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Cancer represents one of the deadliest diseases in humans, and current approved therapeutic
strategies fail to eliminate tumours from patients whilst correlating with the development of
numerous side effects. Over the last few years, cancer immunotherapy approaches have proven
their utility for the treatment of this disease, showing complete remission in some treated
patients. Some components of the immune system, specifically CD8+ T cells, are considered the
main effectors of these anti-cancer therapies as these cells can recognize and eliminate cancer
cells through a myriad of cytotoxic mechanisms. However, the majority of the most common
immunotherapeutic approaches do not take into consideration the epitopes recognised by CD8+ T
cells involved in the immune control of tumours. Moreover, different strategies have shown that
vaccination with tumour-specific epitopes are able to induce strong and long-lasting CD8+ T cell
responses that are associated with tumour regression. Despite this, the identification of these
epitopes in the clinical setting is challenging whilst studies regarding the importance of peptide
abundance and affinity in the immunogenicity and therapeutic benefit of such peptides are
inconclusive.

In order to improve our understanding on the immunodominance patterns of tumour epitopes
and their role in the development of anti-tumour responses, we aimed to identify novel CD8+ T
cell epitopes and their role in tumour rejection in the widely-tested CT26 colorectal carcinoma
model. For this, and using publicly available immune-transcriptomic data, we used a peptide filter
relation model that incorporates the cellular abundance of the source protein alongside their
predicted MHC-I affinity, in order to rank the candidate peptides in terms of likelihood of being
presented at the cell surface of tumour cells. Using this approach, we identified three novel
epitopes, which showed a preferential targeting in mice with regressing tumours upon depletion
of regulatory T cells, indicating a potential prediction of clinically-relevant epitopes using the
peptide filter relation model compared to classical predictions of MHC-I binding affinities.
Dextramer assays confirmed the presence of CD8+ T cells specific for these epitopes, which
showed similar activation, memory, and exhaustion phenotypes to CD8+ T cells specific for the
other two known CT26 epitopes, GSW11 and AH1. Thus, our study highlights the importance of
incorporating abundance and affinity parameters for the selection of cancer-derived peptides,
which could significantly improve the design of more specific immunotherapy approaches.
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Chapter 1 Introduction

One of the biggest challenges of modern medicine has been finding an effective treatment for
cancer. Since the first use of nitrogen mustard for the treatment of Non-Hodgkin’s lymphoma in
1942, several chemotherapeutic approaches have been developed for different types of cancer
(Chabner and Roberts 2005). However, none of these drugs can eradicate cancer cells in all
patients, they are nonspecific, and are associated with a wide array of side effects, which has led
to an exhaustive search for more specific and safer therapeutic strategies. In this regard cancer
immunotherapy has become one of the most promising approaches, as these therapies target
different components of the immune system with the purpose to stimulate anti-cancer immune
responses that can ultimately lead to tumour control. The promising results observed thus far in
clinical trials have led this approach to be declared as breakthrough of the year 2013 (Couzin-
Frankel 2013), as well as being recognised with The Nobel Prize in Physiology or Medicine in 2018
given to James Allison and Tasuku Honjo “for their discovery of cancer therapy by inhibition of
negative immune regulation” (The_Nobel_Prize 2018). Cancer immunotherapy can be divided into
“passive” or “active” immunotherapy, depending on the mechanisms employed to induce an anti-
tumour immune response. “Passive” immunotherapy strategies rely on the administration of
molecules or cells with intrinsic anti-tumour activities, such as anti-tumour antibodies, adoptive
transfer of cytotoxic cells, or oncolytic viruses. On the other hand, the goal of “active”
immunotherapy is to induce the expansion and migration of cancer-specific immune cells to the
tumour, using anti-cancer vaccines, checkpoint inhibitors, pattern recognition receptors (PRRs)
agonists, pro-inflammatory cytokines, tissue remodelling inhibitors, among others (Galluzzi,
Vacchelli et al. 2014, Palucka and Coussens 2016). One of the main targets of active
immunotherapy strategies are CD8+ T cells, as these cells can eliminate cancer cells by cell-
mediated cytotoxicity (Appay, Douek et al. 2008) through the recognition of cancer-derived
epitopes presented on the cell surface by major histocompatibility class-1 (MHC-I) molecules
(Sharma and Allison 2015). Besides the recognition of cancer peptides through MHC-I molecules,
CD8+ T cells require costimulatory signals provided by dendritic cells (DCs) as well as an
appropriate pro-inflammatory environment to sustain an anti-tumour activity, adding extra layers
of complexity for the activation of this cell population that must be addressed in the development
of new therapeutic approaches (Palucka and Coussens 2016). In addition, several immune
regulatory mechanisms in the tumour microenvironment (TME) can impede the correct activation
of CD8+ T cells, such as a skewed pro-tumour inflammatory environment that promotes T cell
anergy as well as high expression of co-inhibitory molecules like cytotoxic T-lymphocyte

associated protein-4 (CTLA-4) and programmed death 1 (PD-1) (Waldman, Fritz et al. 2020).
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Moreover, the presence of immunosuppressive populations of cells (including regulatory T and B
cells, as well as myeloid-derived suppressor cells (MDSCs)) (Tcyganov, Mastio et al. 2018), and
barriers that prevent infiltration of T cells (Peng, Chen et al. 2016, Zhang, Guan et al. 2020), can
also decrease the anti-tumour activity of this cell population. Although different active
immunotherapeutic strategies aimed at boosting anti-tumour CD8+ T cell responses have been
approved for use in humans, not all patients benefit and cases of resistance to immunotherapy
have been widely described (Dersh, Holly et al. 2021). Furthermore, the majority of
immunotherapy strategies follow a blind approach regarding the epitopes recognised by CD8+ T
cells in patients and deciphering how to generate robust anti-tumour CD8+ T cell responses
bypassing the regulatory mechanisms while targeting highly immunogenic epitopes represents a
crucial step for the development of therapeutic strategies that can eliminate cancer cells in

patients.

1.1 CD8+ T cells in cancer immunotherapy

Although developments regarding immune-related therapies have been described relatively
recently, the idea that immune cells were able to detect and eradicate cancer cells was first raised
in 1970, in a term coined as cancer immunosurveillance (Burnet 1970). More than 10 years later,
Thomas hypothesised that the cancer immunosurveillance hypothesis could explain why a vast
majority of transplanted patients with continuous immunosuppressive therapies developed a
wide array of cancers, attributing this phenomenon to a defective control of neoplastic cells by
immune cells (Thomas 1982). It was only in 1994 that Dighe et al. proved the role of the immune
system in the elimination of cancer cells, as treatment with a neutralizing antibody against IFNy
abrogated the lipopolysaccharide (LPS)-mediated protection of the methylcholanthrene (MCA)-
induced Meth-A sarcoma in BALB/c mice (Dighe, Richards et al. 1994). Further experiments in
mouse models showed that endogenous IFNy protected from the development of spontaneous
tumours and that anti-IFNy treatment led to an increased susceptibility to develop both
spontaneous and transplantable tumours (Kaplan, Shankaran et al. 1998). The role of lymphocytes
in immune control of cancer was later demonstrated in Recombination Activating 2 (RAG-2)-
knockout mice, which lack the capability to undergo the recombination event which forms
antigen receptors and therefore have a deficiency in both T and B cells, as these animals
developed MCA-induced sarcomas more rapidly and aggressively than wild-type (WT) mice.
Moreover, among the T cell populations, CD8+ T cells were considered the main effector cells
targeting neoplastic cells, as the adoptive transfer of cancer-specific CD8+ T cells led to the
elimination of established tumours in mice (Hanson, Donermeyer et al. 2000). In addition, the

presence of CD8+ tumour-infiltrating lymphocytes (TILs) has been correlated with good prognosis
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in a wide array of human cancers, including colorectal (Hu, Sun et al. 2019), ovarian (Webb, Milne
et al. 2014), oesophageal (Schumacher, Haensch et al. 2001), and lung carcinomas (Ganesan,
Clarke et al. 2017). These studies shed lights on the importance of the immune system in the
recognition and elimination of cancer and the steps that occur during the anti-cancer immune
response, events which have been described as the cancer-immunity cycle (Figure 1.1). This cycle
initiates when immature DCs (or other professional antigen-presenting cell) capture cancer
antigens from the developing tumour, which together with activation signals mediated by
damage-associated molecular patterns (DAMPs), leads to the maturation and migration of these
cells to lymph nodes, where they can prime and activate naive CD8+ T cells. Activated T cells then
traffic and infiltrates the developing tumour, where they can recognize cancer-specific antigens
that lead to the elimination of tumour cells (Chen and Mellman 2013). This cycle concludes with
the eradication of neoplastic cells when the immune response is strong enough. However, when
the immune response is unable to eliminate neoplastic cells, the developing tumour enters an
equilibrium state where low immunogenic cells are selected by the pressure of the immune
system, which ultimately leads to the proliferation of poorly recognized cancer cells in a process
known as cancer immunoediting (Dunn, Bruce et al. 2002). A crucial step during the first phases of
the cancer-immunity cycle involves the antigen presentation of immunogenic epitopes, which
must be intracellularly processed and presented by MHC-I molecules to DCs and CD8+ T cells,

leading to the elimination of tumour cells through a myriad of mechanisms.
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Figure 1.1 The cancer immunity cycle.The generation of effective anti-tumour CD8+ T cell
responses follow a series of steps that start with the acquisition of tumour antigens by immature
dendritic cells in the TME (1), maturation and migration of these cells towards secondary
lymphoid organs (2), priming of naive CD8+ T cells (3), infiltration of effector T cells (Tere) to the
tumour bed (4), and elimination of cancer cells (5). Although the classic cancer immunity cycle
involves the migration of antigen-loaded DCs to secondary lymphoid organs, T cell priming can
also be performed within the tumour bed in tertiary lymphoid structures (Not depicted). Created

with BioRender.com.
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111 The importance of the MHC-I antigen presentation pathway in cancer

A proper understanding of antigen presentation through MHC-I is crucial for the success of
immunotherapies aimed at boosting CD8+ T cell responses. As mentioned earlier, there are two
critical steps that must occur in the successful antigen presentation: i) Uptake of tumour antigens
by professional Ag-presenting cells and MHC-I cross-presentation to naive CD8+ T cells for
priming, and ii) Presentation of the cancer antigen by MHC-I molecules on the cell surface of
tumour cells for the interaction with TCR of CD8+ T cells. The MHC-I antigen presentation
pathway (APP) initiates with the calnexin-mediated folding and assembly of the MHC-I heavy
chain in the endoplasmic reticulum (ER), which then associates with f2-microglobulin (B2M) in
the absence of peptide, resulting in a highly unstable complex. Subsequently, the core of the
peptide-loading complex (PLC), composed of the chaperone tapasin associated with ERp57 and
calreticulin, binds and stabilizes the initial MHC-I1 complex through TAP (transporter associated
with antigen processing). Intracellular proteins destined towards MHC-I antigen presentation
undergo initial proteolysis in the cytoplasm either by the proteasome and/or by cellular
proteases, resulting in the generation of peptide fragments that are transported to the ER
through TAP. Once in the ER, these peptides are further processed by the aminopeptidase ERAAP
(ER aminopeptidase associated with antigen processing in mice; ERAP — Endoplasmic reticulum
aminopeptidase in humans), which performs N-terminal trimming of incoming peptides in order
to generate peptides with optimal MHC-1 binding length (between 8 — 10 amino acids). Tapasin
proofreads peptides for stable binding in the groove formed by the al and a2 domains of the
MHC-I heavy chain. Binding of optimal peptides to the corresponding MHC-I molecule induces the
detachment of the peptide-MHC-I (p/MHC-I) complex from the PLC, which is then transported to
the cell surface for antigen presentation (Rock, Farfan-Arribas et al. 2014, Jhunjhunwala, Hammer
et al. 2021) (Figure 1.2). Although this MHC-I APP was initially described for the presentation of
intracellular peptides, this pathway can also participate in the antigen presentation of exogenous
peptides through MHC-I to CD8+ T cells, in a phenomenon known as cross-presentation,
characterised by the intracellular processing of ingested or phagocyted antigens in endosomes,
leading to the generation of peptides able to bind MHC-I molecules (Muntjewerff, Meesters et al.
2020).

Given that MHC-I antigen presentation is crucial for triggering anti-tumour CD8+ T cell responses,
several mechanisms of immune evasion targeting the APP have been described in cancer.
Tumours can "deplete" their antigenic repertoire in order to escape the immune system through
copy number losses at the genomic level, via epigenetic modifications that impair RNA
transcription, and by post-translational mechanisms in tumour-associated antigens (TAAs) and

Neoantigens, as often these proteins can be dispensable for the tumour and are just a by-product
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of oncogenesis (Jhunjhunwala, Hammer et al. 2021)(Section 1.3.1). Furthermore, tumours can
also mutate MHC-I and 2M genes, leading to an impaired production of these molecules
(Dhatchinamoorthy, Colbert et al. 2021). Such mutations have been detected in 3.3 - 4% of human
cancers for MHC-1, and in 0.86% for 2M, especially in tumours with T-cell enrichment (Rooney,
Shukla et al. 2015, Shukla, Rooney et al. 2015). Overall, cancers with a high neoantigen burden,
such as microsatellite instability-high cancers, exhibit a higher frequency of loss-of-function
mutations in MHC-I and B2M genes (Castro, Ozturk et al. 2019). Importantly, as these
manifestations are observed at the genomic level, the decrease in the expression and/or function
of MHC-1 and B2M molecules can be irreversible. Nevertheless, this MHC-I downregulation is not
a complete escape mechanism, as downregulation of MHC-I can trigger the "missing-self"
elimination of tumour cells by natural killer (NK) cells, resulting in a loss of inhibitory signals in NK
cells normally mediated by the interaction between MHC-I molecules and killer immunoglobulin-
like receptors (KIRs), and the subsequent activation of these cells through the interaction of NK
cell activator receptors (such as NKG2D) with their ligands (including MHC class | polypeptide-
related sequence A (MICA) and MICB) (Myers and Miller 2021). On the other hand, some tumours
can induce reversible changes in the levels of expression of APP components, mostly at the
transcriptional and post-translational level, including hypermethylation of promoter genes of
different APP genes (Ye, Shen et al. 2010, Qifeng, Bo et al. 2011), overexpression of the
transcription factor DUX2 that inhibits IFNy signalling (Chew, Campbell et al. 2019), and the
redirection of MHC-I molecules towards the macroautophagy pathway in NBR1-rich vesicles

(Yamamoto, Venida et al. 2020), among others.

Following the intracellular processing of antigens into epitopes presented by MHC-I molecules,
optimal activation of CD8+ T cells requires the presentation of antigens by antigen presenting cells
(APCs). Although several professional APCs have been described in health and disease, the most
important players in antigen presentation for the generation of anti-tumour immune responses
are DCs and tumour-associated macrophages (TAMs). DCs are considered professional APCs, as
they can internalize, process and present antigens in both MHC-I and MHC-II molecules to CD8+
or CD4+ T cells, respectively. Moreover, the three signals required for T cell activation can be
mediated by DCs, i.e., the interaction between p/MHC-I and TCR, co-stimulatory signals such as
the ones resulting from the interaction of CD80/CD86 in DCs with CD28 in T cells, and cytokines
like IL-12 and IFNy (Wang, Xiang et al. 2020). DCs usually reside in peripheral tissues in an
immature state, characterised by a high efficiency in antigen uptake, low expression of MHC-I and
-l molecules, as well as low expression of co-stimulatory molecules. In tumours, DCs maturation is
mainly mediated by the recognition of damage-associated molecular patterns (DAMPs) by Toll-

like receptors (TLRs) (Gardner and Ruffell 2016), and upon antigen uptake, DCs acquire high
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motility while migrating towards secondary lymphoid organs for antigen presentation to naive T
cells, in addition to a reduced ability to uptake and process antigens but a higher expression of co-
stimulatory, MHC-I and -Il molecules, and an increased production of cytokines (Wang, Xiang et al.
2020). This T-cell/DC interaction also favours the maturation of DCs through the cross-linking of
CD40L on T cells with CD40 on DCs, which leads to an increase in IL-12, CD80 and CD86 expression

in DCs, creating a positive feedback loop that favours T cell activation (Tay, Lee et al. 2017).

Although DCs are highly diverse, studies in mice have roughly classified these cells into four
populations: conventional DCs type 1 (cDC1s), cDC2s, plasmacytoid DCs (pDCs), and monocyte-
derived DCs (MoDCs). Both types of cDCs arise from a common DC precursor from bone marrow
but trigger different immunological responses. In mice, cDC1s are characterised by the expression
of either CD8a (resident) or CD103 (migratory), as well as XCR1 (X-C Motif Chemokine Receptor
1), CLEC9A (C-Type Lectin Domain Containing 9A), and CD205 (Wculek, Cueto et al. 2020). They
are categorised as the most efficient cross-presenting cells, able to internalize extracellular
antigens and cross-presenting them to CD8+ T cells (Chiang, Tullett et al. 2016). cDC1s are also
high producers of IL-12 and play an important role in the development of CD4+ Th1 responses. On
the other hand, cDC2s represent a more heterogeneous population in both human and mice, but
can be distinguished by the expression of CD11b, along with CD172a and CD11c (Wculek, Cueto et
al. 2020), and are strong inducers of Th2 responses in tumour settings (Williams, Tjota et al. 2013,
Binnewies, Mujal et al. 2019). pDCs, characterised by the expression of B220 in mice, derive from
both common DC precursors and lymphoid progenitors. These cells are not considered good at
cross presentation and have low expression levels of MHC molecules but are considered the main
producers of IFN type I, playing an important role in clearance of viral infections (Mitchell,
Chintala et al. 2018). Lastly, MoDCs are differentiated in inflamed tissues upon CCR2-mediated
trafficking. These cells represent a highly heterogeneous population, and their activity is
dependent on the inflammatory context, as they can drive Thl, Th2, and Th17 responses alike
(Wculek, Cueto et al. 2020).

Among these subsets, cDC1s are considered the most important drivers of anti-tumour CD8+ T
cell responses, as evidenced by the role of both Batf3+ CD8a+ cDCl1s in the rejection of the highly
immunogenic H31m1 fibrosarcoma model (Hildner, Edelson et al. 2008), as well as in the loss of
protective function of the combined anti-CD137/anti-PD-1 immunotherapy against the B16
melanoma model in Batf3”~ mice (Sanchez-Paulete, Cueto et al. 2016). Moreover, cDC1s are
necessary for the reactivation of central-memory T cells (Tcm) and conversion of these into
resident memory T cells (Trm) (Enamorado, lborra et al. 2017), for the recruitment of CD8+ T cells
via CXCL9 (C-X-C Motif Chemokine Ligand 9) and CXCL10 via activation of the stimulator of

interferon genes (STING) pathway (Spranger, Dai et al. 2017), and for the production of IL-12
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triggered by T-cell-released IFNy, which augments T cell function (Ruffell, Chang-Strachan et al.
2014, Garris, Arlauckas et al. 2018). Although theoretically DCs from both the TME and tumour-
draining lymph nodes (tdLNs) can prime CD8+ T cell responses, the relevance of the location of
these cells for the adequate T cell priming is still unknown. Nonetheless, abundance of cDC1s in
the TME is associated with better prognosis and T cells infiltration (Mayoux, Roller et al. 2020),
suggesting that cDC1s can directly cross-present antigens to tumour specific T cells in the TME.
The role of TAMs in antigen presentation is still debatable. Macrophages have been classically
defined as M1 and M2, where IFNy-polarized M1 macrophages display a pro-inflammatory
phenotype producing IL-6, IL-1B and inducible nitric oxide synthase (iNOS), whereas IL-4 or IL-13-
polarized M2 macrophages are important in tissue repairment after inflammation and
homeostasis through the production and expression of arginase 1, CD206 and IL-4Ra
(Muntjewerff, Meesters et al. 2020). This classical dichotomic classification of macrophages does
not translate entirely to TAMs, as evidenced in studies from human and mice tumours showing
the concomitant expression of both M1 and M2 signature genes in TAM populations (Azizi, Carr et
al. 2018, Singhal, Stadanlick et al. 2019, Zhang, Li et al. 2020). Despite these results, the current
consensus considers TAMs as an M2-like population within the TME that helps establishing an
immunosuppressive microenvironment inhibiting T cell functions and promoting tumour growth
(Sica, Schioppa et al. 2006). However, studies have shown that TAMs can cross-present antigens
to CD8+ T cells, inducing an IFNy response in the latter (Muraoka, Seo et al. 2019). Nonetheless,
TAMs are considered less efficient at cross presentation than DCs, possibly due to a reduced
migratory potential, enhanced proteolytic activities within endosomes leading to peptide
destruction, and reduced expression of co-stimulatory molecules and/or production of cytokines

like IL-12 (Stopforth and Ward 2020).

Although the classical paradigm of T cell priming and activation involves antigen capture by DCs in
the tumour and subsequent trafficking to tdLNs, this priming could also be performed within the
tumour bed. In this regard, tertiary lymphoid structures (TLSs) have been described as an
important site for the generation of anti-tumour T cell responses. These structures represent
discrete functional regions within the tumour enriched in immune cells such as T cells, DCs, and B
cells, which originate in peripheral tissues upon chronic antigen stimulation (Verneau, Sautes-
Fridman et al. 2020). In tumours, TLSs resemble a B-cell germinal centre characterised by a CD20+
B cell zone with plasma cells and follicular DCs that favour antibody production against tumour
cells, surrounded by a CD3+ T cell zone containing CD4+ and CD8+ T cells, as well as mature DCs,
thus representing a potential important location for T cell priming and activation (Sautes-Fridman,
Petitprez et al. 2019). Indeed, enrichment of mature DCs in TLSs in patients with non-small cell

lung cancer (NSCLC) is associated with strong infiltration of effector-memory T cells, Thl-polarised
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CD4+ T cells, and CD8+ T cells (Goc, Germain et al. 2014). Furthermore, in samples from
metastatic melanoma patients, co-localization of CD8+ T cells and CD20+ B cells was associated
with high infiltration of memory T cells (Cabrita, Lauss et al. 2020). Moreover, several studies have
shown that a high density of TLSs within tumour represents a good prognostic marker in different
solid malignancies, including but not limited to NSCLC (Germain, Gnjatic et al. 2014, Goc, Germain
et al. 2014), colorectal cancer (Di Caro, Bergomas et al. 2014), pancreatic cancer (Hiraoka, Ino et
al. 2015), and invasive breast cancer (Lee, Kim et al. 2015). This evidence highlights the potential
of TLSs for inducing strong anti-tumour immune responses in situ, and novel therapies aiming to
promote the formation of such structures could represent a fascinating strategy that might

improve the success of conventional immunotherapy regimes.
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Figure 1.2 MHC-I antigen presentation.Peptides presented by MHC-I molecules at the cell
surface are first intracellularly processed by the proteasome and/or cytosolic
proteases (1), resulting in long peptides that are transported to the ER via TAP (2). In
the ER, TAP associates with tapasin and empty MHC-I molecules through ERp57 and
calreticulin (CALR), which together form the PLC (3). Once long peptides are
transported to the ER, these are further trimmed by ERAAP (in mice) or ERAP (in
humans), resulting in short peptide fragments of the adequate length for MHC-I
biding (8 to 10 amino acids) (4). As a result of the proofreading function of tapasin,
MHC-I molecules loaded with high-affinity peptides disassociate from the PLC.
However, if the peptide bound to MHC-I does not induce a stable conformation, a
second peptide editing step can be carried out by TAPBPR (TAP- binding protein
related) (5). When a stable p/MHC-I complex is formed, it gets transported to the cell
surface through the Golgi complex (6), for the activation of CD8+ T cells (7). Created

with BioRender.com
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1.1.2 Cytotoxic and phenotypic traits of anti-tumour CD8+ T cells

1.1.21 Induction of apoptosis through granzymes and death ligands

The previous evidence highlights the importance of the APP to induce anti-tumour CD8+ T cell
responses. Once a primed CD8+ T cell recognises the p/MHC-I complex at the cell surface of
tumour cells through its TCR, it can exert its cytotoxic functions using different mechanisms. TCR
stimulation triggers cytotoxic mechanisms such as expression of death ligands like FasL (Fas
ligand) and TRAIL (TNF-related apoptosis-inducing ligand), and production and release of cytotoxic
granules through the granule exocytosis pathway. These granules mainly contain perforin 1 (PRF1)
and several types of granzymes (being the most studied Granzymes A and B), which are mobilized
towards the cell surface of CD8+ T cells at the immunological synapse (de Saint Basile, Menasche
et al. 2010). The initial consensus about the mechanism of action of PRF1 was that this molecule
could pierce the plasma membrane of target cells so that granzymes could enter the cytoplasm
(Lopez, Susanto et al. 2013). However, novel studies have suggested that granzymes can enter the
cells independently of PRF1 through clathrin-mediated endocytosis (Chang, Bzeih et al. 2016), and
that the pores formed by PFR1 can directly kill target cells through osmotic cell lysis (Metkar,
Wang et al. 2011). Regardless on the mechanism by which granzymes enter the cytoplasm of
target cells, they exert their cytotoxic function through the induction of apoptosis using several
pathways. Granzyme B can directly induce apoptosis through the cleavage and activation of the
effector caspase-3 and -7. This granzyme can also cleave the proapoptotic Bcl-2 family protein Bid,
generating truncated Bid (tBid), which activates Bak/Bax oligomerization on the mitochondrial
outer membrane, allowing the release of cytochrome C (cyt C) from mitochondria. Once in the
cytoplasm, cyt C form a complex called apoptosome along with Apaf-1 and procaspase-9,
resulting in the activation of caspase-9. Lastly, granzyme B can also activate the mitochondrial
pathway by disassociating the complex formed by the proapoptotic Bcl-2 family protein Bim with
the antiapoptotic proteins Mcl-1 and Bcl-xL, resulting in the translocation of Bim into the
mitochondria. Granzyme A regulates the production of proinflammatory cytokines (IL-1B) by a
mechanism dependent on caspase-1 and the inflammasome (Martinez-Lostao, Anel et al. 2015).
Although the only granzyme with a confirmed direct apoptotic activity is granzyme B, the
cytotoxic activity of this granzyme is not always apoptotic, as observed by the killing activity of
cytotoxic T cells mediated by PRF1 and granzyme B in targets where the mitochondrial apoptotic

pathway and caspases are blocked (Pardo, Wallich et al. 2008).

CD8+ T cells can also drive apoptosis of target cells by the engagement of death ligands with their
respective receptors, being FasL and TRAIL the most widely studied. Binding of these ligands to

their death receptors (Fas for FasL, and TRAIL-R1/2 for TRAIL) induces receptor oligomerization at
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the plasma membrane, which in turn leads to the recruitment of the adaptor protein FADD (Fas-
associated death domain) through homotypic interaction between their death domains. This
results in the activation of procaspase-8 via the death effector domain of FADD, triggering two
different apoptotic pathways. The first pathway involves the activation of procaspase-3, which
degrades different cellular substrates that result in apoptosis, whereas the second pathway
initiates with the cleavage of the BH3-only proapoptotic protein Bid, generating tBid, which
activates the previously described mitochondrial apoptotic pathway. In certain cases where
caspase-8 is inactive, TRAIL receptors can recruit receptor interacting protein (RIP)1 and RIP3,
forming a complex called necrosome, which phosphorylates MLKL, promoting its oligomerization
and subsequent insertion into the plasma membrane, leading to increased cell permeabilization

and ultimately necrotic cell death (Annibaldi and Walczak 2020).

Among these mechanisms, the most critical players in cancer immunosurveillance are PRF1 and
granzymes. Several studies in PRF1-KO mice have shown that these mice have an increased
susceptibility to develop spontaneous tumours, mostly of haematological origin (Smyth, Thia et al.
2000), and a faster growth kinetics in transplanted tumour models such as MC57G fibrosarcoma,
and EL-4 and MBL-2 lymphomas (van den Broek, Kagi et al. 1996). In addition, loss-of-function
mutations in the PFR1 gene in humans have been associated with predisposition to develop
lymphoma and leukaemia (Trapani, Thia et al. 2013). Knock-out of granzyme A and B in mice have
shown contrasting data, as some studies have demonstrated that these mice are able to control
tumour just as well as WT mice (Davis, Smyth et al. 2001, Smyth, Street et al. 2003), whereas
others have published an increased susceptibility to tumour development (Revell, Grossman et al.
2005), although these results could be explained by a compensatory mechanism of other non-A
non-B granzymes. Regarding TRAIL and TRAIL-R, mice knocked-out for either of these molecules
tend to display a higher predisposition to death from transplanted tumour models such as the
A20 B cell ymphoma (Sedger, Glaccum et al. 2002), as well as an increased susceptibility to
develop MCA-induced fibrosarcomas (Cretney, Takeda et al. 2002) and diethylnitrosamine (DEN)-
induced hepatocarcinomas (Finnberg, Klein-Szanto et al. 2008). Despite these results, no
mutations in TRAIL or TRAIL-R have been associated with cancer development and/or

susceptibility in humans (Martinez-Lostao, Anel et al. 2015).

1.1.2.2 The relevance of IFNy in anti-cancer immune responses

As previously mentioned, IFNy was the first immunological factor associated with cancer
immunosurveillance in mouse models and is one of the most important cytokines involved in the
anti-cancer activities of CD8+ T cells. Early studies not only showed that blocking IFNy with

monoclonal antibodies abrogated the LPS-induced clearance of MCA-induced fibrosarcomas, but
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also demonstrated that tumours arising from IFNy-blocked hosts showed different patterns of
immunogenicity, as rechallenging WT mice who initially cleared the tumour with IFNy-insensitive
fibrosarcoma cell lines resulted in fast tumour growth, in sharp contrast with rechallenge using
WT cell lines that did not show signs of tumour development in immune mice (Dighe, Richards et
al. 1994). Importantly, this behaviour was also observed in Interferon Gamma Receptor 1
(IFNGR1) or Signal Transducer and Activator of Transcription 1 (STAT1) knock-out mice (Kaplan,
Shankaran et al. 1998), which are critical components of the IFNy signalling pathway (described
below). Further pieces of evidence regarding the role of IFNy in the control of cancer
development were published a few years later, as studies showed that PRF1-KO IFNy-KO double
mutated animals displayed a significantly faster rate of metastasis in the DA3 model of mammary
carcinoma (Street, Cretney et al. 2001), and that C57BL/6 IFNy-KO mice developed spontaneous
lymphomas more frequently than their WT counterparts (Street, Trapani et al. 2002). In humans,
an elegant immunogenomic analysis of 33 different cancer types from The Cancer Genome Atlas
(TCGA) showed that highly mutated breast invasive carcinoma, gastric cancer, ovarian cancer,
head and neck squamous cell carcinoma (HNSCC), and cervical tumors, showed an IFNy-dominant
gene signature, characterised by a high M1/M2 macrophage polarisation, strong CD8 signals, high
TCR diversity, high proliferation rate, and high TIL fractions (Thorsson, Gibbs et al. 2018). In
addition, IFNy gene signatures comprising genes involved in antigen presentation, cytotoxicity,
proliferation, and chemokine expression, have been associated with clinical benefit to anti-PD-1
checkpoint blockade therapy in patients with melanoma (Grasso, Tsoi et al. 2020), gastric cancer,

and HNSCC (Ayers, Lunceford et al. 2017).

Transcription of the IFNG gene can be triggered by several stimuli, including TCR signalling;
soluble factors like IL-2, leukotrienes, and hydrogen peroxidase; and transcription factors such as
AP-1, T-bet, Eomes, NFAT, and NF-kB. Two cytokines (IL-12 and IL-18) can also induce IFNy
production, as IL-18 acts as a cofactor together with NF-kB and AP-1, whereas IL-12 promotes
expression of the IL-18 receptor, thus creating a feedback loop. IL-12 and IL-18 can also induce the
expression of the protein kinase p38, which binds to the AU-rich element in the 3' untranslated
region in the IFNG mRNA, stabilizing it and promoting transcription (Gocher, Workman et al.
2021). The main producers of IFNy are CD4+ Th1 cells, CD8+ T cells, NK cells, iNKT cells, and y6 T
cells, whereas the IFNy receptors (IFNGR1 and IFNGR2) are ubiquitously expressed on all
nucleated cells (Dunn, Koebel et al. 2006). Upon binding to its receptor, IFNy mediates its
biological activities through a signalling pathway involving Janus Kinases (JAK) and STAT proteins.
Briefly, binding of IFNy to the IFNGR1/IFNGR2 complex induces oligomerization of these receptors
that lead to autophosphorylation, transphosphorylation and activation of JAK1 and JAK2, which

are constitutively associated with each subunits of the receptor. This results in the uncovering of a

13



Chapter 1

docking site for STAT1 within the cytoplasmatic domain of IFNGR1, leading to the phosphorylation
of this signal transducer at Tyr701 by JAK1 and/or JAK2, which ultimately induces the
disassociation of STAT1 from the receptor and the subsequent homodimerization through SRC
homology 2 (SH2)-domain-phosphotyrosine interactions. These activated homodimers are then
translocated to the nucleus inducing transcription of IFNy-activated sites (GAS), in conjunction
with co-activators such as CREBBP (cyclic-AMP-responsive-element-binding protein (CREB)-
binding protein), p300 and MCM5 (minichromosome maintenance deficient 5). One of the most
critical genes being transcribed in response to IFNy are interferon regulatory factor 1 (IRF1) and
IRF9, which further induces transcription of several Interferon responsive genes (IRG) (Platanias

2005).

