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I Abstract

Title: Lung cancer on-chip for immunotherapy response profiling

Keywords: cancerology, immunotherapy, precision medicine, microfluidics, tumors-on-chip

Abstract: Non-small cell lung cancer (NSCLC) is one of the few tumor diseases, with mela-
noma and vesical carcinoma, for which immuno-oncology drugs led to a therapeutic revo-
lution. Only 20 to 30% of the NSCLC patients benefit from immune checkpoint inhibitors
(ICI) monotherapy with durable responses, while combinations led up to 40% of long re-
sponder patients. Our study aims to better characterize the modulation of the tumor micro-
environment upon ICI treatment, plus or minus concurrent chemotherapy, in order to guide

more compelling immunotherapy strategies.

Inspired by the organ-on-a-chip technology, we implemented the reconstitution ex vivo of
a simplified immunocompetent lung tumor microenvironment by performing 3D co-cultures
in microfluidic devices. This approach allowed us to perform live-imaging and quantification

of the effects of ICI on the tumor ecosystem.

The design of the chip consists of three parallel micro-chambers, separated by micro-pillars
that allow the confinement of a biomimetic hydrogel in the central channel by capillarity. By
co-culturing autologous NSCLC cells and cytotoxic T lymphocytes (harvested from the TILs
of the same patient and furtherly amplified in vitro) we could recapitulate, visualize and
quantify an efficient and specific cytotoxic activity of the T cells against the autologous can-

cer cells. For this purpose, we developed a novel algorithm that could localize the cancer
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cells and, thanks to a fluorescent reporter of the caspase activity, measure their death in a
time- and space-specific manner. In these 3D co-cultures the cytotoxic activity of T cells was
enhanced by the treatment with PD-1 inhibitor and PD-L1 inhibitor, therefore reconstituting
on-chip an ICI response. Furthermore, this method allowed us to extract a parameter, the
potential of death induction, which mathematically estimates the “contagiousness of death”
by computing the proximity in space and time of death signals. Interestingly, this analysis
revealed us that the death of cancer cells caused by either chemotherapy or cytotoxic T cells

is contagious, whereas in control conditions the cancer cells death is stochastic.

Furthermore, in order to have a molecular insight on the impact of the co-culture on T cells,
in presence or absence of ICI, we analyzed by flow cytometry the expression of several T cell
markers. After 3 days of co-culture on chip, the T cells showed an increased expression of
activation markers, such as CD69 and CD25, as well as an increased expression of exhaustion
markers, notably PD-1, TIGIT, TIM-3, LAG-3, CD137 and OX-40. The coupling of image anal-
ysis and the study of T cell plasticity, allowed us to associate for the first time the finely
quantified cytotoxic activity of the T cells and their activation/exhaustion status and describe

a responsive phenotype to immunotherapies.

In this thesis, we demonstrated that the tumor-on-chip is suitable to evaluate the efficacy of
immune checkpoint inhibitors, to potentially assess the effect of combined drugs and to

study the mechanisms of cancer cell primary resistance.
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Titre: Caractérisation de la réponse a I'immunothérapie sur puce microfluidique
dans un modele de cancer du poumon
Mots clés: cancérologie, immunothérapie, médecine de précision, microfluidique, tumeurs-

sur-puce

Résumeé: Le cancer du poumon non a petites cellules (CPNPC) est I'une des rares maladies
tumorales, avec mélanome et carcinome vésical, pour lesquelles les médicaments immuno-
oncologiques ont conduit a une révolution thérapeutique. Seuls 20 a 30% des patients at-
teints de CPNPC bénéficient de la monothérapie avec inhibiteurs des points de contrdle
immunitaires (ICP) avec des réponses durables, tandis que les combinaisons ont conduit a
réponse longue dans jusqu'a 40% des patients. Notre étude vise a mieux caractériser la mo-
dulation du microenvironnement tumoral lors d'un traitement ICP, plus ou moins une chi-
miothérapie concomitante, afin de guider des stratégies d'immunothérapie plus convain-

cantes.

Inspiré par la technologie d'organes sur puce, nous avons reconstitué ex vivo un microenvi-
ronnement de tumeur pulmonaire immunocompétent simplifié en réalisant des co-cultures
3D dans des dispositifs microfluidiques. Cette approche nous a permis de réaliser une ima-

gerie en direct et une quantification des effets de I'ICP sur I'écosysteme tumoral.

L'architecture de la puce se compose de trois micro-chambres paralléles, séparées par des
micro-piliers qui permettent le confinement d'un hydrogel biomimétique dans le canal cen-
tral par capillarité. En co-cultivant des cellules CPNPC et des lymphocytes T cytotoxiques
autologues (récoltés a partir des TIL du méme patient et amplifiés ultérieurement /n vitro),
nous pourrions récapituler, visualiser et quantifier une activité cytotoxique efficace et spéci-

fique des cellules T contre les cellules cancéreuses autologues.

Pour cela, nous avons développé un nouvel algorithme qui pourrait localiser les cellules can-
céreuses et, grace a un rapporteur fluorescent de l'activité caspase, mesurer leur mort d'une
maniere spécifique au temps et a I'espace. Dans ces co-cultures 3D, l'activité cytotoxique
des cellules T a été renforcée par le traitement avec l'inhibiteur PD-1 et I'inhibiteur PD-L1,

reconstituant ainsi sur puce une réponse ICL. De plus, cette méthode nous a permis d'extraire

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



vi

un parametre, le potentiel d'induction de la mort, qui estime mathématiquement la «conta-
giosité de la mort» en calculant la proximité dans I'espace et le temps des signaux de mort.
Fait intéressant, cette analyse nous a révélé que la mort des cellules cancéreuses causée par
la chimiothérapie ou par les cellules T cytotoxiques est contagieuse, alors que dans les con-

ditions témoins, la mort des cellules cancéreuses est stochastique.

De plus, afin d'avoir un apercu moléculaire de I'impact de la co-culture sur les cellules T, en
présence ou en l'absence d'ICI, nous avons analysé par cytométrie de flux I'expression de
plusieurs marqueurs de cellules T. Apres 3 jours de co-culture sur puce, les lymphocytes T
ont montré une expression accrue des marqueurs d'activation, tels que CD69 et CD25, ainsi
gu'une augmentation de I'expression des marqueurs d'épuisement, notamment PD-1, TIGIT,
TIM-3, LAG- 3, CD137 et OX-40. Le couplage de I'analyse d'image et de I'étude de la plasticité
des lymphocytes T, nous a permis d'associer pour la premiere fois |'activité cytotoxique fi-
nement quantifiée des lymphocytes T avec leur statut d'activation / épuisement et de décrire

un phénotype réactif aux immunothérapies.

Dans cette these, nous avons démontré que la tumeur-sur-puce peut étre exploité pour
évaluer I'efficacité des inhibiteurs de points de contréle immunitaires, potentiellement pour
déterminer I'effet de médicaments combinés et enfin pour étudier les mécanismes de résis-

tance primaire des cellules cancéreuses.
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1 Introduction

1 Introduction

1.1 Lung cancer

The first chapter of the thesis will describe some clinical and epidemiologic aspects of lung
cancer, in order to illustrate the impact of this disease on the global population and the
current standard of care. Due to the high frequency and the very low survival rates, it is of
crucial importance to improve the understanding of the evolving features the disease, in
order to establish more compelling and personalized treatments. Indeed, the study of lung
cancer genetic heterogeneity led to the identification of ‘actionable’” molecular alterations,
which nowadays are targetable with specific inhibitors. In addition, the encouraging results
obtained in clinics upon immunotherapy treatment of advanced lung cancers, raised the
interest of the immune-oncology field on the question of which are the key factors that elicit

a good response.

1.1.1 Lung cancer epidemiology

I herein describe the epidemiology and etiology of lung cancer in order to address the world-
wide amplitude and impact of lung cancer disease. Statistical data retrieved from epidemi-
ological studies helped to assess the etiology of the disease, identify the risk factors and

develop policies and social protective strategies in order to prevent the disease.

Lung cancer is the worldwide leading cause of cancer-related deaths. In 2018, 2.1 million (M)
new cases of lung cancer were estimated and accounted for 1.76 M deaths, being the 1
cause of death for cancer in men and 4™ in women (after breast, cervix/uteri, colorectum)
[1]. Combining both sexes, lung cancer is the most commonly diagnosed cancer, accounting

for 11.6% of worldwide cancer diagnosis.

The difference of incidence and mortality between genders may be attributed to the histor-
ical difference in tobacco consumption. In a systematic review and meta-analysis of prospec-
tive cohort studies reporting sex-specific relative risk of lung cancer associated with smok-
ing, O'Keeffe and colleagues concluded that smoking yields similar risks between sexes. In

fact, data coming from 99 cohorts and 7 million individuals showed that the pooled women-
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2 Introduction
to-men ratio of relative risk was 0.92 [2]. In the United States, the increased number of
women smoking in the past 20 years resulted in an increased risk of death of lung cancer,

which almost reached the risk observed in men [3].

The distribution of lung cancer incidence varies between countries worldwide. As reported
in the Globocan 2018, released by the World Health Organization (WHO), incidence and
mortality are higher in countries with high Human Development Index (HDI) in both men
and women [4]. The HDI is an average of key well being indexes of including life expectancy,
the education index and the GNI (gross national income per capita). The correlation between
higher incidence and higher HDI could be explained with the smoking social custom, rooted

in high HDI countries.

The 5-years survival rate in lung cancer remains poor due to late diagnosis, which often
occurs in advanced stages. Unfortunately, the 5-year relative survival rate is only 19% in all
lung cancers (23% in Non-small cell lung cancer (NSCLC) and 6% in Small-cell lung cancer

(SCLQ)) [5].

Multiple risk factors concur in lung cancer development, including behavioral (e.g. smoking),
environmental and genetic factors. Tobacco is a main risk factor, causing from 80% to 90%
of all lung cancers [6]. Environmental risk factors include the occupational exposure to car-
cinogens, among which asbestos is the most common, radon exposure, pollution and air
quality [7], infections caused by Mycombacterium tuberculosis, Human Immunodeficiency

viruses (HIV), Human Papillomavirus (HPV) [8].

Regarding the genetic risk factors, a first major susceptibility locus influencing lung cancer
risk was first identified by Bailey-Wilson and colleagues in a region on the 6q23-25 [9]. With
the advent of genome-wide association studies (GWAS), nowadays a number of susceptibil-
ity loci are associated with lung cancer occurrence. These studies allowed the identification
of several lung cancer-predisposing genes, namely CHRNA3, CHRNAS, TERT, HLA, BRCA2 ad
CHEK2 [10] [11]. CHRNA3 and CHRNAS encode the cholinergic receptor nicotinic alpha 3
and 5 subunit, respectively. TERT codes for the telomerase reverse transcriptase, the catalytic

subunit of the telomerase complex; this complex elongates the DNA strands of telomeres,

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



3 Introduction

allowing cells to overcome senescence and apoptosis. HLA (Human Leucocyte antigen) gene
encodes the Major Histocompatibility complex (MHC), essential for antigen presentation to
immune cells. Mutations or deletions in the MHC are found in different cancer types capable
of evading the immune system. BRCA2 and CHK2 are tumor suppressor genes implied in the

homologous recombinational repair of double strand breaks in DNA.

1.1.2 Histological classification and genetic characterization

Lung cancer is mainly classified in Non-small cell lung cancer (NSCLC) (85% of cases) and

Small-cell lung cancer (SCLC) (15% of cases).

NSCLC include different histological subtypes; lung adenocarcinoma (LUAD) represents the
majority of them (40%), 25% to 30% of other subtypes are classified as squamous carcinoma
(LUSC) whether large cell carcinoma (LCC) represents the remaining 10 to 15%. NSCLC not
otherwise specified (NOS) refer to all the NSCLC that cannot be classified by the previously
described histological types. The 2015 WHO classification of tumors of the lung, introduces
standardized criteria to diagnose small biopsies (bronchoscopic, needle, or core biopsies)
and cytology [12]. Therewith, the severity of the disease is assessed by the TNM classification
of Malignant Tumors, developed by the Union for International Cancer Control (UICC). The
TNM staging system takes into consideration the size of the original tumor (T0-4), the in-
volvement of proximal lymph nodes (NO-3) and the presence of metastasis in distant organs

(MO-1) [13].
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As shown by Lawrence and colleagues [14] in Figure 1, lung cancer harbors with melanoma
the highest somatic mutation frequency among all cancers. Interestingly, the most mutated

cancers are associated with better responses to immunotherapies.
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Figure 1: Somatic mutation frequencies observed in various cancers.

Mutation frequencies detected in exomes from 3,083 tumor-normal pairs, adapted from
Lawrence et al. Nature 2073.

Lung cancer is a heterogeneous disease and the identification of molecular alterations led
towards more personalized and effective therapies. Several studies established the fre-
quency of statistically significant somatic mutations in the different histological subtypes, as

summarized in Table 1.
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Table 1. Recurring genetic alterations in lung cancer subtypes

Gene Type of alteration Frequencies Frequencies Frequencies
in LUAD in LUSC in SCLC
TP53 Inactivating mutation 46% 81% 99%
RB1 Inactivating mutation 4% 7% 90%
EGFR Activating mutation 14% 9% N/A
KEAP1 Inactivating mutation 17% 12% N/A
STK11 Inactivating mutation 17% 2% N/A
ALK Rearrangement 1.3% <1% N/A
FGFR1 Activating mutation/ N/A 20% 6%
Amplification
KRAS Activating mutation 33% 2% N/A
PIK3CA Mutation Very rare 16% 3%
PTEN Mutation/homozygous  Very rare 8% 9%
deletion

BRAF Activating mutation 10% 4% N/A
ROS1 Rearrangement 1.7% N/A N/A
MET Rearrangement 5% N/A N/A
CDKNZ2A Inactivating mutation 4% 15% N/A
SOX2 Amplification 6% 65% 27%
NOTCH1 Mutation 8% 1% 25%
MYC Amplification 25% N/A 16%
References [13] [14] [15] [16] [17]

As illustrated in the table, the most frequently mutated genes are TP53 and KRAS. TP53, also
called the “"guardian of the genome”, codes for p53 which functions as tumor suppressor. In
normal conditions p53 is in an inactive state in complex with mdmz2; under stress conditions

(DNA damage, oxidative stress, ribonucleotides depletion or osmotic shock), p53 can arrest
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the cell cycle, induce the DNA reparation program and induce apoptosis of irreparably dam-
aged cells. KRAS is an oncogene encoding K-ras, a membrane-bound small GTPase impli-
cated in the MAPK signaling cascade. This signaling pathway is downstream several growth

factor receptors and activating mutations lead to uncontrolled cell proliferation and survival.

Interestingly, it is reported that EGFR and KRAS mutations are mutually exclusive [15] [16].
This observation could be explained by the fact that these mutations involve the same sig-
naling pathway, therefore the coexistence would be redundant and it would not undergo a

selective pressure.

It is thought that smoking is a main cause of the genetic heterogeneity in lung cancer. In
fact, tumors harboring EGFR oncogenic mutation, or ALK and ROS rearrangements, observed
more frequently in never smokers, present less genetic complexity and occur more fre-
quently in never smokers [17] [18]. EGFR mutations sensitizing to tyrosin kinase inhibitors
(TKI) are most frequently represented by exon 19 deletions or by the Leu858Arg substitution
in exon 21. ALK rearrangements derive from inversions or translocations on chromosome 2
that fuse the exon 20 of ALK gene with other regions of another gene. EML4 is the most
common partner gene in NSCLC ALK translocations, even though 27 variants of ALK have
been observed. Similarly, the tyrosine kinase domain of ROS1, located on chromosome 6,
can translocate and fuse with 14 different partner genes; the most common translocations

are ROS1-CD74 and ROS1-SLC34A2 [19].

Interestingly, the genetic heterogeneity of lung cancer varies over time, depending on the
mutations. For example, whereas LUAD harbor KRAS mutations independently from the
grade/advancement of the tumors, TP53 mutations are more commonly found in advanced
stages, suggesting a role in cancer progression [20]. In fact, the accumulation of TP53 muted

cells is likely the result of the selective advantage gained by the more resistant cell clones.

Some studies linked specific mutations to poorer clinical outcomes and resistance to treat-
ments. For instance, LKB1 alterations are linked to primary resistance to PD-1 inhibitors in
KRAS mutated LUAD [21]. Similarly, Cristescu and collegues showed that STK11 and KEAP1

mutations in LUAD (and KEAP1 in LUSC) are negatively associated with high TMB (tumor
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mutational burden) and T cell inflamed GEP (Gene Expression Profile), both markers of a

positive response to anti-PD-1 therapies [22].

1.1.3 Lung cancer treatment

Lung cancer treatment is continuously evolving and immune checkpoint inhibitors represent

a therapeutic breakthrough.

Various lung cancer treatments can be adopted, depending on tumor staging and the pres-
ence of actionable alterations. In fact, the comprehensive genome profiling of lung cancer
allowed to identify oncogenic driver alterations, subsequently leading to the development
of targeted therapies. In early stages of NSCLC (only 20% of patients), surgery is the advised
therapeutic option. Generally, chemotherapy is considered the standard of care for lung can-
cer therapy. As indicated by a meta-analysis, preoperative chemotherapy increases the ab-
solute survival benefit of 5-6% at 5 years for patients with IB-IIIA stages [23]. Locally ad-
vanced NSCLC (stages IIIA-B) are treated with thoracic radiotherapy plus chemotherapy. Ul-
timately, in case of metastatic lung cancers (stage IV) patients are treated with a combination

of chemotherapy, radiation therapy, targeted therapy and immunotherapy.

The indications for chemotherapy administration vary depending on the stage and histology
lung cancer subtypes. Neoadjuvant chemotherapy (administered before surgery) is used to
reduce the size of the tumor before surgery, while adjuvant chemotherapy (after surgery)
aims to clear up possible remaining cancer cells not detectable on imaging tests. Elseways,
chemotherapy can be administered for locally advanced lung cancer, or stage IV metastatic
lung cancer, where surgery would not be possible. More in detail, pemetrexed is indicated
for patients with lung adenocarcinoma and taxol given in combination with carboplatin for
large cell carcinoma. Pemetrexed is a folate antimetabolite which blocks cells proliferation.
More in detall, it interferes with the production of DNA and RNA by inhibiting the enzymes
involved in the synthesis of the precursors of pyrimidine nucleotides. Diversely, taxol targets
tubulin and it prevents the microtubule polymer to disassemble. Its action results in defects
of cell division and chromosomes segregation. Lastly, carboplatin is a platinum-based chem-
otherapy which forms crosslinks to DNA and impedes its replication.
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NSCLC shows a specific tropism for the brain, which makes it one of the most common
sources of brain metastases [24]. Radiation therapy, using high-energy rays able to damage
cancer cells, can be of use to treat non-resectable tumors, especially in case of brain and
bone metastasis. Nonetheless, some side effects, such as formation of necrotic tissue is one

of the facets of side effects brought up by radiotherapy [25].

Targeted therapies are specific inhibitors developed against pro-tumorigenic features of the
TME. The induction of angiogenesis is a hallmark of cancer. Specific monoclonal antibodies
against VEGF, such as bevacizumab or ramucirumab, are used to treat advanced NSCLC.
EGFR was the first mutated growth factor to be successfully targeted by specific inhibitors.
These include tyrosine kinase inhibitors (TKI), such as erlotinib and gefitinib, or monoclonal
antibodies [26], to mention cetuximab, targeting the extracellular portion of the receptor.
Up to date, there are several approved drugs targeting activated EGFR, BRAF, KRAS and
rearranged ALK, ROS1, MET and RET [27]. Even if the efficacy these inhibitors is improving,
the average progression-free survival is approximately of 10 months. After this time, patients
acquire mutations that induce resistance to the treatment leading to the progression of the
disease. New-generation inhibitors aim to target multiple mutation in order to overcome or

delay resistance.

In this context, a study conducted by the French Cooperative Thoracic Intergroup (IFCT)
pointed out the importance of molecular profiling as standard care for NSCLC. In this 1 year-
period study, patients with advanced NSCLC were routinely tested to seek for frequently
mutated genes-namely EGFR, HER2, KRAS, BRAF and PIK3CA mutations and ALK rearrange-
ments. Out of 17 664 patients with NSCLC, 50% harbored actionable genetic alterations and
the results of molecular profiling affected the first-line treatment decision, resulting in im-
proved progression-free survival and overall survival [28]. Younger patients, often never-

smokers, are the ones who benefited the most from targeted therapies.

The interactions with the immune system play an important role in lung cancer initiation and

progression. Therefore, a number of therapeutic strategies have been developed to act on
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the immune system and boost its anti-tumor reactions. From 2015, with the advent of im-
munotherapies, patients with advanced NSCLC not presenting targetable gene driver muta-
tions could benefit from immune checkpoint inhibitors (ICI) with durable responses [29].
Immune checkpoint inhibitors are a class of immunotherapies that either inactivate inhibi-
tory immune checkpoints or bind activatory immune checkpoints with monoclonal antibod-
ies, with the aim of “unleashing the breaks” of the immune system. The first inhibitory im-
mune checkpoints to be targeted in clinics were against CTLA-4, such as ipilimumab, and
against the PD1/PD-L1 axis, with nivolumab and pembrolizumab blocking PD-1 and atezoli-
zumab targeting its ligand, PD-L1. Initially introduced in second line treatment of advanced
NSCLC in combination with chemotherapy, in 2019 the the EMA (European Medicines
Agency) and the FDA (Food and Drug Administration) approved the monotherapy with an-
tibodies blocking the PD-1 axis as first-line treatment for PD-L1 expressing (>1%) advanced

NSCLC [30] [31].
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In Figure 2 is illustrated the mechanisms of action of immune checkpoint blockade against
CTLA-4 and PD1 or PD-L1: monoclonal antibodies impede the binding of inhibitory check-
points (CTLA-4 and PD-1) with their respective ligands, therefore avoiding the generation of

inhibitory signals in T cells (Figure adapted from [32]).
CTLA-4 blockade PD-1 axis blockade

Anti-PD-1

%{)ﬂﬁ’-ﬂdw

Di [y | {[~M MHC TCR

Anti-CTLA4
Anti-PD-L1

Figure 2 : mechanism of action of monoclonal antibodies blocking CTLA-4 and PD-1.

CTLA-4 is an inhibitory receptor expressed on T cells. It binds with high affinity B7.1 and
expletes its inhibitory functions by both competing for B7.1 binding with CD28 (an
activatory receptor) and through CTLA-4 downstream inhibitory signals. Monoclonal
antibodies (mAbs) targeting CTLA-4 disrupt its interaction with B7.1, thus blocking its
inhibitory functions.

PD-1 is an inhibitory receptor on T cells. Its downstream signaling pathway dampens the
activatory signals coming from the TCR and simultaneously conveys inhibitory signals. The
interaction of PD-1 with its ligand, PD-L1, can be blocked by mAbs either targeting PD-1
or PD-L1.

However, ICI treatments are effective only on 20-30% of the patients and it is of pivotal
importance to identify the mechanisms that elicit an effective response in order to comply

more adapted therapeutic strategies.

1.1.4 Tumor microenvironment of the lung.
The tumor microenvironment (TME) comprises a heterogeneous set of cells, including resi-
dent stromal cells and immune cells, but also the extracellular matrix in which are diffused

many secreted factors.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



11 Introduction

In solid tumors, the tumor bed (parenchyma in a normal tissue) is distinguished from the
stroma, composed of supportive structures, such as connective tissue, blood and lymphatic
vessels. Cancer growth perturbs the surrounding resident cells and stimulates important cel-
lular and architectural changes. The TME is not a passive bystander, as cells and factors within

the TME are able to influence cancer cells survival, tumor invasion and response to treatment.

The TME composition varies in function of the type of cancer, both in term of cell types and
ECM modeling. Figure 3 displays the cellular composition of the TME. Within the stroma, in
addition of infiltrated immune cells (T cells, B cells, dendritic cells (DCs), NK cells, macrophage
and neutrophils), the cell types commonly found in tumors include: blood and lymphatic
endothelial cells (ECs), cancer-associated fibroblasts (CAFs), pericytes and sometimes adipo-

cytes.
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Figure 3 : Cellular composition of the tumor microenvironment

The TME is consists of a variety of cell types that contribute to cancer growth and
progression. Infiltrating immune cells include both cells from innate and adaptive
immunity, such as neutrophils macrophages, DCs, MDSCs NK cells, CTLs, Treq, B cells. Other
cell types of mesenchymal origin contribute in shaping the TME, namely endothelial cells,
pericytes and fibroblasts.

1.1.4.i The vascular endothelium

In solid tumors, cancer cells growth is sustained by passive diffusion of soluble nutrients and
oxygen. When the tumor mass reaches few mm?3 in volume, the TME becomes hypoxic and
acidic (due to the accumulation of metabolic waste). Hypoxia-inducible factors (HIF) induce
the secretion of platelet-derived growth factor (PDGF) and vascular endothelial growth fac-
tor A (VEGF-A), which stimulate endothelial cells proliferation and new blood vessels sprout-

ing [33]. Indeed, angiogenesis is a hallmark of cancer and it is characterized by leaky vessels
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(due to incomplete angiogenesis and lack of basal membrane secretion). In a study combin-
ing single-cell RNA-sequencing and proteomic (CyTOF) analysis of endothelial cells isolated
from NSCLC patients, emerged a migratory and a basement-membrane remodeling breach
phenotype [34]. These phenotypes could correlate a facilitated extravasation of cancer cells

in the metastatic process and in the recruitment of immune cells to the tumor site.

1.1.4.ii The extracellular matrix

The extracellular matrix serves as scaffold for the parenchyma and is composed of collagen
fibers, proteoglycans, elastin and laminin. Integrins, present on the surface of cells, bind to
the ECM fibers and transfer mechanotransduction signals through their intracellular associ-
ation with actin filaments [35]. Additionally to the mechanical and structural support con-
ferred by the ECM, this component of the TME stores cytokines and growth factors (VEGF,
FGF, PDGF, TGF-B). During matrix remodeling, for instance by cells releasing metalloprote-
ases, those factors are released in the TME, favoring tumor growth and neoangiogenesis. In
solid tumors the ECM can constitute up to 60% of the total volume. Desmoplasia is defined
as the accumulation of dense fibrotic tissue produced by fibroblasts [36] during tumor de-
velopment and is associated to poor prognosis in pancreatic and breast cancer and to re-
duced response to treatments [37]. In lung, Idiopathic pulmonary fibrosis (IPF) is a chronic

disease which has been described as a risk factor for lung carcinogenesis [38].

