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ABSTRACT




During the last decades, the way to study cancer has changed enormously. The
former simplistic view defining tumours as a mass of cancer cells has evolved,
consolidating now the co-participation of heterogeneous tumour and stromal cells,
including fibroblasts, immune and endothelial cells, and also non-cellular
components. Among the non-cellular constituents, the dynamism of the extracellular
matrix is gaining great prominence, although more research is still needed. During
tumour progression, remodelling of the extracellular matrix by proteases is essential
for processes such as angiogenesis, invasion or immune regulation. In our group, we
have been contributing to the knowledge of the extracellular protease ADAMTS1 (A
Disintegrin and Metalloproteinase with Thrombospondin Motifs 1), the first member
described of the ADAMTS family. To date, ADAMTS1 is known by its controversial
role in cancer depending on the tumour type and context. It participates in
angiogenesis and metastasis, and recent research has showed that this and other
members of the ADAMTS family are regulating the immune system in cancer and
other diseases.

Our earlier results showed that, whereas murine B16F1 melanoma tumours were
reduced in deficient mice for ADAMTS1 (Ats1-KO), Lewis Lung Carcinoma (LLC)
tumours were not affected in such background. Importantly, B16F1 and LLC tumours
are highly immunogenic and sensitive to anti-angiogenic treatment, while LLC ones
are poorly immunogenic and resistant. Knowing this different behaviour, we
investigated how ADAMTS1 and its activities in the ECM could impact in those
differences. Our studies using Ats1-KO mice to address stromal ADAMTS1 were
complemented with Adamtsl-inhibited tumour cell lines, focusing on its tumour
origin.

Although the initial evaluation of tumour vasculature already revealed a common
increase of vessel density in Ats1-KO conditions in both models, we still needed to
expand our approaches to explain these differences in growth. For that, the
increasing interest of the immune regulation by extracellular proteases motivated us
to evaluate the immune environment of the Ats1-KO mouse, first in healthy animals
and later in tumour-bearing mice.

Importantly, spleen and bone marrow of healthy animals displayed a pro-
inflammatory phenotype, mostly represented by T cells, in Ats1-KO mice, although
data on myeloid cells suggested a potential anti-inflammatory role. Then, we
performed in vitro experiments with bone marrow-derived macrophages, revealing
that their migratory and phagocytic abilities were compromised in the absence of the
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protease, without affecting adhesion and polarisation. Definitively, all these results
define ADAMTS1 as an immunomodulatory molecule.

Additional studies corroborated the distinct effect of these tumour cell lines on
macrophage polarization, uncovering a main induction of a M2-protumorigenic
phenotype by the conditioned media of LLC. Indeed, these assays allowed us to
discover that the inhibition of ADAMTS1 in these cells provoked the polarisation of
macrophages to an M1 pattern, suggesting the possible mediation of this effect by a
variety of extracellular molecules such as Versican, osteopontin, IL33 and LDLR.

Our later studies were focused on the contribution of ADAMTS1 in the tumour
immune compartment. Interestingly, B16F1-Ats1-KO tumours resemble the healthy
mice immune landscape. However, the presence of LLC tumours provoked major
alterations in the immune landscape challenging the supposed advantages of the
Ats1-KO mouse to reduce tumour growth.

To confront this issue, we assessed RNA sequencing of tumours. These analyses of
specific gene signatures related to inflammatory response and matrisome showed
relevant differences. Interestingly, the comparison between B16F1-Ats1-KO and LLC-
Ats1-KO tumours showed that the first ones had a reduced cell migration and
motility and a higher T cell migration and chemotaxis, reflecting how the absence of
ADAMTS1 modulates the differences that exist between the models.

Finally, we addressed the possible common mechanisms between the anti-
angiogenic resistance of LLC tumours and the absence of effect of these tumours to
the genetic deletion of ADAMTSL1. Suggestively, these complex studies revealed that
the absence of ADAMTS1 did not alter the final resistance of LLC model to our anti-
angiogenic therapy, involving myeloid-derived suppressor cells but also pro-
tumorigenic macrophages.

Concluding, this work reinforce and emphasize the newly described
immunomodulatory functions of ADAMTS1, mainly reflected in the alteration of
immune populations in spleen, bone marrow and tumours, but also according to our
functional assessments of macrophages. Among future perspectives, main actions
need to be pursued to unveil the implication of type | interferon pathway or collagen
organisation, for example. Nevertheless, studying the putative contribution of the
proteoglycan Versican and its proteolysis needs to be specially highlighted according
its recognized activities in macrophage polarisation and immunosuppression, even to
be considered as a therapeutic target.
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RESUMEN




En las ultimas décadas, la forma de estudiar el cancer ha cambiado enormemente. La
antigua visidon simplista que consideraba un tumor como una masa de células
tumorales similares entre si ha evolucionado, consolidando la participacidn de otras
células tumorales y células estromales como fibroblastos, células inmunes vy
endoteliales, y componentes no celulares. Dentro de esos componentes no celulares,
el dinamismo de la matriz extracelular ha ganado interés, aunque se necesita un
estudio mas detallado. Durante la progresiéon tumoral, el remodelamiento de la
matriz extracelular mediada por proteasas es esencial durante procesos como la
angiogénesis, la metastasis o la regulacion inmune. En nuestro grupo hemos
contribuido al conocimiento acerca de la proteasa extracelular ADAMTS1 (A
Disintegrin and Metalloproteinase with Thrombospondin Motifs 1), primer miembro
descrito de la familia ADAMTS. ADAMTS1 es conocida por su papel dual en cancer
segun el tipo tumoral y el contexto, participando en angiogénesis, metdstasis, y como
ha sido recientemente descrito, en la regulacién del sistema inmune en cancer y
otras patologias, al igual que otros miembros de la misma familia.

Estudios preliminares de nuestro grupo muestran que el modelo murino de
melanoma B16F1 se reduce al ser inyectado en ratones deficientes de la proteasa
(Ats1-KO), mientras que el modelo Lewis Lung Carcinoma (LLC) no se ve afectado. Por
otro lado, el modelo B16F1 se considera altamente inmunogénico y sensible a
terapias anti-angiogénicas, al contrario que el modelo LLC, bajamente inmunogénico
y resistente. Por todo ello, quisimos saber cdmo ADAMTS1 y su actividad proteolitica
regulaban esas diferencias. Para ello, usamos ratones Atsl-KO para evaluar la
contribucion de la proteasa estromal, e inhibimos la proteasa en las lineas celulares
para evaluar su contribucién tumoral.

Aunque la evaluacidn inicial de la vasculatura mostraba un aumento similar de la
densidad en ambos modelos en ratones Ats1-KO, se necesitan otros analisis para
explicar el cambio en el crecimiento del tumor. Para ello, el interés que se esta
generando entorno a la regulacion del sistema inmune mediante proteasas
extracelulares nos hizo evaluar el ambiente inmune del ratén Ats1-KO en condiciones
fisioldgicas y tumorales.

De manera relevante, la ausencia de ADAMTS1 generd un entorno pro-inflamatorio
en bazo y médula dsea, principalmente debido a células T. Sin embargo, las
poblaciones mieloides también sugieren un potencial ambiente anti-inflamatorio. Por
otro lado, la caracterizacion in vitro de macréfagos derivados de médula dsea
demostraron que la deficiencia de ADAMTS1 reducia su migracion y fagocitosis, sin
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afectar su adhesién y capacidad para polarizarse. Por todo ello, estos resultados
definen a ADAMTS1 como una molécula inmunomoduladora.

Estudios adicionales demuestran la capacidad de las células tumorales en la
polarizaciéon de macréfagos, mostrando una induccién de la polarizacién de
macréfagos a M2 por parte del secretoma de las células LLC. Ademas, estos estudios
nos permitieron describir que la inhibicion tumoral de ADAMTS1 promovid la
polarizacidn de los macréfagos a M1, sugiriendo que moléculas como Versicano,
osteopontina, IL33 y LDLR pueden mediar estos cambios

Estudios posteriores acerca de la contribucién de ADAMTS1 en la regulacion inmune
en el tumor reflejan que los tumores B16F1 en ratones Ats1-KO tienen un fenotipo
similar al ratdn sano. En cambio, la presencia de tumores LLC atenuan las posibles
ventajas inmunes generadas por la ausencia de ADAMTS1 para reducir el tumor.

Para confirmar estos cambios, llevamos a cabo una secuenciacion del ARN de los
tumores y analizamos firmas génicas concretas relacionadas con la respuesta
inflamatoria y el matrisoma. De forma relevante, este estudio sugirid que los tumores
B16F1-Ats1-KO mostraban una reduccién de la migracion celular y una mayor
citotoxicidad mediada por células T que los tumores LLC-Ats1-KO, reflejando cdmo la
ausencia de ADAMTS1 modula las diferencias previamente mostradas entre los
modelos tumorales.

Finalmente, en este trabajo evaluamos posibles mecanismos comunes entre la
ausencia de respuesta en el ratén Atsl-KO y la resistencia a farmacos anti-
angiogénicos del modelo LLC. Estos estudios demostraron que la reduccidon de
ADAMTSI no es capaz de modular dicha resistencia, la cual estda mediada por células
supresoras mieloides y macréfagos pro-tumorigénicos.

En resumen, este trabajo refuerza y enfatiza las nuevas propiedades
inmunomoduladoras descritas para la proteasa ADAMTS], reflejadas principalmente
por la alteracién de poblaciones inmunes en bazo, médula dsea y tumores, pero
también gracias a los ensayos funcionales realizados con macréfagos. Entre las
perspectivas futuras de este trabajo, las lineas mdas importantes se centran en el
estudio de la implicacion de las rutas del interferdn | y la formacién de estructuras de
colageno, entre otras. Sin embargo, el estudio del papel del Versicano y su protedlisis
necesitan un estudio mas detallado de acuerdo a sus propiedades inmunosupresoras
y a su participacion en la polarizacién de macréfagos, debiendo considerarlo como
una posible diana terapéutica.
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ABBREVIATIONS AND
ACRONYMS




ABBREVIATION

DEFINITION

7AAD 7-amino-actinomycin D
AAD Aortic aneurism and dissection
ADAM A disintegrin and metalloprotease
ADAMTS A disintegrin and metalloprotease with thrombospondin motif
ADAMTS1 A disintegrin and metalloprotease with thrombospondin motif 1
ANG-2 Angiopoietin 2
APC Antigen-presenting cell
ARG1 Arginase 1
Atsl ADAMTS1
Ats1-KO Knockout mouse for ADAMTS1
BM Bone marrow
BMDC Bone marrow-derived cell
BMDM Bone marrow-derived macrophages
Breg Regulatory B cell
BSA Bovine serum albumin
Bv8 Prokineticin 2
CAF Cancer-assoaciated fibroblast
CAR Chimeric antigen receptor
CCL C-C motif chemokine ligand
CcD Cluster of differentiation
CD163 Macrophage scavenger receptor
CD206 Mannose receptor
cDC Migratory dendritic cell
cDNA Complementary cDNA
CFSE Carboxyfluorescein diacetate succinimidyl ester
CL Cell lysate
c™M Conditioned medium
COX-2 Cyclooxygenase-2
CRC Colorectal cancer
Cs Chondroitin sulphates
CsC Cancer stem cell
CSF Colony stimulating factor
CTL Cytotoxic T lymphocytes
CTLA-4 Cytotoxic T lymphocyte-associated antigen 4
CXCL C-X-C chemokine ligand
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ABBREVIATION

DEFINITION

DABCO 1,4-Diazabicyclo(2,2,2)octane
DAMP Damage-associated molecular patterns
DAPI 4’, 6-diamidine-2-fenilindol
DC Dendritic cell
DMEM Dulbecco’s Modified Eagle’s Medium
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
EC Endothelial cell
ECM Extracellular matrix
EDTA Ethylenediamine tetraacetic acid
EGF Epithelial growth factor
EGF Epithelial growth factor
EMT Epithelial-to-mesenchymal transition
FBS Fetal bovine serum
FC Flow cytometry
FDA Food and Drug Administration
FGF Fibroblast growth factor
FN Fibronectin
GAG Glycosaminoglycan
GM-CSF Granulocyte-macrophage colony-stimulating factor
GO Gene Ontology
HEK293T Human embryonic kidney 293T cells
HRP Horseradish peroxidase
HUVEC Human umbilical vein endothelial cells
i.p. Intraperitoneal
ICI Immune checkpoint inhibitors
IDO Indole 2,3-dioxygenase
IF Immunofluorescence
IFN Interferon
IGF Insulin growth factor
IGFBP2 Insulin-like growth factor binding protein 2
[{€] Immunoglobulin G
IHC Immunohistochemistry
[ Infiltrating immune cell
IL Interleukin
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ABBREVIATION

DEFINITION

IFN regulatory factor 9

IRF9
ISG IFN-stimulated gene
ITH Intra-tumour heterogeneity
KO Knockout
LDLR Low-density lipoprotein receptor
LLC Lewis Lung Carcinoma cell line
LPS Lipopolysaccharide
MCP Monocyte chemotactic protein
M-CSF Macrophage colony-stimulating factor
MDSC Myeloid-derived suppressor cell
MHC-I Major histocompatibility class |
MMP Matrix metalloproteinase
MPAEC Mouse primary aortic endothelial cells
NID1 Nidogen 1
NID2 Nidogen 2
NK Natural killer
NO Nitric oxide
NOS2 Nitric oxide synthase 2
P/S Penicillin/Streptomycin
PBS Phosphate buffered saline
PCA Principal Component Analysis
PD-1 Programmed cell death protein 1
PDGF Platelet derived growth factor
PD-L1 Programmed cell death 1 ligand 1
PF4 Platelet factor 4
PFA Paraformaldehyde
PG Proteoglycan
PGE2 Prostaglandin E2
PHA-P Phytohemagglutinin P
PIGF Placental growth factor
PVDF Polyvinylidene difluoride
qPCR Quantitative polymerase chain reaction
RBC Red blood cell lysis buffer
RGD Arg-Gly-Asp domain

RIN

RNA integrity value
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ABBREVIATION DEFINITION

RIPA Radioimmunoprecipitation assay
RNA Ribonucleic acid
RNAseq RNA sequencing
RT Room temperature
s.C. Subcutaneous
SDF1 Stromal cell-derived factor 1
SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis
SEM Standard error of the mean
SMA Smooth muscle actin
STAT Signal transducer and activator of transcription
TAM Tumour-associated macrophages
TAN Tumour-associated neutrophils
TEM TIE2-expressing TAM
TFPI-2 Tissue factor pathway inhibitor 2
TGFB Transforming growth factor
Thi CD4" T helper 1 cell
Th2 CD4" T helper 2 cell
TIMP Tissue-inhibitors of metalloproteases
TKI Tyrosine kinase inhibitor
TLR Toll-like receptor
TME Tumour microenvironment
TNFa Tumour necrosis factor a
Treg Regulatory T cells
TSP Thrombospondin
TSR Thrombospondin type 1 repeat
uPA Urokinase-type plasminogen activator
vBM Vascular basement membrane
VCAN Versican
VEGF Vascular endothelial growth factor
VEGFR VEGF receptor
WB Western blot
WT Wild type

a2M a2-macroglobulin




INTRODUCTION




1. The heterogeneity of cancer

Decades ago, cancer research was focused on the malignancy of cancer cells, trying
to understand how the regulation of oncogenes and tumour suppressor genes
transform normal cells into cancerous. However, after years of research, the
development of new tools such as genome sequencing or transcriptional profiling
and all the data they generate, a new tumour concept has appeared and cancer is
currently studied as a complex and heterogeneous environment (Hanahan &
Coussens, 2012).

1.1. New tumour concept and hallmarks of cancer

The existence of tumour heterogeneity was already identified in the 1800s due to
morphological and histological variations, genetic and growth rates abnormalities
and altered response to therapies among different tumours. Indeed, those
observations postulated that genetically distinct tumour sublines were the result of
natural selection following Darwinian evolutionary patterns. According to it, genetic
changes that provide selective advantage to a tumour sub-clone may lead to its
dominance in the cancer cell population (Caiado, Silva-Santos, & Norell,
2016)(Marusyk & Polyak, 2010). However, this simplistic view of cancer being an
homogeneous mass of cancer cells has been deeply refuted (Hanahan & Weinberg,
2000)(Hanahan & Weinberg, 2011)(Hanahan & Coussens, 2012)(Hanahan, 2022).

In their first approach, Hanahan and Weinberg proposed that the simplistic view of
the tumour concept should be replaced by a new one, introducing new players such
as other type of cells (Hanahan & Weinberg, 2000). In this review, they included the
relevance of fibroblasts, endothelial and immune cells which instruct their neighbour
cells by paracrine and autocrine signals. This crosstalk between all the players
evolved in the definition of six hallmarks that tumours acquire during tumorigenesis
(Hanahan & Weinberg, 2000). In 2011, they formulated other two new hallmarks and
two enabling characteristics, and reviewed the previous ones, including in this case
the recruitment of cells such as pericytes, cancer stem cells, immune inflammatory
cells or invasive cells, and the relevance of non-cellular components (Figure 1)
(Hanahan & Weinberg, 2011). Finally, this year Hanahan has updated this cancer
conceptualization with two new enable characteristics and two new hallmarks up to
a total of 14 concepts, which are summarised in the following lines (Figure 2).
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Figure 1. Core of primary tumour. Distinct cell types constituting most solid tumours and
regulating their progression. Apart from the cancer cells, there are others which have both tumour-
promoting and tumour-killing functions, such as cancer-associated fibroblasts, endothelial cells and
pericytes, inflammatory cells, and cancer stem cells and invasive cells. The representation also
includes the extracellular matrix. Adapted from (Hanahan and Weinberg, 2011).

Among the six firstly described hallmarks that enable tumour growth and metastatic
dissemination, these authors talk about sustaining proliferative signalling, regarding
the production and release of growth-promoting signals that make the cells self-
sufficient in order to proliferate. Closely related is the second hallmark, evading
growth suppressors. Once tumour cells are independent to the environment to grow,
they have to avoid all the cell programs that negatively regulate cell proliferation and
maintain cellular quiescence The third one, resisting cell death, refers to the ability of
cancer cells to trigger the apoptosis mechanisms in response to physiologic stress,
and the forth, enabling replicative immortality, remarks the capacity of avoiding
senescence. Inducing of accessing vasculature was other defined concept, which is
very relevant for this work, so it will be extendedly discussed later (Introduction,
section 3). Finally, they described activating invasion and metastasis as the sixth
hallmark, referring to the ability of tumour cells to disseminate to other tissues by
altering their shape and their attachment to other cells and the extracellular matrix
(ECM) (Hanahan & Weinberg, 2000) (Figure 2).

In their second work one decade later, Hanahan and Weinberg added deregulating
cellular metabolism as a new hallmark, due to the necessity of tumour cells to
reprogram their metabolism to achieve their effective proliferation (Hanahan &
Weinberg, 2011). Moreover, they included the concept of “enabling characteristics”
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in order to describe tumour features that are essential to acquire the described
hallmarks. Among these characteristics, they defined genome instability and
mutation, which refers to the ability of acquiring selective advantages and which was
speculated since tumour heterogeneity discovery. Likewise, they also included
avoiding immune destruction and tumour-promoting inflammation as hallmark and
enabling characteristic, respectively. Again, due to the particular relevance of these
processes for this work, they will be fully discussed in section 2 of this introduction
(Hanahan & Weinberg, 2011) (Figure 2).

Sustaining proliferative Evading growth
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Figure 2. Hallmarks of cancer. State of the art regarding the canonical and already described
hallmarks of cancer, which are mostly generic to multiple forms of human cancer. Adapted from
(Hanahan, 2022).

Finally, in his later review, Hanahan incorporated four new terms (Hanahan, 2022).
First, he included unlocking phenotypic plasticity, known as the disruption of the
differentiation process. Secondly, he also added non-mutational epigenetic
reprogramming, referring to the gene-regulatory circuits that in tumour cells are
governed by corrupted mechanisms which are independent to genome instability
and gene mutation (other core hallmark). The third one was polymorphic
microbiome, which intersects with other hallmarks but which can have its own
identity due to its potential to modulate cancer development, progression and
response to therapies. And finally, he introduced senescence cells, mechanism that is
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activated to maintain homeostasis, and which is underwent by cancer cells. However,
nowadays it is known that in certain contexts, senescence cells stimulate tumour
progression (Figure 2) (Hanahan, 2022).

All these hallmarks describe different characteristics of tumour cells and
environment, which are mostly common to all the tumour types. In fact, they are
crucial in the generation and regulation of the complexity and heterogeneity of the
tumour, which orchestrate tumour behaviour since its early development.

1.2. Intra-tumour heterogeneity (ITH)

All the cellular and non-cellular components that form the tumour microenvironment
(TME), as well as the crosstalk between them, modulate the heterogeneity that is
specifically found in every tumour. There are different levels of tumour
heterogeneity according to their nature; between patients, within the same patient,
and within the cells that are located in the same tumour (intra-tumour
heterogeneity, ITH). All of them have been derived from genetic, epigenetic and
transcriptional alterations between tumours (Hausser & Alon, 2020). This thesis is
focused on the different components of the TME and their crosstalk. For that reason,
we will only consider ITH for this and future sections.

As mentioned, ITH refers to the complex environment that is found in a tumour, in
which coexists cells with different phenotypic and molecular features within the
same tumour. This heterogeneity can be spatial (occurring at the same time in
different locations of same patient) or temporal (with variations in the same lesion
over time), as well as it can be the result of linear or branched tumour evolution
(Figure 3). On the one hand, linear pattern refers to a tumour cell with selective
growth advantages that form a clone that is able to outcompete the preceding one,
surviving only dominant clones. On the second hand, in the branched evolution
pattern there are different populations that emerge from a common ancestral clone
at different moments, but co-existing between them (Dagogo-Jack & Shaw, 2018).
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Figure 3. Linear and branched tumour evolution. Patters of evolution within the context of clonal
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selection. Adapted from (Dagogo-Jack and Shaw, 2018).

Moreover, it has been explained by different models, which are not exclusive. One
model defends a Darwinian pattern, in which stochastic and unpredictable
subsequent genetic alterations within neoplastic cells can create sub-clones with
evolutionary advantages that would force their nature selection, evolving in a
malignant tumour. This old model has been corroborated by next-generation
sequencing and bioinformatics tools (Caiado et al.,, 2016)(Marusyk & Polyak,
2010)(Marusyk, et al., 2020). However, it is known that ITH does not manifest
exclusively at genetic level, but also at epigenetic, transcriptional, phenotypic,
metabolic and secretory ones (Vitale, et al., 2021). A second model, part of the non-
genetic sources of ITH, is the epigenetic regulation one, which includes the
biochemical modification of the deoxyribonucleic acid (DNA), histones and
nucleosomes among other components, whose regulation is aberrant in cancer
(Caiado et al., 2016). These alterations are critical for the establishment of the cell-
type-specific gene expression pattern, and will be essential for the transcriptomic,
proteomic and phenotypic variability (Hinohara & Polyak, 2019)(Vitale et al., 2021).
Furthermore, the regulation of these processes in tumour cells can trigger the
crosstalk with other cells (Dagogo-Jack & Shaw, 2018)(Marusyk et al., 2020). The
third model refers to the hierarchical cellular differentiation, closely related to the
concept of cancer stem cells (CSCs). This model suggest that a fraction of tumour
cells (CSCs) possess the ability of both self-renew and differentiation, and are the
responsible for the maintenance and progression of tumours. Moreover, this model
is intimately related to the previous ones, since genetic and non-genetic alterations
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can provide to the CSCs their plastic phenotype (Marusyk & Polyak, 2010)(Caiado et
al., 2016).

As previously mentioned, these three models (genetic, epigenetic and hierarchical)
explaining ITH are closely interconnected and all of them take part during tumour
progression, revoking the idea of the most simplistic tumour concept. Indeed, all the
genetic, epigenetic and cellular differentiations that provoke ITH are the responsible
of the complex TME that regulates tumour behaviour (Junttila & Sauvage,
2013)(Vitale et al., 2021). Due to those models of evolution and the complexity that
they generate, cellular and non-cellular components and their crosstalk is being
increasingly studied. For that reason, and due to the relevance for this work, TME will
be presented individually in the next section.

1.3. Tumour microenvironment (TME)

Knowing that tumour is not as simply as a mass of cancerous cells, years of research
has demonstrated that TME and tumour-cell-interactions are essential during tumour
progression. In addition, the co-existence and crosstalk between tumours cells and
the cellular and non-cellular components of the stroma are topics of interest
(Marusyk & Polyak, 2010). Studies following this new perspective have documented
that while stromal cell constituents act as barrier against tumorigenesis, when they
are found in aberrant TME, possess diverse contributions toward cancer phenotypes.
These changes in the stroma involved the recruitment of cell types such as
fibroblasts, endothelial cells (ECs), immune cells and the remodelling of the ECM, as it
occurs during organ development (Junttila & Sauvage, 2013) (Figure 1). In fact, in
2012, Hanahan and Coussens detailed how each cell type is involved in the regulation
of each specific hallmark that was already defined by that time, what is summarised
in Figure 4 (Hanahan & Coussens, 2012). Next, most relevant types of cells in the TME
and their roles are briefly presented. However, depending on the tumour type, other
cell populations can be also found.
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Figure 4. Contribution of recruited stromal cells to cancer hallmarks. Illustration showing the
contribution of specific player of TME (infiltrating immune cells, cancer-associated fibroblasts and
angiogenic vascular cells) to the eight hallmarks that were described by Hanahan and Weinberg in
2011. Adapted from (Hanahan & Coussens, 2012).

1.3.1.Cancer-associated fibroblasts (CAFs)

Normal fibroblasts are responsible of suppressing tumour formation. However, the
education and differentiation of resident fibroblast into CAFs in response to injured
tissue cause organ fibrosis and enhances the risk of cancer (Biffi & Tuveson, 2020).
CAFs have pro-tumorigenic functions due to their extensive cytokine secretion.
Among all the signalling molecules secreted by this type of cells, some of them are
mitogenic such as epithelial growth factor member (EGF), fibroblast growth factor
(FGF), insulin-like growth factor | (IGF1) or stromal cell-derived factor 1
(SDF1/CXCL12), which promote tumour malignancy. Moreover, CAFs also induced
epithelial-to-mesenchymal transition (EMT) and favours metastasis through the
secretion of transforming growth factor B (TGFB), molecule that is also related to the
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suppression of the immune system (named as immunosuppression) (Balkwill, et al.,
2012). Apart from that, CAFs express pro-inflammatory molecules that support
tumour growth by recruiting and educating infiltrating immune cells. Furthermore,
CAFs are well-known by their main role in the synthesis and remodelling of a
neoplastic ECM, different to the normal stroma, due to the high production of ECM
components and remodelling proteases. Finally, CAFs are involved in the regulation
of tumour angiogenesis. Firstly, because they produce pro-angiogenic factors such as
vascular endothelial growth factor (VEGF), FGF2 and platelet derived growth factor
(PDGF) (Siemann, 2010). Secondly, due to the fact that CAFs are the major producers
of ECM, in which pro-angiogenic factors are sequestered. And finally, they contribute
indirectly to tumour angiogenesis because CAFs secrete chemoattractants for pro-
angiogenic macrophages and neutrophils that stimulate the recruitment of
endothelial precursors (Junttila & Sauvage, 2013)(Biffi & Tuveson, 2020).

1.3.2.Infiltrating immune cells (1ICs)

The second important group of cells are the infiltrating immune cells (IICs). In this
group, there are lymphoid and myeloid lineage cells, which can have both pro- and
anti-tumorigenic roles. Among these cells, TME includes T and B lymphocytes,
tumour-associated macrophages (TAMs), natural killer cells (NKs), myeloid-derived
suppressor cells (MDSCs), neutrophils and dendritic cells (DCs). The balance of all the
cells is the responsible of promoting tumour progression (Balkwill et al., 2012).
However, as in the case of angiogenic vascular cells and due to their relevance for
this work, they will be presented in an independent section (Introduction, section 2).

1.3.3.Angiogenic vascular cells

Angiogenesis refers to the processes by which new capillaries are created from pre-
existing ones (Yoo & Kwon, 2013). When a blood vessel is stimulated by angiogenic
signals from malignant or immune cells, or in certain environments as hypoxic ones,
endothelial cells (ECs) start sprouting to form new vessels. Moreover, tumour
vasculature is chaotic and needs supporting cells. Pericytes cover those vessels in
order to reduce vessel leakiness and to improve blood flow. However, these
structures are not well-established in tumours, increasing metastasis and reducing
the recruitment of immune cells that block tumour progression (Balkwill et al., 2012).
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Nevertheless, due to the relevance of angiogenesis mechanisms during this project,
this topic will be extensively discussed in the next section (Introduction, section 3).

1.3.4.0ther TME cellular components

Despite the main and well-known roles of these three groups of cells, several works
support the relevance of additional components to the TME that were not directly
involved in the hallmarks reviewed in 2012. Among these components, CSCs have
been identified as one of the most relevant, since their self-renew ability allows them
to initiate new tumours (Hanahan & Coussens, 2012). Although less studied, there
are other cellular types that are known to have relevant role in tumour growth. Some
cancers display a relevant contribution of adipocytes, which can recruit malignant
cells whose growth is potentiated by adipokines. Moreover, apart from endothelial
vessels, lymphatic vasculature is also involved in tumour cell dissemination when
lymphatic vessels are stimulated by VEGFc and VEGFd from tumour cells (Balkwill et
al., 2012). Moreover, microbiome has been increasingly studied due to its described
connection to TME. It has been reported that microbiome acts locally and at distant
sites, secreting toxic metabolites or oncogenic products or inducing inflammation
and immunosuppression. Moreover, it also affects to the response to therapies.
Finally, it is known that even the nervous system participates in tumour
development, since its interaction with cancer cells remodel the immune infiltrate
and vascularization (Laplane, et al., 2019). Apart from the cellular components, ECM
is one of the key contributors to tumour progression. It participates in processes such
as immune cell infiltration, angiogenesis or tumour dissemination among others.
However, since it is one of the main pillars of this research, it will be explained in a
following section (Introduction, section 4).

ITH and the complexity that it produces in the TME are extremely dynamic and are
continuously being remodelled. Indeed, there are two main principles leading their
evolution along tumour progression. First, it is known that each cell type suffers
continuous changes around a spectrum of phenotypic and behavioural states in
response the alterations in their environment, differently to what was defended by
classical models of tumour evolution. This is particularly represented by CAFs or IICs,
which can have two opposite functions depending on the environment, but which
move through different states with other characteristics (Figure 5A). And secondly,
that these alterations must occur behind a threshold. There is an optimal fitness that
tumour cells can tolerate in order to maintain their plasticity and adaptability to the
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environment but without having cell

survival

compromised (Vitale et al., 2021) (Figure 5B).
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Figure 5. Principles governing ITH and TME. (A) Illustration of the plasticity of some TME players
along tumour progression, moving from the classical model of two states (left) to the continuous
one (right). (B) Graph simulating the threshold of ITH that is tolerated by TME to support tumour
progression. Adapted from (Vitale et al., 2021).

or compartment architecture
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2. Relevance of inflammation and immune system during tumour
progression

In 1863, Rudolf Virchow proposed a likely connection between inflammation and
cancer (Li et al., 2020). However, it was not until 2011 and after years of research
that avoiding immune destruction and tumour-promoting inflammation were
considered as an emerging hallmark and an enabling characteristic, respectively. For
that reason, immune system and inflammation have become a very relevant topic for
oncology research (Hanahan & Weinberg, 2011).

During normal wound healing or infection, immune inflammation is a transitory
mechanism. This ancient well-known process involves activation, recruitment and
effect of innate and adaptive immune cells to restore homeostasis and prevent loss
of tissue function (Khandia & Munijal, 2020). In this context, inflammatory response
can be executed by three interdependent mechanisms. Firstly, local immune cells
proliferate when slight insults take place. Secondly, there can be a recruitment of
cells from bone marrow (BM) or lymphoid tissues due to strong insults. And thirdly,
the environment enhances the recruitment and local activation of inflammatory cells
(Greten & Grivennikov, 2019). The first line of defence is represented by innate
immune cells such as macrophages, NKs, DCs, granulocytes and innate lymphocytes.
In response to damage-associated molecular patterns (DAMPs), these cells secrete
cytokines and chemokines to recruit other cells, initiating the immune response.
Consequently, macrophages and mast cells secrete matrix-remodelling enzymes and
cytokines to activate surrounding stromal cells. Then, DCs are the responsible of
linking innate cells and antigen-specific lymphocytes of adaptive immune response.
This linking allows the clonal expansion of naive T cells and their recognition of
foreign antigens. As a result, these T lymphocyte populations eliminate the threat,
inflammation is resolved and homeostasis is re-established (Pitt et al., 2016).

Nevertheless, in the case of cancer there is a persistent and chronic inflammation in
which some cells produce factors that are consumed by others, as loop of
inflammation-induced signalling and inflammatory cell recruitment. Moreover,
inflammatory cells are recruited from the BM to the TME, where they are educated
by different types of cells and secreted factors in order to sustain tumour cells
(Greten & Grivennikov, 2019)(Garner & de Visser, 2020) (Figure 6).
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Figure 6. Inflammatory progression during tumour development. After tissue damage,
inflammation starts and stem cells proliferate and expand to regenerate the tissue. However, if
inflammation is not resolved and is transformed in chronic inflammation, tumours are generated
as well as immunosuppressive immune cells are recruited, evolving in metastasis and therapy
resistance. (Adapted from (Greten & Grivennikov, 2019).

It has been defended that inflammation at early stages of tumour progression can
accelerate tumour genetic evolution towards more malignant states (Hanahan &
Weinberg, 2011). Moreover, this immunosuppressive environment can be produced
by an activation of the transcription factors that induce angiogenesis and immune
evasion (Greten & Grivennikov, 2019). In tumours, these factors are continuously
activated in myeloid and tumour cells. Finally, hypoxia or exhausted T cells also
trigger the immunosuppressive environment (Li et al., 2020).

2.1. Relevant immune cell types

It was firstly thought that IICs in tumours were limited to DCs, cytotoxic T
lymphocytes (CTLs) or NKs with anti-tumorigenic roles, exerting immunosurveillance
functions and immunological sculpting of ITH. However, now it is known that there is
a group of IICs such as regulatory T cells (Treg), alternatively activated macrophages
(M2) or MDSCs, that contribute to evade immune destruction by shaping the TME
towards a more tumour-permissive state, limiting immunological killing and tumour
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cell eradication (Pitt et al., 2016)(Greten & Grivennikov, 2019)(Li et al., 2020).
Following, all the immune cells involved in inflammation and immune response will
be presented, trying to follow their consecutive appearance in inflammatory
processes, when possible.

2.1.1.Dendritic cells (DCs)

As it was explained before, DCs are specialized antigen-presenting cells (APCs) that
decide if adaptive immunity needs to be activated or not, and which are found in
almost every tissue (Gonzalez et al., 2018). For that response, they activate naive and
memory T cells through co-stimulatory molecules and cytokines (Garner & de Visser,
2020). While high infiltration of mature DC has been associated with good prognosis,
low number has been linked to a non-favourable clinical outcome. Moreover,
infiltration of DCs is related with delayed tumour progression and metastasis, being
less found in invasive tumours (Khandia & Munjal, 2020). These anti-tumoral DCs are
recognised by the expression of CD11c, CD8 and CD103 markers on their surface,
improving the engulfment and presentation of tumour antigens.

In spite of it, antigen presentation can result also in antigen tolerance, impairing NKs
and T cell activity and favouring tumour progression. However, there is a need of
better understanding how anti-tumour NK- and T-cell attack fails to contain tumour
development (Gonzalez et al., 2018). Moreover, the same immunotolerance can be
derived from dysfunctional and/or reduced numbers of migratory DCs (cDC1) that
move antigens to lymph nodes. Furthermore, even when ¢DC1 infiltrate tumours,
other factors can alter DC and T cell action (Garner & de Visser, 2020).

2.1.2.T and B lymphocytes

These cells belong to the adaptive immunity and, after TAMs, T cells are extensively
found in tumours. Depending on the immunological context, they can acquire
inflammatory or anti-inflammatory roles. At early stages of tumour development,
naive T cells are produced and recruited to the TME in order to eliminate cancer cells
after antigen presentation by DCs. For that reason, high content of T cells evolves in
high immunogenicity and correlates with good prognosis. In the beginning, T cells
might not recognise tumour antigens as foreign since they are arisen from host cells.
Nevertheless, rapid proliferation of tumour cells and necrosis are highly
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immunogenic (Garner & de Visser, 2020). Then, CD8" T cells expand and differentiate
into CTLs, what results in the destruction of tumour cells. Moreover, the CD4" T
helper 1 (Th1) population provokes also anti-tumoral activity of macrophages and
NKs by the secretion of pro-inflammatory cytokines such as tumour necrosis factor a
(TNFa) and interferon y (IFNy) (Pitt et al., 2016)(Figure 8). In spite of it, at advanced
stages cancer cells are able to create an immunosuppressive environment that
impairs T cell activity and infiltration, and increase the recruitment of Treg (Garner &
de Visser, 2020). Moreover, Thl cells can shift towards CD4" T helper 2 cells (Th2),
which also have immunosuppressive roles due to the secretion of inflammatory
cytokines (Goswami et al., 2017). According to it, T cell activity depends on the ability
of DCs to present external antigens, on the inhibitory signals that impair T cell action
and on the balance between Th1 and Th2 response (Gonzalez et al., 2018)(Figure 7).

Mechanisms of peripheral tolerance

&

e

=1 &

o o . . \}6‘0

S Escape and proliferation of immune resistant clones d‘\ <

£ & &5

{ 5
2 Y -
Immunoediting ?}@.‘}
Priming and recruitment of antigen-specific CTLs Recruitment of
and Th1 CD4+ T cells to tumor site regulatory T cells
Tumor immunogenici 1E ngagement of T cell check points by
T g vy cancer cells (PD-1, CTLA4)

w T Maturation of dendritic cells and T cell

£ priming Anr:gen ?uanmy/quahr
k] poor antigenic presentation)

S T Cytotoxicity mediated by CD8+T cells
< (exocytosis of perforin and granzyme) g! ressron of T cell Fﬂmmg, activation,
g tration and cytotoxicity.
= 1 Production of Thi cytokines

(T cell priming, DCs maturation, antigen 1 Suppressron of c%ztorox:c NKs, macro-
presentation, NK ceh' activation) phages and neutrophils

Time

Figure 7. Dual T cell activity in tumour progression. Evolution of T cell roles at different tumour
stages. While they have anti-tumorigenic properties at early stages, environmental pressure select
tumour variants that evade immune recognition and increase Treg recruitment. Adapted from
(Gonzalez et al., 2018).

The specific population of Treg is responsible for suppressing Thl and CTLs cells as
well as macrophages, NK cells or neutrophils, evolving in worse patient prognosis
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(Figure 7). This population is mainly induced by the tryptophan catabolization by the
indole 2,3-dioxygenase (IDO), an enzyme that is mainly expressed by cancer cells and
myeloid cells (Pitt et al., 2016). Moreover, they promote tumour-progression due to
the secretion of tumour-promoting cytokines (Greten & Grivennikov, 2019). These
lymphocytes are well recognised by the expression of FoxP3 and CD25 markers on
their surface, and their immunosuppression is mediated by contact-dependent
mechanisms involving cytotoxic T lymphocyte-associated antigen 4 (CTLA-4),
programmed cell death protein 1 (PD-1) and programmed cell death 1 ligand 1 (PD-
L1), which are basic molecules for immunotherapy, a current leading treatment for
primary tumours such as melanoma, which will be discussed later in this section
(Shiao et al., 2011). Moreover, contact-independent mechanisms have been also
described, including sequestration of pro-inflammatory cytokines or the production
of anti-inflammatory ones such as IL10, TGFP or prostaglandin E2 (PGE2) among
others (Gonzalez et al., 2018).

Finally, although classically disregarded for analysis, B lymphocytes, which are the
responsible of secreting memory cells against pathogens, are currently being
explored. However, its role in cancer progression is not well understood. Indeed,
some works support their tumour-promoting role by secreting immunosuppressive
molecules (IL10 or TGFB) or by the activation of angiogenesis and myeloid cells. This
population has been defined as regulatory B cells (Breg) (Gonzalez et al., 2018).

2.1.3.Natural killer cells (NKs)

Natural killer cells (NK) are a type of innate immune system cells that provoke a rapid
and powerful cytotoxic response. NKs are mainly recruited by IL15 and target cancer
cells when they do not express major histocompatibility class | (MHC-I), inducing their
programmed cell death. Otherwise, NKs function would be inhibited (Gonzalez et al.,
2018). Moreover, these cells attack tumour cells by producing granzyme B and
perforin or by death-receptor mediated pathways. Apart from that, a minor subset of
circulating NKs secretes IFNy, TNFa, IL6 and C-C motif chemokine ligand 5 (CCL5),
what enhances anti-tumour immunity (Bruno, Mortara, Baci, Noonan, & Albini,
2019). Although high infiltration of NKs relates to good prognosis, their deficiency
does not correlate with increased tumours (Khandia & Munjal, 2020). In spite of it, it
has been described that there is a population of NKs called tumour infiltrated NKs
that are known by their pro-angiogenic and pro-metastatic functions (Bruno et al.,
2019).
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2.1.4.Tumour-associated macrophages (TAMs)

Macrophages are innate immune cells of myeloid lineage, differentiated from
extravasated monocytes and defined as phagocytic cells (Garner & de Visser, 2020).
They are found in different tissues in order to defend the organism from pathogens,
as well as maintain tissue homeostasis and remodelling, and eliminate cellular debris
(Khandia & Munjal, 2020). Indeed, during tumoral chronic inflammation,
macrophages participate at different levels from neoplastic transformation to
therapy resistance (Pitt et al., 2016)(Gonzalez et al., 2018).

Under the long-term influence of TME and chronic inflammation, macrophages can
polarise towards two main stages with different functions (Vitale et al., 2021),
although they are not stable and exclusive states as it is shown in Figure 8.
Nevertheless, this thesis work focuses in these two main populations of polarised
macrophages.

