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GENERAL INTRODUCTION



In the nineteenth century Rudolf Virchow observing “lymphoreticular infiltrates” in
neoplastic tissues put unconsciously the basis of the revolutionary field of
immunotherapy, which allowed to Dr. James Patrick Allison and Dr. Tasuku Honjo to be
the winners of the 2018 Nobel Prize for Medicine for their studies about Cytotoxic T-
Lymphocyte Antigen 4 (CTLA-4) and Programmed cell death protein 1 (PD-1)
respectively. Since the first lymphocytes were observed in tumors, the field of
immunotherapy has evolved to the development of drugs that had revolutionized the

clinical oncology.

In 2011, the Food and Drug Administration (FDA) approved Ipilimumab, an anti-CTLA-
4 fully-humanized monoclonal antibody for the treatment of metastatic melanoma since
it led to better responses compared to standard chemotherapy. Ipilimumab works masking
the CTLA-4 epitope that binds to B7 proteins, blocking the crucial interaction that

normally suppresses T cell responses.

Moreover, in 2014, the FDA approved anti-PD-1 antibodies, Nivolumab (Bristol-Myers-
Squibbs) and Pembrolizumab (Merck) for melanoma as 2"%-line treatment. Nivolumab
reached an overall response rate (ORR) of 32%. In case of Pembrolizumab it achieved an
ORR of 37%. Since then, Nivolumab as monotherapy has been approved by FDA as 2"-
line or 3"-line treatment for seven different malignancies including non-small cell lung
cancer (NSCLC), Hodgkin’s lymphoma and head and neck cancer. Nivolumab in
combination with Ipilimumab was also approved as 1%-line-treatment for melanoma in
2015 and for renal cell carcinoma in 2018. Pembrolizumab is now the 1%-line treatment
as monotherapy for melanoma, urothelial bladder cancer, PD-L1+ non-small cell lung
cancer, Merkel cell carcinoma. For head and neck cancer and non-small cell lung cancer,
Pembrolizumab was approved as 1%-line treatment in combination with chemotherapy

while for the treatment of renal cell carcinoma it has been approved also as 1%-line in



combination with Axitinib (tyrosine kinase inhibitor). Moreover, Pembrolizumab has
been approved as 3™ or 2"-line of treatment for other six types of malignancies including
microsatellite instability-high (MSI-H) or mismatch repair deficient (dIMMR) cancers.
The bests results in terms of ORR obtained by anti-PD-1 therapies are 59% for
Pembrolizumab plus Axitinib in renal cell carcinoma and of 57% for Nivolumab plus
Ipilimumab in melanoma, thus revolutionizing in this way the clinical oncology for solid

tumors.

Atezolizumab (Roche), another monoclonal antibody targeting the pathway of PD-1 and
PD-L1 (PD-1 ligand is expressed by tumor cells and myeloid cells), has been approved
in 2016 for urothelial bladder cancer and NSCLC despite an overall response rate of only
15% and 17% respectively, which nonetheless is higher than the 10% achieved by the
classical therapies. By 2018, Atezolizumab passed to be recommended as 1%-line-
treatment for NSCLC and urothelial bladder cancer. Besides Atezolizumab two more
anti-PD-L1 monoclonal antibodies have been approved: Durvalumab (AstraZeneca) and
Avelumab (Pfizer/Merck). Anti PD-1 and anti-PD-L1 therapies block the interaction
between these proteins that in normal conditions, bring T cells to cell cycle arrest,

suppression of T cell migration, and reduced cytolytic mediators [141] .

Evidence clearly suggests that inhibiting the CTLA-4/B7.1,B7.2 and PD-1/PD-L1
signaling pathways reinvigorates tumor-specific T cells at the tumor site, but T cell
recognition of tumor cells antigens is only the final step of an extremely complex system

that involves countless players [1].



The Cancer-Immunity Cycle

The Cancer-Immunity Cycle (Figure 1), described by Chen and Mellman in 2013,
pinpoints all the steps believed necessary to achieve an efficient immune response against

cancer and all the factors that stimulate and inhibit this complex stepwise process.
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Figure 1: The Cancer-Immunity Cycle and the stimulatory and inhibitory factors

involved [2].

First of all, tissue cells following oncogenesis have to express and release abnormal
proteins, that are the result of genetic alterations, known as neoantigens (Step 1). In order
to promote DCs recruitment and an active adaptive response this step has to be
accompanied by proinflammatory cytokines, signals released by dying cancer cell (i.e.,
HMGB1, ATP, cyclic dinucleotides) [3, 4] or by gut microbiome [5] that render the
cancer cell death immunogenic rather than tolerogenic. Released antigens have to be

captured and processed for antigen presentation by mature dendritic cells (DCs) (Step 2).



IL-10, TGF-B, IL-4, and IL-13 in the tumor microenvironment can prevent an adequate
dendritic cell maturation and subsequent antigen processing while IFN-a is probably the
most important stimulus of this step [6, 7]. Next, dendritic cells need to migrate to tumor-
draining lymph nodes to prime and activate T cells. Here, T cells recognizing antigens
presented by Major Histocompatibility Complex (MHC) class | and class Il molecules
may evolve as cytotoxic effectors against cancer cells (Step 3). The TCR-dependent
antigen recognition is not sufficient to prime T cells. Signal 2 is indispensable in the
priming phase. CD28-B7.1 (CD80) interaction, for example, represent an important
stimulator of T-cell priming. B7.1 also binds to CTLA-4 with a higher affinity as
compared to CD28, so the balance between activatory and inhibitory stimuli is considered
critical in this step. Other important co-stimuli are mediated by CD137-CD137L, CD27-
CD40 or OX40-OX40L [8]. In the next step, activated effector T cells are chemoattracted
(i.e., CX3CL1, CXCL9, CXCL10, CCLD5) to the tumor (Step 4), and infiltrate the tumor
microenvironment (Step 5)[9]. There T cells recognize tumor antigens (Step 6) and attack
cancer cells potentially until the complete clearance of the antigen (Step 7). However, it
is well known that tumor antigens are often not presented because of intrinsic cancer cell
mechanisms of immune escape, such as the dampening of MHC | expression [10].
Furthermore, in some cases, DCs and T cells do not recognize modified tumor proteins
as dangerous entities, fostering T regulatory cell responses rather than effector responses.
Moreover, the interaction of PDL-1 on cancer cells with PD-1 on T cells drives T cells
towards an exhausted phenotype and an overall inefficient anti-cancer immune response

[11].

The efficiency of effector cells in killing cancer cells is therefore controlled by the balance
between the above mentioned inhibitory and activatory factors, that play a major role

conceptualized in the Cancer-Immunity Cycle. The goal of immunotherapy is thus, acting
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on such steps, initiate or reinitiate the cancer-immunity cycle, creating a self-sustaining

immune response without causing autoimmune disorders.

Among the inhibitory and activatory factors involved in the first step of the cycle, some
are linked to a process that is focusing the interest of many cancer immunologists:

programmed cell death and its role in cancer immunotherapy.

11



Cell death and Immunity in cancer

The “Self /Non-self model”

Historically the immune system-driven tumor rejection has been explained with the “Self
/Non-self model.” According to this model, the innate immune system activates against
“microbial non-self” or “altered self” molecules, “missing self” states but keeps silent
against “self” entities. Furthermore, the model proposed that autologous cells undergoing
cell death do not elicit an immune response and are cleared in an “immunologically silent”
manner, leading to immunological ignoprance or tolerance. Nonetheless, these views of
the “Self/Non-self model” on immune response still hold true in some instances, it has
been necessary switch to other models that could explain better the immune response [12,

13].

The Danger Model

The Danger Model was proposed to explain the immune-stimulation by self-cell death in
sterile condition, that was not conceived by the “Self/Non-Self model”. The Danger
Model hypothesizes that the immune system responds preferentially to damage rather
than to foreignness [12]. In other words, it hypothesizes that the immune system
distinguishes between “safe” and “dangerous” entities. Endogenous danger signals linked
to cell death have been subsequently identified as “damage-associated molecular

patterns” (DAMPs) [14].
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The phenomenon of Immunogenic Cell Death

The Danger Model inspired the hypothesis that cancer cells undergoing processes of cell
death, including apoptosis, could be able to stimulate an effective immune response
against neoplastic cells [15, 16]. Until recently most immunologists believed that only
necrosis could be immunogenic because its morphological features that distinguish this

type of cell death from other processes of programmed cell death.

An extensive number of studies published between 2005 and 2007 questioned the
mechanisms that link cancer cell death by apoptosis and immunological response. This

process is currently actually known as Immunogenic Cell Death (ICD) [17-19].

During this process cancer cells undergoing stress, mediated by several different stimulus
(i.e., chemotherapy, radiotherapy, targeted anti-cancer drugs) release damage-associated
molecular patterns (DAMPs) capable of alerting the immune system by binding to

receptors on immune cells. Among these DAMPs (Figure 2) the most well known are:

e Extracellular High Mobility Group Box 1 (HMGBL1) protein: A nuclear
protein normally associated with histones that, when released, binds to
toll-like receptor 4 (TLR4) and activates the Myd88 pathway in DCs
facilitating tumor antigen processing [19-21].

e Surface exposed Calreticulin (CRT) and ecto Heat Shock Proteins (HSPS):
Both act as “eat me” signals stimulating phagocytosis of cell corpses by
antigen-presenting cells (APC), the release of pro-inflammatory cytokines
(i.e. IL-6, TNF) from DCs as well as polarization to a Thl-like response

[18, 22, 23].
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Extracellular ATP: “Find me” signal that mediates chemotactic and
adjuvant-like effects binding to ionotropic and metabotropic purinergic
receptors on APC and their precursors. By P.X7 receptor, ATP can also
activate NLRP3 inflammasome, resulting in caspase-1 activation and
production of IL-1p [24, 25].

Extracellular Annexin 1 (ANXAL): ANXA1 belongs to a superfamily of
proteins that bind acidic phospholipids in a Ca?*-dependent manner, and
it is expressed by myeloid, lymphoid cells as well as by many epithelial
cell types. It attaches to formyl peptides receptors and APC lacking these
receptors are not able to initiate an effective adaptive immune response
[26, 27].

Type | Interferons: Released by dying cancer cells, it acts on the same cells
to induce CXCL10, which in turn recruits T cells to the tumor site [28,

29].
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Mechanisms of Regulated Cell Death

Several types of regulated cell death are relevant for cancer immunotherapy and

potentially involved in immunogenic cell death. Here, in brief, are summarized the most

studied:

Apoptosis: It is initiated by perturbations of the extracellular environment or
genetic stress that results in cells dying without early destruction of the plasma
membrane and degradation of genomic DNA in nucleosome fragments. Two
pathways named Extrinsic and Intrinsic pathway execute apoptosis [30].
The Extrinsic Pathway is mediated by two types of membrane receptors:
(1) death receptors (Fas, TRAILR1/2, TNFR1) whose activation depends on the

binding of the cognate ligands [31].

(2) dependency receptors that activate when the level of their ligands drops

below a specific threshold [32].

Fas-ligand and TRAIL binding to Fas or TRAILRs respectively causes receptor
homotrimerization and a conformational change at the intracellular tails that
permits the association of the adaptor FADD (Fas Associated via Death Domain).
FADD, in turn, recruits the death-inducing signaling complex (DISC) which

promotes the switch of the procaspase-8 to its active form [33].

In contrast TNFR1 associated with TRADD (TNFRSF1A Associated via Death
Domain) which works as an adaptor for the assembly of the caspase-8 activator
complex I, encompassing among other proteins, the TNF receptor-associated
factor 2 (TRAF2) and the receptor-interacting serine/threonine-protein kinase 1

(RIPK1)[34].
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The activated caspase-8 triggers, thus the signaling cascade having as

executioners mostly caspases 3 and 7 [34].

Viral infection, DNA damage, and growth factor deprivation are the major stimuli
that trigger the intrinsic (or mitochondrial) pathway of apoptosis [35-37].
Cytotoxic cells induce this pathway during killing by granzyme-containing
cytotoxic granules. The intrinsic pathway is initiated by mitochondrial outer
membrane permeabilization (MOMP), controlled by pro-apoptotic or anti-
apoptotic members of the BCL2 protein family [38]. Best characterized pro-
apoptotic members involved in MOMP are BAK and BAX [39]. On the contrary,
MOMP can be inhibited for example by BCL2 itself or BCL-X. [39].
Subsequently, MOMP promotes the irreversible release of apoptogenic
mitochondrial factors (i.e., APAF1, Cytochrome C) [38], formation of the
apoptosome and autocatalytic activation of initiator caspase 9 [40]. In this process,
caspase 3 and 7 are the major executioners due to their role in destroying the

subcellular structures (Figure 3) [41].

It has also been described a caspase-independent pathway. It is mediated by the
release of endonuclease G and apoptosis—induced factors from mitochondria that
relocate in the nucleus and cleave the DNA in a caspase-independent manner.
Morphologically, apoptosis is characterized by non-lytic cell shrinkage, DNA

fragmentation, and apoptotic bodies [42].
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Figure 3: Apoptosis Extrinsic and Intrinsic pathways [43]

Necroptosis: It is induced by death receptors (TNFR1) [44] or pathogen
recognition receptors (i.e., TLR3, TLR4, ZBP1) [45] signaling and activation of
the receptor-interacting protein (RIP) family [44]. This phenomenom is apparent
when cells are stimulated by TNF under inhibition of caspase protease activity,
Upon initiation, phosphorylated RIP kinase 1 (RIPK1) activates RIP kinase 3
(RIPK3), and together these proteins generate a complex called “necrosome”
which triggers necroptosis [46]. RIPK3 catalyzes the phosphorylation of mixed
lineage kinase domain-like protein (MLKL) facilitating its oligomerization.
Oligomerized MLKL translocates into the plasma membrane resulting in
formation of pores membrane permeabilization [47]. Inhibitors of RIPK1 such as
necrostatin-1, inhibit TNFR1-driven necroptosis in vivo and in vitro [48].
Moreover, experimental inhibition of caspase-8, upon TNFR1 activation,

redirects apoptosis to a necroptosis program[34]. Morphologically, necroptosis is
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described as a non-lytic process characterized by loss of plasma membrane
integrity and swollen cellular organelles [42].

