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transporter in cancer and T cells.
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Abstract.

Chimeric antigen receptor (CAR) T cells have shown remarkable results against B cell
malignancies, but only a minority of patients have long-term remission. The metabolic
requirements of both tumour cells and activated T cells result in production of lactate and
depletion of key nutrients fundamental for T cell function, like glucose and glutamine. Here,
we studied the combination of CD19-specific CAR T cell therapy with pharmacological

blockade of metabolic transporters against B cell lymphoma.

The export of lactate is facilitated by expression of monocarboxylate transporters (MCTS).
CAR T cells express high levels of MCT-1 and MCT-4 upon activation, while certain tumours
predominantly express MCT-1. MCT-1 inhibition with the small molecules AZD3965 or AR-
C155858 induced CAR T cell metabolic rewiring, but their effector function and phenotype
remained unchanged, suggesting CAR T cells are insensitive to MCT-1 inhibition. Moreover,
improved cytotoxicity in vitro and antitumoral control on mouse models was found with the

combination of CAR T cells and MCT-1 blockade.

Tumour and CAR T cells express high levels of the glutamine transporter ASCT-2 to sustain
energy and biomass production. Pharmacological inhibition of ASCT-2 with V-9302 severely
suppressed CAR T cell functions and expression of surrogate glutamine transporters like
ATB%, partially restored CAR T cell proliferation. However, glutamine-neutralizing

antibodies against ASCT-2 showed limited efficacy against tumour and CAR T cells.

This work highlights the potential of selective targeting metabolism via inhibition of metabolic

transporters in combination with CAR T cells therapies against B cell malignancies.
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1 Introduction.

1.1 Cancer Immunotherapy.

1.1.1 T cell immunology.

Immunotherapy has emerged as a promissory alternative for cancer treatment as it utilizes the
capacity of the immune system, particularly cytotoxic T cells, to recognize and eliminate target
cells. The antitumoral immune response is initiated by antigen-presenting cells (APCs), which
can phagocyte malignant cells and load cancer antigens into their major histocompatibility
complex (MHC) class I and Il. cytotoxic T lymphocytes (T cells) can then recognize the
peptide-MHC complex by engaging with a T cell receptor (TCR) expressed on the T cell

surface and initiate T cell activation.

T cells are categorized by their function and interaction with MHC molecules as CD8 or CD4
T cells. CD8 T cells recognize antigens loaded to MHC-1 and are the main drivers of tumour
cell lysis while CD4 T cells recognize peptides loaded to MHC-II and sustain a pro-
inflammatory by cytokine release and other stimulatory factors. Upon TCR engagement, multi-
molecular signalosomes assemble to interact with the TCR-CD3 complex, recruiting Lck
kinases to phosphorylate the TCR-CD3 complex and ZAP70. Distal signalling cascades are
then initiated, including Ca?* signalling, PI3K-mTOR-ERK activation, which in turn starts the
activation of transcription factors to initiate gene upregulation 2. This results in clonal
expansion of T cells and differentiation into an effector program which includes the release of
cytokines (such as IL-2 and IFN-y), Iytic molecules (such as Perforin and Granzyme B),
expression of activation markers and chemokines receptors to guide T cell infiltration to

specific tissues, all fundamental processes for T cell antitumoral immunity.

After activation, T cells can differentiate into distinct memory populations with specific

metabolic requirements and functions. On IL-7 signalling helps naive T cells to maintain their

14



homeostatic proliferation before antigen recognition, relying on fatty acid catabolism to sustain
OXPHOS and ATP production instead of glucose 3. After TCR engagement, the mTOR kinase
pathway integrates activation and metabolic signals to induce T cell activation and is a global
metabolic regulator as T cell activation profoundly rearrange their metabolic networks to meet
the energetic demands of clonal expansion. In the initial minutes after MHC-TCR engagement,
T cells show a rapid induction of aerobic glycolysis and mTOR activation, necessary steps for
T cell activation *. mTOR deficient T cells failed to upregulate the glutamine transporter
GLUT-1 and glycolytic enzymes ° while having defects in lipid biosynthesis and oxidative

phosphorylation ©.

Importantly, metabolites can also act as mMTOR regulators and affect T signal transduction
networks 7. Mechanistically, activation of mTOR requires its translocation to the lysosome
surface, a process mediated by Rag GTPases. In presence of amino acids, Rag GTPase remains
in an active state, recruiting Rheb protein, a direct activator of mTORC1, finally inducing
mTOR activity & Glutamine availability directly acts as a signalling molecule for modulating
MTOR activity and T cells cultured on reduced glutamine failed to engage mTOR and had
reduced proliferation °. Additionally, leucine is sufficient to restore mTOR activity and
impairing leucine uptake by blocking the transporter SLC7A5 reduces mTORC1 activity

similar to pan-amino acid deprivation 1°.

Similarly, the reduction of energy levels can be directly detected by the AMP-activated protein
kinase (AMPK) network. AMPK binds to ATP, and the lower enzymatic products ADP and
AMP, sensing their relative concentration. A reduction in ATP levels triggers AMPK kinase
activity and activates different metabolic pathways promoting glycolysis, mitochondrial and

lipid metabolism while suppressing mTOR activity 1.



After cognate antigen elimination, T cells develop immunological memory to quickly mount
an immune response against repeated infections. T cells are categorized into different subsets
of memory T cells with distinct functions and metabolic networks. Central memory T cells
(Tewm) circulate between blood and secondary lymphoid organs, are long-lived and exhibit a
metabolism more dependent on respiration, increased mitochondrial mass and utilize fatty acid
oxidation to feed the TCA cycle rather than glucose. In contrast, effector memory T cells (Tem)
circulate between blood and non-lymphoid tissues, with quick proliferation after antigen
engagement, relying more on glucose catabolism than respiration to sustain their energetic
demands 2. Moreover, cancer immunotherapies relying on naive T cells or Tcm show superior

antitumoral immunity in several mouse models and clinical trials 3.

1.1.2 Tumour infiltrating lymphocytes (TILS).

One of the first T cell immunotherapies was the ex vivo expansion of TILs from a biopsy of a
tumour sample. T cells recovered from biopsies are cultured with high doses of IL-2 and with
antibodies against CD3 to induce T cell activation. Patients are then lymphodepleted and the
expanded TILs product is reinfused into the patients, followed by systemic administration of

IL-2 to facilitate T cell expansion.

Patients with advanced cutaneous melanoma treated with TIL therapy between 1998 and 2016
had an objective response rate (OCR) of 41% and complete response rate of 12% 415, A recent
study recruiting metastatic melanoma showed 50% OCR with neoantigen-specific T cells
detected for 3 years °. TILs treatment has found positive results against cervical cancers 6 and
preliminary efficacy on colorectal, lung and breast cancer. To improve clinical responses, the
identification of additional surface markers to select and expand tumour-reactive TILs instead
of bulk T cells is a commonly used strategy. For example, expression of the programmed Cell

Death Protein 1 (PD-1) or the tissue-resident markers CD103 or CD39 on CD8 T cells has been



associated with a better clinical response in patients with solid tumours, and selection of PD-

1*CD8 TILs or CD103* CD39* CD8 TILs showed improved antitumoral responses 1718,

Cancer treatment has been revolutionized by the treatment with immune checkpoint blockade.
Blocking PD-1, PD-L1 or CTLA-4 with monoclonal antibodies release the potential of the
immune system to kill cancer cells. Immune checkpoint therapy had remarkable results in
improving the response rate of patients with solid tumours and have been approved as 1%, 2"
and 3" line treatment for melanoma, lung, breast, ovarian, and renal cancer, among others *°.
Therefore, the combination of TILs therapy with PD-1 antibodies has shown preliminary
favourable results in melanoma and metastatic osteosarcoma, with more clinical trials ongoing

for different metastatic solid tumours 2°.

However, the main limitation of this treatment is the need for an accessible biopsy and enough
tumour material to expand tumour-reactive T cells, which makes this treatment hard to access
for most patients 21-23, Additionally, a study with melanoma samples found only 67% of active,
specific TILs identified in vitro were able to be expanded 24, making this therapy not accessible

for most patients.

1.1.3 TCR-engineered T cell therapy.

To overcome these limitations, TCRs recognizing antitumoral antigens with high affinity can
be identified within the TILs population. These antitumoral TCRs can be sequenced, and T
cells can be genetically engineered to express these transgenic antitumoral TCRs. These “T
cell receptor-engineered” T (TCR-T) cells are manufactured and injected into patients, eliciting

a potent immune response and tumour regression.

Depending on the tumour antigen targeted, TCR therapy can be divided broadly in cancer
germline antigens (CGAS) or neo-antigens. CGAs are proteins expressed in germline tissues

while epigenetically silenced in somatic tissues. Due to genetic deregulation, cancer cells re-



express these proteins, making them ideal candidates for targeted therapies. Most clinical trials
targeting CGAs are focused on the melanoma-associated antigen (MAGE-A) protein family

and the New York oesophageal squamous cell carcinoma 1 (NY-ESO-1).

TCR-T cell targeting NY-ESO-1 showed an objective response rate between 20-67% percent
in 107 patients with melanoma and synovial sarcoma from 5 different clinical trials, with 40
partial responses and 8 complete responses. Importantly, no significant toxicities were
observed 2. Meanwhile, a recent phase Il clinical trial targeting MAGE-A4 in patients with
synovial sarcoma showed an objective response rate of 39.4% and a disease control rate of
84.8% (NCT04044768). On the other hand, neo-antigens (NeoAgs) arise from somatic
mutations, are only expressed in tumour cells, and can bind with high affinity to TCRs. TCR-
T cell therapy targeting common cancer mutations in cancer driver genes, like TP53, KRAS,
or PIK3CA are currently being tested in phase I clinical trials 26. Recent advances have allowed
the identification of multiple TCRs specific from each patient neo-antigen pool and inserting
the new transgenic TCRs using CRISPR—-Cas9 gene editing in 16 patients with refractory solid
tumours (NCT03970382). Five patients infused had stable disease and the other 11 had disease
progression as best response on therapy, with the neoTCR being detected in tumour samples at

frequencies higher than the native TCRs /.

However, some limitations exist with TCR-T cell therapy. HLA loss is an important resistance
mechanism to TCR-based therapies, as it render tumour cells invisible to T cell recognition.
Moreover, 80% of the clinical trials testing TCR-Ts are HLA-A*02 restricted. HLA-A*02 is
the most common allele expressed in the Caucasian population, accounting for approximately

25%, of HLAs in the West 28, limiting the applicability of this therapy %°.



1.2 CAR T cell therapy.
1.2.1 CAR structure.

Chimeric antigen receptors are recombinant proteins with distinct domains: (a) an extracellular
portion composed of a single-chain variable fragment (scFv) from a monoclonal antibody with
high affinity to surface tumour antigens, (b) a hinge domain to confer flexibility to the
construct, (c) a transmembrane domain and (d) signalling domains which mediates T cell

activation (Figure 1.2).

CAR T cells recognize surface antitumoral antigens via the interaction of their antitumoral
ScFv and the target protein independently of MHC-I/peptide interactions, triggering CAR
dimerization and recruiting the components of the TCR-CD3z signalling pathways, activating
T cells similar to TCR engagement. A first-generation CAR had only a CD3z intracellular
domain, these CAR T cells showed efficient antigen engagement, tumour cell lysis and T cell
activation; however, they failed to elicit significant tumour control in clinical trials due to poor
T cell persistence after infusion 3°. To enhance CAR T cell efficacy, co-stimulation domains
were added to the CAR structure to enhance T cell activation and proliferation. CD28 or 41BB
co-stimulation domains are the most used in experimental settings and clinical trials. Human
CD28-costimulated CAR T cells have shown exhibit rapid proliferation and IFN-y production,
providing an stronger effector response, while 41BB activation promotes persistence and

increases the expression of anti-apoptotic proteins, favouring long-term proliferation 3.
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Figure 1.1: Structure of a second-generation chimeric antigen receptor.

1.2.2 CART cells against B cell malignancies.

Human CD19 antigen is a transmembrane protein part of the immunoglobulin superfamily.
CD19 is highly expressed in mature B cells and in most B cell malignancies, including acute

lymphoblastic leukaemia (ALL), chronic lymphocytic leukaemia (CLL) and B cell lymphomas
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Anti-CD19 CAR engineered T cells have proven highly effective in treating refractory
lymphoid malignancies. Patients infused with CD19-directed CAR T-cells have shown
complete response on 67%-85% for B-cell acute lymphoblastic leukaemia (B-ALL) and 50%
for B-cell non-Hodgkin lymphoma (B-NHL) patients in numerous clinical trials **-*°, Despite
their success, CAR T cell therapies face important challenges. Despite long-term remissions in
a proportion of patients with B-cell malignancies, however, most either subsequently relapse
or do not respond %637, B-ALL patient relapse could be as high as 50% after CAR T cell
treatment and most recurrent tumours had no response to reinfusion of CD19-specific CAR T

cells, even in the presence of cognate antigen . Moreover, negative antigen expression relapse
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accounts for 9-25% in B-ALL and has been described in other tumours, including B-NHL,

diffuse B cell lymphoma, *° among others.

Given the remarkable success and safety of CAR T cell therapy against B cell malignancies,
CD19-CAR T cells were approved by the FDA in 2017 followed by clinical approval in the
European Union, Canada, Australia, and Japan “°. Meanwhile, phase Il clinical trials have
demonstrated significant improvement of CD19-CAR T cells as second-line therapy *.
Additionally, a phase Il trial with CAR T cells targeting B-cell maturation antigen (BCMA)
showed complete response of 33% on patients with multiple myeloma “2, this treatment has
also been approved by the FDA in 2021, with additional clinical trials targeting AML-restricted

proteins, like CD123 and CD33 with CAR T cells *3.

1.2.3 CART cells against solid tumours.

Despite the remarkable success against haematological malignancies, CAR T cell therapy has
had limited success in treating of non-lymphoid cancers. CAR T cells against
carcinoembryonic antigen (CEA) showed some efficacy in a Phase | trial on metastatic
colorectal cancer patients, with stable disease and reduced CEA serum levels on 7 out of 10
patients 4. Similarly, 4 of 17 sarcoma patients had stable disease after infusion of CAR T cells
against HER-2 %, and 3 of 11 glioblastoma patients treated with GD2-CAR T cells achieved
complete remission, but no response was observed in paediatric neuroblastoma patients 4647,
CAR T cell against epidermal growth factor receptor variant 11l (EGFRvIII) showed partial
response in one NSCLC cancer patient “8, while one patient with glioblastoma had stable
disease *°. Importantly, 5 patients analysed showed tumour CAR T cell infiltration, robust
expression of inhibitory molecules and infiltration by regulatory T cells after CAR T cell

infusion 4°.



Multiple factors contribute to the lack of clinical response on CAR T cells. Pre-clinical cancer
models have shown that increasing migration by expression of chemokines receptors, like
CXCR2 or CCR2b 5051 can enhance CAR T cell efficacy. Similarly, expression of heparinase
on CAR T cells allowed efficient T cells infiltration into the tumour stroma, promoting

antitumoral activity %2,

Upon infiltration, CAR T cells encounter a hostile tumour microenvironment, where several
immune cells actively suppress T cell function. These cells support tumour development by
expressing immunosuppressive molecules such as CTLA-4 or PD-1. Consequently, the
combination of CAR-T cells and immune checkpoint blockade or strategies to reduce the
expression or activation of PD-1 pathways increases CAR T cell persistence and reduced
exhaustion in several pre-clinical models -, and the combination of CAR T cells with PD-
1/PDL1 blockade is actively being explored in clinical trials 53°6, Additionally, CAR T cells
targeting proteoglycans, like Glypican-3 (GPC3), have shown promising results in
hepatocellular carcinoma patients, including complete responses >"°8, Combination of GPC3
CAR T cells in combination with other treatments are currently being explored in clinical trials

and are an example of the CAR T cell improvement on treating solid tumours.



1.3 Fundamentals of metabolism in cancer.

1.3.1 Cancer metabolism and the tumour microenvironment.

Among the key characteristics of all malignancies, a dysregulated metabolism has been
identified as a hallmark of cancer development 5°. Glucose is the main sugar consumed by cells
to obtain energy and metabolic intermediaries. Most cells uptake glucose and enzymatically
break it down into pyruvate to obtain energy (Glycolysis). Under aerobic conditions, pyruvate
is converted into Acetyl-Co-A and transported into the mitochondria to enter the tricarboxylic
acid cycle (TCA), producing in total 38 ATP molecules per molecule of glucose. However,
under low oxygen conditions (anaerobiosis), pyruvate is converted into lactic acid by lactate
dehydrogenases (LDHSs) instead of entering the TCA, producing only 2 ATP molecules per
molecule of glucose (Figure 1.3). The discovery of metabolic dysregulation in cancer cells
dates from the 1920s, Otto Warburg and his colleagues observed tumour cells uptake high
amounts of glucose compared to non-malignant tissues, and glucose was fermented into lactate
even in the presence of oxygen. The term “Warburg effect” was used to describe this metabolic
dysregulation . The reason cancer cells engage in aerobic lactate fermentation is not
completely understood, as tumour cells quickly proliferate; they require ATP and
intermediaries produced during the TCA. Lactate fermentation allows rapid ATP production,
as energy production through lactate fermentation occurs 10-100 times faster than
mitochondrial oxidation ©, while allowing the quick regeneration of key intermediaries to
sustain a high glycolytic rate, like NAD* 62, Importantly, highly proliferative immune cells
engage in similar metabolic networks to tumour cells and due to the accelerated metabolism of
tumour cells and poor stroma vascularization in the TME, two main consequences arise which
severely compromise antitumoral T cell immunity: depletion of key nutrients fundamental for

T cell antitumoral function and accumulation of immunosuppressive metabolic products.
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TILs from patients exhibit exhausted phenotypes and reduced glucose uptake 34, In mouse
sarcoma models, the reduction of glucose consumption of TILs dampened mTOR signalling,
reducing glycolytic capacity and IFN-y production ®°. Likewise, T cells require several amino
acids to sustain their proliferation and effector functions, however, metabolic competition in
the TME induces the depletion of key amino acids like glutamine , arginine 7, leucine *°, and
others . Additionally, several oncometabolites, metabolites which accumulate preferentially
in the tumour microenvironment compared to healthy tissues, can directly suppress antitumor

immunity. Highly glycolytic tumour accumulates high levels of lactic acid, increasing tumour

extracellular acidosis, reducing glycolysis, and inhibiting T cell effector functions 670,
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Moreover, mitochondria dysfunction and reduced metabolic fitness have been described in
several solid tumours %72, Melanoma samples obtained from mouse models and patients
showed reduced mitochondrial mass and T cell respiration regardless of antigen specificity.
Importantly, restoring mitochondrial fitness improved aPD-1 responses in mouse models 374,
NSCLC and melanoma patients overexpressing glycolytic enzymes had poorer T cell
infiltration and was associated with T cell apoptosis. Moreover, increased tumour glycolytic
activity was correlated with ACT resistance in melanoma patients 7. Therefore, the tumour
microenvironment is metabolically hostile to immune cells, with T cells unable to meet their

energetic demands to sustain antitumoral functions.

1.3.2 CART cells and metabolic regulation.

As metabolic deregulation is a fundamental characteristic of tumour cells and T cells rely on
similar metabolic pathways, several strategies have been developed to modify T cell
metabolism and improve their antitumoral potential. Various studies have linked T cell function
and phenotype to T cell metabolism; generally, inhibition of glycolysis and promoting

OXPHOS increase T cell persistence and antitumoral potential.

The CAR structure can intrinsically imprint distinct metabolic and functional features into T
cells with 41BB and CD28 as the most used in pre-clinical studies and clinical trials.
Comparing both molecules, CAR T cells with a 41BB co-stimulation domain preferentially
rely on respiration over glycolysis for energy production, they have increased mitochondrial
biogenesis, central memory phenotype, and persistence. On the other hand, CD28 upregulates
glycolytic pathways, promoting quick proliferation and an effector memory phenotype 6.
Moreover, single-cell transcriptional profiling of CAR T cells infused into patients revealed
correlations between CAR T cell therapy efficacy and metabolism profile. Effector T cells and

effector memory T cells exhibited extensive metabolic reprogramming by a shift to aerobic



glycolysis, characterized by increased expression of LDHA, GLUTL1, and GAPDH but also
increased in apoptosis genes, indicating persistence might be limited. In contrast, CAR T cells
with a memory T cell signature expressing TCF7 and LEF1 were associated with long-term
clinical CAR T-cell persistence 7’. Supporting this study, «CD19-CAR T cells had significantly

higher expression of OXPHOS in responder patients with acute lymphoblastic leukaemia 8.

1.3.3 Glycolytic inhibition.

A common strategy to improve CAR T cell performance is to dimmish their dependence on
glucose and the glycolytic pathway. 2-Deoxy-D-glucose (2DG) is a glucose analogue used
since the 1950s. This molecule enters the cytoplasm via GLUT1 and is phosphorylated to form
2DG-6-phosphate. 2DG-6-phosphate cannot be metabolized, blocking the next steps on the
glycolytic pathway. Activating T cells in presence of 2DG increase their central memory
profile, persistence and antitumoral potential against B16 melanoma models 7°. Additionally,
2DG disrupts the expression of extracellular N-glycans on tumour cells, as high N-glycan
expression can mask antigenic epitopes and hinder close cell-to-cell proximity. Therefore, the
combination of CAR T cells and 2DG improved the tumour control against multiple solid
tumours &, Additionally, to overcome the low glucose availability in the TME, the combination
of PD-1 blocking antibodies or GD-2 CAR T cells with inosine improved supplementation of

their antitumoral efficacy against several solid tumours 8.,

1.3.4 Promoting mitochondria metabolism.

Within the tumour microenvironment, TILs are exposed to nutrient deprivation and are unable
to sustain their effector function. TILs display reduced OXPHOS and mitochondria
dysfunction regardless of antigen specificity 7382 suggesting T cell dysfunction is mediated by
energy requirements. Moreover, favouring respiration and fatty acid oxidation of T cells

improves adoptive cell transfer (ACT) therapies against cancer by modifying mitochondria



dynamics which results in a memory-type phenotype and improved persistence of T cells &,
Moreover, mitochondria remodelling in T cells by overexpressing the inner membrane fusion
protein Opal or the transcription factor PGCla "® induced cristae remodelling, augmented
oxidative phosphorylation and T cell tumour control. Interestingly, in patients infused with
CD19-CAR T cells achieving complete responses, CAR T cells displayed increased
mitochondrial mass correlated with CAR T cell expansion and persistence compared with non-

responders 8.

Transient reduction on CAR T cell activation with a tyrosine kinase inhibitor (dasatinib) which
reversibly inhibits proximal CAR signalling kinases, redirected T cell phenotype toward a
memory-like state by transcriptional and epigenetic remodelling, improving CAR T cell
efficacy in mouse models of B cell leukaemia and solid tumours 8. Similarly, directly
regulating pyruvate fate by culturingaCD19 CAR T cells with a mitochondrial pyruvate carrier
inhibitor dramatically improves CAR T cells efficacy in pre-clinical models of B-cell
leukaemia and solid tumours 8. Generally, modifying CAR T cell metabolism to induce a
central memory phenotype, with increased mitochondria metabolism, OXPHOS and reduced

glycolytic dependency, increases CAR T cell persistence and antitumoral potential &’.

1.3.5 Cytokines.

A common strategy to modulate CAR T cells metabolism during manufacturing is the addition
of different cytokines to polarize T cells into a more persistent phenotype. Cytokines are
soluble proteins involved in multiple processes of immunity, including T cell activation,
expansion, differentiation, and migration. IL-2 is the most common cytokine added during
CAR T cell manufacturing as it promotes glycolysis and quick proliferation. However,
excessive IL-2 signalling can induce T cell apoptosis while reduction of IL-2 increases CAR T

cell expansion and superior antileukemic activity 8. Moreover, co-administration of IL-2



promoted CAR T cell expansion in clinical trials, but significant toxicities were found in high
doses . In contrast, expansion of CAR T cells with IL-15 preserved a less-differentiated
phenotype stem cell memory phenotype compared to IL-2 by decreasing mTORC1 activity,
expression of glycolytic enzymes and improving mitochondrial fitness °°, while engineering
CD19-CAR T cells to express IL-15 had superior antitumoral activity in vivo, improved
proliferation and reduced PD-1 and apoptotic markers °%. Similarly, culture CAR T cells with
IL-15 and IL-7 during manufacturing enhances antitumoral responses and decreases the
severity of cytokine release syndrome %, while IL-7 producing CD19-CAR T cells had a
distinct phenotypic and metabolic signature on CAR T cells, showing a less-differentiated

phenotype and superior antitumor activity %3,

1.3.6 PI3K-AKT-mTOR axis.

PIBK-AKT-mTOR signalling is the central axis regulating T cell activation and metabolic
requirements. Culture of CD19-CAR T cells with PI3K inhibitors enriches CD8 memory T
cells, enhances in vitro cytotoxicity and antitumoral immunity in CLL and melanoma models
9495 Similarly, AKT inhibitors increased the expression of CD62L, a T cell lymphoid tissue
marker, reduced gene expression associated with T cell activation, limited glycolytic
metabolism and increased in vivo efficacy of CD19-CAR T cell against B cell leukaemia,
EpCAM CAR T cells against colon cancer and CD33-CAR T cells against AML %9,
Rapamycin is an mTOR inhibitor first used to prevent acute renal allograft rejection and later
used for treatment against renal cancer. However, as rapamycin does not bind to the catalytic
domain of mTORCL limiting its efficacy, several second-generation mTOR inhibitors have
been developed to treat several malignancies and are currently being tested in clinical trials 1%,
Treatment of EpCAM-CAR T cells with rapamycin allows bone-marrow infiltration and
efficient elimination of AML cells in mouse models 1! and polarizes CD19-CAR T cells to a

memory phenotype similar to culture with IL-15 % while transient mTOR inhibition reduced
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tonic signalling on CAR-41BB Tregs, improving their in vivo function on graph-versus-host

disease mouse models 192

1.3.7 Reducing aminoacidic dependencies.

During T cell activation, several amino acids must be transported to be substrates for protein
synthesis and act as metabolic mediators. Deprivation of glutamine, leucine, arginine or
tryptophan during T cell activation severely impairs T cell activation, and amino acid depletion
is a common immune checkpoint preventing T cell-mediated antitumoral function 1%,
Therefore, strategies to identify amino acid vulnerabilities on CAR T cells is a powerful

strategy to improve CAR T cell antitumoral function.

