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Abstract

Attempts to treat solid tumors with chimeric antigen receptor (CAR) T cells often
fail due to compromised trafficking of the CAR T cells into the tumor, and the
dampening of cytotoxic immune responses, exerted by abundant
immunosuppressive cells and factors present in the tumor microenvironment
(TME). 5'-triphosphate double-stranded RNA (3p-RNA) — commonly produced
during viral replication — is intracellularly sensed by retinoic acid-induced gene |
(RIG-1). RIG-I is a pattern recognition receptor, which upon activation, unleashes
a series of events that culminate in the expression of type | interferons (IFN), other
pro-inflammatory cytokines and diverse chemokines, overall enhancing

surveillance by immune cells.

We show that intra-tumoral 3p-RNA injections improve CAR T cell therapeutic
efficacy in preclinical models of pancreatic cancer by enhancing each step of the
cancer immunity cycle proposed by Chen and Mellman (Chen & Mellman, 2013).
This starts with the induction of an immunogenic form of cell death in step (1),
followed by the increase of antigen uptake and activation of antigen presenting
cells (APC) (2). These APC process and present the acquired antigens to naive
T cells in the lymph nodes, priming and activating them (3). The newly primed T
cells travel to the tumor site (4) and penetrate the tumoral mass (5). Once inside
the tumor, T cells recognize the cancer cells, get activated (6) and unleash a
cytotoxic response that contributes to increased cancer cell death and superior

tumor growth control (7), re-starting the cycle (Figure 1).

Intra-tumoral administration of 3p-RNA remodeled the myeloid immune
compartment in the TME by reducing the relative frequency of
immunosuppressive populations i.e., macrophages and polymorphonuclear
myeloid-derived suppressor cells (PMN-MDSC), while increasing Ly6Chigh
inflammatory monocytes. Furthermore, treating tumor cells with 3p-RNA induced
cell death and the release of damage-associated molecular patterns (DAMP),
prompting higher antigen uptake, activation, and cross-presentation by APC.

Importantly, cytokine and chemokine secretion in response to 3p-RNA treatment
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enhanced the infiltration of both CAR T cell and endogenous T cell into the
tumors, and additionally increased CAR T cell persistence, proliferation,
activation, and cytotoxicity. This culminated in better tumor growth control and
prolonged survival of mice bearing pancreatic ductal adenocarcinoma (PDAC)
tumors. The induction of immunogenic cell death by the combination treatment
stimulated a de novo immune response leading to antigen spreading that can

potentially prevent tumor relapse due to antigen loss.
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Figure 1. RIG-I targeted therapy improves CAR T cell efficacy in solid tumors by
enhancing each step of the cancer immunity cycle.

The figure depicts how treating PDAC-bearing mice with the combination of PEI-
complexed 3p-RNA injected intratumorally together with systemic injections of CAR T
cells leads to remodeling of the TME inducing secretion of type | IFN, cytokines and
chemokines. In parallel, this combination treatment leads to 1) cell death induction and
release of DAMP and antigens. 2) Enhancement of cancer antigen uptake and
presentation by APC. 3) Enhanced priming and activation of T cells. 4) Increased
migration and 5) infiltration of both CAR T cells and endogenous T cells. 6) Improved
tumor cell recognition with increased activation and cytotoxicity of T cells leading to 7)
increased tumor cell killing and superior tumor growth control. Figure adapted from The
“cancer-immunity cycle” proposed by Chen and Mellman in 2013 (Chen & Mellman,
2013).
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1. Introduction

1.1 The immune system

The immune system is composed of a complex and interactive network of cells,
organs, and molecules that collaborate to protect the organism from invading
pathogens and damaged or mutated cells (Sarén, 2022). It is divided into innate
and adaptive immune branches, which differ from one another in terms of cellular
components, reaction speed and specificity. Yet, they work closely together to

eliminate threats such as cancer (Parkin & Bryony, 2001).

1.1.2 Innate immunity

The term innate immunity is generally used to describe the first line protection
against pathogens. Sometimes physical, chemical, and microbial barriers are
included within the description of innate immunity. However, the cellular elements
composing this type of immunity are monocytes/macrophages, granulocytes
(neutrophils, basophils, and eosinophils), NK cells, dendritic cells (DC) and their
soluble effector proteins called cytokines and those belonging to the complement
system (Parkin & Bryony, 2001). Neutrophils, monocytes, and macrophages are
professional phagocytic cells that rapidly infiltrate microbial-invaded or damaged
tissue, phagocyte foreign particles and apoptotic debris and release anti-
microbial peptides, reactive oxygen species and pro-inflammatory cytokines that
attract other immune cells towards the inflammation site (Kantari et al., 2008). NK
cells are part of the family of innate lymphocyte cells and contrary to B and T
lymphocytes, they do not express specific antigen receptors. They recognize
abnormal cells via binding of their immunoglobulin receptors (FcR) to antibody
coated targets. Alternatively, they sense the membrane expression of major
histocompatibility complex class | (MHC-I) in target cells and their cytotoxic

capacity is unleashed when such expression is absent (Parkin & Bryony, 2001).

15



The communication between innate and adaptive branches of the immune
system is performed by antigen presenting cells (APC). Both DC and
macrophages are APC, however, DC are described to be the most skilled in
antigen cross-presentation (Yatim & Lakkis, 2015). DC activation is induced upon
pattern recognition receptor (PRR) sensing of damage-associated molecular
patterns (DAMP) or pathogen-associated molecular patterns (PAMP). Once
activated, DC take up cellular debris including antigen fragments that are
processed and presented as peptides in one of the two types of major
histocompatibility complexes MHC (Eisenbarth, 2019). Extracellular antigens are
usually presented on MHC-II to prime and activate CD4* T cells. Specialized DC
have the ability to cross-present antigens from extracellular sources — for
example virus-infected cells or tumor cells — on MHC-I to prime and activate CD8+*

T cells, inducing a cytotoxic T cell response (Cruz et al., 2017).

DC1 are a subset of DC that have been described to have a particularly high
capability of promoting IL-12-mediated Th1 responses and cross-present
antigens on MHC-I to CD8* T cells (Collin & Bigley, 2018), playing an important

role in anti-tumor immune defenses (Cance et al., 2019).

113 Adaptive immunity

B and T cell comprise the adaptive branch of the immune system. Both cell types
mount an immune response upon antigen-specific recognition via the B cell
receptor (BCR) or T cell receptor (TCR) (Alberts et al., 2002). Unique BCR and
TCR receptors are expressed on each B and T cell and are the result of genetic
rearrangements in the antigen-recognition domains of the receptors. This means
that both cell types have the capacity to recognize millions of different antigens
specifically (Janeway et al., 2001). Upon maturation, antigen-specific B cells
develop into plasma cells (which produce antibodies) and memory B cells and
can act as APC (Parkin & Bryony, 2001). T cells are mainly divided into helper T
cell (Tn) and CD8* cytotoxic T cells (CTL). Tn cells induce and support antigen-
specific B and CD8+ T cell responses while CTL drive directed killing of target
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cells expressing the TCR specific antigen (Parkin & Bryony, 2001) and are

important effector cells of anti-tumoral immune responses.

114 Immunogenic cell death and the immune system

Cell death plays a key role in different processes such as embryonic development
and removal of damaged cells. The perpetual decease of these cells is hardly
recognized by the immune system which is important to prevent catastrophic
autoimmune disorders (Fuchs & Steller, 2011). Contrariwise, if cell death is
generated by pathogen infections or pathological conditions, an efficient immune
response is necessary to fight and eliminate the threat, preserving the integrity of
the organism and generating memory responses to overcome such challenges in
case they would arise again (Zhou et al., 2019). The determination of whether
cellular death will be acknowledged by the immune system and unleash a
response is therefore explained by the conjunction of multiple factors leading to

what is known as immunogenic cell death.

Immunogenic cell death (ICD) entails the release of DAMP by dying cells. These
factors act as adjuvants that trigger innate immune responses through PRR
sensing and signaling, communicating a state of danger (Fuchs & Steller, 2015).
Key DAMP released or exposed during an immunogenic form of cell death
include calreticulin, high-mobility group box1 (HMGB1), ATP, ANXA1 and type |
IFN (Fucikova et al., 2020). Calreticulin is an endoplasmic reticulum (ER)
chaperone that upon exposure in the membrane of dying cells serves as an “eat

me” signal facilitating CD91-mediated engulfment by DC.

HMGB1 is a non-histone chromatin binding protein, normally localized in the
nucleus of cells. Upon permeabilization of the nuclear lamina and cytoplasmic
membrane HMGB1 is released. At this point it can be recognized by several PRR
such as advanced glycosylation end-product-specific receptor (AGER) or Toll-
like receptors (TLR), initiating an innate immune response in both DC and other

myeloid cells (Fucikova et al., 2020). However, the generation of a de novo

17



immune response and induction of immunological memory requires the

engagement of the adaptive immune system.

The bridging between the innate and adaptive immune system requires dying
cells to not only release DAMP (adjuvanticity) but also to display foreign or
mutated antigens (antigenicity). These means that the dying cells should also
release novel neo-epitopes which can be encoded by either microbial genes or
host genes that have mutated as a result of oncogenesis or tumor progression
(van Kempen et al., 2015). The fact that tumors with high mutational load show a
superior response to immunotherapy with immune-checkpoint blockade, and that
this response relies on cells of the adaptive immune system, further supports this
point. In parallel, it has also been shown that cancer cells with defects in
pathways involved in the secretion of cell death associated DAMP fail to die in an
immunogenic way (Krysko et al., 2012). However, it has been shown that artificial
boosting of DAMP release can rescue cell death immunogenicity (Bezu et al.,
2015). Overall, both antigenicity provided by neo-epitopes, and adjuvanticity
provided by the release of DAMP or PAMP, are of paramount importance to
induce ICD and mount an effective and long-lasting immune response against a

threat like cancer cells (Galluzzi et al., 2017, Kroemer et al., 2022).

1.1.5 RIG-I-like receptors and their physiological role

RIG-I-like receptors (RLR) are a group of three intracellular PRR located in the
cytosol of cells: retinoic acid-inducible gene | (RIG-1), melanoma differentiation-
associated protein 5 (MDAS5) and laboratory of genetics and physiology 2 (LGP2)
(Rehwinkel & Gack, 2020). All of them possess a carboxy-terminal domain (CTD)
and a central helicase domain which allow the sensing of DAMP and PAMP in
the form of non-modified double-strand RNA (dsRNA), derived for example from
viral infections (Loo & Gale, 2011)or from endogenous sources as a result of
pathophysiological stress (Chen & Hur, 2022). In contrast to RIG-1 and MDAS5,

LGP2 doesn’t mediate downstream signaling.
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MDAS5 senses RNA length and secondary structure (Dias Junior et al., 2019).
Meanwhile, RIG-I recognizes short dsRNA that harbor 5-tri- or di-phosphate
moieties (Schlee et al., 2009). 5’-triphospate moieties are present in all forms of
endogenous nascent RNA transcripts but are quickly removed after 5’ processing
and RNA maturation (Gesteland RF et al., 1999). However, viral derived RNA
doesn’t usually undergo extensive post-transcriptional processing and therefore
retains an exposed 5’-triphosphate RNA (3p-RNA) making it a target for RIG-I
sensing (Hornung et al., 2006).

Both RIG-I and MDA5 have two caspase activation and recruitment domains
(CARD), that mediate the interaction with the adapter protein mitochondrial
antiviral-signaling protein (MAVS). The interaction between RIG-I/MDA5 and
MAVS leads to the recruitment of TNF receptor associated factors (TRAF) and
TANK-binding kinase 1 (TBK1), which in turn promote activation and nuclear
translocation of interferon regulatory factors (IRF3/7) and nuclear factor-kB (NF-
kB), ultimately leading to the initiation of an antiviral immune response mediated
by the expression of type | IFN and other pro-inflammatory cytokines and

chemokines (Onomoto et al., 2021).

The release of these pro-inflammatory cytokines and chemokines, derived from
immunostimulatory sensing by PRR, alerts, attracts, and activates immune cells
to combat viral infection. Paracrine and autocrine sensing of type | IFN by type |
interferon receptor (interferon- a/p receptor (IFNAR)), triggers the activation of
the intracellular Janus kinase—signal transducer and activator of transcription
(JAK-STAT) pathway (Rehwinkel & Gack, 2020). The activation of this pathway
facilitates the formation of a tripartite complex called IFN-stimulated gene factor
3 (ISGF3). ISGF3 is composed of phosphorylated STAT1 and STAT2 combined
with interferon regulatory factor 9 (IRF9). This complex recognizes IFN-
stimulated response elements (ISRE) on the promoters of IFN-inducible genes

(ISG) and modulate their transcription (Onomoto et al., 2021).

Up to a thousand ISG have been described depending on the cell type, IFN dose
and stimulation time (Schoggins & Rice, 2011). The proteins encoded by ISG

have a wide variety of functions. Some ISG encode proteins that recruit immune
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cells and induce strong anti-viral innate immunity. Others encode proteins that
interfere with different steps in the pathogen's lifecycle, such as inhibition of virus

replication, translation, and cell death induction (Schneider et al., 2014).

The 3p-BRNA-mediated induction of cell death was originally attributed to be a
result of RIG-I downstream signaling pathway (Besch et al., 2009). However,
members of our working group recently showed that cell death observed upon
3p-BNA treatment is not a direct result of the RIG-I downstream signaling
pathway. It is rather a separate event and the consequence of a two-step process
consisting of a priming and effector phase (Figure 2). In the priming phase,
cytokine release as a result of RIG-I signaling leads to upregulation of proteins
involved in translational arrest such as oligoadenylate synthetase (OAS) and
RNaseL. The execution of cell death in the effector phase is the result of
translational arrest, exerted by the OAS/RNaselL pathway, and the induction of
proapoptotic mitochondrial proteins like phorbol-12-myristate-13-acetate-
induced protein 1 (NOXA) (Boehmer et al., 2021) that both lead to the rapid
depletion of the anti-apoptotic protein MCL1. At the end, the concerted action of
type | IFN, pro-inflammatory cytokines, chemokines and ISG-encoded proteins

that work together to fight the infection.
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Figure 2. Two phases of 3p-RNA mediated cell death.

Schematic representation of 3p-RNA-mediated cell death as a two-phase process
proposed by Boehmer et al. RIG-I cytoplasmic sensing of 3p-RNA and its interaction with
MAVS endorses the activation and nuclear translocation of IRF3/7 and NF-kB. In the
nucleus, they drive the expression of type | IFN and other pro-inflamatory cytokines and
chemokines. Type | IFN drives the expression of ISG and sensor priming of the
OAS/RNaseL pathway which executes cell death in conjunction with NOXA in the
effector phase (Boehmer et al., 2021).

21



1.2 The immune system and cancer

1.2.1 Immunotherapy and the cancer immunity cycle

The first reports hinting that the immune system had the capability to identify and
control tumor growth date back almost 250 years. One of the earliest records in
1777 shows how doctors and surgeons back at that time were experimenting with
early vaccination strategies using cancer cells or malignant tumors to prevent or
treat neoplasia’s (Ichim, 2005). In the late 19th century William Coley was able to
demonstrate a 10% cure rate in soft tissue sarcomas using attenuated bacteria
(Previdi, 1968). Moreover in 1909 and 1950, studies from Paul Ehrlich, Lewis
Thomas and Sir Macfarlane Burnet contributed to the postulation of the theory of
immunosurveillance. This theory states that cancer cells can appear
spontaneously in the body and the immune system is constantly monitoring,
recognizing, and attacking them (Ehrlich, 1909). The immunosurveillance theory
has been subject of debate for several decades. Nevertheless, as more
knowledge had been accumulated describing the different effector cells and
cytokine networks that compose the immune system, immunotherapy for cancer
gained great importance in the treatment of several malignancies (lchim, 2005)
and is today the most promising approach to achieve a curative therapeutic

response.
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Figure 3. The Cancer-Immunity Cycle.

Figure adapted from The “cancer-immunity cycle” proposed by Chen and Mellman (Chen
& Mellman, 2013). Depicting the generation of anti-cancer immunity as a cyclic process
that starts with the liberation of neo-antigens upon tumor cell death (1) that are taken up
by APC (2) and presented to T cells in the lymph nodes (3). T cells travel to (4) and
penetrate (5) into the tumor mass where they can recognize the tumor cells (6) and kill
them (7), re-starting the cycle.

In 2013 Chen and Mellman described a concept of how the immune system
recognizes and fights cancer cells in a process termed the “cancer-immunity
cycle” (Figure 3) (D. S. Chen & Mellman, 2013). During malignant transformation,
cancer cells accumulate mutations and genetic alterations that lead to protein
overexpression or the generation of new proteins that can be identified as neo-
antigens by the immune system (Aldous & Dong, 2018). When cancer cells die
in an immunogenic way (step 1), neo-antigens are released together with DAMP
and can be sensed and processed by antigen presenting cells (APC) in the tumor
microenvironment (step 2). APC, especially DC, get activated and can migrate to
the lymph nodes and subsequently prime and activate effector lymphocytes
against the tumor (step 3). The primed cytotoxic lymphocytes travel through the
blood stream and infiltrate into the tumor (step 4 and 5), where they can now
recognize the tumor cells (step 6) and eliminate them (step 7), generating a new
release of antigens and DAMP that re-starts the cycle (D. S. Chen & Mellman,
2013).
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This previously explained cycle describes a perfect immunological response
scenario. In cancer patients the immunological response is dampened due to
several reasons: for one, tumors such as pancreatic cancer are classified as
“cold” immunological tumors which are characterized by having a low presence
of cytotoxic effector cells and presenting a low mutational burden which translates
in limited antigen availability (Bonaventura et al., 2019). Additionally, many “cold”
tumors present defects in antigen presentation and/or T cell activation that can
be exacerbated by the modified production of chemokines and cytokines by tumor
cells and immunosuppressive cells (Motz & Coukos, 2013). Moreover, cancer
cells can express proteins that inhibit the immune system’s cytotoxic response
(Maleki Vareki, 2018). Over the years, several approaches have been explored
to counteract these conditions and unleash the fighting power of the immune
system against cancer, in this work we have focused on a combinatorial approach

described in the following section.

1.3 Immunotherapy strategies explored in this work

1.3.1 RIG-I-targeted tumor immunotherapy

Activation of PRR such as RIG-I is an interesting therapeutic option in cancer
immunotherapy due to their potential to initiate an innate immune response and
promote the formation of a specific adaptive immune response against tumor
antigens (Yang et al., 2022). It has been convincingly shown that activation of
RIG-1 signaling induces strong therapeutic responses in several pre-clinical
models of solid tumors, as highlighted in a recent review by Lurescia et al.
(Lurescia et al., 2020). Some of the mechanisms behind the therapeutic efficacy
of RIG-I activation are linked to the expression of type | IFN, other pro-
inflammatory cytokines and chemokines which enhances surveillance by immune
cells and remodels the immunosuppressive TME, while inducing immunogenic

cell death of tumor cells (Zitvogel et al., 2015).
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Therapeutic activation of RIG-I can be achieved using intracellularly delivered in
vitro-transcribed 3p-RNA and is associated with increased recruitment and
activation of different cytotoxic immune cells. Recently, Dassler-Plenker et al.
demonstrated NK cell activation upon 3p-RNA transfection, resulting in enhanced
expression of membrane-bound TRAIL, capable of initiating apoptosis in

melanoma cells (DaBler-Plenker et al., 2019).

Furthermore, experiments with length and structure modified versions of 3p-RNA
have further confirmed efficient anti-tumor responses in immunogenic and poorly
immunogenic mouse tumor models like B16F10 melanoma. Studies showed not
only an increase of infiltrating CD8* T cells and NK cells, but also a TME
reprograming with marked reduction of immunosuppressive populations like
CD4+ FoxP3* Treg (Jiang et al., 2019).

Moreover, synergistic anti-tumor effects have been observed when combining
3p-RNA treatments with checkpoint blockade using anti-PD1 against melanoma,
breast, and colon cancer tumor models (Elion et al., 2018). Studies by Heidegger
et al. established that combining RIG-I targeted therapy with CTLA4 blockade
improved expansion of CD8* T-cells that were antigen-specific. This induced not
only better tumor control but also a reduction of metastatic tumor burden
(Heidegger et al., 2019). Ruzicka and colleagues further showed that RIG-I-
targeted therapy sensitizes mice in preclinical AML models to checkpoint
blockade and induces an immunological memory that can defend the mice upon

tumor rechallenge (Ruzicka et al., 2020).