Pyroptosis: Initiated by pathogen-associated molecular patterns (i.e., LPS), this
form of regulated cell death, in contrast to apoptosis, is mediated mostly by
caspase-1 (both in mice and humans) which is triggered by the “inflammasome”
complex [49]. Caspase-1 cleaves the proforms of IL-1f and IL-18 to their active
forms and releases the autoinhibitory domain of the executioner Gasdermin-D
leading to its insertion into the plasma membrane generating a large pore [49, 50].
Morphologically it is characterized by a peculiar form of chromatin condensation
that differs from that one present during apoptosis, cellular swelling, and plasma
membrane permeabilization [42].

Ferroptosis: This form of regulated cell death occurs via an iron-catalyzed process
of lipid peroxidation initiated through non-enzymatic (Fenton reactions) and
enzymatic mechanisms (lipoxygenases) [51]. It is caspase and necrosome
independent. Polyunsaturated fatty acids (PUFAs) are the targets of lipid
peroxidation [51]. Glutathione peroxidase 4 (GPX4) has been demonstrated to be
the major physiological inhibitor of ferroptosis because it limits lipids
peroxidation producing glutathione (GSH) from intracellular cysteine [51]. Also
vitamin E, liproxstatin-1, ferrostatin-1 can block de deleterious consequences of
lipid peroxidation [52, 53] . Lipid peroxidation, as the final step of this process,
causes membrane destabilization and pores formation [54]. The balance between
iron accumulation-induced ROS production and antioxidants that avoid lipid
peroxidation are critical for ferroptosis. Morphologically it appears similar to
necrosis. It is characterized by mitochondrial alterations and shrinkage,

reduced/disappeared cristae, and membrane permeabilization [42].
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e Autophagy—dependent cell death: It is a caspase-independent form of regulated
cell death that triggers lysosomal-proteinase regulated elimination of cellular
organelles. It is initiated by nutrient deprivation, hypoxia or infectious pathogens.
It is characterized by the formation of intracellular vacuoles and, in contrast to
apoptosis, it does not present chromatin condensation. It has been demonstrated
that dying cells lacking autophagy-related genes are not able to present “eat me”

signals [55].

One of the consequences of the conceptual revolution of considering regulated cell death
(RCD) such as apoptosis not to be tolerogenic, was the root of our experimental approach
to this field. In fact, the gold standard to determine whether a compound leads to
immunogenic cell death or not does not depend on the morphological features induced by
the mode of cell death but rather relies on immunization of immunocompetent mice with
the corresponding dying cells and observation of their immune response to a challenge

with the corresponding vaccination-matched living cancer cells [56].
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Cell death and cross-presentation

Antigen presentation on MHC molecules on antigen presenting cells may occur via two
different pathways. In general, endogenous peptides, derived from intracellular proteins
are exposed on the surface of presenting cells on MHC-1 to be recognized by cytotoxic
CD8" T-cells. Through this pathway infected cells are able to present peptides from
intracellular pathogens such as viruses or bacteria and elicit the resolution of the infection
and from endogenous transduced proteins. All nucleated cells can present endogenous

peptides via this pathway albeit this is strongly increased by type | and Il interferons [57].

Cross-presentation, exerted by special subpopulation of dendritic cells, is the particular
process trough which exogenous internalized proteins are presented in the form of
cognate peptides to cytotoxic T-cells on MHC-1 molecules [57]. In general, is well
accepted that cDC1s, in mouse, are the cells responsible for cross-presentation of dead
cell-associated antigens, since cDC2s seem to do not present this capability. In humans
this dichotomy is not so clear [58]. cDC1s depend on the transcription factors BATF3 and
IRF8 for their development [59]. It has been demonstrated that Batf3 dependent cDC1
are necessary for the anti-tumoral activity of immunotherapies such PD-1/PD-L1
blockade or CD137 agonists [60, 61]. In mice cDC1 are characterized for the expression
of XCR1, CD8a, CD103 and Clec9a [62]. In human they present XCR1, Clec9a and

CD141 (BDCA-3) [62].

It is becoming increasingly clear that the presence of cells that efficiently cross-present
tumor antigens to T-cells is extremely important to elicit an effective immune response
against cancer. The T-cell expansion and activation that occur with cross-presentation is
known as cross-priming [57]. Cross-priming mostly occurs in secondary lymphoid

organs.
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ICD, cross-priming and cross-presentation are strongly connected since some DAMPs,
released by dying cells, attract cross-presenting DCs (cDCL1), increase the uptake and the
presentation of dead cell-related antigens, mature dendritic cells allowing to these cells to
cross-prime. In absence of maturation, DCs will induce anergy or apoptosis of T-cells, by
a mechanism known as cross-tolerance. Several studies [19, 63] have demonstrated that
ICD agents such as conventional chemotherapy and radiotherapy require dendritic cells
for their anti-tumoral effect and when these cells are absent these cancer treatments are

inefficient.

cDC1 receptors mostly involved in dead cell-associated antigens capture are DEC205 and
Clec9a, recognizing respectively keratin and filamentous actin [64, 65]. Other proteins
that have been described to be involved in cross-presentation are Sec22b, a regulator of
endoplasmic reticulum—phagosome traffic, and WDFY4 also involved in subcellular

vesicular trafficking [66, 67].
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Activation-induced cell death in T lymphocytes

As it is well known, lymphocytes when activated by the recognition of a specific antigen
epitope experience clonal expansion phase followed by a subsequent contraction phase
characterized by the apoptotic elimination of most such activated lymphocytes. Peripheral
deletion is controlled at least in part by activation-induced cell death (AICD). In theory,
this phenomenon occurs to compensate the immune system production of large numbers
of T cells, so the balance between expanding and apoptotic T cells is necessary to prevent
excessive immune reactions that can cause host pathology. AICD is triggered by repeated
antigen receptor ligation and may occur in immature, transformed T cells, as well as
mature and activated peripheral blood T lymphocytes. AICD can be elicited by
engagement of TNFRs superfamily members on activated T lymphocytes by their
activated neighbors resulting fratricide killing. Additionally, after activation, T
lymphocytes express Fas L that mediates cell death of themselves or neighboring sister
cells. Moreover, it has been demonstrated that activated T cells could mediate via
TNF/TNFR1/NF-kB pathway the expression of FasL in nonlymphoid tissues (i.e.,
intestinal epithelial cells). Fas-bearing lymphocytes undergo peripheral deletion when
binding to Fas L -expressing cells. Probably the “fratricide” killing is frequent in
lymphoid organs while the induced Fas L acquires importance in nonlymphoid organs,

where T cells work “solo” [68, 69].
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HYPOTHESIS AND AIMS
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HYPOTHESIS

The main hypothesis of this thesis is that cell death, involving cancer cells as well as
effector cells, plays a major role in immune response and in the outcome of

immunotherapy.

On one hand, based on the improvement of tumor control achieved by immunotherapies
(i.e., immune checkpoint blockade) which lead to the augment of effector capabilities of
cytotoxic cells, we hypothesized that cytotoxicity “per se” exerted by T cells and NK
cells, is able to induce a cancer cell death characterized by immunogenic features,
comparable to those resulting from immunogenic treatments such as chemotherapy,

triggering an active adaptive immune response.

On the other hand, we hypothesize that Tumor Necrosis Factor (TNF), released upon
lymphocytes activation during immune checkpoint blockade therapy with anti-PD1 and
anti-CTLA-4 agents, is not essential for tumor control, being conversely a detrimental
factor for the outcome of the treatment because its involvement in activation-induced cell

death (AICD) of antigen-specific T cells and in immune-related adverse events.
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OBJECTIVES

. To analyze markers of immunogenic cell death following cytotoxicity by T cells
or NK cells cytotoxicity in culture.

. To study in vivo, with a model of vaccination/challenge, the immunogenicity of T
and NK cell-mediated cytotoxicity and the indispensable immunological
mechanistic requirements for this process.

. To study the effects of TNF neutralization on ICB therapy-induced side effects
using a mouse model of colitis.

. To study the effects of TNF neutralization on the anti-tumoral activity of ICB
therapy.

. To study the role of TNF on effector T cells, in terms of AICD and exhaustion,

upon ICB therapy.
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Chapter 1

“CELLULAR CYTOTOXICITY IS AFORM OF

IMMUNOGENIC CELL DEATH”
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ABSTRACT

Background: The immune response to cancer is often conceptualized with the Cancer
Immunity Cycle. An essential step in this interpretation is that antigens released by dying
tumors are presented by dendritic cells to naive or memory T cells in the tumor-draining
lymph nodes. Whether tumor cell death resulting from cytotoxicity, as mediated by T

cells or NK lymphocytes, is actually immunogenic currently remains unknown.

Methods: In this study, tumor cells were Kkilled by antigen-specific T-cell receptor (TCR)
transgenic CD8 T cells or activated natural killer cells. Immunogenic cell death was
studied analyzing the membrane exposure of calreticulin and the release of high mobility
group box 1 (HMGB1) by the dying tumor cells. Furthermore, the potential
immunogenicity of the tumor cell debris was evaluated in immunocompetent mice
challenged with an unrelated tumor sharing only one tumor-associated antigen and by
class I MHC-multimer stainings. Mice deficient in BATF-3, IFNAR and STING were

used to study mechanistic requirements.

Results: We observe in co-cultures of tumor cells and effector cytotoxic cells, the
presence of markers of immunogenic cell death such as calreticulin exposure and soluble
HMGBL1 protein. OVA-transfected MC38 colon cancer cells, exogenously pulsed to
present the gp100 epitope are killed in culture by mouse gp100 specific TCR transgenic
CD8 T cells. Immunization of mice with the resulting destroyed cells induces epitope
spreading as observed by detection of OVA-specific T cells by MHC multimer staining
and rejection of OVA"™ EG7 lymphoma cells. Similar results were observed in mice
immunized with cell debris generated by NK-cell mediated cytotoxicity. Mice deficient
in BATF3-dependent dendritic cells (cDC1), fail to develop an anti-OVA response when
immunized with tumor cells killed by cytotoxic lymphocytes. In line with this, cultured
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cDC1 dendritic cells can readily cross-present antigen from cytotoxicity-killed tumor

cells to cognate CD8 T lymphocytes.

Conclusion: Taken together, these results support that an ongoing cytotoxic antitumor

immune response can lead to immunogenic tumor-cell death.
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INTRODUCTION

Antitumor immunity largely relies on effector cytotoxic T or NK cells [70]. Tumor cells
may succumb upon contact with activated cytotoxic lymphocytes as a result of pores
formed by poly-perforin that permit the entrance of granzyme B to activate caspase-
dependent apoptosis [70, 71]. Furthermore, activated cytotoxic cells exhibit TNF-family
pro-apoptotic ligands such as Fas-L [72] and TRAIL [73] that may elicit processes of

apoptosis in the tumor cells [70].

Under normal circumstances, apoptosis is considered a form of immunologically-silent
programmed cell death. In tumor immunotherapy, it becomes important to know if
cytotoxicity would be immunogenic or on the contrary tolerogenic to sustain and diversify
the immune response. In fact, immunogenicity of tumor cell death coupled to release of
intracellular tumor antigens has been postulated in the so-called cancer immunity cycle

[2, 74].

Immunogenic versus non-immunogenic death of tumor cells has been extensively
investigated by the groups of G. Kroemer, L. Zitvogel and L. Galluzzi [4, 75]. Following
incisive experiments in mice [17] which correlated with clinical findings, immunogenic
cell death was categorized as being able to enhance T- cell recognition of tumor antigens
thereby delaying tumor growth in immunocompetent but not in immunodeficient mice
[56]. Mechanistic and correlative experiments linked immunogenic cell death to the
endoplasmic reticulum stress response, and to the release or exposure of eat-me signals
and alarmins that act on dendritic cells to induce functional maturation into cells
efficiently presenting tumor antigens [63]. Calreticulin exposure on the plasma membrane
[76], ATP release [22, 77], HMGBL release [78], mitochondrial and extracellular formyl

peptides [26] are considered hallmarks of immunogenic cell death [56]. These findings
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are reminiscent of the danger model as postulated by Dr. P Matzinger, which predicts that
factors released upon tissue damage or cell stress are responsible for immunogenicity [12,

79]. These are termed damage-associated molecular patterns (DAMPs) [80].

The main inherent mechanism to turn on and sustain CD8 T-cell immunity is tumor-
antigen cross-priming as mediated by BATF-3 dependent cDC1 dendritic cells [57, 81].
These cells are able to capture antigens from cell-death-associated debris and present such
exogenous antigens via the major histocompatibility complex (MHC) Class | in the
context of both costimulation and 1L-12 production [57, 81]. Of note, these cDC1 cells
closely cooperate with NK cells in the tumor microenvironment to elicit antitumor

immunity [82, 83].

