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Abstract

Poly(ADP-ribose) polymerase inhibitors (PARPi) selectively target cancer cells with DNA
repair deficiencies such as BRCA1/2 mutations or ERCC1 defects. Clinically, several PARPi
are currently approved for the treatment of BRCA-mutant or platinum-sensitive advanced
ovarian and breast cancers, and ongoing clinical trials are investigating the efficacy of PARPi
in platinum-sensitive Non-Small Cell Lung Cancer (NSCLC). While PARPi constitute potent
targeted therapies for the treatment of DNA repair-deficient malignancies, an increasing
number of clinical trials are also evaluating their efficacy in combination with immune
checkpoint inhibitor (ICl) in various populations. In this context, it is of critical importance
to better understand how PARPi might modulate immune responses against cancer, and to

investigate the inherent immunological potential of these agents.

In this study, we show that ERCC1-defective NSCLC cells exhibit an enhanced type |
interferon (IFN) transcriptomic signature and that low ERCC1 expression correlates with
increased lymphocytic infiltration in human NSCLC tumours. Using isogenic cell lines and
patient-derived xenografts, we further demonstrate that several clinical PARPI, including
olaparib and rucaparib, display cell-autonomous immunomodulatory properties in ERCC1-
defective NSCLC and BRCAT7T-mutant triple-negative breast cancer (TNBC) models.
Mechanistically, PARPi generate cytoplasmic chromatin fragments with micronuclei
characteristics; this activates the cGAS/STING pathway and elicits downstream type | IFN
signalling and CCL5 secretion. Importantly, these effects are suppressed in BRCA1-
reverted TNBC cells and ERCC1-rescued NSCLC cells, suggesting that DNA repair defects
exacerbate the innate immunity-related phenotypes triggered by PARPi. Similarly, these
effects are totally abrogated in PARP1-null TNBC cells, supporting the on-target effect of
PARPi in mediating such phenotypes.

Besides this potential to activate tumour cell-autonomous immunity through cGAS/STING
and type | IFN signalling, we also observed that PARPi synergize with type Il IFN to induce
PD-L1 expression in NSCLC cell lines and fresh patient tumour cells, especially in the
ERCC1-deficient setting. Moreover, we show that lethal concentrations of some PARPi
independently activate the key damage-associated molecular patterns dictating the
immunogenicity of cancer cell death, including calreticulin exposure at the tumour cell

surface, ATP secretion and HMGB1 release in the extracellular compartment.

Together, these preclinical data suggest that PARPi have intrinsic immunomodulatory
properties that activate anti-cancer immune responses; this could be exploited clinically in

combination with ICl in appropriately molecularly-selected populations.
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Chapterl. Introduction

A. Cancer and immunity: the emergence of a paradigm

Cancer is a genetic disease. It arises from alterations in genes controlling key biological
processes, collectively responsible for the maintenance of cellular homeostasis. Both gain-
of-function mutations in proto-oncogenes and loss-of-function mutations in tumour
suppressor genes can lead to the transformation of normal cells into malignant cells,
thereby initiating tumour development. This genetic-based description of carcinogenesis
has enabled the identification of many oncogenic drivers involved in tumour development,
among which some of them are currently exploited as actionable targets for the treatment
of cancer. Beyond the cancer cell itself, the contribution of the tumour microenvironment
(TME) — and notably the immune system — to carcinogenesis has been recognized for more

than a century, but has only very recently led to significant therapeutic advances.

1. From cancer immunosurveillance to cancer immunoediting

The involvement of immunity in tumour recognition and control was first hypothesized by
the German physician and scientist Paul Ehrlich in 1909. He postulated that cancer occurred
spontaneously in human, but that in the majority of people, the host immune system was
able to prevent neoplastic cells from developing into tumours (1). In the late 1950s, the idea
of a host immune protection against cancer was revisited through the concept of cancer
immunosurveillance by two prominent immunologists: Frank Macfarlane Burnet and Lewis
Thomas. Burnet's pioneering theory stated that tumour cells-specific neo-antigens could
challenge host immune tolerance and trigger an effective anti-tumour immunological
reaction capable of eliminating nascent neoplasms (2,3). Thomas's theory was shaped by
an evolutionary point of view and suggested that long-lived organisms must possess

protecting mechanisms against cancer, similar to those mediating allograft rejection. Both
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theories were supported by the functional demonstration of mouse tumour-specific
antigens (4) and converged towards the concept of cancer immunosurveillance, which
defined the critical role of sentinel thymus-dependent immune cells in constantly
monitoring the appearance of early neoplasms in host tissues. This concept gained
recognition, but was rapidly challenged by studies showing no differences in primary
tumour development between athymic nude mice and syngeneic wild-type mice (5,6).
Later discoveries demonstrated that lymphocytes and interferon-gamma (IFN-y) play a
beneficial role in the protection of hosts against the development of carcinogen-induced
sarcomas and spontaneous epithelial carcinomas, but that they also promote selection of
tumour cells with reduced immunogenicity, capable of escaping immune recognition and
destruction (7). This process ofimmunoselection of tumour cells could explain the apparent
paradox of tumour formation in immunologically competent individuals, by raising the
possibility of escape from immunosurveillance. These findings were the basis for the
development of the immunoediting theory in 2002 (8), which described for the first time
how both innate and adaptive immunity contribute to tumour development through a
dynamic process of Darwinian immunoselection of tumour cell variants. This process

classically consists of three distinct steps (Figure 1.1):

(1) Elimination: the innate and adaptive compartments of the immune system coordinately
drive immune rejection;

(2) Equilibrium: through a clonal selection process, the dynamic balance between tumour
and immune cells results in the emergence of specific tumour cell variants with
increased resistance, which take advantage of acquired mutations;

(3) Escape: the immune-resistant clones freely expand, circumventing both innate and

adaptive immune responses.
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Figure I.1. The three phases of cancer immunoediting.

Cancer immunoediting describes the intricate relationship between a tumour and its
infiltrating immune system, during which genetic instability and tumour heterogeneity
increase and immune selection of tumour cell variants occurs. (A) The first phase
encompasses the classical concept of cancer immunosurveillance. Tumour invasion
generates inflammatory signals and recruitment of innate immune cells to the tumour site
such as NK cells, yd T cells, macrophages, and dendritic cells (DCs). Tumour antigens
expressed by malignant cells are recognized by infiltrating NK or y& T cells, which are in
turn stimulated for the production of IFN-y. This key soluble cytokine primarily induces the
production of other mediators by the tumour cells themselves — such as the lympho-
attractant CXC-chemokine ligand CXCL9?, CXCL10, and CXCL11 —, and also directly
triggers tumour cell death through the activation of angiostatic, anti-proliferative or
apoptotic mechanisms (9). While chemokines produced during this escalating
inflammatory process recruit more NK cells and macrophages to the tumour, apoptotic
tumour cells and debris are engulfed by local DCs; these migrate to lymph nodes and
activate tumour-specific CD4+ T helper cells expressing IFN-y, that in turn stimulate the
proliferation of tumour-specific cytotoxic CD8+ T cells. Tumour-infiltrating NK cells and
macrophages destroy more tumour cells through the production of tumour necrosis factor-
related apoptosis-inducing ligand (TRAIL) and perforin. In parallel, newly activated CD4+
and CD8+ T cells migrate to the tumour site, and cytotoxic CD8+ T cells eradicate the
remaining antigen-bearing tumour cells whose immunogenicity has been enhanced by
IFN-y. Hence, in the elimination phase, both innate and adaptive immunity cooperatively
participate to cancer rejection. (B) During the intermediate phase, the hostimmune system
and surviving tumour cell variants enter into a dynamic equilibrium. Indeed, T infiltrating
lymphocytes (TILs) and IFN-y cooperate to exert a potent selection pressure that is sufficient
to contain, but not fully eliminate, a bulk of genetically unstable and highly mutating tumour
cells. Occurring over a long period of time, this Darwinian selection eventually leads to the
extinguishment of originally escaping variants, and concomitant emergence of new variants
bearing different mutations that confer them both a proliferative advantage and an
increased resistance to immune aggression. (C) The ultimate phase corresponds to the
expansion of surviving tumour variants that have acquired resistance to immunological
detection or rejection through mutations or epigenetic changes. This leads to aggressive
tumour development and clinically observable malignant disease.

Figure and legend adapted from Van der Burg et al., Nature Reviews, 2016.
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The immune system therefore plays a dual role of (i) orchestrating tumour rejection, and (ii)
sculpting the molecular profile and immunogenicity of developing tumours, by favouring
tumour cell variants with low immunogenicity through a T cell-dependent immunoselection
— which eliminates clones with strong rejection antigens (10) — and a T cell-independent
immunoselection mediated by innate immune cells (11). Type | and type Il IFN further play
a key role in the coordination of tumour-immune interactions during immunoediting (12),
and in particular, IFN-y was recently described as an essential mediator of cytotoxic T cell-

dependent tumour genome immunoediting (13).

Besides immunoselection, other immune-independent mechanisms, such as neutral
evolution (14) — that is, the accumulation of passenger mutations without selective sweeps
—, have been described to contribute to tumour heterogeneity in some cancers. A recent
study showed using an in vivo model of microsatellite-instable (MSI) colorectal carcinoma
(CRC), that immunoediting effects were weak and dominated by neutral accumulation of
mutations (15) during CRC tumour development. Interestingly, the use of immune
checkpoint inhibitors (ICl) in this model effectively potentiated immunoediting through
increased immunoselective pressure, thereby inducing changes in the clonal and subclonal
composition of the tumour, and changing the evolutionary dynamics from neutral to
selective evolution. This underlines the plasticity of cancer immunoediting processes, and
further suggests that modulation of the tumour-immune interactions via anti-cancer
therapies havingimmunomodulatory properties can favour immunoediting, and potentially

facilitate immune evasion through acquired resistance to therapy.

2. When oncology meets immunology: the cancer-immunity cycle

The cancer immunoediting approach describes a continuous evolution of the interactions
between cancer and immunity which eventually favours tumour development despite the
initiated immune rejection. How the immune system actually eliminates tumour cells during
the elimination phase of cancer immunoediting is a well-known process, which has been

recapitulated and nicely illustrated with the concept of cancer-immunity cycle (16).
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Figure I.2. The cancer-immunity cycle.

(1) Rapidly growing tumours display high levels of tumour cell death and apoptosis
because of their elevated growth rate. This generates neo-antigens that are captured by
DCs upon release in the TME. In addition, dying tumour cells produce immunogenic
signals, such as pro-inflammatory cytokines, that stimulate DCs and further activate other
innate immunity effectors such as macrophages. (2) Stimulated DCs migrate to the lymph
nodes and efficiently process tumour neo-antigens to present them on major
histocompatibility complex (MHC) Class Il to T cells through cross-presentation. (3) These
neo-antigens are detected as "non-self” because of their specificity to cancer cells or
because the central tolerance has been incomplete towards them. This results in the
priming and activation of CD4+ helper T cells and CD8+ effector T cells, and eventually
leads to the expansion of tumour cell-specific T cell clones, that constitute the adaptive arm
of anti-tumour immunity. At this stage, the nature of the immune response is already
determined, especially since the critical balance between effector T cells and regulatory T
cells (Treg) is defined. (4) CD8+ effector T cells traffic through blood circulation to the
tumour site. (5) T cells infiltrate the tumour bed, and become the so-called tumour-
infiltrating lymphocytes (TILs). (6) TILs specifically recognize and bind tumour cells through
the interaction between their T cell receptor (TCR) and the cognate neo-antigen presented
on MHC class | by tumour cells. (7) This results in killing of the cancer cells, a process which
releases additional neo-antigens and eventually increases the breadth and depth of the
immune response in subsequent revolutions of the cycle. Abbreviations: APCs, antigen
presenting cells; CTLs, cytotoxic T lymphocytes.

Figure and legend adapted from Chen and Mellman, Immunity, 2013.
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This concept describes a series of seven sequential events required for the establishment
of an effective anti-tumour immunity (detailed in Figure 1.2). Importantly, the cycle involves
various immune cell types circulating from and towards distinct anatomic locations, and
constitutes a self-propagating process. However, failure in any step of the cycle leads to

evasion of the tumour from immunological control, and eventually cancer progression.

3. Mechanisms of immune escape in cancer

Immune evasion is a hallmark of cancer (17), which arises from genetic or epigenetic
alterations of cancer cells (Figure 1.3), and involves various mechanisms: (i) mechanisms
that affect tumour immunogenicity; (ii) mechanisms that restrain anti-tumour activity of
immune effectors; (iii) mechanisms that corrupt suppressive immune effectors; (iv)

mechanisms that involve modulation of immune checkpoints.

Tumour immunogenicity is primarily determined by the antigenicity of tumour cells, which
derives from their ability to generate and present tumour-associated antigens, recognized
as “non-self” by the cells of the immune system, and responsible for the activation of anti-
tumour immunity. Tumour-associated antigens originate from various sources, and are

classically comprised by two distinct types of antigens (18,19) (Figure 1.4):

¢ Mutated tumour-specific antigens, also known as neo-antigens, are exclusively
expressed by tumour cells and directly originate from the large number of somatic
mutations that are found in human tumours; most of the time, point mutations are
responsible for the expression of mutant peptides that are not tolerated by the
immune system, and eventually trigger anti-tumour immune responses. Such neo-
antigens may be newly displayed at the surface of tumour cells because a mutation
increases the binding affinity of a peptide to major histocompatibility complex
(MHC) molecules. Alternatively, the mutation can alter the T cell receptor (TCR)-

exposed area of a peptide that is also presented by MHC in its non-mutated form.
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Figure 1.3. Mechanisms of immune escape in the tumour microenvironment.

Several mechanisms, involving multiple immune components, contribute to tumour
immune escape. (1) Immune recognition can be impaired following reduced expression of
MHC class | molecules in malignant cells, resulting in decreased antigen presentation and
consequently reduced detection by cytotoxic CD8+ T lymphocytes. (2) Cancer cells can
activate immunosuppressive mechanisms by inducing apoptosis of immune cells through
the expression of death signals (including FAS- and TRAIL-ligands). (3) Tumour cells release
in the microenvironment a variety of immunomodulatory molecules that inhibit the immune
system by inducing immunosuppressive cells. (4) This cytokine imbalance, combined with
the secretion of TGF-B, cyclooxygenase-2 (COX-2), and prostaglandin E2 (PGE2), inhibits
DCs differentiation and maturation, thereby affecting antigen presentation and recognition
by T cells. (5) Disrupted expression of immune checkpoint ligands by cancer cells provides
co-inhibitory signals to CD4+ and CD8+ T lymphocytes. Abbreviations: CCL, chemokine
ligand; CXCL, chemokine (C-X-C motif) ligand; FAS-L, FAS-ligand; GM-CSF, granulocyte
macrophage colony-stimulating factor; iDC, immature dentritic cell; IDO, indoleamine-2,3-
deoxygenase; mDC, mature dentritic cell; MDSC, myeloid-derived suppressor cell; PD-1,
programmed cell death 1; PD-L, programmed cell death ligand; TAN, tumour-associated
neutrophil; TCR, T cell receptor; Treg, regulatory T cells.

Figure and legend adapted from Chabanon et. al, Clinical Cancer Research, 2016.
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¢ Non-mutated self-antigens, by contrast, are not exclusively expressed by tumour
cells, but also by other cells in a restricted set of cell types. These include (i) “cancer-
testis antigens” whose expression is normally restricted to male germline cells in the
testis: in tumour cells of many cancer types, these derive from the abnormal
expression of cancer-germline genes due to transcriptional regulation defects or
demethylation events; (ii) “tissue-differentiation antigens”, which emanate from the
expression of tissue-specific genes in tumour cells, but whose expression is shared
with cells of the tissue they originated from; (iii) “protein-overexpression antigens”,
that derive from proteins that are overexpressed in tumours, but are also expressed

in healthy tissues (e.g. HER2).

While most neo-antigens are very likely to trigger anti-tumour immunity because of their

tumour-specificity, non-mutated self-antigens do not always activate immune responses.
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Figure 1.4. Classes of human tumour antigens that are recognized by T lymphocytes.

A.

Tumour antigens with high tumour specificity usually originate from point mutations.

Cancer-testis antigens can also be considered as tumour-specific because of their selective

expression in tumours — germline cells, which lack HLA molecules, do not express them. B.

Antigens with low tumour specificity arise from tissue-specific gene expression or

overexpression of particular proteins. Only HLA class | molecules are represented, but the

genetic processes shown can also lead to the presence on tumour cells of antigenic

peptides that are presented by MHC class Il molecules to CD4+ T cells.
Figure and legend adapted from Coulie et. al, Nature Reviews, 2014.
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The process of neo-antigen presentation in tumour cells involves six successive steps,
illustrated in Figure 1.5 (19). As this multistep process involves various independent but
complementary components, a defect in any of them is sufficient to impede the whole
antigen presentation machinery, reduce tumour immunogenicity and eventually favour
immune escape. For example, TAP1 protein deficiency in tumour cells has been associated
with evasion from immune surveillance and increased tumourigenesis (20). Similarly,
immunoproteasome deficiency has been linked to reduced antigen presentation, immune

escape and poorer outcome in non-small cell lung cancer (NSCLC) (21).
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Figure 1.5. Processing of tumour antigens that are recognized by CD8+ T cells.

(1) A somatic mutation occurs in the genome of the cancer cell; this leads to (2) the
transcription of a mutated messenger RNA (mRNA) and subsequent translation into a
mutated, presumably non-functional protein. (3) The mutated protein is processed through
the proteasome and degraded into multiple peptides, that are subsequently (4)
transported into the endoplasmic reticulum (ER) lumen by transporter associated with
antigen processing (TAP) proteins, and (5) loaded on MHC Class I. MHC-bound peptides
are then translocated to the cell-surface and eventually (6) presented to a TCR-matching T
cell.

Figure and legend adapted from Coulie et. al, Nature Reviews, 2014.
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But the most frequent and best documented cause of immune escape through reduced
tumour immunogenicity is MHC Class | deficiency. Loss of the MHC Class | components
human leukocyte antigens (HLA)-A, -B and -C has been reported in a number of cancers,
including approximately 96% of breast carcinomas, 63% of melanomas, 87% of CRC, 70%
of head and neck squamous cell carcinomas (HNSCC), 39% of pancreatic carcinomas, and
88% of papillary thyroid cancer (22). This can result from point mutations, gene deletions
or loss-of-heterozygosity (LOH) on the locus of HLA genes in chromosome 6, or defects in
their transcription (23). Alternatively, loss of beta-2 microglobulin (B2M), a necessary
component of MHC Class |, has also been associated with lack of cell-surface expression of
MHC Class | (24-27). In either case, reduced or impaired MHC Class | expression was shown
to facilitate immune evasion. Recent studies have also found that genetic or epigenetic
alterations of the key MHC Class | transactivator NLRC5 [NOD-like receptor family, caspase
recruitment (CARD) domain containing 5], promote immune evasion through inhibition of

MHC Class | genes transcription (28,29), thus reinforcing this line of evidence.

Interestingly, some genetic characteristics of human cancers also modulate tumour
immunogenicity: for example, tumour aneuploidy, also known as tumour somatic copy
number alterations, has recently been found to correlate with markers of immune evasion
and reduced CD8+ T cells infiltration (30), potentially following weakened antigen

presentation.

In totality, reduction of tumour immunogenicity is an important mechanism of immune
evasion, that is clearly favoured by cancer immunoediting: as T cells primarily destroy
tumour cells with high immunogenicity, they maintain a tumour bed predominantly made

of clones with low immunogenicity that are more likely to evade immunosurveillance.

Tumour cells are known to develop a myriad of stratagems to prevent immune effectors

activity.

First, they express death molecules such as Fas ligand (FAS-L) or TNF-related apoptosis-

inducing ligand (TRAIL) that directly mediate apoptosis of tumour-infiltrating lymphocytes
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(TILs) (Figure 1.3, (31)). Recent studies have showed that FAS-L expression was also induced
in cells of the TME following increased IFN-y, leading to the suppression of TILs and

associated tumour progression (32,33).

Second, tumour cells release immunosuppressive chemokines and express cell-surface
receptors which negatively regulate the function of innate and adaptive immune cells. For
example, expression of the “don’t eat me signal” receptor CD47 has been shown to prevent
macrophages activity through the engagement of the signal-regulatory protein alpha
(SIRPa), which serves as an inhibitory receptor on these cells (34,35). Release of
transforming growth factor beta (TGF-B) has recently been shown to promote immune
evasion via T cell exclusion in CRC (36), but other immunosuppressive chemokines, such as
vascular endothelial growth factor (VEGF), interleukin 10 (IL-10) or prostaglandin E2 (PGE2)
are also known to inhibit the function, proliferation or differentiation of immune effectors

(Figure 1.3, (31,37)).

Third, tumour cells often exhibit activation of one or few oncogenic pathways, which are
known to promote immune evasion via restriction of immune cells activity. A recent article
nicely reviewed the various aspects of tumour-immune interactions that can be altered by
specific oncogenic pathways, and described how these pathways indirectly mediate T cell
exclusion from the TME and block recruitment of other immune cells to the tumour site

(Figure 1.6, (38)).

Finally, tumour cells often have functional defects in key immune pathways due to the
deletion of immune genes in their genome. A recent study demonstrated that deletion of
a number of genes in tumour necrosis factor (TNF) signalling, or IFN-y signalling provides
protection of tumour cells from CD8+ T cell-mediated killing. In addition, defects in the TNF
signalling pathway also provide resistance to killing from primary NK cells (39). This
demonstrates that the function of these pathways in tumour cells is key to allow immune-
mediated tumour surveillance. Another example of tumour immune dysfunction leading to
immune escape is the downregulation of IFN-alpha and -beta receptor subunit 1 (IFNAR1),
frequently found in CRC, which is detrimental to TILs activity and survival, and associated

with a poor prognosis in CRC patients (40).
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B-catenin

Figure 1.6. Impact of oncogenic signalling on immune inhibitory pathways and cell
populations.

MYC: Activation of MYC signalling enhances the expression of leukocyte surface antigen
CD47 and PD-L1 on tumour cells, which interferes with antigen uptake by APCs via
engagement with SIRPa and inhibits T cell function via PD-1 engagement. LKB1: Loss of
LKB1 signalling results in the expression of interleukin-6 (IL-6), a chemokine that mediates
recruitment of immunosuppressive neutrophils responsible for reduction of T cell
infiltration and activity. PTEN: Loss of PTEN leads to impaired autophagy, which prevents T
cell priming and mediates resistance to T cell-mediated apoptosis. TP53: Oncogenic
mutations of TP53 in tumour cells lead to the defective production of key cytokines required
for the recruitment of NK cells and T cells. B-catenin: Activated WNT/B-catenin signalling
impairs CCL4 secretion by tumour cells and prevents recruitment of BATF3 DCs to the
tumour site, which in turn blocks T cell priming and recruitment because of low CXCL10
production by BATF3 DCs. Abbreviations: BATF3, basic leucine zipper transcriptional
factor ATF-like 3 lineage; PD-1, programmed cell death 1; PD-L1, programmed cell death
ligand 1; SIRPa, signal regulator protein-a.

Figure and legend adapted from Spranger and Gajewski, Nature Reviews, 2018.
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In addition to inhibiting immune effectors activity, tumour cells also mobilize and recruit
various suppressive immune cells through the production of specific cytokines, such as
CXCL5 [C-X-C motif chemokine 5], granulocyte/macrophage colony-stimulating factor
(GM-CSF), PGE2, or indoleamine 2,3-dioxygenase (IDO) (41). In particular, the following

immunosuppressive cells can be stimulated by such signals (Figure 1.3):

¢ Tregs, which are often hijacked by tumour cells to suppress CD8+ T cells and DCs

expansion and function (42).

¢ MDSC (43), which inhibit the anti-tumour activity of T cells, DCs and NK cells, and
also directly promote tumour growth, neo-vascularization and metastasis through

the production of VEGF (44).

¢ TAM/TAN, which block CD8+ T cell-mediated immune responses and favour Tregs

recruitment (41).

Immune checkpoint proteins are regulators of immune activation which provide co-
stimulatory or -inhibitory signals to the cells of the immune system, thereby modulating the
duration and amplitude of physiological immune responses in peripheral tissues. These
regulatory functions are key for maintaining self-tolerance and mitigating tissue damage
brought by inflammation. A plethora of immune checkpoint pathways are involved in the
regulation of immune responses (Figure 1.7, (45)). These involve the interaction between a
receptor expressed on T cells and its ligand located at the surface of antigen-presenting
cells (APCs) or tumour cells. Two major immune checkpoint pathways have so far been
exploited in anti-cancer therapy: (i) the CD28/cytotoxic T lymphocyte-associated antigen 4
(CTLAA4) axis, which activates T cells upon engagement of CD28 with CD80 and CD86, and
conversely inhibits T cells when CTLA4 is engaged; and (ii) the programmed cell death 1
(PD-1) axis, which provides a strong inhibitory signal following binding of programmed cell

death ligand 1 (PD-L1) or 2 (PD-L2) to the PD-1 receptor (46). Contrary to CTLA4, PD-1 is
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thought to act predominantly in the TME, where PD-L1 is overexpressed by multiple cell

types, including DCs, M2 macrophages, and cancer-associated fibroblasts (47).
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Figure 1.7. Multiple co-stimulatory and co-inhibitory interactions regulate T cell
responses.
Depicted are various ligand-receptor interactions between T cells and APCs that regulate

the T cell response to antigen (mediated by peptide-MHC molecule complexes that are
recognized by the TCR). These interactions can occur at the initiation of T cell responses in
lymph nodes (where the major APCs are dendritic cells) or in peripheral tissues or tumours
(where effector responses are regulated). In general, T cells do not respond to these ligand-
receptor interactions unless they first recognize their cognate antigen through the TCR.
Many of the ligands bind to multiple receptors, some of which deliver co-stimulatory signals
and others deliver inhibitory signals. Abbreviations: A2aR, adenosine A2a receptor; B7RP1,
B7-related protein 1; BTLA, B and T lymphocyte attenuator; GAL9, galectin 9; HVEM,
herpesvirus entry mediator; ICOS, inducible T cell co-stimulator; IL, interleukin; KIR, killer
cell immunoglobulin-like receptor; LAG3, lymphocyte activation gene 3; PD-1,
programmed cell death protein 1; PD-L, programmed cell death ligand; TGF-§,
transforming growth factor 3; TIM-3, T cell membrane protein 3.

Figure and legend adapted from Pardoll, Nature Reviews, 2012.
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Corruption of immune checkpoint pathways signalling by tumour cells constitutes a major
mechanism of escape from immunosurveillance. In particular, activation of the PD-1/PD-L1
pathway through upregulation of tumour PD-L1 is a common and well-described feature of
immune escape in many solid tumours (48), including NSCLC (49), melanoma (50) and CRC
(51). Exploration of this phenomenon as a key process by which tumour cells resist
elimination by T cells has revealed two central mechanisms for PD-L1 upregulation in
cancer, referred to as intrinsic and adaptive immune resistance (see Figure 1.8, (46)). Both

mechanisms are not mutually exclusive and may co-exist in the same TME.

Of note, abnormal expression of other immune checkpoint molecules has also been
associated with carcinogenesis and tumour immune evasion in some contexts (52-55),

underlining the critical role of these pathways in modulating tumour-immune interactions.

Together, all the above-mentioned studies highlight that evasion from the immune system
is a key characteristic of cancer cells. The improved understanding of the mechanisms by
which tumours evade immunosurveillance has prompted the development of new
therapeutic strategies capable of restoring an immunological control of cancer, collectively
known as immunotherapy (IO). Among these strategies, immune checkpoint inhibitors (ICl)
have emerged in the late 2000s as a novel generation of 10, and have brought
unprecedented therapeutic benefits in many histologies, thereby revolutionizing cancer
treatment. It is important to mention that this late revolution has been preceded by more
than a century of research, exciting discoveries and remarkable therapeutic attempts in the
field of immuno-oncology, that have finally allowed 1O to enter the therapeutic arsenal

against cancer.
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Figure 1.8. Two general mechanisms of expression of immune-checkpoint ligands on
tumour cells.

Intrinsic immune resistance: This refers to the upregulation of PD-L1 via various tumour
cell-intrinsic mechanisms including genetic, epigenetic and transcriptional mechanisms.
First, genetic upregulation of PD-L1 caused by frequent structural variations disrupting the
3’ region of the PD-L1 gene has been described as a common mechanism of immune
escape in human cancers (56). Second, transcriptional upregulation of PD-L1, which often
results from the activation of oncogenic signalling pathways, or specific transcription factors
such as those of the JAK/STAT family, also results in resistance to immune attack. For
example, activating mutations in EGFR have been associated with PD-L1 upregulation and
establishment of an immunosuppressive microenvironment in lung cancer (49). Similarly,
oncogenic RAS signalling was described to facilitate tumour immune evasion through the
stabilization of PD-L1 mRNA (57). Other oncogenic pathways involved in PD-L1
upregulation include MYC (58), AKT-mTOR (59), MEK-ERK (60), and WNT/B-catenin
signalling (61). Finally, epigenetic modulation through promoter/gene methylation
changes or histone modifications (62) has also recently emerged as a mechanism of PD-L1
overexpression in cancer. Interestingly, the expression of microRNAs probably also
contributes to the regulation of PD-L1 expression in tumour cells, as miR-200 and possibly
other microRNAs decrease its expression, a mechanism of control that has been found
disrupted in cancer, and associated with metastasis (63). Adaptive immune resistance: In
this context, PD-L1 expression can be induced on tumour cells in response to specific
cytokines, in particular IFN-y. This was evidenced by significant correlations found between
PD-L1 expression, levels of TILs and IFN-y in the TME (64,65). PD-L1 upregulation
represents in this case an adaptation mechanism consequent to the sensing of an
inflammatory immune microenvironment comprising IFN-y-producing activated Th1-type
helper CD4+ T cells, activated CD8+ T cells and/or NK cells.

Figure and legend adapted from Pardoll, Nature Reviews, 2012.
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B. Immunotherapy: a novel generation of cancer therapeutics

Since the early days of cancer treatment, most therapeutic strategies including
radiotherapy, chemotherapy, targeted therapies as well as the firstimmune therapies have
focused on a single target: the cancer cell. The advent of ICI brought a paradigm shift in
cancer treatment, by demonstrating that targeting the immune system to eliminate cancer

is a potent anti-tumour strategy.

1. The many faces of immunotherapy

According to the National Cancer Institute (NCI) Dictionary of Cancer Terms, IO is “a type
of therapy that uses substances to stimulate or inhibit the immune system to help the body

fight cancer, infection, and other diseases.”

Behind this simple definition are hidden a myriad of approaches that have in common to
use immune-related effectors to directly block tumour development or indirectly generate
and enhance anti-tumour immune responses through modulation of the immune system
characteristics. These approaches are classically categorized into two major classes of
immune therapies: (i) passive IO which uses effectors of the immune system (antibodies,
immunomodulatory molecules, immune cells) as direct anti-tumour agents and (ii) active 1O

which develops immune system-targeted strategies to activate anti-tumour immunity.

William B. Coley, a renowned surgeon at Memorial Hospital in New York was the first to
introduce 10 in the treatment of cancer in 1893. His invention was to create a filtered
mixture of bacteria and bacterial lysates, composed of Streptococcus pyogenes and
Bacillus prodigiosus, called the Coley’s Toxin, in order to treat human tumours. Coley
reported impressive results on inoperable tumours with his therapy, and enabled complete
remission of some of his patients, especially those having bone and soft-tissue sarcomas
(66). Supporting this initial discovery more than 60 years later, in 1959, the tuberculosis
vaccine Bacillus Calmette-Guérin (BCG) was shown to have anti-tumour effects in mice (67),

and later proved its efficacy in human, allowing the regression of melanoma tumours (68).
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The discovery of IFNs in 1957 (69) and the demonstration of their intrinsic non-antiviral
cytotoxic effects a few years later (70) initiated a series of studies evaluating the anti-tumour
potential of these immunomodulatory molecules. This was first evidenced in vivo in 1969
when mice inoculated with tumour cells were cured with the use of various IFN preparations
(71), and allowed realisation of the first rigorous adjuvant clinical trial of recombinant IFN
for the treatment of cancer in 1984 (72). Later, another immunomodulatory molecule,
interleukin-2 (IL-2), also showed interesting anti-tumour properties when used at high
doses(73).In the meantime, other |O approaches were developed, includingimmune cells-
based approaches: lymphokine-activated killer (LAK) cells, first described in 1982 (74),
were later used as potent anti-tumour agents in combination with IL-2, enabling the
regression of renal cell carcinoma (RCC) tumours and melanoma metastases in 1985 (75).
In 1987, Steven A. Rosenberg and colleagues treat the first patient with autologous TlILs
cultured in vitro with IL 2, and demonstrate tumour regressions in 9 of 15 melanoma

patients (76).

But one of the major discoveries and probably the mostimportant for IO in the past century
was the development of the first technology allowing the production of monoclonal
antibodies (mAbs) in vitro by Georges Kohler and César Milstein: the hybridomas (77). This
discovery paved the way to the development of a number of mAbs that brought significant
improvement in the treatment of several aggressive diseases, including rituximab in B-cell
lymphoma (78), trastuzumab in HER2-amplified breast cancer (79), bevacizumab initially

used in metastatic RCC (80), and cetuximab in EGFR-mutated CRC (81) or HNSCC (82).

The second revolution in 1O history was brought by the discovery of CTLA4 (83), PD-1 (84)
and PD-L1 (85) as major regulators of physiological immune responses, which later enabled
the development of mAbs targeting these immune checkpoints that transformed cancer

treatment: the ICI.

Passive IO encompasses therapeutic approaches that use effectors of the immune system

to substitute an immune response against cancer. These approaches usually do notinduce
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memory immune responses in vivo, and thus rather generate short-term anti-tumour

immunity.

(1) Monoclonal antibodies: mAbs exert cytotoxic effects against tumour cells through
various mechanisms that include (i) direct trigger of apoptotic signals through binding
to their target; (ii) complement-dependent cytotoxicity (CDC), that activates the
complement cascade through stimulation of cell-surface Fc receptors and leads to the
formation of the membrane attack complex (MAC) responsible for plasma membrane
permeabilization of tumour cells; and (iii) antibody-dependent cellular cytotoxicity
(ADCC), which mediates tumour cells phagocytosis through the recruitment of immune
effectors whose membrane-surface antigens have been bound to the antibody. All
mAbs do not have such properties, and the relative importance of each of these
mechanisms in determining mAbs clinical response remains partly unclear. The first
approved mAb, rituximab, was developed for the treatment of non-Hodgkin lymphoma
and chronic lymphoid leukaemia (CLL): it was known to induce direct apoptosis of
malignant B cells through binding to CD20, and to trigger both CDC and ADCC (86).
Trastuzumab, a mAb targeting the oncogenic protein HER2 (amplified in a subset of
breast cancer patients) induces tumour regression by interrupting HER2-mediated
oncogenic signals and through CDC, but interestingly, its therapeutic effects were
shown to depend on both innate and adaptive immunity (87). More recently, the
development of bispecific mAbs has emerged as a novel therapeutic strategy: capable
of recognizing two different targets, those mAbs can bind tumour cells concurrently
with T cells and thus facilitate their interaction. For example, catumaxomab (bispecific
mAb recognizing CD3 and EpCam) has shown efficacy in the treatment of malignant
ascites due to epithelial cancers (88), and blinatumomab (bispecific mAb recognizing
CD3 and CD19) was recently approved for the treatment of relapsed ALL, after having
shown impressive efficacy in the setting of minimal residual disease (89,90).

(2) Non-antigen-specific cell-based approaches: LAK cells and cytokine-induced killer
(CIK) cells have been early developed as substitutive 10s. Based on the principle of
culturing immune cells ex vivo in order to re-inoculate them in patients to elicit non-

MHC-dependent cytotoxicity of tumours cells, both approaches have shown safety and
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activity in vivo (91,92). While the LAK cells approach has led to few successful clinical
trials (93,94), CIK cells have been tested in multiple clinical settings including
hepatocellular carcinoma (HCC), NSCLC or gastrointestinal tumours, and were shown
to be successfully expanded from patients treated with chemotherapy (95).

(3) Antigen-specific cell-based approaches: Adoptive T cell transfer is a new area of
transfusion medicine consisting in the inoculation of autologous T lymphocytes to
mediate anti-tumour effects. The field has rapidly advanced from a promising form of
|O in preclinical models to the recent approvals of chimeric antigen receptor (CAR) T
cells to treat leukaemia and lymphoma (96). CART cells are T lymphocytes from patients
that have been genetically engineered in vitro to make them express genes encoding
receptors that recognize tumour-specific antigens (Figure L9, (97)). The first
demonstration of CAR T cells efficacy was brought in 2013 with a pilot study evaluating
autologous T cells expressing a CD19-specific CD28/CD3( second-generation dual-
signalling CAR in B cell ALL patients (98). The exceptional responses obtained in this
study prompted the implementation of larger clinical trials which led to the approval of

first-in-class CAR T cell 10 for the treatment of relapsed B cell ALL in 2017 (99).

Tumour cell
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Figure 1.9. Derivation of TCRs and CARs for the genetic modification of T cells.

A. TCR genes, made up of a- and B-chains, can be derived from tumour-specific T cells,
which can naturally occur in humans, or from the immunization of HLA-transgenic mice.
Alternatively, they can be derived from screening bacteriophage libraries of antibodies.
The a- and B-chains associate with the y-, 8-, e- and (-chains of the CD3 complex. When the
TCR encounters a processed tumour antigen peptide fragment displayed on the MHC of
the tumour cell, phosphorylation of immuno-receptor tyrosine-base activation motifs
(ITAMs) occurs, leading to a cascade of intracellular signalling that results in the release of
cytokines and cytotoxic compounds from T cells. B. CARs are composed of a scFv
extracellular domain linked through hinge and transmembrane domains to a cytoplasmic
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Active IO encompasses therapeutic approaches that aim to stimulate the immune system
in order to reactivate or enhance an established durable memory anti-tumour immune

response.

(1) Vaccines (antigen-specific approaches): Cancer vaccines were developed as cells- or
peptides-containing solutions capable of inducing positive, desirable T cell- and B cell-
mediated immune responses against cancer. The first cancer vaccine, GVAX, was
composed of tumour cells irradiated and genetically modified to express GM-CSF. Its
use in preclinical studies showed induction of potent, specific, and long-lasting anti-
tumour immune responses in multiple mouse tumour models (100). Peptide vaccines
were subsequently developed: for example, the antigen glycoprotein 100 (gp100)
vaccine showed efficacy in melanoma patients (101), and the MAGE-A3 cancer-testis
antigen vaccine, which showed anti-tumour activity in mice (102), is currently evaluated
in human in various metastatic diseases. Other vaccination approaches have focused
on the design of cell-based vaccines, especially containing ex vivo-maturated DCs,
loaded with tumour-specific antigens emanating from autologous tumour extracts. A
number of clinical trials have evaluated the safety and efficacy of such approach; the
induction of specific anti-tumour immune responses was reported in RCC but no clinical
response could be observed in patients, mainly because in vivo administration of the
vaccine was followed by a massive increase of Tregs (103). The only autologous cell-
based vaccine currently licensed is Sipuleucel-T, an agent which demonstrated efficacy

in metastatic castration-resistant prostate cancer (mCRPC) (104).
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(2) Non-antigen-specific approaches: Several active |0 approaches have focused on the
activation of innate immunity through non-antigen specific methods. Anti-cancer
therapy using BCG instillations is one of them: indicated for prophylaxis of primary
recurrence in papillary urothelial bladder carcinoma (UBC) following transurethral
resection, this approach showed benefit in approximately 50% of patients following
activation of local innate immunity (105). Toll-like receptors (TLR) agonists, which exploit
a similar principle by providing danger signals to immune cells, have demonstrated
induction of marked local and systemic immune responses in combination with ionizing
radiation (IR) in preclinical models of gastrointestinal cancers (106). However, results of
clinical trials have so far been disappointing (107). Finally, the direct use of
immunomodulatory agents such as cytokines has proved efficacy as active 10 in
immunogenic tumours such as RCC, although this has generated less enthusiasm

because of more modest results compared to BCG therapy (108).

Last but not least, ICl are also a type of active IO which uses mAbs to target negative
immune checkpoints in order to reactivate anti-tumour immunity against tumours. The next

paragraph will focus on the mechanism of action and clinical impact of these therapies.

2. The advent of ICI: a revolution in cancer treatment

To date, two major classes of ICl have been developed towards clinical use: anti-CTLA4 and
anti-PD(L)1, which correspond respectively to the two central axes of immune checkpoints

regulation in human.

While PD-1 predominantly regulates the activity of CD8+ T effector cells in the TME, CTLA4
is thought to primarily regulate CD4+ T helper cells and Tregs in the distant lymphoid tissue
(Figure 1.10, (109)). In order to be activated, T cells initially require priming via recognition
of processed tumour antigens presented by APCs, through a unique TCR that binds an

MHC molecule and tumour-derived peptide antigens at the surface of APCs. This priming
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phase generally occurs in lymphoid tissue and involves CD4+ T cells which provide "help”
for CD8+ T cells priming through release of adequate cytokines. Subsequently, both CD4+
and CD8+ T cells require stimulation via co-stimulatory checkpoint pathways such as
CD28/CD80 and CD28/CD86 to proliferate, secrete inflammatory cytokines, acquire
cytolytic properties and eventually migrate to sites of antigen display, that is, tumour sites.
CTLA4 is the primary regulator of CD4+ and CD8+ T cell priming in lymphoid tissue, which
makes it an attractive target for immune checkpoint blockade at this level. Anti-CTLA4
mAbs block the interaction between CTLA4 and its cognate receptors CD80/CD86 on
APCs, thus allowing preferential binding of their co-activator CD28 and stimulation of T cell
priming. Upon migration to the tumour site and within hours to days, activated T cells start
expressing the co-inhibitory receptor PD-1. In the TME, activated T cells release a number
of inflammatory cytokines, including IFN-y which stimulates antigen display by tumour cells
but also induces PD-L1 expression in macrophages and tumour cells. This results in the
functional inhibition of PD-1-expressing CD8+ T cells in the TME and constitutes a central
mechanism of tumour immune evasion. Blockade of PD-1 or PD-L1 by mAbs thus
represents a potent strategy to restore the ability of T cells to eliminate antigen-expressing
cancer cells. Additionally, blockade of CTLA4 in the TME may also be of critical interest to
interrupt the immunosuppressive actions of Tregs, which have an enhanced ability to

suppress CD8+ T cell cytolytic activity upon expression of CTLA4.

pine il

Lymphoid tissue
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The first ICI to enter clinical development was the anti-CTLA4 ipilimumab (Yervoy®, Bristol-
Myers Squibb), which rapidly demonstrated efficacy and benefit in patients with metastatic
melanoma (110,111), and subsequently obtained approval in this disease in 2011. Other

anti-CTLA4 are being developped, such as tremelimumab (112).

In 2012, anti-PD-(L)1 therapies including the anti-PD-1 pembrolizumab (Keytruda®, Merck)
and nivolumab (Opdivo®, Bristol-Myers Squibb), and the anti-PD-L1 atezolizumab
(Tecentriq®, Genentech/Roche), durvalumab (Imfinzi®, Astra Zeneca/Medlmmune), and
avelumab (Bavencio®, Pfizer) entered clinical development. Very promising overall
response rates (ORR) in relapsing/refractory malignant melanoma, RCC, and NSCLC (113),
associated with prolonged progression-free survival (PFS) and overall survival (OS), led to
their accelerated approval in 2014-2015, and the outstanding activity observed in several

histologies awarded them "drugs of the year" in 2013 (114).

Further reflecting the significance of these advances, the Nobel Prize in Physiology and
Medicine 2018 was awarded jointly to James P. Allison and Tasuku Honjo, for their

discovery of cancer therapy by inhibition of immune checkpoints.

Following these initial successes, an exponential number of monotherapy or combination
trials evaluating anti-CTLA4 and anti-PD-(L)1 have been launched in multiple cancer types,
leading to a series of approval that have broadened the clinical spectrum of these

therapies. In particular, anti-PD-1 have allowed significant therapeutic successes in many
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solid tumours and hematologic malignancies, including melanoma (115,116), NSCLC
(117,118), HNSCC (119), metastatic RCC (120), MSI-high CRC (121), metastatic UBC (122),
gastric cancer (123), cervical cancer (124), Merkel cell carcinoma (125) and classical
Hodgkin lymphoma (126). Responses obtained with anti-PD-(L)1 are often durable, lasting
years sometimes even after treatment discontinuation, suggesting that some responding
patients have a pre-existing T cell-mediated anti-tumour immunity that is mainly restrained

by PD-1/PD-L1 activation.

The best example illustrating the impact of anti-PD-(L)1 therapy today is probably NSCLC,
a histology in which the outcome has been drastically changed with the introduction of
these agents (Table 1.1). In this very deadly disease classically associated with poor
prognosis, remarkable 5-year survival rates of 16% have recently been reported (127) with
nivolumab, highlighting the ability of anti-PD-(L)1 to provide long-term tumour control. In
addition, very impressive results of large phase lll trials in NSCLC have reported
unprecedented improvements in OS and PFS when using anti-PD-(L)1 in first-line therapy
alone (128), or in combination with chemotherapy (129). In this latter trial (KeyNote189),
Gandhi and colleagues observed a significantly higher 1-year OS rate in the
pembrolizumab plus chemotherapy group (69.2%; 95% confidence interval (Cl), 64.1 to
73.8) than in the placebo plus chemotherapy group (49.4%; 95% Cl, 42.1 to 56.2), and also
reported a significant prolongation of PFS (8.8 months; 95% Cl, 7.6 to 9.2 vs 4.9 months;
95% Cl, 4.7 to 5.5, respectively). More importantly, improvement in OS was obtained in all
PD-L1 categories that were evaluated. These results led to the approval of pembrolizumab

plus chemotherapy as the new standard treatment in first-line for metastatic NSCLC.

Study/Agent | Setting Experimental arms Primary endpoint | Reference
KeyNote189 Metastatic NSCLC | Pembro + platinum-doublet | 1-year OS rate 69.2% (129)

Phase llI First-line Platinum-doublet 1-year OS rate 49.4%
Pembrolizumab
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Study/Agent | Setting Experimental arms Primary endpoint | Reference
KeyNote021 Advanced NSCLC | Pembro + platinum-doublet | ORR 55% (130)
Phase Il First-line Platinum-doublet ORR 29%

Pembrolizumab

KeyNote024 Metastatic NSCLC | Pembro 200 mg /3 weeks PFS 10.3 months

Phase lll PD-L1 positive Platinum-doublet PFS 6.0 months (128)
Pembrolizumab | First-line

KeyNote010 Advanced NSCLC | Pembro 2 mg/kg /3 weeks PFS 10.4 months (131)
Phase II/11l PD-L1 positive Pembro 10 mg/kg /2 weeks PFS 12.7 months
Pembrolizumab | Second-line Docetaxel PFS 8.5 months

KeyNote001 Advanced NSCLC | Pembro 2 mg/kg /3 weeks ORR 28% (132)
Phase | PD-L1 positive Pembro 10 mg/kg /2 weeks ORR 40%

Pembrolizumab Pembro 10 mg/kg /3 weeks ORR 41%

CheckMate227 | Advanced NSCLC | Nivo + Ipilimumab 1-year PFS rate 30.9% (133)
Phase llI Previously-treated | Platinum-doublet 1-year PFS rate 17%
Nivolumab

CA209-003 Advanced NSCLC | Nivo 1 mg/kg /2 weeks 5-year OS rate 13%

Phase | Previously-treated | Nivo 3 mg/kg /2 weeks 5-year OS rate 26% (127)
Nivolumab Nivo 10 mg/kg /2 weeks 5-year OS rate 11%
CheckMate017 | Metastatic NSCLC | Nivo 3 mg/kg /2 weeks OS 9.2 months (134)
Phase llI Squamous Docetaxel OS 6.0 months

Nivolumab Previously-treated

CheckMate057 | Metastatic NSCLC | Nivo 3 mg/kg /2 weeks OS 12.2 months (118)
Phase llI Non-squamous Docetaxel OS 9.4 months

Nivolumab Previously-treated

IMPower150 Metastatic NSCLC | Atezo + Beva + Carbo + Pacli | PFS 8.3 months (135)
Phase llI Non-squamous Beva + Carbo + Pacli PFS 6.8 months

Atezolizumab First-line

POPLAR NSCLC Atezo 1200 mg /3 weeks OS 12.6 months (136)
Phase Il Previously-treated | Docetaxel OS 9.7 months

Atezolizumab

OAK NSCLC Atezo 1200 mg /3 weeks OS 13.8 months (137)
Phase Il Previously-treated | Docetaxel OS 9.6 months

Atezolizumab

PACIFIC Stage [l NSCLC Durva 10 mg/kg /2 weeks 2-year OS rate 66.3%

Phase llI Previously-treated | Placebo 2-year OS rate 55.6% | (138)
Durvalumab

JAVELIN 200 Advanced NSCLC | Ave 10 mg/kg /2 weeks OS 11.4 months (139)
Phase llI PD-L1 positive Docetaxel OS 10.3 months

Avelumab Previously-treated

55




Combined anti-CTLA4 and anti-PD-(L)1 therapy has also demonstrated efficacy in some
contexts, such as metastatic melanoma (140,141) and NSCLC (133), although results
obtained in NSCLC were not reproduced in another study (142) (ARTIC trial,
NCT02352948).

In a nutshell, the advent of ICI has recently revolutionized the prognosis of a number of
diseases in oncology, and these therapies are today considered as key in the therapeutic
armamentarium against cancer. However, still only a minority of patients receive benefit
from ICI, which reinforces the need for better understanding the elements that determine

response to ICl, and for developing novel rationale combinations.

C. Key determinants of response to ICI

Anti-cancer immunity is influenced by a variety of elements involving not only the tumour
and its microenvironment, but also the host and its macroenvironment, which govern the
amplitude and duration of immune responses against the tumour. In this context, response
to IClI is determined by a complex combination of several tumour-related,
microenvironment-related and host-related factors. Importantly, these parameters can
undergo dynamic variations over time, which greatly complicates the identification of

definite predictive biomarkers of response to ICl, needed for appropriate patient selection.

1. Tumour-related factors influencing response to ICI

The anti-tumour immune response is predominantly governed by the recognition of
cancer-associated antigens by T cells. The idea that T cells can recognize neo-epitopes
generated by mutations or transcriptional aberrations in cancer originated from early
studies that for the first time identified mutant neo-antigens in mice responsible for the

priming of tumour-specific T cell responses associated with tumour regression (143,144).
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Checkpoint blockade with anti-PD-1 or anti-CTLA4 in mice was later shown to reactivate T
cell responses against sarcoma tumours through recognition of tumour-specific neo-
antigens (145). Yet, the recognition by T cells of neo-antigens originating from point
mutations is thought to be relatively inefficient, as only a very small fraction of non-
synonymous single-nucleotide variants (nsSNV) eventually give rise to neo-epitopes bound

to MHC class | molecules with high affinity (144).

In human, direct evidence of the recognition of tumour neo-antigens by T cells in the
context of active anti-tumour immune responses has been provided by studies in which the
specificity of TILs towards mutant neo-antigens was determined using complex
bioinformatics pipelines, capable of identifying or rather predicting the neo-epitopes

expressed in patient tumours based on their mutational profile (146,147).

These lines of evidence supported the concept that the large number of passenger
mutations occurring in cancer provides a reservoir of neo-antigens that constitute the most
probable targets of protective anti-cancer T cells. This further suggested that tumour
mutational burden (TMB) and neo-antigen burden (TNB) are important drivers of anti-

cancer immunity, which could thus represent key determinants of response to ICl.

Although we can anticipate that highly mutated tumours are more prone to form neo-
antigens, the stochastic nature of neo-antigen generation calls for a functional validation,
as all formed neo-antigens may not be immunologically relevant. In particular, if nsSNV
obviously represent a mine of immunogenic mutations, frameshift, splice site mutations,
and intragenic fusions are also liable to generate neo-epitopes when non-functional
proteins are directed to the proteasome (148). The identification of relevant mutations likely
to generate active anti-tumour T cell responses through immunogenic neo-antigens has
been allowed by recent advances in next-generation sequencing (NGS) technologies,
notably whole-exome sequencing (WES) and RNA-sequencing (RNA-seq). In particular, the
estimation of TMB and predicted TNB (as defined by the number of neo-antigens
potentially presented by MHC class | molecules) has been achieved through modelling the
key steps of the antigen presentation machinery in silico using dedicated bioinformatics

pipelines operated on genomic and transcriptomic data (Figure 1.11).
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Figure I.11. Pipeline for the identification of immune-relevant neo-antigens.

The typical bioinformatics pipeline consists of six main steps: (1) TMB and specific
mutations are identified using WES or WGS. Additional techniques such as CGH or MSI-
profiling might be of interest to evaluate genomic instability but have not been validated
yet in this indication. Moreover, WES is always a required starting point as the DNA
sequence information is required for subsequent prediction tools. (2) Using RNA-seq,
previously generated sequencing data are filtered for gene expression to restrict neo-
antigen prediction to the set of translated mutations ("expressed nsSNV"). Subsequently,
predictions for (3) proteasomal processing and (4) TAP-mediated transport of peptides are
completed using dedicated algorithms. (5) To predict binding of peptides on MHC class |
molecules, the previously selected peptides are implemented in a dedicated software that
infers binding affinity to HLA molecules according to the HLA type of the patient. (6)
Eventually, the predicted peptides may be synthesized to test for T-cell reactivity in vitro
using the MHC multimer technology. Key technologies most often used in the literature are
highlighted in bold. Techniques exclusively used to measure genomic instability are
presented in dotted rectangles. Abbreviations: ARB, average relative binding; CGH,
comparative genomic hybridization; SMM, stabilized matrix method; WGS, whole-genome
sequencing.

Figure and legend reproduced from Chabanon et al., Clinical Cancer Research, 2016.
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These modelling pipelines have been overall successful in correlating TMB with predicted
TNB, and both parameters have therefore been evaluated as potential biomarkers of
response to ICl in several studies. High TMB, defined as >100 nsSNV per exome, was first
correlated with high predicted TNB and clinical benefit in melanoma patients treated with
anti-CTLA4 therapy (149,150). Subsequently, Rizvi and colleagues showed association
between high TMB (defined as >178 nsSNV per exome) and durable clinical benefit in two
partially independent cohorts of NSCLC patients receiving pembrolizumab (151).
Consistent with these studies, it was later suggested that tumours displaying >10
nsSNV/Mb may produce sufficient neo-antigens to generate anti-tumour immunogenicity,

whereas tumours with <1 nsSNV/Mb may not (148).

