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Abstract

Anti-CD19 chimeric antigen receptor T cell (CAR19-T) immunotherapy has shown curative
potential in B cell malignancies. However, clinical remissions in relapsed/refractory CD19"
lymphomas and lymphoproliferative disorders are often short-lived, with therapeutic benefit

for less than half of patients, highlighting the need for more effective CAR-based strategies.

iNKT cells are rare but powerful immunoregulatory and cytotoxic T lymphocytes, playing a
pivotal anti-tumour role. They are restricted by CD1d, a non-polymorphic, glycolipid-presenting
HLA I-like molecule, expressed on malignant CD19" B cells in mantle cell lymphoma (MCL) and
marginal zone lymphoma (MZL) cells, while in up to 50% of patients with chronic lymphocytic

leukaemia (CLL) CD1d expression is very low or negative.

| tested the hypotheses that a) bi-specific CAR19-iNKT cells, targeting simultaneously CD19 and
CD1d, via the CD19-specific CAR and their natural invariant TCR respectively, would be more
effective than CAR19-T cells against CD19°CD1d" B cell malignancies and b) transcriptional
enhancement of CD1d expression would increase the CAR19-iNKT cytotoxic effect, including

against CLL cells.

| established and optimized a novel, highly efficient protocol for manufacturing clinical scale
CAR19-iNKT cells. In vitro validation demonstrated that CAR19-iNKT cells are CD19-specific,
retain their natural CD1d-restricted reactivity and exert additive dual-specific cytotoxicity
against CD1d"CD19" targets. Compared to same-donor CAR19-T, CAR19-iNKT cells display a
significantly higher expandability and proliferative potential, they are equally or more effective
in killing CD19°CD1d" lymphoid cell lines and consistently more effective against primary MCL,
MZL and CLL cells.

Notably, | found that in cD1d"™/" primary CLL cells, surface CD1d expression can be restored by

clinically relevant concentrations of all-trans retinoic acid (ATRA) and, in line with my



hypothesis, CAR19-iNKT but not CAR19T cells displayed higher cytotoxic activity against ATRA-

treated CLL cells.

Finally, in an NSG xenograft model of lymphoma, CAR19-iNKT cell immunotherapy led to a
significantly improved overall survival, with earlier, more profound and sustained complete
responses, which resulted in a significantly improved tumour-free survival as well as

eradication of CNS lymphoma.

| conclude that CAR19-iNKT are more effective than CAR19-T cells against CD1d"CD19" B cell
malignancies in vitro and in vivo. This, together with the previously demonstrated ability of
third donor-derived iNKT cells to protect from acute Graft-versus-Host Disease (aGVHD), raise
the prospect of developing a more effective ‘off-the-shelf CAR19-iNKT immunotherapy for
lymphomas. Furthermore, the finding that ATRA-mediated restoration of CD1d expression
enhances the anti-lymphoma effect of CAR19-iNKT immunotherapy against CD1d low/negative
tumour cells in vitro suggests that CAR-INKT cells, in combination with
transcriptional/epigenetic modulation of CD1d, may represent a highly efficient platform for

CAR-based immunotherapy also for other CD1d-negative disorders.
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1 Introduction

1.1 Background

1.1.1 Non-Hodgkin lymphoma: an unmet clinical need

Non-Hodgkin lymphomas (NHL) are a heterogeneous group of diseases comprising diverse B-
and T-cell-derived malignancies. Collectively NHL account for approximately 4% of all cancers
in the UK". In 2015, an estimated 414,772 patients worldwide were diagnosed with NHL? and
215,074 patients died as a result of the disease’®. The incidence and mortality trend are

increasing, with 2020 projections of 465,000* and 240,000° respectively.

Eighty five per cent of NHL originate from the B-cell lineage and therefore express
B-lymphocyte differentiation antigens, including CD20 and CD19°. Their clinical course may be
either indolent or aggressive. Aggressive subtypes include mantle-cell lymphoma (MCL), which
accounts for up to 10% of all lymphomas, presents in advanced stage and lacks durable
responses to standard chemo-immunotherapy’, with median survival of 5 years in young and 3
years in older patients®. Indolent subtypes include marginal zone lymphoma (MZL), small-cell
lymphocytic  lymphoma/chronic  lymphocytic  leukaemia  (SLL/CLL)°. MZL comprises
approximately 10% of all NHL'. Advanced disease is generally incurable, with most patients
experiencing serial relapses™. In up to 30% of cases the clinical course becomes aggressive

I'!. CLL is the most prevalent leukaemia of adults in the

with less than 4 years median surviva
West, with a median age at diagnosis of 70 years'’. Where indicated, first line chemo-
immunotherapy can induce remissions in the majority of patients with this largely incurable

disease, but the prognosis remains poor in the case of relapsed/refractory disease™.
There is an unmet clinical need for new therapies for lymphomas such as MCL, MZL and for

chronic lymphoproliferative disorders in adults and in particular CLL. Allogeneic

haematopoietic stem cell transplantation (allo-HSCT) could be curative, but it is associated with
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considerable morbidity and transplant-related mortality and only few patients are eligible.
Novel targeted therapies, such as the B cell receptor kinase inhibitors idelalisib™* and
ibrutinib*®*>®, have yielded encouraging responses, including higher complete remission (CR)
rates, which are not durable, underpinning their lack of curative potential. In contrast, adoptive
immunotherapy with CD19-redirected T lymphocytes by means of chimeric antigen receptor
(CAR) transgenes have proved the ability to induce deep, long-lasting remissions and possibly
cures in patients where all previous lines of treatment had failed, thus dramatically changing

the therapeutic perspective of B cell malignancies.

1.1.2 CAR immunotherapy

1.1.2.1 CAR structure

CAR immunotherapy represents one of the most significant breakthroughs for the treatment of
B cell neoplasms”. It entails transfer of a CAR transgene into T lymphocytes to enable
otherwise non-tumour specific T cells to specifically recognize and fight cancer cells*®*°.

CARs are synthetic molecules consisting of an antibody-derived antigen-binding moiety,
recognizing a tumour-associated surface protein, coupled with a TCR complex signalling
domain (Figure 1-1). They have a tetramodular structure characterized by: 1) an extracellular
binding region, mostly derived from monoclonal antibodies (moAbs) and less frequently from
ligand analogues, peptides, receptors and nanobodies; 2) an extracellular spacer/hinge
sequence which is borrowed from the Ig, CD4, CD8 or CD28 molecules and is a key factor in
determining the distance between effectors and targets at the immunological synapse as well
as the outcome of CAR-T cell interactions with cancer and bystander cells; 3) a transmembrane
sequence, which may impact on the final CAR-T cell reactivity, and 4) an activating CD3Z or
FcRy-derived endodomain. This is the simplest, 1* generation structure of a CAR prototype.
Further 2"* and 3™ generation CARs incorporate in the endodomain one or two co-stimulatory
components respectively that were developed to promote prolonged and sustained activation
of the CAR-T cells while compensating for the lack of co-stimulatory signals on malignant cells.
Different co-stimulatory domains have been tested and associated with distinct T cell

functional profiles, thus providing the opportunity for modulating and shaping the ensuing

22



immune response. For instance, CD28 induces higher levels of IL-2 and TNF-a, ICOS promotes

greater cytotoxicity while 4-1BB enhances survival of CAR-T cells.
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Figure 1-1 CAR structure and immunotherapy

A 1* generation CAR is a synthetic protein derived from the fusion of the antigen-recognizing domains
of a moAb (in the form of a single-chain variable fragment) and the intracellular signalling domain of the
T cell receptor CD3{ chain, used to genetically modify autologous T lymphocytes otherwise
unresponsive to cancer cells (top). 2" and 3™ generation CARs also include co-stimulatory domains
(typically 4-1BB or CD28) which enhance the final level of activation of the CAR-engineered effectors
(bottom).

1.1.2.2 CAR-T cell manufacturing

Figure 1-2 summarizes the main steps for CAR-T cell manufacturing. Briefly, (1) patients
undergo leukapheresis, aiming to obtain >10’ CD3* T cells suitable for CAR-engineering,
followed by (2) T cell activation, generally by means of anti-CD3/CD28 coated (aCD3/CD28)

beads. Next, (3) activated T cells are incubated with viral supernatants carrying the CAR-
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transgene vector and expanded up to clinical scale numbers (typically over 10-15 days). At the
end of the expansion, (4) the beads are removed, the cell culture is concentrated and the CAR-
cell product is either immediately reinfused or cryopreserved until usage. Variations to the
above procedure may include differences in: 1) starting material (peripheral blood versus (vs)
leukapheresis); 2) methods of delivering the CAR transgene (e.g. usually by viral transduction
systems but also via a sleeping beauty transposon system or by mRNA transfection); 3) T cell
activation prior to CAR engineering (e.g. use of artificial antigen presenting cells (APC) or anti-
CD3 moAb plus IL-2 instead of aCD3/CD28 beads); 4) cell culture conditions (e.g. G-Rex static
systems in case of initial low seeding densities vs bioreactors with rocking platform).
Development of fully automated procedures for CAR-T cell manufacturing could potentially be

critical to sustain the increase in demand for CAR immunotherapy.
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Figure 1-2 CAR-T cell manufacturing
Peripheral blood mononuclear cells collected by lymphapheresis (1) are activated (2) and expanded ex

vivo prior to transduction with a retroviral or lentiviral vector (3) to express the CAR molecule before
infusion into the patient (4) (adapted from Barrett DM et al. Ann Rev Med 2014;65:333, PMID:
24274181%).
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1.1.2.3 CAR-T cell immunotherapy

The first clinical experiences with CAR-T immunotherapy were reported in the late ‘90s. First
generation CAR-T cells were initially investigated in patients with solid tumours, targeting
colorectal carcinoma (TAG72 and carcinoembryonic antigen, CEA), breast cancer (CEA), ovarian
cancer (folate receptor-a), renal cell carcinoma (carboxy anhydrase IX, CAIX) and
neuroblastoma (L1 cell adhesion molecule and GD2 ganglioside). Minimal to no clinical benefit
was reported, that was attributed to poor in vivo activation and rapid immune-mediated
clearance of CAR-T cells®’. Furthermore, grade 3 and 4 adverse events were observed,
including unexpected on-target off-tumour toxicity due to unanticipated expression of the
CAR-target in different organs, e.g. CAIX-driven attack of bile duct epithelial cells and
subsequent cholangitis in a renal cell carcinoma patient treated with CAIX-specific CAR-T
cells®. Nevertheless, these first-in-man experiences turned to be of great relevance since they
proved that CAR-T cells are capable of trafficking to the tumour sites and reacting against
malignant cells. Subsequently, CD20 and CD19 -specific CAR-T cells were used in a cohort of
haematological patients with relapsed/refractory B cell lymphoma®*. All patients received
lymphodepleting chemotherapy and some of them concomitant IL-2*°. Compared to solid
tumours trials, there were no CAR-T-related adverse events and no anti-CAR immune
responses. Although clinical responses remained disappointing, these proof-of-principle
studies represent a milestone in the history of CAR immunotherapy and provided the basis for
further clinical development and optimization of CAR technology. Importantly, they suggested
a link between in vivo CAR-T cell persistence and sustained clinical responses. Hence, to
improve CAR-T cell survival, 2" generation CARs were developed.

2" generation CD19-specific CAR-T (CAR19-T) cells have led to impressive, unprecedented
results in the treatment of B-cell acute lymphoblastic leukaemia (B-ALL), with up to 90%
complete remissions (CR) reported in refractory B-ALL patients and durable molecular
responses”®>>. Sustained CR after CAR19-T cell therapy have been described also in a subset of
heavily pre-treated patients with chemo-refractory CLL, diffuse large-B cell lymphoma (DLBCL)
and follicular lymphoma (FL), further corroborating the emerging clinical evidence of a curative

34-39

potential of CAR technology™ . Yet, response rates in CLL and NHLs are generally lower

compared to B-ALL patients’®, with approximately 50% or less response rates in
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lymphoma/chronic lymphoproliferative disorders vs 90% in B-ALL. Moreover, very preliminary
experience in MCL and MZL patients (reviewed in Brudno, J.N. & Kochenderfer, J.N. Nat Rev
Clin Onc, 2017*") suggests that autologous stem cell transplant** and/or CR at the time of
immunotherapy®® may be required to achieve clinically relevant responses. The reasons for the
differences remain to be determined, but may include differences in CAR-T cell access to

tumour antigen and/or immune suppression in the tumour microenvironment in each disease.

1.1.2.4 Unsolved issues related to CART immunotherapy
CAR-immunotherapy has to address at least three main challenges: i) better clinical outcomes;

ii) safer profile; iii) broader applicability**.

1.1.2.4.1 Efficacy of CAR immunotherapy

Several strategies are under investigation to enhance the therapeutic efficacy of CAR T cells
against lymphoma. These include:

1) multi-targeting, i.e. targeting more than one B-cell antigens (e.g., CD20 and CD22) by means
of either multi-specific CARs (e.g. tandem CARs), microcircuits or mixtures of CAR T cells
endowed with different specificities. This strategy is required to prevent disease relapse
observed in up to 30% of CAR19-T cell treated patients and caused by loss of relevant CD19-
epitopes leading to tumour escape;

2) targeting the tumour microenvironment, either directly, by using CAR effectors capable of
reacting against both malignant and neighbouring immunosuppressive cells®, or indirectly, by
increasing the actual effector-to-target ratio at the tumour site while ‘awakening’ endogenous
anergic immune cells. Such multi-tasking CAR-T cells, namely ‘armored CAR cells’ or ‘TRUCKs’,
may co-express chemokines, homing receptors and costimulatory ligands, they release
homeostatic cytokines and can even be engineered to secrete scFv derived from therapeutic

checkpoint-blocking moAb *°;
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Figure 1-3 Drawbacks and current areas of optimisation of CAR-T immunotherapy

CAR-T cells fail and have unacceptable toxicity in a number of cases, which impact on the high social
and financial costs of CAR-immunotherpay and limit faster and broader applicability. Improving efficacy,
safety and versatility represent the three main challenges for further clinical development of CAR-T

cells.

3) increasing CAR potency, by using different co-stimulatory domains or transmembrane and

hinge regions to ensure a more robust, sustained activation and longer persistence;

4) improving CAR expression, by inserting anti-CD19 CARs into specific genetic loci, e.g.
CRISPR—Cas9-mediated insertion of CAR19 in the T-cell receptor alpha constant region (TRAC)
gene, to promote higher and more stable expression of the CAR construct over time*’

5) CAR-engineering of selected T-cell subpopulations (e.g. CD4", CD8" T cells, etc.) with more

homogenous (and predictable) functional profile and/or enhanced anti-tumour activity™ ™"

51
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6) combinatorial approaches, by combining CAR-T-immunotherapy with small molecules and
moAb-based therapies such as Bruton tyrosine kinase inhibitors and inhibitors of immune
checkpoint pathways (e.g., programmed death 1 [PD-1] protein or its ligand [PD-L1]). However,
such approaches would be expected to be associated with higher risk of severe toxicity which

may limit their clinical development 2.

1.1.2.4.2 CAR immunotherapy safety

CAR-T cells are ‘living drugs’ that can persist even more than 10 years in vivo™. As a result,
their therapeutic effects as well as related toxicities may manifest far beyond those of
conventional pharmaceuticals. Adverse events may be immediate or delayed, mild to severe,
and/or persist for the duration of the CAR-T cell lifespan.

To date, the most prevalent side effect is the onset of an overwhelming and potentially life-
threatening immune activation, termed cytokine release syndrome (CRS)54. The hallmark of
CRS is dramatic elevation of cytokines, particularly interferon-gamma (IFN-y), granulocyte-
monocyte colony stimulating factor (GM-CSF), interleukin (IL)-10, IL-6, which is proportional to
the degree of activation and expansion of CAR-T cells. While tumour burden is a key
determinant of CRS severity, clinical outcomes are not dictated by the evolution of CRS,
although the evidence of any sign of immune reactivity, including mild fever, is generally
associated with positive clinical responses. Appropriate management may require aggressive
interventions to swiftly dampen the inflammatory forward-loop without blunting the anti-
tumour specific reactivity of CAR-T cells. Administration of the anti-IL-6 receptor (IL-6R) moAb

31,55

tocilizumab has demonstrated near-immediate reversal of CRS and has been approved by

the Food and Drug Administration (FDA) as front-line treatment for CRS following CAR-T-cell

54,56,57

infusion , thus emphasising the key role of IL-6 in the pathogenesis of CAR-T related CRS.

58-60

Neurotoxicity is another prominent, although non-CAR-T specific™™ ", toxicity occurring in up to

64% of patients. The clinical course is heterogeneous, often severe, with reports of seizures,

®170 The exact mechanism of CAR-T cell associated neurotoxicity

cerebral oedema and deaths
is still poorly understood. CAR-T cells may directly attack central nervous system (CNS) tissues
that have the yet-to-be-detected expression of targeted antigen, as it has been reported for

other systems’*. However, there is no evidence of CD19 expression on CNS tissues. By contrast,
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CNS endothelial cell activation, associated with high levels of serum IL-6, IFN-y, and tumour
necrosis factor-alpha (TNF-a) followed by release of angiopoietin-2 (Ang-2) and von Willebrand
Factor (vWF) from endothelial Weibel-Palade bodies, endothelial dysfunction and increased
blood-brain barrier (BBB) permeability, may play a key role upon infusion of CAR19-specific T
cells’®. Crucially, increased permeability of the BBB allows sequestration of I1-6, IFN-y and TNF-
a into CSF, thus initiating a feed-forward loop of continued endothelial cell and pericyte
activation. In the most severe cases, this feed-forward loop can cause breakdown of the
parenchymal basement membrane and vascular disruption, with cerebral oedema,
haemorrhage, infarction, necrosis and neuronal death as observed in autopsy studies of 2
patients who had fatal neurotoxicity. Once again, IL-6 seems to be key in promoting and
sustaining this feed-forward loop®.

In the setting of CD19-specific CAR-T cells, off-tumour on-target effects are of lesser clinically
consequences’”. B cell aplasia due to targeting of normal B cells is relatively easily manageable
with intermittent infusion of pooled immunoglobulin as prophylaxis from infectious

473 Lately, clinical trials have reported recovery of normal B cell in patients with

complications
durable clinical response®, suggesting that such toxicity may be transient.

Given the risk of life-threatening side effects, incorporation of safety switches in CAR-T cells
have become compulsory for further clinical development. Safety switches are suicide or
elimination genes that allow to suppress CAR-T cells in a spatio/temporal controlled manner.
Suicide genes may be human herpes simplex virus thymidine kinase type 1 (HSV-TK) and genes
encoding for proteins with caspase-like activity (iCasp9), in frame with a drug dimerizer
domain, capable of triggering CAR-T cell apoptosis upon binding with ganciclovir or specific

7877 Elimination genes, e.g. CD20 and epidermal grow factor

dimerizer (Rimiducid) respectively
receptor (EGFR)-derived extracellular epitopes, are surface antigens that can mediate in vivo
depletion by clinical grade moAbs. Alternatively, CAR transient expression by means of RNA-
electroporation has also been explored 8 _On the flip side, in both cases CAR cell loss results in
loss of immunosurveillance and risk of disease relapse. In order to overcome such limitation,
affinity-optimized CAR variants that can discriminate between aberrant and healthy cells based

on different levels of expression of the target antigen have been under investigation””. Indeed,

low-affinity CARs have been proved to mediate strong cytotoxicity against transformed cells
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expressing high levels of the relevant antigen with minimal or no reactivity against antigen-low
normal cells. More recently, preclinical work has demonstrated the feasibility of exerting a
remote control of CAR-T cells in vivo by using micro-circuits and transcriptional loops® to
modulate surface expression, as well as split co-stimulatory configurations and AND/OR gate
platforms, combining conventional activating constructs with inhibitory CARs (iCAR), carrying
CTLA-4- or PD-1-derived inhibitory domains to allow full activation only against targets

expressing a defined array of tumour-associated antigens®.

