure R2A), thereby indicating that
myeloid p38a. is not involved in primary melanoma tumor formation in mice. We also
wondered whether p38a inhibition could boost the effect of the immunotherapy
treatment. To this end, we induced subcutaneous B16/F10 tumors in WT mice and
treated them with the checkpoint inhibitor anti-PD1, combined with or without the
p38a inhibitor PH-797804. Our results showed that the anti-PD1 treatment effectively
maintained the tumors smaller than those in mice treated with vehicle. However, we
p38a inhibitor had no effect nor did it boost the effect of anti-PD1 therapy (Figure
R2B).

We conclude that myeloid-specific deletion of p38a or systemic inhibition of p38a has
no effect on the development of primary melanoma tumors and does not boost the

effect of anti-PD1 therapy.

Lung metastasis is affected in myeloid specific p38a
deletion

It has been reported that primary tumors can release molecular factors that can
prepare the metastatic niche prior to the metastasis, the lung being one of the most
frequent sites of metastasis (Obenauf & Massagué, 2015). Previous studies on pre-
metastatic niche formation have reported the importance of myeloid cells in this
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process, given their immunosuppressive capacity (Gabrilovich et al., 2012; Hanahan
& Coussens, 2012). To study the effect of myeloid p38a on metastatic melanoma, we
first used a spontaneous metastasis model by resectioning primary B16/F10
subcutaneous tumors when they reached 100-200 mm?. We left the animals for up to
40 days and carefully analysed the lungs, lymph nodes, kidneys, liver and spleen for
the presence of metastasis. However, we did not observe metastasis in any of these
organs. We therefore decided to use the melanoma metastatic cell line B16-F10 and
generated experimental lung metastasis by intravenous tail vein injection in WT and
p38aAD animals. Mice were left 21 days for lung metastasis to form (Figure R3A). We
observed a reduction of the metastatic burden in p38aAY* mice, pointing at the
contribution of myeloid p38a in the formation of lung metastasis (Figure R3B-C). Of
note, 5 WT animals died before day 21, possibly due to a high lung metastatic burden,
and thus further pointing to the protective role of myeloid p38a deletion. Curiously,
this reduction in lung metastasis was not observed in p38aAY* males, thus we used
female mice for the further characterization of the function of myeloid p38a. in lung

tumorigenesis.

Next, we addressed whether changes in the recruitment of immune cell populations
or changes in myeloid or lymphoid cell proportions could be responsible for the
reduced lung metastasis in the p38aAY* mice. We performed FACS analysis of the
immune cell populations from both WT and p38aAY* animals using either lungs with
metastasis or lungs in basal conditions. We optimized a FACS panel of antibodies,

which allowed us to classify the vast majority of immune cell populations of this organ.
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RESULTS

The myeloid cell populations analysed included alveolar macrophages (AMs),
peritoneal macrophages, CD11b+ and CD103+ DCs, inflammatory monocytes and
circulating monocytes, eosinophils and neutrophils. The lymphoid cell populations
include CD4" and CD8* T cells, NK cells and B cells. No significant differences in terms
of frequencies in the myeloid populations were observed between WT and p38aAbs
mice, thereby indicating that the deletion of p38a in myeloid cells does not affect the
proportions of any particular myeloid population in the lungs, either in basal
conditions or in tumors (Figure R4A). Similar observations were seen in cells from the
lymphoid lineage, where frequencies were very similar between genotypes, except
for a slight but not significant increase in B cells only in basal conditions in p38aAb®
mice (Figure R4B). These results were confirmed with cell count analysis, which
revealed very similar total cell numbers between WT and p38aAb* animals with lung
metastasis (Figure 4RC-D). This indicates that the observed reduction in lung
metastasis is probably due to the effect of p38a deletion on the functional capacities
of myeloid cells rather than on their ability to recruit or somewhat change the immune

cell populations in the lungs.

We next addressed whether the deletion of p38a in myeloid cells could change the
activation profiles of the T lymphocytes. To this end, we used FACS to analyse the
naive, effector and central memory T cells using the markers CD44 and CD62L. We
observed a significant increase both in effector CD8* and CD4* T cells in the p38aAY*
animals, both in basal and in tumor conditions (Figure R5A). This is a relevant finding
as effector CD4* and CD8* cells are the main anti-tumoral cells in the tumor
microenvironment that cause tumor cell death. These observations support that
although immune cell proportions do not differ between p38aAY* and WT mice, the
activity of T lymphocytes is modified in the p38aAY® mice towards a more anti-tumoral
state, which could ultimately lead to a reduction in lung tumors. Interestingly, this was
also observed in basal conditions, indicating that p38a myeloid deletion also
enhances T cell activation at basal levels. Of interest, the increase of effector cells in
tumors was accompanied by an increase in Regulatory CD4* T cells in the p38aAY®
mice, probably due to a compensatory mechanism to counteract the effector

activation (Figure R5B). These changes point to the involvement of myeloid p38a. in
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the regulation of T cell activation. By keeping T cell activation low, myeloid p38a may

contribute to the immune tolerance of the lungs.

AMs from p38aAlys mice are transcriptionally different

The FACS analysis indicated that immune cell populations were not modified in terms
of numbers in the p38aAb* animals. We next sought to determine whether p38a
deletion induced gene expression changes in myeloid cells that could affect tumor
formation and/or increase T cell effector activity. To this end, we performed a sc-RNA-
Seq analysis of the total immune cell population of the lungs. We induced B16/F10
metastasis in WT and p38aAY* animals and then FACS-sorted the CD45* cell fraction
of the lungs from both tumor-free and tumor-bearing mice. To be able to observe
early changes and to avoid gene expression differences potentially related to the
differential tumour size, we did the analysis at an early stage of the lung metastasis
growth (11 days after cell inoculation). The analysis allowed us to identify up to 16
different cell populations, including AMs, interstitial macrophages, type 1 neutrophils,

type 2 neutrophils, monocytes, type 1 DC, type 2 DC, B cells, pro-B cells, y& T cells,
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NK cells, CD4* T cells, CD8* cells, T-regs and ILC2 (Figure R6A). As expected, we did
not observe particular changes in cell populations, thereby confirming the results
obtained by FACS analysis. However, in terms of transcriptional profile, AMs differed
substantially between genotypes, both with and without tumors (Figure R6B). Gene
expression analysis of the AM subpopulation confirmed these observations. We found
that, in basal conditions, 432 genes were differentially expressed in p38aAYs AMs
compared with WT, while in tumor conditions, 417 genes changed between p38aAY*
and WT AMs. These observations suggest that most of the changes in gene
expression induced by p38a deletion in AMs that affect tumor growth are already
present in basal conditions. Of interest, no significant gene expression differences
were observed in the lymphoid cell populations detected. Therefore, we focused on

the sc-RNA-Seq analysis of the myeloid cell lineage.

Closer analysis by re-clustering the myeloid compartment confirmed that AMs were
the cell population with major transcriptional profile changes in the p38aAY* mice
both in basal and tumor conditions (Figure R6C). Enhanced MKKé expression is a
known readout of p38a deletion in a variety of cells (Ambrosino et al., 2003). Feature
plot representation of MKK6 expression in myeloid cells confirmed that AMs had a
high expression of the gene compared to other myeloid cell populations, such as
neutrophils, monocytes and eosinophils, thereby confirming effective p38a deletion
in AMs (Figure R6D). Furthermore, AMs have been described as myeloid cells that
express high levels of LysM gene (Abram et al., 2014; J. Shi et al., 2018). Also, previous

Cre mouse, whose cells

observations from our lab using a Tomato-EGFP reporter LysM
switch from Tomato to EGFP expression when LysM is expressed, showed that AMs
had around 95% expression of EGFP, followed by 83% in neutrophils, 45% in
monocytes, 30% in DCs and 12% in eosinophils (Rivas et al., unpublished). These
observations support the notion that these AMs are the population with the highest
p38a deletion levels in the p38aAYs mice and hence, they can therefore make an

important contribution to the changes that lead to reduced lung metastasis.
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Crucial AM functions are disrupted in the p38aALlys mice

AMs are tissue resident macrophages that are very abundant in the lungs. Our results
from the sc-RNA-Seq suggested that p38a deletion induces transcriptional changes
compared to the WT. Therefore, we decided to further explore the effects of p38a
deletion specifically in AMs. To mitigate the dropout problem of the sc-RNA-Seq data
and increase gene coverage, we performed a bulk RNA Sequencing (RNA-Seq)
analysis of WT versus p38aALs-derived AMs. We collected AMs from Bronchoalveolar
Lavage (BAL) (Figure R7A) at 11 days after cell inoculation, thus replicating the same
conditions used for the sc-RNA-Seq. FACS analysis confirmed that AMs accounted for
>98% of the cells in BAL fluid both in basal and tumor conditions, demonstrating that
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BAL extraction is a clean way of isolating AMs (Figure R7B). We used RT-gqPCR to check
that p38a was effectively deleted in these cells (Figure R7C).

Similar to what we observed in the sc-RNA-Seq experiment, RNA-Seq showed that
AMs are highly different in terms of gene expression between genotypes (Figure
R7D). Between WT and p38aAY* AMs, a total of 1281 genes changed in basal
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conditions (fold change (FC)>1.5 and false discovery rate (FDR)<0.05). Of these
genes, 740 were upregulated while 541 were downregulated. In AMs from lung
tumors, we found a total of 444 genes were altered between WT and p38aAYs, 317 of
them upregulated and 127 downregulated. The vast majority of the changes in gene
expression observed in the p38aAY® mice with lung metastasis were also present in
basal conditions (Figure R7E). Therefore, tumor formation did not greatly affect the
gene expression of the AMs, as only 22 and 19 genes were found up- and
downregulated, respectively, in AM from lung tumors compared with basal conditions
in the WT and the p38aAY* mice. Moreover, most of these genes were melanocyte-
related genes such as SLC45A2, TYRP1 and melan-A, thereby suggesting the possible
tumor cell phagocytosis by the AMs or the residual presence of B16/F10 cells in the
BAL sample. In any case, the dramatic changes in gene expression observed in
p38aAs AMs highlight the importance of p38a in the homeostasis of this cell

population, which can ultimately determine the growth of the lung tumor.

