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Tumors accumulate genetic alterations, some of which may generate “non-self”
epitopes recognized by T cells, known as neoantigens. These antigens can arise from
private mutations unique to each individual or from shared mutations in hotspot
regions of driver genes that occur in multiple cancer patients. When prevalent HLLA
alleles present epitopes from shared neoantigens, they become public neoantigens.
These are ideal targets for cancer immunotherapies for multiple reasons. First, they
are exquisitely tumor-specific, vital for sustaining the malignant phenotype, and have
a higher likelihood of being clonal or expressed by most cancer cells. Second, due to
their high conservation, they offer the possibility of developing off-the-shelf TCR
T-cell-based therapies, broadening the applicability of adoptive T-cell therapy to
multiple patients. However, despite the identification of hundreds of cancer driver

mutations, only a small fraction of immunogenic public neoantigens and reactive

TCRs have been identified.

In this thesis, we used a mass spectrometry-based (MS-based) HLA-I
immunopeptidomics approach to discover hotspot-derived mutant peptides
presented on highly prevalent HLLA-I alleles. In addition, we aimed to detect and
characterize T-cell receptors (TCRs) targeting these peptides, which could be used to
develop novel off-the-shelf TCR-based T-cell therapies targeting public neoantigens.

We developed an HLLA-I monoallelic cell platform to identify public neoantigens
arising from 35 recurrent mutations across 13 cancer driver genes and 12 highly
prevalent HLLA-I alleles in the Caucasian population. We first constructed four
hotspot tandem minigene (HSTMG) constructs encoding these mutations and B2M_
HILA chimeras encompassing the prioritized alleles. Next, we generated a B2M null
tumor cell line using CRISPR/Cas9, lacking cell surface HLLA-T expression. B2M KO
tumor cells were then co-electroporated with 7z vitro transcribed RNA encoding one
B2M_HLA chimera and one of the four HSTMGs to generate HLLA-I monoallelic
cells expressing recurrent mutations. Last, shotgun MS-based immunopeptidomics
was performed on cells expressing a total of 37 HSTMG-B2M_HILA combinations
to identify naturally processed and presented HLLA-I peptides, which were then
validated using parallel reaction monitoring mass spectrometry. Using this strategy,
we detected 49 mutant peptide-HLA pairs derived from 23 shared cancer neoantigens

presented across 10 HLA-T alleles.
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Moreover, our method, based on transient HLA-I monoallelic cells, captured
19 previously reported epitopes and, more importantly, 33 novel candidate public

neoantigen-HLLA pairs.

To determine whether some of the putative public neoantigens could be
recognized by T cells, we carried out 7z vitro sensitization experiments using peripheral
blood lymphocytes from a breast cancer patient. This strategy raised two HLA-
A*11:01-restricted T-cell reactivities specific for PII<3CAp_E5 5 and TPS3p
well as an HLLA-C*04:01-restricted response targeting PIK3CAp

the TCRs of these reactive T cells, we identified three neoantigen-specific TCRs,

R248Q° S
resqr DY sequencing
each displaying specific recognition of the neoantigen compared to the wild-type
counterpart. Interestingly, the three reactive TCRs recognized their target when
processed and presented by tumor cells 7z vitro, underscoring their potential to

develop off-the-shelf T-cell therapies.

In summary, we identified a diverse array of candidate public neoantigens
through comprehensive MS-based immunopeptidomics screening of HILA-I
monoallelic cells. These findings expand the number of shared actionable targets
for cancer immunotherapy. Furthermore, the discovered TCRs reactive to public
neoantigens pave the way for T-cell-based therapies applicable to multiple cancer

patients.
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1. The immune system and Cancer

Tumorigenesis is a complex, multistep process that can occur in most normal
tissues and is characterized by the gradual accumulation of genetic and epigenetic
alterations. These changes promote the transformation of normal cells to malignant

cells over time.

In the human body, with over 10" cells, billions of cells mutate daily, which
can disrupt their normal behavior. If a mutation gives a particular cell a selective
advantage, it may replicate faster and survive better than its counterparts, eventually
becoming the founder of a malignant clone (1). While that initial cell is presumed
to mark cancer initiation, its progeny must acquire many additional mutations and

epigenetic changes over time to fully develop a tumor.

In 2000, the hallmarks of cancer were introduced as a collection of functional
capabilities acquired by normal human cells during malignant transformation that are
thought to be critical for the initiation of malignant tumors (2). Since then, additional
features have been uncovered by advances in understanding cancer pathogenesis.
In 2011, Hanahan and Weinberg added genome instability and tumor-promoting
inflammation along with cellular metabolic deregulation and immune evasion as

novel features, which are now recognized as central cancer hallmarks (3,4) (Figure 1).

Sustaining

roliferative signalin;
P € 8 Evading growth

Deregulating suppressors
cellular metabolism
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Resisting immune
cell death . destruction
Genome - Enabling
. - replicative
instability . "
and mutation immortality
Ir!ducmg or Tumor-promoting
accessing vasculature inflammation

Activating invasion
and metastases

Figure 1. Current validated Hallmarks of Cancer. The eight core hallmarks of cancer and
two enabling factors. Image adapted from Hannahan, 2022. Image created with BioRender.
com.
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The notion that the immune system has a pivotal role in preventing neoplastic
cell progression to tumors was proposed over a century ago (5). After decades
of debate, there has been widespread agreement that immune cells interact
with cancer cells and influence tumor development through a process known as
cancer immunosurveillance (6,7). This concept suggests that the immune system
continuously monitors cells and tissues and plays a critical role in detecting and

eliminating most nascent tumors.

Cancer immunosurveillance and its dependence on lymphocytes was evidenced
by experiments in mice with selectively inactivated recombinase activating gene-2
(8). Those animals, lacking lymphocytes, developed chemically induced tumors faster
and more frequently than genetically matched wild-type control. This is because of

the absence of lymphocytes that play a protective role against tumor development.

Inadditiontomicestudies,epidemiologicstudies of immunosuppressedtransplant
recipients and immunocompromised human individuals revealed significantly
increased risks of cancer, many of which were of viral origin (9—13). This provided
well-founded evidence for the existence of human cancer immunosurveillance
and its central role in controlling tumor growth. However, the question of why
tumorigenesis could occur in individuals with intact immunosurveillance remained
unanswered. Several studies showed that tumors arising in mice with specific
immunodeficiencies were more immunogenic than those in immunocompetent mice
(8,14-17). These findings led to the concept of cancer immunoediting, suggesting
that the immune system not only defends against cancer but also shapes emerging

tumors (9,18).

Cancer immunoediting is a conceptual framework to understand the dynamic
process through which the immune system influences and shapes cancer development
(9,18) (Figure 2). It is divided into three phases: elimination, equilibrium, and escape.
In the elimination phase, the immune system successfully eradicates the nascent
tumor, completing the editing process without progression to subsequent phases. If
the immune system fails to eliminate all cancer cells, surviving cells and the immune
system enter the equilibrium phase, in which the immune system can suppress but
not eliminate tumors. Eventually, surviving tumor cells that evade immune detection

enter the escape phase. In this phase, tumors accumulate genetic and epigenetic
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changes that allow them to grow uncontrollably, leading to the formation of
clinically detectable tumors (9,10). The concept of cancer immunoediting has gained
widespread acceptance and it is believed to occur during immunotherapy in human

cancer patients (19).

Immune system Tumor
!
LN
A T '3‘@‘ '
= S
v Immunoediting " € =
-\QA ] 3‘
Y e b.
T L 1
Elimination Equilibrium Escape

e

-®_a

Figure 2. The cancer immunoediting process. Cancer immunoediting is a conceptual
framework that integrates the dynamic process by which the immune system controls cancer.
It comprises three phases. The first phase is elimination, in which the immune system response
successfully destroys the emerging tumor. The second phase is equilibrium, in which the im-
mune system can control tumor growth, but the tumor is not eradicated. Further immunologic
shaping of the tumor (resistant tumor clones) and the establishment of a suppressive micro-
environment leads to the escape phase. During this phase, cancer becomes a clinically visible
disease and spreads to other organs, forming metastatic tumor lesions. Image adapted from
Gubin & Vesely, 2022. Image created with Biorender.com.

2. Antigen recognition by T cells

Through their T-cell receptors (TCR), conventional T lymphocytes recognize
peptides bound to the major histocompatibility complex (MHC) on the surface of
target cells (20). The recognized peptide sequences are called “epitopes”, while their
originating proteins are called “antigens.” In the context of cancer, these proteins are

known as tumor antigens.

T cells are classified as CD8 or CD4 based on the surface expression of proteins
known as cluster differentiation (CD) markers. These two subsets have distinct
physiological roles and recognize cognate epitopes differently. CD8" T cells can
target short peptides (8-12 amino acids) typically derived from cytoplasmic proteins
by proteasomal digestion, which are then presented on MHC-I (21). In contrast,
CD4" T cells recognize longer peptides presented on MHC-II, mainly derived
from endosomal and ingested proteins via lysosomal digestion. The distinction
between antigen-processing pathways for loading peptides into MHC-I and MHC-I1

molecules is not absolute. Specific subsets of professional antigen-presenting cells
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(APCs), particularly dendritic cells (DCs), can present peptides derived from the
phagocytosis of infected or malignant cells in the context of MHC-I, through a

process known as cross-presentation (22).

While MHC-I is ubiquitously expressed, the constitutive expression of MHC
class-II molecules is restricted to APCs. However, they can be expressed on
endothelial and some epithelial cells under inflammatory conditions. Moreover,
stress or inflammation can induce the expression of MHC-II on tumor cells or

other cell types (23).

Following antigen recognition, TCR-associated molecules signal through their
intracellular domains to activate distinct programs within the lymphocyte (24). In
the case of CD8" cytotoxic T cells (CTLs), this activation ultimately results in the
destruction of target cells (25), whereas CD4" T cells will primarily activate other
immune cells and contribute to the amplification of a robust immune response.
Nevertheless, CD4" T cells can directly mediate tumor cell killing when MHC-II is

expressed in malignant cells (20).

2.1. HLA-I molecules and presentation pathway

Human MHC-I molecules, known as human leukocyte antigen class I (HLA-I),
are a family of surface proteins involved in immune recognition and regulation. These
molecules are broadly categorized as classical and non-classical variants, differing in

the level of genetic polymorphism, cellular expression patterns, and functions.

Non-classical molecules encoded by the HLA-E, HLLA-F, and HLLA-G genes are
crucial for maintaining immune tolerance in normal physiological conditions. In the
context of cancer, upregulated expression of HLA-G, as well as HLA-E in multiple

tumor types, has been reported to exert inhibitory effects (27,28).

Classical HLLA-I molecules are the products of HLA-A, HLLA-B, and HLA-C
genes, which are highly polymorphic and ubiquitously expressed on nearly all
nucleated cells except germ cells and placental trophoblasts. These molecules play
a central role in antigen presentation to cytotoxic CD8" T cells, which monitor the

internal state of cells (29).
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2.1, Structure of classical HLA-I molecules

HILA-I molecules expressed on the cell surface are composed of three subunits:
a polymorphic a-chain, an invariant 3-2-microglobulin (32M) chain, and a peptide
antigen. Structurally, the a-chain is comprised of a1, «2, and «3 domains. The first
two domains constitute the peptide-binding groove, also known as peptide binding
cleft, while domain a3 anchors the complex to the cell membrane and interacts
with CD8 co-receptor of T cells. Moreover, 32M forms a non-covalent association
with the a-chain, contributing to the stability and function of the HLA-I molecule
(Figure 3).
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Figure 3. Structure of HLA-I molecules. The pHLA-I complex consists of a polymorphic
o-chain, an invariant 3-2-microglobulin chain, and the loaded peptide, depicted on the left. A
schematic representation of the peptides bound to the peptide-binding groove is shown on
the right. The 3D structure of the peptide-binding groove (top), potential peptide sequences
bound to the HLLA-I specified allele (middle), and the HILA-I pockets (bottom). The anchor
residues at positions P2 and P9 are highlighted in red. Image created with Biorender.com.

The HLA-I a-chain is encoded by the HLA-A, HLA-B, and HLA-C genes,
known to be the most polymorphic genes in the human genome, with more than
8,000 HLLA alleles reported for each gene (https://www.ebi.ac.uk/ipd/imgt/hla/
about/statistics/). The prevalence of each HLA allele varies among populations,
reflecting their distinct evolutionary paths and genetic backgrounds. Previous studies
suggest that alleles with higher peptide-binding promiscuity, such as HLA-A*02:01,
the most frequent HLLA-A allele in the Caucasian population, have been favored by
natural selection (30). Although the promiscuity of these alleles may facilitate the
presentation of a broader range of pathogen-derived epitopes, this property also

compromised the generation of T-cell responses to other epitopes.
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Indeed, some of these alleles have also been associated with increased risks
of autoimmune disorders (31), Hodgkin’s lymphoma (32) and adverse treatment

outcomes in cancer patients (33).

Polymorphisms in HLLA-I genes predominantly occur in the peptide-binding
groove, defining the pockets of each HLA allele that influence peptide-binding
(34). Consequently, each HILA allele restricts the peptide sequences presented to the
immune system. The presented peptides, also known as HLLA-I ligands, are inserted
into the peptide binding groove and restricted in length (8-12 amino acids) and

amino acid composition, which is determined mainly by the HLLA pockets (35).

Specifically, the B and F pockets exert the most stringent control over peptide
binding, as they preferentially interact with specific amino acids. Due to this
constrained interaction, peptide sequences presented by a particular HLA-I allele
exhibit a conserved binding motif with reduced amino acid diversity at positions
two and nine, considered the anchor residues of HLA-I ligands. HLLA-I alleles with
similar presentation requirements may bind and present overlapping sets of peptides,

forming groups known as supertypes (30).

Because individuals can be heterozygous for the three loci, each cell can express
up to six different HILA-I molecules, resulting in a diverse peptide repertoire
presented to T cells. Therefore, the widespread application of effective T-cell-based

therapies is complex and requires a high degree of personalization.

2.1.2. Conventional HLA-I antigen presentation pathway

The HLLA-I molecules play a critical role in the presentation of small protein
fragments from the proteome on the plasma membrane of the cells. This enables
T-cell recognition of infected and aberrant cells, such as those found in cancer.
The process of antigen processing and presentation involves several steps, including
peptide generation, transport, and loading of the epitopes onto the HLA class 1
molecules in the endoplasmic reticulum (ER), all of which must occur under specific

conditions (37).

Under physiological conditions, HLA-I ligands are usually derived from
proteasomal degradation of ubiquitinated mature proteins, cytosolic proteins, or

defective ribosomal products (21).
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However, proteins from intracellular pathogens in infected cells, or mutant

proteins in cancer cells, may also undergo proteasomal processing.

The proteasome is a multicataliytic proteinase complex constitutively expressed
and abundantly located in the nucleus and cytoplasm. It consists of two main
subcomplexes: the 198 regulatory particle and the 20S core particle. The 20S
particle acts as the catalytic unit for protein degradation and is composed of two
outer a-rings and two inner B-rings, each consisting of seven structurally similar
subunits (x1-7 and 31-7). Within the B-rings, three catalytic subunits 31, 2, and 85
will degrade proteins into small peptide fragments by proteolysis (38). Proteasomes
presenting these three catalytic subunits are named standard proteasomes, present in

most tissues at basal state.

In some contexts, the constitutive subunits can be replaced by the inducible
subunits 311, 821, and 351 with modified catalytic capacities upon interferon-gamma
(IFN-y) stimuli (39). Proteasomes with the three inducible subunits are named
immunoproteasomes, expressed in basal conditions in lymphoid tissues. Additionally,
intermediate proteasomes, presenting different combinations of standard and
inducible subunits, have also been described to be constitutively expressed in certain
cells (40). The predominant proteasome present in a cell will generate slightly
different pools of peptides from the processed proteins due to the different catalytic

activities of their combination of B-subunits (41) (Figure 4).

After proteasomal processing, peptides can be further processed by cytoplasmic
peptidases, which differ depending on the cell type and may have different processing
specificities. These peptides are then transported into the ER by adenosine
triphosphate-dependent transporters (TAP1 and TAP2). Once in the ER, ER-
associated aminopeptidases (ERAP1 and ERAP2) can further truncate peptides to
generate shorter peptides that fit into the HLLA-I peptide binding groove.

In parallel, both 32M and HLA-I alpha chains are translated and inserted
into the ER, forming a heterodimer facilitated by chaperones. Tapasin along with
other chaperone molecules such as calreticulin and the thioloxidoreductase ERp57,
facilitates peptide loading of class I molecules in the ER by bridging HLLA class 1
molecules to TAP. Together, these molecules form the peptide loading complex

(PLC), stabilizing the empty HLA class I dimer until the assembly of the peptide

20

Introduction



(37). Once stably assembled, the peptide-HLA-I complex (pHLA-I) is transported
through the ER and the Golgi network to the cell surface, where it can be recognized
by the specific TCR of CD8" T cells (Figure 4).
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Figure 4. Conventional HLA-I antigen processing and presentation pathway. Endog-
enously synthesized proteins are degraded in the proteasome, immunoproteasome, ot inter-
mediate proteasome. The peptides produced are transported to the ER via TAP. Once there,
ERAP further trims the peptides to generate shorter peptides that fit into the HLA-I pep-
tide-binding groove. HLLA-I « and 82m chains are translated and introduced into the ER where
they are recruited to a multiprotein complex called PLL.C, enabling peptide loading. The pHLA-I
complex traffics via Golgi to the cell surface. Endoplasmic reticulum (ER), ER-associated ami-
nopeptidases (ERAP), transporter-associated with antigen processing proteins (TAP), ribo-
some (RB), HLA-I a chain (x), 8-2-microglobulin (32m), HLA-I peptide complex (pHLA-I),
peptide-loading complex (PLC), cytoplasm (CP), plasma membrane (PM), extracellular (EC).
Image created with Biorender.com.

Although all intracellular proteins have the potential to be presented on HLA-I,
only a fraction reaches the plasma membrane for immune detection. Once on the
surface, CD8" T cells will be able to recognize pHILLA-I complexes resulting from
abnormal proteins from those resulting from self-proteins, thanks to mechanisms

of both central and peripheral tolerance.

The diverse repertoire of TCRs generated during T-cell development provides
the capacity to recognize a wide range of antigens. However, this diversity requires
stringent selection processes to prevent autoimmunity. Central tolerance in the
thymus involves positive selection for T cells that recognize self-HILA molecules,
followed by negative selection to eliminate strongly self-reactive T cells (42). While
this process removes many self-reactive T cells or generates regulatory T cells,
some may escape to the periphery, where peripheral tolerance mechanisms further

regulate them (43). Despite these controls, spontaneous T-cell responses recognizing
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normal self-proteins occur in autoimmune diseases. Such reactivities have also been
reported in cancer patients, indicating that a fraction of T cells recognizing normal

self-antigens evade immunological tolerance processes.

2.2. Tumor antigens

Tumor antigens refer to proteins expressed by tumor cells that can trigger a
T-cell response when presented on HLA molecules. Given that T cells capable of
targeting tumor antigens play a crucial role in tumor immunity, research efforts have
been directed toward identifying T-cell responses and their corresponding antigenic

targets for therapeutic intervention.

Although the immune system’s ability to recognize and destroy cancer cells was
widely acknowledged, it was not until the early 1990s when the molecular nature of
antigens expressed by human tumors and recognized by cytotoxic T lymphocytes

was unraveled (44).

Tumor antigens derived from canonical proteins have traditionally been grouped
according to their tumoral specificity into two main categories: 1) low tumor-
specificity antigens, also known as tumor-associated antigens (TAA), which are
primarily distinguished by their expression in normal cells, albeit at reduced levels,
and 2) high tumor-specificity antigens, also named as tumor-specific antigens (TSA)

which are typically expressed exclusively in malignant cells (45) (Figure 5).

In the last decades, advancements in technology and bioinformatic tools have
facilitated the identification of an additional source of tumor antigens, known
as non-canonical (non-C) or cryptic antigens. These non-C antigens arise from
aberrant transcription, translation, or post-translational modifications from coding,
transposable elements, or non-coding genome regions (46). During periods of
cellular stress, these aberrant events can be favored, suggesting that they may be
enriched in tumors. The resulting non-C antigens may be of low tumor specificity
when also generated in healthy cells. However, mutant non-C antigens can also arise
uniquely in tumor cells, considering that 99% of cancer-specific mutations occur
in non-coding regions (47). This mutant non-C would be antigens of high tumor-

specificity as these mutations occur exclusively in cancer cells (Figure 5).
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Although spontaneous T-cell responses to some non-C antigens have been
observed in cancer patients (reviewed by 48), to what extent these type of antigens
plays a major role in immune surveillance and whether the non-mutated are tumot-
specific remains unclear. Recently, results from our laboratory showed that despite
non-C antigens were frequently presented by tumor cells, recall T-cell responses in
patients were not detected. Nonetheless, 2z vitro priming led to the identification of T
cells targeting three non-C antigens and those preferentially recognized tumor cells

over healthy cells, supporting their therapeutic potential (49).
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Figure 5. Classification of human tumor antigens. Expression and HLLA-I presentation
in tumor (top) and normal cells (bottom) of canonical antigens with low or high tumoral
specificity (left) or from non-canonical antigens (right) are depicted. For canonical antigens,
low tumoral specificity antigens include antigens derived from overexpressed proteins in tu-
mor cells compared to normal cells and proteins involved in differentiating the specific tissue
from which each tumor originates. Antigens of high tumor specificity include antigens derived
from tumor-specific mutations, viral proteins, and cancer germline antigens. The latter are
exclusively expressed in germline and tumor cells by epigenetic regulation. However, they are
not presented on the cell surface of germline cells due to the lack of HLA-I molecules. For
non-canonical antigens (non-C), low and high tumor-specific antigens can be generated. Low
tumor-specific non-C include aberrant proteins resulting from aberrant transcription, trans-
lation, or post-translational modifications of coding or non-coding regions of the genome.
Compared to healthy cells, tumors are more likely to produce abnormal proteins due to cellular
stress. High tumor-specific non-C antigens result from the same aberrant processes occurring
in genomic regions with somatic mutations found only in tumor cells. Adapted from Coulie et
al., 2014. Image created with Biorender.com.

2.2.1. Antigens of low tumor-specificity
This category consists of antigens encoded by normal self-genes, which are
highly expressed in tumors but also in healthy cells. Specifically, it comprises both

antigens derived from proteins overexpressed in tumors and differentiation antigens.
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Overexpressed antigens originate from genes constitutively expressed in several
normal tissues presenting a higher level of expression in tumors (Figure 5). T-cell
responses targeting ERBB2 and Wilm’s tumor protein (WT1), which are antigens
overexpressed in epithelial tumors like ovarian and breast carcinomas and in leukemic

cells, respectively, have been observed in patients (50,51).

Differentiation antigens are proteins derived from genes expressed in tumor
cells and in the differentiated normal tissue from which the tumor originated
(Figure 5). In the literature, spontaneous anti-tumor T-cell responses targeting
differentiation antigens derived from proteins such as tyrosinase (T'YR), melanoma
antigen recognized by T cells 1 (MART-1), and glycoprotein 100 (gp100) have been
extensively documented in patients with melanoma (52-54). Furthermore, the
prostate-specific antigen (PSA) and prostatic acid phosphatase (PAP), which are
uniquely expressed in the prostate have been associated with spontaneous T-cell

responses (55,50).

The identification of naturally occurring T-cell responses against these antigens
in patients indicates that central tolerance towards low tumor-specific antigens is
incomplete. Nevertheless, the expected affinity of TCRs targeting these antigens
is low, given that high-affinity TCRs against normal cellular proteins are typically

eliminated during negative selection in the thymus (57).

2.2.2. Antigens of high tumor-specificity
This group includes antigens encoded by proteins that are exclusively expressed
in tumor cells, which can be derived from viral proteins, cancer germline antigens,

and somatic mutations generating neoantigens.

A subset of cancers arises from viral infections, leading to the expression of
viral proteins with oncogenic properties (Figure 5). These virus-derived antigens
can be shared among patients with tumors of the same type. For example, human
papillomavirus (HPV) is associated with a subset of head and neck, cervix, and anal
cancers that express oncoproteins (E6 and E7) which can be recognized by T cells
(58). Similar trends are observed in other virus-induced solid cancers, such as Merkel
cell carcinomas resulting from polyomavirus infection (59), and nasopharyngeal

carcinomas triggered by Epstein-Barr virus (EBV) infection (60).
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Because of their foreign nature, there is no central tolerance to these viral
antigens. Consequently, T cells targeting them are not eliminated in the thymus
and can be detected and isolated from patient tumors or peripheral blood, often

possessing high-affinity TCRs (57).

On the other hand, cancer-germline antigens originate from non-mutated self-
genes normally expressed only during fetal development. In most normal adult
tissues, except for germ cells and placental trophoblasts, these genes are typically
epigenetically silenced. However, these cell types lack HLLA-I expression, resulting
in the absence of epitope presentation on the cell surface HLA of normal adult
cells (61) (Figure 5). Through DNA demethylation, these genes can be reactivated in
various tumor types, leading to their expression. Consequently, naturally occurring
T-cell responses targeting cancer-germline antigens are frequently observed across

various cancers (44,62).

2.2.2.1. Neoantigens

During carcinogenesis, somatic mutations occur in different genes, generating
mutated proteins, known as neoantigens. At the DNA level, various types of changes,
such as single nucleotide variants (SNVs), nucleotide insertions or deletions (indels),
and gene fusions, can lead to the creation of new antigenic peptides. This can happen
by altering amino acids, shifting the reading frame, extending the coding sequence
beyond the normal stop codon, or by generating new DNA arrangements (63).
These antigens arise exclusively in tumor cells due to unrepaired genomic alterations,

rendering them immunogenic as they are interpreted as non-self-proteins.

Given that mutagenesis is a stochastic process that can affect the entire human
genome, the likelihood of a single somatic alteration occurring in multiple patients
is extremely low. This, coupled with the requirement that a mutated protein must
undergo processing in the proteasome and be presented by one of the patient’s
HIA alleles to be detected by T cells, effectively results in most neoantigens being

“private” as they will be unique to individual patients (Figure 6).
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Figure 6. Types of neoantigens. Genetic mutations result in changes in the amino acid
sequences of proteins. Mutations in hotspot regions of oncogenes, such as the KRAS gene,
occur in multiple cancer patients (top). Mutations in other protein-coding genes, exemplified
by the ETV1 gene, can occur exclusively in a single cancer patient (bottom). The resulting
mutated proteins would be degraded by the proteasome, and the generated peptides may be
processed and presented by HLA on the cell surface. Neoepitopes derived from shared neo-
antigens (e.g., KRAS o) presented on highly prevalent HLLA-T alleles (e.g., HLA-A*02:01)
are considered pubhc neoantigens, which can be found in multiple cancer patients. Conversely,
mutant proteins resulting from patient-specific mutations (e.g, ETV1 ... ) can produce pep-
tides presented by specific HLA-I alleles of the patient (e.g., HLA- A*35; 01), considered private
neoantigens. Image created with Biorender.com.

However, not all somatic mutations occur randomly. Mutations that alter the
normal protein function of tumor suppressors (i.e.,, TP53) or oncogenes (ie.,
KRAS) can reoccur systematically across many patients (64). Indeed, these recurrent
mutations typically arise in tightly constrained hotspot regions within proteins, where
only a single or limited number of amino acid residues can be substituted causing
an altered protein function. A classic example is mutations affecting codons 12, 13,
and 61 of the KRAS gene, with codon 12 being the most frequent site of mutations.
In this hotspot region, single nucleotide changes can cause glycine to aspartic acid

conversion, referred to as KRAS which occurs in more than 40% of patients

p.G12D?
affected by pancreatic cancer (65). This single substitution leads to a constitutively

active KRAS protein, which changes the normal behavior of the cell (66).

It is known that mutant proteins resulting from recurrent mutations in hotspot
regions of key tumor suppressors or oncogenes can promote cellular transformation

(67,68). These mutations are expected to happen in the early stages of carcinogenesis,
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and that is why these genes are also named as “drivers” since they help to promote the
malignant transformation of a cell (69). Because these mutations might be essential
for maintaining the malignant phenotype of tumor cells, they tend to be conserved

within cells of the same tumor lesion and across metastases (70).

Hence, neoantigens resulting from hotspot driver mutations are likely clonal
and shared across different cancer patients. Moreover, if an epitope derived from
a shared neoantigen binds to a relatively common HLA allele, it could potentially
generate an ideal “public” neoantigen that can be found in multiple cancer patients

(71)(Figure 6).

On the contrary, private neoantigens are typically the consequence of passenger
mutations accumulated in tumor cells due to replicative defects during expansion but
have no impact on tumor fitness. Therefore, the presence and expression of private
neoantigens may vary within tumors and between malignant lesions within the same

patient, challenging their therapeutical targeting,

Spontaneous T-cell responses targeting private (72,73) and shared (74-70)
neoantigens have been detected in patients affected by different cancer types.
Because T cells targeting them are not subjected to central tolerance, they are more
frequently detected in the periphery, and often possess high-affinity TCRs since such

receptors have not been depleted (77).

2.3. Cancer Immunity cycle

To elicit a potent immune response capable of efficiently killing tumor cells,
a sequence of carefully orchestrated events must be initiated and consecutively
followed until complete tumor rejection occurs (78). This coordinated process is

commonly referred to as the cancer immunity cycle.

The first step involves the release of tumor antigens expressed in tumor cells,
which are subsequently captured by DCs. These DCs will process the antigens and
present them on HLLA molecules (Figure 7).

Subsequently, these APCs migrate to lymph nodes, where they present the
antigens to naive T cells, resulting in the priming and activation of effector T cells
that respond to tumor-specific antigens (Figure 7). In this second phase of the cycle,

DCs assume a critical role. Through a process called “licensing” mediated by CD4
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T cells, DCs become pre-activated, enabling them to cross-present antigens and
express co-stimulatory molecules. These are two key features to effectively present
antigens to CD8" T cells and induce an effector response rather than a tolerogenic
response (79,80).
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Figure 7. Cancer immunity cycle. (1) The first step involves the release of tumor antigens,
which are then captured by DCs, processed, and cross-presented on HLA-IL. (2) Next, these
APCs migrate to lymph nodes where they interact with naive CD8" T cells. This interaction
leads to the priming and the activation of effector T cells that recognize tumor-specific anti-
gens. The stimulated T cells proliferate and differentiate into effector CD8" T cells, then exit
the lymph nodes and migrate to the tumor. (3) Activated effector T cells specifically recognize
and kill tumor cells presenting their cognate antigen on HLLA-I. This triggers the release of
more tumor antigens, increasing the immune response’s breadth and depth in subsequent cy-
cles. Adapted from Chen & Mellman, 2013. Image created with Biorender.com.

Finally, the activated effector CD8" T cells exit lymph nodes and migrate to
tumors, where they can identify their corresponding antigen presented on HLA-I
molecules by tumor cells and lyse them (Figure 7). As a result of cell death, more
tumor antigens will be released and other CD8" T cells can be primed to different
tumor antigens. This process known as antigen spreading, has the potential to
enhance the immune response by gaining breadth and depth in subsequent rounds

of the cycle.

In cancer patients, tumors arise because of the breakdown of this immunity
cycle. Every stage of the cycle can be influenced by immune-modulatory mechanisms
that enable tumor cells to evade immune surveillance. Therefore, the goal of cancer
immunotherapy is to stimulate the antitumor response by initiating or re-initiating

the cycle of cancer immunity.
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3. Cancer immunotherapies

Cancer immunotherapies have changed the landscape of oncology, achieving
unprecedented success in moving from bench to bedside. Over the past 50 years,
there has been remarkable activity in this area of immunology research, resulting
in the development of several modalities aimed at harnessing the immune system
to identify and eliminate cancer cells (Figure 8). Many of these immunotherapeutic
approaches have focused on T lymphocytes and their ability to generate antigen-
specific cytotoxicity as a key component in engaging the immune system to fight
cancer.
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Figure 8. Types of cancer immunotherapies. Schematic overview of various cancer immu-
notherapy modalities developed to mobilize the immune system to destroy cancer cells. Most
of these strategies focus on T lymphocytes and their ability for antigen-directed cytotoxicity.
They can aim to reinvigorate naturally occurring tumor-reactive T cells or generate de 77000 T-cell
responses. Image created with Biorender.com.

Immunotherapies can be categorized into two main groups based on whether
the T cells’ antigen-specificity is known before treatment. Those approaches without
prior knowledge of the specific target antigen are the administration of interleukin-2
(IL-2), immune checkpoint inhibitors, oncolytic viruses, or adoptive cell transfer
(ACT) of unselected tumor-infiltrating lymphocytes (TILs). On the contrary, those
approaches with a defined target antigen include bi-specific antibodies, therapeutic
vaccines, ACT of neoantigen-specific TILs, and ACT of chimeric antigen receptor

(CAR) T cells or with TCR-engineered T cells.
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3.1 1L-2

The first successful immunotherapy used in clinical trials was the systemic
administration of 1L-2 (81), discovered in 1976 as a T-cell growth factor (82). Ten
years later, studies showed that high doses of recombinant human IL-2, causing
early but reversible toxicities in some cases, led to tumor regression in patients with
melanoma and renal cancer (83,84). High-dose IL-2 was approved by the U.S. Food
and Drug Administration (FDA) in 1992 and 1998 for the treatment of metastatic
renal cell carcinoma and metastatic melanoma, respectively (81). Although promising
results were observed in treating patients affected by these cancers, responses were

rarely seen in patients with other metastatic tumor types.

3.2. Immune checkpoint inhibitors

In the tumor microenvironment, persistent antigen exposure leads to T-cell
exhaustion, a state characterized by the continuous expression of inhibitory
immune checkpoint receptors such as Programmed Death- 1 (PD-1) and Cytotoxic
T-Lymphocyte Antigen 4 (CTLA-4) among others (85). Immune checkpoint
inhibitor (ICI) therapies have exploited the targeted blockade of these receptors and

their ligands to reinvigorate the anti-tumor immune response (Figure 8).

Currently, nine FDA-approved ICls agents are covering more than 50 cancer
indications (86). Most IClIs agents used for the treatment of metastatic cancer patients
are monoclonal antibodies that block CTLA-4, PD-1, or its major ligand PDL-1
(86,87). While ICI monotherapy has achieved remarkable success, particularly in
melanoma, there is a need to improve the efficacy of this treatment across different
tumor types (88). Compensatory upregulation of additional checkpoint molecules
is a primary mechanism of resistance to this treatment. Thus, several strategies
targeting both inhibitory (such as LAG-3, TIM-3) and activating molecules (such as
ICOS, OX40) are being tested in clinical trials (89).

3.3. Bi-specific antibodies
Bi-specific antibodies simultaneously bind two different antigens, typically
one on tumot cells and the other on immune cells, to mediate the formation of an

immunological synapse with tumors and facilitate tumor cell killing (Figure 8).
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T-cell-engaging bi-specific antibodies (T-biAbs) activate T cells through an anti-
CD3 antibody fragment, triggering the activation of the TCR complex signaling

cascade and bypassing the HLLA restriction requirement of the TCR.

In 2014, the FDA approved the first T-biAb, Blinatumomab (targeting CD3
and CD19), for the treatment of Philadelphia chromosome-negative relapsed or
refractory B cell precursor acute lymphoblastic leukemia. Its approval was based on
positive results from a clinical trial in which 43% of the treated patients achieved
a complete regression (90). Although T-biAbs have shown efficacy in hematologic
malignancies, responses in solid tumors remain limited. Thus far, no T-biAbs have

been approved for treating solid tumors.

3.4. Oncolytic viruses

Oncolytic viruses (OVs) selectively infect and replicate within cancerous cells
rather than healthy ones. These viruses kill tumors by direct cell lysis, which is
considered a type of immunological cell death, as it causes the release of damage-
associated molecular patterns, which alert the immune system of the presence of
abnormal cells. The tumor antigens released upon cell destruction can activate anti-
tumor T-cell responses, thereby enhancing the immune system’s ability to target and

eliminate tumor cells.

Currently, there are four OVs approved for the treatment of several malignancies
such as nasopharyngeal carcinoma (91), invasive bladder cancer (92) malignant
glioma (93), and melanoma (94,95). Although these agents have been widely used as
monotherapy, some clinical trials have evaluated their effectiveness in combination
with chemotherapy or other immunotherapies such as immune checkpoint blockade

(96,97) or ACT with CAR transduced T cells (98,99) in distinct solid tumors.

3.5. Vaccines

Therapeutic cancer vaccines aim to boost T-cell responses against growing
tumors through active immunization, enhancing pre-existing CD8" and CD4" T-cell
responses and activating naive T cells by effectively presenting tumor antigens on
activated APCs (100). Several strategies have been used to deliver target antigens to
patients (Figure 8). These include the direct administration of peptides (both short

or long), RNA or DNA (delivered directly or via viral particles) along with adjuvants
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or the administration of pre-loaded DCs with the antigens of interest, or whole

tumor lysate (101).

Several clinical trials have explored therapeutic vaccines targeting melanoma-
differentiation antigens like gp-100 (102), cancer-germline antigens like New York
esophageal squamous cell carcinoma 1 (NY-ESO-1) (103), overexpressed antigens
such as ERBB2 (104) or mutant and wildtype peptides derived from TP53 (105).

In 2012, the first autologous therapeutic vaccine consisting of pre-loaded APCs
with the fusion protein resulting from granulocyte-macrophage colony-stimulating
factor (GM-CSF) and PAP was approved for the treatment of metastatic prostate
cancer (1006). Although this vaccine effectively generated anti-tumor responses, other
vaccines delivering other antigens of low tumor specificity have generally failed to

elicit clinically effective anti-tumor responses (107).

In recent years, personalized therapeutic cancer vaccines tailored to each patient’s
tumor have also been explored. However, results from clinical trials treating cancer
patients with such vaccines, either alone or in combination with immune checkpoint
inhibitors, have shown variable clinical efficacy (108-110). Nonetheless, therapeutic
vaccines using various adjuvants and delivery approaches continue to be actively

explored in clinical trials, alone or in combination with ICIs (111).

3.6. Adoptive T-cell transfer

ACT is a form of immunotherapy that involves the isolation and ex wivo
expansion of large numbers of T lymphocytes for reinfusion into the patient (as
shown in Figures 8 and 9). The effectiveness of this treatment is determined by
the ability of the infused T-cell product to recognize and eliminate cancer cells.
Currently, ACT can use T cells that naturally exhibit anti-tumor activity, such as T1ILs,
or genetically engineered T cells that have been modified to express TCRs or CARs

that target specific tumor antigens.