During carcinogenesis, monocytes are recruited after chronic inflammation by the
secretion of monocyte chemotactic protein 1 (MCP-1/CCL2) and CCL5/RANTES.
Moreover, other chemokines have been also described as monocyte-attractants
(CCL3, CCL4, CCL8/MCP-2 and CCL22) as well as other TME factors such as hypoxia,
necrosis, macrophage-colony stimulating factor (M-CSF/CSF1) and VEGFa (Goswami
et al.,, 2017). On the one hand, at early tumour stages TAMs can be activated by
lipopolysaccharide (LPS) and IFNy, resulting in macrophages polarised to M1/pro-
inflammatory/classically activated (K. Wu et al., 2020). Those M1 macrophages have
anti-tumorigenic properties and can be recognised by the detection of markers on
their surface, although those markers are highly controversial (Mantovani et al.,
2002)(K. Wu et al., 2020). The most extensively used ones are CD68, CD80, CD86 and
also intracellular markers such as enzyme inducible nitric oxide synthase
(iINOS/NOS2) (K. Wu et al.,, 2020)(Figure 8), Moreover, this anti-tumorigenic
population secretes pro-inflammatory cytokines and chemokines (IL1B, IL6, IL12,
IL23, TNFa, CXCL9 and CXCL10) and nitric oxide (NO) that block tumour growth both
directly and indirectly and increase the recruitment of CTLs and NKs (K. Wu et al.,
2020).
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Figure 8. Two main macrophage polarisation states and functions. Monocytes are recruited to
TME by CCL2 and CCL5. There, they polarise to M1 or M2 depending on the secreted cytokines and
the immune environment. These polarised macrophages release different cytokines that affect to
the recruitment and action of other immune cells, as well as to tumour progression and
angiogenesis (Wu et al., 2020).

On the other hand, recruited macrophages can be activated by IL4, IL10 and IL13,
cytokines that are secreted in the TME mainly by Treg and Th2 cells (Khandia &
Munjal, 2020). These molecules polarise macrophages to M2/anti-
inflammatory/alternatively activated state. Despite the controversy in the field, the
most used markers are CD204, macrophage scavenger receptor (CD163) and
mannose receptor (MR/CD206) on their surface and the enzyme arginase 1 (ARG1)
(Shiao et al., 2011)(Khandia & Munjal, 2020). In this case, M2 macrophages secrete
immunosuppressive cytokines including IL10, CCL18, CCL22 and CCL24, which block
the action of CTLs and NKs, increase the recruitment of Treg to the tumour and
promote tumour growth, EMT and angiogenesis (Figure 8). Similar to the balance
between Th1l and Th2 T lymphocytes, the ratio between M1 versus M2 macrophage
can lead the different immune response(K. Wu et al., 2020). Indeed, M1 TAMs are
involved in Thl response since they are able to present antigens, although less
efficiently than DCs (Garner & de Visser, 2020). On the contrary, M2 TAMs are
activated by the same cells and anti-inflammatory cytokines that activate Th2 T cells.
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Due to their essential role in tumour development and dissemination, M2
macrophages require special attention in tumour progression and in this project.
Apart from the recently explained role in suppressing the immune response, as it was
mentioned before, this population promotes tumour angiogenesis via secretion of
VEGF, PDGF, TGFB, pro-angiogenic chemokines (C-X-C motif chemokine ligand 1
(CXCL1), CXCL8, CXCL12/SDF1, CXCL13, CCL2 and CCL5) and remodelling enzymes
(matrix metalloproteinases MMPs and cyclooxygenase-2 COX-2) (Stockmann et al.,
2014)(Goswami et al., 2017). Moreover, these enzymes not only affect angiogenesis,
but also ECM remodelling and tumour invasiveness. In fact, proteolytic enzymes such
as MMPs, plasmin, urokinase-type plasminogen activator (uPA) and its receptor are
continuously remodelling ECM composition (Goswami et al., 2017)(Gonzalez et al.,
2018). Figure 9 summarises the different roles of M2 macrophages in cancer (Sica et

al., 2006).
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Figure 9. Roles of M2 macrophages in cancer. Scheme including the different cancer-related
pathways in which M2 pro-tumorigenic macrophages are involved due to the secretion of different
molecules. Adapted from (Sica et al., 2006).
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2.1.5.Tumour-associated neutrophils (TANs) and myeloid-derived
suppressor cells (MDSCs)

In addition to the differentiated macrophages, there are partially differentiated
myeloid progenitors in tumours, which are intermediaries between circulating cells of
BM origin and differentiated immune cells (Shiao et al., 2011). In this group of cells, it
is particularly interesting the tumour-associated neutrophils (TANs) and MDSCs.
There is a clear controversy in the scientific community regarding the identity of both
populations, since some works define them as the same population, whereas others
differentiate them. Both populations have been attributed with immunosuppressive
functions. However, the problem arises from the markers on the surface of the
murine populations (Gonzalez et al., 2018)(Garner & de Visser, 2020). For this study,
as it will be detailed in the material and methods section, both CD11b and Grl
markers were used for MDSCs detection, always considering that it comprises a
heterogeneous population but which has been defined as immunosuppressive.
Nevertheless, in this introduction, they will be presented individually.

Neutrophils are the main effector cells in inflammation. As in the case of monocytes
or DCs, they do not have their local precursors in the tissue. For that reason, their
action in tumour progression takes place after precursor recruitment (Greten &
Grivennikov, 2019). At early stages of tumour development, neutrophils are found
only in the periphery of the tumour. However, when inflammation starts, they are
recruited to modulate it by mechanisms such as phagocytosis, so their infiltration has
been associated with adverse prognosis (Garner & de Visser, 2020). Similar to
M1/M2 TAMs or Th1/Th2 T cells, TANs can be mainly divided in N1 (activated by type
I IFN) and N2 (activated by TGFB), with similar anti- and pro-tumorigenic properties
that other dual populations (Khandia & Munjal, 2020)(Li et al., 2020). N2 TANs create
an immunosuppressive environment that recruit Treg and TAMs and block the action
of CTL and NKs (Garner & de Visser, 2020)(Li et al., 2020). Moreover, N2 TANs
regulate tumour angiogenesis by secreting MMP9 for the release of VEGF and
CXCL1/KC as well as promote metastasis by the secretion of other remodelling
enzymes (Gonzalez et al., 2018)(Khandia & Munijal, 2020).

In the case of the immunosuppressive population of MDSCs, their infiltration has
been linked to a reduced infiltration of cytotoxic T cells in tumours. Moreover, they
are closely related to tumour cells and the TME can differentiate them into TAMs.
They are recruited by cytokines and chemokines such as IL17, CCL2, CCL5, CXCL8/IL8
and CXCL12/SDF1 and secrete immunosuppressive cytokines such as PGE2, ARG1,
NO, TGFB, COX-2, IDO or IL10 (Bruno et al., 2019). Moreover, MDSCs can block IFNy
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production, what inhibits CTL and NKs activity and transforms CD4" T cells into Treg,
enhancing immune evasion (Bruno et al., 2019)(Garner & de Visser, 2020)(Mabuchi,
Sasano, & Komura, 2021). As all the pro-tumorigenic immune cells, MDSCs also
promote angiogenesis, invasion and EMT (Li et al., 2020)(Mabuchi et al., 2021)(Figure
10). Most works study these populations not only in the tumours but also in blood,
spleen and BM. This illustrates the immunomodulatory capacity of these cells, which
educate the environment and produce a systematic regulation of immune
populations (Garner & de Visser, 2020). Indeed, these CD11b*/Gr1" have been found
to mediate the resistance to different therapies, such as anti-angiogenic one (Shojaei
et al., 2007)(Shiao et al., 2011). For all the described aspects, high infiltration of this
population correlates with bad prognosis (Bruno et al., 2019).
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Figure 10. Myeloid-derived suppressor cells (MDSCs) functions in cancer. Roles of MDSC during
cancer development both regarding immunosuppression (left) and other pro-tumorigenic
mechanisms (right). Adapted from (Mabuchi et al., 2021).

As it has been described before, all the infiltrated immune cells are plastic and have
different roles depending on the environment (Figure 11). Indeed, large tumours
create a more immunosuppressive environment, both locally and systemically. For
that reason, oncological research is focusing its attention in the modulation of this

45



pro-tumorigenic environment towards anti-tumorigenic, mimicking the one that is
found at early stages (S. I. Kim, Cassella, & Byrne, 2021).
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Figure 11. Different infiltrated immune cells at different tumour stages. At early stages of tumour
progression (left), tumours are mainly infiltrated by effector T cells and DCs. However, at later
stages TME shift to a more immunosuppressive landscape, including the infiltration of myeloid cells
(TAMs, TANs and MDSCs) and Treg. Moreover, this advance stage is also known by the increased
ECM denposition. Adapted from (Kim et al.. 2021).

The crosstalk between the different components of the TME affects several
processes and cancer hallmarks (Figure 4). They participate in cancer hallmarks such
as sustaining of the proliferative signalling and evading growth suppressors by the
secretion or liberation from the ECM of mitogenic agents. Moreover, they enhanced
the resistance to cell death by altering tissue integrity and participate in activating
invasion and metastasis by the secretion of remodelling enzymes and pro-
invasiveness cytokines. Finally they induce angiogenesis, metabolism reprogramming
and immune destruction evasion due to the infiltration of pro-angiogenic and
immunosuppressive subpopulations (Hanahan & Coussens, 2012).

2.2. Use of immunotherapy

As it has been previously detailed, immune system and inflammatory response are
crucial in tumour development. In fact, the crosstalk between immune cells and the
proportions of the different populations orchestrate opposite immune responses. For
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that reason, great efforts have been put in order to modulate the immune landscape,
appearing immunotherapy as new anti-tumoral strategy. The efficacy of
immunotherapy on different patients shows a lot of variability depending on their
immune profile before therapy. For that reason, it is important to define it prior to
start the treatment (Junttila & Sauvage, 2013)(Binnewies et al., 2018). There are
three immune profiles (Figure 12).
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Figure 12. Immune profiles in cancer attending to the immune infiltration. According to the
mechanisms that defend the host from cancer, tumours can be classified as immune-dessert
(brown) when immune system is almost absence, immune excluded (blue) when they have barriers
that block the infiltration and action of the immune system in the tumour nests and inflamed (red)
when they have infiltration of immunosuppressive immune cells. Adapted from (Chen & Mellman,
2017).

The first profile is called immune-inflamed (Figure 12, red branches), which has a high
infiltration of PD-1-expressing T cells, apart from myeloid cells and pro-inflammatory
cytokines. Moreover, in this case immune cells are located close to tumour cells.
They are also known as highly immunogenic or “hot” tumours due to their immune
infiltration (Binnewies et al., 2018) (Figure 13B). This prolife indicates an arrest of a
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pre-existing anti-tumour immunity, probably due to the immunosuppressive
environment generated by Treg, exhausted T cells or myeloid cells. Patients with this
type of tumours are the ones with more probability to respond to immunotherapy,
but might be insufficient (Gajewski, Schreiber, & Fu, 2013)(Chen & Mellman, 2017).
Secondly, immune-desert tumours (Figure 12, brown branches) are characterised by
the poor infiltration of CTLs both in the parenchyma and the stroma, but with
presence of myeloid cells. This environment forces the immunologic ignorance of the
tumour, which reflects an absence of pre-existing anti-tumour immunity. The third
profile is represented by immune-excluded tumours (Figure 12, blue branches). In
this group, abundant immune cells are retained in the stroma and do not penetrate
into the tumour parenchyma. These tumours suggest that there was an inefficient
pre-existing immunity (Chen & Mellman, 2017). Both immune-desert and immune-
excluded tumours are considered as non-inflamed tumours, also known as poorly
immunogenic or “cold” (Figure 13A). Indeed, response to immunotherapy is almost
inexistent in both cases, due to the absence of tumour-specific T cells in immune-
desert tumours or due to the deficient T cell migration in immune-excluded ones
(Binnewies et al., 2018). For that reason, therapeutic strategy in these cases is
focused on enhancing inflammation (Gajewski et al., 2013).
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Figure 13. Immune profile of cold and hot tumours. Representation of the immune landscape of
(A) cold tumours, with poor infiltration in the tumour parenchyma and higher representation of
myeloid cells than T cells, and (B) hot tumours, where T cells are highly represented inside de
tumour mass. Adapted from (Binnewies et al., 2018).

Taking into consideration the existence of these profiles, but also the complexity of
tumour heterogeneity, current immunomodulatory therapies are focused on the
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reactivation of cytotoxic cells (increasing the infiltration or the functionality of T cells)
or on the inhibition of immunosuppressive cells (mainly Treg, TAMs and MDSCs)
(Shiao et al., 2011)(Junttila & Sauvage, 2013).

When talking about immunosuppression, MDSCs are ones of the major players in this
phenomenon. There are four main strategies against this population. The first one
consists on the depletion of MDSCs by inducing their apoptosis or by inhibiting their
production. For this purpose, it is extensively described the use of antagonists of Grl
and granulocyte-macrophage colony-stimulating factor (GM-CSF), but also of CXCR2,
CXCR4, PGE2 or COX-2. Another strategy resides in preventing their recruitment
using chemokine receptor antagonists, while the third strategy tries to inhibit their
immunosuppressive role using inhibitors of pathways related to COX-2 or IDO among
others. Finally, MDSCs can be reduced by differentiating these immature cells into
mature non-immunosuppressive ones by vitamins D3, E, or all-trans-retinoic acid
(Shiao et al., 2011)(Goswami et al., 2017) (Bruno et al., 2019)(De Cicco et al., 2020)(
Kim et al., 2021)(Mabuchi et al., 2021).

Similar to MDSCs, pro-tumorigenic roles of TAMs are blocked by different strategies.
First, macrophages can be depleted by DNA-binding agents that are selective toxic to
monocytes or by anti-VEGF therapies due to their high production of VEGF.
Moreover, this depletion can be also carried using clodronate liposomes, which will
be used in this project. Thanks to their phagocytic activity, TAMs engulf liposomes
containing clodronate, which is toxic for the cells. As a result, TAMs go into apoptosis.
The second strategy is focused on the limitation of TAM recruitment using
chemokines antagonists or inhibitors of CD11b, CCL2 and CSF1R. Since TAMs are
mature cells, in contrast to MDSCs, the third strategy is based on their
reprogramming to suppress M2 state (blocking COX-2 pathways, for instance) or
reprogramming to M1 state (treating with IFNa) (Shiao et al., 2011)(Goswami et al.,
2017)(Poh & Ernst, 2018). Furthermore, macrophages are important cells not only in
tumours but also during infections and to maintain the homeostasis. For that reason,
reprogramming strategies are more effective than the previous ones, taking into
consideration the necessity of a balance between M1 and M2 macrophages for other
processes. Other strategy against TAMs resides in their phagocytic capacity. Tumour
cells express CD47 on their membrane as a “don’t-eat-me” signal. Antibodies
targeting CD47 can improve tumour cell clearance by macrophages. Finally, since
TAMs express PD-L1, the use of immune checkpoint inhibitors (ICls) is also indicated
to inhibit this population (Shiao et al., 2011)(Goswami et al., 2017)(Li et al., 2021)(S. I.
Kim et al., 2021).
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As part of the immunosuppressive populations, Treg have been also aim of therapies.
In this case, treatment is focused mainly on the use of anti-CD25 antibodies. This
marker is highly expressed in Treg. However, it is also expressed by activated anti-
tumorigenic T cells, so blocking this molecule can have non-desired effect (Shiao et
al., 2011)(Gajewski et al., 2013). Other strategies consist on targeting glucocorticoid-
induced TNF receptor family related protein via agonistic antibody or the use of
agonistic CD40 administration (Goswami et al., 2017)(S. I. Kim et al., 2021).

The reduction of these MDSCs, TAMs and Treg immunosuppressive cells make
tumours sensitive to immunotherapy, allowing the activation of cytotoxic T cells and
therapeutic response. Nevertheless, it is necessary to study whether their
combination with other therapies such as chemotherapy, radiotherapy or anti-
angiogenic treatments can even enhance the therapeutic potential (Shiao et al.,
2011)(Zhao & Subramanian, 2017).

In addition to the reduction of immunosuppressive landscape, increasing T cell
cytotoxicity is also necessary. Intra-tumour T cell activity is blocked by different
mechanisms. On the one hand, tumours cells, as well as some immunosuppressive
cells or exhausted T cells expressed on their surface PD-L1 (and PD-L2). This molecule
is the ligand of PD-1 which is expressed by T cells. When ligand and receptor interact,
T cell inhibitory signalling is induced (Zhao & Subramanian, 2017). On the other hand,
when CTLA-4 (expressed by T cells) interacts with CD80/86 (expressed by DCs) T cell
expansion and migration is blocked (Pitt et al., 2016)(He & Xu, 2020). For that reason,
the use of ICls that block the interaction of T cells with the cells that block their
action have gained ground and have been approved for clinical use. In fact, when
monoclonal antibodies against these molecules disrupt those interactions, there is an
increase of CTLs infiltration and survival in the tumour (Chen & Mellman, 2017).
Moreover, these and others ICl have drastically improved the clinical outcome of
patients. Nevertheless, the higher efficacy has been observed only at early stages,
and sometimes when more than one ICls were used (S. I. Kim et al., 2021). For that
reason, it is essential to define the immune phenotype of each patient before the
treatment, and sometimes ICls are only indicated when there is a high expression of
PD-L1 together with a infiltration of CTLs (Gajewski et al., 2013).

Finally, to avoid resistance and the negative impact of ICls, there are alternative
treatments that have gained interest in oncology. Other known therapies are the co-
stimulation of molecules to increase anti-tumour activity, the use of cancer vaccines
and oncolytic viruses to induce a tumour-specific adaptive immune response, the
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activation of antigen-presenting cells such as DCs, or the use of adoptive and
chimeric antigen receptor (CAR) T cell therapies (S. I. Kim et al., 2021).

Immune profiling is essential to understand tumour behaviour and prognosis.
Although several therapies have been designed to benefit from the anti-tumorigenic
role of immune cells, it is not the only factor that must be considered during tumour
progression. Tumour vasculature and angiogenesis are key parameters give the fact
that immune cells are recruited into tumours after their mobilization through the
blood stream.
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3.  Angiogenesis as a key factor in tumour development

The growth of new capillaries from pre-existing blood vessels is called angiogenesis.
This phenomenon, in which different and complex cellular events take place, is
essential in a variety of physiological processes since fetal development to tissue
repair (Yoo & Kwon, 2013). The main aim of angiogenesis is supplying of oxygen and
nutrients to all the tissues and disposing of waste, although it is also necessary for
the extravasation of immune cells to inflammatory sites. For that reason, every
alteration of normal vascularisation contributes to several diseases such as
inflammatory disorders, neurodegeneration, blinding eye diseases or cancer. Indeed,
in adults, angiogenesis only occurs during female reproductive cycle and under
pathological circumstances (Carmeliet & Jain, 2011a)(Jaszai & Schmidt, 2019).

3.1. Angiogenesis in physiological conditions

Blood vessels are formed by ECs that are structured in a monolayer and
interconnected by junctional molecules such as VE-cadherin or claudins that maintain
the structure of the tube (Viallard & Larrivée, 2017). Moreover, those quiescent ECs
are covered by pericytes, supporting and stabilising cells that suppress EC
proliferation and which secrete cell-survival signals. Both ECs and pericytes generate
a matrix known as vascular basement membrane (vBM). During angiogenesis, there is
a secretion of pro-angiogenic factors by hypoxic, tumoral or inflammatory cells that
forces quiescent vessels activation. In this moment, pericytes detach from the vessel
wall in response to angiopoietin 2 (ANG-2) and from the vBM due to its proteolysis by
different metalloproteinases. Then, ECs change their shape and behaviour and loss
their junctions and permeability, so vasodilation and extravasation is enhanced.
Because of that, a provisional ECM containing pro-angiogenic molecules is created,
where ECs migrate. After that, one endothelial cell is selected as the tip cell following
a still unveiled mechanism in order to avoid the moving of a mass of ECs toward the
angiogenic signal (Carmeliet & Jain, 2011a)(Viallard & Larrivée, 2017)(Figure 14A).

Once the tip cell is selected, it navigates in response to guidance signals thanks to
filopodia and is adhered and migrated to the ECM through integrins. Then, neighbour
cells act as stalk cells and divide in order to elongate the stalk (Carmeliet & Jain,
2011a). Then, lumen is established and myeloid cells are recruited to produce or
liberate different angiogenic factors from the ECM (Figure 14B). Moreover, these
myeloid cells act as a bridge to aim the fusion of both vessel branches, allowing the
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blood flow (Carmeliet & Jain, 2011a). To become functional and to stabilise the

basement membrane, vessels are covered by pericytes and vBM and cell junctions
are generated again (Potente, Gerhardt, & Carmeliet, 2011)(Viallard & Larrivée,

2017)(Figure 14C).
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Figure 14. Molecular and physiological steps during angiogenesis. Representation of the
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3.2. Tumour vascularisation

During tumour development, tumour vascularisation is so essential that it has been
included as one of the most relevant hallmarks of cancer (Hanahan & Weinberg,
2011). Although cellular and molecular mechanisms under angiogenesis are common
between physiological and tumour environments, pro-angiogenic signals derived
from TME generate chaotic and unstable vessels. Historically, tumour angiogenesis
was thought to be regulated just by cancer cells, which express pro-angiogenic
factors. However, now it is known that stromal cells in the TME such as fibroblast or
immune cells are also essential for this activation (Hanahan & Coussens, 2012).

In premalignant stages of tumours, there is a basal lamina that surrounds the tumour
and impedes the infiltration of quiescent blood vessels to the tumour mass, which
receives oxygen and nutrients by diffusion when its size is lower than 1-2mm?.
However, invasive malignant tumours need blood flow in order to thrive, so stromal
response is induced to activate angiogenesis. This triggering and development of an
actively growing and infiltrative vascular network is called angiogenic switch, and it is
associated with tumour progression from a benign to a malignant stage (De Palma, et
al., 2017)(Lugano et al., 2020). Angiogenic switch can be activated by different
processes (hypoxia, low pH), mechanical stress produced by proliferating tumour
cells or inflammation, being hypoxia the most relevant one (Jaszai & Schmidt, 2019).
During this process, stressed tumour cells continuously secrete pro-angiogenic
factors such as VEGF, FGF2, TGFB, PDGFpB, EGF, ANG-1 and ANG-2, which stimulate
ECs. In contrast, those stressed cells also secrete anti-angiogenic factors such as
thrombospondin 1 and 2 (TSP1/2), angiostatin and endostatin, IFNa, platelet factor 4
(PF4), IL4 and IL12 or tissue-inhibitors of metalloproteases (TIMPs) (Teleanu, et al.,
2020). Although normal vessels are well-organised structures and their ECs are
supported by the vBM and pericytes to generate stable cell-cell junctions, this
imbalance in angiogenic stimulation makes tumour vessels being chaotic and
tortuous (Figure 15). These aberrant vessels are characterised by the disruption of EC
junctions and poor pericyte coverage, what increases vessel leakiness (Viallard &
Larrivée, 2017). Moreover, they are strikingly heterogeneous such a mosaic and
exhibit a spectrum of different vessel subtypes, with different vessel diameters and
maturation states. Moreover, vBM is also abnormal, including variable thickness and
loss of association with ECs. This environment reduces blood flow, so hypoxia and
tumour cell intravasation are enhanced. Furthermore, this aberrant vasculature
reduces immune cell migration and drug delivery (Carmeliet & Jain, 2011b).
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Figure 15. Morphological and functional differences between normal and tumour vasculature.
Cell and molecular changes in chaotic tumour vessels (B) compared to normal ones (A). Adapted
from (Lugano et al., 2020).

Angiogenesis is the most typical mechanism to form vessels to enhance tumour
progression (Figure 16A). Nevertheless, blood vessel formation can be induced by
other processes. One of those alternative mechanisms is intussusceptive
angiogenesis, referring to the formation of transluminal tissue pillars within an
existing vessel, and which fuse later with it. However, the exact molecular
mechanism of this alternative vascularisation is not well understood (Figure 16B).
However, this model shows a clear advantage over sprouting angiogenesis, since it
leads to a faster generation of new blood vessels with fewer metabolic needs,
allowing a rapid adaptation to changing environments (Viallard & Larrivée, 2017).
Vasculogenesis was previously described as de novo blood vessel formation
mechanisms during organ development by progenitor EC, and it is found also during
tumour progression (Figure 16C). However, those progenitors can, instead of forming
a complete new vessel, be recruited to already existing vessels, being differentiated
there to mature ECs (Figure 16D). Another mechanism that has been well-defined in
tumours is vasculogenic mimicry. It has been found in particularly aggressive
tumours, and consists on the formation of vessel-like structures without EC
contribution. In these structures, tumour cells acquire endothelial-like phenotype
and markers, aiding in mosaic tubular structure formation and stabilization to source
sufficient blood supply and nutrients (Figure 16E). Finally, the last alternative
mechanism described is transdifferentiation of cancer cells. It can be confused with
the previous one. However, in this case tumour cells do differentiate to actual ECs
due to stemness properties of CSCs populations (Lugano et al., 2020)(Figure 16F).
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Figure 16. Different mechanisms of blood vessel formation. Schematic illustration of the different
models of vascularisation including angiogenesis (a) and the alternative ones. Adapted from
(Lugano et al., 2020).

Apart from those alternative models, there is a non-angiogenic process that has been
also described: vessel co-option. In this model, tumour cells use the pre-existing
vessels of non-tumoral tissue as oxygen and nutrient suppliers, growing along them
and integrating them during tumour expansion (Viallard & Larrivée, 2017)(Lugano et
al., 2020).

As shown in Figure 4, angiogenic vascular cells are involved in several hallmarks of
cancer. For example, they participate in resisting cell death due to the attenuation of
hypoxia or nutrients deprivation. Moreover, tumour angiogenesis is one of the main
drivers of activating invasion and metastasis, since increased vessel density and poor
pericyte coverage enhance the tumour cell dissemination. Apart from that, the
leakiness of tumour vessels reduces immune cell recruitment and inflammation,
hampering immune anti-tumoral response and evading immune destruction
(Hanahan & Coussens, 2012).
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3.3. Role of immune cells on tumour vascularisation

Although cancer cells are one of the main sources of VEGFa and pro-angiogenic
molecules, infiltrated leukocytes also increase VEGFa availability and signalling during
angiogenic switch. In fact, tumour-associated stromal cells affecting angiogenesis can
be derived from two origins. First, they can be haematopoietic cells recruited from
the BM via the systemic circulation, including different subtypes such as monocytes,
macrophages, neutrophils, lymphocytes or immature precursors. And second, they
can be non-haematopoietic BM-derived endothelial or mesenchymal progenitors (De
Palma et al., 2017). These cells interact with ECs, impacting on their remodelling and
angiogenesis. In fact, macrophages and MDSCs are essential during anti-angiogenic
therapy and they are particularly interesting for this work. For this thesis, the most
relevant group of cells is the one of haematopoietic origin, so each subtype is
described next (Figure 17).

3.3.1.Macrophages

One of the most important cell types are macrophages, a very plastic population.
Furthermore, M2 phenotype has been associated to immune suppression, tissue
remodelling and angiogenesis. In hypoxic conditions and in response to DAMPs,
monocytes are recruited to tumour sites and differentiate into M2 TAMs. Those pro-
tumorigenic macrophages promote angiogenesis by producing pro-angiogenic factors
that stimulate ECs proliferation and sprouting, as well as promote vessel maturation.
These factors include VEGFa, VEGFc, VEGFd, EGF, FGF2, and chemokines such as IL1j,
IL6, CXCL8/IL8, CXCL12/SDF1, tumour necrosis factor o (TNFa) or CCL2/MCP-1)
(Potente et al., 2011). Moreover, they also release angiogenesis-modulating enzymes
(COX-2 or iNOS/NOS2), and matrix metalloproteases that degrade basement
membrane and ECM during angiogenesis (Figure 17). They also promote indirectly
angiogenesis by inhibiting the expression of angiogenesis inhibitors. Moreover, they
are able to support vessel stability by blocking the effect of vascular disrupting agents
(Lugano et al., 2020) and enhance vascular permeability and cell intravasation (De
Palma et al., 2017). Finally, there is a specific TAM population with expresses the
angiopoietin receptor TIE2 and stimulates angiogenesis called perivascular TIE2-
expressing TAMs (TEMs), which is recruited to the tumour by high levels of
CXCL12/SDF1 (Ramadan, et al., 2020). However, it role has been controversially
discussed in the last months (Jakab, et al., 2022)(Y. Zhang & Brekken, 2022).
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Figure 17. Crosstalk between myeloid cells and lymphocytes during tumour angiogenesis.
Regulation of tumour vascularisation by the direct effect of lymphocytes and myeloid cells on ECs
and indirectly by the interaction between both lineages (De Palma et al., 2017).

3.3.2.Lymphocytes

The role of lymphocytes on tumour angiogenesis includes the modulation of myeloid
cell activation, although lymphocyte-derived cytokines do directly influence ECs as
well. On the one hand, B cells regulate angiogenesis by the expression of pro-
angiogenic cytokines such as VEGFa, FGF2 or MMP9 in a signal transducer and
activator of transcription 3 (STAT3)-dependent manner. Moreover, they also
stimulate vascularisation indirectly through immunoglobulin G (IgG) and by polarising
macrophages. On the other hand, T cells also affect angiogenesis directly by CD4" Th1
cells, which express IFNy that acts as an anti-angiogenic cytokine. In spite of it, IFNy
secretion by CD4" Thl or by CD8" CTLs cells might stimulate TAMs to produce pro-
angiogenic factors in a STAT1-dependent manner (pro-angiogenic) or can polarise the
macrophages to M1, with angiostatic functions. Moreover, CD4" Th2 cells secrete 1L4
and stimulate M2 macrophage polarisation, affecting indirectly to angiogenesis. In
the case of Treg, they express VEGFa and suppress IFNy-expressing cells in order to
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enhance angiogenesis (De Palma et al.,, 2017). These cells are in continuous
interaction with myeloid cells to regulate tumour angiogenesis (Figure 17).

3.3.3.Natural killer cells (NKs)

Although NKs have a well-known pro-angiogenic role in uterine vasculature, their
function in tumour vasculature is not well-studied. Among these cells, there is a
specific subtype that is characterised by its poor cytotoxicity and high pro-angiogenic
capacity (Figure 17). Moreover, in presence of TGFB, these cells polarise and induce
VEGF secretion by other NKs (Lugano et al., 2020).

3.3.4.Deactivated dendritic cells (DCs) and myeloid-derived suppressor
cells (MDSCs)

The ability of these immature myeloid cells to affect tumour angiogenesis is similar to
the one produced by M2 TAMs. They secrete MMPs that enhances angiogenesis by
increasing VEGF bioavailability, starting a loop due to the potentiated recruitment by
that VEGF. In presence of this growth factor, these cells release chemokines that
enhance MDSCs recruitment and maintain the vicious circle. Furthermore, MDSCs
also express prokineticin 2 (Bv8), which participate in angiogenesis. Moreover, the
accumulation of MDSCs are the responsible to anti-angiogenic therapies, but it will
be detailed in the following lines (Lugano et al., 2020).

3.3.5.Neutrophils

Neutrophils are one of the main sources of VEGF. As in the case of macrophages,
neutrophils can be found in two main states, being N2 TANs the ones that have pro-
angiogenic functions. In tumours, neutrophil stimulation triggers the angiogenic
switch, what is crucial during early stages of tumour progression (Lugano et al.,
2020). Moreover, when neutrophils are stimulated they secrete Bv8 that induce
MDSCs mobilization and EC proliferation (De Palma et al., 2017).
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3.4. Anti-angiogenic therapies against endothelial cells and vessel
normalization

Traditional therapeutics approaches against tumour cells shifted towards tumour
angiogenesis as a potential therapeutic target, establishing a new field in oncology
(Jaszai & Schmidt, 2019). Indeed, it is also relevant its combination with other
therapies such as immunotherapy, chemotherapy or radiotherapy.

The concept of tumour starvation was introduced in 1971 by Judah Folkman
(Folkman, 1971). However, the inhibition of EC proliferation by anti-angiogenic
therapy damages the viability of tumour cells not only by their starvation and
deprivation (Li et al., 2018). During vessel depletion, EC junctions are disrupted,
which provokes a starvation of the tumour and an increase of hypoxia. To
compensate this challenge, the recruitment of pro-angiogenic myeloid cells such as
MDSCs and TAMs is enhanced. Moreover, this situation impedes drug delivery
(Lugano et al., 2020)(Figure 18A). Regarding immune populations, hypoxia after anti-
angiogenic therapy upregulates immune checkpoint molecules, reprograms TAMS to
an M2 phenotype and affects the efficacy of DCs and T cells (Benavente, et al., 2020).

Pharmacological suppression of VEGF induces vessel normalization, producing less
chaotic vessels and better pericyte coverage (Hanahan & Coussens, 2012)(De Palma
et al., 2017). This vessel normalization window occurs transiently during the first days
of treatment and is characterised by a balance of pro- and anti-angiogenic factors
that benefit drug delivery and efficacy, explaining the increased progression-free
survival in patients treated with anti-angiogenic and chemotherapy compared to only
chemotherapy. This normalization reveals a restoration of EC junctions, a decrease in
vessel diameter and permeability and a reduced edema. Moreover, it promotes the
expression of endothelial adhesion molecules that enhanced immune cell infiltration
and reduced cell invasiveness (Ribatti, et al., 2019)(Lugano et al., 2020)(Figure 18B).

In addition, the continuous exposition to pro-angiogenic factors in tumours reduces
the secretion of pro-inflammatory molecules, impeding the infiltration of CTLs and
increasing their exhaustion. For that reason, the normalization of blood vessels after
anti-angiogenic therapy improves their recruitment and activation (Ribatti et al.,
2019). Among all the changes in the tumour immune landscape, it is important to
highlight the increased infiltration and activation of CTLs, the decrease in the
recruitment of Treg and MDSCs, the increased maturation of DCs and the polarisation
of macrophages towards M1 or anti-tumorigenic phenotype (Lugano et al.,,
2020)(Figure 18C).
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Figure 18. Effect of anti-angiogenic therapies on vessel depletion and normalization. (A) Tumour
cell starvation and hypoxia due to vessel depletion. (B) Vessel normalization by restored Ecs
junctions and pericyte coverage. (C) Immune activation and polarisation towards and anti-
tumorigenic phenotype. Adapted from (Lugano et al., 2020).

Despite the different pro-angiogenic factors that have been identified, anti-
angiogenic therapies are focused on the VEGF signalling pathway. The interaction of
the ligands with the receptors leads to the dimerization of them, which triggers a
down-stream intracellular phosphorylation cascade. For that reason, many efforts
have been put to withdraw the pro-angiogenic ligands (Aflibercept or Bevacizumab,
the first VEGF-targeted agent approved by the Food and Drug Administration (FDA) in
2004 for the treatment of metastatic colorectal cancer (CRC)), to block the receptors
(Ramucirumab) or to interfere with the kinase activity of the VEGF receptors (VEGFR)
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(tyrosine kinase inhibitors, TKls) (Ciombor, et al., 2013)(Jaszai & Schmidt, 2019)(Tian,
et al., 2020) (Figure 19). This type of therapies has been used in several types of
cancers as monotherapy. Nevertheless, once it was understood how vessel pruning
could benefit the use of other therapies, its modest benefit was increased in
combination with other drugs (De Bock, et al., 2011).
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Figure 19. Mechanisms of action of anti-angiogenic agents. Structure and target molecules of the
anti-angiogenic agents Aflibercept, Bevacizumab and Regorafenib. Adapted from (Ciombor, et al.,
2013).

As it has been previously mentioned, there are several types of therapies with
different approaches. One relevant part of this thesis is focused on the use of anti-
angiogenic therapies and its connection with immune cells. Specifically, as it is
detailed in the materials and methodology section, we will use Aflibercept, a VEGF-
Trap (Figure 19).

3.4.1.VEGF-Trap (Aflibercept)

Aflibercept is a decoy receptor for VEGFa, VEGFb and placental growth factor (PIGF),
which was developed to avoid anti-VEGFa resistance. It is a soluble recombinant
fusion protein containing the extracellular domains of VEGFR1 and VEGFR2, which
are fused to the Fc portion of human IgG1 (Ciombor et al., 2013)(Figure 20). It was
approved by the FDA in 2012 for metastatic CRC treatment in combination with
chemotherapy (Itatani et al., 2018). Compared to other anti-VEGFa agents, it binds it
with higher affinity and offers a longer inhibitory effect. Moreover, it is more specific
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blocking the amino acids that are necessary for VEGFR1/2 binding, reducing
undesirable effects. Due to its action over the spectrum of ligands and not only over
VEGFa, it can affect also to macrophage polarisation (Jaszai & Schmidt, 2019). Its
effect on tumour angiogenesis is clear. However, there is still associated toxicity and
the financial costs of the treatment are high, as well as its optimal sequence or
treatment or combination is not well-defined (Ciombor et al., 2013). Nevertheless,
due to its known effect, it will be used in this project.

3.5. Resistance to anti-angiogenic therapy and its combination with other
therapies

The efficacy of pharmaceutical proteins such as monoclonal antibodies is limited due
to its short half-life, the high costs of production and treatment and the interference
with endogenous molecules (Li et al., 2018). In the case of the inhibition of tumour
angiogenesis, certain therapies can lead to the selection of cancer cells that are able
to survive in hypoxia and generate pro-tumorigenic scenarios (De Palma et al., 2017)
(Lugano et al., 2020). Apart from that, these therapies can produce compensatory
mechanisms that evolve in therapy resistance and refractoriness. Among these
mechanisms, involving tumour, endothelial and stromal cells, there have been
defined 1) activation and secretion of alternative angiogenic factors; 2) metabolic
adaptation and reprogramming; 3) increased tumour invasiveness and metastasis; 4)
increase of alternative mechanisms of vascularisation; 5) increased pericyte-covered
tumour vessels; and/or 6) enhanced recruitment of pro-angiogenic cells (De Palma et
al., 2017)(Haibe et al., 2020)(Lopes-Coelho, et al., 2021). Among all the pro-
angiogenic cells that can be recruited after anti-angiogenic treatment (6),
CD11b*/Gr1" MDSCs has been clearly linked to this resistance. In fact, they secrete
other pro-tumorigenic and pro-angiogenic molecules that enhance tumour
progression (Shojaei et al., 2007)(Carmeliet & Jain, 2011a)(Zhang et al., 2013). That is
one of the main reasons why they are relevant for this work. Moreover, therapy
resistance is forcing the use of combined therapies of anti-angiogenic drugs with
other type of therapies, which are mainly benefited from the normalisation window
during vessel normalisation. In spite of it, there is an hypothesis that defends the
existence of a physical niche that protects tumour cells during drug treatment, with a
protective role in certain locations (Junttila & Sauvage, 2013). Among the therapy
combination, the ones that have been historically used with anti-angiogenic drugs
are radiotherapy and chemotherapy. Both benefit from the normalisation window
after anti-angiogenic therapy, especially to avoid the resistance due to reduction of
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hypoxia by anti-angiogenic treatment. Nevertheless, in both cases the combination
has shown poor survival improvement and unfavourable safety (Crawford & Ferrara,
2009)(Tian et al., 2020). In addition, in the last decades the combination of anti-
angiogenic therapies with immunotherapy is extensively used to reduce the
contribution of pro-tumorigenic and pro-angiogenic immune cells.

3.5.1.Combination with immunotherapy

During tumour development and anti-angiogenic therapy, several immune
populations are key players in the crosstalk with ECs. Moreover, the role of
endothelium in regulating immune cell trafficking suggests the value of exploring
combination of both therapies (Junttila & Sauvage, 2013). The emerging study of
immunotherapy has opened a new horizon in cancer therapy. It is mainly based on
the use of ICls, which decrease T cell exhaustion and are efficient in reprogramming
the immunosuppressive TME and immune evasion (Jaszai & Schmidt, 2019). The
most relevant ICls are CTLA-4 PD-1 and PD-L1 inhibitors (Ribatti et al., 2019). For their
efficacy, TME must be immunosupportive. However, as it has been previously
detailed, aberrant vessels create immunosuppressive environments with a reduced
recruitment of cytotoxic cells and an inhibition of anti-tumour immune response
(Lopes-Coelho et al., 2021). Anti-angiogenic therapy shifts this environment, which
can be used for improving immunotherapy efficacy and increasing CTL infiltration.
Combined therapy has been proved to continuously removing Treg and MDSCs, at
the same time that reduced PD-1 and PD-L1 levels (Teleanu et al.,, 2020).
Interestingly, the combination of angiogenesis inhibitors and ICIs has been proved to
be safety and efficient, with several on-going clinical trials. Nevertheless, the
understanding of the combination is still limited (Tian et al., 2020). More recently,
anti-angiogenic therapy has been combined with TAM-based therapeutic strategies,
since these cells have a powerful pro-tumorigenic and pro-angiogenic role (De Palma
et al., 2017)(Ishikawa, et al., 2021).

64



4. The extracellular milieu during tumour development

Although a majority of this introduction has been devoted to all cellular types
forming the TME, still there are other non-cellular components that also regulate
tumour behaviour by the crosstalk between them and with other members of the
TME (Hanahan & Weinberg, 2011). Among those non-cellular components, the most
relevant one for this project are the ECM and the extracellular proteases, which will
be introduced next.

