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= Role du cytosquelette

d’actine dans la résistance
des cellules de cancer du

sein a la lyse induite par les
cellules «natural killer»

Résumé

L'évasion immunitaire tumorale joue un role central dans la progression tumorale et représente un
obstacle majeur au succés des immunothérapies. Dans cette Thése nous avons étudié le réle du
cytosquelette d’actine dans la résistance des cellules de cancer du sein a la lyse induite par les cellules
"natural killers" (NKs). Nous avons trouvé que les cellules de cancer du sein résistantes échappent a
I’attaques des cellules NKs par une accumulation importante et rapide d’actine prés de la synapse
immunologique, un processus que nous avons nommé "réponse actine". Nos analyses mécanistiques
suggerent que la réponse actine induit la polarisation d’autophagosomes vers la synapse
immunologique et facilite ainsi la dégradation des molécules cytotoxiques sécrétées par les cellules
NKs, tel que le ganzyme B, par autophagie. De plus, la réponse actine est associée au regroupement de
ligands inhibiteurs a la synapse, suggérant qu’elle est au centre de plusieurs mécanismes de résistance.
Dans leur ensemble, nos résultats constituent une base pour le développement d’approches
thérapeutiques visant a interférer avec la réponse actine et a restaurer une réponse immunitaire anti
tumorale efficace.

Mots-clés : Cancer du sein, cellules Natural Killer, cytosquelette d’actine, Cytotoxicité, évasion
immunitaire, granzyme B.

Résumé en anglais

Tumor immune evasion plays a central role in cancer progression and is a major hurdle to effective
immunotherapy. In this Thesis, we examine the role of the actin cytoskeleton in breast cancer cell
resistance to natural killer (NK) cell-mediated cell lysis. We found that resistant breast cancer cells
escape from NK-cell attack through a rapid and prominent accumulation of actin near the
immunological synapse, a process we termed the “actin response”. Our mechanistic investigations
suggest that the actin response drives autophagosome polarization toward the immunological synapse
and thereby facilitates the autophagy-mediated degradation of NK cell-derived cytotoxic molecules
such as granzyme B. In addition, the actin response was associated with inhibitory ligand clustering at
the immunological synapse, suggesting that it is a common driver of different immune evasion
mechanisms. Taken together, our data lays the groundwork for therapeutic approaches aimed at
interfering with the actin response and restoring an effective anti-tumor immune response.




Key words: Actin cytoskeleton, breast cancer, cytotoxicity, granzyme B, immune escape, natural
killer.
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Prolin-rich domain

Pattern recognition receptors

P-selectin glycoprotein ligand-1

Tregs

Rho-associated coiled-coil containing protein kinase
Reactive oxygen species

Receptor tyrosine kinases
Sphingosine-1-phosphate receptor 5

Src homology 2 and 3

Smad-interacting protein 1

Supramolecular activation cluster

Soluble NSF attachement protein receptor

SRY box

Signal transducer and activator of transcription
Stimulator of interferon genes

SNARE protein syntaxin 17

Switch/sucrose non-fermentable

Talimogene laherparepvec

T cell receptors

Transforming growth factor-f3

T helper type 1

T cell immunoglobulin and ITIM domain

T cell immunoglobulin and mucin domain-containing 3
Tumor microenvironment

Triple-negative breast cancer

Tumor necrosis factor

Tumor necrosis factor-related apoptosis-inducing ligand
UL16-binding protein

Unc-51-like kinase family

UV radiation resistance-associated gene protein
V-domain immunoglobulin suppressor of T cell activation
Wiskott-aldrich syndrome protein

WASP homology 1| and 2

WASP homologue associated with actin, membranes and
microtubules
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WIP WASP-interacting protein
WISP2 Whnt-inducible signaling pathway protein 2
701 Zonula occludens 1
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Actin cytoskeleton remodeling drives breast cancer cell escape from natural Killer
cell lysis.

Antoun Al Absi, Hannah Wurzer, Coralie Guerin, Celine Hoffmann, Flora Moreau,

Xianqing Mao, Joshua Brown-Clay, Rémi Petrolli, Monika Dieterle, Jean-Paul Thiery,
Salem Chouaib, Guy Berchem, Bassam Janji and Clément Thomas. Cancer Research.

2018.

Hypoxia promotes breast cancer cell invasion through HIF-1a-mediated up-
regulation of the invadopodial actin bundling protein CSRP2.
Xianging Mao, Celine Hoffmann, Joshua Brown-Clay, Flora Moreau, Antoun Al Absi,

Hannah Wurzer, Barbara Soussa, Fernando Schmitt, Guy Berchem, Bassam Janji and

Clément Thomas. Scientific Reports. 2018.

CRP2, a new invadopodia actin bundling factor critically promotes breast cancer
cell invasion and metastasis.

Hoffmann C, Mao X, Dieterle M, Moreau F, Al Absi A, Steinmetz A, Oudin A, Berchem
G, Janji B and Thomas C. Oncotarget. 2016.

Hypoxia: a key feature of the tumor microenvironment triggers several mechanisms
of evasion from natural killer and cytotoxic T lymphocytes surveillance.
Mgrditchian T, Arakelian T, Paggetti J, Viry E, Al-Absi A, Medves S, Moussay E,
Berchem G, Thomas C and Janji B. Journal of Immunology Research. 2014.
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Introduction

Les cellules natural killers (NKs) sont des sentinelles du systéme immunitaire inné qui
patrouillent a travers 1’organisme pour détecter et détruire les cellules tumorales ainsi que
les cellules infectées par des agents pathogenes. Contrairement aux cellules cytotoxiques
du systéeme immunitaire adaptatif, telles que les lymphocytes T cytotoxiques CD8", les
cellules NKs détruisent leurs cibles de maniere rapide et sans nécessiter de pré-activation
par exposition préalable aux antigeénes. Ainsi les cellules NKs sont souvent considérées
comme la premiere ligne de défense immunitaire anti-tumorale.

Les cellules NKs sont équipées de récepteurs activateurs et inhibiteurs qui peuvent
reconnaitre leurs ligands au niveau de la membrane des cellules cancéreuses. La balance
entre les signaux inhibiteurs et activateurs régule l'activation de la cytotoxicité des
cellules NKs. Suite a la reconnaissance d’une cellule cible, les cellules NKs s’engagent
dans une série d'étapes aboutissant a I’exocytose de granules cytolytiques contenant des
agents lytiques tels que la perforine et les granzymes. Une étape clé de ce processus est la
formation d'une interface entre la cellule NK et sa cible nommée "synapse
immunologique". L'établissement d'une synapse lytique est un processus hautement
controlé qui implique plusieurs phases. Lors de la phase de reconnaissance, la cellule NK
établie un conjugué avec sa cible via l'interaction de récepteurs et molécules d’adhésion.
La formation du conjugué¢ « cellule NK-cellule cible » requiert une réorganisation
importante du cytosquelette d'actine dans la cellule NK, ainsi que la polarisation du centre
d'organisation des microtubules (MTOC) et des granules cytolytiques vers la synapse.
Lors de I’étape effectrice, les granules cytolytiques sont secrétés vers la cellule cible et
induisent I’apoptose. Enfin, lors de 1'étape de terminaison, la cellule NK se détache de sa
cible morte et régénére son potentiel cytolytique.

Certaines cellules tumorales parviennent a échapper a la lyse cellulaire induite par les
cellules NKs et contribuent ainsi la progression de la maladie. Par ailleurs, les
mécanismes d’évasion immunitaire limitent 1'efficacité des immunothérapies, tels que le
transfert adoptif de cellules NKs ou les inhibiteurs de checkpoints immunitaires. Il est
donc primordial de mieux caractériser les mécanismes moléculaires de la résistance au

systtme immunitaire, notamment aux cellules NKs, afin d’¢laborer de nouvelles
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approches thérapeutiques visant a interférer avec ces mécanismes et a restaurer une
réponse immunitaire anti-tumorale efficace.

De précédents travaux ont permis de caractériser en détail le role clé du cytosquelette
d'actine des cellules NKs dans la formation et 1’activité¢ de la synapse immunologique. Par
exemple, des études d'imagerie a haute résolution ont montré qu’une accumulation
d'actine filamenteuse pres de la synapse est nécessaire a la polarisation du MTOC et des
granules cytolytiques vers la cellule cible. Contrairement a notre connaissance
approfondie de 1’organisation et des fonctions du cytosquelette d’actine des cellules NKs
lors de la reconnaissance et la lyse des cellules cibles, le role du cytosquelette d’actine

dans les cellules tumorales au cours de ces processus reste énigmatique.

Objectifs et approches

Mon travail de thése a consisté a atteindre deux objectifs principaux : 1) documenter
I’organisation et la dynamique du cytosquelette d’actine dans les cellules tumorales au
cours de leur attaque par les cellules NKs et 2) évaluer le role du cytosquelette d’actine
des cellules tumorales dans la résistance a la lyse induite par les cellules NKs. Pour
atteindre ces objectifs, j’ai focalis¢ mes travaux sur le cancer du sein dont plusieurs
lignées cellulaires différant par leur susceptibilité aux cellules NKs étaient disponibles au
laboratoire.

J’ai introduit dans chacune de ces lignées un marqueur du cytosquelette d’actine
constitué d’un petit peptide (17 acides aminés) dérivé d’une protéine de Saccharomyces
cerevisiae et fusionné a la GFP (LifeAct-mEGFP). L’utilisation combinée de Ila
microscopie confocale de dernieére génération et de la cytométrie de flux en image m’a
permis de révéler, pour la premicre fois, les changements de configuration du
cytosquelette d’actine dans la cellule tumorale au cours de I’attaque par les cellules NKs
avec une haute résolution spatiale and temporelle, et de générer des résultats

statistiquement significatifs.
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Résultats

Les données que j'ai obtenues au cours de ma thése indiquent que le remodelage du
cytosquelette d'actine joue un rdle majeur dans le processus de résistance des cellules de
cancer du sein a la lyse induite par les cellules NKs. Les principaux résultats de cette
étude sont énumérés ci-dessous :

Certaines cellules de cancer du sein répondent a I’attaque des cellules NKs par une
rapide et massive accumulation d’actine filamenteuse dans la région de la synapse
immunologique, un processus que nous avons nommé « réponse actine ». Toutes les
lignées cellulaires de cancer du sein que nous avons analysées comportent une sous-
population de cellules capables de répondre a 1’attaque des cellules NKs par une réponse
actine. En outre, I'abondance relative de cette sous-population dans une lignée donnée est
directement liée a la susceptibilité globale de cette lignée a la lyse induite par les cellules
NKs. Les lignées cellulaires avec une sous-population abondante de cellules compétentes
pour la réponse actine présentent une faible susceptibilité aux cellules NKs. Les lignées
cellulaires avec une sous-population réduite de cellules compétentes pour la réponse
actine présentent une susceptibilité élevée aux cellules NKs.

Les lignées cellulaires de type mésenchymal contiennent une plus large sous-
population de cellules compétentes pour la réponse d’actine et sont plus résistantes a la
lyse induite par les cellules NKs que les lignées cellulaires de type épithélial. Une
induction expérimentale de ’EMT augmente simultanément la sous-population des
cellules compétentes pour la réponse d’actine et la résistance a la lyse induite par les
cellules NKs.

La réponse d'actine est responsable de la résistance des cellules tumorales a la
cytotoxicité induite par les cellules NKs. L'analyse de cellules au microscope confocal
procure une preuve directe que les cellules tumorales avec une réponse d’actine survivent
a l'attaque des cellules NKs (et ce, plusieurs heures apres le détachement des cellules
effectrices), alors que les cellules tumorales sans réponse d'actine sont efficacement
lysées. En accord avec ces résultats, nous avons établi que le taux d'apoptose est
significativement réduit dans les cellules tumorales présentant une réponse d’actine, par
rapport aux cellules sans réponse d’actine. Enfin, l'inhibition de la réponse d'actine
induite par la déplétion de régulateurs clés de la polymérisation d’actine est suffisante

pour convertir des lignées cellulaires fortement résistantes en lignées trés sensibles.
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La réponse d'actine est associée a une réduction de la quantité de Granzyme B (GzB)
dans la cellule cible. Le blocage de la dynamique de Il'actine (par traitement
pharmacologique ou ablation génétique de Cdc42 ou N-WASP) suffit a restaurer une
quantité élevée de GzB dans les cellules cibles.

La réponse d'actine entraine la polarisation d’autophagosomes au niveau de la région
synaptique dans les cellules cibles. Ce processus pourrait étre a 1’origine d’une
dégradation facilitée du GzB dérivé des cellules NKs dans les cellules tumorales. En
accord avec cette hypothése, l'inhibition de la formation d'autophagosomes augmente
simultanément la quantit¢ de GzB dans les cellules tumorales et la susceptibilité cellulaire
a la lyse induite par les cellules NKs.

La réponse a l'actine et ses effets protecteurs ont pu étre validés a I’aide de cellules

NKSs primaires dérivées de donneurs sains

Conclusions

Mes travaux de thése ont permis d’établir le role clé du cytosquelette d’actine dans la
résistance des cellules de cancer du sein a la lyse par les cellules NKs. Au-dela d’une
meilleure compréhension des interactions entre les cellules du systéme immunitaire et les
cellules tumorales, nos résultats ouvrent des perspectives pour le développement de
stratégies innovantes visant a cibler la réponse actine afin de restaurer une réponse
immunitaire anti-tumorale efficace et/ou améliorer I’efficacité des immunothérapies.
Dans cette optique, il serait intéressant de caractériser le mécanisme par lequel la réponse
actine induit le recrutement d’autophagosomes a la synapse et d’identifier les principaux
régulateurs de la réponse d’actine.

Compte tenu de la rapidité de 1’établissement de la réponse d’actine lors de I’attaque
des cellules NKs, nous anticipons que des modifications post-traductionnelles, telles que
la de/phosphorylation, sont a 1’origine de 1’activation de protéines du cytosquelette
responsables du « burst » local de polymérisation d’actine a la synapse. Ainsi, il est
envisagé au laboratoire de conduire des analyses phospho-protéomiques visant a identifier
les protéines du cytosquelette d’actine et de signalisation dont le statut de phosphorylation
est modifi¢ au cours de I’établissement de la réponse actine. Les candidats les plus

prometteurs, notamment ceux pour lesquels il existe des inhibiteurs cliniquement
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approuvés ou en phase d’évaluation, seront validés dans des tests in vitro puis dans des

modéles murins de cancer du sein.

Introduction
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1. NK cells in the anti-tumor immune response

1.1. The immune system

The immune system is composed of different and complementary networks of cells,
tissues and organs that interact together for the purpose of protecting the host from
pathogens and clearing infected and diseased cells such as cancer cells. In the absence of
functional immune defenses, minimal infections can have dangerous effects on the
organism. The innate and adaptive immune cells are commonly considered the two arms

comprising the immune system' (Figure 1).

1.1.1. Adaptive immunity

The adaptive immune system is more specific to pathogens than the innate immune
system and it needs more time to become protective and functional. Its specificity relies
on the recognition of antigens present on target cells via antigen-specific receptors. The
sophistication of the system derives from its ability to memorize and have an effective
immune response upon re-infection with the same antigen®>. The two major effector-
adaptive cells types are the T cells expressing T-cell receptors (TCRs), and B cells, which
express B cell receptors (BCRs).

T cells are derived from bone marrow, migrate as immature thymocytes and mature in
the thymus where they undergo gene rearrangements that lead to the development of
TCRs. They recognize the major histocompatibility complex (MHC) molecules referred
to as human leukocyte antigens (HLAs). HLA class I includes HLA-A, B and C while
HLA class II contains HLA-DP, DQ and DR®’ The TCR is a disulfide-linked
heterodimeric membrane protein composed of a constant region and a variable region
with two polypeptide chains, o and {3, responsible of antigen recognition. T cells are
CD3" as well as CD4" or CD8". Additionally, a fraction of T cells is composed of TCRs
with y and & chains and are referred to as yd T cells. They are CD4™ and CDS™ and share
innate and adaptive features.

CD4" T cytotoxic cells represent a low frequency subpopulation of T cells in the
circulation, which increase upon chronic inflammation. They have a lytic function against
MHC class II-presenting cells. CD8" cells are the most cytotoxic T cell subpopulation,
able to eliminate pathogens and aberrant cells. T cell-mediated cell death occurs upon

contact with antigen-presenting cells, which leads to the secretion of lytic granules®.
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Naive CD4" T cells differentiate into four types of CD4" T-helper cells Thl, Th2,
Th17, and regulatory T cells (Treg). Thl cells are characterized by the expression of the
transcription factor Tbet as well as by the production of IFN-y and IL-2. They participate
in the elimination of intracellular pathogens, regulation of inflammation, and healing
tissue injuries. Th2 cells express the transcription factor GATA3 and secrete cytokines,
including IL-4, IL-5, IL-6, IL-10, and IL-13. They are involved in the clearance of
extracellular pathogens as well as in mediating humoral immunity®. Th17 cells develope
in response to TGFf, IL-6, and IL-21, and they are responsible for IL-17 secretion. They
are characterized by their expression of the transcription factor RORyt and provide
protection against bacteria and fungi. Moreover, Th17 cells recruit neutrophils and
macrophages to the site of infection, stimulate cytokine production and regulate T-cell
proliferation®. Tregs are a subset of T cells expressing CD25, cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4), glucocorticoid-induced TNF receptor family-related gene
(GITR) and the X-linked forkhead/winged-helix transcription factor box P3 (FoxP3).
Treg cells can secrete inhibitory cytokines and can suppress the expansion and activation
of immune cells’.

Natural killer T (NKTs) cells are a T-cell subset that bridges the innate and adaptive
immune system. They express CD1d and NK cell-surface marker NK1.1 (CD161) as well
as the T-cells marker CD3 and the aff TCR®. They are defined as CD1d-restricted T cells
that express an invariant TCR with a variable (V) and joining (J) Va24-Jal8 repertoire
combined with a limited TCR- chain repertoire. They modulate immunity against
bacteria and viruses as well as in allergy and autoimmunity by producing cytokines
within minutes’.

B cells are derived from bone marrow where they remain until maturation with a
unique BCR expressing the IgM and IgD isotypes. Activation promotes isotype
substituting, resulting in the development of antibodies with different heavy chains.
Most of B cells are activated via the binding of BCRs and an antigen followed by
ligation between CD40 on the B cells and the CD40-ligand on T-helper cells. Upon
activation, B cells differentiate into the short-lived plasma cells responsible for
producing specific antibodies. Microbes are attacked by B cell-derived antibodies
making them accessible for phagocytosis by macrophages. These antibodies can also
neutralize toxins and viruses. In addition, B cells can differentiate into a small fraction

of memory cells that can become active in the case of re-infection .
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1.1.2. Innate immunity

The first line of defense that responds immediately against invading tumors and
pathogens is the non-specific innate immune system. It is composed of three main
components: 1) anatomic barriers, which involve the skin, saliva, tears, mucus and cilia;
2) the humoral barriers, including a number of small proteins synthesized in the liver; and
3) cellular barriers that comprise different types of cells with distinct and complementary
functions. Innate immune cells express pattern-recognition receptors (PRRs) that detect
pathogen-associated molecular patterns (PAMPs), which are motifs that are unique to
microorganisms''.

Mononuclear cells, including monocytes and macrophages, are a type of phagocyte
that finds and digests foreign microorganisms. Monocytes are derived from the bone
marrow and circulate in the blood at a steady state. They can migrate to tissues to engulf
cells and toxic molecules. During development, monocytes differentiate into dendritic
cells (DCs) or macrophages, which are long-lived cells that can survive within the body
for months and even years. Their function is essential to phagocytizing apoptotic
erythrocyte cells and cellular debris as well as for the secretion of pro-inflammatory
cytokines such as IL-6 and tumor necrosis factor (TNF). Macrophages also induce the
proliferation of other immune cells'.

Dendritic cells are the granular antigen-presenting sentinels of the innate immune
system. In the skin, DCs are called Langerhans cells, whereas immature DCs with
phagocytic properties circulate in the blood. Upon infection, DCs migrate to the lymph
nodes where they interact with adaptive immune cells to shape the immune response”.

Neutrophils along with eosinophils and basophils are known as granulocytes due to the
presence of multiple granules in their cytoplasm. They are polymorphonuclear cells,
having lobed nuclei. Neutrophils are the most abundant phagocytic cells, and they are
usually the first to arrive at a site of infection to kill bacteria and fungi. When activated,
neutrophil granules containing a variety of cytotoxic compounds are released. Basophils
and eosinophils release histamine, an important mediator of allergic reactions and a
defense against parasites. Mast cells are morphologically and functionally very similar to
basophils, but they are more particularly involved in wound healing, immune tolerance

and angiogenesis'*,
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Complement proteins are small polypeptides synthesized in the liver that circulate in

the blood in an inactive state. When stimulated, proteases cleave the complement proteins

into fragments'. The role of these proteins is to enhance the ability of antibodies and

phagocytes to eliminate pathogens and damaged cells'®. As I focused on this innate cell

type during my research, Section 1.2 describes NK-cell properties and functions in more

detail.
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Figure 1 | The innate and adaptive immune systems
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Nature Reviews | Cancer

The innate immune response functions as the first line of defense against infection. It consists of soluble
factors, such as complement proteins, and diverse cellular components including granulocytes
(basophils, eosinophils and neutrophils), mast cells, macrophages, dendritic cells and natural killer
cells. The adaptive immune response is slower to develop, but manifests as increased antigenic
specificity and memory. It consists of antibodies, B cells, and CD4" and CD8' T lymphocytes. NKT
cells and yd T cells are cytotoxic lymphocytes that straddle the interface of innate and adaptive

immunity. Adapted from Dranoff, 2004.
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1.1.3. Innate immune system specificity: recent paradigm changes

Until recently, the innate system was considered as a non-specific arm of the immune
system that detects and eliminates aberrant cells without education or specificity. The
discovery of the specificity in some innate immune responses in the last 20 years has
shifted our understanding of the of immune system classifications. These observations led
researchers to re-think about the simplistic classification of immune cells into the innate
and adaptive arms'’. In this section, I summarize some of the recent discoveries about the
adaptive arm of innate immunity.

Sensing Gram-negativity by a host through the detection of lipopolysaccharides and
other components by the host was the first observation of a specific innate response
against infectious agents. Further, the stress sensing pathway was found to induce innate
immunity in some species such as nematodes'®>. Mammalian stress signaling was also
reported in the induction of inflammatory responses involving heme, which is abundant in
red blood cells. Heme functions to activate TLR4 on innate immune cells and in initiating
an oxidative stress response. An adaptive response re-occurs following red blood cell
damage"’.

Studies have shed light on the non-apoptotic regulated cell death of certain innate
immune cells. One of the best-described example is the formation of the neutrophil
extracellular traps, a process known as NETosis. Neutrophils and other granulocytes can
undergo a self-immune cell death and release their own chromatin as an anti-microbicidal
response. It has been well established that bacteria, viruses and fungi can be trapped and
killed by the released network of histones, DNA and granular proteins. The implication of
this type of innate immune-cell death revealed a high specificity toward pathogen
infections®. Moreover, the Fc receptors of basophils and mast cells show an adaptive
functionality, as the generated signaling pathways have an adaptive response toward
allergic reactions that can be regulated and tuned”'.

Relevant to my work is the recent discovery of Innate Lymphoid Cells (ILCs), which
include NK cells as well as the recently discovered subsets, ILC1, ILC2, and ILC3.
Whereas NK cells share the cytolytic molecules, IFN-y and Eomes, with CD8" T cells,
ILCs share common transcription factors with T cells that give rise to strikingly similar
effector functions, such as cytokine production. Profiling the subsets has revealed that
ILC1 shares the expression of T-bet and IFN-y with Thl cells, ILC2 shares GATA-3, IL-
5 and IL-13 with Th2 cells and ILC3 shares RORyt, IL-17 and IL-22 with Th17/Th22
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cells. The link between T cells and the ILC groups is still not fully understood, but recent
studies support the importance of ILCs in protecting of epithelial and mucosal surfaces
when T cells are inefficient or absent” (Figure 2). Upcoming studies will establish the
precise biological functions of such responses in specifically regulating the host defense

immune system.
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Figure 2 | Parallels between innate and adaptive immune lineages

Innate lymphoid cells share a number of features with T cells including the cytokines and transcription
factors necessary for differentiation and the effector cytokines produced by each subset. SLEC, short-lived
effector CD8" T cells; MPEC, memory precursor CD8" T cells; GzmB, GzB. Adapted from Huntington et
al., 2016.
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1.2. NK cells: generalities

A fraction of effector lymphocytes was originally considered as typical, with high
cytotoxicity and cytokine secretion capability but without education®. The intense focus
on the role of these cells led to the identification of a new sub-population of cells defined
as natural killer cells. Natural Killer cells are granular lymphocytes in the ILC group and
a part of the innate immune system. They have the ability to lyse aberrant cells, including
tumor and pathogen-infected cells, without prior sensitization. The NK cell employs
sophisticated mechanisms to discriminate between abnormal and healthy cells*.
Moreover, NK cells provide a source of immunoregulatory cytokines. This regulatory
function of the NK cells, in addition to their cytotoxicity, holds promise for
improvements in immunotherapy, autoimmune and inflammatory diseases and organ
transplantation®,

The NK-cell membrane expresses a variety of germline-encoded activating and
inhibitory cell surface receptors whose engagement leads to target recognition. The
activation of NK cells derives from the complex system that detects activation and
inhibitory ligands on the target surface. Thus, the signals derived from the interaction of
receptors on the NK surface and their corresponding ligands on neighboring cells governs
the “dynamic” equilibrium regulating NK-cell activation and inhibition®.

In this chapter, the biology and features of NK cells will be described in detail, with
particular emphasis on the critical roles played by NK-cell receptors and the different

components of NK cell-mediated cell-death receptors.

1.3. NK cells: a historical perspective

From 1970 until the present, much progress has been made on elucidating NK-cell
functionality, which is not limited to cell lysis and elimination, but also includes
reciprocally regulating of the activity of other immune cells”’. That NK cells represent a
separate cell lineage took long to be established because their ability to kill tumor target
cells was considered as an artifact. However, in the early 1970s, Rolf Kiessling, a PhD
student from the Karolinska Institute in Stockholm, discovered a new type of
lymphocytes in the spleen of BALB/c mice with the capacity to kill aberrant cells without
prior stimulation. Theses remarkable cells were described as naturally occurring killer
lymphocytes with a specificity to mouse Moloney leukemia and with unique surface and

functional properities®*. The lysis of tumor cells occurred within one to four hours after
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contact with the effector cells in vitro, a more rapid induction than that of other adaptive
immune cells. “The killer cells involved would seem to be neither T nor B lymphocytes
as classified by conventional markers but rather belong to yet a third group of
lymphocytes”, Kiessling stated. In 1976, Hugh Pross identified the same immune cell
population in peripheral human blood”. Studies on NK cells began to attract growing
interest, and in the same year, Ronald Herberman published data confirming the
functionality of the new cell type to kill target cells without any previous sensitization®*2,
The number of studies continued to rise, and Thornthwaite eventually showed how the
newly discovered cells kill P815 cells, a mastocytoma tumor model, under a microscope
for the first time*. After the discovery of NK cells, experiments were conducted on whole
peripheral blood mononuclear cells (PBMCs) because there were no efficient isolation
methods. In 1980, however, Timonen and Saksela isolated NK cells with the use of a

density gradient, allowing them to visualize the cells under a microscope and

characterized them as large granular lymphocytes™.

1.4. The biology of NK cells

Consistent with their innate immune function as the first line of defense against
aberrant and pathogen-infected cells, NK cells are widespread throughout lymphoid and
non-lymphoid tissues. The NK cell lineage is generated from the common lymphoid
progenitor (CLP), and they further develop in the bone marrow as well as in the liver and
the thymus. The lineage’s development fundamentally relies on the secretion of cytokines
such as interleukin (IL)-15 or IL-12 and on the expression of transcription factors such as
Nfil3, PU.1 and Tox. During the maturation process, NK cells acquire the ability to
recognize cells lacking self-recognizing MHC class I molecules™.

Human NK cells are defined by the positivity for the CD56 antigen, an isoform of the
human neural-cell adhesion molecule (N-CAM), and by their negativity for CD3. In
human peripheral blood, NK cells represent from 2% to 18% of the total lymphocytes.
Studies on mice have shown that the percentage of NK cells defined as NK1.1" CD32 is
about 2% in mice spleen, 5% of PBMCs, and about 8% to 10% in mice lung and liver**.
In humans, NK cells are divided into two subsets with different roles and functions based
on the expression levels of the unique CD56 markers, CD56™" and CD56%™. The largest
fraction of NK cells (~90% of PBMCs and spleen NK cells) is the highly cytotoxic

CD56%™ subpopulation, which expresses high levels of the Fcy receptor 111 (Fcy RIII,
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CD16%*. In contrast, NK cells are CD56™"CD16 in lymph nodes and tonsils. This
subpopulation is known to be non-cytotoxic in comparison to the CD56%™ NK cells due to
the absence of perforin (detailed in section 1.6.3.2). However, the CD56"*CD16" sub-
population secretes high levels of cytokines after being activated by monocytes.
Interestingly, the recently discovered cell subpopulation of CD56“"CD16“™ NK cells has
been found to be present in higher in numbers than the bright subsets in more immature
cells®.

The distribution and trafficking of NK cells in an organism are regulated by
chemokine-receptor expression on the NK-cell membrane. The expression of some of
these receptors is dependent on the maturation and the activation level of the cell®.
Immature NK cells express the chemokine receptors CXCR3, CXCR4 and CXCR6 until
maturation, when they gain the ability to express CX3CRI1 and sphingosine-1-phosphate
receptor 5 (S1P5), mainly responsible for NK cell egress from the bone marrow and
lymph nodes. Once NK cells enter the periphery, they are directed to the site of action via
chemotaxis*'. All NK cells express high levels of CXCR4, a receptor for CXCL12, and
SDF-1a/p, a receptor for CXCL12. CD16" cells express high levels of CXCRI1 and
CX3CRI, low levels of CXCR2 and CXCR3 and no CXCRS. These cells migrate in
response to CXCL8 and CX3CL1*. By contrast, CD56™"CD16 NK cells express high
levels of CXCR3, CCR5 and CCR7, but have no CXCRI, CXCR2, or CXCR5
expression. Accordingly, they migrate in response to CCL19, CCL21, CXCL10, and
CXCL11*.

The NK cell membrane expresses a wide variety of activating and inhibitory receptors
that determine the NK cell’s killing activity and interactions with other immune cells. The
receptors are divided into several groups based on their corresponding ligands. Healthy
cells are not affected by NK-cell activity as they express the inhibitory ligands MHC class
I molecules while downregulating the activating ligands. Conversely, NK cells can detect
the overexpression of activating ligands and the absence of MHC class I on the surface of
target cells. In addition, the NK cell membrane expresses the death receptor ligand tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) or CD95-L, which can ligate
with the corresponding receptor on a target cell and initiate target cell apoptosis** (Figure

3).
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a) NK cells are tolerant to normal self-cells as the ‘strength’ of activating signals is dampened by
engagement of inhibitory receptors. b) NK cells are selectively activated by stressed cells as they express a
density of cell surface ligands for activating receptors which overcomes signaling via inhibitory receptors.
¢) NK cell activation leads to tumor elimination directly (cytotoxicity) or indirectly (production of
cytokines such as IFN-y). Adapted from s

33



1.5. Activating and inhibitory NK-cell receptors

NK cells express a repertoire of activating and inhibitory receptors on their cell
membrane. The inhibitory receptors expressed on the NK-cell surface are divided into
different classes: killer cell immunoglobulin-like receptors (KIRs); NKG2/CD9%4
receptors, which are type II glycoproteins with a C-type lectin scaffold; and leukocyte
immunoglobulin-like receptors. The activating receptors include natural cytotoxicity
receptors, the activating form of KIRs, immunoglobulin gamma FcyRIII and C-type lectin
receptors. The balance between signals generated by the ligation of inhibitory and
activating receptors with their cognate ligands controls NK-cell activity. The section
below presents a more detailed description of the different receptor classes on the NK-cell
membrane * (Figure 4). Immune-checkpoint receptors are described in the chapter on

immunotherapy.

1.5.1. Killer cell immunoglobulin-like receptors (KIRs)

The KIR receptor class (also known as CD158) comprises 7 activating and 7 inhibitory
receptors. KIRs are monomeric type I glycoproteins whit two or three Ig-like domains
(KIR2D or KIR3D) in the extracellular region®. All inhibitory KIR receptors contain one
or more an immune-receptor tyrosine-based inhibitory motifs (ITIM) that recognizes
MHC class 1 ligands*. Upon the engagement of KIRs with HLA-A, B or C, the ITIM
domain is phosphorylated by Src family protein kinases. This phosphorylation promotes
the formation of a docking space and the recruitment of the SHP-1/2 protein kinase
phosphatases, which in turn, leads to the suppression of the activating receptor signals.
All activating KIR receptors lack ITIMs and instead, express the DAP12 protein that
delivers activating signals through the immune-receptor tyrosine-based activation motif

(ITAM)*#7,

1.5.2. Natural killer group 2 (NKG2) receptors
NKG2 receptors are a group in the C-type lectin family that contains six heterodimers
(NKG2A, B, C, E, F and H) coupled to CD94 and a non-coupled NKG2D. They are
predominantly expressed and divided into activating and inhibitory receptors. Both
activating and inhibitory NKG2/CD94 receptors bind to the corresponding non-classical
MHC HLA-E ligand expressed on target cells*. The receptor subtypes NKG2A and B are
classified as inhibitory receptors as they contain 2 ITIM domains that drive inhibitory
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signal cascades. NKG2C, E and H associate with DAP-12 and accordingly generate
activating signals. NKG2F is classified as an orphan receptor because its expression and
function on NK cells is not well established. Nevertheless, it is usually accepted that
NKG2F can associate with DAP-12 and therefore functions as an activating receptor®,
The most critical member of the NKG2 class is the NKG2D receptor, which is
expressed on a wide range of cytotoxic cells, including NK cells, and y6" and CD8" T-
cells. NKG2D is encoded by KLRK1 gene, located on the chromosome 12 in humans®.
In contrast to the other NKG2 class members, NKG2D does not form a heterodimer with
CD9Y4, but instead is expressed as a homodimeric receptor. NKG2D monomers associate
with DAP-10 dimers, which transduce activation signals®’. Due to their short binding site,
NKG2D receptors recognize many different types of ligands. Importantly, the MHC class
I-related chain A and B (MICA/B) and the family of six UL16-binding protein (ULBP1-
6)°’'>. The ligation of NKG2D with MICA/B or ULBPs and the subsequent activating
signals represent an important regulatory axis of cancer immune surveillance. Cellular
stress ligands expression is regulated by DNA damage and heat shock response pathways,
which are increased accordingly in cancer cells*”. Nevertheless, healthy cells also
express NKG2D ligands but at a baseline level®. Experiments on Eu-myc mice, which
lack NKG2D receptors, have shown the importance of these receptors in the immune

response.

1.5.3. Leukocyte immunoglobulin-like receptors (LILRs)*

The LILRs subfamily B or CD8S5 is widely expressed on NK cell membranes. These
receptors are type I transmembrane glycoproteins with an extracellular Ig-like domain.
Upon binding to MHC class I molecules, and more particularly to the HLA-G ligands
from tumor cells, the 5 isoforms of the receptors (LILRB1-5) transduce signals via ITIMs
that recruit the SHP-1/2 protein kinase, leading to the inhibition of NK-cell activity”’.
This interaction reportedly serves as an immune checkpoint, although its impact on tumor

immune escape is less documented than that of CTLA4 or PD-1,

1.5.4. Natural cytotoxicity receptors (NCRs)
Another important class of activating receptors on NK-cell membranes is the Ig-
superfamily called natural cytotoxicity receptors (NCRs)*. Their role in promoting NK

cell mediated-tumor cell lysis was discovered following the combined knockout of each
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receptor in mice or through the use of specific blocking monoclonal antibodies*. NKp30,
NKp44 and NKp46 are the identified activating receptors that were identified and shown
to bind to viral-, parasite-, bacterial- and tumor-derived ligands . NKp30 and NKp46 are
constitutively expressed on the membrane of both resting and activated NK cells whereas
NKp44 is only expressed upon IL-2 stimulation®'.

NKp30 is a major receptor that mediates NK cell-meditated DC maturation as well as
virus-infected cell and tumor lysis®. Studies are still ongoing to uncover the precise role
of NKp30 in the anti-tumor immune response®. Recent studies have shown that the
nuclear factor HLA-B-associated transcript 3, tumor antigen B7-H6, Bcl-2-associated
athanogene 6 (BAG-6) and heparin sulfate proteoglycans can bind to NKp30 resulting in
cell lysis®®. To date, only a few studies have shed the light on the NKp46 receptors, their
ligands, and their implications in tumor recognition and elimination®. Viral ligands such
as the influenza virus’s hummagglutinin were the first ligands identified to bind to
NKp46%. Viral, parasite and bacterial ligands were later shown to have the capacity for
signal induction after NKp46 binding®. Although the ligands of NKp44 on tumor cells
remain to be identified, in vivo studies in NKp44 KO mice provide evidence that NKp44
is implicated in tumor immune surveillance®. A cellular ligand of NKp44 has been
recently identified as NKp44L. This ligand is a novel isoform of the mixed-lineage
leukemia-5 protein (MLLS) and has been shown to control NK cell-mediated cell

68,69

lysis

1.5.5. 2B4 receptors

2B4 or CD244 is a non-MHC multifunctional binding receptor that is abundant on NK
cells, monocytes, basophils and a subpopulation of T cells. There are two isoforms, 2B4-
A and 2B4-B, which differ in their affinity for CD48, a ligand expressed on all
hematopoietic cells. Depending on the maturation stage of the NK cell, activating or
inhibitory signals can derive from these receptors upon ligation with CD48. A recent
study has reported that the interaction between 2B4-A and CD48 leads to increased
intracellular calcium release, induces IFN-y secretion, and contributes to initiating of the

cytotoxicity process’.

1.5.6. Killer cell lectin-like receptor G1 (KLRG1)
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Killer cell lectin-like receptor G1 (KLRG1) is an abundant receptor on both NK cells
and T cells. They were originally defined as inhibitory receptors that induce inhibitory
signals through an ITIM domain. The ligands for KLRG1 receptors include the cadherin
family members (E-, N-, and R-cadherins), which are abundant on healthy cells and are
downregulated on malignant mesenchymal tumors. Thus, NK cells implicate KLRGI

receptors in playing an important role in preventing healthy cell damage and lysis’.

1.5.7. Co-stimulatory receptors

The co-stimulatory DNAM-1 (also known as CD226) receptors are expressed on 50%
of NK cells and they bind to CD155 (PVR) and CD112 (PVRL2, nectin-2), which are
expressed on tumor cells®. Beside their role in lymphocyte migration, DNAM-1 is
involved in tumor cell recognition and adhesion™.

T-cell immunoglobulin and the ITIM domain (TIGIT) are co-inhibitory receptors of
the Ig superfamily expressed on NK cells, and they bind to CD155 with a higher affinity
than to DNAM-1. Remarkably, the interaction between DNAM-1 and CD155 is inhibited
by TIGIT”™. Another group of co-stimulatory receptor is the NKR-P1 receptors (NK1.1 in
mice), which are classified into 5 isoforms. NKR-P1 B/D inhibits NK-cell activation
through the ITIM domain, while the NKR-P1 C has an ITAM domain’. In addition, B
and T lymphocyte attenuator (BTLA) and CDI160 are immunoglobulin inhibitory
receptors that bind to herpes virus entry mediator (HVEM)”. The ligation between
HVEM and the TNF suprafamily 14 (TNFSF14, also known as LIGHT) co-stmulatory
receptors induces activating signals’™. Sialic acid-binding immunoglobulin-like lectin is

another inhibitory receptor that binds to sialylated glycan to induce inhibitory signals”’.
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Figure 4 | NK cell activating and inhibitory receptors

Major activating (green) and inhibitory (red) receptors expressed by human NK cells and their
corresponding ligands are represented. Adapted from Chiossone et al., 2017.
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1.6. NK cell-mediated-cell death

The main function of NK cells is as a defense against tumor and virally-infected cells
via different and well-established lytic mechanisms®. These mechanisms include (1)
death receptor pathways®' (2) NK cell-mediated antibody-dependent cellular cytotoxicity
(ADCC)™, and (3) the lytic granule-dependent pathway”. Along with these well-defined
lysis mechanisms, NK cells release exosomes that are known to play a significant role in
immune-surveillance®. NK cell-derived exosomes (NKEXOs) have been reported to have
lytic properties when they enter tumor cells. They express the exosomal markers Rab5B
and CD63 as well as the CD56, NKp30, NKp46, and NKp44, NK-cell markers®'.
Importantly, NKEXOs contain cytolytic proteins such as Fas ligand and perforin®.

1.6.1. Death receptor pathways
NK cells contribute to the suppression of tumor growth and metastasis via death-
receptor pathways independently from the cytotoxic granule pathway®. This pathway is
activated upon the ligation of death ligands with their corresponding death receptors,

which promotes caspase-dependent death pathways™ *',

1.6.1.1. The Fas receptor-Fas ligand pathway

FasL (also known as CD95L, APO-1, or TNFRSF6) and its receptor Fas (also known
as CD95, APO-1, or TNFRSF6) are members of the TNF and TNF-receptor family®. Fas
is a type I transmembrane protein containing a death domain in its cytoplasmic region that
is responsible for inducing apoptosis®’. Not all tumor cells express the death receptor on
their membrane. Nevertheless, NK cells can stimulate Fas expression on target cells via
the secretion of IFN-y. This 40 kDa Fas ligand is expressed at the surface of both NK and
cytotoxic T-lymphocyte (CTL) cells and its ligation with Fas allows for recruitment of the
protein Fas-associated death domain (FADD). FADD promotes the formation of the
death-inducing signaling complex (DISC) and the activation of caspases 8 and 3.
Moreover, the anti-apoptotic FLICE/ caspase-8-like inhibitory protein (FLIP) blocks Fas
pathway-mediated cell lysis by disturbing the formation of the DISC®. Of note,
metalloproteinases can split FasL into a soluble inactive form that competes with the

FasL on the membrane®.
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1.6.1.2. The TNF-related apoptosis-inducing ligand (TRAIL)

pathway

TRAIL (also known as APO-2 ligand) is a type II transmembrane protein that belongs
to the TNF superfamily. Five TRAIL receptors have been identified in human cells, but
only two of them, DR4 and 5, are capable of inducting apoptotic signals due their death
domain®'. The high expression of TRAIL on NK-cell membranes is stimulated by with
IL-2, IL-15, and IFNs. Like Fas receptors, the activation of DR 4 or 5 induces DISC
assembly. FADD then translocates to the DISC, where it interacts with the death domain
of the receptor’. FADD recruits pro-caspases 8 and 9 to the DISC where they are
activated. In some types of cells, DISC also activates the mitochondrial pathway. The
BH3 interacting-domain death agonist (BID) is then cleaved to tBid by caspases 8 and 10
and translocated to the mitochondrial. tBID activates Bax and Bak resulting in

cytochrome-C release and the activation of caspases 9 and 3%,

1.6.2. Antibody-dependent cellular cytotoxicity (ADCC)

ADCC is a mechanism of the cell-mediated immune response whereby an NK cell
detects and lyses a target cell whose membrane antigens are bound to specific antibodies.
NK cells and hematopoietic cells (except most T cells) express three types of Fcy
receptors, which bind to the Fc part of the IgG antibodies. FcyRI (CD64) is expressed on
the membranes of neutrophils and macrophages and binds to human IgG1 and 3*. The
second type is FcyRII (CD32), which comprises two isoforms that function as activating
or inhibitory receptors. The third type is FcyRIII, which has two isoforms, FcyRIIla with
an ITAM domain and FcyRIllb with an ITIM domain®”. The balance between the
activating and inhibitory signals of FcyRs and their antibody-affinity thresholds control
the efficacy of ADCC.

NK cells represent an important model of ADCC as the activating FcyRlIIla is highly
expressed on CD56%™ CD16" NK cells, while inhibitory FcyRIIIb is absent. The binding
of FcyRlIlIa to the IgG1 and IgG3 subclasses induces a potent activating signal. NK-cell
activation triggers cytotoxic granule polarization and secretion. ADCC has been
implicated in tumor elimination in several in vivo studies™. Antibodies specifically
engineered to prevent Fc binding to FcyRIlla and human epidermal growth factor
receptor 2/neu (Her2/neu, CD240) induce a potent inhibition of the ADCC pathway and

lead to increased tumor size in BC xenograft-mouse models. It is worth mentioning that
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vaccination and monoclonal antibody-based immunotherapies takes advantage of the

ADCC mechanism®*”’,

1.6.3. The lytic granule-dependent death pathway

Upon target recognition, the main elimination pathway is the secretion of the cytolytic
granules into the target cells and the subsequent induction of apoptosis®™. Whereas CTLs
have TCRs that recognize MHC class I, NK cells mainly recognize their targets via a set
of activating and inhibitory receptors. Despite NK cells and CTLs having different target
recognition mechanisms, the following lytic granule-dependent killing mechanism is
conserved in both cell types. The lytic granules are electron-dense organelles that contain
the pore-forming protein perforin, the serine protease proteins called granzymes, and the
lipid-disrupter granulysin®. Once NK cells are activated, Ca™ concentration increases in
the cytosol, the microtubule organizing center (MTOC) moves toward the target cell and
the cytotoxic granules are polarized along with the MTOC toward the immunological
101

synapse (IS)'”. Perforin and granzymes synergize to induce apoptosis in the target cells

(Figure 5).
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Figure 5 | Stepwise stages during NK cell-mediated cytotoxicity

YTS GFP-actin (green) cells were labeled with Lysotracker Red (red) to selectively label lytic granules and
co-incubated with CellMask-labeled (Life Technologies, Carlsbad, CA, USA) (yellow) 721.221 target cells
in the presence of SYTOX Blue (Life Technologies) (blue) for detection of cell death. Conjugates were
imaged by spinning disk confocal microscopy for a total of 90 min. The images shown are frames acquired
approximately every 15 min. a) The NK cell is conjugated to the target cell and lytic granules are dispersed.
b) Granules are converged at the MTOC. ¢) The MTOC along with converged lytic granules are polarized
at the immune synapse. F-actin is evidently reorganized from a to c. d) More F-actin reorganization is
observed and lytic granules are docked at the plasma membrane. e) Target cell death begins as SYTOX
Blue enters the cell. f) Target cell undergoes apoptosis and NK prepares for detachment as shown by
reversal of shape change. Scale bar=4 pm. Adapted from Mace, 2014.
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1.6.3.1. Granzymes

Granzymes constitute a family of serine proteases whose members differ in their
substrate specificity and functionality. Five granzymes have been identified in humans,
granzymes A, B, H, K and M '"*'*_ Granzymes reportedly to cleave both intracellular and
extracellular proteins. However, there is a gap in our knowledge regarding their
extracellular functions. Granzyme A-mediated cell death is not related to the caspase-
activation pathways, but rather involves a loss of the mitochondrial inner membrane, the
release of reactive oxygen species (ROS), and nuclear histone cleavage'*'”®. The mode of
action of granzymes H and K are not well characterized, but recent studies support that
granzyme H-induced cell death is also independent of caspase activation®. In contrast to
granzyme H, granzymes K and M mediate cell death through caspase pathway activation
and ROS production'®.

