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ABSTRACT

Immunotherapy has raised high expectations in the treatment of cancer,
particularly in hematological tumors. However, despite promising effects in solid
tumors, patients eventually progress due to the emergence of resistance.
Therefore, there is an unmet clinical need to identify the mechanisms by which
tumors relapse in order to develop new therapeutic strategies to overcome
resistances. Built on this evidence, in this thesis we aimed to identify unknown
mechanisms of acquired resistance to T cell-based therapies in solid tumors.
Using HER2 driven cell lines and PDXs, and a TCB targeting HER2, we
generated models of resistance and identified that tumor intrinsic deficient IFNy
response was the driver of resistance. Furthermore, we found that JAK2
downmodulation was the cause of the disrupted IFNy signaling. By contrast,
using CEACAMS5 expressing cell lines and PDXs, and a TCB against CEACAMS5,
we identified the downmodulation of the antigen as a common mechanism of
resistance. Therefore, in this thesis we demonstrate that the target antigen is
determinant in the acquired resistance mechanism that emerge to redirected
lymphocytes, and we found a novel central role of the tumor intrinsic IFNy
signaling in the response to T cell redirection immunotherapy. Finally, using
genome wide CRISPR and drug screenings we identified novel targets that open
the avenue for the use of treatments to rewire IFNy signaling in combination with

immunotherapies, which can be an efficacious antitumor therapeutic strategy.



RESUMEN

La inmunoterapia ha generado grandes expectativas en el tratamiento del
cancer, particularmente en tumores hematoldgicos. Sin embargo, a pesar de sus
prometedores efectos en tumores sdlidos, los pacientes acaban progresando
debido a la aparicion de resistencias. Por lo tanto, existe una necesidad clinica
de identificar los mecanismos por los que los tumores recaen, con el fin de
desarrollar nuevas estrategias terapéuticas para superar las resistencias.
Partiendo de esta evidencia, en esta tesis se propuso identificar mecanismos
desconocidos de resistencia adquirida a terapias basadas en células T en
tumores sdlidos. Utilizando lineas celulares y PDXs dependientes de HER2, y un
TCB dirigido a este antigeno, generamos modelos de resistencia e identificamos
que la respuesta deficiente intrinseca al tumor a IFNy era el impulsor de la
resistencia. Ademas, descubrimos que la pérdida de expresion de JAK2 era la
causa de la sefalizacion interrumpida de IFNy. Por el contrario, utilizando lineas
celulares y PDXs que expresan CEACAMS5, y un TCB contra CEACAMS,
identificamos la pérdida de antigeno como un mecanismo comun de resistencia.
Por lo tanto, en esta tesis demostramos que el antigeno diana es determinante
en el mecanismo predominante de resistencia adquirida que aparece a los
linfocitos redirigidos, y encontramos un novedoso papel central de la
sefalizacion intrinseca de IFNy del tumor en la respuesta a la inmunoterapia de
redireccion de células T. Por ultimo, mediante el uso de cribados de CRISPR en
todo el genoma y de farmacos identificamos nuevas dianas que abren la via para
el uso de tratamientos para recuperar la sefializacion del IFNy en combinacion
con inmunoterapias, lo que puede ser una estrategia terapéutica antitumoral

eficaz.



ABBREVIATIONS

ACT Adoptive cell transfer

ADCC Antibody dependent cytotoxicity
ALL Acute lymphoblastic leukemia
AML Acute myeloid leukemia

APC Antigen presenting cell

B2M 2 microglobulin

BC Breast cancer

BsAbs Bispecific antibody

CAF Cancer associated fibroblast
CAR Chimeric antigen receptor
CDK2 Cyclin-dependent kinase 2
cGAS Cyclic GMP-AMP synthase
ChiIP Chromatin immunoprecipitation
CRC Colorectal cancer

CRR Complete response rate

CRS Cytokine release syndrome
CSF-1 Colony stimulating factor
CTLA-4 Cytotoxic T lymphocyte 4
DAMP Damage associated molecular partner
DC Dendritic cell



FAP Fibroblast activation protein alpha

FRB Folate receptor B

GAS Gamma activated site

GEA Gastroesophageal carcinoma

GM-CSF Granulocyte-macrophage colony stimulating factor
GMP Good manufacturing practice

GrzmB Granzyme B

GvHD Graft vs host disease

HCC Hepatocellular carcinoma

HDAC Histone deacetylase

HER2 Human epidermal growth factor receptor 2
HIF Hypoxia inducible factor

HLA Human leukocyte antigen

HSC Human stem cell

ICB Immune checkpoint blockade

ICI Immune checkpoint inhibitor

IDO Indoleamine 2,3-dioxygenase

IFN Interferon

IL Interleukin

IRF1 Interferon regulatory transcription factor
IS Immune synapse



ISG Interferon stimulated gene

ISRE Interferon-sensitive response element
JAK Janus kinase

LCOR Ligand-dependent corepressor

LOH Loss of heterogeneity

MCL Mantle cell lymphoma

MDSC Myeloid derived suppressor cell
MeDIP Methylated DNA immunoprecipitation
MHC Major histocompatibility complex
MSI-H Microsatellite instability-high

NK Natural killer cell

NSCLC Non-small cell lung cancer

ORR Overall response rate

oS Overall survival

PAP Prostatic acid phosphatase

PBL Peripheral blood lymphocytes

PD-1 Programmed cell death 1

PD-L1 Programmed cell death ligand 1

PDX Patient derived xenograft

PFN Perforin

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase



PIAS Protein inhibitors of activated STAT

PTPN2 Protein tyrosine phosphatase non-receptor type 2
RCC Renal cell carcinoma

RIG-I retinoic acid-inducible gene |

ScFV Single chain fragment variable

SOCS Suppressor of cytokine signaling

STAT Signal transducer and activator of transcription 1
STING Stimulator of interferon genes

TAA Tumor associated antigen

TAM Tumor associated macrophage

TCR T cell receptor

TGF- Transforming growth factor 3

TIL Tumor infiltrating lymphocytes

TKI Tyrosine kinase inhibitor

TLR Toll-like receptor

TMB Tumor mutational burden

TME Tumor microenvironment

TNBC Triple negative breast cancer

TNFa Tumor necrosis factor a

Tregs Regulatory T cell

TSA Tumor specific antigen



TSA Trichostatin A

TYK2 Tyrosine kinase 2



INTRODUCTION

1. Cancer immunology

The immune system is a complex network of cells, tissues, and organs that work
together to defend the body against foreign organisms like bacteria, viruses,
fungi, or parasites. Additionally, it helps the body recognize and destroy abnormal

cells that originate from within the body, such as cancer cells.

The immune system can be divided into two main branches: the innate immune
system and the adaptive immune system. The innate system is the body's first
line of defense against infection. It includes physical barriers like the skin and
mucous membranes, as well as immune cells like neutrophils, macrophages, and
natural killer cells (NKs). The innate immune system responds quickly to
dangerous insults such as pathogens or aberrant cells, but these responses are
not specific. In contrast, the adaptive system components are highly specific to
the insult that triggered them, but at the same time are slower to respond. The
components of the adaptive system include specialized cells such as B cells,
which produce antibodies, and T cells, which can directly attack aberrant cells or
help other immune cells respond to the infection. Additionally, lymphocytes have
the ability to differentiate into memory cells, so that they can respond more quickly

and effectively to subsequent attacks by that specific insult.

Furthermore, it's essential for immune cells to differentiate between "self" and
"non-self" to effectively perform their roles. The orchestration of protective
immunity requires a sophisticated network of cytokines, chemokines, and
receptors. Furthermore, inhibitory receptors contribute to maintaining tissue

balance and preventing excessive immune-mediated toxicity.
1.1. The cancer immune cycle

Cancer is characterized by the accumulation of genetic alterations and loss of
DNA repair systems. These alterations foment the expression of cancer antigens,
which represent an opportunity for the immune system to identify cancer cells as
foreign entities. These antigens can be divided into tumor specific antigens (TSA)

or neoantigens; and tumor associated antigens (TAA). While TSA are specific of



the tumor due to genomic mutations, TAAs are antigens that are presented when
a protein is excessively produced or expressed in the wrong tissue or time. These
antigens are presented to immune cells through the major histocompatibility
complex (MHC) class | or Il. The antigen presentation through the MHC-I by
tumor cells is the basis of tumor recognition by T cells, the major component of
tumor cytotoxicity and control of the adaptive immune system, as well as the basis
of most immunotherapeutic approaches (Boon et al., 1994). Indeed, Chen and
Mellman, back in 2013, proposed their cancer-immunity cycle, in which tumor
control by the adaptive immune system is proposed in a T cell-based model
(Chen & Mellman, 2013).

The first step of the cycle consists in the antigen release by the tumor cells. Once
they undergo cell death, antigens are released into the tumor site, where they are
processed by dendritic cells (DCs), recognized as foreign, and processed so that
they can be presented through the MHC-I and MHC-II, being it the 2" step. In
order for the DCs to process them as immunogenic, certain signals are needed.
The proinflammatory cytokines released by the innate and adaptive cells in the
tumor microenvironment (TME), such as tumor necrosis factor alpha (TNFa),
interferon gamma (IFNy), and interleukin 1 (IL-1), drive DCs to an immunogenic
phenotype. These DCs then travel to the lymph node and act as antigen

presenting cells (APCs), priming and activating T cells.

The 3" step is the prime and activation of T cells by APCs. Before that, T cells
originate in the bone marrow from hematopoietic stem cells and then are released
into the lymphatic circulation. When arrived in the thymus, the lymphoid
progenitor cells mature into T cells, differentiating into CD8" or cytotoxic, or CD4*
or helper T cells. This process involves the expression of T cell receptors (TCRs)
and the selection for T cells that can recognize antigens presented by the body's
own cells (positive selection) and the elimination of T cells that react too strongly
to the body's own proteins (negative selection) (Germain, 2002). These selected
lymphocytes then travel to the lymph nodes, where they encounter DCs coming
from the tumor site. The antigen presentation to these naive T cells results in the
priming and activation of CD4* and CD8* T cells through the MHC-Il and MHC-I
respectively. The activated T cells undergo then a clonal expansion and become

specific to target a precise antigen (Germain, 2002). For this activation to occur,



apart from the first signal mediated by the MHC-TCR recognition, secondary
signals need to happen. For instance, the T cell's CD28 binding to the APC’s
costimulatory molecules CD80 or CD86, the 4-1BB to the 4-1BB ligand, or the
0OX40 to OX40L. Moreover, inhibitory signals also regulate T cell activation, such
as cytotoxic T lymphocyte 4 (CTLA-4), which bind to the CD80 or CD86

costimulatory domain (Chen & Mellman, 2013).

Once CD4* and CD8" T cells are activated, the 4™ step consists in the release to
circulation, and the 5™ the traffic into the tumor, due to attraction chemokines
released at the tumor site, such as CXCL9 and CXCL10 (Russo et al., 2020). At
the tumor site, T cells exert the 6% step, the recognition of tumor cells through the
antigen recognition, and the 7" step, deleting the tumor to complete the cycle,
resulting in additional tumor antigen release and sustain of the cancer immune
cycle. T cells can attack the tumor through several mechanisms. Probably the
most common and effective is through CD8* T cell recognition of antigens
presented by MHC-I on tumor cells. Firstly, recognition needs to happen. To do
so, TCR binds to the specific peptide presented by the MHC (pMHC), but
inhibitory signals by immune checkpoints, such as programmed cell death ligand
1 (PD-L1) and PD-L2, which bind to the programmed cell death 1 (PD-1) on T
cells, can inhibit T cell response. Other immune checkpoints are TIM3 and LAG3
on T cells, which bind to galectin-9 or MHC-II in tumor cells (Marin-Acevedo et
al., 2018). However, if correctly activated, T cells release perforin (PFN) and
granzyme B (GrzmB), that conclude in caspase activation and apoptosis of tumor
cells. Additionally, FasL expressed by T cells can induce apoptosis on target cells
through the binding to Fas on cancer cells and subsequent caspase activation
(Lowin et al., 1994). Moreover, the release of IFNy and TNFa, mostly by Th1
CD4* T cells can exert direct and indirect antitumoral effects (Constant &
Bottomly, 1997). They can directly induce apoptosis, as well as cell cycle arrest
of tumor cells. Additionally, IFNy is the major regulator of T cell activity, and its
effect on target cells include an increased pMHC-| presentation (Schroder et al.,
2004).

However, the cancer immune cycle can be disrupted by the tumor, and current
efforts are being made to target every step of the cycle. Most immunotherapeutic

strategies are focused to achieve a correct cancer immunity cycle functionality.
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Apart from T cells, many other immune and non-immune components have a role
in the control and progression of the tumor. Some of them will be further
discussed in this introduction. In this thesis, we describe the crucial IFNy role as

a tumor intrinsic resistance mechanism to the immune attack.
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Figure 1: The cancer immunity cycle. T cells are the main mediators of the anticancer immune
control. Upon cell death, tumors release antigens (1), which are collected (2) and presented by
APCs to naive T cells in the lymph nodes (3). Activated T cells then traffic (4) and infiltrate (5) into
the tumor, where they recognize tumor cells through the TCR-MHC-I interaction (6) and exert
their cytotoxic effect to kill cancer cells through PFN, GrzmB, IFNy and TNFa (7). Tumor cells
then undergo apoptosis, releasing tumor antigens, and the cycle continues. Adapted from (Chen
& Mellman 2013).

1.2. Immunoediting: From immunosurveillance to tumor

escape

The importance of the immune system control in the cancer development has
been proposed over the years, now known as cancer immunoediting. The theory
suggests that our immune system plays a sentinel role, constantly monitoring the
development and progression of cancer. Moreover, it proposes that the immune
system not only protects against the development of cancer but also shapes the

immunogenicity of tumors. It provides an understanding of the dual role of the
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immune system: protecting the host by eradicating cancer cells and shaping the
characteristics of tumors to facilitate their survival and growth. It involves complex
interactions among various cell types, molecules, and mechanisms that

coordinate to eliminate, control, or allow the escape of cancer cells.

The concept of immunoediting emerged as an evolution of the cancer
immunosurveillance hypothesis. The original immunosurveillance theory,
proposed by Paul Ehrlich in the early 20th century and later refined by Lewis
Thomas and Macfarlane Burnet, hypothesized that the immune system
constantly monitors and eliminates nascent transformed cells, thereby preventing
the development of tumors. However, this theory faced controversy due to lack
of empirical evidence and an inability to account for the prevalence of
immunogenic tumors (Dunn et al., 2002). In the late 20th century, with
advancements in molecular and immunological research, scientists began to
observe that the immune system could also unintentionally facilitate tumor growth
by selecting for less immunogenic cancer cell variants. This observation led to
the development of the immunoediting theory, primarily by Robert Schreiber and

colleagues in the early 2000s (Dunn et al., 2002).

The immunoediting theory, encapsulated in the phrase "Elimination, Equilibrium,
and Escape" (the three Es), presents a dynamic model of interaction between the
immune system and cancer cells. The Elimination phase represents the
traditional immunosurveillance process where the immune system identifies and
destroys nascent tumor cells. The Equilibrium phase is where the immune system
controls but does not eliminate the cancer, leading to a state of immune-mediated
dormancy while also selecting for less immunogenic tumor variants. Finally, the
Escape phase occurs when the edited tumor evades immune control and

progresses to clinically detectable disease.

Elimination phase. In this first phase, once malignant cells appear and start
multiplying, immune cells recognize and destroy transformed cells before they
develop into tumors. However, it is not fully understood how these malignant cells
are recognized. Growing tumors may show themselves by expressing “danger
signals”, such as secretion of IFNa and B, expression of stress ligands like

MICA/B or release of damage-associated molecular pattern molecules (DAMPs)
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from dying tumor cells, thus initiating an anti-tumor innate response, leading to a
production of IFNy (Schreiber, Old & Smyth, 2011). The elimination phase
involves innate and adaptive immune cells. From the innate side, NK cells, yo T
cells, macrophages, and DCs play their role. NK cells early detect and eliminate
transformed cells independently of antigen recognition. They can detect
downregulation of MHC class | molecules on the cell surface, which is a common
feature of cancer cells, and release cytotoxic granules to kill these cells
(Malmberg et al., 2017), and, alternatively, exert their tumoricidal effect by the
engagement of TNF superfamily members such as Fas or TRAIL receptors on
tumor cells (Cullen & Martin, 2015). At the same time, y® T cells, considered an
intersection between innate and adaptive immunity, can recognize tumors not
only by MHC recognition, but by different ligands (Deseke & Prinz, 2020), and
exert it's cytotoxic effect by perforin and granzyme release. Both NK cells and yd
T cells release proinflammatory cytokines when recognize the tumor, such as
IFNy and TNFa, therefore recruiting proinflammatory immune cells to attack the
tumor (Park & Lee, 2021). Macrophages are resident in most tissues, and have
different receptors that can recognize DAMPs expressed by tumor cells. Once
they recognize the cancer cell, they get activated and phagocytize it or release
effector molecules including nitric oxide and cytokines (Hume, 2015).
Additionally, together with DCs, capture, process, and present tumor antigens to
T cells, forming a critical bridge between the innate and adaptive immune
responses, as explained above in the cancer immune cycle. Therefore, adaptive
immune responses also play a role, with T cells (especially cytotoxic T cells)
recognizing specific antigens presented by DCs and initiating an adaptive

immune response.

Equilibrium phase. If some cancer cells survive the elimination phase, they
enter a state of equilibrium with the immune system. This phase is characterized
by a dynamic balance between the proliferation of cancer cells and the immune
system's ability to control their growth, resulting in a state of tumor dormancy.
During equilibrium, the immune system may promote the selection of less
immunogenic cancer cell variants, a process known as 'immunoediting'. This
phase can persist for years without the formation of clinically detectable cancer.

In this phase of the tumor evolution, adaptive immunity is believed to be in charge

13



of containing tumor progression, specifically CD8" and CD4* T cells, together with
the production of IL-12 and IFNy (Schreiber, Old & Smyth, 2011). IL-12, mostly
released by APCs, maintains cytotoxic function of T cells (Mirlekar & Pylayeva-
Gupta, 2021), while IFNy, released mainly by Th1 CD4" cells, maintains
functionality of both innate and adaptive immune components, while exerting an
anti-tumoral effect (Martinez-Sabadell et al., 2022).

Escape phase. In the escape phase, cancer cell clones that have adapted to
evade the immune response begin to proliferate uncontrollably, leading to
clinically apparent cancer. Tumor progression can occur due to several
mechanisms, including cancer cell intrinsic modifications or an establishment of
an immunosuppressive environment. Some examples of intrinsic resistance are
loss of antigen expression, down-regulation of MHC molecules, expression of
immunosuppressive molecules like PD-L1, or disruption in certain pathways such
as IFNy. Furthermore, secretion of immunosuppressive cytokines by the tumors
like transforming growth factor beta (TGF-B) or IL-10 modify the TME, which can
lead to the induction of immunosuppressive immune cells, including regulatory T

cells (Tregs) and myeloid derived suppressor cells (MDSCs).

Cancer initiation a. Elimination b. Equilibrium c. Escape
Suppression of Tumor dormancy Tumor progression
transformed cells Selective immune pressure Immunosupression
T Antigen presentation 1 antigen presentation
Non- 1 IFNy response
malignant
gcells NK 5T Treg MDSC
cD8* cell Y I
Teel A0 = TGF-B
Carcinogenesis L‘Og .12  CD4 110
Radiation l [ el . Tecell IFNy LEPP
Viral infections N 1 -Ll oA .} \
Cancer Q Q D
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Innate & QD Poorly .’/ D
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°® immunity cancer cell

r—’%
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signals IFNa/B Granzyme
TNFa Fas/TRAIL

Figure 2: The 3 E’s of the immunoediting process. The cancer immunoediting process
represents the immune control of the cancer during tumor evolution once intrinsic tumor
suppressor mechanisms failed. It consists of three sequential phases: elimination, equilibrium
and escape. In the elimination phase, both innate and adaptive immunity collaborate to eradicate
developing tumors. If successful, tumor is eradicated. However, if cancer cells escape, they may
enter the equilibrium phase, mainly governed by the adaptive immunity, which prevent tumor
expansion entering into a tumor dormancy state. In this phase takes place the “immunoediting”
process, where poorly immunogenic cell variants emerge due to the immune pressure. Hence,
these cell variants are no longer recognized by the adaptive immunity, leading to clinically
apparent cancer disease in the escape phase. Adapted from (Schreiber, Old & Smyth, 2011).
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This tumor ability to evade the immune destruction was added as a new hallmark
of cancer in 2011 by Hanahan and Weinberg, reinforcing its importance in the
cancer research field (Hanahan & Weinberg, 2011). The mechanisms by which
tumor cells are able to avoid immune destruction will be further discussed in the

“Mechanisms of resistance” section, which is the principal aim of this thesis.

However, many aspects of cancer immunosurveillance remain to be elucidated.
The understanding of the cancer immunoediting process and tumor evolution has
been instrumental in the development of innovative cancer therapies, such as

immunotherapies.
2. Immunotherapies

Immunotherapy represents a revolutionary approach to treat cancer that
harnesses the power of the body's immune system to combat the disease,

instead of directly targeting cancer cells.

Immunotherapy, as a concept of cancer treatment, traces its origins back to the
late 19th century when Dr. William B. Coley, often referred to as the "father of
immunotherapy," noticed that some cancer patients who developed infections
after surgery showed improvement or even remission. He hypothesized that this
was due to the immune system's response to the infection, which also affected
the cancer. Coley developed a mixture of bacteria known as Coley’s Toxins,
which he injected into patients in the hope of stimulating an immune response

against cancer (Coley, 1910).

However, it wasn't until the latter part of the 20th century and early 21st century
that immunotherapy became a pillar of cancer treatment. In the 1980s, the
discovery and development of monoclonal antibodies, which can be designed to
recognize specific targets on cancer cells, marked a significant advancement and
opened a new scene for posterior immunotherapeutic approaches (Liu, 2014).
Then, in 1988, Steven Rosenberg and colleagues reported the first successful
use of adoptive cell transfer, using the very same T cells extracted from a patient's

tumor to attack the cancer (Rosenberg et al., 1988).
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Another critical step came in the early 21st century with the development of
immune checkpoint inhibitors (ICl), blocking proteins that prevent immune cells
from attacking cancer. Ipilimumab, an anti-CTLA-4, was the first FDA-approved
ICI in 2011 (Robert et al., 2011). Since then, several new strategies to treat

cancer have emerged, and most of them will be described in this thesis.

The immunotherapeutic approach to treat cancer attempts to directly activate the
immune system in order to attack the tumor, but several non-immunotherapeutic
approaches have been found to trigger an immune reactivity against the tumor
cells. For instance, targeted therapy with monoclonal antibodies are considered
“‘passive” immunotherapies. These are meant to inhibit the target antigen
signaling, but it was described long ago another additional effect, to activate
immune cells to attack the tumor (Hashimoto et al., 1983). This event is the
antibody dependent cellular cytotoxicity (ADCC), which is driven by the
recognition of NK cells of the Fc fragment from the antibody through the Fc
receptor CD16. This activation prompts a release of granzyme and perforin, as
well as the expression of the cytotoxic effector Fas ligand (Yeap et al., 2016).
Since the first FDA approval of the first mAb, rituximab, an anti-CD20 antibody
used to treat non-Hodgkin’s lymphoma, many others have followed, such as
trastuzumab (anti-HER?2) and cetuximab (anti-EGFR), where the ADCC has been
proven to be a major cause of their efficacy (Beano et al., 2008, Latanzio et al.,
2017).

Other cancer therapies that can have an anti-tumoral immune effect are the
chemotherapy and radiotherapy treatments, mainly due to the killing of tumor
cells, which facilitate antigen uptake by APCs, as well as an increased
inflammation and proinflammatory signaling in the TME (reviewed respectively in
Bracci et al., 2013 and Carvalho & Villar, 2018).

Immunotherapies can be divided in two major groups, that can be combined in
order to obtain better results. One approach consists on the therapies that aim to
boost a preexisting response, which depend on the classical recognition of the
tumor cells by the T cells through the MHC-TCR interaction. The second strategy
consists of redirecting the T cells against the tumor, independently of the antigen

recognition.
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2.1. Antigen presentation dependent therapies

Immunotherapeutic strategies that aim to boost a preexisting response are the
ones that depend on the antigen presentation through the MHC class | to the
TCR in the T cells (PMHC-TCR). These strategies depend on that recognition,

and their aim is to either increase its efficacy or avoid suppressive factors.
2.1.1.Immune checkpoint blockade

Immune checkpoint blockade (ICB) is the most used immunotherapeutic
approach in solid malignancies, with 11 FDA approved ICls (3 vs PD-L1, 5 vs
PD-1, 2 vs CTLA-4 and 1 against LAG3), and more than 2000 clinical trials
ongoing as of September 2023. The aim of this therapy is to block the inhibitory

signals driven by these proteins, the so-called immune checkpoints.

ICls are approved for several malignancies, including melanoma, NSCLC, head
and neck carcinoma, renal cancer, or Hodgkin lymphoma, among others. The
main immune checkpoints being targeted in the clinic are the CTLA-4 and the
PD-1 and its ligand PD-L1. Both can block immunological antitumor activity, but

at different body sites and T cell maturation moments.

CTLA-4 blockade (like ipilimumab) disrupt the interaction between CTLA-4 on T
cells and B7 molecules on APCs. In immune escape circumstances, this
interaction sends an inhibitory signal that suppress the amplitude of T cell
activation. Blocking this interaction, therefore, boosts T cell activation and
proliferation, enhancing the immune response against cancer cells (Leach et al.,
1994). At the same time, CTLA-4 is constitutively expressed in
immunosuppressive Treg cells. Therefore, blocking CTLA-4 prevents T cells from

anergy and can cause ADCC in Tregs (Zappasodi et al., 2019).

PD-1 blockade (like pembrolizumab or nivolumab) and PD-L1 blockade (like
atezolizumab) disrupt the interaction between PD-1 on T cells and PD-L1 on
cancer cells or APCs. Under normal conditions, the binding of PD-1 to PD-L1
transmits an inhibitory signal that reduces T cell function and promotes immune

tolerance. However, cancer cells often overexpress PD-L1 to escape immune
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attack. Blocking this interaction lifts the inhibition and restores T cell function,

enhancing anti-tumor immunity (Zou et al., 2016).

In melanoma, the most immunogenic solid tumor type, ipilimumab plus nivolumab
has given patients a great treatment improvement, with an objective response in
58% of the patients and a median overall survival (OS) of 6 years (Larkin et al.,
2019). According to the FDA, as of June 2023, ICI treatment is currently approved
as a first line of treatment for several malignancies, including ipilimumab plus
nivolumab in metastatic melanoma, pembrolizumab plus chemotherapy in PD-L1
amplified non-small cell lung cancer (NSCLC), and different ICI plus tyrosine

kinase inhibitors (TKI) in metastatic renal cell carcinoma (RCC).

However, even its remarkable efficacy, some patients suffer from adverse effects,
being the most common the cytokine release syndrome (CRS). In this scenario,
the direct destruction of target cells and exacerbated activation of T cells induce
an excessive release of proinflammatory cytokines such as IFNy or TNFa. These
cytokines then set off a domino effect by activating innate immune cells like
macrophages and endothelial cells, which in turn release additional cytokines and
lead to a cytokine storm, causing mainly fever and fatigue, or, in the worst-case
scenario, multi-organ system failure and death (Shimabukuro-Vornhagen et al.,
2018).

Additionally, other immune checkpoints being targeted and currently in clinical
trials are TIM3 and B7-H3, among others, and many researchers are trying to
identify new ones. Finally, in addition to the inhibition of inhibitory signals, efforts
are being put in the activation of costimulatory signals, such as 4-1BB, OX40, or
CD40 (Marin-Acevedo et al., 2018).

2.1.2.Immunomodulators

Immune system modulators enhance the body’s immune reaction against cancer
cells. These can be divided into cytokines, chemokines, and agonists. Cytokines
and chemokines can be used to directly boost the immune system to fight against
the cancer, or indirectly, by suppressing inhibitory signals. IFNa (Peginterferon
alfa-2b) and IL-2 (Aldesleukin) are two FDA approved cytokines that activate

immune system through different ways. IFNa, approved for melanoma patients,
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enhances antitumor immune functions by activating T cells, as well as inhibiting
angiogenesis and promoting cancer cell death in the tumor (Tarhini et al., 2012).
Meanwhile, IL-2, approved for RCC and melanoma patients, promotes the
activation and multiplication of T and NK cells, with a dual effect, antitumoral due
to increased cytotoxicity and Th1 T cell activation, and immunosuppressive due
to Treg activation (Jiang et al., 2016). Other potential interleukins to develop as
future therapies are IL-15 or IL-12, which activate T and NK cells (Lusty et al.,
2017).

Alternatively, blocking immunosuppressive cytokines can also improve anti-
cancer immune responses. For instance, blocking TGF-, a potent inhibitor of T
and NK cell cytotoxicity, as well as Treg’s and tumor-associated macrophages’
(TAM) inductor in the TME (Yang et al., 2010), appears as an interesting strategy.
Clinical trials are currently in progress to assess its efficacy in combination with
ICI, most of them in solid cancers, by using small molecule receptor kinase

inhibitors, blocking antibodies, ligand traps, or vaccines (Kim et al., 2021).

Targeting chemokine receptors is another attractive therapy as well. The antibody
drug mogamulizumab, which binds to CCR4, receptor present in
immunosuppressive cell types such as Tregs and hematological tumors, is
approved for two rare types of non-Hodgkin lymphoma, and it is currently being
further investigated in clinical trials to treat solid tumors in combination with ICls
(Yoshie, 2021).

In the immunomodulator agonists side, stimulator of interferon genes (STING)
agonists are a promising way to enhance antitumoral activity from T cells. The
STING pathway plays a key role in the sensing of tumoral DNA and consequent
initiation of immune responses. When activated through an agonist, triggers the
production of type | IFNs, leading to an activation of immune cells and effective
antitumor response (Xiong et al., 2022). Several clinical trials targeting STING
agonists are currently ongoing with promising results, alone or in combination
with IClIs (Le Naour et al., 2020).
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2.1.3.Cancer vaccines

Cancer vaccines work by delivering a particular tumor or viral antigen to the
patient, stimulating the uptake by DCs and subsequent presentation to T cells,
which then recognize and attack the cells expressing that particular antigen. Two

types of cancer vaccines currently exist, preventive and therapeutic.

Preventive vaccines aim to prevent cancer by targeting viral infections that can
lead to cancer, eliciting an immune response against these viral antigens. An
example is the gardasil 9 vaccine, directed against the human papillomavirus
(HPV), which is associated with various cancers, including cervical, anal, vulvar,

and vaginal cancers, as well as oropharyngeal cancer (Cheng et al., 2020).

By contrast, therapeutic vaccines that aim to treat an existing cancer by
stimulating an immune response against a particular tumor antigen, leading to
the destruction of cancer cells expressing those antigens. These vaccines can
be generated to target TAAs or TSAs. For example, the only FDA approved
therapeutic vaccine, Sipuleucel-T is directed against the TAA prostatic acid
phosphatase (PAP), abnormally produced in prostate cancer (Saxena et al.,
2020). Conversely, personalized vaccines against TSAs, being more tumor-
specific, have shown encouraging results and are currently a major
immunotherapy research focus. Targeting TSAs is not exclusive for cancer
vaccine therapy, but for tumor infiltrating lymphocyte (TIL) and TCR engineered
T cell (TCRt) therapy as well. In this case, TSA identification is needed, but it is
time and cost consuming, due to the fact that a biopsy needs to be taken from
the patient, and undergo DNA sequencing, mutation identification, and
neoantigen prediction (Lang et al., 2021). Still, responses achieved are stronger
and more specific than TAA targeting therapies, and methods and technology are

improving rapidly (Janelle et al., 2020).
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2.1.4.0ncolytic virus therapy

Using oncolytic viruses represent a pioneering strategy in the treatment of
cancer, combining direct tumor cell killing and immune stimulation. These viruses
have the great advantage of a good safety and tolerability in patients. Viruses
can be modified to increase their capability to infect specifically cancer cells (Liu
et al.,, 2003), and once cancer cells are infected and lysed, viral and tumor
antigens are released, infecting surrounding tumor cells and using APCs to prime
T cells and attack the tumor. Additionally, oncolytic virus therapy allows to delete
genes that suppress immune responses and add others to help stimulate the
immune response against cancer. The unique FDA approved T-Vec oncolytic
virus is a modified Herpes virus with the gene for Granulocyte-macrophage
colony stimulating factor (GM-CSF) incorporated, promoting an immune
response by attracting, among others, macrophages to the tumor site (Andtbacka
et al., 2015). It is only approved for melanoma patients, but is now being tested
in other cancer types, as well as in combination with several additional

immunotherapies (Zhang et al., 2023).
2.1.5.TIL therapy

Tumor infiltrating lymphocyte therapy is one of the Adoptive Cell Transfer (ACT)
therapies. ACT therapies consist of obtaining cells from the patient, grown in large
number in a good manufacturing practice (GMP) laboratory, with or without
modifications, and reinfusing them back to the patient. Rosenberg and colleagues
demonstrated in 1988 that TlLs could be expanded in the laboratory, reinfused in
the patient, and mediate cancer regression (Rosenberg et al., 1988). At that time,
the whole TIL population was reinfused, but now specific tumor antigens can be
targeted. Currently, in order to treat patients with TIL therapy, a biopsy needs to
be taken to purify the TILs. Next, the DNA from the tissue sample can be
sequenced and compared to healthy tissue to identify the cancer unique
mutations. If sequenced, these mutated regions, which constitute neoepitopes,
are incorporated into autologous DCs, that are then brought together with TILs
from the tumor sample (Lu et al., 2014). The TIL population positive for the
recognition of the neoantigen is the one that gets expanded and reinfused to the

patient, obtaining a fully personalized treatment.
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Melanoma, due to its high prevalence of somatic mutations, is considered the
most immunogenic cancer type (Alexandrov et al., 2013). For this reason, it is the
most attractive cancer type to test TIL therapy and all the immunotherapies that
depend on the antigen presentation through the MHC, called human leukocyte
antigen (HLA) in humans. Several clinical trials are ongoing in melanoma and
cervical cancer with encouraging results, as well as in colorectal cancer (CRC),
cholangiocarcinoma, NSCLC and breast cancer (BC) with preliminary and
promising efficacy (Zhao et al., 2022). For instance, a study comparing TIL
therapy vs ipilimumab in metastatic melanoma patients, showed a better
objective response rate (ORR) in the TIL group, reaching 49% of patients, in
comparison to the 21% achieved in the ipilimumab group (Rohaan et al., 2022).
Some clinical trials, such as the previous, consist of a simple expansion of the
TILs (Rohaan et al., 2022), such as lifileucel, the first TIL product that is going to
achieve the FDA approval due to its demonstrated strong efficacy in metastatic
melanoma (Sarnaik et al.,, 2021). Other TIL therapy strategies in preclinical
research consist on identifying and expanding reactive TILs populations against
the tumor (Besser, 2013), while others are expanded against a specific mutation
(Zacharakis et al., 2018, Creelan et al., 2021).

2.1.6.TCR-engineered T cells

Another ACT being developed in the last years is the TCRt therapy, in which
autologous T cells from the patient are transduced with a TCR specific for the
recognition of a pMHC expressed by the tumor cells. This engineered TCR form
a complex with the endogenous CD3, responsible for the signal transduction
(Pasetto et al., 2016).

Obtaining a final product with this immunotherapeutic approach is currently
challenging, as the obtention of the specific TCR consist in several steps. First,
the mutation against which the TCRts are going to be directed needs to be
identified. This step is performed as described above in TIL therapy, by the
sequencing of the tumor lesion and healthy tissue. Consecutively, the enrichment
and isolation of antigen-specific T cells by selectively expanding TILs or
peripheral blood lymphocytes (PBL) is performed, and finally, the TCR

sequencing of these antigen-specific T cells (Pasetto et al., 2016).
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This therapy, therefore, is more complex, personalized, and costly than TIL
therapy, with an added advantage, in TCRt therapy T cells are collected by
leukapheresis from the blood of the patient, obtaining younger T cells with a less
exhausted phenotype and increased proliferative capabilities than TlLs (Baulu et
al., 2023). Therefore, TCRt therapy is gaining an increasing interest in the search
of curing cancer patients through personalized medicine, as new technologies
are achieving a more time and cost-effective strategy. More than 200 clinical trials
are currently ongoing according to clinicaltrials.gov. Like TIL therapy, this therapy
can be directed against TAA or TSA, and most of the clinical trials are targeting
CGAs, being NYESO the most targeted so far (Shafer et al., 2022).
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Figure 3: Antigen presentation dependent therapies. Most immunotherapeutic approaches
are dependent on the recognition of the tumor cell by the T cell through the pMHC-TCR. These
therapies aim to boost a preexisting response using different strategies. ICls block inhibitory
signals impeding T cell functionality and immunomodulators enhance antitumor immune activity
by promoting its activation or inhibiting immunosuppressive molecules. Cancer vaccines and
oncolytic viruses deliver antigens to improve the recognition of tumor cells by T cells, with the
added advantage in oncolytic virus therapy of exerting a cytolytic effect. In TIL and TCRt
therapies, T cells are purified from the patient, expanded ex vivo, and reinfused in the patient,
with the possibility of purifying the tumor-reactive ones in the case of TIL therapy, or transducing
T cells with an exogenous TCR to guarantee a specific recognition against a certain antigen in
TCRt therapy.
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2.2. T cell redirection therapies

In this thesis, we used chimeric antigen receptor (CAR) T cells and bispecific
antibodies (bsAbs) to generate models of resistance to immunotherapy. In
contrast to the rest of immunotherapeutic approach, their particularity is that are
pMHC-TCR recognition independent, and are directed to an antigen expressed
in the membrane of the target cells. Their mechanism of action consists on
attracting the tumor cell and the T cell, forming an immune synapse through the
target antigen and the T cell, activating the latter and triggering the release of

granzyme, perforin, and IFNy to cause cancer cell death (Wei et al., 2022).
2.2.1.CAR T cells

CAR T cell therapy is currently the only FDA-approved ACT approach.
Autologous T cells from the patient are engineered to express a CAR construct
directed against a certain tumor antigen expressed on the surface of the tumor
cells, allowing to recognize and destroy them. CARs consist of a single chain
fragment variable (scFv) from an antibody, in charge of recognizing the antigen
on tumor cells, fused with intracellular signaling motifs in charge of T cell
activation (Gross et al.,1989). CAR constructs have been improved through the
years. First generation CARs consisted of only a CD3 intracellular signaling
domain, while second generation constructs added an additional costimulatory
domain, mainly CD28 or 4-1BB, mimicking the second signal needed for T cell
activation. Third generation constructs consisted of two costimulatory domains.
Currently, all FDA-approved CAR T therapies are based on second generation
constructs, and all six directed against hematological malignancies, CD19 or
BCMA on B cells. These therapies have remarkable efficacy, with up to a 91%
ORR and 68% complete response rate (CRR) in mantle cell lymphoma (MCL)
patients after 3-year follow-up treated with the CAR T against CD19
brexucabtagene autoleucel (Tecartus) (Wang, 2023). Despite that, solid tumor
patients cannot benefit from these therapies yet due to the lack of FDA approved
CAR constructs, but some preclinical promising candidates are currently in
clinical trials. In solid tumors, the low efficacy of CAR T cells is described to be
mainly due to: 1) the tumor antigen heterogeneity within a tumor (Dagogo-Jack &

Shaw, 2018); 2) difficulties in the trafficking and infiltration into the tumor, which
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can be due to fibrosis, dense ECM or decreased chemokine secretion (Salmon
et al., 2012); and 3) the immunosuppressive TME. Additionally, with T cell
engaging therapies, such as CAR T cells and bsAbs, many patients suffer from
CRS driven by an excessive T cell activation and proliferation. Next generation
CARs, or “armored” CARs, are being generated to solve these problems using

different strategies.