Given the wide expression of IFNGR1 and IFNGR2 in all nucleated cells, IFNy have pleiotropic
functions depending on the tissue and microenvironment in which it is secreted. Specifically,
within the TME IFNy potentiates the cytotoxic activities of CD8+ T cells directly and indirectly.
These effects range from the promotion of T cell infiltration via upregulation of CXCL9, CXCL10
and CXCL11 by the tumour stroma, and their cognate receptor CXCR3 on CD8+ T cells (Colvin,
Campanella et al. 2004); increasing tumour antigenicity by upregulating molecules from the MHC-
| APP (Mojic, Takeda et al. 2017); inducing the expression of pro-apoptotic factors in immune and
tumour cells such as FasL and Fas, respectively (Bhat, Solanki et al. 2018); as well as by the
modulation of the pool of memory T cells within the TME (Gocher, Workman et al. 2021).
Notwithstanding, IFNy also modulates other important immune cell populations that are required
for the control of tumour growth, such as NK cells, as IFNy drives NK infiltration via upregulation
of CXCR3 (Wendel, Galani et al. 2008), as well as inducing maturation and cytotoxic signals in NK
cells via TRAIL (Park, Seol et al. 2004). IFNy can also suppress the polarization of CD4+ T cells
towards a Th2 phenotype via the suppression of SOCS1 (Suppressor of Cytokine Signalling 1)and
T-bet, which inhibit IL-4 signalling and GATA3, respectively (Hwang, Szabo et al. 2005). In addition,
IFNy promotes antigen presentation through up-regulation of MHC-I and -Il molecules by tumour
cells, DCs, B cells and macrophages (Zhou 2009). In DCs, IFNy promotes differentiation into cDC1s
producers of IL-1B and IL-12, which activates Th1l and CD8+ T cells and generates a positive
feedback loop (Pan, Zhang et al. 2004). The relevance of IFNy and its pathway for the induction of
strong anti-tumour immune responses has also been evidenced in immunotherapy strategies, as
observed in melanoma patients resistant to anti-CTLA-4 therapy harbouring mutations in IFNG,
STAT1, CXCL9, CXCL10, PRF1, GZMA and HLA-DRA (Gao, Shi et al. 2016). Such mutations
associated with resistance to immunotherapy have also been observed in melanoma patients
unresponsive to anti-PD-1 therapy harbouring mutations in JAK1 and JAK2 (Zaretsky, Garcia-Diaz

et al. 2016). Taken together, these observations about the autocrine and paracrine activity of IFNy
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produced by CD8+ T cells in the TME highlights the pivotal role this cytokine has in cancer

immunosurveillance as well as in the efficacy of checkpoint blockade therapies.

1.1.2.3 Phenotypic traits of effective anti-cancer CD8+ T cells

The phenotype of CD8+ T cell populations play a pivotal role in the immune response against
cancer, and therapeutic strategies aimed to stimulate specific phenotypes should theoretically
result in an improved control of tumor growth. Upon antigen presentation via APCs in secondary
lymphoid organs, naive T cells differentiate into effector T cells (Tere), characterised by expression
of activation and cytotoxic markers, such as CD25, CD69, Fas, PRF1, and granzymes; as well as by
producing cytokines like IFNy, IL-2 and TNFa (Reiser and Banerjee 2016). Studies have shown that
adoptive T cell transfer of CD8+ Ter in the mouse melanoma model B16 lead to a high frequency
of tumour-free survival ranging from 30% to 93% (Perret and Ronchese 2008), as well as a high
tumour infiltration, cytotoxic activities and IFNy production by transferred cells (Palmer,
Balasubramaniam et al. 2004). Moreover, adoptive transfer of autologous Ter derived TILs in
melanoma patients after lymphodepleting chemotherapy led to objective clinical responses in
51.4% of the patients (Rosenberg and Dudley 2004). Nonetheless, Gattinoni et al. showed that
adoptive transfer of Tere with enhanced in vitro activity were less effective in tumour control in the
B16 model (Gattinoni, Klebanoff et al. 2005). These results suggest that focusing on Tee for
immunotherapeutic strategies is not always the most efficacious approach, as these cells might
have reduced homing potential and are prone to apoptosis-induced clonal contraction (Han,
Khatwani et al. 2020). This clonal contraction normally occurs once the immune system has
cleared the pathogen and is characterised by a marked decreased in the frequency of Teer, and by
the conversion of a small subset of these cells into memory T cells. Such memory T cells can be
further subdivided into effector memory (Tem) or Tem cells. Tem have a more similar phenotype to
Terr, with no expression of CCR7 and low or no expression of CD62L. In humans, Tem are
characterised as CD45RA- CD45R0O+ CCR7- CD62L-, whereas in mice CD44 is used instead of
CD45RO0 as a marker of antigenic experience (Samji and Khanna 2017). In addition, Tem are high
producers of IFNy and PRF1 upon TCR engagement, are normally circulating in the periphery or
localized in inflamed tissues and can quickly differentiate into Teer (Han, Khatwani et al. 2020). On
the contrary, Tem have high expression of the homing markers CCR7 and CD62L, thus locating
primarily in secondary lymphoid organs (Reiser and Banerjee 2016). Characterised in humans as
CD45RA- CD45R0+ CCR7+ CD62L+, Tem are great producers of IL-2 and have a higher proliferative
capacity compared to Tem (Han, Khatwani et al. 2020).

Memory subsets have also been associated with good clinical outcomes in adoptive transfer
experiments. In a model of breast cancer in NOD/SCID mice, transferred Tem and Tew Were able to

migrate to the tumour bed while producing PRF1, whereas naive T cells did not show this
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behaviour (Beckhove, Feuerer et al. 2004). Despite these results, further investigations suggested
that Tem had stronger anti-tumour activities in vivo. In vitro-generated Tcm, but not Tem, showed an
increased anti-tumour effect upon adoptive cell transfer in the B16 melanoma model, whereas
Tem showed marginal therapeutic benefits (Hinrichs, Spolski et al. 2008). Moreover, Tem
overexpressed markers associated with homing to lymphoid tissues (as expected), such as CD62L,
CCR7, CD103 and CXCR3, in comparison with Tem, and had a 14-fold enrichment in blood and
spleen compared to Tem (Klebanoff, Gattinoni et al. 2005). In humans, TCR-transgenic Tem from
peripheral blood showed higher anti-tumour activities compared to Tem (Wu, Zhang et al. 2013). In
addition, melanoma and NSCLC patients exhibiting a higher Tcw/Tere ratio showed a more
inflammatory phenotype in tumours, as well as a higher progression-free survival in patients
treated with anti-PD-1 (Manjarrez-Orduno, Menard et al. 2018). Nonetheless, the fact that Tem
showed stronger anti-tumour activities in these models does not imply that Tem are not efficient in
controlling tumours, as evidenced by the ability of in vitro-generated Tem to eliminate large
established B16 tumours in an IFNy-dependent fashion (Klebanoff, Yu et al. 2009), as well as by
several studies showing the anti-tumour potential of vaccine-generated Tem in different mouse
tumour models (Roider, Jellbauer et al. 2011, van Duikeren, Fransen et al. 2012). Furthermore,
studies in metastatic melanoma patients treated with anti-CTLA-4 have shown that high
frequencies of Tem in peripheral blood are associated with better prognosis (Wistuba-Hamprecht,
Martens et al. 2017, Fairfax, Taylor et al. 2020).

As immunological characterisation of subpopulations becomes more complex aided by the use of
high-throughput methodologies, novel populations of immune cells become evident. Beyond the
classical dogma of Tem and Tewm, two novel memory populations have been described, namely stem
cell memory T cells (Tsem) and Trwm. Tsem is a circulating population that expresses a naive-like
phenotype while being antigen experienced. In mice they are characterised as CD44”"°% CD62L+
Bcl2+ IL-2RB/IL-15Ra+ and Sca-1+, whereas in humans they are CD45RA+ CD45R0- CCR7+ CD62L+
CD27+ CD28+ IL-7Ra+ CD95+ IL-2RB+ TCF1+. These cells have a high self-renewal rate and can
easily differentiate into Teer, Tom and Tem (Han, Khatwani et al. 2020). Moreover, Tscm have been
associated with regression of B16 tumours upon adoptive transfer (Gattinoni, Zhong et al. 2009)
and are being currently targeted as an ideal population to develop chimeric antigen receptor
(CAR) T cells (Kondo, Ando et al. 2020). This population has also been detected in lung cancer and
melanoma patients, where these cells are associated with better clinical outcome to checkpoint
blockade therapy (Brummelman, Mazza et al. 2018, Sade-Feldman, Yizhak et al. 2018), thus
highlighting the potential to exploit these cells for future immunotherapy advances. Tru cells are
localized entirely in tissues, lack expression of lymphoid homing markers like CD62L and CCR7,
and express CD49a, CD103 and CD69. These cells represent the largest memory compartment in

human adults and have been identified in several epithelial and mucosal tissues (Han, Khatwani et
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al. 2020). The importance of this population in cancer has been described in the B16 melanoma
model, in which these cells were required for the long-term immunity induced by CD4+ regulatory
T cells (Tregs) depletion coupled with surgical incision of the tumour (Malik, Byrne et al. 2017).
Indeed, it has been shown in mouse melanoma models that Trm CD8+ T cells expressing CD69 and
CD103 are the main effectors in the anti-tumour response (Enamorado, Iborra et al. 2017).
Furthermore, CD103+ TILs display a higher cytotoxic activity against E-cadherin+ target cells than
CD103- TILs (Le Floc'h, Jalil et al. 2007) and the interaction of these two molecules is crucial for
the maturation of the immunological synapse and the degranulation of cytotoxic mediators
(Franciszkiewicz, Le Floc'h et al. 2013). Likewise, Trm have also been characterised in a wide array
of human tumours, including high grade serous ovarian cancer, paediatric glial tumours, NSCLC,
and mesothelioma (Han, Khatwani et al. 2020). Remarkably, in all these cancer types, Trm showed
high expression of inhibitory molecules such as PD-1, CTLA-4, TIM-3 (T cell immunoglobulin and
mucin-domain containing-3) and TIGIT (Savas, Virassamy et al. 2018, Clarke, Panwar et al. 2019),
suggesting an activation/dysfunctional phenotype. Furthermore, high infiltration of Trm in
tumours has been associated with improved prognosis in urothelial (Wang, Wu et al. 2015),
breast (Wang, Milne et al. 2016), endometrial (Workel, Komdeur et al. 2016), and lung cancers
(Djenidi, Adam et al. 2015). A general overview of the phenotypic traits of the aforementioned T
cell phenotypes associated with good prognosis in cancer is summarised in Figure 1.3.
Altogether, the aforementioned data underscores the relevance of studying the different CD8+ T
cell populations found within the TME, as this can lead to the development of novel
immunotherapeutic strategies aimed towards strong and durable anti-cancer immune responses

in patients.

1.2 Overcoming T cell dysfunction: checkpoint blockade in cancer

immunotherapy

Despite the numerous reports of promising therapeutic interventions targeting CD8+ T cells, none
of them has proven to eliminate cancer cells in all treated patients nor animals. Preclinical studies
have shown that CD8+ TILs enter a state of terminal dysfunction (often referred as exhaustion)
that can be reversible. CD8+ TILs isolated from vaccinated mice with lymphoma show a
significantly impaired ability to kill cancer cells, but a strong anti-tumour response was observed
when these cells were isolated from vaccinated mouse without tumours, suggesting that these
cells lose their effector functions during the development of the disease (Huang, Obholzer et al.
2005). This inhibition of the CD8+ T cell effector function can be perpetrated by the TME in
different ways. Neoplastic cells can counteract the action of the anti-cancer immune response

directly or indirectly, by either producing or inducing the production of immunosuppressive
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cytokines such as IL-10 and TGF-B (transforming growth factor-) (Motz and Coukos 2013), or
inducing the recruitment of immunoregulatory populations, such as Tregs (Facciabene, Motz et al.
2012). Most importantly, the pro-inflammatory TME together with constant antigen stimulation
lead to the expression of co-inhibitory molecules on T cells, such as CTLA-4, PD-1, LAG-3
(Lymphocyte Activating 3), TIM-3, CD244, and CD200, which render these cells incapable of
proliferating and/or producing effector cytokines upon stimuli, thus significantly impairing the
anti-tumour activity of T cells (van der Leun, Thommen et al. 2020). The dysfunctional state of
these cells is not dichotomic, as they mostly represent a pool of cells that undergo several stages
of differentiation along the dysfunctional spectrum. This has been evidenced by the differential
expression levels of PD-1, CTLA-4 and TIM-3 in T cell populations from mouse and human tumours
(Fehlings, Simoni et al. 2017, Thommen, Koelzer et al. 2018), leading the definition of a "pre-
dysfunctional" state, in which activated cells express higher levels of inhibitory molecules than
naive T cells, but lower levels and terminally exhausted cells (van der Leun, Thommen et al. 2020).
The transition from a pre-dysfunctional T cell phenotype towards a terminally dysfunctional state
is not drastic, but rather these cells acquire and lose certain characteristics along the
dysfunctional axis. One of such characteristics is proliferation, as surprisingly T cells entering an
"early dysfunctional" state acquire high proliferative capacities compared to the remaining CD8+ T
cell subtypes within the TME (Li, van der Leun et al. 2019). In addition, these cells express lower
levels of inhibitory receptors compared to their non-proliferative counterparts, but higher levels
compared to pre-dysfunctional cells. Once these cells progress towards a “late dysfunctional”
state, they lose the ability to produce IL-2, IFNy, TNFa, PRF1 and granzyme B (van der Leun,
Thommen et al. 2020) (Figure 1.3). Overcoming these dysfunctional states of T cells has been one
of the principal goals of immunotherapy, and the two most successful strategies adopted so far

involve the use of monoclonal antibodies against inhibitory receptors, such as CTLA-4 and PD-1.

1.2.1 Anti-CTLA-4 therapies

T cells express CTLA-4 in their plasma membrane upon activation, where it downregulates T cell
activation by outcompeting the CD28 co-stimulator ligands CD80/CD86, increasing the activation
threshold for T cell priming and inducing cell cycle arrest in these cells (Lizee, Overwijk et al. 2013,
Postow, Callahan et al. 2015). The inhibitory signalling mediated by CTLA-4 participates in the
contraction of T cells after activation and plays a significant role in maintaining tolerance to self-
antigens (Walker and Sansom 2011). CTLA-4 was first cloned from mouse T cells in 1987 (Brunet,
Denizot et al. 1987) and its role in the control of T cell activation was published eight years later,
where mice deficient for this protein showed an increased infiltration of activated lymphocytes in

liver, heart, lung and pancreas, leading to autoimmune-related death (Waterhouse, Penninger et
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al. 1995). Its relevance as a target for anti-cancer checkpoint blockade came out one year later,
when Leach et al. demonstrated that treatment with an anti-CTLA-4 antibody lead to tumour
regression in a mouse model of colon carcinoma (Leach, Krummel et al. 1996). Since then, CTLA-4
blockade therapy with monoclonal antibodies has shown positive results in different mice tumour
models, such as melanoma (Peggs, Quezada et al. 2009) and neuroblastoma (Williams, Dunn et al.
2013). The main targets of anti-CTLA-4 antibodies are activated CD4+ and CD8+ T cells, as the
continuous pro-inflammatory status in the TME induces the expression of CTLA-4 in these cells
(Hanahan and Weinberg 2011). In addition, anti-CTLA-4 treatment can lead to the mobilization of
CD8+ T cells into the tumour stroma, which has been associated with immune control in mouse
models of melanoma, pancreatic cancer, and mammary carcinoma (Rashidian, Ingram et al.
2017). Although anti-CTLA-4 treatment is mainly focused on releasing CD4+ and CD8+ T cells from
a dysfunctional state, CTLA-4 is also constitutively expressed on CD4+ CD25+ FOXP3+ Tregs
(Campbell and Koch 2011), and CTLA-4 blockade in Tregs as well as in CD4+ and CD8+ T cells is
necessary for the observed clinical benefit of this therapeutic approach (Peggs, Quezada et al.
2009). These preclinical results showed a potential therapeutic benefit for CTLA-4 blockade in
cancer, leading to the development of several clinical trials in humans. Most of these trials have
employed ipilimumab, a fully humanised anti-CTLA-4 blocking IgG1 monoclonal antibody, in
patients with metastatic melanoma. Treatment with ipilimumab results in objective clinical
responses in one fifth of treated patients (Prieto, Yang et al. 2012), and significantly increases the
overall survival in such patients (Rozeman, Hoefsmit et al. 2021), which has led to the approval of
ipilimumab as a standard-of-care treatment for late stage melanoma in Europe and the United
States (Hargadon, Johnson et al. 2018). Mechanistically, ipilimumab exerts its anti-tumour
function in humans mainly by blocking the interaction of CTLA-4 with CD80/86, as evidenced by
crystallographic data showing that this antibody binds CTLA-4 at the epitope that interacts with
CD80/86 (Ramagopal, Liu et al. 2017), thus enhancing CD28 co-stimulation in CD8+ T cells. Indeed,
ipilimumab treatment has a direct effect in CD8+ T cell responses in treated patients, as it induces
a broadening of the CD8+ T cell repertoire against cancer-germline antigens like NY-ESO-1 (New
York Esophageal Squamous Cell Carcinoma-1) and MAGE-C2 (MAGE Family Member C2)
(Kvistborg, Philips et al. 2014, Robert, Tsoi et al. 2014). This effect on T cells has also been
evidenced in the expansion of neoantigen-specific CD8+ T cells within the TME upon ipilimumab
treatment (Fehlings, Simoni et al. 2017), as well as with the infiltration of Thl-like CD4+ T cells co-
expressing PD-1, T-bet and ICOS (Wei, Levine et al. 2017). Furthermore, ipilimumab therapy
induces the production of anti-NY-ESO-1 antibodies as well as polyfunctional CD8+ T cells, which
has been associated with an improved clinical control of metastatic melanoma (Yuan, Gnjatic et
al. 2008, Yuan, Adamow et al. 2011). These results highlight the specificity of ipilimumab-induced

responses as the induced CD8+ T cells may have the ability to recognize and eliminate tumour
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antigens in vivo. Although preclinical models have shown that CTLA-4 blockade in Tregs is also
important for the observed clinical benefits of this treatment, the results in humans are not
conclusive. A study by Du et al. using humanised mice expressing human CTLA-4 showed that
tumour regression in melanoma was not due to blockade of CTLA-4-CD80/86 interactions, but
rather due to Fc receptor-mediated depletion of Tregs in treated animals (Du, Tang et al. 2018).
Moreover, ex vivo human studies have shown that ipilimumab induces in antibody-dependent cell
cytotoxicity of Tregs by non-classical monocytes (Romano, Kusio-Kobialka et al. 2015). Despite
these results, ipilimumab was not designed as a depleting antibody, and no evidence of Treg
depletion in human samples has been published so far. Other anti-CTLA-4 monoclonal antibodies
have also been developed, such as tremelimumab, a fully humanised anti-CTLA-4 1gG2 antibody,
however results in clinical trials have not been fully satisfactory as it only induces partial clinical
responses in 6% of treated patients (Kirkwood, Lorigan et al. 2010). These results are not due a
lack of CD8+ T cell infiltration, as both clinical responders and progressors displayed similar levels
of CD8+ TlLs, and these cells expressed the same effector memory markers (CD45RO+ HLA-DR+) in
both populations (Huang, Jalil et al. 2011). However, further clinical trials in advanced melanoma
patients have shown that tremelimumab treatment shows significantly longer response durations
compared to chemotherapy (Ribas, Kefford et al. 2013), and at 5-year follow-up tremelimumab
shows a 20% survival rate (Eroglu, Kim et al. 2015).

Although anti-CTLA-4 therapies have proven useful for the treatment of different cancers, it is
also associated with a high development of immune-related adverse effects (IRAEs), as ~90% of
anti-CTLA-4-treated patients develop grade | or Il IRAEs affecting mostly the skin and gut (Michot,
Bigenwald et al. 2016)

1.2.2 Anti-PD-1 therapies

Similar to CTLA-4, engagement of PD-1 with its receptor blocks T cell activation interfering directly
with the TCR signalling pathway (Sharma and Allison 2015). PD-1 was initially cloned from
different mouse hybridomas in 1992, where its expression correlated with induced programmed
cell death in such cells (Ishida, Agata et al. 1992). Further studies demonstrated the expression of
PD-1 in both T and B cells upon TCR and BCR engagement respectively, leading to cell activation
and subsequent apoptosis (Agata, Kawasaki et al. 1996). The role of PD-1 in the control of T cell
activation was elucidated by the identification of one of its ligands, PD-L1 (B7-H1), a member of
the B7 family of proteins expressed on APCs, fibroblasts and endothelial cells (Zou and Chen
2008). Interaction of PD-1 in activated T cells with PD-L1 in APCs leads to the inhibition of TCR-
related proliferation and cytokine production in the former (Freeman, Long et al. 2000).

Moreover, the finding that tumour cells can express PD-L1 as an adaptive resistance mechanism
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to the host immune response supported the importance of targeting the PD-1/PD-L1 axis in
cancer immunotherapy (Dong, Strome et al. 2002). PD-1 can also interact with PD-L2, another
member of the B7 family (B7-DC); however, its limited expression in tumour cells and
contradictory studies showing a pro-inflammatory rather than an inhibitory activity of this ligand,
makes it a non-ideal target for immunotherapeutic approaches (Zou and Chen 2008, Zou,
Wolchok et al. 2016). Preclinical models of mice melanoma and colon adenocarcinoma showed
that anti-PD-1 treatment induces the infiltration of tumour-specific CD8+ T cells into the tumour,
with a high proliferative capacity and phenotypic traits of activation and homing, leading to a
decrease in tumour size and an increased survival rate (Iwai, Terawaki et al. 2005, Peng, Liu et al.
2012). In humans, and in contrast with anti-CTLA-4 treatments, blocking the PD-1/PD-L1 axis using
monoclonal antibodies has been associated with boosting of pre-existing tumour-specific T cell
populations, rather than with a broadening of the immune response (Robert, Harview et al. 2014).
This has been exemplified in studies showing a rescue of exhausted T cells by anti-PD-1 antibodies
in patients with melanoma, where PD-1 blocking allows for the restoration of proximal TCR
signalling that leads to T cell reinvigoration (Tumeh, Harview et al. 2014), as well as with the
proliferation and expansion of CD8+ T cells co-expressing CXCR5 and PD-1 (Im, Hashimoto et al.
2016), and boosting of neoantigen-specific CD8+ T cells in patients with NSCLC (Forde, Chaft et al.
2018). Moreover, anti-PD-1 therapies have shown a more targeted action in tumours, and a
decreased rate of IRAEs compared to anti-CTLA-4 (Topalian, Drake et al. 2015), as ~70% of
patients treated with anti-PD-1 develop mild skin manifestations (Michot, Bigenwald et al. 2016).
This has led to the implementation of several clinical trials targeting this molecule in humans,
showing positive results both in solid and hematologic neoplasias (Zou, Wolchok et al. 2016). The
first antibody targeting PD-1 approved for use in human patients was nivolumab, a fully human
IgG4k monoclonal antibody, that showed objective responses in 31.7% of advanced melanoma
patients in a phase 3 clinical trial involving patients that had progressed upon anti-CTLA-4
immunotherapy (Weber, D'Angelo et al. 2015). Since then, nivolumab has been approved as
standard of care for different cancer types, including but not limited to NSCLC, renal cell
carcinoma, HNSCC, and urothelial carcinoma (Wei, Duffy et al. 2018). Although the main focus of
anti-PD-1/PD-L1 therapies is to block the negative signalling directly on CD8+ T cells, Tregs also
express both PD-1 and PD-L1 in basal levels that increase upon activation, playing important roles
in peripheral tolerance mechanisms (Francisco, Sage et al. 2010). Whether the blocking of PD-
1/PD-L1 in Tregs is necessary for the effectivity of cancer immunotherapy approaches is yet to be
elucidated. Collectively, these results highlight the importance of targeting checkpoint inhibitors
such as CTLA-4 and PD-1, as these proteins are expressed in all individuals, whereas tumour
antigens can only be expressed in a subset of patients, thus decreasing the likelihood of selecting

tumour escape variants.
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1.23 Novel cancer immunotherapy approaches for the induction of CD8+ T cell responses

1.23.1 Inhibition of Treg function

Although the strategies discussed so far are focussed on a direct activation of CD8+ T cells, these
cells can be therapeutically targeted indirectly, either by inactivating immunosuppressive
populations that prevent their activation, or by boosting the activity of cells that promote their
effector function. Regarding the first subject, immunosuppressive cells in the TME, especially
Tregs, can dramatically hamper the activity of CD8+ T cells and can express different co-inhibitory
and co-stimulatory molecules employed in cancer immunotherapy strategies (CTLA-4, PD-1, PD-
L1, TIM-3, OX-40, among others). Tregs can be divided into two groups according to their site of
origin: thymus-derived Tregs (tTregs), which are positively selected in the thymus through MHC-II-
dependent TCR interactions resulting in a relatively high-avidity selection; and peripherally-
derived Tregs (pTregs), which originate in the periphery from conventional T cells as a result of
TCR stimulation in the presence of TGF-B and IL-2 (Rodriguez-Perea, Arcia et al. 2016). Regardless
of its origin, Tregs exert their immunoregulatory functions through a wide array of mechanisms.
Tregs can overexpress inhibitory receptors (such as CTLA-4, TIM-3, PD-1, and LAG-3) and secrete
inhibitory cytokines (such as TGFB, IL-10, and IL-35), hindering T cell activation. Moreover, Tregs
can also modulate DCs activities, by inducing a more tolerogenic phenotype of these cells through
CTLA-4 and LAG-3 engagement. Furthermore, Tregs can disrupt T cell metabolism by depleting the
availability of IL-2 due to the high expression of CD25 (IL-2Ra), as well as by expressing
CD39/CD73 that participates in the generation of adenosine from adenosine triphosphate (ATP),
which suppresses Te cells via the adenosine receptor 2A (Scott, Gocher et al. 2021). The
accumulation of Tregs in the TME has been associated with poor prognosis in human cancers,
such as melanoma and cervical, renal and breast carcinomas (Shang, Liu et al. 2015). Furthermore,
tumour-infiltrating Tregs in NSCLC showed higher levels of expression of CTLA-4, ICOS and 4-1BB
compared to Tregs from normal tissue, suggesting that these cells can play important
immunoregulatory roles within the TME (Guo, Zhang et al. 2018) (Figure 1.3). Nevertheless, the
presence of Tregs in TME is not always a correlation of poor immunological control, as it has been
demonstrated that an increased infiltration of Tregs in patients with colorectal cancer is
associated with increased survival rates (Salama, Phillips et al. 2009). These contradictory results
could be explained by the role of Tregs in controlling the Th17-mediated inflammation triggered
by bacterial translocation in the gut mucosa, which can be a strong promoter of tumorigenesis
(Ladoire, Martin et al. 2011). Regardless of these dissimilar results, most of the therapeutic
strategies involving Tregs are focused on the depletion or inhibition of this cell population, with
the premise of decreasing inhibitory signals that may render CD8+ T cells dysfunctional (Chao and

Savage 2018). Several studies have reported that transient depletion of Tregs prior to tumour
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challenge induces a robust CD8+ T cell response able to eliminate the tumour (Onizuka, Tawara et
al. 1999, Shimizu, Yamazaki et al. 1999). Further studies have shown that antigen-specific CD8+ T
cell populations associated with tumour control are inhibited in Treg-sufficient mice (Golgher,
Jones et al. 2002, James, Yeh et al. 2010). Moreover, in vitro depletion of Tregs from peripheral
blood mononuclear cells of patients with hepatocellular carcinoma improved the cytotoxic activity
of CD8+ T cells when stimulated with NY-ESO-1 peptides (Zhang, Mei et al. 2010), indicating
altogether that Tregs may prevent the development of appropriate anti-tumour CD8+ T cell
responses. Despite these results, the use of monoclonal antibodies aimed to eliminate Tregs may
be challenging in clinical settings, as Treg depletion post tumour-engraftment fails to elicit strong
anti-tumour CD8+ T cell responses (Quezada, Peggs et al. 2008), thus limiting the benefit of such
strategies to pre-tumour stages. Additionally, Tregs are vital cell populations for the maintenance
of peripheral tolerance, and inhibition or depletion of these cells may lead to autoimmune
disorders that can be life threatening (Sakaguchi, Yamaguchi et al. 2008). Notwithstanding, Treg
targeting in cancer immunotherapy approaches represents an interesting field, and further
studies aimed to specifically target Tregs in the TME might yield promising therapeutic benefits to

patients.

1.2.3.2 DCs as cancer immunotherapy targets

As previously discussed, DCs play an important role in the development of anti-tumour CD8+ T cell
responses by the uptake and processing of tumour-derived antigens and subsequent priming of
naive CD8+ T cells in lymph nodes, thus representing a potential target for the development of
immunotherapy strategies. The majority of studies so far have been focused on the ex vivo
expansion of autologous DCs in the presence of maturation-promoter factors and tumour
antigens, so that upon inoculation these loaded mature DCs can prime naive CD8+ T cells and
generate an anti-tumour immune response (Santos and Butterfield 2018). Due the low
percentage and high phenotypic variability of the DC population in both humans and mice
(Haniffa, Collin et al. 2013), most of the studies so far have relied on the differentiation of
peripheral blood CD14+ monocytes into DCs using IL-4 and GM-CSF (granulocyte-macrophage
colony-stimulating factor) (Santos and Butterfield 2018). After this process, autologous DCs are
then exposed to the respective tumour antigen, either by pulsing with the respective peptide,
transfecting mRNAs or expression vectors encoding the antigen, or exposing DCs to bulk lysates
from tumour cells (Palucka and Banchereau 2012). In the clinical setting, this strategy has shown
contrasting results. Patients with stage lll-IV melanoma treated with autologous DCs pulsed with a
peptide derived from the differentiation antigen MART-1 (Melanoma-associated antigen
recognized by T cells-1) had an increase in the frequency of antigen-specific CD8+ T cells but failed

to show an objective clinical response (Butterfield, Ribas et al. 2003). However, in another cohort
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of patients with advanced melanoma, patients treated with autologous DCs pulsed with a gp-100-
derived peptide displayed a significant increase in the frequency and cytotoxicity of antigen-
specific CD8+ T cells, as well as partial clinical responses in 25% of the patients (Linette, Zhang et
al. 2005). DCs have also been employed in combination with checkpoint inhibitors. In a mouse
model of osteosarcoma, combination of anti-CTLA-4 plus tumour lysate-loaded DCs led to the
amplification of CD8+ TILs, which correlated with a reduction in metastatic lesions and increased
survival (Kawano, Itonaga et al. 2013). These results highlight the important of a proper activation
of DCs in cancer immunotherapy and suggests a potential use of these cells in vaccination

strategies.

1.2.3.3 Modulation of the APP: The role of ERAAP/ERAP

To eliminate tumour cells, CD8+ T cells must recognize tumour-specific peptides presented in the
context of the MHC-I molecule, as previously discussed. However, the antigen processing and
presentation pathway heavily influences the repertoire of peptides presented in the cell surface
of transformed cells (Neefjes, Jongsma et al. 2011), thus representing a critical pathway that can
be therapeutically targeted. In this sense, ERAAP/ERAP plays a pivotal role in the generation of
MHC-I peptides, and it has been reported that modulation in the expression of ERAAP drastically
affects the repertoire of antigenic peptides presented in the cell surface in mouse models
(Hammer, Gonzalez et al. 2006, Nagarajan, de Verteuil et al. 2016). Moreover, in the context of
HIV-1 infection, ERAP activity participates in the immunodominant patterns of specific epitopes,
affecting the abundance of the presented peptides in the cell surface and therefore the clonality
of CD8+ T cells (Tenzer, Wee et al. 2009). Interestingly, in the CT26 mouse model of colorectal
carcinoma, ERAAP inhibition leads to the overexpression of the GSW11 peptide by these cancer
cells, which has been associated with strong CD8+ T cell responses and tumour control (discussed
below) (James, Yeh et al. 2010). Furthermore, animals inoculated with ERAAP-knocked-out CT26
cells were able to eliminate the tumour, accompanied by an increase in the GSW11-specific CD8+
T cell population (James, Bailey et al. 2013), which suggests that ERAAP may over-trim certain
MHC-I peptides required for an adequate immune response, and highlights the potential of

targeting this molecule for novel immunotherapeutic approaches.
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1.3 The antigenic landscape of tumours: tumour-specific antigens,

tumour-associated antigens, and immunodominance

13.1 Current classification of tumour antigens targeted in immunotherapy

Besides the aforementioned therapeutic strategies aimed at overcoming CD8+ T cell dysfunction,
several steps of the cancer-immunity cycle have also been targeted therapeutically with the
purpose of inducing effective anti-cancer CD8+ T cell responses. Stages regarding the activation of
cancer-specific CD8+ T cells have been mimicked using different vaccination strategies; however,
the success of these approaches in clinical trials has been limited (Rosenberg, Yang et al. 2004).
These negative results could be explained by the type of antigen used in the vaccination studies,
as cancer antigens differ in their pattern of expression and immunogenicity. Broadly, cancer
antigens can be categorised in three groups: i) Tumour-associated antigens (TAAs), comprising
differentiation antigens, overexpressed antigens, and antigens derived from endogenous
retroviruses; ii) Tumour-specific antigens (TSAs), comprised mostly of neoantigens and antigens
from oncogenic viruses; and iii) Cancer-germline antigens (Zamora, Crawford et al. 2018). An ideal
cancer antigen should be preferentially expressed in cancer cells and not in the healthy tissue and
should be able to trigger a strong immune response bypassing central tolerance (Hu, Ott et al.

2018).