To study the functional implications of p38a deletion in AMs, we performed gene set
enrichment analysis (GSEA). Curiously, the enriched gene sets in p38aAY* AMs were
very similar between cells coming from lungs with and without tumors. Few changes
were linked to the tumors in the p38aAb* AMs. These comprised mainly a decrease
gene ontology (GO) of complement factors and pyrimidine metabolism, and an
increase in the Wnt signalling pathway (Figure R8A). The most relevant GO terms with
possible implications for tumor formation and lung immunity were found enriched in
p38aA* AMs of both basal and tumor conditions. Amongst these, we identified the
enrichment of GO terms associated with antigen presentation via the major
histocompatibility complex Il (MHCII) as one of the main upregulated pathways. We
also found a decrease in phagocytosis and pattern recognition, and a reduction in
cholesterol and lipid storage. Further analysis of the functional implications of the
dysregulation of these pathways in p38aAY* AMs is described below. Additionally,
HDAC activity was also found upregulated in p38aAY* AMs, thereby pointing to the
increase in general chromatin acetylation as a possible mechanism that affects gene
expression in p38aAY* AMs (Figure R8B).
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Antigen presentation is a crucial process by which professional APCs can activate the
adaptive immunity. The enhanced antigen presentation via MHCIl observed in
p38aAl* AMs could explain the increase in effector CD4* T cells that we observed by
FACS analysis. Specifically, a considerable number of genes involved in antigen
presentation, such as subunits of the MHCII like H2-Eb1, H2-Aa, H2-Ab or CD74,
amongst others, were highly upregulated in p38aAY* AMs (Figure R9A,
Supplementary Table 1). The co-stimulatory molecule CD80 was also upregulated in
tumor conditions together with a downregulation of the checkpoint inhibitor CD274
(PD-L1) in both basal and tumor conditions, thereby pointing at a higher capacity of
these cells to activate the adaptive immune response. Feature plots of some of these
genes in the AM population from the sc-RNA-Seq confirmed their dysregulation
(Figure R10). On the other hand, we found decreased pattern recognition and
phagocytosis in the p38aAb=. These observations would suggest an impaired capacity
of these cells to recognise and phagocytose external particles, both crucial functions
of AMs. The expression of macrophage scavenger receptors like CD68, FABP4, CD36

125



126

and MARCO were found to be downregulated in p38aAY* AMs, together with other
genes involved in pattern recognition such as TLR7, Clec7a and Colec12 and genes
of the complement system like C5ar, C1ga and C1qc (Figure R9B-C, Supplementary
Table 2). Feature plots of some of these genesiillustrate their dysregulation also in the
AM population predicted in the sc-RNA-Seq analysis, further confirming the results
(Figure R10).

Cholesterol metabolism is a crucial process in AMs to keep the airways clean of
surfactant (Hawgood & Poulain, 2001). The reduction of cholesterol and lipid storage
pathways in p38aAY* AMs pointed to a general decreased capacity to metabolize
cholesterol and lipids, which is probably relevant since AMs rely mainly on lipid
oxidation as their energy source. Cholesterol and lipid metabolism are regulated by
PPARy signalling in AMs. This receptor has been described as a key transcription
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factor in the regulation of important processes in AMs (A. D. Baker, Malur, Barna,
Kavuru, et al., 2010). Although the decrease in PPARy of p38aAY* AMs was not
significant in the RNA-Seq results and rather small in the sc-RNA-Seq data, we
detected changes in known PPARy transcriptional targets in p38aA®* AMs such as the
increase in Lpl, CD36, Cyp27a1, ApoE and the decrease in NRTH3 (Figure R9C and
R10). These findings suggested that p38aAY* AMs show dysregulated PPARy
signalling, which can affect some of their crucial functions. Furthermore, we observed
that transcription factors described to be important for AM identity and self-
maintenance such as Car4, Bhlhe40, Bhlh41, Krt79, Fabp4, KIf2 and Klt4, were highly
downregulated in the p38aAY* AMs. Interestingly, the CD200-CD200R axis, which is
key for maintaining the immune-suppressive functions of AMs, was also
downregulated in the p38aAY* AMs (Figure R10).

AMs are highly involved in the regulation of lung homeostasis by maintaining a certain
level of immune suppression and tolerance. Our results indicate that p38a controls
several crucial functions of AMs already in tumor-free lungs. The deletion of p38a in
AMs promotes changes in basal conditions that can ultimately affect tumor formation
in the lungs and probably also influence the outcome of other inflammatory

conditions. Amongst the changes that can affect tumor growth, the increase in antigen
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presentation via MHCII could be responsible for the reduced tumor formation and
thus deserves further study.

p38aAlys AMs have increased antigen presentation capacity

Validation by RT-gPCR of several genes found in the RNA-Seq confirmed the
upregulation of ST00A6 and the downregulation of Colec12, MARCO, CD36, FABP4
and CD200 (Figure R11). These genes are related to the capacity of macrophages to
recognise foreign particles and some of them are also involved in phagocytosis.
However, antigen processing and presentation through MHCIl was the highest
enriched GO term in the p38aAY* AMs. RT-qPCR validation confirmed that AMs from
p38aAbs mice expressed higher levels of the MHCII subunits H2-Aa, H2-Ab, H2-Eb,
CD74 (Figure R11). We also confirmed the upregulation of OX40L, a known co-
stimulatory molecule expressed by APCs to activate CD4* T cells.

To obtain evidence that p38aAY* AMs have an increased capacity for antigen
presentation and the activation of CD4* T cells, we used the Ovalbumin (OVA)-OT-II
system, which is based on the specificity of the MHCII-CD4 T-cell receptor (TCR)
synapse. OT-Il are genetically modified mice so that the TCR of all their CD4* T cells
is unique for the OVA antigen (Barnden et al., 1998). Therefore, CD4* T cells from
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these animals will become activated and proliferate only if they are presented the
OVA antigen in a MHCIl molecule. For these assay, AMs from WT and p38aAY*
animals were extracted from BAL fluid and loaded with OVA overnight with or without
LPS stimulation. Violet-tracker-labelled CD4* T cells were isolated from OT-Il mice and
were added to the AM cultures. After 7 days, T cell proliferation was measured by
FACS (Figure R12A). The results showed that CD4* T cells that were co-cultured with
p38aA* AMs or incubated with WT AMs in the presence of a p38a inhibitor showed
increased proliferation (Figure R12B). Moreover, expression of activation markers like
CD25 or, to a lesser extent, of CD69 were increased in CD4" T cells co-cultured with
p38aA* AMs (Figure R12C). These results suggest that the observed increase in
effector CD4* T cells in lungs of p38aAY* animals could be due to the increased
expression of MHCII in these AMs. Therefore, we decided to further study the

molecular mechanisms by which p38a regulates antigen presentation.
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We confirmed that increased MHCII mRNA levels translated into a higher expression
of MHCII at the membrane of p38aA* AMs. FACS analysis of lungs confirmed that
MHCII levels were highly upregulated in the p38aAY* AMs both in basal conditions
andinlungs with tumors (Figure R13A). Given that AMs are highly regulated by factors
produced in their niche, we questioned whether some factors from the alveolar niche
could trigger the p38a-mediated down-regulation of MHCII. To this end, we analysed
MHCII expression in another type of tissue-resident macrophage, namely peritoneal
macrophages. These cells are found in the specialized niche of the peritoneal cavity,
and had an effective deletion of p38a in the p38aAY* model (Figure R1B). However,
FACS analysis of both WT and p38aAY* peritoneal macrophages showed similarly
high levels of MHCII expression (Figure R13B). This observation indicates that the
negative regulation of MHCIl by p38a is restricted to the alveolar space and is
probably niche-specific.

To determine whether the inhibition of p38a would suffice to increase MHCI
expression in AMs in vivo, we treated WT mice for 2 weeks with the p38a inhibitor LY-
2228820. We confirmed that the LY treatment increased MHCII expression levels in
AMs compared to the mice treated with vehicle (Figure R14A). The treatment with LY
also decreased the B16/F10 lung tumor burden in the animals (Figure R14B),
suggesting that the pharmacological inhibition of p38a could reduce lung metastasis
and that this effect could be mediated by the p38a regulation of MHCIl in AMs.
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p38a-inhibited BMDMs upregulate MHCII

As p38a deletion in AMs increased antigen presentation mediated by MHCII, we
studied the molecular mechanisms of MHCII regulation by p38a. Although AMs can
be cultured in vitro, their numbers are limiting, thus we set up a model using bone
marrow-derived macrophages (BMDMs). We used BMDMs from WT and p38aAY®
mice and WT BMDMs pre-treated with p38a inhibitor PH. After 20-24h of LPS
stimulation to activate the macrophages, we checked the membrane expression of
MHCII by FACS analysis. In the absence of LPS, we observed no differences in MHCII
expression between WT and p38aAs-derived BMDMs or those treated with PH. LPS
stimulation alone did not induce MHCII expression either. However, macrophages
pre-treated with PH and stimulated with LPS showed a significant upregulation of
MHCII (Figure R15A), suggesting that p38a regulates MHCII expression in BMDMs.
To confirm the inhibition of the p38a pathway, we performed western blot of MK2, a
main substrate of p38a. The addition of PH abolished the phosphorylation of MK2,
confirming the inhibition of the p38a pathway (Figure R15B). However, in p38aAYs-
derived BMDMs, although mRNA levels of p38a were reduced (Figure R13C), western
blot revealed some p38a protein remaining, which was able to phosphorylate MK2
upon LPS treatment. These results indicated that BMDMs derived from p38aAbs
animals did not induce the complete deletion of p38a so these cells were not a
suitable system in which to study MHCII regulation. Furthermore, we treated the
BMDMs from WT animals with another inhibitor of p38a, LY-2228820, and two
different PROTACs, NR-7h and NR-11¢, which induce p38a degradation (Donoghue
et al. 2020, Cubillos-Rojas et al., in preparation). In all cases, p38a inhibition led to
increased MHCII expression in BMDMs (Figure R15D). Additionally, FACS analysis of
MHC class | (MHCI) showed no differences in BMDMs upon p38a inhibition, thereby
indicating that p38a specifically regulates MHCII expression only (Figure R15E).
These results indicate that BMDMs are a good model in which study the regulation of
MHCII by p38a.
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FIGURE R15. Inhibition of p38ain BMDMs upregulates MHCII.

A. Mean fluorescence intensity (MFI) quantification of MHCII expression in BMDMs from WT or p38
aAY* mice after 24 h of treatment with LPS and with or without pre-treatment of p38a inhibitor
PH797804 (PH) (left), and representative FACS plot of MHCII/F4-80 expression in the indicated
samples (right). B. Western blot of p38a and the phosphorylation of its substrate MK2 in WT and
p38aA-s-derived BMDMs stimulated with LPS for the indicated times and with or without PH. C.
RT-gPCR of p38a mRNA in WT and p38aA“s-derived BMDM. D. MFI quantification of BMDMs
cultured for 24 h with LPS in the presence of the p38a inhibitors PH or LY2228820 (LY) and the
Protacs Nr-7h or NR-11c. p-val of t-student test against LPS condition is shown at the top of each
bar. E. MFI gquantification of MHCI expression in BMDMs after 24 h of LPS stimulation with or

without PH.
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LPS and TNFa increase MHCII expression in p38a-
inhibited BMDMs

AMs are exposed to many different signals in the alveolar niche and these help to
keep their tolerogenic state (Aegerter et al., 2022; Lavin et al., 2014). Amongst them,
GM-CSF, together with TGFB, is a main factor that maintains AM function and fitness.
To test whether factors from the alveolar niche could be triggering p38a
downregulation of MHCII, we treated BMDMs with recombinant cytokines and tested
MHCII expression upon the inhibition of p38a. We included classical pro- and anti-
inflammatory factors such as TNFa, IL10 and IL4. FACS analysis of MHCII after 24 h of
cytokine treatment showed that only LPS and to a less extent, TNFa, increased MHCII
when p38a was inhibited, while the rest of the cytokines and factors had little or no
effect (Figure R16A).

