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ABSTRACT

Malignant pleural mesothelioma (MPM) is a rare and aggressive cancer arising in the
mesothelial cells of the pleura, mostly after asbestos exposure. Patients overall survival
remains poor and treatments are only palliative. In 2020, the Food and Drug Administration
(FDA) approved an immunotherapeutic treatment combining two immune checkpoint
inhibitor drugs, nivolumab and ipilimumab, respectively anti-programmed cell death (PD)-1
and anti-cytotoxic T-lymphocyte-associated protein (CTLA)-4. Macrophages are versatile
immune cells, able to polarise into two contrary phenotypes (M1 and M2), according to
environmental stimuli. Both phenotypes can exert opposite functions on tumour growth and
inflammation regulation. In MPM, tumour-associated macrophage (TAM) infiltration in the
tumour microenvironment (TME) is correlated with poorer prognostic. Meanwhile, a high
peripherical blood eosinophil count has been related to inferior survival in MPM patients.
Therefore, this master thesis aims to study the impact of human eosinophil supernatant on
primary macrophage cytotoxicity towards MPM cells in an immunotherapeutic context.
Results demonstrate that eosinophils downregulate PD-1 and PD-ligand (PD-L)-1 expression
in polarised macrophages.

RESUME

Le Mésothéliome Pleural Malin (MPM) est un cancer rare et agressif qui survient dans les
cellules mésothéliales de la plévre, principalement aprés une exposition a I’amiante. La survie
globale des patients demeure faible et les traitements ne sont donnés qu’a titre palliatif. En
2020, I’Administration de I’Alimentation et des Médicaments a approuvé le traitement
immunothérapeutique qui combine deux médicaments inhibiteurs de points de contréle
immunitaire, nivolumab et ipilimumab, respectivement anti-mort cellulaire programmée
(PD)-1 et anti-protéine associée aux lymphocytes T cytotoxiques (CTLA)-4. Les macrophages
sont des cellules immunitaires polyvalentes, capables de se polariser en deux phénotypes
contraires (M1 et M2), en fonction des stimuli environnementaux. Ces deux phénotypes
peuvent exercer des fonctions opposées dans la croissance tumorale et la régulation de
I’inflammation. Dans le MPM, I’infiltration des macrophages associés a la tumeur dans le
microenvironnement tumoral correle avec un prognostique plus faible. D’autre part, un taux
d’éosinophiles élevé dans le sang périphérique est lié a une survie inférieure chez les patients
atteints de MPM. Par conséquent, ce mémoire vise a étudier I'impact du surnageant
d’éosinophiles humains sur la cytotoxicité des macrophages primaires envers les cellules de
MPM dans un contexte d’immunothérapie. Les résultats déemontrent que les éosinophiles
régulent a la baisse ’expression de PD-1 et de PD-ligand (PD-L)-1 chez les macrophages
polarisés.



LIST OF ABBREVIATIONS

8-OHdG 8-hydroxydeoxyguanosine
AnPC Antigen-presenting cells
APC Allophycocyanin
ARG Arginase
c/EBP CCAAT/enhancer-binding protein
CCL Chemokine ligand
CCR C-C chemokine receptor
CD Cluster of differentiation
CFSE Carboxyfluorescein succinumidyl ester
CLC Charcot-Lyden crystals
CME Cellular and molecular epigenetics
CMP Common myeloid progenitor
CTLA Cytotoxic T-lymphocytes-associated protein
DAMP Damage-associated molecular pattern
DC Dendritic cells
DMEM Dulbecco's Modified Eagle Medium
dNTP Deoxyribonucleotides

ECM Extracellular matrix
ECP Eosinophil cationic protein
EDN Eosinophil-derived neurotoxin

EDTA Ethylenediamine tetraacetic acid
EGF Endothelial growth factor
ELISA Enzyme-linked immunosorbent assay
EMP Erythro-myeloid progenitor
EoP Eosinophil progenitors
EPO Eosinophil peroxidase
FBS Feetal bovine serum
Fc Fragment crystallisable
FDA Food and Drug Administration
FITC Fluorescein isothiocyanate
FSC Forward scatter
GM-CSF Granulocyte-macrophage colony-stimulating factor
GMP Granulocyte and macrophage progenitor
GTP Guanosine triphosphate
HE SN Human eosinophil supernatant
HLA Human leucocyte antigen
HMGB High mobility group box
HSC Haematopoietic stem cells

IC Immune complexes
IFN Interferon
IL Interleukin

LPS Lipopolysaccharides
MBP Major basic protein



MCP
M-CSF
MDM
MDP
MDSC
MEM NEAA
MHC
MPM
NET
NK
NO
oS
PBMC
PBS
PD-1
PD-L1
PenStrep
Pl
PMN
PRR
RAGE
RBC
rh
rMFI
RNI
ROI
ROS
RPMI
SD
SSC
TAM
TCR
TGF
Th
TIL
TLR
TME
TNF
Tregs
VEGF

Monocyte chemoattractant protein
Macrophage colony-stimulating factor
Monocyte-derived macrophage
Monocytes and DC progenitor
Myeloid-derived suppressor cells

Minimum essential medium non-essential amino acids

Major histocompatibility complex
Malignant pleural mesothelioma
Neutrophil extracellular trap

Natural killer

Nitric oxide

Overall survival

Peripherical blood mononuclear cells
Phosphate-buffered saline
Programmed cell death protein-1
Programmed cell death protein ligand 1
Penicillin and Streptomycin
Propidium iodide
Polymorphonuclear
Pattern-recognition receptors
Receptor for advanced glycation end-products
Red blood cells

recombinant human

relative median fluorescence intensity
Reactive nitrogen intermediates
Reactive oxygen intermediates
Reactive oxygen species

Roswell Park Memorial Institute
Standard deviation

Side scatter

Tumour-associated macrophage
T-cell receptor

Transforming growth factor
T-lymphocyte helper
Tumour-infiltrating lymphocyte
Toll-like receptors

Tumour microenvironement

Tumour necrosis factor

Regulatory T-cells

Vascular endothelial growth factor

Vi



LIST OF FIGURES

Figure 1 — Histologic images of the three MPM SUDTYPeS .........ccooviiiiiiiiiiiiiienene, 2
Figure 2 — Hypothetical mechanisms of MPM oncogenesis after asbestos exposure ....... 3
Figure 3 — Effect of immunotherapy on immunecells ..., 6
Figure 4 — Macrophages haematopOIESIS ..........ovviiiriitiit e 8
Figure 5 — M1/M2 macrophages polarisation model ....................ooiiiiin 10
Figure 6 — Haematopoiesis model for eosinophils ..., 14
Figure 7 — Blood separation through density gradient centrifugation ....................... 19
Figure 8 — Experimental scheme of eosinophil supernatant production .................... 21
Figure 9 — Differentiation and polarisation of primary human macrophages ............. 26
Figure 10 — Gating strategy for macrophages ............ccoooviiiiiiiiiiiiieeeeea e, 28
Figure 11 — Macrophages phenotype .........cooooiiiiii e 30
Figure 12 — Impact of human eosinophil supernatant on PD-1/PD-L1 expression of
ppF o] o] o] g - To T PPN 32
Figure 13 — Impact of human eosinophil supernatant on PD-1/PD-L1 expression of MPM
CRIIS e 34
Figure 14 — Cytotoxicity of primary macrophages towards MPM cells .................... 36
Figure 15 — Time-lapse cytotoxicity of primary macrophages towards ZL34 cells ....... 38

Figure 16 — Time-lapse cytotoxicity of primary macrophages towards M14K cells ...... 40

LIST OF TABLES

Tables 1a and 1b — Antibodies details .............coiiiiiiiiii e 22
Table 2 — Number of MPM cells according to ratiosand cells lines .......................... 22
Table 3 — Number of macrophages according to ratios and cells lines ...................... 23
Table 4 — IncuCyte acquisition and analysis parameters ...............cccooeeiiiiiiininann. 23

Vii



TABLE OF CONTENTS

HOME INSTITUTION ..ttt sttt e e ettt s e et et s e e et s e e eeaa s e e teaan s e eesaa s eeenanseaeennneaesnnnsesennnns ii
ACKNOWLEDGEMENTS ...ttt ettt e et s e et s e ettt e e e e eba s e ettt s e eeaaa e e sesanseaeenansaaesnaseanennnseenenn iii
AB ST RACT .ttt ettt et e ettt e e ettt e e etta e e e eaua s e eeaua e e sesaa e etaha e e eaa e e tana e atan e e e eaa e eaenaneearenn iv
RESUIVMIE ... ettt ettt bbbttt iv
LIST OF ABBREVIATIONS ... .ottt ettt e et e e ettt s e e et s e e e eaa s e e teaa s e eeaaa s esenan e eeennnsasesnnnsesennnns v
LIST OF FIGURES ...ttt ettt ettt e st e e st e e st e e st e e e smre e e e smneeeessanneeeenans vii
LIST OF TABLES ..ottt ettt ettt e ettt e st e e st e e st e e sttt e e s et e e smneeeessanneeeenans vii
TABLE OF CONTENTS  .eiiiitteeittteiteeesttee ettt e sttt e sttt ettt e sttt e st e e sab et e bt e e sttt e sabe e e smbeesabbeesabeeesabeeenneesanes viii
[. INTRODUCTION....ccotttteitttenitte ettt e et ee sttt e sttt e ettt e sttt e sabe e sttt e sttt e sabeesbbeesabeeesabeeenseesabeeesaseeennneenas 1
1. Malignant Pleural Mesothelioma..........uuiiiiiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeees e eee e reeeeeeereseaeereeeesseseaerene 1
B |V - ol o o] o = ¥ 3 7
3. EOSINOPIIS e 14
[I. MATERIAL & METHODS ...ttt ettt ettt et sttt et e et e st e e sabe e e sabeesabbeesabeeesabeeeneeas 19
N O | o0 | (U ¢ PP PP PPP TP PR 19
5. HUMaN Primary CellS.....oooniiiiieee e 19
6. Phenotype characterisation........cccceeeee i 21
R 617, o o ) (o1 VA= F-Y 1 TP OTPP R UPUPRRPRE 22
8. ALY SIS e 23
Il RESULTS ettt ettt ettt ettt e sttt e ettt e e s s bt e e s eab et e s sab bt e e e s mb et e e e sanbeeeesmbeeeesannneeeeaans 25
9.  Primary macrophages CUltUre.........coooeeeiiiii i 25
10. Membrane receptors characterisation ..........ccccooiiiiii 27
11. Mortality assessment in MPM-macrophages co-culture...........cccccceiiiiiiii 35
IV, DISCUSSION ....eniiiiieiiitteee ettt ettt ettt e e sttt e s bttt e s eab bt e e e sabbe e e e s aabee e e s aubbeeeesmbeeeesambeeeesanneeeeeaans 42
12. Primary macrophages CUltUre .........oooiiiiiiii 42
13. Membrane receptors characterisation ..........ccccooeeiiii 43
14. Mortality assessment in MPM-macrophages co-culture...........ccccccoiiiiiiiii 46
V. CONCLUSION. .ttt ettt e ettt e e e e e e ettt e e e e e e et eab b e e e e e e eees s e e eeeeeeeennnaaeeeaanees 48
VL. PERSONAL CONTRIBUTION ...ttt ettt ettt e e e ettt s e e e e ettt e e e e e eeeeeeanneeeeaaeees 48
VII. BIBLIOGRAPHY ...ttt e e e e ettt e e e e e et eeb b e e e e eeeeeesna e eeaaeees 50

viii



PART |
INTRODUCTION



[. INTRODUCTION

. INTRODUCTION

1. Malignant Pleural Mesothelioma

1.1. General information

Malignant pleural mesothelioma (MPM) is a rare and aggressive cancer arising in the
mesothelial cells of the pleura, a serous membrane surrounding the lungs. Among other forms
of mesothelioma occurring in the peritoneum, pericardium and tunica vaginalis, MPM
represents 80%?. The prognosis remains poor, with an overall survival (OS) between 7 and 17
months after diagnosis?. In 70% of cases, mesothelioma is caused by asbestos and develops
commonly 30 to 40 years after exposure?. However, the incidence of exposed workers
developing MPM is weak and usually occurs within the same families, highlighting a
potential genetic predisposition®. Average symptoms include coughing, fatigue, chest wall
pain, breathlessness and weight loss, but pleurisy and cachexia can also occur in late-stage
MPM?*2,

1.2. Asbestos

The term “asbestos” includes six natural fibrous minerals formed during rock
metamorphism®#. Asbestos fibre structure is filamentous and has a length-to-width ratio
greater than 3:1, endowing numerous properties, such as acoustic insulation, high thermic
resistance and incombustibility’“. The uses of ashestos are numerous and encompass many
fields, from building and ship construction to the textile industry. In total, 3000 to 4000
products have been created with asbestos since its discovery in Canada. Chrysolite, the most
commercialised form, accounts for 90 to 95% of the production®. For years, the use of
asbestos has been correlated with the development of some diseases, namely asbestosis and
different forms of mesothelioma, mostly in men as, historically, mines and construction are
two masculine sectors®. Therefore, up to 50 countries have banned its extraction and use,
including Belgium in 2001. Still, asbestos remains highly dormant in our buildings and
regularly makes headlines because removal stays exorbitantly expensive*®. Anyhow, asbestos
is still highly employed in underdeveloped countries in Africa, Asia and South America due to
its cheapness*®.

