Institutional Repository - Research Portal

Dépébt Institutionnel - Portail de la Recherche

UNIVERSITE  researchportal.unamur.be
DE NAMUK

THESIS / THESE

DOCTOR OF SCIENCES

Unravelling the effects of proton irradiation on macrophages in cancer

Genard, Géraldine

Award date:
2018

Awarding institution:
University of Namur

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
« You may not further distribute the material or use it for any profit-making activity or commercial gain
« You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 03. Jul. 2025


https://researchportal.unamur.be/en/studentTheses/d980540c-2849-4586-b88b-d2940d5d338a

UNIVERSITE
NAMUR

ﬂ ngriﬁ URBQA

A\

PMR

University of Namur (UNamur)

Faculté des Sciences - Département de Biologie
Namur Research Institute for Life Sciences (NARILIS)
Unité de Recherche en Biologie Cellulaire (URBC)
Rue de Bruxelles, 61; B-5000 Namur, Belgique

UNRAVELING THE EFFECTS OF PROTON
IRRADIATION ON MACROPHAGES IN CANCER

Original dissertation presented
by Géraldine GENARD

for the degree of

Doctor of Sciences

Members of the jury:

Prof. Carine MICHIELS (Supervisor)
Unité de Recherche en Biochimie et
Biologie Cellulaire (URBC)

NARILIS, UNamur, Namur

Prof. Stéphane LUCAS (co-supervisor)
Laboratoire d’Analyses par Réactions
Nucléaires - Physique de la Matiére et du
Rayonnement (LARN - PMR)

NARILIS, UNamur, Namur

Prof. Yves POUMAY

Laboratoire Cellules et Tissus
Unité de Recherche en Physiologie
Moléculaire (URPhyM)

NARILIS, UNamur, Namur

Prof. Olivier FERON

Institut de Recherche Expérimentale et
Clinique P6le de Pharmacologie et de
Thérapeutique (IREC - FATH)

UCL, Woluwé-Saint-Lambert

Prof. Peter HUBER
Imaging and Radiooncology
Molecular Radiooncology

Deutsches Krebsforschungszentrum
(DKFZ) Heidelberg, Germany

Prof .Anne-Catherine HEUSKIN

(Chair woman)

Laboratoire d’Analyses par Réactions
Nucléaires - Physique de la Matiére et du
Rayonnement (LARN - PMR)

NARILIS, UNamur, Namur

May, 30t 2018






Remerciements

En ce jour, c’est une étape qui se cloture. Mais c’est aussi la fin d'une longue histoire. Je ne vous
cache pas que c’est avec un petit pincement au cceur que je rédige les derniéres lignes de ce
manuscrit apres les quatre belles années que j’ai vécu en URBC. En débutant cette thése, je me
doutais que l'investissement serait important, que les expériences ne fonctionneraient pas du
premier coup (je n’'ai pas été décue!) et que je devrais faire face a ma personnalité plutot
réservée et un manque de confiance en soi pour arriver au bout. Mais j'avais oublié de prendre
en compte un élément important. Un élément qui m’aiderait a aller de I'avant et a me surpasser :
cet élément c’est une toute une série de personnes qui de prés ou de loin m’ont soutenue et
aidée durant ces quatre années. Par ces quelques lignes, j’aimerais vous montrer a quel point
vous avez été précieux pour moi.

[ would like to thank all the members of my thesis jury: Prof. Peter Huber, Prof. Olivier Feron,
Prof. Yves Poumay, Prof. Stéphane Lucas and Prof. Carine Michiels. I also specially thank Prof.
Anne-Catherine Heuskin, the chairwoman of my thesis jury. Thank for the time you spent on my
thesis and the constructive remarks and discussion that emerged during and following the
private defense.

La premiere personne a qui je dois énormément, c’est ma promotrice Carine Michiels. Sans ses
encouragements, son soutien et sa « positive attitude », je n’y serais jamais arrivée. Grace a vous,
j’ai concrétisé 'envie de faire une thése. Certes, je n’ai pas eu le parcours de thése le plus facile.
Et pourtant, peu importe la situation, vous avez toujours été 1a, vous m’avez aiguillée et redirigée
quand je m’éloignais un peu trop de mes objectifs, et ce, méme quand vos fonctions vous ont
éloignées du laboratoire. Ces quatre années ont été formatrices pour moi, autant sur le plan
professionnel que personnel et vous y avez grandement contribué.

Je tiens également a remercier mon co-promoteur, Stéphane Lucas, qui m’a accueillie au sein de
son laboratoire de physique, le LARN, et qui m’a emmené dans 'univers de la radiobiologie.
Grace a votre accueil, j’ai également découvert que la conception selon laquelle un physicien
ressemblait a un geek de « Big Bang Theory » était erronée.

Si j’ai eu l'occasion de réaliser cette these, c’est aussi en grande partie grace aux soutiens
financiers du Télévie (FNRS), de I'Université de Namur et de l'institut Narilis. Le Télévie m’a
permis de « travailler » durant ces quatre années. Je dis bien « travailler » car comme I'a dit un
célebre auteur, « en choisissant un travail que I’on aime, on n'aura pas a travailler un seul jour de
sa vie ». Cette formidable organisation m’a également permis de rencontrer tout une série de
personnes, d’enfants et de malades, durant les activités qu’elle organise. Des personnes qui nous
rappellent ce pourquoi on s’est lancé dans I'aventure qu’est la these, et avec qui j’ai pu partager
ma passion a de nombreuses reprises. J'aimerais aussi remercier Nathalie Caron pour m’avoir
permis de terminer cette thése, tout en revoyant mon cours de physiologie générale et en
développant mes capacités didactiques. Enfin, sans l'institut Narilis, et la contribution de
Virginie, je n’aurais pu assister a de belles conférences et profiter de ces occasions pour visiter
des villes qui m’étaient alors inconnues.






Un grand merci aux « séniors » de 'URBC, a savoir les professeurs Thierry Arnould, Martine
Raes, Patsy Renard et Florence Chainiaux. J’en profite pour remercier Thierry de s’étre attelé a la
tache difficile qu’est la gestion du laboratoire. Certes la tiche n’est pas aisée mais c’est avec
beaucoup de succes que vous 'avez menée a bien et j’en souhaite autant a Patsy qui reprendra le
flambeau en septembre prochain.

J'ai beaucoup parlé de mes quatre années en URBC, mais il est certain que j’ai passé beaucoup de
journées (et parfois des nuits !) aupres de 'accélérateur. Un grand merci aux physiciens qui
m’ont accueillie parmi eux et qui, assez rapidement, m’ont donné le surnom de « Gégé », un
surnom que je n’avais pourtant jamais supporté jusqu’alors. Aujourd’hui, je ne voudrais pour
rien au monde qu’on me surnomme autrement. Merci pour les pauses cafés, les repas et surtout
les tartes anniversaires ou « rentrée d’air » que 'on a partagés. Merci a Anne-Catherine Heuskin
d’avoir pris le temps de m’expliquer I'’ensemble des protocoles pour le montage des chambres,
I'ensemencement des cellules, etc. alors qu’elle n’était pas loin d’accoucher. Je remercie
également Tijani pour toute 'aide qu’il a pu m’apporter durant les journées d’irradiation. Merci
a Greg, Ben, Romain, Sha et Polo pour les beaux moments que j’ai partagé en votre compagnie. Je
n’oublie pas non plus Adri, Félicien, Julien, Pablo, Christophe, Rémy, Cécile, Stella, Pavel, Ornella
et tous les autres qui ont su égayer mes journées au LARN. Yvon et Louis Lambotte, je vous
remercie également de m’avoir aidée a développer les grandes chambres d’irradiation. Et bien
slr, Seb, merci d’avoir partagé ce beau séjour a Budapest avec moi. Merci aussi pour toutes nos
discussions scientifiques et moins scientifiques.

J'en viens maintenant a remercier I'’équipe HIF/TumHyp pour tous leurs bons conseils, les
discussions et surtout les gateaux que nous avons partagés pendant nos réunions. Un grand
merci a Benjamin pour toutes les discussions scientifiques mais aussi pour ses nombreux
encouragements qui m’ont souvent réconciliés avec moi-méme et m’ont poussé a donner le
meilleur de moi-méme. Tu as énormément apporté a notre équipe. Il y a une personne sans qui
cette fin de these n’aurait pas été possible. La Little Miss Sunshine du labo, Ank, je ne saurais
comment te remercier pour tout I'aide que tu m’as apportée, tes conseils et tes explications
précieuses. Seb M. et Thomas, vous nous avez prouvé que la chimie était nécessaire a la
compréhension de certains mécanismes biologiques. Merci également de m’avoir émerveillé
avec l'arc-en-ciel de jus de chou rouge pendant les activités Télévie. Merci Pastelle de m’avoir
laisser t'initier a la recherche et je suis trés heureuse de mon c6té d’avoir eu a encadrer une
étudiante qui en voulait autant. Je remercie aussi mes compagnons de macrophages, Francois et
Victor (et anciennement Marie G. et Céline T). On n’aura jamais vu autant de troc en matiere de
flasque de THP-1. Notre médecin attitré, Eléonore, est un comble a elle toute seule, puisque c’est
elle qu’il a fallu secourir d’'un malaise pendant une présentation (je te charrie!). Merci d’avoir
partagé quelques cours de Zumba avec moi et d’avoir égayer mes journées de manipes par tes
petites conneries et ton humour. Camille, je te passe la « patate chaude » ! Blague a part, c’est un
honneur de savoir que « son bébé » va grandir entre de bonnes mains. Je te souhaite le meilleur
pour la suite et je sais que tu as déja pu faire face aux joies de travailler avec les chambres
d’irradiation, mais ne te décourage jamais, ces désagréments font aussi partie de notre
apprentissage et tu en seras d’autant plus satisfaite a la ligne d’arrivée. Enfin, Kathleen et Sophie,
deux personnes qui me sont chéres au sein de cette équipe. Vous avez toujours su trouver les
mots pour m’encourager en cas de stress, panique total et crise de nerf, alors un grand merci!

I1






Leen, Julie, Marino et plus récemment, Damien, Alexis et Camille, merci d’avoir apporté un peu
de jeunesse dans notre équipe URBC. Je vous souhaite beaucoup de succés pour la suite.