A knock-in  CRISPR library on CD8 T cells identified overexpression of Proline
Dehydrogenase 2 (PRODH2) as a metabolic checkpoint for T cell function. Expression of
PRODH2 on CD22-specific CAR T cells increased mitochondria biomass, OXPHOS, and
cytotoxic functions in vitro while increasing CAR-T in vivo efficacy in mouse models of B cell
malignancies and solid tumours 194, Similarly, an increase in arginine availability promoted
CD8 T cell antitumoral control on models of solid cancer by supplementing mouse diets with
arginine or culturing T cells in increased arginine 7. Genetic engineering of GD2-specific CAR
T cells to express arginine resynthesis enzymes, arginosuccinate synthase (ASS) and ornithine
transcarbamylase (OTC) had increased proliferation and tumour clearance against solid and
haematological tumours 1%, Moreover, overexpression of the amino acid transporters SLC7A5

or SLC7A11 in CAR T cells improves their proliferation under low tryptophan 1.

Collectively, metabolic regulation by modifying culture media or genetic engineering of CAR
T cells to reduce their metabolic dependencies within the TME is a powerful strategy to

improve CAR T cell function against haematological malignancies and solid tumours.



1.4 Lactic acid as an oncometabolite.

1.4.1 Immunosuppression by lactic acid.

Among the immunosuppressive oncometabolites, lactic acid is one of the most studied, as high
lactate production is a hallmark of most cancers. Lactic acid can reach concentrations up to 40
mM in the tumour stroma due to quick lactate production and poor tumour vascularization
107.108 This concentration directly shapes the TME by impeding the immune response: Lactic
acid induces NK and T cell effector functions inhibition %119 polarization of macrophages
into an M2 immunosuppressive phenotype *1112 shaping the TME and favouring metastasis
13-115 Accumulation of lactic acid in the tumour microenvironment was considered a waste
product of cancer metabolism for decades; however, lactate instead of glucose has been
described as a key carbon source of cancer and immune cells. In lung cancer samples, lactate
contributed to a higher extend than glucose to fuel the TCA 116 and tumour-infiltrated Treg
cells can consume lactate, increasing their anti-inflammatory potential and promoting

tumorigenesis %7,

Lactic acid directly disrupts T cell function and phenotype. Activated T cells cultured with 20
mM of lactic acid showed reduced mobility, reduction of IFN-y, impaired cytotoxicity by
inhibition of granzyme B and perforin production 118120, Culture of T cells with lactic acid
produced by tumour cells quickly induces T cell dysfunction, while reducing lactate acid

production by LDH inhibition or genetic ablation restores T cell function in vitro and in vivo

121-123

Additionally, metabolization of lactate drives T cells into a low energetic state by inhibition of
LDH-A, reduction of NAD* into NADH which depletes post GAPDH-glycolytic
intermediaries 124, the combine effect of lactate consumption is the reshaping of T cells into a

suppressed state. Interestingly, lactic acid consumption on regulatory T (Treg) cells have



opposite effects. Treg cells rely less on glucose consumption for energy production and
increase their respiration and lipids oxidation to feed the TCA cycle 25126, The transcription
factor FOXP3 reprograms T cell metabolism by Myc inhibition and increasing NAD*
production, therefore Treg can survive in low-glucose and high-lactate metabolism by
continuing lactate metabolization and avoiding NAD* depletion 2. Moreover, tumour
infiltrating Tregs become more suppressive on highly glycolytic tumours by upregulation of

PD-1 and dampening the efficacy of aPD-1 treatment 28,
1.4.2 Monocarboxylate transporters (MCT).

The main transporters of lactic acid are the monocarboxylate transporters (MCTs). MCTs are
encoded by the solute carrier 16 gene (SLC16) and belong to a family of 14 transmembrane
proteins which passively transport lactate, pyruvate, ketone bodies and short-chain fatty acids
together with protons 122, Comparing the most studied transporters in this family, MCT-1 and
MCT-4, these 2 transporters have fundamental differences in expression and substrate
dynamics. MCT-1 has a high affinity for lactate (3.5-10 mM) and is broadly expressed in
healthy tissues, but its functions vary depending on the energetic demand on the organs %,
MCT-1 is associated with lactate influx in heart, liver, and red skeletal muscle, as they use
lactate for oxidative metabolism. In contrast, in highly glycolytic cells like skeletal muscle
fibre, activated immune cells and tumour cells, MCT-1 mediates lactic acid efflux. MCT-4 has
the lowest affinity to lactate and mostly facilitates lactic acid efflux from glycolytic cells,
including astrocytes and immune cells 3! (Figure 1.4). Tumour cells without quick access to
glucose upregulate MCT-4 32 and oxidative cancer cells can uptake the lactic acid produced
by highly glycolytic cells, augmenting glucose availability by not competing for the same

carbon source %32 contributing to resistance to anti-cancer therapies 34 (metabolic symbiosis).



In cancer patients, upregulation MCT-1 and MCT-4 during the transition from normal to
malignant tissue have been extensively reported 13° and their expression is associated with
worse prognosis in patients with different cancers, including breast 3¢, lung *¥7, colorectal 38,
brain 1*°, head and neck cancer 494! and acute myeloid leukaemia 142143, B- cell malignancies
have the particularity of mainly expressing only MCT-1; an analysis of 120 DLBCLs patient
samples found that 73% had high expression of MCT-1 were MCT-4 negative, and 10 BL
samples were MCT-1* MCT4" 44, Additionally, 23% of NHL samples from 104 patient’s

samples expressed MCT-1 and was associated with highly aggressive tumours 14,

1.4.3 MCT-1 inhibition.

Several selective MCT-1 inhibitors have been developed and have been studied primarily on
pre-clinical models of B cell malignancies. Two small molecules with the highest specificity

and a Km in the nanomolar range, AZD3965 and AR-C155858 are the more commonly used.

Both AZD3965 and AR-C155858 are pyrrole pyrimidine derivatives with similar chemical
composition and an ICso against MCT-1 of 1.6 nM and 2.3 nM, respectively 146147,
Mechanistically, small molecules reversely bind to the intracellular domains of MCT-1,
blocking the movement of lactate and other ketones bodies by forcing the close conformation
of the channel *8, Moreover, incubation with MCT-1 inhibitors (iMCT-1) rapidly disables
tumour proliferation by intracellular lactate accumulation, shutting down NAD™* regeneration,
reducing glucose consumption and initiating apoptosis 4°. Metabolic rewiring is also induced
on highly glycolytic cells treated with iMCT-1 by inhibition of the glycolytic pathway,
accumulation of pyruvate **° and increased mitochondrial respiration %!, indicating metabolic
adaptations undergoes after lactate accumulation but sustained inhibition of lactate export
induces cell death. Comparative studies using 4T-1 mouse breast cancer tumour cells found

small differences between both small molecules. AR-C155858 behaves like an MCT-1



substrate with a trend toward higher uptake at lower pH %52 with higher affinity to MCT-1 and
MCT-2 compared to AZD3965 % while the latter shows slightly higher liposolubility, which

explains its oral availability and different saturation rates compare with AR-C155858.

Oral administration of AZD3965 at 50 mg/kg or 100 mg/kg on immunodeficient mouse models
significantly reduced the tumour burden on subcutaneous models of non-Hodgkin’s lymphoma
144153 preast cancer 50154 small cell lung cancer 1461 and lung squamous carcinoma &, while
improving the antitumoral effects in combination with other therapies in models of head and
neck squamous cell %, colorectal *° and renal cell carcinoma 7. Moreover, AZD3965 has
been recently tested in clinical trials (NCT01791595) and showed no significant toxicity,

ongoing stable disease in one patient and an additional patient showing a complete response.

Similarly, tumour reduction was found on intraperitoneal injection of AR-C155858 in
xenograft models of B cell malignancies, breast cancer %8, Ras-transformed fibroblasts 32 and
gastric cancer 1%°. Additionally, MCT-1 inhibition has been expanded to show less viability on
in vitro treated prostate cancer 19, hepatocellular carcinoma 6, glioblastoma 62 and acute
myeloid leukaemia cells 142 showing inhibition of lactate export is a general strategy for cancer

treatment.

However, two important limitations exist in iMCT-1 research. Consistent in most studies,
native high expression of MCT-4 or genetic manipulation of tumour cell lines to overexpress
MCT-4 completely abrogates the effects of MCT-1 inhibition, limiting the therapeutic potential
of this therapy 163, Additionally, as most studies have been performed on immunodeficient
mice, the effect of MCT inhibition on the immune compartment and cancer metabolic evolution
is far less understood. iMCT-1 increases the Raji cell line tumour infiltration of NK cells and

dendritic cells on mice transferred with human PBMCs 164 and iMCT-1 failed to exert



antitumoral control on a 4T1 mouse breast carcinoma model despite decreased lactate levels

on blood and tumours after treatment 165,

Importantly, MCT-1 blockade was first identified as an immunosuppressant, particularly
affecting T cells %, In vitro activated T cells quickly upregulate MCT-1 expression while the
expression of MCT-4 increases after 2 days '%’. Human cytotoxic T cells activated with
PMA/lonomycin and cultured with non-specific MCT-1 blockers showed less glycolysis
engagement, impaired proliferation, and reduced effector function 18168, In contrast, genetic
ablation of MCT-1 on tumour-infiltrating Treg cells showed reduced proliferation and
suppressive function on models of B16 melanoma, MC38 adenocarcinoma and MEER Head

and neck squamous cell carcinoma 1°,
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1.4.4 Dual MCT-1/4 inhibition.

Given that most tumour cells overexpressing MCT-1 and MCT-4 are insensitive to iMCT-1
and the lack of therapies targeting MCT-4, a recent strategy has been to identify small

molecules that target a broader range of monocarboxylate transporters.

Syrosingopine was developed in the 1960s as an anti-hypertension drug and has been recently
researched for its anticancer properties *’°. Combination of metformin and syrosingopine
shown high toxicity on leukemic patient samples and different tumour cell lines, including
breast cancer, acute myeloid leukaemia, and colorectal cancer cells, among others 42171172,
Moreover, highly metastatic NSCLC patient samples carrying pathogenic mitochondrial
NADH dehydrogenase (ND) gene mutations were shown to overexpress MCT-4 and be
sensitive to syrosingopine *’3. Mechanistically, syrosingopine binds to MCT-1 and MCT-4 and
prevents lactate efflux inducing the accumulation of high levels of lactic acid intracellularly.
Combination with metformin or other NAD™* producing pathways impairs respiration and key

steps of NAD* regeneration leading to synthetic lethality of tumour cells 174,

Similarly, diclofenac has been explored recently for its anticancer properties. Diclofenac was
developed as an anti-inflammatory drug by inhibiting cyclooxygenases (COX) and
phospholipase A2 7. Diclofenac reduced the tumour burden on orthotopically inoculated
pancreatic cancer cells 176, while dermal application on patients with precancerous skin lesions
(actinic keratosis) showed reduced lactate and amino acid levels in responding lesions with an
increase of dermal CD8 T cells /. Moreover, Diclofenac binds and block lactate export
through MCT-1 and MCT-4 on melanoma and breast cancer cell lines without significantly
impairing the T cell compartment. Additionally, the combination of aPD-1, aCTLA-4 and
diclofenac significantly improved the antitumoral control against 4T1 cells 178, showing the

potential combination of immunotherapies with lactate regulation.



1.5 Glutamine depletion as an immune checkpoint.
1.5.1 Glutamine metabolism on tumour and immune cells.

Glutamine is the most abundant amino acid in blood, accounting for more than 20% of the
circulating free amino acid pool "°. Glutamine is converted into glutamate by glutaminases
(GLS) and metabolised into a-ketoglutarate (0-KG); a-KG enters the TCA, providing energy
and metabolic intermediaries to synthesises macromolecules, a process named glutaminolysis.
In cancer and immune cells, glutaminolysis is a fundamental metabolic process to sustain
proliferation as glutamine is a versatile metabolite used for energy production, nitrogen source
for nucleotide and aminoacidic production, and reduces oxidative stress by synthesis of
glutathione and NADPH & (Figure 1.5). Genetic alterations in cancer, like Myc amplification
and TP53 mutations, increased glutamine consumption by increasing the expression of
glutamine transporters and GLSs 81182 meanwhile several immune cells consume glutamine
at a higher rate than glucose to sustain their energy production 3. Glutamine is essential for
NK and T cell activation 415 CD4 T cells polarization into a pro-inflammatory Thl

phenotype 8, regulating macrophage differentiation and antigen presentation 87,



Glutamine

V-9302
1

1| I
i

Nucleotide : Protein
synthesis Glutamine synthesis

L-DON
F——JHU083
CB-839

Glutathione «—— Glutamate

Glutamate
ros® a-KG
Acetyl-CoA SucCoA
TCA 1
cycle
. ) . OAA
Mitochondria Citratege _~

Figure 1.4: Glutamine metabolism. Glutamine is transported by amino acid transporters like
SNAT-1, SNAT-2 or ASCT-2. Once in the cytoplasm, glutamine can be directed to amino acid
synthesis, nucleotide production or energy production. For the later, glutamine is converted to
glutamate by glutaminases (GLS), glutamate is then converted into a-ketoglutarate (a-KG) by
glutamate dehydrogenase (GLUD), entering the TCA cycle. Mitochondria energy production
produces reactive oxygen species (ROS) which can be neutralised by glutathione. To block
glutamine metabolism, small molecules targeting amino acid transporters (\VV-9302) or GLS (L-

DON and C-839) have been developed and some of them are being tested in clinical trials.



Glutamine competition is a hallmark of aggressive cancers, as several tumours show local
depletion of glutamine, which contributes to an immunosuppressive TME 8. Mouse tumour
models of triple-negative breast cancer lacking GLS showed increased local glutamine levels
and higher CD8 T cell cytotoxicity 8. Tumour-infiltrating macrophages exposed to low
glutamine are polarized into an immunosuppressive M2 phenotype and deletion of glutamine
synthetases on macrophages promoted T cell accumulation and reduced tumour metastatic
formation °°. Additionally, low glutamine induces higher PD-L1 expression on bladder and
colorectal cancer cell lines, directly contributing the tumour progression by increasing the

immunosuppressive capabilities of cancer cells 191192,

To sustain glutamine consumption, several amino acid transporters are upregulated in cancer
and T cells to uptake glutamine. Several tumour models have shown upregulation of the Na*
dependent neutral amino acid transporter SLC1A5 (ASCT-2) or the sodium-dependent cationic
amino acid transporter SLC6A14 (ATB®) for glutamine uptake . Similarly, TCR
engagement induces the upregulation of ASCT-2 and other Na* dependent neutral amino acid
transporters, SLC38A1 (SNAT1) and SLC38A2 (SNAT2) . In mouse models, after ASCT-2
blockade, mouse T cells can also express ATB to compensate for glutamine uptake and
sustaining T cell effector functions 8. In T cells glutamine uptake regulate several aspects of
T cell functions, including feeding the TCA, synthesis of amino acids and nucleotides, reducing
oxidative stress, regulating mTOR activity, TCR signalling, among others %3, Therefore, T
cells regulate the expression of several redundant amino acid transporters to ensure glutamine

availability.



1.5.2 Glutamine as an immune checkpoint.

As glutamine consumption is a hallmark of tumour progression, different strategies have been
developed to deprive cancer cells of glutamine. 6-Diazo-5-oxo-L-norleucine (L-DON) inhibits
several glutamine-utilizing enzymes by competing binding to glutamine active sites %4,
disrupting glutaminolysis and promoting a robust antitumoral effect. However, its use was
associated with severe toxicities in patients, including acute nausea, vomiting and diarrhoea

195,19 abandoning its clinical use against cancer 7,

Regardless, glutamine restriction has been explored to improve cancer immunotherapies.
Restricting glutamine during the 2 initial days of T cell activation or culture with L-DON
improved the antitumoral capacity of mouse T cells. Mechanistically, transient glutamine
deprivation induced lower PD-1 expression, improved metabolic fitness and higher expression
of transcription factors associated with T cell survival 1%, Similarly, culture of CD19-CAR
CD4 T cells with the GLS inhibitor CB-839 showed increased antitumoral control in vivo 8,
while L-DON drives CD19-CAR T cells into a less differentiated phenotype, rewires their
metabolism to rely more on OXPHQOS and FAO, and enhancing antitumoral activity against
leukaemia models 1. However, in Lkb1-deficient lung adenocarcinoma mouse models, an
increase in glutamine availability was linked to increased CD8 T cell infiltration and
antitumoral response to PD-1 blocking therapy, while the combination with CB-839 inhibited

CDS8 T cell activation 209,

To solve some of the toxicities associated with systemic glutaminase inhibition, a version of
inactive L-DON which is enzymatically activated on the TME was developed, potentially
avoiding the side effects associated with systemic L-DON injection. JHU083 showed strong
antitumoral potential against mouse models transferred with MC38 or B16 cell lines in vivo.

Interestingly, JHUO83 induced distinct metabolic rewiring in tumour and CD8 T cells. CD8 T



cells unregulated acetate consumption by expression of acetyl-CoA synthetase and pyruvate
carboxylase enzymes, increasing T cell persistence and OXPHOS engagement, while JHU083
shutdown MC38 cancer cell metabolism and triggered cell death 2%, Similarly, a new L-DON
derivate, DRP-104 showed high activity in colorectal cancer mouse models, with no
gastrointestinal toxicity while systemic administration of DRP-104 enhanced PD-1 antibody

therapy and polarize CD8 T cells to a stem-cell like phenotype 2%2,

1.5.3 ASCT-2: the main glutamine transporter in cancer.

Among the glutamine transporters in cancer, SLC1A5 (ASCT-2) is the most studied as it
transports glutamine with high affinity and overexpression of ASCT2 is correlated with worse
prognosis in patients with leukaemia, colorectal, melanoma, head and neck squamous cell

carcinoma, and gastric cancer, among others 203,

Recently, a potent small molecule blocking ASCT-2 and impairing glutamine uptake was
developed, V-9302. Pharmacological blockade of ASCT-2 with V-9302 preferentially
neutralises glutamine uptake, with lower activity against other amino acids. Culture of VV-9302
reduced the viability in vitro and significantly reduced tumour growth in vivo of glutamine-
addicted tumour cell lines, while no changes in viability were found on activated CD8 T cells
204 Moreover, ovarian cancer cell lines culture with VV-9202 showed reduced mTOR activity
and enhanced sensitivity to chemotherapy in vitro 2% and co-delivery of V-9302 with 2-DG

reduced the tumour burden on mouse models of breast cancer 20,

Importantly, ASCT-2 inhibition could also synergise with immunotherapies. Culture of
colorectal cell lines in low glutamine induces the expression of PD-L1 and the combination of
V-9302 with oPD-L1 increases their antitumoral control in mouse models **1. In TNBC mouse
models, V-9302 increased effector T cell infiltration and reduced the number of intratumorally

Tregs. Importantly, effector mouse T cells were insensitive to V-9302 and sustained



glutathione synthesis by expressing SLC16A14, a glutamine transporter not inhibited by V-
9302 8, Additionally, monoclonal antibodies blocking glutamine entry through ASCT-2 has
been developed. One of these antibodies was humanized and cloned under a human 1gG1
format and showed glutamine neutralization in vitro against several human gastric cancer cell
lines, inducing cell death by repressing glutathione synthesis and increasing intracellular ROS
207 while showing efficacy as a monotherapy against gastric cancer patient-derived xenograft

on cells expressing low ASCT-2 208,

Taken together, glutamine neutralization is an interesting approach to improve CAR T cell

therapy against solid tumours and haematological malignancies.



1.6- Hypothesis and objectives.

Based on the information presented, we hypothesized the combination of metabolic regulation
with CAR T cell therapy will synergise to improve their antitumoral control against B cell

malignancies.

General objective 1.

To study the combination of human CD19-specific CAR T cells with blockade of the lactate

transporter MCT-1 against B cell leukaemia in preclinical models.
Specific objectives.

1- Study the expression and functionality of MCTs transporters on human cancer cell lines and
CART cells.

2- Metabolic and phenotypic characterisation of CAR T cells in culture with MCT-1 inhibitors.

3- Study killing potential and effector functions of CAR T cells against B cell lymphoma cell
lines after MCT-1 blockade.

4- Stablish the antitumoral potential of CAR T cells and systemic MCT-1 inhibition on animal

models of B cell malignancies.

General objective 2.

To study the combination of human CD19-specific CAR T cells with blockade of the glutamine
transporter ASCT-2 against B cell leukaemia in preclinical models.

Specific objectives.

1- Study the combination of CAR T cells and pharmacological inhibition of ASCT-2 in vitro.
2- Expression of surrogate glutamine transporters to sustain CAR T cell functions after ASCT-
2 inhibition.

3- Characterise glutamine-neutralizing ASCT-2 antibodies in combination with CAR T cells.



2. Materials and Methods.

2.1 Molecular Biology.

2.1.1 Cloning.

All DNA constructs used in this work are detailed in Table 2.1. DNA and protein sequences of
human SLC38A1, SLC38A2, SLC6A14, and murine SLC1A5 were obtained from Uniprot.
The DNA sequences of anti-ASCT2 antibodies were obtained from the patent
US20120039904A1. 1000 ng of DNA were produced using gBlocks Gene fragments platform
(Integrated DNA technologies). For cloning new plasmids, DNA fragments were amplified by
standard PCR using Phusion® High-Fidelity DNA Polymerase (NEB # MO0530L) with the
primers in Table 2.2 and the protocol described in Table 2.3 for 35 cycles. The volumes per

reaction are specified in Table 2.4.

The amplified fragments were cleaned using QIAquick PCR Purification Kit (Qiagen #28104)
and cut using NEB High fidelity restriction nucleases: Nco-1 (NEB #R3193), BamHI (NEB
#R3136), Agel (NEB # R3552) or Mlu-1 (NEB #R3198) in Cutsmart buffer. The reaction mix

is specified in Table 2.5.

DNA fragments were selected in a 1% agarose gel and purified using the QIAquick Gel
Extraction Kit (Qiagen 28706X4) according to the manufacturer’s instructions. The DNA was
quantified with NanoDrop™ One (Thermo Scientific) by adding 1 pL of the sample. For
ligation, 100 ng of vector were incubated in a 3:1 mass ratio of insert DNA using the
NEBBioCalculator and ligated using the NEB Quick Ligase Kit according to the

manufacturer’s instructions (NEB # M220).



Plasmid

SFGMR.RQR8-2A-
aCD19fmc63-CD8STK-
41BBZ

SFGMR.RQR8-2A-
aCD19fmc63-CD8STK-
CD28z
SFGmMR.RQR8-2A-aHER2-
CD8STK-41BBZ
SFG.RQR8-2A-SNAT1

SFG.SNATL1.12.eGFP
SFG.RQR8-2A-SNAT2
SFG.SNAT2.12.eGFP
SFG.ATBO0.12.eGFP
SFG.ASCT2m.12.eGFP

SFG.anti-FMC63_VH-
mulgG2a.12.eGFP

SFG.anti-FMC63_VL-
mulgKC.12.eBFP2

SFG.anti-ASCT2_V08_ VH-
mulgG2a.12.eGFP

SFG.anti-ASCT1_V08_VL-
mulgKC.12.eBFP2

SFG.anti-ASCT2_V12_VH-
mulgG2a.12.eGFP

SFG.anti-ASCT1_V12 VL-
mulgKC.12.eBFP2

SFG.anti-ASCT2_V18 VH-
mulgG2a.12.eGFP

SFG.anti-ASCT1_V18_VL-
mulgKC.12.eBFP2

Description

RQR8 co-expressed with anti-CD19
fmc63 CAR with CD8STK spacer and
41BBZ endodomain

RQR8 co-expressed with anti-CD19
fmc63 CAR with CD8STK spacer and
CD28Z endodomain

RQRS8 co-expressed with anti-HER2
CAR with a 41BBZ endodomain

RQRS8 co-expressed with human
SLC38AL1 transporter

Human SLC38A1 transporter with an
IRES and GFP

RQRS8 co-expressed with human
SLC38AZ2 transporter

Human SLC38A2 transporter with an
IRES and GFP

Human SLC6A14 transporter with an
IRES and GFP

Mouse SLC1ADS transporter with an
IRES and GFP

FMC63 scFv anti-idiotype 136.20.1
clone variable heavy chain with murine
IgG2a constant domain and 12.eGFP
FMC63 scFv anti-idiotype 136.20.1
clone variable light chain with murine
kappa constant domain with 12.eBFP2
Anti-human ASCT-2 V08 clone
variable heavy chain with murine 1gG2a
constant domain in 12.eGFP vector.
Anti-human ASCT-2 V12 clone
variable light chain with murine kappa
constant domain with 12.eBFP2
Anti-human ASCT-2 V12 clone
variable heavy chain with murine 1gG2a
constant domain in 12.eGFP vector.
Anti-human ASCT-2 V12 clone
variable light chain with murine kappa
constant domain with 12.eBFP2
Anti-human ASCT-2 V18 clone
variable heavy chain with murine 1gG2a
constant domain in 12.eGFP vector.
Anti-human ASCT-2 V18 clone
variable light chain with murine kappa
constant domain with 12.eBFP2

Table 2.1: List of plasmids used in this work.

Identifier number

MP12783

MP18341

MP30834
MP38838
MP37827
MP38839
MP37828
MP37825
MP37826

MP30148

MP30150

MP32805

MP32809

MP32806

MP32811

MP32808

MP32812



Glutamine F:ggctgcaggtccgatccaccggtegecaccatggetetcecagtgactg
transporters | R:tcgagtcgacgactccggaacgaattctgattagcgagggggeaggge
Heavy Chain | F: CTGTGGGTCGACGGCAGCACC

aASCT?2 R: GCGCCTGTACATGTCTCGAGCT
antibodies

Light Chain F: CTGTGGGTGATGCATCCCGGCA
aASCT?2 R: CGTGTCGAGCGGGATCAAT
antibodies

Table 2.2: PCR inserts used for new plasmids.

DNA template 100 ng 1 uL

Forward primer 10 uM 5uL

Reverse primer 10 uM 5ulL
Buffer 5X 10 uL

dNTP 10 mM ims
Polymerase 100 units/pl 0.5 uL
Nuclease Free Water N/A 22.5 uL

Table 2.3: Standard PCR reaction reagents and concentrations.



1 Initial Denaturation 98°C 30 seconds
2 Denaturation 98°C 10 seconds
3 Annealing 55-65°C 20 seconds
4 Extending 72°C 1 minute
5 Final extension 72°C 10 minutes
6 Hold 4°C -

Table 2.4: Standard PCR reaction protocol.