Our quest in this study was to ascertain if cytotoxicity as mediated by CD8 T cells or NK
cells is a form of immunogenic cell death or not. Multiples lines of experimental evidence
laid before us in mouse models unequivocally show that cytotoxicity is indeed a form of
immunogenic cell death since the remains of killed cells efficaciously induce antitumor

immunity.
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MATERIALS AND METHODS

Mice and cell lines

Experiments involving mice were approved by the Ethics Committee of the University of
Navarra. C57BL/6 mice (5-8 weeks old, female) were obtained from Envigo
(Huntingdon, Cambridgeshire, UK) and maintained in the animal facility of Cima
Universidad de Navarra. C57BI/6 Batf3'™K™™J (Batf3K0O), Tmem173% (STINGKO),
IFNa/bR%  (IFNARKO),  C.12957(B6)TagltmiMom/J  (RAG1), B6.Cg-
Thy1?/CyTg(TcraTcrb)8Rest/J (Pmel-1) [84], C57BL/6-
Tg(TcraTerb)1100Mjb/J (OT-1), C57BI/6 Tgl4(act/EGFP)Osby (OT-I-EGFP)
mice were bred at CIMA Universidad de Navarra in specific pathogen-free conditions.
Batf3KO [85], STINGKO [86], and IFNARKO [87] mice were kindly provided,
respectively by Dr. Kenneth M. Murphy (Washington University, St. Louis, MO, USA),
by Dr. Gloria Gonzélez Aseguinolaza (Cima Universidad de Navarra, Pamplona, Spain),
and by Dr. Matthew Albert (Institut Pasteur, Paris, France). The MC38hEGFR cell line
was kindly provided by Dr. Pablo Umafia (Roche). This cell line was stably transfected
with Lipofectamine 2000 (Thermo Fisher Scientific, San Jose, CA, USA) with pCl-neo
plasmid expressing membrane-bound ovalbumin (OVA) (#25099, Addgene,
Cambridge, MA, USA). MC38hEGFROVA clones were established by limiting dilution.
OVA expression was confirmed by intracellular OVA staining (ab85584, Abcam,
Cambridge, UK) and real-time PCR. The MC38hEGFROVA, EG7, MC38, B160OVA,
CHO FLT3-L FLAG cell lines were maintained at 37°C in 5% CO, and were grown in
RPMI Medium 1640+Glutamax (Gibco, Invitrogen, Carlsbad, CA) containing 10% heat-

inactivated FBS (Gibco, Invitrogen), 100 IU/mL penicillin and 100 pg/mL streptomycin
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(Gibco) and 50 uM 2-Mercaptoethanol (Gibco). The MC38hEGFROVA cell line was
grown with 6 pg/ml of Puromycin (Gibco) and 400 pg/ml of Geneticin (Gibco). To avoid
loss of transgene expression, BL6OVA and EG7 were maintained with 400 pg/ml of

Geneticin.

The HT29 cell line was cultured as other cells but without 2-Mercaptoethanol

supplementation in the culture medium.

X-63 GM-CSF was grown in Iscove’s modified Dulbecco Medium (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 1mg/ml of Geneticin with 5% FCS, 100 1U/mL

penicillin and 100 pg/mL streptomycin.

Murine lymphocyte activation

Spleens from euthanized Pmel-1 mice were excised and splenocytes isolated
mechanically and cultured at a concentration of 1,5x10%/ml for 48 hours with 100 ng/ml
of human gp10025-33 (KVPRNQDWL, RP20344, GenScript, Piscataway, NJ, USA). After
48 hours, we added fresh media and 30 Ul/ml of IL-2 (Proleukin, Novartis) and kept the

culture for 48 hours.

To generate murine activated NK cells, we injected at a high hydrostatic pressure into the
tail vein of RAG1 mice 10 pg of Apo-Sushi-IL-15 expressing plasmid [88] in 2 ml of
physiological saline solution. We harvested spleens after three days and isolated murine
NK cells by negative selection following the manufacturer’s instructions (NK Cell

Isolation Kit Il mouse, Miltenyi Biotec, Bergisch Gladbach, Germany).
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In vitro killing

To obtain T cell-derived tumor debris, MC38hEGFROVA cells were incubated for 48
hours with 15 Ul/ml of murine IFNy (Miltenyi Biotec) to increase expression of MHC-I
and 100 ng/ml of human gp100 peptide (KVPRNQDWL). Following activation during
48h, Pmel-1 splenocytes were mixed with MC38hEGFROVA at a ratio of 10:1 in the

presence of 30 Ul/ml of IL-2 and 100 ng/ml of human gp100 and cultured for 3 days.

To obtain NK cell-derived tumor debris, in vivo activated NK cells (following the
protocol described above) were co-cultured with MC38hEGFROVA cells at a ratio of

3.5:1 with 200 Ul/ml of IL-2 for 3 days.

Cell debris was washed twice in ice-cold PBS and pellets resuspended in ice-cold PBS to

be used in the immunization experiments.

Immunogenic cell death markers

We set up co-cultures of tumor cells and murine T cells or murine NK cells as described
above, and 24 hours later, supernatants were collected for HMGB1 detection by ELISA
(IBL International, Hamburg, Germany) or stored at -80 C until use. Tumor cells were
analyzed for calreticulin expression. Cells were washed with Staining Buffer (0.5% FBS,
0.5% EDTA 0.5 M, 1% Penicillin/Streptomycin) and stained for 30 minutes on ice with
a mix containing: anti-mouse CD16/32 (S17011E, 1:100, Biolegend, San Diego, CA,
USA), CD45BV510 (30-F11, 1: 200, Biolegend) and Calreticulin Alexa Fluor 647
(1:100, Abcam). Cells were then washed and stained with a mix of AnnexinV FITC
(1:200, Biolegend) and 7-AAD (1:75, Biolegend) in Annexin Binding Buffer (Biolegend)

for 15 minutes at RT.
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Human peripheral blood mononuclear cells (PBMCs) were isolated by density gradient
separation (Ficoll-Paque Plus, GE Healthcare, Chicago, IL, USA) from healthy donor
whole blood. T and NK cells were separated using magnetic beads (human CD8* T cell

isolation kit or human NK Cell Isolation Kit, Miltenyi Biotec).

5x10*human T cells were co-cultured with HT29 (1:1) in 96 U bottom plate in 200 ul of

complete medium with or without 1 pg/ml Epcam-CD3 bi-antibody (Creative Biolabs,

Shirley, NY, USA) for 48 hours [89].

Human NK cells immunomagnetically selected as CD3'CD56* were pre-activated 48
hours with 100 Ul/ml IL-2 and 10 ng/ml of IL-15 (Peprotech) in NK MACS medium
(Miltenyi). 48 hours later, 8,5x10* NKs were incubated with HT29 (1:1) for 48 hours in

1ml of complete medium in 12 well plates.

Supernatants were collected for HMGB1 detection by ELISA (IBL International), and
tumor cells were analyzed for surface calreticulin expression as described above (Human
IgG, 1:100 -CD45, 2D1, FITC, Biolegend, 1:500 - Calreticulin Alexa Fluor 647, Abcam,

1:100 - Annexin V PE, Biolegend, 1:100 - 7AAD, Biolegend, 1:75).

Immunization experiments

A total of 1.2x10° tumor cells killed in different ways (10:1 for T cells, 3,5:1 for NK
cells), Doxorubicin (Sigma Aldrich) or FT were resuspended in 200 pl of Phosphate
Buffered Saline (Gibco) and injected subcutaneously above the tail. After 7 days, we

subcutaneously challenged mice with 5x10° EG7 in the right flank.

Positive control with Doxorubicin was performed treating cells with 2.5 uM of

Doxorubicin for 24 hours [17]. For T cell-derived debris immunization experiments,
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doxorubicin-treated cells were also pulsed with 100 ng/ml of human gp100 synthetic

peptide.

Control FT was generated by killing cells by 3 cycles of dry-ice and immersion in a 37°C
bath. To prepare debris for immunization, all 4x10° cells were incubated with 300 ng of

human gp100 peptide for 1 hour at 37°C before being killed by freeze / thawing.

Tumor growth was monitored twice a week with an electronic caliper. Mice were

sacrificed when the tumor reached 18 mm.

Detection of antigen-specific T cells

At day seven post-immunization, whole blood was drawn from mice, and 100 pl of
peripheral blood were stained with H-2K® OVA PE (iTag MHC Tetramer, 1:200, MBL
International, Woburn, MA, USA), anti-mouse CD16/32 (S17011E, 1:100) for 15
minutes at 4°C. Without washing, we added 5 pl of a mix of CD8 Alexa Fluor 647 (53-
6.7, 1:200, Biolegend) and incubated samples for 15 minutes at 4°C. Erythrocytes were
eliminated by adding 1 ml of FACS Lysing Solution (BD, Franklin Lakes, NJ, USA) per
sample for 5 minutes at RT [60, 90]. Samples were acquired at BD FACS Canto Il system

and analyzed with Flow Jo 10 software.

Subcutaneous in vivo killing

Splenocytes from OT-1 mice were plated at 1.5x10%/ml and activated for 48 hours with
SIINFEKL peptide (OVA2s7-264, Invivogen, San Diego, CA, USA). Two days later, we
added fresh new medium and 30 Ul/ml of IL2. After 48 hours, 5x10° MC38hEGFROVA

were injected with 107 activated OT-1 splenocytes (20:1) into the right flank of C57BL/6
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mice. After seven days, we challenged mice by injecting 5x10° MC38 cells into the left
flank. Tumor growth was monitored twice a week with an electronic caliper. Mice were

sacrificed when the tumor reached 18 mm.

Subcutaneous in vivo killing imaging

In vivo killing control was performed injecting subcutaneously into the ear of C57BL/6
mice, pre-activated splenocytes from OT-1 EGFP mice, and DRAQ 5 (Thermo Scientific)

stained MC38hEGFROVA cells (20:1).

Mice were anesthetized with Ketamin/Xylazine and subsequently, ears were depilated
with Veet cream. After extensive rinsing, mice were placed on a custom made microscopy
stage with the ears placed on top of a cover glass. Images were taken in a LSM880
inverted microscope (Zeiss) equipped with a 25x Objective LD LCI Plan APO N/A 0.8.
DRAQ 5 was excited with an HeNE 633 laser, and OT-1 GFP cells were excited with a
488 Argon laser. Images were then acquired and analyzed with the Zen software (Zeiss).
Linear gamma correction was applied to both the DRAQ 5 and GFP channel to eliminate

skin background in all images.

Bone marrow-derived CD103*cDC1

Bone marrow cells were harvested from femurs and tibiae of C57BL/6 mice and 15x10"™®
cells were cultured in a sterile Petri dish (Sarstedt, Niimbrecht, Germany) in 10 ml of
medium (RPMI Medium 1640+Glutamax + containing 10% heat-inactivated FBS + 100
IU/mL penicillin and 100 pg/mL streptomycin + 50 uM 2-Mercaptoethanol) containing
45% and 1.25% of FLT3-L [91] and GM-CSF [92] enriched supernatants respectively

produced by the CHO FLT3-L FLAG and X-63 GM-CSF cell lines. At day 5, complete
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medium without enriched supernatants was added. At day 9, non-adherent cells were
harvested, and 3x10°® cells were re-plated in 10 ml of complete medium with enriched

supernatants as at day 0 [93].

In vitro cross-presentation

T cell- and NK cell-derived debris was obtained as described before. After 16 hours, we
added 4x10° BM-derived CD103* ¢cDC1. After 3 hours, we stained (CD11c APC, N418,
1:200, Biolegend - CD103 PerCP-Cy5.5, 2E7, Biolegend, 1:100 - SYTOX green Nucleic
Acid Stain, Thermo Fisher,1:200000) the samples for flow cytometry-based sorting
(FACSAria Ill, BD) and isolated alive CD11¢*CD103" DCs. DCs were incubated at a
ratio of 1:5 with OT-I mice-derived splenocytes previously labeled with Violet Cell
Proliferation Dye 450 (BD Horizon) according to the Kit protocol for assessing to antigen-
specific proliferation. After 72 hours, we checked CD8" cell proliferation by flow
cytometry [60, 90]. Samples were acquired using a BD FACSCanto™ system and

analyzed with Flow Jo 10 software.

Statistical analysis

GraphPad Prism version 6.01 software (GraphPad Software, Inc.) was used for statistical
analysis. We used the log-rank test to determine the significance of differences in tumor
development curves. Mean differences were compared with t-tests for two group
comparisons or one-way ANOVA followed by Dunnet multiple comparison tests for
three or more group comparisons. P values <0.05 were considered to be statistically

significant.
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RESULTS

Cytotoxic T lymphocytes and natural killer cells induce features of immunogenic

cell death on tumor cells.

