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Abstract

Immune checkpoint inhibitors have emerged as a mainstay of treatment for NSCLC;
however, the number of patients responding to the treatment is still limited. Hence,
understanding the factors that regulate the responses and mechanism of resistance is a
key objective. The tumor mutational burden (TMB) correlates with T cell infiltration and
with clinical responses to Immune checkpoint blockade (ICB) in lung cancer. In parallel,
several studies evidenced a critical role of type 1 conventional dendritic cells (cDC1) for
cross-presentation of tumor antigens, induction of anti-tumoral CD8* T cells immunity
and response to checkpoint blockade. However, the relevance of cDC1 for programming
CD8* T cells to bona-fide neoantigens (neoAgs) in lung tumors with increased TMB

remains unexplored.

To address this question, we generated a mismatch deficient variant of the poorly
immunogenic KP (Kras®22/Wt; n53-/-) model of lung cancer to enhance the TMB. MLH1
deficient KP cells (KP"®°) accumulated SNVs and frameshift that translated into novel
predicted neoantigens that were sequenced and classified by expression and predicted
binding affinity for MHCI. In vivo experiments in both subcutaneous and orthotopic lung
models showed an induction of neoantigen specific CD8 T cells responses and tumor
growth control in KP"° tumors. Notably, these responses were lost in a cDC1-deficient
background, indicating that cDC1 cross presentation is required for neoantigens
immunogenicity. Despite mild spontaneous immunogenicity, however, KP"®° tumors
remained refractory to anti-PD-L1 antibodies. A combinatorial therapy including anti-
PD-L1 plus FMS-like tyrosine kinase 3 ligand (a growth factor essential for DCs
development and maintenance) and Polyinosinic:Polycytidylic acid (Poly (I:C), a stimulus
for DC maturation) largely enhanced CD8 T cell activation and achieved control of
progressing KP"¢® tumors. Interestingly, the combinatorial treatment was ineffective in
parental KP cells, indicating that a certain level of neoantigens is a prerequisite for the

response.

Moreover, in the lung orthotopic setting we found that DC therapy is necessary and

sufficient to induce proliferation and activation of CD8 T cell and to inhibit the



progression of tumor growth. To understand the cellular and molecular network
underlying the efficacy on DC therapy we performed single-cell RNA sequencing (scRNA-
seq) of immune cells from KP"° tumor bearing lungs. scRNA-seq uncovered the
molecular pathways induced by DCs therapy in lung tumor tissues, which include
enhancement of cellular proliferation and upregulation of metabolic pathways in lung
resident cDC1. Moreover, DC-based therapy reduced an immunoregulatory program in
DC subsets and strongly modified proliferation and effector functions/cytotoxicity
across multiple T cell states. We conclude that boosting DC activity in ICB-resistant
mutated lung tumors is critical to leverage neoantigen content for therapeutic

advantage.
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Cancer is one of the leading causes of death worldwide, and lung cancer is one of the
most common cases, with an estimated 2.21 million deaths each year®. Historically, lung
cancer has been classified as non-small cell lung carcinoma (NSCLC) and small cell lung
carcinoma (SCLC)?, and approximately 85% of patients have been diagnosed as NSCLC
(group of histological subtypes), of which lung adenocarcinoma (LUAD) and lung

squamous cell carcinoma (LUSC) are the most common subtypes*.

The most common etiology for lung cancer is smoking tobacco! and the World Health
Organization created a Framework Convention on Tobacco Control for Governments, to
reduce the prevalence of tobacco use and exposure to tobacco smoke. By implementing
these measures, governments reduce the heavy burden of disease and death that is
attributable to tobacco use or exposure3. Even though tobacco prevention strategies are
a crucial component in the fight against lung cancer, development of sophisticated

therapies is required to meaningfully improve clinical outcomes for patients.

1.1 Cancer and immune system

1.1.1 Immunosurveillance

The immune system acts as a sentinel detecting aberrant antigens in the body through
a process called immunosurveillance>®. During this process, immune cells can recognize
a transformed cell and following different steps can efficiently eliminate it. The
generation of immunity to cancer is a cyclic process that Chen and Mellman called as

the cancer-immunity cycle’ (Figure 1.1).

In the initial step of the cycle, tumor-associated antigens (TAAs) or tumor-specific
antigens (TSAs) are released from the tumor to the tumor microenvironment (TME) by
apoptosis or cell death (Step 1). These TAAs or TSAs are captured by antigen presenting
cells (APCs) for processing (Step 2). This step must be accompanied by immunogenic
signal such as proinflammatory cytokines’. Then, the APCs mature and migrate to the
lymph node to present tumor antigens resulting in priming and activation of T cells (Step
3). For this step, it is critical that T cells recognize the antigen as foreign or against which
central tolerance has been incomplete. The activated T cells traffic (step 4) and infiltrate

the tumor nodules (Step 5), they specifically recognize and bind to cancer cells through

15



the interaction between its T cell receptor (TCR) and its cognate antigen bound to major

histocompatibility complex class | MHCI (step 6) and kill their target cancer cell (step 7).

Trafficking of
T cells to tumors
~n\ (CTLs)

Priming and activation
(APCs & T cells) ()

5[ Infiltration of T cells
N/ into tumors

(CTLs, endothelial cells)
lymph node

Cancer antigen [ré‘ \
presentation &/
(dendritic cells/ APCs) 6‘
‘2 Recognition of
cancer cells by T cells
(CTLs, cancer cells)

1) @)
Release of -~ i
cancer cell antigens Killing of cancer cells
(cancer cell death) (Immune and cancer cells)

Figure 1.1] Cancer-immunity cycle. Cancer cells release TAAs or TSAs that are captured by APCs and presented to T

cells in the draining lymph node. Activated-specific T cells traffic and infiltrate the tumor where they can recognize

the cancer cell based on the presentation of the antigen in the MHCI complex. Once the T cell recognize the tumor
cell, they can eliminate it.

The cycle outlined above is an active process that continuously patrols the body for
nascent cancer cells to be eliminated. Consequently, the immune system sculpts tumors
by removing more immunogenic clones leading to sub-clonal populations less
immunogenic, resulting in a selection of the antigen repertoire present in a tumor?®. This
process is known as immunoediting®. This process leads to an equilibrium phase, in
which residual tumor cells not removed in the elimination phase are held in a state of
dormancy. Then, the last phase of immunoediting is the “escape”, in which edited
tumors are no longer recognized by immune processes, begin to grow progressively,

induce an immunosuppressive TME, and then emerge as clinically apparent cancers®1,

In this context, understanding the mechanisms that generate TAAs and TSAs in tumor

cells and, in particular, understanding the role of immunogenic antigens during the
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initiation of cancer immunity cycle would allow the development of more effective

strategies to enhance the cancer-immunity.

1.1.2 Immune checkpoint blockade therapies to treat cancer
Over the past decade there has been a revolution in cancer treatments, by moving from

treatments that eliminated the tumor cell directly (for example, chemotherapy or
radiation), towards therapies that enhance or reinvigorate the own T cell-mediated
immune response against cancer'?'3, Nowadays, therapies targeting the immune
checkpoint molecules have changed the landscape of therapies available to treat solid

tumors!?,

The original observation that blocking the prototypical immune checkpoint receptor
cytotoxic T lymphocyte antigen 4 (CTLA-4) could mediate tumor regression in murine
models'” led to the clinical development and approval of anti-CTLA-4 as a treatment for
patients. Later, antibodies against checkpoints Programmed death 1 (PD-1) and its major
ligand PD-L1 have shown great promise in treating many diverse cancer types, including
NSCLC6. Although more than 25 years have passed since the first observations in murine
models on the benefits of ICB, only few studies have addressed the molecular
mechanisms behind this effect. These antibodies block the interaction of the immune
checkpoint molecules with their ligands on antigen presenting cells, tumor cells, or T
cells?, Data from in vitro experiments have shown that using antibodies against PD-L1
disrupt the PD-L1/B7.1 cis interaction on dendritic cells. The disruption of this
interaction allows CD28 costimulation by increased B7.1/CD28 interaction leading to an

antitumor T cell immunity?.

Despite the unprecedented successes of ICBs only 20% of patients with NSCLC derive
clinical benefit'®°, This is partially due to the fact that NSCLC is a heterogeneous group
of diseases®*, but also due to intratumoral heterogeneity?, the quality of the immune

response generated?! and the characteristics of the tumor microenvironment?2.

1.1.3 Factors determining long-term antitumor responses by ICB
The key parameters that correlate with the efficacy of ICB therapies in NSCLC patients

are?3: 1) PD-L1 expression in tumor and immune cells?4; 2) infiltration and localization?

of immune cell (particularly, cytotoxic lymphocytes) generating an inflamed tumor
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microenvironment ; 3) increased mutational burden or neoantigen load in tumor cells*®.
All these parameters are the characteristics of hot tumors. By contrast, cold tumors are
resistant to ICB and are poorly infiltrated by the immune cells or directly exclude the

immune system.

Clinical evidence correlates PD-L1 positive staining in human biopsies and ICB outcome
in NSCLC?527, PD-L1 expression within the tumor microenvironment is indicative of T cell
function because PD-L1 is induced by interferon-y (IFNy)?8. Patients with PD-L1* tumors
and T cell-infiltrated tumors comprise about 40% of the ICB-treated patients with NSCLC
and are the group most likely to respond to ICB2%:3, |n addition, data from a clinical trial
(NCT01903993) shown that the presence of tumor-associated PD-L1* DCs is associated
with improved clinical benefit from PD-L1 blockade with atezolizumab (anti PD-L1

mAb)Y7.

A second parameter associated with outcome to ICB is infiltration of cytotoxic T cells in
tumors 3! and the presence of molecular signatures of immune activation3?, introducing
the notion of “hot” (inflamed and highly infiltrated) tumors'3?2, Understanding the
mechanisms regulating T cell phenotype are therefore crucial to improve T cell-based

therapies and patient outcomes.

A third key feature that correlates with better outcomes to ICB is the mutational burden
in tumors. There is large variability in the prevalence of somatic mutation across the
cancer types, ranging from 10 to 1000 mutations per Mb?°. This range is particularly
broad in NSCLCs because tumors in non-smokers generally have few somatic mutations
compared with tumors in smokers where mutations are abundant33. Documented
correlation between the mutational load in tumor cell and ICB sensitivity was published
by Rizvi et al., for patients with NSCLC!®. The authors have shown a significant
correlation between improved percent of free survival and high mutational burden.
They hypothesized that increase in somatic mutation generated neoAgs that can be a
target of the tumor immune response. Recent studies performed by independent
groups have confirmed the correlation between high mutational burden and better

outcomes to ICB, using different cohorts of patients with NSCLC34736,

18



Mouse preclinical model of cancers have provided invaluable insights related to the
mechanisms of the immune response against cancer3’. Genetically engineered mouse
models (GEMMs) of cancer recapitulate histopathological and genetics features of
human adenocarcinomas3®. The KP (Kras®'2/Wt: p53/-) mouse model of lung cancer
mimics the oncogenic transformation processes observed in human, where mutations
in oncogenes, such as KRAS, are thought to occur early, followed by inactivation of the
p53 pathway??. In this model the tumor evolves from hyperplasia during the early stage
to adenocarcinoma in the later stages*® and provides an invaluable tool to study the
cancer immunity. This model has been modified to express surrogate antigens as
antigens from ovalbumin®! or neoAgs identified in melanoma*’. From these models,
tumor cells have been isolated and used as transplantable cell lines. During the course
of this thesis, the KP model was further modified by removing a mismatch repair
component (Msh2), thus generating lung tumors with microsatellite instability and
subsequent accumulation of somatic mutations*3. However, at the beginning of this
study there were no preclinical models carrying multiple and diverse bona fide neoAgs

that could be used to study how the immune system sculpts the tumor.

During the next section, the T-cell response to cancer and the role of neoAgs during

immunity to cancer are further explored.

1.1.4 T cell response to neoantigens
As described in the second section of this thesis, T cells play an important role during

tumor control and, together with NK cells, are directly responsible for tumor cell

destruction mediated by the immune system.

Within the T cell compartment, CD8 T cells that differentiate into effector cytotoxic CD8
T cells is the main cellular subset endowed with the ability to directly kill tumors cells
and that correlates with anti-tumoral responses'®. Emerging evidence are shedding light
on the role of CD4 T cells to provide help during anti-tumor immunity. There are many
mechanisms by which CD4 T cells contribute to anti-tumor immunity, these mechanisms
included CD4-mediated cytotoxicity, activation of myeloid cells as macrophages,
inducing tumor cell senesce and helping to prime CD8 T cells*+*>, Recently, this last point

has been extended and Ferris et al., have demonstrated that CD4 T cells directly engage
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cDC1 via antigen-MHCII interactions to induce cDC1-specific signaling required for

optimal CD8 T cell responses*®#/,

The third T lymphocyte subset that has an impact during anti-tumor immunity is the y6
T cells. This subset represents a minor population within the lymphocytes infiltrating
human tumors and shares innate and adaptive immune properties. Moreover, y6 T cells
activates and recognizes antigens in a MHCI-independent manner. Activation of this
subset in the TME leads to secretion of perforin 1 (PRF1) and granzyme B (GzmB), leading
to pore formation, entry of granzyme proteases, and subsequent apoptosis of tumor
cells®®. Furthermore, it has been reported that y& T cells target tumor cells through
antibody-dependent cellular cytotoxicity, thus, the Fcy receptor expressed on y6 T cells
binds to the Fc region of antibodies bound to target cells, leading to the death of tumor
cells*. However, the role of y8 T cells has been debated and paradoxical data have been
published>®>3, In particular, using a preclinical mouse model of NSCLC was

demonstrated that y8 T cells promote cancer development®4,

Cross-priming by DCs is critical to induce anti-tumoral CD8 T cells. The process of
activation leads to a differentiation process in which CD8 T cells can become effector,
memory or exhausted cells. These three states have different roles during the cancer
immunity. The process of CD8 T cell differentiation will be further explore in the next

section.

1.1.4.1 CD8 T cell differentiation after antigen recognition

Upon antigen recognition, activated CD8 T cells in the tumor microenvironment undergo
a complex pathway of differentiation that carries analogies with anti-viral T cell
responses and traits specific of the anti-tumoral response. This differentiation process
is guided by the TME and also by changes in the activity of transcription factors (TFs) and

chromatin dynamics>>=>’.

Activated T cells expand clonally and begin to express specific functional and distinct
gene programs. During lineage commitment, activated T cells gradually lose their
plasticity while acquiring effector specific functions and differentiation markers>>. This
process is orchestrated by the fine activity of lineage- specific TFs which induce cell-

type- specific gene expression patterns guiding memory, effector and exhausted T cell
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specifications®®. Within TFs guiding the differentiation, T-bet, Blimp-1, Id2, IRF4 and
Zeb2 have been described to be associated with effector T cells>*°, for memory T cells
were described T cell factor 1 (TCF-1), Eomes, 1d3, E proteins, B-cell ymphoma 6 (Bcl-6)
and Forkhead Box O1 (FOXO1)®! and for exhaustion Nuclear Receptor Subfamily 4 Group
A Member 1 (Nr4al) and Thymocyte Selection Associated High Mobility Group Box
(Tox)®2-%4, However, the expression of some these TFs do not change across the
differentiation states suggesting that additional mechanisms contribute to their activity
in promoting cell fate commitment®. Thus, the role of epigenetics emerged as
mechanism to contribute to TFs activity during the T differentiation process. Chromatin
dynamics can regulate gene expression through different mechanism such as: histone
variants, post-transcriptional histone tail modifications, DNA methylation, nucleosome
re-positioning and modifying the chromosome 3D architecture>>®. After antigenic
stimulation, Histone methyltransferases actively alter the epigenetic landscapes of
genes involved in reprogramming of effector or memory differentiation. For example,
acquisition of effector functions correlates with epigenetic changes of poised enhancers
(characterized by  methylation of the lysin in the histone 3,
H3K4mel*H3K4me2*H3K27me3") into active enhancers (characterized by methylation
and acetylation in the histone 3, H3K4me1l* H3K4me2* H3K27ac*)*>%. Moreover, the
perforin, IFNy, granzymes loci acquire a permissive chromatin state and are decorated

with active histone marks during the development of cytotoxic effectors®’.

Regarding the surface markers and function of the CD8* T cells flow cytometry analysis
and recent studies using single cell RNA-sequencing (scRNAseq) have shown that
effector-cytotoxic CD8* T cells are characterized by short live and the expression of
cytotoxic molecules as Killer Cell Lectin Like Receptor G1 (KLRG1), granzymes and

perforin molecules®®. This subset is involved in the direct killing of tumor cells.

Following tumor cell or pathogen clearance, terminally differentiated effector CD8* T
cells die, whereas a small subset of long-lived memory cells with unique features of
stemming and plasticity survives for long periods of time>. This subset can be
subdivided based on the surface markers into central memory (CD44*CD62L*CD127%),
effector memory (CD44*CD62L*CD127*) and tissue resident (CD69*CD103*) in non-

lymph-tissues®. Similar to chronic viral infections, the constant exposure of CD8* T cells
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to TAAs or TSAs can induce the expression of immune-checkpoint molecules, which
characterizes a dysfunctional state called T-cell exhaustion’®’%, It is defined by the loss
of effector function, sustained expression of inhibitory receptors and a transcriptional

state distinct from that of functional effector CD8* T cell’°.

Exhaustion is not a binary state that comes from effector functions to an exhausted
phenotype, instead is a gradual process’?. Thus, the loss of functions occurs in a
hierarchical manner, where CD8* T cells start losing some functions as the capacity to
produce IL-272 or their proliferative capacity’s. In an intermediate state, CD8* T cell
maintain the expression of the transcription factor TCF-1 but fail to produce interferons
as IFNy and to degranulate®®. During this stage CD8* T cell expressed intermediate levels
of inhibitory molecules as PD-1 and Lymphocyte-activation gene 3 (LAG3). Single- cell
transcriptome analyses of CD8" T cells in colorectal cancer’>, breast cancer’®,
melanoma’’ and NSCLC®® have identified this stage of intermediate dysfunction. In more
advanced stages T cells express different checkpoint or inhibitory molecules such as T-
cell immunoglobulin mucin 3 (TIM3), CTLA4, Lag3, CD39 and 4-1BB, and variable surface
levels of PD-1 (reviewed in ). This subset is involved in the direct killing of the tumor

cell’8,

The intratumoral status of CD8* T cells described above were summarized by Van der
Leun et al’2. in the figure 1.2. The naive-like CD8* T cells that arrive to the tumor acquire
effector functions according to the tumor microenvironment and the exposure to the
antigens differentiated into the different dysfunctional states. The naive CD8* T cells are
characterized by the expression of C-C chemokine receptor type 7 (CCR7), interleukin 7
(IL7) and the transcription factor TCF-1. Since the cytotoxic state found in tumors is also
found in healthy tissues, the authors described differentiation in this subset as a TME-
independent process. This state is characterized by the expression of cytolytic molecules
such as killer cell lectin like receptor G1 (KLRG1), PRF1, Fc gamma receptor llla (FCGR3A)
and C-X3-C Motif Chemokine Receptor 1 (CX3CR1), and low expression of checkpoint
molecules. They propose that the development of (pre)dysfunctional cell states is
predominantly driven by antigen exposure and the TME. During the pre-dysfunctional
state CD8* T cells express granzymes and intermediate levels of inhibitory molecules.

The early to late dysfunctional states are characterized by the loss of effector functions
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(granzymes) and proliferation capacity and an increase in the expression and number of

inhibitory and checkpoint molecules such as PD-1, CTLA-4, TIM3 and LAG3.

(Pre)dysfunctional axis

Dysfunctional state

Marker genes: LAG3, PDCD1,
LAYN, HAVCR2
and CTLA4

Predysfunctional state
Marker genes: GZMK
Checkpoints: intermediate
Clonality: intermediate

Checkpoints: high
Clonality: intermediate
to high

TME-induced
dlfferentuanon

Inhibitory receptor expression

Naive-like state j ) CXCL13 expression
Marker genes: IL7R, CCR7 .
and TCF7 . .
Checkpoints: low i ; Proliferation
Clonality: low ce Predysfunctional  Early to late dysfunctional

TME- mdepb
differentiation jﬁ Cytotoxic state
%l \ Marker genes: KLRG1, PRF1,

FCGR3A and CX3CR1
Checkpoints: low

Clonality: intermediate to high
Figure 1.2| Model of intratumoral states of CD8* T cells. The scheme represents the main characteristic and the
major CD8* T cells states in tumors. Data from human samples with NSCLC, colorectal cancer, hepatocellular
carcinoma, and melanoma showed common states across the adaptive immunity against cancer. In brief the CD8* T
cells show a naive-like state characterized by the expression of CCR7, IL7 and the transcription factor TCF-1. Since
the cytotoxic state found in tumors is also found in healthy tissues, the authors described differentiation in this
subset as a TME-independent process. This state is characterized by the expression of cytolytic molecules and low
expression of checkpoint molecules. They propose that the development of (pre)dysfunctional cell states is
predominantly driven by antigen exposure and the TME. These states are characterized by the loss of effector
functions, proliferation capacity and an increase in the expression and number of inhibitory and checkpoint

molecules such as PD-1, CTLA-4, TIM3 and LAG3.

1.1.4.2 Immunotherapy with immune checkpoint blockade targets progenitor exhausted
CD8* T cells
The early and intermediate states of dysfunction offer a therapeutic opportunity by

using monoclonal antibodies that block PD-1 or CTLA4. The precise mechanisms
supporting the efficacy of immune checkpoint blockade have not been fully elucidated

yet”.

Spencer et al., have demonstrated using a preclinical model of colorectal cancer (M38)
that ICB induces the expansion of specific tumor-infiltrating T cell subsets. In particular,
PD-1 blockade primarily induces expansion of exhausted-like tumor-infiltrating CD8 T
cells and CTLA-4 blockade induces expansion of ICOS* Thl-like CD4 effector as well as

exhausted-like CD8 T cells®. In addition, it was demonstrated in MC38 model that the
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CXCR3 chemokine system enhanced the proliferation and function of intratumoral CD8*
T cells during anti-PD-1 treatment and that CD103*-dendritic cells-derived secreting
CXCL9 played a pivotal role in this process8l. D’Alise et al., have demonstrated in MC38
model that a therapy containing anti-PD-1 combined with Adenovirus—vectored
vaccines encoding tumor neoAgs eradicate large tumors. They showed that the therapy
increased generated the accumulation of stem-like Tcf1*CD8* (CD8* Tstem) T cell
progenitors in the draining lymph node and effector CD8* T cells intratumorally. In this
context the combinatorial therapy enhances the magnitude of neoantigen-specific CD8*

T cells and promotes their differentiation into CD8* Tstem®2.

In sarcoma, a combination of PD-1 and CTLA-4 blockade targeted the
exhaustion/dysfunctional phenotype of intratumoral tumor-specific CD8* T cells
producing unique effects not obtained with the monotherapies®3. The combinatorial ICB
targets intratumoral CD8* T cells population changing from one showing characteristics

of exhaustion/dysfunction to one showing signs of reactivation®324,

Besides, in B16 melanoma model Siddiqui et al., showed that PD-1 blockade
reinvigorates intratumoral tumor-reactive CD8* T cells TCF-1* PD-1* with stem-like

properties and promote tumor control after the therapy®.