DNA 1000 ng/mL ims
Restriction Enzyme 1 20,000 units/ml 0.5 puL
Restriction Enzyme 1 20,000 units/ml 0.5 uL

Cutsmart buffer 10X 5uL
Nuclease Free Water N/A 43 uL

Table 2.5: Standard digestion reaction protocol.




2.1.2 Bacteria transformation.

The Quick ligase DNA reactions were transformed into NEB® 5-alpha Competent E. coli
(High Efficiency) (NEB # C2987H). An aliquot of competent cells was thawed on ice, and 25
uL of bacteria was transferred to an Eppendorf tube. 2 uL of quick ligation reaction was placed
into the middle of the thawed competent cells, incubated on ice for 30 minutes and heat-
shocked for 35 seconds at 42°C. The mixture was put on 250 uL of SOC medium and grown
in a shaker incubator at 37°C for 30 min at 220 RPM. Bacteria were then plated on Lysogeny

broth (LB) agar plates containing ampicillin (100 pg/mL) and incubated for 16 hours at 37°C.
2.1.3 Plasmid preparation and sanger sequencing.

Ampicillin-resistant colonies were picked and transferred to 5 mL of LB medium and grown
in a shaker incubator at 37°C for 16 hours at 220 RPM. After that, 1 mL of bacteria was
centrifugated at 6000 g for 15 min, and plasmid DNA was extracted using QIAGEN Plasmid
Mini Kit (Qiagen 12125) according to the manufacturer's instructions. DNA concentration was
measured with NanoDrop™ One (Thermo Scientific) sent for Sanger sequencing (Genewiz).
Sanger sequences were compared to reference plasmid maps using SnapGene Insightful
Science. When a larger quantity of DNA was needed, 500 pL of bacteria were cultured on 100
mL of Terrific Broth media and grown in a shaker incubator at 37°C for 16 hours at 220 RPM.
Bacteria were centrifugated at 6000 g for 30 min at 4°C, and plasmid DNA was extracted using
QIAGEN® Plasmid Plus Midi Kit (Qiagen 12145) according to the manufacturer's
instructions. 100 ng of DNA were digested as specified in Table 2.5, and the plasmid was sent

to Sanger sequencing after verifying the correct digestion pattern.



2.2 Cell culture.

2.2.1 Cell lines and reagents.

Iscove's Modified Dulbecco's Medium (IMDM), Dulbecco's Modified Eagle Medium
(DMEM), and Roswell Park Memorial Institute 1640 (RPMI Gibco - Life Technologies) were
supplemented with 10% Fetal Bovine Serum (FBS, Gibco - Life Technologies) and 200 uM
glutamine-alanine dipeptide (Glutamax, Gibco — Life Technologies). HEK-293T, HepG2, Raji
NALM-6, Jurkat, and SupT1 cell lines were obtained from ATCC. Raji cell lines knockout of
CD19 and NALM-6 expressing red luciferase were previously produced and validated 2%°,
AZD3965 and AR-C155858 (MedChemexpres) were resuspended on DMSO at 50 mg/mL and
stored at -80°C. Syrosingopine and V-9302 (MedChemexpres) were resuspended on DMSO at

50 mg/mL and stored at -80°C.

2.2.2 Viral supernatant production by Transient Transfection.

Retroviral particles were produced by transfecting with 3.125 ug of RD114 expression plasmid,
4.687 ug of Pegpam-env and bicistronic plasmids containing RQRS8 separated by 2A peptide
and 4.687 ug of antigen-specific second-generation CARs as specified on Table 2.1.
Transfection of HEK 293T was performed by seeding 1.8x108 cells in 10 cm tissue culture
plates over 24 hours on DMEM. Antibodies were produced by transfecting with 6 ug of the
heavy chain and by transfecting with 6 ug of the light chain (Table 2.1) on HEK 293T cells in

DMEM media without phenol red.

GenelJuice (Merck) was added to plain RPMI (30ul to 470ul of media) and incubated at room
temperature for 5 minutes, followed by incubation with the DNA mixture for further 15
minutes. The DNA-GeneJuice mixture was added dropwise to the HEK293T cells and gently
agitated to disperse the material evenly. Supernatants were harvested and pooled at 48- and 72-

hours post-transfection. Supernatants were stored at -80°C after snap freezing until further use.
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2.2.3 Isolation of Peripheral blood mononuclear cells.

Peripheral blood mononuclear cells (PBMCs) containing the lymphocyte fraction were isolated
by Ficoll-Paque™ PLUS (GE Healthcare) separation. Blood from healthy donors was diluted
to a 1:1 ratio with plain RPMI. 10 ml of Ficoll-Paque™ was added to a 50 ml centrifuge tube,
and 30 ml of the diluted blood was carefully layered onto the Ficoll-Paque™ solution. Each
centrifuge tube was centrifuged at 750G for 40 minutes at 20°C with minimal acceleration and
no brake. The buffy layer was harvested and washed twice with plain RPMI. Natural killer
(NK) cell depletion was performed by positive selection using CD56 MACS Microbeads
(Miltenyi Biotec) kit according to the manufacturer’s instructions. The magnetic Microbeads
mixed with the cells were passed through an LD column used for the negative selection of
CD56-expressing cells. The eluted CD56 negative cell population was used for the transduction
procedures. PBMC were counted, resuspended at 2x10° cells/ml of complete RPMI, and
activated using CD3 (clone OKT3 - 0.5ug/ml) and CD28 (clone 28.2 - 0.5ug/ml each)

antibodies (Miltenyi Biotec) and 1001U/ml of IL-2 (Proleukin, Chiron) for 48 hours.

2.2.4 PBMC Transduction.

Non-tissue treated 6 well plates were coated with 2 mL of PBS containing RetroNectin (40
ng/mL — Takara) and incubated at 4°C overnight. PBS was aspirated from the plates, and 3 mL
per well of retroviral supernatant was added, incubated for 20 minutes at room temperature,
followed by seeding of 2x108 PBMC on RPMI supplemented with 400 1U/ml of IL-2. T cells
were harvested 48 hours post-transduction and resuspended in fresh RPMI supplemented with
100 Ul/mL of IL-2. CAR transduction efficiency was determined by staining RQR8 with

Fluorescence-activated cell sorting (FACS).



2.3 Flow cytometry.
2.3.1 Protein expression staining.

Cells were counted and pelleted by centrifugation at 400G for 5 minutes in 96-well round
bottom tissue culture plates, washed with 200 pL of PBS, resuspended in 100 pl of PBS
containing fluorescent-conjugated antibodies, and incubated for 30 minutes at 4°C in the dark.
After incubation, the samples were washed once and resuspended in 200 pl for analysis. For
intracellular staining, cells were incubated with 100 pL of Citofix/Cytoperm (BD biosciences)
for 20 minutes at room temperature and washed twice with Perm/Wash, and stained according

to the manufacturer's instructions. Cells were resuspended on 200 puL of PBS for analysis.



Color Antibody | Clone | Company | Dilution
CD19 SJ25C1 Biolegend 1/100
FIYC TIM3 F38-2E2 Biolegend i 1/100
RQR8 SIT-01 Biolegend 1/50
CcD3 HIT1a Biolegend 1/100
TNF-a MAb11 Biolegend 1/100
AlexaFluord88 | ., ,; MEM-M6/1 Abcam 1/100
CD197 GO043H7 Biolegend 1/100
) PD1 EH12.2H7 Biolegend 1/100
I/ OTEIINES) D69 Biolegend 1/100
CCR7 BVD2-21C11 Biolegend 1/100
IFN-y 4S.B3 Biolegend 1/100
CD27 0323 Biolegend 1/100
PE CD137 4B4-1 Biolegend 1/100
RQR8 SIT-01 Biolegend = 1/50
CcD3 HIT1a Biolegend 1/100
CD137 4B4-1 Biolegend 1/100
PE-Dazzle 594 cD8 RPA-TS Biolegend 1/100
PE/Cy7 1COS C398.4A Biolegend 1/100
CcD3 HIT1a Biolegend 1/100
GLUT-1 202915 R&D Systems~  1/50
MCT-1 882616 R&D Systems  1/50
CD19 SJ25C1 Biolegend 1/100
CD45RA HI100 Biolegend 1/100
Annexin V - Biolegend ! 1/50
Granzyme B GB11 Biolegend 1/100
Granzyme B QA16A02 Biolegend 1/100
Granzyme B GB11 Biolegend 1/100
CcD3 HIT1a Biolegend 1/100
Annexin V - Biolegend r 1/50
CD45R0O UCHL1 Biolegend 1/100
TIM3 F38-2E2 Biolegend 1/100
CD28 CD28.2 Biolegend 1/100
FOXP3 206D Biolegend 1/100
CD25 M-A251 Biolegend 1/100
CD2 RPA-2.10 Biolegend 1/100
PD-1 EH12.2H7 Biolegend 1/100
CD69 FN50 Biolegend 1/100
IL-2 MQ1-17H12 Biolegend 1/100
CD8a RPA-T8 Biolegend 1/100
LAG3 11C3C65 Biolegend 1/100
LAMP-1 H4A3 Biolegend 1/100
CD134 Ber-ACT35 (ACT35) Biolegend 1/100
CD4 OKT4 Biolegend 1/100
MCT-4 Polyclonal Proteintech  1/50
BUV395 KI67 B56 BD 1/100
BUV496 CD8 RPA-T8 BD 1/100
BUV563 CDA5RA HI1100 BD 1/100
BUV661 CD45m SK11 BD 1/100
BUV737 CD28 CD28.2 BD 1/100
BUV805 CD3 SK7 BD 1/100

Table 2.6: List of monoclonal antibodies used for FACS.



2.3.2 Metabolic analysis staining.

MitoTracker Deep Red FM and Mitotracker Green FM (Thermofisher) staining were
performed by incubating 50 nM of dyes on 100 pL. of RPMI without serum at 37°C for 30
minutes. 2-NBDG (Thermofisher) labeling was performed by starving the cells for 30 minutes
on 5% BSA-PBS, followed by incubating 50 uM of dye on 100 pL of RPMI without serum at

37°C for 30 minutes.

2.3.3 Absolute number cell counting.

The absolute number of cells was calculated by adding 2 uL/well (2160 beads) of
CountBrightTM Absolute Counting Beads (Invitrogen) to 200 uL of PBS with target cells. The

absolute number of cells was analysed with the formula:

Target cell count
Absolute cell count = * 2160
Bead count

2.3.4 Flow cytometry data collection and analysis.

BD LSRFortessa™ Cell Analyzer (BD Biosciences) or CytoFLEX Flow Cytometer (Beckman
Coulter) were used for data collection. Raw FACS data was analysed using FlowjoTM V10

(TreeStar).



2.4 Antibody production.
2.4.1 Antibody production by Transient Transfection.

An antibody against the variable region of the aCD19 FMC63 present on the CAR was
produced by transfection of ExpiCHO-S™ (Thermo Fisher Scientific) using plasmids coding
for the heavy chain anti-FMC63-mulgG2a and the light chain anti-FMC63-mulgk (Clone
136.20.1) using the ExpiCHO expression kit (Thermo A29133) according to the manufacturer
instructions. Briefly, CHO cells were cultured to 1x10° cells/ml 2 days before transfection in
30 mL of ExpiCHO media (Thermo A291000). When ExpiCHO cells reached a density of 4-
6x106 cells/mL, 30 pug of sterile plasmid (1pg/ml culture) and 82 pl of Expifectamine (Thermo)
were added and incubated for 5 minutes at room temperature. The mix was added to 1.5 ml of
serum-free Optipro media (Thermo) and incubated for 10 minutes at room temperature. The
DNA mix was added dropwise to the ExpiCHO culture and returned to incubation conditions
(37°C, 125 RPM, 8% CO2, 85% humidity). After 20 hours of incubation, Enhancer 1 (150 ul)
and Enhancer 2 (6 ml) were added. The supernatant was harvested after 5 days by

centrifugation at 600g for 15 minutes at 4° C and filtered through a 0.22um filter.

2.4.2 Antibody Purification.

AKTA start was used for protein purification with a HiTrap Protein G HP column according
to the manufacturer's instructions (GE Healthcare). The HiTrap Protein G HP column was
plugged into the AKTA Start and visually inspected for fluid leaking. The supernatant
containing the antibodies was diluted in a 1:1 ratio with citrate buffer at pH 3.5 and 0.15 M
NaCl buffer (citrate buffer) and loaded into the machine. UNICORN 1.1 software was used
using the System pump Affinity Step 1 mL HiTrap protocol with Sodium phosphate (250 mM

and pH 7.5) as a binding buffer and Citrate buffer (100 mM and pH 3.0) for Elution buffer.



The sample was collected on 10 fractions of 500 puL each on tubes containing 250 uL of 1 M
Tris-HCI, pH 9.0 (Thermo Fisher Scientific). The protein was dialysed with Slide-A-Lyzer™
Dialysis Cassettes (Thermo Fisher Scientific) in PBS at 4°C overnight. Protein Quantification
was performed using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) according to

the manufacturer’s instructions.
2.5 CAR T cell functional assay.
2.5.1 CAR T cell activation and Cytotoxicity Assay.

Activation assay was performed by culturing 5x10 target cells and 5x10* CAR T cells in 200
uL of RPMI media with small molecules or vehicle as a negative control. Cells were incubated
for 24-48 hours and stained for flow cytometry. Cytotoxicity assay was performed by culturing
2.5x10* target cells in 200 uL of RPMI media with CAR T cells at different Target: Effector
(E:T) ratios in the presence of small molecules or vehicle as a negative control. Cells were
incubated for 48 hours and stained for RQR8, CD19, CD3 and viability dye (eFlour 780) to

distinguish target cells from T cells by flow cytometry.

2.5.2 Proliferation assay.

Raji cells were incubated with 4pg/ml mitomycin C for 2 hours at 37°C. After incubation, cells
were washed 5 times with sterile PBS, and 1x10% target cells were cultured with 5x10°CAR T
cells (1:5 ratio) for 16 hours. For the initial absolute number of T cells (Input), 5x10*CAR T
cells were counted by adding CountBrightTM Absolute Counting Beads (Invitrogen) cells.
Small molecules or vehicle were added to the culture and counted after 4-7 days, fold expansion

was calculated by dividing the absolute number of CAR T cells by the input.



2.5.3 Measuring Cytokine production by ELISA.

Human IL-2 and IFN-y were quantified using the ELISA MAX™ kits (Biolegend) according
to the manufacturer’s instructions. IL-2 and IFN-y production were determined from clarified
supernatant harvested from 2.5x10* CAR T cells cultured with 2.5x10%target cell lines for 48
hours. Absorbance was measured at 450 nm and 570 nm within 15 minutes in a Varioskan™

LUX multimode microplate reader (Thermofisher).

2.5.4 Measurement of intracellular lactate.

CAR T cells were activated by incubation with Raji cell lines at a 1:10 ratio (E: T) for 24 hours.
Afterwards, CAR T cells were purified by positive selection using the CD34 magnetic
separation (Miltenyi) kit according to the manufacturer's protocol. CAR T cell purity was
verified by staining with CD3, RQR8, and CD19 and analysed by FACS. Intracellular lactate
was measured by culturing 5x10* CAR T cells or Raji cells with small molecules or vehicle as
a control for 6 hours and measure of luminescence by Lactate-Glo assay (Promega). Cells were
spined at 400g for 5 minutes, washed twice with 200 pL of PBS, and resuspended on 75 pL of
0.2N HClI diluted on PBS. The cells were mixed by shaking for 10 minutes, 25 pL of 1M Tris
base (Trizma®) was added and shacked for 60 seconds. 50 puL of Lactate Detection Reagent
was prepared as described by the manufacturer's instructions and incubated for 60 minutes.
Relative Luminesce Intensity (RLU) was read on Varioskan™ LUX multimode microplate

reader (Thermofisher). Lactate accumulation was calculated as follows:

RLU treated cells ) ( 1 )
X )

Intracellular lactat lati =<
ntraceflular factate accumulation = \ e reated cells

Number of cells



2.5.5 Intracellular pH measurement.

5x10* CAR T cells were activated by culture with Raji cell lines at a 1:1 ratio (E:T) for 48
hours in 200 pL. of RPMI media with small molecules or vehicle as a negative control.
Intracellular pH was measured using the Intracellular pH Calibration Buffer Kit (Invitrogen)
according to the manufacturer’s instructions. Tumour and T cells were stained for RQR8, CD3
and viability dye to identify the CAR T cell population. Cells were then washed with HEPES-
based pH 7.4 buffer, labelled with pHrodo™ Green AM and PowerLoad™ concentrate and
incubated at 37°C for 30 minutes. Cells were washed once with HEPES buffer, suspended in
100 pL of pH Calibration Buffer pH 6.5 with Valinomycin/Nigericin at 10 uM and incubated
for 10 minutes. Changes in pH were determined by pHrodo™ Green A mean fluorescence

intensity measured by flow cytometry.

2.5.6 In vitro memory CAR T cells formation.

5x10° CAR T cells were activated by culture with 5x10* Mitomycin C treated Raji cells in
presence of 100 IU/mL of IL-2 RPMI media in presence of small molecules or DMSO as a
negative control. Cells were counted and expanded after 4 days of culture by spinning at 4009
for 5 minutes, discarding the supernatant and adding fresh RPMI supplemented with 100
Ul/mL of IL-2 and small molecules. At day 7, CAR T cells were counted re-cultured with a
new batch of 5x104 Mitomycin C treated Raji cells. This cycle was repeated at day 14 and 21
from the initial activation. Memory profile was assessed by staining of CD3, RQR8, CCR?7,

CD45RA and CD45RO and analysed by flow cytometry.



2.6 Metabolic assays.
2.6.1 Activation of CAR T cells with aCD19 anti-idiotype antibody.

12-well non-treated culture plates were incubated with 500 uL of coating buffer (Biolegend)
containing 5 pg/mL of aCD19 FMC63 antibody and stored overnight at 4°C. The media was
carefully removed, and 1 mL of 5% BSA-PBS blocking solution was added. After 20 minutes
of incubation at room temperature, the blocking solution was removed, and 4x10® CAR T cells
on 4 mL of RPMI supplemented with 100 UI/mL were added. CAR T cells were incubated for

24 hours at 37°C for subsequent experiments.

2.6.2 Extracellular acidification rate and Oxygen consumption rate measurement.

CART cell Extracellular acidification rate (ECAR) and Oxygen consumption rate (OCR) were
measured as previously described 21°, XF cell culture microplate was coated with poly-D-lysine
at 50 pg/mL (Sigma-Aldrich) for 24 hours at 4°C. The solution was then removed, washed
twice with sterile water, and 2x10° cells per well were seeded on XF media supplemented with
glucose, glutamine, and pyruvate (Gibco) for 1 hour in a non-CO:2 incubator. For OCR
interrogation, 1 pM of oligomycin, 1.5 uM of FCCP, and 1uM of Antimycin A were used
(Agilent). ECAR interrogation was performed by adding 10 mM of glucose (Gibco), 1 uM of
oligomycin (Agilent), and 50 mM of 2-DG (Sigma-Aldrich). Metabolic parameters were
measured using Seahorse XF Analyzer (Agilent) using Seahorse Wave Controller Software.
OCR was measured with the XF Cell Mito Stress Test, and ECAR was measured with XF

Glycolysis Stress test according to the manufacturer’s instructions.



2.7 Animal B cell leukaemia Xenograft animal models.

2.7.1 B cell leukaemia mouse tumour challenge.

NOD.CB17-Prkdcscid/J (NOD/SCID) mice were bred and kept at the Kathleen Lonsdale
Building animal facility of UCL. Same-sex mice were allocated randomly in the different
experimental procedures. NALM-6 expressing luciferase (NALM®6-Fluc) cells were inoculated
by intravenous injection of 5x10° cells. 6 days after tumour inoculation, 5x10° a«CD19 FMC63
CAR or aHER2 CAR T cells were transferred intravenously on 200 pL of sterile PBS. AR-
C155858 was administered by daily intraperitoneal injections of 5 mg/kg on 10% DMSO-PBS
solution or vehicle as control. Tumour growth was monitored by injecting 200 uL of luciferase
at 200 pg/mL (BioScience) intraperitoneally and measuring luminescence (Photons/s/cm2/sr)

on the IVIS® Spectrum In Vivo Imaging System (PerkinElmer).

2.7.2 Invivo T cell phenotyping on B cell leukaemia challenged mouse.

In vivo T cell phenotype was performed by obtaining femur and spleen from mice after 7 days
of treatment with CAR T cells and small molecules. Spleen was mechanically dissociated and
filtered through a cell strainer (70 um — Falcon) into complete RPMI media. Cells were washed
twice with sterile PBS, resuspended on ACK Lysing buffer (Gibco) for 5 minutes at room
temperature, and washed three times with RPMI for staining. Bone marrow cells were obtained
by chopping the tissue with scissors and incubating it on 5 mL of plain RPMI with 0.35 pug/mL
Liberase (Roche) and 0.25 pg/mL DNAse (Sigma) for 30 minutes at 37°C. After incubation, 5
mL of RPMI with 5 uM of EDTA (Sigma) was added, filtered through a cell strainer (70 pum
— Falcon), and washed twice with plain RPMI. Staining was performed by incubating the
samples on 25uL of Human Fc block (Life-Technologies) solution for 10 min at 4°C. The

samples were washed and stained to FACS as previously described. For intranuclear staining,



eBioscienceTM Fixation/Perm diluent and Fixation/Permeabilization concentrate (Invitrogen)
was used according to the manufacturer’s instructions. The compensation matrix was obtained
using Ultracomp ebeads and ArC reactive beads (Invitrogen) according to the manufacturer’s
instructions. BD FACSymphony™ Cell Analyzer (BD Biosciences) was used for data
collection. Raw FACS data was analysed using FlowjoTM V10 (TreeStar). The absolute
number of cells per gram was calculated by adding CountBrightTM Absolute Counting Beads
(Invitrogen) and dividing it by organ weight. T cells were defined as human CD45*, Mouse
CD45, CD3* CD19. Tregs were defined from T cells population as CD4*, CD8", CD25*,

FOXP3*,
2.8 Statistical analysis.

Statistical analysis was performed using Graphpad Prism software (Graphpad Software Inc.).
Data from healthy donors was compared using paired t-tests between relevant groups; when
comparing more than two groups in the same dataset, a Friedman One-Way ANOVA with
Dunn’s multiple comparison was performed instead. Tumour burden in mouse experiments
was compared using a two-way ANOVA with a Sidak’s multiple comparison test between
groups at each time point. In vivo phenotyping was analysed using a parametric unpaired t-
test between relevant groups. Data normal distribution was checked using a Kolmogorov-
Smirnov test. Error bars in the figures indicate the mean plus SD or SEM. P value < 0.05 was

considered statistically significant; *P <0.05, **P <0.01, ***P <0.001 and ****P <0.0001.



3. Results: Characterisation of MCT-1 pharmacological inhibition on

aCD19-CAR T cells.

3.1 Introduction.

Pharmacological MCT-1 blockade has shown promising results for cancer treatment,
particularly against B cell malignancies 3334144, However, a limited number of studies explore
the combination of MCTs inhibition and cancer immunotherapies. Several pre-clinical studies
using Raji cells, a model of human B cell lymphoma, showed inhibition of MCT-1 with small
molecules induced tumour cell apoptosis in vitro 1 and reduced the proliferation of Raji cells
in vivo 2, However, expression of MCT-4 has been described as sufficient to avoid the
antitumoral capabilities of MCT-1 pharmacological inhibition in tumour models 32212,
Moreover, B cell lymphomas from patients show high expression of MCT-1 and low levels of

MCT-4, which makes them ideal target for MCT-1 inhibitors.

As T cells express MCT-4 upon activation, we hypothesised systemic MCT-1 inhibition is
compatible with T cell ACT therapies and would exploit metabolic vulnerabilities on tumour
cells without impairing T cell antitumoral potential (Figure 3.1-1). Therefore, we aimed to
study MCT-1 inhibition in combination with a commonly used treatment against B cell
malignancies: CD19-specific CAR T cells with a 4-1BB endo-domain (aCD19-CAR). Given
the lack of highly specific antibodies against MCT-1 blocking lactate transport, we used small
molecules which specifically block MCT-1/2 mediated lactic acid transport: AZD3965 or AR-

C155858.
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Figure 3.1-1: Inhibition of lactate export through MCT-1 on tumour and CAR T cells.
Lactic acid is produced by glycolysis and exported by tumour cells and CAR T through MCTs.
Inhibition of MCT-1 on tumour cells induced intracellular accumulation of lactic acid, while
CART cells can continue their lactic acid export by the expression of MCT-4. Therefore, CAR

T cells avoid lactic acid function suppression and exert their antitumoral function.



3.2 Expression and function of MCT on CAR T cells.

We transduced T cells with a CAR specific for the CD19 antigen (aCD19-CAR) using the
ScFv of the FMCG63 clone, as this format has been used extensively in clinical trials and has
shown remarkable efficacy against B cell malignancies 13, Activated T cells were genetically
modified with retroviral particles to express the CAR in the cell surface; transduced cells were
identified by expression of the marker gene RQR8 in the construct using antibodies against

CD34 and detected by flow cytometry (Figure 3.2-1A-B) 214,

A T2Ag aCD19-fmc63 scFv | CDSTK (TR WRTTY HoTvETe

E Transduced 3 Transduced
-~ T cells: 0.3% - T cells: 78.9%

RQR8

v

Figure 3.2-1: FMC63 aCD19-CAR T cell transduction. (A) Schematic representation of the
retroviral construct used to transduce T cells. (B) Contour plot of representative transductions
identified by RQRS8 staining on Non transduced (left) and transduced (right) T cells.



Non-transduced (NT) or aCD19-CAR T cells were activated for 48 hours by co-culture with
Raji cells, a CD19* human B cell lymphoma cell line. To discard background activation of
CAR T cells induced by tonic signalling #1526, we used a Raji cell line lacking CD19 by
knockout by Crips/Cas9 as a negative control for CAR T cell activation (Raji-CD19%°). Three
different co-cultures conditions were analysed; Non-transduced T cells with Raji cells (NT T
cells), aCD19-CAR T cells with Raji-CD19KO cells (Resting CAR T cells) and aCD19-CAR T

cells with Raji cells (Activated CAR T cells) (Figure 3.2-2A).