Granzyme B (GzB) is the most abundant protein and the best functionally
characterized among the other forms of cytolytic granules. GzB is responsible for the
rapid induction of caspase-dependent apoptosis in target cells promoting directly or by
indirectly caspase activation. Although its relative importance to tumor cell elimination
remains unclear, caspase-independent cell death has also been reported after GzB is

internalized'”’.

1.6.3.1.1. Granzyme B structure and synthesis

GzB was discovered in 1987 by Schmid and Weissmann as an abundant serine
protease in human leukocytes'®. In 1991, Poe et al., showed that the 32 kDa GzB could
be purified from the granules in human cytolytic lymphocytes, and that they established
its enzymatic activity'®""". The protein is composed of two 6-stranded B-sheets which are
connected by three trans domains. In the first step, GzB is first synthesized as a pre-
proenzyme before being transported into the endoplasmic reticulum. The subsequent pro-
GzB is then transported in specific vesicles into the Golgi apparatus, where it is modified
by mannose-6-phosphate''’>. Once modified, the pro-GzB is ready to be activated by
dipeptidyl peptidase I or cathepsins C and H in secretory granules, which are stored in

association with the proteoglycan serglycin-containing chondroitin sulphate'".
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1.6.3.1.2. Granzyme B delivery to and internalization in

the target cell
At steady state and in the absence of target cells, CTLs and NK cells constitutively
synthesize GzB. A major difference between the NK cells and CTLs is that NK cells
secrete and release GzB in its active form while CTLs secrete the inactive form. The
regulators of cytotoxic granules such Rab-27A, Munc13-4, and synaptotagmin VII play
an essential role in granzyme maturation and the fusion with the plasma membrane''*'",
Additionally, NK cells can recycle a fraction of the secreted GzB via clatherin-dependent

endocytosis. The entry of GzB into the target cells can be achieved either by co-entry into

the cytoplasm with perforin or via the mannose-6-phosphate receptor''®.

1.6.3.1.3. Granzyme B-induced apoptosis

The exposure of target cells to nanomolar concentration of GzB is rapidly followed by
apoptosis (within 5-8 minutes). Granzyme B’s entrance into the target cell’s cytoplasm is
followed by the recognition of a broad range of intracellular signaling components that
directly or indirectly promote cell death'”’. These pathways are briefly described below.

BID is an important molecular target of GzB. The proteolysis of Bid leads to the
translocation of its C terminal into mitochondria and the subsequent permeabilization of
the mitochondrial membrane via Bak or Bax protein oligomerization'". In addition, GzB
is responsible for the cleavage of anti-apoptotic B-cell lymphoma-2 (Bcl-2) and myeloid
cell leukemia sequence 1 (Mcl-1)""®. Both mechanisms lead to the release of the
mitochondrial cytochrome C and diablo homolog (Smac/diablo) into the cytosol'".
Cytochrome C, together with apoptotic peptidase activating factor 1 (Apaf-1), directly
activates caspases 9 and 3. Additionally, GzB is capable of directly cleaving caspases 8,
10, 3, and 7 and indirectly cleaving caspases 2, 6 and 9'%.

The indirect induction of target cell death involves the activation of Rho-associated
coiled-coil-containing protein kinase 2 (ROCK2) and results in membrane blebbing'*'. In
addition, GzB cleaves o-tubulin, leading to cytoskeleton collapse and microtubule

12 GzB also directly cleaves nuclear components such as lamin A/C,

polymerization
lamin B, and nuclear mitotic apparatus protein A (NUMA1), which results in lamina
disruption and a loss of nuclear integrity'**'**, Moreover, GzB-dependent targeting of the
poly (ADP-ribose) polymerase 1 (PARP-1) or the DFF45/ICAD (cytoplasmic DNA

fragmentation factor 45) alpha peptide promotes apoptosis via DNA fragmentation.
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Finally, GzB can negatively affect fibroblast growth factor receptor 1 (FGFR1) and notch

homolog 1 translocation-associated (Notch/NEXT) to enhance apoptosis'?.

1.6.3.2. Perforin

The 67 kDa multi-domain protein perforin was discovered in 1980 by 3 groups of
scientists: Henkart et al., Okumura et al., and Podack et al'**. Perforin is a pore-
forming member of the membrane-attack-complex/perforin (MACPF) protein family
that induces transmembrane tubules'?’. Additionally, it can oligomerize into
membrane-spanning pores at neutral pH and when Ca” is present *'*. Such pores allow
the passive diffusion of the GzB into the target cells'®. The amino-terminal MACPF
domain is followed by an epidermal growth factor (EGF) domain. The C-terminal
domain of perforin is related to the Ca™-dependent C2 domain family and is extremely
important to its activity. Perforin is an essential key for granzyme-dependent apoptosis,
as noted by the loss of perforin in mice abolishing targeted cell death'. It is also
associated with various human diseases such familial haemophagocytic lympho-
histiocytosis (FHL; a congenital perforin deficiency), hematological malignancies, and

protracted viral infections''.

1.6.3.3. Granulysin

The saponin-like protein family contains the 15 kDa member granulysin. In addition to
perforin and granzymes, secretory granules also contain the granulysin, which is
responsible for the lysis of microbes and tumor cells'*. Interestingly, there is no homolog
of granulysin in mice, and no in vivo studies have been conducted to elucidate its
functionality. However, it has shown in vitro that granulysin kills a spectrum of parasites,

fungi, and bacteria, particularly Mycobacterium tuberculosis'>.

1.7. Structure and function of the immunological synapse (IS)
Target cell lysis by NK cells depends mainly on a lytic granule-dependent apoptotic
pathway. This process relies on strict and well defined biological steps to ensure the

precise targeting of the lytic molecules'*

. A key element governing NK cell-mediated cell
lysis is the formation of the IS, which is a specialized cell-cell interface characterized by
the tight apposition between the membrane of an immune cell and its target. Originally

the IS was defined between a T cell and an antigen-presenting cell, but studies have
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shown the critical role of NK-IS upon target recognition'”. For the first time, in 1983,
Abraham Kupfer showed the polarization of the Golgi apparatus and MTOC in an NK
cell towards its target. Originally the interface was named after the neuronal synapse due
to their having the function of connecting two cells in common'*®. Studies on the NK-IS
have improved our understanding about its multiple functions. The IS serves first as a
region of contact between the membranes of the two cells, creating a critical zone for

ligand-receptor ligation'’

. Upon target recognition, the purpose of the IS is first to ensure
the adhesion and stability of the connection between the two cells. Subsequently, the
direct secretion of cytolytic granules into the target cells guarantees their elimination and
lysis. Highly regulated steps, components, and pathways participate in the formation of a
functional I1S"®, Importantly, the sizes of the activating and inhibitory clefts are similar,
between 10 and 30 nm. The lytic clefts between the effector and opposing cells play a
major role in preventing the leakage of lytic granules into the surrounding tissue and

ensure targeted secretion.

1.7.1. Stepwise stages of IS formation and activity
Defining the steps required to establish an IS is crucial for our understanding of the
NK cell-mediated cell lysis. Of note, any dysregulation of one of the main stages or
detailed steps is critical and may present a high risk of immune deficiency and

malignancy'**'* (Figure 6).

1.7.1.1. Target recognition and adhesion stage

Resting or primed NK cells are able to recognize their targets via either tethering or a
more potent adhesion component on their cell membrane, but before the adhesion
receptors engage in the process, heterogeneous structures called nanotubes are rapidly
formed to guide the NK cell toward its target and to transmit signals over long
distances'"'. Subsequently, selectin family members on the NK membrane such as L-
selectin and P-selectin glycoprotein ligand-1 (PSGL-1), initiate the adhesion with the
target. Lymphocyte function associated antigen-1 (LFA-1/CD11B/CD18) and CD2 are
also implicated in the creation of a firm junction'*. LFA-1 ligation with the intercellular
adhesion molecule-1 (ICAM-1) on the surface of a target cell leads to a tight junction.
This adhesion step induces downstream signals via the phosphorylation of the guanine
nucleotide exchange factor Vavl by an Src-family kinase, Racl activation, and

cytoskeletal rearrangement'*'*. Ligand-receptor ligation is strengthened and activated

46



upon engagement of the activating receptors DNAM-1, NKG2D, and NCRs along with
their corresponding ligands, giving rise to the initiation of the cytotoxic process’.
Afterwards, the lytic granules move along microtubules in a dynein-dependent manner

and converge upon the MTOC polarization ',

1.7.1.2. Effector stage

The most important stage for the lytic process is the effector stage when the
degranulation of the cytotoxic granules occurs. This stage is marked by a rearrangement
of the cytoskeleton, MTOC polarization and lytic protein secretion'*. The mature
activating IS contains a region called the supramolecular activation cluster (SMAC) that
is divided into a central (cSMAC) and a peripheral (pSMAC) forms. The SMAC serves as
a region for surface receptors and actin filaments (AF) to cluster'*’. The B2 integrin LFA-
1 receptors and AF cluster at the pPSMAC, while perforin polarizes to at the cSMAC',

Dynamic AF polymerization is crucial for the establishment of a lytic IS through
MTOC polarization and the delivery of cytotoxic granules'”. Importantly, AF
polymerization drives the maintenance of adhesion molecules at synaptic region during
the effector stage. Pharmacological- or gene-targeting of the actin cytoskeleton at the NK-
IS has been found to impair IS development, cleft size, receptor distribution, and MTOC
polarization'

5.4.

. Actin filament dynamics at the synapse are discussed in detail in Section

Activating and inhibitory receptors also cluster at the SMAC. One key to an inhibitory
synapse is the domination of signals derived from inhibitory receptors and the
functionality of phosphatases, especially SHP-1*>">!, These inhibitory signals swiftly act
to disrupt multiple IS checkpoints such as target-cell adhesion, LFA-1 stimulation, the
phosphorylation state of Vavl, activating receptor clustering, and Ca+2 flux"*>'*,

It is well established that activating receptors, such as NKG2D and 2B4, cluster at the
periphery of the synapse suggesting a more potent activating signal transmission.
Interestingly, the inhibitory receptor KIR2DL1 also clusters at the synapse but its
concentration is highly reduced when NKG2D signaling is dominant. Two main axes of
activating signaling occur after NK cell activation: the phosphatidylinositol
3-kinase/extracellular  signal-regulated kinases (PI3K/ERK) pathway and the
phosphoinositide phospholipase Cy-/c-Jun NH(2)-terminal kinase (PLC vy-JNK)

pathways. An early marker of NK cell activation is the calcium flux from the
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endoplasmic reticulum (ER), which is mediated by an IP3 channel downstream of PLCy
signaling. The ER likewise polarizes toward the synapse to ensure a sustained Ca™ flux
during the lytic process™*'*.

Following activation and actin rearrangement, the MTOC is reoriented toward the
synapse accompanied by the lytic granules. The movement of MTOC depends on either
microtubule growth (push) or on microtubule shrinkage (pulling). Signals that direct
MTOC polarization are derived from the LFA-1-derived Vavl'*®. Moreover, the actin
cytoskeleton is linked to the microtubule network via Cdc42-interacting protein-4 (CIP4),
the formin hDia, and the 1Q-containing GTPase-activating protein 1 (IQGAP1) to ensure
MTOC polarization'**"*’, Previous studies have also shown that the ADP-ribosylation
factor-like 8b (Arl8b) interacts with kinesin-1 and regulates MTOC polarization'™',
This process is directed and regulated by the factor Munc13-4 and its ligation to Rab27a,
a Rab GTPases member that regulates subcellular compartment trafficking''*. Myosin ITA
is likewise associated with lytic granules movement to the plasma membrane'®. The lytic
granules must traverse an actin meshwork by identifying actin hypo-density areas where
the actin is remodeled again to provide the way'®'. Afterwards, Munc13-4 and rab27a
mediates granule docking and fusion with the plasma membrane as directed by the target-
soluble NSF attachment protein receptor (SANRE)'®,

NK cell mediated cell lysis is achieved by granule exocytosis in the cleft of the
target'®. Notably, proteinase inhibitor and cathepsin B are upregulated at the synapse to
protect the NK cells from self-suicide or self-destruction from the released lytic proteins

in the cleft'**.

1.7.1.3. Lysis and elimination stage

The final stage of the cytotoxicity process is target cell lysis. Upon lytic granule
delivery into the target, effector cells detach and either reinitiate the lysis of another target
with granules still converged at the MTOC or they return to a resting state.
Phosphatidylserine is exposed on the target-cell surface after perforin protrusion and is
responsible for the signal transmitted to the inhibitory CD300a on the NK cell membrane
that stops the process'?”'®*. Detachment from the target cell is faster when the target cell
lysis is the result of this process rather than a non-lytic IS, but it can leave the NK cells in
a state of exhaustion state®. However, the exposure of NK cells to an activator and

stimulator such as IL-2 could reinitiate their activity'®.
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Figure 6 | Stepwise molecular progression through NK cell cytotoxicity

NK cell cytotoxicity can be broken down into three main stages: recognition (a—d), effector (d—p) and
termination (g, r). During the recognition stage, the NK cell is particularly sensitive to inhibitory signaling
(d). Key events include lytic granule convergence (c), the actin-dependent firm adhesion of the NK cell (e)
and subsequent F-actin conduit formation (h), MTOC polarization (j) and LG fusion and exocytosis (0).
This is followed by vesicle recycling (p), a period of relative inactivity (q) and detachment and subsequent
serial killing (r). Adapted from Mace, 2014.
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1.8. NK-cell regulation and cross-talk with immune cells

It is well established that the immune function of NK cells is defined by cytokine
secretion and the elimination of aberrant cells. However, a large number of events occur
between NK cell trafficking to the site of action and their activation. The maturity and
functionality of the NK-cell response generally depends on constant signals from their
microenvironment, including cytokine secretion and interactions with other immune

cells'?’.

1.8.1. Cytokine regulation of NK cells

The main activators of NK activity are type I IFN, IL-12, IL-18, and IL-15. IL-15
ligates with a high affinity to the IL-15Ra receptor, and the derived signal plays an
important role in NK survival through regulation of the anti-apoptotic family Bcl2'%. It is
also a key element in priming NK cells to react more rapidly and efficiently by
establishing a stock of lytic granules. Furthermore, IL-15 is required for IFN-y secretion
and NK-cell maturation and proliferation'®’.

In vitro, IL-2 is a powerful activator for NK-cell proliferation and functionality'”. The
receptor IL-2R on NK-cell membranes is triggered upon ligation with IL-2, which
activates the downstream signals JAK1 and STAT4. The role of IL-2 is well established
as promoting NK cell proliferation, cytokine secretion, and cytotoxicity'’”'. Together, IL-
12/1L-18 principally affect [IFN-y secretion, while IL-18 plays a role in the expression of
CCR7 and the secretion of CCL3'*', However, some cytokines such as IL-21 act
negatively to inhibit the proliferation of NK cells while increasing their cytotoxic
effect'”. IL-4 also inhibits NKG2D expression and the production of TNFa, IFN-y, and
granulocyte-macrophage colony-stimulating factor (GM-CSF)'”. Type I IFN induces the
proliferation and cytotoxicity of NK cells. IFNs ligate with their corresponding receptor
IFNAR, and the absence of that receptor provokes an activation failure. The role of TGF-
[ in decreasing the activation and proliferation of NK cells by affecting NKG2D
expression has also been established. In contrast, inhibiting TGF-f signaling increases the
capacity of NK cells to secrete cytokines. The majority of cytokine receptors activate
JAK/STAT signaling pathways, where the Janus kinase (JAK) allows for the recruitment
and phosphorylation of signal transducer and activator of transcription (STAT), which

migrates to the nucleus to regulate transcription factors'”.

50



1.8.2. NK cells: beyond natural killing

An effective immune response relies on rapid and flexible coordination between the
innate and adaptive immune systems. Cytokine secretion and direct interactions between
immune cells control the maturation, development, and activity of each cell population.
Besides the cytolytic function of NK cells, their functions go beyond killing. Indeed, NK
cells play a critical role in shaping other immune cells by mediating a refined and
developed activity that impacts innate and adaptive immune cell function'”.

One of their primary important effects is regulating the function of the antigen-
presenting DC'"’. The interaction between the two cell types is considered reciprocal as
the cells regulate one another, and the generated results are required for an appropriate
immune response'”®. Studies have shown that the depletion of NK cells affects the
functionality of DCs and that NK cells kill immature DCs lacking MHC class I via the
lytic or death-receptor pathway. The NK cell-mediated maturation of DCs depends on
TNF-a and IFN-y secretion upon direct contact'”. In lymph nodes, CD4" T cell-derived
IL-2 activates NK cells, while CD4"-derived TGF-f inhibits NK-cell functions and
suppresses their cytotoxic effect'®. CD4+ T-helper type 1 (TH1) cells are primed by NK

cell-derived IFN-y in the lymph nodes''. Indirectly, TH1 polarization is enhanced via the

maturation of DCs. However, NK cells induce the CD8+ T-cell response via DC
activation. The role of CD4"CD25" Treg in suppressing immune cells is well studied.
Interestingly, Treg can negatively affect various aspects of NK-cell functions such as the
cytolytic process, proliferation, and cytokine production '*2,

NK cells also induce the differentiation of CD14" monocytes into DCs through direct
contact with CD56™" NK cells and the production of GM-CSF. Moreover, macrophage
cross-talk with NK cells has proven to be inducible, as cytokine secretion increases upon

interaction'’®.
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2. Immune-based cancer treatment

Immunotherapy is a form of cancer treatment with the intent of empowering the
immune system against tumor cells, either by energizing the immune cells themselves or
by ending break-off and resistance against the immune system. Cancer immunotherapy is
favorably evolving and can now be considered a primary choice of therapy, joining such
classical therapies as surgery, radiation, chemotherapy, and targeted therapy. With the
development of immune-based therapy, attention is not only on targeting the tumor itself,
but on targeting immune cells in the tumor microenvironment (TME) to reinforce their
intrinsic immunological killing'®. Thus, immunotherapy relies on the insight that the
innate and adaptive immune systems recognize and eradicate tumor cells. Interestingly,
some types of tumors show a dramatic and efficient response, while others do not respond
at all'"®. Cancer immunotherapy seeks to reinforce the patient’s immune mechanisms
against tumor cells with an aim of having fewer side effects by not targeting healthy cells.
Unfortunately, therapy strategies such as chemotherapy and radiation are unable to

distinguish between healthy and malignant cells when they kill'**.

2.1.Types of immunotherapy

Approaches to stimulate immune cells involve vaccination with tumor antigen or
increasing the number of antigen presentations. Adoptive cell therapy (ACT) is an
additional strategy that involves the direct uptake of activated immune cells. Moreover,
administering oncolytic viruses has proven to be highly efficacious in initiating anti-
tumor immunity. Recombinant proteins that either block immune checkpoints or

stimulate immune cells are also used'®.

2.1.1. Cancer vaccination
For decades, the idea of developing therapeutic cancer vaccines similar to those used
against infectious agents has been of interest to researchers'®®. The objective of cancer
vaccination is to stimulate immune cells to elicit an immune response against tumors.
Although many vaccines have shown the capacity to activate immunity, their clinical
efficiency has remained less than expected'’. Activating host T cells against tumors was

one the first targeted approaches. Vaccines are composed of antigens and adjuvants that
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elicit the activation of the antigen-presenting cells responsible for shaping the immune
cells. Whole cells, cell lysates, and purified antigens are sources for tumor antigens.
However, the main obstacle is finding the optimal and suitable antigen that can stimulate
immunity. The first cancer vaccine to be approved by the FDA was in 2010 for
sipuleucel-T, a treatment for metastatic castration-resistant prostate cancer. The vaccine is
made from a patient’s PBMCs and enriched ex vivo. The cells are subsequently fused
with prostatic acid phosphatase (PAP) and GM-CSF'®,

DCs are the most effective antigen-expressing cells that bridge the innate and adaptive
immune systems'®’. The strategy is to provide a high quantity of appropriate antigens to
load onto the DCs, and accordingly, allow the tumor cells to break the tolerance to
immune cells. A DC-based vaccine strategy relies on isolating DCs from a patient’s
PBMCs and activating them with tumor antigens before re-infusing them into the

patient'®,

2.1.2. Oncolytic virus
The therapeutic outcomes for oncolytic viruses derive either from the ability of some
viruses to induce tumor killing or by their stimulation of immune-based lysis'”. The
viruses are engineered to limit their lytic activity exclusively to cancer cells"'.
Talimogene laherparepvec (T-VEC), a modified herpes simplex virus type 1 and the first
oncolytic virus approved by the FDA (in 2015), is for the treatment of advanced

myeloma'”.

2.1.3. Adoptive cell therapy (ACT)

Immunotherapy’s exploitation of the cytotoxic granule activity in immune cells has
revolutionized immune-based cancer treatment. For instance, ACT is taking advantage of
the perforin and granzyme pathways. The concept of ACT is to isolate a patient’s
PBMCs, expand them ex-vivo, and re-infuse them back into the patient'”. The
lymphocytes can be isolated from peripheral blood, lymph nodes, or tumor tissue. In
melanoma patients, depleting immunosuppressive cells such as Treg cells or co-injecting
IL-2 has improved the efficiency and clinical outcome of ACT for tumor infiltrating

%4 Another strategy is to transfer T cells engineered and generated ex vivo.

lymphovytes
One example involves the expression of the TCR o and P chains that ligate with HLA

ligands'”. Another approach is the transfer of chimeric antigen-receptor (CAR) cells,
g g
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which are an antibody-recognition domain fused to a TCR-constant domain. This new
FDA-approved strategy has shown promise in treating patients with hematological

malignancies such as acute B-cell lymphoblastic leukemia and B-cell lymphoma'*"®,

2.1.4. Immune checkpoint blockade

Immune checkpoints play a critical role in controlling the immune response against

pathogens and cancers'”’

. A plethora of immune inhibitory pathways are generated upon
contact with cancer cells. Any blockage to inhibitory checkpoints, and therefore their
derived inhibitory signals, is a promising approach for triggering an anti-tumor immune
response’”. Here we focus on the main approved checkpoint inhibitors for cancer
immunotherapy®”".

The first inhibitory checkpoint to be targeted was cytotoxic T lymphocyte-associated
protein 4 (CTLA-4), also known as CD152, an inhibitory receptor and negative regulator
202

expressed on regulatory T cells

CD28, but with a high affinity to CD80 (B7-1) or CD86 (B7-2) ligands on the membranes

. CTLA-4 is a homolog of the co-stimulatory receptor

of antigen-presenting cells. Ligation with B7 molecules leads to a net negative signal,
which limits IL-2 production and T-cell survival*®. In 2011, the anti-CTLA-4
monoclonal antibody ipilimumab was approved by the FDA for treating metastatic
melanoma. Clinical trials for CTLA-4 with prostate, bladder, and non-small-cell lung
carcinoma (NSCLC) are ongoing. Results have shown T-cell compartment activation,
tumor regression, and overall survival improvement®”.

The programmed cell death 1 (PD1) receptor expressed on activated T-cell membranes
is among the important inhibitory checkpoints. Activation of PD1 (also known as CD279)
after it interacts with its ligands regulates the antigen response threshold of T and B cells
and thus, inhibits cell proliferation, cytokine release, and cytotoxicity*®. PD-L1 and PD-
L2, expressed on tumor cells, are ligands that bind to PD1 receptors. Blocking this
interaction can enhance T-cell anti-tumor activity>*.

Pembrolizumab and nivolumab antibodies target PD1 and are approved by the FDA to
treat melanoma, head and neck squamous cell carcinoma, and NSCLC?”. Additionally,
due to the high clinical response it has shown, nivolumab was also approved for Hodgkin

lymphoma and renal cell carcinoma. Moreover, atezolizumab, avelumab, and durvalumab

are antibodies against PD-L1. Atezolizumab produces a therapeutic response in many
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types of cancers such as melanoma and colon, lung, gastric, and head cancers. It was
approved by the FDA in 2016 for the treatment of NSCLC and urothelial carcinoma'®*,
V-domain immunoglobulin suppressor of T cell activation (VISTA) is an inhibitory
immune checkpoint that downregulates CD4" and CD8" T-cell activation®®*”. It is
expressed on naive CD4" and CD8" cells, Foxp3"CD4" regulatory cells, and DCs. VISTA
blockage could soon be a target for novel therapies**®. Lymphocyte activation gene 3
(LAG?3) is a selective marker and cell surface molecule on the membrane of T, B and NK
cells. It has been reported that this ligand downregulates the proliferation and activation
of T cells and plays a role in the suppressive function of Tregs. Targeting LAG3 reverses
T-cell exhaustion and thus, enhances anti-tumor activity®”. T-cell immunoglobulin and
mucin domain-containing 3 (TIM3) is another immune checkpoint expressed on NK cells,
DCs, and various T-cell populations. Its co-expression with PD1 in CD8+ cells makes it a
potent therapeutic target’'’. The TIGIT receptor is strongly expressed on lymphocytes.
The blockade of TIGIT in combination with a PD1 mAbD resulted in the improvement of
CD8+ T-cell functionality and tumor rejection. Anti-TIGIT can also be combined with

anti-LAG3 or anti-TIM3 to confer anti-tumor immunity”.

2.2.NK cell-based immune editing

Although immunotherapy studies have focused more on T cell-based therapy, recent
studies have shed light on the potential of NK cells as a powerful directed immunotherapy
approach. Overcoming the immunosuppressive microenvironment and inducing anti-

tumor activity in NK cells have been exploited to cure cancers in different approches®'".

2.2.1. Adoptive NK-cell therapy
The first approach is adoptive NK-cell therapy whereby NK cells from healthy donors

(allogenic NK cells) or the patient (autologous NK cells) are isolated and re-infused into
the patient after ex vivo expansion and activation with cytokines (IL-2, IL-12, IL-15, and
IL-18) or stimulatory molecules. Cytokines, and especially IL-2, are administrated after
the re-infusion in repeated injections at low doses. Allogenic NK-cell transfer shows a
higher efficacy and optimal anti-tumor effect than autologous NK-cell transfer due to the
KIR mismatch (haploidentical). Furthermore, NK cells don’t exert graft-versus-host-
disease (GvHD)*? The disadvantage of this method is the poor proliferation and
persistence of NK cells in the patient. Given the donor-dependent variability of NK cells,

55



studies have shown the high efficiency of infusing NK-cell lines such as NK-92, which
lacks the KIR inhibitory receptor and therefore is highly cytotoxic***'.

Genetic modifications to NK cells have also proven to enhance NK-cell anti-tumor
activity. The infusion of CAR T, CAR-NK, or CAR-NK-92 cells is a promising approach
at the preclinical stage that involves increasing tumor specificity in NK cells for the

treatment of B-lineage acute lymphoblastic leukemia®'® (Figure 7).
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Figure 7 | NK cell transfer

Marina Corral Spence/Nature Publishing Group

a) In autologous transfer, NK cells from the patient are activated and expanded in vitro in the presence of
cytokines. Combination of IL-12, IL-15 and IL-18 might generate NK cells and feeder cells such as K562
can be added to the culture. The expanded and activated NK cells are then transferred back into the patient,
who generally receives cytokine administration to sustain the expansion and function of the infused NK
cells. b) In allogeneic transfer, NK cells can be obtained from HLA-matched or haploidentical (partially
matched) donors. In this setting, the best responses are obtained when haploidentical donors do not express
KIRs that recognize the patient's HLA molecules, because donor NK cells do not receive an inhibitory
signal from the patient's cancer cells. ¢c) CARs can be engineered in autologous or allogeneic NK cells or in
NK cell lines such as NK-92. Adapted from Guillerey et al., 2016.
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2.2.2. Tumor antigen-specific antibody administration
Targeting tumor-associated antigens with therapeutic antibodies plays a role in
inducting NK cell-mediated ADCC. The chimeric monoclonal antibody (mAb) anti-CD20
(rituximab) is indicated for the treatment of chronic lymphocytic leukemia and non-
Hodgkin lymphoma. The Fc portion of rituximab mediates ADCC as well as CDC, and
96,216

thus enhances NK-cell cytotoxicity

receptor (EGFR) mAb, is used for colorectal cancer, NSCLC, and head and neck

. Cetuximab, an anti-epidermal growth factor

cancer’’’. Besides inhibiting EGFR, one of the mechanisms of action is considered to be
the ADCC triggering by Fcy-R on the NK cells*'®. Moreover, recent studies have focused
on increasing the activity of ADCC by increasing the affinity of the activating receptor
FcyRIlla. Mogamulizumab, which is a mAb that binds to CC chemokine receptor 4
(CCR4) is such a treatment®”. The drug is used for T-cell leukemia-lymphoma, and
research has shown it enhances anti-tumor activity via ADCC by removing fucose

residues from the Fc region®.

2.2.3. NK cell genetic modifications
Clinical studies with NKG2D- or TRAIL-overexpressing NK cells showed they have
improved tumor recognition and lysis capability after re-infusion in the patient.
Immunosuppressive cytokines such TGF-f are secreted into the TME to downregulate the
activity of NK cells. Studies show that NK cells engineered with TGF-f3 dominant-
negative receptor Il protect NK cells and improve their survival. In addition to the genetic
modification of NK cells, clinical trials with TGF-f inhibitors and adenosine A2A

agonists are ongoing®".

2.2.4. Supplement cytokine uptake
IL-2, IL-12, and IL-15 are activator cytokines for NK cells, and their uptake could

enhance the anti-tumor response. In melanoma and metastatic renal cell carcinoma, the
combined administration of IL-15 or IL-2 with lymphokine-activated killer cells has a

20% response rate*".

2.2.5. NK-cell immune checkpoint targeting
An important approach to treating cancer is to empower the lytic mechanisms of

endogenous NK cells by blocking inhibitory receptors with specific mAbs, thus banning
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the inhibitory signals. Indeed, a few inhibitory receptors are currently being targeted in
clinical or pre-clinical development. Furthermore, classical immune checkpoints are
present on the NK cell membrane, and their blockade reverts the NK inhibitory state*''**'.

The inhibitory pathway of NK cells depends largely on KIR receptors and their
interactions with HLA class I on target cells. The negative effects of this ligation
influence NK-cell activity, cytokine production, and cytotoxicity. Studies have shown
that blocking KIR receptors with specific antibodies induces NK-cell cytotoxicity to acute
myeloid leukemia (AML) cells. This promising result led to the development of lirilumab,
a recombinant IgG4 mAb against KIR2DL1, KIR2DL2, and KIR2DL3. Clinical trials
have been conducted for lirilumab as a monotherapy for AML patients and in
combination with elotuzumab for multiple myeloma, with rituximab for chronic
lymphocytic leukemia, and with nivolumab for head and neck carcinoma?!'.

An important receptor of the NKG2 family is the A form that binds to HLA-E to
generate inhibitory signals. NKG2A expression on effector cells is constant and
unaffected by the microenvironment. Blocking NKG2A receptors with the mAb
monalizumab led to an increased proportion of lymphocytes that infiltrated to the tumor
site and enhanced cytotoxicity in oral squamous cell carcinoma and gynecological
malignancies. Clinical trials are now being conducted for monalizumab in combination
with cetuximab and durvalumab®?,

PD1, the most promising immune checkpoint receptor, is expressed on the NK-cell
membrane and is associated with the inhibition of NK-cell lysis. /n vitro, blocking PD1
on NK cells with mAbs relieves this inhibition. Clinical responses to nivolumab have
been observed by rescuing the anti-tumor NK-cell response'®.

The expression of LAG3 on NK cells is crucial for NK-cell function. Nevertheless,
targeting LAG3 with mAbs enhanced Fas-mediated apoptosis in NK and melanoma cells.
Similar to LAG3, targeting TIM3 shows a promising result in increasing NK activity. In
lung adenocarcinoma, TIM3 mAbs act to increases IFN-y production and the cytotoxicity
of NK cells. Clinical trials with LAG3 and TIM3 mAbs are ongoing. Of note, the
administration of a TIGIT mAb in combination with other immune checkpoints is being

tested in clinical trials on various solid tumors?*.

2.2.6. Immunomodulatory drugs
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Immunomodulatory drugs can regulate NK-cell function and anti-tumor activity.

Thalidomide and its derivate lenalidomide have proven to be efficient in multiple

223

myeloma by increasing IL-2 secretion™. Equally, tyrosine-kinase inhibitors, proteasome

inhibitors, and serine-threonine kinase GSK3 have direct effects on NK cell-mediated cell

224

activity”” and thus their combination with anti-cancer drugs could be a promising way to

enhance NK-cell function®” (Figure 8).

Activating cytokines Chemotherapeutics
.@. IL-2 @ Genotoxic drugs (demythelating agents,
@ IL-15 histone deacelylases)

L-12 L?) Proteasome inhibitors (bortezomib)
% ”_'13 @ IMIDs (lenalidomide, pornalidomide)

’ Imatinib
@) IL-21 @ el

Small-molecule inhibitors

Blocking antibodies

@ A2A receptor antagonist (PBF-509)

Ab to CD73

mAb to €D39 inhibitor (POM-1)
Ab to CD

@ mAb to CD39 @ CD73 inhibitor (APGP)

(12) TGF-B-neutralizing mAb TGF-f receptor inhibitor

Marina Corral Spence/Nature Publishing Group

Figure 8 | Targeting the tumor microenvironment to improve NK cell responses

59



Various strategies can be adopted to create a microenvironment favorable to NK cells to improve the
efficacy of NK cell-based therapies including the administration of activating cytokines, blocking
antibodies, chemotherapeutics and small-molecule inhibitors. Adapted from Guillerey et al., 2016.

3. Breast cancer and immune evasion

3.1. A general overview of breast cancer

Breast cancer (BC) is the second most common form of cancer behind lung cancer. It
is the first common cancer and accounts for 30% of all new diagnoses in women. Each

year, 1.3 million cases are reported worldwide?”

. Although advanced treatment strategies
are applied, BC is still the second leading cause of death related to cancer in women
today. Several risk factors are implicated in BC such as inheritance, age, hormonal status,
and origins™®.

Mammary glands are made of individual lobes that are regulated upon puberty in
response to the endocrine system and secreted hormones. Each gland consists of a central
duct connected to many branched ducts. These ducts and lobules are connected and
surrounded by the stroma, which is made up of fatty connective tissues as well as blood
and lymphatic vessels. Breast cancer that starts in the epithelial lining of milk ducts is
termed ductal carcinoma. However, in some cases, it can also start in the milk-producing
glands (lobules). Two forms of ductal carcinoma exist: ductal carcinoma in situ (DCIS)
and invasive ductal carcinoma (IDC). The latter tends to spread to other parts of the breast
and body via neighboring lymph nodes. Less common types of BC also occur such as
inflammatory BC, medullary carcinoma, mucinous carcinoma, and tubular
carcinoma®’**,

Mammary glands develop due to ovarian hormones as well as pituitary hormones and
growth factors. Luteinizing hormone (LH) and follicle-stimulating hormone (FSH) are
secreted from the pituitary gland and stimulate the ovaries to secrete the female sex

steroid hormones estrogen (estradiol) and progestin (progesterone). These hormones are a

key element in the development of mammary glands and tumorigenesis™.

3.2. Types of breast cancer
Breast cancer shows a high level of heterogeneity in terms of biomarkers, histological
grades, and morphology. The classification of BC is defined by the expression or lack of

expression of three distinct protein receptors: estrogen receptor (ER), progesterone
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receptor (PR), and HER2. Breast cancer is also classified based on the tumor size, lymph
node implications, and age.

The ER" group represents the most varied group with regard to genetic diversity, but it
responds well to treatment. This group is also categorized as luminal A, which is ER-a
positive with a low histological grade, or luminal B, which is low ER-a positive with a
high histological grade. The luminal A phenotype responds to anti-estrogen therapy better
than the luminal B phenotype. The second group is the HER2" group, which is
characterized by the high expression of HER2 receptors and accounts for 30% of all
BCs™. Compared to the ER" group, HER2" has shown better prognoses and clinical
outcomes. The basal-like phenotype of cells lacking the three receptors is defined as a
triple-negative breast cancer (TNBC). TNBCs tend to be the more aggressive form, as
generally this group does not respond to targeted treatments such as anti-estrogen or anti-
HER?2 antibodies™'. Nevertheless, the complicity and heterogeneity of BC groups limit

the possibility of a common therapeutic effect for treatment™>.

3.3. Breast cancer therapeutic strategies

Breast cancer is becoming a major area of interest for researchers due to its high
malignancy in women. Traditional therapies such as radiation and chemotherapy are
becoming less effective, as they harm the healthy tissues of the body. Surgery is also
considered to have a limited effect due to the rapid metastasis of BC after prognosis.
Alternative therapies, especially immune-based therapies, are emerging as promising

therapeutic strategies™’.

3.3.1. General treatments

Owing to the heterogeneity of BC, the choice of an appropriate and optimal therapy
option relies on many factors such as the type and stage of the tumor, genomic markers,
patient age, menopausal status, and the presence of mutations. Likewise, the biology of
the cancer and its size affect the decision on a strategy. Several therapeutic approaches
can be used such as surgery, chemotherapy, radiation, hormone therapy, targeted therapy,
and immunotherapy.

Surgery is the choice for DCIS and early stage invasive BC. Lumpectomy is the
removal of the tumor and the tissue surrounding it, whereas mastectomy is the removal of

the entire breast. The removal of lymph nodes is also one of the surgical choices. Usually
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surgery is followed by radiation therapy (ionizing irradiation) as an adjuvent™**?,
Systemic chemotherapy is one powerful treatment option because it destroys cancer cells
and their ability to grow and divide. There are many common drugs used to treat BC,
alone or in combination with other adjuvant therapies. Methotrexate, cisplatin,
fluorouracil, cyclophosphamide, and doxorubicin are commonly used chemotherapeutic
agents™’

Endocrine or hormonal therapy is one of the most effective treatments for the
corresponding cancer type that can be used alone or as an adjuvant therapy. Blocking
hormones can lead to the prevention of cancer growth and recurrence. Tamoxifen acts as
an antagonist and blocks the effect of estrogen by binding to estrogen receptors. It is the
drug of choice for ER" patients and has proven to lower the growth, recurrence, and risk

of developing cancer™*

. Aromatase inhibitors are used to decrease the amount of estrogen
by blocking the enzymatic activity of aromatase, which is responsible for converting the

male hormone androgen into estrogen®’.

3.3.2. Breast cancer immune-based treatment

Although BC has been considered a non-immunogenic tumor type, studies have
shown that certain types of BC are highly infiltrated by immune cells and have a high
response rate to immune checkpoint inhibitors. These are the TNBC and the HER2™ BCs.
Clinical trials using immunotherapy have resulted in good therapeutic outcomes in TNBC
patients, who have no targeted-therapy options*'. Targeting PD1/PD-L1 to treat BC is
also showing promising results with tumor regression and the improvement of patient
outcomes. Pembrolizumab (a PDI inhibitor), atezolizumab, and avelumab (PD-L1
inhibitors) enhance the local anti-tumor response. They can also be combined with
MAP2K and GITR in TNBC cases to provide a more therapeutic outcome?’. In a pre-
clinical study, co-treatment with mAbs against TIM3/PD-L1 showed complete BC
regression in the majority of treated mice*’. The new fusion protein M7824 is an
innovative drug that blocks both PD-L1 and TGF-f, and thus, activated CD8" T cells and
NK cells. Preclinical studies in a BC model have shown enhanced anti-tumor activity and
reduced metastasis. Moreover, an increase in the buildup of hyaluronan, a
glycosaminoglycan, was observed in the breast cancer TME, leading to a delay in

immune cell and antibody infiltration to the tumor. In a preclinical study with a BC
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model, the depletion of hyaluronan by PEGylated recombinant hyaluronidase 20
(PEGPH20) enhanced the delivery of PD-1 and PD-L1%%*¥,

It has also been shown that tamoxifen enhances NK-cell ADCC in HER2/neu BC
cells**. The use of trastuzumab and pertuzumab, anti-HER2 mAbs, in HER2" BC cases
improves the overall survival of patients via the recruitment of NK cells and the induction
of NK cell ADCC*'.

Another new approach that shows a clinical outcome in BC studies is the use of
stimulator of interferon genes (STING). STING induces interferon production and DC
activation, promoting the priming of cytotoxic CD8" T cells. The injection of ADU-S100,
a STING agonist, in combination with PD1 mAb administration produced a delay in
tumor progression and tumor clearance in TNBC and HER2" BC*2.

The epigenetic modification of immune recognition is one of the mechanisms of
tumor evasion. Inhibitors against histone-deacetylase (HDAC) have proven to be
effective by priming the anti-tumor immune response in a variety of BCs, especially in
the ER" group. Etinostat, a selective HDAC-1 inhibitor, has also been shown to increase

the T cell-mediated cell death of BC cell lines in vitro®”.

3.4. Mechanisms of immune evasion in breast cancer

While an immune response is directed to eradicate cancer, tumor cells can induce
resistance among the immune cells and evade the elimination process. To withstand the
growth of a tumor, a suppressive TME is necessary to neutralize the activation of immune
cells and stop the elimination process. The majority of immune-cell types can infiltrate
into or to the edge of a tumor, with the infiltration rate varying depending on the type and
stage of the tumor. Remarkably, the hypoxic milieu and the stabilization of hypoxia-
inducible factor 1-o (HIF1-a) proteins in tumor cells mediate the adjustment of cells to
the TME through phenotypic, genetic, or metabolic transformations**.

The immunoediting of BCs and other solid tumors is a dynamic process in which
immune cells lyse the tumor cells. It comprises three distinct stages: elimination,
equilibrium, and escape. During the elimination stage, immune cells destroy tumor cells
after infiltration and activation. Cells that manage to resist and survive this killing enter
into the equilibrium phase. The escape stage represents the final stage of the process,

when tumor cells keep progressing, spreading, and becoming clinically detectable. The
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microenvironment of the tumor at this stage tends to be suppressive, and tumors have
diverse mechanisms of resistance**.

In BC, tumor cells escape from the immunosurveillance of the innate and adaptive
immune cells. Immunotherapy approaches have significantly increased remission and
overall survival in patients. Nevertheless, the high proportion of non-responders
represents a tough and serious challenge in the cancer field. Remarkably, many biological
processes are implicated in tumor immune evasion as well as in resistance to various
therapies. The mechanisms used by tumor cells for immune evasion fall under many
categories and include tumor-related immune evasion and microenvironment alteration as
well as morphological and cellular changes**. Recent findings have well established that
cellular heterogeneity and plasticity, e.g., the induction of autophagy or the epithelial-to-
mesenchymal transition (EMT), have a serious impact on tumor evasion from T and NK
cells.

The next section will provide insight into the various processes with a focus on the
implications of the EMT and autophagy to better understand how cancer cells escape

immune surveillance and resist T and NK cell attacks.

3.4.1. Intrinsic tumor resistance

Immune cells recognize tumors via antigens and ligands presented on the surface of
the tumor. Breast cancers express surface antigens distinct from normal cells, triggering
immune cells to recognize them. Melanoma-associated antigens (MAGEs) are a family of
cancer/testis antigens expressed on the surface of BC cells, but not on normal cells (only
in testis and placenta). MAGE-AD9 is highly expressed in ductal BC and is associated with
negative consequences. However, MAGE-A9 is expressed less in ER ~ and HER2 ~
BC***_ Another antigen is mesothelin, a cell-surface glycoprotein highly expressed on
the surface of TNBC. It is considered a tumor marker and can modify TCRs. Moreover,
HER2/neu is known to be overexpressed in HER2" BC, and higher levels of HER2/neu

were found in patients with BCs possessing a more aggressive phenotype®*®

. Moreover,
2 microglobulin, calnexin, and transporter-associated antigen processing 1 are
downregulated in metastatic BC and negatively affect CTL infiltration. The MHC class I
expression level is also significantly downregulated in BC cells, leading to evasion of the
T cell-dependent immune response, but also the simultaneous activation of NK cell-

mediated cell lysis by the “missing self” signal®*’. To avoid T cell- and NK cell-mediated
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killing, BC cells express HLA-G on the cell surface. HLA-G is considered a biomarker
for identifying metastatic BC and hence, for targeting. It is a potent immunotherapeutic
strategy.

Controlling the apoptotic pathway is considered an important mechanism for tumor
cells to evade the immune response. Any disruption of one of the components in the
pathway can block the apoptotic process, leading to endless proliferation. Breast cancer
cells can either downregulate the Fas receptor on the surface of their membrane or
stimulate the immune cell apoptotic pathway by overexpressing FasL, which binds to Fas
receptors on the immune cell surface®”. In addition to the Fas pathway, high levels of
Bcl-2 in BC cells inhibit the TRAIL-dependent pathway, leading to a prolonged life span
for the tumor cells*®. The overexpression of downstream proteins such as survivin in the
apoptotic pathway plays a significant role in BC resistance in advanced grades™’.

BC cells express both PD1 and PD-L1 on their membranes. The interaction between
PD-L1 on the BC-cell membrane and the receptor on immune cells leads to
downregulation of the immune response due to the induction of T-cell and NK-cell
apoptosis. The N-glycosylation and ubiquitination of the PD-L1 ligand on BC cells have
direct positive effects on its suppressive activity”'. Blocking PD-L1 or destabilizing it
can significantly attenuate T-cell apoptosis. Moreover, a high correlation has been found
between PD-L1 expression and increased FoxP3" Treg infiltration in the high histological
grade BCs (ER -, PR 7, and TNBC). They work synergistically to promote BC immune
evasion®?, Additionally, the overexpression of CD80 and CD86 on TNBCs leads to the
inactivation of T cell-mediated cell death, immunosuppressive-cell infiltration, and a

reduction in cytokine production via interaction with the inhibitory CTLA-4 receptors™.

3.4.2. Immune cell suppression

Tumor progression and metastasis is not only restricted to modifications in tumor cells,
but also to the TME. Recent studies have shown a tight association between the BC
microenvironment and tumor evolution. The activation of infiltrated immune cells
depends largely on chemokines and cytokines produced by the tumor®*. Due to the
impact of the inhibitory environment, T cells could ignore tumor antigens presented on
BC cells. A high rate of Treg infiltration and proliferation has been observed in TNBCs.
This recruitment is dependent on CCR4, CCL22, and CCL17 and modulated by
compounds secreted from the BC cells and DCs**. Using MAPK/ERK inhibitors leads to
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blocking the TGF-B-dependent induction of Treg*°. Tumor cells can also suppress the
activity of NK cells that have infiltrated to the BC microenvironment.

One immune-evasion strategy consists of shedding ligands that bind to NKG2D
receptors or the secretion of transforming growth factor-f§ (TGF-f3), which downregulates
NKG2D-receptor expression. Additionally, tumor secretion of NKG2D ligands can
saturate and abolish the activity of NK-cell receptors®’***. Furthermore, BC can produce
soluble factors that induce the expression of NKG2D ligands on the immune-cell surface,
thereby evading immunity'*.

BC cells produce numerous cytokines during the elimination stage to evade anti-tumor
responses. The IL-6 secreted by BC cells affects NF-xB, leading to EMT induction and
more resistant and invasive tumor cells. Secreted 1L-33 activates the production of GM-
CSF and myeloid-derived suppressor cells. IL-19 and IL-20 enhance the proliferation and

metastasis of tumor cells, while I1L-23 affects CD8+ T-cell infiltration and activation®*

(Figure 9).
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A summarized network of immune evasion mechanisms and their interactions. Adapted from Wang et al.,
2017.