Differentiation antigens are expressed by both the tumour and the healthy tissue where the
tumour arises. Examples of such antigens are Melan-A/MART, gp100, and tyrosinase-related
protein-2 (TRP-2), which are expressed in melanoma cells as well as in melanocytes (Vigneron,
Stroobant et al. 2013); mammaglobin-A, which is expressed in breast cancer and in mammary
glands (Kim, Goedegebuure et al. 2016); prostate-specific antigen (PSA), expressed in healthy
prostate and prostate cancer (Wustemann, Haberkorn et al. 2019); and CD19, observed in normal
and malignant B cells from patients with acute lymphoblastic leukaemia, which has been widely
targeted in CAR-T cell therapies (Maude, Teachey et al. 2015).

Overexpressed antigens are abundant in certain cancers but are also expressed in different
normal tissues, such as antigens derived from PRAME gene (Preferentially Expressed Antigen In
Melanoma) in melanoma, and the growth factor HER2/neu (human epidermal growth factor
receptor 2) in ovarian and breast carcinomas (Vigneron, Stroobant et al. 2013). The rationale
behind the immunogenic nature of overexpressed antigens is associated with the process of
negative selection in thymus, as circulating T cells specific for these antigens tend to have low
avidity TCRs. Thus, the high expression profile of these antigens is able to prime and activate low-

avidity T cells, breaking the barrier of immune tolerance (Thaxton and Li 2014). Nevertheless, the
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high similarity between TAAs and self-peptides can severely limit the development of anti-tumour
T cell responses due to central tolerance or lower TCR-p/MHC-I binding affinities (Stone, Harris et
al. 2015). Indeed, the identification of overexpressed and/or differentiation antigens able to
induce strong anti-tumour responses has been challenging and vaccination strategies employing
peptides derived from MART-1, gp100 and HER2/neu have failed to show clinical benefit
(Rosenberg, Yang et al. 2004).

Although overexpressed or differentiation antigens can be used to induce anti-cancer CD8+ T cell
responses in a vast number of patients, they can also show high levels of off-target effects by
targeting and destroying normal cells and tissues expressing such antigens. Thus, the hazard of
inducing autoimmune responses by activating CD8+ T cells specific against these antigens
highlights the importance of targeting antigens more specific to tumour cells. In this last regard,
TAAs derived from endogenous retroviruses represent a promising target for the development of
immunotherapy strategies, as these sequences tend to be more conserved among the population,
they are overexpressed in various cancer types, and can be used as a shared tumour antigen
(Dersh, Holly et al. 2021). Indeed, CD8+ T cell epitopes derived from murine endogenous
retroviruses have shown to play a key role in the elimination of tumours in vaccination strategies
(Takeda, Sato et al. 2000, Rice, Buchan et al. 2002), as well as in immunotherapeutic approaches
(James, Yeh et al. 2010, James, Bailey et al. 2013). Regarding human endogenous retroviruses
(HERV), the most widely associated type is HERV-K, as transcripts from this HERV have been found
in a myriad of cancers, including breast cancer, lymphoma, leukaemia, endometrial and prostate
cancers (Vergara Bermejo, Ragonnaud et al. 2020). The cytotoxic potential of CD8+ T cells against
tumour cells expressing HERV-K has been demonstrated in ovarian cancer cells, as HERV-K specific
CD8+ T cells exhibited high proliferation and IFNy production in addition to selectively killing
cancer cells expressing HERV-K but not normal cells (Rycaj, Plummer et al. 2015). Moreover, CAR-
T cells specific against HERV-K env prevented tumour metastasis in xenograft breast cancer
models in mice (Zhou, Krishnamurthy et al. 2015). Although few reports have used endogenous
retroviruses as potential targets for cancer immunotherapy, these data highlight the potential
these antigens have to induce strong anti-tumour responses that can be exploited in therapeutic

settings.

Targeting more tumour-specific antigens, such as viral antigens, cancer-germline antigens, and
neoantigens, can improve the therapeutic efficacy of immunotherapy as they can bypass central
tolerance (Coulie, Van den Eynde et al. 2014) making them the ideal therapeutic target for
vaccination. Vaccines targeting viral antigens have had promising results in clinical trials, as a
guadrivalent vaccine consisting in a mixture of virus-like particles from four human papilloma

virus (HPV) types (HPV-6, -11, -16 and -18) showed to significantly prevent the development of
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high-grade cervical intraepithelial neoplasia related to HPV-16 and -18 in previously uninfected
women (Future Il Study Group 2007). Moreover, vaccination of women with HPV-16-positive
cervical cancer with overlapping peptides from HPV-16 oncoproteins E6 and E7 induced a broad
CD4+ and CD8+ T cell response against HPV-16 (Welters, Kenter et al. 2008).

Cancer-germline antigens are expressed in certain types of cancer, but not in normal tissue (with
the exception of male germline cells, foetal ovaries and trophoblastic cells), and includes MAGE
and NY-ESO-1 antigens, which are expressed in different cancers, including melanoma,
lymphoma, and carcinomas from lung, bladder, colon and breast (Buonaguro, Petrizzo et al.
2011). The differential expression of these antigens in tumours but not in normal tissues makes
them an attractive target in immunotherapy approaches. Vaccination strategies employing
synthetic peptides derived from these antigens have shown to induce of CD8+ T cells in both mice
(Junwei, Xiumin et al. 2016) and humans (Saito, Wada et al. 2014, Baumgaertner, Costa Nunes et
al. 2016). Moreover, pilot studies using TCR-engineered T cells against NY-ESO-1 (Robbins, Kassim
et al. 2015) and MAGE-A3 (Morgan, Chinnasamy et al. 2013) have shown promising results in
patients with melanoma. However, T cells targeting these antigens are not always tumour
specific, as fatal cases of brain damage associated with T cell therapies have been reported
(Morgan, Chinnasamy et al. 2013).

Lastly, neoantigens can arise from mutated genes when a mutation changes one or more amino
acids in the peptide sequence, therefore making the new mutated peptide a cancer-specific target
for MHC-I presentation (Vigneron 2015). These type of antigens represent the most ideal targets
for vaccination strategies, as they are unique to a specific tumour and bypass the barrier of
immune tolerance that can be observed with TAAs, promoting an intra-tumoural immune
response in favour of enhanced tumour control (Sahin and Tureci 2018). The first pieces of
evidence showing that T cells targeting neoantigens were effective in cancer patients came out in
2005 by two independent groups. Zhou et al. demonstrated that T cells isolated from patients
with metastatic melanoma showing complete regression after adoptive transfer of expanded
autologous TILs were specific against mutated epitopes derived from growth arrest-specific gene
7 (GAS7) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene transcripts (Zhou,
Dudley et al. 2005). Moreover, Lennerz et al. demonstrated that autologous T cells from a patient
from melanoma targeting neoantigens showed higher levels of IFNy production than T cells
targeting epitopes derived from tyrosinase or gp100 (Lennerz, Fatho et al. 2005). This has led to
the hypothesis that tumours with a higher mutational burden, i.e. the number of mutations
present in a megabase of the genomic region, are more susceptible to checkpoint blockade
therapies, which is observed in some patients with melanoma, lung, bladder and head and neck
cancers (Yarchoan, Johnson et al. 2017, Chan, Yarchoan et al. 2019). The rationale behind this

argument is that a higher frequency of mutations that results from the genomic instability of
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tumours ultimately leads to an increase in the generation of neoantigens. Despite this evidence,
identifying and targeting neoantigens in cancer immunotherapy can be troublesome. Tetramer-
staining assays have shown that as little as 0.5-2% of screened potential neoantigens are able to
generate a detectable T cell response in patients with melanoma (Pritchard, Burel et al. 2015),
indicating that not all detected mutations are able to generate epitopes that bind MHC-I
molecules. In this regard, some studies have shifted towards using the tumour neoantigen
burden, i.e. the number of neoantigens per megabase in the genomic region, as a more precise
way to predict cancer prognosis (Wang, Chen et al. 2021). In addition, given the high similarity
between epitopes derived from neoantigens and epitopes derived from their WT counterpart, it is
plausible that T cells able to recognize neoantigens would be underrepresented in the T cell
repertoire due to thymic negative selection (Zamora, Crawford et al. 2018). Lastly, neoantigens
are mostly patient-specific, and their correct identification is a laborious process that involves the

use of high-throughput techniques.

1.3.2 Methodological pipelines for the identification of tumour antigens for

immunotherapy

The promising therapeutic results observed in cancer immunotherapy targeting neoantigens has
led to the development of high-throughput techniques able to identify such antigens in a wide
number of patients. The general pipeline of these strategies involves whole-exome sequencing
(WES) and RNA-Sequencing (RNA-Seq) of both tumour and healthy cells, in order to identify
somatic mutations that codify for mutated proteins in the tumour (Blass and Ott 2021). This leads
to the generation of a personal mutanome, which can serve as a data source to perform
predictions about potential neoantigens with MHC-I-binding ability, or as a database to identify
epitopes detected by liquid chromatography-mass spectrometry (LC-MS). Once these neoantigens
are predicted, they can be synthesised and tested in vitro and/or in vivo (Hu, Ott et al. 2018). A
study using this pipeline in the mouse tumour models MC-38 and TRAMP-C1 identified 1290 and
67 mutations in MC-38 and TRAMP-C1, respectively. From these mutations, and using the
NetMHC algorithm, the authors identified 170 neoepitopes for MC-38 and 6 from TRAMP-C1, but
data obtained by LC-MS only confirmed seven of such neoantigens of MC-38, and none from
TRAMP-C1. Interestingly, these seven neoantigens were derived from highly abundant proteins,
and when used as a vaccine prior tumour challenge, led to a complete elimination of tumours in
most of the mice (Yadav, Jhunjhunwala et al. 2014). This methodology has also been applied to
human tumours with promising results. A study focused on 17 patients with mantle-cell
lymphoma showed that most of the neoantigens identified by LC-MS were MHC-ll-restricted, with

only one of the 13 neoantigens being specific for MHC-I. In addition, sorting a neoantigen-specific
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CD4+ T cell clone by tetramer staining showed that, after in vitro expansion, cells acquired the
ability to produce IL-4 and granzyme and had cytotoxic activities against autologous lymphoma
cells (Khodadoust, Olsson et al. 2017). Lastly, a phase | clinical trial was performed in 6 patients
with recurrent stage Ill melanoma using the same methodology to generate personalised
vaccines, where each patient was injected with four pools of long peptides (15 — 30-mers)
representing up to 20 neoantigens specific for each patient, alongside the TLR3 and MDAS5 agonist
poly-ICLC. From the six treated patients, four showed no signs of tumour recurrence for up to 32
months after vaccination. Interestingly, the authors found in in vitro assays that CD4+ T cells were
the main producers of IFNy when expanded with the correct epitopes (Ott, Hu et al. 2017). The
interest for the identification of immunogenic neoantigens from RNA-Seq and WES data have
prompted the development of several in silico approaches aimed at the identification of such
antigens. Just in 2021, three different bioinformatic pipelines based on convolutional neural
network (CNN) analysis have been published: Deeplmmuno (Li, lyer et al. 2021), DeepNetBim
(Yang, Zhao et al. 2021), and APPM (Hao, Wei et al. 2021).

Although the previously mentioned data shows an incredible potential of personalised neoantigen
vaccines in the treatment of cancer, the techniques required to generate the data that helps into
the manufacturing of such vaccines have some drawbacks. Even though WES and RNA-Seq
approaches have a very low rate of false negatives, i.e., the mutations found in these
methodologies are indeed cancer-specific, the mutations per se do not account for the generation
of a neoantigen. For this, the mutated protein must be processed through the antigen processing
machinery, bind an MHC-I molecule, and activate the right T cell that must have the ability to
infiltrate the tumour bed (Sahin and Tureci 2018). Moreover, recent studies have demonstrated
that neoantigens can also arise from non-canonical translation events such as introns, as well as
from genomic rearrangements including gene deletions or gene fusions, which can be often
overlooked in conventional analysis of WES and RNA-Seq data (Dersh, Holly et al. 2021). Although
the presentation of a given peptide by MHC-I can be detected by LC-MS, this methodology has a
high rate of false negatives and is technically laborious to be implemented routinely in the clinical
setting. Furthermore, the detection of peptides from immunopeptidomes in traditional LC-MS
techniques requires the creation of good datasets for the assignation of the masses of the
detected peptides. These databases are often constructed using genomic (WES) and
transcriptomic data (RNA-Seq), and considering the point above regarding neoantigens from non-
canonical translation events, this can lead to an underrepresentation of presented peptides and
can severely impair the detection of neoantigens (Dersh, Holly et al. 2021). This observation has
been further confirmed in studies using LC-MS coupled with WES and RNA-Seq data, as only very

small portions of the mutations lead to the generation of immunogenic neoantigens, which can be
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recognised by both MHC-I and —II. This poses a limitation, as not all tumours behave the same in
terms of the generation of somatic mutations, making these strategies useful only for tumours
with high mutation burdens (Schumacher and Schreiber 2015). As the access to LC-MS technology
can be limited, a great number of researchers have relied on the bioinformatic prediction of the
affinity between the neoantigen and MHC-I. Most of these predictions are done with the
NetMHCpan algorithm, which uses biochemical data of peptide-MHC interactions and artificial
neural networks to predict the affinity of a peptide towards a particular MHC (Jurtz, Paul et al.
2017). However, this methodology does not account for the cellular processing of the peptide and
for the protein abundance from where the peptide is derived. Various studies have shown that at
high abundance, low-affinity peptides can outcompete low-abundant high-affinity peptides for
MHC-I binding (Boulanger, Eccleston et al. 2018), where a 10-fold increase in protein expression
could approximately compensate for a 90% decrease in binding potential (Abelin, Keskin et al.
2017). In order to bypass this limitation, novel algorithms coupling antigen-presentation steps
into the prediction have been developed, such as Neopepsee (Kim, Kim et al. 2018), MHCflurry 2.0
(O'Donnell, Rubinsteyn et al. 2020), and NAP-CNB (Wert-Carvajal, Sanchez-Garcia et al. 2021).
Nonetheless, only Neopepsee considers the abundance of the source protein from a given
epitope to calculate the likelihood of antigen presentation (Kim, Kim et al. 2018). Moreover, there
are still critical components in the phenomenon of immunodominance that must be addressed in
preclinical models in order to design better vaccines targeting neoantigens and to understand the

mechanisms involved in tumour control in current immunotherapy strategies.

1.3.3 Ideal features of tumour antigens: affinity, avidity and immunodominance

As discussed before, the identification of tumour antigens able to induce a robust CD8+ T cell
response is a critical step for the development of therapeutic vaccines, given the fact that the
correct activation of CD8+ T cells ultimately relies on the recognition of a peptide presented by an
MHC-I molecule. Two of the most studied characteristics of such antigens is the affinity towards
MHC-I, and the functional avidity of the CD8+ T cells. Antigens with high MHC-I binding affinity
result in a more stable p/MHC-I complex, which would ultimately lead to an increased likelihood
of recognition by the TCR and better anti-tumour CD8+ T cell responses (Fritsch, Rajasagi et al.
2014). However, it has been reported that modified epitopes that increase the interaction times
between TCR and the pMHC-I complex can negatively affect T cell activation (Kalergis, Boucheron
et al. 2001), and CD8+ T cells against low-affinity epitopes have been associated with immune
control in tumour mouse models (Duan, Duitama et al. 2014, Clancy-Thompson, Devlin et al.
2018). Functional avidity, which refers to the sensitivity of a given T cell clone to be activated in

different concentrations of the antigen (Stuge, Holmes et al. 2004), may represent a more
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plausible indicator of the anti-tumour activity of CD8+ T cells. In mouse melanoma models, it has
been established that vaccination with low concentrations of epitopes derived from TRP-2 yields
specific CD8+ T cell clones with high functional avidity, i.e., with the ability to recognize and kill
target cells pulsed with low concentrations of the peptide. Similar high avidity T cells have also
been reported in melanoma patients vaccinated with synthetic peptides, in which vaccination
induced an increase of high-avidity CD8+ T cells with anti-tumour activity (Dutoit, Rubio-Godoy et
al. 2001, Stuge, Holmes et al. 2004). Furthermore, Speiser et al. showed that the high avidity CD8+
T cell population induced by vaccination has a Tem phenotype with high expression levels of
granzyme B, IFNy and PRF1 (Speiser, Baumgaertner et al. 2006). Despite this evidence, focusing
exclusively on the activation of high-avidity CD8+ T cells in cancer immunotherapy can be
detrimental. Recent studies have shown that NY-ESO-1-specific CD8+ T cells harbouring TCRs with
supraphysiologically high avidity are functionally impaired, failing to show phosphorylation of
ERK1/2 upon TCR engagement, as well as a transient and reversible phosphorylation of LCK and
CD3 (Presotto, Erdes et al. 2017). Furthermore, results obtained in our group have shown that
CT26-challenged mice that achieve tumour regression after anti-PD-1 therapy display a

preferential expansion of low-avidity T cells (Sugiyarto, Unpublished data).

An additional limitation for the development of tumour-specific high-avidity T cells relies on the
phenomenon of immunodominance. By definition, pathogen specific CD8+ T cells will only
respond towards a small fraction of the potential peptidome generated by any given pathogen,
being the immunodominant responses directed towards the epitopes that yield the maximum
magnitude of CD8+ T cell responses. These responses are influenced by the abundance of
peptide-MHC-I complexes on APCs and the numbers of naive T cells with specific TCRs able to
recognize these complexes (Yewdell 2006). In viral infections, these immunodominant responses
are mainly driven by T cells harbouring high-avidity TCRs (Cukalac, Chadderton et al. 2014, Lissina,
Chakrabarti et al. 2016), however, the process of negative selection in thymus can impair the
development of such high-avidity immunodominant responses in cancer, as T cells harbouring
high-avidity TCRs against self-peptides are deleted during T cell ontogeny (Thaxton and Li 2014).
Moreover, cancer immunoediting can also shape the frequency of immunodominant epitopes
expressed by a tumour, by destroying highly immunogenic tumour cells in the elimination phase,
or by promoting epigenetic silencing of immunogenic tumour genes during the early stages of
cancer development, thus driving a heterogeneous antigenic landscape in tumours (Matsushita,
Vesely et al. 2012, Schumacher and Schreiber 2015). Collectively, these results emphasise the
importance of studying the immunodominance patterns of tumour-derived peptides and the
functional avidity of CD8+ T cells towards these responses, as fine-tuning these parameters in

current immunotherapeutic strategies will likely increase the levels of clinical success.
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Regarding the frequency of tumour-specific T cells, there has been a notion that pre-existing CD8+
TILs are necessary for the success of cancer immunotherapy, but this marker alone does not
guarantee a beneficial clinical outcome. A preclinical study using the B16 melanoma model
showed that up to 20% of the infiltrating lymphocytes were virus-specific, but in contrast with
tumour-specific cells, showed no signs of dysfunction and exhaustion (Erkes, Smith et al. 2017). A
study using combinatorial tetramer staining to detect the specificities of TILs in samples from
patients with lung or colorectal cancer showed that 37.5% of lung cancer patients and 50% of
colorectal cancer patients had infiltration of non-cancer-specific TILs, with most being specific for
viral antigens (Simoni, Becht et al. 2018). Moreover, a study where the TCRa/p chains of CD8+ TILs
was deep-sequenced and then transduced into naive T cells for functional assays showed striking
results. Despite the fact that all the tumours evaluated had a broad TCR repertoire, most of the
TCRs obtained from TILs derived from patients with melanoma were reactive against autologous
tumour samples, whereas none of the TCRs from ovarian cancer patients responded against
autologous tumour cells (Scheper, Kelderman et al. 2019). Altogether, these data help to
discriminate two types of cancers according with the degree of infiltration of tumour-specific
lymphocytes as well as immunosuppressive cells: tumours with a high infiltration of cancer-
specific T cells, known as “hot” tumours, and tumours where the majority of infiltrating

lymphocytes are bystander cells, referred as “cold” tumours (Scheper, Kelderman et al. 2019).

The data mentioned previously indicates that for a cancer antigen to be a successful target for the
vaccine design, it must fulfil certain requirements. First, it must be preferentially expressed (or
ideally uniquely) in tumour cells, with a uniform pattern of expression across the tumour.
Moreover, it should bind with a relative high affinity towards the MHC-I molecule, although low-
affinity epitopes have also shown to participate in the priming and activation of tumour-specific
CD8+ T cells (Sugiyarto, Prossor et al. 2021). Lastly, the TCR of CD8+ TILs must recognise these
antigens to generate an immune response. Several strategies have been implemented to address
all these criteria, being most of them focused on the identification of neoantigens, as the pool of
neoantigen-specific CD8+ T cells are not affected by immune tolerance (Stahl, Sacher et al. 2009).
Consequently, the identification of tumour antigens sharing these characteristics represents the
‘holy grail’ of cancer immunotherapy, and ongoing efforts aimed at better understanding the
immunodominance patterns of these cancer antigens will greatly improve the likelihood of
detecting highly immunogenic and tumour-specific antigens that could be exploited in therapeutic

settings.
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1.4 Animal models for the evaluation of immunotherapy strategies: the

relevance of CT26

A key step in the development and validation of new immunotherapy strategies against cancer
involves the pre-clinical evaluation and validation of the anti-cancer effect of a given molecule or
compound in mouse tumour models. Such models also represent one of the first insights into the
biology of a specific cancer, and the molecular mechanisms that can explain its pathogenesis (Yee,
Ignatenko et al. 2015). One of the most studied preclinical tumour models used in research and
development of immunotherapy is CT26 (Colon Tumour 26), which is a colorectal carcinoma
model developed by Griswold and Corbett in 1975 by intra-rectal exposure of N-nitroso-N-
methylurethane (NMU) in BALB/c mice, leading to a fast-growing grade IV carcinoma that can be
easily cultured and transplanted (Griswold and Corbett 1975). Genomic and transcriptomic
analysis has shown that CT26 tumour cells harbour a homozygotic mutation in the kras proto-
oncogene, as well as a deletion in the tumour suppressor gene cdkn2a (cyclin-dependent kinase
inhibitor 2A), showing a genetic phenotype similar to aggressive, undifferentiated, refractory
human colorectal carcinoma cells (Castle, Loewer et al. 2014). Interestingly, the highest expressed
gene in these cells corresponds to an endogenous retrovirus sequence encoding the envelope
glycoprotein (gp70) of an ecotropic murine leukaemia virus (MuLV) (Castle, Loewer et al. 2014),
and an H-2L%restricted epitope derived from this protein (AH-1 — SPSYVYHQF) has been described
as the immunodominant CD8+ T cell epitope in naive mice (Huang, Gulden et al. 1996). Despite
these results, vaccination strategies aimed to boost AH1-specific CD8+ T cell responses have failed
to eliminate established CT26 tumours (Slansky, Rattis et al. 2000, Jordan, McMahan et al. 2010),
highlighting the necessity to identify epitopes that induce stronger CD8+ T cell responses. Recent
studies have revealed that upon Treg depletion, CT26 tumours are eliminated in 73% of the
animals (Golgher, Jones et al. 2002), and that CD8+ T cells recognizing an H-2D%restricted epitope
from the same MuLV gp70 gene (GSW11 — GGPESFYCASW) are associated with this phenomenon
(James, Yeh et al. 2010). Interestingly, GSW11 binds with a significantly lower affinity to H-2D¢,
compared to AH1 affinity for H-2L¢, and in normal conditions, this epitope is overtrimmed by
ERAAP (James, Bailey et al. 2013). Altogether, these results demonstrate the role of GSW11 in the
development of effective anti-tumour CD8+ T cell responses against CT26 and highlights the
requirement for the exploration of novel antigens in both mice and humans with potential

therapeutic benefit.

CT26 is one of the most widely used pre-clinical models for the testing of immunotherapeutic
approaches, and the anti-tumour activity of different immunotherapeutic strategies has been

confirmed in this model, including anti-CTLA-4 (Higashikawa, Yagi et al. 2014), anti-PD-1/PD-L1
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(Maute, Gordon et al. 2015), DC-based therapies (Yasuda, Kamigaki et al. 2007) and combinatorial
schemes (Duraiswamy, Kaluza et al. 2013). Several other strategies have been tested in CT26,
showing promising results. Two studies targeting TIGIT (T cell immunoreceptor with Ig and ITIM
Domains) have highlighted the potential therapeutic effect of blocking this molecule in cancer.
TIGIT is expressed in activated T cells and NK cells, and engagement of this molecule with any of
its ligands (CD112 or CD155) leads to an inhibition of T cell responses (Manieri, Chiang et al.
2017). In addition, upregulation of TIGIT in Tregs leads to an increase in their activity, and the
TIGIT-mediated immunosuppression in the CT26 TME is likely to act through a Treg-mediated
suppression of CD8+ T cells (Kurtulus, Sakuishi et al. 2015). Not surprisingly, combination of anti-
TIGIT and anti-PD-L1 leads to the elimination of tumours in mice (Johnston, Comps-Agrar et al.
2014), suggesting that TIGIT blockade may release CD8+ T cells from Treg-mediated
immunosuppression. Some characteristics of the CT26 TME have been studied, as different
components of this microenvironment can hamper the development of an anti-tumour immune
responses. The production of IL-6 by tumour cells negatively affect the CD8+ T cell response, as IL-
67" mice exhibit a significant decrease in tumour growth compared to WT mice, which was
correlated by an accumulation of both CD4+ and CD8+ T cells, as well as mature DCs in the TME
(Ohno, Toyoshima et al. 2017). Altogether, these results show the plasticity of the CT26 model to
evaluate different types of immunotherapeutic approaches, and the importance of this model to

validate novel strategies to be employed in clinical trials.

1.5 Conclusions

The advent of cancer therapies targeting the immune system instead of cancer cells have proven
its utility in clinical settings, as results in clinical trials have shown complete remission employing
different strategies, representing a substantial improvement compared to traditional chemo and
radiotherapy approaches. However, although some immunotherapy drugs, such as ipilimumab,
have already been approved for the treatment of cancer, several aspects should be considered to
maximize the efficacy of these drugs. A comprehensive study of tumour antigens in different
cancers is crucial, as this would lead to the development of more targeted strategies. Using TSAs
for vaccination allows the development of ‘universal’ vaccines, which can be used to immunize a
large population of patients, although their clinical efficacy can be limited. Targeting neoantigens
can drastically improve the clinical benefit of vaccination strategies, but their unique expression
pattern among patients makes them nearly impossible to administer in large cohort of patients,
requiring a personalization of the vaccine in order to induce significant clinical responses. The
main disadvantage of this strategy is the high costs it entails for patients, and the technical

difficulties inherent to the process of the correct identification of such personal neoantigens.
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Moreover, although the TME represents an immunosuppressive microenvironment that blocks
the development of anti-tumour CD8+ T cell responses, not all cancers share the same
immunoregulatory mechanisms in the TME, and an immunological characterization of such
mechanisms in human cancers is essential to improve the success of the therapies. Finally, the use
of animal models has been of pivotal importance to understand the biology of cancer; however,
these results cannot be fully translated into human cancers in some cases, for which the data
obtained in these models should be interpreted with cautiousness. Notwithstanding,
immunotherapy is perhaps one of the most promising fields for the treatment of cancer and
addressing the abovementioned issues in the rational development of new drugs should bring

significant clinical benefits to patients.

1.6 Study proposal

The results obtained by our group highlight the relevance of tumour-specific CD8+ T cells in the
elimination of CT26 tumours in Treg depleted mice and in mice treated with anti-PD-1 (Golgher,
Jones et al. 2002). Of particular relevance, the only two immunogenic epitopes described so far in
this tumour model (AH1 and GSW11) derive from the most abundant protein in CT26 and the
binding affinity of these epitopes is relatively low compared to immunodominant epitopes from
other tumour models (James, Yeh et al. 2010). However, there is a lack of knowledge about other
CD8+ T cell epitopes in the CT26 model, and the identification of these will improve our
understanding of the immune mechanisms participating in the control of CT26 and represent a
crucial analysis for the validation of the relationship between immunodominance and peptide
abundance. Therefore, the purpose of this study was to identify novel CD8+ T cell epitopes in the
CT26 tumour model by integrating the peptide predicted affinity towards MHC-I1 molecules. and
the abundance of the source protein, to improve the likelihood of detection of immunogenic
epitopes. Furthermore, the relationship of such novel epitopes with therapeutic responses,
specifically with Treg depletion therapy, was be evaluated. Finally, the immunophenotype of CD8+

T cells specific against these novel epitopes in relevant tissues was also addressed.
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1.7 Aims

In order to address the questions raised previously, we aimed to:

e Integrate the predicted peptide affinity with the abundance of the source
protein from immune-transcriptomic data in an in-house Peptide Filter Relation
(PFR) formula to increase the probability of detecting novel immunogenic

epitopes.

e |nvestigate, via intracellular cytokine staining and proliferation assays of CD8+ T
cells from naive and Treg depleted mice, the potential therapeutic relevance of
the computationally predicted novel epitopes, and the relationship between

affinity and abundance in therapeutically-relevant epitopes.

e Explore the phenotypic traits of antigen-specific CD8+ T cells in tumours and
tdLNs and correlate these markers with the therapeutic benefit observed in

treated animals.
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Chapter 2 Materials and Methods

2.1 Data filtering and sorting for the prediction of novel epitopes

For the identification of novel CD8+ T cell epitopes from the CT26 tumour model, publicly
available genomic (WES) and transcriptomic (RNA-Seq) data was used (Castle, Loewer et al. 2014).
From these data single nucleotide mutations (SNV) were mined and analysed by NetMHC4.0
(Jurtz, Paul et al. 2017), in order to predict the best epitope harbouring the mutation, the MHC-
restriction, and the affinity towards MHC-I in ICsp nanomolar (nM) values. Furthermore, the
relative abundance of each mutated peptide was matched based on the gene expression levels of
the source protein expressed in RPKM units (reads mapped per kilobase of transcript length per
million mapped reads). Once these mutated peptides were sorted based on their MHC-I
restriction, transcript abundance and MHC-I affinity, they were ranked using solely the predicted
affinity, or using the in house PFR that incorporates abundance and affinity using the following

simplified formula:
~ Yi
[MePi] ~ l/ugz

Where:

e MePi: equilibrium cell surface abundance of a given peptide bound to MHC at the cell
surface

e g;: supply of the peptide via TAP (abundance)

e u;: rate of dissociation of the peptide from MHC-I

e a: peptide dependency of tapasin. For this study, we assumed an a value of 2 indicating

tapasin dependence for all peptides

In addition to mutated peptides, this analysis was also performed in WT peptides derived from
MuLV gp70, considering that this protein is the most abundant in the CT26 proteome, and that
the two known CD8+ T cell epitopes in CT26 (AH1 and GSW11) derive from this protein.

In this model, the higher the MeP; value the higher the likelihood of that peptide being presented
at the cell surface, whereas in NetMHC, the lower the ICso the higher the predicted affinity
towards the MHC-I molecule. These values were then sorted from higher to lower (for PFR) or
lower to higher (for NetMHC) and given a rank based on the relationship between affinity and
abundance, or on affinity alone. The schematic representation of this analysis is detailed in Figure
2.1. The source genes from the selected peptides were further analysed via Gene Ontology (GO)
annotations using the DAVID platform (database for annotation, visualization and integrated

discovery) (Huang da, Sherman et al. 2009).
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Considering the limitation imposed by using a immuno-transcriptomic profile of CT26 cells from a
potentially different batch, we used a new lot of ATCC CT26 cells, which were kept at low passage
numbers (7 — 10), in order to better mimic the conditions where the immuno-transcriptomic

analyses were performed.

‘ RNA-Seq ‘ | Whole exome sequencing

Gene names and Transcript abundance

chromosome location (RPKM)

N 7

Identification of SNVs

Epitope prediction

NetMHC 4.0 —_— MHC-I restriction

v
\ MHC-l affinity | e——p PER

( Ranking of epitopes )

Figure 2.1 Schematical representation of data analysis and sorting for the prediction of novel

epitopes

2.2 Mice and immunization strategy

BALB/c mice (6 — 8 weeks old) were bred locally under specific pathogen-free conditions. Animals
were housed in individually ventilated cages during all experimental procedures at the Preclinical
Unit of the University of Southampton Centre for Cancer Immunology. For Treg depletion, animals
were injected intra-peritoneally (i.p.) with 200ug of PC61, an IgG1 anti-mouse CD25 raised in rat,
at days -3 and -1 of tumour challenge. Two different PC61 antibodies were used: an in-house

PC61 and a commercial version (Bio X Cell, West Lebanon, NH). Bleeding was performed by
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drawing 70ul blood from lateral tail vein into 7ul 1mM EDTA. For tumour challenge, mice were
injected subcutaneously (s.c.) with 10° CT26 cells resuspended in 100pl of sterile endotoxin-free
PBS (Sigma-Aldrich, Darmstadt, Germany). Tumour growth was monitored daily from day 6 post
tumour challenge, and tumour size was calculated considering the measurements of length and
width. Animals were culled when tumour size reached 225mm? by Schedule 1 procedures. All
animal experiments were carried out under the personal license (PIL) 12D847F47, and the project

license (PPL) PAFBFBA35.