Recently, Spranger et al., have described a subset of tumor reactive CD8 T cells with a
dysfunctional phenotype that infiltrated nodules. This subset does not show the same
molecular signatures that of the dysfunctional phenotype described before, and it is
exclusive for lung tumor tissues. This subset failed to produce IFNy (a critical feature of
antitumor immune response), expressed low levels of GzmB, and didn't show
cytotoxicity in vivo. This study provided evidence that not all tumor-reactive T cells are
functionally interchangable and that not all tumor-specific CD8* T cells will react to ICB2®.
Clinical data demonstrate that there is a fraction of patients with tumors infiltrated by T
cells; but these T cells fail to up-regulate effector molecules and PD-L1 in response to

ICB, remaining refractory to these therapies®.

A common factor that emerges from the evidence mentioned above is the importance
of intratumoral T cell infiltration during ICB efficacy. Therefore, the role of the density

and location of T cells in the tumor will be explored in the next section.
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1.1.4.3 T cell infiltration in tumors
It has been observed in colorectal cancer that the density and location of immune cells

within the tumor site could predict survival in patients?’. In particular, CD8* T cell density
has been shown as a predictor of immunotherapy response®. By analyzing the T cell
localization within the tumor, studies from 2013 have demonstrated the importance of

T cell infiltration into the tumor nodules relative to the adjacent tissue®”8°

Based on this evidence a robust, consensus and standardized scoring system has been
developed to quantify lymphocytes, either in the tumor nodule or the invasive margin,
called Immunoscore. This system classifies tumors from 10 (immune dessert tumors,
“cold” tumors) to 14 (high immune cell densities in both tumor and adjacent tissue, “hot”
inflamed tumors) introducing the idea of the immune context in the TME®C. Hot and
inflamed tumors are characterized by the infiltration of cytotoxic T cells expressing PD-
1 and tumor cells expression the PD-L1. In colorectal cancer with microsatellite
instability high (the role of microsatellite instability will be explored in the next section)
harboring a higher rate of nonsynonymous single-nucleotide polymorphisms showed
higher responses to ICBs**°!. Contrary, cold tumors were described to be poorly
infiltrated by T cells and to have scarce expression PD-L1 cells. Also, tumors are
characterized by high proliferation with low mutational burden and low expression of

genes related to the antigen presentation machinery such as MHC class-1°2.

Later, in 2019 Galon et al., have added two middle categories under the name “altered”.
The altered phenotype includes the “excluded” and “immunosuppressed” tumors®’. In
the first case immune cells are found at the edge of tumor nodules and do not infiltrate.
This reflects the intrinsic ability of the host immune system to effectively mount a T cell-
mediated immune response and the ability of the tumor to escape such response by
physically hindering T cell infiltration. Recently, the role of two fibroblast subsets during
the exclusion of cytotoxic T cells has been shown; fibroblasts promote the generation of
a compact extracellular matrix that avoid T cell infiltration?°. In the immunosuppressed
tumors there is a low degree of immune cell infiltration but in absence of physical
barriers. Here the presence of an immunosuppressive TME limits the recruitment and
expansion of immune cells®>. The four tumor types are summarized in the scheme

presented in the figure 1.3.
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Response to T cell checkpoint inhibition

Figure 1.3| Defining hot, altered, and cold tumors and their response to ICB. Galon et al., have proposed in 2019
four types of tumors according to the level of infiltration by T cell in tumors. Cold tumors are poorly immunogenic
and poorly infiltrate by T cells. Tumors that exclude T cells or in which the T cells show an immunosuppressed
phenotype are summarized by the name “altered”. Hot tumors are chatacterized to be highly infiltrate by T cells

and patients have better outcomes to ICB?’.

1.2 Neoantigens
Cancer is a genetic disease characterized by the accumulation of genetic alterations’.

Gene mutations caused by genetic instability during carcinogenesis can occur in the
coding region causing changes in the amino acid sequence®. These changes produce
proteins that are not found in normal cells that can be recognized by the immune system
1021 These aberrant antigens are named neoantigens!! as they are foreign to the
immune system. In the tumor microenvironment neoAgs can be released and captured

by DCs and presented in the MHC class-I or -l to T cells (reviewed on 7).

The sources for the accumulation of somatic mutations that generate neoAgs are
variable; in some tumors they can be physical or chemical agents, such as ultraviolet
radiation in melanoma or smoke in lung cancer?. Also, errors during the DNA replication
coupled with deficiencies in the DNA repair system represent an important source of
neoAgs®. The processes involved during the neoantigen generation include single
nucleotide variants, insertion or deletions, changes in the splicing, translocations, or
post-translational modifications®®. All these mutational processes can lead to the
generation of aberrant proteins that can be recognized by the immune system (Figure

1.4).
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Figure 1.4| Different sources for potential neoantigens in the cancer cell. Mutational processes such as single
nucleotide variants (SNV), insertions and deletions (In/Del), spliced peptides, translocations and posttranslational
modifications lead to the generation of aberrant peptides that can be recognize by the immune system. The scheme
was modified from Braunlien et al.,%.

1.2.1 Deficiencies in DNA repair system and neoantigens
The integrity of genetic information depends on the fidelity of DNA replication and on

the efficiency of several different DNA repair processes. The mismatch repair (MMR)
system is one of the key guardians of genomic integrity®’, and this pathway is
responsible for correcting base substitution mismatches and insertion-deletion
mismatches generated during DNA replication in organisms from bacteria to
mammals®®. Deficient DNA mismatch repair (MMRd) may be caused by germline or
somatic mutations in mismatch repair genes (MLH1, MSH2, MSH3, MSH6, and PMS2),
or through epigenetic silencing of MLH1°°. Loss of MMR function induces a
hypermutated phenotype, identified clinically by a genomic scar known as microsatellite
instability (MSI)1%, The frequency of MSI is variable across the different cancer types
and its signatures may differ among them?!. Previous studies made in Lung
adenocarcinoma, Lung squamous cell carcinoma and Lung small cell cancer revealed

that 1% of the patients presented MS|102-106,

Loss of MMR function can also drive a hypermutator phenotype in cancer cells
generating non-synonymous mutation in other regions in the genome outside from
microsatellites'®’. A study published in 2017 shows that alterations in DNA repair
pathways are known to increase the mutational burden of cancers. In particular,

patients with lung adenocarcinoma whose tumor's harbored a high clonal neoantigen
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burden exhibited improved relapse-free survival'®. Rizvi et al., showed that although
carcinogens in tobacco smoke are largely responsible for the mutagenesis in lung
cancers; as well as deleterious mutations in a number of genes that are important in
DNA repair and replication. For example, in patients with high mutational burden,
considered as responders to immune-checkpoint inhibitors, they identified deleterious
mutations in POLD1, POLE, and MSH2 (enzymes involved in the mismatch repair
system)'®. Subsequent studies have delved into the role of MLH1 (another MMR
component) in NSCLC in different cohorts, showing that methylation in the m/hl
promoter is higher in malignant lung tissue compared to adjacent healthy tissue and its

methylation is negatively correlated with levels of MLH1 in the malignant lung tissuel®,

Mismatch repair is a highly conserved process from prokaryotes to eukaryotes and many
of its components are orthologous between them; however, the proteins involved in the
repair pathway in eukaryotes can differ depending on the nature of the mismatch and

the substrate for excision®s.

The main components are MutS, in charge of mismatch recognition and binding, and
MutL (complex formed by 1 out of the 5 homologues which presents in eukaryotes
MLH1, MLH2, MLH3, and PMS1 or PMS2). MutL complex binds MutS and they destabilize
the DNA helix, so endonuclease can introduce a nick and removes the strand with the
mismatch. The missing DNA is polymerized by DNA polymerase 6 or € and a DNA ligase

ligates the bases (reviewed in %8).
1.2.1.1 MLH1

As previously mentioned, MLH1 homologs are essential components of MMR and are
conserved across all domains of life®*. Human MLH1 (hMLH1) is a 756-amino-acid, 84
kDa protein that can be split into two main parts: an N-terminal domain, where the
ATPase activity resides, and a C-terminal domain, which is the site of dimerization with
MLH1 paralogs®®. MLH1 and PMS2 paralogs form a heterodimeric complex, MutLa. Since
the mismatch is identified and isolated by the MutS mismatch-recognition complex,
MutLa is recruited® and, via its C-terminal endonuclease activity®’, generates strand

breaks in the heteroduplex 30 and 50 to the mismatch that facilitate the repairing®”-62.
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Few studies address MLH1 mutations and their impact on mismatch repair; however,
these papers clearly showed the phenotype generated in vitro and in vivo. Wu et al. have
shown that mutations at the N-terminus of MLH1 correlate with Lynch syndrome in
patients®. Furthermore, the MLH1 knockout mouse represents a preclinical model that
resembles the characteristics of the human MMRd counterpart. These mice developed
many different neoplasias with a heterogeneous mutational landscape’®. Germano et
al., generated a colorectal cancer cell line (MC38) knocked out for m/h1. The inactivation
of mlh1 increased the mutational burden and led to dynamic mutational profiles, which
resulted in the persistent renewal of neoAgs in vitro and in vivo, correlated with tumor
growth control by the immune system. In addition, the authors showed that even in
CT26, a non-immunogenic cell line neoAgs are generated after MLH1 deletion, and mice

treated with immunotherapies (a-CTLA4 and a-PD1) controlled the tumor growth?®.

Although the active role of MLH1 deficiency during neoantigen loading has been well
characterized, mutations in its gene are not the only source of neoantigen generation
and, in particular, MLH1 deficiencies are not found in all biopsies of NSCLC.110-112,
However, Mlh1 deletion offers a specific and validated tool to investigate the role of

increased neoantigen load during cancer immunity.

In summary, during the previous sections, several pieces of evidence were presented
that support the importance of high mutational load in tumors and high immune
infiltrate in tumor nodules during the generation of anticancer immunity and ICB
responsiveness. Currently, the cellular determinants of neoAgs immunogenicity in
mutated tumor are not fully understood. In particular, the quantitative and qualitative
threshold of neoAgs that generates an effective immune response against cancer is an

important unresolved issue.

1.3 Role of conventional type 1 dendritic cell during tumor progression

1.3.1 Dendritic cells

DCs are professional antigen-presenting cells (APCs) that recognise antigens from
different microenvironments in the body and present antigens and co-stimulatory

signals to cells of the adaptive immune system (reviewed on !!3). Through the
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presentation of exogenous antigens on both MHC class | and I, DCs are capable of

inducing a potent immune responsel!4,

In steady state, DCs reside in the periphery and show an immature phenotype
characterized by the high capacity to engulf antigens, low expression of co-stimulatory

molecules, such as CD80, CD86 and CD40, and limited secretion of cytokines!!>116,

Different stimuli associated with danger-associated molecular patterns (DAMPs) and
pathogen-associated molecular patterns (PAMPs) can induce the activation and
maturation of DCs. Activated DCs are characterized by a reduced or lower antigen
capture activity, an increased expression of major histocompatibility complex Il (MHC
class ll) and other co-stimulatory molecules mentioned before, a high ability to produce
cytokines and an active migration to draining lymph nodes to activate T cells'?”18 DCs
in active state are potent inducers of T cell responses and are long considered as a critical
component of antitumor immunity (reviewed on 1%°). T cell priming predominantly
occurs in tumor-draining lymph nodes, although some naive T cells might also be primed
within the tumor microenvironment. Even if antigen-carrying tumor cells can reach
lymph nodes by themselves in certain experimental setups or, naturally, during
metastasis, priming of T cells in tumor-draining lymph nodes from progressively growing
non-invasive tumors requires the delivery of tumor antigens to tumor-draining lymph

nodes by migratory cDCs?°,

1.3.1.1 DCs subsets

Since the initial identification of DC by Ralph Steinmant?!

in the mouse spleen,
methodological advances have revealed the heterogeneity of this subsets. Historically,
DCs have been classified based on their location (migratory and resident, or Langerhans
specialized in skin); based on their phenotype (flow cytometry analysis allowed to
identify several subsets)'??; or based on their ontology!?3. Recently, transcriptome
signatures based on scRNAseq have increased the resolution among subsets and also
the heterogeneity inside the DC subsets®3124-126 Currently there is no consensus
regarding the number and phenotype’s characteristics for all DCs subsets. Some authors

proposed that classification based on scRNAseq could generate a misleading

classification because this technique captured a snapshot of the DCs’ transcriptional
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state which is dynamic in myeloid cells'?’. Also, the transcriptional state could be

modified between healthy and disease conditions.

For this reason, classification based on combined techniques would allow a better
understanding regarding the heterogeneity of DCs subsets. In the next paragraphs a
classification based on ontology and recent data from scRNAseq and flow cytometry in
healthy conditions in mice will be presented. There is a unanimity regarding two major
DC subsets: plasmacytoid and conventional (or classical) DCs'?3124127-123  However,
there is no consensus regarding the nomenclature and features of DC3, mono-derived

DCs or CCR7* DCst24125,130,
e Plasmacytoid DC

pDCs represent a small fraction of DCs that share the origin with the classical DCs31,
They are considered as resident DCs in lymphoid tissues but they can also move to the
blood circulation and be recruited to peripheral tissues during inflamation'32. pDCs
express low levels of the integrin CD11c and MHC class 11*?8, and express high levels of
endosomal nucleic acid-sensing Toll-like receptors (TLRs) TLR7 and TLR9, which
recognize single-stranded RNA and unmethylated CpG motif-containing DNA,
respectively. pDCs specialize in the recognition of virus-derived products as viral nuclei
acids and they respond by producing high amount of type | and lll interferons!33. Similar
to classical DCs, pDCs express flt3 receptor and are strictly dependent on its ligand to

develop'34.
e Mono-derived DC

moDCs are dendritic cells that differentiate from monocytes during inflammation.
Monocytes are able to migrate into the inflammatory site and differentiate into DC with
the capacity to produce IL-121%. In mice, moDCs share expression of CD11c conventional
DCs but uniquely express FcyR1 (CD64) as well as the protein tyrosine kinase MerTK and
CD883%, In melanoma, mo-DCs can migrate to the TME and act as antigen-presenting
cells and activating T cells'3’. Tumor cells secrete CCL2 that plays a chemotactic role
during moDCs recruitment. However, moDCs can differentiate in an immunosuppressive

subset expressing PD-L1 in the TME due to the presence of stromal TGF-B1 and IL-6.
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Upon lipopolysaccharide stimulation moDCs produce more IL-10 than IL-12, failing

during antigen presentation an suppressing T cell proliferation®3®,

e Conventional DC

cDCs is a heterogeneous subset that can be also subdivided into many subsets. The exact
number of subsets in each tissue is largely dependent on the “standard” practice for
that tissue®®®. They can be found in lymphoid and non-lymphoid tissues. cDCs have a
superior capacity to sense tissues from injuries, allografts, pathogens, cancer cells and
to capture antigens from the environment; in addition, they have a major role during
self-tolerance®. This subset has an enhanced capacity to migrate to the lymph node
where they excel in the antigen presentation to T cells*°. A common feature that all cDC
subsets share is that they depend on the growth factor FMS-like tyrosine kinase 3 ligand
(FLT3L) to develop'*! and in the expression of the transcription factor Zbtb4642. In
lymph nodes resident cDCs express lower levels of MHC-1I and higher levels of CD11c
than migratory cDCs. Similarly, in peripheral tissues, cDCs presumed to be ready to
migrate can be distinguished from their resting counterparts by increased levels of
activations markers such as CD80, CD86, and CCR743. The conventional DCs divided in
two main subsets: type 1 conventional DCs (cDC1) and type 2 conventional DCs (cDC2);
additionally, a third subset has been described in many reports, under different names
(DC3, mregDC, migDCs) according to the tissue or the transcriptional signatures under

healthy or disease conditions.
1. cDC1

cDCl1s excel at cross-presenting exogenous antigens (including tumor antigens) to CD8*
T cells and are key cells for the generation of cytotoxic effector T cell responses. cDC1
abundance has been recently associated with increased survival in human cancer as
renal cell cancer and NSCLCY and in different preclinical models'*4147, ¢DC1 is a critical
subset for the spontaneous rejection of immunogenic cancers and for the success of T
cell-based immunotherapies!*®. Beyond the role of antigen presenting cells, cDC1s have
the ability to enhance the local cytotoxic effect of T cells and NK through the secretion

of cytokines and chemoattractants4%°0,
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The differentiation into cDC1 depends on the transcription factors BATF3, IRF8, and
ID2151, cDC1s exclusively express the chemokine receptor XCR1 and the C-type lectin
receptor DNGR-1/CLEC9A*8, Expression of the integrin aE (CD103) is also commonly
used as an additional marker to identify cDC1 in mouse tumors®2; however, the
expression of this marker has been reported also in tumor-reactive CD8" T cells®®3,
cDC1s express higher amounts of FIt3 than cDC2 and have lower expression of CD11b,

Sirpat?2,
2. cDC2

cDC2 represents the second major subset of conventional DCs and is more
heterogeneous than cDC1. This subset depends on IRF4 as transcriptional factor for its
development. They are characterized by the expression of CD11b* and CD172+1241%4 and
they primarily present antigens through MHC class Il to CD4* T cells*®>. ¢cDC2s in tumor
comprise a significantly larger portion>® but the role during tumor control is less
explored. Binnewies et al., have shown using the melanoma preclinical model B16 that
a subset of cDC2 targets Treg suppression and it is a necessary population for directing
antitumor CD4* T cell immunity. Additionally, cDC2 abundance in the human TME may
act as a biomarker for ICB responsiveness®®’. Recently, it was shown that cDC2
expressing interferon stimulated genes are able to cross-dress tumor-derived antigens-

MHC class | complex and cross-present tumor antigens to CD8* T cells®8,
3. Debated subsets

In the last years many studies from clinical data and using mouse preclinical model have
reported new DCs subsets. Zilionis et al., described a third subset of DC that called DC3
found in human and mice. This subset has an exclusive gene signature that shows an
“activated” state and shares genes with monocytes and macrophages'?*. This subset has
also been described in human samples as antigen presenting cells that activates CD8* T

159 Maier et al., have described a third subset of DC called as ‘mature DCs enriched

cells
in immunoregulatory molecules’ (mregDCs), owing to their expression of
immunoregulatory genes and maturation genes'?>. Gerhard et al., have proposed that

DC3 and mregDCs are the same subset of tumor infiltrating DCs'®°. Dixon et al.,
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described a DC subset expressing CCR7 with high migratory capacity as a responsible for

the tumor control after TIM3 ablation?®?.

In the last section, the bibliography and current knowledge on DC subsets have been
reviewed. A common factor among them is their importance during the orchestration
of an effective immune response against tumors. The role of conventional DCs in the

tumor microenvironment will be covered in the next section.

1.3.1.2 Role for DCs in the TME

The TME is composed of non-neoplastic cells that include blood vessels, immune cells,
fibroblasts, extracellular matrix, cytokines, chemokines, and other active
compounds?®?183 |n particular, tumor-infiltrating myeloid cells consist of granulocytes
and mononuclear phagocytes, which have been shown to contribute to tumor control,
immunoediting and response to treatment®416>, DCs represent one of subset of tumor

infiltrating mononuclear phagocytes.

Particularly, cDC1s are professional antigen presenting cells that are crucial for T cell

priming during the antitumor adaptive immunity48

. cDC1s are necessary for tumor
antigen trafficking to draining LNs, antigen cross-presentation, and CD8* T cell
activation!?21%6_ ¢DC1s have also been shown to recruit CD8" T cells into the TME

through the secretion of chemoattractant as CXCL9 and CXCL10%°,

The impact of cDC1 on anti-tumor immunity has been directly demonstrated using
transgenic mice strain in which this subset is absent. Mice deficient in cDC1 (Batf37) or
lung ¢DC1 deficient mice (irf82°¢) showed an increased tumor burden and reduced
number of CD8* T cells producing interferon IFNy and tumor necrosis factor TNFa, in KP
model!l. At the same time, models with mutated Pten in CD207* cells!!* led to a
threefold expansion of cDC1 number in lung and a lower tumor burden, associated with

higher numbers of TNFa* IFNy* CD8* T cells!?,

Presence of human cDC1 equivalent correlates with an increased overall survival in

human tumors®7-

170 Preclinical studies support that elevating cDC1 numbers in tumors
by expansion or recruitment leads to accelerated anti-tumor immunity, even in absence

of added stimuli to promote ¢DC1 activation!”144148,
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In the TME there are several molecules that activate cDC1. In particular, therapies
targeting the tumor cell as chemotherapy or radiotherapy produced the cell elimination
through immunogenic cell death. This type of cell death generates the accumulation of
several molecules in the TME such as tumor-derived DNA, ATP, or high mobility group
box 1 (HMGB1) that are able to activate cDC1. In brief, tumor-derived DNA can activate
cGAS-STING pathway in cDC1 leading the induction of type | interferon’!. ATP can
activate cDC1 by the activation of NOD-receptors family!’? and HMGB1 activates DCs
through TLR4 pathway!’3. All these processes lead to the activation of cDC1 with the
subsequent IL-12 production, that has a major role in NK and T cell recruitment and
activation!’4. Activated cDC1 also secrete CXCL9 and CXCL10 that recruit tumor-specific

CXCR3* CD8* T cells'26 that contributes to the tumor control.

1.3.1.3 cDC1 recruitment in tumors

Despite the major role of cDC1 during the orchestration of the immune response against
cancer, this subsets is under-represented in solid tumor and constitutes a minority
across the intratumoral immune cells'?2'44, The mechanisms that determine cDC1
abundance in tissue can involve chemotaxis for the recruitment and retention in the

TME.

The main source for chemokines in the TME is the tumor cells themselves. They produce,
CCL2175>, CXCL1Y®, CCL20Y"7 and CXCL5'7® and other chemokines that recruit various
stromal cells into the tumor that support tumor growth; some immune subsets recruited
by these chemokines are monocytes, neutrophils, macrophages and Tregs'’®.
Preferential production by tumor cells of chemokines that attract pro-tumorigenic
immune cells and the activation of oncogenic signaling might be one reason for the low
c¢DC1 abundance observed in progressing tumors. In this sense, Spranger et al., have
shown that in BRAF tumors deficient for the WNT/B-catenin signaling pathway, tumor

cells start producing CCL4 that increase the recruitment of cDC1 in the tumore0,

However, tumor cells are not the only subset involved during the recruitment of cDC1,
immune cells also play an important role. Two independent groups have shown that
CCL5 and XCL1 produced by NK cells lead to the accumulation and positioning of cDC1

in the tumor creating clusters of cDC1-NK cells. 149168, Studies on melanoma and head
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and neck squamous cell carcinoma provided evidence that link the levels of FIt3L in the

TME produced by NK cells, and the abundance of cDC168181,

Regarding NSCLC, Lavin et al., showed that numbers of cDC1 are reduced in lesions
compared with adjacent healthy lung tissues'®? in patients, and in mouse preclinical
models!?. Recent studies performed in the preclinical NSCLC mouse model, KP (mice
with mutations in Kras and p53 spontaneously develop lung lesions with features of

NSCLC*'), showed that cDC1 abundance declines in the tumor TME82,

Based on the data presented above, cDC1 mobilization might represent a strategy to

generate an efficient immune response against cancer.

1.3.2 Immunorequlatory signals from the TME thar impair cDC1 function

The TME consist in a challenging environment for immune cells. In solid tumors
hypoxia'®, competition for nutrients'* and regulatory soluble molecules generate an
adverse environment where the survival and activated phenotypes in ¢DC1 are

dampened (Figure 1.5).