1.3. Histology

In MPM, three different histological subtypes can be identified depending on the features of
mesothelial cells. Epithelioid MPM is the most common one (71%), followed by biphasic
(17%) and sarcomatoid (12%)’, even though percentages may vary from one study to
another>®12, The epithelioid form is composed of epithelial cells that are flat, polygon-,
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round- or cube-shaped and organised in papillary formations, sheets or tubules. The
epithelioid subtype can be subdivided into several subtypes, all characterised by a low mitosis
frequency. Meanwhile, sarcomatoid MPM is constitute with fusiform cells disposed randomly
or in fascicles. The biphasic subtype involves both epithelioid and sarcomatoid forms, with a
prevalence lower than 90%°1°,

Figure 1 — Histologic images of the three MPM subtypes. (A) Epithelioid. (B) Biphasic. (C)
Sarcomatoid. Adapted from L. Brcic and I. Kern (2020)**.

The sarcomatoid subtype is known to be the most aggressive form, with an OS of 8 months,
while the epithelioid subtype is the less aggressive, with an OS of 20 months. Concerning the
biphasic subtype, OS highly depends on the predominant form, with a median survival of
around 13 months’.

1.4, Oncogenesis

How asbestos fibres reach the pleura is still not fully understood, but it has been established
that thicker and longer fibres penetrate deeper'?. Asbestos induces mesothelioma through
chronic inflammation, causing oxidative stress, i.e., a disproportion between the production of
free oxidant molecules and the capacity to promptly neutralise them®®. Several
complementary processes, all linked to the presence of asbestos in the pleura, are involved in
the production of highly reactive Reactive Oxygen Species (ROS), resulting from the
incomplete reduction of dioxygen®3.

Firstly, iron combined with asbestos fibres enhances the production of HO- radicals coming
from H,0,, via the oxidation of Fe?* into Fe3*, known as the Fenton reaction (Figure 2A)%,
Recent studies have also shown that resistance to ferroptosis, an iron-dependent non-apoptotic
cell death, may be linked to mesothelioma development®®. Secondly, mesothelial cells in
contact with asbestos fibres secrete pro-inflammatory cytokines and growth factors, inducing
an inflammatory storm and immune cells recruitment. Soluble mediators overactivate them
and induce ROS production (Figure 2B)'213, Afterwards, the longest asbestos fibres are too
massive to be phagocytosed by macrophages. Those “frustrated” macrophages discharge ROS
(Figure 2C) and undergo programmed cell necrosis, releasing high mobility group box 1
(HMGBL1), a damage-associated molecular pattern (DAMP) able to activate the
inflammasome*328,
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ROS overabundance disrupts numerous cell processes involving genetic and epigenetic
transformation, including cell growth, genomic stability, resistance to apoptosis and
metastatization’>**, In MPM, DNA bases can be oxidised by ROS which can lead, if
inadequately repaired, to incompatible pairing between bases and further cancerous
mutations**. For instance, 8-hydroxydeoxyguanosine (8-OHdG) is one of the predominant
ones, involving a transversion from G to T, and can be highly mutagenic?’.

Ultimately, the potential carcinogenicity of mineral fibres is ruled by their dimensions,
durability, dose and physical properties; e.g., longer fibres are correlated with an increase in
“frustrated phagocytosis™*®. Likewise, other factors, including genetic, environmental and
intracellular antioxidants may also contribute to oncogenesis®®’,

(A) Fe' >Fe' +ROS

L‘-‘“"‘-m_.

Asbestos inhalation

(B)

RODS
overabundance

—— — _,..-—-""'-'
Va
© 0 / -
0 |
r
\

Frustated phagocytosis = ROS

Incompatible pairing = mutstions
Figure 2 — Hypothetical mechanisms of MPM oncogenesis after asbestos exposure. (A) Iron ions
linked to asbestos fibres react into Fe**, creating ROS in the process. (B) Asbestos induces MPM
express cytokines that attract macrophages and enhance ROS production. (C) Frustrated phagocytosis
by macrophages releases ROS. Ultimately, the ROS overabundance leads to DNA damage and
mismatched pairing. The figure was created on the BioRender.com website.
Abbreviations : MPM, malignant pleural mesothelioma; ROS, reactive oxygen species.

1.5. Tumour microenvironment

Over the past years, the importance of the tumour microenvironment (TME) has been
revealed with constantly increasing research numbers on its impact on numerous cancer'®,
The TME is built up with a highly heterogeneous mixing of endothelial, stromal and immune
cells, all multiply and complexly interacting with each other®*8, The TME tendency to be
immunosuppressive may explain the persistence of MPM and associated-OS!1°, Its
composition is highly variable, depending primarily on histologic types and patients, and may
be essential for correct prognostic and convenient treatments®2°,



[. INTRODUCTION

Among immune cells present in the TME, tumour-associated macrophages (TAMs) are the
most predominant (cf. 2.5. TAMs), followed by tumour-infiltrating lymphocytes (TILS),
which constitute between 20 and 42%°. Originating from the bone marrow, T- cells transit in
the vascular system to reach the thymus gland, where they mature into different species of
effector T-cells, identified based on expressed membrane receptors!?!®, The most abundant®*
are clusters of differentiation 8" (CD8") cells, specialised in apoptosis of dangerous cells via
the release of cytotoxic cytokines and molecules'?. Prevailing in sarcomatoid and biphasic
subtypes'?, CD8" T-cells can also recognise antigens and bind to the major histocompatibility
complex-1 (MHC-I), using their T-cell receptor (TCR)8. Besides, CD4* T-lymphocyte helper
(Th), dominant in the circulating blood of epithelioid patients'?, can generate an antitumoral
response through antigen-presenting cells (AnPCs) and produce interferon gamma (IFN-y)
and interleukin-2 (IL-2). Both are known to stimulate CD8" T-cells and Natural Killers (NKs),
enhancing their cytotoxicity21°. Lastly, CD4*/FoxP3* T-cells'®, or regulatory T-cells (Tregs),
downregulate CD4* and CD8" T-cells, encouraging immunosuppresivity'?. Consequently,
Tregs are associated with higher risks of death and MPM relapse after treatment*21°, In cases
of persistent stimulation of TCRs and co-inhibitory signals due to the immunosuppressive
TME, TILs can gradually forfeit their effector functions and become “exhausted”. Expression
of co-inhibitory receptors, like programmed cell death protein-1 (PD-1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), is also progressively upregulated, preventing
activation and proliferation of T-cells in tumour**. However, no relation between exhaustion
markers and OS has been established?!.

The immune TME is also built up of B lymphocytes, NKs, dendritic cells (DCs) and myeloid-
derived suppressor cells in slightest amounts. B-cells are enlisted in TME by TAMSs
stimulatory signals and involved in higher OS*®. They have multiple roles, from activating T-
cells as an AnPC to differentiating into antibody-secreting plasma cells and supplying
humoral immunity*®1°. Anyhow, in murine models, B-cell infiltration seems to boost chronic
inflammation and, thereby, tumour development!8, contrasting with current knowledge on
human patients. Besides, NK’s initial function is detecting and eradicating cells expressing
low or no amounts of human-leukocyte antigen. In TME, their cytotoxicity depends on the
kind of receptor expressed on their surface, either an activating or a suppressive one'?.
Another type of AnPC present in the TME are DCs, derived from the same precursors as
monocytes (cf. 2.1. Origin)!2. DCs play a role in regulating immune response by activating
naive T-cells and regulating their response, but also contribute to instituting an
immunosuppressive TME#1°, Furthermore, MPM patients present lower concentrations of
circulating DCs!2. However, doubts about the actual difference between DCs and
macrophages remain sharp and highly debated among specialists??23,

Lastly, MPM cells themselves are able to actively escape the immune system by inhibiting
immune checkpoints. This process is enabled through Darwinian selection of the most-
adapted malignant cells for the host TME*18,
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1.6. Treatments

1.6.1. Surgery

In MPM, surgical use should be combined with other sorts of treatments and considered
palliative. Moreover, complete resection is impossible and not all patients can undergo
surgery, depending mainly on their age and disease stage®?*. Two options coexist: either
complete extraction of the tumour, the pleura and sometimes the diaphragm or extrapleural
resection of the diaphragm, tumour, lung tissue and parietal pleura®?. The choice between
those two options depends on the subtype and progression stage?. However, the efficiency of
this treatment is still debated in the scientific community, since postoperative morbidity and
mortality rates remain critical?®®. Likewise, no study has undoubtedly demonstrated an
improvement in OS for surgery patients?2,

1.6.2. Radiotherapy

Radiotherapy is deemed in palliative settings to reduce chest wall pain in a trimodal procedure
with surgery and chemotherapy??*?>. Nevertheless, no study proves enhanced OS in
radiotherapy cases®® and the treatment contains side effects ranging from nausea and
exhaustion to skin irritation?.

1.6.3. Chemotherapy

Chemotherapy treatment is based on the combination of cisplatin and pemetrexed and was the
first in 2004, to receive Food and Drug Administration (FDA) approval for MPM treatment.
Cisplatin, constituted with one platinum and two chlorine atoms, endures an aquation, or non-
enzymatic substitution of a ligand by a water molecule, and generates inter- and intrastrand
DNA adducts, which block DNA replication in the S phase. Meanwhile, pemetrexed is an
antifolate complex, entering the cell through the reduced folate carrier. Once in the cytoplasm,
it becomes polyglutamated and inhibits the synthesis of new deoxyribonucleotides (dNTPS),
leading to a reduction in cellular replication®*4.

Despite the fact that chemotherapy increases the OS by 6.1 months, numerous side effects,
including diarrhoea, myelosuppression, nausea, tiredness, vomiting, dehydration and, in the
worst case, neutropenia and leukopenia, make it unsuitable for several patients?®2°,
Additionally, chemoresistant cells are advantaged and can proliferate into an MPM
unresponsive to cisplatin and pemetrexed toxicity**.

1.6.4. Immunotherapy

In 2020, the immunotherapeutic treatment combining two immune checkpoint inhibitor drugs,
nivolumab and ipilimumab, respectively anti-PD-1 and anti-CTLA-4, was approved by the
FDA ensuing the Checkmate 743 trial®>?”. The survey, conducted on 605 randomised patients,

5
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has demonstrated a significantly enhanced median OS for immunotherapy towards
chemotherapy (18.1 vs 14.1 months) and a 2-year OS rate of 40.8% (versus 27.0%), for a
similar response rate (40 versus 43%)%>%8, Despite all those benefits, immunotherapy, as
chemotherapy, shows numerous side effects, i.e., healthy organs inflammation, exhaustion and
diarrhoea?’.