4.1. The extracellular matrix (ECM)

The ECM is a three-dimensional structure with biochemical and biomechanical
properties that acts as scaffold in all tissues and organs and regulates development,
homeostasis and processes such as cell growth, survival, morphology, motility and
differentiation (Pickup et al., 2014)(Eble & Niland, 2019)(Rowley et al., 2019) (Najafi
et al., 2019)(Cox, 2021). Fibroblasts are one of the main producers of ECM, which is
formed by molecules encoded by around 300 core-matrisome genes and 800
matrisome-associated genes (Cox, 2021)(Figure 20A-B). Among all these molecules,
the most relevant ones are collagens, proteoglycans (PGs), glycosaminoglycans
(GAGs), elastin, hyaluronic acid and adhesive glycoproteins such as laminin or
fibronectin. Moreover, ECM also acts as a reservoir of growth factors, cytokines and
chemokines that are bioactive mediators of local signalling (Eble & Niland,
2019)(Bejarano et al., 2021). Cells are anchored to the ECM where they receive
information about the environment. This adhesion is mediated by adhesion
receptors, among which integrins and PGs play an essential role (Eble & Niland,
2019). These properties are modulated by post-translational modifications of the
ECM components, including cross-linking, glycosylation, sulfation, oxidation or
degradation among others, reflecting the dynamism of this structure (Cox,
2021)(Figure 20C).

ECM can be divided in interstitial matrix and highly specialized matrix, which are
strongly compartmentalized (Cox, 2021). On the one hand, the interstitial matrix
forms a porous membrane that connects cells in the stroma between themselves and
with the basement membrane (Winkler et al., 2020). This specific matrix is formed by
collagens, fibronectin, PGs, GAGs, tenascin C and elastin (Bonnans et al., 2014). On
the other hand, basement membrane is a highly specialized and stable ECM that is
produced by ECs and mural cells, and which connects cells to their interstitial matrix,
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being a prerequisite for normal tissue development and function (De Palma et al.,
2017)(Figure 20D).
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Its composition is different depending on the organ of origin and it can change
according to cell requirements. However, the most relevant components are laminin,
perlecan, collagen IV and nidogens (Kruegel & Miosge, 2010)(Sorokin, 2010)(Bonnans
et al., 2014)(Figure 21). Laminin and collagen form two independent well-organised
networks that are stabilised by nidogens and perlecans. In addition, perlecans are
PGs that control growth factors signalling and activation while nidogen 1 (NID1) and
nidogen 2 (NID2) are glycoproteins known as linking proteins of the basement
membrane (Kruegel & Miosge, 2010).
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In cancer, this environment and the ECM are highly deregulated, supporting
processes such as cell proliferation, angiogenesis, therapy resistance, immune
evasion and cell invasion and metastasis (Lu et al., 2012)(Karamanos et al., 2021).
Indeed, the participation of ECM has been suggested in several hallmarks of cancer.
Relevantly, ECM stiffness has been linked to tumour growth, increased metastasis
and poor clinical outcome (Pickup et al., 2014). Moreover, collagen and fibronectin
usually accumulate in the periphery of the tumours, increasing compressive stress, T
cell inaccessibility and impeding drug delivery (Najafi et al., 2019)(Boyle et al.l,
2021)(Figure 20E). For all this, ECM has emerged as a predictive, diagnostic and
prognostic biomarker (Cox, 2021).

4.2. The extracellular proteases

During cancer development and growth, there is an extensive remodelling of the
ECM, causing alterations in both density and composition. Moreover, these
variations have been related to tumour evolution and cancer cell drug resistance
(Najafi et al., 2019). Increased deposition and crosslinking of ECM components are
considered as tumour-promoting and cell-spreading (Pickup et al., 2014). For that
reason, the proteolysis of the ECM mediated by the proteases plays an important
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role in the reduction of the well-characterized pro-tumorigenic density. In addition,
its proteolysis also provokes the release of different growth factors that are anchored
to that ECM, triggering intracellular signalling responses. Indeed, the liberation of
those molecule mediate relevant processes such as angiogenesis or the recruitment
of bone marrow-derived cells (BMDCs) that will develop tumour immunity (Cox,
2021)(Figure 20F). This remodelling is possible by different proteolytic enzymes
secreted by cancer cells and other TME cell types such as CAFs or TAMs (Rowley et
al.,, 2019)(Karamanos et al., 2021)(Figure 20G). In addition, degradation of ECM
components generates the formation of matrikines, molecules which have
alternative biological functions to the proteins they come from (Winkler et al.,,
2020)(Figure 20H). Moreover, the degradation of the ECM by remodelling enzymes
contributes to cell invasion and metastasis (Najafi et al., 2019). For all that reasons,
the enzymatic activity of proteolytic enzymes has a strong interest in oncology.

Among the different remodelling proteases, the most known are matrix
metalloproteinases (MMPs), which can be secreted in the TME or anchored to the
cell membrane (Karamanos et al., 2021). The MMP family has 24 members in
humans. This family has been widely reported to be involved in matrix integrity, cell
behaviour and tissue turnover due to the degradation of ECM components and the
release of cytokines, growth factors and their receptors (Cox, 2021). The activity of
this family is usually low in physiological conditions but, in cancer, its regulation is
lost or altered, provoking their contribution to anti-tumorigenic and pro-tumorigenic
processes (Bonnans et al., 2014). Another relevant family of proteases for ECM
remodelling is the well-known ADAM (a disintegrin and metalloprotease) family of
proteases. This group includes 21 members of membrane-associated molecules that
have been linked to tumour growth and angiogenesis (Campbell et al., 2010). Similar
to ADAM family, a disintegrin and metalloprotease with thrombospondin motifs
(ADAMTS) family is also relevant in tumour development. There are 19 ADAMTSs
which, opposite to ADAMs, are all secreted. However, both families cleave
transmembrane protein ectodomains and are deregulated in cancer, contributing to
its progression (Bonnans et al.,, 2014)(Winkler et al., 2020)(Cox, 2021). For this
project, the first member of the ADAMTS family (ADAMTS1) is a pillar molecule and
accordingly, the whole family will be specifically described later in this introduction
(Introduction, section 5 and 6). Other group of proteases are the cathepsins, which
degrade both intracellular and extracellular matrix proteins. Moreover, there are also
heparanases and sulphatases, which contribute to ECM disassembly. In fact, this last
group modulates pathological processes that go from gene transcription to signal
transduction, autophagy, anti-inflammatory mechanisms and DNA damage (Bonnans
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et al.,, 2014)(Karamanos et al., 2021)(Cox, 2021). Although less known, other
remodelling enzymes are the bone morphogenetic protein 1, the tolloid-like
proteinases and the hyaluronidase family (Cox, 2021).

These extracellular proteases can suffer post-translational modifications such as
glycosylation or mannosylation among other, which can alter protease’s secretion,
localization, activation or catalytic functions (Kelwick et al., 2015). In addition, their
activity can be blocked by tissue inhibitors (Bonnans et al., 2014)(Cox, 2021).

4.3. Role in tumour progression, inflammation and angiogenesis

As already mentioned, both intact and proteolysed ECM can act as pro- and anti-
tumorigenic molecules (Winkler et al., 2020). In fact, ECM remodelling by chronic
inflammation is known to suppress adaptive immunity at the same time that
increases angiogenesis and the release of immunomodulatory factors (Garner & de
Visser, 2020). Additionally, abnormal ECM alters other processes such as immune cell
behaviour, infiltration, differentiation and activation, and its composition and
remodelling can be modulated according to the necessity of the tissue (Sorokin,
2010).

As it has been previously detailed, tumour development is accompanied by
inflammation at early stages, in which ECM remodelling is also necessary. When
leukocytes extravasate, they found two physical barriers: vBM and the interstitial
matrix, which have to be degraded. This structure offers them a scaffold and a place
for their adhesion and activation, being necessary for tumour blockade (Sorokin,
2010)(Wight et al., 2017). Apart from the structural role, ECM components are highly
interactive and bind inflammatory chemoattractants such as TNFa, TGFB and several
interleukins, CC and CXC chemokines, whose release mediated by proteases is
essential for inflammatory processes (Vaday & Lider, 2000). For that reason,
extracellular proteases and their crosstalk to othe TME components is essential. It is
extensively demonstrated that dense ECM acts as a physical barrier for anti-
tumorigenic immune cells and supports immune tolerance, while soft or proteolysed
ECM is related to a more immunogenic environments (Figure 22). Indeed, dense ECM
reduces T cell infiltration and activation and increases pro-tumorigenic immune cell
recruitment. In contrast, ECM clevage and the release of matrikines is associated to
the recruitment of anti-tumorigenic immune cells. These findings support the
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necessity of using ECM as a therapeutic target to control tumour immune
inflammation (Pengfei Lu et al., 2012)(Mushtaq et al., 2018).

During tumour growth, another process in which ECM remodelling is crucial is
angiogenesis. Sprouting angiogenesis requires the degradation of the vBM by
remodelling enzymes. Moreover, this process is enhanced by hypoxia and pro-
angiogenic factors such as VEGFA or FGFs that are released in their bioactive forms
through ECM proteolysis (Eble & Niland, 2019)(Winkler et al., 2020). In addition, the
release of those factors attract pro-angiogenic inflammatory cells such as TAMs (Lu
et al.,, 2012)(De Palma et al.,, 2017)(Figure 20I-J). Apart from allowing sprouting
angiogenesis, ECM remodelling enhances EC survival. In spite of it, the release of
both pro-angiogenic and anti-angiogenic factors from the ECM is what produce a
disrupted tumour vasculature (Winkler et al., 2020).
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Figure 22. ECM in the inflamed TME. Schematic representation of the how different ECM
compositions of degradation states regulate tumour immune infiltration, dividing tumours in
tolerogenic (up, dense and unaltered ECM) or immunogenic (down, proteolysed ECM). Adapted
from (Mushtaq et al., 2018).

Finally, parallel to the extravasation of leukocytes to inflamed tissues, ECM regulates
cancer cell spreading and metastasis development, including intravasation to the
primary site to blood flow, cancer cell survival in circulation, generation of pre-
metastatic and metastatic niches and colonisation (Lu et al., 2012)(Pengfei Lu et al.,
2012)(Eble & Niland, 2019)(Winkler et al., 2020).
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4.4. Therapies targeting the extracellular compartment

Regarding the previously defined roles of ECM in tumour progression, angiogenesis
and inflammation, different therapies has been developed using this environment as
a target to reduce pro-tumorigenic scenarios. Essentially, it is important to obtain a
balance between matrix accumulating and degrading factors, which is also relevant
for the efficiency of other therapies (Najafi et al., 2019).

Knowing that aberrant ECM that is produced by CAFs after their activation in TME,
some therapies are focused on the renormalisation or deactivation of this
population. Indeed, as in the case of TAMs-targeted therapies, these approaches are
more efficient than the complete depletion since they have other roles far from
cancer progression (Cox, 2021). Similarly, other strategies have put their attention on
the inhibition of de novo synthesis of ECM components blocking signalling pathways
related to TGFB or hypoxia, or on the use of antifibrotic drugs (Winkler et al.,
2020)(Bejarano et al., 2021)(Cox, 2021).

Another strategy is based on the use of inhibitors of transcription, activation or
activity of MMPs, heparanases and other remodelling proteases. Although it
appeared as a promising approach, the secretion of proteases by different type of
cells and their effect on others made broad-spectrum MMPs inhibitors a strategy
with several adverse effects. Nevertheless, the therapeutic approaches working on
specific spatio-temporal modulation of their activity are showing promising results
(Eble & Niland, 2019)(Karamanos et al., 2021)(Cox, 2021). Contrary, the treatment
with degrading enzymes such as collagenases or hyaluronidases has been also
studied, but they are toxic and have detrimental effects in many cases (Bejarano et
al., 2021).

Apart from targeting the extracellular proteases, there are other therapies that block
the function of ECM components. In the case of collagen, PGs and GAGs, their
synthesis crosslinking can be blocked. In contrast, other molecules such as heparan
sulphates or fibronectin are inhibited by neutralizing antibodies, inhibitory peptides
or small molecules (Vaday & Lider, 2000)(Winkler et al., 2020)(Karamanos et al.,
2021). Finally, other strategies are related with the targeting of interactions between
tumour cells and their environment, usually affecting integrin-dependent crosstalk
(Winkler et al., 2020)(Boyle et al., 2021)(Karamanos et al., 2021)(Bejarano et al.,
2021)(Cox, 2021).
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5. The ADAMTS family

A disintegrin and metalloproteinase with thrombospondin motif (ADAMTS) family
belongs to the zinc metalloendopeptidases family, as well as MMPs and ADAMs. This
family of secreted proteases play key roles in the formation, maintenance and
remodelling of the ECM. Nevertheless, aberrant processes evolve in different
pathologies (Mead & Apte, 2018)(Rose et al., 2021).
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(ADAMTSS6, 10, 16, 17, 18 and

19) (Dubail & Apte, 2015)(Mead & Apte, 2018). Importantly, this classification has a
clear reflection reflected in the phylogenetic tree of all the members (Rose et al.,
2021)(Figure 23).

All ADAMTSs share a similar structure. First, there is a protease domain in the amino-
terminal region that is maintained in all the members. This domain contains a signal
peptide and a pro-domain followed by a metalloproteinase motif (zinc-binding
active-site) and a disintegrin-like domain. Such protease domain is attached to an
ancillary domain that differs between ADAMTSs (Rodriguez-Manzaneque et al.,
2000)(Zhong & Khalil, 2019). At the beginning of this domain, there is a central
thrombospondin type 1 repeat (TSR), a cysteine-rich domain and a cysteine-free
spacer region that appears in all the members of the family. Nevertheless, the spacer
region is followed by one or more TSR (although ADAMTS4 has no extra TSR at
carboxy-terminal variable region) and other motifs (protease and lacunin module,
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gon-1-like or mucin-like domains among others) that differentiate between ADAMTSs
(Apte, 2004)(Porter et al., 2005)(Cal & Lopez-Otin, 2015)(Figure 24).
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Figure 24. ADAMTS structure. Domain organization of the ADAMTS family of the protease domain
(signal peptide, pro-domain, metalloproteinase motif and disintegrin-like motif) and the ancillary
domain (thrombospondin type 1 repeat TSR, cysteine-rich domain, spacer fragment and variable
domain). Adapted from (Apte, 2004).
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ADAMTSs are synthesised as zymogens whose pro-domain is removed intracellularly
in the trans-Golgi or at the cell surface by protein convertases as furin or by other
proteases (including MMPs) to activate the protease (Rodriguez-Manzaneque et al.,
2000)(Apte & Parks, 2015)(Dubail & Apte, 2015) (Figure 25). Likewise, the ancillary
domain can be also proteolysed. To date, this ancillary domain has been reported as
the responsible of connecting the protease with the cellular surface or the
pericellular matrix, mainly by interactions with glycosaminoglycans and other ECM
components. For that reason, the proteolysis of this domain can affect the motility of
the protease (Apte, 2004)(Apte & Parks, 2015)(Zhong & Khalil, 2019).

5.1. Role in tumour development, angiogenesis and inflammation

Since the first member was described in 1997 in a model of cachexia (K Kuno et al.,
1997), ADAMTS family has been related to physiological and pathological processes
such as cell proliferation and invasion, angiogenesis or inflammation in tumoral and
non-tumoral conditions (Redondo-Garcia et al., 2021). Nevertheless, there is a high
controversy regarding their pro-tumorigenic and anti-tumorigenic properties (Cal &
Lopez-0Otin, 2015)(Mead & Apte, 2018). This variability would depend on many cases
on the tissue or tumour type (Redondo-Garcia et al., 2021). In addition, the same
proteases have been defined with opposite roles in other tumour types (Cal & Lopez-
Otin, 2015). Moreover, ADAMTS role can change according to the substrate that is

73



being proteolysed. Due to the still not well described dependency to their substrates,
ADAMTS functions must be deeper studied.

Similarly to ADAMTS], described as angioinhibitory since its discovery, anti-
angiogenic properties have been associated with ADAMTS2, 4, 5, 8,9, 12, 13 and 15
while pro-angiogenic ones were attributed to ADAMTS1,3, 4 and 9 and 15 (Porter et
al., 2005)(Cal & Lopez-Otin, 2015)(Rodriguez-Manzaneque et al., 2015)(Sun, Huang, &
Yang, 2015)(Zhong & Khalil, 2019). In addition, there are enzymatic-dependent
functions affecting the vasculature as the ones described for proteoglycanases,
ADAMTS12 and ADAMTS13 (Rodriguez-Manzaneque et al., 2015).

As in the case of its link to angiogenesis, ADAMTS1 was defined as an inflammation
related genes since its discovery (K Kuno et al., 1997), and similar roles has been
attributed to other partners. ADAMTS2, 4, 5, 8 and 16 are regulated by inflammatory
cytokines (Rose et al., 2021). Moreover, the role of ADAMTSs in inflammatory
processes and diseases can be proteolytic-dependent or proteolytic-independent. For
instance ADAMTS?2 is anti-inflammatory ADAMTS7, 8 and 9 are pro-inflammatory,
independently on their substrates. In contrast, ADAMTS1, 4 and 12 have been
associated with both anti- and pro-inflammatory properties (Redondo-Garcia et al.,
2021).

Considering the high homology in the catalytic site of all the ADAMTSs, it is a
challenge to develop specific inhibitors for each protease without affecting the
beneficial roles of other members of the family (Rose et al., 2021). For that reason,
strategies are focused on decreasing their expression, preventing their activation and
blocking their proteolytic activity (Rose et al., 2021).
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6. ADAMTS1

ADAMTS1, as previously mentioned, was the first member of the ADAMTS family,
described in 1997 (K Kuno et al., 1997), encoded by human ADAMTS1 gene located in
the chromosome 21. Due to the presence of thrombospondin motifs, originally it was
also named as METH-1 (metalloprotease with thrombospondin motifs 1), and it was
thought to be a chimera of the ADAM family (Vazquez et al., 1999).

Throughout all these years, ADAMTS1 has been associated with different
pathological processes. This protease is involved in cardiovascular disorders such as
the formation of atherosclerotic plaques, in aortic aneurysm and dissection (AAD)
and in Marfan syndrome (characterized by thoracic AAD) (Reynolds et al., 2010)(S.
Wang et al., 2018)(Zhong & Khalil, 2019)(Redondo-Garcia et al., 2021). Moreover, it
has been also related with different pathologies of the central nervous system,
including Alzheimer’s disease (Mohamedi, Fontanil, Cobo, Cal, & Obaya, 2020).
Indeed, the knockout mouse for Adamts1 (Ats1-KO) exhibits reduced body weight
and epididymal fat mass, kidney and ureter malformations, aberrant ovaries and
reduced fertility, polyuria (high amount of urine) and lower amounts of sodium and
potassium in urine and increased lethality at neonatal stage (Shindo et al.,
2000)(Mittaz et al., 2004). Furthermore, our group has demonstrated that two main
immune organs, spleen and bone marrow, are also altered, affecting the regulation
of immune populations (Rodriguez-Baena, Redondo-Garcia, Peris-Torres, et al.,
2018).

6.1. Structure, location and regulation of ADAMTS1

Remarking the general structure of ADAMTS proteases (Introduction, section 5), the
variable structure of ADAMTS1 is composed by two TSR after the spacer region (K
Kuno et al.,, 1997)(Vazquez et al., 1999)(Figure 25). After its discovery, different
isoforms were reported, which are named attending to their molecular weight
(Figure 25). ADAMTSI1 is synthetized as an inactive zymogen in the pro-active form
(p110, 110kDa) containing the pro-domain. This form is activated by the cleavage of a
furin-peptidase in the trans-Golgi network before its secretion. This cleavage
generates the first active form (p87, 87kDa), which is found mainly anchored to the
ECM or cell surface. Finally, p87 can be cleaved by MMPs in the spacer region after
the cysteine-rich region, removing the two amino-terminal TSR repeats and
generating the soluble, also active, p65 isoform (65kDa) (Rodriguez-Manzaneque et
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al., 2000)(Figure 25). Interestingly, ADAMTS1 has been also located in the nucleus of
normal and tumoral breast cancer cell lines associated with aggrecan, suggesting its
possible proteolytic activity in that cell compartment (Silva et al., 2016). Lately, it was
described the ability of ADAMTS1 to be cleaved by itself in tumoral conditions,
proteolysis that can be prevented by the addition of heparin/heparan sulphate (Liu et
al, 2006). Moreover, its proteolytic activity can be also endogenously blocked by
TIMP2 and TIMP3 and by a2-macroglobulin (a2M) (Rodriguez-Manzaneque et al.,
2002)(Zhong & Khalil, 2019)(Rose et al., 2021), and mediated by TGFB (Rocks et al.,
2008).
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Figure 25. Different ADAMTS1 isoforms during the maturation process. Structure of the different
ADAMTS1 isoforms (pro-active p100 and active p87 and p65) and location during the maturation
process. Adapted from (Rodriguez-Manzaneque et al., 2000). [Created in BioRender].

Gene expression of ADAMTS1 is regulated by different molecules. Indeed, Adamts1
was first described as an IL1-inducible gene (K Kuno et al., 1997). Later, its regulation
by progesterone and luteinizing hormones has been reported during ovulation, and
by parathyroid hormone in bone and osteoblasts (Porter et al., 2005). Moreover,
ADAMTS1 was repressed by BRG1-mediated chromatin remodelling during cardiac
development (Rose et al., 2021). Finally, it has been described that its expression is
induced under hypoxia (Zhong & Khalil, 2019).
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6.2. ADAMTS1 substrates

To date, some ADAMTS1 functions have been described to be independent to its
proteolytic activity. Nevertheless, its implication in some physiological and
pathological processes has also been related with its catalytic activity over its
substrates. The first identified group of substrates for this protease are several
proteoglycans, which includes aggrecan, mainly related with cartilage alterations
(Rodriguez-Manzaneque et al., 2002), syndecan-4 that controls cell interactions with
ECM and other cells (Rodriguez-Manzaneque et al., 2009) (Table 1). Moreover,
among proteoglycans, versican is also included (Sandy et al., 2001). Due to its
relevant implication in tumour development, immunity and inflammation, Versican is
a molecule of interest in this work. As it happened with ADAMTS1, its proteolytic
state is essential for its function, being intact versican associated with pro-
tumorigenic scenarios and the proteolysed isoforms with anti-tumorigenic ones.
Indeed, there are different versican gene splicing variants, which also have different
functions, but the most studied one and in which will be focused is the VO/V1
isoforms, the ones containing GAGB-containing domains (Papadas et al., 2020)(Islam
& Watanabe, 2020)(Wight et al., 2020).

Table 1. List of ADAMTS1 substrates. Table including updated information of the
known substrates of the protease ADAMTS]1, including the group of protein and the
most relevant reference for each one.

Group of proteins Substrate Reference
Aggrecan (Rodriguez-Manzaneque et al., 2002)
Glycoproteins Syndecan-4 (Rodriguez-Manzaneque et al., 2009)
Versican (Sandy et al., 2001)
(Canals, Colome, Ferrer, Plaza-Calonge
Basement membrane Nidogen 1/2 Mdel, & Rodriguez-Manzaneque,
2006)
Semaphorin 3C (Esselens et al., 2010)
TSP1/2 (Lee et al., 2006)
ECM-
soluble and ECM IGFBP2 (Martino-Echarri et al., 2014)
anchored proteins
TFPI-2 (Torres-Collado et al., 2006)
Gelatins (Lind et al., 2006)
EGF family EGF-like ligands (Liu et al., 2006)
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Apart from these proteoglycans, other substrates of ADAMTS1 have been identified,
such as the basement membrane glycoproteins nidogen 1 and 2 (Canals et al., 2006).
Due to the relevance for this work, both nidogen and versican implication in cancer
will be briefly reviewed in a following section. Furthermore, there are soluble or
ECM-anchored proteins that are also ADAMTS1 substrates, including semaphorin 3C
involved in neural development (Esselens et al., 2010), TSP1 and TSP2 that are anti-
angiogenic molecules (Lee et al., 2006), insulin-like growth factor binding protein 2
(IGFBP2) (Martino-Echarri et al., 2014), tissue factor pathway inhibitor 2 (TFPI-2)
(Torres-Collado et al., 2006) and gelatins, which are products of collagen |
degradation (Lind et al., 2006). Finally, some members of EGF family are also cleaved
by ADAMTS1 (Liu et al., 2006) (Table 1).

6.3. Role in tumour progression and angiogenesis

ADAMTS1 is involved in different processes that take place during tumour
development such as cell proliferation, survival and migration or angiogenesis (De
Arao Tan, Ricciardelli, & Russell, 2013). Still, there are controversies regarding the
role of ADAMTS1 both in cancer and angiogenesis. Indeed, it is known that ADAMTS1
functions depend on its proteolytic activity and its cleavage status. While full-length
ADAMTS1 shows pro-metastatic and pro-angiogenic functions by the release of
angiogenesis stimulant molecules, the fragments exhibit inhibitory roles (Liu et al.,
2006)(Sun et al., 2015). Moreover, it has been also reported that the functions of
ADAMTS1 in tumour progression can be due to its cellular origin, differentiating
between stromal and tumoral contribution of the protease in a B16F1 melanoma
model (Fernandez-Rodriguez et al., 2016).

It has been described that ADAMTS1 acts as a pro-tumorigenic molecule in breast,
ovarian, prostate, hepatocellular, pancreatic and renal cancers as well as in
melanoma and uveal melanoma and glioblastoma. In addition, it has been reported
that ADAMTS1-dependent accumulation of cleaved versican affects breast cancer
progression and metastasis (Gustavsson et al., 2009)(Ricciardelli et al., 2011)(De Arao
Tan et al., 2013)(Martino-Echarri et al.,, 2014)(Fernandez-Rodriguez et al.,
2016)(Peris-Torres et al., 2020)(Redondo-Garcia et al., 2021)(Serrano-Garrido et al.,
2021). Furthermore, ADAMTS1 has been also related with tumour growth increase by
an enhanced endothelial-like phenotype in several tumour cells (Casal et al., 2010).
Moreover, given its proteolytic activity, it also promotes metastasis of murine Lewis
lung carcinoma (LLC), and in breast and cancer patients (Cal & Lopez-Otin, 2015).
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Furthermore, full-length and proteolysed fragments display opposite effects (Liu et
al.,, 2006). In contrast, it has been also demonstrated that ADAMTS1 has tumour-
protective roles in human breast, gastric and colon cancer, fibrosarcoma and
prostate cancer. In the case of pancreatic, CRC and lung cancer, it appears as
hypermethylated (De Arao Tan et al., 2013)(Cal & Lépez-Otin, 2015), while in the case
of human breast cancer, it was mediated by the inhibition of angiogenesis and by the
ADAMTS1-mediated proteolysis of NID1 and NID2 (Martino-Echarri et al., 2013a)

Regarding vascular biology and angiogenesis, ADAMTS1 has been identified as a “tip-
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cell” specific protease (Su et al., 2008). Following its discovery, ADAMTS1 was defined
as an anti-angiogenic molecule due to its capacity to block endothelial cell
proliferation by the release of TSP1 and, and to inactivate VEGFR2 (Vazquez et al.,
1999)(lruela-Arispe et al., 2003)(Sun et al., 2015)(Rodriguez-Manzaneque et al.,
2015). Moreover, these angioinhibitory effects can occur by the sequestration of
VEGF45 isoform by the carboxy-terminal TSR motifs. In addition, the proteolysis of
TSP1 and TSP2 by ADAMTS1 provoked the release of TSR fragments, inhibiting
angiogenesis (Lugue et al.,, 2003)(Rodriguez-Manzaneque et al., 2015). When
proteolysing NID1 and NID2 in a mouse model of breast cancer, it also showed an
anti-angiogenic effect, as in the proteolysis of syndecan-4, what reduced EC adhesion
and angiogenesis (Porter et al.,, 2005)(Cal & Lopez-Otin, 2015)(Rodriguez-
Manzaneque et al., 2015). In addition, decreased expression of ADAMTS1 in
mammary and prostate tumours was involved in increased levels of TSP1, turning
large vessels into small vessels. Nevertheless, overexpression of the protease has the
opposite effect. Moreover, it was probed that ADAMTS1 inhibits angiogenesis by
inducing EC apoptosis in human prostate cancer DU145, human fibrosarcoma
HT1080 and Chinese hamster ovarian cells independently to the proteolytic activity.
However, this protease reduced EC proliferation and angiogenesis in human breast
carcinoma T47D cells depending on the catalytic activity (Sun et al., 2015).

6.4. Recent findings regarding the immune system

Adamts1 was described as an inflammatory related gene since it was induced by IL1
(K Kuno et al., 1997). Lately, it was reported an induction of the protease in the
spleen of rats stimulated with LPS (Oveland et al., 2012) and a downregulation by
TGFB and IL33 (Ng et al., 2006)(Ashlin et al., 2014). In spite of all these works linking
ADAMTS1 with inflammation, little is known about the regulation of specific immune
populations or its contribution during putative inflammatory processes. It has been
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reported the pro- and anti-inflammatory contribution of ADAMTS1 during the
atherosclerosis, as well as in AAD due to the regulation of macrophage migration.
Moreover, in a model of Marfan syndrome the deficiency of ADAMTS1 was
accompanied by an overexpression of NOS2, a marker of pro-inflammatory
macrophages (Ashlin et al., 2013)(Oller et al., 2017)(Redondo-Garcia et al., 2021). In
addition, using a mouse deficient for CXC3CR1 that showed a downregulation of
Adamts1 and Tspl, it was observed a colocalization between ADAMTS1 and the
macrophage marker F4/80 (Peirong Lu et al., 2017)

In cancer, Ricciardelli et all probed that ADAMTS1 correlated with a reduced
infiltration of CD45" cells, observing a switch to a Th1 immunity in breast cancer in
absence of the protease (Ricciardelli et al., 2011). Similarly, using the Ats1-KO mouse,
it was reported that two immune organs (spleen and bone marrow) were altered in
absence of the protease. Moreover, healthy Ats1-KO mice suffered splenomegaly
accompanied by an increase of T cells both in spleen and BM. In fact, same mouse
model was challenged with B16F1 tumours and the reduction in tumour growth in
absence of the stromal protease correlated with the regulation of the immune
populations, specifically the increased infiltration of T cells, myeloid cells and the
reduction of the M2 macrophage marker Cd163 (Rodriguez-Baena, Redondo-Garcia,
Peris-Torres, et al., 2018). Interestingly, apart from the differences in the alteration
of the immune populations between both tumour models, they also showed a
different cleavage of Versican, suggesting its contribution in the immune system,
which will be detailed later in this section of the introduction.

6.5. ADAMTSL1 substrates in the tumour immune landscape: Nidogen 1 and
Versican

As it has been previously reported, ADAMTS1 can affect tumour progression both
dependently and independently to its proteolytic activity. For that reason, the role of
two of its main substrates (nidogen 1 and versican) is included in this section in more
detail. Moreover, due to the relevance for this work, we will address their connection
with the immune system.
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6.5.1 Nidogen 1

Both Nidogens 1 and 2 are globular multi-domain glycoprotein found in the
basement membrane where they act as cross-linkers with other ECM components.
Accordingly, it appears to participate in tumour-related processes (Martino-Echarri et
al., 2013a). However, little is known about the possible contribution of this molecule
in tumour progression. It has been defined as a good prognosis factor in ovarian
serous cancer patients and its inhibition reduced the migration and invasion of
endometrial cancer cells (Zhou et al., 2017). Moreover, its proteolysis in a human
breast cancer model regulates vessel maturity (Martino-Echarri et al., 2013a).

Although there are other works showing the role of this ECM component to tumour
development, there is still a necessity of elucidate its function in the immune system.
As far as it is known, nidogen 1 has been only related with neutrophils and pro-B cells
regulation. In the first case, nidogen 1 increases neutrophil adhesion and chemotaxis
by the interaction with the Arg-Gly-Asp (RGD) domain (Senior et al., 1992) and
reduced their cytotoxicity activity by NKp44 receptors (Gaggero et al., 2018). In fact,
it has been recently described the necessity of nidogen 1 to be expressed in tumour
cells for being recognised and sensitive to neutrophils cytotoxicity (Sionov et al.,
2022). In the case of the of pro-B cells, nidogen 1 is in charge of the maintenance of
this cells in a dedifferentiated condition, mainly in IL7-enriched BM niches (Balzano et
al., 2019).

6.5.2.Versican

Versican is a large chondroitin sulphate proteoglycan with GAGs that is proteolysed
by ADAMTSI1 but also ADAMTS4, 5, 9, 15 and 20, and which has crucial roles in organ
development and disease (Islam & Watanabe, 2020). Different to nidogen 1, versican
has been associated with different pathologies but in most of the cases due to its
impact on inflammation (Wight et al., 2020). Versican regulates leukocyte trafficking,
which promote the inflammatory response by the release of inflammatory cytokines
(Papadas et al., 2020). For that reason, it is an ECM component that must be
considered in this work. Versican is involved in wound repair, lung inflammation or
systemic sclerosis by higher recruitment of macrophages, which are a major source
of this molecule together with fibroblasts and ECs, and CD4" Treg cells (Islam &
Watanabe, 2020)(Redondo-Garcia et al., 2021). Moreover, the negatively charged
chondroitin sulphates (CS) chains that are found in its structure promote the release
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of pro-inflammatory cytokines that modify antigen presentation and T cell activation.
In contrast, binding to toll-like receptor 2 (TLR2) on dendritic cells and macrophages
increases the release of TNFa, IL6 and IL10, deregulating T cell cytotoxicity (Wight et
al., 2020)(Papadas et al., 2020)(Redondo-Garcia et al., 2021). Furthermore, TLR and
type | IFN signalling upregulates versican, inducing the production of the anti-
inflammatory molecules IFNB and IL10 (Islam & Watanabe, 2020)(Wight et al., 2020).

Increased expression of Versican has been associated with a variety of malignancies
such as leukemia, melanoma, glioblastoma, osteosarcoma and breast, lung and
prostate cancers among others. Indeed, it is central for apoptosis, migration, immune
surveillance evasion, immunomodulation and tumour-promoting inflammation (Keire
et al., 2017). However, as it happened with ADAMTS], there is a huge controversy
regarding the pro- and anti-tumorigenic functions of Versican. Indeed, the origin of
this substrate (stromal or tumoral) and its proteolytic state (intact/full length or
proteolysed) affect its role during tumorigenesis. Regarding stromal versican, it has
been described that can be induced by TGFB and promotes CCL2/MCP-1 levels,
enhancing the recruitment of monocytes that are activated in breast cancer and LLC
tumours via TLR2 (Kim et al., 2009)(Keire et al., 2017)(Pappas et al., 2019)(Hatano &
Watanabe, 2020). In addition, it is also accumulated in myeloma, CRC,
leiomyosarcoma and metastatic urine cancer, and it is associated with a tolerogenic
scenario represented by less CD8 cells, more tolerogenic DCs, anti-inflammatory
macrophages and MDSCs (Gorter et al., 2010)(Wang et al., 2015)(Hope et al.,
2016)(Keire et al., 2017)(Hope et al., 2017)(Asano et al.,, 2017)(Wight et al.,
2020)(Figure 26). In spite of it, other groups have defined the anti-tumorigenic roles
of Versican (Ricciardelli et al., 2011)(Fanhchaksai et al., 2016)(Gao et al., 2020). In the
case of tumour-derived versican, there is less controversy and it is related with pro-
tumorigenic scenarios in mesothelioma, in which promotes M2 macrophage
polarisation and inhibits their phagocytic activity (Pappas et al., 2019), glioblastoma
(Hu et al., 2015) and in hepatocellular tumours (Zhangyuan et al., 2020).

Due to this complexity and variation in versican roles, its proteolytic state appeared
as a main regulator of these functions. When versican is cleaved by ADAMTSs,
including ADAMTS], it is released as a matrikine called versikine (Wight et al., 2020).
This amino terminal fragment has lost the CS chains, also interacts with TLR2 and is
known to have anti-tumorigenic functions, opposite to the most extended role of the
full-length protein (Hatano & Watanabe, 2020). It has been described that versikine
stimulates the secretion of pro-inflammatory cytokines such as IL1B and IL6 by
macrophages (Hope et al., 2016)(Schmitt, 2016)(Gupta et al., 2016)(Dhakal et al.,
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2019). Moreover, in CRC, versikine enhanced the infiltration and activation of DCs,
promoting T cell anti-tumorigenic activation (Hope et al.,, 2017)(Keire et al.,
2017)(Papadas et al., 2020)(Wight et al., 2020)(Islam & Watanabe, 2020)(Figure 26).
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Figure 26. Known actions of versican and versikine in tumour immune infiltration. Intact versican
interacts with DCs and macrophages through TLR2, polarising them to pro-tumorigenic states. In
contrast, versikine promotes anti-tumorigenic DCs that enhance T cell cytotoxicity. Adapted from
(Papadas et al., 2020).

For all the discussed data, versican is an ECM molecule that acts as prognosis factor
as well as can modify the response the cancer therapies, especially immunotherapy.
Indeed, some works relate versican expression with increase PD-L1 expression (Wight
et al., 2020).
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HYPOTHESIS




The microenvironment that regulates tumour behaviour is highly complex. Apart
from the heterogeneity and crosstalk implicating all the cellular components, from
both tumoral and non-tumoral origins, it is also essential to consider the interaction
with the non-cellular elements. In this scenario, extracellular matrix composition and
its regulation appeared to play a crucial role, claiming the necessity to receive more
attention in oncology research.

Extracellular matrix nature and its remodelling by proteases are essential in both
physiological and pathological conditions. Importantly, extracellular matrix can act as
a physical barrier limiting the efficacy of therapeutic strategies, and its implication in
angiogenesis, infiltration and maturation of immune populations has also been
described. Moreover, the contribution of tumour-associated macrophages or
myeloid-derived suppressor cells limiting the response to anti-angiogenic therapies
has been highlighted. Among the constituents of this extracellular environment, the
protease ADAMTS1, whose anti-angiogenic activities have been previously reported,
appeared as a candidate participating in the regulation of all these intricate
processes.

Preliminary results in our lab using wild type and knockout mice for ADAMTS1 have
reported different behaviour of the syngeneic murine tumour models B16F1
melanoma and Lewis Lung Carcinoma (LLC). While B16F1 tumours size was clearly
reduced in absence of stromal ADAMTS1, LLC tumours were not affected. Indeed,
their immune infiltrate was different, and they are classified as sensitive and
refractory to anti-angiogenic therapy, respectively, as summarised in Figure 27.

B16F1 model LLC model

Immunosuppression //
Resistance to
anti-angiogenic ///

therapy
Response to stromal I\
ADAMTS1 deficiency

Figure 27. Differences between B16F1 and LLC models. Characterisation of both tumour models
regarding immunogenicity, response to anti-angiogenic therapy and to stromal ADAMTS1
deficiency.
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The hypothesis of this work is based on the awareness that ADAMTS1 regulates, at
some extent, angiogenesis and the immune system. Knowing that B16F1 and LLC
tumours produced different extracellular environments (Figure 27), we wanted to
unveil how the activity of ADAMTS1 was behind these alterations. Importantly, a
closer knowledge of the presence and nature of its substrates, and the ECM in
general, is still required. To date, detailed studies of ADAMTS1, angiogenesis,
extracellular matrix and immune system are still necessary to understand their
connections. The possibility of using in vitro and in vivo models in which ADAMTS1
has been silenced represented an excellent scenario to investigate the immune
landscape and the response to anti-angiogenic treatments.
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OBJECTIVES




1. To evaluate the contribution of stromal ADAMTS1 in the immune system
regulation of Lewis Lung Carcinoma syngeneic tumours.

2.

3.

1.1.

1.2.

1.3.

Study of LLC progression and vascularisation in absence of stromal
ADAMTS1 (Ats1-KO mouse).

To study the alteration of different immune organs in absence of stromal
ADAMTSI.

To assess the regulation of immune system in LLC-tumour bearing mice in
absence of stromal ADAMTS1.

To evaluate the contribution of tumour-derived ADAMTS1 in Lewis Lung
Carcinoma progression and the immune landscape.

2.1.
2.2.

2.3.

2.4.

Generation and characterisation of ADAMTS1-knockdown LLC cells.

Study of the effect of tumoral inhibition of ADAMTS1 in LLC progression and
vascularisation.

To assess the regulation of immune system in LLC-tumour bearing mice in
absence of stromal ADAMTS1.

Evaluation of tumour-derived ADAMTS1 role in macrophage polarisation.

To evaluate ADAMTS1 contribution during anti-angiogenic therapy.

3.1.

3.2.

Comparison between sensitive (B16F1) and resistant (LLC) models to anti-
angiogenic treatments.

To analyse ADAMTS1 role in LLC tumour progression and immune infiltration
after Aflibercept treatment.
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RESULTS




1. Addressing the relevance of stromal ADAMTS1 in LLC progression: a
comparative study with B16F1 melanoma model.

As mentioned in the hypothesis, differences in immunogenicity (Yoshimura et al.,
2015), response to anti-angiogenic therapy (Shojaei et al., 2007) and different
behaviour in absence stromal ADAMTS1 (Figure 27) encouraged us to study in more
detail the contribution of the protease from stromal origin during LLC tumour
progression. For that, we benefited using Ats1-KO mice, as we previously performed
using the B16F1 melanoma tumour. Importantly, those tumours displayed a reduced
growth in absence of the stromal protease (Fernandez-Rodriguez et al., 2016).

Following a similar approach, LLC cells were subcutaneously injected in both WT and
Ats1-KO mice. Different to the previously observed findings on B16F1 model
(Fernandez-Rodriguez et al., 2016), final LLC tumour growth was not affected by the
absence of stromal ADAMTS1 despite there is a slight difference at early stages
(Figure 28A-B). In order to unveil the mechanisms provoking that difference with
B16F1, a deeper study of LLC-derived tumours was pursued.
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Figure 28. Contribution of stromal ADAMTSL1 in Lewis Lung Carcinoma model. (A) Progression of
tumour volume during the experiment represented as tumour volume + s.e.m. (B) Representative
LLC tumours in WT and Ats1-KO mice. Scale = 1 cm. (* P<0.05 two-tailed t Student, n=9 samples in
each group).