Immunogenic cell death is characterized by the release or exposure on the cell surface of
different DAMPs that can prime an antitumor immune response. We focused our
characterization of immunogenic cell death on two of its most prominent hallmarks [56].
First, we analyzed the exposure on the cell membrane of calreticulin, which is localized
in the endoplasmic reticulum in the steady state but becomes relocated to the cell surface
as a result of reticulum stress responses. Furthermore, we studied the release from the
nucleus of high mobility group box 1 (HMGB1) to the supernatant. To achieve a complete
cytotoxic killing of the MC38hEGFROVA cell line, tumor cells were pretreated with
IFNy to upregulate surface MHC | expression and loaded with the immunodominant
human gp100 peptide. Under these conditions, in vitro pre-activated TCR-transgenic

Pmel-1-derived CD8" splenocytes were able to induce over 95% tumor cell death

(Supp.Fig. 1).
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Supplemental Figure 1. Assessment of CTL-induced tumor cell death by flow
cytometry. MC38hEGFROVA cells were incubated 48 hours with IFNy (15UI/ml) and
gp100 peptide (100ng/ml) and Pmel-1-derived splenocytes were activated for 48 hours
with gp100 peptide (100ng/ml) and 48 hours with 1L-2 (30 Ul/ml). At day -3, tumor cells
and Pmel-1 cells were co-cultured. At day 0, the result of the co-culture was analyzed by
flow cytometry after staining with 7-AAD, and Annexin V. Dot plots represent the gating
strategy and 7-AAD and Annexin V double staining in a representative co-culture.
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The mean fluorescence intensity of calreticulin surface exposure on dying tumor cells
defined as CD457AAD Annexin V* was ten-fold higher than the calreticulin found on
dying tumor cells from cell cultures in the absence of cytotoxic lymphocytes (Fig. 1A).
Moreover, the supernatants of co-cultures of gpl00 pre-loaded tumor cells with
preactivated Pmel-1-derived CD8* splenocytes contained large amounts of HMGB1, a

finding not observed in any of the control conditions (Fig. 1B).
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Figure 1. Cellular cytotoxicity induces the release of danger-associated molecular
patterns by dying cancer cells in culture. A) MC38hEGFROVA cells were incubated
for 48 hours with IFNy (15UI/ml) and gp100 peptide (100ng/ml). Subsequently, in vitro
pre-activated Pmel-1-derived splenocytes were added at a ratio of 10:1. Calreticulin
surface expression on dying tumor cells (CD457-AAD AnnexinV*) was analyzed after
24 hours by flow cytometry. Representative experiments are presented in dot plots and
histograms indicating MFI. B) Supernatants from the co-cultures were analyzed for the
concentration of HMGBL1 by ELISA. As controls, tumor cells, or T cells with or without
pulsed peptide were used. Data are mean £ SEM. n=4 for co-culture with peptide and n=5
for other groups C) MC38hEGFROVA cells were incubated with in vivo activated NK
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cells at a ratio of 3.5:1 for 24 hours. Subsequently, calreticulin surface expression on
dying tumor cells (CD457-AAD AnnexinV*) was analyzed by flow cytometry.
Representative experiments are presented in dot plots and histograms indicating FMI. D)
HMGB1 concentrations in the supernatant were determined by ELISA. As controls,
tumor cells or NK cells alone were used. Data are mean £ SEM. n=5 for all groups. One-
way ANOVA test with Tukey’s multiple comparisons tests, ***p<0.001. Results are
representative of at least two experiments performed.
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Thus, T lymphocyte-mediated cytotoxicity induces features considered hallmarks of
immunogenic cell death [56]. We next addressed whether other cytotoxic immune cells,
such as natural killer cells, induced the exposure of calreticulin and the release of
HMGBL1. In these experiments, the MC38hEGFROVA tumor cells were not
preconditioned, but NK cells were activated and expanded in vivo by hydrodynamic gene-
transfer to the liver of a plasmid encoding a fusion protein of IL-15 [88, 94]. The in vivo

pre-activated NK cells were able to extensively lyse tumor cells (Supp. Fig. 2).
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Supplemental Figure 2. Assessment of NK-induced tumor cell death by flow
cytometry. RAG1 mice were hydrodynamically injected with a plasmid coding for IL-
15. After three days, spleens were harvested and NK isolated by immunomagnetic
negative selection. MC38hEGFROVA cells were incubated with such IL-15 in vivo
activated NK cells for 72 hours. The result of the co-culture was analyzed by flow
cytometry after staining with 7-AAD, and Annexin V. Dot plots represent the gating
strategy and 7-AAD and Annexin V double staining in a representative co-culture.
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The tumor-cell debris obtained after NK-cell lysis showed enhanced mean fluorescence
intensity for calreticulin shining on the plasma membrane. The content of HMGB1
released into the supernatant was markedly increased as had been observed with cytotoxic

T lymphocytes (Fig. 1C and D).

Induction of immunogenic cell death hallmarks by cytotoxicity is not exclusive to murine
cells since it is also observed when human CD8 T lymphocytes kill human HT29 tumor
colon cancer cells as a result of incubation with a bispecific antibody engaging Epithelial
Cell Adhesion Molecule (EpCAM) and CD3e (EpCAM-TCB) (Supp. Fig. 3).
Cytotoxicity induced in a similar setting with NK cells showed similar features on the

HT29 cancer cells (Supp. Fig. 3).
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Supplemental Figure 3. Cellular cytotoxicity induces the release of danger-
associated molecular patterns by dying human cancer cells in culture. A) HT29 cells
were co-cultured with human T cells at a ratio 1:1 with or without EpCAM-CD3¢
bispecific antibody (1pg/ml) for 48 hours and calreticulin expression on dying tumor cells
(CD457-AAD Annexin V*) was analyzed by flow cytometry. Numbers in histograms
indicate FMI. B) As in A but HT29 were killed by human CD3'CD56" NK cells pre-
activated 48 hours before with IL-2 (100 Ul/ml) and IL-15 (10ng/ml). Supernatants from
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the co-cultures with human T cells (C) or human NK cells (D) were analyzed for HMGB1
concentration by ELISA. n=2 for HT29+T, n=3 for other groups (C). n=2 for HT29, n=3
for other groups (D). One-way ANOVA test with Tukey’s multiple comparisons tests,
***p<0.001. Results are representative of two experiments performed.
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Tumor cell debris resulting from killing by cytotoxic T lymphocytes is immunogenic

To determine whether the dead tumor cells killed by immune cytotoxicity trigger a
protective immune response in mice was the next step in our research. Vaccination
consisted of cell debris of gp100-loaded MC38hEGFROVA killed by CD8" Pmel-1-
lymphocytes. The tumor challenge was performed seven days later with the EG7
lymphoma cell line, which does not express the gp100 antigen but only shares the OVA
protein with the colon cancer cells used for vaccination (Fig. 2A). In this setting, the
administration of MC38hEGFROVA cell debris obtained after three freeze and thaw
cycles did not elicit any protective immune response, and therefore EG7 tumor grew as
in the non-vaccinated control group. We also introduced a positive control group with
MC38hEGFROVA tumor cells killed by doxorubicin, a chemotherapeutic drug that is
known to induce immunogenic cell death [17].

Interestingly, the CTL-associated debris protected all mice from a subsequent challenge
with EG7, while only 37% of mice were protected by immunization with doxorubicin-
derived tumor-cell debris (Fig. 2B). The tumor free-animals over time (Fig. 2C) correlated
well with the circulating levels of OVA-specific CD8" T lymphocytes recognized by H-
2k tetramers (Fig. 2D). In fact, the maximum levels of specific CD8* T cells were

observed in mice immunized with the CTL-killed tumor cells.
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Figure 2. Tumor cells killed by cytotoxic T cells are immunogenic. A)
MC38hEGFROVA cells were incubated 48 hours with IFNy (15Ul/ml) and gp100
peptide (100ng/ml). At day -3, tumor cells and activated Pmel-1 CTLs were co-cultured.
At day 0, the result of the co-culture was injected subcutaneously into wild-type C57BL/6
mice. Seven days later, mice were challenged with injection of 5x10° EG7 cells into the
right flank, and tumor growth and survival were monitored. B) Individual EG7 tumor
growth. Non-vaccinated group was mock immunized with saline. FT group was
immunized with the tumor cell debris obtained from three freeze/thaw cycles. The
doxorubicin positive control group was immunized with tumor cells killed in culture with
2.5 pM doxorubicin for 24 hours. C) Curves showing the percentage of tumor-free mice
at different time points. Log-rank test, *p<0.05, **p<0.01, and ***p<0.001. D) At day 7,
peripheral blood was collected, and OVA-specific CD8" T cells were assessed by MHC
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multimer staining. One-way ANOVA test with Tukey’s multiple comparisons tests,
*p<0.05 and ***p<0.001. Data are pooled from three independent experiments.
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To demonstrate that CTL-mediated immunogenic cell death can also take place in vivo,
we subcutaneously co-injected MC38hEGFROVA tumor cells with pre-activated OT-I

lymphocytes (Fig. 3A).
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Figure 3. In vivo tumor cell Killing by cytotoxic T cells induces epitope spreading.
A) At day -4, OTI-derived splenocytes were incubated for 48 hours with SIINFEKL
peptide (1 ng/ml). At day 0, 107 activated OTI splenocytes with MC38hEGFROVA cells
at a ratio 20:1 were subcutaneously co-injected into the right flank. At day 7, mice were
challenged with 5x10° MC38 cells in the contralateral flank and tumor growth and
survival were monitored. B) Individual MC38 tumor growth. Non-vaccinated group was
mock immunized with saline. FT group was immunized with the tumor cell debris
obtained after three freeze/thaw cycles. FT+OT-1 group, received the frozen/thaw tumor
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cell debris with OT-1 splenocytes. The doxorubicin positive control group was
immunized with tumor cells killed with 2.5 uM doxorubicin for 24 hours in culture. The
fraction of mice with detectable tumor growth is shown in each graph. C) Curves showing
the percentage of tumor-free mice at different time points. Log-rank test, *p<0.05,
**p<0.01, and ***p<0.001. Data are pooled from two independent experiments.
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These TCR-transgenic T lymphocytes were able to kill the MC38hEGFROVA tumor

cells when coinjected in the dermis (Supp. Fig. 4).
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Supplemental Figure 4. Visualization of OTI-mediated killing of tumor cells in vivo.
In vitro activated OT-1-EGFP-derived splenocytes were co-injected with DRAQ 5 pre-
labeled MC38hEGFROVA cells at a ratio 20:1 and injected subcutaneously into the ear
dermis of C57BL/6 mice. Tumor and OT-1 cells were visualized at day 0, 1, and 2 in
mice by intravital imaging using an inverted confocal microscope.
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In these experiments, we challenged immunized mice with MC38 in the contralateral
flank since these cells are not recognized by OT-I T lymphocytes. In this setting, 50 % of
the mice which received MC38hEGFROVA tumor cells + OT-1 T lymphocytes remained
tumor-free at the end of the experiment, while only 25 % of the mice which received
tumor cell debris as generated by three cycles of freeze and thaw with or without OT-I
cells rejected the MC38 challenge. Doxorubicin-killed cells as a positive control for
immunogenic cell death protected 75 % of mice in a similar experimental setting (Fig. 3B

and C).
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Tumor cell debris generated by natural-killer cell killing is immunogenic

Once having demonstrated that cytotoxicity mediated by T lymphocytes triggers an
immunogenic form of tumor cell death both in vitro and in vivo, we next aimed at
extending this observation to the cytotoxicity mediated by NK cells. Large numbers of
activated mouse NK cells were obtained using hydrodynamic injections of a plasmid
encoding a fusion protein of IL15, encompassing the sushi domain of the IL-15Ra and
apolipoprotein A-l1 as a stabilizing moiety [88, 94]. In vitro co-culture of
MC38hEGFROVA tumor cells with activated NK cells for 72 hours leads to extensive
tumor cell lysis (Fig. 4A). Upon subcutaneous injection of the tumor cell debris, an
effective antitumor immunity was developed in immunized mice that prevented tumor
development when the animals were subsequently challenged with EG7 tumor cells in
the right flank away from the site of immunization (Fig. 4B and C). The onset of antitumor
immunity was also reflected by the increase in tumor-specific T cells in circulation seven
days after immunization (Fig. 4D). All the parameters analyzed to detect the CD8
antitumor immune responses were more intense in the group immunized with the NK
cell-killed dead tumor cells than in any of the groups treated with dead tumor cells

generated either by freeze/thaw or doxorubicin (Fig. 4B and C).
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Figure 4. Tumor cells killed by NK cells are immunogenic. A) RAG1 mice were
hydrodynamically injected with a plasmid coding for IL-15. After three days, spleens
were harvested and NK isolated by immunomagnetic negative selection.
MC38hEGFROVA cells were incubated with in vivo activated NK cells for 72 hours. The
result of the co-culture was then injected subcutaneously into wild-type C57BL/6 mice.
After seven days, mice were challenged subcutaneously with 5x10° EG7 cells. B)
Individual EG7 tumor growth. The non-vaccinated group was mock immunized with
saline. The FT group was immunized with the tumor cell debris obtained after three
freeze/thaw cycles. The doxorubicin positive control group was immunized with tumor
cells killed with 2.5 uM doxorubicin for 24 hours in culture. C) Curves showing the
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percentage of tumor-free mice at different time points. D) At day 7, peripheral blood was
collected, and OVA-specific CD8" T cells were assessed by MHC multimer staining
studied by FACS. One-way ANOVA test with Tukey’s multiple comparisons tests,
*p<0.05 and ***p<0.001. Data are pooled from two independent experiments.
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Immunogenicity of CTL- or NK-killed dead tumor cells depends on Batf3-

dependent DCs but not on STING or IFNAR

We next sought to determine the host requirements to develop the antitumor immune
response by dead tumor cells generated by cytotoxicity as performed by immune effector
cells. We took advantage of mice genetically deficient in different key molecules for
immunosurveillance. Type | interferons are critical cytokines for the activation of effector
T lymphocytes and NK cells in the priming phase of the immune response. To address
the role of type I interferons, we used knock-out mice for the IFNA receptor as well as
STING knock-out mice. The STING pathway is essential for the detection of dSDNA and
the release of type I interferon upon detection of DNA released by dying tumor cells. We
also used BATF3 knock-out mice. This transcription factor is critically involved in the
ontogeny of ¢cDC1, dendritic cells which exert an essential activity to cross-present
exogenous antigens via the MHC | pathway and in the production of the pro-inflammatory
cytokine IL-12 [67]. We immunized both wild type and knockout mice with tumor cell
debris generated by CTLs or by NK cells. As shown in Figure 5 A, CTL-derived debris
protected wild type and IFNAR or STING deficient mice, whereas the protective effect
was completely lost in mice deficient in cross-presenting specialized cDC1 dendritic
cells. The same pattern was obtained when the experiments were performed immunizing