1.1.2.4.3 CAR immunotherapy versatility

Lately there has been a great interest in developing universal CAR-T cells that could be used for
any patient without the need of HLA-matching between T cell donor and recipient. Autologous
T cells are generally obtained from heavily pre-treated patients. Hence, it is conceivable that
such T cells carry inherent defects that contribute to the heterogeneous clinical outcomes
reported. Furthermore, failure to harvest the target number of CD3" cells and/or rapidly
progressing disease represent the main limitations to CAR-T cell manufacturing in a significant
proportion of patients. Allogeneic, donor-derived CAR-T cells have been generated and infused
to their respective allogeneic stem cell transplant recipients. Such donor-derived CAR-T cells
exert anti-ALL activity and have been considered as a valid alternative to improve CAR-T
immunotherapy outcomes. However, acute graft-versus-host disease (aGVHD) has been
observed in a number of cases. In addition, the manufacturing of donor-derived CAR T cells is
not always feasible and can be more time consuming and expensive than that of autologous
CAR T cell products. Therefore, establishment of an ‘off-the-shelf’, third-party cell bank is an
attractive solution with the possibility of reducing time-to-treatment and costs. CAR-
transduced viral (EBV or CMV)-specific cells and deletion of the endogenous T-cell receptor via
zinc finger nucleases (ZFN), TAL effector nuclease (TALEN) or CRISPR/Cas9 gene-editing are the
main two approaches currently under clinical development. Preliminary clinical evidence
suggests that TCR-edited CAR19-T cells retain their anti-leukaemia activity without causing

81-85

significant aGVHD
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1.1.3 iNKT cells

Invariant natural killer T (iNKT) cells are a rare T cell subset (~0.01-0.1% of CD3+ T cells®*®%),

89,90 89,91,92

with memory-like phenotype and innate-like reactivity . Compared to conventional T
cells, iNKT cells have a number two unique features: a) they display a highly restricted TCR
repertoire, in humans consisting of an invariant TCRVa24Jal8 chain (detected by the anti-
idiotypic moAb 6B11) coupled with a diverse TCRVB11 chain®?°“?***, b) they are activated by
endogenous or exogenous glycolipid antigens presented in the context of the non-polymorphic
major histocompatibility complex (MHC) class I-like CD1d molecule.

CD1d-iTCR interactions are key to iNKT cell development and activation biology (see also below
1.1.3.2 CD1d paragraph). Upon direct CD1d-iTCR interaction (signal 1), that can be further
modulated by surface co-stimulatory molecules (signal 2), iNKT cells may achieve full
activation, followed by swift release of large amounts of cytotoxic granules such as perforin
and granzymes and T helper (Th)1/2/17 cytokines. Constant stimulation of the iTCR by CD1d-
self-glycolipids promotes enhanced chromatin acetylation at the IFNG regulatory locus®, which
results in constitutive transcription and prompt production in a iTCR-independent manner of
IFN-y in response to cytokines such as IL-12, IL-18, and type | IFN.

Human iNKT cells are mainly CD4"CD8B™ double negative (DN) and CD4" CD8". CD4 expression
is preferentially associated with the potential to generate Th2 cytokines, such as IL-4, GM-CSF,
and IL-13, whereas Th1 cytokines can be equally produced by both CD4* and CD4™ subsets®®°®.
As a result, CD4" cell reactivity is characterised by a balanced profile (Th0), while IFN-y and
other Th1 cytokines are predominant upon stimulation of CD4™ iNKT cells. CD4" iNKT cells may

+86,97

also be CD8a’, less frequently CD8af , and CD8 expression predicts an even more

pronounced Th1l profile, i.e. greater levels of IFN-y and cytotoxic potential®®.

1.1.3.1 Anti-tumour potential of iNKT cells

Owing to the above features, iNKT cells exhibit potent effector and immunoregulatory
functions and play a key role in various immune responses, including against tumours.
Importantly, the iNKT cells are often qualitatively and quantitatively defective cancer

92,99-105

patients . Compared to healthy individuals, patients with advanced solid tumours and

haematological malignancies, such as myelodysplastic syndrome and multiple myeloma®>***%,
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have lower frequency of circulating iNKT cells, generally accompanied by functional, although
reversible defects, including decreased proliferation, impaired IFN-y production and
detrimental Th2-biased cytokine profile. By contrast, the presence of circulating iNKT cells
capable of making IFN-y has positive prognostic value for survival®>**®>*%’_ Similar defects have
been shown in mouse models, where iNKT cell in vivo stimulation and/or adoptive transfer

could induce strong direct and indirect anti-tumour responses'%®™**?

characterized by robust
activation of NK, B and CD8" T cells®®%1,9324,109.113

The synthetic glycolipid a-galactosylceramide (aGalCer), originally derived from marine
sponges in a screen for anti-tumour agents''?, is a potent iNKT cell agonist that has been
proved to elicit effective anti-tumour activity in murine models of colon carcinoma,

89,91,93,94,109-113

lymphomas, sarcoma, melanoma, prostate, and lung carcinoma . On this basis,

phase 1 trials evaluated the effect of administration of aGalCer in cancer patients. Although no

dose-limiting toxicity was observed™*

, there was minimal therapeutic activity. Importantly,
immunological responses, i.e., increases in serum GM-CSF and TNF-a levels, were only
observed in patients with at least normal iNKT cell counts''*, thus emphasising that both
qualitative and quantitative iNKT cell defects are clinically relevant and adoptive transfer of
fully functional iNKT cells might be the key for successful iNKT cell-based cancer
immunotherapy. Further, administration of autologous, aGalCer-pulsed APC, e.g. adherent
peripheral blood mononuclear cells (PBMC) treated with GM-CSF and IL-2 or monocyte-derived

106,110,115-118

dendritic cells (DCs), led to enhanced anti-tumour responses , with evidence of

activation of iNKT, T and NK cells and improved NK cell cytotoxicity'*®**>**!

. Notably,
intravenous (iv) administration of autologous, purified aGalCer-pulsed matured monocyte-
derived DCs in 5 patients with cancer'*® induced more than 100-fold expansion of circulating
iNKT cell numbers for up to 6 months post-vaccination. This was also associated with an
increase in memory CD8'T cells. Toxicity was mild (grade <1), with no reports of

119

autoimmunity . More recently, the adoptive transfer of ex vivo expanded and activated iNKT

cells has shown the highest therapeutic potential in preclinical models of melanoma and lung
cancer'?**** as well as melanoma patients with metastatic disease*”.
Specifically, autologous iNKT cells were sorted from leukapheresis products by using a

paramagnetic microbead-conjugated 6B11 moAb®”'*, followed by in vitro expansion over
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several weeks in the presence of IL-2 prior to adoptive transfer. All patients received three
doses of 3 to 250 million cells/infusion with a 2-week interval, reporting more than 4 and 5
years tumour-free progression in 1 and 2 cases respectively and no more than grade 2 toxicity.
This proof-of-principle trial demonstrated that few iNKT cells may be sufficient to induce
durable clinically relevant responses, suggesting that indeed iNKT cell therapy for advanced
cancers is feasible and safe. Moreover, transfer of up to 10° total iNKT cells was well tolerated,
while producing evidence of subsequent activation of other immune cells. Yet, optimization is
needed to fully exploit the anti-tumour potential of iNKT cells. Several strategies are currently
under preclinical and clinical investigation, including the usage of iNKT cells as a more effective

platform for CAR-based immunotherapy*®*® (see also NCT02656147).

1.1.3.2 CDid

CD1d, the restriction element of iNKT cells, is a non-polymorphic HLA type I-like molecule
presenting phospho- and glycosphingo- lipid antigens. CD1d is required for iNKT cell
development and activation. CD1d is expressed on thymocytes and APC, including DCs and

mature B cells, as well as granulocytes, monocytes, plasma cells and some epithelial

127,128

tissues . Similar to their normal counterparts, malignant B cells can also express CD1d.

Specifically, MCL and MZL consistently express CD1d*****!, whereas CLL generally express low-

to-no CD1d molecules, although they have been detected in cases of advanced, progressing

disease®¥133,

Expression of CD1d is regulated by multiple transcription factors (TFs). Transcription of the
human CDID gene is regulated by a proximal and a distal promoter™*, with the former

between -106 and +24 base pair (bp) and the latter within the -665 and -202 bp regions

134,135

relative to the ATG codon, containing an activating SP1 (proximal) and a repressing LEF-

1(distal)"*® binding sites respectively. In addition, the 5’ untranslated region contains a retinoic

137

acid response element (RARE), approximately 1.5 kb upstream the ATG™’. All-trans retinoic

acid (ATRA) and retinoic acid receptor alpha (RARa) agonists have been demonstrated to

increase CD1d expression in myeloid and B cells in vitro™**%.
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1.1.3.3 iNKT cell alloreactivity

Owing to its non-polymorphic nature, CD1d has also a central role in iNKT cell alloreactivity.
Specifically, minor or major conventional HLA disparities between donor and recipient are
responsible for the initiation of alloreactive immune processes in the context of allogeneic
organ and haematopoietic stem cell transplantation. The clinical correlate of this disparity in
allo-HSCT is the multi-organ syndrome called aGVHD, a relatively frequent cause of transplant-
related morbidity and mortality characterized by immunological attack of normal recipient

141-143

tissues by donor alloreactive T cells activated by host APC . In contrast to conventional T

cells, iNKT cells do not cause aGVHD. Extensive preclinical work showed that both recipient and

donor iNKT cells can suppress incipient alloreactions and protect from aGVHD'**

. In the setting
of experimental reduced intensity immunoablation including total lymphoid irradiation (TLI),
recipient conventional T cells are depleted while iNKT cells, which constitutively express high
levels of the prosurvival protein Bcl2, are relatively radio-resistant and thus highly enriched

145

following TLI ™. Such surviving iNKT cells are polarized to a Th2 phenotype and actively

suppress donor alloreactive T cells while promoting the activity of Tregs*°. Likewise, donor

147,148 149

iNKT cells can also protect from aGVHD , while exerting a potent GVL effect™. Clinical
observational studies demonstrated a direct correlation between higher donor iNKT cell count
in the graft (CD4™ iNKT cells), prompt recovery of iNKT cells after allotransplant and a
significantly reduced risk of aGVHDlSO'm; in addition, in paediatric haploidentical allo-HSCT,
earlier and higher iNKT cell recovery is associated with a significantly reduced risk of leukaemia
relapse™. It is likely that donor human iNKT cells protect against aGVHD by killing recipient,
CD1d-expressing APC, as suggested by in vitro data showing that iNKT cells swiftly react and
lyse allogeneic APC in a process that requires a CD1d—iTCR interaction and activating killer

immunoglobulin receptors™*.
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1.2 Hypothesis

Since malignant B cells may co-express CD19 and CD1d and the CD1d-iTCR axis is required for

the anti-tumour activity of iNKT cells, | hypothesised that CAR19-engineering of iNKT cells

would enhance their anti-lymphoma activity via simultaneous and dual targeting of CD19 and

CD1d on tumour cells. Therefore, | hypothesised that CAR19-iNKT cells would be more

effective than unmodified iNKT and CAR19-T cells against CD19°CD1d" B cell malignancies.

| also predicted that CAR-iNKT cells would have additional advantages compared to their CAR-

T and unmodified iNKT counterparts as follows:

It is likely that iNKT cells could utilize both their endogenous iTCR and engineered CAR to
simultaneously target the tumour with two different targeting moieties.

CAR therapy-related potential toxicities could be more easily addressed in the case of an
iNKT platform without the need of extra, laborious effector cell manipulation, e.g. co-
engineering of suicide and/or elimination genes. Indeed, a GMP-grade anti-iNKT moAb is
already clinically available and has been proven effective at eliminating pathogenic iNKT
cells in patients with sickle cell disease.

While aGvHD is a common concern for T cell based adoptive therapies, with their
endogenous TCRs being responsible for initiating aGvHD and causing off-target toxicities,
iNKT cells have been proven to protect from GvHD, with evidence of aGvHD suppression in
pre-clinical models and reduced aGvHD frequency in allotransplanted patients**®471>51>7,
Therefore, CAR-iINKT cells would be suitable for ‘off-the-shelf, third party manufacturing
and usage, thus conferring wider applicability of the CAR technology. This would come
along with predicted decrease of manufacturing related-costs, which represent one the of
main limitations to broader applicability and long-term sustainability of CAR-T based

therapies.
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Figure 1-4 Advantages of CAR19-iNKT cells over CAR19-T cells

By combining the potent direct (iTCR) and indirect (perforin, granzymes, IFN-y) antitumour activity, fast
innate-like responses and unique alloreactivity (protection against aGvHD) together with the activating
properties of CARs, CAR19-iNKT cells may overcome the limitations of both unmodified iNKT and
CAR19-engineered conventional T cells in terms of efficacy, safety and versatility.

1.3 Aims

The aim of this project was to address whether CD19-specific CAR-iINKT (CAR19-iNKT) cells
would be more effective than conventional CAR19-T and unmodified iNKT cells against

CD19°CD1d" mature B lineage malignancies.

The specific objectives were to:

1) optimise a protocol for clinical scale manufacturing of CAR-engineered iNKT cells,

2) functionally validate CAR19-iNKT cells in vitro and vivo and

3) compare side-by-side CAR19-iNKT, CAR19-T and unmodified iNKT cells for immunotherapy

of B cell malignancies in vitro and in vivo.
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2 Materials & Methods

2.1 CD19-specific CARs

To generate CD19-specific CAR-iINKT and -T cells, a 2" generation 19-1gGFc-CD28C and 3"
generation 19-1gGFc-CD280X407 CAR constructs with FMC63-derived scFv'®® were kindly
donated by Dr Martin Pule, University College London. To protect CAR-expressing cells from in
vivo opsonisation™?, the original IgGFc-derived spacers were modified by removing the CH2
and CH3 extracellular domains and the resulting new constructs were re-cloned into pSew
lentiviral vector via overlapping PCR using Gibson assay (New England Biolabs, Figure 2-1,

Figure 2-2 and Figure 2-3). The primer pairs used are listed in Table 2-1.
The final modular structure is provided in Figure 2-4. The RQR8 marker/suicide> gene was

maintained upstream of the CARs with an intervening FMD-2A peptide sequence to allow

detection of CAR-transduced cells as previously described™”’.
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Figure 2-1 Generation of CAR19 constructs with reduced scaffold by Gibson cloning approach
Representative scheme for cloning strategy. 2" generation 19-IgGFc-CD28C and 3" generation 19-
IgGFc-CD280X40C plasmids were used as templates (top). 4 inserts were prepared by polymerase chain
reaction (PCR) using Phusion Green High-Fidelity DNA Polymerase (2 U/uL, Thermo ScientificTM) (left)
according to the manufacturer’s instructions. Primers were designed to generate overlapping DNA
fragments and the final PCR products were electrophoresed on a 1% agarose gel for identification and
gel extraction. pSew plasmid vectors were then linearised by double digestion with Fsel and Sbfl
(Thermo Scientific) according to the manufacturer’s instructions (right) and electrophoresed on 0.8%
agarose gel for identification and gel extraction of vectors lacking of CH2CH3-spacer, transmembrane
tract and intracellular moiety sequences (pSew ‘empty’ vectors). DNA fragments were visualised under
Safe Imager™ blue-light transilluminator and the relevant bands were excised and purified using
GenelET Gel Extraction Kit (Thermo Scientific). DNA concentrations were determined by Nanodrop
instrument. Finally, insert fragments were mixed with pSew empty vectors together with Gibson
Assembly Master Mix as per Gibson Assembly protocol and incubated at 50°C for 50 minutes.
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. d .
Insert 1 — IgGhinge-CD28T (2" generation, short scaffold)
e e e [ e e e (e TN GG TEEIEETEEIGE TG 5 GACGCGTGCTGGCCTGTTACTCTCTCCTGGTGACCGTGECCTTCATCATCTTCTGGGTGEECTCCAAGAGGAGCAGG

CTCCTGCACAGT GACTACATGAACATGACTCCCCGCCGCCCCEGECCACCCGCAAGCATTACCAGCCCTATGLCCCACCACGCGACTTCGCAGLCTATCGCTCCCGGETGAAGTTCTCTCGCTCTGLCGATGCCCCAGE
CTATCAGCAGGGCCAGAATCAGCTGTACAATGAACTGAACCTGGGCAGGLGEGAGGAGTACGACGTGLTGGATAAGCGGAGAGGLAGAGACCCCGAGATGEGLGECAAACCACGGLGCAAAAATCCCCAGGAGGG
ACTCTATAACGAGCTGCAGAAGGACAAAATGECCGAGGCCTATTCCGAGATCGGCATGAAGGGAGAGAGAAGACGLGGAAAGGGCCACGACGGCCTGTATCAGGGATTGTCCACCGLTACAAAAGATACATATGATG

CCCTGCACATGCAGGCCOTGC SlaneticEy ekl

Insert 2 —1gG.CH3hinge-CD287 (2" generation, half scaffold)

(e’ laucy clalalof.{cTal Tarey fuaalcy fclclal sl claac) ) A\ G TCCAGGTGTACACCCTGCCCCCATCCCGGGATGAGCTGACCAAGAACCAGGTCAGCCTGACCTGCCTGGTCAAAGGCTTCTATCCCAGCGACATCGCCGTG
GAGTGGGAGAGCAATGGECAACCGGAGAACAACTACAAGACCACGCCTCCCGTGCTGEACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGTEGACAAGAGCAGGTGGCAGCAGGGGAACGTCTTCTCATGE
TCCGTGATGCATEAGGCCCTGCACAATCACTATACCCAGAAATCTCTG JEa T eV e I TEEA CCECAA G TTETBEETEEIGETEETEE T GG GAGGCGTGCTGECCTGTTACTCTCTCCTGGTGACCGTGG
COTTCATCATCTTCTGGGTGCGCTCCAAGAG GAGCAGGCTCCTGCACAGTGACTACATGAACATGACTCCCCGOCGCOCCGLECCCACCCGIAAGCATTACCAGCCCTATGCCCCACCACGCGACTTCGCAGCCTATCGE
TCCCGEGTEAAGTTCTCTCGCTCTGCCGATGCCCCAGCCTATCAGCAGGGLCAGAATCAGCTGTACAATGAACTGAACCTGGGLAGGLGGGEAGGAGTACGACGTECTGGATAAGCGEAGAGGLAGAGACCCCGAGAT
GGEECGGECAAACCACGECGLAAAAATCCCCAGGAGGGACTCTATAACGAGCTGCAGAAGGACAAAATGGCCGAGGCCTATTCCGAGATCGGCATGAAGGGAGAGAGAAGACGCGEAAAGGECCACGACGGCCTGTAT
CAGGGATTGTCCACCGCTACAAAAGATACATATGATGCCCTGCACATGCAGGCCCTEC silaaa ity perl

. d .
Insert 3 — |gGhinge-CD280X40T (3" generation, short scaffold)
e e e e e e o G TCAG T G SO BE GBI EETIEEGGAGTCCTGGLTTGCTATAGCTTGCTAGTAACAGTGGLCTTTATTATTTTCTEGGTGAGGAGTAAGAGGAGCAGGCTCCTGCAC

AGTGACTACATGAACATGACTCCCCGCCGCCCCGGECCCACCCOCAAGCATTACCAGCCCTATGCCCCACCACGCGACTTCGCAGCCTATCGCTCCAGGGACCAGAGGLTECCCCCCGATGCCCACAAGCCCCCTGGGE
GAGGCAGTTTCCGGACCCCCATCCAAGAGGAGCAGGLCGACGLCCACTCCACCCTGGLCAAGATCAGAGTGAAGTTCAGCAGGAGCGLAGACGCCCCOGCGTACCAGCAGGGCCAGAACCAGCTCTATAACGAGCTC

AATCTAGGACGAAGAGAGGAGTACGATGTTTTGGACAAGAGACGTGGCCGGEACCCTGAGATGEGGGEGAAAGCCGAGAAGGAAGAACCCTCAGGAAGGLCTETACAATGAACTGCAGAAAGATAAGATGGLGGAG
GCCTACAGTGAGATTGGGATGAAAGGLGAGLGLCGGAGGGGCAAGGGGCACGATGECCTTTACCAGGGTCTCAGTACAGCCACCAAGGACACCTACGACGLCCTTCACATGS CTGCCTCCTCGCTAA

Insert 4 —1gG.CH3hinge-CD280X407 (3™ generation, half scaffold)

o e S e C CCGTCAGTCCAGETGTACACCCTGLCCCCATCCCGGGATGAGCTGACCAAGAACCAGGTCAGCCTGACCTGCCTGGTCAAAGGLTTCTATCCCAGCGACATCGCCGTGEAGTGEGA
GAGCAATGGECAACCEGAGAACAACTACAAGACCACGLCTCCCGTGCTGGACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGTGGACAAGAGCAGGTGGCAGCAGGGEAACGTCTTCTCATGCTCCGTGAT
GCATGAGGCTCTGCACAACCACTACACGCAGAAGAGCCTCTCC g m Iaue e T N NN TCCCAAA T IBEE I CEIGE TG GGG RIGE TG GAGTCCTGGCTTGCTATAGCTTGCTAGTAACAGTGGCCTTTATTA
TTTTCTGGGTGAGGAGTAAGAGGAGCAGGCTCCTECACAGTGACTACATGAACATGACTCCCCECCGLCCCGGGLLCACCCGCAAGEATTACCAGCCCTATGCCCCACCACGCGACTTCGCAGCCTATCGCTCCAGGGA
CCAGAGGCTGCCCCCCGATGCCCACAAGECCCCTGGGGGAGECAGTTTCCGGACCCCCATCCAMGAGGAGLAGGCCGACGLCCACTCCACCCTGGCCAAGATCAGAGTGAAGTTCAGCAGGAGCGCAGACGCCLCCE
CGTACCAGCAGGGLCAGAACCAGCTCTATAACGAGCTCAATCTAGGACGAAGAGAGGAGTACGATGTTTTGGACAAGAGACGTGGLCGGGACCCTGAGATGEGGEGAAMGCLGAGAAGGAAGAACCCTCAGGAAGG
CCTGTACAATGAACTGCAGAAAGATAAGATGGCEGAGGLCTACAGTGAGATT GGGATGAMAGG COAGCG CCEGAGGGEECAAGGGGLACGATGGLCTTTACCAGGGTCTCAGTACAGCCACCARGGACACCTACGAC
GCCCTTCACATG CTAA

Figure 2-2 Insert sequences for the generation of CAR19 constructs with reduced-size scaffold

The CH2 segment was removed by PCR to generate inserts including hinge (pink), CH3 segment
(yellow), CD28 trans-membrane tract (green), CD3Z domain (blue) and a small sequence overlapping
with pSew vector (grey).