1.1. Characterisation of tumour vasculature.

According to the described function of ADAMTS1 as an angiogenesis-related
molecule, also in B16F1 tumours (Fernandez-Rodriguez et al., 2016), vasculature was
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evaluated by Endomucin staining (Rodriguez-Baena et al., 2018). As indicated in
materials and methodology section, the analysed parameters included vessel density,
percentage of vessel area related to total tumour area, and perimeter of vessels
(Figure 29A-B). In LLC tumours, vessel density was significantly increased in absence
of stromal ADAMTS], similarly to what was observed in B16F1 tumours (Fernandez-
Rodriguez et al.,, 2016). However, B16F1 model suffered a reduction in vessel
perimeter that was not observed in LLC model (Figure 29A-B).
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Figure 29. Effect of stromal ADAMTS1 in LLC tumour vasculature. (A) Representative images of
Endomucin staining for morphometric vasculature quantification of each group. White scale =
200um. (B) Graphs representing mean + s.e.m of vessel density, perimeter of vessels and vessel
area of each group of tumours after 29 days. (* P<0.05 , ** P<0.01 two-tailed t Student, n=9
samples in each group).

In parallel, measuring the expression of the endothelial-related genes Endoglin, Cdh5
and Cd31 did not show significant differences between both tumour groups (Figure
30A). Finally, to approach the maturation of tumour vasculature, the
immunofluorescence evaluation of smooth muscle actin (SMA) deposition around
tumour vessels did not show differences in LLC-Ats1-KO tumours compared to WT
littermates (Figure 30B). Altogether, and despite vessel functionality or alternative
angiogenesis mechanisms that could be involved, these results indicate that, at least
at some extent, ADAMTS1 also has an inhibitory role in the vasculature in LLC
tumours, but not as strong as in B16F1 tumours (Fernandez-Rodriguez et al., 2016).
Indeed, these studies imply that stromal ADAMTS1-dependent changes in
vasculature are not enough to compromise the progression of LLC tumours in WT
and Ats1-KO mice.
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Figure 30. Regulation of endothelial molecules by stromal ADAMTS1 in LLC tumours. (A) Graphs
representing relative mRNA fold change expression of genes related to vasculature (Endoglin, Cdh5
and Cd31). (B) Representative confocal images of SMA deposition (white) together with the
endothelial marker Endomucin (red) in tumours 29 days after cells inoculation. Yellow scale =
50um. (N=9 samples in each group).

1.2. Study of ADAMTS1 and ADAMTS-related molecules.

Due to the proteolytic activity of ADAMTS1, molecules of the extracellular matrix
were also evaluated as putative targets. From the known substrates of ADAMTS1, we
analysed Nidogen 1 and Versican due to their functions in the organisation of the
vBM and in immunity regulation, respectively. Apart from the expected reduction of
Adamts1 expression in LLC-Ats1-KO tumours (Figure 31A), the versicanases Adamts4
and Adamts9, the ones with higher expression levels in LLC model, stayed unaltered.
Moreover, levels of Nidogen 1 and Versican were also analysed. While their gene
expression was not affected (Figure 31B), the protein accumulation of both
molecules in tumours was highly increased in absence of stromal ADAMTS1 (Figure
31C), displaying a positive signal all around the tissue and not limited to the vascular
network. These findings supported the reduced proteolysis of both substrates in the
LLC-Ats1-KO tumours due to the reduced expression of the protease. Contrary to
these current observations, B16F1 tumours in Atsl-KO mice showed lower
expression of Adamts4 and Adamts9 but a decreased accumulation of intact Versican
than WT group, differing from the LLC tumours and suggesting alternative
mechanisms involved in Versican regulation (Rodriguez-Baena et al.,, 2018). In
addition, it is important to highlight that the overall levels of Adamts1 are higher in
B16F1 tumours compared to LLC ones, whereas both Nidogen 1 and Versican are less
represented in such melanoma model (data not shown).
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Figure 31. Effect of stromal ADAMTS1 in ECM gene expression and deposition. (A) Graph
representing relative mRNA fold change expression of ADAMTS proteases with versicanase activity.
(B) Graph representing relative mRNA fold change expression of relevant ADAMTS1 substrates
(Nidogen 1 and Versican). (C) Representative confocal images of NID1 and full-length VCAN
deposition (red) together with the endothelial marker Endomucin (green) in tumours 29 days after
cells inoculation. Yellow scale = 50um. (* P<0.05 two-tailed t Student, n=9 samples in each group).

To sum up this section, we concluded that ADAMTSL1 is affecting tumour vasculature,
and also the accumulation of Nidogen 1 and Versican. Moreover, we have found a
correlation between such increased levels of substrates and increased vascular
density. However, these results do not explain the lack of effects on LLC growth in
the absence of stromal ADAMTS1 whereas other model does. For that reason, a
deeper analysis of other microenvironment constituents is still needed. Next, studies
of the immune system are presented.
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2.  Alteration of immune compartment in the absence of ADAMTS1
protease in healthy and tumour conditions.

ADAMTS], as well as other members of the extracellular milieu, has been recently
studied due to its contribution on immune system regulation in both healthy
conditions and tumoral environments. Indeed, our group has recently reviewed how
members of the ADAMTS family and its substrates may participate in this regulation
in diseases with a relevant inflammatory component, including cancer (Redondo-
Garcia, et al., 2021). Apart from the widely accepted analysis of the vasculature, we
considered the evaluation of immune-related parameters, as another relevant
contributor within the TME. In fact, previous results of our lab already showed
changes in immune-related parameters induced by ADAMTS1 (Fernandez-Rodriguez
et al., 2016)(Rodriguez-Baena, et al., 2018). This encouraged us to study the immune
system of LLC tumours in an ADAMTS1-dependent manner, in order to understand
why the lack of the protease does not affect tumour growth, contrary to what was
observed in other tumour models. Likewise, we first studied two relevant immune
organs: spleen and BM, of healthy Ats1-KO mice.

2.1. Relevance of stromal ADAMTS1 in healthy tissues.
2.1.1.Spleen and its immune populations.

First, this thesis revealed a significant splenomegaly in Ats1-KO mice compared to WT
littermates, whose weight was corrected according to body weight (detailed in the
materials and methods section) (Figure 32A). Next, we identified and evaluated
specific immune populations by flow cytometry (FC) (Figure 32B). Among these
populations, the most significant value was the increase of CD3" T cells in Ats1-KO
versus WT spleens. Finally, we completed this characterisation looking at the gene
expression of T cells (Cd3, Cd4 and Cd8) and macrophage-related (Nos2, Cd163,
Cd206) markers (Figure 32C). These studies revealed an upregulation of Cd3 and Cd4,
corroborating the increase in CD3 cells in Ats1-KO mouse observed by FC. Despite the
increase in the number of T cells, functionality of this population should be also
evaluated.
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Figure 32. Spleen immunocharacterisation of healthy WT and Ats1-KO mice. (A) Representative
images of spleens from WT and Ats1-KO mice (scale = 1cm) and graph representing the spleen
index. (B) Flow cytometry data showing the percentage of immune populations represented as
mean * s.e.m of live cells in WT and Ats1-KO spleens. (C) Graphs representing relative mRNA fold
change expression of genes related to immune system (Cd3, Cd4, Cd8, Nos2, Cd163, Cd206). (*
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 two-tailed t Student, n=7 and n=5 samples in WT
and Ats1-KO groups, respectively).

In the case of myeloid cells, although FC assays showed not altered proportions in
the absence of ADAMTS1 (Figure 32B), a closer study of gene expression using
specific polarization markers revealed some interesting differences. While Nos2, a
M1 marker, did not show differences, both M2 markers, Cd163 and Cd206, showed
an upregulation, reflecting an increase in pro-tumorigenic macrophages in Ats1-KO
spleens (Figure 32C) that should be considered.

2.1.2.Bone marrow and its immune populations.

In parallel to the spleen, we examined BM immune populations. Importantly, we
observed a similar increase of T cells in Ats1-KO BM (Figure 33A), although this
population is the least representative in this organ. Indeed, gene expression analyses
confirmed the increase of T cells by an upregulation of Cd3 and Cd8 genes, suggesting
again an induced cytotoxic environment. However, there was an unexpected
downregulation of Cd4 expression in Ats1-KO BM, opposite to the result observed in
the spleen (Figure 33B). However, its contribution can be limited due to its low
frequency.

95



>
w

Immune populations percentage Immune-related genes

- 300 xx 15.0
3 o wr . 0wt
5 . Als1-KO 2 - Ats1-KO
g 200 £ 100 x
=] o
2 =
o (=]
g 100 < 50 :
B z .
& £ *

0.0 0.0

0 B ® 2 <) ®
o ©
& & & ¢ & &

Figure 33. Bone marrow immune-characterisation of healthy WT and Ats1-KO mice. (A) Flow
cytometry data showing the percentage of immune populations represented as mean * s.e.m of
live cells in WT and Ats1-KO bone marrow. (B) Graphs representing relative mRNA fold change
expression of genes related to immune system (Cd3, Cd4, Cd8, Nos2, Cd163, Cd206). (* P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001 two-tailed t Student, n=6 samples in each group).

In contrast with the absence of changes in spleen, FC data on myeloid cells revealed a
clear increase in CD11b*/Grl and CD11b’/Gr1l" myeloid-derived suppressor cells
(MDSCs) in Ats1-KO BM, probably accentuated by the higher abundance of these
populations in BM (Figure 33A). Both of these myeloid populations are relevant
inducing an immunosuppressive environment and are the responsible of resistance
to some cancer therapies (Shiao et al., 2011)(Garner & de Visser, 2020). In agreement
with this increase of myeloid cells in Ats1-KO BM, gene expression of both Nos2 and
Cd163 macrophage markers were upregulated in absence of ADAMTS1 (Figure 33B).

As an overall perspective, this early characterisation of the immune organs spleen
and BM revealed a consistent increase of T cells in Ats1-KO mice. In contrast, myeloid
populations were enhanced just in the BM of Ats1-KO. Accordingly, these results
encouraged us to perform deeper analyses of specific macrophage-related immune
populations, as follows in next section.

2.1.3.Bone marrow-derived macrophages.

Myeloid populations appeared to be very important in LLC tumours. Moreover,
taking into consideration the pro-tumorigenic properties of some of these cells and
their responsibility for the resistance to some cancer therapies, we decided to study
them in more detail, evaluating the contribution of ADAMTS1 to their functions and
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activity. We obtained bone marrow-derived macrophages (BMDMs) from WT and
Ats1-KO mice and we achieved several ex vivo experiments, including adhesion,
migration, polarisation and phagocytosis assays.

Using an enriched population of CD11b" cells from both WT and Ats1-KO BMs (Figure
34A-B), we firstly approached their in vitro adhesive properties, observing that the
absence of the protease did not affect this capacity (Figure 34C).
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Figure 34. BMDM selection from WT and Ats1-KO and adhesion properties. (A) Representative
gating strategy showing CD11b" population selection (mean percentage included) from bone
marrow culture. (B) Representative bright field pictures of WT and Ats1-KO macrophages after
selection. (C) Cell index representing the cell adhesion along the time performed in xCELLigence
platform.

Apart from the ability to adhere, macrophages migrate to specific scenarios to
accomplish their functions, including tumours. To evaluate this capacity, WT and
Ats1-KO BMDMs were cultured on 8-um pore transwell and let them to migrate in
absence (negative control) or presence of FBS (positive control) (Figure 35A). After 24
hours, we observed a decreased in the migratory efficiency of Ats1-KO BMDM,
although without statistically significant differences (Figure 35B).

As introduced in previous sections, it is important to determine the polarisation state
of macrophages, since M1 and M2 macrophages have opposite functions regarding
inflammation and tumour progression. Considering the differential regulation of
genes between polarised macrophages in the BM, we performed 24-hour in vitro
polarisation experiments to unveil a putative contribution of stromal ADAMTS1.
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Figure 35. BMDM migration in transwell assays depending on stromal ADAMTS1. (A)
Representative pictures after 24-hour migration experiment in presence of FBS. (B) Quantification
of two independent experiments showing the relative induction of positive control (with FBS)
compared to negative control (without FBS). Scale = 150um. N=2 samples in each group.

In terms of morphology, the already described changes between M0, M1 and M2
states were detected without significant differences between different WT and Ats1-

KO genotypes (Figure 36).

Ats1-KO

Figure 36. WT and Ats1-KO BMDM polarisation morphology. Representative immunofluorescence
pictures of WT and Ats1-KO macrophages after 24 hours of polarisation to M1, M2 and non-
polarised MO BMDM. Cells were seeded and polarised on fibronectin-coated coverslips and stained
with phalloidin-TRITC (red) and a-tubulin-FITC (green). White scale = 40um, yellow scale = 20um.
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Furthermore, polarisation of both WT and Atsl-KO BMDMs was confirmed by
analysing gene expression of canonical markers of each state. On the one hand, Tnfa,
116 and Nos2 were examined for the M1 polarisation, observing a clear upregulation
of these three genes (Figure 37A). On the other hand, M2 polarisation was confirmed
by the induction of Cd163, Cd206 and Argl in M2 group compared to the others
(Figure 37B).
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Figure 37. Gene expression analysis of WT and Ats1-KO BMDM polarisation state. Graphs
representing relative mRNA fold change expression of genes related to (A) M1 polarisation (7Tnfe,
116 and Nos2) and (B) M2 polarisation (Cd163, Cd206 and Arg1). MO group was used as control for
statistics tests. (* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 two-tailed t Student, n=11 and
n=7 samples in WT and Ats1-KO groups, respectively).

After confirming that both WT and Ats1-KO BMDM were polarizing to M1 and M2
states, next step was to assess whether the differential polarisation capacity could be
impaired regarding ADAMTS1 deficiency. For that, gene expression of the analysed
genes was contrasted between WT and Ats1-KO counterparts, without differences
between them (data not shown). In parallel, polarisation was also checked by FC
using NOS2 as M1 (Figure 38A), and CD206 as M2 markers (Figure 38B). Likewise, we
confirmed an increase for each marker in their respective polarised groups,
compared to M0 samples, but without showing differences between WT and Ats1-KO
BMDM:s.
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Figure 38. Effect of stromal ADAMTS1 in NOS2 and CD206 protein levels during BMDM
polarisation. Representative flow cytometry plots including the mean percentage of (A) NOS2 and
(C) €D206 in M1 and M2 24h-polarised CD11b" populations respectively and their quantification
(orange population). N=9 and n=4 samples in WT and Ats1-KO groups, respectively.

Although these polarization assays (Figures 36-38) did not reveal significant
alterations in the absence of the protease ADAMTS], our studies also included the
determination of the gene expression levels of the protease during the polarisation
process in WT cells. In parallel, we studied Versican, as one of the ADAMTS1
substrates whose immunomodulatory properties have been more relevantly
described (Wight et al.,, 2020). Interestingly, we found that Adamtsl was
overexpressed in M2 macrophages compared to MO (Figure 39A). In the case of
Versican, it was clearly overexpressed in M1 BMDMs independently of the presence
or absence of stromal ADAMTS1. Significantly, we observed a slight induction of
Versican expression in M2 macrophages derived from Ats1-KO BMs (Figure 39A).
Moreover, the alteration induced by the absence of ADAMTS1 appears to have a

100



major impact on M2 macrophages, also patent when the comparison is between WT
and Ats1-KO BMDMs (Figure 39B, black bar), whose consequences will need to be

considered.
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Figure 39. Regulation of Adamtsl and Vcan during BMDM polarisation. Graphs representing
relative mRNA fold change expression of Adamts1 and Vcan depending on polarisation state (A)
and depending on stromal ADAMTS1 levels for each polarisation state (B). (* P<0.05, ****
P<0.0001 two-tailed t Student, n=14 samples in each group).

Phagocytosis-mediated tumour clearance has been shown as another relevant
function of these myeloid cells during tumour development (C. Li et al.,, 2021).
Therefore, we assessed the phagocytic activity of macrophages in vitro considering
the presence or absence of stromal ADAMTS1. As in previous assays, we used BMDM
from WT and Ats1-KO mice. For these new experiments, phagocytosis was evaluated
for three different tumour cells (murine LLC and B16F1, and human fibrosarcoma
HT1080), properly labelled with carboxifluorescein diacetate succinimidyl ester
(CFSE) and added to the BMDM monolayer (see materials and methodology section).
This co-culture approach allowed us to measure the engulfment/phagocytosis of
tumour cells by the macrophages, using FC. Since tumour cells were labelled with
CFSE, and macrophages are positive for CD11b marker, we were able to detect four
different populations: total macrophage population (CD11b*), non-engulfed tumour
cell population (CD11b’/CFSE*), macrophages not phagocytizing tumour cells
(CD11b*/CFSE’), and macrophages engulfing tumour cells and have incorporated CFSE
signal (CD11b*/CFSE") (Figure 40A). Interestingly, after 2.5 hours we observed that
the number of CD11b*/CFSE" cells (Figure 40A, orange population) was lower in Ats1-
KO samples in comparison with WT ones (Figure 40B). These results indicate that
Ats1-KO BMDM were less efficient in phagocytising tumour cells, which can have
important consequences during tumour progression.
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Figure 40. Effect of stromal and tumoral ADAMTS1 in macrophage-mediated tumour cell
engulfment. (A) Representative flow cytometry plots showing the co-culture of tumour cells
(CFSE®) and macrophages (CD11b"). (B) Quantification of CFSE" cells from total CD11b" populations
(orange population). (* P<0.05 two-tailed t Student, n=7, n=4, n=2 and n=2 samples in LLC, B16F1,
HT1080 and HT1080-Ats1 groups, respectively).

According to the extracellular nature of ADAMTS1, we wondered if higher levels of
the protease in the media could reverse the engulfment deficiency observed in Ats1-
KO cells. With such purpose, we approached this assay using a tumour cell line
overexpressing ADAMTS1 (HT1080-Ats1) (Figure 40A) (Casal et al., 2010). Though, the
production of tumour-derived ADAMTS1 did not improve the phagocytic activity of
Ats1-KO macrophages (Figure 40B). Moreover, when comparing the percentage of
macrophages that have engulfed tumour cells (CD11b*/CFSE’, orange population)
between HT1080 (4.97% in WT and 3.9% in Ats1-KO) and HT1080-Ats1 (4.075% in WT
and 3% in Ats1-KO), it was observed that the overexpression of ADAMTS1 in the
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tumour cells reduced the phagocytic capacity, indicating that tumour-derived
ADAMTS1 can also affect this ability. However, deeper analyses are still needed.

As a different way to characterise the contribution of ADAMTS1 in macrophage
phagocytosis, we also performed in vitro experiments using clodronate liposomes.
These particles are extensively used in vivo for depleting macrophages due to the
concurrence of macrophage-phagocytic capacity and the toxicity of clodronate
(Rooijen & Sanders, 1994). According to our previous results, we expected a decrease
in cell death of Ats1-KO BMDM since they are less efficient in phagocytising the
clodronate liposomes. As expected, 24 hours after adding these liposomes, cell
viability was reduced compared to PBS liposomes (Figure 41A), with a higher effect
when macrophages were incubated with the highest clodronate concentration.
Moreover, we observed an apoptosis-mediated cell death due to the clodronate
since there is an increase in the percentage of Annexin V' cells comparing with the
effect of PBS liposomes (Figure 41B). Although it is not statistically significant,
Annexin V' population was smaller in Ats1-KO BMDM comparing with WT mates.
Again, this result indicates that macrophages not expressing ADAMTS1 were less
efficient phagocytising the liposomes, and in consequence, these cells suffered less
apoptosis. In the case of 7AAD" population, a similar reduction was observed in Ats1-
KO BMDM compared to WT, corroborating the deficiency in phagocytosis.
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Figure 41. Effect of stromal ADAMTS1 in macrophage-mediated tumour cell engulftment. (A)
Representative flow cytometry plots showing the co-culture of tumour cells (CFSE®) and
macrophages (CD11b"). (B) Quantification of CFSE" cells from total CD11b" populations . Dot line is
the reference, representing the treatment with PBS liposomes. N=3 samples in each group.

In an attempt to show a global perspective of this later section, the deep
characterisation of BMDM to elucidate the role of the stromal ADAMTS1 protease
demonstrated that Ats1-KO BMDM were less efficient in migrating, and also to
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phagocytise external agents, functions in which ECM remodelling play a role and
which can have essential effects on tumour progression. In contrast, the absence of
stromal ADAMTS1 did not alter adhesion, neither the efficiency of macrophage
polarisation. Knowing these alterations in macrophage behaviour, and considering
the key contribution of this immune cell population during tumour progression
(especially in the LLC model), next step comprised characterising the immune
environment in tumour-bearing mice.

2.2. Relevance of stromal ADAMTS1 during tumour progression.

In line with the showed characterization of BMDM and knowing how that absence of
stromal ADAMTS1 affects important properties such as migration and phagocytosis,
we sought to study these and other immune cellular populations during tumour
progression.

2.2.1.Alteration of tumour immune infiltration and immune organs by
stromal ADAMTS1 in LLC and B16F1 tumour-bearing mice.

In the attempt to understand the differences between models and the contribution
of ADAMTS1 in the regulation of tumour immune infiltrate, we compared both LLC
and B16F1 tumours, which different behaviour has been already summarised (Figure
27).

In line with previous sections, both FC and gene expression analyses were also used
for these new studies. First, considering the lymphoid lineage, FC data revealed no
alteration of the minor percentage of B cells, while CD3" T cells were clearly
increased in Ats1-KO tumours comparing with WT ones, independently of the tumour
model (Figure 42A and C). This finding agreed with our previous results comparing
healthy spleen and BM of WT and Ats1-KO mice (Results, section 2.1, Figures 32-33),
and also showed a similar outcome to our different tumour cells.

104



Nevertheless, myeloid cells were differently regulated depending on the model.
While the absence of stromal ADAMTS1 in the B16F1 model was accompanied by a
significant increase of both myeloid CD11b*/Gr1” and CD11b*/Gr1" populations, LLC-
Ats1-KO tumours did not display these alterations, and even were in the opposite
direction for CD11b*/Gr1" cells. Mature F4/80" macrophages were constant between
the models with and without stromal ADAMTS1 (Figure 42A and C).
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Figure 42. Immunocharacterisation of LLC and B16F1 tumours in WT and Ats1-KO mice. Flow
cytometry data showing the percentage of immune populations represented as mean + s.e.m of
live cells in WT and Ats1-KO tumours (A and C, LLC and B16F1 tumours respectively). Graphs
representing relative mRNA fold change expression of genes related to T cells (Cd3, Cd4, FoxP3 and
Cd8) and macrophages (Cd11b, Nos2, Tnfa, Cd163 and Cd206) (B and D, LLC and B16F1 tumours
respectively). (* P<0.05, ** P<0.01, two-tailed t Student, n=9 and n=8 samples in LLC model and
n=5 and n=6 samples in B16F1 model in WT and Ats1-KO groups, respectively).

To complete the analysis, gene expression of specific markers related to T cells (Cd3,
Cd4, Foxp3 and Cd8) and macrophages (Cd11b as a general marker, Nos2 and Tnfa for
M1 macrophages, and Cd163 and Cd206 for M2) were evaluated (Figure 42B and D).
In the case of the LLC model, none of the genes showed differences regarding the
absence of stromal ADAMTS1 (Figure 42B). In contrast, B16F1 model did reveal
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changes depending on ADAMTS], including the overexpression in Ats1-KO tumours
of T cell-related markers, Cd3, Cd4 and Foxp3. This result reinforced the observed
increment of CD3" cells observed by FC, which explains the reduction in tumour
growth (Figure 42D). Regarding macrophage-related genes, we found a
downregulation of Tnfa and Cd163, M1 and M2 marker respectively, following the
Cd11b gene expression tendency but not the FC result (Figure 42B and D). Altogether,
these results suggested that the differences between both models can be produced
by changes in the myeloid lineage instead of T or B cells.

Furthermore, and according to the different immune landscape reported in healthy
Ats1-KO mice (Results, section 2.1), we also studied how the different tumours would
educate spleen and BM organs.

Splenomegaly observed in healthy mice was also confirmed in both models (Figure
43A and D). However, FC showed that no population was altered in LLC-tumour
bearing mice (Figure 43B). Additionally, gene expression analyses were also
performed including T cell-related genes (Cd3, Cd4 and Cd8) and myeloid-related
genes (Cd11b and Gr1). For this model, almost all the genes were upregulated, with
statistically significant difference for Cd8, Cd11b and Gr1, although this data did not
support FC results (Figure 43C).

Next, FC analysis of spleens from B16F1-bearing showed results that were similar to
the healthy mice regarding T and B cells, different to LLC tumours. However, there
was an increase of F4/80" macrophages in Ats1-KO mice in presence of B16F1
tumours (Figure 43E). Finally, gene expression data corroborated the increase of T
cells by the overexpression of Cd3, Cd4 and Cd8, as it was observed in absence of
tumours. Nevertheless, the downregulation of Cd11b did not support FC data (Figure
43F).

Although mice bearing both tumour types showed similar splenomegaly than in
healthy conditions, the education of this organ was different according to the
tumour. In the case of T cells, B16F1 model was similar to healthy conditions while
LLC tumours attenuated Ats1-KO differences in the spleen. Moreover, in the case of
myeloid lineage, the only difference between models was that B16F1-bering mice
had higher representation of F4/80" in Ats1-KO mice compare to WT, which was not
observed in the LLC model. Nevertheless, myeloid-related markers were in opposite
direction, suggesting the major contribution of this lineage for the differences
between models.
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Figure 43. Regulation of spleen education by LLC and B16F1 tumours in WT and Ats1-KO mice.
Graph representing the spleen index. (A and D, LLC and B16F1 respectively). Flow cytometry data
showing the percentage of immune populations represented as mean * s.e.m of live cells in WT
and Ats1-KO spleens in LLC (B) and B16F1 (E) tumour-bearing mice. Expression leveles of genes of
interest in spleens of LLC (C) and B16F1 (F) tumour-bearing mice. (* P<0.05, ** P<0.01, *** P<0.001
two-tailed t Student, n=7 and n=9 samples in LLC model and n=5 and n=5 samples in B16F1 model
in WT and Ats1-KO groups, respectively).

Similar studies were performed in the BM of tumour-bearing mice. As observed in
the spleen, the differences in immune populations in Ats1-KO healthy BM compared
to WT (Section 2.1, Figure 33), were attenuated in the presence of LLC tumours
(Figure 44A). Moreover, gene expression corroborated the maintenance of Cd3 and
Cd11b with FC data (Figure 44B). However, Grl was downregulated and Cd163 was
upregulated in Ats1-KO mice compare to WT mates (Figure 44B). These results
suggest that LLC model induces an extreme alteration of the systemic immune
landscape in mice, attenuating the possible benefits of the absence of ADAMTS1.

On the contrary, BM immune-characterisation of B16F1-tumour bearing revealed a
similar pattern to what it was found in healthy mice (Results, Section 2.1, Figure 33),
with the exception of the reduction of F4/80" macrophages (Figure 44C).
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Additionally, gene expression analysis only showed a confirmation of higher levels of
CD3" cells, and a contradictory downregulation of Cd11b expression, opposite to FC
data (Figure 44D).
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Figure 44. Regulation of bone marrow education by LLC and B16F1 tumours in WT and Ats1-KO
mice. Flow cytometry data showing the percentage of immune populations represented as mean +
s.e.m of live cells in WT and Ats1-KO bone marrows in LLC (A) and B16F1 (C) tumour-bearing mice.
Expression leveles of genes of interest in bone marrows of LLC (B) and B16F1 (D) tumour-bearing
mice. (* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 two-tailed t Student, n=7 and n=9 samples
in LLC model and n=5 and n=6 samples in B16F1 model in WT and Ats1-KO groups, respectively).

Results showed in this section demonstrate the different education that the immune
landscape suffered depending of the nature of the tumour. Moreover, although T cell
populations were more constant and following a similar tendency as in healthy state,
the main differences observed between our three conditions (healthy and LLC- and
B16F1-bearing mice) resides in the myeloid lineage. For that reason, we further
pursued studying their relevance in the tumour scenario.
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2.2.2.Contribution of stromal ADAMTS1 in LLC tumour-bearing mice after
macrophage depletion.

The contribution of macrophages during tumour progression has been already
described in different tumour contexts (K. Wu et al., 2020).According to our previous
results, the myeloid lineage appeared as key candidates of the different responses to
the lack of stromal ADAMTS1 between B16F1 and LLC tumours. In addition, our in
vitro study of Ats1-KO macrophages showing a deficiency in their migratory and
phagocytic capacity enhances this concept (Section 2.1, Figures 35, 40 and 41).

To demonstrate the role of these cells during tumour growth in presence and/or
absence of stromal ADAMTS1, we next performed a macrophage depletion with
clodronate liposomes in LLC-bearing mice (Materials and methodology, section 3.4)
(Rooijen & Sanders, 1994). With that purpose, LLC cells were subcutaneouly injected
in WT and Ats1-KO mice and they were treated every three days with liposomes as
described.

Significantly, we already observed differences regarding the tumour engraftment in
WT or Ats1-KO mice. While in clodronate-treated WT animals, 2 out of 6 injected
mice did not engrafted, all the Ats1-KO injected mice developed tumour (Figure 45A).
Tracking tumour progression (Figure 45B) also revealed a delay in the development
of LLC-WT tumours in mice treated with clodronate that was not observed in Ats1-KO
mice. However, at ending-point, tumours in WT mice did not display relevant
differences with or without clodronate treatment, suggesting a stronger effect of
clodronate liposomes at early stages.

In order to confirm the depletion of the macrophages, we evaluated myeloid
populations in spleens and tumours by FC. First, spleen analyses (Figure 46A)
confirmed a decrease of CD11b*/Gr1l” and F4/80" populations in WT mice under
clodronate treatment, while these populations remained unaltered in Ats1-KO mice.
Second, our analyses of tumours (Figure 46B) showed similar results than in spleen
for the CD11b"/Gr1” population. However, the depletion of F4/80" macrophages was
not reproduced in the tumours. Surprisingly, CD11b*/Gr1" cells were enhanced in the
LLC-Ats1-KO tumours after the treatment, probably as a compensatory mechanism.
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Figure 45. Contribution of stromal ADAMTS1 in Lewis Lung Carcinoma model during macrophage
depletion by clodronate liposomes. (A) Table including the number of injected and engrafted mice
for both WT and Ats1-KO groups treated with PBS or clodronate liposomes. (B) Progression of
tumour volume during the experiment represented as tumour volume + s.e.m. (*** P<0.001 two-
tailed t Student).

These observations correlated with our in vitro results in which we demonstrated the
deficient phagocytosis ability of Ats1-KO macrophages. Moreover, we observed an
increase of MDSCs after clodronate treatment just in Ats1-KO mice, suggesting a
possible compensation mechanism that might enhance a pro-tumorigenic
environment.
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Figure 46. Effect of clodronate liposomes in immune populations of LLC-WT and LLC-Ats1-KO-
bearing mice. Flow cytometry data showing the percentage of myeloid populations represented as
mean = s.e.m of live cells in spleens (A) and tumours (B) of WT and Ats1-KO LLC-tumour bearing
mice after clodronate liposomes treatment. (* P<0.05, ** P<0.01, *** P<0.001, two-tailed t
Student, n=5, 4, 5 and 5 from left to right).

Once more, the compilation of these later results remarked the strong differences
between our tumour models, now in terms of regulation and education of the
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immune system. Moreover, they corroborate the relevant role of macrophages in
tumour development. In addition, we have demonstrated that their phagocytic
capacity depends on ADAMTSI. In spite of it, this data is not enough to explain the
differences in the behaviour of both models in absence of stromal ADAMTS1, so
other analyses are still required.

2.3. Effect of stromal ADAMTS1 on specific gene signatures in both tumour
models.

To elucidate the implicated mechanisms that differentiate the response of LLC and
B16F1 tumours, not just between them but also addressing the absence of stromal
ADAMTS1, we assessed RNA sequencing of tumours. Indeed, the characteristics of
our research headed us to approach a deeper analysis of very specific signatures.

2.3.1.Comparison between B16F1 and LLC tumours in WT conditions.

We initiated this approach comparing both tumour models in WT mice. Considering
the whole transcriptome, this comparison revealed 999 upregulated and 7869
downregulated genes in B16F1 versus LLC model. Using those genes, Gene Ontology
(GO) enrichment was performed (Figure 47).
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Figure 47. Gene ontology enrichment in the comparison of B16F1-WT tumours versus LLC-WT.
Representation of top five Gene Ontology (GO) Biological Processes from the upregulated (A, red)
and downregulated (B, blue) genes in B16F1-WT tumours compare to LLC-WT ones for the whole
transcriptome.
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From the top five terms, two of them indicated that overexpressed genes in B16F1-
WT tumours activate NK cytotoxicity in comparison to LLC-WT ones (Figure 47A). In
contrast, the biosynthesis of cellular macromolecules was more activated in LLC-WT
tumours (Figure 47B).

Accordingly, we evaluated specific inflammatory response and matrisome signatures
in more detail (Table 4). Heatmaps including the differentially expressed genes
between both tumours showed a relevant group of genes identifying each tumour
type (Figure 48A-C, Table 5). For example, the inflammatory response signature
exhibited 18 upregulated and 107 downregulated genes in B16F1-WT compared to
LLC-WT tumours (Figure 48A, Table 5), reinforcing their different inflammation
environment.
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Figure 48. Heatmap and GO enrichment of inflammatory response for both models. Heatmaps
representing gene expression comparison between B16F1-WT and LLC-Ats1l-WT tumours for
signature related to inflammatory response (A) and matrisome (C). (Colour code is based on
relative expression values from upregulated (red) to downregulated (blue)). Representation of top
five Gene Ontology (GO) Biological Processes from the upregulated genes of inflammatory
response (B) and matrisome (D) signature-related genes.
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Moreover, GO enrichment of upregulated genes in B16F1-WT tumours from the
inflammatory response signature revealed an activation of cytokine-mediated
signalling and cellular response to LPS (Figure 48B, Table 9). In contrast, GO
enrichment using the 25 upregulated matrisome genes did not reveal any
particularity (Figure 48D, Table 9), although heatmap showed a clear overexpression
of most of the genes in LLC-WT tumours, suggesting a richer matrix of this model
(Figure 48C) In addition, Nidogen 1 and Versican appeared more expressed in LLC-WT
tumours than in B16F1-WT ones.

Having characterised these specific signatures between models in WT backgrounds,
their regulation by the absence of stromal ADAMTS1 absence was addressed next.

2.3.2.Gene regulation by ADAMTS1 in the LLC tumour model.

We initiated a whole transcriptome comparison between LLC tumours in a WT and
Ats1-KO backgrounds. Significantly, the GO enrichment analysis, including the
upregulated genes in WT tumours (248 genes), revealed main GO biological
processes related to ECM and angiogenesis regulation within the top five (Figure
49A). In contrast, the downregulated genes (735 genes) reflected an alteration of
immune pathways (Figure 49B). Indeed, cytokine-mediated signalling and two major
processes related with type | interferon activity supported the possible contribution
of this pathways in LLC-Ats1-KO tumours.
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Figure 49. Gene ontology enrichment in LLC model. Representation of top five Gene Ontology
(GO) Biological Processes from the upregulated (A, red) and downregulated (B, blue) genes in LLC-
WT tumours compare to LLC-Ats1-KO ones for the whole transcriptome.
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Due to the expertise of our group and according to the results obtained from the
whole transcriptome, we analysed the consequences of the absence of stromal
ADAMTS1 looking at specific gene signatures. Given the connection of ADAMTS1 with
angiogenesis and is regulation in the previous GO enrichment, we also included an
angiogenesis signature. However, only 8 genes were differently regulated in LLC-WT
versus LLC-Ats1-KO (Figure 50, Table 6). In the case of inflammatory response, we
found just 1 upregulated gene and 52 downregulated in LLC-WT group comparing
with Ats1-KO mates (Figure 50, Table 6). In fact, such strong difference in the number
of regulated genes at Ats1-KO mice might indicate the induction of a robust
inflammatory landscape. Finally, evaluation of the matrisome signature showed 28
genes overexpressed and 44 underexpressed in WT group compared to Ats1-KO one
(Figure 50, Table 6).
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Figure 50. Heatmaps of specific signatures gene expression in LLC-WT and LLC-Ats1-KO tumours.
Heatmaps representing gene expression comparison between LLC-WT and LLC-Ats1-KO tumours
for signatures related to angiogenesis (left), inflammatory response (middle) and matrisome
(right). (Colour code is based on relative expression values from upregulated (red) to
downregulated (blue)).

Due to the relevance for this project and our group, and considering that it is the
signature with the largest number of genes, we performed GO enrichment analysis
just with matrisome signature. Indeed, our previous in vivo results revealed that
matrisome molecules such as Nidogen 1 and Versican are differently regulated in LLC
tumours (Figure 31). Quite significantly, the upregulated genes in LLC-WT tumours
revealed GO terms related to collagen and supramolecular organisation (Figure 51A,
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Table 10). Contrary, the downregulated ones were involved in cell proliferation,
inflammation and cytokine signalling (Figure 51B, Table 10).
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Figure 51. Gene ontology enrichment in LLC model. Representation of top five Gene Ontology
(GO) Biological Processes from the upregulated (A, red) and downregulated (B, blue) genes in LLC-
WT tumours compare to LLC-Ats1-KO ones for matrisome signature-related genes.

Altogether, these results reflect the important inflammatory response that takes
place in LLC-Ats1-KO tumours compared to LLC-WT, not only represented by the
difference in the inflammatory response signature, but it was also defined by the GO
enrichment using matrisome genes, indicating that matrix-related genes regulate
inflammation. Moreover, that matrisome signature revealed a difference in the type
of structures (collagen and supramolecular fiber organisation) that are found in both
groups.

2.3.3.Gene regulation by ADAMTS1 in the B16F1 model.

Similar analyses were approached for the B16F1 model, including a first whole
transcriptome evaluation. Interestingly, upregulated genes (872 genes) in B16F1 WT
tumours showed an upregulation of processes related to the type | IFN family (Figure
52A). Surprisingly, similar processes were downregulated in LLC-WT tumours
compare to the Ats1-KO ones (Figure 49), suggesting type | IFN as a possible
explanation for the different behaviour of both models. In contrast, downregulated
genes (564 genes) in B16F1-WT tumours versus Ats1-KO revealed that processes
related to ECM organization were downregulated (Figure 52B), opposite to LLC
model. As in the case of type | IFN, the opposite regulation of those pathways in
B16F1 and LLC tumours (parallel to the different response to the absence of
ADAMTS1) suggest their relevance in the regulation of the different behaviour.
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Figure 52. Gene ontology enrichment in B16F1 model. Representation of top five Gene Ontology
(GO) Biological Processes from the upregulated (A, red) and downregulated (B, blue) genes in
B16F1-WT tumours compare to B16F1-Ats1-KO ones for the whole transcriptome.

Following a similar rationale that for LLC tumours, specific gene signatures were
evaluated. As in LLC tumours, few angiogenesis-related genes were differently
regulated and most of the ones included in the inflammatory response signature
were overexpressed in Ats1-KO conditions (Figure 53, Table 7). However, matrisome
signature showed 7 and 65 over- and downexpressed genes in B16F1-WT tumours,
respectively (Figure 53, Table 7).
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Figure 53. Heatmaps of specific signatures gene expression in B16F1-WT and B16F1-Ats1-KO
tumours. Heatmaps representing gene expression comparison between B16F1-WT and B16F1-
Ats1-KO tumours for signatures related to angiogenesis (left), inflammatory response (middle) and
matrisome (right). (Colour code is based on relative expression values from upregulated (red) to
downregulated (blue)).
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Parallel to the LLC model and in order to compare with it, GO enrichment was
performed using the differentially expressed genes from the matrisome signature
(Figure 54, Table 7). The most interesting result was found using the downregulated
genes in B16F1-WT tumours. Opposite to LLC model, B16F1-WT tumours had an
inhibition of ECM, collagen and supramolecular fiber organisation processes (Figure
54B), which were activated in LLC-WT ones compare to LLC-Ats1-KO ones (Figure 51,
Table 11). All these analyses confirm our hypothesis indicating that the different
behaviour of both tumour models in absence of stromal ADAMTS1 can be mediated
by the extracellular compartment and its organization.
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Figure 54. Gene ontology enrichment in B16F1 model. Representation of top five Gene Ontology
(GO) Biological Processes from the upregulated (A, red) and downregulated (B, blue) genes in
B16F1-WT tumours compare to B16F1-Ats1-KO ones for matrisome signature-related genes.

2.3.4.Comparison between B16F1 and LLC tumours in absence of stromal
ADAMTS1.

Attending to the differences between WT and Ats1-KO conditions for each tumour
type, opposite in some cases, we compared the whole transcriptome of B16F1-Ats1-
KO and LLC-Ats1-KO tumours. GO enrichment showed similar terms that in WT
comparison regarding NK cytotoxicity (Figure 55). However, B16F1-Ats1-KO tumours
had a negative regulation of cell migration and motility compare to LLC-Ats1-KO,
suggesting a higher aggressiveness in LLC tumours in absence of stromal ADAMTS1.
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Figure 55. Gene ontology enrichment in the comparison of B16F1-Ats1-KO tumours versus LLC-
Ats1-KO. Representation of top five Gene Ontology (GO) Biological Processes from the upregulated
(A, red) and downregulated (B, blue) genes in B16F1-Ats1-KO tumours compare to LLC-Ats1-KO
ones for the whole transcriptome.

Interestingly, inflammatory response signature revealed and activation of T cells
migration and chemotaxis in B16F1-Ats1-KO tumours compared to LLC-Ats1-KO ones
(Figure 56A-B, Table 8), different to what was observed in WT conditions (Figure 48).
It indicates that the differences derived from the nature of each tumour regarding
inflammatory response (B16F1-WT versus LLC-WT comparison) are modified by the
absence of ADAMTS], corroborating the immunomodulatory role of the protease.

Finally, GO enrichment with matrisome genes also showed different terms that in the
comparison in WT conditions (Figure 56C-D, Table 12), losing GO biological processes
related to ECM organisation that were found in the first comparison (Figure 48). This,
as in the case of the inflammatory response signature, does demonstrate that
ADAMTS1 also modulate matrisome signature. Controversially, this signature
indicated that B16F1-Ats1-KO tumours had a positive regulation of cell migration,
opposite to the GO terms obtained with the whole transcriptome.