Importantly, the cell death induced by 3p-RNA treatment prompts the release of
DAMP and markers of immunogenic cell death which stimulate the phagocytic
potential of DC, promoting increased HLA and co-stimulatory molecule
expression (Duewell et al., 2015). The IFN-enriched environment upregulates
membrane expression of MHC-I also in naive CD8* T cells, promoting antigen-
cross presentation and effective anti-tumor responses in different types of cancer
(Castiello et al., 2019).
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Many of the above-mentioned anti-tumoral effects of RIG-I targeted therapies are
directly linked with the release of type | IFN and pro-inflammatory cytokines and
chemokines. Type | IFN such as IFN-a and IFN-B, as well as other pro-
inflammatory cytokines, have been described to play a pleiotropic
immunomodulatory function with both pro- and anti-tumoral effects (Dinarello,
2006). For example, chronic exposure to type | IFN contributes to increased IL-10
production by macrophages. This together with tryptophan starvation and
increased expression of programmed cell death protein ligand 1 (PD-L1) by
cancer cells, leads to exhaustion of cytotoxic T cell and proliferation and
maintained expression of Foxp3 in Treg (Medrano et al., 2017). This combination

of effects can ultimately contribute to tumor progression.

However, type | IFN are also widely known for their anti-tumoral role. Cancer cells
upregulate surface expression of MHC-I and antigen presentation in response to
type | IFN, making them more susceptible to recognition by NK cells. Both CD8*
and CD4+ T cells are known to augment their cytokine secretion, proliferation, and
effector functions upon type | IFN stimulation. DC are described to have enhanced
antigen cross-presentation and maturation while, suppressive cells like Treg,
MDSC and TAM are decreased in their suppressive capacity in response to type
I IFN (Medrano et al., 2017).

1.3.2 CART cell therapy

Chimeric antigen receptor (CAR) T cell therapy is a kind of adoptive cell therapy
(ACT) pioneered by Gideon Gross and colleagues in 1989 (Gross et al., 1989). It
involves T cell isolation from the blood of patients, followed by genetic engineering
in vitro to induce expression of a synthetic tumor-targeting receptor. The
engineered cells are expanded in controlled culture conditions and infused back
into the patient (Rosenberg & Restifo, 2015). In its most basic form, CAR are
composed of an extracellular domain, classically a single chain variable fragment
(scFv) derivative from a monoclonal antibody, that specifically recognizes surface

antigens expressed on tumor cells. The scFv is connected to a hinge and
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transmembrane region, which in turn is connected to an intracellular part that
triggers downstream activatory signaling upon antigen recognition (Eshhar et al.,
1993).

To date, five generations of CAR are described and are summarized in figure 4.
The first generation mentioned above entails the simple coupling of the
extracellular scFv with an intracellular CD3¢ chain. Second and third generation
CAR T cells include either one or two co-stimulatory domains, respectively. The
addition of these domains aims to augment T cell activation while also promoting
proliferation, cytokine production and cell persistence (Smith et al., 2016).
Currently, five CAR T cell products are approved for therapeutic treatment of B
cell-associated neoplasms and all products are second generation CAR T cells

harboring either 4-1BB or CD28 as co-stimulatory domains (Yeo et al., 2022).

Research aiming to improve CAR T cell efficacy resulted in the proposal of a
fourth and fifth generation of CAR T cells. The fourth generation CAR T cells,
termed TRUCKSs, can unleash antigen-unrestricted cytokine-initiated killing
(Chang & Chen, 2017). These constructs encode additional cytokine secretion to
enhance not only T cell function but also engage innate immune responses.
Finally, a fifth generation of CAR T cell construct was proposed recently, in which
antigen-dependent CAR activation leads to initiation of the JAK-STAT pathway,
positively influencing T cell proliferation and anti-tumor response (Kagoya et al.,
2018).

CARs TRUCKs
15t Generation 2nd Generation 3d Generation 4! Generation 5th Generation
VL AWVH
scFV
Extracelular
00000000080 TI0000008( 0000009 =
Tranimemsrina |
200608004 00000000 00000000
l Costimulatory
Cytoplasm CD3L Domain 1 Costimulatory
- ( )CD3{ Domain 2

Figure 4. Representation of the different CAR T cell construct generations.
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Chimeric antigen receptors (CAR) are comprised of extracellular single chain variable
fragments (scFv) of monoclonal antibodies (VL and VH) fused with transmembrane and
intracellular domains. First generation CAR harbor only a CD3C intracellularly. Second
and third generation CAR include one or two costimulatory domains in addition to CD3C.
Fourth generation CAR include interleukin inducer domain coupled with CD3C inducing
cytokine secretion through NFAT transcription factor. Fifth generation CAR include IL-
2RB domain inducing JAK-STAT signaling upon activation. Figure adapted from (Yeo et
al., 2022).

1.3.3 Challenges of CAR T cell therapy in solid tumors

The fact that solid tumors have remained utterly unresponsive to CAR T cell
therapy so far has been attributed to both intrinsic and extrinsic characteristics of
the TME (Bellone & Calcinotto, 2013). For one, solid tumors are masses of
disorganized tissue, which are irrigated by abnormal blood vessels. This
represents a physical barrier, where the defective blood supply and vessel
leakiness contributes to an overall hypoxic microenvironment unfavorable for

CTL extravasation and survival (Lim & June, 2017).

In parallel, incompatibility between tumor secreted chemokines and chemokine
receptors expressed by effector T cells, including CAR T cells, have been linked
to suboptimal trafficking and infiltration into the tumors. Importantly, higher
numbers of infiltrating T cells in the tumor correlate positively with therapeutic
outcome (Slaney et al., 2014). Furthermore, even if an appropriate infiltration of
the tumor site is achieved, interactions between CAR T cells and
immunosuppressive cells and soluble factors can lead to immunosuppression
and exhaustion, dampening proliferation, and overall cytotoxic anti-tumor

immune response (Srivastava & Riddell, 2018).

In solid tumors, CAR T cell expansion and long-term persistence are strongly
hindered due to the TME. Contrary to hematological malignancies, solid tumors
provide a space restriction to antigen availability (Pant & Jackson, 2022). This
combined with the difficulties that CAR T cells face to traffic and infiltrate into the
tumor mass translate into decreased CAR T cell survival and anti-tumoral activity
(Pietrobon et al.,, 2021a). Vaccination strategies that promote antigen
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presentation on the surface of DC with the aim to expand the CAR T cells and
improve their persistence and anti-tumoral effect in solid tumors are currently
being tested in the clinic and initial results are promising (NCT04503278),
showcasing that the improvement of CAR T cell persistence can be indeed

beneficial to improve solid tumor response to therapy.

Additional strategies have been explored that focus on improvement of T cell
infiltration into tumors. Normalization of the tumor vasculature, the use of
antibodies to target VEGF and its receptors (Shrimali et al., 2010), induction of
an inflammatory environment by irradiation (Ganss et al., 2002), or direct
targeting of TNF to the blood vessels (Johansson et al., 2012) have shown
improvements in T cell trafficking. However, tumor cells themselves also induce
exclusion of effector T cells from their vicinity through increased expression or

downregulation of chemokines (Harlin et al., 2009).

Chemokine gradients can modulate T cell movements through chemotaxis.
Therefore, it has been suggested that both the induction of chemokine expression
patterns by therapies like chemotherapy (Hong et al., 2011), and the screening
of tumors for their chemokine receptor and ligand expression profiles can help
modulate effector T cell infiltration capacities (Cadilha et al., 2017). Approaches
including overexpression of chemokine receptors such as C-C chemokine
receptor 4 (CCR4) and C-X-C chemokine receptor 2 (CXCR2) in T cells have
shown promising results in increasing leukocyte recruitment during ACT and
improving therapeutic outcome in preclinical models of different types of cancer
including pancreatic tumors (Rapp et al., 2016). Overall, the findings hint towards
modulation of chemokine receptors and their ligands as interesting strategies for

improving CAR T cell therapy against solid tumors.

Many chemokine receptors and their ligands are known to be involved in T cell
recruitment, two examples are CXCR3 and CCR5 ligands. They are described to
be highly upregulated in biopsies of different types of solid tumors, correlating
with high T cell infiltrations, improved therapeutic response and prolonged

survival (Strazza & Mor, 2020). CXCR3 is rapidly upregulated upon activation of
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naive T cells and remains highly expressed on both Th1 CD4+and effector CD8*
T cells (Karin, 2020). The main ligands for CXCR3 are the interferon-inducible
chemokine ligands like CXCL9, CXCL10 and CXCL11 (Loetscher et al., 1998).
CCRS5 is also expressed by activated T cells and directs their migration towards
gradients of CCL3, CCL4 and CCL5 (Contento et al., 2008). The CXCRS3 axis is
thought to mediate T cell recruitment towards inflammation sites in a chain of
events that starts with innate immune cells sensing danger through PRR and
inducing the secretion of type | IFN that promotes the expression of CXCL10.
CXCL10 recruits CXCR3* CD4+Th1 T cells that are activated on site by DC and
secrete IFNy, further promoting the expression of CXCL9, CXCL10 and CXCL11,
thereby inducing migration of CXCR3* CD8* CTL (Groom & Luster, 2011).

The CCR5/CCL5 axis has been recently described to drive increased infiltration
of anti-tumor CD4+ T cells in a pancreatic mouse model when treated with CD40
agonists (Huffman et al., 2020). Nonetheless, tumor derived CCL5 can also
recruit Treg, promoting tumor progression (Tan et al., 2009). The high degree of
promiscuity between chemokine receptors and their ligands translates in many
cases into an increased recruitment of immunosuppressive cells to the TME.
Therefore, solely increasing T cell infiltration into the tumors is not sufficient to
unleash long lasting anti-tumor responses but there is a strong need to combine
the increased infiltration with methods that can reduce immunosuppression and

promote T cell activation and persistence.

Persistent antigen stimulation and upregulation of inhibitory receptors in the
context of an immunosuppressive tumor microenvironment can lead to CAR T
cell exhaustion and the consequent inhibition of their proliferation and effector
functions (Gumber & Wang, 2022). To overcome these challenges, strategies
have been explored on the T cell side to optimize the CAR construct design and
reprogram the cells epigenetic footprint prolonging or restoring their effector
function (Luo et al., 2022). However, the immunosuppressive cells and molecules
in the TME can still induce T cell exhaustion. Therefore, TME modulation is of

vital importance to potentiate anti-tumor cytotoxic responses.
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Additionally, there is the issue of antigen specificity. It is rare to encounter a
membrane expressed antigen uniquely present in tumor cells and not in healthy
tissue. Therefore, most CAR T cells are engineered to recognize tumor-
associated antigens (TAA) that have higher expression levels in tumor cells than
in normal tissue but are still present in the latter. CAR T cell recognition of their
target antigen in healthy tissue leads to on-target off-tumor toxicities that have
proven to be fatal in some cases (Morgan et al., 2010). Moreover, tumor cells
present highly heterogeneous expression levels of the target antigens, and it has
been commonly observed that patients with initially responsive disease relapse
due to antigen downregulation or loss (Lemoine et al., 2021). To prevent disease
relapse due to antigen loss, it would be necessary for the immune system to
generate a response against neo-antigens found in the tumor. For the efficient
mounting of a de novo immune response against neo-antigens, tumor cells need
to go through immunogenic forms of cell death that are capable of alerting and
engaging APC (Fucikova et al., 2020).

1.4 Pancreatic cancer and its treatment options

141 Pancreatic cancer

The pancreas is a key organ of the digestive and endocrine systems performing
a dual exocrine and endocrine function. It aids in the process of breaking down
sugars, fats, and starches through the secretion of digestive enzymes such as
proteases, amylase, and lipase. On the other hand, it produces hormones like
glucagon and insulin that assist sugar level control in the blood (Busnardo et al.,
1983). The majority of tumors in the pancreas arise from ductal or acinar cells and
are therefore termed as pancreatic ductal adenocarcinoma (PDAC). PDAC is one
of the world’s most lethal types of cancer. Around 90% of cases arise because
epithelial cells in the pancreatic ducts accumulate mutations on the KRAS
oncogene, and/or CDKN2A, TP53 and SMAD4 tumor suppressor genes (Wood

& Hruban, 2012). The presence of these mutations, among other genetic
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alterations and environmental factors, lead to uncontrolled cellular proliferation

and neoplasm formation (Hruban et al., 2001).

According to statistics from the American Cancer Society, the incidence of PDAC
is rising, and in 2020 was already predicted to be the top fourth cause of cancer
associated deaths in the U.S. The 5-year survival rate for PDAC does not exceed
11% (Siegel et al., 2022). One of the central reasons for the poor prognosis and
high mortality rate of PDAC is its late diagnosis. Most patients with early stage
PDAC remain asymptomatic or present mild, non-specific symptoms. Therefore,
when the cancer is diagnosed, only 20% of the patients are still eligible for surgery
(Kamisawa et al., 2016). The rest of the patients present with either locally
advanced disease, which is treated with neoadjuvant therapies aiming to achieve
a potential tumor down-staging for subsequent surgery, or with advanced
metastatic disease. In the latter case palliative chemotherapy is usually the only
option (Gillen et al., 2010).

1.4.2 Tumor microenvironment in PDAC

The tumor microenvironment (TME) in PDAC is a complex structure composed of
cancer cells, stromal cells, and extracellular components. These components
interact with each other playing a critical role in disease progression, invasion,
metastasis, and treatment response (Provenzano et al., 2012). The stroma in
PDAC can make up to 80% of the tumor volume (Erkan et al., 2008). It comprises
among others, cancer-associated fibroblasts (CAF), endothelial cells, and
immune cells. These cells together with the cancer cells, contribute to the
secretion of extracellular components like a dense extracellular matrix (ECM),
growth factors, cytokines and chemokines that maintain the complex TME (Zhang
et al., 2022).

CAF are derived from diverse types of progenitor cells, which upon exposure to
environmental stress and/or different cytokines and secretory factors get
pathologically activated. This leads to their differentiation into activated pancreatic
stellate cells (aPSC), myofibroblastic CAFs (myCAF) and inflammatory CAFs
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(iCAF) (Ohlund et al., 2017). These CAF contribute to tumor desmoplasia by
producing several components of a dense ECM that constitutes a physical barrier
for drug penetration (Neesse et al., 2019). Additionally, CAF secretion of various
factors contributes to epithelial-to-mesenchymal transition (EMT), cancer-cell
migration and invasion, angiogenesis, metastasis as well as recruitment of
immunosuppressive cells (Murakami et al., 2019). Furthermore, CAF can
modulate chemokine receptors expression to prevent T cell recruitment and favor
their exclusion (Gorchs et al., 2022). Disruption of the desmoplastic stroma in pre-
clinical models of PDAC improved drug delivery and chemotherapy response
(Provenzano et al., 2012). However, clinical studies testing several therapeutic
strategies to target aPSC and CAF have shown high level of adverse events (AE)

and no clinical benefit or even induced higher mortality (Schnittert et al., 2019).

The TME of PDAC is highly immunosuppressive as it is characterized by the
elevated occurrence of myeloid-derived suppressor cells (MDSC), M2-polarized
tumor-associated macrophages (TAM) and T regulatory cells (Treg), in contrast
to very little infiltration of cytotoxic CD8* T cells and NK cells (Zhang et al., 2022).
Tumor cells and the stroma secrete a variety of factors that affect myelopoiesis,
differentiation, and polarization of MDSC and macrophages (Gabrilovich, 2017).
GM-CSF, G-CSF, and IL-6 promotes the development of myeloid cells and their
release from the BM into the circulation, while IFNy, tumor necrosis factor (TNF),
IL-1b, and IL-6 contribute to the pathological activation of these cells (Condamine
et al., 2015). Moreover, GM-CSF, CXCR2 ligands and CSF-3, together with CCL2
and CSF1 are some of the tumor-secreted factors that drive the recruitment of
MDSC and macrophages into the tumor (Vonderheide & Bear, 2020).

Two subtypes of MDSC have been described in mouse and humans. MDSC
derived from granulocyte precursor are termed polymorphonuclear MDSC (PMN-
MDSC) and those derived from monocytic precursors are referred to as monocytic
MDSC (M-MDSC). The distinction of the pathologically activated PMN-MDSC
from human granulocytes is facilitated by the expression of lectin-type oxidized
LDL receptor-1 (LOX1) (Bronte et al., 2016). However, in mice no specific

receptors have been identified to date to differentiate pathologically activated
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PMN-MDSC and M-MDSC from granulocyte and monocytes. Therefore, the same
markers used to identify granulocytes and monocytes apply for PMN-MDSC and
M-MDSC, the distinction comes based on their expansion in the tumor setting and

their capacity to suppress T cells (Bronte et al., 2016).

MDSC induce immunosuppression either directly or indirectly through the
emission of immunosuppressive factors and upregulation of checkpoint proteins
as well as through the depletion of essential amino acids in TME (Zhang et al.,
2022). Moreover, immunosuppressive cytokines produced by MDSC induce Treg
differentiation, inhibit NK cell cytotoxicity and promote M2 polarization of TAM
(Kim et al., 2018). M2-polarized macrophages play a pro-tumorigenic role in
PDAC, and overall survival of patients was shown to correlate inversely with the
density of M2 macrophage infiltration (Hu et al., 2016). These cells have a
described involvement in facilitating cancer stemness, angiogenesis,
desmoplasia, tumor invasion, and metastasis through EMT induction. Moreover,
they also play an active role in excluding and suppressing adaptive immune cells
(Poh & Ernst, 2021).

PDAC cells can directly recruit Treg and secretion of cytokines and molecules like
IL-10 and TGF-B by Tregs can induce direct lysis and inactivation of effector T
cells (Beyer et al., 2016). Furthermore, competition for IL-2 in the TME limits its
availability, hampering effector T cell proliferation (Pandiyan et al., 2007).
Moreover, CTLA4-mediated interaction between Tregs and DC initiates
tryptophan catabolism, depleting this essential amino acid and promoting the

accumulation of immunosuppressive kynurenines (Fallarino et al., 2003).
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Figure 5. Tumor microenvironment in PDAC.

Schematic representation of the TME in PDAC tumors, composed of tumor cells, cancer-
associated fibroblasts (CAF), and activated stellate cells which induce a dense
extracellular matrix. The TME depicts an enriched presence of immune suppressive cells
such as polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC) and
monocytic myeloid-derived suppressor cells (M-MDSC), T regulatory cells (Treg) and
tumor-associated macrophages (TAM) as well as immunosuppressive factors like TGF-
B, reactive oxygen species (ROS), kynurenins and adenosine. Peripheral location of
dendritic cells (DC), B cells, T cells, NK cells and CAR T cells.

Clearly, the immunosuppressive nature of the TME in PDAC strongly contributes
to its aggressiveness. Therefore, several strategies have been devised to target
immunosuppressive cells in PDAC in an attempt to modulate the TME and
improve therapeutic outcomes. Ho et al. recently published a comprehensive
compendium of clinically explored combination strategies that modulate the TME
in PDAC. These include chemokine receptor inhibition to prevent recruitment of
MDSC and TAM, or depletion of these cell types by CSF-1 receptor (CSF-1R)
inhibition, as well as incorporation of low-dose cyclophosphamide treatment
regimens to selectively eliminate Tregs (Ho et al., 2020). Results from many of
these clinical trials showed that these therapies can be well tolerated by patients
and display encouraging initial therapeutic responses. Further supporting the
notion that the TME has critical role in PDAC disease and its treatment response.
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143 Current therapeutic options in PDAC

Currently, the first treatment attempt for patients diagnosed with resectable PDAC
is surgery, followed by chemotherapy. Chemotherapy alone or in combination with
radiotherapy are the only alternatives for most of PDAC patients, that have locally
advanced and/or metastatic disease (Neoptolemos et al., 2018). Moreover,
despite using very aggressive combinations of chemotherapeutic regimens, such
as gemcitabine together with nab-paclitaxel, or folinic acid, fluorouracil, irinotecan
with oxaliplatin (FOLFIRINOX), the overall survival of patients has not improved
more than a few months, and dose limiting toxicities are commonly observed
(Conroy et al., 2011).