Table 2-1 Primers to amplify inserts for the generation of reduced-size scaffold CAR19 constructs

Primer - insert Insert - vector
Insert

Primer b Sequence
: P qu Tm Annealed size Overlap Tm

Insert 1 F 50bp CCCAGCACCTCCCGTGGCCGGCCCGTCAG 590C 19bp 609bp 31bp 690C
TCTTCTGGGTCCTGGTGGTGG

CCCAGCACCTCCCGTGGCCGGCCCGTCAG

Insert2F  48bp 580C  18bp  924bp  31bp  690C
TCCAGGTGTACACCCTGCCC

Insert 1&2 R 48bp CGATAAGCTTGATATCAAGCTTGCATGCCT 600C 19bp ) 33bp 650C
GCAGGTCATCTGGGTG

Insert 3 F SObp CCCAGCACCTCCCGTGGCCGGCCCGETCAG 590C 19bp 717bp 31bp 760C
TCTTTTGGGTGCTGGTGGTG

Insert 4 F 4gpp CCCAGCACCTCCCGTGGCCGGCCCGTCAG | gone qghy  1032bp  31bp  690C
TCCAGGTGTACACCCTGCCC

Insert 3&4 R 48bp CGATAAGCTTGATATCAAGCTTGCATGCCT 590C 19bp ) 33bp 650C
GCAGGTTAGCGAGGAGGC
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Construct #1 - 19-IgGhinge-CD287

Clone 2G: 4076-GATCCCGCCGAGCCCAAATCTCCTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTCCCGTGGCCGGCCCGTCAGTCTTC
TGGGTCCTGGTGGTGGTGGGAGGCGTGCTGGCCTGTTACTCTCTCCTGGTG-4210

Construct #2 —19-IgG. CH3h|nge-CD28(

o = =

Pl el 'l“.'--'j'ulr-un.l'..'::ﬁ,’i'..'n’l- T o ot

A O — —

L e 1 Aw
Clone 5D2: 4076-GATCCCGCCGAGCCCAAATCTCCTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTCCCGTGGLCCGGLCCCGTCAGTCCAGG

TGTACACCCTGCCCCCATCCCGGGATGAGCTGACCAAGAACCAGGTCAGCCTGACCTGCCTGGTCAAAGGCTTCTATCCCAGCGACATCGCCGTGGAGTGG
GAGAGCAATGGGCAACCGGAGAACAACTACAAGACCACGCCTCCCGTGCTGGACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGTGGACAAGAG

CAGGTGGCAGCAGGGGAACGTCTTCTCATGCTCCGTGATGCATGAGGCCCTGCACAATCACTATACCCAGAAATCTCTGAGTCTGAGCCCAGGCAAGAAGG
ACCCCAAGTTCTGGGTCCTGGTGGTGGTGGGAGGCGTGCTGGCCTGTTACTCTCTCCTGGTG-4525

M JL {igd m’lﬂ\ i\l“l {iAt ey r'u“hnha”" Jl Wil Jr 'lrrl

Construct #3 19-IgGhinge-CD280X407

| |-1 | |
MJMMJWJMM A A J‘LL
Clone E: 4076-GATCCCGCCGAGCCCAAATCTCCTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTCCCGTGGCCGGCCCGTCAGTCTTTIGG
GTGCTGGTGGTGGTTGGTGGAGTCCTGGCTTGCTATAGCTTGCTAGTA- 4210

Construct #4 — 19-1gG.CH3hinge-CD280X407

caTecTECETS, T ETEEE T ETEEBBATAAARAAGATEECARATTT TH00TOCTEOTHETA0T THATORASTCETAOCTTSETATAE TTRETABTAACABTRBLETTTATIATTTTE
A AL T A 0T b AL A A B EABE TS DA AL EAAE £ T ETTE T EATIE T LA TUATBEATIABSE TET BEALAALERE T ALK

ARCTTRETABTAACABTOBECTTTATIATTTI

e IL._ILP'LM_J"" i ‘L_i._.l_ﬁ‘L.l._.U‘_l_ﬂl__a_.___l\nnJ\_“_J.uJL i _J“"‘JL NU%MUL&JLL mL___

£aresee

(o ol ol ﬂul'_JL A Ih' Ilj'll_fl _--'-'lll'ﬂl\ﬂi’u.__J‘.__,'ilu1L___'ln____J'-l".iﬂ’ﬁﬁ_{i_f@:ﬁh’dﬁj J,__.;J'Q';J;n'anf\fdli\‘.lfxfx_ Illl'i-'J_ A i
Clone 4: 4076-GATCCCGCCGAGCCCAAATCTCCTGACAAAACTCACACATGCCCACCGTGCCCAGCACCTCCCGTGGCCGGCCCGTCAGTCCAGGTG
TACACCCTGCCCCCATCCCGGGATGAGCTGACCAAGAACCAGGTCAGCCTGACCTGCCTGGTCAAAGGCTTCTATCCCAGCGACATCGCCGTGGAGTGGGA
GAGCAATGGGCAACCGGAGAACAACTACAAGACCACGCCTCCCGTGCTGGACTCCGACGGCTCCTTCTTCCTCTACAGCAAGCTCACCGTGGACAAGAGCA
GGTGGCAGCAGGGGAACGTCTTCTCATGCTCCGTGATGCATGAGGCTCTGCACAACCACTACACGCAGAAGAGCCTCTCCCTGTCTCCGGGTAAAAAAGAT
CCCAAATTTTGGGTGCTGGTGGTGGTTGGTGGAGTCCTGGCTTGCTATAGCTTGCTAGTA-4525

Figure 2-3 DNA sequencing of CAR19 constructs with reduced scaffold

DNA sequencing confirmed the absence of insertions/deletions and/or mutations in the modified
constructs.
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Figure 2-4 2" and 3™ generation CD19-specific CARs with reduced-size scaffold.

A. Lentiviral constructs. Recombinant transgenes were cloned in the pSew lentiviral vector.

B. RQR8 protein. RQR8 is a marker/suicide gene construct enabling both clinical grade sorting and
effective in vivo killing of administered T-cells in the face of toxicity using off-the-shelf clinical grade
reagents/pharmaceuticals, namely CD34 cliniMACS and Rituximab. It comprises two rituximab (R)
binding epitopes flanking a single CD34-QBEnd10 (Q) epitope on the CD8 (8) stalk’**. RQR8 and CAR
equimolar co-expression was achieved by using an intervening FMD-2A autocleaving peptide. C. CAR19
modular structures. Original (top) and modified (bottom) CAR19 proteins.
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2.2 CD1d and CD19 antigens

To generate CD19 and CD1d single- or double-expressing -cells, two cDNA sequences encoding
for the human CD19 and CD1d, obtained from Dr Martin Pule and Prof Vincenzo Cerundolo,
University of Oxford, respectively, were cloned singly or together with an interposed FMD2A
fragment into a retroviral SFG vector (

Figure 2-5, Figure 2-6,

Figure 2-7 and Table 2-2). For the purposes of real-time in vitro monitoring of CAR cell
cytotoxic activity, mCherry-labeled CD1d" B cell targets were generated by using a lentiviral
pPHR-SIN plasmid encoding for a hCD1d-mCherry fusion protein (Prof Vincenzo Cerundolo).

HR-SIN.CD1dmCherry SFG.dCD19_clean

y
| PCR | | SFG.dCD19_clean digestion

Ncol Kpn2l

_v__v_F

Gibson reaction

cp1d |
2A

Figure 2-5 Generation of SFG.CD1d and SFG.CD1d.2A.dCD19 constructs by Gibson approach

The HR-SIN.CD1dmCherry and SFG.dCD19 clean plasmids (top) were used as templates to generate
CD1d and CD19 sequences respectively. The hCD1d plasmid encodes for full-length hCD1d fused with
mCherry fluorescent protein in a pHR-SIN lentiviral vector. The hCD19 plasmid encodes for the
endodomain-truncated CD19 (dCD19, internal Ncol site removed) in an SFG retroviral vector. The CD1d
and dCD19 sequences (middle left) were amplified by using Phusion Green High-Fidelity DNA
Polymerase (2 U/uL, Thermo ScientificTM) according to the manufacturer’s instructions. The primers
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were designed to generate overlapping DNA fragments. The PCR products were electrophoresed on a
1% agarose gel. Next, SFG.dCD19_clean plasmid was linearised by double digestion with Ncol and Kpn2|
(Thermo Scientific, middle right) according to the manufacturer’s instructions and electrophoresed on
0.8% agarose gel for identification and gel extraction of pSFG vector lacking of dCD19 sequence (pSFG
‘empty’ vector). DNA fragments were visualised under Safe Imager™ blue-light transilluminator and the
corresponding pSFG band was excised and purified using GenelJET Gel Extraction Kit (Thermo Scientific).
DNA concentrations were determined by Nanodrop instrument. Finally, insert fragments were mixed
with pSFG empty vector together with Gibson Assembly Master Mix (bottom) as per Gibson Assembly
protocol and incubated at 50°C for 50 minutes. Gibson reaction products were transformed in DH5a
competent E. Coli cells.

Insert 1 -CD1d

TGGGGTGCCTGCTGTTICTGCTGCTCTGGGCGCTCCTCCAGGCTTGGGGAAGCGCTGAAGTCCCGCAAAGGCTTTTCCCCCTCCGCT
GCCTCCAGATCTCGTCCTTCGCCAATAGCAGCTGGACGCGCACCGACGGCTTGGCGTGGCTGGGGGAGCTGCAGACGCACAGCTGGAGCAACGACTCGGACACCGTCCGCTCTCTGAAGCCTTGGTCCCAGGGCACGT
TCAGCGACCAGCAGTGGGAGACGCTGCAGCATATATTTCGGGTTTATCGAAGCAGCTTCACCAGGGACGTGAAGGAATTCGCCAAAATGCTACGCTTATCCTATCCCTTGGAGCTCCAGGTGTCCGCTGGCTGTGAGGT
GCACCCTGGGAACGCCTCAAATAACTTCTTCCATGTAGCATTTCAAGGAAAAGATATCCTGAGTTTCCAAGGAACTTCTTGGGAGCCAACCCAAGAGGCCCCACTTTGGGTAAACTTGGCCATTCAAGTGCTCAACCAGG
ACAAGTGGACGAGGGAAACAGTGCAGTGGCTCCTTAATGGCACCTGCCCCCAATTTGTCAGTGGCCTCCTTGAGTCAGGGAAGTCGGAACTGAAGAAGCAAGTGAAGCCCAAGGCCTGGCTGTCCCGTGGCCCCAGTC
CTGGCCCTGGCCGTCTGCTGCTGGTGTGCCATGTCTCAGGATTCTACCCAAAGCCTGTATGGGTGAAGTGGATGCGGGGTGAGCAGGAGCAGCAGGGCACTCAGCCAGGGGACATCCTGCCCAATGCTGACGAGACA
TGGTATCTCCGAGCAACCCTGGATGTGGTGGCTGGGGAGGCAGCTGGCCTGTCCTGTCGGGTGAAGCACAGCAGTCTAGAGGGCCAGGACATCGTCCTCTACTGGGGTGGGAGCTACACCTCC

TCCCGGTTTAAGAGGCAAACIICCTATCAGGGCGTICCIGTAG

Insert 2 - CD1d.2A.dCD19

GCTTTTCCCCCTCCGCTGCCTCCAGATCTCGTCCTTCGCCAATAGCAGCTGGACGCGCACCGACGGCTTGGCGTGGCTGGGGGAGCTGCAGACGCACAGCTGGAGCAACGACT

CGGACACCGTCCGCTCTCTGAAGCCTTGGTCCCAGGGCACGTTCAGCGACCAGCAGTGGGAGACGCTGCAGCATATATTTCGGGTTTATCGAAGCAGCTTCACCAGGGACGTG
AAGGAATTCGCCAAAATGCTACGCTTATCCTATCCCTTGGAGCTCCAGGTGTCCGCTGGCTGTGAGGTGCACCCTGGGAACGCCTCAAATAACTTCTTCCATGTAGCATTTCAA
GGAAAAGATATCCTGAGTTTCCAAGGAACTTCTTGGGAGCCAACCCAAGAGGCCCCACTTTGGGTAAACTTGGCCATTCAAGTGCTCAACCAGGACAAGTGGACGAGGGAAA
CAGTGCAGTGGCTCCTTAATGGCACCTGCCCCCAATTTGTCAGTGGCCTCCTTGAGTCAGGGAAGTCGGAACTGAAGAAGCAAGTGAAGCCCAAGGCCTGGCTGTCCCGTGGC
CCCAGTCCTGGCCCTGGCCGTCTGCTGCTGGTGTGCCATGTCTCAGGATTCTACCCAAAGCCTGTATGGGTGAAGTGGATGCGGGGTGAGCAGGAGCAGCAGGGCACTCAGCC
AGGGGACATCCTGCCCAATGCTGACGAGACATGGTATCTCCGAGCAACCCTGGATGTGGTGGCTGGGGAGGCAGCTGGCCTGTCCTGTCGGGTGAAGCACAGCAGTCTAGAG

GGCCAGGACATCGTCCTCTACTGGGGTGGGAGCTACACCTCC TCCCG

TGA

Figure 2-6 Insert sequences for SFG.CD1d and SFG.CD1d.2A.dCD19 constructs

Sequences recognized by primers are underlined with double line. CD1d sequence, including leader
signal (pink), extracellular (black), trans-membrane (green) and internalizing (blue) domains, was
followed by CD19 sequence (purple), with the intervening 2A element (highlighted in red). The stop
codon and vector sequence are in bold purple and grey respectively.

Table 2-2 Primers for the generation of SFG.CD1d and SFG.CD1d.2A.dCD19 retroviral constructs

. Primer - insert Insert Insert - vector
Primer bp Sequence ) i
Tm Annealed size Primer Length
ctgccgacccce tggaccatcctcta

CD1d F sgpp ~ BBClBCCBACCCCeserstes & s90c 19bp 38bp 770C
actgccATGGGGTGCCTGCTGTTTC 1083b
actgatatcctgtctttaacaaattggactaatcc P

CD1d.STOPR | 60bp 600C 23bp 37bp 710C
geCTACAGGACGCCCTGATAGGAAG
cgtcgecgecaggtcagcaggcetgectectgeccte

CD1d.2AR 60bp glcccecaggicageagecigecicls 580C 20bp 1084bp  24bp 710C
gECtctCAGGACGCCCTGATAGGAAG

tgctgacct t
2A.CD19 F gobp ~ BeoBcciecleaccieceeceaceissaseaga o, 16bp 1105bp  24bp 710C

acccaggccccATGGAGACCGACACCC
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CD19R 22bp AGCCTGGACCACTGATATCCTG 600C 19bp 47bp 690C

MwW 1. 2. 1. SFG.CD1d 2. SFG.CD1d.2A.dCD19

1. SFG.dCD19_clean
2. SFG.CD1d
3. SFG.CD1d.2A.dCD19

Figure 2-7 Cloning confirmation of SFG.CD1d and SFG.CD1d.2A.dCD19 constructs

A. Colony PCR was performed by using the primer pairs CD1d F/CD1d.STOP R and CD1d F/CD1d.2A R to
amplify CD1d sequence in SFG-CD1d (left) and SFG-CD1d.2A.dCD19 (right) constructs respectively.
Several colonies resulted positive for an insert of size between 1000 and 1500bp, consistent with the
expected length of CD1d sequence. B. miniprep DNA digestion using EcoRIl. After 30min digestion at
370C, DNA fragments were electrophored on a 0.8% agarose gel. By comparing the actual DNA bands
(right) with the expected ones (SnapGene simulation, left), successful cloning could be confirmed in
samples 1C (SFG.CD1d) and 11B (SFG.CD1d.2A.dCD19).

2.3 Firefly luciferase

To detect tumour cells and monitor tumour growth in vivo, a luciferase construct was obtained
from Dr John Maher, consisting of firefly luciferase co-expressed with tandem dimer Tomato

red fluorescent protein (tdRFP) in a single SFG vector'®°.
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2.4 Primary Cells

Healthy volunteer PB and lymphapheresis samples as well as PB samples from MCL, MZL and
CLL patients were obtained after written informed consent and research ethics committee
approval (Research Ethics Committee reference: 11/H0308/9). Fresh PBMCs were isolated
from diluted heparinized blood by density gradient centrifugation (400 x g for 30 min at room
temperature (RT) with the brake off) using Histopaque-1077 or Lymphoprep gradient medium
(Sigma-Aldrich) warmed to room temperature. Cryopreserved cells from lymphapheresis
products were thawed in a 37°C waterbath and washed in warm medium containing heparin
and DNAse | up to a maximum of 600,000 IU to prevent cell clumping. Mononuclear cells were
then used as a source of either CD3" lymphoid cells for CAR engineering or CD19" tumour cell
targets for functional assays.

In order to generate CAR iNKT cells, TCRVa24Ja18" lymphocytes were immunomagnetically
purified from PBMCs and apheresis mononuclear cells using anti-human iNKT cell microbeads
(Miltenyi Biotech), according to the manufacturer’s instructions, with minor modifications in

the labelling step in order to minimise 6B11 non-specific binding.

2.4.1 iNKT cell isolation

2.4.1.1 1. Anti-iNKT MicroBead labelling

Up to 10® PBMC were resuspended in ice-cold binding buffer (phosphate-buffered saline
(PBS)/0.5% bovine serum albumin [BSA]) to a final volume of 500ul and hold for 5 up to 15 min
on ice. Next 50uL of sterile anti-iINKT MicroBeads per 10® total cells, followed by either
incubation on ice for 40 min combined with gentle shaking by finger tapping every 5 min or
incubation for 30 minutes at 4°C under continuous shaking. At the end of incubation, cells were
washed twice, first with up to 50ml ice-cold binding buffer followed by centrifugation at 300 x
g for 10 min, 4°C, then with 10-20 ml ice-cold binding buffer and subsequent centrifugation as

above. Cell pellet was then resupended in ice-cold binding buffer at 500ul/10° cells.
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2.4.1.2 2. Selection

Two magnetic columns (Miltenyi, MS for up to 1 x 10®° PBMCs, LS for larger samples) were
placed in the magnetic field of suitable magnetic-activated cell sorting (MACS) separators and
hydrated with ice-cold MACS buffer (PBS, 0.5% BSA and 2 mM EDTA). Cell suspension was
applied onto the first column. An aliquot of the unbound PBMCs (>10) was set aside from the
flow-through containing unlabelled cells (negative fraction 1, NF1) for further irradiation (3500
cGy), to be used as feeder and stimulating cells (see below). Next, the column was washed
three times by adding the appropriate amount of MACS buffer, i.e. MS: 3x500 puL, LS: 3x3 mL,
removed from the separator and placed on a 15ml collection tube. Appropriate amount of
binding buffer (MS: 1 mL; LS: 5 mL) was then pipetted into the column and labelled cells were
immediately flushed out by firmly pushing the plunger into the column. The eluted cell
suspension was reapplied onto the hydrated column and the procedure repeated in order to
increase the purity of the 6B11+ cell fraction to 280% of CD3+ cells. The second eluted fraction
was finally diluted in at least ten volumes of primary cell medium (PCM, see below), residual
MACS buffer removed by centrifugation at 300 x g for 10 min at RT and iNKT cell pellet
resuspended in TCM at 10°/ml. Cell purity was confirmed by flow cytometry (see below) before

proceeding to CAR-engineering protocol.