ACT offers several advantages over other immunotherapeutic approaches.
For example, ex vivo expansion allows T cells to escape the immunosuppressive
environment within tumors, which can inhibit T-cell activation and proliferation. The
lymphodepletion preparative regimen, typically administered before ACT, eliminates

endogenous regulatory T cells and other lymphocytes, thus facilitating access to
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growth-promoting cytokines for the transferred cells. This pre-conditioning of the
patient creates a favorable environment that enhances the anti-tumor capabilities of
the transferred T cells. In addition, the growth and survival of infused T cells can be

further supported by the administration of IL-2 after cell transfer.
4. Types of adoptive T-cell transfer

4.1, ACT of tumor-infiltrating lymphocytes
The adoptive transfer of ex vivo expanded TILs isolated from the patient’s tumor

(Figure 9) has been demonstrated as an effective approach for cancer treatment.

In 1988, a clinical trial using ACT of ex vivo expanded autologous TILs and
administration of IL-2, showed that 11 of 20 treated patients with metastatic
melanoma achieved an objective response. This was the first demonstration that
autologous TILs could induce regression of large established tumors in patients with
metastatic melanoma (112). Since then, ACT of autologous TILs has been used to
treat numerous patients with metastatic melanoma and other epithelial cancers (113).
However, in contrast to the 50% response rate observed in metastatic melanoma

patients, objective responses have been limited in other tumor types.

Retrospective analyses of TIL products from responders and non-responders
revealed that successful TIL-ACT was associated with the expansion of T cells
targeting differentiation and cancer germline antigens, but mainly neoantigens (114—
116). These studies suggested selecting and expanding tumor-specific T cells before
ACT may be critical for its efficacy. Indeed, ACT of TIL products enriched for
neoantigen recognition has shown potent anti-tumor efficacy, resulting in complete

responses in certain patients with epithelial tumors other than melanoma (73,76,117).

Overall, the clinical experience with this T-cell therapy provides convincing
evidence that it can achieve durable tumor regression in metastatic melanoma and
in certain patients with other epithelial cancers when the T-cell product is enriched
for neoantigen-specific T cells. Indeed, in 2024, the FDA has approved Lifileucel,
the first autologous TIL cellular therapy for treating adult patients with unresectable
or metastatic melanoma on the basis of an open-label Phase II trial showing a 30%

overall response rate in the treated patients (118).
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However, the widespread use of TIL-ACT is constrained by several factors.
First, the need for a tumor biopsy to obtain autologous TILs restricts its applicability
to patients with accessible tumors. Second, in order to improve the chances of a
successful TIL-ACT, it is necessary to enrich for neoantigen-specific TILs, which
are highly personalized products, primarily targeting private neoantigens in most
cases. The requirement of such tailored products for each patient treatment, coupled
with the high cost of the overall strategy, limits the generalizability of neoantigen-

enriched TIL-ACT (119).
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Figure 9. ACT of TILs or genetically engineered T cells. Autologous lymphocytes are
expanded to high numbers and infused back into patients in the presence of IL-2 and after
lymphodepleting chemotherapy. Two main types of ACT are currently in use: (1) ACT with
TILs involves the ex vivo expansion of TILs isolated from tumor biopsies or resections (right).
In this process, the tumor tissue is split into fragments and cultured in T-cell media containing
high doses of II.-2 to promote the growth of TILs. (2) ACT with genetically engineered T cells
(left), which consist of isolating autologous PBLs and transducing them, usually with viral vec-
tors encoding the receptors of interest (TCR or CAR) targeting specific tumor antigens. Image
created with Biorender.com.
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4.2. ACT of CAR-engineered T cells

One strategy for directing T lymphocytes to recognize and eliminate tumor cells
expressing a specific target antigen is to genetically engineer them to express a CAR
(Figure 9). CARs are synthetic receptors composed of the variable region of the
binding domains of monoclonal antibodies, a hinge, a transmembrane domain, and
intracellular T-cell signaling domains (120). These chimeric receptors enable CAR-
engineered T cells (CAR-T) to recognize natively folded proteins on the surface of
cancer cells independently of HLLA molecules. Recognition of tumor antigens via
CAR also triggers T-cell activation through the signaling of the intracellular domains

of these receptors, promoting T-cell-mediated cytotoxicity against tumors (121).

In contrast to TIL-ACT, CAR-T ACT can be considered a less invasive strategy
because it only requires the collection of autologous T cells for CAR transfer. The
design of chimeric receptors targeting shared antigens, which are present in multiple
cancer patients, makes CAR-T ACT a more accessible therapeutic option for
multiple cancer patients. However, the widespread applicability of CAR-T for cancer
treatment is limited by the requirement of the target antigen expression on the tumor
cell surface. Only 30% of proteins encoded in the human exome are estimated to
be expressed on the cell membrane (122,123). Therefore, most mutations in the
exome of tumor cells are more likely to affect genes encoding intracellular proteins.
Consequently, the capacity of CAR-T cells to target neoantigens would be limited.
Instead, targeting tumor-associated antigens has been the preferred option for CAR-

T-cell approaches.

In 2017, the FDA approved anti-CD19 CAR-T cells for the treatment of B
cell lymphomas and leukemias due to the impressive tumor regressions reported
in the treated patients (124—126). Beyond the unprecedented success of anti-CD19
CAR-T and anti-BCMA CAR-T-cell therapy in multiple myeloma (127), the clinical
efficacy of CAR-T cells in the treatment of solid malignancies has been very low.
This limited efficacy in solid tumors may be explained by several challenges that
remain to be addressed, including restricted trafficking and infiltration into the tumor
site, antigen escape and heterogeneity, and susceptibility to the immunosuppressive

microenvironment (120).
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4.3. ACT of TCR-engineered T cells
Generating TCR-engineered T cells (TCR-T) requires introducing specific

TCRs capable of recognizing tumor antigens into autologous T cells for use in ACT
(Figure 9). Hence, metastatic patients affected by different cancer types expressing

the targeted antigens and the HLLA-I allele could benefit from these therapies.

TCR-T ACT can be considered a less invasive strategy than TIL-ACT because
it only requires the collection of autologous T cells for TCR transfer once the
expression of the antigen and HLLA have been confirmed. Even though the HLA
restriction of TCRs could represent a limitation compared to CARs, their ability to
target epitopes derived from proteins in any subcellular compartment allows them
to target peptides from any tumor antigen, including neoantigens. Moreover, whilst
CAR receptors have a higher affinity for their targets (128,129) compared to TCRs
(130), they require a much higher antigen density, in the order of thousands of
molecules (131,132), compared to the tens of molecules required to trigger TCR
recognition (133,134). Thus, TCR-T may induce more potent anti-tumor responses

to a wider variety of tumor antigens present in solid tumors.

To maximize the widespread applicability of TCR-T ACT, off-the-shelf
TCRs with pre-characterized specificity to shared tumor antigens and restricted
to prevalent HLLA alleles in the Caucasian population, have been explored. The
proof-of-concept that TCR-T ACT could induce tumor regression was obtained
in 2006 when melanoma patients were treated with engineered T cells recognizing
the melanoma-associated antigen MART-1 (135). Since then, several clinical trials
have exploited the use of TCR-engineered T cells with different receptors targeting

epitopes derived from antigens of low and high tumor specificity (Table 1).
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Table 1. Clinical trials using TCR-engineered T cells for ACT.

Overall

Typeof tumor| , . | HLA |T-cell source Affinity- Cancer TCR-related
antigen 8 allele | ofthe TCR |enhanced patients | response adverse events References
TCR treated rate
TiLs No Melanoma 13% Not observed 135; 136
MART-1
TiLs No Melanoma 30% | Toxicity in melanocytes 136
. from skin, eye
Differentiation | gp100 |A*02:01| T8 A*02:01 No Melanoma 19% and inner ear 136
antigens mouse —
TYR TiLs No Melanoma | 33% | Toxicityin melanocytes| 137
from skin
Tg A*02:01 Toxicity in colonic
CEA 8L oce Yes Colorectal 33% epithelial cells 138
Overexpressed |y, |A*24:02 HDPBLs No MDS/AML 0% Not observed 139
antigens ) prophylactic NED Not d
A*02:01| HDPBLs No POSEHST AML ot observe | 140
Melanoma 55% Not observed
NY-ESO-1 |A*02:01 : 141; 142
it Yes | 'Synovial cell 6198 50%| Not observed & CRS
MAGE- . Tg A*¥02:01 . Toxicity in neurons
oncey | A3/A/A12 ATO201 & ouse ves Various 56% MAGE-A12' 143
3 . ; 0, Toxicity in
germnline | MAGE-A3 |A*01:01 TILs Yes Various 0% cardiomyocites titin’ 144
MA/%%’M %38011* Patient PBLs No Various 24% Prolonged fever 145
MAGE-A4 |A*24:02| HD PBLs No ESCA 0% Not observed 146
MAGE-A4 | A*02:01] HD PBLs Yes Various 36% CRS 147
MAGE-A10| A*02:01 N.D. Yes NSCLC 11% Not observed 148
Viral antigens | 1PV-E6 |A*02:01)  TiLs No HPV-16" 17% Not observed 149
HPV-E7 |A*02:01 ClLs No tumors 50% Not observed 150
Private | Various | Autolg. PBLs No Various 0% CRS & encephalopathy 151
Neoantigens |KRASp.G120|C*08:02 TiLs No Pancreatic (1/2) CRS 152
TP53p.R175H| A*02:01 TILs No Breast (1/1) CRS 153

HD PBLs: Healthy donor peripheral blood lymphocytes; Tg A*02:01 mouse: transgenic HLA-A*02:01 mouse; N.D.: Not defined; Autolg.
PBLs: Autologous PBLs; ClLs: cervix infiltrating lymphocytes; Patient PBLs: peripheral blood lymphocytes from cancer patient; MDS:
Myeloid dysplastic syndrome; HST: Hematolopoetic stem cell transplantation; AML: acute myeloid leukemia; ESCA: esophageal carcino-

ma; NSCL: Non-small cell lung cancer; NED: No evaluable disease; CRS: cytokine release syndrome.

The trials are categorized by the targeted tumor antigen, including the antigen’s name and the
corresponding HLA restriction element. Additionally, it annotates the source of T' cells from
which the TCRs were isolated and any modifications made to enhance their target affinity. In-
formation on the types of tumors from patients treated with autologous TCR-T cells bearing
these TCRs, the observed overall response rate, adverse events attributed to the TCR-T cells,

and the reference to publications reporting these clinical trials are included.

So far, TCRs targeting cancer germline antigens have been the most exploited
receptors for TCR-T ACT. Two clinical trials using genetically engineered T cells
with distinct affinity-enhanced TCRs targeting melanoma-associated antigen 3
(MAGE-A3) showed objective cancer regressions but also lethal toxicities. In one
study, patients unexpectedly developed severe neurological toxicities, while in the
other, patients experienced cardiovascular toxicity. These adverse events resulted
from the cross-recognition of the highly homologous peptides in MAGE-A12 or
titin, expressed in neurons and cardiomyocytes, respectively (Table 1). These reports

underscore the need to evaluate potential TCR toxicities before clinical application,

especially when using affinity-enhanced TCRs.
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The development of TCR-T ACT targeting neoantigens has been hindered
because most neoantigens are unique to each patient. However, a recent approach
aimed at simultaneously targeting different private neoantigens has been explored.
In this study, patients were treated with a pool of TCR-T cells consisting of three
different neoantigen-specific TCR-T populations, each targeting a different private
neoantigen (151). Although safe, this approach did not show objective responses in

any of the 16 patients treated (Table 1).

On the other hand, case reports of patients treated with TCR-T targeting public
neoantigens proved the safety and potency of this strategy for cancer treatment.
In one trial, two pancreatic cancer patients were treated with autologous T cells
independently transduced with two different TCRs. Both receptors were restricted
to HLA-C*08:02, each targeting a neoepitope (9-mer or 10-mer) derived from the
KRAS

cancer patient who achieved an objective response upon TIL-ACT (76). One of

o1p Neoantigen (Table 1). These TCRs were obtained from a colorectal
the two treated pancreatic cancer patients experienced a partial response lasting for

more than 6 months following the infusion of TCR-T cells (152).

In a second trial, a metastatic breast cancer patient was treated with TCR-T

with a single TCR targeting a neoepitope derived from TP53

R175H neoanUgen

presented on HLLA-A*02:01 (Table 1). The TCR used for the generation of these
cells was obtained from a colorectal cancer patient (75). The treated breast cancer
patient, initially experienced cytokine release syndrome (CRS) that resolved after
the administration of intravenous steroids. Even though the patient experienced a

partial response that lasted for 6 months, she progressed with new metastatic lesions

(153).

Overall, the use of TCR-T ACT, particularly of those targeting public
neoantigens, represents a promising strategy that has significantly expanded the

spectrum of tumors that can be treated with ACT, such as pancreatic cancers (152).
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5. Discovery of therapeutic TCR candidates for TCR-T ACT

Building on the promising results achieved with TCR-T cells targeting public
neoantigens, the discovery and characterization of novel TCRs recognizing these

epitopes could expand the receptors available for therapeutic use.

Two different immunological strategies aimed at isolating reactive T cells and
defining their cognate antigens can be used to discover therapeutic TCR candidates
targeting public neoantigens. On the one hand, such TCRs can be identified
retrospectively from T-cell reactive populations of cancer patients by forward
immunology. This strategy starts with the observed T-cell response and works
backward to determine the target antigen. In contrast, reverse immunology starts
with the antigen and then searches for reactive T cells against a predefined target

(154,155).

Given that T cells recognizing public neoantigens are rarely found in patients,
reverse immunology strategies are preferred for prospective and high-throughput
identification of TCRs targeting them. The successful identification of therapeutic
TCR candidates by reverse immunology involves three critical steps. First, define the
minimal epitope derived from the antigen of interest that can be presented on HLA-I
molecules. Second, screening for T-cell populations reactive to the selected epitope-
HLA combinations. Third, identification of the sequences of TCR therapeutic
candidates through TCR sequencing of the isolated reactive populations. Finally, the
specificity, safety, and efficacy profiles of the discovered TCRs need to be confirmed

before their clinical application.

5.1. Defining the epitope-HLA pair
To identify HLLA-I-restricted TCRs that target public neoantigens, defining the
sequence of the presented epitopes and the HLA-I allele that presents them can

significantly aid in directing the identification of TCRs towards specific pairs.

HLA-I binding predictors and mass spectrometry-based immunopeptidomics
can be used to identify the sequence of these public candidate neoantigens and
their corresponding HLA-I alleles. Although these approaches identify candidate

epitopes, they do not ensure immunogenicity.
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To better predictimmunogenic neoantigens, several machine-learning algorithms
have been trained with experimentally determined immunogenic antigens (156—158).
Nonetheless, T-cell assays are ultimately required to confirm the immunogenicity of

such predicted neoantigens.

511.  Insilico HLA-I binding predictors

Over the past years, advances in the field of computational biology have led
to the development of several HLA-I epitope prediction algorithms. By focusing
on biochemical properties of peptides, each software defines the minimal epitope
derived from the antigen of interest that can ultimately reach HLLA-I presentation.
While some algorithms focus on specific steps of the HLLA-I presentation pathway,
such as proteasome processing (159), others integrate several steps of the presentation
pathway and output a score for peptide binding capacity to specific HLA-I alleles
(reviewed by 160). Among the algorithms currently available, NetMHCPan is one
of the most widely used (161). This machine-learning algorithm is trained using
databases of experimentally determined presented peptides from binding affinity

assays and mass spectrometry eluted ligands.
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Figure 10. HLA-I binding prediction algorithms to infer public neoantigen candidates.
As input, long mutated peptides (~25AA) representing the sequences of shared neoantigens
of interest and prevalent HILA-I alleles are fed to the HILA binding prediction algorithm. A list
of 8-12-mers predicted to bind to the specified HLA-I molecules is generated. The predicted
candidate neoantigens are commonly prioritized based on the binding affinity ranking, synthe-
sized, and tested in functional assays to determine their immunogenic potential. Image created
with Biorender.com.

To predict which candidate minimal epitopes from shared neoantigens are more
likely to bind to specific HLLA-I alleles, the prediction tools are fed with a list of
mutated long peptides and the HLLA-T alleles of interest as input (Figure 10).
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The algorithms output short peptides and a score representing the predicted
likelihood of binding to the specified HLA-I alleles for each of them. Given that
multiple minimal epitopes can be generated from the input sequence (8-mer to 12-
mer, containing the mutant residue at various positions within the sequence), more
than one is likely to be predicted to bind one or more alleles. To select candidate
minimal epitopes for T-cell screening, they are commonly prioritized based on

binding affinity ranking.

Whilst prioritization allows narrowing down the number of candidates to test,
certain studies have shown that this selection introduces a bias and might exclude
some epitopes actually presented in HLA-I (162,163) Although these predictors can
have false positives and negatives, they have been used in numerous studies and
have successfully predicted immunogenic peptide-HLLA pairs from different shared

neoantigens (164-167).

51.2. Mass spectrometry-based immunopeptidomics

The presented epitopes derived from shared neoantigens can be discovered by
directly examining endogenous peptides displayed by HILA molecules on the cell
surface. The repertoire of peptides presented on the HLA-I of cells is known as
the immunopeptidome or ligandome (168). In 1994, a minimal epitope recognized
by several human CTL clones, derived from the melanoma-associated antigen
premelanosome protein (PMEL), was identified through alaborious process involving
mass spectrometry (169). Since then, substantial progress in mass spectrometry
technology and bioinformatics tools has facilitated a more comprehensive and
sensitive exploration of the tumor ligandome. Immunopeptidomics is currently
being applied to a wide range of cell sources, including fresh tumor tissues (170),
tumor cell lines (171), tumor-derived organoids (172), and genetically modified cells

(173).

To identify minimal epitopes derived from shared neoantigens that are naturally
presented on HLLA-I, the first step is the lysis of large amounts of the starting material
(Figure 11). The cell source must express the shared neoantigen and a prevalent
HILA-I to reveal presented public neoantigens, either naturally on tumor cells or by
introducing them into cells through genetic engineering. Next, the HLA-I complexes

are immunoprecipitated and peptides are eluted and purified.
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The HLA-I bound peptides are separated and analyzed by liquid chromatography
coupled tandem mass spectrometry (LC-MS/MS), typically in discovery mode
(untargeted). The amino acid sequence is usually inferred by matching the mass
spectrum into customized databases containing the reference proteome and the
antigen of interest. When using tumor cells as starting material, personalized
databases are frequently created by integrating next-generation sequencing (NGS)
data from patient tumors with the reference proteome to identify peptides derived

from private tumor-specific mutations.
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Figure 11. MS-based immunopeptidomics strategy to identify naturally presented
HILA-I public neoantigens. Tumor cell lines expressing a shared neoantigen and a prevalent
HILA-TI allele or engineered cells to express a shared neoantigen together with a single preva-
lent HLLA-T allele, are lysed and homogenized. Following the isolation of pHLA-I complexes
by affinity chromatography, the peptides bound to HLA-I molecules are eluted, purified, and
analyzed by LC-MS/MS. Next, the amino acid sequence is usually inferred by searching each
experimental MS2 spectra to a database containing the reference proteome and the antigens of
interest. When working with tumor cells, the database typically contains all tumor-specific AA
sequences previously identified by WES or RNAseq. When using engineered cells, the data-
base contains only the AA sequences of the introduced tumor antigens. The candidate public
neoantigens identified can be synthesized and tested in functional assays to determine their
immunogenic potential. Image created with Biorender.com.

Unlike prediction algorithms, the candidate epitopes identified through mass
spectrometry-based (MS-based) immunopeptidomics are truly presented on HLA-I
molecules. Still, as mentioned above, the immunogenic potential of these HLA-I

ligands needs to be confirmed.

Although identifying neoantigens among the HLA-I ligands remains difficult,
immunopeptidomics has successfully detected immunogenic epitopes derived from
private (170,174) and shared neoantigens (175) from human tumors. However, the
need for tumors to express both the HLA-I alleles and the shared neoantigen of

interest makes immunopeptidomics from tumors an impractical approach for rapidly
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identifying public neoantigens in a high-throughput manner.

In the last years, the generation of HLLA-I monoallelic cells has enabled the study
of presented epitopes in a single HILA-I allele of interest (176,177). These cells offera
flexible tool for interrogating the presentation of epitopes derived from the antigens
introduced. Indeed, recent immunopeptidomics studies on HLLA-I monoallelic cells
engineered to express shared neoantigens have enabled the identification of multiple

public neoantigens (178-182).

5.2. Isolation of epitope-specific T cells

Once the candidate epitope and HLLA-I presenting allele are identified, the next
step 1s to assess their capacity to elicit a T-cell response. Reactive T cells specific
to the combinations of interests can be obtained from transgenic mouse models,
humans’ TIL, or peripheral blood lymphocytes (PBL). Although it is feasible to
directly isolate reactive T cells from these sources, enrichment strategies are typically

required to capture such infrequent populations.

5.2.1. Sources of reactive T cells

5.211. Mouse models
T-cell populations with the capacity to recognize epitopes derived from tumor
antigens of interest can be obtained after immunization of different transgenic (Tg)

mouse models.

Tg mouse models expressing human HILA-I molecules enable the obtention
of reactive murine T cells restricted to such HLLA-I alleles. Following immunization
with a human antigen, murine T cells reactive to epitopes derived from this antigen
can be isolated. The use of HLLA transgenic mice immunized with tumor antigens
has enabled the obtention of murine TCRs targeting carcinoembryonic antigen
(CEA) (138) as well as MAGE-A3 (136,143), both of which have shown anti-
tumor potential in human clinical trials. Moreover, murine TCRs targeting public
neoantigens derived from hotspot mutations in the KRAS gene PIK3CA gene have

also been obtained by immunization of these models (180,183).

While TCRs from Tg mouse models can target specific human antigens, their

murine origin can be a drawback for clinical use. It has been observed that these
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TCRs include immunogenic epitopes that can induce antibody production in treated
patients (184) thus, potentially impairing the efficacy of TCR-T cells with such

receptors.

To avoid generating TCRs with mouse sequences, humanized mice expressing
the entire human TCRaB genomic loci have been crossed with HLLA Tg animals to
generate TCR humanized mice (185,186). In these mice, the human TCR is restricted
to a particular HLLA allele, allowing the generation of fully human TCRs following
immunization with tumor antigens. For instance, TCRs against MAGE-A1 (187) or
NY-ESO-1 (188) have been obtained from these models and have shown higher

functional avidities compared to human TCRs with the same specificity.

5.21.2. Human TILs or PBLs
Reactive T cells targeting epitopes derived from tumor antigens can be obtained
from the TIL and PBL repertoire of cancer patients expressing the relevant antigen-

HILA combination.

Multiple studies have isolated T-cell populations from TILs of patients affected
by different cancer types and retrospectively identified their targets (72,189,190),
including in some cases public neoantigens (74,75,191). The TIL repertoire contains
a higher frequency of antigen-specific T cells because of clonal expansion triggered
by antigen encounter in tumor cells. Thus, the TIL repertoire of patients represents

a valuable source for directly identifying T-cell responses to the epitopes of interest.

Additionally, reactive T cells to specific epitope-HILA combinations can be
directly identified in the blood of cancer patients. Although possible, the large
diversity of the T-cell repertoire makes it challenging to detect and isolate such

infrequent T-cell reactive populations without prior enrichment.

Despite TILs and PBLs from cancer patients expressing the desired antigen in
their tumors are promising sources for capturing antigen-specific T cells, isolating
reactive T cells is not always feasible, even using antigen-specific enrichment strategies
(192). Alternatively, reactive T cells can be obtained from the naive repertoire of
healthy donor (HD) PBLs. However, effectively isolating these populations requires

in vitro priming to the antigen and further stimulation to expand reactive T cells.
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5.2.2. Enrichment strategies for antigen-specific T-cell

populations

Considering the challenges posed by the large diversity of the T-cell repertoire
and the need to efficiently isolate neoantigen-specific T cells for capturing reactive
TCRs, various strategies have been explored to enrich antigen-specific T cells. These
strategies are surface biomarker-based isolation, pHLA-I multimers, and i vitro

sensitization (IVS) (Figure 12).
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Figure 12. Enrichment strategies to identify public neoantigen-specific T lymphocytes.
Three strategies can enrich infrequent neoantigen-specific T' cells from different sources. One
strategy consists of isolating T-cell subsets from TILs or PBLs of cancer patients based on
the expression of surface markers associated with tumor recognition to enrich for neoanti-
gen-specific or tumor-reactive T lymphocytes with undetermined specificity (left). Another
strategy uses pHLA-I multimers that can be used to FACS pure neoantigen-specific T' cells
from different T-cell sources targeting specific epitope-HLA combinations (middle). Last, 7
vifro sensitization consists of the stimulation and expansion of T cells with antigens of interest
to generate de novo T-cell responses from the naive compartment when using PBLs from HD
or to increase the frequency of infrequent naturally occurring T-cell reactivities from TILs or
PBLs of cancer patients (right). Image created with Biorender.com.

5.2.2.1. Biomarker-based isolation

Following the recognition of their targets, T' cells upregulate co-stimulatory and
co-inhibitory molecules, leading to a different phenotype of antigen-experienced
T cells. The isolation of T cells expressing these biomarkers using fluorescence-
activated cell sorting (FACS) and subsequent expansion is a strategy to enrich tumor
antigen-specific T cells in cancer patients (Figure 12). Isolating TILs with high levels
of PD-1 (193-195) or co-expressing PD-1 and the ATPase CD39 (196) or CD39
and the tissue-resident marker CD103 (197) has successfully enriched for tumor-
reactive T cells across various cancer types. Similarly, isolating circulating T cells
expressing high levels of PD-1 (198,199) has enabled the identification of antigen-

specific T cells recognizing tumors from the PBL repertoire of cancer patients.
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Isolating T' cells with high levels of these markers from PBLs or TILs in patients
with the relevant HLLA and shared neoantigen can enrich T cells with the desired
reactivity. However, biomarker-based isolation alone does not guarantee sufficient

enrichment for specific epitope-HLLA combinations.

5.2.2.2. pHLA-I multimers

The pHLA-I multimers, which are complexes formed by peptide and HLLA-I
monomers, enable the specific detection and isolation of pure CD8" T-cell
populations with TCRs that recognize a predefined minimal epitope presented in a

particular HLLA-T allele (Figure 12).

Typically,pHLA-I multimers are composed of peptide-loaded HLLA-I monomers
bound to a streptavidin molecule conjugated to a fluorophore. While the common
structure involves four HLA-I monomers forming the multimer, various geometries
have been designed to enhance TCR interaction. For example, pHLA-I dextramers,
where multiple pHLA-I complexes are linked to a dextran backbone, increase

multimer valency and improve the detection of T cells with low-affinity TCRs (200).

To facilitate the assessment of diverse epitopes with a given HLA-I multimer,
methods such as UV-induced (201) or temperature-induced (202) peptide exchange
have been employed. The development of empty stable HLA-I monomers has
significantly advanced the flexible creation of custom reagents for T-cell analysis
(203). Moreover, the wide variety of available fluorochromes enables the creation of
pHLA-I multimers with different HLA-I monomers loaded with distinct peptides,
cach linked to a different dye. This enables the potential detection of multiple
T-cell specificities to different epitope-HLLA combinations in a single sample by

fluorochrome-based combinatorial encoding using flow cytometry (204,205).

Fluorophore-conjugated multimers have enabled the isolation of reactive T
cells to predefined epitope-HLLA combinations from TILs and peripheral blood
mononuclear cells (PBMCs) in cancer patients through FACS (206,207). Notably, the
high sensitivity of pHLA-I multimers has enabled the isolation of reactive T cells to

a public neoantigen directly from HD PBLs without prior 7z vitro stimulation (175).
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In recent years, the development of pHLA-I multimers linked to DNA barcodes
(208) has increased the high-throughput capacity of this technique, facilitating
the isolation and subsequent TCR sequencing of multiple antigen-specific T-cell

populations at the same time (209).

5.2.2.3. In vitro sensitization (IVS)

Antigen-driven ex vivo expansion of T cells can be achieved through IVS. This
method stimulates antigen-specific T cells from different sources, using APCs and
cytokines to promote T-cell expansion over multiple stimulation rounds (Figure 12).
IVS can generate de novo T-cell responses from the naive repertoire of PBLs from
healthy donors (210) or expand pre-existing T-cell responses in cancer patients (211).
Additionally, IVS is used to amplify reactive T-cell populations from transgenic mice

post-immunization (180).

There is no standardized method for antigen-specific T-cell sensitization;
different sources of APCs, initial T-cell populations, and cytokines can be used.
While the first approaches employed tumor cell lines as APCs (212) nowadays, most
of the studies use autologous monocyte-derived DCs (192,213,214). Nonetheless, a
wide variety of cells, in some cases with modifications to enhance their stimulatory

potential, can also be used as APCs (77,215-217).

The typical approach for expanding T cells specific to a predefined epitope-HLA
is peptide pulsing of minimal epitopes in donors with the relevant HLLA-I allele,
either individually (178,179,218) or as peptide pools (181,219). Alternatively, pulsing
APCs with long peptides (220-222) or electroporating them with RNA encoding the
antigen of interest (211,216,223,224) also enables the expansion of reactive T cells

with or without prior definition of the minimal epitope and HLLA-I allele.

On the T-cell population side, different sources of T cells have been used for
sensitization, including TILs (216,225) or PBLs from cancer patients or HD. When
using peripheral blood, some protocols used unfractionated PBMCs (220-222), only
CD8+ T cells (179,214) or pre-enriched memory or naive T-cell subsets expressing
specific surface-markers for cancer patients or healthy donors, respectively

(75,210,211,2206).
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T-cell sensitization with antigen-expressing APCs is conducted in the presence
of different cytokines cocktails, usually including combinations of IL-2, 1L-7,
IL-15, IL-12 or IL-21 (221,226). These cytokines are added in the first round of
stimulation and replenished in subsequent re-stimulations. APCs are often irradiated
in restimulation rounds to prevent proliferation and competition with sensitized
T cells. Although variable, at least two consecutive rounds of stimulation, each
lasting about 12 days, are generally applied to increase the detection of de novo T-cell

responses, especially after priming naive T cells from HD.

After expansion, reactive T cells can be further enriched before TCR sequencing
using various methods. One approach involves FACS of T cells that upregulate
functional markers such as CD137 (also known as 4-1BB) after functional screenings
for antigen recognition. This marker can be useful to capture multiple T-cell reactive
populations when IVS has been carried out with pools of epitopes or with antigens
for which the epitope-HILA have not been defined. Alternatively, pHLA-I multimers
with specific HLA-I and epitopes allow for FACS sorting of pure reactive T-cell
populations before TCR sequencing;

5.3. Determination of TCR sequence

Following the isolation of reactive T cells, the next critical step is the sequencing
of their TCR. Human T-cell receptors that interact with HLLA-I molecules are
formed by disulfide-linked o/B heterodimers, with each chain (o and ) comprising

a constant and variable domain.

During T-cell development in the thymus, both chains undergo genetic
recombination of the variable (V), diversity (D), and joining (J) gene segments for
TRB, or solely V and | segments for TRA. With approximately 50V, 2D, and 13]
segments for TRB and 70V and 60] segments for TRA, the recombination of these
segments alone generates a vast diversity of aand {8 chains (227). Additionally, random
nucleotide additions or deletions in the junctions after segment rearrangement
further contribute to the huge diversity in the T-cell receptor repertoire (227). The
resulting products from the VD] or V] rearrangement and junctional diversity form

the variable domains of each TCR chain.
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Each variable domain of a TCR chain contains three complementarity-
determining regions (CDRs): CDR1, CDR2, and CDR3. CDR1 and CDR2,
originating from V segments, engage with HLLA-I, whereas CDR3, resulting from
the junction of VDJ or V] segments, exhibits the greatest variability and directly
interacts with epitopes within the binding groove (227). Therefore, CDR3 is the

critical target region for TCR sequencing, as it determines the antigen specificity.

Bulk or single-cell TCR sequencing (scT'CR-seq) are two strategies that can
identify the sequences of the variable domains of both TCR chains. Bulk TCR
sequencing can capture the diversity of a sample’s TCR repertoire, but often it

cannot pair « and 3 sequences, except when using the pairSEQ strategy (228).
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Figure 13. TCR single-cell sequencing (sc-T'CR seq) approaches determining TCR«
pairings. TCRs interacting with pHILLA-I complexes are formed by an o and § chain, each con-
sisting of a constant and variable domain (left). The variable domains of both chains include
CDR1 and CDR2 (encoded by V segment of o or B) and the CDR3 (encoded by V] or VD]
segments, incorporating junctional diversity) (bottom left). FACS-based isolation (top panel,
right) and cell-based emulsion sc-TCR sequencing (bottom panel, right) are two strategies that
can be used to obtain the sequences of both chains forming aBTCRs. To determine the TCR
sequences using FACS-based isolation methods, single T' cells are sorted by FACS into individ-
ual wells. Within each well, TCR transcripts undergo reverse transcription and amplification
(reverse transcription and multiplex PCR). Transcripts are tagged with well-specific barcodes
(well barcoding). Next, the amplified libraties are pooled and subjected to deep sequencing
(pooling and high-throughput sequencing). TCRof pairings are computationally determined
by analyzing which TCRa and TCR sequences share the same well barcode (paired TCR«f3).
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Alternatively, the sequences of the TCRof can be identified using cell-based emulsion methods
pioneered by 10x genomics. First, the chromium 10x controller encapsulates single T' cells into
oil droplets with 10x barcoded beads (Cell encapsulation). Within droplets and after cell lysis,
mRNA is reverse transcribed to cDNA, resulting in barcoded cDNA (containing read 1 (R1),
10x cell barcode (BC), and unique molecular identifier (UMI)). Targeted enrichment of TCRs
with specific primers is performed to generate TCR libraries, with sample indexes attached to
both the 5" and 3’ ends of each transcript. Next-generation sequencing of the libraries, fol-
lowed by computational analysis using cellular barcodes, determines the TCRof pairings cor-
responding to individual T cells (paired TCRaf). Adapted from Pai et al., 2021. Image created
with BioRender.com.

In contrast, scTCR-seq strategies are currently available to identify the « and
B TCR chains simultaneously. One approach involves isolating single T cells into
individual wells via FACS sorting, followed by reverse transcription, amplification,
and deep sequencing of the TCRa and TCRJ sequences (Figure 13). This strategy
has led to the identification of several TCRs targeting hotspot-derived neoantigens
of TP53 or KRAS genes from TILs (74,75) or in vitro sensitized PBLs (211,224)

from different cancer patients.

Recently developed emulsion-based techniques have significantly advanced the
throughput of scTCR-seq and transcriptomic profiling (229,230). This microfluidics
technology, pioneered by 10x Genomics, encapsulates single cells in oil droplets with
beads containing barcoded oligos, allowing unique molecular barcodes to be added
to cDNA from each cell during reverse transcription (Figure 13). After amplification
and deep sequencing, this strategy enables the determination of the TCRaf pairings
alongside the entire transcriptome of each cell. In recent reports, the 10x platform
has facilitated the identification of TCRs targeting hotspot-derived neoantigens of
KRAS, NRAS, and PIK3CA (178,223,231).

Once TCR sequences have been identified, the next step involves prioritizing
the identified receptors for functional validation. Clonotypes with higher frequencies
are typically selected for further characterization, particularly when sequencing
TCRs from enriched T-cell populations. However, this frequency-based selection
may overlook other candidate TCRs with lower enrichment levels. To assist in this
selection process, various algorithms have emerged to predict TCRs interacting with
epitopes, aiming to improve the selection of TCR candidates for downstream testing

(232,233).
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5.4. Preclinical characterization of candidate TCRs
The preclinical validation of candidate antigen-specific TCRs involves several
steps to ensure their specificity, safety, and potency. Only those fulfilling these

requirements can be considered for therapeutic use.

To confirm the epitope-HLA specificity of the TCR candidates, they are usually
cloned and transferred into PBLs using methods such as lentiviral, retroviral vectors,
or CRISPR/Cas9 (reviewed by 234). The TCR-transduced cells are then subjected
to functional assays by coculture with APCs expressing the relevant HLLA-epitope
combination. Upon exposure to antigens, the activation level allows for evaluating
the functionality and selecting the TCRs with the most potent reactivity. This is
especially important when multiple candidates for a single epitope-HLA combination
have been discovered. To further evaluate the potency of the TCRs (235) it is critical
to confirm that the cognate target is recognized when processed and presented by
endogenous proteins in tumors. Moreover, 2z vivo tumor regression studies in mouse
models can assess a TCR candidate’s ability to penetrate a tumor mass and cause a

sustained anti-tumor response over time.

Additional properties such as TCR binding affinity are typically assessed during
the preclinical characterization of therapeutic TCR candidates since it has been
correlated with better anti-tumor efficacy in human clinical trials (135,136,150). TCR
binding affinity refers to the strength of the interaction between the TCR and the
peptide-HLLA complex. The kinetics of this interaction can be measured using various
approaches, such as the use of different structures of fluorescently labeled pHLA-I
complexes (236,237) that measure the TCR-pHLA-I dissociation by flow cytometry.
Another method uses two-dimensional structures of APCs presenting the pHLA-I
complexes to study fluctuations in the cell membrane while interacting with the TCR
(238). Additionally, surface plasmon resonance methods using recombinant soluble
TCRs interacting with pHLA-I attached to a sensor surface (239) can measure TCR
binding affinity.

On the other hand, an essential requirement before clinical application is to
address potential toxicities caused by side effects that could compromise the safety
of the therapeutic TCR. Various assays can be used to measure the promiscuity of

TCRs in recognizing epitopes-HLA combinations other than the desired one (235).
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A crucial aspect to evaluate is their potential cross-reactivity to self-peptides that
closely resemble their target epitopes. Defining the TCR motif through amino acid
position scanning coupled with in-silico searches of the human proteome (240,241)
or screenings with yeast-display peptide-HLA libraries (242), can help to identify
epitopes from proteins expressed in vital tissues that could induce unwanted TCR

activation, leading to harmful toxicities.

6. Reactive T cells and isolated TCRs targeting public
neoantigens

Efforts from various research groups over the last few decades have led to
the discovery of HIA-I-restricted T cells targeting public neoantigens and the
identification of their TCR sequences in some cases (Table 2). Although the safety
and efficacy profiles of certain isolated TCRs have not been fully assessed, these
receptors hold potential as promising therapeutic candidates for off-the-shelf TCR-

based T-cell therapies.

An updated list in Table 2 summarizes the detection of reactive T cells and
TCRs targeting public neoantigens, classified by their identification method as
reported in the literature. Of note, many TCRs targeting public neoantigens have
been discovered without predefining the minimal epitope-HLA restriction element.
In most cases, these receptors were isolated from TILs of cancer patients without
enrichment strategies. This highlights the higher frequency of antigen-reactive
T cells in TILs than in other T-cell sources. Nonetheless, a few TCRs have also
been discovered in the blood of patients or healthy donors through IVS without
predefining the targeted epitope-HLLA combination. As previously mentioned, two
TCRs targeting KRASp (152) and TPS3p

already been used for TCR-T ACT and have shown encouraging responses in case

(153), isolated from patients, have

.G12D .R175H

reports. Furthermore, these receptors and other TCRs targeting a public neoantigen
derived from KRAS

o1y are currently being tested in clinical trials.