Efforts to develop targeted therapy options to treat PDAC have shown little
success in clinical trials, and the few responsive examples are limited to patients
presenting with rare and unique genetic signatures. One of these examples is that
of patients presenting with mutations in Breast Cancer 1 (BRCA1) and BRCA2
genes (25% PDAC patients). These patients are responsive to treatment with
PARP inhibitors and platinum-based chemotherapy (Golan et al., 2019). Similarly,
epidermal growth factor receptor 1 (EGFR) inhibitors have shown minor
improvements in the treatment of metastatic PDAC patients and have therefore
been approved by the US Food and Drug Administration (FDA) (Moore et al.,
2007).

144 Immunotherapy approaches in PDAC

Despite the success of immunotherapy in treating other tumor entities, PDAC
remains largely unresponsive. Several trials have explored the use of checkpoint
inhibitors, cancer vaccines, agonistic therapy, oncolytic viruses, and ACT as
monotherapies or in different combinations without much success. Low mutational
burden, together with the described immunosuppressive TME, are thought to be
two main reasons behind the lack of therapeutic benefit of immunotherapies in
PDAC (Connor et al., 2017).
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Monotherapies with immune checkpoint inhibitors, like anti-programmed cell
death protein 1 (PD1), or anti-cytotoxic T-lymphocyte-associated protein 4
(CTLAA4), have shown little benefitin PDAC patients, likely due to the low cytotoxic
T cell presence and dysfunction in the tumor (Royal et al., 2010). Only patients
presenting with microsatellite instability (1-2% of PDAC patients) have shown
favorable responses to anti-PD1 blockade, presumably due to a higher neo-

antigen load (Le et al., 2017).

Efforts to induce endogenous anti-tumor immune responses with cancer vaccines
or agonistic therapies like CD40, TLR or STING, aim to activate and polarize APC.
Early trials testing these agents as monotherapies evidenced the induction of
tumor-specific immune responses but failed to translate into improved patient
survival in several clinical trials (Morrison et al., 2018). Recent reports from the
randomized phase Il PRINCE trial (NCT03214250) showed that only the
combination of chemotherapy with gemcitabine/nab-paclitaxel together with anti-
PD1 (nivolumab) increased the 1-year overall survival (OS) while the effect of
combining chemotherapy with CD40 agonist (Sotigalimab) had only modest
effects on OS (Padrén et al., 2022). Furthermore, data from a phase | clinical trial
(NCT04161755) using a mRNA-based neoantigen vaccine, in combination with
anti-PD-L1 blockade, and a modified version of FOLFIRINOX showed a
substantial induction of neo-antigen specific T cells, that persisted up to two years
and correlated with delayed tumor recurrence in patients with resected PDAC
(Rojas et al., 2023). Oncolytic viruses, as monotherapies, or in combination with
checkpoint inhibitors, have been tested in several phase | or Il clinical trials. So
far, the efficacy has been limited. Most of the treated patients showed disease
progression, and only a small proportion exhibited minor responses or stable

disease (Brouwer et al., 2021).

ACT in the form of tumor infiltrating lymphocytes (TIL) and engineered NK cells
and CAR T cells, are actively explored for the treatment of PDAC. Preclinical
studies evaluating efficacy of TIL and engineered CAR NK and T cells have shown
promising results in murine models and several clinical trials are being carried out,

testing safety and efficacy in patients (Yeo et al., 2022). Isolation, selection,
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expansion, and re-infusion of TIL has shown promising results in phase I-l clinical
trials against melanoma, non-small cell lung cancer and metastatic cervical
cancer. However, several adverse events (AE) have been recorded as a result of
the elevated IL-2 dose infusions required to support the treatment (Nguyen et al.,
2019). Results for phase I-l clinical trials using TIL to target PDAC are yet to be
published (NCT05098197, NCT03935893, NCT03610490).

NK cells have the benefit that they do not necessarily require antigen specificity
to elicit anti-tumor cytotoxicity, yet they can be engineered towards specific
targets. Furthermore, in the allogeneic setting, they induce little to none graft-
versus-host disease (GvHD), opening the possibility of generating off-the-shelf
products (Mehta et al., 2018). In a humanized mouse model of metastatic
pancreatic cancer, NK cells isolated from umbilical cord and engineered to target
prostate stem cell antigen (PSCA), and co-express soluble IL-15, showed
increase cytotoxicity leading to tumor growth control, increase in survival and
persistence of the therapeutic cells in the TME at day 48 after treatment (Froelich,
2021). So far, clinical trials testing infusions of allogeneic CAR NK cells
engineered to target MUC1 (NCT02839954) and ROBO1 (NCT03941457) in
PDAC have been initiated. The first reports show the therapies are well tolerated
and did not show serious toxicities (C. Li et al., 2020). Similarly, clinical trials
testing activated NK-92 cells targeting MUC1 and PD1 have been tested in a
range of different cancers showing no severe AE and stable disease in 9/13
patients (Q. Li et al., 2019).

When it comes to CAR T cells, clinical studies with therapies directed against
different antigens in PDAC display good toxicity profiles, but with little to no
therapeutic benefit (Beatty et al., 2018). Recently published data show that the
majority of PDAC patients enrolled in CAR T cell clinical trials exhibited only short-

term responses, or even disease progression (Yeo et al., 2022).
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1.4.5 Clinical outcomes of CAR T cell therapy trials in PDAC

Clinically approved CAR T cell therapies against hematological malignancies
have shown remarkable results, with studies reporting remission in up to 90% of
the treated individuals (Park et al., 2018). However, attempts to treat solid tumors
with CAR T cells have not been so successful. More than 30 clinical trials are
registered at clinicaltrials.gov that explore CAR T cell treatment in pancreatic
tumors. These studies explore different targeting antigens of which the most
common are CD133, EGFR, HER2 and mesothelin (MSLN) (Schaft, 2020). In a
phase | clinical trial using CAR T cells against CD133 (NCT02541370), Wang
and colleagues reported that from the seven pancreatic cancer patients included
in the cohort, three achieved stable disease, two had partial remission and two
showed disease progression after receiving two to four cycles of CAR T cell
therapy (Wang et al., 2018). Similar results were obtained by Liu and colleagues
upon attempting to treat 16 PDAC patients with CAR T cells targeting EGFR in a
phase | clinical trial (NCT01869166). The results of this trial showed a partial
response in four of the patients for 2-4 months, while eight remained with stable
disease, two showed disease progression and two individuals died during follow-
up (Liu et al., 2020). Following the same line, phase | clinical trials testing CAR T
cell therapy against HER2 (NCT01935843) and MSLN (NCT01897415,
NCT02159716) in several patients with solid tumors including PDAC reported
patients achieving only stable disease or progressive disease (Yeo et al., 2022).
The results of these clinical trials are a small set of examples showcasing the
decreased efficiency of CAR T cell therapy in solid tumors in comparison to
hematological malignancies and the great need for improvement (Patel et al.,
2021).
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1.5 Previous work of the group

Strategies that exploit intracellular viral sensing pathways as a therapeutic option
in pre-clinical models of cancer, such as PDAC, have been widely studied in our
group. In a murine PDAC model Ellermeier et al. showed that concomitant
silencing of TGF-b1 and RIG-I activation induced systemic immune cell activation
and increased mice survival in a CD8* T cell dependent manner (Ellermeier et
al., 2013). Additionally, Metzger et al. showed that treatment with
immunostimulatory RNAs of orthotopically induced tumors leads to increase
infiltration of CD8* T cells and a functional reprograming of the myeloid
compartment in the TME, reducing immunosuppression in a type | IFN dependent
manner (Metzger et al., 2019). Furthermore, ligands for cytosolic RNA sensors,
such as polyinosinic:polycytidylic acid (poly(l:C) or 3p-RNA, were shown to
induce an immunogenic form of cell death of PDAC tumor cell lines, promoting
antigen uptake, presentation, and activation by DC, and ultimately sensitizing

tumors towards CD8* T cell-mediated killing (Duewell et al., 2014).

1.6 Objectives

The primary objective of the present work was to evaluate whether 3p-RNA
treatment can enhance the efficacy of CAR T cell therapy in PDAC models and

assess what are the mechanisms behind the observations. Our hypotheses are:

1. 3p-RNA treatment primes the TME for an effective immune response
2. Cytokine and chemokine secretion in response to 3p-RNA treatment
improves CAR T cell infiltration and efficacy

3. 3p-RNA induces immunogenic cell death promoting antigen spreading
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2 Materials and Methods

2.1 Materials
2.1.1 Technical Equipment
Equipment Company

Cell culture CO2 incubator (BD 6220)

Heraeus, Germany

Cell culture Laminar Flow

Thermo Scientific, Germany

Centrifuge (5424 and 5415R)

Eppendorf, Germany

Centrifuge (Multifuge 3L-R)

Thermo Scientific, Germany

Gentle MACS Dissociator

Miltenyi Biotec, Germany

Biotech ELISA reader (Mithras LB940)

Berthold Technologies, Germany

Biotech ELISA reader (Tristar 3)

Montreal Biotech, Germany

FACSCanto Il BD Bioscience, Germany
FACS Fortessa BD Bioscience, Germany
FACS Aria lll BD Bioscience, Germany
Fine scale, MC1 Analytic AC 210 S Sartorius, Germany
Lightcycler® 480 Il Roche, Germany
Microscope Axiovert25 and Axiovert200M Zeiss, Germany
NanoDrop® 2000c Thermo Scientific, Germany

Thermocycler T3

Biometra, Germany

Vortex Genie 2

Scientific Industries, Germany

Vortex, Galxy Mini

Merck Eurolab, Germany

Water bath

Kéttermann, Germany

xCellingence

ACEA Bioscience, USA

2.1.2 Chemicals and reagents

Name

Company

Albumin fraction V (BSA)

Sigma-Aldrich, Germany

BD Pharm lyse lysing buffer (10x)

BD Biosciences, USA

Brefeldin A, Ready Made Solution 10 mg/ml in

DMSO

Sigma-Aldrich, Germany

CellTiter-Blue (CTB) Cell Viability Assay

Promega, USA

Count Bright, counting beads

Life technologies, Germany

Deoxyribonucleotide triphosphate (dNTP)-Mix

Invitrogen, Germany

DNase |

Roche, Germany

dNTP-Mix, 10 mM each

Thermo Scientific, Germany

Dulbecco’s PBS (1x)

Lonza, Belgium

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich, Germany

FACSFlow, FACSClean

BD Biosciences

Fixable Viability Dye (FVD)

Life technologies, Germany

lonomycin calcium salt

Sigma-Aldrich, Germany

41



Isoflurane-CP®

CP-Pharma, Germany

Isopropanol

Apotheke Uni Munich, Germany

Lipofectamine RNAiMax

Life technologies, Germany

Methanol

Merck, Germany

Oligo-dT 18 Primer

Eurofins, Germany

Paraformaldehyde (PFA)

Merck, Germany

Phorbol 12-myristate 13-acetate (PMA)

Sigma-Aldrich, Germany

Revert Aid H Minus RT (Reverse Transcriptase)

Thermo Scientific, Germany

RiboLock Rl (RNAse Inhibitor)

Thermo Scientific, Germany

Trypan blue

Sigma-Aldrich, Germany

Trypsin-EDTA (10x)

PAA, Austria

UltraComp eBeads® eBioscience

Affymetrix , USA

213 Cell culture reagents and supplements

Name

Company

B-mercaptoethanol

Sigma-Aldrich, Germany

Murine anti-CD3 clones 145-2C11

eBioscience, Germany

Murine anti-CD28 clone 37.51

eBioscience, Germany

Dulbecco’s modified Eagls’s medium (DMEM) high

glucose

Sigma-Aldrich, Germany

Dulbecco’s PBS (1x) without Ca2+ and Mg2+

Sigma-Aldrich, Germany

Dynabeads® Mouse T activator CD3/CD28

Gibco,Germany

Dynabeads® Human T activator CD3/CD28

Gibco,Germany

Fetal bovine serum (FBS)

Life technologies,Germany

HEPES buffer 1 M

Sigma-Aldrich, Germany

Human Serum

Sigma-Aldrich, Germany

L-glutamine (200 mM)

PAA, Austria

MEM-NEAA (non-essential amino acids)

life technologies, Germany

Opti-MEM

life technologies, Germany

Penicillin/Streptomycin (100X)

Lonza, Germany

Sodium pyruvate

Biochrome, Germany

Trypsin-EDTA (10X)

PAA, Austria

VLE RPMI 1640 (very low endotoxin)

Biochrome, Germany

214 Recombinant cytokines and peptides

Name

Catalog

Company

OVA257-264 peptide (SINFEKL)

InvivoGen, USA

Recombinant murine FLT3L Cat. #250-31L Peprotech, Germany
Recombinant murine GM-CSF Cat. #315-03 Peprotech, Germany
Recombinant human/murine IL-15 Cat. #200-15 Peprotech, Germany
Recombinant human/murine IL-2 Cat. #200-02 Peprotech, Germany
Recombinant murine IFNy Cat. #315-05 Peprotech, Germany
Recombinant murine IFN-g, Cat. #752806 Biolegend, Germany
Recombinant Human IFN-a2a Cat. #130-093-874  Miltenyi Biotec, Germany
Recombinant Human Fibronectin Fragmei Cat. #T100B Takara, Japan
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2.1.5 Buffer and Media

Name Components
Flow cytometry buffer (FACS buffer) 2mM EDTA

2% FBS

0.1% NaN3

in PBS
MACS-buffer 0.2% FBS

2 mM EDTA in PBS

Blocking Buffer
(Viral transduction)

2% BSA in PBS

2.1.6 Cell culture medium

Name

Components

Adherent tumor cell medium

10% FBS

2 mM L-glutamine

100 1U/ml penicillin
100 pg/ml streptomycin
in DMEM

Murine T cell medium

10% FBS

2 mM L-glutamine

100 1U/ml penicillin

100 pg/ml streptomycin

1 mM sodium pyruvate

1 mM HEPES

1% MEM-NEAA

50 uM B-mercaptoethanol
in RPMI 1640

Producer cell line medium

10% FBS

4 mM L-glutamine

100 1U/ml penicillin
100 pg/ml streptomycin
in DMEM

DC medium

2 mM L-glutamine

100 1U/ml penicillin

100 pg/ml streptomycin

1 mM sodium pyruvate
1% MEM-NEAA

50 uM B-mercaptoethanol
in RPMI 1640

Human T cell medium

2% human serum

2 mM L-glutamine

100 1U/ml penicillin

100 pg/ml streptomycin

1 mM sodium pyruvate
1% MEM-NEAA

50 uM B-mercaptoethanol
in VLE RPMI
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21.7 Cell lines

21.71 Tumor cell lines

The KPC-derived T110299 PDAC tumor cell line (Metzger et al. 2019) was modified
using pMXs retroviral vectors to express either the murine EpCAM protein (UNIPROT
entry Q99JW5) as CAR T cell target antigen (T110299-EpCAM) alone or in
combination with chicken-derived ovalbumin model antigen (UNIPROT entry PO1012)
(T110299-EpCAM-OVA). The Panc02-OVA-EpCAM and SUIT-2-MSLN cell lines
were a kind gift from Prof. Dr. Sebastian Kobold and engineered as described by
Karches et al. (Karches et al., 2019). Surface expression of EpCAM or human
mesothelin (MSLN) in the tumor cells lines was tested by flow cytometry using anti-
mouse CD326 or anti-human mesothelin respectively. Modified tumor cell lines were
also tested against antigen-specific T cells and the cytotoxic response and IFNy

secretion was evaluated as an indicator of antigen expression.

21.7.2 Virus producer cell lines

Virus-producing cell lines used for retroviral transduction of T cells were generated
and kindly provided by Prof. Dr. Sebastian Kobold. In short, 293Vec_Eco packaging
producer cell lines were previously engineered with retroviral pMP71 vectors

encoding:

a) anti-EpCAM CAR_mCherry*
b) anti-EpCAM CAR_eGFP+
anti-hnMSLN CAR_myc*

Eco_mCherry*

c
d
e) Eco_GFP+

f) Chemokine receptors (CCR1-11, CXCR1-7, 3CX3CR1 and XCR1)_eGFP+

)
)
)
)
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2.1.8 Assay kits

Kit Company
Mouse IFNy T cell ELISPOT kit U-CyTech biosciences, Netherlands
Cell Proliferation Dye eFluor™ 450 Invitrogen, USA
Cell TraceTM CFSE Cell Proliferation kit Biolegend, Germany
CD8a+* T cell isolation kit, mouse Miltenyi Biotec, Germany
Click-iT™ EdU Pacific Blue™ Flow Cytometry Assay Invitrogen, USA
Fixation/Permeabilization kit (RUO) BD Bioscience, Germany
HiScribe™ T7 Quick High Yield RNA Synthesis Kit New England Biolabs, Germany
HMGB1 Elisa Arigo, Germany
HMGB1 Elisa Tecan, Switzerland
Human Granzyme B DuoSet ELISA R&D Systems, USA
Human IFN-gamma DuoSet ELISA R&D Systems, USA
Human IL-2 ELISA Set BD Bioscience, Germany
KAPA PROBE FAST Universal 2X qPCR Master Mix peqglab, Germany
Mouse IFN-gamma DuoSet ELISA R&D Systems, USA
Mouse IFN-gamma ELISPOT U-Cytech Biosciences, Ntherlands
Mouse Granzyme B DuoSet ELISA R&D Systems, USA
Mouse IL-2 ELISA Set BD Bioscience, Germany
Pan T cell isolation kit. human Miltenyi Biotec, Germany
RevertAid™ First strand cDNA Synthesis kit Thermo Scientific, USA
RNA clean up and concentration kit Norgen, Canada
RNeasy Kit QIAGEN, Germany
Tumor Dissociation Kit Miltenyi Biotec, Germany