PD-1 is displayed by lymphocytes'®, macrophages and DCs?® and its ligand, PD-L1, is highly
expressed by cancerous cells'®3°, especially from non-epithelioid histology!®. Interaction
between MPM PD-L1 and T-lymphocyte PD-1 prohibits their activation and proliferation®®,
while association with macrophages PD-1 reduces their cytotoxic and phagocytic properties®.
Hence, nivolumab, by binding to PD-1, restores both T-cell and macrophage immune
functions'®?°. Furthermore, CTLA-4, a glycoprotein present on T-cells surface, binds to
CD80/CD86, displayed by AnPCs and restrains their interaction with CD28 receptors of T-
lymphocytes, required for T-cell activation?18,

AnPCs T lymphocytes MPM cells Macrophages

N activation

N activation N proliferation
'

N phagocytosis
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o
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Figure 3 — Effect of immunotherapy on immune cells. (A) Mechanisms of immune escape of MPM
cells. (B) Mode of action of ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1). The figure was
created on the BioRender.com website.

Abbreviations : AnPC, antigen-presenting cells; MPM, malignant pleural mesothelioma; CTLA,
cytotoxic T-lymphocyte-associated protein; CD, cluster of differentiation; PD-1, programmed death
cell-1; PD-L1, PD-ligand 1.

New treatment approaches using pulsed-DCs are being assessed to reinvigorate T-cells from
exhaustion. Indeed, T-cell numbers tend to fall after chemotherapy and DCs represent only a
small percentage of MPM-infiltrated cells; hence, pulsed-DCs treatment after chemotherapy
may restore T-cell functions and has shown interesting results on restricted clinical tests with
no major side-effects!?!8, Alternatively, adding bevacizumab to the cisplatin-pemetrexed
combination has been attempted and may expand OS by 2.7 months®!8, This monoclonal
antibody targeting vascular endothelial growth factor (VEGF) might probably adjust tumoral
microvasculature®. Nonetheless, grade 3 side effects, namely hypertension and thrombosis,
seem to increase in patients cured with bevacizumab?. Hence, these treatments remain
actively discussed among the scientific community and have not received FDA approval
yet?425,
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2. Macrophages

Macrophages are mononuclear cells of the innate immune system3!. They are highly versatile
and epigenetically and phenotypically heterogeneous, depending on their origin, tissue of
residence and microenvironmental signals??3233, Although macrophages can have various
names depending on tissue location, e.g., osteoclasts in bones or alveolar macrophages in
lungs, their roles remain roughly the same, including immune response against pathogens,
maintenance of homoeostasis and monitoring of tissue changes?.

2.1 Origin

Macrophages arise from two different lineages, even though no morphological distinction can
be established depending on the origin®2. During pregnancy, embryonic precursors spread into
tissues and differentiate into the majority of tissue-resident macrophages, self-renewing
themselves through adulthood??%. In homeostatic conditions, prenatal macrophages generally
suffice to maintain the pool of tissue-resident macrophages, as in monocytopenia patients?2.
Meanwhile, in inflammatory conditions, monocyte-derived macrophages (MDMs) emerge
from blood-circulating monocytes, which are yielded in the bone marrow, and represent the
majority of TAMs?2%,

2.1.1. Embryonic origin

Embryonic macrophages seed foetal tissue in two distinct waves??. Firstly, during early
gestation, erythro-myeloid progenitors (EMP) generate the first supply of embryonic
macrophages??23, This phase is called primitive haematopoiesis. Around half-pregnancy,
EMPs wreak foetal liver and fulfil the embryonic vasculature with circulating monocytes?34,

2.1.2. Monocyte-derived macrophages

After birth, haematopoietic stem cells (HSCs) from the foetal liver populate the bone marrow
using blood vessels and engender monocytes, following a succession of intermediate
progenitors (Figure 4)?234, Differentiation of monocytes into macrophages is largely mediated
by macrophage colony-stimulating factor (M-CSF) produced by stromal cells and tissue
environment??22, In situ, depending on the tissue, other growth factors can contribute, such as
granulocyte-M-CSF (GM-CSF) for alveolar macrophages®?. Monocytes are irregular-shaped
cells with a high cytoplasm-to-nucleus ratio, accounting for roughly 5-10% of human
leucocytes?>®, Once differentiated, monocytes enter the blood flow and circulate for a couple
of days?23°. In cases of infection or chronic inflammation, circulating monocytes are recruited
in tissue as MDM s to reinforce macrophage stock. Under homeostatic conditions, monocytes
can also complete tissue-resident macrophage pools, especially in the gut and colon®233,

Two monocyte subpopulations can be discerned depending on CD14 and CD16 surface
markers expression??*2, 90% express no CD16 but high CD14 and are named classical or
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CD14**CD16™ monocytes 2232, With CD14**CD16", they embody inflammatory monocytes
engaged on inflammatory sites and discharging pro-inflammatory cytokines. Aside,
CD149MCD16" is termed patrolling monocytes through their faculties to scour the vasculature
and assimilate cellular debris®2. Despite the long-lasting thought that monocytes are merely
dormant progenitors of macrophages, recent studies have shown that they could actually be
innate effector cells, contributing to inflammatory, pathogen eradication, antigen presentation,
homoeostasis and phagocytosis. However, one question is still pending about the reason for
having two distinct monocyte subsets. Scientists are currently debating whether it stands for
different maturation stages achieved by classical monocytes or end-stages of separate
pathways?2.
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Figure 4 — Macrophages haematopoiesis. HSC from the bone marrow evolves into GMP, which
further turns into MDP. In presence of M-CSF, MDP differentiates into monocytes, that enter the blood
circulation. If needed in tissues, monocytes infiltrate it to become MDM and, in case of oncogenesis,
TAMs. Besides, tissue-resident macrophages arise from EMP during embryogenesis. In some tissues,
MDMs can complete the existing pool of macrophages. The figure was created on the BioRender.com
website.

Abbreviations : HSC, haematopoietic stem cells; GMP, granulocyte and macrophage progenitors;
MDP, monocytes and DC progenitors; DC, dendritic cells; M-CSF, macrophage colony-stimulating
factor; EMP, erythro-myeloid progenitors; MDMs, monocytes-derived macrophages; TAMs, tumour-
associated macrophages.
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2.2. Activation pathways

MDMs have two activation pathways depending on molecules in their microenvironment and
display a huge amplitude of phenotypes, chemokine production and associated
functions?22°%2_ In 2000, Mills and al. introduced the M1/M2 models standing for the
Th1/Th2 polarisation®. Nevertheless, even though CD4* T-cells may direct macrophage
polarisation during inflammatory responses?22®, recent research has shown that macrophage
activation is not mandatorily coupled with T-cell functions, which only amplify it via IL-4 and
IFN-y production?’. Moreover, the M1/M2 paradigm appears incomplete in relation to new
findings on macrophage plasticity and pleiotropy, highlighting a continuum having the M1-
and M2-phenotypes as end-points?2303233  De facto, macrophage phenotype is driven
multidimensionally by a complex interaction of numerous stimuli®2. Indeed, in vivo,
macrophages can exhibit a phenotype with both M1- and M2-features®2,

The classical activation pathway yields pro-inflammatory and antitumoral M1-macrophages,
an  IL-12M9"[-23M9" 10" phenotype specialised in pathogens and cancer cell
removal?>323, This pathway is powered by inflammatory molecules, notably IFN-y and
tumour necrosis factor alpha (TNF-a), and microorganism-related molecules, particularly
lipopolysaccharides (LPS) produced by Gram-negative bacteria®?3233, M1-macrophages
express MHC-11 molecules and pro-inflammatory cytokines, such as IL-1p, IL-6, IL-12 and
TNF, as well as reactive nitrogen and oxygen intermediates (RNI and ROI), which display
tumoricidal features and promote Th1 effector responses??237 In addition, the M1-phenotype
overexpresses CD16/32, CD80 and CD86 surface markers®” and has an arginine metabolism
turned for citrulline and nitric oxide (NO) output, key cytotoxic molecules for their inhibitory
effect on cell spreading and antimicrobial action??.

Meanwhile, the alternative activation pathway provides anti-inflammatory and pro-tumoral
M2-macrophages, a IL-12'% |L-23"% |L-10"9" transforming growth factor (TGF)-pMo"
phenotype, that take part in damaged-tissue remodelling, homoeostasis, nematode eradication,
immunoregulation, angiogenesis and phagocytosis?>3233, The M2-pathway is switched on by
anti-inflammatory cytokines (IL-4 and 1L-13%237), and converts arginine metabolic processes
into ornithine and polyamine production, promoting tissue repair and cell proliferation®32,
The M2-phenotype highly expresses IL-10, CD163, CD204, CD206, arginase (ARG)-1 and
human-leukocyte antigen (HLA)-DR333*3" and is usually the “as default” phenotype for
tissue-resident macrophages®2. It can have several subphenotypes according to the pathway-
pioneer stimulus??.

During inflammatory scenarios, two waves of monocyte polarisation generally occur. Firstly,
MDMs display a M1-phenotype to combat troubling cells and commonly perish under their
own NO production. The second wave aims to reconstruct and repopulate tissue with M2-
MDMs?2. Furthermore, research has shown that tissue-resident M2-macrophages can switch
to the M1-phenotype as response to the pro-inflammatory microenvironment?23?, leading to
questionings about whether the M2-phenotype is an intermediate phenotype of the end-stage
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killer M1-phenotype or both are separate subpopulations with their respective roles??. An
answer may reside in the fact that reverse shift generally does not occur or only in very
specific conditions, such as sepsis, Listeria infection or skeletal muscle injury?*%,

M1 MO M2

l

IL-1f CD80 IL-10 CD163
IL-6 CD86 ARGI CD204
IL-12 CD16/32 HLA-DR CD206

TNF RNI/ROI

Figure 5 — M1/M2 macrophage polarisation model. Depending on environmental stimuli,
macrophages can produce dissimilar cytokines and express different receptors. The figure was created
on the BioRender.com website.

Abbreviations : IFN, interferon; LPS, lipopolysaccharides; TNF, tumour necrosis factor; IL,
interleukin; CD, cluster of differentiation; RNI, reactive nitrogen intermediate; ROI, reactive oxygen
intermediate; HLA, human-leukocyte antigen.

2.3. Functions

Even though macrophages can have side-roles on angiogenesis, immunoregulation, immune
memory and tissue development, only the three main functions, namely phagocytosis, antigen
presentation and cytokine production, will be discussed below?2:323538,

2.3.1. Phagocytosis

Phagocytosis characterises the process of eukaryotic cells recognising and engulfing a particle
with a diameter larger than 0.5um and digesting it by acidification and proteolysis®>3%-41,
Tissue-macrophages are highly phagocytic to clear apoptotic cells and eliminate
pathogens?23°,

Phagocytosis happens in three main steps®®4°. Firstly, macrophages recognise the future
phagosome through pattern-recognition receptors (PRRs). Different types of receptors are
known based on the particle’s category*®>*°. For instance, Fc (Fragment crystallisable)
receptor-mediated phagocytosis occurs in the presence of 1gG-binding pathogens and triggers
inflammation via pro-inflammatory cytokines and ROS release, while mannose receptors
(CD206) and apoptotic receptors recognise mannan from the pathogen surface and
phosphatidylserine from end-life cells, respectively®*4°. In order to reach particles,
macrophages can migrate using mechanosensitive organelles, called podosomes, and
following a chemokine ligand (CCL) 2 cytokine gradient3242,
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All these receptors activate actin-polymerisation cascades, leading to modifications in the
phagocyte surface and particle internalisation, creating the phagosome®®“°. The latter is
composed of pseudopods covering and isolating dangerous material®®.