Strategies predefining the epitope-HLLA target combinations by prediction
algorithms or MS-based immunopeptidomics have also identified T cells targeting
public neoantigens. While most of the TCRs discovered through these strategies are

of human origin, murine TCRs have also been described.

52

Introduction



In fact, the safety and efficacy of ACT of TCR-T cells bearing murine receptors
and KRAS

targeting neoantigens derived from KRAS are currently being

.G12D .G12V

investigated in clinical trials.

In recent vyears, screening HILA-I monoallelic cells using MS-based
immunopeptidomics combined with IVS of HD PBLs has substantially expanded
the list of experimentally validated immunogenic public neoantigens. One study
focused on the KRAS gene (178) detected T cells recognizing 14 peptides presented
on several prevalent HLA-I alleles from three distinct mutations. However, the TCR
sequences for all these T cells have not been published (Table 2). This combined
method has emerged as a potent strategy to identify new public neoantigens in a

high-throughput and prospective manner.

Indeed, MS-based screenings on HLLA-I monoallelic cells have enabled the
identification of presented epitopes derived from different shared neoantigens,
although reactive T cells have not yet been detected. Most of these studies primarily
focused on identifying public neoantigens derived from different hotspot mutations
in KRAS (178,179,182,252), but only a few have expanded their focus to other
specific driver genes, such as NRAS (182,231) or PIK3CA (180,223). However, in
a very recent report, Gurung and colleagues have exploited the high-throughput
capacity of such an approach to identify HLA-I-presented epitopes derived from a
broader selection of shared neoantigens. More specifically, they evaluated 36 shared
neoantigens resulting from hotspot mutations in different driver genes across 12

highly prevalent HLA-I alleles in the Caucasian population (181).
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Table 2. Summary of HLA-I-restricted T cells and TCRs targeting public neoantigens.

Pr.edeﬁned T-cell source Share.d HL{H. Reference | Used for TCR-T ACT
epitope-HLA neoantigen restriction
%08+ .
€*08:02 76191 NCT06218914
KRAS 56120 C*01:02 243
A*11:01 211 -
A*02:01 244
A*02:01 244
KRAS ; G12v 11 i NCT04146298
A*11:01 211,243 NCT06105021
Cancer patient TP53 pv220c
153
(TIL/PBL) TPS3 . v2200
No A*02:01
TP53 pR175H 75,224
: 245 NCT05877599
TP53 5 r24sw A*68:01 75
CDK4 , roac 246 -
A*02:01
TGFBR2 fs 247
%01+ -
Cancer patient NRAS p.q61r A*01:01 248
(TIL/PBL) & HD PBLs PIK3CA p 1047, A*03:01 923
. A*02:01 249
Cancer paé'nf;nt & HD BRAF, vs00
B*27:02 250
Prediction NCT03745326
KRAS 183
algorithm p-G120 NCT05438667
Tg mouse A*11:01 NCT05438667
KRAS, G12v 183;251 NCT031950941
NCT06043713
MS IP AML tumors HD PBLs NMP1fs A*02:01 175 -
Cancer patients (TIL) NRAS; a1k A*01:01 231 -
A*03:01
o 781179
KRAS, G12v : -
A*68:01 178
C*01:02
A*03:01
A*11:01
A*68:01 178
KRASp.c120 B*07:02 -
HD PBLs C*03:04
C*08:02
x&'T B*07:02 179
'” i A*03:01
monoallelic KRAS 6128 A¥11:01 8
A*68:01
B*07:02
FLT3p ps3sy A*02:01 181 ]
PIK3CA  esask A*11:01
EGFRp 1858
BRAF, veooe A*03:01
KRAS, G12v
Tg mouse EGFR . 1858 180 -
BRAF p v600e
A*11:01
PIK3CA p £sasi 0
KRAS 5 G130

MS IP: Mass spectrometry-based immunopeptidomics; AML: Acute Myeloid Leukemia; TCR-T ACT: Adoptive T-cell transfer
of TCR-engineered T cells.

The table groups T-cell populations and TCRs based on their specificity for public neoanti-
gens. It outlines the method for predefining the epitope-HLA targeted combination and speci-
fies the T cell source. The specific shared neoantigen and the corresponding HLLA-I restriction
element for the isolated reactive T-cell populations are identified. Cells highlighted in grey
indicate reactive T cells restricted to specific public neoantigens and HILAs, which have been
detected but whose TCR sequences have not been reported. References are provided for re-
ports identifying the reactive HLA-I-restricted T-cell populations to epitopes derived from
the listed shared neoantigens. TCRs used for ACT of TCR-T for cancer patient treatment are
documented with the clinical trial codes or article references.
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Although this thesis focuses on HLA-I-restricted TCRs, it is worth mentioning
that several HLA-II-restricted TCRs recognizing public neoantigens presented
in highly prevalent HLA-II alleles have also been described. These include
TCRs targeting neoepitopes from various hotspot mutations of the KRAS gene
(211,243,253-255) or the TP53 gene (74,75,153,224). Additionally, TCRs specific
(256),

(253) have also been discovered. Despite none

for other public neoantigens, such as those derived from BRAF,
IDHT (257), or PIK3CA|

of these TCR candidates currently being investigated as therapeutic candidates

.V600E

.R132H .H1047R

for TCR-T ACT, they may be useful for treating HLLA-II-expressing tumors or in
combination with HLA-I restricted TCR-T to provide help, potentially mediating

longer and more potent anti-tumor responses.

The improved sensitivity of DNA sequencing techniques, combined with
comprehensive bioinformatic methods, has helped to identify recurring mutations
in hotspot regions of cancer-wide driver genes as well as cancer-specific driver genes
(258-260). Leveraging shared neoantigens from these mutations as T-cell targets
presents a promising avenue for treating a broad range of cancer patients. Therefore,
a comprehensive analysis of the presentation of neoepitopes derived from these
recurrent mutations on multiple prevalent HILAs can vastly increase the actionable

targets available for cancer treatment.
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Effectively identifying and harnessing cancer antigens that induce potent
immune recognition is critical for the success of cancer immunotherapy. While private
neoantigen-targeted adoptive T-cell therapies have shown promising efficacy, such
tailored products are expensive and limited to a single patient. Shared neoantigens
presented on prevalent HLA-I alleles offer promising targets for T cells, potentially
expanding the number of patients that can be treated. However, only a small fraction

of shared immunogenic antigens has been reported thus far.
We hypothesize that:

1. Extensive mass spectrometry screenings of purified peptide-HLA complexes
from cells expressing cancer driver genes and highly frequent HLLA-I alleles

may broaden the landscape of targetable public neoantigens.

2. Some of the identified candidate neoantigens are immunogenic and can be
targeted therapeutically through the isolation of neoantigen-specific TCRs

and the development of gene-engineered T-cell therapies.
The overall objective of this thesis is:

To identify hotspot-derived mutant peptides presented on highly frequent HLLA-I
alleles through immunopeptidomics and detect and characterize TCRs targeting

them to develop novel off-the-shelf T-cell therapies targeting public neoantigens.
The specific objectives are the following:

1. Develop an immunopeptidomics-based method to study the presentation of
peptides derived from shared mutations in driver genes on highly prevalent

HILA-T alleles.

1.1.  Identify and prioritize the most frequent HLA-I alleles in the
European Caucasian population, as well as recurrent alterations

affecting cancer driver genes for the construction of hotspot

tandem minigenes (HSTMG).

1.2.  Establish a high-throughput system to investigate the presentation
of peptides derived from mutations of interest on specific HLA-I

molecules via immunopeptidomics.
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1.3.

Examine and validate the presentation of mutant peptides derived

from alterations in hotspot regions of key cancer genes.

2. Isolate and characterize reactive TCRs targeting hotspot mutations for their

potential use as off-the-shelf T-cell therapies.

2.1.

2.2.

2.3.

Detect T-cell responses against hotspot-derived neoantigens in
peripheral blood lymphocytes (PBL) from a cancer patient through

n vitro sensitization.

Clone and express candidate mutation-reactive TCRs in PBL via

genetic modification.

Study the avidity of TCR-transduced T cells for their cognate

neoantigen as well as tumor recognition 7z vitro.
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Patient samples

Patient samples were obtained as part of a project PR(AG)23/2019 approved by
the Institutional Review Board at Vall d’Hebron Hospital and/or Hospital Universitari
Bellvitge. All patients signed the corresponding informed consent. Buffy coats from
healthy donor (HD) blood were supplied by the Blood and Tissue Banc of Catalonia
(BST, www.bst.cat).

Establishment of patient-derived tumor cell line (TCL)

A small fragment (2-4 mm?) of tumor biopsies or surgically resected tumor was
cultured in RPMI 1640 plus (Lonza) containing 10% FBS Hyclone (GE Healthcare),
100 U/mL penicillin (Lonza), 100 pg/mL streptomycin (Lonza) and 25 mM HEPES
(Thermo Fisher Scientific) at 37°Cin 5% CO, humidified incubators. The culture medium
was replaced once a month until the first cell colonies were identified and selected and
then further expanded in T2 media containing RPMI 1640 plus (Lonza), 10%-20% FBS
(Gibco), depending on the TCL, 100 U/mL penicillin (Lonza), 100 ug/mL streptomycin
(Lonza) and 25 mM HEPES (Thermo Fisher Scientific) or cryopreserved until used.
TCL cultures were regularly tested for mycoplasma and authenticated by identifying

patient-specific somatic mutations and HLLA molecules using exome sequencing,

PBMC isolation

Peripheral blood mononuclear cells (PBMC) were separated by centrifugation in
a Ficoll density gradient (Lymphoprep, Stem cell) from leukapheresis or from whole
blood. Cell aliquots were cryopreserved with FCS/DMSO 10% for later expansion of
B cells or IVS or kept as dry pellets at -80°C for DNA extraction for whole exome
sequencing (WES) or Next-generation sequencing (NGS).

Whole exome and RNA sequencing

To identify the tumot-specific non-synonymous somatic mutations (NSM),
genomic DNA was purified from either tumoral cell pellets or from the patient-derived
TCL and from matched PBMC as a source of germline DNA using Allprep DNA/
RNA mini kit (Qiagen, Germany). WES libraries were generated at the company
Macrogen by exome capture of approximately 20,000 coding genes using “SureSelect
human All exon V6” kit (Agilent Technologies) and paired-end sequenced on a HiSeq
sequencer (Illumina). The average sequencing depth ranged from 100-150 for each of

the individual libraries generated. Alignments of WES to the reference human genome
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build hgl9 were petformed using novoalign MPI from Novocraft (http://www.
novocraft.com/). Duplicates were marked using Picard’s MarkDuplicates tool (picard/
releases/tag/1.127). Insertion and deletion (indel) realignment and base recalibration
were performed according to GATK best-practices (https://www.broadinstitute.org/

gatk/). SAMtools was used to create tumor and normal pileup files.

mRNA sequencing libraries were prepared from total RNA obtained from either
tumor biopsy or patient-derived TCL using TruSeq RNA library prep kit (Macrogen).
The RNA sequences were aligned to the human genome using STAR (PMID: 23104880),
and the Transcripts per Kilobase Million (TPM) were calculated with feature Counts
(PMID: 24227677).

Four independent mutation callers software packages (Varscan, SomaticSniper,
Mutect and Strelka) were used to call somatic NSM from WES data of patients
according to the following criteria: minimum coverage of 10 reads, minimum 4 variant
reads, greater than 7% Variant allele frequency (VAF) and called by 2 or more callers for
SNVs or one for indels and annotated as coding mutation in two of the three annotation
data sets (RefGene, UCSC, Ensmbl). The genomic coordinates from variant call format

files containing tumor-specific mutations were converted from hg19 to hg38 assemblies.

Tandem Minigenes construction, cloning, in Vvitro
transcription of RNA and electroporation

The four tandem minigenes encoding for hotspot mutations (HSTMG) were
constructed as previously described (116) generating HSTMG-1 to HSTMG-4. Briefly,
for each non-synonymous variant of interest, we constructed a “minigene”, consisting
of the mutant amino acid flanked by 12 amino acids of the wild-type protein sequence.
Up to 25 minigenes, including some derived from private mutations of cancer patients,
were concatenated to generate an HSTMG construct. Fused to the 3’ terminus of the
concatenated minigenes a BamHI site was included for downstream cloning, Immediately
after the restriction site, a P2A sequence and ZsGreen protein were added to act as a

reporter of the transfection efficiency of these constructs.

For each of the HSTMG1-4, we also generated constructs encoding the same
minigenes with the wild-type sequence, resulting in the generation of HSTMG1-4 WT
plasmids. All HSTMG constructs, mutant and wild-type forms, were codon optimized
and subcloned cloned into pcDNA3.1+ using HindIII and EcoRI.

B2M_HILA chimeras were constructed as previously reported (261) with some

modifications. Briefly, the human B2M coding sequence, including the leader peptide, was
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directly fused in the 3’ terminus to a short tandem GS linker (15AA in total) followed by
the sequence of the HLLA-I allele of interest without the signal peptide. Allele sequences
were obtained from IPD-IMGT/HLA. Alternatively, the HLA-I sequences of interest,
including the signal peptide, from IPD-IMGT/HLA were selected for further cloning.
B2M_HLA chimeras or the alpha chain of HLA-I alleles were codon optimized and
subcloned cloned into pcDNA3.1+ containing a Kozak motif upstream of the start
codon either using BamHI and EcoRI or HindIIl and Notl, respectively.

Sequences for full-length PIK3CA and TP53 wild-type proteins were obtained
from NCBI. To generate mutant full-length proteins, the codons corresponding to the
residues of interest were manually mutated to introduce the desired amino acid. After
codon optimization full-length proteins, either mutant or wild-type, were cloned into
pcDNA3.14+v2, which already includes the P2A and ZsGreen sequences, with HindIII
and BamHI.

Oligonucleotides encoding for all the constructs described were supplied by
GenScript Biotech (Rijswijk, Netherlands). For in vitro transcription IVT) of RNA the
plasmids were linearized beforechand with Not-I (New England Biolabs) followed by
phenol-chloroform extraction and precipitation with sodium acetate and ethanol. Next,
1 pg of linear DNA was used as a template to generate RNA by IVT using HiScribe#
T7 ARCA mRNA Kit with tailing (New England) following manufacturer’s instructions.
RNA was precipitated using LiCl,, resuspended at 1 pg/uL in molecular grade H,O, and

stored at -80° until use.

For co-culture experiments, from 0.5-5x10° B cells or TCL were harvested and
resuspended in 100ul of Opti-MEM media (Gibco) and transferred into a sterile 0.2
cm cuvette (VWR electroporation cuvettes). From 6 to 9 pg of RNA encoding for the
sequence of interest were added for electroporation. For the B cells to be used for MS-
based immunopeptidomics, 1.5x107 cells were resuspended in 150 ul Opti-MEM and
electroporated with 12 ug of RNA encoding for HSTMG1-3 into sterile 0.2 cm cuvette.
To generate transfectants with B2M KO cells, 2x10” tumor cells were resuspended in 150
ul Opti-MEM and electroporated with 12 nug of RNA encoding for B2M_HLA chimera
and/or 18 ug of RNA encoding for HSTMG1-4 into sterile 0.2 cm cuvette. For the
generation of B2M transfectants to be used for MS-based immunopeptidomics, several

electroporations were performed until generating 6-8x107 total cells per combination.

The electroporation conditions applied to all the cells used in the subsequent
experiments, were 150 V, 20 ms, and 1 pulse using an ECM 830 BTX-Electroporator.
After electroporation, cells were resuspended in their corresponding pre-warmed

specific media containing DNAse (Pulmozyme, Roche). TCL and B cells for co-
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culture experiments were cultured in tissue-treated 6 well plates or 5ml polystyrene
tubes, respectively. For B2M KO transfectants and B cells to be used in MS-based
immunopeptidomics experiments, cells were cultured in in tissue-treated p150 or 24 well

plates, respectively.

After 20h culture at 37°C and 5% CO, cells were harvested, washed with PBS, and
used in co-culture assays. For B2M KO transfectants and HSTMG-expressing B cells,
transfection efficiency was assessed by flow cytometry. The efficiency of transfection
for HSTMG and the B2ZM_HILA chimeras was measured by flow cytometry taking
advantage of the ZsGreen (ZSG) reporter in the HSTMG or measuring HLA class
I expression using a Pan-HLA-I antibody (HLA-ABC antibody, Table 3) respectively.
Only transfected cell preparations in which >65% of cells express both markers were

preserved and snap-frozen to generate pellets for HLA-I elution.

Generation of autologous B cells

To generate autologous antigen-presenting cells (APC), B cells were isolated
from cryopreserved PBMC by positive selection using CD19" microbeads (Miltenyi
Biotec). These primary B cells were expanded through CD40-CD40L stimulation
by culturing cells for 4-5 days with irradiated NIH3T3 feeder cells constitutively
expressing CD40L at 37°C in 5% CO, in B cell medium (Iscove’s IMDM media (Gibco)
containing 10% human AB serum (Biowest), 100 U/mL penicillin (Lonza), 100ug/mL
streptomycin (Lonza), 2mM L-Glutamine (Lonza) and supplemented with 200 U/mL
IL-4 (Prepotech)). Up to three rounds of stimulation and expansion were performed
consecutively. At day 5-6, B cells were either used for generation of snap-frozen pellets
for HLA-I immunopeptidomics, used in co-culture experiments or cryopreserved until
use. When used after cryopreservation, B cells were thawed in B cell medium containing

DNAse (Pulmozyme, Roche) 20h before use in co-culture assays.

For some experiments, immortalized B cells were used as targets. Briefly, CD19*
cells were cultured with irradiated NIH3T?3 feeder cells constitutively expressing CD40L
in immortalized B cell medium (Iscove’s IMDM media (Gibco) containing 10% FBS,
100 U/mL penicillin (Lonza), 100ug/mL streptomycin (Lonza) and supplemented with
IL-21 (25 ng/mL ,Prepotech)). On day 5, B cells were transferred onto retronectin-
coated plates and transduced with concentrated supernatants containing retroviruses
carrying a plasmid encoding the Bcl6-T2A-BcIXL-P2A-tNGFR construct. From the
day of transduction, B cells were stimulated every five days with irradiated NIH3T3
cells and fresh immortal B cell medium containing I1.-21 (25ng/mL). The immortalized

phenotype was monitored by flow cytometry using the anti-NGFR-APC (Clone:
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ME20.4; BioLegend; Dilution: 1:1000) to measure the NGFR reporter present in the
plasmid used for transformation and anti-CD19-PECy7 antibody (Clone: SJ25C1;
Biolegend; Dilution: 1:1000). B cells, either freshly stimulated or after cryopreservation,
were employed for co-culture experiments. When used after cryopreservation, B cells
were thawed in immortalized B cell medium containing DNAse (Pulmozyme, Roche) at

least 20h before use.

CRISPR/Cas9 Knockout

Single guide RNA (sgRNA) targeting the human B2M gene were designed with
three online tools (ccTOP, CHOPCHOP, Synthego CRISPR designer tool). The selected
sgRNA combined the best scores in terms of predicted knockout (KO) efficiency and
reduced off-targets by the three tools. The sgRNA was obtained from Synthego.

To inactivate the B2ZM gene in tumor cells, the whole ribonucleoprotein (RNP)
complex was electroporated. To allow formation of the RNP complex, 100uM of sgRNA
and 62uM of Cas9 (IDT) were incubated in presence of PBS for 20min RT. Tumor
cells used for transfection were harvested, washed and resuspended in supplemented
nucleofection solution (P3 primary cells solution; Lonza). Tumor cells were mixed with
the RNP complex solution and then transferred to 0.2cm electroporation cuvettes and
electroporated at 150V, 20ms, 1 pulse (BTX Square electroporator). Immediately after

electroporation, cells were transferred to pre-warmed T2 media.

To obtain a pure population of B2M KO cells, four days after electroporation
cells were stained for HLA class I with Pan-HLA-I antibody (HLA-ABC antibody, Table
3) and sorted by flow cytometry selecting HLLA-I negative cells. The negative fraction
was expanded in culture with T2 media until establishing the B2M KO cell line. Negative
HILA-I surface expression was regularly tested by flow cytometry.

Flow cytometric analysis and fluorescence-activated cell
sorting

To measure cell surface expression of HLA-I in tumoral cells, or induction of
T-cell responses after IVS through HLA dextramer staining or co-culture assays several
human-specific antibodies were employed in different extracellular panels. A list of

antibodies used, and their applications are given in Table 3.

In all experiments, cells were stained for 30min at 4°C, washed and resuspended
in staining buffer containing either PI (1:1000) or DAPI (1:1000) and acquired in BD
FACSCanto™ or BD FACSCelesta™.
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Table 3. List of antibodies employed for phenotyping and fluorescence-activated cell
sorting (FACS).

T . Supplier and P
arget Clone Conjugate catalog number pplications
HLA-ABC APC W6/32 BiolLegend, HLA-I phenotyping
311410 & FACS
BiolLegend, .
B2M APC 2M?2 316311 HLA-I phenotyping
Invitrogen, .
HLA-A2 APC BB7.2 17-9876-42 HLA-I phenotyping
BD Biosciences, .
HLA-A3 PE GAP.A3 566605 HLA-I phenotyping
YTH BD Biosciences, .
HLA-B PE 76.3.rMAb 567911 HLA-I phenotyping
BiolLegend, .
HLA-B7 PE BB7.1 372403 HLA-I phenotyping
BD Biosciences, .
HLA-C PE DT-9 566372 HLA-I phenotyping
Santa Cruz, )
B2M PE BBM.1 sc-13565 Dextramer folding
o Co-culture;
CD3 APC-H7 SK7 BD Biosciences, Dextramer staining
557851 & FACS
BiolLegend, Dextramer staining
CD4 BV510 SK3
344534 & FACS
BD Biosciences,
CD4 PE RPA-T4 555347 Co-culture
BD Biosciences Co-culture;
josci o
! Dextramer stainin
CcD8 PECy7 SK1 557746 X ining
& FACS
Biolegend,
4-1BB APC 4B4-1 550890 Co-culture & FACS
BD Biosciences,
0OX40 PE-CF954 ACT35 563662 Co-culture
Invitrogen,
- E - -
moTCR-B p H57-597 11-5961_85 Co-culture

Protein analysis

Cell samples from 5x10° cells were homogenized in basal complete
homogeneization buffer (50mM TrisHCI pH 7.5, 150mM NaCl, 1mM EDTA and 1%
Triton) supplemented with 50X Complete Proteinase Inhibitor (Roche) and Complete
Phosphatase Inhibitor cocktail 3 (Sigma Aldrich) by three rounds of incubation for
10min on ice and vortex. The homogenate was centrifuged at 15000 rpm for 15 min at
4 °C and the amount of proteins in the supernatant was quantified using a commercially

available Pierce BCA protein assay (Thermofisher).

65

Materials & Methods



For analysis of B2M and HLA-I on B2M KO cells, 60ug of total protein per
sample were loaded in 15% acrylamide SDS-PAGE gel whereas for analysis of the
catalytic subunits of the proteasome and TAP proteins in B2ZM KO cells, 20ug of total
protein per sample were loaded in 12% acrylamide SDS-PAGE gel. Immunoblot analysis
were performed according to standard procedures. Membranes were incubated with the
primary antibodies described in Table 4 overnight at 4°C and then washed three times
with TBS-Tween and incubated for 1h with the corresponding secondary antibodies.
Membranes were incubated in ECL Prime Western blotting detection Reagents (Cytiva
RPN2232) for 2min and analyzed using iBright 1500 CL (Thermofisher).

Table 4. Antibodies used for immunoblotting analysis.

Antibody Isotype Reference Dilution
Anti-Human B2M (EP2978Y) Rabbit, 1gG Abcam, ab75853 1:5000
Human MHC-1 W6/32 Mouse, 1gG2a Santa Cruz, sc-32235 1:500
Anti-human/mouse B-Actin Mouse, 1gG1 Santa Cruz, sc-47778 1:2000
Anti-Human 20S proteasome Enzo Life Science,
M 1gG1 1:1000
B1 subunit (PSMB6) ouse 18 BML-PW8140
Anti-Human 20S proteasome Enzo Life Science,
M 1gG1 1:1
B2 subunit (PSMB7) ouse, IgG BML-PW9300 000
Anti-Human 20S proteasome Rabbit,
Ab b3330 1:1000
BS subunit (PSMBS) Polyclonal IgG cam. @
Anti-Human 20S proteasome Rabbit, )

B1i subunit (LMP2) Polyclonal IgG Abcam, ab3328 1:1000
Anti-Human 20S proteasome Goat, Invitrogen, 1:1000
B2i subunit (MECL-1) Polyclonal IgG PA5-19146 ’

Anti-Human 20S proteasome Santa Cruz,
M 1gG1 1:1000

BSi subunit (LMP7) ouse '8 5c-365699

Rabbit Proteintech
Anti-H TAP1 ! ! 1:1000

nAuman Polyclonal IgG 11114-1-AP
Anti-Human TAP2 Rabbit, 1gG Cell Signaling, 25657 1:1000
Anti-human/mouse B-Actin Mouse, 1gG1 Santa Cruz, sc-47778 1:2000
anti-mouse HRP Mouse, 1gG Cell signaling, #7076 1:5000
Anti-rabbit HRP Rabbit, 1gG Cell signaling, #7074 1:5000
Anti-goat HRP Goat, 1gG Thermofisher, 31402 1:5000
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Purification of HLA-I peptides

Purified anti-HLLA-I clone W6/32 (ATCC® HB95) antibodies were cross-linked
to protein-A Sepharose 4B conjugated beads (Invitrogen) with dimethyl pimelimidate
dihydrochloride (Sigma-Aldrich) in 0.2 M Sodium Borate buffer pH 9 (Applichem). Stable
cross-link of W6/32 to Sephatose beads was assessed by SDS-PAGE and Coomassie
staining before use for HLA-I purification.

Snap-frozen pellets of 1.5x107 electroporated B cells, 6x107 to 8x107 B2M
KO transfectants or 1x10® to 3x10® patient-derived TCL wete thawed and lysed with
PBS containing 0.6% CHAPS (Applichem) and Protease inhibitor Cocktail Complete
(Roche). The cell lysates were sonicated (Misonix 3000) and cleared by centrifugation for
1 h at 15000g to obtain the soluble fraction containing the pHLA-I complexes.

HILA-I affinity chromatography was performed using a 96-well single-use micro-
plate with 3 um glass fiber and 10 um polypropylene membranes (Agilent) as previously
described (262). Ultra-Micro SpinColumn C18 (Harvard Apparatus) were used for
peptide purification and concentration following manufacturer instructions. Peptides
were eluted with 500 pl of 32,5% ACN in 0.1% TFA and preserved immediately with
liquid N,. HLA-T alpha chain and B2M were recovered from C18 tips using 80%ACN
0.1% TFA. Before LC-MS/MS acquisition, peptide samples were lyophilized and the
efficiency of the pull-down protocol of HLA-I was measured by immunoblot analysis
of B2M protein from the 80% ACN 0.1% TFA eluate fraction.

LC-MS/MS acquisition
Purified HLA-I peptides were diluted in 3%ACN, 1% FA. Samples were analyzed

using a Orbitrap Eclipse™ mass spectrometer (Thermo Fisher Scientific, San Jose, CA,
USA) coupled to an EASY-nLLC 1200 (Thermo Fisher Scientific (Proxeon), Odense,
Denmark). A 45% of each of the generated samples was injected and analyzed in a
single run. Peptides were loaded directly onto the analytical column and were separated
by reversed-phase chromatography using a 50-cm column with an inner diameter of 75
um, packed with 2 pum C18 particles spectrometer (Thermo Scientific, San Jose, CA,
USA). Chromatographic gradients started at 95% buffer A (0.1% FA in water) and 5%
buffer B (0.1% FA in 80% ACN) with a flow rate of 300 nl/min and gradually increased
to 25% buffer B in 79 min, and then to 40% buffer B in 11 min. After each analysis, the

column was washed for 10 min with 100% buffer B.
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The mass spectrometer was operated in positive ionization mode with nanospray
voltage set at 2.4 kV and source temperature at 305°C. The acquisition was performed in
data-dependent acquisition mode and full MS scans at resolution of 120,000 were used
over a mass range of 400-650 m/z with detection in the Orbitrap mass analyzer. Auto
gain control (AGC) was set to 1E6 and injection time to 50 msec. In each cycle of data-
dependent acquisition analysis, following each survey scan, the most intense ions above
a threshold ion count of 5000 were selected for fragmentation with a dynamic exclusion
of 10 sec. Fragment ion spectra were produced via collision-induced dissociation at
a normalized collision energy of 35% and they were acquired in the Orbitrap mass
analyzer at 30,000 resolution. The quadrupole isolation window was set to 1.4 m/z,
AGC was set to 15E4, and the maximum injection time to 150 msec. The maximum

cycle time was set to 3 seconds.

Mass spectrometry data analysis of HLA-I peptides

To identify HLA-I ligands derived from HSTMG constructs, PEAKS Xpro
software (Bioinformatics Solutions, Inc) was used to interpret mass-spectra obtained
from liquid chromatography-tandem mass spectrometry (LC-MS/MS) acquisition of
purified HLA-I peptides from B cells or B2M KO transfectants.

All spectra from the different samples were searched using a custom database
containing the human proteome (Swissprot, downloaded 21,/05/2021, 20395 entries) and
the full sequence of the HSTMGs (HSTMG1-3 for B cells and HSTMG1-4 for B2M KO
transfectants). Additionally, the database applied to for B2M KO transfectants included
all the identified NSM from VHIO-08 TCL as independent 25-mer minigenes (2427
entries). Moreover, a customized list of common contaminants in immunopeptidomics
(CRAP and MaxQuant, 338 entries) was used to filter out peptide spectrum matches
(PSMs) to these sequences. All database searches were performed under a no-enzyme
and an unspecific digestion mode, with oxidized methionine and cysteinylation as
variable modifications. A precursor mass tolerance of = 5 ppm and a fragment ion of
0.02Da were used for HLA-peptide datasets. PSMs were automatically designated and
assigned to each sample and the False Discovery Rate (FDR) was estimated with decoy-
fusion by PEAKS Xpro.

Unique PSM with the highest -10lgP were retained for each sample. To count
unique peptide sequences per sample, identifications with variable modifications were
counted only once. All identified matches to HSTMG constructs were categorized
into mutated (peptide sequence containing the mutant amino acid), wild-type (peptide

sequence containing the reference sequence) or artificial junction (peptide sequence
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derived from the junction of two minigenes). Additionally, peptides mapping to P2A
or ZsGreen reporter of HSTMG plasmids were identified. Peptides not mapping to
HSTMG sequences were categorized as endogenous. The detected HLA-I mutant
ligands were further classified as shared (when originating from recurrent alterations on
driver genes) or patient-specific neoantigens (when originating from private mutations
of cancer patients included in HSTMGs). All the analyses were performed with R studio
and the FDR was set at 1%.

HLA-I typing and prediction of binding to selected HLA
alleles

HILA-I typing from patients was inferred from the WES data using the PHLAT
algorithm (PMID 29858810). For patients VHIO-133, VHIO-153 and MBM, the
HILA-I genotype was determined at high-resolution by NGS at the EFIS accredited
HLA laboratory of BST.

Eluted ligand likelihood (ELL) percentile rank scores for binding to the HLA
alleles were obtained for all unique peptides above eight amino acids eluted from B cells
or HLA-I monoallelic cell lines using NetMHCpan 4.1. Additionally, NetMHCpan 4.1
was used to predict peptide binders in HLLA molecules of interest, either from 25-mer
minigenes or from the full-length HSTMG sequences. The threshold for binding was
set to <2%-tile EL rank.

GibbsCluster 2.0 software was used to cluster all unique peptides of 9 amino acids
eluted from B cells or monoallelic cell lines. The software was run with default settings
to group peptides into one or up to six clusters for HLLA-I monoallelic cells or B cells,
respectively, based on their similarity. Subsequently, the resulting clusters were compared
to the binding motif of the corresponding HLLA-I obtained from NetMHCPan4.1 using
naturally presented ligands (EL).

Peptide synthesis and peptide pulsing

The amino acid sequences of selected HLA-I ligands were purchased from
Thermo Fisher Scientific as crude (PePotec grade 3) with one stable isotope-labeled
amino acid and used for PRM validation (see Appendix Figure 6).

The same peptide sequences without modifications were purchased from JPT
Peptide Technologies as high-performance liquid chromatography (HPLC)-purified

peptides (>95% purity) and used for i vitro sensitization.
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The HPLC CEF peptide pool (ProMix™), containing 32 epitopes from CMV,

EBV and Flu, was used as a positive control for IVS.

The amino acid sequences of 25-mer peptides, each including one shared NSM
of a driver gene encoded in HSTMGs were purchased from Genscript at crude grade

and used for pulsing B cells employed in co-culture experiments.

Target cells used in co-cultures (either B cells or tumor cells) were harvested,
washed, and resuspended at 2x10° to 5x10° cells/mL in their corresponding media
with peptides at concentrations of 5ug/mL or 1 pg/mL for long peptides (25-mers)
and minimal epitopes, respectively. Long peptides, which require the processing of cell
proteases, were pulsed overnight while minimal epitopes were only pulsed for 2h. After

pulsing, cells were washed with PBS and immediately used in co-culture assays.

Validation of HLA-I peptides with isotope-labeled peptides

For each selected peptide tested, an equivalent synthetic peptide isotope-labeled
at one given amino acid was spiked into each sample and used as an internal standard
for Parallel Reaction Monitoring (PRM) detection. The amount of internal standard
peptide to be spiked in each sample was evaluated using dilution curves and the final
concentration was chosen based on a good chromatographic signal and no trace
detectable of potential unlabeled traces from the synthetic internal standard. For the 28
HSTMG-B2M_HLA combinations or VHIO-133 and EC-35035 patient-derived TCLs,
a 45% of the sample (total of 6-8x107 transfected B2M KO cells or 1x10® for TCL of
EC-35035 and 3x10° for TCL of VHIO-133) was analyzed by PRM using an Orbitrap
Eclipse™ (Thermo Fisher Scientific) coupled to an EASY-nanoL.C 1000 UPLC system

(Thermo Fisher Scientific) with a 50 cm C18 chromatographic column.

The chromatographic gradient started at 95% buffer A (0.1% FA in water) and
5% buffer B (0.1% FA in 80% ACN) with a flow rate of 300 nl./min and going up to
25% buffer B and 75% A in 52 min and to 40% B and 60% A in 8 min. The Orbitrap
Eclipse was set in positive ionization mode with an EASY-Spray nanosource at 2.4 kV

and at a source temperature of 305 °C.

A PRM method was used for data acquisition with a quadrupole isolation window
set to 1.4 »/z and MS2 scans over a mass range of /3 250-1800, with detection in
the Orbitrap mass analyzer at a 240K resolution. MS2 fragmentation was performed
using HCD fragmentation at normalized collision energy of 30%, the AGC was set at
100,000 and the maximum injection time at 502 ms. All data was acquired with XCalibur

software.
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For data analysis fragment ion chromatographic traces corresponding to the
targeted precursor peptides were evaluated with Skyline software v.21.2. Verification of
the endogenous peptides was based on: i) the number of detected traces, ii) co-elution
of endogenous traces, iii) co-elution of endogenous and internal standard peptides, iv)
correlation of the fragment ions relative intensities between endogenous and internal

standard peptides and, v) expected retention time.

To verify the presentation of repeatedly identified peptides from KRAS

p.G12D

, KRAS ,and BRAF in a particular B2M_HLA chimera, we established a
p.Gl2v pVGOOE.

threshold based on the relative ratio. This relative ratio was obtained employing the
formula:

Ratio (ifle%i;t) in B2M_HLAx

Relative ratio (%) = T h}; x 100
Ratio (h g ) in B2M_HLAy
eavy

In each sample, the internal ratio of the intensity of the endogenous peptide (light)
is compared to the intensity of the internal standard peptide (heavy) for a particular
neoantigen. The B2M_HLA chimera with the highest internal ratio (B2M_HLAy), was
used as the reference value for all the other B2M_HIA chimeras (B2M_HILAXx).

Each neoantigen was considered as validated in (B2M_HLAX) chimeras when the
relative ratio was above the established threshold of 20%. Of note, the reference (B2M_
HLAy) for neoantigens KRASP'GMD, KRASpmzv and IBIKAIJP\,()U()E were B2M_C*05:01,
B2M_A*03:01 and B2M_A*11:01 and B2M_A*03:01. These references align with the
HLA-I alleles previously reported as presenting each peptide (178,179,181,182).

In vitro sensitization (IVS)

Human Peripheral Blood Lymphocytes (PBLs) from a breast cancer patient
were sensitized with two minimal epitope pools (MEPs) containing a variable number
of peptides. These peptides were selected based on evidence from the LC-MS/
MS experiments of being presented on at least one of the patient’s HLA-I alleles of
interest (HLA-A*11:01 and HLA-C*04:01). MEPs or single minimal epitope (ME)
sensitization experiments were always replicated independently. Peptides were pulsed at
a concentration of lug/ml per ME in all stimulation rounds. Additionally, PBLs were
stimulated with the CEF peptide pool (CEF PP) (ProMix™) used as a positive control

in each stimulation round.
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The sensitization protocol we followed was based on (213,214), with some
modifications. Before every stimulation round, PBMCs were pre-treated to mobilize and
mature APCs in a two-step mannet. Briefly, at day-2, 5x10° bulk PBMCs were cultured
with AIM V™ (Gibco®), 5% hAB serum (BST) supplemented with GM-CSF (1000
IU/mL, Prepotech) and IL-4 (500 IU/mL, Prepotech) in 24-well plates to mobilize
precursors of DCs. At day-1, APCs in the culture were matured for 12h by replacing the
media for AIM V™, 5% hAB serum supplemented with a combination of LPS (10ng/
mL, Sigmaldrich), IFN-y (100 IU/mL, Prepotech), GM-CSF (800 IU/mL) and IL.-4 (50
1U/mL).

At day 0, pre-treated PBMCs were washed and resuspended in IVS T-cell medium
(OpTmizer CTS (Gibco®), T-cell Expansion Supplement (Gibco®), 2% hAB serum
(BST), 2mM L-Glutamine, 100U/ml penicillin and 100ug/ml streptomycin (Pen Strep,
Gibco®)) supplemented with IL-21 (30ng/mL, Prepotech) and the corresponding ME,
MEP or CEF PP. At day 3, half of the medium was partially replaced with fresh IVS
T-cell medium supplemented with IL-7 (5ng/mL, Prepotech) and IL-15 (5ng/mL, R&D
systems) to promote T-cell growth. Thereafter, fresh IVS T-cell medium was replaced
every three days or when cells required splitting because of confluence until the end
of the stimulation round (day 12-14). For restimulation rounds (STIM2, STIM3 and
STIM4), T cells from the previous stimulation round were harvested and 1x10° cells
were restimulated for another twelve to fourteen days with pre-treated and irradiated
autologous PBMCs (25Gy), at a ratio 1:4. Peptide mixtures and concentrations were
maintained for re-stimulation rounds. Cells underwent up to four consecutive rounds

of stimulation.