The identification of immunogenic neo-antigens in ICl-responding patients has also been
a focus of some clinical studies, which revealed the existence of a very high attrition rate
resulting in few neo-epitopes eventually capable of producing anti-tumour immune
responses. In the case report of a melanoma patient who experienced complete response
after ipilimumab treatment, it was shown that, out of 1,657 nsSNVs, only 448 neo-epitopes
were displayed in the whole tumour, and no more than two of them induced potent anti-
tumour T cell responses (152). In a similar analysis, Rizvi and colleagues demonstrated that
response to pembrolizumab in a NSCLC patient was associated with the T cell response
against a single neo-antigen resulting from a nsSNV in HERC1 (151). Likewise, Snyder and
colleagues identified a set of consensus tetrapeptide sequences exclusively shared by
melanoma patients exhibiting long-term clinical benefit from anti-CTLA4 (149), and being
necessary and sufficient for the activation of an anti-tumour T cell response; these results

were unfortunately not confirmed in two later studies (150,153).

If these examples illustrate well the complexity of predicting response to ICl using genomic
data alone, it is besides important to note that the established correlation between TMB
and response to ICl conceals a significant overlap in mutation range between responders
and non-responders (149,150). Indeed, some patients still benefit from ICl despite very low
TMB, and conversely, high TMB does not always correlate with response. This is best
illustrated by Hodgkin lymphoma, which is highly sensitive to PD-1 blockade (154) despite

carrying virtually no mutation. Further, TMB analysis only provides an "instantaneous and
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descriptive" picture of the tumour genome as a bulk, but does not take into account the
clonal and subclonal evolution of the tumour, which favours the generation of
immunogenic neo-antigens, but also allows the emergence of less immunogenic new
clones that escape immunosurveillance — thereby favouring primary or acquired resistance.
High intra-tumour heterogeneity (ITH) has indeed been correlated with poorer outcome,
whereas sensitivity to ICl was associated with low ITH and high clonal neo-antigens (155).
This underlines the fact that several parameters remain to be optimized in order to improve
the robustness of TMB in predicting response to ICl, including the threshold for defining
"high" and "low" TMB, the optimal tumour purity and sequencing depth needed to produce

reliable data, and the incorporation of alternative factors such as neo-antigen clonality.

Beyond the tumour "antigenome", other biomarkers are being developed to predict
response to anti-PD-(L)1 therapies. The historical and best validated one is probably PD-L1
expression assessment by immunohistochemistry (IHC) on tumour and/or immune cells
(113,118,132,156,157). Although trial results from initial studies in various cancer types
revealed different predictive values for PD-L1 expression on tumour cells (158), the
relevance of this biomarker has been validated later in meta-analytic studies. Khunger and
colleagues demonstrated that PD-L1 expression was predictive of favourable response
across all tumour types in a meta-analysis evaluating 41 distinct clinical trials involving a
total of 6,664 patients (159), with the best predictive value being observed in NSCLC —

where pembrolizumab is approved in first-line therapy based on PD-L1 positivity (128).

However, this biomarker currently lacks sensitivity, as some PD-L1-negative patients
consistently experience clinical benefit (160,161), and specificity, as not all PD-L1-positive
tumours benefit from anti-PD-(L)1 therapy (115,116). Furthermore, the parameters of PD-L1
staining and scoring are highly variable, notably the anti-PD-L1 antibody (clone SP142 and
clone SP2063, Ventana; and clone 28-8 and clone 22C3, Dako), the platform (PD-L1 IHC
pharDx, Dako; OptiView DAB IHC Detection Kit, Ventana), the positivity threshold (1%, 5%,
10%, or 50%), as well as the tumour material used for analysis (fresh versus archived

material, and primary versus metastatic tumour (162)). Moreover, PD-L1 expression can be
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constitutive or inducible (e.g. IFN-y-mediated induction (163)). Together, these elements
represent significant hurdles for reaching the reproducibility and analytic validity that is

required for any companion biomarker development and clinical implementation.

2. Microenvironment-related factors influencing response to ICI

The TME is a critical determinant of cancer development and is also known to modulate
response to therapy (164). In particular, T cell infiltration critically influences response to 10,

which led to the distinction or "hot, T cell-inflamed” or “cold, non-T cell inflamed” tumours.

a |nfiltrated—excluded b Infiltrated-inflamed C Infiltrated-TLS

CTL

Figure 1.12. General classes of TME.

A. Infiltrated-excluded TME are characterized by the exclusion of cytotoxic CD8+ T cells
from the tumour bulk. These TME are broadly populated with immune cells but relatively
void of CD8+ T cells, which are instead present along the tumour margins where they are
usually found in contact with TAM — which prevent their infiltration — or trapped in fibrotic
nest. Lack of expression of activation markers and T cell exclusion from the tumour mass
are features associated with immunological ignorance, a state in which adaptive immunity
is unable to recognize or respond to malignancy. Therefore, infiltrated-excluded TME are
thought to be poorly immunogenic or “cold”. B. Infiltrated-inflamed TME, by contrast, are
defined by an abundance of activated CD8+ T cells expressing Granzyme B, IFN-y and PD-1
in the tumour core, associated with the presence of PD-L1-expressing tumour and myeloid
cells. These TME are considered as immunologically “"hot”. C. Tertiary lymphoid
structures (TLS)-infiltrated TME, are a subset of infiltrated-inflamed TME, which are
characterized by the presence of immune cells aggregates whose cellular composition is
similar to that of lymph nodes. These structures, also known as TLS, comprise naive and
activated T cells, B cells, DCs and Tregs. Abbreviations: CTLs: cytotoxic T lymphocytes; TLS:
tertiary lymphoid structure.

Figure and legend adapted from Binnewies et al., Nature Medicine, 2018.
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Binnewies and colleagues recently described three classes of TME according to the nature
of the immune infiltrate (Figure 1.12, (165)): (i) infiltrated-excluded TME which are
characterized by the exclusion of cytotoxic CD8+ T cells from the tumour bulk and are thus
considered as poorly immunogenic or “cold”; (ii) infiltrated-inflamed TME, which define
tumours that are highly populated with activated CD8+ T cells and considered as
immunologically “hot”; and (iii) tertiary lymphoid structures (TLS)-infiltrated TME, which are
characterized by the presence of immune cells aggregates whose cellular composition is

similar to that of lymph nodes.

Exploration of the immune infiltrate characteristics in patients treated with ICI using low-
resolution (e.g. IHC, bulk expression array) or high-resolution (NGS-based) techniques has

allowed the identification of important biomarkers of response to these therapies.

T cell infiltration, mostly represented by infiltrating CD8+ T cells, has for long been
associated with improved survival in retrospective studies of multiple tumour types (166-
168). The presence of TILs in tumours has also been linked to clinical benefit from active 1O

approaches such as the MAGE-A3 vaccine (169) and high-dose IL-2 (170).

More recently, the predictive value of TILs was evaluated in the context of treatment with
ICl. A prospective phase Il trial of ipilimumab in patients with metastatic melanoma
demonstrated that the level of TILs at baseline was not predictive of clinical activity, whereas
TILs density at the time of the second injection was clearly associated with response to
therapy (171). Several studies assessed the immune infiltrate characteristics of melanoma
or NSCLC patients treated with the anti-PD-1 pembrolizumab, and showed that tumour
regression following therapeutic PD-1 blockade was dependent on the presence of pre-
existing CD8+ T cells in the tumour mass (172); consistently, responders have enriched
CD8+ T cell levels at the tumour-invasive margin as compared with non-responders (173).
Importantly, Tumeh and colleagues also demonstrated that responders had a narrower T
cell repertoire at baseline (i.e. high TCR clonality corresponding to a less diverse

population) compared to patients with disease progression (172), suggesting that the pre-
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existing TlILs in responders originated from tumour-specific T cell clones. Moreover,
comparison of the TCR clonality at baseline and in post-treatment biopsies in responders
showed a 10-fold increase in clone expansion after anti-PD-1 therapy, supporting the
involvement of a tumour-specific response to therapy in these patients. Interestingly,
baseline TCR clonality did not highly correlate with TILs density, which supports the idea
that some patients exhibiting low T cell infiltration could still benefit from anti-PD-1 therapy
if their TIL population has restricted TCR clonality, specific to few tumour neo-antigens
(174). Conversely, no correlation between TNB and T cell inflammation could be found in
a recent study evaluating this association in melanoma (175). This does not exclude that
within T-cell-inflamed tumours, clinical efficacy of ICI may be favoured in the context of
tumours with high TNB, displaying a greater range of neo-antigens available for T cell
recognition. Related observations support that higher degrees of cytolytic activity correlate

with higher TMB/TNB in some solid tumours (176).

Considering the pivotal role of T cell infiltration in triggering response to PD-(L)1 blockade,
other groups have investigated strategies to turn “cold” tumours into “hot” tumours. Tang
and colleagues have developed an innovative approach to increase T cell infiltration in
initially “cold” tumours, by creating an antibody-conjugated fusion protein that enables the
delivery and overexpression of tumour necrosis factor superfamily member 14 (TNSFR14)
in tumour cells, a factor responsible for the activation of lymphotoxin beta receptor
signalling in immune cells (177). The use of this strategy stimulated the production of
chemotactic chemokines, resulting in lymphocytic infiltration and improved response to

PD-(L)1 blockade in previously T cell-excluded tumours.

Expression of immune checkpoints in TILs has also been associated with sensitivity or
resistance to ICl. For example, low expression of PD-1 in TILs was shown to predict better
outcome and enhanced response to nivolumab in NSCLC patients (178). By contrast,
upregulation of the checkpoint molecules TIM-3 and LAG3 has been proposed as a

mechanism of adaptive resistance to anti-PD-1 treatment (179).
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Recently, a lot of efforts have been made towards the improvement of immune infiltrate
estimation in tumour tissue. Techniques such as CIBERSORT (180) and XCell (181) can now
easily and accurately assess the abundance of immune infiltrates into the tumour by using
gene expression data from bulk tissues. Other approaches, such as “immunomics” (182),
use a combination of IHC and bulk tissue gene expression profiling to stratify patients

according to immune-related criteria and subsequently predict disease outcome.

Assessment of the nature and activation status of immune cells populations within the TME
has also been achieved through gene expression profiling using NGS or Nanostring™
technologies, and consistently, several immune gene signatures have been developed to
predict response to ICl in various tumour types (183,184). The best validated signature is
probably the eight-gene “T effector/IFN-y" signature, which was explored in the phase |l
POPLAR trial, and predicted OS (but not PFS or ORR) benefit in atezolizumab-treated
NSCLC patients. If the robustness of predictive signatures associated with IFN-y expression
is supported by the already described link between tumour PD-L1 expression and response
to PD-(L)1 blockers, it is also corroborated by data showing that high tumour MHC class |l
expression is associated with improved clinical response, longer OS and PFS in melanoma

patients treated with anti-PD-(L)1 therapies (185).

Other signatures, such as the "innate anti-PD-1 resistance” (IPRES) signature, have been
successfully established to predict resistance to ICI (153). Of note, although this signature
was not predictive of resistance to anti-CTLA4 therapy, it was found at variable frequencies
across most human cancers, suggesting that some mechanisms of ICl resistance might be

shared between histologies.

Immuno-monitoring strategies, that involve the repeated assessment of circulating immune
biomarkers, have also been proposed to assist the prediction of response to ICI (31). These
dynamic biomarkers, which include notably cell surface proteins, cytokines and

inflammatory mediators (Table 1.2), can be monitored at several time points on trial using
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a simple blood test. Although associations of some parameters with survival and clinical
benefit from checkpoint blockade have been noted (174,186), these circulating biomarkers
have not been robust enough so far to solely predict response to ICI (187), and none have

been yet validated as predictive biomarkers in prospective studies.

Assessment of TCR gene sequences in peripheral T cell populations has also been
suggested as a predictive biomarker forimmune checkpoint blockade therapy. Postow and
colleagues (188) demonstrated that the baseline TCR repertoire diversity, assessed using
the ImmunTraCkeR tool (189), was correlated to patient PFS (but not OS) upon ipilimumab
treatment. Other studies have evaluated the TCR repertoire diversity in patients by testing
their PBMCs for T cell recognition of specific tumour neo-antigens, previously predicted
from tumour WES and synthesized in vitro (151). These analyses revealed autologous T cell
responses against cancer neo-antigens in the context of a clinical response to anti-PD-1

therapy, confirming the relevance of this kind of approaches.

Biomarker Family Biomarker Reference
Cell-surface interaction molecules | MHC Class I/l (187,190)
(evaluated on peripheral immune | HLA-DR+ on CD8+ T cells
cells) T-Cell Repertoire Diversity (188)
Immune-Checkpoints Expression (191)
PD-1, CTLA4, TIM-3, PD-L1, PD-L2
Cytokines/Chemokines IFN-y (187,190)
IL-6 (187,190)
IL-18 (187,190)
CXCL9 (192)
CXCL10 (192)
CXCL11 (ITAC) (187,190)
CXCL13 (193)
CCL2 (193)
CCLS (193)
Other immunomodulatory Soluble CD25 (194)
molecules
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Biomarker Family Biomarker Reference

Peripheral immune cells “Anti-tumour T cells” (187,190)
CD3+/CD69+, CD3+/Ki67+, CD8+

Th1-related T cells (193)
CD3+/EOMES+, IFN-y+, PD-L1+, IDO1+

Tumour burden Serum LDH (195)

3. Host-related factors influencing response to ICI

Beyond factors associated with the tumour and its microenvironment, the general
immunological status of the host is also an important determinant of response to ICI.
Defined by extrinsic factors that influence physiological immune responses such as host
genetics, the gut microbiota or the presence of infection, this immunological status varies
from patient to patient. Recent studies have explored the potential of these factors to

influence response to immune checkpoint blockade.

In particular, for the past five years, there has been a growing interest in the gastrointestinal
microbiome and its role in the modulation of anti-tumour immune responses. This interest
was brought by several preclinical studies showing that the gut microbiota may promote
anti-tumour immunity by stimulating innate and adaptive immune effectors (196,197), and
that therapeutic responses to chemotherapy may be improved through this stimulation
(198,199). Very recently, several studies have analysed the gut microbiome of patients
treated with anti-PD-1 (200-202), and reported significant differences between responders
and non-responders in terms of the diversity and composition of their microbiome. Indeed,
“good” bacterial species such as Bifidobacterium longum, Collinsella aerofaciens, and
Enterococcus faecium were found enriched in responding patients, while non-responders
had an imbalance in gut flora composition, which correlated with impaired immune cells
activity (200,202). In line with these observations, Matson et al. and Routy et al. described
improved tumour control, enhanced T cell responses, and greater efficacy of anti-PD-(L)1
therapy in germ-free or antibiotic-treated mice reconstituted with faecal material from
responding (but not non-responding) patients (201,202). These data reveal an unexpected

impact of the commensal microbiome on anti-tumour immunity and response to ICI.
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4. Cancer-immune phenotypes and the cancer-immune set point

Data from clinical studies have revealed the existence of three cancer-immune phenotypes
that reflect the previously described classes of TME, but are also associated with response

to anti-PD-(L)1 ((203), Figure 1.13):

(1) The immune-inflamed phenotype corresponds to tumours that display a substantial
immune infiltrate, presumably emanating from a pre-existing anti-tumour immune
response that was arrested. This phenotype is mostly associated with patients exhibiting
clinical response to anti-PD-(L)1.

(2) The immune-excluded phenotype corresponds to tumours that are not infiltrated by
immune cells, because of the retention of these cells in the stroma. Treatment with anti-
PD-(L)1 is usually ineffective and clinical responses are rarely observed in patients with
this phenotype.

(3) The immune-desert phenotype corresponds to tumours that are totally devoid of T
cells either in their core or in the stroma, which reflects the absence of pre-existing anti-
tumour immunity. Patients carrying this phenotype are mostly refractory to anti-PD-(L)1

therapy.

Although most patients can be classified into one of the three basic cancer-immune
phenotypes, the inherent immunological status of an individual is much more complex, as
a multitude of factors contribute to determining anti-tumour immunity — and response to
ICI. In the current personalized medicine era, the above-presented data could soon
translate into the definition of a unique “immunological profile” per patient, which would
recapitulate the contribution of tumour-, microenvironment- and host-related factors at a
given time to define its likelihood of response to therapy. This kind of approach has been
proposed by Chen and Mellman in the form of a “cancer-immune set point”, that would use
complex modelling systems to integrate multiple variables and define the threshold that

must be overcome to generate effective anti-cancer immunity (203).
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Figure 1.13. Cancer-immune phenotypes.

(1) The immune-inflamed phenotype (red) corresponds to tumours that display a
substantial immune infiltrate composed of both CD4+ and CD8+ T cells, often
accompanied by myeloid cells and monocytes, in close proximity with tumour cells.
Immune-inflamed tumours are also characterized by the sustained expression of pro-
inflammatory and effector cytokines, as well as immune checkpoints such as PD L1. This
supposes the presence of a pre-existing anti-tumour immune response that was arrested —
probably through immunosuppressive mechanisms operating in the tumour core. The
immune-inflamed phenotype is mostly associated with patients exhibiting clinical response
to anti-PD-(L)1. (2) The immune-excluded phenotype (blue) is also characterized by an
abundance of immune cells, but these do not penetrate the tumour core and are instead
retained in the stroma of the tumour. This suggests that a pre-existing anti-tumour immune
response might have been present but was rendered ineffective by the retention of immune
cells in the stroma, or a block in tumour infiltration. Treatment with anti-PD-(L)1 can lead to
the activation and proliferation of stroma-associated T cells, but as these cannot penetrate
the tumour core, clinical responses are rarely observed in patients with this phenotype. (3)
The immune-desert phenotype (brown) defines tumours totally devoid of T cells either in
their core or in the stroma. Despite the possible presence of myeloid cells, these tumours
have a non-inflamed TME with few or no CD8+ T cells. This reflects the absence of pre-
existing anti-tumour immunity, and highlights that the generation of tumour-specific T cells
is the rate-limiting step. Consequently, patients carrying this phenotype are mostly
refractory to anti-PD-(L)1 therapy. Abbreviations: LN, lymph node; TDO, tryptophan 2,3-
dioxygenase.

Figure and legend adapted from Chen and Mellman, Nature, 2017.
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D. The DNA damage response determines anti-cancer immunity

We have previously described that the tumour mutational landscape plays a major role in
determining anti-tumour immune responses, primarily through its direct impact on tumour
antigenicity. The mutational landscape is a “record” of the tumour history which carries the
traces of a number of endogenous and exogenous mutational processes that have been
operating throughout disease development. Understanding how these “genomic scars”
were formed brings important information about the factors that determine tumour

genomic instability and might consequently influence response to therapy.

1. Mutational processes control genomic instability in cancer

Genomic instability is known as an important hallmark of cancer (17), that drives the first
steps of carcinogenesis and fuels tumour evolution throughout disease development. It is
determined by the effects of all mutational processes to which a tumour may be exposed;
these include exogenous processes essentially represented by DNA damage (following
chronic exposure to carcinogens for example) and endogenous processes which are the

results of tumour-specific DNA repair or DNA damage response (DDR) defects.

Although genomic instability is a common denominator of cancer, the prevalence of
somatic mutations is highly variable across tumour types ((204), Figure 1.14); this reflects
the diversity and irregular frequency of mutational processes that operate in cancer. Each
of these processes — which not only influence the level of somatic mutations but also the
type of mutations generated —is distinctively associated with a characteristic imprint, known
as mutational signature, that is determined by the type of DNA damage and DNA repair
processes involved in the formation of genetic alterations. The analysis of large genomic
datasets has enabled the identification of 21 distinct mutational signatures (204), that are
characterized by a substantial diversity in terms of mutation type, frequency of apparition,
and association with known mutational processes. For example, exogenous DNA damage
following exposure to UV light is known to promote the formation of pyrimidine dimers,

which eventually create C>T transversions in the genome. The preponderance of these
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mutations constitutes a characteristic feature of cutaneous cancers that are associated with
UV exposure such as malignant melanoma (205). Similarly, the prevalence of C>A
transitions, that result from the mutagenic effects of polycyclic hydrocarbons of tobacco
smoke, are characteristically found in lung carcinomas (206). Of note, these two DNA
damage-related mutational signatures are usually associated with high TMB, and in lung

cancer, the smoking molecular signature correlates with response to anti-PD-1 (151).
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Figure 1.14. The prevalence of somatic mutations across human cancer types.

Every dot represents a sample whereas the red horizontal lines are the median numbers of
mutations in the respective cancer types. The vertical axis (log-scaled) shows the number
of mutations per Mb whereas the different cancer types are ordered on the horizontal axis
based on their median numbers of somatic mutations. Abbreviations: ALL, acute
lymphoblastic leukaemia; AML, acute myeloid leukaemia; CLL, chronic lymphocytic
leukaemia.

If some histologies display a higher prevalence of one or two particular mutational
signatures, it is very likely that, in patients, the mutational landscape obtained after
sequencing is a composite of multiple mutational signatures — although one of them might
be prominent among the others. Indeed, an individual tumour comprises subclonal
populations that might have been variably exposed to several mutational processes across
tumour development, which eventually promotes the complexity of the final landscape of

somatic mutations in a cancer genome (207). Importantly, if some of these signatures are

70



traces of historical mutational processes that are no longer actively promoting cancer
development, others indicate exposure to ongoing mutational processes, and may serve
as prognostic or predictive biomarkers of therapeutic sensitivity, or even as targets for

disease control.

In some tumour types, DDR defects represent the predominant form of operative
mutational processes, and are therefore important determinants of the tumour mutational
landscape. In these histologies, DDR defects also represent critical biomarkers of response

to therapy, including chemotherapy, targeted therapies and 10.

2. The extent of DNA repair alterations in cancer

DDR dysfunction is closely associated with cancer and is thought to participate to neoplastic
development at an early stage (208). Markers of Double-Strand Breaks (DSBs), such as
nuclear yH2AX foci (a histone phosphorylation event occurring on the DNA surrounding
DSB) have been found at elevated levels in some precancerous lesions, as a result of
replication stress induced by oncogenes activation (209,210). Subsequent transformation
of those precancerous lesions into mature tumours is thought to occur via inactivation of
key DDR and cell-cycle checkpoint proteins such as ataxia telangiectasia mutated (ATM),
ataxia telangiectasia and Rad3-related (ATR) and the master tumour suppressor protein
p53, which promotes cell-cycle progression at the expense of the DDR, thereby increasing
mutagenesis (208). DDR deficiency is thus a fundamental characteristic of cancer, which
actively promotes tumour development by maintaining a high degree of genomic

instability.

Further evidence of the role of DDR dysfunction in cancer development was brought by the
association between germline mutations in DDR genes and a number of rare cancer-
predisposing syndromes, including Louis-Bar syndrome (also known as ataxia
telangiectasia, associated with ATM mutations), Fanconi anaemia (associated with

mutations in FANC genes, including BRCAT and BRCAZ2), Lynch syndrome (associated with
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mutations in MSH2, MLH1, MSH6, or PMS2) but also Bloom syndrome, Rothmund-Thomson

syndrome, Werner syndrome or Nijmegen breakage syndrome (208).

A multitude of DDR alterations can be found in cancer, and their type and frequency vary
across tumour types (Table I.3). In some histologies, an incontrovertible link exists between
a particular DDR defect and a specific mutational signature in the tumour genome. For
example, 15% of sporadic CRC exhibit a mutational signature characterized by an abnormal
shortening and lengthening of dinucleotide repeat sequences. This signature, known as
microsatellite instability (MSI), is caused by a dysfunction in the mismatch-repair (MMR)
pathway of the DDR, responsible for the repair of DNA replication errors. Hence, the MMR
genes MSH3/6 and MLH3 are frequently found mutated in MSI-high CRC. Similarly, a subset
of both sporadic and familial cancers harbour substantial numbers of large deletions (up to
50 base pairs) with overlapping micro-homology at breakpoint junctions. This mutational
signature is associated with defects in homologous recombination (HR), a DNA repair
process involved in the resolution of DSBs. These HR defects, often caused by loss-of-
function mutations in genes such as BRCA1, BRCA2, PALB2, and RAD51C, are present in
50% of high-grade serous ovarian cancers (HGSOC), 15% of triple-negative breast cancers
(TNBC) and 2% of pancreatic cancers. Another example is the ultra-mutated phenotype
encountered in a subset of endometrial cancers, which has been associated with altered

activity of the error-prone polymerase Pol-g, consequent to mutations in the gene POLE.

These data demonstrate that specific DDR defects cause characteristic mutational patterns
that shape the tumour mutational landscape. This has important implications for tumour
immunogenicity, as each DDR defect is likely to generate specific antigens at a certain
frequency, thereby leaving a particular imprint on the tumour “antigenic landscape” and

potentially influencing response to ICI.
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Table I.3. Type and frequency of DNA repair alterations in solid tumours.

Genes in blue are related to DSB repair, in green to MMR, in red to NER, in orange to
nucleotide synthesis, and in grey to DNA replication. Genes marked with an asterisk refer
to data reported in cell lines only. Abbreviations: N.R., not reported.

Cancer type Gene Alterations Reference

Type Frequency

Non-Small Cell
Lung Cancer

Small-Cell Lung
Cancer

Clear-Cell Renal
Cell Carcinoma

Urothelial
Carcinoma

Head and Neck
Cancer

Ovarian Cancer
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Cancer type Gene Alterations Reference

Type Frequency

Triple-Negative
Breast Cancer

Gastric Cancer

MMR-deficient
Colorectal Cancer

Hepatocellular
carcinoma

Biliary tract
cancer

Prostate Cancer

Endometrial
cancer

Pancreatic Cancer
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3. DNA repair pathway alterations are associated with response to ICI

Initial studies that evaluated a correlation between TMB and response to ICl had already
identified DDR defects as potential biomarkers of response to these therapies. Indeed, Rizvi
and colleagues found that, in NSCLC, pembrolizumab responders showing the highest
TMB had specific mutations in DDR genes, including POLD1, POLE, MSH2, BRCAZ2,
RAD51C, and RAD17. Multiple subsequent studies, presented below, further investigated
this link between DDR, TMB and sensitivity to ICI.

The most robust evidence for the association between DDR defects and response to ICl
was initially established in MMR-deficient tumours (242). Early IHC and genomic studies
had identified an interaction between the MSI-high phenotype, the increased presence of
TILs and an improved prognosis in CRC (243,244), thus suggesting that MMR deficiency
may influence the immune microenvironment of these tumours. Later, it was shown that the
enhanced immune infiltrate found in MSI-high CRC tumours was counterbalanced by the
upregulation of inhibitory immune checkpoints including PD-1, PD-L1, and CTLA-4 (245).
This supported the hypothesis that these tumours escape anti-tumour immunosurveillance
via upregulation of immune checkpoints, and that checkpoint blockade therapy could

represent an effective treatment strategy in this context.

Based on these observations, and on the initial description of exceptional responses in
MMR-deficient patients receiving ICl, a phase |l clinical trial was initiated to test the activity
of pembrolizumab in three cohorts of patients with treatment-refractory disease: (i) MMR-
deficient CRC patients, (ii) MMR-proficient CRC patients, and (iii) MMR-deficient non-CRC
patients including cholangiocarcinoma, endometrial carcinoma, and gastric carcinoma
patients (121). The immune-related ORR was 40% in the MMR-deficient CRC cohort and
71% in the MMR-deficient non-CRC cohort, versus 0% in the MMR-proficient CRC cohort.
These results established the first compelling clinical evidence for activity of anti-PD-(L)1
agents in MMR-deficient tumours. In addition, consistent with initial studies, the analysis of

genomic data from patients revealed that both TMB and predicted TNB were higher in
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MMR-deficient tumours compared with MMR-proficient tumours, and that MMR-deficient
tumours had a higher CD8+ T cell infiltrate associated with an increased PD-L1 expression

on tumour cells.

This proof-of-concept study was later expanded in a larger cohort of patients with advanced
MMR-deficient tumours of 12 different histotypes; impressive ORR of 53% and complete
response rate of 21% were achieved (246). The median PFS and OS were still not reached
at the time of publication, indicating that most responses were durable. Furthermore,
functional analysis in a responding patient established that a rapid expansion of neo-
antigen-specific T cell clones was engaged upon treatment with anti-PD-1. This data was
the basis for the first FDA approval of an anti-cancer drug in a histotype-agnostic fashion:
in May 2017, pembrolizumab was granted accelerated approval for any adult or paediatric

advanced tumour presenting MMR deficiency or high MSI.

Considering the important benefit brought by ICl in this population, many institutions have
now implemented routine MSI testing (using IHC and/or PCR-based assays) for all patients
newly diagnosed of CRC and endometrial carcinoma. The development of targeted
sequencing panels, that can be used to measure TMB and infer MSI status, will also enable
more efficient patient screening and diagnosis “automatization” to better predict clinical

benefit to ICI.

Pol-e and Pol-8 are two major DNA polymerases in human, responsible for the majority of
nuclear DNA replication. Because of their proofreading exonuclease activity, these
polymerases also play a preponderant role in the correction of DNA replication errors, and
are thus considered as important components of the DNA repair machinery. Somatic point
mutations in the exonuclease domain of Pol-e and Pol-8 occur in certain tumours, and are
associated with the highest TMB identified to date (247). Ultra-mutated tumours associated
with POLE mutations, primarily found in a subset of endometrial carcinomas, exhibit a

consistently high predicted TNB and were shown to have high levels of TILs and PD-1/PD-L1
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expression (238,248). Moreover, recent case reports described exceptional responses to
pembrolizumab in patients with POLE-mutant endometrial carcinoma (249) and
glioblastoma (250), associated with local immune activation after treatment initiation. These
results suggest that POLE-mutant tumours are sensitive to ICl due to their elevated genomic

instability and increased immunogenicity; clinical trials are currently ongoing to validate

this hypothesis (NCT02899793).

Tumours with HR dysfunction have also been shown to elicit specific anti-tumour immune
responses. Initial evidence for an association between HR defects and immune activation
was brought by IHC studies which demonstrated that loss of BRCA1 or BRCA2 (following
mutation or promoter methylation) in ovarian tumours correlated with increased immune
infiltration and higher levels of PD-1 and PD-L1 expression (251,252). In parallel, analysis of
the genomic profile of HGSOC tumours with BRCA1/2 alterations or mutations in other HR
genes associated with the “BRCAness” phenotype (such as mutations in RAD51, ATM, or
ATR and PTEN deletions) revealed a significantly higher predicted TNB compared with HR-
proficient tumours (253). Very recently, loss of CDK12, a kinase involved in the transcription
of several HR genes including BRCAT, was shown to define a distinct class of mCRPC,
associated with increased genomic instability due to high levels of focal tandem
duplications (FTD) and gene fusions (254). This subset of CDK712-mutant cases was shown
to harbour elevated TNB driven by fusion-induced chimeric open reading frames, and
consistent increased T cell infiltration. Interestingly, CDK712-mutant tumours do not exhibit
the mutational signature classically linked to HR defects (i.e. nsSNVs or insertions/deletions
associated with LOH), suggesting that their high TNB may not directly result from HR
dysfunction, and that specific neo-antigens may drive the immunogenicity of these

tumours.
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Figure 1.15. DNA repair defects and their association with anti-PD-(L)1 efficacy in
solid tumours.

A. Representation, per tumour type, of the median frequency of DNA repair deficiency
(yellow pie charts) and the median efficacy of anti-PD-(L)1 (blue pie charts). For each
histology, the median rate of DNA repair defects was calculated on the basis of literature
data. When DNA repair defects in distinct pathways were mutually exclusive, the sum of
their frequency was taken; when overlaps were observed between several DNA repair
defects, the median of all DNA repair defects was chosen. The frequency of additional
defects in other genes relevant for DNA repair (i.e. genes involved in cell cycle regulation
or DNA replication) were also evaluated and are depicted on the side of the pie chart
graphs. Tumour types resulting from exposure to a mutagenic agent are highlighted by a
skull. ORR reported in phase |, ll, or lll trials performed in the corresponding histologies
were taken for estimating the efficacy of anti-PD-(L)1 inhibitors. The data cut-off for
collecting anti-PD-(L)1 efficacy was January 2016. B. Scatter plot illustrating the lack of
statistically significant correlation between DNA repair mutation frequency and response
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Additional studies have shown correlations between the HR status and response to ICl. In a
small cohort of 38 patients with metastatic melanoma treated with pembrolizumab or
nivolumab, Hugo and colleagues observed that 29% of ICI responders harboured a
deleterious mutation in BRCA2 versus only 6% of non-responders (153), and that BRCA2-
mutated melanomas had a significantly higher TMB compared with BRCA2-wildtype
melanomas. Similarly, better ORR, PFS and OS have been reported in HR-deficient
metastatic prostate cancer patients receiving nivolumab plus ipilimumab, although the
difference with HR-proficient patients was not statistically significant — probably due to low
patient number (255). Other clinical trials are ongoing to determine the predictive value of

HR defects as a biomarker of response to ICl in other histologies (NCT01772004).

Very recently, a retrospective study has evaluated the impact of DDR alterations on the
clinical efficacy of atezolizumab or nivolumab in advanced urothelial cancers (256). The
presence of any DDR defect, regardless of the pathway affected, was associated with a
higher ORR, and patients with known or likely deleterious DDR defects had a higher ORR
than patients with DDR defects of unknown significance. Although these data and the
above-presented studies suggest that DDR deficiency results in higher TMB and increased
immunogenicity in some histologies, a definite correlation between DDR deficiency, TMB
and sensitivity to ICl cannot be claimed (Figure 1.15), which suggests that TMB-

independent factors also influence response to ICl.

4. The cGAS/STING pathway: another interface between the DNA damage

response and innate immunity

In recent years, an emerging body of data has supported the involvement of neo-antigen-

independent mechanisms in the recognition and elimination of tumour cells by the immune
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system. In particular, the cyclic GMP-AMP synthase / stimulator of interferon genes
(cGAS/STING) pathway has generated significant interest in immuno-oncology, because of
its central role of interface between the DDR and innate immunity (257). If this pathway was
initially characterized as a cellular system of sensing of foreign DNA — originating from viral
or bacterial sources in the setting of cellular infection —, several lines of evidence have later
suggested its implication in the detection of endogenous damaged nuclear DNA in the
context of auto-inflammatory diseases (258) and cancer (259). In either case, recruitment of
this pathway results in innate immune responses through the activation of a signalling
cascade connecting the cytoplasmic DNA sensor cGAS, several signal transducers
including STING and TBK1, and eventually transcription factors (mainly IRF3 and NF-kB)

that are collectively responsible for the induction of a type | IFN response.

The cGAS/STING pathway owes its sensing functions to the DNA sensor cGAS, a protein
which contains a nucleotidyl-transferase domain and two major DNA-binding domains.
cGAS operates in the cytosol and primarily detects double-stranded DNA (dsDNA)
molecules, independently of their DNA sequence, through binding to their sugar-
phosphate backbone. Single-stranded DNA (ssDNA) can also be detected in the form of
internal duplex structures. Biochemical in vitro studies have shown that dsDNA molecules
as short as ~15 base pairs are sufficient to bind and activate cGAS; in cells cytoplasm, it is
likely that cGAS activation relies on the detection of longer DNA molecules because of the

presence of nucleases and other cellular regulatory factors (257).

cGAS binding to DNA induces a conformational change in the nucleotidyl-transferase
active site of the protein, which allows the synthesis of cyclic GMP-AMP (cGAMP) from ATP
and GTP (Figure 1.16, (257)). The cGAMP synthesized by cGAS is a 2'-3'-cGAMP isomer,
containing two phosphodiester bonds, one between the 2'-OH of GMP and 5'-phosphate
of AMP, and the other between the 3'-OH of AMP and 5'-phosphate of GMP. This molecule
functions as a second messenger that activates the ER-membrane adaptor STING through
binding via extensive hydrophobic interactions and hydrogen bonds. Binding of cGAMP to

STING induces (i) STING translocation from the ER to the Golgi apparatus, and during this
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process (i) a conformational change in STING that is postulated to release a carboxy-
terminal tail which recruits and activates TANK binding kinase 1 (TBK1) and IkB Kinase (IKK).
Upon activation, TBK1 in turn phosphorylates STING at several serine and threonine
residues, and phosphorylated STING binds to a positively charged region of interferon
regulatory factor 3 (IRF3), thereby recruiting it and allowing its phosphorylation by TBK1.
Once IRF3 is phosphorylated, it forms a homodimer and enters the nucleus to activate the
transcription of interferons. Similarly, STING-mediated activation of IKK results in the
phosphorylation of the IkB family of inhibitors of the transcription factor NF-kB. This allows
the release of NF-kB and its translocation to the nucleus where it functions together with

IRF3 to induce the expression of interferons and inflammatory cytokines.
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Figure 1.16. The cGAS/STING pathway of cytosolic DNA sensing.

DNA is a pathogen-associated molecular pattern (PAMP) when it is delivered to the host
cytoplasm by microbial infection, and is a danger-associated molecular pattern (DAMP)
when it enters the cytoplasm from the nucleus (e.g., through DNA damage and reverse
transcription of retro-elements), mitochondria or dead cells. Cytosolic DNA binds to and
activates cGAS, which catalyzes the synthesis of 2'3’-cGAMP from ATP and GTP. 2'3'-cGAMP
binds to the ER adaptor STING, which traffics to the ER-Golgi intermediate compartment
and the Golgi apparatus. STING then activates IKK and TBK1. TBK1 phosphorylates STING,
which in turn recruits IRF3 for phosphorylation by TBK1. Phosphorylated IRF3 dimerizes and
then enters the nucleus, where it functions with NF-kB to turn on the expression of type |
IFN and other immunomodulatory molecules.

The cGAS/STING pathway appears to be a major innate immune sensing machinery for the
detection of tumours (260). Indeed, this pathway was shown to be activated in APCs
following engulfment of dying tumour cells, thus resulting in T cell activation and priming
against tumour-associated antigens via type | IFN-mediated stimulation (261,262). More
importantly, the activation of cGAS/STING has also been evidenced in tumour cells
undergoing DNA damage. For example, exposure of tumour cells to IR or S-phase-specific
chemotherapies has been associated with a cell cycle-dependent formation of cytoplasmic
chromatin fragments (CCF) or micronuclei involved in the induction of a STING-mediated
type | IFN response (263-266). Exogenous DNA damage-induced IFN responses have also
been observed in the context of treatment with other clinically relevant drugs, such as
etoposide, camptothecin, mitomycin C, and adriamycin (267). Furthermore, the presence
of specific DDR defects, per se, has been associated with cGAS/STING activation: Parkes
and colleagues reported that defects in HR genes (BRCA1/2 or FANCDZ2) promote the
accumulation of CCF in cancer cells and trigger STING-mediated phosphorylation of TBK1
and IRF3, thereby resulting in a type | IFN response characterized by the upregulation of
the lympho-attractant chemokines CXCL10 and CCL5 (268). They further showed in a
cohort of 184 breast cancer samples that DDR-deficient tumours (identified by molecular
profiling using a validated DDR-genes signature) displayed higher CD4+/CD8+ T cell
infiltration and higher expression of CXCL10 and CCL5 compared to their DDR-proficient
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counterparts, thus supporting that HR defects in breast tumours favour the establishment
of an immune-activated microenvironment. Other DDR defects such as ATM deficiency
have been associated with activation of cGAS/STING and subsequent type | IFN response
in cancer cells (269), suggesting that the accumulation of cytosolic DNA is a common

feature of DDR-defective cells.

Beyond DDR defects, chromosomal instability — which results from ongoing errors in
chromosome segregation during mitosis — has recently been identified as a major
mechanism contributing to the activation of the cGAS/STING cascade (270). The proposed
model is that chromosomal missegragation creates a preponderance of micronuclei whose
rupture spills genomic DNA into the cytosol, thereby activating DNA-sensing pathways.
Interestingly, activation of the cGAS/STING pathway in this context has been associated
with tumour evasion and metastasis, because chromosomally unstable cancer cells develop
multiple mechanisms that largely suppress type | IFN signalling in favour of alternative
inflammatory STING-dependent signalling, such as NF-kB, that actively participate to
cellular migration and distant metastasis (271). This suggests the ambiguous role of
cGAS/STING in modulating cell-autonomous immune responses in cancer and highlights
the precarious balance that mediates the expression of immuno-stimulatory and pro-

inflammatory signals in response to genomic instability.

Overall, the mechanism by which free DNA arises in the cytoplasm is not yet fully
understood, and whether CCF result from “leakage” of nuclear DNA into the cytoplasm,
from rupture of micronuclei, or from the putative cytosolic functions of DDR enzymes

requires further investigation (272).

Importantly, considering the potential of cGAS/STING signalling to mediate anti-tumour
immune responses, direct activation of this pathway using STING agonists represents an
attractive therapeutic strategy and an intense research area, with several ongoing phase |
trials evaluating such molecules (273), in monotherapy or combination — notably with
anti-PD-(L)1 agents, as cGAS recently appeared to be essential for the anti-tumour effects

of ICI (274).
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5. Other neo-antigen-independent mechanisms connecting the DDR and

immunity

Some groups have investigated other tumour cell-intrinsic neo-antigen-independent
mechanisms as potential mediators of anti-tumour immunity. For example, an original study
from McGrail and colleagues used a multi-omics approach to show the absence of
correlation between TNB and T cell infiltration in copy number alterations-driven cancers,
such as breast cancer (275). Conversely, they identified ATM as a major driver of T cell
infiltration in these cancers, which potentially controls the expression of lympho-attractant
chemokines through phosphorylation of specific transcription factors. This study opens
novel perspectives on the potential of DDR defects to influence anti-tumour immune
responses, and supports the existence of transcription-dependent mechanisms modulating

tumour immunogenicity.

E. Targeting DDR deficiencies to modulate anti-cancer immunity

We have previously detailed how DDR alterations modulate the characteristics and
outcome of anti-tumour immune responses via neo-antigen-dependent and -independent
mechanisms. Given the importance of these effects, therapeutically targeting DDR
deficiencies represents an attractive approach to stimulate anti-cancer immunity. In the
context of |0, the identification of rationale combinations with ICl that would increase the
proportion of patients benefiting from these therapies is an intense research area. Several
therapeutic modalities have been assessed toward this aim, including chemotherapy, IR

and DNA repair-targeted therapies.

1. Immunogenic properties of cytotoxic chemotherapy

Although most conventional chemotherapies, including direct DNA-damaging agents,
have been traditionally considered as immunosuppressive because of their deleterious

effects on immune cells (lymphopenia), a significant body of evidence has established that
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at least some chemotherapies can promote anti-tumour immunity by generating
immunogenic cell death (ICD) of tumour cells. This peculiar form of cell death actually
comprises various cell death modalities that share the common feature of activating
immune effectors through the emission of a variety of danger signals collectively known as
damage-associated molecular patterns (DAMPs). At least four individual types of ICD have
been identified so far, including ICD driven by pathogens, ICD elicited by
chemotherapeutics, ICD elicited by physical interventions, and necroptotic ICD (276). Each
type of ICD is characterized by the emission of a specific panel of DAMPs, which activates

a more or less wide range of immune effectors.

The demonstration that chemotherapeutic agents trigger ICD has first been achieved in
vivo using vaccination assays. This kind of assay involves (i) the inoculation of dying tumour
cells, pre-treated in vitro with a putative ICD inducer, into syngeneic immunocompetent
mice (vaccination step) and (ii) the subsequent challenge of vaccinated mice with living
cancer cells of the same type. As tumour cells dying through ICD have been proposed to
trigger memory immune responses against tumour-specific antigens, vaccination of mice
with these cells is thought to provide a protective effect against subsequent tumour
challenge. In this scenario, the percentage of tumour-free mice after re-challenge provides
a robust estimate of the capacity of a given drug to induce ICD. A number of
chemotherapeutic agents have been screened in this system, and some of them, currently
used in the clinic such as doxorubicin, mitoxantrone, oxaliplatin or bortezomib, were shown

to trigger bona fide ICD (277-279), with vaccination rates ranging from 80% to 90%.

These in vivo observations called for a mechanistic dissection of the ICD process. Thus,
during the past ten years, the molecular mechanisms underlying ICD have been extensively
studied, resulting in the identification of several DAMPs as critical molecular events
triggered in the context of chemotherapy-induced ICD (Figure 1.17, (276)). These include:
(i) cell-surface exposure of calreticulin (CALR) and other ER chaperones, (ii) secretion of ATP

in the extracellular milieu, (iii) activation of a cancer cell-intrinsic type | IFN response
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resulting in the secretion of CXCL10 and (iv) release of immunomodulatory molecules

including High-Mobility Group Box 1 (HMGB1) and Annexin A1 (ANXA1).

(1) Exposure of CALR: Chemotherapy-driven ICD relies on the exposure of ER chaperones
atthe plasma membrane of dying tumour cells. These include primarily CALR (280), but
also protein disulfide isomerase family A member 3 (PDIA3, also known as ERp57)(281),
heat shock protein 70 kDa (HSP70) and 90 kDa (HSP90) (282). The exposure of these
proteins is dependent on the phosphorylation of the ER factor eukaryotic initiation
factor 2 (elF2a), which is characteristic of an ER stress triggered by DNA-damaging
agents. Once exposed on the plasma membrane of dying tumour cells, the chaperones
act as "eat-me” signals for phagocytes, promoting the uptake of cell corpses and debris
by APCs (283). For example, CALR-exposing cells are recognized and engulfed by
CD9%1-positive cells (mostly represented by macrophages and DCs), unless they
simultaneously express an antagonist signal (such as CD47) on their surface.
Conversely, depletion of CALR (or that of any of the proteins that are required for CALR
exposure) prevents phagocytosis and abolishes ICD as elicited by multiple ICD
inducers. CALR exposure is thus a critical DAMP which dictates the immunogenicity of
cancer cell death (280).

(2) Secretion of ATP: Stress-induced ATP secretion is an important feature of ICD. It occurs
via various mechanisms including the active exocytosis of ATP-containing vesicles as
well as the passive release of cytoplasmic ATP via gap junction hemi-channels, pannexin
channels or transporters of the ATP-binding cassette family (284). Autophagy is
involved in the active secretion of ATP; being strictly required for cells exposed to
immunogenic chemotherapeutics to release ATP in amounts that are compatible with
the engagement of adaptive immunity, this process was shown to be essential for ICD
(285). Passive release of ATP, by contrast, occurs secondary to caspases-mediated
cleavage and activation of pannexin 1 (PANX1), and is not sufficient to induce the high
levels of extracellular ATP required for ICD (286). ATP is the most abundant intracellular
metabolite but also an important autocrine/paracrine messenger that operates by
binding to ionotropic (P2RX) or metabotropic (P2RY) purinergic receptors. Thus,

extracellular ATP constitutes a potent “find-me” signal for phagocytes: by interacting
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with P2RY2 and P2RX7 receptors, respectively, on APCs and their precursors, ATP
mediates robust chemotactic effects, promoting the recruitment of macrophages and
DCs to the tumour site (287).

(3) Secretion of type | IFN: Anthracyclines have been shown to stimulate the rapid
production of IFN-a and IFN-B by cancer cells through activation of the endosomal
pattern recognition receptor Toll-like receptor 3 (TLR3) (288). The secretion and
subsequent binding of these factors to IFN receptors on cancer cells was shown to
trigger autocrine and paracrine circuitries that result in the release of CXCL10, a
chemokine mediating the recruitment and activation of macrophages, DCs and NK
cells. Importantly, this type | IFN response is required for the anti-cancer immune
responses elicited by anthracyclines in vivo, as (i) tumours lacking TLR3 or IFNAR fail to
respond to chemotherapy (unless type | IFN or CXCL10, respectively, is artificially
supplied) and (ii) IFNAR1-deficient mouse cancer cells killed by doxorubicin cannot
vaccinate syngeneic hosts in conditions in which wildtype cells efficiently do so.

(4) Release of HMGB1/ANXA1: Another hallmark of chemotherapy-induced ICD is the
release of immunomodulatory molecules in the extracellular milieu. Among them,
HMGB1 and ANXA1 represent important mediators of the anti-cancer immune
responses elicited by chemotherapy. HMGB1 is a nuclear factor, normally bound to
chromatin. Upon exposure to chemotherapy, stressed cells undergo nucleo-
cytoplasmic translocation of HMGB1, and eventually, passive release of this molecule
through loss of plasma membrane integrity following post-apoptotic necrosis (284).
Once released, HMGB1 operates as a potent pro-inflammatory stimulus for immune
cells, by interacting with various pattern recognition receptors, including TLR2, TLR4
and receptor for advanced glycosylation end-products (RAGE) (289,290). Binding of
HMGB1 to TLR4 on monocytes/macrophages stimulates the secretion of pro-
inflammatory cytokines (291), while interaction of nucleosome-bound HMGB1 to TLR2
induces a humoral immune response, resulting in the production of anti-DNA and anti-
histone antibodies (292). HMGB1 can also form a complex with CXCL12, thus mediating
the recruitment of mononuclear cells to inflammatory lesions through interaction with
CXCR4 (293). Importantly, the interaction with TLR4 appears to be the most important

for the perception of cell death as immunogenic, primarily because HMGB1 also binds

87



Chapter I. Introduction

to TLR4 on DCs to facilitate processing and cross-presentation of antigens from dying
tumour cells (294). Consistently, depletion of HMGB1 via small-interfering RNA (siRNA)
or neutralizing antibodies totally compromises the efficacy of anti-tumour vaccination
and abrogates ICD. Similarly, ANXA1 controls the immunogenicity of cell death by
promoting stable interactions between dying cancer cells and DCs, through binding to
formyl peptide receptor 1 (FRP1) on these latter (295). Lack of FRP1 has been shown to
impair the approach of DCs to dying cancer cells, thus preventing the initiation of anti-

tumour T cell responses.
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Figure 1.17. Mechanisms of chemotherapy-driven ICD.

In response to ICD inducers, malignant cells produce a series of DAMPs that favour the
uptake of cell corpses and debris by APCs, including DCs, and eventually lead to the
priming of an adaptive immune response involving both af and yd T cells. Such response
is associated with the establishment of immunological memory, and has the potential to
eradicate malignant cells that survive chemotherapy via an IFN-y-dependent mechanism.
CXCR3, CXC-chemokine receptor 3; FPR1, formyl peptide receptor 1; IFNAR1; interferon
a/B-receptor subunit 1; IL, interleukin; LRP1, LDL receptor related protein 1; P2RX7,

purinergic receptor P2X7; P2RY2, purinergic receptor P2Y2; TLR4, Toll-like receptor 4.
Figure and legend adapted from Galuzzi et al., Nature Reviews, 2017.
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The previously described DAMPs constitute the molecular basis of ICD, and are as such,
critical determinants of the immunogenic effects of chemotherapy. Experimental strategies
aiming to interfere with the release of any of these DAMPs were shown to abolish the
immunogenicity of cell death, as assessed by vaccination assays. This demonstrates the
complexity and fragility of ICD, underlining the fact that this process is dependent on the
spatiotemporally coordinated emission of immunogenic signals, that are triggered by
simultaneous exposure to several stresses (ER stress, autophagy, cell death), and
orchestrated by multiple intracellular and extracellular effectors. This may explain why only
a subset of chemotherapeutic agents, able to gather these conditions, can effectively

trigger ICD.

Although ICD may appear as a largely theoretical concept, the immunogenic properties of
conventional chemotherapies have been shown to be essential for their clinical efficacy

(288,296), which highlights the significance and clinical relevance of this process.

Beyond the well-described effects of chemotherapy-driven ICD, other immunogenic
properties have been associated with cytotoxic agents. For example, 5-fluorouracil (5-FU)
can increase tumour cells immunogenicity by inducing cell-surface expression of MHC
Class | molecules and tumour-specific antigens (297); Mitomycin C, hydroxyurea or 5-FU
can induce expression of NK cell stimulatory ligands, such as killer cell lectin-like receptor
K1 (KLRK1, also known as NKG2D), thereby stimulating NK cells activity (298). Other
chemotherapeutic agents were demonstrated to upregulate death receptors present on
the tumour cell surface, such as mannose-6-phosphate receptor or TRAIL, thus rendering
tumour cells more susceptible to elimination by TILs (299,300). Finally, certain
chemotherapy regimens such as TPF (docetaxel plus cisplatin plus 5-FU) have been
associated with PD-L1 upregulation in tumour cells (301), which suggests that these agents

may have antagonist effects on the modulation of immunity.

In addition to tumour-based effects, DNA-damaging chemotherapies have also been

shown to modulate anti-tumour immune responses via direct effects on the TME (302).
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Regulation of immune cell populations constitutes an important characteristic of certain
chemotherapies: for example, drugs such as gemcitabine, paclitaxel, or 5-FU have been
shown to suppress Treg or MDSC function in experimental models (303), thereby
enhancing anti-tumour immunity. Similarly, cyclophosphamide has been shown to activate
anti-tumour immune responses through increasing the number and activity of DCs.
However, the applicability of these discoveries remains limited as, in many cases, the
observed immunomodulatory effects appear to occur at non-toxic, non-clinically-relevant

concentrations.

Several lines of evidence now suggest that cytotoxic chemotherapy can sensitize tumours
to immune checkpoint blockade. In a recent preclinical study, Pfirschke and colleagues
demonstrated that pre-treatment of ICl-resistant tumours lacking T cell infiltration with an
appropriately selected combination of immunogenic chemotherapy (oxaliplatin plus
cyclophosphamide) could successfully initiate host immune responses via direct
stimulation of cancer cell TLR4 signalling (304). This strategy resulted in a rapid CD8+ T cell
infiltration and eventually sensitized tumours to ICl, thus allowing durable control of tumour
growth. Similar observations were made in studies evaluating other chemotherapeutic

agents (decitabine, gemcitabine) in combination with anti-CTLA4 (305,306).

Clinically, most recent results of the combination of pembrolizumab with pemetrexed and
cisplatin brought impressive results in advanced NSCLC, as previously described (129).
These results were practice-changing and led to the recommendation of combining
anti-PD-(L)1 agents with platinum-based doublet chemotherapy in NSCLC. Interestingly,
drug administration schedule and sequence may be key in optimising the effects of such
combination as, in lung cancer, initial studies demonstrated a benefit for ipilimumab plus
carboplatin and paclitaxel using a phase dosing schedule (but not using a concurrent

schedule), compared with chemotherapies alone (307,308).

More than 200 clinical trials are currently evaluating DNA-damaging chemotherapies in

combination with ICl, with a variety of cytotoxic agents being tested in different dosing and
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timing regimens (309). This will hopefully contribute to the definition of an optimal dosing

and scheduling to eventually improve patient outcome.

2. Radiotherapy enhances anti-tumour immune responses

Historically, radiotherapy was considered as an immunosuppressive therapy because of
frequent bone marrow irradiation and exquisite sensitivity of lymphocytes to radiation-
induced apoptosis (310). Despite these observations, early studies have demonstrated the
implication of the immune system in the therapeutic effects of radiotherapy. Stone and
colleagues first showed that stimulation of the host immune system with a crude bacterial
preparation prior to IR could reduce the dose of radiation needed to control tumour
growth, while immunosuppression had the opposite effect (311). It was further described
that immune cells, notably CD8+ effector T cells, have a key role in tumour elimination

within the radiation field (312-314).

Radiotherapy has been shown to stimulate the immune system through local and systemic
effects. The so-called “abscopal effect”, which refers to regression or disappearance of
lesions outside of the irradiated field, has been increasingly observed and is the best

example of the immuno-stimulatory potential of radiotherapy.