Altogether, these in silico analyses demonstrated the different response to stromal
ADAMTS1 absence depending on the tumour model. While LLC tumours had an
activation GO terms involved in ECM organisation and an inhibition of IFN response
when ADAMTS1 was not expressed by stromal cells, the B16F1 model had the
opposite effect. Moreover, we have demonstrated that ADAMTS1 is able to
modulate the differences that each model generates in inflammatory response and
matrisome signatures. This modulation was reflected with the activation of T cell
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pathways in B16F1-Ats1-KO tumours compare to LLC-Ats1-KO ones, what was not

observed in WT conditions.
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Figure 56. Heatmap and GO enrichment of inflammatory response for both models. Heatmaps
representing gene expression comparison between B16F1-Ats1-KO and LLC-Ats1-Ats1-KO tumours
for signature related to inflammatory response (A) and matrisome (C). (Colour code is based on
relative expression values from upregulated (red) to downregulated (blue)). Representation of top
five Gene Ontology (GO) Biological Processes from the upregulated genes of inflammatory
response (B) and matrisome (D) signature-related genes.
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3.  Addressing the relevance of tumoral ADAMTS1 in LLC tumour model.

To date, the impact of tumour-derived ADAMTS1 in tumour development has been
widely reported, although maintaining the controversy between its pro- and anti-
tumorigenic activity (Ricciardelli et al., 2011)(Martino-Echarri et al., 2013a)(Peris-
Torres et al.,, 2020). As showed in previous sections, our work included the
characterisation of the immune system of the Ats1-KO mouse, fully focused on the
alterations that the loss of stromal ADAMTS1 induced. Importantly, LLC cells prompt
a strong modulation of the immune landscape but without major consequences in
tumour halt in Ats1-KO mice. Accordingly, we wanted to evaluate if reducing the
levels of ADAMTS1 in the tumour cells had any outcome on tumour progression,
vasculature and immune regulation. We generated an ADAMTS1-inhibited cell line by
short-hairpin technology (LLC-shAts1), whose in vitro characterization and in vivo
performance is shown next. Importantly, we kept comparing these analyses with the
partnership B16F1-WT and shAts1 model (Fernandez-Rodriguez et al., 2016).

3.1. Invitro characterisation of ADAMTS1-inhibited LLC cells (LLC-shAts1).

First, we confirmed ADAMTS1 inhibition by gene expression (Figure 57A) and protein
secretion to the conditioned medium (CM) (Figure 57B), displaying in both cases a
more relevant inhibition in LLC cells than in B16F1.
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Figure 57. ADAMTS1 expression in both B16F1 and LLC cell lines after Adamts1 inhibition. (A)
Graph representing relative mRNA fold change expression of Adamtsl. (B) Protein levels of
ADAMTS1 detected by Western Blot in CM. (** P<0.01, *** P<0.001, **** P<0.0001 two-tailed t
Student, n=8 and n=5 samples in WT and —shAts1 cells respectively, in both models).
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In parallel, we evaluated two of the more relevant substrates of ADAMTS1: Nidogen
1 and Versican. Significantly, both molecules were almost absent in B16F1 cells
compared to LLC (Figure 58). With a major focus in LLC cells, while Nidogen 1
expression was not altered in inhibited cell lines (Figure 58A), its protein levels
showed a slight decrease in shAts1 cells, although it can be due to posttranslational
regulation (Figure 58B). More relevant, VCAN was clearly reduced. This reduction was
found in the gene expression analysis in both cell line models (Figure 58A) but more
interestingly by western blot (WB) (Figure 58B). In this case, LLC cell line had high

expression of intact VCAN (450kDa),

properties, and this isoform is extremely reduced in the LLC-shAts1 cell line.
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Figure 58. Gene expression and protein analysis of ADAMTS1 substrates in both B16F1 and LLC
cell lines after Adamts1 inhibition. (A) Graph representing relative mRNA fold change expression
of relevant ADAMTS1 substrates (Nidogen 1 and Versican). (B) Protein levels of NID1 and full-
length VCAN detected by Western Blot in CM. (* P<0.05, ** P<0.01, **** P<0.0001 two-tailed t
Student, n=8 and n=5 samples in WT and —shAts1 cells respectively, in both models).

Then, functional characterisation was assessed to know if the blockade of ADAMTS1
changed tumour cell properties. Indeed, adhesion to different matrices (Figure 59A)
and proliferation (Figure 59B) were not altered when ADAMTS1 was inhibited.
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Figure 59. Adhesion and proliferation properties of LLC and LLC-shAtsl cell lines. (A) Graph
representing the absorbance measure related to adhesion to different coatings after 1h and
Toluidin blue staining. (B) Cell index representing the cell proliferation along the time performed in
xCELLigence platform. N=4 and n=3 in adhesion and xCELLigence experiments, respectively.

Although this molecular and functional in vitro characterization indicated that
ADAMTS1 does not affect basic cell properties, the changes of the substrates
Nidogen 1 and Versican (reduced in LLC cells with down-regulated ADAMTS1), must
be considered in successive studies.

3.2. Consequences of down-regulating tumoral ADAMTS1 in LLC tumour
progression.

Both LLC-WT and LLC-shAts1 cells were injected in both WT and Ats1-KO mice. These
new approaches added complexity and allowed us to generate different
environments where the origin of ADAMTS1 is differently affected (Figure 60A).

Regarding tumour progression, some slight differences observed at early stages
(Figure 60C) did not resulted in significant changes at the ending point (Figure 60B
and D). These first results indicated that tumour-derived ADAMTS1 is not relevant for
this model, similar to B16F1 model (Fernandez-Rodriguez et al., 2016). However,
additional tumour models such as breast cancer and uveal melanoma did show a
clear contribution of the tumour-derived protease in tumour growth (Martino-Echarri
et al., 2013a)(Peris-Torres et al., 2020).

Although tumour progression was not affected, vasculature was also evaluated and
compared with the previous tumour groups.
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Figure 60. Contribution of stromal and tumoral ADAMTS1 in Lewis Lung Carcinoma model. (A)
Table including the type of ADAMTS1 inhibition in each experimental group. (B) Representative LLC
and LLC-shAts1 tumours in WT and Ats1-KO mice. Scale = 1 cm. (C) Progression of tumour volume
during the experiment represented as tumour volume + s.e.m. (D) Graph representing mean
tumour weight + s.e.m 29 days after cells inoculation (end point)). (* and # show statistically
significant differences between LLC-WT versus LLC-Ats1-KO and LLC-Ats1-KO versus LLC-shAts1-
Ats1-KO, respectively, two-tailed t Student, n=9, n=9, n=7 and n=12 samples in each group,
respectively).

3.3. Characterisation of tumour vasculature.

The inhibition of tumour-derived ADAMTS1 provoked a similar increase in vessel
density to the observed in Ats1-KO studies (Figure 61A-B). Furthermore, when
combining the reduction of ADAMTS1 in the stroma and the tumour cells (LLC-
shAts1-Ats1-KO), the number of vessels was even higher, reinforcing the angio-
inhibitory role of ADAMTS1, corroborated by the upregulation of Cd31 (Figure 61C).
However, the evaluation of vessel perimeter revealed different actions depending of
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the absence of stromal or tumoral ADAMTS1. When comparing LLC-Ats1-KO and LLC-
shAts1 tumours, we found that inhibition of the protease in tumour cells provoked
smaller vessels (Figure 61A-B). Furthermore, the maturity of the vessels, analysed by
SMA deposition, did not show apparent differences (Figure 61D).
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Figure 61. Effect of stromal and tumoral ADAMTS1 in LLC tumour vasculature. (A) Representative
images of Endomucin staining for morphometric vasculature quantification of each group. White
scale = 200um. (B) Graphs representing mean + s.e.m of vessel density, perimeter of vessels and
vessel area of each group of tumours after 29 days. (C) Graphs representing relative mRNA fold
change expression of genes related to vasculature (Endoglin, Cdh5 and Cd31). (D) Representative
confocal images of SMA deposition (white) together with the endothelial marker Endomucin (red)
in tumours 29 days after cells inoculation. Yellow scale = 50um. (* P<0.05 , ** P<0.01 two-tailed t
Student, n=9, n=8, n=7 and n=10 samples in each group, respectively).
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Altogether, these results highlighted the role of ADAMTS1 in angiogenesis. In spite of
the similar effect that lacking stromal or tumoral ADAMTS1 displays in tumour vessel
density, and assuming that their combination did not induce a synergistic effect in
tumour progression, further studies were still needed. Moreover, the actions on
vasculature encouraged us to investigate the possible involvement of ADAMTS1
during anti-angiogenic therapies, which will be presented later (Results, section 5).

3.4. Study of ADAMTS1 and related molecules.

Following our studies to unveil the actions of tumoral ADAMTS1, we evaluated its
closer ADAMTS-family members (versicanases) and relevant substrates (Figure 62).
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Figure 62. Effect of stromal and tumoral ADAMTS1 in ECM gene expression and deposition. (A)
Graph representing relative mRNA fold change expression of ADAMTS proteases with versicanase
activity. (B) Graph representing relative mRNA fold change expression of relevant ADAMTS1
substrates (Nidogen 1 and Versican). (C) Representative confocal images of NID1 and full-length
VCAN deposition (red) together with the endothelial marker Endomucin (green) in tumours 29 days
after cells inoculation. Yellow scale = 50um. (* P<0.05 two-tailed t Student, n=9, n=9, n=7 and n=4
samples in each group, respectivelv).
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Neither the analysed versicanases (Adamts4 and Adamts9) nor the substrates
(Nidogen 1 and Versican) were affected by the inhibition of tumoral ADAMTS1, apart
from Adamts1 itself (Figure 62A-B). In spite of it, protein accumulation of both
substrates was enhanced after inhibition of the protease in tumour cells (Figure 62C),
suggesting their posttranslational alteration that could also involve their proteolysis.
Likewise, when ADAMTS1 was absent in stromal cells or inhibited in tumour cells, the
proteolysis of its substrates may be affected.

At this level, our results indicate that both stromal and tumoral ADAMTS1 has a
similar effect regarding Nidogen 1 and Versican regulation. However, understanding
the behaviour of LLC tumours under these distinct scenarios would benefit from the
analysis of their immune compartments, as we showed next.

3.5. Regulation of tumour immune infiltration and immune organs
education by tumour-derived ADAMTS1.

As in the case of stromal absence of ADAMTS1 (sections 1.1 and 1.2), vasculature
changes and the regulation of ADAMTS1 substrates induced by the inhibition of
tumour-derived ADAMTS1 do not explain why LLC tumour progression is not
affected. Moreover, our RNAseq data (section 2.3) corroborated that tumour cells
can educate inflammatory response. For that reason, we wanted to evaluate whether
the inhibition of ADAMTSI1 in tumour cells also altered the immune landscape. These
studies included FC analyses of tumour immune infiltrates. Interestingly, CD3" T cells
were not affected by the inhibition of tumour-derived ADAMTS], although they were
increased in Ats1-KO conditions (Figure 63A). Looking at genes related with T cells,
they do not support FC data. Interestingly, LLC-shAts1-Ats1-KO tumours showed an
overexpression of Foxp3 and a downregulation of Cd8, which could reflect a more
immunosuppressive scenario (Figure 63B).

Next, evaluation of myeloid cell infiltration also showed that stromal and tumour-
derived ADAMTS1 affected these populations in different ways, with high variability
between groups. Among all the FC and gene expression data, the most relevant
result was found in myeloid population CD11b*/Grl™ (Figure 63C). It was increased
only in the LLC-shAts1-Ats1-KO group. Moreover, this increase was accompanied by a
downregulation of Nos2 and an upregulation of Cd163, indicating a shift of
macrophages to a more M2 or pro-tumorigenic state after the inhibition of ADAMTS1
in the tumour cells (Figure 63D).
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Figure 63. Immunocharacterisation of LLC tumour in WT and Ats1-KO mice. Flow cytometry data
showing the percentage of lymphocytes (A) and myeloid cells (C) represented as mean + s.e.m of
live cells in WT and Ats1-KO tumours. Graphs representing relative mRNA fold change expression
of genes related to T cells (B, Cd4, FoxP3 and Cd8) and macrophages (D, Nos2, Tnfa, Cd163 and
Cd206). (* P<0.05, ** P<0.01, *** P<0.001 two-tailed t Student, n=9, n=8, n=7 and n=11 samples in
each group, respectively).

Although deeper analyses should be performed, our current immune-
characterisation already suggests that, in LLC tumours, stromal ADAMTS1 mainly
affects T cell populations while tumoral ADAMTS1 modulate myeloid populations and
macrophage polarisation genes expression. Interestingly, the combination of stromal
and tumoral ADAMTS1 reduction revealed a pro-tumorigenic environment reflected
in a downregulation of Cd8 and Nos2 and upregulation of Foxp3 and Cd163. These
results suggest that the lower global expression of ADAMTS1 is, the higher the
immunosuppression is.

Finally, we evaluated and compared distant organs such as spleen and BM, in line
with our previous assessments. Regarding the spleen (Figure 64A), the most
significant finding was that splenomegaly in Ats1-KO conditions was reverted in LLC-
shAts1-Ats1-KO group. Moreover, analysis of immune populations in spleen showed
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not changes for the most representative B and T cells (Figure 64B). However,
CD11b'Grl and CD11b*Grl" cells were increased in the spleen of LLC-shAts1 tumour-
bearing mice. In contrast, F4/80" macrophages were reduced. These results on
myeloid populations were pretty similar to the ones observed in the tumours. They
might suggest that tumour-derived ADAMTS1 can impact distant immune organs and
its cell composition such as spleen and BM which later, will have an effect in the
tumour-immune infiltration.
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Figure 64. Regulation of spleen and bone marrow education by LLC and LLC-shAts1 tumours in
WT and Ats1-KO mice. (A) Graph representing the spleen index. Flow cytometry data showing the
percentage of immune populations represented as mean + s.e.m of live cells in WT and Ats1-KO (B)
spleens and (C) bone marrow. (* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 two-tailed t
Student, n=7, n=9, n=5 and n=7 samples in each group, respectively).

For BM, its analysis also showed that LLC-shAtsl tumours provoked changes that
there were not found in Ats1-KO conditions, as occurred in the spleen and the
tumour. Although low represented, B cells were surprisingly increased (Figure 64C).
This is the only condition in which our models showed an alteration in this
population, including the analysis of healthy and B16F1 model. Nevertheless, it
contribution in tumour immunity is not clear and these changes still did not explain
LLC behaviour. In contrast, T cells were not affected (Figure 64C). When looking at
myeloid cells, CD11b"Gr1 cells and F4/80" macrophages followed a similar tendency
to the spleen. However, CD11b*Grl" MDSCs were in the opposite direction that
spleen, with a decrease just in the LLC-shAts1-Ats1-KO group.

These results indicate that tumour-derived ADAMTS1 had higher impact than the
protease from stromal origin (Results, section 2.2), both in the tumour immune
infiltrate and in the immune organ education. The alterations occurring in myeloid
cells in tumours and distant organs are similar. Although those changes did not
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provoke alterations in tumour growth, the regulation of immune populations
suggests that stromal and tumoral ADAMTS1 regulate tumour behaviour in a
different way.
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4.  Effect of tumour secretome in macrophage polarisation.

We have demonstrated that B16F1 and LLC tumour models modulate myeloid cells in
vivo in different ways (Results, section 2.2.1, Figure 43). As showed throughout this
work, the absence of stromal ADAMTS1 did not alter myeloid lineage infiltration or
polarisation within LLC tumours (Results, section 2.2.1, Figure 42). Moreover, the in
vitro characterisation of WT and Ats1-KO BMDM revealed that the absence of
protease in macrophages did not affect their polarisation capacity (Results, section
2.1.3, Figure 38). On the contrary, tumoral inhibition of ADAMTS1 exerted a relevant
impact in the immune regulation in the LLC model, although without effect in tumour
progression (Results, section 3.5, Figures 63-64). For that reason, myeloid cells seem
to be key players to explain the absence of effect in LLC tumours. Accordingly, we
sought to evaluate the effect of secreted molecules (secretome) by tumour cells
(both LLC and B16F1) on macrophages in vitro, also considering the genetic
manipulation of ADAMTS1, represented by the use of WT and shAts1 cells.

4.1. Macrophage polarisation depending on different tumour cells
conditioned medium.

As showed in the previous section 2.3, we benefited from bioinformatics-driven
analysis of RNA sequencing data comparing specific signatures between LLC and
B16F1 tumours. Moreover, the characterisation of both cell lines (Results, section
3.1, Figures 57-58) showed that they are different, including a higher expression of
ADAMTS1 (and other versicanases, data not shown) in B16F1 cells, while the
expression of its substrates was more relevant in the LLC ones.

At this point, we carried out in vitro polarisation experiments using CM from LLC and
B16F1 cells (details in Materials and Methodology, section 3.1). To achieve this goal,
we incubated WT BMDM with 24-hour CM of both cell lines and then, polarisation
was evaluated both by gene expression and FC. After 24-hour polarisation, we
observed that LLC CM induced the gene expression of both Nos2 (M1 marker) and
Cd206 (M2 marker) in comparison with B16F1 CM (Figure 65A- B). Moreover, this
increase was confirmed by FC (Figure 65C-D), supporting our hypothesis that LLC cells
are more liable to educate macrophages.
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Figure 65. Effect of LLC and B16F1 CM in NOS2 and CD206 during BMDM polarisation. Graphs
representing relative mRNA fold change expression of genes related to (A) M1 polarisation (Nos2)
and (B) M2 polarisation (Cd206) in LLC and B16F1 (normalized to MO control) 24h-polarised CD11b"
populations. Representative flow cytometry plots including the mean percentage of (C) NOS2 and
(D) CD206 and their quantification. (* P<0.05, ** P<0.01 two-tailed t Student, n=17 and n=13
samples in LLC and B16F1 respectively for gene expression, and n=7 for each group in FC).

Although we confirmed that CM of both cell lines is able to induce polarisation
macrophages, we assessed a deeper analysis by RNA sequencing of macrophages
treated with CM of both LLC and B16F1 cells, and also MO and M2 controls of
polarisation, this latest one due to its pro-tumorigenic properties. First, principal
component analysis showed a clear aggrupation of samples by group (Figure 66A).
Interestingly, while macrophages treated with B16F1 CM appeared close to MO
controls, we found a distinct location of M2 and LLC-CM-treated groups. Next, the
analysis of differently expressed genes of the whole transcriptome between LLC and
B16F1-CM-treated macrophages, represented in a MA-plot (Figure 66B), showed that
macrophages polarised with LLC CM displayed higher expression of Mrc1 (Cd206) (a
M2 marker) than B16F1 group. Finally, a selection of genes of specific signatures (M1
and M2 polarisation and angiogenesis) was also represented in heat-maps (Figure
66C). In the case of M1 markers, some of them were more expressed in LLC group
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compared to B16F1. However, there is not a clear pattern. In the case of M2 markers,
some of them were overexpressed in M2 positive control and others in LLC group.
This result suggests that although both are pro-tumorigenic macrophages, they
induced mostly distinct gene expression patterns. Finally, some of the angiogenesis

genes were upregulated in M2 control and some in LLC group. This result followed
the same tendency that M2 genes, reinforcing the idea of LLC CM polarising
macrophages to M2 in a different way than the IL4, which is used for the M2 control.
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Figure 66. Bone marrow-derived macrophages polarization by tumour cell conditioned media in
vitro. (A) Principal component analysis of each RNAseq replicate of each group of polarization. (B)
MA-plot ilustrating the most differentially regulated genes (Adj. p-value < 0.05, Log2FoldChange +/-
1) between BMDM polarized in presence of LLC or B16F1 conditioned media. (C) Heatmaps of
normalized (z-score) RNAseq read counts of genes related to M1 and M2 macrophages and
angiogenesis. N=3 samples in each group.
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These experiments clearly showed the different modulatory properties of each cell
line during macrophage polarisation. In order to know which molecules in the CM
induced such differences, secretome of both cell lines was evaluated. As described in
the material and methodology section, we used a protein array including 111
molecules.

From all the analysed proteins, we found higher levels of 15 proteins in LLC versus
B16F1 cells (Figure 67A-B). Among all of them, the ones with a well-defined
implication on inflammatory processes are VEGF and several cytokines and
chemokines (CX3CL1, CXCL1, CCL20, LIX/CXCL5, CCL2/MCP-1 and M-CSF/CSF-1)
(Shiao et al., 2011)(Poh & Ernst, 2018)(Kohli et al, 2021).
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Figure 67. Cytokine array of CM of LLC and B16F1 cell lines. (A) Nitrocellulose membranes each
containing the protein level of 111 molecules found in the CM of LLC (top) and B16F1 (bottom).
Boxes show the most relevant differently expressed molecules between them. (B) Table including
the upregulated (1-15, grey) and downregulated (16-20, blue) molecules in LLC versus B16F1
conditioned medium.

133



In contrast, 5 were more secreted by B16F1 cells than LLC ones, CCL5 and CXCL10,
which are well recognised by their immunomodulatory functions and its connection
to macrophages (Poh & Ernst, 2018) (Figure 67A-B). However, the real action of these
candidates would require additional assays to confirm their implication in the effects
of both LLC and B16F1 cells and, by extension, their derived tumours.

As detailed in the introduction, molecules such as VEGF, CCL2 or M-CSF (all of them
more secreted by LLC cells) are chemoattractants for monocytes. In contrast, CXCL10,
more secreted by B16F1 cells, is more related to anti-tumorigenic macrophages. In
spite of it, our main interest is focused on the study of the contribution of ADAMTS1
to immune regulation in general, and macrophage specifically. In fact, our tumour
experiments revealed that the biggest changes in macrophage polarisation genes
where found when —shAts1 cells were injected. For that reason, it is important to
evaluate the contribution of tumour-derived ADAMTS1 on macrophage polarisation
in vitro.

4.2. Relevance of tumour ADAMTS1 for macrophage polarisation.

We have previously demonstrated that stromal ADAMTS1 regulate macrophage
migration and phagocytosis ability (Results, section 2.1). However, it is not relevant in
terms of macrophage polarisation. Nevertheless, when we injected LLC and LLC-
shAts1 cells in mice we observed that tumour cells are more powerful modulating
macrophages than the stroma. Accordingly, we evaluated whether the absence of
ADAMTS1 in the tumour cells can regulate the in vitro polarisation of macrophages,
as it happened in vivo (Figure 63).

For this purpose, we approached the polarization of macrophages using CM of WT
and —shAts1 LLC and B16F1 cell lines. Polarisation was tested by measuring gene and
protein levels of both Nos2 and Cd206. Interestingly, we observed that the inhibition
of ADAMTS1 in both LLC and B16F1 tumour cell lines induced the expression of Nos2
and reduced the levels of Cd206 in the macrophages (Figure 68A and D),
corroborated by FC in a tumour model-independent manner (Figure 68B-C and E-F).
Surprisingly, this result could be indicating that the secretion of ADAMTS1 by the
tumour cells impedes the polarisation of macrophages to M1. It was demonstrated
because the inhibition of the protease in both tumour cell lines reduced its secretion
and promoted the increase of M1 marker Nos2, probing that tumoral ADAMTS1 is
involved in this phenomenon, in contrast to stromal contribution.
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Our previous experiments showed that tumours generated with LLC-shAts1 cell line
had an enhanced expression of the M2 marker Cd163 (Figure 63). In contrast to it,
the same cell line (and also B16F1-shAts1) reduced M2 BMDM polarisation in vitro
(Figure 68). This opposite result highlights the relevance of the stroma and the

tumour microenvironment.
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Figure 68. Effect of tumoral ADAMTS1 in NOS2 and CD206 during BMDM polarisation in presence
of tumour CM. Graphs representing relative mRNA fold change expression of M1-related Nos2 (A)
and M2-related Cd206 (D) genes in LLC, B16F1, LLC-shAts1 and B16F1-shAts1 24h-polarised CD11b"
populations (normalized to MO control). Flow cytometry quantification of NOS2 (B) and CD206 (E)

in all the groups and their representative flow cytometry plots including the mean percentage (C
and F, respectively). (* P<0.05, ** P<0.01, **** P<0.0001 two-tailed t Student, n=17 and n=11
samples in WT and —shAts1 respectively for gene expression, and n=7 and n=5 samples in WT and —

shAts1 for each group in FC).
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Despite this controversy, we tried to elucidate the molecules that could induce this
shift in the polarisation. With such purpose, we followed same guidelines to analyse
the secretome of the inhibited cell lines (-shAts1), as reported above for WT cells
(Figure 69A). The close study of each inhibited cell line with its WT counterpart
revealed just four proteins that were similarly regulated in both LLC and B16F1 model
(Figure 69B). Among these proteins, IL33 has been described to induce M2
polarisation) (Faas et al., 2021), while CXCL10 promotes M1 polarisation (K. Wu et al.,

2020).
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Figure 69. Cytokine array of CM of every cell line. (A) Nitrocellulose membranes each containing
the protein level of 111 molecules found in the CM of the different cell lines of the study. Boxes
represent the most relevant differently expressed molecules similarly affected in WT and —shAts1
cells for both cell lines (1: Osteopontin, 2: L33, 3: LDLR, 4: CXCL10/IP-10). (B) Table including the
ratio between WT and —shAts1 cells for each molecule and cell line.

The four proteins were less secreted in absence of tumoral ADAMTS1. Considering
that LLC enhanced M2 polarisation and that WT cells had a lower M1 polarisation, we
only studied the molecules that were more secreted by both LLC versus B16F1 and
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WT versus —shAts1. For that reason, we discarded CXCL10 (more secreted by B16F1)
for further analysis. Moreover, due to the bibliography we continued our next
experiments just with IL33 and LDLR. These experiments included polarisation
experiments in vitro with neutralising antibodies for both molecules. However, we
did not success in obtaining a result and it is still an open door for future approaches.
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5. ADAMTS1 role during resistance and response to anti-angiogenic
therapy.

Since its discovery, ADAMTS1 has been described as an anti-angiogenic molecule (Lee
et al., 2006)(Rodriguez-Manzaneque, et al., 2015). However, this action has provoked
a constant controversy, since this function depends on the tumour type and the
protease's origin. In our LLC model, we observed that inhibition of both stromal and
tumoral ADAMTS1 increased vessel density, corroborating the anti-angiogenic effect
of the protease, but without consequences for final tumour growth. Following this
rational, we headed the use of anti-angiogenic drugs in order to elucidate if there are
common or different mechanisms in the way that these drugs and ADAMTS1 block
angiogenesis. For this analysis, we continued using both tumour models, LLC and
B16F1, which has been defined as refractory and sensitive to this type of therapies,
respectively (Shojaei et al., 2007).

5.1. Comparison between sensitive and resistant tumours to anti-
angiogenic therapy.

After evaluating the specificity of the anti-angiogenic VEGF-Trap Aflibercept in vitro
for endothelial cells (data not shown), we injected both tumour cell lines in WT mice
and treated them with the drug. Both cell lines have been previously treated with
VEGF-Trap molecules such as Aflibercept. In the case B16F1 tumours, they have been
defined as sensitive (Rudge et al., 2007)(Shojaei et al., 2007). In contrast, LLC
tumours have been declared as resistant to anti-VEGF monoclonal antibodies G6.23
and G6-31 due to the increase of MDSCs (Shojaei et al., 2007)(Shojaei et al., 2009)
but it did respond to subcutaneous administration of a recombinant VEGF-Trap (S.
Zhou et al., 2013). For our experiments, tumour cells were subcutaneously injected
and treated with Aflibercept twice per week as detailed in materials and
methodology section.

As expected according to most of the literature, B16F1 tumour volume was reduced,
while LLC was not affected (Figure 70A). Indeed, in the case of B16F1 tumours,
differences were observed since the first dose. In spite of the different response, at
the end of the experiment, vessel area was reduced in both models (Figure 70B),
reflecting the role of other players in the resistance of LLC model. Knowing the
relevance of the CD11b*/Grl" population to this resistance, infiltration of this
population was evaluated by FC at end point, observing an increase in LLC tumours
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after the treatment but no effect on B16F1 model (Figure 70C), in accordance to
literature (Shojaei et al., 2007)(Shojaei et al., 2009).
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Figure 70. Effect of Aflibercept treatment on B16fl and LLC tumours. Progression of tumour
volume before and during Aflibercept treatment represented as tumour volume + s.e.m for B16F1-
WT (left) and LLC-WT tumours (right). Black arrow indicates the beginning of the treatment. (B)
Graphs representing mean + s.e.m of vessel density of untreated and treated mice for all the
conditions. (C) Flow cytometry data showing the percentage of myeloid-derived suppressor cells
(MDSCs) represented as mean = s.e.m of live cells in untreated and treated tumours. (*P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001 two-tailed t Student, n= 14, 18, 9 and 7 samples in each group
from left to right).

These results bring out the relevance of looking for alternatives to refractory tumours
such as LLC model. For that reason, we used Ats1-KO mice to see if tumour growth is
affected by anti-angiogenic drugs, due to the link of ADAMTS1 and angiogenesis.

5.2. Contribution of stromal and tumoral ADAMTS1 in tumour progression
and immune infiltration during anti-angiogenic therapy.

Since we have observed that both stromal and tumoral ADAMTS1 are able to
modulate tumour angiogenesis, although without effect on LLC progression (sections
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1.1 and 3.3), we approached the Aflibercept-treatment of all experimental groups
reported in such sections. As described above, LLC-WT tumours did not respond to
Aflibercept (Figure 70). Moreover, we found that the absence of ADAMTS1 in the
stroma or its inhibition in tumour cells did not alter the results (Figure 71B-E),
suggesting that ADAMTS1 is not as relevant contributing to the resistance to anti-
angiogenic therapies, at least in this LLC model.
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Figure 71. Contribution of stromal and tumoral ADAMTSL1 in Lewis Lung Carcinoma model during
antiangiogenic therapy. Progression of tumour volume before and during Aflibercept treatment
represented as tumour volume + s.e.m for LLC-WT (A), LLC-Ats1KO (B), LLC-shAts1-WT (C) and LLC-
shAts1-Ats1-KO (D) groups. Black arrow indicates the beginning of the treatment. (E) Graphs
representing mean tumour weight + s.e.m after 2-week treatment for all the groups. N=9, 7,9, 7,
4, 4,12 and 9 samples in each group from left to right in panel E.
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Despite this lack of differences in tumour growth, we evaluated tumour vasculature
to know whether the therapy exerted an anti-angiogenic action. Indeed, vessel
density and vessel area were reduced in all the groups (Figure 72A). Parallel, gene
expression analyses of vasculature-related genes revealed differences depending on
the group. While the treatment of tumour originated with WT cells provoked a
downregulation of Endoglin, Cdh5 and Cd31, in tumours generated with —shAts1 cells
(LLC-shAts1-WT and LLC-shAts1-Ats1-KO) those genes were not affected (Figure 72B).
This result suggests the different behaviour according to ADAMTS1 origin, and
although vasculature is reduced in all the groups, it is well known the participation of
immune populations in anti-angiogenic therapy resistance, which must be analysed.
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Figure 72. Effect of Aflibercept treatment on tumour vasculature. (A) Graphs representing mean +
s.e.m of vessel density, perimeter of vessels and vessel area of untreated and treated mice for all
the conditions. (B) Graphs representing relative mRNA fold change expression of genes related to
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It has been published that LLC resistance to anti-angiogenic therapy is due to the
increase of MDSCs in treated tumours (Shojaei et al., 2007). For that reason, we
tested the resistance looking at different immune populations within the tumours.
We analysed T cells, but its infiltration and the expression of related genes were not
affected by the treatment in any experimental group (Figure 73A-B), showing the
poor contribution of T cells during anti-angiogenic therapy.

T cells (CD3") Cd4 Foxp3
30+ Em Untreated 155 84 mm Untreated
1 Aflibercept @ @ [ Adlibercept
c 2 =
o S 40l =
‘_:‘ 204 < <
ke °
& s s 41
o [N e
g 104 % 0.5 ‘Zt
5 © o 21
] E E
[
0 0.0 r 0 y
(8]
& O & & O & & o &8
J et e W e @ E e e o
RS S S ~ ov- F ¥ ~ ov- F WK
&0 & @ > o v._@ > & v!f’
g o.a}‘v g & Y A
> NG NG

Figure 73. Contribution of stromal and tumoral ADAMTS1 in T cell infiltration during
antiangiogenic therapy. (A) Flow cytometry data showing the percentage of T cells represented as
mean + s.e.m of live cells in untreated and treated tumours. (B) Graphs representing relative mRNA
fold change expression of genes related to T cells (Cd4 and FoxP3). N=9, 7,8, 7, 4,4, 11 and 8
samples in each group from left to right.

Next, myeloid cells were studied, which are more relevant in this scenario. As it was
observed for the LLC-WT group (Figure 70) and in the literature (Shojaei et al.,
2007)(Shojaei et al., 2009), there was an increase in the infiltration of MDSCs after
the therapy in LLC-Ats1-KO and LLC-shAts1-Ats1-KO groups, which was compensated
with a reduction in F4/80" macrophages (Figure 74A), suggesting the poor
contribution of stromal ADAMTS1 to this resistance. In contrast, LLC-shAts1-WT
tumours did not show changes in any of the populations, indicating its different
behaviour according to tumour-derived ADAMTS1. Finally, we analysed macrophage
polarisation markers by gPCR. We found an upregulation of Nos2 in all groups,
although it was not significant in the LLC-shAts1-WT group (Figure 74B). Moreover,
Cd163 was overexpressed just in the LLC-Ats1-KO group, with the same tendency in
the group of the inhibited cell line in WT mice.
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Figure 74. Contribution of stromal and tumoral ADAMTS1 in myeloid cell infiltration during
antiangiogenic therapy. (A) Flow cytometry data showing the percentage of myeloid cells,
macrophages and myeloid-derived suppressor cells represented as mean + s.e.m of live cells in
untreated and treated tumours. (B) Graphs representing relative mRNA fold change expression of
genes related to macrophages (Nos2 and Cd163). (* P<0.05, ** P<0.01, **** P<0.0001 two-tailed t
Student,n=9, 7, 8,7, 4,4, 11 and 8 samples in each group from left to right).

Altogether, our results corroborated the resistance of LLC model to anti-angiogenic
therapy, contrary to the B16F1, independently to the levels of stromal and tumoral
ADAMTS1. However, the analysis of the tumour showed that this resistance can be
modulated by different mechanisms. The study of the vasculature showed a
reduction of the density in all the groups. However, endothelial-related genes were
differently regulated between LLC and LLC-shAtsl tumours after the therapy, so
other alternative mechanisms of neovascularisation can be involved. Regarding
infiltrated immune cells, LLC-shAts1-WT group followed a different tendency to the
other groups, suggesting a resistance mediated by different mechanisms to the
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infiltration of MDSCs. For that reason, combination of anti-angiogenic therapy with
other treatments such as macrophage depletion can potentiate the anti-tumorigenic
role of both therapies.
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DISCUSSION




Apart from the tumour cells, it is well known how other cell types within the tumour
and the stroma orchestrate the behaviour of the tumour, as well as modulate several
processes including angiogenesis, migration or inflammation (Hanahan & Weinberg,
2011). Among the complexity of the tumour microenvironment (TME), non-cellular
components in general, and extracellular proteases specifically, have been defined as
essential players for the evolution of tumours. In this thesis, we have focused on the
extracellular protease A Disintegrin And Metalloprotease with Thrombospondin
motifs 1 (ADAMTS1), involved in angiogenesis and tumour growth (Rodriguez-
Manzaneque et al., 2015)(Cal & Lopez-Otin, 2015).

ADAMTS1 is a well-known protease with proteolytic activity over several substrates
including extracellular constituents such as Nidogens (Canals et al., 2006), Versican
(Sandy et al., 2001) or Syndecan 4 (Rodriguez-Manzaneque et al., 2009), among
others. Moreover, the extended use of knockout mice for the protease (Ats1-KO)
allowed understanding its contribution during physiological and pathological
processes, mediated by its proteolytic activity in most of the cases. In fact, this Ats1-
KO mouse displays deficiencies including kidneys and ureter malformations, null
female fertility and increased lethality at neonatal stage (Shindo et al., 2000)(Mittaz
et al., 2004). Likewise, it participates in pathologies such as vascular disorders and
atherosclerosis (Jo et al., 2005)(Ren et al., 2013).

Relative to cancer and tumour angiogenesis, ADAMTS1 has been defined by its
controversial actions. In one side, it has been reported its capacity to enhance
endothelial-like phenotypes of tumour cells, promoting tumour aggressiveness and
growth in sarcoma (Casal et al., 2010), uveal melanoma (Peris-Torres et al., 2020) or
glioblastoma (Serrano-Garrido et al., 2021). In addition, it has been described as a
tumour promoter in several tumour types (Fernandez-Rodriguez et al.,
2016)(Martino-Echarri et al., 2014)(Tan et al., 2019)(Ricciardelli et al., 2011) and, in
contrast, as a tumour suppressor molecule (Kuno et al., 2004)(Reynolds et al.,
2010)(Martino-Echarri et al., 2013b), mainly based on its action on tumour
vasculature.

Important for this thesis, ADAMTS1 has been related with inflammation since its
discovery (Kuno et al., 1997). Indeed, ADAMTS1 can modulate or be modulated by
different inflammatory-related cytokines such as TGF(, IL1B, LPS, IL17 or IL33
(Bourd-Boittin et al., 2011)(Ng et al., 2006)(Oveland et al., 2012)(Ashli et al.,
2013)(Ashlin et al., 2014). Although it has been deeply studied for other members of
the same family, little is still known about ADAMTS1 connection with immune

146



regulation and its possible contribution to the activity of specificimmune populations
(Redondo-Garcia et al., 2021).

Some literature and previous works of our group already highlighted the regulation
of immune genes and molecules influenced by ADAMTS1 (Fernandez-Rodriguez et
al., 2016)(Redondo-Garcia et al., 2021). In fact, changes triggered by ADAMTS1 in the
immune landscape are suggestive to explain the halt of B16F1 tumour growth in
Ats1-KO mice (Rodriguez-Baena, Redondo-Garcia, Peris-Torres, et al., 2018).
Considering such background, in this work we continued this research topic,
emphasizing the study of the contribution of ADAMTS1 in the immune landscape
both in healthy and in tumour scenarios, including two immunogenically different
models: B16F1 and the immune-challenging LLC.
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1. Characterization of LLC and B16F1 tumour models: revealing their
secretome and their effects on macrophage polarisation.

One of the particularities of this thesis is the comparative work between two murine
tumour cell models: Lewis Lung Carcinoma (LLC) and B16F1 melanoma. They have
been compared at different levels, starting with the different response to the
deficiency of ADAMTS1 using syngeneic tumour model. Significantly, while B16F1
tumours were reduced in absence of stromal ADAMTS]I, in contrast LLC ones were
not altered. This starting point leads us to deeply characterise both tumours.

According to the literature, LLC and B16F1 tumours have been classified as
immunologically cold and hot, respectively. In fact, cold or poorly immunogenic
tumour such as LLC are characterized by the high infiltration of myeloid cells
(Binnewies et al., 2018). For that reason, we wondered in what way those tumour
cells modulate the phenotype of immune cells. In particular, we evaluated how the
different cell lines educate macrophages in vitro. For this purpose, we polarised bone
marrow-derived macrophages (BMDM) with the conditioned medium (CM) of each
cell line. This approach revealed a more powerful activity of LLC secretome to
polarise macrophages both to anti-tumorigenic or M1 (increase of Nos2) and pro-
tumorigenic or M2 (increase of Cd206). Moreover, principal component analysis and
the study of other macrophage polarisation genes by RNA sequencing indicated that,
although LLC induced M2 polarisation, it was not the canonical one induced by IL4, as
it was observed by other molecules such as IL33 (Faas et al., 2021). In contrast, B16F1
secretome did not alter the macrophages polarisation, according to their similarities
with the negative control.

Attending to the changes in polarisation and considering the differences between LLC
group and the M2 positive control, it was necessary to study the secretome of each
cell line in order to elucidate the possible molecules behind that effect. For that, we
used a proteome profiler array. As far as we know, in the literature there is no
comparison of these characteristics for these two secretome. Using this technique,
we observed 15 of them more secreted by LLC cells than B16F1. From all of them,
CX3CL1, CXCL1, CCL20, LIX/CXCL5, CCL2/MCP-1 and M-CSF/CSF-1 were involved in
the recruitment of monocytes, neutrophils and immunosuppression (Shiao et al.,
2011)(Poh & Ernst, 2018)(Kohli et al, 2021). In addition to the well-known
chemokines, we found also osteopontin, which has been associated with M2
macrophage and MDSCs recruitment and T cell inhibition (Moorman et al., 2020),
LDLR that has been found upregulated in M2 macrophages in atherosclerosis
(BaidZajevas et al., 2020), and VEGF, which is expressed in all the M2 macrophages
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(Stockmann et al., 2014)(Goswami et al., 2017). These molecules support the ability
of LLC cells to generate pro-tumorigenic environments and M2 macrophage
polarisation. Interestingly, when we looked to the genes that encoded these
molecules in our RNAseq, we found that Cx3cl1, Ccl2, Csf1, LdIr and Vegfa were more
expressed in LLC-WT tumours than in B16F1-WT, reinforcing the idea of its
immunosuppressive environment.

Additionally, among the five proteins that were more secreted by B16F1 cells, two of
the molecules are clearly connected with inflammation and regulation of immune
populations. First, CCL5 has a controversial role, since it is known to increase the
recruitment of T cells, DCs and monocytes (Hinohara & Polyak, 2019)(Daftarian et al.,
2020)(Bejarano et al., 2021), but also pro-tumorigenic macrophages, MDSCs and Treg
(Goswami et al., 2017)(Madden et al., 2020)(Erin et al., 2020)(J. Wu et al., 2021). The
second inflammatory molecule, CXCL10, is a pro-inflammatory chemokine (Wu et al.,
2017) necessary for CD8" T cell recruitment (Larsen et al., 2020)(Zhou et al., 2021)
and related to M1 polarisation (Keklikoglou et al., 2018). Furthermore, both
molecules are considered as Thl cytokines and promote de deviation from M2
features of TAMs, indicating a less immunosuppressive environment (Sica et al.,
2008)(Pitt et al., 2016). In addition, Cxc/10 was more expressed in B16F1-WT tumours
compare to LLC-WT ones, corroborating again the pro-tumorigenic environment in
LLC tumours.