We measured the expression of MCT transporters on CAR T cells by flow cytometry and
analysed the changes in expression after activation. A small percentage of MCT-1 expression
was found on resting CAR T cells and CD19-mediated activation induced upregulation of
MCT-1 expression (Figure 3.2-2B). The same upregulation was observed in the expression of

CD147, an ancillary protein necessary for MCT-1 expression and function (Figure 3.2-2C) 27,

To validate the staining of MCT-4, we analysed its expression on Raji cells (MCT-4 negative),
aCD19-CAR T cells (MCT-4 positive) and HEP-G2 cells (MCT-4 positive) (Figure 3.2-2D).
HEP-G2 is a human hepatocellular carcinoma model previously described to express high
MCT-4 28, MCT-4 had a similar high expression on NT, resting and activated aCD19-CAR T
cells (Figure 3.2-2E), indicating CAR T cells do not increase the expression of MCT-4 after
activation. Consistent with publications measuring MCTs in tumour cells, no expression of
MCT-4 and high levels of MCT-1 and CD147 were detected in Raji and NALM-6 cell lines,
two models of B cell malignancies (Figure 3.2-3A-B). These results indicate that CAR T cells
express both MCT-1 and MCT-4 upon antigen stimulation while B cell lymphomas cell lines

only express MCT-1.
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(B) MCT-1 and (C) CD147 expression on CAR T cells. Representative histogram of MCT-4
expression on (D) tumour cell lines and (E) CAR T cells measured by flow cytometry. Data

representative of 3 independent experiments, n = 5-6 healthy donors per group.
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Figure 3.2-3: Expression of MCTs on B cell lymphoma cell lines. Representative histogram
of (A) MCT-1, (B) MCT-4 and (C) CD147 expression on Raji and Nalm-6 cells measured by

flow cytometry. Data representative of 2 independent experiments.



We next evaluated if exposure to MCT inhibitors (MCTi) impacts the function or expression
of MCT-1 on CAR T cells. aCD19-CAR T cells were cultured for 48 hours with 100 nM of
AZD3965 and AR-C155858, and MCTs expression was measured by flow cytometry.
Importantly, MCT-1 inhibition did not impact the expression of MCT-1 (Figure 3.2-4A), MCT-
4 (Figure 3.2-4B) or CD147 (Figure 3.2-4C) on activated aCD19-CAR T cells. MCT-1
functionality was assessed by measuring the intracellular accumulation of lactic acid. aCD19-
CAR T cells were activated with Raji cells for 24 hours and purified by magnetic separation.
Activated aCD19-CAR T cells were counted and cultured with different concentrations of
MCT-1i for 6 hours. As a positive control of MCT-1 inhibition, Raji cells were cultured in the
same conditions. Raji cells quickly accumulated intracellular lactate upon MCT-1 blockade
with AZD3965 (Figure 3.2-4D) or AR-C155858 (Figure 3.2-4E). In contrast, aCD19-CAR T
cells did not significantly accumulate lactic acid intracellularly upon activation at any of the

concentrations measured.
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Figure 3.2-4: MCTs expression and functionality on CAR T cells after MCT-1

pharmacological blockade. Non-transduced or aCD19-CAR T cells were cultured with Raji
or Raji-CD19X® cells and 100 nM of MCT-1i for 48 hours. Representative histogram of (A)
MCT-1, (B) MCT-4 and (C) CD147 expression on CAR T cells measured by flow cytometry.
Intracellular lactate relative to the vehicle on purified cells cultured with (D) AZD3965 or (E)

AR-C155858 for 6 hours. Data representative of 2 independent experiments, n = 5-6 healthy

donors per group. Bars are the mean + SD. *p < 0.05, **p < 0.01, ns = non-significant by

Friedman One-Way ANOVA.



The immunosuppressive effects of lactic acid accumulation are partially mediated by
increasing extracellular and intracellular pH 2%°. We tested if MCT-1 inhibition induces changes
in intracellular pH on Raji cells and activated CAR T cells using a dye which allows measuring
increases in intracellular pH: pH Rodo Green AM (pH-Green). Incubation of Raji cells with
MCT-1 inhibitors significantly increased the pH-Green MFI, indicating an decrease in
intracellular pH. In contrast, no changes were found in activated aCD19-CAR T cells (Figure

3.2-5A-B).

MCT-1 blockade quickly induces apoptosis and diminishes the proliferation of tumour cells
158 We tested if long exposure to MCT-1i could have similar effects on activated CAR T cells.
No differences in CAR T cell expansion were found by counting the number of effector cells
after 4- or 7- days of exposure to MCT-1 blockers (Figure 3.2-6A). Similarly, no significant
increase was found in early apoptotic cells measured by annexin V staining on CAR T cells
(Figure 3.2-6B). These results suggest CAR T cells increase the expression of MCT-1 and
MCT-4 upon activation, and pharmacology blockade of MCT-1 is insufficient to significantly

impair lactic acid export.



% of Max

Raji cells CART cells
1009 MFI Vehicle 100 7 MFI Vehicle
2.2x107 {2.61x107
&80 = SD—-
MFI AZD3965 1 MFI AZD3965
60 ] 3.26x107 60 ] 2.50x107
MFI AR-C155858 MFI AR-C155858
40 3.13x107 407 2.49x107
rl'..-D'.| I IJ.DE I IJ.D? JI.DS rl'.l-D'.| IJ.DE I IJ.D IIJI.D
pH Rodo Green AM
Raji cells CART cells
2.0- ,
c ke i ns
= O *k i ns
= 2 1s- |
=5 ) & |
Q :
> 0 !
S T 1.0~ | e
s O |
o X |
T 05- |
Q. i
u.o I | L] I I | L]
F o S
LN F 8
Wef Ve
\a v

Figure 3.2-5: Changes in intracellular pH in CAR T cells after MCT-1 pharmacological
blockade. Activated aCD19-CAR T cells with Raji cells and Raji cells only were cultured with
100 nM of MCT-1i for 48 hours and intracellular pH was measured by staining with pH Rodo
Green AM. (A) Representative histogram and (B) Relative MFI of pH Rodo Green AM in Raji
cells and activated CAR T cells. Data representative of 2 independent experiments, n = 3

healthy donors per group. Bars are the mean £ SEM. **p < 0.01, ns = non-significant by

Friedman One-Way ANOVA.
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Figure 3.2-6: CAR T cell expansion after MCT-1 inhibition. (A) Fold expansion of CAR T
cells after four and seven days of culture with 100 nM of MCT-1 inhibitors. (B) Expression of
annexin VV on CAR T cells after 48 hours of activation measured by flow cytometry. Pooled
data of two or three independent experiments, n = 5-7 healthy donors per group. Bars are the

mean = SD. **p < 0.01, ns = non-significant by Friedman One-Way ANOVA.



3.3 MCT-1 blockade induces metabolic rewiring on CAR T cells.

On tumour cells, MCT-1 inhibition quickly reduces glycolytic flux and increases mitochondrial
metabolism %1, As T cell phenotype and metabolic networks are linked, we studied if MCT-1
inhibition could rewire the metabolic network of CAR T cells similarly as observed in tumour
models. We analysed glucose uptake by culturing aCD19-CAR T cells with 2-NBDG, a
fluorescent analogue of glucose, and measuring the uptake of 2-NBDG by flow cytometry.
Consistent with other publications, aCD19-CAR T cells increased their glucose uptake after
activation (Figure 3.3-1A), and incubation with AZD3965 or AR-C155858 did not impact

glucose consumption on aCD19-CAR T cells (Figure 3.3-1B).

We tested if MCT-1 blockade impacted mitochondrial status by staining with dyes which
specifically bind to the mitochondria. An increase in Mitotracker Green staining indicates an
increase in mitochondrial mass, while Mitotracker Deep Red staining is proportional to
mitochondrial potential. Both AZD3965 and AR-C155858 increased mitochondrial mass by
20% on activated aCD19-CAR T cells, but mitochondrial potential marginally increased
(Figure 3.3-1 C-E), suggesting MCT-1 inhibition could induce metabolic reprogramming by

increasing mitochondrial metabolism.
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Figure 3.3-1: Metabolic characterisation by flow cytometry on CAR T cells upon MCT-1
blockade. Non-transduced or aCD19-CAR T cells were cultured with Raji or Raji-CD19K°
and 100 nM of MCT-1 inhibitors for 48 hours. (A) Representative histogram and (B) pooled
data of 2-NBDG uptake. (C) Mitochondrial mass and (D) potential were measured with
Mitotracker Green and Mitotracker Deep Red staining. (E) Pooled data of Mitotracker
expression. Pooled data of two to three independent experiments, n=6-7 healthy donors per
group. Bars are the mean + SD. *p < 0.05, ns = non-significant Friedman One-Way ANOVA.



To further validate if MCT-1 inhibition induces metabolic rewiring, we performed a CAR T
cell metabolic profiling by real-time measurement of oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) with a Seahorse XFe96 Analyzer. To avoid background
measurement from Raji contamination after co-culture with CAR T cells, we aimed to activate
aCD19-CAR T cells with plate-bound antibodies. An-idiotype antibodies bind to the variable
region of another antibody and have been used to activate CAR T cells. The anti-idiotype
antibody against the aCD19-FMC63 portion of the CAR (aFMC63) ® was validated by
comparing RQRS expression with aFMC63 binding by flow cytometry on CAR T cells (Figure
3.3-2A\). Plate-bound aFMC63 antibody activated aCD19-CAR T cells similar to culture with
Raji cells as measured by IFN-y (Figure 3.3-2B) and IL-2 (Figure 3.3-2C) production.
Moreover, Plate-bound aFMC63 antibody increased the OCR (Figure 3.3-3A) and ECAR

(Figure 3.3-3B) of CAR T cells, indicating metabolic activation of cells.
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Figure 3.3-2: Activation of CAR T cells with plate-bound anti-idiotype antibody. (A)
Representative histogram of tFMC63 antibody staining on non-transduced or aCD19-CAR T
cells. (B) IFN-y and (C) IL-2 production on CAR T cells activated with plate-bound aFMC63
or Raji cells for 24 hours. Pooled data of two independent experiments, n = 4 healthy donors

per group. Bars are the mean = SD. **p < 0.01, ***p < 0.001, ns = non-significant by Paired

t-test.
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Figure 3.3-3: Seahorse profile of CAR T cells activated with plate-bound anti-idiotype
antibody. CAR T cells were activated with plate-bound aFMC63 for 24 hours and collected
for metabolic assays. Representative plot of (A) oxygen consumption rate (OCR) and (B)
extracellular acidification rate (ECAR) on CAR T cells activated for 24 hours with plate-bound

aFMC63 antibody, n=7 replicates. Bars are the mean + SEM. Data representative of 3 donors.

With the stimulation of CAR T cells using antibodies validated, OCR and ECAR were
measured on aCD19-CAR T cells activated overnight with plate-bound «FMC63 antibodies in
the presence of MCT-1 blockers (Figure 3.3-4 A-B). MCT-1 inhibition with AZD3965 did not
significantly increase basal, ATP-linked or maximal respiration on CAR T cells, while AR-
C155858 significantly increased maximal respiration on CAR T cells (Figure 3.3-4C).
Moreover, MCT-1 inhibition with both small molecules induced a reduction of glycolysis and
glycolytic capacity, while only AR-C155858 induced a significant increase in the glycolytic
reserve of CAR T cells (Figure 3.3-4D). In contrast, incubation of Raji cells with MCT-1
inhibitors severely reduced their ECAR, reducing glycolysis, glycolytic capacity and reserve
of Raji cells (Figure 3.3-4 E-F). Taken together, our results suggest MCT-1 blockade induced
partial metabolic rewiring on CAR T cells by reducing glucose flux into glycolytic pathways

and increasing mitochondrial mass and respiration, particularly AR-C155858.
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Figure 3.3-4: Real-time metabolic characterisation on Raji and CAR T cells upon MCT-
1 blockade. Representative plot of (A) oxygen consumption rate (OCR) and (B) extracellular
acidification rate (ECAR) on CAR T cells activated for 24 hours with plate-bound aFMC63
antibody, n=7 replicates. Bars are the mean + SEM. (C) Basal, ATP-linked respiration and
maximal respiration. (D) Glycolytic capacity, glycolytic reserve and glycolysis. Data from two
independent experiments, n = 6 healthy donors per group. Bars are the mean + SD. (E)
Representative plot of extracellular acidification rate (ECAR) on Raji cells cultured for 24
hours with MCT-1 inhibitors, n=5 replicates. Bars are the mean £ SD. (F) Glycolytic capacity,
glycolytic reserve and glycolysis. Data from three independent experiments. Bars are the mean
+SD. *p<0.05, **p < 0.01, **p <0.001, ns = non-significant by Friedman One-Way ANOVA.
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3.4 MCT-1 inhibition improved CAR T cells mediated cytotoxicity against

B cell lymphoma cell lines without impacting T cell phenotype.

Previous publications have shown that decreased T cell glycolytic metabolism could partially
impact T cell killing potential, particularly in vitro ®. Moreover, as both CAR T cells and
MCT-1 inhibition have shown potent cytotoxicity against B cell lymphoma models, the
antitumoral potential of combining CAR T cell therapies with MCT-1 blockade was tested by
killing assays against Raji cell lines. aCD19-CAR T cells were co-culture with Raji (CD19%)
and Raji CD19K° cells on media with 100 nM of AZD3965 or AR-C155858 and counted the
absolute number of tumour cells after 48 hours (Figure 3.4-1A). Both inhibitors showed a 40%
reduction of live tumour cells compared to vehicle control, while at 1:16 effector/target ratio
(E: T), aCD19-CAR alone showed a 55% reduction of live tumour cells. The combination of
MCT-1i with CAR T cells increased the tumour cell killing compared with either treatment
alone to 74% with AZD3965 and 71% with AR-C155858. Increasing the number of aCD19-
CAR T cells to 1:8 E: T showed the killing of 85% of Raji cells, while the combination with
MCT-1i increased tumour cell killing to 93% and 90% with AZD3965 and AR-C155858,
respectively. At 1:4 E: T, 98% of Raji cells were killed with CAR T cells alone, while the
combination with MCT-1i increased tumour cell killing to 100%. Generally, incubation with
MCT-1i increased the killing of Raji cells by 50% at different concentrations of aCD19-CAR

T cells.
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Figure 3.4-1: MCT-1 inhibition improved CAR T cells mediated cytotoxicity against B
cell lymphoma cell lines. MCT-1 inhibitors were added to non-transduced or aCD19-CAR T
cells in culture with target cells for 48 hours. (A) Representative contour plot and total number
of Raji cells. (B) Percentage of live Raji cells cultured with CAR T cells at different effector:
target ratios (E: T) ratios. Pooled data of three independent experiments, n=8 healthy donors
per group. Bars are the mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns
= non-significant by Friedman One-Way ANOVA.



The improved killing of CAR T cells against B cell malignancies was confirmed not to be
limited to one tumour model by a cytotoxicity assay against NALM-6 cells, a B cell acute
lymphoblastic leukaemia cell line (Figure 3.4-2A). Both AZD3965 and AR-C155858 showed
a 30% reduction of live tumour cells compared to the vehicle. At a 1:32 (E: T) ratio, aCD19-
CAR alone showed a 23% reduction of live tumour cells, while the combination improved the
killing of tumour cells to 54% with both small molecules. Increasing the number of aCD19-
CAR T cells to 1:16 E: T showed killing of 85% of NALMG6 cells, while the combination with
MCT-1i increased tumour cell killing to 92%. At 1:8 E: T, 96% of NALM®6 cells were killed
with CAR T cells alone, while the combination with MCT-1i increased tumour cell killing to
99% (Figure 3.4-1B). Together, incubation with MCT-1i increased the killing of B cell

malignant cells by 50% compared to aCD19-CAR T cells alone.

Metabolic networks are closely linked with T cell memory formation and phenotype 2?°. To
confirm if the increase in tumour cell killing was due to an increase in CAR T cells effector
phenotype, we measured activation markers on activated aCD19-CAR T cells by flow
cytometry. CD147 (4-1BB) and CD134 (0OX40) are members of the tumour necrosis factor
receptor (TNFR) family, which are upregulated upon T cell activation, while CD69 is a
commonly used early activation marker 2. Expression of the 4-1BB (Figure 3.4-3A), 0X40
(Figure 3.4-3B) and CD69 (Figure 3.4-3C) were upregulated on CAR T cells upon CD19-
mediated activation with Raji cell lines and were not significantly altered after MCT-1

blockade with either AZD3965 or AR-C155858.
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Figure 3.4-2: MCT-1 inhibition improved CAR T cells mediated cytotoxicity against B
cell leukaemia cell lines. MCT-1 inhibitors were added to non-transduced or aCD19-CAR T
cells in culture with target cells for 48 hours. (A) Representative contour plot and total number
of NALM-6 cells. (B) Percentage of live NALM-6 cells cultured with CAR T cells at different
E: T ratios. Pooled data of three independent experiments, n=7 healthy donors per group. Bars
are the mean £ SEM. *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001, ns = non-significant
by Friedman One-Way ANOVA.
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We continued the phenotyping by analysing the expression of functional proteins directly
involved in antitumoral T cell response. Granzyme B production is critical to T cell cytolytic
functions 222; likewise, the release of inflammatory cytokines like IFN-y activates the immune
system and increases MHC-1 expression on cancer cells 2%, while IL-2 increases the
proliferation and effector functions of antitumoral T cells 2?4, Activated aCD19-CAR CD8 T
cells had high expression of Granzyme B, which did not significantly change after MCT-1
blockade (Figure 3.4-4A). Similarly, activated CAR T cells expressed high amounts of IFN-y
(Figure 3.4-4B) and IL-2 (Figure 3.4-4C), while MCT-1 inhibition did not alter IFN-y
production, and IL-2 was slightly reduced. Likewise, no differences in exhaustion markers PD-
1 (Figure 3.4-4A) or TIM-3 (Figure 3.4-5B-C) expression were found on activated CAR T
cells. Taken together, this suggests metabolic rewiring mediated by MCT-1 inhibition is
insufficient to induce changes in the phenotype of CAR T cells. Moreover, the combination of
CAR T cells with MCT-1 blockade significantly improved tumour cell killing suggesting
MCT-1 inhibition selectively affects B cell leukaemia cells and is compatible with T cell

immunotherapies.
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Figure 3.4-4: MCT-1 inhibition did not impact CAR T cells effector functions. (A)
Expression of Granzyme B on activated CD8 CAR T cells with Raji cells or Raji-CD19K® for
24 hours. (B) IFN-y and (C) IL-2 production were measured by ELISA after 48 hours. Pooled
data of three independent experiments, n = 7 healthy donors per group. Bars are the mean +
SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-significant by Friedman
One-Way ANOVA.
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Figure 3.4-5: MCT-1 inhibition did not impact CAR T cells exhaustion profile. Expression
of exhaustion markers (A) PD-1, (B) TIM-3 and (C) PD-1/TIM-3 on activated CAR T cells
with Raji cells or Raji-CD19K° for 24 hours Pooled data of three independent experiments, n
= 7 healthy donors per group. Bars are the mean = SD. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, ns = non-significant by Friedman One-Way ANOVA.



3.5 CAR T cells memory phenotype remains unchanged after long-term
MCT-1 inhibition.

T cells memory formation is an integrating node for metabolism and phenotype as different
memory T cells engage in distinct metabolic networks, including CAR T cells 22, To further
explore if metabolic rewiring induced by long-term MCT-1 blockade translates into phenotype
changes, we analysed the ex vivo T cell memory phenotype. aCD19-CAR T cells were cultured
for 21 days by weekly restimulation with Raji cells in the presence of MCT-1 blocking
molecules. Different CAR T cell memory populations were defined by the expression of
CD45RA, CD45R0 and CCR7 (Figure 3.5-1A) 2%, No significant differences were observed
in the percentage of Naive T cells, effector memory T cells CD45RA (TEMRA), effector
memory T cells (Tem) or central memory T cells (Tcwm) (Figure 3.5-1 B-E) after 7-, 14- and 21-

days confirming MCT-1 inhibition does not impact CAR T cell memory formation.
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Figure 3.5-1: Memory phenotype of CAR T cells after long exposure with MCT-1

blockers. aCD19-CAR T cells were re-stimulated with Raji cells every 7 days. (A)
Representative expression of CD45RA, CD45RO and CCR7 on CAR T cells.
(B) Percentage of naive T cells, (C) TEMRA T cells, (D) effector memory T (Tem) cells and

(E) central memory T (Tcm) cells measured by flow cytometry every 7 days. Pooled data of

three independent experiments, n = 7 healthy donors per group. Bars are the mean = SD. Ns =
non-significant by Friedman One-Way ANOVA.



3.6 CD28 co-stimulation on aCD19-CAR T cells does not impact MCT-1

blockade profile.

All our experiments were performed using a CAR with a 4-1BB co-stimulation domain, as is
the structure commonly used in clinical trials. However, different co-stimulatory domains
within the CAR structure confer different metabolic programs, particularly 41BB stimulation
favours oxidative metabolism, while CD28 imprints a more glycolytic phenotype on T cells. A
more glycolytic CAR could render T cells susceptible to MCT-1 inhibition by increasing
intracellular lactic. To discard this possibility, we performed similar experiments on the same
aCD19-CAR with a CD28 signalling domain instead of 4-1BB (CAR-CD28). Importantly, no
difference in glucose uptake was found on activated CAR-CD28 T cells measured by 2-NBDG
uptake (Figure 3.6-1A). Similarly, expression of the activation markers 4-1BB (Figure 3.6-1B)

or CD69 (Figure 3.6-1C) was not affected by MCT-1i on CAR-CD28 T cells.
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Figure 3.6-1: Activation markers after MCT-1 inhibition on CD19-CD28 CAR T cells.
MCT-1 inhibitors were added to non-transduced or aCD19-CAR T cells with a CD28 co-
stimulatory domain. (A) 2-NBDG uptake and expression of (B) 4-1BB and (C) CD69 in re-
stimulated CAR T cells with Raji cells or Raji-CD19K° (Resting CAR T cells) for 24 hours.
Pooled data of two independent experiments, n = 5-6 healthy donors per group. Bars are the
mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns = non-significant by Friedman One-Way
ANOVA.

We next evaluated if the expression of inflammatory cytokines or CAR T cells cytotoxicity
was compromised on CAR-CD28 T cells after MCT-1 blockade. No differences in IFN-y
(Figure 3.6-2A) or IL-2 (Figure 3.6-2B) production after 48 hours of co-culture of CAR-CD28
T cells with Raji cells. Similarly, at 1:16 CAR-CD28 alone showed a 38% reduction of Raji

cells. The combination of MCT-1i with CAR T cells increased the tumour cell killing to 64%.

Increasing the number of CAR-CD28 T cells to 1:8 E: T showed killing of 61% of Raji cells
while the combination with MCT-1i increased tumour cell killing to 81%. At 1:4 E: T, 93% of
Raji cells were killed with CAR T cells alone while the combination with MCT-1i increased
tumour cell Killing to 99% (Figure 3.6-2C). Taken together, MCT-1 blockade on CD28
signalling CARs did not significantly impact CAR T cell phenotype or killing potential;

moreover, we observed similar results comparing CD28 with 4-1BB signalling.



ns
120007 15000 A

e ns ns 1201 _
e Vehicle

* AZD3965
* AR-C155858

.
10000 A . 12500

8000 10000 4
60004 75004

40004 50004

IFN-9 (pg/mL)
IL-2 (pg/mL)

20004 25004

% Live target cells
v a2 o
s & 2
T e R
e -
EXE=
3=
- H
L
.

Figure 3.6-2: Antitumoral potential of CD19-CD28 CAR T cells after MCT-1 inhibition.
MCT-1 inhibitors were added to non-transduced or aCD19-CAR T cells with a CD28 co-
stimulatory domain. (A) IFN-y and (B) IL-2 production measured by ELISA after 48 hours.
(C) Percentage of live Raji cells cultured with CAR T cells at different effector: target ratios
(E: T) ratios. Bars are the mean + SEM. Pooled data of three independent experiments, n = 7-
8 healthy donors per group. Bars are the mean = SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns
= non-significant by Friedman One-Way ANOVA.



3.7 Dual blockade on MCT-1 and MCT-4 severely impairs CAR T cell

effector functions.

Studies using MCT-1 inhibitors have found the expression of MCT-4 as a key mechanism of
resistance to MCT-1 blockade on tumour cells. Therefore, we hypothesised that MCT-4
expression on CAR T cells is sufficient to exert lactate export in the absence of functional

MCT-1, and dual inhibition of MCT-1 and MCT-4 could significantly impair T cell survival.

Raji and CAR T cells were cultured with syrosingopine, an anti-hypertensive drug which
blocks lactate export through MCT-1 and MCT-4 1" at concentrations between 20 pM and
0.65 pM. Titration of syrosingopine showed sensitivity on Raji cells at the micromolar range
(Figure 3.7-1A), similar to previous works with other cell lines 174, In addition, the culture of
activated aCD19-CAR T cells with Raji cells in the presence of syrosingopine significantly
reduced CAR T cell expansion (Figure 3.7-1B) and IFN-y production (Figure 3.7-1C) in a dose-
dependent manner, with 20 uM reducing by at least 90% the aCD19-CAR T cells numbers and

IFN-y production, while not non-statistically significant difference was found at 2.5 pM.

We confirmed syrosingopine induced lactate accumulation by measuring intracellular lactate
on Raji or aCD19-CAR T cells cultured with 100 nM of AR-C155858 or different
concentrations of syrosingopine. Both small molecules induced 20-fold lactate accumulation
on Raji cells, while significant lactate accumulation was found on syrosingopine-treated CAR
T cells compared to MCT-1 inhibition with AR-C155858 (Figure 3.7-1D). Moreover, culture
with syrosingopine did not change the expression of MCT-1 (Figure 3.7-1E) or MCT-4 (Figure

3.7-1F) on activated CAR T cells.
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Figure 3.7-1: Dual blockade of MCT-1/4 impairs CAR T cell activation phenotype. Raji,
non-transduced or aCD19-CAR T cells were cultured with different concentrations of
Syrosingopine or vehicle as control. (A) Percentage of live Raji cells or (B) aCD19-CAR T
cells measured by flow cytometry. (C) IFN-y production of activated CAR T cells measured
by ELISA after 48 hours. (D) Intracellular lactate relative to vehicle control on cells cultured
with Syrosingopine. Expression of (E) MCT-1 and (F) MCT-4 on aCD19-CAR T cells
cultured with target tumour cells and syrosingopine for 24 hours. Bars are the mean £ SD.
Pooled data of two independent experiments, n = 6 healthy donors per group. *p < 0.05, **p <
0.01, ***p < 0.001, ns = non-significant by Friedman One-Way ANOVA.
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Previously we found cooperation in tumour cell killing between aCD19-CAR T cells and
MCT-1 inhibitors (Figure 3.4-1). To confirm if dual MCT-1/4 is compatible with CAR T cell
therapy, we performed a cytotoxicity against Raji cells on media with syrosingopine by flow

cytometry (Figure 3.7-2A).