1) In order to surpass the tumor heterogeneity, dual TAAs-targeting CAR T is a
strategy that showed great preclinical efficacy in vivo (Hirabayashi et al., 2021);
as well as BiTEs-secreting CAR T cells, which release a T cell bispecific antibody
once the CAR recognizes the tumor cell, with many examples been generated to

date with promising preclinical in vivo results (Cho et al.i, 2019).

2) In order to solve the difficulties of infiltrating into the tumor, CARs can be
“armored” with ECM-degrading agents like heparanase (Caruana et al., 2015), or
dual TAA targeting CAR T cells to improve their infiltration, like the dual nectin-4
(expressed in several solid tumors like triple negative breast cancer (TNBC)) and
fibroblast activation protein alpha (FAP) CAR T, with increased infiltration and

growth remission in in vivo models (Li et al., 2022).

3) To overcome an immunosuppressive TME, CAR “constructs” are being
armored with cytokines, mainly IL-12. The CAR targeting MUC168°° constitutively
expressing IL-12, showed promising results in vivo in ovarian cancer (Koneru et
al., 2015), being now in a phase | clinical trial (NCT02498912). Furthermore,
CARs can be designed to secrete ICI, such as anti-PD-L1 antibody, which, when
activated, block the inhibitory PD-1/PD-L1 axis enhancing antitumor efficacy in in

vivo models (Suarez et al., 2016).

Furthermore, to avoid toxicities, switchable CAR constructs are a promising
strategy, giving the clinician the opportunity to switch off the CAR T cells when
needed (Tomasik et al., 2022). In the same direction, CAR NKs appear as a good
strategy to avoid toxicities and graft-vs-host disease (GvHD), allowing to use

allogenic NKs for the treatment (Xie et al., 2020)

In contrast to TCRs dependent recognition, CAR T cells do not depend on the

pMHC recognition and its related resistance mechanisms through lack of antigen
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presentation. Despite that, surface antigens represent the 1% of total expressed
proteins in a cell, limiting the TAA to which they can be directed. Additionally,
CAR Ts exert a stronger activation and cytokine release than TCR activated cells
(Poorebrahim et al., 2021). Taking that into account, TCR-like CARs and TCR-
CARs are an innovative strategy to target pMHC (Poorebrahim et al., 2021),
combining the potent activation driven by the CAR construct and the specificity
and broad range of neoepitopes recognition by the TCR. TCR-like CAR consists
of a scFV recognizing the pMHC, while the TCR-CAR consists of a TCRv instead
of the scFV. These novel strategies need to be further investigated but arouse

attention in the cancer immunotherapy field.
2.2.2.Bispecific antibodies

Bispecific antibodies represent a novel class of therapeutic antibodies designed
to recognize and bind two different antigens simultaneously. The most common
application of bsAbs in cancer therapy involves the design of bsAbs that can bind
to a particular antigen on cancer cells and simultaneously bind to immune cells,
usually T cells. BsAbs are classified as IgG-like, which have enhanced stability
and activity, and non-lgG-like, which are easier to produce and present lower
immunogenicity. When referring to T cell directed bsAbs, the IgG-like antibodies
are considered as T cell bispecific antibodies, or TCBs; whereas non-IgG-like can

broadly differ on its structure, being BiTEs the most common (Wei et al., 2022).

As of September 2023, seven different immunotherapeutic bsAbs are approved
to date against cancer. Six of these are approved for hematological malignancies
and one against solid tumors. Blinatumomab, a BiTE directed against CD19, was
the first FDA-approved bsAb in 2014, against B cell acute lymphoblastic leukemia
(B-ALL) (Topp et al., 2014). Additionally, three more TCBs are FDA-approved
against CD20 in lymphoma, as well as two more against myeloma, targeting
BCMA or GPRC5D. Tebentafusp, a non-lgG-like bsAb targeting the pMHC
gp100-HLA-A*02:01, was an important advance of T cell redirection therapies
against solid tumors by having remarkable success in uveal melanoma, being
FDA-approved in 2021 (Nathan et al., 2021).
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Figure 4: T cell redirection therapies. CAR T cells and bsAbs-driven T cells recognize the tumor
cell independently of the antigen presentation through pMHC-TCR, but by recognizing a particular
antigen against which are redirected, causing T cell activation and tumor cell attack. CARs consist
of a scFV of an antibody that recognize the antigen and intracellular signaling motifs in charge of
T cell activation. 2" generation CARs consist of a motif for “signal 1” and a motif for “signal 2" to
activate T cells. 4™ generation CARs are “armored” CARs, such as dual antigen recognition
constructs or a protein of interest “POI” inducer motif, by which CAR T cells can induce the
expression of bsAbs or cytokines, among others. BsAbs are antibody-based molecules and
trigger the binding of tumor cells and T cells, activating the latter. BsAbs divide into non-lgG-like,
such as BIiTE, and IgG-like, the TCBs. In this thesis, the antibodies used (HER2-TCB and
CEACAMS5-TCB) consist of TCBs with a 2:1 configuration, binding monovalently to CD3 and
bivalently to the antigen, being then more tumor-specific and avoiding toxicities.

In this thesis we used TCBs as a tool to generate models of acquired resistance
to immunotherapies. Particularly, we focused in the identification of the
mechanisms by which solid tumors become resistant, and we identified the tumor
intrinsic IFNy deficient response and the antigen downmodulation as recurrent
mechanisms of immune evasion. The specific TCBs used in these studies consist
of an advanced strategy developed by Roche, with a configuration of 2:1,
meaning that they bind bivalently to the cancer antigen and monovalently to CD3.
This configuration gives the advantage of releasing the CD3-binding arm mainly
when specifically recognizing the tumor cell with the two antigen-binding arms,
avoiding unspecific T cell activation and thus, toxicities. Of note, it has been
recently FDA-approved the first TCB with a 2:1 configuration, glofitamab, with two

CD20 binding Fab region and one against CD3, for the treatment of lymphoma.

Several other improvements have been made to classical TCBs. These new
strategies include targeting immune checkpoints, such as AK104, an anti-PD-
1/CTLA-4 bsAb that has been recently approved to treat cervical cancer in China
(no reference available), due to its efficacy and its specificity to block TIL's PD-1

rather than circulating lymphocytes, avoiding T cell toxicities. Other strategies
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include recruiting NK cells for tumor redirection (Xiao et al., 2023), targeting co-
stimulatory molecules such as 4-1BB (Claus et al.,, 2019), blocking
protumorigenic molecules like TGF-B (Yi et al.,, 2022), or even generating
trispecific antibodies, giving the researchers the chance to target two different
TAA or activating both the CD3 and a costimulatory domain (Tapia-Gallisteo et
al., 2023).

Therefore, during this last decade, huge efforts have been made to develop new
strategies to improve patient’s outcome. Despite that, resistances arise, and the
full understanding of these mechanisms of resistance to current immunotherapies
is an unresolved issue. This thesis is focused on the understanding of these

escape mechanisms in order to improve the efficacy of immunotherapies.
3. Mechanisms of resistance to immunotherapy

Cancer immunotherapies have yielded remarkable clinical responses,
significantly improving the lives of numerous cancer patients. Against
hematological tumors, immunotherapy has been proven highly effective, as
evidenced by the remarkable success rate of CD19 CAR T cell therapy against
acute lymphocytic leukemia, with up to 90% patients with complete remission
(Maude et al., 2014).

However, when it comes to solid tumors, the data is less favorable. Although ICI
therapy has emerged as the first-line treatment for melanoma, NSCLC, RCC and
TNBC, its benefits are experienced by only a subset of patients. Additionally, ICls
are being considered as a viable option for certain advanced and refractory tumor
types, including bladder tumors and head and neck tumors. In contrast, other
cancers such as pancreatic ductal adenocarcinoma (Timmer et al., 2021),
glioblastoma (Rocha Pinheiro et al., 2023) and sarcomas (Birdi et al., 2021)

exhibit low response rates to immunotherapy.

In the most favorable scenario for solid tumors, melanoma, where anti-CTLA-4
antibodies (ipilimumab) are combined with PD-1 blockade (nivolumab), which is
the first line of treatment for advanced melanoma patients since 2015, the ORR
among all patients is 58% (Larkin et al., 2019). Furthermore, in patients with
NSCLC harboring high levels of PD-L1, a study comparing PD-L1 blockade
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(pembrolizumab) with chemotherapy described an increase in the 5-year overall
survival reaching only 32% of patients (Reck et al., 2021). Still, it is the first line
of treatment in tumors with PD-L1 250% (lkezawa et al., 2022). An additional
tumor type that has benefitted from immunotherapies but with limited efficacy is
TNBC. In PD-L1 overexpressing tumor patients, which represent only one fifth of
the patients, pembrolizumab plus chemotherapy has an OS of just 23 months
(Cortes et al., 2022), but gained the approval for first line of treatment for these

patients.

Although immunotherapy responses are generally considered more durable
compared to conventional targeted therapies, a significant number of patients
either do not respond to the treatment or experience relapse. This can be
attributed to primary resistance mechanisms that arise shortly after initiating
treatment or acquired resistance that develops during the course of treatment,
leading to a shift from an initially effective response to treatment failure.
Nevertheless, in the past decade, there has been substantial progress in the
understanding of immunotherapy's effectiveness and mechanisms through
extensive preclinical animal studies and clinical trials. This in-depth exploration
has revealed remarkable and enduring clinical responses, ushering in a
revolutionary treatment approach for various resistant carcinomas. Research is
focused on two directions, by the generation of evolving immunotherapeutic
strategies in order to increase efficacy, or, at the same time, by trying to elucidate
how the tumor evades the immune attack. As a result of this research, the

treatment landscape for tumors is gradually evolving.

In terms of response, tumors can be divided, regarding their immunogenicity, into
“hot” and “cold” tumors. Low responsive cancer types such as pancreatic cancer
(Timmer et al., 2021) or glioblastoma (Rocha Pinheiro et al., 2023) are considered
cold, while immunogenic and high responsive types, namely melanoma (Larkin
et al., 2019) and NSCLC (Mamdani et al., 2022), are considered hot tumors. This
classification is based on tumor immunogenicity and immunotherapy response,
and the TME key role in it. Hot tumors are characterized by a high degree of
immune cell infiltration, particularly by T cells, which indicates an active immune
response against the tumor. Hot tumors also often exhibit a high tumor mutational

burden (TMB) and high degree of microsatellite instability (MSI-H), meaning they
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have a large number of mutations that create neoantigens that the immune
system can recognize. Therefore, these tumors are typically more responsive to
immunotherapies. On the contrary, cold tumors, also known as "immune desert"
tumors, represent a challenging hurdle, and underscores the importance of
identifying the mechanisms by which a tumor becomes cold, and the tumor
immune evasion strategies beyond that. These tumors have little to no immune
cell infiltration and an often-low mutational burden, which translates into low

response rate to immunotherapy (Duan et al., 2020).

Therefore, the sensitivity to immunotherapy of a tumor depends on several
factors, and the mechanisms of resistance to immunotherapy can be divided in
extrinsic, the ones mediated by other cell populations present in the TME, and

intrinsic, mediated by the tumor cells themselves.

3.1. Extrinsic mechanisms

Extrinsic mechanisms of resistance to immunotherapy represent factors outside
of the cancer cell itself that can impede the effectiveness of immune-based
treatments. Tumor cells interact with several other immune and stromal cell types
in the TME, a complex ecosystem composed of various cell types, blood vessels,
and signaling molecules, which can foster a suppressive environment that blunts
the immune response. This is especially important in solid cancers. For instance,
certain cells in the TME, such as Tregs, MDSCs, TAMs or cancer associated
fibroblasts (CAFs) can inhibit the activity of anti-tumorigenic immune cells and
limit immunotherapy response through immunosuppressive cytokines and
receptors expression, or costimulatory molecules repression. The release,
composition and balance of cytokines in the TME plays a key role in the
immunoediting process and the fate of the immunotherapy treatment. As major
players, while high levels of IFNy and IL-2 would drive a proinflammatory

phenotype, high levels of IL-10 and TGF- cause an immunosuppressive TME.

Moreover, the physical characteristics of the TME, including a dense ECM
(desmoplasia), hypoxia and poor nutrient supply, can also compromise immune
cell access, function and survival. Lastly, the heterogeneity of the TME, with

diverse levels of immune infiltration across different regions of the tumor, can also
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contribute to extrinsic resistance. Understanding and overcoming these extrinsic
resistance mechanisms is a major focus of current research in cancer

immunotherapy.

T Hypoxia
Dense ECM
Abnormal vasculature

Figure 5: Extrinsic mechanisms of resistance to immunotherapy. Several factors in the TME
can elicit an immunosuppressive and protumoral effect. The main cell types involved are Tregs,
MDSCs, TAMs, and CAFs, which, by secretion of certain cytokines and metabolites such as TGF-
B, IL-10, IL-6, and IDO; or expression of coinhibitory receptors like PD-L1 and CTLA-4,
immunosuppress T cell antitumor responses. Moreover, Tregs can dominantly consume IL-2 by
the CD25 receptor. Additionally, the TME physical conditions can impede T cell migration and
functionality, namely hypoxia, dense ECM, or an abnormal vasculature.

3.1.1.Regulatory T cells (Tregs)

Regulatory T cells are immunosuppressive cells that, in healthy individuals,
control autoimmune response. In cancer, though, these cells can exert a negative
effect. Tregs, recognized for their CD4* CD25" FoxP3* expression, can inhibit
effector T cells by different mechanisms (Ohue & Nishikawa, 2019). The principal
mechanism by which they inhibit immunotherapy response is by releasing
immunosuppressive cytokines, such as TGF-B or IL-10, inhibiting proliferation
and effector functions of T cells (Takahashi et al., 1998). Other methods by which

Tregs drive an immunosuppressive TME is by direct cell contact, through CTLA-
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4 driven inhibition of DCs by binding to CD80/CD86 (Tekguc et al., 2021); by
killing T cells and APCs through granzyme/perforin (Grossman, 2004); or by the
dominant consumption of IL-2 in the TME by the CD25 receptor (Chinen et al.,
2016). Clinically, Treg abundance in the TME have been associated with poor
prognosis in patients in several cancer types, including melanoma, ovarian
cancer and NSCLC (Ohue & Nishikawa, 2019). However, although preclinical
efforts have been put into targeting this T cell population lately, the difficulty of
correctly selecting this population have been a hurdle for its efficacy (Togashi et
al., 2019).

3.1.2.Myeloid derived suppressor cells (MDSCs)

Myeloid cells are a critical barrier to protect the host from infections. However, in
cancer, they may promote tumor protection and growth. The MDSC are found in
the TME and have a role in immunosuppression, as well as in metastasis
induction (Condamine et al., 2015). MDSC consist of two differentiated
populations, termed granulocytic and monocytic. While having different
phenotype and functions, MDSCs suppress T cell function through the production
of immunosuppressive metabolites RNI (reactive nitroxide intermediates),
cytokines (such as TGF-3 and IL-10), enzymes like Indoleamine 2,3-dioxygenase
(IDO), and by PD-L1 expression (Lechner et al., 2010). Additionally, they can
recruit Tregs to the tumor and monocytic MDSCs can differentiate to TAMs,
associated as well with an immunosuppressive TME (Gabrilovich, 2017). MDSC
presence is associated with poor prognosis and reduced response to
immunotherapies. Clinical studies have shown a decreased response to: ICB in
melanoma, prostate cancer and NSCLC; to tumor vaccines in prostate cancer;
and to CAR T therapy in B large lymphoma patients with MDSC rich tumors (Hao
et al., 2021). Current efforts are made to target this cell population, either by
inhibiting them directly or their recruitment to the TME, and in combination with
immunotherapies. Promising preclinical results and clinical trials are ongoing
(Hao et al., 2021).
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3.1.3. Tumor associated macrophages (TAMSs)

Tumor associated macrophages are important components of the TME in many
solid tumor types. Even the recent awareness of their plasticity and change in the
paradigm, they have been historically classified in a conventional binary model,
into M1, or proinflammatory state, and M2, or anti-inflammatory state. While M1
state is induced by Th1 cell cytokines, such as IFNy, the M2 state is induced by
Th2 cytokines like IL-4, IL-13, or IL-10, and macrophage colony stimulating factor
1 (CSF-1) (Petty et al., 2021). The conversion from M1 to M2 state is related to a
protumorigenic and anti-inflammatory phenotype. M2 TAMs secrete diverse
cytokines and chemokines that have an effect on an augmented tumor
proliferation, an increased angiogenesis, a promotion of metastasis, and a
suppression of immune responses. TAMs can inhibit T cell infiltration,
proliferation and activation by chemokines (CCL2, CCL5), cytokines (IL-10, TGF-
B), or IDO secretion, as well as expression of PD-L1 and CD80/CD86 (Zhao et
al., 2020). TAMs can also induce (by IL-10 or TGF- secretion) or recruit (by
CCL20 or CCL22 production) Tregs to the tumor stroma (Zhao et al., 2020).
Higher TAM frequencies are associated with poor prognosis and immunotherapy
resistance in glioma, cholangiocarcinoma, ovarian, and breast cancer
(Heusinkveld & van der Burg, 2011), thus targeting TAMs is an attractive strategy
for solid tumor therapeutic intervention. Some of the therapies being generated
are targeting the monocyte recruitment through the disruption of chemokine
signaling, depleting TAMs, or by reprogramming TAMs to a M1 proinflammatory
phenotype. Clinical trials in different cancer models, in combination with
conventional therapies and immunotherapies, have been giving promising results
of these TAM targeting therapies (Petty et al., 2021).

3.1.4.Cancer associated fibroblasts (CAFs)

Another layer of complexity in the immunosuppressive environment that can be
found in the immune control of the tumor growth are the CAFs. This cell
population is one of the most abundant in solid tumor stroma, but it remains poorly
understood due to its heterogeneity and lack of specific markers. Despite that,
multiple of its protumorigenic functions have been described, such as increased

tumor cell invasion, increased tumor growth, and interference with T cell function.
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This disruption in T cell functionality is mainly due to the secretion of IL-6, TGF-
B, and CXCL12, causing an impairment on DCs function, limiting T cell priming
and attraction to the TME, and creating a dense ECM that impedes T cell
trafficking and tumor infiltration. Clinically, in CAF-rich tumors like head and neck,
esophageal, and colorectal cancers, immunotherapy treated patients display
poorer prognosis due to T cell exclusion (Hanley & Thomas, 2020). Therefore,
targeting CAF-related signaling is a promising way to tackle cancer, but is
particularly challenging due to its heterogeneity (Sahai et al., 2020). Despite that,
CAF-associated protumoral biomarker (FAP) is the most encouraging target to
inhibit CAFs. In preclinical murine cancer models, FAP targeting through DNA
vaccination (Duperret et al., 2018), CAR T cells (Liu et al., 2023), or BiTE-armed
oncolytic virus (Sostoa et al.,, 2019) demonstrated encouraging results,
highlighting the possibility of combining CAF-directed therapies with tumor-

targeting immunotherapies.
3.1.5. TME physical conditions

Beyond the cell types integrating the TME, the physical conditions a tumor

generate have a role in its immunity and response to immunotherapy.

Hypoxia is the oxygen deficiency in a tissue, and is an intrinsic property of most
solid tumors. This condition is mainly caused by the fast growth of the tumor and
its aberrant vasculature, as well as the increased metabolism by tumor cells and
thus, increased oxygen consumption. When oxygen levels decrease, hypoxia-
inducible factor (HIF) family of transcription factors get activated, mostly in tumor
cells and CAFs, leading to the expression of certain genes involved in tumor
growth and survival (Denko, 2008). Among these effects, hypoxia dampens the
antitumor immune response by inhibiting effector T and NK cells, as well as DCs,
and additionally, activates immunosuppressive components such as MDSCs or
Tregs. Targeting hypoxia to enhance the efficacy of immunotherapy is another
attractive approach, and several strategies are being developed, including drugs
that activate upon hypoxia or anti-HIF signaling drugs in combination with ICls
(Jayaprakash et al., 2022).
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Blood vessels within tumors are crucial for tumor expansion and the spread of
cancer cells. The process of tumor blood vessel formation, known as tumor
angiogenesis, is influenced by several cytokines, being the vascular endothelial
growth factor (VEGF) family the main in controlling blood vessel development. In
tumors, VEGF-driven angiogenesis leads to an abnormal vasculature that limit T
cell infiltration, causes hypoxia and recruits MDSCs (Vetsika et al., 2019). This
immunosuppressive phenotype can be reverted by anti-angiogenesis treatments,
such as the anti-VEGF antibody bevacizumab, broadly studied in combination
with immunotherapies with FDA approved combinations. For instance, in
hepatocellular carcinoma (HCC), the first line of treatment is the combination of

atezolizumab plus bevacizumab (Tella et al., 2022).

Apart from all the described above, other factors such as the patient’s microbiota
can determine responses to cancer immunotherapy (reviewed in Pitt, 2016), as
well as patient’s sex, as seen in a retrospective meta-analysis that indicates that

ICB benefit is significantly higher in women (Conforti et al., 2018).
3.2. Intrinsic mechanisms

Intrinsic mechanisms of resistance to immunotherapy involve alterations within
the cancer cells that allow them to evade the immune attack. These changes can
occur at the genetic, epigenetic, or signaling pathway level, leading to altered
protein expression or function that affects how the immune system recognizes
and responds to the cancer. Many different mechanisms have been described so

far, underlining the remarkable adaptability of the tumors to different scenarios.

As these intrinsic factors are complex and highly variable among different
cancers and patients, they present a significant obstacle in the design and
application of successful immunotherapeutic strategies. Understanding these

resistance mechanisms is therefore a crucial area of ongoing cancer research.
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Figure 6: Intrinsic mechanisms of resistance to immunotherapy. Tumor cells can escape the
killing mediated by immune cells by several mechanisms, including: lack of antigenic mutations,
alterations in the antigen presentation machinery, target antigen downmodulation, impairing the
immune synapse with the T cell (by ICAM-1 disrupted binding to LFA-1), impairing T cell function
by surface protein expression (i.e. PD-L1) and secretory molecules (i.e. IDO), or alterations of
certain signaling pathways, including MAPK, PI3K, WNT, and importantly, IFNy. Based on
(Sharma et al., 2017).

3.2.1.Lack of tumor antigen

When treated with TILs, ICI, or any immunotherapy that needs the TCR
recognition of tumor antigens presented by the MHC, lack of tumor antigen may

arise as the resistance mechanism.

High TMB, MSI-H, and mismatch repair deficiency are associated with increased
antitumor responses and immunotherapy sensitivity (Marabelle et al., 2020,
Marabelle et al., 2020). That increase in immunogenicity is due to a remarkable
increase in neoantigen expression and presentation (Llosa et al., 2015). Thus, T
cell activity and response to immunotherapy can be evaded by tumor cells due to
a decrease in neoantigen expression (de Vries et al., 1997, Gubin et al., 2014).
Therefore, intrinsic low neoAg expression is often a primary mechanism of

resistance. Besides, initially responsive tumors can adapt to the treatment and
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experience an “antigenic drift”, in which the antigen is downmodulated and the
tumor becomes resistant (Bai et al., 2003, Rosenthal et al., 2019), even though

it has been described to be infrequent (Lo, 2021).

Different strategies can be implemented to convert tumors to an antigenic state.
Radiation have a strong genotoxic effect, leading to a higher proportion of
mutations and neoAg generation, as demonstrated in mice models (Lhuillier et
al., 2021). Additionally, in low TMB tumors, oncolytic viruses can bypass the low
neoAg generation by the expression of exogenous antigens. In a recent clinical
trial with pediatric high-grade glioma patients, considered a “cold” tumor, an
oncolytic virus therapy increased T cell infiltration and improved patients’

outcome (Friedman et al., 2021).

3.2.2.Alterations in APM

Alterations in the APM, like the lack of tumor antigen, arises as a mechanism of
resistance for antigen presentation dependent immunotherapies. Disruption of
the antigen presentation signal pathway leads to a lack of recognition by T cells,
and thus, cancer immunotherapy resistance. The disruption of this pathway can
occur at several levels, as the antigen presentation machinery involves
components in the proteasome, the antigen transporters, and the MHC structural
proteins. MHC class | consists of a heterodimer formed by the MHC and the 32
microglobulin (B2M), and both of them can undergo mutations, deletions, and
loss of heterozygosity (LOH) (Tran, 2016, Sade-Feldman, 2017), leading to a
disrupted expression of the MHC-I. Additionally, genetic alterations can happen
in the proteasome components and TAPs (Balasubramanian et al., 2022).
Alterations in the APM, though, are not exclusive of genetic alterations, as
epigenetic changes can also occur, as described in prostate cancer patients
bearing DNA methylation and histone modifications of the HLA | gene (Rodems
et al., 2022); as well as transcriptional dysregulation of the components of the
pathway (Cho et al., 2021). The APM pathway is tightly controlled by IFNy
response genes, and therefore, if a tumor becomes insensitive to IFNy, the APM
is disrupted (Cho et al., 2021). The loss of HLA expression as an acquired
resistance mechanism in patients has been described in different

immunotherapeutic treatment strategies, such as ICB, in a lung squamous cell
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carcinoma patient who relapsed after initial response to anti-PD-L1/anti-CTLA-4
due to LOH of B2M (Gettinger et al., 2017); or TILs, in a melanoma patient with
downmodulation of several components of the APM pathway (Donia et al., 2017).
Additionally, lack of HLA expression has been demonstrated in several tumor
sites, such as melanoma, prostate cancer, or CRC (Hazini et al., 2021).
Nevertheless, these MHC-| deficient tumors can be targeted through NK cell
recognition and attack, as demonstrated in mice preclinical models (Ni et al.,
2012).

3.2.3.Target downmodulation

T cell redirection therapies like BsAbs and CAR T cells, which bypass antigen
recognition through the TCR, are independent of these previously described
mechanisms. Despite that, these therapies are based on the recognition of a
certain antigen in the surface of the tumor cell, and its downmodulation has been
described to be a frequent acquired mechanism of resistance. Several studies
with CD19 CAR T cells and bispecific antibodies (blinatumomab) reported cases
of CD19 negative tumors which escaped treatment due to CD19 loss of
expression (Gardner et al., 2017, Mejstrikova, 2017). Furthermore, on solid
tumors, downmodulation of the antigen as a mechanism of resistance have been
described in the clinic in a glioblastoma patient treated with a CAR against
IL13Ra2 (Brown et al., 2016). Additionally, in this thesis we describe the antigen
downmodulation as a common mechanism of acquired resistance to a TCB
targeting CEA in in vivo models of patient derived xenografts (PDXs) (Martinez-
Sabadell et al., 2022).

Most data regarding the mechanisms of antigen downmodulation are based on
CD19 CAR T and blinatumomab clinical experience. These mechanisms include
mutations on the target (Maude et al., 2018), alternative splicing (Sotillo et al.,
2015) and defects in antigen processing (Braig et al., 2017). Additionally, it has
been described the presence of antigen-negative pre-existing clones in tumors
relapsing from anti-CD19 therapies (Fischer et al., 2017). These negative tumor

cells may evolve then into the dominant clone in the antigen-negative relapse.
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3.2.4.Disrupted immune synapse

Recently, several works have been highlighting the importance of a correct
binding and immune synapse (IS) formation between a T cell and a tumor cell in
the response to immunotherapy. CAR T therapy, importantly, forms a very
different IS from a pMHC-TCR mediated synapse, forming a disorganized
cytoskeleton and rapid liberation of lytic granules (Davenport et al., 2018). On the
contrary, TCB mediated ISs are very similar to the TCR mediated (Carrasco-
Padilla et al., 2022). Additionally, CAR constructs have a remarkable lower affinity
to the antigen than TCRs, requiring more than 100-fold more antigen to activate
T cells (Burton et al., 2023). Furthermore, in order for CARs to elicit a correct
synapse and kill tumor cells, the binding of CD2 from T cells and CD58 from
tumors, which rearranges the cytoskeleton and costimulates T cells, need to
happen, as seen in vivo and in patient's samples in hematological tumors
(Romain et al., 2022). As a consequence, CD58 aberrations (mutations or lack of
expression) correlated with treatment failure in DLBCL patients treated with CD19
CAR (Majzner et al., 2020). Additionally, Maus and colleagues described the
importance of a correct immune synapse in the response to CAR T cells, and
preliminary data pointed ICAM-1 downmodulation driven by a defective IFNg, as
the cause of resistance in solid tumors (Larson et al., 2022). Given all these
recent evidences, the study on the correct immune synapse formation is gaining

attention in the immunotherapy field.

3.2.5.Cancer immune evasion by surface protein expression

and secretory molecules

Tumor cells can express inhibitory immune checkpoints such as PD-L1, PD-L2
or Galectin-9, which inhibit T cells through its ligand TIM-3 (Yang et al., 2021).
Among these, PD-L1 appears as the most important. A primary resistance
mechanism is the constitutive PD-L1 expression in tumor cells, thus inhibiting T
cell responses. This mechanism has been seen in patients of hematological
malignancies due to PDL1 copy number gains (Ansell et al., 2015), or in solid
tumor patients due to amplification of the locus containing PD-L1 and PD-L2

(Rooney et al., 2015). The main mechanism by which tumors upregulate PD-L1
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is by constitutive IFNy response (further discussed below), but also by different
proinflammatory cytokines such as TNFa and type | IFNs (Cha et al., 2019).
Furthermore, mutations in PTEN, driving then PI3K/AKT pathway constitutive
activation, can elicit a PD-L1 upregulation in an IFNy dependent or independent
manner (Cretella et al., 2019). Furthermore, EGFR mutations can constitutively
activate PDL1 transcription through the MAPK pathway (Chen et al., 2015), as
well as MYC overexpression by binding to the PDL1 promoter (Casey et al.,
2016). For these reasons, combinatorial strategies with PD-1/PD-L1 blockade
plus other therapies such as chemotherapy, radiotherapy or angiogenesis
inhibitors, or other immunotherapies such as ipilimumab are currently used in the
clinic. Additional strategies being explored in clinical trials include bsAbs or dual
CARs targeting PD-1/PD-L1 plus an additional inhibitory immune checkpoint
such as CTLA-4, or plus a costimulatory domain agonist, with encouraging results

in clinical trials (reviewed in Yi et al., 2022).

Metabolic enzymes represent another layer of immunotherapy resistance.
Although IDO is not an immunosupressive chemokine, it is an important
resistance mechanism that modulates the TME. This metabolic enzyme is a
heme-containing enzyme that catalyzes tryptophan to kynurenine. This
tryptophan depletion plays a role in various biological functions, including the
immune system regulation (Zhai et al., 2020). In the context of cancer, IDO-
mediated tryptophan depletion inhibits T cell proliferation and dampens T cell
activity against tumor cells (Zhai et al., 2020). Importantly, increased IDO
expression has been associated with hematologic (Corm et al., 2009) and solid
tumor malignancies, including BC (Chen et al., 2014) and melanoma
(Spekeckaert et al.,, 2012), and it has been implicated in resistance to ICB
therapies in clinical studies, such as anti-PD-1 in sarcoma and NSCLC
(Toulmonde et al., 2018, Botticelli et al., 2018). Ongoing clinical trials are
combining IDO therapy with checkpoint inhibitors to enhance treatment response.
Indeed, a recent follow-up study of ~ 4 years on a phase l/II clinical trial where
metastatic melanoma patients have been treated with an IDO/PD-L1 vaccine plus
nivolumab have given encouraging results, with an 80% ORR and 50% of CR

patients (Lorentzen et al., 2023).
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3.2.6.Alterations in oncogenic pathways

Mutation driven dysregulations in several important oncogenic pathway
regulators can also have an important role on the tumor immunogenicity and

immunotherapy efficacy.

MAPK. For example, a tumor with increased mitogen-activated protein kinase
(MAPK) signaling leads to an augmented VEGF and IL-8 secretion, among other
proteins, causing an impair in T cell infiltration and activity (Bancroft et al., 2001),
and therefore, resistance to immunotherapy. Accordingly, MAPK inhibitors,
namely BRAFi dabrafenib and MEKIi trametinib, have demonstrated an increased
immune response when combined with ICls, as an increased infiltration, IFNy
signaling, and T cell killing is observed in preclinical in vivo models (Liu et al.,
2015). In addition, about 50% of melanomas harbor mutated BRAF, mostly
V600E, constitutively activating the MAPK pathway (Ascierto et al., 2012). For
this reason, combinatorial therapies combining ICls and targeted therapies are
being tested in clinical trials. Despite promising, many combinatorial treatments
have been terminated due to serious toxicities like hepatotoxicities or skin
complications (Shin et al., 2020). Nevertheless, a phase Il clinical trial in
BRAFY6% mutated melanomas proved the beneficial effect of combining the anti
PD-L1 ICI atezolizumab with vemurafenib (BRAFi) and cobimetinib (MEKI),
leading to an FDA approval for BRAFV6% mutated unresectable or metastatic

melanomas (Gutzmer et al., 2020).

PI3K. On the same direction, active phosphatidylinositol-4,5-bisphosphate 3-
kinase (PI3K) signaling is associated with decreased antitumor immunity. Lack of
tumor suppressor PTEN expression causes an increased PI3K, associated with
immunosuppressive molecule release such as VEGF and CCL2. This secretion
results in decreased infiltration an effector functions of TILs, as well as
chemoattraction of immunosuppressive cells such as Tregs and TAMs, leading
to immunotherapy resistance (Peng et al., 2016). Some patient studies have
proven the correlation between PTEN loss in resistance to ICls (anti-CTLA-4 plus
anti-PD-1) in several cancer types like melanoma (Roh et al., 2017) and NSCLC
(Chen et al., 2019). Several clinical trials are currently ongoing combining PI3K

inhibitors and ICI, but few results are published.
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WNT. In both a preclinical mouse melanoma model and human metastatic
melanoma samples, the persistent activation of the WNT/B-catenin signaling
pathway has been observed to result in reduced T cell infiltration and ICB therapy
resistance. In murine models, this WNT/B-catenin activation lead to a decrease
in CCL4 expression, thus reducing attraction of CD103* DCs within the tumor
microenvironment. This decrease in CD103* DCs, responsible for CD8" T cell
priming and recruitment, negatively affects the abundance and clonal diversity of
cytotoxic CD8* T cells in the TME (Spranger et al., 2015). Confirming its clinical
relevance, a study leaded by Dr. Ribas compared the gene expression profile of
biopsies of ICI responder and non-responder patients (treated with ipilimumab
plus nivolumab), showing a significant decrease in WNT score in responders. For
this reason, targeting the WNT/B-cat pathway may alter the TME from
immunologically cold to hot tumors. Recently, clinical trials targeting WNT/B-cat
components PORCN and DKK1, positive regulators of the pathway, in
combination with ICls have demonstrated effectivity, such as PORCNi WNT974
plus spartalizumab (anti-PD-1) in several solid tumors (Janku et al., 2020), and
DKKi DKN-01 in combination with pembrolizumab (anti-PD-1) in patients with

advanced gastroesophageal carcinoma (GEA) (Klempner et al., 2020).

Therefore, we can conclude that tumors employ different intrinsic oncogenic
pathways to evade T cell mediated killing and diminish the infiltration of antigen-
specific T cells in the tumor microenvironment. Another intrinsic pathway involved
in immunotherapy resistance is the IFNy, which is one of the main focus of this

thesis.
4. |FNs

In the last decade, tumor intrinsic IFN response has been described preclinically
and clinically as a key player in the sensitivity to immunotherapies. In this thesis,
we describe the central role of tumor intrinsic IFNy response in immunotherapy

resistance.

Interferons are key orchestrators of the innate and adaptive immunity, as well as
inductors of differentiation, inflammation, and growth arrest. IFN signaling in the

TME has been shown to be central to both immune surveillance and escape in
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solid tumors. There are three IFN groups, type | IFNs (IFNa and IFNB), type |l
(IFNy) and type Illl (IFN-lambda) (Negishi et al., 2018). In tumor immunity, the
different IFN types’ role vary depending on the context, with pleiotropic functions
and overlaps between the different IFN signaling cascades and other key
oncogenic pathways. This complex system requires a deep understanding to

elucidate their role in tumor immunotherapy resistance.

4.1. Biology of IFN

4.1.1.Production and signal transduction

Type | IFNs (IFNIs) can be produced by every nucleated cell in response to an
infection or danger signals, and in the cancer context both immune and cancer
cells produce and release it (Musella et al., 2017). Despite IFNa/B are very similar
in structure and exerted biological activities, the main difference is their origin,
IFNa being produced mostly by leukocytes and IFNB by fibroblasts (Li et al.,
2018). In cancer, type | IFNs expression can be activated through different
signals, such as the recognition of DAMPs by Toll-like receptors (TLRs), the
recognition of damaged RNA (both exogenous and endogenous) by the retinoic
acid-inducible gene | (RIG-I), or via damaged DNA recognition (both exogenous
and endogenous) by the cyclic GMP-AMP synthase (cGAS) and STING
pathway. Type | IFN receptors are expressed in almost every cell type. The
binding of IFNa/B to the heterodimeric IFNAR1/IFNAR2 complex drives the
signaling through TYK2/JAK1, that can recruit and phosphorylate the
STAT1/STAT2/IRF9 complex, called ISGF3, which translocate to the nucleus and
bind to interferon-stimulated response elements (ISREs) in certain gene
promoters of the called IFN-stimulated genes (ISG). Additionally, TYK2/JAK1
complex can recruit and signal through two STAT1 molecules, as well as through
STAT3 and STAT5 homo- or heterodimers (Platanias, 2005).