Immune cells present in the TME often include cells that have acquired
immunosuppressive phenotypes’®. In a melanoma preclinical mouse model
intratumoral DCs appeared to be immature and they did not present tumor-derived
antigen, as they were unable to induce the proliferation of tumor-specific CD4* and CD8*
T cells!®, DCs exposed to IL10 produced by macrophages lost the capacity to produce
IL-12 in breast cancer®. Previous data from our lab showed that DC-tumor cell co-
culture impaired the DCs’ functions through lactic acid*®®. In addition, prostaglandin E2
produced by tumor cells acts on both NK cells and cDC1s suppressing production of cDC1
chemoattractants!*®. Studies on c¢DC1 derived from PBMC in patients with NSCLC
showed that cDC1 co-cultured with tumor cells modulated the expression of pro- and
anti-inflammatory cytokines. The co-culture between ¢cDC1 and tumor cells leads to an
increase in IL-6, IL-27 and IL-10, and the decrease of IL-12 and IL-2316. Further, the co-
culture leads to the downregulation of the expression of activation molecules, such as

CD40, CD80, CD86, and HLA-DR, on cDC1116,
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In TME the metabolic competition and glucose restriction are predominant and have
been shown to cause major bioenergetic deficiencies in T cells®®. However, the
potential consequences of nutrient limitation in cDC1 metabolism and function remain
not fully understood. The fact that DCs undergo substantial metabolic reprogramming
during activation is well established!®, and this process demands high amounts of
glucose for protein synthesis and secretion, characterized by an increase in glucose
uptake and enhanced glycolysis*®°. Therefore, competition for glucose in the TME might
dampen the capacity of cDC1 to secrete chemokines and cytokines after activation in
tumors'#®, Further studies addressing the impact of metabolic reprogramming in cDC1

on TME are needed to elucidate its role during the orchestration of antitumor immunity.
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Figure 1.5| Immunoregulatory signals from the TME that impair cDC1 function. Key DC-features that tumor cells
develop to perturb DC functions, resulting in insufficient T cell activation. (1) Inhibition of differentiation due to the
decrease in specific growth factor for cDCs. (2) Physical exclusion from the tumor or by reducing the secretion of
chemoattractant as CCL4. (3) Disruption of activating cues, for example by inhibiting the recognition of HMGB1 in
dying cells. (4) Direct inactivation of cDCs by cytokines as IL-10 which inhibit the production of IL-12. (5) The
handling, presentation, and cross-presentation of TAAs by DCs is impaired by tumors. (6) The TME change the
nutrient availability producing a competition for glucose that generates metabolic stress in immune cells. (7)
Tumors can also modify the immune cells viability by affecting some factors such as hypoxia. The scheme was
modified from Wculek et al., 191,

Altogether, these results suggest that expansion of intra-tumoral DC may provide a key
strategy for the induction of potent anti-tumor immunity'®2. So, therapies enhancing DC

may offer a road to be explored to boost the tumor control by the immune system.
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1.3.3 Enhancing DCs in tumors

DC therapy aims at eliciting a tumor-specific immune response, by loading DCs in vitro

with tumor antigens and additional maturation stimuli.

Initial approaches to DC therapies were based on in vitro loading of tumor-associated

antigens on DCs'%?,

In first- and second-generation DC therapies, moDCs were
differentiated with granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-
4 and loaded with tumor neoAgs. Although DCs were able to promote T-cell
differentiation and CD8* T-cell activation, without the correct maturation stimuli, this
strategy showed unsatisfactory clinical results'®. This first approach was improved

using  maturation  cocktails, including IL-6, TNF, IL-1b, PGE2, and

polyinosinic:polycytidylic acid (poly(l:C))'®3, leading to FDA approval.

Next generation therapies targeted DCs in vivo using: Toll-like receptor ligands as LPS,
Imiquimod, CpG or Poly (1:C)'%%; intra-tumoral injection of TriMix (CD40L, CD70,
constitutive active TLR4) and mRNA encoding for tumor antigens in patients with stage
Il and IV melanoma mRNA'%, or attenuated viral agents®®~1%8, Anguilles et al., have
reviewed the objective response of these therapies in patients with melanoma, prostate
cancer, renal cell cancer and malignant glioma and they found that only 8.5% of patients

had an objective response®®®.

The new approaches used in preclinical studies include ICB and therapies enhancing
DC™4, It has been shown that immune checkpoint inhibitors, such as monoclonal
antibodies targeting PD-1, CTLA-4 can restore tumor-specific T cell activity*®. In addition,

200 or jn dendritic cells201202 haye

monoclonal antibodies targeting PD-L1 in tumor cells
shown success in treating colorectal cancer and NSCLC in mouse models?°3, Particularly,
monoclonal antibodies blocking PD-L1 on DCs release B7 sequestration in cis by PD-L1,

which allows the B7-CD28 interaction to enhance T cell priming?%.

1.3.3.1 Boosting and activation of cDC1 by FLT3L administration

Therapies that included the growth factor FLT3L have shown promising results

improving tumor control by the immune system?144-147,204,205,
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FLT3L is a DC growth factor that promotes the expansion of FIt3* primitive
hematopoietic stem cells?%®, FLT3 is expressed in DC progenitor such as common
myeloid progenitors and the macrophage DC progenitors?®” and remains present in
terminally differentiated cDC and pDCs*°?; which suggests that FIt3-FLT3L pathway could
have a functional impact on mature DCs?%8, FLT3L therapy increases and activates cDC1

infiltrating tumor and also increases the number of precursors!>2,

The administration of FLT3L as a single agent was demonstrated to control the growth
of some tumors as: methylcholanthrene-induced fibrosarcoma?°?, C3L5 breast tumor?19,
B16 melanoma, and lymphoma?!l. However, daily administration of FLT3L to treat
pancreatic tumor in mice led to a 2.5-fold increase in ¢cDC1 in the tumors, but did not
impact on the tumor growth!*”. The same approach was used in healthy volunteers

generating a 130-fold increase in cDC1 numbers?!?,

Expanding and activating cDC1 with FLT3L, in combination with adjuvants, checkpoint
inhibitors and radiotherapy was shown to improve control of genetically induced
melanoma®**?13 and of various ectopic murine cancer models?!*. A synergistic effect of
FLT3L and Toll-like receptor agonists?®® improves the effect of PD-1 and PD-L1

therapies!44216,

In highly suppressive and poorly infiltrated pancreatic cancer in mouse model, the
administration of FLT3L in combination with aCD40 rescued cDC1 abundance and
potentiated their maturation. This boosts CD8* T cell activation and improves response

to vaccination and immune control of tumor outgrowth46217,

Recently, Schenkel et al., have tested a combinatorial therapy including FLT3L and anti-
CD40 in a preclinical mouse model of lung cancer?!®, They have observed that the
therapy increased the number of migratory cDC1 in the draining lymph node 10-fold
more in comparison with control group. Moreover, the therapy produced an increase in
the CD86 expression but not in PD-L1 expression in migratory cDC1; suggesting that the
therapy restores the number and boosts the quality of migratory cDC1. In addition, the
authors evaluated whether the increased number of migratory cDC1 improved the anti-
tumor CD8* T response. They have shown that combinatorial therapy increased the

number of tumor-specific CD8* T cells in the draining lymph node and a 3-fold increase
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in the number of SlamF6*TCF1* tumor-specific CD8* T cells in tumor-bearing lungs.
Interestingly, they observed that the therapy reduced in 50% the tumor area in tumor

bearing lungs in comparison with the control group?*2.

Interestingly, a proof of concept has been also provided that CD8* cell specific for a
model antigen and engineered to express FIt3L potentiate activation of bystander
antigens by epitope spreading®®. A study in a colorectal model illustrated the potential
of enhancing DC therapy in low mutational burden tumors and indicated the importance

of orthotopic models for preclinical immunotherapy testing?%°.

Currently, there are 45 clinical trials that involve FLT3L to treat cancer of which three
are focused on treating NSCLC. These studies combine FLT3L with radiotherapy or in

combination with anti-CD40 agonists???,

The dynamic of cDC1s in tumor microenvironment is still not fully understood; especially
how their phenotype affects neoantigen presentation to lymphocytes to activate an
effective tumor immune response. Besides, there are few studies combining DCs
therapies with ICB; however, these few demonstrated that even in cold tumors such as
glioblastoma, by boosting DCs, tumors become more infiltrated by T cells and respond
well to ICB therapies???223, Therefore, it is essential to characterize the role of DCs in
neoantigen presentation in the tumor microenvironment; and particularly to analyze

the effect of boosting DCs on tumor burden and anti-tumor immune response.
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State of art
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Taken together, the concepts summarized above provided evidence for the active role
of cDC1 during the orchestration of the immune response against tumors. Furthermore,
it has been shown in murine ectopic tumor models that enhancing ¢DC using FLT3L

allowed the induction of potent antitumor immunity.

However, this evidence has been obtained using preclinical models harboring surrogate
antigens that do not reflect the heterogeneity and multiplicity of tumor-associated
antigens. In particular, many studies used a single, strong antigen such as ovalbumin
that elicits a potent response and does not reveal the complexity behind the immune

response against a repertoire of varied neoAgs in tumors.

Here | aimed to fill this gap by generating a hypermutated variant of the KP model, with
a broad tumor neoantigen content, and we used this model to study how cDC1s regulate
responses to multiple neoAgs. In addition, | wanted to explore the molecular changes
that occurred due to DC therapy in lung tissues. Particularly, how the DC therapy
modified immune subsets that populate the lung and their impact in the clinical

progression of the disease.
The question was addressed by following specific aims as mentioned below:

e Characterization of neoantigen content in parental KP cells and in MIh1 depleted
KP cells.

e In vivo characterization of the immunogenicity of neoAgs expressed in lung
tumors in wild type and cDC1 deficient animals.

e Studying the responsiveness to ICB in a neoantigen-enriched lung cancer model.

e Exploring the role of ¢cDC1 mobilization by a therapy containing FLT3L to the
tumor microenvironment, during the generation of antitumor immune
responses

e Characterization of changes in the composition of the tumor microenvironment
after DC-enhancing therapy by scRNAseq.
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Material and methods
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3.1 Mice
Mice were housed at the ICGEB animal house facility. Wild type C57BL/6JOlahsd were

purchased from ENVIGO and kept in our facility under inbreeding conditions. Batf3”/-
mice were kindly donated by Dr. Christian Lehmann (Erlangen university hospital) and
maintained in our facility on a pure C57BL/6J background. XCR1Ve"“s mice were
generated as described in 24, and kindly provided by Professor Kastenmuller, (Wurzburg
Institute of system Immunology). XCR1°™ mice were generated by Mattiuz et al.,?*> and
kindly provided by Dr. Marc Dalod. The study was approved by International Centre for
Genetic Engineering and Biotechnology (ICGEB) board for animal welfare and authorized
by the Italian Ministry of Health (approval number 1133/2020-PR, issued on
12/11/2020). Animal care and treatment were conducted with national and
international laws and policies (European Economic Community Council Directive
86/609; OJL 358; December 12, 1987). All experiments were performed in accordance
with the Federation of European Laboratory Animal Science Association (FELASA)

guidelines institutional guidelines and the Italian law.

3.2 Tumor cell lines

The KP line has been isolated from primary lung tumors of C57BL/6 KP mice (K-
rastste12b/+. n53f/fl mice)?26, The line was kindly provided by Dr. Tyler Jacks
(Massachusetts Institute of Technology, Cambridge, USA), and used previously’8182 Al

cell lines were maintained under standard conditions.

3.3 Genome editing
MlIh1 knockout cell were generated by Crispr Cas9 using two single guide RNAs (sgRNA)

targeting MIh1 exon 5 as described by Germano et al.,*%”. sgRNAS were cloned into
pZac2.1-U6sgRNA-CMV-ZsGreen with Bsbl restriction enzyme to allow cloning of the
guide under the control of U6 promoter. KP cells were transiently transfected with the
plasmid containing the sgRNA sequences and a second plasmid coding for Cas9
(pSpCas9(BB)(PX458)) using Lipofectamine 3000 (Invitrogen), following the
manufacturer’s instructions. ZsGreen* cells were cell sorted and single clones were
tested for Mlh1 expression. KP<" cells derive from cells transiently transfected with only

(pSpCas9(BB)(PX458).
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3.4 Western Blot
Cellular proteins were obtained by whole cell lysis using radioimmunoprecipitation

assay buffer (50 mM Tris HCI, 150 mM NaCl, 1.0% (v/v) NP-40, 0.5% (w/v) Sodium
Deoxycholate, 1.0 mM EDTA, 0.1% (w/v) SDS and 0.01% (w/v) sodium azide at a pH of
7.4), containing proteinase inhibitor (Sigma-Aldrich). Protein concentration was
measured by BCA assay (Pierce). Proteins from KP, KP<" and KP KO lysates were analysed
by SDS-PAGE. Membranes were blocked with 3% BSA-TBS for 2 hours and were
incubated with an appropriate primary antibody anti-MLH1 (EPR3894, Abcam) or anti-
Tubulin (Clone 11H10, Cell signaling), overnight at 4°C. After rinsing, the membranes
were incubated with HRP-conjugated secondary antibodies for 45 minutes. Finally,
membranes with incubated with chemiluminescent signal was developed using ECL and
imaged by ChemiDoc Imaging System (Biorad).

3.5 In vitro cell line proliferation rate
To test the proliferation rate of the edited cells, crystal violet assay??” was performed.

For this, 3x103 cells from KP, KP<"' (MIh1*t) and KP KO clones were seeded in 96-well
plates and kept for 6, 24 and 48 hours. Cells were fixed with 1% paraformaldehyde and
stained with crystal violet following the manufacturer’s instructions. Cells were washed,
and the dye was solubilized by adding 1% sodium dodecyl sulphate (Sigma-Aldrich).
Optical density was measured at 570 nm using microplate reader (Biorad). Proliferation
rate was calculated as fold change of the optical density found after 6 hours, consider

as day 0.

3.6 Whole Exome Sequencing data analysis
Genomic DNA (gDNA) was extracted from C57 spleen and KP, KP<" and KP KO cell lines

using DNA Blood and cell culture kit (Qiagen) following the manufacturer’s instructions.
Whole-exome sequencing (WES) was performed at Macrogen Europe as follow: Next
Generation Sequencing (NGS) libraries were prepared using SureSelectXT Library Prep
Kit and sequenced on Illumina platform as paired-end 151bp reads. FastQ files provided
by Macrogene Europe were analyzed using a bioinformatics pipeline previously
published??®. On average, we obtained 99% of the exome region covered by at least one
read and a median depth of 98x on sequencing data. Mutational calling was performed

using the comparison strategy: mouse germline alterations were subtracted by using
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normal DNA sequenced from the spleen of C57 mice. We selected only variants

supported by 5 or more altered reads.

3.7 RNA sequencing analysis
RNA was extracted from KP, KP" and KP"® cells using RNeasy Mini kit (Qiagen) and sent

to Macrogen Europe that generated sequencing data: TruSeq Stranded mRNA LT Sample
Prep Kit was used for generating NGS library which were then sequenced on Illlumina
platform as paired-end 101bp reads. FastQ files produced by Macrogene Europe were
analyzed as previous published??. In brief, data was aligned using MapSplice223° and
mm10 assembly as reference genome. The generated BAM files were post-processed to
translate genomic to transcriptomic coordinates and used as input to RSEM?3! for gene

expression quantification employing GENCODE vM9 as transcript annotation.

3.8 Neoantigen prediction analysis
The neoantigen prediction analysis was performed using a previous published

bioinformatic pipeline?3? setting C57 mouse haplotypes: H2-Kb and H2-Db. Briefly, the
mutational calling data, i.e., SNVs and indels, was used for generating mutated peptides
of length 8-11 and then employed as input of NetMHC 4.0 software?33. Only peptides
with predicted strong binding affinity (%rank <= 0.5) were considered. To further filter
out predicted neoAgs based on expression level we performed the mutational calling
also on the BAM files generated from RNA sequencing data. We set 3 as the minimum

number of altered allele and matched the results with those obtained by WES.

3.9 Pathway enrichment analysis
GSEA was used to compare KP<" and KP"° cell lines. Log,FC-ordered gene list was used

to retrieve gene set enrichment using fgsea package in R. Gene sets representing
relevant biological processes were selected from Reactome and Hallmarks from MsigDB

database.

3.10 Heterotopic and orthotopic tumor growth studies
To establish subcutaneous tumors, 5 x 10° cells were injected in the right flank of 8-12

weeks female mice. For the orthotopic model cells, 5 x 10* cells were injected
intravenously. To assess growth in the subcutaneous model, measurements were
collected at day 0, 10, 12, 15, 18 and 21 according to the experiment using a caliper.

Tumor size was calculated as V=d2xD/2 (where, d = minor tumor axis and D = major
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tumor axis) and reported as tumor mass volume (mm?3 of individual tumor volume).
Lungs were harvested at two time points corresponding to early lesions (9-12 days post
tumor induction, tumor area < 10% total lung area) or advanced tumors (21-25 days post
tumor induction, tumor area > 10% total lung area). To evaluate tumor burden in lung
tissues, organs were harvested, fixed in formaldehyde 10% and paraffin embedded
following standard procedure. Consecutive sections every 200 um were dewaxed and
rehydrated and stained with the H&E (Bio-Optica, Milano Spa). llastik software was
trained to automatically detect and segmentate tumor nodules. The area of tumor
nodules was quantified over consecutive sections and averaged (3 sections/sample).
Measurements and automatic thresholding were performed using Image J. The area

occupied by tumor nodules was expressed as a function of the total lung lobe area.

3.11 Mouse treatments

3.11.1 Immune checkpoint blockade
For subcutaneous tumors, mice were treated intratumorally with either 20 pg a-PD-L1

(clone 10F.9G2, Bioxcell) or with 20 ug of rat IgG2a isotype control antibody (clone 2A3,
Bioxcell) every four days post tumor inoculation. In the orthotopic KP model, mice were
treated intraperitoneally with a-PD-L1 (200 ug) every three days, for early endpoints
starting from day 3 and for late endpoint starting from day 7. For control, mice were

injected with rat IgG2a isotype control antibody.

3.11.2 CD8 T cell depletion
Mice were injected intraperitoneally with either 200 pg of a-CD8 (YTS169.4, Bioxcell) or

rat 1gG2a control antibody (LTF-2, Bioxcell) every three days post tumor implantations
subcutaneously or intravenously. Tumors were harvested after 21 days and tumor-

bearing lungs after 14 days after injection.

3.11.3 Intratumoral therapy for subcutaneous tumors
Tumor-bearing mice were treated with a combination of 10 pug of rhuFLT3L (Celldex), 50

ug high molecular weight Poly (I:C) and 20 pug a-PD-L1 mAb. A control group of tumor-
bearing mice were injected with 20 pg rat 1gG2a isotype control (clone 2A3, Bioxcell).

Both groups were injected intratumorally every three days post tumor injection.
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3.11.4 Treatments for lung tumor-bearing mice
Mice harbouring KP"®° lung-tumors were divided into four groups that were treated

intraperitoneally as follows: the first group with 100 pg rat IgG2a control isotype (clone
2A3 and LTF-2, Bioxcell), second group received 200 pug anti-PD-L1 (clone 10F.9G2), the
third group received FL/aCD40 that combines 100 pg aCD40 (clone FGK4.5FGK45,
Bioxcell) and 30 pg of rhuFLT3L (Celldex), and the last group received a combinatorial
therapy that includes FL/aCD40 and aPD-L1. The schedule for the administration of the

therapies are summarizes in the scheme (Figure 3.1).
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Figure 3.1| Treatment schedule for mice bearing KP"e° tumors. Wt mice were intravenously injected with KPne°
tumors and treated with control isotype (algG), anti-PD-L1 (aPD-L1), FLT3L and aCD40 (FL/aCD40), or FL/a-CD40
and a-PD-L1 (FL/aCD40+aPD-L1) following the scheme.

3.12 Tissue processing
Tumor bearing lungs were harvested from mice after cardiac perfusion with PBS.

Subcutaneous tumors were collected from mice and weighed. Both tumor tissues were
physically dissociated and digested with a mix containing 0.1% Collagenase Il and 250
U/mL DNAsel. Enzymatic digestion was stopped by adding 10 mM EDTA and pieces of
tissues were smashed in a 70 um cell strainer to obtain a single cell suspension. Red
blood cells were lysed using ACK Buffer and single cell suspension were resuspended in

the appropriate buffer according to the experiment.

For histological analysis, tumors were harvested and fixed in 4% paraformaldehyde
(PFA), lungs were intratracheally perfused with 1% PFA, fixed in 4% PFA, both tissues
cryopreserved in 30% sucrose in PBS overnight. Tissues were embedded in a frozen
tissue matrix following standard procedure and sectioned in 5 um sections in cryostat.
To assess tumor burden, lung tissues were harvested, fixed in formaldehyde 10% and

paraffin embedded following standard procedure.
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3.13 Immunofluorescence staining
Before staining, tumor tissues were fixed in 4% PFA for 10’ at room temperature (RT).

Washed twice with PBS and incubated in blocking buffer containing 5% mouse normal
serum for 30’ at RT in a humidified chamber. Sections were incubated with a primary
antibody rat anti-mouse CD8 (4SM15, Invitrogen) in blocking buffer, overnight at 4°C.
After staining, primary antibodies were detected using chicken anti-rat conjugated with
Alexa488 (940882, Invitrogen) secondary antibody for 1 hour at RT and nuclei were
stained with Hoescht 33342 (H3570, Invitrogen) for 15’ at RT. Sections were washed

between steps with PBS.

Images were acquired using a confocal microscope Zeiss LSM 880. Images were analyzed

using Imagel software.

3.14 Immunohistochemistry staining
To assess tumor burden, paraffin embedded tissues were sectioned every 200 pum in 5

pum slices. Sections were dewaxed and stained with hematoxylin and eosin using the Bio-
optica kit, following the manufacturer’s instructions. Images were acquired using Leica
microscope. llastik software was trained to automatically detect and segmentate tumor
nodules. The segmented images were analyzed using Imagel software and tumor

burden was normalized with the total lung area.

For CD8" quantification, sections were dewaxed and rehydratated. Tissues were
incubated with 10 mM Citrate Buffer for 10" at 96°C to perform antigen retrieval. Slices
were incubated with H;0; for 10" at RT to block endogenous peroxidases and then
blocked in 10% rat normal serum for 30" at RT. The tissue sections were staining
overnight with rat anti-mouse CD8 (4SM15, Invitrogen) in 0.1% Tween-PBS. Sections
were washed with PBS and incubated with a rat anti-mouse HRP. Detection was
performed using the ImMmPRESS polymer detection system (Vector Laboratories),
according to manufacturer’s instructions. Tissues were counterstained with
hematoxylin. Images were acquired using a Leica DFC450 C microscope and CD8* T cells
guantification was done using Imagel software and the number of CD8 was normalized

with the tumor area.
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3.15 Flow cytometry and cell sorting
Single cell suspension was washed in FACS Buffer (1% BSA in PBS) and incubated with

aCD16/CD32 (BioLegend) to block the FcR binding sites, for 10" on ice. Viability of cells
was assessed by staining with Live/Dead Fixable Aqua Staining (Life technologies), 30" in
PBS on ice. For cell surface staining cells were resuspended in antibody-containing
staining buffer for 45" on ice. The primary antibodies used are listed in the table 1. Cells
were fixed in 1% PFA in PBS, or in Cytofix/ Cytoperm solution (BD Biosciences) following
manufacturer’s instructions. For intracellular staining, cells were incubated with anti-
IFNy, anti-TNFa, anti-GzmB in permwash buffer for 1 hour. For intranuclear staining cells
were fixed using FoxP3 staining Buffer (eBiosciences) following the manufacturer’s
instructions and cells were stained with anti-Ki-67 for 1 hour at 4°C. Cells were washed

and incubated with anti-rabbit Alexa 488 antibody for 30" at 4°C.