The expansion of antigen-specific T cells was tested after each stimulation round.
Briefly, sensitized T cells were tested by analyzing 4-1BB expression by flow cytometry
after co-culture with autologous B cells pulsed with the corresponding peptide pools
used for sensitization (MEP or CEF PP) as described below (Co-culture assays).
Additionally, ME-specific HLA dextramer staining was used to evaluate the presence of
antigen-specific T cells after sensitization. Positive T cells were FACS sorted by 4-1BB
expression or dextramer binding (see enrichment of antigen-specific T cells). Antigen-

specific enriched T cells were then expanded for 14 days in a rapid expansion protocol.
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Co-culture assays: IFN-y enzyme-linked immunospot
(ELISPOT) and detection of activation marker 4-1BB using
flow cytometry

T cells were thawed in T-cell medium supplemented with 3x10° TU/mL IL-2
(Proleukin) and DNAse (Pulmozyme, Roche) three to four days before co-culture with
the target cells, or immediately used upon the end of an IVS round. Co-cultures were
performed in the absence of exogenously added cytokines. After 20h co-culture, cells
were stained with a panel of human-specific antibodies to surface markers (Table 3)
to identify T-cell responses. In parallel, IFN-y secretion was measured by ELISPOT
(MABtech technologies) using IFN-y capture and detection antibodies following

manufacturer instructions.

For all the assays, plate bound anti-CD3 (clone OKT3) (1pg/mL; Biolegend) was
used as positive control. Media and/or autologous APC electroporated or pulsed with

irrelevant HSTMG or peptides, respectively, were used as negative controls.

For the detection of T-cell responses, from 2x10* to 5x10* in vitro sensitized
T cells, enriched populations of antigen-specific lymphocytes (see Enrichment of
antigen-specific T cells) or TCR transduced PBLs (generated as detailed in section
TCR sequencing and PBL transduction) were cocultured with 1.5x10° to 2x10° peptide-
pulsed or 3x10° to 4x10° electroporated target cells (either B cells or tumor cells). T-cell
reactivities were considered positive if the number of IFN-y positive spots was greater
than double the amount of the irrelevant control condition and greater than 50 spots.
Additionally, reactivities had to be consistent with 4-1BB upregulation. T-cell responses
were always measured with HPLC-grade peptides. Due to sample availability limitations,
most experiments before the enrichment for antigen-specific T cells were carried out

only once. From then on, reactivities were confirmed in two independent experiments.

Dextramer generation and staining

U-Load Dextramers (Immudex) were loaded independently with an HLA
monomer corresponding to one of the patient’s HLA-I alleles (HLA-A*11:01,
HLA-A*68:01, HLA-B*40:01 or HLA-C*04:01) and a peptide of interest at a time.
casYmers HLA-I peptide monomers and loading of U-Load dextramers were prepared
following manufacturer instructions. Flow cytometry-based quality control assay to
monitor peptide loading efficiency was performed at least once for each of the peptide-

HILA combinations evaluated.

Custom HLA dextramers conjugated to PE, were used to stain T cells in
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combination with antibodies for evaluation of induced T-cell reactivities after IVS or
FACS applications referenced in Table 3. Dextramer staining was also applied to identify
the ME specifically recognized by the entiched T-cell populations among the MEPs used
for sensitization. For all applications, T-cell recognition was considered positive when
the percentage of dextramer-binding cells was double the percentage of cells binding to

dextramers loaded with the irrelevant control peptides.

Enrichment of antigen-specific T cells

To enrich for antigen-specific T cells, in vitro sensitized T cells were co-cultured
with peptide-pulsed autologous B cells for 20h or stained with U-Load dextramers
loaded with the recognized peptide-HLLA combination before sorting. CD3"CD8* T
cells expressing 4-1BB or CD3"CD8" cells binding to custom HLA dextramers were
sorted in BD FACS Ariall™ and expanded using a REP, explained below. Antibodies
described in Table 3 for FACS or evaluation of IVS applications were employed.

Rapid expansion protocol (REP)

To expand enriched T-cell populations after FACS, we applied a 14-day REP. T
cells were cultured in T25 flasks in T-cell medium (RPMI 1640 plus (Lonza):AIM-V
(Gibco) medium containing 5% human AB serum (BST), 100 U/mL penicillin (Lonza),
100ug/mL streptomycin (Lonza), 2mM L-Glutamine (Lonza), 12.5mM Hepes (Thermo
Fisher Scientific)) supplemented with 30 ng/ml anti-CD3 (OKT3, Biolegend) and
3x10° IU/mL of intetleukin IL.-2 (Proleukin) in the presence of irradiated allogenic
PBMC (50Gy) pooled from three healthy donors. After day 6, half of the medium was
replaced with fresh T-cell medium containing I1.-2 every other day. Cells were split when

confluent, harvested on day 14 and used in co-culture assays or cryopreserved until use.

HLA-I expression and restriction

Cell-surface expression of HLA-I on tumor cells was determined by flow
cytometry with Pan-HLA-I antibody (HLA-ABC antibody) or HLA-I allele-specific
antibodies (Table 3) based on the HLA-I typing of VHIO-08 patient.

To determine the HLLA-I restriction element of the immunogenic peptides, COS7
cells were transfected with plasmids encoding the individual HLA-I molecules using
Lipofectamine 2000 (Life Technologies). After resting overnight, cells were harvested
and pulsed with the corresponding peptides for 2h, washed, and used as targets in co-

culture assays.
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TCR sequencing and PBL transduction

For single-cell TCR sequencing, enriched antigen-specific T-cell populations were
used. For sample multiplexing, cells were stained with TotalSeq-C hashtag antibodies
(BioLegend) after FcR blockade with human TruStain FcX (BioLegend). Barcoded cells
were separated using a Next GEM chip N on the 10x Chromium X, and libraties were
prepared using the Chromium next GEM single cell 5> HT reagent kit v2 (dual index) with
feature barcode technology for cell surface protein and immune receptor mapping (10x
Genomics). Libraries were then pooled and sequenced on the Illumina NovaSeq 6000
sequencing platform (Illumina) according to the manufacturer’s instructions for paired-
end 150 bp (PE150) reads using v1.0 reagent kits (Novogene). Mapping, quantification,
and clonotype definitions were performed using Cell Ranger multi-pipeline version
7.1.0 with reference vdj-GRCh38-alts-ensembl-7.0.0. Demultiplexing and downstream

analyses were performed in R using Seurat version 5.0.1 and a dedicated pipeline.

To verify the most abundant clonotypes inferred from the single-cell data, we
sequenced the beta chain of the TCRs present in our enriched populations. Genomic
DNA was extracted from the target populations according to the Human TCRB Assay
Sample Preparation Guidelines and submitted to the Adaptive Immunosequencing
hsTCRB_v4b Service (UltraDeep) (Adaptive Biotechnologies). Processed samples were
downloaded from the immunoSEQ analyzer and TCR frequencies were calculated from

productive rearrangements in R.

The most enriched TCR-{ sequences consistently identified by the two sequencing
techniques were paired with the corresponding TCR-o sequences according to single-
cell RNA sequencing and selected for further studies. TRB V-D-J encoding variable
sequences and TRA V-J-encoding variable sequences were combined with the constant
mouse sequences of the TRB and TRA chains (263), respectively. Mouse constant
regions were modified, as previously described (264,265). The full-length TRB and TRA
chains were cloned, in this orientation and separated by a furin SGSG P2A linker, into
pMSGV1 retroviral vector (Twist Bioscience). The use of the modified mouse TCR
constant regions promotes pairing of the introduced TCR and facilitates the identification
of positively transduced human T cells by flow cytometry using an antibody specific for
the mouse TCR-f chain (Table 3).

To generate transient retroviral rich supernatants, the retroviral vector pMSGV1
encoding the antigen-specific TCR and the envelope encoding plasmid RD114 were co-
transfected into the retroviral packaging cell line HEK293GP (plated the day prior to
transfection) using Lipofectamine 2000 (Life Technologies).
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Retroviral supernatants were collected 48h after transfection, diluted 1:1 with
DMEM media (Gibco), and then centrifuged onto Retronectin-coated (10ug/ml,
Takara), non-tissue culture-treated 24-well plates at 2000g for 2h at 32°C. Donor PBMC
activated 2 days before with soluble anti-CD3 (OKT3, 50ng/ml) and IL-2 (300 IU/mL)
in T-cell media, were harvested, added onto the retrovirus plates, and centrifuged for
10min at 300g. Three days after transduction, activated T cells were transferred to tissue
culture-treated plates and further cultured in T-cell media containing IL-2 (300 IU/ml).

Cells were typically assayed 10-14 days post-retroviral transduction.

Correlation and statistical analyses

Statistical analyses were conducted with GraphPad PRISM 8.2.1 software with
a significance set at p< 0.05 (two-tailed). After testing for normality with Shapiro test,
variables showed a non-normal distribution. Therefore, all the performed tests were

non-parametric.

Spearman rank-order correlation test was applied to evaluate the correlation
between % HLA-I* cells according to Pan-HLA-I (HLA-ABC antibody) staining and
the number of total unique peptides recovered from B2M KO transfectants or the
unique HSTMG-derived hits.

Fisher’s exact test was applied to assess for association between recurrent mutations
and HLA-I alleles in selected cohorts of cancer patients from TCGA. Baptista-Pike

odds ratio was also computed in each analysis.

Data analysis and visualization

All flow cytometry data were analyzed with Flow]o software v10.9.0 (Tree Star).
Mass spectrometry data was analyzed as specifically described with PEAKS Xpro and
Skyline software. Data were plotted with GraphPad PRISM 8.2.1 software and R studio
version 4.2.2 using ggplot2 package. Several repository data was downloaded for analysis

purposes and refined as specified for each analysis below.

Gene expression and mutation analysis of genes involved in the antigen
presentation machinery. NSM identified in the WES analysis of VHIO-08, VHIO-
133 and EC-35035 were filtered for genes present in a curated gene set based on the
Gene Ontology Antigen Processing and Presentation pathway (GO:0019882). Mutations
called by at least two variant callers and with a VAF above 5% and a minimum of 4
mutated counts were retained. For the gene expression study, TPM for each gene was

considered according to the analysis of total RNA sequencing from tumor cell lines.
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TPM values were used to compare the expression of genes belonging to same gene set
pathway between our patient-derived tumor cell lines and a panel of relevant cell lines
from the Cancer Cell Line Encyclopedia (CCLE). We used the median TPM in CCLE
cell lines from SALIVARY_GLAND or UPPER_AERODIGESTIVE_TRACT (n =
33), SKIN (n = 50) or ENDOMETRIUM (n = 29) origin, as reference for comparison
with expressions in patient VHIO-08 (head and neck), VHIO-133 (melanoma) and
VHIO-EC-35035 (endometrial), respectively.

Prioritization of HILA-I alleles and recurrent mutations affecting
driver genes. For the selection of the most frequent HLA-I alleles in European
Caucasian population, data from The Allele Net Database was downloaded (https: //
www.allelefrequencies.net/). Evaluation of the frequency of the selected HLA-I alleles
in cancer patients was done with the HLA-I genotyping inferred from Optitype of
individuals contained in The Cancer Genome Atlas (TCGA) Pan-Cancer Atlas study.
The specific analysis conducted in each case are specified in section 1.2. To select for
recurrent alterations in cancer driver genes data from Cancer Hotspots (https://www.
cancerhotspots.org/#/home) a resoutrce derived from (266,267) was downloaded and

analyzed as specified (results section 1.1).

Co-occurrence of hotspot mutations in driver genes and HLA-I alleles in
cancer patients. Mutations detected in PIK3CA or TP53 genes for cancer patients
included in TCGA Pan-Cancer Atlas study were downloaded from cBioPortal (https://
www.cbioportal.org/). HLA-I genotyping of cancer patients from the specified study
was inferred with Optitype and downloaded (https://gdc.cancer.gov/about-data/
publications/panimmune). Cohorts presenting the highest prevalence of the mutations
of interest were selected to evaluate the association between HLA-I alleles and these

alterations employing a Fisher’s exact test.
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1. Design of an immunopeptidomics-based strategy to
identify public neoantigens

Our first goal was to develop an immunopeptidomics-based approach to
identify public neoantigens derived from shared mutations in cancer driver genes. We
focused on detecting peptides derived from selected mutations in hotspot regions
of genes such as TP53 and KRAS, presented by the most prevalent HLLA-I alleles.
In the future, this approach could be applied to other types of tumor antigens and a

more extensive selection of HLLA alleles.

To achieve this, we initially chose the most common HLA-I alleles in the
European Caucasian population. We then defined the selected list of mutations in
cancer driver genes that we intended to investigate. We also assessed the best cell
source for identifying peptides through immunopeptidomics and used this platform
to discover and validate putative neoantigens derived from recurrent cancer mutations

using mass spectrometry.

11. Selection of recurrent mutations in cancer driver genes for
the construction of Hotspot Tandem Minigenes (HSTMG)

As a first step, we explored several cancer sequencing data repositories (Cancer
Gene Census, Cancer Hotspots, My Cancer Genome, cBioportal, and IntOGene)
as a means to detect and prioritize the shared mutations present in common tumor
suppressors genes and oncogenes. We selected a total of 13 cancer driver genes
based on: (1) harboring mutations across many types of cancer (i.e., TP53, KRAS,
PIK3CA, BRAF, PTEN, NRAS, SMAD4, and AKTT) (Figure 14A) or (2) having
a high prevalence in a restricted group of tumor types (i.e., ERBB2, KIT, GNAQ,
GNAT1, and POLE) such as breast, gastrointestinal, uveal melanoma or endometrial
cancer. Within these genes, we prioritized 35 missense variants mapping in hotspot

regions (Figure 14B).
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Figure 14. Selection of the most relevant recurrent alterations affecting cancer driver
genes from repository data. Data were obtained from the website Cancer Hotspots, a re-
source derived from Chang et al. 2016, 2018. A) The percentage of tumor samples across all
cancer types containing mutations in the top 50 most highly mutated genes ate plotted. Only
single residue type of mutation was considered for this analysis. B) Heat map displaying the
frequency of the 35 selected hotspot mutations in 13 driver genes by anatomical location. Fre-
quency was calculated as the number of samples presenting the specified mutation relative to
the total number of samples analyzed per anatomical location.

For each of the selected hotspot mutations we synthesized 25-mer minigenes
encoding for one non-synonymous mutation (NSM) flanked by 12 amino acids (AA)
of the wild-type sequence on each side. These minigenes were concatenated with other
minigenes encoding for patient-specific mutations, to form a HSTMG containing up
to 25 minigenes. A total of four constructs were generated to encompass all selected
hotspot mutations. Specifically, HSTMG1 contained (n = 13), HSTMG2 (n = 15), and
HSTMG (n = 6). As an exception, HSTMG4 contained only one hotspot mutation,
but the rest of the minigenes encoded for patient-specific mutations. It is important
to note that while minigenes encoding private mutations were also included in each
of the HSTMG constructs, the resultant mutant neoantigens will not be discussed in

this thesis, as they do not derive from the selected hotspot mutations in driver genes.
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ZsGreen (ZSG) was incorporated into all HSTMG plasmids as a fluorescent
reporter to monitor the transfection efficiency of these constructs. A P2A linker was
added before ZSG to ensure proper separation from the minigenes, as explained in

the Materials and Methods section related to tandem minigenes construction.

1.2.Prioritization of the most frequent HLA-I alleles in the
European Caucasian population

Our study focused on discovering public neoantigens presented by the most
frequent HLLA-T alleles of the European Caucasian population, which could be
leveraged to develop off-the-shelf TCR-engineered T-cell therapies or vaccines. To
select these HLA-I alleles, we analyzed data from the Allele Frequency Net Database
and chose five HLA-A alleles, three HLLA-B, and four HLA-C alleles, all exceeding a
5% frequency in the population of interest (Figure 15A). We also included the allele
HILA-C*08:02 to test the ability of our approach to identify previously reported
peptides presented by this allele (76,178).
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Figure 15. Prioritization of highly frequent HLA-I alleles. A) Allele frequency of the top
ten most prevalent HLA-A, B, and C alleles in the European Caucasian population. Data were
obtained from the website Allele Frequency Net Database, as of September 2023. Weighted
frequency was calculated for alleles reported in at least 40 populations, each with a minimum
size of 100 individuals. Highlighted in green are the 12 HLLA-I alleles prioritized with a fre-
quency above 5% in the indicated population. Highlighted in grey, HLLA-C*08:02, selected for
comparison purposes.
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B) Percent allelic frequency of the selected HLA-I alleles in cancer patients. HLA-I genotyp-
ing of cancer patients from the TCGA Pan-Cancer Atlas study was inferred with Optitype
and downloaded (https://gdc.cancer.gov/about-data/publications/panimmune). All TCGA
cancer types were included, but the frequency of the HLA-I alleles of interest was calculated
for the group of patients reporting EUR in their Genetic Ancestry Label (n = 8012). The al-
lelic frequency of the 13 selected HILA-I alleles from cancer patients (TCGA) is compared to
healthy donors (HD) of European Caucasian population (as calculated in panel A).

Since the selection of HILAs was based on healthy donor typing, we verified
that cancer patients did not present a major bias in frequency for the prioritized
alleles. To this end, we examined the occurrence of specific HLA-I alleles in patients
categorized as having European genetic ancestry in the Tumor Cancer Genome
Atlas (TCGA) Pan-Cancer dataset. We found that the allelic frequency of the HLLA-I

alleles we prioritized was similar in healthy donors and cancer patients (Figure 15B).

In total, we selected 13 different HLLA-TI alleles that are highly prevalent in the

European Caucasian population and cancer patients.

1.3.Evaluation of the different cell types for the detection of
HSTMG-derived peptides by immunopeptidomics

We reasoned that we could leverage HLA-I immunopeptidomics to discover
novel mutant epitopes presented by antigen-presenting cells expressing both the

selected hotspot mutations in the form of HSTMGs and the HLA-I of interest.

To optimize the detection of HSTMG-derived peptides, we evaluated two
different sources of antigen-presenting cells: cells naturally expressing multiple HLA-I
alleles or cells expressing a single HLLA-I allele through exogenous overexpression,

referred to as HLLA-I monoallelic cells.

1.3.1. Use of B cells as antigen-presenting cells to identify
neoepitopes presented on HLA-I

We first evaluated the potential of B lymphocytes, which are professional APCs,
as a source for identifying candidate neoantigens derived from recurrent mutations.
B cells are abundant and readily available in peripheral blood from healthy donors
or cancer patients and can be expanded up to large numbers, providing significant

advantages as a source for immunopeptidomics studies.
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In addition, B cells express high levels of HLLA class I gene products, facilitating
the simultaneous evaluation of neoantigen candidates from up to six different HLA-I
alleles. For all these reasons, we designed an MS-based immunopeptidomics strategy

for using patient-derived B cells, depicted in Figure 16.

Briefly, the strategy entailed identifying PBMCs from donors expressing
prevalent HLLA-T alleles of interest, expanding their B cells to high numbers, and
then transfecting them with HSTMGs to express the mutations of interest via
electroporation of in vitro transcribed IVT) HSTMG RNA. Finally, we used these
modified B cells to perform HILA-I immunopeptidomics to identify the mutated

peptides presented on HLA-I.
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Figure 16. Experimental strategy to identify HSTMG-derived peptides by HLA-I im-
munopeptidomics of B cells. Blood samples were obtained from VHIO cancer patients and
DNA was extracted from PBMCs. (1) HLA-I genotyping from genomic DNA extracted from
PBMCs was obtained either from WES or NGS. (2) B cells from patients containing at least
one HLA-I of interest were isolated by CD19 selection from PBMCs and in-vitro expanded to
5x107-1x10° cells. (3) HSTMG-expressing B cells were obtained through independent electro-
poration of IVT RNA from HSTMG1-3 constructs. (4) HLA-I immunopeptidomics was per-
formed using HSTMG transfected B cells to identify the peptides presented on HLA-I mole-
cules. The peptide sequences that came from the constructs were identified using a customized
database including the human proteome (SwissProt) as well as the HSTMG AA sequences and
then categorized based on where they mapped in the HSTMG constructs into wild-type, arti-
ficial junction, mutated or as P2A-ZSG. Peptides that did not map to the HSTMG construct
were categorized as endogenous. Image created with Biorender.com.
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First, we selected patients with highly prevalent HLA-I alleles. We extracted
DNA from PBMCs to perform HILA-I genotyping (Figure 16.1). Based on these
results, we chose to work with B cells from four cancer patient donors carrying
at least one of the HLA-I alleles of interest for our work (Table 5). B cells from
selected patients were purified from PBMCs using anti-CD19 magnetic beads and

expanded in vitro up to 5x107-1x10® cells (Figure 16.2).

Table 5. Relevant patient characteristics included in the immunopeptidomics experi-
ments using B cells.

Shared

Patient ID | Tumor type N .
somatic variant

HLA-I typing

ead and A*02:01 A*03:01
ead an *07- * .
VHIO-08 Neck (H&N) PIK3CA £sa2k z*g;;gi E*(l)ig;
Head and A*24:02 A*29:02
VHIO-09 |\ (HEN) None B*14:02 B*44:03
C*02:02 C*16:01
A*03:01 A*26:01
VHIO-153 | Pancreatic KRAS,G1p | BX07:02 B*18:01
C*07:02 C*16:02
A*11:01 A*32:01
MBM Lung KRAS, g13c. | B*14:01 B*55:01
C*03:03 C*08:02

Patient identification, tumor type, the shared somatic variant detected by WES or targeted
sequencing in each patient tumor, and HLLA-I typing of their PBMCs. The somatic variant (*)
was not encoded in the three HSTMGs used for the study. HLA-I alleles highlighted in bold
represent those with an allelic frequency above 5% in the European Caucasian population. The
underlined alleles were of interest for comparison with previous reports.

To test whether HSTMG-derived peptides were expressed, processed, and
presented on the HLA-I molecules of B cells and could be detected through
immunopeptidomics, each of the patient-derived B cells were independently
electroporated with IVT RNA-derived from HSTMG1, HSTMG2, and HSTMG3
(Figure 16.3). After 20 hours of culture, cells were harvested and analyzed by flow
cytometry to monitor transfection efficiency by the expression of the ZSG reporter.
Next, we immunoprecipitated the pHLA-I from the B cells and eluted and analyzed
the peptides bound to HLA-I molecules by LC-MS/MS. The amino acid sequences
corresponding to each acquired mass spectrum data set were inferred by database

search using a customized database comprising the reference human proteome and

the AA sequences of the three HSTMGs.
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The identified peptides were classified as mutated, wild-type or artificial junction
depending on whether the peptides mapped to regions in the HSTMG containing
a mutation, not containing a mutation, or to the junction between two different
concatenated minigenes, respectively. Additionally, HSTMG-derived peptides
mapping to the P2A linker or ZSG reporter were categorized as P2A-ZSG. Those
peptides mapping to the human proteome, but not to HSTMG sequences, were
categorized as endogenous, as they arise from proteins natively expressed by B cells

(Figure 16.4).

The three HSTMGs were electroporated into B cells from each of the four
selected patients, resulting in a total of 12 HSTMG-B cell combinations. The
average number of unique total peptides recovered from each sample ranged from
2921 for MBM patient to 4744 for VHIO-09 (Figure 17A). The eluted peptide
sequence features were typical of HLA-I ligands, in terms of length distribution
(predominantly 8-12AA, Figure 17B) and the proportion of peptides predicted to
bind to patient-specific HLLA-I alleles (Figure 17C). Unsupervised clustering analysis
of the identified peptides from each patient was carried out using GibbsCluster
2.0 software to align the input peptides and group them based on their amino acid
sequences. For each patient studied, we observed that the eluted peptides grouped
into clusters displaying motifs similar to the consensus motifs of the patient’s
HILA-A and HLA-B alleles as defined by NetMHCPan4.1-EL (Figure 17D). Only
patient VHIO-153 showed a pattern resembling peptides binding to HLA-C*16:02,
suggesting that B cells do not express high levels of HLA-C.

85

Results



6000

4000 4

0O VHIO-08

| VHIO-09

3000 A O VHIO-153
| MBM

>
w

2000

4000 [ ]
BWHSTMG1
@ HSTMG2
2000 4 A HSTMG3 i
0 0

1000
T T T T
VHIO-08  VHIO-09  VHIO-153 MBM 7 8 9 10 11 12 13 14 15
Length (AA)

C 6% 5% 6% 5% 10% 6% 7% 8% Binder
st
CJws
[Ins

Number of
unique peptides

Number of
unique peptides

VHIO-08
VHIO-09
VHIO-153
MBM

89% 89% 84% 85%

D A*02:01 A*03:01 B*07:02 B*18:01 C*05:01 C*07:02

Defined
HLA-I motif

VHIO-08

Unbiased
clustering

A*24:02 A*29:02 B*14:02 B*44:03 C*02:02 C*16:01

Defined
HLA-I motif

VHIO-09

Unbiased
clustering

A*03:01 A*26:01 C*07:02 C*16:02

Defined
HLA-I motif

VHIO-153

Unbiased
clustering

B*55:01 C*03:03

Defined
HLA-I motif

MBM

Unbiased
clustering

Figure 17. Peptides eluted from HSTMG-expressing B cells display typical HLA-I pep-
tide features.
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A) Number of unique peptides eluted from HLA-I and identified by database search for B
cells derived from four cancer patients at 1% FDR using PEAKS Xpro. B) Peptide length
distribution of the total unique HLLA-I peptide sequences identified for each of the patient-de-
rived B cells considering all HSTMG1-3. Only peptides <15AA are depicted. C) Percentage
of peptides predicted to bind to corresponding HLLA-I molecules of each patient according
to the Eluted Ligand (EL) likelihood rank of NetMHCPan 4.1. Peptides ranging from 8 to
15 AA length, considering all HSTMG1-3 combinations per patient, were classified as strong
binders (SB, %-tile EL rank <0.5), weak binders (WB, %-tile EL rank 0.5-2) and non-binders
(NB, %-tile EL. rank >2). For each peptide, the minimal predicted %-tile EL. rank across all
the patient’s HLA-I molecules was considered. D) Comparison of HLA-I binding motif for
the patient’s HLA-I alleles defined by NetMHCPan4.1-EL (top row) to the groups defined by
unbiased clustering (bottom row). All unique 9-mers identified for B cells from each patient
were selected for the analysis. The optimal solution according to GibbsCluster2.0 analyzed by
default settings is depicted. The number of sequences per group is indicated (n=).

Collectively, these analyses indicated that the majority of identified sequences
were consistent with peptides eluted from HILA-I molecules, rather than arising

from contaminants or originating from misidentifications.

1.311. MS-based immunopeptidomics of patient-derived B cells

displayed poor resolution for the identification of candidate

neoantigens

Next, we investigated whether HSTMG-derived peptides could be detected in
the repertoire of HLA-I ligands eluted from the electroporated B cells. As expected,
we found that most of the identified peptides were derived from endogenous
proteins expressed by B cells. Forty-eight peptides were derived from the HSTMGs
studied. One limitation was that peptides mapping to the wild-type sequence of
the mutated minigenes encoded by the HSTMG also mapped to the corresponding
endogenous protein, as both were included in the customized database used to
analyze the proteomics data. Although we were unable to unequivocally distinguish
whether these peptides arise from wild-type sequences of the introduced HSTMG
construct or the native protein potentially expressed by B cells, these were considered

as HSTMG wild-type peptides for the purpose of our study.

The number of total HSTMG-derived peptides diverged largely between the
four patients. Patients VHIO-09 and VHIO-153 presented the largest number
of peptides, which coincided with the high transfection efficiency of HSTMG
constructs (Figure 18A).
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Figure 18. HLA-I eluted peptides from transfected B cells contained several HST-
MG-derived peptides. A) The bars show the number of unique HSTMG1-3 derived peptides
identified, classified by categories and per patient. The mean intensity of ZsGreen (ZSG) flu-
orescence measured by flow cytometry is shown in the left bar as an indicator of the level of
HSTMG expression. B) Unique mutant HSTMG-derived peptides identified in each patient.
Cells filled in blue indicate peptides detected in B cells derived from a particular patient, while
blank cells indicate that none were detected (N.D.). For each presented peptide, the number of
HILA-TI alleles from the patient for which it can be considered as a binder according to NetM-
HCPan 4.1 (%-tile EL rank <2) is specified in the corresponding cell as pale blue (n = 1). The
specific peptide sequence (left) and the mutation from which they derive (right) are annotated.
The mutated AA is highlighted in red.

Regarding the categories of peptides originating from HSTMGs, artificial
junction peptides were the most abundant in the four patients (Figure 18A).
Moreover, peptides derived from the P2A linker and the ZSG reporter were also
recovered from the HLLA-I molecules of three of the four patients studied (Figure

18A).

Among the 48 HSTMG-derived peptides, we detected 10 mutated peptides, five
derived from shared mutations in driver genes (Figure 18B; for peptides derived
from patient-specific mutations, see Appendix Figure 1). These mutated peptides
were detected in B cells from all individuals except for VHIO-08. Notably, all the
identified neoantigens were predicted to bind to at least one of the HLLA-I alleles

from the corresponding patient B cells where they were identified (Figure 18B).

Because we used cancer patient-derived B cells, we also had the unique
opportunity to investigate the presentation of hotspot mutations present in the
patient’s tumor as determined by WES (Table 5) by their autologous HLAs. This
analysis was limited to the PIK3CA mutation in VHIO-08 and KRAS

mutation in VHIO-153, since these were the only shared mutations identified by

. E542K .G12D
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tumor WES that were included in our HSTMGs. Nonetheless, mutant peptides
derived from these recurrent mutations were not detected by immunopeptidomics

following electroporation into their respective B cells.

To determine whether B cells were the optimal cell type to elute HSTMG-derived
peptides, we tested their ability to present previously reported mutated peptides
originating from recurrent mutations encoded by our constructs. By using our
method with the HSTMG-electroporated B cells from the four patients analyzed, we
could potentially identify 16 mutated peptides documented by July 2021 presented
in different HLA-A, B, and C alleles. However, only one of the 16 peptides was

detected in the B cells of MBM patient, a peptide derived from KRAS ., presented

.G12V
by HLA-A*11:01. The remaining 15 mutated peptides reported to bind to HLA-I
alleles, expressed by B cells of at least one of the four studied patients, such as

HLA-A*03:01, HLA-B*07:02 and HLA-C*08:02, were not identified (Table 06).

Table 6. Reported neoepitopes expected to be detected on HLA-I alleles of HSTMG-

expressing B cells.

Peptide sequence | Shared neoantigen | HLA-Il allele | Reference | VHIO-08 | VHIO-153 MBM
LATEKSRWS %
LATEKSRWSG BRAFp veooE A*02:01 249
KLVVVGADGV A*02:01 244
VVVGADGVGK 82
VVGADGVGK A%03:01 '
VVVGADGVGK 183
KRAS; 6120 A*11:01
VVGADGVGK ’ 179
GADGVGKSAL B*07:02 179
GADGVGKSAL C*08.02 26
GADGVGKSA '
KLVVVGAVGV A*02:01 244
VVVGAVGVGK A*03:01 259
VVGAVGVGK KRAS 5 612v '
VVVGAVGVGK
VGAVGVGK A*11:01 183
HMTEVVRHC TP53 R175H A*02:01 75

Peptide sequence with the mutant AA highlighted in red, shared neoantigen from which they
derive, HLA-I presenting allele, and reference of the first report detecting the peptide-HLA
pairs are listed. Three patients presenting HLLA-I alleles where these peptides should have been
detected using the HSTMG-expressing B cells are annotated.
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Cells filled in black indicate the detection of the peptide in the patient, crossed cells for the
expected peptides not identified in the patient, and empty cells for peptides not expected to be
detected based on lack of evidence in the literature. Only reports before July 2021, when this
analysis was performed, are listed.

These results indicated that although HLLA-I immunopeptidomics of HSTMG-
expressing B cells from cancer patients led to the detection of some neoantigens, it
appeared less robust to discover novel peptides, as it failed to capture the majority

of shared neoantigens reported in the literature.

1.3.2. Exploiting HLA-I ligandome of HLA-I monoallelic cells

for the identification of candidate neoantigens

Based on the results mentioned above, we opted to evaluate our protocol on
a distinct type of antigen-presenting cells. Guided by prior literature, we reasoned
that performing immunopeptidomics on cells expressing one HLLA-T allele instead
of several could lead to more sensitive detection of peptides and more accurate
assignation of the eluted peptides to the unique HLLA-I allele tested. Thus, we
decided to engineer cells derived from a tumor cell line (TCL) to express only one

HILA-TI allele at a time.

We preselected a TCL derived from a head and neck cancer patient VHIO-08.
Given that tumor cell lines can evolve to limit antigen presentation as a result of
immunoediting, we sequenced VHIO-08 TCL via WES and RNA sequencing to
ensure that this cell line did not present any major alteration in the antigen presentation
pathway. This TCL harbored 2485 NSM as detected by WES. Importantly, VHIO-
08 TCL carried somatic mutations in HLLA-A and B genes, as well as one hotspot
mutation in the PIK3CA gene, which was encoded in our HSTMGs (Table 7).

Table 7. Characteristics of patient-derived tumor cell line VHIO-08.

Tumor
Patient ID Tumor type specific
NSM

Shared

. . HLA-I typing
somatic variant

A*02:01° A*03:01"
2485 | PIK3CApgsaok | B*07:02° B*18:01°¢
C*05:01 C*07:02

Hypopharingeal

VHIO-08 )
carcinoma (H&N)
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Patient identification, tumor type, number of tumor-specific NSM, and shared somatic variant
detected by WES of tumor DNA are annotated. HLA-I typing of tumor cells inferred from
WES and the genetic alterations detected are specified: (a) Loss of HLA-A*02:01 (b) Missense
mutations (c) Nonsense mutations.

Next, we evaluated the status of genes involved in the antigen processing
and presentation machinery (APM) based on a curated gene set founded on
Gene Ontology. As a reference, we compared our data with the corresponding
transcriptomic data of tumor cell lines of similar origin in the Cancer Cell Line
Encyclopedia (CCLE) database. VHIO-08 TCL did not show alterations in genes
encoding key elements involved in the HLA-I presenting pathway such as TAP,
ERAP or the catalytic subunits of the proteasome (Figure 19A). Despite some gene
mutations related to antigen presentation (Figure 19B), we had extensive evidence in
our laboratory that this cell line could express, process, and present known antigens

in HLLA-I, which were recognized by the patient’s TILs (Appendix Figure 2).

A @® TPM<20in patientonly © TPM<20in both B . .
A Mutated @ TPM>20 Missense  Stop gain
HLA-AH
2048.0
HLA-BH
o PSMD3
PSMD3
PSMD6
ITeBs PSMD12
1280 PSMDS ITGBS5H
Cross-
PSMD12 presentation | NCF4T]
i
o IKBKG WDFY4]
>
= Number of mutations
3.0 PSMD9 012
PSMA2
0.5
WDFY4
NCF4

Genes related to antigen processing and presentation pathway

Figure 19. Gene expression and mutation analysis of antigen presentation pathway
genes in VHIO-08 TCL. A) Expression levels of the 234 genes included in a curated gene set
based on the Gene Ontology Antigen Processing and Presentation pathway in VHIO-08 TCL.
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Expression level is plotted as Transcripts Per Million (TPM+0.1) and compared to the median
expression levels of these genes in tumor cell lines of similar origin (n= 33) from the Cancer
Cell Line Encyclopedia (CCLE) data repository. Gene expression levels are represented as dots
for non-mutated and triangles for mutated genes; green dots indicate genes with higher expres-
sion (TPM > 20) and purple with lower expression (TPM < 20), specifically in VHIO-08 but
not in the corresponding CCLE biorepository (median TPM CCLE). Grey dots denote low ex-
pression (TPM < 20) in VHIO-08 TCL and CCLE cell lines. Genes of interest directly related
to the HLA-I presentation pathway, pootly expressed genes (IPM < 20) in VHIO-08 patient
only, or mutated genes are labeled. B) Mutations in genes related to the HLA-I processing
pathway in VHIO-08 TCL. Heat map summarizing the number and categories of mutations in
genes coding for proteins involved in the HLLA-I processing pathway or cross-presentation, as
detected by WES of VHIO-08 TCL. Cell colors indicate the number of mutations.

Once we had selected VHIO-08 TCL as our working model, we designed the
strategy depicted in Figure 20 to discover novel HLA-I mutant peptides arising from
recurrent driver mutations in cancer. Our goal was to engineer VHIO-08 TCL to
eliminate all the native cell surface HLLA-I expression and presentation from the cell
line. Afterward, we planned to reintroduce specific HLA-I alleles together with the
candidate antigens of interest. Finally, we leverage immunopeptidomics to identify

the peptides arising from the antigen of interest presented on the expressed HLA-I.

To this end, we genetically modified VHIO-08 TCL to obtain a B2ZM negative
cell line through CRISPR/Cas9 inactivation of the B2-microglobulin gene (Figure
20.1). As B2M is required for the surface expression of HLLA-I molecules, B2M gene
inactivation results in a lack of HLA class I expression on the cell membrane (268).
The resulting B2M KO cells were used for the generation of transient monoallelic
cells via co-electroporation of one HSTMG1-4, consisting of the concatenated 25-
mers harboring recurrent mutations of interest, and one B2M_HILA chimera, each
encoding for one of the HLA-I alleles of interest (Figure 20.2). Next, HSTMG-
expressing HLA-I monoallelic tumor cells were lysed to isolate the pHILA-I complexes
by affinity chromatography, and the purified peptides were analyzed by LC-MS/MS
shotgun mass spectrometry (shotgun MS) (Figure 20.3, left and middle panels). A
customized database, including the entire human proteome and the HSTMG AA
sequences, was used to identify the peptide sequences of the HLA-I ligands. As
explained in section 1.3.1, HSTMG-derived peptides were categorized as mutant,
wild-type, artificial junction, or P2A-ZSG, depending on where their sequences

mapped to in the HSTMG constructs.
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Last, selected mutant peptides identified in each HSTMG-B2ZM_HILA chimera
combination were validated through Parallel Reaction Monitoring mass spectrometry

(PRM-MS) using isotope-labeled peptide versions (Figure 20.3, right panel).