LPS is a pro-inflammatory molecule found in the cell wall of gram-negative bacteria
and it is used extensively to polarize macrophages to a classical inflammatory
phenotype. LPS activates the p38a pathway in macrophages (Bode et al., 2012). Since
lungs have commensal microbiota mainly composed of gram-negative bacteria (Yun
etal.,, 2014), and the MHCII upregulation in p38a-inhibited BMDMs is dependent on
LPS stimulation, we hypothesized that LPS from commensal bacteria could be
involved in the regulation of MHCII in AMs in vivo. To test this notion, we treated WT
and p38aAY* animals with Ceftriaxone (Cef), an antibiotic that depletes lung gram-
negative bacteria (Dickson et al., 2018), and studied how this treatment affected
MHCII levels in AMs. After 7 days of antibiotic treatment, we observed no differences
in MCHII expression of AMs either from WT or p38aAY® animals compared to saline-
treated animals (Figure R16B). RT-qPCR revealed a slight decrease in 16S bacterial
RNA in the lungs of Cef-treated animals, thus supporting the effectivity of the
treatment (Figure R16C). These results suggest that alternative factors probably
activate p38a to keep low levels of MHCII expression in AMs in vivo.

Along this line, we questioned whether the p38a signalling that downregulated MHCII
expression was dependent on some alveolar niche factor. We extracted AMs from
BAL fluid and cultured them ex-vivo for different times (Figure R16D) in the absence
of any niche factors, as for example GM-CSF signalling has been shown to affect MHCII
levels. Surprisingly, we observed that MHCII expression levels were maintained
constant for up to 8 days both in the p38aAY* and in WT AMs (Figure R16E). This result
suggests that the regulation of MHCIl by p38a is controlled in a cell-autonomous

manner, and that it probably involves some kind of epigenetic memory.
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TNFo upregulated MHCIl in BMDMs, and this process partially involved p38a (Figure
R14A), and we observed that TNFa mRNA levels were highly upregulated in p38a-
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inhibited BMDMs stimulated with LPS for 16 h (Figure R16F). Thus, we wondered
whether a TNFa-autocrine feedback loop could be responsible for the upregulation
of MCHII. We observed that the TNFa-induced increase in MHCIl was strongly
reduced by incubation with a TNFa neutralizing antibody, thereby proving that the
neutralizing antibody works. However, the TNFa antibody did not abolish the MHCII
upregulation observed in p38a-inhibited BMDMs stimulated with LPS; if anything, it
had a slight additive effect (Figure R16G). This result rules out TNFa as being
responsible for the upregulation of MHCII in p38a-inhibited BMDMs stimulated with
LPS.

p38a regulates MHCII through the transcription activator
CIITA

Next, we analysed the kinetics of MHCII mRNA upregulation in BMDMs treated with
PH. We found that these cells overexpressed MHCII subunits H2-Aa, H2-Ab and H2-
Eb at 14 and 18 h after LPS treatment (Figure R17). This finding confirms that MHCII
upregulation is due to increased mRNA levels of MHCII both in p38aAY* AMs and in
p38a-inhibited BMDMs.

Results from RNA-Seq in AMs showed considerable upregulation not only of the
MHCII complex machinery, but also of Class Il transcriptional activator (CIITA), a crucial
transcriptional regulator of MHCII. In basal lungs and in lungs with tumors, CIITA was
amongst the main hits in the RNA-Seq results (shrinked FC=7.93 adjusted
pval=2.21x10""") (Figure R9A). Validation by RT-gqPCR of total C/ITA mRNA levels in
AMs from p38aAL® mice confirmed the RNA-Seq results (Figure R18A). Furthermore,
p38aAbs AMs expressed very high levels of three different transcripts of CIITA, namely
pl, plll and plV (Figure R18A), thereby supporting the notion that p38a probably
regulates MHCII through the regulation of CIITA transcription. Next, we performed
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RT-gPCR on PH-treated BMDMs stimulated with LPS at different time points, and
observed the upregulation of total CIITA mRNA as well as the transcripts plll and plV
(Figure R18B). Similarly, TNFa stimulation induced the upregulation of CIITA
transcripts plll and p/V (Figure R18C). These results indicate that the increased MHCII
in p38a-inhibited cells is probably due to increased MHCII transcription mediated by
the upregulation of CIITA both in AMs and BMDMs.

Next, we studied the possibility that p38a could control CIITA expression by
regulating CIITA mRNA stability, a role that has been reported for p38a (Canovas &
Nebreda, 2021). We treated BMDMs with LPS for 16 h and then added Actinomycin
D (ActD) to stop transcription. At 30 min, 90 min and 4 h after ActD treatment CIITA
mRNA levels were analysed by RT-qPCR. The results indicated that p38a inhibition
did not increase CIITA mRNA stability (Figure R19A). We also analysed the levels of
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CIITA pre-mRNA using primers designed in the intronic regions of the gene to detect
mRNA that had not undergone splicing yet (Zeisel et al., 2013). We observed a clear
increase in CIITA pre-mRNA levels upon p38a inhibition of LPS-stimulated BMDMs
(Figure R19B). This observation further supports the notion that p38a regulates the
transcription of CIITA.

STAT1 is not involved in p38a regulation of CIITA

CIITA transcription is known to be regulated by IFNy signalling. Although results from
RNA-Seq analysis showed no significant enrichment in the IFNy response, we studied
whether IFNy signalling could be involved in p38a regulation of CIITA.

First, we observed that MHCII induction by IFNy was not affected when p38a was
inhibited in BMDMs (Figure R20A). Next, we addressed whether p38a could regulate
STAT1, one of the main targets of IFNy-signalling whose phosphorylation-dependent
dimerization is known to activate ClITA transcription. We observed that IFNy treatment
did not induce MHCII upregulation in BMDMs derived from STAT1 KO mice, thereby
confirming that IFNy requires STAT1 to induce CIITA and consequently MHCI
expression. However, STAT1-KO BMDMs treated with a p38a inhibitor showed an
increase in MHCIl when stimulated with LPS (Figure R20B). Moreover, AMs from
STAT1-KO mice had similar levels of MHCII as their WT littermates (Figure R20C).
Taken together, these observations indicate that p38a regulation of CIITA does not

involve IFNy signalling.
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p38a regulates CIITA through MK2

Next, we studied the p38a downstream signals that negatively regulate CIITA/MHCII
expression. The three main substrates of p38a. are the protein kinases MK2/3, MSK1/2
and MNK1/2. We used the chemical inhibitors PF-3644022 for MK2, SB-747651A for
MSK1/2 and Tomivosertib for MNK1/2. We pre-treated BMDMs with the inhibitors and
analysed MHCII expression 24 h after LPS stimulation. We observed that the MSK and
MNK  inhibitors did not increase LPS-induced MHCIl expression. However, the
inhibition of MK2 consistently increased the levels of MHCII to similar levels as those
achieved by inhibition of p38a, thereby suggesting that p38a. partially signals through
MK2 to negatively regulate MHCII (Figure R21A). As with the p38a inhibitor, pre-
treatment of BMDMs with the different inhibitors alone did not induce MCHII in the
absence of LPS stimulation. We confirmed the effectivity and specificity of the different
inhibitors on the p38a pathway by western blot. Thus, MSK inhibition reduced CREB
phosphorylation and MNK inhibition reduced eif4E phosphorylation (Figure R21B).
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Unfortunately, we could not detect the phosphorylation of HSP27, a main MK2 target,
in BMDMs. However, we have confirmed in other cell lines that PF is a potent inhibitor
of MK2 signalling.
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Furthermore, we confirmed that mRNAs encoding the MHCII subunits H2-Aa, H2-Ab
and H2-Eb, as well as CIITA were all upregulated upon MK2 inhibition, similar to what
we observed in p38a-inhibited BMDMs (Figure R21C). However, the mRNA levels
were lower compared with those observed upon inhibition of p38a. This observation
thus suggests that MK2 is partially responsible for the negative regulation of CIITA by
p38a.

p38a and HDACS6 regulate CIITA in a similar way

CHTA transcription is known to be regulated by chromatin epigenetic modifiers,
including the HATs ATF2, p300, and CBP, chromatin remodelling complexes such as
PRC2 or BRG1, and some HDACs (Abou El Hassan et al., 2015; Ni et al., 2008). Some
of these regulators, for example ATF2, BRG1, p300, CBP and PRC2, have been
described in the literature as possible substrates of the p38a pathway (Anwar et al.,
2018; Canovas & Nebreda, 2021; H. Kawasaki et al., 2000; Meissner et al., 2007;
Simone et al., 2004; Q. E. Wang et al., 2013). Furthermore, p38a was proposed to
regulate IFNy-dependent CIITA regulation in RAW 264.7 cells through histone
acetylation (Yao et al., 2006). Our RNA-Seq results in AMs also connected p38a and
HDAC activity in AMs (Figure R8B).

We decided to explore further the relevance of epigenetic modifications in the
negative regulation of ClITA by p38a. To this end, we studied whether p38a positively
regulates transcriptional silencers like HDACs or DNA methylation, or negatively
regulates HATs such as p300, which is known to control CIITA and was recently
described as a p38a substrate (De Maeyer et al., 2020). We used Trichostatin A (TSA)
to inhibit class | and Il HDACs, 5-Azacytidine (5-AZA) to inhibit DNA methylation and
C646 to inhibit p300. The results indicated that the increased MHCII expression
observed in LPS-treated BMDMs upon inhibition of p38a was not impaired by p300
inhibition and the MHCII restriction in LPS-treated BMDMs was not affected by the
inhibition of DNA methylation. Surprisingly, TSA treatment sufficed to increase the
LPS-induced expression of MHCII in the absence of p38a inhibitor, and also boosted
the effect of p38a inhibition (Figure R22A). These findings support the notion that
HDACSs play an important role in the transcriptional regulation of MHCII, and point to
a possible link between p38a signalling and HDACs.

The HDAC family of proteins consists of 18 members (King et al., 2021; Seto &
Yoshida, 2014), and we wanted to elucidate which HDAC(s) could be responsible for
MHCII upregulation upon p38a inhibition in macrophages. To the best of our
knowledge, no specific HDAC has been linked to p38a or MK2 before. Our RNA-Seq
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results in AMs indicated that some HDACs were expressed at higher levels in p38aAv

AMs while only few seemed to be significantly downregulated (Figure R22B).

To identify a specific p38a-regulated HDAC candidate, we took advantage of an
analysis performed previously in the lab by Nuria Gutierrez-Prat. The study used the
BiolD system to find MK2-binding partners, and identified HDAC6 as an interactor of
MK2 (Gutierrez-Prat, 2018). We observed that HDAC6 mRNA levels were not affected
in the RNA-Seq of p38aA“» AMs. As CIITA regulation by p38a partially involves MK2,
we tested the effect of the HDAC6 inhibitor Nexturastat A (NEX). Surprisingly,
treatment with this inhibitor increased MHCIl expression significantly when
stimulating with LPS alone, thereby proving that HDACé activity, similar to that of
p38a, inhibits MHCII expression upon LPS stimulation (Figure R23A). Western blot of
acetyl-tubulin, a reported target of HDACS6 activity, confirmed the effective inhibition
by both NEX and TSA (Figure R23B). To determine whether HDAC6 inhibition
regulated MHCII expression though CIITA transcription, we analysed the C/ITA mRNA
at different time points during the NEX treatment. CIITA transcripts were upregulated
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at 4 and 14 h similar to the upregulation observed in cells treated with LPS and
inhibitors of p38a and MK2. We also observed the upregulation of H2-Aa, H2-Ab and
H2-Eb at 14 h post-treatment, thereby supporting the notion that HDAC6 regulates
MHCII through CIITA transcription, similar to p38a and MK2 (Figure R23C). These
results point to a possible link between p38a and HDAC6 in the regulation of CIITA.