2.3 Cell lines

CT26 cells (ATCC® CRL2638™) have been described previously in this manuscript (Griswold and
Corbett 1975). Cells were kept in vitro at a low passage number and injected into BALB/c mice at
passages 6 to 12. P815 cells (ATCC® TIB-64™) are derived from murine mastocytoma, and served
as APCs in peptide stimulation assays due to their high expression of classical H-2¢ molecules
(Figure 2.2) (Ralph, Moore et al. 1976). BWZ.36/CD8a cells derive from the thymoma cell line
BW5147, where these cells were stably transfected with an NFAT-LacZ construct along with CD8a
(Sanderson and Shastri 1994), and were cultured as fusion partners for the development of T cell
hybridomas. Hela cells (ATCC® CRM-CCL-2™) were used as targets for transfection experiments.
Lastly, the LacZ-inducible GSW11-specific T cell hybridoma CCD2Z was previously generated by
fusing a CT26-specific CD8+ T cell clone with the BWZ.36/CD8a fusion partner (James, Yeh et al.
2010), and served as control cells for Chlorophenol red-p-D-galactopyranoside (CPRG)
experiments. RMA-S cells derive from the Rauscher virus-induced H-2° lymphoma RBL-5 by
exposure to the mutagen ethyl methane sulphonate (EMS) and repeated rounds of treatment
with antisera against MHC-I molecules and complement (Ljunggren and Karre 1985). Under
normal incubation conditions, RMA-S cells have a 20-fold decrease in the cell surface expression
of classical MHC-I molecules, owing to a deficiency in TAP (Townsend, Ohlen et al. 1989). Three
different RMA-S cells were used: RMA-S Kd, RMA-S Dd and RMA-S Ld, each of them stably
transfected with the respective MHC-I molecule. All cell lines and hybridomas used in this study
were maintained in R10 media, consisting in RPMI 1640 (Lonza, Basel, Switzerland) supplemented
with 10% foetal bovine serum (FBS; GE Healthcare, Chicago, IL), 2mM L-glutamine (Sigma-Aldrich,
Darmstadt, Germany), 10% penicillin/streptomycin (Sigma-Aldrich, Darmstadt, Germany),
0.05mM 2-mercaptoethanol (Sigma-Aldrich, Darmstadt, Germany), 1mM sodium pyruvate (Life
Technologies-BRL, Rockville, MD), and 1mM HEPES (Lonza, Basel, Switzerland). BWZ.36/CD8a
were cultured in R10 with the addition of 0.25mg/ml Hygromycin B (InvivoGen, San Diego, CA)
and 1mg/ml G418 (Thermo-Fisher Scientific, Waltham, MA). All cells were cultured at 37°C and 5%

CO,, concentration in a humidified incubator.
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Figure 2.2 P815 cells express high levels of H-2¢ molecules.P815 cells were stained with
fluorescent-labelled monoclonal antibodies anti-H-2K¢ (A), -H-2L¢ (B), and —H-2D¢ (C).
Red histograms represent the background levels in unstained cells, whereas blue
histograms depict stained cells with each respective antibody. All histograms

represent the staining intensity normalized to mode.

2.4 BFA decay assays

For in vitro measuring of peptide affinity towards MHC-I molecules, Brefeldin-A (BFA) decay
assays were performed using RMA-S K¢, D or LY cell lines. For each peptide, 90 x 10° cells were
cultured in R10 at a concentration of 1 x 10° cells/ml and pulsed with peptides at a final
concentration of 10uM. Pulsed cells were then incubated at 26°C overnight to induce
overexpression of MHC-I molecules. For the kinetic measurement of MHC-I decay, 5 x 10° pulsed
cells were incubated at eight different time points (6h, 5h, 4h, 3h, 2h, 1h, 30 minutes, and time 0)
at 37°C, after being washed twice with fresh R10, and resuspended in R10 supplemented with
1:1000 BD GolgiPlug™ (containing BFA, BD Biosciences, Franklin Lakes, NJ). Once all the time
points were completed, cells were harvested, washed twice PBS containing 0.5% heat-inactivated
FBS and 0.5% EDTA 0.5M (FACS Buffer), and stained with fluorescently-labelled monoclonal
antibodies against H-2K¢, H-2D¢, or H-2L9 (Table 2.1) as described in section 2.7.2. Negative
controls for this experiment included un-pulsed RMA-S cells kept at 26°C or 37°C, and un-pulsed
cells analysed after incubating at the eight time points at 37°C. In order to obtain robust data,
three replicate experiments were performed for each peptide. From flow cytometry data, the
mean fluorescence intensity (MFI) values from un-pulsed RMA-S cells at the 6h time point was
considered the background level of MHC-I expression for each replicate, and this value was
subtracted from the MFI from each time point of peptide-pulsed cells. These normalised values
were plotted as a one-phase exponential decay, allowing for the calculation of I1Cs values using

the following formulas:
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Y = (Y, — Plateau) x eX*) 4 Plateau
Where:

* Plateau: represents the Y value at infinite times (Constrained to 0 given the correction

applied to the data).
* K:the rate constant, expressed in reciprocal of the X axis time units.

The half-life (t1/2) is further calculated as follows:

ti2 = In 2/[(

which allows for the calculation of the ICs:

_1n2
ICs0=""/1000 x t,

2.5 Verification of peptide immunogenicity

The detection of immunogenic responses from the novel peptides was performed using
intracellular IFNy cytokine staining (ICS) assays from mice splenocytes and tdLNs. Briefly, single-
cell suspensions were created via mechanical dissociation of the tissues into a 70um cell strainer
(BD Biosciences, Franklin Lakes, NJ). Cells were then resuspended in R10 at a concentration of 10°
cells/well and seeded into U-bottom 96-well plates. Then, splenocytes were pulsed with CT26-
derived peptides in the presence of 0.2l of BD GolgiPlug™ (BD Biosciences, Franklin Lakes, NJ) to
prevent the release of IFNy into the supernatant and incubated for 4 hours at 37°C and 5% CO,.
Supernatants were removed by centrifuging at 1200min! for 5 minutes, and cells were stained
using the ICS protocol as in section 2.7.3. As positive controls of this technique, different
concentrations of Staphylococcal Enterotoxin B (SEB, Sigma-Aldrich, Darmstadt, Germany),
Concanavalin A (ConA, Sigma-Aldrich, Darmstadt, Germany), and Phorbol 12-myristate 13-acetate
(PMA) plus lonomycin (Sigma-Aldrich, Darmstadt, Germany) were tested for the same period of
time in BALB/c splenocytes. As negative control, the same volume of Dimethyl Sulfoxide (DMSO,
Sigma-Aldrich, Darmstadt, Germany) used for peptide stimulation was added to each specimen
and incubated for the same amount of time prior ICS. All the peptides used in this study were

synthesised by Synpeptide (Shanghai, China) and used at a final concentration of 10uM.
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2.6 Proliferation assays

Proliferation of splenocytes stimulated with the tested peptides was performed using
carboxyfluorescein succinimidyl ester (CFSE) as an additional test to verify immunogenicity,
according to manufacturer instructions. Briefly, spleens from untreated or Treg-depleted mice
were harvested at day 11 post-tumour challenge. After obtaining a single-cell suspension,
splenocytes were washed twice and resuspended at a concentration of 1 x 10° cells/ml with PBS.
In parallel, the CellTrace CFSE staining solution (Invitrogen, Carlsbad, CA) was resuspended in
18uL DMSO, which was then added to 20mL pre-warmed PBS to obtain a 5uM staining solution.
Subsequently, splenocytes were centrifuged at 1200min™* for 5 minutes and supernatants
discarded. The cell pellets were then resuspended in 10 mL of 5uM CellTrace CFSE staining
solution and incubated at 37°C for 20 minutes. After incubation, the staining reaction was
stopped using pre-warmed R10 and incubating for 5 minutes at 37°C. Cells were washed to
eliminate excess CFSE, transferred to flat-bottom 96-well plates, and stimulated with each of the
novel peptides at a final concentration of 10uM for 72 hours. As positive control, ConA (Sigma-
Aldrich, Darmstadt, Germany) at a final concentration of 5pug/ml was used, whereas the same
amount of DMSO was added as negative control for each specimen. Following the 72 hours
incubation, cells were harvested, washed twice with FACS buffer, and stained with a viability dye
and cell-surface markers as described in section 2.7.4. After data acquisition, proliferation was
analysed using the Proliferation, Expansion, and Replication indexes from the Live CD8+ CFSE+

lymphocyte region, using the FlowJo™ Software (BD Biosciences, Franklin Lakes, NJ).

2.7 Flow cytometry assays

All flow cytometry assays performed in this study were carried out using a BD LSRFortessa™ X-20

flow cytometer (BD Biosciences, Franklin Lakes, NJ).

2.7.1 Antibodies

All the monoclonal antibodies used in immunophenotyping, BFA decay, proliferation, and blocking
assays are listed in Table 2.1. Antibodies against classical MHC-I molecules were used for blocking
assays as well as for staining P815 and CT26 cells. A PE-Cy7-conjugated Rat IgG1 k (Invitrogen,
Carlsbad, CA) was used as isotype control for the PE-Cy7-conjugated anti-mouse IFNy monoclonal

antibody.
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Table 2.1  List of monoclonal antibodies and tetramer/dextramers used in flow cytometry
assays
Antibody Fluorochrome Clone Host/lIsotype Company
Anti-CD3 APC 17A2 Rat/IgG2b, k BiolLegend
PE 53-6.7 Rat/IgG2a, Invitrogen
Anti-CD8a
V450 53-6.7 Rat/IgG2a, BD Biosciences
Anti-IFNy PE-Cy7 XMG1.2 Rat IgG1, k BD Biosciences
Anti-CD4 PE GK1.5 Rat/lgG2b, k BD Biosciences
Anti-CD4 BV510 RM4-5 Rat/IgG2a, BioLegend
Anti-CD25 FITC 7D4 Rat/IgM, Kk BD Biosciences
Anti-FOXP3 APC FJK-16s Rat/IgG2a, Invitrogen
Anti-TCRB chain APC H57-597 Armenian BioLegend
Hamster/IgG
Anti-H-2D¢ PE 34-5-8S Mouse/IgG2a Invitrogen
FITC SF1-1.1 Mouse/IgG2a, Kk BD Biosciences
Anti-H-2K¢
BVvV421 SF1-1.1 Mouse/I1gG2a, K BioLegend
Anti-H-2L¢ FITC 30-5-7S Mouse/I1gG2a, K Invitrogen
Anti-CD44 PerCP IM7 Rat/IgG2b, k BiolLegend
Anti-CD197 (CCR7) AlexaFluor 4B12 Rat/IgG2a, Invitrogen
700
Anti-CD62L APC/Cy7 MEL-14 Rat/IgG2a, BioLegend
Anti-CD279 (PD-1) BV785 29F.1A12 Rat/IgG2a, BiolLegend
Anti-CD366 (TIM-3) AlexaFluor B8.2C12 Rat/IgG1, BiolLegend
647
Anti-CD223 (LAG-3) FITC eBioCoOB7W Rat/IgG1, Invitrogen
GSW11 Tetramer PE Single-chain - In house
trimer development
H-2Ld/ SPSYVYHQF PE Pentamer - Prolmmune
(AH1) Pentamer
H-2Kd/DYITVSNNL PE Dextramer - Immudex
(Kd34) Dextramer
H-2Kd/YYLAAPTGT PE Dextramer - Immudex

(Kd37) Dextramer
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Antibody Fluorochrome Clone Host/Isotype Company
Anti-CD16/CD32 Purified 2.4G2 Rat/IgG2b, k BD Biosciences
2.7.2 Staining with cell-surface markers

Staining of cells with fluorescent-labelled monoclonal antibodies was performed in U-bottom 96-
wells plates, in a final staining volume of 50ul of FACS buffer. For staining conditions including
only cell-surface markers, cells were resuspended in R10 at a concentration of 10° cells/well.
Then, plates were centrifuged at 1500min! for 2 minutes at room temperature and supernatants
discarded. Afterwards, Fc receptors were blocked using an anti CD16/CD32 blocking antibody at a
concentration of 0.7ug/ul and incubated for 30 minutes on ice in the dark. After two washing
steps using FACS buffer, cells were resuspended with 100uL PBS and 0.1uL LIVE/DEAD™ Fixable
Red or Green Dead Cell Stain, where appropriate (Invitrogen, Carlsbad, CA), and incubated for 30
minutes at room temperature protected from light. Cells were then washed twice with FACS
buffer, resuspended with 50uL FACS buffer and stained with the respective amounts of cell-
surface monoclonal antibodies for 30 minutes on ice in the dark. Subsequently, stained cells were
washed twice with FACS buffer, and incubated with 100uL of 1% paraformaldehyde (PFA) for 20
minutes at room temperature in the dark to fix the cells. After fixing, cells were washed twice

with FACS buffer, and resuspended in 200uL of this same buffer for subsequent data acquisition.

2.7.3 IFNy cytokine staining

After the 4h peptide stimulation, cells were resuspended in R10 at a concentration of 10°
cells/well. Plates were centrifuged at 1500min for 2 minutes at room temperature and
supernatants discarded. Cells were then washed twice with PBS and incubated with Zombie
Green™ Fixable viability dye (BioLegend, San Diego, CA) for 15 minutes at room temperature
protected from light. Cells were washed prior to blocking Fc-receptors with CD16/CD32 blocking
antibody for 30 minutes on ice in the dark. After this blocking step, cells were washed twice with
FACS buffer as mentioned before, resuspended in 50ul of buffer and stained with anti-CD3 and
anti-CD8 antibodies. After a 30-minute incubation on ice in the dark, stained cells were washed
twice with FACS buffer and incubated with 100ul Fixation/Permeabilization solution (BD
Biosciences, Franklin Lakes, NJ) for 20 minutes at 4°C in the dark. Then, cells were washed twice
with 1:10 Perm/Wash™ buffer (BD Biosciences, Franklin Lakes, NJ), resuspended in 50ul of this
same buffer, and incubated with anti-IFNy antibody for 30 minutes on ice in the dark. After
staining, cells were washed twice with 1:10 Perm/Wash™ buffer and resuspended in 200pl of 1%

PFA for flow cytometry analysis.
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2.7.4 Staining of CFSE-labelled cells

For the proliferation analysis, CFSE-labelled cells were harvested after the 72 hours incubation
and washed twice with PBS. Then, cells were resuspended with 100uL PBS and 0.1l LIVE/DEAD™
Fixable Red Dead Cell Stain (Invitrogen, Carlsbad, CA), and incubated for 30 minutes at room
temperature protected from light. Then, cells were washed twice and resuspended with 50uL
FACS buffer and stained with anti-CD3 and anti-CD8 monoclonal antibodies for 30 minutes on ice
in the dark. After the staining step, cells were washed twice and fixed by incubation with 100uL of
1% PFA for 20 minutes at room temperature in the dark. Lastly, cells were washed twice and

resuspended with 200uL FACS buffer for subsequent flow cytometry data acquisition.

2.8 Development of CT26-specific CD8+ T cell hybridomas

For the generation of CT26-specific CD8+ T cell hybridomas, splenocytes from Treg-depleted mice
that eliminated the CT26 tumour were fused with BWZ.36/CD8a cells using polyethylene glycol
(PEG).

2.8.1 PEG-mediated fusion

CT26-specific hybridomas were developed using splenocytes from Treg-depleted tumour-free
mice. Briefly, tumour-free mice were re-challenged in vivo with 10° CT26 cells s.c., in order to
boost the immune response and increase the frequency of CT26-specific CD8+ T cells. Seven days
after re-challenge, splenocytes and tdLNs were harvested and cell suspensions from each animal
were re-stimulated in vitro with x-ray-irradiated (10 Gy) CT26 cells in R10 supplemented with
10U/ml of recombinant mouse IL-2 (PeproTech, Rocky Hill, NJ) for 4 days. After this period of
stimulation, viable T cells were recovered using a density gradient with Ficoll-Paque (GE
Healthcare, Chicago, IL) by centrifugation at 2000min for 30 minutes and removing the
lymphocytic interface. Then, 3 x 10° live CD8+ T cells were fused with BWZ.36/CD8a fusion
partners at a 1:1 T-cell:partner ratio using pre-warmed PEG (Sigma-Aldrich, Darmstadt, Germany),
washed with pre-warmed serum-free medium and incubated at 37°C for eight minutes. Fused
cells were washed and then cultured for 7 to 10 days in flat-bottom 96-well plates at a density of
3 x 10° cells/ml in 200uL R10 supplemented with 1X HAT (Sigma-Aldrich, Darmstadt, Germany)
and 0.25mg/ml Hygromycin B. After this time, wells that showed signs of cell growth were
cultured for 7 more days in R10 with 1X HT (Sigma-Aldrich, Darmstadt, Germany), in order to

wean off HAT. Finally, the newly developed hybridomas were kept in R10 for further analysis.
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2.8.2 Hybridoma testing

The specificity and sensitivity of the newly developed hybridomas was measured using a series of
different activators. Activation of the lacZ gene was verified by activating all the clones with
5ng/ml PMA (Sigma-Aldrich, Darmstadt, Germany) plus 500ng/ml lonomycin (Sigma-Aldrich,
Darmstadt, Germany) for 4 hours. TCR-mediated signalling was checked by stimulating the
hybridomas with 0.5ug/ml of soluble anti-mouse CD3e for 16 hours at 37°C. Peptide specificity
was detected by pulsing 10° P815 cells with the respective peptides at a concentration of 100nM
prior to co-culturing with 10° hybridoma cells for 16 hours at 37°C and 5% CO. After stimulation,
supernatants were discarded and 100ul of CPRG solution were added into the cells and followed
by a room temperature incubation. The CPRG solution is prepared by dissolving 91mg CPRG
reagent (Sigma-Aldrich, Darmstadt, Germany) in 1L of PBS containing 1.25m| NP40 and 9ml MgCl,.
CPRG is a substrate for the B-galactosidase produced upon lacZ activation, which cleaves the
CPRG releasing B-galactose and chlorophenol red. This reaction leads to a colorimetric change in
the buffer from yellow to increasing intensities of red that can be measured by absorbance at a
wavelength of 595nm, with an additional measurement at 695nm to subtract background levels.
Thus, this assay allows an easy detection of the sensitivity of the hybridomas, as the absorbance
detected at 595nm is directly proportional to the levels of B-galactosidase produced by the cells,
which is positively correlated with the level of cell activation. All absorbance measurements were
performed in an iMark Microplate reader (BioRad, Hercules, CA) at point zero (just after adding

the CPRG reagent) and every hour thereafter.

2.8.3 Sub-cloning of hybridomas

Due to overgrow of non-specific cells and to the loss of TCR expression in specific clones,
hybridomas must be subcloned regularly in order to keep a batch of sensitive cells. Briefly,
hybridomas were diluted at a concentration of one cell/well at final volume of 200ul of R10 in flat-
bottom 96-well plates. Cells were grown for 7 to 10 days at 37°C and 5% CO,, and every well with
signs of cell growth was tested by taking 100l of cells and co-culturing with 10° CT26 overnight.
After a CPRG assay, only the cells that show a high sensitivity against CT26 were further expanded
and frozen down to maintain the stock. This process was repeated whenever the performance of

the hybridomas appeared suboptimal.

2.8.4 MHC-I Blocking assays

In order to determine the MHC-| restriction of the newly developed hybridomas, 10° CT26 cells

were incubated with serial dilutions of anti-mouse H-2K® (SF1-1.1), H-2D¢ (34-5-8S) or H-2L¢ (30-
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5-7S) for one hour at 4°C before being cultured together with hybridoma cells, as described above

in section 2.8.2.

29 Engineering of a H-2LY/AH1 single chain trimer (SCT)

In order to monitor the frequency of AH1-specific CD8+ T cells by flow cytometry, the

development of a SCT construct was tried as previously described (Mitaksov, Truscott et al. 2007).

2.9.1 Site directed mutagenesis (SDM) of H-2LY/AH1 SCT

SDM was performed from a previously generated SCT containing the AH1 peptide linked to B2M
and H-2L% heavy chain. Different set of primers were designed in order to: rectify the open
reading frame; remove the signal peptide and 5’CAP sequence and mutate position 83 in H-2L¢
heavy chain from a tyrosine to a cysteine; insert an extra repetition of GGAGGTGGCGGTTCG in the
B2M-heavy chain linker (BHL); and modify the peptide-B2M linker (PBL) from the amino acid
sequence GGGGGGSGGSGGSGG to GCGASGGGAS. This construct will be referred hereafter as
pcDNA3.1/SCT. Once the sequence of pcDNA3.1/SCT was verified, a second construct
(pET28a/SCT) was designed with primers aimed to remove the transmembrane domain from the
H-2LY heavy chain and replace it with the AviTag biotinylation sequence (Beckett, Kovaleva et al.
1999), as well as to remove the B2M signal peptide. The information of all primers used for SDM

and sequencing is detailed in Table 2.2.

Table 2.2  List of primers used for SDM and sequencing

Tm
Function Sequence Direction €q) %GC
°C
GGCGGGGGTGGATCTATCCAGAAAACCCCTCAAATTC Fwd. 67.2 54.1
Modify PBLs
ACTTCCACCACAGCCAAATTGGTGGTAAACATAACTAG Ruv. 63.5 42.1
Modify BHL and AGGCAGCGGCCCACACTCGATGCGGTATTTCG Fwd. 70.4 62.5
remove H-2L¢
. . CCACCCCCAGAGCCGCCGLCcAcCceaA Rv. 75.8 80.8
signal peptide
Create the Y83 GGGGCCGGAGTGTTGGGAGCGGA Fwd.  69.9 73.9
mutation in H-2L"  1cCTGCTCCATCCACGGCG Rv. 62.7 68.4
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Tm
Function Sequence Direction Q) %GC
°C
Replace H-2L¢ GTCGAATTCTCACTCATGCCATTCAATTTTCTGTGCTTC
transmembrane GAAAATATCATTCAACCCGGACCCAACCATGTAGCTGT Rw. 92.8 45.7
domain for AviTag CGGTGC
Remove the f2M
GCTAAGCTTGCCATGGCTCGGAGCGTGACCC Fwd. 69.8 64.5
signal peptide
AGAGTGAACCTGAGAACCCT Fwd. 55.2 50
Sequence H-2L¢
AGATAGGCTCTGTAGTACTCGG Rv. 54.8 50
Remove the f2M
GCTAAGCTTGCCATGGCTCGGAGCGTGACCC Fwd. 69.8 64.5

signal peptide

To generate these constructs, 50uL PCR reactions were set up using KOD Hot Start polymerase
(Merck, Darmstadt, Germany) and carried out according to manufacturer instructions. The
reactions consisted in 5uL of 10x PCR KOD buffer, 4uL of 25mM MgSQ,, 5uL of 2mM dNTPs, 1.5uL
of 10uM forward and reverse primers, 1uL KOD Hot Start Polymerase, and 100 to 250ng DNA
template. The reaction conditions were 95°C for 2 minutes followed by 25 cycles of 95°C for 20
seconds, the respective Tm for 10 seconds, and 70°C for 2:30 minutes. After each PCR reaction,
DNA was analysed by 0.6% agarose gel electrophoresis, and the fragments of the desired length
were excised from the gel and purified using the QlAquick Gel Extraction kit (Qiagen, Hilden,

Germany) following manufacturer instructions.

29.2 Restriction enzyme and DNA ligation reactions

The pcDNA3.1/SCT construct and pcDNA3.1 vector were double-digested in standard 30pL
reactions consisting of dH,0, 1x BSA, 1x buffer, 1 to 3ug DNA, 1uL Hindlll and 1uL Xhol (Promega,
Madison, WI). The same reaction was performed with the pET28a vector and pET28a/SCT
construct, but the enzymes used for these molecules were Ncol and EcoRI (Promega, Madison,
WI). All these digestion reactions were incubated at 37°C for two hours before being run on a
0.6% agarose gel electrophoresis. The DNA from the correct size was excised from the gel and
purified as previously described. Ligation reactions were carried out using a 3:1 DNA to vector
molar ratio with a final DNA amount of 200ng, between Hindlll-Xhol double digested
pcDNA3.1/SCT and pcDNA3.1 vector; and Ncol-EcoRI double digested pET28a/SCT and pET28a
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vector. T4 DNA ligase (NEB, Ipswich, MA) and 10X ligase buffer were used for ligation in a final
reaction of 15uL. The reactions were incubated overnight at 16°C and stored at 4°C for

subsequent bacterial transformation.

2.9.3 Bacterial transformation

JM109 and BL21(DE3)pLysS competent cells were used to transform DNA constructs generated by
site directed mutagenesis. For this, 5uL of ligated plasmid DNA was added to 50uL bacterial cells
and incubated for 30 minutes on ice. After this time, bacteria were heat shocked at 42°C for 30
seconds and placed back on ice before adding of 250uL SOC media (Invitrogen, Carlsbad, CA). The
bacterial culture was incubated for 1 hour at 37°C with shaking at 220min* before spreading 50pl
on agar plates containing 100ug/ml ampicillin (for pcDNA3.1/SCT) or 50ug/ml kanamycin (for
pET28a/SCT) and incubated overnight at 37°C.

294 Screening of bacterial colonies

To screen the bacterial colonies for the expression of the desired constructs, a selection of
colonies were picked up and incubated in 2ml or 10ml of LB medium containing 100ug/ml
ampicillin or 50ug/ml kanamycin for pcDNA3.1/SCT and pET28a/SCT, respectively. Bacteria were
incubated at 37°C with 220min™* shaking overnight. Plasmid DNA was purified from bacteria using
QlAprep Spin Miniprep Kit (Qiagen, Hilden, Germany) following manufacturer instructions. To
determine the successful incorporation of the constructs, 20uL of Miniprep plasmid DNA at a
concentration of 100ng/uL were sent for sequence verification to Source BioScience LifeSciences
laboratories (Nottingham, UK). Once the sequence of the constructs was verified, the bacterial
culture containing the correct DNA sequences was amplified overnight at 37°C with 220min!
shaking in 150ml LB medium containing 100ug/ml ampicillin for pcDNA3.1/SCT, or 300ml for LB
medium with 50ug/ml kanamycin for pET28a/SCT. The QlAfilter Plasmid Maxi kit (Qiagen, Hilden,
Germany) was used to purify a greater quantity of plasmid DNA, which was resuspended in 1X TE
buffer and quantified by using a Nanodrop spectrophotometer (Thermo-Fisher Scientific,

Waltham, MA). DNA was diluted at a final concentration of 1ug/ul for further analysis.

2.9.5 Transfection of pcDNA3.1/SCT

The pcDNA3.1/SCT construct was transfected into Hela cells using the FUGENE®6 transfection
reagent (Promega, Madison, WI). A pcDNA3.1 vector encoding the fluorescent protein mCherry
was transfected alongside pcDNA3.1/SCT to verify the transfection efficiency. Briefly, Hela cells

were seeded at a concentration of 10° cells/ml in 2ml R10/well of a six-well cell culture plate and
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incubated overnight to achieve 50 - 80% confluence. Transfection of cells was carried out
following manufacturer instructions as follows: 97uL of serum free RPMI were added to 1.5ml
Eppendorf tubes followed by FUGENE®6 at a 3:1 FUGENE®6 to DNA ratio (3uL FUGENE®6 for every
1ug plasmid DNA) and incubated for 5 minutes at room temperature. After this, 1ug of the
plasmid DNA constructs were added and incubated at room temperature for 15 minutes.
Following this incubation, the transfection mix was added drop wise into the cells and maintained
at 37°C and 5% CO.,. After 24 and 48 hours, cells were harvested and analysed by flow cytometry,

as previously described.

2.9.6 Induction and extraction of SCT proteins

The protein expression of the pET28a/SCT construct was carried out using Isopropyl B-D-1-
thiogalactopyranoside (IPTG). Briefly, transformed BL21(DE3)pLysS competent bacteria were
cultured in LB media containing Kanamycin/Chloramphenicol, and induction of monomer
expression was performed by adding IPTG in the exponential phase of bacterial growth. Different
incubation lengths, temperatures, and IPTG concentrations were tested, followed by a
centrifugation at 500min™* for 20 minutes at 4°C. The final pellet was weighted and stored at -20°C
for protein extraction from bacterial inclusion bodies (IBs) using the BugBuster® (Merck,
Darmstadt, Germany) extraction protocol, following manufacturer instructions. Extracted proteins
were solubilized in an 8M urea or 8M guanidine buffer and quantified using Bradford assay.
Aliquots of the samples were taken before and after IPTG pulse, in all the washes steps of the
extraction protocol, and after urea solubilization, and were analysed by SDS-PAGE (Sodium
dodecyl sulphate polyacrylamide gel electrophoresis) analysis to verify the presence of the

desired protein.

2.9.7 SDS-PAGE

Protein aliquots from the previously mentioned steps were analysed in 12.5% SDS-PAGE gel
electrophoresis under reducing conditions. Samples were diluted 1:4 with loading buffer
containing 2-mercaptoethanol and heated at 95°C for 2 minutes. Subsequently, protein samples
were loaded into a 5% Stacking/12.5% Resolving Bis/Acrylamide gel and ran for 120 V for 10-15
minutes for the stacking gel, and later at 150V for 45 to 60 minutes for the resolving gel. Once
completed the electrophoresis, the gels were stained with Coomassie blue for five minutes with
continuing rocking, and later de-stained with several washes of hot distilled water. De-stained gels

were analysed in a BioRad Gel Doc XR+ system (BioRad, Hercules, CA).
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2.9.8 Western blot analysis

For Western Blot (WB) assays, samples were previously processed by SDS-PAGE electrophoresis
previously described. For protein transfer, gels were placed alongside 0.45um nitrocellulose
membranes (GE Healthcare, Chicago, IL) and soaked in 1X transfer buffer containing 192mM
glycine, 25mM Tris-Base, and 20% ethanol. Gels and membranes were stacked between
Whatman® filter papers (Sigma-Aldrich, Darmstadt, Germany) and sponges, placed within a
transfer cassette in a gel electrophoresis chamber, and ran at 24 V for 1 hour on ice. After this
incubation, membranes were blocked using PBS-Tween 20 0.1% v/v plus 5% w/v skimmed milk
overnight at room temperature. Then, membranes were incubated with rabbit polyclonal anti-
human/mouse B2M for 1 hour with gentle rocking at room temperature, followed by three 15-
minute washes with PBS-Tween 20. An anti-rabbit HRP was used as secondary antibody, which
was diluted in PBS-Tween 20 0.1% v/v plus 1% w/v skimmed milk and loaded into the washed
membranes for 1 hour at room temperature with gentle rocking. Once this incubation was
finished, three additional 15-minute washes with PBS-Tween 20 were carried out, and the

protein-antibody conjugates were revealed using the SuperSignal® West Pico Chemiluminescent

as

Substrate (Thermo-Fisher Scientific, Waltham, MA). WB images were obtained and analysed using

the BioRad Gel Doc XR+ system (BioRad, Hercules, CA).

2.10 Statistical analysis

For all the data generated in this study, a Shapiro-Wilk normality test was performed to verify the

distribution of data. A Kruskal-Wallis test, 2-way ANOVA, or Mixed-effects analysis with Tukey’s
multiple comparisons test were chosen based on data distribution and grouping. A log-rank test
was used for survival analysis, whereas single regression analyses were performed to determine
correlations. All statistical analyses were carried out using GraphPad Prism 9.2 (GraphPad

Software, La Jolla, CA).
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Chapter 3 Discovery of novel CD8+ T cell epitopes from

CT26 immuno-transcriptomic data

3.1 Introduction

The identification of immunogenic epitopes derived from next-generation sequencing data has
become a pivotal area of investigation in cancer immunotherapy. Most of the peptides detected
by such methodologies are evaluated and tested based on their predicted affinity towards MHC-I,
NetMHC being the “gold standard” algorithm for such predictions (Jurtz, Paul et al. 2017).
However, as this algorithm uses artificial neural networks built upon in vitro binding assays for
predicting MHC-I binding affinities, these predictions can be greatly affected by the number and
quality of in vitro assays included for each specific MHC-I allele. Moreover, p/MHC-I binding
affinities are not the sole parameter contributing to immunogenicity, and other steps involved in
APP should be considered to improve the detection of such immunogenic peptides. Indeed, novel
algorithms have attempted to include different parameters to improve the prediction of
immunogenicity, such as the agretopicity index that selects neoantigens based on an improved
MHC-I binding compared to WT peptides (Duan, Duitama et al. 2014), or by incorporating
predictors of the APP like protein cleavage and TAP transport efficiency (Kim, Kim et al. 2018).
Nonetheless, most of these approaches still use a bioinformatic prediction of MHC-I binding
through NetMHC as one of their inputs. Thus, in this study a PFR formula is tested that
incorporates the relative abundance of the source protein from the target peptides, as well as
their predicted and measured MHC-I binding affinity, to try to improve the detection of

immunogenic peptides in the CT26 tumour model.
3.2 Results

3.21 Sorting of potential novel immunogenic peptides from CT26 immuno-transcriptomic

data

The first step taken for the identification of novel CT26 epitopes included the mining of publicly
available RNA-Seq and WES data (Castle, Loewer et al. 2014). From this dataset, a total of 1827
SNVs were mapped into their corresponding peptide sequence, and the predicted MHC-I
restriction and binding affinity was carried out using NetMHC4.0 only in those peptides whose
mutations were located outside untranslated regions. This analysis led to the identification of 253

H-2L9 peptides, 739 H-2K¢ peptides, and 656 H-2D¢ peptides, which were ranked based on their
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predicted MHC-I affinity and the relative abundance. Remarkably, neoantigens and differentially-
expressed gp70-derived peptides showed a distinct pattern when comparing these two
parameters, as the majority of neoantigens were under-expressed compared to MulLV-derived
peptides but showed a higher number of peptides in the high binders and low binders category,
whereas only two peptides derived from the PFR were ranked as high-binders (Ld1, and Kd34;
Table 3.1, Figure 3.1). Despite gp70-derived peptides sharing a common protein source, they have
different abundance patterns due to the genetic composition of the gp70 locus in CT26 cells.
Genomic analysis of CT26 cells revealed that gp70 lies in a tetraploid region of chromosome 8,
harbouring three different stop codons in heterozygosity at different positions of the gp70 gene,
thus suggesting that four different transcripts could be generated with different abundances
(Castle, Loewer et al. 2014). Once peptides were sorted based on abundance and affinity, they
were ranked based on the calculation obtained by the PFR. Interestingly, the top ranked peptides
from PFR from all three alleles corresponded to gp70-derived peptides (apart from the H-2L¢-
restricted neoantigen Ld3), whereas the top ranked peptides from NetMHC4.0 were all
neoantigens (Table 3.1).