1.1.4.iii The cancer-associated fibroblasts (CAFs)

Cancer-associated fibroblasts contribute to shape the TME in different ways. Mainly, the
CAFs exert an immunosuppressive role through their secretome (either releasing immuno-
suppressive cytokines or attracting immunosuppressive cell types), the remodeling of the
ECM, the interaction with the immune system and the metabolic-based immunosuppression
[39]. The VEGF and TGF-f released by CAFs contribute to the neoangiogenic process. The
latter may also induce the epithelial-mesenchymal (EMT) transition, an essential process in
the initiation of cancer invasiveness. Moreover, the secretion of metalloproteases by CAFs
degrades the ECM furtherly promoting cancer cell invasion [36]. Furthermore, CAFs recruit
immunosuppressive population, such as MDSCs and Treg cells by releasing IL-6 and the
chemokines CCL2, CXCL1, CXCL12 and CCL5 [40]. Interestingly, CAF in lung was detected the
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presence of co-regulatory molecules on CAFs surface, namely PD-L1 and PD-L2, which
dampen the antitumor response directly inhibiting the TILs [41]. Finally, CAF can release in
the TME various enzymes whose action results in immunosuppression, such as cyclooxygen-
ase-2 (COX-2), tryptophan 2,3-dioxygenase (TDO) and and indoleamine 2,3-dioxygenase
(IDO). COX-2 is an enzyme involved in the synthesis of prostaglandins; in NSCLC prostaglan-
din E2 (PGE>) was found to increase the production of IL-10, contributing to an immunosup-
pressive TME [42]. Similarly, TDO and IDO are enzymes involved in the metabolism of tryp-
tophan, essential for immune cells; thus, the release of these enzymes depletes the trypto-

phan available in the TME, causing the formation of kynurenine suppressive metabolite [43].

CAFs include a heterogeneous population of fibroblasts. In the physiological process of
wound healing, resident fibroblast are activated by TGF-[f and become myofibroblasts. These
cells express alpha muscle actin (a-SMA), highly contract the ECM and actively deposit matrix
proteins. In analogy, the activated CAFs are called myCAF (myofibroblastic CAF) [39]. In our
lab, Costa and colleagues characterized in breast cancer 4 different subtypes of CAFs
through the differential expression of CAF markers in freshly isolated CAFs [44]. Among these
subtypes, CAF-S2 and CAF-S3 are not activated resident fibroblasts, expressing low CD29,
FAP and a-SMA. Instead, CAF-S1 and CAF-S4 highly express activation markers and were
shown to have immunosuppressive [45] and pro-metastatic [46] characteristics, respectively.
Moreover, thanks to single cell RNA-sequencing (scRNA-seq), our lab was able to identify 8
clusters within the CAF-S1 subtype and they correlate some of these clusters with an immu-
nosuppressive environment, poor in CD8+ cytotoxic T cells and enriched in CD4+ Tregs cells
expressing high levels of immune checkpoints, including PD-1 and CTLA4 [47]. These CAF-
S1 clusters exist in different cancer types, including NSCLC. Importantly, specific CAF-S1 clus-
ters were associated with primary resistance to immunotherapy in both melanoma and
NSCLC patients; in particular, in a cohort of 79 patients with NSCLC treated at Bichat hospital,
CAF-S1 subtype and specific CAF-S1 clusters were significantly enriched in non-responders

[47].
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1.1.4.iv The immune infiltrate

The immune system is composed of cells belonging to the innate immunity and to the adap-
tive immunity. Innate cells recognize in a non-specific way pathogen-associated molecular
patterns (PAMPs), danger-associated molecular patterns (DAMPS), “non-self” antigens and
initiate the immune response through inflammatory signals. Differently, the adaptive re-
sponse is characterized by specificity towards a unique epitope and memory of it, building

up a specialized response (through cytotoxic T cells and antibodies released by plasma cells).

Due to their genetic alterations, cancer cells express mutated proteins, which will be pro-
cessed and exposed at the cancer cell surface bound to the major histocompatibility complex
class I (MHC-I). These new “self” cancer-specific peptides, defined cancer neoantigens, can
be recognized by CD8* T cells and rise an immune response against the tumor, as Boon and
colleagues showed in 1994 [48]. Then, dendritic cells (DCs) will collect the antigens released
by CD87-eliminated cancer cells and deliver them to the draining lymph nodes. Here, naive
T cells will be primed and these effector T cells will exit the lymph node, enter the blood-
stream and reach the tumor, guided by chemokine gradients. In the chapter “tumor immu-
nology” of this thesis, I will describe how this initial immune response against the tumor will

shape the tumor, through the immunoediting process.

CD3" T cells represent the 40-50% of all CD45" infiltrate leukocytes in NSCLC [49]. Different
T cell subtypes infiltrate the tumor and take part in responses within the TME. CD8" cytotoxic
T lymphocytes, as described forehead, can detect tumor neoantigens expressed on the
MHC-I complex and eliminate the cancer cells through the release of granzymes and per-
forines, resulting in the lysis of the cancer cell. Alternatively, these cells can induce the apop-
tosis cascade in the target cell through the engagement of the death receptor Fas (CD95)
[50]. Moreover, CD8* T cells produce IFN-y, which increases the expression of MHC-I mole-
cules, promotes the differentiation towards Tn1 (T helper 1) cells, increases macrophages
activity and inhibits angiogenesis [51]. CD4* cells can differentiate in a large number of sub-
types, which contribute differently to immune responses. Th1 promote inflammation and
support CD8" survival releasing IL-2 and IFN-y. Nonetheless, due to their contribution to
Université Paris-Saclay
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inflammation, high presence of Trh1in the TME is associated to a poor prognosis in NSCLC
patients [52]. A profoundly different CD4* subtype, regulatory T cells (Treg), is designated to
the down modulation of the immune response, after the elimination of its cause. In brief, Treg
cells are CD4* CD25" cells, characterized by the expression of FOXP3 (Forkhead box protein
P3) transcription factor. In cancer Treg present immunosuppressive features, including con-
sumption of IL-2 (necessary for other T cells survival), CTLA-4-mediated suppression of an-
tigen presenting cells and secretion of immunosuppressive factors such as IL-10 and aden-

osine [53].

The infiltration of immune cells, in particular CD8" cytotoxic lymphocytes (CTLs), within the
tumor core is a prognostic factor in lung cancer [54] [55]. Figure 4 illustrates the classes of
tumor immune microenvironment (TIME) landscape, based on the immune infiltration. Fig-
ure from [56]. In an infiltrated-excluded TIME (Figure 4a), CTLs are excluded from the tumor
core; these tumors are the so-called “cold” tumors due to the weak immune response. Con-
trarily, in case of an infiltrated-inflamed TIME (Figure 4b), activated CTLs (INF-y-producing
and expressing Granzyme B and programmed death 1 (PD-1)) and macrophages infiltrate
the tumor core and build up an anti-tumor response. Cancer cells, as a mechanism of evasion
from anti-tumor immunity overexpress PD-L1, the ligand of PD-1 inhibitory receptor on T
cells. Tumors showing an infiltrated-inflamed TIMEs are often referred as “"hot” tumors,

known to respond better to immune checkpoint inhibitors treatments.
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Lastly, the infiltrated TLS TIMEs are characterized by the association with tertiary lymphoid
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Figure 4 Classes of tumor immune microenvironment.

Three classes of TIME include. a) in infiltrated-excluded TIMEs CTLs are excluded from
the tumor core and are retained in tumor borders by fibrotic tissue or tumor-associated
macrophages. b) Infiltrated-inflamed TIMEs are highly infiltrated by activated CTLs and
PD-L1 is abundantly expressed on tumor and myeliod cells. c) infiltrated-TLS TIMEs
present TLSs, aggregates of immune cells that organize in simplified structures similar to
lymph nodes. TLS include B cells, dendfritic cells and T cells.

structures, found in the tumor margin and adjacent stroma. Tertiary lymphoid structures are
“discrete and structured organizations of infiltrating immune cells” [57] which, differently
from the primary and secondary lymphoid organs, form subsequently to chronic inflamma-
tion, autoimmune diseases and cancer. TLS commonly contain high endothelial venules, DCs,
T cells and B cells and act as closer (to the tumor) priming and activation sites for immune
cells. B cells are lymphocytes specialized in the production of antibodies, secretion of cyto-
kines and antigen presentation. Normally, few B cells infiltrate the tumor and they are typi-
cally found in the draining lymph nodes of the tumor. In lung adenocarcinoma TLS accumu-
lated near to the tumor margin; moreover, lesions presenting TLS showed a significantly

increase in TILs infiltrated and less mononuclear phagocytes [58].

Innate immune cells (e.g. natural killer cells, neutrophils, macrophages, myeloid-derived sup-
pressor cells) play multiple roles in the tumor microenvironment, with both antitumor and
pro-tumor activities. The link between chronic inflammation and carcinogenesis, due to the

persistent activity of the immune system, was established in different types of cancers [59].
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Similarly, chronic obstructive pulmonary disease (COPD), a smoking-related disease, is asso-
ciated with higher incidence and mortality in lung cancer [60]. Additionally, the increase of
immune infiltration with the progression of the disease [61] underlies that the effector cells

are over time inhibited by the TME.

Natural killer cells (NK) function is to kill cells infected by viruses and tumor cells. The absence
of the MHC-I complex on cancer cells (frequent escape mechanism) will not engage the KIR
(killer-cell immunoglobulin-like receptor) inhibitory receptors expressed on NK cells and will
lead to killing of the target. However, the efficacy of NK cells in tumor containment is limited

by the immunosuppressive TME.

Neutrophils, also called polymorphonucleates, are short-living phagocytes. These granulo-
cytes are recruited from the blood stream to damaged or infected tissue by acute inflamma-
tion signals. Tumor-associated neutrophils (TANSs) infiltration is correlated with lung cancer
progression, with no markedly difference between the cancer subtypes [61]. At the begin-
ning of tumor growth, neutrophils promote inflammation releasing cytokines and reactive
oxygen species (ROS), which initially promote cancer cells apoptosis. Later on, TANs can play
a pro-tumor role in metastasis by retaining circulating cancer cells and so helping the for-
mation of secondary tumors [62]. In a NSCLC mouse model, Mollaoglu and colleagues ob-
served that the expression of SOX2 in Kras-driven adenocarcinomas induced the production
of CXCL5 and subsequently the recruitment of tumor-associated neutrophils [63]. Gentles
and colleagues identified the abundance of neutrophils in the TIME as a predictor of poor
outcome in multiple cancers, including NSCLC [64]. Accordingly, a high neutrophils/lympho-

cytes ratio is as well associated to poor prognosis in NSCLC and other tumors [65].

Macrophages are part of TIME. Macrophages are IFN-y stimulated granulocytes that can be
distinguished in M1, typically activated in inflamed contexts, and immune-suppressive M2,
which contribute to wound healing. M1 macrophages can phagocyte or kill cancer cells by
releasing the content of their granules, namely lysosomal enzymes, ROS and NO (nitric ox-
ide). Oppositely, M2 macrophages facilitate tumor progression and angiogenesis through

the release of VEGF and TGF-P. The presence of IL-4 in the TME favors the differentiation of
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macrophages in the M2 subtype [66]. Similarly to TANs, also a high density of tumor-asso-

ciated macrophages (TAMs) was associated to poor prognosis in lung cancer [67].

Myeloid-derived suppressor cells (MDSCs) originate from neutrophils and macrophages;
MDSCs are absent in physiologic conditions and generated in chronic pathologic conditions,
such as tumors. In KRAS mutant lung cancer it was observed that chronic inflammation con-
tributes to MDSCs accumulation, as their number can be reversely reduced by IL-6 blockade
[68]. These cells, along with regulatory T cells contribute to the formation of an immunosup-
pressive microenvironment; the release of a set of chemokines, including CCL5, CCL17,
CCL22, CXCL8, and CXCL12, contribute to recruit MDSCs and Tregs in the TME, thus boosting

an immunosuppressive TME [69].

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



20 Introduction

Tumor immunology

The interplay between cancer and the TME is very complex. In this chapter, I will describe
some interactions occurring between the immune system and tumor cells. First, T will
illustrate how the immune system may play a dual role during tumor growth, summarized in
the immunoediting theory. Here, the immune system has an anti-tumorigenic function
through the elimination of emerging cancer cells, thereby selecting immune-evasive cancer
cells.

Then, after defining the characteristics of activated and functional effector cells, I will outline
some dysfunctional states of T cells that are observed in chronic infections and cancer.
Encouraging results, obtained in the past years with ICI treatments, prove that effector
functions can be restored in T cells. The identification of the mechanisms that underlie the
dynamics of T cell dysfunction could guide towards more effective ICI strategies and also
identify predictive biomarkers.

The shift from effector T cells towards terminally exhausted lymphocytes may be triggered
by chronic TCR stimulation in cancer, but this is not the only mechanism that could impair T
cell activity. In the last section of this chapter I will describe some evasion strategies of cancer

cells and how they can down-modulate the tumor immune microenvironment (TIME).

1.2.17 Immunosurveillance and immunoediting

Immunosurveillance, first hypothesized by Paul Ehrlich at the beginning of the XX century, is
the concept for which the immune system constantly impedes the development of tumors,
that otherwise would appear throughout the life of an individual. This theory could only be
demonstrated by the end of the century and, thanks to milestone findings in the
immunology field, e.g. the discovery of tumor neo-antigens, was included in a more complex
concept called immunoediting. This newer notion described by Schrieber [70] brings to light
the dual role of the immune system, which in first instance eliminates tumor cells, but doing
so shapes the tumor and inevitably selects tumor variants either with reduced
immunogenicity or that have acquired evasive or immunosuppressive abilities. This process

may be described through 3 sequential phases: elimination, equilibrium, and escape.
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Elimination is the reinterpretation of the immunosurveillance concept. It is now clear that
innate and adaptive immunity actively protect from tumor formation. Studies conducted on
IFN-y or perforin-deficient mouse models showed that they are essential to control tumor
growth induced by chemical carcinogens. Moreover, the presence of infiltrating CD8* T
lymphocytes correlate with a favorable prognosis in patients with different types of cancer
[71]. Additionally, several reports indicate that individuals with severe immune deficits, for
example people taking immunosuppressive agents after a transplant or patients with
acquired immunodeficiency syndrome, have indeed a higher probability to develop a variety
of cancers with no known viral etiology. During the elimination phase, the innate immune
cells (NK cells, macrophages, dendritic cells, y8 T cells) are recruited in the tumor area thanks
to the inflammatory cytokines released as consequence of the local tissue damage caused
by the tumor growth [72]. Then, dendritic cells ingest tumor cells debris formed after tumor
killing and migrate to the draining lymph nodes. Here, naive T cells will be exposed with the
tumor antigen; the concomitant inflamed environment will promote the activation and
expansion of tumor-specific CD8" and CD4* Th1 cells. These T cell clones will migrate back
to the tumor site and promote the clearance of the specific antigen-bearing cancer cells.
Equilibrium is the phase in which tumor growth is dynamically counterbalanced by immune
clearance. In this process, the lymphocytes exert a potent Darwinian selection on the cancer
cells, as brought to evidence by a number of studies. In fact, it was observed that the
repassage of transplantable tumors through immunocompetent mice generated tumor
variants with reduced immunogenicity. In contrast, tumors originated in immunodeficient
mice were rejected when transplanted into immunocompetent hosts, suggesting that
without the immune system there is a lack of selective pressure in favor of poorly
immunogenic cancer cells [73]. These results show that the immunologic context in which
tumors grow sculpts the cancer cells; the apparition of immune-escaping alterations in
cancer cells and the induction of an immunosuppressive microenvironment is undoubtedly
facilitated by their genomic instability. It is likely that the editing of the tumor by the immune
system is a continuous process, happening probably for a long time before the tumor could

be clinically detectable.
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Eventually, in the escape process, tumor variants that have survived thanks to the poor
immunogenicity or the gain of an immunosuppressive phenotype will begin to expand
uncontrollably. This unrestrained tumor growth then leads to the development of clinically

detectable malignancies.

1.2.2 From T lymphocyte activation to T cells exhaustion and dysfunction

T cell priming occurs in secondary lymphoid organs, when a naive T cell recognize a specific
epitope presented by APCs. The priming of a naive T cell is induced by the synergy of 3
signals: the first is the MHC-restricted recognition of the antigen by the TCR, the second is
the “co-stimulus”, or else the interaction of the CD28 with its ligand (CD80 or CD86) on APCs
and the third is the presence of pro-inflammatory cytokines. A successful activation of the T
cells induces the exit from the quiescence state, with metabolic and transcriptomic repro-
gramming that fuels the initiation of clonal expansion, survival and differentiation in effector
cells and memory. An inappropriate activation, due to the lack of the second and third stim-

ulus would induce anergy, an inactive state unresponsive to further stimuli.

The priming induces radical changes in the T cell, the hallmarks of T cell activation include:
cell cycle entry, cell growth, nutrient uptake, autocrine or paracrine IL-2 signaling, increase
of anabolic metabolism and reprogramming of mitochondrial metabolism [74]. The shift
from Goto G1-S-Gzis coordinated by cyclin-dependent kinases (CDKs) and cyclines. The rapid
cell duplication (every 6hrs /n vitro) and the cell growth, thanks to which cells double their
size, need a dramatic increase of lipids and cholesterol production. Moreover, the upregula-
tion of glucose transporter GLUT1 provide an increased uptake of glucose. IL-2 is a pivotal
growth factor for T cells survival and proliferation. The IL-2 receptor is composed of 3 chains,
namely a (CD25), B (CD122) and common y (v, CD132), of which B and y chains are consti-
tutively expressed to form an IL-2R complex with intermediate affinity. The concomitant
stimulation of TCR and CD28 promote the transcription of IL2 and IL2RA (coding for CD25)
genes through NF-xB, NFAT and AP-1 transcription factors. This autocrine and paracrine
loop is fueled by STAT5 who, phosphorylated in proximity of the cytoplasmic tail of IL-2R,

translocate to the nucleus to further induce IL2RA transcription [75].
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Another molecule early expressed (~1h) after TCR engagement is CD69 [76]. CD69 is a trans-
membrane type II C-lectin receptor rapidly expressed upon T lymphocytes activation
through the activity of NF-kB and AP-1 transcription factors. CD69 interacts with soluble
galectin 1 (gal-1) and with the sphingosine 1-phosphate receptor 1 (S1P1) [76]. STP1 inter-
acts with the sphingosine-1 phosphate (S1P), a lipid mediator present in the bloodstream
and less abundant in the tissues’ interstitial fluid. The in cis interaction between CD69 and
S1P1 impedes the interaction of the latter with S1P and results in tissue retention [77]. Thus,
CD69 is a typical marker of tissue resident memory cells (Trm), along with CD103 (integrin

protein, binding integrin B7 in epitelia).

After the clonal amplification of the specific T cell clones and differentiation in effector and
memory cells, T cells migrate to tissues through the blood stream guided by chemokine
gradients. Here T helper cells (Th) CD4* will sustain the cytotoxic T cells CD8* and macro-
phages through the release of IFN-y. After the resolution of the immune response, memory
T cells will undergo a quiescent state and will promptly re-activate upon recognition of the
specific antigen [78]. Once the threat is eliminated, in order to defuse the immune response,
T cells upregulate inhibitory immune checkpoints, which will contribute to decrease of ef-

fector functions and contribute to reach an exhausted and unresponsive state.

T cells exhaustion is a differentiation state induced by a chronic stimulation of the TCR, first
observed in T cell responses to chronic viral infections. It describes a distinct transcriptional,
metabolic and epigenetic state to which T lymphocytes undergo in order to regulate chronic
responses and avoid autoimmune pathologies. The exhaustion state is often described as a
hypo functional (or dysfunctional) state in which T cells show reduced effector functions, loss
of proliferation, reduced cytokine production, high expression of inhibitory immune check-
points [79] and alterations in the transcription factor programming (TOX, TCF1, NFAT, IRF4,
BLIMP1) [80]. Nonetheless, the expression of inhibitory checkpoint receptors is not a unique
feature of T cell exhaustion since functional effector T cells can express as well these markers.
Thus, an exhausted phenotype expressing inhibitory immune checkpoints does not axiomat-

ically overlap with a dysfunctional state. Singer and colleagues observed that transcriptional
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signatures for dysfunctional and activated CD8" T cells are intertwined. Using a metallothi-
onein (cysteine-rich protein regulating metal homeostasis and protecting from heavy metal
toxicity, DNA damage, and oxidative stress) deficient mouse model they uncoupled the cor-
relation between PD1 and TIM-3 expression with reduced effector functions on T cells, in-
versely observed in WT mice. Moreover, they described a subpopulation of TIM-3" TILs ex-
pressing the transcription factor GATA3 and showing a dysfunctional state, with reduced

IFN-y and IL-2 production upon stimulation [81].

Up to date, it is still unknown how a T lymphocyte becomes a terminally differentiated ex-
hausted T cell and whether this status could be reversible. As exhaustion seem to be a mul-
tistep differentiation process, exhausted CD8+ TIL are a heterogeneous population. Thus, it
is unclear if ICI elicit tumor control thanks to the ensemble of CD8" TIL heterogeneous ex-

hausted populations or if it acts preferentially on some subpopulations [82].

Studies conducted on chronic viral infections identified a cell population with memory-like
properties that could represent the progenitor exhausted T cell in conditions of chronic an-

tigen stimulation (TCF1* PD-1%), thanks to their self-renewal characteristics [83].

As illustrated Figure 5 this recently described population, defined as “progenitor exhausted
cells”, can differentiate in both effector CTLs and TCF1~ fully differentiated exhausted cells
[84]. Figure from [85]. Miller and colleagues identified in advanced melanoma patients a
correlation between a higher fraction of progenitor exhausted CD8+ TILs population (TCF1+
PD-1+ CD8+ SOX10- cells) and longer duration of responses to immunotherapies

(nivolumab+ipilimumab) [82].
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Potential differentiation statuses and features of functional effector T cells and memory T
cells in acute antigen stimulation compared to exhausted phenotypes in chronic antigen
stimulations.

Furthermore, studies on the epigenetic state of exhausted T cells revealed a unique chroma-
tin landscape influencing the transcriptional state and limit effector functions. Interestingly,
specific chromatin states determined if exhausted T cell status could be reversed after ther-

apy, avoiding a terminal non responsive exhaustion [86].

A better understanding of the T cell exhaustion process and its relationship with immune
checkpoints will allow, while targeting subpopulations of exhausted T cells, to uncover the
potential and the limitations of ICI treatments. Moreover, unraveling epigenetic and func-
tional changes in dysfunctional exhausted cells could lead to the development of therapeutic
strategies that could revert dysfunctional states and re-sensitize T cells to immune check-

point blockade.

1.2.3 Immune checkpoints

Immune checkpoints are a set of receptors expressed by immune cells, which tightly regulate

the immune response. Their function is either to increase the effector functions or to contain
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excessive or sustained immune activation that could lead to tissue damage and autoimmune
reactions [87] [88]. Accordingly, patients presenting autoimmunity due to common variable
immunodeficiency disorders, were harboring heterozygous mutations in the regulatory im-

mune checkpoint CTLA-4 [89].

Immune checkpoints can be distinguished in co-stimulatory receptors, which are induced by
the engagement of the TCR against foreign epitopes, and co-inhibitory receptors who in-
stead dampen the immune response. The engagement of inhibitory immune receptors by
cancer cells to escape anti-tumor immunity is a hallmark of cancer. The discovery of PD-1
and CTLA-4 inhibitory immune checkpoints and the idea to block their function with antag-
onist antibodies were worth, in 2018, a Nobel Prize in medicine to Tasuku Honjo and James
Allison [90]. The revolutionary approach to “unleash the breaks of the immune system”
brought attention to other targetable inhibitory checkpoints and to the development of new

antibodies, including agonist antibodies targeting co-stimulatory immune receptors.

Initially identified in NK cells, inhibitory receptors were shown to contain ITIM (Immunore-
ceptor Tyrosine-based Inhibition Motif), inhibitory domains that would block the activatory
signal coming from ITAM domains (Immunoreceptor Tyrosine-based Activation Motif) pre-
sent on the cytoplasmic tail of activatory receptors [91]. The inhibitory activity of these clas-
sical inhibitory receptors is classically perpetrated by the recruitment of the phosphatases
SHP1 and SHP2 (containing SH2 -Src homology region 2) which de-phosphorylate the mol-
ecules downstream activatory receptors, such as the TCR ¢ chain and ZAP-70 [92]. Neverthe-
less, it was later observed that other inhibitory immune checkpoints, such as LAG-3, TIM-3
and CTLA-4, did not have any ITIM domain or did not act through ITIM domains. Nowadays

these receptors are rather defined by their function.

1.2.3.i PD-1

PD-1 (CD279) is an inhibitory receptor, which plays a pivotal role in the containment of the
adaptive response and maintenance of peripheral tolerance. Its expression is induced by
activatory signals originated by the TCR engagement and cytokine receptors [93], via NFAT

transcription factor but also by Notch and IRF9. Oppositely, T-bet was shown to repress PD-
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1 expression in chronic infections [94]. This transmembrane protein, belonging to the CD28
family, consists of an extracellular domain, containing an IgV-like domain, a transmembrane
domain and an intracellular tail, containing ITIM and ITSM domains (Immunoreceptor Tyro-
sine-based Switch Motif). In the N-terminal of its cytoplasmic tail, PD-1 contains an ITIM
domain, known to recruit SH2-containing phosphatases [95], and in its C-terminal domain
an ITSM domain. Studies conducted with mass spectrometry [96] and a chimeric construct
CD28 (murine)-PD-1(human) [97] reported that in PD-1 the ITSM domain contains (at the
Y248) the docking site for SHP2 and SHP1. Those phosphatases attenuate the phosphoryla-
tion of ZAP-70 (mediated by Lck) downstream the TCR, reducing the activatory signals com-
ing from TCR engagement [98]. Moreover, the recruitment of SHP-2 by PD-1 blocks the
activation of PI3K-Akt as well as Ras, affecting cell survival and proliferation. Another inhib-
itory effect of PD-1 is the upregulation of BATF transcription factor, a negative regulator of
AP-1 (involved in T cell activation and proliferation). PD-1 signaling negatively affects T cells
metabolism, decreasing glucose and amino acids uptake and metabolism; in addition to that,
PD-1 impairs the glycolysis and glutaminolysis necessary to activated T cells and promotes
fatty acids B-oxydation [99]. Interestingly, the effects of PD-1 inhibitory signals is related to
the intensity of PD-1 signal transduction pathway, where the more PD-1 is expressed and
bound, the more T cell activity is inhibited (from inhibition of TNF-a and IL-2 to T cell prolif-
eration and survival) [100]. PD-1 ligands include PD-L1 (CD274) and PD-L2 (CD273), which
are expressed by a wide number of cell types. Constitutively expressed by APCs at low levels,
PD-L1, can be found on vascular endothelial cells and in immune privileged organs (placenta,
testis, eye) and in cancer. Interferons, VEGF and tumor necrosis factor a (TNF- ) can induce
PD-L1 and PD-L2 expression on fibroblasts, macrophages, MDSCs and endothelial cells in
the TME. Butte and colleagues showed that PD-L1 can alternatively inhibit T cells interacting
with the co-stimulatory molecule B7-1 (CD80 ligand of CD28) on T cells [101].