These differences in the ability of each secretome to modulate macrophage
polarisation encouraged us to analyse the tumour models in more detailed. By
RNAseq we analysed specific gene signatures, including a 200-gene inflammatory
response signature. In this case, we obtained an activation of GO terms related to
cytokine signalling and cellular response to LPS in B16F1-WT tumours compared to
LLC-WT, evoking to a lower activation of these inflammatory pathways in LLC
tumours.

The experiments comparing LLC versus B16F1 cell lines and tumours revealed the
different immune landscape that can be produced by each of them, both in vitro and
in vivo. In addition, LLC cells and tumours exhibited a high expression of Versican, a
substrate of ADAMTS1 that is known by its immunomodulatory properties (Wight et
al., 2020)(Hatano & Watanabe, 2020). This higher expression of Versican in LLC-WT
tumours compared to B16F1-WT ones was found by RNAseq and by
immunofluorescence in the tumours. Interestingly, our results corroborate the
described correlation between CCL2 levels and Versican in vitro and in vivo (Keire et
al.,, 2017), in which CCL2 likely interact with the chondroitin sulphate chains of
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Versican in a positive feedback loop such as in systemic sclerosis patients monocytes
(Masuda et al., 2013). It is important to highlight that immunodetection of Versican
was focused on intact Versican, which has been linked to a more immunosuppressive
environment. For that reason, big efforts must be put to unveil if the proteolysis of
Versican by ADAMTSL1 or other proteases in models such as the LLC one can reverse
this scenario.

150



2. Stromal versus tumour-derived ADAMTS1: impairing tumour
vascularisation with different final consequences in LLC and B16F1
tumours

As already mentioned, the fact that B16F1 and LLC tumours responded in a different
way to the absence of ADAMTS1 was struggling. However, they are two different
models with several particularities, as it was shown before, that can provoke these
differences.

According to the well-known connection of ADAMTS1 with vasculature, we wanted
to know if it was differently regulated in each tumour model, which could explain
their different behaviour. We observed that stromal absence of ADAMTS1 provoked
an increased vascularisation in both tumour models, confirming -at least partially-
the inhibitory role of the protease in angiogenesis as it was described in other
tumour models (Vazquez et al.,, 1999)(lruela-Arispe et al., 2003)(Luque et al.,
2003)(Sun et al., 2015)(Rodriguez-Manzaneque et al.,, 2015). However, the final
impact in the tumour growth of each model was quite different. Focusing in the
vasculature, while in the LLC model this increase was only found when endothelial
structures were quantified, in the B16F1 the changes were more relevant, observed
also by gene expression (Fernandez-Rodriguez et al., 2016). Additionally, we also
evaluated whether tumour-derived ADAMTS1 regulate vasculature in tumours.
Although it did not alter it in B16F1 tumours (Fernandez-Rodriguez et al., 2016), in
LLC model ADAMTS1 has the same angio-inhibitory effect. In fact, reduction of
ADAMTS1 in stromal and LLC cells showed an accumulative effect.

Those differences in vascularisation do not explain the evolution of the tumour in the
LLC model. In the case of B16F1-Ats1-KO tumours, although they were more
vascularised, tumour vessels were less functional, indicating the poor contribution of
this phenomenon to tumour growth (Fernandez-Rodriguez et al., 2016). One
limitation of this work is that vessel functionality was not assessed in LLC model.
However, even if the vasculature helped shrink the tumour, probably the
immunosuppression produced by LLC cells would mask that effect. In spite of it, it is
also important to evaluate if the use of anti-angiogenic therapies, which have a
greater impact on vasculature, could block tumour growth in LLC model, but this
issue will be discussed later. In addition, this increase in angiogenesis in LLC-Ats1-KO
tumours can be provoked by other factors such as the presence of pro-angiogenic
M2 macrophages (C. Li et al., 2021), so their contribution must be also addressed.
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Parallel, due to the relevance of Nidogen 1 in vascular basement membrane (vBM)
(Martino-Echarri et al., 2013b) it was evaluated in tumours. In both tumour models,
the reduction of ADAMTS1 in the stroma or the tumour cells increased the deposition
of this molecule. However, the observed pattern was different. While it was found all
around LLC tumours, in B16F1 ones it was accumulated in the vasculature. Our group
has previously described that high accumulation of Nidogen 1 in the vBM in a human
breast carcinoma model correlates with bigger tumours (Martino-Echarri et al.,
2013b), opposite to what was found in B16F1 tumours. Moreover, less functional
vessels in B16F1-Ats1-KO tumours were accompanied by an increase of Nidogen 1.
Interestingly, preliminary results in our lab suggest that Nidogen 1 overexpression in
tumour cells enhances M1 polarisation in macrophages, similar to the inhibition of
ADAMTS1. However, our results suggest that this substrate is not as relevant in LLC
tumour, at least in the vasculature. According to its accumulation pattern in these
tumours, Nidogen 1 can be produced by other stromal cells such as immune cells,
what should be evaluated in future approaches in order to elucidate its possible role
in LLC progression.
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3. ADAMTS1 as an immunomodulatory molecule

At the moment of its discovery, ADAMTS1 was described as an inflammation
associated gene (Kuno et al.,, 1997), and it was later known to be modulated by
several inflammatory cytokines (Bourd-Boittin et al., 2011)(Ng et al., 2006)(Oveland
et al., 2012)(Ashli et al., 2013)(Ashlin et al., 2014). Importantly, our work describing
the role of ADAMTS1 in the B16F1 model showed a downregulation of Cd11b and
F4/80 in B16F1-Ats1-KO tumours compare to B16F1-WT, suggesting the role of
ADAMTS1 in immunomodulation (Fernandez-Rodriguez et al., 2016). These clues
encouraged us to study in detail the contribution of stromal and tumour-derived
ADAMTS1 in the immune system and its specific populations, both in physiological
and pathological conditions, similar to other works demonstrating a connection
between extracellular milieu and immune system, as we have recently reviewed
(Redondo-Garcia et al., 2021).

3.1. Contribution of stromal ADAMTS1 in immune regulation: promoting
macrophage migration and phagocytosis in vitro

Our in vivo characterisation of Ats1-KO mouse demonstrated that the absence of
stromal protease produced a pro-inflammatory and cytotoxic phenotype provoke by
T cells in the two immune organs spleen and bone marrow, which can defend itself
from external agents such as tumour cells. However, the regulation of myeloid
populations and macrophages markers also suggest a prone anti-inflammatory
response, revealing that the regulation of immune populations by ADAMTS1 can
orchestrate different immune responses according to their infiltration in tumours.

Considering the differences that stromal ADAMTS1 provokes in the proportion of T
and myeloid cells in vivo, our purpose was to evaluate the contribution of the
protease in the behaviour of such immune populations. Preliminary results of our
group have suggested a reduced proliferation of Ats1-KO T cells (data not shown).
However, deeper analyses are still needed. In contrast, due to the differences that
are well described regarding the immune infiltration in both tumour models and the
results obtained using our Atsl-KO mouse, we performed an exhaustive
characterisation of the myeloid population regarding relevant processes for tumour
growth. These approaches revealed that the absence of stromal ADAMTS1 in bone
marrow-derived macrophages (BMDM) impeded their migration (as it was previously
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described for ADAMTS4 (Ren et al.,, 2013)) and phagocytosis, defining the
immunomodulatory role of the protease.

Interestingly, our in vitro characterisation of macrophages also demonstrates that
ADAMTS1 deficiency produces a reduction in their phagocytic activity. This alteration
can have a strong impact in several pathologies such as cancer, since it would impede
tumour cell clearance. This result was corroborated in vivo, since the treatment of
Ats1-KO mice with clodronate liposomes did not show macrophage depletion due to
their reduced phagocytosis. Moreover, LLC-WT treated tumours had a delayed in
tumour evolution that was not observed in LLC-Ats1-KO group, suggesting that WT
macrophages were being depleted since the beginning of the experiment, which was
reflected in less engrafted mice and tumours with a slowed down growth. In models
such as LLC one, which are well-recognised by their high infiltration of pro-
tumorigenic myeloid cells, this type of deficiencies can have a big impact in tumour
progression. However, other myeloid cells with more anti-tumorigenic roles are also
found. For that reason, the reduction of an important processes such as tumour cell
phagocytosis and clearance can be considered as a bad prognosis factor. Some
strategies focus their attention in improvement of tumour cell recognition by
macrophages, for instance with anti-CD47 antibodies (Mantovani, Marchesi, Malesci,
Laghi, & Allavena, 2017). However, in this case it is more important to enhance this
capacity, which is modulated by ADAMTS1 according to our results, by directly
affecting the macrophages.

Although the absence of the protease in macrophages did not alter their ability to
polarise in vitro, we observed an interesting upregulation of Adamtsl in M2
macrophages. A previous work revealed that ADAMTS1 is induced in THP-1
monocytes when differentiated into macrophages (Ashlin et al., 2013). Moreover, it
has been described the overexpression of ADAMTS1 in macrophages in muscle tissue
after the injury (Du et al.,, n.d.), where tissue-remodelling M2 macrophages are
presumably more necessary. It suggests the relevance of the protease in this specific
population, for example for ECM remodelling can cell invasion (Mantovani, et al.,
2002). In the case of Versican, it was clearly induced in M1 population, independently
to stromal ADAMTS], correlation that was already described in infectious lung
disease (Chang et al., 2014). Nevertheless, it was also overexpressed in Ats1-KO M2,
according to its definition as a promoter of pro-tumorigenic landscape (Tzanakakis, et
al.,, 2019). Although more studies are needed, these results can be indicating that
there can be a compensation mechanism during macrophage polarisation that
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induces the expression of the ECM markers Adamtsl and Versican in M2
macrophages to regulate their remodelling function.

Analysis of the contribution of stromal ADAMTS1 to immune landscape confirmed a
higher cytotoxicity of T cells in absence of stromal ADAMTS1 but a more
immunosuppressive environment modulated by myeloid cells. Nevertheless,
macrophages had a reduced ability to migrate in vitro and also to phagocyte, which
reduced their anti-tumoricidal role. All these results demonstrate that Ats1-KO mice
had a mainly pro-inflammatory and anti-tumorigenic phenotype. In spite of it,
immune response can be governed by each tumour model, depending on if it recruits
more T cells, myeloid cells or other type of cells. For that reason, immune infiltration
must be evaluated in tumour conditions, as it will be discussed in the following
section.

3.2. Contribution of tumour-derived ADAMTS1 in immune regulation:
impairing M1 macrophage polarisation in vitro

Although stromal ADAMTS1 did not modify macrophage polarisation, tumour-
derived protease might alter it. For that reason, we culture WT BMDM in presence of
the CM of WT and —shAtsl LLC and B16F1 cell lines and we evaluated BMDM
polarisation. Surprisingly, we found that the inhibition of ADAMTS1 in both tumour
cell lines produced a downregulation of gene and protein levels of Cd206 and an
upregulation of Nos2. This result indicates that the secretion of ADAMTS1 by the
tumour cells blocks the polarisation of macrophages to M1, probing the role of
tumoral ADAMTS1 in this phenomenon and indicating its contribution in pro-
tumorigenic polarisation of macrophages, in contrast to stromal contribution. In fact,
this connection between low levels of ADAMTS1 and high levels of NOS2 was already
described in a mouse model of Marfan Syndrome (Oller et al., 2017). Interestingly, in
a previous work of our group it was described that the reduction of ADAMTS1 in
uveal melanoma cells affected their capacity to engraft in different
immunocompromised mouse strains (Peris-Torres et al., 2020), suggesting the
immunomodulatory role of tumour-derived ADAMTS1 and its interaction with
immune populations. Briefly, Peris-Torres and colleagues showed that, while WT cells
engrafted similarly in NSG and Swiss nude mice, Ats1-KO cells only engrafted in Swiss
nude strain, which is less immunocompromised. Moreover, although NSG mice have
several immune populations altered, it is known that their macrophages are
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defective, so according to our results, this population was leading the engraftment
depending on tumour-derived ADAMTS1.

Considering that the effect was similar independently to the tumour cell line, we
wanted to know which common molecules were altered in the secretome of
inhibited cell lines compare to WT mates. From this analysis, osteopontin, IL33 and
LDLR appeared as mediator candidates for the changes in polarisation. As it was
described in the first section, osteopontin and LDLR are associated to M2
macrophages (Moorman et al., 2020)(Baidzajevas et al., 2020), reinforcing the idea
that reduced levels of those molecules can promote M1 polarisation. In the case of
IL33, it is considered as an alarmin, that is implicated in Th2 responses and which
correlates with macrophage recruitment and M2 polarisation in different pathologies
(Besnard et al., 2015)(Fang et al., 2017)(Pinto et al., 2018)(Mai et al., 2021). In fact,
IL33 induces a non-canonical M2 macrophage polarisation (Faas et al., 2021), as it has
been observed for LLC secretome. Interestingly, it has been described that IL33 also
promote the expression of ADAMTS1 in human macrophages (Ashlin et al., 2014),
corroborating the connection between both of them. According to the literature,
there are clues that indicate that the three molecules can be behind the changes in
macrophage polarisation after tumour-derived ADAMTS1 inhibition. For that reason,
current efforts are also put on that direction.

Apart from the described secreted molecules, reduced secretion of Versican in —
shAts1 LLC cells can also explain the shift in macrophage polarisation in vitro due to
its pro-tumorigenic role (Islam & Watanabe, 2020)(Papadas et al., 2020). However,
deeper analyses involving other versicanases and Versican proteolysis are still
needed.
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4. Immunomodulatory properties of stromal and tumoral ADAMTS1
depend on tumour heterogeneity

When looking at B16F1 model, its impaired tumour growth in Ats1-KO mice was
supported by an increase of T cells and less pro-tumorigenic myeloid cells in tumours,
spleen and BM, similar to the healthy mice. However, the high infiltration of myeloid
cells, MDSCs and macrophages in LLC tumours can block the action of other anti-
tumorigenic immune cells. In fact, all the differences derived from the Atsl-KO
mouse were attenuated or even shift to immunosuppressive states. These results
lead us to think that the reduction of myeloid cells in LLC-Ats1-KO tumours could
enhance the anti-tumorigenic environment generated by the absence of the
protease. For that reason, myeloid-targeted therapies must be considered. One of
them is the depletion of this population. However, as it was shown in the results,
their reduction in phagocytosis impeded their depletion. For that reason, other
approaches focused on the inhibition of their recruitment, immunosuppressive
functions or polarisation would be likely more efficient.

Those contradictions between both tumour models were demonstrated by different
techniques. Indeed, RNAseq analysis of B16F1-Ats1-KO versus LLC-Ats1-KO tumours
revealed that stromal ADAMTS1 deficiency in B16F1 tumours reduced cell motility
and promoted T cell migration and chemotaxis and IFNy production, which is mainly
produced by NKs and T cells and has anti-tumorigenic roles (Jorgovanovic et al.,
2020), and which is known to downregulate ADAMTS1 levels in human macrophages
(Ashlin et al., 2013). Again, this results support the immunomodulatory function of
stromal ADAMTS1, whose deficiency in B16F1l-bearing mice generate an anti-
tumorigenic immune environment.

The compilation of the results of this part remarks how different tumour models can
regulate and educate the immune system. Similarities between healthy and B16F1
model in absence of stromal ADAMTS1 suggested that this model is less efficient
educating the immune system than LLC one, hindering the regulation of the tumour
growth. In spite of the different interpretations that can be obtained from these
results, we decided to focus this discussion in three main points: versican due to its
immunomodulatory properties, and type | IFN and collagen structures according to
the differences in RNAseq analysis and to the literature.

One of the biggest differences between both models is the levels of Versican. This
substrate of ADAMTS1 is more expressed in LLC model compare to B16F1,
corroborated by RNAseq and immunodetection, coinciding with a higher
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immunosuppressive and immunotolerant environment (Islam & Watanabe, 2020)
(Papadas et al., 2020). In addition, the opposite regulation of Versican in both models
in Ats1-KO conditions (Rodriguez-Baena, Redondo-Garcia, Peris-Torres, et al., 2018)
propose it as a key factor for LLC progression. In addition, intact Versican
accumulation correlated with an increase of Treg and M2 macrophage markers in
LLC-shAts1 tumours, especially in Ats1-KO conditions, reflecting the connection of
reduced ADAMTS], increased intact Versican and immunosuppression, explaining
why LLC growth was not reduced. Moreover, it can also participate in myeloid cell
maturation, since it correlated with an increase of CD11b*/Gr1 cells and a reduction
of F4/80" macrophages. Controversially, the connection between —shAts1 tumour
cells and M2 polarisation markers in vivo is the opposite of what was observed in
vitro. This suggests that that crosstalk of tumour cells with immune cells in the TME
alters their ability to educate macrophages highlight the relevance of the stroma.
Interestingly, LLC-shAts1-Ats1-KO tumours also showed an overexpression of //33 and
Ldlr (data not shown), coinciding with the overexpression of M2 macrophages and
intact Versican levels, highlight again the mediation of those molecules in M2
macrophage polarisation.

Interestingly, we also found that type | IFN pathway was upregulated in LLC-Ats1-KO
tumours compared to WT ones, while it was downregulated in B16F1 model. Type |
IFN regulates processes such as cellular proliferation, apoptosis, antigen presentation
or immunosuppression (Vidal, 2020)(Boukhaled et al., 2021). During elimination
phase of tumour cells, type | IFNs are crucial to potentiate anti-tumour immunity
(Vidal, 2020). However, in acute scenarios such as chronic inflammation and cancer,
negative effects of type | IFN become dominant, for instance inducing PD-L1 and PD-
L2 expression (Saleiro & Platanias, 2019). Moreover, tumour cells use type | IFN
responses to transform immune cells in dysfunctional or immunosuppressive (Vidal,
2020)(Boukhaled et al., 2021), suggesting that it is the scenario of our LLC model.
Interestingly, we analysed gene expression of all the genes related to pro-
tumorigenic function of type | IFN in our LLC model, and all of them were upregulated
in LLC-Ats1-KO tumours compare to WT mates (data not shown), proposing type | IFN
as a key regulator of LLC tumour growth in Ats1-KO mice. In addition, it has been
described that IFN regulatory factor 9 (IRF9) expression correlates with VCAN
expression in lung adenocarcinoma as it is observed in LLC-Ats1-KO tumours and
B16F1-WT ones. In fact, VCAN is a target of IRF9, and its high expression correlates
with decreased survival (Brunn et al., 2021). In addition, the same correlation
between type | IFN and Versican was found in macrophages and it was described that
Versican produced by macrophages is considered as an induce IFN-stimulated genes
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(ISGs) that is essential for IL10 expression by macrophages (Chang et al.,, 2017).
Despite these connections must be corroborated in our tumour models, and
although we still do not know how the reduction of ADAMTS1 promotes a decrease
in the type | IFN signalling in LLC tumours, these results highlight type | IFN and
Versican as a likely explanation to the behaviour of LLC tumours to the absence of
ADAMTSL.

Similarly to type | IFN, matrisome signature GO enrichment analysis showed that
supramolecular and collagen fiber organisations were differently regulated in both
models. While these pathways were activated in LLC-WT compared to Ats1l-KO
mates, they were repressed in B16F1-WT ones compare to Ats1-KO. In fact, all the
analysed collagens were more expressed in LLC-WT tumours than B16F1-WT ones. As
it happens with Versican, collagen is described to have immunomodulatory
properties. In fact, stiff collagen structures have been associated with tumour
progression, invasion and metastasis (Jlirgensen et al., 2020). Moreover, collagen
density decrease cytotoxicity of T cells, enhance immunosuppressive roles of
macrophages and difficult their crosstalk (Kuczek et al., 2019)(Larsen et al., 2020). In
addition, it is known that collagen is engulfed by macrophages expressing CD206 or
by phagocytosis (Madsen et al., 2017)(Jiirgensen et al., 2020). Probably, in the case of
LLC model, it is engulfed by M2 macrophages. However, in B16F1-Ats1-KO tumours,
the low levels of those M2 macrophages and the deficient phagocytosis of those cells
enhances the accumulation of collagen in the tumour. Nevertheless, its accumulation
does not correlate with tumour growth, suggesting that this protein is not relevant in
B16F1 model, although it must be studied in more detail in LLC model.

In summary, all these data indicate that differences between both models and how
they do respond to the absence of ADAMTS1 is due mainly to the composition of
their ECM, its immune infiltration and the regulation between them. Moreover, in
the LLC model there are clues suggesting that stromal and tumoral ADAMTS1
regulate tumour behaviour in a different way. Interestingly, we have demonstrated
that LLC-shAts1-Ats1-KO tumours were the most vascularized tumours, coinciding
with a gene regulation of macrophage polarisation markers that reflect a polarisation
to M2 pro-tumorigenic and pro-angiogenic macrophages. Moreover, stromal absence
of ADAMTS1 revealed a regulation of type | IFN signalling, which seem to be the
responsible of Versican accumulation and tumour growth. Nevertheless, our results
indicate that tumoral inhibition of ADAMTS1 promotes LLC progression by the
modulation of macrophage polarisation. To corroborate that hypothesis, RNA
sequencing of tumours generated with the inhibited cell line can provide more
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information about it. Moreover, although it did not work by the deficiency in
phagocytosis of Atsl-KO macrophages, macrophage depletion by clodronate
liposomes or other known therapies in LLC-shAtsl tumours can demonstrate the
relevance of this population in those conditions.
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5. Stromal and tumoral ADAMTS1 actions on vasculature and immune
system: unfolding the resistance to anti-angiogenic therapy.

Due to the relation of ADAMTS1 and its inhibitory role in vasculature both in LLC and
B16F1 tumours, we wanted to evaluate its contribution during anti-angiogenic
therapies using the VEGF-Trap drug Aflibercept. The two tumour models of this work,
B16F1 and LLC, are considered as sensitive and refractory to this kind of therapies
respectively (Shojaei et al., 2007). Nevertheless, as far as we know there is one work
in which is described that LLC model responds to VEGF-Trap (Zhou et al., 2013).

LLC model is a challenging situation, since it does not respond to the reduction of
ADAMTS1 neither to anti-angiogenic therapy, mainly due to its environment. For that
reason, we treated with Aflibercept all the experimental groups, including tumours
generated with the inhibited cell line and in Ats1-KO mice in order to unveil the
contribution of the protease in this environment. Although LLC tumour growth was
not reduced (neither in Ats1-KO mice nor when ADAMTS1 was inhibited in the
tumour cells), both B16F1 and LLC model tumours had a decrease in vessel density
after the treatment. Nevertheless, gene expression of endothelial markers was
differently regulated depending on ADAMTS1 origin. While LLC-WT and LLC-Ats1-KO
tumours had a downregulation of Endoglin and the same tendency for Cdh5 and
Cd31, Aflibercept did not altered those genes in tumours generated with LLC-shAts1
cells. This result suggests that stromal and tumoral ADAMTS1 have a different effect
on endothelium according to its origin. Moreover, although vasculature is reduced in
all the groups, alternative mechanisms of vascularisation or other pro-angiogenic
cells can be involved in this resistance.

As it has been described in the literature, we confirmed that LLC resistance was
mediated by an increase of MDSCs after the therapy, which was not observed in the
responder B16F1 model (Shojaei et al., 2007)(Shojaei et al., 2009)(H. Zhang et al.,
2013). Those MDSCs were more infiltrated after the treatment in LLC-WT, LLC-Ats1-
KO and LLC-shAts1-Ats1-OK tumours, which was compensated by a reduction of
F4/80" macrophages. Nevertheless, those alterations were not observed in LLC-
shAts1-WT. In addition, Cd206 was only upregulated in LLC-Ats1-KO group and LLC-
shAts1-WT group showed the same tendency.

According to the displayed results, LLC model is resistant to Aflibercept,
independently to ADAMTS1. However, the resistance to the therapy is mediated by
different pathways depending on the origin of ADAMTS1. Tumours generated in
Ats1-KO mice revealed similar characteristics to LLC-WT group, with the exception of
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the overexpression of Cd206. These results suggest that resistance to Aflibercept in
absence of stromal ADAMTS1 is mainly mediated by MDSCs as in WT conditions,
although M2 macrophages can be also involved. In contrast, the inhibition of
Adamts1 in the tumour cells revealed a completely different scenario. Interestingly,
although LLC-shAts1-WT tumours neither respond to the therapy, there was not an
increase of MDSCs recruitment, and although macrophages markers did not show
statistically significant differences, there was an increased tendency of both Nos2 and
Cd206 markers. These results open a door to a discussion regarding other
mechanisms of resistance to the therapy, and force to the evaluation of combined
therapy. It is clear that stromal ADAMTS1 has a poor effect on the response to the
therapy due to its similarities to WT mates, while LLC-shAts1 cells produce a different
environment. In both cases, it was observed an overexpression of Cd206 that suggest
that those pro-angiogenic macrophages can be playing an essential role in the
resistance. This, together with the high infiltration of MDSCs in most of the groups
reinforces the idea of using anti-angiogenic therapy in combination with treatments
that block the myeloid lineage. This combination can be performed using clodronate
liposomes. However it presumably will not work in Ats1-KO mice due to the
deficiency of their macrophages. In contrast, it can be used in LLC-shAts1-WT
tumours to unveil the mechanism behind its resistance. Moreover, other treatments
can involve the use of CSF1R inhibitors, which have been already used (Priceman et
al.,, 2010). In fact, this combination not only reduced angiogenesis and myeloid
infiltration but also reduced the expression of M2 macrophages markers without
altering M1 ones. In addition, we previously described how LLC-shAtsl and LLC-
shAts1-Ats1-KO tumours produced an environment in which M2 macrophage marker
genes are upregulated, so these group can be especially benefited from the
combined therapy. However, its translation to human can be controversial due to the
adverse effect that it would generate. As it was described in the Introduction Section,
the most promising approach is the reprogramming of macrophages, due to the
necessity of macrophages in other processes, which can be limited by the previously
mentioned therapies.

Apart from the regulation of immune populations, it is well known that during cancer
development, alternative mechanisms of neo-vascularisation take place. In fact,
those mechanisms can be enhanced during anti-angiogenic therapy as a
compensatory phenomenon. LLC-shAts1 tumours were resistant to the therapy, but
it was not mediated by MDSCs. The results indicate the relevance of M2 macrophage
in this resistance, but the differences in gene expression of endothelial markers with
other groups suggest that there might be an upregulation of those markers in the
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whole tumour, probably due to cancer cells that are acquiring them, as in
vasculogenic mimicry phenomenon.
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CONCLUSIONS




Our RNAseq studies uncover significant differences between Lewis Lung
Carcinoma (LLC) and B16F1 syngeneic tumour models in terms of their
extracellular compartment and their immune environment.

LLC cells mediate the in vitro polarisation of macrophages to a non-canonical
M2 pro-tumorigenic and immunosuppressive state, likely mediated by
secreted molecules such as CX3CL1, CCL2, CSF1, LDLR, VEGF and/or Versican.

Our tumour studies using Ats1-KO mice confirm the angio-inhibitory properties
of stromal ADAMTS1 using both LLC and B16F1 tumour models, although only
B16F1 tumours were reduced in absence of the protease.

The levels and deposition patterns of the ADAMTS1 substrates Nidogen 1 and
Versican in tumours highlight their contribution to vascularisation and
immunomodulation, respectively.

Our studies unveil an immunomodulatory role of ADAMTS1, mostly based in
two sets of approaches. First, ADAMTS1 deficiency in macrophages limits their
in vitro migration and phagocytosis. Second, Ats1-KO mice show a significant
modaulation of immune populations in spleen, bone marrow, and tumours.

Our RNAseq analyses comparing these tumour models in wild type and Ats1-
KO mice disclose the significant implication of biological processes to explain
their different behaviours, highlighting the role of versican, collagen structures
and type | interferon.

Inhibition of ADAMTS1 in tumour cell lines enhances M1 macrophage
polarisation in vitro, probably mediated by osteopontin, IL33, LDLR and/or
Versican. In contrast, ADAMTS1-inhibited LLC tumours have an
immunosuppressive environment in vivo defined by M2 macrophages and high
levels of intact Versican.

ADAMTS1 levels do not alter the resistance of LLC tumours to anti-angiogenic
therapy. However, depending on whether stromal or tumour ADAMTS1 is
inhibited, the resistance is mediated by myeloid-derived suppressor cells or M2
macrophages, respectively. This remarks the necessity to better understand
these phenomena to improve current therapies.
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CONCLUSIONES




Nuestros estudios de RNAseq muestran diferencias significativas en el
compartimento extracelular y el ambiente inmune entre los modelos
tumorales singénicos Lewis Lung Carcinoma (LLC) y melanoma B16F1.

Las células LLC promueven la polarizacién de macroéfagos in vitro a un estado
pro-tumorigénico e inmunosupresor M2 no candnico, posiblemente mediado
por la secrecidon de CX3CL1, CCL2, CSF1, LDLR, VEGF y/o Versicano.

Nuestros estudios en el ratén deficiente para ADAMTS1 (Ats1-KO) confirman
las propiedades angio-inhibidoras de la proteasa de origen estromal en ambos
modelos, aunque sélo los tumores B16F1 se redujeron en su ausencia.

Los niveles y la deposicidon en tumores de los sustratos de ADAMTS1 Nidégeno
1 y Versicano destacan su contribucién en vascularizacion y modulacion
inmune, respectivamente.

Nuestros estudios demuestran el papel inmunomodulador de ADAMTS1
basado en dos aproximaciones. Por un lado, su deficiencia en macrdéfagos
limita sus capacidades de migracién y fagocitosis in vitro. Por otro lado, el
ratdn Atsl-KO muestra una modulacidon significativa de las poblaciones
inmunes en bazo, médula ésea y tumor.

Los andlisis de RNAseq comparando los dos modelos tumorales en ratones
salvajes y Ats1-KO revelan la implicacién de procesos biolégicos que explican
su comportamiento diferencial, destacando el papel del Versicano, la
organizacidn de estructuras de coldgeno y el interferdn tipo .

La inhibicién de ADAMTSI1 en las lineas celulares promueven la polarizacion de
macréfagos a M1 in vitro, probablemente mediada por osteopontina, IL33,
LDLR y/o Versicano. Por lo contrario, los tumores generados a partir de células
LLC inhibidas para ADAMTS1 muestran un ambiente inmunosupresor in vivo
debido a un aumento de macréfagos M2 y altos niveles de Versicano.

ADAMTS1 no modifica la resistencia de los tumores LLC a terapias anti-
angiogénicas. Sin embargo, dicha resistencia es mediada por células supresoras
mieloides o macréfagos M2 segln si la inhibicion de ADAMTS1 es estromal o
tumoral. Esto destaca la importancia de comprender a fondo este fendmeno
para mejorar las terapias actuales.
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MATERIALS AND
METHODOLOGY




1.  Cell Culture.
1.1. Cell lines and reagents.

Mouse Lewis Lung Carcinoma (LLC) and melanoma B16F1 cells, and human
fibrosarcoma HT1080 and Embryonic Kidney 293T (HEK293T) cells were cultured in
DMEM (Dulbecco’s Modified Eagle’s Medium) High Glucose (Biowest, USA)
supplemented with 10 % of FBS (fetal bovine serum) (Gibco, USA) and 1 % of
penicillin/streptomycin (P/S) (Sigma-Aldrich, USA). All cells were cultured at 37 °C
with 5 % of CO, and 95 % of relative humidity.

1.2. Adamtsl genetic modification in tumour cells.
1.2.1.Plasmid DNA production.

In order to inhibit ADAMTS1 in the tumour cell lines, short hairpin RNA MISSION
system was used (Sigma-Aldrich, USA) (TCRN0O000032034, NM_009621.1-2330slcl for
Adamts1 inhibition). For plasmids expansion, supercompetent DH5a cells were
transformed by heat-shock with 5 ng of MISSION plasmids and also with the
necessary plasmid to construct the lentiviral particles (envelope vector vSVG and
packaging vector psPAX2, kindly donated by Dr. P. Menéndez (Instituto de
Investigacion Josep Carreras, Barcelona)). Bacteria were cultured in LB-agar plates
with ampicillin 1 mg/mL at 37 °C and colonies were isolated and incubated for 16-18
hours in agitation (220 rpm). Plasmid DNA was obtained using the NucleoSplin
plasmid kit (Macherey Nagel, Germany).

1.2.2.Lentiviral transduction to obtain Adamtsi-inhibited LLC and B16F1
cell lines.

HEK293T cells were used for lentiviral particles production, transfected by calcium
chloride (CaCl,) method. For that, 5-10” cells were cultured in a 100 mm plate up to
optimal confluence (50-80%). 20 ug of the expression vector, 6ug of envelope vector
(vSVG) and 15 ug of packaging vector (psPAX2) were mixed in 2M CaCl, and 2X HBS
buffers. After 30 min incubation at RT, the mix was added to HEK293T culture drop
by drop while swirling the plate. After 9-14 h of cell incubation, culture media was
replaced with 5 mL of fresh media. After 48 h, virus-containing supernatant was
collected and centrifuged 5 min at 3000 rpm. After it, supernatant was cleared using
a 0.45 um filter and it was directly used to infect tumour cells or stored at -80 °C.

2-10° cells (LLC or B16F1) were resuspended and incubated with the virus-containing
media for 10 min at room temperature (RT). Then, cell suspension was plated in a
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100 mm plate adding 9 mL more of fresh media. After overnight incubation, media
was renewed. After expansion and passage of the cells (after 4 days, approximately),
puromycin-containing media (1 pg/mL) was used for 2 weeks to select the
transfected cells (obtaining LLC-shAts1l and B16F1-shAtsl cell lines, respectively).
Finally, Adamts1 inhibition in selected cells was evaluated by quantitative PCR (gqPCR)
and western blot (WB).

1.2.3.Adamts1 overexpression in HT1080 cell line.

For Adamts1 overexpression, HT1080 cells were co-transfected by calcium chloride
(CaCl,) method with ADAMTS1 plasmid (kindly provided by Dr. Luisa Iruela-Arispe) in
presence of Hygromycin, obtaining HT1080-Ats1 cell line (Casal et al., 2010).

1.3. Adhesion and proliferation assays.

Cell adhesion was studied using pre-coated 96-well plates. Coating included: bovine
type | collagen solution (1:30 dilution, 5005-B, Advanced Biomatrix, USA) and
fibronectin (FN, FC010-10MG, Merck, USA) 1:30) for 2h at 37°C, performing a final
wash with PBS/BSA 1 mg/mL prior to assay. 6-10° cells/well were added and
incubated for 1 h at 37 °C. Then, media was discarded and wells were washed twice
with warm PBS. Attached cells were fixed with 4 % PFA for 5 minutes and stained
with Toluidine blue (0.5 % in 4% PFA) for 5 minutes. Toluidine excess was discarded
and rinsed three times with tap water. When wells were dried, 100 ul/well of 1 % SDS
in H,0 was added and plate was shaken for 10 minutes. Finally, absorbance was
measured at the Infinite 200 Pro NanoQuant (Tecan, Switzerland) at 595 nm.

Alternatively, cell adhesion was evaluated together with cell proliferation using E-
plates in the xCelligence system (ACEA Biosciences, USA) that offers real-time cell
behaviour analyses. These plates are formed by 16 wells with a sheet of
microelectrodes that detect cell attachment. When the interaction between cells and
the underlying electrode surface takes place, electrodes ability to sense conductive
media is blocked. It is reported as cell impedance, modulated by cell number and
interaction strength (Figure 75).
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Figure 75. xCELLigence impedance mechanism for measuring cell adhesion and proliferation.
Representation of cells adhering to microelectrodes of xCELLigence platform. Impedance is
regualted by the number of cells and their attachment and proliferation. [Created in BioRender].

Following manufacturer’s instructions, these assays were performed on previously
coated wells with a 1:30 Matrigel (BD Bioscience, USA) dilution. Adhesion was
considered up to the first 9 hours (including measures every 15 minutes) while
proliferation followed from 9 to 70 hours (with measures every hour) since the
experiment started. For these experiments the number of tumour cells was 3-10" and
4-10" cells/well of LLC (and LLC-shAts1) and B16F1 respectively, 1-10* and 2-10*
cell/well of HUVEC and MPAEC respectively, and 4-10* cells/well of BMDM.

2.  Mouse colony maintenance, genotyping and ethical approval.

C57BIl/6 Wild Type (WT) and Ats1-KO (Shindo et al., 2000) mice were maintained at
Centro de Investigacion Biomédica, University of Granada animal facility. Mice were
properly housed on a 12h day/night cycle in sterilised cages, under pathogen-free
conditions, and were provided with food and water ad libitum. Four weeks after
birth, mice were weaned, labelled by ear notch punch, and genotyped with genomic
DNA isolated from ears tissue.

For genotyping, Nucleospin tissue kit (Macherey Nagel, Germany) was used to isolate
the DNA and gPCR was performed using iQ SYBR Green Supermix (Bio-Rad, USA)
during 37 cycles at 60 °C of annealing temperature. WT gene was amplified with
primers recognising exons 5 and 6 of murine Adamtsl gene, generating a DNA
product of 333bp. Adamts1 KO allele was amplified using primers that recognise the
PGK-Neo cassette (Figure 76) found in transgenic mice, generating a DNA product of
177bp (Lee et al., 2005). Primer sequences are found in Table 2.
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Figure 76. Adamts1 inactivation by homologous recombination. Schematic diagram of gene
targeting strategy to generate Ats1-KO mouse. PGK-Neo cassete was introduced inside Adamts1
gene and it is used to detected the genetically modified genotype. E, B, H, Xb are sequences that
recognise the different digestion enzimes.

All animals were handled and sacrificed according to ethical guidelines internationally
accepted and established by the Approved Ethical Committee 152-CEEA-OH-2016.

3. Isolation, culture and in vitro assays with bone marrow (BM) and bone
marrow-derived macrophages (BMDM).

These cells were isolated from WT and Ats1-KO mice, properly sacrificed according to
healthcare guidelines. Tibia and femur of both legs were taken and, to obtain bone
marrow (BM) cell suspension, they were flushed with 5mL of PBS using a 23G syringe.
Suspension was filtered through a 100 um cell strainer and centrifuged for 5 min at
300 g. Cell pellet was resuspended in 5 mL of Red Blood Cell Lysis Buffer (RBC) (150
mM NH,4CI, 10 mM KHCO3;, 0.1 mM Na, EDTA, pH 7.2-7.4) and incubated 4 min at RT.
Cell suspension was centrifuged for 10 min at 200 g, and cells were resuspended in
PBS. BM cells were cultured at a concentration of 4-10° cells/mL in 100 mm non-
treated plates with 10 mL of Selection medium (DMEM low glucose with 20 % of
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heat-inactivated FBS, 2 % of P/S and 20 ng/mL of M-CSF (Peprotech, USA)).
Macrophages (BMDM) were selected by their adherence properties after 7 days. At
day 4 post-seeding, culture media was refreshed adding 4 mL of fresh selection
media. At day 7, culture media and non-attached cells were discarded and selected
macrophages were detached with 5 mL of 4mM EDTA for 10 min. BMDM enrichment
and purity were evaluated by flow cytometry with CD11b antibody (see Table 3).

3.1. Invitro BMDM polarisation.

3:10° BMDM cells/well were seeded in 24-well tissue plates in 500 pL of media
according to experimental requirements. As controls during polarisation assays, the
following media containing different cytokines were used: i) BMDM-M@ media as
negative control of polarisation (DMEM low glucose, 10 % of heat-inactivated FBS, 1
% of P/S, 20 ng/mL of M-CSF); ii) BMDM-M1 media (BMDM-M@ media supplemented
with 20n g/mL IFNy (Peprotech, USA) and 100 ng/ml LPS) for classically activated
macrophages (M1); iii) BMDM-M2 media (BMDM-M@ media supplemented with 20
ng/ml IL-4 (Peprotech, USA)) for alternatively activated macrophages (M2) (Figure
77).

Selected monocytes
Selection medium
DMEM low glucose
+20%FBS + 2%P/S + Day 6
20ng/mL M-CSF Polarisation

|
Bone marrow cells

Isolated from WT o e 2
and Ats1-KO M-CSF M-CSF M-CSF M-CSF
C57BI/6 mice +IFNy +IL4  +CM
+ LPS (1:1)

Figure 77. BMDM polarisation protocol. Schematic representation of BMDM selection and
polarisation in vitro. Bone marrow cells are obtanied by flushing mouse femur and tibia and
monocytes are selected during 6 day by M-CSF. After selection, cells are cultured with different
cytokines to polarise macrophages to M0, M1 and M2 or with CM of tumour cells. [Created in
BioRender].

To evaluate how the secretome of tumours cells affects polarisation of BMDM, fresh
24-hour conditioned medium (CM) from tumour cell lines was collected and used the
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same day that BMDM were detached. These media were filtered using a 0.2 um filter
to remove floating cells and cell debris. For these polarisation experiments, BMDM
were cultured in a ratio of 1:1 of double-BMDM-M@ media (DMEM low glucose with
20 % of heat-inactivated FBS, 2 % of P/S and 40 ng/mL of M-CSF) and CM (Figure 77).
After 24 h, BMDM were detached and analysed by FC and RNA expression, as
described later.

3.2. Invitro migration of BMDM in transwell.

To achieve the migration activity of WT and Ats1-KO macrophages, BMDM isolated
from these mice were detached and cultured on 24-well 6.5 mm Transwell® with 8.0
um Pore Polycarbonate Membrane Inserts (Corning, USA). 5-10* macrophages were
added to the upper side of the membrane in 100 plL of media. Then, 600 puL of media
with or without chemoattractant were added to the well. Negative control media
(without chemoattractant) contained DMEM low glucose with 20 ng/mL M-CSF,
while positive control (with chemoattractant) was prepared with DMEM low glucose,
20 ng/mL M-CSF and 10 % FBS. Cells were let to migrate for 24 hours (Figure 78).
Later, migrated macrophages on the lower side of the insert were properly stained.