Type Il IFNs, also known as IFNAs, are the least characterized family of
interferons. They are structurally similar to type | IFNs and the IL-10 family, and
their expression is driven through the same mechanisms as IFNIs. Despite that,
IFNA production is restricted to epithelial cells and DCs (Lauterbach et al., 2010).
They interact with a receptor made of the IL-28R-binding chain and IL-10R2,
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mostly expressed by epithelial cells, but also in DCs and neutrophils (Lazear et
al., 2015). The signaling pathway of type Ill IFNs is identical to type | IFNs, leading
to the activation of JAK1 and TYK2, which then promotes the formation of the
ISGF3 transcription factor complex to activate ISGs (Lazear et al., 2015). Despite
its similarity to type | IFNs, IFNA has been mostly related to protection against
viral infections as a first barrier, and just recently some preclinical research has

been done in the cancer context (Lazear et al., 2019).

IFNy, in contrast to type | IFNs, is only produced by a restricted number of
immune cells (Schoenborn & Wilson, 2007), namely mediators of innate and
adaptive immunity such as NKs, CD8* and CD4* Th1 cells (Szabo et al., 2002).
Activation of cellular receptors or certain cytokines promotes the production of
IFNy, such as the NK cell-activating receptors or the TCR. Regarding the control
by cytokines, while IL-12 and IL-18 promote the production of IFNy, TGF-3 and
IL-10 inhibit it (Schoenborn & Wilson, 2007). IFNy binds to IFNGR and triggers
the formation of a complex of eight molecules, consisting in two IFNGR1 and two
IFNGR2, that associate with two JAK1 and two JAK2. This complex recruit and
phosphorylates two STAT1 molecules. Phosphorylated STAT1 dimerizes,
translocate to the nucleus and binds to regions of the genome known as IFNy-
activated sites (GAS), present in the promoter of certain ISGs, initiating
transcriptional programs that depend on the specific cell type and typically include
hundreds of genes. One of the most important GAS genes is IRF1, a transcription
factor in charge of binding to ISRE regions and transcribing most ISGs, mostly
related to host defense and immune regulation, cell cycle, apoptosis,
inflammation, and innate and acquired immunity (Schroder et al., 2004, Rettino
et al., 2013). IFNy is therefore considered a pleiotropic cytokine, as it is involved
in several different processes. Additionally, IFNy signal can be transduced
through STAT3 homodimers or STAT1-STAT3 heterodimers, by which different

ISGs can be transduced in different cell type and context (Gocher et al., 2021)

Moreover, IFNs can activate other non-canonical pathways such as MAPK and
PI3K, which have been shown to be needed for the transcription and translation
of certain ISGs (Joshi et al., 2009, Joshi et al., 2011, Kaur et al., 2007).
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Importantly, IFN pathways, through the transcription of certain ISGs, negatively
regulates themselves. In order to avoid an excessive activation of the pathway,
which would drive into an exacerbated activation of T cells and autoimmune
disease (Yoshimura et al., 2012), IFNs signaling promote the transcription of the
negative regulators suppressor of cytokine signaling (SOCS) and protein
inhibitors of activated STAT (PIAS) families. SOCS members, being SOCS1 and
SOCS3 the most described, exert this inhibition through inhibition of JAK
signaling (including TYK2) either by inhibiting their kinase activity or by
ubiquitinylating them (Liau et al., 2018). Besides, PIAS members downmodulate
IFN signaling by inhibiting STATs phosphorylation and translocation to the
nucleus (Niu et al., 2018). Additionally, despite not being regulated by IFNs, the
protein tyrosine phosphatase non-receptor type 2 (PTPN2, TCPTP) is a well-
known negative regulator of the pathway by dephosphorylating JAKs or STATs
(Song et al., 2022).

IFNs, acting on immune and nonimmune cells, protect the organism from
transformed cells, despite eventually some of these cells escape (Lawson et al.,
2020), and their malignant progression is further shaped by the immune system
during the immunoediting process, where particularly IFNy plays a central role
(Dunn et al., 2002).
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Figure 7: Type | and Il IFNs canonical signaling pathways. Type | IFNs (IFNa and 8) share a
common receptor, the IFNAR, comprised by two subunits, IFNAR1 and IFNARZ2, and it associates
with TYK2 and JAK1. In contrast, IFNy binds to IFNGR, composed by two IFNGR1 and two
IFNGR2, linked to JAK1 and JAK2. Upon IFNa/B binding, JAKs linked to the IFNAR lead to STAT2
and STAT1 phosphorylation, forming ISGF3 complexes (STAT1, STAT2 and IRF9) that
translocate to the nucleus and bind DNA ISRE regions to transcribe 1ISGs. IFNy prompt the
formation of STAT1 homodimers (GAF) that travel to the nucleus, binding GAS elements in the
promoter of specific ISGs, initiating gene transcription, which type | IFNs can also do. The
transcription of GAS regions promote IRF1 expression, which then amplifies ISGs transcription
by binding to ISRE regions. The negative regulators of the pathway SOCS, PIAS, and PTPN2
can modulate the activation of the pathways by inhibiting them at each step of the pathway.

4.1.2.Effects of IFN on the immune compartment

The IFN canonic role is the coordination of the innate and adaptive branches of

the immune system by acting on macrophages, DCs, lymphocytes, and NK cells.

On macrophages, IFNy was the first activating factor described (Schreiber et al.,
1985). Both type | and Il IFNs are described to promote the differentiation of
macrophages to the M1 proinflammatory phenotype, which, consequently,
secrete IFNy and promote cytotoxic activity in CD8* lymphocytes and enhance

antigen presentation (Sica & Mantovani, 2012).
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On DCs, IFNy activate antigen presentation by increasing the expression of the
MHC class |l transactivator CIITA, a transcriptional activator involved in the
expression of HLA class Il components, and the invariant chain (li), a protein
necessary for the correct maturation of the HLA class ll-antigenic peptide
complex (Wolf & Ploegh, 1995). Besides, IFNy modifies the proteasome so that
the antigens are more efficiently processed (Rivett et al., 2001). IFNy also
stimulates the production of IL-12 (Garris et al., 2018), leading to the activation
of other immune components of the TME (namely lymphocytes and NK cells). In
addition, DCs contact with tumor DNA promote their own activation and IFNI
production. This IFNI, in an auto- or paracrine manner, is required for DC
maturation, inducing the expression of HLA Il molecules and costimulatory
factors CD80 and CD86 (Montoya et al., 2002). Furthermore, type | IFNs promote
the migratory capabilities of DCs (Parlato et al., 2001).

On lymphocytes, IFNs are key in the cancer immunotherapy context. IFNs
induce the differentiation of CD4" T cells to Th1 phenotype, which is
characterized by the ability to produce IFNy, which maintains Th1 lineage and
inhibits the differentiation to Tregs and the other main Th cell subsets,
establishing a feed-forward mechanism (Bradley et al., 1996). Cytotoxic CD8" T
cells exposure to IFNs is required as well for their full cytolytic activity and
differentiation to CD8 effector function and memory, by the upregulation of
granzyme, the IL-2 receptor and the transcription factor T-bet, which along with
the related transcription factor eomesodermin, induces the production of IFNy,
again establishing a feed-forward loop (Pearce et al., 2003, Agarwal et al., 2009,
Lu et al., 2019). Tregs are another subset of T cells influenced by IFNs exposure.
In addition to the above mentioned Th1 differentiation, and thus, Treg inhibition,
IFNy has been proven to inhibit Treg proliferation (Cao et al., 2009). Furthermore,
IFNy prompts a ‘fragile’ Treg cell phenotype, in which Treg cells lose suppressive
activity yet maintain FOXP3 expression (Overacre et al., 2018). Moreover, IFNa
can reduce Treg infiltration by impairing chemotaxis, as demonstrated by its
intratumoral delivery in vivo (Hirata et al., 2018). IFNy and type | IFNs, together
with other cytokines like IL-12 or IL-15, are also critical mediators of NK activation
and cytotoxic function (Park et al., 2004, Muller et al., 2017). In addition, IFNy in

DCs or tumor cells promote the expression and release of the chemokines
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CXCL9 and 10, responsible for the recruitment of T and NK cells into the tumor
(Russo et al., 2020).

All the above effects support the consideration of IFNs | and Il as proinflammatory
cytokines. However, IFNy is a pleiotropic cytokine that can blunt inflammation by
direct apoptosis (Pai et al., 2019) or by inhibition of clonal diversity and
proliferation of stem-like T cells (Mazet et al., 2023), and by promoting the
production of immunosuppressive factors and the activity of cells that inhibit the
T cell antitumoral activity. The pro- and anti-inflammatory activities of IFNy are
probably sequential and the latter avoids deleterious effects when inflammation
is no longer needed, which may happen when chronically exposed to IFNy.
Indeed, IFNy-induced CXCL9/10 expression can have a protumorigenic effect by
promoting Treg and M2 macrophages recruitment, tumor growth and increased
dissemination (Russo et al., 2020). On the same line, MDSC immunosuppressive
activity is enhanced by IFNy through augmented iINOS expression in the tumors
in vivo (Shime et al., 2018). Additionally, IFNs induce the expression of inhibitory
molecules such as PD-L1 and PD-L2 (Abiko et al., 2015, Garcia-Diaz et al., 2017)
and particularly, IFNy induces production of IDO (Jurgens et al.,, 2009),
generating an immunosuppressive environment. In conclusion, IFNy plays an
essential role in the control of antitumor inflammation, but depending on the
context, and more probably, the tumor evolution stage, its role can shift to an

immunosuppressive effect.
4.1.3.Effects on cancer cells

In this thesis we identified the tumor intrinsic IFNy response as a mechanism of
resistance to immunotherapy, and therefore, we focus on the cancer cell intrinsic
effect of IFNy.

4.1.3.1. Immunogenicity

IFNy has a crucial intrinsic role in the control of tumor growth by the immune
system. The most important being the control of antigen presentation via MHC-I.
This activation occurs at three levels: the generation of peptides, their transport,

and their exposure at the cell surface. By triggering the expression of specific
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subunits, IFNy modifies the composition of the proteasome and thereby its
proteolytic specificity. Thus, IFNy changes the repertoire of peptides presented
by MHC-I complexes (Gaczynska et al., 1994, Griffin, 1998). IFNy also promotes
the expression of TAP-1, a transmembrane endoplasmic reticulum protein that
transports the peptides generated by the proteasome in the cytosol to the lumen
of the endoplasmic reticulum (Seliger et al., 1997), and promotes the expression
of both MHC class | genes (Chang et al., 1992) and B2M (Hunt & Wood, 1986),
another essential component of the MHC class | complex. Additionally, IFNy
upregulates costimulatory molecules such as CD80 and CD86, which bind to
CD28 and leads to T-cell activation (Li et al., 1996). Therefore, it is well
established that IFNy increases tumor immunogenicity by globally upregulating
the antigen-processing machinery at different levels. Despite that, IFNy has
seemly opposite roles. While the effects on antigen processing result in increased
exposure to immune cells, IFNy also upregulates the inhibitory factor PD-L1,
avoiding recognition and attack by T cells (Abiko et al., 2015, Garcia-Diaz et al.,
2017). Moreover, IFNIs also have an effect on the cancer cell immunogenicity,
as both IFNa and B induce HLA upregulation. For instance, in polycythemia vera,
a type of blood cancer, patients treated with the FDA approved IFN-alpha2, HLA
| genes were upregulated in treated tumors (Skov et al., 2016), as well as in in

vitro IFNB-treated breast cancer cells (Wan et al., 2012).

Furthermore, IFNs also exert intrinsic antiproliferative/cytostatic and cytotoxic
effects apparently unrelated to its effects on the immune system or the
immunogenicity of cells. Even though these effects explain at least in part the
antitumor effect of IFNy and have been observed by many different researchers
in diverse models, the mechanisms underlying them are still being elucidated and

they seem to vary with the cellular context.
4.1.3.2. Cell-cycle arrest

IFNy can induce an antitumoral effect by cell-cycle arrest, as it has been
demonstrated in several experimental models. In a human fibrosarcoma cell line,
it inhibited cyclin-dependent kinase 2 (CDK2; Bromberg et al., 1996). The
mechanism behind was the upregulation of the CDK inhibitor p21 mediated by

IRF-1 (Chin et al., 1996). Similarly, in a murine melanoma model, activated CD8*
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lymphocytes blocked tumor growth in part because they arrested cancer cells in
the G1-phase of the cell cycle through the upregulation of the CDK-inhibitor p27
by the IFNy secreted by the lymphocytes (Matsushita et al., 2015). Type | IFN
also induces cell cycle arrest by CDK1 inhibition as demonstrated in vitro in

neuroendocrine tumor cell lines (Rosewicz et al., 2004)

The arrest in the cell cycle induced by IFNy, acting alone or in combination with
TNFa, has been described to have the characteristics of cellular senescence in
some preclinical models of pancreatic cancer and lymphomas, and in patient’s
melanoma metastases. It appears that this IFNy-induced senescence is
necessary to restrict the proliferation of cells that resist killing by immune cells
(Brenner et al., 2020).

4.1.3.3. Apoptosis

Another effect by which IFNy exerts its antitumor effect is by apoptosis induction,
which has been shown in cells derived from different tumors, including melanoma
(Gollob et al., 2005), glioblastoma (Zhang et al., 2007), breast cancer (Arenas et
al., 2021), and colon adenocarcinoma (Xu et al., 1998). The mechanisms behind
this pro-apoptotic effect are highly diverse, even though there is general
coincidence on the central role of IRF-1 in the regulation of apoptosis,
upregulating components of the intrinsic apoptotic pathway such as Bak (Kim et
al., 2004) or downmodulation of antiapoptotic components like Bcl2A1 (Gollob et
al., 2005). In addition, it upregulates components of the extrinsic apoptotic
pathway such as the death receptor Fas and its ligand (Xu et al., 1998). Finally,
IFNy, through IRF-1, upregulates initiator (Casp 8,9); executioner (Casp 3,7) (Kim
et al., 2004), and pyroptotic caspases (Casp 1,11; Xu, 1998). Type | IFNs also
exhibit proapoptotic effects on cancer cells, as demonstrated in in vitro studies
using IFNa (Scarzello et al., 2007) and IFNB (Dedoni et al., 2010)

Furthermore, exposure to IFNy can also trigger apoptosis in tumor cells through
autophagy, activated by the production of mitochondrial reactive oxygen species
via cytosolic phospholipase A2 (Wang et al., 2018). Additionally, CD8" T cells’
IFNy can suppress the expression of SLC3A2 and SLC7A11 in cancer cells,

promoting tumor ferroptosis (Wang et al.,, 2019), a nonapoptotic cell death
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characterized by the intrinsic impairment of antioxidant defenses (Dixon et al.,
2012).

In addition to these direct effects on death receptors or components of the
apoptotic machinery, IFNy have been shown to induce apoptosis indirectly by
suppressing the pro-survival signals conveyed by the PI3K pathway (Zhang et
al., 2007). Thus, although there is a consensus on the pro-apoptotic effect of IFN
on a wide variety of cells, the mechanisms behind seem to be multiple and highly

dependent on the cellular context.

In summary, IFNy effects on tumor cells is pleiotropic, and the mechanisms range
from increased immunogenicity to cell-cycle arrest to induction of apoptotic and
nonapoptotic cell deaths. In this thesis we identified the tumor intrinsic IFNy
response as a mechanism of resistance to immunotherapy, and therefore, this

IFNy role will be particularly described.
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Figure 8: The central role of IFNy in the TME and the cancer immunogenic response. IFNy-
induced signaling occurs in most cell types, including the ones present in the TME. | each cell
type, IFNy induce different effects, exerting pro and antitumoral effects. Additionally, IFNy
activates the production and release of certain cytokines and chemokines that can have an
indirect effect. The biological consequences of these direct and indirect IFNy-induced signaling
in each cell type is summarized in the boxes. The IFNy responses that make these cell types
antitumoral are in green, whereas the responses that make them protumoral are in red. The
molecule’s word color also identifies them as anti- or protumoral. Adapted from (Gocher et al.,
2022).
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4.2. Role of tumor intrinsic IFNy signaling in resistance to

immune therapies

To the effects of IFNy on the non-immune compartment described above, it has
been recently acknowledged a key aspect for cancer treatment: the requirement
of IFNy signaling in cancer cells for the efficient killing by T cells targeting them.
During the last decade, in contrast with other IFNs and together with supporting
preclinical research, several studies have been conducted in clinical trials and
patient samples concluding that the tumor intrinsic IFNy response is crucial for

the solid tumor response to immunotherapies.

Regarding antigen presentation dependent immunotherapies such as ICls and
TIL therapy, a remarkable research and advances has been done. Preclinical
research studies have identified that IFNy signaling inactivating mutations confer
resistance to T cell-induced cell death in different experimental models resistant
to immunotherapies, namely TCRt therapy and ICB (Sucker et al., 2017, Patel et
al., 2017). Moreover, IFNGR1 knockout tumors exhibit resistance to anti-CTLA-

4 treatment in vivo (Gao et al., 2016).

Supporting these preclinical observations, a transcriptomic analysis of baseline
and on-therapy tumor biopsies from advanced melanomas treated with
nivolumab (anti-PD-1), alone or plus ipilimumab (anti-CTLA-4), revealed an
active IFNy signaling signature, particularly genes involved in antigen processing,
as a biomarker of clinical response (Grasso et al., 2020). That is, cancer cells
with active IFNy signaling are more likely to respond to the death mediated by T
cells. Moreover, in a group of patients with metastatic melanoma treated with
ipilimumab, copy number alterations in IFNy pathway genes were observed in
resistant tumors, namely copy loss of IFNGR1 and IFNGR2, JAK2 and IRF1, as
well as amplifications of the negative regulators SOCS1 and PIAS4 (Gao et al.,
2016). In the same direction, a non-responding epithelial cancer patient treated
with TCRt was found to have copy number loss defects in IFNGR1 and 2, as well
as TAP1 and TAP2 (Nagarsheth et al., 2021). Along the same line, melanomas
that initially responded to PD-1 blockade (pembrolizumab) became resistant after
acquiring genetic lesions that inactivated JAK7 or JAK2 (Zaretsky et al., 2016),

and loss-of-function mutations in JAK71/2 lead also to primary resistance to

52



pembrolizumab in another subset of melanoma patients (Shin et al., 2017).
Considering the combined results of these studies, inactivation mutations in
components of IFNy signaling can be found more frequently in non-responders,
and the most widespread mechanism of resistance seems to be the inactivation
of B2M, tightly regulated by IFNy, as seen in a study with three different cohorts
of melanoma patients treated with different ICI, anti-PD-1, and anti-CTLA-4

therapies, respectively (Sade-Feldman et al., 2017).

Therefore, increasing IFNy sensitivity in the tumor compartment could be a
reasonable strategy to overcome cancer immunotherapy resistance. With this
aim, researchers are on the search of ways to recover IFNy functionality. CRISPR
screenings aim to discover factors that confer resistance to immunotherapies, or
at the same time, molecules that sensitize them. Several studies identified
indirect regulators of the IFNy signaling pathway. The knockout of the protein
phosphatase PTPN2, negative regulator of the pathway, in principle a druggable
protein, sensitized to anti-PD-1 therapy by enhancing the effect of IFNy on
antigen presentation and growth suppression (Manguso et al., 2017). In the same
direction, the knockout of STUB1, an E3 ubiquitin ligase targeting the
IFNGR1/JAK1 complex, sensitized to anti-PD-1 therapy and its protein levels
correlated with IFNy response in patient samples in vivo (Apriamashvili et al.,
2022). Similarly, loss of the RNA-editing enzyme ADAR1 resensitizes cells that
have become resistant to a-PD-1 because of impaired antigen presentation
(Ishizuka et al., 2019).

It is important to note, however, that in contrast with the previous reports, some
patients with tumors bearing inactivating mutations in the IFNy pathway
nonetheless respond to ICIs (Hellmann et al., 2018). An additional level of
complexity that may reconcile these contradictory results arises from tumor
heterogeneity. An analysis of single-cell RNA sequencing in lung cancer showed
that genes encoding components of IFNy signaling and ISGs, including MHC
class Il, were heterogeneously expressed (Ma et al., 2019). Thus, under the
pressure exerted by immune therapies, tumor cells with low ability to transduce

the signal conveyed by IFNy are expected to be rapidly selected.
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Finally, some reports point out that long-term exposure of cancer cells to IFNy
may increase the expression of ligands of multiple inhibitory receptors that block
the antitumor effect of T cells, indicating that long-term blockade of IFNy signaling
in cancer cells may improve the destruction of cancer cells by the immune system
(Benci et al., 2016). On the same direction, IFNy signaling has been described to
enhance stemness in tumor cells, increasing metastatic capacity and therapy
resistance (Beziaud et al., 2023). Thus, according to these reports, IFNy has a

dual anti-tumorigenic and pro-tumorigenic role that needs to be further studied.

Collectively, these evidences indicate that the upregulation of antigen processing
induced by IFNy is critical for the recognition and subsequent activation of T cells
directed against tumor specific or associated antigens. One line of resistance
deployed by cancer cells is the upregulation of inhibitory factors such as PD-L1,
and additional inhibitory factors, which bind to their cognate receptor in T cells
inhibiting those that recognize tumor antigens via their TCR. Once these
mechanisms of resistance have been disabled by treatment with blocking
antibodies, cancer cells use additional lines of resistance, such as the
downmodulation of IFNy signaling that, in turn, downmodulates antigen

presentation and, thus, the recognition of cancer cells by T cells via the TCR.

Regarding the role of tumor intrinsic IFNy signaling pathway in T cell redirection
therapies, namely TCBs and CARs, although less studies have been conducted,
recent preclinical reports show that impairment of IFNy signaling also confers
resistance to these therapies in different types of solid tumors. Liu and colleagues
performed a CRISPR screening in several solid tumor sensitive cell lines to
different TCBs, and found out that the knockout of JAK1 was the main driver of
resistance to this therapy (Liu et al., 2021). On the same line, in this thesis we
demonstrate that a frequent mechanism of acquired resistance to TCB therapy is
the downmodulation of the tumor intrinsic IFNy pathway driven by JAK2
downmodulation (Arenas et al., 2021, Martinez-Sabadell et al., 2022). However,
even though the apoptosis can be the plausible mechanism of action of IFNy, (Liu
et al., 2021, Arenas et al., 2021), the precise mechanism by which it is required
for the therapy response remains to be elucidated. The recent study led by Dr.
Maus shows that in solid cancer, in this case for CAR T treatment, tumor IFNy

response is necessary to express ICAM-1 in order to elicit a correct immune
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synapse and therefore, response to therapy (Larson et al., 2022). Therefore,
because TCBs or CARs act independently of antigen presentation, these results
highlight the importance of the IFNy response in the death induced by T cells and

in an efficient immune synapse formation.

In summary, evidence shows that IFNy signaling in cancer cells is pivotal for the
efficient antitumor effect of T cells and the response to immunotherapies. Under
this pressure, malignant cells tend to disrupt IFNy signaling, which leads to

reduced sensitivity to killing by lymphocytes by different mechanisms.

In this thesis, we found two distinct mechanisms of acquired resistance to T cell
redirection therapies. We demonstrate the key role of tumor intrinsic IFNy
signaling in the immunotherapy response, as well as the antigen downmodulation
as a mechanism to evade antitumor immune response. Additionally, we identified
new vulnerabilities that open the avenue for strategies to overcome this resistant

phenotype.
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HYPOTHESIS AND OBJECTIVES

Hypothesis

Immunotherapy has raised high expectations in the treatment of cancer, but
despite remarkable effects, patients eventually progress due to the emergence
of resistance, particularly in solid tumors. Therefore, there is a clinical need to
identify the mechanisms by which tumors relapse in order to develop new
therapeutic strategies to overcome the resistance. Based on the need to identify
the reasons behind tumor unresponsiveness, we hypothesized that, by
generating acquired resistance models and deciphering their mechanisms, we
would unveil new insights into the understanding of immunotherapy resistance,

leading to the identification of potential vulnerabilities to overcome it.
Objectives

1. Identification of unknown acquired mechanisms of resistance to T cell

redirection immunotherapies in solid tumors.

2. Validation of IFNy tumor intrinsic response as a mechanism of acquired

resistance to immunotherapy in solid tumors.

3. Validation of JAK2 downmodulation as the driver of resistance to T cell

redirection immunotherapies.

4. To demonstrate that the target antigen determines the mechanism of

resistance to T cell redirection therapies in solid tumors.

5. ldentification and validation of antigen downmodulation as a frequent

mechanism of resistance in CEACAMS redirected immunotherapies.

6. ldentification and validation of vulnerabilities that overcome a deficient

IFNy response and cancer immunotherapy in solid tumors.
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1. Acquired cancer cell resistance to T cell bispecific antibodies
and CAR T targeting HER2 through JAK2 down-modulation
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Immunotherapy has raised high expectations in the treatment of virtually every cancer. Many
current efforts are focused on ensuring the efficient delivery of active cytotoxic cells to
tumors. It is assumed that, once these active cytotoxic cells are correctly engaged to cancer
cells, they will unfailingly eliminate the latter, provided that inhibitory factors are in check. T
cell bispecific antibodies (TCBs) and chimeric antigen receptors (CARs) offer an opportunity
to test this assumption. Using TCB and CARs directed against HER2, here we show that
disruption of interferon-gamma signaling confers resistance to killing by active T lympho-
cytes. The kinase JAK2, which transduces the signal initiated by interferon-gamma, is
a component repeatedly disrupted in several independently generated resistant models.
Our results unveil a seemingly widespread strategy used by cancer cells to resist clearance by
redirected lymphocytes. In addition, they open the possibility that long-term inhibition of
interferon-gamma signaling may impair the elimination phase of immunoediting and, thus,
promote tumor progression.
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ARTICLE

cell-engaging therapies, such as T cell bispecific antibodies
(TCBs)—which are functionally similar but structurally dif-
ferent to bispecific T cell engagers, BiTEs—or chimeric anti-
gen receptors (CARs), are raising extraordinary expectations as future
treatments for virtually all cancers (for recent reviews on the subject,
see refs. 1-11). Encouraging these expectations, TCBs and CARs have
been recently approved to treat some hematologic malignancies!2-14,
In contrast, TCBs and CARs against solid tumors tested to date have
failed to show clinical efficacy. This failure prompted intense research
and the subsequent identification of mechanisms of primary
and acquired resistance, including: (i) defective tumor infiltration
of redirected lymphocytes, (ii) immunosuppressive tumor environ-
ments, (iii) downmodulation of the antigen against which TCB
or CAR are directed and, (iv) upregulation of immune checkpoints
(see, the aforementioned reviews). Different strategies are being
implemented to overcome these mechanisms of resistance (reviewed
in ref. 15).

All these mechanisms of resistance impinge on the ability of
T cells to reach cancer cells and/or on the inhibition of T cells.
However, little is known about putative intrinsic mechanisms of
resistance of cancer cells. That is, mechanisms deployed by tumor
cells to resist killing by fully active and correctly engaged T cells.
TCBs and CARs targeting the cell surface receptor HER2 are a
useful tool to identify such mechanisms.

HER2 is a tyrosine kinase and, when overexpressed, a driver for
breast and gastric cancers!®. The downregulation of over-
expressed HER2 may lead to tumor regression!”. Thus, in prin-
ciple, HER2-driven cancer cells are not likely to downmodulate
the expression of HER2 to escape TCBs or CARs, making them a
suitable experimental system to unveil mechanisms of intrinsic
resistance to these therapies.

Using HER2-driven cell lines and patient derived xenografts
(PDXs), and a TCB and CAR targeting HER2, here we describe
experiments that unveil a mechanism of resistance to redirected
T cells. This mechanism should be taken into consideration
when designing strategies to increase the efficacy of cancer
immunotherapies.

Results
Model of resistance to cell killing by redirected lymphocytes.
The structure of the HER2-TCB used in this study has been pre-
viously described!® (see also Supplementary Fig. la). Addition
of picomolar concentrations of this HER2-TCB to cocultures of
peripheral blood mononuclear cells (PBMCs) and the HER2-
overexpressing BT474 cells led to the killing of the latter (Supple-
mentary Fig. 1b). It should be noted that the IC50 of HER2-TCB for
a given ratio PBMC:BT474 varied depending on the donor of
PBMCs. Similar differences have been previously observed!8, and
are likely due to alloreactions of different intensities, which parallel
different degrees of HLA mismatch, as well as T cell fitness that may
depend on the donor. For the 1:1 ratio chosen for subsequent
experiments, the IC50 of HER2-TCB varied from ~40 to ~220 pM.
To generate a model of intrinsic resistance to TCB-mediated
cell killing, we treated PBMC:BT474 cocultures with HER2-TCB,
allowed the cells to recover, and repeated the treatment with a
fresh batch of PBMCs and HER2-TCB (Fig. 1a). At every round,
we controlled that the alloreaction of PBMCs on target cells was
low enough to allow the specific activity of the HER2-TCB. After
6 months, the resulting cells, BT-R, showed an IC50 for the
HER2-TCB approximately tenfold higher than that of parental
cells (156 pM vs. >1 nM) (Fig. 1b). Resistance was also observed
in three dimensional cultures (Supplementary Fig. 1c) and in vivo
(Fig. 1c, d). BT-R cells were also resistant to a trastuzumab-based
second generation HER2-CAR (described in Supplementary
Fig. 1a), in vitro and in vivo (Fig. le-h).

As expected, resistance was not due to the downregulation of
HER2, as measured by Western blot or flow cytometry (Fig. 1i
and Supplementary Fig. 1d). Further, the binding of HER2-TCB
to parental and resistant cells was indistinguishable (Fig. 1j).

The sensitivity of resistant cells to different chemotherapeutic
agents or to T-DMI1, an antibody drug conjugate against HER2,
was similar to that of parental BT474 cells (Supplementary
Fig. 1e). Thus, BT-R cells are specifically resistant to killing by re-
directed lymphocytes.

We reasoned that resistance could arise by inhibition of T cells
or, alternatively, by intrinsic resistance of target cells. Regarding
the first possibility, analysis of a panel of immune checkpoint
inhibitors and co-stimulators!®2%, showed no differences between
parental and resistant cells, except the downmodulation of B7-H4
(Fig. 1k); however, since this is an inhibitory molecule?!, its
downmodulation is not likely a cause of resistance. An array of 80
cytokines, including immunosuppressive cytokines such as TGFf
or IL10, revealed no major differences between cocultures
containing parental or resistant cells. The only factor differentially
secreted in cocultures with resistant cells was TIMP2 (Fig. 11 and
Supplementary Fig. 2a). Quantification of TIMP2 levels confirmed
that it is upregulated in BT-R cells (Supplementary Fig. 2b). To
functionally characterize this observation, we downregulated the
expression of TIMP2 by means of two specific short hairpin RNAs
(shRNAs). The resulting cells, which expressed similar levels of
TIMP?2 to those of parental BT474 cells (Supplementary Fig. 2¢),
showed resistance to HER2-TCB similar to BT-R cells (Supple-
mentary Fig. 2d). Thus, we concluded that the overexpression of
TIMP2 by BT-R cells is unrelated to resistance.

Treatment of cocultures of PBMCs and parental BT474
cells with HER2-TCB augmented the secretion of several
cytokines characteristic of lymphocyte activation, such as
TNF-a, Interferon-gamma (IFN-y), IL13, or IL5. Supporting
that lymphocyte activation is unaffected by resistant cells, the
secretion of theses cytokines was similar in assays including
BT474 or BT-R cells (Supplementary Fig. 2e). Analysis of PBMC
proliferation, or of different makers of activity, namely, CD69
and granzyme B, confirmed that activation of lymphocytes was
unaffected in assays with resistant cells (Supplementary Fig. 2f,
g). We concluded that lymphocytes are equally activated by
resistant cells. Thus, we focused on possible mechanisms of
intrinsic resistance of target cells.

Transcriptomic analysis. Analysis by RNA-seq showed that 97
genes were acutely upregulated or downregulated in BT-R cells
compared to parental BT474 cells (>4-fold; p < 107°) (Fig. 2a).
Gene set enrichment analysis (GSEA) identified different biolo-
gical processes that differed between parental and resistant cells
(Fig. 2b). We focused in the IFN-y response (Fig. 2c), because it
has been shown that it affects the antitumor response at multiple
levels?2. Analysis of the protein encoded by IRFI, a gene speci-
fically regulated by IFN-y signaling?’, confirmed that this
pathway is impaired in resistant cells (Fig. 2d).

IFN-y signaling is required for efficient killing by redirected
lymphocytes. To determine whether the downmodulation of
IEN-y signaling was related to resistance, first we used a blocking
antibody. The anti-IFN-y efficiently impaired killing of parental
BT474 cells mediated by the HER2-TCB, in 2D or 3D cultures
(Fig. 3a). Similarly, blocking IFN-y prevented killing of target
cells by HER2-CAR T cells (Fig. 3b).

IFN-y acts on cytotoxic lymphocytes as well as on tumor cells.
Maximal cytotoxic activity of T cells requires IFN-y. On the other
hand, IFN-y impairs the proliferation of tumor cells by inhibiting
their progression through the cell cycle and promoting their
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Fig. 1 Generation and characterization of resistant cells. a Schematic showing the assay of HER2-TCB in cocultures. b Cocultures of PBMCs with parental
BT474 or resistant BT-R cells were treated with different concentrations of HER2-TCB (PBMC:target cell ratio 1:1) for 72 h. Then, viable cells were
quantified by flow cytometry using EpCAM as a marker. ¢ Schematic showing in vivo treatment with HER2-TCB. Totally, 107 BT474 or BT-R cells were
injected orthotopically into NSG mice. When tumors reached ~200 mm3 (dark background), 107 PBMCs were injected i.p. Then animals were treated i.v.
with 0.125 mg/kg HER2-TCB as indicated (red arrows). d Tumor volumes are represented as averages + SD (standard deviation) (n =4 per arm).

e Schematic showing the HER2-CAR assay. f Parental BT474 cells or resistant BT-R cells were cocultured with different ratios of CAR T cells for 48 h. Cell
numbers were calculated and expressed as in (b). g Schematic showing in vivo treatment with HER2-CAR T cells. Mice were injected with BT474 or BT-R
cells as in (€). When tumors reached ~200 mm3, 3 x 106 HER2-CAR T-positive cells were injected i.p. h Tumor volumes are represented as averages + SD
(BT474, n=6; BT-R, n=28). i Levels of HER2, normalized to BT474 cells, were determined by Western Blot. j Cells were stained with HER2-TCB and
analyzed by flow cytometry. Results were normalized to BT474 cells. k Cells were stained with antibodies against the indicated factors. Results are
presented as the MFI of staining in BT474 and BT-R cells. I, Levels of 80 cytokines and growth factors were measured using a commercial array in the
media conditioned by cocultures of BT474 cells and PBMCs or BT-R cells and PBMCs treated with HER2-TCB. Results are presented as the fold change of
BT-R relative to BT474 cells. b **p=0.005, *p =0.02, **p=0.006. f ***p <0.001. k *p = 0.04, two-tailed t test. d, h **p < 0.01, ***p < 0.001, two-way
analysis of variance (ANOVA) and Bonferroni correction. Data are presented as mean £ SD of four (b, f, j, k), or three (i) independent experiments. Source

data are provided as a Source Data file.

apoptotic death (reviewed in ref. 22). Thus, the blocking antibody
could prevent the killing of target cells by impairing the activation
of cytotoxic lymphocytes, blocking the action of IFN-y on target
cells, or a combination of both effects.

To directly test the effect on target cells, we treated BT474 cells
with IFN-y. As shown in Fig. 3¢, IFN-y induced the death of BT474
cells by inducing apoptosis, as shown in the increase of annexin V+
cells (Fig. 3d). In contrast, resistant cells were unaffected by the
same treatment. This result shows that IFN-y is likely part of the
mechanism used by cytotoxic cells to kill target cells, and indicates
that BT-R cells became resistant by impairing IFN-y signaling.

To confirm this hypothesis, we impaired IFN-y signaling
in target cells, by knocking-out the IFNGRI gene through
CRISPR-Cas9 technology, or by downmodulating the expression
of IFNGR1 with shRNAs from parental BT474 cells (Fig. 3e). As
expected, both methods impaired IFN-y signaling (Supplementary

Fig. 3a, b), and prevented the killing induced by IFN-y (Fig. 3f).
Irrespectively of the method, diminishing the expression of IFNGR1
resulted in resistance to HER2-TCB in coculture assays (Fig. 3g).
Consistent results were obtained when we examined the sensitivity
to HER2-CAR T cells (Fig. 3h). To validate the results obtained
in vitro, we showed that the knock-out of IFNGRI caused resistance
to the HER2-TCB also in vivo (Fig. 3i). The knockdowns of JAK1
or STAT1 from parental BT474 cells also resulted in resistance
to the HER2-TCB (Supplementary Fig. 3c, d). Thus, disrupting
IFN-y signaling by different means induces resistance to redirected
lymphocytes.

The effects of the IFN-y-blocking antibodies or of the knock-
down of IFNGRI were not a particularity of BT474 cells, similar
effects were observed when assaying different HER2-positive
cultures from breast cancer PDXs and an additional cell line
(Supplementary Fig. 4a-i). Furthermore, impairment of IFN-y
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Fig. 2 Transcriptomic analysis. a Heatmap showing the 97 most differentially expressed genes in BT-R cells compared to parental BT474 cells (>4-fold;
p<1075). p Value was obtained from the DESeq2 analysis of the RNA-seq. Genes with FDR <5% and |shrunken fold change| > 1.5 were considered
significant. b Pathways showing positive and negative enrichment in BT-R compared with BT474 cells as determined by GSEA. Only statistical gene sets
are shown (NOM p value < 0.05). ¢ IFN-y response GSEA signature in resistant cells, compared to parental BT474. p Value corresponds to the NOM
p value obtained by GSEA in the HALLMARK database. d Levels of IRF1 upon treatment with IFN-y in BT474 and BT-R cells were determined by Western
blot analysis. Results of three independent quantifications, normalized to treated BT474 cells, are presented as mean £ SD. ***p < 0.001, two-tailed t test.

Source data are provided as a Source Data file.

signaling by knocking down IFNGR1, led to resistance to HER2-
TCB in cell lines from HER2-positive ovarian and lung cancers
(Supplementary Fig. 4j, k).