4. Epithelial-to-mesenchymal transition

A key element mediating tumor metastasis and invasion is the transitional state
between the epithelial and mesenchymal phenotypes. The process is essential to
development, stem cell behavior, wound healing, and cancer progression. The transition
respects a conserved program with particular hallmarks and results in the downregulation

2% Recent studies

of epithelial cells and the induction of mesenchymal cell characteristic
have shown a tight association between the EMT and invasiveness and resistance to
apoptosis, chemotherapy, and radiation. Moreover, mesenchymal cells tend to have
cancer stem-cell behavior and have an influence on TME components, possibly regulating

anti-tumor immune editing”®.

4.1. Basic principles of the EMT

Plasticity in cellular organization is a hallmark of early embryonic developmental
stages. The EMT was first observed by Elizabeth Hay in the 1980s in the primitive streak
of chick embryos®'. Cells expand their intracellular contact immediately after cleavage
formation and create the epithelium, a polarized layer. Subsequently, cells develop
apicobasal cell surface polarity, with actin microfilaments concentrated at the basolateral
membranes and microtubules positioned at the basoapical axis positioning the
cytoplasmic organelles. In epithelial cells, integrin receptors are localized on the basal
domain, forming a basal lamina that interacts with the extracellular matrix, while the
lateral domain comprises the junctional complexes, including E-cadherin®®.

The acquisition of the mesenchymal motile phenotype is characterized by the loss of
their apico-basal polarity, epithelial cell-cell junction, and E-cadherin. Simultaneously,
the cells acquire vimentin and N-cadherin, redistribute the actin cytoskeleton, and
reprogram some gene expression, giving rise to the initiation of a front-rear polarity and

262

migratory features™”. The formation of mesenchymal cells is initiated during gastrulation,
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an early phase in embryonic development when a single-layer blastula is reorganized into
a multilayered structure called the gastrula. Mesenchymal endodermal and mesodermal
cells detach from the epiblast (the epithelial layer) and ingress through the primitive
streak®”. Mesenchymal cells can convert back to the epithelial state, a reverse process
called the mesenchymal-to-epithelial transition (MET), to establish paraxial and lateral
mesodermal structures. The shifts between the EMT and the MET (crucial in some
organogenesis such as heart development), gene expression, and non-transcriptional
changes are regulated by TGF-f, canonical Wnt, and the RTK pathways®*,

Upon initiating the EMT, the epithelial cell-cell junctions, including E-cadherin, the
tight junction, adherens junctions, desmosomes, and gap junctions such as connexins, are
deconstructed and degraded. This process is associated with decreased claudin and
occluding expression and the diffusion of zonula occludens 1 (ZO1). In addition, p-
catenin and p120 catenin are protected from degradation and act only in transcription
following E-cadherin degradation®®.

Apical-basal polarity is associated with three important polarity complexes linked to
the cell junctions. Upon E-cadherin suppression, complexes are either repressed or
inhibited from interaction with the membrane. Partitioning-defective proteins include
PAR3, PARG6, and atypical protein kinase C (aPKC). Crumbs complexes, which are
mainly associated with tight junctions and cortical actin, contain Crumbs, protein
associated with Lin-7 1 (PALS1), and PALSI-associated tight junction protein (PATJ).
The Scribble complexes associate with adherens junctions and comprise discs large
(DLG) and lethal giant larvae (LGL). The repression of Crumbs and Scribble in the

mesenchymal phenotype allows for directional motility®®*.

4.2. EMT biomarkers

E-cadherin is a calcium-dependent cell-surface protein responsible for adhesion in
epithelial cells through the cytoplasmic and extracellular domains. Its expression is a
hallmark of the epithelial phenotype, and any suppression of its expression can lead to a
mesenchymal phenotype. In BC cells, the loss of E-cadherin and the acquisition of N-
cadherin are correlated with the acquisition of invasiveness and metastatic behavior, as
well as a poor prognosis®*®**’,

Vimentin is a hallmark of the mesenchymal invasive phenotype. It is an intermediate

filament expressed at the site of cellular elongation and spikes. In BC cells, vimentin
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expression is regulated independently by Smad-interacting protein 1 (SIP1) in epithelial
cells™®,

In the BC basal phenotype, a-smooth muscle actin (a-SMA) is abundant in metastatic
cells in comparison to non-metastatic one’®. B-Catenin is a protein localized to the
membrane of epithelial cells that translocates to the cytoplasm and the nucleus upon EMT
induction. It is later responsible for promoting gene transcription. The expression of [3-
catenin is higher in invasive carcinomas than in DCISs. It has been shown that Wnt/[3-
catenin signaling is upregulated in invasive ductal carcinoma®™. Discoidin domain
receptor 2 (DDR2) is an abundant receptor for tyrosine kinase in BC. It stabilizes SNAIL
and plays a role in adhesion to collagen in the extracellular matrix, promoting
invasiveness®’.

Cancers can be classified based on their transcriptomic signatures, a method called
EMT scoring. The score can help to semi-quantitatively assess the position of certain
tumor types over a wide range of the EMT spectrum, with values ranging from —0.8 for
the most epithelial phenotype to +0.6 for the most mesenchymal phenotype. As an
example, melanomas and renal carcinomas have a majority of mesenchymal features
while colon carcinomas show epithelial features. Others, such as BC, exhibit a wide range
on the EMT spectrum. In general, tumor cell lines protect the initial EMT features from
their original tumor. In BC, luminal and HER2/neu tumors exhibit an epithelial-like

phenotype, whereas basal-like and claudin-low tumors are mesenchymal®” (Figure 10).
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Figure 10 | EMT scores in different cancers types

Scatter plot of EMT scores (mean + SEM;y-axis) of various cancers in clinical samples (upper panel) and
cell lines (lower panel) sorted by cancer type and mean EMT score. EMT score nearer to +1.0 is more
mesenchymal-like (Mes), whereas EMT score nearer to —1.0 is more epithelial-like (Epi). EMT scores of
overlapping cell lines in Cancer Cell Line Encyclopedia (CCLE) and SANGER/COSMIC collections were
averaged. Epithelial-mesenchymal transition spectrum quantification and its efficacy in deciphering

survival and drug responses of cancer patients. Adapted from Zea Tan et al., 2014.
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4.3.Cytoskeletal changes during the EMT

Cortical actin cytoskeleton reorganization is a key contributor to the EMT,
guaranteeing dynamic cell motility. Mesenchymal cells are characterized by increased
cell contractility and actin stress-fiber formation®”. New actin-rich membranes, including
lamellipodia (sheet-like membrane protrusions) and invadopodia (spike-like extensions),
are formed to facilitate cell movement and act as sensory extensions. Invadopodia
contribute a proteolytic function to extracellular-matrix degradation, thus aiding in
invasion and migration. During the EMT, Rho GTPases regulate actin dynamics and
negatively regulate the polarity and cell-cell junction complexes associated with polarity
complexes. Racl and Cdc42 promote lamellipodia and filopodia formation, whereas
RhoA supports actin stress-fiber formation. Racl promotes integrin clustering and

microtubule polymerization at the leading edge of the cell*”* (Figure 11).
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Figure 11 | EMT process

a) The first steps of EMT are the disassembly of epithelial cell-cell contacts that is, tight junctions,
adherens junctions, desmosomes and gap junctions and the loss of cell polarity through the
disruption of the Crumbs, PAR and Scribble complexes. The expression of epithelial genes is
repressed, concomitantly with the activation of mesenchymal gene expression. b) Next, the
epithelial actin architecture reorganizes, and cells acquire motility and invasive capacities by
forming lamellipodia, filopodia and invadopodia, and by expressing matrix metalloproteinases
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(MMPs) that can degrade extracellular matrix (ECM) proteins. Adapted from Lamouille et al.,
2014.

4.4. Gene expression and transcription factor regulation in EMT

The downregulation of E-cadherin and loss of the epithelial barrier function is
controlled by the repression of genes encoding cell-junction proteins and the activation of
genes generating mesenchymal proteins such as N-cadherin. The latter connects to the
cytoskeleton and interacts with receptor tyrosine kinases (RTKSs), comprising platelet-
derived growth factor (PDGF) and fibroblast growth factor receptors (FGFRs). In
mesenchymal cells, the overexpression of vimentin regulates the trafficking of organelles
and membrane associated proteins, and it interacts with motor proteins that enable cell
motility?”. The main transcription factors involved in the EMT are SNAIL1/2, TWIST,
and Zinc-finger E-box-binding 1 and 2. Other transcriptional factors such as Grainyhead-
like-2 (GHL2), FOCX2, E47 (TFC3), KLF8, and PRRX1 are also implicated in inducing
the EMT by targeting other genes and signaling pathways®’® (Figure 12).
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Figure 12 | EMT transcription factors

EMT is driven by SNAIL, ZEB and bHLH transcription factors that repress epithelial marker genes and
activate genes associated with the mesenchymal phenotype. Post-translational modifications regulate their
activities, subcellular localization and stability. a | GSK3p phosphorylates (P) SNAIL1 at two motifs;
phosphorylation of the first motif facilitates the nuclear export of SNAIL1, and phosphorylation of the
second motif enables the Ub-mediated degradation of SNAIL1. Phosphorylation of SNAIL1 by PKD1 also
leads to its nuclear export. Conversely, phosphorylation of SNAIL1 by PAKI1 or LATS2, or
dephosphorylation of SNAIL1 by small C-terminal domain phosphatasel (SCP1) promotes the nuclear
retention of SNAIL1 and enhances its activity. SNAIL2 is degraded as a result of its p53-mediated
recruitment to the p53—mouse double minute 2 (MDM?2) complex. b | TWIST is phosphorylated by the
MAPK p38, INK and ERK, which protects it from degradation, and thus promotes its nuclear import and
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functions. ¢ | ZEB2 is sumoylated (Sumo) by Polycomb repressive complex 2 (PRC2) and subsequently
exported from the nucleus, which reduces its activity as a transcription factor. Adapted from Lamouille et
al., 2014.

4.4.1. SNAIL
SNAIL1, SNAIL2, and SNAIL3 (also termed SNAIL, SLUG, and SMUC,

respectively) are the main transcription factors responsible for inducing the EMT by
directly binding to the E-box DNA sequence in E-cadherin through their carboxy-
terminal zinc-finger domains. Upon binding, SNAILI recruits polycomb-repressive
complex 2 (PRC2). It contains the methyltransferase enhancer of zeste homologue 2
(EZH2); GY9a, suppressor of variegation 3-9 homologue 1; the co-repressor SIN3A;
histone deactylases 1, 2, and 3; and Lys-specific demethylase 1 (LSD1). All of these
control histone repression, which is crucial to E-cadherin suppression, while the
activation of another histone region contributes to the mesenchymal phenotype. The TGF-
f and Wnt family proteins, Notch, and RTK-dependent growth factors activate SNAIL.
The interaction of SNAILSs is not limited to gene modification, as they also interact with
other transcription factors such as SLAD3/4 complexes to cause the TGF-f3-mediated
repression of E-cadherin.

In addition, SNAIL1 phosphorylation at two Ser-rich motifs by glycogen synthase
kinase-3p (GSK3p), p21 activated kinase 1 (PAK1), large tumor suppressor 2 (LATS2),
or protein kinase D 1 (PKD1) inhibits its activity, while the Wnt, PI3K-AKT, Notch, and
NF-kB pathways disturb GSK38, thus enhancing SNAIL1 activity. For SNAIL2, p53 is
responsible for its degradation and inhibiting the EMT. Blocking SNAIL2 leads to the
inhibition and spread of of TNBC*”. In BC cells, SNAIL promotes the EMT via the
activation of nuclear ERK2. The overexpression of SNAIL in the epithelial MCF-7 BC
cell line induces the EMT, increases cell migration, invasion, and tumorigenicity, and

reduces cell adhesion.

4.4.2. bHLH

Homodimeric and heterodimeric basic helix-loop-helix (bHLH) transcription factors
are a major group comprising E12, E47, TWIST1/2, and inhibitor of differentiation (ID).
TWIST expression has a role similar to that of SNAIL in suppressing epithelial gene and
E-cadherin expression and in activating mesenchymal gene and N-cadherin expression by
the recruitment of SETDS, which mediates histone mono-methylation. TWIST represses
E-cadherin and recruits B lymphoma Mo-MLYV insertion region 1 homologue (BMI1), a
component of PRC1. Interestingly, the hypoxic TME affects and activates TWIST via the
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activation of HIF1a*™®. The stability of TWIST is regulated by its MAPK-dependent
phosphorylation at Ser68*”.
4.4.3. ZEB

ZEB1/2-dependent repression involves recruitment of the co-repressor C terminal-
binding protein (CTBP), binding to E-boxes, or recruitment of the SWI/SNF
(switch/sucrose non-fermentable) chromatin remodeling protein BRGI1. The post-
sumoylation of ZEB2 by PRC2 can prevent its association with CTBP. ZEBI has a dual
effect, as it can switch to activating transcription factor if it interacts with the
transcriptional co-activator p300/CBP-associated factor (PCAF). For the most part, ZEB
expression tracks SNAIL and TWIST activation. Its expression is also activated by TGF-
B and Wnt proteins and RAS-MAPK signaling****, An extensive network of microRNAs
(miRs), especially miR-200 and miR-205, have been shown to stabilize the epithelial state
and inhibit induction of the EMT by directly targeting ZEB1/2. The miR-200 is lost in
invasive BC cells, and therefore ZEB1/2 is highly abundant®®'. MiR-106b-25 induces the
EMT in BC cells by suppressing SMAD7 to increase TGF-f signaling™'.

In addition to the main transcription factors, several secondary factors are implicated.
GRHL2 transcription factor sustains E-cadherin gene expression and protects the
epithelial state from transforming to a mesenchymal one**’. Forkhead box (FOX), GATA,
and SRY box (SOX) are transcription factors that interact with SNAIL, TWIST, and ZEB
to establish and stabilize the EMT.

The mesenchymal phenotype is induced by TGF-f3 through SMAD-mediated or non-
SMAD-mediated signaling. TBRI and TBRII activate SMAD2 and 3 as well as SMADA4,
which translocates to the nucleus to regulate transcription factors. SMAD also affects
epithelial splicing-regulatory proteins and miRs that repress epithelial proteins. Non-
SMAD-mediated signaling acts through the activation of PI3K/AKT/mammalian TOR
complex (mTORC1) signaling. Additionally, TGF-f3 increases cell-cell junction

dissociation and induces cytoskeletalchanges®®***%,

4.5. Mesenchymal cell resistance to T cells and NK cells

The EMT is defined as a tumor-related immune evasion and cancer cell intrinsic
mechanism, as tumor cells undergo the transition to a mesenchymal phenotype not only to
invade other sites, but also to resist the TME and therapies. The most well-established
model for studying the correlation between the EMT and tumor immune evasion is the

human mammary carcinoma model MCF-7. MCF-7 cell lines begin as epithelial cells
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with an abundant expression of E-cadherin and no vimentin or N-cadherin expression.
The EMT can be initiated in MCF-7 cells by inducing stable SNAIL expression or via
prolonged exposure to TNF-o. The MCF-7 cell line’s EMT score places it in the
epithelial state, while the derivatives display a mesenchymal state. The resulting cells are
mesenchymal, with high vimentin and E-cadherin expression and a total loss of E-
cadherin. Additionally, the EMTed MCF-7 cells lose their cell-cell junction with a
spindle-like shape and acquire the invasive phenotype**,

Mesenchymal cell resistance to CTL-mediated cell lysis can engage many pathways.
Akalay et al. showed that EMTed MCF-7 cell lines are resistant to CTL-mediated cell
lysis. This resistance can be linked to the activation of autophagy®’ Interestingly, EMTed
MCEF-7 cells (cells after silencing WISP2, or Wnt-inducible signaling pathway protein 2)
are similarly resistant to CTLs. The cross-talk between Wnt and TGF-f signaling
promotes the reversion of CTL resistance in MCF-7-shWISP2 cells after treatment with
TGF-B blockers®. Moreover, PD-L1 expression is high in MCF-7-derived cells
compared to the parental cell line.

In the non-metastatic lung adenocarcinoma model IGR-Heu, a correlation has been
observed between the hypoxic environment and the EMT spectrum. Remarkably, cells
differed in their ability to shift to a mesenchymal phenotype under hypoxic conditions,
and it was evident that the cells that underwent the EMT were more resistant to CTL-
mediated cell lysis. The loss of E-cadherin in mesenchymal IGR-Heu explains the
resistance, as CTL function relies on CD103 (a.EB7 integrin), an E-cadherin ligand****".

Mesenchymal NSCLC tumor sub-clones show a significant resistance to NK cell-
mediated cell lysis (compared with epithelial clones) due to defective IS signaling. A
recent study suggested that high levels of the EMT-related factor Brachyury increases
resistance to CTLs, NK cells, and lymphokine-activated killer cells. Nevertheless, SNAIL
overexpression in colorectal cancer cells and the secretion of TGF-f3 made the cells more
susceptible to NK cells due to an increase in the expression of MICA/B and ULBP1-3,
NKG2D ligands™”.
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4.6. EMT implication in resistance mechanisms

In vitro and in vivo studies showed that induction of the EMT is associated with
stemness pathways and resistance to chemotherapy and radiotherapy. It has been
established that the latter therapies can activate TGF-B, NF-«xB, Wnt, FGF, and
EGF/HER2 pathways, and thus stimulate EMT-transcription factors. From another aspect,
miR-200/ZEB1 axis downregulation mediates the docetaxel resistance of prostate
cancer’”. MiR-21 has been implicated in the EMT and in trastuzumab and paxlitaxel or
doxorubicin resistance in HER2" BC cells®***. Chemotherapy resistance occurs mainly
through degradation of the drug by increasing the efflux of hydrophobic drugs regulated
by the ATP-binding cassette (ABC). EMT cells have been shown to bind to the E-box in
the ABC. Radiation therapy, as well as hypoxia, induces the generation of ROS that play
a role in initiating the EMT*®.

TGF-f, the main inducer of the EMT, is known to have a negative effect on adaptive
and innate immune cells. It can impair their maturation, differentiation, cytotoxicity, or
ligand expression. In contrast, it also induces inhibitory Treg activation. Thus, TGF-f3
blockers can be a therapeutic strategy for immunotherapy, and they are now under clinical

»7 Moreover, PD-L1 expression is related to the mesenchymal state via the miR-

study
200/ZEB axis®**°. PD-L2, PD1, TIM3, LAG3, and CTLA-4 expression are also
correlated with the EMT state®. SNAIL overexpression in mouse melanoma B16F10
cells induces an EMT associated with the impairment of DC maturation, less T-cell
infiltration, and enhanced Treg suppressive functions. In an MMTV-PyMT mouse model
for BC, SNAIL-expressing cells showed high Treg infiltration compared to control cells.
The same results were obtained from a study on hepatocellular carcinoma wherein
hypoxia-induced EMT cells had an immunosuppressive TME accompanied by defective
T-cell proliferation and increased Treg-cell infiltration®®. Altogether, these studies
highlight the implication that the EMT process is involved in cancer-therapy resistance
and immune editing®”*. Erlotinib, an EGFR inhibitor, and fulvestrant, an ER antagonist,
may be efficient at improving the immune cell-mediated cell lysis of lung cancer cells by

targeting mesenchymal cells™'.
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5. Autophagy

Cancer cells respond to the hypoxic TME by activating autophagy to increase their
anaerobic-dependent metabolism. Autophagy (also known as macroautophagy) is a highly
conserved cytoplasmic degradation system and catabolic process. It is based on the
formation of autophagosomes, the double-membrane vesicles responsible for surrounding
cellular debris such as organelles and proteins. Autophagy has different cellular functions
such as adaptation to starvation, protein and organelle degradation, cell death, anti-aging,
development, and tumorsuppression®”.

The discovery of the autophagy process began in 1963 in Christian de Duve’s group.
Soon after, the anti-malarial drug chloroquine (CQ) proved to have anti-tumor activity. It
took from then until 1998 to discover that CQ inhibits the autophagic process. Since then,
a large number of findings have highlighted the biological functions of autophagy within
healthy and aberrant cells. The Nobel prize for physiology and medicine in 2016 was
awarded to Yoshinori Ohsumi for his contribution in shaping our knowledge of
autophagy®”. The autophagy process was known to be a key inhibitor for tumors, but
studies have now shown that an increase in autophagic flux promotes tumor growth,
resistance, and survival. The important question in cancer therapy is whether the
activation or inhibition of autophagy should be the objective when targeting tumors.
Understanding the implications of autophagy and related pathways in tumor cells has

become a major area of interest for researchers in recent years.

5.1.Types of autophagy

Three different types of autophagy have been described thus far, including
macroautophagy (here referred to as autophagy), microautophagy, and chaperone-
mediated autophagy (CMA). Microautophagy is a process by which lysosomes degrade
cytoplasmic components that enter through a metabolite transporter or a deformation in
the lysosomal membrane. In contrast to both micro- and macro-autophagy, which non-
specifically degrade cellular components, CMA is a specific autophagy in which the
engulfed proteins are translocated to the lysosomal membrane via cytosolic chaperones®®.
The CMA process destroys proteins, transcription factors, glycolytic enzymes, and

proteasome subunits. During starvation, CMA is responsible for oxidized-protein
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elimination and amino-acid delivery. The cytosolic substrate includes the KFERQ-related
motif, which is recognized by the heat shock cognate of Hsp70, a cytosolic chaperone.
Lysosome-associated membrane protein 2A (LAMP-2A) translocates the complex
throughout the lysosomal membrane** (Figure 13).

The next section will focus on and provide an overview of the main autophagic
processes and signaling pathways in cancer and their implication for tumor evasion from

the immune system.
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Figure 13 | Types of autophagy

a) Macroautophagy is characterized by the sequestration of structures targeted for destruction into double-
membrane vesicles called autophagosomes. Complete autophagosomes first fuse with endosomes before
finally exposing their content to the hydrolytic interior of lysosomes. The resulting metabolites are
transported into the cytoplasm and used either for the synthesis of new macromolecules or as a source of
energy. b) During chaperone-mediated autophagy, proteins carrying the pentapeptide KFERQ-like sequence
are recognized by the Hsc70 chaperone, which then associates with the integral lysosome membrane protein
LAMP-2A, triggering its oligomerization. This event leads the translocation of the bound protein into the
lysosome interior through a process that requires Hsc70. ¢) Microautophagy entails the recruitment of
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targeted components in proximity with the lysosomal membrane, which subsequently invaginates and
pinches off. Adapted from Boya et al., 2013.

5.2. Functions of autophagy

Autophagy is considered a survival mechanism used by cells under specific
conditions. A principal role of the autophagic process is its contribution to basal cellular
and tissue homeostasis by the elimination of cytoplasmic contents, including proteins and
organelles. The best evidence for this function is the accumulation of aberrant molecules
such as ubiquitinated proteins and deformed organelles in autophagy-deficient neurons
and hepatocytes. Autophagy is also implicated in lipophagy for regulating lipid
metabolism®”. Starvation-induced autophagy is an essential process to ensure cell
survival. Blood glucose maintenance is a result of the anabolism and catabolism of amino
acids released by liver autophagosomes. Moreover, autophagy-derived amino acids are a
source of energy through the tricarboxylic acid cycle, as well as a substrate for protein

305 306

synthesis . Furthermore, autophagy deficiency causes cardiac dysfunction and

cardiomyopathy. Hypoxia-induced autophagy occurs in an ischemic-myocardium
model*"”.

The contribution of autophagy to protecting host cells is crucial, as autophagosomes
can degrade intracellular bacteria and viruses. Autophagy is also implicated in the
suppression of inflammation and downregulation of interferons and pro-inflammatory
cytokines (e.g., IL-18)***”. Furthermore, autophagosomes fuse with MHC class II
loading compartments. The high expression of autophagy in MHC Class II-positive cells
leads to the delivery of endogenous cytosolic proteins to MHC class II molecules and
therefore contributes to CD4+ T-cell stimulation. Evidence for this function includes the
fusion between ATG8/LC3 and influenza matrix protein 1, which leads to enhanced
MHC class II presentation to CD4+ T cell’"’.

Autophagosomes circulate randomly in the cytoplasm along microtubules, but their
movement is influenced by the MTOC where lysosomes are concentrated. Subsequently,
they fuse with the lysosomes to create the autophagolysosomes responsible for degrading
their components. The process is controlled through intracellular signaling and
extracellular induction and is divided into five distinct stages: vesicle initiation, vesicle
nucleation, vesicle expansion, vesicle closure and fusion with lysosomes, and the
degradation stage . Autophagy-related genes (ATGs) control all these stages (Figure
14).
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Diverse signals control the dynamics of the autophagic process and extra- or
intracellular signaling initiates the first step of autophagosome formation. Cell starvation,
hypoxia, and insulin/growth factor signals mediate a decrease in glucose transport, the
end of mMTOR-dependent inhibition, and Jun N-terminal kinase (JNK) activation. Energy
loss can also induce autophagy by the activation of AMP kinase (AMPK). Calcium, ROS,
cyclic AMP, inositol triphosphate, and calpain receptors control the process. Cell death
can be associated with an increase in autophagosomes as death receptors such as TRAIL
can induce autophagic cell death®”.

The first step in autophagosome formation is the constitution of the phagophore.
Membrane nucleation and phagophore formation begin with activation of the ATGI1
complex, which includes Unc-51-like kinase 1 or 2 (ULKI1/2), ATGI13, ATGI101,
ATGYA, and FIP200 (focal adhesion kinase (FAK)-family interacting protein of 200
kDa). Further, the phosphorylation of Beclin-1 by ULK1 supports the class III PI3K
complex synthesis of PIP3 and facilitates its translocation to the membrane. The class III
PI3K complex contains Vps34, ATG14, UV radiation resistance-associated gene protein
(UVRAG or p63), and BECN1-regulated autophagy protein 1 (AMBRA1)**,

In 1998, Beclin-1 (Bcl-2 interacting myosin-like coiled-coil protein; or ATG6), a
member of the ATG family, was found to interact with the Bcl-2 protein. It is highly
conserved in eukaryotes and implicated in additional cellular processes such as
phagocytosis, trafficking, and the control of cytokinesis. Beclin-1 is a 60 kDa protein
containing three important domains: the coiled-coil domain (CCD), the evolutionarily
conserved domain (ECD), and a Bcl-2 homology domain’''. The ECD is necessary for
binding to the class III PIK3 complex. Together, CCD and BH3 form the large homo-
oligomer responsible for the recruitment of ATGs. Bcl-2 can bind to the BH3 domain,
and therefore constrains Beclin-1-dependent autophagy at the endoplasmic reticulum and
mitochondria. Starvation acts to dissociate this interaction and activates Beclin-1 via Bcl-
2 phosphorylation by JNK 13213,

Membrane elongation is controlled by two ubiquitination-like reactions. First, ATG7
and ATG10 conjugate ATGS with ATG12. The membrane continues to expand due to the
non-covalent conjugation of the ATGS5-ATGI12 complex with ATG16L1. The second
reaction involves an association of the ATG8 family with the lipid
phosphatidylethanolamine (PE). The ATGS8 family comprises the microtubule associated
protein 1A/1B- light chain 3 (LC3), gamma-aminobutyric acid receptor-associated protein

(GABARAP), and GATE-16. Moreover, ATG4B (associated with ATG7 and ATG3)
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conjugates cytoplasmic LC3I and PE to form lapidated LC3II, thus elongating the
doubled membrane. Complete phagophore elongation results in the formation of a mature
autophagosome®'*. Immediately after the autophagosome closes, the SNARE protein
syntaxin 17 (STX17) is recruited to the LC3"/ATG ~ membrane. The STX17" membrane
then fuses with the lysosomes (LAMP1/2") to form the autophagolysosomes that degrade
cargo components with hydrolases. The adaptor protein sequestosome 1/P62 is used as an
autophagic-flux marker because it is degraded after vesicle recycling’'*.

LC3 is a 17 kDa soluble protein abundant in mammalian tissues and cells. Upon LC3
conjugation with PE, LC3II is formed and localized on the inner and outer membrane of
the autophagosomes. LC3II is often used as a marker to measure autophagic flux, as it
remains associated with the autophagosomes until they fuse with lysosomes. It is the most
used marker because the amount of LC3II represents the number of mature
autophagososmes®®. Nutrient starvation significantly increases the number of
autophagosomes and correspondingly the quantity of LC3II. In some cases, an increased
amount of LC3II could denote an inhibition of autophagy deprivation and autophagosome
accumulation. Immunoblotting of LC3 results in LC31I and II bands. The LC3I band is not
reliable for quantifying autophagy; comparing the amount of LC3II to a housekeeping
protein is the best method. A decrease in the amount of p62 that binds to LC3 is a
confirmation of autophagic flux as p62 gets degraded along with LC3. A precise
quantification requires the addition of bafilomycin A, a lysosome inhibitor, or CQ, an
inhibitor of fusion between the autophagosomes and lysosomes. A comparison between
LC3II and p62 in the presence and absence of lysosome targeting provides the ideal

representation of autophagic flux in a cell*'**'¢,
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Figure 14 | Stages of autophagy

The process of autophagy is divided into five distinct stages: initiation, vesicle nucleation, vesicle
elongation, vesicle fusion and cargo degradation. Adapted from Mulcahy Levy et al., 2017.

5.3.The autophagy link to the cytoskeleton

The interaction between autophagy and the cytoskeleton is still not well studied. Few
reports describe the implication of the actin cytoskeleton in the biogenesis of
autophagosomes from the ER or cargo transport. Actomyosin plays a role in integrating
different cellular debris types into the growing cargo before detachment from the ER
membrane®”’. The first evidence implicating the actin cytoskeleton in the autophagy
process was the failure of autophagosome formation in cells treated with actin-disrupting
drugs such as cytochalasin D and latrunculin B*'"®, Other studies further established the
colocalization of actin filaments and autophagy markers during the formation and
transport of autophagosomes®'’ (Figure 15).

The first actin element found to interfere with autophagosome formation was the
nucleation factor ARP2/3. Pharmacological or genetic targeting of ARP2/3 produces

decreased LC3-II and autophagosome levels and inhibits the formation of omegasomes,
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an early structural stage of phagophors®*. Furthermore, ARP2/3 is localized to the sides
of autophagosomes at the points of actin comet tails, which are responsible for
transporting autophagosomes after detachment from the ER**!. ARP2/3-dependent actin
filaments are important in phagophore formation, as are cofilin and CapZ**. Cortactin,
which stabilizes actin branches formed by the ARP2/3 complex, is recruited to the
autophagosome and lysosome fusion lysosomes®*.

Besides the evident role of ARP2/3, its activator also seems to play a crucial role in
the autophagic process. The WAS protein family homologue (WASH) complex has been
found to co-localize with phagosome markers, and its inhibition leads to autophagy being
inhibited due to Beclin-1 suppression and defective ATGY transportation®*. The
nucleation-promoting factors JMY (junction-mediating and regulatory protein) and
WHAMM (WAS protein homolog associated with actin, Golgi membranes, and
microtubules) are involved in the early stages of autophagosome formation and
maturation®”.

The Rho-family GTPases control a wide variety of actin-related processes, but their
precise role in autophagy is still not clear. RhoA has been shown to have a stimulatory
effect on autophagosomes via the regulation of Rho-associated protein kinase (ROCK),

325 Recent data have

while Rac depletion appears to enhance the autophagic pathway
shown that Cdc42 is as an important regulator of the autophagy process, as knocking it
down produces reductions in LC3-I and LC3-II levels. These results suggest a crucial role

for Cdc42 and its downstream proteins in the autophagic pathway.
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5.4. The role of autophagy in cancer immune evasion

Studies in recent years have focused on the implications of the autophagic process in
various cancer types. However, the process can either inhibit or promote tumorigenesis,
suggesting its role is context dependent. Some results have shown that autophagy has an
important anti-tumor function and influences the initiation and progression of tumors**.
In a large number of cases, patients with ovarian, breast, and prostate cancers with
aggressive phenotypes have had monoallelic disruptions of BECN1 on chromosome
17g21. Indeed, many autophagy-associated protein deficiencies in mice are associated
with tumorigenesis, while the deletion of Beclin 1 results in embryonic lethality?'’.
Moreover, cytoplasmic LC3 has been found to be elevated in tumor tissues after
chemotherapy.

It is, however, well established that autophagy is highly associated with the survival
of tumor cells under stress related to hypoxia and inadequate angiogenesis. Tumor cells
depend on autophagy due to deficiencies in the TME and the resulting increased
metabolic demands. Remarkably, there is a logical association between autophagy and
apoptosis given that one role of autophagy is in protecting cells from undergoing
programmed cell death. In a recent study on BC cell lines, shRNAs targeting more than
100 autophagy regulators were applied to detect the level of survival and dependence on
the autophagic process. The results showed that some cell lines experienced no global
effects from inhibiting autophagy, while other cell lines were dependent on it. These
outcomes were related to STAT3-mediated autophagy dependence™.

Autophagy has been implicated in the resistance of several cancer types such as
NSCLC, bladder, thyroid, melanoma, and BRAF-mutated central nervous system cancers.
A recent study in B16 mouse-melanoma cells and the 4T1 human mammary carcinoma
cell mouse model showed that T-cell responses to autophagy-competent and autophagy-
deficient tumors (either genetic deletion of autophagy genes or CQ treatment) are
similar’”’. Moreover, another study showed an enhanced immune response against tumors
upon autophagy activation’”®. Countering the studies that showed no effect from
autophagy inhibition, other studies have reported that autophagy inhibition resulted in an
increase in immune anti-tumor activity and tumor regression in breast and melanoma
cancer models in mice”™*, One struggle in targeting autophagy during tumor treatment

is its non-specificity to tumor cells. General autophagy inhibition by gene deletion shows

high toxicity due to the disruption to homeostasis and neuronal toxicity. However,
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prolonged treatment with the lysosomal autophagy inhibitors CQ and HCQ have shown
no serious adverse effects®.

It has been established that targeting autophagy in tumor cells under hypoxia
reestablishes CTL-mediated cell killing. Autophagy and HIF-a control induction and
stabilize the STAT3-survival pathway *'. Interestingly, hypoxia impairs BC cells’
susceptibility to NK cell-mediated cell lysis by activating the autophagic process
responsible for GzB degradation. Targeting Beclin 1 restores GzB levels in target cells
and increases NK cell-mediated cell death®®.

Additionally, targeting Beclin 1 in melanoma cells inhibits their growth via activated
NK-cell infiltration into the tumor. It has been established that autophagy-defective cells
release CCLS5 cytokines into the TME upon MAPKS&/JINK-JUN/c-Jun signaling pathway
activation. Increased CCL5 overexpression and release leads to the high NK-cell
infiltration associated with overall survival in melanoma patients with high CCL5 level*.
Overall, targeting autophagy in tumors promises to be a novel therapeutic strategy by

enhancing the immune response, disrupting the immunosuppressive TME, and supporting

anti-tumor therapies.
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6. The actin cytoskeleton

Cellular functions, including cell division, migration, and shape, are regulated by a
dynamic cytoskeleton. The three filament networks (actin, microtubules and intermediate
filaments) that constitute the cellular skeleton are present in all types of cells, from plants
to prokaryotes and eukaryotes. Contrary to older research that described a rigid
cytoskeleton, recent decades have shown the cytoskeleton to be a dynamic structure with
many essential biological functions. Along with its role in shaping the cell, the
cytoskeleton participates in cell migration, division, intracellular trafficking, and many
diverse processes.

Since the main goal of my PhD thesis is to reveal how actin cytoskeleton dynamics in
tumor cells control immune evasion, this chapter will provide an overview of the actin

cytoskeleton and its regulation.

6.1. A historical overview of actin

This section will highlight key breakthroughs made since the discovery of the actin
protein. The story behind the discovery of actin begins in 1864 with the discovery of
myosin by Wilhem Kuhne. Later, the British physiologist William Dobinson Halliburton
discovered a new protein extracted from muscle cells and called it “myosin-ferment”.
This finding led to no further investigations until 1942, when Albert Szent-Gyorgyi and
Bruno Ferenc Straub showed that myosin was composed of two proteins. The first
protein, myosin A, has a low viscosity and is extracted after 20 min of exposing muscle
tissue to a high salt concentration, while the second protein, myosin B, results from
overnight extraction. The addition of ATP led to a reduction in the viscosity of myosin A,
but not B, and to a shortening of the myosin B threads, but not those of myosin A. After
purification, Straub identified the protein responsible for myosin fiber contraction and
called it actin. He also showed that actin exists in two forms: globular actin (G-actin) and
actin filament (AF). Moreover, adenosine 5'-triphosphate (ATP) was shown to be a
functional part of G-actin that is hydrolyzed to adenosine 5'-diphosphate (ADP) when
polymerized into filaments.
In 1954, two concurrent studies revealed that the force between actin and myosin is
responsible for filament sliding and generating muscle fiber movement. Studies continued

to uncover various elements of the cytoskeleton with the development of live imaging.
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However, in 1969, a surprise awaited when actin was observed in cells other than muscle
cells. Later, in 1974, Lazarides and Weber were the first to visualize the spatial
arrangement of the actin cytoskeleton® (Figure 16).

Typical electron microscopy and immunofluorescence techniques prevented the
observation of actin dynamics. It was the revolution in reactive fluorescent dyes that
opened up the study of actin dynamics. In 1978, Taylor and Wang first saw the actin
cytoskeleton in vivo after injecting 5'-iodoacetamido-fluorescein (IAF)-labeled actin into
living cells®**. Discoveries continued to uncover many specific actin components and
functions such as focal adhesion, microtubule dynamics, and motor proteins. The first
atomic model of AFs was produced by Holmes in 1990 **. By the early 1990s, signaling
pathways governing the regulation of the actin cytoskeleton were discovered by Paterson.
Rho GTPases were shown to be key components in the signal transduction connecting
extracellular signals to the actin structures. Rho, Rac, and Cdc42 were shown to control

cytoskeletal responses, and they are complicatedly inseparable as they guide one another.

Figure 16 | First visualization of actin

SDS gel electrophoresis of actin. SDS polyacrylamide slab gel electrophoresis was performed in 12.5%
slabs. a) Highly purified chicken muscle actin (10ug). b) A 30% ammonium sulfate cut of a low-salt extract
from an ethanol powder of mouse fibroblasts (15ug). A small amount of myosin copurifies with actin under
the extraction conditions used. The arrow at the bottom of the figure shows the dye front of the gel.

Indirect immunofluorescence of actin antibody with primary chick embryomyoblasts. The nuclear staining
seen in this figure seems to be nonspecific. Purification of the antibody used in this experiment by 50%
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ammonium sulfate fractionation removes the nuclear fluorescence. Adapted from Lazarides and Weber,
1974.

6.2. Structure of the actin molecule

The actin monomer is a 43 kDa globular protein with dimensions of 55 A x 55 A x 35 A.
It is the most abundant protein in most eukaryotic cells and the most conserved, with 90%
identity between yeast, plants, and mammals. Studies in recent decades have also shown
actin homologues in archae and bacteria (15% identity). Three main actin isoforms are
described: the a-isoforms of cardiac, skeletal, and smooth muscles and the (- and y-
isoforms of muscle and non-muscle cells, respectively. Each isoform has a different
function attributed to differences in a few amino acids at the N-terminus. a-Actin is
implicated in contractile structures and functions, while - and y-actin provide
mechanical support to maintain cell shape via actin polymerization in addition to their
involvement in cell movement and intracellular transport.

Since the first atomic structure was revealed in 1990, eighty crystal structures have been
reported for G-actin by co-crystallizing it with DNase I or profilin. An actin polypeptide
is composed of 375 residues folded together into a flat protein. G-actin is composed of
two primary domains (o and (3-domains, also called the small and large domains) that are
separated by two clefts. Four subdomains have been identified. Subdomains 1 and 3 are
small and structurally related, whereas subdomains 2 and 4 are large and insert into
subdomains 1 and 3, respectively. The upper cleft binds the nucleotide (ATP or ADP) and
is associated with divalent cations (Mg* or Ca*?), while the lower cleft mediates contact
between the subunits in a filament and is a major binding site for ADP. The strength of
subunit interactions and the binding affinity of actin-binding proteins (ABPs) are
controlled by nucleotide-dependent conformational changes, which essentially relies on
interactions between the two clefts. Remarkably, monomeric actin exhibits different
conformations when bound to ATP and ADP.

The actin cytoskeleton is composed of a network of assembled double-stranded AFs
with different architectural types. The first organization is the cell cortex, a cross-linked
network that creates a thin layer, which is important for cell shape and motility.
Lamellipodia, localized at the front of the cell as branched and cross-linked networks, are
implicated in cell motility and movement. Another structure is the aligned and parallel
bundles of filopodia, which are thin protrusions at the front of the cell and important for

directional cell migration and adhesion. The fourth architectural form is stress fibers,
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composed of an anti-parallel contractile 3D network that is abundant throughout the body
of the cell and provides force for many cellular processes (Figure 17).

Monomeric G-actin is gathered in a highly regulated process by numerous ABPs to
form an AF. Each filament is approximately 7 to 10 nm long with a right-handed helical
twist, with each twist composed of 13 subunits. Remarkably, the reconstruction of
electron micrographs of frozen-hydrated filaments provided the best structure of an AF.

G-actin differs from AFs by a relative rotation of the two major domains by about 20°.
Additionally, the conformation of the DNase-I binding loop in S2 gives F-actin an open-

loop conformation®*.

Cortax
crosslnked rebworks

Stress fibers
anliparaliel contractle siructures:

Lamellipadiem Fllapodium
bhimnchod nnd crosslnied parsllel Bursdbsa
neislwarka

Figure 17 | Overlay of actin architecture and mechanics in the moving cell

Schematic representation of the cell with the different architectures indicated: the cell cortex; an example of
a contractile fiber, the stress fiber; the lamellpodium; and filopodia. The zoom regions highlight
architectural specificities of different regions of the cell. Blanchoin et al., 2014.

6.3. Principles of actin polymerization

Actin monomers continuously cycle through the process of polymerization and de-
polymerization. The polymerization process happens spontaneously under physiological
salt conditions (in vitro) in the presence of either monovalent or divalent cations.
Importantly, the process relies strongly on the concentration of G-actin. Two steps shape

the polymerization process: a rate-limiting step defined by the nucleation of short
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oligomers and the elongation step. Polymerization begins with the formation of a dimer,
and subsequently, the addition of a third monomer to form a trimer®”. This association
reaction 1s unstable and rapid; however, it becomes more stable with the addition of a
forth monomer to produce a large oligomer. Remarkably, the concentration of dimers and
trimers is low during the polymerization reaction®”’.

Once trimers are formed, the elongation step begins. This involves the addition of
ATP and Mg™-bound G-actin to both ends at different rates. The fast-growing end is the
barbed- or plus-end, which usually grows 20-fold faster (k = 11.6 uM s ') than the
slow-growing end, which is called the pointed- or minus-end. As a function of their
concentration, actin monomers can assemble at the barbed end and disassemble at the
pointed end simultaneously in a dynamic steady state called AF treadmilling. Upon
incorporation into a growing filament, ATP is hydrolyzed into ADP, and ADP-actin
subunits and phosphate (Pi) are generated**®.

However, treadmilling is not the only key player in AF assembly. The elongation
process involves two well-established tools, monomer-binding protein and capping
proteins. Both mechanisms are effective in creating a vast pool of non-polymerized actin,
whereas separately, none of these is qualified to provide the necessary number of
monomers required to initiate the elongation step. Additionally, numerous severing and

nucleating proteins are implicated in the branching and regulation of AFs** (Figure 18).

Figure 18 | Structures of the actin molecule and AF
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a) Ribbon diagram of the actin molecule with space-filling ATP (protein data bank [PDB]: 1ATN). N,
amino terminus; C, carboxyl terminus. Numbers 1, 2, 3, and 4 label the four subdomains. (b) Space-filling
model of actin showing the nucleotide-binding cleft with ATP in situ and barbed-end groove. (c)
Reconstruction of the AF from cryo-electron micrographs. The labels are single-letter abbreviations for
selected amino acids. (d) Cartoon of the AF showing the position of the pointed and barbed ends. Adapted
from Pollard and Earnshaw, 2007 and Fujii et al. 2010.

6.4. Actin binding proteins

It is well established that the dynamics of the cytoskeleton are governed by a vast
array of ABPs. Actin filaments employ diverse mechanisms through ABPs to cope with
the cellular condition, migration and invasion, and responding to intra- and extracellular
signals. These proteins function to provide a large pool of actin monomers for the
polymerization process. The ABPs are listed below and classified by their proper group
function. Given the time and space, among the more than 100 ABPs, I will highlight the

most effective proteins that regulate the cytoskeleton®*®.

6.4.1. Monomer-binding proteins
Monomer-binding proteins are essential in regulating the actin monomer concentration
within the cell. Under specific conditions and requirements, they either accelerate or
prevent actin polymerization. Spontaneous actin assembly begins with one oligomer and
depends on one critical concentration, that of the actin monomers*®.

Profilin is a small protein (~15 kDa) that is highly expressed in eukaryotes and
abundant in the cytoplasm. It competes with thymosin-4 in maintaining large amounts of
non-polymerized actin. Several functions have been established for profilin. First, it
promotes polymerization by transporting actin monomers to the barbed end*®. This
transport is mediated by binding to the actin nucleator formin at its proline-rich formin-
homology 1 (FH1) domain, which leads to an increase in the elongation rate. Remarkably,
profilin prevents the nucleation of new branches or the addition of new subunits to the
pointed end by binding to ATP-G-actin. Moreover, profilin catalyzes nucleotide exchange

by binding ATP to recently depolymerized monomers after ADP severance**'

. Thymosin-
B4 is abundant in the cytoplasm and is a highly conserved polypeptide containing 43
amino acids with a high similarity to the WH2 domain. It not only sequesters actin
monomers, but it is also a key player in determining the actin critical concentration by its
formation of a complex with profilin and actin. It has a high affinity for Mg-ATP-actin,

and therefore maintains the pool of non-polymerized actin monomers.

6.4.2. Nucleating proteins
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Monomer-binding proteins can prevent AF polymerization. As a consequence, other
mechanisms have evolved in cells to substitute for spontaneous actin assembly. Actin
nucleator proteins are required at the initial step to promote the de novo polymerization of
AF. Formin and actin-related protein 2/3 (ARP2/3) complex are the main classes of
nucleating proteins in eukaryotes. As these proteins are of major concern in my study, this

section will describe their structure, function, and regulations**.