2.4.2 Primary cell medium and culture

Primary cell medium (PCM) consisted of RPMI1640, 10% FBS, 2% glutamine, 1% Penicillin-
Streptomycin, 1% sodium pyruvate; 1% essential and non-essential aminoacids, 10mM Hepes
buffer (Sigma-Aldrich) and 5.5x10°M beta-mercaptoethanol (Gibco®, Life Technologies). For
CD3+ cells, human IL2 and/or IL-15 and/or IL-7 (premium grade, Miltenyi Biotec) were added at
100I1U/ml unless otherwise stated.

Cells were cultured in U-bottom 96-well plate at a concentration of 1 x 10* cells/well in
200ul/well or flat-bottom 96-well plate at a concentration of 1 x 10° cells/well in 200ul/well or
24-well plate at a concentration of 1 x 10° cells/well in 1ml/well. Half medium replacement was

carried out every 2-3 days or when required based on medium colour change.
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2.5 Celllines

Human Embryonic Kidney 293 (293T) cells were purchased from ATCC and used for lentivirus
production. The K562 cells were obtained from ATCC, while the ARH-77, KMS12, H929 and
U266 cell lines were purchased from DSMZ. C1R and C1R-CD1d cell lines were provided by Prof
Cerundolo. The Farage cell line was kindly donated by Prof Ronald Gartenhaus at University of
Maryland School of Medicine, Baltimore. The B lymphoblastoid AK cell line was produced by
Joana Costa at the Karadimitris lab. All cell lines were tested for mycoplasma contamination
using the MycoAlert Mycoplasma Detection Kit (Lonza). The K562, C1R and ARH-77 cell lines
were transduced to express the human CD19 and/or CD1d. For the purposes of in vitro
functional assays, ARH-77 cells were also modified with the pHR-SIN plasmid described above
to co-express the mCherry red fluorescent protein together with CD1d. The C1R-CD1d cell line
was modified with the luciferase-tdRFP plasmid for in vitro and in vivo monitoring by
fluorescence and bioluminescence imaging (BLI) respectively.

The adherent 293T cells were grown in 75cm2 culture flasks in Dulbecco’s Modified Eagle
Medium (DMEM) (Sigma-Aldrich), supplemented with 10% Fetal Bovine Serum (FBS) (Sigma-
Aldrich), 2mM L-Glutamine and 10ml/L Penicillin-Streptomycin (Stem Cell Technologies). Cells
were maintained at 75% confluency and split as required using x1 trypsin-EDTA solution
(Sigma-Aldrich) according to the manufacturer’s instructions.

The suspension cell lines were grown in RPMI 1640 medium (Sigma-Aldrich) supplemented
with 10-20% Fetal Bovine Serum (FBS) (Sigma-Aldrich), 2mM L-Glutamine and 10ml/L Penicillin-
Streptomycin (Stem Cell Technologies), at 37°C, 5% CO2. Where required, sodium pyruvate
1:100, essential and non-essential aminoacids, 1:100 (Gibco®, Life Technologies) were added to
the medium. Cells were maintained at a concentration of 4x10° - 5x10° cells/ml in order to be
in exponential growth phase. The trypan blue (Sigma-Aldrich) exclusion method was used to
determine cell concentrations on a Neubaeur haemocytometer. For each counting, three
squares (1mm?) were used to count cells and then the average was calculated for the final

concentration. Blue stained dead cells were excluded from counting.
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2.6 Pharmacological agents

o-galactosylceramide (KRN7000, Cambridge Bioscience) and all-trans retinoic acid (ATRA,
Sigma-Aldrich) were purchased in lyophilized form. Stock solutions were prepared in 100%
dimethyl sulfoxide (DMSO) at 1mg/ml (0.001M) and 3mg/ml (0.01M) respectively. The DMSO
solution of a-galactosylceramide (aGalCer) was completely dissolved by heating at 80° for 1
hour, aliquoted and stored at -20°C until use. Prior to use, a working solution was prepared by
heating for another 60 seconds at 80°C, followed by dilution in PBS at 100ug/ml (1000x). ATRA
was used to assess the transcriptional regulation of CD1d in primary CLL cells. The ATRA
solution in DMSO was freshly prepared before each experiment protected from light and
diluted in PBS to 1mM (1000X) for immediate use. After preliminary dose-finding experiment, a

final dose of 10°M was chosen, equivalent to pharmacological dose used in clinical settings®".

2.7 Retroviral and lentiviral production and cell transduction

2.7.1 Virus production

VSV-G pseudotyped retroviruses and lentiviruses were generated by transfection of 80%
confluent HEK293T cells, passage <6, with the transfer, packaging and envelope plasmids
(Table 2-3) using the CaCl, method (Table 2-4 and Table 2-5)'®>. pCMV-Gag-Pol and pVSV-G
were used for retrovirus, or pRsv-REV, pMDIg-pRRE and pMD2G were used for lentivirus

respectively.
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Table 2-3 Plasmid mixture for virus production

Retroviral plasmids Plasmid name DNA pg/reaction*
SFG.dCD19_cleanl2.eBFP2
Gene retroviral backbone SFG.CD1d 10-12 ug
transfer SFG.CD1d.2A.dCD19
LuckyTom
Packaging two-plasmid system pCMV-Gag-Pol 12 ug
Envelope retroviral backbone pVSV-G 3ug

Lentiviral plasmids

pSew.RQR8-2A.aCD19-CAR.full

Gene o pSew.RQR8-2A.aCD19-CAR.half
lentiviral backbone 10-12 g
transfer pSew.RQR8-2A.aCD19-CAR.short
pHR-SIN-hCD1d.mCherry
two-plasmid system psPAX2 7.5 ug
Packaging ) pMDLg/pRRE (gag/ pol) 5ug
three-plasmid system
pRSV-REV 2.5 pug
Envelope lentiviral backbone pMD2.G (VSVG) 3

* 1 reaction = plasmid mix to transfect HEK293T in a 10cm tissue culture dish (2.5-3 x 106 at the time of
seeding 24hrs before transfection)

Table 2-4 Calcium phosphate methods for virus production

Virus mix reagents* Volume (ul) Procedure

low TE buffer Up to 500ul

See two-/three-plasmid packaging system that separates gag, pol,
rev, and VSV-G genes onto separate vectors

plasmid mixture

Table 2-3
2.5M CaCl2 50ul (optional) 5 min incubation
2x HBS 500ul dropwise while vortexing at full speed
total 1000pl immediately add dropwise to the 293T cells.

* per 1 reaction
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Table 2-5 List of reagents used for virus production

Reagents Stock solution Final . per 500 ml
concentration
0.5 M TRIS HCI pH8.0 10 mM 10 ml
Low-TE buffer 0.5 M EDTA pH8.0 0.1 mM 100 ul
H20 (autoclaved) - 489.9 ml
NacCl 8¢g
KCl 037g
Na2HPO4 anydrus 106.5 mg
HBS Dextrose lg
Hepes 5g
H20 (autoclaved) - up to 500ml (adjust pH to 7.05 with

NaOH)

Full medium change (10%FBS/DMEM) was performed 8hrs later and cells were further
incubated for up to 48 hours. Virus supernatant was then harvested at 48 and 72 h post
transfection, centrifuged and filtered through a 0.45 um cellulose acetate filter, concentrated
by ultracentrifugation at 23,000 x g 4 °C for 120 min and re-suspended with 1 x RPMI 1640
medium. Virus titres (Figure 2-8) were determined by transducing 293T cells using a 2-fold
serial dilution of the viral stock and calculated as transducing units (TU) per mL according to

the following formula:

(Fx N x D x1,000)
TU/ml =

\Y,
F = % infected cells
N = cell number at the time of transduction
D = fold dilution of viral stock

V = volume (ml) of diluted viral stock

Ultraconcentration generally resulted in titres of 10'°TU/ml.
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Concentrated virus was either used immediately aliquoted (50-200ul), snap frozen with LN and

stored at -80°C for up to 3 years.
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Figure 2-8 Flow cytometry based method for viral vector titration

A. Representative FACS plots for gating strategy, showing a correlation between viral load (viral stock
fold dilution) and transduction efficiency (RQR8+ cell percentage, %). Data were used to determine
virus titre expressed as transducing units (TU) per ml. B. Percentage of RQR8+ cells as function of the
amount (pl) of lentiviral vector added. In this case, the average titre was about 1 x1010 TU/ml.

2.7.2 Cell transduction
Cell lines were transduced with retrovirus in the presence of 8ug/ml polybrene (Sigma-Aldrich).

Two days later, transduction efficiency was determined by flow cytometry as percentage of
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CD19" and/or CD1d" cells or tdRFP* cells. Where required, positive cells were sorted by
immuno-magnetic selection or fluorescence-activated cell sorting (FACS) and further expanded
in RPMI 1640 supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and 1% Penicillin-
Streptomycin (Pen/Strep, Stem Cell Technologies) (standard culture medium). To generate
CAR-engineered iNKT cells (optimised procedure, see Protocol 5 in chapter 3), 6B11-sorted
cells were seeded at 1:1 ratio with irradiated (3500 cGy) autologous mononuclear cells (iAPC).
An equal number of same-donor mononuclear cells was used as a source of conventional T
cells. Next, T and iNKT lymphocytes were activated for up to 48 hours with Dynabeads Human
T-Activator CD3/CD28 (ThermoFisher) at 1:1 beads-to-cell ratio in RPMI 1640 medium
supplemented with 10% FBS and 1% Pen/Strep with 30 U ml™" IL-15 (Miltenyi Biotech) at a
density of 1-5 x 10" cells per ml. Activated T and iNKT cells were then transduced at 2-5 MOI in
the presence of 4ug/ml polybrene. Within 4 days post transduction, cells were assessed for
viability and expansion by Trypan blue as well as purity by flow cytometry. Transduction
efficiency was determined by flow cytometry as percentage of RQR8" cells as previously

described®”®

. Where required, positive cells were sorted by immunomagnetic selection with
anti-CD34-microbeads (Miltenyi), re-plated at the same density and re-stimulated with 1:1
irradiated C1R-CD1d cells, 30 IU/ml IL-15 and 100ng/ml aGalCer. After 7 days cells were
reassessed for viability by Trypan blue and purity by flow cytometry using a F(ab')2-Goat anti-
Mouse antibody (Invitrogen) and switched to low-IL-15 medium (<£201U/ml) towards resting

phase prior to functional studies. Alternatively, the cells were maintained with 1001U/ml IL-2

and/or IL-15 and harvested during exponential growth phase prior to cryopreservation.

2.8 Antibodies and intracellular staining

CAR" cells were identified by using the mouse anti-human APC-CD34 (QBend10, R&D Systems)
or FITC-CD34 (QBend10, Abcam) monoclonal antibody (MoAb) against the RQR8 marker or the
goat anti-mouse FITC-F(ab’)2 fragment (Invitrogen) against the CAR hinge. For T cell
phenotyping, the following antibodies were used: mouse anti-human PerCP-Cy5.5-CD3 (OKT3,
eBioscience), Pe-Cy7-CD8 (RPA-T8, eBioscience) and eFluor450-CD4 (OKT4, eBioscience). iNKT
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cells were defined as TCRVa24*, TCRVB11*, TCRVa24Jal8’ T cells using mouse anti-human PE-
TCRVa24 (C15, Beckman Coulter), APC-TCRVB11 (C21, Beckman Coulter), or FITC-
TCRVa24Jal8" (6B11, BD) pairwise combinations. Either a minimum of 0.5 x10° CD3" cells or
200 iNKT cells were recorded to facilitate accurate calculation of the total, CD4" and CD4™ iNKT
cell frequencies. The B cell panel included the mouse anti-human BV421-CD19 (HIB19, BD
Biosciences), APC-CD1d (42.1, BD Pharmingen™ and 51.1, Biolegend), PerCP-eFluor710-CD5
(UCHT2, eBioscience), APC-eFluor780-CD3 (OKT3, eBioscience). 4',6-Diamidino-2-Phenylindole,
Dihydrochloride (DAPI) staining was used to exclude dead cells. For intracellular cytokine
profiling, T cells were fixed and permeabilized using BD Cytofix/Cytoperm Plus kit as per the
recommendation of the manufacturer, followed by staining with mouse anti-human eFluor450-
CD3 (UCHT1, eBioscience), PerCP-eFluor710-CD4 (SK3, eBioscience), BUV395-CD8a (RPA-TS,
eBioscience), FITC-Perforin (6-G9, eBioscience and B-D48, 2BScientific), PE-GranzymeB (GB11,
eBioscience), APC-IFNy (4S.B3, eBioscience), PE-IL-2 (MQ1-17H12, eBioscience), PeCy7-IL-4
(8D4-8, eBioscience) and APC-eFluor780-IL17A (eBio64DEC17, eBioscience). Cytokine profile
was assessed in resting cells and upon stimulation for 4 hours with Dynabeads (1:1) or
PMA/ionomycin (eBioscience) or C1R CD1d cells (1:1) in the presence of Monensin and

Brefeldin (eBioscience).

2.9 Cytokine release assay

Resting CAR iNKT and T cells were extensively washed, counted, plated in 96 U-bottom well
plates (5x10" cell/well) and stimulated with aCD3/CD28 coated beads at 1:1 ratio.
Unstimulated CAR cells and medium only wells were included as controls to measure
spontaneous release and background signal. Supernatants were collected after 3 and 8 hours
and stored at —80°C until analysis. Released cytokines (GM-CSF, IL-13, IFN-y, TNF-a, TNF- B, IL-
2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-15, IL-17A, IL-21, IL-22, IL-23, IL-27, IL-1a, IL-1B, IL-1RA, IL-
31, IL-12p70, INF-a) were evaluated by using the ProcartaPlex™ Multiplex Immunoassay
(eBioscience) according to manufacturer’s instructions. Analyte detection and quantification

was performed by Luminex instrument (Bio-rad Bioplex200). The concentration of the samples
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was calculated based on the standard curve generated by plotting the expected concentration
of the standards against the MFI generated by each standard. Sample values were then

normalised to the control values (unstimulated CAR cells and medium only).

2.10 Proliferation assay

Up to 10* irradiated C1R-CD1d cells were plated in poly-L-ornithine-coated, flat-bottom 96-well
microplates. Where required, aGalCer or vehicle were added for 4 hours before the addition of
up to 10* CAR-modified cells in RPMI 1640 medium supplemented with 10% FBS, 1% Pen/Strep
and 201U ml™IL-15. The cell plate was maintained at 37°C and 5% CO, into the IncuCyte
ZOOME® instrument (Sartorius) for up to one week without any further manipulation. CAR cell
proliferation was determined by the IncuCyte™ software, with a 24-hr scanning scheduled for
every 1 hour with 10x or 4x objectives and using the confluence algorithm according to the

manufacturer’s instructions (EssenBio protocol 8000-0331-A00).

2.11 In vitro real-time monitoring of CAR cell cytotoxic activity

CD1d-mCherry-transduced ARH-77 cells were seeded in a 96-well round-bottom ultra-low
attachment (ULA) microplate (Corning) with standard culture medium at a density of 500
cells/well and let settle for 1 hour. Effector cells were then resuspended in standard medium
with 201U mI™ IL-15 and added at the indicated ratio in triplicates. Wells with targets alone
and effectors were included as controls. The microplate was maintained at 37°C and 5%CO,
into the IncuCyte ZOOM® instrument for up to one week without any further manipulation and
scanned using a phase and a red channel every 1 hour with 10x objective during the first 48
hours and 4x objective from day 3 until the end of the experiment. Targets cells were
monitored as red fluorescent objects and quantified with IncuCyte™ software by using red
mean image fluorescence (MIF) and red fluorescence area (um?®/image) according to the
manufacturer’s instructions (EssenBio protocol 8000-0330-B00). CAR cell proliferation was

determined as described in ‘Proliferation assay’.
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2.12 Cytotoxicity assay

OrangeCell Tracker (CTA typel) or CellTrace™ Violet (CTA type2)-labeled targets (1uM,
Invitrogen) were incubated at the indicated ratios with effector cells for 3 hours. Where
required, targets were labeled with an antibody mix containing PeCy7-conjugated mouse anti-
human CD3 (OKT3, Biolegend), CD56 (5.1H11, Biolegend), CD11b (ICRF44, Biolegend), CD14
(HCD14, Biolegend) and CD16 (B73.1, Biolegend) MoAbs to allow discrimination between
CD19" and CD19™ mononuclear cells. Similarly, in order to characterise Effector-Target
Conjugates, CAR-effectors could be labelled with the following fluorophore conjugated mouse
anti-human MoAb: APC-CD34 (QBend-10, R&D Systems), PerCP-Cy5.5-CD3 (OKT3, eBioscience),
eFluor450-CD4 (OKT4, eBioscience) and PeCy7-CD8 (RPA-TS8, eBioscience). As controls, targets
and effectors alone were simultaneously incubated to determine spontaneous cell death.
Where indicated, targets were also pre-incubated with aGalCer or vehicle at 37°C for 4 hours
before addition of the effector cells. Cells were then harvested and DAPI (CTA typel) or 7-AAD
(CTA type2) was added prior to flow cytometric analysis on BD Fortessa Flow Cytometer, using
BD FACSDiva software version 6.0. Specific cytotoxic activity was determined as ((% sample
(DAPI*, Orange®) - % spontaneous (DAPI*, Orange®)) / (100 - %spontaneous (DAPI*, Orange®))) x
100 or ((% sample (7-AAD", Violet’) - % spontaneous (7-AAD", Violet®)) / (100 - %spontaneous
(7-AAD+, Violet®))) x 100. The gating strategy is shown in (Figure 2-9). All assays were run in

duplicates or triplicates. Data analysis was performed using FlowJo 10.2.
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Figure 2-9 Flow cytometry-based cytotoxicity assay - Gating strategy

After excluding cell debris (top left), targets were identified as vital dye-labeled events (bottom left). For
further dissection, conjugates were identified as CD3", vital dye-labeled events (top right). Dead targets
resulted stained by DAPI (or 7-AAD). In CTA type2, OrangeCell Tracker and DAPI were replaced by
VioletCell Trace and 7-AAD. 1: conjugates (targets+effectors); 2: targets only; 3. effectors only. For more
complex analysis, see chapter 4.

2.13 Gene expression analysis by Real-Time PCR

Total RNA from primary CLL cells was extracted by using the NucleoSpin RNA kit (Macherey
Nagel), followed by cDNA synthesis with RevertAid first strand cDNA synthesis kit (Thermo
Fisher Scientific), as per the manufacturer’s instructions. For gene expression quantification,
RQ-PCR of template cDNA was performed in triplicate on StepOnePlus™ Real-Time PCR System
using Tagman Gene Expression Master Mix and Assays (Applied Biosystems). CD1d transcript
levels were determined relative to the reference genes ACTB and GAPDH, using the AACT
method. Tagman probes were CD1ID Hs00939888 m1, ACTB Hs99999903 m1 and GAPDH
Hs03929097_g1.
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2.14 Chromatin immunoprecipitation assays

Primary CLL cells were assessed for histone 3 lysine 4 and histone 3 lysine 27 tri-methylation
(H3K4me3 and H3K27me3 respectively) by chromatin immunoprecipitation (ChIP) combined
with real-time quantitative polymerase chain reaction (ChIP-RQ-PCR) as previously

163
d

described™. Cross-link was performed within 4 hours from sample collection on PBMC

isolated by gradient centrifugation, upon confirmation of B-CLL purity by flow-cytometry.