1.2.3.ii CTLA-4
Cytotoxic T-lymphocyte antigen 4 (CTLA-4, CD152) is a transmembrane receptor of the IgG
superfamily, that contributes to the regulation of immune homeostasis. Temporarily ex-

pressed on T cells after TCR and CD28 engagement, CTLA-4 is constitutively expressed by
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Treg cells and contributes to their regulatory functions. CTLA-4 shares its ligands, B7-1 (CD80)
and B7-2 (CD86), with CD28 except that binding affinity of the first is much higher. Thus, the
first cell-extrinsic inhibition mechanism of CTLA-4 is the competition for the “co-stimulatory
signal” (B7-1/2) on APCs; a second extrinsic mechanism of action is the trans-endocytosis of
CTLA-4 ligands, depleting them from the APCs [102]. An intrinsic mechanism of immune
modulation of CTLA-4- is represented by the interaction in its cytoplasmic tail with SHP2 and
PP2A phosphatases [103]. Due to its constant clathrin-mediated endocytosis, the majority of
CTLA-4 (about 80%) results stored in the cytoplasm. Then, CTLA-4 can be rapidly shuttled
from the trans Golgi to the plasma membrane by a molecular complex composed of TRIM,
LAX and Rab8 [104]. CTLA-4 was, along with PD-1, the first inhibitory receptor to be targeted
in clinics with antagonistic antibodies and ipilimumab (anti-CTLA-4) was the first ICI ap-

proved in clinics.

1.2.3.iii LAG-3

LAG-3 (lymphocyte activation gene-3, CD223) is a co-inhibitory receptor expressed by T cells
after their stimulation in order contain activation. LAG-3 can also be expressed by activated
B cells, NK cells and plasmacytoid DCs [105] [106]. This transmembrane protein is a homolog
of CD4 and binds as well the major histocompatibility complex II (MHC-II).The extracellular
portion of LAG-3 is composed of four immunoglobulin superfamily-like domains (D1-D4).
Moreover, an additional proline rich loop on the D1 domain confers the ability of binding to
the MHC-II with higher affinity than CD4 [107] [108]; the competition with CD4 for the MHC-
II binding contributes to the inhibitory activity of LAG-3. However, its mode of action, espe-
cially intracellular, has not been fully clarified yet. In its cytoplasmic portion, LAG-3 does not
present any domain devoted to the recruitment of phosphatases. Instead, it contains a highly
conserved KIEELE motif and an EP motif (repeated glutamic acid and proline motif). Work-
man and colleagues showed that the negative regulatory function of LAG-3 requires the
KIEELE motif present in the cytoplasmic tail and that is CD4-dependent [109]. Besides, the
downstream effects of the binding of LAP protein (LAG-3-associated protein) to the EP do-
main are still unclear [110].
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Additional ligands of LAG-3 are galectin-3, LSECtin (liver sinusoidal endothelial cell lectin)
and FGL-1 (fibrinogen-related protein 1). Whether galectin-3 is a lectin expressed on tumor
stromal cells, LSECtin is a lectin expressed by tumor cells. The blockade of the interaction of
LAG-3 with both galectin-3 and LSECtin increases IFN-y production by T cells CD8" [111],
[112]. FGL-1 is a newly identified functional ligand of LAG-3 [113]. This liver-secreted protein
binds the D1 and D2 domains of LAG-3 with high affinity, independently from MHC-II. Nor-
mally secreted at low levels by the liver,FGL-1 can be highly expressed in solid tumors, in-
cluding lung cancer, prostate cancer, melanoma and colorectal cancer. MC38 colon cancer
cells inoculated in FGL-1 KO mice grew significantly slower than in WT mice. In conclusion,

LAG-3-FGL-1 interaction could inspire new therapeutic strategies in cancer treatment.

The aberrant expression of MHC-II in tumors, induced also by the exposure to IFN-y in the
TME, was shown to dampen the cytolytic activity of CD8" T cells in melanoma through the
engagement of LAG-3 [114]. Encouraging results in mice suggest that anti-LAG-3 antibodies

elicit anti-tumor responses in combination with anti-PD-1 antibodies [115].

1.2.3.iv TIM-3
T cell immunoglobulin and mucin-domain containing protein- 3 (TIM-3, CD366, HAVCR?2) is

a type 1 cell surface glycoprotein. Member of the TIM family, including TIM-1 and TIM-4,
TIM-3 contains in the extracellular portion a conserved IgV domain with N-linked glycosyl-
ation sites and a mucin domain. The cytoplasmic tail contains five conserved tyrosines and

can be phosphorylated and participate to its inhibitory function.

Discovered in 2002 on the surface of CD4* T helper 1 (Th1) and cytotoxic T cells CD8* [116],
TIM-3 is also expressed by Treq cells, mature NK cells and by members of the innate immunity
(DCs, macrophages, mast cells) [117]. TIM-3 is associated with an exhausted and dysfunc-
tional phenotype of CD8* T cells in cancer [118] and linked to cancer progression in NSCLC
[119].

The IgV domain of the extracellular portion of TIM-3 is the specific binding site for galectin-
9 [120]. Other known ligands are Ceacam-1 (carcinoembryonic antigen-related cell- adhe-

sion molecule 1) phosphatidylserine (PtdSer) and high-mobility group box 1 (HMGB-1). The
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binding of galectin-9 induces apoptosis in Th1 cells, therefore contributing to the disruption
of anti-tumor immunity [121]. More in detail, the binding of both Galectin-9 and Ceacam-1
to TIM-3 leads to the phosphorylation of two conserved tyrosines (Y256 and Y263) in the
cytoplasmic domain, which detaches Bat-3 and allows the recruitment of Src kinases (con-
taining SH2 domains) and consequent negative regulation of TCR signaling [122]. Other in-
tracellular signaling proteins that interact with TIM-3 include PI3K, PLC-y, ZAP-70 and Lck
[123].

Huang and colleagues suggest that Ceacam-1, co-expressed on T cells, forms heterodimers
with TIM-3 acting as a self-ligand and that this interaction is necessary for the induction of
TIM-3 inhibitory functions (tolerance and exhaustion) [124]. Moreover, the co-expression of
Ceacam-1 and TIM-3 on TILs was shown to be correlated with a lower release of IFN-y by
CD8* T cells in colorectal cancer [125]. The interaction of TIM-3 with PtdSer is 4-5 fold weaker
compared to other members of the TIM family and its interaction drives the clearance of
apoptotic bodies and cross-presentation of antigens by DCs [126]. However, the role on
PtdSer-TIM-3 interaction on TILs is not clear yet. Lastly, HMGB1 is a damage-associated mo-
lecular pattern, which binds to the TIM-3 present on tumor-infiltrating DCs. This interaction
suppresses innate immune response to nucleic acids, mediated by Toll-like receptors; Chiba

and colleagues showed that DC-specific TIM-3 perturbs the antitumor efficacy of DNA [127].

New studies report that monoclonal antibodies blocking TIM-3 improves T cell anticancer

responses either alone or in combination with anti-PD-1 [128].

1.2.3.v TIGIT

TIGIT (T cell immunoreceptor with Ig and ITIM domains) is a co-inhibitory receptor expressed
on the surface of immune cells. Initially characterized in NK cells, TIGIT is expressed on acti-
vated T cells, memory T cells, Treg and follicular T helper cells [129]. TIGIT presents an extra-
cellularIg variable domain, a transmembrane domain and a cytoplasmic tail. The cytoplasmic
portion of TIGIT contains an ITIM motif and an Ig Tail-Tyrosine-like motif (ITT); the phos-
phorylation on Y231 in the ITIM motif or of Y225 in the ITT domain mediate the activation

of the downstream pathway [130].
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The engagement of TIGIT through the binding with its ligands, CD155 (PVR) or CD112
(PVRL2), causes the phosphorylation on ITIM and ITT domains and mediate an intrinsic in-
hibitory activity. The recruitment of SHP1 to the cytoplasmic tail of TIGIT blocks PI3K, MAPK
and NF-kB pathways. Moreover, TIGIT induces the downmodulation of TCRa and CD3g, es-
sential components of the T cell receptor, as well as PLCy, a component of the TCR pathway
[131]. Essentially, TIGIT inhibitory functions hinder T cell activation, acquisition of effector

functions and proliferation.

TIGIT shares its ligands with CD226 and CD96, an activatory receptor and an inhibitory re-
ceptor respectively, co-expressed by T cells at the surface. In vitro activation increases the
expression of both CD226 and TIGIT, but TIGIT second was associated to a subset of ex-
hausted PD-1+ CD8+ T cells in NSCLC [132].

Figure 6 illustrates the multiple interactions of LAG-3, TIM-3 and TIGIT co-inhibitory immune

receptors. Figure from [133].
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Figure 6 Inhibitory receptor pathways

A) LAG-3 pathway. Left: Lag-3, expressed on T cells and NK cells, either binds to MHC class
I on antigen-presenting cells (left) or binds to L-SECtin on tumor cells (right). The KIEELE
motif in the cytoplasmic tail of Lag-3 mediates the inhibitory function. B) TIM-3 pathway.
TIM-3 is expressed on the surface of T cells, NK cells, and some APCs. TIM-3 ligand’s include
galectin-9 and HMGBT1 (soluble) and Ceacam-1 and PtdSer (cell surface ligands). The en-
gagement of TIM-3 receptor causes the dissociation of Bat-3 Bat-3 from the cytoplasmic tail
of Tim-3, this allows Fyn binding and the induction of inhibitory functions. C) TIGIT pathway.
TIGIT is expressed on on T cells and NK cells and shares its ligands CD112 and CD155 with
the CD226, and CD96 which are co-expressed at the T cell surface. CD155 and CD112 can
be found on APCs and tumor cells. TIGIT, CD96, and CD155 deliver inhibitory signals through
their ITIM motifs in their cytoplasmic tails. Contrarily, CD226 interacts with the integrin LFA-
1 and delivers a positive signal.

Immunotherapies
Immunotherapies are a class of treatments able to activate or suppress some components
of the immune system, in order to help the patient to overcome the disease. Immunothera-
pies find application in the treatment of various diseases, from autoimmune diseases to in-

fectious diseases to a set of malignancies.

The immunotherapies used in anticancer treatment can be defined as active or passive, de-
pending on the mode of action. For instance, adoptive cell transfer (for instance the adoption
of T cells with modified TCR, CAR-T cells), monoclonal antibodies (mAbs) targeting tumor
cells and oncolytic viruses have intrinsic antitumor activity, therefore are defined passive.
Inversely, active immunotherapies engage the immune system of the host against the can-
cer. Active immunotherapies include DC-based immunotherapies, peptide and DNA-based
anticancer vaccines, immunomodulatory mAbs, immunostimulatory cytokines, inhibitors of
immunosuppressive metabolism, PRR (pattern recognition receptors, necessary for the acti-
vation of the innate immune system) agonists and immunogenic cell death (type of cell

death able to elicit an immune response, differently from apoptosis) inducers [134].

For the purpose of my project, I will only focus on the immune checkpoint inhibitors.
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1.3.1 Immune checkpoint inhibitors
In lung cancer treatment, monoclonal antibodies (mAbs) targeting immune checkpoints

have proven in the past decade to induce effective and durable responses [135].

The first ICI approved for clinical use was ipilmumab, a mAb anti-CTLA-4 produced by Bris-
tol-Myers Squibb, in metastatic melanoma. It was later observed that mAbs targeting PD-1,
such as nivolumab or pembrolizumab, attended a better objective response with the ad-
vantage of less immune-related adverse events (irAEs) [136]. In fact, severe irAEs occur in
15-30% of patients receiving anti-CTLA-4 ICI and ~33% in NSCLC patients treated with a
combination of nivolumab plus ipilimumab. It is possible that the anti-PD-1 ICIs act more
specifically in the context of the TME, therefore are associated with less irAEs. Anyhow, it is
still unknown why patients differentially develop irAEs. Immune-related adverse events in-
clude a variety of diseases mediated by inflammation or autoimmune responses due to the
important contribution of immune checkpoint in the maintenance of immunologic homeo-
stasis. IrAEs could appear as dermatologic rashes, vasculitis, myocarditis, entero-colitis, ar-
thritis, encephalitis, uveitis and anemia [137]. Intriguingly, it was found a positive correlation
between the development of irAEs and the overall survival of patients in NSCLC patients

treated with nivolumab [138].

An increasing number of immune receptors can now be targeted and several clinical trials
are now assessing the efficacy of these novel treatments. Moreover, in order to overcome
resistance to the treatment with ICI, the combination of multiple ICIs is now under investi-
gation in a number of clinical trials. Table 2 resumes monoclonal antibodies blocking inhib-
itory immune receptors and agonist antibodies targeting co-stimulatory immune receptors
approved by the European Medicines Agency (EMA) or currently tested in clinical trials for

lung cancer treatment [139] [31], [140], [141].
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Table 2 Relevant immune checkpoint inhibitors

Target Drug Manufacturer Description Status Therapeutic
(commercial combination
use hame)

PD-1 Nivolumab Bristol-Myers ~ mAb to human First-line Ipiimumab/

(opdivo) Squibb PD-1 (IgG4) treatment of platinum based
non mutated chemotherapy
NSCLC
PD-1 Pembrolizumab  Merck mAb to human First-line Ipiimumab/
(keytruda) PD-1 (IgG4) treatment platinum based
metastatic chemotherapy
NSCLC
PD-L1 Atezolizumab Roche mAb to human First-line Bevacizumab,
(tecentriq) PD-L1 (IgG1) treatment taxol and
metastatic carboplatin
NSCLC
CTLA-4  Ipilimumab Bristol-Myers ~ mAb to human First-line Nivolumab
(yervoy) Squibb CTLA-4 (human treatment of
IgG1) non mutated
NSCLC
LAG-3 Relatlimab (BMS- Bristol-Myers ~ mAb to human Phase II: Nivolumab
986016) Squibb LAG-3 (IgG4) NSCLC.
TIM-3 BMS-986258 Bristol-Myers ~ mAb to human Phase I-IL Nivolumab
Squibb TIM-3 advanced
malignant
tumors.
TIM-3 RO7121661 Roche Bispecific anti- Phase L Monotherapeutic
TIM-3-anti-PD-1  NSCLC. arm only

TIGIT Tiragolumab Genentech mAb to human Phase II: Atezolizumab
(MTIG7192A) TIGIT (IgG1) NSCLC.

OX-40 BMS-986178 Bristol-Myers ~ Agonist mAb to Phase I/IL: SD-101 (TLR9

Squibb human OX-40 intratumoral agonist)
(I9G1) injection in
solid tumors.
CD137 (4- Utomilumab (PF- Pfizer Agonist mAb to Phase I: Pembrolizumab
1BB) 05082566) human CD137 advanced solid
(IgG2) tumors
GITR BMS-986156 Bristol-Myers  Agonist mAb to Phase I/IL Nivolumab/
Squibb human GITR metastatic Ipilimumab
NSCLC
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1.3.2 Predictive factors of the response to ICI

The exploration of biomarkers in the TME for prognosis, diagnosis or predictability of the
response to treatments is an area of active research. Particularly in the use of ICI, where only
a small percentage (20-30%) of patients effectively respond [142], finding patterns associ-
ated to the response would help to unravel their mechanisms of action within the complexity

of the TME.

Up to date, a univocal biomarker to predict the efficacy of ICI treatments has not been iden-
tified yet. Clinical trials in NSCLC testing PD-1 or PD-L1 inhibitors used the level of expression
of PD-L1 on cancer cells (using different cut-offs, from PD-L1>1% to PD-L1>50%) as a pre-
dictive biomarker [143] [144]. These studies revealed a partial predictability of PD-L1 as bi-
omarker, since many patients PD-L1" did not respond to treatments and yet in some PD-L1"
there was a response to treatment. The lack of reliability on PD-L1 expression as biomarker
could be partly accounted on a lack of standardization in its detection and interpretation. In
fact, PD-L1 expression is very heterogeneous within NSCLC tumors, with 90% of heteroge-
neity appears within the same tissue slide, while positively the variance between different
regions of the tumor is not substantial [145]. Moreover, institutions the use of different an-
tibodies (their intensity impacts on the evaluation of the immunohistochemistry scores as-
signed by the pathologists) and choose different cut-offs [146] [147]. Anyway, the lack of
better markers makes the expression of PD-L1 in the tumor the cut-off baseline for the ad-

ministration of anti-PD-1 drugs in first line treatments [31].

The tumor mutational burden (TMB) is a second possible biomarker evaluated for ICI re-
sponses. Govindan and colleagues observed that in the NSCLC genomic landscape of smok-
ers, the average mutation frequency was more than 10-fold higher than in never smokers
[148] . Next, Ritzvi and colleagues associated in NSCLC treated with pembrolizumab (anti-
PD-1) high nonsynonymous mutation rates with better objective responses, progression-
free survival and durable clinical benefit [149]. This correlation was observed in in other stud-
ies on NSCLC using different ICIs, particularly in response of nivolumab (anti-PD-1) in com-

bination with ipilumumab (anti-CTLA-4) [150]. However, the lack of standardization in the
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determination of TMB and the difficulty to assess its levels, prevented the development of

routine tests based on TMB so far.

Other studies focused on the characterization of the immune composition to find predictive
signatures or cell populations that imply a response to ICIs.The presence of T lymphocytes
was first observed to be correlated with good prognosis in NSCLC; more precisely, the Th1
and memory CD8" T cells were linked to the absence of methastatic invasion [151]. Moreo-
ver, it was found that the presence of Trm CD103* cells in lung cancer is positively associated
to a response to ICI [152]. Interestingly, in fresh biopsies of melanoma, Ribas and colleagues
observed that in patients responding to treatment with anti-PD-1, CD8+ effector memory
subsets were the most amplified [153]. Taken together, these findings highlight the im-

portance of memory T cells, which could be accountable for the durability of ICI responses.

As previously decribed, the presence of tertiary lymphoid structures (TLS) is associated with
good prognosis in NSCLC patients. Interestingly, in melanoma and in sarcoma TLS were pos-
itively correlated to a response to immune checkpoint blockade [154] [155]. Ongoing re-
searches, reported in the 2020 AACR annual meeting, are studying if TLS and the secretion

of CXCL13 (B lymphocytes chemoattractant) could be a predictive factor for ICI responses.

In the recent years the gut microbiome was surprisingly found involved in the response to
immune checkpoint blockade. In NSCLC patients who were treated with antibiotics prior
receiving anti-PD-1/PD-L1 was observed that progression-free survival (PFS) and overall sur-
vival (OS) were significantly shorter [156]. Following studies in mice and humans helped to
identify which gut microbiome strains are associated to the response or resistance to ICL
This surprising link between microbiome and ICI responses is opening new therapeutic ave-
nues. For example, Dr Gal Markel is performing in the Ella Lemelbaum Institute of Immuno-
Oncology (in Israel) a phase I single-center study of fecal microbiota transplant (FMT) in

melanoma patients who failed at least one line of PD-1 blockade [157].

More studies are now trying to define which mechanisms could favor the response to im-

mune checkpoint blockade by the microbiome [158].
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1.3.3 Resistance to ICI

Despite the encouraging results obtained with immunotherapies in cancer treatment, the
occurrence of resistance challenges the field to study the mechanisms eliciting resistance
and find new combinations of therapies to overcome it. Resistance can be defined by the
time of manifestation: primary resistance occurs in patients never-responders to treatment,
adaptive immune resistance implies the adaptation and evasion of cancer cells from the
immune response, and the acquired immune resistace emerges after a first time of response.
Resistance to immunotherapies can be driven by tumor cell-intrinsic or extrinsic mecha-
nisms. Intrinsic resistance occurs when cancer cells interfere with some pathways related to
immune recognition and function. Contrarily, extrinsic resistance is due to the tampering of

the immune response in the TME induced by other cell types and not by cancer cells.

1.3.3.i Tumor-intrinsic resistance

Intrinsic mechanisms of primary and adaptive resistance include poor immunogenicity (low
mutational burden or lack of antigenic mutations), impairment in the presentation of tumor

antigens and the constitutive expression of PD-L1 [159].

In NSCLC, Rizvi and colleagues showed that the neoantigen load is correlated to a response
to anti-PD-1 treatment [149] [160]. Accordingly, poorly immunogenic tumors, such as pan-
creatic and prostate, are less responsive to immunotherapy treatments [161]. An ineffective
antigen presentation is an evading strategy to resist immune surveillance. Tumor cells can
diminish the presentation at the surface of self antigens to escape the immune cytolytic
activity [162] by downregulating the MHC-I [163], TAP (Transporter associated with Antigen
Processing) or through the selection of cells harboring mutations in HLA-A, -B and -C genes
or in beta-2-microglobulin (B2M). Indeed, f2-microglobulin loss-of-function disrupts MHC-

I folding and transport at the plasma membrane [164].

IFN-y is a pro-inflammatory cytokine that stimulates immune responses via the JAK/STAT

pathway in immune cells and contributes to an efficient antigen presentation through the
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upregulation of the expression of MHC-I in cancer cells. However, Garcia-Diaz and col-
leagues observed a double-faced role of IFN-y in melanoma, where it contributes to adap-

tive resistance through the upregulation of the expression of PD-L1 on cancer cells [165].

1.3.3.ii Tumor-extrinsic resistance

Extrinsic resistance can be caused by T cells absence (like in immune desert tumors), the lack
of tumor antigen-specific T effector cells, the impairment of T cells activation, the upregula-
tion of several immune checkpoint on T cells and the action of immunosuppressive cells (Treg
cells, immunosuppressive phagocytes, CAFs, endothelial cells) [166]. Extrinsic mechanisms of

resistance include,

Immune desert tumors are indeed unable to mount an antitumor response, due to the ina-
bility of T cells to reach the tumor bed. Alternatively, T cells that are present but not recog-
nize the tumor neoantigens would not respond to ICI. In melanoma it has been reported
that the recruitment of suppressed dendritic cells (DCs) impairs the priming of naive T cells

causing a lack of TILs in the TME and unresponsiveness to ICI [167].

A further cause of extrinsic adaptive resistance is the expression of alternative immune
checkpoints in T cells, which would compensate the PD-1 or CTLA-4 inhibition. Thommen
and colleagues observed in TILs of patients with NSCLC the co-expression of several immune
checkpoints, namely PD-1, CTLA-4, TIM-3, LAG-3, and BTLA; interestingly, they found that
PD-1 and TIM-3 expression increases with the tumor stage [168]. Moreover, in patients with
lung adenocarcinoma, Koyama and colleagues observed an increased expression of TIM-3*
in both CD8* and CD4"cells in patients resistant to previous anti-PD-1 treatment. Studies
conducted on other cancer types, the first one in a mouse model of ovarian cancer [169] and
the second one in an /n vitro treatment with anti-PD-1 of TILs from head and neck cancer
[170], showed as well an increase of alternate immune checkpoints after PD-1 blockade as

an adaptive mechanism of resistance [171].

Lastly, other cells within the TME can dampen the immune response. CAFs isolated from
NSCLC patients were shown to express PD-L1 and PD-L2 coregulatory molecules [41]. PD-

L1 can also be expressed on blood endothelial cells (BEC), when stimulated by inflammatory
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signals. Moreover, the release of immunosuppressive cytokines and metabolites participate

in immunosuppression.

Figure 7 illustrates various stromal cells-released factors able to inhibit T cells, thus repre-

senting an additional putative cause of extrinsic resistance. Figure from [172].

The presence in the lung tumor microenvironment of IDO, NO, PGE; and IL-6 and IL-10 in-
hibit the cytotoxic activity of T cells. Moreover, TGF-f inhibits the differentiation of CD4* T
cells in the IFN-y releasing Th1 cells (correlated with good prognosis). IL-10 and PGE> may
contribute to the impairment of T cells activation by impeding DCs maturation. Similarly,
CAFs secrete pro-inflammatory cytokines and chemokines, including CXCL8, IL-4 and IL-6

which sustain suppressive M2 macrophages [172].
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Figure 7 : Stromal surface and secreted factors in the TME contribute to immune cells
inhibition

Blood endothelial cells (BECs) express immunomodulatory receptor at their surface, such as
PD-L1, TIM-3 and CD95L (FASL). In addijton, BECs secrete IDO, IL-6, PGE> TGF-§ and a
soluble form of CD137, that impedes the engagement of the co-stimulatory receptor CD137
of T cells. TGF-f and thymic stromal lymphopoietin (TSLP) inhibit T cells and promote the
differentiation in Th2. CAFs also support M2 macrophages secreting theinflammatory
cytokines and chemokines CXCLSE IL-4 and IL-6. Also pericytes secrete various
immunosuppressive factors, including IL-6, NO, PGEZ and TGFB.

Of note, in the crosstalk within the TME innate immune cells can stimulate stromal cells. M2
macrophages secrete epidermal growth factor (EGF), fibroblast growth factor (FGF),
platelet-derived growth factor-f (PDGFpB) and TGFB, which activate CAFs and promote their
survival. TAMs, TANs and MDSCs can secrete matrix metalloproteinase 9 (MMP9) to release
growth factors trapped in the ECM and VEGF promoting BEC survival and angiogenesis.
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1.4 Ex-vivo cancer models
In the past decade, a rising number of studies targeted the development and the exploitation
of 3D ex vivo cultures, in order to investigate organ physiology and perform disease model-

ing, including cancer.