1 CRISPR/Cas9 B2M null cell line 2)m vitro transcribe RNA  Electroporation of IVT-RNA into B2M KO cells
sgRNA B2M B2M_HLA
L i B2M_HLA Chimeras #1-13 e F ﬁ F
EE| :
$r7 o —{ o [T EECAR ,
—= ! !
—~ — Hotspot (HS)-TMG #1-4 HSTMG B
TCL VHIO-08 B2M KO TCL MG#1 MG#25
—17 HLA-I monoallelic
’ —D]' D:m_ 95:5? A HSTMG-expressing cells
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Figure 20. Strategy for identifying and validating HSTMG-derived peptides through
HILA-I immunopeptidomics using monoallelic tumor cells. (1) B2M KO recipient cells
wete generated by CRISPR/Cas9 KO of B2M on VHIO-08 TCL. The tesultant B2M null cell
line was 7z vitro expanded up to high numbers. (2) To generate cells expressing an HLLA-I and
HSTMG of interest, IVT RNA from one HSTMG construct and one B2M_HILA chimera
encoding for one of the 13 prioritized HLLA-I alleles for our study were co-electroporated into
B2M KO recipient cells to obtain HLLA-I monoallelic HSTMG-expressing cells. After 20h of
culture, the transfection efficiency of both constructs was measured through flow cytometry,
and cells were collected and snap-frozen. (3) Surface pHLA-I complexes from transfectants
were immunoprecipitated; the peptides were isolated, purified, and then analyzed by liquid
chromatography coupled to mass spectrometry (LC-MS/MS). The peptide sequences atising
from the constructs were identified using a customized database including the human proteome
(SwissProt) as well as the HSTMG AA sequences, and then categorized based on where they
mapped in the HSTMG constructs into wild-type, artificial junction, mutated, P2A-ZSG or as
endogenous peptides if they did not map to the HSTMG construct. Selected HSTMG-derived
mutant peptides were validated using pools of isotope-labeled peptide versions (heavy pool)
that were spiked into HLA-I eluted peptides from transfectants (consisting of a specific B2M_
HLA chimera (n) and HSTMG (n) combination) for which LC-MS/MS identified at least one
mutant peptide. In the corresponding HILA-I preparations for peptide validation, endogenous
peptides (light) and isotope-labeled peptides (heavy) were monitored through PRM-MS. Image
created with Biorender.com.

The establishment of this strategy and the results derived from each step are

summarized in the following sections.
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1.3.2.1. Generation of an epithelial tumor cell line negative for B2M
expression through CRISPR/Cas9

To obtain the B2M null VHIO-08 tumor cells, we introduced the
ribonucleoprotein complex, consisting of Cas9 and a specific single guide RNA
(sgRNA) for B2M, via electroporation. Four days later, approximately 40% of the
tumor cells were found to be HLLA-I negative by cell surface flow cytometry (Figure
21A). To enrich for HLA-I negative cells, we selected the HLLA-I negative population
through cell sorting and obtained a 96% pure HLLA-I negative population. These
cells were expanded in culture until VHIO-08 B2M knockout TCL was established.
The final resulting TCL (referred to as B2ZM KO cells) was HLA-I negative by cell
surface flow cytometry (Figure 21B), although the endogenous HLA-I molecules

were still expressed in the cells (Figure 21C).
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Figure 21. Generation of surface HLLA class I negative tumoral cells by knocking out
the B2M gene in VHIO-08 TCL. A) Flow cytometry plots showing HLLA-I expression using
a Pan-HLA-I antibody on VHIO-08 TCL at basal levels (WT) or four days after electropo-
ration of the CRISPR/Cas9 + sgRNA B2M (sgRNA B2M) constructs. HLA-I negative cells
were sorted (red gate) and expanded in culture to establish the B2M KO TCL. B) Flow cytom-
etry evaluation of cell surface HLA-I expression using a Pan-HILA-I antibody on the estab-
lished B2M KO TCL compared to the patental TCL (WT). The background autofluorescence
(unstained) of B2M KO TCL is shown. C) Immunoblot analysis of B2M, HLA, and ACTIN
in TCL VHIO-08 WT and B2M KO.

Next, we characterized the proteasome of the B2ZM KO cells since it is known
that the activity of specific catalytic subunits can shape the repertoire of presented
peptides (41). Western blot analysis revealed that the proteasome’s three constitutive
catalytic subunits (81, B2, 85) were expressed by both the parental and B2M KO
cells. In contrast, the inducible subunits (311, 82i, 351) were expressed in B cells and

hardly detectable in tumor cells.
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We also detected the TAP1 and TAP2 proteins in B2M KO cells, suggesting that
the translocation of degraded cytosolic peptides to the endoplasmic reticulum was

preserved (Figure 22).

The results above indicated that we had generated a B2M KO cell model
lacking cell surface HILA-I expression and with constitutive expression of a standard
proteasome from a patient-derived TCL. This B2M KO cell model constituted the
basis for establishing our HLLA-I monoallelic platform and leveraging it for public

neoantigen discovery.
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Figure 22. Characterization of the catalytic subunits of the proteasome and TAP pro-
teins on B2M KO TCL. Immunoblot analysis of the constitutive $1, 32, 85 and the inducible
subunits 311, $2i, and 35i together with TAP1, TAP2, and ACTIN proteins in TCL VHIO-08
WT and B2M KO as well as in B cells derived from the same patient.

1.3.2.2. Generation of transient HLA-I monoallelic tumor cells

expressing HSTMG

For the generation of HLA-I monoallelic cells, we first designed 13 B2M_HLA
chimeras to cover each of the prioritized HLLA-I alleles, as previously reported (261).
Briefly, these constructs encoded the B2M protein linked via a short GS linker to
the sequence of an HLA-I allele without the signal peptide, ensuring that only the
HILA-I allele of interest was folded with 32M and loaded with intracellular peptides.
This way, pHLA-I complexes on the cell surface of B2M KO recipient cells were
expected to exclusively derive from the specific B2M_HILA allele expressed but not

the endogenous alleles.
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To analyze mutant peptides presented on each selected HLLA-I allele at a time,
we generated RNA from constructs encoding the 13 different B2M_HILA chimeras
and the four HSTMG by IVT to further co-electroporate B2M_HLA-HSTMG
combinations individually into B2M KO recipient cells. This system enabled us
to study the presentation of the mutations selectively encoded in the HSTMG in

transient HLLA-I monoallelic cells.

To determine the optimal RNA quantity for achieving the highest percentage of
transfected cells and expression level, considering the mean fluorescence intensity
(MFI), while maintaining viability, increasing amounts of B2M_A*02:01 RNA or
HSTMG1 RNA were electroporated into 2x107 tumor cells. Cell surface expression
was monitored using an anti-human Pan-HLA-I antibody and ZSG expression was
evaluated as a surrogate for HSTMG expression. As observed in Figure 23, 12 ug of
B2M_A*02:01 construct was enough to achieve the highest percentage of HLA-I
positive cells with the least impact on cell viability (Figure 23A), while 18 pug appeared
optimal in the case of the HSTMG construct (Figure 23B).
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Figure 23. Evaluation of the optimal RNA quantity of HSTMG and B2M_HILA chime-
ra for electroporation into B2M KO cells. Cells were transfected with increasing amounts of
B2M_HIA chimera or HSTMG RNA. After 20h culture, the number of live cells was assessed
via trypan blue staining using a Neubauer chamber while HLLA-I and control gene ZSG expres-
sion was measured by flow cytometry. A) Cell surface expression of HLA-I was measured by
staining with the Pan-HLA-I antibody to evaluate the transfection efficiency of B2M_A*02:01,
as a representative construct of the B2M_HILA chimeras. B) The expression of ZSG was used
to assess the transfection efficiency of HSTMGT, a representative example of the efficiency
of the HSTMG RNA. The black dots, lines, and shaded areas indicated the number of total
live cells (outer y-axis) while the bars indicated the % of positive cells (left y-axis) and mean
fluorescence intensity (MFI) (right y-axis) for each marker as evaluated by flow cytometry. Data
are representative of at least three independent experiments.
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1.3.2.3. Optimizing the conditions for HLA-I ligandome screening by

immunopeptidomics

After fixing the RNA quantity for each construct, we generated single or
double transfectants using two different B2M_HILA chimeras, each combined with
HSTMGT to study the expression of the constructs as well as the HLLA-I ligandome

of electroporated B2M KO cells via immunopeptidomics.

Cell pellets with two different quantities of electroporated cells (i.e. 2x10’
and 6x10” total cells) were generated in parallel to evaluate the best condition for
identifying the highest number of HSTMG-derived peptides. As controls, we used
two pellets of 6x107 cells that were either not electroporated or transfected with
HSTMGT1 alone. These controls, both lacking exogenous expression of a B2M_
HIA chimera, also enabled us to test the presence of residual HLLA-I expression and

presentation by the B2M KO cells.

As observed in Figure 24 A, expression of ZSG or HLA-I was exclusively detected
in tumor cells that were electroporated with the corresponding constructs (i.e., ZSG
in HSTMG1-transfected cells and HLA-I in B2M_HLA chimera electroporated
cells). Of note, equivalent levels of expression of B2M_HILA chimeras were
observed when the cells were electroporated with the B2M_HILA construct alone
or combined with HSTMG1 (Figure 24A). Based on these results, we decided to set
a minimum transfection efficiency threshold of 65% for each of the constructs to

proceed with LC-MS/MS in double transfectants.

Following immunopeptidomics via shotgun MS analysis of the single and double
transfectants, we recovered from 1887 to 5895 peptides in all the conditions in
which a B2M_HLA chimera was electroporated alone or combined with HSTMGT.
The number of recovered peptides increased with the number of transfected cells
used (Figure 24A). Notably, more peptides were recovered from B2M_A*02:01
transfectants than from B2M_A*03:01 (Figure 24A).

As expected, we did not detect peptides in B2M KO cells that had not been
electroporated. However, despite the lack of surface HLA-I expression in B2M KO
cells electroporated with HSTMGT1 alone (Figure 24A), 465 peptides were identified.

Of note, none of the peptides were derived from the construct introduced.
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Figure 24. Transfection efficiency of single and double transfectants and immunopep-
tidomics analysis of HLA-I peptides of HSTMG1-single transfectant. A) Number of
unique peptides eluted from HLA-I and identified by database search for each transfectant
generated at 1% FDR using PEAKS Xpro (top). Transfection efficiency of HSTMG1 mea-
sured by ZSG reporter (middle) and of B2M_HILA chimeras measured by Pan-HLA-I staining
(bottom) on single or double transfectants 20h post-electroporation. Constructs electroporated
into the B2M KO cells ate specified below. Results from cell preparations consisting of 2x107
and 6x107 cells are plotted. B) Charactetistics of peptides recovered from single transfectant
with HSTMGT1. Length distribution of unique peptides (top left panel). Only peptides <I5AA
are plotted. Percentage of unique peptides (8-15AA) predicted to bind to endogenous HLLA-I
alleles of the recipient B2M KO cells (middle left panel). Peptides are classified as strong bind-
ers (SB) (%o-tile EL rank <0.5), weak binders (WB) (%-tile EL rank 0.5-2), or not binders (NB)
(%o-tile EL rank >2) considering the minimal predicted %-tile EL rank for VHIO-08 HLA.
Single motif generated by unbiased grouping of 9-mer peptides using GibbsCluster 2.0 (bot-
tom left panel). Defined HLLA-I binding motifs of VHIO-08 patient HLLA-I alleles according
to NetMHCPan4.1-EL are depicted (right panel).

The peptides recovered from the HSTMG1 single transfectant did not follow
the typical length distribution of peptides eluted from HLA-I (Figure 24B). They
were not predicted as binders for any of the six endogenous HLA-T alleles, did not
cluster in a group with conserved anchor residues according to GibbsCluster2.0, nor
resembled any of the binding motifs of the HLA-I alleles from VHIO-08 patient
(Figure 24B). Altogether, these results suggested that these peptides were derived

from a contamination rather than classical HLA-I bound peptides.
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Next, we analyzed the peptides recovered from single (only B2M_HILA chimera)
or double transfectants (B2ZM_HLA chimera + HSTMG). The identified peptides
displayed the typical features of HLLA-I ligands, including length distribution (Figure
25A), regardless of the number of cells from which they were eluted. Moreover,
approximately 80% of the recovered peptides from each transfectant were predicted
as binders of the specific HLA-I allele introduced (Figure 25B). In addition,
unsupervised clustering analysis of the peptides identified from each transfectant
consistently clustered in a group that recapitulated the anchor motifs expected for
HLA-A*02:01 or HLLA-A*03:01 (Figure 25C). Overall, these results indicated that
HLA-I ligands from B2M KO cells transfected with B2M_HILA chimeras displayed

the expected characteristics for the HLLA-I allele introduced.
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Figure 25. Peptides presented by B2M_HILA chimeras in electroporated B2M KO
TCL display the expected HLA-I characteristics. A) Peptide length distribution of the
total unique HLA-I peptide sequences identified for transfectants with B2M_A*02:01 or
B2M_A*03:01 chimeras alone or in combination with HSTMG1 for the two cell quantities
tested. Dashed bars show results from single transfectants with B2M_HILA chimeras. Solid
bars represent results from double transfectants with B2M_HLA chimeras and HSTMGT.
Only peptides <15AA are plotted.
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B) The percentage of unique peptides ranging from 8 to 15 AA predicted to bind to the in-
troduced B2M_HILA chimera either alone or in combination with HSTMGT1 for the two cell
quantities tested according to NetMHCPan4.1. Peptides were classified as strong binders (SB,
%-tile EL rank <0.5), weak binders (WB, %-tile EL rank 0.5-2), and non-binders (NB, %o-tile
EL rank >2). C) Comparison of HLA-I binding motif from the introduced B2M_HLA chime-
ras to the consensus motif defined by NetMHCPan4.1-EL. Unique 9-mers identified in each
of the generated single or double transfectants were used for the analysis. The optimal solution,
according to GibbsCluster2.0, analyzed by default settings when allowing for a single group, is
depicted. The number of peptide sequences (n=) is indicated in each case.

Further, these data also supported that the endogenous HLA-I alleles of the
B2M KO cells were not able to stabilize and present peptides in the absence of the

native B2M expression.

We then focused on identifying peptides derived from HSTMG1. As expected,
detection of HSTMG-derived peptides was only possible when both constructs were
co-electroporated. Notably, the number of total HSTMG-derived peptides identified
was higher in cell prepatrations containing 6x10" transfectants compared to 2x107
cells. Specifically, we detected 24 and 27 HSTMG-derived peptides for B2M_A*02:01
and B2M_A*03:01, respectively, from 6x10" transfected cells, compared to 13 and
12 HSTMG-derived peptides when using 2x10 transfected cells (Figure 26). More
details about the specific number of mutant ligands and their sequences are given in
sections 1.4 and Appendix. Based on the enhanced capability to capture HSTMG-
derived peptides in single HLLA-I alleles, we found that the optimal number of cells

to generate novel double transfectants by this approach was 6x107 cells.
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Figure 26. Greater cell numbers of double transfectants enabled the detection of more
HSTMG-derived peptides via immunopeptidomics. Comparison of the number of HST-

MGT1-derived peptides identified per category (mutated (Mut), wild-type (Wt), artificial junc-
tion (AJ) and P2A-ZSG) in double transfectants for the two cell quantities evaluated.



All mutant and wild-type peptides mapping to the HSTMG1 construct were considered for
this analysis, irrespective of whether they mapped to minigenes encoding for shared or private
mutations included in the HSTMGT1 construct. The specific category of hits derived from
HSTMGT1 is annotated for B2M_A*02:01 and B2M_A*03:01 combinations.

Overall, our data established the B2M KO cells transiently expressing a B2M_
HILA chimera and antigen of interest as a flexible RNA-based HLA-I monoallelic

platform to discover novel epitopes via immunopeptidomics.

1.4.Identification of HSTMG-derived peptides presented on
HLA-I monoallelic tumor cells

To comprehensively investigate the presentation of neoantigens across various
HILA-T alleles, we generated 40 transfectants carrying a combination of one of four
HSTMG and one of 13 B2M_HLA chimeras. Thereafter, we immunoprecipitated
pHLA-I complexes and analyzed the HLLA-I ligands from each generated transfectant
through shotgun MS.

The mean total number of unique peptides recovered from each of the B2M_
HLA chimeras analyzed when combined with the three different HSTMG constructs
ranged from 1055 peptides for B2ZM_C*04:01 to 7053 peptides for B2M_A*11:01
(Figure 27A, left panel). For B2M_A*03:01, which was also combined with
HSTMGH4, the total number of unique peptides was within the above-mentioned
range. Importantly, all peptides recovered from the different HLA-A, HLA-B, and
HILA-C chimeras displayed the expected HLLA-I characteristics in terms of peptide
length distribution, HLLA-I binding affinity and recapitulated the expected HLA-I
binding motifs for each of the introduced alleles (Appendix Figure 3).

The number of unique peptides retrieved varied significantly and was
correlated with the percentage of HLA-I" cells obtained following transfection of
the 13 different B2M_HILA chimeras (Figure 27A, left panel, and 27B r = 0.6007;
p<0.0001). It is unclear whether this variability is due to a potential differential
binding of the Pan-HLA-I antibody to HLLA-I alleles or to differences in the stability

and/or transfection efficiency among the B2M_HLA chimera constructs used.
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Figure 27. Characterization of HSTMG-derived peptides presented by B2M_HILA
chimeras electroporated into B2M KO TCL. A) Number of total unique peptides iden-
tified by LC-MS/MS from B2M KO cells transfected with the B2M_HILA chimera and pet-
centage of Pan-HILLA-I expression measured by flow cytometry for each B2M_HILA chimera
analyzed (left). Mean and SD are plotted for each chimera considering the three HSTMG
studied (HSTMG1-3) except for B2M_A*03:01(*), for which an extra HSTMG was evaluated
(HSTMG1-4). The total number of unique HSTMG-derived peptides classified per category
is shown (right). All peptides mapping to the HSTMG constructs were considered for this
analysis,irrespectiveof whethertheymappedtosharedorprivateminigenesencodingformutations
included in the HSTMG constructs. Peptide sequences mapping to P2A-ZSG are not shown.
B) Correlation analysis between the total number of unique peptides identified for each B2M_
HLA chimera and % HLA-I" cells. Each dot represents a single transfectant where a B2M_
HLA and one HSTMG construct were combined. C) Correlation analysis between the total
number of unique HSTMG-derived peptides to % HLA-I" cells. Only HSTMG-derived hits
that can be unequivocally attributed to the introduced HSTMGs, excluding wild-type peptides,
are considered for each transfectant. The p-value and Spearman’s tho (r) for each analysis are
annotated in the corresponding graph.

A highly variable number of HSTMG-derived hits were identified in each
chimera, ranging from 9 to 70 total unique sequences. Mutated and artificial junction
were the most abundant categories. Nonetheless, we detected peptides derived from

minigenes encoded throughout the entire construct sequences for all HSTMG
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studied, indicating that tumor cells effectively processed the entire polypeptide.

Importantly, at least one mutant peptide derived from the 97 mutations (35
hotspot drivers and 62 patient-specific) encoded in the four HSTMG was captured
by shotgun MS from each B2M_HILA chimera (Figure 27A, right panel). Moreover,
the number of peptides unequivocally derived from HSTMGs, excluding wild-
type peptides, showed a correlation with the percentage of HLA-I' cells obtained
following transfection of the 13 different B2ZM_HIA chimeras (r = 0.3598; p =
0.0226) (Figure 27C), but not with the expression of ZSG (r = 0.1370; p = 0.3992)

(not shown).

Overall, 124 mutant peptides were identified across 13 HLA-I alleles: 49 from
hotspot mutations in driver genes representing 84 peptide-HLA pairs (Figure 28),
and 75 peptides derived from patient-specific mutations representing 96 peptide-
HILA pairs (Appendix Figure 4).

1.4.1. Identification of public neoantigens presented by highly
prevalent HLA-I alleles

The 49 mutated HLLA-Iligands detected were derived from 22 different recurrent
mutations encoded in the HSTMGs. A total of 84 peptide-HLA pairs were detected;
while some of the 49 identified neoepitopes were presented by multiple B2M_HILA
chimeras, others were restricted by a single B2M_HILA chimera. Among these pairs,
B2M_A*01:01 emerged as the top presenter for mutant ligands. Notably, at least
one hotspot-derived neoantigen was identified for each B2M_HILA chimera studied,
except for B2ZM_C*07:01 (Figure 28).

By using HLLA-I monoallelic cells, we captured 19 out of the 29 previously
reported public neoantigens encoded in our HSTMG constructs, indicating our
strategy was capable of detecting relevant neoantigens. One such neoantigen
was a 10-mer derived from KRASP presented in HLA-C*08:02 (76).

Another relevant example is the detection of a 9-mer detived from PIK3CA

.G12D

.H10471.

presented in HLA-A*03:01 (223). More importantly, we also discovered many novel

putative neoantigen-HLA pairs.
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Figure 28. HLA-I immunopeptidomics of HLA-I monoallelic tumor cells detected
more than 80 mutant peptide-HLA pairs derived from 22 shared cancer neoantigens
presented by 12 HLA-I alleles. The number of mutated peptides (MP) detected by HLA-I
immunopeptidomics is displayed for each of the B2M_HILA chimeras studied. The specific
gene, position, and specific AA change are specified. The PIK3CA p— labeled as (*) was
encoded in HSTMG4, which was studied only in combination with B2M A*03:01.

With few exceptions, the peptides mapping to hotspot-derived neoantigens
were identified in samples transfected with the specific constructs encoding the
corresponding recurrent mutation, suggesting that those peptide sequences were
correctly identified (Appendix Figure 5). It is worth noting that although B2M KO
cells harbored the PIK3CAPE5 o Variant (Table 7), the mutant peptide was only
detected in the B2M_A*11:01 and HSTMG?2 transfectant and not in other HSTMG-
B2M_HILA chimera combinations. This indicated that the peptide identification was
due to the introduced RNA of HSTMG?2, which encoded this recurrent mutation,
rather than the expression of the endogenous mutant protein of the tumor cell

line. Moreover, the peptide was exclusively presented by the B2M_A*11:01 chimera
(Figure 28).
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Altogether, these results showed that this method, based on HLA-I monoallelic
tumor cells and shotgun MS, appeared more sensitive at detecting mutated peptides
than the B cell strategy (see section 1.3.1.2). Importantly, immunopeptidomics of
HLA-I monoallelic cells led to the detection of a considerable number of novel
candidate mutant peptide-HLA pairs that had not been previously reported in
the literature. Nonetheless, given that we set a 1% False discovery rate (FDR) as a
threshold to identify the HLA-I ligands by mass spectrometry, a small fraction of these
could be miss-identifications. Moreover, against all odds, three peptide sequences
derived from BRAF | (KIGDFGLATEK), KRAS ., (GADGVGKSAL) and
KRASp,mzv (VVVGAVGVGK) were consistently identified when HSTMGT1 or
HSTMG?2 were electroporated in B2M KO cells, regardless of the specific B2M_
HLA chimera expressed. This raised concerns that these could represent false
positives. To generate a more curated list of mutant peptide-HLA pairs presented

with high confidence, we sought to perform PRM-MS.

1.5.Applying targeted mass spectrometry for validation of
selected mutant peptide-HLA combinations

This thesis focused exclusively on identifying mutant peptides derived
from hotspot mutations in driver genes across 12 prevalent HLA-I alleles and
HILA-C*08:02, which did not meet the 5% frequency threshold in the European
Caucasian population. From now on, all results refer to the 74 peptide-HLA pairs

detected in these 12 prevalent HLA-I alleles.

We used PRM-MS to validate the selected mutant hotspot-derived neoantigens.
This method is used routinely in the field of proteomics and immunopeptidomics,
providing high selectivity and high sensitivity for confident target peptide
confirmation. To this end, we generated new snap-frozen pellets of B2M KO cells
expressing the combinations that led to at least one identified mutant peptide by
shotgun MS (in total 28 HSTMG-B2M_HILA chimera combinations) and purified
the HLA-I peptides.

In parallel, we purchased the individual isotope-labeled peptide versions of the
sequences of interest (a total of 48 peptides). We generated pools of the labeled
peptide versions and spiked these into each corresponding sample, and both the

heavy (isotope-labeled) and light (endogenous) peptides were monitored through
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PRM-MS. Only those ligands for which both peptide versions were detected were
considered as validated for a particular HSTMG-B2M_HILA combination.

1.5.1. Removing false identifications from shotgun mass
spectrometry screenings
As mentioned in section 1.4.1, we noticed that three peptides were repeatedly
identified in several B2M_HIA chimera HSTMG1/HSTMG2 combinations. Of
note, these peptides had been previously reported to be exclusively presented in
HLA-A*03:01, HLA-B*07:02, and HILA-C*05:01 alleles (178,180,181). Given
that these HLA-I alleles were present in the original VHIO-08 TCL used for the
obtention of B2M KO cells and that these were not cloned, we wondered whether
we were dealing with an incomplete knockout of the B2M gene in VHIO-08 TCL.
A small remanent of B2M competent cells could explain the repeated detection of
these peptides from cells carrying different B2M_HLA chimeras and HSTMG1/
HSTMG?2 combinations, as a result of presentation by endogenous HLA-I alleles.
Consistent with this hypothesis, when re-stained with more specific anti-HLA-I
antibodies, we found that B2M KO tumor cells showed residual level of HLA-A*03:01
(0.4%) and HLA-C (0.8%) expression (Figure 29A).
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Figure 29. Residual HLA-I and B2M cell surface expression in B2M KO cells and
PRM-MS validation of peptides detected using multiple B2M_HILA chimeras. A) Per-
centage of B2M KO and parental VHIO-08 WT TCL expressing surface HLA-I and B2M. Ex-
pression was assessed with allele-specific antibodies for VHIO-08 HLA-I (HLA-A2, HILA-A3,
HILA-B7) and the Pan-HLA-B, Pan-HILLA-C, Pan-HLA class I or B2M antibodies. B) Checkers
plot showing the mutant peptides (hits) repeatedly detected by shotgun MS and confirmed by
PRM-MS in various B2M_HLA chimera transfectants. The peptide sequence with the mutant
AA highlighted in red, the HSTMG transfectant from which each peptide was derived and the
specific B2M_HIA chimera are shown in the rows and columns, respectively.
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Black squates indicate peptides that were not evaluated (N.E.) by PRM-MS. Red squares in-
dicate peptides not validated according to PRM-MS (No), while green cells indicate peptides
validated according to PRM-MS (Yes). The telative ratio light/heavy of validated peptides is
annotated within the corresponding square.

To account for the interference from the residual expression of the endogenous
HILA-I, even if very low, we introduced an additional validation filter for these three
neoantigens. Given the low percentage of cells with residual HLA-I expression
(lower than 1%) and the high transfection efficiency of B2M_HILA chimeras (over
65%), we anticipated that peptide presentation by residual HLA-I would result
in lower peptide intensity. To differentiate between presentation by residual or
transfected HLA-T alleles, we analyzed the relative ratio of light/heavy peptides in
each transfectant. We considered these three neoantigens as validated in a specific
B2M_HLA chimera only when the relative ratio of light/heavy peptide was above

20% of the highest ratio for that peptide (see materials and methods for more detail).

Using this more stringent criterion, only five peptide-HILLA pairs were validated.
More specifically, they were only validated by PRM-MS when presented in the
expected B2ZM_HILA chimeras based on prior literature (178,180,181) (Figure 29B).

1.5.2. Generation of a curated list of validated neoantigen-

HLA pairs

After removing the false positive peptide identifications resulting from
residual B2M expression, we focused on validating the remaining 54 peptide-
HLA pairs identified across 11 B2M_HILA chimeras. We decided to exclude
five public neoantigens from our PRM-MS experiments (ILDTAGREEY from
NRAS . in B2M_A*01:01; VVVGADGVGK derived from KRAS . and
ALHGGWTTK derived from PIK3CA_, ., in B2M_A*03:01; VVVGADGVGK
and VVGADGVGK both derived from KRASP in B2M_A*11:01) as they had
previously been reported and validated by different mass spectrometry techniques
(181,182,223,231). Of the remaining 49 peptide-HLA pairs, 38 were validated by
PRM-MS. Of note, for B2M_A*24:02 and B2M_C*05:01 chimeras, all the identified
peptide sequences via shotgun MS were effectively validated using PRM-MS (Figure

30A).

.G12D
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Figure 30. Targeted mass spectrometry guided validation of 38 peptide-HLLA combina-
tions detected by shotgun MS. A) Percentage of mutant peptides identified by shotgun MS
and validated or not by PRM-MS. For some B2ZM_HIA chimeras, peptides already described
in the literature were not evaluated (N.E.) by PRM-MS. Peptide-HLA pairs validated using the
relative light/heavy ratio (Figure 16B) were not considered. The specific number of peptides
for each group is annotated. B) Co-elution profile of transitions of endogenous (top) and iso-
tope-labeled (bottom) peptides using Skyline software for three shared neoantigens detected
in B2M_A*11:01, B¥07:02 or B2M_C*04:01 chimeras. The isotope-labeled amino acids of the
peptides monitored by PRM-MS are indicated by (*).

Among all validated candidates, the following exemplify three neoantigens
consistently identified using shotgun MS and PRM-MS methods: SCMGGMNQR
derived from TP53 ., presented by B2M_A*11:01; AVGVGKSAL derived from
KRAS ., presented by BZM_B*07:02 and FFDETRQL derived from PIK3CA
RESQP presented by B2M_C*04:01 (Figure 30B). These neoantigens represent

promising candidates identified by our method for the development of cancer

immunotherapies that could apply to multiple cancer patients.

Overall, PRM-MS led to the validation of 43 peptide-HLLA pairs identified by
shotgun MS. This included five peptide-HLLA pairs mentioned in the previous section
and the 38 peptide-HLA presented pairs in this section. Our results underscore the
potential of this flexible RNA-based strategy, coupling expression of a selected
HIA-I allele and antigen of interest and HLLA-I immunopeptidomics, for discovering

novel neoantigen-HLA pairs.
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1.5.3. Exploiting increased sensitivity of targeted mass

spectrometry for the identification of additional peptide-HLA

pairs

PRM-MS is more sensitive than shotgun MS at identifying HLA-I peptides.
Because of this, we decided to use this technique to investigate whether we could
capture additional peptides derived from hotspot mutations encoded in our HSTMGs

that were not detected through shotgun MS.

We first investigated six previously reported peptide-HLA combinations
which theoretically could have been detected in our study but shotgun MS missed
(75,178,182,218,252). By spiking the isotope-labeled peptides into the HLA-I
preparations from selected HSTMG-B2M_HILA combinations and monitoring by
PRM-MS the signals of the light and heavy versions, we identified four of the six
selected neoantigens in the corresponding HLA-I alleles reported (Table 8). Notably,
the two remaining neoantigens that were not validated, derived from TP53
and TP53

techniques (218). Nonetheless, this experiment evidenced the well-known limited

R248Q

gy MUtAtions, were not originally described using mass spectrometry

sensitivity of shotgun MS and suggested that we may have missed peptide-HLA

pairs of interest.

Table 8. Monitoring previously reported neoantigens that were not captured in the shot-
gun MS screening of HLA-I monoallelic tumor cells using targeted MS.

Peptide Shared Tested Detected by
sequence neoantigen HLA-I allele | Reference S P - PRM-MS
B2M_A*03:01
VWVGACGVGK | KRAS ;1o 178 + HSTMG3 YEs
A*03:01 »
- B2M_A*03:01 VES
+HSTMG2
VVGAVGVGK KRASp_GlZ\/ B2M A*11:01
A*11:01 T y
183 + HSTMG2 YES
B2M_A*02:01
HMTEVVRHC | TP53, p17sh 75 + HSTMG1 e
B2M_A*02:01
GMNQRPILTI | TP53, possq A*02:01 + HSTMG1 NO
218
B2M_A*02:01
GMNWRPILTI | TP53, possw  HSTMG? NO

Peptide sequence with the mutant AA highlighted in red, shared neoantigen from which they
derive, HLA-I presenting allele and the reference to the first report detecting the peptide-HLLA
pair are listed. The tested transfectants expressing the corresponding B2M_HIA chimera and
HSTMG construct encoding for the mutation evaluated in each case and detection by PRM-
MS in the corresponding transfectants is specified.
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1.5.3.1. Prospective identification of HLA-I ligands by targeted mass

spectrometry

When analyzing the peptides identified in our screenings, we noticed that most
of the HLA-Iligands detected in the cells electroporated with B2M_A*03:01 chimera
were also detected in cells electroporated with the B2M_A*11:01 chimera. The high
overlap in peptide identification could be explained by the similarity between their
HILA-I allele binding motifs (Figure 31A). Nevertheless, perhaps due to the limited
sensitivity of shotgun MS, some peptides uniquely detected when transfecting
with B2ZM_A*11:01 scored as potential binders to HLA-A*03:01 according to
NetMHCPan4.1, and vice versa, but were not identified in those chimeras. For
instance, we initially detected two mutant peptides derived from different PIK3CA
mutations by shotgun MS uniquely in HLA-I preparations with the B2M_A*11:01
chimera. By monitoring these peptides in HLLA-I preparations with B2M_A*03:01
using PRM-MS, which is more sensitive, we were also able to detect presentation of
the HLA-I ligand STRDPLSEITK, derived from PIKBCAPE5 4510 Py BZM_A*03:01
(Figure 31B).

A B

HLA-A*03:01 4o
HLA-I Binding Groove 25
123456789 % % pyblicneoantigens
MVDVGGLRSERRK |[O]ne] o, Go32s)
1111111 = STRDPLSEITEK O PIK3CA, gy (535-545)
HLA-A*11:01 K Al STRDPL S K ‘ PIK3CA s, (532-542)
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Figure 31. PRM-MS identified two additional peptide-HLA pairs. A) HLA-I binding
motifs of HLA-A*03:01 and HLLA-A*11:01 as defined by NetMHCPan4.1-EL are shown. B)
The sequence of mutant peptides studied by PRM-MS aligned with the HLLA-I binding groove.
The amino acid sequences are aligned based on the consensus lysine (K) in position 9 of the
peptide binding groove; anchor residues (P2 and P9) are highlighted in yellow. A heat map dis-
playing the predicted binding affinity (%o-tile EL rank) of each neoantigen for HLA-A*03:01
or HLA-A*11:01 alleles according to NetMHCPan4.1 is shown in the right panel. Peptides de-
tected by shotgun MS and validated by PRM-MS (Valid.) in a specific B2M_HI.A are labeled as
black dots inside each corresponding cell. Peptides not identified by shotgun MS but detected
by PRM-MS (New) in a B2M_HLA chimera are labeled as white dots.
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Crossed cells represent peptides not identified by shotgun MS in a particular B2M_HIA chi-
mera but monitored by PRM-MS for which the endogenous peptide was not detected (N.D.)
and thus not validated in the specific HLA-I allele. Peptides not evaluated by PRM-MS in a
specific B2M_HLA chimera are also indicated (N.E.). The recurrent mutations and coordinates
in the protein of each public antigen are annotated.

We also checked for the presentation of a mutant ligand derived from
GNATT i B2ZM_A*03:01. This experiment was prompted since, although
GNAT11 and GNAQ genes are highly homologous in their hotspot regions, we only
detected a peptide derived from GNAQ_ ., presented by B2M_A*03:01 by shotgun
MS. Indeed, targeted mass spectrometry identified this same public neoantigen
derived from GNAT11 in B2ZM_A*03:01 (i.e. MVDVGGLRSERRK) (Figure

p.Q2091,
31B).

Overall, two additional mutant peptide-HLA pairs were uniquely identified
through PRM-MS using this approach, along with four previously reported
neoantigens that were originally missed by shotgun MS; as discussed in the previous
section (Figure 32A, shown in orange). Altogether, PRM-MS identified mutant
peptides in specific HSTMG-B2M_HLA combinations that would have been

overlooked using only shotgun MS screenings.

1.5.4. Candidate public neoantigens identified through

shotgun and targeted mass spectrometry screenings

Using our HLA-I monoallelic cell method, we identified and validated a total
of 49 peptide-HLA pairs from 28 HSTMG-B2M_HILA chimera combinations
studied (Figure 32A; Appendix Figure 6 and Appendix Table 1). The detected
mutant peptides were derived from 23 out of the 35 hotspot mutations encoded
by the HSTMG constructs. Despite 16 of the identified peptide-HLLA pairs had
been reported by other authors, we detected 33 novel peptide-HILA pairs by using
our HLA-I monoallelic tumor cell system that, to our knowledge, had not been

previously described (Figure 32B).
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Figure 32. Forty-nine shated candidate neoantigens-HLA pairs were validated by
PRM-MS. A) The number of mutated peptides (MP) detected only by PRM-MS (orange) or
detected by shotgun and validated by PRM-MS (blue) are shown for the B2M_HILA chimeras
analyzed, which includes only those chimeras where PRM-MS has validated at least one pep-
tide. The name of the driver gene, the position, and the specific AA change ate specified. The
mutation labeled with (*) was encoded in HSTMG4, which was exclusively combined with
B2M_A*03:01. B) Pie chart showing the percentage of shared mutations (n=35) encoded in
HSTMG1-4, giving rise to at least one presented mutant peptide and validated by PRM-MS
(MP captured) for the 12 B2M_HILA chimeras included in PRM-MS validations (left). Pie chart
showing the number of peptide-HLLA complexes validated by PRM-MS previously reported in
the literature (reported) or, to our knowledge, identified for the first time (novel) (right). Only
shared mutations encoded in HSTMG presenting at least one mutant peptide were considered
for this analysis.

1.6.Comparison of empirically identified HLA-I mutant
peptides to the performance of an HLA-I binding prediction
algorithm

HIA-I binding prediction algorithms are routinely used to prioritize candidate
neoantigens for the development of personalized vaccines or the identification of

antigen-reactive TIL or TCRs (192,269).
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As opposed to our approach to discover public neoantigens, which explored
the presentation of any candidate peptide derived from the HSTMG constructs by
12 prevalent HILA-I alleles, other studies typically exploit HLA-I binding prediction
algorithms to preselect a few mutant peptides that are investigated through targeted

mass spectrometry (178).

To investigate whether our approach was advantageous, potentially capturing
peptides that HLLA-I binding prediction algorithms would have overlooked, we
aimed to compare the experimentally identified mutant peptide-HLA pairs with
those predicted by 7 si/ico HLLA-I binding prediction algorithms. To this end, we
employed the widely used NetMHCPan4.1 algorithm to predict peptides derived

from the selected recurrent mutations that could bind to the evaluated HLLA-I alleles.

To identify predicted mutant HILA-I binders, we uploaded the sequences of
all 25-mers encoding the 35 hotspot mutations onto the NetMHCPan4.1 website.
Mutant peptides with a %-tile ELL rank <2 scores for binding with any of the 12
HILA-T alleles evaluated with PRM-MS were considered binders (only 8-14AA were
considered as per default settings in NetMHCPan4.1). This analysis predicted 353
peptide-HLLA combinations, with HLA-A*01:01 being the allele with the highest
candidate mutant ligands (Figure 33, middle panel).
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Eluted peptides
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as binders

Figure 33. Comparison of experimentally eluted and identified mutant peptides to
peptides predicted as binders by the NetMHCPan4.1 algorithm. The left and center plots
show the number of experimentally identified peptides (labeled as eluted) vs predicted peptides
for each HLLA-T allele tested. Peptides derived from a total of 35 shared mutations encoded in
the HSTMGs evaluated are represented. Mutant peptides within the 25-mers were considered
binders if they were in the 8-14 AA range and had a %-tile EL rank <2 according to NetMH-

CPan4.1.
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Bars in the right panel represent the percentage of peptides experimentally identified and val-
idated in the mass spectrometry screenings that were considered binders (Binders; %-tile EL
rank<2) or non-binders (NB; %-tile EL rank >2) by NetMHCPan4.1.