To confirm the involvement of HDACS6 in the regulation of CIITA, we used siRNAs
targeting HDAC6. Primary BMDMs were electroporated with control or HDAC6
siRNAs, and after overnight recovery, they were stimulated with LPS. Analysis of MHCII
expression 24 h after treatment confirmed the results previously seen using the
HDACG inhibitor, as HDAC6 siRNA increased the levels of MHCII expression in LPS-
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treated cells treated compared with the control siRNA (Figure R24A). We verified that
HDAC6 mRNA levels were strongly reduced in the HDAC6 siRNA-treated cells,
although about 20% remained (Figure R24B). This partial downregulation of HDAC6
could explain the milder effect on MHCII upregulation of the siRNA compared with
the HDAC6 inhibitor NEX. Taken together, the suggest that HDACé, possibly under
the control of the p38a-MK2 pathway, regulates CIITA and MHCII expression.

To obtain further evidence of the link between MK2 and HDAC6 in BMDMs, we
performed an MK2 IP in LPS-treated BMDMs, in the absence or presence of p38a
inhibitor. Interestingly, we found that HDACé was enriched in the MK2 IP. Of note,
HDAC6 was found to interact with MK2 even in p38a-inhibited cells, thereby
suggesting that the regulation of HDACé activity by MK2 is independent of p38a
activation (Figure R24C). Although preliminary, these results support a potentially
interesting link between MK2 and HDACé activity in macrophages.
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We conclude that the p38a/MK2 pathway regulates the transcription of CIITA and
MHCII in macrophages, and this regulation probably involves HDACé.

Phagocytosis is reduced in p38aAlys AMs

Our results showed that p38a plays a key role controlling the adaptive immune
response in AMs through the regulation of antigen presentation via MHCII. However,
RNA-Seq results also revealed a decrease in the GO terms associated with pattern
recognition and phagocytosis. In fact, RT-gPCR validation in fresh AMs confirmed the
downregulation of some of the mRNAs found in the RNA-Seq (Figure R11),
suggesting that p38a. KO AMs might have a decreased capacity to phagocytose.
Given the importance of this process in tumor progression and inflammatory diseases,

we tested whether the phagocytic capacity in AMs was regulated by p38a.

We first performed some optimization experiments using fluorescent beads. BMDMs
were incubated for 30 min with 3 um fluorescent latex beads and fluorescent
macrophages were quantified by FACS (Figure R25A). We observed that p38a
inhibition decreased the ability of BMDMs to ingest beads, also when cells were
treated with LPS (Figure R25B). Next, we performed the same experiment using
primary AMs extracted from WT and p38aAY* animals (Figure R25C). Similarly, we
observed that both p38a-inhibited and p38aAY* AMs had a very reduced capacity to
phagocytose beads, with or without LPS stimulation, thereby confirming a role for
p38a in the regulation of phagocytosis (Figure R25D).

We next tested the ability of AMs to perform efferocytosis, a process by which
macrophages phagocytose apoptotic cells. This process is important for the clearance
function of AMs in the airways, and it has also been reported to be relevant for the
immune-silent clearance of apoptotic cancer cells (Vaught et al., 2015; Y. Zhou et al.,
2020). Jurkat cancer cells were stained with the CFSE tracker, then were treated with
Etoposide for 16 h to induce apoptosis, (Figure R25E), and finally were co-cultured
with fresh AMs. After 30 min, 3 h and 20 h, we analysed CFSE* macrophages by FACS
(Figure R25F). Consistent with the previous results, we observed a reduction in the
efferocytosis capacity of p38a-inhibited AMs (Figure R25G). These results confirm
that p38a regulates the process of phagocytosis in AMs, which is a crucial function of

this tissue-specialised myeloid cell.
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FIGURE R25. AMs from p38aA“* mice have reduced phagocytic capacity.

A. Representative FACS plots of BMDMs alone or incubated for 30 min with FITC-fluorescent beads.
B. BMDM were treated for 24 h with LPS in the presence or absence of the p38a inhibitor PH797804
(PH), incubated with FITC-fluorescent beads for 30 min and the fluorescent-positive BMDMs were
quantified by FACS. Cells were classified on their content of beads as indicated by colour. C.
Representative image of AMs incubated ex-vivo for 24 h with fluorescent beads. D. AMs were
treated for 24 h with LPS and with or without PH, incubated for 30 min with FITC-fluorescent beads
and then fluorescent AMs were quantified by FACS. Cells were classified on their content of beads
as indicated by colour. E. CFSE stained Jurkat cells were treated for 16 h with etoposide to induce
apoptosis and DAPI negative cells were quantified by FACS in cells treated with or without
etoposide. F. Gating strategy of phagocytic AMs cultured with CFSE+ Jurkat cells treated with
etoposide (apoptotic CFSE+ Jurkat cells). G. Quantification of fluorescent AMs pre-treated or not
with PH for 2 h and then co-cultured with apoptotic CFSE+ Jurkat cells for the indicated times.
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SECTION 2

Myeloid p38« in lung inflammation

There is strong evidence in the literature supporting the relevance of p38a in myeloid
cell functions and its involvement in inflammatory diseases. We have also observed
that p38a deletion affects crucial functions of AMs in the lungs. Therefore, we sought
to explore whether myeloid p38a participated in lung pathologies beyond
tumorigenesis such as asthma and acute injury. In fact, although p38a chemical
inhibitors have been used to study those diseases, the p38aA“ mouse model will

allow us to determine specific functions of myeloid p38a. in these pathologies.

Myeloid p38a is important in asthma

The use of p38a chemical inhibitors ameliorates inflammation in mouse models of
asthma by reducing cytokine production. However, asthma is a disease in which both
innate and adaptive immunity play crucial roles. Antigen presentation through MHCII
is central for the activation of the inflammation cascade that ultimately leads to
eosinophilic infiltration in the airways though the Th2 response. Given that p38a
regulates MHCII expression in AMs, we examined whether p38a. in AMs plays a role

in asthma.

To explore this hypothesis, WT and p38aA“ mice were intranasally inoculated for 10
days with house dust mite (HDM) (Figure R26A), which is one of the main allergens
causing asthma in humans. After HDM challenge, mice were sacrificed and the BAL
fluid was analysed by FACS. UMAP representation of the FACS populations showed
that mice treated with HDM had an expected higher infiltration of myeloid cells in the
BAL fluid. Surprisingly, the infiltrating cells in the BAL fluid of WT and p38aAY mice
differed, with an increased proportion of eosinophils in p38aA“ mice (Figure R26B).
This observation was confirmed by analysing total cell numbers, which showed an
increase in total myeloid cells and an increase of around 15-fold of eosinophils in the
p38aA~ mice (Figure R26C). We also observed increased numbers of neutrophils and
DCs in these mice. On the other hand, AM numbers were maintained similar to the
numbers at basal levels (Figure R26D). Importantly, we confirmed a sustained
upregulation of the MHCII levels in AMs from p38aA“ mice, both in basal and asthma

lungs, while AMs from WT animals showed increased MHCII expression levels in
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asthma but without reaching the levels of p38aAY mice (Figure R26D). These
observations support the involvement of MHCII and antigen presentation in asthma,
which can ultimately lead to eosinophil recruitment.

Further histological analysis determined an increased perivascular and
peribronchiolar infiltration of eosinophils in the p38aAv mice (Figure R27A-B).
Moreover, we observed a slight increase in CD45* cell infiltration accompanied by an
increase in Goblet cell metaplasia in these mice (Figure R27C-D). Goblet cells are

responsible for the production of mucus and their metaplasia is a readout of asthma
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severity. These observations point to a crucial role for myeloid p38a in asthma
pathology and contrast with previous results using p38a chemical inhibitors in asthma
models. The results also suggest that p38a contribute to the maintenance of a certain

level of immune tolerance in lungs.

Myeloid p38a is important in LPS-induced acute lung
injury

To further investigate the implication of p38a in the early innate immune response of

the lungs in WT and p38aAv animals, we induced acute lung inflammation by
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intranasal administration of LPS. This model is widely used to study acute respiratory
distress syndrome (ARDS), a major problem in humans (Diamond et al., 2022; Kabir
et al., 2002). Given the acute nature of this immune challenge, the intranasal LPS
model involves a macrophage function that is uncoupled from MHCII and antigen
presentation, so it allows the study of p38a functions in AMs and other myeloid cells

that regulate immune-suppression and tolerance.

We used LPS at 25 and 100 pg/dose to determine whether the phenotype was dose-
dependent, and we analysed the BAL fluid by FACS 24 h after intranasal LPS
administration (Figure R28A). Compared to mice treated with saline, LPS-treated
animals had an increased level of immune cell infiltration in the BAL fluid, mainly
neutrophils, which are the first cells to reach the site of inflammation in an acute
response (Figure R28B). The levels of neutrophils in the BAL fluid were particularly
elevated in the p38aA™ animals (Figure R28C), especially when using 100 ug of LPS,
thereby confirming that the effect was dose-dependent. We also observed decreased
numbers of AMs with 100 ng of LPS, suggesting that high inflammation levels cause
this population to decrease, probably due to cell death (Figure R28D). However, high

levels of MHCII were maintained throughout the experiment in the p38aAvs animals.

IHC analysis of the lungs determined that p38ucA“ mice had an increased
perivascular/peribronchiolar infiltration of neutrophils, which was confirmed by
myeloperoxidase (MPO) staining (Figure R29A-B). Moreover, RT-gPCR of whole lung
lysates showed increased expression of some cytokines and chemokines in the lungs
of animals inoculated with 25 pg of LPS (Figure R29C). Interestingly, p38aA“ mice
showed a slight increase in the neutrophil recruitment chemokine CXCL2 compared
to the WT animals, which could explain the higher infiltration of neutrophils observed
in those animals. These results support the relevance of myeloid p38a regulation in
early events of acute inflammation in the lungs and points to a crucial function of p38a
in the maintenance of an immunosuppressive phenotype in AMs. Further experiments
should be performed to unravel the specific role of p38a in AMs in the

pathophysiology of acute lung injury.
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The results of the asthma model and the LPS-acute lung disease are consistent with a
role of p38a in AMs in the regulation of immune suppression. In both cases p38a
downregulation in myeloid cells exacerbates the response to external agents,
suggesting that the homeostatic levels of lung immune tolerance are somehow lost
when p38a is inhibited. Taken together, these results support the notion that p38a
contributes to a number of crucial functions in AMs, which are all implicated in
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diseases that involve immune challenges such as cancer, asthma and acute lung

injury.
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SECTION 3

In vivo effects of genetic p38a overexpression

This chapter describes the generation of a mouse model that mildly overexpresses
p38a. This model was used to analyse whether a small increase in the activity of the

p38a pathway affects either homeostatic or pathologic conditions in vivo.

Characterization of the p38a overexpressing mice

For the overexpression of p38a in vivo, we used a BAC transgenic mouse model of
p38a (p38aBAC), which has several copies of the p38a-encoding genomic region
integrated in the genome (Figure R30A), as described in Methods. For the general
characterization of the model, we first analysed the expression of p38a in several
tissues by RT-gqPCR and western blot. We observed increased mRNA levels of p38a in
most of the tissues analysed, including heart, kidney, spleen, colon and liver (Figure
R30B). However, p38a. protein levels did not seem to change much in the tissues from
p38aBAC mice (Figure R30C).