By inducing tumour cell death, radiotherapy initiates a variety of immunogenic mechanisms

that participate to the activation of anti-tumour immunity (Figure 1.18, (315)).

(1) Radiotherapy increases tumour cells immunogenicity: One of the best-described
mechanisms by which radiotherapy enhances immune responses is the upregulation of
MHC Class | in cancer cells (316-318). Dose-dependent increase in MHC Class | cell-
surface expression has been observed following IR, and proposed to result from the
stimulation of translation and peptide production via mammalian target of rapamycin
(mTOR) pathway activation (319,320). These effects were associated with an enhanced

degradation of existing proteins and a translation of novel proteins in response to
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radiation, both resulting in an expanded intracellular peptide pool that stimulated
antigen presentation on MHC Class |. Exposure to IR has also been shown to upregulate
other cell-surface stimulatory ligands such as NKG2D (321), thus suggesting that its
immunogenic effects may involve both innate and adaptive immunity.

(2) Radiotherapy induces ICD: Several lines of evidence support the idea that
radiotherapy triggers an immunogenic form of cell death, that resembles the one
triggered by anthracyclines and other ICD inducers (276). Indeed, irradiation was
shown to mediate CALR exposure on cancer cells through the induction of an unfolded
protein response (UPR) and consequent ER stress (322,323), but also ATP secretion
driven by autophagy (324), type | IFN signalling activation (325,326) and HMGB1
release (323,327). Additional processes such as HSP70 secretion, TLR3 signalling
stimulation, or IL-1P release were shown to be associated with IR-induced ICD but their
involvement in the engagement of adaptive immunity remains to be tested formally
(276).

(3) Radiotherapy stimulates cytokines/chemokines secretion: Exposure of cells and
tissues to IR has been shown to result in the secretion of multiple cytokines and growth
factors, including TNF-q, IL-1a, IL-1B, type | IFN, GM-CSF, IL-4, IL-5, IL-6, IL-10, IL-12 and
IL-18, VEGF and TGF- (328). This cytokine efflux is thought to participate to immune
cell infiltration by inducing changes in vascular endothelium and by transmitting
chemoattractant signals, that favour immune cells extravasation, migration, and
invasion (329). This results in the infiltration of important mediators of anti-tumour
immune responses such as DCs, macrophages, and effector T cells but also of
suppressive immune cells such as Tregs and MDSC.

(4) Radiotherapy sensitizes tumour cells to T cell-mediated killing: IR exposure has
been shown to induce expression of FAS on tumour cells, thereby facilitating their
elimination by T cells (330,331). This mechanism is thought to play a major role of

stimulation of anti-tumour immunity within the irradiated field.
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Figure 1.18. Radiation-induced effects on tumour cells.

IR initiates: (1) cell death, (2) cytokine and chemokine production in the TME, (3) release
of tumour antigens, (4) release of DAMPs, (5) recruitment of IL-1, TGFB, FGF, TNF, and
NLRP-3, and (6) the generation of chemotactic signals that recruit several myeloid cell
populations with distinct roles in T cell suppression. These primary events are the catalysts
for an elaborate succession of processes. Cell death (1) causes the release of DNA and RNA
into the cytoplasm leading to the production of IFN. Cytokine and chemokine production
(2) triggers the infiltration of DCs, macrophages, cytotoxic T cells, Tregs, and MDSC, as well
as the efflux of immune cells. The release of DAMPs (4) activates APCs. These complex and
sometimes conflicting events are reflective of the struggle between hostimmune response
and tumour pro-survival mechanisms. Abbreviations: FGF, fibroblast growth factor; IL-1,
interleukin 1PB; IL-10, interleukin 10; NLRP3, NACHT, LRR and PYD domains-containing
protein 3; RLRs, RIG-I-like receptors; TLRs, Toll-like receptors.

Figure and legend adapted from Weichselbaum et al., Nature Reviews, 2017.
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First described in the 1950s (332), the abscopal effect is an important peculiarity of
radiotherapy that has only recently been associated with activation of the immune system
(333). Experiments carried out in nude mice have demonstrated that T cell effector function
within the irradiated TME was a driver of the abscopal effect and that a memory immune
response was involved in this phenomenon (333). Cytokine release is another important
element of the abscopal effect (334): notably, TNF-a secretion by activated T cells reduces

the number of immunosuppressive cells both locally and systemically (335).

If the abscopal effect has rarely been observed in routine clinical practice when
radiotherapy was administered alone, this phenomenon has been increasingly reported in
combination with 10 (315), suggesting that combinatorial strategies of radiotherapy plus

IClI may be beneficial in the metastatic setting for patients with advanced cancers.

Initial pre-clinical studies evaluating the combination of local tumour irradiation plus
anti-CTLA4 therapy obtained immune-mediated regression of metastatic lesions in various
tumour models including breast and colon cancer, indicative of potent abscopal effects
(336,337). Similarly, addition of anti-PD-(L)1 therapy to local IR treatment was shown to
enhance the efficacy of radiotherapy through a cytotoxic T cell-dependent mechanism
(335), both locally and at distant sites in several mouse models (315,338). Moreover, as IR
may participate to immunosuppression in the TME via upregulation of immune checkpoint
molecules such as PD-L1 (329), combination with PD-(L)1 blockade has been proposed as

a strategy to overcome acquired resistance to fractionated radiotherapy (339,340).

Clinically, the abscopal effect has been successfully achieved in the setting of combination
with anti-CTLA4 in isolated cases (341-344), but clinical trials specifically addressing this
question have shown little clinical benefit of this combination so far (345), although anti-
tumour activity with disease control has been observed (346) and very recently associated
with potent systemic T cell responses in some cases (347). Currently, more than 300 clinical

trials are evaluating ICl in combination with radiotherapy in various histologies (348).
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3. DNA repair-targeted therapies: another class of immunomodulatory

agents?

Based on the immunomodulatory potential of conventional cytotoxic agents, an increasing
interest has emerged towards the use of DNA repair-targeted therapies, notably poly(ADP-

ribose) polymerases inhibitors (PARPi), as immunomodulatory agents.

The DDR relies on the incredibly complex function of a series of interrelated molecular
pathways that recognize diverse DNA damage patterns, mediate cell cycle arrest, and
orchestrate DNA repair in order to maintain genome integrity. Key to the DDR are the
poly(ADP-ribose) polymerases 1 and 2 (PARP1 and PARP2) enzymes, that operate as DNA
damage sensors and signal transducers through the synthesis of negatively charged,
branched poly(ADP-ribose) (PAR) chains on multiple target proteins as post-translational
modifications (349). This poly(ADP)ribosylation (PARylation) process is involved in most of
the known functions of PARP1 in DNA repair, including repair of single-strand breaks (SSBs)
and DSBs, in the stabilization of DNA replication forks, as well as in chromatin remodelling
(350). PARP1 primarily binds damaged DNA at sites of SSBs, although other DNA lesions
are known to trigger its recruitment. This binding to DNA stimulates the catalytic activity of
PARP1 through the induction of a series of allosteric changes in its structure (Figure 1.19),
which eventually promote PARylation and recruitment of various DNA repair effectors to
the damage site, and facilitate remodelling of the chromatin structure around the lesion as
part of the DNA repair process. In particular, PARP1 mediates the rapid recruitment of X-
ray repair cross-complementing protein 1 (XRCC1)to SSBs, a core factor in SSB repair which
acts as a scaffold for a number of SSB repair proteins. At the end of the repair process,
PARP1 auto-PARylates itself, which causes its release from repaired DNA. PARP1 also plays
a major role in the remodelling of chromatin within the nucleotide excision repair (NER)
pathway, which mediates repair of bulky DNA lesions that arise from exposure to mutagenic
agents such as platinum salts (350). The involvement of PARP1 in other DNA repair
processes such as HR or non-homologous end joining (NHEJ) has also been evidenced,

demonstrating the predominant and ubiquitous functions of this protein in the DDR.
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Figure 1.19. A model describing PARP1 catalytic cycle.

(i) In its non-DNA bound state, PARP1 exists in a relatively disordered conformation,
commonly referred to as “beads on a string”. The domain structure of PARP1 includes three
zinc finger-related domains (ZnF 1, 2, and 3): the BRCA1 C-terminus domain (BRCT), the
tryptophan-, glycine-, arginine-rich domain (WGR), and the catalytic domain, which
encompasses two subdomains, a helical domain (HD) and an ADP-ribosyltransferase (ART)
catalytic domain. In this non-DNA bound state, HD acts as an auto-inhibitory domain
preventing binding of the PARP-superfamily cofactor, B-NAD+, to its ART binding site. (ii)
DNA damage often causes the formation of SSBs, which induces a change in the normal
orientation of the double helix. (iii) In turn, this provides a binding site for DNA binding
PARP1 ZnF domains. (iv) The interaction of ZnF 1, 2, and 3 with DNA initiates a stepwise
assembly of the remaining PARP1 protein domains onto the PARP1/DNA nucleoprotein
structure, which leads to a change in HD conformation and resultant loss of its auto-
inhibitory function, and allosterically activates PARP1 catalytic activity. (v) ART catalytic
activity drives the PARylation of PARP1 substrate proteins, mediating the recruitment of
DNA repair and chromatin remodelling effectors. (vi) PARP1 auto-PARylation finally causes
its release from DNA and the restoration of a catalytically inactive state. (vii) Several clinical
PARPi, each of which binds the catalytic site, prevent the release of PARP1 from DNA: this
“trapping” of PARP1 at the site of damage removes PARP1 from its normal catalytic cycle.
Figure and legend adapted from Lord et al., Science, 2017.
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The understanding that PARP1 functions as a key mediator of DNA repair processes has led
to the development of small-molecule inhibitors targeting PARP1 and its paralogs (351).
The original rationale was that PARPi could sensitize tumours to conventional DNA-
damaging agents, including various chemotherapy and radiotherapy regimens, by
inhibiting PARP1-mediated repair of DNA lesions generated by these agents. Following the
observation that small-molecule nicotinamide analogs inhibit PARylation and enhance the
cytotoxicity of DNA-damaging agents such as dimethyl sulfate (352), several clinical PARPi
were developed (Figure 1.20), including the first generation inhibitors veliparib (ABT-888,
Abbvie), rucaparib (Rubraca®, Clovis), olaparib (Lynparza®, AstraZeneca) and niraparib
(Zejula®, Tesaro), and the second generation inhibitor talazoparib (Talzenna®, Pfizer), which
exerts more potent activity. But the full clinical potential of PARPi was only revealed in 2005,
when two research groups demonstrated the synthetic lethal interaction between PARP
inhibition and loss of BRCA1 or BRCA2 function, suggesting for the first time a novel
therapeutic strategy for treating patients that carry deleterious mutations in these tumour

suppressor genes (353,354).
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Both BRCA1 and BRCAZ2 are critical mediators of HR, a conservative DDR pathway that uses
homologous DNA sequences to guide repair of DSBs. Mutations in either of these proteins
impair HR and result in the preferential use of error-prone repair mechanisms — such as
NHEJ — to repair DSBs, which promotes mutagenesis and tumour progression. Germline
BRCA1/2 defects are frequent alterations found in 5-10% of TNBC and 15-35% of HGSOC
(Table 1.3), thus forming an important distinct molecular subtype of patients. Synthetic
lethality refers to the situation whereby a defect in either one of two genes has little effect
on cell fitness, but a combination of defects in both genes results in cell death (349). Initially,
the proposed mechanism for explaining PARP/BRCA synthetic lethality was that PARPi
promote the persistence of SSBs, which, when encountered by a replication fork,
sometimes result in collapse of the fork and subsequent formation of DSBs (353). Left
unrepaired in the context of HR dysfunction, these DSBs accumulate in the genome and
eventually trigger tumour cell death. Later, this model was completed by the idea that some
PARPi promote PARP1 “trapping” on DNA by preventing auto-PARylation and subsequent
PARP1 release from the damage sites, thus resulting in the formation of cytotoxic lesions
that enhance the accumulation of collapsed replication forks and consequent DSBs
(355,356). Clinical PARPi differ in their PARP trapping potential, talazoparib being
approximately 100 times more potent than niraparib in trapping PARP1, which in turns is

more potent than olaparib and rucaparib in this respect (349) (Figure 1.20).

Discovery of the PARP/BRCA synthetic lethality and demonstration that BRCA-mutant
tumour cells are highly sensitive to PARPi provided the biological rationale for testing PARPi
as single-agents in BRCA-deficient populations. Data from the first phase | clinical trial
evaluating olaparib, which was enriched in patients with germline BRCA1/2 mutations
showed impressive ORR and observed clinical benefit for a majority of patients, thus
validating the clinical applicability of the concept of synthetic lethality (357). Subsequently,
phase Il clinical trials involving BRCA-mutant patients in breast, ovarian, pancreatic or
prostate cancers confirmed the clinical benefit offered by olaparib (358-360), and led to its
approval by the U.S. Food and Drug Administration (FDA) for treatment of patients with
germline BRCA-mutant advanced ovarian cancer in 2014. In 2018, a randomized phase llI

clinical trial evaluating olaparib in monotherapy for germline BRCA-mutant HER2-negative
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breast cancer patients demonstrated a significant benefit over standard therapy (361),

leading to the FDA approval of Lynparza® for treatment of this disease.

In the meantime, other synthetic lethal interactions involving PARP inhibition have been
discovered, starting with the demonstration that deficiencies in a number of tumour
suppressor genes involved in HR, such as ATM, ATR, PALB2, RAD51 and the FANC gene
family confer sensitivity to PARPi (362,363). Importantly, large-scale cancer genome
sequencing projects have established that HR defects occur in a wide range of tumour
types, suggesting that a number of HR-deficient cancers could benefit from PARPi (349).
Sensitivity to PARPi has also been evidenced in the context of other DDR defects such as
excision-repair cross-complementation group 1 (ERCC1) deficiency (364), a frequent DDR
alteration in NSCLC (Table 1.3). ERCC1 is an essential component of the NER pathway,
which mediates the excision of bulky adducts caused by platinum salts and other mutagenic
agents, thus allowing repair of these lesions by other NER proteins (208). Interestingly,
ERCC1 is also thought to be involved in the excision of PARP trapping lesions; it has thus
been suggested that in the absence of ERCC1, trapped-PARP1 lesions that generate DSBs
cannot be adequately excised, which prevents their processing through HR, and eventually
causes cell death (364). Given the high frequency of ERCC1 deficiency in NSCLC, this DDR
defect represents a potential therapeutic target for PARPI in this histology, and clinical trials
evaluating olaparib in patients with platinum-sensitive advanced NSCLC are currently
testing this opportunity (NCT02679963). Finally, defects in other components of the DDR,
such as the chromatin remodelling complex SWI/SNF have been associated with sensitivity
to PARPI: in particular, ARID1A, a tumour suppressor gene mutated in a broad spectrum of

human cancers has demonstrated synthetic lethality with PARP inhibition (365).

These recently-described synthetic lethal interactions suggest that the tumour-specific
cytotoxic effects of PARPi can be exploited in a variety of molecular contexts, and that their
clinical use may be extended to a wide range of cancers, non-restricted to HR-deficient
cancers. Alternatively, this has also prompted their clinical assessment in combination with
IClin a number of histologies, including primarily BRCA-mutant breast and ovarian cancers,
but also NSCLC, HNSCC, mCRPC, CRC, gastric carcinomas and other advanced solid

tumours (309).
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Along with their well-established functions in DNA repair, a wide immunological role has
been attributed to PARP enzymes. In particular, PARP1 has been shown to participate to the
development of inflammatory responses, and is thought to be involved in adaptive
immunity by directly affecting the differentiation and functions of T cells and B cells (366).
In line with these data, it has recently been demonstrated that PARP1- and PARP2-knockout
mice have impaired adaptive immune function due to defective thymocyte maturation with

reduced numbers of peripheral CD4+ and CD8+ T cells (367).

Despite this involvement of PARP proteins in immune processes, very little is known about
the immunological properties of PARPi. So far, few pre-clinical studies have evaluated the
impact of PARP inhibition on the immunological rejection of tumours, and available data
only refer to a very restricted histological and molecular context, represented by BRCA1-
deficient ovarian cancer models. Huang and colleagues have shown that administration of
talazoparib led to increased levels of peritoneal CD8+ T cells and NK cells associated with
an enhanced production of IFN-y and TNF-a in syngeneic BRCA 1-deficient murine ovarian
tumours (368), suggesting the immuno-stimulatory potential of PARP inhibition in this
context. Combination of veliparib and anti-CTLA4 therapy in a similar BRCA1-deficient
ovarian cancer model resulted in immune-mediated tumour clearance and long-term
survival in a majority of mice (369). The efficacy of this combination was T cell-mediated and
dependent on the increased production of IFN-y in the peritoneal tumour environment.
Interestingly, another study evaluating the combination of rucaparib plus anti-PD-(L)1
therapy in BRCA1/2-mutant and -wildtype syngeneic ovarian cancer models revealed that
treatment efficacy could only be achieved in the BRCA1/2-mutant model, suggesting that

the anti-tumour activity of this combination was BRCA-dependent (370).

An increased number of clinical trials have been initiated over the past years to evaluate
the safety and efficacy of combined PARPi plus anti-PD-(L)1 therapy in both DNA repair-
deficient and -proficient settings (303,309). Preliminary results from the phase Il basket
study MEDIOLA (NCT02734004), evaluating olaparib plus durvalumab with a PARPi

monotherapy priming phase schedule, suggested a strong activity of the combination in
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the germline BRCA-mutated, platinum-sensitive relapsed ovarian cancer cohort (72% ORR;
95% Cl, 53.0 to 86.0) (371). Moreover, the elevated 12-week durable clinical response rate
obtained in the BRCA-mutated metastatic breast cancer cohort suggested that the
administration of durvalumab may enhance the efficacy of olaparib monotherapy in BRCA-
mutated patients (372). Interestingly, baseline PD-L1 expression and TILs levels did not
appear to correlate with clinical outcomes in these two cohorts. Further, preliminary data
from the biomarker analysis of a limited number of patients in the small cell lung cancer
(SCLC) cohort suggested that olaparib monotherapy resulted in a modest reduction in
circulating immune cells, and could conversely increase levels of TlLs (373). These results
show promising efficacy of PARPI plus anti-PD-(L)1 combination in germline BRCA-mutated

patients, and further support the hypothesis of an immunomodulatory potential of PARPI.

Further pre-clinical studies are now needed to properly define the molecular processes by
which PARPi may enhance anti-tumour immune responses and to understand how these
DNA repair-targeted therapies may affect sensitivity to ICI. This will eventually provide a

scientific rationale for the combination of PARPi with ICl in upcoming clinical trials.

F. Aims and approaches

PARPi are among the most promising adjuvant therapies that may increase the clinical
efficacy of ICI, for the following reasons: (i) as DNA repair-targeted therapies, they
constitute an interesting alternative to conventional chemotherapy, carrying a putative
potential to stimulate tumour immunogenicity through increased genomic instability while
having less immunosuppressive effects; (ii) they can be easily integrated into new clinical
protocols as several PARPi are currently licensed or in advanced clinical development (iii)
few, but several pre-clinical studies have demonstrated their anti-tumour potential in

combination with ICl, and preliminary clinical data show promising efficacy of this strategy.

Notwithstanding the recent growing interest for using PARPi as immunomodulatory agents,

there is a very little understanding of the immunological effects of PARPi. In a context where
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an increasing number of combination trials with ICl are initiated, it is urgent to properly

investigate the immunomodulatory potential of PARPI in relevant pre-clinical models.

In this thesis, we evaluated the potential of PARPi to elicit tumour-intrinsic immunity in

various DDR-deficient and -proficient models. Overall, the following aims were pursued:

Aim 1: Characterize the effects of ERCC1 deficiency on the modulation of

immunological signalling in NSCLC cells. (Chapter I1I)

Loss of ERCC1 is a frequent DDR abnormality in NSCLC. It confers sensitivity to platinum-
based therapy (374) and PARPi (364), and therefore represents an attractive candidate for
harnessing immune activation in this disease — where ICl have shown unprecedented
efficacy. Our first aim was to characterize the immunological impact of ERCC1 deficiency in
NSCLC cells, through the assessment of transcriptional differences in a unique in-house

isogenic cellular model of ERCC1-deficient NSCLC.

Aim 2: Evaluate the cell-autonomous immunomodulatory potential of PARPi in

ERCC1-deficient NSCLC cells and BRCA1-mutant TNBC cells. (Chapter IV and V)

PARPi selectively target cancer cells with DDR deficiencies such as those caused by BRCA1
mutations or ERCC1 defect (349). Our second aim was to test whether PARPi can selectively
trigger cancer cell-autonomous immune phenotypes in DDR-deficient cells; we notably
assessed the activation the cGAS/STING pathway, and the induction of specific cellular

responses such as type | IFN response, cytokine secretion and PD-L1 expression.

Aim 3: Assess the ability of PARPi to generate ICD in NSCLC cells. (Chapter VI)

A number of DNA-damaging agents have been tested for their potential to trigger ICD of
cancer cells, and to this aim, specific standardized assays have been developed in vitro and
in vivo (375). PARPI, as potent DDR modulators, are promising candidates for the induction
of ICD. Our third aim was thus to evaluate the ICD-inducing potential of PARPi in NSCLC
cells, through the detection of the canonical cellular markers of ICD in vitro, and through

the implementation of vaccination assays in vivo.
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Chapter ll. Materials and Methods

A. Reagents

1. General chemicals and solutions

All chemicals were purchased from Sigma Aldrich unless otherwise stated. Common

solutions and buffers were prepared as follows:

é PBS: Phosphate-buffered saline — 137nM NaCl, 2 mM KCI, 8mM Na;HPO,, 1.5 mM
KH2PO4 in H,O, pH adjusted to 7.4 with HCI.

¢ Trypsin solution: Trypsin, 0.25% ethylenediaminetetraacetic acid (EDTA), phenol
red (Gibco).

¢ Pen-Strep solution: Sterile-filtered solution of penicillin (10,000 units/mL) and

streptomycin (10 mg/mL) in water.
¢ DMSO: Dimethyl-sulfoxide solution.

é RIPA lysis buffer: RIPA Lysis and Extraction Buffer (ThermoFisher), 0.5%
phenylmethylsulfonyl fluoride (PMSF), 1% Halt™ Protease Inhibitor Cocktail
(ThermoFisher).

¢ MOPS: Running buffer for WB — 3-(N-morpholino)propanesulfonic acid (Invitrogen).

¢ Transfer buffer: 14.4 g glycine, 3.03 g tris(hydroxymethyl)aminomethane (TRIS),

200 mL methanol made up to 1 L with water.
¢ TRIS: tris(hydroxymethyl)aminomethane (Invitrogen).
¢ 10X TBS: 200 mL TRIS (1 M) pH 7.5, 300 mL NaCl (5 M) made up to 1 L with water.

¢ TBS-T: Washing buffer for WB — 100 mL 10X TBS, 1 mL Tween-20 in 1 L with water.

103



¢ Blocking solution: 5% bovine serum albumin (BSA) in TBS-T or 5% milk in TBS-T.
¢ PFA: Fixation solution — 4% (v/v) paraformaldehyde solution.

é IFF: Incubation buffer for IF — PBS, 2% BSA, 2% foetal bovine serum (FBS) (Life

Technologies), filtered through a 0.2 um filter.
é Triton solution: Permeabilization buffer for IF — 0.05% Triton-X 100 in PBS.
¢ DAPI: 4',6-Diamidino-2-Phenylindole, Dihydrochloride (ThermoFisher).

¢ PicoGreen®:  2-(n-bis-(3-dimethylaminopropyl)-amino)-4-(2,3-dihydro-3-methyl-

(benzo-1,3-thiazol-2-yl)-methylidene)-1-phenyl-quinolinium (ThermoFisher).

¢ PI: 20 pg/mL propidium iodide solution.

2. Drugs and chemotherapeutics

All compounds were dissolved in 100% DMSO to give 50 mM or 100 mM stock solutions,

and subsequently aliquoted and stored at -80°C (Table 11.1).

Olaparib (AZD-2281) Selleckchem S1060
Rucaparib (AG-014699) Selleckchem S1098
Veliparib (ABT-888) Selleckchem S1004
Talazoparib (BMN-673) Selleckchem 57048
Niraparib (MK-4827) MedChem Express HY-10619
RO-3306 Selleckchem S7747
Mitoxantrone Sigma Aldrich M2305000
Nocodazole Merck Millipore #487928
Interferon gamma-1b Boehringer Ingelheim #557767-8
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3. Antibodies

Primary antibodies are listed in Table 1.2, Table 11.3, and Table 11.4. For western blotting
(WB), horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased
from Sigma Aldrich and diluted to 1:10000. For immunofluorescence (IF), Alexa Fluor®
(AF)-647-conjugated (A21235) and AF-594-conjugated (A11037) secondary antibodies
were purchased from ThermoFisher and diluted to 1:1000. For flow cytometry, AF-488-

conjugated (A11034) secondary antibody was purchased from ThermoFisher and diluted

to 1:300.
B-tubulin Mouse 1:20000 Sigma Aldrich 78328
a-tubulin Mouse 1:2000 Abcam ab7291
B-actin Mouse 1:20000 Sigma Aldrich A1978
Lamin B1 Rabbit 1:2000 Abcam ab16048
pelF2a Rabbit 1:1000 Cell Signalling #3398
elF2a Rabbit 1:1000 Cell Signalling #5324
LC3B Rabbit 1:1000 Novus Bio NB100-2220
cGAS Rabbit 1:1000 Cell Signalling #15102
STING Rabbit 1:1000 Cell Signalling #13647
pTBK1 Rabbit 1:1000 Cell Signalling #5483
TBK1 Rabbit 1:1000 Cell Signalling #3013
pPIRF3 Rabbit 1:1000 Abcam ab76493
IRF3 Rabbit 1:1000 Abcam ab76409
PIRF7 Rabbit 1:1000 Cell Signalling #12390
IRF7 Rabbit 1:1000 Cell Signalling #4920
pNF-kB p65 Rabbit 1:1000 Cell Signalling #3033
NF-xB p65 Rabbit 1:1000 Cell Signalling #8242
ERCC1 Mouse 1:200 Santa Cruz sc-17809
Histone H3 Mouse 1:1000 Abcam ab1791
H3K9me3 Mouse 1:200 Abcam ab6002
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Target

RIG-1
MDAS5
IFI16
TLR9
TRIF
TRAF3
TRAF6
PD-L1

pSTAT1

STAT1

Table 11.3. Summary of antibodies used for IHC and ICC in this study.

Target

CALR
LC3B

HMGB1

ERCC1
PD-L1
PAR
PARP1

Species

Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit

Species

Mouse
Mouse
Rabbit
Rabbit
Rabbit
Mouse

Mouse

Dilution

1:1000
1:1000
1:200

1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000

Dilution

1:200
1:40
1:100
1:1000
1:200
1:200
1:200

Chapter II. Materials and Methods

Supplier

Cell Signalling
Cell Signalling
Santa Cruz

Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling
Cell Signalling

Supplier

Abcam

Nanotools
ThermoFisher
Spring Biosciences
Cell Signalling
Merck Millipore
BioRad

Reference
#3743
#5321
sc-8023
#13674
#4596
#4729
#8028
#13684
#9167
#9172

Reference
ab22683
#0231-100
PA1-16926
M3680
#13684
MABC547
MCA1522G

Table 1l.4. Summary of antibodies used for flow cytometry in this study.

Target

APC-conjugated PD-L1

APC-conjugated PD-L1 isotype
FITC-conjugated HLA-ABC
FITC-conjugated HLA-ABC isotype

BV421-conjugated TLR4

BV421-conjugated TLR4 isotype

CALR

Dilution
5 pl/test
5 pl/test
20 plL/test
20 plL/test
5 pl/test
5 pl/test

1:100
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Supplier
Biolegend
Biolegend
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

Abcam

Reference
#329708
#400322
#557348
#551954
#564401
#562438
ab2907



Chapter Il. Materials and Methods

4. siRNA oligonucleotides
siRNA oligonucleotides were purchased from Dharmacon or Qiagen and were supplied
2'ACE protected and lyophilized (Table II.5). These were reconstituted to 10 pM in

RNAase-free water, aliquoted and stored at -20°C. The non-targeting siRNA negative

control siCTRL was used in this thesis and is known not to target any human gene.

Table I1.5. Summary of the siRNAs used in this study.

siRNA Type Supplier Reference ‘
siCTRL Non-targeting Qiagen #1022076

siPLK1 SMARTpool Dharmacon L-003290-00-0005
siSTING SMARTpool Dharmacon L-024333-02-0005
sicGAS SMARTpool Dharmacon L-015607-02-0005
siTBK1 SMARTpool Dharmacon L-003788-00-0005
silRF3 SMARTpool Dharmacon L-006875-00-0005

5. RT-gqPCR probes

Probes for reverse transcription quantitative PCR (RT-qPCR) were purchased from

ThermoFisher (Table 11.6).

Table 11.6. Summary of the RT-qPCR probes used in this study.

Probe Fluorophore Supplier Reference ‘
GAPDH FAM ThermoFisher Hs03929097_g1
CCL5 FAM ThermoFisher Hs00982282_m1
IFNB1 FAM ThermoFisher Hs01077958_s1
PD-L1 FAM ThermoFisher Hs00204257_m1
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B. Biological material

1. Tumour cell lines

SUM149, A549, H1975 and CT26 cells were obtained from ATCC. The generation of
SUM149-BRCA1 ., and SUM149-PARP1” secondary mutant cell lines was performed using
CRISPR-Cas?9 site directed mutagenesis, as previously described (376,377). The secondary
mutant cell lines A549-ERCC1” and H1975-ERCC1”" were generated using zinc finger
nuclease gene targeting, as described previously (378). SUM149 cells were cultured in
Ham's F12 nutrient mixture (Gibco) with 10% foetal bovine serum (FBS, Gibco), 1 pg/mL
insulin (Sigma Aldrich), 500 ng/mL hydrocortisone (Sigma Aldrich) and Pen-Strep. A549
cells were cultured in high-glucose Dulbecco’s Modified Eagle’'s Medium (DMEM, Gibco)
with 10% FBS and Pen-Strep. H1975 and CT26 cells were cultured in Roswell Park Memorial
Institute 1640 (RPMI-1640, Gibco) medium with 10% FBS and Pen-Strep.

2. Fresh pleural effusion samples

Pleural effusion samples from NSCLC patients were collected at Gustave Roussy with
informed written consent, in accordance with the Helsinki Declaration 1964 and its later
amendments or comparable ethical standards. For each sample, the pleural fluid was
centrifuged for 10 min at 400 g and cell pellets were resuspended in 30 mL PBS. In order
to isolate mononucleated cells, the cell suspension was subjected to a density gradient
centrifugation (20 min at 400g in a swinging-bucket rotor without brake) using Ficoll-
Hypaque reagent (GE Healthcare). The mononuclear cell layer was carefully collected from
the centrifugation tube and thoroughly washed with PBS. Cells were then washed twice
with 100% FBS and subsequently cultured in 6-well plates at a density of 200,000 cells per
well with RPMI-1640 medium containing 20% FBS and Pen-Strep.
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3. Archival tumour samples

Archival tumour samples from two independent cohorts of resected NSCLC patients were
used: (i) a series of 55 human tumour samples derived from resected stage I/IlI/IIIA lung
adenocarcinoma patients; and (ii) a series of 49 human tumour samples derived from
resected stage I/Il NSCLC (invasive adenocarcinomas and squamous cell carcinomas)

patients.

C. Protocols

1. Tissue culture

All cell culture procedures were carried out under sterile conditions in a tissue culture hood.
Cells were grown under physiological conditions at 37°C and 5% CO; in their respective
media. Cells were allowed to reach 80% confluency before passaging as follows: media
was aspirated and cells were washed once with sterile PBS; cells detachment took place by
incubation at 37°C with a covering volume of trypsin solution. Trypsin was neutralized by
resuspending cells in growth media containing FBS and seeded into a new flask. To count
cells, resuspended cells were thoroughly mixed by pipetting to generate a single cell
suspension, and 10 pL of cells were diluted in 10 pL trypan blue solution (ThermoFisher) for
counting using a Countess™ Il automated cell counter (Invitrogen). Frozen cell stocks were
maintained in liquid nitrogen storage in freezing media (90% FBS, 10% DMSO). All cell lines
were short tandem repeat typed (STR typed) using StemElite ID (Promega) to confirm
identity prior to the study, and verified for mycoplasma contamination every 2 months using

MycoAlert (Lonza).

2. RNAI and transfections

All siRNA silencing experiments were performed using a pre-designed ON-TARGETplus

SMARTpool (Dharmacon) of four distinct siRNA species targeting different sequences of
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the target transcripts. Forward transfections were performed in 6-well plates; cells were
plated at a density of 250,000 cells per well and transfected 24 h after seeding using
RNAIMAX transfection reagent (ThermoFisher). Briefly, culture medium was removed and
1.75 mL of fresh medium was added to each well with 250 pL of transfection mix. The
transfection mix was prepared by incubating 125 pL serum-free Opti-MEM medium (Gibco)
with 7.5 pL of RNAIMAX for 5 min as per manufacturer’s instructions. This was then mixed
with an additional 125 pL of serum-free Opti-MEM medium containing 2.5 pL of siRNA
(concentration 10 uM) and incubated for 20 min at room temperature. The prepared
transfection mix was then added to the cells and replaced by fresh culture medium 24 h

post transfection.

Transfection efficacy was assessed through concomitant but independent transfection of
cells with PLK1 siRNA, which produced more than 95% cell growth inhibition. Validation of
siRNA target inhibition was performed via WB from pools of concomitantly transfected

cells.

3. Short-term drug survival assays

Short-term survival assays were performed in 96-well plates. Exponentially growing cells
were plated at a concentration of 1000 cells/well in 150 pL. 24 h after seeding, culture
medium was removed and 120 pL of fresh medium was added to each well. 30 pL of vehicle
(DMSQO) or drug dilutions in medium were added at a five times concentration to the cells
to make a total volume of 150 pL. Cells were then continuously exposed to the drug for 5
days, after which cell viability was estimated using CellTiter-Glo® luminescence (Promega).
Medium was removed from each well and 50 pL of CellTiter-Glo® reagent (diluted 1:4 with
PBS) was added; the plate was shaken for 10 min at room temperature according to the
manufacturer's protocol, and luminescence was subsequently measured on a Victor X5
multilabel plate reader (PerkinElmer). Cell viability was calculated as survival fractions

compared to the DMSO-treated control, and survival curves were plotted.
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4. Protein manipulation

Whole-cell protein extracts were prepared from cells lysed in RIPA lysis and extraction
buffer (ThermoFisher) supplemented with 0.5% PMSF and 1% Halt™ Protease and
Phosphatase Inhibitor Cocktail (ThermoFisher). All lysates were generated on ice, and
centrifuged 10min at 16,900 g prior to supernatant collection. Protein concentrations were

estimated using Pierce™ BCA Protein Assay Kit (ThermoFisher).

Extraction of subcellular proteins was performed using the Cell Fractionation Kit (Cell
Signalling) as per manufacturer’s protocol. The whole procedure was performed on ice.
This allowed the isolation of three distinct cellular fractions: (i) a cytoplasmic fraction, (ii) a
membrane/organelle fraction, and (iii) a nuclear/cytoskeletal fraction. In each fraction,
protein concentrations were estimated using the Pierce™ BCA Protein Assay Kit

(ThermoFisher).

For WB, 50-80 pg of proteins from cell lysates were subjected to electrophoresis using
NuPAGE™ 4-12% Bis-Tris precast gels (Invitrogen) and MOPS running buffer, with
PageRuler™ Prestained Protein Ladder (ThermoFisher) as molecular weight marker. After
migration, proteins were transferred to a nitrocellulose membrane (GE Healthcare) and 5%
BSA in TBS-T was used to block the membranes, at room temperature for 1 h. Primary
antibodies were diluted in 5% BSA in TBS-T, and incubated at 4°C overnight. The next day,
membranes were washed three times with TBS-T, each for 10 min, followed by incubation
with HRP-conjugated secondary antibodies at room temperature for 1 h, in 5% milk in
TBS-T. Membranes were washed again three times with TBS-T, and incubated with
Amersham ECL Prime Detection Reagent (GE Healthcare) or SuperSignal™ West Dura

Extended Duration Substrate (ThermoFisher) for chemiluminescent visualization of protein
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bands. Membranes were developed using X-ray films or digital imaging on a high-

resolution charge-coupled device (CCD) Chemidoc™ XRS+ Imaging System (BioRad).

5. RNA manipulation

Total RNA from cells was extracted using the RNeasy mini kit (Qiagen) according to
manufacturer's instructions. RNA concentration and quality was measured using a

NanoDrop™ 2000 spectrophotometer (ThermoFisher).

RNA was diluted to equal concentrations across all samples. Reverse transcription was
performed using a SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen), as per
manufacturer’s instructions. Assay-on-demand primer/probe sets were purchased from
Applied Biosystems. gPCR were performed using a QuantStudio 6 Flex Real-Time PCR
system with TagMan™ Fast Advanced master mix (ThermoFisher). The following
primer/probe sets were used for RT-gPCR: IFNB1 TagMan® gene expression assay
(Hs01077958_s1), CCL5 TagMan® gene expression assay (Hs00982282_m1), CD274
TagMan® gene expression assay (Hs00204257_m1) and GAPDH TagMan® gene
expression assay (Hs03929097_g1). Gene expression was calculated relative to expression
of GAPDH endogenous controls, and normalized to expression in cells exposed to vehicle

(DMSO), using the following formulas:

ACt = Ct(gene) — Ct(GAPDH)
A(ACt) = ACt(condition) — ACt(vehicle)
~A(ACt)

Expression fold change = 2

where Ct represents the cycle threshold, which indicates the number of PCR cycles required

for fluorescence to reach a defined threshold (i.e. above background level).
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6. Immunofluorescence and image analysis

IF assays were performed in high-binding black 96-well plates (Greiner Bio-One). Cells
were plated at relatively high density (6,000-10,000 cells per well) and exposed to the drugs
the following day. After drug exposure, cells were fixed in 4% PFA for 20 min at room
temperature, washed twice with PBS, and permeabilized with 0.5% Triton X-100 for 10 min.
After two additional washes, cells were blocked with IFF for 1 h at room temperature. Fixed
cells were then incubated with primary antibodies in IFF at 4°C overnight. The cells were
then washed three times with PBS, each for 10 min, followed by incubation with AF-594-
conjugated rabbit and AF-647-conjugated mouse secondary antibodies (ThermoFisher), 1
pg/ml DAPl and 1:400 PicoGreen® (ThermoFisher) in IFF for 1 h at room temperature. After
that, cells were washed again three times with PBS, and 100 pL PBS was finally added to
each well prior to imaging. Plates were imaged using an Operetta High-Content Imaging
System (PerkinElmer). Quantification of the number of CCF, micronuclei, and cGAS foci was
performed under identical microscopy settings between samples, using the Columbus
image analysis system (PerkinElmer). 25 randomly selected fields containing over 200 cells

were analysed within three individual replicates for each sample.

Micronuclei and CCF were distinguished based on staining intensity as per manufacturer’s
specifications. A micronucleus was defined as a small region of the image having a
Picogreen staining intensity > 20% higher than the surrounding cytoplasm; CCF were
defined as small regions displaying higher intensity than the surrounding cytoplasm but at
an intensity around the sensitivity threshold (i.e. lower than the micronuclei threshold). CCF
were identified after the application of (i) a background correction and (ii) a splitting

coefficient (to enable the separation of connected foci).

7. Flow cytometry analyses

For flow cytometry applications, cells were plated in 6-well plates at a density of 200,000 to
250,000 cells per well, and exposed to the dugs the following day. After drug exposure,

culture supernatants were removed, cells were detached using Versene solution
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(ThermoFisher) and cell suspensions were transferred to round-bottom fluorescence-
activated cell sorter (FACS) tubes. For detection of CALR exposure and cell death assays,
culture supernatants were systematically collected and transferred to the corresponding

FACS tubes to allow analysis of dying/dead cells.

¢ Direct flow cytometry stainings: FACS tubes containing the previously collected
cell suspensions were centrifuged for 5 min at 500 g. Cell pellets were washed with
PBS and incubated at 4°C for 30 min with fluorescently-conjugated antibodies,
diluted in 5% BSA in PBS. After centrifugation, the supernatants were removed, and
cells were washed twice with PBS. Cells were finally diluted in 250 puL PBS containing
1 pug/ml propidium iodide (PI) prior to analysis. Cell-surface expression of HLA-ABC,
PD-L1 or TLR-4 was analysed by flow cytometry on an LSR-Il flow cytometer (BD

Biosciences) operated by BD FACSDiva™ software. Pl was used as a viability marker.

¢ Indirect flow cytometry staining of CALR: All steps of this procedure were
performed at 4°C. FACS tubes containing the previously collected cell suspensions
were centrifuged for 5 min at 500 g. Cell pellets were washed once with 100% FBS,
and a second time with PBS, pH7.4. Cells were then incubated at 4°C for 30 min with
anti-CALR primary antibody, diluted in 3% FBS in PBS, pH7.4. After centrifugation,
the supernatants were removed, and cell pellets were washed with PBS, pH7.4. Cells
were subsequently incubated at 4°C for 30 min with AF-488-conjugated secondary
antibody, diluted in 3% FBS in PBS, pH7.4. After centrifugation, the supernatants
were removed, and cell pellets were washed again twice with PBS, pH7.4. Cells were
finally diluted in 250 pL PBS pH7.4 containing 1 pg/ml Pl prior to analysis. Cell-
surface exposure of CALR was analysed by flow cytometry on an LSR-Il flow
cytometer (BD Biosciences) operated by BD FACSDiva™ software. Pl was used as a

viability marker.

¢ Cell death and membrane permeability assays: Apoptotic cell death was
monitored by virtue of phosphatidyl-serine (PS) exposure and the uptake of the vital
dye 7-aminoactinomycin D (7-AAD). To detect PS exposure and membrane

permeabilization, Annexin-V/7-AAD co-staining was performed on the previously
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collected cells using the PE Annexin-V Apoptosis Detection Kit (BD Biosciences), as
per manufacturer’s instructions. Cytofluorometric analyses were carried out on an

LSR-Il flow cytometer (BD Biosciences) operated by BD FACSDiva™ software.

For all flow cytometry experiments, data analysis was performed using the FlowJo software

package.

8. ELISA detection

Detection of secreted cytokines and immunomodulatory molecules in cell supernatants
was performed through ELISA detection. Cells were plated in 6-well plates at a density of
200,000 to 250,000 cells per well, and exposed to the dugs in a reduced volume of culture
medium (usually 1 mL) the following day. For CCL5 and IFN-B detection, culture media
were collected after 72 h of drug exposure; for HMGB1 detection, culture media were
collected after 48 h of drug exposure. Cell numbers were counted for normalization at the
time of supernatants collection. The media were dispensed in 96-well V-bottomed plates
and centrifuged at 500 g for 5 min to pellet cells and debris. The resulting supernatants
were used for ELISA detection with the following kits: Human CCL5 ELISA MAX™ Deluxe
kit (Biolegend); Human IFN-B ELISA kit (PBL Assay Science); HMGB1 ELISA kit (IBL
International). Assays were performed in four technical replicates following the
manufacturers’ protocols. Absorbance was evaluated using a Victor multilabel plate reader
(PerkinElmer). Protein concentration was calculated using the equation of a standard curve
established from the known concentration values and measured absorbance of

concomitantly assayed standard samples.

9. ATP secretion assays

Cells were plated in 24-well plates at a density of 60,000 to 80,000 cells per well, and

exposed to the dugs the following day.
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¢ Extracellular ATP detection: Culture supernatants were collected after 48 h of
drug exposure, and cell numbers were counted for normalization. The media were
dispensed in 96-well V-bottomed plates and centrifuged at 500 g for 5 min and 4°C
to pellet cells and debris. Supernatants were collected and extracellular ATP levels
were measured by the luciferin-based ENLITEN ATP Assay kit (Promega), as per
manufacturer’s protocol. ATP-driven chemoluminescence was recorded on a Victor

X5 multilabel plate reader (PerkinElmer).

¢ Intracellular ATP detection: Cells were lysed in Nucleotide Releasing Buffer (Merck
Millipore) and plates immediately placed on ice. The lysates were transferred to 1.5
mL tubes and centrifuged at 16,900 g for 5 min and 4°C to pellet cellular debris.
Supernatants were collected and intracellular ATP levels were measured by the
luciferin-based ATP assay kit (Merck Millipore), as per manufacturer’s protocol. ATP-
driven chemoluminescence was recorded on a Victor X5 multilabel plate reader

(PerkinElmer).

10. Immunohistochemistry and pathological scoring

Archival samples from resected NSCLC (invasive adenocarcinomas and squamous cell
carcinomas) were used. For each patient sample, a single representative formalin-fixed
paraffin embedded (FFPE) block was selected for the study. FFPE blocks were sectioned (4
pum thick) on a RM2245 microtome (Leica Biosystems) and placed onto histological

Polysine™ microscope adhesion slides (ThermoFisher).

¢ Manual immunohistochemistry (IHC) stainings: For PAR, PARP1 and ERCCI1
stainings, tissue sections were deparaffinized in xylene rehydrated by incubation in
serial ethanol baths (95%, 70%, 50%, 30%, v/v in PBS, 2 min per bath). Epitope
retrieval was performed through incubation in 10 mM citrate buffer (pH6.0 or pH7.3)
for 30 to 40 min. Endogenous peroxidase activity was inhibited by treatment with
peroxidase blocking reagent (Dako). Unspecific binding sites were then blocked for

10 min with protein block reagent (Dako) and the slides were incubated for 1 h at
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room temperature with anti-PAR, anti-PARP1 or anti-ERCC1 primary antibodies.
After three washes in PBS, the slides were incubated for 30 min atroom temperature
with Vectastain Universal Elite ABC secondary antibody (Vector Laboratories Inc.),
and subsequently revealed by the streptavidin-biotin-peroxidase complex method

with 3,3'-diaminobenzidine tetrahydrochloride (DAB) as chromogenic substrate.

é Automated IHC staining of PD-L1: Automated IHC was performed using a Ventana
Discovery Ultra platform (Ventana Medical Systems). After deparaffinization, and
epitope retrieval using CC1 buffer (64 min at 98°C), the slides were incubated with
anti-PD-L1 primary antibody during 1 h at room temperature. Detection was

performed with the UltraMap DAB detection kit (Ventana Medical Systems).

Following counterstaining with Mayer’s haematoxylin (Dako), the slides were mounted with
glass coverslips (ThermoFisher) and observed by means of a DM2000 microscope
equipped with HC PL Fluotar 20x/0.50 and 40x/0.75 objectives and coupled to a DFC280

CCD camera (Leica Biosystems).

Pathological assessment of ERCC1, PAR, PARP1, and PD-L1 stains as well as evaluation of
TILs were performed independently by a senior pathologist. ERCC1 IHC was scored as high
or low based on the prominent intensity of staining observed for each case in the nuclei of
tumour cells, as previously described (379). Tumours with weak staining (0/1+) were scored
as low and tumours with strong staining (2+/3+) were scored as high. PAR and PARP1
expression was evaluated as an H-score (percentage of tumour cells stained multiplied by
each intensity from 0 to 3+, value from 0 to 300) as previously described (380). PD-L1
expression was evaluated in tumour cells (membranous staining) and immune cells
(cytoplasmic or membranous staining) as performed in PD-L1 complementary and
companion assays in NSCLC (381,382). TILs density in stromal areas was evaluated as the
percentage of stromal areas covered with mononucleated cells whose morphology

correspond to lymphocytes, as previously described in other tumour types (383).
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11. Cytoblock preparation and immunocytochemistry

For immunocytochemistry (ICC) applications, cells were seeded in 150 cm? flasks at a
density of 4,000,000 cells per flask, and exposed to the drugs the following day. After 72 h
of drug exposure, cells were detached using Versene solution (ThermoFisher) and cell
suspensions were transferred to 15 mL falcon tubes. The tubes were centrifuged for 5 min
at 500 g and 4°C, and cell pellets were washed with PBS, pH7.4. After a second round of
centrifugation, cell pellets were fixed and stained for 45 min at 4°C in a solution containing
4% PFA and 0.2% eosin. After removal of the fixation solution, cell aggregates were
prepared from the pellets using the Shandon™ Cytoblock Cell Block Preparation System
(ThemoFisher), as per manusfacturer's instructions, and subsequently transferred into
cytoblock cassettes. The cassettes were then placed into a fixative bath (4% PFA solution)

until inclusion in paraffin.

Automated ICC was performed using a Ventana Discovery Ultra platform (Ventana Medical
Systems). After deparaffinization, and epitope retrieval using CC1 buffer (64 min at 98°C),
the slides were incubated with anti-CALR, anti-LC3B or anti-HMGB1 primary antibodies
during 1 h at room temperature. Detection was performed with the UltraMap DAB
detection kit (Ventana Medical Systems). Following counterstaining with Mayer's
haematoxylin (Dako), the slides were mounted with glass coverslips (ThermoFisher) and
observed by means of a DM2000 microscope equipped with HC PL Fluotar 20x/0.50 and
40x/0.75 objectives and coupled to a DFC280 CCD camera (Leica Biosystems).

12. Transcriptomic analyses

A549 cells were plated in 6-well plates at a density of 200,000 cells per well, and exposed
to the dugs the following day. After 48 h of drug exposure, total RNA from cells was
extracted using the RNeasy mini kit (Qiagen). Initial quality control and quantification of the

RNA material was performed using Qubit RNA HS Assay kit on a Qubit 2.0 Fluorometer
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(Thermo Fisher Scientific). RNA degradation was determined through evaluation of the RIN,
using RNA 6000 Pico kit on an Agilent 2100 Bioanalyzer System (Agilent). DNA
contamination was then removed using the RNeasy Plus Micro kit (Qiagen). mRNA were
isolated using the NEBNext® Poly(A) mRNA magnetic isolation module (New England
Biolabs, Ipswich, MA, USA), and library preparation for sequencing was carried out using
the NEBNext® Ultra Il directional RNA library prep kit for Illumina (New England Biolabs),
as per manufacturer’s instructions. The completed libraries were then quantified with
Tapestation High Sensitivity kit (Agilent) and gqPCR using the KAPA Library Quantification
kitfor Illumina platforms (Kapa Biosystems, Wilmington, MA, USA). The samples were finally
clustered using the cBot system (lllumina, San Diego, CA, USA) and sequenced on a HiSeq

2500 platform (lllumina) using a v4 chemistry paired-end flow cell, at 2x100 cycles.

Bioinformatics analyses of RNA-seq data were performed by Dr. Gareth Muirhead at the

Institute of Cancer Research (London).

¢ RNA-seq pre-processing: RNA-seq generated between 22 and 39 million reads
persample (n = 24). FastQC was used to evaluate library quality and were processed
using Trim Galore! version 0.4.5 with cutadapt (384) version 1.14 to remove
adaptors and trim lower quality reads. Trimmed reads were aligned to the human
reference genome (GRCh38) and gene-level counts were quantified using STAR
version 2.5.1b (385) in two-pass mode with gene annotations obtained from
GENCODE release 22. Post alignment quality control was performed with RseQC

(386).

¢ RNA-seq differential expression analysis: Genes with low expression were
filtered retaining those with at least 5 counts across 75% of samples. Testing for
differential expression was performed using R package edgeR (387) version 3.22.0
with the model ~0 + condition + replicate. Differentially expressed genes were
defined as those with a Benjamini-Hocherg adjusted P-value of < 0.05 with an

absolute log, fold-change > 0.58 (approximate to a 1.5 fold change in expression).
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¢ RNA-seq downstream analysis: Gene Set Enrichment Analysis (388) was
performed with fgsea (389) version 1.4.1 using the c2.cp.reactome.v6.1 gene set
obtained from the Broad Institute with the minimum pathway size set to 10. Genes
were ranked according to -logig(adjusted p.value) multiplied by the sign of the logs
fold-change. Significant pathways were defined as those with a Benjamini-Hochberg
adjusted P-value of < 0.05. The ComBat method implemented in the SVA package
(390) version 3.26.0 was used to adjust log; transformed counts-per-million (CPM)
values for the “replicate” factor in heatmap visualisations. All visualisations were

generated in R statistical environment version 3.4.0.

RNA from PDXs tissue sections was extracted using the RNeasy FFPE kit (Qiagen) and
quantified with a NanoDrop™ 2000 spectrophotometer (ThermoFisher). The percentage
of fragmentation between 50-300 nucleotides length as of the total fragments was
evaluated for each sample using Agilent 2100 Bioanalyzer System (Agilent). 80 ng RNA
were used per sample for the analysis, and applied to the nCounter® PanCancer Immune

Profiling panel (XT-CSO-HIP1-12) on a nCounter® SPRINT Profiler platform (Nanostring).

Bioinformatics analyses of Nanostring data were performed by Dr. Syed Haider at the

Institute of Cancer Research (London).

¢ Nanostring pre-processing: Nanostring profiling of Pancancer immune codeset
was pre-processed using R package NanoStringNorm (391) version 1.2.1. Data was
assessed for batch effects using R package FactoMineR (392) version 1.39. Raw
counts of endogenous genes were normalised using R package edgeR11 version

3.20.9 with TMM method.

¢ Nanostring differential expression analysis: Testing for differential gene
expression was performed using R package limma (voom) (393) version 3.34.9 with

the model ~0 + condition. Differentially expressed genes were defined as those with
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a Benjamini-Hocherg adjusted P-value of < 0.1 with an absolute log; fold-change >

1. All visualisations were generated in R statistical environment version 3.4.0.

13. TCGA data analyses

Analyses of TCGA data were performed by Dr. Andrew Lamb at Sage Bionetwork (Seattle).

¢ Tracking of mutation data from 31 cancer types: Publically available somatic
variant calls in mutation annotation format (MAF) files were retrieved from the TCGA.
All MAF files were downloaded from the TCGA data coordinating centre and
reprocessed to eliminate known, recurrent false positives and germline single
nucleotide polymorphisms (SNP) according to dbSNP database. All variant
coordinates were transferred to GRCh38 and re-annotated using the Gencode
human transcript annotation imported from Ensembl release 93, following methods

described in Shen et al. and Kandoth et al. (394,395).

¢ Pan-cancer analysis: For ERCC1 mutation rate analysis, we included missense,
nonsense, and nonstop mutations, splice site and translation start site mutations, as
well as frameshift and in-frame indels. For mutational load analysis, we counted the

total number of non-synonymous mutations per tumour.

14. In vivo studies

Breast PDX models were generated at Guy's and St. Thomas's NHS Foundation Trust.
Human breast tumour samples were collected with informed written consent, in
accordance with the Helsinki Declaration 1964 and its later amendments or comparable
ethical standards. Study design was approved by the Guy's Research Ethics Committee,

Guy's and St. Thomas’s NHS Foundation Trust. Access to pseudo-anonymised samples and
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clinical data was obtained in accordance with the principles of the Guy’s and St. Thomas'

Research Tissue and Data Bank (REC 13/L0O/1248).