Table 1. List of fluorescent-conjugated primary antibodies used in flow cytometry staining.

Antibodies Flow Source Identifier
cytometry
B220 FITC BioLegend 103206
CD11b Bv421 BioLegend 101251
CD11c BV785 BiolLegend 117335
CD19 FITC BioLegend 115505
CD3 PercPCy5.5 BioLegend 100328
CD3 FITC BioLegend 100305
Cb4 BV785 BioLegend 100453
CD44 PE BioLegend 103007
Cb44 FITC BioLegend 103005
CD45 APC/Fire™ 750 BioLegend 103154
CD62L BV650 BioLegend 104453
CD8 APC BioLegend 100712
CD8 BV605 BioLegend 100743
GzmB Alexa fluor 647 BioLegend 515405
IFNy PE Biolegend 505808
Ki-67 Clone D3B5 Cell Signaling 12202s
MHCI PE BioLegend 116607
MHCII Alexa fluor 700 BioLegend 107622
NK1.1 FITC BioLegend 108705
PD1 Bv421 BiolLegend 135221
SiglecF PercPCy5.5 BD 565526
TCF-1 PE Cell Signaling 14456S
TNFa FITC BiolLegend 506303
XCR1 BV650 BiolLegend 148220

50



Absolute cell count was performed by adding TrueCount Beads (Biolegend) to the
samples following manufacturer’s instructions, or by multiplying the frequencies into
the number of viable cells. Viable cells number was obtained by counting cells with
trypan blue (Invitrogen). All data was acquired using FACS Celesta (BD) and analyzed

using FlowJo (Tree Start, Inc).

Cells were gated on their size and granularity; doublets and dead cells were excluded.
For lung and tumor tissue cells were gated on CD45* and different populations were

defined as follows:

e Tcells: CD3*
e CD8*T cells: CD3* CD8* CD4".
Effector memory: CD44*CD62L".
Activated: PD-1* or IFNy* or TNFa*.
TCF-1*PD-1".
Proliferating: Ki-67".
Effectors: GzmB*.
TCF1'GzmB"*.
e Myeloid cells: Lin"(including CD3, CD19, NK1.1, B220, Ly6C, Ly6G and F4/80).
cDC1: CD11c* MHCII"eM Xcr1* CD11b.

e Tumor cells: CD45-.

For total tdLN cells, the same markers described above were used with the exception of

CDA45.

For cell sorting, single cells suspension was incubated with a-CD45-APCFire as described
before. Live/Dead Fixable Aqua Staining (Life technologies) to assessed cell viability.
CD45* cells were isolated using ARIA Cell Sorter (BD) and number of cells were counted

with trypan blue before processing for scRNAseq analysis.

For cell sorting, single cells suspension was incubated with a-CD45-APCFire as described
before. Live/Dead Fixable Aqua Staining (Life technologies) to assessed cell viability.
CD45* cells were isolated using ARIA Cell Sorter (BD) and number of cells were counted

with trypan blue before processing for scRNAseq analysis.
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3.16 CD8* T cell isolation
Single cells suspension from tumour-bearing lungs described previously were used for

CD8* T cells sorting using immunomagnetic sorting using CD8a* T cell isolation kit
(Milteny) following the manufacturer’s instruction. Purity was checked by flow
cytometry. Isolated CD8" T cells were resuspended in Trizol (Ambion) and RNA

extraction was performed.

3.17 Gene expression analysis by RT-gPCR
Tumor-bearing lungs or tumor masses were disrupted and homogenised using a

homogenizer. RNA extraction was performed with Trizol (Gibco) following the
manufacturer’s instructions. cDNA synthesis was performed using Superscriptll and
random hexamers (Invitrogen), and gene expression was determinate by gqPCR using
EVA Green according with the manufacturer’s instruction and specific primers. The list
and sequences of the specific primers is listed in table 2. The levels of gene expression

were normalized using the expression of Gapdh or Gusb as housekeeping genes.

Raw gPCR data was analyzed in excel. Briefly, the average of the median threshold cycle
(Ct) for reference genes (Ct reference) or for the gene of interest (Ct GOI) was calculated
for each sample in duplicate. For normalizing, the Ct reference was subtracted from the
Ct GOI (ACt), and the ACt from the control condition (for example, KP" or KP¢° in WT)
was subtracted from the ACt of the sample of interest (for example, KP"®® or KP"¢° in
XCR1P™), obtaining the AACt. When the primer efficiency was 1 the expression level (FC)
of the GOI was calculated as 2*-AACt. Due to the expression levels value behave as log

normal Log,FC was plotted.
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Table 2. List of specific primers used to quantify by gPCR the expression of cytokines, chemokines, and cytotoxic

molecules.

Primers qRT-PCR Sequence (5'—3’)
IFNy Forward ATG AAC GCT ACA CACTGCATC
IFNy Reverse CCATCCTTTTGCCAGTTCCTC
Cxcr3 Forward GCCATGTACCTTGAGGTTAGTGA
Cxcr3 Reverse ATCGTAGGGAGAGGTGCTGT
GzmB Forward ACAAGGACCAGCTCTGTCCTT
GzmB Reverse TGTCAGTTGGGTTGTCACAGC
Eomes Forward ACCGGCACCAAACTGAGA

Eomes Reverse

AAGCTCAAGAAAGGAAACATGC

Ccl4 Forward

CTCAGCCCTGATGCTTCTCAC

Ccl4 Reverse

AGAGGGGCAGGAAATCTGAAC

Cxcl9 Forward

CCTAGTGATAAGGAATGCACGATG

Cxcl9 Reverse

CTAGGCAGGTTTGATCTCCGTTC

1I-12 Forward

TGGTTTGCCATCGTTTTGCTG

1I-12 Reverse

ACAGGTGAGGTTCACTGTTTCT

Ccl22 Forward

AAGACAGTATCTGCTGCCAGG

Ccl22 Reverse

GATCGGCACAGATATCTCGG

Ccl3 Forward

TGAAACCAGCAGCCTTTGCTC

Ccl3 Reverse

AGGCATTCAGTTCCAGGTCAGTG

Cx3cl1 Forward

GCTATCAGCTAAACCAGGAGTC

Cx3cl1 Reverse

AGAAGCGTCTGTGCTGTGTC

Cd40 Forward

ACCAGCAAGGATTGCGAGGCAT

Cd40 Reverse

GGATGACAGACGGTATCAGTGG

GusB Forward

ACTGACACCTCCATGTATCCCAAG

GusB Reverse

CAGTAGGTCACCAGCCCGATG

GAPDH Forward

AGAAGGTGGTGAAGCAGGCAT

GAPDH Reverse

CGAAGGTGGAAGAGTGGGAGT

3.18 Neoantigen- specific T cell response
Bone marrow dendritic cells (BMDCs) were obtained by bone marrow differentiation in

FLT3L-containing medium for 7 days and were loaded with 2 uM peptides (Neol, Neo3,
Neo5, Neo8, Neoll, Neol6 or SIINFEKL) in the presence of 0.1 pg/mL LPS for three
hours. 1 x10* loaded-BMDCs were co-cultured with 1 x10° total tdLN cells from tumor
bearing mice or healthy mice. After 5 days IFNy levels was measured by ELISPOT or in
the supernatant by ELISA. For ELISA, Max Standard sets (BioLegend) were used following

the manufacturer’s instructions.

3.19 ELISpot assay
ELISpot-plates were activated with 35% ethanol for 2" and coated with anti-IFNy (4

ug/mL, BioLegend), overnight at 4°C. Plated were washed with PBS- 0.1% Tween and
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blocked with RPMI for 2 hours at 37°C. BMDCs were loaded with 2 pg of selected
peptides (Neol, Neo3, Neo5, Neo8, Neoll or Neol6) in presence of LPS (0.1 ug/mL) for
three hours at 37°C. Total cells from tdLN were obtained as described above. Cells were
then plated across control and peptide stimulation conditions at a concentration of
1x10° total tdLN cells and 1x10* loaded-BMDCs per well and gently mixed before
incubation for 20 h. After overnight incubation, cells were removed, and the plates were
washed and IFNy spots detected using biotin a-IFNy (2 pg/mL, Biolegend). Then, plates
were incubated with Streptavidin-ALP (Mabtech) and spots were developed using

BCIP/NBT plus (Mabtech).

3.20 Single-cell sequencing
Sample preparation. Lungs from tumor-bearing mice treated with either FLT3L and

aCD40, or rat IgG2a control isotype were harvested 9 days after tumor injection. Single
cell suspension was obtained using gentle MACS dissociator (Milteny), filtered using 70
um cell strainer. Samples were incubated with a-CD45-APCFire and Live/Dead Fixable

Aqua Staining (Life technologies) to assessed cell viability.

CD45* cells were isolated using ARIA Cell Sorter (BD). Single cells were prepared using
Chromium Next GEM Single Cell 3' Reagent Kits v3.1 (Dual Index) (10X Genomics),
following the manufacturer’s instructions. In brief, 10.000 cells were loaded onto each
channel and partitioned into Gel Beads in Emulsion in the Chromium instrument. Cell
lysis and barcoding occur, followed by amplification, fragmentation, adaptor ligation

and index library PCR. Libraries were sequenced on an NextSeq500 High 150.

3.20.1 scRNA-seqg data processing and analysis
After demultiplexing, fastq files were processed employing the Cell Ranger (v 4.0.0)%3*

workflow using default parameters. Reads alignment was performed to reference
genome mm10 (reference version 2020-A, 10X Genomics). Gene expression matrices,
containing the number of unique molecular identifiers (UMIs) for every cell and gene,
were computed retaining only confidently mapped reads, non-PCR duplicates, with valid
barcodes and UMiIs. All downstream analyses were carried out in R environment (v 4.0.3)
by the Seurat package (v 4.0.3)?**. Gene counts were imported as a Seurat object,
filtering out genes expressed in less than 3 cells. For each sample, putative doublets

were identified using scDbIFinder R package (v 1.4.0)2%¢, setting the expected doublet
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rate at 5%, following 10X Genomics estimates according to the number of loaded cells.
Sample count matrices were then merged and cells expressing less than 200 genes, or
less than 1000 unique gene counts were discarded, along with cells with a ratio of
mitochondrial versus endogenous genes expression exceeding 10% and with doublets.
Raw expression data were normalized applying log2 transformation with NormalizeData
function and scaled using ScaleData function, regressing on the percentage of
mitochondrial gene expression and cell cycle scores, previously computed using
CellCycleScoring function. Top 2000 genes with the highest standardized variance were
computed using FindVariableFeatures function (selection.method = “vst”). Principal
component analysis (PCA) was computed using RunPCA function with default

parameters.

PCA embedding was corrected for sample batch were through the Seurat Wrapper
package (v 0.3.0). When analyzing the whole immune compartment, batch effect was
removed by matching mutual nearest neighbor (MNN) algorithm?3’, implemented with
the RunFastMNN function using default parameters. For the analysis of dendritic cells
and T cells, batch correction was achieved with the Harmony algorithm (v 0.1.0)%%, by
running the RunHarmony function on the first 20 PCA dimensions and theta=2. Shared
Nearest Neighbor (SNN) graph was computed using the FindNeighbors function, taking
as input the first 20 corrected PCA dimensions. Cell clusters were defined using Louvain
algorithm with the FindCluster function. For visualization in 2 dimensions uniform
manifold approximation and projection (UMAP)?*° was used. Cluster-specific genes
were identified using FindAllMarkers function with option only.pos= TRUE,

pseudocount.use=0.1 and logfc.threshold=1, setting a cut-off of FDR < 0.01.

3.21 Statistical analysis

All graphs and statistical analyses were conducted using GraphPad Prism (GraphPad)

and R packages. All data represent mean + SEM.

The number of biological replicates and statistical test are indicated in the figure legend.
Comparison between two groups was tested by parametric Student t-test. For multiple
comparison, parametric one-way analysis of variance (ANOVA) was performed followed

by Tukey’s posttest. When two variables were analysed among two or more groups two-
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ways ANOVA was performed, followed by Sidak’s posttest, only during the in vitro
growth of KP KO clones Tukey’s posttest was used. *p<0.05, **p<0.01, ***p<0.001,
***%p<0.0001.
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Results
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Chapter 1. Tumors with low neoantigen burden are resistant to ICB.
Nowadays ICB therapies are included in the treatments for cancer patients. These

treatments provided durable responses in around 20% of patients with NSCLC. There
are key parameters that correlate with the efficacy of ICB therapies; in particular, PD-L1
expression in tumor and immune cells, infiltration of immune cell generating an
inflamed tumor microenvironment, and an increased mutational burden or neoantigen
load in tumor cells. These parameters characterized hot tumors. By contrast, cold
tumors are resistant to ICB and are poorly infiltrated by the immune cells or directly

exclude the immune system?4°,

Experimental models of lung cancer are instrumental to understand mechanism
underlying resistance to therapy and to identify novel targets for the clinics. A valuable
preclinical model of lung cancer has emerged in recent year derived from GEMMs of
NSCLC that mimic the genetic and histopathological features of the human disease, the
KP model®*!. These mice encode an oncogenic variation in the Kras gene, in which the
glycine in the codon 12 was changed to aspartic acid and they are knock out for p53.
Both genomic modifications are conditional mutations and are activated by a Cre
recombinase, once these mutations are activated the mouse start to develop a
hyperplasia in the lung that derives into in situ adenocarcinomas. Tumor cells were
isolated from tumor bearing lungs, generating a transplantable cell line that generates
orthotopic tumor and faithfully recapitulates the histological and genetic features of
human lung adenocarcinoma?2®. KP is considered to be poorly immunogenic; however,

the mutational burden and neoantigen content of KP are unknown.

To assess the basal mutational burden in KP cells we have performed whole exome
sequencing (WES) and RNA-seq. We identified single nucleotide variants (median 42.51
SNVs/Mb), and 10 frameshifts present in the KP genome (Table 4.1). These mutations
generated 156 neoantigens; of which, 23 are expressed epitopes predicted to bind to
MHC class-I (Figure 4.1). These values mirrored those found in human samples with

NSCLC?°.
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Table 4.1| Mutational status of KP cell line. The mutational burden was assessed using WES and RNA-seq and
single nucleotides variants and frameshifts were found. These mutations generate 156 predicted neoantigens of
which 22 were expressed by the KP cell line.

KP
SNV/Mb 42,51
Frameshifts 10
156

Predicted neoantigens
Expressed neoantigens

Aurkb-R44W-SALALVNWF
Chst14-1172V-AGVLNNVDV
Casc5-R950S-SAVEINNETSL
Eif3h-F84I-LEITNCFPI
Glod4-K14R-FKVRNRFQTV
Glod4-K14E-FKVENRFQTV
Hebp1-V86L-VSFALFPNE
Lyrm5-D28G-AGYFKRRL
Naip2-N540Y-LLYRFQLV
Nlgn2-V210A-AAYGNVIVA
Ovca2-T32A-KALRGRAEL
Rnf130-V198L-LSISFIVL
SIc30a4-G64R-VNRAHPAL
Spg11-L217W-WIYIENTM
Sppl2a-A74P-LSLMNLTGTPL
Tmem87a-F145L-FSGDLTHRLPL
Ttc28-A616R-AAPYYEQYLRL
Ubr3-L1686F-SVFASCLGL
Zfp106-11257N-SSVYPANPAVI
Zfp106-11257F-SVYPAFPAV
Zfp106-C659R-ASPRNSTVL
Zfp106-A656T-STSPCNSTVL
Arnt|2-1164M-LMGQNLFDFL
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Figure 4.1| Expressed neoantigens in the KP cell line. Non-synonymous mutations were filtered by expression using
RNA-seq and used to predict neoantigens using NetMHCI 4.0 package. Expressed neoantigens were plotted
according to their expression levels (TPM), and color depicts the predicted ICso value for each peptide-MHC class-I
complex (n=3).

To investigate the impact of ICB on KP expressing this amount of putative neoantigens
animals were challenged with KP intravenously and treated with anti-PD-L1 or with rat
IgG2a control isotype at two different end points. The size of tumor nodules measured
at two consecutive time points showed that tumors grew progressively in both treated
and non-treated group (Figure 4.2 A). Analysis of the CD8* infiltrate, frequencies of
effector memory T cells and IFNy production by CD8* T cells after ex vivo stimulation
were measured in early lung lesions. We observed similar numbers of CD8 T cells in
tumor bearing lungs treated with anti-PD-L1 or isotype. The fraction of CD44*CD62L CD8
representing tissue memory cells were slightly modified by therapy, however the
increase was not significant (Figure 4.2 B). Ex-vivo restimulation of total draining lymph
node cells with PMA/iono followed by intracellular staining with antibodies to IFNy
showed a fraction (10% of total lung CD8* T cells) of positive cells, equally in control and
anti-PD-L1 treated animals (Figure 4.2. D). Thus, the basal predicted neoantigen content
in KP is not sufficient to confer responsiveness to checkpoint (Figure 4.2 B-D), indicating

that predicted neoantigens expressed by the parental line are not sufficient to trigger a

tumor specific response.
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Figure 4.2| Orthotopic KP tumors harboring 22 neoantigens are resistant to ICB. KP tumor were injected
intravenously and tumor bearing lungs were harvested at early and late time points. Tumor bearing mice were
treated with either anti rat control isotype (a-1gG) or a monoclonal antibody anti-PD-L1 (aPD-L1). A) Quantification
of lung tumor area at early and late time points (n=5). B) Quantification of CD8* T cells in tumor bearing lungs at
early time points (n=5). C) Frequencies of effector CD8* T cells (CD44+*CD62L) in tumor bearing lungs at early end
points (n=5). D) Frequencies of CD8* T cells from tdLN producing IFNy after PMA/lono stimulation (n=5).

Chapter 2. Induction of bona-fide neoantigens in KP lung tumors.
Dynamics of anti-tumoral T cell responses and checkpoint blockade efficacy in the KP

model were previously investigated by introducing expression of surrogate neoantigens
in cancer cells. Here, we wanted to increase the immunogenicity of KP cells through the

induction of bona-fide neoantigens.

To this goal, we have used a strategy already published by Germano et al., based on
deletion of M/h1 which was shown allow accumulations of somatic mutations and
immunogenicity in a colon cancer line (CT26). To induce deletion in KP we thus
transiently transfected cells with sgRNA guides specific for MIh1, targeting the exon 5
and a second vector encoding for the Cas9 protein. sgRNA guides were cloned into a
vector under the U6 promoter control and upstream of the sequence encoding for
ZsGreen protein. The expression of ZsGreen allowed to detect the cells that were
effectively transfected and also, to sort them. ZsGreen™ sorted cells followed by single
cell cloning were amplified in culture and deletion of Mlh1l was evaluated by western

blot.

Thus, two MIh1*® clones (KP KO) were selected by western blot (Figure 4.3 A) and cells

derived from mock Cas9 transfection were used as control KP" (Figure 4.3 A).
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Figure 4.3| MIh1 deletion led to the accumulation of somatic mutations that impact on the neoantigen burden in
KP KO clones. A) MLH1 expression in the parental cell line KP, in KP<t and KP KO clones. B) Number of single
nucleotide variants per mega base (SNV/Mb) in the indicated cell lines. C) Number of frameshifts in the indicated
cell lines. D-E) Whole exome data from the indicated cells were compared. Unique events were defined as predicted
neoantigens that were present exclusively in one cell type, shared neoantigens were present in both cell type. Venn
diagrams show the numbers of predicted unique and shared neoantigens. Predicted neoantigens of KP<t, KP KO 1
and KP KO 2 were calculated in comparison with C57 genome (1 replicate per each sample).

In order to accumulate somatic mutations after Mlh1 deletion, the two selected clones
Mlh1ke (KP KO 1 and KP KO 2) and KP<" were expanded in vitro for several generations
(100 days). After this period in culture, the genome of KP KO 1, KP KO 2 and KP" were
sequenced by WES in order to establish their mutational burden. Thus, the whole exome

data from the cell lines were aligned and compared with the mouse reference genome.

This approach showed that the KP KO clones showed an accumulation of mutations
compared to the MIh1 competent cell line. The number of single nucleotide variants per
megabase (SNVs/Mb) increased ~1.5-fold in KP KO cell lines (Figure 4.3 B), and the

number of frameshifts increased 3- to 7-fold after MLH1 deletion. (Figure 4.3C).

Then, non-synonymous mutations were filtered from SNVs and frameshifts, and the
peptides generated from these mutations were used to predict their putative affinity for
MHCI. Non-synonymous mutations resulted in 66 and 126 predicted novel MHCI
epitopes for KP KO 1 and 2, respectively (Figure 4.3 D-E); showing that MLH1 deletion

contributed to the generation of somatic mutations.

Moreover, we wondered whether the maintenance of KP cells in culture could lead to

the spontaneous accumulation of mutations due to the genomic instability inherent of
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p53%° cell line. Thus, the predicted neoantigens obtained from the KP"" and the parental
line KP were further filtered by expression. To this aim, RNA sequencing (RNA-seq)
analysis was performed and only expressed putative neoantigens were maintained and
compared between the two cell lines. We observed gain in one single expressed
neoantigen in KP" with respect to the KP parental line, concluding that in vitro cell

passages did not significantly affect neoantigen burden (Figure 4.4).

KP

KP<

Figure 4.4| Expressed neoantigens in KP and KP<! cell lines. Coding variants identified by whole exome sequencing
were sorted by expression levels. Venn diagram from RNA-seq data shows the number of expressed neoantigens in
KP<t and KP cell line. Data represent mean from three RNA-seq replicates.

To evaluate whether the genome editing procedure or the deletion of M/h1 altered
cellular features as the proliferative capacity, in vitro growth rate was carefully
evaluated by plating an identical number of cells and counting cell numbers every 24 hr
by crystal violet staining. The proliferation rate in the 2 selected KP KO clones and KP<"!
was comparable to the parental line KP, and no statistical differences were found (Figure

4.5 A). This result shows that the intrinsic proliferation capacities were not affected by

the deletion of MIh1.

Neoantigen presentation on MHCI complex on cancer cells is essential to be target of
CD8 T cell responses and its downregulation represents one of the immune evasion
strategies developed by tumor cells?*?. Therefore, we examined expression of MHC
class | molecules on the surface of KP and KP KO clones to ensure that the increase
mutational rate had not affected its expression (Figure 4.5 B). KP, KP<" and KP KO clones
were incubated with 0.2 ng/mL recombinant IFNy to induce expression and MHClI levels
were measured by flow cytometry. KP, KP<" and KP KO 2 showed high expression of
MHCI; however, KP KO 1 downregulated MHC class-I expression. Thus, KP<! and KP KO

2 (named KP"° hereafter) were retained for further analysis.
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Figure 4.5| Selection of KP"e° clone. A) In vitro growth curves for the indicated clones were measured using the
crystal violet assay at three time points. Fold change was calculated with respect to day 0. Data are represented as
mean = SEM of three replicates in the same experiment. No significant differences were found in two-ways ANOVA
followed by Tukey’s possttest. B) MHC class-I levels were measured in the indicated clones by flow cytometry. An

isotype antibody was used as a control.
Next, we evaluated expression of predicted neoAgs emerged from genomic analysis in
KP"¢° cells. Thus, the putative neoantigens predicted from WES were further filtered by
expression and compared to those from KP" cell line. This analysis established that 26
of the mutant variants in KP"®° corresponded to expressed novel peptides (Figure 4.6 A).
The 26 expressed neoantigens in KP"®° were distributed across a range of expression
levels and predicted binding affinities for MHCI (Figure 4.6 B), creating a specific array

of neoantigens which combines high and low expression with different affinities for

MHCI.