Particularly in cancer biology, where the heterogeneity of the cells and of the interactions
occurring in the TME play a strong role in cancer progression, 2D /n vitro cultures have strong
limitations: the lack of spatial organization of the different cell types present in tissues, the
non-physiological mechanical environment, the dilution and diffusion of paracrine signals in
the culture medium. /n vivo cancer models are conventionally used in pre-clinical studies,
but fail to accurately predict drug responses in humans, as shown by the low success rate of
clinical trials (all supported by preliminary tests /n vivo), with a drug approval lower than 5%

[173].

3D ex vivo cancer models aim to reproduce as much as possible the physiological conditions
present in the TME. Spheroids, tissue slides, organoids and tumors-on-chip are different ap-
proaches, which aim to recapitulate the complex features of human cancers. Certainly, each
of those approaches has its advantages, compared to 2D culture, but also some drawbacks,

as discussed below.

A major strength of the ex vivo 3D cancer models is the possibility to generate complex co-
cultures using primary cells isolated from fresh patient samples, with the potential to per-
form personalized preclinical drug testing. Additionally, these culture techniques circumvent
some biological and ethical limitations associated to animal studies, in the line with the prin-

ciple of the 3Rs (Replacement, Reduction and Refinement).

3D cultures first started in early years of the XX century, when Harrison developed the hang-
ing drop tissue culture technique [174]. Later studies showed that these 3D aggregates of
cells, named spheroids, can be embedded in a matrix, potentially include other cell types,
and recapitulate the 3D structure of a tumor with proliferative gradients and a necrotic cen-
ter. Indeed, spheroids allowed to study several cell processes in a 3D setting, including: can-
cer cell proliferation, cancer cell migration, angiogenesis, hypoxia, immune cell responses,
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and to perform drug screenings in 3D [175]. Nonetheless, spheroids lack of the tissue-spe-

cific spatial distribution of cell types and can be difficult to live-image.

More relevant 3D cancer models, from a technological and informative point of view, include

organoids, organotypic cultures and tumors-on-chip (ToC).

1.4.1 Organoids

Organoids constitute a very quickly expanding approach, within the 3D ex-vivo culture field.
Organoids have the great capacity to recapitulate complex events, by using organ-specific
progenitors that can self-organize to form roundish 3D structures with properties and func-

tionalities similar to those present in the tissue of origin.

The first pioneering studies in regenerative medicine aimed at the reconstitution of 3D struc-
tures /n vitro from the culture of human stem cells. These studies succeeded for example in
the generation of a stratified skin from freshly isolated keratinocytes [176] or in the recon-
stitution of the cornea /n vitro [177], with direct applications in the treatment of highly-grade

burned patients or of ones suffering of corneal blindness.

Later in time, organoids were exploited in developmental biology studies, where organo-
genesis was recapitulated starting from tissue cells or pluripotent embryonic stem cells (ES)
or induced pluripotent stem (iPS) cells. Specific cocktails of growth factors and complex pro-
tocols were optimized to recapitulate ex vivo some steps of organogenesis. This generated
organoids reproducing some basics features of gut (including stomach and intestine), liver,
brain, retinal, bone, mammary gland, skeletal muscle, kidney and lung [178]. Interestingly,
some of these organoids were obtained from adult stem cells (aSCs) opening the possibility

of reproducing self-organized organoids, also called tumoroids, for cancer biology studies.

Patient-derived organoids (PDOs) are a novel tool to recapitulate, from fresh biopsies, the
TME of solid tumors, with the advantage of conserving the immune and stromal components
of the patient. PDOs recently emerged as potential ex vivo cancer models for therapeutic
screening, as they reproduce and maintain many of the original tumor’s characteristics. In a
breakthrough paper, Vlachogiannis and colleagues reported the reproduction of organoids
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from metastatic gastrointestinal cancers, which showed high histopathological and molecu-
lar similarities when compared to the original patient tumors. Strikingly, these PDOs repro-
duced the clinical responses observed intra-(responding lesion versus progressive lesions)
and inter-patients treated with multiple anticancer treatments [179]. In another work, the
same approach was exploited to constitute a biobank of more than a hundred breast cancer
organoids, used as well for therapeutic screening [180]. Interestingly, Sachs and colleagues
generated human lung organoids from iPS cells and obtained functional lung epithelium
with multiciliated cells in the lumen and mucus-secreting cells. Moreover, using cells col-
lected from resected primary lung cancers or from broncho-alveolar lavages of cystic fibrosis
patients, they recapitulated the respective disease features [181]. PDOs from different lung
cancer histological subtypes were reproduced and validated successfully also by Kim et al

[182].

The ability of organoids to preserve many of the original tumor characteristics makes them
excellent candidates for personalized drug screening. Nonetheless, as indicated in the above
cited articles, it takes weeks (2 or more) to grow PDOs and an additional week to perform

the drug testing. For some patients the decision process for therapy must be faster than that.

A second limitation resulting from the long-time culture needed to obtain PDOs, is the dif-
ficulty in the use of autologous immune cells that may be extracted from the initial tumor
specimen. Immune cells are more sensible than cancer cells and in a 3 weeks-time period
they would hardly survive or preserve their phenotype. A solution could be to isolate and

freeze the immune cells at the beginning of the procedure.

An additional limit of the use of organoids as cancer model, is the difficulty of performing
live imaging to study cell dynamics. In average PDOs measure 400um diameters and the
current imaging strategies include only end-point analysis, such as fixation and hematoxylin-

eosin staining, IHCs or confocal imaging.

1.4.2 Organotypic cultures (tissue slices)

A different method to study the complexity of the TME is the use of tissue slices.
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Tumor tissue slices are exploited to perform functional assays and to measure drug re-
sponses. Thin slices of 300 um-1 mm thickness are cut from the original tumor and placed
on a cell culture insert, which serves as scaffold, and submerged with culture medium. This
way, tumor slices survive in culture up to 10 days [183]. An advantage of this strategy is the
possibility to preserve the original topology of the tumor, leaving unaltered the spatial in-
teractions between the tumor and the surrounding stroma. Importantly, tissue preserves as
well the composition of the matrix, therefore maintaining the physico-mechanical properties

of the TME.

Thanks to confocal and bi-photon microscopy on lung tumor slices, Salmon and colleagues
showed that T cells motility is high in loose collagen regions. Oppositely, dense matrix areas
drastically reduce the motility of T cells, which resulted constrained in the stroma [184]. Later,
Peranzoni and colleagues pointed out the role of macrophages in the retention of T cells in
the stroma, impeding them to reach the tumor islets in lung squamous-cell carcinoma slices

[185].

Similarly to organoids, tissue slices are exploited to measure drug-responses. Martin and
colleagues succeeded in establishing tissue slices from hepatic metastasis from colorectal
cancer and tested the effects of clinically relevant drugs, such as Oxaliplatin, Cetuximab and
Pembrolizumab. They assessed cancer cells proliferation and apoptosis, respectively meas-
uring Ki-67 and caspase-3 activity and observed a dosage dependent susceptibility to Oxal-
iplatin treatment, whereas for the other drugs they observed a response only in a fraction of
the patients [186]. Similarly, van de Merbel et al used ex vivo cultured patient-derived tumor
tissues from prostate and bladder cancer and observed a dose-dependent apoptosis after

treatment, respectively, with docetaxel and gemcitabine [187].

Karekla et al. performed ex vivo explants from NSCLC specimens, treated the tissue slices
with cisplatin; accordingly, they observed a better overall survival in patients whose explants
showed sensitivity to cisplatin [188]. These studies show that tissue slices can be used as

preclinical-profiling platforms and to conduct functional studies through confocal imaging.
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The limits of this 3D cancer model include the lack of control on the experimental conditions
and the need of relatively big specimens. Moreover, for the live confocal imaging it is nec-
essary to stain the cells. Albeit it is possible to stain the cells to perform live confocal imaging,
phototoxicity would not allow to image for a long time (days) the cell responses to treat-

ment.

1.4.3 Tumors-on-chip

Empowered by the advancements in microfluidics and in microengineering, organs-on-chip
(OoC) aim to reproduce 3D physiological microenvironments that mimic the structures and
the functionalities of a specific organ. Practically, custom microfluidic devices are designed
and fabricated in a way to spatially organize the different cell populations with an in-vivo-
like geometry; specific microstructures (e.g. pillars and membranes) allow the confinement
of the cells in specific compartments. Here, the cells interact, physically and chemically, in a

controlled 3D structure and reproduce organ-like functions.

In 2010, Huh and colleagues were the first to develop a lung-on-chip, establishing a func-
tional alveolar-capillary interface in stretchable microsystems. To reproduce the air-liquid
interface, a porous membrane to separated an upper air-containing chamber from a lower
chamber filled with medium; epithelial cells were seeded on the air side of the membrane
whether endothelial cells adhered to the lower side of the membrane. In order to replicate
the continuous stretching movements of the lung, the authors applied vacuum in hollow
lateral chambers causing a cyclic stretching of the structure containing the air-liquid inter-
face [189]. This lung OoC was exploited in later studies, in which they set up models of hu-
man asthma inflammation, COPD [190] and intravascular thrombosis [191] for therapeutic

response assessment, as well as a a drug-toxicity-induced pulmonary edema [192].

The features reproduced in OoC opened the way for the promising application of these cul-
ture systems in cancer research. The pioneers of the tumors-on-chip deserving of mention
are David J. Beebe, Roger Kamm and Donald E. Ingber, who first implemented OoC models
to study cancer biology. These authors used ToCs for modeling cancer-immune interactions
[193], study cancer cell intravasation [194], cancer cell extravasation [195], angiogenesis [196]
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and orthotopic breast [197] and lung cancers. Using the latest lung ToC model, an interesting
observation was the negative influence of mechanical breathing on cancer growth and inva-
sion and a decreased sensitivity to TKI drug, possibly linked to a mechanical regulation of

EGFR expression [198].

ToC ex-vivo cancer models offer several advantages. First, the control of the geometry and
physico-chemical properties of the chip allow to simplify and evaluate different facets of the
complexity of TMEs. For example, the compartmentalization and the implementation of lam-
inar flow provide features such as a biochemical gradients (to study cell motility), and gradi-
ents of stiffness and porosity (to investigate the impact the mechanical properties of the
ECM [199]. Second, the microfluidic settings allow the integration of perfused microvascular
structures in ToCs [200]. Third, the miniaturization of the ToCs allows to culture very small
amounts of cell lines or human primary cells, making them suitable to work with small pa-
tient-derived samples. Fourth, microfluidic devices are transparent, therefore compatible
with real-time recording of cellular dynamics. Live-imaging is a great asset for the descrip-

tion of immune-cancer interactions [201], [202].

In a previous work of our laboratory, Nguyen et al. reconstituted an immunocompetent tu-
mor ecosystem (comprehensive of breast cancer cells, immune cells, CAFs and endothelial
cells) which responded to both chemotherapy and targeted therapy (trastuzumab) recapit-
ulating ex-vivo a ADCC effect (antibody-dependent cell-mediated cytotoxicity) [203]. Choi
and colleagues developed a model simulating an early-stage breast cancer, including sphe-
roids embedded on a layer of mammary epithelial cells and a lower stromal compartment,

to evaluate the response to anticancer treatments [197].

Concerning the ToC limitations, the addition of more cell types and microstructures compli-
cates the experimental setup and the manipulation of these devices. This translates so far in
the privileged use, by researchers, of more resistant cellular models such as cell lines, over
patient-derived samples. Nonetheless, Aref and colleagues succeeded in culturing organoids

in microfluidic devices to characterize the response to anti-PD-1 treatment. In an end-point
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analysis, they evaluated cancer cells viability, cytokine secreted and transcriptome profiling

(by RNA-seq)[204].

Another limit of ToCs is the paucity of image analysis tools that can help users to extract the
rich biological information contained in the ToCs. In fact, the evolving and original culture

conditions of ToCs limit the standardization of the image analysis process.
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2 Objectives

The tumors-on-chip is a new and expanding field of research exploiting miniaturized 3D
structures in culture devices to reproduce specific ex vivo tumor features. My thesis project
started shortly before the first publication of my hosting laboratory in this research field. In
a paper published in Cell Reports, Nguyen and colleagues succeeded in treating with
Trastuzumab (a monoclonal antibody targeting the HER2 receptor) a HER2" breast cancer
cell line in presence of Peripheral Blood Mononuclear Cells (PBMCs) from healthy donors. In
this culture settings they visualized and measured the antibody-dependent cellular
cytotoxicity (ADCC) on-chip.

The aim of my thesis project is to study the response to immunotherapies in lung cancers-
on-chip, with the long-term goal of exploiting ToC cultures for patients preclinical profiling.
In this view, we needed to reconstitute an immunocompetent tumor microenvironment with
an autologous cellular model and primary cells. The latter would be a key element to exclude
any allogenic reactions of the immune system (misleading for our aim) and to move a step
forward towards the application of ToC cultures with patient samples.

My thesis project was conceived with 3 main objectives:

1) The first objective is the development of tumors-on-chip technology, including the fine
settings of on-chip co-cultures with primary cells and the implementation of the mi-
crofluidic system. Firstly, to setup co-cultures in biomimetic hydrogels of controlled
composition and properties, under highly-controlled conditions, to generate tumors-
on-chip with various primary cell populations (cancer, immune, endothelial cells and
fibroblasts), reconstituting ex vivo the tumor microenvironment of lung cancers. Sec-
ondly, to build an adapted microfluidic circuit in order to connect the microfluidic de-
vices under the microscope with the pressure controller and medium reservoirs. For
instance, even though the microfluidic devices are purchased by AIM Biotech, the con-
nectors commercially available (used to join the tubing with the inlets of the chip) do
not fit in the microscope chamber. Therefore the connectors need to be custom de-
signed and 3D-printed.
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2) The second objective includes the high-content quantitative description of the tumor
ecosystem dynamics, particularly regarding the cancer cells death and the cell-cell
physical interactions with the immune cells. This goal includes the visualization and
quantification of the anti-tumor cytotoxic activity of T cells from 2-3 day videos. Over
the course of the thesis, this objective evolved into different deliverables. Shortly after
the setup of the imaging strategy, we realized that a manual quantification was ex-
tremely time-consuming. Consequently, we realized that we would need to develop an
informatic tool to quantify automatically the death of the cancer cells. In addition, it
turned out that the study of cell mophodynamics and cell-cell interactions is extremely
complex and requires more powerful image analysis approaches. We now think that
the use of artificial intelligence could be a way to accomplish this task, in particular to
find morphodynamics differences of T cells treated with ICI within lung ToCs.

3) The third objective involves the evaluation of the exploitation of such tumors-on-chip
for pharmacology studies (characterization of drug alone or in combinations in mean-
ingful /n-vivo like contexts) and for translational research. We aim to use immunocom-
petent lung tumors-on-chip as drug testing platforms in which investigate the response
to immunotherapies. This goal includes /n primis the reproduction of the anti-tumor T-
cell-dependent response on-chip and its stimulation with ICI treatment (anti-PD-1).
Then, we aim to study the T cell plasticity in response to immunotherapy, measuring
activation and exhaustion markers of the T cells. This should allow us to evaluate if the
treatment with immunotherapy affects the expression of alternative immune check-
points, that are potential therapeutic targets. The long-term goal will be to exploit tu-
mors on-chip for patients pre-clinical profiling and exploit them to predict the personal

response to drug treatments.
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3 Materials and Methods

3.1 Cell cultures

The IGR-Pub lung adenocarcinoma cells, IGR-Heu large cell carcinoma cells, and their autol-
ogous TILs, the clone P62 and the T cell bulk of CD8* H5B respectively, were generated from
fresh patient samples by the laboratory of Fathia Mami-Chouaib in Gustave Roussy. After
thawing, TILs were amplified as reported [205]. The IGR-Pub and IGR-Heu cells were cultured
in DMEM F12 (GIBCO) supplemented with 10% fetal bovine serum (Biosera), 1% of Ultroser
G (Pall), 1% of Sodium Pyruvate (Gibco) and 1% Penicillin/Streptomycin (GIBCO). P62 and
H5B T cells were cultured in RPMI-1640 (GE Healthcare) supplemented with 10% human AB
serum (Institut Jacques Boy, Reims, France), rIL-2 (20 U/ml, Gibco), 1% of Sodium Pyruvate
(Gibco) and 0,1% Penicillin/Streptomycin (Gibco). Primary human lung cancer-associated fi-
broblasts were purchased from Neuromics (CAF07-AD). All cell lines were periodically tested
to exclude mycoplasma contamination using a qPCR-based method (VenorGem Classic,
BioValley, #11-1250). Nivolumab (anti-PD-1) was purchased from Selleckchem (#A2002) and

used at manufacturer’'s recommended concentration.

3.2 Cell staining

Before being seeded in the gel, cancer cells were labeled with CellTrace Yellow (#C34567,
Thermofisher). First, cells were trypsinized and incubated at 37°C for 25 min at 1x10° cells/ml
density in PBS with 5 uM CellTraceYellow. Next, following a short incubation in warm cell

medium for 5 min at 37°C, cells were centrifuged at 300g for 5 min, and resuspended in PBS.

3.3 Tumor-on-chip preparation

Cells were seeded in the central chamber of microfluidic devices purchased from AIM-Bio-
tech (#DAX-1). Cells were embedded in a matrix composed of type I rat tail collagen (Ther-
mofisher, #A1048301) at the final concentration of 2,3 mg/ml. Cancer cells were resuspended
in the 4°C collagen solution at a final density of 2x108 cells/ml. Autologous T cells were added
at final densities at 1x10° cells/ml or 2x10° cells/ml, obtaining an effector to target (T

cells/cancer cells ratio) of 1:1 or 1:2. Primary CAFs were embedded in the gel with a cancer
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to CAF ratio of 5:1. After gel seeding, the microfluidic devices were incubated for 30 min at
37°Cin a humidified chamber to allow the polymerization of the collagen solution. Next, 120
ul of T cells culture medium were added in each lateral chamber by pipetting. CellEvent
Caspase-3/7 Green Detection Reagent (#C10423, Thermofisher) was added to the lateral
chamber medium at 2uM final concentration. ICI drugs and isotype control were added ei-

ther by addition to the lateral chamber medium or by microfluidic perfusion.

3.4 Drug perfusion

After the gel polymerization, custom 3D-printed connectors were sealed to the inlets with
the help of epoxy resin (Araldite 2011, Huntsman). After medium injection, the microfluidic
devices were kept for 2 hrs in the incubator before being transferred to the incubating cham-
ber of the microscope for imaging. Here, each chip was connected with PTFE tubing (0.012"
ID x 0.030" OD, Cole-Parmer) to the medium reservoir. The software AiO (all-in-one, Fluigent)
allows to select the pressure applied on the medium in the reservoir by the pressure con-
troller (MFSC-EZ, Fluigent). Located downstream the reservoir, a flow-unit (M, Fluigent) de-

tects the flow rate (ul/min) and gives a feedback to the AiO software.

3.5 Live cell imaging

Time-lapse images were acquired with a 5X objective on an inverted Leica DMi8, equipped
with a Retina R6 camera, Lumencor SOLA SE 365 light engine, motorized stage for multi-
positioning acquisition, CO2 pressure controller and temperature-controlled (37°C) incuba-
tor chamber. AIM-Biotech devices were uplifted with magnets (1 mm thick) in order to ex-
pose the gas-permeable membrane, sealing the bottom of the devices, to the CO2%-con-
trolled pressure of the microscope chamber. In order to achieve an optimal cell viability, with
the aim to reach a saturating humidity in the chamber, we introduced humidified sponges
in the microscope chamber and we filled with ddH>O the empty plastic inserts of the micro-
fluidic device. The acquisition of images in transmission and fluorescent channels was per-

formed every hour for a total duration of 48 hours.
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3.6 Cells harvesting from the chip for flow cytometry analysis

For T cell profiling, ToCs were kept for 3 days in standard incubator, without perfusion. Then,
culture medium was removed from the inlets reservoirs and the chip washed with PBS. Next,
collagenase (4mg/ml, Sigma) was added in medium channels and incubated for 30min at
37°C. Cell suspensions were harvested from the chip and the collagenase inactivated with T

cell medium.

3.7 Antibodies and flow cytometry analysis
Cancer cells were stained with anti-MHC-I (#740982, BD), anti-MHC-II (#, BD) and viability
assessed through DAPI staining. For cancer-associated fibroblasts characterization, we fol-

lowed the staining protocol described in previous publication of the laboratory [44].

T cells suspensions were transferred in 96-well plates v-bottom. In order to determine cell
viability, cells were incubated for 20 min covered from light in PBS with Zombie NIR™ (Bio-
legend, #423105) at manufacturer recommended dilution. Directly conjugated anti-human
antibodies were resuspended in PBS+ buffer (PBS 1% human serum, 2mM EDTA) and used
to detect surface molecules on T cells by incubating them for 30 min covered from life. The
following antibodies were purchased by BD: anti-CD4 (#566804), anti-CD8 (#563919), anti-
CD69 (#747520), anti-CD25 (#741365), anti-PD1 (#562516), anti-CTLA-4 (562742), anti-LAG-
3 (565616) and anti-CD137 (#745737). Anti-GITR (#15588146) was purchased by eBiosci-
ences; anti-OX-40 (#350012) is a Biolegend product. Compensation controls were estab-
lished using single color control compensation beads (#A10497, Termofisher) mixed with

monostained T cells (H5B or P62).

Flow cytometry data were generated on a ZE5 flow cytometer (Biorad). The generated data
were analyzed with FlowJo software (v10.6). The specific MFI (mean fluorescence intensity)
was calculated as the ratio of the MFI detected in cells stained with antibodies over the MFI

of cells incubated with the corresponding isotypes controls.
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3.8 Image analysis
We used the STAMP method described in the submitted paper manuscript to quantify the

death of cancer cells.

3.9 Statistical analysis

Statistical analysis and graphs were made with GraphPad Prism software (v8). Statistical

threshold for significance was set for p-values inferior to 0.05 after applying paired t-test.
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4 Results

4.1 Overview of the manuscript: “Apoptosis mapping in space
and time of 3D tumor ecosystems reveals transmissibility of
cytotoxic cancer death”

The tumor microenvironment (TME) is a cellular ecosystem in which complex interactions

occur between cancer cells (carrying the disease-causing genetic alterations), infiltrated

immune cells and other stromal cells (such as fibroblasts, pericytes and endothelial cells),
which contribute to disease progression and drug responses. The emerging tumor-on-chip

(ToC) approach allows to reconstitute in a very controlled manner ex vivo co-cultures in

biomimetic 3D hydrogels embedded in microfluidic devices.

We reasoned that in order to measure in ToCs the efficacy of anti-cancer drug treatments,

we needed to count the dying cancer cells, specifically among the other cell types. In order

to distinguish cancer cells from other cell types present in the ToC, our imaging strategy
consisted in selectively pre-staining the cancer cells with a fluorescent dye (red). By adding

a live fluorescent reporter for caspase activity (green), we monitored apoptotic cell death

during the ToC co-culture.

We realized that the bottleneck of this approach was the analysis of the generated videos.

The first year of my PhD, I was counting manually the red cells turning green at each time

point (every hour) in 48-hour videos, with an average of 12 positions imaged per each

experiment. This process was not sustainable, being extremely time-consuming. For this
reason, in order to automatize the counting process, we asked for help to our collaborators

Eugenio Martinelli and Arianna Mencattini from the University of Rome “Tor Vergata”.

Having a background as electronic engineers, their research work in the past years focused

on the advanced image analysis of biological phenomena.

The exchange of ideas and the discussions that followed translated in a very enriching

experience. We faced the differences in our way of thinking, due to our diverse backgrounds,

and on both sides we made efforts to adapt our scientific language in order to translate the

biological requests in a mathematical output. In December 2018 I spent a month in Rome,
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where Arianna Mencattini introduced me to MatLab language and to the practical usage of
the novel algorithm, named STAMP (SpatioTemporal Apoptosis MaPper). This new
computational method extracts the temporal kinetics of cancer death, by localizing and
tracking cancer cells in the red channel and by counting the red to green transition signals
over 2-3 days. Thanks to STAMP, we can now automatically quantify apoptotic events of
cancer cells occurring in the ToCs co-cultures.

The application of the method to different cell models and co-culture combinations
demonstrated its robustness and versatility. In this paper manuscript we quantify the
cytotoxic effects induced either by doxorubicin (a chemotherapeutic agent) treatment on
human breast cancer cells MDA-MB231, in presence or absence of CAFs, or by tumor-
infiltrating T lymphocytes on autologous lung cancer cells (coming from the same patient).
Noteworthy, this approach reveals the contribution of primary cancer-associated fibroblasts
(CAFs) to breast cancer chemo-resistance, proving to be a powerful strategy to investigate
intercellular cross-talks and drug resistance mechanisms. STAMP has different outputs. First,
it calculates the apoptotic rate, which is the percentage of cancer cells dying within a certain
time interval (4 to 10 h); this rate is calculated respect the living cells at the beginning of
each time interval. Second, it calculates the overall survival as the percentage of cancer cells
alive over time, using the number of cells at the beginning of the experiment as starting
reference; therefore this parameter takes into account both cell death and proliferation and
can be graphed as a “survival curve” of the cancer cells.

Intrigued by the observation that the apoptosis rate increased with the time of co-culture,
we defined a new parameter: the potential of death induction. This parameter quantifies the
impact of dying cells on neighbor cells. In order to compute the potential of death induction,
we created maps of death integrating space and time information. From these spatio-
temporal maps of cancer death, we uncovered unsuspected relations between death events.
We found that, contrarily to natural death, cancer death induced by chemotherapy or by CTL
is transmissible, meaning that it promotes the death of nearby cancer cells in close time
points. These surprising results suggest that the release of diffusible factors may amplify the

initial cytotoxic stimulus and enriched of original biological implications our methodological
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study, initially conceived to simply automate the counting of dying cells.

Finally, when our paper manuscript was ready for submission, the office of intellectual
property in Roche and Hamasseh Shirvani, my thesis co-director, pointed out that the
method was worth being the subject of a patent and introduced us to the patent filing
process, which is now concluded.

This project is an example of how research can be versatile and lead us to unexpected results

and applications.
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ABSTRACT

The emerging tumor-on-chip (ToC) approaches allow to address biomedical questions out
of reach with classical cell culture techniques, by partially reconstituting ex vivoin biomimetic
3D hydrogels the complexity of the tumor microenvironment and the cellular dynamics
involving multiple cell types (cancer cells, immune cells, fibroblasts, etc). However, a clear
bottleneck is the extraction and interpretation of the rich biological information contained,
sometime hidden, in the cell co-culture videos.