Finally, repetition of fusion/fission phenomena with lysosomes containing proteolytic
enzymes (i.e., cathepsins, hydrolases) and acidic molecules helps the phagosome to mature
into a phagolysosome and destruct its content®*“%, Numerous proteins monitor the maturation,
including several annexins, GTPases (guanosine triphosphate) and syntaxins*°.

However, some pathogens, notably Salmonella, Legionella and Mycobacterium genus, and
malignant cells have evolved to survive inside macrophage phagosomes or to display CD47,
as “don’t eat me” signals to avoid engulfment324%4,

2.3.2. Antigen presentation

AnPCs encompass DCs, macrophages and B-lymphocytes and embody cells able to
downgrade exogenous pathogenic and self-antigens into minor peptides and display them on
MHC-II molecules on their surface3°42 Although DCs are the most effective AnPCs,
macrophages, but also monocytes, can create this signal required for T-cell activation and
proliferation®>%942, Accurately, the M1-phenotype mostly exerts AnPC functions on Thl and
Th17 through the production of IL-12 and 1L-23%,

Once the particle is phagocytized and digested, the variable a and B chains of MHC-II
molecules are loaded into a stabilising and invariant chain in the endoplasmic reticulum
before trafficking until AnPC surface3®4243, Both processes are highly regulated respectively
by IFN-y and factors including cholesterol, kinases and GTPases, even though the question is
still subject to debate among experts®. After interacting with TCR, MHC-1I molecules are
broken down via polyubiquitilation3943,

2.3.3. Cytokines production

Largely produced by macrophages and lymphocytes, cytokines are short-lived and low
molecular weight hormones used for the intercellular communication of the immune system.
Each of the 100 identified-cytokines respond to a specific stimulus, binds to a particular
membrane receptor and positively or negatively regulates a signalling cascade that influences
inflammation, metabolism, homoeostasis or tissue repair. Cytokines can be anti- or pro-
inflammatory, and paracrine, autocrine or endocrine*.

Macrophages cytokines influence their own polarisation, as explained above, but also trigger
inflammation and activate the adaptative immune system®2*°#4 Nonetheless, too much and
too long cytokines production leads to sepsis shock and chronic inflammation, respectively.
The former invokes an overwhelming release of TNF-a, IL-6 and IL-1f and can be lethal in

11
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its final and immunosuppressive phase, while the latter implies CD163 accumulation, leading
to uncontainable monocyte recruitment and metastasis®>°.

2.4, TAMs

In cancer, although most macrophages present many Mz2-properties, expressing ARG-1,
CD206 and low MHC-I1 molecules, research demonstrates that both M1- and M2-phenotypes
can be found in TME, but also effectively intermediate phenotypes with shared
characteristics, as the M1/M2 model remains limited (cf. 2.2. Activation pathways)**%,
Accordingly, TAMs can either combat tumours with a pro-inflammatory phenotype or
promote their growth with anti-inflammatory features*?. Key functions of anti-inflammatory
TAMs in cancer development and proliferation will be mainly discussed below.

Firstly, via VEGF signalling, TAMs induce hypoxia and glycolysis, two factors driving
angiogenesis, as well as vasculogenesis and lymphogenesis. Moreover, macrophages promote
metastasis and tumour invasiveness with TGF-B secretion, while their granulins inhibit T-cell
infiltration and TAM antigen presentation, lowering T-cell activation and proliferation
afterwards. Furthermore, macrophages shape the immunosuppressive TME by ingesting
metabolites, releasing anti-inflammatory cytokines and expressing immunosuppressive
receptors. Finally, macrophagic mMRNA can stimulate the chemotherapeutic resistance of
cancerous cells, while irradiation favours M2-polarization*?. Regarding those protumoral
activities, ongoing studies are currently looking for an immunotherapy targeting TAMs®,

In MPM, TAMs encounter for 27% of immune cells'? and high TAM infiltration is correlated
with worst OS in non-epithelioid subtypes*#¢. TAM upregulation of IL-10 by tumour cells
inhibits the immune response, while MPM cells tend to drive macrophages towards the M2-
phenotype!®. Moreover, asbestos fibres trigger macrophage TNF-a production, which
stimulates cell proliferation and asbestos resistance in mesothelial cells*?,

2.5. Influence of the microenvironment

Among all microenvironmental factors influencing TAM polarisation and functions,
fibroblasts, hypoxia and acidity are the prevailing ones, aside from T-cells. Other minor
elements, including extracellular matrix (ECM), cellular debris, aerobic glycolysis and several
pathways, will not be discussed due to poorer impacts®3*'.

Connective tissues are formed of fibroblasts that induce changes in the ECM. For instance,
collagen manages macrophage polarisation into an M2-phenotype when integrin-linked
periostin enhances TAM enrolment. Fibroblasts also regulate TAMs functions by
surexpressing inflammatory cytokines, like GM-CSF, IL-6 and VEGF, and have indirect
effects, disrupting nutrient and dioxygen availability33.
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Hypoxia, defining low oxygen concentration, emerges when malignant tumours spread
speedily and induce TAM-favoured accumulation in those areas through monocyte-recruiting
factors produced by tumoral and stromal cells. In some cancers, hypoxic TME promotes M2-
phenotype polarisation and exosome secretion to impede immunity and improve metastasis
and angiogenesis, enhancing tumour progression®3’,

Acidity, mostly due to lactic acid, restrict polarisation to M2-macrophages and enhance

monocarboxylate transporter activity. Besides, lysosome pH correlates with the M2-
phenotype phagocytic role and may be a perspective of antitumoral treatment3337,
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3. Eosinophils

Eosinophils are myeloid cells of the innate immune system and, alongside with basophils and
neutrophils, form the subgroup of granulocytes*’, referring to their cytotoxic granules®:. They
are named after the pink colouration their granules take after eosin colouration and possess a
bilobed nucleus*®. Eosinophils are found in all vertebrate*® and are mostly known for their
anti-helminthic function and hypereosinophilia-linked diseases, i.e., eosinophilic-asthma and
allergy*®°°. In blood, homeostatic eosinophil concentrations vary between 100 and 500 cells
per “L48,51,52_

3.1. Haematopoiesis and activation

Eosinophils originate from CD34" bone marrow HSC*3°3, Three distinct steps can be defined:
firstly, eosinophil progenitors (EoP) arise from common myeloid progenitors (CMP), shared
precursors with basophils stemming from HSC. Then, a minute proportion of EoP enters the
peripheral blood but most of them mature and gain granules in the bone marrow
beforehand*®* (Figure 6). Once in the vasculature, mature eosinophils are recruited into
tissues, mostly thymus, adipose tissue, uterus, gut, mammary glands and lungs*’ 485,
However, with the recent advances in single-cell technologies, those earlier certainties have
been called into question, reorganising the previous model with common GATA-1 axes,
instead of the CMP®°,

Many cytokines and transcription factors are key for the eosinophilic lineage. CMP
differentiation requires 1L-3 and GM-CSF>4, while the transition to EoP is regulated by high
levels of PU.1, synergically with GATA-1 and CCAAT/enhancer-binding protein (¢/EBP)-a
and -B*535457 Finally, IL-5 is the most specific cytokine for eosinophil maturation,
expansion and survival, but also stimulates the spreading into the blood and the formation of
granules*®°354 Moreover, IL-3, IL-33 and GM-CSF also direct the maturation®°354,

HSC CMP EoP Eosinophil
PU.I p—
IL-3 GATA-1 L5
—_— _ S
GM-CSF /' ¢/EBP-u . \. )
C/EBP-B <&

Figure 6 — Haematopoiesis model for eosinophils. The figure was created on the BioRender.com
website.

Abbreviations : HSC, haematopoietic stem cells; CMP, common myeloid progenitor; EoP, eosinophil
progenitor; IL, interleukine; GM-CSF, granulocyte-macrophage colony-stimulating factor; c/EBP,
CCAAT/enhancer-binding protein.
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3.2. Effector functions

3.2.1. Degranulation

A hallmark of eosinophil functions is degranulation, i.e., the discharge of cytoplasmic granule
content. Primary and secondary granules may be distinguished according to the crystalline
core, present in the latter unlike the former*8°8, Charcot-Leyden crystals (CLCs), compiled
with CLC-protein or galectin-10, represent the predominant proteins in primary granules*®°8,
while secondary are loaded with a vast range of basic proteins, namely eosinophil cationic
protein (ECP), eosinophil peroxidase (EPO), major basic protein (MBP) and eosinophil-
derived neurotoxin (EDN)*3:°48,

The CLC-protein establishes bipyramidal hexagonal crystals*®°®>° and possesses a high
mannose-affinity structure®®®, A role in inflammatory response has been suggested as it
stimulates cell migration and neutrophil extracellular trap (NET) formation®.

For basic proteins, ECP belongs to the RNAse family and exerts antiviral, cellular and pro-
apoptosis activities, e.g., holing the target membrane. EPO represents 25% of the granules
protein total mass and is able to catalyse oxidation, releasing ROS and RNI but also taking
profit of hydrogen peroxide to nitrate proteins in an immune defence context. Besides, MBP,
accounting for half of the granules protein total mass, expresses highly cytotoxic features
against bacteria and parasites and is associated with tissue damage in asthma. For instance,
MBP-1 possesses antiparasitic and antibacterial properties and stimulates mast cell functions.
Finally, EDN is a poly-functional ribonuclease that activates DC- and Th2-associated immune
responses.48'49'54'58’60

3.2.2.  Regulation of the inflammation

As mature and non-dividing cells, eosinophils rapidly endure apoptosis in absence of IL-3, IL-
5 and GM-CSF survival cytokines*®®l, Apoptosis consists of cellular shrinking, DNA
fragmentation and Annexin-V surface expression®®. Siglec-8, CD69 and CD95 represent some
of the receptors identified to favour the process once engaged*®®2, while IL-25, 1L-33 and
lymphopoietin delay it. In an inflammatory context, apoptosis can be used to resolve
inflammation®8.

Concerning macrophages, eosinophils can trigger both M1- and M2-phenotypes by IFN-y and
IL-4 production, respectively, and hence, influence the inflammation®3%2,

3.2.3. Chemotaxis and adhesion

Chemotaxis refers to the phenomenon by which cells travel around the organism according to
a chemokine gradient. The most powerful and selective chemokines for eosinophil
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chemotaxis reside in eotaxins signalling through C-C chemokine receptor (CCR)-3, but
CCL5, monocyte chemoattractant protein (MCP)-2,3 and 4 may also bind to this G-coupled
protein receptor. Conversely, immunoglobulin-like receptor B will downregulate chemotactic
responses*®.

Once the target location has been successfully reached, eosinophils need to adhere to the
ECM for inter-tissular displacement. Cell surface molecules, such as integrins and selectins,
are crucial for this mechanism. Integrins regulate ECM protein interaction, while selectins
promote endothelium-eosinophil liaison. Moreover, IL-5 and eotaxin-1 attractant chemokines
are known to favour integrins-ligand affinity*®.

3.3. Recruitment into the TME

Eosinophils migrate into the TME in response to three different kinds of stimuli®®. Firstly,
numerous cytokines and receptors are involved in the process, like chemoattractant
fibroblasts-produced CCL11, CCL24 and CCL26°, but also CCR3 which interacts with
eotaxins*4%%3, 1L-5, essential for eosinophil maturation, is also required in recruitment*’3,
Then, HMGB1 and IL-33, two DAMPs, enhance eosinophil recruitment in hypoxic tumoral
regions. 1L-33 induces Th2 immune response and involves eosinophils through the receptor
for advanced glycation end-products (RAGE) accessory protein, while HMGBL1 stimulates
CCL13 and CCL4 expression®®. Finally, the microbiome may also play a role, as antibiotic
treatment leads to microbial diversity diminishing and eosinophil infiltration®,

3.4. Pleiotropy in cancer

Eosinophils are highly pleiotropic cells that can either favour or combat a tumour. In mice,
TME-recruited eosinophils can be distinguished from tissue-resident ones>°23,

Eosinophils can shape pro-tumoral TME through growth factor secretion, immune cell
regulation and angiogenesis promotion®. Indeed, eosinophil endothelial growth factor (EGF)
may provoke cancer expansion® and TGF-B1 can convert epithelial into mesenchymal
histology in lung cancer®®®, while eosinophil-derived CCL22 is known to enhance
immunosuppressive Treg recruitment®”. Furthermore, cervical tumour cells can produce
lymphopoietin to stimulate VEGF production by eosinophils, which evokes new blood vessel
formation®. Finally, eosinophils can catalyse the oxidative degradation of L-tryptophane and,
hence, promote immunosuppressivity and impede T-cell response®®.