Next, to study the activation of the p38a signalling pathway, we treated BMDMs
isolated from both WT and p38aBAC mice with LPS. We observed an increase
expression of p38a both by western blot and by RT-gPCR in BMDMs from p38a.BAC
mice (Figure R31A-B), which also showed increased phosphorylation of MK2, one of
the main p38a substrates (Figure R31A). We also tested the effect of this increased
signalling in the production of p38a-regulated cytokines such as IL6 and TNFa.
However, no significant differences between genotypes were observed (Figure
R31B). This finding suggests that BMDMs have mechanisms that regulate any

fluctuations in the p38a pathway activity downstream of MK2 activation.
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p38a is involved in the upregulation of cell cycle inhibitors in the pancreas, spleen
and liver during ageing (Wong et al., 2009). Since our results indicated a higher
expression of p38a in these organs in p38aBAC mice (Figure R30B), we examined
whether p38a  overexpression could have the opposite effect. Although
anatomopathological analysis of the p38aBAC mice and their tissues during ageing
(until 24 months) showed no apparent differences with WT mice, RT-qPCR analysis
revealed that aged p38aBAC mice expressed higher levels of the cell cycle inhibitors
p15, p16 and p19 in the liver and spleen (Figure R32). These results were in line with
previous work (Wong et al., 2009). Hence, the p38a pathway could be important for
healthy ageing. However, further research is required to understand the underlying

molecular mechanisms and possible implications.
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p38aBAC mice have a worse response to liver and colon
injuries

It has been reported that mice deficient for p38a in mature hepatocytes are protected
against CCls-induced acute liver injury (Fortier et al., 2019). To study whether p38a
overexpression affects this process, we generated "homozygous” p38aBAC** mice,
which have an increased number of p38a copies. These animals were injected with
CCls i.p., and 48 h later various readouts of acute liver injury were analysed.
p38aBAC** mice had a higher necrotic area in the liver (Figure R33A) and a slight
increase in the liver-injury marker ALT in the serum (Figure R33B), thereby suggesting
a higher susceptibility to liver damage upon p38a expression. Moreover, we
observed that the CClstreatment induced the phosphorylation of p38a in the liver,
and that p38a.BAC** mice showed increased p38a phosphorylation compared to the
WT animals (Figure R33C). In contrast to a previous study (Fortier et al., 2019), we did
not observe any changes in liver proliferative areas by bromodeoxyuridine (BrDU)
staining (Figure R33D). These results support the notion that p38a pathway is
involved in acute liver injury, in agreement with previously published work.
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We also wanted to determine the possible effect of p38a overexpression on colon
inflammation, given that previous reports from our group have described the
importance of this pathway in colitis (Gupta et al., 2014; Youssif et al., 2018). We
treated p38aBAC mice with dextran sodium sulphate (DSS) in drinking water for 6
days to induce colitis and annotated the weight of the animals every day as a readout
for colon inflammation severity. DSS-treated p38aBAC animals showed a stronger
reduction in weight (Figure R34A) and also a slight increase in epithelial damage, as
measured by haematoxylin/eosin (H/E) staining (Figure R34B-C). These observations
support the notion that p38a contributes to the colon epithelia damage induced by
inflammatory diseases.
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p38aBAC mice have decreased MHCII expression in AMs

Finally, we examined whether p38a overexpression could affect primary tumor
growth and lung metastasis formation. To this end, we generated subcutaneous
B16/F10 tumors. We observed no differences in tumor growth between WT and
p38aBAC animals (Figure R35A). On the other hand, in a model of experimental lung
metastasis with B16-F10 cells, we observed an increased metastatic burden in
p38aBAC** mice (Figure R35B). Curiously, we also observed decreased expression
of MHCIl in AMs from these animals (Figure R35C), in agreement with the
observations in p38aA“ animals and the use of a p38a inhibitor in vivo. Moreover, we
checked the activation profiles of T cells by FACS and observed a decrease in the
effector CD4* and CD8* T cells in tumor-bearing lungs from p38aBAC** mice (Figure
R35D). These cells had an increased naive profile, consistent with the downregulation
of MHCII in AMs. These results support the importance of p38a for the regulation of
antigen presentation by AMs and the subsequent activation of the adaptive anti-tumor

immunity, which can ultimately control lung tumor progression.
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DISCUSSION

The kinase p38a has long been studied for its capacity to regulate inflammation and
immunity. However, initial experiments linking p38a to the production of
inflammatory cytokines like TNFa and IL6 have probably misled and generalized the
association of p38a activity to proinflammatory responses. This has been challenged
over time, since a number of studies reported that its functions depend on the context
and type of cell. In this thesis, we have focused on the specific contribution of p38a in
myeloid cells to the response of lungs to tumor metastasis and different inflammation
challenges. We have found that p38a. is crucial in maintaining the homeostasis and
immune tolerance of the lungs, with an especially important role of this protein in AMs,

which can impact the outcome of lung inflammatory diseases and tumorigenesis.
Role of myeloid p38a in lung metastasis

Our results indicate that p38a does not seem to play a role in primary melanoma
tumor formation, and its inhibition did not boost the effect of immune checkpoint
inhibitors. Furthermore, in a mouse model of experimental lung metastasis by
intravenous injection of B16/F10 cells, we found that p38aAY* mice had a reduced
lung tumor burden, indicating that myeloid p38a promotes lung metastasis (Figure
R3). It could be argued whether the intravenous metastasis model is indeed a model
of lung metastasis or just a model of lung tumorigenesis, since the cells do not go
through the early stages of the metastatic process (Zeeshan & Mutahir, 2017). In fact,
experiments from our group have shown reduced lung tumorigenesis in p38aAYs
mice using other models, such as intratracheal injection of mKLC KRAS®'?Y |ung
cancer cells or intravenous inoculation of Lewis lung carcinoma (LLC) cells (Vitos-
Faleato, 2017, Rivas et al, unpublished), supporting the idea that myeloid p38a
facilitates lung tumorigenesis. The reduction in lung tumors observed in p38aAb®
mice was accompanied by an increased number of effector CD4* and CD8* T cells in
the lungs of p38aAY* mice (Figure R5). This suggests that the reduction in tumors in
p38aAl* mice was given by the increase in effector T cells. However, this hypothesis
should be confirmed, for instance, by using antibodies against CD4* and CD8" cell

populations.

In our lung metastasis studies, we only observed a decrease in lung tumors comparing
WT and p38aAY* female mice but not in male mice. However, we validated relevant
genes that appeared differentially expressed in the RNA-Seq results from female mice
using AMs derived from both p38aAY* males and females, including MHCII (Figure
R11). Besides, the increase in MHCII in p38aAY* mice by FACS was also observed in

male mice, indicating that, for some reason, the increase in MHCII by itself might not
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be sufficient to reduce lung tumor growth in p38aAY* males. These results suggest
that myeloid p38a could regulate lung tumor progression possibly in a hormone-
dependent manner. Strikingly, a study using p38aALys mice to model multiple
sclerosis also reported differences between males and females, and showed that
female myeloid cells depend more on p38a for the expression of proinflammatory
genes (Krementsov et al., 2014). In humans, differences in metastasis have also been
observed between sexes, and have been attributed to sexual dimorphism, genetic
differences and sexual hormones (Farach-Carson et al., 2017; Sagerup et al., 2011;
Stabellini et al., 2022). On the other hand, to make use of the whole p38aAY* mouse
colony, male littermates were normally used to obtain BMDMs for in vitro experiments
to study the MHCII regulation by p38a, although we confirmed that female-derived
BMDMs also upregulated MHCII upon LPS stimulation in p38a inhibited cells. In
addition, male mice were used for the HDM-induced asthma and LPS-induced acute
lung injury models. Since inflammation experiments in males supported the role of
myeloid p38a in promoting immunosuppression, the female-only effect in tumor

decrease might be due to some tumor-specific factor(s).

It should be noted that the extent of lung tumor reduction in p38aAY® mice was slightly
variable and not always significant. We hypothesize that this could be due to the
mouse housing conditions, which can affect their microbiome and result in alterations
of the immune response, as has been reported by others (Burberry et al., 2020;
Dickson et al., 2018). Of note, we observed an increase in T-regs in lungs with tumors
of p38aAY* mice (Figure R5), and T-regs seem to be also slightly increased in basal
lungs, supporting a tumor-independent effect. The increased number of T-regs could
be due to a compensatory mechanism due to the increase in effector T cells (Chen &
Mellman, 2013). However, the delicate balance of effector and T-regs, which we argue
can be affected by the basal inflammation state of the animals, might be tilted

somehow and cause variability in the phenotype.

We observed that the numbers of different immune cell populations did not change

in the lungs with tumors of p38a.AY* mice compared to WT mice (Figure R4). For this
reason, we performed transcriptomics analysis to find differences between immune
populations of WT and p38aAY* mice that could explain the differences in
tumorigenesis. Using both sc-RNA-Seq and RNA-Seq technologies, we concluded
that the LysM-Cre directed deletion of p38a mainly affected AMs. Strikingly, one of
the most interesting observations was that strong transcriptional differences between
the two genotypes were already present in lungs without tumors (Figure R7). The
formation of tumors did not seem to produce major changes in the transcriptional
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profile of AMs, either in WT or p38aAb* mice, suggesting that the homeostatic
changes caused by p38a deletion in myeloid cells was responsible for the reduce
tumorigenesis. This restricted plasticity of AMs in pathologies and, in general, of
tissue-resident macrophages in comparison with the bone-marrow derived
macrophages, has also been reported by others. A recent study showed that AMs
promote invasion of NSCLC tumors, but have few chromatin and transcriptional
changes in response to tumors, most of them related to antigen presentation and
tissue remodelling (Casanova-Acebes et al., 2021). It has been proposed that the
reduced plasticity of tissue-resident macrophages is caused by their prolonged
residency in the tissue, together with their self-renewal capacities (Guilliams &
Svedberg, 2021). This restricted plasticity has been favoured by evolution to
safeguard the homeostasis of the tissue (Guilliams & Svedberg, 2021).