Female NOD/SCID/II2rg” (NOD.cg-Prkdc SCID 112rg tm1Wijl/SzJ, NSG) were bred under
Material Transfer Agreement (MTA) at King's College London (KCL). Mice were maintained
within a barrier facility and handled in accordance with local and international regulations
and ethical guidelines and were approved by the KCL Institutional Committees on Animal
Welfare and the UK Home Office (The Home Office Animals Scientific Procedures Act

1986).

Briefly, to generate breast PDX models, fresh tumour fragments were surgically implanted
orthotopically into the mammary fat pad of female 21-28 day old NSG host mice. If not
possible, tumour fragments were cryopreserved before implantation. Once implants were
palpable and had grown progressively in size to >10mm diameter, tumour fragments
(=2mm diameter) were cryopreserved between passage and implanted for subsequent
passage, again, through orthotropic transplantation of thawed tumour fragments into NSG

host mice. This was repeated in further passage to expand tumour material.

PDX tumours bearing BRCAT germline mutations at passage 3 (BTBC456) and passage 4
(BX102) were implanted through transplantation of viable frozen fragments orthotopically
into the mammary fat pad of NSG host mice (female 21-28 day old). Once tumours were
palpable and measurable (tumour volume > 50 mm3), hosts were randomized into vehicle
and olaparib treatment groups. Technicians were blinded to group status. Vehicle (10% w/v
2-hydroxypropyl-B-cyclodextrin) or olaparib were given daily by oral gavage at 100 mg/kg.
Olaparib treatment was suspended if tumours regressed and were no longer palpable (this
only occurred in BX102 treatment groups). Mice were weighed once weekly and tumours
were measured twice-weekly using calipers. When tumours reached a diameter greater
than 12mm in the vehicle group, they were harvested, formalin fixed, and processed for

paraffin embedding.
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Tumour volume was calculated using the formula:

TXLXW?2
B 6

where L is the largest tumour diameter (mm) and W the perpendicular diameter (mm).

All vaccination experiments were carried out at Gustave Roussy according to the Federation
of European Laboratory Animal Science Association guidelines, and had previously been
approved by Gustave Roussy Ethics Committee. All animals were maintained in specific

pathogen-free conditions.

A total of 3x10° CT26 cells, pre-treated in vitro for 48h with DMSO (vehicle), 2 yM MTX
(positive control), or 70 pM/90 uM rucaparib, were inoculated subcutaneously in 200 ml
PBS into the lower flank of BALB/c mice (female 6 week old). 7 days later, 5x1 0° untreated
CT26 cells were inoculated into the contralateral flank (277). The appearance of established
tumours was monitored every two days by manual palpation at both injection sites. Animals
bearing necrotic tumours or tumours exceeding 20-25% body mass were immediately

euthanatized.

D. Statistical analyses

1. General statistical analyses

No statistical methods were used to predetermine sample size. The experiments were not
randomized, with the exception of PDX experiments. The investigators were not blinded to
allocation during experiments and outcome assessment. All bar graphs show mean values
with error bars (standard deviation); 95% confidence intervals were used, and significance
was considered when * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001; ns, not
significant. Mann-Whitney U tests were used to compare two non-parametric datasets;

Kruskall-Wallis tests were used to compare multiple (more than two) non-parametric
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datasets. Two-way ANOVA was used when comparing more than two datasets defined by

two independent variables.

2. Drug dose-response curves

Surviving fractions were calculated for each technical replicate as:

Luminescence in well treated with drug

Luminescence in wells treated with DM SO

Replicate values of surviving fractions were plotted in GraphPad Prism and dose-response
curves were drawn using a four-parameter logistic regression. SF50 and SF80 doses were
calculated from these curves using GraphPad Prism software. Comparisons of dose-
response curves were performed using two-way ANOVA testing. Comparisons of SF50 or

SF80 data were performed using Student t tests.
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Chapter lll. ERCC1 deficiency elicits cancer
cell-autonomous immune phenotypes in
NSCLC

A. Introduction

NSCLC is the leading cause of cancer-related death worldwide, with 50% of patients
presenting with metastatic disease at first diagnosis and less than 20% of patients surviving
after 5 years (396). On a molecular level, NSCLC is a diverse disease characterized by
genetic alterations — including mutations and translocations — in a number of oncogenes
such as KRAS (mutated in 5-35% of patients), EGFR (5-20%), ALK (5-10%), HER2, BRAF,
PIK3CA, MAPK2 and MET (all four mutated in <5% of patients) (397), and tumour suppressor
genes such as TP53 (>50%) (398) and LKB1 (50%) (399). In addition, NSCLC is also
characterized by a high genomic instability, associated with elevated TMB, in both smoking-

associated and non-smoking-associated tumours (204).

If known oncogenic drivers certainly contribute to the aetiology of NSCLC, DDR defects
also represent an important attribute of this cancer, with various DNA repair functions being
impaired in a significant proportion of patients due to somatic mutations or reduced
expression in DNA repair genes, including BRCA1, ATM, MSH2 and ERCC1 (Table 1.3). In
particular, ERCC1 deficiency represents the most frequent DDR defect with a prevalence of
22-66% in NSCLC patients (212) and has been defined as an important predictive
biomarker of response to platinum-based chemotherapy (374). ERCC1, in complex with
Xeroderma Pigmentosum complementation group F (XPF), acts as a structure-specific
endonuclease that incises damaged DNA segments, and carries a rate-limiting function in
the NER-mediated repair of platinum adducts (212). ERCC1 also plays a predominant role
in the repair of DNA inter-strand crosslinks and therefore, low levels of ERCC1 are

associated with increased response to cisplatin in NSCLC.
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Until recently, platinum-based chemotherapy was the gold standard first-line treatment in
NSCLC, and was associated with a median OS of approximately 10-12 months (400). The
advent of ICl has brought significant improvements in terms of survival in this aggressive
disease, as evidenced by the recent results of large phase lll trials evaluating anti-PD-(L)1
agents in first-line therapy. For example, the KeyNote-024 trial comparing pembrolizumab
and platinum-based chemotherapy in previously untreated PD-L1-positive NSCLC
obtained a median PFS of 10.3 months for pembrolizumab vs 6.0 months for chemotherapy
(128). Combination trials further demonstrated the efficacy of anti-PD-1 therapy plus
chemotherapy in this disease, as illustrated by the KeyNote-021 study which obtained 55%
ORRin the combination group versus 29% in the chemotherapy alone group (130) — a result
that has recently been confirmed with the corresponding updated 24-month median
follow-up data (401). Likewise, combination of pembrolizumab and chemotherapy in the
KeyNote-189 trial allowed to achieve an unprecedented 12-month OS rate of 69.2% in
NSCLC patients (129), thus providing the basis for the approval of pembrolizumab plus

platinum-based chemotherapy as the new standard treatment in first line for NSCLC.

Tumour PD-L1 expression is currently the most robust biomarker of response to
anti-PD-(L)1 therapies in NSCLC, and is routinely used in the clinic to select eligible patients
for these therapies. Despite the high prevalence of DDR defects in this tumour type, no
correlations have been established between their presence in patients and response to ICI.
Furthermore, the impact of these DDR defects on the anti-tumour immune response is
mostly unknown, although some of them, such as BRCA1 deficiency have been shown to
modulate the immune microenvironment characteristics and to influence response to ICl in
other histologies. Therefore, there is an unmet need to characterize the immunological
effects of the DDR defects present in NSCLC; this may allow the identification of novel
molecular determinants of anti-tumour immunity in this disease, and more importantly,

provide potential new biomarkers of response to ICI.

Here, we hypothesized that the absence of key DNA repair tumour suppressor gene
function, such as ERCCT, in NSCLC cells, might influence the molecular processes that
control anti-tumourimmune responses, for example through enhanced genomic instability,

increased TMB/TNB and tumour immunogenicity, or through activation of the cGAS/STING
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pathway. We thus decided to characterize the effects of ERCC1 deficiency on the

immunological signalling of NSCLC cells.

To initiate this work, we took a functional genomics approach that involved: (i) selecting a
relevant model of ERCC1 deficiency to work with; (ii) using RNA-seq to explore the effects
of ERCC1 deficiency on the expression of immune-related genes in this model; (iii) testing
the functional impact of ERCC1 deficiency in patients’ tumours, via evaluation of
lymphocytic infiltration in a series of NSCLC tumours. The results of these investigations are

presented and discussed in this Chapter.

B. Results

1. Isogenic NSCLC model of ERCC1 deficiency

In most cell-based studies, two types of cellular models can be used: isogenic and non-
isogenic models. In isogenic systems, all cell lines derive from a unique progenitor, in which
a genetic intervention (e.g. gene targeting via Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/Cas? or RNA interference) has been used to disable the
gene of interest in the resulting mutant cell lines (402). This type of system is advantageous
as any genetic and molecular difference between the parental cell line and the mutant cell
lines is minimized and any effect observed is likely due to the perturbed gene of interest.
Therefore, isogenic systems provide a simplified model for identifying the consequences
of a single genetic modification. By contrast, non-isogenic systems usually comprise a large
panel of cell lines that arise from different progenitors, and as such harbour many
differences in their genetic background. These cell lines can be categorized according to
an alteration of interest (e.g. KRAS-mutated vs KRAS-wildtype). However, considering the
diversity in genetic background of non-isogenic systems, the causality of a single genetic
perturbation is usually more difficult to assess in such systems, and large panels of cell lines

are required to limit confounding factors.
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In order to identify the expression changes in immune genes associated with loss of ERCC1
in NSCLC, we chose to work with an in-house isogenic model of ERCC1 deficiency
developed in the commonly-used A549 NSCLC cell line, which harbours a KRAS G12S
mutation. A549 cells were used to generate a series of isogenic cell lines displaying various
levels of expression of ERCC1. ERCC1 gene targeting was performed using a Zinc Finger
Nuclease technology (ZFN®, Sigma-Aldrich), which offers the advantage of cutting DNA at

highly specific sites and with satisfactory efficacy.

The overall procedure for generation of ERCC1-deficient A549 cells was performed at
Gustave Roussy by Dr. Luc Friboulet and colleagues, and is described in Figure Ill.1.
ERCC1 exists as four distinct isoforms that share exons 4, 5, 6, and 7 in common. A short
sequence in exon 7 was consequently chosen as target for ZFN targeting, in order to
simultaneously inactivate all four isoforms, with the potential of reintroducing each isoform

by cDNA expression as a mean to study isoform-specific effects.

A549 cell lines are aneuploid and ERCCT1 is present as four copies in the parental cell line.
The generation of ERCC1-deficient cells therefore required inactivation of each of these
four copies. After screening of more than 500 colonies by WB, one ERCC1-heterozygous
cell line with three altered copies was identified; further targeting with ZFN allowed the
generation of three ERCC1-deficient clones, harbouring four altered copies of ERCCT and
undetectable levels of ERCC1 by WB (Figure Ill.1). An accurate protein dosage analysis by
Meso Scale Discovery® (Meso Scale) revealed that the ERCC1-heterozygous cell line and
the three ERCC1-deficient clones (A549-c216, -c295, -c375) expressed respectively 65%,
6%, 18% and 15% of the original ERCC1 protein amount. Importantly, all three ERCC1-
deficient clones were characterized by an exquisite sensitivity to cisplatin (378), highlighting

the clinical relevance of this isogenic model.
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Chapter lll. ERCC1 deficiency elicits cancer cell-autonomous immune phenotypes in NSCLC
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Figure lll.1. Generation of an isogenic model of ERCC1-deficiency in the A549 NSCLC

cell line.
A. Schematic of the generation of ERCC1-deficient clones from the parental NSCLC cell line

A549. Full procedures are detailed in Friboulet et al. B. Western blot showing expression
of ERCC1 in the parental (ERCC1"™ 1), heterozygous (ERCC1*"), and ERCC1”" knock-out
clones (c216, c295 and c375).
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2. ERCC1-deficiency in NSCLC drives activation of immune signalling in a

cell-autonomous fashion

To study transcriptomic differences caused by ERCCT1 loss in a relatively unbiased fashion,
we performed RNA-seq on the above-described ERCC1 isogenic model. We specifically
used the parental cell line A549-ERCC1V™T and one ERCC1-deficient clone (clone c216,
referred as to A549-ERCC1” below, which harbours the lowest estimated expression of
ERCC1) for this analysis. RNA was extracted from these two lines, and sequenced using the
lllumina HiSeq 2500 platform. After in silico removal of lower quality reads, and subsequent
alignment of trimmed reads to the human reference genome (GRCh38), a differential
expression analysis was performed to measure gene expression changes between the
A549-ERCCTV™T and A549-ERCC1” cell lines. Differentially expressed genes were
defined as those with a Benjamini-Hocherg adjusted P-value of < 0.05 with an absolute log;
fold change (LFC) > 0.58 (approximate to a 1.5-fold change in expression). Subsequently,
a Gene Set Enrichment Analysis (GSEA) was performed using the REACTOME pathway

database in order to investigate specific pathway enrichment.

Comparative transcriptomics of A549-ERCC1"V""T and A549-ERCC1” cell lines identified
1486 significantly differentially expressed genes (DEGs) (Figure 1ll.2.A). Subsequent GSEA
revealed a significant downregulation of multiple pathways involved in cell cycle regulation,
DNA replication, and DNA repair in the A549-ERCC17 cell line (Figure 111.2.B). Among the
top 50 downregulated pathways, we found twelve cell cycle-related pathways, seven DNA
replication-related pathways, and four DNA repair-related pathways (Table 111.1) — notably
the NER pathway, Normalized Enrichment Score (NES) = -1.728; False Discovery Rate (FDR)

= 0.01 —, consistent with the known roles of ERCC1/XPF endonuclease in the DDR.
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Figure lll.2. Differential expression analysis of A549-ERCC1 isogenic cell lines.

A. Heatmap displaying all significantly DEGs in A549-ERCC1” cells compared with
A549-ERCC1V™T as determined by RNA-seq. N = 3; Heatmap scale is a Z score. Threshold
for differential expression was |LFC| > 1 and threshold for significance was FDR < 0.05. B.
GSEA of REACTOME pathways in A549-ERCC1”" compared with A549-ERCC1"™T cells.
Red, top 10 upregulated REACTOME pathways in A549-ERCC17 cells; Yellow, top 10
downregulated REACTOME pathways A549-ERCC1”" cells. All pathways displayed are FDR
< 0.05. AP Folding*: Antigen Presentation Folding Assembly; Capped Intron*: Capped
Intron Containing Pre-mRNA.
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Table 1ll.1. GSEA of REACTOME pathways in A549-ERCC1” cells compared with
A549-ERCC1V™ cells.

Shown are the top 50 downregulated REACTOME pathways in A549-ERCC17 cells.
Pathways highlighted in forest green relate to cell cycle; pathways highlighted in light green
relate to DNA replication; pathways highlighted in dark green relate to DNA repair.

REACTOME pathways NES FDR
REACTOME_PROCESSING_OF_CAPPED_INTRON_CONTAINING_PRE_MRNA 2326 0.006
REACTOME_MRNA_PROCESSING 2312 0.006

REACTOME_MRNA_SPLICING -2.242 0.006
REACTOME_DNA_REPLICATION -2.228 0.006

REACTOME_TRANSPORT_OF_MATURE_TRANSCRIPT_TO_CYTOPLASM -2.13 0.006
REACTOME G2 M_CHECKPONTS 2088 0006
REACTOME_ACTIVATION_OF_THE_PRE_REPLICATIVE_COMPLEX -2.066 0.006
REACTOME_E2F_MEDIATED_REGULATION_OF_DNA_REPLICATION -2.052 0.006
REACTOME_CLEAVAGE_OF_GROWING_TRANSCRIPT_IN_THE_TERMINATION_REGION_ -2.033 0.006
REACTOME_MRNA_3_END_PROCESSING -2.008 0.006
REACTOME_DNA_STRAND_ELONGATION -1.983  0.006
REACTOME_METABOLISM_OF_NON_CODING_RNA -1.97 0.006
REACTOME_GLYCOLYSIS -1.946 0.006
REACTOME_TRANSPORT_OF_MATURE_MRNA_DERIVED_FROM_AN_INTRONLESS_TRANSCRIPT -1.928 0.006
REACTOME_MRNA_SPLICING_MINOR_PATHWAY -1.906 0.006

REACTOME_EXTENSION_OF_TELOMERES -1.884 0.007
REACTOME_RNA_POL_II_TRANSCRIPTION -1.861 0.006
REACTOME_TRANSPORT_OF_RIBONUCLEOPROTEINS_INTO_THE_HOST_NUCLEUS -1.82 0.014
REACTOME_G1_S_SPECIFIC_TRANSCRIPTION -1.813 0.021
REACTOME_INTERACTIONS_OF_VPR_WITH_HOST_CELLULAR_PROTEINS -1.806 0.018
REACTOME_NEP_NS2_INTERACTS_WITH_THE_CELLULAR_EXPORT_MACHINERY -1.796 0.014
REACTOME_PREFOLDIN_MEDIATED_TRANSFER_OF_SUBSTRATE_TO_CCT_TRIC -1.795 0.020
REACTOME_CDC6_ASSOCIATION_WITH_THE_ORC_ORIGIN_COMPLEX -1.781 0.020
REACTOME_ASSOCIATION_OF_LICENSING_FACTORS_WITH_THE_PRE_REPLICATIVE_COMPLEX -1.777 0.019
REACTOME_REGULATION_OF_GLUCOKINASE_BY_GLUCOKINASE_REGULATORY_PROTEIN -1.776 0.017
REACTOME_GLUCOSE_METABOLISM -1.766 0.007
REACTOME_BASIGIN_INTERACTIONS -1.757 0.037
REACTOME_FORMATION_OF_TUBULIN_FOLDING_INTERMEDIATES_BY_CCT_TRIC -1.749 0.041
REACTOME_HIV_LIFE_CYCLE -1.746 0.006
REACTOME_SYNTHESIS_OF_DNA -1.746 0.008
REACTOME_ASSEMBLY_OF_THE_PRE_REPLICATIVE_COMPLEX -1.738 0.010

REACTOME_PROCESSING_OF_CAPPED_INTRONLESS_PRE_MRNA -1.712 0.041
REACTOME_E2F_ENABLED_INHIBITION_OF_PRE_REPLICATION_COMPLEX_FORMATION -1.701 0.041

REACTOME_KINESINS -1.686 0.056
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Table 1ll.2. GSEA of REACTOME pathways in A549-ERCC1” cells compared with
A549-ERCC1V™ cells.

Shown are the top 50 upregulated REACTOME pathways in A549-ERCC17" cells. Pathways
highlighted in orange relate to immune signaling; pathways highlighted in yellow relate to
antigen presentation; pathways highlighted in red relate to PRR signaling.

REACTOME pathways NES FDR

REACTOME_ANTIGEN_PRESENTATION_FOLDING_ASSEMBLY_AND_PEPTIDE_LOADING_CLASS_I_MHC 1.957 0.006

REACTOME_KERATAN_SULFATE_KERATIN_METABOLISM 1.684  0.041

REACTOME_KERATAN_SULFATE_BIOSYNTHESIS 1.629 0.075

REACTOME_TRANSPORT_OF_GLUCOSE_AND_OTHER_SUGARS_BILE_SALTS_ORGANIC_ACIDS_METAL_IONS 1.595 0.049

REACTOME_NOD1_2_SIGNALING_PATHWAY 1.591  0.076

REACTOME_O_LINKED_GLYCOSYLATION_OF_MUCINS 1.575 0.074
REACTOME_TERMINATION_OF_O_GLYCAN_BIOSYNTHESIS 1.553  0.111
REACTOME_NUCLEOTIDE_BINDING_DOMAIN_LEUCINE_RICH_REPEAT_CONTAINING_RECEPTOR_NLR 1.553  0.091
REACTOME_ASPARAGINE_N_LINKED_GLYCOSYLATION 1.550 0.045
REACTOME_N_GLYCAN_TRIMMING_IN_THE_ER_AND_CALNEXIN_CALRETICULIN_CYCLE 1.545 0.123
REACTOME_IL RECEPTOR SHC SIGNALNG 1531 04146
REACTOME_PEPTIDE_LIGAND_BINDING_RECEPTORS 1.528 0.091
REACTOME_AMYLOIDS 1.525 0.106
REACTOMEIL2 SIGNALNG 1521 0411
REACTOME_ACTIVATION_OF_CHAPERONE_GENES_BY_XBP1S 1.514  0.091
REACTOME_ANTIGEN_PROCESSING_CROSS_PRESENTATION 1.505 0.086
REACTOME_INSULIN_SYNTHESIS_AND_PROCESSING 1.500 0.162
REACTOME_METAL_ION_SLC_TRANSPORTERS 1.491  0.183

REACTOME_SIGNALING_BY_ILS 1.481 0.071
REACTOME_CALNEXIN_CALRETICULIN_CYCLE 1.479  0.183
REACTOME_ACTIVATION_OF_CHAPERONES_BY_ATF6_ALPHA 1.478 0.183
REACTOME_ZINC_TRANSPORTERS 1.476 0.186
REACTOME_RAP1_SIGNALLING 1.473  0.192

REACTOME_UNFOLDED_PROTEIN_RESPONSE 1.423  0.123
REACTOME_ERK_MAPK_TARGETS 1.413  0.243
REACTOME_SIGNALING_BY_FGFR1_FUSION_MUTANTS 1.409  0.251
REACTOME_PHASE1_FUNCTIONALIZATION_OF_COMPOUNDS 1.381 0.250
REACTOME_DIABETES_PATHWAYS 1.380 0.123
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Strikingly, the GSEA also revealed a significant enrichment of numerous immune-related
pathways in A549-ERCC17 cells, suggesting a role for ERCC1 in modulating the immune
characteristics of NSCLC cells in a cell-autonomous fashion. Indeed, among the top 50
upregulated pathways, we found twenty-five immune-related pathways, including twelve
pathways related to immunological signalling, eleven pathways related to pattern
recognition receptors (PRR), and two pathways related to antigen presentation (Table 111.2).
The most significantly enriched pathways were type | and Il IFN signalling, antigen
presentation through MHC Class |, innate immune response, and chemokine and cytokine

signalling (Figure 111.2.B).

GSEA plots interpretation confirmed that type | IFN signalling was significantly enriched in
ERCC1-deficient cells compared to isogenic wildtype cells (NES = 2.11; FDR = 0.0057)
(Figure 111.3). Consistent with this enrichment, a number of genes involved in type | IFN
response were found upregulated in the A549-ERCC17 cells, including several interferon
regulatory factors (IRF), which are transcription factors regulating the expression of IFN, and
many signalling elements activated in response to IFN. These include for example genes
encoding IFN-a/p receptors and members of the signal transducers and activators of
transcription (STAT) family of transcription factors (Table 1l1.3), but also target genes
mediating IFN-induced apoptosis such as IFI27 and IFI35, or involved in IFN-triggered

innate immune responses against viral infections such as OAS1, OAS2, and MXT.

Cytokine signalling was also significantly enriched in ERCC1-defective cells (NES = 1.79;
FDR = 0.0057) (Figure 11l.4), and consistently, we found an upregulation of several C-C-
motif and C-X-C-motif chemokines in those cells. In particular, the lympho-attractant
chemokines CCL2, CCL5, CXCL1, CXCL2, CXCL5, CXCL8 and CXCL10 were > 5-fold
upregulated in A549-ERCC17 cells (FDR < 0.05) (Table 111.3). Considering the critical
immunogenic and lympho-attractant properties of these chemokines (288), this suggested

that ERCC1 deficiency might modulate anti-cancer immunity in NSCLC cells.
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Figure 111.3. GSEA of the REACTOME pathway Interferon Alpha Beta Signalling in
A549-ERCC1V""T compared with A549-ERCC17" cells.

A. Enrichment plot generated by GSEA of ranked gene expression data for genes of the
REACTOME pathway Interferon Alpha Beta Signalling. B. Associated heatmap showing the
genes of the pathway, ranked by FDR. N = 3; Heatmap scale is a Z score. Purple, significantly
DEGs with FDR < 0.05 and |[LFC| > 1; Grey, non-significantly DEGs.
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Figure lll.4. GSEA of the REACTOME pathway Cytokine Signalling in Immune System
in the A549-ERCC1"""" compared with A549-ERCC17" cells.

A. Enrichment plot generated by GSEA of ranked gene expression data for genes of the
REACTOME pathway Cytokine Signalling in Immune System. B. Associated heatmap
showing the top 50 genes of the pathway, ranked by FDR. N = 3; Heatmap scale is a Z score.
Purple, significantly DEGs with FDR < 0.05 and |LFC| > 1; Grey, non-significantly DEGs.
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Genes log> FC FDR

IFN receptors

IFNAR2 0.6988 6.11E-05
IFNGR1 1.5014 1.15E-10
IFNGR2 0.8441 7.54E-08
Signal Transducers and Activators of Transcription (STAT)
STAT1 -0.6777 1.56E-04
STAT2 0.6025 5.33E-05
STAT3 0.5017 1.26E-04
STAT5A 1.5612 1.01E-08
STATS5B 0.3163 1.40E-02
STATé6 0.9319 1.98E-05
C-C motif cytokines

CCL2 2.3992 1.01E-08
CCL5 7.4502 4.38E-09
CCL26 1.4605 5.16E-06
C-X-C motif cytokines

CXCL1 6.7536 3.96E-11
CXCL2 5.3524 7.16E-09
CXCL3 4.9923 2.38E-10
CXCL5 3.2972 1.11E-14
CXCL8 6.0042 5.84E-14
CXCL10 6.0637 3.92E-05
CXCL16 0.7017 1.34E-05

In order to validate that the observed transcriptomic differences were attributable to
ERCC1 deficiency in this model, an independent transcriptomic analysis was conducted
using RNA-seq in the two other ERCC1-deficient clones (A549-c295 and A549-c375) as well
as in the ERCC1-heterozygous cell line (herein referred to as A549-ERCC1%"). GSEA
revealed a similar enrichment of the type | IFN signalling pathway in both ERCC1-deficient
clones compared with the A549-ERCC1V™ T cell line (NES = 2.54, FDR = 0.0062 for clone
295 and NES = 2.79, FDR = 0.0063 for clone 375), thus confirming our initial observations
(Figure lI1.5). In addition, previous genetic characterization by WES of the isogenic ERCC1-
deficient clones did not identify mutations in any gene involved in immune signalling (364),
suggesting the defect in ERCC1 as the most likely cause of the observed transcriptional

dysregulation. Interestingly, the A549-ERCC1*" cell line also displayed a significant

137



Chapter lll. ERCC1 deficiency elicits cancer cell-autonomous immune phenotypes in NSCLC

upregulation of type | IFN signalling (NES = 1.86; FDR = 0.0131) in spite of expressing low
levels of ERCC1 (Figure lII.5), which supports that an altered but not abolished function of
ERCC1 is sufficient to trigger this immune-activated phenotype. This is of particular interest
since most ERCC1-deficient NSCLC patients display low levels of ERCC1 rather than a total

absence of the protein, and supports the translational potential of these observations.
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Figure III.5. GSEA of REACTOME pathways in A549-c295 cells (A), A549-c375 cells
(B) and A549-ERCC1* cells (C) compared with A549-ERCC1V™"" cells.
Red, top 10 upregulated REACTOME pathways in ERCC1-deficient cells; Yellow, top 10

downregulated REACTOME pathways in ERCC1-deficient cells.
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3. Loss of ERCC1 correlates with increased lymphocytic infiltration in

NSCLC patients’ tumours

In order to investigate the functional effects of this enhanced cell-autonomous immune
signalling detected in ERCC1-deficient NSCLC cells, we decided to evaluate the impact of
ERCC1 expression levels on markers of activated immunity in NSCLC tumours. T cells
infiltration is a well-established marker of activated anti-tumour immunity, which defines the
distinctive immunological status of a tumour — “hot, T cell-inflamed” vs “cold, non-T cell
inflamed". This characteristic carries a prognostic value in NSCLC (403), and was shown to

predict response to ICl in other tumour types (172), highlighting its clinical relevance.

Several groups have linked the presence of CD8+ TILs to the expression of type | IFN
signatures in human and mouse tumours (404,405), suggesting the crucial role of IFN
signalling in shaping the tumour immune microenvironment. Having observed that ERCC1
deficiency is associated with enhanced type | IFN signalling in NSCLC cells, we
hypothesized that ERCC1 expression in tumour cells might influence the levels of TILs in

NSCLC tumours.

To test this hypothesis, we conducted a pathological study of the expression of ERCC1 and
the levels of TILs in a series of 55 human tumour samples derived from resected lung
adenocarcinoma patients (stage |, Il and llIA). ERCC1 status in these tumours was evaluated
by IHC as described by Touat and colleagues (379), and TILs were assessed using a semi-
quantitative score of coverage based on morphology. The mean coverage percentage of
TILs was 18.3 (SD = 1.7) for the ERCC1-high samples (n = 40), whereas it was 26.3 (SD =
3.6) for the ERCC1-low samples (n = 15). Although some degree of overlap was observed
between both populations, this difference was statistically significant (P = 0.0265, Mann-
Whitney U Test; Figure 111.6), suggesting that loss of ERCC1 expression in NSCLC tumours
associates with increased T cell infiltration. Consistent with our transcriptomic data which
identified an enhanced expression of chemotactic chemokines in ERCC1-defective NSCLC
cells, these results support the idea that the immune-activated phenotype associated with
ERCC1 dysfunction has a functional impact on the TME of NSCLC tumours by driving

lymphocytic infiltration.
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Figure l11.6. Low ERCC1 expression correlates with high levels of TILs in human NSCLC
tumours.

A. Scatter box plot of ERCC1 protein expression (assessed by IHC staining) and the
percentage of TlLs (assessed through morphology) in a series of resected human NSCLC
adenocarcinoma samples (n = 55). Mann- Whitney U test. B. Representative images of
ERCC1 and Haematoxylin-Eosin stainings in two surgical specimens of resected lung
adenocarcinoma. Case A displays low ERCC1 staining intensity in tumour cells and high
stromal TIL density; Case B displays high ERCC1 staining intensity in tumour cells and low
stromal TIL density. Scale bar: 50 ym.
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Figure IIl.7. Evaluation of the correlation between ERCC1 gene copy number and
expression of immune-related markers in the TCGA lung adenocarcinoma cohort.

A. Correlation between ERCCT gene copy number and mRNA expression. B. Absence of
correlation between ERCC1 gene copy number and expression of CD8, CD4, GZMA and
PRF1.
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Figure 111.8. Evaluation of the correlation between ERCC1 gene copy number and
expression of immune-related markers in the TCGA lung squamous cell carcinoma
A. Correlation between ERCCT gene copy number and mRNA expression. B. Absence of
correlation between ERCC1 gene copy number and expression of CD8, CD4, GZMA and
PRF1.
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To further evaluate this link between ERCC1 expression and tumour infiltration, we used
the cBioPortal platform to retrieve RNA expression data and copy number variation data
from two cohorts of NSCLC patients derived from the TCGA: an adenocarcinoma cohort (n
= 586) and a squamous-cell carcinoma cohort (n = 511). We found a clear correlation
between ERCC1 gene copy number and mRNA expression in both cohorts (Figure 111.7.A
and Figure Ill.8.A), suggesting that copy number could be used as a surrogate marker of
gene expression in the case of ERCC1. We then investigated whether a correlation could
be found between ERCC1 gene copy number and the expression of immune-related
markers in those cohorts; we selected CD8 and CD4 as lymphocyte-specific markers and
Granzyme A (GZMA) and Perforin (PRF1) as cytotoxicity markers. No differences in
expression of any of these genes could be observed according to changes in ERCCT gene
copy number, suggesting an absence of correlation between these immune-related
markers and ERCC1 expression in the TCGA cohorts (Figure 11I.7.B and Figure 111.8.B).
This may be due to several factors: (i) the presence of four closely related ERCC1 isoforms
(only one of which is functional); (ii) the absence of equivalence between the direct
assessment of TILs by anatomical pathology and the indirect assessment of TME
characteristics using immune signatures (406); and (iii) the difference between cohorts

(including tumour heterogeneity and tumour stages).

4. ERCC1 dysfunction is associated with higher TMB in human tumours

Tumour genomic instability and DDR defects modulate the anti-cancer immune response
by inducing changes in tumour antigenicity. We hypothesized that loss of ERCCT gene
function, similar to other DDR defects, might favour the accumulation of somatic mutations
in the tumour genome, and therefore sought to investigate the possible link between
defects in ERCC1 function and TMB. To this aim, we interrogated genomic data from the
TCGA dataset and assessed whether deleterious mutations in ERCC1 would resultin higher

TMB in human tumours.
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Figure 111.9. Deleterious mutations of ERCC1 are associated with increased TMB in
human tumours.

Somatic mutation density observed in tumours of the TCGA database from 31 histotypes,
according to the presence or absence of ERCC1 deleterious mutations. The vertical axis
shows logig-valued mutation number in tumours. The horizontal axis shows the TCGA
histotype classification. For each histotype, boxplots represent the distribution of TMB
values across the cohorts. Red, ERCC1-wildtype cohorts; Green, ERCC1-mutant cohorts.
Cancer types with statistically significant differences between ERCC1-wildtype and ERCC1-
mutant cohorts are indicated by * (Mann-Whitney U test). Abbreviations: ACC,
Adrenocortical carcinoma; BLCA, Bladder Urothelial Carcinoma; BRCA, Breast invasive
carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma;
CHOL, Cholangiocarcinoma; COAD, Colon adenocarcinoma; DLBCL, Diffuse large B-cell
lymphoma; ESCA, Esophageal carcinoma; GBM, Glioblastoma multiforme; HNSC, Head
and Neck squamous cell carcinoma; KICH, Kidney Chromophobe; KIRC, Kidney renal clear
cell carcinoma; KIRP, Kidney renal papillary cell carcinoma; LGG, Lower Grade Glioma;
LIHC, Liver hepatocellular carcinoma; LUAD, Lung adenocarcinoma; LUSC, Lung squamous
cell carcinoma; OV, Ovarian serous cystadenocarcinoma; PAAD, Pancreatic
adenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; PRAD, Prostate
adenocarcinoma; READ, Rectum adenocarcinoma; SARC, Sarcoma; SKCM, Skin Cutaneous
Melanoma; STAD, Stomach adenocarcinoma; TGCT, Testicular Germ Cell Tumors; THCA,
Thyroid carcinoma; THYM, Thymoma; UCEC, Uterine Corpus Endometrial Carcinoma; UCS,
Uterine Carcinosarcoma; UVM, Uveal Melanoma.

No ERCC1-mutant tumour could be identified in the non-small cell lung adenocarcinoma

group (LUAD) — which is consistent with literature data that report decreased ERCC1
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expression in this histology without genetic alteration (212,374) (Table 111.4). However,
ERCC1-mutant samples were identified in uterine corpus endometrial carcinoma (UCEC,
5/242 tumours), colon adenocarcinoma (COAD, 3/353 tumours) and skin cutaneous
melanoma (SKCM, 3/361 tumours); all were associated with a significant increase in TMB
with a median mutation number of 51.0 vs 6268.0 (P = 0.0015), 78.0 vs 1345.0 (P = 0.0087)
and 273.5vs 1710.0 (P = 0.0079) in ERCC1-mutant vs ERCC1-wildtype UCEC, COAD and
SKCM, respectively (Figure II.9). This suggests that deleterious mutations of ERCC1 in
human tumour samples correlate with increased TMB, which might represent an additional

determinant of the anti-tumour immune response.

Histology Total number Number of ERCC1- Numberof ERCC1- P value

of patients wildtype patients mutant patients
ACC 77 75 2 ns
BLCA 391 388 3 ns
BRCA 957 956 1
CESC 192 192 0
CHOL 35 35 0 -
COAD 353 350 3 0.0087
DLBCL 48 46 2
ESCA 180 179 1
GBM 148 148 0
HNSC 495 493 2
KICH 65 65 0
KIRC 434 433 1
KIRP 161 160 1
LGG 510 510 0
LIHC 194 193 1
LUAD 464 464 0
LUSC 169 168 1
ov 234 234 0
PAAD 146 146 0
PCPG 177 177 0
PRAD 423 423 0
READ 108 108 0
SARC 249 249 0 -
SKCM 361 358 3 0.0079
STAD 367 366 1
TGCT 133 131 2
THCA 398 398 0
THYM 119 119 0 -
UCEC 242 237 5 0.0015
ucs 56 56 0
UVM 80 80 0
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Despite this statistically significant increase in TMB associated with deleterious mutations
of ERCC1 in TCGA tumours, this analysis is somewhat limited by the very small number of
ERCC1-mutant tumours included in each cohort. An ideal approach to validate this link
would be to interrogate TCGA datasets for an inverse correlation between the expression
of ERCC1 functional isoform (isoform 202) and TMB; however, expression data at the

isoform level is currently not available in this dataset.

5. Loss of ERCC1 associates with spontaneous re-expression of STING in

isogenic NSCLC cells

Although the above-presented analysis suggests a correlation between ERCC1 mutation
status and TMB, these results do not explain why ERCC1-defective NSCLC cells upregulate
various neo-antigen-independent immune signalling pathways, in a cell-autonomous
fashion. In other contexts, DDR defects have been linked to innate immune response and
type | IFN signalling via cytosolic DNA sensing, notably involving the cGAS/STING pathway
(268). In particular, upregulation of the chemotactic chemokines CCL5 and CXCL10 has
been observed in the context of BRCA1-deficiency in cellular models of breast cancer, and
associated with the activation of a cGAS/STING-mediated type | IFN response. As these
chemokines were also found significantly upregulated in ERCC1-deficient cells (Table

111.3), we hypothesized that loss of ERCC1 might modulate such signals.

A549-ERCC1 isogenics

ERCC1/-
ERCCIW/WIERCC1*/- ERCC17/- isoform 202

ERCC1 e —

(33kDa)

STING

(33kDa) -

Actin
(42kDa) O w— ——

Figure 111.10. STING is spontaneously expressed in ERCC1-defective cells.
Western blot illustrating STING protein expression in A549-ERCC1 isogenic cell lines.
Proteins were extracted and lysates were probed with the indicated antibodies.
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We evaluated the expression of STING, the major effector of the cytosolic DNA sensing
pathway, in A549-ERCC1 isogenic cell lines including the A549-ERCC1"™T A549-
ERCC1*" and A549-ERCC1” cell lines, as well as an A549-ERCC1” clone in which a
functional isoform of the ERCC1 protein (isoform 202) had been re-expressed through the
introduction of a ¢cDNA construct encoding it. Although expression of STING was
undetectable by WB in A549-ERCC1"™T and A549-ERCC1*" cells, we found constitutive
re-expression of STING in the A549-ERCC1™ cell line (Figure 111.10). Consistent with this,
STING mRNA levels were > 2.5-fold increased in A549-ERCC17" cells (LFC = 1.3769, FDR =
0.0009), and a similar upregulation of STING was also detected in the two other ERCC1-
deficient clones (Table 1II.5). Interestingly, we could not detect any STING expression in
the A549-ERCC1” + isoform 202 cell line, suggesting that modulation of STING expression
was a primary effect of ERCC1 deficiency. Of note, cGAS expression was also increased in
AS549-ERCC17 cells compared to A549-ERCC1V™T cells (Table II.5), suggesting a
constitutive activation of the cGAS/STING pathway in A549-ERCC1”" cells. As activation of
the cGAS/STING pathway results in phosphorylation of TBK1, recruitment of IRF3 and
eventually type | IFN genes expression (257), these results suggest that the observed

transcriptomic profile can be linked to STING activation in A549-ERCC17 cells.

Genes log, FC FDR
A549-c216 vs A549-ERCC1V"WT
STING 1.3769 8.93E-04
CGAS 0.5336 9.82E-03
A549-c¢295 vs A549-ERCC1"V"WT
STING 0.8462 3.90E-02
CGAS 0.2583 3.26 E-01
A549-c375 vs A549-ERCC1"™"""
STING 1.0363 1.24E-02
CGAS 0.4951 6.07E-02

Together, our data suggest that ERCC1-defective NSCLC cells are characterized by an

enhanced expression of immune signals that shape the TME by driving lymphocytic
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infiltration. In particular, loss of ERCC1 stimulates a cancer cell-autonomous type | IFN

response associated with the constitutive upregulation of cGAS/STING signalling.

C. Discussion

In this Chapter, we have described an unexpected link between ERCC1 deficiency and
activation of specific cancer cell-autonomous immune responses in NSCLC cells. ERCC1-
defective cells primarily upregulate key pathways involved in the modulation of innate
immune responses, such as type | and type Il IFN signalling. Considering the major function
of these pathways in orchestrating immune responses through a fine-tuned regulation of
the secretion of immunomodulatory signals (9), loss of ERCC1 may constitute an important
determinant of anti-tumour immunity in NSCLC cells. The observation that ERCC1-low
tumours exhibit increased lymphocytic infiltration compared to ERCC1-high tumours
corroborates this notion, and further supports the functional impact of ERCC1 deficiency
on the tumour immune microenvironment. Of note, ERCC1-defective cells also display an
increased engagement of the antigen presentation machinery (Figure 1ll.2, Table 111.2),
which suggests that ERCC1 deficiency may facilitate the recognition of tumour cells by T
cells through the enhancement of tumour cells immunogenicity. This overall suggests that
loss of ERCC1 in NSCLC tumours might specifically favour the establishment of anti-tumour

immune responses in the TME, via modulation of both innate and adaptive immunity.

Interestingly, we observed that ERCC1-defective NSCLC cells present a constitutively high
expression of STING compared to their ERCC1-proficient counterparts, suggesting that the
immune-activated phenotype of ERCC1-deficient cells may be linked to the upregulation
of this DNA sensing pathway effector. In particular, the observation that an ERCC1” clone
reconstituted with the functional isoform of ERCC1 protein does not express STING
supports an ERCC1-dependent reversible modulation of STING expression in this isogenic
system. A similar mechanism of reversible expression of STING has recently been described
in the context of LKBT-mutated, KRAS-driven NSCLC (407). In this specific subset of NSCLC,

LKB1 loss was shown to result in marked silencing of STING expression, an effect that was
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caused by DNMT1-mediated STING promoter hypermethylation, and could be reversed
following LKB1 reconstitution in STING-low LKBT-mutated NSCLC cells. Whether loss of
ERCC1 in NSCLC cells triggers a similar epigenetic upregulation of STING is unknown, and

would therefore warrant further exploration.

While various DDR defects have been shown to critically contribute to the accumulation of
mutations in the tumour genome, only some of them have proven their predictive value as
biomarkers of response to anti-PD-(L)1 therapy (121). ERCC1 deficiency has been
associated with increased mutation frequency and genomic instability in mice (408), an
observation that is consistent with the known roles of ERCC1 in processes that ensure
chromosomal stability and maintenance of genome integrity, such as the inter-strand
crosslink DNA repair pathway (409) and the resolution of Holliday junction (410). The results
of our mutational load analysis in tumours of the TCGA dataset are in line with these
published data, and further suggest that ERCC1 dysfunction, per se, is sufficient to promote
mutagenesis to such an extent that this causes a significant increase in overall TMB.
Whether such phenotype relies on the complete abrogation of ERCC1 function or simply
on an impaired activity of the protein requires further investigation, and dedicated studies
still need to be conducted to identify the threshold of ERCC1 deficiency that is sufficient to
cause the observed increase in TMB. Importantly, the levels of somatic mutations found in
ERCC1-mutated tumours appear to be similar to that measured in other DDR-deficient
tumours characterized by a high genomic instability and elevated TNB, such as MMR-
deficient tumours — which display an average TMB of 1400-1700 nsSNV per exome (246) —
suggesting that ERCC1 dysfunction may also create a tumour mutational landscape that
favours the production of new immunogenic neo-antigens. However, whether ERCC1
status itself represents an independent predictive biomarker of response to anti-PD-(L)1 in

NSCLC is currently unknown and deserves further investigation.
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Chapter IV. PARPi exacerbate cancer cell-
autonomous immunity through cGAS/STING
in DDR-deficient cells

A. Introduction

PARPi are targeted therapies used for the treatment of DDR-deficient tumours. Although
their clinical development has mainly been oriented towards the treatment of BRCA-
mutated ovarian and breast cancers, several pre-clinical studies have demonstrated the
anti-tumour potential of PARPi in other DDR-deficient contexts, including ERCC1-deficient

NSCLC (364).

In Chapter lll, we have described that ERCC1 deficiency in NSCLC favours the
establishment of cancer cell-autonomous immunity through the activation of a type | IFN
response associated with constitutive upregulation of STING. Consistent with these
observations, several lines of evidence now support that specific DDR defects can activate
anti-tumour immunity via cancer cell-autonomous mechanisms independent of neo-
antigen production, primarily involving cGAS/STING signalling activation (268) (data
presented in details in Chapter ). Furthermore, the induction of DNA damage in cells
displaying normal DDR function, via exposure to conventional cytotoxic chemotherapies or
IR, has also been shown to trigger cGAS/STING-driven immune responses in various
experimental models (263-266). In either case, the elicited immune phenotype involved
the secretion of specific chemo-attractant chemokines and resulted in the recruitment of

immune effectors to the tumour site.

Knowing that ERCC1-deficient NSCLC cells are characterized by (i) a selective sensitivity to
treatment with PARPi and (ii) the activation of specific cell-autonomous immune responses,
and considering that various DNA-damaging agents trigger cGAS/STING-mediated innate

immune responses, we hypothesized that PARPi could further exacerbate immune
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activation in ERCC1-deficient NSCLC cells via stimulation of the cGAS/STING pathway. Our
hypothesis is that PARPi, which do not only inhibit the catalytic activity of PARP1, but also
trap PARP1 onto the DNA, causing stalled replication forks and subsequent DSBs (349),
might specifically favour the formation of cytosolic chromatin fragments (CCF) and in turn

trigger cGAS/STING signalling in ERCC1-defective tumour cells.

To test this hypothesis and to characterize the effects of PARPi on cGAS/STING signalling,
we developed an experimental methodology that involved (i) evaluating the potential of
PARPi to induce formation of CCF; (ii) measuring the activation of cGAS/STING signalling
effectors in response to PARPI; (iii) assessing the induction of specificimmune responses in
the context of PARPi-mediated cGAS/STING activation. For each of these points, we
performed a thorough comparison of the effects of PARPi in ERCC1-deficient vs ERCC1-
wildtype cells using isogenic NSCLC models. In parallel, we evaluated the validity and
specificity of the observed effects in independent DDR-deficient models, including an
isogenic TNBC model of BRCAT-deficiency. The results of these investigations are

presented and discussed in this Chapter.

B. Results

1. PARPi induce formation of CCF in an ERCC1-dependent manner in
NSCLC cells

Chromatin is traditionally viewed as a nuclear entity. The presence of chromatin in the
cytoplasm of cells is a peculiar phenomenon, which has been associated with specific
cellular conditions, such as cellular senescence (411), mitochondrial DNA stress (412), and
importantly, neoplasia (413). Cytoplasmic chromatin may take several forms, including free
DNA fragments, also known as CCF, and micronuclei. CCF contain genomic DNA, DNA

damage markers such as yH2AX, and heterochromatin markers such as H3K9me3 and
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H3K27me3, but lack certain euchromatin markers, such as H3K9%ac, indicating that CCF are
derived from transcriptionally repressed heterochromatin regions and involve the DDR
(411). By contrast, micronuclei, which arise from lagging chromosomal DNA and chromatin
bridges as a consequence of unresolved genome instability, display chromatin-like
structures, and are often heterogeneous in respect to their size, their chromatin
condensation level and their possession of a nuclear envelope (414). If this diversity of
patterns reflects the relative variety of molecular mechanisms involved in the formation of
cytoplasmic DNA, genomic instability remains the common denominator of these

mechanisms.

The detection of cytoplasmic DNA patterns has mainly been achieved through the use of
fluorescence-based imaging. Indeed, the detection of nucleic acids can be easily achieved
using fluorescence microscopy through the use of various fluorescent dyes, which differ in
terms of signal specificity and sensitivity. To evaluate whether PARPi can trigger the
formation of CCF or micronuclei, we chose to use PicoGreen®, an extremely sensitive probe
with high affinity for dsDNA. This makes it a convenient dye for the detection of cytoplasmic
DNA, which is often presentin much lower quantity compared to nuclear DNA. PicoGreen®
fluorescent staining was coupled with 4',6-diamidino-2-phenylindole (DAPI) staining for the
detection of cellular nuclei, and a-tubulin immunostaining for the identification of
cytoplasms. We then quantified cytoplasmic PicoGreen® signal via automated high-content

fluorescence microscopy, using the Operetta® platform (PerkinElmer).

When working with image-based cell profiling, image analysis usually constitutes a major
bottleneck for the generation of reliable and statistically viable data. Here, we chose to
develop a customised computational image analysis pipeline, using the Columbus software
(PerkinElmer), to quantify the number of CCF in our experiments. This pipeline involved the
following steps (Figure IV.1): (i) detection of cell nuclei using the blue channel (DAPI

staining), allowing the definition of a cell population; (ii) for each cell in the cell population,
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detection of cell cytoplasms using the red channel (a-tubulin/AF-647 immunostaining); (iii)
for each cell in the cell population, detection of CCF and micronuclei within the cytoplasmic

area using the green channel (PicoGreen® staining).

DAPI

Detection of Defines
cell nuclei a cell population

a-tubulin
AF-647

Detection of For each cell
cell cytoplasms | in the cell population

Detection of Detection of ] Detection of
cGAS foci CCF micronuclei

within the cytoplasmic within the cytoplasmic within the cytoplasmic
area of each cell area of each cell area of each cell

Figure IV.1. Computational image analysis pipeline used for the identification of CCF,
micronuclei and cytoplasmic cGAS foci in fluorescence microscopy images.

Both CCF and micronuclei were detected as small regions on the image having a higher
intensity than the surrounding cytoplasm. However, based on the observation that
micronuclei display much higher intensity compared with CCF, two distinct algorithms with
pre-defined intensity parameters were used to differentiate between CCF and micronuclei.
The intensity threshold used to detect micronuclei was PicoGreen® staining intensity > 20%
higher than that of the surrounding cytoplasm (manufacturer's recommendations). By
contrast, detection of CCF was achieved by increasing the detection sensitivity through the
assignment of (i) a background correction allowing more sensitive detection of low intensity
foci, and (ii) a splitting coefficient enabling separation of joined foci, which resulted in the

detection of events displaying an intensity around the sensitivity threshold.
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In order to evaluate the potential of PARPI to induce formation of CCF in ERCC1-deficient
setting, we used the previously described isogenic NSCLC model of ERCC1 deficiency
developed in the A549 cell line, as well as another in-house isogenic NSCLC model
developed in the H1975 cell line (379). Harbouring an EGFR T790M mutation, this cell line
has a totally distinct but clinically-relevant background, which makes it an interesting model

to study ERCC1-deficiency in NSCLC.

We first assessed the sensitivity of these cell lines to PARPI in short-term viability assays. As
previously reported (364), we observed that the A549-ERCC1*", A549-ERCC1” and H1975-
ERCC1™ cell lines displayed enhanced sensitivity to olaparib compared to their ERCC1-
proficient counterparts (Figure IV.2.A). Consistently, restoration of ERCC1 activity via
reintroduction of the functional isoform 202 in A549-ERCC1™" cells rescued their sensitivity
to olaparib. Similar results were obtained in the H1975-ERCC1 isogenic model (Figure
IV.2.B). We then used these cell viability data to optimize treatment conditions for the

evaluation of CCF formation in NSCLC cells exposed to PARP;.

We initially exposed A549- and H1975-ERCC1 isogenic cells to increasing concentrations
of two different clinical PARPi, olaparib and rucaparib, and monitored the presence of CCF
using IF at different time points (6 hours, 24 h, 48 h, 72 h and 96 h). For each PARPi, we
selected concentrations surrounding the SF50 of the parental cell line (dose generating
50% of cell survival in short-term assays, after 5 days of exposure to the drug); we therefore
started with a dose corresponding to the SF80 of the wildtype cell line, and subsequently
applied a 2-fold increase at each subsequent dose to determine the final dose-range. We
determined that the optimal time point for observing the phenotype was 72 hours with the
defined dose-range, and thus applied these experimental conditions for every subsequent

experiment.
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Figure IV.2. ERCC1-deficient cells exhibit enhanced sensitivity to PARPiI.

A. Assessment of olaparib cytotoxicity in the A549-ERCC1""™WT A549-ERCC1*", A549-
ERCC1” and A549-ERCC1” + isoform 202 cell lines. B. Assessment of olaparib cytotoxicity
in the H1975-ERCC1"Y™ T and H1975-ERCC1” cell lines. Cells were treated with a dose
range of olaparib and continuously exposed to the drug for 5 days (short-term survival

assay). Shown are dose-response curves displaying the mean surviving fractions; Mean =
SD, N=4.

We first measured the presence of CCF in A549-ERCC1 isogenic cell lines in the absence
of treatment with PARPi, in order to evaluate the impact of ERCC1 deficiency on this
phenotype. We observed no statistical difference between the levels of CCF in
A549-ERCCTV™T A549.-ERCC1*" and A549-ERCC1” cells (Figure IV.3.A and Figure
IV.3.B), suggesting that loss of ERCC1 on its own had little effect on the generation of CCF

in this model.

We next exposed A549-ERCC1 isogenic cells to increasing concentrations of rucaparib or
olaparib, and observed that both PARPi generated a dose-dependent increase in CCF
number in A549-ERCC1V™T A549-ERCC1*" and A549-ERCC1™ cells (Figure IV.3.A and

Figure IV.3.C). Importantly, this effect was significantly enhanced in A549-ERCC1”" cells
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compared to A549-ERCC1V""T cells (> 6-fold difference at 10 uM olaparib, P=0.0016; > 4-
fold difference at 5 pM olaparib, P=0.03; two-way ANOVA, post hoc Sidak's test).
Comparison of CCF levels in PARPi-treated A549-ERCC1*"" and A549-ERCCTW™"T cells
revealed that the heterozygous cell line displayed an intermediate phenotype, also
associated with a significant increase in CCF formation compared to the wildtype cell line
(> 3-fold difference at 10 pM and 5 pM olaparib, P=0.0023 and P=0.0384 respectively; two-
way ANOVA, post hoc Sidak's test). Moreover, introduction of the construct encoding
ERCC1 isoform 202 in the A549-ERCC1” cell line restored the generation of low levels of
CCF in this cell line in response to PARPi (Figure IV.3.C).

Together, these results demonstrate that PARPi selectively enhance CCF formation in
ERCC1-deficient A549 cells and that ERCC1 expression levels modulate the potential of
PARPi to generate CCF in this model. The fact that the heterozygous cell line exhibits
increased levels of CCF despite mild expression of ERCC1 suggests that an impaired but
not abrogated ERCC1 function is sufficient to allow this selective effect, although the latter
appears reduced compared to ERCC1” cells. Moreover, the rescue of this phenotype in
the context of re-expression of a functional ERCC1 protein in ERCC1” cells provides a

potent evidence that the observed effects are ERCC1-dependent.
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Figure IV.3. PARPi induce formation of CCF in an ERCC1-dependent manner in A549
cells.