Ensuite, il y a des personnes sans qui le laboratoire ne pourrait pas tourner. Antoine, je te
remercie infiniment pour les innombrables RT-qPCR et MNAse assay que tu as pris en charge.
Ton aide m’a été précieuse et, en passant, tes citations du jour vont beaucoup me manquer ! Guy,
le bisouteur du labo mais aussi un pilier du labo. Ta bonne humeur et tes tournées bisous vont
beaucoup me manquer aussi. Maude, tu es passée de collegue a colloc’ et enfin au statut d’amie.
Merci pour I'année durant laquelle tu as supporté mes manies, mon désordre et le reste. Tu es
I'une des rares personnes qui a eu I'occasion de voir a quel point j'étais difficile a vivre®”. Un
grand merci a la team « confocale », Noélle et Catherine, sans qui nos journées seraient bien plus
remplies. Merci Martine pour tes encouragements, et tes précieux conseils sur les THP-1. Marg,
le seul qui se prend pour le Dieu du labo et un homme parfait ! Ton humour et tes petits pics ont
toujours détendu I'atmosphere. Le probléme c’est que quand on s’attaque a quelqu’un, il faut
toujours attendre le retour de baton””. Viviane, en plus d’étre une super secrétaire, tu es
devenue une amie qui m’est trés chére. Je te remercie aussi car tu as toujours trouvé les mots
pour m’aider a aller de I'avant. Enfin, Patricia, je tenais également a te remercier pour tes belles
paroles qui chaque matin me mettait de bonne humeur.

Durant ma these, ce sont également de belles amitiés qui se sont développées, au sein de 'URBC
mais également en dehors. Je remercie tout d’abord 1'équipe « Paillette » de m’avoir fait
découvrir un monde nouveau et de m’avoir montré combien il était plaisant de se sentir unique
et différente. Un merci tout particulier a mes trois voisines de bureau : Marie T., Elise et Aude.
Votre soutien et vos conseils m’ont aidé a traverser les moments difficiles de la thése. Vos
voyages et vos discussions m’ont permis de sortir la téte hors des manipes et des analyses. Enfin,
je vous remercie pour toutes vos attentions qui m’ont énormément touchées. Mélanie et Marie,
merci de m’avoir tenu compagnie dans la rédaction de these ! We did it ! Ton autodérision et ton
humour m’auront été d’'une grande aide durant cette fin de these, Mélanie. Bush, I wish you all
the best for your futur plans. I will always be your URBC'’s sister. Emilie, derriere ton attitude un
peu rude se cache une personne sensible et adorable. Courage, tu es presqu’au bout ! Ma petite
Val, tu fais également partie de mes belles rencontres. Je retiens surtout de toi nos échanges de
recettes « healthy », nos conversations a n’en plus finir ainsi que tes bourdes mémorables.
Hélene, merci de m’avoir fait partager ton mariage et tes 30 ans. Elo et Jeff, je vous félicite encore
pour la petite merveille que vous avez congue et pour les futures a venir. 'espere que vous avez
changé de GPS et n’emprunterez plus jamais les chemins de boues. Je crois que Geoffrey s’en
souviendra longtemps (et votre voiture est marquée a vie). Céline et Victor, deux collegues qui
sont également devenus des amis. Merci Victor pour les séances running. Céline, tu m’as
toujours épaté par ta force de caractere alors ne laisse pas tomber ! Dans le méme univers, je
remercie Romain d’avoir partagé de nombreuses séances détentes le long du halage. Mais pas
que, merci aussi pour tout le reste ! Une autre belle rencontre que je me dois de mentionner est
celle de Sahar, Adel et Maryam. Ton attitude positive face a toute épreuve et ta gentillesse m’ont
toujours impressionnées Sahar. Vous formez une belle famille tous les trois. Je remercie
également Pierre, Romain, Conrard, Marie-Paule, Arvind, Ali, Maxime, Claire, Ophélie, Nassim,
Fabrice et Flo pour leur présence, les soirées, les Mojitos, les soirées « Cap 30 » ou Renois et les
retrouvailles pour certains. Je ne pourrais cloturer ce paragraphe sans citer mon coach sportif.
Tu m’as tout appris de la course a pied et maintenant on ne peut plus m’arréter. C’est toujours

[11






un plaisir de venir le samedi aux courses du Challenge du BW, pour courir mais aussi pour
retrouver 'ambiance qui s’est créée grace a toute votre équipe.

Kathleen, Morgane et Sophie (la team « Melman») vous étes sans aucun doute les trois
personnes qui me sont devenues les plus chéres durant cette thése. C’'est une belle amitié qui
nous réunit en tant que quatuor. Nos délires, nos coups de gueule, nos soirées cookies, nos
pauses thé/café vont énormément me manquer. Kathleen, tu as toujours été 1a pour moi, m’a fait
revivre mon enfance en m’emmenant a Disneyland Paris et m’a aidé a relativiser sur beaucoup
de choses. Aujourd’hui, nous attendons bébé Melman avec impatience ! Morgane, tu es un peu
ma semblable, ma compagne de «cerveau torture », ce qui fait qu'on a trés facile a se
comprendre. Avec le recul, on ne peut faire que rire de nos conneries ! Sophie, je crois que sans
ton soutien, la fin de ma these aurait été impossible. Tu n’entendras bientot plus mes «j’ai
faim », « c’est quand qu’on mange » et puis « j’ai trop mangé, je dois vomir ». Mais je suis certaine
qu’ils ne te manqueront pas ! On est un peu devenu les inséparables du labo alors que beaucoup
de choses nous opposaient au départ. Je pense que tout a commencé autour d’'un Mojito, notre
passion commune””. Je ne me fais pas de soucis au sujet de notre amitié car je sais qu’elle
perdurera encore longtemps ! N'hésites pas a m’appeler a la rescousse en fin these, je te rendrai
la pareille avec plaisir ! Je remercie également ta maman, Petchaye, de m’avoir accueilli a bras
ouverts lors de mes quelques city-trips a Paris et de m’avoir aidé a confectionner jupe et robe.

Enfin, je remercie les personnes qui me sont le plus chers: mes parents et ma sceur. Je les
remercie d’avoir supporté mes absences, mes caprices, mes conneries, mes histoires de
macrophages et protonthérapie, et d’avoir été aux petits soins pour moi. J'ai des parents et une
sceur formidables et je pense qu’on n’a jamais été aussi soudé qu’aujourd’hui. Merci pour tout, je
vous dois énormément.

IV






RESUME

En plus d’étre le principal constituant du microenvironnement tumoral, les macrophages
associés aux tumeurs (TAMs) jouent un role essentiel dans la progression tumorale. En effet, ils
interviennent dans les processus d’angiogenése, de répression immunitaire, d’invasion et de
meétastases. Depuis longtemps, les TAMs se voient identifiés aux macrophages de type M2. Ce
phénotype est caractérisé par des propriétés anti-inflammatoires et des fonctions pro-
tumorales. On distingue a 'opposé de cet état d’activation alternatif des macrophages, un état
d’activation classique, aussi appelé phénotype M1. Les macrophages de phénotype M1 sont,
quant a eux, associés a des propriétés pro-inflammatoires, un potentiel de phagocytose et ont un
role antitumoral. De facon intéressante, des changements du microenvironnement tumoral
peuvent facilement modifier la polarisation des macrophages d’'un phénotype M2 vers M1, ou
inversement. Par conséquent, la reprogrammation des TAMs grace aux thérapies représente un
outil thérapeutique prometteur afin d’induire une régression tumorale. Divers types de
chimiothérapie et d'immunothérapie ont déja réussi a induire une reprogrammation des TAMs,
associée a une régression tumorale. Toutefois, n’étant pas localisé, ce type de thérapie peut
induire une réaction inflammatoire systémique. Pour éviter ces effets, la radiothérapie locale
représente une stratégie séduisante. Jusqu'a maintenant, les rayons X et rayons y n’ont pas pu
induire une reprogrammation des TAMs. Néanmoins, comme la radiothérapie est un domaine en
constante évolution, de nouvelles avancées en matiere de radiothérapie ont vu le jour, c’est le
cas de la protonthérapie. En comparaison a la radiothérapie conventionnelle, la protonthérapie
offre divers avantages physiques et représente donc un outil thérapeutique puissant pour
éliminer les tumeurs de facon tres précise. La protonthérapie est d’autant plus intéressante
qu’elle a démontré des effets radiobiologiques différents de la radiothérapie conventionnelle.
C’est pourquoi, étudier les effets de l'irradiation par protons sur les macrophages, et plus
précisément sur leur reprogrammation, permettrait de réévaluer considérablement la fréquence
d’utilisation de la protonthérapie comme traitement contre le cancer.

Dans ce travail, les effets de l'irradiation par protons ont été évalués sur des cultures de
macrophages MO (non polarisés), M1 et M2 et des co-cultures de macrophages M2 et cellules
cancéreuses. Nous avons démontré que les macrophages M1 étaient plus radioresistants que les
autres phénotypes a des doses moyennes d’irradiation par protons. Cette radiorésistance est
probablement due a une cinétique différente des systémes de détection et de réparation des
dommages a ’ADN. Elle ne peut néanmoins pas étre expliquée par une différence de la
compaction de la chromatine dans les macrophages M1 avant l'irradiation. Par contre, les
macrophages M1 sont capables de mieux gérer une exposition aux espéces réactives de
I'oxygeéne (ROS), comparés aux macrophages MO et aux macrophages M2. Une gestion des ROS
plus efficace pourrait grandement contribuer a la radiorésistance des macrophages M1 a
I'irradiation par protons. De plus, cette étude a également permis de décrypter, tout du moins en
partie, comment l'utilisation de doses modérées (5 et 10 Gy) d’irradiation par protons, mais pas
les rayons X, reprogramme des macrophages MO et M2. En effet, en activant 'hétérodimere
NFkB p50 - p65, l'irradiation par protons permet aux macrophages M0 d’acquérir un phénotype
M1, et pousse les macrophages M2 a adopter un phénotype que l'on pourrait situer a
I'intermédiaire des phénotypes M1 et M2. Ces résultats ont été confirmés par la combinaison
d’un inhibiteur de la kinase IKK (Bay-117082) a l'irradiation par protons. En effet, lorsque la






RESUME

translocation nucléaire de NFxB est entravée, 'irradiation par protons ne peut plus promouvoir
la reprogrammation des macrophages. Etant donné que les dommages a I'ADN et le stress
oxydatif sont intimement liés a I'activation de NFxB, une activation plus importante de NFxB
pourrait expliquer que l'irradiation par protons soit plus efficace que les rayons X pour induire
une reprogrammation des macrophages. Enfin, nous avons également développé et validé un
systeme de co-culture pour les macrophages M2 et la lignée de cellules cancéreuses A549. Les
premiers résultats ont montré que la repolarisation des macrophages M2, induite par
l'irradiation par protons, n’est pas influencée par la présence de cellules cancéreuses. Par
ailleurs, en exposant les macrophages M2 a une dose de 10 Gy (protons), nous avons également
relevé qu'une voie sensible a la présence d’ADN cytoplasmique (cGAS/STING) était activée dans
les macrophages co-cultivés avec les cellules cancéreuses. Il s’agit d’'une voie de signalisation
essentielle pour générer une réponse immunitaire anti-tumorale, initiée par les TAMs.