6.4.2.1. ARP2/3 and its related regulators

The first nucleating factor to be identified was the actin-related protein ARP2/3, which
is a highly conserved large 220 kDa complex. ARP2/3 is composed of seven
evolutionarily related subunits: ARP2, ARP3, and 5 isoforms of ARP complex
component (ARPCI1-5). Upon binding to the side of an existing AF, the complex
functions to nucleate filaments and organize them into a Y-branched structure (~70°). The
newly formed branch has a capped pointed-end and a polymerization-competent barbed-
end. ARP2 and ARP3 are known to bind ATP, and this interaction is crucial for the
activity of the complex. The hydrolysis of ATP leads to the detachment and release of the
complex. It has been shown that ARP2 and ARP3 localize at the pointed-end of the new
branch, while APRC2 and APRC4 associate with the parental filament. This interaction
with the filament gives ARP2/3 its activity. Moreover, the phosphorylation of Thr and
Tyr in ARP2 and interactions with nucleation-promoting factors (NPFs) are essential for a

potent nucleation process (Figure 19).
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Figure 19 | ARP2/3 structure and function

a) The morphology of a Y-branched actin filament and the actin-related protein 2/3 (ARP2/3) complex is
shown in an electron micrograph and in structural models based on electron tomography. The ARP2/3
complex consists of ARP2 and ARP3 plus the additional subunits ARPC1-ARPCS. In this model, all seven
subunits participate in binding to the existing filament and ARP2 and ARP3 act as the first two subunits of
the nascent filament. b) ARP2/3 is recruited by the WCA domains of class I nucleation-promoting factors
(NPFs) in proximity to cellular membranes (1). The collective activities of WASP homology 2 (WH2; W),
connector (C) and acidic (A) segments serve the basic purpose of bringing ARP2/3 together with the first
actin subunit in the new filament to generate a branch (2). ARP2/3 branch points can be stabilized by
filamentous actin (F-actin)-binding class II NPFs, such as cortactin (3). Coronin family proteins interact
with ARP2/3 and F-actin to prevent cofilin-mediated disassembly of newly formed filaments (4, top).
Coronin can also replace ARP2/3 and synergize with cofilin to trigger debranching and disassembly of
older ADP-actin filaments (4, middle). Disassembly of older branches can also occur spontaneously,
following phosphate release from ARP2 and actin (4, bottom). Adapted from Campellone et al., 2010.

® Nucleation-promoting factors

Mammalian NPFs are classified into 2 classes. Class I includes Wiskott-Aldrich
syndrome protein (WASP), neural-WASP (N-WASP), WASP-family verprolin-
homologous protein (WAVE1-WAVE3), WASP and SCAR homologue (WASH), WASP
homologue associated with actin, Golgi membranes, and microtubules (WHAMM), and
junction-mediating regulatory protein (JMY). Class II contains hematopoietic lineage
cell-specific protein 1 (HS1) and cortactin. NPFs activate ARP2/3 to interact with actin
through the carboxy-terminal WCA domains, which include a WASP homology 1 and 2
(WHI and 2) motif**.

WASP is highly expressed in hematopoietic cells, while N-WASP is expressed in most
cells. The deletion of both isoforms is crucial for embryonic survival and is implicated in
neurological and cardiac diseases. ARP2/3-complex activation by N-WASP leads to a
functional actin nucleation. The structure of WASP has been shown to have the WHI
motif in addition to CDC42/Rac-interactive binding (CRIB) and auto-inhibitory motifs**,

WASP, the main regulator of ARP2/3, can be activated by the direct binding of small
GTPases such as Cdc42 to the GTPase binding domain (GBD), which frees the WCA
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domain. Additionally, proteins with the Src homology 2 and 3 (SH2 and SH3) domain
can bind to the proline-rich domain (PRD) and activate N-WASP. Moreover, Tyr
phosphorylation of the GBD can stabilize the activity of N-WASP. The structure of
WASP has been shown to contain the WH1 motif in addition to CRIB and auto-inhibitory
motifs. Interestingly, N-WASP has limited NPF activity due to inhibition of the GBD.
This inhibition is enforced by WASP-interacting protein (WIP), a molecule that interacts
with the WH1 motif.

Class II NPFs, including cortactin, have weaker activity than class I NPFs in activating
ARP2/3 and the nucleation process. Interaction with class I NPFs occurs through t PRD
and SH3 domains at the C terminal. Their structure has shown a lack of the WH2 domain,

but a specific ARP2/3-binding domain is present at the N-terminal (Figure 20).
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Figure 20 | Nucleating protein function

Filamentous actin (F-actin; red) is nucleated and organized into branched networks by the actin-related
protein 2/3 (ARP2/3) complex and its nucleation-promoting factors or is generated in unbranched forms by
formins and tandem WASP homology 2 (WH2) domain-containing nucleators. Functional roles for
different nucleation factors in a generic mammalian cell are depicted during phagocytosis, cell junction
assembly, endocytosis, membrane ruffling and lamellipodia dynamics, filopodia formation, Golgi and
tubulovesicular membrane dynamics, and stress fibre formation. Question marks indicate that the precise
role for the nucleation factor is unclear. Adapted from Campellone et al., 2010.

6.4.2.2. Formins

95



Formins are homodimeric proteins with formin-homology domains 1 and 2 (FHI and
2) that bind to the barbed end of an AF. They have the role of nucleating and elongating
unbranched actin complex and bundling new filaments. The formin family contains seven

members that share FH domains**

. When a formin protein encounters an actin subunit,
the a-helical linker of FH2 stretches, leading to it wrapping around the AF. The FHI
domain is enriched with proline-rich sequences that enable the formin protein to interact
with profilin. Another important domain is the GBD. Due to the presence of the
diaphanous auto-inhibitory domain (DAD) and the DAD-interacting domain (DID),
formin functions can be auto-inhibited. Nevertheless, instead of using the WH2 domain,

formins use the FH2 domain for interaction with AFs to promote elongation**.

6.4.3. Severing and depolymerizing proteins

The actin-depolymerizing factor/cofilin family is an essential member of the ABPs
implicated in the recycling of actin monomers. The family includes destrin and twinfilin
as actin depolymerizing factors (ADF), cofilin-1 in non-muscle cells, and cofilin-2 in
muscle tissues. Both cofilin-1 and ADF have similar functions in regulating AFs by
binding and severing ADP subunits, leading to cytoskeleton turnover**’.

Destrin is a small globular 19 kDa protein that regulates the actin cytoskeleton by
rapidly depolymerizing AFs in a stoichiometric manner. It is widely expressed in
eukaryotes and has a 71% similarity to cofilin. Destrin can directly bind to a filament and
remove an actin monomer, thereby dissociating the AF**®. Cofilin-1, hereafter called
cofilin, is a small 15 kDa protein that is highly expressed in eukaryotes. Cofilin severs
AFs by binding to the barbed-end, which leads to creating free ends. ATP hydrolysis and
Pi dissociation trigger cofilin to bind to the ADP-actin subunit*®. It is well established
that cofilin promotes actin assembly or disassembly depending on its concentration in the
cytoplasm and the presence of other ABPs. Moreover, it can bind to actin monomers and
inhibit nucleotide exchange®*’.

In addition, the gelsolin family contains 8 members that act to sever AFs. The
principal gelsolin member is a potent Ca™-dependent protein that acts mechanically by
changing the actin conformation and weakening the non-covalent bonds between actin
molecules. After rapidly binding to the actin subunit, gelsolin acts slowly to dissociate the
filament and actin as it caps the disassembled part. The uncapping of these small

filaments enriches the cytoplasm with numerous polymerization-competent ends**.
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6.4.4. Capping proteins

Eukaryote cells express proteins dedicated to capping the end of AFs and therefore
inhibit continuous elongation. Their function is synchronized with profilin to ensure a
limit on the number of polymerization-competent barbed ends. The capping process
generally occurs in seconds and can last for 30 minutes. To end the capping process,
polyphosphoinositides bind to the protein and inhibit its ability to form connections; V-1/
myotrophin is responsible for dissociating the capping proteins from the filament.
Moreover, capping protein Arp2/3 myosin I linker (CARMIL) contains a capping protein
interaction motif that regulates the activity of capping proteins.

Tropomodulin is the main capping protein oriented to specifically cap the pointed ends
of AFs to block new subunit addition or loss. f-Actinin, CapZ, and Cap32/34 are also
implicated in protecting the cytoskeleton from AF loss by binding to the barbed end.,

Some members of the gelsolin family also act as capping proteins.

6.4.5. Cross-linking and bundling proteins

An intact cytoskeleton is crucial for all processes that require spatial and temporal
variation such as cell migration, invasion, division, and trafficking®*'. To meet these
requirements, AFs are linked to each other to construct networks using actin cross-linking
and bundling proteins®*. One of the central functions of these proteins is to support the
cytoplasm and cellular protrusions. Specialized and different polymorphisms can be
obtained depending on the unique properties of the protein (e.g., its type and
concentration) used to connect the network®”. The importance of bundling proteins arises
from their crucial role in the formation and function of actin structures such as
lamellipodia, filopodia, stress fibers, and invadopodia. These organelles often contain
more than one type of bundling protein, which coordinates cell dynamics. For instance,
fascin, L-plastin, tensin, and a-actinin form the parallel bundles and orthogonal networks
of stress fibers and lamellipodia. a-Actinin, talin, plectin, fimbrin, and vinculin form the
protrusion’s core. Dystophin is known to connect the cytoskeleton to the plasma
membrane®'.

The 55 kDa fascin polypeptides are the most abundant bundling proteins in all
cytoskeletal organelles. Fascin consists of four B-trefoil domains, including two major

actin-binding sites on domains 1 and 4. It is well established that the expression of fascin
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is upregulated in many invasive and metastatic cancers. Therefore, fascin has emerged as
a potent marker for cancer prognosis and a target for many therapeutic drugs®***,
Another interesting member of the actin bundling proteins is L-plastin (also known as
fimbrin). The expression of L-plastin was originally believed to only be in hematopoietic
cells, but it was later shown that it is highly regulated in many types of cancer, and
therefore, it is a vigorous marker for diagnosis®™”. The protein consists of two actin-
binding domains that include two calponin-homology domains, and it is highly expressed

in invadopodia and filopodia®*®.

6.5.Rho GTPases in the actin cytoskeleton regulation

Various extracellular stimuli can induce changes in the actin cytoskeleton through the
Rho-family of p21 GTPases and their downregulation proteins. Among the 20 discovered
Rho GTPases, Rho, Rac, and Cdc42 are the key regulators of AF dynamics. The
abnormal regulation of Rho GTPase activation affects all cellular processes, including
motility, invasion, division, and tumorigenesis®’. Upon stimulation, Rho GTPases
regulate the polymerization and organization of AFs by binding to ABPs. This process is
mediated by the cyclic interaction of GTPases with GTPase activating proteins (GAPs)
and guanine-nucleotide-exchange factors (GEPs), which are responsible for cycling GTP
hydrolysis. Guanine nucleotide-dissociation inhibitors (GDIs) act to sequester the
activation of GTPases™.

The implication of GTPases in actin cytoskeleton regulation was observed by Hall in
1993 after the injection of activated mutants of Rho GTPases into Swiss3T3 cells**’. The
first observations showed roles for RhoA in stress-fiber formation, Racl in forming
lamellipodial protrusions, and Cdc42 in forming filopodial protrusions. All later studies
have shown that the GTPases are tightly coupled and coordinate together to regulate the
cytoskeleton through complex activation cascades™®.

The stimulation of tyrosine kinase receptors on PI3K produces PIP3, which is a
regulator of GEF, a promoter of GTP-nucleotide exchange. The downstream targets of
Rho GTPases consist primarily of formins, WASP, and kinases. Rho-associated coiled-
coil kinase 1/2 (ROCK), p21-activated kinase (PAK), and mammalian diaphanous formin

(mDia) are the major downstream effector molecules for Rho GTPases®’ (Figure 21).
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Figure 21 | Rho GTPases and downstream effectors

Downstream targets of Rho include the serine/threonine kinase ROCK which is mainly involved in the
formation of stress fibers and focal adhesions. ROCK phosphorylates downstream myosin light chain
(MLC) leading to actin—myosin contractility. At the same time, ROCK inhibits MLC dephosphorylation by
inhibiting MLC phosphatases via their myosin binding subunit (MBS). The mammalian homolog of
diaphanous (mDia) is another important Rho effector mediating actin nucleation. LIMK is also another
downstream effector of Rho, which phosphorylates the actin severing protein cofilin inhibiting its severing
activity and production of barbed ends. Downstream signaling of Cdc42 and Rac includes scaffold proteins
belonging to the WASP/SCAR/WAVE family, key regulators of actin nucleation and polymerization.
Active PAK phosphorylates MLCK thereby inactivating it and inhibiting MLC phosphorylation and
contractility. PAK also phosphorylates and activates LIMK which potentially results in the phosphorylation
of cofilin inhibiting its actin-severing function. Adapted from Hanna et al., 2013.
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6.5.1. RhoA

RhoA is a ubiquitously expressed member of the Rho GTPase family with a crucial
role in regulating the actin cytoskeleton and stress-fiber formation. GDIs maintain RhoA

1361

in an inactive GDP-bound state in the cytosol™'. The dissociation of GDIs after activation

leads to the translocation of RhoA to the plasma membrane, and hence, interaction with

downstream molecules®®

. RhoA triggers ROCK-mediated actin cytoskeleton regulators
such as myosin light-chain phosphatases, an important substrate for cell contractility.
Moreover, ROCK activates LIM kinase (LIMK), which is responsible for ADF/cofilin
phosphorylation and stimulation. Furthermore, RhoA 1is responsible for the activation of
formin and its isoform mbDial, which is involved in cytoskeletal and microtubule

rearrangement®®,

6.5.2. Racl

Racl is an intracellular signal transducer implicated in the regulation of the actin
cytoskeleton. It has been established that Racl plays an important role in lamellipodia
induction and cell adhesion and migration. The downstream molecular signaling
underlying actin regulation has also been well established. Racl is responsible for LIMK
activation via PAK1. Additionally, Racl activates WAVE, whose structure lacks the
GBD domain. This activation is mediated by binding to the adapter molecules IRSp53
and Abl. In addition, Rac1 regulates PI3K as well as the ERK pathway**.

6.5.3. Cdc42
Cdc42 is a ubiquitously expressed small GTP-binding protein in the Rho family of

GTPases. The role of Cdc42 in cells is crucial, and studies have shown that knocking out
Cdc42 in mice causes embryonic death. The use of dominant-negative or constitutively
active mutants showed the implications of Cdc42 in cellular processes despite the
limitations such mutations place on other Rho GTPases**. The downstream effectors of
Cdc42 are numerous (more than 20) and include actin proteins, kinases, and
phospholipases. The most relevant pathways will be summarized. Cdc42 is the main and
direct activator of the WASP family of proteins, including WASP, N-WASP, and WAVE,
via binding to the CRIB motif. Cdc42 connects with the Toca (transducer of Cdc42-
dependent actin assembly) families, enhancers of Arp2/3 activation. Additionally, Cdc42
stimulates LIMK-dependent cofilin activation and PAK>®,
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The regulation of Cdc42 also affects the expression and activation other oncoproteins
such as Ras and EGFR via PAK. Ras modifications lead to the initiation and progression
of tumors by the activation of anti-apoptotic pathways such as Raf-MEK-ERK. It has also
been established that the activation of Cdc42 is associated with the prevention of EGFR
degradation and thus tumor cell progression. The regulation of IQGAP1 and 2 proteins
and their binding with Cdc42 is an important pathway in tumors. The increased
expression of both proteins tends to be oncogenic and related to metastasis®™*,
Microinjecting constitutively active Cdc42 increases GTP-GDP cycling and hence,
regulates the cytoskeleton and formation of filopodia. Some activating mutants lead to the
induction of cellular transformation and foci formation. In the case of BC, Cdc42 deletion
is key to the degradation of EGFR and consequently the reduction of cell growth and
metastasis, whereas in melanoma and lung cancer, cdc42 overexpression serves as a
prognosis marker”®*,

Cdc42 represents a potent therapeutic target for many types of cancer. Due to the
difficulties in blocking only one of the GTPases without affecting the whole process,
inhibitors of the downstream effectors are used. ZCL278 acts against interactions between
Cdc42 and the GEFs, while secramine blocks the recruitment of GDIs. Another potent
molecule is CID2950007, which binds to the guanine nucleotide site on Cdc42, inhibiting
the GTP-GDP cycle. Moreover, the PAK inhibitors PF-3758309 and FRAX597 have

been used in many types of cancer models to block Cdc42 downstream pathway>®.
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6.6. Actin cytoskeleton dynamics at the IS

Actin remodeling of the IS has been a focus of interest for many studies. Clarifying
the actin filament and microtubule dynamics has led to a better understanding of the
basics of immune cell-mediated cell lysis., Actin remodeling is a marker of immune cell
activation in both T and NK cells and is a driver for cytotoxic granules'*. The ISs of both
T and NK cells show similarities in function and organization when considering the
cytoskeletal rearrangement. This section will detail the AF dynamics'*.

WASP, WAVE, and HS1 are key regulators of ARP2/3, which is responsible for AF
polymerization. WAVE is known to regulate actin polymerization in T cells, but it does
not play a role in NK cells. Interestingly, the IL-2-dependent activation of WAVE can
compensate for the absence of WASP in patients with Wiskott-Aldrich syndrome. This
result would explain the cooperation between immune cells to induce a functional NK-
cell lytic response. ARP2/3 complex activation can also be achieved by HSI, the
hematopoietic homologue of cortactin. HS1 tends to cluster at the synaptic region where
it is essential for connecting with LFA-1 signaling®”. Interestingly, formin is implicated
in the actin polymerization at T-cell synapses, but not in NK cells, where it functions only
in assisting microtubule polarization®”'>",

As discussed in Section 2.1, MTOC polarizes to the leading-edge region upon target-
cell recognition and adhesion. The MTOC and myosin IIA centered in the cSMAC are
surrounded by protrusive actin polymerization in the dSSMAC'"'. Actin remodeling at this
stage is crucial for immune cell activation, as any disruption to the cytoskeleton leads to

sequestering the activation state'®.

Remarkably, the pharmacological or genetic
disruption of myosin IIA prevents TCR recruitment and activation. In T cells, AFs are
responsible for TCR clustering at the IS. In NK cells, it is well established that the
ligation of ICAM-1 on target cells and LFA-1 on NK cells initiates AF polymerization

and accumulation’®”

. At this stage, actin polymerization acts to maintain the LFA-1
clustering and thus ensures tight adhesion and a larger synapse diameter with the target®”*.
A further ligation of 2B4 receptors participates in destabilizing LFA-1 and the actin
connection, and thus NK-cell detachment®”.

The implication of actin at the synapse is not limited to adhesion receptor clustering,
but also to activating and inhibitory receptor polarization. In T cells, the movement of
activating receptors occurs in an actin and myosin IIA-dependent manner. Comparably,

the NK-cell synapse shows a clustering of activating and inhibitory receptors (i.e.,
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NKG2D and KIR2D) coupled to actin accumulation. Of note, NKG2D clustering at the IS
has been observed to reduce KIR2D clusters in the same region®’.

As actin remodeling is a dynamic process, AFs undergo continual re-organization
after the adhesion step. Actin hypodensity is observed in the same region where activation
receptor clustering functions to clear the way for MTOC and lytic granules. This specific
remodeling is governed by cofilin and coronin 1A, which promote the turnover of actin
and ARP2/3*7*™ At the termination stage, actin is remodeled to its basic state with no

further secretion observed”.
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PhD project objectives

An effective NK cell anti-tumor response relies mainly on the establishment of an
active and functional IS. Although the dynamic and function of the actin cytoskeleton at
the NK side of the synapse is well established, there is a gap of knowledge about the role
of tumor actin cytoskeleton upon immune cell attack. The two objectives of my PhD

Thesis were to:

(1) characterize actin cytoskeleton organization and dynamics in breast cancer
cells during NK cell attack.
(11) examine the role of the tumor cell actin cytoskeleton in the resistance to NK

cell-mediated cell killing.
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Results
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Most of the results obtained during my PhD were assembled into an article that was
published in the journal of Cancer Research. In this article, we report, for the first time,
actin cytoskeleton organization and dynamics in tumor cells during NK cell attack. In
addition, we provide evidence that actin remodeling plays a central role in breast cancer
cell escape from NK cell-mediated lysis. The article is provided as a main result section
(1.2). The introduction and the discussion of the article are also provided in French to
comply with the requirements from the University of Strasbourg (1.1 and 1.3,
respectively). In follow-up studies, I investigated the mechanisms underlying actin-
mediated immune evasion. The corresponding results are presented as classical result
sections (2 to 4). This result chapter is followed by a general discussion and perspectives

as well as complementary materials and methods.

1. Actin cytoskeleton remodeling drives breast cancer cell escape from
natural killer-mediated cytotoxicity

1.1. Introduction to the article in French

Note : Les références de cette introduction se trouvent dans ’article qui suit (1.2)

Les cellules NKs sont des lymphocytes du systéme immunitaire inné qui possedent
une activité cytotoxique et contribuent a débarrasser 1'organisme des cellules cancéreuses
et des infections induites par des agents pathogénes. Contrairement aux cellules
cytotoxiques du systéme immunitaire adaptatif, tels que les lymphocytes T cytotoxiques
CD8", les cellules NKs tuent leurs cibles trés rapidement et ne nécessitent pas une pré-
activation par exposition préalable aux I'antigénes. Pour ces raisons, les cellules NKs sont
fréquemment considérées comme une des premieres lignes de défense contre le cancer.
Les cellules NKs reconnaissent les cellules malignes en détectant une perte des molécules
inhibitrices du complexe majeur d'histocompatibilité de classe I (CMH I) et/ou une
surexpression de ligands activateurs induit par le stress, tels que les ligands du récepteur
NKG2D comme ULBPI-6 et MICA/B. La balance entre les signaux inhibiteurs et
activateurs déterminent en grande partie I'activation de la cytotoxicité des cellules NKs,
méme si des mécanismes complémentaires ont été décrits. Outre leur cytotoxicité directe
et la production de cytokines pro-inflammatoires, les cellules NKs modulent 1'activité
d'autres cellules immunitaires et peut amorcer les cellules dendritiques pour activer les

réponses anti-tumorales des lymphocytes T.
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Si les cellules NKs ont une activité cytotoxique forte contre les cellules transformées,
leur nombre dans les tumeurs solides est fréquemment faible. Afin de résoudre ce
probléme, le transfert de cellules NKs autologues ou allogéniques suivi de doses ¢levées
d'IL-2 a été cliniquement évalué. Les deux approches thérapeutiques se sont avérées
partiellement efficaces, mais n'ont pas réussi a induire une rémission durable. Les
principaux obstacles a une efficacité clinique demeurent, notamment |’absence
d'expansion des cellules NKs in vivo ainsi que les mécanismes immunosuppresseurs
induits par les tumeurs. Avec I’avénement d'immunothérapies basées sur des cellules T
autologues et approuvées par la FDA, I'intérét de l'applicabilité des cellules NKs en
immunothérapie contre le cancer a été réactivé. Des modifications génétiques similaires a
celles employées pour générer des cellules T couplées a un récepteur antigénique
chimérique(‘’CAR T cells’’), pourraient étre appliquées aux cellules NKs pour augmenter
leur efficacité contre les tumeurs. Cependant, les mécanismes d'évasion insuits par les
cellules cancéreuses et les microenvironnements tumoraux immunosuppresseurs
demeurent des obstacles majeurs.

Apres la reconnaissance des cellules tumorales, les cellules NKs vont suivre une série
d'étapes spécifiques conduisant a la sécrétion orientée de granules lytiques préformés
contenant des molécules cytotoxiques, tels que la perforine et la GzB. Un événement clé
et précoce conduisant a la mort cellulaire des cellules tumorales est la formation d'une
synapse immunologique entre les cellules immunitaires et leurs cibles, dont la fonction
est de focaliser la sécrétion des granules lytiques vers les cellules cibles. La formation et
l'activit¢ de la synapse impliquent des réarrangements importants du cytosquelette
d'actine dans les cellules NKs. Les premicres étapes de la formation de la synapse sont
associées a une accumulation importante de filaments d'actine, qui facilite la formation et
la stabilisation de ‘’peripheral supramolecular activation clusters’” (pSMAC). Apres
réorganisation du cytosquelette, les granules lytiques convergent vers le centre
organisateur des microtubules le long des microtubules. Par la suite, ces granules lytiques
se polarisent vers la synapse. Les études d'imagerie a haute résolution ont démontré qu'un
réseau dynamique d’actine est situé¢ au centre de la synapse et que ce réseau contrdle la
distribution de granules associés a la myosine IIA vers zones spécifiques de la membrane.
Les deux principales classes de nucléateurs d'actine (le complexe ARP2/3 et formines) se
sont avérées avoir des roles critiques mais distincts au cours de la cytotoxicité médiée par
les cellules NKs. Récemment, il a ét¢ montré que la coronine 1A a été¢ impliquée dans la

déconstruction du réseau d'actine corticale au niveau de la synapse, un processus
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aboutissant a la création d’un espace ou la sécrétion de granules se produit
préférentiellement.

Par rapport aux les rdles bien établies du cytosquelette d'actine des cellules NKs
pendant la reconnaissance et la destruction des cellules cibles, les configurations et
fonctions de l'actine dans les cellules tumorales restent énigmatiques au cours de ces
processus. Dans 1’étude présente, nous démontrons de maniere directe et pour la premiére
fois que le cytosquelette d'actine des cellules tumorales joue un role clé dans la résistance

a la lyse médiée par les cellules NKs.

1.2. Main article

Actin cytoskeleton remodeling drives breast cancer cell escape
from natural killer-mediated cytotoxicity
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anilmes immunay. Here, we evabaace the role of the actin
cvtoskelevon inbreast cancer cell resstamice to cytoinxic maiural
faller [WEK] cells. A significant fraction of breasi cancer oells
responded to WE-cell aiwack via a surprisingly rapid and mas.
ave accusmulatkon of F-acin near the imminalogic svnapes, a
prosesywe ermed ot response.® Live-cell imaging prosvided
direct evidence that the aciim response is assocaied with lamor
cell resbsrance to ME-<cell-medimod ool death. High- throtigh-
putimsaging flow oytometry analyses shosweed that breass cancer
cell lines highly resistant 1o MK cells wiere sigaificanty engiched
in aciin response-competeni cells as compared with secepi-
ble cell lmes. The actin respomse was ncd assocubed with a
defiect bn NE-cell acowmion bur conmelazed with reduced incra-

Introduction

tansral killer {ME) cells ane lnphocytes of the innate inumone
sysbemn with oytoloxic activity that comtnbaies o rckding the
organism of pathogen-induced mfections and camcer cells. Linlile
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ol bolar levels of the cytolosic prodcase grareyme Band a lower
raie of apopioss iniarget cells. Inhibigion of ihe aciim responsc
by knodking down COCAT or NSWASE Jod 10 a significam
inceease in granzymse Blevels i targer colls and was sufficient o
converi resstand breasi cancer ool limses irio 2 highly suscep-
tible phemoiype The adin response and its proiociive effecis
wiere fally recapitilated using donar-derived primary NE cells
as effectar cells Together, these findings establish the piv
aial e of actin remaodelirg in bressi cancer cell resisiance
io ME-cell-mediated killing.

Significamce: These findings establish the plvotal rale of
the actim cytoskedeton in driving breast cancer cell resks-
tance i matural killer cells, a subset of cytoioms lempho-
cvies with imponani roles in imnaie amidumer immunity.
amoer Kea; JE(TO) 1-13 93014 AACR

ather cptoioxic cells of the adapiree immure system such as COE
cyvotoic T lven phaocyres (ST NE cells kill theirargets on a shan
nimee & ale with ol Tequiring prestivation via prior antigen ope-
mare. Accordinghy, they are frequenily referred 1o 2= ibe iirst bine of
defense agaimsi cancer (1], NE cells recognize mabgnant odls by
sensing a loss of inhibieey MHC class | moleoales {missing-self)
amdfof an overcipression of actvating stress-induced ligands
{alvered cdi). such a= the NEG2ZD recepeor ligands LILEM -6 and
MICASE (2 3). The balance between inkbabivory amd activating
signals critically determines the acwation of ME-cell-mediaad
cytonoeicity towand thelr arges, ahhough some complemesany
mechanisms have al=s been desmbed (4] Inaddition wo Ca2”-
dependent exocyicss of odotosic enzymes |perforin and gran-
evmics | keading 1o caspase-dependent and -independ cm apopaasis,
MK cdls can abo promoe slow, caspase-dependent, cancer cell
deaih via the ergagemeni of deaih receptors [e.g ., Fas/ 095, THR4,
aned [¥R5] om taaget cells by ther cognate ligands Fasl and TRAIL
{5). Besides their direa oytosasdcity and the producon of proin-
flamnmeatory oviokines, MK cells modalase the acivine of other
immune cells (& 71 and can prime dendmiic cells 10 acivaic
amitumor-specific CTL resporses (B, 9]

Alchough NE cells hald prosmising ootoxic acivity againso
wransformesd cells, their nuenbers in selid wmees are usually low
To vvereome the poor infiliaion, an autologous or allogeneic MK
cell tranafer followed by adporvant high dose [L2 bas bseer climicalby
evaluaced [10-11). Both creatment regimens proved o be par-
tally effeaive but failed w induce durable remissions. Major
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Al A el al

boulenecks po dimical efficacy remain, iscliding lackof consi

ol h primary NE cells

mn o ME-cell exparmon amd tumor-induced immuncsappres-
srve miccharizms. Wiih the adveni of efficent and FOs-approved
avin] ogoues T-cell immunochergy, interest in esploting the appli-
cability of MK cells for use in camcer immunotherapies has been
reawakened (13). Genetic medificaton of MK cells, as demsaon-
srated for CAR T cells, could help wo crousmvent challenges pased
by the tolerance to self-cells, helpang esiablish NK oell= as poieni
effectars agamsi malignamcy {14, 1%, Howeover, evamon mechan-
isms mownted by cancer cells and imenunssuppressive tumar
MbToenvVireniments remaln major hurdles [13, 16, 17).

Upes secognitien of cumes cells, MK colls undergo a serie of
specific siepe leadimg, 1o direcied secretiom of peefoemed hae gran-
ules comiaming ovioioo: medizton, such as perfonn and granzyme
B (GzB). An carly and key event in NE-modiaeed coll death i the

[ —

Penpheral blood momonuclear cells (PREAC) were imalaied
from baffy coms provided by the Lucembourg Bed Cross using
Lymphoprep density gradieni dh [SemCell]. Briefly,
samples were dilueed 105 with PRS supplemented with 10%
FBS. Thiny millikiers of diluged buffy coat was peured anto
15 ml of Lymphoprep mediim o LeucoSep centrifuge tubes
[CGreiner Bio-Une ) ard ceninifuged for 30 mirmbes an 800 = gim
a swingmp-bucket rotor with slow aceeleration and no brake.
The epwbched PEMOC racbon was harvesied asd washed vwice
with PRS conlalming 10% FHS. Remainkng envibrootes werne
Iysed wialy 1= ACK lysis bulfer for 5 mimutes before KK-cell
odation wsng ke MACE MK od] negative molaison b
[Fdiltema Bioiec) acconding to the manufaciarer's insimciions,
Himan ME cells were calisred in RPMI medium [ Loeea)

1

lormagion of an & i synmapse (15 b the i
cell and its warger, the ulimare function of which s 1o foos e
granulbe seoretion toward the taget odl Bodh the formaion and
actwity of the 15 crmtically rely on aciin owoskeeion reanmangemeris
in KK cells { 18-22]). The inital sieps of 15 fommation are ssocaied
with & promiment accumalabon of sain Sliments (AF), which
lactlinates the feemation and seabilizaice ofthe se-callad peripheral
sapramoleonlar acnarion duser 2845 (23], Followang acim
reorganizaiion, kyiic granules converge on the microfubule-omga-
nizrg center (MTOWD) along microtubules. These hitic grarmles.
together with the MTOC, ssbsequomly polanze within the 5 [24)
High-resolurion imnaging studics have d d chat & dyami
meshweork of fime AFs & located at the center of the 15 and thas
meshwwo rkcomirods the delveny of mryoain IL-associ sed gramules o
specific membrane arces (25-28]. The two major o ases of adin
nucleatos {the ARF2{3 complex and fompin) were found 1o play
erivical ban distine rales during NE-cell- madiaed oaowstciy [ 19).
Revenitly, caroin L wik repaned w promote deconsonictian of the
synapiic cortical actin network {29, a process resaking in penmis-
s “clearances” where grrsle secretion preferenimlby oooars [ 255
In siriking conursa o the well-charamerized rodes of e cell
actin oytoskcletan of ME cells durieg ueger cell recognitkon and
Killing, binle is kmown about aoin coafigarations and fusctons in
target oell=during these processes. In the presend siudy, we address
thi= gap and provide for the i tme direct and compelling
evidence of the pivinal role of thee wmor cell actin cyraskelston in
resistance to ME-cell-mediaed cell bysis.

Materials and Methods

Cell lines and cell cubiure conditions

The baeast adenccaromoma cell lnes used 2= target cells in
thas study were purchased from ATCC and mcdude MCF-7,
MDABB-23), TA70. and HsSTET cells. Each af these cell
limes was authenricated amd checked for not beieg cross-
comtaminated chrough STR profiling analysis (Microsyeh).
All eell lines were maantaimed in [MEM high glucose wiith
v-ghiamineg mediom (Lonza). The ME-9281 ool hine was
purchased freen ATOD amd cuhured in RP8AL-1640 (Lonza)
supplemented with 10% [v/v] feral bowvine scmen (FBS, Life
Technologies) and 10% [vv] horse semm (ATCC]. Al other
media were supplemented with 10% (viv] FBS, 100 U/mlL
peniallin and .1 mg'ml streptomyan (Sigma-Aldrich). Cell
lises were culiuged ina humbdifed simosphere at 5% COy and
37°C and rouninely checked for Mwophisn conamination
usieng the Mycoden Mecaplisna detection kit | Lonza).

OF2 Cancar Ras; T8(19) Cctober 1, 2018

B i with 10% (wiv) FBE, 10% [vv] heorse
senim, 100 U/ml penicilling and 0.1 mg'ml surepamycin,
and 104 Ufml recombanant bumam 1L2 [FeproTech).

Cell transfection and pharmacologic treatmenis

MOFT cells were wansfeced with wild-wpe SHAIL and
SWAIL-GEA (a comstmnively active mutan of SMAIL] expeession
veciomn. These vectan were olimned from Addgene [@fi from
Mien-Chie Hung Addgeme plasmids #16128 and #16221).
Parenial cells were tansfecied 48 hours pror o subseguent
analyses  usieg  Lipofertamine 2000 wansfecbon  reagem
(Therme Fsher Scientific]. The expeession of recombi
SMAILSRAIL-68A was confirmmed by Westem hloating, M-WASD
and C0CA 2 knaockdown was achieved by imarsfecting 84CP-7 arad
FACEA-RAB-25] cell Bines withe W-WASP amd CIACA2 siBdAs
(sWASPE] S-GGUULMGLIOGUAALMOOUCLIATT-Y, siWASPER
S-CEILAALICLIAALIUILIACKILIA-, sbTded 23 1 5-CAGCAALIG-
CACACALILANTT. Y, anad shCdc4 282 5 COAUNRGLIGELIGLIL G-
CUAAATT-3']. The nontargeting siCisl was puschased from
Chagen. All cell hines were irarefocted 48 hours pror 1o each
iwsary wmsing DharmaFECT ransfection seagent (GE Dhamaacon),
and  mockdowrs were confirmed by & Western bloming.
The LifeAc-mEGFT-T plasmid was obtaimed from Addgene [gif
from Michae] Dmadson, sddgene plasmid #540140). The LifeAd-
mECF* fragmeni was subcdoned inio ihe leninimal plasmid
PO EFLa-ACS-IRES-Murs (CD5324-2, Sywmem Blosciens)
usiegy the Xbal and BamHI sswicton eneyme sises aeed
MEBusikder HIFI DMA Assemmbly [NEB] 1o gencrate the pCOH-
Lifefct-mEGFF oxpression plasmid vsed for lenmaral oransdue-
wan. Transduced cells were selected with prorcmyein {008 pgi'mil.
Sigma-ikinch).

Ie it o b0 SMATL-induced epithelial-to-misenchymal was.
sitbon (EMT], MCF-7 cells wore wreated by either 5 egfml TGER
[ PeproTech) for s days or 190 ng'mL THFo [ BioLegend | For 3 days,
Prioe oo TG ireaiment, MOP-T cells were stanved for 24 houns
(1% FRS)

For actin drug-based assays, warpen cells were wreated with
5 pmal/L cytochalasin D of DMSO [Sigene, cosrol] for
30 miesits ared washed twice prior w presemamion 1o KK cells.

Imaging flow cytometny

Far conjugate formation, MK cells were counted, staimed with
antb-human CD56-PE-Cy7 [Blolegend, <lone: HOD56], amd
wiashed hefore the disem contac with LifeAc-mEGF™arget cells
o an effecior-to-arget [ET) raoo of 5:1. Cols were coimoubaied
for 30 mimics prior o Gxstion with 2% paaformasldchyde
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{Thermo Pasher 3ovendific) amd permeabalized with 001% Trivon
X100 {Sigma-Aldnch]. Afierwand, cells were washed twice with
RS and (ke stained with ami-human C=B monoclonal ant-
by AP [Thermo Fisher Scientific, clome: GE12), amti-p-1uba-
lin antibosdy-PE [Samta Crox, cene D=1, aed TP (0.3 pg)
ml, Sigma-Aldrich) for 20 mimdes The Amns brand
ImageSireamd bagk 11 (EAMD Millipore] imaging Sow o1-
omeler with fve buil-in lasers [405, 488, 561, 640, and
785 mm] was used for acquisitien. Using INSPIRE (EMD
Milliporel, 2 = 10" evemts were collected per mhe at 6
magniheaiion om a low speed and high-sensstivity seviimgs.
Unsiaimed, =ingle-siained. and Bdims  Cine-
{Frbs- ] stanned samples were collecied for each cxpenment as
conireds For beiier visualizaiion of lyue grnubes, ke exiended
depth of fiekd was aaivaed durieg the acquisiion af
CeF-rontaining samples. Ideas software (IDEAS 6.2.64.0, EMD
Millipose) was used for dia analysis The gatleg stirategy,
mndsks, and fealses 1o analyee conjugate wene created and

Actin Remodeling Drivas Tumaor Sell Immune Evasion

Results

Bireast cancer cell resistamce to NE-cell-medsated cell bysis is
assoscigied with a prosineni “actin response®

To cxamine AF confgurations in sames colls duneg FE-cell
attack, two breast adenocarc mama cell limes were transduced with
lenivimus o schicve stable cepression ol the actin ref LifeAt-
mEGH? [Fig. 1A, Sapplementary Rg. 5 LA, rel. 20). The cpitkselial-
like MECFT cell lime (Supplementary Fig 18] was chesen fog s
high suscegibility o ME-cell-mediaed Ivais, wisereas the mes-
enchymmal-like MDA-ME-231 cell liee was chesen Toe s bighly
resmsiant phenotype. fx ghown i P 16 MDA-ME-231 cdl=
wiere almos ihree omes less susceptible i ME-medigied s
when compared with MCFF cell=. Oinly 153% of MIDA-ME-231
oells were killed by KE-42080 cells @ an BT raiio of 51 after
4 hours, while 42% of MCE-7 ocll= were killed under the same
canditions. A condocal Enicredeopy analysis condcned 30 min-
wntis alfter numear ool wene exposed o MK cells revealied that most
ME-cell-c A BACRA-BAR-23 1 colls exhibitad & masie soo-

appliod. Features arc used to caloulate, analyze, and
speecifse miensities in the cell whale masks are desgred io dehne

wniilathon of actin e the 15, hereinaliter pelenrad to as e "sain
P " (Fig 10 Supplementany Movie S1]. I coatras, this

aspecific area of the cell where Feaiures conld be appliod. Masks
can be estabdished om the basis of the bright field or lomscemee
mmage. The mask overlaying the symapdic region was created by
Eoolean logics of mEGFP-LifeAct and CDS6-FeCy?, Dilace
(mPGA-Lifedst 1] and Dilae (CDS6-ME-Cy7.2). Por actin
FESpOnEe Measurements, the mean Misofescence mensicy (MF1]
of mEGFP-LdeAst wid caloaloed ar the 15 mask. To bener
caloslate the intensity of the MTOC and improve the detectban
of y-tubsulin, the feanare of Bright Detail Intensicy B7 {BD1] was
wsed. The sofiware's B fearare can compane the intesaity af
the bright spot that kave radn smaller than 7 pasels. For Gzb
guamisheations m target cells, the mask was defined on the
mlGAP-Lifedst after subtracting the region of the immume
wynapse inorder o esclude the miensigy of GeB denved from
MK cells Im arder to assess apopioss in iage cells upon ibe
conact with ME cells, the intessiny of the signal of Annein V-
A signal and DAM wis measared a1 the mask coverieg the
enEGFP-LifeAdr. The imteesity of the Asnexia V-PE was pleaed
vegsus the kntensity of DAP] 10 distinguish between viable
[Aneexin Vo, DAPE ), carly apoplatic [Annexis ¥, DAF1 ],
laie apoptoie [Amnexin VO, DBAPL b and nooodic cells
{Anmexin ¥ . DLAPLT)

Taagei cell marface ardigens were smained for 50 mimses prior
mcubation with NE cells, wsirg the following antibodies:
anti-humar HLA-A -B -C-Erilliam Vieley 605 | BioLegensd: done
VG52 ), anti-lsaman MICAMICE-APC | BioLegend, clane 614]
and anti-huaman PO-L1-Brlliant Viele 605 (Bolegend, B7-HL,
(I274] amtibodics. The data were acduaired on ol imaging losw
cytoeneter, aid MF] valiis o cach ligand wire determised ar the
synagtic region using e above describsed 15 mask

Cherall ligamd oopression a the cell membrane of control and
WA amad CORCA 2-depleved carget colls was anahveed n=ing a
BD FCEana 1 flow cptomeser (B0 Bosciences)

Statisiscal analysis

The unpaired Susdent 1 s in Miccosoft Exced 2016 and
GraphPad Prism wis used 1 desermiese the staisical significasce
oo the resalis obwaised For A ¥ experi & E-sCoee besl
flar vwry propulantion proponions wis used 1o determine the sia-
estical significance benween samples *, P < 005, °°, F< 001 and
P < 0o

WAL CT o mial s.ong

actin response was rarely observed in NE-cell-conjugated MOF-7
cells. Instead. mos conpagaied MOCFT cellx exhabited a rather
homogencons distribution of actin at ther conex (Fig. 10%
Supplemnerdany Movie 1)

The actin respomse was induced remarkab:by fast, as evidemced
vy ik many 80A-MB-2%1 cells showing synapine aciim acoumu-
lason, i as livde as B ombmmies alver presencatbon oo SE ool
Target—effertor cell comjugates were tracked ever loeg, perods of
vime using live-cell imnaging. ared timse-lapse movies wen issem-
blead I WDA-BER-231 celbs, the: actim respoeese persisted shraugh
ol the whale duratian ofthe mersation between the camoer and
imimune coll= {Pg. 1E: Supplomentary bovie 53]

Afver aboui 30 menuies, the WK cell detached withoan achsoong
hymis of 1is darget, and the soiin response im the escapod cancer ol
rapidly ceased. As exemmplified in Fig. 1E amd Supplementary
Movie 51, the escaped colbs were sill alive ac b end of che
reconding [ 120 minutes; Fig. VE Supplementany Movic 53], In
masl MCF-7 cells, noactin res poede couhd be observed atany time
during the ingeraction {Rg. 1F. Sapplementany bovie 54). bl
tiple enemnbrane Blebs were detected a the target cell sarface after
1 ki, imsdicating than the taeger ool entered apoplosis. A few
mirvies: laier, the target cell hed. and the green fuorescence of
the actin peponer disappeared

Chmanofication af G luorescence shonveed thai, in REDA-BE-
211 cells, the cortical region that included the 12 contaimed on
average abowd ten imes more Facan as compared widh the
apposite side of the cell, whereas no statisteally significan
asvenmetrical disrribanion of acin was found in MCF.7 cells
|x = 15, g 2A). Nevenhoes, we notcad that a few MDW-
AB-I31 cells i conjugate with MK cells did st shosw the peal
actin resf ¢ Iy, a b of MOF-7 cells aooumalaced
F-actm ai the 15, We accordingly assumed thai each cell line
campnscd iwo ool subpopulaiions differing in thew abilsy
w0 remodel ibeir acim cytosioe leton in respores: o ME-cell siack
To furiher characerme these subpopalations, we used high-
throughput imaging Sow oiomeiny and analyzed a large namber
of cell comjugates. Breast cancer cells wese cooul wred with NEcells
far 30 miskiles price ux Snation and permeahilization Typically,
2w 10 eventawire acquined onthe imaging flow cylometer, anda
ganing sorategy was appliad woselea in-focus, live, and ineracting
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sanse, amil more dhan &
O F- riil ¢ reghon [Fig. 2H; Suppl
T'o extend the above data te the redationship  tary Fig. 528). In comparison, TA470r cells wene signis
between tumor cell resistance to WEK-mediated cell death and the  suscepiible wo ME-cell llll\.ll.l ool lysis, and 3 =Il-|.\|l.-.ﬂl'l1|-|m+
ACTim respire, v anlyed nwo add. nial b e ol Dines, cell-mediaed lysis ol 501 [Fig 3&). These cells aleo
the epithclial-like TA70 cell hine. amgd the mesenchymal-like  exhabived 2 redwced ; nid b ME-cell attack by an actn
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LifeAct-mECGTP m order o image aitim in langc cell= onby, and imilar acroes cell Fines with 304
1o exchide any powem 1 efecs from the acun ookl - symapee [Fi
I MK cells (Suppler ary Figs. 518 aned 524). Cyuonoxic B dara rev
assays mevealed 3 wAkA-SAE-230 cells, HsST8T cells cells respeondds 1o RE-cell attack
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Remarkably, this subpopulation was significantly larger in NK
cell-resistant breast cancer cell lines than in more susceptible cell
lines, suggesting that the actin response contributes to the resis-
tant phenotype. In addition, our data point to a potential link
between the EMT status of tumor cells and the actin response.
Indeed, mesenchymal-like breast cancer cell lines, including
MDA-MB-231 and Hs578T, proved to be significantly more
competent for the actin response when compared with the epi-
thelial-like ones, including MCF-7 and T47D (Figs. 2D and 3B;
Supplementary Fig. S1B).

EMT enhances the actin response frequency and breast cancer
cell line resistance to NK-cell-mediated lysis

To further evaluate the relationship between EMT, actin
response, and resistance to NK-cell lysis, EMT was experimentally
induced in MCF-7 cells through transient expression of the wild-
type EMT inducer SNAIL, or its degradation-resistant variant
SNAIL-6SA variant. The mesenchymal transition of SNAIL- and
SNAIL-6SA-expressing cell lines was evident by the adaption of a
spindle-like morphology and reduced cell-cell contacts, as well as
by the loss of E-cadherin (Fig. 3D). Both SNAIL- and SNAIL-6SA-
overexpressing cells exhibited a robust increase (>2-fold) in the
subpopulation of cells responding to NK-cell attack via synaptic
F-actin accumulation as compared with control, transfected only,
MCF-7 cells (Fig. 3E; Supplementary Fig. $2B). Consistent with its
enhanced stability, SNAIL-6SA had a stronger effect than wild-
type SNAIL, resulting in 82% and 74% of conjugated cells exhi-
biting an actin response, respectively (Fig. 3E). Forced expression
of SNAIL or SNAIL-6SA also dramatically decreased MCF-7 cell
susceptibility to NK-cell-mediated lysis. At an ET ratio of 5:1,
SNAIL- and SNAIL-6SA-expressing MCF-7 cells were 2- and 3-fold
more resistant to NK-cell lysis when compared with the control
cells, respectively (Fig. 3F).