mice with NK cell-killed dead tumor cells (Fig. 5 B).
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Figure 5. cDC1 absolute requirement for effective vaccination with CTL- and NK-
derived tumor cell debris. A) Wild-type, IFNAR”", STING” and BATF3” mice were
immunized with MC38hEGFROVA tumor cell debris obtained after three cycles of
freeze/thaw or after Pmel-1 CTL-mediated killing in culture. After seven days, mice were
challenged with 5x10° EG?7 cells subcutaneously injected into the right flank, and tumor
growth was monitored. B) Experiments as in A) but using MC38hEGFROVA tumor cell
debris obtained after NK cell killing. Immunized with cytotoxic debris BATF3” mice
were statistically different from all the other groups with p<0.05 by Log-Rank tests for
EG?7 engraftment. Data are pooled from three (A) and two (B) independent experiments.
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Further addressing the role of cDCL1 cells in the process, we generated these cells in
culture by differentiating bone marrow precursors under the influence of soluble FLT3-L
and GM-CSF [93]. Debris of OVA-expressing cells killed by Pmel-1 CTLs or NK cells
resulted in OVA cross-presentation and in vitro priming of OT-1 cells. Using FACS
sorting to recover the CD11¢c*CD103" dendritic cells from the culture of cytotoxic debris
and such dendritic cells, we were able to expose them in a subsequent co-culture with
OT-I lymphocytes loaded with a fluorescent dye to monitor proliferation (Fig. 6). These
results are consistent with a train of events in which cDCL1 cells capture the tumor-cell
remains and cross-present tumor-associated antigens. Figure 6 shows the experimental
setting (Fig. 6A) and the OT-I proliferation responses (Fig. 6B and C) that indicate that
CD8* T cell or NK cell cytotoxic debris leads to cross-presentation that is not observed

with cDC1 pulsed with freeze and thaw tumor cell lysates.
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Figure 6. Antigens in dead cells from cytotoxicity are cross-presented by cDC1 cells
A) Cross-presenting CD103* DCs were differentiated in culture from bone marrow cells
for 14 days in the presence of GM-CSF and soluble FLT3-L. On day -1, B160VA (C) or
MC38hEGFROVA (D) were killed with activated Pmel-1-derived splenocytes or
activated NK cells, respectively. FT was derived from tumor cell debris obtained after
three freeze/thaw cycles. The doxorubicin samples are tumor cells debris from cells killed
with 2.5 uM doxorubicin dying 24 hours in culture. At day 0, DCs were added. After 3
hours, CD11c*CD103" DCs were FACS-sorted and incubated with resting OV A-specific
OTI CD8" cells previously labeled with a proliferation dye. After three days, OT-1
proliferation was assessed by flow cytometry. B) Representative contour of DC-OT-I co-
cultures showing a representative case. C) Percentage of proliferating CD8* OT-I cells
incubated with ¢cDC1 pre cocultured with CTL-derived debris. D) Percentage of
proliferating CD8" OT-I cells incubated with ¢cDC1 pre cocultured with NK-derived
debris Data are mean + SEM. n=3 for each group. One-way ANOVA test with Tukey’s
multiple comparisons tests, *p<0.05 and ***p<0.001. Results from a single experiment
for T cells and independent experiment for NK cells are available.
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DISCUSSION

We present evidence strongly arguing that cytotoxicity, as mediated by CTLs and NKs
cells on malignant cells, is immunogenic. This is coherent with the proposed model of the
tumor immunity cycle [2] and represents a self-amplifying mechanism to gain momentum
in tumor rejection upon successful immunotherapy. Our results would explain the
phenomena of epitope spreading seen in vaccination experiments in mice [95, 96] and
clinical trials of vaccination using defined antigens [97, 98].

From the point of immune regulation, these observations are relevant since once started,
an effector immune response towards a given antigen will continue until cells expressing
the antigen are cleared. It remains to be seen if these mechanisms are only relevant in the
context of transformed tumor cells or would also apply to non-malignant counterparts.
For instance, it could be important in the field of B-cell dysfunction in diabetes mellitus
or acute rejection of transplants [99, 100].

In our experiments, we have followed the logic that allowed us to establish that certain
chemotherapeutic drugs or radiotherapy are immunogenic because they induce
immunogenic cell death [17, 101].

To explain our results, we invoke the interplay of dendritic cells and cross-presentation
of tumor antigens [57, 81]. In essence, both antigen release and DAMPs are required to
accomplish immunization. The exact nature of antigen processing and redirection to the
MHC-1 antigen presentation pathway remains to be determined and is a matter of
speculation [67, 102]. The main DAMPs associated with cytotoxicity are to be defined,

but HMGBL1 and calreticulin exposure are likely to contribute to immunogenicity.
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Indeed, our experiments pinpoint a necessary role for BATF-3 dependent cDCL1 cells that
in this case do not need the contribution of type I IFN receptor on endogenous cells or
STING sensing as reported in other related experimental settings [103]. Moreover, our
results go on to demonstrate that cDC1 can cross-present antigens from tumor cell debris

derived from CTL and NK cytotoxicity.

Our findings may have fundamental implications for the development of
immunotherapies from adoptive T-cell transfer to checkpoint inhibitors. For instance, it
has been reported that cDC1 cross-priming is relevant for adoptive T-cell therapy [104]
and the efficacy of checkpoint inhibitors [60, 61].

In our view, the main consequence of the link between cytotoxicity and immunogenic
cell death of malignant cells is that it offers a mechanism of amplification and self-
perpetuation of the immune response against cancer neoantigens. Indeed, certain tumor
antigens might remain ignored by the immune system until a cytotoxic response is set in
motion [105, 106]. Once CTL responses are unleashed, our results imply that strategies
aimed at fostering cross-priming are due to consolidate and amplify clinical responses to
immunotherapy. Furthermore, these findings predict that established tumors have likely
evolved escape mechanisms that allow them to evade cross-priming of their antigens
when under attack by CTLs or NK cells. Identification of such evasive mechanisms offers

interesting opportunities in cancer immunotherapy.
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Chapter 2

“PROPHYLACTIC TNF BLOCKADE UNCOUPLES
EFFICACY AND TOXICITY IN DUAL CTLA-4 AND PD-1

IMMUNOTHERAPY”
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ABSTRACT

Combined PD-1 and CTLA-4 targeted immunotherapy with Nivolumab and Ipilimumab
achieves remarkable efficacy against melanoma, renal cell carcinoma, and non-small cell
lung cancer[107-109]. However, this comes at the cost of frequent, serious and dose-
limiting immune-related adverse events, that required dose-reductions of
Ipilimumab[110]. In mice co-treated with surrogate anti-PD-1 and anti-CTLA-4
monoclonal antibodies, there is exacerbation of autoimmune colitis concomitant with
remarkable efficacy against transplantable cancer models. Pretreatment with TNF-a
inhibitors with clinically available agents ameliorates colitis and unexpectedly improves
antitumor efficacy. Interestingly, the TNF-a inflammatory axis in the intestine is
overactivated in patients suffering colitis following Ipilimumab plus Nivolumab
treatment. Prophylactic human TNF-a blockade improves mouse xenograft versus host
colitis and hepatitis as exacerbated by Ipilimumab plus Nivolumab co-treatment, while
preserving immunotherapeutic control of xenografted tumors. These results put forward
clinically feasible strategies to dissociate efficacy and toxicity in the use of combined

immune checkpoint blockade for cancer immunotherapy.
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MATERIALS AND METHODS

Mice and cell lines

6 weeks old, female C57BL/6 mice were obtained from The Jackson Laboratory (Bar
Harbor, ME) and maintained in the animal facility of Cima Universidad de Navarra. Rag2
FIL2Ry™! OT-I and Pmel-1 mice were bred and maintained in the animal facility of Cima
Universidad de Navarra. Experimental protocols were approved by the Ethics Committee
of the Universidad de Navarra and the Institute of Public Health of Navarra according to
European Council Guidelines (protocol numbers: 060-17 and 024-17). Sample size
estimations were performed using the G Power software. Mice were randomized at the
beginning of each experiment and experiments were not blinded. Mice were sacrificed
when the tumor reached 20mm and in none of the experiments were these limits exceeded.
We have complied with all ethical regulations. MC38 cells were a kind gift from Dr. Karl
E. Hellstrém (University of Washington, Seattle, WA) in September 1998. B16-OVA
cells were provided by Dr. Lieping Chen (Yale University, New Haven, CT) in November
2001. These cell lines were authenticated by Idexx Radil (Case 6592-2012) in February
2012. HT29 were obtained from ATCC. MC38, B160OVA, and HT29 cell lines were
maintained at 37°C in 5% CO-. and were grown in RPMI medium (RPMI 1640) with
Glutamax (Gibco, Invitrogen, Carlsbad, CA) containing 10% heat-inactivated FBS
(Gibco, Invitrogen), 100 1U/mL penicillin and 100 g/mL streptomycin (Biowhittaker,
Walkersville, MD). After 7-9 days in culture, cells were tested for mycoplasma
contamination and 500.000 cells/mice were injected subcutaneously. Tumor growth was

monitored twice a week with an electronic caliper.
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Treatments

Mice received 100 pg of anti-CTLA-4 antibody (InVivoMAb BioXCell, West Lebanon,
USA, anti-mouse CTLA-4, Clone 9D9) plus 100 ug of anti-PD-1 antibody (InVivoMab
BioXCell, anti-mouse PD-1, Clone RMP1-14) per injection intraperitoneally. Colitis
treatment consisted of the intraperitoneal administration of 125 pg/mice per injection of
anti-mouse TNF-a antibody (InVivoMAb BioXCell, Clone XT3.11), as previously
described[111] or 40 pg/mice per injection of Etanercept (Enbrel®). Anti-mouse IL-6
antibody (InVivoMAb BioXCell, Clone MPF5-20F3) was administered intraperitoneally

(250 pg per dose).

Dextran sulfate sodium salt (DSS)-induced colitis

Mice were orally administered 3% DSS (36-50 kDa, MP Biomedicals, Solon, OH) in
drinking water during three days to induce acute colitis. The experiments were performed
in this setting because the protocol reported by Mabhler et al. which included 3% DSS in
water over seven days proved to be very toxic and produced high mortality in our

model[112].

Colitis assessment

Different parameters were used for colitis assessment. Mice weight was monitored daily.
Colon ultrasound scans were performed at day 0 and 7 using a Vevo 770 ultrasound
system (Visualsonics, Toronto, Canada) equipped with a real-time micro-visualization
scan head probe (RMV-710 B) working at a frame rate ranging from 110 to 120 frames

per sec (fps). The nosepiece-transducer used had a central frequency of 25 MHz, a focal
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length of 15 mm and 70 mm of nominal spatial resolution. It was performed by a trained
technician and bowel wall thickness was determined. For histological studies, paraffin-
embedded colon sections (4 um) from each animal were stained with hematoxylin and
eosin. Histological changes were graded as previously described[113]. Briefly,
histological scores were determined blindly based on the analysis of the inflammatory

cell infiltrate and intestinal architecture changes.

Inflammatory cell infiltrate score: O = regular infiltrate; 1 = Infiltration of the Lamina

Propia; 2 = Cryptitis; 3 = Crypt abscesses/surface erosion/ulceration.

Intestinal architecture score: 0 = regular architecture; 1 = Irregular crypts/Irregular villous

surface; 2 = Crypt loss; 3 = Ulceration/Granulation tissue.

Murine lymphocyte survival study

For in vitro experiments 1.5x10° splenocytes from 6-10 week-old male or female OT-1 or
Pmel-1 transgenic mice were isolated and activated with 25 ng/ml of SIINFEKL
(Invivogen, San Diego, CA) or 500 ng/ml of hgpl00 (GenScript, Scotch Plains, NJ)
peptides respectively. Splenocytes were also treated with 6.6 pug/ml of anti-CTLA-4 plus
6.6 pg/ml of anti-PD-1, 2.6 ug/ml of Etanercept or 8.3 ug/ml of anti-TNF-a. After 72
hours survival analysis was performed by flow cytometry (BD FACSCanto™ |l system;
anti-CD8 BV510 clone 53-6.7 Biolegend (San Diego, CA), anti-CD3 PeCy7 clone 17A2

Biolegend, Zombie NIR Biolegend).

For in vivo experiments, MC38 tumors were implanted sc and treated as described before.
Seven days after treatment initiation, tumors were harvested, and survival of antigen-
specific CD8" cells was analyzed by flow cytometry in tumor and draining lymph nodes.

(BD FACSCanto™ |1 system; anti-CD8 BV510 clone 53-6.7 Biolegend, anti-CD3 PeCy7
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clone 17A2 Biolegend, Zombie Nir, H-2K® KSPWFTTL R-Pe Labelled Pro5 MHC

Pentamer Prolmmune (Oxford, UK) ).

Human lymphocyte survival study

PBMCs from 21 healthy caucasian donors (21-42 years, male and female) were enriched
using Ficoll-Paque Plus (GE Healthcare, Menlo Park, CA) and isolated by density
gradient centrifugation. All samples were obtained after consent from the healthy donors
and Institutional Review Board approval from Clinica Universidad de Navarra and we
have complied with all ethical regulations. PBMCs were stimulated with 0.5 ug/ml plate-
bound anti-CD3 (OKT-3; eBioscience) and 1 pg/ml anti-CD28 (CD28.2; eBioscience) in
the presence or absence of 10 pg/ml of anti-hTNF-a (Infliximab) or 4 pg/ml of
Etanercept. All cultures were carried out in the presence of 20 1U/ml recombinant human
IL-2 (Proleukin, Novartis) in RPMI-10% FBS at 37 °C. Seven days later, cells were re-
plated into fresh anti-CD3/CD28 coated plates and cultured overnight in the presence of
all stimuli. Cells were analyzed by multicolor flow cytometry (BD FACSCanto™ 1I
system; Zombie NIR Biolegend, anti-CD3 PeCy7 clone UCHT1 BD, anti-CD8 BV510
clone BC96 Biolegend, CD4-APC clone OKT4 Biolegend, AnnexinV-FITC Biolegend).