A B
O
‘ 300 @
Kp .

S
[ IC50

1 26 £ 200 1400
7 800
3 O.
£ 100! M 200
w

%000
[ [ J@)]
ol O‘OO.OO..O..QQ

8 Vo> W K980 K oD 4D A0y A 2 o o A0
FFFEEIE IR, ez%o%e&@%e%e,o:\&ez%@%@%@%@%@%@0$®°

Predicted Neoantigens

Figure 4.6] MiIh1 deletion induces accumulation of neoantigens in KP tumors. A) Coding variants identified by
whole exome sequencing were sorted by expression levels. Venn diagram from RNA-seq data shows the number of
expressed neoantigens in KP<t" and KP KO 2 cell line. Data represent mean from three RNA-seq replicates. B)
Expressed neoantigens in KP KO 2 (KP"e°) were plotted according to their expression levels (TPM). Color depicts the

predicted ICso value for each peptide-MHC class-I complex (n=3).
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Importantly, we checked if the deletion of MIh1 altered biological process that could
impact in cancer cell proliferation or alter the inflammatory response against KP"¢°. For
this, we performed a pathway enrichment analysis using gene sets representing relevant
biological processes from Reactome and Hallmark database on the RNA-seq data from
KP< and KP"e°. This analysis revealed that no gene pathways related to metabolism,
inflammatory responses or antigen processing were differentially expressed in KP"e®

versus KP*" (Figure 4.7 B).
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Figure 4.7 | Key biological processes between KP<t" and KP"e°, VVolcano plot of gene pathways related to cell
proliferation, metabolism, inflammatory responses, and antigen processing in KP"e© vs KP<t" cell lines, obtained from
RNA-seq data.

In summary, the deletion of Mlh1 in KP cells leads to the in vitro accumulation of non-
synonymous mutations that generate putative neoantigens. Moreover, the genome
editing did not affect biological processes that could affect neoantigen presentation,
proliferative capacities, metabolism, or inflammatory responses. On this basis, we have

selected KP"! and KP"®° cells with similar features in terms of growth rate and MHCI

expression, for further in vivo experiments.

Chapter 3. KP™° tumors induce CD8 T cells activation and partial tumor containment.
Subcutaneous model
To explore the impact of neoantigen accumulation in KP cells during the generation of

the tumor immunity, KP<" and KP"®® were implanted in vivo in mice. To this aim, KP<"!
and KP"° were inoculated subcutaneously into immunocompetent mice to establish
flank tumors. The tumor volume was measured at day 10, 12, 15, 18 and 21 after tumor

inoculation. The endpoint for KP" was earlier than KP"° for ethical reasons because
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tumors start to show ulcerous signs. We observed that KP" tumors grew progressively

whereas KP"®° tumors experienced a tumor growth delay (Figure 4.8 A).

To further understand the role of the tumor microenvironment, in particular the role of
the immune system for controlling of tumor harboring neoantigens, we evaluated the
immune infiltrated in flank’s tumors. To this aim, we have characterized the immune
infiltrate by flow cytometry analysis, in which we analyzed the presence of total
leucocytes, as CD45* cells, and in particular T lymphocytes as CD3*, specifically CD8* T
cells. We have observed an increased recruitment of leucocytes CD45* cells in KP"e®
tumors in comparison with KP' (Figure 4.8 B). These immune infiltrate was
characterized by an increased number of CD3* T cells (Figure 4.8 C), in particular CD8* T
cells (Figure 4.8 E). Moreover, immunofluorescence staining of tumor sections

confirmed the presence of CD8*T cells deeply infiltrating KP"*° tumors (Figure 4.8 E).

To directly assess the role of ¢cDC1 in CD8* T cells recruitment, KP"° tumors were
implanted in Batf3° animals. These mice have a deletion in the transcription factor Batf3
that ablates the development of cDC12%3. By using this model, we have observed that
the number of CD8* T cells per gram of tumor tissue was strongly inhibited in Batf3k°
mice in comparison with immunocompetent animals (Figure 4.8 F). Moreover, CD8*
immunostaining in tumor sections showed very few cells infiltrating KP"° tumors on
Batf3*° mice (Figure 4.8 D), suggesting that cDC1 are required to process neoantigens

for T cell activation.
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Figure 4.8| | Hypermutated KP tumor induces cDC1-dependent CD8 T cell responses and delayed tumor growth.
A) Outgrowth of subcutaneous KP<t or KPree tumors in WT mice. KP<t" group was harvested at day 18 for ethical
reasons (). Statistical analysis was conducted by two-ways ANOVA followed by Sidak’s posttest *p<0.05, **p<0.01.
B) Relative frequencies of CD45* or CD45- cells in tumor mass (n=9). Statistical analysis was conducted by two-ways
ANOVA followed by Sidak’s posttest **p<0.01. C) Absolute numbers of CD3* T cells per gram of tumor (n=8).
Statistical analysis was conducted by t-test ***p<0.001. D) Representative immunofluorescence images of CD8 T
cell distribution in tumor mass from KP<t or KP"e© in WT mice, or KP"e° tumors in Batf3k> mice. Scale bar represents
50 um. E) Absolute numbers of CD8* T cells per gram of tumor (n=8). Statistical analysis was conducted by t-test
**%1n<0.001. F) Absolute numbers of CD8* T cells per gram of tumor (n=8) in Wt and Batf3ke mice. Statistical analysis
was conducted by t-test **p<0.01. (A-F) Data represent mean = SEM.

To further characterize the immune infiltrate, we have analyzed the phenotype of
intratumoral T cells by flow cytometry; particularly, we analyzed the frequencies of
effector-memory and PD-1* CD8* T cells. We noticed that 75% of CD8* T cell infiltrating
KP"° tumors expressed markers of effector-memory T cells (CD44*CD62L") (Figure 4.9

A), and strongly upregulated PD-1 expression (Figure 4.9 B), indicating antigen exposure.

To complement the immunophenotyping performed by flow cytometry we have
analyzed the gene expression of effector-cytotoxic molecules in tumors by quantitative
PCR (RT-gPCR). We measured the expression levels of GzmB that is directly involved
during tumor-killing, IFNy that is expressed in activated-effector CD8 T cells and Cxcr3
that is the receptor for T cell chemoattraction and it is expressed in effector T cells®®.
Gene expression analysis showed a significant induction of GzmB, IFNy and Cxcr3 in KP"e°®
tumors with respect to KP<"" (Figure 4.9 C). Additionally, we observed that expression of
these genes was significantly reduced in KP"®° tumors from Batf3%° mice, indicating that
cDC1 were crucial during the CD8 T cell differentiation upon antigen recognition (Figure

4.9 C).
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In addition, we have evaluated the frequencies of IFNy* cells in the tumor draining lymph
node after restimulation. Thus, total draining lymph node cells were ex vivo restimulated
with PMA/lono, production of IFNy cells was labeled with a specific antibody and relative
frequencies of positive cells were quantified using flow cytometry. We detected an
increase frequency of IFNy*CD8* T cells KP"® tumor draining lymph node cells, where
around 12% of CD8* T cells produced high levels of IFNy in comparison with 5% of CD8*
T cells from KP" tumors, indicating effector functions (Figure 4.9 D). This result shows
that neoantigens induce effector-cytotoxic CD8* T cells in the TME and also in the

draining lymph nodes.

In order to evaluate the role of adaptive immunity during the delay tumor growth of
KP"e° tumors, we performed a CD8 T cell depletion in established KP"®° tumors. To this
aim KP"¢° cells were injected subcutaneously in the flank of immunocompetent mice.
Tumor-bearing mice were treated intraperitoneally with a depleting antibody against
CD8 T cells every four days. We noticed that the absence of CD8 T cells increased the
tumor growth rate in KP"° tumors (Figure 4.9 E), indicating that this subset has an active

role during tumor growth control.
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Figure 4.9| Tumor-infiltrating CD8* T cells recruited in KP"¢° tumors acquire effector functions and show antigen
exposure. A) Frequencies of effector memory CD8* T cells (CD44+CD62L-) (n=9). Statistical analysis was conducted
by t-test p<0.001. B) Frequencies of PD-1* CD8* T cells (n=5). Statistical analysis was conducted by t-test p<0.01. C)
Gene expression analysis by RT-qPCR of KP<t" and KP"e® tumor mass in WT mice, and KP"e in Batf3*® mice. Data are
shown as z-score for each gene (n=7 for KP<t" and KPne°, and n=4 for KP"e° in Batf3ke mice). Statistical analysis was
done by multiple t-test comparing KP<t" vs KP"eo, and KP"e© in WT vs KP"e° in Batf3ke mice *p<0.05, **p<0.01,
***¥p<0.001 ****p<0.0001. D) Total cells from tdLN were collected at day 18 after tumor injection and were
stimulated ex vivo with PMA/lono. Levels of IFNy* CD8* T cells were analyzed by flow cytometry (n=7). Statistical
analysis was conducted by t-test **p<0.01. E) Tumor growth of subcutaneous KP"e® tumors, mice were treated
either with a-CD8 or control isotype (a-lgG). Statistical analysis was conducted by two-ways ANOVA followed by
Sidak’s posttest *p<0.05, **p<0.01, ***p<0.001. (A-E) Unless it is mentioned data represent mean + SEM.
Altogether, the results summarized above show that increasing neoantigens content
generates recruitment of functional CD8 T cells in the TME that contribute to partially
restrain tumor growth. The immune infiltrate of KP"®® was enriched in CD8* T cells with
effector-memory phenotype and cytotoxic features whose recruitment actively

depended on ¢DC1.

Having observed that ¢DC1 are critical to support CD8 T cell activation we sought to
directly analyze recruitment of cDC1 in the TME. To identify rare cDC1 in the TME we
employed an exclusion mix including antibodies to T cell, NK and B cell markers (CD3,
NK1.1 and B220) and macrophages (F4/80). After exclusion, CD11c* MHCII* double
positive cells were gated, and XCR1*CD11b™ were considered as cDC1 (Figure 4.10 A).
Surprisingly, we observed recruitment of ¢cDC1 exclusively in KP"° flank tumors, in
which, ~4% of the CD11c*MHCII* cells were cDC1. This subset was almost absent in Kp<t"
tumors where we detected only 0.5% of the CD11c*MHCII* expressing XCR1 (Figure 4.10
A).
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To understand molecular changes underlying cDC1 recruitment we analyzed expression
of chemokines related to cDC1 recruitment such as Ccl4 and Cc/3%%%; and cytokines and
chemokines produced by cDCs such as Cxcl9, Cx3cl1, II-12 and Ccl22%?>126 that are
involved in T cell chemoattraction, in KPt" and KP"® tumors. We noticed that KPne°
tumors showed higher expression of Ccl4, Cx3cl1 and Ccl22 than KPP (Figure 4.10 B).
These results indicate that the TME of KP"° tumors is enriched in chemoattractant
signals for cDC1 such as Ccl/4 and in chemokines produced by mature/activated cDCs

such as Cx3cl1 and Ccl22.
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Figure 4.10| Neoantigen burden impacts on cDC1 recruitment in tumors. A) Representative flow cytometry of
¢DC1 in KP<t" and KP"e° tumors (Gated on Lin"CD11c* MHCII*). Relative frequencies of cDC1 in KP<t" and KP"e° tumors
(n=4). Data represent mean + SEM. Statistical analysis was performed by t-test **p<0.01. B) Gene expression
analysis by RT-gPCR of KP<t"' and KP"e® tumor mass in WT mice. Data are shown as z-score for each gene (n=7)
Statistical analysis was done by multiple t-test comparing KP<t" vs KPne°, *p<0.05, **p<0.01.

Previous studies employing MIh1 deletion to increase the mutational burden®*24> in
different experimental tumor model had obtained similar results, i.e., increasing TMB
can enhance tumor immunogenicity and rejection by CD8 T cells. However, in none of
these previous reports, the relation between induced neoAgs and specifity of the CD8
response has been investigated. Having identified neoAgs accumulated in KP"®° we
therefore set up an assay to assess the specificity of the T cell response induced in vivo
by KP"°, To this aim, we exposed total cells from tdLNs of tumor bearing mice to
restimulation with selective predicted neoantigens. We chose 9 out of the 26 KP"e°®
predicted neoantigens to represent peptides with high or low predicted affinities with a
range of expression. In this way we have generated a neoantigen matrix that cover all
possible combinations between predicted affinity and expression levels (Figure 4.11). To

increase presentation, we pre-loaded BMDCs with the peptides representing

neoantigens and the Ova peptide (257-264 SIINFEKL) as a negative control in presence
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of LPS, for 3 hours. DCs loaded with peptide were washed and incubated with tdLNs
single cell suspensions from KP' or KP"° tumor bearing mice. The co-culture was
maintained for 5 days and IFNy production was measured in the supernatant by ELISA

(Figure 4.12 A).
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Figure 4.11| Peptides representing putative neoantigens selected to study neoantigen-specificity anti-tumoral
response against KPeo, Selected peptides are shown with the respective MHC class-I binding affinity (ICso) and
expression levels.

Thus, we found a specific induction of IFN-g to all specific KP"*° peptide and not against
the control peptide, whereases KP<"' did not show responses to any on the peptide
(Figure 4.12 B). However, we could not yet identify a strong correlation between
intensity of the IFNy signal and peptide features (expression/affinity). As discussed in
discussion (page 90) further analysis with a wider peptide range and improving the assay

will be needed to draw conclusion on this important aspect.
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Figure 4.12| KP"e° generates tumor-specific T cell responses. A) Experimental setup. B) IFNy levels detected after

stimulation of tdLN cells from KP<t" and KP"e® mice with peptide loaded BMDCs. Data show mean + SEM. Statistical

analysis was performed by two-ways ANOVA followed by Sidak’s posttest **p<0.01, *** p<0.001, **** p<0.0001.
Summarizing, the data present across this chapter demonstrated that increasing
neoantigen content in KP tumors generates neoantigen specific response that impact in

the tumor outgrowth. This immune response comprises effector-memory T cells,
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cytotoxic responses, and recruitment of myeloid cell, in particular cDC1, to the TME.
Abolishing different components of the immune system as CD8 T cells or cDC1 reverted

the immune response against KP"®° tumor and the tumor growth control was lost.

All these data suggest that increasing the neoantigens burden in KP cells generated
warm tumors that are highly infiltrated by the immune system and the immune cells
show signs activation and effector functions.

Orthotopic lung model
Tumor’s strategies to evade the immune system include suppression of priming of

tumor-specific T cells and in a tissue specific manner. Recent evidence in NSCLC models
and PDAC model showed that the anatomic site influences DC functionality, in
particular, priming of tumor specific CD8 T cells®6246, Moreover, CD8 T cells showed
different differentiation programs between heterotopic and orthotopic models of

NSCLC, generating different outcomes to ICB8®,

Therefore, to further validate the potential immunogenicity of KP"™° tumor we
established orthotopic tumors in lungs. To this aim, KP™" or KP"° cells were injected
intravenously in the caudal tail vein of immune-competent mice to establish lung
tumors. Lungs were collected to measure the tumor engraftment by hematoxilyn and
eosin (H&E) (Figure 4.13 A). We noticed that development of KP"*° nodules was reduced

in comparison with KP<t",

In addition, we also studied the infiltration of T cells, in particular, CD8* T cells in the
nodules. To this aim paraffin-embedded lungs sections were stained using specific
antibodies to label CD8 T cells, and their abundance was normalized to the tumor area.
We observed that KP"° nodules were highly infiltrated by CD8* T cells whereas these
cells were almost absent in KP<"' nodules (Figure 4.13 B). We noticed a 3-fold increase
in infiltrating CD8 T cells in KP"®° in comparison to KP<". This result is in line with similar
evidence found by independent groups in which increased neoantigen burden led to the

accumulation of intratumoral CD8* T cells#3:126,

We then explored whether tumor growth containment was limited to the grafting
period or was also maintained in well-established tumors. To this aim, we intravenously

injected KP*"! and KP"° and we harvested tumor bearing lungs at later endpoints. We
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observed that the growth delay was maintained at later stages and CD8* T cells depletion
rescued tumor progression (Figure 4.13 C). Altogether, these results showed that
increasing the neoantigen burden KP"¢° tumors becomes warm and highly infiltrated by

CD8 T cells, and tumors are controlled in their growth by the immune system.
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Figure 4.13| Orthotopic lung KP"e° tumor induces neoantigen specific CD8 responses and partial tumor
containment. A) Quantification of lung tumor burden on day 7. Lung sections were stained with haematoxylin and
eosin (n=12). Data from combined experiments and statistical analysis was conducted by t-test ***p<0.001. B)
Quantification of CD8* T cells by immunohistochemistry in lung nodules (n=11). Data from combined experiments
and statistical analysis was conducted by t-test **p<0.01. C) Quantification of lung tumor burden at day 14 after
treatment either with a-CD8 or control isotype (a-IgG) (n=4). Data represents mean * SEM and statistical analysis
was conducted by one-way ANOVA followed by Tukey’s posttest *p<0.05 **p<0.01. Unless noted, data represent
mean = SEM.

The phenotype of intratumoral T cells by flow cytometry showed increased frequencies
of effector-memory CD8" T cells (CD44"8"CD62L") and PD-1* in CD8* T cells. This result
unveiled that CD8* T cell had an effector-memory phenotype (Figure 4.14 A) and
expressed PD-1 in KP"° tumor-bearing lungs (Figure 4.14 B). Neoantigens bearing
tumors increased 2.5-fold the frequencies of effector-memory CD8* T cells and PD-1*

CD8* T cells, indicating antigen exposure.

To examine the capacity of CD8 T cells to produce cytotoxic cytokines after ex vivo
restimulation, total cells from lung and the mediastinal tumor draining LNs were
restimulated with PMA/lono and IFNy production was detected by intracellular staining
(ICS). We observed that CD8* T cells derived from KP"®° tumor bearing mice showed 2.5-
fold increase in the frequencies of IFNy producing cells, indicating induction of cytotoxic

functions (Figure 4.14 C-D).

Effector-cytotoxic functions were confirmed by gene expression in isolated CD8 T cells

from tumor bearing lungs. We analyzed cytokines gene expression by RT-qPCR. CD8 T
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cells isolated from KP"¢® showed significantly higher levels of IFNy and Granzyme B

(GzmB) in comparison to those isolated from KP<" tumor-bearing lungs (Figure 4.14 E).

Taken together these results demonstrated that increasing neoantigens burden in KP
cells lead to an increased immunogenicity characterized by higher intratumoral
infiltration of lymphocytes and these cells showed effector-cytotoxic phenotypes, also
in the native tissue: the lung. In addition, the increased neoantigen burden leads to a

high tumor growth control, in part, by CD8* T cells.
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Figure 4.14| Tumor-infiltrating CD8* T cells recruited in orthotopic KP"e° tumors acquire effector functions and
show antigen exposure. A) Frequencies of effector memory CD8* T cells (CD44*CD62L") (n=4). Statistical analysis
was conducted by t-test *p<0.05. B) Frequencies of PD-1* CD8* T cells (n=4). Statistical analysis was conducted by t-
test *p<0.05. C-D) Total cells from tdLN (C) or lung (D) were collected at day 7 after tumor injection and were
stimulated ex vivo with PMA/lono. Levels of IFNy* CD8* T cells were analyzed by flow cytometry (n=6). Statistical
analysis was conducted by t-test *p<0.05, **p<0.01. E) Gene expression analysis by RT-qPCR of isolated CD8 T cells
from KP<t" and KP"e° tumor bearing lungs in Wt mice, and KPe° in Batf3k> mice. Data are shown as z-score for each
gene (n=4). Statistical analysis was done by multiple t-test comparing KP<t" vs KP"e°, and KP"e© in WT vs KP"e in
Batf3ke mice *p<0.05, **p<0.01. Unless noted, data represent mean + SEM.

According to the active role of c¢cDC1 during antigen processing, presentation and
trafficking necessary for CD8 priming, we explored their impact in the context of bona-
fide neoantigen. KP"*° were implanted orthotopically in immunocompetent and in
Batf3k° mice and tumor bearing lungs were harvested after 14 days. We have analyzed
the infiltration of CD8 in tumor nodules. For this purpose, paraffin-embedded lung
sections were stained with antibodies specific for labeling CD8 T cells. We have observed
that CD8 T cell recruitment was halved in Batf3*® mice compared to their
immunocompetent counterpart (Figure 4.15 A). Also, we analyzed gene expression of
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molecules related with cytotoxicity and effector functions in isolated CD8 T cells from
KP"e° tumor bearing mice in Wt and Batf3*° mice. Using RT-qPCR we observed that GzmB
and IFNy expression was significantly reduced in CD8* T cell isolated in Batf3*° lungs
harboring KP"° tumors (Figure 4.14 E). H&E staining to assess tumor burden showed
that tumor control was lost in absence of ¢cDC1 (Figure 4.15 B), suggesting a major role

of this subset during the generation of tumor immunity and tumor growth control.
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Figure 4.15| Tumor-specific CD8 T cell responses against KP"e® depend on ¢DC1. A) Quantification of CD8* T cells
by immunohistochemistry in lung nodules of KP"e® tumor-bearing lungs in Wt and Batf3k° mice (n=>5). Statistical
analysis was conducted by t-test **p<0.01. B) Quantification of lung tumor burden at day 15 in KP"e® tumor bearing
lungs in Wt and Batf3*e mice. Lung sections were stained with haematoxylin and eosin (n=5). Statistical analysis was
conducted by t-test ***p<0.001. Unless noted, data represent mean + SEM.

Moreover, we wanted to address the specificity of the T cell response against
neoantigens in the native tissue of the tumor. We have performed a T cell restimulation
with the selected peptides described in the figure 4.11. Restimulation of cells from
mediastinal tdLN confirmed reactivity to KP"®° specific neoAgs. We observed that 4 out
of 9 of the tested peptides reached a significant increase over KP"", indicating a slightly

reduced activation in the lung as compared to the subcutaneous model.
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Figure 4.16| KPre° generates neoantigen specific T cell responses. Number IFNy producing cells from tdLN assessed
by IFNy ELISpot of lung KP<t or KPreo-bearing mice on day 7 post tumor injection. Data represent mean + SEM and
statistical analysis was performed by two ways ANOVA followed by Sidak’s postttest.
*p<0.05,**p<0.01,****p<0.0001.

In conclusion, likewise in the subcutaneous model increased neoantigen burden in KP"¢°
lung orthotopic tumor led to the accumulation of effector-memory CD8 T cells with
cytotoxic capacities delaying the tumor growth. Also, in lung tissue neoantigens have
generated T cells responses cDCl-dependent. We can conclude that increased
neoantigen content generates warm tumors with higher immunogenicity.

Chapter 4. Increased mutational burden is not sufficient to improve ICB response in KP

tumor.
During the previous sections it has been demonstrate that increasing neoantigenicity in

KP tumors shapes the tumor immunity and slightly affect disease progression. Boosting
neoantigen content leads to T cell-mediated immunity and disease containment in two
different anatomic sites. Since neoantigen burden is one of the parameters that

correlates with better responses to ICB we wanted to explore its efficacy in KP"®° tumors.