Pour conclure, les résultats obtenus au cours de ce travail ont permis d’étudier les effets de
I'irradiation par protons sur les macrophages. Nous avons mis en évidence l'efficacité de la
protonthérapie pour reprogrammer les macrophages M2 en un phénotype proche de celui des
macrophages M1. Par ailleurs, nous avons montré, dans des co-cultures, que les cellules
cancéreuses ne semblent pas influencer cette reprogrammation dans les conditions
expérimentales utilisées. Des lors, une meilleure compréhension de ’ensemble des mécanismes
moléculaires par lesquels lirradiation par protons permet la reprogrammation des
macrophages ainsi que la validation de ces résultats par des études in vivo, permettraient de
mettre en lumieére le potentiel de la protonthérapie pour reprogrammer les macrophages au sein
des tumeurs.
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ABSTRACT

In addition to be the most abundant constituents of the tumor microenvironment, tumor-
associated macrophages (TAMs) influence key processes in tumor progression, including
angiogenesis, immunosuppression, invasion and metastasis. For a long time, TAMs have been
associated to a M2-like phenotype, characterized by anti-inflammatory properties and pro-
tumoral functions. This alternative activation state of macrophages contrasts with the classical
activation state, also referred to as the M1 phenotype. M1-like macrophages are associated to
pro-inflammatory, phagocytic and anti-tumoral roles. Interestingly, microenvironmental
changes in tumor may easily switch the phenotype from M2 to M1, or inversely. Therefore, re-
educating TAMs with treatment modalities represents a promising therapeutic strategy to elicit
tumor regression. Several chemotherapies and immunotherapies have successfully triggered a
reprogramming of TAMs and a concomitant tumor regression. However, these therapies are not
localized and could thus trigger a systemic inflammatory response. For this reason, local
radiotherapy represents an attractive alternative. Until now, X-rays and y-rays have not
succeeded to reprogram TAMs. As radiotherapy is a continuously evolving field, new types of
advanced radiotherapy have emerged, such as protontherapy. By presenting several physical
advantages over conventional radiotherapy, protontherapy is a powerful therapeutic tool used
to precisely target the tumor. Interestingly, proton beam therapy has demonstrated different
radiobiological effects on tumors. Therefore, understanding the effect of proton irradiation on
macrophages, and more specifically on their reprogramming, could allow to re-evaluate the use
rate of protontherapy for cancer treatment.

In this work, the effects of proton irradiation were investigated on MO (unpolarized), M1 and M2
macrophages, as well as on co-cultures of M2 macrophages and cancer cells. We demonstrated
that M1 macrophages are the most radioresistant phenotype to moderate doses of proton
irradiation. This radioresistance is probably due to a different kinetic of DNA damage detection
and repair. Interestingly, the evaluation of heterochromatin level before irradiation cannot
explain the radioresistance of M1 macrophages. However, this phenotype better faces reactive
oxygen species (ROS) exposure compared to MO and M2 macrophages. A better ROS
management could thereby contribute to the radioresistance of M1 macrophages. The present
study also determined, at least in part, how moderate doses (5 and 10 Gy) of proton irradiation,
but not X-ray radiation, triggered macrophage reprogramming in M0 and M2-like macrophages.
By targeting NFxB p65, proton irradiation educated MO macrophages to adopt a M1-like
phenotype and reprogrammed M2 macrophages to acquire a mixed M1/M2 phenotype. These
results were confirmed by the use of an IKK inhibitor (Bay-117082) in combination with proton
irradiation. When nuclear translocation of NFkB was prevented, proton irradiation failed to
induce macrophage reprogramming. As DNA damage and oxidative stress are intimately
correlated to NFkB p50 - p65 activation, we suggested that proton irradiation induces a
stronger NFkB activation compared to X-rays, thereby explaining the effective macrophage
reprogramming. Finally, we set-up experiments for co-culture between M2 macrophages and
A549 cancer cells. Our preliminary results revealed that proton-induced macrophage
reprogramming is not influenced by the presence of cancer cells. Exposure to 10 Gy of protons
also triggered cytosolic DNA-sensing pathway (cGAS/STING) in M2 macrophages co-cultured
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with cancer cells. In other reports, this signaling pathway was shown to be essential for
triggering immune antitumor responses, initiated by TAMs.

In conclusion, the results obtained during this work allowed to study the effects of proton
irradiation on macrophages. We evidenced the efficacy of proton irradiation to reprogram M2
macrophages into a phenotype close to the M1 one. In addition, we demonstrated, in co-cultures,
that cancer cells do not seem to influence this reprogramming in our experimental settings. For
the future, the identification of the molecular mechanisms by which proton irradiation induces
macrophage reprogramming as well as the validation of our results by in vivo experiments,
should underpin the huge potential of protontherapy for targeting TAMs in tumors.
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Figure 1.1 - Hallmarks of cancer

Hanahan and Weinberg suggested in 2000 that the tumor growth is based on six acquired
capabilities: self-sufficiency in growth signals, insensitivity to anti-growth signals, tissue
invasion and metastasis, limitless replicative potential, sustained angiogenesis and evading
apoptosis (Hanahan and Weinberg 2000).

Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability e Tumor-promoting
and mutation Inflammation

Enabling Characteristics

Figure 1.2 - Enabling characteristics and emerging hallmarks

In 2011, Hanahan and Weinberg described two enabling characteristics (genome instability and
mutation, and tumor-promoting inflammation) that influence tumor development. They also
proposed emerging hallmarks (deregulating cellular energetics and avoiding immune
destruction) that explained extrinsic influence on cancer cells and on tumor fate (Hanahan and
Weinberg 2011).



FOREWORD

Cancer is an insidious disease that was already noticed in 1600 BC in an Egyptian papyrus.
Nowadays, cancer remains one of the two leading worldwide causes of death despite the better
understanding of its mechanism and the improvement of diagnosis and treatments.

The development of a tumor occurs through genetic alterations that transform one normal cell
into a cancer cell. These mutations conferred advantages to neoplastic cells within a given
environment (Junttila and de Sauvage, 2013; McGranahan and Swanton, 2017a). Based on the
intrinsic changes observed in neoplastic cells, Hanahan and Weinberg described six hallmarks of
tumors: a self-sufficiency in growth signals, insensitivity to anti-growth signals, tissue invasion
and metastasis, limitless replicative potential, sustained angiogenesis and evading apoptosis
(Figure 1.1) (Hanahan and Weinberg, 2000, 2011). Tumors had long been described as a
multistep process where only genetic alterations drove the progressive transformation of
normal cells into highly malignant cells (Foulds, 1954; Nowell, 1976). However, these cell masses
were depicted more recently as complex heterogenic tissues (Hanahan and Weinberg, 2000).
Indeed, transformed cells recruit numerous host cells at the tumor site to educate and take
advantage of them. Tumors are thus populated by multiple normal resident and recruited
accessory cells, which create an extracellular matrix and a microenvironment that support
tumor growth. In addition to stromal and vascular cells, immune cells significantly influence the
fate of tumors. Therefore, Hanahan and Weinberg proposed two additional emerging hallmarks
that depend on extrinsic factors: the deregulation of cellular energy and the evasion to the
immune destruction (Hanahan and Weinberg, 2011) (Figure 1.2).

Immuno-oncology is a quite recent area of research and medicine that focuses both on the
understanding of the immune system responsibilities in tumorigenesis, and on therapies that
improve the intrinsic potential of cancer patients in developing an immune response against
cancer. The immune surveillance represents a significant barrier to tumor formation and
progression. However, cancer cells are able to educate the immune system by modifying the
microenvironment and then evade from the immune surveillance (Hanahan and Weinberg,
2011). The collaboration of the immune system with malignant cells then allows the creation of
an immunosuppressive microenvironment that significantly contributes to tumor growth (Kim
et al, 2007; Teng et al, 2008). By maintaining bidirectional relationships with cancer cells and
other recruited cells, tumor-associated macrophages (TAMs) actively participate to the
immunosuppressive microenvironment. However, changes in the tumor microenvironment (e.g.
immunostimulatory microenvironment, acute inflammation) or other stimulations (e.g.
therapies, bacteria, pro-inflammatory cytokines) may affect the activation state of TAMs, or in
other words their polarization and drive the acquisition of an antitumor phenotype. TAMs were
therefore the subject of numerous studies aiming at targeting these cells in order to reverse the
fate of tumors. A lot of successful therapies targeting TAMs have thus been developed and
include chemotherapies, immunotherapies and radiotherapy (See Chapter 3).

Conventional radiotherapy (X-rays, y-rays), as one of the most often used treatment for cancer,

has been demonstrated to exert conflicted effects on the immune system. On one side,
radiotherapy is able to induce the activation of the immune system in tumors and on the other
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side, it may consolidate the immunosuppressive microenvironment. Although presenting the
advantage to be a local treatment, RT is associated with numerous adverse effects (e.g. fibrosis,
nausea, vascular damage) due to the irradiation of healthy tissue surrounding the tumor. In
order to improve radiotherapeutic treatments, the delivered dose must be maximized at the
tumor site, while being minor at the surrounding healthy tissues. Thanks to physical properties,
charged particle therapy has the advantage to better spare healthy tissues while exhibiting a
greater efficacy on cancer cells. Charged particle therapy mainly uses beams of protons, carbon
ions or helium nuclei (alpha particles). Nowadays, protontherapy remains the most used
charged particle therapy and is already frequently exploited for the treatment of cancers near
organ at risk (e.g. brain, spinal cord and optic nerve) and for pediatric cancers (Joiner and Kogel,
2009). However, the biological effects of protontherapy on the immune system are poorly
characterized.

In this context, the present work aims to unravel the effect of proton irradiation on
macrophages, and more precisely on their reprogramming towards a pro-inflammatory
phenotype, associated with antitumor functions. As TAMs are at the heart of this thesis, their
roles in tumors will be addressed in the first part of the introduction. The understanding of
signaling pathways involved in macrophage polarization will be the subject of the second
chapter. A third chapter will report the effects of therapies, and more specifically of
radiotherapy, on macrophage polarization. Finally, a brief comparison of conventional
radiotherapy and charged particle therapy will be performed in the fourth chapter.
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Figure 1.3 - Tumor microenvironment

A tumor is composed of malignant cells and a multitude of host infiltrating and recruited cells.
These cells include stromal cells (cancer-associated fibroblasts (CAFs), endothelial cells and pericytes),
innate immune cells (tumor-associated macrophages (TAMs), dendritic cells (DCs), natural killer cells
(NK cells), myeloid-derived suppressor cells (MDSCs), granulocytes) and adaptive immune cells (B and
T lymphocytes, and NK T cells) (Kerkar and Restifo 2012).