All analysis was performed using FlowJo 10.4.2 software (Tree Star, San Carlos, CA).

NanoString and nCounter® technology

For TNF-a signature analysis, we selected four mucosa biopsies from patients without
bowel disease, four from patients presenting ulcerative colitis not associated with
immunotherapy and four from patients who have immunotherapy-induced colitis. Two

cases of grade 4 colitis refractory to corticosteroids after treatment with Ipilimumab (male
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and female) and two after combined Ipilimumab plus Nivolumab treatment. Three
patients out of four from the immunotherapy-induced colitis group were refractory to
corticosteroids. Three of them were male and ages ranged from 20 to 69 year-old. Patients
without bowel disease had colorectal adenocarcinoma, ages were between 61 and 86 year-
old, and two of them were female. Sample anonymization was performed by the
corresponding biobanks. All biopsies were obtained after consent from the patients, and
Institutional Review Board approval from Clinica Universidad de Navarra, Hospital
General Universitario Gregorio Marafion and Hospital Universitario Virgen de la Victoria
and we have complied with all ethical regulations. A pathologist selected the FFPE tumor
block with the greatest area of viable normal mucosa of colon or ulcerative colitis and
estimated tumor cellularity (> 10%) and tumor surface area within the circled area of the
H&E-stained slide (> 4 mm?). FFPE samples were sent to University of Malaga (CIMES)
for macrodissection of material and RNA extraction using a RNA isolation kit and
procedures provided by NanoString Technologies. The optical density of total RNA was
measured at 260 and 280 nm to determine yield and purity. RNA samples were used if
the measured concentration was >12.5ng/ul and the A260/280 ratio was 1.7-2.5. Gene-
expression profiling was performed on a nCounter Analysis System using the PanCancer
Immune Profiling Panel probe set (770 genes: 730 cancer-related human genes + 40
internal reference controls). The hybridization reaction was performed using a nominal
RNA input of 250 ng. Hybridization time was 15-21 h using a bench-top thermocycler
set to 65°C with a heated lid set to 70°C. The manufacturer's specifications were followed
for the nCounter Prep Station, which prepares the hybridized products for imaging. The
nCounter Digital Analyzer reports the digital counts representing the number of

molecules labeled with a fluorescent barcode for each probe-targeted transcript. Data
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were analyzed using the nSolver software (Nanostring Technologies, Seattle, WA) and

Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA).

Xenograft-induced colitis experiment

At day 0, 8-12 week-old female Rag2” IL2Ry™" mice were inoculated sc with 5x10°
HT29 cells. At day 7 post tumor-cell inoculation, 10" human PBMCs resuspended in 1ml
of PBS were injected intraperitoneally. Human blood samples were obtained from healthy
donors, and fresh PBMCs were isolated by density gradient separation (Ficoll® Paque

Plus, GE Healthcare).

At day 7, 11, 14, 17 mice were injected intraperitoneally with Ipilimumab (200ug) plus
Nivolumab (200ug) and Etanercept (40pug) subcutaneously. As an antibody control, we
used human 1gG (200ug). Ultrasound analyses of the intestine were performed at day 24,
and photographs obtained. Mice were bled at day 24 for sera collection. Transaminase
analyses were performed on the Roche Cobas platform. Xenografted tumors were

measured every three days.

Anti-drug antibody assay

Serum samples were collected from MC38 tumor-bearing mice treated with DSS +/- anti-
TNF-a or Etanercept on day 4 and 8 after the beginning of treatment and stored at -20°C
until analysis for anti-drug antibodies by an ELISA assay. Briefly, 1:5 serially diluted
serum samples, starting from a 1:10 dilution, were added to 96-well plates pre-coated
with 0.1 ug in 50 uL of rat anti-TNF-a or Etanercept for the individual detection of anti-

drug antibodies on DSS + ICB + a-TNF- or DSS + ICB + Etanercept-treated mice
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respectively. As negative controls, sera collected from mice treated only with DSS were
used. As a positive control, purified mouse IgG pre-coated wells were used. To allow the
binding between immobilized antibody and anti-drug antibodies, samples were incubated
for 1.5h at 37°C followed by thorough washing with PBS TWEEN® 0.05% buffer
(PBST) to eliminate unbound samples. Next, a highly cross-absorbed HRP-labeled goat
anti-mouse 1gG (H+L) (Life Technologies) was added at a 1:8000 dilution and the
samples incubated for 1.5h at 37°C followed by a thorough wash with PBST. HRP was
detected by incubation with 3,3',5,5'-Tetramethylbenzidine (TMB) substrate reagent (BD)
following the manufacturer's instructions. The colorimetric reaction was measured in a
spectrophotometer (A = 450 nm). Data were represented by normalizing the absorbance
data from serum samples to the absorbance data obtained from the positive control. EC50

were calculated by a sigmoidal regression model.

TNF-a Detection

To determine TNF-a protein levels in the tumor microenvironment, the tumor was first
homogenized by mechanic disruption with a pestle in PBS buffer with Complete Protease
Inhibitors. After centrifugation, the supernatant was collected and stored at -20°C for
further use. Circulating TNF-a was measured in serum samples. 1:10 dilutions of tumor
supernatant or 1:2 dilutions of serum were used to evaluate the protein level of TNF-a
using the Mouse TNF ELISA Set Il kit (BD OptEIATM) following the manufacturer's
instructions. The colorimetric reaction was measured in a spectrophotometer (A = 450

nm).
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Antibody list used for T cell exhaustion-related markers

Anti-mouse Eomesodermin (clone Danllmag) eFluor 660, anti-mouse Tim3 (clone
B8.2C12 ) PE/Dazzle 594, anti-human/mouse Thet (clone eBio4B10 ) PECy7, anti-
mouse CD45 (clone 30-F11 ) BV510, anti-mouse TCRp (clone H57-597) BV610, anti-
mouse CD19 (clone 6D5) BV660, anti-mouse CD8 (clone 53-6.7) BUV395, anti-mouse
CD4 (clone GK1.5) BV496, anti-mouse Foxp3 (clone MF-14) BV421, anti-mouse Ki67
(clone 188A) Alexa Fluor 700, anti-mouse PD1 (clone 29F.1A12) anti-mouse CTLA4
(clone 1B8) FITC, anti-mouse Lag3 (clone CO9B7W) PerCP-eFluor 510, anti-mouse 2B4
(clone m2B4-B6-4558.1) FITC, anti-mouse BTLA (clone 6F7) PerCP-eFluor 510, anti-
mouse CD160 (clone CNX46-3) BV421, gp70 pentamer-PE, gp100 (KVPRNQDWL)
pentamer-APC, and OVA (SIINFEKL) tetramer-PE. Stained cell suspensions were

analyzed by multicolor flow cytometry (Cytoflex, Beckman Coulter).

Statistical analysis

Prism software (GraphPad Software, Inc.) was employed for statistical analysis. We used
the log-rank test to determine the significance of differences in survival curves. Mean
differences were compared with t-tests for two group comparisons or one-way ANOVA
followed by multiple comparison tests for three or more group comparisons. Longitudinal
data were fitted to a third order polynomial equation and compared with the Extra sum-

of-squares F test. P values <0.05 were considered to be statistically significant.
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RESULTS

Nivolumab in combination with Ipilimumab results in synergistic immunotherapeutic
effects for patients affected by an expanding spectrum of malignancies[107-110].
Following compelling evidence in mouse models of cancer upon combined CTLA-4 plus
PD-1 blockade[114-117], a phase | dose-escalation clinical trial was conducted in
metastatic cutaneous melanoma patients, showing frequent, deep and durable objective
clinical responses[110]. However, over 40% of patients suffer serious immune-related
adverse events that have been conducive to dose reduction of Ipilimumab in the
recommended combination regimens for phase-11[118]. Of note, in a cohort biweekly
dosed at 3 mg/kg of Nivolumab plus 3 mg/kg of Ipilimumab that had to be halted because
of dose-limiting toxicity, six out of six melanoma patients experienced dramatic clinical
responses[110]. Moreover, randomized evidence in melanoma patients concludes that
dosing single-agent Ipilimumab at 10 mg/kg every three weeks results in longer overall

survival than 3 mg/kg regimens[119].

Immune-related adverse events upon treatment with checkpoint inhibitors are usually
satisfactorily treated by suspending the therapeutic agents and initiating steroids[120].
TNF-a blockade with Infliximab is recommended for serious or steroid-refractory
cases[120] with the exception of hepatitis because of the putative role of TNF-a in
promoting liver regeneration[121]. In this study, we provide evidence that the
prophylactic blockade of TNF-a prior to instigation of combined CTLA-4 plus PD-1
checkpoint inhibitors prevents mouse-modeled autoimmune adverse events and

surprisingly even enhances the antitumor efficacy of combined treatment.

Colitis is among the most frequent and worrisome immune-mediated adverse events upon

dual checkpoint inhibition[120]. Inflammatory bowel disease can be modeled in mice by
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providing dextran sulfate sodium (DSS) in the drinking water[122, 123]. A series of
experiments administering a combination of anti-CTLA-4 and anti-PD-1 mAbs (Fig. 1a)
exacerbated the autoimmune colitis syndrome, resulting in weight loss (Figure 1B),
engrossed large intestinal wall upon ultrasound examination (Fig. 1c-d) and worsening of
colon inflammation as assessed by histological techniques (Fig. 1e). TNF-a blockade is
a recommended treatment for ulcerative colitis[124] and Crohn’s disease, and we found
that prophylactic administration of anti-mTNF-a mAb or the TNF-a trap Etanercept
(TNFR1-1gG)[125] clearly ameliorated DSS-induced colitis as exacerbated by the anti-

PD-1 plus anti-CTLA-4 mAb combination regimen (Fig. 1 a-d).
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Figure 1. DSS-induced colitis as exacerbated by anti-PD-1 and anti-CTLA-4 mADb is
ameliorated by prophylactic TNF-a blockade. a, Mice in which autoimmune colitis
was induced by DSS administration in the drinking water were treated in different groups
with anti-PD-1 + anti-CTLA-4 mAbs in combination with or without TNF-o blockade
either with anti-TNF-o mAbs or Etanercept. b, Normalized follow-up of body weight as
a surrogate indicator of colitis severity in mice (ICB stands for Immune Checkpoint
Blockade). Data are mean * s.d. of n=9 biologically independent mice. Extra sum-of-
squares F test. ¢, Shows representative ultrasound assessments of intestinal wall thickness
that are systematically presented in d. Red bars indicate the intestinal wall thickness. Data
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are mean + s.d. The numbers of biologically independent mice are: n=8 for DSS and
DSS+ICB and n=3 for groups with TNF-a blockade. One-way ANOVA followed by
Dunnett post-test. e, Represents results of a pathology score assessing the severity of
colon wall inflammation in H&E stained sections evaluated by a clinical pathologist
blinded to the origin of samples. Data are mean + s.d. The numbers of biologically
independent mice are n = 7 for the groups treated with anti-TNF-o. and n = 6 for the other
groups. One-way ANOVA followed by Dunnett post-test. Pooled data of two independent
experiments.
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We next studied if prophylactic TNF-a blockade would impair the antitumor activity of
the anti-PD-1 plus anti-CTLA-4 mAbs combination in mice bearing established MC38 or
B16 OVA-derived tumors. As shown in figure 2a-c, TNF-a inhibition with a specific
mADb or Etanercept did not hamper the prominent antitumor effects of the dual checkpoint

inhibition against MC38-derived tumors.

Similar observations were made on B16-OVA-derived melanomas (Extended Data

Fig.1).
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Extended Data Figure 1. Antitumor activity of double immune checkpoint blockade
on B16-OVA derived tumors. Experiments as in Fig. 2a but performed on mice bearing
B16-OVA-derived tumors treated in different groups as schematically represented in a.
b, shows the overall survival of treatment groups. n is indicated in panel c; two-sided log-
rank test. ¢, Individual follow-up of tumor size depicting the fraction of mice completely
rejecting their tumors. Representative experiment of two independent experiments.
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These data indicated that TNF-o functions are dispensable and, to some extent, harmful
to the antitumor activities of the combined immunotherapy regimens. In parallel
experiments, preventive IL-6 blockade was also attempted due to previous reports on IL-
6 neutralization for cancer treatment[126, 127]. However in our case, antitumor efficacy

was partially reduced in the MC38 and B16-OVA models (Extended Data Fig. 2).
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Extended Data Figure 2. Prophylactic IL-6 blockade hinders the antitumor activity
of the anti-PD-1 + anti-CTLA-4 mAb immunotherapy regimen. a, Schematic
representation of treatments applied to mice subcutaneously engrafted with MC38 colon
carcinoma cells whose results are shown in panel b. b, Individual follow-up of tumor
mean diameters indicating the fraction of mice completely rejecting established tumors.
¢, Schematic representation of treatments applied to mice subcutaneously engrafted with
B16-OVA melanoma cells whose results are presented in panel d. d, Individual tumor
size follow-up depicting fractions of complete rejections. Pooled data of two independent
experiments
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Unexpectedly, with some experimental variability, TNF-a neutralizing agents resulted in

a higher fraction of mice completely rejecting their tumor grafts (Fig. 2).
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Figure 2. Prophylactic TNF-a blockade doses do not hinder and even enhance the
antitumor activity of the anti-PD-1 + anti-CTLA-4 mAb immunotherapy regimen.
a, Schematic representation of treatments applied to mice subcutaneously engrafted with
MC38 colon carcinoma cells whose results are presented in panels b and c. b, Overall

83



survival of the indicated treatment groups. The numbers of biologically independent mice
are indicated in panel c; Two-sided log-rank test. c, Individual follow-up of mean tumor
diameters indicating the fraction of mice completely rejecting established tumors. d,
Schematic representation of experiments performed as in a but with colitis induced from
day +9 by providing DSS in the drinking water. e, Shows overall survival of the mice.
Biologically independent mice are indicated in panel f; Two-sided log-rank test. f,
Individual tumor size follow-up depicting fractions of complete rejections. Pooled data
of three independent experiments.
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These data are reminiscent of a recent report in which tumor-bearing mice genetically
deficient in TNF-o or under TNF-a blockade responded slightly better to anti-PD-1

single-agent treatment[128].