To this purpose, immunocompetent mice were injected subcutaneously in the right
flank with KP"¢° tumors and treated intratumorally either with control isotype or anti-

PD-L1 monoclonal antibody, every four days.

The tumor growth was monitored at day 10, 12, 15, 18 and 21 and the CD8 T cell

response was analyzed at the endpoint the day 21. KP"®® tumors grew slowly in both
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groups, and no significant differences were observed between control and treated

groups (Figure 4.17 A).

Analysis of the immune infiltrated by flow cytometry, showed a slightly increase in the
recruitment of immune cells (CD45%), and CD8 T after therapy (Figure 4.17 B-C), but no
statistically significant differences were found. The frequencies of effector memory
(CD44*CD62L) (Figure 4.17 D) and PD1* CD8* T cells (Figure 4.17 E) was high and
remained unchanged after therapy (around the 90% of CD8* T cells for effector-memory
and 60% for PD-1*CD8* T cells). In addition, no differences were detected in the IFNy
production by CD8* T cells from the tdLN after ex-vivo PMA/lono stimulation (Figure 4.17
F).

Altogether, the results showed that despite the higher neoantigen burden of KP"®° in
comparison with the parental line, the increased immunogenicity acquired was not

sufficient to benefit from ICB therapy.
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Figure 4.17| Tumor antigenicity is not sufficient to generate responses after ICB. A) Tumor outgrowth of KPnee
tumor treated either with control isotype (algG) or anti-PDL1 (a-PDL1) (n=5 per group). B-E) Absolute number of
CD45* (n=5) (B), CD8* T cells (n=5) (C), effector memory CD8* T cells (n=5) (D), PD-1* CD8* T cells (n=5) (E), in KPne®
tumors after treatments (n=>5). F) Total cells from tdLN were stimulated with PMA/lono and frequencies of IFNy
CD8* T cells were measured by flow cytometry (n=5). Unless noted, data represent mean + SEM.
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Due to the importance of the anatomic site on the orchestration of the specific tumor
immune response presented in the previous section, the efficacy of ICB was tested also
using the orthotopic model. KP"®° tumor were injected intravenously in the tail vein of
immunocompetent mice, and we have treated intraperitoneally either with control
isotype or anti-PDL1. After 9 days tumor bearing lungs were collected to measure CD8
infiltration and tumor area by IHC. No differences were found in the number of CD8* T

cells nor in the size of tumor nodules cells between the two groups (Figure 4.18 A-B).

Furthermore, we wanted to explore whether ICB, despite not increasing the number of
intratumoral CD8 T cells, could affect their phenotype. We observed that the treatment
with ICB significantly increased the frequencies of effector memory CD8 T cells, from
15% in control group to 25% in treated group (Figure 4.18 C). Moreover, the frequencies
of CD8" T cell producing IFNy was significantly increased (2-fold) in mice that have
received anti-PD-L1, suggesting that anti-PD-L1 improves T cell responses increasing
cytotoxic and effector-memory phenotypes. In conclusion, ICB boost effector-memory
and cytotoxic phenotype in intratumoral CD8* T cells in KP"° tumor bearing lungs.
However, induction of anti-tumoral CD8 T cells is not sufficient to impact on initial

progression of tumor nodules.
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Figure 4.18| Tumor antigenicity is not sufficient to generates responses after ICB in orthotopic tumors. A)
Quantification of lung tumor burden on day 9. Lung sections were stained with haematoxylin and eosin (n=6). B)
Quantification of CD8* T cells by immunohistochemistry in lung nodules (n=6). C) Frequencies of effector memory
CD8+ T cells (CD44*CD62L") (n=6). D) Total cells from tdLN were stimulated with PMA/lono and frequencies of IFNy
CD8* T cells were measured by flow cytometry (n=6). Unless noted, data represent mean + SEM.

In conclusion, we can see a mild effect on the intratumoral CD8 T cell activation state,
but not sufficient to inhibit tumor progression. These data are congruent with results

found in other murine cancer models as pancreas or colorectal tumors encoding strong
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neoantigens, in which the main strategy to evade the immune system remain the

impairment of priming of neoantigen-specific T cell43:246:247,

Chapter 5. Combination of FIt3L and anti PD-L1 blockade promotes DC1-dependent anti-
tumor immunity.
In many cancer models, the longer the disease progresses cDC1 become dysfunctional

and systematically decrease in number in tissues'#6:188203.218 D(Cs gre required for the
recruitment of effector T cells into the TME and are a major component of the
establishment of the T cell-inflamed tumor phenotype®*®. Therapeutic strategies to
boost and activate DCs, in particular, cDC1 have been explored successfully in
melanoma, pancreas, NSCLC and breast tumor models!#+147.218  predominantly, all
these studies reported that cDC1 mobilization in the TME unblocks tumor immunity,
leading to an improved tumor control by the adaptive immunity. Expression of a range
of endogenous bona-fide neoantigens that induce partial tumor immunity via a
cDC1/CD8 axis, provides a context to formally explore the correlation between
neoantigens density and therapies that boost antigen presentation, that so far have

been tested with strong-surrogate antigens.

In this context we have tested a combinatorial DC-based therapy in KP tumors, this
therapy includes FLT3L, Poly (I:C) and anti-PD-L1. To assess the impact of the therapy in
KP tumors we moved back to the subcutaneous model to facilitate testing. In fact, this
anatomical localization represents many advantages: it allows to directly treat the tumor

avoiding systemic effects and side effects and to track tumor progression.

To this purpose, KP"! and KP"®° cells were injected subcutaneously in the right flank of
immunocompetent mice. Mice harboring tumors were treated intratumorally either
with control isotype or the combinatorial therapy (FL/p(I:C) + aPD-L1) at day 3, 6, 9, 12
and 15 after tumor inoculation (Figure 4.19 A). Tumor volume was monitored and
measured at day 10, 12, 15 and 18, at this last point tumor and tdLNs were collected and

analyzed.

Surprisingly, our first observation was that KP<" tumor volume remain unchanged after
therapy indicating that DC boost and checkpoint inhibitors are not sufficient to trigger

protective responses at low neoantigen load (Figure 4.19 B). In contrast, KP"° tumors
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were highly controlled by therapy (Figure 4.19 C). The therapy reduced 3-fold the tumor
volume in comparison with control isotype treated mice, with lesions that remained
smaller than 50 mm?3 at the latest time point of analysis. In KP"®° the tumor reduction
was significant suggesting that c¢cDC1 mobilization into the TME benefits from

neoantigens to improve the clinical benefits of the therapy.
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Figure 4.19| Enhancing cDC1 leads to improved tumor growth control of tumors harboring neoantigens. A)
Experimental setup. B-C) Outgrowth of KP<t"' (B) or KP"e° (C) tumors treated either with control isotype or
FL/p(I:C)+aPD-L1. Data represent + SEM and statistical analysis was performed by two-ways ANOVA followed by
Sidak’s postest ****p<0.0001.

We next sought to characterize the cellular immune response accounting for tumor
control. KP"° tumor treated with therapy were highly infiltrated by CD45*, whereas the
recruitment of leucocytes was unchanged in KP" tumors after the therapy. In KPne®
tumors the combinatorial therapy led to 4-fold increase in the number of immune cells
infiltrating tumors in comparison to untreated group (Figure 4.20 A). Moreover, the
combinatorial therapy led to a 5-fold increase of CD8* T cells in KP"®° tumors. In contrast,

KP<t" remained poorly infiltrated by CD8* T cells even after therapy (Figure 4.21 B).

These observations were further confirmed by immunofluorescence in tumor sections,
in which we observed that CD8 T cells deeply infiltrated the tumor core of KP"®° tumors,
whereas KP" remained deserted of CD8* T cells (Figure 4.21 C). These results showed
that tumors with increased neoantigen burden benefit from combinatorial therapies
that boost and activate cDC1 in the TME. Moreover, the therapy significantly enhanced

the recruitment of leucocytes in particular of CD8 T cells into the TME.
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Figure 4.20| Neoantigen content improves responses to therapies enhancing cDC1. A-B) Absolute number of
CD45* (A) or CD8* T cells (B) per gram of tumor in KP<t" or KP"e° tumors treated either with control isotype (algG) or
FL/pl:C+aPD-L1. Statistical analysis was performed by two-ways ANOVA followed by Sidak’s posttest ***p<0.001,
****p<0.0001. C) Representative immunofluorescence images of CD8 T cell distribution in tumor mass from KP<t" or
KPneo in WT mice, treated either control isotype (algG) or FL/pl:C+aPD-L1. Scale bar represents 50 um.

We further analyzed the functional features of CD8* T cells in KP"®° tumors in control
and treated groups. Given the paucity of CD8 T cells infiltrating KP<"' even after therapy,
further analysis in the tumor mass was limited to KP"®°. The expression GzmB in CD8* T

cells was significantly increased after therapy (Figure 4.21 A).

Additionally, we have analyzed the phenotypical characteristic of CD8* T in the tdLN of
KPt" and KP"¢° tumor bearing mice, by flow cytometry. Thus, we have analyzed the
frequencies of TCF1°GzmB* CD8* T cells and effector-memory CD8* T cells in the tdLN.
We noted that TCF1'GzmB* CD8" T cells were almost absent in KP<"! and KP"®° tdLN
treated with control isotype. Despite their low abundance the combinatorial therapy
slightly increased their frequencies in KP' tdLN, and significantly increased their
abundance in KP"° tdLN (Figure 4.21 B). This result suggested that the combinatorial
therapy induced the differentiation of CD8* T cells into TCF1-GzmB®*. This subset has

been associated with the direct tumor killing in preclinical models of melanoma?*®.
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Moreover, the therapy increased the frequencies of effector memory CD8* T cells in
both KP*"! and KP"° tdLN; however, the increment in KP"° was significantly higher than
in KP" (Figure 4.21 C), suggesting that neoantigen content influence the CD8 T cell

differentiation in the LNs.

In addition, short ex-vivo restimulation showed a dramatic expansion of IFNy producing
CD8* T cells post therapy in KP™° tumors, whereas no increase was observed in KP¢t"
tumors (Figure 4.21 D), indicating higher cytotoxic capacity in CD8* T cells from KP"e°

exposed to the therapy.

In conclusion, we have tested a combinatorial therapy that induced the activation and
mobilization of cDC1 in the TME. Using this therapy, we have demonstrated that
neoantigen content dictates the tumor growth control and that, boosting DCs and
checkpoint inhibitors are not sufficient to trigger protective responses at low neoantigen
load, indicating that a minimal threshold of neoantigens is needed to achieve benefits
from the DC-based therapy. Moreover, we observed that the presence of neoantigens
drives T cell differentiation in the tdLN after therapy, indicating their major role during

antitumor immunity.
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Figure 4.21| Boosting DCs activates CD8* T cells and overcomes resistance to PD-L1 blockade in KP"e° tumors. A)
Geometric mean of fluoresce of GzmB in CD8* T cells in KP"e tumors treated either with control isotype (algG) or
FL/pl:C+aPD-L1 (n=5). Statistical analysis was performed by t-test *p<0.05. B-C) Frequencies of GzmB*TCF1- (B) or
CD44*CD62L  (C) CD8* T cells in KP<" and KP"e° tumor treated as indicated (n=>5). Statistical analysis was performed
by two-ways ANOVA followed by Sidak’s posttest **p<0.05, ****p<0.0001. D) Total cells from tdLN from KP<t"! or
KPneo tumors treated as indicated were stimulated with PMA/lono and frequencies of IFNy CD8* T cells were
measured by flow cytometry (n=5). Unless noted, data represent mean + SEM.

Chapter 6. Tumor control induced by the theraoy depends on cDC1

Since FIt3L may have bystander effects acting on cell subset different than DCs, it was
important to assess the contribution of cDC1 during the generation of neoantigen-
specific immune responses after the combinatorial therapy. To this purpose we have
used XCR1P™ mice, in which XCR1-Cre-driven activation of cytotoxic diphtheria toxin A
(DTA) allows to specifically deplete differentiated cDC122°. This model offers substantial
advantages in comparison with other available models lacking cDC1; first, the expression
of the DTA remains confined to the cell avoiding side effects generated during the

systemic administration of the toxin; second, this model does not delete the expression
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of transcription factors such as Batf3 which is involved in the development of different
immune subsets; third, these mice were shown to specifically lack ¢cDC1 without

involvement of any other immune subset.

Thus, to study the role of cDC1 during the generation of tumor immunity after the
therapy, KP"° tumors were subcutaneously injected in the right flank of XCR1°™ or WT
mice. KP"®° tumor were subsequently treated in situ with the combinatorial therapy
described in previous paragraphs. Tumor volume was monitored and tdLN and tumor

masses were collected 21 after tumor challenge.

Notably, the growth of KP"° tumors in in XCR1°™ mice was significantly faster that in
Wt animals and lesions grew progressively starting from day 10 after challenge (Figure
4.22 A), indicating the cDC1 are required for tumor control after therapy. Consistently,
flow cytometry and immunofluorescence in tumor slices showed that recruitment of
CD8 T cells in the tumor mass was significantly blunted in XCR1P™ mice (Figure 4.22 B-

C).

In addition, we analyzed the gene expression of molecules associated with activated-
cytotoxic CD8* T cells such as IFNy, GzmB and Cxcr3. We noticed that these molecules
showed a significant decrease in their expression in XCR1°™ mice (Figure 4.22 D),

indicating the crucial role of cDC1 during the CD8 T cell activation.
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Figure 4.22| Therapeutic immunity and CD8 T cells responses to neoAgs requires cDC1. A) Outgrowth of KPnee
tumors in Wt or XCR1P™ mice treated with FL/pl:C+aPD-L1. Statistical analysis was conducted by two-ways ANOVA
followed by Sidak’s posttest *p<0.05, **p<0.01 (n=5). B) Absolute numbers of CD8* T cells per gram of tumors (n=4).
Statistical analysis was performed by t-test *p<0.05. C) Representative immunofluorescence images of CD8 T cell
distribution in tumor mass from KP"® in WT or XCR1P™ mice, treated with FL/pl:C+aPD-L1. Scale bar represents 50
pum. D) Gene expression analysis by RT-qPCR of KP"e tumor in Wt or XCR1P™ mice. Data are shown as z-score for
each gene (n=4). Statistical analysis was done by multiple t-test comparing KP"° in WT vs XCR1PTA mice ***p<0.001,
****p<0.0001. Unless noted, data represent mean + SEM.

Also, we analyzed the frequencies of effector-memory CD8* T cells in the tdLN. We noted
that this subset was diminished in XCR1P™ mice (Figure 4.23 A). Moreover, the
frequencies of IFNy*, TNFa* and double-positive cells after short ex vivo restimulation in
XCR1P™ in comparison with Wt mice (Figure 4.23 B) was reduced. The results presented
in the last two figures demonstrated the fundamental role of cDC1 during tumor
immunity generation, because its ablation led to the loss of effector and activated CD8

T cell subsets.
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Figure 4.23| cDC1 are required to efficiently activate CD8 T cells against neoantigens. A) Relative frequencies of
effector-memory CD8* T cells (CD44+*CD62L") (n=5). Statistical analysis was performed by t-test **p<0.01. B) Total
cells from tdLN from KP"e° tumors in Wt or XCR1P™A treated with FL/pl:C+aPD-L1 were stimulated with PMA/lono
and frequencies of IFNy CD8* T cells were measured by flow cytometry (n=5). Statistical analysis was performed by
t-test *p<0.05, **p<0.01. Unless noted, data represent mean + SEM.

To explore the role of cDC1 during the neoantigen cross-presentation in vivo, we have
performed ex vivo restimulation of total cell from the tdLN with the selected peptides,
presented in the figure 4.11. Thus, BMDCs were loaded with the neoantigen peptides
and co-cultured with cells derived from tdLN either from XCR1°™ or Wt mice. After 5
days of co-culture, IFNy accumulation was measured by ELISA in the supernatant as a

sign of specific activation.

In general, we observed a decreased production of IFNy in almost all the peptides but
only Neo 2 or Neo7 showed a significant decrease (Figure 4.24). This evidence indicated
the decisive role of ¢cDC1 during neoantigen capture, processes and presentation to

activate specific CD8 T cells.
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Figure 4.24| cDC1 are necessary to orchestrate neoantigen-specific T cell responses. IFNy levels detected after

stimulation of tdLN cells from KP"e® in Wt or XCR1P™ mice with peptide loaded BMDCs (n=5). Data show mean *

SEM. Statistical analysis was performed by two-ways ANOVA followed by Sidak’s posttest **p<0.01, *** p<0.001,

%% n<0.0001.

In summary, we have tested a DC-based therapy in the context of increased neoantigen
burden. We found that therapy is effective in tumors expressing a consistent level of
neoAgs, whereas poorly immunogenic tumors remain resistant to the treatment. The
therapy leads to an increased immune infiltrate in KP"° tumors and particularly by
effector memory and activated CD8 T cells. The therapeutic effect and the impact in the
immune response against neoantigens was lost in c¢DC1 deficient background,

demonstrating the role of this subset during the orchestration of neoantigen specific T

cell response.

Chapter 7. FLT3L+aCD40 therapy is sufficient to expand neoantigen specific CD8 T cells
and tumor control in the lung.
Previous studies in our lab have shown that KP undergoes progressive depletion and

functional suppression of cDC1 in lung tumor tissues'®. Recently, Westcott et al., have
demonstrated that suboptimal T cell responses against neoantigens can be reverted by
improving CD8 T priming. Thus, therapeutic rescue of priming rendered T cells fully

capable of controlling tumors?#’.

In addition, migratory cDC1 were found to be reduced in the LNs of KP tumors?!®. A

combination of FIt3L+aCD40 rescued the number of migratory cDC1 in tdLNs and
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promoted presentation of a surrogate model antigen in lymph nodes, leading to
expansion of a subpopulation of not exhausted tumor-specific CD8 T cell in tdLNs in a
NSCLC model?8, This combinatorial therapy was also tested in others tumor models as
PDAC, showing and increased number of ¢cDC1 in the tumor and the reduction of

apoptosis in this subset4®,

Based on the observations collected in flank tumors and the evidence reported in the
literature, here we employed the orthotopic KP"®® model to examine the effect of
FIt3L+aCD40 (FL/pl:C+aPD-L1), and a combination of this therapy and anti PD-L1
blockade in the context of tumors expressing a known amount of neoantigens. KP"¢®
cells were injected intravenously to establish lung tumors and different groups were
treated intraperitoneally with the therapies described in Figure 4.1. A control group

received control isotype antibody (a-1gG).

In order to evaluate the mobilization of ¢DC1 into tumor bearing lungs we took
advantage of the XCR1"Ve"“s mouse model. This strain specifically encoded the sequence
of the fluorescent protein Venus under the Xcr1 promoter, thus cDC1 population can be
tracked either by flow cytometry of immunofluorescent microscopy. By using this
model, we have observed an increased infiltration by cDC1 in KP"®° nodules after

FL/aCDA40 therapy in comparison with the control group (Figure 4.25).

a-lgG FL/aCD40

Figure 4.25| FL/aCD40 mobilizes cDC1 in KP"e® nodules. Representative lung sections showing cDC1 infiltrating
KPneo tumors in mice treated either with control isotype or FL/aCD40. Scale bar 50 um.

In order to quantify the recruitment and increase of cDC1 in KP"¢° lung-tumor bearing
mice after the treatments described above, a rigorous gating strategy was used to
identify cDC1 (Figure 4.26 A). This gating strategy excluded lymphocytes, monocytes,
and macrophages in the lineage as possible contaminants. The first observation was the

influx of a Lin"CD11c* population with low expression of MHC class Il after FL/aCD40

88



therapy alone or in combination with aPD-L1 (Figure 4.26 B). Deeper analysis are needed

to further characterize and identify this population; however, we might suppose that

they are pre-DCs based on their low expression of MHCII and, also because it has been

reported that FLT3L is involved in the recruitment of this subset into the TME in

melanoma mouse models®8.

Regarding cDC1, we have observed that the combination FL/aCD40 led to a significant

increase in the frequencies and absolute numbers of this subset in KP"®° tumor bearing

lungs (Figure 4.26 C). Surprisingly, the addition of anti-PD-L1 to DC-based therapy did

not improve the effect, on the contrary, cDC1 frequencies in this group were comparable

to those found for the untreated group.
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Figure 4.26| FL/aCDA40 leads to the accumulation of myeloid subsets as ¢cDC1. A) Gating strategy used for
identifying cDC1 in total lung tissue. Lin (lineage) includes B220, CD3¢g, CD19, F4/80, Ly6C, Ly6G and NK1.1. B)
Relative frequencies of MHCII'*% and MHCIIMeh cells in lungs of tumor bearing mice (n=4). Statistical analysis was
performed by one-way ANOVA followed by Tukey’s posttest ***p<0.001, ****p<0.0001. C) Relative frequencies
and absolute numbers of cDC1 cells in lungs of tumor bearing mice (n=4). Statistical analysis was performed by one-
way ANOVA followed by Tukey’s posttest *p<0.05. Unless noted, data represent mean = SEM.
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Based on the previous results, we wondered whether the therapy could also impact on
the enrollment of CD8 T cells in tumor bearing lungs. To this purpose we analyzed tumor
baring lungs by flow cytometry and specific immunostaining in lung sections. We
observed that the impact of DCs therapy (FL/aCD40) includes an increased frequency of
CD8* T cells infiltrating lungs (Figure 4.27 A-B). The higher infiltration of CD8 T cells was
also evident by immunofluorescence in tissue section, where in lungs treated with DC

therapy nodules were highly infiltrated by CD8 T cells (Figure 4.27 A).
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Figure 4.27| FL/aCD40 mobilizes CD8 T in KP"e® nodules. A) Immunostaining of CD8 T cells in tissue sections in
control and treated mice. Scale bar 50 um. B) Absolute number of CD8* T cell infiltrating KP"e® tumor bearing mice
(n=4). Data represent mean + SEM and statistical analysis was performed by one-way ANOVA followed by Tukey’s

posttest *p<0.05.
To further investigate the impact of the therapies on the CD8* T cell phenotype, we
performed flow cytometry analysis. Thus, we have quantified the relative frequencies of
effector-memory CD8 T cells, the proliferative capacity characterized by the intranuclear
expression of Ki-67, and the frequency of TCF1*PD1* CD8* T cells. This subset has been
proposed to have stem-like progenitors®? with proliferative capacities and to promote
tumor control. Moreover, TCF1*PD1* CD8* T cells were associated with improved

responses to ICB in murine models?42,

In our setting we observed an increased fraction of effector-memory CD8 T cells (Figure
4.28 A) in mice treated with both therapies in comparison with the control group. We
noted a 2-fold increment in the frequencies of CD44*CD62L" CD8* T cells. Moreover, the
fraction of proliferating (Ki-67*) CD8" T cells, was significantly induced by FL/aCD40
therapy, with no addictive effect of PD-L1 blockade (Figure 4.28 B). Additionally,
FL/aCD40 produced a 2-fold expansion of TCF-1*PD-1* CD8* T cells (Figure 4.28 B), with

potential to differentiate into effector cells?*® and addition of anti-PDL1 to the DC
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therapy did not improve the observed effect, suggesting a major contribution of the DC-

based components.