A. Representative immunofluorescence images of DMSO-, rucaparib- and olaparib-
exposed A549-ERCC1V™™T and A549-ERCC17" cells. Blue, DAPI: Red, a-Tubulin; Green,
PicoGreen. Cells were exposed to 15 pM rucaparib or 40 uM olaparib during 72h. White
arrows, CCF; Yellow arrows, micronuclei. Scale bar, 20 um. B. Automated quantification of
baseline levels of CCF in A549-ERCC1 isogenic cell lines, using Columbus software.
Number of CCF per cell is depicted. Mean = SD, N=3, Kruskal-Wallis test and post hoc
Dunn'’s test. €. Automated quantification of CCF in A549-ERCC1 isogenic cells exposed to
increasing doses of rucaparib or olaparib (uM). Shown are CCF number per cell normalized
to DMSO. Mean = SD, N=3, Kruskal-Wallis test and post hoc Dunn'’s test, relative to DMSO
control.

Evaluation of basal CCF levels in the H1975-ERCC1 isogenic model revealed that
H1975-ERCC1”" cells displayed a significantly higher number of CCF in the absence of
PARPi compared to H1975-ERCC1V™T cells (> 2.5-fold difference, P=0.0035; Welch's t-
test) (Figure IV.4.A and Figure IV.4.B). This is in contrast to the A549-ERCC1 isogenic
model, and suggests that the distinct genetic background and intrinsic genomic instability
of each model may influence the ability of a specific DDR defect, namely ERCC1 deficiency,
to promote the formation of CCF. Treatment of H1975-ERCC1""™ " and H1975-ERCC1”"
cells with PARPi led to a significant increase in CCF levels at high doses (Figure IV.4.A and
Figure IV.4.C), although this increase was much more modest compared to that observed
in A549 cells (in the wildtype cell line, 1.5-fold increase with 40 uM olaparib, P=0.04; 1.6-
fold increase with 25 pM rucaparib, P=0.0085; Kruskal-Wallis test and post hoc Dunn's test).
No difference could be observed when comparing H1975-ERCC1”  and
H1975-ERCC1V™ T cells in their propensity to generate CCF under exposure to PARPi, but
considering the difference observed at baseline in these cell lines, the absolute number of
CCF generated per cell is certainly higher in H1975-ERCC17 cells. These observations are
consistent with the phenotype observed in A549 cells, and together, our result support that
(i) PARPi generate CCF in a dose-dependent manner in NSCLC cells, and that (ii) these

effects are enhanced in the context of ERCC1 deficiency.
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2. PARPi induce formation of CCF in a BRCA1-dependent manner in TNBC

cells

In order to study whether increased formation of CCF upon PARPi exposure was specific to
ERCC1 defect or a more common phenotype shared with other DDR deficiencies, we
extended our experiments to BRCA1-defective tumour cells, which are also profoundly
sensitive to PARPi (353). For this purpose, we used recently described isogenic series

derived from the BRCA 7-mutant TNBC cell line SUM149 (376,377).

The development of isogenic models of BRCA1-deficiency and PARP1-deficiency in the
SUM149 cell line was performed at the Institute of Cancer Research by Dr. Amy Dréan and

Dr. Stephen Pettitt and colleagues, as described in Figure IV.5.A.

The SUM149 cell line is TP53-mutated and presents a homozygous frameshift mutation in
BRCAT1 (2288delT), which totally inactivates the protein. Thus, the generation of an isogenic
model of BRCA1 deficiency in this cell line required the introduction of a mutation in the
parental line that would restore the sequence of BRCAT gene in frame to allow constitutive
re-expression of the protein. This was performed via CRISPR-Cas9 site directed
mutagenesis of BRCAT. Subsequently, cells were selected upon talazoparib exposure,
allowing the isolation of talazoparib-resistant, BRCA1-revertant clones. PCR amplification of
BRCAT and subsequent genotyping of these clones eventually led to the identification and

characterization of a validated BRCA 1-revertant clone.

In addition to this first model, an isogenic model of PARP1 deficiency was generated from
the parental SUM149 cell line (which has a wildtype PARPT gene). CRISPR-Cas9 site
directed mutagenesis was used to insert a loss-of-function mutation in the PARPT gene,
allowing in this case the generation of PARP1-null clones harbouring talazoparib resistance.
Screening of the isolated clones after talazoparib selection led to the identification and

characterization of a validated PARP1-null clone.
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Figure IV.5. Generation of isogenic models of BRCA1-deficiency and PARP1-
deficiency in the SUM149 TNBC cell line.
A. Schematic of the generation of BRCAT-revertant and PARP1-deficient clones from the

parental TNBC cell line SUM149. Full procedures are detailed in Dréan et al. and Pettitt et
al. B. Assessment of talazoparib and rucaparib cytotoxicity in the SUM149-BRCA1
SUM149-BRCA1,., and SUM149-PARP1” cell lines. Cells were treated with a dose range of
talazoparib or rucaparib and continuously exposed to the drug for 5 days (short-term

survival assay). Shown are dose-response curves displaying the mean surviving fractions;
Mean = SD, N=4.
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These distinct procedures resulted in the development of two isogenic TNBC models of
BRCA1 and PARP1 deficiency. These comprise one BRCA1-mutant parental line (SUM149-
BRCA1,.t), one BRCAT-mutant reverted line which is PARPi-resistant following restoration
of the native BRCA1 reading frame and functionality (376) (SUM149-BRCA1,.,), and one
SUM149 cell line with PARPi resistance caused by loss of PARP1 (377) (SUM149-PARP17).

Prior to evaluating the effects of PARPi regarding the generation of CCF in these isogenic
models, we first assessed the sensitivity of SUM149 isogenic cell lines to PARPi in short-term
viability assays. As expected, we revalidated the resistance of SUM149-BRCA1,., and
SUM149-PARP1” cell lines to talazoparib and rucaparib, while SUM149-BRCA1,: cells

displayed exquisite sensitivity to these PARPi (Figure IV.5.B).

To test our hypothesis, we replicated in the SUM149 isogenic models all experiments
performed in ERCC1-isogenic NSCLC models, using the exact same experimental
conditions and procedures. In the absence of PARPi, we observed that BRCA1-deficient
cells (including SUM149-BRCA1 ..« and SUM149-PARP1” cells) displayed a significantly
higher number of CCF compared to their BRCA1-proficient counterparts (=~ 10-fold
difference, P=0.0038, Welch's t-test) (Figure IV.6.B). This is consistent with previously
reported data (268) which suggest that, by causing an accumulation of unrepaired DSBs in
the genome, defects in BRCA1 promote the accumulation of damaged DNA in the
cytoplasm following progression through the S-phase of the cell cycle. Interestingly, basal
CCF levels were equivalent in SUM149-BRCA1,,« and SUM149-PARP17” cells, suggesting
that the absence of a catalytically active PARP1 has little effect on the spontaneous
generation of CCF. Treatment with PARPi resulted in a dose-dependent increase in the
number of CCF in both SUM149-BRCA1 ,.: and SUM149-BRCA1,., cells (Figure IV.6.C), but
this phenotype was significantly enhanced in BRCA1-defective cells (> 2-fold difference at
5 uM olaparib, P=0.0001; > 1.5-fold difference at 3 pyM rucaparib, P=0.0025; two-way
ANOVA, post hoc Sidak's test). This observation supported that the generation of CCF by
PARPi was a BRCA1-dependent process.
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Chapter IV.PARPi exacerbate cancer cell-autonomous immunity through cGAS/STING in DDR-

deficient cells

Figure IV.6. PARPi induce formation of CCF in a BRCA1-dependent manner in

SUM149 cells.
A. Representative immunofluorescence images of DMSO-, rucaparib- and olaparib-

exposed SUM149-BRCA1,rand SUM149-PARP1” cells. Blue, DAPI: Red, a-Tubulin; Green,
PicoGreen. Cells were exposed to 6 uM rucaparib or 10 pM olaparib during 72h. White
arrows, CCF; Yellow arrows, micronuclei. Scale bar, 20 um. B. Automated quantification of
baseline levels of CCF in SUM149 isogenic cell lines, using Columbus software. Number of
CCF per cell is depicted. Mean = SD, N=3, unpaired t test with Welch’s correction. C.
Automated quantification of CCF in SUM149-BRCA1 isogenic cells exposed to increasing
doses of rucaparib or olaparib (uM). Shown are CCF number per cell normalized to DMSO.
Mean = SD, N=3, Kruskal-Wallis test and post hoc Dunn'’s test, relative to DMSO control.

c. PARPi-mediated formation of CCF results from an on-target effect of PARPi

on PARP1

Importantly, while PARPi induced high levels of CCF in SUM149-BRCA1 .« cells, treatment
of SUM149-PARP1” cells with either olaparib or rucaparib in the same conditions did not
result in CCF formation (Figure IV.6.A and Figure IV.6.C), suggesting that this phenotype

was dependent on an on-target effect of PARPi on PARP1.

This was further confirmed by the evaluation of the presence of chromatin — that is histone-
bound DNA as opposed to naked DNA — in the cytoplasm of SUM149-BRCA1, and
SUM149-PARP1” cells, using detection of the protein histone H3. We isolated cytoplasmic
and nuclear fractions of PARPi-treated SUM149-BRCA1,: and SUM149-PARP1™ cells,
following a simple biochemical cell fractionation procedure, and subsequently assessed
the presence of histone H3 by WB in cytoplasmic and nuclear protein extracts. We used
lamin B1 and B-tubulin as purity controls for the cytoplasmic and nuclear fractions
respectively, and P-actin as a loading control. We observed a drastic increase in
cytoplasmic histone H3 levels in PARPi-treated SUM149-BRCA1 .« cells but not SUM149-
PARP1” cells, while nuclear levels of this protein remained constant in both cell lines

(Figure IV.7). This further supported the on-target effect of PARPi in generating CCF.
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Figure IV.7. PARPi generate cytoplasmic chromatin in SUM149 cells via an on-target

effect on PARP1.
Western blot of histone H3 in the nuclear and cytoplasmic fractions of SUM149-BRCAT jut

and SUM149-PARP1” cells exposed to rucaparib and olaparib during 48h. p-tubulin and
lamin B1 are used as fractions purity controls, and B-actin as a loading control.

3. PARPi-mediated generation of CCF is cell cycle-dependent
a. CCF generated by PARPi have micronuclei characteristics

As PARPi cause S-phase-dependent DNA damage, we hypothesized that the observed CCF
might, at least in part, be micronuclei (265,266). Micronuclei are signs of genomic or
chromosomal instability which have two important characteristics: (i) their formation is cell
cycle-dependent — as they arise during anaphase from lagging chromosomes or chromatid
bridges following unresolved DNA lesions; (ii) they contain heterochromatin and are
replicationally active structures, initially surrounded by a fragile laminar membrane that is

eventually easily ruptured (265,415).

To assess whether the CCF generated by PARPi have micronuclei characteristics, we first
evaluated the impact of cell cycle blockade on the formation of CCF by PARPi. Therefore,
we performed a kinetic experiment by monitoring the formation of CCF at different time

points (6 h, 24 h, 48 h) in the presence of PARPi and upon cell cycle blockade in
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A549-ERCC1V""T cells, using the cell cycle blockers 5-FU and hydroxyurea. We observed
that PARPi-mediated formation of CCF was totally abrogated in the context of exposure to
5-FU or hydroxyurea (Figure IV.8), suggesting that progression through the cell cycle is
required for the generation of CCF by PARPi in this model. These results were further
validated with the use of a more specific cell cycle inhibitor, the CDK1 inhibitor (CDK1i)
RO-3306, in both A549-ERCC1"™T and SUM149-BRCA1,,: cells (Figure IV.9). These
observations support that CCF arise in a cell cycle-dependent manner following treatment
with PARPi; furthermore, they suggest that the origin of this phenotype resides in the
creation of S-phase-specific DNA damage following the accumulation of stalled or

collapsed replication forks that are caused by PARP1 trapping onto the DNA.

To further characterize the CCF generated in the context of exposure to PARPi, we decided
to evaluate the presence of micronuclei-associated markers in these structures, such as the
heterochromatin marker H3K27me3 and the nuclear membrane marker lamin B1. We
performed IF analysis of the co-staining of PicoGreen® with H3K27me3 and lamin B1 in
olaparib-treated A549-ERCC1"V""Tand A549-ERCC1” cells, and observed the presence of
some typical micronuclei structures (Figure IV.10.A). Indeed, we found colocalization of
CCF with cytoplasmic H3K27me3 foci in both A549-ERCC1""™ " and A549-ERCC1”" cells
after treatment with olaparib, and consistently observed a dose-dependent increase in the
number of H3K27me3 foci in these cell lines (Figure IV.10.B). Of note, the levels of
generated H3K27me3 foci were significantly higher in A549-ERCC1” cells than in
A549-ERCC1V™T cells (> 10-fold difference at 10 uM olaparib, P=0.0001; > 6-fold
difference at 5 uM rucaparib, P=0.0279; two-way ANOVA, post hoc Sidak's test), consistent
with the previously described enhanced formation of CCF in ERCC1-defective cells.
Moreover, we observed the presence of a lamin B1 membrane around some CCF
expressing H3K27me3, suggesting that (i) at least some of the generated CCF are most
likely to be lamin B1-positive micronuclei; (ii) these may co-exist with other micronuclei
structures still containing heterochromatin markers despite loss of the fragile lamin B1
envelope; (iii) the disruption of micronuclei integrity through loss of the lamin B1 envelope

may have led to the accumulation of a more heterogeneous population of CCF whose
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expression of heterochromatin markers is variable. Thus, the final population of detected
CCF comprises a wide variety of structures, ranging from intact micronuclei to much smaller

fragments of dsDNA.
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Figure IV.8. The cell cycle blockers 5-FU and hydroxyurea prevent PARPi-mediated

formation of CCF in A549 cells.
Automated quantification of CCF at indicated time points in A549-ERCC1"W™T cells

exposed to increasing doses of rucaparib or olaparib (uM) in the presence or absence of
the cell cycle blockers 5-FU or hydroxyurea. Number of CCF per cell, counted using
Columbus software, are normalized to the DMSO (vehicle). Mean + SD, N=3, Kruskal-Wallis
test and post hoc Dunn'’s test, relative to DMSO control.
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Figure IV.9. The CDK1 inhibitor RO-3306 prevents PARPi-mediated formation of CCF.

Automated quantification of CCF in A549-ERCC1"™T(A) and SUM149- BRCA1 . (B) cells
exposed to increasing doses of rucaparib or olaparib (uM) in the presence or absence of
the cell cycle blocker RO-3306. Shown are CCF number per cell normalized to DMSO.
Mean = SD, N=3, Kruskal-Wallis test and post hoc Dunn’s test, relative to DMSO control.
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Figure IV.10. PARPi-induced CCF have micronuclei characteristics.

A. Representative immunofluorescence images of DMSO- and olaparib-exposed A549-
ERCCIW™ T and AB549-ERCC17 cells. Green, PicoGreen: Red, Lamin B1; Orange,
H3K27me3. Cells were exposed to 40 uM olaparib or DMSO during 72h. White arrows,
CCF; Yellow arrows, micronuclei. Scale bar, 20 pm. B. Automated quantification of
cytoplasmic H3K27me3 foci in A549-ERCC1V™T and A549-ERCC1” cells exposed to
increasing doses of rucaparib or olaparib (uM), using Columbus software. Number of
H3K27me3 foci per cell normalized to the DMSO of the corresponding cell line is depicted.
Mean = SD, N=3, Kruskal-Wallis test and post hoc Dunn’s test, relative to DMSO control.

In order to appraise the extent of micronuclei generated following treatment with PARPI,
we performed an automated quantification of micronuclei using a dedicated pre-defined
algorithm in the Columbus software (see Chapter IV, paragraph B.1.b). This quantification
revealed baseline patterns similar to that of CCF (Figure IV.11.A), as well as a consistent
dose-dependent formation of micronuclei upon PARPi exposure, both in ERCC1- and
BRCA1-isogenic models (Figure IV.11.A and Figure IV.11.B). In line with our previous
observations on CCF, this effect was more pronounced in A549-ERCC1”" cells compared
with A549-ERCC1"V™T and in SUM149-BRCA1,,: cells compared with SUM149-BRCA1 o,
cells, suggesting that micronuclei induction is enhanced in ERCC1- and BRCA1-deficient
contexts. In addition, the formation of micronuclei was abrogated in the SUM149-PARP1”

cell line, consistent with an on-target effect of PARPI.

Together, these data support the hypothesis that PARPi exposure promotes the
accumulation of CCF, some of which have micronuclei characteristics. This phenotype
results from an on-target effect of PARPi on PARP1, is cell cycle-dependent and is enhanced
in ERCC1-defective NSCLC cells and other PARPi-sensitive models such as BRCA1-
defective TNBC.

170



Chapter IV.PARPi exacerbate cancer cell-autonomous immunity through cGAS/STING in DDR-

deficient cells

A549: Baseline levels SUM149: Baseline levels

»

o
N
°

-
o
i
-
o
T

- =
> &
1 1

= 2

> o
n i

-
1
h
=
[
X

o
3

b

3
T

ns

3
T
b
o
i

ns

ERCCAWTWT ERCC1* : BRCA1,,, BRCA1,,, PARP1"

o o

'S
n
o
Y

Total number of micronuclei per cell (baseline count)
o -
2 2 < S 8 3 b
Total number of micronuclei per cell (baseline count)
-
o

o
[
Y

o

o
7
o
o

A549-ERCCTWI/WI A549-ERCC1/-

N
O

25

N
(=)
T

20

-
o
1

154

-
o
1

104

Micronuclei (normed to cell number and DMSO)
o
]

Micronuclei (normed to cell number and DMSO)

3 15 75 375 8 40 20 10
— —
Ruca Ola

8 3 15 75 375 80 40 20 10
—

DMSO

S Ruca Ola

SUM149-BRCAT SUM149-BRCA1,, SUM149-PARP1/

25

204

154

101

51 wwr T ak ae
s ns ns ons

Micronuclei (normed to cell number and DMSO)

Micronuclei (normed to cell number and DMSO)

Micronuclei (normed to cell number and DMSO)

Q 12 6 3 15 20 10 5 25 Q 12 6 3 15 20 10 5 25 Q 12 6 3 15 20 10 5 25
—_——— E— —_—— — —_——
E Ruca Ola g Ruca Ola E Ruca Ola

Figure IV.11. PARPi generate dose-dependent formation of micronuclei.

A. Automated quantification of baseline levels of micronuclei in A549 isogenic and
SUM149 isogenic cell lines, using Columbus software. Number of micronuclei per cell is
depicted. Mean = SD, N=3, unpaired t test with Welch’s correction. B and €. Automated
quantification of micronuclei in A549-ERCCI1V™T and A549-ERCC17” cells (B), and
SUM149-BRCA1,,;, SUM149-BRCA1,, and SUM149-PARP1” cells (C) exposed to
increasing doses of rucaparib or olaparib (uM), using Columbus software. Number of
micronuclei per cell normalized to the DMSO of the corresponding cell line is depicted.
Mean = SD, N=3, Kruskal-Wallis test and post hoc Dunn's test, relative to DMSO control.
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4. PARPi-induced CCF are detected by cGAS

cGAS is a very potent sensor of cytoplasmic dsDNA. In the context of micronuclei formation
after DNA damage, the rupture of micronuclear envelopes provides a mechanism by which
dsDNA is exposed to sensing by cGAS, and consistently, re-localization of cGAS to
micronuclei has been observed following exposure to DNA-damaging agents (265,266).
Similarly, in cells undergoing senescence, degradation of the nuclear envelope component
lamin B1 leads to the formation of CCF that are detected by cGAS (411,416). Along these
lines, we hypothesized that the CCF generated following treatment with PARPi may be

detected by cGAS, thereby leading to an activation of the cGAS/STING pathway.

To investigate whether cGAS senses cytoplasmic DNA following treatment with PARPi, we
assessed the ability of cGAS to form foci through re-localization to CCF. We thus performed
immunofluorescent staining of cGAS in A549-ERCC1 isogenic cell lines exposed to
increasing doses of rucaparib or olaparib. After 72 h of treatment with either of the PARP;,
we observed a dose-dependent increase in the number of cytoplasmic cGAS foci in all
A549-ERCC1 isogenic cells (Figure IV.12.A and Figure IV.12.C). Although the number of
cGAS foci at baseline did not appear significantly different between ERCC1-proficient
and -deficient cell lines (Figure IV.12.B), we observed a more intense induction of cGAS
foci after treatment with PARPi in A549-ERCC1” and A549-ERCC1*" cells compared to
A549-ERCC1V™T cells (at 20 pM olaparib, > 6-fold increase in A549-ERCC1” and
A549-ERCC1*" cells vs < 3-fold increase in A549-ERCC1W™T cells). Moreover, this
enhanced formation of cGAS fociin A549-ERCC17 cells was impaired by the re-expression
of ERCC1 isoform 202, with cGAS foci levels in the A549-ERCC1”" + isoform 202 cell line
similar to that observed in the A549-ERCC1V™T cell line (Figure IV.12.C). These results
suggest that partial or complete loss of ERCC1 is associated with an increased formation of

cGAS foci following treatment with PARPi in A549 cells.
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Figure IV.12. PARPi induce formation of cGAS foci in an ERCC1-dependent manner in
A549 cells.
A. Representative immunofluorescence images of DMSO-, rucaparib- and olaparib-

exposed A549-ERCC1V™T and A549-ERCC17 cells. Green, PicoGreen: Orange, cGAS.
Cells were exposed to 15 pM rucaparib or 40 uM olaparib during 72h. White arrows, CCF;
Yellow arrows, micronuclei. Scale bar, 20 um. B. Automated quantification of baseline levels
of cytoplasmic cGAS foci in A549-ERCC1 isogenic cell lines, using Columbus software.
Number of cytoplasmic cGAS foci per cell is depicted. Mean = SD, N=3, unpaired t test with
Welch's correction. €. Automated quantification of cytoplasmic cGAS foci in A549-ERCC1
isogenic cells exposed to increasing doses of rucaparib or olaparib (uM). Shown are
cytoplasmic cGAS foci number per cell normalized to DMSO. Mean + SD, N=3, Kruskal-
Wallis test and post hoc Dunn’s test, relative to DMSO control. D. Scatter box plots
displaying cytoplasmic cGAS foci intensity for each co-localizing CCF in A549-ERCC1"™WT
and A549-ERCC1” cells exposed to DMSO (vehicle), 15 uM rucaparib or 40 uM olaparib.
N=3, Kruskal- Wallis test and post hoc Dunn'’s test.

In order to quantify the observed co-localization between CCF and cGAS (Figure IV.12.A),
we used Columbus software to measure cGAS staining intensity at each CCF location within
single images. By pooling the results of three individual images per condition, we were able
to compare the level of co-localization between PARPi-treated and DMSO-treated cells. We
found, in both A549-ERCC1V™T and A549-ERCC17 cells, a higher number of CCF
harbouring high cGAS staining intensity in rucaparib- and olaparib-treated cells compared
with DMSO-treated cells, suggesting an increase in CCF/cGAS co-localization after

treatment with PARPi (Figure IV.12.D).

To validate our data in an independent model of ERCC1-deficiency, we performed the
same analyses in the H1975 isogenic model. Consistent with previous results regarding
CCF formation (Figure IV.4), we observed, in the absence of PARPi, significantly higher
levels of cGAS foci in H1975-ERCC1” cells compared with H1975-ERCC1"™""T cells (P =
0.0279; Welch's t-test, Figure IV.13.B), suggesting that the CCF formed as a result of
ERCC1 loss trigger re-localization of cytoplasmic cGAS into foci. Quantification of the
number of cytoplasmic cGAS foci after PARPi treatment revealed an increased formation of
cGAS foci at high doses with rucaparib and olaparib but no significant difference between

H1975-ERCC1” and H1975-ERCC1"™T cells (Figure IV.13.A and Figure IV.13.C).
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Figure IV.13. PARPi induce formation of cGAS foci in an ERCC1-dependent manner in

H1975 cells.
A. Representative immunofluorescence images of DMSO-, rucaparib- and olaparib-

exposed H1975-ERCC1"V"™™T and H1975-ERCC17 cells. Green, PicoGreen: Orange, cGAS.
Cells were exposed to 25 pM rucaparib or 40 uM olaparib during 72h. White arrows, CCF;
Yellow arrows, micronuclei. Scale bar, 20 um. B. Automated quantification of baseline levels
of cytoplasmic cGAS foci in H1975-ERCC1 isogenic cell lines, using Columbus software.
Number of cytoplasmic cGAS foci per cell is depicted. Mean = SD, N=3, unpaired t test with
Welch's correction. €. Automated quantification of cytoplasmic cGAS fociin H1975-ERCC1
isogenic cells exposed to increasing doses of rucaparib or olaparib (uM). Shown are
cytoplasmic cGAS foci number per cell normalized to DMSO. Mean + SD, N=3, Kruskal-

Wallis test and post hoc Dunn'’s test, relative to DMSO control. D. Scatter box plot displaying

cytoplasmic cGAS foci intensity for each co-localizing CCF in H1975-ERCC1Y™™T cells

exposed to DMSO (vehicle), 25 uM rucaparib or 40 pM olaparib. N=3, Kruskal-Wallis test
and post hoc Dunn'’s test.

Considering the higher levels of CCF and cytoplasmic cGAS foci at baseline in
H1975-ERCC1™ cells, this suggests that the absolute number of cGAS foci formed after
PARPi treatmentis higherin ERCC1-deficient cells. Analysis of cGAS staining intensity within
CCF revealed a significant increase in cGAS foci/CCF co-localization upon PARPi exposure
in H1975-ERCC1""T cells, similar to what was obtained in A549-ERCC1 isogenic cell lines

(Figure IV.13.D).

Together, these results suggest that the CCF generated by PARPi in NSCLC cells are
detected by cGAS. This is reflected by an enhanced formation and re-localization of
cytoplasmic cGAS foci to CCF in PARPi-treated cells, a phenotype which appears to be

ERCC1-dependent in both A549 and H1975 isogenic models.
b. cGAS mediates the detection of CCF in PARPi-treated TNBC cells

To further evaluate cGAS activation in PARPi-sensitive contexts, we used the previously
described isogenic TNBC models of BRCA1 and PARP1 deficiency. Immunofluorescent
detection of cGAS in this model revealed that, in the absence of PARPi, SUM149-BRCA1
cells displayed significantly higher levels of cytoplasmic cGAS foci compared to

SUM149-BRCA1,, cells (P = 0.0111; Welch's t-test, Figure IV.14.B). This suggested that
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the CCF formed as a result of BRCA1 deficiency in SUM149 cells trigger re-localization of
cytoplasmic cGAS into foci. In the presence of PARPi, we observed a dose-dependent
formation of cytoplasmic cGAS foci in SUM149-BRCA1,..« cells, at a higher level than in
SUM149- BRCA1,., cells (1.4-fold difference at 20 uM olaparib, P = 0.0033; two-way ANOVA
post hoc Sidak’s test, Figure IV.14.C), consistent with the observation that BRCAT-mutant
cells generate higher levels of CCF when exposed to PARPi. More importantly, no increase
in cytoplasmic cGAS foci could be detected in the PARPi-resistant SUM149-PARP1™ cell line
(Figure IV.14.A and Figure IV.14.C), suggesting that the minimal levels of CCF measured

in this cell line were insufficient to trigger cGAS re-localization.

These results support the idea that cGAS detects CCF in SUM149 cells exposed to PARPI.
This phenotype is enhanced in BRCA1-deficient cells due to the elevated levels of CCF

generated after PARP inhibition, and on the contrary, abrogated in PARP1” cells.
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deficient cells
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Figure IV.14. PARPi induce formation of cGAS foci in a BRCA1-dependent manner in
SUM149 cells.

A. Representative immunofluorescence images of DMSO-, rucaparib- and olaparib-
exposed SUM149-BRCA1,,rand SUM149-PARP1” cells. Green, PicoGreen; Orange, cGAS.
Cells were exposed to 6 pM rucaparib or 10 uM olaparib during 72h. White arrows, CCF;
Yellow arrows, micronuclei. Scale bar, 20 um. B. Automated quantification of baseline levels
of cytoplasmic cGAS foci in SUM149 isogenic cell lines, using Columbus software. Number
of cytoplasmic cGAS foci per cell is depicted. Mean = SD, N=3, unpaired t test with Welch's
correction. €. Automated quantification of cytoplasmic cGAS foci in SUM149 isogenic cells
exposed to increasing doses of rucaparib or olaparib (uM). Shown are cytoplasmic cGAS
foci number per cell normalized to DMSO. Mean = SD, N=3, Kruskal-Wallis test and post
hoc Dunn'’s test, relative to DMSO control.
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5. PARPi activate cGAS/STING signalling in a DDR-defects-dependent

manner

Having observed in various experimental models that the generation of CCF by PARPi
triggers cytoplasmic DNA sensing through re-localization of the sensor cGAS to CCF, we

next investigated the potential of PARPi to activate cGAS/STING signalling in those models.

Transient activation of the cGAS/STING pathway can be monitored through the analysis of
some of its pivotal components. For example, production of the chemical mediator cGAMP
is a typical marker associated with cGAS activation, and as such, has been detected in cells
transfected with dsDNA, as well as in senescent cells (411). STING also shows hallmarks of
activation in the context of cytosolic DNA sensing, including formation of homo-dimers and
redistribution into cytoplasmic aggregates. However, the gold-standard approach for
monitoring cGAS/STING pathway activation remains the evaluation of its downstream
signalling effectors, which include the kinase TBK1 and the transcription factors IRF3, IRF7
and NF-kB. These proteins often undergo phosphorylation as a pattern of activation, which
provides a simple and straightforward readout for the evaluation of cGAS/STING signalling
status. Therefore, we assessed the phosphorylation of these factors in our models in the

context of exposure to PARPi; in the next paragraphs are the results of these investigations.

We first evaluated phosphorylation of TBK1 (pTBK1) in isogenic NSCLC models of ERCC1
deficiency. We exposed A549-ERCC1 isogenic cells to increasing doses of olaparib and
monitored TBK1 phosphorylation by WB. We observed a dose-dependent increase in
pTBK1 levels in A549-ERCC1” cells after olaparib exposure, while TBK1 phosphorylation

was almost undetectable in A549-ERCC1W™WT

cells in the same conditions (Figure
IV.15.A). Interestingly, the A549-ERCC1"" cell line showed an intermediate phenotype,
displaying a slightly more intense phosphorylation of TBK1 than the A549-ERCC1V""T cell

line at the highest treatment dose (Figure IV.15.B). This suggested that the higher levels
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deficient cells

of CCF generated in ERCC1-deficient cells — including A549-ERCC1”" and A549-ERCC1*"
cells — triggered sufficient activation of cGAS to enable cGAMP production, STING homo-
dimerization and subsequent phosphorylation of TBK1. Furthermore, the elevated
expression of STING exclusively found in A549-ERCC1” cells (Figure 111.10) may provide
an additional level of amplification of this signalling cascade, thus leading to an even more
enhanced phosphorylation of TBK1 in this cell line. Of note, cGAS protein expression did
not appear significantly changed following PARPi treatment in this model, suggesting that
its activation depends more on a re-organization of the protein cytoplasmic pools than on

a transcriptional upregulation.
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Figure IV.15. PARPi trigger TBK1 phosphorylation in a dose-dependent manner in

ERCC1-deficient A549 cells.
A. Western blot of cGAS, pTBK1 and total TBK1 in A549-ERCC1"""Tand A549-ERCC1™"

cells upon PARPi exposure. Cells were exposed for 48h to DMSO (vehicle) and a dose range
of olaparib. Lysates were probed with the indicated antibodies. B. Western blot of cGAS,
pTBK1 and total TBK1 in A549-ERCC1"""Tand A549-ERCC1*" cells upon PARPi exposure.
Cells were exposed for 48h to DMSO (vehicle) and 20 uM or 80 pM olaparib. Lysates were
probed with the indicated antibodies.
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Analysis of pTBK1 levels upon PARPi exposure in H1975-ERCC1 isogenic cell lines revealed

IWIWT cells

patterns similar to that obtained in A549 cells. Indeed, treatment of H1975-ERCC
with a dose range of rucaparib led to a dose-dependent increase in TBK1 phosphorylation
(Figure IV.16.A). Importantly, this increase was more pronounced in H1975-ERCC17 cells,
as illustrated by single-dose treatment assays with either rucaparib or olaparib (Figure

IV.16.B), and associated with an upregulation of cGAS protein expression.
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Figure IV.16. PARPi trigger TBK1 phosphorylation in a dose-dependent manner in
H1975 cells.

A. Western blot of cGAS, pTBK1 and total TBK1 in H1975-ERCC1V™"T cells upon PARPi
exposure. Cells were exposed for 48h to DMSO (vehicle) and a dose range of rucaparib.
Lysates were probed with the indicated antibodies. B. Western blot of cGAS, pTBK1 and
total TBK1 in H1975-ERCC1V™ T and H1975-ERCC1*" cells upon PARPi exposure. Cells
were exposed for 48h to DMSO (vehicle) and 25 pM or 40 uM olaparib. Lysates were
probed with the indicated antibodies.
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Together, these results support that PARPi selectively trigger TBK1 phosphorylation in
ERCC1-defective NSCLC cells, suggesting an enhanced activation of the cGAS/STING
pathway. Importantly, the expression level of ERCC1 appears to affect the extent of
cGAS/STING activation following treatment with PARPi, as indicated by the respectively
mild and intense phosphorylation of TBK1 observed in A549-ERCC1*" and A549-ERCC1™"
cells after exposure to olaparib (Figure IV.15). Consistent with the previously described
generation of CCF and subsequent detection by cGAS, these effects are dose-dependent,
and observed with both rucaparib and olaparib, supporting that they arise from an on-

target effect of these agents.

To verify that the phosphorylation of TBK1 observed after treatment with PARPi was a
consequence of cGAS-mediated detection of CCF, we decided to assess the potential for
small-interfering RNA (siRNA)-mediated silencing of cGAS or STING to abrogate TBK1
phosphorylation. We first transfected A549-ERCC17" cells with siRNA targeting cGAS or
STING, and subsequently exposed cells to olaparib for 48 h prior to protein extraction. The
absence of detection of cGAS and STING proteins by WB confirmed the gene-silencing

efficacy of the corresponding siRNAs.

As hypothesized, a decrease in TBK1 phosphorylation levels could be observed upon cGAS
or STING siRNA transfection in the A549-ERCC17" cell line, as compared with the negative
control siRNA (siCTRL) (Figure IV.17.A). Moreover, a similar experiment performed in
H1975-ERCC1"""T cells exposed to rucaparib revealed that, while silencing of either cGAS
or STING only moderately decreased PARPi-induced TBK1 phosphorylation, simultaneous

silencing of both sensors allowed complete abrogation of pTBK1 (Figure IV.17.B).

These results support that cGAS and STING are required for PARPi-mediated

phosphorylation of TBK1.
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Figure IV.17. PARPi-mediated phosphorylation of TBK1 is dependent on cGAS and
STING activity.

A. Western blot of pTBK1 in DMSO- or olaparib-treated A549-ERCC1™" cells in the context
of siRNA silencing of cGAS or STING. Cells were transfected with siCTRL, siSTING or sicGAS,
exposed to DMSO (vehicle) or 40 uM olaparib, and lysates were probed with the indicated
antibodies. Bar plot: pTBK1/TBK1 intensity was measured for each condition. B. Western
blot of pTBK1 in DMSO- or rucaparib-treated H1975-ERCC1"""T cells in the context of
siRNA silencing of cGAS and/or STING. Cells were transfected with siCTRL, siSTING, sicGAS
or siSTING+sicGAS, exposed to DMSO (vehicle) or 25 pM rucaparib, and lysates were
probed with the indicated antibodies.
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deficient cells

c. Progression through the cell cycle is required for PARPi-mediated TBK1

activation

Because our previous observations showed cell cycle-dependency of CCF formation
(Figure IV.8 and Figure IV.9), we hypothesized that the activation of cGAS/STING by PARPi
would be cell cycle-dependent. We thus monitored TBK1 phosphorylation upon cell cycle
blockade by CDK1i in PARPi-treated H1975-ERCC1T"W"T cells. Although CDK1i itself
appeared to increase baseline pTBK1 levels, we could detect an abrogation of the
previously observed increase in TBK1 phosphorylation upon PARPi exposure (Figure
IV.18), suggesting that the absence of formation of CCF in cells subjected to cell cycle-

blockade impairs cGAS/STING activation.
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Figure IV.18. PARPi-mediated phosphorylation of TBK1 is cell cycle-dependent.
Western blot of pTBK1 in DMSO- or olaparib-treated H1975-ERCC1""T cells upon cell-
cycle blockade. Cells were exposed to DMSO, 20 uM or 80 uM olaparib in the presence or
absence of the cell cycle blocker CDK1i RO-3306. Lysates were probed with the indicated
antibodies. Bar plot: pTBK1/TBK1 intensity was measured for each condition and
normalized to DMSO. Mean = SD, N = 3, Kruskal-Wallis test and post hoc Dunn'’s test,
relative to DMSO control.
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To further characterize the activation of the cGAS/STING pathway in the context of PARPi
exposure, we evaluated pTBK1 in the SUM149-BRCA1 isogenic TNBC model. Consistent
with results obtained in the NSCLC models, we found a dose-dependentincrease of pTBK1
upon PARPi exposure in SUM149-BRCA1, but not SUM149-BRCA1,., cells (Figure
IV.19.A), suggesting that this phenotype was conditioned by the presence of a defect in
BRCAT. To further confirm these results, we studied the activation of several downstream
effectors of the cGAS/STING pathway in this model, including IRF3, IRF7 and NF-kB.
Detection of the phosphorylated forms of these proteins by WB revealed a clear
phosphorylation of IRF3 and IRF7 in SUM149-BRCA1,.: cells treated with olaparib, whereas
pIRF3 and pIRF7 were scarcely detectable in SUM149-BRCA1,., cells (Figure IV.19.B).
Similarly, a dose-dependent phosphorylation of the p65 NF-kB subunit could be detected
in both SUM149-BRCA1 ., and SUM149-BRCA1,, cells, but appeared enhanced in
SUM149-BRCA1 . cells.

These results suggest that PARPi selectively enhance cGAS/STING pathway activation in
BRCA1-deficient cells. This is in line with previously reported data showing, in various
experimental models of TNBC, that cGAS/STING signalling is active in cells harbouring a
BRCAT mutation but not in their isogenic counterparts re-expressing a functional BRCA1

protein (268).

Collectively, our data support the notion that PARPi-induced CCF activate cGAS/STING
signalling, and that this effect, found in various histological types, relies on the presence of

specific DDR defects such as ERCC1 deficiency in NSCLC and BRCA1 deficiency in TNBC.
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Figure IV.19. PARPi trigger TBK1 phosphorylation in a dose-dependent manner in
BRCA1-mutated SUM149 cells.

A. Western blot of cGAS, pTBK1 and total TBK1 in SUM149-BRCA1,,,: and SUM149-
BRCA1,, cells upon PARPi exposure. Cells were exposed for 48h to DMSO (vehicle) and a
dose range of olaparib. Lysates were probed with the indicated antibodies. B. Western blot
showing phosphorylation levels of several downstream STING signaling effectors in
SUM149-BRCA1 .:and SUM149-BRCA1 ., cells exposed to DMSO (vehicle) or a dose range
of olaparib for 48h. Lysates were probed with the indicated antibodies.
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Cytoplasmic DNA is an important molecular pattern, alternately considered as a DAMP or
a pathogen-associated molecular pattern (PAMP) according to the type of stress that has
initiated its formation. To cope with this typical “danger signal”, cells have evolved to
develop a series of cytoplasmic DNA sensing pathways implicated in the activation of
appropriate cellular responses (417). The cGAS/STING pathway has a pivotal function in
this respect, but other biological pathways, collectively known as PRR, have also been
involved in cytoplasmic DNA sensing. These include the TLR and RIG-1-like receptors (RLR)
pathways (418,419), as well as several independent cytosolic DNA sensors such as DAI

(420) and IF116 (421).

To assess whether the stimulating effects of PARPi were private to the cGAS/STING
pathway, or shared with other cytoplasmic DNA sensors, we monitored the activation of
TLR and RLR signalling after PARPi exposure in our models. We observed no activation of
the RLR effectors RIG-1 and MDA-5, nor of the independent sensor IFI16 in NSCLC cells
exposed to increasing doses of olaparib, while IFN-y, a canonical inducer of these
pathways, triggered their upregulation (Figure IV.20.A). Similarly, no activation of the
endosomal sensor TLRY or any of its signalling effectors could be detected upon PARPi
exposure (Figure IV.20.B) in either of the NSCLC cell lines tested. These results suggested
that the detection of CCF following exposure to PARPi was relatively specific to the

cGAS/STING pathway.
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Figure IV.20. PARPi do not trigger RLR or TLR signalling pathways activation in NSCLC
cells.

Western blot showing protein expression of several RLR (A) or TLR (B) effectors in A549-
ERCC1V™Tand H1975-ERCC1"Y""T cells exposed to DMSO (vehicle) or a dose range of
olaparib for 48h. Lysates were probed with the indicated antibodies and IFN-y was used as
a positive control of activation.
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6. Activation of cGAS/STING by PARPi triggers secretion of CCL5 in a DDR-

defects-dependent manner

By mediating the activation of (i) type | IFN signalling through IRF3/IRF7 and (ii) pro-
inflammatory signalling through NF-«B, the cGAS/STING pathway elicits effective immunity
in response to DNA damage-induced genomic instability (257). As previously described,
these cGAS/STING-mediated immune phenotypes have been reported in the context of
DDR deficiency and following exposure to S-phase-dependent DNA-damaging agents or
IR (263,265,266,268). In particular, DDR-related type | IFN responses were associated with
the production of IFN-B, as well as the secretion of specific chemotactic chemokines,
including CCL5 and CXCL10. Therefore, we hypothesized that PARPi might enhance the
production of IFN-stimulated chemokines in a cGAS/STING-dependent manner in our

models, especially in ERCC1- and BRCA1-deficient cells.

CCL5 is a member of the C-C-motif family of chemokines. Also known as regulated upon
activation, normally T-cell expressed, and secreted (RANTES), CCL5 has been shown to
bind to several receptors including CCR1, CCR3, CCR4, and CCRS5. Expressed by T cells,
macrophages and endothelial cells, CCL5 has also been reported to be produced by
cancer cells or non-malignant stromal cells at primary and metastatic sites (422). Although
CCL5 has been associated with both pro-tumoural and anti-tumoural processes (423), its
involvement in the recruitment of immune effectors to the tumour site is incontrovertible.
In addition, cGAS/STING-dependent secretion of CCL5 has been observed as a
consequence of DDR defects in TNBC cells and has been associated with immune cells
chemotaxis in in vitro assays (268), suggesting that this chemokine has a predominant role

in driving lymphocytic infiltration in DDR-deficient tumours.

We thus primarily sought to assess the production of CCL5 in our isogenic models of DDR-
deficient NSCLC and TNBC. To evaluate the cell-autonomous production of CCL5 and
other chemokines in response to PARPi, we used two distinct and complementary
experimental strategies including: (i) the assessment of chemokines transcriptional levels

using quantitative reverse transcription polymerase chain reaction (RT-gPCR) and (ii) the
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assessment of chemokines secretion levels in cells supernatants using Enzyme-Linked

Immunosorbent Assay (ELISA).

We first assessed the secretion of CCL5 in culture supernatants from A549-ERCC1 isogenic
cells exposed to a dose range of olaparib. To assess the implication of cGAS/STING
signalling in this secretion, we transfected cells prior to treatment with a combination of
siRNAs targeting cGAS and STING, or a negative control siRNA. Supernatants were
collected after 72 h of culture, and subjected to ELISA detection using a commercially-

available kit.

While no secretion of CCL5 could be detected in A549-ERCC1"""Tor A549-ERCC1"" cells
after olaparib exposure, we observed a significant dose-dependent increase in extracellular
levels of CCL5 in the A549-ERCC1” cell line (Figure IV.21). Importantly, depletion of STING
and cGAS by siRNA resulted in a substantial decrease of CCL5 secretion in this cell line,
suggesting that cGAS/STING signalling activation might be involved in this process.
Furthermore, exposure of the A549-ERCC1” + isoform 202 cell line to olaparib did not
trigger CCL5 secretion, supporting the notion that a defect in ERCC1 is required to trigger
CCLS5 secretion in response to PARPi in this model. Consistent with these observations,
RT-gPCR analyses revealed that baseline CCL5 expression levels were 12-fold higher in
A549-ERCC17 cells compared to A549-ERCC1"""Tcells (Figure IV.22.A), and significantly
depleted in the presence of siRNA targeting STING. Interestingly, CCL5 transcription was
induced by PARPi in both A549-ERCC1"™"T and A549-ERCC1” cells (Figure IV.22.B),
suggesting that the undetectable levels of CCL5 protein found in the wildtype cell line were

due to an extremely low basal expression of CCL5 gene in this cell line.
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Figure IV.21. PARPi trigger CCL5 secretion via cGAS/STING in ERCC1-deficient A549

cells.

Quantitative analysis of CCL5 secretion in A549-ERCC1 isogenic cells supernatants upon

olaparib exposure, in the presence or absence of cGAS/STING silencing by siRNA. Cells
were transfected with siCTRL or sicGAS + siSTING and treated for 72h with DMSO or a dose
range of olaparib (uM). Supernatants were collected and analysed by ELISA for detection
of CCL5. Shown are CCL5 concentrations; Mean = SD, N=4, Kruskal-Wallis test and post

hoc Dunn'’s test, relative to DMSO control.
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Figure IV.22. PARPi activate CCL5 transcription via cGAS/STING in A549 cells.
A.RT-gPCR analysis of RNA isolated from A549-ERCC1"""T" and A549-ERCC1” cells, in the
presence or absence of STING silencing by siRNA. Cells were transfected with siCTRL or
siSTING. CCL5 mRNAs were analyzed relative to GAPDH (to control for cDNA quantity).
Shown are arbitrary units of gene expression, normalized to A549-ERCC1"""T DMSO-
treated control. Mean = SD, N=12, two-way ANOVA test. B. RT-qPCR analysis of RNA
isolated from olaparib-exposed A549-ERCC1"V""Tand A549-ERCC17” cells, in the presence
or absence of cGAS/STING silencing by siRNA. Cells were transfected with siCTRL or
sicGAS + siSTING and treated for 72h with DMSO or a dose range of olaparib (uM). CCL5
mRNAs were analyzed relative to GAPDH (to control for cDNA quantity). Shown are
arbitrary units of gene expression, normalized to DMSO-treated control. Mean = SD, N=4,
Kruskal-Wallis test and post hoc Dunn'’s test, relative to DMSO control.

192



Together, these results suggest that PARPi selectively promote CCLS5 secretion in ERCC1-
deficient NSCLC cells. The observation that A549-ERCC1” cells exhibit higher CCL5

IWIWT cells is consistent with our

baseline expression levels compared to A549-ERCC
RNA-seq data showing the spontaneous activation of a type | IFN response in ERCC1-
deficient cells (Figure 11l.3), and reinforces the notion that loss of ERCC1 in NSCLC cells
drives cell-autonomous expression of specific immune signals. In addition, the induction of
CCL5 expression by PARPi is dose-dependent and exclusively found in A549-ERCC17 cells,
consistent with the previously observed dose-dependent activation of cGAS/STING
signalling following exposure to PARPi in this cell line (Figure IV.15). Furthermore, the fact
that the A549-ERCC1"" cell line does not exhibit CCL5 secretion upon exposure to PARPi
while cGAS/STING is activated, suggests that the level of activation of cGAS/STING

signalling is important in determining CCL5 secretion.

To extend these investigations of the potential of PARPi to augment chemokine signalling,
we studied CCL5 and IFN- production in the independent isogenic model of BRCA1-
deficient TNBC cells. RT-gPCR analyses of CCL5 and IFNB7 mRNA levels revealed a dose-
dependent increase in the transcription of both genes following exposure to olaparib in
SUM149-BRCA1 e but not SUM149-BRCA1 e, cells (Figure IV.23.A and Figure IV.23.B).
In the SUM149-BRCA1 . cell line, we found a substantial reduction of the PARPi-induced
expression of both chemokines following transfection with siRNAs targeting STING and
cGAS, compatible with an involvement of the cGAS/STING pathway in this induction.
Consistent with these observations, SUM149-BRCA1,.: cells, but not SUM149-BRCA1,.,
cells, displayed enhanced secretion of CCL5 — as detected by ELISA — following treatment
with olaparib, a phenotype that was reduced upon co-depletion of STING and cGAS
(Figure IV.24.A). Interestingly, no secretion of IFN-B could be detected in either of the
isogenic SUM149 cell lines upon treatment with olaparib (Figure IV.24.B), suggesting that
the levels of expression of IFNB1, although induced by olaparib in SUM149-BRCA1 . cells,
were not sufficient to enable detection of the corresponding secreted protein in cells

supernatants.
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Figure IV.23. PARPi induce CCL5 and IFNB1 transcription in BRCA1-mutated SUM149

RT-gPCR analysis of RNA isolated from olaparib-exposed SUM149-BRCA1 s and SUM149-
BRCA1 e, cells, in the presence or absence of cGAS/STING silencing by siRNA. Cells were
transfected with siCTRL or sicGAS + siSTING and treated for 72h with DMSO or a dose
range of olaparib (uM). CCL5 (A) or IFNBT (B) mRNAs were analyzed relative to GAPDH (to
control for cDNA quantity). Shown are arbitrary units of gene expression, normalized to
DMSO-treated control. Mean * SD, N=4, Kruskal- Wallis test and post hoc Dunn’s test,
relative to DMSO control.
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Figure IV.24. PARPi induce secretion of CCL5 but not IFN-B in BRCAT-mutated
SUM149 cells.

A. Quantitative analysis of CCL5 secretion in SUM149-BRCA1 . and SUM149-BRCA1 .,
cells supernatants upon olaparib exposure, in the presence or absence of cGAS/STING
silencing by siRNA. Cells were transfected with siCTRL or sicGAS + siSTING and treated for
72h with DMSO or a dose range of olaparib (uM). Supernatants were collected and
analysed by ELISA for detection of CCL5. Shown are CCL5 concentrations; Mean + SD, N=4,
Kruskal-Wallis test and post hoc Dunn’s test, relative to DMSO control. B. Quantitative
analysis of IFN-f secretion in SUM149-BRCA1,,,: and SUM149-BRCA1 ., cells supernatants
upon olaparib exposure, in the presence or absence of cGAS/STING silencing by siRNA.
Cells were transfected with siCTRL or sicGAS + siSTING and treated for 72h with DMSO or
a dose range of olaparib (uM). Supernatants were collected and analysed by ELISA for
detection of IFN-B. Shown are IFN- concentrations; Mean = SD, N=4, Kruskal-Wallis test
and post hoc Dunn'’s test, relative to DMSO control.
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Together, these results support that in the context of specific DDR defects such as ERCC1-
deficiency in NSCLC or BRCA1-deficiency in TNBC, PARPi induce the expression of several
type | IFN chemokines, including IFN- and CCL5. These effects are dose-dependent and
conditioned by the activation of the cGAS/STING pathway.

7. PARPi activate type | IFN signalling in ERCC1-deficient cells

To comprehensively characterize cell-autonomous immunomodulation induced by PARP;,
we decided to evaluate, on a broad basis, the activation of immune signals in NSCLC
exposed to PARPi. To this aim, we performed RNA-seq on A549-ERCC1V"™T and
A549-ERCC1” cells exposed to talazoparib (the most potent and specific clinical PARPI) for
48 h. Differential expression analysis and GSEA were performed on RNA-seq data to

investigate pathway enrichment between talazoparib-treated and vehicle-treated cells.

GSEA using the REACTOME pathway database revealed, as expected, a significant
downregulation of many pathways involved in cell cycle regulation, DNA replication and
DNA repair in talazoparib-treated A549-ERCC1”" cells, notably HR-mediated DSB repair,
transcription-coupled NER, and the Fanconi anemia pathway (Table IV.1). This is consistent
with the known effects of PARPi in preventing HR-mediated repair of DSBs in the absence
of ERCC1. GSEA also revealed a significant upregulation of several immune-related
pathways in talazoparib-treated A549-ERCC17" cells (Table IV.2) but not A549-ERCC1"W™"WT
(Table IV.3). Importantly, the most upregulated pathways found in A549-ERCC17" cells
following exposure to talazoparib were type | and type Il IFN signalling. Consistent with this,
GSEA plots interpretation revealed a significant enrichment of type | IFN signalling in
talazoparib-treated A549-ERCC1” cells compared with DMSO-treated cells (NES = 2.12,
FDR = 0.0018; Figure IV.25). This upregulation was also observed in the A549-ERCC1"W™"WT
cell line, but the corresponding enrichment was more modest in this latter cell line (NES =
1.64, FDR = 0.0314; Figure IV.26), further highlighting the role of ERCC1 deficiency in

potentiating PARPi-mediated type | IFN signalling induction.
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Table IV.1. GSEA of REACTOME pathways in talazoparib-treated A549-ERCC17" cells
compared with DMSO-treated A549-ERCC17 cells.

Shown are the top 50 downregulated REACTOME pathways in talazoparib-treated
A549-ERCC1” cells. Pathways highlighted in forest green relate to cell cycle; pathways
highlighted in light green relate to DNA replication; pathways highlighted in dark green
relate to DNA repair.

REACTOME pathways NES FDR

REACTOME_ACTIVATION_OF_THE_PRE_REPLICATIVE_COMPLEX -2.450 0.002
REACTOME_DNA_STRAND_ELONGATION -2.408 0.002
REACTOME_ASSEMBLY_OF_THE_PRE_REPLICATIVE_COMPLEX -2.344 0.002
REACTOME_PROCESSING_OF_CAPPED_INTRON_CONTAINING_PRE_MRNA -2.312 0.002
REACTOME_E2F_MEDIATED_REGULATION_OF_DNA_REPLICATION -2.266 0.002
REACTOME_MRNA_PROCESSING -2.265 0.002
REACTOME_KINESINS -2.230 0.002
REACTOME_EXTENSION_OF_TELOMERES -2.204 0.002
REACTOME_TELOMERE_MAINTENANCE -2.162 0.002
REACTOME_ORC1_REMOVAL_FROM_CHROMATIN -2.155 0.002
REACTOME_MRNA_SPLICING -2.150 0.002
REACTOME_LAGGING_STRAND_SYNTHESIS -2.117 0.002
REACTOME_DEPOSITION_OF_NEW_CENPA_CONTAINING_NUCLEOSOMES_AT_THE_CENTROMERE -2.099 0.002
REACTOME_G1_S_SPECIFIC_TRANSCRIPTION -2.070 0.002
REACTOME_RECRUITMENT_OF_MITOTIC_CENTROSOME_PROTEINS_AND_COMPLEXES -2.068 0.002
REACTOME_MEIOSIS -2.052 0.002
REACTOME_TRANSPORT_OF_MATURE_TRANSCRIPT_TO_CYTOPLASM -2.033 0.002
REACTOME_LOSS_OF_NLP_FROM_MITOTIC_CENTROSOMES -2.010 0.002
REACTOME_UNWINDING_OF_DNA -2.003 0.002
REACTOME_GLUCOSE_TRANSPORT -1.990 0.002
REACTOME_ASSOCIATION_OF_LICENSING_FACTORS_WITH_THE_PRE_REPLICATIVE_COMPLEX -1.990 0.002
REACTOME_INTERACTIONS_OF_VPR_WITH_HOST_CELLULAR_PROTEINS -1.979 0.002

REACTOME_NEP_NS2_INTERACTS_WITH_THE_CELLULAR_EXPORT_MACHINERY -1.968 0.002
REACTOME_APC_C_CDC20_MEDIATED_DEGRADATION_OF_MITOTIC_PROTEINS -1.968 0.002
REACTOME_CDC6_ASSOCIATION_WITH_THE_ORC_ORIGIN_COMPLEX -1.957 0.002
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Table IV.2. GSEA of REACTOME pathways in talazoparib-treated A549-ERCC17 cells
compared with DMSO-treated A549-ERCC17 cells.