In this work, we develop and apply novel video analysis algorithms to automatically measure
the cytotoxic effects on human cancer cells (lung and breast) induced either by doxorubicin
chemotherapy drug or by autologous tumor-infiltrating cytotoxic T lymphocytes (CTL). A live
fluorescent dye (red) is used to selectively pre-stain the cancer cells before co-cultures and
a live fluorescent reporter for caspase activity (green) is used to monitor apoptotic cell death.
The here described computational method, named STAMP (Spatiotemporal apoptosis
mapper), extracts the temporal kinetics and the spatial maps of cancer death, by localizing
and tracking cancer cells in the red channel, and by counting the red to green transition
signals, over 2-3 days. The robustness and versatility of the method is demonstrated by its
application to different cell models and co-culture combinations. Noteworthy, this approach
reveals the strong contribution of primary cancer-associated fibroblasts (CAFs) to breast
cancer chemo-resistance, proving to be a powerful strategy to investigate intercellular cross-
talks and drug resistance mechanisms. Moreover, we defined a new parameter, the ‘potential
of death induction’, which is computed in time and in space to quantify the impact of dying
cells on neighbor cells. We found that, contrary to natural death, cancer death induced by
chemotherapy or by CTL is transmissible, in that it promotes the death of nearby cancer cells,

suggesting the release of diffusible factors which amplify the initial cytotoxic stimulus.

AUTHOR SUMMARY
The tumor microenvironment (TME) is a very complex cellular ecosystem, composed of the
cancer cells (carrying the disease-causing genetic alterations), immune cells and other

stroma cells (such as fibroblasts), which contribute to disease progression and drug
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responses. Here, we investigated these complex cellular dynamics by reconstituting the
tumor ecosystems in a very controlled manner within microfluidic devices, with multiple cell
populations, generating the so-called ‘tumors-on-chip’, which can be visualized by video-
microscopy and treated with anti-cancer drugs. The resulting videos contain a huge amount
of information that requires advanced computational approaches to be extracted. In this
work, we developed a novel method, named STAMP, that precisely measures the kinetics
and the spatial maps of cancer cell deaths within tumor-on-chip. Two case studies are
presented: breast cancer cells upon chemotherapy treatment (doxorubicin) and lung cancer
cells upon killing by specific immune cells (tumor-infiltrating cytotoxic T lymphocytes). We
generated spatio-temporal maps on cancer death uncovering unsuspected relations
between death events. This indicates that dying cancer cells might release soluble factors
that induce death of neighbor cancer cells. The STAMP method was suitable to study the

capacity of fibroblasts to promote resistance of cancer cells to chemotherapy.

INTRODUCTION

Recent advances in microfluidics and microfabrication inspired new solutions to reproduce
ex vivo 3D microarchitectures on chip imitating characteristics of organ functional units and
of tumor microenvironments (TME). This established the basis for the technology of organ-
on-chip (OoC) [1-3] and tumor-on-chip (ToC) [4-6]. The OoC/ToC technology offers
numerous advantages, such as tight control of biological and physicochemical conditions
(cell types, 3D biomimetic hydrogel, biochemical environment), real-time observation of
cellular dynamics, miniaturization (few cells and little reagent are needed), fast results, and
lower costs. Despite this huge potential, so far, the ToC use has been restrained to specialized
laboratories and has not reached the broad community of cancer researchers. Several
promising applications in basic and translational research, as well as in clinics, have been
proposed, but their implementation clearly requires further developments. In particular, a
major bottleneck of ToC technology is the lack of standardized user-friendly computer tools
to process, analyze, and fully exploit the rich information generated by ToC imaging. The

integration of advanced image analysis tools and deep learning methods is expected to
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foster new powerful solutions to this problem.

Our previous works demonstrated the feasibility of reconstituting on-chip various tumor
ecosystems, composed of up to four cell types (cancer cells, immune cells, cancer-associated
fibroblasts [CAF], and endothelial cells), which can be treated with various anti-cancer drugs,
including standard chemotherapies and targeted therapies (e.g., trastuzumab) [7-9]. The
videos faithfully monitor the cancer death, in time and space, upon these various treatments.
In this work we develop, validate and apply a novel computational method, named STAMP,
to automatically extract the temporal kinetics and the spatial maps of cancer death in ToC
cultures.

Because of their capacity to capture the cell death kinetics, image analysis approaches are
progressively replacing the historical end-point cytotoxic assays, such as the luminescent
detection of ATP [10] or the >'Cr-release assay [11]. For example, a recent work combines
live/dead cell markers and mathematical modeling to achieve a high-throughput analysis of
cell death kinetics with over 1800 bioactive compounds [12]. Similarly, image analysis
algorithms to measure cytotoxic or apoptotic index are commercially available (eg.,
IncuCyte-Essen BioScience or NanolLive). A real-time bio-imaging cytotoxic assay has been
proposed for 96-well microplate [13]. All these software tools have been conceived to work
in 2D settings, with focus on temporal information. Recently, an ingenious 96-well
microfluidic platform was developed to perform bio-imaging cytotoxic assay in 3D gels [14].
Since 3D microfluidic devices allow to keep confined the cells as well as their released soluble
factors, they are appropriate to investigate the consequences of each death event on
surrounding cells. For this purpose, we focused on analysis strategies to extract not only the
temporal information, but also the spatial information of cancer death events. STAMP
introduces the new concept of ‘potential of death induction’, by calculating the induction
that each death region (defined as ‘object’) produces on the surrounding regions, with
respect to their mutual distances and to their temporal relationships. The combination of
measures both in time and in space allowed us to conduct an original apoptosis analysis that
accounts not only for the number of death events and their kinetics, but most shrewdly for

their spatial distribution in the 3D confined environments of ToC cultures.
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RESULTS

Imaging strategy to monitor cancer death in tumor-on-chip (ToC) co-cultures

In order to generate 3D tumor-on-chip (ToC) co-cultures, we used commercially available
microfluidic devices in plastic (AIM-Biotech), that were imaged under an inverted video-
microscope with controlled CO2 (5%) and temperature (37°C) for 2-3 days. Cells were
embedded in a 3D biomimetic collagen gel and injected in the 3.41 mm?3 chamber of the
microfluidic device.

For this work we generated mono-cultures (cancer cells only) and two kinds of bi-cultures
(cancer cells with immune cells, cancer cells with CAFs). For all experiments, a live fluorescent
dye (CellTrace, red) was used to selectively pre-stain the cancer cells before cultures on-chip,
and a live fluorescent reporter for caspase activity (CellEvent Caspase-3/7, green) was added
to on-chip culture medium to monitor apoptotic death. No matter the degree of co-culture
complexity, the cancer death detection was achieved by monitoring the red to green signal

transitions.

Description of the STAMP method

A computational strategy was developed to automatically and objectively monitor, in time
and in space, the events of apoptotic cancer cell deaths, /e. the red to green signal transitions
(Figure 1, see Materials & Methods for details). The software was named STAMP, from
Spatiotemporal apoptosis mapper.

Briefly, from multi-channel videos of ToC co-cultures, the cancer cells are localized and
tracked in the red channel. The dying cancer cells are identified in the green channel, after
signal normalization and thresholding. The death signal is modeled to vanish during T time
frames. Then, the spatiotemporal features of all death signals are integrated in a unique map,
from which a novel parameter, named potential of death induction (Pj.q:1), is computed
over time.

Several output measurements were extracted and used for the following analysis. First, the
apoptotic rate, /e. the percentage of cancer cells dying within a certain 7iac time interval (4
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to 10 h, in this study), calculated using the number of cells at the beginning of each time
interval as starting reference. Second, the overall survival, /e. the percentage of cancer cells
alive over time, which is calculated using the number of cells at the beginning of the
experiment as starting reference and therefore takes into account both cell death and
proliferation. Third, the spatiotemporal map of death events, integrating the information of
when and where all deaths occur. Fourth, the potential of death induction (P;.q¢1) Within a
T time over the entire field of view and experimental time, measuring the capacity of dying

cells to promote the death of nearby living cells in the 3D experimental setting.

Application to quantify chemotherapy-mediated cytotoxicity in breast-cancer-on-chip
cultures

First, we applied the STAMP method to analyze the response of a standard cell model, the
triple-negative breast cancer MDA-MB-231 cells, to a standard chemotherapy drug,
doxorubicin (Figure 2, Video 1 and 2). To achieve a moderate killing, we chose a doxorubicin
concentration of 1 uM, which is slightly lower than the IC50 of doxorubicin for MDA-MB-
231 cells (2.8 uM), that we previously measured in standard 2D dishes.

In order to benchmark the accuracy of the automated method, we compared the values
obtained by the algorithm with those obtained by manual counting. The values closely
matched for all the time points and conditions (Figure 2C); we never found statistically
significant differences between automated and manual counting, indicating that the
algorithm is validated with respect to a standard human-controlled quantification method.
In control MDA-MB-231 cells without drug, the basal apoptosis rate in 10 h-time-intervals
(7tag = 10 h) fluctuated around 5% during the experiment time (72 h), meaning that roughly
5% of the cells died every 10 h (Figure 2C, left). In doxorubicin-treated cells, the death rate
remained at basal level during the first 20 h of treatment, then after 20 h of doxorubicin
exposure the death rate increased up to more than 10% (Figure 2C, right). Therefore, the
time-resolved STAMP analysis revealed that the speed of cytotoxic response to doxorubicin

increases with the time in this 3D on-chip setting.
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Application to quantify T-cell mediated cytotoxicity in lung-cancer-on-chip cultures
Next, we challenged the STAMP method with a more complex situation in which a non-small
cell lung cancer (NSCLC) cell line (IGR-Pub) was co-cultured with an autologous CTL clone
(P62) that was generated from tumor-infiltrating lymphocytes (TIL) and selected to recognize
and kill the cognate target [15] (Figure 3, Video 3 and 4). To achieve a moderate killing, we
chose a 1:1 effector (CTL) to target (cancer) cell (E:T) ratio.

The algorithm could accurately distinguish the prestained cancer cells from the unstained T
cells, and again all the values obtained by the algorithm were not statistically different from
the values obtained by manual counting (Figure 3C).

The basal apoptosis rate of IGR-Pub cells in 10 h-time-intervals (7iac = 10 h) was very low
(around 2%) during the experiment time (48 h). The presence of the T cells immediately
induced a significant death rate (around 10%); after 30 h of co-cultures the apoptosis rate
dramatically increased (up to 30%). Interestingly, similarly to what observed for cytotoxic
response to doxorubicin (Figure 2C, right), the speed of cytotoxic response to CTL appears
to increase with the time as well (Figure 3C, right).

We further characterized the real-time dependency of T-cell mediated cytotoxicity on T-cell
density by using different E:T ratios with a better time resolution (7iac = 4 h) (Figure 4). At
low T-cell density, 1:10 E:T ratio, the apoptosis rate was not different from the control without
T cells. A mild killing started to appear at 1:2 E:T ratio, but only at 1:1 ratio, an efficient killing
could be detected (Figure 4A). Interestingly, there was not a linear proportionality between
density and killing capacity of T cells, suggesting threshold effects. Again, the death rate
increased with the time of co-cultures, despite the fact that after 2 days on chip the T cell
viability was reduced (around 90 %).

Consistently, the overall survival curves of cancer cells, which takes into account the balance
between cell death and cell proliferation (the on-chip IGR-Pub doubling time being
approximately 5 days), showed a detectable T-cell mediated killing only for the 1:2 and 1:1
ratios (Figure 4B), with a near 80% and 40% overall survival respectively, after 48-h co-

cultures.
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Cancer-associated fibroblasts promote chemo-resistance in breast-cancer-on-chip

Having established that STAMP is accurate to monitor cancer death within co-cultures of
cancer and T cells, we moved to bi-cultures of cancer cells and CAFs. CAFs are a major
component of the stroma which is crucial for tumor progression; in NSCLC tumor-stroma
ratio could be used as prognostic factor for survival [16]. Since it is well established that CAFs
contribute to chemo-resistance in various cancer types [17-22], we assessed the capacity of
ToC to recapitulate ex vivothe CAF impact on doxorubicin resistance by co-culturing primary
breast CAFs [8,23] with the breast cancer MDA-MB-231 cells (Video 5 and 6). Although the
addition of CAFs (1:6 CAF:cancer cell ratio) does not substantially alter the basal MDA-MB-
231 apoptosis rate, it completely impairs doxorubicin-dependent apoptosis (Figure 5). These
results indicate that ToC technology and STAMP quantifications will be very valuable to study
the mechanisms underlying stroma contribution to cancer progression and to drug

resistance.

Spatiotemporal analysis of cytotoxicity death reveals the release of pro-apoptotic
signals

In addition to the temporal kinetics, the STAMP method allows to extract the localization of
dying cells, to build cumulative spatial maps of time-integrated death events, and to
compute a potential of death induction (P,.4¢,) that quantifies the capability of dying cells
to promote the death of nearby cells (see Material and Methods for mathematical details
and Video 7 for a representative STAMP output video).

The Pyeqin (see Eq. (11)) combines in a unique parameter both spatial and temporal death
induction effects. On one hand, the spatial distribution of regions with death events (dense
or sparse) contributes to the final value of P, thanks to the dependency on the inverse
of the mutual distances. On the other hand, the average value of the cumulative map MC,
that takes into account the effect of the death wake in the temporal window T, contributes
to Pyeqen thanks to the direct dependence on MC calculated for all paired death regions. In
Supplementary Figure 1, we provide a simulated example for the P,..:n calculation, to
qualitatively explain how this parameter integrates both spatial and temporal properties.
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We computed P;..:n for the videos of both breast MDA-MB-231 and lung IGR-Pub cells
(Figure 6, Supplementary Figure 2). In basal conditions, without drug or T cells, Pyeq¢n is low
for both cell types (< 0.1-0.2 x1073) and globally stable over the experimental time (2-3 days),
meaning that naturally dying cancer cells do not have an impact on viability of nearby cells.
When cytotoxic death of MDA-MB-231 cells is induced with doxorubicin, Py..:n gradually
increases up to 3-4 folds during the first 2 days, and remains high during the 3™ day,
meaning that doxorubicin-dependent cytotoxic death actually promotes the death of nearby
cells. Similarly, when death of IGR-Pub cells was induced by autologous CTL, P;.4:n is higher
than the control without T cells from the start of co-cultures, and further increases during
the 2-day experimental time, suggesting that T-cell-dependent cytotoxic death promotes
the death of nearby cells as well.

Pjeatn increase does not simply result from the increase of death numbers over time, but it
depends also on the death positions, as shown by the simulations reported in
Supplementary Figure 3. Indeed, an artificial video, with the same rate of death events as a
real video (in this case, MDA-MB-231 cells treated with 1 uM doxorubicin), but with a
spatially random distribution which maintains approximatively the relative death object
distances as the real video, displays a computed P, increase much lower than the one
measured for the real video. Moreover, when artificial videos with the same rate of death
events but different spatial distribution (random versus clustered) are compared, the
computed Pg.q¢1, is much higher for the clustered deaths than for the random deaths, but in
both cases it does not increase over time.

Therefore, the real P, kinetics depend on both temporal and spatial features, and suggest
the possibility that, contrary to naturally dying cancer cells, the cells that enter into apoptosis
triggered by chemotherapy or T cells, send pro-apoptotic signals to neighbor cells, initiating

a chain of death that amplifies the initial cytotoxic effect.

DISCUSSION

The STAMP method

We report here a new method, STAMP, which extracts the temporal kinetics and the spatial
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maps of cancer death events within ToC co-cultures. The robustness and versatility of the
method is demonstrated by its successful application to different cell models (breast and
lung cancers), co-culture combinations (cancer cell alone, or together with T cells or CAFs),
and experimental time-lapse acquisitions (frequency and duration). The STAMP image
analysis method might be useful for many other cellular contexts and biological questions,
beyond the ToC technology. This adaptability to multiple experimental conditions is possible

thanks to the integration within the STAMP software of three modular parameters.

First, the 7.ac mentioned in step 6-iii and used in Eq. (4) (see Material & Methods). 7iacis the
temporal window used to measure the average number of apoptotic events Ny, (t, T,4¢) and
the average number of living cells Naw(t, 7iac), allowing to compute the percentage of
apoptosis events. 7iac should be set depending on the time frame image acquisition
frequency and on the desired time resolution of the investigated phenomenon. For example,
the acquisition frequency being every 1 h in this study, the choice of 7iac value is bounded
below. However, 7iac values larger than acquisition frequencies were more appropriate to
avoid spurious fluctuations due to uncontrollable changes affecting the measurements (e.g.,
abrupt change in illumination). Conversely, 7iaG is also bounded above by the necessity to
avoid flattening dynamic phenomena. We set 7iag to 10 h for Figures 2 and 3 whose purpose
was the compare global accuracies, and to 4 h for Figure 4 whose purpose was to compare

kinetics.

Second, the parameter 7, included in the morphological operator W€ (Eq. (7)). The dimension

of rimpacts on the death wake construction. In particular, starting from a circular object of

radius r;. the effect of the application of the operator in Eq. (7) is to restrict the object radius

of a quantity equal to . Hence, by indicating with #% the time at which the cell #c dies and

with t a generic time frame such that ¢ > #, the radius vanishes according to the formula
Tee(£) = max(0, 1 (t) — 7 (£ — o))

By setting ras one third of r;. the equation can be re-written as
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ree(t) = max(0,ig(t) = 37ee(t) (¢~ to) =

= max (0, T (to) (1 — é (t— t0)>> = max(0, r(to)(1 — %At)

where it can be noted that for at least three hours (At=3) the wake exists.

Third, the parameter T, in computation of MC (Eq. (9)) and of Pg.qen (Eq. (11)). T is the time
window over which the aggregation of deaths and their wake were computed by means of
the definition of the cumulative map MC (Eq. (9)). Then, for each t € {1,..T — T}, the
potential of death induction Py, (t, T) simultaneously measured the spatial and temporal
death induction effects at time t. The value of T has a key role in the quantification of death
induction: a too small T value results in the under-detection of genuine death induction
effects, while a too large T value causes a miss-leading flattening effect.

In this study, we set T =16 h for both breast and lung cancer cells, based on the
mathematical investigation of an /nduction interval that was associated to each cell and
computed as follows. Let us consider a tumor cell tc centered in (x:.(t), y:(t)) with radius
1:c(t) at the time of its death, t = T2%" We assume that from its beginning at t = TZe%",
the apoptosis of the cell tc induces some deaths and these deaths cause others and so on,
by creating a chain of death started from the cell tc. We constructed this chain by involving
deaths that occurred in a circular zone of radius equals to 10-r7.(t), centered in
(x:c (1), yec (1)), at a temporal distance from each other equals to T, 4. The total duration of
the chain of death defines the /induction interval related to the cell tc. The distributions of
the duration of the induction intervals of cells from 16 videos from 2 experiments
(Supplementary Figure 4), show that vast majority of induction intervals is below 16 h,

meaning that T = 16 permits to capture the vast majority of chain of death events.

The biological implications
Among the various types of cell death [24], this work specifically investigates the
programmed apoptosis which involves the activation of the cascade of caspase enzymes.

Both cytotoxic stimuli we used are known to promote apoptosis of cancer cells. Doxorubicin,
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which acts by causing irremediable DNA damages in dividing cells, has been shown to
induce apoptosis on breast cancer cell lines in vitro [25], as well in breast cancer patients /n
vivo [26]. The CTL clone (P62) used is this work kills autologous cells (IGR-Pub) at least in
part via Apo2L/TRAIL-dependent pathway [15].

By using novel mathematical (potential of death) and computational (STAMP software)
strategies, we achieved an original spatiotemporal analysis of apoptotic cancer death in the
3D confined environments of ToC cultures. Surprisingly, contrary to natural death, both
doxorubicin-dependent and T-cell-dependent cytotoxicity toward target cells promoted the
death of nearby cancer cells, indicating that dying cancer cells might release soluble pro-
apoptotic signaling factors and trigger a chain of death that amplifies the initial cytotoxic
stimulus.

Apoptotic cells do not passively empty their cellular content but they actively release various
signals, named as damage-associated molecular-pattern (DAMP) molecules [27]. First, they
release 'find-me’ and ‘eat-me’ signals (such ATP and UTP nucleotides, the CX3CL1
chemokine, and the bioactive lipid metabolites lysophosphatidylcholine (LysoPC) and
sphingosine-1-phosphate (S1P)), which enhance the attraction of phagocytes to dying cells
and their consequent phagocytic clearance (a process called efferocytosis) [28]. Second, they
send metabolite ‘good-bye’ signals with biological functions (such as AMP, GMP, creatine,
spermidine, glycerol-3-phosphate (G3P), ATP), which act as tissue messengers altering gene
expression of healthy nearby cells, for example suppressing inflammation [29]. Third, in the
case of apoptotic cancer cells, they secrete cytokines/chemokines (such asIL-8, CCL2, CXCL1,
CXCL2, CXCL5) that act as ‘immunomodulatory’ signals, promoting for example the
polarization of monocytes to M2-like cells with consequent establishment of a tumor-
supportive immune microenvironment [30]. Fourth, our findings indicate that apoptotic
cancer cells release unknown ‘pro-apoptotic’ signals that directly induce death of
neighboring cells, without intervention of phagocytic macrophages, absent in our co-culture
models. Identification of these compounds warrants more work. We estimated that the
diffusion times of potential signaling molecules of various sizes (e.g, 100-500 Da for

nucleotides, lipid metabolites, organic compounds or 10-20 kDa for cytokines), between cells
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with a distance in the 20-100 micron range, within the collagen gel (2.3 mg/mL), are very
low, less than 10 minutes. Therefore, these diffusion times are fully compatible with the
hypothesis of release of pro-apoptotic compounds from dying cells, triggering chains of
deaths that last for 2-14 hours (Supplementary Figure 4). Importantly, the biology of
development teaches us that many secreted factors control apoptotic death events, spatially
and temporally, to build multicellular organisms [31]. Pro-apoptotic compound candidates
might be searched among these already known killers. However, at this stage we cannot
exclude the implication of other processes in shaping the cytotoxic spatiotemporal
behaviors. For example, the 20 h latency in the response to doxorubicin (Figure 2C, right)
might be caused by the necessity for cancer cells to enter DNA replication phase or by the
time-dependent intracellular accumulation of this drug [32]. In lung cancer-T cell co-cultures,
the late burst of death after 30 h of co-culture (Figure 3C, right) might be due at least in part
to a further activation of T cells upon co-culture with the target cells.

The phenomenon of 'death transmissibility' or ‘death contagiousness’ we unveiled in our ex
vivo experimental setting might be linked to the well-known bystander effects observed in
clinics [33]. Radiation-induced or chemotherapy-induced or immunotherapy-induced
bystander effects refer to the induction of biological effects in cells that are not directly
treated by radiation or chemotherapy or immunotherapy, but are in close proximity to cells
that are. In our specific cases, all cancer cells are treated with doxorubicin or co-cultured with
CTL, but the cells for which the treatments are effective have an indirect, unexpected, effect
on the nearby cells.

In conclusion, this interdisciplinary work, by combining cancer biology, microfluidic
engineering, mathematical modeling and computational analysis, created an innovative and
needed image analysis method (STAMP), confirmed the power of ToC technology and shed
a new light on the complexity of tumor ecosystem, emphasizing the intricacy of its non-

autonomous cell behaviors.

MATERIALS AND METHODS
Cell cultures
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The MDA-MB-231 cell line, from triple negative breast cancer, was cultured in high-glucose
DMEM (GE Healthcare, #SH30081.01) supplemented with 10% fetal bovine serum (Biosera),
1% Penicillin/Streptomycin  (Gibco), 1% glutamine (Gibco). The IGR-Pub lung
adenocarcinoma cells and the autologous T cells P62 were generated from the same patient
in one of our laboratories at Institut Gustave Roussy [15]. The IGR-Pub cells were cultured in
DMEM F12 (GIBCO) supplemented with 10% fetal bovine serum (Biosera), 1% of Ultroser G
(Pall), 1% of Sodium Pyruvate (Gibco) and 1% Penicillin/Streptomycin (GIBCO). P62 T cells
were cultured in RPMI-1640 (GE Healthcare) supplemented with 10% human AB serum
(Institut Jacques Boy, Reims, France), rIL-2 (20 U/ml, Gibco), 1% of Sodium Pyruvate (Gibco)
and 0,1% Penicillin/Streptomycin (Gibco). Primary cancer-associated fibroblasts (CAFs) were
isolated and cultured as previously reported [8,23]. All cell lines were periodically tested to
exclude mycoplasma contamination using a gPCR-based method (VenorGem Classic,
BioValley, #11-1250). The MDA-MB-231 cell line was authenticated by SRT profiling
(GenePrint 10 system, Promega, #B9510). Doxorubicin was purchased from Teva

pharmaceuticals (200 mg/100 ml).

Tumor-on-chip preparation

The microfluidic devices were purchased from AIM-Biotech (#DAX-1). Cells were seeded in
the central chamber of the DAX-1 chips embedded in a matrix composed of type I rat tail
collagen (Thermofisher, #A1048301) at the final concentration of 2.3 mg/ml. Cancer cells
were seeded in the gel at a final density of 2x10° cells/ml. Autologous T cells were added at
final densities of 0.2x10° to 2x10° cells/ml in order to obtain different ratios (from 10:1 to
1:1) between cancer and T cells. Primary CAFs were added at CAF:.cancer 1:6 ratio. The
microfluidic devices were incubated for 30 min at 37°C in a humidified chamber to allow the
polymerization of the collagen solution; afterwards, 120 ul of culture medium were added in
each lateral chamber. MDA-MB-231 cells in chip were cultured in the same medium used for
dish 2D culture, whereas the IGR-Pub/P62 co-cultures were in T-cell medium, supplemented
with rIL-2 (10 U/ml, GIBCO, #PHC0027). After the addition of the medium, the microfluidic

devices were kept for 1 h in the incubator before transfer to the incubating chamber of the
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microscope for imaging.

Cell staining

Cancer cells were labeled with CellTrace Yellow before seeding in the gel (Thermofisher,
#C34567), for the detection in the so-called “red channel” of fluorescence: cells were
trypsinized, and then resuspended at 1x10° cells/ml density in PBS with 5 uM
CellTraceYellow; after incubation in cell medium for 5 min at 37°C, cells were centrifuged at
300g for 5 min, resuspended in PBS and added to the rat-tail collagen solution.

CellEvent Caspase-3/7 Green Detection Reagent (Thermofisher, #C10423) was added to the
medium in the lateral chamber of the chip in order to visualize in the “green channel” the

cells undergoing apoptosis.