In addition to SNAIL-induced EMT, we treated MCF-7 cells with
either TGFB or TNFo, and subsequently analyzed their compe-
tency for the actin response and their susceptibility to NK-cell-
mediated cell lysis. Treatment efficacy was validated by E-cadherin
downregulation and changes in cell morphology (Fig. 3G). Con-
sistent with the above data, both treatments strongly increased the
rate of actin response in MCF-7 cells as well as MCF-7 cell
resistance to NK cells (Fig. 3H and I).

Together, our data indicate that the EMT status is a critical
determinant of the capacity of breast cancer cells to remodel
their actin cytoskeleton upon NK-cell attack, and to escape from
NK-cell-mediated lysis.

The actin response drives breast cancer cell resistance to
NK-mediated cell lysis

‘We next aimed to evaluate the causal link between the actin
response and breast cancer cell resistance to NK-cell-mediated
lysis. First, we examined whether inhibition of synaptic F-actin
accumulation affected breast cancer cell survival in cytotoxicity
assays. Actin polymerization was impaired in target cells by
knocking down either N-WASP (a key regulator of the ARP2/3
complex) or the Rho-subfamily small GIPase CDC42 (its
upstream regulator; ref. 31). Resistant MDA-MB-231 and suscep-
tible MCEF-7 cell lines were transfected with small interfering RNA
constructs (siRNAs) targeting N-WASP or CDC42 transcripts
(siN-WASP and siCDC42, respectively). The two independent
siRNAs used to target each transcript significantly decreased
the corresponding protein expression levels in the two cell lines

www.aacrjournals.org

Actin Remodeling Drives Tumor Cell Inmune Evasion

(Fig. 4A). Imaging flow cytometry analysis showed that N-WASP-
and CDC42 depletion reduced the subpopulation of actin
response-competent cells in MDA-MB-231 cells by 2- to 3-fold
(Fig. 4B). This inhibition of the actin response was associated
with a significant increase in target cell susceptibility to NK-cell-
mediated lysis, ranging from 50% to 150%. Conversely, N-WASP
or CDC42 knockdown did not significantly affect the already
reduced size of this subpopulation (around 20%) of MCF-7 cells
that produce an actin response upon NK-cell attack (Fig. 4C), nor
did itincrease the susceptibility of MCF-7 cells to NK-cell lysis. The
depletion of N-WASP or CDC42 was verified not to modify the
overall expression of important ligands of NK-cell receptors at
the target cell surface, including HLA-A, -B, -C, MICA/B, and
program cell death-ligand 1 (PD-L1; Supplementary Fig. S3A-
S3C), supporting our hypothesis that the increase of MDA-MB-
231 cell susceptibility following N-WASP or CDC42 depletion is
indeed the result of actin response inhibition.

We next quantified the extent of target cell apoptosis
associated with the actin response. Briefly, target cells were incu-
bated for 30 minutes with NK cells, labeled with Annexin V-APC
and DAPI, and subsequently analyzed by imaging flow cytometry.
For the analysis, a new mask was designed to capture Annexin
V-APC and DAPI signals only in the LifeAct-mEGFP-expressing
target cell from conjugates (Fig. 4D). For both MDA-MB-231
and MCF-7 cell lines, the number of apoptotic cells was
considerably higher in the subpopulation of cells without an
actin response when compared with the subpopulation of
cells with an actin response. Consistent with the reduced
subpopulation of actin response-competent cells in the MCF-7
cell line, this cell line contained a much higher total number of
apoptotic cells when compared with the MDA-MB-231 cell line.
Altogether, the above data provide further evidence that the
actin response mediates breast cancer cell resistance to NK-cell-
mediated lysis. The data also show that the inhibition of this
process is sufficient to restore susceptibility in otherwise resis-
tant breast cancer cells.

The actin response is associated with changes in NK-cell
receptor ligand density in the synaptic region of target cells

The possibility that the actin response was associated with local
changes in the density of HLA-A, -B, -C, MICA/B, and PD-L1 on
target cell surface was evaluated using imaging flow cytometry.
Very interestingly, both HLA-A, -B, -C ligands and PD-L1 levels
were increased (by 100% and 50%, respectively), while MICA/B
ligands were modestly reduced (30%), at the synaptic region of
MDA-MB-231 cells with an actin response as compared with
MDA-MB-231 cells without an actin response (Supplementary
Fig. S3D-S3F). Likewise, HLA-A, -B, -C ligands were significantly
enriched at the synapse of MCF-7 cells with an actin response as
compared with MCF-7 cells without an actin response (Supple-
mentary Fig. S3D). However, synaptic MICA/B levels did not
significantly differ in the two MCF-7 cells subpopulations
(Supplementary Fig. S3E). PD-L1 was not amenable to quantifi-
cation in the synaptic region of MCF-7 cells by imaging flow
cytometry in our experimental setup. Together, these data suggest
that the actin response increases inhibitory ligands, and possibly
decreases activating ligands, at the synaptic region of target cells,
respectively, which in turn may alter NK-cell function.

We then evaluated if the actin response was associated with a
defect in NK-cell activation. To do so, we quantified MTOC
polarization in NK cells conjugated with MCF-7 or MDA-MB-

Cancer Res; 78(19) October 1, 2018
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MDA-MB-231 cells, without compromising cell viability (Sup-
plementary Fig. S4A and S$4B). In addition, CD was carefully
washed out prior to target cell incubation with NK cells in order
not to impair their function, leaving a reduced, but sufficient, time
window for analysis before substantial actin cytoskeleton recov-
ery (Supplementary Fig. S4C). As shown in Fig. 5E, CD treatment
strongly reduced the subpopulation of actin response-competent
target cells by 3-fold. Along with this effect, CD treatment signif-
icantly increased the overall average level of GzB in conjugated
target cells, indicating that the actin response was causally linked
to GzB level reduction (Fig. 5F). To rule out any potential effect of
residual amounts of CD on NK-cell activity, we also quantified
GzB levels in target cells in which the actin response was genet-
ically impaired via N-WASP or CDC42 knockdown (see Fig. 4).
Consistent with the above data, N-WASP and CDC42 depletion
significantly increased the overall average level of GzB in target
cells by about 2-fold (Fig. 5G). Stratifying the data according to the
presence or absence of an actin response revealed that the fraction
of cells that resisted F-actin disruption and responded to NK attack
by synaptic actin accumulation maintained reduced levels of
GzB (Supplementary Fig. S5). Collectively, our data indicate
that the actin response protects target cells from lysis by limiting
GzB accumulation.

The actin response is similarly induced by donor-derived
NK-cell-mediated lysis

We asked whether the protection of breast cancer cells by the
actin response was restricted to cytotoxicity induced by the NK-
92MI cell line used in this study. To address this question, primary
NK cells were isolated from buffy coats of five human donors by
negative selection (>99% purity; Supplementary Fig. $6), and they
were used in the subsequent analyses as effector cells. First, we
evaluated primary NK-cell cytotoxicity against the MCF-7 and
MDA-MB-231 cell lines (Fig. 6A). As expected, donor-derived NK
cells exhibited reduced cytotoxic activity compared with the
highly cytotoxic NK-92MI cell line, and only modest target cell
killing (1%-10%) was achieved at an E:T ratio of 1:1. However,
significant target cell death (5%-33%) was induced at an E:Tratio
of 5:1, confirming that isolated primary NK cells were functional.
Despite interindividual variability in the cytotoxic potential, NK
cells from all five donors more effectively killed MCF-7 cells when
compared with MDA-MB-231 cells. Consistent with our previous
data, confocal microscopy revealed that a majority of MDA-MB-
231 cells conjugated with primary NK cells exhibited an actin
response (Fig. 6B), whereas most MCF-7 cells did not. Quantita-
tive analysis using imaging flow cytometry analyses established
that the actin response was at least twice as frequent in MDA-MB-
231 cells (60%-76%) as compared with MCF-7 cells (26%-
37%; Fig. 6C). In addition, for each of the combinations of the
five sources of primary NK cells and the two target cell lines, we
found significantly lower GzB levels in target cells exhibiting an
actin response when compared with those without an actin
response (Fig. 6D and E). In conclusion, the actin response and
its protective effects were fully recapitulated using donor-derived
primary NK cells as effector cells.

Discussion

Tumor escape from cytotoxicimmune cells is a major hurdle for
achieving efficacious immunotherapies. Here, we demonstrate a
critical role for the actin cytoskeleton in driving breast cancer cell

OF10 Cancer Res; 78(19) October 1, 2018

resistance to NK-cell-mediated lysis. Using high-throughput
imaging flow cytometry, we found that common tumor cell lines
contain two subpopulations of cells differing in their capacity to
respond to NK-cell attack via fast and prominent accumulation of
AFs near the IS. Remarkably, the rate of the "actin response" in a
given cell line is inversely correlated with the overall susceptibility
of this cell line to NK-cell-mediated lysis. Live-cell imaging
provided direct evidence that tumor cells exhibiting an actin
response survive NK-cell attack and remain alive after immune
cell detachment, while tumor cells without an actin response are
efficiently lysed. Accordingly, apoptosis in NK-cell-conjugated
target cells is markedly reduced in the actin response-competent
cell subpopulation. Moreover, inhibition of the actin response is
sufficient to convert the initially resistant MDA-MB-231 cell line
into a highly susceptible phenotype. Altogether, these findings
demonstrate a causal relationship between the actin response and
resistance to NK cells.

The actin response is a remarkably fast and localized process
that takes place almost immediately after physical contact
between the target and effector cells. Tracking individual cell
conjugates over time revealed that the actin response lasts
throughout the entire period of interaction and rapidly stops
after effector cell detachment. This suggests a model in which a
signal from the IS is transmitted to the proximal tumor cell cortex
where it induces sustained actin polymerization. Although the
upstream components of the signaling pathway remain to be
identified, the robust inhibition of the actin response induced by
N-WASP or CDC42 knockdown suggests that the ARP2/3 com-
plexis a key downstream effector responsible for the burst of actin
polymerization following NK-cell attack. The role of N-WASP
and CDC42 in driving ARP2/3 complex-dependent actin poly-
merization at the membrane has been extensively documented
(37, 38). Notably, CDC42 is a key regulator of membrane pro-
trusions (such as filopodia) and polarity (39, 40). Consistent with
this, the actin response is associated with spike-like projections
(Fig. 1C and E). Similar to filopodia or invadopodia, actin
nucleators of the formin family (41) and AF crosslinking proteins,
such as fascin (42) or CSRP2 (43), are likely to be required for the
extension of actin response-associated protrusions.

From a functional standpoint, the actin response was associ-
ated with a significant reduction in GzB levels in target cells.
Moreover, inhibiting the actin response through pharmacologic
impairment of actin dynamics or genetic ablation of CDC42 or
N-WASP restored high GzB levels in target cells. Interestingly, our
data show that the actin response is associated with modifications
in the density of NK-cell receptor ligands in the region of the
synapse. Most noticeably, both MCF-7 cells and MDA-MB-231
cells with an actin response exhibited a significant increase
(+100%) of HLA-A, -B, -C inhibitory ligands at the synapse as
compared with the respective cells without an actin response.
Such modifications provide a mechanistic insight into how the
actin response mediates target cell resistance to NK-cell-mediated
lysis. However, we found no association between the actin
response and abnormal MTOC polarization or degranulation
activity in the effector cells. These results can be explained by the
lack of expression of most KIR receptors in the NK cell line
(NK92MI) used in our study, which renders this cell line
insensitive to HLA-A, -B, -C inhibitory ligands (34-36). Con-
sequently, the decrease in GzB levels observed in target cells
with an actin response must originate from an additional
mechanism, e.g., actin response-mediated obstruction of GzB
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uptake into target cells or actin response-mediated GzB degra-
dation inside target cells.

In this regard, we recently reported that autophagy promotes
NK-cell-derived GzB degradation in hypoxic MCF-7 cells, thereby
reducing target cell susceptibility to NK-cell-mediated lysis
(44, 45). In keeping with this, inhibition of autophagy in target
cells improves tumor elimination by NK cells in in vivo mouse
models of breast cancer and melanoma (45). Considering the
multiple and critical roles of the actin cytoskeleton during various
steps of autophagy (46), follow-up studies should elucidate the
link between the actin response and autophagy-mediated GzB
degradation in tumor cells.

There is mounting evidence that EMT promotes tumor cells'
escape from cytotoxic immune cells, such as CTL- and NK cells
(47-50). In support of this, our data show that the mesenchymal-
like breast cancer cell lines have a much higher capacity to generate
an actin response as compared with epithelial-like breast cancer
cell lines. Furthermore, both genetic (SNAIL or SNAIL-6A over-
expression) and pharmacologic (TGFB or TNFo treatment) induc-
tion of EMT increases tumor cell competency for the actin
response and resistance to NK-cell-mediated cell death. During
EMT, extensive actin cytoskeleton remodeling is required to drive
morphologic and functional adaptations, such as the acquisition
of migratory and invasive properties (51). Thus, EMT-associated
cytoskeletal changes likely confer tumor cells with an increased
capacity to undergo rapid actin remodeling in response to
immune attack.

An intriguing finding of our study is that breast cancer cell lines
contain two main subpopulations of cells differing in their
capacity to mobilize the actin cytoskeleton in response to NK
cell attack and to survive this attack. A direct and important
implication of this previously unknown facet of intra-cancer cell
line heterogeneity is that the apparently high susceptibility of a
given cell line, such as MCF-7, may actually mask the existence of a
minor subpopulation of immune-resistant (and actin response—
competent) cells. This knowledge should be taken into consid-
eration in cytotoxicity assay-based studies, and efforts should be
made to target the actin response-competent cell subpopulation.
The characterization of the signaling pathway(s) controlling the
actin response and the identification of druggable molecular
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Fig. 81. Expression of LifeAct-mEGFP, E-cadherin and vimentin in the breast cancer cell lines used in this
study and quantification of the actin response using imaging flow cytometry. (A) Breastcancer cell lines were
transduced with lentivirus to stably express the actin reporter LifeAct-mEGFP. Cells were subsequently subjected to
western blotanalysis to evaluate LifeAct-mEGFP expression level Actin was used as a loading control. (B)Expression
of the epithelialmarker E-cadherinand the mesenchymalmarkervimentinin MCF-7, 747D, MDA-MB-231 and Hs578T
breast cancer cell lines as evaluated by western blot. GAPDH was used as a loading control. (C) Representative
images showing the masks (dark blue and dotted lines) generated by the IDEAS software and applied to the target (T)
and effector (E) cells to capture the synaptic region and the actin response. The synaptic region (lightblue mask on the
bright field channel)is defined as the overlapping area between the targetcell mask (LifeAct-mEGFP) and the NK cell
mask (CD56-PE-Cy7). Scale bar, 7 «m . (D)Method to determine the percentage of targetcells with (+AR) and without
(-AR) an actin response. An example is given forboth MCF-7 and MDA-MB-231 cell lines. LifeAct-m EGFP intensity in
the synaptic region was plotted againstLifeAct-mEGFP intensity in the whole targetcell. The cells with enriched F-actin
inthe synaptic region were scored as positive forthe actin response.
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(A) Confocal microscopy images showing the effectiveness and localization of LifeAct-mEGFP transduction in T-
47D and Hs578T breast cancer cells. Cells were stained with Acti-stain 555 Phalloidin (red) and DAPI (cyan). The
yellow-orange signal in merge images shows extensive co-localization between LifeAct-mEGFP and the actin probe.
Scale bar, 20 pm. The corresponding data for MCF-7 and MDA-MB-231 cells are presented in Fig. 1A. (B)
Representative imaging flow cytometry panels used to quantify the actin response in T-47D and Hs578T, and in
MCEF-7 cells treated with TGF-B or TNF-a or transfected with SNAIL expressing vectors. An example is given for
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Fig. S3. Relative expression of HLA-A, -B, -C, MICA/B and PD-L1 ligands on MCF-7 and MDA-
MB-231 cells. (A-C) Percentage of cells positive for (left panels) and relative expression of (right
panels) HLA-A, -B, -C (A), MICA/B (B) and PD-L1 (C) at the surface of MCF-7 and MDA-MB-231 cells
48 hours after N-WASP or CDC42 siRNA transfection. Data originate from three independent
experiments and are expressed as percentage of positive cells and as average MFI values. (D-F)
Relative expression of ligands at the synaptic region of MCF-7 and MDA-MB-231 cells with an actin
response (black, +AR) or without an actin response (light grey, -AR; set to 1) as evaluated by imaging
flow cytometry. The right panels show typical examples of imaging flow cytometry images obtained
from conjugates between NK92MI cells and MDA-MB-231 cells. Data originate from three independent
experiments and are expressed as FMI fold changes and relative to target cells without an actin
response (set to 1). Scale bar, 7 um. The two-tailed unpaired Student’s t-test was used to measure the
statistical significance. * denote p < 0.05; ** p < 0.01; ns: non-significant.
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Fig. S4. Cytochalasin D-mediated depolymerization of the actin cytoskeleton in breast
cancer cells. Cytochalasin D (CD) treatment (concentration and duration) was optimized to
efficiently promote F-actin disruption in targetcells without affecting cell viability. Only MDA-MB-
231 cells are shown here. (A-C) Typical actin cytoskeleton organization in control, DM SO -
treated, cells (A), CD-treated cells (B), and CD-treated cells after t hourrecovery (C). Arrows
indicate the reappearance of F-actin based structures. Scale bar, 10 «m .
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Fig. S5. GzB levels in MDA-MB-231 cells with and without actin response after N-WASP- and
CDCA42-depletion. MDA-MB-231 cells were transfected with a control siRNA or different siRNAs
targeting N-WASP or CDC42. GzB levels in NK cell-conjugated target cells were quantified using
imaging flow cytometry and the results were stratified by whether (black, +AR) or not (light grey, -
AR) the target cells generated an actin response. At least 200 conjugated target cells were scored
for each siRNA condition. Data originate from three independent experiments and are expressed
as mean fluorescence intensities (MFI). The two-tailed unpaired Student’s ttest was used to
determine statistical significance (* p <0.05, ** p <0.01).
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Fig. S6| Purity and viability of primary NK cells isolated from healthy donors. Primary NK
cells were isolated from enriched PBMC fractions via negative selection as indicated in the
‘Materials and Methods’ section. The purity and viability of isolated primary NK cells used in this
study was checked via flow cytometry using the NK cell surface molecular marker CD56 and
TO-PRO-3 staining, respectively. The primary NK cells isolated from donor 1 are shown as a
representative example.
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Supplementary Materials and Methods

Western blot analysis

Protein extracts were isolated in RIPA lysis buffer (Millipore) supplemented with a
protease and phosphatase inhibitor mixture (Roche). The Bradford protein assay
was used to determine the protein concentration (5000006; Bio-Rad). Next, 30
pg of protein lysate was separated by SDS-PAGE on a 12% SDS agarose gel
and transferred to a PVDF membrane (Millipore). Membranes were
immunoblotted with monoclonal rabbit anti-N-WASP (#4848, Cell Signaling),
polyclonal rabbit anti-CDC42 (#2462, Cell Signaling), monoclonal mouse anti-E-
cadherin (#610182, BD biosciences), monoclonal mouse anti-vimentin (#SC-
6260), monoclonal rabbit anti-GAPDH (#5174S, Cell Signaling), polyclonal rabbit
anti-actin (#A2066, SIGMA), polyclonal rabbit anti-SNAI1 (#sc-28199, Santa
Cruz), or polyclonal rabbit anti-GFP (#A11122, Invitrogen) antibodies overnight.
Membranes were washed and incubated with HRP-conjugated goat anti-rabbit
IgG. Protein bands were detected using the SuperSignal™ West Femto
Chemiluminescent Substrate (Thermo Scientific) and visualized by ImageQuant
LAS 4000 (GE Healthcare Life Science).

Cell labelling and confocal microscopy

For the conjugate formation assay, NK-92MI cells were counted, re-suspended
and stained with PKH26 dye (PKH26 red fluorescent cell linker kit, Sigma-Aldrich)
for 5 minutes at room temperature. NK-92MI cells were washed twice with RPMI
medium containing FBS and horse serum and subsequently incubated with 1 x
10°target cells (E:T ratio of 2:1) per 200 ul of medium. Conjugates were plated on
poly-L-lysine-coated chambered coverslips (u-Slide 8 Well, Ibidi) for 45 minutes
prior to fixation with 2% paraformaldehyde (PFA, Thermo Fisher Scientific) for 10
minutes. Cells were washed with PBS, permeabilized with 0.1% Triton X-100
(Sigma-Aldrich), and counterstained with DAPI (0.3 pg/ml, Sigma-Aldrich). For
target cell staining, 1 x 10° target cells were seeded into chambered coverslips.
The next day, cells were washed twice, fixed with 4% PFA, permeabilized with
0.1% Triton X-100 and immunostained with anti-vimentin (Santa Cruz) or anti-E-
cadherin (BD biosciences) primary antibodies, followed by secondary goat anti-
mouse Alexa Fluor 488 antibodies for detection. For AF visualisation, cells were
co-stained with Acti-stain 488 Phalloidin (Cytoskeleton) and DAPI. For assays
with cytochalasin D, cells were stained with Acti-stain 555 Phalloidin
(Cytoskeleton). For live-cell imaging, target cells were seeded into chambered
coverslips (Ibidi) at a concentration of 1 x 10° cells per well. Slides were mounted
within a temperature-controlled chamber maintained at 37° C under a constant
atmosphere of 5% CO.,. NK cells were labelled with the PKH26 Fluorescent Cell

134



linker (Red) for 5 minutes at RT and washed three times. At the beginning of
recording, 2 x 10° NK cells were added to each slide. Images of conjugates were
acquired on a laser scanning confocal microscope (LSM880 FastAiry, Carl Zeiss)
with an oil immersion Plan-Apochromat 63x objective. 3D projections and time
lapse movies were assembled using Zen imaging software (ZEISS) and NIH
Imaged software(49), respectively.

Actin quantification

For each cell line, 25 conjugates from three independent experiments were
analyzed for actin cytoskeleton accumulation. To quantify actin filament
enrichment at the target side of the IS, the target cell image was divided into two
equal regions of interest (one at the synapse and one at the opposite side).
Florescence intensity of LifeAct-mEGFP was measured using the ROI tool of
ImagedJ software. Results were reported as the fold increase in the intensity of
LifeAct-mEGFP at the synaptic region divided by the same intensity at the distal
region.

Cytotoxicity analysis

Target cells expressing LifeAct-mEGFP were incubated with effector cells at an
E:T ratio of 1:1 or 5:1 for 4 hours at 37° C. Before analysis, TO-PRO®-3
(Invitrogen) was added to assess the percentage of death target and then
samples were immediately analyzed by flow cytometry (FACSCanto; BD
Biosciences).

Degranulation assay

NK-92MI cells were incubated for 4 hours at 37°C alone or with LifeAct-mEGFP-
expressing target cells (5:1). NK cells incubated without target cells were used as
a negative control. The NK cell-susceptible K-562 cell line (kindly provided by the
NORLUX Neuro-Oncology Laboratory from LIH; ATCC) was used as a positive
control for the assay. To block intracellular protein transport and CD107
degradation, monensin-containing GolgiStop reagent (BD Biosciences) was
added to samples after 1 hour of incubation at a concentration of 6 pg/ml. Two
hours later, cells were stained with anti-human CD107a-APC (BD bioscience,
clone: H4A3) and samples were immediately analyzed by flow cytometry
(FACSCanto; BD Biosciences).
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1.3. Discussion of the article in French

L'échappement tumoral aux cellules immunitaires cytotoxiques est un obstacle majeur
a de nombreuses immunothérapies. Dans cette étude, nous démontrons le role critique du
cytosquelette d'actine dans la mise en place de la résistance des cellules du cancer du sein
a la lyse induite par les cellules NKs. Grace a I'utilisation de la cytométrie de flux en
image a haut débit, nous avons trouvé que les lignées cellulaires tumorales communes
contiennent deux sous-populations de cellules différant par leur capacité a répondre a
l'attaque des cellules NKs via une accumulation forte et rapide d’actine filamenteuse dans
la région de la synapse. De fagon Remarquable, le taux de “’réponse actine’’ dans une
lignée cellulaire donnée est inversement corrélé avec la susceptibilité¢ globale de cette
lignée cellulaire a la lyse induite par les cellules NKs. L'imagerie en temps réel de cellules
vivantes a démontré de maniére directe que les cellules tumorales présentant une réponse
actine survivent a l'attaque des cellules NKs et restent en vie apres la séparation des
conjugués, tandis que les cellules tumorales sans réponse actine sont efficacement lysées.
Ces observations sont en accord avec nos analyses indiquant que le taux d’apoptose dans
les cellules cibles conjuguées aux cellules NKs est considérablement réduit dans la sous-
population cellulaire compétente pour la réponse actine. De plus, l'inhibition de la
réponse actine suffi a convertir les lignées cellulaires résistantes, telles que 1001 et MDA-
MB-231, en un phénotype hautement susceptible. Au total, ces résultats établissent un
lien de causalité entre la réponse d'actine et la résistance aux cellules NKs.

La réponse d'actine est un processus remarquablement rapide et localisé qui a lieu
presque immédiatement apres le contact physique entre les cellules cibles et les cellules
effectrices. Le suivi des conjugués cellulaires individuels au cours du temps a révélé que
la réponse actine dure pendant toute la durée de l'interaction et s'arréte rapidement apres
le détachement de la cellule effectrice. Ceci suggere un modele dans lequel un signal de la
synapse est transmis vers le cortex des cellules tumorales ou il induit une polymérisation
active et continue d’actine. Bien que les composants en amont de la voie de signalisation
restent a identifier, I'inhibition robuste de la réponse actine induite par le knockdown de
N-WASP ou de Cdc42 suggere que le complexe ARP2/3 est un effecteur clé responsable
de la polymérisation de l'actine suite a l'attaque des cellules NKs. Le role de N-WASP et
de Cdc42 dans la polymérisation de l'actine dépendante du complexe ARP2/3 a la

membrane a été largement documenté. Notamment, Cdc42 est un régulateur clé des
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projections membranaires (comme les filopodes) et de la polarité¢ cellulaire. Il est
intéressant de noter que la réponse actine est associ¢e a des projections membranaires de
type filopodes. Comme dans les filopodes, les nucléateurs d'actine de la famille des
formines et des protéines de bundling, telles que la fascin, sont probablement nécessaires
pour 'extension des projections membranaires associées a la réponse d’actine.

D'un point de vue fonctionnel, la réponse actine est associée a une réduction
significative des niveaux de GzB dans les cellules cibles. De plus, I’inhibition
pharmacologique ou génétiques (ablation de Cdc42 ou N-WASP) de la réponse actine
restaure des niveaux élevés de GzB dans les cellules cibles. En revanche, nous n'avons
trouvé aucune association entre la réponse d'actine et une polarisation anormale du
MTOC ou le processus de dé-granulation au niveau des cellules effectrices. Ceci sugere
un mécanisme ou la réponse actine obstrue la pénétration du GzB dans les cellules cibles
et/ou facilite la dégradation du GzB a l'intérieur des cellules cibles plutét qu’un
mécanisme ou la réponse actine inhibe l'activation des cellules NKs. A cet égard, nous
avons récemment rapporté que l'autophagie favorise la dégradation du GzB dérivée des
cellules NKs dans les cellules MCF-7 hypoxiques, réduisant ainsi la sensibilit¢ des
cellules cibles a la lyse induite par les cellules NKs. Dans le méme sens, l'inhibition de
I'autophagie dans les cellules cibles améliore 1'élimination des tumeurs par les cellules
NKs dans des modeles murins in vivo de BC et de mélanome. Considérant les rdles
multiples et critiques du cytosquelette d'actine dans les différentes étapes de 1'autophagie,
les études futures devront élucider le lien entre la réponse d'actine et la dégradation de
GzB par l'autophagie dans les cellules tumorales.

Le role de 'EMT dans l'évasion des cellules tumorales aux cellules immunitaires
cytotoxiques, telles que les cellules T et NKs est de plus en plus reconnu. Nos résultats
indiquent que les lignées cellulaires de type mésenchymal ont une capacité largement
supérieure aux lignées de type épithelial a générer une réponse actin. En outre, une EMT
expérimentale augmente a la fois la compétence des cellules tumorales a la réponse actine
et la résistance a la lyse induite par les cellules NKs. Au cours de ’'EMT, de vastes
modifications du cytosquelette d'actine sont nécessaires pour conduire les adaptations
morphologiques et fonctionnelles, telles que 1'acquisition de propriétés migratrices et
invasives. Ainsi, les changements de propriétés du cytosquelette d’actine (organisation,
dynamique) qui accompagne le processus de ’EMT confeérent probablement aux cellules
tumorales une capacité accrue a mobiliser rapidement leur actine en réponse a une attaque

immunitaire.
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Une observation intrigante de notre étude est que les lignées cellulaires du cancer du
sein contiennent deux sous-populations de cellules différant par leur capacité a mobiliser
le cytosquelette d'actine en réponse a l'attaque des cellules NKs et de survivre a cette
attaque. Une implication directe et importante de cette nouvelle facette de 'hétérogénéité
intra-lignée tumorale est que la susceptibilité apparemment ¢élevée d'une lignée donnée,
telle que MCF-7, peut en réalité masquer l'existence d'une sous-population mineure de
cellules immuno-résistantes (et compétentes pour la réponse d’actine). Cette information
devrait étre prise en compte dans des études basées sur des analyses de cytotoxicité in
vitro, et les efforts de recherche devraient se concentrés sur la sous-population cellulaire
competent pour la réponse d’actine. La caractérisation des voies de signalisation qui
contrdle la réponse actine et l'identification de cibles moléculaires pour altérer ce
processus sont des axes de recherche prometteurs. Les résultats pourraient contribuer au
développement de nouvelles stratégies visant a accroitre la susceptibilité des cellules

tumorales aux cellulaires immunitaires et a améliorer l'efficacité des immunothérapies.
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2. The actin response facilitates autophagy-mediated degradation of

Granzyme B in tumor cells (results and discussion)

In the article presented in section 1.2 of the results, we provide evidence that the actin
response is associated with, and is actually required for, GzB level reduction in resistant
target cells. Very interestingly, autophagy was recently proposed to promote NK cell-
derived GzB degradation in hypoxic MCF-7 cells, and thereby reduce target cell
susceptibility to NK cell-mediated lysis*****’. In keeping with this, inhibition of autophagy
in target cells improves tumor elimination by NK cells in in vivo mouse models of BC

and melanoma®®

. Considering the multiple and critical roles of the actin cytoskeleton in
autophagy’'’, I decided to investigate the link between the actin response and autophagy-
mediated GzB degradation in tumor cells. The section below directly follows-up the
article presented in section 1.2 and addresses the mechanism by which the actin response
leads to a decrease in GzB levels in resistant breast cancer cells. The results and

discussion have been merged and there is no separate discussion section.

2.1. Inhibition of autophagy reverts breast cancer cell resistance to

NK cell-mediated cell lysis

First, we examined if autophagy is implicated in the resistance of normoxic breast
cancer cells to NK cell-mediated cell death. To do so, MCF-7, 1001 and MBA-MB-231
cells were transfected with 2 different siRNAs targeting Beclin-1 transcripts. Beclin-1 is a
key regulator of autophagy that is required for autophagic vesicle formation**?. Beclin-1
knockdown has been previously shown to effectively inhibit autophagy in various types

of cells, including cancer cells’”~"

. As shown in figure 22, western blot analysis
confirmed that Beclin-1 was significantly knocked down in the three breast cancer cell
lines after the transfection with the two siRNAs. We then analyzed the susceptibility of
autophagy-deficient breast cancer cells to NK cell-mediated cell lysis after 4 hours
incubation with NK-92MI effector cells at an effector-to-target ratio (E:T) 5:1. Cytotoxic
assays revealed that the two highly resistant cell lines 1001 and MDA-MD-231 became
significantly (2 to 3 times) more susceptible to NK cell-mediated lysis upon Beclin-1

knockdown. These data support that autophagy is an important mediator of breast cancer

cell resistance to NK cell-mediated lysis under normoxia. In contrast, the highly
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susceptible phenotype of the MCF-7 cell line was not significantly modified by Beclin-1
depletion. This result is consistent with the low basal level of autophagy reported in

MCEF-7 cells cultured in standard, normoxic, conditions *'°
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Figure 22 | Beclin-1 knockdown reverts breast cancer cell resistant to NK cell-
mediated cell lysis

MCF-7, 1001 and MDA-MB-231 cell lines were transfected with control siRNA (siCtrl) or two different
siRNAs targeting Beclin-1 (siBeclin-1 #1 and #2). Western blots (left panels) are representatives of three
independent experiments and show the significant knockdown of Beclin-1 48 hours after cell line
transfection. Actin is shown as a loading control. Cytotoxicity assays (right panels) were performed in
triplicates with NK92MI cell as effectors at an E:T ratio 5:1. The two-tailed unpaired Student’s t-test was
applied to determine the statistical significance. * denotes p < 0.05; ** p < 0.01; ns: non-significant.
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2.2. Autophagy promotes Granzyme B degradation in resistant

breast cancer cells

As previously stated, autophagy was reported to promote NK cell-derived GzB
degradation in hypoxic MCF-7 cells®***®”, We hypothesized that autophagy may have a
similar function in normoxic resistant breast cancer cells. To test such a hypothesis, we
quantified GzB levels in control and Beclin-1-depleted MCF-7, 1001 and MDA-MB-231
cells. Target cells were incubated for 30 min with NK-92MI cells prior fixation,
permeabilization and staining. Imaging flow cytometry was used to quantify GzB levels
in NK cell-conjugated target cells exclusively. Our results show that Beclin-1 depletion
significantly increases (by up to two times) GzB levels in both 1001 and MDA-MB-231
cell lines (Figure 23 b and c). In contrast, Beclin-1 knockdown had no effect on GzB
levels in MCF-7 cells (Figure 23 a). Together these results are highly consistent with the
effects of Beclin-1 depletion on tumor cell susceptibility to NK cell-mediated lysis

288,409 and

(Figure 22). In addition, they extend the previous findings on hypoxia
generalize autophagy-mediated GzB degradation as a general resistance mechanism
against NK cell-mediated cell death. This also raises the possibility that hypoxia may
increase tumour cell competency for the actin response. Although this remains
speculative, it would be consistent with the fact that hypoxia is potent inducer of EMT*!
and that EMT, in turn, strongly increases the actin response rate in breast cancer cells (see
Figure 3 from the article, p.129). If this turns to be right (experimental work in progress),

then our data would provide a mechanistic insight into how hypoxia promotes autophagy-

mediated GzB degradation (see below).
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2.3. The actin response drives autophagosome polarization toward

the synaptic region (preliminary results)

The actin cytoskeleton plays central roles in intracellular trafficking by promoting the

formation and transport of various types of vesicles™.

Furthermore, evidence has
emerged over the recent years that actin polymerization is critically required for the
formation and transport of autophagosomes®'’. To investigate the possible link between
the actin response and autophagosomes in the resistance of breast cancer cells to NK cell-
mediated cell death, we analyzed autophagosome distribution in NK cell-conjugated
breast cancer cells with respect to the presence or absence of an actin response. To do so,
we used the autophagosomal marker LC3, imaging flow cytometry and specific masks

and features in the IDEAS software for analysis. The peak mask allowed us to distinguish

between cells with unspecific diffuse signal versus specific and highly localized LC3
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puncta. The BDI R7 feature was used as it computes the intensity of bright spots at the
selected region of interest that are less than 7 pixels in radius. In addition to LC3
intensity-based measurements, the spot count feature was used as a complementary

method as it was shown to be a potent tool to assess the activation of autophagy*'°(Figure

24).

BF LC3 Mask BF/LC3

Figure 23 | LC3 staining in breast cancer cells and the Peak mask

Representative panel of the Peak mask generated in the IDEAS software for LC3 puncta detection. The
light blue dots represent LC3 puncta in an MCF-7 cell. Scale bar, 7 um.

MCF-7, 1001 and MDA-MB-231 cells were incubated with NK-92MI effector cells
for 30 min prior to LC3 staining and analysis at the imaging flow cytometer. For each cell
line, the quantity of autophagosomes in the synaptic region of target cells was compared
in the subpopulations of cells with and without actin response (Figure 25a). The results
obtained by the BDI and spot count quantification approaches were highly consistent
(Figure 25 b and c¢). With all cell lines, we found that autophagosomes were significantly
enriched (about 2-fold) in the synaptic region of target cells exhibiting an actin response
as compared to that of target cells without actin response. We calculated that the
percentage of total cancer cell autophagosomes at the synaptic region increased from <
15% in cells without actin response to > 30% in cells with an actin response. This
suggests that the actin response drives autophagosome accumulation near the synapse in
the cancer target cells. Such accumulation presumably increases the autophagic capacity
locally, resulting in facilitated NK cell-derived GzB degradation and cancer target cell
survival. Although this requires further confirmation, our preliminary data suggest that
there is no difference in autophagosome quantity in target cells with and without actin
response (data not shown). We accordingly propose that the actin response drives

autophagosome recruitment toward the synaptic region rather than autophagosome
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formation. Nevertheless, future work should better characterize the rate of

autophagosome formation in chloroquine-treated cells*'*.
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Figure 24 | The actin response is associated with autophagosome polarization
towards the synaptic region in target cells

a) Representative panels obtained by imaging flow cytometry showing autophagosome distribution in
MDA-MB-231 cells without (no AR, upper panels) and with (with AR, lower panels). The cyan area in the
right field image depicts the mask applied to capture the synaptic region in the target cell. Scale bar, 7 pm.
b) and c) relative autophagosome concentration at the synaptic region of MCF-7, 1001 and MDA-MB-231
cells with (+AR) or without (-AR; set to 1) actin response as evaluated by the BDI (b) and spot count (c)
approaches. d) Percentage of total cancer cell autophagosomes in the synaptic region of MCF-7, 1001 and
MDA-MB-231 cells with (+AR) or without AR (-AR), as calculated by the BDI approach. Data are graphed
as mean + SE from three independent experiments including a total of 300 conjugates. The two-tailed
unpaired Student’s t-test was applied to determine the statistical significance. * denotes p < 0.05.
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The above data were validated using primary NK cells isolated from five healthy
donors (Fig. 26). Both the BDI and spot count quantification approaches confirmed a
higher level of autophagosome in the synaptic region of NK cell-conjugated 1001 cells

exhibiting an actin response, as compared to that of target cells without actin response.
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Figure 25 | Relative autophagosome concentration at the synaptic region of 1001
cells challenged by primary NK cells

Primary NK cells were isolated from five healthy donors, activated with IL-2 (100u/ml) and incubated with
1001 cells for 30 minutes. The BDI (a) and spot count (b) approaches were used to quantify LC3 at the
synaptic region of at least 200 conjugates without (-AR, light grey) or with (+AR, black) actin response.
Data are expressed relative to synaptic LC3 levels in cancer cells without actin response (set to 1).
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3. Preliminary data regarding the mechanism underlying actin

response initiation (results and discussion)

This last result section presents some preliminary data regarding the mechanism(s) by
which the actin response is induced in breast cancer cells, with a focus on NK cell
adhesion to its target and NK cell activation.

3.1. NK cell adhesion and activation in actin response initiation

A critical question that remains to be answered is: what is (are) the signal(s) triggering
actin response initiation in competent cancer cells? We hypothesized that either effector
cell adhesion or effector cell activation could be key event in directing actin response
initiation in the target cell. To evaluate such possibility, we analyzed the effects of
pharmacological blocking of the adhesion molecule ICAM-1*¢ and of MICA/B, a highly
polymorphic ligand of the NK cell activating receptor™. We conducted these analyses on
MDA-MB-231 cells since they contain a large subpopulation of cells competent for the
actin response.

First, target cells were incubated for one hour with purified mouse anti-human ICAM-
1 (CD54) antibodies prior to washing and presentation to NK cells. Control cells were
similarly treated using purified mouse IgG1, « Isotype. As expected, blocking ICAM-1
reduced the number of conjugates (by about 32%) between MDA-MB-231 cells and NK
cells (Figure 23a). Accordingly, it also decreased the overall cell line susceptibility to NK
cell-mediated cell death in cytotoxic assays (Figure 23b). However, within the cell-cell
conjugates that still formed upon ICAM-1 blocking, the rate of actin response was
unchanged as compared to the control cells (Figure 23 c¢). This suggests that, although the
adhesion molecule ICAM-1 is critical for conjugate formation (and accordingly efficient
target lysis), it is not specifically involved in actin response induction.

Second, MDA-MB-231 cells were treated with purified mouse anti-human MICA/B
antibodies or control mouse 1gG2a, k Isotype. As shown in Figure 23d, blocking of the
activating ligand resulted in a statistically-significant increase of target cell resistance to
NK cell-mediated lysis. Very interestingly, we found that MICA/B antibodies induced a
significant reduction of the rate of actin response in conjugated target cells. This result
suggests that NK cell activation is a prerequisite for the induction of the actin response in
competent tumor cells. In other terms, the actin response would be triggered by a

signaling pathway downstream of NK cell activation.
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Figure 26 | Effects of ICAM-1 and MICA/B blocking on the actin response

MDA-MB-231 cells were treated with anti-ICAM-1 antibodies or an IgG1 control for 1-hour prior their
presentation to NK92MI cells. (a) Percentage of target cells conjugated by NK cells. (b and d) Cytotoxicity
assays performed with NK92MI cells and MDA-MB-231 treated with either anti-ICAM-1 antibodies (b),
anti-MICA/B antibodies (d) or IgG1 controls at 1:1 and 5:1 effector:target ratios. (c-e) Percentage of NK
cell-conjugated MDA-MB-231 cells with (black, +AR) and without (light grey, -AR) actin response after
treatment with anti-ICAM-1, anti-MICA/B or IgG control antibodies. Data originate from three independent
experiments. The two-tailed unpaired Student’s #-test was used to measure the statistical significance. *
denote p < 0.05; ** p < 0.01; ns: non-significant.
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Supplementary materials and methods

Most of the materials and methods related to my studies was included in the article in
Cancer Research (Result section 1.2) The materials and methods related to the

supplementary result sections are given below.

Beclin-1 knockdown

Beclin-1 was knocked-down transfecting MCF-7, 1001 and MDA-MB-231 cell lines
with  two  different  Beclin-1  targeting siRNAs  (siBeclin-1  #1  5’-
CGACUUGUUCCUUACGGAATT-3’, and siBeclin-1 #2 5’-
GGUCUAAGACGUCCAACAATT-3) for 48 hours. Non-targeting control siRNAs
(siCtrl) were purchased from Qiagen. Beclin-1 depletion was confirmed by Western
blotting using rabbit anti-Beclin-1 antibody (Cell Signaling; clone: D40C5) and
secondary HRP-conjugated goat anti-rabbit [gGs.

Blocking antibodies

The blocking antibodies used in this study were purchased from Biolegend and
include: LEAF™ Purified anti-human CD54 antibody (clone: HA58); LEAF™ Purified
Mouse IgGl (clone: MOPC-21); LEAF™ Purified anti-human MICA/MICB antibody
(clone: 6D4) and LEAF™ Purified Mouse IgG2a (clone: MG2a-53). Target cells were
blocked with 4 pg of antibody per million cells in 100 pul of medium for 1 hour. Cells

were washed twice prior to presentation to NK92MI effector cells.

Imaging flow cytometry

For autophagosome detection, target cells were presented to effector cells and stained
with anti-human LC3-PE antibodies (Cell Signaling; clone: D11) for 30 min. The Peak
mask was selected to identify the most brilliant LC3-PE puncta. Then, Boolean logics of
mEGFP-LifeAct and CD56-PeCy7 with the Peak LC3-PE was created to select only LC3
spots at the synaptic region. The Bright Detail Intensity (BDI) R7 feature was applied on
the LC3-PE Peak mask at the synaptic region. Using the same mask, the feature Spot
Count was applied to determine the number of LC3 spots at the synaptic region. BDI R7
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and Spot Count features were applied on the mask of mEGFP-LifeAct to measure LC3 in

whole target cell.

Statistical analysis

The unpaired Student’s #-test in Microsoft Excel 2016 was used to determine the
statistical significance of the results obtained. For fold-change results, a Student’s #-test
used on the logarithmic values to determine the statistical significance between samples.

*p <0.05 and ** p <0.01. ns: non-significant.
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Synthetic model for actin
response-mediated breast
cancer resistance to NK

cells and perspectives
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Based on our findings we propose the following 4-step-model for actin-response-
mediated breast cancer resistance to NK cells (Figure. 31). The section below presents
and discusses the model in detail and highlights important perspectives to my PhD work.

During step 1, the effector cells recognize and adheres to its target. Physical contact
between the two cells appears to be necessary but not sufficient to drive the actin
response. During step 2, the NK cell cytotoxicity is activated following the recognition of
upregulated activating ligands and/or deficient self-molecules on the target cell surface.
Our preliminary data indicate that blocking activating ligands, such as MICA/B,
significantly lowers the rate of actin response observed upon NK cell attack, suggesting
that NK cell activation generates a feedback signal towards the target cell that is
responsible for actin response initiation. Such mechanism might serve as a safeguard
against unnecessary induction of the actin response upon contact with non-killer cells.
Although the signaling molecules involved in actin response initiation remain to be
identified, our data support that they converge towards Cdc42 and N-WASP, two key
regulators of the ARP2/3 actin nucleation machinery’®. During step 3, the massive
accumulation of F-actin in the synaptic region of the target cell mediates (at least) two
processes leading to cancer cell immune resistance. In process 1, the actin response
induces a significant reduction in NK cell-derived GzB levels within the target cells. We
assume that the quantity of GzB in target cells exhibiting an actin response is kept below
the critical threshold required for effective apoptosis. Our mechanistic investigations
show that the actin response promotes autophagosome accumulation near immunological
synapse. This presumably locally increases autophagy at the main site of GzB entry, and
thereby facilitates GzB degradation. Although actin polymerization plays several central
roles in autophagosome biogenesis and transport®*®, our preliminary data support that the
actin response induces polarization of pre-existing autophagosomes towards the synaptic
region without modifying the overall quantify of autophagosome in the target cell. The
exact mechanism by which the actin response mediates autophagosome recruitment at the
synapse should be investigated. In process 2, the actin response stimulates the
recruitment of inhibitory ligands, such as HLA-A, -B, -C in the synaptic region. This
process is likely to alter "long term" signaling towards the effector cell and may turn the

lytic synapse into an inhibitory synapse®*’

. Although the mechanism underlying actin-
dependent recruitment is unknown it is tempting to draw a parallel with the actin
cytoskeleton-dependent recruitment of activation receptors in the NK cell* 4% A

limitation of our work is that the NK92MI cells we use as effector cells do not express
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inhibitory KIRs*®. It is thus conceivable that the actin response may have even higher
protective effects when target cells are attacked by KIR-expressing NK cells. During step
4, the NK cell detaches from the surviving target. Remarkably, the actin response rapidly
stops after effector cell detachment, supporting the idea that a signal from the NK cell is

transmitted to the proximal tumour cell cortex where it induces sustained actin

polymerization.
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Figure 27 | Model for actin response-mediated breast cancer cell resistance to NK
cells

Stepl: the NK cell recognizes and adheres to the target tumor cell. Step 2: the NK cell is activated and this
is, in turn, generates a feedback signal towards the target cell directing local and sustained actin
polymerization. Downstream components of the related signaling pathway likely involve CDC42 activation
and subsequent N-WASP-mediated induction of the ARP2/3 complex. Step3: The massive accumulation of
F-actin in the synaptic region of the target cell drives two important processes. First, it drives
autophagosomes recruitment at the synaptic region, and thereby facilitates autophagy-mediated GzB
degradation (process 1). Second, it increases inhibitory ligand density (and possibly, decreases activating
ligand density) at the synaptic region, leading to a shift of the balance of inhibitory/activating signals and
attenuation/inhibition of NK cell cytolytic activity (process 2). Step 4: The NK cell detaches from the
surviving tumor cell, the feedback signal directing actin polymerization stops, and the actin response
rapidly dissipates upon actin filament depolymerization and, possibly, severing.