Taken together, these results showed that the DC-based therapy mobilized cDC1 to the

TME counteracting their depletion during tumor progression and their increased

number remodeled the CD8 T differentiation by favoring effector and pre-dysfunctional

phenotypes.
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Figure 4.28| DCs therapy is sufficient to expand progenitor exhausted and proliferating CD8 T cells. A) Flow
cytometry analysis and relative frequencies of effector memory CD8* T cells (n=4). B) Flow cytometry analysis and
relative frequencies of proliferating (KI-67*) CD8* T cells (n=4). C) Flow cytometry analysis and relative frequencies

of progenitor exhausted (TCF1*PD1*) CD8* T cells (n=4). (A-C) Data represent mean + SEM and statistical analysis
was performed by one-way ANOVA followed by Tukey’s posttest **p<0.01, ***p<0.001, ****p<0.0001.

DC-based therapy not only generated a remodeling of the tumor microenvironment but

also impacted on tumor growth at early stages. FL/aCD40 led to a delay during the tumor

engraftment process of KP"° tumors, the addition of anti-PDL1 did not improve the

therapeutic effect observed for the DC therapy alone (Figure 4.49 A-B).
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Figure 4.29| DCs targeting is more effective than checkpoint blockade to promote therapeutic immunity to KPnee
in lung tissues. A) Representative images of KP"e tumor bearing lung sections. Scale bar represents 1 mm. B)
Quantification of KP"e° lung tumor burden on day 9. Lung sections were stained with haematoxylin and eosin

(n=11). Data represent mean + SEM and statistical analysis was performed by one-way ANOVA followed by Tukey’s

posstest. ¥p<0.05.
Collectively these data show that boosting the DCs compartment is necessary and
sufficient to unleash reactivity to neoantigens encoded by KP"¢° tumors that instead

remain refractory to anti PD-L1 therapy.

Chapter 8. FL/aCD40 therapy induces remodeling of the cDC compartment and CD8
subsets in the orthotopic model.
In the previous chapters the collected data showed the impact of FL/aCD40 therapy

during the recruitment of myeloid cells, in particular cDC1 and pre-DC like cells, and
proliferating CD8 T cells with an effector phenotype. To perform an in-depth analysis

during immune compartment remodeling in the TME, scRNAseq analysis was used.

To this purpose, KP"¢° cells were injected intravenously in immunocompetent mice to
generate lungs tumors. KP"° tumor bearing mice were treated either with control
isotype or FL/aCD40 according to the scheme presented in the Figure 4.1. Thus, CD45*
cells were sorted from KP"° tumor bearing lungs treated with FL/aCD40 or control
isotype antibody (a-IgG). For both condition 1x10* cells were loaded to generate the
barcoded single-cell gel beads and 8861 or 6762 cells were obtained for control and
treated groups, respectively, with a coverage of 100.000 reads/cell. After sequencing
and quality checks, data from both groups were computationally integrated and after

unsupervised analysis, groups of different cell subsets were identified.

This analysis identified 11 clusters of immune related subsets based on signatures from
the IMMGEN consortium (Figure 4.30 A) and consistent with the structure of immune
populations previously identified in the same tumor model (Zilionis 2019). These 11
clusters were characterized by the expression of specific genes listed in Figure 4.30 C.
The main impact of therapy was observed in NK cells, monocytes, neutrophils and
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dendritic cells (Figure 4.30 B). NK cells, monocytes and dendritic cells clusters have
higher frequencies in the treated group, whereas y6 T cells, and T regs were enriched in
the control group. Similar observations were obtained by Hegde et al., using a PDAC
model treated with FLT3L and anti-CD40, they observed an increase in the numbers of
NK cells infiltrating tumors. These results indicate that the combinatorial therapy

generated a general remodeling of the immune subsets that are infiltrating KP"®° tumors

in the lung.
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Figure 4.30| Immune subsets present in KP"e° tumors in control and treated groups. A) UMAP plot of curated DCs
clusters integrating treated and not treated conditions. B) UMAP showing treatment dependent changes in clusters
distribution/abundance. C) Bubble plot map showing genes used to identify clusters.

Section A. FL/aCD40 therapy induces remodeling of the cDC subsets

In order to further explore the changes generated by therapy in the dendritic cells, this
cluster was re-clustered. Thus, 4 major cluster were identified (CO-C3) based in their
gene expression (Figure 4.31 A). The first observation was that the general cluster

distribution was maintained upon therapy.

These clusters represented the main DCs subsets described for lung tissue in mice'?* and
each cluster was characterize by a specific gene signature that is summarized in the

figure 4.32 B. In this sense, CO expresses cDC2 markers like Igam, CD209 and Sirpa; C1
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represents cDC1 based on the expression of Xcr1, Clec/9 and Camd1; C2 showed lower
expression of cDC1 markers and strongly expression of cell proliferation genes such as

Mik67 and Topa2. These two clusters were named cDC1a (C1) and cDC1b (C2).

Startlingly, C3 shows the expression of cDC1 and cDC2 markers. This clusters segregates
from the others, and it is characterized by the expression of Ccr7, Fscnl and Socs2K
(Figure 4.31 B). Similar characteristic to those observed for C3 were described previously

125 whereas

by independent groups. Thus, Maier et al., have named them as mregDCs
other groups have focused in the migratory phenotype and they name these cells as

migDCs?4°,

Further analysis of expression of selected genes across all cDC clusters revealed that
cDCla shows high expression of genes related to the vesicular trafficking and antigen
presentation, whereas cDC1b genes related to the proliferation (Figure 4.31 C). In that
regard, cDCla showed expression of Wdfy4, Vamp3, Vamp4 and Tap1, all genes related
to vesicular trafficking and antigen presentation indicating that this subset correspond

to differentiated cDC1.

Regarding to c¢DC1b, this subset showed expression of genes related to proliferation
such as MKi-67, Top2a and genes for different cyclins indicating high proliferative
capacity (Figure 4.31 C). Moreover, this subset showed low expression levels of
maturation markers. Based on its high proliferative capacity and immature phenotype,
we suggest that this subset may correspond to pre-committed cDC1, that has been

described as a target of FLT3L recruitment.

Furthermore, C3 shows high expression of maturation markers as Cd40, CD80 and Cd86,
migratory related genes as Ccr7 and Fscnl, and regulatory molecules as Cd276. As
mentioned above the gene expression analysis indicated that this cluster correspond to

migDCs.
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Figure 4.31| FL/CD40 therapy induces remodeling of the cDC compartment in lung tissues. A) UMAP plot of
curated DCs clusters integrating treated and not treated conditions. B) Bubble plot map showing genes used to
identify DCs clusters. C) Heat map showing the expression of selected genes across the different DC clusters and

association of individual genes to the indicated processes.
Then, we asked if the therapy affects only the DC phenotype or also the frequencies of
these subsets. Thus, analyzing the composition of the subsets we have observed that
before therapy c¢DC2 is the main subset representing almost 50% of the cells and
remained almost unchanged after therapy (Figure 4.32 A); the second subset according
to the frequencies were the migDCs that had a considerable reduction after therapy
(Figure 4.32 B). cDC1 represent the least frequent groups before therapy, but were the
main subsets increased by therapy (Figure 4.32 A-B), suggesting the specificity of FLT3L

during the recruitment of cDC1-like cells.
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Figure 4.32| Combinatorial therapy boosts specifically cDC1 clusters. A) Bars represent the composition of each
cluster based on treatment and the proportion of the clusters in the two treatment conditions. B) Stack charts of
contribution of each cluster in control and treated groups.

As mentioned above, we wanted to address the phenotypical changes driven by the
therapy. Therefore, we analyzed differentially expressed genes (DEGs) and biological
processes in cDCs. migDCs were excluded from the analysis due to the scarce number

upon therapy.

DEGs analysis showed that the therapy modulated gene expression profiles within each
cluster, with shared gene modules as well as specific patterns (Figure 4.33 A). Thus, KIf2
(a transcription factor involved in self-renewal of myeloid cells) was upregulated in all
cDCs subsets, also, genes related proliferation such as Plac8 and histones were increased
in all cDC clusters. Moreover, Ramp1 (a co-receptor for calcitonin-gene related peptide)
a protein that was recently associated to innate lymphoid cell differentiation in the

lung®>® was significantly expressed in all cDC clusters after therapy.

Specificaly, cDC1 showed specific overexpression of genes related cross-presentation
(Rac2)?*1, metabolism (C1gbp), cholesterol metabolism (Pycard) and Sell an integrin
described in pre-DCs entering in the lung'®2 Regarding cDC2 the most prominent genes
were related to the NF-kB dependent proinflammatory cytokine Ccl5. Interestingly,
many genes related to the regulatory program defined by Maier et al., (including, AxI,

Ccl22, Ccl17, ll4ra and Mgl2)*?> were downregulated in all subsets.

Regarding the biological processes, GSEA analysis in cDCla showed an increase in
pathways related to metabolic changes associated to activation such as aerobic
respiration, oxidative phosphorylation, and protein synthesis (mMRNA processing, tRNA
metabolism and ribosome biogenesis). Moreover, genes controlling responses to type |
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interferon responses were upregulated in cDCla which may reflect the specialization of
this lung subset in sensing type-l IFNs. cDClb and c¢DC2 were enriched mainly in

processes related to cell proliferation (Figure 4.33 B).

cDCla CDC1b cbC2 <DC1a DG1b <0C2
_ Gprid1 Cels . . 1 1 i
Ramp1 ¥ Tsc22d3 Kif2 Sterol biosynthetic process ! ® 1 . ~lag10(FDR)
Ramp1 r. ° Pglyrp1 I I ' o
. — ser ,
v Cilgbp i;g,g?az N gezg;? Aerobic respiration | ® I ! L
g Ki2 lidra Fyb i ; ; ..
ﬁacg Ramp1 Oxidative phosphordation ! ! ! e:
he — 7 Aldhta2 | : ' LB
Tmsb10 ‘Axl i ' ' '
* I Piacs Col22 e splicing I r @ I NES
Lbr Cel17 R ! ! ! L B
Histih2ap mRNA processing 1 ! ! X
Hist1h2ae | | ] o
b Histihe Ribosome biogenesis : 9 : : -1
TIr3 ! ! ' [ I
Haver2
axt tRNA metabolic process : [ ] : :
Plet1 ! ! 8
Cidn1 DNA packoging : : ®| !
Cel22 ! ' !
» i i i
fvf?f;? Response to iF-beta ! | | -

Figure 4.33| FL/aCD40 produce metabolic reprograming and increased proliferation in cDC subsets. A) Heatmap
of DEGs in cDC clusters. Data represent Log,FC. B) GSEA analysis of biological processes significantly regulated in
cDC clusters. Data represent normalized expression score (NES).

In summary, scRNAseq unveiled the changes generated by FLT3L and agonist for CD40
in tumor bearing lungs. We detected 4 clusters of cDCs that were conserved after
therapy. The combinatorial therapy modified the frequencies and the phenotype of
dendritic cells increasing the frequencies of cDC1 and their proliferative capacities.

Moreover, the therapy decreased regulatory programs in cDC and reduced the

frequencies of migDCs.
Section B. FL/aCD40 therapy induces remodeling of the CD8" T cells.

Dendritic cells play a critical role in generating anti-tumor T cell immunity. Due to the
remodeling on the DC subset induced by the therapy we wanted to analyze whether or

not the therapy impacts on the T cell subsets.

Thus, T cells cluster was re-clustered and 10 new clusters were identified (C0-C9); where,
C0 and C2 corresponded with CD4 T cells, C9 with Tregs, C7 with y& T cells, C8 with MAIT
cells and C1, C3, C5 and C6 with CD8 T cells (Figure 4.34 A).

Then, we analyzed the frequencies of these subsets in control and therapy groups, and
we observed that C5 and C6 were increased after therapy whereas C7 and C8 were

reduced in frequencies (Figure 4.34 B).
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Figure 4.34| DC-therapy promotes expansion CD8* T cells in KP"¢° lung tumors. A) UMAP plot of curated T
lymphocytes clusters integrating treated and not treated conditions. B) (Left) Stack charts of contribution of each
cluster in control and treated groups. (Right) Bars represent the composition of each cluster based on treatment

and the proportion of the clusters in the two treatment conditions
In this study we mainly focused on CD8 T cells consequently we analyzed C1, C3, C5 and
C6 in more depth. C1 showed an enrichment in genes related to naive T cells such as
Sell, Lef1 and Ccr9. C3 presented gene expression of a broad number of genes associated
to T cells activation such as Cxcr3 and short-lived effector T cells marker (Ifit1, Ifit2,
Eomes). C5 was enriched in genes associated to conventional T cell activation and

exhaustion (Gzmb, Gzmk, Cxcr3, Ccl5, Itgal, Lag3, Pdcd1l) and C6 highly expressed

proliferation markers (Top2a, Mki67) and effector function genes (Klrg1, Gzma) (Figure
4.35).
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Figure 4.35| FL/aCD40 promotes expansion effector and proliferating CD8* T cells in KP"e° lung tumors. Bubble
plot map showing genes used to identify CD8 T cell clusters.

To address the molecular changes driven by the therapy we analyzed the DEGs and
biological processes after therapy for the non-naive CD8 T cell clusters. DEGs analysis
showed an enhanced effector/cytotoxic function in C3 and C5 with an increase in the
expression of Gzma, Ctla2 and Serpina3g. Also, C6 showed an increased in cytotoxic

genes such as Gzma, GzmK and Klrg1 (Figure 4.36 A).

98



To further analyze the cytotoxic and exhaustion phenotype we have combined selected
genes in a signature of cytotoxicity and in a second one associated to exhaustion. The
signatures associated to cytotoxicity showed a significant increase in all non-naive CD8
T cells. Concomitantly a signature including genes defining negative regulation and
exhaustion were downregulated in C5 and C6. These results indicated that the therapy

favored activated-effector phenotypes rather than exhausted even in presence of chronic

exposure to neoantigen (Figure 4.36 B).

The biological pathway analysis showed a metabolic reprograming with increased
aerobic respiration and oxidative phosphorylation related pathways in all non-naive CD8
T cells. This analysis also showed an increased in proliferation pathways such as cell
division and DNA replication in C6. Response to TGF-B signalling and bone

morphogenetic protein were consistently lost across subsets (Figure 4.36 C).
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Figure 4.36. FL/aCD40 promotes expansion effector and proliferating CD8* T cells in KP"e° lung tumors. A)
Heatmap of DEGs in non-naive CD8 T cells. Data represent Log2FC. B) Violin plot representing the mean of
expression of selected genes involved with cytotoxicity (upper panel) or exhaustion programs (lower panel) in non-
naive CD8* T cells. C) GSEA analysis of biological processes significantly regulated in non-na“ve CD8 T cells clusters.
Data represent normalized expression score (NES).

In summary, the results presented above showed that the therapy not only impacted

the DC compartment but that its effects also encompassed CD8 T cells. The therapy
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modified their phenotype, amplifying more cytotoxic groups and with greater
proliferative capacity, as well as modifying their metabolism, favoring energy production

to support these processes.

100



5. Discussion
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The results presented in this study have shown that CD8 T cell responses generated
against neoAgs depend on cDC1. Furthermore, cDCl enhancement generates
reprogramming in CD8 T cells in tumor-bearing lungs, and their expansion is sufficient
to generate therapeutic effects in mice with hypermutated tumors. This study shows
that cDC1 expansion in the tumor overcomes ICB resistance and it is in line with
emerging evidence found in other preclinical models for tumors44-147.218 Moreover, as
proposed in the aim of this report we have generated a hypermutated model of lung
cancer that overtakes the limitations of preclinical model harboring a single strong
antigen. This model allowed us to show the importance of varied and multiple neoAgs
during the generation of the tumor immunity. Thus, the KP"*® model permitted us to

show that:

Multiple and varied neoAgs are required to generate tumor-specific CD8 T cell

responses and lead to control of tumor growth.

e Increasing the neoantigen burden was not enough to overcome ICB resistance in
this context.

e cDC1s are essential during the orchestration of the immune response against
neoAgs, and when this subset is missing, the CD8 T-cell response and control of
tumor growth is lost.

e Mobilizing cDC1 to the TME by FLT3L to the TME increases and reinvigorates CD8

T cells.

5.1 Neoantigens matter, but what kind and how many are needed to make the
difference?
Currently it is well established that somatic mutations in the tumor lead to the

accumulation of neoAgs capable of eliciting significant tumor immune
responses'®16252253 yet neoantigen content is moderately associated with significant
responses?>32>4 to ICB and only 20% of patients with solid tumors, and 53% of patients
with MMRd obtain durable benefits from ICB%. Patients who benefit from ICB have
cancers with high TMB and, in addition, strongly associated with environmental
carcinogens such as chronic exposure to tobacco or ultraviolet radiation?®2. In this

context, understanding the biological basis that leads to the generation of the immune
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response against neoAgs and its nature is crucial to better stratify patients before

deciding on therapeutic options.

Mouse preclinical model of cancers have provided invaluable insights related to the
mechanisms of the immune response against cancer®’. However, in majority of them
single model antigens were used to track the immune response, and only a few of these
preclinical models recapitulate features of human cancers. In this report we have used
the KP cell line as a lung cancer model because when implanted in the lung, it develops

an adenocarcinoma that resembles the histopathology of human NSCLC?4%,

This model was used to study the impact of a baseline neoantigen load generated by
genomic instability due to p53 loss, on ICB outcome. We found that this model is
resistant to ICB, it does not show tumor growth control in early or late endpoints and
the treatment does not enhance the T cell response against the tumor. These
observations are in line with published data wherein independent laboratories found KP
resistance to ICB43:86:125.255,256 However, none of these studies addressed the content of

neoAgs as one of the axes to increase tumor immunogenicity.

Mandal et al., have addressed this question using two preclinical models and by studying
the impact of the neoantigen burden on the response to ICB. They used B16F10 mouse
melanoma model and CT26 mouse colorectal carcinoma cell line. Using CRISPR Cas9
technology they targeted a mismatch repair gene (MSH2) generating MMRd cell lines
with different degrees of MSI. They observed that the CT26 parental cell line and cells
carrying an intermediate mutational burden remained refractory to ICB whereas high
MSI scores led to control of tumor growth paralleled by an increase number of immune
cells infiltrating the tumors?®’. These data suggest that a threshold in neoantigen
content determines the immune response generated against tumors and the

responsiveness to ICB.

In our report, we have generated a KP model with an increment in the neoantigen
content as compared to the parental line. The deletion of MIh1 led to the accumulation
of somatic mutations, as single nucleotide variants and frameshifts, giving place to a 2-
fold increase in putative neoAgs. Such an increase in neoantigen load in the KP model

was sufficient to turn it into a “warm” tumor infiltrated by CD8 T cells in both
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subcutaneous and orthotopic environments and to induce expression of genes reflecting
immune activation. These data are consistent with other groups using the KP model.
Martinez-Usatorre et al., have shown that deletion of MSH2 in the autochthonous KP
model led to the accumulation of mutations in tumors. They also observed that after 4
weeks from the tumor induction, tumor nodules were more infiltrated by CD4 and CD8

T cells in comparison with MMR sufficient tumors*3,

We have analyzed the neoantigen-specific CD8 T cell response against a pool of
predicted neoAgs, covering a varied range of expression and affinity to bind MHC class |
complex. We noticed that according to the anatomic sites the response generated
against neoAgs was different. In subcutaneous model, CD8 T cells were responding to a
broad number of neoAgs, whereas in the orthotopic model CD8 T cell responses were

restricted to neoAgs with high predicted affinity for MHC class I.

Recent studies have addressed the role of both parameters: neoantigen expression and
predicted affinity to MHCI during the generation of neoantigen-specific immune
responses. Westcott et al., have used SIINFEKL as a single antigen in a system that
allowed to modulate its expression. They observed that low neoantigen expression
prevents productive priming and drives a tolerogenic T-cell response characterized by
reduced magnitude, effector commitment, and per-cell functionality. In parallel, Burger
et al., have addressed the role of neoantigen MHC affinity during the generation of
distinct neoantigen-specific CD8 T cell responses in the context of an antitumor
response. Using two different surrogate antigens of varying affinity to the MHCI complex
under the same viral promoter, they found that antigens with higher affinity generated
dominance over suboptimal antigens, with high-affinity neoAgs limiting the diversity and
differentiation from progenitor to exhausted CD8 T cells?*® of suboptimal CD8 T-cell.
These two reports provided initial formal hints on how neoantigen features drive
different responses and the interplay between multiple antigens. In the context of KP"¢°,
as far as we could assess in our assay, the immune response is not dominated by a single
neoantigen. However, in the more suppressive microenvironment of the lung,

dominance by the highest affinity antigen seem to emerge.
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Moreover, Fessenden et al., have addressed the role of DCs during cross-presentation
of neoAgs. They have shown that cross-presentation of neoAgs by DCs is biased towards
peptides derived from cytoplasmic proteins, while peptides originating from proteins

located in the plasma membrane are underrepresented?*°.

Altogether these previous studies showed that neoAgs’ features as expression levels,
binding affinity for MHCI and the location in different subcellular compartment, dictate

the immune response generated against the neoantigen.

In our report we have generated a preclinical model harboring real and varied neoAgs
(regulated by their endogenous promoter and with different binding affinities) capable
of generating neoantigen-specific CD8 T cell responses. Using this model, we did not
observe a hierarchical dominance of strong neoAgs in subcutaneous tumors, but in lung,
we observed that the specific responses were restricted to strong antigens. This model
offers a precious tool to study the generation of neoantigen-specific responses and can

be exploited for further analyses.

5.2 Are neoantigens sufficient to overcome ICB resistance?
One of the best predictors for ICB is the T cell infiltration in tumor nests32260, KP"e° tumor

showed an increased T cell infiltration in both subcutaneous and orthotopic settings.
CD8 T cells infiltrating KP™° tumors showed higher expression of effector/cytotoxic
molecules in comparison with those found in KP®' tumors. Moreover, increased
neoantigen burden led to the accumulation of effector-memory with high expression of
PD-1in CD8*T cells in KP"®° tumor bearing mice. This evidence showed that by increasing

neoantigen content, KP tumor becomes warmer.

Despite an objective increase in T cell infiltration and activation, KP"®° tumor remained
resistant to ICB therapy. In line with our observations, Martinez-Usatorre et al., have
generated a KP model with deficiency in the MMR machinery. Using this model, they
demonstrated that MMRd tumor accumulates somatic mutations and increased
neoantigen burden increased T cell infiltrating tumor®3. Although the increase in
infiltrating CD8 T cells in MMRd tumors remained refractory to ICB. The authors
suggested that progressive KP tumors harbor suppressed CD8 T cells, which cannot be

rescued by potential endogenous neoAgs?®1262_ |t has been shown that the progression
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of KP tumors led to accumulation of exhausted CD8* T cells that expressed increasing
number of inhibitory molecules?!®, The terminally exhausted CD8* T cells are not rescued
by anti-PD1 therapy due to the loss of their stem-like properties, but progenitor
exhausted CD8* T cells that have expansion capacities can respond to this therapy®°.
Thus, the balance between these two subsets could dictate the responsiveness to ICB in
our model. A second possibility to explain the resistance to ICB could be a suboptimal
activation of CD8* T cells. Westcott et al,. have shown that poor T cell priming led to
resistance to ICB in a preclinical model of colorectal cancer. Furthermore, they have
shown that the rescue of CD8* T cell priming by anti-CD40 treatment renders T cells fully

capable of tumor control after ICB.

Thus, we hypothesize that a combination of factors such as unbalanced frequencies of
different exhausted subsets and poor CD8 T cell priming could explain the resistance to
ICB in our model. Additional analysis is needed to further investigate the T cell
exhaustion status in tumor infiltrating CD8* T cells and remains as an open question from

this report.