Live cell imaging

Time-lapse images were acquired with an inverted Leica DMi8 equipped with a Retiga R6
camera and Lumencor SOLA SE 365 light engine, using a 5X objective. The video-microscope
was equipped with a motorized stage for multi-positioning acquisition, a CO, and
temperature-controlled (37°C) incubator chamber. Since in the AIM-Biotech devices the gas-
permeability is provided by the underside sealing layer, before inserting them on the
microscope stage, we placed them on a standard microscope glass slides and we lifted them
using magnet holders (1 mm thick), in order to create an air circulating space underneath
the devices, for CO2 and temperature control. The presence of a saturating humidity in the
microscope chamber was crucial for optimal cell viability, therefore distilled water was added
in the plastic wells of the DAX-1 chips and humidified small sponges were added in the chip
surroundings. The acquisition of images in transmission and fluorescent channels was

performed every hour for a total duration of 48 h to 72 h.

The STAMP method
A STAMP software was developed under MATLAB environment. The STAMP method was
applied on each video V, with spatial dimensions D, (number of row) and D, (number of
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columns) and with a total duration of T frames (from 48 to 72 depending on experiments,
with a frame rate of 1 h).

Let us consider (x,y,t) € {1,..,D;} X {1,..D,} X {1,..T} the tuple indicating the position of
the coordinates (x,y) occupied by an arbitrary pixel on the video frame of V acquired at
time t, where t = 1,...,T.Then, V(x,y,t) indicates the video sequence with the specific
coordinates (x, y) at time t. We can refer to the video under examination indistinctly with V

orV(x,y,t) tovaryof (x,y,t) € {1,..,D;} x{1,..D,} x {1,..T}.

1. Cell localization and tracking. Tumor cells (stained in red) were located and tracked in
the red channel video of ¥V by adapting Cell-Hunter software to the frame rate of 1 h
[7,34,35]. Localization was performed by preliminary binarizing the red channel video of V
by Otsu approach [36]. Then, Cell-Hunter was applied. Shortly, in each binarized video frame,
the software implements the Circular Hough Transform (CHT) [37] which automatically
locates tumor cells, assumed as circular-shaped objects of radius imposed, providing an
accurate estimate of individual cell radii. Then cell trajectories/tracks were constructed by
linking positions between consecutive frames according to an optimized procedure based

on the concept of cell proximity and optimal assignment problem [38].

2. ROI extraction around each tumor cell. After tracking all the tumor cells along the video
V, we isolated a square region of interest (ROI) 31 pixels x 31 pixels (about 20pm), centered
around each tumor cell position along each track. In this way, we constructed a square
section tube around each track. This procedure allowed us to confine the next analysis in the
neighborhood of the tumor cells and to limit confounding factors in apoptosis analysis due

to surrounding cells.

3. Background and foreground identification. Each ROl visualizes the cell (the foreground)
and the background culture environment. To separate them, we segmented the tumor cells
in the ROI by CHT approach and determined a neighborhood circular region around the cell

by a given radius, here set to double the average radius of tumor cells.
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4. Time-dependent green emission signal extraction. In order to extract the green
emission signals of tumor cells (/e. tumor apoptosis events), we transposed from the red to
the green channel video the tracked positions of tumor cells (/e. the centers of the cell
regions automatically detected by Cell-Hunter software).

Let us denote as (x..(t), y:c(t)) € {1,.., D1} X {1,..D,} the pixel representing the position of

the arbitrary tumor cell tc at time-frame t in the red and then green channel of video V, with

t € F c{1,.., T}, where F = {t§tet, ..t} is the set of time-frames for which the cell track

constructed by Cell-Hunter exists. We can define:

— Igreen(x,y,t), the intensity value of the green emission signal referred to the pixel in
position (x,y) on the video frame acquired at time t in the green channel, /e, the green
channel video sequence of V(x,y,t), with (x,y,t) € {1,..,D;} x{1,..D,} x {1, ..., T},

—  R(xtc (1), y:c (1)), the squared ROI centered on the position (x:.(t), y:-(t)) of the tumor
cell tc attimet, t € F,

— Rp(xec(t), ¥ec(t)) and Rp(xc(t), yic(t)), the circular background and the circular fore-
ground regions within the ROI R, respectively, both centered on the position of the same
tumor cell tc at the same time t, t € F.

Moreover, if R(x..(t), y.(t)) is a generic ROI centered on (x;.(t),v¢(t)), i€, R =RV Rz V

Ry fort € F, and (x, ) is a pixel on the video frame acquired at time t in the green channel

belonging to the ROI R(x..(t), yec(t)), we can write (x,y)e R(x¢c(t), Vec(£)).

Then, in order to capture the information content of the green emission in the tumor cell tc

atatimet € F, we proceed as follows

4-i Compute the average green emission signal in the foreground region

Re(xec (), yec(t)), expressed by

1

Area(Rr(x.-(t), t
(Rr Cete (8, e ()] (¥)€ RE(re(t)Yec(t)

URE(t) =

Iereen (%, Y, £). (D
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4-ii Compute the average green emission signal in the local background Rg(x:.(t), y:c(t)),

that is

1

Iereen (X%, 9, 1). (2)
Area(Rg(x;:. (1), t
(Rs Cxee (8, ye () (x¥)e Rp(xee(6).c (1))

URB(t) =

4-iii Perform background subtraction and normalization correction in order to avoid

misleading surrounding green emission, thus obtaining u..(t) as follows

Rf Rp RE,»y  Rp,:

tee O—p () : <'u'tc G (t))
t) = “—F———min|—=——F5-—"7——|. 3
fec(t) HfCB(t) it quB(f) 3)

By computing u.(t) for each t € F, the time-depending signal y,. referred to the track of
the tumor cell tc is produced. The higher the signal is the higher is the green emission of

the cell region and the probability to have an apoptosis event.

5. Detection of the beginning of the apoptosis events. Let assume N, the total number
of detected tumor cells along the entire duration of the video V. From the previous step, N
time-dependent signals u;. were computed, one for each of tumor cells denoted as tc. We
estimated a threshold value th as the optimal inter-variance separation value of all the N
signals . (Otsu approach) [36]. For each tumor cell tc, we considered that the death by
apoptosis occurs if u,. > th and that apoptosis begins at the time-frame at which the u,

exceeds the value th for the first time, T4¢4th = mtin{t € F| up(t) > th}.

6. Counting the apoptotic events. In order to count the apoptotic events, we have to move
from a tumor cell-centric view, used in depicting Steps 2-5, to a time-centric view. So, for

each t € {1, ..., T}, we followed the approach below:

6-i Compute the number of apoptosis at time-frame t, Ny, (t, 146 ), Which sum up the

number of apoptosis events found in the range [t — T, 4¢,t] as the cumulative number of
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tracks of tumor cells tc whose signal ;. satisfies the condition u,.(t) > th, for all t € [t —

TLac t] -

6-ii Compute the number of tracks of living cells at time-frame t, Nyqci (t), as the number
of tracks at time t that did not yet go into apoptosis, i.e. the number of tracks whose p;. at

time t satisfies the condition p;.(t) < th.

6-iii Compute the average number of tracks found in a temporal lag of Ty,
frames, Ny, (t, Tpac), as the average of Npqc (t) in the range [t — Ty 46, t]. The value of T 46
was defined in the order of a few hours (2-10 h) according to the desired temporal resolution

and heuristic investigation (see Discussion).

6-iv Compute the percentage of apoptotic events in Ty 4, frames, 0(¢t, T 4¢), as

Nap (t: TLAG)

o(t, T =
( LAG) Navg(t; TLAG)

-100% (4)

6-v Compute the average of surviving cells in each time point Ny, 4, (t, t14), between 3 time

points centered on t, as the average of Ny, 4, (t) in therange ty, = [t_; — t;4].

6-vi Compute the percentage of surviving cells, 05(t, t1) (also referred as “overall

survival”), as

Navgz(t: til)
Navgz(tf by — t3)

Where t1 and t3 are the first and third time points.

0S(t, tyy) = -100% (5)

7. Construction of spatiotemporal maps of apoptotic events. By using the information
of death of the single tumor cell tc (namely, position, (x:.(t), y:.(t)) for each t € F and
timing of the apoptotic event, T2¢*"), we constructed a spatiotemporal map of death by the

following procedure:
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7-i An artificial video with the same spatial and temporal dimensions of video V, (D4, D,, T,
respectively), was generated such that, for each tumor cell tc, at frame t = T2¢%", the cell
region, assumed as a circle and centered in the position (x..(T2e%"), y,.(T2e%"Y), was
labelled with a white pixels, ie, with pixel intensity values equal to 1. It allowed to artificially

reproduce the cell region of each tumor cell tc at its time of death, TZe%",

Let us indicate with MD(x,y,t) the artificial video sequence, with (x,y,t) € {1,..,D;} X
{1,..D,} x{1,..T}.

7-ii By assuming a spatiotemporal signaling of death produced by cells going into apoptosis,
we constructed a new artificial video, M(x,y,t), according to an iterative approach,

expressed by:

M(x,y,t) =PE(M(x,y,t — 1)) + MD(x,y,0), (6)

with (x,y,t) € {1,..,D;} x {1,..D,} x{2,..T}, and M(x,y,1) = MD(x,y,1).
The operator WZ denotes the gray-scale morphological erosion operator [35], with structure

element B, defined as:

YE((M(x,y,t)) 2 min (M(x+x",y+y',t)} (7)
(x!',y")eB

It is the extended binary erosion operator defined on gray-scale intensity matrices. The
global effect of the W operator is to reduce the area occupied by each white objects in the
processed frame thus implementing a vanishing signaling that we called a death wake (see
death signaling modeling step in Figure 1).

To apply the operator WE, in the present work, we used a circular structure element with

radius 7, i.e, B, defined as:

B, 2 {(x,y)| x* + y? <1} (8)
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where the parameter ris defined as one third of the estimated average cell radius in the
experiment. The choice of r depends on the need to simulate a wake with a reasonable
duration with respect to the timing of the experiments (see Discussion).

The constructed artificial video M (x, y, t) takes into account the death wakes of cells enabling

to cumulate the death signaling in a given region.

7-iii We combined in a unique index both spatial and temporal death influence. First, given

a temporal windowing of size T, we designed the cumulative map MC defined as:

t+T

MC(x,y,t,T) = Z (M(x,y,t))?, 9)

t'=t

with (x,y,t) € {1,..,D;} x {1,..D,} X {1,..T — T}. The cumulative map allows to aggregate
the death events and their wakes over a given temporal interval equal to T, whose value
needs to be optimized (see Discussion). Then, to account for spatial influence (ie, to
discriminate randomly versus deterministically spatially distributed deaths) we defined a
potential of death induction (Supplementary Figure 1).

Let us consider the temporal map (x,y,t,T) . Since cell death is a sparse phenomenon, most
part of the map MC is null. Hence, we can define a generic object s(t) at frame t as a region
of the map MC at time t that is not connected with other non-null region, and indicate with

S(t) the set of not connected objects,
S@®) 2 {s;(®)]s;(t) ns;(t) = i #j}. (10)

Connection is defined under the 8-connectivity criterion [35]. Under these assumptions, for

eacht € {1,..T — T}, we defined the potential of death induction as follow:
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ISOIS®Ol mean MC(x,y,t,T)+ mean MC(x, vt T
(67, 6T)+  mean MC(x.y,t.T)

=\ 4 1 (x,y)€si(t) P
Pdeath(t' T) = le(t)l Z Z a(si(t),Sj(t)) , LF] (11)

i=1 j=i+1

where |S(t)| denotes the number of elements in Sand d(s;(t), s;(t)) denotes any distance
operator between objects s;(t) and s;(t), normalized by the maximum dimension of the

video frame. In this work, we chose the Euclidean distance between the geometrical center

of the two objects, /e, the average coordinates of their boundary.

Statistical analysis
Statistical analysis and graphs were made with GraphPad Prism software (v7). Statistical
threshold for significance was set for p-values inferior to 0.05 after applying Mann-Whitney-

Wilcoxon nonparametric test.
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Figure 1. Description of the STAMP method.

From multi-channel videos of ToC co-cultures, the cancer cells (pre-stained in red) are
localized and tracked in the red channel. The dying cancer cells (becoming green because of
the caspase reporter) are identified in the green channel, after signal normalization and
thresholding. The method monitors cancer cell deaths both in time and in space. The death
signal is modeled to vanish during T time frames. Then, the spatiotemporal features of all
death signals are integrated in a unique map, from which a parameter, named potential of

death induction (Pgeq:n), is computed over time (see Materials & Methods for details).
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Figure 2. Chemotherapy-mediated cytotoxicity in breast-cancer-on-chip cultures.
A. Experimental design: breast cancer MDA-MB-231 cells are embedded in a collagen matrix
in the central chamber of the chip; cells are live-imaged in transmission channel and
fluorescence channels (red and green) every hour for 72 h, without or with doxorubicin (1
KUM). B. Representative images of MDA-MB-231 cells after 1 h, 24 h and 48 h of culture on-

chip, without drug (uppers panels) or with doxorubicin (lowers panels). Red arrows indicate
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living cells, whereas green arrows point at apoptotic cells. Scale bar, 100 um. C. Time-course
quantifications of the apoptosis rate, calculated in 10 h-time-intervals, showing the
comparison between manual counts (red squares) and automatic counts (black rounds, 7iac
= 10 h), without (left) or with (right) doxorubicin. Mann-Whitney-Wilcoxon statistical test

was used; ns, not significant.
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Figure 3. T-cell mediated cytotoxicity in lung-cancer-on-chip cultures.

A. Experimental design: the lung cancer IGR-Pub cells are embedded in a collagen matrix in
the central chamber of the chip, alone or together with autologous CTL (P62 clone) at 1:1
effector to target cell (E:T) ratio; cells are live-imaged in transmission channel and
fluorescence channels (red and green) every hour for 48 h. B. Representative images of IGR-
Pub cells after 1 h, 24 h and 48 h of culture on-chip, alone (uppers panels) or with autologous
T cells (lowers panels). Red arrows indicate living cells, whereas green arrows point at
apoptotic cells. Scale bar, 100 um. C. Time-course quantifications of the apoptosis rate,
calculated in 10 h-time-intervals, showing the comparison between manual counts (red
squares) and automatic counts (black rounds, 7iac = 10 h), without (left) or with (right) T cells.

Mann-Whitney-Wilcoxon statistical test was used; ns, not significant.
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Figure 4. Real-time dependency of T-cell mediated cytotoxicity on T cell density.

IGR-Pub lung cancer cells were co-cultured on-chip with autologous T cells at indicated E:T
ratios. A. Time-course quantifications of the apoptosis rate, calculated in 4 h-time-intervals
(7iag = 4 h), for a total duration of 48 h. B. Survival curves of cancer cells within the ToC at
1-hr time resolution. For each t; the % of surviving cells, calculated with respect to the initial
number of living cells, is the average of 3 hours, centered on t;, to smoothen the fluctuations.
The graphs show the mean of 3 measurements coming from 3 videos of the same

experiment (+/- SEM).
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Figure 5. Cancer-associated fibroblasts promote chemo-resistance in breast-cancer-
on-chip. MDA-MB-231 cancer cells were co-cultured on-chip +/- cancer-associated
fibroblasts (CAFs) and +/- doxorubicin (1uM) treatment. Final CAF:cancer ratio was 1:6. The
graph shows the time-course quantifications of the apoptosis rate, calculated in 4 h-time-
intervals (7.ac = 4 h), for a total duration of 68 h. The data are the means of 3 measurements
coming from 3 videos of the same experiment (+/- SEM). The data illustrating the MDA-MB-
231 without CAF conditions come from the same videos analyzed for Figure 2 but with

different time-interval resolution.
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Figure 6. The Potential of death induction (P,...) of cancer cells increases over time
upon cytotoxic death, but not upon natural death.

A. Representative P, analysis on one video of breast cancer MDA-MB-231 cells cultured
within ToC without (left, natural death) or with 1 yM doxorubicin (right, cytotoxic death).
More video analyses are shown in Supplementary Figure 2. B. Representative P;,,:, analysis
on one video of NSCLC IGR-Pub cells cultured within ToC alone (left, natural death) or

together with autologous CTL (P62 clone) (right, cytotoxic death). More video analyses are

shown in Supplementary Figure 2.
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Supplementary Figure 1. Simulated example for the calculation of the Potential of

death induction (P .4:1)-

Three simulated deaths occur at 2 h, 9 h, and 11 h (first video sequence). The death signals
are modeled by the construction of a signal wake (second video sequence), the duration of
which depends on the dimension of the original death region (first video sequence). Then, a
cumulative map MC(x, vt T) is constructed by combining both spatial and temporal death
influence (third video sequence) using T = 6. Finally, Py.q: is computed over time for the
entire image area (bottom graph). Until t = 8 h, there is only one death, so there is no
induction phenomenon. An additional death occurs at t = 9 h thus producing an induction
phenomenon and an increase in potential. A third death occurs att = 11 h thus producing
a further increase in the potential value. Potential is also influenced by the absolute value of
the map MC and by the distances of the different zones of death. From t = 12 h there is no
more memory of the first death, hence only the last two death zones remain whose distance
is larger than that of the two death zones involved int = 9 h.and 11 h, thus causing a decrease

in potential.
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Supplementary Figure 2. Addition P,.,;, analyses supporting Figure 6
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Supplementary Figure 3. Simulations showing the dependency of the Potential of

death induction (P;.,.;) on temporal and spatial features.
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A. Experimental data showing the spatial localization of death events at different time points
(above), and the corresponding Py.q:n Mmeasurements (below) on a video of MDA-MB-231
cells treated with 1 uM doxorubicin (the same reported in Figure 6A).

B. Simulation of a video with the same death events as in A, but with a spatially random
distribution, maintaining approximatively the relative object distances. Note that the
corresponding Py.q:n Measurements are increasing much less than in A, indicating that the
Pjeatn increase does not simply result from the increase of death numbers over time, but it
depends also on death positions.

C. Simulation of a video with a constant number of death events with a spatially random
distribution. Note that the corresponding P;..:», measurements are constant over time.

D. Simulation of a video with a constant number of death events with a clustered

distribution. Note that the corresponding P;.,:, measurements are constant over time, but

higher than in C.
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Supplementary Figure 4. Rationale for the calculation of the optimal T.

T is the time window over which the aggregation of deaths and their wake were computed
by means of the definition of the cumulative map MC (Eq. (9)). The induction intervals,
defined as the duration of the chain of death, were computed for each cell, from 16 videos
from 2 experiments, one experiment with the lung cancer cell line IGR-Pub (A) and one
experiment with the breast cancer cell line MDA-MB-231 (B). The distributions of induction
show that vast majority of induction intervals is below 16 h, meaning that T = 16 h is an

optimal choice.
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Supplementary Videos
Video 1. Breast cancer MDA-MB-231 cells alone.

http://xfer.curie.fr/get/Qrl0OJaBA5z3/Video%201.%20Breast%20cancer%20MDA-MB-

231%20cells%20alone.avi

Video 2. Breast cancer MDA-MB-231 cells with doxorubicin.
http://xfer.curie.fr/get/ZolmZMVagkaD/Video%202.%20Breast%20cancer%20MDA-MB-

231%20cells%20with%20doxorubicin.avi

Video 3. Lung cancer IGR-Pub cells alone.

http://xfer.curie.fr/get/QFLNUPscZOT/Vide0%203.%20Lung%20cancer%20IGR-

Pub%20cells%20alone.avi

Video 4. Lung cancer IGR-Pub cells with autologous T cells (ratio 1:1).

http://xfer.curie.fr/get/aXvtBGONOWz/Video%204.%20Lung%20cancer%20IGR-

Pub%20cells%20with%20autologous%20T%20cells%20%28ratio%201%20to1%29.avi

Video 5. Breast cancer MDA-MB-231 cells with CAF.
http://xfer.curie.fr/get/sOFfNi3mUPT/Video%205.%20Breast%20cancer%20MDA-MB-

231%20cells%20with%20CAFs.avi

Video 6. Breast cancer MDA-MB-231 cells with CAF with doxorubicin.
http://xfer.curie.fr/get/xOrBEAy40uB/Vide0%206.%20Breast%20cancer%20MDA-MB-

231%20cells%20with%20CAFs%20with%20doxorubicin.avi

Video 7. Representative STAMP output video.
http://xfer.curie.fr/get/quuGaX30BP0/Video%207.%20Representative%20MAPoptosis%200

utput%20video.avi
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4.3 Characterization of the lung cancer cell model

In this project, we exploited an autologous cellular model of lung cancer and tumour-infil-
trated lymphocytes (TILs). Thanks to the collaboration with Fathia Mami-Chouaib in Institut
Gustave Roussy, we were able to exploit two cancer cell lines, isolated from patient Heu,
presenting large cell carcinoma and patient Pub, who had lung adenocarcinoma. For each
patient, about 20 years ago, the lab of Fathia Mami-Chouaib isolated, amplified and froze
the immortalized cancer cells and the autologousTILs. For the experiments of this thesis, with
the help of our collaborators, we further amplified the TILs by the “Feeder” co-culture [205].
The procedure consists in culturing the T cells in presence of irradiated autologous cancer
cells and irradiated Laz509 (B lymphoma cell line) for 14 days. The irradiation prevents the
proliferation of cancer cells, ensuring their killing by T cells and the maintenance of the ex-
posure of epitopes at cell surface. After this time, the CTLs specific for the autologous cells
are amplified and ready to be used for experiments. This way, we could access to either the
polyclonal population of TILs CD8*, which we will refer from now on as "bulk”; or specific
cytotoxic T cell clones, who are reactive against a specific cancer cell epitope. Our collabo-
rators managed to isolate different pairs of cytotoxic T cell clones associated to IGR-Heu or

IGR-Pub.
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4.3.1 Characterization of IGR-Heu and IGR-Pub lung cancer cell lines

First, we performed some preliminary analysis to better characterize our lung cancer model.
We determined by flow cytometry the expression of PD-L1, MHC-I and MHC-II on the IGR-
Heu and IGR-Pub cancer cells as shown in Figure 8a and b, respectively. In both cell lines at

least 40% of the cells were positive for PD-L1. Both cell lines did not show downregulation

a) b)
IGR-Heu IGR-Pub
% positive % positive % positive % positive
cells cells cells cells
|
\ \
\ v |
MHC-1 \ e8.2% 99.5%
PD-L1 45.4%
MHC-II 85.3%
3 3 4 0 ID] 4 3 3 4 3 4

10 -0 0 w0 10 0 10 0
MF| ———— MF| — MFI —— MFl —

c) d)

cDNA change Coverage | Frequence (%) CcDNA change AA change Coverage | Frequence (%)

Figure 8 Cancer cell model characterization

a) Characterization by flow cytometry of the expression of PD-L1, MHC-I and MHC-II in IGR-
Heu LCC cells and b) IGR-Pub adenocarcinoma cells. ¢) Genomic profiling of IGR-Heu cancer
cells. d) Genomic profiling of IGR-Pub cancer cells.

of the MHC-I (almost 100% cells were MHC-I positive) and the majority (> 80%) were ex-
pressing MHC-II (HLA-DR).

Lung cancer is a genetically heterogeneous disease and the presence of certain molecular
alterations can influence the response to treatment. In order to know the precise genetic
background of the IGR-Heu and the IGR-Pub, we extracted the DNA from each cell line and
we performed a genetic profiling. Thanks to the help of the genomic platform of Institut
Curie, we were able to sequence the DNA extracted from each cell line and to check a panel

of 78 frequent mutations routinely tested in clinics.
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As illustrated in Figure 8c, IGR-Heu harbor single-nucleotide alterations in TP53 (coding for
the tumor suppressor protein p53), CTNNB1 (beta-catenin, a protein involved in coordina-
tion of cell-cell adhesion and gene transcription) and STK11 (Serine/threonine kinase 11)
genes. Moreover, the analysis of copy number variations indicated that in IGR-Heu cancer
cells, the CDKN2A gene (coding for the cyclin-dependent kinase inhibitor 2A, a tumor sup-
pressor) is homozygous deleted (data not shown). The same analysis was performed on the
IGR-Pub cancer cells in Figure 8d, where single-nucleotide alterations were detected in TP53,
KRAS (small GTPase K-Ras) and FGFR1 (Fibroblast growth factor receptor 1, a receptor ty-
rosine kinase) genes. In the IGR-Pub no homozygous deletions nor amplifications were iden-

tified.

In conclusion, the expression profile of MHC and PD-L1 molecules and the genomic altera-
tions of IGR-Heu LCC and IGR-Pub adenocarcinoma cells confirm that our lung cancer cel-
lular models have molecular properties which are highly consistent with those observed in
clinics. Studies report that a big proportion of lung cancer samples express MHC-I (60-70%
in NSCLC patients) [206], MHC-II (33% in NSCLC patients) [207], and PD-L1 (43% in NSCLC,

using a cutoff of >5% positive tumor cells) [208].

Moreover, mutations in TP53, KRAS, STK11, CDKN2A, and FGFR1 genes are in the list of the
most frequently mutated genes in lung cancers (Table1), and our cellular models well reca-

pitulate the typical genetic alterations of the corresponding histological types.
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4.3.2 Characterization of autologous cytotoxic TILs

Next, we characterized by flow cytometry the expression of several T cell markers on the TILs
coming from patient Heu and Pub. In Figure 9a are listed the activation markers, inhibitory
immune checkpoints and co-stimulatory immune checkpoints, with their respective ligands,
that we chose for the immune profiling. More in detail, we used CD69 and CD25 (IL-2Ra) as

early activation markers, since they are widely validated by the literature.