An important finding of my work is that all the BC cell lines we examined contain two
cell subpopulations differing in their capacity to generate an AR in response to NK attack
and to survive this attack. A direct implication of this novel layer of intra-cancer cell line
heterogeneity is that the apparent (overall) high susceptibility exhibited by some cell
lines, such as MCF-7, actually masks the existence of a minor, AR-competent and highly
resistant, cell subpopulation. We hypothesize that a similar cell subpopulation exists in
tumors and contributes to cancer progression, metastasis and relapse. Future work should
examine this hypothesis. First, highly infiltrated clinical breast tumor specimens can be
searched for the presence of synaptic actin accumulation using electron microscopy. In
addition, a relevant (syngeneic and immunocompetent) mouse model should be used to
confirm the role of the AR in tumor immune evasion in vivo, and to provide a rationale
for targeting this process as a therapeutic approach to improve the anti-tumor immune
response. In that attempt, we already verified inter species conservation of the actin
response in mouse 4T1 cells modified to stably express LifeAct-mEGFP.

Another important question to be evaluated in follow-up studies is the possibility that
other cytotoxic immune cells, such as CTLs, also induce an actin response in breast
cancer cells. Although the mechanism of CTL activation differs from that of NK cells,
both types of immune cells induce cancer cell death through highly similar mechanisms,
including the secretion of cytotoxic molecules, such as GzB’”. It is accordingly
conceivable that the actin response protects cancer cells against different types of
cytotoxic cells.

Our in vitro data indicate that Cdc42 is an effective point of intervention to block the

actin response and its protective effects against NK cells. However, from a clinical
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standpoint, direct targeting of Rho GTPase, such as Cdc42, has proven to be

366-369,420

challenging . Although direct small-molecule inhibitors of Cdc42 have been

369,421

developed and found to have anti-tumor activity in preclinical studies , hone of those

has been clinically approved or entered clinical trials to our best knowledge. Importantly,
Cdc42 has been reported to have critical roles in NK cell-mediated lysis***>.
Accordingly, the use of direct inhibitors of Cdc42 to inhibit cancer cell immune resistance
can be expected to simultaneously harm NK cell activity. Thus, the translation of our
findings into clinical applications requires the identification of clinically relevant targets.
For instance, some of Cdc42 upstream or downstream effectors may exhibit much higher
specificity to the AR as compared to Cdc42 itself, which regulates multiple cellular
pathways. The clinical efficacy of inhibitors of Cdc42 downstream effectors, such as p21
Activated Kinases (PAKSs) is currently evaluated, and there are various additional

424

druggable kinases further downstream of Cdc42 signalling and PAKs**. Follow-up
studies should characterize the molecular signalling pathways involved in the actin
response and identify clinically relevant targets to interfere with this process. Considering
the that the actin response is a highly dynamic process, changes in gene expression are
unlikely involved in actin response initiation. Such rapid cytoskeletal remodeling
presumably involves posttranslational modifications like phosphorylation, a key
component of the signaling pathways controlling actin dynamics “***’. We thus plan to

conduct phosphoproteomic analyses aimed to identify proteins whose phosphorylation

status is modified during the actin response.
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Hypoxia is a common feature of solid tumours that promotes invasion and metastatic dissemination.
Invadopodia are actin-rich membrane protrusions that direct extracellular matrix proteolysis and

. facilitate tumour cell invasion. Here, we show that CSRP2, an invadopodial actin bundling protein, is
upregulated by hypoxia in various breast cancer cell lines, as well as in pre-clinical and clinical breast
tumour specimens. We functionally characterized two hypoxia responsive elements within the proximal
promoter of CSRP2 gene which are targeted by hypoxia-inducible factor-1 (HIF-1) and required for
promoter transactivation in response to hypoxia. Remarkably, CSRP2 knockdown significantly inhibits
hypoxia-stimulated invadopodium formation, ECM degradation and invasion in MDA-MB-231 cells,
while CSRP2 forced expression was sufficient to enhance the invasive capacity of HIF-1a.-depleted

cells under hypoxia. In MCF-7 cells, CSRP2 upregulation was required for hypoxia-induced formation of
invadopodium precursors that were unable to promote ECM degradation. Collectively, our data support
that CSRP2 is a novel and direct cytoskeletal target of HIF-1 which facilitates hypoxia-induced breast
cancer cell invasion by promoting invadopodia formation.

Metastasis, i.e. the spread of tumour cells from the primary tumour and subsequent colonization of distant
organs, is the most life-threatening aspect of cancer'. The hypoxic tumour microenvironment is a potent driver of
tumour aggressiveness and metastasis, and is highly associated with poor clinical outcomes in various cancers®*.
A fundamental process underlying the pro-metastatic effect of hypoxia is the stimulation of tumour cell invasive
capabilities. At the subcellular level, hypoxia has recently been reported to promote the formation of actin-rich
membrane protrusions, termed invadopodia®. Invadopodia facilitate tumour cell invasion through dense extra-
cellular matrix (ECM) by recruiting transmembrane and secreted metalloproteinases (MMPs) that catalyze ECM
component degradation, and creating pores through which mesenchymal tumour cells can migrate®”. Both ex
vivo and in vivo studies have provided direct evidence of the critical roles of invadopodia during key steps of the
metastatic cascade, such as basement membrane breaching, intravasation and extravasation®'2. In addition, it
has been suggested that invadopodia may contribute to other important aspects of disease progression, such as
tumour growth and angiogenesis'*', further increasing interest in their potential as therapeutic targets.
Invadopodium biogenesis largely relies on cytoskeletal rearrangements orchestrated by a combination of
lamellipodial and filopodial actin machineries'>"'®. A critical step of invadopodium initiation is the assembly of
an actin core by the ARP2/3 complex and its associated regulators, such as N-WASP and cortactin. Invadopodium
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elongation is promoted by the expansion of the actin core in both branched networks and unbranched bundles.
At the tip of invadopodia, actin bundles presumably potentiate the protrusive force generated by actin polym-
erization, whereas the dendritic actin network progressively expands to fill and stabilize upstream regions!®%.
The actin cytoskeleton proteins and upstream signalling pathways involved in invadopodium biogenesis have
been characterized to a great extent’. However, our understanding of how important components of the tumour
microenvironment, such as hypoxia, shape the invasive behavior of tumour cells remains fragmented®”.

Cysteine-rich protein 2 (CSRP2) is a short (21 kDa) two LIM domain-containing protein, which is upregu-
lated in invasive breast cancer cells, and localizes along the protrusive actin core of invadopodium'®. Similar to its
relatives CSRP1 and CSRP3/muscle LIM protein®*?!, CSRP2 crosslinks actin filaments in stable bundles, suggest-
ing that it contributes to the assembly and/or maintenance of the invadopodium actin backbone'®. Accordingly,
CSRP2 knockdown significantly inhibits invadopodium formation in aggressive breast cancer cells, as well as
MMP secretion and 3D matrix invasion. It also strongly reduces tumour cell dissemination in two mouse models
of breast cancer metastasis. The clinical relevance of these findings to human breast cancer disease is supported
by microarray data identifying CSRP2 in a cluster of 14 upregulated genes characteristic of the highly aggressive
basal-like breast carcinoma subtype?. In addition, among basal-like tumour patients, those with high CSRP2
expression exhibit an increased risk for developing metastasis. In the present study, we show that hypoxia upregu-
lates CSRP2 in different breast cancer cell lines, and that such upregulation results from HIF-1-mediated transac-
tivation of the CSRP2 promoter. We provide evidence that CSRP2 depletion strongly reduces the ability of hypoxia
to enhance invadopodia formation, ECM degradation and invasion in highly invasive breast carcinoma cell lines,
such as MDA-MB-231 and mouse 4T1. In weakly invasive, epithelial-like, MCF-7 cells, hypoxia-induced CSRP2
expression was required for the formation of invadopodium precursors, which were unable to promote ECM
digestion due to the lack of MT1-MMP expression. Finally, we found that CSRP2 up-regulation correlates with
hypoxic regions in both pre-clinical and clinical breast tumour specimens, and is associated with poor prognosis
in breast cancer patients. Overall, our data point to an important role for CSRP2 in facilitating the pro-invasive
and -metastatic effects of hypoxia in breast cancer.

Results
Hypoxia promotes HIF-1 dependent CSRP2 up-regulation in breast cancer cells.  The hypoxic
tumour microenvironment is a critical promoter of breast cancer progression and metastasis>?*. We assessed
the effects of hypoxia on the expression of the pro-invasive and -metastatic invadopodial protein CSRP2 in four
breast cancer cell lines, including luminal/epithelial-like MCF-7 and T47D (ER*, PR*), and mesenchymal-like
MDA-MB-231 and Hs578T (ER~, PR~, HER2", claudin-low). In agreement with our previous report'®, CSRP2
was absent or only weakly expressed in epithelial-like cells under normoxia, whereas it was expressed at signifi-
cant levels in mesenchymal-like cells (Fig. 1A and B). Exposing cells to hypoxia (0.1% p0,) for 24 hours induced a
significant up-regulation of CSRP2 in all four cell lines (Fig. 1A). Indeed, CSRP2 protein levels increased by about
ten times in epithelial-like cells and by about five times in mesenchymal-like cells, as compared to the respec-
tive normoxic controls. At 48 hours of hypoxia, high CSRP2 protein expression was maintained in all cell lines
(Fig. 1B). To extend these data, CSRP2 transcript levels were analysed in normoxic and hypoxic conditions using
real-time qQRT-PCR. In the four breast cancer cell lines, hypoxia induced a significant and sustained elevation of
CSRP2 transcripts (Fig. 1C and D), suggesting that CSRP2 levels were regulated at the transcriptional level.
Tumour cells respond to hypoxic stress by an activation of HIFs, which drive the transcription of target genes
through binding to cis-regulatory elements, termed hypoxia responsive elements (HREs)?*. Accumulating evi-
dence indicates that HIF-1 functions as a master regulator of the hypoxic response in breast cancer>?. To evaluate
the role of HIF-1 in hypoxia-induced CSRP2 expression, its oxygen-regulated subunit (HIF-1a) was depleted
in MCE-7 cells prior exposure to hypoxia. HIF-1a knockdown significantly inhibited hypoxia-induced CSRP2
up-regulation at both protein and mRNA levels (Fig. 2A,C and D). Similar results were obtained by knocking
down HIF-1a in MDA-MB-231 cells (Fig. 2B,E and F), supporting that the gene encoding CSRP2 is a novel, and
direct downstream target of HIF-1.

HIF-1a drives CSRP2 transcription by direct binding to HRE motifs. The consensus core HRE
sequence 5'-[A/G]CGT-3' was initially characterized based on the comparison of various known HIF target
genes®. Later on, flanking nucleotides were demonstrated to contribute additional information to the likelihood
of HIF-1 transactivation®. In silico analysis using the weight matrix-based program Alggen PROMO?, identified
two high-confidence HREs (HRE1 and HRE2) in the proximal promoter region of CSRP2, while manual scan-
ning found two additional lower confidence core HRE sequences further upstream (Fig. 2G).

To validate HIF-1ax binding to these two putative HREs, we conducted ChIP analyses, using HIF-1a specific
antibody (Fig. 2H). Results revealed that HIF-1c significantly binds to both HREs, even under normoxic condi-
tions. Additionally, there was a dramatic and significant increase (>12 fold) in HIF-1a occupancy at these sites
under hypoxia (Fig. 2H-]).

To study the transactivation of CSRP2 by HIF-1c, the nucleotides —1,920 to 4103 relative to the transcription
start site were cloned into a luciferase reporter vector. MCF-7 cells were chosen to conduct the reporter assays as
they express low levels of CSRP2 and HIF-1c under normoxic conditions (Fig. 2A). As shown in Fig. 2K, hypoxia
induced a significant increase in luciferase activity as compared to normoxia. A VEGFA promoter luciferase
reporter was used as a positive control of hypoxia-induced gene transcription. Confirming the ChIP results,
mutation of HRE1 decreased the hypoxic induction of transcriptional activity at the CSRP2 promoter, while
mutation of HRE2 reduced this induction to an insignificant amount (p = 0.1237). These results suggest that
the HRE2 sequence is the major motif responsible for hypoxia-dependent induction of CSRP2 expression, while
HRE1 may also contribute to a lesser extent.
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Figure 1. Hypoxia upregulates CSRP2 protein and transcript levels in human breast cancer cells. (A,B)
Western blot analysis of CSRP2 and HIF-1a protein levels in epithelial (T47D, MCF-7) and mesenchymal
(MDA-MB-231, HS-578T) human breast cancer cells cultured for 24h (A) or 48 h (B) in normoxic (N) or
hypoxic (H) conditions. Short and long exposures for CSRP2 and HIF-1a blots are shown to better appreciate
the differences between the cell lines (“Expos. 1” and “2”, respectively). After quantification, protein levels were
normalized to 3-actin levels and CSRP2 protein levels in hypoxia were expressed as fold of normoxic control
(set to 1). The lower charts indicate the mean =+ s.e. calculated from at least 4 independent experiments. (C,D)
qRT-PCR analysis of CSRP2 transcript levels in the same four cell lines after 24h (C) or 48 h (D) incubation

in normoxic (N) or hypoxic (H) conditions. Results are expressed as CSRP2 transcript levels in hypoxia
relative to normoxic control (set to 1). Shown are the mean + s.e. calculated from 3 (C) and 4 (D) independent
experiments. *p < 0.05; *¥p < 0.01; ***p < 0.001.

To further confirm that the CSRP2 promoter is transactivated by HIF-1q, constitutively stable HIF-1o was
co-transfected into MCF-7 cells along with the luciferase reporter plasmids. Again, a VEGFA promoter luciferase
reporter construct was used as a positive control of HIF-1 transcriptional activity. As shown in Fig. 2L, HIF-1a
induced a significant transactivation of the CSRP2 promoter, supporting its role in hypoxia-promoted CSRP2
expression.

Taken together, ChIP and luciferase reporter experiments show that hypoxia induces binding of the HIF-1au
transcription factor to the CSRP2 promoter, primarily at the HRE2 site, and subsequent induction of CSRP2
expression.

CSRP2 mediates hypoxia-stimulated invadopodium formation. The role of CSRP2 in
hypoxia-stimulated invadopodium formation and activity was investigated in both a highly invasive cell line with
significant basal levels of CSRP2 (MDA-MB-231), and a weakly invasive cell line with low basal expression of
CSRP2 (MCF-7). First, fluorescent gelatin degradation assays were conducted with MDA-MB-231 cells following
transfection with control scrambled siRNAs (siCtr) or CSRP2 targeting siRNAs (siCSRP2 #1 and #2; Fig. 3A). As
illustrated in Figs 3B and S1, hypoxia promoted invadopodia-mediated ECM degradation in siCtr-transfected
cells, as shown by a significant overall increase in the density of dark punctate in the fluorescent matrix back-
ground. Quantitative analyses revealed that the percentage cells associated with local ECM degradation (% of
active cells) increased from about 50% in normoxia to about 70% in hypoxia (Fig. 3C, left panel). Even more
remarkably, hypoxia induced a 5-fold increase in the average surface of matrix degradation per cell (degradation
index; Fig. 3C, right panel).

Consistent with these data, siCtr-transfected MDA-MB-231 cells exhibited a higher number of mature inva-
dopodia (as defined by F-actin and cortactin co-labelled dots overlapping with areas of gelatin clearing) and were
significantly more invasive in hypoxia as compared to normoxia (Fig. 3D and E, respectively). CSRP2 knock-
down inhibited the stimulatory effects of hypoxia and decreased the percentage of active cells, the degradation
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Figure 2. HIF-1a regulates CSRP2 promoter activity. (A,B) Western blot analysis of CSRP2 and HIF-1o
protein levels in MCF-7 (A) and MDA-MB-231 (B) breast cancer cells incubated in normoxia or hypoxia and
transfected with control siRNAs (siCtr) or two different HIF-1x targeting siRNAs (siHIF-1a#1 and #2). (C,E)
After quantification, protein levels were normalized to 3-actin levels and CSRP2 and HIF-1a protein levels
were expressed relative to siCtr-transfected normoxic control (set to 1). Shown are the mean = s.e. calculated
from four (C) and five (E) independent experiments. (D,F) qRT-PCR analysis of CSRP2 transcript levels in
the same cell lines and culture conditions. Results are expressed as CSRP2 transcript levels in hypoxia relative
to siCtr-transfected normoxic control (set to 1). Shown are the mean =+ s.e. calculated from three (D) and four
(F) independent experiments. (G) A schematic representation of the putative HREs identified in the proximal
promoter of CSRP2. The position (relative to the transcriptional start site; TSS) of low and high confidence
HRE:s is indicated. (H) ChiP analysis for HIF-1a recruitment to CSRP2 promoter regions containing HRE1 and
HRE2 in MCEF-7 cells cultured in normoxic (N) or hypoxic (H) conditions. (1)) Quantification of ChiP data
for HREI (G) and HRE2 (H) from three independent experiments. Data are expressed as percentage of PCR
product signal obtained for chromatin fragments immunoprecipitated with HIF-1a antibodies or IgG (non-
specific binding control) relative to the corresponding input signal. (K) Luciferase reporter assays to evaluate
the normoxic and hypoxic activity of a wild type CSRP2 promoter with intact HRE1 and HRE2 (H1H2) and
two variants with point mutations in HRE1 (H1*H2) or HRE2 (H1H2*) in MCF-7 cells. VEGF promoter was
used as a positive control. Data are expressed as mean of luciferase signal & s.e. in hypoxia relative to normoxic
control (set to 1; n =3 independent experiments). (L) Luciferase assays for the wild type CSRP2 promoter

in MCF-7 cells transfected with a control empty plasmid (pcDNA3) or HIF-1c expressing plasmid (p(HA)
HIF-1a). Data are expressed as mean of luciferase signal + s.e. in hypoxia relative to normoxic control (set to 1;
independent experiments). *p < 0.05; **p < 0.01.
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Figure 3. Hypoxia-dependent stimulation of MDA-MB-231 cell invasive potential is mediated by CSRP2.

(A) Western blot analysis of CSRP2 and HIF-1« protein levels in MDA-MB-231 cells transfected with non-
targeting (siCtr) or 2 different CSRP2-targeting (siCSRP2#1 and 2) siRNAs and cultured under normoxia

or hypoxia. (B) Gelatin degradation assay. Control and CSRP2 depleted cells were plated on Oregon Green
488-labelled gelatin-coated coverslips for 16 hours, fixed and stained for actin (green) and cortactin (red,

upper panels). (C,D) Quantitative analyses corresponding to experiments shown in (B) with actively ECM
degrading cells as expressed as percentage of the total cell population (C) left panel), degradation index (average
of degraded matrix per cell; (C) right panel) and the number of mature invadopodia per cell (F-actin and
cortactin co-labelled puncta overlapping with areas of gelatin clearing; D). The data originate from at least three
independent experiments (n > 60 cells). (E) Transwell invasion assay. Invading control and CSRP2 depleted
cells in normoxia and hypoxia at 24 h were quantified via MTT staining. Results were expressed relatively to

the invasion of siCtr-transfected hypoxic cells (set to 1). The data originate from 3 independent experiments.
(F) Transwell invasion assay with hypoxic MDA-MB-231 cells transfected with control (siCtr) or HIF-1c
(siHIF-1a#1 and #2) targeting siRNAs. CSPR2 and HIF-1a protein levels were analysed by western blot (left
panel). The data originate from 6 independent experiments. (G) Similar transwell invasion assay as in (F) with
MDA-MB-231 cells that were further transfected with an empty pCDNA3.1 expression plasmid (pEmpty) or a
CSRP2 overexpression vector (pCSRP2). Results were expressed relatively to the invasion of siCtr and pEmpty
co-transfected cells (set to 1). The data originate from 6 independent experiments. Bars =15um. *p < 0.05;

#5p < 001, ##%p < 0,001,

index and the number of invadopodia per cell to values similar to those obtained for control cells in normoxia
(Figs 3B-D and S1). In addition, CSRP2 knockdown inhibited tumour cell invasion under hypoxia with an almost
similar magnitude as HIF-1a knockdown (Fig. 3E and F). In contrast, CSRP2 depletion did not significantly
modify the MDA-MB-231 cell migration under normoxia or hypoxia, supporting that CSRP2 has a specific func-
tion in invasion (Fig. $2). Remarkably, CSRP2 forced expression was sufficient to increases the invasiveness of
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HIF-1a depleted MDA-MB-231 cells under hypoxia (Fig. 3G). In agreement with our previous report'®, CSRP2
knockdown also repressed invadopodia-mediated matrix degradation and invasion under normoxia (Fig. 3B-E).
Collectively, these data suggest that hypoxia promotes invadopodia-mediated breast cancer cell invasion by
upregulating CSRP2, a basic component of the invadopodial actin cytoskeleton machinery. To strengthen this
conclusion, we validated the role of CSRP2 in facilitating hypoxia-stimulated invadopodia formation, ECM deg-
radation and cell invasion in another invasive breast cancer cell line, namely the mouse 4T1 cell line (Fig. $3).

Contrary to MDA-MB-231 and 4T1 cells, MCF-7 cells failed to promote localized gelatin degradation under
both normoxia and hypoxia (Fig. 4A). This lack of activity was consistent with the fact that MCF-7 cells did
not express membrane type-1 MMP (MT1-MMP; Fig. 4B), a membrane-tethered MMP required for proteolytic
activity*®*’. However, hypoxia promoted cortactin relocalization to actin puncta, whose appearance and localiza-
tion at the ventral side of tumour cells were reminiscent of invadopodia (Fig. 4A). Similar ventral actin/cortactin
puncta were induced by hypoxia when MCF-7 cells were plated on non-denatured collagen (Fig. S4). To fur-
ther examined the nature of these structures, we used two additional invadopodium markers, namely N-WASP
and Tks5%. Both effectively labelled the actin/cortactin puncta that formed under hypoxia (Fig. 4F and G),
which were accordingly termed invadopodium precursors. As shown in Fig. 4H, CSRP2 was also recruited to
hypoxia-induced invadopodium precursors, suggesting it is required for, or possibly mediates, their formation. To
assess this possibility, the number of invadopodium precursors was determined in MCF-7 cells that were trans-
fected with control or CSRP2-targeting siRNAs prior to incubation in normoxic or hypoxic conditions. Under
normoxia, both siCtr- and siCSRP2-transfected cells exhibited about two invadopodium precursors on average
(Fig. 4C and D). Hypoxia increased invadopodium precursors density in control cells by almost 9-fold, with an
average of 17 invadopodium precursors per cell. Interestingly, this effect was associated with a significant increase
in the secretion of pro-MMP-2 and pro-MMP-9, suggesting that, although proteolytically inactive, these invado-
podium precursors are mature enough for MMP secretion (Fig. 4E). CSRP2 knockdown significantly lowered the
number of hypoxia-induced invadopodium precursors, with about eight precursors per cell on average (Fig. 4C
and D). Accordingly, it also inhibited hypoxia-promoted secretion of proMMP-2 and proMMP-9 (Fig. 4E). Thus,
although MCF-7 cells lack MT1-MMP expression and matrix degrading activity, they assemble invadopodium
precursors in response to hypoxia in a CSRP2 dependent manner.

Collectively our data indicate that CSRP2 an important mediator of hypoxia-stimulated invadopodium for-
mation in breast cancer cells.

CSRP2 is upregulated in hypoxic, HIF-1a-positive regions of human breast cancer cell line
xenografts. To validate that CSRP2 is up-regulated by intratumoral hypoxia, MCF-7 and MDA-MB-231
cells were orthotopically injected in the mammary fat pad of immunodeficient mice, and the resulting primary
tumours were collected for immunofluorescence analyses. As shown in Fig. 5A, CSRP2 was strongly upregulated
in hypoxic, pimonidazole-stained, regions of both MCF-7- and MDA-MB-231-cell derived tumours. In addition,
tumour sections were co-labelled for CSRP2 and HIF-1« (Fig. 5B). Strong CSRP2 signals were very frequently
associated with HIF-1a positive regions in both MCF-7 and MDA-MB-231 tumour xenografts. Pixel intensity
correlation analyses confirmed a strong correlation between CSRP2 and HIF-1a expression in all tumour sec-
tions analysed, with Pearson coefficient values ranging from 0.50 to 0.85 for MCF-7 cell-derived tumours, and
from 0.63 to 0.86 for MDA-MB-231 cell-derived tumours (n =22 and 21, respectively; Fig. S5). These data pro-
vide compelling evidence that CSRP2 expression is not only stimulated by experimental hypoxia produced in
low-oxygen incubators, but is also induced by in vivo tumour hypoxia.

Clinical significance of hypoxia-induced CSRP2 expression in breast cancer. We next assessed
the co-expression of CSRP2 and metastasis-effector genes reported to be regulated by HIF in patient tumours®.
This analysis was conducted using a publicly available gene expression database of a large cohort of breast can-
cer patients (n=1,215). We found that CSRP2 expression positively correlates with the expression of 21 out
of 25 genes for which the expression data is available (p < 0.01; Table 1). Correlation coefficient values >0.3
were obtained for 9 of these 21 genes, and correlation coefficient values >0.5 were obtained for 2 genes, LOXL4
(r=0.54; p=1.5e-92) and MET (r=0.50; p=1.5e-79).

To more directly evaluate CSRP2 up-regulation in hypoxic areas of human breast tumours, we conducted
immunohistochemical analyses of clinical breast cancer specimens. Looking for hints of a hypoxic expression
profile, we found that CSRP2 was frequently upregulated in or near the centre of tumour nests, a presumably
highly hypoxic region (Fig. 5C). Next, we analysed and compared CSRP2 and HIF-1a protein expression in 48
triple negative breast cancer tissue array samples, and the results were scored by a pathologist (Table S1). 14/48
(>30%) cases showed weak to obvious HIF-1c expression, of which 11 (>78%) were also positive for CSRP2.
Rank analysis confirmed a statistically significant correlation between CSRP2 and HIF- 1« protein levels in clin-
ical samples with a correlation coefficient value of 0.42 (p =0.0027). In addition, CSRP2 and HIF-1a exhibited
partially overlapping distribution in successive tumour sections (Fig. 5D). As previously reported'?, CSRP2 stain-
ing was also frequently observed in inflammatory/immune cells. Such staining likely account for the lower, yet
significant, correlation obtained for clinical samples as compared to mouse xenografts.

To evaluate the clinical relevance of our findings, the prognostic value of CSRP2 in breast cancer was eval-
uated by Kaplan Meier analysis using transcriptomics data sets including 1402 breast cancer patients®?. High
CSRP2 mRNA expression was significantly associated with reduced overall survival for breast cancer patients.
The best cut off between low and high CSRP2 expression to discriminate the subgroups with different outcomes
was determined to be the upper quartile (HR = 1.6, logrank P = 0.00011; Fig. 5E). Upper quartile survival, i.e.
time beyond which 75% of the patients are expected to survive, for patients with low and high CSRP2 expres-
sion was 118.8 and 64.8 months, respectively. Stratifying patients according to upper tertile or median CSRP2
expression values established weaker, yet significant, association between CSRP2 expression and overall survival

SCIENTIFIC REPORTS| (2018) 8:10191 | DOI:10.1038/541598-018-28637-x 6

171



A B

©
3 : MT1-MMP
£
(=}
=
HIF—IQE
ACtinE
Normoxia Hypoxia
Cortactin g Gelatin
c D o, E  pro-MmP9
18 (92 kDa) |
o s pro-MMP2
5 3
g 5 (72 kDa)
o ©
2 ]
B g
&
§ 6
i £,
o
o
>
= SiCtr #1 _#2 siCtr #
SICSRP2 5|CSRP2
sictr SICSRP2#1 SICSRP2#2 Normoxia Hypoxia Normoxia  Hypoxia
F Actin Cortactin N-WASP H  CSRP2-GFP Actin

Merge

Actin Cortactin Tks5 Merge

'ﬂ B B

Figure 4. Hypoxia-induced invadopodium precursors formation in MCE-7 cells requires CSRP2 upregulation.
(A) Gelatin degradation assay showing that normoxic (upper panels) and hypoxic (lower panels) MCF-7

cells do not promote (Oregon Green 488-labelled) gelatin degradation after 48 h. After fixation, MCF-7 cells
were stained for actin (in green) and cortactin (in red), and imaged using confocal microscopy. (B) Western
blot analysis of the MT1-MMP and HIF-1a protein levels in normoxic and hypoxic MCF-7 cells. (C) MCF-7
cells were transfected with non-targeting or 2 different CSRP2 siRNAs (siCSRP2#1 and 2), cultured under
normoxic or hypoxic conditions, and invadopodium precursors were detected by actin (green) and cortactin
(red) co-labelling. (D) Quantitative analysis of invadopodium precursor density in MCF-7 cells as in (C).

The data originate from 3 independent experiments (n = 60). (E) Gelatin zymography assay conducted with
the conditioned media collected from MCF-7 cells cultured as in (C,D). The zymogram is representative of
three independent experiments. Similar data were obtained with siCSRP2#2. (F,G) Hypoxic MCF-7 cells were
labelled for actin (green), cortactin (red) and either N-WASP (immunolabelling, F) or Tks5 (Tks5-GFEP, G). (H)
CSRP2-GFP co-localizes with actin (red) at invadopodium precursors in hypoxic MCF-7 cells. The insets show
magnification of invadopodium precursors. Bars = 15 pum; *

(HR = 1.49, logrank P =0.00056, and HR = 1.28, log-rank p = 0.025, respectively; Fig. $6). In addition to overall
survival, CSRP2 overexpression significantly correlated with shorter distant metastasis- and relapse- free survival
(p=0.015 and 1.9e-07, respectively; Fig. 5F and G). Comparison of CSRP2 expression in different breast cancer
subtypes revealed that CSRP2 expression is an order of magnitude higher in the basal subtype, compared to the
other subtypes and, accordingly, is a stronger predictor of distant metastasis-free survival (Fig. S7).
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LOXL4 0.539 1.5E-92
MET 0.505 1.5E-79
COX2/PTGS2 0.468 3.9E-67
SNAIL1/SNAI1 0.427 5.0E-55
TWIST1 0.388 5.7E-45
ANGPTL4 0.385 2.9E-44
LICAM 0.347 1.3E-35
LOX 0.331 1.9E-32
PLAUR 0.328 5.9E-32
MMP2 0.303 2.8E-27
LOXL2 0.3 1.3E-26
PLOD2 0.283 7.4E-24
PGF 0.274 2.7E-22
ANGPT2 0.263 1.1E-20
SDF-1/CXCL12 0.255 1.7E-19
CXCR4 0.248 1.8E-18
MMP14 0.242 1.3E-17
CXCR3 0.18 2.6E-10
AMF/GPI 0.118 3.7E-05
P4HA2 0.097 6.9E-04
VEGFA 0.093 1.2E-03

Table 1. Co-expression of CSRP2 with a manually curated set of hypoxia-induced, pro-metastatic, breast
cancer genes. A manually formulated set of 26 genes consistently and directly found to be induced by HIF-1a,
as well as being drivers of invasion and/or metastasis of breast cancer cells, was analysed for co-expression with
CSRP2 in the large TCGA dataset of gene expression in invasive, human breast cancers (n=1,215). R values
were calculated using Pearson’s correlation or Spearman’s rho for those genes with a normal distribution or
otherwise, respectively, and the R value was used to calculate a p-value given the 7 of the sample set.

hypoxia on MDA-MB-231 cell invasiveness. Conversely, forced CSRP2 expression in HIF-1a-depleted hypoxic
MDA-MB-231 cells was sufficient to increase cell invasion to an extent similar as in control hypoxic cells.
Together these data support that CSRP2 is not only required for hypoxia-stimulated invasion, but contributes to
drive this process.

Contrary to MDA-MB-231 cells, MCF-7 cells were unable to carry out localized gelatin matrix degradation
under normoxia or hypoxia. In keeping with this, our western blot analyses revealed that both normoxic and
hypoxic MCF-7 cells do not express MT1-MMP, a membrane anchored MMP which is critically required for
tumour cell proteolytic activity??°. Although proteolytically inactive, MCF-7 cells responded to hypoxia by
assembling invadopodium precursors characterized by the re localization of cortactin, N-WASP and Tks5 to
actin accumulations at the ventral cell membrane. This finding is highly consistent with a previous report showing
that MT1-MMP depletion in MDA-MB-231 cells strongly inhibits gelatin matrix degradation but only modestly
alters the onset of invadopodium formation?. In tumour cells, soluble MMP secretion is facilitated at invadopo-
dia®. Thus, the increased secretion of MMP-2 and MMP-9 that is associated with the formation of invadopodium
precursors in hypoxic MCF-7 cells (Fig. 4E) represents another piece of evidence of the nature of these struc-
tures. Consistent with the fact that MT1-MMP catalyses MMP-2 activation by cleavage of its pro-domain®, and
that MMP-2 contributes to MMP-9 activation®>, mostly inactive, high-molecular weight, forms of MMP-2 and
MMP-9 were detected in our serum-free gelatin zymography assays.

Since invadopodium assembly and activity seems to be decoupled in hypoxic MCF-7 cells, this cell line turned
out to be an appropriate experimental model to further characterize the mechanism by which CSRP2 mediates
hypoxia-stimulated invasion. Indeed, our quantitative data show that CSRP2 knockdown significantly reduced
the number of invadopodium precursors induced by hypoxia in MCF-7 cells, validating the structural role of
CSPR2 in invadopodium assembly we previously suggested'”.

Our mechanistic investigations revealed that the proximal promoter of CSRP2 can be activated by either
hypoxic culture conditions or HIF-1c overexpression, and that it contains two HREs (HRE1 and 2) able to pro-
mote HIF-1 recruitment. Although both HREs were found to contribute to hypoxia-induced transactivation
of CSRP2 promoter, our data luciferase reporter assays suggest that HRE2 has a predominant role over HRE1.
Consistent with ChIP and luciferase reporter data, CSRP2 and HIF-1a protein levels were significantly correlated
in both pre-clinical and patient tumour specimens, supporting that tumour hypoxia is an important determi-
nant of CSRP2 up-regulation in breast cancer. The four breast cancer cell lines we analyzed responded to exper-
imental hypoxia by increasing CSRP2 mRNA and protein expression. As previously reported", invasive cells
(MDA-MB-231 and Hs578T) exhibited significant basal CSRP2 levels under normoxia while weakly invasive
cells (T47D and MCF?7) did not. We noticed that invasive cells frequently exhibited detectable amounts of HIF-1cx
under normoxia (as evaluated by western blot, Fig. 1A and B). Normoxic stabilization of HIF-1c and activation
of HIF-1 signalling in triple negative breast cancer cells, such as MDA-MB-231 cells, was recently shown to be
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regulated by a long noncoding RNA, namely LINK-A*. This pathway may account, at least to some extent, for
normoxic expression of CSRP2 in triple negative breast cancer cells, which in turn contributes to maintain a con-
stitutive invasive phenotype'®. The significant basal expression level of CSRP2 in invasive normoxic cells (Fig. 1)
is not contradictory with the role of CSRP2 in mediating the pro-invasive effects of hypoxia, and shows that
hypoxia operates in breast cancer cells by up-regulating an actin regulatory protein that is also required for nor-
moxic invasion. Other hypoxia-invadopodia axes were identified in cancer of different origins, such as melanoma,
fibrosarcoma, and head and neck cells**-*!. To our best knowledge, our report is the first example where hypoxia
promotes cancer cell invasion by direct, HIF1-mediated, targeting of a basic structural cytoskeletal component
of invadopodia.

A recent study has provided evidence that pancreatic ductal adenocarcinoma (PDAC) invasion and metastasis
are promoted by HIF-1 dependent upregulation of another actin bundling protein, namely fascin®’. Although the
effects of fascin overexpression on PDAC cell invadopodium formation were not specifically evaluated, fascin has
been shown to be a critical invadopodial component in prostate cancer and breast cancer cells'®****, Noticeably,
fascin and CSRP2 knockdown achieves comparable reduction in ECM degradation and 3-D invasion in inva-
sive breast cancer cells'®>*, suggesting a functional interaction/redundancy between these two actin bundling
proteins. Remarkably, fascin ranks first in the most highly correlated genes to CSRP2 in invasive breast cancer
tumours (publicly available TCGA data at the cBioPortal for Cancer Genomics, http://www.cbioportal.org), rais-
ing the possibility that hypoxia and HIF-1 coordinate CSRP2 and fascin upregulation to promote invadopodium
assembly/stabilization and invasion.

The clinical significance of our findings is further supported by transcritomic-associated survival analysis
indicating that CSRP2 overexpression is associated with significantly shorter overall, metastasis- and relapse-free
survival. Besides its role in breast cancer, CSRP2 was recently identified as a downstream target of H19, the
long non-coding RNA with the strongest association with colorectal cancer patient survival*. Patients with
high CSRP2 expression in colorectal tumours, display significantly shorter overall survival, and combined anal-
ysis of H19 with CSRP2 appears to be a powerful prognostic factor for overall survival. Another recent clinical
study established a significant association between CSRP2 expression and B-cell acute lymphoblastic leukemia
(ALL) relapse, and proposed CSRP2 as a prognostic marker for B-cell ALL patients with normal cytogenetics*.
Functional analyses suggest that CSRP2 promotes B-cell ALL cell proliferation, migration, and drug resistance.
Because hypoxia is a common feature of the bone marrow microenvironment that promotes HIF-dependent
blood cancer progression and resistance to therapy”’, our data call for evaluation of hypoxia-regulated CSRP2
expression in blood cancers. Although the specific functions of CSRP2 in breast cancer, colorectal cancer and
B-cell ALL may differ, these studies all point to the deleterious clinical consequence of CSRP2 overexpression.

Collectively, our data indicate that hypoxia exerts a direct control on invadopodium-mediated tumour cell
invasion through HIF-1-mediated upregulation of the actin-bundling protein CSRP2 and provide a new mecha-
nistic basis for the pro-metastatic effects of tumour hypoxia in breast cancer.

Methods

Celllines. MCF-7 cells were purchased from ATCC. MDA-MB-231, Hs578T, T47D and 4T1 cells were avail-
able at the Luxembourg Institute of Health. These cell lines were regularly tested for mycoplasma contamination
and cultured in complete growth medium following ATCC recommendations. A standard tissue culture incuba-
tor was used for a normoxic culture conditions (21% O,; 5% CO,). For hypoxic treatment, cells were placed in a
hypoxia work station (Invivo2 400, Ruskinn) for 24 hours or 48 hours, calibrated to maintain a hypoxic atmos-
phere of 0.1% O, and 5% CO, by continuous flow of nitrogen. The CSRP2-depleted 4T1 and corresponding
control cell lines by lentiviral transduction. CRP2 knockdown was achieved by pGIPZ lentiviral shRNAs (clone
ID: V3LMM_417823 from GE Dharmacon, gene set RMM4532). A non-silencing shRNAs (RHS4346, sh-; GE
Dharmacon) was used as a control. Lentivirus production was achieved by co-transfecting lentiviral pGIPZ shR-
NAs with packaging and envelope plasmids in HEK293T cells using Xtreme transfection reagent (Roche). 4T1
cells were infected with virus, and transduced cells were selected with 0.5 ug/ml puromycin (Sigma-Aldrich).

Western blot analysis. Total protein extracts from cells was prepared in RIPA lysis buffer (Millipore) sup-
plemented with protease and phosphatase inhibitor mixture (Roche). The extracts were subjected to Western
blot using antibodies directed against CSRP2 (HPA045617, Sigma), Actin (A2066, Sigma), HIF-1a (610959, BD
biosciences), and MT1-MMP (ab51074, Abcam. Protein bands were detected using Western Lightning Ultra
(Perkin Elmer) and visualized with CL-Xposure film (Thermo Scientific). Protein levels were quantified using
Image] (NIH, Bethesda, USA).

siRNA transfection. CSRP2 knockdown was achieved by transfection of 10nM of 2 different predesigned siRNAs
directed against human CSRP2 (siCSRP2#1, S104283727, target sequence 5'-ACAGTGGCAATTCACGATGAA-3'
and siCSRP2#2, S104251863, target sequence 5'-ACAGGCCTACAACAAATCCAA-3’; QIAGEN) using
DharmaFECT™ transfection reagent (GE Dharmacon) and following manufacturer’s instructions. HIF-1o knock-
down was achieved using 2 different predesigned, functionally verified, siRNAs directed against human HIF-1c
(siHIF1#1, SI02664053, targeted sequence 5-AGGAAGAACTATGAACATAAA-3/, Qiagen and siHIF1#2, targeted
sequence 5-TACGTTGTGAGTGGTATTATT; Eurogentec), while non-targeting siRNAs were used as a control
(Eurogentec). Freshly transfected cells were incubated 24 h under normoxia prior subsequent treatment or analysis.

Quantitative RT-PCR.  Total RNA was isolated using the miRCURY RNA Isolation Kit (Exiqon) following
the manufacturer’s instructions. Purified RNA was reverse transcribed to cDNA using the Reverse Transcriptase
Core kit (Eurogentec). Quantitative real-time PCR reactions were performed using SYBR Green I (Qiagen)
on an Applied Biosystems ViiA 7 Real-Time PCR System (Thermo Fisher Scientific). The primers used were
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5-GATCTCGGACTCCCTGGAC-3’ (forward) and 5'-TCCCCAGACAGGCATTTT-3’ (reverse) for CSRP2 and
5-"TGTCCTGAATGTGGTCACCTGA-3’ (forward) and 5'-CTGCAGTCTCCTTGCACACCT-3’ (reverse) for
mitochondrial ribosomal protein L32 (MRPL32). To calculate the relative abundance of the mRNA transcripts,
the AACt method was used, with MRPL32 used as a reference mRNA. The Y-axis reflects fold change in gene
expression.

Chromatin immunoprecipitation assay. MCF-7 cells were grown in 15 cm plates. Once the cells had
reached 70% confluence, they were subjected to 24 hours of normoxia or hypoxia, as indicated. Chromatin was
isolated and sheared using the Bioruptor Pico sonicator (Diagenode), with 10 cycles of 30 seconds on at high
power, followed by 30 seconds off. Sheared chromatin was used for ChIP, with anti-HIF-1A« (ChIP grade, Active
Motif, 39665) or negative control antibodies, with the ChIP-IT Express kit (Active Motif), according to the man-
ufacturer’s protocol. Pulled-down chromatin was then purified using the Chromatin IP DNA Purification Kit
(Active Motif) and RT-PCR was performed using the following primer pairs: 5-AAGTCCCTCTCCAAGTCC-3/
(forward) and 5'-CCACCAGGAGACAAAAGG-3/ (reverse) for HRE1, and 5-TGCCTTTTGTCTCCTGGTG-3'
and 5'-ATGGGGATGTCGGAGGAGA-3' (forward) for HRE2.

Luciferase reporter assay. Genomic DNA was purified from MCF-7 cells, using the AllPrep DNA/RNA/
Protein Mini Kit (Qiagen). A region corresponding to —1,920 to +103 bp relative to the transcription start site of
the human CSRP2 gene was PCR amplified using the primers 5'-GATCACGCGTCAGGGACAGACAGCAGAAACA
-3’ (forward) and 5’-GATCAGATCTTTGAGTCGGAGGCGGGAGCACGTAC-3’ (reverse), and inserted into
theMIul-BglII multiple cloning site of the pGL3-Promoter vector (Promega). The HRE1 and HRE2 sites were
mutated using overlapping PCR strategy and the following primer pairs: 5-GAGGGAGCGGTCCCGGGAGCTGGGA
AG-3' (forward) and 5'-CGCCCGGCATCTTCCCAGCTCCCGG-3' (reverse) for HRE1*, and 5-CTAGCTCCGCCTG
CGGTAGCTGCTCC-3' (forward) and 5'-CTCACTTGAGTCGGAGGCGGGAGCAGCTACCGC-3' (reverse) for
HRE2*. The VEGF promoter luciferase reporter plasmid was provided by Dr. Amato J. Giaccia (Standford University
school of Medicine, CA, USA). Briefly, 7 x 10* cells were seeded in each well of a 24-well plate. Six hours after plating,
cells were transfected with the promoter luciferase reporter constructs, pGL4.73 [hRluc/SV40] vector (which con-
tains the Renilla luciferase sequence downstream of the SV40 promotor), and, where indicated, a constitutively stable
mutant HIF-1c expression vector (Addgene ref #52636), using Turbofect (Thermo Fisher Scientific), according to the
manufacturer’s protocol. Immediately after transfection, the plates were placed in either a normoxic or hypoxic incuba-
tor, as indicated. Twenty four hours after transfection, firefly and Renilla luciferase activities were measured using the
Dual-Luciferase Reporter assay kit (Promega) and the ratio of firefly/Renilla luciferase was determined.

Cellinvasion and migration assays. CSRP2- or HIF-1-depleted cells and control cells were incubated for
24hours in hypoxia or normoxia. Fifty thousand cells were subsequently transferred onto 8.0 um-pore transwell
inserts (Greiner) in serum free DMEM, as previously described". For invasion assays, transwell inserts were
pre-coated with 100 ul of EHS matrix (330 ug/ml in serum-free DMEM) and incubated for 1 hour at 37°C to
allow polymerization. For migration assays, transwell inserts were pre-coated with collagen (100 pug/ml, collagen
1, Millipore). The wells were filled with DMEM supplemented to 10% FBS as a chemoattractant. After 18 hours
(MDA-MB-231 cell migration), 24 hours (MDA-MB-231 cell invasion) or 48 hours (4T1 cell invasion) incuba-
tion in hypoxia or normoxia, the total number of cells and the number of invasive cells were evaluated by MTT,
and the percentage of invasion was calculated and normalized to siCtr-transfected normoxic cells (set to 1). For
some specific assays, cells were co- transfected with HIF-1A targeting siRNAs and a plasmid allowing CSRP2
overexpression. The latter plasmid was generated by inserting CSRP2 coding sequence into the Xhol-BamHI
cloning site of modified pCDNA 3.1- (Invitrogen) including a terminal HA tag. The primers used to PCR
amplify CSRP2 coding sequence were 5'-GATCCTCGAGATGCCTGTCTGGGGAGGTGG-3' (forward) and
5'-GATCAGGATCCCGCTGGGCATGAACAAGAGCCC-3’ (reverse). An empty pCDNA 3.1- was used as a
control.