Components of the IFN-y signaling pathway in resistant cells.
The intracellular signaling pathway activated by IFN-y is
relatively simple. Dimeric IFN-y triggers the formation of a
complex of four receptor molecules (two IFNGRI and two
IFNGR2), four JAK kinases (two JAKls and two JAK2s) and
two molecules of the STAT1 transcription factor. The sub-
sequent phosphorylation of the STAT1s by the JAKs leads to

the dimerization and transport to the nucleus of the former,
where dimeric pSTAT1 regulates the expression of different
genes, including IRF122 (Fig. 4a). Analysis of these components
in our coculture assays revealed little or no difference in the
secretion of IFN-y or in the expression of IFNGRI1 and 2, JAK1
or STAT1 by resistant cells (Fig. 4b—e). In contrast, we observed
a marked reduction of JAK2 expression (Fig. 4f), indicating that
downmodulation of JAK2 could result in the impairment of
IFN-y signaling. Consistently with this hypothesis, pSTAT1
levels were significantly decreased in resistant cells when trea-
ted with IFN-y (Fig. 4g).
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Fig. 3 IFN-y response is required for efficient killing by redirected lymphocytes. a Left, cocultures of PBMCs with BT474 or BT-R cells were treated with
different concentrations of HER2-TCB in presence of an IgG control or an IFN-y blocking antibody for 72 h. Then, viable cells were quantified by flow cytometry
using EpCAM as a marker. Right, BT474 cells were grown in 3D and treated with HER2-TCB in presence of an IgG control (—) or an IFN-y blocking antibody
(+) for 72 h. Viable BT474 cells were quantified by flow cytometry using EpCAM as a marker. Results were normalized to untreated cells. b Parental BT474
cells were cocultured with different ratios of CAR T cells for 48 h in the presence of an IgG control or an IFN-y blocking antibody. Then, cell numbers were
calculated and expressed as in (a). ¢ Parental BT474 or resistant BT-R cells were treated with different concentrations of IFN-y for 5 days. Cell numbers were
estimated with the crystal violet staining assay. d Parental BT474 or resistant BT-R cells were treated with 1pg/ml of IFN-y and the percentages of apoptotic
cells were determined by means of Annexin V1 cells measured by flow cytometry. e Cells were stained with anti-IFNGR1 or isotype antibody and analyzed by
flow cytometry. IFR1 stands for IFNGR1. f Sensitivity of the indicated cells to IFN-y was analyzed as in (c). g The indicated cells were treated with different
concentrations of HER2-TCB and analyzed as in (@). h The indicated cell lines were cocultured with CAR Ts and analyzed as in (b). i Totally, 6.5 x 107 BT474
cells or the same cells knock-out for IFNGR1 were injected orthotopically into NSG mice. Mice were treated as described in Fig. 1c. Tumor volumes are
represented as averages £ SD (empty, n=8; IFR1 KO, n=4). a Left, **p = 0.001, *p = 0.05; right, *p = 0.01. b ***p < 0.001, **p = 0.002. ¢ ***p < 0.001.

d **p=0.007. f Left, **p=0.002, **p < 0.001, *p=0.003, **p = 0.0013; right, ***p < 0.001, **p = 0.002 (shIFNGR1 #31); **p =0.009, **p = 0.006,

***p <0.001, **p =0.003 (shIFNGR1 #92); *p = 0.02, **p = 0.004, ***p < 0.001 (shIFNGR1 #97). g Left, ***p < 0.007; right, ***p < 0.001, **p = 0.004, *p =
0.02 (shIFNGR1 #31); *p = 0.046, *p = 0.047, *p = 0.03 (shIFNGR1 #92); *p = 0.05, *p = 0.02, *p = 0.02 (shIFNGR1 #97). h Left, ***p < 0.007; right *p =
0.02, ***p <0.001 (shIFNGR1 #31); ***p < 0.001, *p = 0.02 (shIFNGR1 #92); ***p < 0.001, **p = 0.005, **p = 0.005 (shIFNGR1 #97). Two-tailed t test.

i **p<0.01, **p<0.001, two-way ANOVA and Bonferroni correction. Data are presented as mean £ SD of three (a-¢, f, g right, h), four (d), or six (g left)
independent experiments. Source data are provided as a Source Data file.

Resistant cells cultured for up to three months in the absence of
any selective pressure showed resistance similar to that of BT-R
cells (Supplementary Fig. 5a) and similar levels of JAK2
(Supplementary Fig. 5b). Therefore, resistance is stable and does
not require selective pressure. We hypothesized that this stable
downmodulation of JAK2 and, thus, resistance could be
maintained epigenetically. To test this hypothesis, we treated
BT-R cells with different well-characterized drugs that interfere
with epigenetic modifications, including the DNA demethylating
agent 5-AZA, the histone demethylating agent DZNEP, and the
pan-HDAC inhibitor Trichostatin A (TSA). While demethylating
agents did not affect JAK2 transcription, the HDAC inhibitor
upregulated JAK2 expression in BT-R cells (Fig. 4h), indicating
that de-acetylation of histone H3 may contribute to the silencing
of JAK2. Direct analysis of H3K27Me3 and H3K27Ac marks
showed reduced levels of the latter in the JAK2 promoter of BT-R
cells (Fig. 4i), confirming that histone acetylation may regulate

JAK2 expression. Among the different acetylation marks,
H3K27Ac is considered one of the best markers of active
promoters and enhancers and it is tightly associated to gene
expression®*. Thus, we concluded that JAK2 is likely down-
regulated epigenetically in BT-R cells.

The downmodulation of JAK2 causes resistance to redirected
lymphocytes. To establish the functional relevance of the
downmodulation observed, we transduced resistant cells with a
vector encoding JAK2 (Fig. 5a). As expected, overexpression of
JAK2 restored IFN-y signaling (Supplementary Fig. 5c). Of note,
overexpression of JAK2 resulted in re-sensitization to killing by
T cells redirected via TCB or CAR and in the re-sensitization to
the death induced by IFN-y (Fig. 5b-d). Confirming the relevance
of these in vitro results, overexpression of JAK2 restored sensi-
tivity to the TCB in vivo (Fig. 5e).
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Fig. 4 Components of the IFN-y signaling pathway in resistant cells. a Schematic showing the IFN-y signaling pathway. b The levels of IFN-y in the media
conditioned by cocultures with BT474 or resistant BT-R in the presence of HER2-TCB was determined by ELISA. ¢ The levels of Interferon-gamma
receptors 1and 2, normalized to BT474, were determined by quantitative real-time PCR (left) or flow cytometry with specific antibodies (right). d-f Levels
of JAK1, STAT1, and JAK2 (mRNA and protein), normalized to BT474, as determined by quantitative real-time PCR (left) or Western blot (right). g Levels
of phosphoSTAT1 in parental and resistant cells were determined by Western Blot. Results were normalized to treated BT474 cells. h BT-R cells were
treated with indicated compounds for 48 h. Then, the levels of the mRNA encoding JAK2 were determined by RT-PCR and normalized to the levels in cells
treated with vehicle. i Levels of H3K27Me3 and H3K27Ac histone marks in the promoter of JAK2 in BT474 and BT-R cells as measured by ChlIP followed by
quantitative real-time PCR. Results were normalized to the levels of an IgG control antibody in each sample, and then normalized to the levels in BT474
cells. ***p < 0.001, two-tailed t test. Data are presented as mean £ SD of two (b, i left), three (¢, d, h, i right) or four (e-g) independent experiments. Source
data are provided as a Source Data file.
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Fig. 5 The downmodulation of JAK2 causes resistance to redirected lymphocytes. a Levels of JAK2 in BT-R cells or the same cells stably transfected with
a vector encoding JAK2 were determined by Western blot. Blot shown is representative of four independent experiments. b Cocultures of PBMCs with the
indicated cells were treated with different concentrations of HER2-TCB for 72 h. Then, viable target cells were quantified by flow cytometry using EpCAM
as a marker. ¢ The indicated cells were treated with different ratios of CAR T cells. Cell numbers were calculated and expressed as in (b). d The indicated
cells were treated with different concentrations of IFN-y for 5 days. Cell numbers were estimated with the crystal violet staining assay. e Totally, 6.5 x 10®
BT-R cells or the same cells expressing JAK2 were injected orthotopically into NSG mice. When tumors reached ~200 mm3 (dark background), 107 PBMCs
were injected i.p. Then animals were treated i.v. with 0.125 mg/kg HER2-TCB as indicated (red arrows). Tumor volumes are represented as averages + SD
(n=7 per arm). f Levels of JAK2 in BT474 cells stably expressing a non-targeting shRNA (shc) or an shRNA targeting JAK2 (shJK2) were determined by
Western blot. Results were normalized to BT474 shc. g-i The indicated cells were analyzed as in (b-d), respectively. j Totally, 6.5 x 106 BT474 cells stably
expressing a non-targeting shRNA (shc) or an shRNA targeting JAK2 (shJAK2) were injected into NSG mice and treated as in (e). Tumor volumes are
represented as averages £ SD (shc, n=10; shJAK2, n=5). b **p=0.005, **p =0.003, **p = 0.002, **p =0.002. ¢ **p =0.002, ***p < 0.001.

d ***p<0.001.g *p=0.05, *p = 0.05, *p = 0.02. h, i ***p < 0.001, two-tailed t test. e, j *p < 0.05, ***p < 0.001, two-way ANOVA and Bonferroni correction.
Data are presented as mean £ SD of three (b-d, h, i) or four (f, g) independent experiments. Source data are provided as a Source Data file.

Conversely, knock-down of JAK2 from parental cells impaired
IFN-y signaling (Fig. 5f and Supplementary Fig. 5d), induced
resistance to redirected lymphocytes and to cell death induced by
IFN-y in vitro (Fig. 5g-i), and resistance to the HER2-TCB
in vivo (Fig. 5j).

Conceivably, impairment of any of the components that
transduce its signal results in defective response to IFN-y. To
determine if different components can be downmodulated in
different resistant models, we generated an independent resistant
BT474 model following an in vivo approach. We recovered cells
from the residual tumor that remained after TCB-treatment, re-
grafted them into mice and repeated the process (Supplementary
Fig. 6a). After the second round of selection, we obtained cells
resistant to HER2-TCB, which were named BT-vR (Supplemen-
tary Fig. 6b). The levels of cell surface HER?2 in resistant cells were
unaltered (Supplementary Fig. 6¢), and we observed a down-
modulation of JAK2 similar to that in the in vitro selected BT-R
cells (Supplementary Fig. 6d). Lymphocyte infiltration, stained
with anti-CD3 antibodies, was similar in tumors generated by
parental and resistant cells (Supplementary Fig. 6e), showing that
deficient infiltration of lymphocytes was not the cause of
resistance. Finally, in contrast with parental cells, IRF1 was
undetectable in resistant cells (Supplementary Fig. 6e), confirm-
ing defective IFN-y signaling in resistant cells.

To select resistant cells from another source and in different
conditions, we implanted a HER2-positive PDXs in mice
humanized with CD34" hematopoietic stem cells as previously
described!8. Once the tumors reached ~200 mm3, mice were
treated with the HER2-TCB, the tumors regressed, were allowed
to regrow and the treatment was repeated (Supplementary
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Fig. 6f). After two rounds of treatment, the tumors were no
longer sensitive to the HER2-TCB (Supplementary Fig. 6g).
Again, the resistant PDX showed unaltered levels of HER2 but
strongly decreased levels of JAK2 (Supplementary Fig. 6h, i).
Thus, resistance to HER2-TCB in different contexts results in the
same defect: downmodulation of JAK2 and impaired IFN-y
signaling in tumor cells.

Models of resistance to IFN-y. Treatment of BT474 cells with
increasing concentrations of IFN-y starting at the IC50 during
4 months resulted in resistant cells (designed BT-RG), with an IC50
comparable to that of cells resistant to the HER2-TCB (BT-R)
(>1000 ng/ml) (Fig. 6a). As expected, IFN-y signaling was down-
modulated in these resistant cells (Supplementary Fig. 5e). In vitro
assays showed that IFN-y resistant cells were also resistant to the
HER2-TCB and to HER2-CAR T cells (Fig. 6b, c). Further, IFN-y
resistant cells were also resistant to the HER2-TCB in vivo (Fig. 6d).
Thus, cells selected because of their resistance to IFN-y showed
similar characteristics to those selected for resistance to TCBs,
further supporting the relevance of the IFN-y pathway in resistance
to redirected lymphocytes.

Importantly, as was the case with HER2-TCB resistant cells,
the levels of JAK2 were significantly reduced in BT-RG cells
(Fig. 6e). Next, we performed gain-of-function experiments; that
is, analysis of IFN-y signaling (Supplementary Fig. 5f) and the
sensitivity to IFN-y, HER2-TCB and HER2-CAR of BT-RG cells
transfected with JAK2 (Fig. 6f-h). The results confirmed the
causal role of JAK2 downmodulation on resistance to killing by
redirected lymphocytes, independently of the method to generate
cells resistant to IFN-y signaling.
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Similarly to BT-R cells, treatment of BT-RG cells with drugs
that interfere with epigenetic modifications showed an effect of
the pan-HDAC inhibitor Trichostatin A (TSA) on the expression
of JAK2 (Fig. 6i). In addition, BT-RG showed reduced levels of
H3K27Ac in the promoter of JAK2 (Fig. 6j). Thus, we concluded
that JAK?2 is also downregulated epigenetically in BT-RG cells.

Chronic treatment with IFN-y is a convenient way to obtain
models of resistance. Thus, to confirm our conclusions, we treated
cultures from the two HER2-postive PDXs with IFN-y to obtain
resistant cells. In both cases, resistance to IFN-y was acquired
through downmodulation of JAK2. Consistent with the results
obtained with BT474 cells, IFN-y resistance induced resistance to
killing by TCB; further, JAK2 overexpression rescued completely
the phenotype (Supplementary Fig. 7). We concluded that breast
cancer cells acquire resistance to IFN-y and, thus, resistance to
redirected lymphocytes, by downregulating JAK2 (Fig. 6k).

Discussion

Redirection of lymphocytes, via TCBs or CARs, is already
approved to treat some hematological malignancies. This success
contrasts with the failures in the treatment of solid tumors. In
order to overcome this lack of efficacy, many efforts have focused
on counteracting the inhibitory effect that the tumor micro-
environment exerts on lymphocytes. Only recently, intrinsic
mechanisms or resistance, such as defective death receptor sig-
naling causing resistance to CARs directed against CD19, have
been described?>. The simple approach used in this study allowed
to unveil additional mechanisms deployed by cancer cells to resist
killing by a fully active lymphocyte with unrestricted access to its
target cell.

The impairment of the IFN-y pathway does not have dis-
cernible effects on cell proliferation, as readily shown by the
knockdown or knockout of IFNGR1, JAK1, STATI, or JAK2, but
severely affects the sensitivity of cells to the killing by redirected
lymphocytes. Thus, alterations conducting to impairment of IFN-
y signaling in tumor cells are likely to arise in patients under the
selective pressure imposed by TCBs or CAR:s.

Activated T cells engage target cells via a cytolytic synapse
formed between the TCR and the MHC-antigen complex. These
synapses cause the death of the target cells via perforin- and
granzyme-induced apoptosis. In addition, FAS-L produced by
activated lymphocytes causes death of cells expressing the FAS
receptor?®27. It is generally assumed that this system suffices to
kill target cells and that TCBs and CARs trigger the same
mechanism. The results presented here show a previously
unnoticed role of the IFN-y pathway in the killing of HER2-
positive cancer cells by lymphocytes, at least those redirected via
TCBs or CARs targeting HER2.

Compared with TCR/MHC-antigen synapses, the contacts
mediated by TCBs or CARs have some particularities (reviewed
in ref. %). First, contacts formed via TCR or CARs function
independently of MHC?8. On the other hand, the affinities of
TCRs for TCR/MHC-antigen complexes are in the range of
1-100 puM, whereas the affinities of TCBs and CARs are typically
below 100-10 nM?2%30, Finally, few complexes of a given antigen
with its cognate MHC are expressed per target cells’!; in contrast,
targets of TCBs and CARs may number in the 1000-10,000 s, or
in the 100,000 s in the case of HER2-amplified tumors32. In fact,
differences between the synapses established by TCR/MHC-
antigen and CARs have been directly shown?3. Probably because
of these differences, while the activation of T cells by TCR/
MHC-antigen synapses requires additional second signals, TCBs
and CARs suffice to activate lymphocytes. Future work should
clarify if the dependence of IFN-y signaling is a particularity of T
cell redirected via TCBs or CARs against cells expressing high

levels of an antigen, or if it also applies to T cells engaged through
TCR/MHC-antigen synapses.

In this regard, loss-of-function mutations in JAK1 or JAK2
have been shown to arise in tumors that progressed to treatment
with immune checkpoint inhibitors, showing that IFN-y pathway
may also be critical for the killing of target cells by the TCR/
MHC-antigen complex. In addition, recently the down-
modulation of genes upregulated by IFN-y has been correlated
with resistance to immune checkpoint blockade33-34, further
supporting the relevance of IFN-y signaling on the sensitivity of
target cells to killing by cytotoxic lymphocytes.

The results presented here, have practical implications, particu-
larly when considering the widespread use of JAK2 inhibitors in the
clinic3%, Our results imply that the systemic use of these inhibitors,
currently approved to treat myelofibrosis and hydroxyurea resistant
or intolerant polycythemia vera to alleviate the exacerbated acti-
vation of the immune system, may impact on cancer immunoe-
diting and, in some contexts, favor tumor progression.

Methods

Study design. This study was designed to identify the mechanisms that trigger the
resistance against HER2-TCB and -CAR. In order to generate acquired resistance
models and to identify the mechanism described in this work, in vitro and in vivo
functional assays were performed, using both tumor cell lines and PDXs. Experiments
consisted of combining tumor cells with human lymphocytes and TCBs or CARs
targeting HER2. For in vivo models, two sources of human immune cells were used:
PBMCs and CD34* hematopoietic stem cells. All human samples were obtained with
informed consent and following institutional guidelines under protocols approved by
the Institutional Review Boards (IRBs) at Vall d'Hebron Hospital. Animal work was
performed according to protocols approved by the Ethical Committee for the Use of
Experimental Animals at the Vall d’'Hebron Institute of Oncology. For in vivo
experiments, two to five mice were used per group, and they were randomized by
tumor size. Mice that died before the end of the experiments for reasons unrelated to
treatment or that did not have detectable percentages of human immune cells were
excluded. Because of ethical reasons, we ended the experiments before the full
development of graft-versus-host disease or when tumor volume surpassed 1500
mm?. Experiments were performed in a blinded fashion.

Cell lines and primary cultures. BT474 (#HTB-20), SKBR3 (#HTB-30), HEK293T
(#CRL-11268), SKOV3 (#HTB-77), and H1781 (#CRL-5894) were obtained from
ATCC (Manassas, VA, USA). GP2-293 cells (#631458) were obtained from
Clontech. PDX433 (ER*/PR™/HER23*) was extracted by core needle biopsy
(CNB) from a breast cancer patient’s metastasis in the liver. PDX667 (HER2") was
extirpated by CNB from a breast cancer patient’s metastasis in the skin. PDX118
(ER*/PR~/HER23") comes from a skin metastasis collected by CNB. All these
PDXs have been established at VHIO following institutional guidelines. The IRBs
at Vall d'Hebron Hospital provided approval for this study in accordance with the
Declaration of Helsinki. Written informed consent was obtained from all patients
who provided tissue samples.

Cell lines were cultured under standard conditions in complete medium
(DMEM F-12 medium (#21331, Gibco) supplemented with 10% fetal bovine serum
(FBS) (#10270, Gibco), 1% L-glutamine (#X0550, Biowest), and 1%
penicillin-streptomycin (#P4333, Sigma-Aldrich)). Cells were genetically modified
to acquire resistance to certain antibiotics or to downmodulate or overexpress
different genes. Cells were routinely tested for the absence of mycoplasma
contamination using the MycoAlert™ Mycoplasma detection kit (#LT07-318,
Lonza). Cell lines were not authenticated in-house.

PBMC isolation. PBMCs were isolated from fresh buffy coats obtained from
healthy donors through the Blood and Issue Bank of Catalonia (BST). Blood was
diluted 1:3 with 1x phosphate-buffered saline (PBS) and transferred to a 50 ml
falcon tube with Ficoll-Paque PLUS (#70-1440-02, GE Healthcare) at a 1:3 ratio,
following the manufacturer’s instructions. After obtaining the buffy coat, red blood
cells (RBC) were lysed with 1x RBC lysis buffer (#00-4333-57, Invitrogen) for 4
min. Obtained PBMCs were counted and frozen with Cryostor CS10 (#07959,
Stemcell Technologies) at —80 °C for in vitro and in vivo experiments.

Generation of resistant cells in vitro. To generate the BT-R model, BT474 cells
stably expressing hygromycin resistance were treated with a 3:1 ratio PBMC:Tumor
and a concentration of 67.5 pM HER2-TCB in PBMC media (RPMI 1640 (#61870,
Gibco), 10% heat-inactivated FBS, 1% L-glutamine, 1% HEPES (#H0887, Sigma-

Aldrich), 1% MEM nonessential amino acids solution (#11140, Gibco), and 1%

penicillin-streptomycin). After 72 h, media was removed and replaced with com-
plete medium containing 100 pg/ml hygromycin (#10687010, Gibco) during 7 days
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Fig. 6 Model of resistance to IFN-y. a Parental BT474 cells or resistant BT-R or BT-RG cells were treated with different concentrations of IFN-y for 5 days.
Cell numbers were estimated with the crystal violet staining assay. b Cocultures of PBMCs with the indicated cells were treated with different
concentrations of HER2-TCB for 72 h. Then, viable target cells were quantified by flow cytometry using EpCAM as a marker. € The same cells as in (@) were
treated with different ratios of CAR T:Tumor cell. Cell numbers were obtained by means of EpCAM counts by flow cytometry. d Totally, 107 BT474 or
resistant BT-RG cells were injected orthotopically into NSG mice. When tumors reached ~300 mm3 (dark background), 107 PBMCs were injected i.p. Then
animals were treated i.v. with 0.125 mg/kg HER2-TCB as indicated (red arrows). Tumor volumes are represented as averages + SD (BT474, n=8; BT-RG,
n==6). e The levels of JAK2 (mRNA and protein) as determined by quantitative real-time PCR (left) or Western blot (right). Results were normalized to
BT474 cells. f-h The indicated cells were analyzed as in (a-c), respectively. i BT-RG cells were treated with indicated compounds for 48 h. Then, the levels
of the mRNA encoding JAK2 were determined by RT-PCR and normalized to the levels in cells treated with vehicle. j Levels of H3K27Me3 and H3K27Ac
histone marks in the promoter of JAK2 in BT474 and BT-RG cells as measured by ChlIP followed by quantitative real-time PCR. Results were normalized
to the levels of an IgG control antibody in each sample, and then normalized to the levels in BT474 cells. k Schematic drawing summarizing our
findings. a **p =0.002, ***p < 0.001. b **p =0.009, **p = 0.006, *p = 0.013, **p = 0.002. ¢ **p =0.008, ***p < 0.001. e ***p < 0.001. f *p =0.02,
**p=0.004, **p=0.002, ***p < 0.001, **p =0.002. g **p=0.005, ***p<0.001. h **p=0.0015, ***p <0.001. i, j ***p < 0.001. Two-tailed t test.

d *p<0.05, **p<0.01, ***p < 0.001, two-way ANOVA and Bonferroni correction. Data are presented as mean £ SD of three (a-c, e-i), two (j left) or four
(j right) independent experiments. Source data are provided as a Source Data file.

2.5mM EDTA, 1% bovine serum albumin (BSA) (#A9647, Sigma-Aldrich), 5%
horse serum (#26050, Gibco)) in polypropylene V-bottom 96-well plates
(#651201, Greiner Bio-One). Twenty minutes later, samples were centrifuged
and cells were stained with the epithelial cell marker anti-human EpCAM
(#324212, BioLegend) at 1:300 concentration in FACS buffer in ice for 30 min.
After a wash with 1x PBS, samples were resuspended in the viability marker
Zombie Aqua at 1:1000 (#423101, BioLegend) in 1x PBS and acquired on
LSR Fortessa, using BD FACSDiva software (BD Biosciences). Number of
alive cells was analyzed with FlowJo software (BD Life Sciences) by means of
EpCAM counts. Gating strategy for tumor EpCAM™ counts is shown in
Supplementary Fig. 8.

When treated with CAR Ts, target cells were seeded as described above. After
24 h, effector CAR Ts targeting HER2 were added to each well at the indicated

to specifically kill remaining PBMCs. The process was repeated several times.
Resistant population was obtained after 6 months.

Interferon-gamma resistant models were established by culturing cells in
presence of increasing IFN-y (#300-02, Peprotech) concentrations, starting at 100
ng/ml and reaching 1 pg/ml. In the three models (BT474-RG, PDX667-RG, and
PDX433-RG) resistance was obtained after 4 months of treatment.

T cell cytotoxicity assays. All target cells were seeded in 96-well flat bottom plates
(0.01 x 10° cells/well) (#353075, Corning Life Sciences). Effector PBMCs were
added to each well at the indicated ratio in PBMC medium. Different concentra-
tions of HER2-TCB were added to the wells. The plates were incubated for 72 h.
At the endpoint cells were harvested with trypsin-EDTA (#25300096, Gibco)
and resuspended in fluorescence-activated cell sorting (FACS) buffer (PBS 1x,
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ratios in PBMC medium. The plates were incubated for 48 h. Endpoint was assayed
as previously explained.

For the IFN-y blocking experiments, tumor cells were seeded as explained
before, and in addition to the PBMCs and HER2-TCB/CAR Ts, either 20 ug/ml of
anti-human IFN-y (#506512, Biolegend) or mouse IgG control (#400123,
Biolegend) was added in the coculture. Experiment lasted 72 or 48 h respectively
and endpoint was assayed as previously explained.

3D organoid assay. Tumor cells were seeded in 48-well plates (103 cells/well) in a
drop of 20 pl of matrigel (#356235, Corning). Each drop was dispensed in the center
of the well and incubated for 15 min at RT. After matrigel was solidified, 250 pl of
3D breast tumor organoid media3®, were added to each well. Media was replaced
twice a week and 3D formation was assessed after 15 days. Organoids per well were
counted and assumed that each of them consisted of approximately 50 cells.
Organoid media was removed and 3D structures were cocultured with PBMCs at a
2:1 ratio in PBMC media and treated with HER2-TCB at 1 nM for 72 h.

For the IFN-y blockade experiment, same assay was followed but adding either
20 pg/ml of anti-human IFN-y or mouse IgG control to the coculture with PBMCs.

At the endpoint, organoids were disaggregated by adding 500 pl of trypsin for
30 min at 37 °C. Then, cells were collected and incubated for 30 min on ice to
liquify matrigel. Fully disaggregated organoids were washed and stained as
previously explained. Number of alive cells was analyzed with FlowJo software by
means of EpCAM counts. Gating strategy for tumor EpCAM™ counts is shown in
Supplementary Fig. 8.

Flow cytometry. Cells were harvested with StemPro Accutase (#A1110501, Gibco)
and resuspended in FACS buffer. Twenty minute later, samples were centrifuged
and cells were incubated for 30 min with the specified antibody. After a wash and
Zombie Aqua staining, samples were acquired on LSR Fortessa. The following
antibodies were used: hPDL1 (#329736), hCD80 (#305221), hCD86 (#305425),
hGalectin-9 (¥348905), hB7-H3 (#351003), hB7-H4 (¥358103), hHVEM
(#318805), hICOS-L (#309403), h41BB-L (#311503), hOX40-L (¥316307),
hIFNGRI (#308606), hIFENGR2 (#308504), all from Biolegend at 1:100 dilution. As
an isotype control, PE mouse IgG Isotype Ctrl (#400114, Biolegend) was used

at 1:100.

In the case of HER2 staining, cells were incubated in FACS buffer for 30 min
with Trastuzumab (#180288-69-1, Herceptin, Roche) at 2.5 pg/ml. After two
washes with PBS, a secondary conjugated antibody Anti-human Alexa-488 (#A-
11013, Invitrogen) was incubated with the cells at a concentration of 1:500 for 30
min. Cells were then washed with 1x PBS and resuspended in Zombie Aqua
viability marker and acquired on LSR Fortessa. HER2-TCB binding assay was
performed by incubation of cells with 10 nM HER2-TCB for 30 min, followed by
the procedure described above.

PD-L2 staining consisted of a primary and secondary antibodies incubation.
The incubation with the primary antibody, anti-PD-L2 (#130098525, Miltenyi
Biotec), lasted 30 min at 1:11 concentration, and after a wash with 1x PBS, samples
were incubated with the secondary antibody anti-biotin (#130113292, Miltenyi
Biotec) at 1:50 for 30 min. After a wash and Zombie Aqua staining, samples were
acquired on LSR Fortessa using BD FACSDiva software.

The activation marker CD69 (#310914, Biolegend) in CD8* cells (#344712,
Biolegend) was used in order to assess T-cell activation after 72 h of coculture with
tumoral cells and 67.5 pM HER2-TCB (both at 1:300 concentration).

Ki-67 intracellular staining was performed in PBMCs after 72 h of coculture
with BT474 cells using different concentrations of HER2-TCB. First, cells were
incubated with zombie aqua for 25 min at 1:500 concentration at room
temperature (RT). Then, cells were washed and stained with a CD8 antibody as
previously explained. After a wash with 1x PBS, cells were fixed with 200 pl of fresh
prepared (1 part of concentrate with 3 parts of diluent) fixation/permeabilization
working solution (#00-5523-00, Invitrogen) for 25 min on ice in dark. Supernatant
was removed after a centrifugation and cells were permeabilized with
1x permeabilization buffer for 25 min on ice in dark. After supernatant was
removed, cells were stained with anti-Ki-67 antibody (#563756, BD Biosciences) in
1x permeabilization buffer at 1:300 concentration for 1 h at RT, washed with 1x
PBS and acquired on LSR Fortessa. Flow cytometry data was analyzed with Flow]Jo
software (BD Life Sciences). Gating strategy for T-cell proliferation, activation
marker analysis, and for median fluorescence intensity (MFI) measures is shown in
Supplementary Fig. 8.

IFN-y cytotoxicity assays. Tumor cells were seeded in flat bottom 96-well plates
(0.01 x 10 cells/well). After 24 h cells were treated with different concentrations of
IFN-y. Treatment lasted for 5 days and cell death was assayed by crystal violet
staining of alive cells. Cells were fixed for 30 min with 10% glutaraldehyde, washed,
and stained for other 30 min with 0.1% crystal violet (#548-62-9, Sigma-Aldrich).
After three washes with water, plates were let dry overnight. For the readout, 100 pl
of 10% acetic acid were added to each well and absorbance was read at 560 nm
using an Infinite M200 Pro Multimode Microplate Reader (TECAN).

Antitumor drugs cytotoxic assays. Tumor cells were seeded as described above.
After 24 h cells were treated with different concentrations of paclitaxel (#33069-62-4,

Paclitaxel Hospira, Pfizer), doxorubicin (#23214-92-8, Farmiblastina, Pfizer), or T-
DMI1 (#1018448-65-1, Kadcyla, Roche). Treatment lasted for 3 days in the case of the
chemotherapeutic agents paclitaxel and doxorubicin, and 6 days when treated with T-
DML. Cell death was assayed by crystal violet staining of alive cells and read at the
Infinite M200 Pro Multimode Microplate Reader (TECAN).

Western blot. For Western blot, protein extracts were isolated by lysing the cells in
homemade lysis buffer (130 mM NaCl, 0.01% NP-40, 1% glycerol, 2mM EDTA pH
8 and 20 mM Tris-HCI pH 7.4), supplemented with phosphatase inhibitors 5 uM -
glycerolphosphate, 5 uM sodium fluoride, 1 pM sodium orthovanadate and cOm-
plete™, EDTA-free protease inhibitor cocktail (#*COEDTAF-RO, Sigma-Aldrich, 1
tablet per 10 ml lysis buffer). Protein extracts were sonicated for 10s at 4.5V to
break the cell apart. Tubes were centrifuged 19,000 xg 10 min and supernatant was
collected.

Protein lysates were resolved by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and then transferred to a 0.45 um nitrocellulose membrane
(#10600002, GE Healthcare Biosciences). Totally, 20-30 pg of protein lysate was
loaded per experiment. Membranes were incubated with 5% BSA or 5% non-fat
milk in TBS-T (1x tris-buffered saline with 0.1% tween 20 (#P7949, Sigma-
Aldrich)). After blocking, membranes were incubated overnight with primary
antibodies.

After washing, membranes were incubated with horseradish peroxidase-
conjugates antibodies (GE Healthcare) for 1 h. Membranes were developed with
Immobilon Western Chemiluminescent HRP Substrate (#WBKLS0500, Millipore)
and protein bands were visualized in Amersham™ Imager 600 (GE Life Sciences).

Antibodies used were: HER2 (#AM134, Biogenex), JAK1 (#3344, Cell Signaling
Technology (CST)), JAK2 (#3230, CST), pSTAT1 (#9167, CST), STAT1 (#9172,
CST), IRF1 (#sc-497, Santa Cruz Biotechnology (SC)), and GAPDH (#ab128915,
Abcam). All antibodies were used at 1:1000 concentration in 5% BSA except
GAPDH (1:5000). Quantification of protein levels was done with Image] (National
Institutes of Health). Quantifications are the result of =3 independent biological
replicates. All original Western blots are provided in the Source data file.

RNA isolation and qRT-PCR. Total RNA was isolated from adherent cells by using
RNeasy Mini Kit (#74106, Qiagen) according to the manufacturer’s protocol. RNA
was eluted in RNase-free water and quantified using NanoDrop™ 2000 spectro-
photometer (Thermo Fisher Scientific).

cDNA was prepared from 1 pg template RNA using the high capacity cDNA
reverse transcription Kit (#4368813, Applied Biosystems) according to the
manufacturer’s protocol.

Real-time quantification of transcript abundance was determined by qRT-PCR
using the TagMan Gene Expression probes (Applied Biosystems) and TagMan
Universal Master Mix II (#4440039, Applied Biosystems), in 384-well plates in
7900HT Fast Real-Time PCR System (Applied Biosystems), following the
manufacturer’s protocol.

The following TagMan probes were used: TIMP2 (Hs00234278_m1), IFNGRI
(Hs00988304_m1), IFNGR2 (Hs00194264_m1), JAKI (Hs01026983_m1), JAK2
(Hs01078136_m1), STATI (Hs01013996_m1), GAPDH (Hs02758991_gl). Data
was analyzed with sodium dodecyl sulfate (SDS) software, RQ Manager, and
DataAssist software (Applied Biosystems), using the 2-ACT method. GAPDH was
used as an endogenous control.

Drugs targeting epigenetic modifications. Cells were treated with 5 uM of dif-
ferent drugs for 48 h: 5-Azacytidine (#A2385, Sigma-Aldrich), 3-Deazaneplanocin
A (DZNEP, #HY-10442, MedChemExpress) or Trichostatin A (TSA, #HY-15144,
MedChemExpress). Then, RNA was isolated and subjected for JAK2 expression by
RT-gPCR.

Chromatin immunoprecipitation (ChIP). Indicated cells were grown to 70%
confluence, collected, and subsequently cross-linked with 1% formaldehyde shak-
ing at 37 °C temperature for 10 min. Reaction was quenched by incubating the
samples with 125 mM Glycine (#BP381, Fisher Scientific) for 5 min. Cells were
pellet at 5 x 10° cells/vial and stored at —80 °C.

Cell pellets were resuspended in SDS lysis buffer (1% SDS, 10 mM EDTA,
50 mM Tris pH 8) with 1:200 Protease Inhibitor Cocktail Set III (#535140, Merck
Millipore) for 30 min on ice. Samples were then sonicated to generate fragments of
DNA between 100 and 600 bp with the Bioruptor (Diagenode). After 20 min on ice,
samples were centrifuged at 19,000 x g and supernatant was diluted 1/10 with
Dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH
8, 167 mM NaCl), in order to decrease concentration of SDS. Samples were
incubated with 10 ul of Dynabeads protein A (#10002D, Invitrogen) and 1 pg of
irrelevant antibody Rabbit IgG (#18140, Sigma-Aldrich) per IP in that sample, as a
preclearing. Incubations lasted for 3 h rotating at 4 °C. Magnets were used to
discard the beads, and the samples were separated per IP, saving 10% for the input.
Totally, 3 ug of corresponding antibody was added at each tube and samples were
incubated overnight rotating end over end at 4 °C. The antibodies used were:
Rabbit IgG, anti-H3K27Me3 (#07-449, Merck Millipore) and anti-H3K27Ac
(#ab4729, Abcam).
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Samples were incubated with 50 pl of prewashed dynabeads and incubated 3 h
rotating at 4 °C. Dynabeads were then washed 3 times with low salt and 3 times
with high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris pH 8,
and 150 or 500 mM NaCl respectively) and 2 times with LiCl buffer (250 mM LiCl,
1% NP-40, 1% NaDOC, 1 mM EDTA, 10 mM Tris pH 8). Samples were then
incubated with 48 pl of elution buffer (0.4% SDS, 5 mM EDTA, 10 mM Tris pH 8,
300 mM NaCl) supplemented with 2 pl proteinase K (#RPTOTKSOL, Roche).
Then, samples were incubated shaking 1 h at 55 °C and subsequently overnight at
65 °C. Input samples were treated the same way. DNA was purified from the eluted
samples with the MinElute PCR Purification Kit (#28006, Qiagen) following the
manufacturer’s instructions.

Finally, gPCR was performed with the ChIP samples using SYBR green reagent
(#733-1390, Quantabio). A 179-bp segment of the JAK2 promoter was amplified
with the following primers: 5-GGATGTGAGTGGGAGCTGAG-3’ (sense) and
5-GAGATAACACCCACCGGCTA-3' (antisense). Data shown is the result of
normalizing the specific signal of each antibody (normalized to the IgG control
signal) of BT-R or BT-RG to the parental BT474 cells.

Humanized xenograft models. In the PBMCs humanized xenograft models, NSG
mice were injected orthotopically in two flanks with 6.5 x 10° or 107 tumor cells in
100 ul of 1:1 PBS:matrigel. Once tumor size reached a specified volume, animals
were intraperitoneally injected with 107 PBMCs obtained from healthy donors.
After 24 h, animals started treatment and were treated biweekly with HER2-TCB
(0.125 mg/kg) or vehicle intravenously.

In the HER2-CAR in vivo experiment, NSG mice were injected orthotopically
with 107 tumor cells. Once tumors were around 200-300 mm?3, animals were
intraperitoneally treated once with 3 x 10° HER2-CAR T-positive cells.

To obtain immunodeficient mice with a reconstituted human immune system,
CD34™ cells were purified from human cord blood obtained through the Blood and
Tissue Bank of Catalonia. Blood was diluted 1:2 with 1x PBS +2 mM EDTA and
transferred to a 50 ml falcon tube with 15 ml of Ficoll-Paque PREMIUM (#70-
1440-02, GE Healthcare), following the manufacturer’s manual. After obtaining the
mononuclear cells, resting RBC were lysed with 1x RBC lysis buffer for 4 min.
CD347 cells were purified by negative selection by incubating the mononuclear
cells with EasySep Human Progenitor Cell Enrichment Cocktail with Platelet
Depletion (#19356, StemCell Technologies), following manufacturer’s protocol.
Purity of the remaining cell mix was checked with anti-human CD34 (#60013,
StemCell) and anti-human CD45 (#304008, Biolegend) staining at 1:300
concentration in FACS buffer. Samples were acquired in LSR Fortessa and
percentage of CD34 and CD45 cells were analyzed in Flow]Jo. Obtained cells were
frozen with Cryostor CS10 at —80 °C.