On the other hand, eosinophils exert direct and indirect antitumoral effects. For example,
eosinophils have been proven to reduce tumoral growth, mainly through IL-10 and IL-12
secretion’®. Via their granular proteins and soluble mediators, e.g., IFN-y837% JL-55371-73 |-
3371, TNF”® and CCL11%72, eosinophils can show direct cytotoxicity against cancer cells.
Indeed, IFN-y plays a key role in the complex antitumoral interaction between Treg, CD8" T-
cells, M1-macrophages and eosinophils®?.
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Regarding MPM, IL-5 absence has been demonstrated to decrease malignant pleural
effusions’, suggesting a pro-metastasis role of IL-5 in MPM, in murine models. In human,
the correlation between eosinophil counts and shorter OS has been proven in chemotherapy

treatment by the cellular and molecular epigenetic team®.
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II. MATERIAL & METHODS

Il. MATERIAL & METHODS

4. Cell culture

Two distinct MPM cell lines were employed for this project : M14K (RRID:CVCL_8102) and
ZL34 (RRID:CVCL_5906), respectively with epithelioid and sarcomatoid subtypes’™. The
culture was made with Dulbecco’s Modified Eagle Medium (DMEM High glucose, Biowest),
supplemented with 10% of heat-inactivated foetal bovine serum (FBS, Gibco) and 1%
penicillin and streptomycin (10,000 units (U)/mL, PenStrep, Biowest). Phosphate-buffered
saline (PBS, Biowest) and tryspin-ethylenediamine tetraacetic acid (EDTA, without Calcium
and Magnesium, Biowest) were also used during cell culture, respectively to wash the flask
and detach the cells.

5. Human primary cells

To isolate primary human immune cells, buffy coats from healthy donors of Red Cross of
Belgium were used. This usage was approved by the institutional ethic committee of the Liege
University hospital (Sart-Tilman) under the reference #2012/8. Blood, diluted twice with
Roswell Park Memorial Institute (RPMI) 1640 with L-glutamine and 25mM Hepes (Biowest)
supplemented with Penstrep 1%, was delicately discharged onto room temperature
Lymphoprep (1.077 g/mL, Stemcell Technology) and centrifuged (MegaFuge 40R, Thermo
Scientific) for 25 minutes at 4009 (Trom; acceleration 6; deceleration 3). Plasma, peripherical
blood mononuclear cells (PBMCs), polymorphonuclear (PMNs) and red blood cells (RBCs)
were separated following a density gradient, as shown in Figure 7.

T
Centrifugation E’
Blood 1,400 rpm E Plasma
5,minutes £ ‘E’ ~PBMCs
Ficoll — | Ficoll
—~PMNs
\v/ RBCs

Figure 7 — Blood separation through density gradient centrifugation. PBMCs and PMNs were
collected to isolate monocytes and eosinophils, respectively. The figure was created on the
BioRender.com website.

Abbreviations : PBMC, peripherical blood mononuclear cells; PMN, polymorphonuclear; RBC, red
blood cells.
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5.1. Macrophages

5.1.1. Monocyte isolation and differentiation

The PBMCs ring was collected and washed with RPMI-PenStrep. After centrifugation (250g;
8 min; Troom), RBC lysis buffer (Bioscience), diluted 10 times with 0.2um-sterile water, was
used to break down the remaining RBCs. To limit the lysis, which activates immune cells,
time was adapted (5, 8 or 10 minutes) depending on pellet redness. Lysis was stopped with
PBS addition and cells were centrifuged (250g; 8 min; 10°C). Five cycles of washes with 35
mL of PBS and centrifugation (250g; 8 min; 10°C) were performed to remove cellular debris
and plasma. Finally, cells were resuspended in RPMI, supplemented with 1% PenStrep, 2-
mercaptoethanol (50uM, Gibco), Minimum Essential Medium Non-Essential Amino Acids
(MEM NEAA 100X, Gibco) and sodium pyruvate (100 mM, Gibco), counted with a Thoma-
Zeiss counting chamber, seeded in 6-well plates (Greiner) (10.10° PBMCs/well, 2 mL) and
incubated overnight to let monocytes adhere on the plate surface.

The following day, floating lymphocytes were removed with four washes of 2 mL of cold
PBS and monocytes were cultured for 7 days in 2 mL of complete RPMI medium
(supplemented with 1% PenStrep, 2-mercaptoethanol (50uM), MEM NEAA (1%), sodium
pyruvate (100mM) and 10% FBS). Recombinant human (rh) M-CSF (Immunotools) was
added with a 100 ng/mL final concentration to induce the differentiation into macrophages.
After 3 days, monocytes were washed twice to remove floating cells and fresh complete
RPMI medium supplemented with rhM-CSF was added.

5.1.2. Macrophage Polarisation

At the end of the differentiation, macrophages were washed twice, supplied with fresh
complete RPMI medium and polarised or not with cytokines. To obtain naive macrophages,
termed MO, some wells were left unstimulated. To yield M1- and M2-macrophages, LPS (500
ng/mL, from Escherichia coli 055:B5, Sigma-Aldrich) and rhIFN-y (20 ng/mL, Immunotools)
or rhiL-4 (20 ng/mL, Immunotools) were respectively added for 48 hours.

5.2. Eosinophils

Eosinophil isolation and supernatant collection are routinely performed in the lab. Briefly,
after PMN fraction collection from Lymphoprep-centrifuged blood, erythrocytes were lysed
during cycles of 15-minutes incubation with RBC lysis buffer, PBS was added and cells were
centrifuged (300g; 8 min; Trom; acceleration 6, deceleration 9). After a wash with 10 mL of
PBS, granulocytes were counted and labelled with mouse 1gG2a anti-human CCR3 (Fisher
Scientific) diluted 1:100 in PBS, at 4°C for 30 minutes. After centrifugation (300g; 8 min;
Troom; acceleration 6, deceleration 9) and supernatant removal, granulocytes were resuspended
in MACS separation buffer (PBS-FBS 2%-EDTA 2mM) with anti-mouse 1gG2a+b magnetic
microbeads (1:4-ratio, MACS, Miltenyi Biotech) and incubated for 30 minutes. After two
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washes with 4 mL of MACS separation buffer, cells were resuspended in the latter and
positively selected by magnet isolation. Eosinophils, sticked to the tube walls due to the
magnet attraction, were resuspended in a 1%-PenStrep-RPMI medium and seeded in T25
flasks. The next day, the culture medium was gathered and centrifuged (550g; 5 min; Troom).
Eosinophils were removed through magnet isolation and supernatant was aliquoted, cooled at
-20°C overnight and then stored at -80°C.

Supernatant
(24h)

/\/\

CCI§3 + Human eosinophils
Figure 8 - Experimental scheme of eosinophil supernatant production.
Abbreviation : CCR, C-C chemokine receptors.

6. Phenotype characterisation

MO-, M1- and M2-macrophages (cf. 2.1.2. Macrophages polarisation) were harvested with a
scrapper and centrifuged (300g; 5 min; 10°C). Supernatant was removed and cells were
resuspended in PBS-FBS 10% to block Fc receptors. After a 15 minutes incubation at 4°C,
macrophages were centrifuged (550g; 4 min; 4°C) and resuspended in 50uL of PBS-FBS 2%
and primary and coupled antibodies (Tables 1a) were added for a 45 minutes incubation at
4°C sheltered from light. After 30 minutes, CD80 and CD86 antibodies were added and
incubated for the last 15 minutes. Cells were centrifuged and underwent two cycles of washes
with 100uL of PBS-FBS 2% and centrifugation (550g; 4 min; 4°C). Secondary antibodies
(Table 1b) diluted in PBS-FBS 2% were added and incubated for 30 minutes at 4°C sheltered
from light. Cells were washed twice with PBS-FBS 2%, resuspended in 100uL of PBS-FBS
2% and analysed on the CytoFlex (Beckman Coulter) flow cytometer. Results were analysed
with the CytExpert software (Beckman Coulter).

The same protocol was followed for MPM cells.
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Table 1a — Primary antibodies details

Recentor Conjugated IsotvDe Dilution (in Incubation supplier
P fluorochromes P PBS-FBS 2%) @ time (min) PP
Alloph i : N
CD80 opnycocyanin Mouse rigG1 1:50 15 Miltenyi Biotec
(APC)
CD86 VioBlue Mouse rlgG1 1:50 15 Miltenyi Biotec
Fluorescein .
HLA-DR . . M 19gG2 1 4 BD n
isothiocyanate (FITC) ouse 1gG2b 5 5 biosciences
CD206 Mouse IgG1 1:500 45 BD biosciences
PD-1 APC Mouse IgG1 2:5 45 BD biosciences
PD-L1 APC Mouse IgG1 1:100 45 BD biosciences
Table 1b — Secondary antibodies details
Conjugated Dilution (in Incubation .

R r I . i lier
ecepto fluorochromes sotype PBS-FBS 2%) @ time (min) Supplie
CD206 FITC Goat anti- 1:1000 30 Invitrogen

mouse 1gG1

7. Cytotoxicity assays

7.1. CFSE-staining

After culture (cf. 1. Cell culture), MPM cells were washed once with PBS (10 mL), counted
and resuspended at a 2.10° cellssmL in DMEM, supplemented with 1% PenStrep.
Carboxyfluorescein succinimidyl esters (CFSE, Biorad) was added at a 10uM and 20uM final
concentration, for M14K and ZL34, respectively. After 20 minutes of incubation at 37°C
sheltered from light, cells were centrifuged, washed with PenStrep DMEM (4.10° cells/mL),
centrifuged again (300g, 5 min, Trom) and resuspended in complete DMEM. CFSE-stained-
cells were seeded in 100uL of complete-DMEM on flat-bottom 96-well plates (Greiner)
(Table 2). To evaluate MPM cells autofluorescence, three wells were seeded with unlabelled
cells. Plates were incubated for 3 hours to allow cell adhesion.

Table 2 — Number of MPM cells according to ratios and cells lines
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Cell lines M14K  ZL34
Total number of 5000 4,000
cells/well
MPM cells only 5,000 4,000
Ratio 1:1 2,500 2,000
Ratio 3:1 3,750 3,000
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7.2. IncuCyte

50pL of human eosinophil supernatant (HE SN) or RPMI-PenStrep were added in the 96-well
plates. Macrophages were incubated 15 minutes in RPMI-EDTA 10mM and recovered with
gentle scrapping. After centrifugation, MO-, M1- and M2-macrophages (cf. 2.1.2.
Macrophages polarisation) were resupended in 1 mL of RPMI supplemented with 10% FBS,
1% PenStrep and 100mM sodium pyruvate and counted with Thoma-Zeiss counting chamber.
Macrophages were diluted in complete-RPMI depending on ratios (Table 3) and 50uL was
added in each well. Anti-PD-1 blocking antibody (10 pg/mL, InVivoMADb) and 5uL of
AnnexinV-APC (Immunotools) were added in wells. Plates were placed in the IncuCyte S3
Live-Cell (Sartorius) imagery system, furnished with 37°C and 5% CO: incubator.
Acquisition was realised every 2 hours for 50 hours. The percentage of apoptotic MPM cells
was determined with the IncuCyte 2023A software. Cells were discriminated based on
parameters listed in Table 4.