BOX 1: Innate and adaptive immune system

The innate immunity (also called natural or native immunity) provides the early line
of defense against microbes or injured cells. This mechanism rapidly reacts after
infections or trauma. The innate immunity comprises chemical and physical barriers
(e.g. epithelium, antimicrobial products), phagocytic cells (neutrophils and
macrophages), dendritic cells, natural killers and blood proteins (e.g. complement
system). Macrophages and dendritic cells are both antigen-presenting cells (APCs)
that can trigger the activation of T lymphocytes. A key characteristic of the innate
immune system is the lack of specificity.

The adaptive immunity (also called specific or acquired immunity) distinguishes
different microbial and nonmicrobial substances and may adapt the response for
each case. This response appears later than the innate defense, but is more specific.
Adaptive immunity also responds more vigorously to repeated exposure to the same
substance, known as memory. The adaptive immune system comprises B
lymphocytes and T lymphocytes (Abbas 2015).
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Chapter 1: Crosstalk between tumor-associated macrophages
(TAMs) and the tumor microenvironment

1.1. Immunity in cancer: a double-edged sword

More than 30 years ago, tumors have been defined as “wounds that do not heal” in reference to
the close resemblance between these lesions and the granulation tissue of healing skin wound.
Indeed, tumors are lesions with chronic unresolved inflammation where cell proliferation,
survival and migration are managed by multiple factors and cell types (Arwert et al, 2012;
Dvorak, 1986). In addition to malignant cells, all solid tumors contain different lineage subsets,
including stromal cells (cancer-associated fibroblasts (CAFs), endothelial cells and pericytes),
myeloid-lineage cells (TAMs, dendritic cells (DCs), natural killer (NK) cells, myeloid-derived
suppressor cells (MDSCs) and granulocytes) and lymphoid-lineage cells (B and T lymphocytes,
and NKT cells) (Figure I.3) (Hanahan and Weinberg, 2011; Tisty and Coussens, 2006). The
immune system (BOX 1), comprising the two last lineage cells, plays conflicting roles in
tumorigenesis. On the one hand, the immune system contributes to cell transformation through
chronic inflammation and promotes tumor growth by releasing pro-tumoral mediators (e.g. IL-
10, TGFpB) or by shaping the immunogenicity of cancer cells. In other words, the immune system
applies a high selective pressure on cancer cells that have the ability to initiate an immune
response (so-called the immunogenicity) and only poor immunogenic malignant cells survive.
On the other side, the immune system also prevents tumor growth by immune surveillance by
recognizing cancer cells and eliminating them. This recognition is mainly performed by the
crosstalk between antigen-presenting cells (APCs) and T lymphocytes. Moreover, the innate
immune cells, such as macrophages, can also recognize cancer cells and kill them (Noy and
Pollard, 2014; Schreiber et al,, 2011).

In the following sections, the dual function of the immune system in cancer progression will be
detailed mainly by describing the role of chronic inflammation in cancer initiation and the
immunoediting concept. The emphasis will also be put on the TAMs and their opposite roles in
controlling the tumor fate: regression or promotion.

1.1.1. Cancer-related inflammation

Rudolf Virchow was the first to propose a connection between inflammation and tumorigenesis
in 1863. He noticed that tumors often develop at sites of chronic inflammation and that these
tumors contain a high proportion of inflammatory cells (Balkwill and Mantovani, 2001). Over the
past decades, a lot of efforts were made to understand the link between inflammation and
cancer (Mantovani et al, 2008a) and it appears that two pathways co-exist to make this
connection. The intrinsic pathway relies on the induction of neoplasia by genetic events and
thereby on the generation of an inflammatory microenvironment. In the extrinsic pathway,
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Figure 1.4 - Chronic inflammation and tumor initiation and promotion

(A) Chronic inflammation induces tumor initiation. Inflammatory cells promote malignant
transformation of normal cells through the production of reactive compounds such as reactive
oxygen species (ROS) and reactive nitrogen intermediates (RNI). Mutations and epigenetic
changes are the results of cytokines released by the inflammatory cells. Once initiated, the tumor
contributes to the inflammatory environment.

(B) Chronic inflammation promotes tumor growth. Malignant cells release chemokines that
recruit inflammatory cells (including mainly TAMs and T cells) into the tumor. Inflammatory
cells produce cytokines that activate key transcription factors, such as STAT3 and NFkB in
malignant cells. These transcription factors control protumoral properties in cancer cells,
including survival, proliferation, growth, angiogenesis and invasion (Grivennikov, Greten et al.
2010).
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inflammation makes susceptible to cancer initiation. These two pathways converge and result in
the activation of transcription factors in malignant cells that consolidate the inflammatory
environment, promoting tumor growth (Mantovani et al, 2008a).

Intrinsic pathway - The cancer initiation may be induced by several factors, such as
carcinogens, radiation, inherited genetic mutations or viral infections (Schreiber et al, 2011).
During malignant transformation, the activation of some oncogenes in cancer cells initiates the
establishment of an inflammatory microenvironment. Indeed, the release of chemokines favors
the recruitment of several inflammatory effectors, mainly including TAMs and T cells. In order to
re-establish the homeostasis, recruited inflammatory cells secrete cytokines and prostaglandins
that activate transcription factors (such as nuclear factor kappa B (NFkB), hypoxia-inducible
factor 1 (HIF1), activator protein 1 (AP-1) and signal transducers and activation of transcription
3 (STAT3)) in cancer cells. These mediators and then the activation of transcription factors often
promote tumor growth. Therefore, the cytokine and chemokine expression patterns control the
immune and inflammatory milieu as well as the tumor growth (Grivennikov et al, 2010;
Mantovani et al,, 2008a).

Extrinsic pathway - It is now well demonstrated that chronic inflammation also augments the
risk of developing cancer. For example, chronic infections (e.g. Helicobacter pylori, hepatitis C
virus or schistosomes), autoimmune diseases (inflammatory bowel disease), tobacco smoking,
obesity or idiopathic inflammation all predispose to malignant transformation whereas, the use
of anti-inflammatory agents prevents tumorigenesis in many cases. It is important to note that
while low-grade chronic inflammation may induce carcinogenesis, acute inflammation has been
mostly associated to tumor regression. This difference probably relies on different effectors
involved in acute and chronic inflammation. How inflammatory cells contribute to
tumorigenesis (Figure 1.4 A)? Recruited inflammatory cells (mainly TAMs and neutrophils)
release mutagenic mediators such as reactive oxygen species (ROS) and other mediators like
cytokines (e.g. tumor-necrosis factor o (TNFa), interleukin 6 (IL-6) and IL-1pB),
metalloproteinases (MMPs) and prostaglandin E; (PGE:) (Figure 1.4 B). This inflammatory
microenvironment directly leads to DNA damage or affect DNA repair system and cell cycle
checkpoints. In more details, reactive compounds, including ROS and reactive nitrogen species
(RNS) induce DNA damage and genomic instability, thus accelerating the malignant
transformation of normal cells. In the same line, it was also shown that the release of TNFa by
inflammatory cells promotes ROS accumulation in malignant cells. The connection between
inflammation and cancer initiation is also reflected by the induction of cancer-related epigenetic
modifications, such as DNA methylation or silencing of genes by non-coding RNA sequences,
mostly elicited by inflammatory mediators (such as IL-1p) secreted by TAMs. Finally, an
inflammatory environment supports the malignant transformation by impeding the DNA repair
machinery (e.g. mismatch repair system, base insertions or deletions) or by activating survival
and proliferation pathways in cancer cells. For instance, inflammatory cells produce cytokines
and growth factors that confer stem cell-like properties to malignant cells through the activation
of STAT3, as well as promote survival in malignant cells through the activation of NFkB.
Altogether, these elements indicate that chronic inflammation plays a major role in cancer
initiation by increasing the mutation rate in normal cells (Colotta et al, 2009; Grivennikov et al.,
2010; Qian and Pollard, 2010).



Unecantigens'tumor
1

200
N ““II I """"""""""""
0 . ...-------——__

PDL1 expr .

EENE
¥

warsss [
arazas [

srozorer [

L] []
SEgF8¢8 38598333 §g¢sg88:22833¢883¢8
¥ 33 2 3 §‘=8 g s P N 3 3 ggg 9 9 = d 2 >
@ =
Durable clinical benefit No durable benefit

Figure 1.5 - Neoantigen burden and clinical benefit of immunotherapy (immune checkpoint blockade)

Proportion of clonal (blue) and subclonal (red) neoantigens per tumor and associated expression of immune checkpoint (PD - L1 ; programmed cell
death ligand 1). A high proportion of clonal neoantigens correlates to a high homogeneity upon neoantigen landscape. A homogeneous antigen
landscape is associated with a durable clinical benefit for immunotherapy (immune checkpoint blockade) due to a high PD-L1 (immune checkpoint)
expression. On the contrary, a high proportion of subclonal neoanigens is associated to a high heterogeneity upon the neoantigen landscape. A
heterogeneous antigen landscape is linked to poor durable benefit of immunotherapy (McGranahan et al., 2016).
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In this inflammatory context, TAMs, as the most representative inflammatory cells in tumors,
play a central role in tumor initiation and tumor promotion (Grivennikov et al., 2010; Mantovani
and Sica, 2010).

1.2. Therole of the immunity in cancer promotion: the cancer immunoediting concept

The tumor fate depends on the immunogenicity of the tumor, or in other words, on the ability of
malignant cells to stealth from the activation of the immune system (Dunn et al, 2004).
Therefore, more a tumor is immunogenic, more this tumor is susceptible to be eliminated by the
immune system. Indeed, cancer cells expose on their surfaces, different molecules (so-called
neoantigens) that can be recognized by the immune system. In this context, both innate and
adaptive immune systems have been shown to significantly contribute to the tumor eradication.
However, while the immune system represents a significant barrier to the tumor formation and
progression, cancer cells are able to evade from the immune surveillance and to educate the
immune system by modifying the tumor microenvironment (Hanahan and Weinberg, 2011; Kim
et al, 2007, Teng et al, 2008). A tumor is thus considered as edited when there is an
immunoselection of malignant cell clones that display a reduced immunogenicity. These events
are the bases of the cancer immunoediting concept. This concept is divided in three phases:
elimination, equilibrium and evasion (Noy and Pollard, 2014; Schreiber et al, 2011) that will be
described here under.