Importantly, almost 25% of the peptide-HILA combinations experimentally
identified and validated by our method were not predicted to bind to the specific
HIA-T allele restricting their presentation, as empirically determined using our
method (Figure 33, left panel). The frequency of misclassified peptides was higher
for some HLLA-I alleles, including HLLA-B*07:02 and HLLA-B*08:01, for which most
of the experimentally determined presented peptides were classified as non-binders
by the HLLA-I binding affinity algorithm (Figure 33, right panel). These results are
particularly interesting because HILA-I binding algorithms are currently the most
commonly used tool for generating peptide vaccines for cancer treatment. At least
using this specific HLA-I binding prediction algorithm, peptides that were shown
to be empirically processed and presented by specific HLA-I alleles were classified
as non-binders. Consequently, these peptides would not have been prioritized for

patient treatment.

Our method, based on MS screenings using HLLA-I monoallelic tumor cells,
enabled high-throughput mining for mutated peptides presented on frequent HLA-I
alleles while limiting the bias for peptides prioritized based on HLA-I binding

prediction algorithms.

1.7. Assessment of hotspot-derived neoantigen processing
and presentation in patient-derived tumor cell lines

Next, we wanted to evaluate the reliability of our approach in identifying
naturally processed and presented public neoantigens in a more physiological
setting by tumor cells harboring the relevant variant and HILA-I allele. To this end,
we evaluated the presentation capacity of two selected mutant peptide candidates,
validated in our transfectants of B2M KO cells, BRAFp.V()OOE and PIKESCAPR%Q
presented by HLA-A*11:01 and HLA-C*05:01, in two patient-derived TCL. We
selected VHIO-133 melanoma TCL and EC-35035 endometrial TCL, harboring the
BRAF | and PIK3CA_

pV60

variants, respectively, as assessed by WES and RNA

.R88Q

sequencing (Table 9).
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Through HLLA-I genotyping, these cell lines were also found to present the
corresponding restriction elements, HLA-A*11:01 or HLA-C*05:01. Thus, we
expanded the cell lines, performed immunopeptidomics and PRM-MS analysis to

evaluate the spontaneous presentation of these peptides by the tumor cells.

Table 9. Features of patient-derived tumor cell lines used in PRM-MS exploratory exper-

iments testing the spontaneous presentation of selected public neoantigens.

Shared (%-tile) Gene | Gene | tVAF | tVAF

somatic variant | expression | TPM | (DNA) | (RNA) A

Patient ID | Tumor type

A*11:01 A*30:02

VHIO-133 | Melanoma BRAF, ve00E 73.4 12.2 | 994 100 | B*18:01 B*35:01
C*04:01 C*05:01

Endometrial A*02:01
EC-35035 P|K3CAp‘RggQ 79 43 .4 52 40 B*07:02 B*44:02
cancer, POLE C*05:01 C*07:02

Patient identification, tumor type, the detected shared somatic variant and the expression levels
determined by WES and RNA sequencing of tumor DNA. The percentile (%o-tile) gene ex-
pression, transcripts per million (TPM) and tumor variant allele frequency (tVAF) at DNA and
RNA level are shown. HLA-I typing of the TCLs is indicated with the relevant HLLA-T alleles
presenting selected neoantigens in bold and undetlined.

Although the two TCL expressed HLA-I molecules on the cell surface, as assessed
with a Pan-HLA-I antibody (Figure 34A), we did not detect the corresponding
interrogated peptides in these TCLs (Figure 34B).

B
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Figure 34. HLA-I cell surface expression and PRM-MS detection of two candidate
shared neoantigens in patient-derived TCL. A) HLLA-I sutrface expression of patient TCLs
VHIO-133 and EC-35035 measured by flow cytometry using a Pan-HLA-I antibody. An unre-
lated patient-derived TCL (NCI-1913) was used as a positive control. The left and right plots
show the background autofluorescence (unstained) of VHIO-133 and EC-35035 controls.
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B) PRM-MS detection of peptide candidates GDFGLATEK (derived from BRAFP.W)OOE) and
FFDETRQL (derived from PIK3CA .. ) for the two-patient derived TCL compared to B2M
KO cells transfected with B2M_A*63:Ol or B2M_C*05:01 chimeras, respectively. Blue cells
indicate mutant peptides (MP) that were detected through our method and validated by PRM-
MS, and crossed cells indicate peptides that PRM-MS did not validate in the corresponding
patient-derived T'CL. White cells indicate peptides that were not evaluated (N.E.) by PRM-MS.

Based on these results, we suspected that these TCLs could present alterations
of the APM, as this can directly impact the HLA-I ligandome of cells. Therefore,
somatic mutations or an abnormal expression level of antigen processing and
presentation-related genes in these tumor cells were evaluated and compared with
data from other tumor cell lines of the same origin from the CCLE repository. For
VHIO-133 TCL, we found a reduced expression of TAP1, and TAP2 which are
important players for HLA-I presentation (Figure 35A), compared to other tumor

cell lines derived from skin of the CCLE repository.
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Figure 35. Characterization of alterations in the antigen presentation pathway of
VHIO-133 and EC-35035 TCL. Expression levels of 234 genes included in a curated gene
set based on the Gene Ontology Antigen Processing and Presentation pathway in VHIO-133
and EC-35035 TCL.

116

Results



Expression level is plotted as Transcripts Per Million (TPM+0.1) and compared to the me-
dian expression levels of these genes in tumor cell lines originating from A) skin (n= 50) for
VHIO-133 or B) endometrium (n=29) from the CCLE data repository. Gene expression levels
are represented as dots for non-mutated and triangles for mutated genes; green dots indicate
genes with higher expression (TPM > 20) and in purple with lower expression (TPM < 20)
specifically in VHIO-133 or EC-35035 TCL but not in the corresponding CCLE biorepository
(median TPM CCLE). Grey dots denote low expression (TPM < 20) in both VHIO-133 and
EC-35035 TCL and CCLE cell lines. Genes of interest directly related to the HLA-I presenta-
tion pathway, poorly expressed genes (TPM< 20) in VHIO-133 or EC-35035 only, or mutated
genes are labeled.

In the case of EC-35035 TCL, we observed several somatic non-synonymous
or stop-gain mutations in many different genes related to this pathway. Of note,
TAP2 as well as PSMBG6, the gene encoding for the 31 catalytic subunit of the
proteasome, both presented several non-synonymous mutations (Figure 35B). The
alterations observed in each case could impact the pool of peptides that can be
processed and presented by these patient-derived TCLs, potentially explaining the

lack of presentation of the interrogated peptides.

Altogether, these results suggested that antigen presentation could be influenced
by factors other than expression of the recurrent mutation and the HLA-I allele.
Whether the public neoantigens identified through our approach are naturally
processed and presented by patient-derived tumor cells warrants further exploration

with a broader panel of tumor samples.
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2. Isolation and characterization of TCRs reactive against
hotspot mutations for their potential use to develop off-
the-shelf T-cell therapies

After identifying peptides derived from hotspot driver mutations presented by
specific HLA-I alleles, we aimed to detect T cells capable of targeting them. This
could lead to the identification of TCRs that could be used for off-the-shelf T-cell

therapies for cancer patients.

We explored IVS of PBLs, entailing subsequent antigen-specific stimulation
with specific peptides, to potentially drive antigen-specific stimulation and capture
TCRs reactive to different candidate public neoantigens across multiple HLLA-I

alleles within a single donor.

2.1. Detection of T-cell responses against hotspot-derived
neoantigens in the peripheral blood of a breast cancer patient
using in vitro sensitization

We sought to explore IVS for expanding neoantigen-specific circulating CD8*
T cells obtained from the metastatic breast cancer patient GOI-01. We selected this
patient because: 1) the tumor harbored the recurrent mutation PIK3CA /. as
detected by tumor DNA WES (Table 10) and 2) the patient was HLA-A*11:01%,
which, according to our HLA-I immunopeptidomics screenings, presented one

mutated peptide derived from PIK3CA] hotspot mutation. In addition, this

. E545K
patient presented the highly prevalent allele HLLA-C*04:01, which was also of
interest, given its relatively high frequency in the Caucasian population and for which

we had identified some candidate neoantigens through immunopeptidomics.

Table 10. Features of GOI-01 patient relevant to the IVS experiment.

Patient ID | Tumor type Sh_ared . Recognlzec! private
somatic variant neoantigens
KIAA1524,, 557
GOI-01 | Breast cancer PIK3CAp.E545K PLXNB3p.D252Y
RPS6KL1, ks36fs

Patient identification, tumor type and shared somatic variant detected through WES of tu-
mor DNA. In addition, the three recognized private neoantigens identified in a previous high
throughput personalized screening of enriched subsets of GOI-01 PBLs performed in our
laboratory are listed.
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The neoantigen arising from the mutation highlighted in bold, recognized by enriched CD8"
PBL subsets, was included in MEP-2 for the IVS experiment.

Thus, we exploited IVS to expand potentially pre-existing T-cell responses
against PIK3CA_

public neoantigens presented in these two HLA-I alleles. To this end, we generated

susi from GOIL-01 PBL and to induce de novo responses to other
two personalized minimal epitope pools (MEPs) (MEP-1 and MEP-2) containing
candidate public neoantigens identified through our immunopeptidomics screenings
on either of the two HLA-I alleles of interest. MEP-1 and MEP-2 shared ten
candidate public neoantigens presented by HLA-A*11:01 or HLLA-C*04:01 (Table
11). Additionally, MEP-2 contained four neoantigens, three derived from KRASp
and KRASPMZV
novo responses from HLA-A*11:01" HD PBLs (178,179). Furthermore, it included

.G12C

recurrent mutations that had previously been shown to induce de

a mutant peptide derived from a private necoantigen, KIAA1524 .~ restricted
to HLA-B*40:01 (Table 10 and Table 11), recognized by CD8" PBL-enriched
subsets of GOI-01 using a high-throughput personalized screening performed in
our laboratory (Appendix Figure 7). This peptide served as an internal control to
investigate whether our IVS protocol could enrich for a known CD8" T-cell reactivity

present in the blood.

Table 11. Minimal epitope pools (MEP) used for the IVS experiment with GOI-01 PBLs.

Pools for IVS ‘

Minimal Peptide . PRM-MS
epitope ID i Length Neoantigen |Presented by Validated MEP-1| MEP-2

ME_1 SSCMGGMNQR 10-mer YES
TP53; r248q

ME_2 SCMGGMNQR 9-mer YES

ME_3 KIGDFGLATEK 11-mer NO
BRAF, ve00E

ME_4 GDFGLATEK 9-mer A*11:01 YES

ME_5 STRDPLSEITK 11-mer PIK3CAp Esask YES

ME_6 ALMSELEVLSY 11-mer KITo ka2 YES

ME_7 KAISTRDPLSK 11-mer | PIK3CA, gsax YES

ME_8 | GADGVGKSAL | 10-mer KRAS, 6120 NO

ME_9 FFDETRQLC 9-mer C*04:01 NO
PIK3CA, rgsq

ME_10 FFDETRQL 8-mer YES

ME_11 | VWGACGVGK | 10-mer KRAS, G12¢ YES

ME_12 VVVGAVGVGK 10-mer A*¥11:01 YES
KRASp G12v

ME_13 VVGAVGVGK 9-mer YES

ME_14 SECLICLVEL 10-mer | KIAA1524,¢s7 | B*40:01 N.E.
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The minimal epitope identification, the peptide sequence with the mutant AA highlighted in
red, its length, and the neoantigen from which it originated are annotated. Peptide sequences
(ME1-13) were identified by shotgun MS as presented by HLA-A*11:01 or HLA-C*04:01 and
validated by PRM-MS in the corresponding HSTMG-B2M_HLA transfectants. The private
neoantigen from GOI-01 binding to HLA-B*40:01, which was not evaluated (N.E.) in our
PRM-MS studies, was included as a control. Peptides contained in MEPs are marked in pale
blue or dark blue for MEP-1 and MEP-2, respectively, in the last two columns.

Although we were interested in raising T-cell responses to public neoantigens
restricted to the prevalent alleles HLA-A*11:01 or HLA-C*04:01 from GOI-01, we
were concerned that other HLA-I alleles with similar HILA-I binding motifs (Figure
36A) could also present the candidate public neoantigens. In silico predictions
confirmed that the candidate neoantigens contained in MEP-1 and MEP-2 could
potentially bind to other HLLA-I alleles present in the patient (Figure 36B). This,
together with the potential competition among peptides from a pool for binding
to one same HLA-I, could limit the amount of peptide presented on the allele of
interest. Therefore, for the HLA—A*l1:01—PIK3CAP

chose to perform IVS individually to maximize the possibility of detecting a T-cell

isasc Minimal epitope (ME), we

response to this specific peptide.
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Figure 36. Patient GOI-01 HLA-I genotype and binding affinity prediction of the epi-
topes included in the corresponding MEPs to the patient’s HLA-I alleles. A) HLA-I
genotyping according to GOI-01 PBMC WES data. Reference consensus binding motifs gen-
erated by NetMHCPan4.1-EL for each HLA-I allele are shown. B) Heat map displaying the
predicted HLA-I binding affinity (%-tile EL rank) according to NetMHCPan4.1 of the mini-
mal epitopes (ME) contained in MEP-1 and MEP-2 for each patient HLLA-I alleles. The specif-
ic ID of each ME is specified.

120

Results



In addition, CEF peptide pool (PP), consisting of minimal epitopes from
cytomegalovirus (CMV), EBV and Influenza virus (Flu) binding to prevalent HLA-I

alleles, was used as a positive control for detecting HLLA-I responses.

We conducted multiple rounds of stimulation on two independent replicates per
condition using an IVS protocol based on prior literature with some modifications
to enhance the activation and expansion of specific T-cell responses. After each
stimulation round, we assessed the frequency of peptide-reactive T cells by
measuring the upregulation of the 4-1BB activation marker following co-culture
with autologous peptide-pulsed B cells using flow cytometry. Alternatively, we used
peptide-loaded HLLA-I dextramer staining to identify expanded T-cell reactivities.
If any reactivity was detected by these readouts, the identified 4-1BB" or HLA
dextramer” T cells were isolated and expanded ex vivo. Finally, the TCRs of the
resulting peptide-reactive enriched populations were sequenced and cloned for

further characterization (Figure 37).
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Figure 37. Schematic representation of the strategy for enriching and isolating T cells
and TCRs targeting shared neoantigens through in vitro sensitization. Cancer patient
peripheral blood lymphocytes (PBL) were 7z vitro sensitized via four consecutive rounds of
stimulation with HPL.C (High-Performance Liquid Chromatography) grade peptides repre-
senting selected HLA-I ligands identified through immunopeptidomics. Briefly, before every
stimulation round PBMCs were pre-treated with mobilizing (IL-4 and GM-CSF) and matu-
rating factors (including IFN-y and LPS, among others). The first stimulation round (STIM1)
started with the pre-treated PBMCs pulsed with the corresponding shared neoantigens cul-
tured in the presence of IL.-21 to promote the induction of naive T-cell responses. For re-stim-
ulation, T cells from the previous stimulation round (T cells IVS STIMn) were cultured with
pre-treated and irradiated PBMCs in the presence of IL-7 and IL.-15 with the pool of shared
neoantigens used in the previous stimulation (STIMn). Further details of the specific IVS
protocol are provided in the Materials and Methods section. After each stimulation round,
the expansion of neoantigen-specific T cells was evaluated. When detected, reactive in vitro
sensitized T cells (IVS-T-cell) were enriched through FACS sorting based on custom HLA
dextramer positivity or CD8" 4-1BB" expression after 20h co-culture with autologous B cells
pulsed with the specific peptides and expanded for 14 days in a REP (NeoAg-specific T-cell
enrichment). Following bulk and single-cell TCR sequencing, the most frequent TCRaf pairs
were cloned into a retroviral vector to transduce PBL (PBL TCRtd).
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The TCR constructs contained mouse constant regions, enabling the detection of the TCRtd
lymphocytes by using antibodies specific to the mouse constant region (TCRtd"). The resulting
PBL TCR transduced cells were used to characterize TCR reactivity.

211 IVS of PBL with PIK3CA_ 5.5k minimal epitope elicited
an HLA-A*11:01 restricted T-cell response

We investigated whether we could raise a T-cell response from PBL to the
HLA-A*11:01 restricted PIK3CA ..., peptide by IVS in cancer patient GOI-01. As
previously mentioned, this mutant peptide was included in both MEP-1 and MEP-2
used for stimulation. Additionally, two replicates independently stimulated with the

PIK3CA .o minimal epitope were included.

After the first sensitization round, there was no evidence of T-cell recognition of
this public neoantigen. However, after the second round of stimulation, approximately
1% of the CD8" T-cell population bound to dextramers loaded with HLA-A*11:01-
PIK3CA .., minimal epitope (Figure 38A, top panel). This reactivity was only
detected in one of the replicates in which PBLs were sensitized exclusively with
this ME. Remarkably, neither upregulation of 4-1BB nor HLA dextramer staining

detected any additional reactivity to this neoantigen in the conditions stimulated with

MEPs.

Next, CD8" lymphocytes binding to the dextramer were enriched using FACS
and the sorted cells were expanded using a rapid expansion protocol (REP). This
strategy led to the enrichment of the reactive population, increasing its frequency
fifty-fold from around 1% after IVS, to up to 50% after sorting and expanding them

ex vivo (Figure 38A).

Co-culture assays with autologous B cells confirmed recognition of the

shared neoantigen derived from PIK3CA by the resulting peptide reactive
P

.E545K
T cells. B cells were either pulsed with the ME used for sensitization, the 25-mer
peptide encoding for the hotspot mutation, or electroporated with RNA derived
from HSTMGT1 encoding for PIK3CA
cultured with the different B cells and T-cell reactivity was evaluated by measuring
4-1BB upregulation and IFN-y secretion captured by ELISPOT. HLA-A*11:01_
PIK3CA,

was mutation-specific, as T cells did not recognize the wild-type counterpart.

.. minigene. Enriched T cells were co-
545K

154 dextramer-sorted T cells recognized the mutant peptide. The reactivity
E545K
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Of note, T-cell recognition of HSTMG1-expressing B cells was barely detectable
compared to peptide-pulsed B cells, suggesting impaired processing of these

constructs by these cells (Figure 38B).
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Figure 38. Detection, enrichment, and target recognition of a T-cell population sensi-
tized with an HLA-A*11:01-PIK3CA____ neoantigen. A) Flow cytometry plots showing
CD8* T cells stained by HLA-A*11:01 Jextramers loaded with PIK3CA sus NEOEPItOpE Of an
irrelevant peptide. The top panel shows the T-cell staining of replicate-ZP (R2) after two rounds
of sensitization with the PIK3CAP.E5 s neoepitope. The bottom panels show dextramer” CD8*

HLA-A*11:01-PIK3CA T cells stained after enrichment by FACS sorting and expansion

. E545K

by REP (CD8"Dex" + I{EP). B) Functional assessment of neoantigen recognition by enriched
dextramer™ CD8" T cells (CD8" Dex*_A*ll:01_PIK3CAP_E5 ) GOI-01 ex vivo expanded B
cells were pulsed with either an irrelevant (Irr.) or the relevant mutated (MUT) PIK.’)CAPE5 5k
minimal epitope (ME) peptides, wild-type (WT) and MUT long 25-mer peptides, or electro-
porated with HSTMG1 RNA encoding the relevant neoantigen or its W' counterpart. The
number of IFN-y spots measured by ELISPOT and the frequency of 4-1BB* cells gated on
CD3*CD8" after 20h co-culture with B cells are plotted. Data ate representative of at least two
independent experiments.

In summary, we successfully detected and expanded a T-cell population reactive

against PIK3CA The reactivity was only detected in one of the replicates

.E545K"
where T cells were exclusively sensitized with the specific mutant peptide, but not
the peptide pools. This suggests that the frequency of the reactivity in the blood
may be low, giving rise to spurious enrichment, or that there may be competition for

binding to HLLA-I between different peptides in the pool.

2.1.2. Sensitization with MEP-1 induced de novo T-cell
responses against TP53 neoepitope restricted to
HLA-A*11:01

We next evaluated the induction of de novo T-cell responses to candidate public

neoantigens presented by HLA-A*11:01 or HLA-C*04:01 by IVS with MEPs.

p.R248Q
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After the first two stimulation rounds, we did not detect any reactivity to MEP-1
in the sensitized PBLs. However, after the third round of stimulation, we observed
a low-frequent 4-1BB" CD8" T-cell population when co-cultured with B cells pulsed
with MEP-1. Subsequently, we conducted a fourth round of stimulation, which
further expanded the reactive population from 5% to 10% of 4-1BB" expressing T
cells (Figure 39A).

To enrich for MEP-1-specific lymphocytes, we sorted CD8" 4-1BB* T cells
by FACS after co-culture with MEP-1 pulsed autologous B cells (Figure 39B) and
expanded them ex vivo. This strategy led to the enrichment of the reactive population,
to 25% for T cells enriched after the third round of stimulation, and to 50% for T
cells enriched after the fourth round of stimulation (Figure 39C). Notably, enriched
T cells (referred to as CD8" 4-1BB* vs MEP-1 Stim3 or Stim4) recognized their
target neoantigen(s) equally well when presented by HSTMG1-expressing B cells,
which encoded for 8 out of the 10 ME contained in MEP-1, than when presented
by MEP-1 pulsed B cells (Figure 39C). Importantly, MEP-1 enriched lymphocytes
displayed specific recognition of the mutant form but not the wild-type counterpart

of the neoantigen(s) encoded in HSTMG1 (Figure 39C).
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Figure 39. Sensitization of GOI-01 PBL with MEP-1 elicited T-cell reactivities after
several rounds of stimulation. A) Induced T-cell reactivities were assessed in replicate fol-
lowing three (Stim3) or four (Stim4) consecutive rounds of stimulation with MEP-1 or CEF
PP. The frequency of 4-1BB* cells gated on CD3"CD8" cells is shown for each sensitized rep-
licate (R1 or R2) after 20h co-culture with B cells pulsed with the corresponding peptide pools.
B cells pulsed with an Irrelevant MEP and anti-CD3 (OKT3) activated T cells are shown as
negative and positive controls, respectively. The T-cell reactivity induced by CEF PP at Stim4
for the single stimulated replicate is plotted. B) Plots show gates applied for 4-1BB™ sorting
of CD8" in vitro sensitized PBLs reactive to MEP-1 from replicate 2 (R2) of two different
stimulation rounds (Stim3 and Stim4). Cells were sorted after 20h co-culture with autologous
B cells pulsed with MEP-1. Autologous B cells pulsed with an irrelevant MEP were used as
a negative control for T-cell activation. Gates applied for sorting are shown in red. Following
sorting, cells were expanded for 14 days using a REP.
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C) Reactivity of enriched CD84-1BB* vs MEP-1 T cells from Stim3 or Stim4 to MEP-1.
Number of IFN-y spots detected by ELISPOT and frequency of 4-1BB* cells gated on
CD3*CD8" lymphocytes after 20h co-culture with B cells pulsed with MEP-1 or an irrelevant
MEP (Irr.) are shown. B cells electroporated with HSTMG1 RNA, coding for the wild-type
(WT) or mutant (MUT) form of 8 of the 10 MEP-1 neoantigens were also used as targets. Data
are representative of at least two independent experiments.

To determine the specific neoantigen(s) recognized, we stained with fluorescently
labeled HLLA dextramers individually loaded with the minimal epitopes contained in
MEP-1. Based on the immunopeptidomics results, HLA-A*11:01 dextramers were
loaded with ME-1 to ME-7 separately, while HLA-C*04:01 dextramers were loaded
with ME-8 to ME-10 (Table 11). HLA-A*68:01 dextramers loaded with the same
peptides as HLA-A*11:01 were also tested because of the similarity of the binding

motifs between these two alleles.

Most of the HLA-A*11:01 and HLLA-C*04:01 monomers loaded with their
corresponding peptides folded properly, as experimentally assessed according to the
manufacturer’s specifications (Figure 40A). However, the HLA-A*11:01 dextramer
loaded with the 10-mer and 9-mer derived from TPSBPRz 4o and the HLA-C*04:01

dextramer bound to the 9-mer derived from PIKBCAp did not fold correctly.

R88Q
Unexpectedly, we could not determine the specific public neoantigen recognized by
enriched CD8" 4-1BB" vs MEP-1 lymphocytes using this approach, since the T cells

did not stain positive with any of the HLLA dextramers evaluated (Figure 40B).
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Figure 40. Dextramer staining failed to identify the mutant epitope(s) recognized by
MEP-1 reactive CD8" lymphocytes.
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A) Representative plots of the folding performance of the monomers loaded with the ME
peptides contained in MEP-1 following manufacturer instructions. Monomers with properly
folded control peptides and empty monomers were used as positive and negative controls,
respectively. For HLA-A*11:01 and HLA-A*68:01, two irrelevant peptides (not actually used
in the PBLs IVS experiments) were also included. B) Heat map summarizing staining of two
enriched MEP-1 reactive T-cell populations (CD84-1BB* vs MEP-1 from Stim3 or Stim4)
with HLA-A*11:01, A*68:01 or C*04:01 dextramers individually loaded with ME (from panel
A) contained in MEP-1. One irrelevant ME was used as a negative control for each group of
HILA dextramers (A*11:01, C*04:01, and A*68:01). The frequency of HLLA dextramer-positive
T cells gated on CD3*CD8* T cells is shown. Data from (A-B) are representative of at least
two independent experiments.

Nevertheless, by individually testing the recognition of each of the ME included
in MEP-1 in co-culture assays we found that both MEP-1- reactive T-cell populations

recognized a 9-mer derived from TPSBP'R2 g (igure 41A). Next, we determined

HLA-A*11:01 as the restriction element for the TP53 . . reactivity present in

the MEP-1 reactive populations after co-culture with COS-7 cells individually

transduced with GOI-01 HLA-I alleles and pulsed with the TP53 minimal

R248Q

epitope recognized (Figure 41B).
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Figure 41. Enriched MEP-1-reactive T-cell populations both recognize a neoantigen
derived from TP53P.R248Q. A) Reactivity of enriched MEP-1 lymphocytes to the indicated
MEP or the individual mutant ME contained in the pool. The number of IFN-y spots and
frequency of 4-1BB* cells gated on CD3"CD8" T cells from Stim3 and Stim4 enriched pop-
ulations after 20h coculture with autologous B cells pulsed with the specified epitopes are
plotted. The specific mutated protein and amino acid change of the recognized target are
annotated. Autologous B cells pulsed with an irrelevant MEP and anti-CD3 (OKT3) were
used as negative and positive controls, respectively. B) Restriction element was evaluated by
coculturing enriched MEP-1 reactive populations with COS-7 cells individually expressing one

of the patient’s HLLA-I alleles and pulsed with the TP53P,R2 1sq -mer specifically recognized by
these lymphocytes.
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The number of IFN-y spots and frequency of 4-1BB* cells gated on CD3*CD8" T cells from
Stim3 and Stim4 enriched populations after 20h coculture is shown. Data from (A-B) are rep-
resentative of at least two independent experiments.

Overall, IVS with MEP-1 effectively induced a de novo T-cell response to an
HLA-A*11:01-restricted TP53

patient GOI-01 after three or four rounds of stimulation.

rous Deoantigen from PBL of metastatic cancer

21.3. Sensitization with MEP-2 induced de novo T-cell
responses against PIK3CA, restricted to HLA-C*04:01

R88Q
To identify additional T-cell reactivities induced by IVS to other candidate public

neoantigens, we focused on PBLs sensitized with MEP-2.

The initial assessment of reactivities to MEP-2 following the first three
stimulations yielded negative results in both stimulated replicates. Yet, after the fourth
round of stimulation, one of the stimulated replicates showed 10% of 4-1BB" T
cells when co-cultured with B cells pulsed with MEP-2 (Figure 42A). We enriched
MEP-2-specific lymphocytes by sorting of CD8" 4-1BB" T cells by FACS after co-
culture with autologous B cells pulsed with MEP-2 (Figure 42B) and expanded them
ex vivo. However, the expanded population (termed as CD8" 4-1BB" vs MEP-2) did
not recognize MEP-2 nor HSTMGT in the co-culture assays (Figure 42C).
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Figure 42. Sensitization of GOI-01 PBL with MEP-2 elicited T-cell reactivities after
four rounds of stimulation. A) Induced T-cell reactivities were assessed in replicates follow-
ing four (Stim4) consecutive rounds of stimulation with MEP-2 or CEF PP. The frequency of
4-1BB* cells gated on CD3"CD8" cells is shown for each sensitized replicate (R1 or R2) after
20h co-culture with B cells pulsed with the corresponding peptide pools. B cells pulsed with
an Irrelevant MEP and anti-CD3 (OKT3) activated T cells are shown as negative and positive
controls, respectively. The T-cell reactivity induced by CEF PP at Stim4 for the single stimu-
lated replicate is plotted. B) Plots depicting the gates used for 4-1BB* sorting of CD8" in vitro
sensitized PBLs reactive to MEP-2 from replicate 2 (R2) of Stim4. Cells were sorted after 20h
co-culture with autologous B cells pulsed with MEP-2.
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Autologous B cells pulsed with irrelevant MEP were used as a negative control for T-cell activa-
tion. Gates used for sorting are displayed in red. Following cell separation, cells were expanded
for 14 days via a REP. C) Reactivity of entriched CD8*4-1BB* vs MEP-2 lymphocytes to MEP-
2. Number of IFN-y spots measured by ELISPOT and frequency of 4-1BB* cells gated on
CD3"CD8" lymphocytes after 20h co-culture with B cells pulsed with MEP-2 or an irrelevant
(Irr.) MEP are shown. B cells electroporated with mutated (MUT) or wild-type (WT) HSTMG1
RNA, encoding 8 of the 14 neoantigens contained in MEP-2, were also used as targets. Data
are representative of at least two independent experiments.

Nevertheless, we explored the recognition of candidate neoantigens contained
in MEP-2 by independent HILA dextramer staining following the same strategy as
for the MEP-1-reactive populations. Surprisingly, using this strategy, we identified
PIK3CA ;40
4-1BB* vs MEP-2 lymphocytes when presented by HLA-C*04:01 (Figure 43). Of

as the specific public neoantigen recognized by the enriched CD8"

note, IVS failed to enrich for a pre-existing circulating T-cell response targeting

the private neoantigen KIAA1524 (. ~or KRAS neoantigens shown to frequently

.S571,
elicit de novo T-cell responses from PBLs of HD (178,179). This indicates some
limitations in the protocol used for IVS. Nevertheless, IVS successfully enriched
T-cell responses to viral epitopes contained in CEF PP, achieving 50% enrichment
after four stimulation rounds (Figure 39A and Figure 42A). This suggests that

our IVS protocol could effectively expand pre-existing circulating anti-viral T-cell
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Figure 43. HLA dextramer staining determined PIK3CAP.R88Q 8-mer as the epitope
recognized by MEP-2-reactive T cells. Heat map summarizing independent staining with
HLA-A*11:01, A*68:01 or C*04:01-dextramers individually loaded with ME contained in
MEP-2 for the CD8"4-1BB* vs MEP-2 enriched T-cell population. The frequency of HLA
dextramer-positive cells gated on CD3"CD8" cells is plotted. KRAS neoantigens (ME_11 to
ME_13) and KIAA1524 (. neoantigen (ME_14) contained in MEP-2, were independently
evaluated with dextramers HLA-A*11:01 or B*40:01 loaded with the corresponding ME. For
each of the dextramers, one irrelevant ME was used as a negative control. White cells indicate
combinations that were not evaluated (N.E.). Data are representative of at least two indepen-
dent experiments.
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Overall, IVS with MEP-2 induced an additional de novo T-cell response

targeting PIK3CA ., after four rounds of stimulation.

In total, using our IVS method we identified T cells targeting three different
public neoantigens. The reactive T cells and their corresponding TCRs targeting
public neoantigens, could be exploited to develop off-the-shelf TCR engineered-cell

therapies to treat patients with tumors harboring the specific hotspot mutation.

2.2. lIsolation of neoantigen-specific TCRs from enriched
CD8* reactive T cells by TCR sequencing

In order to sequence and clone TCRs targeting the public neoantigens, we first
sought to determine the frequency and specificity of the distinct TCR clonotypes
in the three enriched T-cell populations resulting from the IVS experiments. We
performed bulk TCRB deep sequencing to study their clonality and complemented
this with single-cell TCR sequencing to obtain both the TCR« and TCRJ sequences

needed to clone and synthesize selected TCRs.

In the case of CD8" dextramer-sorted I—ILA-A*ll:Ol_PIK3CAPE5 i L cells, a
dominant TCR sequence was detected in 63.5% of the cells, followed by 22.2% and
4% of other beta chains (Figure 44A). For the CD8" 4-1BB" vs MEP-1 reactive T

cells recognizing TP53 we had two enriched populations from different rounds

.R248QQ7
of stimulations: those sorfed after the third stimulation (Stim3) and those sorted
after the fourth stimulation (Stim4). Both populations shared the most dominant
TCRp chain, albeit enriched at different levels: 39.3% and 48.4% for Stim3 and
Stim4 T-cell populations, respectively. Interestingly, the other top two- and three-
ranking TCRJ sequences from Stim3 T cells differed from those in the population
from Stim4 (Figure 44B). Of note, those TCRJ sequences from Stim3 population
were not contained within the top 5 most enriched TCRJ sequences in Stim4
population. Finally, the MEP-2 reactive T-cell population recognizing PIK?)CAP'RSSQ
did not contain a uniquely dominant TCRJ sequence. In contrast, the top three most
enriched TCR chains were found at similar frequencies (i.e. 10.5%, 7.9%, and 7.5%,

respectively) (Figure 44C).
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PIK3CA

p.E545K

B B1.1(63.5%) > TCR-1
B B1.2 (22.2%) > TCR-2
= B1.3 (4.0%) > TCR-3
O B1.4(2.9%)

B

CD8*4-1BB* vs MEP-1

Stim3

B B2.1(39.3%) > TCR-4
B B2.2(9.7%) > TCR-5
= B2.3(7.5%) > TCR-6
B B2.4(5.6%) > TCR-7
B B2.5(3.5%) > TCR-8

Stim4

 B2.1(48.4%) > TCR-4
B B2.5(18.9%) > TCR-8
B B2.4(8.7%) > TCR-7
B 2.6 (1.8%)
B B2.7 (1.3%)

C cps*4-1BB* vs MEP-2

| B3.1(10.5%) > TCR-9
W 3.2 (7.9%) - TCR-10
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O BL.5(1.3%)
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Figure 44. TCRp deep sequencing identified multiple dominant sequences for some
of the enriched in vitro sensitized PBLs. Pie charts showing the frequency of the top five
most frequent TCRB chains identified by TCRB deep sequencing of the following T-cell pop-
ulations: A) CD8" Dextramer” HLA-A*11:01_PIK3CA ..., B) CD874-1BB" vs MEP-1 for
Stim3 and Stim4 and C) CD8"4-1BB* vs MEP-2 for Stimé. Only TCRg chains highlighted in
bold were selected for further testing. The ID given to each of the TCR clonotypes constructed
is specified.

To investigate which of the dominant TCRs were mutation-reactive, we
cloned the three most frequent TCRaf pairs detected in CD8" dextramer sorted
PIK3CA ;. populationand the Stim4 MEP-1-reactive in vitro sensitized T cells.
For the Stim3 MEP-1 reactive T cells and the MEP-2-reactive T cells, displaying
lower levels of neoantigen reactivity, we selected the five most frequent TCRa pairs
for testing. To clone the selected TCRaf pairs, we fused the TRB V-D-J-encoding
sequences and TRA V-J-encoding sequences to sequences encoding the mouse
constant TRB and TRA chains, respectively in this order separated by a furin SGSG
P2A linker cleavage site into pMSGV1 retroviral vector. This vector was subsequently
used to generate viral supernatant and infect HD PBLs. We used the murine TRA
and TRB constant regions to reduce mispairing with the endogenous TCR and to
precisely track the TCR-transduced PBLs (TCRtd) cells using an anti-mouse TRB
antibody.

To identify neoantigen-specific TCRs, TCRtd cells were co-cultured with
immortalized autologous B cells pulsed with the ME recognized by the corresponding
T-cell population of interest or electroporated with HSTMG1 RNA, which encoded

for the three public neoantigens potentially recognized by the tested TCRs.
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In some cases, we also performed HLLA dextramer staining as an alternative

method to detect the neoantigen-specific TCRs.

As shown in Figure 45A, all 13 TCRs were cloned and successfully transduced
into PBLs, but not all recognized neoantigens. In fact, only one TCR detected in
each of the enriched populations was found to be reactive against their respective
public neoepitope tested in the form of a synthetic peptide. Moreover, they displayed
variable avidity for their specific target as the TCRtd lymphocytes displayed variable
levels of 4-1BB expression. All three were neoantigen-specific, as they showed

preferential reactivity to the mutant but not to the wild-type peptides (Figure 45A).
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The frequency of 4-1BB™ cells gated on CD3"CD8 "mTCR" lymphocytes after 20h co-culture
with immortalized B cells pulsed with the mutated and wild-type minimal epitope of PIK3CA

psasic (€0, TP53 o, (middle) and PIK3CA . (right) is shown. B cells electroporated with
the mutant (MUT) or wild-type (WT) HSTMGI1 RNA, encoding for the three immunogenic
neoantigens, were also used as targets. Anti-CD3 (OKT3) was used as a positive control for
T-cell activation. The frequency of mTCR" cells gated on CD3*CD8" T cells is also shown for
each tested population. B) CD8 co-receptor activation dependence of PBLs transduced with
antigen-specific TCRs. Flow cytometry plots show the expression of 4-1BB by CD8 (gated on
CD3"mTCR") after 20h co-culture with immortalized B cells pulsed with the cortesponding
peptides. Anti-CD3 (OKT3) and B cells pulsed with the corresponding wild-type peptides
were used as positive and negative controls, respectively. Data from (A-B) are representative of
at least two independent experiments. C) Heat map summarizing dextramer staining of HD
PBL TCR transduced cells with the candidate TCRs identified from populations displaying
PIK3CA_ ;55 and PIK3CA ., recognition. The frequency of HLA dextramer-positive cells
gated on 'CD3*CD8" cells is plotted Non-transduced PBLs from the same HD (HD UT) and
patental T-cell populations for PIK3CA S (CD8"Dex* HLA-A*11:01_PIK3CA o and
PIK3CA (CD8"4-1BB* vs MEP-2 from Stim4) were included as negative and positive

PRESQ
controls, respectlvely White cells indicate combinations that were not evaluated (N.E.).