We sought to determine if the enhancement of antitumor effects would also occur in
MC38 tumor-bearing mice in which DSS colitis had been concomitantly induced. A
series of experiments that were undertaken suggested an advantage in tumor rejection and
survival for mice which in addition to double checkpoint blockade also received
Etanercept or anti-TNF-o (Fig. 2d-f). Of note, the neutralizing antibody was more
consistently efficacious than Etanercept. This can be related to the fact that in response to
Etanercept immune competent mice develop anti-drug antibodies more efficiently

(Extended Data Fig. 3).
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Extended Data Figure 3. Etanercept administration elicits anti-drug antibodies in
mice. An anti-drug antibody detection assay was performed on serum collected from
MC38 tumor-bearing mice 4 or 8 days after the beginning of TNF-a blockade treatment
as in Fig. 2d. a and c, Percentage of normalized absorbance reflecting the levels of
antibody against rat anti-TNF-o or anti-Etanercept by ELISA on days 4 (a) and 8 (c). b
and d, Representation of the half maximal effective serum concentrations (ECso) are
shown for days 4 (b) and 8 (d). Data are mean % s.d.; The numbers of biologically
independent mice are: n=15 (DSS), n=13 (DSS + ICB + a-TNF) and n=9 (DSS + ICB +
Etanercept) from three independent experiments. One-way ANOVA followed by Dunnett
post-test. A sigmoidal dose-response equation was used to determine ECso. The
continuous line represents the nonlinear regression curve fit, and the dotted line represents
the s.d. Pooled data of three independent experiments.

86



In addition, anti-CTLA-4 + anti-PD-1 treatment increased TNF-o concentrations in the
tumor microenvironment without detectable circulating levels (Extended Data Fig. 4) and

perhaps tissue penetration of the TNF-a neutralizing agent is desirable

P=0.0006
800 - -

TNF-o in tumor (pg/mL)

Extended Data Figure 4. Increased concentrations of TNF-a in the tumor
microenvironment upon ICB therapy. Tumor homogenates were prepared 24h after
finishing the treatment regimen described in Fig. 2d. Levels of TNF-a in the tumor are
shown. Data are mean = s.d.; n=4 biologically independent mice. Two-sided t-test. TNF-
a was undetectable in serum samples from the same mice. Representative experiment of
two independent experiments.
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Double checkpoint inhibition in mice bearing MC38 and B16-OVA tumors gave rise to
an increase in the infiltrate of CD8" T cells in the tumors that was further enhanced by

anti-TNF-a or Etanercept (Extended Data Fig. 5a).
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Extended Data Figure 5. Downregulation of PD1 expression on tumor-infiltrating
antigen-specific CD8* T cells following the anti-PD-1 + anti-CTLA-4 mAb
immunotherapy regimen. Tumors from MC38 and B16-OVA mouse models were
collected 24h after finishing the treatment according to the dose regimens described in
Fig. 2d and cell suspensions were analyzed by flow cytometry. a, Percentages of total
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TCRB*CD8* T cells among viable CD45" cells are shown for MC38 (upper panel) and
B16-OVA (lower panel). b, Median fluorescence intensities (MFI) of surface PD1 are
shown for PD1" cells gated on viable CD45"CD19 TCRB*CD8" gp70 pentamer™® (upper
panel) or OVA tetramer” cells (lower panel). ¢, MFI of surface Tim3 is shown for Tim3*
cells previously gated on viable CD45"CD19 TCRB*CD8" gp70 pentamer™ (upper panel)
or OVA tetramer™ cells (lower panel). Data are mean + s.d. The numbers of biologically
independent mice are: Upper panels (MC38) n=7 for DSS and DSS+ICB and n=6 for
groups with TNF-a blockade. Lower panels (B16-OVA) n=6 for DSS+ICB+aTNF-a and
n=10 for the other groups. One-way ANOVA followed by Dunnett test, each condition
compared with the DSS group as a control. d, Representative contour-plots of PD1 and
Tim3 in experimental groups described in b are shown for viable CD45°CD19
TCRB*CD8" gp70 pentamer® cells. Fluorescence minus one stainings were used as
negative controls. Representative data of two independent experiments.
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Importantly, this increase was also substantiated for tumor antigen-specific CD8" T cells
as detected by gp70 H-2KP- pentamer immunostainings in the tumor microenvironment

and tumor-draining lymph nodes (Fig. 3a and b).
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Figure 3. TNF-a blockade increases infiltration of tumor-specific T cells in MC38-
derived tumors and decreases activation-induced cell death in CD8* T cells from
mice and humans. Mice bearing MC38 tumors were treated as in Fig. 2d and sacrificed
on day 16 to retrieve their tumors. a, Represents the content of tumor-specific CD8" T
cells as detected with a gp70 H-2KP® pentamer in the tumor microenvironment. Data are
mean + s.d. The numbers of biologically independent mice are n=9 for DSS and
DSS+ICB+aTNF-a and n=7 for DSS+ICB and DSS+ICB+Etanercept. One-way
ANOVA followed by Dunnett post-test. (b) Tumor-specific CD8" T cells as detected with
a gp70 H-2K® pentamer in the tumor-draining lymph nodes. Data are mean + s.d. The
numbers of biologically independent mice are n=9 for DSS and DSS+ICB and n=10 for
groups with TNF-a blockade. One-way ANOVA followed by Dunnett post-test. ¢, OT-1
CD8* T cells isolated from the spleen of TCR-transgenic mice were activated with
cognate SIINFEKL peptide at 25 ng/ml. Anti-PD-1 and anti-CTLA-4 mADbs at 6.6 ug/ml
were added to the ICB-treated cultures. Simultaneously anti-TNF-a (8.3 pg/ml) or
Etanercept (2.6 ug/ml) were added to the indicated conditions. Cell death was monitored
by Zombie Nir staining of T cells assessing the percentage of dead lymphocytes 72h after
adding stimuli. Data are mean + s.d. n=6 biologically independent samples. One-way
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ANOVA followed by Dunnett post-test. d, Experiments as in ¢ were performed with
Pmel-1 T cells activated with 500 ng/ml of cognate gp100 peptide. Data are mean = s.d.
n=6 biologically independent samples. One-way ANOVA followed by Dunnett post-test.
Pooled data of two independent experiments in a, b, c and d. e and f, Mice bearing MC38
tumors were treated as in a and the fraction of viable gp70-reactive CD8 T cells was
assessed by viability-dye exclusion in gated CD8" T cells from cell suspensions derived
from either (e) tumor-infiltrating lymphocytes, or (f) tumor-draining lymph nodes. Data
are mean + s.d. The numbers of biologically independent mice are n=5 for all groups
except n=4 for DSS+ICB and DSS+ICB+Etanercept. One-way ANOVA followed by
Dunnett post-test. Representative experiment out of three independent experiments in e
and f. g, PBMCs from healthy donors were activated with plate-bound anti-CD3/CD28
antibodies for 7 days in the presence or absence of Infliximab (anti-hTNF-o, 10 pg/ml)
or Etanercept (4 ug/ml). Cell death was monitored by % Annexin V staining of CD8* T
cells. Data are mean + s.d. The numbers of biologically independent healthy donors are
n=15 for anti-CD3/CD28 + Etanercept and n=11 for anti-CD3/CD28 + Infliximab. Two-
sided paired t-test. Pooled data of nine experiments.
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We explored if these beneficial antitumor effects of prophylactic TNF-a blockade could
be related to reversion of an exhaustion phenotype of CD8 T cells. In this regard, MC38
tumor-infiltrating CD8" T cells under double checkpoint blockade and TNFo. inhibition
with mAb had a lower surface expression of PD-1 (Extended Data 5b and d) as assessed
by a non-competing anti-PD-1 mADb[129]. In contrast, surface expression of TIM-3 was

not modified by double checkpoint blockade (Extended data Fig. 5c).

The focus of these experiments on surface TIM-3 expression on tumor-specific tumor-
infiltrating CD8 T cells came from the reported decrease in TIM-3 expression by TNF-a
blockade upon anti-PD-1 single-agent treatment that was invoked to explain enhanced
efficacy[128]. Moreover, we tested a wide panel of molecules associated with T-cell
exhaustion without noticeable changes attributable to TNF-a blockade aside from the
mentioned reduction of PD-1 (Extended Data Fig. 6). Reduction of surface PD-1 did not
result from internalization[129] and probably involves selective expansion of PD-1'0"/ned

CD8 T cells upon treatment as recently reported[130, 131].
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Extended Data Figure 6. Expression of T cell exhaustion related markers on T cells
following ICB treatment with or without TNF-o blockade. Tumor-specific T CD8
cells recognizing gp70 (upper panels) or OVA (lower panels) in tumor cell suspensions
derived one day after completion of treatments as color-coded indicated were analyzed
by multicolor flow cytometry. Expression of surface CTLA-4 (a), LAG3 (b), BTLA (c),
2B4 (d), CD160 (e) and intracellular Ki67 (f) are shown. Data are MFI (mean * s.d.) for
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surface markers and % of positive cells for Ki67 (mean * s.d.). The numbers of
biologically independent mice are Upper panels (MC38) n=3. Lower panels (B16-OVA)
n=4 for the DSS+ICB group and n=5 for the other groups. One-way ANOVA followed
by Dunnett test, each condition compared with the DSS group as a control. Representative
data of two independent experiments.
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Another mechanistic possibility for the enhanced antitumor effects is the attenuation of
activation-induced cell death (AICD) in T lymphocytes[132]. Indeed, murine T cells
deficient in TNFR1 (p55™) reportedly experience considerably more pronounced levels
of AICD[133]. In keeping with this finding, we observed that TNF-ao blockade with anti-
TNFa or Etanercept decreases apoptosis in TCR-transgenic mouse CD8* OT-I and Pmel-
1 cells activated in culture with their respective cognate peptides in the presence of anti-
PD-1 and anti-CTLA-4 mAbs (Figs. 3c and d). Furthermore, in mice bearing MC38
tumors and suffering from DSS colitis that were treated with double checkpoint blockade,
systemic TNF-a neutralization resulted in increased viability of tumor-reactive CD8 T
cells in the tumor microenvironment (Fig. 3e) and even more prominently so in tumor-
draining lymph nodes (Fig. 3f). Importantly, human CD8 T lymphocytes from a series of
healthy volunteers activated with anti-CD3/anti-CD28 mAbs experienced less AICD
when cultured in the presence of the anti-TNFo mAb Infliximab or Etanercept (Fig. 3g

and Extended Data Fig. 7).
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Extended Data Figure 7. Gating strategy and representative contour plots of AICD
protection by TNF-a blockade in human PBMCs. a, Gating strategy for flow
cytometry analysis. b, Representative contour plots showing annexin V positive cells
among CD8" T lymphocytes after stimulation with anti-CD3/CD28 with or without TNF-
a blockade with Infliximab or Etanercept of experimental groups described in Fig. 3g.
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To address the clinical applicability of these mouse data, we explored if the TNF-a
pathway is turned on in human cancer patients developing colitis upon Nivolumab plus
Ipilimumab treatment. Figure 4a and b show NanoString-assessed mRNA expression of
immune-related gene analyses in tissue sections from colon biopsies of healthy mucosa
from patients with double-checkpoint induced colitis or diagnosed with bona fide
ulcerative colitis. TNF-a mRNA was augmented in all four cases although it did not reach
the levels of naturally occurring inflammatory bowel disease (Fig. 4a). Gene expression
analyses were also consistent with transcripts reflecting local activation of the TNF-a
gene signature (Fig. 4b). Since TNF-a is a cytokine that can be efficaciously targeted in
ulcerative colitis, it makes sense to prevent or attenuate colitis induced by Nivolumab
plus Ipilimumab treatment given the fact that TNF-a is also upregulated in situ in the

intestinal lesions.
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Figure 4. TNF-a axis is involved in immune-mediated colitis as a side effect of
combined Nivolumab+Ipilimumab in patients and in humanized mouse models of
immune-mediated adverse events upon ICB anti-tumor treatment. Gene-expression
profiling using a nCounter Analysis System using the PanCancer Immune Profiling Panel
probe set was performed in different human colon mucosa tissue taken by colonoscopy:
four healthy mucosae of large intestine (Control), four cases of colitis induced by
Nivolumab+Ipilimumab immunotherapy (ICB-colitis) and four cases of ulcerative colitis
(Ulcerative colitis). a, TNF-a gene expression. Centre line, median; box limits, minimum
and maximum. n=4 biologically independent patient samples. One-way ANOVA
followed by Dunnett post-test. b, Gene signature that denotes TNF-a activation in ICB-
Colitis and Ulcerative colitis versus Control group. Data from a single experiment in a
and b. ¢, Schematic representation of treatments applied to immunodeficient Rag2™”-
IL2Ry™" mice subcutaneously engrafted with HT29 colon carcinoma cells and human
PBMCs after seven days. Mice were treated at days 7, 11, 14, 17 intraperitoneally with
Ipilimumab plus Nivolumab with or without Etanercept (40ug) given subcutaneously. As
an antibody control, we used human polyclonal 1gG. d, Tumor mean volumes. Data are
mean + s.d. The numbers of biologically independent mice are n=5 for 1gG and n=6 for
treated groups. Extra sum-of-squares F test. e, Alanine transaminase (ALT) and aspartate
transaminase (AST) serum levels at day 24. Data are mean + s.d. of n =5 for IgG and n
= 6 for treated groups. One-way ANOVA followed by Dunnett post-test. f, Ultrasound
assessments of intestinal wall thickness at day 24. Data are mean + s.d. The numbers of
biologically independent mice are n=5 for IgG and n=6 for treated groups. One-way
ANOVA followed by Dunnett post-test. g, Representative ultrasound examination images
of the different treatment groups described in f. Red bars indicate intestinal wall thickness.
Data from a single experiment.
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To further explore applicability, we used a model of xenograft versus host disease in
which human PBMCs are infused into Rag”IL-2Ry” mice. This condition causes
inflammation of several target organs including the colon[134]. In such a model,
treatment with Ipilimumab plus Nivolumab exacerbated the disease and resulted in body
weight differences (Extended Data Fig. 8a). In this setting of multiorgan autoimmunity
exacerbated by double checkpoint blockade, Etanercept but not control human IgG
ameliorated large intestine inflammation as assessed by ultrasound exams of intestinal
wall thickness (Extended Data Fig. 8b and c). In this humanized mouse model, we
subcutaneously xenografted HT29 colon cancer cells (Fig. 4c) and observed that tumor
progression was controlled to some extent by Nivolumab + Ipilimumab treatment. In
these conditions, concomitant Etanercept treatment did not spoil these therapeutic effects
(Fig. 4d). In contrast, xenograft versus host hepatitis and colitis were markedly

ameliorated (Fig. 4 e to g).