1.2.1. Cancer cell recognition: the neoantigen landscape

There is compelling evidence that cancer cells are recognized by the immune system. Mutations
or transcriptional aberrations lead to the formation of new epitopes, so-called neoantigens.
These neoanigens are formed by silent or non-silent mutations in diverse proteins or may also
be generated by overexpressed normal proteins, subjected to immune system recognition
(McGranahan and Swanton, 2017b; Schreiber et al,, 2011). However, as the tumor grows, there is
a selection of cancer cell clones that lack immunodominant rejection antigens (Mittal et al,
2014). This immunoselection, induced by the pressure from the intact immune system, allows
poor immunogenic cancer cells to survive in an immunocompetent host (Shankaran et al, 2001).
It explains why the transfer of poor immunogenic cancer cells from an immunocompetent host
to an immunocompetent or immunodeficient recipient mouse always generated a new tumor,
while the injection of high immunogenic cancer cells from an immunodeficient host to an
immunocompetent mice induced tumor rejection in half of the cases (Schreiber et al, 2011). As a
whole, the immune system plays opposite roles: it allows cancer cell recognition for tumor
elimination while it applies a selective pressure on cancer cells that drives immunoselection.

In addition, while the immune system drives the immunoselection of cancer cell clones, the
neoantigen landscape of tumor is also able to shape the antitumor immunity. The neoantigen
landscape or burden is the number of mutational loads per tumor. This comprises clonal and
subclonal neoantigens. Clonal mutations are identified in all malignant cells while subclonal
mutations are present in only a subset of cancer cells. Indeed, clonal and subclonal neoantigens
are distinct mutational processes that operate at different times along the tumor evolution
(McGranahan and Swanton, 2017b). Therefore, once the tumor is established, the neoantigen



BOX 2: Lymphocytes

Two lymphocyte populations can be distinguished in the adaptive immunity: B
lymphocytes and T lymphocytes.

B lymphocytes produce antibodies that recognize antigens for the elimination of
extracellular pathogen (or transformed cells).

After their activation by antigen-presenting cells, mature T lymphocytes directly
interact with infected cells (or transformed cells) to eliminate intracellular pathogens
(or cancer cells). T cells can be classified in two major groups, based on their T cell
receptors (TCRs): yv& and aff. of T cells are further classified according to their
effector functions: helper or cytotoxic. T helper (Tx) lymphocytes (CD4+) activate
phagocytes, such as macrophages, to kill phagocytized pathogens (or phagocytized
transformed cells), or activate B lymphocytes for antibody response. Cytotoxic T
lymphocytes (CD8+, CTLs) directly destroy infected cells (or cancer cells). NKT cells,
another af T cell subset, express characteristic of both NK and T cells. NKT cells, as
well as yd T cells, are rare populations that recognize non-protein antigens, such as
lipids, phosphorylated molecules or alkyl amines (Grivennikov, Greten et al. 2010,
Abbas 2015).
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landscape may be homogeneous or heterogeneous through the genomic diversity of subclonal
neoantigen populations. These neoantigens activate the immune system. Especially, the
presentation of neoantigens to naive T cells allows the activation of these cells and then the
tumor infiltration by effector T cells that eliminate malignant cells (McGranahan et al, 2016). In
a recent study, it has been demonstrated that the infiltration of the tumor microenvironment by
effector T cells is higher in patients with a homogeneous neoantigen landscape. Thus, a high
number of clonal neoantigens is associated with a longer overall survival of patients. Indeed,
patients with low intratumor heterogeneity upon the neoantigen landscape have longer survival
than patients carrying high intratumor heterogeneity (Figure 1.5), and these patients are better
responders to immunotherapy, such as immune checkpoint inhibitors (McGranahan et al, 2016;
McGranahan and Swanton, 2017b). In addition, the neoantigen landscape in different metastases
from the same patient may be also completely different. Recently, a case study reported
evidences of high neoantigen heterogeneity between metastases in a single patient, leading to
divergent immune activation, different tumor microenvironment and diverse tumor genetics
within tumors. This means that treatment may differently affect the metastases in one patient by
differently interacting with the diverse tumor microenvironment and immune effectors of each
metastasis (Jimenez-Sanchez et al, 2017).

1.2.2. Elimination phase

The cancer immunosurveillance process is a well known concept developed long time ago
(Burnet, 1970; Thomas, 1959). The immune system is efficiently able to protect host against the
development of primary tumors by eliminating newly transformed cells (Stutman, 1970). It was
well demonstrated by the higher recurrence of carcinogen-induced and spontaneous cancers in
mice lacking adaptive immune system (immunodeficient mice) compared to mice carrying an
intact immune system (immunocompetent mice). These experiments revealed the crucial role of
the adaptive immune system, and more specifically of T lymphocytes, in tumor suppression. The
killing of cancer cells occurs mostly through the secretion of interferon y (IFNy) and perforin
(Shankaran et al, 2001). In reality, more than being restricted to the adaptive immunity, the
detection and the elimination of cancer cells occur through the interplay of the innate and
adaptive immune systems (Figure L.6). Different kinds of neoantigens may be detected by the
innate immune system. For example, dying cancer cells release nucleic acids and damage-
associated molecular pattern (DAMPs), sensed by antigen presenting cells (APCs), such as
dendritic cells (DCs) and M1-like tumor-associated macrophages (M1-TAMs) (Woo et al, 2015).
Activated APCs are then able to prime the activation of naive T cells (BOX 2) in lymph nodes by
presenting the antigens. In this context, type I interferon (IFN I, e.g. IFNa or IFNf) plays a key
role in the activation of T cells against tumor-associated antigens. Once activated by APCs,
cytotoxic lymphocytes (CTLs or CD8* T cells) and natural Kkiller cells are both susceptible to
recognize neoantigens exposed by cancer cells and thereby to recruit all members of the innate
and adaptive immune systems to eliminate malignant cells. Another body of evidence has
pointed the role of macrophages in the elimination of cancer cells, notably through phagocytosis
(Mittal et al, 2014; Woo et al, 2015). Altogether, it suggests a key role of the innate immune
system in the detection of cancer cells and the priming of T cells to elicit their antitumor
functions (Mittal et al., 2014).
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Figure 1.6 - Cancer immunoediting

The cancer immunoediting process relies on three phases: elimination, equilibrium and escape.
The transformation of normal cells into malignant cells may be caused by several extrinsic
(carcinogens, radiation, viral infections, chronic inflammation) and intrinsic (genetic mutations)
factors that contribute to tumor development. Transformed cells expose on their surface several
antigens that can be recognized by the immune system. During the first phase, innate (NK cells,
macrophages, DCs) and adaptive (CD4*lymphocytes, CD8* lymphocytes and NKT cells) immune
cells eliminate cancer cells (elimination phase). In the second phase, a balance between the
tumor suppression applied by the adaptive immune system (CD4* lymphocytes, CD8+*
lymphocytes) and the tumor growth keeps the tumor in dormancy (equilibrium phase). Due to
a selective pressure from the immune system, only cancer cell clones with reduced
immunogenicity survive. In the third phase, the edited clones start to proliferate and educate the
immune system to sustain tumor growth. Tumor growth is also promoted by some cells from the
innate (macrophages, MDSCs) and adaptive (Treg) immune system while other effector cells (NK
cells, CD8+ CTL) are excluded from the tumor (escape phase) (Schreiber, Old et al. 2011).
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1.2.3. Equilibrium phase

If some cancer cells survive to the elimination phase, the immune system, and mostly the
adaptive immune system, keeps residual cancer cells in a dormancy state (Figure 1.6). The
tumor dormancy is maintained by an immune-mediated balance: the presence of CTLs, NK cells
and y0 T cells (BOX 2) favors tumor elimination while the NKT cells, T regulatory lymphocytes
(Treg) and myeloid-derived suppressor cells (MDSCs) promote tumor growth. The evolution of a
dormancy state towards the evasion state is driven by a progressive lack of tumor specific
antigens and a decreased cross-presentation of tumor antigens. In addition, although in the
elimination phase, an immunostimulative microenvironment (e.g. IFNy, TNFa, IL-12) recruits
the immune effectors, in the equilibrium phase, a balance between an immunostimulative (IL-12
and IFNy) and an immunosuppressive microenvironment (IL-10 and transforming growth factor
B (TGFB)) maintains tumors in dormancy. This phase may be the longest one since cancer cells
may reside in patients for decades before eventually generating primary tumors or distant
metastases (Mittal et al.,, 2014; Schreiber et al,, 2011).

1.2.4. Evasion phase

In the evasion phase, an immunosuppressive microenvironment predominates and a new
interplay between the innate and the adaptive immune system leads to the immunoselection of
poorly immunogenic cancer cells, promoting tumor outgrowth (Figure L6). This is made
feasible by a reduced immune recognition of tumor-specific antigens, a decreased cross-
presentation of tumor antigens, an increased resistance of cancer cells to the immune system
and a supporting immune system (Mittal et al, 2014). The reduced immune recognition of
neoantigens is linked to the selection of cancer cell clones with low immunogenicity or to
changes in the neoantigen landscape. For example, some cancer cells can evade macrophage
phagocytosis by expressing high levels of «don’t eat me signals» such as cluster of
differentiation 47 (CD47), and/or low levels of « eat me signals » such as calreticulin (O'Sullivan
et al, 2012). Also, an immunosuppressive microenvironment predominates and fuels tumor
growth. This immunosuppressive microenvironment comprises mediators like vascular
endothelial growth factor (VEGF), TGFp, IL-10, IL-23. All these mediators are released by
different contributors that mainly gather Treg, MDSCs, DCs and M2-like TAMs. In addition, these
factors play key role in the immunosuppression and more specifically in T cell anergy. T cell
anergy may also be induced by the binding of negative co-stimulatory molecules (e.g.
programmed cell death ligand 1 (PD-L1)). Emphazing the role of M2-like macrophages in this
process, the secretion of several macrophage-derived factors including polyamines, monocyte
colony-stimulating factor (M-CSF), VEGF, IL-10 and TGFf highly benefits to tumor growth,
angiogenesis and metastasis (Mantovani et al., 2008b; Mittal et al., 2014).