Surprisingly, among the three identified neoantigen-specific TCRs, only the one

targeting TP53 was reactive to B cells electroporated with HSTMG1 RNA

.R248
encoding for drple t}(iree mutations (Figure 45A). This could result from deficient
processing and presentation of some of these epitopes by B cells. Alternatively,
this could indicate that the PIK3CA ., and PIK3CA_ . TCRs identified did not
recognize the peptide naturally processed and presented. The latter seemed unlikely
since these peptides were originally identified through HLLA-I immunopeptidomics,
following processing and presentation of the same HSTMG1 RNA electroporated

into B2M KO tumor cells.

Of note, the upregulation of 4-1BB on both CD4" and CD8" TCRtd suggested

that the TCR recognizing PIK3CA could be co-receptor independent. In

p-E545K
contrast, the other two identified TCRs required CD8 co-receptor expression to

recognize their cognate epitopes (Figure 45B).

HILLA dextramer staining did not capture additional reactive clonotypes for
any of the two PIK3CA reactivities interrogated for which HLLA dextramers were
available. The neoantigen-specific TCRtd cells bound to HLLA dextramers loaded
with their corresponding targets as their respective polyclonal parental populations

(Figure 45C).
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Overall, the results above demonstrate the feasibility of isolating TCRs
specifically targeting public neoantigens by IVS of T cells using patient peripheral
blood as starting material. Nonetheless, we wanted to further investigate whether the
isolated TCRs could recognize the neoantigens processed and presented by tumor

cells.

2.3. The identified reactive TCRs recognize tumor cells in
vitro and display variable functional avidity for their cognate
antigens

We next investigated whether the isolated TCRs could recognize their targets

when processed and presented by tumor cells.

None of the in-house patient-derived TCLs expressed PIK3CA or TP53

hotspot mutations and were HLA-A*11:01", the restriction allele for two of the

.E545K

R248Q
neoantigen-specific TCRs. To overcome this difficulty, we selected the melanoma

patient-derived VHIO-029 TCL, which naturally expressed HLA-A*11:01, and
modified it to express the neoantigen of interest. We also used the B2ZM KO TCL
transfected with B2M_A*11:01 chimera as a target, which was the source of tumor
cells where these ME were detected, and modified them as VHIO-029 TCL to
express the mutated antigens. B cells from two patients expressing HLA-A*11:01
(i.e. VHIO-029 and GOI-01) were also used to compare the ability of the TCRtd
cells to recognize two different types of target cells that could potentially differ in

their ability to process and present peptides on HLA-I.

Target cells (B cells and tumor cells) were modified to express these public
neoantigens by electroporation of HSTMG1 RNA or by pulsing the ME recognized
by the reactive TCRs. Since these ME were identified by electroporating the HSTMG1
encoding for a 25-mer minigene containing the mutation, we also wondered whether
these ME would be naturally processed and presented from the full-length protein.
Thus, target cells were additionally transfected with the full-length RNA encoding the
mutant PIK3CA or TP53,

could also be processed and presented from the complete mutant protein.

proteins to investigate whether the neoepitope

. E545K .R248Q
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As shown in Figure 46, TCRtd cells specific for PIK3CA ... and
TP53,
neoepitope was derived from HSTMGI, the full-length protein, or the ME (Figure

rossq recognized the TCL better than B cells, regardless of whether the
46A). As expected, these TCRs were mutation-specific, as demonstrated by the
preferential recognition of the mutated epitopes. TCRs targeting PIK3CA_ .., and
TP53 45, reacted to VHIO-29 TCL in the absence of forced exogenous HLA-I
expression, demonstrating that both peptides were processed by the tumoral cells and
presented by their endogenous HLA-A*11:01. Nonetheless, evaluating recognition
of a tumor cell line expressing physiological levels of the native mutated proteins

would still be of interest, given that protein overexpression obtained through RNA

electroporation may not be representative.

Noteworthy, B cells seemed to ineffectively process the antigen upon transfection
of the full-length protein or HSTMG1 RNA, resulting in reduced target recognition
by TCRtd cells (Figure 46A). Nevertheless, the TCR targeting PIK3CAp

recognized B cells and tumor cells when its cognate antigen was pulsed onto both

sasi €qually
target cells. This is in line with the results presented in section 2.1.1, where the
enriched CD8" dextramer” HLA-A*11:01-PIK3CA_, ., parental T-cell population
did not recognize HSTMG1-expressing B cells equally well as B cells pulsed with the
corresponding ME. This could be related to the differences in the expression of the
constitutive and inducible proteasomal subunits in epithelial cells such as B2M KO
TCL and B cells (Figure 22) as this could result in differences in antigen processing

and presentation by these cells.

For the PIK3CAp TCR, we took advantage of EC-35035, a patient-derived
TCL endogenously expressing this hotspot mutation. Because EC-35035 did

not carry the HLA-C*04:01, which was the restriction element for PIK3CA

R88Q

R88Q

neoantigen, we decided to engineer the cells to express it by electroporating IVT
RNA encoding the HLLA-C*04:01 alpha chain into the TCL. This allowed us to test

whether the antigen derived from PIK3CA this time presumably expressed

R88Q*
at physiological levels, could be naturally expressed, processed, and presented on
HLA-C*04:01. As shown in Figure 46B, we found that the TCRtd cells were not able
to recognize EC-35035 TCL when the expression of the specific restriction HLA-I

allele was forced.
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Figure 46. Tumor recognition by PBL TCR transduced (T'CRtd) cells with the reactive
TCRs for the three public neoantigens. A) Reactivity of PBLs transduced with TCR-1,
recognizing PIK3CAp.E545K (left) or TCR-4, recognizing TP53p.R248Q) (right) to VHIO-29
and VHIO-08 B2M KO + B2M_A*11:01 tumors or immortalized B cells from GOI-01 and
VHIO-29. Target cells, either tumor cells or B cells, were electroporated with HSTMGT1 or
the full-length construct RNA, or pulsed with the mutant (MUT) ME. The wild-type (WT)
versions of these constructs and the ME were used as controls. The frequency of 4-1BB+
cells gated on CD8+mTCR+ after 20h of co-culture with the specified targets is shown. B)
Reactivity of PBLs transduced with TCR-10, recognizing PIK3CAp.R88Q), to EC-35035. Rep-
resentative ELISPOT results (top) and flow cytometry plots (bottom) showing PBL TCRtd re-
activity after 20h co-culture to the unmodified TCL (left), TCL transfected with HLA-C*04:01
(middle) or TCL transfected with HLA-C*04:01 and pulsed with PIK3CAp.R88(Q) minimal
epitope (right). The frequency of 4-1BB+ cells gated on CD8+mTCR+ after 20h of co-culture
with the specified targets is shown. C) Reactivity of PBLs transduced with the TCR recognizing
PIK3CAp.R88Q to VHIO-29 TCL or GOI-01 immortalized B cells, and to EC-35035 TCL
transfected with HLA-C*04:01. Target cells, either tumor cells or B cells, were electroporated
with HSTMGT or the full-length construct RNA, or pulsed with the mutant (MUT) ME. The
wild-type (WT) versions of these constructs and the ME were used as controls. The frequen-
cy of 4-1BB+ cells gated on CD8+mTCR+ after 20h co-culture with the specified targets is
shown. Data from (A-C) are representative of at least two independent replicates.
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Nevertheless, TCRtd cells specific for PIK3CA_ recognized EC-35035
when the HLA-C*04:01 transfected cell line was pulsed with the minimal epitope
(Figure 46B).

R88Q

Next, we investigated whether the failure of the TCRtd cells to recognize EC-
35035 was due to inefficient processing of the endogenous PIK3CAP_R88Q protein in
this cell line. As for the previous experiments, we used VHIO-29 as an additional
tumor naturally presenting HILLA-C*04:01 and, as a control, GOI-01 B cells
because this patient was also HLA-C*04:01". We found that TCRtd cells targeting
PIK3CAp
B cells, irrespective of whether the neoepitope originated from the HSTMG1, the

rssq recognized the neoepitope presented by the two TCL better than by

tull-length protein, or via direct pulsing peptide onto the target cells (Figure 46C).
The PIKBCAp TCR recognized VHIO-29 TCL better than EC-35035 TCL

when the neoantigen originated from the full-length protein (Figure 46C). The exact

R88Q

mechanism explaining such limited recognition in this cell line is still unknown and

needs to be further investigated.

Notably, similar to what was observed for PIKESCAP B cells but not tumor

E545K°
cells showed defective neoantigen processing and/or presentation upon transfection
of RNA encoding the full-length mutated protein or HSTMGT, as evidenced by the
lack of recognition by TCRtd cells (Figure 46C). However, TCRtd cells also pootly
recognized ME pulsed B cells, suggesting that the expression level of the HLA-C by

B cells, may also hinder recognition of the neoantigen.

Lastly, we investigated the functional avidity of the TCR-transduced cells for
their cognate targets. CD8"TCRtd" cells showed varying functional avidities for their
antigens when co-cultured with antigen-presenting cells pulsed with serial dilutions of
the corresponding wild-type or mutated peptides. The highest avidity was observed
in PIK3CA -specific TCR-transduced T cells, while PIK3CA
TCR-engineered lymphocytes had the lowest avidity (Figure 47). Of note, TCRs

-specific

.E545K .R88Q

reacting against the three public neoantigens showed highly specific recognition of
the mutant forms. Even high concentrations of the wild-type counterparts failed to

elicit activation of these TCRtd cells (Figure 47).
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Figure 47. Differential functional avidity of TCR-engineered T cells targeting public
neoantigens. Reactivity of PBLs transduced with the TCRs recognizing PIK3CA — (left),
TP53 (middle) or PIK3CA e (right) to B cells or tumor cells pulsed with'serial dilu-

p-R248Q

tions of the wild-type (PIK3CA_ ., » TP53 1), 0f PIK3CA o ) or mutant (PIK3CA_ ..\,
TP53 or PIK3CA RsSQ) pepudes For the PIK3CA —reacnve TCR, GOI-01 immor-

p-R248Q .E545K

tahzed B cells were used as target cells, whereas for TPP53 and PIK3CA i VHIO-08

p.R248

B2M KO + B2M_A*11:01 and HLA-C*04:01" VHIO- 29 tumor cells were useg as targets,
respectively. T-cell reactivity was evaluated by measuring the upregulation of 4-1BB expression
on CD8*mTCR™ cells after 20h.

Overall, the three TCRs recognized their respective targets when processed
and presented on tumor cells modified to either express the respective HLA-I, the
neoantigen, or both. Furthermore, these TCRs demonstrated specific recognition of
the mutation with variable functional avidities. These findings represent a first step
in the characterization of the TCRs, and thus far support the potential use of these
TCRs targeting public neoantigens for off-the-shelf T-cell therapies. Particulatly,
the TCRs targeting PIK3CA ... and TP53 .. appeared more attractive, both

displaying marked recognition of at least two different tumor cell lines expressing

the full-length mutated protein.

2.3.1. Exploring the co-occurrence of hotspot mutation and
HLA-I restriction elements, leading to the presentation of public
neoantigens targeted by reactive TCRs in cancer patients

We explored the TCGA repository data to estimate the population of cancer
patients who may benefit from off-the-shelf T-cell therapies using the three
identified TCRs. We evaluated the prevalence of the targeted hotspot mutations
across different cancer types and considered the frequency of the HLLA-I allele in the

overall cancer TCGA population.
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The novel reactive TCRs reported here targeted three public neoantigens, two
arising from PIK3CA and one derived from TP53, two of the most frequently
mutated genes across all cancer types. Notably, the recurrent alterations generating
these neoantigens were among the most common missense mutations for both genes
in patients within the TCGA Pan-Cancer study registry. More specifically, E545K
ranked first and the R88Q) ranked fourth for the PIK3CA gene, while the R248Q)
ranked third for the TP53 gene (Figure 48A).

Regarding the HILA-I alleles presenting these neoantigens, HLLA-A*11:01
and HLA-C*04:01 are also among the most prevalent alleles in cancer patients of
Caucasian origin, with allelic frequencies of 8.5% and 10.9% in the TCGA Pan-Cancer
study, respectively. Considering the widespread occurrence of these alterations and
the HLLA-I alleles, and by extrapolating incidence rates from 2022, it is estimated that
approximately 93,530 patients from various cancer types could potentially benefit
each year from off-the-shelf T-cell therapies exploiting these reactive TCRs (Table
12).

Table 12. Estimated population of cancer patients potentially benefiting from off-the-
shelf TCR-based T-cell therapies per year using the identified TCRs.

b Incidence of cancers

Mutation freq. (%) Neoantigen freq. (%) T AT e

Shared Freq. (%) HLA-I All Top All Top All Top
neoantigen I LD in TCGA? cancers | cancer | cancers | cancer | cancers | cancer
Endometrial

PIK3CA rggq | C*04:01 adenocarcinoma 10.96% 0.6 6.85 0.07 0.75 13,930 3,150

PIK3CA A*11:01 Breast 8.54% 2.7 598 | 023 | 051 | 45770 | 11,730
p-ES45K : carcinoma O : : : : ) )

P53 A*11:01 Colon 8.54% 2 31 017 | 026 | 33,830 | 4,940
p-R248Q “* | adenocarcinoma R : : : ’ ’

Shared neoantigen and HLA-I restriction element of the TCRs targeting public neoantigens.
The cancer type with the highest prevalence of each mutation (top cancer) and the mutation
frequency for each shared neoantigen in the top and all cancers were obtained from the TCGA
Pan-Cancer Atlas analysis. (a) Frequency was calculated within a population of individuals re-
porting EUR in their genetic ancestry label. (b) Frequency was obtained as the product of the
HILA-I and mutation frequencies. (c) The estimated incidence of cancers carrying neoantigens
is calculated based on the neoantigen frequency and the global incidence of cancer in 2022,
as reported by the WHO (https://gco.arc.who.int/today/en/fact-sheets-cancers). HLA-I fre-
quencies refer to allelic frequencies, not phenotype, of a specific population of cancer patients
slightly underestimating the target population expressing HLLA-I of interest.
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One potential limitation for the applicability of off-the-shelf T-cell therapies with
the identified reactive TCRs is that the targeted peptide-HLLA combinations might
be negatively selected in tumors if, as indicated by our work, they are immunogenic
and could potentially be immune edited at early stages of cancer development. If
this were the case the mutation and the specific HLA-I allele presenting it would not
co-occur as frequently as estimated. To address this, we evaluated the association of
HILA-I alleles and mutations using TCGA data, particularly focusing on cancer types

where each of the hotspot mutations was prevalent.

In the case of PIK3CAp cervical squamous cell carcinoma and endocervical

adenocarcinoma (CESC) and breast invasive carcinoma (BRCA) were selected

 E545K

as the two cancer types having the highest number of patients presenting this
alteration (Figure 48B). Then, we stratified patients from each cohort based on
the presence or absence of this hotspot mutation. Within each group, we classified
patients as HLA-A*11:01" or HLA-A*11:01" based on their HLA-I genotyping. We
only focused on this HLLA-I allele as this restriction element presented the public
neoantigen targeted by the PIK3CA ... reactive TCR. We did not observe a
statistically significant difference in the likelihood of presenting the HLA-A*11:01

allele between patients presenting or not the hotspot mutation for any of the two

analyzed cohorts (Figure 48C).

We followed the same strategy for PIK3CA ;. and TP53 mutations for

R88Q R248Q

which uterine corpus endometrial carcinoma (UCEC) and colon adenocarcinoma
(COAD) or bladder urothelial carcinoma (BLCA) and COAD cohorts were
interrogated (Figure 48B). Of note, we did not observe significant variations in
the association of HLA-C*04:01 or HLA-A*11:01 HLA-I alleles and the hotspot
mutations PIKBCAp and TP53
(Figure 48C).

respectively, in the evaluated cohorts

R88Q R248Q
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Figure 48. Co-occurrence of hotspot mutations and HLA-I restriction elements rec-
ognized by the three reactive TCRs in the TCGA cancer data repository. A) Pie charts
showing the frequency of the most prevalent missense mutations in the PIK3CA and TP53
genes across cancer type collection from TCGA. The hotspot mutations generating the public
neoantigens targeted by the identified TCRs are depicted as exploded sectors. B) Heat map
summarizing the total cases (number of patients) per cancer type with specific hotspot muta-
tions in the PIK3CA or TP53 genes from each TCGA cancer cohort. Abbreviations of tumor
types found in Appendix. C) Assessment of non-random associations, using Fisher’s exact test,
between the presence of hotspot mutations and HLA-I restriction elements. Patients from two
cancer cohorts with a high prevalence of the specific mutations were stratified based on the
presence (+) or absence (-) of the hotspot mutations and the corresponding HLLA-I restriction
elements (HLA-A*11:01 or HLA-C*04:01 +/-). The number (N) of patients in each group
per cohort is plotted. The corresponding p-value is shown in the graph. Data from (A-C) was
obtained from Pan-Cancer Atlas TCGA study.

The absence of a discernible link between the recurrent alterations and the
HLA-I restriction elements in the analyzed cohorts, suggests that there are no
clear indications of a negative selection for HLA-I alleles in patients presenting
the corresponding hotspot mutations. This was not completely unexpected
since additional immune evasion mechanisms, including expression of immune
checkpoints receptor-ligand interaction, contribute to dampen immune attack,
even enabling the growth of cancers with high mutation and neoantigen burden.
Nonetheless, we acknowledge that our analysis was a simplified approach that only
relied on the presence or absence of mutations and HLLA-I alleles. Other factors, such
as mutations in the APM or alterations in the RNA expression of the interrogated
mutations, were not taken into consideration and could have a major impact on the

resulting associations between these factors.

140

Results



Overall, TCRs targeting PIK3CA_ .., PIK3CA . o and TP53 .. might be
promising for the development of off-the-shelf T-cell therapies helpful in treating
multiple cancer patients harboring different types of metastatic solid tumors.
Nevertheless, the frequency of patients with each specific combination of HLA-I
and mutation is still relatively low in cancer types with the highest prevalence of the
selected mutations (0.51%, 0.75% and 0.26%, respectively, Table 12). In this sense,
accumulating many TCRs targeting several hotspot mutations will prove critical to

broadening this off-the-shelf TCR approach to more patients.
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In this thesis, we aimed to discover mutant peptides derived from hotspot
mutations in cancer driver genes presented on highly frequent HLA-I alleles in
the Caucasian population and to detect and characterize TCRs targeting them.
These neoantigen-specific TCRs could then be used to develop off-the-shelf T-cell

therapies targeting public neoantigens.

By immunopeptidomics-based analysis on the HLA-I ligandome of HLA-I
monoallelic tumor cells and using IVS to expand and isolate neoantigen-specific
TCRs, we were able to identify and validate several candidate public neoantigens and
to demonstrate that some of them were immunogenic. HLA-I monoallelic tumor cell
MS-based screenings demonstrated high sensitivity in detecting not only previously
reported but also novel mutant peptides from hotspot driver mutations across
prevalent HLLA-I alleles. Moreover, we identified neoantigen-specific TCRs for three
public neoantigens, two of them derived from different mutations in hotspot regions
of the PIK3CA gene and one from the TP53 gene. Importantly, these TCRs showed
preferential recognition of their targets when they were processed and presented by

tumor cells as compared to APCs.

In summary, we have described a rapid and flexible method for the systematic
identification of actionable targets that can be exploited in cancer immunotherapies.
More importantly, the identified neoantigen-specific TCRs hold great promise for
developing off-the-shelf T-cell therapies to treat cancer patients with different

tumor malignancies.

Immunopeptidomics of HLA-I monoallelic cells combined
with IVS led to the identification of TCRs targeting public
neoantigens

To identify TCRs with the capacity to target candidate hotspot-derived
neoantigens when presented by highly prevalent HLLA-I alleles, we followed a three-
step approach. Tirst, we used immunopeptidomics on HLA-I monoallelic tumor
cells to identify the candidate public neoantigens. Second, we evaluated whether they
could be recognized by T cells by performing IVS of PBLs from a cancer patient.
Finally, the TCRs targeting these candidate public neoantigens were identified by

TCR sequencing techniques.
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By employing immunopeptidomics analysis of transient HLLA-I monoallelic cells
expressing HSTMGs, we identified and validated 49 HLA-I ligands across 10 HLA-I
alleles prevalent in the Caucasian population (Figure 32A). As many other studies
assessing neoantigen presentation through MS-based immunopeptidomics methods
(178-181), we used constructs encoding for concatenated minigenes carrying the
mutations of interest. There is a concern in the field about how representative
these constructs are compared to full-length mutant proteins in terms of the final
epitope presented and the density of HLA-I presentation. This concern stems
from potential changes introduced by the concatenation compared to the natural
amino acid context surrounding the presented epitopes. These natural amino acid
contexts play an important role in guiding the processing of such HLA-I ligands
(176,270,271). Additionally, the resulting artificial polypeptide of these constructs
may be unstable and more easily degraded, potentially leading to an increased
presentation density in HLA-I (272). Despite these differences with native proteins,
studies have identified conserved neoantigens using both constructs and full-length
mutant proteins in MS-based immunopeptidomics studies (181). Importantly, these
constructs reflect presented epitopes from mutant proteins that are physiologically
expressed in patient-derived tumor cell lines. Therefore, the use of concatenated
minigene constructs, such as our HSTMG, can accurately reflect neoepitopes that

are naturally processed and presented in tumor cells.

Alternative strategies, such as HILA-I binding predictor algorithms, could have
been used for the prioritization of candidate neoantigens derived from the selected
hotspot mutations in the HLLA-I alleles of interest. However, these predictors often
generate large lists of candidate neoepitopes, making the downstream evaluation
of the immunogenic potential for all of them challenging. Although MS-based
immunopeptidomics methods can miss some peptides due to inherent technical
limitations that will be discussed later, it is currently the only strategy that unbiasedly

identifies peptides naturally processed and presented in the HLLA-I ligandome.

Importantly, our strategy captured neoantigens thathad been previously described
not only by MS-based techniques (178-182,223) but also by other unrelated MS-
based techniques, including functional assays to determine the antigens targeted by
TILs of cancer patients (75,76,183,244,248). These results support the robustness

of our experimental approach for detecting candidate public neoantigens.
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For the identification of TCRs recognizing the peptide-HLLA combinations
captured in our MS-based immunopeptidomics screening, we used IVS as an
enrichment strategy to expand and isolate antigen-specific T cells. While other
enrichment strategies, such as pHLA-I multimers, could have directly isolated multiple
neoantigen-specific T cells from a single sample (192,273), we chose IVS because of
its demonstrated effectiveness in isolating TCRs targeting public neoantigens. This
method has proven successful in both healthy donors (178,179,181,223) and cancer
patients (211,224,243).

The IVS of PBLs from a breast cancer patient using selected neoepitopes led to
the identification of three different TCRs targeting public neoantigens. This serves
as a proof of concept that the candidate public neoantigens identified by our MS-
based immunopeptidomics method can be immunogenic. Further experiments are
needed to assess the immunogenic potential of the remaining candidates. Overall,
the identification of these TCRs targeting public neoantigens paves the way for

developing TCR-engineered T cells with such TCRs for ACT in cancer patients.

B cells were not the optimal cell source for the identification
of hotspot-derived neoepitope-HLA pairs

In this thesis, we first decided to explore B cells as recipient cells to perform
MS-based immunopeptidomics and identify HLLA-I ligands originating from hotspot
mutations. B cells offer several advantages for MS-based immunopeptidomics studies,
as mentioned in Results section 1.3.1. Moreover, different immunopeptidomics
protocols using transformed and primary B cells demonstrated that the HLA-I
ligandome of B cells is a rich source of information and holds promise for
identifying T-cell epitopes (274—276). Based on our optimizations and previous
literature, our sensitive elution system can detect approximately 1500 peptides
by eluting HLA-I ligands from as few as 1x107 B cells (262). Therefore, we used
1.5x10" HSTMG-expressing B cells for our MS-based screenings, as this cell
quantity already had the potential to capture hotspot-derived epitopes. Although
the total peptides per sample detected was within the expected range for the
number of cells used (Figure 17A), only five shared neoantigens were detected in
the four patients studied. Among all the previously reported public neoantigens,

only one of the 16 expected peptides was captured using our method (Table 6).
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This poor performance in capturing public neoantigens represented a significant

limitation for our purpose.

The inability to detect certain neoantigens may be due to the varying expression
of specific HLA-I alleles in B cells. Indeed, analysis of the HLA-I ligandome from
transformed B cells using deconvolution software revealed that HLLA-C alleles are less
frequently observed, likely because they are often poorly expressed and have more
overlapping binding specificities (277—279). This is consistent with our observation
that MS-based immunopeptidomics from HSTMG-expressing B cells preferentially
recovered HLLA-I ligands from HILA-A and HILA-B alleles rather than from HLA-C

in three of the four patients studied (Figure 17D).

Therefore, the low expression of HLA-C, as shown in previous studies on
peripheral blood lymphocytes (280—282), could explain why the neoantigens derived
from KRAS ., previously reported to be presented on HLA-C*08:02 (76,178)
were not detected using the B cell approach. Nevertheless, the failure to detect other
reported neoantigens in HLA-A and HLLA-B alleles remains unexplained. This may
be related to the abundance of such peptides on the cell surface rather than the

expression of the specific HLA-I allele.

Another limitation of this method is determining the specific HLLA-I presenting
allele for each peptide, especially when the identified HLLA-I ligands can be
considered as binders of multiple HLA-I alleles expressed in the antigen-presenting
cells. This is because recipient B cells can express up to 6 different HLA-I alleles. In
such cases, the co-occurrence of HLLA-I alleles across different HLLA-I peptidome
datasets could have been used to accurately map the identified peptides to their
corresponding alleles without needing prior knowledge of HLLA-I binding specificity
(278). Although this approach seems feasible, it requires a wide variety of samples
for analysis, which becomes challenging when analyzing 12 different HLA-I, as in

our work.

We reasoned that adjusting the amount of transfected RNA or increasing
the total number of cells analyzed would not overcome the limitations we
encountered. At that time, several reports using MS-based immunopeptidomics

on HLA-I monoallelic cells showed increased sensitivity in detecting low abundant

peptides in the HLA-I ligandome compared to multiallelic cells (176,177,283,284).
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Moreover, the peptides identified were cleatly assigned to a single HLLA-I molecule.
Considering this, we chose to explore HLLA-I monoallelic cells as a source for our

MS-based immunopeptidomics screenings.

Factors influencing additional detection of neoantigens in
transient HLA-I monoallelic cells

Our MS-based immunopeptidomics screenings of transient HLLA-I monoallelic
cells led to the identification of both novel and previously reported candidate public
neoantigens across several HLA-I alleles (Figure 32B). These results showed that
HILA-I monoallelic cells were more suitable than B cells for the detection of HLA-I-
presented shared neoantigens derived from selected mutations. Importantly, we were
able to identify novel public neoantigens derived from hotspot mutations and HLA-I
allele combinations previously interrogated in other MS-based immunopeptidomics
approaches (178-182,223,231) highlighting the high performance of our method.
Although our system, like most previously reported approaches, relies on the
overexpression of the mutations and HLLA-I alleles of interest in HLLA-I negative

cells, some particularities may explain the detection of additional peptides.

One factor that can explain the detection of more peptides in our system is the
high amount of HSTMG RNA used (Figure 49). Many studies choose lentiviral or
retroviral transduction to deliver constructs encoding for hotspot mutations in driver
genes into HLA-I negative cells. The expression is regulated by strong promoters
to achieve substantial overexpression of the mutations of interest (180-182,231).
Nevertheless, the expression of these constructs might not reach the levels of
RNA we introduce by electroporation. Previous immunopeptidomics studies have
indicated that higher gene expression levels and/or RNA abundance are statistically
associated with increased HLA-I presentation density (172,176,272). As a result, the
high abundance of RNA in our system may facilitate the HLA-I presentation of
neoantigens that would not be, or at least to a lesser extent, present in the HLA-I

ligandome of a cell expressing the mutated gene from transduced constructs.

Another factor that could account for the detection of additional
neoantigens is  the  differential peptide stabilization in B2M_

HLA chimeras compared to native HLA-I molecules (Figure 49).
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Most of the approaches for generating HLLA-I monoallelic cells only introduce
the a-chain of the HLA-I alleles of interest, using the endogenous 32M to form
HLA-I complexes (178,180-182,223,231). The resulting pHLA-I complexes will be
stabilized and folded as native HLLA-I molecules. In contrast, we introduced B2M_
HILA chimeric constructs encoding for the two molecules directly linked through
a short GS linker (261,285). This linkage potentially increases the stability of the
resulting empty HLA-I complexes.

The improved stability of these molecules may make it easier to load peptides
into the ER that would not normally be loaded into native HLA-I molecules. This is
because the resulting pHLLA-I complex would not be sufficiently stable to reach the
cell surface under normal circumstances. Previous MS-based immunopeptidomic
studies on HLLA-I monoallelic cells expressing chimeric HLLA-I constructs, similar
to our B2M_HILA chimeras, revealed that these molecules present peptides stable
in native HLLA-I molecules (179). Additionally, studies using our design of chimeric
B2M_HILA constructs with mouse molecules demonstrated that the peptide-B2M_
MHCI complexes displayed a stability comparable to peptide-MHC-I complexes
(286). However, as this correlation has not yet been confirmed in B2M_HLA chimera
constructs, it is still possible that the differential peptide stabilization, compared
to native HLLA-I, led to the identification of some additional neoantigens in our

approach.

Another factor influencing the detection of neoantigens is the predominant
type of proteasomes in the recipient cells (Figure 49). Our working model is based
on an epithelial tumor cell line that prominently expresses the standard proteasome
(Figure 22). This is a substantial difference from previous studies, which mainly used
cell lines of hematopoietic origin (i.e., K562, C1R, 721.221) that are more likely to

exhibit immunoproteasomes.

Although some studies have indicated that certain peptides are consistently
produced across different types of proteasomes, with varying processing efficiencies
(41,287), others are exclusively generated by the standard proteasome (288,289), the

immunoproteasome (41,290) or intermediate proteasome (40,287).
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Figure 49. Schematic representation of factors influencing the detection of neoanti-
gens in HLA-I transient monoallelic cells. 1) The electroporation of HLLA-I monoallelic
cells with large amounts of RNA may result in higher protein abundance and density of spe-
cific peptide-HLA complexes compared to the expression and presentation density obtained
when transducing constructs with viral vectors. 2) In HLA-I monoallelic cells the conforma-
tional structure of B2M_HILA-I may facilitate the loading of peptides that are poor stabilizers
of pHLA-I complexes compared to cells that use endogenous $2M with a transfected HLA-I
allele 3) Processing a protein by proteasomes containing different catalytic subunits may gen-
erate different sets of epitopes for HLLA-I presentation in different recipient cells. 4) Targeted
MS may miss some peptides that would have been detected in an untargeted MS screen. Image
created with Biorender.com.

neoantigen

In line with this, our approach detected and validated the KRASP .
presented by HLA-A*02:01. This neoantigen was previously identified in PANC-1
cells (244), which are of epithelial origin and likely express the standard proteasome,
similar to our recipient cells. However, it also expresses some inducible proteasome
subunits (291). In contrast, studies using HLLA-I monoallelic cells derived from C1R
or COS-7 did not detect the KRASp

(181,182).

neoantigen presented on HLA-A*02:01

.G12D

Another example is the KRAS ., neoantigen presented by HLA-B*07:02.

G12V
Our approach captured this neoantigen, but it was not detected in HLA-I
monoallelic cells generated with CIR (178,181) and A375 cells. The latter is a
melanoma cell line with constitutive expression of some inducible proteasome
subunits (292). There are other discrepancies in neoantigen identification

when comparing our approach to studies using CIR or 721.221 cell lines.
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Previous studies showed that 721.221 expresses the inducible subunits, suggesting

that these cells might present immunoproteasomes (176,180).

Based on the differences observed, we believe that the distinct catalytic activities
of the proteasomes in recipient cells influence the pool of presented peptides in the
HILA-I ligandome, leading to the discovery of a unique set of neoantigens in our

system.

Lastly, another factor contributing to identifying novel neoantigens is our use of
untargeted MS-based screenings (Figure 49). Most MS-based immunopeptidomics
approaches for discovering shared neoantigens using HLLA-I monoallelic cells rely

primarily on targeted mass spectrometry due to its high sensitivity in capturing low-

abundant peptides (293,294).

However, targeted mass spectrometry requires prior knowledge of the sequences
to be interrogated, limiting its applicability to predefined peptide candidates. For
example, peptide candidates for targeted MS analysis are usually prioritized based
on their binding affinity or stability to the HLA of interest. Both features have
been correlated with neoepitope immunogenicity (295-297). Despite this, false
positives and false negatives during the experimental determination of HLA-I
ligands have been observed among peptides prioritized by binding affinity predictors
(178,179,182). Similarly, targeted MS-based analysis of peptides prioritized based on
the stability of pHLLA-I complexes has encountered the same issue (181).

In our approach, we relied on untargeted MS to discover all potential peptides
present in the HLLA-I ligandome to avoid the bias introduced for predefined peptide
features. Using shotgun MS-based analysis, we identified and later validated some
shared neoepitopes that would not have been prioritized for interrogation using
the binding affinity algorithm NetMHCPan4.1 (Figure 33). Thus, our approach may
have helped to identify new neoepitopes that had not been previously investigated
using targeted MS analysis, focusing on the binding affinity for prioritization of

candidate neoantigens.

Overall, the combination of all these factors might explain the detection of
additional candidate neoantigens when transient HLA-I monoallelic cells were used

in comparison to previously reported approaches.

150

Discussion



The confirmation of two candidate public neoantigens’
presentation in patient-derived TCL was inconclusive

The main goal of MS-based immunopeptidomic studies employing monoallelic
cells is to discover neoantigens that can be naturally processed and presented by
tumor cells with physiological levels of expression of the hotspot mutation and the
HILA-I allele. Nevertheless, most approaches to identifying these neoantigens rely
on the overexpression of such mutations. This might raise the concern that peptides
detected using these methods would not reach HLLA-I presentation on tumor cells
expressing natural levels of such mutations and, thereby, would never be targets of

T cells mediating anti-tumor responses.

In our study, we were not able to confirm the natural processing and presentation
of two candidate public neoantigens. These were detected by our MS-based
immunopeptidomics screenings of HLA-I monoallelic cells but not in two patient-
derived TCLs, naturally expressing the hotspot mutation and the HLA-I allele
(Figure 34B). Although this could indicate that the natural levels of expression of
such mutations are insufficient for the generation and HLA-I presentation of these
neoantigens on tumor cells, it is important to consider that other factors, such as
alterations in the APM found in both TCL (Figure 35) might affect their processing

and presentation.

Although we could not evaluate the presentation of any other candidate in
patient-derived TCL due to the lack of TCLs presenting both the relevant HLA-I
allele and the hotspot mutation of interest, we did compare the neoantigens identified
in our system to the ones already reported by other groups. In these studies, 10
of our identified peptides were found to be processed and presented by tumors
with constitutive expression of the hotspot mutation from which these neoantigens
Guon, KRAS o and KRAS -
neoantigens presented in HLA-A*02:01, HLA-A*03:01 and HLA-A*11:01. These

were detected through MS-based immunopeptidomics on TCLs derived from

were derived. This was the case for some KIL%Sp

pancreatic, lung, and colorectal cancer patients (178,179,181,182,244,252).
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Additional examples are the 10-mers derived from NRAS ., or NRAS
both presented in HLLA-A*01:01 and validated in promyelocytic patient-derived
TCLs (252) and in several melanoma tumors (231), respectively. Another example
is the HLA-A*02:01-restricted ncoantigen derived from TP53, validated in

.R175H

patient-derived TCLs from myeloma, ovarian, and endometrial tumors (298).

These results supported the notion that our MS-based immunopeptidomics
method is a promising approach for identifying relevant public neoantigens, which
could be used for developing novel T-cell therapies. Future efforts would be required
to validate the natural presentation in patient-derived TCL of the other candidate

neoantigens identified by our method.

Exploring Hurdles: residual HLA-I expression in B2M KO
cells and limitations in peptide capture via untargeted MS

The generation of transient HLLA-I monoallelic cells by co-electroporation of
RNA encoding HSTMGs and B2M_HILA chimeras resulted in a sensitive method
for the identification of several candidate public neoantigens, even when conducting
untargeted MS-based screenings. Nevertheless, the experimental approach we

followed presented some limitations that are worth mentioning.

One of such limitations while employing untargeted MS analysis is the
misidentification of low-abundant peptides (299). Although we aimed to boost the
HLA-I presentation of such peptides by electroporating high quantities of RNA,
it is possible that certain neoepitopes may still be poorly represented in the HLA-I
ligandome and therefore, might not be detected by shotgun MS. For instance, some
peptides that were previously reported as well as some peptides predicted as binders
for certain HILA-I alleles, were missed by untargeted MS but were captured with
PRM-targeted MS (Table 8 and Figure 31). This might be because peptides with
amino acid sequences suboptimal for MS-based analysis could not be captured by
this technique. The preferential identification of peptides that are easily ionized
and fragmented (300) and the inefficient detection of cysteinylated peptides due to
modifications introduced during sample preparation (301) are well-known drawbacks

of MS instruments.
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Thus, the absence of evidence for peptide presentation through MS-based
technologies cannot be considered evidence of absence, due to technical limitations

associated with such techniques.

Another limitation of our method was the observation of residual HLA-I
expression in the B2M KO recipient cells. In contrast to other methods employing
HILA-I negative cells that lack expression of the endogenous HILA-I alleles, our B2M
KO model retained the expression of the HILA-I alleles of the TCL. Even though
after CRISPR/Cas9 knockout of the B2M gene, cells wete sorted to enrich for
HIA-I negative cells (Figure 21A), some carryover of HLLA-I positive cells occurred,
as some cell surface expression of HLA-A*03:01 and HLLA-C was detected in B2M
KO cells (Figure 29A). Despite only 1% of the cells expressing these alleles, this was
sufficient for the repetitive identification of the same three peptides regardless of

the introduced B2M_HILA chimera.

Although other approaches generating monoallelic cell lines with C1R and
721.221 as recipient cells, could have encountered the same problem, as some
previous reports detected residual expression of HLA-B and/or HLA-C alleles in
these cell lines (302-304), they did not confront this issue. In the case of the study
using 721.221 as recipient cells for the generation of HLLA-I monoallelic cells, this
can be explained by the fact that they performed targeted MS analysis, and thus, their
identifications could only be peptides predicted to bind to the alleles introduced
(179). In contrast, in the study employing CIR as recipient cells and conducting
untargeted MS analysis, they knocked out the HLA-C*04:01 before the generation
of HLA-I monoallelic cells, which eliminated the potential residual endogenous

expression of such HLA-I allele (181).

We are aware that we could have knocked out the HLLA-I alleles or established
clones from the B2ZM KO TCL to get rid of the residual HLA-I expression.
Nevertheless, nearly all identified and validated novel HLLA-I ligands in our approach
were exclusively recovered when introducing a specific B2AM_HILA chimera for
which they are considered binders, according to 7 silico predictors. Consequently,

there is high confidence in their accurate detection.
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Thus, our method provides a rapid and flexible approach to interrogate for
peptide presentation across any antigen and any HLA-I allele of interest. Through
this approach, we have identified actionable targets to advance the development of

novel cancer immunotherapies.