5.3 ¢DC1s are essential during the orchestration of the immune response against
neoantigens
The data presented in this report showed that neoantigen-specific CD8 T cell responses

depended on ¢DC1 for its orchestration. Signs of immune activation, such as activation-
related gene expression, CD8 T cell infiltration, and tumor growth control in KP"¢° tumor,
were shown to be lost in mice lacking cDC1, establishing this subset as the major

determinant of the immunogenicity of tumors expressing neoAgs.

Due to the importance of cDC1 during antigen presentation and lymphocyte
activation!#8, cDC1 abundance has been suggested to correlate with immune-mediated
tumor control and favorable outcome in both human and micel”144150.180 However, the
elements that control the accumulation of cDC1 within tumors are still poorly

understood.

Our data showed that cDC1s were selectively recruited in KP"®° tumors subucutaneous
tumors and not in parental KP tumors. We can exclude the possibility of a bias in
chemoattractant expression by tumor cells between KP" and KP"°, because RNA-seq

data did not show major differential expression of chemokines in the two cell lines.
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However, we observed an increased expression of chemokines that recruit dendritic
cell?®3 as Ccl4 in the TME of KP"® in comparison to KP®" subcutaneous tumors. The
sources of CCL4, as other chemokines to recruit DC, are varied- from tumor cells to
immune cells as NK cells?442%4  The role of NK cells during the recruitment of ¢DC1 in
tumors was well documented by Bottcher et al.; they have demonstrated that the
secretion of CCL5 and XCL1 by intratumoral NK cells lead to the recruitment of cDC1 into
tumors'#®. We cannot exclude the role of NK cells during the recruitment of ¢cDC1 in
tumors, but it remains unclear why this occurs only in KP"®° tumors. Since T lymphocytes
are an important source of FLT3L?®®> in TME leading to pre-DCs recruitment and
expansion, it is reasonable that priming by neoantigen presenting cDC1 could lead to
FIt3L secretion in turn providing the signals to augment the recruitment of immune cells
including cDC1, creating a positive feedback loop.

5.4 Mobilizing cDC1 to the TME by FLT3L to the TME increases and reinvigorates CD8 T

cells.
Therapeutic strategies to boost and activate DCs, in particular, cDC1 have been explored

successfully in melanoma and pancreas tumor models'44146:214.217 \We have tested a
combinatorial DC-based therapy in KP tumors, this therapy includes FLT3L, Poly (I:C) and
anti-PD-L1. To assess the impact of the therapy on KP tumors we moved back to the
subcutaneous tumors in order to administrate the therapy in situ. The subcutaneous
model represents many advantages: it allows to directly treat the tumor avoiding

systemic effects and side effects, and also allow to follow the tumor progression.

We found that promoting DCs expansion and activation triggers extensive infiltration of
immune cells, in particular, T lymphocytes in KP"®° tumors. CD8* T cells showed effector
memory markers and effector functions after therapy, the therapy led to the generation
of a pool of TCFGzmb* CD8* T cells in tumors and significantly inhibited tumor
progression. The combinatorial therapy had an impact also on the CD8* T cells in the
tumor draining lymph node leading to an increase in IFNy production by CD8* T cells as

well an increment in the frequencies of TCF1"-GzmB* CD8* T cells.

Similar evidence was found by independent groups using different tumor preclinical
models such as pancreatic tumors, melanoma, and colorectal cancer. Lin et al., have

shown that FLT3L administration in combination with anti-CD40 led to an increase in the
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frequency of effector memory T cells. In addition, they observed that CD8 T cells
produced more IFNy in treated groups#®. Salmon et al., have shown that a combinatorial
therapy containing FLT3L led to a significant tumor control in melanoma model. The
therapy also generated a high lymphocyte infiltration in tumors44. In parallel, Oba et
al., have tested the efficacy of therapy with FLT3L in combination with TLR3 agonist,
anti-CD40, radiotherapy and anti-PD-L1 in different preclinical tumor model. They found
that FLT3L alone was sufficient to mobilize cDC1 in tumors and the combinatorial
therapy led to an influx of TCF1* CD8 T cell infiltrating the tumors?!4. Evidence from
human data extracted from a clinical trial (NCT02129075) testing FLT3L in a
combinatorial therapy to treat high risk melanoma patients showed that FLT3L
administration increased peripheral monocytes, cDCs and plasmacytoid DCs. Also,
therapy in humans suggests an increase in humoral and T-cell responses and activation
of DCs and natural killer cells. All these studies support the data reported in our model

demonstrating the ability of cDC1 to enhance antitumor responses.

Surprisingly, KP<! tumors were completely refractory to the concomitant boost in
antigen presentation and T cell activation. In this line, AT-3 tumors treated with FLT3L,
TLR3 agonist and anti-CD40 showed a slight tumor delay; however, when tumors were
also treated with radiotherapy (to generate DNA damage and neoAgs?%©2%7) tumor size
was significantly reduced and had a substantial impact on the survival in treated mice?*4.
This result formally proves that a minimal threshold of neoAgs is an essential
prerequisite for strategies that aim to empower antigen specific anti-tumoral responses.
5.5. Combinatorial therapy specifically enhances neoantigen cross-presentation

In this thesis we have demonstrated that cDC1s have a non-dispensable role for the
generation of anti-tumor response in neoantigen-rich tumors. To investigate whether
therapeutic immunity observed with the combinatorial therapy depends on cDC1 we
employed XCR1P™ mice; in which the expression of the Diphtheria toxin subunit A (DTA)
under the Xcr1 promoter generates the specific ablation of cDC1 without affecting other

immune subsets in different tissues22>:268,

We observed that specific depletion of cDC1 abolishes the advantages conferred by
therapy, i.e., tumor growth control and recruitment of CD8* T cells was lost in XCR1P™

mice. In addition, effector memory and cytotoxic subsets were reduced in XCR1P™ hosts,
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demonstrating that cDC1 are required for the recruitment and optimal priming of CD8 T

cells.

In addition, we observed that neoantigen-specific T cell responses were weaker in
XCR1P™ than Wt mice. The overall response against neoAgs was lower in XCR1°™ and
two neoAgs lost statistically significant increment. These data showed that cDC1s are
crucial during neoantigen cross-presentation and specific CD8 T cell priming; moreover,
cDC1 were necessary to potentiate the response against Neo2 and 7. In line with these
observations, Fesseden et al., have shown that cross-presentation of neoAgs by cDC1s
is biased towards peptides derived from cytoplasmic proteins®>°. In our case, Neo 2 is
derived from a ubiquitin C-terminal hydrolase 3 situated in cytosol, supporting the
hypothesis that cDC1 preferentially present cytosolic proteins. Instead, Neo 7 derived
from and the Integrin beta 1 (ItgB1) protein, a transmembrane protein and it represents
one of the neoAgs with highest expression. NeoAgs derived from ItgB1 were shown to
be potent MHC-Il neoAgs that shape tumor immunity and dictate responses to
immunotherapy in preclinical model of sarcoma?®®. Recently, the same group has shown
that cDCls are licensed by CD4* T cells to induce neoantigen-specific antitumor
immunity?®. Taken together this evidence we might suggest that cDC1 preferentially
presented Neo 2 due to its nature and Neo7 by the licensing from CD4* T cells. However,
how the nature of the neoantigen dictate the quality of the cancer immunity and in
particular the role of ¢cDC1 during the selection of peptides to present to CD8 T cell

remain unclear.

5.6 FLT3L+aCD40 therapy is sufficient to expand dendritic cells in the TME and to
increase CD8* T cells in lungs
Previous studies in our lab have shown that KP tumors progressively deplete and

functionally suppress cDC1 in lung tumor tissues. Based on the collective evidence in the
previous sections we evaluated the impact of DC enhancement in orthotopic KP"e®
tumors. We shelved KP<" based on the lack of response to therapy that we had observed
in the subcutaneous setting, reasoning that responses to this non-immunogenic variant

would be even more difficult to detect in the suppressive lung environment.

We dissected the therapy into two main parts in order to evaluate the impact of

boosting cDC subsets and inhibition of immune checkpoint molecules. Thus, one group
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received FLT3L and anti-CD40 and a second group received anti-PD-L1 in addition to the
DC-based therapy. We observed that the therapies led to an influx of Lin"CD11c*MHCII'*%
cells in tumor-bearing lungs, based on the low expression of MHCII and the absence of
XCR1%7% we might suggest that this subset could be preDCs. Using cDC1 reporter mice
XCR1-Venus we have documented the recruitment of cDC1 in KP"° nodules and the
incremented influx after FL/aCD40 therapy. Flow cytometry data showed that FL/aCD40
is mainly responsible of the recruitment of ¢cDC1 in tumor bearing lung whereas the
addition of anti-PD-L1 countered the effect of FL/aCD40. Previous reports have shown
that FL/aCD40 rescued c¢DC1 abundance and boosted their maturation in preclinical
model of pancreatic cancer. A similar therapy was shown to reduce the frequencies of

apoptotic cDC1%8, an aspect that we have not directly investigated.

The increased abundance of cDC1 in KP"° tumors after the therapy generated an
enhanced recruitment of CD8* T cells on the nodules. Interestingly, boosting ¢cDC1
generated a 2-fold increase in frequencies of proliferating and effector memory CD8* T
cells. Moreover, FL/aCD40 largely expanded progenitor exhausted TCF1*PD-1* CD8* T
cells in lung tissues. This subset was reported by Schenkel et al., to accumulate in the
mediastinal lymph node in tumor bearing mice after FL/aCD40 therapy in the
autochthonous KP model harboring SIINFEKL as antigens and the authors suggested that
are the cDC1 responsible for the propagation of this subset of CD8* T cells. Previous
reports have shown that in a melanoma preclinical model, intratumoral of TCF1*PD-1*
CD8* T cells mediate tumor control in response to immunotherapy. The authors
associated this subset to memory-like CD8* T cells, as they persist even under chronic
exposure to antigens and display considerable phenotypic differences compared to
conventional central memory cells®. This subset was also identified in mice under viral
infection and recently its was demonstrated that cDCls maintained this subset by
sequestrating them within specific anatomical niches, and limiting their activation and
thereby balancing the immune response?’!. Our results suggest that a similar behavior
can occur in tumor bearing lungs, where the restored cDC1 may lead to accumulation of

TCF1*PD-1* CD8 T cells in lung tissues.

The fact that in our setting we observed little, null, or sometimes a negative effect of

anti-PD-L1 in lungs bearing KP"° tumors suggested that the bottleneck during tumor
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engraftment and generation of anticancer immunity, is the scarcity of cDC1. We cannot
exclude a beneficial effect of anti-PD-L1 treatment in KP tumors in the overall survival
of tumor bearing mice. The long-term effects of anti-PD-L1, as well as a different scheme

for the administration of therapy, remains an open question in this work.

5.7 FLT3L+aCD40 therapy reshapes molecular networks in the immune compartment in
tumor-bearing lungs
Based on the remodeling observed in the immune compartment after FL/aCD40

treatment and the null effect of additional anti-PD-L1, we wanted to further analyze the
remodeling in immune cells after FL/aCD40 therapy. Therefore, we have performed

scRNAseq analysis on KP"° tumors treated with FL/aCD40 or control isotype.

The major changes observed in the immune subsets were in NK cells, monocytes,
neutrophils, dendritic cells and T cells. We observed a reduction in neutrophils and an
increased in NK and monocytes. Previous data from our group have shown that
recruitment of SiglecF"&""Neutrophils guided by the tumor secretion of CXCL5 in KP-OVA
tumor bearing mice, impairs CD8 T differentiation and acquisition of cytolytic
functions'’®. In addition, they have shown that depletion of intratumoral neutrophils
promoted the expansion of anti-tumor CD8 T cells!’8, Previous reports using pancreatic
cancer models treated with the same combination of FL/aCD40, showed augmented
number of NK cells in tumors in comparison with the untreated group**’. The NK-cDC1
axis mediated by FLT3L was very well documented by Barry et al., in a preclinical model
of melanoma, showing that FLT3L production by NK cells dictates the recruitment of
cDC1s into the tumors?®°. Moreover, NK cells make frequent and stable interactions with
cDC1 that increases their survival levels26>. Besides, NK cells are recruited into the TME
by the expression of several chemokine receptors, including CXCR3 that binds to the
chemokine ligands CXCL9 and CXCL10 produced by dendritic cells?’2. This data suggested
that a close interplay between NK and cDCs generates a positive feedback loop during
their recruitment into the TME. Although we show that KP"¢° elicits neoantigen-specific
T-cell responses, and CD8* T cells are responsible for tumor containment, we cannot rule

out the contribution of NK cells during tumor containment.

To further explore the remodeling in the dendritic cell cluster we re-clustered it into 4

sub-clusters, representing the main DC subsets reported for lungs?4#12>, We found a
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cluster for cDC2, one for migDCs and two clusters with gene signatures of cDC1. cDC2
represents half of the DCs present in tumor-bearing lungs, and it remained unchanged
after the therapy. At transcriptional levels, key pathway analysis revealed that cDC2
actively replicate based on significant upregulation of genes related to the cell cycle and
DNA replication. migDC was the most affected subset getting a significant reduction
after therapy. These cells are characterized by the expression of maturation, regulatory
marker and molecules related to migration. This genetic signature has been described
under different names in the TME of preclinical mouse models. Their role during tumor
progression or during immunotherapy is still debated. Maier et al., found a similar
program in KP tumor bearing lungs and they defined this subset as “mature DCs enriched
in immunoregulatory molecules” (mregDCs) due to the expression of maturation
markers (Cd40, 1112b and Ccr7) and immunoregulatory molecules (Cd274 and Axl). They
defined the mregDCs as a program since they could not assign an identity between cDC1
or cDC2. They proposed that this subset restrains the threshold of the T cell responses;
in addition, mregDCs are able to capture antigens and the antigen-loaded DC migrates
to the draining lymph node to shape tumor-specific immunity?°. Also, using the KP
model, Li et al., have shown that systemic targeting of AXL unlocks the production of
type | interferon by dendritic cells, a key signaling pathway for priming and activating
anti-tumor CD8 T cells. They found that inactivation of AXL increased the abundance of
TCF1*PD-1* CD8* T cells the key mediator for therapeutic response to ICB273. In our data
we observed that not only migDCs are reduced in numbers, but genes characterizing the
regulatory side of the mReg program such as Ax/, Ccl22 and Cc/17 appeared in the list of
DEGs downregulated in all cDCs clusters, suggesting that the therapy prevent cDCs from
acquiring this phenotype. Conversely, Ccl5 is upregulated, indicating a shift toward
immunostimulatory properties. Accordingly, a gene process linked to IFN-I response is
among the ones upregulated in therapy treated cDC1. Moreover, therapy may enhance
the migration of migDCs to the draining lymph node, reducing their number in lung

tissues.

Additionally, we have identified two clusters of cDC1 in KP"° tumor bearing lungs, these
two subsets (cDCla and cDClb) shared the expression of Xcrl and Clec9a, but the

expression of these markers was lower in cDC1b. This subset showed higher expression
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of genes related to the cell proliferation such as cyclins and histones and has lower levels
of maturation markers. Looking at the DEGs and the biological processes significantly
regulated, we observed that processes such as DNA replication and cell cycle were
upregulated. The high proliferative state was reported for cDC1 and pre-DCs in the lung
where 30%-40% of cells are Ki-67*27%, We might suppose that this group corresponded
to committed pre-DC1. Pre-DCs do not express Xcrl, but as the differentiation process
begins, the expression of this molecule increases. In addition, pre-DCs express FLT3 and
can be recruited to the TME by FLT3L?%>, However, further analysis using flow cytometry
analysis of surface markers is needed to better characterize committed pre-Dcs

precursors in the lung.

The cluster we named cDCla showed high expression of genes related to antigen
presentation and vesicular trafficking according to its functions in antigen processing
and presentation. DEGs analysis showed an upregulation in genes related to cell
replication and a downregulation of immunoregulatory genes related to migDCs. Key
biological processes analysis showed that cDCla upregulated the type | interferon
pathway, in line with the concept proposed by Li et al.,?’3 that Axl inhibition correspond
to induction of type | interferons. Based on these data we can propose that in KP"¢°
tumors FL/aCDA40 led to the accumulation of restored cDC that have downregulated (or
not yet acquired) the regulatory program. These cDCs are able to activate type |
interferon pathways and their presence coincides with an increase in TCF1*PD-1* CD8*
T cells. The analysis of the biological programs modulated in cDCla showed that these
cells experienced a metabolic reprogramming. These cells showed an increase in aerobic
respiration and oxidative phosphorylation showing high ATP synthesis and demand. The
maturation process in DCs results in upregulation of MHC complexes, costimulatory
molecules and secretion of cytokines?’4. DCs must adapt their metabolic programs to
cover the energy demands associated with transcriptional and biosynthetic pathways?”>
required for DC survival such as migration, and effective T cell priming?’¢. Most of the
studies of metabolism in dendritic cells have been done in vitro using mouse BMDCs that
do not recreate the TME; however, using this simple model, most of the reports showed
that DCs become glycolytic after TLR activation?’’. Moreover, when growth factors

stimulate cells to proliferate, cells take up more glucose than they require, excess of
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glycolytic intermediates are redirected into pathways that support the production of
non-essential amino acids, nucleotides and lipids necessary for cell growth?’®, All these
three anabolic processes were found to be upregulated in cDCla after the therapy
suggesting that the administration of FLT3L led to the induction of proliferation in cDCla

generating a metabolic change in the cell.

Additionally, we observed that FL/aCD40 generated changes in the frequencies of T
lymphocytes clusters. To analyze the changes in this cluster more in depth, T cells cluster
was re-clustered into 10 sub-clusters including: CD4 and CD8T cells, y& T cells and MAIT.
The main observations were the reduction of y6 T cells and the increase in proliferating
and effector CD8* T cells. Previous studies in KP tumor-bearing lungs shown that the
activation y& T cells by microbiota stimulated the production of IL-17 by this subsets
promoting tumor growth?’®. Therefore, the reduction in the frequencies of y& T cells

might contribute with the tumor control after therapy.

In this study we mainly focused on CD8 T cells. Consequently, we analyzed clusters
associated to non-naive CD8* T cells, such as short-lived effector, effector and
proliferating CD8* T cells. Short-live effector CD8* T cells were represented in the C3
and were characterized by the expression of Eomes and Ifit1. The DEGs analysis showed
that this cluster acquired cytotoxic functions after the therapy by the induction of
cytotoxic genes such as Gzma and Serpina3g. Biological processes analysis suggested
that these clusters experienced, as cDCla, rewiring of metabolic pathways related to
cellular proliferation and oxidative phosphorylation. Cluster 5 was defined by the
expression of activation/exhaustion markers such as Gzmb, Gzma, Prf1, Lag3 and Pdcd1.
This subset could represent depleted progenitor CD8 T cells that still maintain some
stem cell-like function, while displaying effector functions. The frequency of this cluster
increased upon therapy and the DEGs analysis showed enhanced expression of cytotoxic
genes and genes related to cell cycle. C3 and C5 displayed a metabolic change that favors
oxidative phosphorylation. Werry et al., have shown using a model of viral infection that
chronic exposure to antigen generates a particular phenotype in CD8* T cells
characterized by the expression of inhibitory, memory and effector molecules. In this
subset, that they called exhausted T cells (Tex), they found a metabolic change from

glycolysis to oxidative phosphorylation?®°. In our model these short-lived cells and
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TCF1*PD1* CD8* T cells could follow the metabolic changes that the Tex cells
experienced, but without the expression of inhibitory molecules on the surface. The
most affected cluster by the therapy was cluster 6 that is characterized by genes related
to DNA replication and cell cycle. This group increased in frequency 3-fold and DEG
analysis showed that these CD8* T cells increased genes related to effector/cytotoxic
function, such as GzmK, Gzma and Eomes. The pathway analysis showed that DNA
replication and cell cycle were the most upregulated processes, showing that the
therapy with FL/aCD40 not only remodeled the myeloid compartment but also reshaped

adaptive cancer immunity.
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6. Conclusions
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In conclusion our work shows that cDC1 are crucial during the orchestration of
neoantigen-specific T cell responses in a hypermutated murine lung cancer model. Also,
we demonstrated that boosting DCs activity in ICB-resistant mutated lung tumors is

critical to leverage neoantigen content for therapeutic advantage.

While published studies characterized the role of cDC1 during antigen presentation in
cancer using strong surrogate antigens, our model contributes to the field by reflecting
a more physiological model harboring bona-fide neoAgs generated endogenously in the

tumor cell by a deficiency in mismatch repair system.

By increasing the neoantigen burden, tumors turned from cold into warm tumors with
enhanced T cell responses. Despite the increased neoantigen burden and the enhanced

cancer immunity, tumors harboring neoAgs remain resistant to ICB.

We showed that boosting cDC1 in the TME by a combinatorial therapy including FLT3L
led to an enhanced immune response against tumors that controlled tumor growth, and

this effect was unique to tumors with a higher neoantigen load.

Moreover, DC-therapy (FLT3L in combination with anti-CD40) generated a remodeling
of the immune infiltrate in tumor bearing lungs. The remodeling included: increased
number of cDC1 with high proliferative capacities, reduction of an immunoregulatory
program on cDC, increased number of NK cells and CD8 T cells. Single-cell RNA
sequencing uncovered the molecular changes in the CD8 T cell subsets. These subsets
were reprogrammed by the therapy inducing high proliferative phenotypes with

effector/cytotoxic functions and reducing exhaustion programs.

However, | would also like to highlight some limitations of this study and to list those
that in my opinion represent critical open questions and opportunities offered by this

work.
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7. Limitations and future
perspectives
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A major limitation during this study has been, expectedly, the COVID pandemic that has
caused delay in progression of in vivo experiments and has obliged us to restructure
some of the aims. Technical challenges and limited resources have also imposed a choice

on some of the approaches.

The assay to study the specificity of the T cell response to neoAgs need to be improved
and combined to other analysis. First the assay of restimulation using peptides should
be optimized and the role of the full spectrum of neoAgs should be conducted using all
the 26 predicted KP"¢° neoAgs and those encoded by the parental KP line. This will help
to understand how the nature of the neoAgs (expression levels, binding affinity to MHCI
or their subcellular localization) dictates the immune response against the tumor,
possibly at different time points. In particular, exploring what determine their

immunogenicity the characteristics of CD8 T cells.

Furthermore, a deeper description of the diversity and phenotype of neoantigen-
specific CD8 T cells would add invaluable information regarding the characteristics of
CD8 T cells against genuine neoAgs. This can be achieved by the analysis of the TCR
repertoire. We have demonstrated that CD8 are expanded after therapy; however, we
ignore how the therapy modulates the frequencies and diversity of their TCRs. A further
valuable tool would be to generate tetramers against selected neoAgs to screen and
isolate specifically CD8 T cells against neoAgs, Extensive studies using tools to label
specifically CD8 against different neoAgs in KP and KP"¢° will help to reveal the features

of CD8 T cells generated against a variety of neoAgs.

An additional area of improvement is to study the long-term consequences of therapy
(DC and combinatorial) on survival in longer tumor challenge experiments. In fact, our
analysis was limited to the analysis of the early events of CD8 T cell activation and initial
tumor progression. However, we cannot exclude that the addition of ICB would

synergize with DC therapy to prolong the survival.

Lastly, we are currently trying to translate our proof of concept into the human system.
In this regard the efforts are being taken to search the available datasets for possible

(positive) correlations between ICB, density of cDC1 and TMB.
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