Shown are the top 50 upregulated REACTOME pathways in talazoparib-treated
A549-ERCC17” cells. Pathways highlighted in orange relate to immune signaling; pathways
highlighted in yellow relate to antigen presentation; pathways highlighted in red relate to
PRR signaling.

REACTOME pathways NES FDR

REACTOME INTERFERON_GAMMA SIGNALNG 2149 0002
REACTOME INTERFERON_ALPHA_BETA SIGNALNG 2123 0002
REACTOME COMPLEMENT CASCADE 1863 0006
REACTOME_PEPTIDE_CHAIN_ELONGATION 1.845 0.002

REACTOME_INNATE_IMMUNE SYsTEM 1834 0002
REACTOME REGULATION_OF COMPLEMENT CASCADE 1807 0007

REACTOME_NUCLEOTIDE_BINDING_DOMAIN_LEUCINE_RICH_REPEAT_CONTAINING_RECEPTOR_NLR 1.787 0.002
REACTOME_NEGATIVE REGULATORS_OF RIG_| MDAS SIGNALNG 1783 0004
REACTOME_PI3K_EVENTS_IN_ERBB4_SIGNALING 1.745 0.006
REACTOME_ENDOSOMAL_SORTING_COMPLEX_REQUIRED_FOR_TRANSPORT_ESCRT 1.745 0.017
REACTOME_SRP_DEPENDENT_COTRANSLATIONAL_PROTEIN_TARGETING_TO_MEMBRANE 1.736 0.003
REACTOME RIG_I_MDAS_MEDIATED_INDUCTION_OF IFN_ALPHA_BETA PATHWAYS 1720 0.008
REACTOME_3_UTR_MEDIATED_TRANSLATIONAL_REGULATION 1.704 0.003
REACTOME_IMMUNOREGULATORY_INTERACTIONS_BETWEEN_LYMPHOID_AND_NONLYMPHOID_CELL 1.701 0.026
REACTOME_ANTIGEN_PRESENTATION_FOLDING_ASSEMBLY_AND_PEPTIDE_LOADING_CLASS_I_MHC 1.691 0.033
REACTOME_LATENT_INFECTION_OF_HOMO_SAPIENS_WITH_MYCOBACTERIUM_TUBERCULOSIS 1.685 0.036
REACTOME_NOD1_2_SIGNALING_PATHWAY 1.679 0.030
REACTOME_TRANSLATION 1.670 0.003
REACTOME_G_ALPHA_Q_SIGNALLING_EVENTS 1.660 0.008
REACTOME_EXTRINSIC_PATHWAY_FOR_APOPTOSIS 1.658 0.043
REACTOME_CHONDROITIN_SULFATE_DERMATAN_SULFATE_METABOLISM 1.656 0.033
REACTOME_IL 3.5 AND GM_CSFSIGNALNG 1645 0040
REACTOME_PEPTIDE_LIGAND_BINDING_RECEPTORS 1.644 0.030
REACTOME_AKT_PHOSPHORYLATES_TARGETS_IN_THE_CYTOSOL 1.640 0.051

REACTOME_PI3K_EVENTS_IN_ERBB2_SIGNALING 1.603 0.047
REACTOME_MEMBRANE_TRAFFICKING 1.601 0.007
REACTOME_ENERGY_DEPENDENT_REGULATION_OF_MTOR_BY_LKB1_AMPK 1.600 0.076
REACTOME_REGULATION_OF_AMPK_ACTIVITY_VIA_LKB1 1.587 0.089
REACTOME_SIGNALING_BY_ILS 1.576 0.017
REACTOME_IL_RECEPTOR_SHC_SIGNALING 1.566 0.099
REACTOME_INTRINSIC_PATHWAY_FOR_APOPTOSIS 1.552 0.085
REACTOME_PIP3_ACTIVATES_AKT_SIGNALING JESS] 0.085
REACTOME_NUCLEAR_SIGNALING_BY_ERBB4 1.550 0.094
REACTOME_CLASS_A1_RHODOPSIN_LIKE_RECEPTORS 1.546 0.048
REACTOME_GAB1_SIGNALOSOME 1.541 0.084
REACTOME_CELL_JUNCTION_ORGANIZATION 1.538 0.065
REACTOME_PROTEOLYTIC_CLEAVAGE_OF_SNARE_COMPLEX_PROTEINS 1.533 0.121
REACTOME_TRAFFICKING_OF_AMPA_RECEPTORS 1.531 0.112

REACTOME_NEUROTRANSMITTER_RELEASE_CYCLE 1318 0.130
REACTOME_CELL_CELL_COMMUNICATION 1.511 0.039
REACTOME_INFLAMMASOMES 1.507 0.135
REACTOME_FORMATION_OF_THE_TERNARY_COMPLEX_AND_SUBSEQUENTLY_THE_43S_COMPLEX 1.495 0.085
REACTOME_PI3K_AKT_ACTIVATION 1.487 0.130
REACTOME_REGULATION_OF_INSULIN_GROWTH_FACTOR_IGF_ACTIVITY_BY_IGF_BINDING_PROTEINS 1.487 0.156
REACTOME_INSULIN_RECEPTOR_RECYCLING 1.487 0.152

198



Chapter IV.PARPi exacerbate cancer cell-autonomous immunity through cGAS/STING in DDR-

deficient cells

REACTOME: Interferon Alpha Beta Signaling

FDR = 0.00181
0.50 ES = 0.742
NES = 2.12

0.75

0.25

0.00

|| . NI NN

0 5000 10000
Rank

Enrichment score (ES)

Talazo DMSO

IFITM2

DEG

Figure IV.25. GSEA of the REACTOME pathway Interferon Alpha Beta Signalling in
talazoparib- vs DMSO- treated A549-ERCC17 cells.

A. Enrichment plot generated by GSEA of ranked gene expression data for genes of the
REACTOME pathway Interferon Alpha Beta Signalling. B. Associated heatmap showing the
genes of the pathway, ranked by FDR. N = 3; Heatmap scale is a Z score. Purple, significantly
DEGs with FDR < 0.05 and |LFC| > 1; Green, significantly DEGs with FDR < 0.05 and |LFC| >
0.58; Grey, non-significantly DEGs.
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Table IV.3. GSEA of REACTOME pathways in talazoparib-treated A549-ERCC1V™"WT
cells compared with DMSO-treated A549-ERCC1"™"T cells.

Shown are the top 50 upregulated REACTOME pathways in talazoparib-treated
A549-ERCC1V™™T cells. Pathways highlighted in orange relate to immune signaling;
pathways highlighted in yellow relate to antigen presentation.

REACTOME pathways NES FDR

REACTOME_PEPTIDE_CHAIN_ELONGATION 2.261 0.002
REACTOME_SRP_DEPENDENT_COTRANSLATIONAL_PROTEIN_TARGETING_TO_MEMBRANE 2.151 0.002
REACTOME_RESPIRATORY_ELECTRON_TRANSPORT_ATP_SYNTHESIS_BY_CHEMIOSMOTIC_COUPLING 2.026 0.002
REACTOME_INFLUENZA_VIRAL_RNA_TRANSCRIPTION_AND_REPLICATION 2.026 0.002
REACTOME_RESPIRATORY_ELECTRON_TRANSPORT 1.944 0.002
REACTOME_3_UTR_MEDIATED_TRANSLATIONAL_REGULATION 1.938 0.002
REACTOME_TRANSLATION 1.866 0.002
REACTOME _LATENT_INFECTION_OF_HOMO_SAPIENS_WITH MYCOBACTERIUM_TUBERCULOSIS  1.848  0.004
REACTOME_BIOLOGICAL_OXIDATIONS 1.833 0.004
REACTOME_PHASE_II_CONJUGATION 1.800 0.007
REACTOME_NEUROTRANSMITTER_RELEASE_CYCLE 1.765 0.011
REACTOME_NONSENSE_MEDIATED_DECAY_ENHANCED_BY_THE_EXON_JUNCTION_COMPLEX 1.762 0.005
REACTOME_TRAFFICKING_OF_AMPA_RECEPTORS 1.750 0.006
REACTOME_TCA_CYCLE_AND_RESPIRATORY_ELECTRON_TRANSPORT 1.741 0.005
REACTOME_MEMBRANE_TRAFFICKING 1.719 0.006
REACTOME_PEROXISOMAL_LIPID_METABOLISM 1.708 0.017
REACTOME_INSULIN_RECEPTOR_RECYCLING 1.700 0.022
REACTOME_GLUTATHIONE_CONJUGATION 1.687 0.023
REACTOME_ENDOSOMAL_SORTING_COMPLEX_REQUIRED_FOR_TRANSPORT_ESCRT 1.686 0.022
REACTOME_GLUTAMATE_NEUROTRANSMITTER_RELEASE_CYCLE 1.674 0.022
REACTOME_INTERFERON_ALPHA_BETA_SIGNALNG 162 0031
REACTOME_CLASS_A1_RHODOPSIN_LIKE_RECEPTORS 1.642 0.014
REACTOME_TRANSFERRIN_ENDOCYTOSIS_AND_RECYCLING 1.600 0.065
REACTOME_EXTRACELLULAR_MATRIX_ORGANIZATION 1.579 0.058
REACTOME_FORMATION_OF_THE_TERNARY_COMPLEX_AND_SUBSEQUENTLY_THE_43S_COMPLEX 1.576 0.040
REACTOME_BOTULINUM_NEUROTOXICITY 1.570 0.083
REACTOME COMPLEMENT_CASCADE 1535 0114
REACTOME_RESPONSE_TO_ELEVATED_PLATELET_CYTOSOLIC_CA2_ 1.533 0.052
REACTOME_TRANSMISSION_ACROSS_CHEMICAL_SYNAPSES 1.530 0.020
REACTOME_CELL_CELL_JUNCTION_ORGANIZATION 1.530 0.092
REACTOME_SYNTHESIS_OF_BILE_ACIDS_AND_BILE_SALTS 1.528 0.113
REACTOME_EXTRINSIC_PATHWAY_FOR_APOPTOSIS 1.522 0.110
REACTOME_NEURONAL_SYSTEM 1.521 0.014
REACTOME_BILE_ACID_AND_BILE_SALT_METABOLISM 1.505 0.139
REACTOME_IL_RECEPTOR_SHC_SIGNALING 1.505 0.140
REACTOME_SPHINGOLIPID_METABOLISM 1.504 0.065
REACTOME_PROTEOLYTIC_CLEAVAGE_OF_SNARE_COMPLEX_PROTEINS 1.494 0.146
REACTOME_PEPTIDE_LIGAND_BINDING_RECEPTORS 1.485  0.113
REACTOME_ABC_FAMILY_PROTEINS_MEDIATED_TRANSPORT 1.479 0.159
REACTOME_IMMUNOREGULATORY_INTERACTIONS_BETWEEN_LYMPHOID_AND_NONLYMPHOID_CELL  1.469  0.160
REACTOME_GAP_JUNCTION_TRAFFICKING 1.466 0.176
REACTOME_AKT_PHOSPHORYLATES_TARGETS_IN_THE_CYTOSOL 1.462 0.180
REACTOME_IRON_UPTAKE_AND_TRANSPORT 1.461 0.160
REACTOME_SYNTHESIS_OF_BILE_ACIDS_AND_BILE_SALTS_VIA_7ALPHA_HYDROXYCHOLESTEROL 1.459 0.176
REACTOME_FORMATION_OF_ATP_BY_CHEMIOSMOTIC_COUPLING 1.458 0.185
REACTOME_CELL_JUNCTION_ORGANIZATION 1.458 0.117
REACTOME_NEUROTRANSMITTER_RECEPTOR_BINDING_AND_DOWNSTREAM_TRANSMISSION 1.456 0.076
REACTOME_TIGHT_JUNCTION_INTERACTIONS 1.449 0.185
REACTOME_COLLAGEN_FORMATION 1.448 0.172
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Figure IV.26. GSEA of the REACTOME pathway Interferon Alpha Beta Signalling in
talazoparib- vs DMSO- treated A549-ERCC1"™"7 cells.

A. Enrichment plot generated by GSEA of ranked gene expression data for genes of the
REACTOME pathway Interferon Alpha Beta Signalling. B. Associated heatmap showing the
genes of the pathway, ranked by FDR. N = 3; Heatmap scale is a Z score. Purple, significantly
DEGs with FDR < 0.05 and |LFC| > 1; Green, significantly DEGs with FDR < 0.05 and |LFC| >
0.58; Grey, non-significantly DEGs.
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Together, these data support the hypothesis that PARPi specifically activate, in a cell-
autonomous fashion in NSCLC cells, a type | IFN immune response that is enhanced in the
context of ERCC1 deficiency, and can be linked to cGAS/STING activation and CCL5

secretion in our models.

8. PARPi exert immunomodulatory properties in vivo

To further assess the cell-autonomous immunomodulatory potential of PARPi, we decided
to test the ability of these agents to generate tumour-intrinsic immunity in vivo. Indeed, if in
vitro models provide convenient experimental platforms for investigating the properties
and mechanisms of action of anti-cancer drugs, especially in “genetically-controlled”
conditions such as in isogenic systems, these have obvious limitations owing to their
inability to model the complexity of a tumour in terms of histological features, genetic
heterogeneity, and cellular interactions within the tumour mass. In our case, testing the
effects of PARPi in a relevant model in vivo would allow to evaluate the validity and
translatability of our in vitro data regarding the potential of these drugs to generate cell-

autonomous immune responses in cancer cells.

Several experimental approaches may be utilized to test the immunomodulatory potential
of anti-cancer drugs in vivo. Most approaches in immuno-oncology have involved the use
of syngeneic mouse models, which have the advantage to faithfully recapitulate the
interactions between the tumour and an intact host immune system, through the
inoculation of immortalized mouse cancer cells into an inbred immunocompetent mouse
strain of the same genetic background — thus creating an immunocompetent model in
which tumour rejection cannot occur. Such models are ideal for the evaluation and
monitoring of anti-cancer immune responses under treatment. By contrast, patient-derived
xenograft (PDX) models, which arise from the subcutaneous or orthotopic implantation of

fresh human tumour tissues into immuno-deficient mice, provide a convenient platform for
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studying tumour-autonomous immune phenotypes elicited by specific therapeutic agents.
As PDXs appear to recapitulate many aspects of the original patient tumour, except tumour-
immune interactions, they constitute accurate model systems reflecting the complex
biological evolution of human tumours, and as such often serve as a useful predictive
platform for therapeutic outcomes. Therefore, we thought that, by capturing gene
expression data in tumour tissue extracted from relevant PDX models treated with PARPi,

we could evaluate the tumour-intrinsic immunomodulatory properties of PARPi in vivo.

For this experiment, the selection of a PDX model that would best match the models used
in our in vitro study was important. Thus, in the absence of available PDX models of ERCC1-
deficient NSCLC, we decided to use PDX models of BRCAT-mutant TNBC; these were
kindly provided by Prof Andrew Tutt (Guy’s and St. Thomas's Research Tissue and Data
Bank, London) thanks to his existing collaboration with Prof. Chris Lord at the Institute of
Cancer Research. We used two independent PDX models of BRCAT-mutant TNBC: (i) the
BTBC456 model originating from a treatment-naive, BRCAT-mutation carrier patient with
confirmed LOH in the primary tumour and PDX; and (ii) the BX102 model derived from a
treatment-naive patient with unknown BRCA status (testing was declined), whose PDX

subsequently revealed to have a BRCAT mutation.

To assess the effects of PARPi and subsequently evaluate cancer cell-autonomous
immunomodulation in these two PDX models, a therapeutic assay was conducted with PDX-
bearing mice. BTBC456 or BX102 tumours were implanted orthotopically into the
mammary fat pad of immuno-deficient NOD/SCID/ILng'/' (NSG) host mice, and once
tumours were palpable, mice were randomly assigned to vehicle or olaparib treatment
groups (100mg/kg daily). At the time they reached a diameter greater than 12mm in the
vehicle group, tumours were harvested, formalin fixed, and processed for paraffin
embedding. Subsequently, RNA was extracted from tissue sections of 2-4 tumours from
each treatment group, and subjected to immune gene expression profiling using the

Nanostring® technology (Figure IV.27.A).
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Figure IV.27.Experimental details of the Nanostring® analysis of BTBC456 and

BX102 tumours.
A. Schematic of the in vivo experiment that has been performed to generate olaparib-

treated BTBC456 and BX102 tumours. B. Therapeutic response to olaparib treatment in
mice bearing BTBC456 or BX102 tumours. BTBC456 group: PDX tumour fragments were
transplanted into 16 recipient mice; once tumours had established, animals were treated
with either drug vehicle or olaparib (100 mg/kg daily, n=9 for the vehicle-treated cohort
and n=7 for the olaparib-treated cohort). Tumour volumes after the initiation of treatment
are shown. BX102 group: PDX tumour fragments were transplanted into 17 recipient mice;
once tumours had established, animals were treated with either drug vehicle or olaparib
(100 mg/kg daily, n=8 for the vehicle-treated cohort and n=9 for the olaparib-treated
cohort). Tumour volumes after the initiation of treatment are shown. C. Venn diagram
depicting the number of significantly differentially expressed genes in olaparib-treated
PDXs compared with vehicle-treated PDXs in BTBC456 and BX102 models. Threshold for
differential expression was |LFC| > 1 and threshold for significance was FDR < 0.1. The
significantly DEGs found in common between both PDXs are indicated below.

For mice of both models, tumour shrinkage was observed after treatment with olaparib,
highlighting the exquisite sensitivity of these PDX models to PARPi, and confirming their

clinical relevance (Figure IV.27.B).

b. Genetic characteristics of the PDX models

WES was performed on both PDX models, and used to identify their inherent genetic
alterations. The BTBC456 model was characterized by the BRCAT mutation
c.3331_3334delCAAG associated with an inactivating mutation in TP53, and revealed to
have ampdlification or mutations in a number of oncogenes including HRAS, KIT and PIK3CA
(Table IV.4). Interestingly, this model also exhibited amplification of the MB21D1 gene
encoding for the cytosolic DNA sensor cGAS, as well as of the IRF7 gene, suggesting that
BTBC456 tumours might be more likely to activate cGAS/STING signalling in response to

cytosolic DNA sensing.
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Table IV.4. Genetic characteristics of the BTBC456 PDX model.

Selective table showing copy-number alterations and mutation data extracted from WES of
the BTBC456 model for the main oncogenes, tumour suppressors, DDR- and immune-
related genes.

Gene family Gene Copy number Mutation Mutation
alteration type
BCL3 AMP
CBLC AMP
CCND2 AMP
CCND3 AMP
Oncogenes ETVé6 AMP
FGFR3 AMP
HRAS AMP
KIT MUT N/A
PIK3CA MUT N/A
CARS P10A Missense
CDKN1B AMP
:luo:l;lrbelzgotl;mour CDK8 H235Y Missense
CDK17 G78A Missense
TP53 A189%fs Frameshift
BRCA1 Germline MUT
PARP11 AMP
DDR genes POLH MUT N/A
POLN AMP
RAD52 AMP
Immune-related IRF7 AMP
genes MB21D1 AMP
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Gene family

Oncogenes

Non-DDR tumour
suppressors

DDR genes

Immune-related
genes

Gene

BCL2
ETVé6
FGFR1
FUS
MYC
NUP214
PIK3CA
SS18
APC
BMPR1A
CDK8
EXT1
FBXW7
NOTCH1
SDHB
SMARCA2
SMARCA4
TNFAIP3
TP53
WRN
ATM
BRCA1
CHEK1
MSH3
PARP9
PARP10
XPF
RADS0
RADS51
POLG
SPO11
FANCB
TP53BP1
IRF1
IRF2
JAK2
IFNA21
IFNA16
IFNA7
IFNA14

Copy number
alteration
DEL

DEL

AMP

AMP
DEL

AMP
DEL

DEL

DEL

AMP

AMP
DEL
DEL
DEL

DEL
DEL
DEL
DEL
DEL
DEL
DEL
DEL
DEL
DEL
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Mutation

G38A
MUT
P1607fs
MUT
MUT
R1171H

165V
H235Y

A882T

A1423A

MUT

R1575H
Germline MUT

K383fs
Cé46*

MUT

V185E

Mutation
type
Missense
N/A
Frameshift
N/A
N/A
Missense

Missense

Missense

Missense

Splice Region

Missense
Frameshift
Non-sense

Splice Region

Missense



Gene family Gene Copy number Mutation Mutation

alteration type
IFNA5 DEL
IFNA6 DEL
IFNA13 DEL
IFNA2 DEL
IFNAS8 DEL
IFNA1 DEL
IFNB1 DEL
IFNGR1 DEL
IFNW1 DEL
HLA-A K292E Missense
HLA-DRB5 T214fs Frameshift
CXCL14 DEL
IL1RAPL2 DEL
IL2RG DEL
IL3 DEL
IL3RA DEL
Immune-related L4 DEL
genes
IL5 DEL
IL6ST DEL
IL7R 1121fs Frameshift
IL9 DEL
ILT1RA R395Q Missense
IL13 DEL
IL17RA DEL
IL17D E111A Missense
IL20RA DEL
IL22RA2 DEL
IL31RA DEL MUT Splice Region
IL33 DEL
TLR2 DEL
TLR3 DEL
TLR7 DEL
TLR8 DEL

The BX102 model was characterized by the BRCAT mutation ¢.2475delC associated with
an inactivating mutation in TP53, and showed amplification or mutation of the oncogenes
MYC and PIK3CA (Table IV.5). Interestingly, this model also displayed mutations or
deletions in a number of other important DNA repair proteins including ATM, XPF, RAD50,
RADS51, and MSH3, that might participate to increase the sensitivity of BX102 tumours to
PARPi. In addition, this PDX model appeared to have a deletion of a whole region of
chromosome 9 surrounding the IFNB1 and IFNAT1 genes loci, suggesting an impaired

activation of IFN responses in BX102 tumours.

208



The Nanostring® nCounter technology is a novel gene expression profiling system which
offers advantages over current methods including digital output of data and direct mRNA
measurement without enzymatic reaction (424). mRNA expression levels from FFPE tissue
samples, which are often degraded, can be evaluated using the nCounter system because
of increased sensitivity, reproducibility and technical robustness compared to other
transcriptomic approaches (425) — low-abundance mRNAs can indeed be detected with a
greater sensitivity than using microarray-based approaches (426). Considering these
advantages, the Nanostring® technology appeared as an appropriate method for
performing gene expression profiling of our PDX tumour samples. To specifically
characterize the expression of immune signals in these samples, we chose to use the
nCounter® PanCancer immune profiling panel, which comprises a set of 770 immune-
related genes whose expression can be profiled in a single multiplexed gene expression

analysis.

AKT3 CXCR4 MAP2K1 TBX21
ALCAM CYFIP2 MAP3K5 THBS1
APP CYLD MAP3K7 TMEFF2
ATF2 DPP4 MAPK1 TNFSF8
ATG7 EGR1 MAPKAPK2 UBC
BATF EP300 MEF2C VEGFA
BCL2 EWSR1 MIF AGK
BCL2L1 FEZ1 MS4A1 CNOT10
BTK FOXJ1 NCAM1 CNOT4
C3AR1 HLA-DQB1 NFATC3 EDC3
C5 IGF1R NFKBIA HPRT1
CCR2 IL13RA1 NOD2 MTMR14
CD24 IL17RB POU2F2 NOL7
CD37 IL34 PSMB7 SDHA
CHUK ILF3 REPS1 TBP
CLEC5A ITGA1 SH2D1A TLK2
CSF1 ITGB2 SPA17 TRIM39
CTSH LGALS3 STAT6 TUBB
CXCL12 MAF SYK ZNF143
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Because PDX tumours were extracted from mice and contamination with mouse tissue may
create concern by introducing a major bias in the analysis, we first decided to evaluate the
level of cross-reactivity of the Nanostring® assay for mouse tissue. To do this, we retrieved
sequence data from the 770 probes of the nCounter® PanCancer immune panel, and
aligned them to the mouse genome using the online-available nucleotide basic local
alignment search tool (BLASTn). Among the 770 probes profiled, we found 76 probes
aligning to the mouse genome (Table IV.6), that is, a percentage of cross-reactivity of

approximately 10%.

Therefore, these 76 genes were removed from the analysis of gene expression data
generated by Nanostring® in our experiment, leaving the opportunity of reliably profiling

the expression of the other 694 immune-related genes of the panel.

Differential expression analysis of the Nanostring® data revealed that, among the 694
profiled genes, 59 and 78 were significantly differentially expressed between olaparib-
treated and vehicle-treated PDXs in the BTBC456 and BX102 groups respectively (Figure
IV.27.C); 17 genes were found commonly differentially expressed between the two

models, among which four genes encoded components of the MHC class Il

In olaparib-treated BTBC456 PDXs, we found a significant upregulation of twelve genes
involved in antigen presentation (fold-change (FC) > 2, FDR < 0.1) including several
components of MHC class | (namely HLA-B and HLA-C) and MHC class Il (HLA-DPA1, HLA-
DPB1, HLA-DMA, HLA-DMB, HLA-DRA, HLA-DRB3, HLA-DRB4 and CD74), as well as genes
encoding proteins that mediate peptide degradation such as CTSS (Figure IV.28). More
interestingly, we also found a significant upregulation of eight genes involved in type | IFN
signalling (FC > 2.5, FDR < 0.1) —including IFI27, IFI35, IFIT1, IFIT2, IFITM1,ISG15, MX1 and
NLRC5 — and increased expression of the lympho-attractant chemokines CCL5 and CCL28
(FC = 2.66, FDR = 0.005 and FC = 5.51, FDR < 0.0001 respectively). This suggested that

treatment of mice bearing BTBC456 PDX tumours with olaparib triggered cancer cell-
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deficient cells

autonomous activation of a type | IFN response in vivo, associated with the upregulation of

chemotactic chemokines.

In olaparib-treated BX102 PDXs, we found upregulation of several genes encoding
components of MHC class Il (HLA-DPA1, HLA-DRA, HLA-DRB3, HLA-DRB4 and CD74),
consistent with what was observed in the BTBC456 model (Figure IV.29). However, despite
a significant increase in expression of several chemotactic chemokines including CCL7 (FC
=2.22,FDR=0.01), CCL19 (FC =3.02, FDR=0.001), CCL21 (FC = 4.08, P = 0.009), CXCL13
(FC=4.21, FDR = 0.0001) and CXCL14 (FC = 4.58, FDR = 0.002), we did not observe any
significant upregulation of genes involved in type | IFN signalling after treatment with

olaparib in this model.

BTBC456

§ g § 3 3 3

§ g g g g g

* * mRN: abundance (z-:core) * *
L B
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Figure IV.28. Heatmap showing all significantly differentially expressed genes in

olaparib-treated vs vehicle-treated BTBC456 tumours.
N = 3; Heatmap scale is a Z score. Threshold for differential expression was |[LFC| > 1 and

threshold for significance was FDR < 0.1.
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BX102

cxcL1e

mRNA abundance (z-score)
I .
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Figure IV.29. Heatmap showing all significantly differentially expressed genes in
olaparib-treated vs vehicle-treated BX102 tumours.
N = 3; Heatmap scale is a Z score. Threshold for differential expression was |[LFC| > 1 and
threshold for significance was FDR < 0.1.

These differences observed between the expression data of the two PDX models may be
explained by their inherent genetic characteristics. Indeed, if the BTBC456 model probably

carries an enhanced potential for cGAS/STING-mediated type | IFN signalling activation
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due to amplification of the MB21D1 gene, it is reasonable to assume that, by contrast, the
BX102 model might be unresponsive to such signals because of the deletion of IFNAT,

IFNB1 and many other IFN-related genes.

To assess whether the upregulation of MHC components upon PARPi treatment observed
in both PDXs would also operate in NSCLC models, we measured expression of HLA-ABC,
the major components of MHC class |, in A549-ERCC1"V"™Tand H1975-ERCC1V"™T cell
lines exposed to PARPi and/or IFN-y (used as a positive control of activation) for 48 h. Flow
cytometry analysis of HLA-ABC staining on these cells revealed an upregulation of
HLA-ABC expression upon treatment with the PARPI talazoparib or niraparib, consistent
with results obtained in vivo (Figure IV.30). This suggested that PARPi may directly
modulate tumour immunogenicity by increasing cell-surface expression of MHC class |

components, both in vitro and in vivo.

A549-ERCCIWI/WI H1975-ERCC1WI/WT
2.5 2.5
= pmso mm ParPi IFNy =l |FNy+PARPi “[= pmso =m ParPi IFNy B |FNy+PARPi
o
—

2.0

HLA-ABC expression (FITC MFI normed to IFNy)
HLA-ABC expression (FITC MFI normed to IFNy)

Figure IV.30. PARPi induce cell-surface expression of MHC class | components in

NSCLC cells.
Quantification of HLA-ABC cell surface expression by flow cytometry in A549-ERCC

and H1975-ERCC1""T cells upon PARPi exposure, in the presence or absence of IFN-y.
Cells were treated for 48h with DMSO, 10 uM niraparib, 3 uM talazoparib, and/or 500 U/mL
IFN-y. MFI = SD, N = 3, two-way ANOVA and post hoc Tukey's test.

1 WT/WT
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C. Discussion

In this Chapter, we have described how PARPi trigger cell-autonomous activation of
immune signalling in cancer cells. Using a unique combination of isogenic models of
ERCC1-deficient NSCLC and BRCA17-deficient TNBC, we found that PARPi generate
cytosolic DNA in a cell cycle- and DNA repair defect-dependent fashion, which in turn
activates cGAS/STING signalling and elicits specific tumour cell-intrinsic immune responses
in DDR-deficient cells. These results obtained in vitro are corroborated with the activation
of cell-autonomous immunity in vivo in two distinct PDX models of BRCA7T-mutated TNBC

exposed to PARPI.

Although several scenarios may explain our findings, we propose the following model to
describe our observations (Figure IV.31). DSB repair-proficient cells, such as wildtype
ERCC1 and BRCAT1 cells, adequately repair endogenous DNA lesions. PARPi exposure
causes DNA damage, mostly initiated by PARP1 itself trapped onto the DNA at sites of
spontaneous SSBs. Trapped-PARP1 generates stalled replication forks and subsequent
DSBs during DNA replication. In DSB repair-proficient cells, trapped-PARP1 lesions can be
adequately excised, a process which is likely to be orchestrated by ERCC1 (364). Following
excision, BRCA1-mediated repair of DSBs occurs through HR, and replication restarts.
Residual unrepaired lesions cause minimal formation of CCF, which are insufficient to
trigger cGAS/STING signaling (Figure IV.31.A-D). By contrast, DSB repair-deficient cells,
such as ERCC1” and BRCA1-mutated cells are exposed to increased levels of endogenous
DNA damage, which are further enhanced upon exposure to PARPi. In ERCC1” cells,
trapped-PARP1 lesions cannot be appropriately resolved (364), which prevents the
subsequent processing of DSBs through HR (Figure IV.31.E and Figure IV.31.F). In
BRCA1-mutated cells, several steps of HR are disabled and HR-mediated DSB repair cannot
occur (349) (Figure IV.31.1 and Figure IV.31.J). In either case, this results in the
accumulation of stalled replication forks, subsequent DSBs and unrepaired DNA lesions
which eventually cause increased micronuclei formation and CCF generation (Figure

IV.31.G and Figure IV.31.K). These are detected by cGAS, which activates the

214



Chapter IV.PARPi exacerbate cancer cell-autonomous immunity through cGAS/STING in DDR-

deficient cells

STING/pTBK1/pIRF3 cascade and results in a type | IFN response characterized by the

secretion of CCL5 and other chemotactic cytokines (Figure IV.31.H and Figure IV.31.L).

Treatment with PARPi
Exogenous DNA damage

N

DSB repair-proficient cell

Y

Loss of ERCC1 Treatment with PARPi
Endogenous DNA damage Exogenous DNA damage

Stalling of most replication forks cGAS/STING activation
Generation of high levels of CCF hioh Type I IFN response ®

STING
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Progression thrq

ERCC1-deficient cell
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Figure IV.31. A proposed model to explain cGAS/STING activation following PARPi
exposure in tumour cells harbouring DDR defects.

Our data support that clinical PARPi can induce cytosolic DNA, which is at least in part in
the form of micronuclei, and subsequently activates cGAS/STING signalling. However, the

exact mechanism underlying this formation of cytosolic DNA remains unclear. Our
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observation that CCF accumulation is abrogated in PARP1-null cells supports a direct on-
target effect of these drugs, which is mostly mediated by their PARP-trapping potential.
Therefore, it is reasonable to assume that both trapped-PARP and additional unrepaired
DNA lesion, by generating stalled replication forks, allow formation of ssDNA fragments via
rupture of the nascent DNA during replication or dsDNA fragments as a result of DSBs. Both
eventually accumulate in the cytosol. However, whereas ssDNA — which can form internal
duplex structures — and short dsDNA fragments presumably provide a direct substrate for
cGAS in the form of CCF, large dsDNA fragments most probably accumulate in the form of
micronuclei, that are at some point detected by cGAS upon degradation of their fragile
lamin membrane. Our data suggest that both CCF and micronuclei co-exist in cells exposed
to PARPI, but which form of cytosolic DNA triggers the strongest cGAS/STING activation
remains unknown. Whether this heterogeneity in cytosolic DNA forms could be controlled
in the context of DNA damage induction to optimize cytosolic DNA sensing by cGAS would

deserve further investigation for optimal therapeutic exploitation.

The cGAS/STING pathway is a very potent inducer of innate immune responses. Although
our model is consistent with the cancer cell-autonomous activation of a type | IFN response
consequent to PARP inhibition in DDR-deficient cells, it does not explain why PARPi appear
to modulate other immune signals in a tumour cell-intrinsic manner, such as for example
the expression of MHC components that has been observed both in vitro and in vivo in
DDR-proficient and -deficient models. This might result from downstream and late effects
of type | IFN signalling activation, but also suggests that PARPi may directly affect other
immune signalling pathways in cancer cells; this potential may either result from the various
effects of PARPi on PARP proteins — i.e. inhibition of their catalytic activity and PARP
trapping mechanisms —, or could alternatively be a consequence of specific off-target
effects of these agents. Indeed, recent studies have evidenced the existence of other
biological targets of PARPi (427), raising the possibility that the immunomodulatory
potential of these drugs may partly originate from effects on some of their secondary
targets. Further investigation would be required to characterize these effects and identify

relevant correlates of activation of immune responses in cancer cells.
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Chapter V. PARPi modulate PD-L1 expression
in tumour cells

A. Introduction

Among all immune checkpoints, the PD-1/PD-L1 axis has raised considerable interest over
the past years because of its proven value as a therapeutic target for 0. At present, more
than 1,000 clinical trials are evaluating anti-PD-(L)1 therapies in a wide range of histologies,
and several of these agents have already been approved for treatment of several cancers
including NSCLC, melanoma, RCC, UBC, HNSCC, Hodgkin lymphoma, HCC, and MSI-high
or MMR-deficient solid tumours. Along this fast-paced clinical development of anti-PD-(L)1
agents, PD-L1 expression in tumour cells has undergone extensive assessment with respect
to its value as a predictive biomarker of response to these therapies. As shown in a number
of cancer types, patients with PD-L1-positive tumours have a higher ORR and improved PFS
and OS compared with PD-L1-negative subgroups (115,118,136,428,429). Thus, PD-L1
expression in tumour cells has emerged as an important parameter influencing the
outcome of anti-PD-(L)1 therapy in patients, and an increasing number of studies have

focused on deciphering the mechanisms that regulate PD-L1 expression in human tumours.

To date, the complex regulatory network that determines PD-L1 levels in tumour cells can

be broken down into five major components that involve:

(1) Genetic alterations at the PD-L1 locus. Both amplifications and translocations have
been shown to increase PD-L1 expression in several tumour types. These include for
example Hodgkin lymphoma and NSCLC in which 9p copy number amplifications have
been reported to correlate with increased expression of PD-L1 (430,431), and primary
mediastinal large B-cell lymphoma in which specific genomic rearrangements were
shown to induce PD-L1 (432).

(2) Inflammatory signalling. A number of soluble factors produced by immune cells have

been described to induce PD-L1 in tumour cells. In particular, the secretion of IFN-y by
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activated lymphocytes frequently drives PD-L1 expression in human tumours, and
previous studies have demonstrated the existence of a correlation between PD-L1
expression and levels of CD8+ T cells in the tumour stroma (433). Other cytokines are
also known to modulate tumour PD-L1 expression such as IFN-a and IFN-3, TNF-a, IL-4,
IL-17, as well as several PRR such as TLR3 and TLR4 (434).

(3) Aberrant oncogenic signalling. Several oncogenic pathways have been shown to
contribute to tumour outgrowth by driving PD-L1 expression (see Chapter |, paragraph
A.3.b) (434).

(4) miRNA-mediated regulation. A number of miRNAs have been shown to regulate
PD-L1 expression via direct binding to PD-L1T mRNA or through indirect modulation of
the expression of other PD-L1 regulators (434).

(5) Post-translational modulation. Positive regulators of PD-L1 expression have also been
identified at the protein level: for example, the chemokine-like factor superfamily
members 4 and 6 (CMTM4/6) have been found to increase PD-L1 expression in various
histologies (435,436). These proteins are thought to bind to PD-L1 and increase its half-
life, presumably by preventing ubiquitination and lysosomal degradation during
protein recycling. Other known PD-L1 protein regulators include CDK4, GSK3-83,
B3GNT3 and CSN5 (434).

Beyond these endogenous factors influencing PD-L1 expression in tumour cells, transient
upregulation of PD-L1 has been observed in the context of DNA damage induction or
impaired DDR. In particular, certain chemotherapeutic regimens have been shown to
upregulate PD-L1 in solid tumours and haematological malignancies (301,437), and S
phase-specific DNA damaging agents such as cisplatin have been identified as potent
PD-L1 inducers in patients (438). Consistently, pre-clinical studies have established the
potential of cisplatin to promote PD-L1 upregulation in cancer cells in vitro and in vivo
(268,439,440). Similarly, the induction of specific DDR defects in cancer cell lines — via
siRNA silencing of DDR genes, such as BRCAT — has been associated with transient
upregulation of PD-L1 (268), suggesting a direct link between PD-L1 expression and the

DDR. If the biological mechanisms underlying this link are currently poorly understood,
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some studies have suggested that activation of the cGAS/STING pathway following S

phase-specific DNA damage might be involved (268).

These recently reported data prompted us to investigate the potential of PARPi to modulate
PD-L1 expression in cancer cells in the context of functional and dysfunctional DDR.
Because our previous data suggested mostly activation of type | IFN signalling through
cGAS/STING in response to PARPi, but also activation of type Il IFN signalling (Chapter IV),
we hypothesized that PARPi may synergize with IFN-y to induce PD-L1 expression in a DDR

defects- and cGAS/STING-dependent manner in cancer cells.

To test this hypothesis, we developed an experimental strategy that comprised: (i) directly
measuring PD-L1 expression at the transcriptional level and at the cell surface in NSCLC
cells exposed in vitro to various clinical PARPi alone, and in combination with IFN-y; (ii)
comparing PD-L1 expression following exposure to PARPi (+/- IFN-y) in ERCC1-proficient
and -deficient NSCLC models; (iii) assessing the involvement of cGAS/STING signalling in
the observed phenotypes. In this Chapter are described and discussed the results of this

investigation.

B. Results

1. PARPi synergise with IFN-y to induce PD-L1 expression in NSCLC cells

Cell-surface expression of PD-L1 is defined by an elevated heterogeneity across cancer
patients, including NSCLC patients (441), and is known to be influenced by driver genes
mutation status. In NSCLC, mutations of EGFR were found associated with enhanced
expression of PD-L1 in patients tumours (442). To take this variability of expression into
account in our study, we decided to use two different NSCLC cell lines characterized by
distinct basal PD-L1 expression: the EGFR-mutated H1975 cell line which expresses high
levels of PD-L1 and the KRAS-mutated A549 cell line which, in comparison, expresses low

levels of PD-L1 (443). In addition, the choice of these models allowed us to evaluate the
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impact of ERCC1 deficiency on the modulation of PD-L1 expression by PARPi, by using the
available isogenic ERCC1-deficient A549 and H1975 cell lines.

We exposed A549-ERCC1V™"™T and H1975-ERCC1"™ T cells to SF50 doses of the clinical
PARPi rucaparib, talazoparib and niraparib during 48 h, in the presence or absence of IFN-y,

and monitored cell surface PD-L1 expression using flow cytometry.

In order to avoid potential biases induced by the detection of intracellular PD-L1 in cells
displaying loss of plasma membrane integrity following PARPi-mediated apoptosis, we
used propidium iodide (Pl) as a viability marker and measured PD-L1 expression in viable
cells only. Thus, our gating strategy involved two simple steps (Figure V.1.A): (i) doublet
discrimination via plotting of the height vs area parameters of the forward scatter (FSC) and
subsequent exclusion of events characterized by a height/area disproportion; (ii) necrotic
cells discrimination via exclusion of Pl-positive cells. Following these gating steps, we
measured the mean fluorescence intensity (MFI) of PD-L1 staining in the selected
population for each experimental condition and used an isotype control antibody to
identify background staining and control for the specificity of PD-L1 staining. The MFI
corresponding to staining with the isotype control antibody was much lower compared to
that of the PD-L1 antibody, supporting the binding specificity of PD-L1 antibody to its target
(Figure V.1.B). Moreover, no differences in MFI could be detected between experimental

conditions for the isotype control staining, thus confirming the validity of the assay.
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Figure V.1. Details of the flow cytometry analysis used to detect PD-L1 cell surface
expression in NSCLC cells.

A. Gating strategy used to isolate a population of live single cells within talazoparib-treated
H1975-ERCC1""" T cells. Flow cytometry dot plots represent the regions selected for each
discrimination step. B. Flow cytometry histogram plots showing the allophycocyanin (APC)

MFI associated with the isotype control and PD-L1 stainings in DMSO- and PARPi-treated
cells.
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In the A549-ERCC1V™T cell line — expressing low levels of PD-L1 at baseline —, we
measured no significant induction of PD-L1 expression with PARPi alone (Figure V.2.A),
although a tendency towards induction could be observed. By contrast, a significant
upregulation of PD-L1 could be detected in the H1975-ERCC1"""T cell line after treatment
with either rucaparib, talazoparib or niraparib as monotherapy (= 2-fold increase; P =
0.0002, P = 0.002, P = 0.0005 respectively, two-way ANOVA and post hoc Tukey's test;
Figure V.2.B). Interestingly, co-treatment of PARPi plus IFN-y was synergistic and could
potentiate the induction of PD-L1 expression in both A549-ERCCT"™T and
H1975-ERCC1"™T cells (Figure V.2.A and Figure V.2.B) — i.e. PD-L1 induction following
combined treatment of PARPi plus IFN-y was greater than the sum of the individual

inductions obtained with these agents alone.

These results suggest that PARPi have an inherent potential to induce cell surface PD-L1
expression in NSCLC cells. This potential is enhanced in the context of constitutively high

PD-L1 expression levels, and allows potentiation of IFN-y-driven PD-L1 induction.

To further characterize this potential of PARPi to induce PD-L1 expression in cancer cells,
we first sought to evaluate whether the observed phenotype was dose-dependent. To do
this, we exposed A549-ERCC1"™T and H1975-ERCC1"™T cells to a dose range of
talazoparib in the presence or absence of IFN-y, and monitored PD-L1 expression by flow
cytometry. We observed that, regardless of the presence of IFN-y, there was a dose-
dependent induction of PD-L1 expression in both A549-ERCCT"™T and

H1975-ERCC1"™™T cells following talazoparib treatment (Figure V.3).
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Figure V.2. PARPi synergize with IFN-y to induce PD-L1 cell surface expression in

NSCLC cells.
Quantification of PD-L1 cell surface expression by flow cytometry in A549-ERCC1"""T(A)

and H1975-ERCC1"""Tcells (B) upon PARPi and IFN-y exposure. Cells were treated for 48h
with DMSO, 15 pM Ruca, 3 pM Talazo, 10 pM Nira, and/or 500 U/mL IFN-y. MFI = SD
normalized to IFN-y; N = 3, two-way ANOVA and post hoc Tukey's test. Next to the bar
graphs are displayed the corresponding flow cytometry histograms; shown is the
percentage of PD-L1-positive cells.
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Figure V.3. PARPi-mediated induction of PD-L1 is dose-dependent.

Representative flow cytometry histograms showing PD-L1 expression in talazoparib-treated
A549-ERCCIV™T (A) and H1975-ERCC1"W"™WT cells (B), in the presence or absence of IFN-y.
Cells were treated with DMSO, or a dose range of talazoparib, in combination or not with
500 U/mL IFN-y. Shown is the percentage of PD-L1-positive cells.
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Figure V.4. PARPi induce cell surface expression of PD-L1 but not TLR4 in H1975 cells.
Representative flow cytometry histograms showing PD-L1 and TLR4 expression in
H1975-ERCC1"""T cells upon PARPi exposure, in the presence or absence of IFN-y. Cells
were treated with DMSO, 3 uM Talazo, 500 U/mL IFN-y or both.

We next sought to verify the specificity of PARPi-mediated PD-L1 induction, by evaluating
the membrane expression of other cell surface markers. For this analysis, we chose TLR4,
an immune-related cell surface PRR which has been described to be positively correlated
with PD-L1 expression in NSCLC samples (444). No TLR4 induction could be detected upon
treatment with talazoparib (Figure V.4), suggesting that PD-L1 induction by PARPi might

be relatively specific.

Finally, we decided to evaluate whether the induction of PD-L1 by PARPi was attributable
to an on-target effect of these agents. To do this, we used the previously described isogenic
model of PARP1 deficiency developed in the SUM149 cell line. We exposed SUM149-
BRCA1nu: (PARP1%*) and SUM149-PARP17” cells to talazoparib and/or IFN-y for 48 h, and
monitored the expression PD-L1 by flow cytometry. Although a significant synergy between
talazoparib and IFN-y could be observed in the parental SUM149-BRCA1,,.: cell line, this
effect was completely abrogated in the SUM149-PARP1” cell line, where only IFN-y could
induce cell surface PD-L1 (Figure V.5). These results suggested that PARP1 is required for
PARPi-mediated PD-L1 induction, supporting the hypothesis of an on-target effect of these

drugs in the generation of this phenotype.
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Figure V.5. PD-L1 induction results from an on-target effect of PARPi on PARP1.
Quantification of PD-L1 cell surface expression by flow cytometry in SUM149-BRCA1 .
and SUM149-PARP17 cells treated for 48h with DMSO, 3 KM Talazo, and/or 500 U/mL
IFN-y. MFI = SD; N = 3, two-way ANOVA and post hoc Tukey's test. The corresponding
flow cytometry histograms are displayed at the bottom of the graph.

d. PARPi induce PD-L1 expression in patient-derived NSCLC cells

To further corroborate the potential of PARPi to induce PD-L1 expression in cancer cells,
we next sought to assess whether the mechanisms observed in cell lines would also operate
in patients. To this aim, we collected fresh cells from a NSCLC patient's pleural effusion
sample and exposed them in vitro to PARPi and IFN-y. For this experiment, we used

niraparib at a concentration of 10 pM (similar dose to that used in cancer cell lines) and
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treated the patient’s cells for 48 h, prior to flow cytometry analysis. Epithelial cell adhesion
molecule (EpCAM) was used as a marker of tumour cells, and accordingly, an additional
step of exclusion of EpCAM-negative cells was added to the gating protocol. Eventually,
PD-L1 cell-surface expression was quantified in EpCAM-positive cells exclusively. This
revealed an increased expression of PD-L1 upon niraparib exposure in the patient’s tumour
cells, which was again enhanced in the presence of IFN-y (Figure V.6), consistent with our
findings on cancer cell lines.

NSCLC patient-derived cells
(pleural effusion)

10000

Em EPCAM+ cells

8000

6000

4000

PD-L1 expression (Absolute APC MFI)

2000

Nira IFN-y IFN-y+Nira

Figure V.6. PARPi induce PD-L1 expression in patient-derived tumour cells.
Quantification of PD-L1 cell surface expression by flow cytometry in the EpCAM-positive
cells of a pleural effusion sample upon PARPi and/or IFN-y exposure. Cells were treated in
vitro for 48h with DMSQO, 10 uM Nira, 500 U/mL IFNy or both. MFI of a single PD-L1 staining
is shown.

Together, our results strongly support that PARPi promote PD-L1 expression in a cell-
autonomous fashion in NSCLC cells. This effect is dose-dependent, specific, and
potentiated by the addition of IFN-y. Furthermore, the observation that PD-L1 is not
induced in PARP1” cells in response to PARPi suggests that PD-L1 induction results from
an on-target effect of PARPi on PARP1. These results are in line with previously published
data showing that PARPi mediate upregulation of PD-L1 in BRCA1-deficient breast cancer

models (445).
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2. ERCC1 deficiency exacerbates PARPi-mediated PD-L1 upregulation

Because some DDR defects have been associated with upregulation of PD-L1 in cancer cells
(268), we hypothesized that ERCC1 deficiency might potentiate PARPi-mediated induction
of PD-L1 expression in NSCLC cells. To test this hypothesis, we exposed A549- and H1975-
ERCC1 isogenic cell lines to PARPi, and measured the expression of PD-L1 at the
transcriptional level using RT-gPCR and at the cell surface level using flow cytometry. In the
A549 model, although we observed little induction of cell-surface PD-L1 and no significant
difference between A549-ERCC1Y™ T and AB549-ERCC1”  with talazoparib as
monotherapy, we detected, in the presence of IFN-y, a significantly enhanced upregulation
of PD-L1 following talazoparib treatment in ERCC1-deficient cells compared to ERCC1-
wildtype cells (Figure V.7.A). Similar results were obtained in the H1975 model, where a
significantly higher expression of PD-L1 was systematically found in ERCC1-deficient cells.
Likewise, analysis of PD-L1 mRNAs by RT-gqPCR in talazoparib- or rucaparib-treated A549-
ERCC1 isogenic cell lines revealed an increased transcription of PD-L7 in A549-ERCC1™"
compared to A549-ERCC1 WIWT cells (Figure V.7.B).

These data support the notion that ERCC1-deficient cells harbour higher basal expression
of PD-L1 and are more likely to induce cell surface PD-L1 expression in response to PARPi
and IFN-y. At the transcriptional level, this is reflected by an activation of PD-L1 transcription
upon PARPi and IFN-y exposure, which is enhanced in the context of ERCC1 deficiency,

suggesting that the cancer cell DDR status influences this phenomenon.
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Figure V.7. ERCC1-deficient cells present an enhanced potential to induce PD-L1

expression in response to PARPi and IFN-y.

A. Quantification of PD-L1 cell surface expression by flow cytometry in A549-ERCC1V"™T,

A549-ERCC1", H1975-ERCC1"""Tand H1975-ERCC1”" cells treated for 48h with DMSO, 3
UM Talazo, and/or 500 U/mL IFN-y. MFI = SD; N = 3, two-way ANOVA and post hoc Tukey's
test. B. RT-gPCR analysis of RNA isolated from A549-ERCC1""Tand A549-ERCC17 cells
exposed to PARPi and/or IFN-y. Cells were treated for 48h with DMSQO, 3 uM Talazo or 13.5
MM Ruca, and/or 500 U/mL IFN-y. PD-L1T mRNAs were analysed relative to GAPDH (to
control for cDNA quantity). Shown are arbitrary units of gene expression, normalized to
A549- ERCC1V"WTDMSO-treated control. Mean + SD, N=4, two-way ANOVA and post hoc
Tukey's test.
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3. PARPi-mediated PD-L1 upregulation is independent from cGAS/STING

signalling activation

As previously published data showed that PD-L1 can be induced by type | IFN (446), we
hypothesized that the upregulation of PD-L1 observed upon PARPi exposure might occur

via cGAS/STING-mediated activation of type | IFN signalling.

To assess the implication of cGAS/STING signalling in the upregulation of PD-L1 by PARPi,
we transfected NSCLC cells with siRNAs targeting cGAS, STING, TBK1, IRF3, or a negative
control siRNA, and evaluated PD-L1 expression by flow cytometry after 48 h of exposure to
talazoparib and/or IFN-y. In the H1975-ERCC1"" cell line, transfection with the negative
control siRNA and subsequent treatment with talazoparib led to a significant induction of
cell surface PD-L1 expression, regardless of the presence IFN-y, which was consistent with
our previous observations. Transfection with any of the siRNAs targeting the cGAS/STING
pathway also yielded induction of PD-L1 expression after treatment with talazoparib
(Figure V.8.A), although this latter appeared to be reduced compared to that obtained in
the control siRNA condition. Similarly, analysis of cell surface PD-L1 expression in the same
conditions in A549-ERCC1"""T and A549-ERCC1” cells revealed no obvious abrogation
of talazoparib-mediated PD-L1 upregulation upon transfection with siRNAs targeting the
cGAS/STING pathway, and a highly variable effect according to the protein depleted
(Figure V.8.B).

Together, these results suggest that PD-L1 upregulation by PARPi in NSCLC cells cannot be
directly attributed to cGAS/STING signalling activation. In particular, the fact that ERCC1-
deficient cells still upregulate PD-L1 in response to PARPi while cGAS/STING effectors are
depleted suggests that, in this context, DNA damage-associated cGAS/STING signalling
activation may not drive PD-L1 expression. This is contradictory to previously published
data showing that cisplatin-mediated PD-L1 upregulation was cGAS/STING-dependent in
breast cancer cell lines (268), and further supports the involvement of other immune

signalling pathways in the modulation of PD-L1 expression by PARPI.
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Figure V.8. PARPi does not induce PD-L1 expression via cGAS/STING signalling
activation.