IVS of unfractionated PBLs from a cancer patient could
have expanded naive and memory T-cell responses

In contrast to certain studies that focus on enriching reactive T-cell populations
from isolated memory subsets when sensitizing cancer patient PBLs (211,224) or
naive subset when sensitizing HD PBLs (210,226), we used unfractionated PBLs
from a cancer patient. This strategy facilitated the detection of T-cell responses

potentially originating from both the memory and naive T-cell compartments.

The use of IL-21 during the initial stimulation round in our IVS protocol aims
to facilitate the expansion of T cells within the naive repertoire (226). Through
the stimulation of PBLs with MEP-1 and MEP-2 in the presence of this cytokine,
d

These two reactive T-cell populations likely expand from the naive T-cell

we succeeded in expanding two de novo reactivities against PIK3CAP
TPS:‘Bp

repertoire, as these mutations were not detected in the patient’s tumor by WES.

Rssq A0

R248Q"

Conversely, the expansion of virus-specific T cells upon stimulation of PBLs
with CEF PP suggests the efficacy of our IVS protocol in potentially expanding
T-cell populations from the memory compartment. CEF encompasses 32 epitopes
derived from Cytomegalovirus, Epstein-Barr virus, and Influenza virus, known
to bind to the most prevalent HILA-I alleles. Given the widespread prevalence of
these viruses, it is assumed that individuals have encountered them at some point
in their lives. Hence, stimulation of PBLs with CEF PP likely expanded antigen-
experienced CD8" T-cells specific for some of these peptides from the T-cell

memory compartment of the patient (305,300).

Due to the lack of phenotypical characterization of the expanded populations
with CD45RA /RO and CD62L markers, which are typically used to distinguish naive
and memory T cells (307), we are unable to classify the expanded T-cell population

reactive against PIK3CAp

E545K”
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However, given that the hotspot mutation was detected in the patient’s tumor
via WES, it is tempting to speculate that the identified reactive T cells following IVS
may originate from the memory compartment. This idea is supported by studies
that conducted IVS of independent PBL subsets from cancer patients. Specifically,
these studies sorted T-cell subsets based on CD45RA/RO and CD62L into four
independent groups (i.e. naive, central memory, effector memory, and terminally
differentiated effector memory). Each subset was independently stimulated with
KRAS or TP53 neoantigens corresponding to mutations found in the patient’s tumor.
Through this strategy, these studies showed that the reactive T cells consistently

originated from the memory compartment in cancer patients (211,224,243).

Despite the observations made by these studies, we believe that the

PIK3CA_ ., 5 populationlikely originated from the naive compartmentdue todifferent
reasons. First, previous work from our laboratory did not detect recall responses to
PIK3CA_ ;5 neoantigen in high-throughput immunological screenings on subsets

of CD8" PBLs from this patient (Appendix Figure 7). As antigen-experienced
cells, memory T cells have a low activation threshold, potentially allowing for their
direct detection from PBLs through functional immunogenic assays without prior
stimulation (308). Nevertheless, since only specific biomarker-based enriched subsets
of CD8" PBLs were tested, we cannot rule out the possibility that the reactive

population was overlooked.

Second, we hypothesize that there is a defective in vivo priming to some tumor
antigens, which results in ineffective activation of T-cell responses in patients. In
line with this, recent studies have demonstrated the induction of T-cell responses in
cancer patients whose tumors expressed KRAS hotspot mutations upon therapeutic

vaccination with the corresponding tumor-specific KRAS neoantigens (309).

Last, further evidence supporting the notion that reactive T cells to
PIK3CA
neoantigen-specific responses from HD PBLs. Indeed, the use of the same epitope

derived from PIK3CAP that we used for IVS of PBLs from the breast cancer

isise could have expanded from the naive pool is the isolation of
E545K

E545K

patient induced the expansion and isolation of CD8" PBLs from HLA-A*11:01"
HDs upon IVS (181).
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Taking all this into account and considering that our IVS protocol relied on
unfractionated PBLs, it is plausible that T cells were primed in vitro to the antigen

and expanded from the naive T-cell repertoire.

Sensitization of PBLs with MEPs hamper detection of the
entire neoantigen-specific T-cell repertoire

In this work, we explored the sensitization of PBLs using minimal epitopes
derived from hotspot driver mutations, presented in one of the patients’ HLA-I
alleles based on our MS-based immunopeptidomics screenings. The use of the
three immunogenic peptides in MEPs for PBL sensitization did not result in the
simultaneous detection of the three neoantigen-specific T-cell responses, as observed
in our IVS experiments. These findings contrast with previous publications detecting
similar T-cell responses upon PBMC stimulation with either single or extensive

peptide pools (219).

We hypothesized that competition for HLA-I binding might explain the
inconsistent T-cell expansion observed with MEPs. The inclusion of seven and ten
neoepitopes in MEP-1 and MEP-2, respectively, all binding to HLA-A*11:01, may
have caused competition for presentation. Moreover, since several peptides within
the pool display high-affinity binding for the allele, an uncontrolled preferential
presentation of a particular ligand and a reduced presentation of others may have
occurred. Such reduced HLA-I presentation could have hampered PIK?)CAPE5 -
specific T-cell expansion when using MEPs as opposed to when stimulating PBLs
with the single peptide (Table 11 and Figure 38A).

The lack of detection of additional T-cell responses to other hotspot-derived
neoantigens, such as KRAS neoepitopes presented by HLA-A*11:01 contained in
MEP-2, may also be due to peptide competition. Previous studies have successfully
sensitized PBLs from multiple HLA-A*11:01" HD to the same KRAS epitopes
(178,179). Thus, despite using PBLs from a cancer patient, which has a different
TCR repertoire, we expected at least one T-cell response to KRAS peptides. Contrary
to previous reports, we did not add peptides separately during sensitization, which
could have led to competition for binding, ultimately resulting in the absence of

expanded T-cell populations.
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This underscores the importance of performing independent stimulation to

favor the expansion of neoantigen-specific T cells.

On the other hand, it has been described that in the presence of multiple
HIA-I ligands, immunodominant epitopes cause the preferential expansion of
specific reactive T-cell populations (310). However, when we stimulated with MEP-

1, it resulted in the expansion of a TP53 . -specific T-cell population, while

R248Q

MEP-2 stimulation expanded the PII<3CAP,R88Q
though both peptides were present in MEP-1 and MEP-2 (Table 11), they led to the

-specific T-cell population. Even

expansion of different reactivities. This indicates that neither of these neoepitopes
was immunodominant because if they were, we would have expected expansion of

the same population when PBLs were stimulated with these MEPs.

Overall, stimulation with MEPs caused an underrepresentation of the
neoantigen-specific T-cell repertoire, as not all the raised T-cell responses were
consistently captured when the three neoantigens were used in combination to

sensitize PBLs.

HLA-I dextramer staining and measurement of 4-1BB
upregulation were not equivalent readouts for the
identification of reactive T cells

To detect T-cell populations targeting shared neoantigens upon IVS, we used
both HLA-I dextramer staining and measurement of 4-1BB activation marker as
readouts. These two different strategies enabled the detection of varied reactivities

at different time points.

The dextramer technology we used is a flexible platform that enables the
interrogation of several peptides in different HLA-I restriction elements. While
staining with HLA-A*11:01-dextramers loaded with PIK3CA .. enabled the
detection of reactive T cells (Figure 38A), the measurement of 4-1BB upregulation
after co-culture with peptide-pulsed autologous B cells failed to identify them.
Although discrepancies between binding to pMHC-I multimers and functional
activity have already been reported (200,311,312), further experiments with enriched

dextramer-binding T' cells proved that the isolated T cells were functional as they

secreted IFN-y and upregulated 4-1BB upon recognition of their target (Figure 38B).
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Hence, HLLA-I dextramers, compared to 4-1BB measurement, were more sensitive in

detecting this low-frequent T-cell population.

Despite their increased sensitivity in the above-mentioned example, other factors
can negatively impact the identification of certain T-cell reactivities by pMHC-I
multimers. One key aspect is the effective loading of the peptides into the HLLA-I
monomers. We specifically used empty stable monomers and later loaded them with
the desired neoepitopes. The incomplete complex formation during peptide loading
can potentially lead to false-negative results. For instance, the likely reason HLA-I

-reactive T-cell population, which was

dextramers failed to capture the TP53 .,

effectively detected by 4-1BB measurement, was the improper complex formation
between this neoepitope and HLLA-A*11:01 monomers (Figure 40A). We assume the
low predicted binding affinity of this peptide to the HLLA-I allele, above the common
500nM threshold, may hinder HLLA-I complex formation (313,314). Nevertheless,
our data shows that this standard threshold of binding cannot be used to determine

misfolding,

Table 13. The folding of monomers is not always consistent with predicted binding.

M-mlmal PG Neoantigen | HLA-l allele | nM affinity ekl

epitope ID sequence monomers
ME_1 | SSCMGGMNQR | _ 149.04 NO
ME 2 | SCMGGMNQR p-R248Q 6878.8 NO
ME_3 KIGDFGLATEK 102.32 YES

= BRAF,ygooe | A*11:01

ME_4 GDFGLATEK 4822.77 NO
ME_5 STRDPLSEITK | PIK3CA, gsask 93.97 YES
ME_6 ALMSELEVLSY | KIT, kpaze 1358.27 YES
ME_7 KAISTRDPLSK | PIK3CA, gsaax 318.81 YES
ME_8 GADGVGKSAL | KRAS, G120 20365.9 NO
ME_9 FFOETRALC | C*04:01 1733.39 NO
ME_10 FFDETRQL p-R88Q 362.46 YES

Minimal epitopes contained in MEP-1 used for sensitization of GOI-01 PBLs are shown. The
specific presenting allele identified via shotgun MS screenings of HLLA-I monoallelic cells and
predicted affinity (nM) by NetMHCPan4.1 are specified. Cells highlighted in green indicate
predicted stable complexes (<500nM), red cells indicate unstable complexes (>500nM). The
expetrimental assessment of monomer folding (YES/NO) is also shown.
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We observed a proper folding of HLA-A*11:01 monomers with KIT ., .
neoepitope despite having a predicted binding affinity above the 500nM threshold
(Table 13). On the contrary, the 10-mer neoepitope derived from TP53p.R2 450 did not
fold HLA-A*11:01 monomers even though the predicted binding affinity was below
the threshold (Table 13). This highlights the importance of empirically evaluating
the effective loading of peptides in monomers before employing HLLA-I dextramers

for T-cell identification.

Overall, our data indicates that while HLA-I dextramer staining and measurement
of the 4-1BB may be equivalent for identifying some antigen-specific T-cell
populations, in certain cases, both techniques should be considered complementary

readouts for T-cell detection.

Influence of donor TCR repertoire sampling on the detection
of T-cell responses via IVS

The vast diversity within the TCR repertoire (315) potentially allows for the
expansion of different clonotypes reactive to several peptide-HLA combinations
when PBLs are stimulated with multiple peptides. However, it is important to consider
that we have only evaluated a fraction of the patient’s broad TCR repertoire, and this

sampling may impact the final TCRs identified.

Given the large number of distinct T-cell clones within the total repertoire
(310), it can be assumed that the initial number of PBL used for IVS had a low
representation of the entire pool of antigen-specific T cells. Additionally, we
divided the PBL repertoire into multiple wells for sensitization with different
MEDPs. This random allocation of cells into various stimulation conditions may have
unintentionally biased each replicate toward a different representation of each T-cell
population. Consequently, an increased representation of a specific T-cell population
may have caused those specific T-cells to expand preferentially in each condition.
This provides an explanation for the limited expansion of neoantigen-specific T-cell
populations from only one of the two stimulated replicates under each condition

(Figure 39A and Figure 42A).
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Another factor that affects the detection of neoantigen-specific T-cell responses
is the fitness of the T cells carrying the reactive receptors. Circulating T cells
expressing high levels of PD-1 have been found to contain tumor-reactive antigen-
specific T cells (198,199). However, T cells with high levels of PD-1 have been
associated with an “exhausted” state (317,318). This could mean that these cells can
have impaired proliferation capacity. As a result, these neoantigen-specific T cells

might be missed because other T cells with better fitness outcompete them.

This might explain why we were unable to detect KIAA1524

57 l€oantigen-
specific T cells from PBLs stimulated with MEP-2 in our IVS experiments. Even
though this reactivity was found in several CD8" PBL subsets expressing high
levels of PD-1 in the patient circulating T cells, as shown in previous experiments

performed in our laboratory (Appendix Figure 7).

Last, it is also possible that T cells reactive to other hotspot-derived neoepitopes
contained in MEPs were absent in the entire T-cell repertoire of the patient.

Screening multiple donors will be essential to detect T cells targeting the remaining

neoepitopes contained in MEPs (Table 11) (213).

Sensitization with minimal epitopes resulted in the
expansion of single dominant TCRs

The presence of multiple reactive TCRs to the same minimal epitope and HLA-I
pair within a single patient has been observed in TILs (74,75,231,255) and in PBL
post-IVS (211,224,243). This suggests the potential to capture several TCRs reactive

to the same neoepitope-HLA pair from a single donor.

Although some clonotypes seemed to be more enriched than others in each of
the T-cell reactive populations as observed by TCRB deep sequencing (Figure 44),
only one TCR per population, among the ones chosen for functional validation,
showed reactivity. Our results align with previous reports that have shown the
expansion of a single dominant TCR after sensitization with single minimal epitopes

(178,179,223).

The rapid expansion protocol used to expand the sorted T-cell populations

detected after IVS may lead to a reduction in clonotype diversity.
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Although these populations were enriched in neoantigen-specific T' cells, they
likely contained some bystander T cells that could outcompete reactive cells during
REP. This limitation is a known issue in the field and has been previously reported
(319). To reduce the risk of missing additional reactive clonotypes during expansion,
TCR sequencing could be carried out immediately after sorting, This could be done
using DNA-barcoded multimers to unbiasedly identify expanded neoantigen-specific
TCRs during IVS (178).

Moreover, it is possible that there are additional reactive TCRs that we have not
explored in our study. This is because we only selected for functional validation TCRs
with high frequency in each of the pre-enriched antigen-specific T-cell populations.
To efficiently test many TCR candidates, TCR library screenings can be carried out
(320). This approach not only enables the identification of multiple reactive TCRs to
a specific antigen but also allows the concurrent detection of TCRs that are reactive

to different peptide-HILA combinations.

It is also possible that only a single TCR reactive to each antigen was present in
the patient’s repertoire, that it expanded after IVS, and that our approach captured
it. Because of this, further screenings of HD and cancer patients are necessary to
identify additional therapeutic candidate TCRs that recognize the same and other

peptide-HLLA combinations.

Preliminary insights into the anti-tumor potential of the
discovered candidate therapeutic TCRs

We identified three neoantigen-specific TCRs that could be potential off-the-
shelf TCR therapeutic candidates. While the comprehensive characterization of
their safety and potency needs to be addressed, experiments conducted in this thesis

provide insights into their anti-tumor potential.

One crucial aspect to consider during preclinical testing of potential therapeutic
TCRs is their ability to target tumor cells. Our data indicates that the three TCRs
could identify their specific targets when resulting from the endogenous processing
and presentation of overexpressed full-length mutant proteins in tumors (Figure

46A and 46C).
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However, the assessment of the cytolytic potential of these TCRs in tumors
with natural expression of the mutation and the corresponding HLA-I restriction

element remains to be evaluated.

Additionally, we addressed the functional avidity of TCR-transduced T cells
with the three TCRs, as it has been shown to correlate with the extent of tumor
cell recognition (136,321,322). Among them, the TCR targeting the PII<3CAP_E5 o
neoantigen exhibited the highest functional avidity as it responded to progressively
lower peptide concentrations (Figure 47). In addition, this TCR was the only suggestive
to be coreceptor independent. The observation that bulk T cells transduced with
the TCR specific for PIK3CA

co-receptor, could be activated when they encountered the neoantigen, suggests

Lsus N€Oantigen, either expressing the CD4 or CD3
that this TCR can function in a co-receptor independent manner (Figure 45B). This
property is important because it indirectly indicates that the receptor is likely to
have a high affinity (136,223,323). Further experiments are necessary to confirm
the ability of the PIK3CAp

independently of co-receptors.

L545K TCR to exert its antigen-specific effector functions
N oo IS

Altogether, our initial findings underscore the PIK3CA_ ., TCR as the most
potent among the three receptors. However, the other two candidate TCRs, although
of lower affinity, may still contribute to tumor control. Some studies have shown
that T-cells carrying TCRs with moderate-affinity exhibited prolonged persistence
and sustained anti-tumor responses compared to those with high-affinity receptors
(76,324-320). It is possible that the varying persistence of T cells can be attributed to
a rapid exhaustion of T cells carrying high-affinity TCRs. Recent studies using mouse
models have demonstrated that CD8" TILs with higher affinity tend to become
exhausted more quickly, while those with lower affinity retain a more progenitor-
like profile (327). In accordance with this observation, cells with a central memory
phenotype, exhibiting stem cell-like properties, have shown long-term persistence
and superior anti-tumor responses in humans (328,329). Therefore, TCRs targeting

PIK3CA ;4 and TP53
remain promising candidates for ACT of TCR-T.

potentially with lower affinity than the PIK3CA
p

.R88Q .R248Q07 E5451K
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We acknowledge that essential aspects concerning the safety and potency of the
identified TCRs still need to be assessed (235). Though there is still much work to be
done to complete the preclinical characterization of these receptors, we believe that
the discovered TCRs hold promising potential for the development of off-the-shelf
T-cell therapies.

HLA-1 and hotspot mutation co-occurrence in cancer:
implications for TCR-engineered T-cell therapies

Given the identification of TCRs that target public neoantigens, we aimed to
estimate the number of cancer patients who could benefit from TCR-T ACT using
these TCRs. By analyzing the mutation frequencies of PIK3CA and TP53, as well
as the prevalence of HLA-A*11:01 and HLA-C*04:01 alleles, we estimated that
approximately 90,000 patients could benefit annually from T-cell therapies targeting
these peptide-HLA pairs (Table 12).

Despite the potential of these TCRs to treat multiple patients, the negative
selection of tumors harboring both the HLLA-I alleles and mutations could limit their
applicability. Therefore, we assessed deviations in the proportion of patients with
the relevant HLLA-I and the hotspot mutation in cancer-specific cohorts from the
TCGA repository (Figure 48). Although we did not observe a background selection,
we acknowledge that our analysis was a simplified approach, as we only considered
the presence of the HLLA-I and the mutation. Many other factors, such as mutations
in APM or the level of RNA expression of the hotspot mutations, can impact the
HILA-I presentation of the neoantigens targeted by these TCRs. Consequently, these
factors should have been considered, as they might limit the use of TCR-based
therapies with the identified TCRs.

A thorough study that considered these additional factors found evidence
of immune editing in the TCGA cohort of colorectal cancer patients. This study
specifically observed that tumors with alleles capable of presenting immunogenic
neoantigens had a lower prevalence of certain hotspot mutations, including
PIK3CA 1 (158). This suggests that the effectiveness of TCR-T cells targeting

the PIK3CAp mutation in colorectal tumors may be limited by tumor immune

R88Q

edition.
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Nevertheless, tumor editing involves a dynamic interaction between T cells and
tumors. Thus, the infusion of TCR-engineered T cells may intensify the selective
pressure of tumor clones with alterations in neoantigen presentation. For instance,
tumors can avoid T-cell detection when they lose the HLLA-I restriction element,
which is responsible for presenting immunogenic neoantigens. This evasion of
T-cell surveillance limits the efficacy of TCR-based therapies. Two case reports have
shown that T cells with TCRs targeting public neoantigens failed to achieve long-
lasting tumor rejection because of HLLA-I loss in certain tumor lesions (76,153). This
resistance mechanism has also been observed in patients treated with TCR-engineered
T cells targeting viral proteins (150). These findings underscore the importance of

closely monitoring tumor evolution during TCR-based therapy treatments.

Development of TCR-engineered T-cell products using the
discovered off-the-shelf therapeutic TCR candidates

The candidate TCRs show promise for treating cancer because they can target
public neoantigens. We will discuss the development of ACT of TCR-engineered
T cells with the identified TCRs, although the preclinical characterization of these
receptors has not yet been completed. To identify suitable candidate patients for these
T-cell therapies, it is important to assess the hotspot mutation and the expression of
the HLA-I restriction element. These factors can be detected from either peripheral

blood samples or tumor biopsies.

Blood samples can identify eligible patients for ACT of TCR-T cells carrying
the identified TCRs by analyzing circulating cell-free DNA and DNA extracted
from PBMCs. Circulating cell-free DNA (cfDNA) comprises small DNA fragments
released into the bloodstream by cells undergoing cell death or damage across various
tissues, including tumor cells (330,331). In cancer patients, circulating tumor DNA
represents a fraction of cfDNA originating from tumor cells. This tumor-derived
genetic material serves as a valuable resource for identifying tumor mutations directly
from blood plasma. Previous studies have shown that it is possible to detect hotspot
mutations in PIK3CA and TP53 genes from cfDNA. These mutations were used as
biomarkers to measure therapeutic efficacy and monitor residual disease (332—330).
Therefore, cfDNA can be used to examine the presence of hotspot mutations in the

tumor lesions of metastatic cancer patients.
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Additionally, NGS of DNA from PBMCs can be used to determine the germline
HILA-I genotype. This allows for the identification of the relevant HLA-I restriction

element.

However, it is well known that tumors can downregulate or lose expression of
HILA-I alleles through various mechanisms (337). As a result, the HLLA-I genotyping
of PBMCs may not always correspond with the expression of HLA-I in tumors.
Instead, we suggest examining mutations that could potentially cause HLA-I loss
using WES and confirming the expression of the relevant HLLA-I allele through
RNA sequencing analysis of tumor biopsies. In addition, hotspot mutations can be
detected from tumor DNA through WES or by using a targeted sequencing panel
for the genes of interest. Although more invasive, this strategy could better identify

patients who would benefit from ACT of TCR-T cells.

Once the coexistence of the hotspot mutation and the relevant HLA-I allele
is confirmed, blood samples will be required to obtain autologous T cells. These
cells will be engineered to express the corresponding off-the-shelf TCR of interest
for patient treatment (Figure 50). To avoid using viral vectors for TCR transfer and
to prevent TCRaf chain mispairing, an alternative genetic editing strategy using
CRISPR/Cas9 can be used. Recent studies have shown that simultaneously knocking
out the endogenous TCR and knocking in the TCR of interest into the same locus
is a safe method to produce TCR-engineered T cells for treating cancer (151). After
introducing the TCRs, cells can be selected and expanded to high numbers in a REP.
Before infusing the expanded TCR-engineered T cells, lymphodepletion will be used
on the patient to create space for the therapeutic cells. Additionally, administration

of IL-2 will further promote 7z vivo T-cell growth (Figure 50).

Similar manufacturing procedures have been used to produce TCR-engineered
T cells targeting different shared tumor antigens as the one we are proposing
(135,136,138,139,141,150,152). These TCR-T cells have been used in clinical trials,
demonstrating strong anti-tumor responses and highlighting their effectiveness in
cancer treatment. While there is currently limited clinical experience with TCR-
engineered T cells targeting public neoantigens, promising results from case reports
(152,153) indicate that ACT using TCR-engineered T cells offers a promising

treatment option for patients with metastatic epithelial cancers.
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Figure 50. Schematic representation of the proposed ACT strategy using TCR-engi-
neered T cells with the identified candidate off-the-shelf TCRs. DNA extracted from a
tumor biopsy and PBLs would be used for 1) WES and RNA sequencing of tumors to identify
hotspot mutations and HLLA-I typing. 2) Collection of patients’ blood to separate autologous
PBLs 3) transduction of the adequate off-the-shelf TCR to the patient’s T' cells. Upon trans-
duction, cells will be selected and 4) expanded to high numbers for patient treatment. 5) In
parallel, the patient will receive pre-conditioning chemotherapy. Finally, 6) TCR-engineered T
cells would be infused into patients followed by IL-2 to further support the growth and survival
of the infused T cells. Image created with Biorender.com.

Identifying and harnessing cancer antigens that trigger a strong immune
response is vital for the success of immunotherapies. Antigens originating from
recurrent mutations in hotspot regions of driver genes are of particular interest,
as they are conserved and highly expressed in tumor cells. Hence, treatments using
T cells directed to these antigens have the potential to trigger tumor regression in
different tumor lesions within a patient. Additionally, TCRs capable of recognizing
these neoantigens could facilitate the development of minimally invasive TCR-based

therapies for treating patients with various types of cancer.

In this thesis, a method has been developed to identify candidate public
neoantigens that can be targeted by T cells. The identified TCRs, which recognize
three different public neoantigens, represent new promising off-the-shelf TCRs that

could be used for treating multiple patients with different types of tumors.
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Mass spectrometry screening of purified HLA-I peptides from monoallelic

cells revealed 33 novel peptide-HILA combinations originating from hotspot-derived

neoantigens from various driver genes presented on highly prevalent HLA-I alleles.

Moreover, we raised T-cell responses and identified TCRs targeting three public

neoantigens, which could be exploited to develop off-the-shelf TCR-based T-cell

therapies.

1.

We prioritized 12 HLLA-T alleles highly prevalent in the European Caucasian
population and selected 35 recurrent mutations across 13 cancer driver

genes, distributed among four HSTMGs.

Theuse of HLA-Imonoallelic tumor cells asa source forimmunopeptidomics
increased the sensitivity for detecting previously reported and novel mutant

peptides compared to B cells.

MS-based immunopeptidomics performed on cells expressing a total of 37
HSTMG-B2M_HILA combinations enabled the identification and validation
of 49 mutant peptide-HLA pairs derived from 23 different hotspot driver

mutations across 10 HLA-T alleles.

In vitro sensitization of peripheral blood lymphocytes from GOI-01
cancer patient raised two HLA-A*11:01-restricted T cell reactivities specific
for PIK3CA and TP53 as well as an HLA-C*04:01-restricted

.E545K .R248Q0°

response targeting PIK?)CAp

R88Q’

Three TCRs targeting the above-mentioned mutations were identified,
exhibiting specific recognition and variable functional avidities toward their

respective cognate neoantigens.

The three reactive TCRs demonstrated z vitro recognition of tumor cells
overexpressing the relevant antigen and/or HLA-I, underscoring their

potential to develop off-the-shelf T-cell therapies.

The physiological presentation of the identified peptides by tumor cells and
the immunogenicity of 30 newly described shared mutated peptide-HLA

pairs remain unexplored and warrant further investigation.
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Abbreviations tumor type

BLCA Bladder urothelial carcinoma

BRCA Breast invasive carcinoma

CESC Cervical squamous cell carcinoma and endocervical
Adenocarcinoma

CHOL Cholangio carcinoma

COAD Colon adenocarcinoma

ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC Head and neck squamous cell carcinoma

KIRC Kidney renal clear cell carcinoma

LAML Acute myeloid leukemia

LGG Bran lower grade glioma

LIHC Liver hepatocellular carcinoma

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

oV Opwarian serous cystadenocarcinoma

PAAD Pancreatic adenocarcinoma

PRAD Prostate adenocarcinoma

READ Rectum adenocarcinoma

SARC Sarcoma

SKCM Skin cutaneous melanoma

STAD Stomach adenocarcinoma

TGCT Testicular germ cell tumors

UCEC Uterine corpus endometrial carcinoma

UCS Uterine carcinosarcoma

198

References



m™m
()] [Tp)
?
o o b
. T T @ .
Peptide = S = Mutation
TTQSDPPIAR - ARlDlAp_P1135fs
QEGATMAVRL A CTNNBlp_K198T
AYIRKALAL PIK3CAp_T1025A
YVVELINHY PIK3RL 50
KYNTIEHLL PPP2RIA o

Number of HLAs %-tile EL rank<2

]

N.D. 01234

Appendix Figure 1. Mutant peptides derived from patient-specific neoantigens encod-
ed in HSTMGs were identified in HSTMG-expressing B cells from three patients. The
specific peptide sequence (left) and the mutation from which they derive (right) are annotated.
The mutated AA is highlighted in red. Cells filled in blue indicate peptides detected in B cells
derived from a particular patient, while blank cells indicate that the peptide was not detected
(N.D.). For presented peptides, the number of HLLA-I alleles from the patient for which it can
be considered as a binder according to NetMHCPan 4.1 (%-tile EL rank <2) is specified in the
corresponding cell from pale blue (n = 1) to datk blue (n = 4). White crossed cells indicate pep-
tides detected by mass spectrometry that were not classified as binders for any of the patient’s
HIA-I alleles according to NetMHCPan4.1.
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Appendix Figure 2. Autologous TCL recognition by VHIO-08 TIL. The frequency of
4-1BB* ex vivo expanded TIL gated on CD3*CD8" cells after 20h co-culture with either autol-
ogous wild-type (VHIO-08 TCL) or the B2M KO (VHIO-08 B2M KO TCL) patient-derived
tumor cell lines (TCL). Three and one TIL lines expanded ex vivo from a pre- and post-treat-
ment biopsy of patient VHIO-08, respectively, were co-cultured independently with the two
tumor cell lines. The patient was treated with anti-PD1 and anti-LAG-3. An irrelevant TIL
population from a different patient (HLA-I mismatched) was included as a control (TIL IRR).
Media and anti-CD3 (OKT3) were used as negative and positive controls, respectively. Data is
representative of at least two independent experiments.
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Appendix Figure 3. Peptides presented by the 13 studied B2M_HILA chimeras in elec-
troporated B2M KO TCL display the expected HLA-I characteristics. For each B2M_
HIA chimera, all unique peptides recovered from transfectants with HITMG1-3 were pooled
together for the analysis. For B2M_A*03:01, unique peptides recovered from transfectants
with HSMTG1-4 were also pooled. A) Peptide length distribution of the total unique HLA-I
peptide sequences identified for transfectants with the indicated B2M_HILA chimeras. Only
peptides <15Aa are plotted. B) The percentage of unique peptides (ranging from 8 to 15
Aa) predicted to bind to the introduced B2M_HLA chimera. Peptides are classified as strong
binders (SB, %-tile EL rank <0.5), weak binders (WB, %-tile EL rank 0.5-2), and non-binders
(NB, %-tile EL rank >2). C) Comparison of HLLA-I binding motif from the introduced HLLA-I
alleles defined by NetMHCPan4.1-EL to the one defined by GibbsCluster2.0.
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Unique 9-mers identified in each of the generated transfectants were used for the analysis. The
solution, according to GibsCluster2.0, analyzed by default settings when allowing for a single
group is depicted. The number of sequences (n=) is indicated in each case.
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Appendix Figure 4. Shotgun HLA-I immunopeptidomics on HLA-I monoallelic tumor
cells detected more than 90 mutant peptide-HLA pairs derived from 22 patient-specific
neoantigens presented across 13 HLA-I alleles. A) The number of mutated peptides (MP)
detected by shotgun MS screenings is displayed for each of the B2M_HILA chimeras studied.
The gene name, the position, and the specific AA change ate specified. The mutations labeled
as (*), were encoded in HSTMG#4 that was used only in combination with B2M_A*03:01. B)
Heatmap displaying the predicted %-tile EL rank of identified mutant peptides to the evaluated
HLA-I alleles, as determined by NetMHCPan4.1. Crossed cells indicate an identified mutant
peptide of 7 AA in length for which the %-tile EL rank could not be evaluated by NetMH-
CPan4.1. Blank cells indicate peptides predicted as non-binders for each allele according to
NetMHCPan4.1 (%-tile EL rank >2). The specific mutation and gene name from which each

peptide originates are annotated.
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Appendix Figure 5. Peptide identifications of HLA-I monoallelic cells mapped spe-
cifically to the transfected HSTMG constructs. Heat map showing peptides identified in
each transfectant through HLA-I immunopeptidomics. The peptide sequence with the mutat-
ed AA is highlighted in red, and the neoantigen from which they are derived is specified. The
HSTMG construct encoding the listed neoantigens is specified on the far left. Cells filled in
blue depict mutant peptides mapping to shared or patient-specific mutations detected through
shotgun MS in the corresponding B2M_HLA + HSTMG transfectants. Wild-type peptides
mapping to minigenes encoding for shared or patient-specific mutations detected in the corre-
sponding transfectants are depicted in yellow. The withe cells denote that the specified peptides
were not detected (N.D.). Only transfectants resulting from combinations of B2M_A*02:01,
B2M_B*07:02, and B2M_C*05:01 with HSTMG1-3 are shown as representative examples.
Artificial junction or peptides mapping to P2A-ZSG detected in each of the transfectants are
not shown.
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Appendix Figure 6. Co-elution profiles of the forty-nine candidate public neoanti-
gens validated by PRM-MS. Co-clution profiles of transitions of endogenous (top) and
isotope-labeled (bottom) peptides, analyzed using Skyline software, are displayed for the neo-
antigens validated to be presented in A) B2M_A*01:01, B) B2M_A*02:01, C) B2M_A*03:01,
D) B2M_A*11:01, E) B2M_A*24:02, F) B2M_B*07:02, G) B2M_B*08:01, H) B2M_B*44:02,
I) B2M_C*04:01, J) B2M_C*05:01. The specific amino acid sequence of the validated peptides,
the name of the driver gene and protein alteration, and the HSTMG construct encoding each
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Appendix Figure 7. Enriched CD8" PBL T-cell subsets from GOI-01 recognize a neo-
antigen derived from KIAA1524 _ identified by tumor WES. CD8"and CD4" PBL sub-
sets from patient GOI-01 either expressing PD-1 alone or in combination with other co-stim-
ulatory and co-inhibitory markers were sorted using FACS. Three PD-1 populations were
defined: PD-1neg, PD-1dim, and PD-1hi cells, comprising the top 1.5% of cells expressing
PD-1. Within each PD-1 population, cells were classified as positive or negative for the other
analyzed markers. Following cell sorting, subsets were ex vivo expanded via a REP. A personal-
ized screening of the enriched CD8" and CD4" populations was performed using autologous
B cells electroporated with tandem minigenes (TMG) TMG1-12. Each TMG contained up to
22 different minigenes encoding for NSMs detected in the patient tumor by WES. The screen-
ing identified that different CD8" subsets (PD-1%; PD-1%CD39* and PD-1"4-1BB’) recog-
nized TMG1. To determine the mutation specifically recognized by these CD8" T-cell subsets,
25-mer peptides encompassing the individual NSM contained in TMG1 were independently
pulsed onto autologous B cells at Sug/mL overnight. A pool of 25-mers (PP-1), containing
all the NSM encoded in TMG1, was also pulsed onto autologous B cells. After 20h, T-cell
responses were evaluated by measuring IFN-y production and upregulation of 4-1BB gated
on CD3"CD8" cells by flow cytometry as indicated below. The specific mutated protein and
amino acid changes are annotated. Autologous B cells pulsed with an Irrelevant peptide pool
(Irrel PP) and OKT3 (anti-CD3) were used as negative and positive controls, respectively. Data
are representative of two independent experiments. Notably, the PIK3CAPF5 45 DOtspot muta-
tion represented by the 25-mer number 14, highlighted in red, showed no recognition by these
enriched CD8" subsets. All findings shown in the figure are detived from prior experiments
conducted in our laboratory.
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Appendix Table 1. Candidate public neoantigens validated through PRM-MS in transfec-
tants expressing B2M_HILLA chimera and HSTMG constructs.

shared Validated in
Peptide sequence |Length neoaar::igen B2M_HLA | Previous reports
chimera
KYIKTWRPRYF 11mer AKT1pE17¢ A*24:02 Novel
KIGDFGLATEK 11mer A*03:01 181
GDFGLATEK 9mer BRAF ;. veooe A*11:01 Novel
TEKSRWSGSHQF | 12mer B*44:02 Novel
MVDVGGLRSERRK | 13mer | GNA11[ qp091 A*03:01 Novel
MVDVGGLRSERRK | 13mer | GNAQg g0 | A*03:01 Novel
STDVGFCTL 9mer | ERBB2,s3ior | C*05:01 181
SYLEDVRLI 9mer ERBB2, vg42 A*24:02 Novel
VYIDPTQPPYDHKW | 14mer KT A*24:02 Novel
YIDPTQPPY 9mer pL576P A*01:01 Novel
AVEEINGNNY 10mer KIT, vs50a A*01:01 Novel
ALMSELEVLSY | 11mer A*11:01 Novel
MSELEVLSYL 10mer KIT A*01:01 Novel
MSELEVLSY 9mer pGA2E A*01.01 Novel
ALMSELEVL 9mer A*02:01 Novel
A*03:01 178
VVVGACGVGK 10mer KRAS
POC T A%11:01 178
B*07:02 1
GADGVGKSAL 10mer 9
KRAS ;6120 C*05:01 181
KLVVVGADGV 10mer A*02:01 244
A*03:01 252
VVVGAVGVGK 10mer
A*11:01 183
A*03:01 252
VVGAVGVGK 9
MET 1 KRAS, Gy | A*11:01 183
AVGVGKSAL 9mer B*07:02 Novel
GAVGVGKSAL 10mer B*07:02 Novel
KLVVVGAVGVGK | 12mer A*03:01 Novel
ILDTAGKEEY 10mer A*01:01 231
NRAS , as1¢
LLDILDTAGKEEY | 13mer A*01:01 Novel
ILDTAGLEEY 10mer A*01:01 182
NRAS,, g1t
GLEEYSAMRDQY | 12mer A*01:01 Novel
C*04:01 Novel
FFDETRQL 8mer
PIK3CApReza | C*05:01 Novel
FDETRQL 7mer B*44:02 Novel
KAISTRDPLSK | 11mer | PIK3CA,gsqpq | A*11:01 Novel
A*11:01 181
STRDPLSEITK 11mer
PIK3CApesask | A*03:01 Novel
SEITKQEKDF 10mer B*44:02 Novel
ALHGGWTTKM | 10mer | PIK3CA, 10a7 | A*03:01 Novel
*01: Novel
YVDPSGGDCF | 10mer | SMAD4, r3gic A*01:01
C*05:01 Novel
YVDPSGGDHF 10 A*01:01 Novel
mer
SMAD4 ; r361H C*05:01 Novel
YVDPSGGDH 9mer C*05:01 Novel
HMTEVVRHC 9mer | TP53,p175H A*02:01 75
SSCMGGMNQR 10mer A*11:01 Novel
SCMGGMNQR 9mer TP53, r24sa A*11:01 181
GGMNQRPIL 9mer B*08:01 Novel
GGMNWRPIL 9mer TP53, rRoasw B*08:01 Novel

Peptide sequence with the mutant AA highlighted in red, length, and shared neoantigen from
which they derive are listed. The specific chimera where each peptide was validated is speci-
fied. The neoantigen highlighted with (*) was only interrogated with B2M_A*03:01 chimera.
Reference to the first previous report detecting the pepide-HILA pairs validated are specified.
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