Based on these analyses, 18 H-2D¢, 46 H-2K¢, and 32 H-2L% peptides were synthesised for further
assays, most being 9mers (Figure 3.2 A). These peptides shared similar MHC-I binding motifs, as
observed by the overrepresentation of Proline at positions 2 and 3 for H-2L¢ and H-2D¢ peptides,
respectively (Figure 3.2 B and C), as well as Tyrosine at position 2 for H-2K? peptides (Figure 3.2
D). Based on GO functional annotation analyses, these peptides mostly derived from cytoplasmic
and plasma membrane proteins, as well as from proteins participating in metal ion binding or
protein binding (Figure 3.3). Altogether, these results indicate that the selected peptides match
the common characteristics of MHC-I peptides.

As an approach towards the validation of these peptides, we matched our peptide list against a
CT26-derived immunopeptidome generated by mild acid elution (MAE) (Nicholas and Bailey,
Unpublished results). From the 96 selected peptides, only four matched with the MAE
immunopeptidome, three H-2L%restricted (AH1, Ld1, and Ld24) and one H-2K%-restricted (Kd34).
Interestingly, from these matched peptides, Ld1 and Kd34 represent the top ranked PFR peptides
for their respective alleles.

Overall, these results indicate that incorporating PFR into epitope discovery could improve the
likelihood of detecting peptides presented by MHC-I molecules, which could play important roles

in the development of CD8+ T cell responses.
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Table 3.1  Peptide ranking based on NetMHC and PFR parameters.*Peptide Dd8 is a predicted
high binder for H-2D¢ derived from HIV-1 gp120 and was included as a negative
control.

NetMHC  NetMHC
Allele Peptide Sequence Source PFR PFR Rank
affinity (nM)  Rank
Ld17 SPLAAPTFL 3425401B19Rik 10.1 1 0 28
Ld18 IPQEYVLFL Ubash3a 23.9 2 0 28
Ld19 NPHMYAVDM  OlIfr1136 27.7 3 0 28
Ld20 NPYANSYTL Dscam 33.6 4 0 28
Ld7 LPQLIQVLL Gp5 36.4 5 1 18
H-2L¢ Ld1 SPHQVFNL gp70 46 7 33852 1
Ld31 HPLWTWWPDL gp70 264 12 1039 2
Ld22 KPSSSWDYI gp70 271 13 493 3
Ld3 FPVAFCIFM Lass6 47.9 8 29 4
Ld2 WPDLTPDL gp70 1764 26 23 5
AH1 SPSYVYHQF gp70 1748 25 6 14
Kd24 KYYAHATSL BC026439 13.6 1 0 37
Kd25 CYAAVCKPL Olfr1469 14.2 2 0 37
Kd26 KYAAICKPL OIfr884 154 3 0 37
Kd2 SYETLKKSL Haus6 18.2 4 405 6
Kd27 RYAAICHPV Olfr846 19.5 5 0 37
H-2K¢
Kd34 DYITVSNNL gp70 22 7 72001 1
Kd35 WEFTTLISTI gp70 54 18 6149 2
Kd36 SYTPRCNTA gp70 117 24 5296 3
Kd1 QYHQLKTI gp70 130 27 1075 4
Kd37 YYLAAPTGT gp70 173 29 603 5
Dd17 YGPKYNPNF Susd2 184.8 1 0.003 17
H-2D¢ Dd10 KGPKRDEQC  4933424B01Rik 628.3 2 0.501 6
Dd8 IGPGRAFYT HIV-1 gp120* 778 3 0.000 18
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NetMHC NetMHC
Allele Peptide Sequence Source PFR PFR Rank
affinity (hM)  Rank
Dd7 GQPREHYTL Cdc73 799.2 4 0.250 8
Dd11 PGPIKCVPI Aen 800.8 5 0.321 7
Dd2 PGPHRPRW gp70 1187 7 38.461 1
H-2D¢ Dd16  WGPLIVLLI gp70 1424 9 35.612 2
GSW11 GGPESFYCASW gp70 1404.4 8 27.475 3
Dd1 HGPSYWGL gp70 3200 14 7.056 4
Dd14 TGNHPLWTW  gp70 8019 17 1.124 5
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Figure 3.1 Relationship between predicted affinity and relative abundance of the selected peptides.From each graph, each dot represents a unique peptide. Black

dots correspond to neoantigens, blue dots represent peptides derived from MuLV gp70, and red dots in Figure 3.1A and 3.1C correspond to AH1 and

GSW11, respectively. Dotted lines discriminate peptides with a high predicted binding affinity (0 — 50nM), low binding affinity (50 — 500nM), and non-

binders (>500nM), according to NetMHCA4.0 thresholds. Abundance is expressed as RPKM, derived from CT26 transcriptomic data.
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Figure 3.2 Physicochemical characteristics of selected peptides.A. Peptide length distribution
across the three H-2 alleles. B, C and D. Protein logo analysis of H-2L¢ (B), H-2D? (C)
and H-2K® (D) 9mer peptides. Logo plots were performed using the WebLogo 3 server

(Crooks, Hon et al. 2004)
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Figure 3.3 GO Functional annotation of selected peptides.The genes from which the peptides derived were analysed by GO Functional annotation focusing on

Biological Process, Cellular component, and Molecular function aspects, using the DAVID platform (Huang da, Sherman et al. 2009).
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3.2.2 In vitro measurement of peptide affinities
3.2.21 Verification of MHC-I overexpression in RMA-S cells

Given that the ICso calculation obtained by NetMHC is predicted, the affinity of some of the
selected peptides towards their respective MHC-I molecules was tested in vitro in BFA decay
assays using RMA-S cells expressing either H-2L9, H-2K? or H-2D¢, as these cells overexpress MHC-I
molecules at 26°C but lose this expression once incubated at 37°C. Given their intrinsic lack of TAP
(De Silva, Boesteanu et al. 1999), RMA-S cells can be pulsed with external peptides to stabilize the
MHC-I molecules at the cell surface, and after incubating at 37°C at different time points in the
presence of BFA, the rate of MHC-I decay can be measured in a kinetic fashion by flow cytometry,
thus enabling a measurement of relative peptide affinity.

First, RMA-S cells were tested to verify MHC-I overexpression after incubating at different times at
26°C. As observed in Figure 3.4 RMA-S K% and RMA-S D¢ cells overexpressed their respective MHC-
I molecules after 1 hour of 26°C incubation (Figure 3.4 B and C). However, regarding their MFI,
RMA-S D¢ cells showed a constant upregulation of H-2D% intensity until 5 hours, followed by a
small decay and a further upregulation at the final time point (18 hours), whereas the peak
intensity of H-2K? expression on RMA-S K¢ cells was observed at the final time point (22 hours),
but these levels were similar from the 16 hours time point, indicating a plateau in the H-2K¢ MFI
after this time point. These kinetics were not properly performed in RMA-S L9 cells, potentially
due to inefficient staining of the 30-5-7S antibody. These results indicate that, although RMA-S
cells have different patterns of MHC-I overexpression, they can all increase the cell surface levels

of MHC-I molecules after incubation at 26°C.

3.2.2.2 Affinity measurement of H-2-restricted peptides

Once MHC-I overexpression at 26°C was verified on RMA-S cells, the affinity of the selected
peptides was measured via BFA decay assays, as described in section 2.4. For H-2K%restricted
peptides, although the ICso values obtained via BFA decay did not match the values predicted by
NetMHCA4.0, three peptides described as high binders by NetMHC4.0 (Kd24 = 13.6 nM, Kd26 =
15.4 nM, and Kd27 = 19.5 nM) were verified as high binders by BFA decay, as they showed [Cso
values around 50nM. However, two NetMHCA4.0 high binders (Kd25 and Kd2) displayed the
highest ICso among tested peptides (Figure 3.5 A and Figure 3.6 A), indicating an inconsistency
between NetMHC4.0 affinity prediction and measured relative affinity. Moreover, all peptides
derived from PFR (except for Kd35) showed ICso values above 100nM, indicating that these
peptides could be classified as low binders in BFA decay assays (Figure 3.6 A). Given the

discrepancy observed between the ICso measurements from BFA decay and NetMHC4.0, a simple
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linear regression was performed between such values, and between the peptide ranking from
both approaches. Unsurprisingly, neither ICso nor rank values from BFA decay positively correlated
with NetMHCA4.0 predictions, and only a small trend was observed in the I1Cso correlation of these

two approaches (Figure 3.6 B and C).

Next, this same methodology was applied to the top 5 NetMHC and top 5 PFR H-2D¢-restricted
peptides. As observed in Figure 3.7, ICso values obtained by BFA decay showed an even higher
discrepancy compared to NetMHC4.0. According to NetMHC4.0 predictions, all top 5 H-2D¢-
restricted peptides were catalogued as non-binders, with ICso values above 500 nM (except for
Dd17, Table 3.1). However, BFA decay assays showed an ICso for Dd11 of 39.32 nM, in sharp
contrast with NetMHC4.0 (800.8 nM), indicating that this peptide could represent a high binder.
Likewise, Dd16 showed a significantly lower ICso via BFA decay compared to NetMHC4.0 (68.72
nM vs. 1424 nM). These observations are made evident in the simple linear regression analysis, as
no correlations are observed between 1Cso and ranking values between the two approaches

(Figure 3.7 B and C).

Lastly, BFA decay assays were performed with H-2L%restricted peptides. Besides the top 5
NetMHC and PFR peptides, the previously described immunodominant AH1 peptide was also
included, which ranks 14™ in PFR and 25" in NetMHC4.0. The exponential decay of cell surface H-
2L9 expression after peptide pulsing in these assays was faster compared to the other two alleles
(Figure 3.5 C). Indeed, half of the tested peptides were categorised as non-binders, with 1Cso
values above 500nM (Figure 3.8 A). Furthermore, one peptide was categorised as high binder by
both approaches (Ld18; NetMHC4.0 = 23.9nM, BFA decay = 48.99 nM), and one peptide was
catalogued as high binder by BFA decay but not NetMHC4.0 (Ld22; NetMHC4.0: 271nM, BFA
decay: 23.04nM). Interestingly, the 1Cso values obtained by these two approaches showed a
significant, albeit subtle positive correlation (Figure 3.8 B). Nonetheless, only one replicate per
peptide of BFA decays using RMA-S L® cells was performed, and more repeats are necessary to

validate these observations.

Altogether, these results illustrate the significant discrepancy between in silico and in vitro
calculations of p/MHC-I affinities, highlighting the importance of strong affinity measurement

platforms for selecting peptides in cancer immunotherapy settings.
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cells were incubated at several time points at 26°C for the verification of MHC-I
expression. Left graphs represent the percentage of RMA-S cells expressing the
corresponding MHC-I molecule, while right graphs indicate the MHC-I MFI as

detected by flow cytometry.
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2K restricted peptides.A. ICso values obtained from the top 5 NetMHC peptides

(Left) and the top 5 PFR peptides (Right) via BFA decay assays. The dotted line

discriminates peptides classified as high binders (ICso <50nM) and low binders (ICso

>50nM). B and C. Correlation analysis between ICso (B) and ranking values (C)

obtained by NetMHCA4.0 and BFA decay. Graphs depict the best-fit line (bold) as well

as the standard error (dotted lines).
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Figure 3.7 NetMHC4.0 is not a good predictor of H-2D? binding affinities.A. ICso values

obtained from the top 5 NetMHC peptides (Left) and the top 5 PFR peptides (Right)

via BFA decay assays. The dotted line discriminates peptides classified as high binders

(ICso <50nM) and low binders (ICso >50nM). B and C. Correlation analysis between

ICso (B) and ranking values (C) obtained by NetMHC4.0 and BFA decay. Graphs depict

the best-fit line (bold) as well as the standard error (dotted lines).
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well as the standard error (dotted lines).
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33 Concluding remarks

Although immunotherapeutic strategies have shown promising clinical results, the mechanisms
governing the recognition of tumour-specific epitopes by CD8+ T cells in such therapies are not
completely understood, and a better understanding of the determinants involved in CD8+ T cell
priming and activation in cancer settings is important for the development of more specific anti-
cancer approaches. Moreover, mouse pre-clinical models can represent an important tool for the
study of tumour/CD8+ T cell interactions, as these models can replicate specific features observed
in human cancers, such as T cell infiltration and responsiveness to checkpoint blockade (Mosely,
Prime et al. 2017). Our characterisation of MHC-I-restricted peptides derived from previously
published CT26 immuno-transcriptomic data (Castle, Loewer et al. 2014), by means of MHC-
predicted affinities alone, or by filtering the affinity and abundance parameters using an in house
PFR algorithm, allowed us to identify potentially immunogenic peptides from mutated proteins
(neoantigens) and over-expressed proteins (gp70-derived peptides). Although the vast majority of
studies have focused on high-affinity peptides as potential immunogenic peptides, the fact that
low-affinity peptides can be detected on the cell surface of CT26 cells in MAE
immunopeptidomics, as observed in this study and by others (Duan, Duitama et al. 2014,
Ebrahimi-Nik, Michaux et al. 2019), highlights the importance of incorporating peptides with
intermediate or low predicted binding affinities in the screening of potential immunogenic
peptides in cancer settings. Nonetheless, the detection of MHC-I-presented cancer-derived
peptides on the cell surface of these cells is not a complete indicator of immunogenicity (Abelin,
Keskin et al. 2017, Bulik-Sullivan, Busby et al. 2018), and functional analysis are essential for

verifying if such peptides can activate CD8+ T cells in normal and therapeutic settings.
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Chapter 4 Response mapping of novel peptides in CT26-

challenged mice

4.1 Introduction

The identification of tumour antigens targeted by CD8+ T cells in immunotherapy settings
represents an important field of study that can improve the success of such therapies. Indeed,
high frequencies of tumour-specific CD8+ T cells infiltrating the TME have been associated with
favourable outcomes in different immunotherapeutic regimes, such as checkpoint blockade with
anti-CTLA-4 or anti-PD-1 (Blass and Ott 2021). As mentioned previously, RNA-Seq and WES data
have played a pivotal role in the identification of novel tumour-derived epitopes targeted in
immunotherapy. However, the analysis of immuno-transcriptomic data from tumour samples
must be coupled with functional analysis of CD8+ T cells to determine which peptides could
bypass immunological tolerance and trigger immune responses in the tumour, and therefore
which peptides could represent promising therapeutic targets for novel immunotherapy
approaches. Upon efficient T cell priming, immunogenic peptides induce proliferation and
cytokine production of CD8+ T cells (mainly IFNy, TNFa and IL-2). These features can be tested in
vitro through proliferation assays, by measuring cytokine release/production using Enzyme-Linked
ImmunoSpot (ELISPOT) or intracellular cytokine staining assays, allowing for the verification of
immunogenicity of the candidate peptides (Roudko, Greenbaum et al. 2020). Thus, in this study
the previously ranked peptides derived from CT26 immuno-transcriptomic data were tested via
IFNy intracellular cytokine staining (ICS) assays in untreated and tumour protective Treg-depleted
mice, in order to determine the immunogenicity of these peptides, and if any association exists

between therapeutic benefit and T cell responses against specific peptides.
4.2 Results

421 Standardisation of ICS for peptide screening

Before testing the previously described peptide library, several parameters were standardized to
improve the quality of detection of the IFNy responses by CD8+ T cells. First, SEB was considered
as a potential positive control, given the fact that acting as a superantigen it can activate the TCR
signalling pathway in a peptide-independent fashion (Fraser 2011). Two concentrations of SEB

(0.1pg/ml and 5pg/ml) were tested in BALB/c splenocytes for 4 hours, but none of them induced

significant production of IFNy by CD8+ T cells (Figure 4.1 A). Next, the Canavalia ensiformis lectin
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ConA was tested at different concentrations, as it has been reported that treatment of mice
splenocytes with this mitogen stimulates cytotoxic responses of CD8+ T cells (Thomsen and
Jensen 1980). At a concentration of 5ug/ml ConA induced a significant increase in the levels of
IFNy by CD8+ T cells (Figure 4.1 B), however, cells stimulated with this concentration showed a
drastic morphologic change in forward and side scatter plots indicative of cell death, which can
lead to a high background staining and a high frequency of false positives. In order to improve the
detection of IFNy and reduce cell stress, several combinations of concentrations of the protein
kinase C activator PMA along with the Ca?* ionophore ionomycin were tried, as these compounds
induce a high IFNy response in splenocytes (Ai, Li et al. 2013). Regardless of the combination used,
the levels of IFNy after PMA/lonomycin stimulation were consistently higher compared to ConA
stimulation (Figure 4.1 C). Given these results, the combination of PMA at 5ng/ml and lonomycin
at 500ng/ml was chosen as positives controls for further ICS experiments. Furthermore, a viability
dye and an isotype control were titrated to better delineate the positive gates for IFNy responses
in the CD8+ T cell population and reduce background levels. Three different dilutions of the
Zombie Green™ viability dye were tried in splenocytes from naive BALB/c mice, showing similar
levels of live and dead cells (Figure 4.2 A), from which the 1:500 dilution was chosen as it showed
a low background staining (Figure 4.2 B). Regarding the isotype control, a rat IgG1k PE-Cy7-
conjugated antibody was tested at three concentrations, and a 0.1ug/ml concentration was

chosen as it led to the lowest levels of background staining (Figure 4.2 C).

4.2.2 CD8+ T cell responses against novel peptides in CT26-challenged untreated BALB/c

mice

Once the methodological pipeline for the identification of IFNy responses from peptide-
stimulated splenocytes was standardised, a peptide screening was performed using CT26-
challenged untreated BALB/c mice.

First, the levels of IFNy production by CD8+ T cells were measured at day 11 post tumour
challenge in spleen and tdLNs from untreated mice (Figure 4.3), as this time point allows for a
good delineation of progressors and regressors in therapeutic settings (See Figure 4.9 A). In
spleen, the IFNy response pattern was consistently low across the tested peptides from the three
alleles, with a slight increase in the frequency of IFNy+ CD8+ T cells stimulated with NetMHC-
ranked H-2K%-restricted peptides (Figure 4.4 B). Splenocytes stimulated with either GSW11 or AH1
showed low levels of IFNy production, with similar frequencies of IFNy+ CD8+ T cells (GSW11
mean = 0.066%, AH1 mean = 0.092%; Figure 4.4 A and C). These low responses were also evident
in tdLNs, as more than half of the tested mice did not show IFNy production above the negative

control background when stimulated with GSW11, AH1, or Kd34 (Figure 4.4 D).
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Figure 4.1 Standardisation of the ICS positive control in BALB/c splenocytes.A. Splenocytes

from naive BALB/c mice were incubated with indicated concentrations of SEB for 4

hours, and the levels of IFNy production by CD8+ T cells were measured by ICS.

Median and range. B. Titration assay of ConA for the stimulation of IFNy production

in CD8+ T cells. Median and range; Kruskal-Wallis test, p = 0.0295. C. IFNy production

towards different concentrations of PMA plus lonomycin in CD8+ T cells from naive

BALB/c mice. Median only.

As a second approach for the validation of immunogenicity from the selected peptides,

splenocytes from CT26-challenged untreated mice were pulsed with the same peptides for 72

hours and proliferation was measured by CFSE dye dilution analysis (Figure 4.5). The proliferation

patterns of splenocytes pulsed with such peptides showed that most of the tested peptides did

not induce proliferation of CD8+ T cells, as proliferation was only observed against Dd2, Dd1,

Dd17, Kd34, Kd2 and Ld3 (Figure 4.6). Interestingly, none of these specimens showed proliferative

responses against GSW11 nor AH1 (Figure 4.6 A and D).
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Lastly, to map the contribution of each tested peptide to the overall observed IFNy production,
the average frequency of IFNy+ CD8+ T cells from three mice where all the peptides were
screened was plotted. These analyses showed that untreated mice display similar IFNy production
levels across all the tested peptides, regardless of their MHC-I restriction (Figure 4.7). The highest
response observed in splenocytes was to the neoantigen Dd17, followed by the gp70-derived

peptide Kd35, and the neoantigen Kd26.

Altogether, these results suggest that CD8+ T cells do not follow immunodominant patterns in
CT26-challenged untreated mice, as the frequency of IFNy production is relatively similar across
the tested peptides. Nonetheless, the finding that these cells can proliferate upon peptide
stimulation may suggest these CD8+ T cells could enter an early state of dysfunction that impedes

the correct production of effector cytokines following stimulation.
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Figure 4.2 Standardisation of Live/Dead and IFNy positive populations.A. Zombie Green™
viability dye was tested at 1:100, 1:500 and 1:1000 dilutions in splenocytes from
BALB/c mice. The frequency of live (blue) and dead cells (grey) are depicted as
median and range. B. Flow cytometry histograms of live and dead populations using
1:100 (red), 1:500 (blue) and 1:1000 (orange) dilutions. C. Percentage of PE-Cy7+ cells
using 0.1pg/ml (red), 0.2pg/ml (blue) and 0.4ug/ml (orange) or the rat IgG1k isotype

control.
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Figure 4.3 FACS gating strategy for IFNy responses in CD8+ T cells from spleen.Representative workflow for the detection of IFNy+ CD8+ T cells after 4-hour peptide
incubation. Plots at the right represent the positive control PMA/lonomycin (top), the background IFNy detection when cells were stimulated with DMSO

(middle), and a prototypical IFNy response against an immunogenic peptide, such as AH1 (bottom).
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mice were challenged with 10° CT26 cells, and spleen and tdLNs were harvested at

day 11 for the detection of IFNy production by CD8+ T cells after 4-hour peptide

stimulation with the top ranked peptides from PFR and NetMHC. Basal IFNy

responses in untreated cells (cultured with DMSO) were subtracted from each

specimen, and data is represented as mean and standard deviation of the frequency

of IFNy+ CD8+ T cells splenocytes with H-2L¢ (A), H-2K¢ (B), and H-2D¢ (C) peptides, as

well as the frequency of IFNy+ CD8+ T cells from tdLNs stimulated with GSW11, AH1

and Kd34 (D).
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Figure 4.5 FACS gating strategy for the detection of proliferating CD8+ T cells.Splenocytes from untreated and Treg-depleted mice were incubated for 72 hours in the
presence of CT26-derived peptides. Proliferation was measured by staining stimulated cells with CFSE and detecting the dye dilution within the live CD8+ T
cell populations. The bottom three graphs depict the positive control ConA (left), a peptide that induces strong proliferation (middle), and a peptide

inducing weak proliferation (right).
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Figure 4.6 Proliferation patterns of peptide-pulsed CD8+ T cells in untreated mice.Splenocytes
from CT26-challenged mice were incubated for 72 hours in the presence of H-2L¢-
(A), H-2K%- (B), and H-2D%restricted peptides (C). Proliferation was measured via
CFSE dye dilution, using cells cultured with DMSO as a negative control. Results are
depicted as mean and standard deviation of the percentage of proliferating cells

from each tested peptide. N = 3.
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Figure 4.7 Overall IFNy responses against tested peptides in splenocytes from CT26-challenged untreated mice.Average frequency of IFNy+ CD8+ T cells from three
mice against H-2L% (A), H-2K?- (B), and H-2D%restricted peptides (C). Each portion represents a unique peptide, the average frequency of IFNy+ CD8+ T cells
for each specific MHC-I allele is depicted alongside the respective legends, and the total average IFNy responses is depicted at the bottom. The three highest

IFNy responses for each allele are depicted in each graph as exploded pie portions.
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4.2.3 Modulation of CD8+ T cell responses upon Treg depletion

4.23.1 Validation of Treg depletion strategy

The second screening approach for the peptide library was carried out using Treg-depleted CT26-
challenged mice, as it has been observed that this therapeutic intervention leads to the
development of strong CD8+ T cell responses able to eliminate tumours in a significant number of
mice (Golgher, Jones et al. 2002), and is associated with boosting of IFNy responses against AH1
and GSW11 (James, Yeh et al. 2010). Initially, two different Treg-depleting antibodies were used:
an in-house produced anti-CD25 monoclonal antibody (PC61, Rat IgG1 A), and a commercial
version of the same antibody. In vivo depletion of Tregs was performed via i.p. injection of two
different doses of these antibodies (200ug and 400ug) given twice with one-day intervals into
naive BALB/c mice, and levels of CD4+ CD25+ FOXP3+ Tregs were verified in spleen and tdLNs at
day 11 after the last PC61 dose. As observed in Figure 4.8 A, Tregs levels were significantly
reduced in both spleen and mesenteric lymph nodes at all tested concentrations, regardless of
the antibody, compared to untreated mice. Based on these results, all further Treg-depletion
experiments were performed using 200ug of the commercial PC61. Given than previous reports
have shown an in vivo PC61 half-life of 20 days (Tan, Reddy et al. 2013), we aimed to measure
Treg levels in tumours, tdLNs and spleen from PC61-treated mice at day 30. Remarkably, PC61-
treated animals showed a significantly lower frequency of Tregs in all three organs compared to
control mice (Figure 4.8 B), indicating that the PC61 therapeutic regime adopted in this study

leads to a stable depletion of Tregs.
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Figure 4.8 PC61 injections lead to a significant decrease in Tregs in secondary lymphoid organs
and tumours.A. Three BALB/c mice were injected with two doses of PC61 or the
equivalent volume of vehicle (PBS) as controls. Spleens and lymph nodes were
harvested 11 days after the last PC61 dose, and levels of CD4+ CD25+ Tregs were
measured by flow cytometry. Median and range; Kruskal-Wallis test; p = 0.0079. B.
BALB/c mice were Treg-depleted with two doses of 200ug PC61 before CT26
injection. At day 30 post tumour challenge, spleen, tdLNs and tumours were
harvested and levels of CD4+ CD25+ FOXP3+ Tregs were measured by flow

cytometry.

After verifying the in vivo depletion of Tregs, we tested if the absence of these cells could confer
immunity against CT26, as previously reported. For this, two doses of 200ug PC61 were injected
i.p. three days and one day prior subcutaneous inoculation of 10° CT26 cells. This therapeutic
scheme yielded a 30% level of tumour rejection in treated animals, which started to show signs of
tumour regression at days 11 — 13 post-tumour challenge, reaching complete regression at days
22 - 25 (Figure 4.9 A). Moreover, animals that did not achieve complete tumour remission
(progressors) tended to reach the tumour humane endpoint at a later stage compared to
untreated animals (Figure 4.9 B), which translates into a significant increase in survival in Treg-
depleted mice (Figure 4.9 C). The lack of tumour control in PC61-treated progressors was not
related to a defect in the Treg-depletion protocol, as the frequency of these cells in peripheral
blood at day 11 post tumour challenge was comparable between regressors and progressors, and

lower compared to untreated mice (Figure 4.10).

84

=3

Spleen

dLN

Tumaour



Tumor size (mmz)

PCb1
2001
250
200
150
1004
50
o- ———
20 25 30 35 40 45
Days
100
80+
T 601
2
s
& 404
20+
0
0
Figure 4.9

Tumor size (mmz)

3004

2504

2004

1504

1004

501

Chapter 4

PBS

Days

Days

10 15 20 25 30 35 40 45 50 55 60

35 40 45 50 55 60

== PCbl

—— PBS

PC61-mediated Treg depletion is associated with tumour control.BALB/c mice were

injected with two doses of 200ug of PC61 (A), or the equivalent vehicle volume (B) at

days -3 and -1 prior CT26 inoculation. Each line depicts the kinetics of tumour growth

in individual mouse. C. Survival analysis of PC61-treated mice (blue and red lines) and

PBS controls (black line); log-rank test.
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Figure 4.10 Treg levels in peripheral blood post PC61 treatment do not discriminate regressors
of progressors.Peripheral blood was obtained from Treg-depleted and untreated
mice at day 11 post tumour challenge via tail prick, and levels of CD4+ CD25+ (A),
CD4+ CD4+ FOXP3+ (B), and CD4+ CD25+ FOXP3+ cells (C) were measured by flow

cytometry. Mean + standard deviation; Kruskal-Wallis test; p = 0.0236.

Overall, these results indicate that Treg-depletion prior to tumour challenge represents an
effective therapeutic intervention leading to the elimination of CT26 tumours in a third of treated

BALB/c mice.

4.2.3.2 Treg depletion broadens the CD8+ T cell responses in mice with regressing tumours

To explore the relationship between tumour control and specific peptides targeted by CD8+ T
cells, splenocytes and tdLNs from CT26-challenged Treg-depleted mice were harvested at day 11
post tumour challenge and stimulated with the previously tested peptides for 4 hours for the
detection of IFNy production by CD8+ T cells. This time point was strategically chosen as tumour

sizes in earlier time points do not allow for a proper delineation of regressors and progressors,
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and a later time point would lead to a reduction in IFNy production due to T cell
dysfunction/exhaustion. Animals showing signs of tumour regression showed a higher frequency
of IFNy+ CD8+ T cells compared to progressors across the majority of peptides while animals
showing continuous tumour growth exhibited low IFNy production by CD8+ T cells, thus
suggesting that the immune control of CT26 tumours in Treg-depleted mice could be associated
with a broadening of the CD8+ T cell responses (Figure 4.11). As expected, IFNy production
against AH1 and GSW11 was significantly boosted in regressors compared to progressors (Figure
4.11 A and C). Interestingly, two novel gp70-derived peptides (Kd34 and Kd37) that ranked 1°t and
5% by PFR also induced significantly higher levels of IFNy+ CD8+ T cells in regressors versus
progressors (Figure 4.11 B). These differences were not explained by a reduction in the total
number of viable cells or in the frequency of CD8+ T cells from each mouse, as these levels did not
differ significantly between regressors and progressors (Figure 4.12 A and B). Moreover, besides
being the best H-2K® ranked peptide by PFR, Kd34 was also detected in the CT26 MAE
immunopeptidome, strongly indicating that this peptide is intracellularly processed and presented
by H-2K%, representing a novel CT26 epitope with potential therapeutic benefit.

In general, PFR allowed for a higher detection of IFNy responses for H-2L%restricted peptides than
NetMHC, whereas the opposite was observed for H-2D¢- and H-2K%restricted peptides. This is
evidenced by several NetMHC-ranked neo-antigens showing a significantly higher IFNy response
in regressors compared to progressors, such as Kd2, Kd26, and Kd27 (Figure 4.11 B), as well as
other peptides that although showing high IFNy responses, were not statistically significant
between the two groups (like the top 5 NetMHC-ranked H-2D%restricted peptides, Figure 4.11 C).
Nonetheless, a striking observation was made with PFR-ranked peptides, as 4 out of 16 tested
peptides (25%) showed strong statistically significant (p < 0.005) IFNy responses in regressors
compared to progressors, whereas for NetMHC-ranked peptides, only one out of 16 tested
peptides (6.25%) showed this level of significance. Importantly, this NetMHC-ranked peptide
(Kd2) was ranked as top 6 by PFR. Thus, these observations, along with the fact that only PFR is
able to rank GSW11 and AH1 in the top 15 ranked peptides, collectively suggest that although PFR
does not outperform NetMHC for the prediction of immunogenic peptides, it significantly
improves the likelihood of identifying peptides correlated with protection. This conclusion is also
supported by the IFNy responses observed against the HIV-derived peptide Dd8, which was
originally included as a negative control for being a non-CT26 peptide with a predicted high
affinity for H-2D¢, but that showed high levels of IFNy production in regressors compared to
progressors (Figure 4.11 C). These results suggest that this peptide could represent a mimotope,
considering that all peptides were tested at the same time, and that background IFNy levels were
subtracted from each peptide based on the basal levels of CD8+ IFNy+ T cells stimulated with

vehicle (DMSO). Moreover, these findings also point towards the conclusion that not all IFNy
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responses observed against NetMHC-ranked peptides are therapeutically relevant. Indeed, the
top-ranked H-2L¢ restricted peptide predicted by NetMHC (Ld17) showed a higher mean
frequency of IFNy+ CD8+ T cells in progressors compared to regressors (Figure 4.11 A), indicating
that Ld17-specific CD8+ T cells could participate in the lack of immune tumour control associated
with Treg-depletion in these mice.

In tdLNs, given the small sizes of the organs, only a few peptides could be screened in ICS assays.
Thus, GSW11, AH1, and Kd34 were chosen as targets, considering that the first two peptides are
well-established CT26 epitopes, and the latter ranks first by PFR, was detected in the MAE
immunopeptidome, and induces strong IFNy responses in spleen from regressors. Although the
overall responses against these three peptides were higher in regressors compared to
progressors, mainly in cells stimulated with GSW11, no statistically significant differences were
observed between these two groups for any of the peptides (Figure 4.11 D). Interestingly,
regressors displayed lower frequencies of CD8+ T cells in tdLNs compared to progressors, being
statistically significant when compared to untreated mice (Figure 4.12 D). These observations
could indicate a higher rate of CD8+ T cell egress from tdLNs towards tumours in tumour-

regressing Treg depleted mice.
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Figure 4.11 Depletion of Tregs in CT26-challenged mice leads to a broad repertoire of IFNy
responses in regressing mice.BALB/c mice were treated with two PC61 doses at days
-3 and -1, and subsequently challenged with 10° CT26 cells. A—C. Spleens from
regressors and progressors were harvested at day 11 post tumour challenge, and
IFNy responses against top ranked H-2L9 (A), H-2K¢ (B), and H-2D¢ (C) peptides from
PFR and NetMHC4.0 were measured by flow cytometry. D. tdLNs responses from
regressors and progressors against GSW11, AH1, and Kd34. Mean % standard
deviation; Mixed-effects analysis with Tukey’s multiple comparisons test; * p < 0.05,

** < 0.005; *** p < 0.001.
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The proliferation patterns of splenocytes from regressors and progressors pulsed with the target
peptides was measured in CFSE assays. Interestingly, the majority of PFR-ranked H-2L%restricted
peptides showed a higher proliferation in regressors compared to progressors (except for Ld3 and
Ld2) (Figure 4.13 A). For H-2K%restricted peptides, 7 out of 11 tested peptides induced higher
proliferation of CD8+ T cells in regressors versus progressors, with no discernible differences
observed between PFR-ranked and NetMHC-ranked peptides (Figure 4.13 B). However, for H-2D¢-
restricted peptides, only GSW11 and Dd1 from the PFR rank exhibited higher proliferation rates in
regressors compared to progressors, while 3 out of 5 NetMHC-ranked peptides showed higher
proliferation responses in regressors (Figure 4.13 C).