Gelatinase zymography assays. Four hundred thousand MCF-7 cells were plated in each well of a
six-well plate. Six hours later, they were transfected with either control or CSRP2-targeting siRNAs. Twenty-four
hours later, cells were washed with PBS, incubated with serum-free DMEM, and the plates were incubated in nor-
moxic or hypoxic conditions for 32 hours. The conditioned media was collected and concentrated using Amicon
Ultra Centrifugal Filters, 30kDa cut-off (Merck Millipore, 803024), from an initial volume of two ml to a final
volume of 22 ul. The conditioned media was then subjected to gelatinase zymography analysis. Briefly, the condi-
tioned media was mixed with 4x sample buffer (0.25 Tris/HCI pH 6.8, 40% glycerol, 8% SDS and 0.1% bromophe-
nol blue) and resolved on a 10% SDS-polyacrylamide gel containing 0.01% porcine gelatin (Sigma, G-8150). The
MMPs were then renatured by soaking the gel in renaturing buffer (2.5% Triton in dH,0) for 30 minutes. The gels
were then washed several times with dH,O and incubated for 30 minutes with developing buffer (0.05 M Tris-HCI
pH 7.8,0.2 M NaCl, 0.005 CaCl,, and 0.02% Brij-35). The buffer was then poured out, fresh buffer added and the
gel was incubated overnight at 37 C. The following day, the gels were visualized with Coomassie blue staining.

Fluorescent gelatin degradation assays. Fluorescent gelatin slides were prepared similarly as described
in Artym et al.”. In brief, 16-mm coverslips were coated with poly-L-Lysine (25 ug/ml, 20 minutes at room tem-
perature) and crosslinked with glutaraldehyde (0.5%, 15 minutes at room temperature). After extensive PBS
washing, coverslips were inverted on a 60 ul drop of 0.2% gelatin solution containing a mix of 1:20 Oregon green
488-labelled gelatin (Molecular Probes) and unlabeled porcine gelatin (Sigma). After a 15-minute incubation, and
3 washes, coverslips were sterilized with 70% ethanol for 30 minutes and subsequently incubated with complete
medium for 30 minutes. MDA-MB-231 cells were pre-incubated for 32 hours in hypoxia or normoxia before they
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were transferred onto gelatin-coated coverslips for a 16-hour incubation period in the same culture conditions.
A low-density seeding was used to avoid cell clustering and facilitate the analysis. MCF-7 and 4T1 cells were
directly loaded onto gelatin-coated coverslips and incubated for 48 hours in hypoxia or normoxia. Then, tumour
cells were fixed and stained for actin and cortactin (see “Confocal microscopy and cell imaging” subsection).
Active cells were defined as cells with dark dots (corresponding to fluorescent gelatin-cleared areas) underneath
actin-cortactin co-labelled invadopodia. Digested gelatin areas were quantified with the threshold tool in Image]
software, and an average degradation index (degraded matrix area per cell) was calculated.

Confocal microscopy and cellimaging. Imaging was performed on a laser scanning confocal microscope
(LSM880 FastAiry, Carl Zeiss) equipped with a x63/1.4 numerical aperture (NA) oil immersion Plan-Apochromat
objective for cell imaging or a x40/1.3 oil immersion Plan-Apochromat for tumour slice imaging. All pictures
were acquired with multitrack configuration with a confocal optical slice set at 1 um thickness. MDA-MB-231,
4T1 and MCEF-7 cells were plated on gelatin-coated coverslips (see “Fluorescent gelatin degradation assays” sub-
section) for 16 hours or 48 hours. MCF-7 cells were also plated on collagen-coated coverslips (100 ug/ml, collagen
1, Millipore) for 48 hours. Pre-fixation was performed in 3.5% PFA and 0.3% Triton X-100 in PEM (100 mM
PiPES, pH6.9, 1 mM EGTA and 1 mM MgCl,) for 3 minutes whereas fixation was performed in PFA 3.5% in PEM
for 20 minutes. Cortactin and N-WASP were immunodetected using mouse monoclonal antibodies (clone 4F11,
Millipore) and rabbit monoclonal antibodies (clone 30D10, Cell Signalling), respectively. The actin cytoskeleton
was labelled using Acti-stain 488 or 555 or 670 (Cytoskeleton) phalloidin depending on the experimental condi-
tions. To facilitate evaluation, actin cytoskeleton was always depicted in green regardless of the type of staining
used. Before confocal microscopy imaging, coverslips were mounted in Fluoromount medium (Sigma). In some
experiments, MCF-7 cells were transfected using Lipofectamine 2000 (Thermo Fisher Scientific) with a construct
coding for GFP-fused Tks5 (Tks5-GFP; kind gift from Dr. Sara A. Courtneidge, Portland, USA) or a construct
coding for GFP-fused CSRP2 (CSRP2-GFP). The latter was obtained by inserting the CSRP2 coding sequence
into the pEGFP-N1 plasmid vector via Xhol and BamHI restriction sites. After 48 hours in hypoxic conditions,
MCEF?7 cells expressing CSRP2-GFP were incubated 4 hours with live cell imaging actin probe (siR-Actin 1 uM,
Cytoskeleton) before observation under the microscope in hypoxic conditions (5% CO, and 0.1% O,).

In vivo xenograft assays and immunofluorescent staining. Animal work was conducted in accord-
ance with the national and international regulations. The protocols were reviewed and approved by the animal
welfare body of LIH (protocol LECR-2016-07), and received an authorization from the Ministry of Agriculture
and Ministry of Higher Education and Research. Five million of MCF-7 or MDA-MB-231 tumour cells in 50 pl
matrigel diluted 1:1 in PBS were subcutaneously implanted into the mammary fat pad of NOD scid gamma (NSG;
NOD.Cg-Prkdc= [12rgWi'/Sz]), 8-week-old female mice (Charles River). Primary tumour dimensions (length,
width and height) were periodically measured using calipers and the tumour volume was calculated according to
the formula: % x L x W x H. When tumours reached a size of approximately 200 mm?, they were harvested and
flash frozen in isopentane.

The tumours were sectioned with a cryostat (Leica SM1850 UV) in 120 um thick sections and fixed in 4%
paraformaldehyde for 15 min. Then sections were permeabilized for 15 min in 0.1% Triton followed by 3 baths in
0.1% NaBH4. HIF-1av and CSRP2 were immunolocalized using mouse monoclonal (610959, BD Biosciences) and
rabbit polyclonal antibodies (HPA045617, Sigma), respectively. For correlation analyses, sections were fixed in
acetone:chloroform (1:1) for 5min at —20°C, which results in a better preservation of CSRP2. HIF-1 and CSRP2
co-localization was estimated by calculating Pearson’s coeflicient values using the JACoP plugin from Image]
software®®. Twenty-one and 22 sections originating from 4 independent MCF-7 and MDA-MB-231 xenograft
tumours, respectively, were used for calculations. Scattered plots were generated using the Zen 2.1. software of the
confocal microscope (LSM880 FastAiry, Carl Zeiss). Staining of tumour hypoxic regions was achieved using The
Hydroxyprobe™.-1 Plus Kit (Hydroxyprobe hpi, Burlington, MA, USA). Mice were injected intraperitoneally with
a pimonidazole HCL solution at a dosage of 60 mg/kg body weight 30 minutes prior sacrifice. FITC-conjugated
IgG1 mouse monoclonal antibody from the same Kit was used for immunofluorescence staining.

Immunohistochemistry. Human triple negative breast cancer tissue arrays (BRC964) including 48 cases
were purchased from Pantomics, Inc. (Richmond, CA, USA). Immunohistochemical staining was performed as
previously described” using rabbit polyclonal antibodies against human CSRP2 (HPA045617, Sigma-Aldrich;
1/250) and rabbit monoclonal antibodies against HIF-1o (EP118; Epitomics). Rabbit anti-cytokeratin and nor-
mal rabbit serum were used as positive and negative controls. The results were semi-quantitatively scored by
a pathologist as followed: 0: no signal, 0.5: insufficient signal, 1: weak signal, 2: moderate signal, and 3: strong
signal. Values below 1 were considered as negative. For statistical analyses, an intensity index was calculated by
multiplying the intensity score by the percentage of positive cells. Intensity index values were used to rank all the
samples for Spearman rank correlation test.

Statistical analysis. All numerical data are shown as mean == SEM. Error bars represent standard errors.
Statistical significance was determined by Spearman rank correlation test for the in vivo immunohistochemical
results, paired two-tailed Student’s t distribution test for transwell cell invasion assay, and unpaired two-tailed
Student’s t test for the other analyses. For the analysis of the active cell population on gelatin, p values were cal-
culated from the Z-score for 2 population proportion. P values < 0.05 were considered statistically significant.
The expression analysis of HIF-1c target genes and of CSRP2 in human breast cancer here is wholly based upon
data generated by the TCGA Research network: http://cancergenome.nih.gov/. The TCGA breast cancer gene
expression data was downloaded from the UCSC Cancer Genome Browser. Normality of the distribution of expres-
sion values for each gene was assessed using the D’Agostino-Pearson omnibus test. CSRP2 expression was normally
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distributed, so for genes that had a normal expression distribution, a Pearson’s correlation coefficient was calculated.
For genes that were not normally distributed, a Spearman’s rank correlation coefficient was calculated. These values
were then used to calculate a p-value, given the n of the sample size (1,215 in this case). To compare CSRP2 across
different breast cancer subtypes, one-way ANOVA was used to confirm that the groups were statistically significantly
different and two-tailed t-tests were performed to compare the groups in a pair-wise fashion.

Kaplan-Meier survival plots, hazard ratio with 95% confidence intervals and log-rank p values were generated
using the Kaplan-Meier Plotter tool*? to test for associations between CSRP2 expression (Affy probe 207030s_at),
and overall-, metastasis- and relapse-free survival in breast cancer patients. Gene expression data and survival
information were downloaded from GEO, EGA and TCGA. Only Affymetrix HG-U133A, HG-U133 Plus 2.0 and
HG-U133A 2.0 arrays were included. Biased arrays were excluded and redundant samples were removed.
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Fig 51. C5RP2 knockdown inhibits hypoxia promoted invadopodia-mediated ECM degradation MDA-MB-231.
Fluorescent gelatin degradation assay in normoxic or hypoxic conditions. Random pictures from one experiment
with control [siCtr) and CSRP2-depleted (siCRP252) cells plated on Oregon Green 488-labelled gelatin-coated
coverslips for 16 howrs, fixed and stained for the actin cytoskeleton (red) and the nucleus. These are examples of
pictures used for the quantitative analyses shown in Fig. 3C
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Fig S2. CSRP2 is not required for MDA-MB-231 cell migration under normoxia or hypoxia. Transwell migration
assay with normoxic or hypoxic MDA-MB-231 cells transfected with control (siCtr) or two different CSRP2-targeting
siRNAs (siCSRP2 #1 and 2). Cells were plated on collagen-coated transwell for 18h and quantified via MTT staining.
Results were expressed relatively to the migration of siCtr-transfected normoxic cells (set to 1). The data originate
from 3 independent experiments. *p < 0.05.
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Fig S3. CSRP2 is required for hypoxia-stimulated invadopodia formation, ECM degradation and cell invasion
in mouse 4T1 cells. (A) Gelatin degradation assay showing that mouse 4T1 cells form mature invadopodia. Cells
were plated on Oregon Green 488-labelled gelatin-coated coverslips for 48 hours, fixed and stained for actin
and cortactin to visualize invadopodia (insets). (B) Western blot showing CSRP2 protein levels in 4T1 cell lines
transduced to stably express a control, non-targeting, shRNA (shCtr) or a CSRP2 transcript-targeting shRNA
(shCSRP2). (© Transwell invasion assay. Invading control and CSRP2-depleted 4T1 cells in normoxia and
hypoxia at 48 h were quantified via MTT staining. Results were expressed relatively to the invasion of
expressing normoxic cells (set to 1). The data originate from 3 independent experiments. (D) Actively ECM
degrading cells as expressed as percentage of the total cell population. (B Degradation index corresponding to
the average of degraded matrix per cell. (F) Number of mature invadopodia per cell (as defined by the number
F-actin and cortactin co-labelled puncta overlapping with areas of gelatin clearing). The data originate from at
least three independent experiments (n = 60 cells). Bars = 15 um. *p < 0.05; **p < 0.01, ***p < 0.001.

182



Normoxia

Hypoxia

Actin Cortactin

Fg $4. Hypoxia-induced invadopodium precursors in MCF-7 plated on non-denatured collagen.
MCF-7 cells were plated on collagen I-coated slides and incubated for 24 hours in normoxic or hypoxic
conditions. After fixation, MCF-7 cells were stained for actin (in green) and cortactin (in red), and
imaged using confocal microscopy. The inset shows that only hypoxia induces cortactin relocalization
to ventral actin puncta. Bars = 15 um.
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Fg. S5. CSRP2 and HIF-1a protein levels are highly correlated in MCF-7 and MDA-MB-231 tumour
xenografts. (A) Example of scattered plots showing pixel intensity for CSRP2 versus HIF-1a signals in an
MCF-7 tumour section. (Band C) Tables showing the correlation coefficients for CSRP2 and HIF-1a protein
levels (extracted from scattered plots) in 22 MCF-7 (B) and 21 MDA-MB-231 (C) tumour xenograft
sections. The sections originating from the same tumour were taken from distant sites. An average
correlation coefficient value and a corresponding p value are given below each table.
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Fig. 6. Kaplan-M eier survival analyses in relation to CSRP2 expression (affy 1D
207030s_at) in breast carcinoma using overall survival as an endpoint. Patients were
stratified according to the upper (A) or median (B) CSRP2 expression values. The patient
samples, hazard ratio with 95% confidence interval, and p value (Logrank test) are
displayed on each chart.
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Fig. §7. CSRP2 levels are elevated and is a stronger predictor of distant m etastasis-free
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different breast cancersubtypes and found to be an order of magnitude higher in the basal
subtype. (B) Kaplan-Meier survival analysis was performed; patients were stratified
according to the median CSRP2 expression value and distant metastasis-free survival was
used asanendpoint. The patient samples, hazard ratio with 95% confidence interval, and p
value (log-rank test) are displayed on the chart.*** denotesap-value less than 0.001,
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ABSTRACT

A critical process underlying cancer metastasis is the acquisition by tumor cells
of an invasive phenotype. At the subcellular level, invasion is facilitated by actin-rich
protrusions termed invadopodia, which direct extracellular matrix {ECH ) degradation.
Here, we report the identification of a new cytoskeletal component of breast cancer
cell invadopodia, namely cysteine-rich protein 2 (CRP2). We found that CRP2 was
not or only weakly expressed in epithelial breast cancer cells whereas it was up-
regulated in mesenchymal/invasive breast cancer cells. In addition, high expression
of the CRP2 encoding gene CS5RP2Z was associated with significantly increased risk of
metastasis in basal-like breast cancer patients. CRP2 knockdown significantly reduced
the invasive potential of aggressive breast cancer cells, whereas it did not impair
2D cell migration. In keeping with this, CRP2-depleted breast cancer cells exhibited
a reduced capacity to promote ECM degradation, and to secrete and express MMP-
9, a matrix metalloproteinase repeatedly assodated with cancer progression and
metastasis. In turn, ectopic expression of CRP2 in weakly invasive cells was sufficient
to stimulate cell invasion. Both GFP-fused and endogenous CRP2 localized to the
extended actin core of invadopodia, a structure primarily made of actin bundles.
Purified recombinant CRP2 autonomously crosslinked actin filaments into thick
bundles, suggesting that CRP2Z contributes to the formation/maintenance of the actin
core. Finally, CRP2Z depletion significantly reduced the incidence of lung metastatic
lesions in two xenograft mouse models of breast cancer. Collectively, our data identify
CRP2 as a new cytoskeletal component of invadopodia that critically promotes breast
cancer cell invasion and metastasis.

INTRODUCTION protrasions termed iovadopodia, which recruit and
drve the local secretion of matrix metalloprofeinases

Metastasis is the primary cause of death from (WKIPs) able to promote ECM degradation [2, 3]
cancer and iz a major hardle for capcer meatment Invadopodia were initially described on the basal surface
[1]. A critical step of the metastatic cascade is the of cultred cancer snd w-5rc wansformed cells in the
acquisition by carcinoma cells of the sbility to remodel 80's [4]. However, their relevance in cancer progression
the extracellolar matrie (ECM) and migrate throngh the and potential as therapeuntic targets have only recemtly
stromal environment and tissue barmders. At the subcellular been recognized [5-7]. For instance, 3 recent inmraviral
level, such ability is associated with actin-rich membrane imaging-based smdy has provided direct and compelling
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evidence of the key role played by invadopodia duormg
the extravaszation of human breast cancer calls in mouse
madels [§]. Although inrtally promising, MAP inhibitors
failed im the clinic, mostly due to high toxiciny [8], and
new molecular fargess to mhibit myvadopodia formaton
and'or activity are required.

Imvadopodia comprise a profmusive aciin-dense
core and 3 swrmmding region enriched in signaling and
adbesion proteins [3, 9], In the core, actin filaments (AFs)
are cross-linked in thick bundles, which presumably
foons actin polymerization-promated force for protmsive
activity, and stabilize invadopodia over long perods to
optimize BCH dezradation [9-12]. Consistent with such
important roles for actin core bundles, the mvasive and
metastatic potental of mmor cells was considersbly
reduced by inhibinng the expression or activiry of fascin,
an invadopodiz-enriched acom-tnndling factor [9, 10, 12-
14]. Althenzh T-fimbrin, another AF crosslmking protein,
was also detected in imvadopodia, its knockdowm only had
minimal effects on mvadopodia biogenesis and acdviry
[9], sazzestng that fascm is the major actin bundlmg
factor in invadopodia.

Cysteine-rich  protems (CEPs) define =am
evolutionary-conserved subfamily of short (21 kDa) LI
domain proteins characterized by two LIM dormains [15,
14]. The three vertebrates CRPs (CFP1-3) exhibit 2 dual
expressed in muscle assues [17]. In the moclews, CRPs can
inferact with iranscripiion factors, such as MyoDd, SEF
and GATA family protems, to facilitate smooth (CEP1
and CFPY) or simated mmscle (CRP3) differentiation
[18, 19]. In the cytoplasm, they decorate filamentous
actin stucires and bind fo cytoskeletal proteins, sach as
a-actinin and zyxim [17]. However, their exact functions
in thiz comparonent remain vmclear. Missense mitations
in buman CEP3 have been associzted with dilated
and hypertrophic cardicowyopathy [20-22], and CRP3
shlation in manszenic mice promotes disTuption of cardizc
cytoarchiferure organization, cardiomyopathy amd heart
faihure [23, 24]. We recently provided evidence that CRP3
binds to filsmentous actin and self-associates to assemble
AFs into bundles, suggesting that it has a direct stmctural
role in cytoarchiteriure mamtenance [25]. Others reportad
that CRP1 localizes to neuwron filopodia and critically
regulates filopodia formation and dendritic growth by 3
mechanizm mvolving AF crosshinking [26, 27]. Hers, wea
show that CRPZ is an sutonomous acin bondling protein
whose expressicn is up-regulated in highly mreasive breast
cancer cells, and that accunnlates along and within the
actin core of manre imvadopodia. In additon, we provide
evidence that this previcusly overlooked cytoskeletal
component of invadopodia promotes breast cancer cell
inwvasiveness and metastasis, and we discuss its potential
a5 @ therapeutic target.

RESULTS

CEP2 iz up-regulated in aggressive breast cancer
tumors and cell linez

A microamay-based analysis identified the CRE2
encoding gene, CS5RPI, in a cluster of 14 genes whose
high expression is characteristic of basal-like breast
carcimoma [28], a breast cancer subtype associzted with
poor prognosis. To further evalueste the prognostic vale
of CERP2, we conducted in silico survival analyses using
publicly availsble gene expression datasets with well-
defined patient clinical follow-up [20]. Kaplan-Meier
and logrank tests revealed that, within the basal-like
subrype, breast cancer patents with higher expression of
CESRPD in the primary tumor exhibit significantly reduced
mefastasis-free survival as compared to patients with
loraver expression of CSRPZ (Figure 14; HR. =198, P=
0.01). In parallel, inrmmohisfochemical analyses revealsd
that of the 48 imvasive breast cancer cases analyzed, 17
(35.4%) were pegatve, 17 (36.3%) showed wesk to
moderate sining and 4 (8 3%) exhibited strong staining
(Figure 1I¥). Some residual nommal cells were alse labeled
bt they usually exhibited weaker staining as compared
to the tumor cells i the same fissue sample (Figure 1E).
Interestingly, inflammatory cells also exhibited strong
staining {data not shown). To assess the possibility that
CRP2? expression was associzted with the immrinsic
mvasive/metzstatic potentizl of breast mmor cells,
we compared CRE2 protein levels in a range of well-
characrerized human cell lines. 4s shown in Figure 1B,
only low lewels of CRP2 protein were detected in non-
or poorly metastatic, epithelial breast cancer cells [30],
inchnding SERR3I, T470, MCF-7 and BT474 cells. In
contrast, CRP2 protein levels were considersbly higher
i highly metastatic, mesenchymal, breast cancer cells,
inchading MDA-MB-231 and Hs548T cells. We analyzed
two additional cell lines derved from MMCF-7 cells that
underwent an epithelial-to-mesenchymal ransiton (EMT)
following either prolonged TWF trestment (1001 cells
[31]), or expression of constiutively actve Soail (SHAIL-
564 cells [32]). As shown in Figure 1C, both 1001 and
SMATI-564 cells exhibited a substantisl mcrease in CRF2
protein x5 compared to the parental epithelial MCF-7 calls.
Together the above data suggest that CFE2 up-regulation
15 associated with the mesenchymal‘invasive breast cancer
cell phenotype and an imcreased risk of metastasis in
patients.

CEP2 localizes to breast cancer cell invadopodia

To get an insight into the role of CRP2 in bresst
cancer cells, CRPZ was fused to GFP and expressed
in highly metastatic, Basal-like, MDA-MB-231-luc-

wwwiimpactjournals. com/oncotarget

190

Oncotarget



D3IHILM cells [33] (hereafter referred to as MDA-MB- between both CRP2 and fascin in invadopodia. To extend

231-lac cells). As shown in Fizure 2A-2E, CRP2-GFE our analysis, the endogenons CRP2 profein was detected
extensively decorated acn simess fibers. In addition, it co- m MDA-MB-231-hac cells, a5 well a5 in another imasive
localized with actin (Figure 2B) and cortactn (Figure 2C), breast cancer cell line, namely Hs53TET. According to the
1 critical invadopodia protein [34], in inwadopodia actively abowe GFP fusion data, endopenows CRP2 acoumulated
enzaged In mamix degradstion (Fizure 20)). In contrast within the mwadopodia actin core in both cell ypes
with other LIM proteins, such as paxillin and Hic-5, (Supplementary Figure 1 and Supplementary Figurel A,
which acoummlate in 2 ning surounding punciate degraded respectively]). Finally, CRP2-GEFP was localized in MDA-
areas [35], CRF2-GFP localized in the invadopodia core MB-231-hc cells embedded in a 30 matrix [3§, 37). a
overlying the areas of gelatin degradation (Figure 2E). condifion that better mimics the tmor microenvVIToOment.
To refine CEP2X localization, we used 3 chemoinvasion It was previonsly reporied that, in 3D Dairigel MDA-
assay o which invadopodia can elongzte over long MB-231-luc cells adopt an elongated shape develop
distances throngh l-pm-diameter pores in response cell-maimix adbesions [38] and invade by reshaping the
to growth factors [P]. Projection along the z-axis of surounding matrix in a protease dependent manner [37].
conforal sections revealed that CRP2-GFP decorates the As shown in Figure 2J-21. CRP2-GFP acommlated in
whaole length of extended actin cores (Figure ZF-21, and actin- and cortactin-enriched areas located at the cell
Supplementary Movie 1), Moticeably, such a dismibusion leading edgze, in extending peendopodia, supporting the
was highly similar to thar previously reported for fascin ides thar CERP? conmibntes o the mesenchymal mode of
[9], snzgesting funcmonal interaction or redundancy mvasion in breast cancer cells.
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Figure 1: CRP? up-regulation is associated with a significantly higher risk of metastasis in basal-lilke breast cancer
patients, and correlates with the mesenchymal phenotype in hbuman breast cancer cell lines. A. Kaplan-Meier survival
amalyses in relation o CERP? expression (affy ID 207030 _s_af) i breast carcinoma from the basal subrype using distant metastasis fres
survival as an endpoint. The patent samples, hazard atio with 85% confidence inferval, and p value (Logrank test) are displayed on the
chart. B. and €. CRP2 protein level in noman breast cancer call lines (B) and in MCF7-derived cells which vnderwent EMT through the
expression of a constifutively active versicn of Spadl (SMATL S64) or prolenged THE treatment (1001; C). Relatve CRPT expression
{lower panels) are caboulated from at least three independent experiments and sxpressed as fold of CPED profein level in SEBRS (B) or
MCF7 cells {C). D. and E. Immmnokistochemical staimmg of CRPY in two cases of immasive ductal carcinoma showing strong staining
in mumor cedls (I, and faint saining in residial normal breast tissae (amows, strongly smmed mmoer cells are indicated by astenisks; (E),
respectively (magnification: 200x). Emor bars denote standand eror. Sipmificant lewels: *: p < 0.05 and **; p < 0.00] (unpaired. two-failed
gest).
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CERPI iz an autonomons actin-bundling protein

Pecently, both CRP1 and CEP3, as well as several
plant CRP-like proteins, were reported to regnlate aciin
cyioskeleton organization and dynamics [16, 25, 24, 38-
41]. The importance of actin bundling for invadopodia
biogenesis and activity (9) prompéed us to evahiate the
shility of CFR2 to remodel AF networks. To do so, AFs
were co-polymerized with recombinant CRE2, and the
resulting stmctures were anzlyzed by peal-iime total
internal reflection fluorescence (TIEF) microscopy. In 3
conmol experiment conducted in the absence of CREZ,
actin polymerization zenerared a randomly orzamized
meshwvork of fine AFs (Figuare 3A). In conirast, in the
presence of CRP2, AFs orgamized in a retoulated network
of thick and long actin undles (Figare 3B). The formation
and growth of CRP2-promoted bundles resulted from the
fusion of preexisting AFs or fine bumdles, and elongatnon
of individual AFs within bundles (Figure 3E and 3F,
respectively; Supplementary Movies 2 and 3). By racking
ithe fast-growmg end of bundled AFs, we established that
mosily assembles actin bundles of meced polarity (Figure
3E, 3F and 33G). To extend these data, we analyzed the
cvioskeletal modifications poentially induced by CRP2
overexpression m MDA-MB-231 cells. For practical
reasons, we focused on actn stress fibers as thesa
siracmares are easily amenable to guantitative anabyses.
Az shown in Figure 3C, the siress fibers of CEP2-GFP
expressing cells appeared considerably thicker than those
of control cells expressing GFP alone. The extent of actin
bundling m both cell lines was gquantified a=s previoushy
dezcribed in Hoffmann gt al. [23]. From three independent
experiments, including abour 200 optical sections, we
caloulated mm awerage skeomess vahie (2 relisble indicator
of actin bundling) of 1.43 = 0.04 and 1.83 = 0.04 for GFP
control cells and CRP2-GFP expressmg cells, respectively
(Figure 30)). In conclusion, our data demonsirate that
CFFZ? exhibits actin bundling activity in both in vigo
reconstiintioen assxys and breast cancer cells.

CEPY critically regulates breast cancer cell

imvasion

To further characterize the function of CRP2 in
breast cancer cells, a series of m ifro functonal assays
were conducted with two MDA-RB-231-luc-derived
cell limes expressing independent CRP2-targeting
shAWAs (shCRP2a and shCRPIh), snd one conmtrol
cell line expressing a non-fargefing confrol shEMA
{sh~; Figure 44) Both shCRF2a and shCRPIb cells
exhibited siznificantly reduced CRE2 protein levels as
compared mw sh- cells (Figure 44 and were checked for
the absence of awy CEP1 or CEP3 up-regnlation, which
conld compensate for CRP? knockdown (Supplementary

Figure 3). Both MTT and ["H]Thymidine incorporation
aszxys revealed that CRP? knockdowmn did not affect the
proliferation rate of MDA-MB-231-luc cell monolayar
culmres (Figure 4B and 4C, respectively). Thres-
dimensional (30Y) spheroids were maccessfully obramed
fromn both control (sh-) and CRP2-depleted cells, and
expanded as compact spheres in 10% Engelbreth-Holm-
Swarm (EHS) mamx (Figure 40). However, CRE2
knockdown sigwmificantly reduced 3D spheroid growth.
Indeed, after & days of culture, sh- spheroids exhibited an
average volume of 0.237 = 0.006 mm' whereas shCEPIa
and shCEF2b only reached 0.167 + 0.008 and 0.141 =
0.005 mm®, respectively (Figure 400, right chart). The
migratory potential of each cell line was then evaluaied
in both 200 and 3D conditions. In 2D scratch wound
aszays, nearly identical closure curves were obtained for
sh-, shCRPF2a and shCEP2b cells, indicating that CRE2
depletion does not alter 2D cell migration (Figure 4E).
‘This result was confirmed by the similsr sverage migranon
velocities {~ 0.5 pm/min®) that were calculated for each
cell line by tracking single cells migrating towards FBS
m collagen-coated p-Slide Chemotais™ chambers (Tbidi;
Fignre 4F). In conirast, 3D scraich wound assays revealed
that CRP2 knockdown significantly reduces the ability
of MDA-MEB-231-luc cells to invade into a 30 collagen
matrix (Figure 4G). In these conditions, gap closure
after 72h for shCRP2a and shCRP2b cells was reduced
by about 30% and 40% as compared to control sh- cells,
respectively. In addition, single cell macking analvses
showed that CRP? depleton reduces by about 50% the
average velocity of collagen imvading cells (Figure 4H).
To smenzrhen these data, wanswell invasion assays Were
performed with MDA-MB-231-luc cells treated with
control or CRP2 siEMA As shown in Figure 41, mansient
CRP? knockdown inhibited the imvasion potential of
MDA-MB-231-lac cells by about 50%. Finally, the pro-
imwasive foncton of CRP2 was validated in Hs5T8T cells
(Supplementary Figure 2B-I0). Indeed, both transwell
imvasion and single cell tracking analyses showed that
CEP2 depletion significamtly reduced Hs578T cell
mwasion.

The possbility that CRPF2 up-regnlation can
promote breast cancer cell mvasion m weskly invasive
cells was tested in gain-of-fimction analyses using MCF-
7 epithelial cells, which only contzin very low levels of
CRP2 protein (Figure 1B and 1C). We established a stable
MFC-7 cell line in which CFP? protein expression was
ahbout 10 times higher than in control MCF-T cells (Figure
54A). Femarkably, CRP2 overexpression incressed MCF-T
cell imvasion by a factor 2.5 in manswell invasion assays
(Figure 5B). Together our data provide clear evidence
that CRP2 critically regulates breast cancer cell imvasion
wheress it is not required for 20 cell migration
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Figure 1: CEF2 localizes to active invadopodia. A -D. CRPI-GFP localizes w actively degrading invadopodia. Cells were grown
o0 Cy3-comjueated gelaon-coated coverslips () for § b and CEP2-GFP A was co-localized with actin (B) and cortactin (O E. Merge
of (A-T1) F.-I. CRP2-GFP (F) and (H) amd actin {&) and (T) co-localize in elongated myvadopodia. F. and G. comespond to a focal plane
located at 1.4 pm undemneath the ventral cell surface, whereas (F) and I show projections along the z s (35 confiocal slices) of the enfire
invadopodium labeled by an asterisk in (F) and (G} J.- L. CRP2-GFP (1), cortactin (E) and actin (L) in MDA-MEB-231-tuc cells mvading a
3D EHS matrix. The imaze comespands to a projection of 17 confiscal slices. Bars = 5 ym (4-), 1 pm (H) and (T), 10 pm {T-L).
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Figure 3: CRFP! promotes actin bundling in fr vifre reconstituted assays and in breast cancer cells. A and B. Actin
filaments {1 uM) polymenzed alone (A) or in the presence of recombinant CEP2 (3 pM; B). C. Typical examples of BOT {13 x 13 pm)
used for shewness measurements in Acti-stain 535 phalloidin-stained MDA-MB-231-hac calls expressing GFP alons or CRP2-GFE DL
Skewness average calculated from fhees independent experiments, mcluding 200 opiical sectons as m (C). Emor bars dennde standard
ermor. Sipmificant keved: *: p <2 0001, E. and F. Selection of images from Supplementary Mowies 2 and 3 (real-time time TIRF microscopy)
showing CHP2-indoced crosslinking of actin filaments (E) and actn filaments elpopation inside a bandle (B} and (F). In both cases 1 pM
actin was copobymerized with 3 pM CRP2. Green and red ammows point i fast growing barbed ends of filaments alonzatng toward the
lefit and right, respectively. For befier readability some actn filaments were highlighied in color. . Eymopraph comesponding fo (F) and
Supplementary Mowie 3, showing that CEP2 aszembles tundiss of mixed polarity. Bars = 20 pm (A and B), 10 pm C, 2 ym (E and F).
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Figure 4: CEP2 contributes to breast cancer cell invasion. A. CRP2 protein level in MDA-MEB-231-huc cell lines stably expressing
two independent shRMA s targeting CHP2 transcripts (shCRP2a and shCRP2Y) or a control, non-fargeting, shRMNA (sh-). Average expression
values (fower panel) in shCRPZa and b cell lines were calculated from three independent western blot analyses and expressad as fold of
CFP2 protein in sh- cells. B. Proliferation rte of sh-, and shCEPZa and b cell lines as asssssed by MTT assay. C. Proliferaiton rate as
aszessed by ["H]Thymidine mcorporation. The data are expressed as fold of [*H]Thymidine incorporation in conmod sh- cells. Unpaired
two-tailed. ~test revealed no statistical difference in the proliferation rate of the thres cell lmes. . 30 cell spheroid proliferation assay. The
right chart indicate the averaze spheroid volume at § days of culmre (1= 25) E. 21 scravch woumd assay (on 20 collazen matrix surface).
Gap closure was apalyzed using the auimated mage acquisiton and processimg system IncwCyie (Essen BioScience). The right image
panel show typical gap closure at 8h for each cell line F. Velocity of 20 migrating cells. For each cell line, at least 150 cells migrating
on collapen-coated p-5lide Chemotaxis®™ chambers (Thids) were macked over 2 days, and an averape velocity was calculated. G- 3D
scrarch wound assay. After wounding, cells were embedded in a 3D collazen mami:. Besalis were normalized i sh- and are expressed as
percenaze of gap closure afier 72h. The right imaze panel show typical gap closare at 71 b for each cell line. H. Velocity of myvadms calls.
Faor each cell lins, at least 150 calls embedded m a 30 collagen matx were racked over 2 days and an average velocity was caloulated
I Tramswell assay performed with MDA-MB-231-luc calls ransferted with control (siCr) ar CRP2 specific (siICREY) siFNA . Invading
calls ai 24 b were quantified by MTT assay, and the results were normalized i 5000 cells (sef at 100%2). Al the data orginate from af least
thres independent experiments. Error bars denote standard emor. Significant levels: *: g < 00001, *#: p < 0.05. Bars = 300 pm (D) and 150
e (E and G).
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CERPI knockdown inhibits extracellular matrix
degradation and MAMP-9 expression

A hallmark of invading mesenchymal cells is their
capacity to remodel’'degrade the BECA and clear paths
through challenzing physical barriers, such epithelial
znd wascular basement membranes. Here, we assessad
whether CEP2 knockdown can aleer the ability of BMDA-
WMB-231-Inc nomor cells o promote ECA degradation. As
shown in Figure §A, control sh- MDA-BMB-231-bac cells
efficiently promoted fluorescent gelafnin degradation as
indicated by dark spots m the bright fiuorescent matrix
backegroumd. About 70% of the cell population was actve
and a degradstion mdex of 34.2 = 2.2 pm* of degraded
mairix per cell was calculated (Figure C and 6D,
respectively). The depletion of CFP2 simnificantly reduced
both parameters with only 49% and 46% of acove cells
and degradation indexes of 183 £ 2.1 and 16.5 = 1.5 pm®
cell for shCRP2a and shCRPYh, respectively (Figure G4,
&C and 8I). As showm i Figure 6B-60, the rescue of
CRP? expression in shCRP2a cells (Supplementary Fipure
4 restored mamix degrading actvity to & similar level as
in comtrol cells, further confirming that the above effects
were dus o CRP? knockdown.

Extracellular mamix degradation is primarly
mediated by metalloproteinases (3B IPs) thar are secretad
&t zites of imvadopodia. We flms aimed at evalnating the
comfribution of CEF2 to MMP secretion m MDA-MB-
231-hac cells. Among secreted MBPs, the gelatinases
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LMP-2 and MRIP-2 are of parooular interest as they can
bydrolyze major ECH components, such as gelatin and
type IV collazen [42], and were repeatedly associated
with breast cancer progression [43-45]. Previons studies
establizhed that MDA-MBE-231 secrete low basal levels
of MMP-2 and MMP-9 (ie. when cultured in semum free
mediz) and respond to phorbol 12-myristate 13-acetate
(FA{A) by secreting MMP-9@ [48]. Usinz gelatin
zymography analtyses we confirmed that MDA-MB-231-
huc cells secrete no or very low bassl levels of MMMP-2
and WKIP-2_ and this was not modified by knocking dowm
CRPI expression (Figure 7A and TB). As expected, PRA
miuced MWP-2 secration (under itz 92 kDa pro-form).
Bemarkably, CEP? knpckdown significanty compromised
MMP-9 secremion. Expression snalyses revealed that
FMA mduced MMP-D expression ar both protein and
mPMA levels (Figure 7C and TIY), and that this process
was sbrogated in CRP2-depleted cells. Thus, the reduced
LMP-9 secTetion observed in CRE2 depleted cells was
mostly due o the inhibiton of MMP-2@ expression
As shown in Supplementary Figure 3, these data were
wvalidated m Hs578T breast cancer cells, demonsorating
that the role of CRP2 in MMP-2 expression/secretion is
not resimcied to the MDA-MEB-231 cell lineage.

CRP! knockdown inhibit: metastatic colonization

Based on our data, we predict that CREP2 should
significantly contribute to breast cancer metastasis. To test

00—
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00—

% ul irwanion relalive Lo Cls

T AP 200

Figure 5: CEP? overexpression promotes MCF-7 cell mvazion. A. CRP2 protein lewel in MCF-7 cell lmes stably expressing
CEP2-HA (CEPIOE) or a comrol empty vector (O Averape intal CRP2 expreszion (Mower pansl) are calculated from thres indspendent
western blot analyses and are expressed as fold of endogenons CFP2 protem in Cir cells. B. Transwell immasion assay. Iovading cells at
4% h were quanfified by MTT assay, and the results were normalized to Cir cells (set ar 100%). The data origmate from 5 independent
experiments. Ermor bars denpée standard emor. Sigmficant levels: *: p <2 0.005.
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this asmumprion, CRP2-depleted (shCFRP2a) and comtrol maunber of GFF positive metstatic colonies was analyzed.

(sh-) MDA-MB-231-lnc cells (Fipure 44 were injacted Az illnsrared in Figure &8, lesions were dramatcslly
into the tzil wein of athymic on'nn female micre. Lung reduced in hmgs from mice mjected with CRP2-depleted
implantation of tumor cells was immediately conrolled mumor cells a5 compared to hinzs from conmrel mice.
after tzil vein injertion by biolominescence imagimg Cantirative analyzes revealed that the median mumber of
(Figure 84). After 5 wesks, lungs were excised and the metzstanc colonies was B and 53 for skCRP2a hings and
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sh- lumgs, respectvely (Figure 8C; p < 0.05). Moreover,
out of 2 tofml of & mice imjected with sh- cells, one
monse exhibited extensively necrotized hmgs (Figure
B} and three developed macro-mefastases st other sites
than lnngs, inclading hind legs, the brain and the liver,
respecively (Figure SE-B(). In soiking conirast, pone of
the B mice imjected with shCRP2a cells exhibited amy sign
of metastatic lesions in other tissnes than hmgs.

Since the shove experimental metastasis model
based on tmer cell infravascular injection does not
recapimlare the early steps of the metastanc cascade, e 5.
exravasation, we further examined CREP? pro-metastanc
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ACOvity I 3 spontanecus metastasis model. Here, CRP2-
depleied and control MDA-MB-231-lac cells were
mjected n the mammary fat pad of MOD soid gamma
(M54) mice. The size of primary tomors was measured
using calipers. As shoewn in Figare 8H and EI CRE2
knockdown bad no significant effect on primary numor
growth. In confrast, the onmber of metastatic lesions to
the lungs was siznificantdy reduced ( = 50%) in CRP2-
depleted tomor bearing mice as compared to control mice
(Figure 27 and EE). These data ate in pood agreement with
the esfablished pro-imeasive role of CRP2 and confirm that
CEPI promotes breast cancer metastasis.
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Figure 7: CEF? regulates MMP-9 expression in MDA-ATE-231-hac cells. A CRP2 protein level in MDA-MB-231-Inc cells
transfected with a control siBMA (5iCT) or a CRP2 targeting siRMA (siCRPY). Forty hours afier ransfection, cells werstreated with or
withowt PWA (100 nz/ml) in senm-fres DMEM for 24 h. Average expression vahies (Jower panel) were expressed as fold of CRPD protein
in umireated (-PMA) comtral siCir cells which was set o 1. B. Gelatin rymography assays. The medium of the cell colnmes descnbedin A
was collected and assessed for its content in secreted pro-MWMP-2. The results were expressed as fold of pro-MMP-2 secretion in PMA-
treated control siCir cells which was set tol. C. and I, Expression levels of cytosolic MMP-9 prodein {C) and MMP-9 mBNA (T¥) in the
cell cultares described in A as assessed by wesiem blot and real-time qPCR. analyses, respectvely. The results were expressed as fold of
pro-MMP-2 expression in PMA-treated control siCir cells which was set to 1. The dafa orginate from at beast 3 independent experiments.

Error bars dennie standard ermor. Significant levsls: *: g < 0001
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pad of NOD zoid pamma mice (7= 35 and 6, respectvely). H. Bichiminescence imaging showing typical and similar signals at the primary
‘tumor site in sh- and shCRPla zenoprafi mice (19 days afier fumar cell implantation). I Prmery tamor volume. J. and K Typical ung
mefastases (1) and mmiber of hmg metastatic lestons () 20 days after tumor cell implantation. Error bars denpde standard error. Sipnificant
levels: *: p < {05 Bars = 5 mm.
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DISCUSSION

The present study provides evidence that CRP2 is
1 new actin bumdling factor that localizes m breast camcer
cell invadopodia and plays a critical role in invadopodia-
medizied ECW degradation, cell invasion and metastasis.
Althvough thiz is the first report of the presence of CEPI
in mvadepoedia, a proteomic study has recenily identified
CFP1 (which shares about 80% amino acid identity with
CFPI) as a new component of podosomes [47], which
are Imvadopodis-like organelles that promote ECH
degradation in normal motile cells [3]. The distribution of
CFP2 within invadopodia and its intrinsic actin-bundling
activity strongly suggest that it directs the assembly of
the actin bundles mnning inside and along the whole
length of imvadopodia. Contrary to T-fimbrin which was
reportad to be dispensable for imradopodia formation and
activity (a5 evamared by the degres of marm degradanion)
in breast cancer cells [9], CRF2 knockdown decreased
the degradation index by sbout 50% (Figure 4D}, a
value remarkably similsr to the one reported for fascim
deplerion [9]. Thus, n the context of breast cancer, CEP2
funcron. However, they are unlikely o fanction as folly
redundant, exchangeable, actin undling factors. They
considerably differ in therr domain orzanzaton amd
3-D architecmare, and m the mechanism by which they
promoie 3ciin bundling. Fascm fonctons 85 3 monomer
with two majors actin-bindimg sites [48, 49]. In comirast,
we recently established that CFP3, which shares the
sEme overall domain organization with CRP2 and CRPL,
dimerizes along the aciin cytoskelefon of nmscle cells,
and that its C-terminal LIM domain fanctions as an actim-
binding module whereas its M-terminal dormain promotes
dimerization [25]. Thus, CRP2 actin-bundling activity
likely inwolves protein dimerization. Muclear magnetic
resonance-based smdies have shown that the = 50 amimo
arcid-long linker region connecting the two LIM domains
of CRP2 is mostly unfolded and highly fexible, providing
each LIM domszin motionzl freedom and independent
spatial orientation [50]. Soch an overall conformational
plastcity confrasts with the more compact folding of fascin
consisting in mwo double f-trefoil domain lobes (each
contaiming one scin-bindmg site) hold together by a polar
inrerface [13, 51). The soucmaral specificities of CRP2 and
fascin likely accoumt for their respective selectivity for AF
polanty. Indeed, whereas CRPZ2 can crosslink AFs m both
parallel and antiparalle]l orentations (Figure 5), fascin,
whose folding restricts movements between ifs actn-
binding domains, exclnsively assembles tightly packed
unipolar bundles [25, 49]). Although direct evidence is
lacking, invadopodiz are thought fo confzin unipolar
bundles with their fast growing, barbed, ends onented
towards the fip. In this context, the stuctural Sexibility of
CFP2 and its low selectivity for AF polarity Likely allow
it to cooperate with fascim to assemble/stabilize unipolar

tundles in breast cancer cell invadopodia. Wevertheless,
the existence of 8 mixed polarity bundle population carmot
be mled our.

How iz CEPI expression regulated in breast
cancer cell remazins to be explored Howewver, the
smiking associztion berween CEPZ? up-regmlaton and
the mesenchymal phenoryvpe in breast cancer cell lines
mgzests that CRPZ is part of the EMT process whose
role in tumor cell invasion and metsstasis is increasingly
recognized [52]. Interestngly, in vascular smooth mmscle
cells, CRP2 expression is driven by TGF-§ [53], 2 potent
mducer of EMT m cancer cells [54]. In this context it
1= worth mentioning that Hic-5, a four LIM domain-
Ccontzimmg profein, was shown o be 4 key medistor of
TGF-f-induced EMT, invadopodiz formation and cell
imvasion [35]. Moticeably, ectopic expression of Hic-5 in
epithelial, non-invasive, breast MCF-104 cells is sufficient
o promoée mvadopodia formation and ECK degradation,
mgzesting that Hic-5 can recruit other key mmwadopodia
Components, and'er activate signaling pathways doving
mvadopodia formation. Femarkably, in fibroblasts,
CRP2 and Hic-5 physically mteract and co-regulate cell
confractibility in respomse fo mechamical stress [55].
‘Thms, a seducing scenario that awaits further examination
is that Hic-5 and CRP2 slso interact at invadopodia and
contribute to mvadopodia response to mechanical coes.
Although Hic-5 localizes to the outer ring of imvadopodia
[35] whereas CRPZ localizes at the acin core, Hic-5
might recrnit CRP2 during the early phasze of imvadopodia
formation followmg which CRP2 wonld translecate mo
and tundle nascent AFz. TGF-F, which was also repored
o induce fascin expression in breast cancer cells, would
thus coordinate up-regulation of key cytoskeletal proteins

Targeting invadopodia represents an atorachave
altemative to MMP inhibitor-based sitrategies, whoch
so far failed in clinical trials due to the lack of inhibitor
specificity and nnacceptable sides effects [56). In this
context, CRPI emerges s 4 new potential therapentic
targei to irest metastatic breast cancers. Importanily,
mice lacking CRPZ are viable, fertile and only exhibit
subtle alteration of cardiac ulirastructure [57]. It is thus
conceivable that targeting CRP2 in patients wonld only
canse minor side effects. Fecently, small molecules
impairing fascin bundling activity were shown to inhibit
metastasis in breast cancer models with no toericity in mice
[13, 14], highlighting that the actin cytoskeleton, and more
particnlarly actin bumdlers, are realistic mrgers for ant-
metzstasis therapy. Our resules call for the development
of optimized straregies zimed at co-targenng fascin and
CFF?2. In support of thiz ides, the depletion of either fascin
or CRP2 is not snfficient to fully sbolish invadopodia-
medisted BECM degradation i vitre ([9] and Figure 4,
respectively). CRF2-based therapy might also nom out
being an slternative to ant-fascin molecules in case they
fail in climic trials or fo overcome resistance iSswes.
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MATERIALS AND METHODS

Cell linez and cell culture

MCF-7 and MDA-MB-231-luc-D3HILY (DA-
WEB-231 Inc) cells were purchased from ATCC and Perkin
Elmer, respectivaly. The other cell lines nsed in this study
inchiding, MDA-KMB-231, T47D, BT474 and SEBR3
cells were collected from cell line collecions available
&t the Luxembourg Instinme of Health or University
of Liembourg (kind gifts from Elisabeth Beckinger-
Schaffner, Life Sciences Research Unit). MCF-T-derived
1001 and SWATL &§5A cells were kindly provided by
Dr. Bassam Janji (Luxembonrg Instimute of Health and
Undversity) with the penmission of the respeciive imentors
{see Ackvowledzements) BMCF-T-snail 4§54 werse
maimtained m DRMEM-F12 {1:1; Lonza) supplemented
with 1mM{ SudnnnPytmm&nmjmdiﬂﬂpgfml
G418 (Sigma-Aldrich). MCF-7, MDA-MB-231, MDA-
ME-231-bac and 1001 cells were maintained in DRIEM
high glocose with L-glutamine mednum (Looza). The
other cells were culmred in complete growih mediom
following ATCC recommendations. All the media were
supplemented with 10% (') fetal bovine serum (FBS,
Life Technologies), 100 Uiml penicillin and 0.1 mg’
ml smeptoroyein (Sigma-Aldrich). Cells were grown
in a lumidified atmosphere at 5% CO, and 37°C. For
WAIP-0 mducton and gelatinase mymogzraphy anslyses,
cells were moubated n semm-free mediom and reated
with PRIA (100 nz/ml Sizma-Aldrich) for 24 b The
condinoned media fromn PAMA-meated and conmol cells
were centrifuged at 4°C for 10 min at 300 x g and the

supernatants were collected for subsequent analyses.