Role of p38a. in AMs and lung immunity

Amongst the changes in RNA-Seq transcriptomic analysis, we found a very significant
increase in the antigen presentation capacity via MHCII of the p38aAY* AMs (Figure
R7-8-9). Since antigen presentation provides the signals for T cell activation, we
assume that the increase in effector T cells in the lungs of p38aAY® mice is probably
given by the increased MHCII in AMs. Tissue-resident macrophages are known to
locally potentiate recruited T cells after DC-priming in the lymph nodes (T. Kawasaki
etal., 2022; Low et al., 2020). The MHCII increase in p38aAY* AMs was supported by
experiments using the p38a inhibitor LY, which also increased MHCIl in AMs, although
less than the p38aAYs, and slightly decreased the lung tumor load (Figure R14). The
milder effectivity of LY could be due to its difficulty to reach the restricted alveolar
space. In this regard, preliminary experiments using intratracheal administration of
clodronate liposomes have shown promising results specifically targeting AM, so
experiments using liposome-encapsulated compounds are worth trying to selectively
inhibit p38a. in AMs and decrease lung tumor burden. Besides, p38aBAC mice, which
overexpress p38a, present decreased expression of MHCIl in AMs and a reduced
effector phenotype in lung T cells (Figure R35), supporting a connexion between
MHCII levels in AMs and the activation phenotype of the T cells in the lungs.
Notwithstanding that the p38aBAC model leads to the potential ubiquitous
overexpression of the p38a protein while p38aAY* mice bear specific p38a deletion
in myeloid cells, these observations further support that p38a promotes the
development of lung metastasis and provide support for the potential use of p38a

inhibitors to treat this pathology.
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Bioinformatic analysis of the RNA-Seq data in AMs showed that, apart from the striking
increase in antigen presentation by MHCII, there was an unexpected limited amount
of classical M1-like macrophage polarization factors that could favour an anti-tumoral

response in the lungs of p38aAY* mice. Instead, we observed that several processes

related to intrinsic functions of AMs were dysregulated in p38aAY* mice (Figure R7).
This observation goes in line with the view that the M1/M2-like classification is a
simplistic way of defining the complex plasticity of macrophages in vivo. AMs are a
very specialized cell type with important functions to maintain lung
immunosuppression and avoid unnecessary inflammation. To sustain immune
tolerance, AMs maintain antigen presentation restricted and have a substantial
“immune-silent” phagocytic capacity (Aegerter et al., 2022; Roberts et al., 2017). In
this sense, p38a seems to be implicated in these tolerogenic functions both by
restricting MHCII and its co-stimulatory molecules CD80, OX40L, and by increasing
PD-L1 (Figure R8-9). Functional studies of antigen presentation in vitro proved that

p38aAY* AMs have a higher capacity to induce T cell proliferation and activation
(Figure R12). Also, p38a maintains the CD200-CD200R signalling axis (Figure R9),
which is crucial to maintain firm adhesion to the lung epithelium and
immunosuppression in AMs (Bissonnette et al., 2020). When this signal is lost by
epithelial damage, AMs become activated. Previous literature has reported the
activation of p38a signalling downstream of CD200 in macrophages (B. Zhu et al.,
2019), pointing at the cross-regulation of both molecules. Moreover, TGFBRII or
MARCO, which are known to cause TAM immunosuppression by inducing T regs in
lung tumors (Fleur et al., 2021), were also found downregulated in the p38aAY* mice
(Figure R9). This loss of tolerance, however, did not impair p38aAY* mouse health, as
they suffered no particular lung inflammatory alterations. However, these animals
were housed in very clean conditions. The lung immune tolerance capacity was
indeed challenged by using mouse models that trigger lung inflammation like HDM-
induced asthma or LPS-induced acute lung injury, where we observed an exacerbated
inflammatory response in the p38aAY* mice in both models (Figure R26-R29),
supporting the idea that p38a in AMs maintains immune tolerance and restricts lung
inflammation. It seems likely that the same immunosuppressive mechanisms provided
by p38a to prevent massive immune reactions are harnessed by cancer cells to

facilitate lung tumor formation.

We observed a reduction of phagocytosis markers and a reduced capacity in in vitro
functional studies both using genetic deletion or chemical inhibition of p38a (Figure
R25). Since internalization of antigens is required for their subsequent presentation,

the reduction of phagocytic capacity and certain pattern recognition receptors in
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p38aAl* AMs seemed to contradict the observed increase in antigen presentation.
This apparent contradiction could be due a p38a-independent negative feedback
mechanism limits the increase in antigen presentation or contribute to, as some
authors propose, a "defence-ready” strategy of the cells to be ready to fight against
persistent immune challenges (Martin et al., 2021). The function of p38a in
phagocytosis has been studied before using mainly chemical inhibitors in assays of
fluorescently-labelled bacteria, pressure-induced or bead phagocytosis, showing
either an increase or no effect upon p38a inhibition (Bewley et al., 2016; Blander &
Medzhitov, 2004; Kang et al., 2008; X. Li et al., 2003; Scheraga et al., 2020; Shiratsuchi
& Basson, 2005). The discrepancy between those studies and our observations can be
due to different reasons. In contrast to other studies, which used peritoneal
macrophages or the THP-1 cell line (Blander & Medzhitov, 2004; Shiratsuchi & Basson,
2005), we used primary AMs, which have been exposed to life-long prolonged
alveolar signals that can affect their phagocytic capacity. Moreover, we observed a
reduced phagocytosis in BMDMs upon p38a inhibition with PH, while published data
showed no effect in the phagocytosis of BMDMs inhibiting p38a with SB203580 (X. Li
et al., 2003) or with SCIO469 and VX745 (Bewley et al., 2016). This suggests that the
type of chemical inhibitor affects the outcome, which is supported by an interesting
study showing that different pharmacologic inhibitors of p38a produce contradictory
effects in the expression of inflammatory factors by macrophages (Raza et al., 2017).

Moreover, we observed that that p38a-inhibited AMs had a decreased efferocytosis
(Figure R25), an immune-silent engulfment of apoptotic cells. In fact, some anti-
tumoral drugs aim at decreasing efferocytosis and promote a pro-inflammatory
environment by for instance blocking the “"eat-me” signals in cancer cells (Y. Zhou et
al., 2020). In our experiments, the decreased efferocytosis in p38a-inhibited AMs was
accompanied by an increase in effector CD4* and CD8* T cells in lungs of p38aALys
mice, a relation that has frequently been observed by others in conditions where
immunosuppression is lost (Chao et al., 2010; Cook et al., 2013; Jinushi et al., 2009;
Loeser et al., 2007; Paolino et al., 2014). Previous studies have reported in a human
dermal model of acute inflammation, that p38a reduces efferocytosis by controlling
the expression of TIM-4 in macrophages (De Maeyer et al., 2020). Others have shown
no effect of p38a inhibition in human COPD-derived AMs or monocyte-derived
macrophages (Bewley et al., 2016). The reasons for these discrepancies can be similar
to the ones stated before for phagocytosis. Thus, although p38a can clearly regulate
phagocytosis and efferocytosis, whether it promotes it or not depends on the context,
as other functions of p38a (Canovas & Nebreda, 2021). In our case, the reduced
phagocytic capacity of AMs provides further evidence that immune tolerance is lost in

lungs of p38aAY® mice.
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The RNA-Seq data revealed that the expression of known targets of PPARy, a main

transcription factor in AMs, was affected in the AMs from p38aAY* mice (Figure R9-
10). These changes were comparable to the ones described in a PPARy KO AMs (A.
D. Baker, Malur, Barna, Ghosh, et al., 2010). Using the LysM-Cre model, these authors
showed that the deletion of PPARy in AMs decreases LXRa and increases CYP27A1
and ApoE, which our data nicely reproduced, together with other PPARy described
targets such as LPL or CD36 (A. D. Baker, Malur, Barna, Kavuru, et al., 2010; T. H. Kim
et al., 2013) (Figure R9-10). This suggests that PPARy could be regulated by p38a,as
it has been described in other systems (Ptasinska et al., 2007; Puigserver et al., 2001;
Schild et al., 2006). There is also evidence of p38a activation by GM-CSF, a known
activator of PPARy in AMs (Rolli-Derkinderen et al., 2003; Schneider et al., 2014; Suzuki
etal., 2001). Besides, the dysregulation in PPARy signaling is consistent with processes

involved in cholesterol and lipid metabolism being affected in AMs from p38aAbs
mice, as shown by a decrease in GO related to cholesterol homeostasis and lipid
storage in the RNA-Seq analysis (Figure R8), which predicts a lower capacity of AMs
to catabolize those lipids. Similar effects were reported in the PPARy KO AMs, in which
dysregulation of lipid metabolism affected their ability to catabolize pulmonary
surfactant (A. D. Baker, Malur, Barna, Ghosh, et al., 2010). Since lipid catabolism is

associated to immunosuppressive and tolerogenic functions (R. Y. Ma et al., 2022),

this result supports that p38aAY* mice have a reduced immunosuppression. The

maintenance of lung surfactant homeostasis and the metabolic profile of AMs,

however, have not been explored in our p38a.AY* mice yet.

AMs from p38aAb* mice also have a significant downregulation in genes, markers and
transcription factors that have been described to have crucial functions, such as Car4,
Bhlhe40, Blhehe41, Fabpb, Fabp4, Krt79 (Figure R9-10) (Aegerter et al., 2022; Lavin
et al.,, 2014; Rauschmeier et al., 2019). Interestingly, genes that are important for AM
self-renewal capacity, such as KIf2 and Klf4, were found upregulated. This suggests
that p38a may control not only the main functions of AMs, but also their cellular
identity. Furthermore, a previous sc-RNA-seq study described subclassifications of
AMs based on proliferative capacity and inflammatory programing (Mould et al.,
2019). This distinction could be applied to our sc-RNA-Seq data to determine whether
the deletion of p38a skews AMs to one of those newly described subpopulations.
Besides, lung recruited macrophages, which appear in the lungs when there are
perturbations in the homeostasis and are described to be more inflammatory than
tissue resident macrophages (Aegerter et al., 2022), express a combination of markers

which are curiously found upregulated in p38aAY* AMs, such as increased S100A6,
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S100A4, APOe and Cb5ar and decreased MARCO (Figure R9-10). One possible
interpretation could be that the absence of p38a leads to AM death, which results in
a life-long increased recruitment to maintain the pool of macrophages in lungs of
p38aAY* mice. This would be supported by the observation that p38aAb=-derived
AMs proliferate worse in culture. Lineage tracing experiments should be performed
to investigate this possibility.

MHCII regulation by p38a in macrophages

Transcriptomic and FACS analysis showed that p38a restricts the expression of MHCII
in AMs (Figure R11 and R13). Of note, the negative regulation of MHCII by p38a
seems to be AM-specific, since peritoneal macrophages from p38aAY* mice do not
show this effect (Figure R13). This supports the context-specific regulation of p38a of
diverse biological processes and, at the same time, the finely-tuned regulation of
MHCII in different APCs. However, we have not been able to identify the alveoli-
specific signal that could trigger this downregulation (Figure R16), and culture of
primary AMs revealed that the negative regulation of MHCII by p38a is maintained
ex-vivo for up to 8 days (Figure R16), probably though a mechanism of epigenetic
memory, which could involve HDAC6 activity.

Studies using BMDMs have led us to propose a model in which the activity of p38a
and MK2, triggered by LPS in BMDMs, regulates CIITA expression probably via
HDACS6, which silences CIITA. This leads to the inhibition of MHCII transcription and
reduced antigen presentation capacity (Figure D1). Although we have seen that
CHTA/MHCII regulation by p38a. is robust amongst AMs and BMDMs, the implication
of HDAC6 remains to be validated in AMs in vivo. Based on the RNA-Seq results,
HDAC6 mRNA seems unchanged in p38aAY* AMs (Figure R22), suggesting that it
could be post-translationally regulated by p38a. Interestingly, we observed a very
significant upregulation of HDAC11 and to a less extent, HDAC10 or HDACS (Figure
R22). We argue that the increased expression of HDACs in p38aAY* AMs could be
due to a compensatory mechanism resulting from the proposed HDAC6 inhibition by
p38a. Curiously, HDAC6 and HDAC11 have been described to form a complex that
regulates IL-10 in APCs (Cheng et al., 2014), supporting the idea that different HDACs
may interact in macrophages.
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The use of BMDMs to model AMs has some limitations. First of all, the different
developmental origin of the cells could alter the regulation of the pathways, especially
given the context-dependency of p38a. This is illustrated by the fact that in
comparison to AMs, BMDMs from p38a.A%* mice did not completely delete p38a and
did not overexpress MHCII (Figure R15). This might be because the LysM promoter is
not fully expressed or the Cre-mediated cleavage of MAPK14 is less efficient in
BMDMs. On the other hand, the requirement for LPS or TNFa to induce MHCII
overexpression in p38a-inhibited BMDMs (Figure R15) contrasts with the constitutive
overexpression of MHClIl observed in p38aAY* AMs (Figure R13). BMDMs might need
LPS or TNFa to surpass an activation threshold that keeps their inflammation capacity
low, or to lead to the activation of a CIITA transcription factor (Figure D1), since the
sole inhibition of p38a in BMDMs did not induce MHCII upregulation. Another
difference between AMs and BMDMs is the differential regulation of CIITA isoforms
by p38a. While all three isoforms are active in p38aAY* AMs, p38a-inhibited BMDMs
have increased plll and plV but not pl upon stimulation with LPS or TNFa (Figure R18).
Again, this could be due to their different developmental origin or to the different
timings, as ClIITA mRNA in BMDMs was only checked up to 24 h (Figure R18). The fact
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that p38aAb* AMs show a general activation of all three CIITA promoters suggest that
p38a is a general regulator of CIITA, more than a promoter specific regulator as
described for IFNy. This supports that CIITA regulation by p38a could involve HDACs
like HDAC6, whose specific inhibition in BMDMs affects the expression of all CIITA
isoforms upon LPS treatment (Figure R23).