T cell marker description T cell marker Ligand(s)
a
) Activation marker | CD69 S1P, Galectin-1
Activation marker | CD25, IL2 receptor alpha IL-2 soluble
Inhibitory immune checkpoint | PD-1, Programmed cell death protein 1 (CD279) PD-L1, PD-L2
Inhibitory immune checkpoint | TIM-3, T-cell immunoglobulin and mucin-domain containing-3 Galectin 9, CEACAM1
Inhibitory immune checkpoint | TIGIT, T cell immunoreceptor with Ig and ITIM domains CD155 (PVR), CD112 (PVRL2)
Inhibitory immune checkpoint | LAG-3, Lymphocyte-activation gene 3 (CD223) MHC-II, FGL1
Inhibitory immune checkpoint | CTLA-4, Cytotoxic T-lymphocyte-associated protein 4 (CD152) CD80, CD86
Inhibitory immune checkpoint | CD244 (2B4) CD48
Co-stimulatory immune checkpoint | OX-40 (CD134, TNFRSF4) OX-40L
Co-stimulatory immune checkpoint | CD137 (4-1BB, TNFRSF9) CD137L
Co-stimulatory immune checkpoint | GITR (CD357) GITRL
b) Bulk T cells H5B ©) T cell clone P62
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Figure 9 T cells phenotyping of activation and exhaustion statuses

a) Descriptive table of the markers chosen for T cells phenotyping panel and their
associated ligands. b) Flow cytometry phenotyping of the bulk T cells H5B assessed by
the % of positivity for each marker; graphs show the mean +SEM from 4 independent
experiments. c) Flow cytometry phenotyping of the T cell clone P62 assessed by the % of
positivity for each marker; graphs show the mean +SEM from 4 independent experiments.

Concerning the immune checkpoints, we selected those that are currently targetable by im-
munotherapies used in clinics or by new antibodies undergoing clinical trials, with the final

aim to assess in ToC the efficacy of combined therapy strategies.
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Figure 9b shows the % of positive cells per each marker for the bulk of CD8* T cells H5B,
isolated from patient Heu. In Figure 9c is represented the % of positive cells per each marker

for the CD4* T cell clone P62, isolated from patient Pub.

Both T cells types express high levels of CD69. Previous publications including the T cell
clone P62 indicate that these cells are CD3* CD4* and CD103" [209], TCRaf*, CD28", CCR7,
CD45RA", CD45R0O" [210] suggesting that those are effector memory T cells.

Moreover, the expression of PD-1 is low in both H5B and P62 T cells, whereas TIM-3 and
TIGIT are highly expressed by both of them. We observed a differential expression of LAG-
3, which is high in H5B bulk T cells and low in the P62 T cell clone, and of OX-40 which is
inversely high in P62 and low in H5B. This phenotyping of the autologous TILs gave us the
baseline expression of different T cell markers, when the T cells are cultured in dish. H5B are
CD8* clones sorted from patient Heu's TILs. Interestingly, P62 are a T CD4" clone shown to
exert its cytotoxic activity through the interaction of TRAIL/APO2 ligand with TRAIL receptor

on cancer cells [210].

4.3.3 Characterization of primary lung fibroblasts

Finally, we characterized two primary heterologous human lung fibroblast models that are
commercially available: normal human lung fibroblasts (NHLF), purchased by Lonza, and
CAF07-AD, isolated from lung adenocarcinoma and purchased by Neuromics. It is well
known that “normal” fibroblasts modify their identity when they are cultured in 2D dish be-
cause of the rigidity of the plastic substrate and that they acquire some features of the acti-
vated cancer-associated fibroblasts [211], [212]. Keeping in mind this limitation, we analysed
these two fibroblast models for the expression of several fibroblast markers previously used

in the laboratory to characterize CAF identity and heterogeneity [44]-[47].

In Figure 10a the markers used for the characterization are listed along with their respective

genes.

We performed the flow cytometry characterization on the two primary human lung fibro-

blasts, “normal” NHLF and cancer-associated CAFO7-AD. We analyzed both the expression
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level of the markers (MFI, Mean Fluorescence intensity) (Figure 10b) and the % of positive

cells (Figure 10c) (see Materials and Methods)

The analysis reveals that both NHLF and CAF07-AD highly express CD29 and FAP, therefore
showing a myofibroblastic CAF-S1 profile (see Introduction The cancer-associated fibro-
blasts (CAFs)1.1.4.iii). Moreover, the two cell types express other markers used to identify
CAF-S1 subset, such as a-SMA, FSP1 and PDGFRp. Very likely, even though NHLF were iso-
lated from a healthy donor, the stiffness of the dish triggered fibroblast activation. In fact,
the fibroblasts show a markedly plasticity and the non-activated subsets S2 and S3 were only
observed in fresh tumor biopsies, never after spreading on dish from tumor pieces. In con-
clusion, the CAF07-AD cells can be used in ToC co-culture experiments as heterologous
model for lung CAF (specifically CAF-S1 subtype), however there is no a good control so far

for normal fibroblasts.
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a)

b)

NHLF
Isotype CTRL

CAF-07AD

CAF-07AD
Isotype CTRL

NHLF
Isotype CTRL

CAF-07AD

CAF-07AD

Isotype CTRL |

Gene
ITGB1

FAP
ACTA2
S100A4
PDGFRB
PDPN
MCAM
DPP4

CcD29

Results

CAF marker
CD29, integrin subunit beta 1

FAP, fibroblast activation protein alpha

a-SMA, alpha smooth muscle actin

FSP1, fibroblast-specific protein 1

PDGFR-B, platelet-derived growth factor receptor beta
PDPN, podoplanin

MCAM, melanoma cell adhesion molecule

DPP4, dipeptidyl peptidase

FAP a-SMA

Characterization of the lung cancer cell
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Figure 10 Fibroblast characterization

a) Table describing the markers used for fibroblast characterization. b) Expression of
fibroblast markers quantified by MFI (Mean Fluorescence intensity) in NHLF and CAFO7-AD
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cells. ¢) Quantification of the % of positivity for fibroblast markers in NHLF and CAFO7-AD

cells; n=1 experiment

4.4 T cells plasticity after co-cultures on-chip in presence of
immunotherapy

We asked the question whether the reconstituted TME on-chip may activate T cells and/or

modulate the expression of immune checkpoints in presence or absence of ICI, by analyzing

by flow cytometry the T cell markers (listed in Figure 9a) after the ToC co-cultures.

The experiment workflow, illustrated in Figure 11a, consists in culturing on-chip T cells with
or without the autologous cancer cells, in presence or absence of anti-PD-1 (Nivolumab, 10
pug/ml). The ToCs are kept in humidified chambers in the incubator for 3 days. After that
time, the cells are harvested from the gel by collagenase digestion, stained with the mix of
antibodies for T cell markers and analyzed at a ZE5 Biorad flow cytometer (see Materials and

Methods).

The 3.41 mm?® chamber of the microfluidic device contain approximatively 20 thousands T
cells; the recovery after collagenase digestion is about 5% of cells (after gating); few thou-
sands cells is the minimal number of cells for accurate flow cytometer measurements; con-
sequently, for each condition, the cells from 4 identical chips (equal to12 gel chambers) were

pooled before the flow cytometer analysis.

Figure 11b shows the gating strategy for a representative experiment of T cells plasticity
analysis. First, we select the population of interest containing T cells, then we gate on viable
cells (negative for NIR viable staining), we exclude doublets and lastly we gate on the
CD4*/CD8* T cells. In order to fit the panel for P62 (CD4*) and H5B (CD8™) cell types, we
used either an anti-CD4 or anti-CD8 antibody, which are coupled with the same fluoro-

chrome.

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



103 Results T cells plasticity after co-cultures on-chip

in presence of immunotherapy
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Figure 11 Experiment workflow and gating strategy to analyse T cell plasticity by flow
cytometry after ToC co-cultures

a) Experiment workflow: T cells are seeded in the microfluidic devices either alone or in co-
culture with the autologous cancer cells; after three days of 3D culture, gel is digested with
collagenase and the cells are harvested, stained with the panel of T cell markers and analysed
by flow cytometry. b) Gating strategy steps: selection of the population of interest, selection
of viable cells by the negativity of NIR staining, exclusion of doublets and selection of CD4+
or CD8+ cells. This way we are able to exclude the non-T cells from the analysis. SSC-A and
FSC-A refer to the area of the side scatter and forward scatter distribution.

4.4.1 Impact of 3D chip setting on T cell markers

First, we checked whether the 3D culture on-chip, compared to the 2D culture in dish, could
have an impact on T cells. To do so, we compared the T cell markers, in H5B bulk and in P62
T cells, when cultured alone in dish or alone in chip (therefore embedded in the collagen
gel).

Figure 12 shows the quantifications of the 11 makers analyzed by flow cytometry on H5B
(Figure 12a) and on P62 (Figure 12b) T cells, respectively. In both cases, the left graph rep-
resents the % of cells positive for the marker and the right graph shows the quantification

of the specific MFI (speMF], calculated as the ratio between the median of the antibody mean
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fluorescence intensity and its isotype control). The latter is an indicator proportional to the

expression of the given marker by each cell.

The analysis showed that the 3D culture in chip does not activate the T cells and poorly
modulates the expression of immune checkpoints. Notably, the only marker that significantly
increased upon culture on-chip for both cell types were PD-1 and OX-40 (limitedly to the
MFI), while LAG-3 increased exclusively for the T cell clone P62. We can conclude that the
3D culture has a negligible impact on the expression of T cell markers. Therefore, in the

following experiments we will consider the T cells alone in the gel as a control condition.
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a)
T cell bulk H5B CD8*

b)

T cell marker T cell clone P62 CD4*
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a) b)
T cell marker T cell bulk H5B CD8* T cell clone P62 CD4*
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Figure 12: The culture of T cells in chip poorly modulates the expression of T cell markers
compared to the culture in dish

a) Expression of T cell markers in bulk T cells H5B cultured in dish and cultured in chip;
representation of the % of positive cells on the left and of the specific MFI (ratio with the
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isotype control) on the right, graphs show the mean +SEM from 4 independent experiments.

b) Expression of T cell markers in T cell clone P62 cultured in dish and cultured in chip,
representation of the % of positive cells on the left and of the specific MFI (ratio with the
isotype control) on the right, graphs show the mean +SEM from 4 independent experiments.

For comprehensive presentation, all the measurements were reported. Only for those
measurements that were paired (i.e. dish and chip in the same experiment).

Paired t test was used for statistical analysis; *p<0.05, *p<0.01.

4.4.2 Impact of ToC co-culture and anti-PD-1 treatment on T cell markers
Next, we characterized the T cells status after ToC culture with the autologous cancer cells
and the impact of the presence of anti-PD-1 (Nivolumab, 10ug/ml) on the expression of

other immune checkpoints.

Figure 13 shows the quantification of the expression of the activation markers CD69 and
CD25 measured by flow cytometry; the left graph shows the % of positivity for the marker
while the right graph indicates the specific MFL The conditions in presence of anti-PD-1 are
in blue color. Figure 13a compares H5B T cells alone in the chip + anti-PD-1 with the H5B in
co-culture with IGR-Heu cancer cells + anti-PD-1. Similarly, Figure 13b compares the culture
of P62 T cells + anti-PD-1 with the IGR-Pub co-culture + anti-PD-1. For CD69, while the %
of positive cells is high in both T cells and cannot further increase, the speMFI increases
significantly in presence of autologous cancer cells, meaning that the co-culture activates
the T cells. For CD25 as well, we observed a clear increase tendency upon co-culture with
cancer cells, even though the statistical significance was reached only when we compare the
P62 alone with the cancer cells co-culture. Interestingly, the presence of anti-PD-1 does not

have any effect on T cells activation, independently of the presence of cancer cells.
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Figure 13 T cell activation is induced by ToC co-cultures with autologous cancer cells and it
is not affected by anti-PD-1 treatment

a) Expression of activation markers CD69 and CD25 in bulk T cells H5B cultured in chip +
IGR-Heu cancer cells and + anti-PD-1; representation of the % of positive cells on the left
and of the specific MFI on the right graphs show the mean +SEM from 4 independent
experiments.

b) Expression of activation markers CD69 and CD25 in T cell clone P62 cultured in chip +
IGR-Pub cancer cells and + anti-PD-1; representation of the % of positive cells on the left
and of the specific MFI on the right graphs show the mean +SEM from 4 independent

experiments.

Paired t-test was used for statistics; *0<0.05, **p<0.07

Afterwards, we evaluated if anti-PD-1 treatment has an impact on the expression of several
immune checkpoint inhibitors. Adaptive resistance to anti-PD-1 treatment could appear in
patients through the expression of alternative immune checkpoints, whose pathways are not
impacted from the PD-1 axis blockade. Therefore, the observation of an increased expression
of another targetable immune checkpoint could provide a rationale for combined immuno-

therapy treatments.

Figure 14 shows the quantifications of the expression of 6 inhibitory immune checkpoints
(PD-1, TIM-3, TIGIT, LAG-3, CTLA-4 and CD244). The left graph displays the % of positive

cells and the right one the speMFIL.
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Analyzing PD-1 expression, the measurements in presence of anti-PD-1 were heavily under-
estimated and clearly unreliable, because of steric competition between the antibody treat-
ment and the antibody used for flow cytometry staining. These measurements therefore are
not reported in the graphs. Overall, the expression of these 6 inhibitory immune checkpoints
was only mildly affected by either the presence of cancer cells or anti-PD-1 treatment. As
shown in Figure 14a, the presence of cancer cells induced an increase the % of TIM-3* T cells
in both treated with isotype control and treated with anti-PD-1. Similarly we observed an
increase of the speMFI of TIM-3 in H5B T cells co-cultured and treated with anti-PD-1 com-
pared to T cells alone in the chip. Strikingly, the speMFI of TIM-3 increased in co-cultured T
cells in presence of ICI compared to the co-culture condition with isotype control. The % of
positivity for TIGIT in H5B T cells, already pretty high (>80%), slightly increased with the
cancer cells co-culture both in presence of isotype control and anti-PD-1. Studying LAG-3
expression, we observed an increase of positivity induced by the co-culture in presence of
anti-PD-1 treatment. CTLA-4 as well increased the speMFI when T cells were co-cultured in
presence of anti-PD-1. CD244 was not significantly modulated on H5B T cells by the pres-

ence of cancer cells nor immunotherapy.

Regarding the profiling of P62 T, Figure 14b shows mild effects, not statistically significant,
induced by the co-culture and no impact by the anti-PD-1 treatment. The only the exception
is represented by CD244, for which in presence of anti-PD-1 the % of positive P62 T cells
decreases when co-cultured compared to T cells alone in the chip. In the other condition

and cell model CD244 was not modulated neither from cancer cells nor by treatment.

TIM-3 and TIGIT are both highly expressed by H5B and P62 T cells and their expression levels
remain high upon co-culture and treatment. The same observation stands for LAG-3 in H5B,
whereas in P62 a tendency of increase is observed only after ToC co-culture with cancer cells.
In all conditions CTLA-4 is expressed at very low levels, that we consider negligible. We could
detect an increase in the speMFI of H5B T cells induced by the addition of cancer cells only

in presence of anti-PD-1.
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Figure 14 : ToC co-cultures with cancer cells and treatment with anti-PD-1 have mild effects

on the expression of inhibitory immune checkpoints on T cells

a) Expression of inhibitory immune checkpoints in bulk T cells H5B cultured in chip + IGR-

Heu cancer cells and + anti-PD-1; representation of the % of positive cells on the left and of

the specific MFI (ratio with the isotype control) on the right, graphs show the mean +SEM
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from 4 independent experiments.

b) Expression of inhibitory immune checkpoints in T cell clone P62 cultured in chip + IGR-
Pub cancer cells and + anti-PD-1; representation of the % of positive cells on the left and of
the specific MFI (ratio with the isotype control) on the right, graphs show the mean +SEM
from 4 independent experiments.

Paired t test was used for statistical analysis; *p<0.05, **p<0.01.

In conclusion, in both T cell models the co-culture has a tendency to mildly increase the
expression of inhibitory immune checkpoints, in presence or absence of anti-PD-1, but often
without reaching statistical significance. Anti-PD-1 treatment does not modulate expression
of inhibitory immune checkpoints, with the only exception of TIM-3 in the H5B T cell bulk,

not for the P62 clone.

Lastly, we evaluated the expression of co-stimulatory immune checkpoints expressed on H5B
T cells (Figure 15a) and the clone P62 (Figure 15b). In H5B T cells we did not observe any
modulation on the expression of OX-40. On the contrary, the % of P62 positive for OX-40 as
well as the speMFI, dramatically increase in presence of cancer cells. Intriguingly, the speMFI
of this co-stimulatory immune checkpoint decreases when P62 T cells are co-cultured with
IGR-Pub in presence of anti-PD-1. While we do not observe any changes in CD137 expres-
sion in P62 T cells, the H5B cells increase both the speMFI and the % of positivity in presence
of IGR-Heu cancer cells. Similarly, in both ToC co-culture with autologous cancer cells GITR
expression increases; this effect is statistically significant in both % of positive cells and
speMFI for the P62 clone and in % of positivity in H5B T cells. Notably, the speMFI of GITR

decreases in presence of Nivolumab in P62 cells.
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Figure 15 : ToC co-cultures with cancer cells increase the expression of activatory immune
checkpoints on T cells, while the treatment with anti-PD-1 drug has mild effects

a) Expression of co-stimulatory immune checkpoints in bulk T cells H5B cultured in chip +
IGR-Heu cancer cells and + anti-PD-1; representation of the % of positive cells on the left
and of the specific MFI (ratio with the isotype control) on the right graphs show the mean
+SEM from 4 independent experiments.

b) Expression of co-stimulatory immune checkpoints in T cell clone P62 cultured in chip +
IGR-Pub cancer cells and + anti-PD-1, representation of the % of positive cells on the left
and of the specific MFI (ratio with the isotype control) on the right graphs show the mean
+SEM from 4 independent experiments.

Paired t test was used for statistical analysis; *p<0.05, *p<0.01.
In conclusion, ToC co-cultures with cancer cells increase the expression of activatory immune
checkpoints on T cells. With the exception of the OX-40 decrease in P62 cells, the treatment

with anti-PD-1 drug has only mild effects.
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4.5 Real-time quantification of T cell toxicity upon perfusion of
immunotherapy

Next, we aimed to link the T cells activation and exhaustion state as defined by their markers

with their cytotoxic effector functions before and after the addition of ICI. To do so, we per-

formed live imaging of ToC co-cultures and measured with our STAMP method the cytotoxic

activity through the apoptosis reporter Cell Event (Thermofisher).

The experimental strategy to reproduce the effect of ICI addition in a reconstituted /n vitro
3D microenvironment is illustrated in Figure 9a. First, two identical ToC containing IGR-Heu
and H5B T cells (E:T ratio 1:2) were prepared without any drug addition, connected to the
microfluidic setup and live-imaged every hour in transmission and fluorescence channels for
a total duration of 48 hours in a video-microscope. After 16 hours of co-culture, new medium
containing either anti-PD-1 (Nivolumab, 10ug/ml) or Isotype control (human IgG2a,
10pg/ml) was perfused in the chip. A low flowrate (1,5 pl/min per channel) was chosen to
limit the sheer stress on the gel and not to perturb the ToC co-culture. The overnight time
interval before the drug perfusion allows the stabilization of the co-cultures in 3D, presum-
ably including a lot of cell adaptation processes, such as the above reported up-regulation

of PD-1 (Figure 12 and Figure 14).

Figure 16b pictures the 37°C-heated microscope chamber (pCO2= 5%), containing the chips
connected to the microfluidic control system. Thanks to the collaboration with Stéphanie
Descroix at Institut Curie/ Institut Pierre-Gilles de Gennes, we adapted a microfluidic system
to the chamber of the Leica microscope used for live imaging. The latter consists of a MFCS
pressure controller (Fluigent) that pressurizes the air and pumps it in medium reservoirs;
here, the pressure applied by the air at the liquid surface is transferred on the fluid and
results in the exit of the medium into the tubing system. Next, a flow unit (M, Fluigent)
measures the flow rate and return the information to the controlling software; then, through
custom-designed and 3D printed connectors the medium enters the two lateral chambers

of the microfluidic device and in the same way exit to be collected in waste falcons.
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The video analysis with the STAMP method shows (Figure 16c) that the perfusion of anti-
PD-1 reduces the % of surviving cancer cells compared to the isotype control, in a robust
and reproducible manner (n=4). Notably, the isotype control survival curve is not perturbed

by antibody injection and flow rate variations.

In Figure 9d, the STAMP quantification of apoptosis rates, referred as the % of apoptotic
cells detected in 4 hours-time-intervals, shows that the addition of anti-PD-1 almost doubles
the cytotoxic activity compared to the average rate before perfusion. Of note, the apoptosis

rate of the isotype control condition remains stable over time.
Representative videos of the ToC co-culture can be downloaded at the following links:

Link to video n°1 (Co-culture of IGR-Heu and autologous H5B T cells with perfusion of iso-

type control): http://xfer.curie.fr/get/eAiKVahZHYb/Video1 IGR-Heu%2BHS5B Iso-

type%20control.avi

Link to video n°2 (Co-culture of IGR-Heu and autologous H5B T cells with perfusion of anti-

PD-1): http://xfer.curie.fr/get/VhU73e74awj/Video2 IGR-Heu%2BH5B anti-PD-1.avi

Importantly, these data demonstrate that we can reproduce the response to ICI in an immu-

nocompetent 3D ex-vivo lung cancer model.

Before achieving the microfluidic drug perfusion, preliminary experiments were performed
without flow, in parallel chips, with isotype control or with anti-PD-1 drug. The results were
not always consistent, due to the fact that a very modest experimental variation of TIL con-
centration substantially affected the cytotoxic measures. The microfluidic setting allows,
within the same established co-culture, to measure the apoptosis induced by cytotoxic TILs

before and after drug perfusion, in a very controlled and precise manner.
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Figure 16 Effects of treatment with anti-PD-1
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a) Experiment workflow: T cells are embedded in the gel with autologous cancer cells and
seeded in parallel chips with T cell medium; live imaging acquisition is performed every hour
in transmission channel, green fluorescence channel and red fluorescent channel the
microfluidic setup allows to perfuse either isotype control or anti-PD-1 after 16hrs of ToC
co-culture; the flow applied per each channel is 1.5 ul/min.

b) Image of the chip in the microscope chamber,; custom printed connectors allow the
perfusion of medium in different ToCs; sponges soaked with ddH20 contribute to the
chamber humidification.

¢) Survival curves of IGR-Heu co-cultured with the autologous T cells H5B quantified with
the STAMP algorithm, the graph shows the % of surviving cancer cells calculated respect
their number at t0; the curves represent the mean +SEM of average measures of 4
independent experiments. The addition of anti-PD-1 increases the cytotoxic activity of the T
cells, which results in a decreased survival of the cancer cells over time.

d) Comparison of the apoptosis rate quantified with the STAMP algorithm, before and after
treatment. The graph reports the means +SEM of average measures from 4 independent
experiments. The red line corresponds to the basal apoptosis rate calculated from the
average of measures during the 16 hrs before drug injection.

Next, we applied this perfusable system to assess the effect of CAFO7-AD on the response

to anti-PD1 in immunocompetent ToC co-cultures.

The experimental strategy, illustrated in Figure 17a, includes the imaging for 2 days of ToC
co-culture of the autologous IGR-Heu cancer cells and H5B T cells alone, as control condi-
tion, or with the addition of CAFO7-AD. As before, after 16 hours of co-culture without drugs,
the chips are perfused with either anti-PD-1 (Nivolumab, 10ug/ml) or isotype control (human

1gG2a, 10ug/ml).

Figure 17b shows a picture of the 3 parallel conditions, from which we can deduce the im-

possibility to add further chips in the current setting.

These experiments are still preliminary (n=2), further ToC investigations to evaluate the role

of lung CAFs on immunotherapy response are on-going.

Surprisingly, in these first experiments, the addition of CAF to the ToC reduces cancer cells

viability (Figure 17c) and increases apoptosis rate (Figure 17d), as compared to the IGR-Heu
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+ H5B co-culture with isotype control. Strikingly, the addition of anti-PD-1 does not increase
the cytotoxic activity in presence of CAF, respect to the same tri-culture perfused with iso-

type control.

However, future experiments will need to be performed with optimized protocols. In fact,
the apoptosis rate of the conditions in presence of CAFs seems to increase upon drug or
isotype perfusion, compared to the condition without CAF, suggesting some non-drug-de-
pendent effects. A possible explanation of this phenomenon is that, as it can be observed in
representative videos of the tri-culture (links below), the 16 hours before drug injection is

too short for a full adaptation of the CAF in the 3D matrix.

Link to video n°3 (Tri-culture of IGR-Heu, H5B T cells and CAFs with perfusion of isotype
control): http://xfer.curie.fr/get/MGiIYWObe10b/Video3 IGR-Heu%2BH5B%2BCAF Iso-

type%20control.avi

Link to video n°4 (Tri-culture of IGR-Heu, H5B T cells and CAFs with perfusion of anti-PD-1):
http://xfer.curie.fr/get/NLUCAyDt1nY/Video4 IGR-Heu%2BH5B%2BCAF anti-PD-1.avi

These experiments suggest that CAFs might promote resistance to anti-PD-1 in a ToC lung
cancer model, originally responsive to immunotherapies. Moreover, they confirm the power

of this microfluidic platform to recapitulate complex interactions in a 3D, albeit simplified,
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TME thanks to more physiological culture conditions (compared to /n vitro 2D cultures).
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Figure 17 Effects of CAFs on anti-PD-1 drug response in ToC co-cultures

a) Experiment workflow: T cells are embedded in the gel with autologous cancer cells
+CAFO07-AD cells and seeded in parallel chips with T cell medium;, live imaging acquisition is
performed every hour in transmission channel, green fluorescence channel and red
fluorescent channel. The microfluidic setup allows the perfusion of either isotype control or
anti-PD-1 after 16hrs of ToC co-culture; the flow applied per each channel is 1.5 ul/min.

b) Image of the chip in the microscope chamber; 3 gels are connected to the microfluidic
system, allowing the perfusion of medium +ICI in different ToCs; sponges soaked with
ddHZ20 contribute to the chamber humidification.

¢) Survival curves of IGR-Heu co-cultured with the autologous T cells H5B quantified with
the STAMP algorithm, the graph shows the % of surviving cancer cells calculated respect
their number at t0; the curves represent the mean +SEM of average measures of 2
independent experiments.

d) Comparison of the apoptosis rate, quantified with the STAMP algorithm, before and after
treatment in ToC cultures in presence of CAF. The graph reports the mean +SEM of average
measures of 2 independent experiments. The red and green lines correspond to the basal
apoptosis rate, calculated from the average of measures during the 16 hours before drug
injection, in condition without and with CAF, respectively.
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5 Discussion

5.1 ToC as emerging ex vivo cancer models: pros and cons

The research field of 3D ex vivo cancer models experienced a fast development in the past
decade. Concomitantly, the low reproducibility of cancer research and the mismatching re-
sults of /n vitro and /n vivo models compared to patients, solicit the exploration of new and
more reliable cancer models. In fact, the report that only 50% of the publications in cancer
biology are reproducible [213] led to the institution of a collaborative initiative, “Reproducibility
Project: Cancer Biology” (RP:CB) (https://www.cos.io/rpcb), whose aim is to conduct direct repli-

cations of 50 high-impact cancer biology studies to assess reproducibility rates.