Syrosingopine alone significantly reduced the percentage of live Raji cells by 82% and 64%
with 20 uM and 10 uM, respectively (Figure 3.7-2B). At low E: T ratios (1:16), no statistical
difference in tumour killing was found comparing CAR mediating killing with syrosingopine
alone. When a higher number of CAR T cells were used, no significant difference was observed
comparing CAR T cells alone and adding syrosingopine (Figure 3.7-2C), indicating dual MCT-
1/4 blockade did not induce cooperation in killing tumour cells as observed with MCT-1
blockade. The substantial toxicity on CAR T cells and tumour cells after MCT1/4 inhibition
suggests CAR T cell function requires MCT-1 and MCT-4 for lactate export and dual inhibition

severely impairs CAR T cell antitumoral potential.
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Figure 3.7-2: Dual blockade of MCT-1/4 does not synergise with CAR T cell killing. Raji,
non-transduced or aCD19-CAR T cells were cultured with different concentrations of
Syrosingopine or vehicle as control. (A) Representative contour plot and total number of Raji
cells. Percentage of live Raji cells cultured with CAR T cells at different effector: target ratios
(E: T) ratios in (B) 10-5 uM (high) or (C) 2.5-1 uM (low) syrosingopine. Bars are the mean +
SEM. Pooled data of two independent experiments, n = 6 healthy donors per group. *p < 0.05,
**p < 0.01, ***p < 0.001, ns = non-significant by Friedman One-Way ANOVA.



3.8 Summary.

In this work, he showed CD19-specific CAR T express high levels of the lactate transporters
MCT-1 and MCT-4 upon activation with tumour cells expressing CD19 and pharmacological
inhibition of MCT-1 did not impact the expression of lactate transporters on T cells.
Additionally, CAR T cells did not accumulate lactic acid intracellularly after incubation with
MCT-1i, which supports the hypothesis that CAR T cells and MCT-1 blockade could cooperate

against B cell malignancies.

MCT-1 inhibition induced metabolic re-arrangement on activated CAR T cells by diminishing
glycolytic pathways engagement, increasing respiration, and slightly increasing mitochondrial
potential. However, no differences in T cell phenotype were observed measured by expression
of activation markers 4-1BB, OX40, CD69 and Granzyme B. Release of inflammatory
molecules IFN-y or IL-2 and in vitro memory phenotype profile was unaffected by MCT-1
blockade. Furthermore, the combination of CAR T cells with MCT-1 inhibition increased the
killing of tumour cells by 50% compared to CAR T cells alone. Importantly, dual inhibition
with syrosingopine severely impairs CAR T cell activation, suggesting MCT-1 and MCT-4 are

utilised to lactate export on CAR T cells.



4. Results: The combination of MCT-1 blockade with CAR T cells

improved the antitumoral control in animal models.

4.1 Introduction

Our results highlight the potential combination of MCT-1 inhibition with CAR T cells as an
antitumoral therapy; however, a significant limitation should be considered when interpreting
this data. All these experiments were performed in standard culture conditions with an
abundance of glutamine, glucose and Oz which did not recapitulate the tumour
microenvironment and the complex and dynamic metabolic requirements of T cells engaging
with tumour cells. Research with tumour cells has shown that the metabolic network of cancer
cells changes depending on the culture conditions; tumour cells in vitro rely heavily on glucose
consumption instead of glutamine to sustain their energetic demands, while the same cells
forming a solid tumour in mice reverse these requirements and rely preferentially on glutamine

over glucose 227228,

To address some of these limitations, we tested the antitumoral potential of MCT-1 inhibition
and aCD19 CAR T cells using an orthotopic model of B cell leukaecmia on a model of
immunodeficient mice commonly used in pre-clinical studies. We opted to use NALM-6 cells,
a model of acute lymphoblastic leukaemia, as no studies have been published with this cell
line, while Raji has been extensively studied on mice models using AZD3965 and AR-

C155858.



4.2 Titration of AR-C155858 efficacy in a xenograft NALM-6 model.

We tested the antitumoral potential of MCT-1 inhibition in vivo by transferring NALM-6 cells
expressing luciferase (NALM®6-Fluc) intravenously into NSG immunodeficient mice 2%°. After
6 days of tumour inoculation, a daily dose of AR-C155858 was intraperitoneal injected. AR-
C155858 was used instead of AZD3965 as more significant differences in CAR T cell
metabolic phenotype were found (Results section 3.1). The treatment was stopped after 9 days
and tumour growth was monitored for additional 6 days (Figure 4.2-1A). Tumour burden was
assessed by intraperitoneal injections of luciferin and measuring Photons/s/cm2/sr on an VIS
Spectrum Fluorescence. We confirmed that daily injections of AR-C155858 did not negatively
impact mice health as instructed in the guidelines for animal care by measuring body weight 3
times a week. No significant reduction in mouse weight was observed during these experiments

(Figure 4.2-1B).

NALMBG6-Fluc cells were significantly reduced 6 days after treatment with both 5 mg/kg and 10
mg/kg doses. Interestingly, stopping AR-C155858 injections increased the tumour burden on
treated groups and the statistical significance of these groups was lost loss quickly, indicating
daily injections are necessary for future experiments (Figure 4.2-1C). As daily injections of 5
mg/kg and 10 mg/kg of AR-C155858 have similar antitumoral effects, we opted to use 5 mg/kg

per mouse in subsequent experiments.



5x10°

NalnjfyFIuc Daily dose of 10-5mg/kg Ending_ of the
1.V. AR-C155858 or Vehicle i.p. experiment
DO D6 D15 D21 ”
= Vehicle
B — 10mg/kg c = Vehicle
= 110- = 5mg/kg — 10 mg/kg
'S-, « 1.0x107 — 5 mg/kg
= N
Q;’ 105+ % 3.2x10°
£ 100- O 1.0x10°
: -
& 95 g 3.2x10
2 S 1.0x10°
O 90 _8
4
o\° o 3.2x10
85 | | | | | 4 : H
1.0x10% T T T T T T T T T

0 5 10 15 20 25
Days after tumor injection

4 6 8 10 12 14 16 18 20 2
Days after tumor injection

Figure 4.2-1: Titration of AR-C155858 on a B cell leukaemia xenograft animal model.

5x10° NALM-6 cells expressing luciferase were intravenously inoculated on NOD/SCID mice.

After 6 days, intraperitoneal injections of AR-C155858 at 5mg/kg or 10mg/kg were

administered daily. (A) Overview of in vivo experiment. (B) Percentage of change of body

weight. (C) Geometric mean of bioluminescence radiance (photons/s/cm2/sr) of NALM-6

tumours in NOD/SCID mice. Statistical analysis through two-way ANOVA with multiple

comparisons between groups at each time point. Bars are mean = SEM. *p < 0.05, ****p <

0.001 ns = non-significant. Data of one experiments, n =5.



4.3 Combining CAR T cells with MCT-1 blockade improved T cell

antitumoral control against a B cell leukaemia xenograft animal model.

We next seek to study the combination of aCD19-CAR T cells with MCT-1 inhibition on
immune-deficient mice bearing NALM-6 tumours. After 6 days of tumour inoculation, aCD19-
CAR T cells were transferred intravenously together with daily intraperitoneal injections of the
MCT-1 inhibitor (Figure 4.3-1A). As a negative control, a CAR with the same structure but
specific for the human epidermal growth factor receptor 2 (HER2) was used to transduced T
cells as an aHER-CAR better recapitulates the effects of CAR expression on T cells compared

to non-transduced T cells.

MCT-1 blockade quickly reduced tumour burden 4 days after treatment and reduced the tumour
burden by 60% during the duration of the treatment. Similarly, aCD19-CAR T cells efficiently
controlled tumour burden 4 days post transference. The combination of MCT-1 and aCD19-
CAR T cells significantly decreased tumour burden by around 60% compared to aCD19-CAR
T cells (Figure 4.3-1B-C). Importantly, after 12 days of treatment, the combination
significantly reduced the engraftment of NALM-6 compared to either treatment alone,
confirming that both therapies work in cooperation to eliminate B cell tumour cells (Figure 4.3-

1D).
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Figure 4.3-1: Combining CAR T cells with MCT-1 blockade improved T cell antitumoral
control against a B cell leukaemia xenograft animal model. 5x10° NALM-6 cells expressing
luciferase were intravenously inoculated on NOD/SCID mice. After 6 days, 5x10° aCD19-
CAR or aHER-CAR T cells were transferred intravenously, and intraperitoneal injections of
AR-C155858 at 5mg/kg were administered daily. (A) Overview of in vivo experiment. (B)
Bioluminescence radiance (photons/s/cm2/sr) of NALM-6 tumours in NOD/SCID mice. (C)
Geometric mean radiance of NALM-6 cells in all groups. (D) Table with statistical analysis
through two-way ANOVA with multiple comparisons between groups at each time point. Bars
are mean = SEM. *p < 0.05, **p < 0.01, ****p < 0.001 ns = non-significant. Pooled data of

two independent experiments, n =7-8.



4.4 CAR T cells phenotype is unaffected after MCT-1 inhibition on a B cell

leukaemia xenograft model.

Given the different metabolic requirements between tumour cells and T cells cultured ex vivo
and in vivo 22°, we tested if long-term exposure to MCT-1 inhibitors impacts CAR T cell
phenotype in tumour-bearing mice. Phenotyping of bone marrow and splenic T cells was
performed after 7 days of treatment with AR-C1585585 (Figure 4.4-1A) in NALM-6 bearing
mice transferred with aCD19-CAR T cells. The combination of aCD19-CAR T cells with
MCT-1 significantly reduced the tumour burden after 7 days of treatment (Figure 4.4-1B). We
gated CD8 T cells defined as Live/CD45m/CD3*/CD19/CD8*/CD4, CD4 T cells as
Live/CD45m/CD3*/CD19/CD8/CD4* and regulatory T cells (Tregs) as CD4 T cells

FOXP3*/CD25* (Figure 4.4-2A).
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Figure 4.4-1: Overview of in vivo phenotyping experiments. 5x10° NALM-6 cells
expressing luciferase were intravenously inoculated on NOD/SCID mice. After 6 days, 5x10°
aCD19-CAR were transferred intravenously and intraperitoneal injections of AR-C155858
were administered daily. After 7 days of treatment, bone marrow and spleen were analysed by
flow cytometry. (A) Overview of experiment. (B) Bioluminescence radiance
(photons/s/icm2/sr) of NALM-6 tumours. Pooled data from two independent experiments, n=8-
9 per group. Bars are mean £ SEM. *p < 0.05, ns = non-significant by Unpaired t test with

Welch correction.
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Figure 4.4-2: Gating strategy for T cells phenotype on a B cell leukaemia xenograft model.
NOD/SCID mice bearing 5x10° NALM-6 cells were injected with aCD19-CAR and AR-
C155858 as previously described (Figure 4.3-1). (A) Gating strategy to identify CD8 T cells,
CDA4 T cells and Treg cells.

No differences were found in the number of CD8 T cells, CD4 T cells or regulatory CD4 T
cells in bone marrow or spleen after MCT-1 inhibition (Figure 4.4-3A). Furthermore, analysing
bone-marrow infiltrated T cells, no differences in the expression of activation markers 4-1BB
(Figure 4.4-3B) and ICOS (Figure 4.4-3C), the exhaustion marker PD-1 (Figure 4.4-3D) or
proliferation marker Ki67 (Figure 4.4-3E) were found on CD8 or CD4 T cells treated with AR-
C155858. Similarly, IFN-y and IL-2 production were not affected in both compartments
(Figure 4.4-3F-G) and no differences in LAMP-1 expression on bone marrow CD8 T cells
(Figure 4.4-3H). Consistent with our in vitro results, no differences in memory formation
evaluated by CD45R0 and CCR7 expression was found after MCT-1 blockade (Figure 4.4-3
I-J). Similar results were found on all markers analysed on splenic T cells (Figure 4.4-4A-G),

confirming that MCT-1 inhibition does not impact T cell phenotype or functionality in vivo.
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Figure 4.4-3: Bone-marrow infiltrated CAR T cells phenotype is unaffected by MCT-1
inhibition. NOD/SCID mice bearing 5x10° NALM-6 cells were injected with aCD19-CAR
and AR-C155858 as previously described (Figure 4.3-1). (A) Total number of lymphoid cells
on bone marrow and spleen. Representative data of two independent experiments, n =5 mice
per group. Expression of (B) 41BB, (C) ICOS, (D) PD-1, (E) Ki-67, (F) IFN and (G) IL-2 and
(D) LAMP-1 on bone marrow-infiltrated T cells. Pooled data from two independent
experiments, n=8-9 per group. Characterisation of (I) CD8 T cells and (J) CD4 T cells based
on the expression of CD45R0O and CCR?7. Data from one experiment, n=5. Bars are mean *

SEM. *p < 0.05, ns = non-significant by Unpaired t test with Welch correction.
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Figure 4.4-4: Splenic CAR T cells phenotype is unaffected by MCT-1 inhibition.
NOD/SCID mice bearing 5x10° NALM-6 cells were injected with aCD19-CAR and AR-
C155858 as previously described (Figure 4.3-1). Expression of (A) 41BB, (B) ICOS, (C) PD-
1, (D) Ki-67, (E) IFN and (F) IL-2 and (G) LAMP-1 on bone marrow-infiltrated T cells. Pooled
data from two independent experiments, n=8-9 per group. Bars are mean + SEM. *p < 0.05, ns

= non-significant by Unpaired t test with Welch correction.



4.4 Summary

We confirmed that daily injection of 5 mg/kg AR-C155858 efficiently controls the tumour

growth on a model of B cell leukaemia NALM-6 without any apparent side effect.

Moreover, the combination of aCD19-CAR T cells with MCT-1 blockade significantly
improved the killing of tumour cells and increased CAR T cell antitumoral control in mouse
models compared to each treatment alone, confirming the conclusions on the in vitro

cytotoxicity experiments (Results 3.4).

Additionally, aCD19-CAR T cell phenotype measured by expression of 4-1BB, ICOS, PD-1,
Ki67, IFN-y, IL-2 and LAMP-1 remained the same on T cells transferred on tumour-bearing
mice injected for 7 days with AR-C155858, corroborating MCT-1 inhibition did not impact

CAR T cell phenotype in vivo or in vitro.

In summary, the pharmacological blockade of MCT-1 selectively impairs B cell tumour growth
without hindering CD19-specific CAR T cell antitumoral potential, making combining both

treatments an interesting approach against B cell malignancies.



5. Results: Systemic inhibition of glutamine uptake via ASCT-2 on

CAR T cells against C cell malignancies.

5.1 Introduction.

Highly proliferative cells, like tumour cells and activated immune cells completely rewire their
metabolism to sustain their energetic demands. Glutamine is the most abundant amino acid in
blood, and several studies have shown it is crucial in sustaining both tumour development and
T cell responses. However, glutamine depletion has been observed on several tumour models,
hindering T cell antitumoral potential 1°2:2%, Moreover, several strategies have been developed
to avoid glutamine-addictive T cells. One common strategy is restricting glutamine in the initial
stages of T cell activation, which moves T cell metabolism to rely more on oxidative
respiration, increasing their persistence and tumour clearing 8, including in CAR T cells
against B cell malignancies '*°. More recently, small molecules which block glutamine
conversion into glutamate selectively in the TME have been developed, suppressing oxidative
and glycolytic metabolism of cancer cells, but effector T cells responded by up-regulating

oxidative metabolism and adopting a long-lived, highly activated phenotype 2.

A key adaptation of proliferative cells is the upregulation of the glutamine transporter SLC1A5
(ASCT-2). ASCT-2 upregulation is a hallmark of aggressiveness on many tumours and is
fundamental for effector T cell function 239231, Among the tools developed for ASCT-2
inhibition, a small molecule which specifically blocks ASCT-2 (V-9302) has been shown
efficacy as a treatment in colorectal, breast and lung cancer on immunodeficient animal models
204 and the combination of VV-9302 with aPD-1 showed complete tumour clearance in triple-

negative breast cancer on immunocompetent animal models 232233,



Additionally, glutamine-neutralising monoclonal antibodies binding to ASCT-2 have shown
efficacy on gastric cancer models 234 and open an opportunity to genetically manipulate T cells
to produce antibodies and avoid the high toxicities associated with glutamine inhibition.
Therefore, we aimed to study the combination of aCD19-CAR T cells with glutamine
inhibition and develop a resistant mechanism via T cell genetic engineering to glutamine

addiction in CAR T cells.
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Figure 5.1-1: Inhibition of glutamine uptake through ASCT-2 on tumour and CAR T
cells. Proposed development of glutamine-resistant CAR T cells. (1) Production of a ASCT-2
antibodies from CAR T cells or (2) adding exogenous blocking antibodies or V-9302 to block
glutamine uptake of tumour and CAR T cells. Glutamine-depravation cell death would be
induced, but genetically engineered CAR T cells to express (3) alternative glutamine
transporters or (4) enzymes to bypass glutamine addiction like Acyl-CoA Synthetase Short
Chain Family Member 1 (ACSS1) should be resistant to ASCT-2 blockade.



5.2 Pharmacological blockade of ASCT-2 on CAR T cells impairs their

antitumoral potential.

A recent publication studying the effects of V-9302 on mouse T cells found that upon ASCT-
2 blockade, T cells overexpress SLC6A14 (ATB®), resisting ASCT-2 inhibition and increasing
the killing of triple-negative breast cancer cells on immuno-competent mouse models 8. We
aimed to study the effect of V-9302 on human CAR T cells and test if ASCT-2 blockade
impairs their antitumoral potential. Non-transduced (NT) T cells or activated aCD19-CAR T
cells were cultured with different concentrations of V-9302 and with Raji cells or Raji CD19k,
Notably, 25 uM of V-9302 reduced IFN-y production to resting CAR T cell levels. At 18-10
uM, IFN-y was diminished by approximately 50%, while no significant reduction was found
at lower concentrations (Figure 5.2-1A). Similarly, IL-2 production by activated CAR T cells
was reduced by 50% after incubation with VV-9302 at 10 uM or higher concentrations, while no
significant reduction was found at 5-2.5 uM (Figure 5.2-1B). However, no differences were
found in the expression of activation markers 4-1BB and CDG69 in activated CAR T cells
incubated with 10 uM of V-9302 (Figure 5.2-1C-D). Together, these results suggest that
pharmacological inhibition of ASCT-2 severely impacts CAR T cells, reducing their cell
number and, therefore, the production of antitumoral cytokines but without impacting T cell

phenotype.
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Figure 5.2-1: ASCT-2 inhibition reduced CAR T cells cytokine production but not
activation markers. V-9302 at different concentrations were added to non-transduced or
aCD19-CART cells in culture with target cells for 48 hours. (A) IFN-y and (B) IL-2 production
measured by ELISA after 48 hours. Pooled data of three independent experiments, n = 7 healthy
donors per group. Bars are the mean £ SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns = non-
significant by Friedman One-Way ANOVA. Representative histogram of expression of
activation markers (C) 4-1BB and (D) CD69 on activated CAR T cells with Raji cells or Raji-
CD19XO for 24 hours.



To test if CAR T cell antitumoral control against B cell malignancies could be improved by
adding ASCT-2 inhibitors, aCD19-CAR T cells were co-culture with Raji (CD19%) on media
with different concentrations of VV-9302 and counted the absolute number of tumour cells after
48 hours at different effector/target ratio (E: T). V-9302 showed a reduction of 50% of live
Raji cells compared to the vehicle, showing similar toxicity compared to activated CAR T cells.
At high ratios (1:4), the CAR T cell reduced by 90% the number of live tumour cells, and no
differences were observed with the addition of V-9302 (Figure 5.2-2A). Similarly, no
statistically significant differences between the killing of tumour cells by CAR T cells alone or
in combination with VV-9302 were observed at 1:8 E: T. At 1:16 (E: T), and no differences were
observed between comparing the vehicle with \V-9302 (Figure 5.2-2B). Notably, at 25 uM, no
CART cells or Raji cells were detected, suggesting this concentration induced severe cell death
in both cell types. These results suggest ASCT-2 blockade severely reduced CAR T cell
antitumoral potential, and the combination of both treatments interferes rather than cooperates

in killing tumour cells.
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Figure 5.2-2: ASCT-2 inhibition does not cooperate with CAR T cells mediated
cytotoxicity against B cell lymphoma cell lines. VV-9302 at different concentrations were
added to non-transduced or aCD19-CAR T cells in culture with target cells for 48 hours.
Percentage of live Raji cells cultured with CAR T cells at (A) 1:4, (B) 1:8 or (C) 1:16 effector:
target ratios (E: T) ratios. Pooled data of two independent experiments, n=6 healthy donors per
group. Bars are the mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns =
non-significant by Friedman One-Way ANOVA.
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A common strategy to avoid glutamine addiction in T cells is decreasing glutamine
concentration at the initial stages of activation. Studies on primary mouse T cells and human
CAR T cells have shown that incubating T cells with low glutamine increased their respiratory
metabolism, persistence and T cell antitumoral potential. We designed to test if culture with
low glutamine at the initial activation phase could render CAR T cells insensitive to ASCT-2
inhibition. We culture CAR T cells with 0 mM, 0.2 mM, 1 mM and 2 mM (standard media
concentration) of glutamine for 7 days, followed by a co-culture with Raji cells in standard
media (2 mM of glutamine) and different concentrations of VV-9302 (Figure 5.2-3A), simulating
the conditions CAR T cell would encounter interacting with tumour cells. We kept the co-
culture for 48 hours and measured IFN-y release by ELISA as an indicator of T cell activation.
Changing glutamine concentrations for 7 days did not impact IFN-y production on aCD19-
CAR T cells cultured with the vehicle. Adding 5 uM or 10 uM of V-9302 reduced IFN-y
production; however, culturing T cells with no glutamine doubled the production compared to
standard media concentration (2 mM) (Figure 5.2-3B). Importantly, increasing V-9302
concentration significantly reduced IFN-y production on aCD19-CAR T cells in all conditions,

with some increase in CAR T cells cultured with no glutamine (Figure 5.2-3C).

Taken together, our results suggest ASCT-2 inhibition impairs aCD19-CAR T cells
antitumoral potential. While CAR T cells have some plasticity to resist V-9302 by reducing
glutamine concentrations at the initial stages of activation, this is insufficient to render CAR T

cells insensitive to ASCT-2 inhibition, and alternative strategies will be explored.
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Figure 5.2-3: Culture of CAR T cells on low glutamine media partially reduced ASCT-2
inhibition. (A) V-9302 at different concentrations were added aCD19-CAR T cells in culture
with target cells for 48 hours. (B) IFN-y and production were measured by ELISA after 48
hours. Pooled data of two independent experiments, n = 4 healthy donors per group. Bars are
the mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = non-significant

by Friedman One-Way ANOVA.
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5.3 Expression of surrogate glutamine transporters attenuated ASCT-2

blockade on CAR T cells.

Glutamine has been found critical to regulating T cell activation and differentiation into
inflammatory phenotypes. Therefore, T cells express different amino acid transporters at
different stages of their activation to supply the high demand for glutamine 86235, ASCT-2 co-
transports glutamine and Na* at a 1:1 ratio, and other amino acid transporters have similar
functions. SLC38A1 (SNAT-1) and SLC38A2 (SNAT-2) are sodium-coupled neutral amino
acid transporter expressed in the initial stages of T cell activation and are critical for glutamine
uptake °. Therefore, we hypothesised that genetic engineering of T cells to induce expression
of alternative glutamine transporters with similar functions to ASCT-2 could render CAR T

cells insensitive to VV-9302 inhibition (Figure 5.3-1).
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Figure 5.3-1: Glutamine fate on activated T cells. T cells regulate glutamine uptake upon
activation by expressing different amino acid transporters like ASCT-2, SNAT-1 or SNAT-2.
Glutamine is then converted into a-ketoglutarate to enter the TCA cycle for energy production
or antiport transport coupled with leucine, which directly regulates mTOR activity and T cell
activation.
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Jurkat cells are an immortalised CD4 T lymphocyte cell line commonly used as a model for T
cell activation 226, We tested Jurkat cell sensitivity to ASCT-2 inhibition by culturing these cell
lines with different concentrations of V-9302 for 48 hours. High concentrations of V-9302
(between 25-10 uM) reduced by >90% the number of live Jurkat cells while reducing the
concentration of V-9302 (5-2.5 uM) significantly reduced the number of live cells by 20%,

indicating Jurkat cells are susceptible to VV-9302 (Figure 5.3-2A).

Jurkat cells were transduced to overexpress SNAT-1 or SNAT-2 using plasmids containing an
RQR8 marker separated by a 2A (Figure 5.3-2B). RQR8 contains the epitopes for CD34 and
CD20, and cells expressing this construct can be detected by flow cytometry by CD34 staining.
After transduction, Jurkat cells were purified by positive selection using magnetic separation
of CD34 cells, producing a stable cell line expressing SNAT-1 or SNAT-2 (Figure 5.3-2C).
We cultured non-transduced Jurkat cells (WT), Jurkat cells transduced with RQR8-SNAT1
construct (SNAT-1) or RQR8-SNAT2 construct (SNAT-2) for 48 hours in the presence of
different concentrations of VV-9302. However, no difference in the number of live cells was
observed comparing Jurkat cells transduced with SNAT-1, SNAT-2 or WT at different

concentrations of VV-9302 (Figure 5.3-2D).