CRP? knockdown and ectopic expression

CEP? knockdown was achieved by o pGIEZ
lentiviral shREMAs (clome ID: V3IHS_327411 and
WIHS_ 327407, designated as shCRP2a and b). 4 non-
silenring shEM Az (FH54348, sh-; GE Dharmacon) was
uzed 3z a comirol For rescus experiments, the shCRE2a
recognition site i the coding sequence of CRE? was
murated (silent mutations) by overlapping BPCE. and the
resuliing CEF?mmt shCRP?a fragment was insemed
pcDMA3 L (-) HA via BamHI an Xhol The CRPZmuar_
shCRP2a-HA fragment was then PCE amplified and
inserted imto pCDH-EF1-MCS-IRES-Meo (hereafter
referred to as pCDH, SBI, Systems Bioscience) vig Xbal
and Mol to generate the “shCRP2aTescue” plasmid. For
iranswell, MMP-9 zymography, chemotaxis and MME-
S-expression analyses, CHPZ knockdown was achieved
by transfecing MDA-MB-231-lnc or Hs3TET cells
with CFRPI specific siFINAs (siCEP2; target sequence:
F-TTGGATTITGTTGTAGHCCTGT-3";  EBuwrogentec)

nusing DharmaFECT™  transfecrtion rteazemt  (GE
Dhammacon). A non-targeting siBEMA (Cm; Burogentec)
was nsed as a control. Transfecred cells were kept 48 hin
ouliure prior subsequent analyses, and CRP2 knockdowm
wias confirmed by western blot. For stable expression of
CEPI-GFP mnd GFP (control) under control of the CAW
promoter m MDA-MB-231-luc cells, the insert present
in the lentiviral expression plasmuid “L1347 (kindly
provided by Dr. Birke Bartosch; INSERM, Lyon, France)
was replaced with eGFP amplified from the pEGFP-IT1
expression vector (Clontech). The CRP2 coding sequence
(clome ID: BCOODSYY) was subsequently inserted in
M-terminal of eGFP wa Xbol and BamHI resmricton
sites to generate the “L134 CRPI-GFP” expression
plasmid For stable expression of CRPI-HA in MCFET
cells, CRP2-HA fragment was inserted into empry pCDH
wector via Xhol snd BamHT restriction sites to generate
the “pCDH-CEPI-HA" expression plasmid subsequently
used for MCFT cell lentiviral ransduction. To prodoce the
ghrtsthione S-ransferase (G5T)-fosed CRP2 recombinamnt
protein, the coding sequence of CRP2 was subcloned
mio the bacrerial expression vector pGEX-4T1 (GE
Healthcare). G5T-fused CRP2? was expressed m BL21
bacienia and purified wsing ghotsthione-agarose resin
according to the mammfactoer’s mstmctons (Themo
Scientific Pierce). Subsequenily, GS5T was removed
by thrombin clesvage. Lenfivims produciion was
achieved by co-mansfecting lentiviral pGIPZ shRMAs
or expression plasmids with packaging and emvelope
plasmids in HEE293T cells uwsing Xireme ransfection
reagent (Foche). MDA-MB-231-luc-D3IH2LM or MCE-
7 cells (pCDH-CRPI-HA) were infected with vims, and
transduced cells were selected with 0.5 pgiml purontycin
(Sigma-Aldrich; shCFP2a b, sh-, L134 CRP2-GFE) or
1 meiml G418 (Sigma-Aldrch; shCRP2afrescus; pCDH-
CRPI-HA).

BENA extraction and RT-qPCR

Total BMA was exmacted with FMeasy Mini Kit
(Qiagen) according o the mamafacmrer’s insmoctions.
Purified BMA was reverse-ranscribed to cDINA using
the SuperScript I <DMA synthesiz kit (Invirogen).
gPCE. reactions with specific primers for JJMP-2
(Qiagen), CERP1 (F:GAAGAGGTTCAGTGOGAAGS;
FCCAGATTCTICTTGCAGACCA Enrogentec),
CEP3 (F: CTOGATGTGGCAAGTCAGTC,
FoAGATGGCACAGOGGEAAAC, Ewogentec) and
GAPDH (F: AGUCACATCGCTCAGACAC; R
GUCCAATACGACCAAATCC, Eurcgenfer) —wWere
performed using 5YBER Green I (Qiagen) in a Applied
Biosystems VoA™ 7 Feal-Time PCE System (Life
Technologies). The -4 method was nsed to determine
relative gene ranscript levels normalized to the GAPDH
reference geme.
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Protein extraction and western blot

Extraction of total profein from cell hysates was
prepared in BIPA lysis buffer (Millipore) supplemented
with protesse and phospharase inhibiter mixnre (Fochse]).
Twenty microerams of proteins were separated by 5D5-
PAGE and transferred to a FVDF membrane (Mdillipore).
Primary antibodies against the following proteims
were nsed: CRP1 (0T9E2866, Sigma-Aldrich), CRP2
(HPAO45617, Sizma-Aldrich), CRP3 (sc-166930, Santa
Cruz Biotechnology), MMP-2 (#13647, Cell Signaling
Technology), GADPH (#5174, Cell Signaling Technology)
and tubublin (T5168, Sigma Aldrch). As secondary
mnfibodies we nsed HEP-comjugated goat ann-rabibis
IgG (111-035-003, Tackson ImmunoFesearch) and HRP-
conjugated goat anti-monse [zG (A4416, Sizma-Aldnch].
Femto Chemiluminescent Substrate (Thermo Scientific)
and visualized by ImageCmant LAS 4000 (&E Healthcars
Life Science). Protein levels were quantified using Imagel
(MIH, Bethasda, USA)

Cell proliferation assays

For MTT-based colorimetric assay, 107 cells per
well were seedad in S6-well plates and their growth was
monitored over & days. Briefty, cells were incubated for 4 h
in 0.5 mg'ml Thizzolyl Bhe Temazoliom Bromide (Sigms-
Aldrich) and lysed in dimethyl sulfordde (DBI50). The
optical density was measured at 540 nm with FLUOstar
OPTIMA (BMG LABTECH). For ['H]Thymidine
incorporation-based assay, 3 x 107 cells per well in 96-
well plates were starved n semm-free DAEM mednom
for 24 b, and subsequently simulated for proliferaton
in complete medinm for 18h. Cells were then labelad
with 0.25 uCi ["Hjtrymidine for § b and harvested onto
UniFilter-94 GF/C plates nsing a Unifilier-06 Harvester
(Perkin-Elmer). MicroScint-20 hguid scmtillation cocktail
was added to the doed filter plates at room terperature.
The amoumt of incorperated Titnom was measured Nsmg
and Luminescence Counter (Perkin Elmer). For 3D
spheroid proliferstion assay, spheroids were prepared in
S6-well plates coated with 1.5% MNoble agar (BD Difcao)
prepared in serum-free DMEM medinm. One thonsamd
cells per well wers centrifnged at 500 x g and incubatad
for 3 hat 37°C and 5% CO_ An ECM gel was prepared
from Engelbreth-Holm-Swarm murine sarcoma (EHS
mamix, Sigma-Aldrich) ditoted o 1 mz'ml in completa
DMEM growth medinm, and added to chostered cells
o induce sphercid formarnon. Fresh medivm was added
on the top of spheroids and changed every three days.
Sphercids growth was monitored during § days. Spheroid
dizmeter was measured in Image] (WIH, Bethesda, TTSA]
znd an awerage spheroid volume was calculaed from 25

spheroids for each cell line.

Cell migration and invasion assays

Scratch-wound migration assays

Od-well plates were coared with rar mil collagen I
(200 pz/ml, ibidi) in PES and 2 mM acetic acid overnight
at 375C_ After washing 4 x 10# cells per well (shCFPZa
and b, and sh-) were seeded to form a confinent monolaver
for 4 b. Homogensous scratch wounds were generatad by
usmg 3 #§-well tool Wormdhiaker™ (Essen BioScience).
The cell free area was imaged every 3 b umtil the cells
from both sides merged. Womd confluence was measured
at each fime point usmg the suiomated onage acquisition
and processing sysiem IncuCryie (Essen BioScience).
For scraich-wound invasion assays, cells and wounds
were prepared as above descobed. Afier woumdmg,
cells were embedded in 3 3D collagen I gel (2 mz/ml,
Ikidi) following manufaciurer’s instrociions and the gap
closure was measured afier 72 b Poor to chemotaxis
aszays, MDA-MB-231 and Hs378T cells were starved
24 h in senun-free DREN medinm without or with 1%
FBS, respectively. After starvation, MDA-JME-231 cells
(1 = 10") and Hs5T8T cells (0.5 x 10%) were embedded
in rat tail collagsn I (Thidi) gel (2 mg/ml and 1.5 mg/
ml, respectively), and loaded in a p-5lide Chemoraxis
1 glide (Thidi) and incubated st 37°C for 1 b to indace
collazen pel polymerizaton. Afier polymernizaton, the two
chambers flanking the channel were fillad with DMEM
medinm supplemented or not with 10% FBS (and EGF
50 ng/ml in case of Hs5TET cells), respectively. For each
condition, abour 150 cells (3 x 50) were wacked owver 2
days using the live cell imaging Cell-IQ™ system (T
Technologies; 1 picture every 20 mimntes). Single cell
racking was performed in Image] with MTrack] pluging
(WIH, Bethesda, USA)), and average velocities {pmy‘min-')
were caloulated MDA-MB-231 cell 7D migration velociny
was determined as shove described except that cells were
lnaded on a collagen IV coated p-Shide Chemotaxis™® slide
(Tbidi).

For transwell analyses, 24-well inserts (Greigner)
were filled with 100 pl of EHS matrix (330 pgml in
DMEM medium) and mcubated 2 b at 37°C. MDA-
MB-231 cells (5 x 10%), Hs578T cells (3 x 107}, and MCF-
T cells (5 x 10" were loaded on the insert in DMEM
without semum (WMDA-MMD-231-Inc cells) or supplemented
with 1% FBES (H5578T cells) or 2% FBS (MCF-T cells).
‘The lower well was filled with DIMEM supplemented with
10%: FBS (MDA-MB-231 cells), or 10%: FBS and 30 ng'
ml EGF (H5578T and MCF-7 cells) as chemoatractant.
The total oumber of cells and the number of cells that had
iwvaded after 24 b (48 b in case of MCF-7 calls) were
evahared by MTT, and the percenmage of invasion was
caloalared and nommalized to siCrr cells (set to 100%).
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Gelatinase rymography

Gelatinase zymography assay:s were performed
in 10% (ww) SDS-PAGE gel in the presence of 1 mg/
ml gelztin from bovine skin type B (Sigma-Aldoch).
Conditioned media (20 pLizample) fom PLIA-free or
PiiA-rested cells were prepared for elecrophoresis under
non-reducing conditions [448]. Gels were washed twice
after electrophoresis m 2.5% (w'v) Triton 3-100 for 30
min and incubated in & developing buffer containing 100
oM Tris-HCL, 5 mM CaCl, and 0.005% (v/v) Brij-35 (pH
£.0) (Sigma-Aldrich) overnizht at 37*C. Gels were stamed
for 30 min in 3 staming buffer containing {.5% Coomassis
Brilliant Blue B-250 in $0% (v} methanol and 10% (3%
acetc acid (Sizma-Aldrich).

Confocal mieroscopy and immuno-flusrescence

Cells were fixed in 4% paraformaldebyde (PFA,
Thermo Scientific), permesbilized with 0.1% (vv) Tween
20, incubated m the blocking buffer (5% Bovine Senum
Alumim, BSA and 5% Momal Goat Serum, 2GS, Sigma-
Aldrich) for 1 b and incubated with primary antiboedies
overnight at 4°C. Cells were mcubated with appropriste
secondary anfibodies for 4 b at room temperature.
Amnalyses were performed in moumting medinm (Citifivor
AF1, Agar Scientific) wsing a Zeiss LSMS10 Mdeta
laser scanming confocal micToscope equipped with a
=831 4-pumerical-apernare (WA) oil imrmersion Plan
Apochromst objectve. Stacks with 0.4 pm oprical sections
were cxpiured and processed for deconvoluton by using
Huygens essential Softerare 5V Metherlands) to enhance
the signal-to-noise ratio. To investizate CRP2 localization
in imvadopodia, cells were oulmred on Cy3-conjugated
gelatin-coated coverslips (QCM™ Gelatin Invadopodia
Azzzy, Millipore) for & b and CRP2-GFP was co-localized
with cortactin (antibody clons 4F11, Millipore) and actin
{Acti-stain™ &70 phalloiding Cytoskelston). To localize
CHP? in elongated mvadopodia, cells were grown on EHS
matrix-costed ThinCeri™ Tissue Culnre Inserts (Greiner)
with 1-pmn-dismeter pores [9]. Invadopodia elongation was
stimmlated with conditioned culiure mediom contaimmg
15% FBS and 50 ng'ml EGF (Preprotech) for 24 b For
localization experiments in mvading cells, we used a
circular invasion assgy similar as the one described m
[37]. Briefly, 5 = 10° cells were plated around a silicons
culture-insert (ibidi) n a round p-dish {35mm, ibidi) to
create a large cell free region. After 24 b, the insert was
removed and cells were overlaid with 4.5 mg‘ml EHS
mairiz. EHS matrix was polymerized during 4 h at 37°C
prior addition of culmre medinm  Afier 48 b cells wera
fixed and CRP2-GFP was co-localized with coractin and
actin. In addiden to CRE2I-GFP detection, endogenoms
CEP? was mmmnolocalized nsing the same antibodies as
in western blot.

The skewness analysis for actin  bundling
quantification was perfonmed as previously described [25].
In brief, regions of mterest (FUOT, 13 x 13 pm) contaiming
sess fibers labeled with Acti-stam 555 phalleidin were
acquired using optimized and identical setdngs. The
skewness of signal mrensity diswibution of AF pixels
was calculared nsing the sofrware plug-in Ebi Filter?d
(Thinlime), developed by Higaki and coworkers [38]
(zvailable at hipohasezawa ib k n-tokyo ac jp/mpEbL
HizStomar). Skewness sverage vahies were calonlared
from three independent experiments, mchiding 200 FLOT,
for each condition.

Floorescent gelatin degradation assay

5= 10* cellz were seeded on a 16 mm covership
coated with a §:1 mix of unlabeled:Cy3-labelled gelatin
according o the manofacturer’s instroctions (CRCHRI™
Gelatin Invadopodia Asszy; Millipore). After 18 b at
37°C, cells were fined and stained for actin (Acti-stain™
70 phalloidin, Cytoskeleton). ECM degrading cells were
defined as cells with an underlying black area depleted of
fluorescent gelatin Active cells were scored and expressed
as percentage of the total cell population. In addition, the
degraded area per cell was measured using the threshold
tool of Imagel software, and a degradation imdex
comesponding to the ratie of depraded zelatin surface per
call was caloulated.

Total intermal reflection fuworescence (TIRF)
MICroscopy

TIEF microscopy observanons were performed
as previously described in [25]. A 3:]1 mix of cold
(Cytoskeleron) and Alexa Fhior 488-lsbeled actin (1
pid; Inwitogen) was induced to polymerize in WEM-
myosin-roated perfision chambers as shoam in [59]. The
chamber was perfised with actn alone or i combination
with 3 pM recombinant CRP2. Actn filaments were
muaged by TIEF microscopy on 2 Zeiss Axiovert 20001
mverted microscope equipped with 3 =100V1 46-WA
Alpha Plan-Apochromat TIRF objecove. Time lapse
mages were oquired at 5 5 intervals over 45min with a
Zeizss Axiocam HE. camera. Images were analyzed using
Imagel. Eymograph was built along aciin bundles with
the MuliKymaegraph plogm (hitp- /erww.embl. de/eammeat’
bimlbody_kyvmograph homl).

Immunchiztochemistry

A triple negative breast cancer fisane array (BROME)
was purchased from Pantomics, Inc. (Richmond CA,
USA). Imnmmmeohistochemical staimmg was performed
using rabbit anti-hman CSREP2 (HPAM45617, Sigma-
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Aldrich) after an optimal dilution (1/250) was determined
using a universal Thid THC24] (Richmend CA, TTSA).
Fabhbit anti-cytokeratin and nommal rabbit senm were nsed
a5 positive and negative controls. Heat-induced epitops
refrieval was performed wsing a pressure cooker and Tris-
EDTA buffer Polymer-based detection system was nsed
for detection according to Pantomdics” standard protocol.

Experimental and spontaneons metastasis breast
cancer models

Animal werk was conducted im accordance to the
national and international regulations, and with protocols
approved by the Mmistry of Agriculiure and Bimdstry
of Health Highly inwvasive MDA-MB-231-lnc-cells
expressing an shEMA targeting CEP2 (shCFP2a) or a
conmal shEWA (sh-) were wypsinized, washed m BBS
rorice and filtered onto 3 50 pm filter (Partec CallTrcs). In
the experimental metzstasis model, 10¢ cells in 3.1 ml FBS
were injectad ity the Lateral tail vein of §-week-pld female
athymic nu'on mice (Charles River). Cell implantation to
imagmg (IVIS imaging system) After 5 weeks, nuce
were sacrificed by cervical dislocation after isoflurane
(2% snesthesia. Lungs were collecred and the mumber
of GFP (ransduction marker) positive mefastatc lesions
was analyzed nnder a finorescent sterepmicroscope and
using ImageT (MIH, Bethesda, 1754, The other organs and
tissues of mice from the fwe gronps were also carefully
checked for the presence of metastases. In the spontaneons
metzsiasis model 5 x 10° cells in 50 pL EHS mstrix dihied
1:1 in PFBS were injected into one manunary faf pad of
G-week-old NOD Cg-FPrige= [ 2rg="5z] (115G) mice
the tumor vohume was caloulated according to the formnla:
YexLxWxH After 20 days, mice were sacrificed by
cervical dislocation and hngs were collected and the
number of GFP (mansduction marker) positive metastatic
lezions was analyzed as above described.

Statish

All oumerical dats are shown as mean = 5E. Emor
bars represent standatd error. Eaplan-Meier survival
plots [29], hazard ratio with 95% confidence mtervals
aznd Logrank P values were used to test for associations
between CFPY expression (Affy probe 207030 _s_af),
and metastasis-free survival in breast cancer patients.
Statistical significance was determimed by Mann-Whitney
T test for the fn vive hmg metastasis models, Z-test for tao
{actiwe cells), and unpaired two-tailed Stodent’s r test
for the other analyses. F valoes = 0.05 were considersd
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Abstract

Since many years, the tumor microenvironment is recognized as an
important promoter of cancer initiation and progression. Although tumors
primarily consist in cancer cells, various components/factors of the
microenvironment and more specifically the immune landscape, dramatically
impact cancer progression. Comprehensive analyses conducted on diverse
tumors have identified and characterized the most relevant components/
factors of the tumor microenvironment that supports the malignant behavior
of a growing primary tumor. Tumor hypoxia is a common characteristic of the
tumor microenvironment that is associated with tumor progression, metastasis,
treatment failure and escape from immune surveillance. Although immune cells
are usually efficiently recruited into the tumor bed, hypoxic microenvironment
was reported to compromise immune cell functions and, in some cases, switch
immune cell activity towards a pro-tumorigenic profile. Mechanistic studies have
highlighted that hypoxia acts as double-edged sword: it simultaneously impairs
the function of immune cells in the tumor microenvironment and activates intrinsic
cell resistance mechanisms in tumor cells. The present article aims at reviewing
some recent findings on how hypoxia impairs the anti-tumor immune response
by focusing on emerging mechanisms by which hypoxia damps the function of
immune effectors cells and activates intrinsic immune resistance mechanisms in

tumor cells including autophagy and actin cytoskeleton remodeling.

Keywords: Cancer; Hypoxia; Immune response; Tumor microenvironment;
Autophagy; Actin cytoskeleton
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AFs: Actin Filaments; APCs: Antigen Presenting Cells; ARP:
Actin-Related Protein; ATG: Autophagy-Related Genes; Bcl-2: B
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Division Cycle 42; CTL: Cytotoxic T Lymphocyte; ECM: Extracellular
Matrix; EMT: Epithelial-to-Mesenchymal Transition; FAK: Focal
Adhesion Kinase; HIF: Hypoxia-Inducible Factors; HOXAI:
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Introduction

Research in tumor immunology has validated the concept of

cancer immune surveillance which predicts that the immune system
can recognize precursors of cancer and, in most cases, destroy them
or slow their growth before they become clinically apparent [1,
2]. Several types of immune cells are involved in tumor immune
surveillance. Briefly, key cells of the adaptive immune system
recognizing cancer cells are cytotoxic T lymphocytes (CTL) which
are able to identify tumor antigens via the T cell receptor (TCR)
[3]. Some of these antigens are expressed exclusively by tumors and
thus are called tumor-specific antigens [3]. Natural killer (NK) cells
of the innate immune system also play an important role in tumor
immune surveillance [3] by mechanisms called “missing-self” and
“induced-self” recognitions [5]. In addition to CTL and NK cells,
macrophages and neutrophil granulocytes are also involved in anti-
tumor immunity [6]. Macrophages are antigen presenting cells
(APCs) that display tumor antigens and stimulate other immune
cells such as CTL, NK cells and other APCs [7]. While the molecular
mechanism by which CTL and NK cells recognize their target tumor
cells is fundamentally different, both immune cells kill their target
following the establishment of immunological synapse (IS) [8]. The
formation of IS requires cell polarization and extensive remodeling of
the actin cytoskeleton at various stages [9]. It is now well established
that CTL and NK cells recognize and kill target cells by two major
pathways: either through the release of cytotoxic granules containing
perforin and granzymes to the cytosol of target cells [10], or through
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tumor necrosis factor (TNF) super family-dependent killing [11].

Many microenvironmental factors (e.g.hypoxia, composition/
organization of the extracellular matrix (ECM), inflammation,
immune suppressive tumor-associated cells) contribute to various
aspects of cancer progression, including immune evasion of tumor
cells [12, 13]. Recently, it has been reported that the immune
system also sculpts the immunogenic phenotype of an established
tumor to favor the emergence of resistant tumor cell variants
[14]. Accumulating experimental and clinical evidence indicates
that multiple mechanisms suppressing the anti-tumor immune
functions are directly evolved in the tumor microenvironment [15].
Recently, attention has been focused on the mechanisms by which
hypoxic stress within the tumor microenvironment alters tumor
transcriptional profiles to modulate glycolysis, proliferation, survival
and invasion [16].

In this review, we focus on recent progresses in understanding
the influence of hypoxic stress on the tumor survival mechanisms and
tumor escape from immune surveillance. We discuss how hypoxia
impairs tumor cell killing mediated by both innate and adaptive
immune cells. We also review how hypoxia confers resistance to
immune attack by activating intrinsic resistance mechanisms in tumor
cells. Particular attention is given to hypoxia-induced immune escape
mechanisms that rely on actin cytoskeleton remodeling in tumor
or immune cells. Finally, we briefly address how hypoxia-targeted
strategies may have potential clinical application for restoring an
efficient anti-tumor immune response.

Hypoxia and Hypoxia-inducible Factors
(HIF) Regulation

Hypoxic stress plays a major role in the acquisition of
tumor resistance to immune cell-mediated apoptosis and in the
impairment of immune cell activity. Tumor cells adapt to hypoxic
microenvironment by inducing transcription factors of the hypoxia
inducible factor (HIF) family [17]. The HIF family comprises three
members, HIF-1,-2 and-3. HIF-1is ahetero dimeric protein composed
of a constitutively expressed HIF-1{ subunit and an oxygen-regulated
HIF-1a subunit. In the presence of oxygen, HIF-1a is hydroxylated
on proline residue 402 and/or 564 by prolyl hydroxylase domain
protein 2 (PHD2). Hydroxylated HIF-1a interacts with the Von
Hippel-Lindau (VHL) tumor suppressor protein [18] and recruits
an E3 ubiquitin-protein ligase to catalyze the polyubiquitination
of HIF-1a and itssubsequent targeting to theubiquitin proteasome
system for degradation [19] (Figure 1). Under hypoxic condition, the
hydroxylation of HIF-1a is inhibited leading to HIF-1a accumulation.
Subsequently, HIF-1a Trans locates to the nucleus, dimerizes with
HIF-1fsubunit, binds to the hypoxia-response elements (HRE)
present in the promoter of target genes, and recruits co-activators
to activate gene transcription (Figure 1). Similar to HIF-1a, HIF-
2a is regulated by oxygen-dependent hydroxylation [20]. Although
they share structurally similar DNA-binding and dimerization
domains, HIF-1a and -2a differ in their trans activation domains.
Accordingly, HIF-1a and -2a share overlapping target genes, and
each also regulates a set of specific targets [21]. HIF-3a lacks the trans
activation domain and was proposed to function as an inhibitor of
HIF-1a and HIF-2a. Interestingly, its expression is transcriptionally
regulated by HIF-1[22].

Influence of Hypoxia on Cancer Cell
Sensitivity to CTL and NK-mediated Lysis

As previously mentioned, hypoxia modulates both the activity of
immune effectors and the response of tumor cells to these effectors.
It has been reported that hypoxia decreases the sensitivity of tumor
cells to CTL-mediated killing by several mechanisms involving
HIF-1. For example, Noman et al. showed that HIF-1a induces the
phosphorylation of signal transducer and activator of transcription
3 (STAT3) in tumor cells by a mechanism involving at least in part,
vascular endothelial growth factor (VEGF) secretion. Following its
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Figure 1: Hypoxia induces tumor cell resistance mechanisms leading
to escape from CTL- or NK-mediated lysis. Under normoxic condition,
the oxygen-sensitive prolyl hydroxylase domain protein 2 (PHD2)
hydroxylatesHIF-1a subunit which is bound to Von Hippel-Lindau protein
(VHL), ubiquitinated and subsequently degraded by the ubiquitin-proteasome
system. Under hypoxia, PHD2 protein is inactivated, and HIF-1a is therefore
stabilized. Stabilized HIF-1a translocated to the nucleus and formed with
HIF-1B, a heterodimeric complex responsible for transcriptional activation of
HIF-target genes including those responsible for the activation of autophagy.
In addition, HIF induced the phosphorylation of the signal transducer
and activator of transcription (STAT) 3 by a mechanism which is not fully
described. The activation of autophagy leads to the degradation of the
cargo protein p62, responsible for the elimination of phospho-STAT3 by the
ubiquitin proteasome system. The degradation of phospho-STAT3 inhibits
CTL-mediated lysis of tumor cells. Furthermore, excessive autophagy
in hypoxic target cells leads to the selective degradation of granzyme B
(GZMB), a serine protease contained into the cytotoxic granules released by
natural killer (NK) cells, thereby inhibiting NK-mediated lysis.
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translocation to the nucleus, HIF-1a cooperates with pSTAT3 to alter
the susceptibility of non-small cell lung carcinoma to CTL-mediated
killing [23] (Figure 1). A follow-up study has reported that the level
of pSTATS3 is tightly controlled by the activation of autophagy in
hypoxic cells. Indeed, the accumulation of pSTAT3 was no longer
observed when the autophagic flux was inhibited in hypoxic tumor
cells [24]. Briefly, autophagy is a catabolic process where a cell
self-digests its own components. It can be activated in response to
multiple stresses including hypoxia, nutrient starvation, growth factor
withdrawal and endoplasmic reticulum stress. Autophagy primarily
serves as an adaptive metabolic response providing nutrients,
preventing accumulation of altered cell components [25], shaping the
anti-tumor immune response [26] and the acquisition of resistance
to TNF a [27]. Studies aimed at investigating the mechanisms by
which autophagy controls pSTAT3 revealed that targeting autophagy
decreases the level of pSTAT3, and that this decrease was mediated by
the ubiquitin proteasome system [24, 28].

Another study showed that the transcription factor NANOG,
which is involved in stem cell self-renewal, is a new mediator
of hypoxia-induced resistance to CTL-lysis [29, 30]. NANOG
is induced at both transcriptional and translational levels under
hypoxic stress and its targeting leads to significant attenuation
of hypoxia-induced tumor resistance to CTL-dependent killing.
NANOG depletion results in inhibition of STAT3 phosphorylation
and nuclear translocation. Furthermore, it has been shown that HIF-
1 induces hypoxia-inducible micro RNA (miR)-210. Over expression
of miR-210 in tumor cell stargets protein tyrosine phosphatase
non-receptor type 1 (PTPN1), homeobox Al (HOXA1), and tumor
protein p53-inducible protein 11 (TP53111), and thereby decreases
tumor cell susceptibility to CTL [31]. Hypoxia has also been reported
to increase the shedding of the major histocompatibility complex
(MHC) class I polypeptide-related sequence A (MICA), a ligand for
the activating receptor natural killer group 2 member D (NKG2D),
at the surface of prostate cancer cells. This shedding is related to the
impairment of NO signaling [32] and leads to tumor escape from NK
and CTL cells. Furthermore, HIF-1 is able to down regulate MICA
expression in osteosarcoma cells resulting in tumor resistance to NK-
mediated lysis [33]. Recently, we showed that targeting autophagy
under hypoxia restores NK-mediated lysis in breast cancer cells.
We provided mechanistic evidence that activation of autophagy
under hypoxia leads to the degradation of NK-derived granzyme B
making hypoxic tumor cells less sensitive to NK-mediated killing
[34, 35] (Figure 1). Taken together, it is now well documented that
hypoxic microenvironment is an important determinant involved
in the control of anti-tumor immune response. Indeed, its immune
suppressive effect contributes not only in damping the immune cell
function but also in conferring resistance mechanisms to tumor cells
to resist immune cells attack [36].

The Actin Cytoskeleton: A Point of
Convergence for Various Processes Involved
in Tumor Immune Evasion

To fulfill their biological functions, immune cells require
exceptional capabilities to proliferate, move through the entire body,
infiltrate tissues, establish cell-cell contacts and exchange various
types of compounds/signals with both other immune cells and their

targets. The related cellular processes, including cell division, cell
migration and invasion, cell shape plasticity, intracellular transport,
endo and exocytosis, membrane trafficking and phagocytosis,
largely rely on dynamic re-arrangements of the actin cytoskeleton.
Accordingly, dysregulation of the actin cytoskeleton organization or
dynamics can compromise immune cell function and lead to severe
diseases, including cancer [37]. A typical illustration is provided by
the Wiskott-Aldrich syndrome (WAS) which is caused by alterations
of WAS protein (WASp) activity. One major function of WASp is
to stimulate actin polymerization through the actin-related proteins
(ARP) 2/3 nucleation complex in response to signals from the cell
surface [38, 39]. Although some signaling activities of WASp are
independent of actin remodeling, most immune cell defects induced
by the loss of WASp are at least to some extent, related to defective
actin responses, including cell migration, activation, IS formation,
and phagocytosis [40-43].

One important aspect of the anti-tumor immune response is
the establishment of the IS between cytotoxic immune cells, such as
CTL and NK cells, and their targets. Although the signaling pathways
activating CTL and NK cell-mediated tumor cell death differ, the
establishment of a functional IS and the directed secretion of cytolytic
granules toward the tumor cell are relatively well conserved processes
that require extensive cytoskeletal remodeling. Following immune
cell activation, actin polymerization is activated [44, 45] and granules
polarize toward the cell-cell contact region in a microtubule network
and microtubule motor activity-dependent manner [46-48]. A
critical feature of this process is the translocation of the microtubule-
organizing center (upon which granules converge) from the rear
of the immune cell to the leading edge where the immunological
synapse is established. The presence of pre-docked granules at the cell
cortex of CTL and NK cells, that can be exocytosed before centrosome
polarization has been reported [49-51]. Both pharmacological and
genetic studies indicate that immune cell activation, IS formation,
and the steps following granule polarization largely rely on actin
cytoskeleton remodeling [46, 48, 52-54]. A substantial remodeling
event occurring simultaneously with centrosome translocation is the
accumulation of actin toward the edge of the cell-cell contact region in
the so-called distal supra molecular activation cluster where integrin
proteins concentrate to mediate cell adhesion [55-57]. The central
region of mature synapses was initially proposed to function as an
actin-free clearance through which granules are passively released [47,
56]. Such a model was however challenged by studies supporting that
granules associate with actin in a myosin ITA dependent manner prior
to their delivery to the precise de-granulation sites [58, 59]. Recently,
high-resolution microscopy has provided compelling evidence that
an actin meshwork is present at the center of the IS from NK cells and
that it functions as a facilitator for granule secretion rather than as a
barrier [46, 60-62].

In contrast to the well-characterized configurations and roles
of actin filaments (AFs) in NK and CTL cells during the cytolytic
process, there is a relative gap of knowledge about AF organization
and dynamics in target tumor cells. However growing evidence
indicate that AF reorganization in tumor cells can promote
resistance to anti-tumor immunity (Figure 2). Thus, knock-down
of two actin-regulatory proteins, namely the actin-severing factor
scinderin [63, 64] and the signaling molecule ephrin-A1 [65] that
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Figure 2: Hypoxia promotes tumor immune escape through actin cytoskeleton
remodeling. Hypoxia can alter the expression of actin-binding proteins and/or
Rho GTPase-mediated actin and adhesion signaling pathways either directly
(in a HIF-dependent manner) or indirectly through extra cellular matrix (ECM)
stiffening. The subsequent cytoskeletal changes modify cell adhesion, lateral
diffusion of integrin ligands and promote epithelial-mesenchymal transition
(EMT). This in turn drives tumor immune escape by compromising the
formation of functional immunological synapses. In addition, the up regulation
of inhibitory ligands at the surface of tumor cells compromise Rho GTPase
activation signaling in immune cells, resulting in impaired cell migration and
capacity to establish stable and functional immunological synapse.

Immune cells

are over expressed in resistant lung tumor cells, was sufficient to
restore normal cell morphology and to increase cell sensitivity to
CTL-mediated cell death [66]. A follow-up study established that
the focal adhesion kinase (FAK) signaling pathway, which controls
actin organization and modulates cell adhesion and proliferation was
defective in tumor resistant cells [67]. Remarkably, the suppression of
FAK in tumor cell was sufficient to promote their resistance to CTL
by blocking IS formation. Furthermore, increased AF rearrangement
and adhesion following pharmacological activation of Ras homolog
(Rho) GTP ases has been reported to induce tumor cell susceptibility
to CTL mediated killing. These data further support the role of actin
remodeling as a switch in the control of tumor cell susceptibility to
cytotoxic immune cells. In addition, depolymerization of AFs in NK-
sensitive target cells abrogates the conjugate formation mediated
by lymphocyte associated antigen (LFA)-1 and subsequently affects
granule polarization [68]. Experimental data point to a mechanism
where actin cytoskeleton-dependent tethering of LFA-1 ligand such
as intercellular adhesion molecules (ICAM)-1 and -2, is required
for proper integrin signaling in NK cells [68]. Thus, the modulation
of the lateral diffusion of integrin ligand by actin remodeling at the

tumor cell cortex represents a potential facet of the immune evasion.

Tumor cells do not only remodel their own actin cytoskeleton to
escape from the immune system but are also capable of promoting
cytoskeletal modifications in immune cells to impair their activity
(Figure 2). Gene-expression profiling study revealed that genes
involved in actin cytoskeleton formation and organization in
peripheral blood CTL are considerably dysregulated in chronic
lymphocytic leukemia patients [69]. Thus, leukemia cells were able
to induce similar cytoskeletal defects in CTL from healthy allogeneic
donors. Interestingly, the underlying process required cell-cell
contact and was independent on cytokine release. Follow-up studies
established that malignant cells up-regulate inhibitory ligands such
as the B7 super family-related ligands CD200, CD274 and CD276,
and TNF-receptor super family member CD270, to compromise
the activation of key regulators of T cell synapse actin dynamics,
including the Rho GTPases RhoA, Ras-related C3 botulinum toxin
substrate 1 (Racl) and cell division cycle protein 42 (Cdc42) and
eventually compromise the establishment of a functional IS [70, 71].
Remarkably, similar inhibitory ligand signaling axes were found in
a range of other hematologic and solid carcinoma cells, suggesting
that tumor cell-induced T cell actin synapse dysfunction is a common
immunosuppressive strategy. Recently, elegant work by Ramsay et al
demonstrated that leukemia cells from patients impair T cell LFA-
1-mediated migration by altering Rho GTPase activation signaling.
Importantly, the immune modulating drug lenalidomide was shown
to restore T cell Rho GTPase activity and LFA-1 activation, laying the
ground for immunotherapy approaches promoting T cell motility in
cancer patients [72].

Tumor Microenvironment-induced Cancer
Progression and Immune Evasion Involve
Actin Cytoskeleton Remodeling

It has been reported that the physical properties of tumor stroma
considerably differ from those of corresponding healthy tissues.
Hypoxic stress within the tumor microenvironment induces an
increase in ECM stiffness [73] and this increase is largely associated
with the ability of hypoxia to induce the expression of ECM genes
in cancer-associated fibroblasts, such as those involved in collagen
fiber deposition and organization [74-76]. The perception of matrix
stiffening by actin cytoskeleton-linked integrins activates signaling
pathways that promote Rho GTPase-dependent cytoskeletal tension,
focal adhesion assembly and cell migration [73, 77]. Interestingly,
a recent study showed that an increase in matrix stiffness and actin
cytoskeleton contractibility activates the transcription factor Yes-
associated protein(YAP) in cancer-associated fibroblasts and that this
activation is required for these fibroblasts to further increase matrix
stiffening, cell invasion and angiogenesis [78]. Thus, by inducing a
stiff microenvironment, hypoxia promotes actin remodeling in both
tumor and cancer-associated fibroblasts (CAFs) leading to increased
fibrillar collagen deposition and promoting tumorigenic functions of
CAFs (Figure 2).

Hypoxic stress has been described to modify the expression and/
or activity of Rho GTPases and/or of their downstream targets in
both healthy and cancer cells. Recently, HIF-1 and -2 were shown
to directly activate transcription of RhoA and Rho-associated
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protein kinase 1 (ROCKI) genes, and subsequently promote
actin cytoskeleton changes that underlie the invasive tumor cell
phenotype [79]. Such coordination between HIF and RhoA-ROCK1
activation also induced FAK activation and focal adhesion formation,
indicating that FAK is a major effectors of RhoA/ROCKI in hypoxic
breast cancer cells. Racl and Cdc42, two other major Rho GTPases
controlling actin dynamics [80] and cancer progression [81] are up-
regulated and activated by hypoxia in different tumor cells [82, 83].
In this context, it is worth noting that an immune functional screen
identified Cdc42 as a key mediator of tumor resistance to CTL-
mediated killing [84]. Remarkably, stable expression of constitutively
active Cdc42 protected colorectal tumor cells against cytotoxicity and
tumor suppression by allore active CTL in vitro and CTL and NK
cells in vivo. However, the role of actin remodeling in the underlying
mechanism remains uncertain. Instead, Cdc42 has been shown to
promote immune resistance, at least in part, by mitogen-activated
protein kinases (MAPK)-dependent inhibition of apoptosis and
stabilization of the B cell lymphoma 2 (Bcl-2) anti apoptotic factor. In
addition to modulating actin regulatory signaling pathways, hypoxia
also drives changes in the expression level of specific actin-binding
proteins [85]. However, how such changes influence the immune
tumor response remains to be assessed.

As previously reported, hypoxia-induced autophagy plays
important roles in tumor immune escape [86]. To our best knowledge,
therole of theactin cytoskeleton in hypoxia-induced autophagy has not
been extensively investigated in the specific context of tumor immune
escape. Nevertheless, emerging evidence indicate that epithelial-to-
mesenchymal transition (EMT), a biological process associated with
dramatic morphologic changes and actin cytoskeleton remodeling,
alters the susceptibility of tumor cells to CTL-mediated immune
surveillance by a mechanism involving autophagy [87, 88]. There
is also clear evidence that Rho family-dependent actin remodeling
is required for proper autophagy induced by other environmental
stresses, such as starvation [89]. Finally, several autophagy-related
genes (ATG) proteins were reported to physically and/or functionally
interact with actin cytoskeleton components, such as the actin motor
myosin II [90] and the FA protein paxillin [91].

The ability of cancer cells to evade immune surveillance and resist
immunotherapy raises fundamental questions about how tumor cells
survive in the presence of a competent immune system. To address
this issue, studies have primarily focused on the mechanisms by
which tumor cells avoid recognition by the immune system without
considering the impact of the tumor microenvironment. Thus,
despite intense investigation, the relatively modest gains provided
by immunotherapy can be in part attributed to the activation of
mechanisms suppressing the anti-tumor immunity. It is now clearly
established that the majority of these mechanisms are likely evolved
in the local tumor microenvironment. In line with this, it may be
more accurate to consider cancer, which was initially thought to be
a disease of cells, then of genes, and then of genomes, as a disease
of the microenvironment. While remarkable and fairly rapid
progresses have been made over the past two decades regarding
the role of the microenvironment in cancer biology and treatment,
our understanding of its actual contribution in tumor resistance to
immune cell attack is still fragmented.

Emerging data indicate that hypoxia in the tumor
microenvironment plays key role in mediating tolerance to
immune cell attack. Therefore, an understanding of the tumor
microenvironment, and in particular of hypoxia-induced tumor
resistance, may allow better understanding of tumor adaptation and
evolution, and ultimately lead to improve the efficacy of potential
therapeutics. Thus, it stands to reason that targeting hypoxia
could have a substantial effect in evolving the properties of tumor
microenvironment from immunosuppressive to immune permissive.
In keeping with this, an extensive number of HIF inhibitory
molecules are currently under development and being tested or in
use in clinical settings. Such inhibitors comprise HIF-a antisense,
dominant negative HIF-a and viral vectors as well as small molecules
that inhibit HIF at multiple sites. Briefly, these inhibitors have been
shown to block tumor xenograft growth and inhibit HIF activity
through a wide variety of molecular mechanisms, including decreased
HIF-1a mRNA levels, decreased HIF-1a protein synthesis, increased
HIF-1a degradation, decreased HIF subunit hetero-dimerization,
decreased HIF binding to DNA, and decreased HIF transcriptional
activity. Notably, HIF-1a inhibitors would be expected to affect some
parameters of the antitumor immunity such as CLT activity in vivo
and in vitro (i.e., cytokine production, proliferation, and activation).
Indeed, several recent studies highlight that hypoxia is capable of
mediating tumor cell resistance to CTL and NK cells [24, 31, 36].
In addition, it should be investigated whether HIF inhibitors could
affect several other important mediators of immune tolerance such
as myeloid-derived suppressor cells (MDSC) and T regulatory cells
(i.e., recruitment, function and differentiation). Overall, hypoxia
inhibition in hypoxic tumors can be used as a cutting-edge approach
to improve cancer immunotherapy and to formulate more effective
cancer vaccine-based therapy.
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INSTITUTE

e Réle du cytosquelette ' '

d’actine dans la résistance
des cellules de cancer du

sein a la lyse induite par les
cellules « natural killer »

Résumeé

L'évasion immunitaire tumorale joue un réle central dans la progression tumorale et représente un obstacle
majeur au succes des immunothérapies. Dans cette Thése nous avons étudié le role du cytosquelette d’actine
dans la résistance des cellules de cancer du sein a la lyse induite par les cellules "natural killers" (NKSs). Nous
avons trouvé que les cellules de cancer du sein résistantes échappent a 1’attaques des cellules NKs par une
accumulation importante et rapide d’actine prés de la synapse immunologique, un processus que nous avons
nommeé "réponse actine". Nos analyses mécanistiques suggérent que la réponse actine induit la polarisation
d’autophagosomes vers la synapse immunologique et facilite ainsi la dégradation des molécules cytotoxiques
sécrétées par les cellules NKs, tel que le ganzyme B, par autophagie. De plus, la réponse actine est associée
au regroupement de ligands inhibiteurs a la synapse, suggérant qu’elle est au centre de plusieurs mécanismes
de résistance. Dans leur ensemble, nos résultats constituent une base pour le développement d’approches
thérapeutiques visant a interférer avec la réponse actine et a restaurer une réponse immunitaire anti tumorale
efficace.

Mots-clés : Cancer du sein, cellules Natural Killer, cytosquelette d’actine, Cytotoxicité, évasion immunitaire,
granzyme B.

Résume en anglais

Tumor immune evasion plays a central role in cancer progression and is a major hurdle to effective
immunotherapy. In this Thesis, we examine the role of the actin cytoskeleton in breast cancer cell resistance
to natural killer (NK) cell-mediated cell lysis. We found that resistant breast cancer cells escape from NK-
cell attack through a rapid and prominent accumulation of actin near the immunological synapse, a process
we termed the “actin response”. Our mechanistic investigations suggest that the actin response drives
autophagosome polarization toward the immunological synapse and thereby facilitates the autophagy-
mediated degradation of NK cell-derived cytotoxic molecules such as granzyme B. In addition, the actin
response was associated with inhibitory ligand clustering at the immunological synapse, suggesting that it is
a common driver of different immune evasion mechanisms. Taken together, our data lays the groundwork
for therapeutic approaches aimed at interfering with the actin response and restoring an effective anti-tumor
immune response.

Key words: Actin cytoskeleton, breast cancer, cytotoxicity, granzyme B, immune escape, natural killer.
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