2.14.1 Chromatin preparation

30 x10° cells were used per immunoprecipitation. Cells were collected by centrifugation at
1200rpm. Chromatin was prepared using the Shearing ChIP kit (Diagenode). A formaldehyde-
based buffer was initially used to cross link proteins to DNA. Sequential washing in cell lysis
buffers allowed isolation of chromatin. Chromatin was sonicated at 4°C for 20 minutes in a
0.5/0.5 on/off cycle using high intensity in a Bioruptor UCD-200 (Diagenode). Post-sonication
fragments of average 500bp length were confirmed on a 1.5% agarose gel. Sheared chromatin
was either used immediately in downstream experiments or was flash frozen in liquid nitrogen

and stored at -80°C for later use.

2.14.2 Immunoprecipitation and DNA extraction

Chromatin was diluted at least 10 times in chromatin immunoprecipitation (ChIP) dilution
buffer (0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCL pH 8, 167mM NaCl)
containing protease inhibitors. The diluted chromatin was pre-cleared by incubation with
magnetic beads (Dynabeads Protein G from Thermo Fisher Scientific) for 1hr at 4°C on a
rotating wheel. Pre-cleared chromatin was incubated with 3ug of antibodies overnight at 4°C
on a rotating wheel. Protein G magnetic beads were added and incubated for 2-4hrs at 4°C on
a rotating wheel. The immunoprecipitates were washed for 5 min at 4°C in a rotating wheel
with low salt buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCI pH 8, 150mM
NaCl), high salt buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl pH 8, 500mM
NaCl), LiCl buffer (0.25M LiCl, 1% IGEPAL, 1% sodium deoxicolate, 1ImM EDTA, 10mM Tris-HCI

pH 8) and 2 times with TE. Immunocomplexes were eluted by adding 150ul elution buffer
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(50mM Tris-HCI pH 8, 50mM NaCl, 1ImM EDTA and freshly added 1% SDS and 20mg/ml of
RNaseA) at 65°C for 4h and a second time for 30 min. Both elutions were pooled and treated
with proteinase K. DNA was purified by phenol extraction and DNA precipitation. QRT-PCR was

also used to quantify genomic DNA following ChlP.

2.14.3 Real time polymerase chain reaction

QRT-PCR was performed using SYBR Green/ROX gPCR mastermix. Appropriate primers for
relevant genomic loci (see below for details of design), template DNA and gPCR mastermix
were combined, as per the manufacturer’s instructions. Reactions were run in a 96 well plate
in the Applied Biosystems 7500 Real Time PCR System using the following programme:

1. 95°C for 10min

2. 40 cycles of: 95°C for 15s, 60°C for 30s, 72°C for 30s

Enrichment of immunoprecipitated DNA was calculated, either relative to input DNA or DNA

immunoprecipitated by control IgG antibody, using the AACT method.

2.14.4 ChIP primers for QRT-PCR

3 primer sets were designed using OligoPerfect™ Designer (https://tools.lifetechnologies.com)
to analyse 2 regions upstream the ATG start codon at -3047 (distal, DP) and -1240 (proximal,
PP) and 1 region within exon 2 at +382 (I12P). The aim was to generate 50-200bp long
amplicons. The final sequences consisted of 20-23mer with annealing temperatures between
55-65°C. As per design, there were no potential self-annealing sites, 3’ complementarity or

potential for hairpin formation.

The corresponding sequences were:

DP 5'-TGGACGTCCGAGAGGTAAGAG and 3'-CACAGTAACCTGGAGATCCACTA,
PP 5'-AATGATGCTGGGGTGTGAGG and 3'-GCACGGCCTGCAAGATTATG,

I2P 5'-CTCCAGATCTCGTCCTTCGC 3'-CTGGGACCAAGGCTTCAGAG.
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2.15 Systemic xenograft tumour model

Six-week old NOD/SCID/IL-2Ry-null (NSG) sex-matched mice were handled in accordance
with the 1986 Animal Scientific Procedures Act and under a United Kingdom Government
Home Office—approved project licence. The animals were housed at the Hammersmith Central
Biomedical Services (CBS) facility, Imperial College London. On the basis of two pilot
experiments (see details in chapter 6), the final layout of the in vivo experiments was as
follows. On day 0 all animals received 5 x 10° luciferase-expressing C1R-CD1d cells by tail
vein (iv) injection, followed by BLI monitoring twice a week. Upon confirmation of
engraftment defined on the basis of increased photon signal in two consecutive scans
performed 72 hours apart, on day 11 the mice were randomized to no treatment or
immunotherapy with either T, iNKT, 2" generation CAR19-T or 2" generation CAR19-iNKT
cells generated from the same donor. Thereafter, BLI was performed twice a week until day
21 and weekly until the end of experiment on day 90. Primary endpoints were overall
survival (0S) and tumour-free survival (TFS). Secondary endpoint was brain-TSF. All mice
were sacrificed according to the protocol when either experimental or humane endpoints were

reached.

2.16 Bioluminescence imaging (BLI)

Bioluminescence images were collected on an IVIS Lumina XR Ill Imaging System using Living
Image software (PerkinElmer). Before imaging, mice were anesthetized and maintained under
inhalational anaesthesia via a nose cone with 2% isoflurane (Zoetis UK)/medical oxygen. All
mice received a single intraperitoneal (IP) injection of 150mg/Kg D-luciferin (Goldbio) in PBS 10
minutes before scanning. Up to three mice were imaged simultaneously in a 12.5cm field of
view (FOV) with minimum target count of 30,000 and exposure times ranging from 0.5 to 2
minutes at medium binning, with additional images acquired at low binning levels to maximize
sensitivity and spatial resolution where required. Both ventral and dorsal scans were acquired
for each mouse. The dorsal and ventral signals were quantitated separately through region of

interest (ROI) analysis using Living Image software and expressed in radiance (unit of
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photons/sec/cmz/sr) as a total signal summation normalized to the ROl area. Where required,

normalized background signal from similarly sized ROIs was subtracted.

2.17 Magnetic resonance imaging (MRI), diffusion-weighted imaging (DWI) and

MR spectroscopy (MRS)

Brain tumours were assessed and monitored with MRl and MRS in 12 animals. All MRI scans
were performed on a pre-clinical 9.4 T scanner (94/20 USR Bruker BioSpec; Bruker Biospin,
Ettlingen, Germany) housed at the Biological Imaging Centre, Imperial College London. Mice
were anesthetized as described above and positioned prone in a dedicated mouse bed
provided with a circulating warm water heat mat to control body temperature. Respiration and
body temperature were continuously monitored (1030-MR, SA Instruments, Stony Brook, NY,
USA) and the amount of isoflurane and heat delivered were adjusted through the MRI scans to
maintain the respiratory rate within the range of 35-45 breaths per minute and the body
temperature at 36.5°C. Brain images were acquired with Paravision 6.01 (Bruker, BioSpin) using
an 86mm inner diameter volume transmit quadrature coil combined with an actively
decoupled mouse brain array receiver. The imaging datasets consisted of T; weighted FLASH,
T, weighted RARE and echoplanar, diffusion-weighted sequences in sagittal, axial and coronal
orientation obtained within 10 minutes and 25 minutes respectively after iv injection of
Gadovist (Gadobutrol, Bayer). The contrast agent was diluted in 0.9% saline and used at a
concentration of 0.3 mmol/kg in all but 1 mouse. For T1 FLASH images the following settings
were applied: T; sagittal: TR/TE = 250/2.6 ms; FOV = (18 x 14) mm?, in plane spatial resolution
(58 x 56) umz, slice thickness 500 um, 10 um slice gap, 20 slices, scan time 6 min 30 s; T, axial:
TR/TE=320/2.6 ms; FOV = (16 x 14) mm?, in plane spatial resolution (62 x 61) pum?, slice
thickness 500 um, 10 um slice gap, 30 slices, scan time 6 min 30 s, T, coronal: TR/TE = 200/3
ms, FOV = (14 x x16) um?, in plane resolution (34 x 62) um?, 500 um slice thickness, slice gap 50
um, 10 slices. Scan time 3 min 50s. T, RARE images were generated with: T, sagittal: TR/TE =
3000/40 ms, FOV = (18 x 14) mm?, in plane spatial resolution (70 x 55) umz, slice thickness 500
um, 10 um slice gap, 20 slices, scan time 5 min. T, axial: TR/TE = 2500/45 ms, FOV = (14 x 14)
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umz, in plane resolution (55 x 55) umz, 700 um slice thickness, slice gap 50 um, 12 slices. Scan
time 4 min. T, coronal: TR/TE = 3600/40 ms, FOV = (18 x 14) mm?, in plane spatial resolution
(70 x 55) umz, slice thickness 500 um, 10 um slice gap, 30 slices, scan time 6 min. Measurement
of Diffusion ADC (measurement of diffusion trace, equivalent to mean diffusivity) was
performed with EPI readout (4 shots) using the following settings: TR/TE = 6000/18.8 ms, in
spatial resolution (135 x 135 x 500) um?, B value = 950 s/mm?, 11 slices, scan time = 8 min
(respiratory triggered). All images were analyzed using OsiriX software. For MRS, the voxel was
positioned within the pituitary gland avoiding inclusion of surrounding tissue. Field-map based
shimming (up to 4™ order) was performed prior to the MRS acquisition to optimize the main
field homogeneity in the voxel of interest. Single voxel spectra (SVS) were acquired at both
long and short echo times (LTE and STE respectively), with: LTE PRESS: TR/TE = 2500/100 ms,
voxel size (2 x 1.2 x 1.35) mm3, total scan time 13 min 20 s; STE STEAM: 2500/3 ms, voxel size
(2 x 1.2 x 1.35) mm3, total scan time 13 min 20s. Relative quantification of Creatine/NAA,
Choline/NAA ratios was computed from the LTE spectra. The spectra were pre-processed

(phased, apodized) and quantified afterwards using AMARES (jMRUI software).

2.18 Immunohistochemistry

Sample preparation for immunohistochemistry analysis was performed as previously described
164 Rabbit anti-human CD19 (polyclonal, Abcam, ab99965) and CD3 (SP7, Abcam, ab16669)
were used as primary antibodies to identify tumour and CAR-cells respectively in paraffin
sections from mouse tissues. Stained sections were viewed and images acquired using an EVOS

XL Imaging System (ThermoFisher Scientific).

61



2.19 Statistics

2.19.1 Sample size
In vitro assays were planned to achieve at least 3 biological replicates per set of experiments.
For in vivo experiments, sample size was determined to show a 30% survival improvement in

CAR19-iNKT vs CAR19-T -treated animals at 5% significance and 80% power.

2.19.2 Replicates

The in vitro data were reproduced in technical duplicates or triplicates using samples from
different donors and lymphoma patients as a source of CAR-engineered and target cells
respectively. For in vivo studies, to show enhanced anti-lymphoma activity of CAR19-iNKT
compared to CAR19-T cells, after completing two pilot experiments, two repeats were

performed, obtaining similar results.

2.19.3 In vivo randomisation

At the beginning of the in vivo experiment a numeric ID was randomly assigned to each mouse.
At the time engraftment, all animals were assessed in a consecutive order according to their ID,
from the smaller to the larger. Same sex mice with comparable weight were assigned to one of
the 5 treatment arms only based on the bioluminescent signal, aiming to ensure an equal

distribution of tumour burden across the groups.

2.19.4 Statistical analysis

Statistical analysis was performed on GraphPad Prism 7 software. For comparisons between
two groups, the Wilcoxon (paired) or Mann—Whitney U (unpaired) test were used, with
correction for multiple t tests according to the two-stage step-up method of Benjamini, Krieger
and Yekutieli. For comparison between more than two groups, either one of the following tests
were performed depending on the number of variables: non-parametric Friedman (paired) or
Kruskal-Wallis (unpaired) test with post-hoc Dunn’s test (one variable, non-parametric for one-
way ANOVA) or two-way ANOVA adjusted by Tukey (more than one variables). Survival was

calculated using the Kaplan-Meier method, with log rank analysis for comparing survival
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between groups. All experimental data are presented as mean + standard error mean (S.E.M.)

All P-values given are two-tailed values. A P-value below 0.05 was considered significant.
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3 Development and optimization of
protocol for manufacturing of clinical
scale CAR-iNKT cells

3.1 Introduction

iNKT cells are rare, CD1d restricted T lymphocytes comprising ~0.01-0.1% of circulating CD3+

888 Owing to their innate-like reactivity, robust, direct and indirect anti-

cells in humans
tumour activity and ability to modulate alloreactivity, they represent a very attractive platform
for adoptive immunotherapy. However, their very low frequency, which is even lower in cancer

10016518 has been a major obstacle for the clinical

patients than in healthy individuals
development of iNKT cell-based adoptive therapy so far.

Isolation and selective expansion of TCRVa24Jal8+ (moAb 6B11+) cells are important
requirements for iNKT cell manipulation in vitro. Two main approaches have been described.
One approach entails iNKT cell expansion from bulk PBMCs in the presence of the iNKT cell-

167

specific agonist aGalCer and IL-27"’. A more effective procedure, described by Exley et al., relies

on upfront moAb 6B11-based iNKT cell selection followed by their specific activation and

%8 Such method allows to

expansion with glycolipid compounds presented by CD1d" APCs
establish iNKT cell lines in 2-3 weeks. Non-specific mitogens, e.g. activating anti-CD3 moAb,
have been also used with success, but their application remains limited to highly purified iNKT
cell preparations and/or clones established by previous rounds of aGalCer-CD1d-driven

expansion®®1%°.

The curative potential of CAR technology has been supported over the last 20 years by
unprecedented responses in patients with refractory/relapsed B cell malignancies. However,
inconsistent clinical outcomes, safety issues and unsustainable costs may limit widespread

clinical applications. Indeed, given the expression of CD1d on malignant B cells, CAR
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engineering of iNKT cells may represent a more suitable platform for CAR immunotherapy than
bulk conventional T lymphocytes. Hence, the first aim of my study was to generate CAR19-iNKT

cells to investigate their therapeutic potential against B lymphoproliferative disorders.

When | started to work on this project, there was no literature suggesting how best to CAR-
engineer iNKT cells. By contrast, conventional T cells have been successfully manipulated and
several protocols have been published over the past 20 years. Therefore, | first planned a
preliminary set of experiments aiming to explore whether the procedures validated for

conventional T cells engineering could be applied to iNKT cells.

3.2 Generation of CAR19-T cells

3.2.1 Expression of CAR19 in primary human T lymphocytes — standard procedure

Standard methods for CAR19-T cell manufacturing include steps of (1) PBMC enrichment,
usually by gradient centrifugation; (2) CD3" cell activation by means of CD3-specific stimulating
agents, mostly CD3/CD28 agonists; (3) viral transduction of activated T lymphocytes using
retro- or lenti- viral vectors encoding for the cell surface receptor with MOI up to 20; (4) short-
term expansion of the transduced T cell population to achieve clinically relevant numbers for
adoptive therapy, generally 1-3 weeks depending on the protocolm.

Based on this reference approach, | produced lentiviral supernatant carrying a 2" generation
CAR19 and transduced primary T cells upon activation with aCD3/CD28 beads for 48 hours at
an MOI of 10. The detailed procedure is described in ‘Material and Methods’. Twelve
independent experiments were performed using either fresh PBMC or frozen lymphapheresis
samples obtained from eight different healthy donors. The transduction efficiency was
assessed by flow cytometry within 3 days after gene transfer on the basis of the RQR8
marker/suicide gene co-expressed with the CAR19 protein, as the percentage of RQR8 positive
cells relative to untransduced total T cells. Transduction was successful in all cases (Table 3-1).

The mean transduction efficiency was 55.63% + 4.875 (range 20.6% - 78.2%, Figure 3-1).
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Figure 3-1 Assessment of CAR19-T cells by flow cytometry
Representative dot plots illustrating the gating strategy for assessment of CAR19 transduction
efficiency of conventional T cells. Gating on live CD3" cells (/eft), CAR-cells were identified as RQR8"

cells (right) relatively to untransduced control cells (middle).

Table 3-1 CAR19-T cell transduction efficiency according to standard procedure

Baseline CAR19-T
%

Source

Fresh samples

1 #1 PB PB 3.10E+07 40.0 56.3
2 #2 PB PB 1.20E+07 52.1 57.5
3 #2 PB PB 2.25E+07 55.5 44.2
4 #3 PB PB 5.50E+07 53.1 41.4
5 #4 PB PB 2.53E+07 41.5 68.5
6 #1 LAph LAph 2.50E+09 57.5 67.5
Frozen samples

7 #2 LAph LAph 1.12E+08 43.2 41.2
8 #2 LAph LAph 1.20E+09 40.6 20.6
9 #2 LAph LAph 7.70E+08 44 .4 49.4
10 #3 LAph LAph 7.00E+08 51.0 73.9
11  #4 LAph LAph 8.00E+08 60.9 78.2
12 #5 LAph LAph 6.00E+08 34.6 68.9
Mean 55.63

S.E.M. 4.875

Min 20.60

Max 78.20

Exp: experiment number; ID: donor identifier; TNC: total nucleated cell count; PB: peripheral blood;

LAph: lymphapheresis

67



3.2.2 Expansion of CAR19-T cells from transduced T cells according to standard procedure
Next, | sought to evaluate the expandability of 2" generation CAR19-T cells cultured under
different conditions. When maintained in standard T cell medium (TCM), i.e. PCM
supplemented with IL-2 1001U/mL, transduced T cells showed a stable or modestly increased
proportion of CAR19" T cells over a period of 3 weeks (n=3). However, the absolute CAR19-T
cell number increased by nearly 100-fold (mean + S.E.M.: 97.18 + 29.64; Figure 3-2).
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Figure 3-2 CAR19-T cell percentage and fold change over 3 weeks

Bar graphs summarising the percentage of CAR19-T cells as assessed by flow cytometry (A) and the fold
change of live transduced cells as assessed by Trypan blue (B). There was no significant difference in the
amounts of CAR19-T cells between week 2 and 3 (n=3; error bars show S.E.M. of technical triplicates).

Likewise, stimulation with CD19" APCs, i.e. irradiated AK (CD19"®") and C1R (CD19"°%) B
lymphoblastoid cells at different responder-stimulator ratios, induced a similar increase of total
cell number, with minimal preferential expansion of 2" gen CAR19" cells compared to control
cells maintained in IL-2 (Figure 3-3).

day 6 ——— day 20
IL-2 IL-2 + C1R

RQR8-FITC

Valpha24-PE >
Figure 3-3 Impact of different expansion methods on CAR19-T cells

Representative FACS plots of 2nd generation CAR19-T cells (left) expanded in the presence of IL-2
(middle) or IL-2 and irradiated C1R cells (right) at responder (CAR19-T)-stimulator (C1R) ratio of 1:1. C1R
cells were added 6 days after aCD3/CD28 bead stimulation, with only mild improvement of CAR19" cell
percentage at the end of the protocol compared to control cells maintained in IL-2 only TCM.

68



3.2.3 Selection of CAR19-T cells

In order to functionally characterize CAR19-expressing cells, | transduced T cells with 2" and
3" generation CAR19 virus and immunomagnetically purified RQR8" cells by the end of the first
week. Briefly, CAR19-T cells were labelled with an anti-CD34-QBend/10 antibody conjugated to
paramagnetic beads either directly (anti-CD34 microbeads kit, Miltenyi; method 1) or indirectly
(anti-CD34-QBend/10-APC combined with anti-APC microbeads kit, Miltenyi; method 2).
Starting from 1.5 x10 transduced T cells, of which 54.2% were RQR8" (n=4 samples), | obtained
approximately 7.45 x10° CAR19-T cells, that were >90% pure after a single round of positive
immunomagnetic selection (Table 3-2). The selection efficiency was comparable with both

methods, leading to 90.8% + 7.7 and 91.8% * 7,6 pure CAR19-T cells respectively (Figure 3-4).

Table 3-2 CAR19-T cell selection

m“ Pre- Post-selection
selection
1 #5 PB 2" gen 57.6 99.6 98.9
2 #5 PB 3 gen 69.2 9.8 99.0
3 #6 PB 2" gen 66.3 99.4 99.5
4 #6 PB 3 gen 23.6 68.1 68.7
mean 54.2 90.8 91.8
S.E.M. +10.5 +7.7 +7.6
pre selection post selection
57.6% 98.9%
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Figure 3-4 CAR19-T cell selection.