1.3. Tumor-associated macrophages: friends or foes?

Macrophages are phagocytic cells, playing key roles in the innate immunity (Gosselin et al,
2014). Their monocytic precursors are efficiently recruited into the tumor site by VEGF, colony-
stimulating factor 1 (CSF1), chemokine (C-C motif) ligand 2 (CCL2) and chemokine (C - X - C
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Figure 1.7 - Leukocyte proportion in 25 human cancers

Estimated mRNA fraction of different leukocyte subsets in 25 human cancers. PMN,
polymorphonuclear cells; Eos, eosinophils; MCs, myeloid -derived suppressor cells; DCs,
dendritic cells; Mono/M®ds, monocytes/macrophages; NKs, natural killers; yd T cells; CD4, CD4+
T lymphocytes; CD8, CD8* T lymphocytes; PCs, plasmocytes; B cells, B lymphocytes. Estimated
macrophage fraction represents up to 50% of the leukocyte population in brain and solid tumors
(Gentles, Newman et al. 2015).
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Figure 1.8 - Linear scale of macrophage classification

The classification of tumor-associated macrophages (TAMs) relies on a dual phenotype
designation, also observed in steady state: M1 macrophages (or so-called classically activated
macrophages) or M2 macrophages (referred to as alternatively activated macrophages). These
two phenotypes can be featured as a linear scale where M1 and M2 phenotypes represent the
two extremes and between which exists a multitude of intermediate phenotypes (Mosser and
Edwards 2008).
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motif) ligand 12 (CXCL12). Once recruited into the tumors, monocytes differentiate into tumor-
associated macrophages (TAMs) (Lin et al, 2001; Yuan et al,, 2016). The pro-tumoral functions of
TAMs have been highlighted by numerous studies. For example, depletion of macrophages by
chlodronate liposome or anti-CSF1 therapy reduces tumor progression (Klug et al, 2013;
Komohara et al, 2014; Zeisberger et al, 2006). However, the anti-tumoral functions of TAMs have
also been demonstrated at early stages of tumorigenesis (Mittal et al., 2014) and by the action of
diverse treatments that reprogram TAMs to elicit their anti-tumoral functions (See Chapter 3).
As TAM population represents up to 50 % of host infiltrating cells (Figure 1.7) within the tumor
(Gentles et al,, 2015; van Ravenswaay Claasen et al, 1992), the fate of the tumor may widely be
influenced by their activation state.

Macrophages exhibit a high plasticity leading to their classification in two distinct phenotypes
with opposite functions in tumors. The M1 phenotype, also called classical activation state, plays
key roles in tumor eradication by displaying pro-inflammatory, phagocytic and anti-tumoral
activities, while the M2 phenotype, referred to as an alternative activation state, is involved in
tumor growth by holding anti-inflammatory and pro-tumoral functions (Figure L8). This
classification follows the one found in cancer-free organisms, as M1 macrophages exhibit
pathogen phagocytic abilities while M2 macrophages are requested for infection-free healing
circumstances (Biswas and Mantovani, 2010). In most cancer, M1-like TAMs are found in tumor
at early stages of the disease (elimination phase) whereas M2-like TAMs gradually replenish the
macrophage pool as the tumor grows (evasion phase). Actually, the transition from a M1 to a M2
phenotype occurs through the switch from an immunostimulative to an immunosuppressive
microenvironment (Mittal et al, 2014; Movahedi et al, 2010). The tumor infiltration by TAMs
with a M1 phenotype is linked to a positive prognosis for patients while the presence of M2-like
macrophages is strongly associated to a worse prognosis in most of cancer types. It has to be
noted that the total tumor-infiltrating macrophages (CD68+) are correlated with a good outcome
for colorectal or prostate cancer patients while it is mostly associated to a poor prognosis in
other cancer types (Figure 1.9) (Fridman et al, 2017).

Macrophages interact with the adaptive immune system: M1 macrophages facilitate the
activation of T helper 1 (Tu1) lymphocytes (cfr BOX 2), while M2 macrophages promote Tx2 cell
development (Biswas and Mantovani, 2010). M1 macrophages also have the ability to present
antigen, prime T cell activation and facilitate the development and the activation of NK cells
(Ansell and Vonderheide, 2013). These abilities, as well as their cytotoxic functions mediated by
ROS, MMPs and TNFa productions, are completely aborted under anti-inflammatory conditions
(Guiducci et al, 2005; Kerkar and Restifo, 2012). M2-like TAMs produce low levels of pro-
inflammatory cytokines (e.g. IL-1p, TNF-a, IL-12, IL-6) and high levels of anti-inflammatory
cytokines (e.g. IL-10) and immunosuppressive factors (e.g. TGFp, VEGF) (Sica and Mantovani,
2012). However, the classification of TAMs along the binary M1/M2 phenotypes is an
oversimplification of the reality, as a multitude of macrophage subsets are usually noticed in
tumors. Indeed, TAMs express different pattern of gene expression in function of their
localization (e.g. close to blood vessels), the local microenvironment (e.g. hypoxia) and their
origins (tissue resident macrophages or blood monocytes), reflecting the high plasticity and the
heterogeneity of these myeloid cells. Based on their functions, at least six different
subpopulations of TAMs co-exist in tumors. These different macrophage subsets share features
of both M1 and M2 populations, which attest of the complexity of macrophage classification
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Figure 1.9 - Prognosis of patients with cancers based on the immune infiltrate

The presence of CD8+ T lymphocytes, tertiary lymphoid structure (TLS), T regulatory cells,
CD68* macrophages, M1-like macrophages and M2-like macrophages was analyzed in patients
with cancers. Data from more than 200 studies were included in this analysis. The size of the
circle indicates the number of patients enrolled in the studies. The color indicates the prognosis
of patients: red for « negative prognosis », orange for « mostly negative prognosis », white for
«no statistically significant correlations », light green for « mostly positive prognosis» and
green for « positive prognosis » (Fridman, Zitvogel et al. 2017).
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Figure 1.10 - Origin of tumor-associated macrophages (TAMs)

During steady state (left panel), tissue-resident macrophages are derived from self-maintaining
of embryonic progenitors or from the migration (grey arrow) of circulating blood monocytes
into tissues. In tumors (right panel), TAMs derived from the activation (red dashed arrows) of
tissue-resident macrophages or from migration (grey arrows) of circulating blood monocytes.
These last ones can directly differentiate (red arrow) into TAMs when entered into the tumor
(Franklin and Li 2014).
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(Mittal et al, 2014; Qian and Pollard, 2010). The diverse macrophages subpopulations will be
described in the following sections, by covering their origins and their different functions.

2. Ontogeny of tumor-associated macrophages

2.1. Macrophage origin

During embryogenesis, yolk sac erythro-myeloid progenitors invade healthy tissues and give
rise to tissue-resident macrophages, whereas in adulthood, tissue-resident macrophages are
self-maintained locally or are replaced by circulating monocyte-derived macrophages from
hematopoietic origin (Gomez Perdiguero et al,, 2015). Therefore, two classes of macrophages co-
exist in tissues: resident and infiltrating macrophages. Two exceptions are however noticed:
microglia is only generated from the self-maintaining of yolk-sac progenitors (De Palma, 2016;
Hoeffel and Ginhoux, 2015; Zhu et al, 2017) while intestinal macrophage pool is continuously
replenished by adult blood monocytes (Figure .10 - left panel) (Zhu et al,, 2017). In addition,
recent studies have reported differences between tissue-resident macrophages. The analysis of
chromatin landscape in tissue-resident macrophages from different tissues revealed distinct
populations. Moreover, as macrophages derive from different origins and are maintained upon
distinct local microenvironments in tissues, these cells present diverse functions and co-exist
within the same tissue (Lavin et al, 2014; Zhu et al,, 2017). The different chromatin landscapes
between distinct macrophage subsets drive distinct expression patterns (Gosselin et al, 2014;
Lavin et al, 2014). Interestingly, fully differentiated macrophages acquire a new chromatin
landscape when transferred in a new host tissue, meaning that tissue-resident macrophages
may be completely reprogrammed (Lavin et al, 2014). All these features reflect the high
plasticity of macrophages in their functions and identities.

2.2. TAM ontogeny

The attraction of TAMs into tumors is carried out by several factors including chemokines
(CCLZ2, CCL5, CCL7, CXCL3 and CXCL12) and chemoattractants (CSF1, VEGFA) (Biswas and Lewis,
2010; Komohara et al,, 2014). These factors bind to chemokine (C - C motif) receptors (CCR) or
to CSF-1 and VEGF receptor (CSF1R; VEGFR).

[t was thought for a long time that in pathological settings such as cancer, the major source of
macrophages comes from circulating classical monocytes (or inflammatory monocytes), even in
brain tumors (De Palma, 2016; Hashimoto et al, 2013). Accordingly, the study of TAM origin in a
mouse mammary tumor model revealed that CCR2* inflammatory monocytes are actively
recruited into the tumor by CCL2. Indeed, the tracking of transferred CCR2* monocytes from
CCR2GFP reporter mice into congenically CCR2P™R PyMT mice, lacking CCR2* monocytes, showed
an infiltration and a differentiation of these monocytes into TAMs in tumors. These observations
were confirmed by a distinguishable phenotype of TAMs from their neighbored mammary
tissue-resident macrophages (Franklin et al, 2014) (Figure 1.10 - right panel). Similar
experiments in mammary tumors and breast metastasis (Movahedi et al,, 2010; Qian et al, 2011)
and other experiments in colorectal cancer (MC38 tumor-bearing mice) also showed that TAMs
were bone-marrow-derived (Gordon et al, 2017). In addition to circulating blood monocytes,
monocytes from the spleen also contribute to a lesser extent to the monocyte-derived TAM
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The diagram represents six macrophage phenotypes present in tumors, related to six distinct
functions in tumorigenesis. These subpopulations are all defined by the expression of specific
macrophage markers (CD11b, F4/80 and CSF-1R) but are associated to a specific pattern of gene
expression induced by different environmental cues (Qian and Pollard 2010).
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Diagram of TAM populations with a M1-like (activated TAMs and anti-tumoral TAMs) or M2-like
phenotype (invasive TAMs, metastasis-associated TAMs, migratory TAMs, angiogenic TAMs,
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population (Shand et al, 2014). Differently, DeNardo and his colleagues observed that TAMs
derived from circulating monocytes as well as from the expansion of tissue-resident
macrophages in a pancreatic tumor model. While monocyte-derived TAMs shape the immune
responses by sampling tumor antigens, tissue-resident-derived TAMs have pro-fibrotic activities
that fuel tumor growth. It suggests that macrophages from different origins respond to
inflammatory cues with distinct activities (Zhu et al, 2017). However, in an orthotopic colorectal
cancer model, the remodeling of the extracellular matrix (ECM), as a part of the fibrotic activities
of TAMs, was executed only by monocyte-derived TAMs (Afik et al, 2016). In line with the
observations reported by DeNardo and his colleagues, the study of macrophage ontogeny in
glioma and brain metastases also revealed that both bone-marrow-derived macrophages and
tissue-resident microglia infiltrated the tumors. These two subsets of TAMs presented distinct
education patterns, related to different transcription factor networks and chromatin landscapes.
In addition, while microglial TAMs were enriched for expression of chemokines associated to a
pro-inflammatory response, bone-marrow-derived macrophages presented a wound healing
response (Bowman et al, 2016). Based on multiple studies, it was proposed that TAMs derive
from surrounding tissues as the tumor size is small, while monocytes replenish TAM burden as
the tumor grows and the intratumor vasculature is built (Komohara et al, 2014).