21.9 Antibodies

Primary conjugated antibodies

Specificity Fluorophore Clone Host Company Catalog
CD3 FITC 17A2 rat Biolegend 100204
CD3 PE 145-2C11 hamster Biolegend 100308/200 ug
CD3 PE/Cy7 145-2C11 hamster Biolegend 100320/100 ug
CD3 APC 17A2 rat Biolegend 100236
CD3 PB 17A2 rat Biolegend 100214/100 ug
CD3 BV785 17A2 rat Biolegend 100232
CD3 BV605 145-2C11 hamster Biolegend 100351/100 ug
CD3 PE/Dazzle 17A2 rat Biolegend 100246
CD4 AF700 GK1.5 rat Biolegend 100430
CD4 FITC RM4-4 rat Biolegend 116004
CD4 PE GK1.5 rat Biolegend 100408
CD4 PerCP GK1.5 rat Biolegend 100432
CD4 PerCP/Cy5.5 RM4-5 rat Biolegend 100540
CD4 PE/Cy7 GK1.5 rat Biolegend 100422
CD4 APC GK1.5 rat Biolegend 100412
CD4 PB GK1.5 rat Biolegend 100428
CD4 BVv421 RM4-5 rat Biolegend 100563
CD4 BV510 RM4-5 rat Biolegend 100559
CD4 BV605 RM4-5 rat Biolegend 100548
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CD8 FITC 53-6.7 rat BD Bioscience 553030
CD8 PerCP 53-6.7 rat BD Bioscience 553036
CD8 APC 53-6.7 rat Biolegend 100712/100 pg
CD8 PB 53-6.7 rat Biolegend 100725/100 ug
CD8a BV785 53-6.7 rat Biolegend 100750
CD8a BV711 53-6.7 rat Biolegend 100748
CD8a Percp-cy5.5 53-6.7 rat BD Bioscience 1076177
CD8a PE/Dazzle 53-6.7 rat Biolegend 100762
CD11b FITC M1/70 rat Biolegend 101206
CD11b PerCP/Cy5.5 M1/70 rat Biolegend 101228/100 ug
CD11b PE-Cy7 M1/70 rat BD Bioscience 552850
CD11b APC M1/70 rat Biolegend 100212
CD11b PB M1/70 rat Biolegend 101224/100 ug
CD11b BVv421 M1/70 rat Biolegend 101251
CD11b PE/Cy5.5 M1/70 rat Biolegend 101210
CD11b BV785 M1/70 rat Biolegend 101243
CDi11c AF4388 mouse Antibody MCA1441A488
Directory
CD11c PE N418 hamster Biolegend 117308
CDi1c PerCP_Cy5.5 N418 hamster Biolegend 117328
CD11c APC HL3 hamster BD Bioscience 550261
CD11c APC N418 hamster Biolegend 117310/100 ug
CD11c PB N418 hamster Biolegend 117322/100 ug
CD11c BV605 N418 hamster Biolegend 117334
CD19 FITC 1D3 rat BD Bioscience 553785
CD19 FITC 1D3 rat Biolegend 152404
CD19 PE 6D5 rat Biolegend 115508/200 ug
CD19 PE/Cy7 6D5 rat Biolegend 115520
CD19 BV711 6D5 rat Biolegend 115555
CD19 APC 1D3 rat Biolegend 152410
CD44 FITC IM7 rat Biolegend 103022
CD44 PE IM7 rat BD Bioscience 553134
CD44 PacBlue im7 rat Biolegend 103040
CD45 PE 30-F11 rat Biolegend 103106
CD45 PerCP 30-F11 rat Biolegend 103130
CD45 PE/Cy7 30-F11 rat Biolegend 103114
CD45 APC 1323 rat Biolegend 147708
CD45 PB 30-F11 rat Biolegend 103126
CD45 PE/Dazzle 30-F11 rat Biolegend 103146
CD45 AF700 30-F11 rat Biolegend 103128
CD62L BV605 MEL-14 rat Biolegend 104438
CDé62L PE MEL-14 rat Biolegend 104407
CDé62L APC/Cy7 MEL-14 rat Biolegend 104428
CD62L APC MEL-14 rat BD Bioscience 553152
CDé62L APC MEL-14 rat Biolegend 104412
CD62L AF700 MEL-14 rat Biolegend 104426
CD62L PB MEL-14 rat Biolegend 104424
CD69 FITC H1.2F3 hamster Biolegend 104506
CD69 PE H1.2F3 hamster Biolegend 104508/200 ug
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CD69 PerCP- H1.2F3 hamster BD Bioscience 551113
CyTM5.5
CD69 APC H1.2F3 hamster Biolegend 104514
CD69 AF 700 H1.2F3 hamster Biolegend 104539
CD80 PE 16-10A1 hamster Biolegend 104708/200 ug
CD80 APC 16-10A1 hamster Biolegend 104714
CD86 FITC GL-1 rat BD Bioscience 553691
CD86 PE PO3 rat Biolegend 105106
CD86 PE/Cy7 GL-1 rat Biolegend 105014/100 ug
CD86 APC GL-1 rat eBioscience 17-0862-82
CD86 BV785 GL-1 rat Biolegend 105043
CD95 FITC Jo2 hamster BD Bioscience 561979
CD95 PE 2E7 hamster BD Bioscience 554258
CD95 PE/Cy7 Jo2 hamster BD Bioscience 557653
CD103 FITC 2E7 hamster Biolegend 121420
CD103 AF488 2E7 hamster Biolegend 121408
CD103 APC 2E7 hamster Biolegend 121414
PD-L1 PE 10F.9G2 rat Biolegend 124308
PD-L1 PE-Cy7 10F.9G2 rat Biolegend 124314
PD-L1 APC 10F.9G2 rat Biolegend 124312
PD-L1 BV650 Biolegend 124336
CD279 PE 29F.1A12 rat Biolegend 135206
CD279 APC 29F.1A12 rat Biolegend 135210
CD279 PerCP/Cy5.5 29F.1A12 rat Biolegend 135208
CD279 BV711 29F.1A12 rat Biolegend 135231
F4/80 PE BM8 rat Biolegend 123110
F4/80 APC BMS8 rat Biolegend 123116
F4/80 AF700 BM8 rat Biolegend 123130
F4/80 PB BM8 rat Biolegend 123124
F4/80 BV605 BM8 rat Biolegend 123133
F4/80 BV711 BM8 rat Biolegend 123147
Foxp3 PE FJK-16s rat eBioscience 12-5773-80
Granzym B PE/Cy7 NGZB rat eBioscience 25-8898
H-2Kb FITC AF6-88.5 mouse Biolegend 116506/500 ug
H-2Kb APC AF6-88.5 mouse Biolegend 116518
IFNy FITC XMG1.2 rat Biolegend 505806
IFNy APC XMG1.2 rat Biolegend 505810/100 ug
Ly-6C FITC HK1.4 rat Biolegend 128005
Ly-6C PerCP-Cy5 HK1.4 rat BD Bioscience 128012/50 ug
Ly-6C PE-Cy7 HK1.4 rat Biolegend 128018
Ly-6C APC HK1.4 rat Biolegend 128016
Ly-6C AF700 HK1.4 rat Biolegend 128024
Ly6-C PB HK1.4 rat Biolegend 128014
Ly6-C BV421 HK1.5 rat Biolegend 128031
Ly6-C BV785 HK1.4 rat Biolegend 128041
Ly6-C BV711 HK1.4 rat Biolegend 128037
Ly-6G FITC 1A8 rat Biolegend 127606/500 ug
Ly-6G PE 1A8 rat Biolegend 127608
Ly-6G PE/Cy7 1A8 rat Biolegend 127618
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Ly-6G BV785 1A8 rat Biolegend 127645
MHC-II FITC AF6-120.01 mouse BD Bioscience 553551
MHC-II PE AF6-120.01 mouse Biolegend 116407/50 ug
MHC-II PerCP Cy5.5 AF6-120.01 mouse Biolegend 116416
MHC-II (I-A/1- PB M5/114.15.2 rat Biolegend 107620
E
MHC-II)(I-A/I BV711 M5/114.15.2 rat Biolegend 107643
E
NK-)1 A FITC PK136 mouse Biolegend 108706
NK-1.1 PE PK136 mouse Biolegend 108708
NK-1.1 PerCP Cy5.5 PK136 mouse BD Bioscience 551114
NK-1.1 APC PK136 mouse Biolegend 108710
NK-1.1 PacBlue PK136 mouse Biolegend 108722
NK-1.1 Bv421 PK136 mouse Biolegend 108731
NK-1.1 BV605 PK136 mouse Biolegend 108740
CD195 BV510 C34-3448 rat BD 743696
CD195 Bv421 C34-3448 rat BD 743695
CD195 AF488 HM-CCR5 hamster Biolegend 107008
CXCR3 APC 220803 rat R&D FAB1685A
CXCR3 BV241 CXCR3-173 hamser Biolegend 126529
Primary unconjugated antibodies
Specificity Host Clone Reactivity Working Company
Dilution
phospho-elF2alpha (Ser51) Rabbit Polyclonal mouse/human 1:100 CST
Anti-Calreticulin antibody Rabbit Polyclonal mouse/human 1:100 Abcam
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Secondary conjugated antibodies

Specificity Fluorophore Host  Reactivity Working Dilution Company
IgG (H+L) AF488 Goat Rabbit 1:200 Invitrogen
2.1.10 Primers for gPCR

Gene Sequence 5’->3’ Accession code Position Probe #

CCL2 F: catccacgtgttggctca NM_011333.3 F: 139 — 156 # 62

murine R: gatcatcttgctggtgaatgagt R: 192 - 214

CcCL4 F: gcectetetetectettget NM_013652.2 F:98 —117 #1

murine R: ggagggtcagagcccatt R: 154 - 171

CCL5 F: tgcagaggactctgagacagc NM_013653.3 F:3-23 #110

murine R: gagtggtgtccgagccata R: 133 - 151

CCL6 F: tctttatccttgtggctgtce NM_009139.3 F:175-195 # 64

murine R: tggagggttatagcgacgat R: 238 - 257

CCL7 F: ttctgtgcctgetgcetcata NM_013654.3 F:92 - 111 #12

murine R: ttgacatagcagcatgtggat R: 162 - 182

CCL9 F: tgggcccagatcacacat NM_011338.2 F: 230 — 247 #98

murine R: cccatgtgaaacatttcaatttc R: 299 - 321

CCL13 F: gcacttctcttgecttctgg NM_010779.2 F:61-80 #73

murine R: atgtaagggcgagaatgtgg R: 121 -140

CCL17 F: tgctictggggacttttctg NM_011332.3 F:84-103 60 #27

murine R: gaatggcccctttgaagtaa R: 157 - 176

CCL20 F: aactgggtgaaaagggctgt NM_016960.2 F: 299 — 318 #73

murine R: gtccaattccatcccaaaaa R:299 - 318

CCL25 F: gagtgccaccctaggtcatc NM_009138.3 F: 496 - 515 #9

murine R: ccagctggtgcttactctga R: 563 - 582

CCL27a F: ggaagcggaggaggagat NM_001048179.1 F: 89 - 106 #45

murine R: cttgttggagacatcggactc R: 161 - 181

CCL28 F: cagagagctgacggggact NM_020279.3 F: 208 — 226 #71

murine R: gggctgatgcagattcttcta R: 261 - 281

CXCL2 F: aaaatcatccaaaagatactgaacaa NM_009140.2 F: 308 — 333 # 26

murine R: ctttggttcttccgtigagg R: 379 - 398

CXCL3 F: ccccaggcticagataatca NM_203320.2 F:317 - 336 # 69

murine R: tctgatttagaatgcaggtcctt R: 404 - 426

CXCL4 F: tgggatccatcttaagcaca NM_019932.4 F: 303 — 322 # 64

murine R: ccattcttcagggtggctat R: 376 - 395

CXCL5 F: agagccccaatctccacac NM_009141.2 F:73-92 # 67

murine R: gagctggaggctcattgtg R: 141 -159

CXCL7 F: gcccacttcataacctccag NM_023785.2 F: 129 — 148 #3

murine R: gggtccatgccatcagatt R: 204 - 222

CXCL 9 F: cttttcctcttgggcatcat NM_008599.4 F:72-91 #1

murine R: gcatcgtgcattccttatca R: 127 - 146

CXCL10 F: gctgccegtceatttictge NM_021274.1 F:53-70 #3
R: tctcactggceccgtcate R: 146 - 163

murine




CXCL11 F: gctgctgagatgaacaggaa NM_019494.1 F:55-74 #76
murine R: ccctgtttgaacataaggaagce R: 125 - 146
CXCL13 F: tgaggctcagcacagcaa NM_018866.2 F: 34 — 51 # 63
murine R: atgggcttccagaataccg R:92-110
CXCL14  F: gacagacggcaggagcac NM_019568.2 F: 209 — 226 #78
murine R: tttcaagcacgcctctctc R: 265 - 283
CXCL15 F: tgctcaaggctggtccat NM_011339.2 F:43 -60 #18
murine R: gacatcgtagctcttgagtgtca R: 106 - 128
CXCL17 F: tgttgcttccagtgatgctc NM_153576.2 F:135-154 # 66
murine R: ctaggagccaggtgttggtc R: 206 - 225
CX3CL1 F: catccgctatcagctaaacca NM_009142.3 F: 229 — 249 #80
murine R: cagaagcgtctgtgctgtgt R: 287 - 306
HPRT F: cctcctcagaccgcttttt NM_013556.2 F:105-123 #95
murine R: aacctggttcatcatcgctaa R:175-195

2.1.11 Oligonucleotide sequences
Name Sequence
3p-RNA 5-GCGCTATCCAGCTTACGTAGAGCTCTACGTAAGCTGGATAGCGCTATAGTGAGTC
IVT DNA GTATTA-3
template
OH-RNA 5’- GCG CUA UCC AGC UUACGU A -3

2.1.12 Consumables
Name Company

1.5 ml reaction tubes

Eppendorf, Germany

2 ml reaction tubes

Eppendorf, Germany

1 ml disposable syringe Norm-Ject

Henke Sass Wolf, Germany

100 unit insulin syringe with orange cap

Henke Sass Wolf, Germany

Injection needle (27 G 3/4 0.4x19 mm)

Becton Dickinson, USA

6-well cell culture plate

Becton Dickinson, USA

24-well cell culture plate

Becton Dickinson, USA

24-well non-tissue culture plate

Becton Dickinson, USA

96-well cell culture plate round bottom

Greiner, Germany

96-well cell culture plate flat bottom

Greiner, Germany

96-well cell culture white plate

ThermoFisher, USA

96-well transwell plates

Corning, Germany

Cell culture flasks (175 cm3, 75 cm3)

Greiner, Germany

Cell culture dish

Greiner, Germany

Cell scraper

Sarstedt, Germany

15 ml, 50 ml Falcons

Sarstedt, Germany

Cryo'sTM Greiner

Frickenhausen, Germany

MACS® SmartStrainers (30 ym, 70 yum, 100 yum) Miltenyi Biotec, Germany
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LS Columns Miltenyi Biotec, Germany

PCR-Tubes Biozym Hess, Germany

Polystyrene round-bottom tubes Dickinson, San Jose, USA
2.1.13 Material for animal experiments

Name Company

Alzane (Atipamezol) Pfizer, USA

Bepanthen (Augen und Nasensalbe) Bayer, Germany

Buprenovet (Buprenorphin) Bayer, Germany

Capillary tube, heparinized Hirschmann, Germany

Dorbene vet (Medetomidin) Zoetis, Germany

Flumazenil Hikma (Benzodiazepin-Antagonist) Hikma, Germany

In vivo-JetPEI Polyplus transfection, USA

Isoflurane-CP CP-Pharma, Germany

Midazolam-hameln (Benzodiazepin) Hameln, Germany

Scalpel (No. 22) Feather, Japan

Sodium chloride, pyrogen-free (NaCl 0.9%) Baxter, UK

Surgery and dissecting set, autoclaved RSG, Germany

SurgiproTM Il P-13 5-0 Covidien, Ireland

Anesthesia: 150 ul per-mouse

Compound Stock [mg/ml] Amount master mix Volume required
Dorbene 1 0.5 mg 500 ml
Midazolam 5 5 mg 1 mi

NaCl (0.9%) - - 1ml
Buprenorphin 0.324 mg in 6 ml 0.0675 mg 1.25 ml

Antidote: 110 ul per mouse

Compound Stock [mg/ml] Amount master mix Volume required

Flumazenil 0.1 0.5 mg 5ml

Alzane 5 2.5 mg 500 pl
2114 Software

Name Company

Affinity Designer Serif (Europe) Lid., UK

FACSDiva BD Bioscience, Germany

FlowJo Tree Star, USA

Graphpad Prism Graphpad Software, USA

Image J Image J Software, USA

Lightcycler 480 SW 1.5 Roche, Germany
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2.2 Methods

2.2.1 Cell culture

Both tumor and primary cells were cultured in an incubator at 95% humidity, 37°C
and with 5% CO2. Mycoplasma contamination was excluded every second week
by PCR.

222 Immunological methods

2.2.2.1 Enzyme-linked immunosorbent assay (ELISA)

The concentration of IFNy, IL-2, Granzyme B and HMGB1 in the supernatant of
tumor and T cell co-cultures was assessed by ELISA, following the

manufacturer’s protocol.

2.2.2.2 Enzyme-linked InmunoSpot Assay (ELISpot)

Detection of OVA specific T cells was measured by IFNy spot forming units (SFU)
of murine cells isolated from the spleen and blood upon 24 hours of stimulation
with 1 pg/ml SIINFEKL peptide. The assay was performed following the
manufacturer’s protocol, plating 2 x 10°% cells/ well in 96 well PVDF membrane

plates and including three technical replicates per sample.

2.2.3 Molecular biology methods

2.2.3.1 3p-BNA in vitro-transcription, clean-up, and concentration

The HiScribe™ T7 Quick High Yield RNA Synthesis Kit was used to generate
double stranded 3p-RNA from the DNA template described in section 2.1.11 of
Materials and Methods according to the manufacturer’s protocol for short
transcripts. Template DNA was removed using DNase | digestion for 15 minutes
at 37°C and the resulting RNA was further cleaned and concentrated using the
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RNA clean up and concentration kit (Norgen Biotek, Canada) following the

manufacturer’s protocol.

2.2.3.2 Tumor cell transfection

For in vitro transfection 1.2 x 10% tumor cells were seeded per well in 96-well flat
bottom plates or 2.0 x 10° cells/well in 6-well plates. RNA transfection was
accomplished through Lipofectamine™ RNAIMAX mediated delivery and the
RNA-Lipofectamine complex was prepared in the Opti-MEM medium. Cultures in
96-well plates received 10 pl/well and 6-well plates received 200 ul/well

complexed RNA.

T110299-EpCAM and T110299-EpCAM-OVA cells were transfected with 160 nM
of RNA, complexed with 0.9 ul Lipofectamine for 96-well plates and cultured in
the adherent tumor cell medium supplemented with 2% FCS. Panc02-EpCAM-
OVA and SUIT-02-MSLN cells were transfected with 80 nM RNA complexed with
0.45 pl and 0.2 pl Lipofectamine respectively onto 96-well plates and cultured in

adherent tumor cell media with 10% FCS.

2.2.3.3 Quantitative real time polymerase chain reaction

2.2.3.3.1 Total RNA isolation

To assess chemokine expression in response to 3p-RNA transfection, tumor cells
were lysed, and their RNA isolated using the RNeasy mini kit from Qiagen
according to the manufacturers protocol. In short, upon cell lysis, RNA is
selectively bound to a spin column. Contaminants are removed after a series of
washing steps and purified RNA is eluted and its concentration measured

determined via a photometrical method using NanoDrop®.

53



2.2.3.3.2 cDNA transcription

cDNA synthesis from RNA was accomplished with the RevertAID™ first strand
cDNA synthesis kit following the manufacturer’s protocol. In brief, the reaction
was carried out for 1 hour at 42°C, followed by a 10 min incubation step at 70° C

to inactivate the transcriptase.

Mastermix for cDONA synthesis

Stock concentration | 1x reaction
RNA 1000 ng
Oligo(dT) 10 uM 1 pl
Ribolock™ 20 U/ul 1yl
dNTP 10 mM 2
RevertAid™ 200 U/ul 1yl
5x Reaction buffer 4 ul
H20 up to 12 ul

2.2.3.3.2 gqPCR

The expression levels of messenger RNA (mRNA) were measured by
quantitative PCR (qPCR). Probes were assigned to each primer set using the
Roche Universal probe library and the PCR program was performed in a Roche

LightCycler 480 Il device following the manufacturer’s protocol.

gPCR Mastermix

Stock concentration | 1x reaction
cDNA 3 ul
Fwd Primer 10 uM 0.2 ul
Rev Primer 10 uM 0.2 ul
Probe 0.1 ul
Kapa probe fast universal gqPCR mastern 5 ul
(2x)
H20 up to 10 ul

Roche LightCycler 480 Il mRNA expression program

Temperature (°C) | Time Quantification
Pre-incubation | 95 10 min --
Denaturation | 95 15 sec -- 40 cycles
Elongation 60 60 sec Yes
Cooling 40 00 --
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224 Animal experiments

All animal testing was approved by the Regierung von Oberbayern in Munich,
Germany; according to the animal protocol number ROB-55.2-2532.Vet_02-17-
12. All experiments were done in the central laboratory animal facility in Munich
city center (ZVH) under specific pathogen-free (SPF) conditions. Parameters
such as body weight, behavior and clinical conditions were assessed to monitor
the health status of the animals. A score was assigned, in line with the guidelines
described in the animal protocol score sheet and in accordance with the EU-
severity guidelines. A severity score of four or higher translated into immediate

mice euthanasia.