Representative FACS plots showing CAR19-T cells pre and post RQR8-based selection. In this example,
pure CAR19-T cells were obtained by sequentially labelling transduced cells with anti-CD34-QBend/10-
APC moAb and anti-APC microbeads.
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Finally, | expanded purified CAR19-T cells in TCM with or without irradiated CD19" C1R cells for
one week. In the presence of APC at a responder-stimulator ratio of 1:1, 2" generation CAR19-
T cells displayed a 23-fold increase, that was approximately 10 times greater than control cells
maintained in IL-2 supplemented medium (P=0.0033, Figure 3-5). By contrast, expansion of C1R
stimulated 3™ generation CAR19-T was irrelevant, at least in part due to activation induced cell

death (AICD).
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Figure 3-5 CAR19-T cell expansion post selection

Purified (>90%) CAR-T cells were stimulated with irradiated C1R and counted 7 days after stimulation.
Control cells were cultured in IL-2 100 IU/ml (n=2). At assessment on day +7, all populations were
proliferating but the C1R-stimulated 3rd generation CAR19-T one, where the very few live cells (live
gate in the top right representative FSC-A/SSC-A plot) were mainly untransduced T cells (A). As a result,
C1R-stimulated 2™ and 3™ CAR19-T cells achieved a 25.8+2.9 and 3.7+2.2 -fold increase respectively,
compared to 5.942.5 and 3.2+0.6 of control 2" and 3" generation CAR19 -T cells (B). Data are shown
relative to post-selection pre-stimulation CAR-cell number. Error bars represent S.E.M. of technical

triplicates.
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3.3 Generation of CAR19-iNKT cells

Having set up a method to transduce primary human T lymphocytes that was representative of
the most commonly used and clinically validated methods for CAR-T cell adoptive therapy*’?, |
aimed to generate CAR19-iNKT cells by using a similar procedure, although with some
modifications as required by the very low frequency of circulating iNKT cells compared to

conventional T cells.

3.3.1 Protocol 1

As mentioned above, selective expansion of 6B11+ cells is key for iNKT cell manipulation in
vitro. Towards this goal, | first tested an upfront expansion-based approach (protocol 1), i.e.
incubation of bulk PBMCs in the presence of the iNKT cell-specific agonist aGalCer followed by
transduction. Specifically, peripheral blood or cord blood MNC were resuspended in TCM
supplemented with aGalCer at 100 ng/ml and plated in a 24-well plate at 1-2 x10° cells/ml; IL-2
was added on day 3 at 100 IU/ml and every 3-4 days thereafter until assessment on day 10.
Transduction was performed during week 3 of expansion, i.e., during exponential growth
phase.

The rationale behind protocol 1 was to achieve higher iNKT cell numbers at the time of gene-
transfer, ideally comparable to those of conventional T cells under standard CAR-engineering
protocols, while minimizing the requirement for additional manufacturing steps. However, this
protocol consistently failed to provide a pure population of iNKT cells from PBMCs (n=7, mean
+S.E.M. iNKT cells 26.65% +11.39, Table-3-3) and resulted in low transduction efficiency of iNKT
cells (n=4, mean #S.E.M. 3.17% +1.68, range 0.92%-8.17%, Figure 3-6). | then attempted the
incorporation of a moAb 6B11-based selection step prior to transduction (protocol 1b) and
found that the subsequent transduction efficiency of iNKT cells was improved (n=4, mean
+S.E.M. 45.76% £12.17, range 12.64%-68.5%, Figure 3-6), suggesting that purity of iNKT cells at

the time of lentiviral infection might be a key determinant for successful gene transfer.
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Table-3-3 Upfront expansion of iNKT cells from mononuclear cells in the presence of aGalCer

Blood product Protocol for expansion

aGaICer IL2
iNKT TNC iNKT
SO --  ng/mL_| IU/mL days

————-_ %

1 #1 PB frozen PBMCs 10.00 42.3 0.023 20 34 9.85
2 #1 PB fresh PBMCs 10.00 49.9 0.050 100 500 500 500 14 22 18.95
3 #7 PB fresh PBMCs 31.00 68.5 0.020 100 100 100 100 17 31 4.58
4 #7 PB fresh PBMCs 12.00 69.5 0.051 100 - 10 100 13 25 28.00
5 #8 PB fresh PBMCs 25.00 69.8 0.110 100 100 100 100 17 44 4.00
6 #2 PB fresh PBMCs 22.50 55.5 0.120 100 10 10 10 21 30 30.60
7 #3 PB fresh PBMCs 11.00 50.9 2.060 100 - 1 10 8 24 90.60
8 #1CB fresh CBMNCs 65.00 45.9 0.067 100 10 10 10 20 35 31.90
9 #2 CB fresh CBMNCs 89.00 20.0 0.108 100 10 10 10 18 38 72.20
10 #1CB fresh CBMNCs 65.00 45.9 0.067 100 10+1IL7100 10+IL7100 10+IL7 100 20 18 21.70
11 #2CB fresh CBMNCs 89.00 20.0 0.108 100 10+1IL7100 10+1IL7100 10+IL7 100 18 22 68.40
Mean 34.62

S.E.M. 8.85

Min 4.00

Max 90.60

Live cell counts (TNC) as assessed by Trypan blue and percentages of T and iNKT cells as assessed by flow cytometry.

TNC: total nucleated cell count; PB: peripheral blood; CB: cord blood; PBMCs: peripheral blood mononuclear cells; CBMNCs: cord blood mononuclear cells
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3.3.2 Protocol 2

Therefore, | set up a second series of experiments characterized by upfront selection followed
by selective expansion of iNKT cells prior to transduction (protocol 2). Specifically, selected
iNKT cells were plated in a U-bottom 96-well plate at a density of 1x10* cells/200ul TCM/well,
in the presence of 1:1 irradiated (3500 rad) autologous mononuclear cells (iAPC) and aGalCer
100ng/ml. 1001U/ml IL-2 was added on the following day. Cells were reassessed for expansion
and purity on day 10-12 and transduced with CAR19-lentivirus in a 24-well plate, at a density of
3 x 10° cell/ml as per conventional T cell standard protocol, during exponential growth phase,
between day 14 and 24. The rationale behind protocol 2 was to improve the transduction
efficiency while ensuring an adequate number of iNKT cells at the time of transduction, based
on the very successful procedure for in vitro expansion of iNKT cells published by Exley et al. in
2010%. Indeed, in all cases | obtained = 1 x 10° iNKT cells within 2 weeks (Table 3-4) and the
subsequent CAR19 engineering process was more efficient (n=11, mean 1S.E.M. 32.66% +5.43,
range 13.8%-69.5%, Figure 3-6). Yet, the overall procedure was not optimal: (1) the average
CAR transduction efficiency was < 50%; (2) the time of in vitro manipulation was relatively long,
comprising 14 days prior to transduction and another additional 2-to-3 weeks to further purify

and expand CAR-iNKT cells.
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Table 3-4 Expansion of upfront selected iNKT cells

Blood product Post selectlon Post expansmn
St|mulate
iNKT iNKT Live cells iNKT
d iNKT days

___ _ x10° | _ x10°
1 #2 LAph frozen lymphapheresis 7.700 44.4 0.020 88.2 350.0 10.0 9.8 >95
2 #2 LAph frozen lymphapheresis 1.100 45.0 0.020 96.8 10.0 10.0 14 8.2 >95
3 #3 LAph frozen lymphapheresis 7.000 51.0 0.200 97.6 650.0 10.0 14 10.1 >95
4 #2 CB frozen CBMNCs 0.030 22.0 0.130 96.1 6.0 6.0 14 6.7 >95
5 #1 BC fresh buffy coat 6.500 66.3 0.068 91.8 250.0 10.0 14 10.5 >95
6 #2 PB fresh PBMCs 0.160 65.9 0.220 96.5 22.0 22.0 14 24.0 >95
7 #6 PB fresh PBMCs 0.440 52.0 0.040 97.3 9.0 9.0 14 9.4 >95
8 #7 PB fresh PBMCs 0.520 70.0 0.022 73.9 7.0 7.0 14 4.2 >95
9 #8 PB fresh PBMCs 0.500 62.0 0.200 90.0 60.0 60.0 14 7.5 >95
10 #9 PB fresh PBMCs 0.350 60.4 0.370 72.4 30.0 30.0 14 18.0 >95
11 #3 CB fresh CBMNCs 1.100 20.0 0.520 95.0 110.0 10.0 14 38.0 >95

Mean 13.3

S.E.M. 2.9

Min 4.2

Max 38.0

Live cell counts as assessed by Trypan blue and percentages of T and iNKT cells as assessed by flow cytometry

TNC: total nucleated cells; LAph: Lymphapheresis; PB: peripheral blood; CB: cord blood; PBMCs: peripheral blood mononuclear cells; CBMNCs: cord blood
mononuclear cells
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3.3.3 Protocol 3

In an effort to shorten the length of the manufacturing process, | sought to explore whether
iNKT cells could be effectively engineered immediately after 6B11-selection and set up a micro-
scale procedure where iNKT cells were plated in a 96-well U-bottom plate at a density of 1 x
10* cells/well in the presence of 1:1 iAPC and aGalCer 100ng/ml. IL-2 100 IU/ml was added 12
hours later, followed by CAR19-lentiviral transduction within 24-48 hours (protocol 3). CAR-
transduced cells could be assessed only at the end of the second week of culture, according to
the cell growth kinetics of aGalCer-expanded iNKT cells. In 4 out of 4 experiments less than

20% cells were RQR8" (mean +S.E.M. 13.12% +2.089, range 8.45%-18.3%, Figure 3-6).

There is a plethora of comparative studies addressing how best to stimulate and expand
conventional T cells for the purposes of adoptive cancer immunotherapy. Specifically, it has
been demonstrated that aCD3/CD28 beads are associated with greater and faster T cell growth
compared to APC-based strategies, including the so-called ‘rapid expansion protocol’. Hence,
aCD3/CD28 beads have been incorporated in most GMP-grade procedures for CAR-T cell
manufacturing'’?. Furthermore, lentivirus DNA integration is more efficient in highly and
homogeneously activated T cell populationsm. Therefore, | addressed whether aCD3/CD28
beads would allow to improve CAR19-iNKT transduction efficiency, while reducing the time of

ex vivo manipulation.

75



2 generation CAR19-iNKT

PROTOCOL 1 PROTOCOL 1b PROTOCOL 2 PROTOCOL 3

19.9 | . .99.5 100 95.7
g 10* o 10* o 10 o
w
‘_I' 103 | lD- | lD3 k|
—
o
) ) .

ury 362 |3 o 18.6

Q 10* 4 9 10* 4
o
<| 107 o
2 10 4 10 4
g 3 0 i ]
o« o 3 o 4

] 10 10 10 0 10

TCR Va24-PE >

Figure 3-6 CAR19-iNKT cell engineering — protocols 1-3
Representative flow cytometry plots of CAR19-iNKT cell transduction efficiency according to protocol.

3.3.4 Protocol 4

As previously mentioned, non-specific mitogens such as anti-CD3 moAb have been proved to
successfully activate iNKT cells, although their application remains limited to highly purified cell
preparations. However, there is no literature addressing the effect aCD3/CD28 beads on iNKT
cells.

In a preliminary set of experiments, | tested the feasibility of aCD3/CD28 beads stimulation as a
method to activate and expand iNKT cells selected from frozen lymphapheresis (n=3) and fresh

PB (n=2) products. In 4 out of 5 cases, a 229-fod increase was observed by day 9 (Table 3-5).
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Table 3-5 CAR19-iNKT cell expansion with aCD3/CD28 beads

ﬂ' Blood product Post selection

N | T | K| uwecels | pRE | 1weekpost
-—-mmm

1 #2 LAph frozen lymphapheresis 42.7 0.018 87.9 10.0 10.0 300.0 30.0
2 #3 LAph frozen lymphapheresis 140 58.9 0.185 96.5 120.0 10.0 350.0 35.0
3 #4 LAph frozen lymphapheresis 500 49.1 0.130 95.2 250.0 10.0 290.0 29.0
4 #10 PB fresh PBMCs 42 61.0 0.027 84.2 4.8 4.8 170.0 35.4
5 #11 PB fresh PBMCs 65 81.0 0.008 65.4 6.5 6.5 20.0 3.1

Live cell counts as assessed by Trypan blue and percentages of T and iNKT cells as assessed by flow cytometry.

TNC: total nucleated cells; LAph: Lymphapheresis; PB: peripheral blood; PBMCs: peripheral blood mononuclear cells.
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The only exception was represented by a sample with relatively lower 6B11" cell purity after

immunomagnetic selection (Figure 3-7).

Pre selection Post selection Post expansion
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Figure 3-7 Low-purity iNKT cell expansion with aCD3/CD28 beads

6B11" sorted cells from healthy volunteers #10 PB (A) and #11 PB (B) were 84.2% and 65.4%
respectively (middle panels). Both samples were stimulated with aCD3/CD28 beads. At reassessment,
preferential expansion of conventional T cells was observed in the sample with initial lower 6B11" cell

purity.

Next, | compared the expansion of upfront selected, unmodified iNKT cells under 3 different
conditions: a) 1: 1 aCD3/CD28 beads, b) 1 : 1 aGalCer-pulsed iAPC and c) 1 : 1 aCD3/CD28
beads and iAPC, without aGalCer. As shown in Figure 3-8, iNKT cells could be expanded >450-
fold in 16 days by all 3 methods, with a yield of 250 x10° cells from an initial 1 x10° iNKT cell

count (n=2). However, the expansion was more substantial in the aCD3/CD28 stimulated wells.
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Figure 3-8 Expansion of upfront selected iNKT cells with aCD3/CD28 beads

Comparison of different strategies for expansion of iNKT cells. Bars represent the final cell counts,
whereas the corresponding fold increase is shown on top of each bars. iNKT cells were expanded >450
fold in less than 3 weeks by all methods. Bead-based strategies were associated with a higher increase.
aGC: aGalCer, Beads: aCD3/CD28 beads.

Encouraged by the consistent purity of the iNKT cell products generated according to my
optimized 6B11-based magnetic sorting (MACS) procedure (see ‘Material and Methods’), |
decided to use 1:1 aCD3/CD28 beads instead of aGalCer-pulsed iAPC as a method for iNKT cell
activation before transduction (Protocol 4). Indeed, transduction efficiency greatly improved
(n=8, mean 1S.E.M. 62.2% +7.745, range 34.6%-91.5%), although at the expense of cell
viability. Specifically, viable cells were very few one week after viral infection (Figure 3-9),
which often precluded the possibility of completing downstream functional studies and

represented the main limitation in the prospect of clinical applications.
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Figure 3-9 Viability of CAR19-transduced iNKT cells engineered according to protocol 4

Representative images acquired on day +3 of protocol 4, showing viability of untransduced control (A)
and transduced (B) iNKT cells exposed to CAR19 lentivirus (day 0) after upfront selection (day -2) and
48h-activation with aCD3/CD28 beads. While untransduced iNKT cells were forming large cell clusters,
indicating active proliferation, most transduced cells were dead. That was also confirmed by Trypan
blue staining (not shown).

3.3.5 Protocol 5

As previously mentioned, there is a dearth of information about the impact of aCD3/CD28
stimulation on iNKT cells, although strong stimulation with anti-CD3 moAb in vivo has been
associated with activation-induced anergy® and cell death'? of iNKT cells. By contrast, in vitro
co-stimulation of conventional T cells by anti-CD28 moAb has been demonstrated to induce
telomerase expression and activity, with detrimental effects particularly on CD8" conventional
T cells, which acquire an effector memory phenotype, become dysfunctional and may
eventually die within 14 days*’. Furthermore, while promoting expansion of Ag-nonspecific T
cells, aCD3/CD28-mediated stimulation has been associated with depletion of particular VB

+44

subsets, including V117,

IL-15 has been shown to inhibit AICD of T cells'’*. Interestingly, it has been also proved to play
a central role in iNKT cell biology, by promoting cell survival through induction of BCL2 family
proteins’”®, while inducing expression of effector molecules such as granzymes and IFN-y. IL-7
is another common cytokine receptor gamma-chain-dependent (yc) cytokine with well-

recognized role in conventional T cell survival and homeostasis'’®. More recently, a STAT5-
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driven transcriptional program downstream of IL-7 signalling has been also shown to promote

survival and maintain iNKT cell homeostasis through similar mechanisms*”’.

Finally, iNKT cells interact with CD1d-expressing APCs, including monocytes and CD19" B cells
within PBMCs, with a propensity to autoreactivity in response to endogenous lipid ligands that

may contribute to their activated/memory phenotype”*’®

. On this basis, co-culture of iNKT
cells with iAPC as nurturing cells has been widely used to provide pro-survival signals capable
of supporting selective expansion and sustained proliferation of such CD1ld-resticted

88,179

lymphocytes . In addition, the usage of CD19" artificial APC has been incorporated in a

number of GMP-procedure for rapid expansion and clinical scale production of CAR19-T

cells*®®

, suggesting that the co-existence of autologous CD19" B cells at the time of CAR19-
enginerring of iNKT cells could also favour preferential expansion of the newly generated

CAR19-expressing cells, with a positive impact on the final transduction efficiency.

Therefore, | set up a final series of experiments aimed to compare side-by-side the effect of the
incorporation of different cytokines and/or iAPC (without aGalCer) within protocol 4, in
combination with aCD3/CD28 beads in the pre-transduction activation step. As shown in Figure
3-10, supplementation of TCM with either 100 IU/mL IL-7 or 100 IU/mL IL-15 instead of IL-2
during the first week of the CAR engineering protocol was sufficient to prolong iNKT cell
viability in vitro, without producing significant effects on transduction efficiency (n=3, 81.13%
vs 84.04% vs 81.9% for IL-2, IL-7 and IL-15 respectively). Further incorporation of 1 : 1 iAPC
allowed to consistently produce the highest numbers of long-term viable and actively
proliferating CAR19-iNKT cells, the best results being associated with the combination of iAPC
plus IL-15 supplemented medium (protocol 5; n=6, transduction efficiency mean *S.E.M.
76.87% 15.475, Figure 3-11). Notably, the MOI was reduced down to 2-5, i.e. 2 to 10ul of
lentiviral supernatant per experiment were sufficient, without affecting the transduction

efficiency.

81



PROTOCOL 4

2"d generation CAR19-INKT

untransduced +1L-2 +IL-7 +|L-15
250K = 250K . .
200K = X 200k = - L
< 150K = : 61-1 150K = 1.93
[
(@] . S )
(V2] .
(V] 100K =
oK = -
AR T T T T T T T T T T T T T T T T T T T
0 SOK 100K 150K 200K 250K ] SO0K 100K 150K 200K 250K O SOK 100K 150K 2006 250K O SOK 100K 150K 200K 250K
FSC-A >
£l 3
oo 10
= E|
i
:" l[l2 = l[lZ |
m 3
© 95.9
10! 10* o
Ty T T T T,
2 ‘f] '[I4 Zﬂs 0
10° 4 10°
T O 10° 5
o
<. 10 4 107 o
0 E| E
S
g °3 "3
-10° 4 -10% 4 9 4
Ty T Ty oY T Ty Ty oY vy Ty T Ty TrIp ey Ty
] 1w? 1 1° 0 10’ 0t 10° 0 10? 1wt 10° 0 10? 1wt 10°
TCR Va24-PE >

Figure 3-10 CAR19-iNKT cell engineering — protocol 4
Flow cytometry assessment on day +3 post transduction. Representative plots of upfront selected, pure

6B11" cells transduced upon pre-activation with aCD3/CD28 beads. The addition of either IL-7 or IL-15
at 100 IU/mL during the pre-activation phase and the first week post infection was sufficient to prolong
iNKT cell viability in vitro, as demonstrated by the cell percentage increase in the live gate (FSC-A/SSC-A,
top). In all cases, iINKT cell purity was preserved (middle). Transduction efficiency (TCR Va24®, RQR8"
events) was >80% (bottom).
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PROTOCOL 5
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Figure 3-11 CAR19-iNKT cell engineering — protocol 5
Flow cytometry assessment on day +3 post transduction. Representative plots of upfront selected, pure

6B11" cells transduced upon pre-activation with aCD3/CD28 beads in the presence of autologous
irradiated PBMCs (i-autoPBMC), serving as feeders as well as APCs. The incorporation of i-autoPBMC
allowed to preserve viability of transduced cells at comparable levels as untransduced cells (top). iNKT
cell purity was maintained as well (middle). The combination with IL-15 supplemented medium resulted
in the best transduction efficiency (bottom).
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A summary of all optimisation steps is provided in Figure 3-12 and Table 3-6.
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Figure 3-12 CAR19-iNKT engineering protocols

Cumulative data showing CAR transduction efficiency of iNKT cells according to each protocol. Only
protocol 4 and 5 allowed to consistently generate highly transduced CAR19-iNKT, although viability was
irreversibly compromised by protocol 4. Clear symbols represent side-by-side comparisons of protocol
4 variants.