P=0.008 P=0.005

-
w

250

[N
N

200

150 (]

100

[,
o

50

Normalized weight
=
=
l
Intestine wall
thickness (um)

o
©

0 5 10 15

- IgG Q}\e
= ICB P<0.0001 <

=+ |CB + Etanercept

ICB + Etanercept

.

L=0.19mm e L=0.12mm

99



Extended Data Figure 8. TNF-a axis is involved in immune-mediated colitis
exacerbated by ICB in immune-deficient mice reconstituted with human PBMCs.
Fresh human PBMCs were injected intraperitoneally at day 0 into immunodeficient Rag2
FIL2Ry™" mice. At day 0, 4, 7, 10, mice were injected intraperitoneally with Ipilimumab
(200 pg) plus Nivolumab (200 pg) with or without Etanercept (40ug) given
subcutaneously. As an antibody control, we used human polyclonal 1gG. a, Normalized
follow-up of body weight. Data are mean + s.d.; The numbers of biologically independent
mice are n=4, except n=5 for PBMCs+ICB+Etanercept. Extra sum-of-squares F test. b,
Ultrasound assessments of intestinal wall thickness. Data are mean + s.d. The numbers of
biologically independent mice are: n=4 for PBMCs+IgG, n=3 for PBMCs+ICB and n=5
for PBMCs+Etanercept. One-way ANOVA followed by Dunnett post-test. c,
Representative ultrasound images estimating colon wall thickness in the different
experimental groups described in b. Red bars indicate intestinal wall width. Data from a
single experiment.
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TNF-a blockade is not new in the cancer immunotherapy arena. Pioneering work by F.
Balkwill et al.[135] resulted in clinical trials testing infliximab for ovarian[136] and
renal[137] cancer involving etanercept and infliximab. Clinical activity was modest and
not sufficiently supportive to warrant further clinical research but the fact that the patients
underwent treatment without any reported evidence of disease hyper-progression
constitutes very reassuring evidence of the excellent safety of TNF-a inhibition in

advanced cancer patients.

Taken together our results and previous experience argue in favor of conducting a
sufficiently powered clinical phase Il clinical trial testing the safety (% grade>2 irAES)
and objective activity (ORR) in patients undergoing Ipilimumab plus Nivolumab
treatment in whom an approved anti-TNF-a agent would be given prophylactically or
concomitantly with the immunotherapy regimen. Indeed, there is an ongoing phase I
investigator-initiated trial testing safety of this combined approach (clinicaltrails.gov
NCT03293784) that should be followed by a larger clinical trial. Our results argue in
favor of better safety, at least in the gut and in the liver, and equal or perhaps enhanced
efficacy. If this hypothesis is correct, prophylactic TNF-a blockade may allow
Ipilimumab doses to be safely increased in the combined immune checkpoint blockade

regimens which thereby are predicted to exert more robust antitumor efficacy.
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Immunotherapy has revolutionized the medical practice in clinical oncology, allowing a
gain in overall survival of treated patients. The mode of action is the result of improving
the patient’s own immune System-mediated anti-tumor activity and in general these
approaches present fewer and more tolerable side effects as compared to other therapies.
Best results have been obtained by anti-PD-1 monoclonal antibodies that have been
approved between 2014 and 2015 for the treatment of metastatic melanoma. Since then,
anti-PD-1 antibodies are approved for thirteen more types of malignancies. Moreover,

anti-PD-L1 therapies are approved for six types of cancer[142].

The success of therapies targeting the anti-PD-1/PD-L1 axis relies on different
mechanisms. As it has been widely described, PD-1 ligation by its cognate ligand PD-L1
induces T-cell dysfunction causing cell cycle arrest, T-cell migration suppression, and
reduction of cytotoxic effector capabilities. As discussed before, this immune checkpoint
is necessary for the prevention of autoimmune reactions following chronic activation of
T-cells. It has been demonstrated with preclinical models that the block of the axis PD-
1/PD-L1 increases the duration of the interactions between dendritic cells and T-cells, T-
cell activation, numbers of antigen-specific T-cells and consequent inhibition of tumor
growth. Of significant interest are data demonstrating the role of anti-PD-1/PD-L1 in
reinvigorating exhausted T-cells in melanoma patients under immune checkpoint

treatment [1, 130, 131, 138, 139].

Despite the important actions of anti-PD-1/PD-L1 therapies on CD8" T cells, also CD4*
cells are targeted by these monoclonal antibodies. In fact, several pieces of evidence show
that immunotherapy augments cytokine production from these cells that in turn act on the
response of effector CD8" cells, promotes memory formation or migration of T cells in a

CD4*-secreted IFNy and chemokines dependent manner. CD4" memory T cells also
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expand under PD-1 treatment and particular CD4*CD57* population of senescent cells

has been demonstrated to decrease in responders patients [1].

Despite the excellent results obtained by antibodies targeting the PD-1/PD-L1 axis, the
majority of patients fails to experience a durable response. For this purpose, several
combinations have been approved by FDA based on an improvement of the percentage
of patients that benefit from this therapy. To date, FDA approved the combination of anti-

PD-1 agents with only Ipilimumab, conventional chemotherapy, Abraxane or Axitinib.

New combination strategies are necessary to raise the rate of patients that respond to PD-
1/PD-L1 agents. Although in 2018, 1700 trials of combinations with more than 240

targets were tested, more need to be done [142].

Of extreme interest would be exploiting the phenomenon of cell death for combined
immunotherapy strategies. As previously described, cell death, differently from what has
been thought for decades, is an active rather than a passive event. In this regard, the
immune system acts as a sensor interacting with the environmental cues and responding
to them to re-establish homeostasis[140]. Macroscopically, the sensors used by the
immune systems are the epithelial and the mucosal barriers and in general the innate
branch of the system. Microscopically, we can define as sensors the innate immune
receptors, such as Toll-like receptors, that detect exogenous PAMPs and endogenous
DAMPs. A successful combined immunotherapy treatment needs to act on the three
signals necessary to initiate an adequate response. Must be improved the antigen-
presentation by DCs (signal 1), the DCs-mediated T cell-costimulation (signal 2) and the

release of polarizing cytokines (signal 3).

The three-signal model of T-cell activation may be integrated with the phenomenon of

cell death and better represented by a more exhaustive framework proposed by Matthew
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L. Albert and colleagues. They propose an elegant model with two additional signals. The
engagement of pattern recognition receptors by PAMPs and DAMPs, leading to dendritic
cells maturation and migration has been suggested to account for signal 0. Being dying
cells a dominant source of PAMPs, DAMPSs, and antigens, they propose the intrinsic cell
mechanisms of cell death as signal 0. Therefore, dying cells release upon a source of cell
stress constitutive DAMPSs (i.e., calreticulin or HMGBL1) or inducible DAMPs generated
by the activation of specific pathways (i.e., IL1-B or Interferon Type 1)[141]. Due to this
peculiar immunological feature cell death could be the key for boosting the immune
response against cancer. The exploitation of the characteristics of immunogenic cell death
is already used when immunotherapy is combined with chemotherapy or radiotherapy.
DAMPs and “eat me” signals released during cancer cell death under traditional
oncological therapies lead to the loss of equilibrium between different cell subsets,
attracting more dendritic cells and immune subsets related to a type-1-like response[4].
Whether a natural anti-cancer immunological response working in similar conditions to
those present during the “elimination phase” of cancer progression, is able to shape the

immune response generating endogenously DAMPs was still unclear and unexplored.

According to our results the immune response might gain momentum fostered by effector

cytotoxicity and crosspriming of tumor antigens from Killed target tumor cells.

To dissect mechanisms underlying cellular cytotoxicity and its potential as a mediator of
immunogenic cell death, we established a vaccination model, and we analyzed the
efficacy of antigenic specific CD8" T-cells in controlling tumor challenge. Our data
demonstrate that cellular cytotoxicity is a form of immunogenic cell death that shapes the
tumor microenvironment to present inflammatory properties. Analyzing our data we
speculate that therapies able to reinvigorate or stimulate a cytotoxic response, such as

checkpoint blockade therapy, generate a tumor microenvironment enriched by those
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signals necessary to tilt the equilibrium and attract a type-1-like response. In other words,
a response that generate the signal 0 and self-sustains the cancer immunity cycle with a
positive feedback loop. More investigation is necessary to confirm if this kind of response
occurs in patients with palpable tumors. Our model extremely forced cytotoxicity to a
level not present in real conditions also because of the immunosuppressive properties of
tumor cells or immune cells in the tumor microenvironment. It is therefore desirable to
try to combine immunotherapy with agents that maintain the immunogenicity of the

microenvironment.

Once established that immunotherapy could boost cellular cytotoxicity and generate a

favorable immunogenic microenvironment, the next key questions are:

1) Is there an activation lymphocyte threshold that needs to be reached to convert a
tolerogenic cell death to immunogenic cell death during tumor-killing?
2) Isthere an upper threshold that would lead to detrimental immune effects, such as

lymphocyte activation-induced cell death and exhaustion?

To answer the first question, more experimental evidence is needed. In this work, we
qualitatively studied cell death comparing immunogenicity of different forms of cell
killing (mechanical disruption by freezing and thawing and chemotherapy-induced
killing) to cellular cytotoxicity. We can clearly conclude that cytotoxicity is
immunogenic, but we did not determine the minimal activation “level” necessary to
induce immunogenic cell death. In other words, limited by our model, we have not
characterized activation markers on defined populations of T cells or NK cells to try to
establish in terms of surface receptor expression or transcription factors the minimal
requirements to activate an immunogenic killing. Studies in this direction would be

exciting and extremely important to clarify the field of immunogenic cellular killing. In
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this regard deeper understanding of cross-presentation and cross-priming by dendritic

cells will be paramount.

We partially answered the second question in this project, although it was not directly
related to immunogenic cell death. Studying how the excessive boost of cytotoxicity
induced by immunotherapy breaks the effectiveness of the therapy itself, we concluded
that cytokines considered to be essential for tumor control actually might become a source
of immune-response impairment, exerting a detrimental effect on activated T
lymphocytes. The immune system, trying to re-establish the homeostasis, will activate
mechanisms of compensation to prevent excessive boost. Immunologists so have to focus
not only on the acute effect of potentiated immunotherapy in cancer cells but also on the
long-term effects of the therapies, such as persistence of activated lymphocytes, long-
lasting memory responses and immunogenicity. Therefore, combinations need to be well
designed and evaluated in order to promote a level of cellular cytotoxicity that reaches
the threshold which leads to immunogenic cancer cell death without inducing exhaustion

or activation-induced death of effector cells.

Cell death is critical for cancer immunology and immunotherapy because controls the
number of effector cytotoxic T cells and the demise of malignant cells. Our results
studying apoptosis as a result of NK and CD8 cytotoxicity, clearly indicate that this
process leads to immunogenic cell death which through antigen crosspriming may lead
to epitope spreading in such a way that the cancer immunity cycle gains momentum. On
the contrary, studying the role of TNF in activation-induced T-cell death, we came to the
conclusion that this mechanism is important in terms of attenuating antitumor immunity
and offers a feasible therapeutic target to improve cancer immunotherapy results both

gaining in efficacy and reducing side effects.
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CONCLUSIONS

. Cellular cytotoxicity induces immunogenic cell death in vitro and in vivo.

. CD8" T cells and NK cells-induced immunogenic cell death depends on cDC1
and does not depend on STING and IFN type | signaling pathway.
Prophylactic TNF blockade ameliorates immune checkpoint blockade-
exacerbated side effects.

Prophylactic TNF blockade does not hinder and even enhances the antitumor
activity of immune checkpoint blockade therapy.

Prophylactic TNF blockade decreases activation-induced cell death in CD8" T

cells from mice and humans.
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