Jurkat cells are metabolically active and highly homogeneous 2¥'. To study if overexpression
of SNAT transporters could revert ASCT-2 dependence in other T cell types, activated T cells
from healthy donors were transduced with RQR8-SNAT1 and RQR8-SNAT?2 (Figure 5.3-3A)
and cultured them for 48 hours in the presence of different concentrations of V-9302.
Interestingly, activated T cells showed lower toxicities associated with ASCT-2 inhibition,
with no significant difference in the percentage of live cells cultured with 10 uM of V-9302.
However, similar to the results with Jurkat cells, no differences were observed comparing the
percentage of live T cells expressing SNAT-1 or SNAT-2 (Figure 5.3-3B). These results

suggest that expression SNAT transporters cannot revert ASCT-2 blockade on T cells.
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Figure 5.3-2: ASCT-2 inhibition impairs Jurkat cell viability. Non-transduced (WT),
RQR8-SNAT1 (SNAT-1) or RQR8-SNAT2 (SNAT-2) transduced Jurkat cells were cultured
with different concentrations of V-9302 or DMSO as the vehicle. (A) Percentage of live Jurkat
cells measured by flow cytometry. (B) Schematic representation of the retroviral construct used
to transduce Jurkat cells. (C) Representative contour plot of transduced Jurkat cells. (D)
Percentage of live transduced Jurkat cells measured by flow cytometry. Bars are the mean +
SD. Pooled data of two independent experiments, n = 2-3 per group. **p < 0.01 and ****p <
0.001, by One-Way ANOVA.
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Figure 5.3-3: ASCT-2 inhibition impairs T cell viability. Non-transduced (WT), RQR8-
SNAT1 (SNAT-1), or RQR8-SNAT2 (SNAT-2) transduced T cells were cultured with
different concentrations of VV-9302 or DMSO as the vehicle. (A) Representative contour plot
of transduced T cells. (B) Percentage of live transduced T cells measured by flow cytometry.
Bars are the mean + SD. Pooled data of two independent experiments, n=4 healthy donors per
group. Ns = not significant by One-Way ANOVA.
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To study if the expression of different glutamine transporters could reverse T cell death after
ASCT-2 blockade, we expanded the strategy to include two additional transporters: SLC6A14
(ATB%) is a neutral and cationic amino acids transporter dependant of Na* and CI-. Previous
publications have shown that mouse T cells overexpress ATB?* after ASCT-2 inhibition 1, so
we aimed to replicate the effect of ATB®* expression on human CAR T cells. Additionally, we
cloned ASCT-2 gene from a mouse (ASCT-2m) as it has significant structural differences
compared to ASCT-2 gene from humans. Comparing ASCT-2 amino acid sequences from mice
and humans, they share 80% of sequence homology; moreover, the structural differences of
both transporters have been used to identify binding regions for human or mouse-specific

antibodies against ASCT-2 234,

Additionally, to discard the lack of effect observed on SNAT transduced T cells is due to an
artefact of the 2A peptide included to separate RQR8 and the transporters, ATB%* and ASCT-
2m were cloned to co-express GFP separated with an internal ribosome entry site (IRES). T
cells from healthy donors were activated with CD3 and CD28 antibodies as described
previously and transduced with retroviral particles containing: RQR8-2A-SLC38A1 (SNAT-
1), RQR8-2A-SLC38A2 (SNAT-2), RQR8-2A-SLC6A14 (ATB®), RQR8-2A-SLC1A5m
(ASCT-2m), SLC6A14-IRES-GFP (ATB%) or SLC1A5SmM-IRES-GFP (ASCT-2m) (Figure

5.3-4A).
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Transduction efficiency was detected on T cells by expression of RQR8 or GFP. All constructs
efficiently transduced T cells: however, constructs with IRES-GFP had higher transduction
efficiency than RQR8-2A (Figure 5.3-4B). Transduced T cells were cultured with different
concentrations of VV-9302 for 48 hours, and the percentage of live transduced cells was counted
by flow cytometry relative to the vehicle. Raji cells were used as a positive control for V-9302
as this cell line is susceptible to ASCT-2 inhibition. Incubation with 5 uM of VV-9302 reduced
the number of live Raji cells and transduced T cells by 28%. Only activated T cells transduced
with ATB% -GFP or ASCT2m- GFP showed increased viability (Figure 5.3-4C). Similarly,
increasing the concentration of VV-9302 to 10 uM decreased by 50% the number of live Raji
cells. All constructs increased the number of live T cells, except RQR8-ASCT2m and RQRS8-
SNAT2, with a higher increase in T cells transduced with ATB®* -GFP (Figure 5.3-4D). Taken
together, genetically engineering T cells to express glutamine transporters co-transduced with

GFP partially restored the inhibitory effects of ASCT-2 blockade on transduced T cells.
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Figure 5.3-4: Transduction of activated T cells to express glutamine transporters. T cells
were transduced with different retroviral constructs expressing glutamine transporters. (A)
Schematic representation of the retroviral construct used to transduce T cells. (B)
Representative contour plot of transduced T cells with RQR8 or GFP constructs. Transduced
T cells were cultured with different concentrations of V-9302 or DMSO as vehicle. Percentage
of live transduced T cells cultured with (C) 5 uM or (D) 10 uM of V-9302 for 48 hours. Bars
are the mean = SD. Pooled data of three independent experiments, n=5 healthy donors per
group. Ns = not significant by One-Way ANOVA.
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As re-stimulated CAR T cells have higher metabolic requirements compared to resting
transduced T cells, we hypothesised activated CAR T cells should rely more on ASCT-2 for
glutamine uptake and be more sensitive to incubation with VV-9302. To study if overexpression
of different glutamine transporters could surrogate for ASCT-2 inhibition on CAR T cells, T
cells were co-transduced with plasmids expressing RQR8-aCD19CAR and glutamine
transporter-IRES-GFP (Figure 5.3-5A). Transductions were analysed by flow cytometry with
GPF expression and staining RQR8. Co-transductions efficiency varied between 40%-80%

(Figure 5.3-5B) and was used for subsequent experiments.
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Figure 5.3-5: Transduction of activated T cells to co-express aCD19 CAR and glutamine
transporters. T cells were co-transduced with two retroviral particles expressing the FMC63
aCD19 CAR with RQRS and glutamine transporters with a GFP. (A) Schematic representation
of the retroviral constructs used to transduce T cells. (B) Representative contour plot of
transduced T cells with RQR8-CAR and Glutamine transporters-GFP constructs.
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Co-transduced CAR T cells were cultured with Raji cells for 48 hours in media containing 5
MM or 10 uM of V-9302. Incubation with 10-5 uM of V-9302 reduced the number of live Raji
cells and transduced T cells by 50% and 28% respectively. Only activated CAR T cells
transduced with ATB®* -GFP or SNAT2- GFP showed increased viability at both V-9302
concentrations (Figure 5.3-6A-B). However, no differences in production of IFN-y was
observed among all the groups (Figure 5.3-6C). Taken together, genetically engineering of T
cells to express the glutamine transporter ATB?* partially restored the inhibitory effects of

ASCT-2 blockade on transduced CAR T cells.
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Figure 5.3-6: ASCT-2 blockade inhibition was reduced by the expression of glutamine
transporters on aCD19 CAR T cells. Transduced T cells were cultured with different
concentrations of VV-9302 or DMSO as vehicle for 48 hours. Percentage of live transduced T
cells cultured with (A) 5 uM or (B) 10 uM of V-9302. (C) IFN-y production measured by
ELISA. Bars are the mean + SEM. Pooled data of three independent experiments, n=3 healthy
donors per group. Ns = not significant by One-Way ANOVA.
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5.4 Production and validation of glutamine neutralizing a ASCT-2

antibodies.

Small molecules for blocking metabolic transporters have been extensively researched for
cancer treatments. However, small molecules usually have problems with the selectivity of the
target transporters, and unintentional side effects can arise. To overcome this limitation,
antibodies blocking the movement of metabolites or reducing the expression of target
transporters have been developed, allowing to specifically target surface proteins and reducing
the risk of side effects 2%, Kyowa Hakko Kirin Co., Ltd developed 3 antibodies to neutralize
glutamine uptake through ASCT-2. KM4008 and KM4012 were obtained from mouse
hybridomas, while KM4018 was obtained from rat hybridomas. These a ASCT-2 antibodies
had similar neutralization kinetics, showing blockade of glutamine uptake and cell growth

inhibition at 10-1 pg/mL on gastric cancer cell lines cultured in vitro.?*,

We obtained the sequences of KM4008, KM4012 and KM4018 from the US20100196392A1
patent and cloned these sequences under IgG2a and Igk constant domains. To identify
transfected cells, an IRES domain was included separating a BFP or GFP protein (Figure 5.4-
1A). Antibodies were produced transient transfection of HEK293T and verified the transfection

by expression of BFP and GFP (Figure 5.4-1B).
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Figure 5.4-1: Transfection of HEK293T cells with a ASCT-2 antibodies. HEK293 cells
were co-transfected to express a ASCT-2 antibodies. (A) Schematic representation of the
constructs used to transfect HEK293T cells. (B) Representative histogram transfected cells.
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As a pilot study of the efficacy of at ASCT-2 antibodies, KM4008 (VV08), KM4012 (V12), and
KM4018 (V18) antibodies produced from HEK293T transfected supernatant were purified
using the AKTA machine and used to stain Raji cells (ASCT-2+). Secondary staining with a
mouse algG2a conjugated to APC was used to detect the a ASCT-2-algG2a antibodies. As a
negative control, the anti-idiotype antibody against FMC63 previously described was used, as
it does not bind to Raji cells. All o ASCT-2 antibodies stained Raji cells compared to the
negative controls at 1 pg/mL (Figure 5.4-2A). Next, 10-5 ug/mL of a ASCT-2 antibodies were
added with Raji cells, and the number of tumour cells was counted by flow cytometry after 48
hours. V-9302 was used as a positive control for ASCT-2 inhibition. a ASCT-2 antibodies
reduced by 40% the percentage of Raji cells at 10 ug/mL and 5 pg/mL, and no significant
differences were observed comparing V08, V12 and V18 aASCT-2 antibodies (Figure 5.4-
2B). Importantly, VV-9302 reduced the number of Raji cells by >90%, indicating Raji cells are
sensible to glutamine depletion by ASCT-2 blockade. These results suggest that ac ASCT-2

antibodies are sufficient to impact Raji cells survival.
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Figure 5.4-2: Validation of aASCT-2 antibodies on Raji cells. Raji cells were incubated
with different a ASCT-2 antibodies and analysed by flow cytometry. (A) Representative
histogram of staining of Raji cells with 1ug/mL of antibodies and a secondary staining with an
algG2a-APC. (B) Percentage of live Raji cells cultured with 5-10 pg/mL aASCT-2 antibodies
for 48 hours. Bars are the mean = SD. Pooled data of three independent experiments, n=4-6
healthy donors per group. Ns = not significant by One-Way ANOVA.
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The antibody sequences were sent to GenScript for protein production to increase the

conditions tested. A monoclonal antibody against hen egg lysozyme (aHEL) was used as a
negative control. Binding to ASCT-2 was tested by staining Raji cells with a mouse algG2a
conjugated to APC. Similar to previous experiments, all t ASCT-2 antibodies stained Raji cells

compared to the negative controls (Figure 5.4-3A).

20-1 pg/mL of aASCT-2 antibodies were cultured with Raji cells, and the number of tumour
cells was counted by flow cytometry after 48 hours. a ASCT-2 V12 antibody significantly
reduced by 40% the percentage of live Raji cells at 20 pg/mL and 10 pug/mL, while a similar
reduction was observed using the antibody at 1 ug/mL. o ASCT-2 V08 and V18 reduced by
20% the number of Raji cells, but no statistical significance was observed (Figure 5.4-3B).
Taken together, the culture of Raji cells with a ASCT-2 antibodies reduced the number of Raji
cells by 20-40%, with the a ASCT-2 V12 antibody achieving the stronger effect of the three

antibodies tested.
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Figure 5.4-3: Purified a ASCT-2 antibodies reduced the viability of Raji cells. Raji cells
were incubated with different o ASCT-2 antibodies and analysed by flow cytometry. (A)
Representative histogram of staining of Raji cells with 1ug/mL of antibodies and a secondary
staining with an algG2a-APC. (B) Percentage of live Raji cells cultured with 5-10 ug/mL
aASCT-2 antibodies for 48 hours. Bars are the mean + SD. Pooled data of three independent
experiments, n=4-6 healthy donors per group. Ns = not significant by One-Way ANOVA.
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Finally, we tested if ASCT-2 blockade with monoclonal antibodies impacts activated aCD19-
CART cells proliferation and IFN-y production, similar as observed after culture with \V-9302.
CAR T cells were co-transduced with surrogate glutamine transporters ATB%, ASCT-2m,
SNAT-1 or SNAT-2, as previously described in this work (Figure 5.3-5). aCD19-CAR T were
co-cultured with Raji cells and incubated with 10 or 5 pg/mL of a ASCT-2 antibodies for 48

hours.

No differences were observed in CAR T cell expansion after using 5 ug/mL of any aASCT-2
antibodies tested (Figure 5.4-4A). Increasing the concentration to 10 ug/mL showed a 25%
reduction of CAR T cell number only with V08 a.ASCT-2; however, no statistical significance
was found (Figure 5.4-4B). Similarly, no differences were observed in IFN-y production after

culture with 5 ng/mL (Figure 5.4-4C) or 10 ug/mL (Figure 5.4-4D).

Taken together, ASCT-2 blocking antibodies were produced and validated. These antibodies
were able to reduce the proliferation of Raji cells, but no effect was observed on activated CAR

T cells, indicating they are not sufficient to impact CAR T cell function.
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Figure 5.4-4: Combination of a ASCT-2 antibodies and aCD19-CAR T cells. aASCT-2
antibodies were added to aCD19-CAR T cells in culture with Raji cells for 48 hours. Fold
change of absolute number of cells cultured with (A) 10 ug/mL or (B) 5 ug/mL of o ASCT-2.
IFN-y production from CAR T cells in culture with (C) 10 pg/mL or (D) 5 ug/mL of o ASCT-
2. Bars are the mean + SD. Pooled data of two independent experiments, n=3 healthy donors
per group. Ns = not significant by One-Way ANOVA.
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5.5 Summary

We found that inhibiting glutamine uptake through ASCT-2 on aCD19-CAR T cells using a
small molecule V-9302 impacted CAR T cell effector functions. At 10 uM, IFN-y and IL-2
production was reduced by 50% while not cooperating in killing Raji cells, indicating inhibition
of glutamine uptake though ASCT-2 is detrimental to CAR T cell antitumoral function. These
results contrast with similar studies using mouse T cells, as they are insensitive to the VV-9302

blockade.

We tested if overexpression of amino acid transporters SNAT-1, SNAT-2, ASCT-2 mouse or
ATB% could surrogate glutamine uptake after ASCT-2 inhibition. Increased viability on
resting T cells and activated CAR T cells expressing ATB®* -IRES-GFP as found, indicating
this construct is the best candidate for a combination of ASCT-2 inhibition with CAR T cell

therapy.

To address the limitations of using small molecules to block metabolic transporters in clinical
settings, we tested 3 different glutamine-neutralizing aASCT-2 antibodies on Raji cells and
CART cells. V12 aASCT-2 antibody consistently reduced the viability of Raji cells by 40% at
1 ng/mL and was, therefore, the best antibody candidate. However, any of the antibodies tested
reduced CAR T cell viability or IFN-y production, indicating that at the conditions and
concentrations tested, « ASCT-2 did not neutralize enough glutamine to impact CAR T cell

survival.
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6. Discussion.

6.1 CAR T cells and metabolic regulation.

CAR T cell therapy directed at B-lineage antigens is becoming increasingly established in
treating relapsed/refractory B-cell malignancies. However, while these therapies can induce
sustained complete responses, most patients either do not enter remission or relapse. A
proportion of CAR T cell failure is caused by antigen escape, but most failure occurs due to
antigen loss. Comparatively, clinical responses against solid cancers have been modest.
Infusion of TILs or transgenic TCR therapies results in clinical responses against melanoma,
NSCLC, among other solid tumours 2223, but their efficacy is still limited, partially due to a
hostile tumour microenvironment 24°, The TME comprises an intricately integrated network of
immunosuppressive elements, which render T-cell-based therapies ineffective in solid tumours
by limiting T cell infiltration and activation. Moreover, initial strategies to overcome tumour
immunosuppression included combining CAR T cells with immune checkpoint blockers or
pro-inflammatory cytokines. In recent years, the role of immune metabolism to shape T cell
responses have been exploited to increase OXPHOS and reduce glycolytic dependency,
increasing CAR T cell efficacy in pre-clinical models, as increasing T cell persistence by

genetic engineering improves T cell antitumoral potential 24%7.

The CAR can imprint distinct metabolic characteristics into T cells, as different signalling
domains polarize T cells to engage into different metabolic networks, increasing CAR T cell
persistence and  antitumoral  potential,  therefore, modulating T cell or
tumour/microenvironmental metabolism opens up a range of possibilities for enhancing CAR
T cell efficacy. For instance, increasing mitochondrial metabolism to produce a less-
differentiated phenotype by manipulating the cultured media or adding IL-15 and IL-7 is a

commonly used strategy 22. Additionally, the combination of CAR T cells with metabolic
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regulators reducing glycolytic engagement, like AKT °” and mTOR °° has shown increasing

antitumoral efficacy in pre-clinical models of B cell leukaemia and solid tumours.

More recently, the identification of crucial amino acids depleted in the TME and genetic
manipulation of CAR T cells to bypass nutrient scarcity has shown promising results in
reshaping T cell metabolism and improving their antitumoral potential %4105 However,
strategies which selectively affect tumour cells without hindering T cell immunity have been
challenging to develop, as tumour cells and proliferating T cells share many metabolic
requirements. Moreover, two studies combining metformin with CAR T cells reached opposite
conclusions; an aCD19-CAR against B cell lymphoma cell lines had reduced cytotoxicity and
antitumoral effects 243, while tHER2-CAR against lung carcinoma had enhanced antitumoral
activity 2*. Different in media composition, the concentration of IL-2 used to expand T cells
or the CAR structure, which can induce different levels of tonic signalling 245 could explain
these differences. Regardless, this highlights the necessity of studying metabolic regulation in

each CAR T cell therapy context.

Taken together, an increasing understanding of T cell metabolic requirements and their

interaction with the TME will lead to more sophisticated and efficient antitumoral therapies.

6.2 Pharmacological inhibition MCT-1 on aCD19-CAR T cells.

Pharmacological blockade of lactate transporters like MCT-1 has shown promising results
against B cell malignancies, as these cancer cells rely exclusively on this transport for lactic
acid export and B cell lymphomas patient samples show high expression of MCT-1 and low
levels of MCT-4, which makes them an ideal target for MCT-1 inhibitors, as activated T cells
express high levels of MCT-4 and should be insensitive to MCT-1 blockade. Therefore, we
aimed to study MCT-1 inhibition in combination with aCD19-CAR T cells to exploit B cell

malignancy metabolic vulnerabilities.
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6.2.1 Expression of MCT transporters on tumour and CAR T cells.

Small molecules have been developed to exploit the Warburg effect. For instance,
monocarboxylate transporters are highly expressed across several cancers *° and small
molecules which block lactate transporters such as MCT-1 and MCT-4 have been developed.
These small molecules induce quick accumulation of lactic acid intracellularly, arresting
proliferation and inducing cell death of tumour cells 8. Combining small molecules which
exploit the Warburg effect with ACT is not straightforward however, since activated T cells
increased glucose uptake and fermentation of glucose to lactate. Even so, as DLBCL patient
samples and cell lines predominately express MCT-1 for lactate export, with little or no
expression of MCT-4 144145 while T express both MCT-1 and MCT-4 upon activation 8, we
hypothesized that differential use of lactate transporters by tumour and T cells might allow
selective metabolic disruption of tumour cells. More specifically, we sought to explore the use

of selective MCT-1 inhibitors for this strategy.

We found high MCT-1, MCT-4 and CD147 expression on resting CAR T cells and an increase
of MCT-1 and CD147 levels after CAR T cell activation. Other studies have shown MCT-1
expression peaks on activated T cells after 12 hours, while MCT-4 expression is found after 48
hours post T cell activation. As the transduction of T cells with pseudo-retroviral particles
requires an activation step with aCD3 and aCD28 monoclonal antibodies, it is possible non-
transduced and resting CAR T cells maintained some expression of MCT1/4 after activation,
while T cells restimulated via the CAR induces higher expression of MCT-1 and CD147.
Notably, both B-cell tumour cell lines used in this work, Raji and NALMS6, had high CD147
and MCT-1 levels, with no expression of MCT-4 detected. Expression of metabolic
transporters on Raji cells has been extensively studied, as it is the main cell line used in studies
regarding pharmacological MCT-1 inhibition 211, while no studies using NALM-6 cells have

been reported. Therefore, in most experiments, we decided to use Raji cells as a positive control
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for MCT-1 inhibition as a lot of data has been published with this cell line. Moreover, Raji
cells are highly glycolytic, even compared to other DLBCL cell lines 246, making them more

susceptible to glycolytic manipulation.

For MCT-1 inhibition, we studied the 2 main small molecules used in pre-clinical studies; AR-
C155858 and its derivative, AZD3965. Both drugs are potent inhibitors of MCT-1 but they
also target with lower affinity MCT-2. Limited information exists regarding functional
differences between both MCT-1 inhibitors to account for the differences between AZD3965
and AR-C155858. Studies using mouse 4T-1 breast tumour cells found minor differences
comparing both small molecules. AR-C155858 behaves like an MCT-1 substrate with a trend
toward higher uptake at lower pH and with higher affinity to MCT-1 and MCT-2 compared to
AZD3965, while the latter shows higher liposolubility, which explains its oral availability and
different saturation rates compare with AR-C155858 152, Despite these differences, both small
molecules are used interchangeably for MCT-1/2 blockade, so we decided to use both in most
experiments to minimize the possibility the effects observed in our experiments were due to

off-target effects or limited to one MCT-1 inhibitor.

6.2.2 Metabolic rewiring of CAR T cells after MCT-1 inhibition.

After the blockade of lactate export, the first effect on tumour cells is a quick intracellular
lactate build-up. Lactate accumulation triggers profound biochemical changes, including
metabolic rewiring 1 and lactate dehydrogenases (LDH) conversion of lactate to pyruvate,
depleting ATP and NAD™. Over time, this reaction induces the accumulation of lactic acid,
increasing intracellular acidosis and T cells dysfunction 8. Both accumulation of lactate and
increase in intracellular acidosis contribute to impair proliferation and an increase cell death in

tumour and T cells after MCTs inhibition 7.



Importantly, short MCT-1/2 inhibition did not increase the intracellular lactate of «CD19-CAR
T cells while a 4x fold increase of intracellular lactate was found on Raji cells. We also
measured increases in intracellular acidosis using a pH-sensitive dye; pH Rodo Green. MCT-
1 inhibition for 48 hours induced a 50% decrease on intracellular pH in Raji cells, but no
differences were found in aCD19-CAR T cells. Similarly, no differences in the percentage of
apoptotic CAR T cells measured by annexin V or differences in proliferation of CAR T cells
after 4 and 7 days of culture with MCT-1 inhibitors were found. Our results suggest aCD19-
CAR T cells are insensitive to MCT-1 inhibition, as we could not find the early signs of lactate
accumulation (a quick lactate build-up) or late effects of metabolic shutdown after severe

intracellular lactic acid (increase in acidosis, apoptosis induction and reduced proliferation).

Moreover, in breast cancer cell lines, MCT-1 inhibition can induce changes in the expression
of MCT-1/2/4 15, We measured the expression of MCT-1, MCT-4 and CD147 on activated
CAR T cells to confirm if MCT-1/2 blockade insensitivity in our CAR T cells was explained
by an increase in MCT-4 expression or a loss of MCT-1. However, no differences on MCT-1,
CD147 or CD147 expression were found, suggesting differences found in CAR T cells after

MCT-1 inhibition are not explained by the downregulation of their main lactate transporters.

As changes in metabolism can profoundly impact T cells development, and MCT-1 inhibition
causes metabolic rewiring in cancer cells by increasing OXPHOS and reducing glycolysis, we
next explored the metabolic status of CAR T cells by analysing metabolic parameters by flow
cytometry and Seahorse assays. For the glycolytic analysis, we measured the extracellular
acidification rate (ECAR) of activated aCD19-CAR T cells in culture with MCT-1 inhibitors.
Interestingly, extracellular acidification rate was reduced by 20% in CAR T cells cultured with
either AZD3965 or AR-C155858, impacting their glycolytic reserve and glycolysis values. The
Seahorse assay measures ECAR by directly sensing changes in proton release in the media,

mainly by lactic acid release. It is possible the reduction in ECAR in CAR T cells is due to
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blocking lactic acid release by MCT-1 inhibition rather than a general reduction in glycolysis.
However, 2-NBDG uptake, a measure of glucose consumption, was unaffected in aCD19-
CART cells treated with MCT-1 inhibitors and we did not observe a quick lactate accumulation
in previous experiments, suggesting the reduction in ECAR is due to a general metabolic

rewiring.

Supporting this hypothesis, we found that activated aCD19-CAR T cells showed a shift
towards a respiratory metabolism after MCT-1 blockade. Measuring CAR T cells oxygen
consumption rate showed a 20% increase in maximal respiration after AR-C155858 incubation
and a 25% increase in mitochondrial mass was found by staining with Mitotracker Green.
These results suggest aCD19-CAR T cells increase their mitochondrial biogenesis after long
exposure to MCT-1 inhibitors, similar results were obtained in Raji and non-cancerous cells,
where intracellular lactate activated AMPK, increasing MCT-1 expression and mitochondrial
biogenesis 151247, However, we did not perform an extensive mitochondrial profile, as not only
mitochondria mass but also cristae remodelling, and mitochondrial fusion status profoundly

shape T cells metabolism &2,

Changes in lactate levels could induce metabolic rearrangement of CAR T cells by inhibition
of lactate dehydrogenases (LDH) and stabilization of hypoxia-inducible factor 1 alpha (HIF-
la). LDH inhibition would explain the reduction of ECAR without shutting down glycolysis
while increasing the influx of metabolites towards the TCA cycle and mitochondrial
biogenesis, as observed in tumour models 2#, while local accumulation of lactate is a known
trigger of HIF-10, promoting a metabolic shift to OXPHOS 24°, Directly measuring HIF-1o. and
LDH protein expression and activity, together with an electronic microscopy of T cells
mitochondria could partially answer if our CAR T cells rewire their metabolism after MCT-1
inhibition. Similarly, single-cell metabolic dynamics of CAR T cells infused on DLBCL

patients have identified a metabolic profile of early-activated CAR T cells 2°°. Comparing CAR
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T cells treated with different MCT inhibitors and metabolic profiling by stable isotope tracing
could answer more broadly the potential functional consequences of MCT regulation on T cell-

based therapies 251

6.2.3 Activation profile of CAR T cells after MCT-1 inhibition.

As T cell metabolism directly regulates T cells activation and functions, we performed an
extensive analysis of CAR T cell activation and phenotype to address if MCT-1 inhibition
impacted CAR T cell due to their increase in mitochondrial metabolism. We measured the
classic activation markers 41BB, OX40, CD69 and Granzyme B by flow cytometry and found
no differences in their expression comparing activated aCD19-CAR T cells with MCT-1
inhibitors and vehicle control. Similarly, initial studies culturing T cells with high levels of
lactic acid did not impact their expression of CD69 '8, and blocking lactate export of T cells
with diclofenac did not change their 4-1BB expression, suggesting the activation profile of T
cells is resilient to the inhibitory effects of lactic acid accumulation. Comparably, the reduction
of IFN-y and IL-2 production is a well-described consequence of lactic acid accumulation
109.118,121- however, IFN-y and I1L-2 production was unaffected by MCT-1 blockade in our CAR
T cells. Continuous lactic acid exposure in the TME induces T cell anergia and increases their
expression of exhaustion markers, like PD-1, LAG-3 and TIM-3 252, while increasing acidosis
or lactic acid concentration in vitro also increases T cell expression of exhaustion markers. In
contrast, our activated aCD19-CAR T cells did not increase the percentage of apoptotic T cells
nor increased PD-1 or TIM-3 expression after 48 of MCT-1 inhibitors exposure. Our results
suggest that the increase in CAR T cell OXPHOS after MCT-1 blockade did not meaningfully

impact CAR T cell effector functions.