Table 3-6 CAR19-iNKT engineering protocols

Protocol 1
Variant
n 4 4 11 4 8 3 3 3 6
Min 0.92 12.64 13.80 8.45 34.60 68.10 79.80 68.80 60.50

Median 1.80 50.95 25.30 12.86 66.80 83.80 81.13 85.90 78.35
Max 8.17 68.50 69.50 18.30 91.50 91.50 91.20 91.00 98.70
Mean 3.17 45.76 32.66 13.12 62.20 81.13 84.04 81.90 76.87
S.E.M. 1.68 12.17 5.43 2.09 7.75 6.89 3.60 6.71 5.48

On the basis of these observations, | propose an optimal protocol for transducing primary
human iNKT cells entailing (a) upfront 6B11-based selection in order to obtain a pure iNKT cell
starting population, and (b) 24-48-hour aCD3/CD28 bead-activation in the presence of
irradiated autologous PBMC and IL-15-supplemented medium, (c) followed by transduction

with CAR19 lentivirus at a MOI of 2-5.
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Importantly, such ‘micro-scale’ protocol allows to efficiently CAR-engineer iNKT as well as bulk

T lymphocytes (Figure 3-13) and can be equally used with fresh and frozen blood products

from either healthy donors or patients (Figure 3-14).
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Figure 3-13 2™ and 3™ generation CAR19-iNKT and CAR19-T cells — protocol 5
Representative dots plots of CAR19-iNKT (top) and CAR19-T (bottom) cells on day +4 post infection
(MOI 2), following protocol 5. Transduction efficiency, determined relatively to untransduced control

cells, was comparable, irrespective of the vector cell type and CAR design.
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Figure 3-14 Lymphoma patient-derived CAR19-iNKT cells
Example of generation of CAR19-iNKT cells from a patient with active lymphoma using protocol 5. 82%
of PBMCs were CD19+ lymphoma cells.

3.4 ‘Scale-up steps’ for clinical scale manufacturing of CAR19-iNKT cells

Next, to address the prospect of clinical translation, | designed a scale-up method to produce
clinically relevant numbers of CAR19-iNKT cells. Based on the preliminary experiments with
CAR19-T cells, | used the same selection-expansion approach and defined a 2/3-step strategy:
(1, optional) RQR8-based (CD34-immunomagnetic) isolation performed immediately after
assessment of transduction efficiency, only if <85% pure CAR19-iNKT cells populations, (2)
same day stimulation with 1 : 1 irradiated aGalCer-pulsed C1R-CD1d cells in IL-15-
supplemented TCM, without any further manipulation until the next assessment, usually
occurring 1 week later, occasionally earlier in the case of very highly proliferating cells; (3) IL-
15-driven expansion in the absence of APC for another one week, or less if the target number

was already achieved.

Results from 7 experiments are shown in Figure 3-15, including side-by-side comparison with
CAR19-T. In all cases, clinical scale numbers of CAR19-iNKT cells could be produced within 3
weeks, irrespective of the initial cell count. CAR19-iNKT cells outperformed their T counterparts

in terms of expandability. Importantly, 3" generation CAR19-iNKT cells reached the largest cells
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numbers, reporting the highest fold-increase, suggesting that, unlike the conventional T, the

iNKT platform can be optimal to exploit the activating properties of 3" generation CAR designs.
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Figure 3-15 CAR19-iNKT expandability and clinical scale expansion

A. End-of-manufacturing expansion and absolute numbers of CAR19 -iNKT and -T cells generated from
lymphapheresis (left) or peripheral blood (PB; right) (n=3 and 4 respectively). B. 2" and 3™ generation
CAR19 -iNKT and -T cell fold-change and absolute cell counts over a period of 3 weeks (n=4).

P values are for CAR19-iNKT vs CAR19-T cells using Friedman test. Error bars represent S.E.M.

A timeline summarizing the key steps of the optimised protocol to generate clinical scale

CAR19-iNKT cells is provided in Figure 3-16.
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Figure 3-16 Timeline of optimised procedure for manufacturing of large scale CAR19-iNKT cells

S flow cytometry assessment; aGalCer-C1R-CD1d: irradiated aGalCer-pulsed C1R-CD1d cells

3.5 Phenotypic and functional characterisation of CAR19-iNKT cells

CAR19-iNKT cells generated according to my optimised procedure were further characterised
by flow cytometry for: (1) relative proportion of CD4*/CD4™ subsets; (2) cytokine profile; (3) PD-

1 expression.

3.5.1 Preservation of CD4 iNKT cell subset
Both CD8" (cytotoxic) and CD4" (helper) subsets are important for an optimal anti-tumour T-

181

cell response . Furthermore, there is emerging evidence that the use of balanced CAR19-T

40,51,182

cell products may contribute to improving the outcome CAR19-T immunotherapy Cltis

conceivable that the same principle could be extended to iNKT-based immunotherapies.

The CD4 fraction of iNKT cells is characterized by a more polarized Th-1 cytokine profile,
expresses higher levels of cytotoxic granules and has been associated with more pronounced
anti-tumour functions compared to the CD4" counterpart®. In light of this, preservation of the
CD4 CAR19-iNKT subset would be desirable. Indeed, assessment of CD4 expression on CAR19-
iNKT cells confirmed that protocol 5 allows preservation of the CD4 fraction, resulting in end-

of-manufacturing levels comparable to baseline (Figure 3-17).
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Figure 3-17 CD4™ CAR19-iNKT cells — protocol 5 compared to baseline
10 donors presented 76% CD4™ cells at baseline. At the end of the scale-up production of 2" (n=12) and

3" (n=12) generation CAR19-iNKT cells, CD4™ comprised 78% and 73% respectively.
Red: transduced cells; black: parental iNKT cells. Solid symbol: transduction efficiency; clear symbol:
CD4" cell percentage. T.E.: transduction efficiency; gen: generation

Furthermore, this seems to be a distinctive feature of protocol 5 since same-donor CAR19-iNKT
cells generated according to protocol 2, i.e., the only alternative protocol allowing to generate

long-term viable CAR19-iNKT cells, displayed depletion in CD4™ cells. (Figure 3-18).
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Figure 3-18 CD4 CAR19-iNKT cells — protocol 5 compared to protocol 2

CD4™ cells were 81% at baseline (n=3 donors), whereas 51% (n=5) and 83% (n=4) CAR19-iNKT cells were
CD4™ as assessed at the end of the protocol 2 and 5 respectively. *: P <0.05
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3.5.2 CAR-iNKT cells display a Th1-like, poly-functional cytokine profile

Resting CD4~ CAR19-iNKT cells express significantly higher levels of perforin and granzyme B
(Figure 3-19, A) than their CD4" counterparts, thus preserving an important functional feature
of CD4™ unmodified iNKT cells, which have a more pronounced cytotoxic potential than CD4"
iNKT cells. Interestingly, both CD4~ and CD4" CAR19-iNKT cells displayed larger amounts of

newly formed (identified by the moAb D-B48'%

) rather than granule-associated, mature
perforin (identified by the moAb 8G9'®, P<0.0001). Accordingly, the levels of D-B48 perforin
were not proportional to the levels of granzyme B (P<0.0001) particularly in the CD4" subset.
While demonstrating that both CD4~ and CD4" CAR19-iNKT cells manufactured according to
protocol 5 are armed with pre-made perforin and can potentially kill tumour target cells, these
findings also raised the possibility that non-conventional cytolytic pathways, involving perforin
exocytosis at the immunological synapse independently on cytotoxic granuleslg3, may result in
a rapid cytotoxic response of CAR19-iNKT cells similar to what has been shown in CD8" T

lymphocytes®>#,

Upon 4 hour-stimulation with either anti-CD3/CD28 beads or PMA/ionomycin (Figure 3-19, B-
C), | observed an increase in the levels of mature 6G9-perforin as well as Granzyme B, that was

particularly pronounced in the CD4" subset, while D-B48-perforin remained comparable to

baseline levels.

Further cytokine profiling included intracellular staining for IFN-y and IL-4 after stimulation
with aCD3/CD28 beads, PMA/ionomycin and APC (CD19" C1R-CD1d cells), which highlighted a
striking Th-O signature of CD4" CAR19-iNKT cells, characterized by production of larger
amounts of IL-4 than the CD4™ subset (Figure 3-19, B-D).
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Figure 3-19 CAR19-iNKT intracellular cytokine profile
Intracellular expression of cytokines in resting (n=10, A) and 4 hours activated CD4~ and CD4" CAR19-

iNKT cells with aCD3/CD28-beads (B) and PMA/ionomycin (C) (n=6) or CIR-CD1d targets (n=4, D). D-B48
and 6G9 moAbs identify total and granule-associated perforin respectively.
GZMB: granzyme B; IFNy: interferon-y.

When compared side-by-side to their CAR19-T counterparts, | found that end-of-
manufacturing, resting CAR19-iNKT cells stored more immature (D-B48") perforin than their

same-donor CAR19-T counterpart, although granzyme B levels were comparable (Figure 3-20).
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Figure 3-20 CAR19 -iNKT vs -T intracellular cytokine profile — resting cells
Intracellular expression of perforin (D-B48) and granzyme B in resting CD4~ and CD4" CAR19-
iNKT and T cells (n=4).

In addition, upon aCD3/CD28 activation, CAR19-iNKT cells expressed more IFN-y together with
perforin and granzyme B (Figure 3-21 A), with a significantly higher proportion of tri-functional
effectors, i.e., cells simultaneously expressing IFN-y, perforin and granzyme B (CAR19-iNKT
40% vs CAR19-T <5%, P<0.01, Figure 3-21 B-C). Importantly, >20% CAR19-T vs <3% CAR19-iNKT

cells did not produce any the above 3 molecules.
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Figure 3-21 Polyfunctional CAR19 -iNKT vs -T cells
A. Representative flow-cytometric analysis of intracellular PFN, GZMB and IFN-y in CD47/CD4" CAR19-
iNKT (top) and -T (bottom) cells. In GZMB/IFN-y dot plots, intensity of PFN expression is projected as a
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heat-map according to the shown colour scale. B. Pie charts summarizing the proportions of cells co-
expressing 0-3 cytokines (n=4). C. Proportions of specific cytokines co-expressed by CD4/CD4* CAR19-T
and CAR19-iNKT cells (n=4).




Further characterisation by Luminex multiplex cytokine release assay after 3 and 8 hours -
stimulation showed that CAR19-iNKT cells produce larger amounts of cytotoxic cytokines with
faster kinetics. Moreover, they exhibited a higher propensity to produce Th-1 and Th-2
cytokines but less inhibitory and/or proinflammatory cytokines such as IL-6 and IL-10, that have

been associated with CAR19-T-related toxicities (Figure 3-22).
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Figure 3-22 CAR19 -iNKT vs -T cytokine release assay

Multiple cytokine secretion after 3 and 8 hrs of activation of 2" and 3™ (2 & 3) generation CAR19-T and
CAR19-iNKT cells from 2 healthy donors (A & B). Heat-map shows normalized CAR19-iNKT/CAR19-T cell
ratios (log2 fold change).

3.5.3 Low PD-1 expression by CAR19-iNKT cells

Expression of programmed cell death-1 (PD-1), a major marker of immune cell exhaustion that
has been associated with dysfunctional T cells in cancer patients with refractory/relapsed
disease®®, was first assessed on resting, end-of-manufacturing CAR19 cells. 8.5% +1.935
CAR19-iNKT cells were PD-1" (n=4, 2 donors, 2" gen CAR19: 10.44%; 3" gen CAR19: 6.57%),
with a higher proportion within the CD4" subset (CD4": 17.88% +2.077, CD4:7.01% +1.453;
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P=0.0134). By contrast, 30.23% +3.55 CAR19-T cells were PD-1" (n=4, 2" generation CAR19:
25.05% +0.95; 3" generation CAR19: 35.4% +4.60; CAR19 -iNKT vs -T: P=0.0286; Figure 3-23).
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Figure 3-23 End-of-manufacturing PD-1* CAR19-cells
Representative flow-cytometry plots of PD-1" CAR19-cells at the end of the manufacturing process.
Gates are relative to isotype control.

Since T cell exhaustion is a state acquired as a result of subsequent antigen stimulations'***®’, |
then tested the impact of repeated stimulations on PD-1 expression (Figure 3-24, Figure 3-25,

Figure 3-26 and Figure 3-27
Figure 3-27).

CAR19-iNKT cells generated according to protocol 5 received one or two additional
stimulations with aGalCer-pulsed C1R-CD1d cells on day 16 and day 23 respectively. A mild
increase in the percentage of PD-1" cells was observed after the second restimulation,

although it was not statistically significant. By contrast, PD-1" cells were consistently increased
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after each stimulation of CAR19-T cells (63.58% +4.94 and 83.58% +6.659 after 1 or 2 additional
antigen restimulations 1 week apart respectively; P=0.098). During resting phase, only a partial
reversion of the phenotype could be observed, eventually resulting in a significantly larger

fraction of PD-1" cells compared to baseline (60.3% +6.768, P=0.0042).
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Figure 3-24 PD-1' CAR19-cells after 2 restimulations

CAR19-engineered cells generated according to protocol 5 received 1 additional stimulation with
aGalCer-pulsed C1R-CD1d cells on day 16, i.e., 1 week after the restimulation performed according to
the engineering protocol. Representative dot plots from 1 out of 4 experiments. Gates are relative to
isotype control.
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Figure 3-25 PD-1' CAR19-cells after 3 restimulations
CAR19-engineered cells generated according to protocol 5 received 2 additional stimulations with

aGalCer-pulsed C1R-CD1d cells on day 16 and 23, starting 1 week after the restimulation performed
according to the engineering protocol. Representative dot plots from 1 out of 4 experiments. Gates are
relative to isotype control.
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Figure 3-26 PD-1" CAR19-cells in resting phase after 3 restimulations

Representative dot plots showing PD-1" cell percentages within resting CAR19-engineered cells
restimulated with aGalCer-pulsed C1R-CD1d 3 times 1 week apart, i.e. on day 9, as per protocol 5, and 2
additional times on day 16 and 23. Assessment was performed 1 week after the last restimulation.
Gates are relative to isotype control.
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Figure 3-27 PD-1" CAR19-iNKT vs -T cells after weekly restimulations

Bar graphs showing PD-1" percentages within CAR19-cell populations restimulated with aGalCer-pulsed
C1R-CD1d on day 9 (x1), as per protocol 5, day 16 (x2) and day 23 (x3) and let rest for 1 week (resting).
Assessment was performed 1 week after restimulation (x2 and x3) or culture in resting conditions (x1

and resting). Gates are relative to isotype control.

Accordingly, expandability was greater and more sustained in CAR19-iNKT cells compared to

their T counterparts (Figure 3-28).
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Figure 3-28 CAR19 -iNKT vs -T cell expandability after weekly restimulations
Average fold increase (left) and absolute cell counts (right) of CAR19-cells after repeated stimulations.

Figure 3-25. n=2, one donor.

Expandability was inversely correlated with PD-1 expression, shown in Figure 3-23, Figure 3-24 and



3.6 Discussion

Mature B cell lymphomas and chronic B lymphoproliferative disorders (LPD) such as CLL, with
the exception of diffuse large B cell lymphoma, are mostly incurable malignancies. CAR19-T
cell-based immunotherapy has shown curative potential in some patients with these
malignancies, but the overall outcome remains poor. Owing to their unique biological
properties, together with the co-expression of CD1d on malignant CD19" cells, iNKT cells may
offer the opportunity to overcome the shortcomings of CAR19-T effectors and represent a
more effective platform for CAR19-immunotherapy in CD1d" B cell lymphomas and LPD.
Therefore, the first aim of my work was to develop a novel, bespoke CAR-engineering protocol

to generate clinical scale CAR-iNKT cells.

Three main challenges had to be addressed: 1) very low frequency and starting iNKT cell
numbers, 2) different reactivity of iNKT cells to conventional T cell mitogens, 3) large-scale
expansion in a timed manner. To this end, | took into consideration several variables and |
subsequently tested different conditions under 5 main protocols and their derivative modified

versions through rigorous step-by-step optimization.

In protocol 1 upfront expansion from bulk PBMCs was aimed to achieve higher iNKT cell
numbers at the time of gene-transfer, similar to standard procedures for CAR-engineering of
conventional T cells. This first set of experiments suggested that pure, homogeneous iNKT cell
populations are associated with higher transduction efficiencies (protocol 1b). Therefore, in
protocol 2 upfront selection followed by expansion as opposed to upfront expansion was
adopted. Although successful, the average yield of CAR19-iNKT cells was <50%, while the
length of in vitro manufacturing remained unsatisfactory, i.e. 4-5 weeks. To shorten the
duration of the manufacturing process, from protocol 3 onwards, CAR19 transduction was
incorporated immediately after selection of iNKT cells. Next, different activation strategies
were tested to further improve the transduction efficiency, i.e. the iNKT-cell specific agonist
aGalCer in protocol 3 versus the non-specific T cell activator aCD3/CD28-beads in protocol 4.
CD3/CD28-mediated activation and transduction, in combination with upfront selection, was
associated with consistently high percentages of CAR-engineered iNKT cells but severely
impacted on their viability. By replacing IL-2 with IL-15, which has been demonstrated to
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promote iNKT cell survival through induction of BCL2 family proteins'’®, short-term viability

1) Eventually, the addition of irradiated

CAR19-iNKT cells significantly improved (protocol 4
autologous PBMCs, as feeders as well as APCs, led to the generation of an optimal protocol 5. A

summary of the main features of each protocol is provided in Table 3-7.

The Metelitsa group first reported the feasibility of CAR-iINKT cells for cancer immunotherapy

and patented a procedure, which corresponds to my protocol 2%

. However, my optimal
protocol 5 outperformed Metelitsa’s in terms of transduction efficiency and faster scale-up to
clinically relevant doses, while presenting several novel aspects and advantages in terms of: (1)
upfront (lentivirus) transduction, within the first 24-48h following iNKT cell isolation instead of
on day 14, using considerably smaller quantities of virus; (2) aCD3/CD28 versus aGalCer-
mediated iNKT cell activation pre-transduction, which is associated with greater gene-transfer
efficiency; (3) preferential use of IL-15 in my protocol over IL-2, to improve CAR-iNKT cell

viability; (4) minimal in vitro manipulation, usually limited to cytokine supplementation once a

week instead of every other day; (5) preservation of the CD4", Th-1-like iNKT cell fraction.