In addition, some defined TAM populations have also been associated to specific origin and
localization. For example, perivascular TAMs are mostly derived from circulating monocytes
expressing the angiopoietin receptor Tie2 (Lewis et al, 2016). Besides circulating monocytes and
tissue-resident macrophages, the monocytic myeloid-derived suppressor cells (M-MDSCs) also
appear as a potential source for the TAM reservoir, as these cells are strongly recruited to the
tumor site and rapidly differentiate into TAMs (Kumar et al,, 2016).

All these studies suggest that the origin of TAMs may differ from a cancer site to another, and
that heterogeneous TAM populations co-exist in tumor. These different macrophage
subpopulations come from distinct origins and fulfill distinct functions, promoting or not tumor
growth.

3. Role of TAMs and their interactions with cells from the tumor
microenvironment

Qian and Pollard described six different types of TAMs, mostly related to a M2-like phenotype.
These six types of macrophages are associated to specific patterns of gene expression and
distinct roles in tumors. They include activated macrophages, invasive macrophages, metastasis-
associated macrophages, perivascular macrophages, angiogenic macrophages and
immunosuppressive macrophages (Qian and Pollard, 2010) (Figure I.11). Other macrophage
types including migratory macrophages, hypoxic macrophages, lymphatic macrophages and
anti-tumoral macrophages are also described in the literature (Figure 1.12). The roles fulfilled
by all these macrophage subtypes mainly include tumor initiation, tumor promotion, tumor
metastasis and angiogenesis. In addition, macrophages hold a particular interaction with other
immune cells, favoring immunosuppression.
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Chronic inflammation, induced by diverse components (e.g. pathogens), promotes the
transformation of normal epithelial cells into malignant cells. This transformation is potentiated
by reactive nitric and oxygen species released mainly by macrophages into the tumor
microenvironment (Qian and Pollard 2010).
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3.1. Tumor initiation: contribution of activated macrophages

As described earlier, chronic smoldering inflammation is well known to create an enabling
environment for cancer initiation and promotion. Inflammatory cells, and mostly TAMs, may
initiate malignant transformation of normal cells notably through the release of reactive
compounds (ROS, RNI) (Figure 1.13). In addition, chronic inflammation promotes tumor growth
by enhancing the release of growth factors by inflammatory cells. It was effectively
demonstrated that an inflammatory microenvironment contributes to the genetic instability in
the neoplastic cells while an anti-inflammatory microenvironment prevents tumor initiation. As
a vicious circle, the mutagenesis in cancer cells induces the recruitment of inflammatory cells at
the tumor site. The recruited activated macrophage subset is a pro-inflammatory macrophage
population that creates a microenvironment suitable for malignant cell population. This
population shares a common M1-like phenotype by expressing IL-12, the major
histocompatibility complex II (MHC II), the inducible nitric oxide synthase (iNOS), TNFa, CD80
and CD86 (Grivennikov et al, 2010; Noy and Pollard, 2014; Qian and Pollard, 2010). In this
inflammatory context, NFkB and STAT3 regulate the expression of several important genes in
TAMs. For example, the activation of the heterodimer p50 - p65 (NFxB) in macrophages
mediates the production of IL-6, IFNy and TNFa that contribute to tumorigenesis, once enough
mutations had driven malignant transformation in epithelial cells (Noy and Pollard, 2014). As
STAT3 controls the production of anti-inflammatory cytokines such as IL-10, the ablation of
STAT3 hampers the anti-inflammatory response and promotes tumor initiation. In line with
these observations, the suppression of IL-10 also enhanced carcinogen-induced tumorigenesis
(Qian and Pollard, 2010). Once the tumor has emerged, activated macrophages are rapidly
replaced by pro-tumoral M2-like TAMs. These changes are occurring during the transition from
benign to invasive cancer and are associated to a switch from a Ty1-like (e.g. TNFa, IL-6, IFNy,
IL-12) towards a Tu2-like (e.g. IL-4, TGFf, IL-10, CSF-1) microenvironment (Mittal et al,, 2014).

3.2. Tumor promotion and metastasis: interplay between TAMs, malignant cells and
cancer-associated fibroblasts (CAFs)

The epithelial - mesenchymal transition (EMT) is a key mechanism through which transformed
epithelial cells acquire abilities to invade and disseminate. This transition is associated to
morphological changes, increased motility, matrix-degrading enzyme expression and increased
resistance to apoptosis. The microenvironment plays a key role in this process. More specifically,
macrophages maintain a tight interaction with cancer cells by supporting their intravasation in
blood vessels, their migration and dissemination in secondary sites and by preparing and
supporting their evolution in a new microenvironment (Hanahan and Weinberg, 2011).

3.2.1. Invasive macrophages

Invasive macrophage population is a subset of macrophages that promotes intravasation of
cancer cells and that initiates the EMT. Cancer cells release CSF1 that recruits macrophages into
the tumor. Once recruited, macrophages secrete endothelial growth factor (EGF), activating the
migratory capability of cancer cells. The involvement of the CSF1 - EGF axis in tumor metastasis
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Cancer cells attract TAMs into the tumor site by secreting factors such as CSF1 and contribute to
the immunosuppressive phenotype of macrophages by releasing IL-4. In return, invasive TAMs
release several factors, including TGFp and EGF, that contribute to the epithelial mesenchymal
transition (EMT) of malignant cells, to their migratory profile and then to their extravasation in

blood circulation (Ugel, De Sanctis et al. 2015).
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is further confirmed by the fact that the inhibition of CSF1 - EGF signaling pathway aborts
migration and chemotaxis of both cells (Wyckoff et al, 2004; Wyckoff et al, 2007) (Figure 1.14).
While CSF1 - EGF axis plays a major role in cell invasion, it is not exclusive, since other factors
such as chemokines and cytokines may also influence cancer cell migration. For instance, the
release of the chemokine CCL18 by macrophages promotes the invasiveness of cancer cells by
enhancing the EMT in breast cancer models and patients (Su et al, 2014). Also, the co-migration
of macrophages and cancer cells is initiated by another chemokine, CXCL12, released by
malignant cells, fibroblasts or pericytes (Qian and Pollard, 2010). Moreover, TAMs promote a
stem cell-like phenotype in cancer cells through the secretion of cytokines like TGFf in a
hepatocellular carcinoma mouse model. Indeed, TGFf induced cancer stem cells to undergo EMT
(Fan et al, 2014). Finally, matrix remodeling by proteolytic destruction also enhances the escape
of cancer cells. For example, TAMs release matrix metalloproteinases (MMPs), including MMP2
and MMP9, which favor malignant cell invasion (Kitamura et al.,, 2007).

Besides a tight synergy between cancer cells and TAMs in tumor invasion, cancer-associated
fibroblasts (CAFs) also influence the migratory profile of cancer cells by themselves or in concert
with TAMs (Figure 1.15). CAFs play key roles in the recruitment of macrophages, neutrophils
and lymphocytes to the tumor site by secreting a variety of chemokines and pro-inflammatory
cytokines, including IL-6, IL-8, and TNFa (Xing et al,, 2010). The cooperation between malignant
cells and CAFs allowed macrophage recruitment during prostate carcinoma progression. Indeed,
co-culture experiments revealed that the recruitment and the differentiation of monocytes were
synergized by CXCL12 (or stromal-derived growth factor-1 (SDF-1)) and by CCL2 (or monocyte
chemotactic protein-1 (MCP-1)), released by CAFs and malignant cells respectively. Once
differentiated, M2-like TAMs contribute to the invasiveness of malignant cells and to
angiogenesis (Comito et al, 2014). In hypoxic conditions, CXCL1 and IL-6 were shown to be
important chemoattractants for TAMs and CAFs in bladder cancer. In return, recruited TAMs
and CAFs both supplied CXCL1 and other growth factors that promote tumor invasion (Miyake et
al, 2016).

3.2.2. Metastasis-associated macrophages

While the here above experiments highlighted the influence of macrophages on the migratory
profile of cancer cells, they also modified the metastatic site (Figure I.15). Even before
malignant cells invade a metastatic site, the formation of pre-metastatic niches, populated by
CD11b* VEGFR1* myeloid cells, influence the homing of circulating cancer cells (Noy and Pollard,
2014). In line with these observations, TAM depletion in a CCR2- colorectal cancer model
induced changes in ECM composition, as the protein expression of different types of collagen,
glycoproteins, proteoglycans and ECM-modulators was modified. The results evidenced the
contribution of TAMs to the production and the organization of collagenous matrix through their
interactions with CAFs. Indeed, the interplay between CAFs and TAMs allows the formation of
ECM niches suitable for metastasis, notably by enhancing collagen (I and XIV) expression in
CAFs (Afik et al, 2016). Metastasis-associated macrophages (MAMs) are CCR2+, VEGFR1+, Ly6C,
F4/80* (Noy and Pollard, 2014).
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BOX 3: Parabiosis

Parabiosis relies on the surgical union of two animals connected through the elbow
and knee joints and by attachment of the skin. This surgical process allows the
formation of a microvasculature by natural wound-healing processes (inflammation)
and thus permits the sharing of immune cells. As partners share circulating factors,
such as circulating antigens, cross immune reactions are prevented. The initial
experiment was performed by Paul Bert in 1864 and slightly evolved by the input of
Bunster and Meyer in 1933. Parabiosis enables to examine the contribution of the
circulating cells like monocytes, from one animal in the other. For example, by using
an ubiquitous GFP expressing mouse and a wild-type mouse, it is possible to follow
GFP positive cells (Kamran, Sereti et al. 2013, Scudellari 2015).
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3.2.3. Migratory macrophages

Although macrophages may induce invasiveness and metastasis of cancer cells through
paracrine secretions, macrophages may also fuse with cancer cells and acquire migratory
activities. The metastatic properties linked to the fusion between cancer cells and host cells was
reported a long time ago (Kerbel et al, 1983). Indeed, the surgical union of two organisms
sharing the blood circulation, or so-called parabiosis (BOX 3), revealed the fusion between
fluorescent-labeled TAMs and cancer cells in intestinal tumors. These hybrids exhibited a
transcriptomic identity shared by both parental cells and acquired a migratory behavior.
Therefore, while masquerading as host immune cells and then avoiding immunosurveillance,
these hybrids navigated the circulatory system and promoted metastasis (Powell et al, 2011).
While the occurrence of this macrophage - cancer cell fusion was shown to be very low (0.1% to
7.6%) in a spontaneous breast cancer model (Lizier et al, 2016), this phenomenon was also
detected in peripheral blood from melanoma patients (Clawson et al, 2015). The migratory
conversion of TAMs was also noticed in breast, ovarian and colorectal cancers after the
phagocytosis of cancer cell apoptotic bodies. Indeed, foreign DNA elements, from apoptotic
bodies containing cancer genes, were incorporated into open chromatin regions or
transactivated some silenced genes in phagocytic TAMs. This genetic transfer generated a
unique macrophage subpopulation, harboring stem-cell markers, escaping from
immunosurveillance and promoting metastasis (Zhang et al, 2017). These experiments, among
others, have highlighted another type of macrophages with metastatic functions: the migratory
macrophages. The identification of these macrophages relies on the presence of malignant cell
DNA fragments.