2.2.41 Subcutaneous tumor induction and tumor growth
monitoring
2.2.4.2 Syngeneic tumor models

C57BL/6 female mice were purchased from Charles River and were used to
establish syngeneic subcutaneous tumor models using T110299-EpCAM (with or
without OVA expression) tumor cells. Tumor cells were split at a 1:2 ratio one day
prior to tumor induction. On the day of tumor induction, the tumor cells were
detached and washed three times with PBS to remove residing FBS and cell
numbers were adjusted to 1 x 106 tumor cells in 100 pyl PBS. Mice were injected
with 100 pl of tumor cells suspension in the right flank. When the tumors reached
9 mm? in size, they were treated intra-tumorally (i.t.) with 10 pg of in vivo-jetPEl
complexed 3p-BRNA or PBS as the control. The volume of i.t. injections was of 50
ul. Six hours later, the mice received 1 x 107 retrovirally-transduced syngeneic
murine T cells expressing a second generation anti-EpCAM CAR through the tail
vein (i.v.). Maximum 100 pl volume was injected in the tail vein. Intra-tumoral
treatment with 10 ug in vivo-jetPEl complexed 3p-RNA was repeated once or
twice after the first dose depending on the experiment. Tumor growth was

measured every second day by a blinded observer.
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2.2.4.2 Xenograft tumor model

NSG female mice (NOD.Cg-Prkdcscidll2rgtm1Wijl/SzJ) were purchased from
Charles River and used to establish a xenograft pancreatic subcutaneous model
using Suit-2-MSLN+* tumor cell line. Tumor cell splitting one day prior to tumor
inoculation and the preparation of the tumor cells on the day of injection was

performed as described above in section 2.2.4.2.

Mice were inoculated in the right flank with 1 x 106 Suit-2-MSLN tumor cells.
When the tumors reached 4 mm? in size, they were treated with 10 g of in vivo-
jetPEl complexed 3p-BRNA or PBS i.t., six hours later 1-107 human anti-
mesothelin CAR T cells were injected through i.v. Intra-tumoral treatment with 10
ug in vivo-jetPEI complexed 3p-RNA was repeated three days after the first dose

and tumor growth was measured every second day by a blinded observer.

2.2.4.3 Orthotopic pancreas tumor induction

T110299-EpCAM tumor cell splitting one day prior to tumor inoculation and the
preparation of the tumor cells on the day of injection was performed as described
above in section 2.2.4.2. However, in this case cell numbers were adjusted to 2
x 10° cells in 25 ul PBS. General anesthesia and analgesia were administered
intraperitoneally (i.p.). Eye cream was used to protect the eyes from exsiccation
and body temperature was maintained using warming pads. After disinfecting the
fur, both skin and peritoneal cavity were cut open (approximately 1 cm),
pancreatic tissue was carefully dislocated and 25 pl PBS was injected into the tail
of the pancreas. Organs were carefully relocated, and cuts were sewn (Philipp
Metzger, 2019). General anesthesia was antagonized using the antidote
described in section 2.1.13 of Material and Methods. Analgesia was administered
at the beginning of the procedure with an injection of Buprenorphine (dose: 0.05
mg/kg, s.c.). This dose was repeated as necessary every 6-12 hours for 2 days
and animals with clear signs of surgery associated distress were immediately

sacrificed.
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2244 Treatment of mice with orthotopic pancreatic tumors

3p-RNA was complexed with in vivo-jetPEl in a 5 % glucose solution following
the manufacturer’s protocol with an N/P ratio of 6. Mice were treated 5 days after
surgery with 50 pg 3p-RNA systemically (i.v.). Six hours later, the mice received
1 x 107 retrovirally-transduced syngeneic murine T cells expressing anti-EpCAM
CAR through the tail vein (i.v.). 3p-RNA systemic treatment was repeated on day

8 after surgery. Animal conditions and survival was evaluated by a blinded

observer.
2.25 Organ and single cell preparation
2.2.5.1 Splenocyte isolation

Spleens were passed through 70 ym strainers to obtain single cell suspensions.
Obtained cells were centrifuged at 400xg for 5 min at room temperature (RT) and
erythrocyte lysis was performed using 3 ml of ammonium chloride-Tris (ACT)
buffer for 3 min at RT. Erythrocyte lysis was stopped using 1x PBS and the
obtained cells were washed, counted, and further used for downstream

applications.

2.2.5.2 Blood cell isolation

Mice were briefly anesthetized using Isoflurane and blood withdrawal was
performed retro-orbitally using heparinized capillary tubes. Two rounds of
erythrocyte lysis were performed using 10 times the volume of 1x BD Pharm
Lyse™ lysing solution for 5 min at RT in the dark. Cell lysis was stopped using

1x PBS and cells were centrifuged at 400 x g for 7 min at RT.
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2.25.3 Tumor composition analysis

Tumors were sliced into 1 to 2 mm? pieces and dissociated in the presence of
digestion enzymes according to the Tumor Dissociation Kit® protocol, using the

gentleMACS Dissociator (Miltenyi Biotec, Germany).

2.2.6 Generation of iCD103* bone marrow-derived dendritic cells

Bone marrow was isolated from murine femur. The bone epiphyses were cut off
and bone marrow was flushed out with the help of a syringe and PBS. The
obtained bone marrow content was pelleted at 400xg for 5 min at RT and
erythrocyte lysis was performed as described above. The obtained cells were
differentiated in non-tissue culture dishes, seeding 2 x 10° cells in 10 ml DC
medium for 9 days. The culture medium was enriched with 200 ng/mi
recombinant murine FLT3L and 5 ng/ml recombinant murine GM-CSF. On day 3
the culture volume was duplicated using new fresh DC medium with cytokines
and on day 5, 66% of media volume was replaced with new fresh media with

cytokines.

2.2.7 Murine T cell isolation and retroviral T cell transduction

Spleens from donor mice were processed as described in section 2.2.5.1 of
Materials and Methods. The number of obtained splenocytes was adjusted to 2 x
108 cells per ml in murine T cell media supplemented with 4 pyg/ml IL-2, and the
cells were stimulated for 24 hours with 1 yg/ml murine anti-CD3 and 0.1 pg/ml
murine anti-CD28 antibodies. The stimulated T cells were retrovirally transduced
using supernatant from the viral producer cell lines described in section 2.1.7.2
following previously described protocols (Karches et al., 2019). In short, non-
tissue culture 24-well plates were coated overnight with 400 ul/well of 6.25 pyg/mli
RetroNectin at 4°C. On the day of transduction, 2 % BSA diluted in PBS was used
to block the RetroNectin-coated wells for 30 min, followed by one wash with 25

mM HEPES in 1 ml PBS. Upon removal of the washing buffer 2 ml of viral
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supernatant was added per well and the virus particles were attached to the
RetroNectin by centrifugation at 3000 x g for 2 hours at 4 °C. Once the
centrifugation step was completed, the viral supernatant was discarded and 1 x
108 activated murine T cells were added per well in 1 ml murine T cell media
enriched with 10 U/ml IL-2, 50 yM 2-mercaptoethanol and 4 x 10° mouse
CD3/CD28 T cell activator Dynabeads. The cells were cultured in virus-coated
plates for 48 hours and then expanded with T cell medium enriched with 50 ng/ml
recombinant IL-15 and 50 uyM B-mercaptoethanol every second day.

Transduction efficiency was assessed by flow cytometry.

2.2.8 Human T cell isolation and CAR T cell transduction

Pheripheral blood was donated by healthy human donors and processed using
density gradient centrifugation with the Biocoll separating solution to isolate
peripheral blood mononuclear cells (PBMC). The human Pan T Cell Isolation Kit
(Miltenyi Biotec) was used in order to obtain untouched human T cells from
PBMC. Isolation quality was assessed by flow cytometry assessment of CD4+
and CD8* cells. Isolated human T cells were cultured and stimulated for 48 h in
human T cell media using 8.25 pl of human anti-CD3-anti-CD28 dynabeads per
1 x 108 cells. Viral transduction and CAR T cell expansion were then performed

following previously described protocols (Karches et al., 2019).

2.2.9 Migration assay

T110299_EpCAM* Tumor cells were plated and transfected on the next day with
Lipofectamine™ RNAIMAX complexed 3p-RNA (160 nM) or OH-RNA (160 nM).
Transfected tumor cells were further cultured in migration media (no phenol red
RPMI supplemented with 1% BSA) and 24 h later the supernatant with secreted

chemokines was collected and purified from cellular debris by centrifugation.

Primary murine T cells were retrovirally transduced to express individual

chemokine receptor constructs and tagged with GFP to evaluate their migration
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towards chemokines secreted by 3p-RNA transfected T110299_EpCAM tumor
cells. Migration of T cells was assessed using trans-well plates with a 3 ym pore
membrane as previously described (Rapp et al., 2016a). Briefly, 5 x 10°
transduced T cells were platted in the upper chamber of the plate while the lower
chamber contained supernatant from 3p-BRNA or OH-RNA transfected
T110299_EpCAM tumor cells. After 4 hours of incubation at 37°C the cells that

migrated to the lower chamber were counted and analyzed using flow cytometry.

2.2.10 T cell proliferation assays

T cell proliferation was assessed either by staining with 2.5 yM CFSE or by
culturing the T cells for 24 h in the presence of 10 yM Click-iT® EdU and

subsequently stained and fixed following the manufacturer’s protocol.

2.2.11 T cell cytotoxicity assays

22111 xCELLigence assay

The xCELLigence system was used to monitor tumor cell adhesion as an
indicator of viability. Tumor cells were transfected with
Lipofectamine™ RNAIMAX complexed 3p-BNA or controls and 2.5 x 10% cells per
well were plated in a 96-well plate. The cell index was monitored every 20 min
and upon reaching a value of 1, transduced T cells were added to the cultures at
different effector to target ratios (10:1, 5:1 and 2.5:1). Impedance values were

further quantified for 48 h.

2.2.11.2 Cell Titer Blue viability assay

The viability of tumor cells seeded and treated in transparent 96 well plates was
assessed using the Cell Titer Blue (CTB) reagent from Promega. Each well
received 20% of the culture volume CTB reagent. After 2-3 hours of incubation at

37°C the fluorescence signal was measured using a luminometer adjusted for
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excitation at 560 nm and emission 590 nm. Calculations of cell viability were
performed by subtracting the background signal given by the media and
normalizing the obtained data to the signal of untreated tumor cells using

GraphPad Prism software.

2.2.12 Flow cytometry

Staining of single cell suspensions was performed in FACS buffer. Dead cells
were excluded by staining them with fixable viability violet dye (1:5000) for 15 min
at RT. Cell surface proteins were generally stained for 30 min at 4 °C with the
exception of chemokine receptors which were stained at 37 °C for 15 min.

Intracellular stains were performed using the BD Cytofix/Cytoperm™
Fixation/Permeabilization Solution Kit following the manufacturer’s protocol.
Absolute cell numbers were determined using Count Bright counting beads
according to the manufacturer’s protocol. Compensation was performed either
with stained cells or UltraComp eBeads®. Fluorescence signal was acquired on
BD FACSCanto Il or BD LSRFortessa flow cytometers, and resulting data were

analyzed with the FlowdJo software version 10.3.

2.2.13 Statistical analysis

Data are generally shown as the mean with either standard deviation (SD) or
standard error of the mean (SEM) as specified in the figure legends. Data for
individual mice are mostly summarized using the mean with SEM. Differences
between two groups were generally assessed for statistical significance using the
nonparametric Mann Whitney U test. For comparisons across multiple groups,
two-way ANOVA with the Bonferroni correction (multiple time-points) or one-way
ANOVA with the Tukey posthoc (single time-points) were conducted. All statistical
testing was carried out with GraphPad Prism 8 software and P values < 0.05 were
considered to be significant. Significance levels are indicated as *, **, *** for

<0.05, <0.01 and <0.001 respectively.
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3 Results

3.1 Generation of a preclinical PDAC model for assessment of
3p-BRNA and CAR T cell combination therapy

Pre-clinical models are of great importance for studying therapeutic efficacy and
safety before trials in humans. Ideally, results observed in pre-clinical models
such as rodents, or non-human primates, would then be extrapolated to predict
efficacy and safety in humans. Nevertheless, translation between studies with
pre-clinical models and human clinical studies has a success rate of less than 8%
(Mak et al.,, 2014). The many reasons behind this low success rate include
discrepancies in biological processes between species (Brubaker &
Lauffenburger, 2020) and failure to reproduce the many factors that contribute to
the complexity of the diseases. Therefore, it is of great importance to use pre-

clinical models that reproduce key characteristics observed in human disease.

In the case of PDAC, several murine models have been established harboring the
main genetic alterations regularly identified in human PDAC patients. One
example is the KPC murine model (Ptf1aCre+- LSL-KrasG2P, p53f/R172H) These
mice have been engineered using the Cre-Lox system to specifically introduce
mutations in the Kras and p53 genes in pancreatic cells. Consequently, the mice
develop spontaneous, stroma-rich neoplasms, specifically in the pancreas, which
exhibit many of the typical clinical, histopathological and TME features of human
PDAC patients (Lee et al., 2016). The T110299 cell line used in the current study
is derived from this murine model. It has been shown in previous work from our
group that this cell line closely reflects histological features from the original
murine primary tumor and also of human PDAC tumors (Adunka, 2014). As a
second murine model for PDAC, we used Panc02 tumor cells. This cell line was
generated by inducing mutations with the carcinogen 3-methylcholanthrene (3-
MCA) in the pancreas of C57BL/6 wild-type mice. Finally, as a human model of
PDAC we utilized the SUIT-2 cell line which is derived from a liver metastasis from
a PDAC patient.
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3.1.1 Engineering of EpCAM expressing T110299 tumor cells as
a CAR T cell target

In recent years, CAR T cell therapy has displayed remarkable outcomes against
several hematological malignancies. Nevertheless, their efficacy against solid
tumors, such as PDAC, is still limited. Appropriate tumor models that exemplify
the challenges opposing CAR T cell efficacy are of vital importance to understand

and overcome therapeutic limitations.

For the purpose of studying the therapeutic effects of combining 3p-RNA
treatment with CAR T cell therapy in PDAC, the murine KPC-derived T110299
tumor cell line was chosen, as this cell line embodies many key features observed
in human PDAC, including immune TME composition, strong inflammatory
reaction, and exclusion of effector T cells (Lee et al., 2016a).

The epithelial cell adhesion molecule (EpCAM) is highly overexpressed in many
human epithelial cancers in different organs (Sankpal et al., 2021), with a high
fraction of PDAC tumors being strongly positive (Went et al., 2004). It has been
clinically tested as a target antigen for various targeted therapies and therefore
was chosen in this study as target for CAR T cell therapy in our murine PDAC

models.

Flow cytometric assessment of T110299 tumor cells shows that they do not
endogenously express EpCAM in the cell membrane (Figure 6A). Therefore, they
are not responsive to treatment with anti-EpCAM CAR T cells, evidenced in the
unaltered cell viability of T110299 tumor cells cultured with EpCAM targeting CAR
T cells (Figure 6B). Engineering of this cell line using retroviral vectors permitted
the generation of T110299-EpCAM tumor cells, where the antigen is expressed
in the membrane of the tumor cells at both a high and low level (Figure 6A).
Induced EpCAM expression sensitized the tumor cells to CAR T cell mediated
cytotoxicity in a dose-dependent manner (Figure 6C). Moreover, unaltered cell
viability of T110299-EpCAM tumor cells, when co-cultured with mock transduced

T cells, confirmed that the observed cytotoxicity was entirely antigen dependent
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(Figure 6D). These results corroborate that the engineered T110299-EpCAM

tumor cell line is a suitable model to study antigen-specific CAR T cell cytotoxicity.
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Figure 6. Generation of T110299-EpCAM tumor cells and validation of antigen-
specific CAR T cell cytotoxicity.

A) Histogram representation of EpCAM expression on T110299 tumor cells (black curve)
compared to engineered T110299-EpCAM tumor cells (purple curve). Impedance-based
cytotoxicity assays (xCELLigence) showing real-time quantification of B) T110299 and
C) T110299-EpCAM tumor cell lysis upon co-culture with anti-EpCAM CAR T cells in
three different effector to target (E:T) ratios (10:1, 5:1 and 2.5:1). D) T110299-EpCAM
tumor cell lysis upon co-culture with mock transduced T cells in a 5:1 E:T ratio. Graphs
show one representative experiment out of three independent repeats.
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3.1.2 Validation of 3p-RNA effects on T110299-EpCAM tumor
model

Further characterization of the T110299-EpCAM model demonstrated that
3p-RNA transfection of the tumor cells induced strong secretion of type | IFN,
evaluated in the form of IFN-B presence in the culture supernatant, when
compared to cells transfected with RIG-I non-activating OH-RNA control (Figure
7A). Moreover, an increase in the membrane expression of MHC-| was detected
in cells transfected with 3p-RNA (Figure 7B) Together, these results indicate an
intact IFNAR signaling pathway as both molecules are induced by IFN signaling.
Furthermore, real-time quantification of tumor cell adhesion indicated that 3p-
RNA transfection affects tumor cell growth in vitro (Figure 7C) but does not
influence membrane expression of EpCAM (Figure 7D). These results confirm
that the engineered T110299-EpCAM tumor cells respond to cytosolic RNA
sensing without influencing the expression of the CAR T cell targeted antigen,
making this cell line a suitable model for evaluating the effects of combining 3p-
RNA therapy with CAR T cells.
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Figure 7. Effects of 3p-RNA transfection on T110299-EpCAM tumor cells.

A) Detection of murine IFN-f in the supernatant of untreated or treated T110299-EpCAM
tumor cells by ELISA 24 hours after transfection with either 3p-RNA or OH-RNA
transfection control. Assessment of surface expression of B) MHC-I on live T110299-
EpCAM tumor cells 24 hours after transfection with either 3p-RNA, OH-RNA, or
exposure to 100 U/ml of murine IFN-a. C) Impedance-based quantification of T110299-
EpCAM tumor cell lysis upon transfection with 3p-RNA. D) Histogram representation of
EpCAM expression on T110299-EpCAM tumor cells untransfected (blue) compared to
those transfected with 3p-RNA (yellow) and isotype control (dotted gray line). Graphs
are representative of two to three independent repeats, error bars indicate mean values
+ SD of technical replicates for the shown experiment. Statistical analysis was calculated
using unpaired t-test for A) and ordinary one-way ANOVA with Dunnett’'s multiple
comparison test for B).
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3.2 Combination of 3p-RNA with CAR T cells shows improved
anti-tumoral effect in murine pancreatic cancer models

To evaluate the potential therapeutic advantage of combining 3p-RNA treatment
with CAR T cell therapy, the T110200-EpCAM tumor model was used in two
different settings. First, assessment of local 3p-RNA delivery was performed on
subcutaneous T110299-EpCAM tumors induced in the right flank of female
C57BIl/6 mice. One week after tumor induction, the mice received one intra-
tumoral injection of 3p-RNA or PBS control followed by a systemic injection of 1
x 107 retrovirally-transduced, syngeneic murine T cells expressing anti-EpCAM
CAR. Intra-tumoral treatment with 3p-RNA or PBS control was repeated 3 days
later, and changes in tumor size were assessed every second day until
termination criteria were met (Figure 8A). Intra-tumoral injections of PBS control
alone or in combination with anti-EpCAM CAR T cell monotherapy had no
significant effect on tumor growth. However, intra-tumoral injections of 3p-RNA
showed a significant decrease in tumor size when compared to CAR T cell
monotherapy (Figure 8B), and the combination of intra-tumoral 3p-RNA with CAR
T cells further induced complete tumor regression in 60% (3/5) of the mice (Figure
8C).

Second, evaluation of the therapeutic effects of systemic delivery of both 3p-RNA
and CAR T cells was performed in female C57BL/6 mice bearing orthotopically
induced T110299-EpCAM tumors in the pancreas. Mice were injected with 3p-
RNA or PBS control followed by i.v. injection of 1 x 107 syngeneic anti-EpCAM
CAR T cells six hours later. Systemic 3p-RNA treatment was repeated three days
later (Figure 8D). High levels of murine IFN-B were detected in the serum of mice
that received 3p-RNA treatment (Figure 8E). Both 3p-RNA and CAR T cell
monotherapy had no effect on survival compared to PBS-treated controls,
whereas the combination of 3p-RNA with CAR T cell therapy showed a
therapeutic benefit by prolonging survival (Figure 8F). These results indicate the
superiority of the combination treatment over monotherapy in terms of enhanced
tumor control and extended survival in PDAC tumor models with both local and

systemic administration of 3p-RNA.

67



A
C57Bl6 1200/ —PBS ns 1200
— mice 1100 —CAR T cells + PBS—|1s 1100
3p-RNA 1000

-8
e EpcAM 900|— CAR T cells + 3p-RNA-™*
0 O 3pRNA(Og)it

700; | 3p-RNA.t.
+CAR T cells i.v.