Table 3 — Number of macrophages according to ratios and cells lines

Cell lines M14K  ZL34

Total number of cells/well 5,000 4,000
MPM cells only 0 0

Ratio 1:1 2,500 2,000

Ratio 3:1 1,250 1,000

Table 4 — IncuCyte acquisition and analysis parameters

Parameters M14K ZL34  AnnexinV+ cells
Channel Green Green Red
Acquisition time (ms) 250 250 400
Threshold 0.5000 0.5000 1.0000
Edge split Off Off Off
Hole fill (um?) 50.00 0.0000 100.00
Minimum area (Um?) 100.000 100.000 50.000

8. Analysis

Flow cytometry results were analysed with CytExpert software. Percentage of deaths from
IncuCyte analysis was calculated on the Excel software. Histograms and graphs were shaped
with FlowJo vX.0.7 and GraphPad Prism 8.4.3. software, respectively. Most figures were
realised on BioRender website.

Statistical analysis was performed on GraphPad Prism 8.4.3. software. Normality was
assessed through Shapiro-Wilk test. The means of distributions were compared with an
ordinary one-way ANOVA, followed by a multiple comparison test of Tukey. Data are
expressed as mean +/- standard deviation (SD).
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1. RESULTS

9. Primary macrophages culture

Human primary PBMCs were isolated through a density gradient and incubated overnight.
Floating lymphocytes were removed and monocytes were differentiated into macrophages for
7 days in M-CSF-supplemented medium. For 48 hours, macrophages were polarised into the
M1- and M2-phenotypes by complementing the medium with IFN-y and LPS or IL-4,
respectively (Figure 9A), to be used in the following experiments. To keep traces of cell
morphology, images were taken after monocyte isolation (Figure 9B), differentiation (Figure
9C) and macrophage polarisation (Figure 9D-F) with a microscope (Revolve, Discover
Echo).

As visible on Figure 9B-F, each culture step may be distinguished by cell morphology.
Indeed, monocytes gain in size throughout differentiation. Besides, M1-polarization alters the
round-shaped of the MO-phenotype into a more elongated cell, while M2-polarized cells tend
to get bigger, within the limits of surface availability. MO-macrophages culture was more
heterogenous and no distinction between before and after the 48 hours polarisation can be
made, as no stimulus was added.
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overnight
PBSwash -~

48 hours

Figure 9 — Differentiation and polarisation of primary human macrophages. (A) Experimental
scheme. PBMCs, collected on Ficoll, were seeded and incubated overnight. T-lymphocytes were
removed from monocytes through PBS washes. M-CSF was added to differentiate monocytes into
macrophages for 7 days. Macrophages were incubated with IFN-y and LPS or IL-4 for 48 hours for
polarisation into the M1- and M2-phenotypes, respectively. The scheme was created on the
BioRender.com website. (B) Monocytes after PBS washes. (C) Macrophages after 7 days of
differentiation. (D) MO-macrophages after 48 hours of unstimulation. (E) M1-macrophages after 48
hours of IFN-y and LPS stimulation. (F) M2-macrophages after 48 hours of IL-4 stimulation. Images
were acquired with a microscope (Revolve, Discover Echo).

Abbreviations : PBMC, peripherical blood mononuclear cells; M-CSF,  macrophage colony-
stimulating factor; IFN, interferon; LPS, lipopolysaccharides; IL, interleukin.
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10. Membrane receptors characterisation

10.1.  Gating strategy for macrophages

Human primary MO0O-, M1- and M2-macrophages were recovered by gentle scrapping.
Separate staining with propidium iodide (Pl, Enzo) and Zombie Aqua (BioLegend) was
performed. The former is a DNA intercalating dye excluded by intact cell membrane’® " and
the latter reacts with primary amine groups on proteins. In living cells, the dye is excluded
and only labels surface proteins. When Zombie Aqua enters the death cell cytoplasm, it can
react with a larger amount of proteins, which increases the signals’®. To minimise the potential
macrophage phagocytosis, Pl staining has been realised at the latest moment before analysis,
while Zombie Aqua needs a 30 minutes incubation. Cells were analysed through flow
cytometry on the CytoFlex (Figure 10A).

Results (Figure 10B) were analysed on CytExpert software. At first, a graph presenting
forward versus side scatters (FSC and SSC, orange population), standing for cell height and
granularity, respectively, was considered. Two cell populations can clearly be distinguished
based on those morphological features. To discern the deceasing-cell population, the two
mortality markers, Pl and Zombie Aqua, were employed. PI* and Zombie Aqua® cells can be
observed on graphs presenting fluorescence intensity versus FSC (Figure 10B). Finally, a
comeback to the FSC versus SSC graphs (Figure 10B) highlights PI* and Zombie Aqua*
populations as the left ones (purple for PI, green for Zombie Aqua).

Following those statements, the gating strategy as in Figure 10C was adopted for all
subsequent flow cytometry experiments on primary macrophages. First, a population was
delineated on FSC/SSC graph to isolate living cells. Then, on a FSC-A/FSC-H (respectively
area and height) graph showing only previously gated population, singlets were selected by
circumscribing the concentrated population. Afterwards, doublets, i.e., two sticked-cells
detected together, display a doubled area for the same height as singlets.
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Figure 10 — Gating strategy for macrophages. (A) Experimental scheme. Primary human M0-, M1-
and M2-macrophages were scrapped and Pl (at a final concentration of 4ug/mL) or ZombieAqua
(diluted 1:250) was added. Cells were analysed by flow cytometry (CytoFlex) and the CytExpert
software was used for data analysis. The scheme was created on the BioRender.com website. (B)
Identification of living and dead cells, based on FSC/SCC profiles of PI" and ZombieAqua® cells.
(C) Gating strategy.

Abbreviations : PI, propidium iodide; FSC, forward scatter; SSC, side scatter.
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10.2.  Expression of membrane-associated receptors

To characterise their polarisation, primary human macrophages with the M0-, M1- and M2-
phenotypes were stained with anti-CD80, -CD86, -HLA-DR, -CD206, -PD-1 and -PD-L1
antibodies and analysed by flow cytometry (Figure 11A). CD80 and CD86 are expressed by
AnPCs to activate T-lymphocytes!?!8, CD206, mostly known as mannose receptor, can
recognise mannan from pathogen cell surface*®, while HLA-DR is an MHC class 1l molecule
and mediates antigen presentation’®. Furthermore, PD-1 and its ligand, PD-L1, are both
expressed by M1- and M2-macrophages and play a role in T-cell anergy and enhance tumour
immune escape®8°,

To visualise the expression profiles and intensities, histograms were extracted from FlowJo
vX.0.7. for the six markers (Figure 11B). Isotype controls are shown to indicate the baseline
and confirm the absence of aspecific signal. CD80 is highly expressed by the M1-phenotype
and by a portion of MO- and M2-macrophages, while CD86 is hardly expressed by the M1-
and MO-phenotypes, but by a fraction of M2-macrophages. Besides, HLA-DR is more
expressed on M2- and MO-populations than on the M1-one, while CD206 receptor is mostly
displayed by the M2-phenotype. Regarding PD-1 and PD-L1, macrophages hardly express
the former, while the latter is decreasingly displayed by M1-, M2- and MO-macrophages.

Besides, results were analysed with the CytExpert software and the relative median
fluorescence intensity (rMFI) of each receptor was calculated by dividing the MFIs of stained
samples by the control one (Figure 11C). Although highly variable, the CD80 receptor is
highly expressed by M1-macrophages, which differs significantly with the M0- and M2-
phenotypes (both p-values < 0.0001). Despite the high results variability, the CD86 receptor is
more expressed by M2-macrophages, in comparison to the M1-phenotype (p-value = 0.0478).

Moreover, HLA-DR is highly expressed by MO- and M2-macrophages, with no significant
difference between the two (p-value = 0.9910), while the M1-phenotype hardly expresses it
(pmo-m1 = 0.0045 and pmi-m2 = 0.0036). Even if data are fluctuating, M2-macrophages display
an extensive expression of CD206 (pmo-m2 = 0.0002 and pmi-m2 = 0.0001), but none for the
MO- and M1-phenotypes (pmo-m1 = 0.9466).

Finally, results for PD-1 are largely variable and nonsignificant (pmo-m1 = 0.9428, pmo-m2 =
0.9909 and pmi-m2 = 0.9784), while PD-L1 is intensely expressed by M1- and M2-
macrophages, but to a lesser extent for the latter (pmi-m2 = 0.0027), while MO-macrophages
hardly express the ligand (pmo-m1 = <0.0001 and pmo-m2 = 0.0261).
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Figure 11 — Macrophages phenotype. (A) Experimental scheme. Macrophages were collected with
a scrapper. After Fc receptors blocking, cells were labelled with anti-CD80, -CD86, -HLA-DR, -
CD206, -PD-1 and -PD-L1 antibodies. Cells were analysed by flow cytometry (CytoFlex). The
scheme was created on the BioRender.com website. (B-C) Surface expression of CD80, CD86, HLA-

DR, CD206, PD-1 and PD-L1. Graphs were generated with FlowJo vX.0.7 and GraphPad Prism 8.4.3,
respectively. The rMFI corresponds to the ratio of the MFI of the surface markers with their control.
Data are expressed as mean +/- SD, each point representing an independent test. Statistics were
realised on GraphPad Prism 8.4.3. with a Shapiro-Wilk test to assess the normality and a one-way
ANOVA, followed by a Tukey’s multiple comparison test.

Abbreviations : Fc, fragment crystallisable; CD, cluster of differentiation; HLA, human-leukocyte
antigen; PD, programmed cell death; PD-L, PD-ligand; rMFI, relative median fluorescence intensity;
SD, standard deviation.
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10.3.  Modulation of PD-1 and PD-L1 expression by
eosinophils

10.3.1. Macrophages

After 48 hours of culture in medium supplemented with 25% (v:v) of HE SN, primary human
MO-, M1- and M2-macrophages were stained with anti-PD-1 and anti-PD-L1 antibodies
(Figure 12A).

To visualise the expression profiles and intensities, histograms were extracted from FlowJo
vX.0.7. for the two markers (Figure 12B). Isotype controls are shown to indicate the baseline
and confirm the absence of aspecific signal. PD-1 seems to be expressed, as stained samples
show higher fluorescence than isotype controls. Besides, PD-L1 expression is enhanced in
M1- and M2-macrophages, especially the M1-phenotype before HE SN co-culture. However,
for both, no visual distinction can undoubtedly be made without rMFI values.

Likewise, results were analysed with the CytExpert software and the rMFI of each receptor
was calculated by dividing the MFIs of stained samples by the control one. Results for PD-1
(Figure 12C) antibody are highly variable and non-significant, both between macrophage
types after 48 hours of HE SN supplemented-medium culture (pmo-m1 = >0.9999 , pmo-m2 =
0.9998 and pmi-m2 = 0.9999) and before and after the supplemented-culture (pmo = 0.9171,
pmr = 0.9960 and pm2 = 0.9228). Meanwhile, PD-L1 expression (Figure 12D) by the M1-
phenotype decrease after the culture with HE SN (p-value = <0.0001). Even if non-
significant, M2-macrophages tend to have a lower PD-L1 expression after the supplemented-
culture (p-value = 0.0815), while the M0O-phenotype expression does not change (p-value =
>0.9999). In this way, even if PD-L1 expression differs in macrophage subtypes before
supplementing the culture (cf. 10.2. Expression of membrane-associated receptors, pmo-m1 =
<0.0001, pmom2 = 0.0261 and pmi-m2 = 0.0027), the decrease after 48 hours makes the
difference nonsignificant after the HE SN supplemented-culture (pmo-m1 = 0.2569, pmo-m2 =
0.4757 and pmi-m2 = 0.9992).
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Figure 12 — Impact of human eosinophil supernatant on PD-1/PD-L1 expression of macrophages.
(A) Experimental scheme. After polarisation, macrophages were cultured in RPMI supplemented
with 25% (v:v) of HE SN. After 48 hours of incubation and Fc receptor blocking, cells were labelled
with anti-PD-1 and anti-PD-L1 antibodies. Cells were analysed by flow cytometry (CytoFlex). The
scheme was created on the BioRender.com website. (B) Surface expression of PD-1 and PD-L1 for
each donor. Histograms were generated with FlowJo vX.0.7. The rMFI for PD-1 (C) and PD-L1 (D)
corresponds to the ratio of the MFI of the surface markers with their control. Graphs were obtained
with GraphPad Prism 8.4.3. Data are expressed as mean +/- SD, each point representing an
independent test. Statistics were realised on GraphPad Prism 8.4.3. with a Shapiro-Wilk test to assess
the normality and a one-way ANOVA, followed by a Tukey’s multiple comparison test.