3.3. Angiogenesis, intravasation and extravasation: crosstalk between TAMs and the
circulatory system

The framework of new vessels involves endothelial cells and pericytes. The tumor endothelial
cells differ from the normal endothelial cells by several markers, including specific growth factor
receptors and integrins (Ruoslahti, 2002). The pericytes are mesenchymal cells that support the
quiescent endothelium, mainly by secreting angiopoietin. These cells also participate to the
vascular basement for newly formed vessels (Hanahan and Weinberg, 2011). A key feature of the
tumor vasculature is its abnormal structure, generally leading to hypoxic and acidotic regions in
tumor.

As the tumor is growing, its metabolic and nutritional needs are increasing. The formation of a
vascular network allows the tumor to meet these needs. Angiogenesis is the formation of new
blood (angiogenesis) and lymphatic (lymphangiogenesis) vessels in order to supply the tumor in
nutrients, oxygen and immune cells, and also to remove waste products. This process is
influenced by the release of pro-angiogenic factors in the microenvironment (Nishida et al,
2006). During angiogenesis, a crucial role is attributed to immune inflammatory cells, mostly
including TAMs but also Tie2-expressing monocytes, MDSCs, DCs, mast cells and neutrophils.
Altogether, these cells secrete factors such as cytokines (e.g. VEGF, TGFp, fibroblast growth
factor (FGF), TNFa), chemokines (e.g. CXCL8/IL-8), matrix metalloproteinases (e.g. MMP-9),
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Figure 1.16 - The role of perivascular TAMs in intravasation and metastasis

A tight interaction between macrophages and cancer cells drive the extravasation of cancer cells.
(A) A paracrine loop (CSF-1 - EGF) between cancer cells and macrophages allows the co-
migration of both cells to blood vessels and then the extravasation and dissemination of cancer
cells. (B) Real-Time imaging allowed the 3D reconstruction of cancer cell intravasation (yellow
arrow) at the luminal surface of endothelium (EC, red). The intravasation of cancer cells (TC,
green) is made possible by their interaction with perivascular macrophages (M, cyan). (C)
Perivascular macrophages are a distinct subset which is characterized by high levels of VEGF-A
and a high expression of the Tie2 receptor. (D) The EGF - CSF1 axis promotes the co-migration
of cancer cells and TAMs to the tumor vasculature. Then, the release of VEGF-A by Tie2+ TAMs
induces a local and transient vascular permeability, allowing the intravasation of cancer cells
and their subsequent migration (Harney, Arwert et al. 2015).
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ROS, nitric oxide (NO) and a multitude of other mediators that regulate angiogenesis (Hanahan
and Coussens, 2012).

3.3.1. Angiogenic macrophages

During early tumorigenesis, an angiogenic switch allows the activation of quiescent endothelial
cells to form new vessels. This activation is elicited by the presence of diverse signals mostly
represented by VEGF, CSF1 and FGF (Hanahan and Weinberg, 2011). Pollard and his colleagues
showed that TAMs play a crucial role in this angiogenic switch, as the inhibition of macrophage
recruitment by anti-CSF1 monoclonal antibody suppressed vasculogenesis and tumor growth
(Riabov et al, 2014). Indeed, angiogenic macrophages are recruited mainly by CSF1 and CXCL12,
a ligand for chemokine (C - X - C) motif receptor 4 (CXCR4) (Qian and Pollard, 2010). It was also
observed that the angiogenic switch in a mammary cancer model was mediated through the
release of the WNT family ligand (WNT7B), by macrophages, then inducing the production of
VEGF-A by vascular endothelial cells (Yeo et al, 2014). Moreover, macrophages release VEGF to
promote neoangiogenesis, and this is well demonstrated by the abortion of the angiogenic
switch when the expression of VEGFA is abrogated in myeloid cells. Finally, by degrading the
extracellular matrix through the release of MMP9, macrophages also make extracellular storage
of VEGF available for endothelial cell activation. Overall, angiogenic macrophages are VEGFR1+,
VEGF+ and CXCR4+ (Qian and Pollard, 2010).

3.3.2. Perivascular macrophages and monocytes

Perivascular TAMs integrate a distinct subset of macrophages, localized close to blood vessels
and known for enhancing the intravasation of cancer cells. Recruited notably by CXCL12, this
macrophage subtype expresses high levels of the angiopoietin receptor (Tie2),
metalloproteinases (such as MMP9), VEGF-A and PDGFp (Lewis et al., 2016).

The angiopoietin 2 (ANG2) is a proangiogenic cytokine, released by activated endothelial cells,
that recruits perivascular Tie2+ TAMs in the vicinity of the tumor vasculature. Once recruited,
this macrophage subset contributes to the intravasation of cancer cells, and thereby to
metastasis. Indeed, perivascular macrophages act by clustering nearby the vasculature, as it was
demonstrated in xenograft mammary tumor-bearing mice. This process involves the EGF - CSF1
axis which promotes the co-migration of cancer cells and TAMs to blood vessels. In more details,
a paracrine loop is established between cancer cells and macrophages in the initial stages of
metastasis. The chemotaxis of carcinoma cells to blood vessels occurs in response to EGF,
secreted by perivascular TAMs. In turn, CSF1, released by malignant cells, attracts stromal TAMs
to co-migrate with cancer cells. CSF1 also induces the secretion of EGF by TAMs, then promoting
the paracrine loop between cancer cells and TAMs. In this process, collagen fibers direct TAMs
and cancer cells towards the blood vessels and more specifically to a specific space, named the
tumor microenvironment of metastasis (TMEM). Once in the proximity of blood vessels, actin
regulators modify the cytoskeleton of cells and allow them to execute intravasation (Condeelis
and Pollard, 2006). More recently, it was shown that the release of VEGF-A by Tie2* TAMs
induced a local and transient vascular permeability, allowing the intravasation of cancer cells
and their following migration (Figure 1.16) (Harney et al, 2015). Perivascular TAMs are
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identifiable by their high expression of Tie2, VEGF-A, MMP9, cyclooxygenase 2 (COX2) and
CXCR4 (Riabov et al., 2014) and are probably the same as invasive macrophages.

A large panel of studies also revealed a specific population of monocytes, the Tie2-expressing
monocytes. This monocytic lineage is characterized by the expression of Tie-2 and displays key
roles in angiogenesis, tumor growth and metastasis in several cancer models (Turrini et al,
2017; Venneri et al, 2007). Indeed, this monocytic subtype can be distinguished from Tie2+
macrophages by their cell surface markers: Tie2* monocytes are CD11b+*, F4/80+,MRC1high,
CD11c while TieZ2* macrophages are CD11b*, F4/80+, MRC1low, CD11c*. Also, these monocytes
highly express blood remodeling genes, insulin-like growth factor 1 (IGF1) and genes involved in
the regulation of epithelial cell proliferation (Wang et al, 2016a). The recruitment of this
monocyte subpopulation is performed by CSF1. This factor upregulated the expression of Tie2 in
monocytes in a mouse model of breast cancer (Forget et al, 2014). The angiopoietin, by its
binding to the TieZ receptor, leads to an elevated expression of IL-10 in TieZ* monocytes,
suppressing T cell proliferation and promoting T regulatory (Treg) lymphocytes (Coffelt et al,
2011). As Tie2+ monocytes play key roles in angiogenesis, the targeting of ANG2 or Tie2 in
pancreatic and breast cancer models suppressed angiogenesis and hampered the association of
Tie2+* monocytes with blood vessels (Mazzieri et al,, 2011).

This monocyte subset is rare in the blood of healthy humans but it is found at high levels in
peripheral blood and intriguingly within tumor in cancer patients. These Tie2+ monocytes
represent the main monocytic population in tumors (Venneri et al, 2007) and are usually related
to a negative prognosis for most cancer types (Turrini et al, 2017).

3.3.3. Hypoxic macrophages

Hypoxic areas are zones placed at distance from the nearest capillary or close to abnormal
structure of the vasculature, resulting in transient blood flow (Michiels et al, 2016). The lack of
oxygen and nutrients creates a specific microenvironment that stimulates the formation of a
new network of vessels with chaotic branching structures (Carmeliet and Jain, 2011) and that
recruits different types of host cells, including TAMs. The recruitment of macrophages to
hypoxic regions is elicited by the secretion of chemoattractants, mainly including VEGF and
endothelin (Murdoch and Lewis, 2005). Once recruited in hypoxic zones, macrophages express
low levels of CCR2, impeding their chemotaxis to other tumor areas that would be mediated by
CCL2 (Sica et al, 2000a). This macrophage subset is also influenced by phenotypic changes due
to the activation of hypoxia-inducible factor 1 (HIF1). Indeed, hypoxia enhances the stability of
HIF1la and HIFZ2a in TAMs and this stabilization is regulated by the PTEN/Pi3Ky/AKT pathway
(Joshi et al, 2014). Finally, all these biological activations trigger the expression of pro-
angiogenic genes, such as Vegf, and of other genes (e.g. arginase 1 (Arg1)) (Colegio et al,, 2014;
Qian and Pollard, 2010). Interestingly, more than influencing macrophage phenotype, hypoxia
fine-tunes the phenotype of M2-like MHC-Illov TAMs in Lewis lung carcinoma (LLC) bearing
mice. This is made by upregulating the expression of specific genes, such as Hifla, Vegf-a, Ang2,
Igf1, Egf and NosZ2 (iNOS) that are not highly expressed in these macrophages in normoxic areas,
and by promoting the angiogenic activities of this macrophage subtype (Laoui et al, 2014).
Therefore, hypoxic TAMs are characterized by a higher expression of HIFla, HIF2a and VEGF
compared to the normoxic macrophage population.
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