Transwell
insert

4
5-10 BMDM | —>

24 hours

Membrane <—— N Migrated

Chemoattractant cells

Figure 78. Transwell migration experiment. Schematic representation of migration experiment.
WT and Ats1-KO BMDM were cultured on the transwell in order to migrate to the chemoattractant
(FBS). After 24 hours, migrated cells were stained and counted. [Created in BioRender].

For the staining, inserts were washed once with PBS and cells were fixed with cold
absolute methanol for 10 minutes at RT. Inserts were air dried for 10 minutes and
stained with 0.2 % crystal violet in a 20 % methanol solution for 10 minutes at RT.
Non-migrated cells were removed from the upper side of the membrane with a
cotton swab, and inserts were washed twice with PBS for 5 minutes in gentle
agitation, removing such non-migrated cells. Next, inserts were air dried for 10
minutes. To visualise the cells, inserts were plated on p-Slide 8 well chambered
coverslips (ibidi, Germany) and pictures were taken on a PALM Microbeam Laser
Microdissection system (Zeiss, Germany). 4-6 pictures were taken of each membrane
and migrated macrophages were counted using ImagelJ software (NIH, USA). For each
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WT and Ats1-KO group, average of migrated cells was calculated and relative
migration was computed comparing positive control (with chemoattractant) versus
negative control (without chemoattractant).

3.3. Invitro phagocytosis of cancer cells by BMDM.

Phagocytosis experiments (adapted from (Nam et al., 2019)) were performed using
WT and Ats1-KO BMDM. Using 24-well tissue plates, 3-10° BMDM-M@ cells/well in
500 uL were seeded the day prior to starting the phagocytosis assay. The next day,
tumour cells (LLC, B16F1, HT1080 and HT1080-Atsl) were labelled with the
fluorescent dye carboxyfluorescein diacetate succinimidyl ester (CFSE) in PBS
following manufacturer’s instruction and concentration. In order to avoid CFSE
toxicity, staining was performed in presence of 2 % FBS. Then, these tumour cells
were added to the BMDM culture in a ratio of 1:2 (BMDM : tumour cells) in 500 pL of
BMDM-M@ medium. After 2.5 hours of incubation, cells were collected and analysed
by flow cytometry (Figure 79). CD11b label was used to detect BMDM among the
whole cell suspension.

CFSE
CD11b
BMDM Gy
* Phagocytosis o A +
g CFSE _g Y B CFSE
® & tumour . g tumour cells

\ P CFSE’
\ /e cD11b’
\ /\| " . ._-‘-‘ \l

’ ‘ BMDM
| 25hours |\ & ]
J \ s J

S S~

Figure 79. Phagocytosis of tumour cells by macrophages. Representation of engulfment of tumour
cells mediated by macrophages. CFSE-labelled tumour cells were added to BMDM culture and
phagocytosis was measured after 2.5 hours by FC thanks to the fluorescent dye. [Created in
BioRender].

Phagocytosis was calculated as the percentage of CFSE'/CD11b" cells (BMDM which
have engulfed tumour cells) according to the formula (Nam et al., 2019):
CFSEpositive CD11bpositive cells

Ph tosis % = x 100
agocytosts % Total CD11bpositive cells
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3.4. In vitro BMDM apoptosis assay induced by clodronate liposomes.

Clodronate liposomes have been extensively used in vivo to deplete macrophages
since clodronate is toxic and those cells (mostly macrophages). After internalisation
of the liposomes due to their phagocytic activity, they will die (Rooijen & Sanders,
1994). Indeed, they can be used in vitro to measure the phagocytosis ability of the
macrophages in culture. Accordingly, 3-10° WT and Ats1-KO BMDM cells/well were
seeded in 24-well tissue plates in 500 uL of BMDM-M@ the day before starting the
treatment. The next day, media was replaced by new one containing liposomes (PBS
and clodronate liposomes, purchased from Liposoma BV (Netherlands). The
experimental groups are: i) no liposomes, ii) PBS liposomes (1:2000 dilution), and iii) -
iv) clodronate liposomes (1:20000 and 1:2000 dilutions). After 24 hours of treatment,
cells were collected and analysed by FC for Annexin V (apoptosis marker) and 7-
amino-actinomycin D (7AAD) solution (death marker). Each sample was incubated 5
minutes at RT with 100 pL of 1X binding buffer with 2 pL of Annexin V and 2 uL of
7AAD (PE Annexin V Apoptosis Detection Kit |, 559763, BD Bioscience, USA).

4. Syngeneic tumour assays.

Subcutaneous (s.c.) tumours were generated injecting the tumour cell lines (LLC, LLC-
shAts1 and B16F1) in the right flank of both WT and Ats1-KO mice. 2.5-10° cells were
injected in the case of LLC and LLC-shAts1 cell lines, while 5-10° cells were injected to
obtain B16F1 tumours, always in 100uL of PBS. Mouse weight and tumour size were
monitored twice per week since cell inoculation. All animals were sacrificed following
healthcare guidelines. At ending-point, mouse weight was measured and tumours
were dissected for further analyses. Tumour weight was noted, and tumour
dimensions were measured with a digital calliper (length (L), width (W) and height
(H)). To calculate tumour volume while the tumour progressed in the tumour-bearing
mouse, H dimension was considered as the smallest dimension between L and W,
following the formula (Tomayko & Reynolds, 1989):

s
Tumour volume = — xLxW x H
When possible, whole tumour was divided into pieces for different analyses, such as

flow cytometry (FC), RNA isolation, immunohistochemistry (IHC) and protein
extraction.
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In various experiments, spleen and bone marrow were also taken. In the case of
spleens, they were weighted, photographed and divided for FC, RNA isolation and
IHC. Spleen ratio was calculated using the following formula (Turcotte et al., 2004):

V(spleen weigth) x 100
body weight

Spleen index =

In the case of bone marrow, femur and tibia from each mouse were obtained and
processed as described above (part 3).

For assays including Aflibercept therapy, intraperitoneal (i.p.) administration of the
drug started when tumours reached 50mm? of volume (between 2 and 3 weeks after
cell inoculation). Aflibercept treatment consisted on 2 doses (25 mg/kg) per week
during 2 weeks (4 doses in total). Two weeks after the start of the treatment, mice
were euthanized (Figure 80)

Aflibercept 25mg/kg twice per week, 4 doses, i.p.
l l

Day-14 Day 14
I—‘:_ PBS twice per week, 4 times, i.p. '—l
sl | | ] .+°
l DO D3 D7 D10 l
WT/Ats1-KO C57BI/6 Endpoint:
Subcutaneous injection Body weight
2.5x10° LLC/LLC-shAts1 Spleen weight
5x10° B16F1 Tumour volume = 50mm? Tumour volume and weight

FC analysis (tumour, spleen, BM)

Figure 80. Aflibercept treatment scheme in vivo. Experimental design of Aflibercept treatment of
LLC/LLC-shAts1/B16F1 tumour-bearing mice. [Created in BioRender].

In mice, macrophage depletion was approached by treatment with clodronate
liposomes (Rooijen & Sanders, 1994). WT and Ats1-KO C57BI/6 mice were
subcutaneously injected in the right flank with LLC tumour cells as described above.
At the same time, an initial dose of 200 uL of PBS or clodronate liposomes was
intraperitoneally injected. Then, in order to avoid macrophage repopulation, 5
injections of 100 plL each were delivered every three days (Ding et al., 2015). At day
17 from cell inoculation (2 days after last liposome injection), mice were sacrificed
and macrophage depletion was assessed by flow cytometry of spleen and tumours
using both CD11b and F4/80 markers (Figure 81).

177



100pL of Clodronate liposomes every three days (i.p.)
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Figure 81. Clodronate liposomes treatment scheme in vivo. Experimental design of macrophage
depletion by clodronate liposomes of LLC tumour-bearing mice. [Created in BioRender].

5.  Flow cytometry (FC) analyses

Depending on the type of sample, different procedures were performed. For cell
culture, cells were trypsinized for 5 min at 37 °C and washed once with media before
starting the staining protocol. For spleens, half of the organ was kept in 1 mL of fresh
0.1 % type | collagenase in PBS (Gibco, USA) at sacrifice time. Then, tissue was
mechanically disrupted with a plastic plunger of a 5 mL syringe on a petri-dish plate.
Then, solution was passed through a 70 um cell strainer. In the case of tumour
samples, they were kept in fresh RPMI-1640 medium with 10 % FBS on ice. For its
mechanical disruption, tissue was cut with curve scissors on a petri-dish plate until
paté-like consistency was obtained. Once both spleen and tumours tissues were
mechanically disrupted, enzymatic digestion took place. Samples were incubated in
2-10 mL of collagenase depending on sample size for 1h at 37 °C in the water bath,
shaking every 10 minutes. After incubation, cell suspension was passed through a 5
mL syringe with a 19.5 G needle 3-4 times and cleared through a 70 um filter. Cell
suspension was centrifuged for 5 min at 300 g and cells were resuspended with 5 ml
of RBC buffer. After 4 min incubation at RT, cell suspension was centrifuged 10 min at
200 g and cells were resuspended in PBS for counting them. Finally, BM samples
were obtained as it was explained in part 3 of this material and methods section.

For FC staining of tumour cell culture, spleen, tumour and BM, 1-10° cells were used
for each staining. In the case of BMDM polarisation, all the cells from one well were
used for each staining. First, CD16/32 blocking solution (2.4G2, 1:100, 553142, BD
Bioscience, USA) and eBioscience™ 7-amino-actinomycin D (7AAD) solution (1:100,
eBioscience, 00-6993-50, USA) were added to the cell suspension to reduce
background and identify dead cells (step not required in the case of tumour cells).
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After 5 min incubation on ice, conjugated antibodies were added and incubated for
25 min on ice. Wash steps and antibody media preparation were performed with FC
buffer (PBS, 1 % FBS and 2 mM EDTA). After incubation, cells were centrifuged for
S5min at 300 g, resuspended in FC buffer and analysed using a FacsCanto Il (BD
Bioscience, USA). In the case of intracellular NOS2 staining, fixation and
permeabilization were performed after surface antigens staining following
manufacturer protocol (Fix&Perm® Cell fixation and permeabilization kit, GAS-002,
Nordic MUbio, Netherlands). The used antibodies are found in Table 3.

6. Immunofluorescence (IF).
6.1. BMDM coverslips and Phalloidin staining.

In order to characterize the structure and morphology of cultured polarised
macrophages, polarisation protocol was performed on glass coverslips coated with 5
pg/cm? fibronectin for 1 hour at 37 °C. After 24 h of polarisation, coverslips were
washed once with PBS for 5 min while shaking and then fixed in 4 % of
paraformaldehyde (PFA) in PBS for 20 min at RT and agitation. After it, cells were
permeabilized with 0.1 % Triton X-100 for 10 min and washed twice with PBS-Tween.
Then, samples were blocked using a 3 % BSA with 1 % secondary antibody host serum
solution in PBS-Tween for 1 h at RT. Next, coverslips were washed three times with
PBS-Tween and incubated overnight at 4 °C with primary antibodies against a-tubulin
in 1 % BSA with 1 % secondary antibody host serum in PBS-Tween. After washing
three times with PBS-Tween, incubation with secondary antibody together with
Phalloidin-TRITC (1:400, Sigma-Aldrich, USA) was done for 1 h at RT (in 1%BSA with 1
% secondary antibody host serum in PBS-Tween). Finally, coverslips were washed and
stained with final mounting using DAPI with Mowiol mounting medium including 1,4-
Diazabicyclo(2,2,2)octane (DABCO, Sigma-Aldrich, USA). Confocal images were taken
in a LSM710 confocal microscopy (Zeiss, Germany) at 63X magnification.

6.2. Fixed tissues.

Tumour and spleen samples were fixed in 4 % of formaldehyde for 12 h at RT,
dehydrated and embedded in paraffin. For staining, 5 um sections were
deparaffinizated and properly rehydrated. Then, heat-based antigen retrieval was
carried out in Tris-HCI Buffer (0.5 M, pH 10) for 10 min in a microwave at 650 W.
Sections were allowed to reach RT during 30 min. After a 5-minute-wash with PBS-
Tween-20 0.05 % (PBS-Tween), sections were blocked with 3 % bovine serum
albumin (BSA) and 1 % secondary antibody host serum in PBS-Tween for 1 h at RT.
These sections were washed three times in PBS-Tween for 5 min and incubated
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overnight at 4 °C with the primary antibodies in 1 % BSA with 1 % secondary antibody
host serum in PBS-Tween. Then, sections were washed again three times as
previously detailed and were incubated with the secondary antibodies for 1 h at RT
(in 1 % BSA with 1 % secondary antibody host serum in PBS-Tween). After it, sections
were washed three times for 10 min in DBPS-Tween and cell nuclei were stained with
DAPI (4, 6-diamidine-2-fenilindol, 0.5 pug/mL in PBS) for 5 min at RT. Then, a final
wash was done with PBS for 5 min at RT, and slides were mounted with Mowiol with
DABCO. The antibodies used in these analyses are found in Table 3. Confocal images
were taken using a LSM710 confocal microscopy (Zeiss, Germany) at 63X
magnification.

7. Vasculature quantification.

Endomucin-stained tumour sections (immunofluorescence section) images were
taken at 10X magnification in the Axiolmager A.1 microscope (Zeiss, Germany).
Morphometric analyses were performed using 8 bits grey images and Image)
software following the methodology described (Rodriguez-Baena, et al., 2018). For
every set of pictures, threshold and particle size were established in order to identify
real staining and background pixels. Further processing of the data gave information
regarding vessel density (number of vessels per area), vessel perimeter and vessel
area (percentage of area occupied by vessels respect to the total area of the tissue).

8. RNA isolation, complementary DNA (cDNA) synthesis and quantitative
PCR (qPCR).

Tumour or spleen frozen tissue fragments were submitted to physical disruption on 2
mL tubes with a metallic bead on TissuelLyser LT (Qiagen, Netherlands) for 1 min at
50 oscillation/sec. RNA from cell lines and tissue was isolated using the RNAII
Nucleospin kit (Macherey-Nagel, Germany) and quantified with a NanoDrop 2000
(ThermoScientific, USA). To evaluate quality, 400 ng of isolated RNA were loaded in a
0.7 % agarose gel in TAE buffer (tris base, acetic acid and EDTA). After running the
electrophoresis, the proper presence and ratio of both 28S and 18S ribosomal RNA
isoforms indicated good quality.

cDNA was obtained from 200 to 1000 ng of RNA using the iScript cDNA kit (Bio-Rad,
USA), and qPCR was performed with 5 ng of cDNA per reaction using Fast SybrGreen.
To run the reactions, 7900HT and QuantStudio 6 Flex Real-Time PCR systems (Applied

-AACt

Biosystems, USA) were used. qPCR data are represented as 2 using different

endogenous controls (actin, 185 or GAPDH) to normalize, and showing mean and
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standard error of the mean (SEM). Primers used for this purpose are included in
Table 2.

9. RNAseq and data processing.

RNA sequencing was performed in several samples throughout the project. In all the
cases, RNA quantity and purity was measured using Agilent 2100 BioAnalyzer
(Agilent, USA). Then, 500-2000ng of total RNA with RIN values > 8.6 were used for
RNA sequencing using different platforms.

In the case of mouse tumours, B16F1-WT and B16F1-Ats1-KO samples (3 samples of
each group) were sequenced at Genomics Unit at GENyO (Granada). Libraries were
prepared using the TruSeq Stranded mRNA Library Prep Kit (lllumina, USA) according
to the manufacturer’s protocol, which captures poly-adenylated RNA by transcription
by oligo-dT primer. Then RNA is fragmented and cDNA was synthesized. Next, 3’ends
were adenylated, adapters and barcodes were ligated, and finally it is enriched by
PCR. Adapters and samples codes (index-barcodes) are added to the libraries to
sequence them simultaneously. Then, mRNA libraries quality was assessed using High
Sensitivity DNA Bioanalyzer Chip (Agilent, USA) and sequenced on the NextSeq500
platform (lllumina, USA) using the 150bp paired reading kit and a depth of 17-25
million reads for each sample.

For LLC-WT and LLC-Ats1-KO tumours (3 samples of each group), RNA sequencing
was performed at Genomics Unit at Centre de Regulacié Genomica (CRG, Barcelona).
Libraries were prepared using the TrueSeq Stranded mRNA Library Prep Kit (lllumina,
USA) according to the manufacturer’s protocol. Next, RNA was fragmented and cDNA
was synthesized using reverse transcriptase (SuperScript Il, Invitrogen, USA) and
random primers. Next, 3’ends were adenylated, adapters and barcodes were ligated,
and finally it is enriched by PCR. Then, library quality was assessed using a
Bioanalyzer DNA 1000 (Agilent, USA) or a Frament Analyzer Standard Sensitivity
(Agilent, USA) and quantified (KAPPA library quantification kit, Roche, USA).
Sequencing was performed on a NextSeq2000 platform (lllumina, USA) with a paired
end read length of 50bp and a depth of 35-45 million reads for each sample.

For the transcriptome and gene signature comparison between tumour models
(B16F1-WT, B16F1-Ats1-KO, LLC-WT and LLC-Ats1-KO), we used RSEM software (B. Li
& Dewey, 2011) to quantify transcript expression with the mouse reference from the
UCSC Genome Browser. Raw counts obtained were analysed using R software
(version 4.1.3). First the counts were filtered using filtered.data function from
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NOISeq package and normalised with TMM method (Robinson & Oshlack, 2010). Due
to the difference sequencing methodology and in order to avoid “batch effect” in the
comparison between different groups, normalised values from both datasets (B16F1-
WT/ B16F1-KO and LLC-WT/LLC-Ats1-KO) were merged and we corrected batch
effects with removeBatchEffect function from the limma package.

Using differentially expressed genes with p-value<0.05, gene signature heatmaps of
each comparison were done using scaled gene values after normalisation of the
homolog genes between human and mouse. The information about the homology
was obtained from BioMart using the biomaRt R package, filtering out those genes
with more than one homolog gene. Genes included in each signature (angiogenesis,
inflammatory response and matrisome) are found in Table 4. Those genes were
selected according to Gene Set Enrichment Analysis (GSEA) specific signatures. For
Gene Ontology (GO) enrichment, differentially expressed genes from the whole
transcriptome and specific signatures were used. Genes included in each GO
enrichment of each comparison are found in Tables 5-8. Top five GO terms of each
comparison were selected according to p-value<0.05 (in B16F1 versus LLC
comparison) or adj. p-value<0.05 (in WT versus Ats1-KO comparison). —Log(p-
value/adj. p-value) was represented. As supplementary information, top 5 GO terms
of each comparison are found in Tables 9-12.

For BMDM-derived samples, RNAs from MO, M2, LLC-CM and B16F1-CM BMDM
conditions (3 samples of each group) were sequenced after polydT-mediated cDNA
synthesis using lllumina’s random priming NEBNext RNA Library Preparation Kit.
Library quality was assessed using a Frament Analyzer (Agilent, USA) and quantified
(KAPPA library quantification kit, Roche, USA). Sequencing was performed on a
HiSeq1500 platform (lllumina, USA) with a read length of 50bp and sequenced reads
were aligned to mus musculus mm9 using STAR (Dobin et al., 2013). Uniquely aligned
reads were quantified at exons of annotated genes and normalised with TMM
method. Then, prcompt function was applied to count data in order to perform a
principal component analysis (PCA) and visualise the first two principal components.
In the case of MA-plot, it was done after applying differential expression analysis with
DESeq2 package, comparing LLC and B16F1 group.

10. Western Blot (WB).

CM from the different cell lines was analysed. To obtain it, cells were grown up to
reaching 80 % of confluence and medium was changed to serum-free medium. After
24 h on incubation, CM was collected, clarified and concentrated with StrataClean
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resin (400714, Agilent, USA). After it, resin was resuspended in Laemmli buffer with
B-mercaptoethanol for protein denaturalization. Prior to SDS-PAGE, the desired
amount of protein was denaturalized with Laemmli buffer containing B-
mercaptoethanol.

All samples were heat-shocked during 5 min at 100 °C and resolved by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using a 10 % of
polyacrylamide gel. Then, proteins were transferred to methanol-activated
polyvinylidene difluoride (PVDF) membranes (Bio-Rad, USA). In order to check
whether the transfer worked properly, and to detect the amount of protein in the
CM, PVDF membranes were stained with 0.1 % Red Ponceau (Sigma Aldrich, USA) in
5% acetic acid. Membranes were blocked with 5 % low-fat milk for 1 h at RT and
incubated overnight at 4 °C with the primary antibodies (found in Table 3). Following,
membranes were incubated 1 h at RT with horseradish peroxidase (HRP)-conjugated
secondary antibodies and signal was detected using the ECL Prime Western Blotting
Detection Reagent (GE Healthcare LifeScience, USA). Images were captured in the
ImageQuant LAS 4000 mini (GE Healthcare LifeScience, USA).

10.1. Versican WB.

Due to the singular nature of versican, its size and post-translational modifications,
protein isolation from CM and detection protocol differs from the one previously
exposed. In this case, CM (resin-concentrated as previously showed), were treated
for 1 h at 37 °C in the shaker with gentle agitation with 5 U/mL Chondroitinase ABC
(Sigma-Aldrich, USA), chondroitinase buffer (180 mM Tris, 216 mM sodium acetate)
and 200 pg/mL ovomucoid (Sigma-Aldrich, USA). After the treatment, Laemmli buffer
with B-mercaptoethanol was added and samples were heated for 10 min at 100 °C.
Finally, proteins were resolved in 4-20 % Mini-PROTEAN® TGX™ Precast protein gels
(Bio-Rad, USA). The primary antibody is the polyclonal rabbit anti-Versican GAGP
domain (AB1033, Millipore, USA) to recognise full-length VCAN.

11. Proteome profiler cytokine array.

Secretome of various cell lines was evaluated using the Proteome Profiler Mouse XL
Cytokine Array (ARY028, R&D, USA), which allows to measure the levels of 111
cytokines, chemokines and grow factors at the same time. Following manufacturer
indications, 24-hour fresh CM from cells was collected and particles were removed by
centrifugation. 400 plL of each CM were used for the array. Nitrocellulose membranes
containing control and capture antibodies spotted in duplicate (as provided in the kit)
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were first blocked for one hour and incubated with the CM overnight at 4 °C in a
rocking platform. After washing, Detection Antibody Cocktail was incubated for 1
hour at RT in a rocking platform, followed by 30 min incubation with Streptavidin-
HRP. Finally, membranes were incubated for 1 min with Chemi Reagent Mix and
signal was detected in the ImageQuant LAS 4000 mini (GE Healthcare LifeScience,
USA).

For quantification of the signal, pictures of membranes were analysed using the
Protein Array Tool for Math Works (Danny Allen 2021. Protein Array Tool, MATALAB
Central File Exchange. Retrieved June 18, 2021). Signal intensity was calculated
according to the reference spots, and mean intensity of duplicate spots for each
molecule was compared between the different membranes. For further analyses,
only molecules with greater differences than 15 % were considered.

12. Statistical analysis

Statistical analyses were performed with GraphPad Prism 6.0 software (GraphPad
software Inc., USA) with studies of median and outliers in all sample cohorts by
Tukey’s test prior to two-tailed t Student tests. P value>0.05 was considered as
statistically significant. All data was expressed as mean + SEM.
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Table 2. List of primers used for different purposes.

Gene Specie Forward Reverse Group
Adamts1 Mouse CAAGTGCGTGAACAAGACAGACA GTATTGAACTCCACCACCACAG
Genotyping
PGK-Neo - TGAATGAACTGCAGGACGAG TGAATGAACTGCAGGACGAG
Cdh5 Mouse TTACTCAATCCACATACACATTTTCG GCATGATGCTGTACTTGGTCATC
Endothelial-
Cd31 Mouse TCCAGGTGTGCGAAATGCT TGGCAGCTGATGCCTATGG related
Endoglin Mouse TCGATAGCAGCACTGGATGAC AGCTTCTGGCAAGCACAAGAA genes
Adamts1 Mouse CTGGCAGAAACAACACAACAG TGAATTGGGCCATGTGTTTAAC
Adamts4 Mouse CAGACGAAGCACTCACCTT CCAGCCTGAGGAACATTGA
Adamts9 | Mouse GCCTGTGCTACCTTACCTAAAC CCACAAGTCACGGAACAAGAG EC“;::ZtEd
Nidogen 1 Mouse CGGTCTATGTCACCACAAATGGTA AGGTTCCGGGATGGTATTCTGT
Versican Mouse CTTTGCTCATCGACGCACAT TGTCATTGAGGCCGATCCA
Argl Mouse CCGATTCACCTGAGCTTTGA AAAGGAGCCCTGTCTTGTAAAT
Cd3 Mouse CAGTCAAGAGCTTCAGACAAG GATGGCTGTACTGGTCATATTC
Cd4 Mouse GAGTTCCCAGAAGAAGATCAC AAGGCGAACCTCCTCTAA
Cd8 Mouse CCATGAGGGACACGAATAATAA GAGTTCACTTTCTGAAGGACTG
Cdiib Mouse GCAGCACTGAGATCCTGTTTA CTCCACTTTGGTCTCTGTCTTAG
Cd163 Mouse GAGGAAACTGTAAGTCGCTGAA ACGGCACTCTTGGTTTGT Immune
system
Cd206 Mouse TATGGCAACAGACAAGAGAAG GGAGTACATGGCTTCATATCC genes
FoxP3 Mouse CAATAGTTCCTTCCCAGAGTTC TCGGATAAGGGTGGCATAG
Grl Mouse TATTGTGGACTCTCACAGAAGC GTCTTCACGTTGACAGCATTAC
16 Mouse AGGAGACTTCACAGAGGATACC GAATTGCCATTGCACAACTCTT
Nos2 Mouse CTTGGTGAAAGTGGTGTTCTTTG TCAGACTTCCCTGTCTCAGTAG
Tnfa Mouse GCCTCCCTCTCATCAGTTCTAT CACTTGGTGGTGGTTTGCTACGA
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Table 3. List of antibodies used for WB, IF and/or FC.

Protein Antibody Application
Monoclonal mouse anti-human ADAMTS1 (AF5867,
ADAMTS1 R&D, USA) WB
CD11b Monoclonal APC ra't an'tl-mouse CD11b (553312 BD FC
Bioscience, USA)
Monoclonal PE rat anti-mouse CD206 (141706
CD2 ! FC
06 Biolegend, USA)
CD3e Monoclonal PE Arm. h‘flmstcer anti-mouse CD3e (12- FC
0031, eBioscience, USA)
Monoclonal FITC rat anti-mouse/human CD45R/B220
CD45R-B22 FC
> 0 (11-0452, eBioscience, USA)
Endomucin Monoclonal rat anti-mouse Endomucin (SC65495, IF
SCBT, USA)
Monoclonal PE rat anti-mouse F4/80 (123110,
F4/80 . FC
/ Biolegend, USA)
Monoclonal FITC rat anti-mouse Grl (130-102-338,
Grl . . FC
Miltenyi Biotech, Germany)
NID1 Polyclonal goat anti-human NID1 (AF2570, R&D, IF/WB
USA)
NOS2 Monoclonal PE-eFluor 6?0 rét anti-mouse iNOS (61- FC
5920-80, eBioscience, USA)
. Polyclonal rabbit anti-mouse a-Tubulin (sc-5546,
Tubulin SCBT, USA) IF
SMA Monoclonal Cy3 mouse anti-mouse SMA (C6198, IF
Sigma-Aldrich, USA)
VERSICAN V1 Polyclonal rabbit anti-mouse Versican GAGB domain IF/WB

(AB1033, Millipore, USA)
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Table 4. Genes included in specific signatures. List of human genes included in each
gene signature, extracted from Gene Set Enrichment Analysis database.

Matrisome (1026 genes)

A2M A2ML1 ABI3BP ACAN ADAM10 ADAM11
ADAM12 ADAM15 ADAM17 ADAM18 ADAM19 ADAM2
ADAM20 ADAM21 ADAM?22 ADAM?23 ADAM28 ADAM?29
ADAM30 ADAM32 ADAM33 ADAM7 ADAMS ADAMY

ADAMDEC1 | ADAMTS1 | ADAMTS10 | ADAMTS12 | ADAMTS13 | ADAMTS14
ADAMTS1S5 | ADAMTS16 | ADAMTS17 | ADAMTS18 | ADAMTS19 | ADAMTS2
ADAMTS20 | ADAMTS3 | ADAMTS4 | ADAMTSS | ADAMTS6 | ADAMTS7
ADAMTS8 | ADAMTSS | ADAMTSL1 | ADAMTSL2 | ADAMTSL3 | ADAMTSLA
ADAMTSLS ADIPOQ AEBP1 AGRN AGT AMBN

AMBP AMELX AMELY AMH ANGPT1 ANGPT2
ANGPT4 ANGPTL1 ANGPTL2 ANGPTL3 ANGPTL4 ANGPTLS
ANGPTL6 ANGPTL7 ANOS1 ANXA1 ANXA10 ANXA11
ANXA13 ANXA2 ANXA3 ANXA4 ANXAS5 ANXA6

ANXA7 ANXA8 ANXA8L1 ANXA9 AREG ARTN

ASPN ASTL BCAN BDNF BGLAP BGN

BMP1 BMP10 BMP15 BMP2 BMP3 BMP4

BMP5 BMP6 BMP7 BMP8A BMP8B BMPER
BRINP2 BRINP3 BSPH1 BTC C170rf58 Cl1QA

Cl1QB c1QcC ciQlL1 c1QL2 ciaL3 ciQL4
C1QTNF1 C1QTNF2 C1QTNF3 C1QTNF4 C1QTNF5 C1QTNF6
C1QTNF7 C1QTNF8 C1QTNF9 | C1QTNF9B CBLN1 CBLN2

CBLN3 CBLN4 CCBE1 CCL1 CCL11 CCL13

CCL14 CCL15 CCL16 CCL17 CCL18 CCL19

CCL2 CCL20 CCL21 CCL22 CCL23 CCL24

CCL25 CCL26 CCL27 CCL28 CCL3 CCL3L3

CCL4 CCL4L2 CCL5 CCL7 CCL8 CCN1

CCN2 CCN3 CCN4 CCN5 CCN6 CD109

CD209 CDCP2 CELA1 CELA2A CELA2B CELA3A
CELA3B CFC1 CFC1B CHAD CHADL CHRD
CHRDL1 CHRDL2 CILP CILP2 CLC CLCF1
CLEC10A CLEC11A CLEC12A CLEC12B CLEC14A CLEC17A
CLEC18A CLEC18B CLEC18C CLEC19A CLEC1A CLEC1B
CLEC2A CLEC2B CLEC2D CLEC2L CLEC3A CLEC3B
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Matrisome (1026 genes)
CLEC4A CLEC4C CLEC4D CLECAE CLECAF CLECAG
CLECAM CLEC5A CLEC6A CLEC7A CLEC9A CNTF
COCH COL10A1 COL11A1 COL11A2 COL12A1 COL13A1
COL14A1 COL15A1 COL16A1 COL17A1 COL18A1 COL19A1
COL1A1 COL1A2 COL20A1 COL21A1 COL22A1 COL23A1
COL24A1 COL25A1 COL26A1 COL27A1 COL28A1 COL2A1
COL3A1 COL4Al1 COL4A2 COL4A3 COL4A4 COL4A5
COL4A6 COL5A1 COL5A2 COL5A3 COL6Al1 COL6A2
COL6A3 COL6AS COL6A6 COL7A1 COL8A1 COL8A2
COL9A1 COL9A2 COL9A3 COLEC10 COLEC11 COLEC12
coLQ COMP CPAMDS8 CPN2 CRELD1 CRELD2
CRHBP CRIM1 CRISPLD1 CRISPLD2 CRLF1 CRLF3
CRNN CSF1 CSF2 CSF3 CSH1 CSH2
CSHL1 CSPG4 CSPG5 CST1 CST11 CST2
CST3 CST4 CST5 CST6 CST7 CST8
CST9 CSTIOL CSTA CSTB CSTL1 CTF1
CTHRC1 CTSA CTSB CTSC CTSD CTSE
CTSF CTSG CTSH CTSK CTSL CTSO
CTSS CTSV CTSW CTSZ CX3CL1 CXCL1
CXCL10 CXCL11 CXCL12 CXCL13 CXCL14 CXCL2
CXCL3 CXCL5 CXCL6 CXCL8 CXCL9 DCN
DHH DMBT1 DMP1 DPT DSPP EBI3
ECM1 ECM2 EDA EDIL3 EFEMP1 EFEMP2
EGF EGFL6 EGFL7 EGFL8 EGFLAM EGLN1
EGLN2 EGLN3 ELANE ELFN1 ELFN2 ELN
ELSPBP1 EMCN EMID1 EMILIN1 EMILIN2 EMILIN3
EPGN EPO EPYC EREG ESM1 EYS
F10 F12 F13A1 F13B F2 F7
F9 FAM20A FAM20B FAM20C FASLG FBLN1
FBLN2 FBLN5 FBLN7 FBN1 FBN2 FBN3
FCN1 FCN2 FCN3 FGA FGB FGF1
FGF10 FGF11 FGF12 FGF13 FGF14 FGF16
FGF17 FGF18 FGF19 FGF2 FGF20 FGF21
FGF22 FGF23 FGF3 FGF4 FGF5 FGF6
FGF7 FGF8 FGF9 FGFBP1 FGFBP2 FGFBP3
FGG FGL1 FGL2 FLG FLG2 FLT3LG
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Matrisome (1026 genes)

FMOD FN1 FNDC1 FNDC7 FNDC8 FRAS1
FREM1 FREM2 FREM3 FRZB FST FSTL1
FSTL3 GAS6 GDF1 GDF10 GDF11 GDF15
GDF2 GDF3 GDF5 GDF6 GDF7 GDF9
GDNF GH1 GH2 GLDN GPC1 GPC2
GPC3 GPC4 GPC5 GPC6 GREM1 GRIFIN
HABP2 HAPLN1 HAPLN2 HAPLN3 HAPLN4 HBEGF
HCFC1 HCFC2 HGF HGFAC HHIP HMCN1
HMCN2 HMSD HPSE HPSE2 HPX HRG
HRNR HSPG2 HTRA1 HTRA3 HTRA4 HYAL1
HYAL2 HYAL3 HYALA IBSP IFNA1 IFNA10
IFNA13 IFNA14 IFNA16 IFNA17 IFNA2 IFNA21
IFNA4 IFNA5 IFNAG6 IFNA7 IFNAS8 IFNB1
IFNE IFNG IFNK IFNW1 IGF1 IGF2
IGFALS IGFBP1 IGFBP2 IGFBP3 IGFBP4 IGFBP5
IGFBP6 IGFBP7 IGFBPL1 IGSF10 IHH IL10
IL11 IL12A IL12B IL13 IL15 IL16
IL17A IL17B IL17C IL17D IL17F IL18
IL19 IL1A IL1B IL1F10 ILIRN IL2
IL20 L22 IL23A IL24 IL25 IL26
IL3 IL34 IL36A IL36B IL36G IL36RN
IL37 IL4 IL5 IL6 IL7 IL9
IMPG1 IMPG2 INHA INHBA INHBB INHBC
INHBE INS INS-IGF2 INSL3 INSL5 INSL6
INTS14 INTS6L ISM1 ISM2 ITIH1 ITIH2
ITIH3 ITIHA ITIH5 ITIH6 ITLN1 ITLN2
KAZALD1 KCP KERA KITLG KNG1 KY
LAMA1 LAMA2 LAMA3 LAMA4 LAMAS LAMB1
LAMB2 LAMB3 LAMBA4 LAMC1 LAMC2 LAMC3
LEFTY1 LEFTY2 LEP LGALS1 LGALS12 LGALS13
LGALS14 LGALS16 LGALS2 LGALS3 LGALS4 LGALS7
LGALSS8 LGALS9 LGALS9B LGALSOC LGALSL LGI1
LGI2 LGI3 LGI4 LIF LMAN1 LMAN1L
LOX LOXL1 LOXL2 LOXL3 LOXL4 LPA
LRG1 LTA LTB LTBP1 LTBP2 LTBP3
LTBP4 LUM MASP1 MASP2 MATN1 MATN2




Matrisome (1026 genes)

MATN3 MATN4 MBL2 MDK MEGF10 MEGF11
MEGF6 MEGF8 MEGF9 MEP1A MEP1B MEPE
MFAP1 MFAP2 MFAP3 MFAP4 MFAP5 MFGES8
MGP MMP1 MMP10 MMP11 MMP12 MMP13
MMP14 MMP15 MMP16 MMP17 MMP19 MMP2
MMP20 MMP21 MMP23B MMP24 MMP25 MMP26
MMP27 MMP28 MMP3 MMP7 MMP8 MMP9
MMRN1 MMRN2 MST1 MST1L MSTN MUC1
MUC12 MUC13 MUC15 MUC16 MUC17 MUC19
MUC2 MUC20 MUC21 MUC22 MUC3A MUC4
MUC5AC MUC5B MUC6 MUC7 MUCL1 MXRA5S
NCAN NDNF NELL1 NELL2 NGF NGLY1
NID1 NID2 NODAL NPNT NRG1 NRG2
NRG3 NRG4 NRTN NTF3 NTF4 NTN1
NTN3 NTN4 NTN5 NTNG1 NTNG2 NYX
OGFOD1 OGFOD2 OGN OIT3 OMD OPRPN
OPTC OSM OTOG OTOL1 OVGP1 P3H1
P3H2 P3H3 PAHA1 PAHA2 PAHA3 PAHTM
PAMR1 PAPLN PAPPA PAPPA2 PARM1 PCOLCE
PCOLCE2 PCSK5 PCSK6 PDGFA PDGFB PDGFC
PDGFD PF4 PF4V1 PGF PI3 PIK3IP1
PLAT PLAU PLG PLOD1 PLOD2 PLOD3
PLXDC1 PLXDC2 PLXNA1 PLXNA2 PLXNA3 PLXNA4
PLXNB1 PLXNB2 PLXNB3 PLXNC1 PLXND1 PODN
PODNL1 POMZP3 POSTN PPBP PRELP PRG2
PRG3 PRG4 PRL PRSS1 PRSS12 PRSS2
PRSS3 PSPN PTN PXDN PXDNL PzP
REG1A REG1B REG3A REG3G REG4 RELN
RPTN RSPO1 RSPO2 RSPO3 RSPO4 S100A1
S100A10 S100A11 S100A12 S100A13 S100A14 S100A16
S100A2 S100A3 S100A4 S100A5 S100A6 S100A7
S100A7A S100A7L2 S100A8 S100A9 S100B 5100G
S100P $100Z SBSPON SCUBE1 SCUBE2 SCUBE3
SDC1 SDC2 SDC3 SDC4 SEMA3A SEMA3B
SEMA3C SEMA3D SEMA3E SEMA3F SEMA3G SEMA4A
SEMA4B SEMAA4C SEMA4D SEMAA4F SEMAA4G SEMASA
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Matrisome (1026 genes)

SEMASB SEMAGA SEMAG6B SEMA6C SEMA6D | SEMA7A
SERPINA1 | SERPINA1O | SERPINA1l | SERPINA12 | SERPINA2 | SERPINA3
SERPINA4 | SERPINAS SERPINA6 | SERPINA7 | SERPINAS | SERPINB1
SERPINB10 | SERPINB11 | SERPINB12 | SERPINB13 | SERPINB2 | SERPINB3
SERPINB4 SERPINBS SERPINB6 SERPINB7 | SERPINB8 | SERPINB9
SERPINC1 SERPIND1 SERPINE1 SERPINE2 | SERPINE3 | SERPINF1
SERPINF2 SERPING1 | SERPINH1 SERPINI1 SERPINI2 SFRP1

SFRP2 SFRP4 SFRP5 SFTA2 SFTA3 SFTPA1

SFTPA2 SFTPB SFTPC SFTPD SHH SLIT1

SLIT2 SLIT3 SLPI SMOC1 SMOC2 SNED1
SPAM1 SPARC SPARCL1 SPOCK1 SPOCK?2 SPOCK3
SPON1 SPON2 SPP1 SRGN SRPX SRPX2
SSPOP ST14 SULF1 SULF2 SVEP1 TCHH
TCHHL1 TDGF1 TECTA TECTB TGFA TGFB1
TGFB2 TGFB3 TGFBI TGM1 TGM2 TGM3
TGM4 TGM5 TGM6 TGM7 THBS1 THBS2
THBS3 THBS4 THPO THSD4 TIMP1 TIMP2
TIMP3 TIMP4 TINAG TINAGL1 TLL1 TLL2
TMPRSS15 TNC TNF TNFAIP6 TNFSF10 | TNFSF11
TNFSF12 TNFSF13 TNFSF13B TNFSF14 TNFSF15 | TNFSF18
TNFSF4 TNFSF8 TNFSF9 TNN TNR TNXB
TPO TSKU TSPEAR USH2A VCAN VEGFA
VEGFB VEGFC VEGFD VIT VTN VWA1
VWA?2 VWA3A VWA3B VWASA VWASB1 | VWASB2
VWA?7 VWC2 VWC2L VWCE VWDE VWF
WFIKKN1 WFIKKN2 WIF1 WNT1 WNT10A | WNT10B
WNT11 WNT16 WNT2 WNT2B WNT3 WNT3A
WNT4 WNT5A WNT5B WNT6 WNT7A WNT7B
WNT8A WNT8B WNT9A WNT9B XCL1 XCL2
ZFP91 ZP1 P2 ZP3 ZP4 ZPLD1




Inflammatory response (200 genes)
ABCA1 ABI1 ACVR1B ACVR2A ADM ADORA2B
ADRM1 AHR APLNR AQP9 ATP2A2 ATP2B1
ATP2C1 AXL BDKRB1 BEST1 BST2 BTG2
C3AR1 C5AR1 CALCRL CCL17 CCL2 CCL20
CCL22 CCL24 CCL5 CCL7 CCR7 CCRL2
CD14 CD40 CD48 CD55 CD69 CD70
CD82 CDKN1A CHST2 CLEC5A CMKLR1 CSF1
CSF3 CSF3R CX3CL1 CXCL10 CXCL11 CXCL6
CXCL9 CXCR6 CYBB DCBLD2 EBI3 EDN1
EIF2AK2 EMP3 ADGRE1 EREG F3 FFAR2
FPR1 FZD5 GABBR1 GCH1 GNA15 GNAI3
GP1BA GPC3 GPR132 GPR183 HAS2 HBEGF
HIF1A HPN HRH1 ICAM1 ICAM4 ICOSLG
IFITM1 IFNAR1 IFNGR2 IL10 ILLORA IL12B
IL15 ILL5RA IL18 IL18R1 ILL8RAP IL1A
IL1B ILIR1 IL2RB ILAR IL6 IL7R
CXCL8 INHBA IRAK2 IRF1 IRF7 ITGAS
ITGB3 ITGB8 KCNA3 KCNJ2 KCNMB2 KIF1B
KLF6 LAMP3 LCK LCP2 LDLR LIF
LPAR1 LTA LY6E LYN MARCO MEFV
MEP1A MET MMP14 MSR1 MXD1 MYC
NAMPT NDP NFKB1 NFKBIA NLRP3 NMI
NMUR1 NOD2 NPFFR2 OLR1 OPRK1 OSM
OSMR P2RX4 P2RX7 P2RY2 PCDH7 PDE4B
PDPN PIK3R5 PLAUR PROK2 PSEN1 PTAFR
PTGER2 PTGER4 PTGIR PTPRE PVR RAF1
RASGRP1 RELA RGS1 RGS16 RHOG RIPK2
RNF144B ROS1 RTP4 SCARF1 SCN1B SELE
SELL SELENOS SEMA4D SERPINE1 SGMS2 SLAMF1
SLC11A2 SLC1A2 SLC28A2 SLC31A1 SLC31A2 SLC4A4
SLC7A1 SLC7A2 SPHK1 SRI STAB1 TACR1
TACR3 TAPBP TIMP1 TLR1 TLR2 TLR3
TNFAIP6 TNFRSF1B TNFRSF9 TNFSF10 TNFSF15 TNFSF9
TPBG VIP




Angiogenesis (103 genes)

ACVRL1 AGGF1 AKT1 AMOT ANG ANGPT1
ANGPTL3 ANGPTLA APOH APP ARNT ATPSIF1
BTG1 C1GALT1 CANX CCND2 CDH13 CHRNA7
COL3A1 COLAA2 COL4AA3 COL5A2 CREBBP CXCL6
CXCL8 EGF EMCN EPGN ERAP1 FGF2
FGFR1 FGFR2 FLT1 FOXO04 FSTL1 HIF1A
HTATIP2 IL17F IL18 ITGAV JAG1 JAG2
KCNJ8 KDR LPL LRPAP1 LUM MAPK1
MAPK14 MMP9 MSX1 MYH9 NCL NF1
NOS3 NOTCH4 NPPB NPR1 OLR1 PDGFA
PDGFB PDGFRA PF4 PGLYRP1 PIK3CA PLCG1
PLG PML POSTN PRG2 PROK?2 PTK2
RHOB RNH1 ROBO4 RUNX1 S100A4 SCG2
SERPINAS SERPINF1 SHH SLCO2A1 SMAD1 SPHK1
SPINKS5 SPP1 SRC STAB1 STC1 TEK
TGFB2 THBD THY1 TIMP1 TIMP2 TIMP3
TNFRSF21 TNFSF12 TNNI3 VAV2 VCAN VEGFA
VTN
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Table 5. Differentially expressed genes between B16F1-WT and LLC-WT tumours.
Differential expression of genes included in each signature in the comparison B16F1-
WT and LLC-WT. Corresponding fold change (LogFC) is included in brackets. Some of
these lists of genes were used to perform GO enrichment.