Interestingly, the p/MHC-I affinities measured via BFA decay did not correlate with levels of CD8+
IFNy+ T cells across all alleles, with only a faint and non-significant correlation observed in H-2K¢-
restricted peptides (Figure 4.14 B). Conversely, the MHC-I predicted affinities for H-2L%restricted
peptides showed a significant inverse correlation with the frequencies of CD8+ IFNy+ T cells
observed after peptide stimulation, as the lower the affinity (high ICso values) the higher the
induction of IFNy production (Figure 4.14 A). For H-2K® and H-2D%restricted peptides, affinity
values obtained by NetMHC showed a positive correlation with CD8+ IFNy+ T cells, although this

correlation was statistically significant only for H-2D¢ (Figure 4.14 B and C).
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Figure 4.13 Proliferation patterns of CD8+ T cells from Treg-depleted CT26-challenged

mice.Splenocytes from Treg-depleted CT26-challenged mice were incubated for 72

hours in the presence of H-2L%- (A), H-2K%- (B), and H-2D%restricted peptides (C).

Proliferation was measured via CFSE dye dilution, using cells cultured with DMSO as a

negative control. Results are depicted as mean and standard deviation of the

percentage of proliferating cells from each tested peptide. N = 3.
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Mapping the average IFNy responses in regressors and progressors where all the target peptides
were tested showed interesting results. In regressors, just like in untreated mice, no specific
predominance against allele-specific peptides were observed, but a higher total frequency of IFNy
responses was observed (Figure 4.15). In addition, the most predominant IFNy responses were
observed against AH1, the neoantigens Kd26 and Dd10, and the mimotope Dd8 (Figure 4.15).
Interestingly, progressors showed predominant IFNy production against H-2L%restricted peptides,
as almost half of the observed responses were directed against these peptides (Figure 4.16 A).
Moreover, the high AH1-specific IFNy signature observed in regressors is not present in
progressors, but akin to regressors, high IFNy production was observed with cells stimulated with
the neoantigens Kd26 and Dd10 (Figure 4.15 B and C, and Figure 4.16 B and C), thus suggesting
that NetMHC-ranked peptides may not play important roles in the CD8+ T cell-mediated clearance
of CT26 tumours in Treg-depleted mice.

These results highlight that incorporating abundance alongside affinity parameters for the
identification of potential immunogenic peptides results in an increased likelihood of detecting
peptides with therapeutic potential. Moreover, although NetMHC-ranked peptides also showed
high IFNy responses in regressors compared to progressors, the fact that the mimotope Dd8 also
induced high IFNy production, that proliferation patterns of NetMHC-ranked peptides were higher
in progressors compared to regressors, and that none of these peptides were detected by the
MAE immunopeptidome, highlights that using predicted affinities alone is an insufficient
approach towards the selection of immunogenic peptides with therapeutic relevance for cancer

immunotherapy.
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Figure 4.15 High and broad IFNy responses against tested peptides in splenocytes from Treg-depleted regressors mice.Average frequency of IFNy+ CD8+ T cells from
five mice against H-2L%- (A), H-2K% (B), and H-2D%restricted peptides (C). Each portion represents a unique peptide, the average frequency of IFNy+ CD8+ T
cells is depicted alongside the respective legends, and the total average IFNy responses is shown at the bottom. The three highest IFNy responses for each
allele are portrayed in each graph as exploded pie portions. Grey areas in the pie charts indicate the responses against the remaining tested peptides, which

are omitted for illustrative purposes.
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Figure 4.16 Treg-depleted progressors showed a skewed IFNy profile against H-2L%-restricted peptides.Average frequency of IFNy+ CD8+ T cells from three mice

against H-2L% (A), H-2K%- (B), and H-2D%restricted peptides (C). Each portion represents a unique peptide, the average frequency of IFNy+ CD8+ T cells is

depicted alongside the respective legends, and the total average IFNy responses is shown at the bottom. The three highest IFNy responses for each allele

are portrayed in each graph as exploded pie portions. Grey areas in the pie charts indicate the responses against the remaining tested peptides, which are

omitted for illustrative purposes.
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4.3 Concluding remarks

The evaluation of peptide immunogenicity is critical to validate the predictions of cancer-derived
epitopes, regardless of the methodological strategy employed for the identification of such
peptides. By comparing the amount of IFNy production and proliferation by CD8+ T cells from
CT26-challenged mice at different conditions, we could identify peptides involved in the
therapeutic responses after Treg depletion and correlate such responses with the ranking
predictions of two different algorithms (NetMHC and PFR). Remarkably, incorporating the relative
abundance of the peptide protein source alongside the predicted MHC-I binding affinity allowed
us to identify three novel immunogenic CT26-derived epitopes, which can be categorised as
overexpressed TAAs, as they derive from the most abundant protein of CT26 cells (gp70).
Furthermore, four neoantigens with predicted high MHC-I affinities also showed high IFNy
responses in mice responding to Treg-depletion therapy, but the fact that two of these responses
(Kd26 and Dd10) were also observed in lower proportion in regressors, and that NetMHC ranking
failed to identify peptides showing strong statistical differences between regressors and
progressors in terms of IFNy production, highlights that PFR could be a better predictor of
therapeutically-relevant immunogenic peptides in immunotherapeutic settings, which could have
great implications for the development of highly-effective cancer immunotherapy strategies in
patients. These results also suggest that a potential mechanism of action of the immune-
mediated control upon Treg-depletion is the broadening of anti-tumour immune responses, as
observed in melanoma patients treated with ipilimumab (Kvistborg, Philips et al. 2014, Robert,
Tsoi et al. 2014). Furthermore, the low IFNy responses observed in untreated and mice with
progressing tumours may suggest that other inhibitory mechanisms could block the correct
activation of CD8+ T cells, such as the high frequency of T cells with an exhausted phenotype (van

der Leun, Thommen et al. 2020).
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Chapter 5 Immunophenotyping of novel antigen-specific
CD8+ T cell populations in CT26-challenged

mice

5.1 Introduction

The phenotype of TlLs represents an important factor that can shape the outcome of cancer
immunotherapy (van der Leun, Thommen et al. 2020). Given the remarkable plasticity and
heterogeneity of T cells in health and disease, as well as the broad peptide repertoire that
tumour-specific CD8+ TILs can recognise, a better understanding on the specificities and
immunophenotypes of CD8+ TILs and how these cells can be affected in different cancer settings
could improve the development of more targeted and better immunotherapy schemes (Lim and
Zainal 2021). One of the most widely used techniques for these purposes is tetramer staining,
which consists of four p/MHC-I molecules linked to a fluorochrome that enables the detection of
antigen-specific T cells in tissues by flow cytometry (Christophersen 2020). Different derivates
from this platform have been developed to increase sensitivity and binding affinity towards TCR
molecules. Two of such technologies are Pentamers (consisting in five p/MHC-I molecules linked
to a fluorochrome) and Dextramers (made of a dextran backbone carrying ten p/MHC-|
molecules), which increases the sensitivity of detection of low-frequency T cell populations and
significantly reduces background staining, leading to the use of these technologies for the
evaluation of antigen-specific T cell populations in a wide array of cancer studies (Lynn, Sedlik et
al. 2020, Stadtmauer, Fraietta et al. 2020, Stifter, Dekhtiarenko et al. 2020). Thus, we aimed to
measure the levels and phenotypes of CD8+ and CD4+ T cells in Treg-depleted mice at different
time points, as well as the frequency and phenotype of antigen-specific CD8+ T cells against
GSW11, AH1, Kd34 and Kd37, considering that the first two peptides are well-stablished CT26
tumour antigens, and that the last two peptides are high ranked by PFR and yielded significant

IFNy responses in Treg-depleted regressors compared to progressors in ICS assays.
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5.2 Results
5.2.1 Frequency, memory, and exhaustion phenotypes of CT26-infiltrating CD4+ and CD8+
T cells

For the analysis of CT26-infiltrating T cells, tumours and tdLNs from Treg-depleted mice were
harvested at different strategic time points. Day 11 was chosen as this is the earliest time point
that facilitates the classification of regressors and progressors, while analyses at day 27 and day
20 were performed in regressors that had eliminated the tumour, or in progressors that reached
the tumour humane endpoint, respectively. Additionally, untreated CT26-challenged mice were
analysed at day 11 to compare the frequency and phenotype of T cells between Treg-depleted
and treatment-naive mice.

At day 11, no significant differences were observed in the frequency of CD8+ or CD4+ TlLs among
the groups. However, regressors showed a higher proportion of both cell populations compared
to all groups, while tumour progression in later stages was associated with a sharp decline in
these cells (Figure 5.1). Indeed, T cells comprise around 20% of the tumour cellularity at day 11
regardless of the group; the frequency of CD4+ TILs was almost double than of CD8+ TILs, in
contrast with the 2.5% frequency of these cells in tumours from progressors at day 20 (Figure 5.1
C). This pattern was not observed in tdLNs, as all groups exhibited high numbers of CD8+ and
CD4+ T cells, with frequencies in untreated mice being significantly higher compared to day 20
progressors (Figure 5.1 B).

Next, the levels of antigen-experienced (defined by the expression of CD44) and activated
(defined by the expression of PD-1) T cells were measured in the same groups and organs (Figure
5.2). Following the previous results, no differences in the levels of CD44+ CD8+ or CD44+ CD4+ T
cells were observed at day 11 in tumours, but a significant decrease of these populations was
evidenced in progressors at day 20 (Figure 5.3 A and B). Despite the marked decrease in the T cell
percentage in tumours of animals reaching endpoint, no differences were observed in the
frequency of PD-1 expression on CD8+ and CD4+ T cells across all groups, as most animals
displayed high levels of PD-1+ cells (Figure 5.3 C and D). In tdLNs, specimens at late time points
exhibited the highest frequency of antigen-experienced CD8+ and CD4+ T cells. Remarkably,
regressors and progressors at day 11 showed the lowest percentage of CD44+ T cells in tdLNs,
while these levels were slightly higher in untreated mice at the same time point (Figure 5.3 A and
B). Furthermore, untreated mice also showed the lowest levels of PD-1 expression on T cells
compared to Treg-depleted mice, suggesting that the presence of Tregs in these animals is

blocking activating signals on T cells that leads to the upregulation of PD-1 (Figure 5.3 C and D).
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Figure 5.1 CD8+ and CD4+ T cell infiltration in tumours and tdLNs from CT26-challenged
mice.Percentages of CD8+ (A) and CD4+ (B) T cells were measured in Treg-depleted
and untreated mice at different time points. Mean + standard deviation; Kruskal-
Wallis test; * p <0.05, ** p < 0.005. C. Cumulative frequencies of CD8+ (red) and

CD4+ (blue) within the tumour.
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Figure 5.2 Methodological approach for the detection of antigen-experienced and memory subsets.Representative FACS plots from tdLNs (top) and tumours

ottom) depicting the gating strategy adopted for the detection of antigen-experienced T cells +), Tem ‘ &M and Tewm - -).
(b ) depicting the gati dopted for the detection of anti ienced T cells (CD44+), Tew (CD62LME" CCR7MEM) and Tem (CD62L- CCR7-)

103



>

% CD8+ CDA4+ T cells

@]

% CD8+ PD1+ T cells

100

Chapter 5

Tumour

Tumour

Figure 5.3

104

HEEl Regressors Day 11
I Regressors Day 27
)
% I Progressors Day 11
& v o
: BN Progressors Day 20
=t
3 [ Untreated Day 11
[&]
+
o
[a]
(=]
-3
LN Tumour LN
100
=
o
[
-
+
-
[a)
a
-
<t
o
(&
®
LN Tumour LN

Antigen experience and activation profiles of CD8+ and CD4+ T cells in CT26-
challenged mice.Frequencies of antigen-experienced (defined as CD44+) CD8+ (A)
and CD4+ (B) T cells, as well as activated (defined as PD-1+) CD8+ (C) and CD4+ (D) T
cells were determined in tumours and tdLNs from Treg-depleted and untreated mice
at different time points. Mean + standard deviation; Kruskal-Wallis test; * p < 0.05, **

p < 0.005.



Chapter 5

To further evaluate the memory subtypes of T cells, levels of CD8+ and CD4+ antigen-experienced
(CD44+) Tewm (CD62LME" CCR7MeM) and Tewm (CD62L- CCR7-) cells were measured in these mice (Figure
5.2). Remarkably, both CD4+ and CD8+ Tem represented the dominant phenotype in tumours
across all groups (Figure 5.4). Furthermore, Tcm cells were mostly detected in CD8+ TILs from
Treg-depleted mice at day 11, as these cells are virtually absent in untreated mice at the same
time point. Moreover, as tumour progresses, the proportion of CD8+ Tcm cells in these mice also
decreases, reaching levels similar to the ones observed in untreated mice at day 11 (Figure 5.4 A).
A different pattern emerges regarding CD4+ T cells, as the majority of tumour-infiltrating CD4+
CD44+ T cells are represented by the Tem subset in all groups being the highest frequency of this
cell population observed in untreated mice (Figure 5.4 C). In tdLNs, a more homogeneous pattern
of CD8+ and CD4+ memory subsets is observed, represented by high Tem and low Tem frequencies
in all groups except in regressors at day 27, as less than 20% of the CD8+ and CD4+ CD44+ T cells
were categorised into these two subgroups (Figure 5.4 B and D). These results suggest that Treg
depletion favours the development of CD8+ Tcm in the TME, and that a decline in these cells could

be an indication of immune failure in mice with progressive tumours.
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In order to study T cell activation and exhaustion phenotypes in these cells, levels of PD-1, TIM-3
and LAG-3 were measured in CD8+ and CD4+ T cells in Treg-depleted and untreated mice (Figure
5.5). Although PD-1 expression has been considered as a hallmark of T cell exhaustion (Wherry
2011), activated T cells can also express PD-1 at low levels, which gradually increases as T cells
become exhausted (Thommen, Koelzer et al. 2018). Thus, the first approach for differentiating
activated from exhausted T cells was the evaluation of PD-1"&", PD-1M¢, and PD-1"°" populations in
CD8+ and CD4+ T cells. Remarkably, more than 80% of the CD8+ TIL populations from all mice at
all studied time points were comprised of PD-1M“ and PD-1"" cells (Figure 5.6 A), in contrast with
CD4+ TILs, where lower frequencies of PD-1"¢" and higher frequencies of PD-1'°% T cells were
observed (Figure 5.6 C).

These observations were not replicated in tdLNs, where the majority of CD8+ and CD4+ T cells
expressed low levels of PD-1, whereas PD-1"¢" cells were significantly underrepresented (Figure
5.6 B and D), thus suggesting that the exhaustion phenotype is preferentially imprinted on CD8+
in the TME. Moreover, although the frequencies of CD8+ PD-1"&" T cells in Treg-depleted
compared to untreated mice are not statistically significant, the differential frequencies of this cell
population observed between these animals suggest that in the presence of Tregs, CD8+ T cells

are subject to immunoregulatory signals restricting the activation/exhaustion fate of these cells.
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Figure 5.5 Methodological approach for the detection of activated and exhausted T cells.Representative FACS plots from tdLNs (top) and tumours (bottom) depicting
the gating strategy adopted for the detection of PD-1+ cells from the total CD8+ and CD4+ T cell populations. From the PD-1+ pool, cells were categorised as

PD-1'%, PD-1M9, and PD-1"&", based on the intensity of the PD-1 staining. PD-1+ T cells were also evaluated for the co-expression of LAG-3 and TIM-3.
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Considering that PD-1 expression does not entirely discriminate between activated and exhausted
T cells, and that the development of fully-exhausted T cells in the TME is a progressive
phenomenon that can develop early in tumorigenesis (Schietinger, Philip et al. 2016), a more
detailed investigation into different exhaustion phenotypes was performed in CD8+ and CD4+ T
cell from CT26-challenged mice. For these analysis, different combinations of TIM-3 and LAG-3
expression within the PD-1+ populations were evaluated, considering that PD-1+ TIM-3+ LAG-3-
and PD-1+ TIM-3- LAG-3+ cells have been described as a “rescuable phenotype” that can be
reversed into effector cells upon checkpoint blockade, whereas PD-1+ TIM-3+ LAG-3+ are
considered terminally exhausted, thus incapable of exert cytotoxic functions on cancer cells with
such therapies (MclLane, Abdel-Hakeem et al. 2019). Based on these classifications, Treg-depleted
animals at day 11 showed low levels of terminally exhausted CD4+ TILs, with levels marginally
higher in CD8+ TlLs. Indeed, half of the CD8+ TIL populations from Treg-depleted mice were
comprised of PD-1+ cells co-expressing at least one additional marker (TIM-3 or LAG-3), while only
26.6% of CD4+ TILs showed these patterns (Figure 5.7 A and C). Interestingly, and following the
observations from Figure 5.6, untreated mice showed low levels of CD8+ TILs expressing either
TIM-3, LAG-3, or a combination of both within the PD-1+ compartment (20.36% on average,
Figure 5.7 A), further indicating that the absence of Tregs in the TME promotes the development
of partially exhausted T cells. On the other hand, CD8+ and CD4+ T cells from tdLNs displayed low
levels of exhausted cells, as most of the PD-1+ T cells from all the study groups did not express
either TIM-3 or LAG-3 (Figure 5.7 B and D). TIM-3/LAG-3 double-positive T cells were mostly
enriched in the PD-1"&" compartment, followed by PD-1M¢ cells, and lastly PD-1"°" cells, which
showed the lowest frequency of TIM-3+ LAG-3+ cells, further strengthening the notion that PD-
1'% cells represent activated T cells rather than exhausted cells (Figure 5.8).

Overall, this initial approximation about the T cell immune compartment in CT26 tumours
indicates that although tumour-infiltrating CD4+ T cells are almost double in frequency CD8+ T
cells in frequency, the latter cell population exhibit higher expression of phenotypic traits
associated with tumour immune recognition. Moreover, the contrasting results observed
between tdLNs and tumours highlight the biological importance of the TME in imprinting specific

activation/exhaustion phenotypes of TiLs.

111



Chapter 5

A

% CD8+ PD1+ T cells

% CD4+ PD1+ T cells

120

100 -

80—

60—

40—

20=-

100 =

Figure 5.7

112

Tumour

Tumour

Rescuable and Terminally-exhausted phenotypes in PD-1+ T cells.The frequencies of

% CD8+ PD1+ T cells

% CD4+ PD1+ T cells

120 =

100 -

100 =

Lymph node

Lymph node

“rescuable” T cells (TIM-3+ LAG-3-, gold bars; TIM-3- LAG-3+, grey bars) and

terminally-exhausted T cells (TIM-3+ LAG-3+, light blue bars) were evaluated from

the total PD-1+ populations in CD8+ T and CD4+ T cells from tumours (A and C,

respectively), and CD8+ and CD4+ T cells from tdLNs (B and D, respectively). Mean +

standard deviation.

11701

TIM3+ LAG3+
TIM3- LAG3+
TIM3+ LAG3-
TIM3- LAG3-



Chapter 5

A e Tumour B Lymph node
1
40 10 rnn
n w ] — [ | PDlIuw
3 1 —— S 8- mid
o 304 & 1 . I rp1
(L) N (L) [ i
37 — 3 6 B ppyhieh
& 20- & 1
= 2 4-
= 1 =
+ + 1
© 10 )
2 10 8 54
Q i o
® ® 4
0_
5 A o >
A & & dgx” &
h
& & © & o
o o £ of
& & & &
& 3 D) 5
QB $¢- Q‘O Q‘O

C Tumour D Lymph node
201 2.01 -
=2 i) —
] 1 — — a 1 .
15+ 5 154 - -
[v2] o — wohk
[G] U] I
3 27
& 104 & 1.0
2 2
- T - h
+ +
= 5 < -
8 5 8 0.5
= 7 ® h
D-
_\'s'»\' NY 2 6@5
‘:oro %Q'b %0") Q‘ée
¢ o o N
=) ) o
& & &
% & o
< < <

Figure 5.8 High levels of PD-1 expression are associated with co-expression of TIM-3 and LAG-
3.TIM-3-LAG-3 double-positive cells were measured within the in PD-1'°% (blue bars),
PD-1M¢ (red bards), and PD-1"¢" (green bars) in CD8+ T and CD4+ T cells from
tumours (A and C, respectively), and CD8+ and CD4+ T cells from tdLNs (B and D,
respectively). Mean and standard deviation; 2-way ANOVA; * p < 0.05, ** p < 0.005,
*** p <0.0005, **** p < 0.0001.
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5.2.2 Phenotypic traits of CT26-specific CD8+ T cells

In order to explore the frequency and phenotypes of antigen-specific CD8+ T cells in CT26-
challenged mice, tumours and tdLNs samples were stained with an in house GSW11 tetramer, a
commercial AH1 pentamer, and two commercial dextramers against Kd34 and Kd37 (Figure 5.9).
Following tetramer/pentamer/dextramer staining, all samples were stained with the same
monoclonal antibodies used in the previous figures. First, the frequency of antigen-specific CD8+ T
cells against these four peptides was determined in the five tested groups. As expected, GSW11-
specific cells were the dominant population of CD8+ T cells in both TILs and tdLNs in all groups,
representing on average 39.1% and 56.7% of the total CD8+ TILs at day 11 in regressors and
progressors, respectively (Figure 5.10 A and C). Kd34-specific CD8+ TILs represented the second
most frequent population, being these cells preferentially enriched in Treg-depleted mice at day
11 (Figure 5.10 A). AH1-specific CD8+ T cells were observed at small frequencies in both organs in
all groups, whereas Kd37-specific CD8+ T cells were only observed in Treg-depleted mice at day 11
followed by a marked decrease in the frequencies of these cells at later time points (Figure 5.10
Q).

Although Kd37-specific CD8+ T cells were the least frequent population in tumours at all time
points, these cells represented the second-most abundant cells in tdLNs from Treg-depleted and
untreated mice at day 11 (Figure 5.10 B), suggesting that Kd37-specific CD8+ T cells could be
preferentially excluded from the tumour bed in CT26-challenged mice, or suffering a higher
degree of cell death upon entering the tumour bed. Lastly, when compiling the average
frequencies of antigen-specific CD8+ TILs across groups, Treg-depleted progressors at day 11
showed a higher frequency of antigen-specific CD8+ TILs than regressors at day 11, as 23.4% of
the total CD8+ TIL population was not categorised by any of the tetramer/pentamer/dextramer
used in regressors, compared to only 5.47% in progressors (Figure 5.10 C). Overall, these initial
observations indicate that GSW11 induces the immunodominant CD8+ T cell responses in CT26-
challenged mice, but that the abundance of these cells does not discriminate regressors and

progressors in Treg-depleted mice.
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Figure 5.9 Gating strategy for the evaluation of antigen-specific CD8+ T cells in CT26-challenged mice.Representative FACS plot from a tumour sample, depicting the

gating strategy for the detection of GSW11-, AH1-, Kd34-, and Kd37-specific CD8+ T cells.
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Figure 5.10 GSW11 represents the immunodominant CD8+ T cell epitope in CT26-challenged
mice.A and B. Frequency of antigen-specific CD8+ T cells from tumours (A) and tdLNs
(B) of Treg-depleted and untreated mice. Mean + standard deviation; 2-way ANOVA,
* p<0.05, ** p<0.005, *** p <0.0005, **** p <0.0001. C. Average frequencies of

antigen-specific CD8+ TILs in CT26 tumours from Treg-depleted and untreated mice.
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Next, the frequency of antigen-experienced and memory subtypes was determined in CT26-
specific cells. As seen in Figure 5.11, although no significant differences were detected among
epitopes, all antigen-specific CD8+ TILs showed a high expression of CD44 in all groups, except for
progressors at day 20, where a drastic decrease in the frequencies of these cells was observed
(Figure 5.11 A). In contrast, in tdLNs from Treg-depleted mice at day 11, AH1-specific CD8+ T cells
displayed the highest expression of CD44 among the four epitopes, while GSW11-specific CD8+ T
cells showed the lowest frequencies of this cell population in the same group of mice (Figure 5.11
B). Remarkably, these findings were not replicated in untreated mice at the same time point, as
CD8+ T cells against any of the peptides displayed similar levels of CD44 expression (Figure 5.11
B). Regarding Tcm and Tem levels, tumours from Treg-depleted mice at day 11 exhibited a higher
infiltration of antigen-specific Tcm cells, while these cells were observed at low frequencies in
untreated mice for GSW11- and Kd34-specific CD8+ TILs (Figure 5.12 A). Remarkably, only
GSW11-specific CD8+ TILs showed a higher proportion of Tem compared Tcwm in regressors (Figure
5.12 A), which suggests that this effector phenotype could be associated with the immune control
of the tumour observed in these mice. A more homogeneous pattern was observed in tdLNs, as
surprisingly Tem accounted for the majority of antigen-specific CD8+ CD44+ T cells, with the
exception of Kd37-specific CD8+ T cells, where Tcm predominated in regressors at days 11 and 27,
and in progressors at day 11 (Figure 5.12 B). These results further suggest that Treg-depletion
favours the infiltration and/or development of antigen-specific CD8+ Tcm cells, but that the
development of these two memory subtypes follows different paths depending on the antigen

specificity of CD8+ TILs.
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Figure 5.11 Antigen experience among CT26-specific CD8+ T cells.Levels of CD8+ CD44+ T cells
were determined in tumours (A) and tdLNs (B) from Treg-depleted or untreated
CT26-challenged mice at different time points. Mean + standard deviation; 2-way

ANOVA; * p <0.05, ** p < 0.005.
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Lastly, the levels of activation/exhaustion were determined in these antigen-specific cells. The
proportion of cells expressing PD-1 was consistently high across the four antigen-specific CD8+ T
cell populations in tumours from Treg-depleted mice, with the exception of progressors at day 20,
where Kd37-specific CD8+ TILs showed significantly lower frequencies of PD-1+ cells compared to
GSW11-, AH1-, and Kd34-specific cells. This low frequency of Kd37-specific PD-1+ cells was also
evidenced in untreated mice, where these levels were significantly lower to the frequency of
Kd37-spefic PD-1+ cells in Treg-depleted mice at day 11 (Figure 5.13 A). Tumour-draining lymph
nodes from Treg-depleted mice at day 11 also showed high frequencies of CD8+ PD-1+ T cells
across the four epitopes, being the highest values observed in AH1- and Kd37-specific CD8+ T cells
(Figure 5.13 B). Although previous analysis revealed that the bulk CD8+ PD-1+ T cell population
from tdLNs in untreated mice at day 11 were significantly lower compared to Treg-depleted mice
(Figure 5.3 C), this behaviour was only replicated in AH1- and Kd37-specific CD8+ T cells, as
GSW11- and Kd34-specific CD8+ T cells showed similar levels of PD-1 expression to Treg-depleted
mice (Figure 5.13 B). In terms of the different subpopulations of PD-1+ cells, antigen-specific CD8+
T cells showed similar results compared to previous observations obtained in bulk CD8+ T cells,
where a high frequency of PD-1"&" and PD-1™ CD8+ TILs was observed in Treg-depleted mice,
while untreated mice displayed low frequencies of PD-1"é" CD8+ T cells. Moreover, despite the
significant decrease of antigen-specific CD8+ T cells in progressors at day 20, the remaining CD8+
TILs were mostly categorised as PD-1"¢" and PD-1™ (Figure 5.14 A). Despite the congruency
between bulk and antigen-specific CD8+ T cell data of PD-1 expression in tumours, a slight
discrepancy was evidenced in tdLNs, where the majority of antigen-specific CD8+ T cells were PD-
1™d_Only in tdLNs from progressors at day 20, AH1-specific CD8+ T cells showed a higher
frequency of PD-1"&" than PD-1™¢ (Figure 5.14 B). Interestingly, Kd37-specific PD-1+ CD8+ TlILs
showed a high expression of the inhibitory receptors TIM-3 and LAG-3, as less than 10% of these
cells did not express any of these markers in Treg-depleted mice, while none of the PD-1+ CD8+
TILs specific against this peptide expressed TIM-3 or LAG-3 in untreated mice (Figure 5.15 A).
These results were also observed in tdLNs, as 97.9% and 86.6% of Kd37-specific PD-1+ CD8+ T
cells expressed TIM-3 or LAG-3 (Figure 5.15 B). Regarding the other antigen-specific CD8+ TlLs, the
results obtained in tumours partially matched the observations from the bulk analysis of CD8+ T
cells, where a higher proportion of PD-1+ CD8+ TILs expressing TIM-3 and/or LAG-3 was
evidenced in Treg-depleted mice compared to untreated mice (Figure 5.15 A). Nonetheless, the
overall panorama in tdLNs was sharply different between bulk and antigen-specific CD8+ T cells.
Similar to bulk CD8+ T cells analysis, GSW11-specific (and to a lesser extent Kd34-specific) CD8+ T
cells in tdLNs displayed low levels of TIM-3 or LAG-3 expression. In contrast, and similar to Kd37-
specific CD8+ T cells, AH1-specific CD8+ T cells from Treg-depleted mice showed high levels of
TIM-3 and LAG-3 (Figure 5.15 B). These results suggest that not all CT26-specific T cells follow the
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same pathways for the development of exhaustion, where GSW11- and Kd34-specific CD8+ T cells
are primed in tdLNs into a mostly activated phenotype which transitions to exhaustion in the
TME, whereas AH1- and Kd37-specific CD8+ T cells might enter the TME with a preestablished
exhaustion phenotype.

Then, we evaluated if co-expression of TIM-3 and LAG-3 in the different PD-1+ subpopulations
from antigen-specific CD8+ T cells mimicked the findings obtained from the bulk analysis. As
observed in bulk CD8+ T cell populations, antigen-specific CD8+ PD-1"¢" TILs from Treg-depleted
and untreated mice at day 11 showed the highest frequency of TIM-3/LAG-3 double-positive cells,
followed by CD8+ PD-1™¢ TILs (Figure 5.16 A). Interestingly, in animals reaching tumour endpoint,
only PD-1m4 and PD-1""" CD8+ TILS co-expressed TIM-3 and LAG-3, suggesting that the pool of PD-
1Meh TIM-3+ LAG-3+ cells could have been deleted in these mice as tumour progressed (Figure
5.16 A). Analysis from tdLNs showed more discordant results when compared to bulk CD8+ T cells,
as only GSW11-specific CD8+ T cells from regressors and progressors at day 11, and AH1-specific
CD8+ T cells from regressors at day 11 showed high levels of TIM-3/LAG-3 co-expression within
the PD-1"e" population (Figure 5.16 B). Remarkably, for AH1-specific CD8+ T cells, the TIM-3/LAG-
3 expression pattern was reversed in progressors at day 11, where most cells expressing these
two markers were PD-1"°%, followed by PD-1™9. This was also the case for GSW11-specific CD8+ T
cells from progressors at day 20, and for AH1-specific CD8+ T cells from progressors at day 20 and
untreated mice at day 11 (Figure 5.16 B).

Altogether, these results suggest that although the TME can exert strong immunoregulatory
signals that affect CD8+ T cell activation and effector function, the process of
exhaustion/dysfunction follows an antigen-specific pattern where CD8+ T cell populations enter

differential exhaustion pathways based on their epitope restriction.
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Figure 5.15 The expression of inhibitory receptors in PD-1+ CD8+ T cells is preferentially

confined to the tumour.The frequencies of “rescuable” T cells (TIM-3+ LAG-3-, gold
bars; TIM-3- LAG-3+, grey bars) and terminally-exhausted T cells (TIM-3+ LAG-3+,
light blue bars) were evaluated from the total PD-1+ populations in antigen-specific

CD8+ T cells from tumours (A) and tdLNs (B). Mean * standard deviation.

125



Chapter 5

A Tumour
BN pp1°Y
“ 100 = A
8 7 B pp1m
= 80= high
& | Bl pp1™®
Q
< 60=
-
+ -
o0
E 40+
Lo i
+
! 20+
u -
X
0-
NN > A NS > A N X > A S X ] N
(;_,@\’ ?g\ %8’ %8) 65&" ?‘g\ %& %8) (;1@\’ §‘ %8) %8’ (;§N ?\'b %g) ,@?’
Regressors Progressors Progressors Untreated
Day 11 Day 11 Day 20 Day 11
B Lymph node
» 100 =
° -
(8]
— 80—
+
0 g
U]
<< 60—
-
+ -
o
g 40—
Ll g
+
R 20+
U -
® - .
5 N ox A >N ox A >N oA N oA > D o A
FTIFE FIFE HIFE e SEF$
Regressors Regressors Progressors Progressors Untreated
Day 11 Day 27 Day 11 Day 20 Day 11
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5.3 Concluding remarks

The analysis of antigen-specific CD8+ TlLs in CT26-challenged mice allowed us to verify that the
PFR-ranked Kd34 and Kd37 peptides are true novel CD8+ T cell specificities in this tumour model.
Although these four peptides derive from the same retroviral protein, GSW11 represents the
immunodominant response in CT26 tumours, considering the high frequencies of GSW11-specific
CD8+ TILs, as well as the consistent IFNy production by CD8+ T cell splenocytes stimulated with
this peptide in Treg depleted mice showing tumour regression, while AH1, Kd34, and Kd37 are
most likely subdominant responses that get boosted upon Treg depletion. Interestingly, these
four populations of CT26-specific CD8+ TILs share similar phenotypic traits, with these cells
showing relatively similar frequencies of antigen-experienced, memory phenotypes, and
activation/exhaustion profiles within groups, indicating that although GSW11-specific CD8+ T cells
are the most prevalent cell population, all of these cells are potentially imprinted with the same
effector functions in the TME. Nonetheless, further studies are required in order to better
characterise phenotypic traits of these antigen-specific cells, as well as their relevance in the

elimination of CT26 tumours in therapeutic settings.
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Chapter 6 General discussion

Cancer immunotherapy has represented a significant breakthrough in the treatment of several
types of cancer, with long and durable clinical responses observed in a substantial proportion of
treated patients, depending on the cancer type, and chosen immunotherapeutic regime
(Waldman, Fritz et al. 2020). Despite these encouraging outcomes, more research is needed in
order to improve the success of these therapies. One of the most critical components that could
potentially benefit current and novel immunotherapy advances relies in the identification of
cancer-derived epitopes recognised by CD8+ T cells in tumours, as these cells are considered the
primary effectors in the anti-tumour immune response (Gonzales Carazas, Pinto et al. 2021);
however, the identification of such epitopes for clinical settings is a complex endeavour, as the
characteristics that better define peptide immunogenicity are still not well understood (Dersh,
Holly et al. 2021). Thus, using immuno-transcriptomic data from the widely tested CT26 pre-
clinical tumour model, we aimed to identify novel immunogenic CD8+ T cell epitopes in untreated
and Treg-depleted mice aided by a peptide filter relation (PFR) algorithm, and comparing it to

widely used predictions of MHC-I binding affinities.