400
300
200
. 100 e

0 - 00— =
7 9 11131517 19 2123 2527 29 313335 7 9 1113 1517 19 21 23 25 27 29 31 33 35

+6h
10" anti-EpCAMCAR Tcells i.v.

3 O 3pRNA(0Mg)it

Tumor Volume (mm3)
[=2]
8

Tumor growth

Days after tumor inoculation

D E 200 F
v 100
5786 + PBS
! _ ns
DAY mee T 150 +CART cells—-| ?ns *
£ 150
-5 O T110299-EpCAM > - 3p-RNA
10°cells orthotopic 2 — - CART cells + 3p-RNA
100 s
0 3p-RNA(25 pg)iv. zZ 7 S 50
+6h w I a
107 ant-EpCAMCAR Tcells i.v. £ °
2 50 s
3 3p-RNA(25 pg)iv. $
0 0 , - . g
Survival 3p-RNA N . 0 20 40 60 80
anti-EpCAM CAR T cells R . Days after tumor inoculation

Figure 8. Combination of 3p-RNA with CAR T cells promotes tumor control and
survival in s.c. and orthotopic murine T110299-EpCAM tumor models.

A) Experimental timeline of s.c. T110299-EpCAM tumor challenge experiments. B)
Growth curves of T110299-EpCAM tumors in mice treated with 10 pg of in vivo-JetPEI-
complexed 3p-RNA and/or 1 x 107 anti-EpCAM CAR T cells as indicated (n = min. 5
mice/ group). C) Spaghetti plot depicting all individual mice, with those receiving either
monotherapy in gray and those receiving the combination treatment in red. D)
Experimental layout of orthotopic T110299-EpCAM tumor induction experiments. E)
Serum IFN-f3 levels 24 hours after systemic treatment with in vivo-JetPEI complexed 3p-
RNA (25 pg) F) Survival curves of orthotopic T110299-EpCAM tumor challenge
experiments. Mice were treated systemically with 25 ug of in vivo-JetPEI complexed 3p-
RNA and/or 107 anti-EpCAM CAR T cells as indicated (n = min. 4-5 mice/ group). Error
bars indicate mean values + SEM. Differences between groups in B) were assessed
using two-way ANOVA with correction for multiple testing by the Bonferroni method.
Comparison of survival curves in F) was done with the Logrank (Mantel-Cox) test.
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3.3 3p-RNA treatment reshapes the myeloid compartment of
PDAC tumors

The immunosuppressive TME poses an important challenge for CAR T cell
therapy in solid tumors (Marofi et al., 2021). In a previous study, it was shown that
activation of RLR can reshape the myeloid compartment in the TME, thereby
reducing immunosuppression in a type | IFN-dependent manner (Metzger et al.,
2019). To evaluate if the combination of 3p-RNA and CAR T cells induced
changes in the cellular composition of the TME, we analyzed the myeloid cell

infiltrate after three days of treatment (Figure 9A).

CAR T cell monotherapy had no effect on the frequency of live PMN-MDSC, TAM,
monocytes or DC found in the tumor when compared to untreated tumor bearing
mice (data not shown). Meanwhile, the addition of 3p-RNA treatment together
with CAR T cell therapy prompted a significant reduction in the relative frequency
of PMN-MDSC and TAM. Additionally, an increase in the presence of monocytes
was observed in the tumor of the mice that received the combination therapy (Fig
9B). Despite an unaltered composition in the DC populations, 3p-RNA in
combination with CAR T cell therapy stimulated an increase in the expression of
MHC-I in DC suggesting an increase in activation and antigen-presentation
capabilities (Fig 9C). 3p-RNA treatment also upregulated PD-L1 expression on
PMN-MDSC and DC populations in response to the combination therapy (Fig 9D),
likely via type | IFN signalling. Altogether, the data show that 3p-RNA treatment
reshapes the myeloid compartment of PDAC tumors into a more immune-

permissive TME.
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Figure 9. 3p-RNA reshapes the myeloid compartment in T110299-EpCAM PDAC
tumors.

A) Experimental layout for evaluation of TME composition of T110299-EpCAM tumors
after treatment. C57BL/6 tumor-bearing mice were treated with 10 pg of in vivo-JetPEl
complexed 3p-RNA and/or 107 anti-EpCAM CAR T cells as indicated. Three days after
treatment, the experiment was terminated, and tumors were resected and digested for
flow cytometry analysis. Flow cytometry assessment of B) frequency of live
CD11b*Ly6CriLy6G* PMN-MDSC, CD11b*Ly6C-F4/80+ Macrophages, CD11b+
Ly6ChighLy6G- Monocytes and CD11b+*CD11c*MHC-1I* DC in the tumor. Gating strategy
is depicted in Figure S1. C) MHC-I expression in live Macrophages and DC. D) PD-L1
expression in the different live myeloid cell types. Data is depicted as mean values +
SEM (n=8 mice per group). Statistical significance was calculated using ordinary two-
way ANOVA with Turkey’s multiple comparison test, ns: non-significant.
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34 3p-RNA treatment augments T cell trafficking into the TME

3.4.1 3p-RNA treatment increases both CAR T cell and
endogenous T cell infiltration into PDAC tumors

Hampered trafficking and infiltration into solid tumors is another widely described
limitation for CAR T cell therapy (Lim & June, 2017). Therefore, increased CAR
T cell infiltration in response to 3p-RNA treatment could contribute to the
observed therapeutic effect in vivo. To evaluate this hypothesis the number of
viable CAR T cells was assessed in the tumors three days after ACT using an
mCherry reporter which was co-expressed in the CAR T cells. 3p-RNA pre-
treatment induced an increased infiltration of CD8+*, but not CD4+, CAR T cells
(Figure 10A). Similar effects were revealed for mCherry-negative endogenous T
cell populations, were 3p-RNA treatment had no effects on the numbers of CD4+
T cells present in the tumor, while the number of CD8* T cells was increased (p=
0.028) (Figure 10B). Taken together, this data suggest that 3p-RNA treatment
triggers increased infiltration of both CD8+ CAR T and endogenous CD8* T cells
into PDAC tumors.
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Figure 10. 3p-RNA therapy increases both CAR T cell as well as endogenous T
cell infiltration into PDAC tumors

A) Flow cytometry tracking of live CD45+ CD4+ or CD8* CAR T cells co-expressing
mCherry-reporter protein and B) CD4+ or CD8* mCherry-negative endogenous T cells.
Cell counts are calculated using counting beads and further normalized to the weight of
the tumor. Error bars depict mean values + SEM of (n = 8 mice) and statistical analysis
was calculated with Mann-Whitney test. Flow cytometric gating strategies are shown in
Figure S2.
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3.4.2 Chemokine release in response to 3p-RNA treatment drives
CAR T cell migration

Chemokines play a crucial role in the migration of hematopoietic cells (Foeng et
al., 2022). qPCR expression profiling in T110299-EpCAM tumor cells transfected
with 3p-RNA or OH-RNA control indicated high expression levels of a variety of
chemokines. We hypothesized that the observed chemokine profile potentially
explains the increased infiltration of T cells into the tumor observed in PDAC-
bearing mice, treated with combination therapy. Increased expression levels of
Ccl2, Ccl4, Ccl5, Ccl7, Cxcl2, Cxcl9, Cxcl10 and Cxcl11 were observed in

transfected tumor cells (Figure 11A).

In order to evaluate which chemokine receptors could be associated with the
increased CAR T cell trafficking and infiltration in vivo, primary murine T cells were
retrovirally transduced to express each individual chemokine receptor while co-
expressing a GFP reporter. Flow cytometric identification of the GFP signal
enabled the assessment of genetic engineering efficiency as well as the behavior
of the transduced T cells in a Boyden chamber migration assay. The supernatant
of 3p-RNA or control transfected tumor cells, containing the secreted chemokines,
was used to attract chemokine receptor-transduced T cells to determine their
migration preference (Figure 11B). Significant enrichment of GFP positive T cells
was observed for those transduced to express CCR5 (p=0.004) or CXCRS
(p=0.001) (Figure 11C). Interestingly, CCL2 and CCL5 as well as CXCL9-11
(which were upregulated by 3p-BRNA transfected tumor cells) are described
ligands for CCR5 and CXCRS3, respectively (Hughes & Nibbs, 2018). Moreover,
membrane expression of CCR5 (Figure 11D) or CXCR3 (Figure 11E) was
confirmed on the CAR T cells used for ACT at the timepoint of treatment.
Together, this data suggests that 3p-RNA transfection of T110299-EpCAM tumor
cells induces the expression of a variety of chemokines that attract CAR T cells

via their cognate receptors CXCR3 and CCR5.
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Figure 11. T110299-EpCAM tumor cells transfected with 3p-RNA express a wide
range of chemokines that attract T cells.

A) gPCR of chemokines induced by 3p-RNA in T110299-EpCAM tumor cells. RNA was
isolated 24 hours after transfection with either 3p-RNA or OH-RNA transfection control.
Expression levels relative to B-actin are shown. B) Schematic representation for the
generation of primary T cells retrovirally transduced to co-express individual chemokine
receptors and eGFP. The migration of chemokine receptor transduced T cells towards
supernatant from T110299-EpCAM tumor cells transfected with 3p-RNA or OH-RNA was
assessed through a Boyden chamber migration assay. C) Log. enrichment between the
percentage of GFP positive T cells in the lower well compartment containing the tumor
supernatant versus the percentage of originally plated transduced T cells. D) CCR5 and
E) CXCR3 expression on EpCAM CAR-transduced T cells (black) at the timepoint of
ACT. Error bars indicate mean values + SD of three independent experiments Mann-
Whitney test was performed for statistical analysis.
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3.5 3p-RNA treatment increases CAR T cell proliferation,
persistence, and functionality

3.5.1 3p-BNA treatment of tumor cells has a positive bystander
effect on the proliferation and persistence of CAR T cells

Poor T cell expansion and lack of persistence are known limiting factors for CAR
T cell therapy in solid tumors. Even in hematological malignancies, where the
TME does not play a critical role, initially responsive patients risk relapse, due
partly to these two aspects (Pietrobon et al., 2021b). To investigate the influence
of 3p-RNA therapy and the consequent secretion of type | IFN and chemokines
on CAR T cell proliferation, 3p-RNA treated tumor cells were cultured together
with CAR T cells overnight in the presence of 5-Ethynyl-2’-deoxyuridine (EdU)
thymidine analogue to measure proliferation. Analysis of the CAR T cells by flow
cytometry indicated an increase in the level of EAU incorporated into the cells
which were co-cultured with 3p-RNA transfected tumor cells (p= 0.006) when
compared with untreated or control transfected tumor cells (p= 0.02). This
increase of EdU incorporation was not recapitulated by the sole presence of
murine IFN-a in the culture (Figure 12A). Of note, an increased incorporation of
EdU was also observed in untransduced T cells (CAR"), in the co-cultures with
3p-RNA transfected tumor cells (p= 0.06) (Figure 12B). Similar results were
observed when culturing CAR T cells with a second PDAC tumor model i.e.,
Panc02-OVA-EpCAM (Figure S3). These results suggest that factors induced
and/or secreted by the transfection of tumor cells with 3p-RNA can, potentiate

CAR T cell proliferation, as indicated by an increase in DNA synthesis.

In line with these results, flow cytometric analysis of CD8+* mCherry* CAR T cells
in the blood of T110299-EpCAM tumor bearing mice indicated that only one out
of six mice treated with CAR T cell monotherapy had detectable numbers of
circulating CAR T cells at day 9 after treatment. In contrast, six out of eight mice
that received 3p-RNA in combination with ACT had measurable CAR T cells in
circulation at the same timepoint, and the overall number of detected CAR T cells

detected per mL of blood was higher in the mice that received the combination
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therapy (p= 0.04) (Figure 12C). Similar trends were observed at a later timepoint
(Figure 12D) where none of the mice from the CAR T cell monotherapy group had
detectable numbers of CAR T cells in the blood, while almost 50% of the mice in
the combination therapy group still had CAR T cells circulating in blood. Taken
together, these findings suggest that 3p-RNA treatment has a positive bystander

effect on the persistence and proliferation of CAR T cells.
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Figure 12. 3p-RNA therapy increases CAR T cell proliferation and prolongs their
persistence in blood.

A) Proliferation assessment through incorporation of EdU thymidine analogue by CD8+*
CAR T cells co-expressing mCherry and B) CD8+ mCherry- untransduced T cells upon
18 hours co-culture with T110299-EpCAM tumor cells transfected with 3p-RNA or
controls as indicated. Graphs show mean values + SEM of three biological replicates
and are representative of three independent experiments. Statistical analysis is based
on ordinary one-way ANOVA with correction for multiple comparisons using Tukey test.
C) Flow cytometry tracking of live CD45+ CD8* CAR T cells co-expressing mCherry in
the blood of mice after nine days and D) 14 days of treatment with 10 ug in vivo-JetPEI
complexed 3p-RNA and/or 107 anti-EpCAM CAR T cells. Cell counts are calculated using
counting beads and normalized to ml of blood. Error bars indicate mean values + SEM
of (n = 8 mice) and statistical analysis was performed using unpaired t-test.
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3.5.2 3p-RNA therapy increases CAR T cell activation and
cytotoxicity

Increase of CD8* T cell activation and cytotoxicity have been reported in response
to type | IFN stimulation (Medrano et al., 2017). Consequently, we used flow
cytometry to look at the expression of activation markers of CAR T cells cultured
together with 3p-RNA treated tumor cells. CAR T cells cultured with tumor cells in
the presence of IFN-a or transfected with 3p-RNA had a significantly higher
percentage of CD69 expression (p= 0.001) (Figure 13A). This increase in the
percentage of CD69-expressing cells was also observed in untransduced T cells
in the presence of IFN-a (Figure S4). Interestingly, no changes in the expression
patterns of PD1 (Figure 13B), TIM3 (Figure 13C) and LAG3 (Figure 13D) were

detected at the time-point measured.

In line with increased CD69 expression, CAR T cells co-cultured with 3p-RNA
treated tumor cells secreted significantly higher levels of IFNy (p= 0.03) compared
to those cultured with untreated tumor cells (Figure 13E). Likewise, supernatant
levels of granzyme B assessed by ELISA indicated higher concentrations present
in the co-cultures of CAR T cells with 3p-RNA treated tumor cells (p= 0.0001)
when compared to cultures with untreated tumor cells. Here, the presence of IFN-
a was sufficient to recapitulate this increase (p= 0.0003) (Figure 13F).
Interestingly an opposite tendency was observed for IL-2; CAR T cells co-cultured
with 3p-RNA treated tumor cells secreted lower levels of IL-2 when compared to
cultures with untreated tumor cells (p= 0.002) and this observation was not IFN-a
dependent (Figure 13G).
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Figure 13. 3p-RNA therapy increases CAR T cell activation and cytotoxicity.

Percentage of A) CD69 B) PD1 C) TIM3 and D) LAG3 expressing anti-EpCAM CAR T
cells cultured for 24 hours together with T110299-EpCAM tumor cells transfected with
3p-RNA or controls. Graphs show mean values + SD of five independent experiments.
Statistical analysis was performed using ordinary one-way ANOVA with correction for
multiple comparisons using Tukey test. E) ELISA detection of IFNy F) granzyme B and
G) IL-2, in the supernatant of the co-cultures. Error bars indicate mean values + SEM of
three biological replicates H) xCELLigence real-time quantification of T110299-EpCAM
tumor cell lysis upon co-culture with anti-EpCAM CAR T cells in a 10:1 E:T ratio,
depending on tumor cell transfection with OH-RNA or 3p-RNA. Graph is representative
of three independent experiments.
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Further analysis of the cytotoxic capacity of the CAR T cells when combined with
3p-RNA treatment was performed by assessing real-time quantification of tumor
cell lysis in an xCELLigence assay (Figure 13H). As observed previously, the
moderate decrease in the cell index curve of tumor cells transfected with 3p-RNA
(green curve) confirmed its influence on delaying tumor cell growth when
compared to OH-RNA transfected cells (red curve) or untreated controls (blue
curve). Anti-EpCAM-mediated killing by the CAR T cells alone induced almost
complete cell lysis within 48 h of co-culture (purple curve). However, the
combination of 3p-RNA transfection of tumor cells with CAR T cell killing showed
a drastic acceleration in the killing kinetics (black curve). Similar activation and
cytotoxicity results were observed when culturing CAR T cells with Panc02-OVA-
EpCAM cells (Figure S5). Overall, these results indicate that 3p-RNA transfection
of tumor cells induces an increase in early activation levels of the CAR T cells and
promotes higher secretion of IFNy and granzyme B ultimately leading to faster

tumor cell killing.

79



3.6 Combining 3p-RNA with CAR T cell therapy induces an
immunogenic form of cell death

3.6.1 3p-RNA therapy enhances calreticulin exposure and
HMGBH1 release in CAR T cell mediated killing

An additional factor contributing to the risk of relapse in initially responsive CAR
T cell treated patients is the decrease in or loss of target antigen expression
(Majzner & Mackall, 2018). Immunogenic cell death of cancer cells and the
consequent antigen spreading assists the immune system in mounting an efficient
immune response against other cancer-associated antigens, thereby preventing
relapse. Cell death induction mediated by 3p-RNA has been previously described

to induce an immunogenic form of cell death (Duewell et al., 2014).

Cell death induction by 3p-RNA, CAR T cell monotherapy or the combination
therapy was validated through a cell titer blue assay. Within 24 h, a roughly 20%
reduction in viability of T110299-EpCAM tumor cells in response to 3p-RNA and
CAR T cell monotherapy was observed, while the combination induced 40% cell
death (Figure 14A). Assays with Panc02-OVA-EpCAM showed 80% and 40%
reductions in viability for 3p-RNA and CAR T cell monotherapy respectively, while

the combination induced approximately 80% of cell death (Figure 14D).

Cell surface exposure of calreticulin on the tumor cells and HMGB1 release are
two hallmarks of immunogenic cell death. Therefore, these were measured in
order to assess the immunogenicity of the cell death induced by the combination
of CAR T cells with 3p-RNA treatment in the T110299-EpCAM and Panc02-OVA-
EpCAM PDAC models.
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Figure 14. 3p-RNA therapy enhances CAR T cell cytotoxicity while augmenting
calreticulin exposure and release of DAMP.

Viability of A) T110299-EpCAM and D) Panc02-OVA-EpCAM tumor cells either
untreated (black) or transfected with OH-RNA (gray) or 3p-RNA (red) and co-cultured for
24 hours with mock transduced T cells or anti-EpCAM CAR T cells. Error bars represent
mean values + SD of two technical replicates and are representative of three
independent experiments. ELISA detection of HMGB1 in the supernatant of B) T110299-
EpCAM and E) Panc02-OVA-EpCAM tumor cells either untreated or transfected and co-
cultured for 24 hours with mock transduced T cells or anti-EpCAM CAR T cells. Flow
cytometry assessment of calreticulin exposure on live (FVD-) C) T110299-EpCAM and
F) Panc02-OVA-EpCAM tumor cells after transfection and/or co-culture with mock
transduced or anti-EpCAM transduced CAR T cells for 24 hours. Bar charts represent
mean values + SEM of three to four independent experiments normalized to the values
obtained for the co-culture of untreated tumor cells with mock transduced T cells.
Differences between groups were calculated using ordinary two-way ANOVA with
Dunnett’s multiple comparison test.
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HMGB1 release by T110299-EpCAM tumor cells in response to 3p-BRNA and CAR
T cell monotherapy did not differ when compared to untreated tumor cells co-
cultured with mock-transduced T cells. Nevertheless, higher levels of HMGB1
were detected when tumor cells were treated with 3p-RNA without T cells in the
culture (data not shown). Moreover, the combination of 3p-RNA and CAR T cells
slightly increased the concentration of HMGB1 detectable in the culture media,
but this was not statistically significant (p= 0.6) (Figure 14B). On the other hand,
the same setup with Panc02-OVA-EpCAM tumor cells showed a drastic increase
of HMGB1 release when the tumor cells were treated with 3p-RNA in the presence
of mock-transduced T cells (p= 0.001) when compared to untreated cells.
Interestingly, CAR T cell monotherapy did not induce an increase of HMGB1
release compared to untreated tumor cells but combining 3p-RNA with CAR T
cells potentiated HMGB1 release (p= 0.018) (Figure 14E).