Quantification of PD-L1 cell surface expression by flow cytometry in H1975- ERCC1Y""T(A),
A549-ERCC1V™™T and A549-ERCC1” cells (B) upon PARPi and IFN-y exposure, in the
presence or absence of cGAS/STING silencing by siRNA. Cells were transfected with
siCTRL, sicGAS, siSTING, siTBK1 or silRF3 and treated for 48 h with DMSO, 3 uM
talazoparib, and/or 500 U/mL IFN-y. MFI = SD normalized to IFN-y, N = 2, two-way ANOVA
and post hoc Tukey's test (A) or MFI normalized to IFN-y, N = 1 (B).
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4. PARP1 activity is linked to PD-L1 expression in cancer cells

As PARPi have a dual mechanism of action (i.e. inhibition of the PARylation catalytic activity
of PARP1 and PARP1 trapping), we also sought to evaluate whether PARylation levels or
PARP1 expression would correlate with PD-L1 expression in human tumour samples. To this
aim, we performed immunostaining of PAR, PARP1 and PD-L1 in a series of 49 resected
stage I/IlNSCLC samples. PAR and PARP1 expression were assessed on tumour cells using
a semi-quantitative H-score; PD-L1 level was scored on immune cells and tumour cells using
a methodology validated in complementary and companion assays in NSCLC (381).
Although no correlation was found between PARP1 and PD-L1 expression in tumour cells
(Figure V.9.A), a significant inverse correlation was identified between PAR and PD-L1
levels on tumour cells (mean PARylation H-score of 100 in PD-L1-low vs 60 in PD-L1-high
cases; P = 0.003; Mann-Whitney U test; Figure V.9.B and Figure V.10.C), consistent with a
previous report in breast cancer specimens (445). No correlation was found between

PAR/PARP1 levels and PD-L1 expression on immune cells (Figure V.10).

To further investigate this link between PARP1 activity and expression of PD-L1, we
evaluated basal PD-L1 levels in the SUM149-PARP1 isogenic model. We observed a
significantly enhanced expression of PD-L1 in the SUM149-PARP1” cell line at baseline
compared to the parental line (Figure V.11.A and Figure V.11.B), while other immune-
related cell surface markers such as the MHC class | components HLA-ABC did not appear

significantly changed.

Together, these results support a link between PARP1 PARylation activity and PD-L1
expression in cancer cells. Cell surface PD-L1 expression is constitutively increased in cells
harbouring low or defective PARP1 activity, a phenotype that is apparently distinct from the
transient induction of PD-L1 observed following exposure to PARPi. What exact
mechanisms underlie this phenotype and how it could be therapeutically exploited

warrants further exploration.
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Figure V.9. Low PARylation levels correlate with high PD-L1 expression in human
NSCLC tumours.

A and B. Scatter box plots depicting PARP1 (A) or PARylation (B) levels and tumour cell
expression of PD-L1 (as assessed by IHC) in a series of resected stage I/l NSCLC (invasive
adenocarcinomas and squamous cell carcinomas) samples (n = 49). Mann-Whitney U test.
C. Representative images of PAR and PD-L1 IHC stainings in surgical specimens of NSCLC.
Case A displays low PD-L1 staining in tumour cells and high PARylation levels; Case B
displays high PD-L1 staining in tumour cells and low PARylation levels. Scale bar, 50 pm.
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Figure V.10. PARP1 expression and PARylation levels in tumour cells do not correlate
with PD-L1 expression in immune cells in human NSCLC tumours.
Scatter box plots depicting tumour PARP1 or PARylation levels and immune cells

expression of PD-L1 (as assessed by IHC) in a series of resected stage I/l NSCLC (invasive

adenocarcinomas and squamous cell carcinomas) samples (n = 49). Mann-Whitney U test.
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Figure V.11. PARP1-deficient SUM149 cells express higher baseline expression levels
of PD-L1 compared to their PARP1-wildtype isogenic counterparts.

A. Representative flow cytometry dot plots showing basal PD-L1 and HLA-ABC expression
in SUM149-BRCA1 ., and SUM149-PARP1” cell lines. B. Quantification of PD-L1 cell surface
expression by flow cytometry in SUM149-BRCA1,,,: and SUM149-PARP1” cell lines. MFI +
SD; N = 3, Welch's t test.
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C. Discussion

In this Chapter, we describe another immunomodulatory effect of PARPi involving the
induction of PD-L1 expression in cancer cells. Our data support that exposure to PARPi
activates PD-L1T transcription and results in the upregulation of PD-L1 levels at the cell
surface. This phenotype is dose-dependent, potentiated by the addition of IFN-y, and
abrogated in the absence of PARP1, suggesting an on-target effect of PARPi. More
importantly, ERCC1 deficiency appears to enhance this phenotype, which supports an

involvement of the DDR in PARPi-mediated PD-L1 modulation.

Recent studies have investigated the link between PD-L1 expression and the DDR. In
particular, recent evidence suggests that PD-L1 expression in cancer cells is regulated by
the function of key DSB repair pathways effectors such as BRCA2, PALB2 and Ku70/80
(447). It was shown that PD-L1 is upregulated in response to exogenous DNA damage-
induced DSBs, especially in the context of BRCA2 or Ku70/80 depletion, and that this
induction is dependent on the activation of the checkpoint kinase 1 (CHK1). Indeed, CHK1
activation has been linked to the activation of JAK/STAT pathway effectors including STAT1
and STAT3, and importantly, of the downstream transcription factor IFR1 which was
previously shown to regulate PD-L1 expression in response to IFN-y (446). Mechanistically,
in the presence of DSBs, the defect in BRCA2 is thought to sustain CHK1 activation by
blocking HR repair at the step of RAD51 loading; similarly, lack of the Ku complexis thought
to promote CHK1 activation by preventing NHEJ and favouring a repair switch towards HR.
Lack of PALB2, a protein mediating the recruitment of BRCA2 to the chromatin, has also
been shown to enhance PD-L1 expression in response to DSBs, but interestingly, the
absence of other important DSB repair components such as BRCA1 did not trigger such
phenotype, because of a failure to activate the CHK1 signal. Thus, the repair of DSBs per se
is not a factor regulating PD-L1 expression in cancer cells, but the activation of CHK1

following DSB repair initiation is a critical step leading to the upregulation of PD-L1.

ERCC1-deficient cells have been shown to undergo major cell cycle disruption in response
to PARPi (364). Indeed, if both ERCC1-deficient and -proficient cells exhibit a G2/M arrest

in response to PARPi exposure, this arrestis much more profound and prolonged in ERCC1-
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deficient cells. Thus, itis reasonable to assume that in these conditions, CHK1 is sustainably
activated following PARP inhibition, and that this signalling promotes a substantial
induction of PD-L1 expression in ERCC1-deficient cells. Whether such signalling is also
activated — although to a lesser extent — in ERCC1-proficient cells in response to PARPi
remains unknown, and further investigation would be needed to precisely define the
activation threshold of CHK1 required for subsequent PD-L1 upregulation. Although it is
unclear whether the transient upregulation of PD-L1 is a clinically relevant mechanism that
could be exploited for the use of anti-PD-(L)1 agents, these elements provide a novel

mechanistic insight into the DDR-associated upregulation of PD-L1.

IFN-y is a very potent inducer of PD-L1 expression in cancer cells. The observation that
PARPi synergize with IFN-y to induce higher levels of PD-L1 suggests an interaction
between the mechanisms leading to PD-L1 induction in response to these agents. To
explore this interaction, we studied the activation of the JAK/STAT pathway in ERCC1-
wildtype cells following PARPi exposure. We assessed the phosphorylation of STAT1 as a
major pattern of activation of JAK/STAT signalling in A549-ERCC1V""T cells exposed to
PARPi and/or IFN-y. Western blot detection of pSTAT1 revealed that, although PARPi as
monotherapy did notinduce STAT1 phosphorylation, an enhanced STAT1 phosphorylation
was generated following combination treatment of PARPi plus IFN-y, compared to IFN-y
alone (Figure V.12). This suggested a potentiation of IFN-y-mediated stimulation of the
JAK/STAT pathway by PARPi. Interestingly, this effect was abrogated upon cell cycle
blockade with the CDK1i RO-3306, suggesting that progression through the cell cycle is
required for the potentiation of STAT signalling by PARPi. This supports the hypothesis that
CHK1-independent mechanisms might also drive PD-L1 upregulation in response to PARPi

in ERCC1-proficient cells.

Finally, some studies have highlighted the fact that, in response to DNA damage, the
magnitude of PD-L1 upregulation between mRNA and protein levels was not always
perfectly matched (447). Because post-translational modifications such as ubiquitination
are known to control PD-L1 expression (448,449), and multiple ubiquitin ligases are
activated through PARylation (450,451), it is possible that PD-L1 levels are sustained as a

consequence of impaired ubiquitin ligases-mediated degradation of PD-L1 in response to
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PARPI. Alternatively, as various ubiquitin ligases and deubiquitinating enzymes are also
activated following DSBs (452), PD-L1 expression may be fine-tuned by these post-
translational modifications depending on the cellular situation after DNA damage.
Additional studies are required to dissect the complex post-translational regulation of

PD-L1 expression after DNA damage.
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Figure V.12. PARPi potentiate IFN-y-mediated phosphorylation of STAT1 in normally
cycling ERCC1-proficient cells.

Western blot of pSTAT1 in A549-ERCC1""" cells under rucaparib and IFN-y exposure, in
the context of cell cycle blockade. Cells were treated for 48h with DMSO, 7.5 pM rucaparib,
30 uM rucaparib, 500 U/mL IFN-y or a combination of rucaparib and IFN-y, in the presence
or absence of the cell cycle blocker CDK1i RO-3306. Lysates were probed with the
indicated antibodies.
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Chapter VI. PARPi generate immunogenic
cell death

A. Introduction

In the previous Chapters, we have described how PARPi modulate various aspects of cancer
cell-autonomous immunity by mediating activation or stimulation of key immune-related
signalling pathways in cancer cells, such as the cGAS/STING and JAK/STAT pathways. Of
note, these effects are dependent on the presence of specific DDR defects in cancer cells,
and in particular, loss of ERCC1 in NSCLC and mutations of BRCAT in TNBC have been
found to enhance the immunological potential of PARPi. In these molecular contexts, the
use of PARPI at clinically relevant doses is known to trigger cancer cell death through
synthetic lethality (353,364). Whether the mechanisms leading to PARPi-mediated
immunomodulation and PARPi-mediated cell death are independent, or rather proceed

cooperatively to elicit an immunogenic form of cell death is currently unknown.

ICD has been defined as a functionally peculiar form of regulated cell death that is sufficient
to activate an adaptive immune response specific for endogenous (cellular) or exogenous
(viral) antigens expressed by dying cells (453). ICD can be initiated by a relatively restricted
set of stimuli including viral infection, hypericin-based photodynamic therapy, and
importantly, exposure to various DNA-damaging agents including some FDA-approved
chemotherapeutics (e.g. anthracyclines) as well as specific forms of IR. As previously
described in Chapter |, these agents have been shown to trigger the timely release of a
series of DAMPs, which can be sensed as danger signals by innate and adaptive
components of the immune system through PRR recognition, and that subsequently
stimulate the activation of an immune response generally associated with the establishment
of immunological memory (454). To date, six DAMPs have been mechanistically linked to

the elicitation of ICD: (i) CALR exposure (280), (ii) ATP secretion (285), (iii) HMGB1 release
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(294), (iv) type | IFN response induction (288), (v) release of cancer cell-derived nucleic acids

(455), and (vi) ANXA1 excretion (295).

We previously showed that PARPi stimulate a cancer cell-autonomous type | IFN response
through cytosolic DNA formation and cGAS/STING activation. Knowing that some
conventional cytotoxic agents also trigger such phenotype (288,456), and have besides
proven to be potent ICD inducers as they produce other critical DAMPs, we hypothesized

that PARPi might similarly elicit ICD of cancer cells.

To test our hypothesis, we used an experimental approach that involved (i) the detection of
surrogate markers of ICD in vitro, including elF2a phosphorylation, CALR exposure, LC3
activation, ATP secretion and HMGB1 release, in DDR-proficient NSCLC cells exposed to
various clinical PARPi, and (ii) the in vivo evaluation of PARPi potential to activate adaptive
immunity in immunocompetent hosts via implementation of a vaccination assay in a
syngeneic mouse model of ectopic colon carcinoma classically used for ICD assessment.

This Chapter describes and further discusses the results of this investigation.

B. Results

1. In vitro detection of ICD: study design and experimental choices

Using the previously described NSCLC models A549 and H1975, we focused our analyses
on the ERCC1"™T cell lines in order to assess the ICD-inducing potential of PARPi in
conditions where synthetic lethality is not at stake. We selected four different clinical PARPi
carrying distinct pharmacological properties in terms of PARP catalytic inhibition activity,
PARP trapping potency and off-target effects (Figure VI.1.A): (i) rucaparib, which has a high
PARP inhibition activity, low PARP trapping potency and multiple off-target effects; (ii)
talazoparib, which is very potent in terms of PARP inhibition and PARP trapping, and has
very few off-target effects; (iii) olaparib, which carries an intermediate PARP inhibition
activity and PARP trapping potency and has no off-target effects; (iv) veliparib, which has a

relatively low PARP inhibition activity, no PARP trapping potency, and few off-target effects.
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Figure VI.1. PARPi have distinct pharmacological properties and exert different
cytotoxic effects in NSCLC cell lines.

A. Pharmacological properties of PARPi in terms of PARP catalytic inhibition activity, PARP
trapping potency and extent of off-target effects. B and C. Assessment of PARPi cytotoxicity
in A549-ERCC1""T (A) and H1975-ERCC1"""T (B) cells. Cells were treated with a dose
range of rucaparib, talazoparib, olaparib or veliparib and continuously exposed to the drug
for 5 days (short-term survival assay). Shown are dose-response curves displaying the mean
surviving fractions; Mean = SD, N=4.
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We initially performed short-term survival assays on A549-ERCC1V™T and
H1975-ERCC1V™T cells individually exposed to rucaparib, talazoparib, olaparib or
veliparib in order to evaluate the degree of sensitivity of these cell lines to the PARPi tested.
Determination of the SF50 and SF20 values for each of these agents revealed substantial
differences in sensitivity between the PARPi in both cell lines (Figure VI.1.B and Figure

VI1.1.C), consistent with previously published data (355,457).

We subsequently sought to develop a rationale experimental pipeline for the assessment
of surrogate markers of ICD in vitro in response to PARPi. Based on the existing literature,
and with the precious help of Dr. Isabelle Martins in Guido Kroemer's lab (INSERM U1138,
Centre de Recherche des Cordeliers, Paris), we adapted standardized protocols originally
used for the detection of ICD in cells exposed to chemotherapy (454), to the assessment of
PARPi in our cell lines. We optimized treatment conditions, including doses and timing of
exposure, for each PARPi in both A549 and H1975 cell lines, and finally established the

following experimental procedure (Figure VI1.2):

(1) ER stress is usually initiated after a short exposure to ICD inducers, thereby leading to
an early expression of ER stress markers such as elF2a phosphorylation and CALR
exposure (458). In the case of PARPI, our optimizations revealed that the ideal timing
for observing these DAMPs was 24 h to 48 h following exposure to the drugs. We thus
decided to assess elF2a phosphorylation via western blotting and CALR exposure via
immunocytochemistry (ICC) or flow cytometry at these time points.

(2) Autophagy is required for and precedes ATP secretion, a phenotype frequently
reported to appear from 48 h after exposure to ICD inducers (286), but not before. We
thus evaluated ATP secretion after 48 h of exposure to PARPi and activation of the key
autophagy marker LC3 via western blotting or ICC at 24 h.

(3) The passive release of HMGB1 is a belated marker of ICD, usually associated with late
apoptosis or secondary necrosis (289,294). We monitored the onset of apoptosis
through detection of phosphatidyl-serine (PS) exposure using flow cytometry with
Annexin-V/7-aminoactinomycin D (7-AAD) staining after 48 h of exposure to PARPi, and
assessed the release of HMGB1 through ELISA detection or ICC at 72 h.
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Figure VI.2. Diagram depicting the experimental pipeline developed for the
evaluation of ICD in response to PARPi in NSCLC cell lines.

Cells undergoing ICD are sequentially exposed to diverse stresses including ER stress
(green), autophagy (orange), apoptosis (yellow) and necrosis (blue). This pipeline allows
the timely detection of successive ICD-related DAMPs as they are elicited by PARPi. DAMPs
are indicated in the round-shaped boxes at the bottom of the diagram, with coloured
borders corresponding to the cellular stress from which they individually arise. On the left-
hand side of the diagram are grey rounded rectangles indicating the experimental
techniques used for detection of the corresponding DAMPs. Abbreviations: ELISA, enzyme-
linked immunosorbent assay; FACS, fluorescence-activated cell sorting (flow cytometry);
ICC, immunocytochemistry; PS, phosphatidyl-serine; WB, western blot.

For each of these experiments, we exposed A549-ERCC1"V"Tand H1975-ERCC1"™"" cells
to SF50 and SF20 doses of PARPi — as determined after 5 days of exposure to the drugs in

the previously presented short-term survival assays (Figure V1.1.B and Figure VI1.1.C).

2. PARPi generate apoptosis of NSCLC cells

By definition, candidate drugs must be cytotoxic and provoke cell death to a certain extent

to be considered as bona fide ICD inducers. Notably, activation of apoptosis has been
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described as a hallmark of ICD which actively participates to the expression of key DAMPs
including ATP secretion, which requires caspase-mediated cleavage of PANX1 channels
(459,460), and HMGB1 release, which relies on the post-apoptotic (necrotic) disruption of

cellular plasma membranes (286,294).

We thus first assessed the ability of PARPi to induce apoptotic cell death in NSCLC cells.
Several assays are commercially available to monitor apoptosis-associated parameters,
including early-stage loss of mitochondrial transmembrane potential, caspase activation,
and end-stage externalization of PS. Here, we assessed PS exposure because this molecular
event is a characteristic marker of caspase-dependent apoptosis (461). We used flow
cytometry and phycoerythrin (PE)-conjugated Annexin-V staining for detection of PS
exposure, and further monitored plasma membrane permeabilization using the fluorescent

DNA stain 7-AAD — which only accumulates in cells with permeabilized plasma membranes.

Flow cytometry analysis of NSCLC cells exposed to PARPi for 48 h revealed a dose-
dependent increase in PS externalization and plasma membrane permeabilization with all
four PARPi in both A549-ERCC1""Tand H1975-ERCC1""" cells (Figure V1.3 and Figure
VI.4), supporting an induction of apoptosis and secondary necrosis in these conditions.
Interestingly, there were substantial differences between the PARPi tested — although
relative concentrations were equivalent: while talazoparib, olaparib and veliparib only
triggered a mild induction of cell death, rucaparib generated high levels of cell death in
both cell lines (> 80% lethality in A549-ERCC1"™' and > 70% lethality in H1975-
ERCC1Y™T after 48 h of exposure to the SF20 dose). Of note, cell death in rucaparib-
treated cells appeared to be predominantly associated with apoptosis, as a significant
proportion of dying cells were apoptotic after 48 h of exposure to the SF20 dose (cells
enduring PS externalization represented 74.3% and 53.4% of dying cells in
A549-ERCC1™V™ T and H1975-ERCCTV™ T populations respectively). These results
suggested that the PARPI tested have different kinetics of apoptotic cell death induction,

with rucaparib being the most potent inducer of apoptosis at early time points.
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Figure VI.3. PARPi induce apoptosis and subsequent secondary necrosis in
A549-ERCC1"™"" cells.

A. Representative flow cytometry dot plots showing Annexin-V and 7-AAD staining
intensities in A549-ERCC1V™T cells exposed to PARPi. Cells were treated for 48 h with
DMSO or SF50/SF20 doses of rucaparib, talazoparib, olaparib or veliparib, and
subsequently co-stained for flow cytometry detection of plasma membrane integrity (using
7-AAD) and phosphatidyl-serine exposure (using PE-conjugated Annexin-V). B.
Quantification of the levels of apoptosis and necrosis in A549-ERCC1"""T cells exposed to
PARPi. The percentages of live, apoptotic and necrotic cells were calculated from the dot
plots displayed in A, with live cells corresponding to cells in gate Q4, apoptotic cells
corresponding to cells in gate Q3, and necrotic cells corresponding to cells in gate Q1+Q2.
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Figure VI.4. PARPi induce apoptosis and subsequent secondary necrosis in
H1975-ERCC1V™"" cells.

A. Representative flow cytometry dot plots showing Annexin-V and 7-AAD staining
intensities in H1975-ERCC1""" cells exposed to PARPi. Cells were treated for 48 h with
DMSO or SF50/SF20 doses of rucaparib, talazoparib, olaparib or veliparib, and
subsequently co-stained for flow cytometry detection of plasma membrane integrity (using
7-AAD) and phosphatidyl-serine exposure (using PE-conjugated Annexin-V). B.
Quantification of the levels of apoptosis and necrosis in H1975-ERCC1""" cells exposed
to PARPI. The percentages of live, apoptotic and necrotic cells were calculated from the dot
plots displayed in A, with live cells corresponding to cells in gate Q4, apoptotic cells
corresponding to cells in gate Q3, and necrotic cells corresponding to cells in gate Q1+Q2.
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3. PARPi induce ER stress in NSCLC cells

ER stress is a pivotal marker of ICD, which derives from the accumulation of unfolded
proteins in the ER and is associated with an evolutionarily conserved mechanism of
adaptation called the UPR, which aims to restore the ER-associated protein folding capacity
by increasing ER volume and expression of ER chaperones, as well as transiently attenuating
protein translation (462). The UPR signals through three ER stress sensors, namely, inositol-
requiring enzyme 1 alpha (IRE1a), protein kinase R-like ER kinase (PERK), and activating
transcription factor 6 (ATF6); however, although all three branches of the UPR are activated
in response to ICD inducers, only PERK activation is known to be mandatory for ICD.
Indeed, PERK is required for the inactivating phosphorylation of elF2a and subsequent pre-
apoptotic exposure of ER chaperones, such as CALR and ERp57, at the plasma membrane
(458). Importantly, CALR/ERp57 exposure occurs independently and upstream of
apoptosis or necrosis, as part of a specific danger-signalling system connected to ER stress
(280). Thus, agents that trigger cell death but are intrinsically unable to promote ER stress
usually fail to engage ICD. This is for example the case of cisplatin, which differs from its
derivative oxaliplatin in its ability to trigger the UPR and the consequent translocation of
CALR to the outer leaflet of the plasma membrane of dying cells (278). Remarkably, the
exogenous co-provision of a UPR-inducer (e.g. thapsigargin or tunicamycin) was shown to
efficiently restore the immunogenicity of cell death in response to cisplatin (463),

demonstrating the critical role of ER stress in mediating ICD.

To assess the ability of PARPI to trigger ER stress, we evaluated elF2a phosphorylation and
CALR exposure in PARPi-treated NSCLC cells. elF2a phosphorylation was measured via
western blotting, and CALR exposure was detected using two complementary cell-based

approaches involving the techniques of ICC and flow cytometry.

We exposed A549-ERCCTWT and H1975-ERCC1V"™T cells to SF50 and SF20 doses of
rucaparib, talazoparib, olaparib or veliparib for 24 h, and subsequently measured elF2a

phosphorylation by WB. This analysis revealed a dose-dependentincrease of pelF2a upon
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rucaparib exposure (Figure VL.5); the effects of the three other PARPi on this protein were

in comparison much more modest.

These results suggest that rucaparib induces ER stress in NSCLC cell lines, while
talazoparib, olaparib and veliparib might not carry such properties. Therefore, we primarily
assessed rucaparib, but also talazoparib (as the most specific PARPi) for their ability to

trigger CALR exposure.
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Figure VI.5. Rucaparib induces intense phosphorylation of elF2a in A549-ERCC1"™W'
and H1975-ERCC1V™" cells.

Western blot of pelF2a and total elF2a in A549-ERCC1V™"T (A) and H1975-ERCC1V"T(B)
cells upon PARPi exposure. Cells were exposed for 24h to DMSO (vehicle) or SF50/SF20
doses of rucaparib, talazoparib, olaparib or veliparib. Lysates were probed with the
indicated antibodies.
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Because CALR exposure is a transient and precarious phenomenon, its detection can be
laborious and hampered by a lack of reproducibility due to the introduction of
experimental biases. Most published studies have used flow cytometry to detect CALR
translocation to the plasma membrane surface, as well as image-based techniques such as
IF, or IHC in the case of detection on tumour tissue. In our study, we first sought to visualize
this phenotype using ICC, by adapting a previously described IHC protocol developed on
series of human NSCLC tumours (464).

We thus exposed A549-ERCC1"V™T cells to SF20 doses of the PARPi rucaparib and
talazoparib for 48 h, and used the known ICD inducer nocodazole (NCZ) as positive control
for the experiment. We subsequently fixed cells and prepared paraffin-embedded cell
suspensions using a commercially-available cytoblock preparation kit. We then generated
cytoblock sections and performed ICC staining of CALR on these sections using the
protocol described in Fucikova et al. These analyses revealed that, whereas control (DMSO-
treated) cells exhibited a homogeneous cytoplasmic staining of CALR, rucaparib- and
talazoparib-treated cells displayed a clear membrane reinforcement of the staining,

characteristic of an exposure of CALR at the plasma membrane (Figure VI.6.A).

Interestingly, while CALR staining was clearly located at the membrane in rucaparib-treated
cells, talazoparib-treated cells were rather characterized by an increase in cytoplasmic
staining of regions in close vicinity to the plasma membrane, suggesting that the
translocation of CALR in these cells was not fully completed at the time of fixation. Manual
quantification of the percentage of cells displaying a membrane staining of CALR (herein
referred to as ecto-CALR-positive cells) revealed a comparable increase in conditions
treated with rucaparib, talazoparib and the positive control NCZ, supporting the relevance

of these observations.
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Figure VI.6. PARPi rucaparib and talazoparib induce CALR exposure in
A549-ERCC1"™"" cells.

A. Representative images of CALR ICC staining in PARPi-treated A549-ERCC1"™"T cells.
Cells were treated with DMSO or SF20 doses of rucaparib and talazoparib for 48 h. Scale
bar: 50um. B. Manual quantification of the number of ecto-CALR-positive cells in
A549-ERCC1"V"™T populations exposed to DMSO, SF20 doses of rucaparib and talazoparib
or 200uM NCZ for 48 h. Shown are the percentages of ecto-CALR-positive and ecto-CALR-
negative cells within the total population; N=1.

To further confirm these results, we sought to evaluate CALR exposure by flow cytometry
in A549-ERCC1"V""Tcells exposed to PARPI, using an indirect staining with a CALR-directed
primary antibody and an AF-488-conjugated secondary antibody. For this experiment, we
selected talazoparib which displays minimal autofluorescent properties compared to

rucaparib.

Treatment of A549-ERCC1"""T cells with SF50 and SF20 doses of talazoparib led to a
significantly enhanced (but not dose-dependent) exposure of CALR at the cell surface, as
assessed by the increased proportion of ecto-CALR-positive cells measured in talazoparib-
treated cells (Figure VI.7.A and Figure VI.7.B), and the augmentation of AF-488 MFI in
these conditions (Figure VI.7.C). Of note, talazoparib appeared to induce higher levels of
CALR exposure than the positive control NCZ, thus giving an order of magnitude of the

extent of this induction.

Together, these data suggest that the PARPi rucaparib and talazoparib trigger ER stress to
a sufficient threshold level to allow CALR translocation and exposure to NSCLC cells plasma
membrane. This is consistent with the induction of elF2a phosphorylation observed in

rucaparib-treated cells, and to a lesser extent in talazoparib-treated cells.
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Figure VI.7. A549-ERCC1"""" cells undergo CALR exposure in response to treatment

with talazoparib.

A. Representative flow cytometry dot plots showing AF-488-CALR and Pl staining intensities
in A549-ERCC1"""T cells exposed to talazoparib. Cells were treated for 48 h with DMSO or
SF50/SF20 doses of talazoparib. B. Quantification of the number of ecto-CALR-positive
cells in A549-ERCC1V""T populations exposed to DMSO, SF50/SF20 doses of talazoparib
or 200pM NCZ for 48h. Ecto-CALR-positive cells correspond to Pl-negative/CALR-positive
cells. N = 3, Kruskal-Wallis test and post hoc Dunn’s test, relative to DMSO control. C.
Quantification of CALR cell surface expression by flow cytometry in A549-ERCC1V""T cells
treated for 48h with DMSO, SF50/SF20 doses of talazoparib or 200pM NCZ. MFI £ SD; N =

3, Kruskal-Wallis test and post hoc Dunn'’s test, relative to DMSO control.
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4. PARPi stimulate autophagy and promote ATP secretion in NSCLC cells

The molecular processes whereby ICD inducers stimulate the active secretion of ATP by
dying cells have been thoroughly studied, and an unexpected complexity has been
revealed in the mechanisms underpinning this phenomenon. If initial studies have
evidenced the critical role of autophagy in promoting ATP secretion (285,465), the
involvement of apoptosis has later been demonstrated, with the description of a role for
caspase 3 in mediating constitutive activation of ATP channels through PANX1 cleavage
(466). Therefore, although induction of autophagy alone may result in the secretion of ATP
(467), this phenotype is significantly enhanced when apoptosis occurs simultaneously
(285,468). Conversely, while the caspase-induced formation of truncated PANX1 channels
increases the permeability of plasma membranes in both wildtype and autophagy-deficient
cells, ATP can only be efficiently released by the former, supporting that the sole presence

of open PANX1 channels is not sufficient for the effective secretion of ATP (286).

In line with this model, a substantial fraction of intracellular ATP is present in cytoplasmic
vesicles rather than in the cytosol, explaining why it cannot diffuse freely through open
PANX1 channels. ATP-containing vesicles comprise lysosomal markers such as lysosomal-
associated membrane protein 1 (LAMP1), and in response to ICD inducers, a majority of
these vesicles re-localize to LC3-positive autophagosomes and autolysosomes (286).
Subsequently, LAMP1 exposure at the cell surface occurs concurrently with PS
externalization, suggesting that lysosomes fuse with the plasma membrane during
apoptosis, thereby strongly contributing to ICD-associated ATP secretion (469).
Interestingly, while pharmacological inhibition of caspases and knockdown of PANX1
prevent LAMP1 from translocating to the plasma membrane, the depletion of essential
autophagic factors such as ATG5, ATG7 or BCN1 fails to affect LAMP1 translocation,
meaning that apoptosis but not autophagy is required for lysosomal exocytosis (286). Thus,
in response to ICD inducers, autophagy appears to facilitate the formation of ATP-

containing vesicles in the cytosol, yet being dispensable for their exocytosis.

Beyond apoptosis-mediated membrane permeabilization and lysosomal exocytosis,

apoptotic blebbing of the plasma membrane has also been shown to critically mediate ICD-
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associated ATP secretion (286). This ultimate process may constitute the very last step of
the molecular cascade mediating ATP release in response to ICD inducers, operating

downstream of PANX1 channel opening, autophagy and LAMP1 translocation.

ATP secretion is thus orchestrated by a complex interplay between multiple molecules that
are essential for apparently distinct cellular processes including autophagy, lysosomal
exocytosis, apoptosis, membrane blebbing and plasma membrane permeabilization.
These processes are activated in tumour cells undergoing ICD in response to a large panel
of cytotoxic agents (470). Here, we evaluated the potential of PARPI to activate autophagy

and promote ATP secretion in NSCLC cells.

In order to assess ATP secretion in response to PARPi, we evaluated intracellular and
extracellular ATP levels using a luminescent-based titration technique. We exposed
A549-ERCC1V™ T and H1975-ERCC1""" cells to increasing doses of the PARPi rucaparib,
talazoparib, olaparib or veliparib for 48 h, and used the known ICD inducer mitoxantrone
(MTX) as positive control for the experiment. We then performed titrations on ATP extracts
(for intracellular ATP) or culture supernatants (for extracellular ATP) from these cells, using
commercially-available kits. In both A549-ERCC1"V""Tand H1975-ERCC1""" cell lines, we
found that intracellular ATP levels were depleted in a dose-dependent manner following
exposure to all four PARPi (Figure VI.8.A and Figure VI.9.A). The extent of this depletion
appeared to be similar to that obtained in MTX-treated cells when cells were exposed to
the highest dose (SF20) of PARPi (= 5-fold decrease in A549-ERCC1W™T cells and ~ 2.5-
fold decrease in H1975-ERCC1W™™T cells). While all PARPi induced a decrease in
intracellular ATP levels, only rucaparib was found to cause an increase in extracellular ATP
levels in both A549-ERCC1V"™Tand H1975-ERCC1""" cells (Figure VI.8.B and Figure
VI.9.B; > 4-fold increase in A549-ERCC1V""WTand > 6-fold increase in H1975-ERCC1WWT
cells exposed to rucaparib at the SF20 dose). These results suggested differences between

rucaparib and the other PARPi with regard to ATP secretion in NSCLC cells.
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Figure VI.8. Rucaparib triggers ATP secretion in A549-ERCC1"""" cells.

Quantitative analysis of intracellular (A) and extracellular (B) ATP concentrations in
A549-ERCC1V""T cells. Cells were exposed to DMSO, 2uM MTX, or SF50/SF35/SF20 doses
of rucaparib, talazoparib, olaparib and veliparib for 48h. ATP was titrated in cellular ATP
extracts (A) and culture supernatants (B). Shown are ATP concentrations normalized to cell
number and DMSO. Mean = SD, N=3, Kruskal-Wallis test and post hoc Dunn's test, relative
to DMSO control.
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Figure VI.9. Rucaparib triggers ATP secretion in H1975-ERCC1"V""" cells.

Quantitative analysis of intracellular (A) and extracellular (B) ATP concentrations in
H1975-ERCC1V™T cells. Cells were exposed to DMSO, 2uM MTX, or SF50/SF35/SF20
doses of rucaparib, talazoparib, olaparib and veliparib for 48h. ATP was titrated in cellular
ATP extracts (A) and culture supernatants (B). Shown are ATP concentrations normalized to
cell number and DMSO. Mean = SD, N=3, Kruskal-Wallis test and post hoc Dunn'’s test,
relative to DMSO control.
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To further investigate the molecular mechanisms involved in ATP secretion after exposure
to PARPi, we decided to evaluate whether rucaparib or talazoparib would activate
autophagy in NSCLC cells. To do this, we first performed ICC staining of LC3 in
A549-ERCC1V™WT cells treated for 48 h with SF20 doses of these PARPi or the positive
control NCZ, following a previously described protocol used in series of FFPE human
surgical specimens (471). This analysis revealed that, in contrast with DMSO-treated cells
which displayed a diffuse cytoplasmic distribution of LC3, rucaparib- and talazoparib-
treated cells exhibited foci-like structures in their cytoplasm (Figure VI.10.A), indicative of
a redistribution of LC3 to autophagosomal membranes. This phenotype is characteristic of
an activation of autophagy, in which the previously non-activated form of LC3 (LC3-1), evenly
distributed throughout the cytoplasm, conjugates with lipid phosphatidylethanolamine
and is subsequently recruited via its lipid moiety to autophagosome membranes, hence
forming LC3-decorated autophagic puncta. This activated form of LC3 is referred to as LC3-
ll. Manual quantification of the number of LC3-ll-positive cells (i.e. cells displaying more
than 5 cytoplasmic LC3 puncta) showed an increase after treatment with rucaparib,
talazoparib and NCZ (Figure V1.10.B). Strikingly, 97.6% of cells were LC3-Il-positive in the
rucaparib-treated condition, suggesting a massive activation of autophagy in response to
this PARPi. Consistently, we found a significant increase in the number of LC3 puncta per
cells in rucaparib-treated cells compared to DMSO-treated cells (Figure VI.10.C, mean
puncta/cell = 31 in rucaparib-treated cells vs 6 in DMSO-treated cells, P < 0.0001), and to
a lesser extent in talazoparib-treated cells (mean puncta/cell = 18 in talazoparib-treated

cells vs 6 in DMSO-treated cells, P = 0.0039).

To further confirm this activation of autophagy after exposure to PARPi, we performed

1 WT/WT and

western blotting of LC3-I and LC3-Il on proteins extracts from A549-ERCC
H1975-ERCC1V™T cells exposed for 48 h with SF50 and SF20 doses of rucaparib,
talazoparib, olaparib and veliparib. Consistent with our previous observations, we detected
an intense and dose-dependent increase of the levels of LC3-Il in cells exposed to

rucaparib, but notin cells exposed to the other PARPi (Figure VI.11.A and Figure VI.11.B).

256



Chapter VI.PARPi generate immunogenic cell death

o
e

1

L ]

*

L L)
Ruca Talazo

NCZ

DMSO

Y ) e -y

] © < ~N

lI80 48d 190} €07 JO JOqUINN

0

10

257

Cells with >5 LC3 foci

[ Cells with <5 LC3 foci

NCZ Ruca Talazo

DMSO

. 3 &

(uone|ndod [ejo} %) sjesans (|80

100




Chapter VI.PARPi generate immunogenic cell death

Figure VI.10. Rucaparib and talazoparib promote the formation of LC3-decorated
autophagic puncta in A549-ERCC1"""" cells.

A. Representative images of LC3 ICC staining in PARPi-treated A549-ERCC1"""T cells.
Cells were treated with DMSO or SF20 doses of rucaparib and talazoparib for 48 h. Scale
bar: 20um. B. Manual quantification of the number of LC3-ll-positive cells in
A549-ERCC1V™T populations exposed to DMSO, SF20 doses of rucaparib and talazoparib
or 200pM NCZ for 48 h. Shown are the percentages of LC3-ll-positive and LC3-ll-negative
cells within the total population; N=1. C. Manual quantification of the number of LC3 puncta
per cell in A549-ERCC1"™ T populations exposed to DMSO, SF20 doses of rucaparib and
talazoparib or 200uM NCZ for 48 h. Shown is the total number of LC3 puncta per cell in a
restricted population of 15 cells; N=1. Kruskal-Wallis test and post hoc Dunn's test, relative
to DMSO control.

Together, our results suggest that rucaparib efficiently triggers autophagy and ATP
secretion in NSCLC cells. This is in contrast with the three other PARPI tested, which, in the
same conditions, are unable to stimulate ATP secretion in NSCLC cells, despite a possible

potential to activate autophagy.
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Figure VI.11. Rucaparib triggers LC3 activation in NSCLC cells.

Western blot of LC3 in A549-ERCC1"V""T(A) and H1975-ERCC1"""T(B) cells upon PARPi
exposure. Cells were exposed for 48h to DMSO (vehicle) or SF50/SF20 doses of rucaparib,
talazoparib, olaparib or veliparib. Lysates were probed with the indicated antibodies.
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5. PARPi generate HMGB1 release in NSCLC cells

HMGB1 is a nuclear factor involved in epigenetic processes such as chromatin remodelling.
Itis also a highly mobile protein, sometimes termed “alarmin”, that can be actively secreted
from inflammatory cells (472) or passively released as a soluble molecule from necrotic cells
(289) to signal tissue injury and initiate inflammatory responses through binding to RAGE,
and the PRR TLR2 or TLR4 (473-475). Exposure of tumour cells to various ICD inducers has
been shown to cause the late release of HMGB1 in the extracellular medium (294).
Although this process was shown to be dependent on the apoptotic activation of caspases,
which presumably facilitates the exodus of HMGB1 from the nucleus, the precise molecular

mechanisms leading to HMGB1 release in the context of ICD remain unclear.

To evaluate the potential of PARPi to provoke HMGB1 release in NSCLC cells, we first
assessed the nucleo-cytoplasmic translocation of HMGB1 by ICC in response to PARP;,
following a previously described protocol used for the detection of HMGB1 in breast cancer
tumour archival samples (476). We exposed A549-ERCC1V™T cells to SF20 doses of the
PARPi rucaparib and talazoparib for 48 h, and subsequently performed HMGB1 staining on

FFPE cell suspensions (NCZ was used as a positive control for the experiment).

This analysis revealed that, whereas DMSO-treated cells mostly displayed a nuclear staining
of HMGB1 but no cytoplasmic staining, rucaparib- and talazoparib-treated cells were
characterized by a reduced intensity of HMGB1 nuclear staining associated with an
enhanced intensity of HMGB1 cytoplasmic staining (Figure VI.12.A). Consistent with these
observations, our manual quantification revealed a substantial increase in the proportion
of cells exhibiting HMGB1 cytoplasmic staining (cyto-HMGB1-positive cells) in rucaparib-,
talazoparib- and NCZ-treated conditions compared with the DMSO-treated condition
(Figure VI1.12.B). Again, this effect appeared to be more pronounced in cells exposed to
rucaparib compared to cells exposed to talazoparib, with the percentage of cyto-HMGB1-
positive cells being comparable in cells exposed to rucaparib and NCZ. These data
suggested a translocation of HMGB1 from the nucleus to the cytoplasm in response to

PARPI.
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Figure VI.12. Rucaparib and talazoparib trigger HMGB1 nucleo-cytoplasmic
translocation in A549-ERCC1"™""" cells.

A. Representative images of HMGB1 ICC staining in PARPi-treated A549-ERCC1"" T cells.
Cells were treated with DMSO or SF20 doses of rucaparib and talazoparib for 48 h. Scale
bar: 50um. B. Manual quantification of the number of cyto-HMGB1-positive cells in
A549-ERCC1"V"™T populations exposed to DMSO, SF20 doses of rucaparib and talazoparib
or 200pM NCZ for 48 h. Shown are the percentages of cyto-HMGB1-positive and cyto-
HMGB1-negative cells within the total population; N=1.

To further assess whether this nucleo-cytoplasmic translocation of HMGB1 would result in
release of the protein in the extracellular medium, we measured HMGB1 protein levels in
cells supernatants using ELISA. We exposed A549-ERCC1V™ " and H1975-ERCC1"V™WT
cells to SF50 and SF20 doses of PARPi and collected cells supernatants after 48 h of
exposure to the drugs. Exposure to MTX in the same conditions was used as a positive
control for the release of HMGB1. In both cell lines, we measured a significant increase in
HMGB1 extracellular concentrations after exposure to MTX and rucaparib at the SF20 dose
(Figure VI1.13; 7.53 £ 1.77 ng/mL in DMSO-treated vs 30.88 = 3.95 ng/mL in rucaparib-
treated A549-ERCC1V"™T cells, P < 0.0001; 11.23 + 0.63 ng/mL in DMSO-treated vs 20.15
+ 7.88 ng/mL in rucaparib-treated H1975-ERCC1"V""T cells, P = 0.0002; Kruskal-Wallis test
and post hoc Dunn's test). By contrast, no significant increase in extracellular HMGB1 could

be detected in response to the three other PARPI.

Together, these results suggest that rucaparib but not talazoparib, olaparib or veliparib
trigger HMGB1 release in NSCLC cells. This is consistent with data regarding apoptosis,
which showed a significant induction of apoptotic cell death in cells exposed to rucaparib
for 48 h, a phenotype that was not observed (at least to such extent) in cells exposed to the

three other PARPI.
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Figure VI.13. HMGB1 is released in response to rucaparib in NSCLC cells.

Quantitative analysis of HMGB1 secretion in A549-ERCC1"""T(A) and H1975-ERCC1V"™T
(B) cells exposed to PARPi. Cells were treated with DMSO, 2uM MTX, or SF50/SF20 doses
of rucaparib, talazoparib, olaparib and veliparib for 48h. Supernatants were collected and
analysed by ELISA for detection of HMGB1. Shown are HMGB1 concentrations; Mean + SD,
N=3, Kruskal-Wallis test and post hoc Dunn's test, relative to DMSO control.
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Figure VI.14. Schematic of the differential induction of ICD-associated DAMPs by
PARPi in NSCLC cells.

In a nutshell, our in vitro data point towards the conclusion that PARPi have a differential
ability to induce the key manifestations of ICD in NSCLC cells (Figure VI.14). More
precisely, we found that rucaparib has a definite potential to trigger elF2a phosphorylation,
induce CALR exposure, activate LC3, induce ATP secretion, and promote HMGB1 release
in a setting where high levels of apoptosis are generated. By contrast, talazoparib, olaparib
and veliparib display variable potencies to induce these DAMPs, and lower levels of
apoptosis are generated in similar experimental conditions. Therefore, rucaparib might
carry a specific potential to activate ICD, which is apparently not shared with other PARP;.
To further investigate these properties, we sought to evaluate the ICD-inducing potential

of rucaparib in vivo.
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6. In vivo study of the potential of rucaparib to generate ICD

To date, the gold-standard approach to evaluate the ability of a specific agent to cause
bona fide ICD relies on vaccination assays (454). This procedure (described in details in
Chapter 1) has been overall successful in identifying potent ICD inducers, and, as a
reference, murine cells succumbing to prototypic ICD inducers such as doxorubicin or MTX
effectively vaccinate 80% of mice (280). As a confirmatory assay, putative ICD inducers can
be assessed for their ability to mediate immune-dependent therapeutic effects against
established neoplastic lesions (454). In this experimental setup, subcutaneous or orthotopic
tumours are established in both immunocompetent and immunodeficient animals, and
tumour-bearing mice are treated with the agent under evaluation. In such configuration,
bona fide ICD inducers typically mediate optimal therapeutic effects in immunocompetent
mice, but not in their immunodeficient counterparts (280,477). These experimental
systems, despite being limited by the relatively restricted number of syngeneic tumour
models that are currently available, present the advantage of providing a simple and
reliable readout of the potential of a given compound to activate memory immune

responses against tumours through ICD in vivo.

Because therapeutic assays cannot be employed alone to determine the capacity of a
specific agent to cause ICD (454) while vaccination assays are commonly used for this
purpose, we decided to set up a pilot vaccination assay to evaluate rucaparib as an ICD

inducer in vivo.

For this experiment, we chose to work with a model which has repeatedly been used in the
literature to assess ICD through vaccination assays (277,285,294,478): the BALB/c mouse-

derived colon carcinoma cell line CT26.

We first assessed the cytotoxicity of rucaparib in this cell line using in vitro short-term
survival assays, and observed that CT26 cells were markedly resistant to rucaparib as well
as to other PARPi (Figure V1.15; SF50 of rucaparib = 70 uM). Therefore, we selected

relatively high doses of rucaparib for the in vitro pre-treatment of CT26 cells in the
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vaccination assay, in order to generate cell death to a sufficient level to (i) ensure the
induction of the key DAMPs associated with ICD and (ii) prevent pre-treated cells to

progress into neoplastic lesions once inoculated in mice (vaccination).
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Figure VI1.15. Cytotoxic effects of PARPi in CT26 cells.
Cells were treated with a dose range of rucaparib or talazoparib and continuously exposed
to the drug for 5 days (short-term survival assay). Shown are dose-response curves
displaying the mean surviving fractions; Mean = SD, N=4.

We designed a pilot vaccination assay comprising 20 mice distributed into four

independent pre-treatment arms (Figure V1.16):

¢ One DMSO-pre-treatment arm: 5 mice inoculated at day 0 with 3x10° CT26 cells

pre-treated in vitro with DMSO (rucaparib vehicle).

¢ One MTX-pre-treatment arm: 5 mice inoculated at day 0 with 3x10° CT26 cells pre-

treated in vitro with 2 uM MTX for 48 h (positive control).

¢ Two rucaparib-pre-treatment arms: 10 mice inoculated at day 0 with 3x10° CT26
cells pre-treated in vitro with 70 uM or 90 pM rucaparib for 48 h (5 mice for each

concentration).

One week after the first injection, all 20 mice were re-challenged with 5x1 0° live CT26 cells,

and subsequently monitored for the appearance of subcutaneous tumours for 28 days.
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Figure VI1.16. Schematic of the pilot vaccination assay designed to evaluate the
potential of rucaparib to trigger ICD in vivo.

Prior to their injection in mice, in vitro pre-treated CT26 cells were analysed by flow
cytometry to assess the proportion of live, apoptotic and necrotic fractions in the injection
suspension. The previously used Annexin-V/7-AAD staining was performed and the
percentage of cell death was measured and compared between DMSO- and rucaparib-
treated conditions. We detected approximately 79% and 85% of cell death in cells exposed
to 70 uM and 90 pM rucaparib respectively, while DMSO-treated cells only displayed 13%
of cell death (Figure VI.17.A and Figure VI.17.B). Moreover, western blot analysis of
pelF2a and LC3 on proteins extracted from DMSO- and rucaparib-treated CT26 cells

revealed an intense and dose-dependent increase in elF2a phosphorylation and LC3
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activation after exposure to rucaparib (Figure VI.17.C). Together, these analyses confirmed
the induction of apoptotic cell death, ER stress and autophagy in CT26 cells exposed to
rucaparib atthe chosen doses, thus providing adequate conditions for moving forward with

the vaccination assay.
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Figure VI.17. Rucaparib induces apoptosis, ER stress and autophagy in CT26 cells.

A. Representative flow cytometry dot plots showing Annexin-V and 7-AAD staining
intensities in CT26 cells exposed to PARPi. Cells were treated for 48h with DMSO, 70uM or
90uM rucaparib, and subsequently co-stained for flow cytometry detection of plasma
membrane integrity (using 7-AAD) and phosphatidyl-serine exposure (using PE-
conjugated Annexin-V). B. Quantification of the levels of apoptosis and necrosis in CT26
cells exposed to PARPi. The percentages of live, apoptotic and necrotic cells were
calculated from the dot plots displayed in A, with live cells corresponding to cells in gate
Q4, apoptotic cells corresponding to cells in gate Q3, and necrotic cells corresponding to
cells in gate Q1+Q2. C. Western blot of pelF2a, total elF2a and LC3 in CT26 cells upon
PARPi exposure. Cells were treated with DMSO, 70uM or 90pM rucaparib for 48h. Lysates

were probed with the indicated antibodies.
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Tumour growth monitoring of mice re-challenged with live CT26 cells one week after
vaccination revealed, as expected, the appearance of tumours in all mice of the DMSO-pre-
treatment group (Figure VI.18). By contrast, only three of five mice in the MTX-pre-
treatment group displayed established and growing tumours, confirming the validity of the
positive control. Disappointingly, in both rucaparib-pre-treatment groups, all mice
eventually developed neoplastic lesions at the site of re-injection, although a delay could
be observed in comparison with the DMSO-pre-treatment group. This indicated that
vaccination of mice with cells succumbing rucaparib-induced ICD was inefficient in

protecting them against a second tumour challenge, at least in the conditions of this assay.
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Figure V1.18. Rucaparib does not protect syngeneic mice against CT26 tumours.

BALB/c mice were immunized with CT26 tumour cells treated with DMSO, 2uM MTX, or
70uM/90uM rucaparib, and subsequently re-challenged with live CT26 cells a week later.
The percentage of tumour-free mice is indicated; N=1.

Importantly, a large proportion of mice in both rucaparib-pre-treatment groups showed the
presence of malignant lesions at the primary injection site (vaccination site), indicating that
a sufficient number of rucaparib-pre-treated cells were still able to develop into established
tumours once inoculated in the animals. This suggests that the selected doses did not
trigger sufficient levels of cell death to prevent the development of tumours at the

vaccination site. CT26 cells were very resistant to PARPi and the use of a more sensitive
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syngeneic murine model — e.g. MCA205 fibrosarcoma cell line, also commonly used for the
detection of ICD in vivo, or TC1 lung tumour cell line, which would provide a more
consistent model with regard to our in vitro investigations — will be considered for future

experiments.

C. Discussion

In this Chapter, we have described another aspect of the immunomodulatory potential of
PARPI, that is, the ability — at least for some of them — to trigger ICD. In particular, we
observed that rucaparib induces the key manifestations of ICD in vitro, including apoptotic
cell death, elF2a phosphorylation, CALR exposure, LC3 activation, ATP secretion, and
HMGB1 release. Importantly, these DAMPs appear to be triggered in a timely fashion
between 24 h and 48 h of exposure to SF20 doses of rucaparib in both NSCLC models,
indicating that the induction of ICD might be favoured in this setting due to the concurrent
release of these endogenous adjuvants. In similar treatment conditions, talazoparib,
olaparib and veliparib were unable to induce most of these DAMPs, suggesting a specificity

of activation of ICD in the context of exposure to rucaparib.

These discrepancies observed over the capacity of different PARPi to generate ICD-

associated DAMPs may be explained by several factors:

(1) From our data, it is clear that the PARPi tested have a differential potential to induce
apoptosis in NSCLC cells. As assessed after 48 h of exposure, the generation of
apoptosis was significantly greater in response to rucaparib than in response to the
three other PARPI. This may selectively favour the production of apoptosis-dependent
DAMPs such as ATP secretion and HMGB1 release. Whether such signals could be
elicited at higher doses or later time points with talazoparib, olaparib or veliparib
remains to be formally tested, but we can assume that adjusted conditions of cell death

would facilitate ATP secretion and HMGB1 release in cells exposed to these PARPI.
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(2) The PARPI tested appear to have an intrinsically distinct potential to trigger ER stress
and autophagy in our models. This may explain why ATP secretion, which is in part
caused by an autophagy-dependent process, is observed only in response to rucaparib,
which markedly induces elF2a phosphorylation and LC3 activation. Indeed, as ATP in
the extracellular medium is actively degraded by specific enzymes present at the
tumour cell surface, such as the ecto-5'-nucleotidases CD39 and CD73 which catalyse
ATP phospho-hydrolysis (479,480), a sustained secretion of ATP may be needed to
allow the extracellular accumulation of this nucleotide and its subsequent biochemical
detection. Thus, although all PARPi may induce ATP secretion to a certain extent — as
evidenced by the dose-dependent decrease in intracellular ATP concentrations after
exposure to all four PARPi —, it is likely that this secretion is not sufficiently sustained in

cells exposed to talazoparib, olaparib or veliparib because autophagy is not activated.

(3) The four PARPi assessed in this study carry distinct pharmacological properties in terms
of PARP catalytic inhibition activity, PARP trapping potency and off-target effects. Based
on our observations, we can reasonably hypothesize that the potential of PARPi to
induce ICD does not rely on their inherent PARP catalytic inhibition activity or PARP
trapping potency — as talazoparib, olaparib and veliparib have distinct properties in this
regard while being all unable to trigger ICD. Conversely, their respective off-target
effects may greatly influence this potential. Interestingly, rucaparib (which is the only
PARPi displaying ICD-inducing properties in our study) is the agent that has the most
off-target effects compared to the other PARPI. In particular, rucaparib has been shown
to inhibit a number of protein kinases including PIM1, PIM2, PRKD2, DYRK1A, CDK1,
CDK9, HIPK2, CK2, and ALK (481). Of note, pharmacological inhibition of PIM kinases
by small molecule inhibitors has been linked to the induction of the UPR and
subsequent ER stress (482), as well as to the activation of autophagy (483), raising the
possibility that rucaparib-mediated PIM1/2 inhibition may cause an enhanced
generation of the DAMPs associated with these stresses. Overall, further investigation
of the impact of these off-target effects would be needed to fully characterize the

determinants of rucaparib potential to induce ICD.
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In conclusion, rucaparib is a putative ICD inducer which carries a specific potential to
activate the crucial DAMPs associated with this peculiar cell death modality. Now, the
implementation of adequate in vivo assays (including optimized vaccination assays and
confirmatory therapeutic assays in immunodeficient vs immunocompetent animals) will be

key to fully reveal the potential of this PARPi to trigger ICD.
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Chapter VIl. Final discussion and
perspectives

DDR deficiency is an important hallmark of cancer that participates to tumour development
by promoting genomic instability. This hallmark has been exploited as a therapeutic
opportunity in cancer treatment for more than 50 years with the use of conventional

1

cytotoxic chemotherapies, in an “unselected” fashion. More recently, the description of
synthetic lethal relationships, such as BRCA deficiency/PARP inhibition, has opened the
path for exploiting DDR deficiency in more “selected” and molecularly-targeted
approaches. Such successful approaches have led to the accelerated approval of the PARPi
olaparib (2014) (359) and rucaparib (2016) (484) for the treatment of germline BRCA-
mutant advanced ovarian cancer, and since January 2018, for the treatment of germline
BRCA-mutant metastatic breast cancer (olaparib) (361). In addition, the involvement of
PARP in other synthetic lethal interactions, such as ERCC1-deficiency in NSCLC (364) or
ARID1A-deficiency in multiple tumour types (365), has also been described. These recent
advances support the importance of PARPi in the therapeutic armamentarium against

cancer, and further establish the significance and broad applicability of synthetic lethal

approaches.