3D cancer models include different culture systems, namely 1) the organoids, self-organizing
spherical structures useful to study the responses to treatment, 2) tissue slices, which best
represent the original topology of the tumor, and 3) tumors-on-chip, co-cultures in micro-
engineered microfluidic devices. The technical advancements in the microengineering of mi-
crofabrication and microfluidics allow now to reconstitute specific tissue features in which
address biological questions. Remarkable progresses were achieved in the reconstitution of
several organs-on-chip, notably the air-liquid interface of the lung, the villi of the intestine,
vascular networks, the liver, the blood brain barrier and the bone with conserved functions

[189], [200], [214], [215] [216], [217].

The structural complexity and the highly controllable culture conditions achieved in the or-
gan-on-chip cultures inspired promising ideas for 3D cancer modelling. Tumors-on-chip in-
troduce cancer cells in 3D artificial microstructures, simulating the tumor ecosystem of
origin. Recent studies used ToCs to evaluate various aspects of cancer growth and invasion,
such as cancer cells extravasation, vascularization and the response to treatments, specifi-

cally in lung and breast cancer models [195]-[198].

The high controllability of culture conditions allows at the same time to rationally choose

the spatial disposition and ratios of cell subpopulations, to setup biochemical gradients (via
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microfluidics), to modify the chemical and physical properties (e.g. stiffness) of the ECM, to
regulate the availability of oxygen, and more. Indeed, the versatility of ToCs can be used on
one side to reconstitute ex vivo complex features of the TME and on the other side, thanks

to its simplification, to address the role of specific cell subtypes in cancer.

During the work of my thesis, I realized that ToCs present also some disadvantages in being

used as a model to study cancer.

The very same diversity of microfluidic techniques imposes a meticulous, often time-con-
suming, setup to achieve suitable culture conditions. In fact, the tiniest details need to be
considered to achieve successful cultures-on-chip. Evaporation, gel solutions, CO> availabil-
ity, leakages and bubbles in the microfluidic system, cell staining and the timing of the ex-

perimental procedure are all possible obstacles to a successful culture on-chip.

Foremost, even the most complex 3D cultures in microfluidic devices cannot fully recapitu-
late the physiological TME, it will always be a simplified version of it. In fact, the in-vivo TME
is greatly influenced by systemic factors (coming through the blood stream from other or-
gans) and by the immune system (which is underrepresented when we consider only the
infiltrated immune cells). Notably, the heterogeneity in cancer and in the other cell types
inhabiting the TME greatly increases the complexity of the interactions occurring in it. Nev-
ertheless, the possibility to culture on-chip homogeneous populations could help to dissect
complex cancer-related mechanisms and better understand the “talk” between different cell

types within the TME.

So far, the vast majority of studies exploiting ToCs favor cell lines over primary cells. Princi-
pally, because immortalized cell lines are much more resistant and assure a better and longer
survival in ToCs. Secondly, because of the difficult sourcing of human primary cells, especially

if they derive from fresh tumor samples.

Finally, the short time of ToC cultures (of few days) limits the observation to fast reactions
of cells within the reconstituted TME, either with respect to other cells or in response to

treatments. Consequently, patient-derived ToCs are not suitable to study long-term effects

Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



122 Discussion ToC as emerging ex vivo cancer
models: pros and cons

induced by the TME. This is a major disadvantage, considering the striking characteristic of
ICI to induce durable responses, recently observed to last up to 5 or 10 years. Many efforts
are now directed to the profiling of the immune system in responders, in order not only to
find predictive factors, but also to identify the mechanisms and cell subpopulations respon-
sible for the favorable responses or the adverse resistance. The long-lasting nature of ICI
may imply the involvement of memory cells. It is still unclear whether the “precursor ex-
hausted” T cells are the ones (more) responsive to ICI treatments and whether in a second
time differentiate in memory T cells, leading to durable responses. This kind of questions,

linked to the durability of immune responses, will be difficult to address in ToCs.

Table 3 displays a summarized view of the pros and cons of 3D ex vivo cancer models.
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Table 3: pros and cons of 3D ex vivo cancer models

3D ex vivo Pros Cons
cancer
model
Organoids e Reproduce cellular architecture e Need of relatively big specimens
and functions of the original tis- e End-point read-outs
sue ¢ Need of laser-based microscopy: limited vis-
¢ PDOs reproduce the clinical re-  ualization of cell TME dynamics
sponses of corresponding pa- e Long time cultures of few weeks (not suitable
tients for rapid personalized drug testing)
e Include also stromal and im- e Autologous immune cells do not survive for
mune components of the origi-  along time
nal tumor e Complexity of protocols and media
e Limited manipulation e Absence of systemic factors (blood circula-
tion, whole immune system, liver metabolism
etc...)
Organotypic e Original tissue topology and cell e Need of relatively big specimens
cultures ratios e Limited time of culture (several days)
(tissue e Preserve the composition and e Need of laser-based microscopy
slices) physico-mechanical properties e Lack of fine control of experimental condi-
of the matrix tions
e Direct visualization and live im- e Absence of systemic factors (blood circula-
aging tion, whole immune system, liver metabolism
etc...)
Tumors- o Very few cells are needed e Limited time of culture (2-6 days)
on-chip ¢ High time-lapse resolution of cell e Complexity of the experimental setup

imaging

e Highly controllable conditions
(spatial disposition and ratios of
cell subpopulations, biochemical
gradients, chemical and physical
properties of the ECM)

e Customizability of architectural
designs by microfabrication

e Miniaturization allows limited di-
lutions of secreted factors

e Over-simplification of the TME

e Requirement of highly interdisciplinary ex-
pertise

e Absence of systemic factors (blood circula-
tion, whole immune system, liver metabolism
etc...)> body on-chip?
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5.2 The new challenges in 3D video imaging

The advancements and the refinement of exvivo 3D cancer models have not been followed
by an equivalent rapid development of image analysis tools adapted to these novel 3D cul-

ture methods.

Organoids, tissue slices and tumors-on-chip show evident structural differences and distinct
possible read-outs, which require the development of new imaging strategies. A limiting
factor for plenty of studies exploiting ex vivo 3D cancer models is the fact that the imaging
read-out is often an endpoint measurement. This implies the loss of a considerable amount
of information that is contained in the temporal dynamics of the ongoing co-cultures. Con-
focal microscopy is the most commonly used imaging strategy in end-point analysis of fixed
3D cancer models. Alternatively, two-photon microscopy, usually used in whole animal intra-
vital imaging, was applied to live-image tissue slices thank to its high penetrance and low
phototoxicity. However, the live staining with fluorescent antibodies of the cells has a limited
duration in time (due to photobleaching) and it may alter the normal behaviors of cells (for
example antibodies binding to CD3 or the co-receptors CD8 and CD4 may not-physiologi-
cally activate T cells). With the aim of performing few-day-lasting acquisitions, the microflu-
idic devices we used for our ToC cultures offered a good optical compromise. In fact, these
devices present lower thickness of the hydrogel chambers (250 um) compared to the dimen-
sion of organoids (~500 um) or tissue slices (300pm-1Tmm) and the cells dispersed in the gel
are easier to track and analyze individually. Accordingly, recent studies profit from the cus-
tomable geometries of microfluidic devices to study the motility of immune cells. Garcia-
Arcos and colleagues accurately described how microstructures can deconstruct the variety
of physical obstacles the cells encounter and how these microfluidic platforms can be ex-

ploited to study in original ways cell motility [218].

As a matter of fact, the structural differences of the culture supports and the biological phe-
nomena to be studied, require an adapted imaging setup and an associated analysis. At this

time, a multitude of imaging tools already exist, but the scaling-up of data generated by
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live-imaging need automation. The architectural differences in 3D culture systems afore-
mentioned impose different imaging settings and this necessitates the development of mul-
tiple automated image analysis strategies, as each experimental setup is different and needs

an adapted algorithm.

Starting from the practical need of an automated method to quantify the cytotoxic activity
of T cells in our autologous lung ToCs, in collaboration with Prof Eugenio Martinelli and Prof.
Arianna Mencattini from University of Roma Tor Vergata, we developed the "STAMP
method”, reported in a paper recently submitted (see Results). The STAMP method localizes
and tracks the cells of interest in the fluorescence channel, then specifically quantifies their
death in time and in space thanks to an apoptosis fluorescence reporter. Intrigued by the
observation that the apoptosis rate of cancer cells was increasing over time, we defined a
novel mathematical concept, “the potential of death”, to understand whether the death of a
cancer cell could influence the death of the surrounding cells. We demonstrated that dying
cells could increase the probability of encountering death in the cells nearby. The increase
of potential of death overtime could be explained by the release of “death signals”/small
death-associated molecules to the closer cancer cells. An alternative explanation could be
that the apoptotic bodies, expressing high levels of PtdSer [219], could locally retain T cells
through its interaction with TIM-3 [220]. This local retention would lead to the preferential

killing of nearby cancer cells/accumulation of T cells in “"death zones".

Of note, the STAMP method is now the object of a patent filed on September 2020 (P36165-
FR — 7688716).

Cancer cells death is only one aspect of 3D co-cultures that could be quantified in the videos.
In a past publication, our team used short time intervals (with acquisitions in the bright field
every 2min) to track the interactions between immune cells and cancer cells [203]. A later
work of our collaborators identified that 20s-time-intervals is the optimal acquisition setting

to study immune cells movements and interactions with cancer cells [221]. Aware of this
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assessment, we started to acquire 20s-time-intervals videos in bright field, in order to com-

pare the morphodynamics of T cells before and after the addition of ICI in lung ToCs.

Initially, we questioned ourselves on which quantifiable parameters, or “descriptors” could
describe differences in T cells morphology and dynamics, when co-cultured in ToC in pres-
ence or absence of ICL. We considered to study the morphology of T cells, their dimension,
the dynamics and directionality of T cells, or the analyze the time of interactions between
cancer and T cells (duration of contacts with a particular cancer cell and total time of contacts
with other cancer cells). Eventually, inspired by the expanding computer vision field of Arti-
ficial Intelligence (AI) and machine learning, also applied to biology, we realized that within
the co-culture videos there is a multitude of unknown “features” that could be used to clas-
sify the complex cellular behaviors within the 3D cultures, of which many are not perceptible
by the human eye. For example, our collaborators recently published a novel Al-based
method to perform a comprehensive and fully automated analysis of cell motility behaviors
captured in time-lapse microscopy images and to correctly classify drug-treated and not-

treated ToC [222].

In a newly started collaboration, with Auguste Genovesio at Ecole Normale Superieure (ENS),
we are using a machine learning approach to characterize T cells morphodynamics in pres-
ence or absence of ICI, exploiting the vides of our autologous lung ToCs. This innovative Al
image analysis approach could give us some unexpected insights on cancer-T cells interac-
tions and reveal some differences in morphodynamics that could be correlated with the ICI

treatment.

Further computational big data analysis could use the entire set of descriptors and features

to find causality correlations between these numerous parameters and the responses to ICL

5.3 Clinical relevance of ToC

5.3.1 Ex-vivo evaluation of responses to ICI

Clinical data show that biomarkers such as PD-L1 expression and Tumor Mutational Burden
(TMB) are not reliable to predict an efficient response in the patient. This is partly due to the
Université Paris-Saclay
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lack of standardized procedures to analyze these markers, but also due to the limited spec-
ificity of those markers, as their presence depend on multiple factors. Reducing the com-
plexity of the TME using ToC strategies may help to better describe the interactions occur-

ring in it and define which factors may influence the response to ICL

Nowadays, many studies aim to characterize the populations within the TME, through
scRNA-seq and immunophenotyping approaches in order to find the actors of the response
to ICI. Nonetheless, the complexity of the TME not only can be described by its cellular com-
position and spatial distribution within the ECM, but also by the nature of the dynamic in-
teractions happening between the cells. Part of the difficulties in deciphering the TME resides
in the richness of interactions between cell types (by direct contact, receptor-ligands inter-
actions, autocrine, paracrine and endocrine signals) and additionally between the cells and

the surrounding environment via mechanosensing.

With this work, we demonstrate that autologous lung ToC platforms are useful tools to re-
capitulate immune responses to immune checkpoint inhibitors (see Results). The high clinical
impact and the broad use of anti-PD-1 treatment oriented our choice for our first ICI drug
to test in chip. Even though PD-1 was mildly expressed by our T cell clones when cultured
alone, we observed that the co-culture with cancer cells increased the expression of this
inhibitory receptor (see Figure 14). Moreover, our cellular model displays similar levels of

expression of PD-1 if compared to the ones observed in NSCLC lung cancer patients [168].

The effector functions of immune cells in ToCs can be precisely measured using the STAMP
method, where the cytotoxic activity of T cells is quantified through counting the death of
target cells. This kind of functional assay directly describes effector functions of T cells, dif-
ferently from the commonly used essays, such as ELISpot (Enzyme-Linked ImmunoSpot) or
ELISA (Enzyme-Linked ImmunoSorbent Assay), measuring the release of cytokines by effec-
tor T cells, classically IFN-y or IL-2. Nevertheless, it would be interesting to include the anal-
ysis of the secretome in the profiling of immune responses occurring in autologous ToCs. In

line with this purpose, the same AIM-biotech commercial microfluidic device, that we used
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for our experiments, was used by Roger Kamm's team to analyze a panel of cytokines re-
leased upon ToC co-cultures, showing the feasibility of the analysis of the secretome in our

same settings [204].

Moreover, during this thesis, by harvesting the immune cells from the chip after few days of
co-culture, T cell were stained and analyzed by flow cytometry in order to characterize their
activation and exhaustion status. Therefore, for the first time we have an insight on the spe-
cific cytotoxic activity of TILs and the associated expression profile of various immune check-
points. Often, the expression of immune checkpoints in patient TILs has been automatically
overlapped with a dysfunctional status of T cells, but in our system we observe a marked

cytotoxic activity even though T cells express immune checkpoint receptors.

The fact that in our work we observe effector functions in T cells expressing immune check-
points, could be due to the over-simplification of the TME, meaning that the presence of
other cell types of the TME is needed the additively contribute to an immunosuppressive
environment. Conversely, the cancer cells in ToCs could need more time to create an immu-
nosuppressive environment and we should adjust our observation window. Indeed, in pa-
tients it would not be possible to assess the contribution of a single T cell subpopulation to

the response to ICI directly, as the response to the treatment is influenced by the whole TME.

5.3.2 Study of resistance mechanisms to ICI

In immunocompetent ToCs we detected extrinsic (TME-dependent) mechanisms of re-
sistance to ICL First, after the treatment with anti-PD-1 we observed the upregulation of
TIM-3, an alternative immune checkpoint, on CD8" TILs. This overexpression could have lead
over time to a dysfunctional phenotype, as the high expression of this immune checkpoint
in TILs is correlated with poor prognosis in lung cancer [223]. Moreover, adding primary
cancer-associated fibroblasts to the autologous cancer-TILs co-culture dampened the effect
of anti-PD-1, thus recapitulating an extrinsic mechanism of resistance to ICL These interest-
ing preliminary results showed a surprising effect of CAF presence on cancer cells viability,
which decreased independently from ICI treatment. Unfortunately we lack of a good “normal

fibroblast” control. When we characterized the fibroblasts (see Results), the so-called normal
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human lung fibroblasts (NHLF) appeared activated, showing a CAF-S1-like phenotype. Fur-
ther experiments are in progress to test if the CAF-like phenotype could be reversed by the
culture in the 3D matrix, assuming that the activation of NHLF is due to 2D culture conditions

(particularly by plastic stiffness).

5.3.3 Testing of combination therapies

A future perspective of the project is to use lung ToCs to test new combinations of ICI and
to compare it to ICI monotherapy or to the combination of chemotherapy plus ICI
(taxol/pemetrexed followed by anti-PD-1 treatment). The last two treatments (more com-
monly used in clinics) could be used as a baseline to assess the efficacy of ICI combinations.
Thanks to the microfluidic implementation, it will be possible to sequentially perfuse ToCs,
in order to evaluate if the injection of the second ICI could potentiate the T-cell cytotoxicity
of the first ICI or overcome a potential resistance to the first ICL. It would be interesting to
perform a long-lasting experiment (1 or 2 weeks) with continuous perfusion to see if the
cytotoxic activity would decrease over time and, in case, if T cells could be reinvigorated by

the addition of a second ICL

While profiling both autologous pairs of TILs co-cultured in ToCs, we noted that TIM-3 and
TIGIT are two inhibitory checkpoints that are highly expressed in presence of cancer cells.
Interestingly, their expression remains high (TIM-3 even increases in CD8* T cells) upon anti-
PD-1 treatment. Therefore, it will be interesting to test the following combinations of ICIs:
anti-PD-1 followed by anti-TIM-3 and in alternative anti-TIGIT followed by anti-PD-L1 [139].
Both combinations are currently tested in phase II clinical trials. Interesting results are also
obtained with TIM-3+PD-1 bispecific antibodies. Moreover, since very encouraging results
have been reported in patients treated with the combination of Atezolizumab (anti-PD-L1)
with Tiragolumab (anti-TIGIT), we will test the combination of those two Genentech mole-

cules in lung ToCs.

5.3.4 Towards fresh-tumor-derived ToCs
A promising future application is the generation of patient-derived ToCs for patients pre-
clinical profiling and for correlation studies between clinical responses and ToC responses.
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We are currently setting up the necessary steps to achieve this crucial progress in the clinical
pertinence of the ToC cell models: from immortalized cell lines or amplified frozen clones,
to primary cells from fresh lung cancer samples. In collaboration with Pr. Gérard Zalcman,
head of the thoracic oncology department of Bichat hospital, Dr. Solenn Brosseau will coor-
dinate the transfer of fresh samples of resectable lung cancers to Institut Curie. The samples
will come from resectable lung tumors, in patients naive from any kind of anti-tumor treat-
ments. After tumor samples digestion, we will perform fluorescence-activated cell sorting
(FACS) in order to isolate the populations of interest (cancer cells, TILs and CAFs) and recon-
stitute ToC co-cultures. Specific cell populations will be included or excluded to build ToC “a
la carte”, allowing to weight the specific contribution of each of these cell populations to the
responsiveness to ICL. Afterwards, it would be interesting to compare these “a la carte” ToCs
with “full menu” ToC, i.e. complete ToCs composed of the whole digested tumor, from which
the global content of viable cells will be sorted without any population selection. The impact
of a single population (or subpopulation) could be inversely tested by reconstituting a “re-
duced-menu” ToC, excluding exclusively the population of interest from the whole digested

tumor.

Since a very small amount of cells (in the order of few thousands) is needed to establish co-
cultures on-chip, the remaining sorted cells could be further characterized by flow cytome-
try. This would allow us to describe the cellular phenotypes of the samples received and to
associate it to the response to immunotherapies observed in the ToCs. Furthermore, these
data will be integrated with the clinical responses that will be observed in the treated pa-
tients. Succeeding in this attempt would provide a strong proof-of-concept of the feasibility

and reliability to use the tumors-on-chip for patients pre-clinical profiling.

In long term, patients could benefit from the approach developed in this PhD thesis. As
illustrated in Figure 18, the possibility of performing a parallelized characterization of the
fresh tumor samples (ToC behaviors, cellular phenotyping and clinical responses) could un-
cover new insights on predictive factors to ICI responses and be used to identify adapted

targets for patient’s treatment, moving a step forward in the field of precision medicine.
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Figure 18 : Graphical abstract illustrating the global approaches and results of this PhD thesis
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médecine-santé (CBMS)

Titre : Caractérisation de la réponse a I'immunothérapie sur puce microfluidique dans un modéle de cancer

du poumon

Mots clés : cancérologie, immunothérapie, médecine de précision, microfluidique, tumeurs-sur-puce

Résumé : Le cancer du poumon non a petites cellules
(CPNPC) est I'une des rares maladies tumorales, avec mé-
lanome et carcinome vésical, pour lesquelles les médica-
ments immuno-oncologiques ont conduit a une révolution
thérapeutique. Seuls 20 a 30% des patients atteints de
CPNPC bénéficient de la monothérapie avec inhibiteurs des
points de contréle immunitaires (ICP) avec des réponses
durables, tandis que les combinaisons ont conduit a ré-
ponse longue dans jusqu'a 40% des patients. Notre étude
vise a mieux caractériser la modulation du microenvironne-
ment tumoral lors d'un traitement ICP, plus ou moins une
chimiothérapie concomitante, afin de guider des stratégies
d'immunothérapie plus convaincantes.

Inspiré par la technologie d'organes sur puce, nous avons
reconstitué ex v/vo un microenvironnement de tumeur pul-
monaire immunocompétent simplifié en réalisant des co-
cultures 3D dans des dispositifs microfluidiques. Cette ap-
proche nous a permis de réaliser une imagerie en direct et
une quantification des effets de I'ICP sur I'écosystéme tu-
moral.

L'architecture de la puce se compose de trois micro-
chambres paralléles, séparées par des micro-piliers qui per-
mettent le confinement d'un hydrogel biomimétique dans
le canal central par capillarité. En co-cultivant des cellules
CPNPC et des lymphocytes T cytotoxiques autologues (ré-
coltés a partir des TIL du méme patient et amplifiés ulté-
rieurement /n vitro), nous pourrions récapituler, visualiser
et quantifier une activité cytotoxique efficace et spécifique
des cellules T contre les cellules cancéreuses autologues.

Pour cela, nous avons développé un nouvel algorithme qui
pourrait localiser les cellules cancéreuses et, grace a un rap-
porteur fluorescent de I'activité caspase, mesurer leur mort
d'une maniére spécifique au temps et a l'espace. Dans ces
co-cultures 3D, l'activité cytotoxique des cellules T a été
renforcée par le traitement avec l'inhibiteur PD-1 et I'inhi-
biteur PD-L1, reconstituant ainsi sur puce une réponse ICL

De plus, cette méthode nous a permis d'extraire un pa-
rametre, le potentiel d'induction de la mort, qui estime
mathématiquement la «contagiosité de la mort» en cal-
culant la proximité dans I'espace et le temps des signaux
de mort.

Fait intéressant, cette analyse nous a révélé que la mort
des cellules cancéreuses causée par la chimiothérapie ou
par les cellules T cytotoxiques est contagieuse, alors que
dans les conditions témoins, la mort des cellules cancé-
reuses est stochastique. De plus, afin d'avoir un apercu
moléculaire de I'impact de la co-culture sur les cellules T,
en présence ou en l|'absence d'ICI, nous avons analysé
par cytométrie de flux I'expression de plusieurs mar-
queurs de cellules T. Aprés 3 jours de co-culture sur puce,
les lymphocytes T ont montré une expression accrue des
marqueurs d'activation, tels que CD69 et CD25, ainsi
qu'une augmentation de l'expression des marqueurs
d'épuisement, notamment PD-1, TIGIT, TIM-3, LAG- 3,
CD137 et OX-40.

Le couplage de I'analyse d'image et de I'étude de la plas-
ticité des lymphocytes T, nous a permis d'associer pour
la premiere fois I'activité cytotoxique finement quantifiée
des lymphocytes T avec leur statut d'activation / épuise-
ment et de décrire un phénotype réactif aux immunothé-
rapies.

Dans cette thése, nous avons démontré que la tumeur-
sur-puce peut étre exploité pour évaluer |'efficacité des
inhibiteurs de points de controle immunitaires,
potentiellement pour déterminer I'effet de
médicaments combinés et enfin pour étudier les
mécanismes de résistance primaire des cellules
cancéreuses.
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Non-small cell lung cancer (NSCLC) is one of the few tumor
diseases, with melanoma and vesical carcinoma, for which
immuno-oncology drugs led to a therapeutic revolution.
Only 20 to 30% of the NSCLC patients benefit from immune
checkpoint inhibitors (ICI) monotherapy with durable re-
sponses, while combinations led up to 40% of long re-
sponder patients. Our study aims to better characterize the
modulation of the tumor microenvironment upon ICI treat-
ment, plus or minus concurrent chemotherapy, in order to
guide more compelling immunotherapy strategies.

Inspired by the organ-on-a-chip technology, we imple-
mented the reconstitution ex vivo of a simplified immuno-
competent lung tumor microenvironment by performing
3D co-cultures in microfluidic devices. This approach al-
lowed us to perform live-imaging and quantification of the
effects of ICI on the tumor ecosystem. The design of the
chip consists of three parallel micro-chambers, separated
by micro-pillars that allow the confinement of a biomimetic
hydrogel in the central channel by capillarity.

By co-culturing autologous NSCLC cells and cytotoxic T
lymphocytes (harvested from the TILs of the same patient
and furtherly amplified in vitro) we could recapitulate, vis-
ualize and quantify an efficient and specific cytotoxic activ-
ity of the T cells against the autologous cancer cells. For this
purpose, we developed a novel algorithm that could local-
ize the cancer cells and, thanks to a fluorescent reporter of
the caspase activity, measure their death in a time- and
space-specific manner.

In these 3D co-cultures the cytotoxic activity of T cells
was enhanced by the treatment with PD-1 inhibitor and
PD-L1 inhibitor, therefore reconstituting on-chip an ICI
response. Furthermore, this method allowed us to extract
a parameter, the potential of death induction, which
mathematically estimates the “"contagiousness of death”
by computing the proximity in space and time of death
signals. Interestingly, this analysis revealed us that the
death of cancer cells caused by either chemotherapy or
cytotoxic T cells is contagious, whereas in control condi-
tions the cancer cells death is stochastic.

Furthermore, in order to have a molecular insight on the
impact of the co-culture on T cells, in presence or ab-
sence of ICI, we analyzed by flow cytometry the expres-
sion of several T cell markers. After 3 days of co-culture
on chip, the T cells showed an increased expression of
activation markers, such as CD69 and CD25, as well as an
increased expression of exhaustion markers, notably PD-
1, TIGIT, TIM-3, LAG-3, CD137 and OX-40. The coupling
of image analysis and the study of T cell plasticity, al-
lowed us to associate for the first time the finely quanti-
fied cytotoxic activity of the T cells and their activa-
tion/exhaustion status and describe a responsive pheno-
type to immunotherapies.

In this thesis, we demonstrated that the tumor-on-chip
is suitable to evaluate the efficacy of immune checkpoint
inhibitors, to potentially assess the effect of combined
drugs and to study the mechanisms of cancer cell pri-
mary resistance.
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