Abbreviations : PD, programmed death cell; PD-L, PD-ligand; RPMI, Roswell Park Memorial
Institute; HE SN, human eosinophil supernatant; Fc, fragment crystallisable; rMFI, relative median
fluorescence intensity; SD, standard deviation.
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10.3.2. MPM cells

After 48 hours of culture in medium supplemented with 25% (v:v) of HE SN, ZL34 and
M14K were stained with anti-PD-1 and anti-PD-L1 antibodies (Figure 13A).

To visualise the expression profiles and intensities, histograms were extracted from FlowJo
vX.0.7. for the two markers (Figure 13B). Isotype controls are shown to indicate the baseline
and confirm the absence of aspecific signal. Both PD-1 and PD-L1 are expressed by MPM
cell lines, with a higher MFI for the latter. However, for both, no visual distinction can
undoubtedly be made without rMFI values.

Likewise, results were analysed with the CytExpert software and rMFI of each receptor was
calculated by dividing the MFIs of stained samples by the control one (Figure 13C). Results
for PD-1 antibody are quite variable, but no change in expression has been observed (pmisk
mock/HE SN = 0.9545, pzi3s mockHE sN = 0.8051, Pmock M14k/zLzs = 0.7733 and PHE sN M14k/zL3s =
0.9675). PD-L1 expression tends to lower in M14K culture with the HE SN, even if not
significant (p-value = 0.5372) and remain constant for ZL34 (p-value = 0.9877).
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Figure 13 — Impact of human eosinophil supernatant on PD-1/PD-L1 expression of MPM cells.
(A) Experimental scheme. M14K and ZL34 cell lines were cultured or not (mock) with 25% (v:v) of
HE SN for 48 hours. Cells were collected, labelled with PD-1 and PD-L1 and analysed by flow
cytometry (CytoFlex). The scheme was created on the BioRender.com website. (B) Surface
expression of PD-1 and PD-L1. Histograms were generated with FlowJo vX.0.7. The rMFI for PD-1
(C) and PD-L1 (D) corresponds to the ratio of the MFI of the surface markers with their control.
Graphs were obtained with GraphPad Prism 8.4.3. Data are expressed as mean +/- SD, each point
representing an independent test. Statistics were realised on GraphPad Prism 8.4.3. with a Shapiro-
Wilk test to assess the normality and a one-way ANOVA, followed by a Tukey’s multiple comparison
test.

Abbreviations : PD, programmed death cell; PD-L, PD-ligand; MPM, malignant pleural
mesothelioma; HE SN, human eosinophil supernatant; rMFI, relative median fluorescence intensity;
SD, standard deviation.
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11. Mortality assessment in MPM-macrophages co-culture
11.1. Cytotoxicity of primary macrophages towards MPM cells

To evaluate the impact of eosinophil cytokines on macrophage cytotoxicity, MPM cells (ZL34
and M14K cell lines) were labelled in green with CFSE and cultured with M0-, M1- or M2-
macrophages in a MPM-to-macrophage ratio of either 1:1 or 3:1. HE SN, anti-PD1 and
AnnexinV-APC, an APC-conjugated dye binding specifically on phosphatidylserine exposed
on apoptotic cell membranes®, were successively added. Acquisitions were taken every 2
hours for 50 hours on the IncuCyte S3 Live-Cell (Sartorius) (Figure 14A).

As an example, a representative image of MPM cells dying can be found in Figure 14B. At
the beginning of the co-culture, MPM cells, stained in green, adhere to the plate surface. After
a certain hour (16 hours in this example), the nucleus start being coloured red. Red-labelling
expands to the whole cell and, finally, MPM cells shrink and get rounded.

Analyses were performed on the IncuCyte 2023A software from Sartorius. Green and red
parameters were carefully selected to suit every condition and timing. Data were exported and
the division of MPM death cells (i.e., green and red) by all MPM cells (i.e., green) was done
on Excel.
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Figure 14 — Cytotoxicity of primary macrophages towards MPM cells. (A) Experimental scheme.
CFSE-stained MPM cells (green) were co-cultured with MO-, M1- and M2-macrophages in a 1:1 and
3:1 ratio. SN HE (25% v:v) and/or anti-PD-1 (10pg/mL) were added to the culture medium. Co-
culture was labelled with AnnexinV-APC and monitored with the IncuCyte S3 Live-Cell (Sartorius)
every 2 hours for 50 hours. The scheme was created on the BioRender.com website. (B)
Representative image of an AnnexinV-APC* MPM dying cell.

Abbreviations : RPMI, Roswell Park Memorial Institute; EDTA, Ethylenediamine tetraacetic acid;
CFSE, carboxyfluorescein succinimidyl ester; HE SN, human eosinophil supernatant; PD,
programmed death cell; MPM, malignant pleural mesothelioma; APC, allophycocyanin.

36



[ll.  RESULTS

11.1.1. ZL34 cell line

Apoptotic rates of ZL34 (Figure 15A), the sarcomatoid cell line”, were established for co-
culture with macrophages in a 1:1 ratio with the M0-, M1- and M2-phenotypes (Figures 15B,
D and F, respectively) and in a 3:1 ratio with the MO-, M1- and M2-phenotypes (Figures
15C, E and G, respectively).

For all conditions, the mortality rate tends to increase over time. Even if nothing is significant,
some tendencies can be highlighted. Conditions with anti-PD-1* and HE SN™ display a higher
lethality, followed by anti-PD-1* SN HE™ ones, while the anti-PD-1- SN HE™ wells have cells
that tend to survive longer. Moreover, MPM cells without macrophages exhibit an increased
survival rate, while co-culture with the M1-phenotype shows a higher mortality percentage,
followed by co-culture with the MO-macrophages. Also, for those previous phenotypes, the
MPM-to-macrophage ratio 1:1 seems to have an enhanced mortality rate, unlike M2-
macrophages co-culture.
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Figure 15 — Time-lapse cytotoxicity of primary macrophages towards ZL34 cells. Apoptotic rates
of ZL34 cells (CFSE*AnnexinV-APC") (A) co-cultured in 1:1 ratio with M0- (B), M1- (D), M2-
macrophages (F) or in a 3:1 ratio with MO- (C), M1- (E), M2-macrophages (G) in presence or not of
25% (v:v) of HE SN and/or anti-PD-1. Results are expressed as the mean of intensity of each donor
(N=2). Each donor was analysed in triplicate. Graphs were obtained with GraphPad Prism 8.4.3. Data
are expressed as mean +/- SD, each point representing an independent test. Statistics were realised on
the 50h data on GraphPad Prism 8.4.3. with a Shapiro-Wilk test to assess the normality and a one-way
ANOVA, followed by a Tukey’s multiple comparison test.
Abbreviations : CFSE, carboxyfluorescein succinimidyl ester; HE SN, human eosinophil supernatant;
PD, programmed death cell.
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11.1.2. M14K cell line

Apoptotic rates of M14K (Figure 16A), the epithelioid cell line™, were established for co-
culture with macrophages in a 1:1 ratio with the M0-, M1- and M2-phenotypes (Figures 16B,
D and F, respectively) and in a 3:1 ratio with the MO-, M1- and M2-phenotypes (Figures
16C, E and G, respectively).

For all conditions, the mortality rate tends to increase over time. Except for MO-macrophages,
ratio 1:1, anti-PD-1* and HE SN* wells (p-value = 0.0026), no significant differences can be
found, but some tendencies can be highlighted. Wells containing only MPM cells display a
higher survival rate, while wells with M0- or M1-macrophages exhibit a higher mortality
percentage. Moreover, for the M1-phenotype with a 3:1 ratio, conditions with anti-PD-1* and
HE SN* show a higher mortality rate (Pmock/anti-pp-1+He sn+ = 0.9473), just as the M1-phenotype
with a 1:1 ratio, anti-PD-1" and HE SN* (p-value = 0.1023), followed by anti-PD-1" and HE
SN* conditions (p-value = 0.3575).
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Figure 16 — Time-lapse cytotoxicity of primary macrophages towards M14K cells. Apoptotic rates
of M14K cells (CFSE*AnnexinV-APC*) (A) co-cultured in a 1:1 ratio with M0- (B), M1- (D), M2-
macrophages (F) or in a 3:1 ratio with M0O- (C), M1- (E), M2-macrophages (G) in presence or not of
25% (v:v) of HE SN and/or anti-PD-1. Results are expressed as the mean of intensity of each donor
(N=1). Each condition was analysed in triplicate. Graphs were obtained with GraphPad Prism 8.4.3.
Data are expressed as mean +/- SD, each point representing an independent test. Statistics were
realised on the 50h data on GraphPad Prism 8.4.3. with a Shapiro-Wilk test to assess the normality and
a one-way ANOVA, followed by a Tukey’s multiple comparison test.
Abbreviations : CFSE, carboxyfluorescein succinimidyl ester; HE SN, human eosinophil supernatant;

PD, programmed death cell.
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Macrophages are highly versatile mononuclear cells of the innate immune system??3! and can
fulfil various functions in tissues, including phagocytosis, antigen presentation and cytokines
production??323%_ Depending on environmental stimuli, macrophages can display different
phenotypes?232, Although incomplete®?, the M1/M2 polarisation models have been widely
used to characterise the pro- and anti-inflammatory macrophages2222¢4°_In cancer, tumour-
associated macrophages mostly present the M2-phenotype and pro-tumoral properties®®“?,
while, in MPM, high TAM infiltration correlates with worst OS*54€,

On the other hand, eosinophils are highly pleiotropic immune cells*’ and contain granules®
filled with cytotoxic proteins (i.e., CLC-protein, ECP, EPO, MBP and EDN)*°4,
Eosinophils arise from CD34* bone marrow HSC and mature through IL-5 stimulation®°3°4,
Main function englobes degranulation, i.e., discharge of cytoplasmic granules content and
regulation of inflammation®8. Eosinophils are recruited in the TME in response to different
kinds of stimuli and can exert anti- or pro-tumoral roles®.

In MPM, recent studies from the CME laboratory has demonstrated a negative impact of
eosinophils on OS during chemotherapy treatment>. Besides, FDA has newly approved
immunotherapeutic treatment involving the combination of nivolumab and ipilimumab,
respectively anti-PD-1 and -CTLA-4 immune checkpoint inhibitors??”. Therefore, this master
thesis aimed to initiate the research on how eosinophils shape macrophages response to
immunotherapy in MPM.

To do so, human primary macrophages were isolated, differentiated and polarised into the
M1- and M2-phenotypes. The objective of this work was to assess (i) the phenotype of
macrophages (ii) the effect of HE SN on PD-1 and PD-L1 expression and (iii) the cytotoxicity
of macrophages towards MPM cells in presence of anti-PD-1 and HE SN.