25 upregulated genes in B16F1-WT vs LLC-WT (matrisome)

Adam12 (2.44) | Adam22 (0.85) | Adamts12 (0.49) | Adamts5 (2.34)
Clec7a (1.07) Cxcl10 (2.63) Cxcl11 (1.57) Cxcl9 (0.67)
Ecm2 (0.91) FbIn5 (3.92) Fgfl (1.22) Fgl2 (1.77)
Hpse (2.01) Ifng (2.28) 1110 (0.74) 1118 (0.62)
117 (2.68) Lox (1.35) Megf9 (2.66) Npnt (1.65)
PIxncl (2.97) Sema6a (1.09) Slit2 (1.18) Sparcll (2.1)
Tnfsf10 (1.2)

248 downregulated genes in B16F1-WT vs LLC-WT (matrisome)

Adam15 (-5.65)

Adam17 (-0.72)

Adam8 (-4.54)

Adamts10 (-3.62)

Adamts2 (-2.2)

Adamts4 (-0.61)

Adamts6 (-1.98)

Adamts9 (-0.46)

Adamtsl4 (-2.82)

Adamtsl5 (-4.59)

Aebpl (-4.2)

Agrn (-3.13)

Angpt2 (-1.34)

Angptl2 (-3.72)

Angptl7 (-5.89)

Anxal (-2.09)

Anxall (-4.09)

Anxa2 (-4.44)

Anxa3 (-3.06)

Anxa5 (-1.54)

Anxab (-3.14) Anxa7 (-1.77) Anxa9 (-2.31) Areg (-5.62)
Bgn (-1.42) Bmp1 (-7.17) Bmp2 (-1.45) Btc (-2.6)
Clgb (-5.75) Clqc (-2.55) Clqgtnf6 (-3.23) Ccbel (-5.34)
Ccl2 (-1.82) Ccl22 (-1.5) Cenl (-2.77) Cen2 (-1.24)
Ccn4 (-2.62) Cd109 (-0.56) Celal (-3.08) Cilp (-2.51)
Clcfl (-5.94) Clecl4a (-1.2) Clecla (-4.73) Cleclb (-3.57)
Clec4d (-1.49) Clecdn (-3.24) Clec5a (-1.16) Clec9a (-2.14)
Cntf (-1.16) Col14al (-1.87) | Col15al1(-1.05) | Coll6al (-5.16)
Col18a1 (-8.01) Collal (-1.49) Col23al (-2.73) Col3al (-3.95)
Col4al (-4.6) Col4a2 (-6.35) Col5a1l (-4.69) Col5a3 (-5.73)
Col6al (-7.08) Col6a2 (-7.33) Col6a3 (-3.84) Col8al (-2.48)
Colec12 (-3.57) Creld1 (-2.44) Creld2 (-3.02) Crim1 (-0.69)
Crispld2 (-3.39) Crif3 (-1.02) Csfl (-3.67) Cstb6 (-2.3)
Cst7 (-1.54) Cstb (-3.08) Cthrc1 (-1.68) Ctsa (-3.76)
Ctsb (-1.55) Ctsh (-1.37) Ctsk (-6.32) Ctsz (-3.62)
Cx3cl1 (-5.06) Cxcl12 (-0.86) Dcn (-4.23) Dpt (-5.17)
Ebi3 (-2.49) Ecm1l (-6.13) Efemp2 (-4.7) Egf (-1.31)
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248 downregulated genes in B16F1-WT vs LLC-WT (matrisome)

EgIn3 (-4.55) Eln (-2.37) Emcn (-1.61) Emilin2 (-4.89)
Ereg (-4.66) Esm1 (-0.98) F10 (-3.13) F13al (-1.31)
Fam20b (-0.44) | Fam20c(-3.64) | FbIn2 (-1.64) Fbnl (-2.77)
Fgf7 (-3.53) Fgfbp3 (-0.88) Flt3l (-2.51) Fnl (-4.21)
Fstl1 (-3.35) Gdf15 (-2.24) Gdf3 (-1.19) Gpcl (-4.85)
Gpc4 (-1.77) Grem1 (-3.25) Hapln4 (-2.88) Hbegf (-2.98)
Hcfcl (-1.58) Hcfc2 (-0.75) Hgf (-1.03) Hspg2 (-8.74)
Htral (-7.46) Hyal2 (-5.99) Igfbp3 (-2.22) Igfbp4 (-4.84)
Igfbp7 (-1.86) Igsf10 (-2.37) 1116 (-3.51) l11b (-2.97)
ll1rn (-0.48) Impg2 (-0.82) Inhbb (-2.09) Insl6 (-1.29)
Ints14 (-1.4) Kitl (-2.1) Lamab5 (-4.87) Lamb1 (-4.03)
Lamb2 (-5.49) Lamcl (-2.64) Lgalsl (-7.21) Lgals3 (-3.05)
Lgi2 (-1.22) Lif (-4.2) Lman1 (-1.13) LoxI2 (-2.44)
LoxI3 (-3.53) Ltbpl (-4.81) Ltbp2 (-2.98) Ltbp3 (-4.3)
Lum (-4.12) Masp1 (-4.36) Matn2 (-2.6) Megf8 (-4.8)
Mfap3 (-0.92) Mfge8 (-6.14) Mgp (-2.66) Mmp12 (-0.72)
Mmp14 (-4.08) | Mmp19(-1.87) | Mmp2(-4.94) | Mmp25 (-1.48)
Mmp3 (-5.38) Mmp8 (-0.83) Mmrn2 (-2.09) Nid1 (-3.95)
Nid2 (-2.53) Nrgl (-1.76) Ntnl (-7.41) Ntn4 (-2.53)
Ogfod1 (-1.32) Ogfod2 (-3.93) Ogn (-1.21) Oit3 (-1.89)
Ovgp1 (-0.86) P3h1 (-2.71) P3h3 (-3.02) P4hal (-0.87)
P4ha2 (-1.01) P4ha3 (-4.69) Pcolce (-4.78) Pdgfa (-2.35)
Pdgfb (-4.7) Pdgfc (-2.04) Pgf (-2) Plat (-3.11)
Plau (-3.18) Plod1 (-3.88) Plod3 (-4.5) Plxdc2 (-0.84)
Plxnal (-1.89) PIxna2 (-2.44) PIxna3 (-5) PIxnb2 (-4.24)
Plxnd1 (-3.16) Ptn (-3.59) Pxdn (-5.98) $100a1 (-1.86)

$100a10 (-3.67)

S$100al1 (-4.18)

$100a13 (-4.83)

$100a16 (-5.74)

$100a4 (-8.08)

$100a6 (-7.23)

$100a8 (-3.14)

Sdc1 (-3.91)

Sdc2 (-1.58)

Sdc3 (-2.98)

Sdc4 (-2.17)

Sema3a (-3.33)

Sema3e (-2.91)

Sema3g (-1.71)

Semada (-3.09)

Sema4b (-3.99)

Semadc (-4.44)

Sema4d (-0.82)

Sema7a (-3.62)

Serpinb8 (-0.56)

Serpincl (-2.94)

Serpinel (-2.58)

Serpine2 (-1.24)

Serpinfl (-6.96)

Serpingl (-2.02) | Serpinh1 (-1.66) Slit3 (-1.67) Slpi (-4.8)
Sned1 (-2.6) Sparc (-1.93) Spp1l (-2.62) Sulf2 (-0.81)
Svepl (-1.11) Tgfa (-2.47) Tgfbl (-5.87) Tgfb3 (-3.61)
Tgfbi (-3.67) Tgm2 (-4.66) Thbs1 (-1.63) Thbs2 (-4.35)
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248 downregulated genes in B16F1-WT vs LLC-WT (matrisome)

Timp1 (-4.38) Timp2 (-3.7) TII1 (-1.31) Tnf (-2.46)

Tnfsf11 (-1.77) Tnfsf12 (-4.85) Tnfsf13 (-2.5) Tnfsf13b (-0.85)
Tnfsf9 (-0.97) Tnn (-2.54) Vcan (-4.43) Vegfb (-2.44)
Vegfc (-0.83) Vwal (-4.52) Vwf (-4.83) Wnt5a (-3.52)
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18 upregulated genes in B16F1-WT vs LLC-WT (inflam. response)

Acvr2a (0.82) Cd69 (1.4) Cxcl10 (2.63) Cxcl1l (1.57)
Cxcl9 (0.67) Cxcr6 (1.92) Hif1a (0.48) 1120 (0.74)
1118 (0.62) 118r1 (1.08) 17r (1.38) Met (1.44)

Nampt (1.49) Rgsl (1.57) Rtp4 (1.52) Sic31al (0.46)
TIr3 (2.18) Tnfsf10 (1.2)

107 downregulated genes in B16F1-WT vs LLC-WT (inflam. Response)

Acvrlb (-2.2) Adgrel (-0.59) Adm (-5.22) Adora2b (-2.21)
Aplnr (-2.82) Aqp9 (-1.42) Atp2b1l (-1.57) Atp2cl (-0.53)
Axl (-0.99) Bst2 (-2.89) Btg2 (-1.65) C3arl (-0.78)
C5arl (-2.52) Calcrl (-1.35) Ccl2 (-1.82) Ccl22 (-1.5)
Ccr7 (-2.99) Cd14 (-4.81) Cd40 (-2.07) Cd48 (-0.93)
Cd82 (-4.45) Cdknla (-0.96) Chst2 (-3.79) Clec5a (-1.16)
Cmkirl (-3.82) Csfl (-3.67) Csf3r (-2.78) Cx3cl1 (-5.06)
Dcbld2 (-1.09) Ebi3 (-2.49) Edn1 (-1.74) Emp3 (-6.03)
Ereg (-4.66) Fprl (-1.9) Fzd5 (-1.53) Gabbrl (-1.41)
Gch1l (-2.22) Gnai3 (-0.77) Gprl83 (-2.81) Has2 (-2.48)
Hbegf (-2.98) lcaml (-1.62) Ifnarl (-1.52) Ifngr2 (-1.45)
I110ra (-3.78) [115ra (-2.29) [118rap (-3.57) l11b (-2.97)
11r1 (-4.82) 12rb (-1.51) ll4ra (-5.35) Irak2 (-1.07)
Irfl (-2.58) Irf7 (-2.06) Itga5 (-6.06) Kcnj2 (-1.32)
Kiflb (-1.29) KIf6 (-0.94) Lck (-1.66) LdIr (-2.32)
Lif (-4.2) Lparl (-3.29) Ly6e (-5.1) Lyn (-1.55)
Mefv (-3.38) Mmp14 (-4.08) Mxd1 (-1.38) Nfkb1 (-2.64)
Nfkbia (-3.96) Nirp3 (-2.78) Nod2 (-1.95) Olrl (-2.69)
Osmr (-1.25) P2rx4 (-2.53) P2rx7 (-1.96) P2ry2 (-3.11)
Pdpn (-3.86) Pik3r5 (-4.02) Plaur (-4.24) Psenl (-1.88)
Ptafr (-2.11) Ptgir (-1.87) Ptpre (-1.92) Pvr (-0.64)
Rafl (-1.82) Rela (-5.82) Rgs16 (-2.52) Rhog (-4.16)

Rnf144b (-1.33)

Selenos (-0.7)

Sema4d (-0.82)

Serpinel (-2.58)

Sgms2 (-4.97)

Slc11a2 (-1.06)

Slc31a2 (-2.57)

Slc7a1 (-0.78)

Sphk1 (-3.68) Sri (-0.79) Stab1 (-6.33) Tapbp (-2.24)
Timp1 (-4.38) Tir1 (-0.64) Tir2 (-1.7) Tnfrsflb (-3.7)
Tnfrsf9 (-2.56) Tnfsf9 (-0.97) Tpbg (-4.26)
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Table 6. Differentially expressed genes between LLC-WT and LLC-Ats1-KO tumours.
Differential expression of genes included in each signature in the comparison LLC-WT
and LLC-Ats1-KO. Corresponding fold change (LogFC) is included in brackets. Some of
these lists of genes were used to perform GO enrichment.

28 upregulated genes in LLC-WT vs LLC-Ats1-KO (matrisome)

Adam12 (0.39) Adamts12 (0.5) Btc (0.83) Ccn2 (0.61)
Clecl4a (0.77) Col15a1 (0.46) Col4al (0.34) Col4a2 (0.32)
Col6al (0.56) Col6a2 (0.7) Col6a3 (0.73) Creld1 (0.49)
Cst6 (0.79) Ctsk (1.33) Cxcl13 (1.2) Fam20c (0.67)
Gpc4 (0.75) Hgf (0.75) Igfbp7 (0.49) Itih5 (0.89)
Lama4 (0.63) Nid2 (0.65) Pdgfb (0.62) PIxna2 (0.3)
Ptn (1.68) Semaba (0.64) Sparcll (0.69) Tgfb3 (0.51)

44 downregulated genes in LLC-WT vs LLC-Ats1-KO (matrisome)

Agrn (-0.37) Ccl2 (-0.95) Ccl7 (-0.93) Clcf1 (-0.28)
Clec7a (-1.08) Csf1 (-0.33) Cst7 (-0.72) Cthrcl (-1.14)
Ctsc (-0.44) Cxcl10 (-1.59) Cxcll11 (-1.21) Cxcl9 (-1)
F10 (-1.39) Fbln2 (-0.62) Fgl2 (-1.29) Fst (-1.37)

Gdf15 (-0.65) Grem1 (-0.96) Ifng (-1.45) 1115 (-0.91)
118 (-0.6) ll1a (-0.86) 11b (-1.26) 11rn (-0.79)
117 (-0.9) Impg2 (-0.59) Lgals8 (-0.38) Ltbp2 (-0.74)

Mmp13 (-1.5) Mmp19 (-0.71) Mmp25 (-1) Mmp27 (-1.31)

Mmp3 (-1.22) Mmp8 (-1.1) Nrgl (-1.61) Pcsk5 (-0.9)

Sdc3 (-0.34) Sdc4 (-0.26) Serpingl (-0.49) Spon1 (-1.43)

Sulfl (-0.59) Thbs1 (-0.98) Tnfsf10 (-1.2) Tnfsf15 (-0.91)
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1 upregulated genes in LLC-WT vs LLC-Ats1-KO (inflam. response)

Itgh8 (0.84) |

52 downregulated genes in LLC-WT vs LLC-Ats1-KO (inflam. response)

Adora2b (-0.32) Agp9 (-0.83) Bst2 (-0.78) Ccl2 (-0.95)
Ccl7 (-0.93) Ccrl2 (-1.06) Cd40 (-0.63) Cd69 (-1.57)
Cmklrl (-0.43) Csf1 (-0.33) Csf3r (-0.93) Cxcl10 (-1.59)
Cxcl11 (-1.21) Cxcl9 (-1) Cxcr6 (-0.65) Eif2ak2 (-0.59)
Icam1 (-0.55) 110ra (-0.56) 1115 (-0.91) 115ra (-0.72)
1118 (-0.6) I11a (-0.86) I11b (-1.26) l12rb (-0.88)
Irak2 (-0.44) Irf1 (-0.73) Irf7 (-1.43) KIf6 (-0.28)

Lck (-0.86) Lparl (-0.58) Ly6e (-0.49) Lyn (-0.25)
Mefv (-0.6) Mxd1 (-0.86) Nampt (-0.32) Nirp3 (-0.68)
Nmi (-0.55) Nod2 (-0.94) Olrl (-1.02) Plaur (-0.35)
Ptafr (-0.66) Rgs16 (-0.81) Ripk2 (-0.33) Rtp4 (-1.54)
Sell (-1.59) Slc4a4 (-0.81) Sphk1 (-1.05) Tapbp (-0.5)
Tirl (-0.52) TIr3 (-0.61) Tnfsf10 (-1.2) | Tnfsf15 (-0.91)

3 upregulated genes in LLC-WT vs LLC-Ats1-KO (angiogenesis)

Col4a2 (0.32)

| Pdgfb (0.62) |

Tek (0.49)

5 downregulated genes in LLC-WT vs LLC-Ats1-KO (angiogenesis)

Erapl (-0.53)

1118 (-0.6)

OIrl (-1.02)

Pml (-0.34)

Sphk1 (-1.05)
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Table 7. Differentially expressed genes between B16F1-WT and B16F1-Ats1-KO
tumours. Differential expression of genes included in each signature in the
comparison B16F1-WT and B16F1-Ats1-KO. Corresponding fold change (LogFC) is
included in brackets. Some of these lists of genes were used to perform GO

enrichment.

4 upregulated genes in B16F1-WT vs B16F1-Ats1-KO (matrisome)
Adam22 (0.67) | Angptl(0.87) | Anxa4(0.62) | Edil3(0.68)

65 downregulated genes in BL6F1-WT vs B16F1-Ats1-KO (matrisome)

Adam8 (-1.18) | Adamts2 (-0.91) Areg (-1.36) Clqc (-0.98)
Ccbel (-2.35) Ccl22 (-0.5) Clcf1 (-1.77) Cleclb (-1)
Clec4d (-1.65) Clecde (-1.48) Clec4dn (-1.5) Clec5a (-1.31)
Clec7a (-0.83) Col16al(-0.71) | Col18a1(-0.88) | Col23al(-1.42)
Col5al (-1.33) Col5a2 (-1.12) Col6a2 (-0.93) Col6a3 (-1.39)
Colec12 (-1.18) | Crispld2 (-1.77) Ctsb (-0.71) Ctsk (-1.57)
Ctss (-0.97) Cxcl11 (-0.74) Cxcl9 (-0.67) Emcn (-0.86)
Ereg (-1.88) F10 (-0.99) Fasl (-0.73) Fbln2 (-1.49)
Fgf7 (-1.31) Grem1 (-2.64) 115 (-0.63) ll1a (-2.04)
Impg2 (-0.5) Inhba (-1.84) Inhbb (-1.09) Masp1 (-1.49)
Mmp19 (-1.22) Mmp3 (-2.1) Mmrn2 (-0.98) Nid2 (-1.08)
Nrgl (-2.12) P4ha3 (-1.69) Plau (-0.71) Pxdn (-1.15)
$100a10 (-1.02) | S100a6 (-1.48) S100a8 (-3.04) | Serpinb2 (-1.36)
Serpincl (-2.6) Serpinel (-1.2) | Serpine2 (-0.95) Slpi (-3.16)
Spon1 (-1.13) Sulf2 (-0.44) Tnc (-1.73) Tnf (-1.5)
Tnfsf13b (-0.81) Tnfsf8 (-0.97) Tnn (-3.03) Vcan (-1.1)
Whnt5a (-2.3)




4 upregulated genes in B16F1-WT vs B16F1-Ats1-KO (inflam. response)

Atp2a2 (0.77

) | Hifla(0.64)

| Nampt (0.59)

| T3 (0.63)

38 downregulated genes in B16F1-WT vs B16F1-Ats1-KO (inflam.

response)
Aqp9 (-1.27) Btg2 (-1.09) C5arl (-0.71) Ccl22 (-0.5)
Cd40 (-0.88) Chst2 (-0.72) Clec5a (-1.31) Csf3r (-1.18)
Cxcl11 (-0.74) Cxcl9 (-0.67) Cxcr6 (-0.59) Edn1 (-1.01)
Ereg (-1.88) Has2 (-1.29) Icam1 (-0.64) 1115 (-0.63)
I115ra (-0.68) 1118r1 (-0.74) [118rap (-1.02) l11a (-2.04)
11r1 (-1.23) 17r (-0.77) Inhba (-1.84) Nfkbia (-0.91)
Nirp3 (-1.38) Nod2 (-1.04) Osmr (-0.73) Plaur (-1.33)
Ptafr (-1.01) Ptger2 (-0.84) Ptgir (-1.08) Rgsl (-0.47)
Serpinel (-1.2) Slc31a2 (-0.87) Slc7a2 (-0.68) TIr2 (-1.01)
Tnfrsflb (-1.19) Tpbg (-1.62)

8 upregulated genes in B16F1-WT vs B16F1-Ats1-KO (angiogenesis)

Amot (0.63)

Angptl (0.87)

Clgaltl (0.58)

Canx (0.6)

Erap1l (0.41)

Hif1a (0.64)

Itgav (0.5)

Stcl (0.7)

8 downregulated genes in B16F1-WT vs B16F1-Ats1-KO (angiogenesis)

Btgl (-0.71)

Cdh13 (-1.16)

Col5a2 (-1.12)

Emcn (-0.86)

Fgfrl (-1.58)

Flt1 (-0.62)

Tnfrsf21 (-0.73)

Vcan (-1.1)
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Table 8. Differentially expressed genes between B16F1-Ats1-KO and LLC-Ats1-KO
tumours. Differential expression of genes included in each signature in the
comparison B16F1-Ats1-KO and LLC-Ats1-KO. Corresponding fold change (LogFC) is
included in brackets. Some of these lists of genes were used to perform GO
enrichment.

24 upregulated genes in B16F1-Ats1-KO vs LLC-Ats1-KO (matrisome)

Adam12 (2.16) Adamts5 (2.2) Clec12a (1.04) Clec7a (0.82)
Ctss (0.95) Cxcl10 (0.9) Cxcl11 (1.1) Cxcl13 (4.42)
Fasl (0.69) Fbinl (1.08) FbIn5 (3.33) Hpse (1.02)
Ifng (1.28) lgf1 (1.19) 17 (1.41) Inhba (1.73)

Ints6l (0.66) Lox (1.1) Megf9 (2.77) Pdgfd (1.04)
Plxncl (2.16) Semaba (1.76) Slit2 (1.42) Sparcll (2.44)

210 downregulated genes in B16F1-Ats1-KO vs LLC-Ats1-KO (matrisome)

Adam15 (-5.26)

Adam17 (-0.69)

Adam8 (-3.68)

Adamts10 (-3.24)

Adamts2 (-1.18)

Adamts4 (-0.72)

Adamts6 (-1.78)

Adamtsl4 (-2.75)

Adamtsl5 (-4.4)

Aebp1 (-4.44)

Agrn (-3.15)

Angpt2 (-0.88)

Angptl2 (-3.68)

Angptl7 (-5.08)

Anxal (-1.96)

Anxall (-3.88)

Anxa2 (-4.12)

Anxa3 (-2.91)

Anxa5 (-1.67)

Anxab (-3.05)

Anxa7 (-1.73) Anxa9 (-1.55) Areg (-3.83) Bgn (-1.05)

Bmp1 (-6.26) Btc (-1.57) Clgb (-5.02) Clqc (-1.45)

Clqgtnf6 (-3.66) Ccbel (-3.2) Ccl2 (-2.72) Ccl22 (-0.8)

Ccnl (-2.2) Ccn4 (-1.92) Celal (-2.97) Cilp (-2.85)
Clcfl (-4.45) Clecla (-4.53) Cleclb (-2.12) Clecdn (-1.97)

Clec9a (-2.25)

Coll1a2 (-1.08)

Col16al (-4.41)

Col18al (-6.82)

Col23a1 (-1.7)

Col3al (-3.08)

Col4al (-3.79)

Col4a2 (-5.43)

Col5al (-3.04) Col5a3 (-4.93) Col6al (-5.25) Col6a2 (-5.7)
Col6a3 (-1.72) Col8al (-2.2) Colec12 (-2.07) Creldl (-2.43)
Creld2 (-3.12) Crim1 (-1.06) Crispld2 (-2.3) Crif3 (-1.18)
Csf1 (-3.85) Cst6 (-1.03) Cst7 (-2.33) Cstb (-2.38)
Cthrc1 (-3.06) Ctsa (-3.6) Ctsb (-0.93) Ctsh (-1.2)
Ctsk (-3.42) Ctsz (-3.58) Cx3cll (-4.56) Dcn (-3.33)
Dpt (-4.2) Ebi3 (-2.48) Ecm1 (-4.98) Efemp2 (-5.41)
Egf (-1.19) EgIn3 (-3.85) Emilin2 (-4.56) Ereg (-3.29)
F10 (-3.53) F13al (-1.54) Fam20b (-0.85) Fam20c (-2.8)
Fbn1 (-2.54) Fgf7 (-2.78) FIt3I (-2.29) Fnl (-3.19)
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210 downregulated genes in B16F1-Ats1-KO vs LLC-Ats1-KO (matrisome)

Fstll (-2.56) Gdf11 (-1.15) Gdf15 (-1.87) Gdf3 (-0.99)
Gpcl (-5.01) Grem1 (-1.57) Hapln4 (-3.17) Hbegf (-2.44)
Hcfcl (-1.5) Hcfc2 (-0.81) Hspg2 (-7.6) Htral (-6.6)
Hyal2 (-5.26) Igfbp3 (-1.27) Igfbp4 (-5.29) 1116 (-3.01)
11b (-2.35) Impg2 (-0.91) Inhbb (-0.73) Insl6 (-1.73)
Ints14 (-1.41) Kitl (-2.16) Lamab (-4.69) Lamb1 (-3.28)
Lamb2 (-5.21) Lamcl (-2.96) Lgals1 (-6.89) Lgals3 (-2.58)
Lgals8 (-0.54) Lif (-4.1) Lmanl (-1.8) LoxI2 (-1.69)

LoxI3 (-3.21)

Ltbp1 (-4.29)

Ltbp2 (-2.84)

Ltbp3 (-4.17)

Lum (-3.61)

Maspl (-2.64)

Matn2 (-2.08)

Megf8 (-4.99)

Mfap3 (-1.61) Mfge8 (-6.13) Mgp (-2.24) Mmp14 (-3.56)
Mmp19 (-1.37) | Mmp2(-4.05) | Mmp25 (-2.3) Mmp27 (-0.92)
Mmp3 (-4.5) Mmrn2 (-0.9) Nid1 (-3.57) Nid2 (-0.8)
Nrgl (-1.25) Ntnl (-6.36) Ntn4 (-1.66) Ogfod1 (-1.82)
Ogfod2 (-3.56) P3h1 (-2.65) P3h3 (-2.49) P4hal (-1.23)
P4ha3 (-3.07) Pcolce (-4.82) Pdgfa (-2.51) Pdgfb (-3.85)
Pdgfc (-1.81) Plat (-2.04) Plau (-2.38) Plod1 (-3.59)
Plod3 (-4.69) PIxnal (-2.14) PIxna3 (-4.45) PIxnb1 (-0.73)
PIxnb2 (-4.79) PIxnd1 (-3.03) Pxdn (-4.61) S$100a1 (-1.65)
$100a10 (-2.62) | S100al1l (-3.52) | S100a13 (-3.77) | S100al6 (-4.17)
$100a4 (-6.78) $100a6 (-5.64) Sdcl (-3.6) Sdc2 (-1.74)

Sdc3 (-2.55)

Sdc4 (-2.86)

Sema3a (-2.57)

Sema3e (-3.89)

Sema3g (-1.49)

Semada (-2.58)

Sema4b (-4.03)

Semad4c (-3.68)

Sema4d (-1.05)

Semaéd (-1.29)

Sema7a (-3.82)

Serpinel (-1.43)

Serpinfl (-6.29) Serpingl (-2) Serpinh1 (-1.9) Slpi (-2.6)
Sned1 (-2.4) Sparc (-1.38) Spp1 (-2.1) Tgfa (-1.53)
Tgfbl (-5.49) Tgfb3 (-3.64) Tgfbi (-3.04) Tgm2 (-4.32)
Thbs1 (-1.74) Thbs2 (-3.5) Timp1 (-4.05) Timp2 (-3.71)

Tnf (-1.46) Tnfsf12 (-4.03) | Tnfsf13 (-1.91) Tnfsf9 (-1.16)
Vcan (-3.2) Vegfa (-0.7) Vegfb (-2.45) Vegfc (-0.92)
Vwal (-3.05) vwf (-4.11)
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10 upregulated genes in B16F1-Ats1-KO vs LLC-Ats1-KO (inflam. response)

Cxcl10 (0.9) Cxcl11 (1.1) Cxcr6 (1.86) 1118r1 (1.11)
117r (1.32) Inhba (1.73) Met (0.87) Nampt (0.58)
Rgs1 (1.56) TIr3 (0.93)

106 downregulated genes in B16F1-Ats1-KO vs LLC-Ats1-KO (inflam.

response)

Acvrlb (-2.04) Adm (-4.62) Adora2b (-2.3) Aplnr (-1.96)
Aqp9 (-0.99) Atp2a2 (-1.17) Atp2bl (-1.72) Atp2cl (-1.02)
Axl (-1.29) Bst2 (-3.74) Btg2 (-1.1) C5arl (-1.9)
Calerl (-1.19) Ccl2 (-2.72) Ccl22 (-0.8) Cer7 (-3.19)
Ccrl2 (-1.39) Cd14 (-3.44) Cd40 (-1.81) Cd48 (-0.58)
Cd82 (-3.91) Cdkn1a (-1.66) Chst2 (-3.11) Cmkirl (-3.42)
Csf1 (-3.85) Csf3r (-2.53) Cx3cll (-4.56) Dcbld2 (-1.67)
Ebi3 (-2.48) Eif2ak2 (-0.93) Emp3 (-5.79) Ereg (-3.29)
Fprl (-1.02) Fzd5 (-1.27) Gabbrl (-1.14) Gch1 (-2.04)
Gnai3 (-1.13) Gprl83 (-2.62) Has2 (-1.47) Hbegf (-2.44)
Icaml (-1.53) Ifnarl (-2.14) Ifngr2 (-1.93) [110ra (-4.18)
l115ra (-2.32) [118rap (-3.01) l11b (-2.35) l11rl (-3.86)
12rb (-1.83) ll4ra (-5.68) Irak2 (-1.41) Irfl (-3.18)
Irf7 (-3.72) Itga5 (-5.77) Kiflb (-1.52) KIf6 (-1.19)
Lck (-1.54) Ldlr (-2.54) Lif (-4.1) Lparl (-2.97)
Ly6e (-5.44) Lyn (-1.59) Mefv (-2.8) Mmp14 (-3.56)
Mxd1 (-2.03) Nfkb1 (-2.67) Nfkbia (-3.34) Nirp3 (-2.08)
Nod2 (-1.85) Olr1 (-2.6) Osmr (-1) P2rx4 (-2.42)
P2rx7 (-2.06) P2ry2 (-3) Pdpn (-2.7) Pik3r5 (-3.93)
Plaur (-3.26) Psenl (-2.26) Ptafr (-1.76) Ptgir (-1.03)
Ptpre (-2.04) Pvr (-1.37) Rafl (-1.69) Rela (-5.35)
Rgs16 (-2.92) Rhog (-4.13) Rnf144b (-0.66) Selenos (-0.61)

Sell (-1.11)

Sema4d (-1.05)

Serpinel (-1.43)

Sgms2 (-3.83)

Slc11a2 (-1.53)

Slc31a2 (-2.1)

Slc4a4 (-0.89)

Slc7al (-1.06)

Sphk1 (-3.36)

Sri (-0.88)

Stab1 (-4.49)

Tapbp (-2.7)

Timp1 (-4.05)

TIr2 (-0.75)

Tnfrsflb (-2.76)

Tnfrsf9 (-2.59)

Tnfsf9 (-1.16)

Tpbg (-2.98)




Table 9. GO enrichment analysis of differentially expressed genes in B16F1-WT
versus LLC-WT tumours. Table including GO ID, description and genes from the data

set (previous tables) that were included in each GO Biological Process term.

GO ID Description Upregulated genes from the inflammatory response
ine- i i i IL10 CXCL10 CXCL9 CXCL11
60:0019221 cytokine-mediated signaling
pathway IL18 IL7R HIF1A IL18R1
IL10 CXCL10 CXCL9 CXCL11
G0:0071222 c.eIIuIar respons.e to
lipopolysaccharide IL18
positive regulation of IL10 CXCL10 NAMPT IL18
G0:0045944 | transcription by RNA
polymerase Il HIF1A MET ACVR2A TLR3
positive regulation of CXCL10 CXCL9 CXCL11
G0:1904427 | calcium ion transmembrane
transport
IL10 CXCL10 CXCL9 CXCL11
G0:0071219 cellular response tg N
molecule of bacterial origin
GO ID Description Upregulated genes from the matrisome
ADAMTS5 ECM2 LOX ADAM12
G0:0043062 extragellt{lar structure
organisation ADAMTS12 NPNT FBLNS
i ADAMTS5 ECM2 LOX ADAM12
G0:0045229 external encaps.ula'Fmg
structure organisation ADAMTS12 NPNT FBLNS
; ; CXCL10 ADAMTS12 FGF1
G0:1901509 regulation of endotlhellal
tube morphogenesis
; ; CXCL10 ADAMTS12 FGF1
G0:1905330 regulatlgn of morphogenesis
of an epithelium
; ADAMTS5 ECM2 LOX ADAM12
G0:0030198 extrac‘ellu.lar matrix
organisation ADAMTS12 NPNT FBLNS
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Table 10. GO enrichment analysis of differentially expressed genes in LLC-WT versus
LLC-Ats1-KO tumours. Table including GO ID, description and genes from the data set

(previous tables) that were included in each GO Biological Process term.

GO term ID | Description Upregulated genes from the matrisome
COL15A1 | COL4A2 COL4A1 LAMA4
G0:0030198 | extracellular matrix organisation CTSK COL6A2 COL6A1 ADAM12
PDGFB COL6A3 | ADAMTS12 NID2
COL15A1 | COL4A2 COL4A1 LAMA4
G0:0043062 | Xtracellular structure COL6A2 | COL6A1 | ADAM12 | PDGFB
orgamsatlon
COL6A3 | ADAMTS12 NID2
COL15A1 | COL4A2 COL4A1 LAMA4
G0:0045229 | &Xternal encapsulating structure [ 65 | colea1 | ADAM12 | PDGFB
organlsatlon
COL6A3 | ADAMTS12 NID2
COL15A1 | COL4A2 COL4A1 COL6A2
G0:0030199 | collagen fibril organisation
COL6A1 COL6A3
) COL15A1 | COL4A2 COL4A1 COL6A2
G0:0097435 suprafnol'ecularﬂber
organisation COL6A1 | COL6A3

GO term ID | Description Downregulated genes from the matrisome
IL1A CXCL10 ILARN CXCL9
G0:0006954 | inflammatory response MMP25 CXCL11 CCL7 IFNG
IL1B IL18 CCL2 THBS1
ILIRN CXCL9 CSF1 TNFSF15
e ; ; ; IL15 MMP3 IL18 IL1A
G0:0019221 cytokine-mediated signaling
pathway CXCL10 CXCL11 CCL7 IFNG
IL7 CLCF1 IL1B CCL2
CXCL9 CSF1 IL15 NRG1
i ; THBS1 GREM1 IL1A CXCL10
GO:0042127 regullatlor.'n of cell population
proliferation CXCL11 IFNG CLEC7A IL7
CLCF1 IL1B
GREM1 CSF1 IFNG CLEC7A
G0:0008284 | POsttive regulation of cel IL15 IL7 CLCF1 IL1B
population proliferation
IL18 NRG1 THBS1
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GO term ID

G0:0071345

Description

cellular response to cytokine
stimulus

Downregulated genes from the matrisome

IL1A CXCL10 ILIRN CSF1
CCL7 IL7 CLCF1 IL1B
MMP3 IL18 CCL2
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Table 11. GO enrichment analysis of differentially expressed genes in B16F1-WT
versus B16F1-Ats1-KO tumours. Table including GO ID, description and genes from
the data set (previous tables) that were included in each GO Biological Process term.

GO term ID | Description Upregulated genes from the matrisome
G0:0051897 | Positive regulation of protein ANGPT1 HPSE FGF1
kinase B signalling
G0:0051806 | re8ulation of proteinkinase 8 1\ -ory HPSE FGF1
signalling
G0:0042060 | wound healing HPSE FGF1
G0:0007162 | Negative regulation of cell ANGPTL | ADAM22
adhesion
G0:0010595 | POsitive regulation of ANGPT1 | FGF1
endothelial cell migration

GO term ID | Description Downregulated genes from the matrisome
COL18A1 | COL16A1 | SERPINE1 COL23A1
MMP3 TNC NID2 CTSS
G0:0030198 | extracellular matrix organization | GREM1 | ADAMTS2 VCAN COL5A1
CTSK COL6A2 P4HA3 PXDN
COL5A2 MMP19 COL6A3 ADAMS
COL18A1 | COL16A1 | SERPINE1 COL23A1
G0:0043062 extrac.eIILJ.Iar structure MMP3 TNC NID2 ADAMTS2
organization VCAN COL5A1 COL6A2 PXDN
COL5A2 MMP19 COL6A3
COL18A1 | COL16A1 | SERPINE1 COL23A1
G0:0045229 exterr?al (?ncapsulating structure | MMP3 TNC NID2 ADAMTS2
organization VCAN COL5A1 COL6A2 PXDN
COL5A2 MMP19 COL6A3
GREM1 | COL18A1 | ADAMTS2 COL16A1
G0:0030199 | collagen fibril organization COL5A1 | COL6A2 P4HA3
COL23A1 PXDN COL5A2 COL6A3
GREM1 | COL18A1 | ADAMTS2 COL16A1
G0:0097435 Z‘:g;:::tlle;:'ar fiber COLSAL | COL6A2 | P4HA3 | COL23A1
PXDN COL5A2 COL6A3
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Table 12. GO enrichment analysis of differentially expressed genes in B16F1-Ats1-
KO versus LLC-Ats1-KO tumours. Table including GO ID, description and genes from

the data set (previous tables) that were included in each GO Biological Process term.

Upregulated genes from the inflammatory

GO term ID | Description
response

G0:0032649 | "eBUlation of interferon-gamma | 5y | 1gR1 TLR3

production
G0:0010818 | T cell chemotaxis CXCL10 CXCL11

; ; CXCL10 CXCL11 NAMPT INHBA

G0:0042127 regullatlor?n of cell population

proliferation IL7R
G0:0072678 | T cell migration CXCL10 CXCL11

positive regulation of CXCL10 NAMPT INHBA MET
G0:0045944 | transcription by RNA

polymerase Il TLR3
GO term ID | Description Upwnregulated genes from the matrisome

; ; CXCL10 CXCL11 IFNG IL7

G0:0042127 regLJ.Iatlor.\ of cell population

proliferation CLEC7A | PDGFD INHBA IGF1
G0:0014902 | myotube differentiation ADAMTSS5 | ADAM12 IGF1

SEMAGA CLEC7A PDGFD IGF1
G0:0030334 | regulation of cell migration
PLXNC1 SLIT2
it ; SEMAGA IFNG CLEC7A PDGFD

G0-0030335 pc?smv.e regulation of cell

migration IGF1

e ; IFNG IL7 CLEC7A PDGFD

600008284 posmve.regulat!on of cell

population proliferation IGF1 HPSE
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