Assessment of calreticulin exposure on the tumor cell membrane indicated that
3p-RNA or CAR T cell monotherapy did not induce a difference compared to
untreated T110299-EpCAM tumor cells. However, the combination of 3p-RNA
and CAR T cells increased the amount of calreticulin exposed in the surface of
the tumor cells (p= 0.02) (Figure 14C). Moreover, in line with the HMGB1 release
data, 3p-RNA treatment of Panc02-OVA-EpCAM tumor cells induced higher
calreticulin exposure compared to untreated tumor cells (p= 0.01), while CAR T
cell monotherapy did not result in a strong difference at the timepoint analyzed.
Interestingly, combining 3p-RNA with CAR T cells strongly increased calreticulin
exposure compared to both CAR T cell monotherapy (p=0.04) and untreated cells
(p=0.007) (Figure 14F).

In summary, these data indicate that combining 3p-RNA with CAR T cells
increases tumor cell death while simultaneously leading to the exposure and
release of immunogenic cell death markers with the potential of inducing further

anti-tumoral T cell activation via antigen spreading.
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3.6.2 3p-BNA therapy enhances antigen uptake and activation of
DC

The induction of an immunogenic form of cell death is important for the
engagement of APC and the formation of de novo immune responses (Lin et al.,
2021). To validate the potential of combining 3p-RNA with CAR T cells in
increasing antigen uptake, presentation, and activation of APC, iCD103* BMDC
were differentiated from BM of C57BL/6 mice. eFluro450 stained Panc02-OVA-
EpCAM tumor cells were transfected with 3p-RNA or controls and then co-
cultured with anti-EpCAM CAR T cells for 48 h. iCD103*BMDC were then added
to the culture and uptake of stained tumor antigen, presentation of OVA-derived
peptide SIINFEKL on MHC-I as well as DC activation were assessed by flow

cytometry.

3p-RNA-mediated tumor cell death significantly increased antigen uptake by
iCD103+BMDC (p= 0.0001) while cell death induced by CAR T cell monotherapy
had no effect. Interestingly, combining 3p-RNA with CAR T cells restored antigen
uptake by iCD103* BMDC (p=0.0001) (Figure 15A). In line with these results,
iCD103+* BMDC activation measured by the expression levels of CD86 was
increased by 3p-RNA treatment of the tumor cells as well as by CAR T cell
monotherapy or combination therapy (Figure 15B). Detection of SIINFEKL
peptide presented in MHC-I on iCD103* BMDC indicated a slight but not
significant increase in the BMDC cultured with 3p-RNA-treated Panc02-OVA-
EpCAM tumor cells compared to untreated tumor cells while no difference was
evident in the CAR T cell monotherapy or combination therapy conditions (Figure
15C).

These data suggest that 3p-RNA-mediated cell death enhances both antigen
uptake and activation of BMDC. Moreover, although CAR T cell mediated
cytotoxicity induces BMDC activation, the amount of antigen uptake elicited is
limited. Thus, combining 3p-BRNA with CAR T cells not only enhances DC

activation but also rescues antigen uptake by BMDC.
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Figure 15. 3p-RNA treatment enhances antigen uptake and activation by BMDC.

A) Panc02-OVA-EpCAM were labelled with 5 uM efluor450 proliferation dye and either
left untreated or were transfected with 3p-RNA or OH-RNA control. Mock transduced T
cells or anti-EpCAM CAR T cells were added to the cultures for 24 hours. Immediately
after, iCD103+* BMDC were added to the cultures for six hours and antigen uptake by
CD11b*CD11c*MHCII*CD103*XCR1+ BMDC was analyzed with flow cytometry
(efluor450 positivity). B) BMDC activation measured by CD86 expression and C) flow
cytometric quantification of H-2Kb (MHC-1)-bound SIINFEKL peptide (OVA257-264) on
iCD103+*BMDC after coculture with RNA-treated and/or CAR T cell co-cultured Panc02-
OVA-EpCAM tumor cells. Statistical analysis of differences between groups was
calculated with ordinary two-way ANOVA with Dunnett’s multiple comparison test.

3.6.3 Combination of 3p-RNA with CAR T cells induces in vivo
antigen spreading

The observed increase in antigen uptake and activation of DC in response to the
combination therapy may translate into tumor antigen spreading and the formation
of a de novo immune response against non-CAR tumor antigens in vivo. To
address this hypothesis, immune competent mice were subcutaneously injected
with T110299-EpCAM-OVA tumor cells, in which EpCAM represents the CAR
target and OVA a non-CAR tumor antigen. Tumors were treated with 3p-RNA,
anti-EpCAM CAR T cell monotherapy, or combination therapy. The mice were
euthanized nine days after the initial therapy and cells isolated from the blood
were stimulated using SIINFEKL peptide. IFNy secretion in response to SIINFEKL
stimulation was assessed through an ELISpot assay, to determine the presence
of OVA-specific T cells (Figure 16A). Quantification of IFNy spot forming units

indicated a substantial increase in the number of SIINFEKL responsive cells
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coming from the mice that received the combination therapy compared to CAR T
cell monotherapy (p= 0.006) (Figure 16B). Together these results suggest that
combining 3p-BRNA with CAR T cells enhances in vivo antigen spreading leading

to the induction of a de novo tumor antigen (OVA)-specific immune response.
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Figure 16. 3p-RNA treatment enhances antigen spreading permitting the
generation of a de novo immune response in vivo.
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A) Experimental layout for evaluation of tumor antigen spreading using OVA as non-
CAR model antigen. Mice with s.c. T110299- EpCAM-OVA tumors were treated with 10
ug of in vivo-JetPEl complexed 3p-RNA and/or 1 x 107 anti-EpCAM CAR T cells as
indicated. The experiment was terminated at nine days after treatment and cells isolated
from blood were stimulated for 24 hours with 1 pyg/ml SIINFEKL peptide to evaluate IFNy
response by ELISpot. B) Quantification of IFNy spot forming units (n=8 mice per group).
The quantification includes three technical replicates per mouse. Representative wells
are shown, including a well of isolated cells stimulated with PMA and lonomycin as
positive control. Differences between groups was evaluated using ordinary one-way
ANOVA with correction for multiple testing by Tukey method.
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3.7 Therapeutic response of combining 3p-RNA and CAR T cell
therapy in a human PDAC model

Due to its strong upregulation in the majority of PDAC tumors, mesothelin (MSLN)
has been widely explored as a relevant antigen for targeted immunotherapies. To
evaluate if the therapeutic advantage achieved by combining 3p-RNA and CAR
T cells in PDAC murine models holds true in a human setting, SUIT-2 tumor cells
engineered to express MSLN were used as a model. As expected, upon
transfection with 3p-RNA, SUIT-2-MSLN tumor cells secreted high levels of
CXCL10 (Figure 17A) and upregulated the membrane expression of both CD95
(p = 0.009) (Figure 17B) and HLA (p = 0.009) (Figure 17C). The same effect on
CD95 and HLA expression was observed in the presence of exogenous type |
IFN.

In contrast to what was observed in the murine models, tumor cell transfection
with 3p-RNA had no significant effect on the proliferation of CD4+ or CD8+ CAR
T cells when compared to unstimulated CAR T cells or to co-cultures between
CAR T cells and untreated tumor cells (Figure 17D). Nevertheless, tumor cell
treatment with 3p-RNA did induce IFNy secretion by CAR T cells (p=0.06) (Figure
17E). This was paralleled by a decrease in IL-2 release (p= 0.0001) (Figure 17F)
and a slight but not significant increase in the secretion of granzyme B (Figure
17G). The activation of CD4* CAR T cells was not significantly altered by 3p-RNA
transfection of SUIT-2-MSLN tumor cells (Figure 17H). Nonetheless, CD8* CAR
T cells showed CD69 upregulation in response to both 3p-RNA transfection (p =
0.02) an exogenous IFN-a2a addition (p = 0.03) (Figure 17I).

Overall, increased activation and cytokine secretion induced by 3p-RNA
transfection of tumor cells was paralleled by a higher cytotoxic capacity of the
CART cells assessed by real time quantification of tumor cell viability in response
to the combination therapy (black curve), anti-MSLN CAR T cell monotherapy
(purple curve), 3p-RNA monotherapy (green curve), and untreated tumor cells
(blue curve) (Figure 17J). Moreover, flow cytometric evaluation of the number of
detected anti-MSLN CAR T cells in NSG mice bearing SUIT-2-MSLN tumors
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revealed that the combination therapy greatly enhanced CD8+ CAR T cells
infiltration into the tumors (p=0.003) (Figure 17K).
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Figure 17. Therapeutic response of combining 3p-RNA and CAR T cells in human
SUIT-2-MSLN PDAC model.

A) ELISA detection of human CXCL10 in the supernatant of SUIT-2-MSLN tumor cells
24 hours after transfection with either 3p-RNA or OH-RNA. Assessment of surface
expression of B) CD95 (Fas) and C) HLA (MHC-I) on live SUIT-2-MSLN tumor cells 24
hours after transfection with 3p-RNA or controls as indicated. Data shown in B and C are
normalized to the signal detected in untreated tumor cells. Error bars indicate mean +SD
of two to three pooled independent experiments. D) Proliferation assessment through
incorporation of EdU thymidine analogue by CD4+ and CD8+ anti-MSLN CAR T cells
upon 18 hours co-culture with SUIT-2-MSLN tumor cells transfected with 3p-RNA or
controls. Data shown are normalized to signal from unstimulated CAR T cells. Error bars
indicate mean values + SEM of three biological replicates and are representative of three
independent experiments. E) ELISA detection of IFNy F) IL-2 and G) granzyme B in the
supernatant of anti-MSLN CAR T cells co-cultured for 24 hours with SUIT-2-MSLN tumor
cells transfected with 3p-RNA or controls. Percentage of CD69 and PD1 expression on
H) CD4+ and 1) CD8+ CAR T cells co-cultured for five hours with SUIT-2-MSLN tumor
cells transfected with 3p-RNA or controls. Data shown are normalized to the signal
detected in co-cultures of CAR T cells with untreated tumor cells. Error bars in E-I
indicate mean values + SEM of two to three biological replicates. J) xCELLigence real-
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time quantification of SUIT-2-MSLN tumor cell lysis upon co-culture with anti-MSLN CAR
T cells in a 10:1 E:T ratio. Graph is representative of three independent experiments. K)
Flow cytometry assessment of live CD45+ CD4+ or CD8* CAR T cells co-expressing a
myc tag. Cells were isolated three days after therapy from SUIT-2-MSLN tumors
implanted in NSG mice. Cell counts were calculated using counting beads and
normalized to tumor weight. Error bars indicate mean values + SEM three mice and
statistical analysis was performed using ordinary two-way ANOVA with Dunnett’s
multiple comparison test. L) Flow cytometry assessment of calreticulin exposure on Live
(FVD-) SUIT-2-MSLN tumor cells after transfection and/or co-culture with untransduced
T cells or anti-MSLN CAR T cells for 24 hours. Error bars depict mean values + SEM of
three to four independent experiments normalized to the values for the co-culture of
untreated tumor cells with untransduced T cells. M) ELISA detection of HMGB1 in the
supernatant of SUIT-2-MSLN tumor cells either untreated or transfected and co-cultured
for 24 hours with untransduced T cells or anti-MSLN CAR T cells. Error bars show mean
values + SEM of two to three biological replicates. Statistical analysis for A-l and K was
calculated using ordinary one-way ANOVA with correction for multiple comparisons
using Tukey test. Statistical analysis for L and M was calculated using ordinary two-way
ANOVA with Dunnett’s multiple comparison test.

Finally, 3p-RNA transfection of SUIT-2-MSLN tumor cells was sufficient to induce
the exposure of calreticulin in the membrane of live cells (p=0.03). On the
contrary, CAR T cell monotherapy did not significantly induce calreticulin
exposure in the tumor cells but adding 3p-RNA treatment together with CAR T
cells recapitulated the calreticulin exposure of 3p-RNA monotherapy (Figure
17L). Simultaneously, HMGB1 release was slightly enhanced by tumor cell
treatment with 3pRNA monotherapy but not the addition of CAR T cells. The
combination of both therapies had no effect on HMGB1 secretion in the SUIT-2-
MSLN tumor model (Figure 17M).

These results suggest that combining 3p-RNA with CAR T cells recapitulates
some of the findings observed in murine PDAC tumor models. Tumor cells
upregulate type | IFN, CD95 and HLA in response to 3p-RNA treatment and CAR
T cells show an increase in activation and cytokine release, thereby leading to
superior cytotoxicity. Moreover, 3p-RNA therapy enhanced the in vivo infiltration
of CAR T cells into the tumor and promoted the exposure of calreticulin as well
as release of DAMP, such as HMGB1. These signs of immunogenic tumor cell

death are not detectable upon CAR T cell monotherapy.
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4 Discussion

This study proposes a strategy to improve the therapeutic efficacy of CAR T cell
therapy in solid tumors by combination with 3p-RNA treatment. The delivery of in
vitro-transcribed 3p-RNA as a RIG-I agonist mimics a viral infection in tumor cells
triggering the expression of type | IFN, pro-inflammatory cytokines and
chemokines. RIG-I agonists and other PRR agonists have been shown to
promote an antitumoral immune response by enhancing infiltration of effector
cells in various preclinical tumor models (Y. Jiang et al., 2023) (Lurescia et al.,
2020). In this thesis | investigated how the immune cell recruiting and activating
function via RIG-I signaling affects CAR T cell therapy and wether a combinatorial
approach would overcome the limitations of CAR T cell-based therapies observed

for solid tumors, such as PDAC.

In the case of PDAC, the highly complex TME, often entails a dense stroma and
a high abundance of immunosuppressive factors and cells, which limits overall T
cell infiltration and dampens potential cytotoxic immune responses (Orth et al.,
2019).

To investigate strategies for overcoming these limitations, such as the one
proposed in this study, experiments should be carried out in pertinent models
that recapitulate not only key characteristics of the biology of the disease, but
also portray fundamental features such as a membrane expression of relevant
antigens that can be targeted by CAR T cells, and a functional type | IFN signaling
pathway.

4.1 Engineering and validation of PDAC relevant tumor
models

In this study, the murine T110299 and Panc02 cell lines, and the human SUIT-2
cell lines were chosen as relevant models that represent many of the described
characteristics of PDAC disease. In particular, the KPC-derived tumor cell line

T110299 resembles numerous histological features of the human disease.
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EpCAM and mesothelin were used as model antigens for CAR therapy, as both
are known to be expressed in a high proportion of PDAC patients and are thus
currently being tested as target antigens in clinical trials (Schaft, 2020). As
expression levels were low to undetectable in the tumor cell lines used in this

study, expression was synthetically induced.

One key factor when evaluating the use of RIG-I targeted therapies for cancer is
the functionality of the type | IFN pathway in the tumor cells. Epigenetic silencing
or overall deletion of genes involved in IFN pathways can induce several survival
and growth advantages and has therefore been commonly observed in cancer
cells (Matveeva & Chumakov, 2018). Functionality of both the RIG-I and the
interferon-a/ receptor pathways in the studied tumor models was confirmed by
the observed secretion of IFN- following 3p-RNA treatments, as well as the
upregulation of ISG (such as MHCI) in response to both treatment and stimulation

with exogenous IFN-a.

The use of cell lines derived both from murine and human origin helps to ensure
that the observed outcomes are not merely characteristic of a single tumor cell
line, and aid delineating what could be species-specific findings. Moreover, in
vivo implantation of T110299 cells either s.c. or orthotopically into the pancreas
of immune competent, syngeneic mice is a good tool to investigate the immune
mechanisms behind the anti-tumor effects of combining CAR T cells with 3p-
RNA. While using a variety of models is helpful in extrapolating information, it is
important to remember that model are only approximations of the reality of human
disease, and thus have limitations. Cultured cell lines, despite their origin, tend
to have limited tumor cell clonal heterogeneity, which alter tumor characteristics
and disease progression. Additionally, due to technical limitations many of the
experiments need to be carried out in subcutaneously induced tumors, which do
not strictly recapitulate the organ-specific microenvironment, and its effect on
tumor progression and therapy response (Talmadge et al., 2007). Therefore,
clinical studies will eventually be needed to confirm the therapeutic advantages

of combining CAR T cell therapy with 3p-RNA for the treatment of human PDAC.
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4.2 RIG-I targeted therapy improves CAR T cell efficacy and
enhances anti-tumoral effects in PDAC murine models

We showed that the combination of 3p-RNA treatment and CAR T cell therapy is
superior to both monotherapies in controlling subcutaneously and orthotopically
induced PDAC tumors. In line with observations from human clinical trials that
attempted to treat solid tumors solely with CAR T cells, no significant effect on
tumor control or survival were observed in the mice treated with CAR T cells
alone, thereby reinforcing the urgent need of exploring new strategies to improve

CAR T cell efficiency for solid tumors (Zhang et al., 2022).

When it comes to 3p-BNA, intra-tumoral administration of this RIG-I agonist
contributed to a delay in tumor growth. However, the observed effects were not
strong enough to debulk the tumors and clear them entirely. Similar results in
response to RLR lignads, including 3p-RNA and poly(l:C), have been previously
reported in syngeneic murine PDAC models (Duewell et al., 2014). When using
orthotopic tumor models, repeated delivery of 3p-RNA in the pancreas presented
a technical limitation that forced us to evaluate the effects of systemic (i.v.)
administration. Systemic delivery of any medication has the advantage of easier
administration in a clinical setting. However, in the evaluated tumor model
3p-RNA did not confer any survival benefit as a monotherapy when delivered
systemically. One speculation for this lack of therapeutic effect is that the amount
of RNA that reaches the tumor after systemic delivery is greatly reduced due to
degradation and distribution in other organs. Moreover, unintended transfection
of non-target cells could have occurred, which can be detrimental due to the
generation of a strong systemic cytokine release. This can result in the
recruitment and activation of immunosuppresive immune cells at the tumor site,
such as macrophages and neutrophils, which can contribute to tumor progression
(Stickdorn et al., 2022).

Overall, the superior therapeutic effect of combined 3p-RNA and CAR T cell
therapy suggests a synergistic effect capable of delaying tumor growth and even

inducing tumor clearance in subcutaneous models. In addition, combination
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therapy significantly prolonged survival of mice with orthotopic tumors, however
tumor clearance was not achieved in this setting. The reduced antitumoral effect
of 3p-BNA in this setting could be explained by the administration route, which
was systemic in the orthotropic models as compared to intra-tumoral in the s.c
tumor model. Another explanation could be the development of a more potent
immunosuppressive network in the TME of orthotopic tumors. More work is
required to evaluate whether the lack of curative effect observed in mice with
orthotopically induced tumors can be explained by enhanced
immunosuppression, e.g., via CAR T cell exhaustion, and could thus potentially
be reverted with the addition of checkpoint blockade therapy. Moreover, i.t.
delivery of 3p-RNA, e.g., via ultrasound-guided injection techniques, should be

explored to evaluate whether this approach can improve efficacy.

4.3 RIG-I targeted therapy remodels the immunosuppressive
TME in PDAC tumors

Widely described aspects that reduce the efficacy of CAR T cell therapy in solid
tumors are the occurrence of immunosuppressive cells and molecules and the
lack of T cell-attracting chemokines in the TME, which reduce T cell infiltration
and dampen potential immune responses (J. Li et al., 2018). In particular, a dense
infiltration of MDSC with a strong immunosuppressive capability has been

described in human PDAC tissue (Stromnes et al., 2017).