12. Primary macrophages culture

Similar protocol (Figure 9A) for human primary macrophages culture has been widely used
for decades and can be easily found in the literature. However, slight modifications can be
observed from one article to another, especially regarding the cytokines concentration. Indeed,
M-CSF can be used with a concentration between 10 and 100 ng/mL, LPS between 10 and
500 ng/mL, IFN-y between 20 and 50 ng/mL and IL-4 between 10 and 20 ng/mL, while the
concentration used were 100, 500, 20 and 20 ng/mL, respectively. Those concentrations
changes may influence the polarisation and its intensity. Moreover, polarisation time can vary
from 24 hours to 4 days and several other cytokines can be added during the process.8%8’
Indeed, GM-CSF is sometimes used for differentiation®26, while 1L-10838%%7 involved in
wound healing and inflammation resolution®*, and dexamethason® can be added to induce
M2-polarization. However, GM-CSF tends to polarise macrophages into a M1l-like
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phenotype, while M-CSF can induce macrophages differentiation close from the M2-
phenotype??3283-86 even if polarisation into M1-phenotype after an M-CSF-induced
differentiation remains possible®.

Regarding macrophages morphology, research with a similar protocol shows corresponding
data. Indeed, monocytes cytoplasmic volume increase during differentiation (Figure 9B-C),
leading to an increase in size®®, while specific spindle- and round-shape have been observed in
the M1- (Figure 9E) and M2-phenotypes (Figure 9F), respectively8:8%0,

13. Membrane receptors characterisation
13.1.  Gating strategy for macrophages

Three different arguments support the presumption that the smaller population on FSC/SSC
profiles is composed of death macrophages. Firstly, the Pl dye intercalates in the DNA of
compromised-membrane cells and has been used as a mortality dye by other scientists on
primary macrophages and monocyte cell line (THP-1)"%%9, Secondly, Zombie Aqua dye has
also been used by numerous scientists on several macrophage types, including PBMCs-
macrophages®, alveolar macrophages®, microglia (macrophages from central nerve
system)®’, Kupffer cells (resident-liver macrophages)®® and primary human macrophages®.
Thirdly, since the process of cell apoptosis goes along with shrinkage®1% the smaller
population (with lower FSC values) may be death.

Nevertheless, affirming with certainty that the smaller population encompasses death cells,
while the larger population are living cells remains impossible for the following reasons.
Firstly, Pl can intercalate into all double-stranded nucleus acid, including double-stranded
RNA as well. In this way, Rieger and al. found wrongly stained PI* cells in a sizeable
proportion, especially in primary cells”’. Secondly, as previously mentioned, macrophages
main functions involve the phagocytosis?>%. Thereby, the hypothesis that living cells can
phagocytose the dyes cannot be undoubtedly excluded. This mechanism has been investigated
with AnnexinV dye because living macrophages phagocytose AnnexinVV* apoptotic bodies
and become positive as well*%,

Anyhow, the two macrophages populations on FSC/SSC profiles have been observed in
similar articles!®®1%* and the same gating strategy has been adopted by the authors. Hence,
having a dead-cell population might be common.

13.2.  Expression of membrane-associated receptors

As visible on Figure 11B-C, M1-macrophages overexpress CD80 and PD-L1, while the M2-
phenotype express CD86, HLA-DR and highly CD206. Unstimulated macrophages only
express HLA-DR. Moreover, PD-1 is hardly expressed. Additionally, some results present
elevated variability. Although primary models based on peripherical blood immune cells are
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more relevant than cell lines, human donors present larger variations between each
other105,106

CD80 (also known as B7-1) works in tandem with CD86 in the activation of T-cells!8107.108
and is well-known as a Ma1-phenotype marker3 1% Indeed, the M1-phenotype
overexpresses this surface receptor®’#110 as found on the flow cytometry experiments
presented. Moreover, IFN-y stimulation enhances CD80, which correlates with M1-
macrophages that are stimulated with this cytokines, while IL-10, an interleukin highly
expressed by the M2-phenotype®*2°%  downregulate CD80 expression*'!. Hence, by
expressing 1L-10, M2-macrophages could inhibit their own CD80 expression.

Besides, CD86 (also known as B7-2) is the other co-stimulatory receptor responsible for T-
cell activation®1971% and, hence, is also a M1-phenotype marker3":103107.19 "|n Figure 11C,
CD86 has been shown to be expressed, not by the M1-, but by the M2-macrophages. The M1-
phenotype not expressing CD86 is a questioning result as its expression is enhanced by IFN- y
stimualtion'®®. The presence of anergized macrophages might be an interesting hypothesis. If
accepted, the non-expression of CD86 by M1-macrophages may lead to a decrease in T-cell
activation properties. Aside, a M2-subtype, can also express CD86'%. Termed M2b or
regulatory macrophages, this subtype is induced by a combined exposure of immune
complexes (IC) and Toll-like receptors (TLR) agonists and, in cancer, downregulate the
immune system and enhance tumour development?>107,

HLA-DR is part of the MHC class 1l molecules™ and represent a good marker for both M1-
and M2-phenotypes''?. In the flow cytometry experiment (Figure 11C), results show that it is
highly expressed by M0- and M2-macrophages. However, as a molecule involved in antigen
presentation’®, HLA-DR expression is supposed to be enhanced by IFN-y%, which contrasts
with obtained-results. Meanwhile, M2b can express HLA-DR". To explain the expression by
the MO-phenotype, the role of M-CSF in HLA-DR expression must be considered. As we
already know, M-CSF drives macrophages polarisation towards a M2-phenotypg?232:83-86,

CD206, the mannose receptor, is involved the recognition mannan from pathogen cell
surface®® and is typically a M2-phenotype marker3197113 "In the flow cytometry experiment,
CD206 is highly expressed by M2-macrophages, unlike the MO- and M1-phenotypes. This
correlates with a similar experiment, which demonstrated that macrophages stimulated with
IL-4 shown a boosted CD206 expression®,

PD-1 is an immune checkpoint involved in T-cell activation and macrophages
phagocytosis'??°. Results in Figure 11C show minor PD-1 expression and no difference
between macrophages phenotype, even if a similar article shown an increased expression by
M2-, compared to M1-macrophages**.

PD-L1 is PD-1 ligand and is expressed by cancerous!®®® and immune cells, including
macrophages?1%111 |n Figure 11B-C, PD-L1 was expressed by M1- and, in a lesser extent,
M2-macropages. These statements correlate with similar articles demonstrating that IFN-y
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stimulation highly increases PD-L1 expression!! as well as IL-4 stimulation in a lesser
extent'%®, Moreover, M2b-macrophages has also been found to express PD-L117.

Lastly, this experiment aimed to confirm the macrophages polarisation and potentially
explains further results. In practice, results allow the formulation of hypothesis regarding
macrophages phenotype. Indeed, with high CD86 and HLA-DR expression supplementing the
well-established CD206 one, M2-macrophages can be considered as M2b-phenotype, a M2-
subtype known as regulatory macrophages. Regarding the M1-phenotype, the absence of
CD86 and HLA-DR expression is concerning and could be a consequence of the anergization
of macrophages. Several possible explanations can be formulated. First, the polarisation time
may be too long or the cytokines (IFN-y and LPS) may be too concentrated, leading arguably
in both cases to dying macrophages, as the M1-phenotype is known to succumb to its own NO
production??. Besides, floating death cells in the culture may influence M1-macrophages
during the polarisation, as macrophages can phagocytose particles, including dead cells.
Finally, differentiation with M-CSF, which has been reported to be a M2-phenotype
inducer?>3283-88 'may also impact M1-polarization, even if the shift from M2- to M1-
phenotype can occur in pro)inflammatory conditions??32. Anyhow, the cytotoxic capacities of
produced M1-macrophages may be questioned in following experiments.

13.3. Modulation of PD-1 and PD-L1 expression by eosinophils

13.3.1. Macrophages

HE SN appears to slightly diminish PD-1 and PD-L1 expression by macrophages (Figure
12C-D, non-significant). However, no similar experiment has been conducted on the impact
on eosinophil cytokines on PD-1/PD-L1 pathways in macrophages. Further experiments
should be carried out to determine the exact mechanisms and molecules involved in the
inhibition of PD-1/PD-L1 pathways by eosinophils. To do so, HE SN cytokines content must
be characterised. Several methods can be chosen, including chromatography, mass
spectrometry, enzyme-linked immunosorbent assay (ELISA) and Multiplex immunoassay.
Afterwards, highly produced molecules should be added in a macrophage culture for 48 hours
before assessing the PD-1/PD-L1 expression.

13.3.2. MPM cells

Figure 13C-D shows that PD-L1 and, in a lesser extent, PD-1 are expressed by MPM cell
lines, i.e., M14K with epithelioid subtypes and ZL34 with sarcomatoid one’. ZL34
expression is slightly superior than M14K one. Similar articles show comparable results. In
MPM, PD-1 was found in 10% of patients'®®, while PD-L1 is expressed both in MPM cell
lines!® and in vivo tumour!!’. Moreover, sarcomatoid subtypes express PD-L1 in higher rates
and with an augmented intensity**8,

45



IV. DISCUSSION

Moreover, the modulation of PD-1 and PD-L1 expression by eosinophils on MPM cells
(Figure 13C-D) was assessed and no significant variations could be demonstrated.
Nevertheless, HE SN tends to diminish PD-L1 expression. Unfortunately, similar experiments
were never conducted for MPM. Solely, Driscoll and al. (2017) demonstrated that eosinophils
upregulate PD-L1 expression in multiple myeloma, which enhance immunosuppressive
microenvironment*®. Moreover, human eosinophil express PD-L1'?° and could therefore bind
to PD-1 and exert the same pro-tumoral function as cancerous cells, namely reducing T-cell
activation and macrophage phagocytosis properties.

As discussed above for macrophages (cf. 13.3.1. Macrophages), it might be interesting to
point out the exact mechanisms and eosinophil-produced molecules that could influence PD-1
and PD-L1 expression by MPM cells.

14. Mortality assessment in MPM-macrophages co-culture

14.1. Cytotoxicity of primary macrophages towards MPM cells

The only significant difference in the cytotoxicity experiment has been found for the M14K
cell lines, cultured with M0O-macrophages (1:1) and supplemented with anti-PD-1 and HE SN,
compared to the mock (no anti-PD-1 and no HE SN) (Figure 16C). Indeed, anti-PD-1, by
inhibiting the PD-1/PD-L1 liaison, may repeal the immunosuppressive effect of HE SN.

Regarding macrophages phenotypes, although the MO-phenotype was closely related to the
M2-phenotype before the co-culture (cf. 13.2. Expression of membrane-associated receptors),
MPM co-cultured with MO-macrophages display a higher mortality rate than in M2-
phenotype co-culture. Therefore, the polarisation switch of the MO-phenotype from the M2-
to the M1-phenotype could be hypothesised. Besides, M1-macrophages do not exert a
significant influence on MPM cells mortality. As explained above (cf. 13.2. Expression of
membrane-associated receptors), M1-macrophages might be anergized and, hence, do not
exert their anti-tumoral function. Finally, in M2-macrophages wells, MPM cells display the
lowest mortality rates among co-cultures. Indeed, the M2-phenotype may be a regulatory
phenotype, called M2b, and would therefore exhibit pro-tumoral properties.

Anyhow, regarding the low number of repetitions (two for ZL34 and one for M14K), further
experiments are ongoing to validate the conclusions on macrophage cytotoxicity. A total of 10
repetitions were initially planned but, due to mortality problems and a lack of time, only a few
have been conducted. Therefore, further studies with an acceptable number of repetitions
must be carried out to properly study how eosinophils shape macrophages cytotoxicity
towards MPM cells in an immunotherapeutic context.
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V. CONCLUSION

To conclude, this master thesis contributes to highlight the influence of the eosinophil
supernatant on the PD-1/PD-L1 pathways in macrophages and MPM cells, especially in the
M1-phenotype. Further experiments should be conducted to discover which cytokine is
involved. Secondly, it underlines the presence of a dead population in the flow cytometry
experiments with Pl and Zombie dyes. Moreover, the expression of CD80, CD86, HLA-DR,
CD206, PD-1 and PD-L1 has been characterised in macrophages after M1- and M2-
polarisation and the presence of anergized M1-macrophages and M2b phenotype has been
hypothesised. Finally, this work initiates the research on how eosinophil supernatant shape
macrophages response to immunotherapy in MPM.
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