The vast majority of studies aimed to discover immunogenic peptides from different diseases
(including cancer) have been based on bioinformatic pipelines inferring the affinities between
peptides and their respective MHC-I molecule. Several algorithms have been developed for this
purpose, which can be roughly classified into: i) methods based on sequence-scoring functions
(such as SYFPEITHI (Rammensee, Bachmann et al. 1999) and MixMHCpred 2.0.1 (Gfeller,
Guillaume et al. 2018)), ii) methods based on machine-learning algorithms (including NetMHCpan
4.0 (Jurtz, Paul et al. 2017) and MHCflurry 2.0 (O'Donnell, Rubinsteyn et al. 2020)), and iii)
methods that integrate different binding predictions (like NetMHCcons 1.1 (Karosiene,
Lundegaard et al. 2012) and IEDB analysis resource-consensus (IEDB-AR-Consensus, (Dhanda,
Mahajan et al. 2019)). Besides their inherent differences in model construction, not all these
algorithms yield results in comparable fashions, as some models like SYFPEITHI predicts a binomial
outcome of binder/non-binder, whereas the results obtained by models like NetMHC4.0 can
indicate a range of affinities based on ICso and ranking calculations, thus representing a daunting
choice for researchers at the point of selecting the most appropriate method for MHC-I binding
predictions. Importantly, a recent systematic study aimed at evaluating the performance of
different MHC-I binding affinity prediction tools using a curated database of peptides with
experimentally detected affinities concluded that the better performances for the prediction of
MHC-I affinities were MixMHCpred 2.0.1, NetMHCpan 4.0, and NetMHCcons 1.1, with no

discernible differences between these three models (Mei, Li et al. 2020).

129



Chapter 6

Despite the recent improvements of these algorithms, using just the predicted affinity of a
peptide for MHC-I molecules is not sufficient to classify a peptide as immunogenic or not, as other
factors can also play an influential role into the immunogenicity of a peptide, such as MHC-I
binding stability, abundance of the precursor protein, efficient intracellular processing by the APP
machinery, and T cell recognition (Calis, Maybeno et al. 2013). The in vitro identification and
validation of cancer-derived immunogenic peptides for clinical use is expensive and laborious,
hence several studies have attempted to develop algorithms able to incorporate many of the
aforementioned parameters for the prediction of peptide immunogenicity. POPI and POPISK were
the first platforms based on identifying immunogenicity based on physicochemical characteristics
of peptides (Tung and Ho 2007, Tung, Ziehm et al. 2011), which remarkably did not include affinity
predictions in their algorithms. PAAQD incorporates amino acid pairwise contact potentials and
quantum topological molecular similarity, thus considering amino acid contact sites between
peptides and MHC molecules and physicochemical properties of adjacent amino acids within
peptides (Saethang, Hirose et al. 2013). Regarding cancer neoantigens, Duan et al. proposed a
differential agretopicity index (DAI), which consists in the subtraction of the NetMHC ICso value
from WT peptides to the values of the mutated neoepitopes, in order to reflect how peptide-
binding determinants in neoepitopes differ from WT (Duan, Duitama et al. 2014). More recent
approaches for prediction of immunogenicity have been constructed based on peptides obtained
by LC-MS, with the rationale that these peptides have gone through all antigen-processing steps
and are most likely to represent immunogenic peptides (Blass and Ott 2021). Among these, EDGE
(Bulik-Sullivan, Busby et al. 2018) and APPM (Hao, Wei et al. 2021) have proven to improve the
prediction of immunogenicity when benchmarked against classical MHC-I prediction algorithms,
such as MHCflurry and NetMHCA4.0. Despite this, LC-MS-derived peptide data can be skewed
towards high-affinity peptides, as potentially immunogenic low-affinity peptides could be lost
during the washing steps prior to peptide elution (Abella, Antunes et al. 2020). Furthermore, LC-
MS has well-known inability to properly detect cysteine-rich peptides (Abelin, Keskin et al. 2017).
Indeed, different LC-MS studies performed with CT26 cells have failed to identify GSW11,
potentially due to its low binding affinity towards H-2D¢ and its sequence (GGPESFYCASW)

(Laumont, Vincent et al. 2018).

In our study, we used a PFR model that does not predict binding nor immunogenicity per se, but
rather the abundance of cell-surface p/MHC-I complexes considering the processes leading to the
selection of peptides forming such stable complexes (known as peptide optimization), in which
the peptide off-rate from MHC-I molecules is influenced by protein abundance, MHC-I binding
affinity, and the proofreading activities of tapasin (Dalchau, Phillips et al. 2011). Importantly, this

dynamical systems model was benchmarked in an in vitro study where peptides with different off-
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rates and abundances would compete for MHC-I binding, concluding that low-affinity peptides
can outcompete high-affinity ones and be presented at the cell surface if the abundance of the
former is significantly higher than the latter (Boulanger, Eccleston et al. 2018), suggesting that a
low-affinity peptide could be presented by MHC-I molecules and trigger immune responses if the
intracellular abundance of its source protein is high enough. This observation has also been made
in LC-MS studies using MHC-I mono-allelic cell lines, where a 10-fold increase in protein
expression could approximately compensate for a 90% decrease in binding potential to MHC-
molecules (Abelin, Keskin et al. 2017). This association was observed in our dataset, as gp70-
derived peptides occupied the top rank positions based on PFR sorting, even when some peptides
showed low predicted affinities for MHC-I binding (Table 3.1). This hypothesis was moderately
supported by LC-MS data, where the four matching peptides were ranked higher in PFR than in
NetMHCA4.0, further suggesting that binding affinity alone is a poor predictor for antigen
presentation. A striking observation from NetMHC4.0-ranked peptides was the relative expression
of the source proteins from predicted high-affinity peptides, as the majority of them had
negligible gene expression in CT26 cells (Figure 3.1), which could explain why none of these
neoantigens were detected by LC-MS experiments. Regardless of the algorithm used for the
filtering strategies, all peptides displayed classical H-2%-binding characteristics. For H-2L%-
restricted peptides, the majority of peptides displayed a proline at P2 and a C-terminal
hydrophobic motif predominantly represented by leucine, phenylalanine and methionine (Figure
3.2 B), in accordance with classical H-2L%restricted 9mers obtained from peptide elution and high
performance liquid chromatography (HPLC) analysis of H-2L%transfected cells (Corr, Boyd et al.
1992). H-2K%restricted peptides had an overrepresentation of tyrosine at P2 (Figure 3.2 D), as this
amino acid is the main anchoring site for H-2K® binding to the B pocket, as well as a high
prevalence of leucine and isoleucine at P9 which is a secondary anchoring site binding the F
pocket of H-2K® (Mitaksov and Fremont 2006). Although studies have suggested the presence of a
third H-2K® anchoring site at the C pocket by the overrepresentation of serine, valine, and
threonine at P5 (Suri, Walters et al. 2006), no such motifs were observed among our peptides.
Lastly, H-2D%presented peptides showed enrichment of amino acids known to participate in the
four-motif binding of peptides to this MHC-I molecule (Corr, Boyd et al. 1993): Glycine at P2,
Proline at P3, Arginine at P5, Isoleucine at P9 (Figure 3.2 C).

The biggest discrepancies regarding peptide biochemistry were between predicted MHC-I affinity
and BFA decay assays. NetMHC predictions are mostly built upon biological data of p/MHC-I
interactions using purified proteins, such as surface plasmon resonance and fluorescence
polarisation (Andreatta and Nielsen 2016), thus not accounting for interactions between peptides
and MHC-I molecules at the cellular level. In contrast, BFA decay assays using cells lacking a

functional APP machinery, such as RMA-S, allow for the measurement of MHC-I downregulation
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when pulsed with exogenous peptides, thus representing a more physiological technique to
measure p/MHC-I interactions in cells (Saini, Ostermeir et al. 2013, Okiyama, Hasegawa et al.
2015). Modified versions of BFA decay assays have been performed in different cancer studies,
leading to the identification of immunogenic peptides derived from breast cancer TAAs (Tang,
Zhou et al. 2015, Das, Eisel et al. 2019) and HPV proteins (Ohlschlager, Osen et al. 2003). Although
the previously mentioned studies found immunogenic peptides within the pool of high binders,
this behaviour is not always replicated, as observed in a study of spontaneous thymoma in p53-
KO mice, where peptides from overexpressed antigens with intermediate binding affinities
induced the strongest CD8+ T cell responses (Andersen, Ruhwald et al. 2003). Altogether, this
evidence indicates that modelling immunogenicity in silico from experimental data represents a
challenging endeavour. Immunogenicity of a peptide is mainly dependent on the correct antigen
presentation of the peptide on tumour cells, as well as on the presence of T cell precursors able to
recognise the peptide and trigger an immune response. The former can be modelled through
MHC-I binding-affinity predictors and APP predictors, as well as by LC-MS studies, but does not
cover the T cell factor. Meanwhile, the latter requires peptide immunisation strategies (such as
vaccinations) that oftentimes overlook antigen presentations steps that must occur before the
induction of an immunogenic T cell response. Furthermore, immunising with a high-affinity
peptide could render this approach useless if that peptide is derived from a low-abundant (or
suppressed) protein in the tumour, or if the peptide is not properly presented by the APP

machinery.

In order to verify the immunogenicity of PFR- and NetMHC-ranked peptides from our study, we
sought to stimulate splenocytes from CT26-challenged mice without any therapeutic intervention,
or Treg-depleted. This second approach was used as previous results from our group have
revealed that depletion of Tregs prior tumour challenge using the anti-CD25 antibody PC61 leads
to tumour elimination and generation of memory CD8+ T cell responses in 73% of treated animals
(Golgher, Jones et al. 2002), and is associated with boosted IFNy responses against AH1 and
GSW11 (James, Yeh et al. 2010). Although initial investigations about the mechanism of action of
PC61 suggested that this antibody exerted its therapeutic functions by functional inactivation of
Tregs via internalisation and/or shedding of CD25, which deprives Tregs from crucial survival
signalling mediated by IL-2 (Kohm, McMahon et al. 2006), further studies have confirmed that
PC61 induces a depletion of the Treg populations from peripheral blood and secondary lymphoid
organs in a mechanism dependent on FcyRIll and antibody-dependent cell phagocytosis (ADCP)
mediated by monocytes and macrophages, reaching its peak depletion activities by day 8, and
starting to return to basal levels at day 22 (Setiady, Coccia et al. 2010). These observations are

consistent with our data, where we observed a sharp and significant reduction in the frequency of
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Tregs at day 11 in spleen, mesenteric lymph nodes, and peripheral blood (Figure 4.8 and Figure
4.10). Despite the successful depletion of Tregs by PC61, only 30% of CT26-challenged mice
treated with this antibody showed complete regression of tumour growth (Figure 4.9). Although
these results did not match the rates of tumour regression previously observed in our group,
these observations are not entirely surprising considering that PC61 can also bind to CD25
expressed on Teger and hinder the proliferation of these cells by inhibiting IL-2 signalling (Solomon,
Amann et al. 2020). Furthermore, besides binding the activator FcyRIll, PC61 can also interact with
the inhibitory FcyRlIlb, which can be overexpressed in the myeloid compartment of the TME and

prevent Treg depletion in the tumour bed (Arce Vargas, Furness et al. 2017).

In splenocytes and tdLNs from untreated mice at day 11 post tumour challenge, no obvious
production of IFNy or proliferation was observed in CD8+ T cells against any of the tested
peptides, regardless of their abundance or MHC-I binding affinities (Figure 4.4 and Figure 4.6).
These observations are not surprising considering that tumour-specific CD8+ T cells can enter a
state of dysfunctionality as early as 8 days after tumour engraftment (Schietinger, Philip et al.
2016). Nonetheless, and as described in Section 1.2, cancer-specific CD8+ T cells enter a
dysfunctional phenotype in a step-wise approach, where they first exhibit an unexpected high
rate of proliferation, followed by a fast decrease in this proliferation capacity and a continuous
inability to produce effector cytokines like IFNy and TNFa (Li, van der Leun et al. 2019). This can
explain why in certain mice we observed some proliferation when stimulated with certain
peptides (mainly AH1, GSW11, Ld20 and Kd34), but negligible IFNy production. Furthermore, the
presence of immune regulators in untreated mice (such as Tregs) can impede the correct
activation of T cells. In this context, mouse tumour models have shown that PC61-mediated Treg-
depletion can significantly increase the proportion of IFNy+ in CD8+ T cells from spleen (Huss,
Pellerin et al. 2016) and tumours (Turnis, Sawant et al. 2016, Arce Vargas, Furness et al. 2017).
Indeed, overall IFNy responses were higher in Treg-depleted regressors compared to untreated,
being the average sum of detected IFNy responses almost double in the former compared to the
latter (7.18% vs. 3.77%, Figure 4.7 and Figure 4.15). Remarkably, progressors showed similar IFNy
production patterns compared to untreated mice, despite the fact that Treg levels were similar in
both PC61-treated groups (Figure 4.16), suggesting that additional inhibitory mechanisms, such as
a high expression of inhibitory receptors on the cell surface of CD8+ T cells and/or tumour stroma
could be blocking the correct activation of CT26-specific CD8+ T cells. This high production of IFNy
by CD8+ T cells from regressors can also explain the immune control of tumour growth observed
in these mice. Overacre-Delgoffe et al. described a “fragile” phenotype of Tregs characterised by
the expression of Neuropilin-1 (Nrp1) that retain FOXP3 expression but lose suppressive

functions, where high amounts of IFNy within the TME represent an important inducer of this
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phenotype (Overacre-Delgoffe, Chikina et al. 2017). Thus, in the absence of Tregs, CD8+ T cells can
be appropriately activated in the TME and secondary lymphoid organs, leading to a high
production of IFNy upon stimulation with CT26-derived peptides, which can further decrease the

suppressive functions of Tregs by the induction of a “fragile” phenotype.

When ranking the potential immunogenic peptides from the CT26 immuno-transcriptome, two
main observations were made: i) peptides derived from the most overexpressed protein in CT26
(gp70) ranked higher by PFR despite some of them having low predicted MHC-I binding affinities,
and ii) neoantigens were highly ranked by NetMHC, despite the low abundance of their source
transcripts. The gp70 glycoprotein from the ecotropic MulLV was first described as an
overexpressed TAA in the MCA-induced MethA fibrosarcoma model (DeLeo, Shiku et al. 1977),
and further studies have confirmed a high expression of this retroviral element in CT26, B16, 4T1
and A20 murine tumour models (Scrimieri, Askew et al. 2013). In normal BALB/c mice, the pattern
of gp70 expression is heterogeneous, with a trend of an increased production of this retroviral
protein as the mice get older (> 8 months old), whereas only 12% of BALB/c mice are MuLV-
positive in early life (1 - 5 months old) (McCubrey and Risser 1982). Furthermore, recent
publications have shown a faint to absent production of gp70-derived peptides (mainly AH1) in
thymus isolated from 5- to 8-week-old BALB/c mice (Laumont, Vincent et al. 2018), thus
suggesting that peptides derived from this endogenous retroviral product might induce an
incomplete negative selection in the thymus, leading to the generation of gp70-specific CD8+ and
CD4+ T cells that could play important roles in the immune control of tumours where gp70 is
overexpressed. Indeed, and as previously mentioned, the only two described immunogenic
peptides recognised by CD8+ T cells in the CT26 tumour model (AH1 and GSW11) derive from this
MulLV protein (Huang, Gulden et al. 1996, James, Yeh et al. 2010), as well as conformation-
dependent epitope recognised by CD4+ T cells that derives from the gp70 precursor gp90
(Golgher, Korangy et al. 2001). Furthermore, a study using gp70”" mice showed that upon tumour
challenge with CT26, half of the animals showed no signs of tumour growth, splenocytes had
stronger IFNy production and cytotoxic and activities against CT26 cells when stimulated with the
AH1 peptide compared to splenocytes from normal mice, and a 4- to 5-fold increase in the
frequency of high-avidity AH1-specific CD8+ TlLs was observed in mice were tumour control was
not achieved (McWilliams, Sullivan et al. 2008). This evidence partially contradicts the previous
observations about gp70 expression in BALB/c thymus, as it suggests that in normal mice gp70-
specific T cells might not be developed due to thymic negative selection, and that only when gp70
is absent from these mice since birth, they can induce strong anti-tumour responses against CT26.
Nonetheless, the presence of anti-gp70 CD8+ T cell responses in gp70-sufficient mice indicates

that these cells can be developed in the thymus, although with differential TCR affinities/avidities.
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During negative selection, double-positive or single-positive thymocytes expressing TCRs with
high affinities towards self-antigens are deleted (Klein, Kyewski et al. 2014). Thus, in the CT26
tumour model in BALB/c mice, gp70-specific T cells participating in immune control could harbour
TCR with low affinities, which has been demonstrated for GSW11-specific CD8+ T cells in CT26-
challenged Treg-depleted mice (Sugiyarto, Prossor et al. 2021), as well as mice treated with anti-
PD-1 (Sugiyarto, Unpublished data). In humans, tumour-specific CD8+ T cell responses towards
overexpressed HERV have also been reported. Different HERV-E-derived peptides have shown
immunogenic potential in clear cell renal cell carcinoma (Takahashi, Harashima et al. 2008,
Cherkasova, Scrivani et al. 2016), and overexpression of HERV-H has been positively correlated
with type Il IFN responses, CD8+ T cell effector function, and immune checkpoint activity (Rooney,
Shukla et al. 2015, Kong, Rose et al. 2019). Collectively, this evidence highlights the importance of
studying CD8+ T cell responses against endogenous retroviruses overexpressed in tumours, as
targeting these peptides in clinical settings could represent an attractive approach for the
development of immunotherapeutic strategies across a large number of patients.

From our screening assays, five gp70-derived peptides (GSW11, AH1, Kd34, Kd37 and Dd14)
induced significantly higher IFNy responses in regressors compared to progressors, being one of
these (Kd34) top ranked by the PFR algorithm. Nonetheless, CD8+ T cells stimulated with Kd34,
Kd37, or Dd14, showed lower IFNy production compared to cells stimulated with GSW11 or AH1
in regressors (Figure 4.11). Importantly, besides AH1, Kd34 was the only peptide detected in the
CT26 MAE immunopeptidome, thus indicating that this peptide represents a true novel
immunogenic epitope in CT26. A plausible explanation about why the other novel immunogenic
epitopes were not detected in the MAE immunopeptide lies in the MHC-I affinities of these
peptides, measured at 194.7nM and 236.6nM for Kd37 and Dd14, respectively (Figure 3.6 and
Figure 3.7), thus being classified as low-binders. These observations have been shared in
preclinical studies with mouse MC-38 and TRAMP-C1 cell lines using LC-MS for the identification
of immunogenic peptides, as only 0.54% of the predicted immunogenic peptides were identified
by this methodology; all of the identified peptides derived from highly-abundant proteins and
displayed high predicted binding affinities towards their respective MHC-I molecule (Yadav,
Jhunjhunwala et al. 2014). However, MHC-I binding affinity alone cannot fully explain why a
peptide can be detected by LC-MS strategies, as a recent study using the MethA fibrosarcoma cell
line showed that this methodology can detect peptides usually categorised as non-binders (ICso >
500nM) (Ebrahimi-Nik, Michaux et al. 2019), thus pointing at other factors, such as correct
antigen processing of these peptides, for the inability to detect them at the cell surface of CT26
cells by LC-MS. Lastly, from these five gp70-derived peptides, three of them (AH1, GSW11 and
Kd37) induced higher (but subtle) proliferation rates in CD8+ T cells from regressors compared to

progressors while the opposite was observed for Kd34 and Dd14 (Figure 4.13). An important
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aspect of these IFNy and proliferation assays lies in the use of spleens and tdLNs as a source of
tumour-specific CD8+ T cells, as previous studies have shown that the frequencies of such cells in
these secondary lymphoid organs are ten-times lower than in tumours (Fehlings, Simoni et al.
2017). Despite this drawback, the high cellularity of these organs (mostly spleen) allows for an
easier screening of a large number of peptides in a single mouse, while compromising the
sensibility in detecting subdominant responses. These results collectively support the notion that
mainly GSW11 (and in less extent AH1) represent the immunodominant epitopes in CT26,

whereas the newly identified epitopes could be considered as subdominant.

The identification of neoantigens has proven useful for the development of vaccines, as
neoantigen-based strategies have been associated with favourable clinical outcomes in different
types of preclinical models and human cancers (Li, Sobral et al. 2018, Hilf, Kuttruff-Coqui et al.
2019, Liu, Shao et al. 2021). However, their identification is laborious, as less than 1% of somatic
mutations in tumour cells will result in the generation of mutated peptides that can be presented
by MHC-I molecules (Schumacher and Schreiber 2015). Although the vast majority of potential
neoantigens described in this study were considered as non-binders by NetMHC (Figure 3.1), the
top-ranked peptides using this algorithm were all neoantigens (Table 3.1), which remarkably
derived from low-abundant transcripts in CT26 cells. From these, we observed significant high
IFNy production by CD8+ T cells from regressors when stimulated with Ld18, Kd26, Kd2 and Kd27,
with high responses also observed for NetMHC-ranked H-2D%restricted peptides (Figure 4.11).
Ld18 derives from the UBASH3A protein (Ubiquitin-associated (UBA) and Src homology 3 (SH3)
domain containing A), which is mainly expressed on T cells acting as a negative regulator (Ge,
Paisie et al. 2019), and high levels of UBASH3A expression have been associated with good
prognosis in patients with HNSCC (Wang, Tian et al. 2021). Kd26 and Kd27 derive from the
olfactory receptors OIfr884 and OIfr846, respectively, both of them having no current biological
relevance in any human or murine cancers. Lastly, Kd2 is found within the HAUS6 (HAUS augmin-
like complex subunit 6) protein, which plays important roles in the formation of the mitotic
spindle (Larsson, Jafferali et al. 2018) and in brain development (Viais, Farina-Mosquera et al.
2021). Remarkably, HAUS6 has been used for molecular stratification of breast cancer
(MotieGhader, Masoudi-Sobhanzadeh et al. 2020), and has been described as an essential protein
in functional screens of high-grade serous ovarian cancer cell lines (Gusev, Lawrenson et al. 2019).
Nonetheless, HAUS6 expression in CT26 is low, suggesting that this protein is dispensable for the
tumorigenic activities of this cell line. Despite showing strong IFNy responses in spleen from Treg-
depleted regressors, and having high measured affinities (only Kd2 showed an ICso > 50nM, Figure
3.6), none of these peptides were detected by the MAE immunopeptidome, which could be

associated with the low abundance of their respective mRNA transcripts, as LC-MS techniques can
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be biased towards peptides derived from high-abundant transcripts (Garcia-Garijo, Fajardo et al.
2019). Collectively, our results highlight the potential use of the PFR algorithm for the detection of
therapeutically-relevant cancer-derived epitopes, indicating that MHC-I binding affinity alone is a
poor predictor of such epitopes. A recent consortium analysis of determinants of cancer-derived
peptide immunogenicity elegantly described that the three main features affecting the
immunogenicity of a given peptide are MHC-I binding affinity, abundance of the source protein in
tumours, and MHC-I binding stability, and that ranking potential immunogenic peptides using only
MHC-I binding affinities resulted in a precision <20% (Wells, van Buuren et al. 2020). From these
characteristics, MHC-I binding affinity and intracellular abundance are incorporated in the PFR
model, strengthening the observation that cell-surface p/MHC-I abundance is a good indicator of
immunogenic peptides in clinical settings. The therapeutic responses observed by top-ranked PFR
peptides could be explained by the priming of T cells with different avidities. Previous studies in
our lab using the CT26 tumour model have shown that high abundant peptides can prime both
low- and high-avidity T cells, while low abundant peptides preferentially prime high-avidity T cells.
Furthermore, low-avidity T cells have been associated with protection in Treg-depleted (Sugiyarto,
Prossor et al. 2021) and PD-1 treated mice (Sugiyarto, Unpublished results). In this last regard, a
recent study reported a preferential suppression of low-avidity T cells by PD-1, and that
checkpoint blockade with anti-PD-1 in the E.G7 thymoma mouse model potentiated the
responses of low-avidity T cells (Shimizu, Sugiura et al. 2021). Thus, a more detailed investigation
regarding the avidity patterns of PFR-ranked peptides that significantly boosted IFNy responses in

regressors is necessary to corroborate this hypothesis.

Besides the identification of cytokine production and proliferation responses against candidate
immunogenic peptides, the detection of antigen-specific T cells infiltrating the tumour bed
represents a critical step towards the validation of peptide immunogenicity, and identifying which
antigens are responsible for inducing strong and durable immune responses in the tumour bed
can improve the development of more targeted immunotherapeutic strategies. Thus, and based
on the previous IFNy and proliferation screenings, we aimed to evaluate the frequencies and
phenotypes of CT26-specific CD8+ T cells in untreated and Treg-depleted mice, focusing on
GSW11, AH1, Kd34 and Kd37. Overall, we observed that in CT26 tumours, regardless of the
therapeutic intervention, CD4+ T cells are most abundant immune cell population, almost
doubling the frequencies of CD8+ T cells (Figure 5.1 C). These observations are in line with
previous publications using this same tumour model, which have shown that the majority of CD4+
TILs are Tregs (Yu, Bhattacharya et al. 2018, Zhong, Myers et al. 2020).Given that PC61-treated
mice still show low levels of intertumoral Tregs (Figure 4.8 B), but that total CD4+ T cell levels are

comparable to untreated mice, our results suggest that these cells could be represented by
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conventional T helper cells rather than Tregs. Despite this inflamed phenotype, CT26 tumours
show lower T cell infiltration than human colorectal cancers (Zhong, Myers et al. 2020), which
could be explained by a relatively low production of T cell-attracting chemokines in the TME, such
as CX3CL1 and CXCL10, as well as by the overexpression of proteins associated with extracellular
matrix remodelling, such as fibronectin and the receptor tyrosine kinase AXL, which can create
dense areas in the tumour that physically prevent T cells from entering (Yu, Bhattacharya et al.
2018). Despite these barriers that can hinder T cell infiltration in tumours, no differences were
observed at the frequencies of total CD8+ or CD4+ TiLs in treated or untreated mice, and only
regressors at day 11 showed a trend towards a high CD8+ T cell infiltration without reaching
statistical significance when compared to untreated mice at the same time point (Figure 5.1 A),
thus indicating that a failed T cell infiltration into the TME does not explain why only a third of
PC61-treated animals show complete tumour regression. Interestingly, Angelova et al. have
shown that in patients with colorectal cancer, the frequencies of CD8+ TILs increase from stage |
to lll, but sharply decline in stage IV (Angelova, Charoentong et al. 2015), which correlates with
the decrease of CD8+ TILs observed in progressors at day 27 (Figure 5.1 A), suggesting that the
decrease in the total T cell infiltrate in Treg-depleted mice without clinical benefit could be a
result of a deletion of these cells, potentially via apoptosis. Although pre-clinical studies have
shown that animals achieving tumour regression upon combined anti-CTLA-4/PD-1 checkpoint
blockade display a higher frequency of antigen-specific CD8+ TILs compared to non-responders
(Principe, Kidman et al. 2020), no such differences were observed in our study for any of the four
CT26-derived epitopes tested, as progressors showed an even higher frequency of GSW11-specific
CD8+ TILs than regressors (Figure 5.10 A). Although the total frequencies of CD8+ and CD4+ T cells
in tdLNs were higher compared to tumours, CT26-specific cells were ten-times less frequent in
tdLNs (Figure 5.10 B), in line with previous reports regarding the frequencies of endogenous
neoepitope-specific CD8+ T cells in the MCA-induced T3 sarcoma model (Fehlings, Simoni et al.
2017), and in adoptive-transfer studies using OT-1 T cells and B16-OVA melanoma cells (Martinez-
Usatorre, Donda et al. 2018). These results are consistent with the role of tdLNs as a priming
rather than an effector site, serving as an important source of immune cells in the surrounding
cancer tissues (Quintana, Peg et al. 2021). Tetramer-staining assays revealed a predominance of
GSW11-specific CD8+ T cells in both tumours and tdLNs compared to the other tested epitopes,
indicating that GSW11 induces the immunodominant CD8+ T cell responses in CT26 challenged
mice (Figure 5.10 C). Despite this, previous investigations in our group have shown that GSW11-
specific CD8+ TILs are highly dysfunctional, showing impaired IFNy production upon in vitro
peptide restimulation (Sugiyarto, Prossor et al. 2021). These observations indicate that although
GSW11-specific CD8+ T cells represent the dominant CT26-specific population in both tumours

and tdLNs, the accumulation of these cells in these organs does not allow complete
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differentiation between regressors and progressors. Furthermore, the low frequencies of non-
GSW11/-AH1/-Kd34/-Kd37 cells in progressors compared to regressors at day 11 could indicate
that the former could have a more restricted CD8+ T cell response in tumours, allowing for the
easy selection of immune escape mutations against these four epitopes. In contrast, the relatively
high frequency of CD8+ T cells of unknown specificities in regressors at day 11 might indicate that
these animals mount broader CD8+ T cells responses restricted against epitopes that are yet to be

identified.

Memory T cells represent an important subset of T cells in the anti-cancer immune response, as
they can serve as a quick source of tumour-specific Teee in the case of tumour recurrence, and
different subset of memory T cells have been associated with good prognosis in human cancers
(Principe, Kidman et al. 2020). Our first approximation for the detection of memory T cells relied
on measuring of CD44 expression levels on bulk CD4+ and CD8+ T cells, as this marker is
upregulated on T cells upon antigen stimulation (Samji and Khanna 2017). Indeed, the majority of
CD8+ and CD4+ TILs expressed CD44, while these cells were lower in tdLNs (Figure 5.3 A and B),
being these findings also observed in the four populations of CT26-specific CD8+ TILs (Figure 5.11
A). This is consistent with previously published data, where the highest frequencies of CD44+
CD8+ T cells were observed within the antigen-specific population (Fehlings, Simoni et al. 2017).
The fact that not all CD8+ TILs express CD44 could suggest that these CD44- cells are bystanders,
which have been well characterised in patients with NSCLC, colorectal cancer, melanoma, and
ovarian cancer (Erkes, Smith et al. 2017, Simoni, Becht et al. 2018, Scheper, Kelderman et al.
2019). Interestingly, AH1-specific CD8+ T cells from tdLNs showed the highest CD44 expression in
all groups, but more evidently in Treg-depleted mice at day 11 (Figure 5.11 B). This behaviour
could be associated with the strength of the TCR-p/MHC interaction, as studies have reported
that adoptively transferred OT-1 T cells in mice challenged with B16 cells expressing a modified
SIINFEKL peptide with low affinity towards the TCR (but not towards MHC-I) showed an impaired
production of memory cells, thus suggesting that CD44 expression could be avidity-dependent
(Martinez-Usatorre, Donda et al. 2018). Although AH1, is considered as a poor-binder towards H-
2L by both NetMHC4.0 predictions and BFA decay assays, the avidity of AH1-specific T cell clones
towards CT26 cells has not been explored, and these measurements could shed lights into why
these cells are preferentially primed in tdLNs of Treg-depleted mice.