Alongside this progress, the advent of immune-based therapies has brought outstanding
benefit in the treatment of many cancers. In particular, anti-PD-(L)1 therapies have allowed
significant survival improvements in several aggressive diseases in oncology, notably
melanoma, NSCLC, clear cell RCC, Merkel cell carcinoma, UBC and tumours harbouring
high MSI. Despite these encouraging results, only a minority of patients respond to these
therapies (15-45% according to the histology) and therefore, the identification of rationale
combinations that would permit increasing the proportion of patients who benefit from ICI

is currently an active area of clinical research.

Recent discoveries regarding the impact of genomic instability and DDR defects on the

response to anti-PD-(L)1 therapies have encouraged the development of combinations with
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chemotherapeutic regimens. This strategy has demonstrated exceptional efficacy, as
illustrated by very recent results of the large phase lll trial KeyNote-189, which has reported
unprecedented improvements in OS and PFS when using pembrolizumab and platinum-
doublet in first-line therapy in NSCLC (129). Along similar lines, an increasing number of
combinatorial clinical trials are being developed to evaluate anti-PD-(L)1 agents in

combination with DDR-targeted therapies, especially PARPi (Table VII.1).

In a context where very little is known about the immunomodulatory properties of PARPi
and their interaction with cells of the immune system, the objective of this PhD project was
to investigate the molecular mechanisms that may influence anti-tumour immunity in
response to PARPi, with the aim of building a robust scientific rationale for the ongoing and

upcoming clinical trials evaluating such combinations.

PARPi ICI Histology | Indication Phase | NCT
Breast 3" line
‘ Gastric 2" line
Olaparib Durvalumab . . . 1711 NCT02734004
Ovarian Platinum-sensitive
scLC 2" line
NSCLC 2" line or higher
SCLC 2" line or higher
Olaparib Durvalumab TNBC < 3 prior lines il NCT02484404
Ovarian Platinum-resistant
CRC 3" line
mCRPC
Olaparib Durvalumab Ovarian BRCA-mutated i NCT02953457
+Tremelimumab (germline)
Olaparib Durvalumab TNBC < 2 prior lines | NCT03544125
Olaparib Durvalumab Breast 1711 NCT03594396
Olaparib Durvalumab uBC Platinum-ineligible Il NCT03459846
Olaparib Atezolizumab TNBC BRCA-mutated I NCT02849496
(germline)
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PARPi ICI Histology Indication Phase | NCT
mCRPC Any prior therapy
Il d
Rucaparib Nivolumab | atowe i NCT03572478
Endometrial | Any prior therapy
allowed
Rucaparib Nivolumab Ovarian Platinum-sensitive I NCT03522246
Rucaparib Nivolumab mCRPC Il NCT03338790
Niraparib Pembrolizumab NSCLC PD-L1-positive Il NCT03308942
. ) . Breast < 3 prior lines
Niraparib Pembrolizumab . - 1711 NCT02657889
Ovarian < 4 prior lines
Niraparib Nivolumab Pancreatic Platinum-sensitive | NCT03404960
Niraparib Atezolizumab Ovarian < 2 prior lines I NCT03598270
Veliparib . st .
. Nivolumab NSCLC 1” line metastatic Il NCT02944396
+platinum
Veliparib Nivolumab Advanced | Refractory to NCT03061188
solid tumours | standard therapy
veliparib Pembrolizumab | Rectal [ NCT02921256
+chemotherapy
Talazoparib Avelumab Advanced I NCT03330405
solid tumours
Talazoparib Avelumab Advanced BRCA- or ATM- I NCT03565991
solid tumours | mutated
Talazoparib Avelumab Ovarian I NCT03642132
Talazoparib Avelumab Advanced RAS-mutated I NCT03637491
solid tumours
BGB-290 BGB-A317 Advanced 2" line or higher NCT02660034
solid tumours

A. Critical findings presented in this thesis

In the present study, we developed a tumour cell-based approach to investigate the
immunomodulatory properties of PARPi in various histological and molecular contexts,
including DDR-deficient and -proficient NSCLC and TNBC. We took advantage of a unique
combination of in vitro isogenic systems of ERCC1-defective NSCLC, BRCA7-mutant and

PARPi-sensitive or PARPi-resistant TNBC to study diverse aspects of the immunological
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potential of PARPI, notably their ability (i) to activate cGAS/STING-mediated cancer cell-
intrinsic immune responses, (ii) to modulate IFN signalling and PD-L1 expression in cancer

cells, and (iii) to trigger an immunogenic form of tumour cell death.

The main findings of our work are as follows:

(1) Loss of ERCC1 in NSCLC results in an immunological phenotype characterized by the
transcriptional upregulation of type | IFN and cytokine signalling in tumour cells, and
correlated with an enhanced T cell infiltration in NSCLC patient tumours.

(2) This phenotype can be linked to the constitutive reactivation of the cGAS/STING
pathway in ERCC1-deficient cells, as ERCC1 loss results in marked re-expression of
STING in NSCLC cells.

(3) cGAS/STING signalling activation can be selectively triggered by several clinical PARPi
in DDR-deficient contexts, such as ERCC1-defective NSCLC and BRCA 7-mutant TNBC.

(4) Exposure to PARPi causes cell cycle-dependent accumulation of cytosolic DNA in the
form of CCF or micronuclei; these patterns are detected by cGAS and activate a
signalling cascade involving STING, TBK1, IRF3 and NF-kB, which eventually results in a
type | IFN response and the secretion of chemotactic chemokines, such as CCL5.

(5) These effects are on-target, and critically conditioned by the presence of endogenous
DDR defects in cancer cells, as indicated by the suppression of cGAS/STING-mediated
cytokine production in response to PARPi in ERCC1-rescued NSCLC cells and BRCA1-
reverted TNBC cells.

(6) Consistent with these in vitro data, olaparib exerts immunomodulatory properties at
clinically-relevant doses in vivo in PDX models of BRCA1-mutant breast cancer, which
supports the translational utility of our findings.

(7) PARPi induce transcriptional upregulation and enhanced cell surface expression of
PD-L1 in cancer cells. This induction is exacerbated in ERCC1-deficient NSCLC cells,
and results from the dose-dependent and on-target effects of PARPi on PARP1.

(8) PARPi further potentiate IFN-y-mediated PD-L1 upregulation through stimulation of the
JAK/STAT pathway, which suggests that PARPi might endogenously, or via
IFN-y-mediated autocrine and paracrine circuitries, influence the signalling networks

controlling PD-L1 expression.
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(9) Rucaparib is a potent inducer of all the key molecular manifestations of ICD, including
the ER stress-dependent exposure of CALR at the tumour cell surface, the autophagy-
and apoptosis-mediated secretion of ATP, and the necrosis-associated release of

HMGB1 in the extracellular milieu.

In this ultimate Chapter, we discuss biological and clinical implications of our findings, as

well as future directions to further develop our research.

B. Mechanisms controlling cytosolic DNA accumulation in response

to PARPi

In Chapter IV of this thesis, we showed that PARPI trigger a cell-autonomous type | IFN
response through activation of the cGAS/STING pathway in cancer cells, a phenotype that
is associated with the accumulation of cytosolic DNA in response to PARPI. If one can easily
speculate that in DDR-deficient contexts, PARP inhibition causes toxic DNA lesions that
favour formation of CCF, the mechanisms leading to this shedding of DNA into the cytosol
remain mostly unclear. Several studies have suggested an important role for factors that
control DNA end resection and resolution of DNA joint molecules, such as the structure-
specific endonuclease MUS81 (485) which mediates cleavage of DNA structures at stalled
replication forks, and the BLM helicase and EXO1 exonuclease (263) which both participate
to the resolution of Holliday junctions (486). A suggested mechanism to explain such link is
that the repair activity of these enzymes creates DNA fragments that eventually accumulate
in the cytosol. Indeed, MUS81-mediated replication fork processing involves the cleavage
of potentially detrimental DNA structures (487), which implies that DNA fragments are
generated as by-products of MUS81 activity. Comparably, in the setting of DSB repair in
response to DNA-damaging agents, the nuclease activity of MRE11 is required to initiate
resection of dsDNA ends into 3’ ssDNA overhangs. One of the pathways controlling this
process involves the 5'-to-3’ exonuclease activity of EXO1, acting in concert with the DNA-

unwinding activity of BLM helicase (488), and was shown to generate 3’ overhang resection
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products of several thousand nucleotides, thus promoting the formation of free DNA

fragments that presumably subsequently accumulate in the cytosol.

ERCC1/XPF is also an important DNA repair mediator displaying an exonuclease activity,
which acts in the NER and inter-strand crosslink repair pathways (489), and interestingly, is
also known to participate to the resolution of Holliday junctions (410). In the context of
ERCC1 deficiency, cells have a decreased potential to repair toxic DNA lesions, notably
PARP trapping lesions, which are thought to be particularly persistent in the absence of
ERCC1-mediated excision (364). Our data support that exposure of ERCC1-deficient cells
to non-lethal doses of PARPi (at early time points) selectively trigger the enhanced
production of cytosolic DNA fragments. One hypothesis that could explain this phenotype
may be the activation of alternative repair mechanisms that favour the production of DNA
fragments and their accumulation in the cytosol. For example, MUS81 nuclease activity
could be involved in the resolution of PARP trapping lesions in the absence of ERCC1, as
this enzyme is essential for replication fork restart under replication stress elicited by
exogenous treatments (490,491) and endogenous DDR defects (492). Alternatively, late-
stage replication intermediates caused by PARP trapping that persist until mitosis may be
cleared by MUS81 or other resolvases, including the BLM-Topollla-RMI1-RMI2 (BTR)
complex (493,494), which also favours DNA fragments production. One way to test these
hypotheses could be to monitor, in our ERCC1-deficient models, the formation of CCF in
response to PARPi after depletion (by CRISPR or siRNA targeting) of MUS81 or other DDR-

associated resolvases.

If the molecular mechanisms leading to the generation of DNA fragments in response to
DNA damage are unclear, those involved in the translocation of these fragments in the
cytosol are even more obscure. The presence of free cytosolic DNA fragments has been
reported as a result of intrinsic DDR defects or induced DNA damage (263,269,495). Few
studies have described an active nuclear DNA export process in response to DNA-
damaging agents, involving nuclear DNA bud formation and detachment of chromatin
from the nucleus into the cytosol through unusual thread-like structures that are first
connected to the nucleus and then fragmented in the cytosol (496). Other lines of evidence

suggest that cytoplasmic DNA originating from genomic instability is mainly present in the
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form of micronuclei (265,266). For instance, centromere-deficient chromosome fragments,
which originate from the error-prone NHEJ repair pathway, are unable to segregate
normally and form micronuclei outside the newly formed nucleus. Similarly, whole
chromosomes left behind by the spindle because of centromere hypomethylation or
kinetochore dysfunction also end up as micronuclei after mitosis (497). Considering the cell
cycle-dependency of CCF formation in our study, it is likely that these fragments arise as
micronuclei following exposure to PARPi. Of note, if micronuclei presenting an intact
nuclear membrane do not constitute substrates for DNA-sensing machineries, ruptured
micronuclei, by contrast, are potent inducers of the cGAS/STING pathway as chromosomal
DNA becomes accessible to cGAS (265,266,416,498,499). Finally, in the context of cellular
senescence, the accumulation of CCF was shown to result from loss of the nuclear lamina
protein lamin B1, leading to compromised integrity of the nuclear envelope (411,500). This
process was mediated by the active degradation of lamin B1 involving the autophagic
factor LC3 in cells exposed to oncogenic insults (501), and associated with the release of
CCF. Whether a similar mechanism could operate in our models upon exposure to PARPi

warrants further exploration.

Overall, identifying the factors that may impair cGAS-mediated cytosolic DNA sensing
would be key in order to optimize cGAS/STING signalling activation in response to PARPI.
While we previously discussed the possible impact of the heterogeneity in cytosolic DNA
forms (i.e. CCF vs micronuclei), another important factor that should be anticipated is the
presence of cytoplasmic exonucleases which actively degrade DNA as it accumulates in the
cytosol. For example, the lysosomal nuclease DNASE2 was shown to be involved in the
degradation of cytosolic DNA in lysosomes (496). Consistently, elevated levels of cytosolic
DNA were found in DNASE2-deficient cells, and this has been associated with an
inflammatory phenotype that could be attributed to cGAS/STING activation. This example
is characteristic of deficiencies in DNA-degrading nucleases that lead to self-DNA
accumulation and induction of autoimmunity in mice as well as in monogenic and polygenic
human diseases. Other instances include the generally lethal disorders Aicardi-Goutiéres
syndrome and severe systemic lupus erythematosus which have been linked to defects in

the cytosolic exonuclease TREX1 (502,503). Very interestingly, a recent study has
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demonstrated that TREX1 is induced in different cancer cells exposed to IR, and that this
induction attenuates their immunogenicity by degrading cytosolic DNA accumulated upon
irradiation (456). This effect could be avoided by exposing cells to reduced doses of IR,
which appeared to prevent TREX1 upregulation while sustaining the accumulation of
cytosolic DNA. Importantly, this adapted treatment schedule allowed the amplification of
cGAS/STING-mediated immune responses and subsequent priming of CD8+ T cells
mediating systemic tumour rejection (abscopal effect) in the context of combination with
ICI. Thus, TREX1 is a key upstream regulator of IR-driven anti-tumour immunity, which may
have a broader significance in the context of treatment with other DNA-damaging and
DDR-targeted therapies. Evaluating the effects of DDR deficiencies and PARPi exposure on

TREX1 expression or activation would therefore deserve further investigation.

Lastly, the study of human interferonopathies, such as the Aicardi-Goutiéres syndrome
which is characterized by constitutive activation of the cGAS/STING pathway and chronic
upregulation of type | IFN, has recently shed a new light on the possible mechanisms
regulating cytosolic DNA accumulation under genotoxic stress conditions (504). In
particular, recent discoveries have uncovered a key role for several DDR-interacting factors,
frequently mutated in Aicardi-Goutiéres syndrome such as SAMHD1 and RNase H2, in the
regulation of cGAS/STING signalling activation. SAMHD1 is a deoxynucleoside
triphosphate (ANTP) hydrolase that depletes intracellular NTP pools in non-cycling cells,
and plays a major role in DSB repair by promoting MRE11-mediated resection of DNA ends
(505). SAMHD1 specifically acts at stalled replication forks to facilitate degradation of
nascent DNA, a function that activates the ATR/CHK1 checkpoint and allows replication to
restart. Consistently, SAMHD1 deficiency was shown to induce a significant level of
replication stress which triggers the release of ssDNA fragments from stalled replication
forks; the accumulation of these fragments in the cytosol was associated with activation of
cGAS/STING-induced IFN responses (506). Similarly, mutations in RNase H2 — a protein
involved in the removal of ribonucleotides misincorporated into DNA during replication
and in the resolution of co-transcriptional RNA:DNA hybrids (507) — were shown to cause
spontaneous replication stress, and were associated with immunogenic micronuclei

formation (498) and cGAS/STING activation (508). SAMHD1 and RNase H2 are thus
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important regulators of the inflammatory response to replication stress that protect cells
from chronic inflammation by preventing DNA fragments synthesis. As mutations in
SAMHD1 have been described in several cancers (509), and RNase H2 mutations have
recently been associated with increased sensitivity to PARPi (510), both factors may

represent interesting biomarkers to predict the immunological potential of PARPi therapy.

C. Biological implications of PARPi-mediated stimulation of the

cGAS/STING pathway

1. Immunological impact of cGAS/STING signalling activation

Effective anti-tumour immunity relies on cross-presentation of tumour antigens by APCs to
CD8+ T lymphocytes. In this respect, type | IFN signals elicited by innate immune sensors
are crucial as they promote the activation and function of APCs (405,511), and it has now
become clear that the DDR-induced cGAS/STING pathway in tumour cells largely
contributes to this process (512). In line with this notion, our study demonstrates that DDR
defects in cancer cells exacerbate cytosolic DNA formation and induction of a cGAS/STING-
mediated cell-autonomous type | IFN response upon exposure to PARPi. Importantly,
activation of the cGAS/STING pathway in APCs also critically participates to the priming of
CD8+ T cells. Indeed, tumour cell-derived DNA triggers the production of type | IFN in
CD11c+ tumour-infiltrating DCs via cGAS/STING, thereby priming cytotoxic T lymphocytes
specific for tumour-associated antigens (260). Likewise, cGAS-mediated DNA sensing was
shown to be required for DCs-mediated cross-presentation of tumour-associated antigens
to CD8+ T cells in the context of immune checkpoint blockade (274). To date, the effects of
PARPi on these immune cells populations are unknown, and whether exposure to PARPI
could facilitate anti-tumour immune responses via stimulation of APCs or effector T cells
would deserve further investigation. In addition, whether cancer cell-autonomous immunity
elicited by PARPi would effectively participate to tumour rejection remains to be formally
tested in relevantimmunocompetent models in vivo, yet our results suggest that PARPi may

serve as potent adjuvant “immune therapies” in appropriately-selected populations.
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2. Deleterious effects of chronic cGAS/STING pathway activation

Chromosomal instability and micronuclei formation have recently been linked to invasion
and metastasis through chronic activation of the cGAS/STING pathway and downstream
non-canonical NFkB signalling (270). Indeed, chromosomally unstable cancer cells have
been shown to sustain activation of the inflammatory STING-dependent NF-kB signalling,
while largely suppressing type | IFN signalling through multiple mechanisms (271). This
chronic activation of NF-kB leads to the senescence-associated secretory phenotype (SASP)
and mediates cellular migration and distant metastasis (270,513,514). STING itself, type |
IFN signalling, and important components of the non-canonical NFkB signalling — including
NFkB1, NFkB2 and RELB — were constitutively upregulated in our A549-ERCC1”7" models.
Although this phenotype is certainly beneficial in the context of type | IFN-mediated
stimulation of autocrine or paracrine circuits underlying cancer immunosurveillance (515),
it may also have deleterious effects in the chronic setting due to altered innate immune
function (516). Indeed, chronic type | IFN signalling has been associated with
immunosuppression via inhibition of specific CD8+ T cells responses and accumulation of
MDSC (517), and may even favour tumour progression in specific DDR-deficient contexts,
such as ATM-associated hematologic malignancies (518). Which balance between
cGAS/STING signalling activation and inhibition is optimal for anti-tumour immune control

requires further exploration.

D. Potential determinants of cancer cell-autonomous immune

responses elicited by PARPi

1. Epigenetic determinants of cGAS/STING-mediated immune responses

In Chapter Ill of this thesis, we described that NSCLC cells re-express STING upon loss of
ERCC1; this phenotype was reversed when a functional isoform of ERCC1 had been
reintroduced in ERCC1-deficient cells, suggesting a fully reversible and potentially

epigenetic silencing of STING in ERCC1-proficient cells. In line with this hypothesis, an
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emerging body of data now supports that various epigenetic processes are involved in the
repression of cGAS/STING-mediated immune responses. Recent studies have reported
recurrent suppression of cGAS or STING expression through promoter hypermethylation in
many human cancers, a phenomenon that was associated with impaired cytokine
production in the context of exposure to DNA damage (519-521). Insensitivity to cytosolic
DNA sensing has also been described in LKBT-mutated NSCLC as a result of STING
promoter hypermethylation (407), and was proposed to be a mechanism of primary
resistance to immune checkpoint blockade. Other epigenetic processes may also
participate to STING suppression, such as removal of the H3K4me3 mark from the STING
locus by lysine (K)-specific demethylases 5B and 5C (KDM5B/C) (522). These recent lines of
evidence suggest that epigenetic deregulation of STING signalling is an important
mechanism controlling tumour-intrinsicimmunity in response to DNA damage, which could
be therapeutically exploited to enhance the effects of immunomodulatory agents such as

PARPI.

2. Multiple DDR defects might trigger tumour cell-intrinsic immunity

Although our study focused on ERCC1 deficiency, we can hypothesize that our findings
may be applicable to other DDR defects found at a lower frequency in NSCLC. For example,
BRCA1,BRCA2, ATM or MSH2, mutated in 5%, 6%, 9% and 3% of NSCLC cases respectively
(523), have also been associated with PARPi sensitivity and type | IFN signature
(268,269,362,524,525). Similarly, defects in RAD51 have been associated with cGAS/STING
activation and type | IFN signalling (526,527), and it is thus reasonable to assume that other
HR defects, frequently mutated in breast or ovarian cancers (such as PALB2, BARD1, BRIP1
or RAD50, see Table I.3) may be associated with a similar phenotype in these histologies.
Interestingly, Teo et al. recently reported that somatic DDR alterations that were associated
with improved clinical outcomes in platinum-treated patients with advanced UBC (528),
also correlated with longer PFS and OS upon anti-PD-(L)1 therapy (256). In this study,
authors reported that 25% of patients presented tumours with alterations in DDR genes,

the most commonly altered genes being ATM, POLE, BRCA2, ERCC2, FANCA and MSHé.

282



These observations suggest that the interplay between DDR deficiency, platinum- or PARPi-
sensitivity and anti-cancer immune response operates in several tumour types and can

involve multiple DDR defects.

E. Challenges in exploiting PARPi potential to induce ICD

In Chapter VI of this thesis, we have described how rucaparib elicits an immunogenic form
of cancer cell death by inducing key DAMPs involved in the stimulation of innate and
adaptive immune effectors. However, the immunogenicity of cell death relies on the
contribution of two distinct biological parameters: the antigenicity provided by neo-
epitopes, and the adjuvanticity conferred by specific DAMPs (276). Although our data
suggest a potential for rucaparib to increase the adjuvanticity of dying cancer cells as they
emit ICD-associated DAMPs, nothing indicates that these cells display an enhanced
antigenicity as a result of rucaparib treatment. To our knowledge, no solid studies have
currently been conducted to assess the modulation of TNB in response to PARPi, and
although such analyses have been performed in the context of exposure to DNA-damaging
agents, these have for now failed to demonstrate a substantial contribution of DNA
damage-induced mutagenesis to predicted neo-antigens expression (529). In the face of
this lack of evidence, and considering the importance of TMB/TNB as predictive biomarkers
of response to anti-PD-(L)1, it will be key to evaluate the impact of PARPi treatment on these
parameters. In the context of ICD, incorporating lessons learnt from the immunological
impact of endogenous DDR defects will certainly guide the identification of molecular
subtypes in which the immunogenic potential of PARPi-induced cell death will be optimal.
DDR-deficient tumours, which inherently exhibit elevated TMB/TNB and display enhanced
sensitivity to PARPI, may therefore constitute favourable environments for exploiting PARPI
potential to induce ICD. In particular, we can reasonably assume that the immunogenicity
of cell death elicited by rucaparib might be enhanced in ERCC1-deficient contexts because:
(i) ERCC1-deficient tumour cells are more sensitive to PARPi (364) and might, as such, carry
an augmented capacity to emit ICD-associated DAMPs in response to rucaparib

(adjuvanticity); (ii) ERCC1-deficient cells exhibit high genomic instability and elevated TMB
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(408) — a result corroborated by our analysis of TCGA datasets showing a higher mutation
frequency in ERCCT-mutant tumours —, which suggests that they might intrinsically express
higher levels of neo-antigens (antigenicity). Together, these elements may favour the
activation of ICD-driven adaptive immune responses in ERCC1-deficient tumours exposed
to rucaparib. Similar mechanisms could be involved in BRCA1/2-mutant tumours. These
hypotheses need to be formally investigated in future studies, and the ability of rucaparib
to drive bona fide ICD in such contexts must be assessed in vivo in appropriate mouse

models.

If a judicious molecular selection of patients is crucial to best exploit the immunostimulatory
potential of PARPi for their benefit, the identification of an optimal therapeutic window is
also key in the course of clinical implementation. In this regard, the selection of a relevant
dose, treatment schedule and route of administration is particularly important to optimize
treatment efficacy. In the context of ICD, elevated doses of drugs have overall been used
in vaccination and therapeutic assays in vivo to elicit the intended effects (278,454), and
intra-tumour administration has often been chosen in therapeutic assays to avoid the
systemic toxicities associated with chemotherapeutic treatments (277). In our study, we also
tested relatively high doses of PARPi to evaluate the capacity of these compounds to induce
ICD. In the case of rucaparib, although elevated doses did trigger all the key manifestations
of ICD in vitro, these appeared not to be appropriate for the induction of ICD in vaccination
assays in vivo. A reason for this discrepancy might be that, in the conditions of the assay,
such doses were not cytotoxic enough to prevent the development of neoplastic lesions at
the vaccination site, or on the contrary, that they induced too much cytotoxicity so that the
fraction of dying cells (cells actually succumbing to apoptosis, as opposed to already dead
cells which are no longer immunogenic) was excessively low, thereby hindering the
establishment of protective immunity. In the first situation, the lack of cytotoxicity induced
by the assayed agent can be virtually corrected by the addition of a potent non-
immunogenic cytotoxic agent (such as cisplatin or mitomycin C) which serves as a blocker
to neoplastic development (477). In the second situation, a refined optimization of the pre-
treatment dose and timing is required to ensure the injection of a vaccination mixture

containing an optimal proportion of dying tumour cells. Naturally, if these procedures are
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applicable in the artificial setting of a vaccination assay, their clinical relevance is quite
limited as similar strategies cannot be employed in patients. Therefore, working with
clinically-relevant doses of PARPi in appropriately-selected molecular contexts would be
our best chance to guarantee the translational applicability of these pre-clinical findings.
Such approach will be launched soon in ERCC1-deficient and BRCA7-mutant syngeneic
models of NSCLC/TNBC.

Finally, in a context where immunogenic chemotherapies have proven their capacity to
sensitize tumours to immune checkpoint blockade (304), the ICD-inducing potential of
PARPi could be readily exploited in combination with anti-PD-(L)1 therapy. Further pre-
clinical work in appropriate immunocompetent mouse models would allow investigating

the relevance of such strategy.

F. Complementary approaches to assess the immunomodulatory

properties of PARPi

In our study, we developed a tumour cell-based approach to study the impact of PARPi on
immunological signalling in cancer cells. The use of genetically-controlled isogenic systems
allowed us to identify important determinants of PARPi-mediated cancer cell-autonomous
immunity, and to dissect the biological mechanisms controlling this immunological
potential of PARPi in specific molecular contexts. Despite these advantages, our
methodology has concealed important aspects classically investigated in immuno-
oncology research approaches, including the formal assessment of (i) the activation of local
and systemic immune responses involving innate and/or adaptive immune effectors, (ii) the
involvement of these immune responses in the anti-tumour efficacy of PARPi as
monotherapy and in combination with ICI, and (iii) the direct impact of PARPi on immune
cells function. If the use of syngeneic immunocompetent mouse models would most likely
suffice to address some of these limitations, the implementation of complementary patient-

based approaches would definitely be beneficial with a view to integrate, in the
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experimental setting, the complex functional interactions characterizing human tumours

and their immune micro-environment.

Such complementary approaches, involving the ex vivo culture of dissociated human
tumours, are being developed at Gustave Roussy in the laboratories of Pr. Laurence
Zitvogel and Dr. Aurélien Marabelle (530). In particular, the “in sitro” technique, which
consists in the in vitro culture of dissociated tumour tissue, allows the monitoring of immune
parameters under treatment, such as the nature and functionality of the immune infiltrate,
the expression of cell surface markers on tumour and immune cells, or the secretion of
chemokines and cytokines in culture supernatants. This type of assay often allows the
simultaneous evaluation of several of these parameters in multiple experimental
conditions, thereby offering an opportunity to generate a comprehensive picture of the
tumour-immune dynamics at baseline and under various treatment conditions.
Transcriptomics may also guide the estimation of immune cell content in tumour tissue
(406,531). However, several hurdles currently limit the implementation of this kind of
approach: (i) depending on the cancer type, tumour material is not always available,
restricting these assays to the study of some histologies; (ii) a fine-tuned optimization of
culture and treatment conditions is required to ensure reliability and consistency in the
readouts; (iii) such assays are impeded by a lack of reproducibility and a high inter-patients
variability which hampers the interpretation of experimental data; (iv) the assessment of a
wide panel of parameters can be labour-intense and expensive due to the use of antibody-
based techniques (flow cytometry, ELISA). Although these limitations constitute major
challenges for implementing the “in sitro” approach on a routine basis, such assays could
be easily performed to study the immunomodulatory properties of PARPi alone and in

combination with ICl in NSCLC tumours.

The organotypic culture of tumour slices could also be an interesting complementary
approach to our study (532). This in situ technique has the advantage of preserving cell-cell
interactions within the tumour tissue, and could therefore constitute a useful platform for
monitoring changes in the tumour immune micro-environment induced by exposure to

PARPI.
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G. Clinical implications of the immunological potential of PARPi

Despite significant improvements in outcome brought by the advent of anti-PD-(L)1
therapies, NSCLC still represents the leading cause of cancer-related death. Limited
efficacy of these agents has also been observed in TNBC so far (533). Only a minority of
patients currently benefits from ICl, and strategies to turn “cold” tumours into “hot” tumours
are actively investigated. Our observation that PARPi trigger cGAS/STING signalling and
favour secretion of lympho-attractant chemokines such as CCL5 in BRCAT-mutant TNBC
and ERCC1-deficient NSCLC suggests that combining PARPi and ICI could be beneficial in
these histotypes. In line with our findings, preclinical data evaluating rucaparib in
combination with anti-PD-(L)1 in syngeneic models of ovarian cancer have suggested a
possible role for PARPi in promoting tumour lymphocytic infiltration, and increased benefit
compared to anti-PD(L)1 monotherapies in BRCAT-mutated tumours (370). Importantly,
recent data from the large randomized double-bind phase Ill study Keynote 189 evaluating
the combination of pembrolizumab and platinum-based chemotherapy in first-line
metastatic NSCLC has reported impressive benefits in PFS and OS (hazard ratio for death
= 0.49; 95% confidence interval, 0.38 to 0.64; P < 0.001) (129). These results were practice-
changing, setting up the frame for recommending anti-PD-(L)1 therapy in combination with
a platinum-based doublet chemotherapy in first-line advanced NSCLC. Interestingly and
contrary to previous studies evaluating anti-PD-(L)1 monotherapy, this benefit was
observed across all subgroups and was independent from baseline PD-L1 tumour
expression score, suggesting that other tumour characteristics — such as the DDR status —
might play a role in response to this combination. Because platinum-sensitivity is a relevant
phenotypical biomarker of sensitivity to PARPi (534), this suggests that PARPi — which are
much better tolerated and do not have severe bone marrow toxicity — might represent an
interesting alternative or complement (in the maintenance setting) to platinum-based
chemotherapy in combination with anti-PD-(L)1 agents in NSCLC. Similarly, BRCA 1-mutant
TNBC might benefit from combining PARPi with ICI. Clinical trials addressing this question

are underway.
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In particular, an upcoming Gustave Roussy-promoted phase Il trial will evaluate the efficacy
of rucaparib plus atezolizumab (anti-PD-L1) in patients with DDR-deficient advanced solid
tumours including but not restricted to NSCLC, UBC, HNSCC, mCRPC and biliary tract
carcinoma. This academy-sponsored, industry-funded trial will include 164 patients in total
from 6 centres, and is due to start at the end of 2018. Patients will be selected on the basis
of (i) a molecular screening of their DDR status using an in-house DDR genes panel
developed at Gustave Roussy (ATM, BARD1, BRCA1, BRCAZ2, BRIP1, CDK12, CHEK2, PALB2,
RAD51C, RAD51D, FANCA, NBN, RAD51, RAD54L), or (ii) a phenotypical screening based
on platinum sensitivity. Patients will be enrolled concomitantly into the different exploratory
cohorts, and treatment will consist of a rucaparib monotherapy priming phase lasting 21
days, followed by a combination phase during which atezolizumab will be administered
every 21 days. Disease will be assessed every 2 cycles (6 weeks) by computed tomography

scan.

The primary objective of the trial will be to evaluate the anti-tumour activity of atezolizumab
and rucaparib in patients with selected advanced solid tumours as measured by the ORR
at 12 weeks according to Response Evaluation Criteria in Solid Tumours version 1.1 (RECIST
1.1) or Prostate Cancer Clinical Trials Working Group 3 (PCWG3) for mCRPC. Secondary
objectives in terms of efficacy will be: (i) to describe the disease control rate (DCR) at 12, 18
and 24 weeks, the ORR at 18 and 24 weeks, the duration of response (DOR), best overall
response rate (BORR), PFS, time to progression (TTP), and percentage of change from
baseline in tumour size at 12, 18 and 24 weeks according to RECIST 1.1 or PCWG3 and
according to immune-related RECIST; (ii) to evaluate the OS. Translational exploratory
objectives will be: (i) to explore the relationship between the tumour DNA repair deficiency,
defined as bi-allelic loss-of-function alteration (mutation and/or deletion) in at least one of
the genes of the Gustave Roussy DDR genes panel, and measures of efficacy; (ii) to explore
the relationship between immune-related biomarkers (including but not limited to tumour
tissue PD-L1 expression by IHC, RNA gene expression profiling and DNA mutation analysis)
and measures of efficacy; (iii) to evaluate the relationship between the DDR status (including
but not limited to mutation of interest and yH2AX/RAD51 foci formation) and measures of

efficacy; (iv) to explore the relationship between immune-related biomarkers and DNA
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repair-related biomarkers, and their modification on treatment; (v) to assess whether the
identified biomarkers of interest are private to each tumour type or shared across
histologies. Quality of life according to the EORTC Quality of Life Questionnaire (QLQ-C30)

will also be evaluated.

This clinical trial will not only inform an understanding of the clinical responses to rucaparib
plus atezolizumab combinatorial therapy, but also provide insight into the histological
contexts in which the combination might be best efficient, allow evaluation of the relevance
of a PARPi priming phase schedule prior to combination, and ultimately enable assessment
of the role of specific DDR defects as potential predictive biomarkers of response to this
combination. In parallel to this study, other clinical trials evaluating distinct combinations of
PARPi with anti-PD-(L)1 will also give valued data regarding the efficacy and tolerability of

this therapeutic strategy in various histological and molecular contexts.

H. Final conclusion

In this study, we have shown that several clinical PARPI, including the currently licensed
rucaparib, olaparib and talazoparib, elicitimmunomodulatory effects in a cell-autonomous
fashion in cancer cells. These effects were observed in multiple isogenic models of DDR
deficiency, tumour cell lines from distinct histological origins, fresh and archived NSCLC

tumour samples, and two different PDX models of BRCA1-defective breast cancer.

This work provides a scientific rationale for combining PARPi with anti-PD-(L)1 therapy in
molecularly-selected DDR-deficient populations. While several clinical trials are currently
assessing this combination in BRCA1/2-mutant breast or ovarian cancers, other histologies,
such as NSCLC in which anti-PD-(L)1 therapies have already shown impressive results,
might also benefit from such association. Basket clinical trials will be launched soon to

explore this question.
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Synthése en francais

Introduction

Les défauts des voies de réparation de I'ADN (DVRA) sont un élément caractéristique des
cellules cancéreuses qui participe au développement tumoral en favorisant l'instabilité
génomique. Depuis plus de 50 ans, cette caractéristique est exploitée comme opportunité
thérapeutique pour le traitement du cancer, avec lutilisation de chimiothérapies
cytotoxiques conventionnelles comme approche « non-sélectionnée ». Plus récemment, de
nouvelles thérapies ciblant les DVRA ont vu le jour : la découverte du concept de létalité
synthétique — classiquement illustré par la sensibilité des tumeurs BRCA-déficientes aux
inhibiteurs de PARP (PARPi) — a notamment permis le développement de thérapies dites
ciblées, destinées a des populations sélectionnées. A I'image du succes de ces approches,
les PARPi olaparib et rucaparib ont connu un développement clinique accéléré, qui a
conduit a leur autorisation de mise sur le marché pour le traitement des cancers BRCA-
mutés de l'ovaire (olaparib en 2014 ; rucaparib en 2016) et du sein (olaparib en 2018).
D’autres interactions de létalité synthétique avec les PARPi ont par ailleurs été décrites,
comme la déficience en ERCC1 dans le cancer bronchique non a petite cellule (CBNPC) et
les défauts d'ARID1A dans plusieurs types tumoraux. Ces découvertes récentes
soutiennent l'importance des PARPi dans l'arsenal thérapeutique contre le cancer, et

démontrent également l'intérét translationnel des approches de |étalité synthétique.

Parallelement a ces avancées, 'avénement de I'immunothérapie dans la derniére décennie
a totalement révolutionné le traitement du cancer. En particulier, le développement des
inhibiteurs de PD-1/PD-L1 (anti-PD-(L)1) a permis d’améliorer considérablement la survie
des patients dans de nombreux cancers agressifs, notamment le mélanome métastatique,
les cancers avancés du poumon, du rein, et de la vessie, ainsi que les cancers comportant
une instabilité micro-satellitaire élevée. Malgré ces progres, les patients bénéficiant de ces
thérapies sont encore minoritaires (15-45% de patients répondeurs selon les cancers) ; c'est

pourquoi, lidentification de combinaisons thérapeutiques rationnelles permettant
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d’augmenter la proportion des patients susceptibles de répondre aux anti-PD-(L)1

constitue actuellement un domaine de recherche clinique trés actif.

De récentes découvertes concernant I'impact de I'instabilité génomique et des DVRA sur
la réponse aux anti-PD-(L)1 ont encouragé le développement d’approches combinatoires
avec la chimiothérapie. Cette stratégie a démontré une efficacité thérapeutique
exceptionnelle, comme l'illustrent les résultats récents du grand essai clinique de phase Il
KeyNote-189, dans lequel une amélioration sans précédent de la survie globale et de la
survie sans progression a été observée chez des patients atteints de CBNPC, traités en
premiére ligne par pembrolizumab (anti-PD-1) et chimiothérapie a base de platine. Aussi,
de plus en plus d'essais cliniques sont initiés afin d'évaluer I'efficacité des anti-PD-(L)1 en

combinaison avec d'autres thérapies ciblant les DVRA, en particulier les PARPi.

Objectifs

Dans un contexte ou les propriétés immunomodulatrices des PARPi sont essentiellement
inconnues, I'objectif de mon projet de thése a été d'étudier le potentiel immunologique de
ces composés sur la cellule cancéreuse, et de caractériser les mécanismes moléculaires a
I'origine de ce potentiel — avec pour objectif final d'établir un rationnel scientifique robuste
pour les essais cliniques en cours et a venir évaluant la combinaison PARPi + anti-PD-(L)1.
Dans ce but, nous avons développé une approche basée sur la cellule tumorale et évalué
les propriétés immunomodulatrices des PARPi dans plusieurs contextes histologiques
(CBNPC et cancer du sein triple-négatif — CSTN) et moléculaires (présence vs absence de
DVRA). Pour cela, nous avons utilisé une combinaison unique de modeles cellulaires
isogéniques de CBNPC ERCC1-déficient et de CSTN BRCA 1-mutés, sensibles ou résistants
aux PARPI, et étudié divers aspects du potentiel immunologique des PARPi, notamment
leur capacité (i) a stimuler la production de signaux immunitaires de maniére autonome par
les cellules cancéreuses, via l|'activation de la voie cGAS/STING, (ii) a moduler la
signalisation interféron (IFN) et I'expression de PD-L1 dans les cellules cancéreuses, et (iii)

a provoquer la mort cellulaire immunogeéne (MCI) des cellules cancéreuses.
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Résultats

Les défauts d’'ERCC1 dans le CBNPC activent un phénotype immunitaire spécifique

des cellules cancéreuses.

La déficience en ERCC1 estle DVRA le plus fréquent dans le CBNPC. Ce défaut confére aux
tumeurs de CBNPC une sensibilité accrue aux chimiothérapies a base de platine et aux
PARPi ; il constitue ainsi une cible thérapeutique privilégiée et un candidat intéressant pour
la modulation de I'immunité anti-tumorale dans cette maladie, ou les anti-PD-(L)1 ont

démontré une efficacité sans précédent.

Nous avons voulu caractériser les effets immunologiques des défauts d'/ERCC1 dans le
CBNPC. Pour cela, nous avons tout d'abord conduit une analyse transcriptomique des
lignées cellulaires de CBNPC isogéniques A549-ERCCTWWT et A549-ERCC1”, afin
d'identifier les changements d'expression génique associés a une perte de fonction
d’ERCC1. Cette analyse a montré une up-régulation majeure de nombreuses voies de
signalisation immunitaires dans les cellules ERCC1-déficientes, notamment des voies
contrélant la production de cytokines et la réponse IFN de type |I. De maniere intéressante,
nous avons observé que ce phénotype d’activation immunitaire était associé a une
réexpression spontanée de la protéine STING dans les cellules ERCC1-déficientes,

suggérant une activation constitutive de la voie cGAS/STING en I'absence d'ERCC1.

Nous avons ensuite étudié |'effet de la déficience en ERCC1 sur les caractéristiques du
microenvironnement immunitaire tumoral dans une série d’échantillons de tumeurs
humaines de CBNPC. Une augmentation significative des niveaux de lymphocytes T
infiltrants a été détectée dans les tumeurs présentant une faible expression protéique
d’ERCCH1, soulignant un potentiel lien entre défauts d'ERCC1 et infiltrat lymphocytaire dans

les tumeurs de CBNPC.
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Les PARPi stimulent une immunité spécifique des cellules cancéreuses par activation

de la voie cGAS/STING.

Les PARPi ciblent spécifiquement les cellules cancéreuses comportant des DVRA tels que
les mutations de BRCAT et les défauts d’'ERCC1. La voie cGAS/STING est un médiateur
essentiel de la réponse immunitaire anti-tumorale, qui a récemment montré son implication
dans l'activation de signaux immunostimulateurs et inflammatoires en réponse aux DVRA
dans la cellule cancéreuse. Nous avons émis I'hypothése que les PARPi pourraient
sélectivement accentuer l'activation de phénotypes immunitaires préexistants dans les

cellules porteuses de DVRA, par |'activation de la voie cGAS/STING.

Afin de tester cette hypothése, nous avons utilisé deux modéles isogéniques de CBNPC
précédemment établis dans l'équipe (les lignées cellulaires A549-ERCC1Y™T / A549-
ERCC17 et H1975-ERCC1W"™T/ H1975-ERCC17") ainsi qu’'un modéle isogénique de CSTN
développé dans le laboratoire du Prof. Chris Lord a I'Institute of Cancer Research a Londres
(lignées cellulaires SUM149-BRCA1 it / SUM149-BRCA1 ey / SUM149-PARP17), et avons
examiné |'activation de la voie cGAS/STING dans ces modeéles sous traitement par PARPI.
Nos données montrent que plusieurs PARPi cliniques, notamment |'olaparib et le rucaparib,
générent des fragments d’ADN cytoplasmique ayant les caractéristiques de micronoyaux
et ce, de maniere cycle cellulaire-dépendante. Ces fragments d’ADN accumulés dans le
cytoplasme sont détectés par le senseur cGAS, et déclenchent une cascade de signalisation
impliquant les éléments clés de la voie cGAS/STING (y compris TBK1, IRF3 et NF-kB), qui
débouche sur l'activation d'une réponse IFN de type | associée a la sécrétion de
chimiokines lympho-attractantes telles que CCL5. De maniére importante, nous avons
observé que ces effets sont largement diminués dans les cellules de CBNPC ré-exprimant
ERCC1 et les cellules de CSTN BRCA T-révertantes, ce qui suggére que les DVRA amplifient
les phénotypes immunitaires associés au traitement par PARPi. En outre, ces effets sont
totalement abrogés dans les cellules de CSTN PARP1”", ce qui confirme que les phénotypes

observés proviennent d'un effet « on-target » des PARPi sur leur cible.

Afin d'évaluer les propriétés immunomodulatrices des PARPi in vivo, nous avons utilisé

deux modéles de xénogreffes dérivées de patients atteints de CSTN BRCAT-muté.
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L'analyse transcriptomique de tumeurs issues de ces modeéles, aprés exposition a I'olaparib
in vivo chez la souris, a révélé que ce PARPi induit un phénotype immunitaire spécifique
des cellules cancéreuses, caractérisé par une up-régulation de nombreux génes impliqués

dans la réponse IFN de type | et dans les mécanismes de présentation antigénique.

Au total, ces résultats suggerent que les PARPi activent une immunité spécifique des
cellules cancéreuses dans le CBNPC et le CSTN, conditionnée par l'activation de la voie

cGAS/STING et par la présence de DVRA endogénes.

Les PARPi modulent I’expression de PD-L1 dans les cellules tumorales.

L'expression de PD-L1 dans les cellules tumorales est un biomarqueur prédictif important
de la réponse aux anti-PD-(L)1. De récentes études ont démontré un lien entre activation
de la voie cGAS/STING et expression de PD-L1, et nous avons par conséquent cherché a

mesurer |'effet des PARPi sur I'expression de PD-L1 dans nos modéles de CBNPC.

Nous avons observé que, sous traitement par PARPI, les cellules de CBNPC présentent une
induction de I'expression de PD-L1 au niveau transcriptionnel et protéique (a la membrane
cellulaire) ; I'ajout d'IFN-y permet de potentialiser cette induction. Ces effets sont
spécifiques de PD-L1, exacerbés dans les cellules de CBNPC ERCC1-déficientes, et
résultent d"un effet « on-target » des PARPi sur PARP1. De maniére importante, nous avons
reproduit ces observations sur des cellules tumorales « fraiches » de patients atteints de
CBNPC (isolées a partir d’échantillons de liquide pleural), suggérant que l'induction de

PD-L1 par les PARPi se produit aussi in vivo.

De facon intéressante, nous avons également montré que ce phénotype ne dépend pas de
I'activation de la voie cGAS/STING par les PARPi, ce qui suggere l'implication de
mécanismes moléculaires indépendants. Notre observation que la combinaison PARPi +
IFN-y produit un effet synergistique sur l'activation de la voie JAK/STAT suggere que les
PARPi influencent — directement ou indirectement — les voies de signalisation contrélant

I'expression de PD-L1 dans la cellule cancéreuse.
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Les PARPi générent la MCI des cellules cancéreuses.

De nombreux agents cytotoxiques ont été testés pour leur potentiel a générer la MCI des
cellules cancéreuses, et plusieurs chimiothérapies cliniques ont été identifiées comme
agents inducteurs de la MCI. En tant que thérapies ciblées de la réparation de I'’ADN, les
PARPi sont également des candidats d'intérét pour I'induction de la MCl, et nous avons par
conséquent évalué la capacité de plusieurs PARPi cliniques a induire les éléments
moléculaires clés contrélant 'immunogénicité de la mort cellulaire dans nos modéles de

CBNPC.

Nous avons montré que le rucaparib, utilisé a des concentrations |étales, est capable
d'activer trois phénotypes essentiels de la MCl : I'exposition de la calréticuline a la surface
des cellules cancéreuses, la sécrétion d’ATP et le relargage d'HMGB1 en grandes quantités
dans le milieu extracellulaire. De maniére intéressante, parmi les autres PARPI testés, aucun
n‘a démontré des propriétés similaires au rucaparib, suggérant que les phénotypes
observés avec ce PARPi découlent d'effets non spécifiques de cette molécule sur des cibles

secondaires.

Conclusion

Dans I'ensemble, les résultats de cette étude préclinique suggérent que les PARPi ont des
propriétés immunomodulatrices intrinséques qui participent a l'activation de réponses
immunitaires anti-tumorale. Ce potentiel pourrait étre exploité cliniquement en
combinaison avec les anti-PD-(L)1 dans des populations adéquatement sélectionnées au

plan moléculaire.
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Abstract

Poly(ADP-ribose) polymerase inhibitors (PARPI) selectively target cancer cells
with DNA repair deficiendies such as BRCA1/2 mutations or ERCC1 defects.
Clinically, several PARPi are currently approved for the treatment of BRCA-
mutant or platinum-sensitive advanced ovarian and breast cancers, and
ongoing clinical trials are investigating the efficacy of PARPi in platinum-sensitive
Non-Small Cell Lung Cancer (NSCLC). While PARPi constitute potent targeted
therapies for the treatment of DNA repair-deficent malignandies, an increasing
number of dinical trials are also evaluating their efficacy in combination with
immune checkpoint inhibitor (ICl) in various populations. In this context, it is of
artical importance to better understand how PARPI might modulate immune
responses against cancer, and to investigate the inherent immunological
potential of these agents.

In this studly, we show that ERCC1-defective NSCLC cells exhibit an enhanced
type | interferon (IFN) transcriptomic signature and that low ERCC1 expression
comelates with increased lymphocytic infitration in human NSCLC tumours.
Using isogenic cell lines and patient-derived xenografts, we further demonstrate
that several dinical PARP;, induding olaparib and rucaparib, display cel-
autonomous immunomodulatory properties in ERCC1-defective NSCLC and
BRCA1-mutant triple-negative breast cancer (TNBC) models. Mechanistically,
PARPi generate cytoplasmic chromatin  fragments  with  micronudei
characteristics; this activates the cGAS/STING pathway and elicits downstream
type | IFN signaling and CCL5 secretion. Importantly, these effects are
suppressed in BRCAT-reverted TNBC cells and ERCC1-rescued NSCLC cells,
suggesting that DNA repair defects exacerbate the innate immunity-related
phenotypes triggered by PARPI. Similarly, these effects are totally abrogated in
PARP1-null TNBC cells, supporting the on-target effect of PARPi in mediating
such phenotypes.

Besides this potential to activate tumour cell-autonomous immunity through
cGAS/STING and type | IFN signalling, we also observed that PARPi synergize
with type Il FN to induce PD L1 expression in NSCLC celllines and fresh patient
tumour cells, espedially in the ERCC1-defident setting. Moreover, we show that
lethal concentrations of some PARPi independently activate the key damage-
assodated molecular patterns dictating the immunogenicity of cancer cell death,
induding calreticulin exposure at the tumour cell surface, ATP secretion and
HMGB1 release inthe extracellular compartment.

Together, these predinical data suggest that PARPi have intrinsic
immunomodulatory propertiesthatactivate anti-cancerimmune responses; this
could be exploited dlinically in combination with IClin appropriately molecularly-
selected populations.

Titre

Exploiter les défauts de réparation de I’ADN pour
moduler I'immunité anti-cancéreuse : une étude du
potentiel immunologique des inhibiteurs de PARP.

Mots-clés

Inhibiteurs de PARP, Défauts de réparation de 'ADN, cGAS/STING, Immunité
spédiique des cellules cancéreuses, PD-L1, Mort cellulaire immunogénique.

Résumé

Les inhibiteurs de poly{ADP-ribose) polymérase (PARPI) clblent sélectivement
les cellules porteuses de défauts des voies de réparation de 'ADN tels que les
mutations de BRCA1/2 et les défauts dERCC1. Sur le plan dinique, plusieurs
PARPi ont été approuvés pour le traitement des cancers BRCA-mutés ou
platine-sensibles du sein etde fovaire, et des essais diniques sonten cours pour
évaluer lefficacité des PARPi dans le cancer bronchique non-a-petites cellules
(CBNPC) platinesensible. Alors que les PARPi ont un fort potentiel
thérapeutique dans les cancers comportant des défauts de réparation de
IADN, de plus en plus d'essais diniques évaluent également lefficacité de ces
médicaments en combinaison avec les « inhibiteurs dimmune checkpoints »
(ICl) dans diverses populations de patients. Dans ce contexte, il est essentiel de
mieux comprendre comment les PARPi modulent la réponse immunitaire ant-
tumorale, et détudier le potentiel immunologique inhérent de ces
médicaments.

Dans cette étude, nous avons établi que les cellules de CBNPC défidentes en
ERCC1 expriment fortement la signature interféron (IFN) de type |, et que les
tumeurs de CBNPC ayant une falble expression dERCC1 ont un infiltrat
lymphocaytaire renforcé. En utilisant des lignées cellulaires isogéniques et des
xénogreffes dérivées de patients, nous avons montré que plusieurs PARP;,
notamment folaparib etle rucaparib, ont des propriétés immunomodulatrices
dans les modéles de CBNPC ERCC1-défidients et de cancers du sein triple-
négatifs (CSTN) BRCAT-mutés. Dun point de vue mécanistique, les PARPI
générent des fragments dADN cytoplasmiques ayant les caractéristiques de
micronoyaux ; ceux-ci activentla voie cGAS/STING etdédenchentune réponse
IFN de type |, associée a la séarétion de la cytokine CCLS. De maniere
importante, ces effets sont largement diminués dans les cellules de CSTN
BRCA1-révertantes et les cellules de CBNPC ré-exprimant ERCCT, ce qui
suggere que les défauts de réparation de TADN amplifient les phénotypes
immunitaires assodés au traitement par PARPL. En outre, ces effets sont
totalement abrogés dans les cellules de CSTN PARP1-neutralisées, ce qui
confime que les phénotypes observés dépendent dun effet spédfique des
PARPi surleur cible.

Audela de leur potentiel dactivation dune immunité spécifique des cellules
cancéreuses via cGAS/STING et la signalisation IFN de type |, nous avons
égalementconstaté que les PARPi potentialisent les effets inducteurs de [lFN de
typellsurlexpression de PD-L1 dans deslignées cellulaires et cellules tumorales
fraiiches de patients CBNPC, surtouten présence de défauts dERCC1. De plus,
nous avons montré que certains PARP, utilisés a des concentrations létales,
activent de maniére indépendante les éléments moléculaires dés de la mort
cellulaire immunogénique, dont fexposition de la calréticuline a la surface des
cellules cancéreuses, la séarétion dATP et le relargage IHMGB1 en grandes
quantités dansle milieu extracellulaire.

Dans lensemble, ces données prédiniques suggerent que les PARPi ont des
propriétés immunomodulatrices intrinséques qui participent a lactivation de
réponses immunitaires antitumorales ; ce potentiel pourrait étre exploité
diniquementen combinaison avec lesICl dans des populations adéquatement
sélectionnées au plan moléculaire.