CD347 cells were injected intravenously in 5-week-old female NSG mice
previously treated with busulfan (15 mg/kg) to remove the hematopoietic system of
the mice. After 4-5 months, levels of humanization were checked by flow
cytometry and mice with more than 30% of human CD457 cells in blood were used
for in vivo experiments. Totally, 107 tumor cells were orthotopically implanted per
flank, and once these reached ~200 mm?, animals were randomized and treated
biweekly with HER2-TCB (0.25 mg/kg) or vehicle (intravenously).

At the end of the experiments, tumors were analyzed. Tumors were cut into
small pieces and divided into samples for IHC, protein, flow cytometry, or
reinjection. Samples for IHC were fixed and embedded in paraffin. Samples for
western blot were incubated with lysis buffer, supplemented with phosphatase and
protease inhibitors, in BashingBead lysis tubes (#S6003, Zymo Research) and
homogenized in Precellys Evolution Homogenizer (Bertin Technologies).

Samples for flow cytometry and reinjection were digested in 300 U/ml
collagenase IA (#C2674, Sigmsa-Aldrich) and 100 U/ml hialuronidase IS (#H3506,
Sigma-Aldrich) in DMEM F-12 medium. After 1 h of incubation at 37 °C with
shaking at 10 x g, the mixture was filtered through 100 um strainers. RBC were
lysed with 1x RBC for 5 min RT. After a wash with 1x PBS, samples were counted
and either reinjected or stained for HER2 and EpCAM as previously explained and
acquired on LSR Fortessa. Data were analyzed with FlowJo software (BD Life
Sciences). Gating strategy for MFI measures is shown in Supplementary Fig. 8.

All mice in this study were kept within Home Office limits of 22°C +2°C,
55-65% humidity and run on a 12 h light/dark cycle that runs from 8 a.m. to 8 p.m.

Generation of in vivo resistant cells. In the generation of BT474 resistant to
HER2-TCB, the humanized PBMCs xenograft model was used. NSG mice were
injected orthotopically with 107 tumor cells. Once tumor size reached 300 mm?3,
animals were intraperitoneally injected with 107 PBMCs obtained from healthy
donors. After 24 h, animals started the treatment and were treated biweekly with an
increasing concentration of HER2-TCB or vehicle intravenously. HER2-TCB
treatments started from 0.0325 mg/kg, and concentration was gradually increased
until reaching 0.25 mg/kg. After two passages, resistant tumors (termed as BT-vR)
were obtained.

In the case of the generation of PDX118 resistant model to HER2-TCB, CD34+
humanized xenograft model was used. Humanized mice containing >30% hCD45"
in peripheral blood were orthotopically implanted with 107 tumor cells. Once
tumors reached 300 mm?, animals started biweekly treatment with an increasing
concentration of HER2-TCB or vehicle intravenously. HER2-TCB treatments
started from 0.0325 mg/kg, and concentration was gradually increased until

reaching 0.25 mg/kg. After two passages, resistant tumors (termed as 118-vR) were
obtained.

Immunohistochemistry. The following primary monoclonal antibodies were used:
anti-IRF1 (#HPA063131, Atlas Antibodies) and anti-CD3 (#790-4341, Ventana
Medical Systems (Ventana)). For immunohistochemistry, fixed tissue samples
embedded in paraffin were sectioned at 4 pm thickness. Sections were heated at
60 °C, deparaffinized with xylene and hydrated with two steps of incubation with
different dilutions of ethanol.

When stained with anti-IRF1, antigen retrieval was performed by boiling the
samples for 20 min in citrate buffer pH 6 (#52369, Agilent). Endogenous
peroxidase was blocked by incubating the samples with 3% peroxide hydrogen
(#108597, Merck Millipore) diluted in absolute methanol for 20 min. Slides were
also blocked with 3% BSA in 1x PBS for 10 min. Samples were then incubated
overnight with the primary antibody anti-IRF1 diluted 1:650 in EnVision FLEX
Antibody Diluent (#K8006, Agilent). Next, the slides were incubated with EnVision
System-HRP labeled polymer anti-rabbit secondary antibody (#K4003, Agilent).
Samples were then stained with DAB substrate chromogen (#¥K3468, Agilent) for
1-4 min and counterstained with harris hematoxylin (#H3404, Vector
Laboratories) for 2 min, followed by dehydration with ethanol and xylene, and
finally mounted in DPX.

Immunohistochemical staining of CD3 was performed using a Discovery
ULTRA autostainer (Ventana). Heat-induced antigen retrieval was executed using
Cell Conditioning 1 (#950-124 Ventana) for 40 min at 95 °C. Endogenous
peroxidase block was performed with the CM inhibitor from the ChromoMap
DARB kit (#760-159, Ventana) for 8 min. Then, the anti-CD3 primary antibody,
ready to use, was applied 32 min at 36 °C. Next, samples were incubated for 8 min
with detection kit UltraMap anti-Rabbit HRP (#760-4315, Ventana). Reactions
were detected using the ChromoMap DAB Kit. Finally, the slides were
counterstained with Haematoxylin II (#790-2208, Ventana) 8 min and Bluing
Reagent (#760-2037, Ventana) 4 min, followed by dehydration with ethanol and
xylene, and mounted in DPX.

Slides were scanned in the NanoZoomer 2.0-HT slide scanner (Hamamatsu
Photonics) and visualized in the NDP.view2 software (Hamamatsu Photonics).

Cytokine array. Detection of 80 cytokines (ENA-78, G-CSF, GM-CSF, Gro a/b/g,
CXCL1, CCL1, IL-1 alpha, IL-1 beta, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10,
IL-12, IL-13, IL-15, IFN-gamma, MCP-1, MCP-2, MCP-3, M-CSF, CCL22, MIG,
MIP-1 beta, MIP-1 delta, RANTES, SCF, SDF-1 alpha, CCL17, TGF beta, TNF
alpha, TNF beta, EGF, IGF-1, Angiogenin, OSM, TPO, VEGF-A, PDGF-BB, Leptin,
BDNF, CXCL13, CCL23, CCL11, CCL24, CCL26, FGF-4, FGF-6, FGF-7, FGF-9,
FLT-3 ligand, Fractalkine, GCP-2, GDNF, HGF, IGFBP-1, IGFBP-2, IGFBP-3,
IGFBP-4, IL-16, CXCL10, LIF, LIGHT, MCP-4, MIF, MIP-3 alpha, NAP-2, NT-3,
NT-4, OPN, OPG, PARC, PLGF, TGF beta 2, TGF beta 3, TIMP-1, and TIMP-2)
was conducted in culture supernatants of untreated and treated BT474 and BT-R
cells. Cells were seeded at 1 x 10° cells per 6 mL of PBMC medium alone or in
coculture with a ratio 3:1 of PBMCs and 67.5 pM of HER2-TCB. After 48 h of
coculture, supernatant was harvested and frozen. In order to detect differences in
parental and resistant cells cytokine secretomes, a human cytokine array (#AAH-
CYT-5, RayBiotech) was used with these supernatants following the manufacturer’s
recommendations. Quantification of cytokine levels was done with Image] following
manufacturer’s instructions.

ELISA. In order to assay TIMP2 release, a TIMP2 ELISA (#DY971, R&DSystems)
was used with the same supernatants as specified above, following the manu-
facturer’s manual.

In the case of IFN-y ELISA, supernatants from treated BT474 and BT-R were
obtained at the conditions described above, with different timepoints (24, 48, and
72h). The culture supernatants were used to perform a human interferon-gamma
ELISA (#31673539, Immunotools), following manufacturer’s instructions.

Granzyme B activity. Target cells (BT474 or BT-R) were seeded, 0.25 x 10 in 60
mm plates (#430166, Corning), cocultured with PBMCs at a PBMC:Target cell
ratio of 3:1 and treated with HER2-TCB at a concentration of 67.5 pM for 72 h.
After 72 h, tumor cells and PBMCs were harvested and lysed with 100 pl of lysis
buffer. Lysed cells were centrifuged at 21,000xg for 10 min at 4 °C to pellet cell
nuclei and other cell debris. Supernatants were harvested and assayed for pro-
tease activity. Reaction was performed in a non-treated 96-well-plate (#442404,
Thermo Fisher Scientific). Each well contained 25 pl of lysis supernatant,
granzyme B substrate Ac-IEPD-pNA (#368057, Sigma-Aldrich) at a final con-
centration of 300 pM and reaction buffer (0.1 M HEPES pH 7.0, 0.3 M NaCl,

1 mM EDTA) in a total volume of 250 pl/well. Mixtures were incubated at 37 °C
overnight and color reaction generated by the cleavage of the pNA substrate was
measured at a wavelength of 405 nm with the Infinite M200 PRO (Tecan) plate
reader3®.

Annexin V assay. Cells were treated with 1 ug/ml of IFN-y for 5 days. In order to
assay the number of apoptotic cells, cells were harvested, washed, and stained with
APC-Annexin V (1:20 from stock, #550475, BD Pharmigen) for 15 min RT. After a
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wash with 1x PBS, samples were resuspended in 1:500 Propidium Iodine (PI)
(#81845, Sigma-Aldrich) viability marker and acquired on LSR Fortessa. Data was
analyzed with FlowJo software (BD Life Sciences). Annexin V7 cells were con-
sidered as apoptotic cells. Gating strategy is shown in Supplementary Fig. 8.

Viral tumor cells infections. For lentivirus production, HEK293T cells were first
incubated for 2 h with 25 uM chloroquine (#C6628, Sigma-Aldrich) to increase
transfection rate. Cells were then transfected with 1 ug/ml of pMD2.G (#12259,
Addgene) envelope expressing plasmid, 1.2 ug/ml of psPAX2 (#12260, Addgene)
lentiviral packaging vector, and 1.2 ug/ml of the specific lentiviral vector, using 10
pg/ml of polyethylenimine (PEI) (#¥24765, Polysciences) as transfection agent.
Twenty-four hour after transfection, growth medium was replaced with complete
medium. After 48 h, viral particles-containing supernatant was harvested and fil-
tered with 0.45 um PVDF filters (#SLHV033RS, Millipore).

For infections, target cells were seeded in 6-well plates (0.5 x 106 cells/well).
After 24 h, being the confluence around 75%, tumor cells were incubated with the
viral supernatants and 8 ug/ml polybrene (#H9268, Sigma-Aldrich), and
centrifuged 45 min at 1000 x g. After 24 h, medium was replaced with complete
medium. Twenty-four hour later, infected cells were selected with either 100 pg/ml
hygromicin in BT474 cells, 20 pug/ml blasticidin (#ant-bl, Invivogen) in the case of
Lenti-Cas9-2A-Blast (#73310, Addgene) BT474 infected cells, or 1 pg/ml
puromycin (#P8833, Sigma-Aldrich) in the rest of infections. Selection was
subsequently maintained for one week.

In order to generate resistance to HER2-TCB, BT474 were infected with
PBABE-hygro (#1765, Addgene), conferring them resistance to hygromicin.

For silencing, the plasmids were obtained from the lentiviral MISSION shRNA
Library: TIMP2 (Clones TRCN0000052433, TRCN0000052434), IFNGR1
(TRCN0000300831, TRCN0000058792, TRCN0000304197), JAK2
(TRCN0000003180), JAK1 (TRCN0000121215, TRCN0000121275), and
STAT1 silencing (TRCN0000280021, TRCN0000280024), all from Sigma-Aldrich.
As a control, tumor cells were infected with scramble shRNA (#1864, Addgene). To
overexpress JAK2 in BT-R cells, JAK2 (V617F)-pcw107v5 was used (#64610,
Addgene), and empty vector pcw107 (#62511, Addgene) was used as control.

To generate the BT474 KO IFNGRI cell line, cells were infected with Lenti-
Cas9-2A-Blast (#73310, Addgene). After selected with blasticidin, cells were infected
with either a CRISPR gRNA targeting IFNGR1 (#HS5000021477, Sigma) or the
LV04 control universal gRNA vector (#CRISPR18, Sigma). These gRNAs confer
puromycin resistance and BFP expression, and cells were selected with 1 pg/ml
puromycin. To obtain KO IFNGRI cells, these were stained with hIFNGR1 as
explained before, and BFPhig!/IFNGR1 negative expressing cells were sorted in
FACSAria I Digital Cell Sorter (BD Biosciences), obtaining a pool of cells.
Validation of KO IFNGR1 cells was done by IFNGR1 staining.

RNASeq. Total RNA was isolated from adherent cells as explained before.
Extractions of three independent biological replicas were performed. To determine
the total RNA quality and quantity was used Qubit® RNA HS Assay (Life Tech-
nologies) and RNA 6000 Nano Assay on a Bioanalyzer 2100 (Agilent). The
RNASeq libraries were prepared following the TruSeq®Stranded mRNA LT Sample
Prep Kit protocol (Illumina, October 2017). Briefly, total RNA (500 ng) was
enriched for the polyA mRNA fraction and fragmented by divalent metal cations at
high temperature. In order to achieve the directionality, the second strand cDNA
synthesis was performed in the presence of dUTP. The blunt-ended double
stranded cDNA was 3 adenylated and Illumina platform compatible adaptors with
unique dual indexes and unique molecular identifiers (Integrated DNA Technol-
ogies) were ligated. The ligation product was enriched with 15 PCR cycles and the
final library was validated on an Agilent 2100 Bioanalyzer with the DNA 7500
assay (Agilent).

The RNASeq libraries were sequenced on HiSeq 4000 (Illumina) with a read
length of 2x 76 bp using HiSeq 4000 SBS kit in a fraction of a HiSeq 4000 PE
Cluster kit sequencing flow cell lane. Image analysis, base calling and quality
scoring of the run were processed using the manufacturer’s software Real Time
Analysis (RTA 2.7.7).

RNA-seq reads were mapped against the human reference genome (GRCh38)
using STAR/2.5.3a with ENCODE parameters for long RNA. Genes were
quantified with RSEM/1.3.0 using the gencode.v29 human annotation. Quality
control of the mapping and quantification was performed with ‘gtfstats’ from
GEMtools 1.7.0 (https://gemtools.github.io/). Differential expression analysis was
performed with DESeq2/1.18%7 with default parameters. Genes with false-discovery
rate < 5% and |shrunken fold change| > 1.5 were considered significant. GSEA was
performed with fgsea38. PCA was performed with the top 500 most variable genes
and the rlog transformed counts. Heatmaps with the top 50 differentially expressed
genes (DEGs) were done with the pheatmap R package (https://cran.rproject.org/
web/packages/pheatmap/index.html).

Pathway enrichment was assessed through the pre-ranked version of GSEA, and
we used gene sets derived from the HALLMARK database’”.

The biological pathways associated with DEGs were explored by using the two
GSEA gene sets of Hallmarks. The p values indicate whether DEGs were
significantly enriched in a biological pathway compared with the background.
Shown are pathways with p values <0.01.

HER2-CAR T production. To produce CAR Ts against HER2, a vector plasmid
coding for HER2-CAR was synthesized and cloned into pMSGV-1 retroviral vector
(Genscript, Netherlands). Then, stocks of HER2-CAR (pMSGV1-HER2-VL-VH-
H8) retrovirus were produced as follows. Firstly, culture plates were coated with
Poly-p-Lysine 0.001% w/v in 1x PBS for 1h at RT, to increase cell attachment.
After 1h, PBS was removed and GP2-293 cells seeded. The day after, cells were
transfected with 0.3 pg/ml of envelope plasmid RD-114 (a gift from Alena Gros’
Lab, VHIO) and 0.7 ug/ml of transfer plasmid (HER2), with 4.6 ul/ml of Lipo-
fectamine 2000 transfection reagent (#11668, Invitrogen), in DMEM F-12 without
supplements. After 8 h, media was changed with complete medium. Three days
later, cell supernatant containing retrovirus particles was collected and filtered with
0.45 pm polyvinylidene fluoride (PVDF) filters.

PBMCs were stimulated with 50 ng/ml of a-CD3 (OKT3) (#16-0037-85,
Thermo-Fisher) and 300 [U/ml IL-2 (#703892-4, Novartis) in PBMC media for 48
h before transduction. The day before transduction, 6-well plates were coated with
2 ml of 10 pg/ml retronectin (#T100A, Takara) in 1x PBS overnight at 4 °C. The
day of transduction, cell supernatant containing retroviral particles was centrifuged
in the retronectin-precoated 6-well plates for 2 h at 2000 x g at 32 °C. Next, viral
supernatant was removed and stimulated PBMCs were added on top in PBMC
media with 300 IU/ml IL-2 at a concentration of 2 x 105 PBMCs in 4 ml/
transduction well. Plates were centrifuged for 10 min at 500 x g at 32 °C. After 48 h,
CAR Ts were transferred to cell culture flasks (#156367 and #156499,
ThermoFisher Scientific) to continue its expansion. Five days after transduction,
CAR expression levels were checked. A minimum of 20% CAR positive cells was
used for experiments. After 13 days of expansion, CAR Ts were frozen down in
Cryostor CS10 at —80 °C and later used for coculture and in vivo experiments.

Statistics. For animal experiments, two-way analysis of variance (ANOVA) with
Bonferroni correction posttest was used using Graphpad. In the rest of the cases,
unpaired parametric ¢ test was used using Excel. Data were considered significative
when p <0.05.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The RNAseq data in this study have been deposited in Sequence Read Archive (SRA)
database and are accessible through the SRA Bioproject accession code PRINA674313
(https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA674313). Source data are
available as a Source Data file. The remaining data are available within the Article,
Supplementary Information or available from the authors upon request.
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Supplementary Fig. 1: Co-culture assays to determine the activity of TCBs and CARs,
expression of HER2 in parental BT474 cells and BT-R resistant cells and sensitivity to
different antitumor treatments.
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a, Schematic drawings of the HER2-TCB and HER2-CAR used in this study.

b, Co-cultures of PBMCs with BT474 cells at different ratios were treated with different concentrations of HER2-TCB for
72 h. Then, viable BT474 cells were quantified by flow cytometry using EpCAM as a marker.

c, Left, co-cultures of PBMCs with BT474 and resistant BT-R were grown in 3D and treated with 1 nM HER2-TCB for 72
h. Viable target cells were quantified as in b and normalized to untreated condition. *p=0.04, two-tailed t test.

Right, representative microphotographs of the 3D cultures.

d, Cells were stained with anti-HER2 and analyzed by flow cytometry. As control BT474 cells were stained with an
irrelevant primary antibody.

e, Parental BT474 or resistant BT-R cells were treated with different concentrations of the indicated drugs. Treatment
lasted 72 h in the chemotherapies treatments and 6 days in the T-DM1 experiment. Then, viable cells were quantified by
the crystal violet assay.

Data are presented as mean + SD of two (b) or three (c, e) independent experiments. Source data are provided as a
Source Data file.



Supplementary Fig. 2: Cytokines and growth factors secreted and status of lymphocyte
activation in co-cultures of parental BT474 cells and BT-R resistant cells.
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a, Analysis of a panel of cytokines and growth factors in the media conditioned by co-cultures of PBMCS with BT474 or
BT-R cells treated with vehicle or HER2-TCB.

b, Expression of TIMP2 as determined by ELISA.
¢, Expression of TIMP2, normalized to BT474, as determined by quantitative real-time PCR. ***p<0.001, two-tailed t test.

d, Co-cultures of PBMCs with the indicated cells were treated with different concentrations of HER2-TCB for 72 h. Then,
viable target cells were quantified by flow cytometry using EpCAM as a marker.

e, Quantification of array showed in a. Data is shown as a fold change of co-cultures treated with HER2-TCB relative to
co-cultures treated with vehicle. On the left and right, data on parental BT474 and BT-R, respectively.

f, The proliferation of lymphocytes was determined by Ki67 staining of CD8" cells in co-cultures treated with HER2-TCB
for 72 h.

g, The percentage of CD8"'CD69" lymphocytes or Granzyme B activity were determined in co-cultures of PBMCs with
parental BT474 or BT-R cells treated with 67.5 pM of the HER2-TCB for 72 h. CD8"CD69" positivity was determined by
flow cytometry. Granzyme B was measured by using the granzyme B substrate Ac-IEPD-pNA. Color reaction generated
by the cleavage of the pNA substrate was measured. Results were normalized to untreated BT474 cells.

Data are presented as mean + SD of two (b, f, g left), three (c, d), or four (g right) independent experiments. Source data
are provided as a Source Data file.



Supplementary Fig. 3: IFN-y signaling in cells knock-down or KO for IFNGR1 and knock-
down of JAK1 and STAT1.
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a, b, Western blot analysis of the expression of components of the IFN-y intracellular signaling pathway components.
Results were normalized to treated BT474 cells. **p=0.03, ***p<0.001, two-tailed t test.

c, d, Left, BT474 cells expressing control shRNA (shc) or shRNAs targeting JAK1 (shJ1) or STAT1 (shST1) were lysed
and analyzed by Western blot with the indicated antibodies. Right, Co-cultures of PBMCs with BT-R cells or BT474
expressing the indicated shRNAs were treated with different concentrations of HER2-TCB for 72 h. Then, viable cells
were quantified by flow cytometry using EpCAM as a marker. ***p<0.001, **p=0.005, *p=0.01, *p=0.03 (shJ1 #15),
***p<0.001, **p=0.002, **p=0.009, *p=0.01 (shJ1 #75); *p=0.03, **p=0.007, *p=0.01, *p=0.02 (shST1 #21); **p=0.003,
*p=0.04, *p=0.04, **p=0.0042 (shST1 #24), two-tailed t test.

Data are presented as mean + SD of three independent experiments. Source data are provided as a Source Data file.



Supplementary Fig.4: Role of IFN-y signaling in the response of different HER2-positive
cancer models to HER2-TCB.
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a, b, ¢, Co-cultures of PBMCs with the indicated breast cancer-derived cells were treated with different concentrations of

HER2-TCB in presence of an IgG control or an IFN-y blocking antibody for 72 h. Then, viable target cells were quantified
by flow cytometry using EpCAM as a marker. Results are expressed as averages + SD of two, four and three independent
experiments, respectively.

d, e, f, Cells were stained with anti-IFNGR1 and analyzed by flow cytometry.

g, h, i, Left, the indicated cells were treated with different concentrations of IFN-y for 5 days. Cell numbers were estimated
with the crystal violet staining assay. The results of three independent experiments are expressed as averages + SD.

Right, the indicated cells were treated with different concentrations of HER2-TCB and analyzed as in a, b, c.
j» k, Left, cells were analyzed asind, e, f.

Right, cultures from the cell lines SKOV3 and H1781 derived from ovary and lung cancers respectively, were treated and
analyzed as in g, h, i. Results are expressed as averages + SD of three independent experiments.

(b) **p=0.008, *p=0.018, **p=0.007. () ***p<0.001, **p=0.002. (g) left, ***p<0.001; right, *p=0.04, ***p<0.001 (shIFNGR1
#31); *p=0.049, *p=0.013. **p=0.003, *p=0.012 (shIFNGR1 #97). (h) left, **p=0.002, ***p<0.001, **p=0.002 (shIFNGR1
#31); ***p<0.001, **p=0.002, **p=0.001 (shIFNGR1 #92); ***p<0.001, **p=0.007 (shIFNR1 #97); right, *p=0.02, *p=0.046,
*p=0.01 (shIFNGR1 #31); *p=0.04, *p=0.014, **p=0.003 (shIFNGR1 #92); *p=0.02, *p=0.02, ***p<0.001 (shIFNGR1 #97).
(i) left, **p=0.002, ***p<0.001; right, *p=0.04, *p=0.04, **p=0.005 (shIFNGR1 #31); **p=0.004, **p=0.005, *p=0.02
(ShIFNGR1 #92); *p=0.012, **p=0.008, *p=0.013, **p=0.0014 (shIFNGR1 #97). (j) *p=0.03, ***p<0.001, *p=0.04, *p=0.04
(ShIFNGR1 #92); ***p<0.001, *p=0.02, *p=0.02 (shIFNGR1 #97). (k) **p=0.005, ***p<0.001, **p=0.004, **p=0.002
(shIFNGR1 #31); **p=0.008, **p=0.007, *p=0.046 (shIFNGR1 #92). Two-tailed t test. Source data are provided as a
Source Data file.



Supplementary Fig. 5: Resistance stability of BT-R cells and IFN-y signaling in BT-R, BT474
or BT-RG cells engineered to gain or silence the expression of JAK2.
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a, Co-cultures of PBMCs with parental BT474 or resistant BT-R cells kept under selective pressure or cultured in normal
medium during 1 or 3 months were treated with different concentrations of HER2-TCB for 72 h. Then, viable cells were
quantified by flow cytometry using EpCAM as a marker.

b, Levels of JAK2 as determined by Western blot on the same cells as in a.

c-f, Western blot analysis of the expression of components of the IFN-y intracellular signaling pathway components.

(e) **p=0.009, *p=0.02. (d, e, f) ***p<0.001, two-tailed t test. Data are presented as mean + SD of two (a) or three (c, d,
e, f) independent experiments. Source data are provided as a Source Data file.



Supplementary Fig. 6: Generation of additional models of resistance to HER2-TCB in vivo.
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a, Schematic showing the generation of additional models. 10" BT474 cells were injected orthotopically into NSG mice.
When tumors reached ~200 mm®, 10" PBMCs were injected i.p. Then animals were treated i.v. with an increasing
concentration of HER2-TCB. Tumors were allowed to regrow, excised, and injected again into NSG mice.

b, Mice were injected with 10’ BT474 or BT-VR cells and treated with 0.25 mg/kg HER2-TCB. Treatments are indicated
by red arrows. Tumor volumes of individual mice are represented (n=4 per group).

c, Cells were stained with anti-HER2 and analyzed by flow cytometry. Quantitative data, normalized to BT474,
corresponds to averages + SD of two determinations.

d, Levels of JAK2 as determined by Western blot. Quantitative data, normalized to BT474, corresponds to averages + SD
of two different parental and four different resistant tumor determinations.

e, Representative immunohistochemical staining of hCD3 and hIRF1 in tumor sections. Images are representative of all
tumors in b.

f, Schematic showing the generation of additional models. PDX118 was grafted in mice humanized with CD34" cells.
When tumors reached ~200 mm®, animals were treated i.v. with an increasing concentration of HER2-TCB. Tumors were
allowed to regrow and treatment was repeated.

g, Mice humanized with CD34" cells were grafted with PDX118, or 118-vR tumors. Mice were treated i.v. with 0.25 mg/kg
HER2-TCB. Tumor volumes of individual mice are represented (PDX118, n=3; 118-vR, n=6).

h, i, Levels of HER2 or JAK2 were determined as in ¢, d. Quantitative data corresponds to averages + SD of two (h) and
three (i) determinations.

(d) *p=0.02. (i) *p=0.04, two-tailed t test. (b and g) ***p<0.001, two-way ANOVA and Bonferroni correction. Source data
are provided as a Source Data file.



Supplementary Fig. 7: Models of resistance to IFN-y are also resistant to HER2-TCB
because of JAK2 downmodulation.
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a, b, The indicated cells were treated with different concentrations of IFN-y for 5 days. Cell numbers were estimated with
the crystal violet staining assay.

¢, d, Co-cultures of the indicated cells were treated with different concentrations of HER2-TCB for 72 h. Then, viable cells
were quantified by flow cytometry using EpCAM as a marker.

e, f, The levels of JAK2 (mMRNA and protein) as determined by quantitative real-time PCR (left) or Western blot (right).
Results were normalized to parental cells.

g, h, Western blot analysis of the expression of components of the IFN-y intracellular signaling pathway components.
Results were normalized to treated parental cells.

(a) ***p<0.001. (c) **p= 0.004, *p=0.012, p*=0.02. (e) ***p<0.001. (g) *p=0.02, **p=0.008, ***p<0.001. (b) *p=0.018,
*p=0.014, ***p<0.001. (d) *p=0.02, **p=0.002, *p=0.013. (f) ***p<0.001. (h) *p=0.04, ***p<0.001, two-tailed t test. Data
are presented as mean + SD of three independent experiments. Source data are provided as a Source Data file.



Supplementary Fig. 8: Gating strategies used for functional assays, protein expression
and cell sorting.
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a, Gating strategy to obtain EpCAM" cell counts in functional T cell cytotoxicity assays presented on Fig. 1b,1f, Fig. 3a,
b,g,h, Fig. 5b,c,g,h, Fig. 6b,c,g,h, Supplementary Fig. 1b,c, Supplementary Fig. 2d, Supplementary Fig. 3c,d,
Supplementary Fig. 4a-c,g-k, Supplementary Fig. 5a, Supplementary Fig 7c,d.

b, Gating strategy to measure MFI for a particular surface protein: HER2 (presented on Supplementary Fig. 1d,
Supplementary Fig. 6¢,h), HER2-TCB binding (presented on Fig 1j), IFNGR1 (presented on Fig. 3e, Fig. 4c,
Supplementary Fig. 4d-f,j,k), IFNGR2 (presented on Fig. 4c), PDL1, PDL2, CD80, CD86, Galectin-9, B7-H3, B7-H4,
HVEM, ICOS-L, 41BB-L, OX40-L (presented on Fig. 1k). Same strategy was used for Annexin V* analysis presented on
Fig. 3d, but in this case the viability marker used was PI.

c, Gating strategy to sort BFP""/IFNGR1 (square dashes) negative expressing cells from BT474 cells expressing Cas9
and a CRISPR gRNA targeting IFNGR1, used for in vitro cytotoxic assays (presented on Fig. 3f-h) and in vivo (presented
on Fig. 3i).

d, e, Gating strategy to obtain the % of CD69" (d) and Ki67"* cells (e) from CD8" cells used in functional in vitro T cell
cytotoxicity assays, presented on Supplementary Fig. 2f and g.
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SUMMARY

Despite the revolution of immunotherapy in cancer treatment, patients eventually progress due to the emer-
gence of resistance. In this scenario, the selection of the tumor antigen can be decisive in the success of the
clinical response. T cell bispecific antibodies (TCBs) are engineered molecules that include binding sites to
the T cell receptor and to a tumor antigen. Using gastric CEA*/HER2" MKN45 cells and TCBs directed against
CEA or HER2, we show that the mechanism of resistance to a TCB is dependent on the tumor antigen. Ac-
quired resistant models to a high-affinity-CEA-targeted TCB exhibit a reduction of CEA levels due to tran-
scriptional silencing, which is reversible upon 5-AZA treatment. In contrast, a HER2-TCB resistant model
maintains HER2 levels and exhibit a disruption of the interferon-gamma signaling. These results will help
in the design of combinatorial strategies to increase the efficacy of cancer immunotherapies and to anticipate

and overcome resistances.

INTRODUCTION

Immunotherapeutic agents have revolutionized anticancer ther-
apy, providing a potentially curative option for patients who are
refractory to standard treatments (Mellman et al., 2011). Bispe-
cific antibodies (TCBs) or chimeric antigen receptors (CARs)
are promising immunotherapies that have been recently
approved for the treatment of some hematologic malignancies
(Kantarjian et al., 2017; Locke et al., 2019; Bouchkouj et al.,
2019; Velasquez et al., 2018).

In contrast to conventional targeted therapies (Sabnis and Bi-
vona, 2019; Ellis and Hicklin, 2009), TCBs and CARs targeting
different antigens have the same mechanism of action, namely
activating T cells to kill tumor cells (Cohen et al., 2020; Slaney
et al., 2018). As a consequence, independently of the TCB/
CAR-targeted antigen, the same mechanism of resistance may
be expected, particularly when it comes to parameters related
to T cell functionality. Several studies and clinical evidence point
out that antigen loss is one of the most frequent mechanisms of

Gheck for
Updates

resistance to the redirection of CAR T therapies in hematological
diseases (Shah and Fry, 2019; Song et al., 2019). However, there
is no evidence that this also applies to TCBs and whether thisis a
random event, or if the biology of the antigen plays an important
role in the mechanism of resistance.

Carcinoembryonic antigen (CEA) is a tumor-associated anti-
genthatis upregulated in several types of cancer, including colo-
rectal cancer (CRC). Patients who harbor microsatellite stability
(MSS) subtype CRC have a poor response to immunotherapeutic
agents, such as anti-PD1 or CTLA-4 blockade (Le et al., 2017).
Therefore, CEA is an attractive target for the treatment of these
patients. Previously, it has been pre-clinically reported that CEA
expression is a major determinant of efficacy of CEA-TCB, inde-
pendent of the tumor-driving gene, such as APC, TP53, KRAS, or
BRAF (Bacac et al., 2016a,b) and a CEA-TCB is currently being
evaluated in clinical trials. Differently from hematological malig-
nancies, the development of TCBs in solid tumors has been
more challenging. In this regard, as for most of therapies, the
occurrence of primary or acquired resistance is a limiting factor

Cell Reports 41, 111430, October 18, 2022 © 2022 The Author(s). 1
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Figure 1. Generation and characterization of MKN45 resistant cells

(A) Schematic showing the generation of resistant cells to TCB targeting CEA or HER2 in the MKN45 cell line model.

(B and C) Co-cultures of PBMCs with parental MKN45 or resistants MKN-HER2R or MKN-CEAR cells were treated with different concentrations of HER2-TCB or
CEACAMS5-TCB (PBMC:target cell ratio 1:1) for 72 h. Then, viable cells were quantified by flow cytometry using EpCAM as a marker.

(D and E) MKN45 and MKN-HER2R or MKN-CEAR cells were grown in 3D and treated in co-culture with PBMCs at a 2:1 ratio with 1 nM HER2-TCB (D) or 5:1 ratio
with 500 pM CEACAMS5-TCB (E) for 72 h. Viable target cells were quantified as in (B).

(F and G) 10° MKN45 and MKN-HER2R or MKN-CEAR cells were injected subcutaneously into NSG mice. When tumors reached ~150 mm? (dark background),
107 PBMCs were injected intraperitoneally. Then animals were treated intravenously with 0.125 mg/kg HER2-TCB or 1 mg/kg CEACAM5-TCB as indicated (red
arrows). Tumor volumes are represented as averages + SEM. (F) MKN45, n = 11; MKN-HER2R, n = 7, (G) n = 5 per arm. (B-E) *p < 0.01, **p < 0.001,
two-tailed ttest. (F and G) *p < 0.05, **p < 0.01, ***p < 0.001, two-way analysis of variance (ANOVA) and Bonferroni correction. (B-E) Data are presented as mean +

SD of three independent experiments.

and remains biologically one of the most important elements to
study. As a consequence, intense research led to the identifica-
tion of different mechanisms of resistance (Rafig et al., 2020).

Human epidermal growth factor 2 (HER2) is a receptor tyrosine
kinase overexpressed in 25% of breast and gastric cancers
(Arteaga and Engelman, 2014), and its downregulation may
lead to tumor regression (Moody et al., 2002). Despite the suc-
cess of anti-HER2 therapies such as the monoclonal antibodies
trastuzumab, pertuzumab, T-DM1 and DS-9201 (trastuzumab-
deruxtecan), or the inhibitors Lapatinib and Neratinib, a high pro-
portion (40%) of advanced breast cancer cases progress (Ar-
teaga and Engelman, 2014). Therefore, there is a clinical need
to develop more effective treatments against HER2-driven tu-
mors. Previously, a highly efficacious HER2-TCB demonstrated
robust potency in HER2-overexpressing tumor models (Junttila
et al., 2014; Slaga et al., 2018), and currently there is a phase |
clinical trial using the HER2 T cell dependent bispecific antibody
in patients with locally advanced or metastatic HER2-expressing
cancers (NCT03448042). However, little is known about the
mechanisms of resistance against TCBs, and there is a need
to anticipate them.

Using as a model the gastric HER2*/CEA* MKN45 cell line, and
TCBs targeting CEA or HER2, here we describe different mecha-
nisms of resistance of redirected T cells depending on the
selected antigen. We further confirm this evidence by generating

2 Cell Reports 41, 111430, October 18, 2022

different cell lines and patient-derived xenograft (PDX) models
with acquired resistance. These results should be taken into
consideration when designing combinatorial strategies to in-
crease the efficacy of cancer immunotherapies.

RESULTS

Characterization of models of acquired resistance to
cell killing by redirected lymphocytes

To generate an experimental model of resistance to cell killing
mediated by different TCBs, we chronically treated in vitro the
gastric cancer CEA*/HER2" MKN45 cell line in co-culture
either with a high-affinity CEA-targeting TCB (CEACAM5-TCB)
(Teijeiraetal.,2022) orHER2-TCB (Arenasetal., 2021) for 6 months
with increasing concentrations of TCBs at a 3:1 ratio of
PBMCs:MKN45 cells (Figures 1A and S1A). As a result, we gener-
ated two cell lines, MKN-HERZ2R, resistant to HER2-TCB, and
MKN-CEAR, with lower sensitivity to CEACAM5-TCB, both with
a half maximal inhibitory concentration (IC50) for the respective
TCB more than 100-fold higher than that of parental cells (79 pM
versus > 10 nM in MKN-HER2R and 77 pM versus > 10 nM in
MKN-CEAR) (Figures 1B and 1C). This decrease in sensitivity
(hereafter resistance) was also observed in both models in three-
dimensional cultures (Figures 1D and 1E) and in vivo (Figures 1F,
1G, and S1B).
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Figure 2. The target antigen determines the mechanism of resistance to TCBs

(A and B) The levels of HER2 or CEA were determined by western blot and normalized to MKN45 cells.

(C and D) The levels of HER2 or CEA were determined by flow cytometry and normalized to MKN45 cells.

(E and F) Left, MKN45 cells downmodulating HER2 or CEACAM5 were stained with anti-HER2 or anti-CEACAMS5 and analyzed by flow cytometry. Quantification
is normalized to short hairpin RNA control (shcontrol). Right, the same cells were cultured and its proliferation was assayed by crystal violet staining assay. The
results of the three independent downmodulating cell lines (shHER2 #53, #78, #81 and shCEA #24, #38, and #40) are shown. (A-F) *p < 0.05, ***p < 0.001, two-
tailed t test. (A-D) Data are presented as mean + SD of three independent experiments.

Analysis by RNA sequencing showed more than 500 genes
acutely up- or downregulated in resistant cells compared with
parental MKN45 (adjusted p value < 0.05 and |logFC| > 1).
Gene set enrichment analysis identified a significant number
of processes differentially expressed between the conditions
(Figure S2), showing the differences between resistant and sen-
sitive cells.

Therefore, these models were used to study whether the mech-
anism of resistance is dependent on the tumor antigen.

CEA expression is reduced in CEACAM5-TCB acquired
resistant cells

We analyzed protein levels of both, HER2 and CEA, in acquired
resistant cells (Figures 2A-2D). CEACAM5-TCB resistant cells
exhibit lower CEA protein expression level. In addition, analysis
of 24 clones showed that there is no heterogeneity in MKN-
CEAR cells (Figure S3A). In contrast, HER2-TCB resistant cells
maintain levels of HER2.

To further characterize these models, we assessed lymphocyte
activation and functionality. Analysis of different markers of T cell
activation such as CD25 and CD69, and functionality by means
of IFN-y release and granzyme B activity, showed that the activa-

tion of lymphocytes by MKN45 and the MKN-HER2R is very
similar, as the levels of the antigen are equal between parental
and resistant cells. In contrast, the activation of lymphocytes by
the acquired resistant model MKN-CEAR is significantly reduced,
because these cells decrease the levels of the antigen and there-
fore lymphocytes cannot be properly activated (Figure S3B). In
addition, this disruption in the activation of lymphocytes in the
MKN-CEAR resistance model, but not in the MKN-HER2R, was
observed by means of CD25 immunohistochemical staining in
in vivo tumors from Figures 1F and 1G (Figure S3C).