One particular feature from our analysis represents the abundance of CD8+ Tem over Tem in
tumours, but particularly in tdLNs (Figure 5.4 A). The findings in tumour samples are not
surprising, considering that CD8+ Tem cells have higher cytotoxic activities compared to Tem (Han,
Khatwani et al. 2020), and that CD8+ Tem cells are abundant in different mouse (Engels, Engelhard

et al. 2013, Principe, Kidman et al. 2020) and human cancers (Angelova, Charoentong et al. 2015,
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Thommen, Schreiner et al. 2015, Giraldo, Becht et al. 2017). Remarkably, in the B16 and MC38
mouse models, Treg inactivation using an anti-IL-35 antibody is associated with increased
frequencies of Tem and potentiation of IFNy responses in the TME (Turnis, Sawant et al. 2016).
Furthermore, high HERV expression in patients with clear-cell renal cell carcinoma (ccRCC) has
been associated with Tem immune signatures (Smith, Beckermann et al. 2018), which suggests that
the combination of Treg depletion and overexpression of MulLV in the CT26 tumour model may
favour the development of Tem cells over Tem. The lower frequencies of both CD8+ and CD4+ Tewm in
tdLNs and higher in tumours are unexpected, considering that these cells are preferentially
located in lymph nodes (Mueller, Gebhardt et al. 2013). A potential explanation of this
phenomenon in the tumour samples is the formation of TLSs, as both Tcm and Tem have been
associated with these structures in melanoma (Cabrita, Lauss et al. 2020). Furthermore, the
presence of TLSs could also play an important role into the mechanism of action of the Treg-
depletion therapy, as very low numbers of Tcm cells are detected in untreated mice, as well as in
mice reaching the humane endpoint, both in the bulk CD8+ T cell populations and in antigen-
specific CD8+ TlLs (Figure 5.4 and Figure 5.12). Boosting of CD8+ Tcm cells in immunotherapeutic
settings has been associated with immune control in different mouse models (Enamorado, Iborra
et al. 2017, Wu, Zhu et al. 2017, Li, Cong et al. 2021), thus indicating that a potential mechanism
involved in the CT26 immune clearance observed in Treg-depleted mice could be the preferential
expansion of CD8+ Tcwm cells in the TME. Lastly, a significant proportion of CD44+ T cells could not
be categorized as either Tem or Tem (Figure 5.2). These cells could represent Tscw, Which are often
categorised as CD447°% CD62L+. Krishna et al. described that CD44"°" CD62L+ CD39- CD69- TCF1+
Tsem can proliferate upon polyclonal TCR stimulation and give rise to other effector populations,
and that adoptive transfer of gp100-specific Pmel-1 T cells with this phenotype into mice
challenged with gp100-B16 melanoma leads to a significantly delayed tumour growth without
complete regression (Krishna, Lowery et al. 2020). The presence of Tsem could explain why the
majority of CD4+ and CD8+ antigen-experienced T cells from tdLNs in regressors at day 27 were
not categorised as either Tem or Tcm, and further studies investigating the role of other memory
populations are important to further evaluate the contribution of these subpopulations in the

immune control of CT26 tumours upon Treg depletion.

A critical feature of cancers is their capacity to evade the immune system through a myriad of
mechanisms, being the induction of T cell dysfunction in the TME one of the most widely studied
and therapeutically targeted (Waldman, Fritz et al. 2020). One of the main markers used for the
identification of exhausted T cells is PD-1, as antibodies blocking this inhibitory receptor have
been associated with the recovery of effector functions by exhausted T cells in the Lymphocytic

choriomeningitis (LCMV) chronic viral model, as well as in mice and human cancers (McLane,
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Abdel-Hakeem et al. 2019). In this study we observed than on average more than half of the total
CD8+ and CD4+ TIL populations, as well as antigen-specific CD8+ TILs, express PD-1 across all
groups (Figure 5.3 C and D, and Figure 5.13 A). These high patterns of PD-1 expression in TILs
have been evidenced in mouse (Hailemichael, Dai et al. 2013, Fehlings, Simoni et al. 2017) and
human cancers (Thommen, Schreiner et al. 2015, Giraldo, Becht et al. 2017, Kansy, Concha-
Benavente et al. 2017). Interestingly, total CD4+ and CD8+ T cells in tdLNs expressing PD-1+ were
significantly lower in untreated mice compared to Treg-depleted (Figure 5.3 C and D), and these
observations were particularly evident for AH1-specific and Kd37-specific CD8+ T cells from these
tissues (Figure 5.13 B). Although the majority of studies tend to categorise PD-1+ T cells as
exhausted, the expression of this marker is also indicative of T cell activation, as evidenced in PD-
1+ NY-ESO-1-specific CD8+ T cells that are able to proliferate and produce effector cytokines upon
in vitro peptide restimulation (Fourcade, Sun et al. 2010). Based on our observations, it is
plausible to infer that in the presence of Tregs, both CD8+ and CD4+ T cells in tdLNs are not
properly activated, leading to a reduced expression of PD-1 on these cells.

Considering its role on T cell activation, several investigators have used the cell-surface levels of
PD-1 expression to discriminate activated and exhausted T cells. First described in the LCMV
model, these different subsets have been termed as rescuable T cells (PD-1""%/Md T-pet"&"), which
respond to checkpoint blockade, and terminally-exhausted T cells (PD-1"&" Eomes"e") that are
unresponsive to these therapies (Blackburn, Shin et al. 2008, Im, Hashimoto et al. 2016). Recent
investigations in this chronic viral model have shown that PD-1™¢ CD8+ T cells show signs of
proliferation via Ki67 staining, while PD-1"&" are non-proliferative (Beltra, Manne et al. 2020).
These observations have been translated in cancer, as CD8+ PD-1"&" TILs from NSCLC and ovarian
cancer patients showed a failed production of IL-2, TNFa and IFNy upon polyclonal activation,
whereas PD-1"°*/Md showed normal production of these cytokines (Thommen, Koelzer et al. 2018,
Salas-Benito, Conde et al. 2021). In this study, the total CD4+ and CD8+ T cell populations in
tumours were preferentially enriched in the PD-1™9 and PD-1"8" compartments in Treg-depleted
mice, while untreated mice showed low frequencies of PD-1"¢" cells (Figure 5.6 A and C).
Interestingly, PD-1"&" were almost absent in tdLNs, as almost half of the CD4+ and CD8+ PD-1+
populations had low expression of this inhibitory receptor (Figure 5.6 B and D), thus indicating
that in these tissues PD-1+ cells represent activated rather than exhausted T cells. Contrary to
findings using checkpoint blockade in mouse tumour models, where this therapy leads to a
significant increase in the frequency of antigen-specific PD-1°" cells in the TME (Fehlings, Simoni
et al. 2017), no discernible differences were observed in the levels of PD-1"°" cells among antigen-
specific CD8+ T cells across groups (Figure 5.14 A). This suggest that checkpoint blockade and Treg
depletion may have different mechanisms in potentiating anti-tumour CD8+ T cell responses,

where in the absence of Tregs in the TME, CD8+ T cells might proliferate and activate in a
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polyclonal fashion, leading to a fast upregulation of inhibitory receptors like PD-1 (Gonzalez-
Navajas, Fan et al. 2021). Moreover, the high frequencies of PD-1"&" antigen-specific CD8+ TILs in
progressors at day 20 could explain the significant decrease of CD8+ T cells observed in these
mice, as these cells have a transcriptional profile enriched in proteins involved in apoptosis
(Miller, Sen et al. 2019).

The establishment of a terminally-exhausted phenotype follows a dynamical process where T cells
start losing effector functions and express inhibitory receptors upon constant antigen stimulation
(Waldman, Fritz et al. 2020). Two of the most widely studied inhibitory receptors are TIM-3 and
LAG-3, as the expression of these markers is associated with terminally exhausted T cells in the
LCMV model (Abdel-Hakeem, Manne et al. 2021) and human cancers (Oliveira, Stromhaug et al.
2021). In mouse models, expression of TIM-3 and/or LAG-3 is restricted to PD-1+ T cells, and
antigen-specific CD8+ PD-1+ TILs expressing at least one of these two markers have an impaired
production of effector cytokines (Fourcade, Sun et al. 2010, Miller, Sen et al. 2019) and have been
associated with the development of metastasis (Zhou, Munger et al. 2011). We have observed
that half of the total CD8+ PD-1+ TIL populations express TIM-3 and/or LAG-3 in Treg depleted
mice, in contrast with ~20% of CD4+ PD-1+ TILs in the same group, and less than 10% in both bulk
CD8+ and CD4+ PD-1+ T cells in tdLNs (Figure 5.7). These values are similar to the frequencies of
CD8+ PD-1+ TILs expressing these inhibitory markers in B16 melanoma, MC38 colon carcinoma,
and T3 sarcoma models, where the CD8+ PD-1+ T cells expressing inhibitory receptors range from
25 - 60%, being these cells preferentially located in tumours compared to tdLNs (Woo, Turnis et
al. 2012, Fehlings, Simoni et al. 2017). Furthermore, and in accordance with previous reports in
NSCLC patients (Thommen, Koelzer et al. 2018), the total and antigen-specific CD8+ PD-1+ T cell
populations co-expressing TIM-3 and LAG-3 were preferentially observed in the PD-1"e"
population (Figure 5.8 and Figure 5.16), which indicates that these cells are terminally exhausted.
Although the continuous antigen stimulation and immunoregulatory milieu in the TME
significantly contribute to the preferential development of T cell exhaustion in tumours (Dolina,
Van Braeckel-Budimir et al. 2021), metabolic cues can also affect the expression of inhibitory
receptors in tumour-infiltrating T cells, and can explain the high frequencies of T cells expressing
PD-1, TIM-3 and/or LAG-3 in tumours compared to tdLNs. Within the TME, T cells develop a
reduced capacity for glucose uptake along with a loss of functional mitochondrial mass
(Scharping, Menk et al. 2016), and these stressors along with tissue hypoxia commonly observed
within tumours have been associated with the development of PD-1"&" TIM-3+ LAG-3+ CD8+ TlLs
in the B16 melanoma model (Scharping, Rivadeneira et al. 2021). Despite this immunosuppressive
microenvironment being observed preferentially in the tumour bed, we also observed remarkably
high frequencies of antigen-specific PD-1+ CD8+ T cells in tdLNs expressing TIM-3 or LAG-3, mostly

for AH1- and Kd37-specific CD8+ T cells, while these values were low in the bulk analysis, as well
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as in GSW11- and Kd34-specific CD8+ T cells in these tissues (Figure 5.7 and Figure 5.15). Studies
using the OVA-transfected AE17 mesothelioma tumour model revealed that ~15% of OVA-specific
PD-1+ CD8+ T cells in tdLNs did not express other inhibitory receptors, such as TIM-3 and TIGIT,
while more than 95% of the bulk CD8+ T cells from these tissues did not express such receptors
(Dammeijer, van Gulijk et al. 2020). These results, along with our observations, strongly suggest
that the exhaustion phenotype can be imprinted in tdLNs in tumour-specific T cells. However, the
fact that GSW11- and Kd34-specific CD8+ T cells did not replicate this behaviour, suggests that the
continuous development of an exhaustion phenotype is an antigen-specific phenomenon.
Although high frequencies of CD8+ PD-1+ TILs expressing TIM-3+ and/or LAG-3+ have been
associated with poor prognosis and unresponsiveness to checkpoint blockade in NSCLC
(Thommen, Koelzer et al. 2018), ccRCC (Giraldo, Becht et al. 2017), melanoma (Oliveira,
Stromhaug et al. 2021), and breast cancer (Liu, Qi et al. 2021), no significant differences in these
cell populations were observed between regressors and progressors, both in the total CD8+ T cell
populations and in antigen-specific CD8+ TILs (Figure 5.5 and Figure 5.12), indicating that an
overexpression of exhausted cells in the TME of progressors is not associated with the lack of

immune control towards CT26 tumour observed in these Treg-depleted mice.

Collectively, the results obtained in this study allowed us to identify novel immunogenic peptides
in the CT26 tumour model implicated in the therapeutic response observed after Treg depletion,
by filtering the abundance of the source protein and the predicted MHC-I binding affinities using
the in house PFR formula. Remarkably, this PFR filtering outperformed NetMHC predictions for
the detection of immunogenic peptides with low predicted binding affinities, such as GSW11 and
AH1, highlighting the drawbacks for predicting immunogenicity using affinity measurements
alone. The two novel CT26 epitopes (Kd34 and Kd37), were confirmed via IFNy production,
proliferation assays, and dextramer staining of CT26 tumours, where the low frequencies of these
cells compared to GSW11-specific CD8+ TlLs suggest that these two peptides induce subdominant
T cell responses in this tumour model. Moreover, the presence of different memory and
activation/exhaustion phenotypes in these antigen-specific CD8+ T cell populations indicate that
the immune control of CT26 tumours is associated with specific phenotypic imprinting in tdLNs
and tumours (Figure 6.1). Nonetheless, several questions still remain unanswered from our
project, and addressing these issues would significantly improve our understanding of antigen
presentation of immunogenic peptides in this tumour model. The role of tapasin in the
presentation of these peptides was assumed as equal for all peptides and the three H-2¢ alleles,
while in human settings certain HLA-I alleles show a remarkable tapasin-dependency (van Hateren
and Elliott 2021). Such investigations could be carried out via surface plasmon resonance using

anti-tapasin antibodies and detecting the off-rate of different tapasin/H-2¢/peptide combinations.
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Moreover, a very low number of MAE-detected peptides matched our list of PFR- or NetMHC-
ranked peptides, even across different MAE strategies used by various groups (Laumont, Vincent
et al. 2018). Different immunopeptidomics approaches, i.e., by using immunoprecipitates of H-2¢
molecules as a source of peptides rather than whole cells, could improve the detection of novel
immunogenic peptides in CT26 cells. This study was conducted using the in vivo depletion of Tregs
as a therapeutic approach; however, this strategy is not yet applicable to humans, due to the
importance of Tregs in maintaining tissue homeostasis and to the exacerbated autoimmune
manifestations observed in humans lacking these cells (Georgiev, Charbonnier et al. 2019). Thus,
it would be important to evaluate if the novel CT26-derived epitopes observed in this study can
also induce strong IFNy responses in common immunotherapeutic strategies, such as checkpoint
blockade with anti-CTLA-4 and/or anti-PD-1, and if PFR ranking can accurately predict peptides
associated with immune control in these therapeutic settings. Despite the significant increase of
IFNy responses in regressors, as well as the tumour infiltration of CD8+ T cells against the four
tested peptides, no direct correlations of protection can be made against a specific peptide. For
this, vaccination strategies containing these peptides prior CT26 inoculation could shed lights into
which specific peptide or group of peptides are the main responsible in mediated tumour control
upon Treg depletion and/or checkpoint blockade. Lastly, even in settings where gp70 is
considered a foreign antigen in gp707 mice, only 50% of these animals achieve immune control of
CT26 growth in the absence of therapy (McWilliams, Sullivan et al. 2008), thus suggesting that
other non-gp70 peptides can also participate in the anti-tumour CD8+ T cell responses against this
cancer. In this regard, neoantigens could represent attractive candidate of immunogenic peptides,
considering that we observed high IFNy responses against several neoantigens, despite the
significant low abundance of these peptides in the CT26 proteome. Thus, it is imperative to
evaluate via tetramer assays and/or vaccination approaches if these peptides are boosted in

immunotherapy settings in CT26.
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Figure 6.1

Immunological landscape of antigen-specific CD8+ T cell populations in CT26
tumours.Summary of the main phenotypic findings in GSW11-, AH1-, Kd34-, and
Kd37-specific CD8+ T cells in tdLNs and tumours from Treg-depleted or untreated
mice at day 11 post tumour challenge. For illustration purposes, activated T cells (in
green) refer to PD-1+ TIM-3- LAG-3-, early dysfunctional T cells (in red) comprises PD-
1+ T cells expressing either TIM-3 or LAG-3, while terminally exhausted T cells (in
grey) includes PD-1+ TIM-3+ LAG-3+ T cells. The main observations from these
phenotypic analysis include the overrepresentation of Tem cells in tumours from Treg-
depleted animals, as well as a decreased proportion of terminally exhausted T cells in

untreated mice compared to their Treg-depleted counterparts.
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Appendix A  Generation of a non-GSW11 non-AH1 CT26-

specific T cell hybridoma

The first approach taken towards deciphering novel CT26-derived epitopes was based in the
production of T cell hybridomas using cells from Treg-depleted mice. For this, Treg-depleted mice
that had cleared the initial CT26 tumour were rechallenged with 10° CT26 cells in vivo for seven
days. Then, splenocytes were harvested and stimulated with irradiated CT26 cells in vitro in the
presence of IL-2 for 4 additional days. These two re-stimulation steps were carried out to boost
proliferation of CT26-specific T cells, thus increasing the likelihood of capturing T cell clones
specific against this tumour. Once the re-stimulation steps were completed, fusions were
performed between stimulated splenocytes and BWZ.36/CD8a and kept in R10 supplemented
with 1X HAT for 10 days. After this period, from the 672 clones plated 99 clones showed signs of
cell growth and were used for activation assays. First, the activation of the lacZ gene was verified
by stimulating these clones with PMA/lonomycin for 4 hours. From the initial 99 clones, 41
showed activation of the lacZ gene with this approach (Figure 6.2 A), which were used for
subsequent assays. These clones were then activated with P815 cells pulsed with AH1 or GSW11
peptides at a final concentration of 100nM; however, none of the clones reacted against these
peptides (Figure 6.2 B and C). Because of this, cells were activated with soluble anti-mouse CD3¢
at a final concentration of 0.5ug/ml to verify that the TCR signalling pathway was functional,
showing that only two of the 41 clones responded with this stimulus (Figure 6.2 D). Finally, to
verify the specificity of the clones, 10° CT26 cells were co-cultured with the same number of
hybridoma cells overnight. Interestingly, only one of the clones responded against CT26 (Clone C3,
Figure 6.2 E), although this clone did not show signs of activation with soluble anti-mouse CD3¢
(Figure 6.2 D, Blue line). As a control, the previously developed GSW11-specific CCD2Z
hybridomas were stimulated with CT26 cells as previously described. As observed in Figure 6.2 F,
CCD2Z hybridomas display a faster kinetics in the activation of lacZ compared to C3, suggesting
that the latter hybridomas could be specific against low abundant peptides. To verify the
expression of CD8a, CD3 and TCRp, all clones were stained with fluorescent-labelled monoclonal
antibodies against these molecules and analysed by flow cytometry. The clones showed a highly
variable pattern of expression of the three molecules. Particularly for CD8a, three clones showed
that only less than 2% of the cells expressed this molecule (Figure 6.3 B). For CD3 and TCRB, the
mean frequency of expression among clones was 58.55% and 58.47%, respectively (Figure 6.3 A
and C). The CT26-specific clone C3 showed that 40.1% of cells expressed the three markers (Figure
6.3 D).
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Figure 6.2 Development of a CT26-specific CD8+ T cell hybridoma.A. The 99 growing clones obtained after fusion of BWZ.36/CD8a cells and splenocytes from CT26-
immune mice were stimulated with 5ng/ml PMA plus 500ng/ml ionomycin for four hours. B and C. Peptide stimulation of the 41 responsive clones observed
after PMA/lonomycin stimulation with 10° P815 cells pulsed with 100nM of AH1 (B) or GSW11 (C) peptides overnight. D. Activation of the 41 responsive
clones using soluble anti-mouse CD3¢ at a final concentration of 0.5ug/ml overnight. E. Stimulation of the 41 reactive clones with 10° CT26 cells overnight. In
figures A to E, the blue lines represent the C3 clone, whereas the green and red lines correspond to the clones activated only by soluble anti-mouse CD3e. F.
Comparison of the responsive profile of CCD2Z (golden line) and C3 (blue line) hybridomas against 10° CT26 cells overnight. In all experiments, supernatants

were discarded after the mentioned time points, and a CPRG assay was performed as described in Section 2.8.2.
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Figure 6.3 The C3 hybridoma express classical T cell markers.The responsive hybridomas were
stained with fluorescent-labelled monoclonal antibodies against CD3 (A), CD8a (B)
and TCRP (C), and the frequency of positive cells was analysed by flow cytometry. D.
Frequency of CD3+ CD8a+ TCRPB+ cells in the novel CT26-specific C3 hybridoma.

Altogether, these results show that the newly developed C3 hybridoma is CT26 specific, express
surface markers associated with TCR activation, and do not react against the immunodominant
AH1 and GSW11 epitopes, thus representing an important tool for deciphering novel CD8+ T cell
epitopes in this tumour model.

The development of the non-GSW11/AH1 CT26-specific C3 hybridoma represents an exciting tool
for the identification of novel CT26 specificities, as large peptide screenings can be done relatively
easy using this cell line. As a first attempt to decipher the specificity of the C3 hybridoma, four
different C3 clones were incubated overnight with P815 cells pulsed with 29 different gp70-
derived peptides. This first screening was focused on gp70 as this is the most overexpressed
protein in CT26, and since the GSW11 and AH1 peptides derive from this viral protein, it is likely
that other CD8+ T cell epitopes can be derived from gp70. CPRG analysis showed that none of the

29 gp70-derived peptides was able to activate any of the clones, as no discernible differences
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were observed between cells stimulated with these peptides and cell co-cultured with P815 alone
(Figure 6.4). In addition, in order to identify the MHC-I-restriction of the C3 hybridoma, MHC-I
molecules were blocked in CT26 cells by pre-incubating these cells with anti-H-2D9, -H-2K¢, or —H-
2L9 antibodies at different concentrations prior co-culture with C3 cells. As a positive control,
CCD2Z cells were incubated with H-2D%blocked GSW11-pulsed P815 cells. Strikingly, none of
these antibodies was able to block C3 activation, whereas CCD2Z cells cultured with H-2D¢-
blocked P815 cells show a dose-dependent decrease of activation (Figure 6.5 A). These results are
not explained by a lack of expression of MHC-I molecules in CT26 cells, as flow cytometry analysis
confirmed that these cells have a high expression of H-2K¢, moderate expression of H-2D¢, and
low expression of H-2L% (Figure 6.5 B). Overall, these results suggest that the non-GSW11/AH1 C3
hybridoma could be activated by peptides presented in non-classical MHC-I molecules, but further

experiments must be performed to prove this hypothesis.
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Figure 6.4 C3 peptide stimulation with gp70-derived epitopes.The seven clones with a high
anti-CT26 sensitivity were stimulated overnight with 10° peptide-pulsed P815 cells at
a final concentration of 100nM (Black lines), P815 cells alone (Blue lines), 10° CT26
cells as positive control (Red lines), or with no stimulus as negative control (Green

lines), followed by a CPRG assay in order to verify cell activation.
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Figure 6.5 The C3 hybridoma is not restricted by classical MHC-I molecules.A. C3 cells were
incubated with H-2D¢- (Red line), -H-2K¢- (Blue line) or H-2L%blocked CT26 cells
overnight (Golden line) using serial dilutions of the antibodies. As a control, the
CCD2Z hybridoma was incubated with H-2D%-blocked GSW11-pulsed P815 cells (Black
line). B. Surface expression of H-2K¢ (top), H-2L¢ (middle) and H-2D¢ (bottom) in CT26
cells measured by flow cytometry. Red histograms represent the background
fluorescence levels in unstained cells, whereas blue histograms depict the level of

expression of these molecules in CT26 cells.

T cell hybridomas represent highly specific, reliable, reproducible, and useful cell lines that can be
grown exponentially to screen a large number of peptides or libraries. In addition, their
independence to co-stimulatory signals and the ability to quantitatively measure the TCR
responses to peptide-MHC complexes in APCs, highlights the advantages of using these cell lines
for the determination of novel CD8+ T cell epitopes (Canaday 2013). From the initial 672 clones
derived from the fusion of CT26-activated splenocytes and BWZ.36/CD8a cells, we observed
growth in 99 of them (14.7%). In similar assays performed in the group, the growth rate was
between 20.3% and 26.5% (Yeh 2005), indicating that, although the current percent of positive
clones is lower, it is similar to what has been previously described. Remarkably, only one of the 99
clones were specific against CT26, and did not recognize the previously described AH1 and GSW11
epitopes (Figure 6.2). In the experiments that led to the development of the GSW11-specific
CCD2Z hybridoma, only 4 out of 192 clones was specific for CT26 (Yeh 2005), for which the low
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numbers of CT26-specific clones in this study is not surprising, as not all T cell populations in
spleen are specific against CT26. The development of CD8+ T cell hybridomas has been useful for
the identification of new cancer epitopes, as it helped to the identification of GSW11 in CT26
(James, Yeh et al. 2010), as well as to gp100-derived peptides from the B16 melanoma model
(Cafri, Sharbi-Yunger et al. 2013). Nonetheless, CD8+ T cell hybridomas present some drawbacks.
These cells are not suitable to use in vivo, given their immortal phenotype that can lead to the
development of tumours in mice (Canaday 2013). In the specific case of T cell hybridomas
generated by fusing with the BW5147 cell line or derivatives (such as BWZ.36/CD8a), one cannot
guarantee that the TCR observed in the fused cells are entirely derived from the T cell, as BW5147
cells still retain some components of the TCR signalling pathway (Canaday 2013). Additionally,
BW5147 cells can negatively affect the immortalization of the effector function of T cells, as their
genome simultaneously imposes, albeit not completely, its own programming on the hybridomas
(Kubota and lwabuchi 2014). Moreover, the antigen sensitivity of these cells is not constant, as it
starts dropping after culturing for long periods of time (between 4 to 6 weeks, (Canaday 2013)),
for which subcloning of the hybridomas is necessary in order to maintain a highly sensitive
population. Despite all these potential disadvantages, T cell hybridomas are an easy tool to detect
new epitopes in tumour models, and the development of a non-GSW11 and non-AH1 T cell
hybridoma in this study represents an exciting finding that can improve our understanding about

the mechanisms of immune recognition in CT26.

As an exploration about the MHC-I restriction of the newly developed C3 hybridoma, we blocked
the classic H-2L9, H-2K9 and H-2D9 molecules from CT26 cells using monoclonal antibodies prior
co-culture with C3 cells. Strikingly, none of these antibodies were able to block C3 activation. The
positive control for this experiment showed that culturing P815 cells with the same anti-H-2D¢
antibody prior GSW11 pulse was able to block the activation of CCD2Z cells in a dose dependent
fashion (Figure 6.5), confirming that the anti-H-2D¢ clone is blocking MHC-I. Given these results, is
reasonable to speculate that the C3 hybridoma is not restricted by H-2D¢; however, the lack of
controls for the blocking activity of the anti-H-2L and anti-H-2K¢ antibodies does not completely
rule out that the C3 hybridoma is not restricted by these molecules. The clones of the monoclonal
antibodies against H-2L¢ and H-2K® can explain these observations, as these antibodies recognize
peptides located in the a3 domain of the MHC-I, and therefore do not interfere directly with TCR
engagement. However, the a3 domain of MHC-I molecules is also important for the TCR signalling
pathway as it interacts with CD8 leading to the recruitment of the tyrosine kinase LCK to the
immunological synapse. This kinase is responsible for the phosphorylation of the immunoreceptor
tyrosine-based activation motifs (ITAM) of the CD3 chains, which triggers a series of signalling

events resulting in T cell activation (Gaud, Lesourne et al. 2018). As the C3 T cell hybridoma
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expresses CD8aq, it is imperative to determine if the signalling pathway associated with this
molecule is functional in this cell line. Lastly, based on the previously mentioned data, it is
plausible to infer that the C3 hybridoma is restricted by non-classical MHC-I molecules, such as H-
2Qal, H-2T1a and H-2M, as these molecules also associate with B2M and can present peptides to
CD8+ T cells (Stuart 2015). Nagarajan et al. have shown that sensitization of WT C57BL/6 mice
with ERAAP-KO splenocytes leads to the development of a Qa-1°-restricted CD8+ T cell response,
which was detected using a T cell hybridoma (Nagarajan, Gonzalez et al. 2012). Therefore, it is
necessary to design and perform experiments to verify if the C3 hybridoma is restricted by non-

classical MHC-I.
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Appendix B Engineering of an H-2LY/AH1 Single chain
trimer (SCT)

SCTs represent valuable tools for the ex vivo monitoring of peptide-specific CD8+ T cells, as they
allow to perform extensive immunophenotypic studies in T cells specific for low-affinity p/MHC-I
complexes (Hansen, Connolly et al. 2010). Thus, we aimed to develop an H-2L¢/AH1 SCT,
considering that an H-2DY/GSW11 SCT previously develop in the group has facilitated the
identification of low-avidity GSW11-specific CD8+ T cells that play crucial roles in tumour
clearance in immunotherapy settings (Sugiyarto, Prossor et al. 2021). The first construct
generated consisted of the AH1 peptide flanked between the f2M signal peptide and the peptide-
B2M linker (PBM), followed by B2M, a B2M-heavy chain linker (BHL), and the H-2L% heavy-chain
sequence (Figure 6.6 A). The H-2LY heavy chain sequence from this construct does not include the
respective signal peptide, and contains a mutation at position 83 of the heavy chain, changing a
tyrosine for a cysteine, which facilitates the formation of a disulphide bridge with a cysteine in the
BHL, stabilizing the union of the peptide to H-2L¢ (Mitaksov, Truscott et al. 2007). This initial
construct was successfully cloned into a Hindlll-Xhol double digested pcDNA3.1 vector, which was
further amplified and used in transfection analysis for the verification of cellular refolding of the
construct. For this, the newly developed H-2LY/AH1 SCT was transfected into Hela cells, and the
levels of cell surface H-2LY were measured by flow cytometry, while a pcDNA3.1 vector encoding
mCherry was used as a control to verify transfection efficiency. After 24hr of transfection, there
were negligible levels of H-2L% in cell surface; however, the SCT was detectable at low levels after
48hr of transfection (Figure 6.7 A). This data is not related with a poor transfection efficiency,
since the expression of mCherry was observed at each time points post-transfection (Figure 6.7
B). Although the transfection efficiency was not high, the results obtained in this experiment
suggest that the H-2LY/AH1 SCT can be properly refolded by the cellular machinery.

Once the cellular refolding of the newly developed SCT was verified, this construct was edited to
remove the B2m signal peptide and replace the H-2L% transmembrane domain for the AviTag
biotinylation sequence (Figure 6.6 B), which was successfully inserted into the pET28a protein
expression vector using overlapping-extension PCR and transformed into competent

BL21(DE3)pLysS bacteria for further protein expression.
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Figure 6.6 Schematic representation of H-2LY/AH1 SCT constructs.A. Left: Positional location of

pcDNA3.1/SCT within the pcDNA3.1 vector. Right: Detailed representation of the

DNA organization of the SCT. B. Left: Positional location of pET28a/SCT within the

pET28a vector. Right: Detailed representation of the DNA organization of the SCT.

This SCT differ from the pcDNA3.1/SCT as it does not contain the B2M signal peptide,

and the transmembrane domain of H-2L% is replaced by the AviTag biotinylation

sequence.
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Figure 6.7 The H-2L%/AH1 SCT can be refolded and expressed by eucaryotic cells.A. Left. Flow
cytometry analysis of Hela cells transfected with the H-2L%/AH1 SCT at 24 (top) or 48
hours (bottom) post transfection, stained with a FITC-conjugated anti-H-2L¢
monoclonal antibody. Right. Summary of the frequency of H-2L% cells in Hela cells
after 24 or 48 hours after H-2LY/AH1 SCT transfection, and untransfected cells as
negative control. B. Left. Expression of mCherry after 24 (top) and 48 hours (bottom)
post-transfection into Hela cells. Right. Evaluation of transfection efficiency by the

measurement of mCherry+ cells after 24 or 48 hours of transfection.

For the induction of protein expression of the H-2LY/AH1 SCT construct, transformed
BL21(DE3)pLysS bacteria were pulsed with 1mM IPTG in the exponential phase of growth, and
incubated for hours at 37°C. After induction, bacteria were pelleted and protein IBs were
extracted using the BugBuster protocol, as described in section 2.9.6. This initial induction
protocol showed a deficient yield of the expected ~53 kDa protein (Figure 6.8 A), as well as high
abundance of contaminating proteins in the IBs that persisted after extraction (Figure 6.8 B).
Thus, we explored different conditions of IPTG induction to improve the yield and quality of the
purified proteins. The first approach consisted in performing the protein induction at room
temperature for the same time, in order to reduce contaminating proteins in IBs. As observed in
Figure 6.9, this approach marginally induced the expression of the SCT construct, but significantly
reduced the presence of non-specific proteins in the purified product. Consequently, all the IPTG

inductions performed in subsequent experiments were performed at room temperature.
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Figure 6.8 The H-2LY/AH1 SCT construct is not properly expressed in normal IPTG induction
conditions.A. Samples of transformed BL21(DE3)pLysS bacteria were taken before
and after pulsing with 1mM IPTG. Sample volumes were normalised according to the
optical density (O.D) value obtained at the moment of adding IPTG. B. SDS-PAGE
analysis of the different washing steps during IBs extraction, and of the final purified

IB product. Red squares indicate the H-2L%/AH1 SCT proteins.

In order to determine if the final concentration of IPTG in the bacterial culture affected the
expression of the H-2L%/AH1 SCT, different concentrations of IPTG were tested at room
temperature for 4 hours. Under these conditions, we observed that a final concentration of
0.5mM IPTG resulted in the highest protein expression with relatively low expression of
contaminating proteins and was chosen for next assays (Figure 6.10). Despite the relative
improvements in SCT expression, this construct was poorly solubilised using conventional urea
and guanidine solubilisation buffers (Figure 6.11 A), and the fraction of solubilised protein
containing B2M was significantly underrepresented compared to the previously-developed
GSW11-SCT (Figure 6.11 B). Thus, considering these drawbacks and the prioritisation of other

assays in this project, no further assays were carried out with this H-2L%/AH1 SCT construct.
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Figure 6.9 Room temperature IPTG induction reduces background proteins in IBs.A. Samples
of transformed BL21(DE3)pLysS bacteria were taken before and after pulsing with
1mM IPTG. Sample volumes were normalised according to the O.D value obtained at
the moment of adding IPTG. B. SDS-PAGE analysis of the different washing steps
during IBs extraction, and of the final purified IB product. Red squares indicate the H-

2L9/AH1 SCT proteins.

159



Appendix B

. '

kDa

Figure 6.10 Low concentrations of IPTG results in high SCT expression.SDS-PAGE analysis of

160

transformed BL21(DE3)pLysS bacteria pulsed with different concentrations of IPTG at

room temperature for 4 hours. Red squares indicate the H-2L¢/AH1 SCT proteins.
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Figure 6.11 The H-2LY/AH1 SCT construct is poorly represented in IPTG-induced IBs.A. SDS-PAGE

analysis of H-2L9/AH1 SCT solubilised with 8M urea or 8M guanidine. The H-
2D9/GSW11 SCT construct was used as comparison. B. Western-Blot analysis of
mouse 2M in the AH1 and GSW11 IBs. In this experiment, 0.5ug of protein were

loaded into each well.
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