Previous publications have shown MCT-1 inhibitors stop the proliferation of Raji cells. As Raji

and NALMG6 cells only express MCT-1, we tested if combining aCD19-CAR T cells with
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MCT-1 inhibitors could enhance tumour cell killing. We cultured aCD19-CAR T cells with
CD19* tumour cell lines at different Effector:Target ratios and consistently found the drugs
alone and in combination with CAR T cells reduced the percentage of live tumour cells by
50%, indicating that, in vitro, there is a cooperative effect on tumour cell killing, rather than
synergy between treatments. As we did not find any meaningful differences in MCT1-blocked
CAR T cell phenotype, we believe these drugs selectively impact tumour cells, leaving CAR

T cells unaffected.

An important consideration in these experiments is our CAR design. All these experiments
were performed with a CAR with a CD3z and a 4-1BB signalling domain. In T cells, agonistic
antibodies against 4-1BB induce profound metabolic reprogramming by raising mitochondrial
membrane potential, increasing OPA-1 expression, mitochondria fusion and improving T cell
respiratory capacity 2°3. Similarly, 4-1BB signalling in CAR T cells increased their respiratory
capacity and resistance to activation-induced cell dead by increasing antiapoptotic Bcl-2 family
members Bcl-xL and Bfl-1 254, Therefore, it is possible MCT-1 inhibition did not impact CAR
T cell function, as the 4-1BB signalling polarise them to a phenotype less reliant on glycolysis
and less lactate-dependant. We repeated a set of experiments but changing the 4-1BB signalling
domain with a CD28 intracellular domain, as CD28 engagement polarize T cells into a more

glycolytic network 2%,

We obtained similar results comparing 4-1BB and CD28 domains. aCD19-CAR-CD28 T cells
had similar expression of 4-1BB and CD69 after activation. IFN-y and IL-2 production did not
decrease after culture with MCT-1 inhibitors, nor was glucose consumption affected. Co-
culture of Raji cells and aCD19-CAR-CD28 T cells in presence of MCT-1 inhibitors also
increased T cell killing by 50% at different target:effector ratios. In general, we did not find
any meaningful differences in aCD19-CAR-CD28 T cells after MCT-1 blockade, suggesting

the cooperation between treatments is not limited to 4-1BB CAR T cells. However, we did not
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test a CD28 CAR T cell in vivo or analyse its long-term activation. CD28 imprints a more
glycolytic phenotype, with higher expression of GLUT-1 and higher acidification rates after 7
days activation 78, so it is possible different co-stimulation domains have different sensitivity
to MCT-1 inhibition not addressed in this work. Optimising CAR signalling and their
interaction with metabolic regulators could become a powerful tool for CAR T cell therapy.
Most studies comparing CAR T cell signalling domains focuses on 4-1BB and CD28, but other
members of the TNF family members have been shown to improve CAR T cell persistence and
reduce exhaustion 256257 particularly in CD4 T cells, which are a fundamental component of

the antitumoral cytotoxic response 2%,

6.2.4 CAR T cell Memory formation after MCT-1 inhibition.

A key factor for CAR T cell clinical responses is T cell engraftment; moreover, different T
cells memory subsets have shown different kinetics in clearing tumour cells. Effector memory
T cells rely more preferentially on glycolytic pathways to sustain their energy, quickly inducing
T cell expansion and tumour clearance. On the other hand, central memory T cells persist over
time, allowing a slower but continuous tumour killing, relying on fatty acid oxidation and
respiration 2>°. Metabolic networks shape T cell memory formation, several studies have shown
increasing OXPHOS in T cells increases the formation of long-lived memory populations, like
central memory T cells 7. As culture with MCT-1 inhibitors induced an increase in OXPHOS
but no differences in CAR T cell phenotype or effector functions were found, we performed a
T cell memory analysis by weekly stimulation of aCD19-CAR T cells with Raji cells in
presence of IL-2 to simulate the conditions CAR T cells encounter after patient infusion. With
our protocol, we found a significant reduction of CAR T cells with a Naive and central memory
phenotype over time due to loss of expression of CCR7, a marker used to identify these
populations. Meanwhile, we found an increasing percentage of effector T cells and Temra cells,

indicating this protocol simulates chronic antigen stimulation, reducing the percentage of long-
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lived memory T cells over time while increasing the number of exhausted CAR T cells.
Importantly, no differences in the memory T cell profile were found with either MCT-1
inhibitor, indicating long-term culture with MCT-1 inhibitors did not impact CAR T cell
metabolic networks enough to induce changes in memory development, further supporting the
hypothesis CAR T cells are insensitive to MCT-1/2 blockade. Importantly, weekly CAR T cells
stimulation in presence of IL-2 should polarise T cells to engage in a glycolytic metabolism,
which would make them susceptible to MCT-1 inhibition, we did not test if the same phenotype
would be obtained by culture with other cytokines, like 1L-15 or IL-7. No studies have been
published systematically studying T cell memory formation after MCT-1/2 blockade so the
effects of MCT-1 inhibition in memory T cell development and their impact on antitumoral

immunity remains to be studied.

6.3 Dual blockade of MCT-1/4 on aCD19-CAR T cells.

6.3.1 Syrosingopine and diclofenac.

Our results suggest CAR T cells do not rely exclusively on MCT-1 for lactate export. Other
transporters could substitute this function, particularly MCT-4 expressed on activated T cells,
including in our CAR T cells as MCT-4 expression is the most common resistance mechanism
to MCT-1 inhibition %, Therefore, we hypothesised MCT-4 expression was sufficient to
render CAR T cells insensitive to MCT-1 inhibition. As there are no small molecules targeting
specifically MCT-4, we tested this hypothesis by culturing CAR T cells with syrosingopine, a
dual blocker of MCT-1 and MCT-4 174, Culture with syrosingopine severely impaired T cell
expansion, IFN-y production and did not synergise with CAR T cell killing of target cancer
cells. Moreover, CAR T cells cultured with syrosingopine quickly accumulated intracellular
lactic acid, indicating CAR T cells rely at least on functional MCT-1 and MCT-4 for lactate

export and T cell functionality.
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However, our results need to be contrasted with publications using diclofenac, a non-steroidal
anti-inflammatory drug which also blocks MCT-1/4. Renner et al., found dual blocking of
MCT-1 and MCT-4 with diclofenac showed minimal impact on human T cells IFN-y
production and activation profile, while a two-fold reduction in proliferation and lactate release
was found 178, Additionally, blocking MCT-1/2/4 on mouse T cells showed minimal impact on
IFN-y production, and combination of diclofenac with immune checkpoint blockers against
PD-1 and CTLA-4 showed a strong protection in a breast cancer mouse model. Interpreting the
differences observed between syrosingopine and diclofenac is challenging, as no studies
comparing both drugs have been published. On tumour models, diclofenac has shown direct
metabolic regulation by inhibition of lactate dehydrogenase activity and impaired glucose
metabolism by inhibiting MYC 2%; diclofenac also directly modulates T cell activity by
inhibition of the potassium transporter Kv1.3 %% and high doses causes the activation of T cells

in a popliteal lymph node assay by the accumulation of mouse memory T cells 252,

On the other hand, the potential off-target effects on T cells are less understood. Syrosingopine
has shown antitumoral effects in combination with mitochondrial inhibitors, particularly

metformin, by depleting NADH and inducing tumour cell dead 74,

6.3.2 Enolase expression in tumour and T cells.

Additionally, syrosingopine has been shown to bind to a-enolase (ENOL1). a-enolase is part of
the glycolytic pathway, as it catalyses the conversion of 2-phosphoglycerate to
phosphoenolpyruvate, but no drop in a-enolase activity was found in HL60 cells cultured with
syrosingopine. However, in tumour cells models which rely only on glycolysis for energy
production, these models were sensitive to a-enolase inhibition by syrosingopine. Moreover,
expression of y-enolase was a marker of resistance to the combination of syrosingopine-

metformin, and overexpression of y-enolase conferred resistance to syrosingopine in vitro 172,



In T cells, a-enolase is expressed on activated CD4 and CD8 T cells and is critical for T cell
function in diseases like diabetes and multiple sclerosis 263264, Murine melanoma-infiltrating
CD8 T cells showed reduced glycolytic activity by downregulating a-enolase activity and
adding pyruvate, a downstream product of a-enolase, reversed the metabolic inhibition on
sorted TILs. Importantly, these TILs expressed similar levels of a-enolase but with
significantly reduced activity, suggesting the regulation of this pathway is post-
transcriptionally regulated 2%, Our results showed a quick accumulation of intracellular lactate
in Raji and CAR T cells after exposure to syrosingopine, suggesting the inhibitory effect
observed in activated aCD19-CAR T cells cultured with syrosingopine is mediated by lactate

accumulation rather than a--enolase activity.

To definitively answer the role of a-enolase on syrosingopine T cell inhibition, activated
aCD19-CAR T cells in the presence of syrosingopine could be cultured in media supplemented
with pyruvate or with molecules blocking enolase activity, like NaF, POMHEX 266 or
ENOblock, an inhibitor of the non-glycolytic functions of enolase 2’ Additionally, CAR T
cells could be transduced with y-enolase to confer resistance to syrosingopine; these strategies
could answer if the immunosuppressive effects of syrosingopine are due to lactate

accumulation or a-enolase inhibition.

Additional factors can contribute to MCT-1/4 inhibition differences with different small
molecules. Acute myeloid leukaemia cells expressing only MCT-1 engage in different cell-
death pathways depending on which MCT blocker is used. AR-C155858 caused necrosis while
dual MCT-1/4 with syrosingopine induced autophagy #%, even if both drugs induced similar

levels of lactate accumulation, suggesting an off-target effect on one or both small molecules.
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6.3.3 Expression of surrogate lactate transporters.

A significant limitation of our experiments is the expression of surrogate lactate transporters
on T cells after activation. For example, T cells can express MCT-2 268, although MCT-1 is
expressed faster than other monocarboxylate transporters 18, MCT-2 can transport lactate with
lower affinity than MCT-1, and the former has been described to be key on sustaining tumour
growth in certain cancer models. In mouse models of lung cancer, genetic deletion of MCT-2
improved tumour control and MCT-2 deletion on macrophages induced a distinct TME, with
increased T-cell differentiation and response to oxidative stress 2%, Considering this, in all our
in vitro experiments, we used a dose of 100 nM, which should be sufficient to block both MCT-
1 and MCT-2, as AZD3965 and AR-C155858 block MCT-2 with an affinity of 10 nM.
Therefore, we do not expect a contribution of MCT-2 on T cell lactate export in the conditions

analysed in this thesis.

Regardless, in this thesis we did not directly explore the functionality of other lactate
transporters. Genetic deletion of MCT-1/2/4 using CRISPR/Cas electroporation of T cells
could answer questions regarding the functionality of these transporters on CAR T cell biology.
However, as our objective was to explore the possible combination of metabolic regulators
with CAR T cells to improve their antitumoral potential, and as we did not find any meaningful
impact on CAR T cell function, we did not pursue loss-of-function experiments to answer these

questions.

Additionally, activated CD4 T cells can express the sodium-dependant lactate transporter
SLC5A12, which mediates lactate uptake in mouse models of inflammation, promoting fatty
acid oxidation and Th17 polarization. Moreover, the blockade of SLC5A12 with monoclonal

antibodies improved the disease score of murine models of arthritis 2°. However, this
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transporter primary function is lactate import, as it was first discovered as the main transporter

for lactate absorption in kidney 2! and its role in T cell dysfunction remains to be addressed.

More recently, another member of the MCT family has been described in T cells. MCT-11 is
highly expressed in the thyroid, liver, and salivary gland 3! but limited information is available
regarding functional expression in other tissues, including immune populations. However,
early reports from Delgoffe team have shown MCT-11 is expressed on exhausted CD8 T cells
in mouse melanoma models, contributing to lactate import and accelerating T cell exhaustion.
Conversely, genetic deletion of MCT-11 on CD8 T cells or blocking MCT-11 with monoclonal
antibodies reduced tumour burden, suggesting targeting MCT-11 could be an interesting

approach to combine with T cells immunotherapies against solid tumours 272,

6.4 Combination of MCT-1 blockade and aCD19-CAR T cells on mouse
models of B cell leukaemia.

6.4.1 Efficacy of MCT-1 blockade and aCD19-CAR T cells against a NALM6 model.

NAMLG6 and Raji only expressed MCT-1 and both cell lines showed similar sensitivity to
MCT-1 inhibition, implying the differential expression of MCTs on T cells and tumour cells
offers a therapeutic opportunity. However, studies on human breast cancer cell lines showed
MDA-MB-231 sensitivity to MCT-1/4 inhibition with syrosingopine in vitro, but not as tumour
xenografts in immunodeficient mice . Important metabolic differences between in vitro and
in vivo models, with cells cultured in vitro preferentially using glucose as a carbon source,
while in vivo explants rely more on glutamine, changing the sensitivity to metabolic regulators
228 Therefore, we developed a xenograft mouse model of B cell leukaemia by injecting

NALMBG cells intravenously, allowing systemic engraftment of tumour cells in the animals.
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We found a high tumour burden after 6 days of NALM®6 injection, measured by the luciferase
signal in the NALMG cells. A single low dose of 5x10° aCD19-CAR T cells efficiently reduced
the tumour burden of NALMG6 cells after 4 days post-infusion. This dose of CAR T cells was
used for all experiments as higher doses of intravenously transferred aCD19-CAR T cells, like
1x10°% CAR T cells, completely eradicated the NALM6 tumour cells and did not allow us to
compare the effect of the combination. Meanwhile, daily injections of 5mg/kg of AR-C155858
intraperitoneally reduced tumour engraftment by around 50%, but only reaching statistical

significance after 12 days of treatment.

The combination of aCD19-CAR T cells with daily intraperitoneal injections of AR-C155858
significantly improved tumour control in vitro against NALMG6 cells compared with each
treatment alone, reaching significance after 12 days of treatment. Comparing the tumour
burden of mouse transferred with aCD19-CAR T cells with vehicle or control, injecting AR-
C155858 also reduced the tumour burden by 50%. We obtained similar results on 2 additional
independent experiments analysing CAR T cell phenotype in vivo, where after 7 days of
treatment with AR-C155858, a reduction of 50% of tumour burden comparing the vehicle with
MCT-1 inhibitors was observed in mice treated with aCD19-CAR T cells. Similar results were
seen in our in vitro Killing assays, which further support the hypothesis that both treatments act

as having an additive rather than a synergistic effect in treating B-cell malignancies.

6.4.2 In vivo phenotyping of aCD19-CAR T cells.

We also performed a detailed phenotype analysis of the infused CAR T cells to test if the lack
of differences after MCT-1 blockade in T cell phenotype seen in vitro were replicated in vivo.
For this, T cell phenotype was analysed in bone marrow and spleen, as they are 2 of the main
organs for CAR T cell trafficking after a NALM®6 tumour challenge 194273, First, no differences

were observed in the number of T cells infiltrating either spleen or bone marrow, analysed by
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dissecting the percentage of Treg, CD8 and CD4 T cells, indicating MCT-1 inhibition did not
impact expansion of the main T cell subsets. Lactate build-up can polarise CD4 T cells into
specific phenotypes, inducing Th17 responses and decreasing the percentage of Th1 CD4 T
cells in mouse models of prostate carcinoma and rheumatism 279274, No differences were
observed in the production of Il-2 and IFN-y on CD8 or CD4 T cells, suggesting the Thl
phenotype was not reduced in vivo. However, a more details analysis of T cell phenotype is
lacking in these experiments, and if MCT-1 inhibition induces different types of inflammatory

CDA T cells, like Th9 and Th21, remains to be solved.

In our model, bone marrow aCD19-CAR T cells were more abundant than splenic CAR T cells
and expressed higher levels of activation markers, like 4-1BB, IFN-y and IL-2, indicating they
have a more activated phenotype. Single-cell imaging of mouse aCD19-CAR T cells on
transgenic mice that spontaneously develop Burkitt-like B cell lymphoma revealed CAR T
cells preferentially kill tumour cells in the bone marrow 2°, explaining the differences in the
activation profile in our experiments. Importantly, we did not find meaningful differences in
splenic or bone-marrow infiltrated «CD19-CAR T cells activation markers (4-1BB, 1COS and
Ki67), expression of effector molecules (IFN-y, IL-2 and LAMP-1) or exhaustion markers (PD-
1) comparing prolonged MCT-1 inhibition with their negative control on neither CD8 nor CD4
T cells. We analysed similar activation markers in vitro (4-1BB, OX40, CD69, PD-1, IFN-y,
and IL-2 release) and found no differences in their expression, suggesting the metabolic niche
found in vivo or in vitro did not significantly change the sensitivity of aCD19-CAR T cells to

MCT-1 inhibition.

Finally, we analysed the aCD19-CAR T cell memory profile in the bone marrow. More than
80% of the infused T cells were effector memory T cells in both CD8 and CD4 compartments,
similar to our results with in vitro chronic stimulation of CAR T cells, suggesting CAR T cells

engaged in repeated antigen stimulation after intravenous infusion. Taken together, our results

146



indicate MCT-1 blockade did not meaningful impact aCD19-CAR T cells phenotype and
shows the potential of targeting metabolic susceptibilities of tumour cells by the cooperation
of targeting lactate metabolism via MCT-1 in combination with a CAR T cells therapy against

B cell lymphoma.

To strengthen this conclusion, additional tumour models should be used, like a systemic
injection of Raji cells. Raji cells seem to be particularly sensitive to MCT-1 inhibition, as they
have a quicker metabolism compared with other malignant B-cell cell lines 2% and they have
been extensively used to test the efficacy of MCT-1 inhibition in preclinical models. ?*1. The
comparison of different B-cell cancer cell lines, susceptibility to metabolic regulation and its

translational implications remains to be elucidated.

In summary, the pharmacological blockade of MCT-1 selectively impairs B cell tumour growth
without hindering CD19-specific CAR T cell antitumoral potential, making combining both

treatments an interesting approach against B cell malignancies.

6.4.3 Hypoxia and T cell dysfunction.

The combination of CAR T cells and MCT-1 inhibition may be broadened by the exploration
of MCTs expression of different tumours, particularly sub-categories of solid tumours
expressing MCT-1 and negative for MCT-4, like melanoma, breast cancer, gliomas and others
276277 Subcutaneous injection of NALMG6 or Raji cell lines could recapitulate
immunosuppressive elements of the TME, which are not present in systemic models. MCT-1
inhibition have been shown to reduce the lactate accumulation in solid tumours %4; even if
blockade of MCT-1 did not directly impact CAR T cells functions, the reduction of tumour
acidity could improve the antitumoral efficacy of CAR T cells, as seen in other solid tumours
models, where genetic engineering of anti-glycan CAR T cells to reduce their intracellular

acidity improved the antitumoral efficacy in mouse models of hepatocellular carcinoma 278
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Another common feature of the tumour microenvironment is the reduction of oxygen
availability. During homeostasis, T cells encounter a wide range of oxygen concentrations,
between 3 and 19% oxygen 2’°, while tumour hypoxic tissue have an oxygen concentration
below 2% 28, HIF-1o. is the main regulator of oxygen homeostasis in T cells. Upon infiltrating
low oxygen tissues or during T cell activation, HIF-1o can dimerize with HIF-1B and
translocate into the nucleus, activating HIF target genes. HIF signalling reshapes T cell
metabolism, augmenting their reliance on glycolysis while reducing oxidative phosphorylation
281282 On CD8 T cells, HIF signalling contributes to maintaining cytotoxic activity by
increasing the expression of effector molecules like Granzyme B and Perforin ®, and genetic
engineering to sustain HIF-1 activity leads to an increase of accumulation of resident memory
T cells, improved response to aPD-1 therapy and antitumoral control 283, However, persistent
antigen stimulation and low oxygen exposure contribute to T cell exhaustion within the TME.
In vitro, the combination of hypoxia and VEGF-A promoted the differentiation of terminally
exhausted-like CD8 T cells expressing PD-1, TIM-3 and CXCR3 without affecting Granzyme
B, TNF-o and interferon IFN-y production 4. T cell dysfunction in hypoxia is partially
mediated by additional factors, tumour-infiltrating T cells express a transcriptional feature
similar to Tregs, increasing the expression of CD39 and reducing extracellular ATP
concentrations by conversion into the immune-suppressive oncometabolite adenosine. CD39
deletion in endogenous CD8 T cells resulted in slowed tumour progression and reinforced the
efficacy of aPD-1/ aCTLA-4 against melanoma mouse models 2%, Moreover, analysis in
melanoma TILs in mouse models found continuous T cell activation during hypoxia drives T
cell exhaustion by reducing mitochondrial activity and mTOR signalling, accumulating
terminally-differentiated T cells '3, while pharmacological prevention of HIF-1a/B
dimerization increases the efficacy of vaccine treatment or aPD-1 blockade on melanoma

model 286,
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6.4.4 Lactic acid impact on other immune compartments.

A key limitation of this study is the use of immune-deficient mice. NOD/SCID mice lack
lymphoid cells and functional NK cells and have defective macrophages and dendritic cells;
all these cells are fundamental components for antitumoral responses. Moreover, potential
synergies between CAR T cells and MCT-1 blockade are lost in this model as high levels of
lactic acid shape many immune cell compartments 287, Interestingly, the correlation of
metabolic networks and inhibitory mechanisms on tumour infiltrating immune cells are
actively being explored. Tumour infiltrating regulatory T (Treg) cells which preferentially use
lactate as a carbon source, have been found to overexpress inhibitory molecules and increase
their suppressive potential. Both tumour-infiltrating effector T cells and Treg cells can
metabolise lactate, but only Treg cells have mechanisms to regenerate NAD* and avoid
metabolic shutdown 124127 Furthermore, pharmacological inhibition of MCT-1 or genetically

editing this transporter on Treg cells increases the efficacy of aPD-1 treatment in mouse models

128,169

High lactic acid impairs NK cells similarly to T cells by reducing IFN-y release and cytotoxicity
against tumour cell lines, diminishing their antitumoral potential 1. In mouse breast cancer
models, inhibition of lactate influx through MCT-4 using the small molecule 7ACC1 or MCT-
4 silencing strengthens intratumorally NK functions by increasing perforin and NKG2D
expression, suggesting MCT-4 is the main transporter for lactate uptake on tumour infiltrating

NK cells.

Lactic acid modulates the phenotype of other immune compartments, like macrophages and
dendritic cells. Culture of myeloid cells with lactic acid induces a tolerogenic phenotype on
myeloid cells 1. Increasing acidosis directly impairs monocyte differentiation into DCs in

culture with I1L-4, TNF-a and GM-CSF by regulating mTOR activity 2. Additionally, the
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culture of dendritic in high densities produces high levels of IL-10 and reduced capacity to
induce Thl responses, which is mediated by accumulation of lactic acid in the culture media
289 Macrophage culture with lactic acid induced cell death and increased production of
cytokines like IL-1pB, IL-6, TNF-a, and CXCLS8, while also increasing the production of pro-
tumoral chemokine CCL2, CCL13, and CXCLD5, indicating culture with lactic acid produced
macrophages with a non-Th1-promoting inflammatory phenotype 2°°. Macrophages express
MCT-1 after 16 hours of activation with LPS and TNF-a 2°%, and their polarisation into an
immunosuppressive phenotype is mediated by lactic acid uptake through MCT-1 2%
Moreover, expression of MCT-1 on suppressive tumour-infiltrated macrophages correlates
with decreased recurrence-free survival in breast cancer patients 2°2, and blocking of MCT-1

with AZD3965 reduces the expression of PD-L1 on macrophages cultured with lactic acid 2.

Furthermore, other compartments of the tumour microenvironment, like cancer-associated
fibroblasts (CAFs), can shape the tumour evolution after metabolic regulation. CAFs are a key
component of the cancer stroma, as they can secrete several growth factors to modify the
extracellular matrix and preventing the infiltration of drugs and immune cells into the tumour
niche %4, Metabolically, CAFs sustain tumour acidosis by secreting lactic acid and providing
cancer cells with additional ATP 2%, High levels of lactic acid polarise other stromal cells into
CAFs 2% while simultaneously mediating CAF activation by downregulation of p62 and
reduction of NAD™* levels 2%, In models of pancreatic cancer, it was shown CAFs can
upregulate MCT-1 to uptake lactate from cancer cells, enhancing CAFs proliferation, secretion

of IL-6 and suppression of cytotoxic immune cell activity 2%.

Taken together, the reduction of lactic acid production by MCT-1 inhibition could wider
antitumoral immune benefits by reducing the TME acidity, polarising myeloid cells into a pro-
inflammatory phenotype, starving Treg from an important metabolite from their function, and

augmenting the cytotoxicity activity of NK and T cells.
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6.4.5 Potential side effects of MCT-1 inhibition.

As MCT-1 is expressed in most tissues 2%, an important concern for antitumoral therapeutic
targeting is the potential side effects of blocking this transporter. Mice administrated AZD3965
by oral gavage showed reduced blood leukocyte count and spleen size 1443%, Other groups have
reported AZD3965 had minimal impact in mice at doses as high as 100 mg/kg with only
transient perturbed orientation %%, A monoclonal antibody blocking MCT-1 showed no
significant side effects after weekly exposure of 50 mg/kg for 4 weeks. However, a tamoxifen-
inducible MCT-1 knockout mouse had smaller testis and partial spermatid degeneration (patent

W02019136300A2).