We reasoned that this difference can be due to the depen-
dence of HER2 in tumor progression. In order to demonstrate
this hypothesis, we modified MKN45 cells with short hairpin
RNA (shRNA) against HER2 and CEA. Results showed that, in
contrast to CEA, cells modified with shHER2 proliferated less
(Figures 2E and 2F). This evidence suggests that HER2-TCB-
resistant cells do not downmodulate HER2 because its prolifer-
ation depends on its expression, even though MKN45 cells are
not amplified for HER2. Of note, we previously described that
resistance to HER2-TCB does not lead to the downregulation
of HER2 levels in another tumor type such as HER2-amplified
breast cancer (Arenas et al., 2021).
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Interestingly, in order to reproduce a more heterogeneous and
realistic scenario, which is what happens in the clinic, we per-
formed bystander experiments by mixing parental and resistant
cells stably expressing different fluorescent protein reporters,
and comparing the cytotoxic effect of the TCBs in pure and
mixed populations in vitro and in vivo. The results clearly showed
that there is no bystander effect in any of the two resistant
models in vitro and in vivo (Figure S4).

Collectively, these results demonstrate that depending on the
tumor antigen, the mechanism of resistance differs.

Reduction of CEA antigen expression is a common
mechanism across different acquired resistant models
To demonstrate that the downregulation of CEA expression may
be a mechanism of resistance common to many tumors, we
generated an additional in vitro acquired resistance model in a
low CEA-expressing CRC cell line, the SW1222 (Figure S5).
The CEACAMS-TCB-resistant model SW-CEAR showed down-
regulation of CEA (Figure S6A). Furthermore, overexpression of
CEA in the MKN-CEAR and SW-CEAR models restores sensi-
tivity, showing the causal role of CEA levels in affecting the activ-
ity of CEACAM5-TCB (Figures 3A and S6B). To further explore
why CEACAMS5-TCB-resistant cells downregulate CEA, we hy-
pothesized that this regulation was at the transcriptional level.
Confirming this hypothesis, both SW-CEAR and MKN-CEAR
models downregulate CEA mRNA expression. In addition,
when we treated resistant cells with the DNA demethylating
agent 5-Azacytidine (5-AZA), cells recovered CEA expression
at the level of parental cells (Figures 3B and S6C). In addition,
this CEA recovery was paralleled to the expression at the surface
and with a sensitivity to CEACAM5-TCB upon 5-AZA treatment
(Figures 3C, 3D, S6D, and S6E). Interestingly, we observed
that cells treated with 5-AZA for 48 h and then kept without the
drug for up to 1 month did not recover the downmodulation of
CEA protein levels, demonstrating that the upregulation of CEA
due to the 5-AZA effects is irreversible (Figure S6F). Confirming
the relevance of these in vitro results, strikingly, combination ef-
fect of 5-AZA with the CEACAMS5-TCB led to a significant tumor
reduction of resistant tumors (Figure 3E). In concordance, treat-
ment with 5-AZA in vivo recovered partially CEA expression at
the transcription and protein level (Figures 3F and 3G). To eluci-
date the mechanistic insight on the epigenetic silencing of CEA-
CAMS5, first we studied the CEACAMS loci on the genome
browser, in which we found few CpG sites, suggesting that in
principle, the CEACAMS loci is not likely to be methylated. Con-
firming this observation, Methylated DNA immunoprecipitation
(MeDIP) showed no significant differences in the methylation sta-
tus of the CEACAMS loci between resistant and sensitive cells. In
addition, we did not see biological differences that could explain
the recovery of CEACAMS5 by 5-AZA treatment in resistant cells
(Figure S7A). Furthermore, direct analysis of H3K27Ac and
H3K27Me3 histone marks by chromatin immunoprecipitation
(ChIP) using specific antibodies, and primers specific for the
CEACAMS5 promoter, showed no significant differences be-
tween sensitive and resistant cells, and either with the treatment
of 5-AZA, demonstrating that the transcriptional levels of CEA-
CAMS5 are not correlated with the levels of these two epigenetic
marks (Figure S7B). Therefore, the epigenetic silencing of
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CEACAMS5 and the effect of 5-AZA seems to be an indirect
methylation effect on the CEACAMS locus, suggesting that there
is another layer of regulation. We hypothesized that there is a
transcription factor that regulates the transcription of the
CEACAMS5 gene. In concordance with this hypothesis, enrich-
ment of annotated transcription factor signatures showed
significant differences between sensitive MKN45- and MKN-
CEAR-resistant cells (Figure S7C). We concluded that CEA is
transcriptionally silenced in resistant cells and that combination
with 5-AZA overcomes resistance to CEACAM5-TCB.

In addition, we generated a panel of CRC PDXs derived from
metastatic biopsies of patients enrolled in a phase | clinical trial
using cibisatamab (CEA-TCB) (NCT02324257) at Vall d’ Hebron
Hospital. Four PDXs expressing high CEA levels were generated
from four different patients (Figure S8A).

In order to analyze the sensitivity of these PDXs to the high-af-
finity CEA-targeting TCB (CEACAMS-TCB), these were im-
planted in fully CD34* stem cell humanized mice and treated,
showing that only one was sensitive to the CEACAM5-TCB treat-
ment in vivo, as well as the MKN45 cell line (Figure S8B). It is
important to note that these results show that the activity of
CEACAMS5-TCB is not exclusively dependent on the CEA
expression levels, as sensitive and primary resistant PDXs
express comparable CEA levels at the surface (Figure S8A).
Staining with CD3 antibodies showed that response to
CEACAMS5-TCB was not due to different levels of lymphocyte
infiltration (Figure S8C). Therefore, these results suggest that,
particularly in primary refractory patients, different mechanisms
beyond the CEA expression levels and intra-tumor T cell infiltra-
tion contribute to the efficient activity of CEACAMS5-TCB in vivo.

We took advantage of the sensitive PDX model to generate an
in vivo CEACAM5-TCB-acquired resistant PDX. For that, we
chronically treated the PDX63 with CEACAM5-TCB and serially
transplanted it for three rounds, until it did not respond to
the treatment (Figure 4A). This acquired resistance model
(PDX63-R) presented lower CEA expression levels while infiltra-
tion by T cells was maintained (Figures 4B and 4C). Collectively,
these data support our in vitro results using the MKN45 and
SW1222 acquired resistant models to CEACAM5-TCB.

In conclusion, our pre-clinical findings indicate that downregu-
lation of CEA expression or selection of tumor clones with lower
CEA expression (as consequence of efficient killing of high-CEA-
expressing tumor clones by CEACAM5-TCB) but not HER2, may
be one of the mechanisms of acquired resistance to TCBs.

Resistance to HER2 targeting is mediated by
downmodulation of IFN-y signaling

In the case of the HER2-TCB-resistant model, we explored alter-
native mechanisms of acquired resistance. Given our previous
study describing intrinsic interferon-gamma (IFN-y) response is
essential for the response to the redirection of T lymphocytes
(Arenas et al., 2021), we explored this possibility in the MKN-
HER2R model showed in Figure 1B. The MKN-HER2R
cells were clearly resistant to IFN-y and exhibit a deficient
signaling pathway by means of p-STAT1 and IRF1 (Figures 5A
and 5B). Supporting the relevance of the model, analysis of the
sensitivity to IFN-v in 18 clones showed that there is no heteroge-
neity in MKN-HER2R cells (Figure S9A). Of note, the role of
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Figure 3. DNA demethylating agent 5-Azacitadine treatment recovers CEA expression and overcomes resistance to CEACAM5-TCB

(A) Left, levels of CEA in parental or MKN45, CEAR, and CEAR cells stably transfected with a vector encoding CEACAM5 (CEAR CEA OE) were determined by flow
cytometry. Right, same cells were co-cultured with PBMCs at a 1:1 ratio and treated with different concentrations of CEACAMS5-TCB for 72 h. Then, viable cells
were quantified by flow cytometry using EpCAM as a marker.

(B) Indicated cells were treated with 1 uM 5-AZA for 48 h. Then, the levels of the mMRNA encoding CEACAM5 were determined by RT-gPCR and normalized to the
levels of CEAR cells treated with vehicle.

(C) Levels of CEA in parental MKN45, CEAR, and CEAR cells treated for 72 h with 1 uM 5-AZA were determined by flow cytometry.

(D) Same cells were co-cultured with PBMCs at a 1:1 ratio and treated with different concentrations of CEACAMS5-TCB for 72 h. CEAR cells were pretreated for
72 h with 1 pM 5-AZA before adding PBMCs and CEACAMS5-TCB. Then, viable cells were quantified by flow cytometry using EpCAM as a marker.

(E) 10° MKN45 or MKN-CEAR cells were injected subcutaneously into NSG mice. From day 5-10 post injection, MKN-CEAR AZA and MKN-CEAR AZA-TCB
groups were treated daily with 2 mg/kg 5-Azacitadine. When tumors reached ~150 mm? (dark background), 107 PBMCs were injected intraperitoneally. Then
animals were treated intravenously with 1 mg/kg CEACAMS5-TCB as indicated (red arrows). Tumor volumes are represented as averages + SEM (MKN45, n = 8,
CEAR, n =12, AZA, n =4, AZA + TCB, n = 5).

(F) Tumors from (E) were assayed for CEACAM5 mRNA expression by RT-gPCR. Quantitative data corresponds to mean + SD of three different parental, five
different resistant, and five different 5-AZA treated resistant tumors. Results were normalized to MKN45 tumors.

(G) Tumors from (E) were assayed for CEACAMS protein expression by western blot. Quantitative data corresponds to mean + SD of three different parental, five
different resistant, and four different 5-AZA treated resistant tumors. Results were normalized to MKN45 tumors. (A-D, F, G) *p < 0.05, **p < 0.01, ***p < 0.001, two-
tailed t test. (E) *p < 0.05, **p < 0.01, **p < 0.001, two-way ANOVA and Bonferroni correction. (A-D) Data are presented as mean + SD of three independent
experiments.

IFN-y in this scenario is independent on the antigen pathway upon the treatment of IFN-y by means of p-STAT1 and

presentation, as MKN45-HER2R cells were also resistant to the
CEACAMS5-TCB (Figure S9B). As a proof of principle, we impaired
IFN-v signaling in parental cells, by knocking-out the receptor of
interferon-gamma 1 (IFNGR1) through CRISPR-Cas9 technology
(Figure 5C). Confirming our previous findings, KO-IFNGR1 cells
were resistant to both HER2-TCB and IFN-y (Figures 5D and
5E). As expected, KO-IFNGR1 cells exhibit deficient signaling

IRF1 (Figure S9C), and overexpressing IFNGR1 in KO cells
rescued the phenotype (Figures S9D-S9F). Analysis of the com-
ponents of the IFN-y pathway in the acquired resistant model
showed little or no difference in the expression of IFNGR2,
JAK1, or STAT1 in resistant cells (Figure S9G). In contrast, we
observed a significant reduction of both JAK2 and IFNGR1 levels
(Figures 5F and 5G). In addition, treatment with 5-AZA did not
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alter the levels of these two proteins (Figures S9H and S9I),
demonstrating that the effect of 5-AZA is specific for the MKN-
CEAR model, supporting our previous hypothesis.

In addition, we generated models of acquired resistance to
IFN-y. Treatment of MKN45 cells with increasing concentration
of IFN-vy starting at the IC50, during 4 months resulted in resis-
tant cells (designed MKN45-RG) (Figures S10A and S10B).
In vitro assays showed that IFN-vy resistant cells were also resis-
tant to the HER2-TCB and CEACAMS-TCB (Figures S10C and
S10D). As expected, IFN-y signaling was downmodulated in
these resistant cells (Figure S10E). Thus, cells selected because
of their resistance to IFN-y showed similar characteristics to
those selected for resistance to TCBs, further supporting the
relevance of the IFN-y pathway in resistance to TCBs.

We concluded that the gastric HER2* model used in this study
acquired resistance to IFN-y and, thus, resistance to TCBs.

DISCUSSION

Redirection of lymphocytes, via TCBs or CARs, has been
approved for the treatment of some B and plasma cell malig-
nancies. This success contrasts with the challenges observed
in the treatment of solid tumors. As a consequence, intense ef-
forts have been focused on the identification of mechanisms of
resistance (Sharma et al., 2017; O’Donnell et al., 2019). Antigen
loss is a well-established mechanism of resistance to CAR T
therapies. Patients who progressed to a CAR T targeting CD19
showed loss of CD19 expression at the surface, due to alterna-
tive splicing, interruption in the transport of antigen to the cell

6 Cell Reports 47, 111430, October 18, 2022

Time (days)

) 2 CEACAMS5 ¥ sowm

7o X GAPDH w= ce

30 40

with CEACAM5-TCB and monitored as in left. Tu-
mors were allowed to regrow and treatment was
repeated. Tumor volumes of individual mice at the
first (left) and the third (right) round of treatment are
represented. Representative tumors out of seven
are shown in right.

(B) Representative immunohistochemical stainings
of hCEACAMS and hCD3 in tumor sections are
presented.

(C) Levels of CEACAMS5 as determined by western
blot. Quantitative data correspond to mean + SD of
three different parental and seven different resistant
tumor determinations. ***p < 0.001, two-tailed t test.
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surface, or due to the emergence of an antigen negative clone
within a heterogeneity population (Fischer et al., 2017; Sotillo
et al.,, 2015). In contrast to conventional targeted therapies,
this event may happen randomly in therapies based on the redi-
rection of T lymphocytes, as TCBs and CARs targeting different
antigens behave with the same mechanism of action (Cohen
etal., 2020; Slaney et al., 2018). Using the MKN45 cell line, which
expresses two different tumor antigens (CEA and HER2), and
two different TCBs targeting CEA or HER2, in this study we
show that different mechanisms of resistance arise depending
on the antigen targeted (Figure 6).

Several CEA-targeting immunotherapies beyond TCBs are
currently in preclinical or clinical development, including
TCBs, CAR T cells, TCR engineered T cells, or CEA vaccines
(Parkhurst et al., 2011). However, despite the promising results
obtained in preclinical studies, targeting CEA in the clinic has
been challenging. Previous reports showed that heterogeneity
and plasticity of CEA expression appear to confer low sensi-
tivity to cibisatamab (CEA-TCB) in patient-derived organoids
(PDOs) (Bacac et al., 2016a; Gonzalez-Exposito et al., 2019).
Here, by using the CEACAM5-TCB, a different CEA-targeting
TCB with significantly higher affinity and potency, we unveil
one of the potential mechanisms of acquired resistance and
suggest that strategies to recover CEA expression in combina-
tion with immunotherapies could be promising to increase the
benefits of CEA-targeting immunotherapies. Particularly, in
this study we unveil that CEA was downregulated at the tran-
scriptional level, and we imply the potential use of DNA deme-
thylating agents such as 5-AZA to overcome resistance and to
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Figure 5. Resistance to TCBs targeting HER2 is mediated by downmodulation of IFN-y signaling

(A) Parental MKN45 or MKN-HER2R cells were treated with different concentrations of IFN-y for 3 days. Cell numbers were estimated with the crystal violet
staining assay.

(B) Levels of phospho-STAT1, STAT1, and IRF1 upon 4 h treatment with 10 ng/mL IFN-y were determined by western blot. Results were normalized to treated
MKN45 cells.

(C) MKN45 cells or same cells stably transfected with a CRISPR targeting IFNGR1 (KO) were stained with anti-IFNGR1 or isotype antibody and analyzed by flow
cytometry.

(D) Sensitivity of the indicated cells to IFN-y was analyzed as in (A).

(E) Co-cultures of PBMCs with the same cells were treated with different concentrations of HER2-TCB for 72 h. Then, viable cells were quantified by flow
cytometry using EpCAM as a marker.

(F) Levels of JAK2 in MKN45 and MKN-HER2R cells were determined by western blot.

(G) Levels of IFNGR1 in MKN45 and MKN-HER2R cells were determined by flow cytometry. **p < 0.01, ***p < 0.001, two-tailed t test. Data are presented as mean
+ SD of three independent experiments.

increase the efficacy of CEA-TCB. Indeed, 5-AZA is a widely as 5-AZA did not have effect on the expression of the two com-
used DNA demethylating agent (Christman, 2002; Santini ponents downmodulated in the acquired resistant model to
et al., 2001) and demonstrate promising results in different clin- HER2-TCB (MKN-HER2R).

ical trials for cancer treatment (Huls et al., 2019; van der Helm Our mechanistic studies using MeDIP and ChIP on the
et al., 20183). In addition, the demethylation effects of 5-AZA on CEACAMS loci showed no differences between sensitive
CEA expression are irreversible, in principle because 5-AZA de- MKN45 and resistant MKN-CEAR cells, and no biological differ-
methylates the DNA and therefore the enzyme engaged to ences that could explain the recovery with the treatment of
catalyze DNA methylation (DNMT1) is not able to transfer the = 5-AZA, suggesting that the epigenetic silencing of CEACAM5
methyl groups to specific CpG structures in the following s likely due to an indirect methylation effect on the antigen-en-
DNA daughter molecules. In addition, according to our results, coding locus. We hypothesize that there is a transcription factor
the effect of 5-AZA was specific for the CEA-resistant model, that regulates the transcription of the CEACAMS5 gene. We

Cell Reports 41, 111430, October 18, 2022 7




¢ CellPress

Redirection of T
cells to CEA v

Sensitive

HER2 W
Iy

IFN-y < \
Related - 4
Redirection of T genes
cells to HER2 v il
[ a6 6
W - W
Sensitive Resistant

Figure 6. Schematic drawing summarizing our findings

performed enrichment analysis of annotated transcription factor
signatures and observed significant different transcription fam-
ilies differentially enriched between sensitive MKN45 and resis-
tant MKN-CEAR. Further studies should be performed to identify
those transcription factors.

In this regard, in future TCB studies and CAR constructs, the
identification of mechanisms leading to disrupted target expres-
sion will be needed in order to optimize responses. It is important
to note that CEA expression level is not the only factor contributing
the activity of CEACAM5-TCB, as in our panel of CRC PDXs
derived from metastatic biopsies with comparable levels of CEA
expression, only one was sensitive to CEACAM5-TCB. Conse-
quently, these data suggest that different mechanisms of primary
resistance, such as stromal barriers, animmunosuppressive tumor
environment, or other factors affect the activity of CEACAM5-TCB.

The main mechanisms of resistance to immunotherapy
described so far are focused on the ability of T cells to reach
cancer cells and/or on the inhibition of T cells (Sharma et al.,
2017; O’Donnell et al., 2019). Our results show that, in contrast
to the acquired resistant models to a TCB targeting the CEA
antigen, an acquired resistant model to an HER2-TCB, even us-
ing HER2 non-amplified tumor cells, maintains antigen levels.
Instead, these resistant cells exhibit an intrinsic deficient IFN-
v signaling, which is the cause of resistance to active T lym-
phocytes. Several pivotal studies, including the one performed
by our group (Arenas et al., 2021), point out the key contribution
of altered IFN-y signaling to immunotherapy response and
resistance: (1) melanoma patients’ resistance to immune
checkpoints inhibitors revealed alteration of IFN-y genes
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(Zaretsky et al., 2016); (2) an in vivo CRISPR screening revealed
the activation of the negative regulator PTPN2 as a resistance
inductor (Manguso et al., 2017); (3) ARAD1 can block IFN-y
signaling pathway and lead to immunotherapy resistance (Ishi-
zuka et al., 2019); (4) downregulation of genes upregulated by
IFN-y correlates with resistance to immune checkpoint
blockade (Grasso et al., 2020); and (5) JAK2 downmodulation
leads to IFN-y deficient response and acquired resistance to
T cell bispecific antibodies and CAR T targeting HER2 (Arenas
et al., 2021). Of note, the role of IFN-y in our model is indepen-
dent on the antigen presentation, as MKN45-HER2R was also
resistant to the CEACAMS5-TCB. This result is expected, as in
theory, antigen presentation is not required for tumor recogni-
tion and killing by T cells for TCB activity. T cell engagers
work independently of the MHC/TCR complex, a known fact
given that they engage CD3e and thus bypass the classical
T cell activation via peptides presented on MHC. This was pub-
lished several years ago using BiTEs (Nagorsen and Baeuerle,
2011). In addition, studies using tumor cells knocked-out for
MHC class | showed killing via BiTEs supports this evidence.
Further studies should be performed to elucidate the role of
IFN-y in resistance to redirected lymphocytes, a mechanism
beyond antigen presentation. In summary, the results showed
in this study unveil a mechanism of resistance to T cell-based
therapies, and imply the potential use of IFN-y as a surrogate
biomarker of response to immunotherapies. In addition, they
open the avenue for the screening of therapies that could over-
come deficient IFN-y response.

The results presented here have practical implications, partic-
ularly in the design of combinatorial strategies to overcome
resistance or low sensitivity to a TCB or CAR. Our results imply
that the selection of a particular antigen may have an impact
on the type of mechanism of acquired resistance that emerge
in patients refractory to T cell redirected therapies. Although
intrinsic IFN-y response and heterogeneity of CEA expression
have been reported as mechanisms of resistance, in this study
we describe that depending on the target antigen to which T lym-
phocytes are redirected, the mechanism of acquired resistance
that emerge is different. In the case of CEA-targeting TCB resis-
tant models, we observed that reduction of CEA antigen expres-
sion is one of the acquired resistance mechanisms. For other an-
tigens, such as HER2, this event would probably not be as
frequent due to its oncogenic role. These results should be taken
into consideration when designing combinatorial strategies to
overcome resistance and to increase the efficacy of cancer
immunotherapies.

Limitations of the study

We clearly demonstrated that the mechanism of acquired resis-
tance to TCBs that emerges is different depending on the target
antigen to which T lymphocytes are redirected. However, this
current study has several limitations. First, the mechanistic
insight of CEA downmodulation is not fully demonstrated, and
further studies should address why CEA is downmodulated and
the cause of its recovery upon 5-AZA treatment. Second, the
intrinsic mechanism of resistance of CEA* CRC PDX tumors is
not evaluated given the scarce number of PDXs, and further
studies should increase the number of PDXs to have a robust
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conclusion of why CEA-positive tumors are resistant. Third, the
mechanisms of resistance explained in this study were not as-
sessed in clinical samples, in principle due to the lack of access
to patient samples that were treated with T cell bispecific anti-
bodies. When available, the mechanisms of resistance described
in these preclinical models will have to be validated in clinical
samples.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
HER2-TCB Roche N/A
CEACAM5-TCB Roche N/A
DP47-TCB Roche N/A
hIFNGR1 antibody Biolegend Cat#308606
RRID:AB_314726
hIFNGR2 antibody Biolegend Cat#308504
RRID:AB_314718
PE Mouse IgG1, k Isotype Ctrl (FC) Antibody Biolegend Cat#400114
RRID:AB_314718
Trastuzumab Roche Cat#180288-69-1
Goat anti-Human IgG (H + L) Cross-Adsorbed Invitrogen Cat#A-11013
Secondary Antibody, Alexa Fluor™ 488 RRID:AB_141360
APC/Cyanine7 anti-human CD69 Antibody Biolegend Cat#310914
RRID:AB_314849
APC anti-human CD25 Antibody Biolegend Cat#302610
RRID:AB_314280
PE/Cyanine7 anti-human CD8 Antibody Biolegend Cat#344712
RRID:AB_2044008
Rabbit IgG Control Antibody Sigma-Aldrich Cat# 18140, RRID:AB_1163661
Histone H3 (acetyl K27) Antibody Abcam Cat# ab4729, RRID:AB_2118291
Histone H3 trimethyl (Lys27) Antibody Millipore Cat# 07-449, RRID:AB_310624
Anti-c-erbB-2 (Her-2/neu) Biogenex Cat#AM134GP
CEA/CD66e (CB30) Mouse mAb Cell Signaling Technology Cat#2383
RRID:AB_2077488
Jak1 (6G4) Rabbit mAb Cell Signaling Technology Cat#3344
RRID:AB_2265054
Jak2 (D2E12) XP® Rabbit mAb Cell Signaling Technology Cat#3230
RRID:AB_2128522
Phospho-Stat1 (Tyr701) (58D6) Rabbit mAb Cell Signaling Technology Cat#9167
RRID:AB_561284
Stat1 Antibody Cell Signaling Technology Cat#9172
RRID:AB_2198300
IRF1 Antibody (C-20) Santa Cruz Biotechnology Cat#sc-497
RRID:AB_631838
Recombinant Anti-GAPDH antibody Abcam Cat#ab128915
[EPR6256] - Loading Control RRID:AB_11143050
Rabbit IgG HRP Linked Whole Ab Cytiva Cat# NA934 RRID:AB_772206
Mouse IgG HRP Linked Whole Ab Cytiva Cat# NA931 RRID:AB_772210
Anti-Human CD34 Antibody, Clone 581 StemCell Cat#60013
RRID:AB_2783003
PE anti-human CD45 Antibody Biolegend Cat#304008 RRID:AB_314396
Anti-CD25 Atlas Antibodies Cat#HPA054622
RRID:AB_2682546
Anti-CEA Ventana Medical Systems Cat#760-4594
Anti-CD3 Ventana Medical Systems Cat#760-4341
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Umbilical cord blood Blood and Tissue Bank of Catalonia (BST) N/A

Buffy Coats (PBMCs) Blood and Tissue Bank of Catalonia (BST) N/A

Patient Derived Xenografts (PDXs) Biopsies from clinical trial NCT02650713 N/A

Chemicals, peptides, and recombinant proteins

PBS Biowest Cat#L0615
Ficoll-Paque PLUS GE Healthcare Cat#70-1440-02
Red Blood Cell (RBC) Lysis Buffer Invitrogen Cat#00-4333-57
Bovine Serum Albumin (BSA) Sigma-Aldrich Cat#A9647
CryoStor CS10 StemCell Technologies Cat#07959
Horse Serum Gibco Cat#26050
DMEM:F12 Medium Gibco Cat#21331
RPMI 1640 Gibco Cat#61870
HEPES Sigma-Aldrich Cat#H0887
MEM Non-Essential Amino Acids Solution Gibco Cat#11140
Penicillin-Streptomycin Sigma-Aldrich Cat#P4333
Blasticidin Invivogen Cat#ant-bl-1
Trypsin-EDTA Gibco Cat#25300096
Bovine Serum Albumin (BSA) Sigma-Aldrich Cat#A9647
Busulfan Tillomed N/A

Fetal Bovine Serum (FBS) Gibco Cat#10270106
L-Glutamine Biowest Cat#X0550
Collagenase IA Sigma-Aldrich Cat#C2674
Hyaluronidase Sigma-Aldrich Cat#H3506
StemPro Accutase Gibco Cat#A1110501
5-Azacytidine Sigma-Aldrich Cat#A2385
TagMan Universal Master Mix Il Applied Biosystems Cat#4440039
Recombinant Human IFN-y Prepotech Cat#300-02
Crystal Violet Sigma-Aldrich Cat#548-62-9
Formaldehyde Sigma-Aldrich Cat#47608
Glycine Fisher Scientific Cat#BP381
Protease Inhibitor Cocktail Set IlI Merck Millipore Cat#535140
Proteinase K Roche Cat#RPTOTKSOL
cOmpIeteTM, EDTA-free Protease | Sigma-Aldrich Cat#COEDTAF_RO
nhibitor Cocktail

Tween 20 Sigma-Aldrich Cat#P7949

Cell conditioning 1

CM inhibitor (ChromoMap DAB kit)
Haematoxylin Il

Bluing Reagent

Ventana Medical Systems
Ventana Medical Systems
Ventana Medical Systems
Ventana Medical Systems

Cat#950-124
Cat#760-159
Cat#790-2208
Cat#760-2037

Polyethylenimine (PEI) Polysciences Cat#24765
Polybrene Sigma-Aldrich Cat#H9268
Puromycin Sigma-Aldrich Cat#P8833
Granzyme B substrate Ac-IEPD-pNA Sigma-Aldrich Cat#368057
Critical commercial assays

EasySep Human Progenitor Cell StemCell Technologies Cat#19356
Enrichment Kit with Platelet depletion

CryoStor CS10 StemCell Technologies Cat#07930

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Matrigel Corning Cat#356235
Rneasy Mini Kit Qiagen Cat#74106
cDNA reverse transcription Kit Applied Biosystems Cat#4368813
Qubit® RNA BR Assay kit ThermoFischer Scientific Cat#Q10210
RNA 6000 Nano Bioanalyzer 2100 Assay Agilent Cat#5067-1511
MagMeDIP gPCR Kit Diagenode Cat#C02010021
QlAamp DNA Mini Kit Qiagen Cat#51304
SYBR green reagent Quantabio Cat#733-1390
Dynabeads protein A Invitrogen Cat#10002D
MinElute PCR Purification Kit Qiagen Cat#28006
Immobilon Western Chemiluminescent Milipore Cat#WBKLS0500

HRP Substrate
Ultramap anti-rabbit HRP kit

Ventana Medical Systems

Cat#760-4315

Human IFNgamma ELISA Immunotools Cat#31673539
Deposited data
Raw RNA sequencing data This paper GEO: GSE210592

Experimental models: Cell lines

MKN45
SW1222
COLO201
HEK293T

Dr. Hector Palmer (VHIO)
Dr. Hector Palmer (VHIO)
Dr. Maria Cascante (UB)
ATCC

N/A
N/A
N/A
Cat#CRL-3216

Experimental models: Organisms/strains

NSG (NOD.Cg-Prkdcscid ll2rgtm1Wijl/SzJ)

Charles River

Cat#614

Oligonucleotides

CEACAMS5 TagMan probe
GAPDH TagMan probe

ThermoFischer Scientific
ThermoFischer Scientific

Cat#Hs00944025_m1
Cat#Hs02758991_g1

CEACAMS f: 5-GAGGCAGAAATGAGAG Sigma-Aldrich N/A

GGGA-3

CEACAMS r: 5'-AACGTTTTGTCAAGGC Sigma-Aldrich N/A

TGCT-3

Recombinant DNA

Lenti CMV V5-LUC Blast (w567-1) Addgene Cat#21474
Lenti-Cas9-2A-Blast Addgene Cat#73310
pMD2.G Addgene Cat#12259
psPAX2 Addgene Cat#12260
CMV-RFP Dr. Joaquin Arribas (VHIO) N/A

HER2 shRNA TRCN0000332953 Sigma-Aldrich N/A

HER2 shRNA TRCN0000039878 Sigma-Aldrich N/A

HER2 shRNA TRCN0000039881 Sigma-Aldrich N/A

CEA shRNA TRCN0000427824 Sigma-Aldrich N/A

CEA shRNA TRCN0000119238 Sigma-Aldrich N/A

CEA shRNA TRCN0000119240 Sigma-Aldrich N/A

Scramble shRNA Addgene Cat#1864
pLV[Exp]-Puro-EFS > hCEACAMS5[NM_004363.5] VectorBuilder N/A
pLV[Exp]-Puro-EF1A > hIFNGR1[NM_000416.3] VectorBuilder N/A

Pbabe puro EGFP Addgene Cat#128041
IFNGR1 CRISPR gRNA Sigma-Aldrich Cat##HS5000021477
IFNGR1 CRISPR gRNA Sigma-Aldrich Cat##HS5000021478
LV04 control universal gRNA vector Sigma-Aldrich Cat#CRISPR18
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

BD FACSDiva software BD Biosciences N/A

FlowdJo BD Biosciences N/A
7900HT Fast Real-Time PCR System Applied Biosystems N/A

SDS RQ Manager Applied Biosystems N/A
DataAssist software Applied Biosystems N/A

Real Time Analysis lllumina N/A

R Software R Software N/A

ImageJ National Institutes of Health N/A
NDP.view2 software Hamamatsu Photonics N/A

Prism8 Graphpad N/A

Other

EasySep magnet StemCell Technologies Cat#18001
Mr. Frosty Thermo Scientific Cat#5100-0001
BD LRSFortessa BD Biosciences N/A

BD FACSAria | Digital Celll Sorter BD Biosciences N/A
Polypropylene V-bottom 96 well-plates Greiner Bio-One Cat#651201
V-bottom shape 96-well-plates Corning Life Sciences Cat#353075
NanoDrop 2000 Thermo Fischer Scientific N/A

Infinite M200 Pro Multimode Microplate Reader TECAN N/A
NovaSeq 6000 lllumina N/A
Covaris M220 Focused ultrasonicator Covaris N/A
Microtubes AFA Fiber Pre-Slit Snap-Cap 130 pL Covaris Cat#520045
Bioruptor Diagenode N/A
Nitrocellulose membranes GE Healthcare Biosciences Cat#10600002
Amersham Imager 600 GE Lie Sciences

BashingBead lysis tubes Zymo Research Cat#S6003
Precellys Evolution Homogenizer Bertin Technologies N/A
NanoZoomer 2.0-HT slide scanner Hamamatsu Photonics N/A

0.45 um PVDF filters Milipore Cat#SLHV033RS
Discovery ULTRA autostainer Ventana Medical Systems N/A
Non-treated 96 well-plate Thermo Fischer Scientific Cat#442404

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Enrique J.

Arenas (earenas@vhio.net).

Materials and availability

Cell lines generated in this study are available from the lead contact upon request.

Data and code availability

® RNA-seq data has been deposited at GEO database and is publicly available as of the date of publication. Accession number is

listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Immune cells

In this study we used two sources of immune cells: PBMCs and CD34* hematopoietic stem cells. PBMCs and cord blood units for
CD34* cellisolation were obtained from anonymous healthy donors through the Blood and Tissue Bank of Catalonia (BST). All human
samples were obtained following institutional guidelines under protocols approved by the institutional review boards (IRBs) at Vall
d’Hebron Hospital.

Mice

For in vivo experiments, 5-week-old female NSG (NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ) (#614) mice were purchased from Charles
River. Mice were randomized by tumor size, and those that died before the end of the experiments for reasons unrelated to treatment
or that did not have detectable percentages of human immune cells were excluded. Because of ethical reasons, we ended the ex-
periments before the full development of graft-versus-host disease or when tumor volume surpassed 1500 mm?3. Experiments were
not performed in a blinded fashion. Animal work was performed according to protocols approved by the Ethical Committee for the
Use of Experimental Animals at the Vall d’Hebron Institute of Oncology.

Cell lines and primary cultures
MKN45 and SW1222 were obtained as a gift from Dr. Hector Palmer (VHIO), and COLO201 were a gift from Dr. Marta Cascante (Uni-
versitat de Barcelona). HEK293T (#CRL-3216) were obtained from ATCC.

Cell lines were cultured under standard conditions in complete medium (DMEM F-12 medium (#21331, Gibco) supplemented with
10% fetal bovine serum (FBS) (#10270, Gibco), 1% L—Glutamine (#X0550, Biowest), and 1% Penicillin-Streptomycin (#P4333,
Sigma-Aldrich)). Cells were genetically modified to acquire resistance to certain antibiotics or to downmodulate or overexpress
different genes.

Patient-derived xenograft establishment

The patient-derived xenografts (PDXs) were obtained from liver biopsies of patients enrolled in the clinical trial NCT02650713. PDXs
used in this study derive from patients of both sexes and 18 years and older. All PDXs have been established at VHIO following insti-
tutional guidelines. The IRBs at Vall d’Hebron Hospital provided approval for this study in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all patients who provided tissue samples.

METHOD DETAILS

PBMC isolation

PBMCs were isolated from fresh buffy coats obtained from healthy donors. Blood was diluted 1:3 with 1x PBS and transferred to a
50mL falcon tube with Ficoll-Paque PLUS (#70-1440-02, GE Healthcare) at a 1:3 ratio, following the manufacturer’s instructions. After
obtaining the buffy coat, red blood cells were lysed with 1x RBC lysis buffer (#00-4333-57, Invitrogen) for 4 min. Obtained PBMCs
were counted and frozen with Cryostor CS10 (#07959, Stemcell Technologies) at —80°C for co-culture and in vivo experiments.

TCB constructs generation

HER2-TCB was designed as a 2 + 1 CrossMabCH1-CL based on trastuzumab and CH2525 variable domains as described in (Bacac
et al., 2016a) and (Schaefer et al., 2011), and CEACAM5-TCB was designed as a charged 2 + 1 CrossMAb VH-VL based on T84.66
and CH2527 variable domains as described in (Bacac et al., 2018). As a control, DP47-TCB in the analogous 2 + 1 CrossMabCH1-CL
format based on a germline non-binding variable domain was applied. TCBs were purified using standard methods: Protein A affinity
chromatography (MabSelect SuRe) followed by catione exchange chromatography (Butyl-Sepharose 4FF/POROS XS) and size
exclusion chromatography (Superdex 200) and formulation in 20 mM histidine/histidine-HCI, 140 mM sodium chloride buffer at
pH 6.0. All TCBs were analyzed for absence of aggregates by analytical size exclusion chromatography and absence of endotoxins.

Generation of resistant cells in vitro
To generate the resistant models, parental cells (MKN45, SW1222) were transfected with Lenti CMV V5-LUC Blast (W567-1) (#21474,
Addgene) in order to obtain blasticidin resistance. Cells were treated with a 3:1 ratio PBMC:Tumor and an increasing concentration of
HER2 or CEACAM5-TCB in PBMC media (RPMI 1640 (#61870, Gibco), 10% Heat-Inactivated FBS, 1% L—Glutamine, 1% HEPES
(#H0887, Sigma-Aldrich), 1% MEM Non-Essential Amino Acids Solution (#11140, Gibco) and 1% Penicillin-Streptomycin). After
72 h, media was removed and replaced with complete medium containing 20 pg/mL blasticidin (#ant-bl-1, Invivogen) during
7 days to specifically kill remaining PBMCs. The process was repeated several times. In the three models (MKN45-HER2R,
MKN45-CEAR, SW-CEAR) resistance was obtained after 6 months and around 20 rounds of treatment.

Interferon-gamma resistant model (MKN45-RG) was established by culturing cells in presence of increasing IFN-y concentrations,
starting at 100 ng/mL and reaching 1 ng/mL. Resistant population was obtained after 4 months.
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T cell cytotoxicity assays

All target cells were seeded in 96-well flat bottom plates (0.01 x 10° cells/well) (#353075, Corning Life Sciences). Effector PBMCs
were added to each well at the indicated ratio in PBMC medium. Different concentrations of the respective TCB were added to
the wells. The plates were incubated for 72 h.