Our results show that localized treatment with 3p-RNA reshapes the myeloid
compartment in the tumors, reducing the relative frequency of PMN-MDSC and
TAM, while increasing the frequency of Ly6Chig" monocytes. The changes in the
frequencies of these MDSC populations are in accordance with what has been
shown in studies carried out in the context of TLR9-based therapies (Zoglmeier
et al.,, 2011), and acute viral infection models (Dangi et al., 2018). Moreover,
recent work from our group revealed that both M-MDSC (CD11b* Ly6G-Ly6Chigh)
and PMN-MDSC (CD11b* Ly6G* Ly6C™) are enriched in the tumor and spleen of
T110299 bearing mice and wield strong T cell suppression capability. However,

in response to RLR ligand therapy using poly(l:C), MDSC populations are
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reprogrammed into a less suppressive phenotype (Metzger et al.,, 2019).
Currently, there is no strategy to differentiate inflammatory Ly6C"9" monocytes
and M-MDSC based on their surface markers. As these cells have been shown
to be less suppressive, it may be preferable to refer to them as “pro-inflammatory
monocytes” rather than M-MDSC in the acute therapeutic setting. Both the
reduction of the suppressive activity of these cells, as well as the phenotypic shift
of MDSC and TAM from M2/G2 towards a M1/G1 inflammatory phenotype have
been shown to depend on type | IFN signaling (Metzger et al., 2019). Although
we did not assess changes in the suppressive capability of the MDSC populations
in response to 3p-RNA treatment, one can infer from previous studies that 3p-
RNA-mediated type | IFN secretion likely promoted a decrease in MDSC

suppressive activity alongside with the observed reduction of their frequency.

In many of the analyzed cell types in the TME, an expected increase in the
expression of ISG such as PD-L1 and MHC-I; was observed following 3p-RNA
treatment. Considering that PD-1/PD-L1 signaling is a widely known mechanism
for cytotoxic T cell suppression (Oh et al., 2020), the observed upregulation of
PDL1 suggests that adding an anti-PD1/PDL-1 blocking agent could be a

successful strategy to further enhance the anti-tumoral immune response.

Increased expression of MHC-I in DC suggests stronger activation and antigen
presentation capacities. This has been observed in studies carried out using CAR
T cell-delivered stimulatory RNA (Johnson et al., 2021), and in the context of viral
infections (Shirley et al., 2020) or virus-like particle therapy (Zepeda-Cervantes et
al., 2020). In these studies, activation of PRR in the membrane or endosome of
DC leads to type | IFN production, driving increased activation and cross-priming
capacities mainly of cDC1, but also recently described in an interferon activation
state of CD11b* conventional cDC2 (Duong et al., 2022).

Overall, the reprogramming and reduction of suppressive populations in
combination with the induction of pro-inflammatory cytokines imply that 3p-RNA
therapy induces a more immune-permissive TME that promotes CAR T cell

efficacy in PDAC tumors. This is in accordance with results observed in strategies
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that combine other PRR activation modalities with CAR T cells. For example,
poly(l:C) used as a TLR3 (and MDAD5) ligand, improves CAR T cell anti-tumoral
effects in models of colon and breast cancer due to TME remodeling but also
enhancement of CAR T cell infiltration and cytotoxic functions (Di et al., 2019).
Furthermore, Xu and colleagues reported in 2021 that treatment of pre-clinical
models of breast cancer with STING agonists induced the remodeling of the TME
facilitating CAR T cell trafficking and persistence and improving tumor control

when combined with checkpoint blockade (N. Xu et al., 2021)

Considering that 3p-RNA induces a more immune-permissive TME and that
RIG-I sensing leads to the expression of several chemokines due to the activation
of NF-kB (Richmond, 2002), we hypothesized that the superior therapeutic effect
observed in mice treated with the combination therapy could be explained by an

increase of trafficking and infiltration of CAR T cells into the tumor.

4.4. Cytokine secretion in response to RIG-I targeted therapy
increases T cell trafficking and infiltration

Our results show that treatment with 3p-RNA significantly increased the number
of endogenous CD8* T cells and adoptively transferred CD8* CAR T cells in the
tumors. Interestingly, no effect on the CD4+ populations was detected. These
observations are in line with what has been reported by others evaluating RLH-
targeted therapies. Systemic treatment of T110299 orthotopic PDAC tumors with
poly(l:C) induced an increase of the percentage of CD8* Pt not CD4+ T cells in
the tumors (Metzger et al., 2019). Furthermore, selective delivery of RN7SL1
RNA to immune cells in the TME increased infiltration of both adoptively
transferred CAR T cells and endogenous immune cells in response to the
activation of inflammatory DC, monocytes, and macrophages (Johnson et al.,
2021).

Assessment of the chemokines expressed by T110299-EpCAM tumor cells in
response to 3p-RNA treatment showed upregulation of CCL2, CCL4, CCLS5,
CCL7, CXCL2, CXCL9, CXLC10 and CXCL11. Most of these chemokines have
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been associated with increase of survival and invasion of tumor cells due to their
attraction of immune inhibitory cells such as TAM, MDSC and Treg (M. Xu et al.,
2021). However, in the context of acute inflammation, CCL2 enhances the anti-
tumor activity of inflammatory monocytes and neutrophils (Jin et al., 2021), whilst
CCL?7 facilitates the recruitment of inflammatory monocytes and activated DC,
triggering Th1 responses (Liu et al., 2018). CXCL2 has been described to
promote cellular growth arrest and delay early phases of tumorigenesis through

CXCR2 in the context of oncogene-induced tumor senescence (Mukaida, 2014).

Of particular interest is the observed upregulation of both CCL4 and CCL5, as
well as CXCL9, CXCL10 and CXCL11. The first two chemokines can promote
anti-tumor effects through CCR5-mediated recruitment of cytolytic lymphocytes
and phagocytic macrophages (Mukaida et al., 2020). Meanwhile, CXCLS9,
CXCL10 and CXCL11 are IFN-inducible chemokines that influence immune cell
migration, differentiation; and activation via CXCR3. Interestingly, in vitro
migration assays with chemokine receptor--transduced primary T cells showed a
preferential migration of CCR5- and CXCR3-expressing T cells towards the
supernatant of 3p-RNA transfected tumor cells. These observations, together
with the fact that both CCR5 and CXCR3 are upregulated in the membrane of the
CAR T cells used for ACT, suggest that the CCL4-5/CCR5 and CXCL9-10-
11/CXCRS3 axes are likely involved in the enhancement of CAR T cell infiltration
upon 3p-RNA treatment in our PDAC models. However, further experiments are
required to prove this causal relationship in our setting, which could be done by
exploiting chemokine receptor-knockout CAR T cells. Encouragingly, such
experiments have been performed by other groups in the context of lung cancer,
showing that immunogenic chemotherapy can enhance CAR T cell recruitment
in a time-restricted manner. Srivastava et al., showed that initial T cell infiltration
relies partially on CXCR6 and CCR5. Once within the tumor, IFNy secretion by
the CAR T cells activates M1-like INOS* macrophages that express CXCL9-10,
mediating further CXCR3-mediated recruitment of CAR T cells and endogenous

immune cells (Srivastava et al., 2021) .
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Chemokine directed trafficking of CAR T cell into solid tumors is a long-studied
strategy to improve therapy. In the context of PDAC tumor models, high
expression of both CCL1 and CXCL16 has been reported in murine cancer
models and human tumor biopsies. Studies that generated CCR8 (B. L. Cadilha
et al., 2021), and CXCR6 expressing CAR T cells (Lesch et al., 2021),
demonstrated enhanced trafficking and infiltration in murine and human PDAC
models, which ultimately contributed to better tumor control. Consequently, 3p-
RNA mediated upregulation of CCR5 and CXCRa3 ligands is an attractive feature
that offers great potential for exploiting both the CCL5/CCR5 and CXCL9-10-

11/CXCRS3 axis to enhance CAR T cell recruitment to the tumor.

4.5 RIG-I targeted therapy increases CAR T cell proliferation,
persistence, activation, and cytotoxic capacity.

In parallel to enhanced tumor infiltration and persistence in the blood of 3p-RNA-
treated mice, we observed an enhancement of in vitro CAR T cell proliferation
activation and lytic capacity. Similar findings were also reported upon
combination of CAR T cells with poly(l:C) (Di et al., 2019), STING agonists (N.
Xu et al., 2021), and targeted delivery of immunostimulatory RNA (Johnson et al.,
2021).

Type | IFNs have extensively described pro-tumorigenic and anti-tumor
immunomodulatory functions. Acute exposure to type | IFN in the TME
contributes to inhibition of tumor cell growth and induces apoptosis in some types
of cancer (Murata et al.,, 2006). These cytokines have also been shown to
decrease angiogenesis in some tumors (Sidky & Borden, 1987), and to increase
MHC-1 expression in immunogenic tumor clones, facilitating tumor antigen
recognition by reactive T cells. Moreover, type | IFN-mediated maturation of DC
induces upregulation of co-stimulatory and MHC molecules as well as chemokine
receptors, enhancing their ability to process antigens and migrate to the LN to
cross-present antigens to T cells. Additionally, enhanced secretion of IL-12 and
IL-23 by type | IFN activated DC supports Th1 and Th17 responses, and

contributes to CD8* memory T cell survival, degranulation, and lytic ability
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(Medrano et al., 2017). Therefore, it is reasonable to think that many of the
observed enhanced CAR T cell characteristics are linked to type | IFN induction
by 3p-RNA treatment.

Upregulation of CD69 and increased secretion of IFNy and granzyme B were
observed when adding IFNa to co-cultures of CAR T cells with target cells. CD69
has been described before to be directly induced by IFNa/B (Shiow et al., 2006).
Increased IFNy secretion in response to IFNa was described for CD4* T cells,
promoting the induction and maintenance of Th1 responses (Brinkmann et al.,
1993). Specifically in the case of mouse CD8* T cells, it has been described that
IFNa and IFNB in combination with antigen detection and co-stimulation
enhances both IFNy and granzyme B secretion (Huber & David Farrar, 2011).
This suggests that the observed increase on CAR T cell activation and cytokine
secretion, paired with the enhanced lytic capacity and faster killing kinetic are a
direct result of the exposure to type | IFN secreted by 3p-RNA activated cells in
the tumor. Blockade of IFNAR signaling in the T cells should be conducted to

further validate this point.

Interestingly, in contrast to findings from Di and colleagues, who reported
increased IL-2 secretion by CAR T cells when combined with poly(l:C) treatment
(Di et al., 2019), we observed reduced IL-2 secretion when co-culturing CAR T
cells with 3p-RNA-treated tumor cells. This observation was not recapitulated by
addition of IFNa to the co-cultures. Both IFNa and IFNf share the same receptor
and induce similar immunomodulatory responses. However, they can exhibit
differences in the association of receptor subunits with certain proteins (Runkel
et al., 1998). This translates into differences in the strength of some responses
or even IFNa- or IFNB-specific biological responses (Platanias et al., 1996).
Dennis et al. described IFNB-specific epigenetic silencing of IL-2 in T cells
through the upregulation of the transcriptional suppressor CREM, which recruits
histone deacetylases (HDAC) to the IL-2 promoter thereby silencing it (Dennis C.
Otero et al., 2015). Thus, strong secretion of IFN by 3p-RNA transfected tumor
cells could lead to epigenetic modifications of the IL-2 promoter. This may explain

why we observed reduction in IL-2 secretion in the co-cultures setting, but not in
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response to exogenous IFNa stimulation. This is an intriguing possibility which

should be further evaluated.

The increased proliferation and persistence of CAR T cells when combined with
3p-RNA treatment are most likely indirectly linked to type | IFN responses. The
proliferation status of CAR T cells was checked with in vitro assays that assess
DNA synthesis. These assays are however limited, as they overlook the influence
that type | IFN-activated immune cells in the TME may have on CAR T cell
proliferation. The fact that the mere presence of IFNa in the cultures did not
recapitulate an enhancement of CAR T cell proliferation suggests that either IFN(3
is also required to induce higher proliferation or other secreted factors are needed
to enhance CAR T cell proliferation. CCL5 has been described as a T cell co-
stimulatory molecule in the context of CD3 stimulation, inducing proliferation and
cytokine production at low concentrations (Taub et al., 1996). Moreover, antigen-
independen CCL5-mediated T cell proliferation has been observed at
concentrations of approximately 1 yM (Murooka et al., 2006), potentially
explaining the higher proliferative tendency we observed on untransduced T cells
when cultured with 3p-RNA transfected tumor cells. Further experiments blocking
the CCL5/CCR5 axis and IFNAR receptor are required to validate these
hypotheses.

In accordance with what is observed in the clinics for many types of cancer, lack
of CAR T cell expansion and persistence correlate with tumor progression and/or
relapse (Pietrobon et al., 2021). In this study, attempts to treat PDAC tumors with
CAR T cell monotherapy had no significant effect on tumor control, presumably
because in many mice CAR T cells were no longer detectable as early as 9 days
after therapy. In contrast, 3p-RNA treatment significantly enhanced CAR T cell
persistence with detectable numbers even 14 days after therapy administration.
Despite the low numbers detected, the superior therapeutic efficacy of combining
3p-RNA with CAR T cells is likely associated with the simultaneous enhancement
of CAR T cell persistence. It would be interesting to evaluate whether persistence
could be further enhanced by combining 3p-RNA therapy with CAR T cells

bearing a different co-stimulatory domain (Guedan et al., 2020).
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4.6 RIG-I targeted therapy enhances immunogenic tumor cell
death promoting the generation of a de-novo immune
response

Our results indicate that combining 3p-RNA treatment with CAR T cells does not
only enhance tumor cell death, but also simultaneously increases the release and
exposure of DAMP. This may lead to the engagement of APC, contributing to in
vivo antigen spreading. Such engagement of the innate immune system in
collaboration with an adaptive immune response has the potential to fight disease

relapse due to antigen downregulation or loss.

Interestingly, we observed substantial differences between cell lines in regard to
the exposure or secretion of immunogenic cell death markers which could be
attributed to the sensitivity of each cell line towards 3p-RNA transfection (T. K.
Kim & Eberwine, 2010). Despite T110299 cells showing fewer striking differences
in DAMP exposure in vitro, we observed differences in vivo when it came to the
generation of OVA-specific T cells in response to the different treatments. One
limitation of studying antigen spreading with this method comes from the intrinsic
immunogenic nature of the xenoantigen ovalbumin, which easily induces immune
responses on its own. Therefore, more experiments on antigen cross-
presentation and assessment of immune protection against other antigens would
be crucial to fully describe the extent of antigen spreading and memory formation

as a result of our combination treatment.

Despite outstanding results in the therapeutic handling of hematological
malignancies, around 50% of the patients treated with anti-CD19 CAR T cells
show progressive disease, associated in the majority of those patients with either
CD19 antigen loss or diminished surface expression (Majzner & Mackall, 2018).
Many strategies are currently being pursued to tackle the issue of disease relapse
due to antigen loss. One could summarize those efforts into two branches. On
one hand there are strategies that focus on antigen targeting, aimed at improving

CAR T cell sensitivity to detect low-expressing antigen or adding secondary
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targets simultaneously. On the other hand, a second CAR T cell target could be

used.

In the case of complete antigen loss, one would require the engagement of the
innate immune system and consequent mounting of a de novo immune response
against new tumor-associated antigens to prevent disease relapse. During the
course of our study, Johnson and colleagues reported the engineering of CAR T
cells that selectively deliver RIG-I/MDA5 stimulatory RNA and peptide antigens
to immune cells to overcome CAR T cell limitations in solid tumors. They argue
that triggering PRR signaling in tumor cells is detrimental and therefore an
immune cell targeted delivery approach is required (Johnson et al., 2021). This
affirmation deviates from our observations in that despite a non-targeted delivery
of 3p-RNA, our experiments show similar TME remodeling accompanied by
enhancement of CAR T cell infiltration, efficacy, tumor control and some signs of
antigen spreading. Future steps would be to validate this antigen spreading in
other tumor models and using alternative methods to assess immunological

memory formation towards intrinsic physiological tumor antigens.

4.7 Advantages of enhancing CAR T cell therapy with 3p-RNA
compared to other combination strategies

The idea of optimizing solid tumor responses to CAR T cell therapy by combining
it with a second agent is not novel. Combinations of CAR T cells with radio- or
chemotherapy, checkpoint inhibitors, oncolytic viruses, and small molecules, are
some of the currently explored strategies to improve solid tumor therapeutic
responses (A. Nguyen et al., 2022). Of particular interest are the strategies that
propose combining CAR T cells with PRR agonists, such as STING agonists, or
immunostimulatory RNA. Like 3p-RNA, these molecules trigger an anti-viral
immune response, attracting and activating CAR T cells together with other
immune cells against the tumor as a consequence of type | IFN and other pro-
inflammatory cytokines and chemokines. However, the pleiotropic effect of pro-
inflammatory cytokines and chemokines, including type | IFN, in the cancer

setting has led to differential arguments supporting or refuting the exploitation of
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PRR signaling directly in tumor cells as compared to immune cells, bringing up
additional questions regarding potential toxicities and side effects due to local

versus systemic delivery.

In line with our results, recent publications that combine STING agonists or
poly(l:C) with CAR T cells have also shown improved anti-tumoral effects on solid
tumors such as breast and colon cancer. However, in the case of poly(l:C) both
systemic and intraperitoneal delivery; induced strong toxicities ranging from

weight loss to hepatic and pulmonary complications in mice (Di et al., 2019).

In the case of STING agonists like DMXAA or cGAMP, Xu and colleagues
reported that despite local delivery, strong toxicities were observed in the mice
affecting their weight and inducing mortality (N. Xu et al., 2021). Additionally, both
the strength of STING activation (Sivick et al., 2018), as well as the stimulation
of IFN-independent pathways by STING activation in T cells are described to
induce T cell apoptosis (Kuhl et al., 2023) and may lead to pro-tumorigenic effects
(Wu et al., 2020).

In our study, no limiting toxicities were observed with either systemic or local
3pRNA treatment of the mice. Moreover, due to the challenging nature of primary
T cells transfection, 3p-RNA does not exercise any toxic effects directly on the T
cells, suggesting an overall superior safety profile of the 3p-RNA treatment
compared to STING agonists. In addition, the observed therapeutic advantage of
combining 3pRNA with CAR T cell therapy in murine PDAC models was
recapitulated also in human pre-clinical models. This validates that our
observations are not species-specific and suggests that this combination should

be further explored as a therapeutic strategy in the clinic.

One important aspect in favor of developing clinical studies that explore CAR T
cell and 3p-RNA combination therapy is the fact that tolerability of RLH ligand
treatment has already been confirmed in two distinct phase I/lb clinical trials
targeting injectable tumors (NCT03739138, NCT02828098). Both trials showed

good toxicity profiles but were stopped for undisclosed or business reasons.
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In conclusion, RIG-I targeted therapy is an interesting and encouraging
combination scheme to overcome known limitations of CAR T cell therapy in solid

tumors and improve their therapeutic potential.
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Figure S1. Gating strategy for myeloid compartment in tumor microenvironment.

Representative gating strategy for identification of myeloid populations in the single cell
suspensions generated from tumors. Arrows indicate population hierarchy. Populations
are labeled within the plot.
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Figure S3. T cell proliferation on the Panc02-OVA-EpCAM tumor model.

Flow cytometric assessment of EdU integration into A) CAR T cells and B) UT T cells
co-cultured with 3p-RNA or control transfected Panc02-OVA-EpCAM tumor cells.
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Figure S4. Activation of UT T cells when co-cultured with 3p-RNA transfected
T110299- EpCAM tumor cells.

Percentage of A) CD69 B) PD1 C) TIM3 and D) LAG3 on UT T cells co-cultured for 24
hours with T110299-EpCAM tumor cells transfected with 3p-RNA or controls as
indicated. Error bars show mean values + SD of four independent experiments.
Statistical analysis is based on ordinary one-way ANOVA with correction for multiple
comparisons using Tukey test.
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Figure S5. Activation and Cytotoxicity of CAR T cells co-cultured with 3p-RNA
transfected Panc02-OVA-EpCAM.

Percentage of A) CD69 B) PD1 C) TIM3 and D) LAG3 on anti-EpCAM CAR T cells co-
cultured for 24 hours with Panc02-OVA-EpCAM tumor cells transfected with 3p-RNA or
controls as indicated. Error bars show mean values + SD of four to five independent
experiments. Statistical analysis is based on ordinary one-way ANOVA with correction
for multiple comparisons using Tukey test. E) ELISA detection of IFNy, F) IL-2 and G)
granzyme B in the supernatant of Panc02-OVA-EpCAM tumor cells transfected with
3p-RNA or controls and co-cultured for 24 hours with anti-EpCAM CAR T cells. Error
bars show mean values + SEM of three biological replicates H) xCELLigence real-time
tumor cell lysis quantification of Panc02-OVA-EpCAM tumor cells co-culture with anti-
EpCAM CAR T cells in a 10:1 E:T ratio. Graph is representative of three independent
experiments.
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