The p38a and the MK2 inhibitors gave very similar phenotypes in the transcriptional
regulation of CIITA/MHCII both by FACS and at mRNA level (Figure R21). However,
we observed that the induction of CIITA and MCHII by the MK2 inhibitor was partial
compared to the one induced by the p38a inhibitor. This suggests that p38a could
have a MK2-independent role in the regulation of CIITA. One hypothesis is that the
alternative silencing of CIITA by p38a could be done by HDAC4, found to be
significantly downregulated in the RNA-Seq of AMs (Figure R22). Another possibility
could be that p38a regulates the transcription factor USF1, which was found

upregulated in the p38aAb* AMs, and has been involved in the transcriptional
regulation of CIITA (Muhlethaler-Mottet et al., 1998).

HDACs are known to regulate antigen presentation at different levels (Woan et al.,
2012). Previous literature using the RAW 264.7 cell line provide evidence for the
regulation of CIITA by p38a mediated by HDACs (Yao et al., 2006). Although those
experiments were restricted to the regulation of CIITA plV by IFNy, we have found that
p38a also regulates pl and plll of CIITA. Our TSA experiments in BMDMs proved the
implication of HDACs in the expression of CIITA (Figure R22), but did not provide a
direct link to p38a. Given the nature of studying a negative regulation, it becomes
difficult to prove causality since rescue experiments were not possible. However, the
fact that the inhibition of both p38a and HDACs resulted in very similar patterns of
CIITA and MHCII regulation support that they could functionally interact. We also
noticed a slight additive effect on MHCII expression upon combining TSA or NEX
inhibitors with the p38a. inhibitor (Figure R22-23). This might be due to the HDAC
inhibition additionally affecting the transcription of MHCII independently of CIITA,
which is known to be also regulated by histone modifiers (Wright & Ting, 2006).
Finally, the preliminary IP experiment showing MK2-HDAC6 interaction is an
interesting finding that could be worth of further characterization (Figure R24).
However, the complex forms also upon p38a inhibition suggesting that the interaction
is not affected by MK2 phosphorylation. HDACé phosphorylation by MK2 is unlikely,
since HDAC6 does not have MK2 phosphorylation motifs (Hornbeck et al., 2015), and

the hypothesis could be that upon activation MK2 determines the nuclear localization
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of HDACS, which is described to have some cytoplasmic localization (Seto & Yoshida,
2014).

Myeloid p38a in lung inflammatory diseases

The role of p38a in maintaining lung immunosuppression is further supported by the
results in the models of lung inflammation with HDM or LPS, which have an

exacerbated inflammatory response in p38aAY* mice (Figure R26-29). However,
these results do not agree with previously published literature, where the use of
several p38a chemical inhibitors was shown to ameliorate inflammatory symptoms in
preclinical models of asthma, COPD and acute lung injury. Published asthma studies
used the p38a inhibitors SB239063 (Bao et al., 2017; L. Liang et al., 2013; Underwood
etal., 2000), SB202190 (Choudhury et al., 2002), SD-282 (J. Y. Ma et al., 2008; Nath et
al., 2006), SB203580 (Escott et al., 2000; Q. Wu et al., 2018) and CHF6297 (Martucci
et al., 2017). Preclinical models of acute lung inflammation and COPD also used
different p38a inhibitors, such as M39 (Nick et al., 2000, 2002) or SB203580 (D. Li et
al., 2018). On the other hand, we have used a genetic deletion of p38a in myeloid
cells, which has allowed us to study the contribution of p38a specifically in those cells
to the biology of asthma and inflammation. However, we cannot rule out that systemic
p38a inhibitors affecting other lung epithelial and immune cells could have different
effects in this pathology. For instance, a study modelling COPD in mice using LPS and
cigarette smoke show that increased expression of p38a in type Il alveolar epithelial
cells was responsible for the severity of the disease (Amano et al., 2014). Thus, the
type of p38a inhibition and, more specifically, the cell type in which p38a is inhibited
can have either pro- or anti-inflammatory roles, which could explain the modest effect
of p38 MAPK inhibitors in clinical trials. Noteworthy, other published studies using
LysM-Cre-mediated genetic deletion of p38a have also shown unexpected increased
inflammation in models or arthritis and skin injury (Guma et al., 2012; C. Kim et al.,
2008), demonstrating that genetic deletion offers mechanistic information which is
not necessarily consistent with the use of pharmacological inhibitors. Besides, we
have used HDM to induce asthma, which is a physiological allergen that better models
asthma in humans, while the majority of published studies using p38a inhibition use
OVA to induce the disease. Finally, given that a major player in asthma is antigen
presentation by MHCII via macrophages and DCs, which is the first event that triggers
the Th2 inflammatory response (Tang et al., 2022), we think that MHCII regulation by
p38a should be taken into account in lung inflammatory diseases such as asthma in
which p38a inhibitors are tested.
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p38a overexpression in vivo

The association of p38a with biological and pathological processes is commonly
performed though the use of pharmacological inhibitors, knock-down and KO
studies. Although genetic downregulation models are very useful, the direct
implication of p38a in a pathological condition can be further supported with
experiments of overexpression. There are some published studies using models of
p38a intrinsic activation but, to our knowledge, an in vivo p38a-overexpression model
using BAC constructs has not been reported before. A recent study with mice
expressing an inducible and constitutively active p38a showed a 40% mortality and
dramatic loss of body weight in the mice, although no particular histological
differences were observed (Darlyuk-Saadon et al., 2021). In contrast to those results,
p38aBAC mice neither show any health problems in homeostasis nor we observe
histological differences in the tissues analysed. This is probably due to the fact that
p38aBAC mice show small increases in p38a. mRNA levels that did not particularly
enhance the quantity of the protein in several mouse tissues (Figure R30). Similarly,
BMDMs from p38aBAC mice show a slightly increased MK2 phosphorylation, which
does not lead to increased expression of the downstream inflammatory mediators.
This probably means that the cells have mechanisms to keep the p38a protein
expression at certain levels as well as to regulate the pathway activity fluctuations
(Figure R31).

Experiments using p38aBAC mice confirmed the published role of p38a in several
physiological and pathological conditions, including the regulation of CDK inhibitors
in ageing spleen and liver (Wong et al., 2009), the CCls-induced acute liver damage
(Fortier et al., 2019) and the DSS-induced colitis (Youssif et al., 2018) (Figures R32-
34). Although we have not tested the proposed molecular mechanisms, our
experiments support the potential use of the p38aBAC mice to study diseases in
which p38a. can be implicated. Most importantly, the p38aBAC model has provided
additional evidence for the negative regulation of MHCIl by p38a.in AMs, as increased
levels of p38a resulted in lower levels of MHCIl in AMs (Figure R35). However,
increased protein levels of p38a in AMs from p38aBAC mice have not been verified
yet. The increase in MHCII was nicely accompanied by a decrease in effector CD4*
and CD8* T cells and an increase in lung tumors, supporting the causality between
levels of MHCII in AMs, the number of effector T cells and the lung tumor burden.
Interestingly, the published study using constitutively active p38a also shows
differences in the lungs, as an increase in M2-like markers in AMs such as iNOS and
Arg1 (Darlyuk-Saadon et al., 2021). This data is consistent with our findings that p38a

regulates the immunosuppressive phenotype of AMs.
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Altogether, we have shown that the p38a. kinase in myeloid cells contributes to the
intrinsic properties of lung immune homeostasis by regulating crucial functions of
AMs. Most importantly, by regulating MHCII through CIITA transcription, p38a
regulates the immunosuppressive functions of AMs, and this ultimately determines
the outcome of lung inflammatory diseases and cancer.



DISCUSSION

175









178



CONCLUSIONS

Myeloid p38a does not affect primary melanoma tumor development.

Myeloid p38a facilitates lung tumor metastasis by controlling immune

suppression in the lung.

p38a regulates crucial physiological processes in alveolar macrophages that can

affect tumor progression in the lung.

p38a regulates antigen presentation via MHCIl in macrophages through
transcriptional regulation of CIITA probably involving MK2 and HDACA.

Myeloid p38a has a protective role in asthma and acute lung injury.

Overexpression of p38a is sufficient to induce increased MHCII expression in

alveolar macrophages.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1 | Top 100 upregulated genes in RNA-Seq of p38aAY* AMs
100 top upregulated genes found in p38aAY* (KO) AMs compared to WT AMs in
tumor conditions and values for the same genes in basal conditions. Genes are
classified in descending order of the FC.shrinked in the KOvsWT Tumor condition.
pval.adj=p value adjusted, FC.shrinked= fold change shrinked.