At the endpoint cells were harvested with Trypsin-EDTA (#25300096, Gibco) and resuspended in FACS buffer (PBS 1x, 2.5 mM
EDTA, 1% BSA (#A9647, Sigma-Aldrich), 5% horse serum (#26050, Gibco)) in polypropylene V-bottom 96 well-plates (#651201,
Greiner Bio-One). Twenty minutes later, samples were centrifuged and cells were stained with the epithelial cell marker anti-human
EpCAM (#324212, BioLegend) at 1:300 concentration in FACS buffer in ice for 30 min. After a wash with 1 x PBS, samples were re-
suspended in the viability marker Zombie Aqua at 1:1000 (#423101, BioLegend) in 1x PBS and acquired on LSR Fortessa (BD Bio-
sciences). Number of alive cells was analyzed with FlowdJo software (BD Life Sciences) by means of EpCAM counts.

3D organoid assay
Tumor cells were seeded in 48 well-plates (10° cells/well) in a drop of 20 L of matrigel (#356235, Corning). Each drop was dispensed
in the center of the well and incubated for 15 min at room temperature. After matrigel was solidified, 250 uL of 3D colorectal cancer
organoid media (van de Wetering et al., 2015), were added to each well. Media was replaced twice a week and 3D formation was
assessed after 15 days. Organoids per well were counted and assumed that each of them consisted of approximately 50 cells. Or-
ganoid media was removed and 3D structures were co-cultured with PBMCs for 72h at a 2:1 ratio in PBMC media and treated with
1 nM HER2-TCB or at a 5:1 ratio with 500 pM CEACAM5-TCB.

At the endpoint, organoids were disaggregated by adding 500 pL of trypsin for 30 min at 37°C. Then, cells were collected and incu-
bated for 30 min on ice to liquefy matrigel. Fully disaggregated organoids were washed and stained as previously described. Number
of alive cells was analyzed with FlowJo software by means of EpCAM counts.

Flow cytometry

Cells were harvested with StemPro Accutase (#A1110501, Gibco) and resuspended in FACS buffer. Twenty minutes later, samples
were centrifuged and cells were incubated for 30 min with the specified conjugated or primary antibody. Conjugated antibodies
hIFNGR1 (#308606), hIFNGR2 (#308504) and the isotype control PE mouse IgG Isotype Ctrl (#400114), all from Biolegend, were
used at 1:100. After a wash and Zombie Aqua staining, samples were acquired on LSR Fortessa.

In the case of HER2 and CEACAMS staining, cells were incubated in FACS buffer for 30 min with Trastuzumab (#180288-69-1,
Herceptin, Roche) at 2.5 mg/mL, or 10 nM CEACAMS5-TCB. Primary antibodies were then bound to its antigen, and after a PBS
wash, a secondary conjugated antibody Anti-human Alexa 488 (#A-11013, Invitrogen) was incubated with the cells at a concentration
of 1:500 for 30 min. Cells were then washed with 1x PBS, resuspended in Zombie Aqua viability marker and acquired on LSR
Fortessa.

The activation markers CD69 (#310914) and CD25 (#302610) in CD8" cells (#344712), all from Biolegend at 1:300 concentration,
were used in order to assess T cell activation after 72 h of co-culture with tumoral cells and the corresponding TCB.

Flow cytometry data was analyzed with FlowJo software (BD Life Sciences).

5-Azacytadine treatments in vitro
To assess the recovery of CEA expression in resistant cells, these were treated with 1 uM of 5-Azacytidine (#A2385, Sigma-Aldrich)
for 24h and 48h when assayed the RNA expression, 48h for MeDIP and ChlIP assays, and 72h when assayed the surface protein
expression by flow cytometry. To assess MKN-HER2R cells response to 5-AZA, 48h treatment with 1 uM drug was used.

For T cell cytotoxicity assays, 5000 cells were seeded per well and pretreated for 72h with 1 uM of 5-AZA. On the day of treatment
with CEACAMS-TCB and PBMCs, wells were cleaned with PBS 1x and then co-cultured as previously described. Treatments with
5-AZA consisted of media renewal every 24h.

RNA isolation and qRT-PCR
Total RNA was isolated from adherent cells by using RNeasy Mini Kit (#74106, Qiagen) according to the manufacturer’s protocol.
RNA was eluted in RNase-free water and quantified using NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific).

cDNA was prepared from 1 pug template RNA using the high capacity cDNA reverse transcription Kit (#4368813, Applied Bio-
systems) according to the manufacturer’s protocol.

Real-time quantification of transcript abundance was determined by gRT-PCR using the TagMan Gene Expression probes
(Applied Biosystems) and TagMan Universal Master Mix Il (#4440039, Applied Biosystems), in 384- well plates in 7900HT Fast
Real-Time PCR System (Applied Biosystems), following the manufacturer’s protocol.

The TagMan probes against CEACAMS5 (Hs00944025_m1) and GAPDH (Hs02758991_g1)were used. Data was analyzed with SDS
RQ Manager and DataAssist software (Applied Biosystems), using the 2727 method. GAPDH was used as an endogenous control.

RNASeq

Total RNA was quantified by Qubit RNA BR Assay kit (#Q10210, Thermo Fisher Scientific) and the integrity was checked by using
RNA 6000 Nano Bioanalyzer 2100 Assay (#5067-1511, Agilent).
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The RNASeq libraries were prepared using the Stranded Total RNA Prep with Ribo-Zero Plus (lllumina) following the manufac-
turer’s recommendations and the final library was validated on an Agilent 2100 Bioanalyzer with the DNA 7500 assay (Agilent).

The libraries were sequenced on NovaSeq 6000 (lllumina) with a read length of 2 x 51bp following the manufacturer’s protocol for
dual indexing. Image analysis, base calling and quality scoring of the run were processed using the manufacturer’s software Real
Time Analysis (RTA v3.4.4) and followed by generation of FASTQ sequence files.

Bioinformatic analyses were performed in R (version 4.0.3) on the counts table obtained using the nf-core/rnaseq pipeline (version
3.5) with GRCh38 and default parameters.

Differential gene expression was assessed with the voom + limma strategy in the limma package (version 3.48.3). Genes having less
than 10 counts in at least 2 samples were excluded from the analysis. Correction for multiple comparisons was performed using false
discovery rate (FDR), obtaining the adjusted p values. Genes were considered to be differentially expressed between studied conditions
if the adjusted p value was <0.05 and the |logFC| > 1.Functional analysis was performed using the ranked Gene Set Enrichment Analysis
(GSEApreranked) as implemented in clusterProfiler R package (version 4.0.5). Functional annotation was obtained from the following,
gene set collections in the Molecular Signatures Database (MSigDB, version 7.5.1): 1) C5.GO.BP: gene sets derived from the Biological
Process Gene Ontology (GO); 2) C2.CP.KEGG: gene sets derived from the KEGG PATHWAY database; 3) C2.CP.Reactome: gene sets
derived from Reactome database; 4) C3.TFT: gene sets predicted to contain transcription factor binding sites in their promoter regions.

Data have been deposited to the Gene Expression Omnibus (GEO) under Series accession number GSE210592.

Metilated DNA immunoprecipitation (MeDIP)
MeDIP was performed using MagMeDIP gPCR Kit (#C02010021, Diagenode) following manufacturer’s instructions, with modifica-
tions at the DNA extraction and purification and the DNA shearing steps.

Cell collection and lysis was performed following kit’s instructions, and nucleic acid extraction and purification was performed us-
ing the DNA extraction kit QlAamp DNA Mini Kit (#51304, Qiagen). Samples were then sonicated to generate fragments of DNA
between 300 and 500 bp with the Covaris M220 Focused ultrasonicator (Covaris). In particular, 5 ng of DNA in 100 pL were added
to microtubes AFA Fiber Pre-Slit Snap-Cap 130 pL (#520045, Covaris) and the following ultrasonicator program was used: 7°C tem-
perature, 50W peak incident power, 10% duty factor, 200 cycles per burst (cpb), and 180 s treatment time. Methylated DNA immu-
noprecipitation and isolation was performed following manufacturer’s protocol.

Finally, gPCR was performed with the MeDIP samples using SYBR green reagent (#733-1390, Quantabio). A 159-bp segment of
the CEACAMS5 promoter was amplified with the following primers: 5-GAGGCAGAAATGAGAGGGGA-3' (sense) and 5'-AACGTT
TTGTCAAGGCTGCT-3' (antisense). Data shown is the result of normalizing the specific signal of the MeDIP antibody of MKN45
or 5-AZA treated MKN-CEAR to the resistant MKN-CEAR cells.

Chromatin Immunoprecipitation (ChIP)

Indicated cells were grown to 70% confluence, collected, and subsequently cross-linked with 1% formaldehyde (#47608, Sigma-
Aldrich) shaking at 37°C temperature for 10 min. Reaction was quenched by incubating the samples with 125 mM Glycine
(#BP381, Fisher Scientific) for 5 min. Cells were pellet at 5 x 106 cells/vial and stored at —80°C.

Cell pellets were resuspended in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris pH 8) with 1:200 Protease Inhibitor Cocktalil
Set Ill (#535140, Merck Millipore) for 30 min on ice. Samples were then sonicated to generate fragments of DNA between 100 and
600 bp with the Bioruptor (Diagenode). After 20 min on ice, samples were centrifuged at 19,000 x g and supernatant was diluted 1/10
with Dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH 8, 167 mM NaCl), in order to decrease concen-
tration of SDS. Samples were incubated with 10 uL of Dynabeads protein A (#10002D, Invitrogen) and 1 pg of irrelevant antibody
Rabbit IgG (#18140, Sigma-Aldrich) per IP in that sample, as a preclearing. Incubations lasted for 3 h rotating at 4°C. Magnets
were used to discard the beads, and the samples were separated per IP, saving 10% for the input. 3 ng of corresponding antibody
was added at each tube and samples were incubated overnight rotating end over end at 4°C. The antibodies used were: Rabbit IgG,
anti-H3K27Ac (#ab4729, Abcam) and anti-H3K27Me3 (#07-449, Merck Millipore).

Samples were incubated with 50 pL of pre-washed dynabeads and incubated 3 h rotating at 4°C. Dynabeads were then washed 3
times with low salt and 3 times with high salt buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris pH 8, and 150 or 500 mM
NaCl respectively) and 2 times with LiCl buffer (250 mM LiCl, 1% NP-40, 1% NaDOC, 1 mM EDTA, 10 mM Tris pH 8). Samples were
then incubated with 48 plL of elution buffer (0.4% SDS, 5 mM EDTA, 10 mM Tris pH 8, 300 mM NaCl) supplemented with 2 uL pro-
teinase K (#RPTOTKSOL, Roche). Then, samples were incubated shaking 1 h at 55°C and subsequently overnight at 65°C. Input
samples were treated the same way. DNA was purified from the eluted samples with the MinElute PCR Purification Kit (#28006, Qia-
gen) following the manufacturer’s instructions.

Finally, gPCR was performed with the ChIP samples using SYBR green reagent. The CEACAMS5 promoter region was amplified
with the same primers as the MeDIP. Data shown is the result of normalizing the specific signal of each antibody (normalized to
the IgG control signal) of MKN45 or 5-AZA treated MKN-CEAR to the resistant MKN-CEAR cells.

Interferon-gamma cytotoxicity assays

MKN45 cells were seeded in flat bottom 96-well plates (5 x 10° cells/well). After 24 h cells were treated with different concentrations of
Interferon-gamma (#300-02, Peprotech). Treatment lasted for 3 days and cell death was assayed by crystal violet staining of alive
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cells. Cells were fixed for 30 min with 10% Glutaraldehyde, washed, and stained for other 30 min with 0.1% Crystal violet (#548-62-9,
Sigma-Aldrich). After three washes with water, plates were let dry overnight. For the readout, 100 pL of 10% Acetic acid were added
to each well and absorbance was read at 560 nm using an Infinite M200 Pro Multimode Microplate Reader (TECAN).

Cell proliferation assays
MKN45 cells were seeded in flat bottom 96-well plates (5 x 10° cells/well). At day 0, 1, 3 and 4 cell proliferation was assayed by crystal
violet staining of alive cells.

Western blot

For Western blot, protein extracts were isolated by lysing the cells in homemade lysis buffer (130 mM NaCl, 0.01% NP-40, 1% glyc-
erol, 2 mM EDTA pH 8 and 20 mM Tris-HCI pH 7.4), supplemented with phosphatase inhibitors 5 uM 3—Glycerolphosphate, 5 uM
sodium fluoride, 1 M sodium orthovanadate and cOmplete™, EDTA-free Protease Inhibitor Cocktail (#COEDTAF-RO, Sigma-
Aldrich, 1 tablet per 10 mL lysis buffer). Protein extracts were sonicated for 10 s at 4.5 V to break the cell apart. Tubes were centri-
fuged 14,000 rpm 10 min and supernatant was collected.

Protein lysates were resolved by SDS PAGE and then transferred to a 0.45 um nitrocellulose membrane (#10600002, GE Health-
care Biosciences). 20-30 ng of protein lysate was loaded per experiment. Membranes were incubated with 5% BSA or 5% non-fat
milk in TBS-T (1x Tris-Buffered Saline with 0.1% tween 20 (#P7949, Sigma-Aldrich)). After blocking, membranes were incubated
overnight with primary antibodies.

After washing, membranes were incubated with horseradish peroxidase-conjugated antibodies (Cytiva) for 1 h.Membranes were
developed with Immobilon Western Chemiluminescent HRP Substrate (#WWBKLS0500, Millipore) and protein bands were visualized in
Amersham ™ Imager 600 (GE Life Sciences).

Antibodies used were: HER2 (#AM134, Biogenex), CEACAMS5 (#2383, Cell Signaling Technology (CST)), JAK1 (#3344, CST), JAK2
(#3230, CST), p-STAT1 (#9167, CST), STAT1 (#9172, CST), IRF1 (#sc-497, Santa Cruz Biotechnology (SC)), and GAPDH (#ab128915,
Abcam). Secondary antibodies used were purchased from Cytiva, anti-rabbit (NA934) for all primary antibodies except CEACAMS,
for which anti-mouse (NA931) was used. All antibodies were used at 1:1000 concentration in 5% BSA except GAPDH and secondary
antibodies (1:5000). Quantification of protein levels was done with Imaged (National Institutes of Health). Quantifications are the result
of >3 independent biological replicates.

Humanized xenograft models

In the PBMCs humanized xenograft models, NSG mice were injected orthotopically with 108 tumor cells in 100 pL of 1:1 PBS:ma-
trigel. Once tumor size reached a specified volume, animals were intraperitoneally injected with 10” PBMCs obtained from healthy
donors. After 24 h, animals started treatment and were treated biweekly with HER2-TCB (0.125 mg/kg), CEACAM5-TCB (1 mg/kg) or
vehicle intravenously.

For the 5-Azacitadine in vivo experiment, before humanization, mice were treated intraperitoneally daily with 5-Azacitadine 2 mg/kg
from day 5 to day 10 post-injection.

At the end of the experiments, tumors were analyzed. Tumors were cut into small pieces and divided into samples for IHC, protein,
RNA analysis, or flow cytometry. Samples for IHC were fixed and embedded in paraffin. Samples for RNA analysis were incubated
with lysis buffer from RNAeasy Mini Kit. Samples for Western blot were incubated with lysis buffer supplemented with phosphatase
and protease inhibitors. RNA and protein samples were put in BashingBead lysis tubes (#S6003, Zymo Research) and homogenized
in Precellys Evolution Homogenizer (Bertin Technologies).

Samples for flow cytometry were digested in 300 U/ml collagenase IA (#C2674, Sigma-Aldrich) and 100 U/ml hialuronidase 1S
(#H3506, Sigma-Aldrich) in DMEM F-12 medium. After 1 h of incubation at 37°C with shaking at 10 x g, the mixture was filtered
through 100 um strainers. Red blood cells were lysed with 1x RBC for 5 min RT. After a wash with 1x PBS, samples were counted
and acquired on LSR Fortessa for RFP or GFP positive cells detection. Data was analyzed with FlowJo software (BD Life Sciences).

To obtain immunodeficient mice with a reconstituted human immune system, CD34* cells were purified from human cord blood ob-
tained through the Blood and Tissue Bank of Catalonia. Blood was diluted 1:2 with 1xPBS + 2mM EDTA and transferred to a 50mL falcon
tube with 15 mL of Ficoll-Paque PREMIUM (#70-1440-02, GE Healthcare), following the manufacturer's manual. After obtaining the
mononuclear cells, resting red blood cells were lysed with 1x RBC lysis buffer for 4 min. CD34* cells were purified by negative selection
by incubating the mononuclear cells with EasySep Human Progenitor Cell Enrichment Cocktail with Platelet Depletion (#19356,
StemCell Technologies), following manufacturer’s protocol. Purity of the remaining cell mix was checked with anti-human CD34
(#60013, StemCell) and anti-human CD45 (#304008, Biolegend) staining at 1:300 concentration in FACS buffer. Samples were acquired
in LSR Fortessa and percentage of CD34 and CD45 cells were analyzed in FlowdJo. Obtained cells were frozen with Cryostor CS10 at
—80°C. Four/five-week-old NSG mice were treated intraperitoneally with busulfan (15 mg/kg) to ablate the hematopoietic system of the
mouse. The next day, 100.000 CD34" cells were intravenously injected. After 4 to 5 months, the percentages of circulating human CD45*
cells were determined, and mice containing >30% hCD45* in peripheral blood were orthotopically implanted with 10° tumor cells. Once
tumors reached ~150 mm?, animals were randomized and treated biweekly with CEACAMS5-TCB (1 mg/kg) or vehicle (intravenously).
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Generation of patient-derived xenografts and acquired in vivo resistant model

Human tumors used in this study were from biopsies at Vall d’Hebron University Hospital enrolled at NCT02650713 clinical trial.
Clinical samples were processed and implanted subcutaneously in NOD SCID mice to generate PDX. When tumors reached 800-
1000 mm?, they were excised, digested and 10° cells were implanted subcutaneously in new CD34+ humanized NSG mice (Puig
et al., 2013). Efficacy was tested by treating the PDXs biweeekly i.v. with CEACAM5-TCB (1 mg/kg) or vehicle. Acquired resistant
PDX63 tumors (PDX63-Rs) were generated by treating humanized mice bearing the PDX63 with CEACAM5-TCB (1 mg/kg) as
described previously. Once tumor size reached a specified volume, ~400 mm3, mice were treated, and when tumors regressed,
treatment was stopped. Resistant PDX63 tumors were obtained after 3 passages in different humanized treated mice.

Immunohistochemistry

The following primary monoclonal antibodies were used: anti-CEA (#760-4594) and anti-CD3 (#790-4341), both from Ventana Med-
ical Systems (Ventana), and anti-CD25 (#HPA054622, Human Protein Atlas). For immunohistochemistry, fixed tissue samples
embedded in paraffin were sectioned at 4 um thickness. Sections were heated at 60°C, deparaffinized with xylene and hydrated
with two steps of incubation with different dilutions of ethanol.

Immunohistochemical staining of CD3 was performed using a Discovery ULTRA autostainer (Ventana). Heat-induced antigen
retrieval was executed using Cell Conditioning 1 (#950-124, Ventana) for 40 min at 95°C. Endogenous peroxidase block was per-
formed with the CM Inhibitor from the ChromoMap DAB kit (#760-159, Ventana) for 8 min. Then, the anti-CD3 primary antibody, ready
to use, was applied 32 min at 36°C. Next, samples were incubated for 8 min with detection kit UltraMap anti-Rabbit HRP (#760-4315,
Ventana). Reactions were detected using the ChromoMap DAB Kit. Finally, the slides were counterstained with Haematoxylin Il
(#790-2208, Ventana) 8 min and Bluing Reagent (#760-2037, Ventana) 4 min, followed by dehydration with ethanol and xylene,
and mounted in DPX.

CD25 immunohistochemical staining was performed using the HPA054622 antibody from Human Protein Atlas and following man-
ufacturer’s protocol.

Immunohistochemical staining of CEA was performed using a Benchmark ULTRA autostainer (Ventana). Heat-induced antigen
retrieval was executed using Cell Conditioning 1 (#950-224 Ventana) for 20 min at 95°C. Endogenous peroxidase block was per-
formed with the UV Inhibitor from the UltraView DAB kit (#760-500, Ventana) for 4 min. Then, the CEA primary antibody, ready to
use, was applied 32 min at 36°C. Next, samples were incubated for 8 min with detection kit UltraView universal HRP Multimer. Re-
actions were detected using the Ultraview DAB Kit. Finally, the slides were counterstained with Hematoxylin (#790-2021, Ventana)
8 min and Bluing Reagent 4 min, followed by dehydration with ethanol and xylene, and mounted in DPX.

Slides were scanned in the NanoZoomer 2.0-HT slide scanner (Hamamatsu Photonics) and visualized in the NDP.view2 software
(Hamamatsu Photonics).

Viral tumor cells infections

For lentivirus production, HEK293T cells were first incubated for 2 h with 25 uM chloroquine to increase transfection rate. Cells were
then transfected with 1 png/mL of pMD2.G (#12259, Addgene) envelope expressing plasmid, 1.2 png/mL of psPAX2 (#12260, Addgene)
lentiviral packaging vector, and 1.2 pg/mL of the specific lentiviral vector, using 10 pg/mL of polyethylenimine (PEI) (#24765, Poly-
sciences) as transfection agent. 24 h after transfection, growth medium was replaced with complete medium. After 48 h, viral par-
ticles-containing supernatant was harvested and filtered with 0.45 um PVDF filters (#SLHVO33RS, Millipore).

For infections, target cells were seeded in 6 well-plates (0.5 x 10° cells/well). After 24 h, being the confluence around 75%, tumor
cells were incubated with the viral supernatants and 8 pg/mL polybrene (#H9268, Sigma-Aldrich), and centrifuged 45 min at
2250 rpm. After 24 h, medium was replaced with complete medium. 24 h later, infected cells were selected with 20 pg/mL blasticidin
(#ant-bl, Invivogen) in the case of Lenti CMV V5-LUC Blast (#21474, Addgene), Lenti-Cas9-2A-Blast (#73310, Addgene), and CMV-
RFP (J. Arribas’ lab) infected cells, or 1 ng/mL puromycin (#P8833, Sigma-Aldrich) in the rest of infections. Selection was subse-
quently maintained for one week.

For silencing, the plasmids were obtained from the lentiviral MISSION shRNA Library: HER2 (Clones TRCN0000332953,
TRCNO0000039878, TRCN0000039881), and CEA (TRCN0000427824, TRCN0000119238, TRCN0000119240), all from Sigma-
Aldrich. As a control, tumor cells were infected with Scramble shRNA (#1864, Addgene). To overexpress CEA in MKN-CEAR cells
and IFNGR1 in MKN45 cells, the plasmids generated by Vector Builder pLV[Exp]-Puro-EFS > hCEACAM5[NM_004363.5] and pLV
[Exp]-Puro-EF1A > hIFNGR1[NM_000416.3] were used, as well as empty vector as control. For the expression of GFP in MKN-
HER2R and MKN-CEAR cell lines, pbabe puro EGFP (#128041, Addgene) was used. For the expression of RFP in MKN45 cell
line, a CMV-RFP plasmid was used.

To generate the MKN45 KO IFNGR1 cell line, cells were infected with Lenti-Cas9-2A-Blast. After selected with blasticidin, cells
were infected with either a CRISPR gRNA targeting IFNGR1 (#HS5000021477, #HS5000021478 Sigma) or the LV04 control universal
gRNA vector (#CRISPR18, Sigma). These gRNAs confer puromycin resistance and BFP expression, and cells were selected with
1 pug/mL puromycin. To obtain pure KO IFNGR1 cells, these were stained with hIFNGR1 as explained before, and BFP"9"/IFNGR1
negative expressing cells were sorted in FACSAria | Digital Cell Sorter (BD Biosciences), obtaining a pool of cells. Validation of KO
IFNGR1 cells was done by IFNGR1 staining.
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ELISA
Supernatants from the coculture of MKN45, MKN-HER2R or MKN-CEAR with the corresponding TCB at 100pM and 1:3 ratio of tu-
mor cells:PBMCs for 72h were assayed for an IFN-y ELISA (#31673539, Immunotools) following manufacturer’s instructions.

Granzyme B activity

Tumor cells and PBMCs from the coculture specified above were harvested and lysed with 100 uL of lysis buffer. Lysed cells were
centrifuged at 21,000 x g for 10 min at 4°C to pellet cell nuclei and other cell debris. Supernatants were harvested and assayed for
protease activity. Reaction was performed in a non-treated 96 well-plate (#442404, Thermo Fisher Scientific). Each well contained
25 uL of lysis supernatant, granzyme B substrate Ac-IEPD-pNA (#368057, Sigma-Aldrich) at a final concentration of 300 uM and re-
action buffer (0.1M HEPES pH 7.0, 0.3M NaCl, 1mM EDTA) in a total volume of 250 uL/well. Mixtures were incubated at 37°C over-
night and color reaction generated by the cleavage of the pNA substrate was measured at a wavelength of 405 nm with the Infinite
M200 PRO (Tecan) plate reader.

QUANTIFICATION AND STATISTICAL ANALYSIS

For animal experiments, data is presented as the mean + standard error of the mean (SEM). The statistical significance of differences
was assessed by two-way ANOVA with Bonferroni correction post-test by using Prism 8. In the rest of the cases, data is presented as
the mean + standard deviation (SD), and statistical significance was assessed by unpaired parametric t test using Excel. Data was
considered statistically significative when p < 0.05. Statistical details can be found in the figure legends.

ADDITIONAL RESOURCES

The PDXs used in this study were obtained from liver biopsies of patients enrolled in a clinical trial using a TCB targeting CEA (CEA-
TCB) (NCT02650713, https://clinicaltrials.gov/ct2/show/NCT02324257).
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Supplementary Fig. 1 Schematic showing the TCBs structure and in vivo assay approaches used in the
study. Related to Figure 1.
A, Schematic drawing of the HER2-TCB or CEACAMS5-TCB used in this study.

B, Schematic showing the assay of TCB treatment in a PBMC humanized model.
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Supplementary Fig. 2 Transcriptomic analysis in MKN-HER2R and MKN-CEAR cell lines. Related to
Figure 2.

A, Pathways showing positive and negative enrichment in MKN45 cells compared to MKN-HER2R
(above) or MKN-CEAR (below) resistant cells as determined by KEGG, GO, or REACTOME. Only

statistically significant gene sets are shown (adjusted p-value<0.05).
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Supplementary Fig. 3 Heterogeneity and T cell activation and T cell functionality in acquired resistant
models. Related to Figures 1 and 2.

A, MKN45 and MKN-CEAR cells were subcloned by sorting single cells. Single clones’ CEACAMS
expression was assayed by flow cytometry (n=24). Results are normalized to MKN45 clones. Data is
presented as mean = SD of single clones’ expression.

B, MKN45, MKN-HER2R and MKN-CEAR were co-cultured with 3:1 ratio of PBMCs and treated with
100 pM HER2-TCB (left) or 100 pM CEACAMS-TCB (right). Activation markers CD69 and CD25 in
CD8" cells were assayed by flow cytometry. An ELISA of IFN-y was performed in the same supernatants.
Granzyme B activity was assayed using the granzyme B substrate Ac-IEPD-pNA. Results were normalized
to untreated MKN45 cells. Data are presented as mean + SD of three independent experiments.

C, Representative images of the CD25 immunohistochemical staining in tumors from the in vivo
experiment in Fig. 1 F and G are shown.

**%p < 0.001, two-tailed ¢ test.
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Supplementary Fig. 4 Bystander effect studies in vitro and in vivo. Related to Figures 1 and 2.

A, B, Parental cells were infected with a vector encoding RFP and resistants MKN-HER2R and MKN-
CEAR with a vector encoding GFP. Co-cultures of PBMCs with parental MKN45, resistants MKN-HER2R
(A) or MKN-CEAR (B) or a 1:1 mixture of parental and resistant cells were treated with different
concentrations of HER2-TCB or CEACAMS5-TCB (PBMC:target cell ratio 1:1) for 72 h. Then, viable cells
were quantified by flow cytometry using EpCAM, RFP, and GFP as markers. Data are presented as mean
+ SD of three independent experiments.

C, D, 10° MKN45, MKN-HER2R (C) or MKN-CEAR cells (D), or a 1:1 mixture of parental and resistant
cells were injected subcutaneously into NSG mice. When tumors reached ~100 mm?® (dark background),
107 PBMCs were injected i.p. Then animals were treated i.v. with 0.125 mg/kg HER2-TCB or 1 mg/kg
CEACAMS-TCB as indicated (red arrows). Tumor volumes are represented as averages + SEM. (n=5 per
arm).

E, F, Resistant bystander tumors from C and D were disaggregated and surviving population was assayed
by flow cytometry, by means of MKN45 RFP" and resistant GFP* cells (EEHER2R GFP' and F=CEAR
GFP") (n=3 tumors).

*p < 0.05, two-tailed ¢ test.
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Supplementary Fig. 5 Selection of in vitro models expressing CEA. Related to Figures 2 and 3.

CEACAMS expression in the respective cell lines determined by immunohistochemical stainings (left) or
flow cytometry (right).



&
A B C 6$ ®$ D E
Isotype 120 ~ 6 T Isotype
e N $100 ! g
w = 80 @x swiz2 g
[ 4 Q
Qo wn
£ 60 . s g
oo, SWCEAR| 2 P 6 , SW-CEAR £ " Icso
A \ = ——sWi122 211 < © ——sW1222 732
L~ S 2 20 O 20
X o ————SW-CEAR >10000 wl SW-CEAR >10000
SW% 0 J===sw.ceAr cE OF 603 (@] SW-CEAR + 5-AZA 0 |=SWcCEARAZA 1187
. : . S 1 100 10000 0 1 100 10000
¢ [CEACAM5-TCB] pM S-AZA -+ + - [CEACAM5-TCB] pM
CEACAMS5-AF488 Time (h) 24 48 CEACAMS5-AF488
=
Isotype
MKN45
MKN-CEAR
MKN-CEAR
N
5-AZA 48h
MKN-CEAR
7d Recovery
MKN-CEAR

1month Recovery

CEACAM5-AF488

Supplementary Fig. 6 Additional in vitro acquired resistant models corroborate CEACAMS
downregulation resistance mechanism and show that demethylating agents recover CEA expression and
resensitize resistant cells. Related to Figure 3.

A, Levels of CEA in parental SW1222), CEAR, and CEAR cells stably transfected with a vector encoding
CEACAMS (CEAR CEA OE) were determined by flow cytometry.

B, Same cells were co-cultured with PBMCs at a 2:1 (A) or 1:1 ratio (B) and treated with different
concentrations of CEACAMS-TCB for 72 h. Then, viable cells were quantified by flow cytometry using
EpCAM as a marker.

C, Indicated cells were treated with 1uM 5-AZA for 48 h. Then, the levels of the mRNA encoding
CEACAMS were determined by RT-PCR and normalized to the levels of CEAR cells treated with vehicle.

D, Levels of CEA in parental SW1222 (A) or MKN45 (B), CEAR, and CEAR cells treated for 72 h with 1
uM 5-AZA were determined by flow cytometry.

E, Same cells were co-cultured with PBMCs at a 2:1 (A) or 1:1 ratio (B) and treated with different
concentrations of CEACAMS5-TCB for 72 h. CEAR cells were pretreated for 72 h of 1uM 5-AZA before
adding PBMCs and CEACAMS-TCB. Then, viable cells were quantified by flow cytometry using EpCAM
as a marker.

F, CEACAMS expression after 5-AZA treatment and removal. MKN-CEAR cells were treated with 1uM
5-AZA for 48 h. After removal of 5-AZA, expression of CEACAMS5 was assayed by flow cytometry at the
determined timepoints.

*p<0.05, **p <0.01, ¥**p <0.001, two-tailed ¢ test. Data are presented as mean + SD of three independent
experiments.
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Supplementary Fig. 7 Characterization of CEACAMS loci and transcription factor enrichment analysis in
MKN-CEAR resistant cells. Related to Figure 3.

A, Recovery of the CEACAMS5 promoter region after Methylated DNA Immunoprecipitation (MeDIP) in
MKN45, MKN-CEAR cells and MKN-CEAR treated cells with 1 uM 5-AZA for 48 h. Methylation status
of the promoter was measured by MeDIP followed by quantitative real-time PCR. Results were normalized
to the input in each sample, and then normalized to the levels in MKN-CEAR cells.

B, Levels of H3K27Ac and H3K27Me3 histone marks in the promoter of CEACAMS in same cells as in A.
Chromatin status was measured by ChIP followed by quantitative real-time PCR. Results were normalized
to the levels of an IgG control antibody in each sample, and then normalized to the levels in MKN-CEAR
cells.

C, Transcription factor target genes showing positive and negative enrichment of MKN45 compared to
MKN-CEAR cells as determined by TF Enrichment Analysis. Only statistically significant gene sets are
shown (adjusted p-value<0.05).

Data are presented as mean = SD of three independent experiments.
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Supplementary Fig. 8 Screening of sensitivity to CEACAMS5-TCB in different CEA* CRC PDXs models.
Related to Figure 4.

A, CEACAMS expression of the studied PDXs determined by immunohistochemical stainings (left) or flow
cytometry (right).

B, Sensitivity to CEACAMS5-TCB in different CEA" PDXs models implanted in humanized CD34" mice.
Treatment start is shown by orange arrows. Tumor volumes are represented as averages £ SD.

C, CD3 counts per mm? of tumor determined by immunohistochemical stainings.

*p <0.05, ¥*p <0.01, two-way ANOVA and Bonferroni correction.
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Supplementary Fig. 9 IFN-y is required for the efficient killing of T cell redirected lymphocytes. Related
to Figure 5.

A, MKN45 and MKN-HER2R cells were subcloned by sorting single cells. Single clones’ sensitivity to
IFN-y was assayed by treating cells for 72 h with 100 ng/ml IFN-y and cell number was estimated by crystal
violet assay (n=18). Data is presented as mean + SD of single clones’ sensitivity.

B, Co-cultures of PBMCs with parental MKN45, MKN-HER2R or MKN-CEAR cells were treated with
different concentrations of CEACAMS-TCB for 72 h. Then, viable cells were quantified by flow cytometry
suing EpCAM as a marker.

C, Levels of STAT1, phospho-STAT1 and IRF1 upon 4 h treatment with 10 ng/ml IFN-y were determined
by Western blot in the indicated cell lines.

D, MKN45 empty cells, KO IFNGRI1 cells, or KO cells stably transfected with a vector encoding [IFNGR1
were stained with anti-IFNGR1 or isotype antibody and analyzed by flow cytometry.

E, Same cells were treated with different concentrations of IFN-y for 3 days. Cell numbers were estimated
with the crystal violet staining assay.

F, Co-cultures of PBMCs with the same cells were treated with different concentrations of HER2-TCB for
72 h. Then, viable cells were quantified by flow cytometry using EpCAM as a marker.

G, Levels of JAKI and STAT1 in MKN45 and MKN-HER2R cells were determined by Western blot.
Levels of IFNGR2 were determined by flow cytometry.

H, Levels of JAK2 in MKN45 and MKN-HER2R cells with and without the treatment with 1uM 5-AZA
for 48 h were determined Western blot.

I, Levels of IFNGR1 in MKN45 and MKN-HER2R cells with and without the treatment with 1uM 5-AZA
for 48 h were determined by flow cytometry.

*p < 0.05, ¥*p < 0.01, ***p < 0.001, two-tailed 7 test. (B-I) Data are presented as mean = SD of three
independent experiments.
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Supplementary Fig. 10 Resistance to IFN-y leads to resistance to both HER2 and CEACAMS5-TCBs.
Related to Figure 5.

A, Schematic showing the generation of resistant cells to [FN-y in the MKN45 cell line model.

B, Parental MKN45 or MKN45-RG cells were treated with different concentrations of IFN-y for 3 days.
Cell numbers were estimated with the crystal violet staining assay. Vertical dashed lines indicate the
positions where lanes that were not contiguous on the blot were juxtaposed to remove unused lanes.

C, D, Co-cultures of PBMCs with the same cells were treated with different concentrations of HER2-TCB

(C) or CEACAMS-TCB (D) for 72 h. Then, viable cells were quantified by flow cytometry using EpCAM
as a marker.

E, Levels of STATI, phosphoSTAT1 and IRF1 upon 4 h treatment with 10 ng/ml IFN-y were determined
by Western blot.

**p < 0.01, ***p < 0.001, two-tailed ¢ test. Data are presented as mean + SD of three independent
experiments.



3. Deciphering the mechanism of action of IFNy in cancer
immunotherapy resistance and strategies to rewire tumor

intrinsic IFNy deficient response

3.1  Tumor intrinsic IFNy response is required for an efficient

immune synapse in T cell redirection therapies

In this thesis, we identified a central role of the tumor intrinsic IFNy signaling in
the response to T cell redirection immunotherapy via TCBs and CAR T cells. We
hypothesized that the mechanism of action of IFNy was an antitumor apoptotic
effect (Figure 3d, Results 1 (R1)). However, it has been recently described that
a deficient tumor intrinsic IFNy response impinge on the capability of solid tumor
cells to form a correct immune synapse with CAR T cells directed against them
(Larson et al., 2022). By knocking out the IFNGR1 gene in glioblastoma cell lines,
researchers found that, even correctly activated, EGFR-CAR T cells were not
able to exert the cytotoxic effect against tumor cells, due to loss of avidity between
the tumor cell and cancer cell, driven by ICAM-1 loss of IFNy-dependent induction
after CAR T treatment (Larson et al., 2022). However, this study use CAR T cells,
and no studies reported to date demonstrate if a disrupted immune synapse
driven by IFNy defective response is the cause of resistance to redirected
lymphocytes via TCBs. Importantly, it is described that TCBs form a more “TCR-
like”, a more organized immune synapse, than CAR T cells (Roda-Navarro et al.,
2020), and therefore, interactions could differ. Therefore, we hypothesized that
the disruption of the immune synapse due to a deficient IFNy signaling response
could be the cause of resistance in our models of acquired resistance to TCB

therapies.

To address this question, we used our model of acquired resistance BT-R (Figure
1, R1), in which the JAK2 downmodulation drives IFNy deficient response, and
thus, T cell redirection therapy resistance (Figure 5, R1). We performed imaging
experiments at Roche Innovation Center Zurich (RICZ), in Dr. Kunz laboratory.
To test if IFNy deficient response drives a deficient immune synapse, we used
the parental BT474 cell line, the counterpart resistant BT-R, and the BT-R

overexpressing JAK2, in cocultures either with the HER2-TCB and preactivated
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CD8* T cells or with CAR T cells targeting HER2. The pipeline used for these
experiments is depicted in Figure 9A. Briefly, purified CD8* T cells were activated
with IL-2 and the CD3/CD28 antibody (#10971, Stemcell) overnight, and
additional 48h more with only IL-2. Simultaneously, tumor cells were stained with
the cell tracker CMAC blue (#C2110, ThermoFisher) and seeded overnight in
microscopy plates. On the day of the experiment, activated CD8* T cells, or
freshly thawed CAR-HER2 were stained with the deep red cell tracker (#C34565,
ThermoFisher), and cocultured with tumor cells and the caspase 3/7 marker
green (#4440, Sartorius) in order to trace apoptosis in the cocultures. After 30
minutes of incubation, slides were imaged with a confocal microscope (inverted
LSM 700, Zeiss) with a temperature and CO2-controlled stage for 4 hours. Live
acquisition was performed with a 20x objective. Movies were collected using Zen
software (Zeiss) coupled to the microscope, and analyzed with the Imaris 9.9

software.