Importantly, the data from a phase I clinical trial using AZD3965 on 51 patients had recently
been published. This study found high doses of AZD3965 were well tolerated by patients, with
extreme fatigue and temporary changes to the retina (catalogued as severe) as the main side
effects (NCT01791595) and a rare case of one patient with hyperlactaemic acidosis after
treatment, possibly due to the large tumour burden 30X, Retinal degradation was particularly
important to address, as MCT-1 is the main lactate transporter in the retina serving as a lactate

exporter and succinate exporter 302303,

On the other hand, several mouse models have been developed to study CAR T cell biology
and toxicities observed in patients. Infusion of aCD19-CAR T cells in patients has several
adverse effects, including cytokine-release syndrome (CRS), immune effector cell-associated
neurotoxicity syndrome, and B cell aplasia 3°43%°, CRS is the most common acute side effect
with an incidence of 42%-100% in treated patients and consists of the increase of several
proinflammatory cytokines, such as IL-1, IL-6, IFN-y and GM-CSF produced by T cells and
macrophages, causing fever, nausea, vomiting, among others 3%, Meanwhile, B-cell aplasia is

the most common long-term side effect of aCD19-CAR T cell therapy, present in 25-38% of
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patients and persisting for several years, even after the loss of detectable CAR T cells in blood
307 1t is hard to speculate how the combination of aCD19-CAR T cell therapy and MCT-1
inhibition could interact in terms of toxicities. MCT-1 inhibition promotes cell death by
apoptosis of tumour cells rather than pyroptotic cell death 51, As pyroptotic cell death has been
linked to the initial stages of CRS in patients, is possible the combination will reduce the
severity of the side effects by decreasing the release of proinflammatory factors. Furthermore,
MCT-1 blockade can inhibit the initial stages of T cell function, possibly further reducing the

general inflammatory landscape.

Syngenetic and transgenic mouse models have been developed to recapitulate CAR T cell
interactions with different immune system compartments and clinical toxicities 3. In a
transgenic mouse model expressing B-cell restricted human CD19, transference of a mouse
lymphoma cell line (TBL12) and treated with «CD19 CAR T cells recapitulate the CAR T cell
toxicities. These mice had dose-dependent CRS and neurotoxicity which was neutralized by
blocking IFN-y or IL-6 with monoclonal antibodies 3. Additionally, syngenetic models, like
the A20 mouse lymphoma cell line, have been used to test the efficacy of aCD19 CAR T cells.
This model has been used to study the importance of immunodepletion for CAR T cell
engraftment, and the recruitment of immune cells to clear cancer cells in combination with IL-

12 producing CAR T cells 319,

Metabolic profile, tumour aggressiveness and immune cell phenotype are fundamentally
linked, as further demonstrated by the metabolic shift in T cells after immune checkpoint
therapy and the improvement of aPD-1 therapy after metabolic regulation 31, Detailed studies
on immunocompetent mouse models infused with CAR T cells interrogating how changes in
the tumour metabolic landscape after MCT inhibition will lead to a deeper understanding of

immune metabolism and better therapies against cancer.



6.4.6 Challenging the concept of lactate as an oncometabolite.

The view of lactic acid as a waste product and its role in modulating T cell immunity has
changed dramatically in recent years. Accumulation of lactate on inflamed tissue reduces CD4
T cell mobility and allows T cell retention during injuries 1%, while also as a carbon source by

lung cells and Tregs 32,

The culture of CD8 T cells on modified media also gives some clues of the contribution of
lactate to T cell function. Activating CD8 T cells on media with physiological carbon sources,
meaning adjusting glucose, glutamine and lactate concentrations to 5, 0.5 and 2 mM
respectively, shows CD8 T cells preferentially use lactate to feed the TCA cycle, with glucose
being utilized for the pentose phosphate pathway instead 323, Similarly, culture with 40 mM of
lactate promoted CD8 T cells differentiation by increasing the expression of Granzyme B,
Perforin, 4-1BB, ICOS and other activation molecules. Culture with lactate also suppressed
glycolysis and promoted oxidative metabolism in activated CD8 T cells, profoundly altering
their metabolism and expression of transcription factors, particularly HIF-1 34, Importantly,
these effects were lactate specific, as culture with lactic acid severely suppressed CD8 T cell

activation instead.

In cancer mouse models, subcutaneous injection of lactate improved the efficacy of aPD-1
treatment in melanoma and breast cancer by increasing the infiltration of CD8 T cells and their
memory T cell gene signature. Culture of OT-1 T cells with lactate increased the expression of
TCF1 and modulated T cell epigenetic regulation to increase stemness and reduced apoptosis,
which translates into a superior antitumoral control 3!°. Additionally, tumour infiltrating CD8
T cells can metabolise lactate instead of glucose and modulation of the mitochondrial pyruvate
carrier 1 (MPC1) severely impaired T cell effector function in tumours but not in the spleen.

During high lactate and low glucose conditions, pyruvate is preferentially produced from



lactate oxidation, therefore blocking MPCL1 deprives the mitochondria of this crucial metabolite
to sustain the TCA cycle. Importantly, blocking MPC1 during the later stages of PBMC
activation (5 days post-culture with aCD3/aCD28 antibodies) dramatically improved human

aCD19-CAR T cell therapy in B cell leukaemia animal models 6.

Blocking MCT-1 during the initial stages of T cell activation has been consistently
demonstrated to be detrimental to T cell proliferation and activation; however, depending on
the experimental conditions and cancer model, modulating lactate metabolism can have a
plethora of unexpected effects in T cell biology. For example, MCT-1 deficiency in mouse
CD8 T cells showed impaired proliferation and cytokine production, a shift to respiratory
metabolism and reduced infiltration in epididymal visceral adipose tissue, reducing
adipogenesis 6, MCT-1 can also transport succinate, and tumour-derived succinate uptake by

MCT-limpaired CD4 T cell effector function by inhibiting succinyl-CoA synthetase activity

317

Local nutrient availability changes dramatically for an antitumoral T cell, with distinct local
concentrations of carbon sources, amino acids and co-factors in circulation, lymph nodes,
tumour stroma and during inflammation, the pharmacological blockade of MCT-1 represents
an interesting strategy to target tumour cells in combination with CAR T cell, and a better
understanding of the metabolic interactions between cancer cells and T cells can only lead to

improved and safer cancer therapies.



6.5 ASCT-2 inhibition on CAR T cells.

Following the results obtained with MCT-1 inhibition, we explored if this strategy could be
expanded to other metabolites. Inhibition of glutamine uptake on tumour cells has shown
promising results on preclinical models of breast, colorectal and lung cancers 2%, but initial
clinical trials found unacceptable toxicities in patients. Moreover, the role of glutamine uptake
and the antitumoral potential of T cells is less understood, precluding the development of
combinatory treatments targeting glutamine and T cell-based immunotherapies. As ASCT-2 is
the main glutamine transporter in both tumour and T cells, we explored if the combination of

CAR T cells with ASCT-2 inhibitors could cooperate in treating B cell malignancies.

6.5.1 Modulating glutamine metabolism in combination with T cell immunotherapies.

To reduce some of the toxicities observed in patients treated with glutaminase inhibitors, Leone
et al., developed a modified version of the glutaminase antagonist 6-diazo-5-oxo-I-norleucine
(DON), which is only active on the TME. In mouse models, glutamine inhibition led to nutrient
depletion in cancer cells by suppressing oxidative and glycolytic metabolism of cancer cells;
meanwhile, effector T cells had increased oxidative metabolism and a long-lived, activated
phenotype 291, Additionally, V-9302 selectively blocked glutamine uptake by triple-negative
breast cancer cells but not mouse OT-1 CD8 T cells. Moreover, CD8 T cells increased the
expression of ATB? and glutathione synthesis, improving CD8 T cell effector function 8°,
suggesting the combination of glutamine inhibition and adoptive T cell therapy could synergise

in cancer treatments.

In contrast with the results published by Edwards et al., culture of human CAR T cells with 20-
5 uM of V-9302 severely reduced T cell viability, IFN-y and IL-2 production in a dose-
dependent manner, indicating that ASCT-2 inhibition is toxic at the concentrations commonly

used on other publications. Similarly, the combination of V-9302 with aCD19-CAR T cells



did not significantly increase Raji cell killing, suggesting both treatments interfere with their
antitumoral capacity. At high concentrations, VV-9302 induce cell death of both tumour cells
and CAR T cells, so toxicity against Raji cells in those conditions is driven primarily by ASCT-
2 inhibition. In contrast, with lower concentrations of VV-9302, the effect of CAR T cell killing
was dominant. This T cell suppression led us to explore strategies to render aCD19 CAR T

cells insensitive to ASCT-2 blockade.

Metabolic networks on mouse and human T cells are likely conserved; generally, conclusions
obtained from mice data are assumed to closely resemble their human counterparts. However,
few comparative studies exist directly comparing human and mouse T cell metabolic networks.
For example, aerobic glycolysis has a different role in human and mouse Treg differentiation.
After TCR engagement, human Treg induction and suppressive function is dependent on
increasing glycolysis, which is controlled by FOXP3 and a—enolase '8, Meanwhile, glycolysis
has a pivotal role in determining Th17 and Treg fate in mice, where blocking glycolysis did
not impact Treg differentiation but is critical for generating Th17 cells in HIF-1a dependant
manner 319, Key differences in glutamine utilisation have also been found between human and
mouse myeloid cells. In human monocytes cultured in vitro, the differentiation of monocytes
to dendritic cells or macrophages was independent of extracellular glutamine supply as they
can produce endogenous glutamine by glutamine synthetase 3%°. In contrast, glutamine
synthetase was undetectable in murine macrophages, explaining previous reports that

glutamine uptake is essential for cytokine production and phagocytic functions 3.

As strong CAR T cell inhibition was found after V-9302 blockade, we tested the plasticity of
glutamine depletion on activated CAR T cells to test if T cell metabolism could be modified to
render our CAR T cell resistant to aASCT-2 blockade. Glutamine was reduced after T cell
transduction instead of during the initial of the culture, as reducing glutamine during the initial

stages of T cell activation could reduce T cell proliferation and impair retroviral transductions,
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as this viral particles can only insert their genetic package on active proliferating cells 322,
Culture of CAR T cells with no glutamine provided some resistance to V-9302 inhibition. At
10 uM of the small molecule, a 45% IFN-y production reduction was observed after culturing
CAR T cells with no glutamine compared to a 70-80% reduction in cultures with 0.2 — 2 mM
of glutamine, suggesting CAR T cells have some plasticity to resist glutamine depravation.
However, increasing the concentrations of VV-9302 eliminated this protection, and by 20 uM
no live cells were detected. With these results, we decided to genetically engineer CAR T cells

to express surrogate glutamine transporters instead of further modifying T cells media.
6.5.2 Expression of surrogate glutamine transporters.

Among the transporters analysed for ASCT-2 substitution, expression of ATB%* showed a
better viability increase on transduced T cells and activated CAR T cells compared to
expression of SNAT-1 or SNAT-2. It is possible forcing the expression of ATB®* on human T
cells recapitulates the results obtained in mouse OT-I T cells 8, suggesting ATB®* is a suitable
candidate to replace ASCT-2 function on human T cells. ATB®" is overexpressed in several
cancers, as it transports all neutral and basic amino acids 323, while SNAT-1 and SNAT-2
transport mainly neutral amino acids 8. Experiments on glutamine-deprived tumour cells
showed proliferation and mTOR activity can be sustained by expressing arginine transporters
SLC7A3 or asparagine supplementation 180324, ATB%* expression could not only allow normal
flux of glutamine but also increases in the availability of additional amino acids, like asparagine

and arginine, sustaining the TCA cycle in absence of glutamine.

Interestingly, we found the constructs expressing the transporters followed by an IRES
sequence and GFP had better results than vectors expressing RQR8 followed by a 2A cleavage
peptide and the transporters. Research comparing bi- and tri-cistronic vectors has shown the

cleavage efficiency of 2A peptides varies depending on the cell line and gene being expressed



325 A western blot comparing the protein expression of both constructs could elucidate if the
differences observed are explained by differences in expression. The combination of V-9302
and CAR T cells transduced to express ATB®* offers a therapeutic opportunity to generate non-
glutamine addicted T cells. A better characterisation of the biological and metabolic impact of
ATBY* forced expression and experiments in animal models to test the synergy between V-

9302 and CAR T cells are necessary to explore their therapeutic potential.

6.5.3 ASCT-2 blocking antibodies.

To reduce the potential toxicities of ASCT-2 inhibition, we sought to expand this strategy by
studying ASCT-2 blocking monoclonal antibodies. Systemic glutamine-neutralisation by
glutaminase inhibitors had unacceptable gastrointestinal toxicities 326 and off-target toxicity is
a common feature of small molecules developed for cancer research 32732 Therefore, T cells
producing monoclonal antibodies could provide local administration of targeted drugs without

the limitations of small molecules.

We tested 3 monoclonal antibodies against ASCT-2 from Kyowa Hakko Kirin Co., Ltd. We
found these o ASCT-2 antibodies can stain Raji cells and reduce their proliferation by 40% at
a concentration of 10 ug/mL, comparable to using 10 uM of V-9302, suggesting the antibodies
can neutralise glutamine in these conditions. However, no significant differences in activated
aCD19-CAR T cells proliferation or IFN-y release were found, indicating the blocking ASCT-
2 with antibodies is insufficient to impact CAR T cell effector functions. The reduction in
viability of CAR T cells with VV-9302 but not with antibodies has several explanations. For
instance, ASCT-2 can be expressed on the mitochondria and other organelles to facilitate
glutamine uptake, so V-9302 could target ASCT-2 expressed in intracellular organelles that

neutralising antibodies do not have access to 32°,



Suzuki et al. and Osanai-Sasakawa. et al. used gastric cancer cell lines cultured in media with
reduced glutamine (0.2 mM) while the standard culture media have 2 mM of glutamine. At 10
ug/mL, the antibodies reduced the viability of ASCT-2Md" tumour cell lines by 50% 2°7. We
tested the antibodies with Raji cells at standard glutamine conditions and using 5-10 ug/mL of
the antibodies, finding a similar reduction in viability. Raji cells have increased metabolism
compared to other cell lines and they are heavily glutamine-reliant in vitro 2%, so we
hypothesised this cancer cells would be more sensitive to a partial reduction of glutamine

availability compared to activated CAR T cells.

The sensitivity of Raji and CAR T cells to VV-9302 but not to monoclonal antibodies could have
other explanations. SLC1A5-knockdown in HNSCC cell lines treated with V-9302 had reduced
glutamine metabolism in vivo and in vitro, suggesting this small molecule targets other
glutamine transporters 3%, like SLC38A2 (SNAT-2) and SLC7A5 (LAT-1) expressed in cancer
cells 3L, Therefore, V-9302 can exerts a broader glutamine transport disruption compared to
aASCT-2 antibodies, explaining their potent immunosuppressive effects of V-9302 on CAR T

cells cultured in vitro.

Additionally, under hypoxia, cancer cells can express an alternative variant of ASCT-2 which
localise in the mitochondria. This enhances glutamine uptake in the mitochondria, feeding the
TCA cycle and promoting the production of glutathione (GSH) %2°. GSH is a tripeptide
composed of glutamate, glycine, and cysteine with potent antioxidant capacities. Several
glutamine-addictive tumour cells use glutamine for GSH synthesis, protecting tumour cells
from cell dead triggered by reactive oxygen species (ROS) DNA damage 3%2. V-9302 can
permeate the plasma membrane and could access ASCT-2 expressed in the mitochondria,

further impeding glutamine catabolism in ways a ASCT-2 antibodies do not have access to.



6.5.4 Glutamine inhibition in the TME.

Several clinical trials are ongoing testing modulating glutamine metabolism against solid
tumours. For example, the combination of the glutaminase inhibitor CB-839 has been tested in
combination with Nivolumab as a treatment for melanoma, renal cell carcinoma (RCC), and
NSCLC (NCT02771626), and various animal models have shown the benefit of combining

glutamine inhibitors with immune checkpoint blockade therapy.

However, glutamine inhibition has some contradictory evidence in animal models. In the triple-
negative breast cancer model EQ771, systemic ASCT-2 inhibition with V-9302 suppressed
tumour growth and increased T lymphocyte activation 8. However, in a murine colorectal
cancer model, injection of V-9302 induced increased PD-L1 expression in cancer cells. V-9302
or aPD-L1 antibody did not control the growth of CT26 tumour cells in immunocompetent
mice, but the combination significantly reduced tumour growth by inducing cancer cells death
and increasing the influx of CD8 T cells 1. Glutaminase inhibition with JHU083 induced
tumour regression in the colorectal cancer mouse model MC38 by shutting down tumour
metabolism and rewiring CD8 T cell metabolism to replenish TCA intermediaries with other
metabolites, like acetate 2°1. Meanwhile, Kras mutated adenocarcinoma models had increased
glutamine uptake and glutaminase inhibition with CB-839 reduced the number of effector CD8

T cells and their clonal expansion 2%,

Glutamine inhibition has a plethora of effects on several immune compartments that could
explain the differences in these tumour models. ASCT-2 deficient models have shown this
transporter is critical for the development of Thl and Th17 CD4 T cells but not for Th2 or
Tregs, as glutamine-derived o-ketoglutarate decreases IFN-y production and Thet expression
%, In contrast, NK cells are less glutamine-dependant, as in vitro culture in glutamine-free

media does not impact NK cells OXPHOS, but glutamine export by SLC7A5 (LAT1) is critical



for sustaining c-Myc and mTOR activity, suggesting maintaining glutamine homeostasis
regulates NK activation signals 8. Glutamine availability can also regulate myeloid fate in
tumour-infiltrated macrophages. Glutamine deprivation decreased M2 polarization and
production of chemokine CCL22, while M1 macrophages express an active variant of the
aspartate-arginosuccinate shunt and can compensate for the lack of glutamine in the
environment 333, In a breast cancer mouse model, blocking glutamine metabolism with JHU-
083 induced primary tumour regression and reduced lung metastasis by reducing the infiltration
of myeloid-derived suppressor cells, reprogramming macrophages into an inflammatory
phenotype and increasing cross-presentation to T cells 7. Meanwhile, glutamine-deprivation
promotes CAFs migration 33 and they can sustain cancer cells proliferation by providing
exogenous glutamine 3%, Metabolomics analysis has shown that cancer and immune cells
engage in metabolic partitioning, with cancer cells preferentially consuming glutamine, while
myeloid cells uptake an important percentage of glucose. Modifying glutamine availability
would severely hinder cancer cell metabolism and reshape the TME 33, developing a

favourable niche for T cells antitumoral functions.

6.5.5 Production of glutamine-resistant CAR T cells.

Additional strategies to render glutamine-resistant CAR T cells could involve the development
of single-domain antibodies (nanobodies). Nanobodies are becoming a powerful tool to target
metabolic transporters; nanobodies are smaller (12—-15 kDa and 2.5 nm x4 nm), and the
generally more convex binding site allows them to target epitopes less accessible to
conventional antibodies. Therefore, nanobodies have the potential to produce molecules
against cell membrane transporters, with higher affinities and stability suitable for clinical use
337 The smaller size allows them to infiltrate tissues otherwise inaccessible for regular
antibodies. For example, a nanobody targeting the ATP-binding cassette sub-family C member

3 (ABCC3) was recently developed for glioblastoma treatment 23, ABCC3 transport organic
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anions, like glutathione and glucuronide, but it has also been associated with tumour
chemoresistance, as the expression of ABCC transporters reduced the intracellular retention of
anti-cancer agents in several malignancies 33°34° Nanobodies against ABCC3 were able to
cross the blood-brain barrier, normally inaccessible for most therapeutic antibodies, and
infiltrate orthotopically implanted glioblastoma tumours 33, Nanobodies have also been used
to modulate the enzymatic activity of CD38 34!, a NAD*-hydrolyzing ecto-enzyme present in
B cells and NK cells. CD38 hydrolyses NAD* as part of the pathway to adenosine, a known
immunosuppressive onco-metabolite 342, Therefore, nanobodies targeting metabolic
transporters hold substantial potential for the next generation of metabolic-regulating

immunotherapies.

Metabolic plasticity after glutamine inhibition is a common feature of tumour cells. A frequent
mechanism to resist glutamine addiction in tumour cells and T cells is overexpressing enzymes
involved in pyruvate metabolism, like pyruvate carboxylate (PC) 201343344 These enzymes can
fuel the TCA and compensate for the lack of glutamine by producing oxalacetate, expressing
PC at the beginning of T cell activation, before T cells have the chance to become glutamine-
addicted, could imprint them a phenotype resistant to glutamine inhibition. Additionally,
pancreatic ductal adenocarcinoma treated with the glutaminase inhibitor CB-839 adapted their
metabolism in vivo by engaging in fatty acid and lipid metabolism to overcome glutamine
inhibition 34, Tumour cells can also uptake alternative amino acid transporters after glutamine
depletion, like the aspartate/glutamate transporter SLC1A3, which can feed the TCA cycle and
maintain nucleotide synthesis under glutamine deprivation by metabolising aspartate 3,
Learning about the metabolic adaptability of cancer cells could allow exploiting this resistance
mechanism for targeted therapies, and the genetic engineering of T to overcome glutamine

addiction could be interesting approaches to apply for CAR T cell therapies.



7. Conclusions.

In this work, he showed CD19-specific CAR T express high levels of the lactate transporters
MCT-1 and MCT-4 upon activation with tumour cells expressing CD19 and pharmacological
inhibition of MCT-1 did not impact the expression of lactate transporters on T cells.
Additionally, CAR T cells did not accumulate lactic acid intracellularly after incubation with
MCT-1i, which supports the hypothesis that CAR T cells and MCT-1 blockade could cooperate

against B cell malignancies.

MCT-1 inhibition induced metabolic re-arrangement on activated CAR T cells by diminishing
glycolytic pathways engagement, increasing respiration, and slightly increasing mitochondrial
potential. However, no differences in T cell phenotype were observed measured by expression
of activation markers 4-1BB, OX40, CD69 and Granzyme B. Release of inflammatory
molecules IFN-y or IL-2 and in vitro memory phenotype profile was unaffected by MCT-1
blockade. Furthermore, the combination of CAR T cells with MCT-1 inhibition increased the
killing of tumour cells by 50% compared to CAR T cells alone. Importantly, dual inhibition
with syrosingopine severely impairs CAR T cell activation, suggesting MCT-1 and MCT-4 are

utilised to lactate export on CAR T cells.

We confirm that daily injection of 5 mg/kg AR-C155858 efficiently controls the tumour growth
on a model of B cell leukaemia NALM-6 without any apparent side effects. Moreover, the
combination of aCD19-CAR T cells with MCT-1 blockade significantly improved the killing
of tumour cells and increased CAR T cell antitumoral control in mouse models compared to
each treatment alone, confirming the conclusions on the in vitro cytotoxicity experiments.
Additionally, aCD19-CAR T cell phenotype measured by expression of 4-1BB, ICOS, PD-1,

Ki67, IFN-y, IL-2 and LAMP-1 remained the same on T cells transferred on tumour-bearing



mice injected for 7 days with AR-C155858, corroborating MCT-1 inhibition did not impact

CAR T cell phenotype in vivo or in vitro.

In summary, the pharmacological blockade of MCT-1 selectively impairs B cell tumour growth
without hindering CD19-specific CAR T cell antitumoral potential, making combining both

treatments an interesting approach against B cell malignancies.

We found that inhibiting glutamine uptake through ASCT-2 on aCD19-CAR T cells using a
small molecule V-9302 impacted CAR T cell effector functions. At 10 uM, IFN-y and IL-2
production was reduced by 50% while not cooperating in killing Raji cells, indicating inhibition
of glutamine uptake though ASCT-2 is detrimental to CAR T cell antitumoral function. These
results contrast with similar studies using mouse T cells, as they are insensitive to V-9302
blockade. We tested if overexpression of amino acid transporters SNAT-1, SNAT-2, ASCT-2
mouse or ATB®* could surrogate glutamine uptake after ASCT-2 inhibition. Increased viability
on resting T cells and activated CAR T cells expressing ATB% was found, indicating this
construct is the best candidate for a combination of ASCT-2 inhibition with CAR T cell

therapy.

To address the limitations of using small molecules to block metabolic transporters in clinical
settings, we tested 3 different glutamine-neutralizing o ASCT-2 antibodies on Raji cells and
CAR T cells. ¢ ASCT-2 V12 antibody reduced the viability of Raji cells by 40% at 1 pg/mL
and was, therefore, the best antibody candidate. However, any of the antibodies tested reduced
CAR T cell viability or IFN-y production, indicating that at the conditions and concentrations

tested, a ASCT-2 did not neutralize enough glutamine uptake to impact CAR T cell survival.

Taken together, this work highlights the potential of selective targeting cancer metabolism via

blockade of metabolic transporters in combination with CAR T cells therapies.



8. Future perspectives.

Given the limited efficacy against solid tumours, the first strategies to improve CAR T cell
efficacy focused on modifying the tumour microenvironment by directly disrupting inhibitory
signals. However, T cell metabolism, a fundamental component of T cell immunity, was

comparatively neglected.

Recent studies have demonstrated the intersection between tumour and T cell phenotype and
metabolic networks, and several articles have shown modifying T cell metabolism can increase
antitumoral potential. Additionally, recent advances in single-cell genomics and metabolomics
allow categorizing tumours according to their metabolic characteristics, coming one step closer

to developing personalized therapies.

In the context of this work, as metabolic transporters can be targeted by small molecules or
antibodies, innovative and safe treatments have been recently tested in pre-clinical models and
clinical trials. The clinical trial blocking MCT-1 showed good tolerability in patients with solid
tumours; unfortunately, MCT expression was not assessed in all patients, and no patients with
B cell malignancies were treated, limiting the efficacy of this drug. Future clinical trials
targeting MCT-1 restricted tumours and the combination with CAR T cells hold great potential

for cancer treatment.

Additionally, T cell tolerability to glutamine restriction seems to vary according to tumour type
and species. This work suggests human T cells cannot adapt to ASCT-2 inhibition with the
same mechanisms as mouse T cells. Understanding T cell dependency on different amino acids
within the TME and designing strategies to overcome T cell metabolic restrictions while
targeting tumour cells is an exciting and growing research field with exceptional translational

possibilities.
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