KOvsWT KOvsWT KOvsWT KOvsWT
Gene symbol Tumor Tumor Basal Basal
pval.adj FC.shrinked pval.adj FC.shrinked
Map2ké 0,00000 62,453 0,00000 58,494
Cfap161 0,00000 22,417 0,00000 13,608
Stk32c 0,00000 11,699 0,00000 9,346
Zfp273 0,00001 10,014 0,00155 3,081
Cbx8 0,00000 9,331 0,00000 7,729
D930048N14Rik 0,00000 8,633 0,00103 3,256
Gm10384 0,00000 8,078 0,00000 5,922
Ciita 0,00000 7,935 0,00000 5,961
Fbxo31 0,00000 7,447 0,00000 7,910
Dclk3 0,00051 6,576 0,00001 22,809
H2-Eb1 0,00000 6,424 0,00000 5,036
Kif5¢ 0,00047 5,879 0,00013 5,982
H2-Aa 0,00000 5,720 0,00000 4,579
Slc7a4 0,00000 5,120 0,00000 4,186
H2-Ab1 0,00000 5,064 0,00000 4177
Syt3 0,00057 4,989 0,00479 2,574
Tnfsf10 0,00009 4,951 0,00000 9,785
Mir5107 0,00000 4,792 0,00000 3,543
Sall2 0,00001 4,733 0,00000 6,924
Cd74 0,00000 4,629 0,00000 3,903
KIhI33 0,00036 4,621 0,00000 8,536
Cyp27a1 0,00000 4,578 0,00000 2,816
Ndrg1 0,00000 4,410 0,00000 7,503
Sorl1 0,00000 4,249 0,00000 4,818
Zfp395 0,00000 4,201 0,00000 7,122
S$100a6 0,00000 4,137 0,00000 5,226
Gpr171 0,00002 4,126 0,00003 3,925
GO0s2 0,00000 4,093 0,00000 4,826
Akap5 0,00068 4,029 0,00002 5,841
Zfp61 0,00000 3,952 0,00001 3,659
Tspan13 0,00000 3,893 0,00000 4,543
Tfap4 0,00051 3,760 0,00002 5,640
Ccdc166 0,00004 3,674 0,00005 3,410
Tsc22d3 0,00000 3,626 0,00000 2,900
Hmga2-ps1 0,00025 3,602 0,00004 4,140
Zfp760 0,00004 3,581 0,00018 2,891
Sgsh 0,00001 3,530 0,00000 9,382
Bmf 0,00015 3,529 0,00000 7,500
Hhex 0,00006 3,522 0,00000 5,557
Sox12 0,00253 3,515 0,00937 2,324
Gbp8 0,00004 3,499 0,00228 2,267
1115 0,00001 3,496 0,00002 3,209
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Svip 0,00324 3,486 0,00046 5,182
Lpar5 0,00150 3,445 0,00000 8,175
Arhgap22 0,00000 3,377 0,00000 3,021
H2-Oa 0,00000 3,360 0,00000 3,552
Amer1 0,00002 3,342 0,00031 2,623
S100a4 0,00000 3,328 0,00000 4,427
Klhl42 0,00000 3,236 0,00000 3,316
Tmem71 0,00000 3,224 0,00001 2,574
Ksr1 0,00003 3,136 0,00025 2,608
Ephx1 0,00000 3,133 0,00000 2,910
Prkcb 0,00000 3,123 0,00002 2,806
Tnfsf13b 0,00001 3,067 0,00000 3,992
Spred2 0,00007 3,020 0,00268 2,142
Zfp870 0,00088 2,954 0,01225 1,931
Hnmt 0,00421 2,947 0,00009 5,098
Trimé65 0,00000 2,904 0,00000 2,931
4930431P03Rik 0,00178 2,888 0,00860 2,110
Sap25 0,00000 2,856 0,00002 2,386
Eif4e3 0,00013 2,851 0,00000 4,410
Castor2 0,00004 2,849 0,00388 1,906
H2-DMb1 0,00000 2,845 0,00000 2,316
Mtus1 0,00226 2,836 0,00001 4,901
Aoah 0,00038 2,817 0,00140 2,360
Hdac11 0,00258 2,816 0,00018 3,998
Sh3pxd2a 0,00004 2,804 0,00000 3,809
Frmd4b 0,00054 2,796 0,00001 3,597
Rab3a 0,00123 2,773 0,00127 2,584
Card14 0,00317 2,768 0,00007 4,995
Zfp658 0,00178 2,664 0,00000 5,375
Clec2l 0,00250 2,633 0,00050 2,803
Dnajc28 0,00147 2,631 0,00372 2,130
BC051537 0,00191 2,629 0,00040 2,986
Cldn1 0,00011 2,603 0,00008 2,512
Vash1 0,00000 2,602 0,00011 1,898
Atp23 0,00374 2,574 0,00069 3,079
Pstk 0,00118 2,571 0,00007 3,017
Lrrc25 0,00080 2,555 0,00103 2,327
2810021J22Rik 0,00039 2,512 0,00096 2,194
Fbxo21 0,00005 2,497 0,00000 2,701
Rhobtb2 0,00185 2,487 0,00009 3,106
Arldc 0,00004 2,485 0,00000 2,871
Mettl7a1 0,00007 2,476 0,00007 2,370
Traf3ip3 0,00091 2,435 0,00000 3,341
Rgs2 0,00129 2,429 0,00001 3,378
Zfp770 0,00004 2,426 0,00007 2,237
Scarf1 0,00935 2,397 0,00172 2,955
Sobp 0,00675 2,391 0,00081 3,041
Rarg 0,00510 2,363 0,00026 3,190
Etaa1 0,00005 2,360 0,00012 2,128
Ptprs 0,00013 2,357 0,00085 1,985
Lrrcc 0,00359 2,336 0,00824 1,967
Zbtb18 0,00010 2,333 0,00001 2,500
Mvb12b 0,00001 2,319 0,00013 1,958
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Mfap3l 0,00360 2,317 0,00003 3,405
TIr3 0,00118 2,308 0,00054 2,297
H2-DMb2 0,00118 2,304 0,00007 2,643
Ccdc142 0,00018 2,301 0,00090 1,972
Al467606 0,00109 2,299 0,00002 2,832

Supplementary Table 2 | Top 100 downregulated genes in RNA-Seq of p38aAY* AMs
100 top downregulated genes found in p38aA"* (KO) AMs compared to WT AMs in
tumor conditions and values for the same genes in basal conditions. Genes are
classified in ascending order of the FC.shrinked in the KOvsWT Tumor condition.
pval.adj=p value adjusted, FC.shrinked= fold change shrinked.

KOvsWT KOvsWT KOvsWT KOvsWT

Gene symbol Tumor Tumor Basal Basal
pval.adj FC.shrinked pval.adj FC.shrinked

Egfem1 0,00000 -68,018 0,00000 -34,145
Cd200 0,00000 -14,214 0,00000 -14,930
Efr3b 0,00000 -8,271 0,00000 -8,144
Cspg4 0,00000 -7,763 0,00000 -5,339
Plin1 0,00000 -6,150 0,00013 -3,882
Colec12 0,00000 -5,921 0,00000 -9,949
Met 0,00005 -4,665 0,00000 -9,111
Pdk4 0,00000 -4,378 0,00000 -4,704
Awat1 0,00004 -3,980 0,00001 -4,644
Zfyve9 0,00031 -3,379 0,00008 -3,729
Fstl1 0,00000 -3,305 0,00000 -3,293
Fabp4 0,00000 -3,199 0,00000 -3,220
Cav1 0,00000 -3,155 0,00001 -2,742
Plk3 0,00000 -3,074 0,00000 -4,531
Nabp1 0,00021 -2,967 0,01225 -1,843
Pex11a 0,00004 -2,895 0,00005 -2,760
Marco 0,00002 -2,878 0,00000 -3,968
Fzd8 0,00005 -2,822 0,00000 -3,565
Slc39a2 0,00000 -2,751 0,00004 -2,367
Cd36 0,00000 -2,643 0,00000 -3,239
Rgcc 0,00360 -2,629 0,00262 -2,580
Lyz2 0,00000 -2,617 0,00000 -2,353
Phlda3 0,00018 -2,615 0,00059 -2,256
A930017K11Rik 0,00412 -2,442 0,00015 -3,439
Celsr3 0,00086 -2,416 0,00824 -1,825
Clec7a 0,00000 -2,377 0,00000 -2,641
Cyfip2 0,00263 -2,341 0,00000 -5,603
Rhov 0,00812 -2,339 0,00067 -3,230
Efnb2 0,00602 -2,323 0,00003 -4,213
Zfp503 0,00215 -2,322 0,00000 -3,677
Zfp36 0,00005 -2,289 0,01133 -1,583
Sqle 0,00017 -2,275 0,00082 -1,960
Krt79 0,00009 -2,225 0,00023 -2,013
Ctsk 0,00069 -2,220 0,00002 -2,572
Bag3 0,00094 -2,167 0,00011 -2,367
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Sgk1 0,00023 -2,153 0,00007 -2,192
Casz1 0,00003 -2,129 0,00024 -1,857
Tbc1d2 0,00039 -2,112 0,00182 -1,820
Plk2 0,01686 -2,099 0,00274 -3,315
Clec4n 0,00322 -2,076 0,00117 -2,156
Chrm3 0,01613 -2,042 0,00027 -3,830
Ric1 0,00049 -2,027 0,00001 -2,353
Naip2 0,00031 -1,985 0,00000 -2,502
FbxI5 0,00289 -1,984 0,00003 -2,598
Fasn 0,00012 -1,971 0,00005 -1,986
Mapé 0,01266 -1,941 0,00015 -3,005
Top1 0,00185 -1,929 0,00000 -3,060
Lrp12 0,00200 -1,928 0,00000 -2,688
Hsd17b7 0,00377 -1,916 0,00001 -2,749
Cpeb4 0,00191 -1,908 0,00000 -3,650
Plekhg1 0,00081 -1,892 0,00000 -2,685
Olr1 0,00189 -1,872 0,00001 -2,455
Sc5d 0,00137 -1,870 0,00000 -2,463
Card 0,01330 -1,868 0,00708 -1,938
UbgIn1 0,00001 -1,857 0,00000 -2,028
Plcb1 0,00637 -1,844 0,00058 -2,165
Fosl1 0,02983 -1,840 0,00016 -4,477
Maoa 0,00091 -1,839 0,02086 -1,476
Sde2 0,00534 -1,836 0,00011 -2,360
Dnajb9 0,00400 -1,829 0,00028 -2,135
Gm11545 0,02046 -1,777 0,00407 -2,106
Lrrc59 0,00017 -1,768 0,00000 -2,106
Cdr2 0,00292 -1,760 0,00164 -1,784
1d2 0,02556 -1,755 0,00018 -3,024
Gmppb 0,00108 -1,755 0,03257 -1,415
Stégalnac4 0,00707 -1,748 0,00087 -2,006
Ptgir 0,02631 -1,726 0,00009 -3,119
Sesn2 0,01389 -1,726 0,00013 -2,485
Kdelr2 0,00412 -1,715 0,00577 -1,652
Igf2bp2 0,00430 -1,698 0,00163 -1,788
Tob2 0,00289 -1,698 0,00000 -2,318
Gnat3 0,03753 -1,694 0,00891 -2,479
Tapt1 0,00880 -1,646 0,00001 -2,437
Nr1h3 0,02642 -1,642 0,00027 -2,520
Cyp51 0,02983 -1,641 0,02091 -1,703
Eefle1 0,00598 -1,629 0,00438 -1,656
Nsf 0,00791 -1,628 0,03154 -1,469
Gdf15 0,04983 -1,627 0,00597 -2,415
Fnip2 0,01993 -1,622 0,00003 -2,641
Serpine1 0,02790 -1,621 0,00010 -2,705
Adm 0,04481 -1,618 0,00137 -3,957
Sh2b2 0,02036 -1,612 0,00043 2,216
Alas1 0,01776 -1,609 0,00030 -2,202
Hmgcr 0,02897 -1,608 0,00154 -2,152
Pprc1 0,00243 -1,593 0,00002 -1,956
E030018B13Rik 0,05441 -1,589 0,00119 -4,064
Plin2 0,01444 -1,584 0,01482 -1,584
Tfrc 0,01973 -1,581 0,00000 -3,440
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Atp2a2 0,00315 -1,580 0,00013 -1,840
Srebf2 0,00123 -1,573 0,00018 -1,698
Samd4b 0,00200 -1,572 0,00055 -1,671
Pcyt1a 0,00510 -1,568 0,00086 -1,732
Hfm1 0,05398 -1,548 0,00544 -2,800
Tubada 0,00706 -1,545 0,00881 -1,536
Ptges 0,06381 -1,543 0,02760 -1,848
Erola 0,02897 -1,541 0,00019 -2,321
Ppard 0,05334 -1,538 0,00154 -2,462
Frk 0,05669 -1,531 0,02995 -1,715
Taf7 0,04953 -1,531 0,00227 -2,238
Ear6 0,05433 -1,529 0,01224 -1,913
Ddb1 0,00098 -1,528 0,00194 -1,500
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