Strikingly, the BT-R resistant cells exhibited a decrease in the average contact
area of the contacts with both T cell redirection therapies, demonstrating that,
even a recognition is happening, the area of contact significantly decreases when
T cells are cocultured with resistant cells (Figure 9B and 9C). Supporting the
results that this deficiency is driven by IFNy deficient response, when JAK2 was
overexpressed in resistant cells, the immune synapse was recovered at the levels

of the parental cells (Figure 9B).

Therefore, these results indicate that an efficient immune synapse regulated by
tumor intrinsic IFNy signaling can be required for the cytotoxic effect of T cell
redirection therapies. Therefore, IFNy, in addition to the pro-apoptotic effect, also
regulates the correct binding of T cells and tumor cells in CAR T and TCB therapy,

and its deficient signaling impairs both antitumor effects.
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Figure 9: BT-R cells exhibit a deficient immune synapse in both TCB and CAR T cell
redirection coculture. A) Schematic drawing of the imaging protocol performed at RICZ. B)
Parental BT474, BT-R resistant, or BT-R JAK2 overexpressing cells were cocultured with CD8*
T cells at 1:1 ratio and 1nM HER2-TCB and coculture was imaged for 4 hours. The individual
interactions between a single tumor cell and a single T cell is represented as an average of the
contact area of these unique interactions, as determined with the IMARIS imaging analysis
software. C) BT474 and BT-R cells were cocultured with HER2-CAR T cells at 1:1 ratio and the
cocultures were imaged for 4 hours, and analyzed as in B).

*p<0.05, **p<0.01, ***p<0.001, two-tailed t test.

3.2 Identification of new combinatorial strategies to improve T

cell redirected therapies

Taking into account all previous findings, we conclusively established that
deficient IFNy is a mechanism of resistance to immunotherapy, including
redirected lymphocytes via TCBs and CARs. Therefore, we hypothesized that
using unbiased approaches such as a genome wide CRISPR screening and a
drug screening will unveil novel vulnerabilities and new combinatorial therapies

superior to current immune therapies.
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3.2.1 A genome wide CRISPR screening identifies SOCS1 as
a target that overcome resistance to IFNy and

immunotherapy

In order to expand our previous analysis of resistance to redirected lymphocytes,
we performed a genome-wide screening by CRISPR on parental BT474 and BT-
R resistant cells (Figure 10A). To do so, cells were infected with a lentiviral
genome-scale CRISPR library (#73179-LV, Addgene) at low multiplicity of
infection to tag each cell with one unique gRNA. Then, we treated cells with IFNy,
as we have previously demonstrated that sensitivity to IFNy correlates with
sensitivity to redirected lymphocytes. Thus, we hypothesized that genes whose
deletion promotes or inhibits death mediated by IFNy in BT474 or BT-R cells, will
also determine the sensitivity to redirected lymphocytes. In particular, we
analyzed the comparison of conditions under the pressure of IFNy by the
MAGeCK pipeline (in collaboration with Dr. Levy, Dr. Gros’ laboratory, VHIO), as
we were interested in genes whose loss recovered IFNy response, thus, gRNAs

negatively enriched after the treatment (Figure 10A).

Interestingly, we identified SOCS1, a negative regulator of the IFNy pathway
(Liau et al., 2018), whose knockout recover sensitivity to IFNy sensitivity (Figure
10B). We further validated this result with two independent gRNAs, and the
deletion of SOCS1 not only reactivated the IFNy signaling pathway by means of
pSTAT1 and IRF1 (Figure 10C), but also overcame resistance to IFNy and
redirected lymphocytes via HER2-TCB (Figure 10D and 10E). Importantly, these
observations were further validated in vivo in PBMC humanized mice, where BT-
R SOCS1 KO tumors exhibited a similar sensitivity to the HER2-TCB as the
parental BT474 cells (Figure 10F). Furthermore, in order to expand the
importance of targeting SOCS1, SOCS1 knockout was further validated in
additional models of acquired resistance established in the laboratory including a

gastric and BC PDXs (data not shown).
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Figure 10: Identification of a novel candidate gene which disruption overcomes sensitivity
to immunotherapies. A) Schematic drawing showing the genome-wide CRISPR screening on
parental BT474 and BT-R cells; B) MAGeCK analysis performed comparing the sequence of BT-
R after the treatment of IFNy. Genes negatively enriched, meaning that were loss after the
treatment, are shown; C) Western blot analysis of the expression of the IFNy intracellular
signaling pathway components pSTAT1 and IRF1 in BT-R cells or BT-R cells modified with two
independent CRISPR gRNA of SOCS1. D) Parental, BT-R cells, or BT-R SOCS1 KO cells were
treated with different concentrations of IFNy for 7 days. Cell numbers were estimated with the
crystal violet staining assay; E) Same cells as D) were co-cultured with PBMCs and treated with
different concentrations of HER2-TCB for 3 days. Cell numbers were estimated by flow cytometry
using EpCAM as a marker; F) 107 BT474, BT-R, and BT-R KO SOCS1 were injected into the
mammary fat pad of NSG mice. When tumors reached ~250 mm?, 2x10% PBMCs were injected
i.p. Then animals were treated i.v. with 0,125 mg/kg HER2-TCB as indicated (red arrows). Tumor
volumes are represented as averages * SD.
**p<0.01, ***p<0.001, (D-E) two-tailed t test. (F) two-way ANOVA and Bonferroni correction. Data
are presented as mean = SD of three (D-E) independent experiments.

Currently, there is no inhibitor or strategy to abolish the activity of SOCS1.
Therefore, we hypothesize that the generation of a novel drug that targets this
SOCS1 will be an effective strategy to overcome resistance to immunotherapies

by rewiring the IFNy signaling pathway.

In summary, we identified a novel gene and mediator of response to
immunotherapies, a key vulnerability in resistant cells which mediate the re-

sensitization to IFNy and therefore to TCBs and CAR T cells.
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3.2.2 A drug screening identifies several FDA approvd
candidates that can rewire IFNy signaling and overcome

cancer immunotherapy resistance

In addition to the CRISPR screening, in this thesis, we used a custom repurposing
FDA approved library in order to find new vulnerabilities that overcome resistance
to IFNy and redirected lymphocytes. This library, designed at the group of
Silvestre Vicent (CIMA), consists of 300 compounds and covers the maijority of
targetable proteins and pathways involved in cancer. Using the same conditions
as conventional cytotoxic assays, we performed the drug screening in the
acquired resistant model BT-R cells to both IFNy and redirected lymphocytes with
the HER2-TCB. BT-R cells were seeded in 96 well plates and pre-treated for 24h
with the compounds at 1uM, and after 24 hours, media was removed, and cells
were then treated with the HER2-TCB or IFNy for 3 and 7 days, respectively.
Several candidates resensitized BT-R cells to either only IFNy, only HER2-TCB
or both IFNy and HER2-TCB.
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BT-R : > p or =) » >30% Killing
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Figure 11: Identification of drugs as promising strategies to overcome resistance to
immunotherapies. A) Schematic drawing showing the performed screening. BT-R cells were
treated with IFNy or HER2-TCB with a custom library of 300 compounds. Criteria to select the
drugs are shown. B) & C) Waterfall plot showing the % of growth inhibition of the 300 drugs used
in both screenings. % of inhibition was determined by normalizing the value to vehicle treated
cells.

Several promising candidates have been identified, some being FDA-approved

and broadly used in the clinic, which can therefore be rapidly implemented in the
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clinical practice. Further studies will elucidate the potential of combining T cell

therapies and the dugs identified in this study.

In conclusion, in this thesis we uncover a novel mechanism of resistance to
immunotherapies, which is a deficiency in the IFNy signaling pathway, and
identified promising novel candidates that reactivate the IFNy pathway recovering

sensitivity.
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DISCUSSION

Tumor immunotherapy has shown promising clinical benefit against several
cancers, with the greatest effect in hematological cancers and the most
immunogenic solid tumors such as melanoma or NSCLC (Alexandrov et al.,
2013). However, many patients are unresponsive to the treatment, exhibiting
primary resistance; or experience relapse after a period of remission, acquiring
resistance to the treatment. On top of that, some cancer types, mostly solid
tumors, remain completely unresponsive to current immunotherapies. To this
end, research is conducted to identify those mechanisms of resistance in order
to find vulnerabilities and overcome them. While initially unresponsive tumors
may exhibit unresolvable hurdles that make them inadequate for immunotherapy
treatment, patients who initially responded to treatment bore tumors that
displayed specific traits that made them sensitive to T cell killing, and we
hypothesize that these traits can be recovered. Therefore, in this thesis we aimed
to identify unknown mechanisms of acquired resistance. To remark the
importance of this line of research, in advanced melanoma, the most responsive
solid tumor to immunotherapy, the 5-year follow up study of patients treated with
nivolumab plus ipilimumab revealed a 62% of patients with ongoing responses,
meaning that approximately one third of the tumors became resistant to the
treatment after initially responding (Larkin et al., 2019). Accordingly, identifying
how tumors become resistant is an urgent clinical need, to then identify
combinatorial therapies to overcome it, as well as finding biomarkers of response

to better select patients that will benefit from the specific therapy.

To address this challenge, in this thesis we developed models of acquired
resistance to immunotherapies, and we found three major findings. First, the
tumor intrinsic IFNy key role in the response to T cell redirection
immunotherapies, namely TCBs and CAR T cells. Secondly, the importance of
the selected targeted antigen in the mechanism of resistance that may develop
when tumors are treated with T cell redirection therapies. Third, we identified
strategies and promising combinatorial treatments to revert the deficient IFNy

response, and thus, recover immunotherapy response.
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1. Tumor intrinsic deficient IFNy response is a driver of

resistance to immunotherapy

In this thesis we demonstrated the importance of an active IFNy tumor intrinsic
signaling in order to respond to the T cell attack. By generating different cancer
models of acquired resistance to TCBs, both in vitro and in vivo, we demonstrated
that a disruption in the IFNy signaling, mostly driven by JAK2 downmodulation,
impairs the T cell cytotoxic effect on cancer cells (Figure 4f, Results 1 (R1);
Figure 5F, Results 2 (R2)). This role of IFNy as a mechanism of immune escape
is broadly supported in clinical studies in the case of solid tumors treated with
ICls or TCRt. Given the fact that IFNy is a major regulator of the APM, the most
plausible mechanism by which IFNy deficient response leads to immunotherapy
resistance in antigen presentation dependent therapies such as ICls or TCRt is
a deficient tumor recognition by the T cells (Grasso et al., 2020, Nagarsheth et
al., 2021). By contrast, in T cell redirection immunotherapies such as TCBs and
CAR T cells, being independent of antigen presentation, the mechanisms by

which IFNy drives immunotherapy resistance remain to be fully understood.

In antigen presentation dependent immunotherapies, mainly ICls, extensive
research has been done on the IFNy role in solid tumor resistance. In a study
with ipilimumab treated melanoma patients, non-responder tumors (both primary
and acquired resistant) displayed copy number loss in IFNy pathway genes, as
well as copy number gain in negative regulators of the pathway like SOCS17 and
PIAS4 (Gao et al.,, 2016). IFNy signaling defects have been also recently
correlated with resistance to TCRt T cell therapy, as seen in a study with
metastatic HPV-associated epithelial cancer patients treated with HPV E7
antigen targeting TCRt T cells, where two resistant patients’ tumors bore copy
number loss in interferon response genes (Nagarsheth et al., 2021). Moreover,
some studies point out mutations in JAK1/2 as the cause of primary (Shin et al.,
2017) or acquired resistance (Zaretsky et al., 2016) to ICls in melanoma.
Consequently, genetic alterations in different components of the IFNy signaling
pathway, including JAK7 and JAKZ2, are associated with immunotherapy
resistance. However, it is important to note that all our HER2-TCB and IFNy

acquired resistance models displayed a transcriptomic downmodulation of JAK2
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(Figure 4f, Figure 6e, Figure S6e-f, R1; Figure 5F, R2), and importantly, in the
acquired resistant models to HER2-TCB (BT-R) and IFNy (PDX667-RG), we
performed an exome sequencing and no mutations or copy number variants were
found in any of the components of the IFNy signaling (data not shown). On the
contrary, the BT-R and BT-RG acquired resistance models derived from the
BT474 HER2* BC cell line exhibited a defective response to IFNy due to JAK2
transcriptomic downmodulation, probably driven by the observed decrease in the
epigenetic mark of activation H3K27Ac in the promoter of JAK2 (Figure 4i, R1).
Accordingly, treatment with the histone deacetylase (HDAC) inhibitor trichostatin
A (TSA) was sufficient to upregulate transcriptomic levels of JAK2, indicating that
the de-acetylation of histone H3 may contribute to the silencing of JAK2 (Figure
4h, R1). Therefore, these results open the avenue to test HDAC inhibitors
treatment in JAK2 low tumors to recover IFNy response and overcome resistance
to immunotherapies. It is important to remark that not much is known about the
biological transcriptional regulation of JAK2 (Hubbard, 2018), and even though it
has been previously demonstrated that IFNy upregulates JAK2 (Grasso et al.,
2020), probably due to feedback loop mechanisms, this has been the first time a
JAK?Z transcriptome modulation mechanism has been described. Therefore, our
results indicate that the disruption of the IFNy pathway may arise due to other
mechanisms beyond mutations. Importantly, supporting our findings, other
clinical studies show this correlation between a defective IFNy signature and
resistance to ICls (nivolumab and ipilimumab), in which resistant melanomas
display transcriptomic defects of IFNy genes (Rodig et al., 2018, Grasso et al.,
2020).

However, although we demonstrated that JAK2 transcriptional downmodulation
leads to immunotherapy resistance, if the H3K27Ac mark is the cause of JAK2
downmodulation remains to be elucidated. To address this question, BT-R cells
could be transduced with the Cas9-p300 activator expression plasmid (Hilton et
al., 2015), by which a particular gRNA would target the JAK2 promoter, attract
the Cas9 to the specific genome site, and the histone acetyltransferase p300
would acetylate the histone mark present there. If the H3K27Ac mark and JAK2
transcription are recovered, that would indicate that JAKZ2 is directly

epigenetically regulated by the H3K27Ac mark. Nonetheless, this epigenetic
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regulation was only found in the BT-R and BT-RG cells, and could be a
particularity, so further studies should be performed in other models of JAK2

downmodulation, as little is known about its regulation (Hubbard, 2018).

Supporting our findings, recent preclinical research besides us describe the
tumor IFNy deficient signaling as a mechanism of resistance to T cell redirection
therapies in solid tumors, namely TCBs (Liu et al., 2021) and CAR T cells (Larson
et al., 2022). Despite several clinical trials are ongoing in solid tumors, no data is
currently accessible (i.e. RNA-seq), which poses a challenge for researchers
studying the mechanisms of response of patient's tumors to these therapies.
However, preclinical studies show that, by knocking out either IFNGR1 or JAK1
in NSCLC or glioblastoma solid tumor cells, respectively, the IFNy pathway gets
inactivated and cancer cells develop resistance to the T cell attack. On the same
line, by knocking out IFNGR1, in this thesis we show that the IFNy signal
transduction is required for the response to the HER2-targeting TCB and CAR in
vitro, and to the HER2-TCB in vivo (Figure 3, R1). The disruption of this pathway,
therefore, also promotes lack of sensitivity to immunotherapies independent of
the antigen presentation, such as redirected T cells via TCB or CAR T cell
treatments. Of note, the IFNy role in immunotherapy resistance is not cancer type
dependent, as downmodulation of IFNGR1 has been shown to protect from T cell
attack in glioblastoma and pancreatic cancer (Larson et al., 2022), and we
expanded these results in BC, ovarian cancer and NSCLC (Figure S4, R1), and
gastric cancer (Figure S9D-F, R2). Importantly, in this scenario, T cells are
correctly activated as observed by means of the CD25 activation marker and
granzyme B release (Figure S2g, R1; Figure S3B-C, R2), indicating that the
resistance is tumor intrinsic. These results were also observed in the study by
Larson, in which IFNGR1 KO tumors were able to equally activate CAR T cells,
as seen in terms of activation, proliferation, and exhaustion, among other
evidences (Larson et al., 2022). Therefore, we hypothesize that among the
diverse antitumoral actions of IFNy (Martinez-Sabadell et al., 2021), the role of
the IFNy deficiency as a mechanism of resistance to T cell redirection is due to
its apoptotic effect, as seen by means of Annexin V upon IFNy treatment (Figure
3d, R1). Nonetheless, this assay was only performed in the BT-R model and this

mechanism should be verified in the rest of acquired resistant models generated.
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Additionally, the apoptosis effect of IFNy as a possible cause of resistance to ICB
was proposed in the study by Gao and colleagues, in which they observed that
murine melanoma cells genetically knocked down for IFNGR1 exhibited less
apoptosis by means of Annexin V in vitro, which was paralleled to resistance to
anti-CTLA-4 in vivo (Gao et al., 2016).

By contrast, Larson and colleagues demonstrate in glioblastoma preclinical
models that IFNGR 1 knockout tumor cells exhibited a disrupted immune synapse
with EGFR-CAR T cells (Larson et al., 2022). In this study, the lack of IFNy
signaling impairs CAR T-driven ICAM-1 upregulation, a cell adhesion molecule
involved in the immune synapse by the binding to LFA-1 in T cells (Ma et al.,
2022). By overexpressing ICAM-1 in IFNGR1 KO cells, these recovered the
sensitivity to the CAR T treatment, and therefore, the authors suggest that this
disrupted increase of ICAM-1 by IFNy is the cause by which IFNy deficient solid
tumors become resistant to CAR T therapy (Larson et al., 2022). This result
indicates that, apart from the antigen presentation and the apoptotic effect, IFNy
signaling is required to correctly adhere and engage to T cells in solid tumors.
However, the study by Larson use CAR T cells, and no studies reported to date
demonstrate if a disrupted immune synapse driven by IFNy defective response
is the cause of resistance in redirected lymphocytes via TCBs. Importantly, it is
described that TCBs form a more “TCR-like”, a more organized immune synapse,
than CAR T cells (Roda-Navarro et al., 2020), and therefore, interactions could
differ. In order to address this question, we used our BT-R resistant model, with
an IFNy deficient signaling, and performed imaging experiments in coculture with
the HER2-CAR and the HER2-TCB. Strikingly, with both treatments we observed
a deficient immune synapse in resistant BT-R cells in comparison to sensitive
BT474 cells, identified by a decreased contact area between the tumor cell and
the T cell (Figure 9, R3). We additionally observed that intrinsic IFNy response
was the cause of this deficient immune synapse, as demonstrated in rescue
experiment with JAK2 overexpression in BT-R cells, which not only recovered the
sensitivity to IFNy and redirected lymphocytes (Figure 5a-e, R1), but also the
immune synapse disruption (Figure 9, R3). However, in our model, ICAM-1 is
not the driver of this decreased binding between tumor and effector cell, as its

expression is not disrupted in the resistant cells, and ICAM-1 gain of function in
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BT-R cells did not recover sensitivity to T cell redirection (data not shown).
Therefore, deeper insight into the tumor IFNy response impact in immune
synapse is essential for its understanding. Hence, these findings suggest that
IFNy deficient response may contribute to the resistance of T cell redirected
therapies by both impeding the apoptosis process and compromising the

interaction with the T cell.

Importantly, the IFNy role in immunotherapy sensitivity has been mostly related
with solid tumors. Despite that, the study by Liu shows that, by knocking down
JAK1 in an ALL and an acute myeloid leukemia (AML) cell lines, cells became
resistant to a CD123-TCB (Liu et al., 2021). Contrarily, Larson and colleagues
indicated that disruption of the IFNy pathway by /IFNGR1 KO did not render any
effect on hematological (leukemia, lymphoma, and myeloma) cell lines’ response
to CD19- and BCMA-CAR T cells, while it was crucial for solid tumors response
(Larson et al., 2022). Therefore, it seems that the tumor cell intrinsic IFNy role in
immunotherapy response in hematological tumors could be different between
TCBs and CAR T cells, and further studies should be performed in order to know

the real role of IFNy in hematological tumors.

Although important advances have been done in T cell redirection
immunotherapy research, identifying the mechanisms of resistance still presents
a challenge. The current models used in the field, as the ones used in this thesis
(Figure S6, R1), fail to properly mimic the TME of a patient solid tumor. /n vitro
studies are based exclusively on the T cell-tumor cell interaction, avoiding the
potential effect that the other components of the TME may exert on the cancer
sensitivity to these therapies. Additionally, in vivo studies using humanized mice
present the same limitation. Despite better than PBMC humanization, that induce
GvHD and engraft mainly T cells, CD34* hematopoietic stem cell (HSC) mice
humanization give rise to, after some months, mostly T cells and some B cells
(Xu et al., 2022, Colas et al., 2023), lacking the myeloid compartment and
consequently the MDSC and TAM role in the TME. Besides, these models do not
phenocopy the complex dynamics between the tumor and the immune system
described in the cancer immune cycle. In this regard, the use of syngeneic mice
models would allow to better study the dynamics of the tumor evolution upon

immunotherapy treatments in a physiologic TME. Nevertheless, these models
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have a significant drawback, the data collected will apply to mouse cancer
immune responses and involve therapies designed for mice. However, new
strategies to improve mice models such as the NSG-SGM3 transgenic mice are
being generated to increase the engraftment of myeloid lineages and regulatory
T cells (Coughlan et al., 2016), which will allow for a more accurate assessment
of the interaction between immune and tumor cells in a TME that mimics netter a

real heterogeneous tumor and its interactions.

Additionally, the unavailability of pre and post-treatment tumor samples in T cell
redirection clinical trials on solid tumors impedes to corroborate investigators’
preclinical work in the clinical practice, which would allow to identify biomarkers
of response to immunotherapy. Currently, the used biomarkers, particularly for
ICls, are the expression levels of PD-L1, the TMB state and the MSI tumor levels
(Sankar et al., 2022). While tumors expressing high levels of PD-L1 may benefit
from PD-1/PD-L1 blockade, a higher TMB and MSI is correlated with higher
neoantigen expression. Despite that, although PD-L1 score is the most used
biomarker of response to immunotherapy, a study of 45 FDA approvals of ICls
from 2011 to 2019 showed that PD-L1 was only predictive in 28.9% of cases
(Davis & Patel, 2019). Consequently, there is an important clinical need to find a
reliable biomarker of response to immunotherapy to better stratify those patients
that can benefit, avoiding then important toxicities. We hypothesize that tumor
intrinsic IFNy response transcriptome is a good alternative as a biomarker of
response. Through the application of scRNA-seq and an examination of tumor
intrinsic IFNy signaling genes, like JAK1/2, the responsiveness of patients to T

cell-mediated attacks could be anticipated.
2. IFNy dual role during tumor evolution

It becomes clear that IFNy antitumoral effects are numerous and diverse, both by
activating antitumoral immunity and by exerting direct and indirect tumor
suppression effects on cancer cells. Despite that, IFNy displays as well a “dark”
side, with different protumoral effects. The most described T cell inhibitory effect
by IFNy is the upregulation of PD-L1 in tumor cells (Abiko et al., 2015) and other
cells in the TME, mostly APCs (Peng et al., 2020). Morover, preclinical data

indicates that IFNy induces production of IDO in both tumor cells and APCs,
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inhibiting T cell proliferation and antitumor activity (Jurgens et al., 2009);
CXCL9/10, which promotes Treg and M2 macrophages recruitment to the tumor
site (Russo et al.,, 2020); and INOS in MDSC, suppressing CD8" T cell
proliferation (Shime et al., 2018). In addition to these indirect T cell suppression
effects, IFNy can directly induce TIL apoptosis (Pai et al., 2019) and inhibit clonal
diversity and proliferation of stem-like T cells (Mazet et al., 2023). However, when
tumor cells become insensitive to IFNy, the inhibitory effects typically induced by
the IFNy response are not expected to be induced. This was observed in our
resistance models, where the PD-L1 induction upon T cell or IFNy treatment was

dramatically decreased in comparison to sensitive cells (data not shown).

The pro- and anti-inflammatory activities of IFNy are probably sequential and the
latter avoids deleterious effects when inflammation is no longer needed, which
may happen when chronically exposed to IFNy. Benci and colleagues
hypothesize that initial IFNy exposure recruits antitumoral immune cells such as
APCs and T cells, and promotes antigen presentation, T cell activation and tumor
cell killing. However, when chronically exposed to IFNy, the epigenetic changes
in the tumor drive immunosuppression and promote tumor scape (Benci et al.,
2016). Interestingly, in this thesis, we generated models of resistance to IFNy by
chronically exposing cells to the cytokine, which became resistant not just to
IFNy, but to TCBs and CAR T cells (Figure 6, Figure S7, R1; Figure S10, R2).
We hypothesize that while T cell-released IFNy is vital for immunotherapy
response, its prolonged exposure lead to resistance due to reduced sensitivity.
In conclusion, IFNy plays a central role in the control of antitumor inflammation,
but depending on the tumor evolution stage, its role can shift to an
immunosuppressive effect. Thus, studies measuring the IFNy production and

effect on the different compartments of the TME during tumor evolution is needed.
3. Interventions targeting IFNy signaling

Given the pleiotropic effects of IFNy on the immune compartment, and its direct
antitumor effects, is not surprising that both activation and inhibition of IFNy

signaling has been tested in the clinic.
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Activation of the IFNy signaling. To activate IFNy signaling, two strategies have
been developed in clinical trials so far: direct administration of recombinant IFNy
or virus encoding IFNy, or indirectly by the activation of the STING pathway,
driving the production of type | IFNs and, as a consequence, IFNy, boosting

immune responses against tumors (Li et al., 2016).

The administration of IFNy is approved for chronic granulomatous disease and
severe malignant osteopetrosis, and has been tested in different tumors,
including melanoma, lung adenocarcinoma, renal cell carcinoma, breast and
ovarian carcinoma (Shen et al., 2018). Although some antitumor responses were
observed, overall, these studies have not resulted positive and patients have
suffered side effects such as fever, nausea or rash (Miller et al., 2009), probably
due to IFNy proinflammatory effect. These trials are based on systemic
administration, but it has been described that IFNy has a short half-life (Razaghi
et al., 2016). Therefore, intratumoral induction of IFNy expression in the TME has
been also explored. In a phase Il clinical trial in patients with cutaneous B cell
lymphomas, the intratumoral delivery of an adenovirus encoding IFNy showed
beneficial responses in most patients, with 54% of patients exhibiting CR (Dreno
et al., 2014), but due to unknown reasons further studies were discontinued.
Additional interesting ways to deliver IFNy to the tumor include oncolytic viruses
expressing IFNy, which had good preclinical results in mice models bearing solid

tumors (Bourgeois-Daigneault et al., 2016).

Besides, there are 11 open clinical trials using different STING agonists ongoing,
as single agents or in combination with checkpoint inhibitors. STING agonists
activate the production of type | IFNs, which mount a proinflammatory effect, and
additionally, activates IFNy production by T cells (Ohkuri et al., 2014, Jing et al.,
2019). So far, even though some toxicities arise, promising antitumor activities
have been observed in these trials (Le Naour et al., 2020). However, we tested
two different STING agonists in combination with the HER2-TCB and PBMCs and
no effect was obtained in our resistant BT-R model (data not shown). We
hypothesize that due to the lack of sensitivity to IFNy in the tumor, even though
it is described that T cells get more activated and produce more IFNy, tumor cells

are still unresponsive. For this reason, we believe delivering IFNy direct or
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indirectly is a good strategy to increase efficacy in tumors bearing other

resistance mechanisms, but not in IFNy deficient responsive cancers.

On the other side, a significant effort is being done to discover ways to recover
an impaired IFNy response, and thus, overcome resistance to immunotherapy.
In this thesis, we aimed to find novel combinatorial strategies to recover IFNy
sensitivity. To do so, we performed a CRISPR screening in our BT474 and BT-R
cells, with the aim to identify targetable genes whose inhibition allowed cells to
recover IFNy response. We identified SOCS1, a negative regulator of the
pathway, whose genetic silencing recovered sensitivity to IFNy and, strikingly, to
the HER2-TCB both in vitro and in vivo (Figure 10, R3). Future studies will
determine the druggability of SOCS1, but if directly inhibited in the tumor site, and
therefore, avoiding systemic exacerbated response to IFNy, it could be a good
candidate to target. Additional targets identified recently to recover IFNy signaling
are the pathway negative regulators PTPN2 (Manguso et al., 2017) and STUB1
(Apriamashvili, 2022), and the RNA-editing enzyme ADAR1 (Ishizuka et al.,
2019). Complimentary to the CRISPR screening, we also performed a drug
screening of more than 300 compounds, many of them FDA approved, in the BT-
R, to recover sensitivity to both HER2-TCB and IFNy. A key advantage of using
an FDA repurposing drug library is that candidates could be applied rapidly into
the clinical practice. Our preliminary results indicate several candidates to exploit
and validate as potential combinatorial strategies to overcome IFNy mediated
resistance to T cell redirection therapies, and further studies will determine their

effectiveness and feasibility (Figure 11, R3).

Another strategy to recover therapy sensitivity in IFNy unresponsive cancers is
to surpass this deficiency independently of IFNy. For instance, the BO-112, a
nanoplexed version of polyisosinic-polycytidylic acid (poly I:C) that recovered the
expression of MHC-l in murine melanoma B16-JAK1X® cells via NFkB,
independently of IFNy signaling, and thus, restored the efficacy to TCRt T cells
in vivo (Kalbasi et al., 2020). In an additional study, authors demonstrate in
murine TNBC models, that by enhancing ligand-dependent corepressor (LCOR)
expression through extracellular vesicle mRNA delivery, resistant tumors with

IFNy deficiency recovered APM genes expression independently of the IFNy
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pathway, and therefore, restored sensitivity to anti-PD-1 therapy in vivo (Perez-
Nufez et al., 2022).

Inhibition of the IFNy signaling. On the contrary, the inhibition of IFNy has been
developed as precision therapy, as genetic activation of JAK2 is considered a
driver of various hematologic tumors (Roberts et al., 2017). This demonstrates
that, in contrast to what happens in solid tumors, IFNy impinge on lymphocyte
cell proliferation and progression. Ruxolitinib, a JAK1/2 inhibitor, is approved for
the treatment of some of these myeloproliferative neoplasms, demonstrating
significant effectiveness. (Mascarenhas & Hoffman, 2012). As a consequence,
clinical trials using JAK1/2 inhibitors in combination with ICIs have been
performed in solid tumors, and the initial results of the combination with anti-PD-
1 have not been positive, probably due to a reduced T cell activation (Kirkwood
et al., 2018) and the deleterious effect that can have inhibiting IFNy signaling in

the tumor based on our results.

In summary, targeting the IFNy pathway in the clinic is currently ongoing with
different outcomes. If the disparate effects of IFNy signaling in the tumor and
immune compartment during different stages of tumor progression are confirmed,

future effort should be focused in targeting separately these compartments.

4. The target antigen determines the mechanism of acquired

resistance to T cell redirection therapies

In solid tumor treatment with CARs or TCBs, the major hurdles are the trafficking
into the tumor, the immunosuppressive TME, the heterogeneity of tumor antigens

and the antigen escape.

In this thesis, we generated independent acquired models of resistance to two
different TCBs to elucidate if different mechanisms of resistance would arise
depending on the targeted antigen. For this purpose, we used a TCB targeting
HERZ2 and a TCB targeting CEACAMS5, member of the carcinoembryonic antigen
(CEA) family. Our main model for this study was the MKN45 gastric cancer cell
line, due to the fact that express both antigens in the cell membrane. Strikingly,

while the HER2-TCB resistant cell line maintained the HER2 antigen expression,
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the CEACAMS-TCB resistant cell line exhibited a remarkable decrease in CEA
expression after 6 months of treatment (Figure 2A-D, R2). This decrease in
CEACAMS expression was proven to be independent on the cancer type, as it
was confirmed in a CRC PDX after generating acquired resistant tumors in vivo
(Figure 4, R2). In addition to CEA, other solid tumor antigens have been
described to be downmodulated after treatment pressure, leading to acquired
resistance. In a study with 10 recurrent glioblastoma patients treated with a CAR
T against EGFRUVIII, 5 of 7 patients where biopsy could be taken exhibited antigen
loss or downmodulation (O’Rourke et al., 2017). Furthermore, in a clinical trial a
glioblastoma patient treated with a CAR against IL13Ra2, antigen
downmodulation was observed in one patient (Brown et al., 2016). However, the
mechanisms beyond this decrease in antigen expression has not been studied in
solid tumors, in contrast to hematological malignancies. Treated patients with
CD19 targeting TCBs or CAR T cells can exhibit relapse by CD19 antigen loss
due to mutations on the target, alternative splicing and defects in antigen
processing (Lemoine et al., 2021), or due to an expansion of antigen-negative
pre-existing clones (Fischer et al., 2017). Having access to samples of solid tumor
clinical trials, such as the clinical trial using cibisatamab (CEA-TCB) in CRC
(NCT03866239), will be undoubtedly a useful strategy to confirm our preclinical
results, or identify the mechanisms behind the antigen downmodulation in each

antigen case.

As the regulation of each antigen is different, the understanding of its intrinsic
biology is required, and preclinical studies are a useful way to study the regulation
and the dynamics of the desired antigen, in order to understand its vulnerabilities
to identify the mechanism of resistance that may arise. Currently, even though
CEA is a common targeted antigen in T cell redirection therapies (Wu et al., 2021,
Maher & Davies, 2023), and its heterogeneously expressed between patients, as
previously observed by using CRC patient derived organoids (PDOs) (Gonzalez-
Exposito et al., 2019), the mechanisms by which it is regulated remain unclear.
Particularly, in this thesis we unveil that CEA was downregulated at the
transcriptional level, and we hypothesize that the defects in its transcription could
be due to inhibitory marks in its promoter. In order to identify the mechanism

beyond this regulation, we performed a Methylated DNA Immunoprecipitation
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(MeDIP), as well as a Chromatin Immunoprecipitation (ChIP) of two important
histone marks (H3K27Ac and H3K27Me?®) in the promoter of CEACAMS.
However, no differences were observed neither in the methylation nor in the
histone regulation of the CEACAMS promoter between the parental MKN45 and
the resistant CEAR cell lines (Figure S7A-B, R2).

Regardless of the mechanisms behind antigen downmodulation, overcoming low
antigen density is a need when this resistance arises in order to recover
sensitivity to redirected T cell attack. In this thesis we demonstrate that the DNA
demethylating agent 5-Azacytidine is able to increase tumor CEA expression and
recover sensitivity to TCB in vitro and in vivo (Figure 3, R2). The mechanism by
which 5-Azacytidine is able to upregulate CEACAMS at the transcriptomic level
remains to be elucidated, but it is likely that it is due to an indirect effect, given
the fact that the CEACAMS promoter is not methylated. We hypothesize that 5-
Azacytidine demethylates the promoter of some transcription factor, therefore
activating its transcription, which then can regulate CEACAMS transcription. A
strategy to confirm this hypothesis would be to perform a methylation array in our
resistant cells with and without 5-Aza treatment, in order to identify which regions
of the genome have been demethylated. This approach can be combined with an
RNA-Seq in the same samples, allowing us to identify transcription factors altered
upon 5-Aza treatment, and by using transcription factor binding site prediction
tools, determine the potential candidates to modulate CEACAMS expression.
Other examples of antigen downmodulation that can be recovered include the
folate receptor B (FRB) and CD22, which recovered antigen levels and sensitivity
to CAR T cells when treated with specific compounds (Lynn et al., 2015,
Ramakrishna et al., 2019).

Interestingly, analysis of individual clones may point out the heterogeneity of the
primary MKN45 cell line as the cause of CEA expression decrease, as some
clones exhibited low levels of CEA expression (Figure S3A, R2), which could
have been the ones selected after the chronic treatment. A strategy to determine
whether these antigen-negative clones are the ones proliferating after treatment
could involve lineage tracing. This would entail labeling the negative cells,

generating new acquired resistance models to CEACAMS5-TCB, and
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subsequently examining if the selected clones were indeed the antigen-negative

ones.

From our multiple models of HER2-TCB resistance generated in this thesis, both
in vitro and in vivo (Figure 1a-b, Figure S6, R1; Figure 1A-B, R2), none of them
exhibited HER2 downmodulation (Figure 1i, Figure S6, R1; Figure 2A, R2),
probably meaning that these tumors require HERZ2 signaling, being an epidermal
growth factor, in order to keep growing and replicating (Figure 2E, R2). Despite
that, interestingly, the HER2-targetting TKi Neratinib has been described to
induce HER2 downmodulation by its ubiquitylation and endocytic degradation in
HER2* BC cells (Zhang et al., 2016), and another study claims that HER2 was
downmodulated in a GBM cell line xenograft after treatment with a HER2-CAR T
therapy (Hegde et al., 2016). These results contradict our initial hypothesis that
HER2 is not feasible to be downmodulated by tumor cells in targeted therapies,
but it could be therapy dependent, and it may depend on the addiction of tumor

cells to HER2 expression.

To conclude, the targeted antigen is determinant on the mechanism of resistance
that will arise when treated with T cell redirection therapies. Upcoming efforts
should be directed to identify antigens that make good candidates to be targeted
in T cell redirection therapies, to identify strategies to anticipate the antigen
downmodulation, and, in cases where expression is disrupted, to identify
combinatorial therapies to restore specific antigen expression and enhance
therapy response, such as the combination of CEACAMS5-TCB plus 5-
Azacytadine presented in this thesis, which proved effective in CEA

downmodulating tumors.
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CONCLUSIONS

1. Tumor intrinsic IFNy deficient response is a common cause of acquired

resistance to T cell redirection therapies in solid tumors.

2. JAK2 downmodulation is a recurrent mechanism of IFNy signaling disruption

in acquired resistance to T cell-based therapies in solid tumors.

3. The tumor intrinsic mechanism of action of IFNy in T cell redirection therapy
response in solid tumors can be the apoptosis induction and the regulation of

the immune synapse formation.

4. Tumor intrinsic IFNy response and JAK2 expression levels have the potential

to serve as surrogate biomarkers of response to immunotherapy.

5. Antigen downmodulation is a recurrent cause of resistance in T cell redirection

therapies towards the antigen CEACAMS in solid tumors.

6. The target antigen is determinant in the acquired mechanism of resistance
that emerge to redirected lymphocytes. A better insight into the biology of the
antigen will help to anticipate and design combinatorial treatments in order to

anticipate resistances to cancer immunotherapies.

7. The CRISPR and drug screening results open the avenue for the use of new
combinatorial therapies to overcome deficient IFNy response and cancer
immunotherapy resistance. We identified SOCS1 as a promising candidate to

be targeted in IFNy deficient tumors.
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