Notably, my bespoke micro-scale engineering process, initially designed to fit the rare
frequency and low starting numbers of iNKT cells, e.g. 1,000 - 10,000 iNKT cells, with minimal
ex vivo manipulation, was subsequently combined with a scale-up step to produce large
numbers of CAR19-iNKT cells, thus resulting suitable for small clinical samples, e.g. 5-10 ml PB,
as well as larger blood volumes or cell apheresis products. Importantly, fresh and frozen blood
products may be equally used as a source of cells. Donors can be healthy volunteers or cancer
patients either in remission or with active haematological malignancy, i.e., with reduced iNKT
cells counts. Furthermore, such micro-scale engineering allowed a drastic reduction of the
amounts of reagents and virus required, making the prospect of cutting down the

manufacturing-related costs of CAR-immunotherapy likely feasible.
Further in vitro validation demonstrated that CAR19-iNKT cells produced according to protocol

5 were associated with the best anti-tumour potential on the basis of greater CAR19-iNKT cells

expandability, preserved CD4"/CD4™ ratio, robust Th1 profile and minimal expression of PD-1.
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Table 3-7 Overview of optimisation steps towards CAR19-iNKT cell manufacturing protocol

Transduction

Variants

. aCD3/CD28 beads,
. autologous iPBMCs
= IL-15

. Minimal in vitro manipulation
. Minimal virus required
. Reduced costs
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Main features Advantages Drawbacks . # (Transduction
Efficiency L.
Efficiency)
. Limited iNKT expansion in the presence of bulk T cells Selection
MNCs expansion (aGalCer) prior to transduction Minimal manipulation . Loss of iNKT cells fraction upon transduction 3.17% 1b | pre-transduction
. Low transduction efficiency (45.76%)
Upfront selection
iNKT expansion (aGalCer) prior to A . .
. . . Prolonged in vitro manipulation
transduction . Pure iNKT cells .
. - . CDA4+ bias 32.66%
. IL-2 every 2-3 days . Improved transduction efficiency . L
. . . Transduction efficiency <50%
. Re-stimulation (aGalCer) after 210 days
=  Transduction 2 weeks after selection
Upfront selection
Upfront transduction Reduced time of in vitro manipulation Low transduction efficiency 13.12%
Pre-activation with aGalCer
Upfront selection (>80% 6B11+) 4-  IL-2(81.13%)
Upfront transduction Higher transduction efficiency Cell death 62.20% 4-  IL-7 (84.04%)
Pre-activation with aCD3/CD28 4 - IL-15 (81.90%)
Upfront selection (>80% 6B11+) . Higher transduction efficiency
Uprfront transduction . Preserved viability
Pre-activation with . Preserved CD4-
76.87%



CAR19-T cell trials proved that the best clinical outcomes are associated with pronounced in
vivo proliferative responses of CAR19-T cells upon infusion, with a direct correlation between
the degree of CAR19-T cells expansion and the depth of the clinical response®®. Therefore, the
excellent in vitro expandability of CAR19-iNKT effectors upon co-culture with tumour targets
may be predictive of efficacy in patients. In addition, in a side-by-side comparison CAR19-iNKT
cells were superior to their T cell counterparts, with 3" generation CAR19-iNKT cells reaching
the highest numbers irrespective of the donor. Importantly, expansion of 3" generation
CAR19-T cells was inconsistent and in some cases poorer than 2" generation CAR19-T cells due
to AICD (Figure 3-5), thus suggesting that iNKT cell may represent a more suitable platform for
CAR-immunotherapy. Moreover, given their unique ability of tolerating the extraordinary levels
of activation induced by 3" generation CAR constructs, iNKT cell might represent the key to

fully exploit the curative potential of the CAR-technology.

T lymphocytes that simultaneously produce multiple cytokines, so-called ‘polyfunctional’ T
cells, provide a more effective immune response to a pathogen or a cancer cell than cells

producing a single cytokine'®'%°

. Compared to same-donor CAR19-T, a significantly larger
proportion of CAR19-iNKT cells produced PFN, granzyme B and IFN-y in response to 4h
aCD3/CD28-bead stimulation (Figure 3-21). Importantly, flow cytometry analysis demonstrated
higher amounts of PFN, granzyme B and IFN-y at a single cell level, with a consistent fraction of
polyfunctional CAR19-iNKT cells simultaneously producing the three of them, thus predicting a
more robust cytotoxic response against cancer targets. Of note, both CD4™ and CD4" subsets
exhibited the capacity of producing high levels of toxic granules and IFN-y upon stimulation
with different agents (

Figure 3-19). However, while CD4™ cells showed a strong Th-1 profile even under resting
conditions, CD4" cells displayed a more balanced Th-0 profile, characterized by prominent
production of IL-4 (Th-2). This provides another argument in support of the superiority of
protocol 5 over protocol 2 (Metelitsa’s), since only my optimal manufacturing procedure
ensures preservation of the CD4™ CAR19-iNKT cell population. To complete the functional
characterization of my CAR19-iNKT cell product, subsequent dynamic evaluation of cell

supernatants confirmed that CAR19-iNKT react faster the conventional CAR19-T cells, releasing

more effector and helper mediators that could promote anti-tumour response by bystander,
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endogenous immune cells (Figure 3-22). However, they did not secrete inhibitory and
regulatory cytokines such as IL-10 and IL-6, that have been associated with CAR-T

immunotherapy-related neurotoxicity>® .

Finally, evaluation of surface expression of PD-1 showed that very few CAR19-iNKT cells
manufactured according to my bespoke procedure express it. PD-1 is an inhibitory receptor of
the CD28 family, which is known to play a major role in regulating T-cell exhaustion®®’.
Specifically, PD-1 has been accepted as a hallmark of the transcriptional programming and
epigenetic modifications occurring during the development of T cell exhaustion, leading to a
typical ‘“footprint’ which is maintained even after clearance of the specific antigen'® and

represents a main barrier to successful CAR-immunotherapy*®*

. For the purposes of my in vitro
validation, | exposed my CAR19-iNKT cell product to repeated antigen stimulations and found
that the proportion of PD-1" effectors was consistently lower compared to control parental
iNKT cells as well as CAR19-T counterparts (Figure 3-24 and Figure 3-25). Furthermore, resting
CAR19-iNKT exhibited the unique ability to return to pre-stimulation levels of PD-1, whereas
the phenotype of their CAR19-T counterparts showed only a partial reversal (Figure 3-27),
suggesting that unlike conventional T cells, CAR19-iNKT cells may have a unique capacity of
bypassing the barrier of immune exhaustion which contribute to disease relapse in patients

with B lymphomas'®?

. Of note, there are no available data on PD-1 expression on CAR-iNKT
cells, although the Metelitsa group reported a >40% PD-1" untransduced iNKT cells as assessed

12 days post expansion prior to CAR-engineering.

In summary, | have established a novel, bespoke protocol for CAR-engineering of iNKT cells.
The protocol is highly efficient, allows to produce large-scale numbers of pure CAR19-iNKT cells
in a relatively short period of time and is suitable for clinical application and translation. The
resulting CAR19-iNKT cell product is functional, with anticipated high anti-tumour potential
based on excellent expandability, robust Thl-profile and lack of PD-1 associated exhaustion

features.
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4 In vitro validation: dual specificity and
cytotoxic activity of CAR19-iNKT cells

4.1 Introduction

CAR immunotherapy is rapidly transforming the treatment of blood cancers. So far, two CAR-T
products have been approved for the treatment of relapsed/refractory B cell malignancies:
Kymriah (Novartis), for children and young adults with relapsed/refractory B-ALL, with up to
90% CR rate526'33; Yescarta (Kite Pharma/Gilead) for patients with relapsed/refractory diffuse

193

large and other high-grade B cell lymphomas, with 51% of CR rates™". Only 2/3 of lymphoma

3439 Therefore,

patients in CR after CAR19-immunotherapy achieved a sustained remission
there is a clear need for improving clinical outcomes in CD19" lymphomas and chronic

lymphoproliferative disorders using CAR technology.

Following the paradigm of multi-agent chemotherapy regimens, in order to enhance anti-
tumour activity while mitigating antigen escape, ongoing efforts focus on developing multi-
specific CAR-based immunotherapies that target simultaneously more than one tumour-

associated antigens™*

. CD1d-restricted iNKT cells naturally offer the opportunity for at least
dual-specific CAR immunotherapy for CD1d-expressing B cell lymphomas, with several
advantages over more conventional dual specific CAR-T cells. Such dual targeting approach
would be expected to be enhanced by the inherent innate-like reactivity of iNKT cells, that may
promote an earlier and more potent cytotoxic response, thus resulting in swift complete
disease eradication at their first shot. In addition, the iNKT cell memory phenotype suggests
that CAR-iNKT cells might be less prone to AICD and persist longer at the tumour sites to
continuously detect and promptly kill even low numbers of malignant cells, thus preventing

clinically evident relapses. Furthermore, the unique iTCR-mediated alloreactivity confers the

attractive potential for universal donor use, this emphasising that the preservation of intact
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iTCR signalling is a specific forte of CAR-engineered iNKT cells and might be key to streamline

the overall CAR-cell manufacturing process.

Hence, having established a highly efficient protocol to produce CAR19-iNKT cells, | planned a
set of in vitro assays to evaluate CAR19-iNKT cell dual-specific reactivity and test their early
cytotoxic response as well as their potential for long term responses. To this end, | have used

an array of different CD1d and/or CD19-expressing target cells.

4.2 Optimisation of a flow cytometry based cytotoxicity assay

Natural killer (NK) and T cell-mediated cytotoxicity was traditionally measured in 4-16 h >'Cr-

195,196

release assays (CRA) . Lately, flow cytometry-based methods have been developed to

overcome some of the limitations of the CRA, including of safety issues, costs and time of

processing, while allowing to dissect the mechanisms and kinetics of killing*®’™**°

. Specifically,
PBMCs from patients can be stained with specific markers for a more accurate quantification of
the malignant cell death, while evaluating off-tumour cytotoxicity against bystander healthy
cells. In addition, several parameters may be monitored simultaneously on the effector cells as
well as the effector-tumour conjugate (ETC) formation, further improving the characterization
of the killing process. Therefore, | optimized a flow cytometry-based cytotoxicity assay (FCCA)
that allows to simultaneously measure CAR19-cell-mediated cytotoxicity against circulating
lymphoma cells, to evaluate potential on-target, off-tumour toxicity against non-malignant
cells, to visualize ETC and to determine both effector and target cells immunophenotype.

For validation purposes, | performed a preliminary set of experiments by testing CAR19-T cells
against CD19" B cell line targets, as described in ‘Material and Methods’. Previous work using a
similar assay showed that a 3 hour-incubation prior to read-out is optimal and this FCCA is
more sensitive than a standard 4-hour CRA to quantify NK or lymphokine-activated killer (LAK)

29 Indeed, in

cell-mediated killing of target cells from healthy volunteers and cancer patients
two kinetics studies (1, 2, 3 and 4h) at different CAR19-T effector-to-target cell ratio (E/T; 0.75,
1.5, 3 and 6) | confirmed that a 3 hour-incubation was optimal and that CAR19-engineered T

cells effectively killed CD19" B cell line cells in a dose-dependent manner (Figure 4-1), with an
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inverse correlation between the E/T ratio and the time required to establish effective immune

conjugates (n=2).
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Figure 4-1 Validation of flow-cytometry-based cytotoxicity assay
Representative graphs of CAR19-T cell killing kinetics at different E/T ratios. The final cytotoxicity was
comparable at 3 and 4 hours across all E/T ratios (A). However, with the only exeception of the E/T of

0.75, the percentage of effector-target conjugates was higher at 3 hours (B). Error bars represent mean
1S.E.M. of technical triplicates.

4.3 Characterization of CAR19-iNKT cell reactivity

4.3.1 Cooperative killing of CD1d"CD19" targets by dual specific CAR19-iNKT cells

Having validated a robust tool to assess CAR19-cell reactivity and killing potential against target
cells, | aimed to functionally validate CAR19-iNKT cells generated according to my optimal
manufacturing protocol, i.e. protocol 5.

To this end, first | used the non-B cell lineage K562 cell line, which is naturally CD1d CD19', and

engineered it by retroviral transduction to express either or both antigens (Figure 4-2).
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Figure 4-2 CD1d" and/or CD19" K562 cells
K562 cells (bottom left) were genetically modified with retroviral system to express either CD1d (top
left) or CD19 (bottom right) or both (top right)

| found that killing of CD1d*CD197, CD1dCD19" and CD1d*CD19" targets by 2" and 3™
generation CAR19-iNKT cells proceeded incrementally (

Figure 4-3). Importantly, (1) engagement of CAR19 effectively activated CAR19-iNKT cells; (2)
the endogenous iTCR was functional and both 2" and 3™ generation CAR19-iNKT cells retained
the natural CD1d-restricted reactivity of their parental cells; (3) CAR19-INKT cell reactivity was
selective against CD19 and or CD1d -expressing targets, while sparing antigen-negative K562
cells; (4) dual-targeting of CD1d and CD19 resulted in co-operative killing of CD1d*CD19" cells,
thus underscoring the relevance of the endogenous iTCR, together with the exogenous CAR, to
determining the final outcome of CAR reactivity. Moreover, in the presence of the iNKT cell
selective agonist aGalCer, CAR19-iNKT cell cytotoxicity was further enhanced against CD1d"
and CD1d"CD19" targets but not against CD1d"CD19™ and CD1d CD19" targets (

Figure 4-3 B). These findings may support further investigation of integrative approaches

combining CAR19-iNKT immunotherapy with administration of clinical grade iNKT cell agonists

to enhance CAR19-iNKT cell anti-tumour activity in vivo.
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Figure 4-3 CAR19-iNKT cell cytotoxic activity against cp1d*” and/orCD19 - K562 targets

A. Representative cytotoxic activity of 2nd generation CAR19-iNKT cells (generated from donor #4 Laph)
against parental CD1d—CD19- K562 cells or K562 cells expressing CD1d and CD19 singly or in
combination at the indicated E/T ratios (representative of 3 experiments). B. Representative cytotoxic
activity of 3" generation CAR19-iNKT cells (generated from donor #13 PB) against parental CD1d—-CD19-
K562 cells or K562 cells expressing CD1d and CD19, singly or in combination, at the indicated E/T ratios.
Targets were pulsed overnight with vehicle (left) or 100ng/ml aGalCer (right) (representative of 2

experiments). Error bars represent S.E.M. of triplicate assays.

4.3.2 Specific killing of B cell ymphoma cell lines by CAR19-iNKT cells

Next, | assessed the in vitro reactivity of CAR19-iNKT cells against B cell lines. By using C1R and
C1R-CD19 target cells, expressing low or high (exogenous) levels of surface CD19 respectively, |

observed that CAR19-iNKT cell cytotoxic activity was proportional to the surface levels of CD19,

which is a well-established feature of CAR-mediated specific killing (Figure 4-4).
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Figure 4-4 CAR19-iNKT cell cytotoxic activity against CD19"°" and CD19"=" targets

A. The C1R B cell line (brown), which is constitutively CD19" compared to the myeloma KMS12MB cell
line (black), was engineered with CD19 retrovirus to stably express higher levels of exogenous CD19
(orange). Expression levels were determined relative to isotype controls (hair lines). B. Representative
cytotoxic activity of 2" generation CAR19-iNKT cells against CD19" and CD19™&" C1R cells and control
CD19 KMS12BM cells. (n=2 experiments). Error bars represent S.E.M. of triplicate assays.

Similarly, in assays where ARH-77 and ARH-77-CD1d cells served as targets, increasing levels of
surface CD1d on the cancer cells were associated with a proportional increase in the iTCR-

mediated cytotoxic activity (Figure 4-5).
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Figure 4-5 CAR19-iNKT cell cytotoxic activity against CD1d'”" and CD1d"®" targets

A. The CD19%™ ARH-77 plasma cell leukaemia cell line, which is constitutively cD1d“™ (dark green)
compared to the myeloma H929 cell line (black), was engineered with CD1d lentivirus to stably express
higher levels of exogenous CD1d (light green). Expression levels were determined relative to isotype
controls (hair lines). B. Representative cytotoxic activity of 3" generation CAR19-iNKT cells against
CD1d"™ and CD1d"™®" ARH-77 cells and control CD1d"CD19~ H929 cells. (n=2 experiments). Error bars
represent S.E.M. of triplicate assays.

110



4.3.3 Enhanced reactivity of CAR19-iNKT cells against B cell lymphoma cell lines

Next, | sought to compare side-by-side the reactivity and killing potential of same-donor

CAR19- iNKT and -T cells.

In a preliminary set of FCC assays using effectors cells derived from 4 different donors, | tested
2" generation CAR19-cells against CD19'°" C1R, CD19"¢" AK, cD1d™¢"cD19"°" C1R-CD1d and
cD1d"°"cD19"e" Farage cells at fixed E/T of 1:1. Irrespective of the donor and target cell type,
CAR19-iNKT cells killed a higher proportion of tumour cells over 3 hours compared to CAR19-T
cells (Figure 4-6).
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Figure 4-6 Cytotoxicity of 2™ generation CAR19-iNKT vs -T cells at E/T of 1

Representative bar graphs showing cytotoxicity of 2" generation (2ndgen) CAR19-T and -iNKT cells
against CD19°" C1R (n=2), CD19"¢" AK (n=2), CD1d™¢"cD19"* C1R-CD1d (n=3) and CD1d"°“CD19"&"
Farage cells (n=2) at fixed E/T of 1:1. Error bars represent S.E.M. of triplicate assays.
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The same pattern was observed for 3" generation CAR19-iNKT cells, with further enhancement
in the presence of the iNKT cell agonist aGalCer (Figure 4-7 and Figure 4-8), thus confirming

the relative importance of iTCR-mediated reactivity in the context of CAR-iNKT-based

immunotherapy.
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Figure 4-7 Cytotoxicity of 3 generation CAR19-iNKT vs -T cells at E/T 2.5
Representative cytotoxicity of 3" generation CAR19-iNKT and -T cells against C1R-CD1d (n=3) and

Farage lymphoma cell lines (n=2) pulsed with vehicle or aGalCer. Error bars represent S.E.M. of
triplicate assays.
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Figure 4-8 Cytotoxicity of 2™ and 3™ generation CAR19-iNKT vs -T cells at E/T of 10, 5, 2.5, 1.25
A. CAR19-iNKT effectively killed Farage cells, 3" generation CAR19-iNKT outperformed all other groups
in terms of cytotoxic activity. The addition of aGalCer further enhanced CAR19-iNKT effector reactivity,
resulting in a superior killing by both 2" and 3" generation CAR19-iINKT compared to their T

counterparts. B. CAR19-iNKT were superior to conventional CAR19-T cells against aGalCer-pulsed C1R-
CD1d cells.

Additional analysis of ETC, identified as CD3" targets within doublets (Figure 4-9), showed that,
at the end of 3-hour incubation, the proportion of ETC was inversely correlated with the E/T
ratio and higher within targets exposed to 2" generation CAR19-T versus CAR19-iNKT (Figure
4-10). These differences were even more pronounced in the case of 3" generation CAR-
engineered cells and upon addition of aGalCer to the culture systems (Figure 4-10B). All
together, these findings suggest that that dual-specific CAR19-iNKT may be more effective
killers as a result of a swifter reactivity characterised by (1) higher avidity (iTCR and CAR19),
leading to (2) faster engagement of target cells (conjugate formation), (3) prompt activation
and effective lysis, followed by (4) rapid dissociation from the target cells, thus reducing the

time of cell-to-cell interactions and the probability of tracking ET conjugates.
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Figure 4-9 Effector-target conjugates analysis

Representative plot from E/T 1.25. A. the percentage of conjugates (FSC—A/Hhigh, CD3"Orange’) and dead
CAR19-effectors (DAPI") was lower in the iNKT cell group. Both cell types showed cooperative killing of
CD4 and CD4" subsets (CD4°CD8" events). In the CAR19-iNKT samples (left panels), the prominent
relative reduction of CD4'CD8 (DN) events within conjugates (bottom right plots), i.e. 31.8% (A) vs
46.8% (B), suggests that DN effectors were ‘gathering’ to kill the cancer cells together with CD4" (CD4"
events) and/or CD8" (CD8" and CD4'CD8" events) CAR19-iNKT cells. B. There were less dead CAR19-iNKT
cells, which were all expressing high CAR levels and potentially available to re-engage with the targets.
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Notably, | found a higher percentage of non-interacting DAPI (or 7-AAD)" 2" generation
CAR19-T cells compared to 2" generation CAR19-iNKT cells, further corroborating the

hypothesis that dual-specific CAR19-iNKT may be more effective killers also as a result of lower
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Figure 4-10 Conjugate formation and associated activation-induced effector-cell death

A 2™ generation (2nd gen) CAR19-iNKT and —T cells were tested against C1R-CD1d cells. At the end of 3-
hour incubation, CAR19-iNKT cell cytotoxic activity was superior than that of CAR19-T cells (left), more
CAR19-T cells were found to be involved in cell-to-cell interactions with target cells (middle) and the
proportion of dead effectors within doublets was higher in the CAR19-T wells (right; representative of 2
experiments; error bars represent S.E.M. of technical triplicates). B 2" and 3™ generation CAR19-iNKT,
killing aGalCer-pulsed C1R-CD1d cells as shown in Figure 4-8 B. displayed a lower percentage of effector
cells involved in conjugates compared to CAR19-T cells at the same E/T ratio. The fraction of dead
effectors within doublets was significantly higher in the third-generation CAR19-T cell samples
(P<0.0001; 1 experiment; error bars represent S.E.M. of technical triplicates).
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Immunophenotypic analysis of CAR19-effector cells confirmed the contribution of both CD4"
and CD4 ™ subsets to ECT formation (Figure 4-11), providing an additional argument in favour of

the hypothesis that both CD4" and CD4~ CAR19-iNKT cells can exert killing functions.
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Figure 4-11 CD4" and CD4™ conjugates
Representative bar graphs showing the distribution of CD4"" effectors within singlets and conjugates as
shown in Figure 4-9. Representative of 2 experiments. Error bars represent S.E.M. of technical

triplicates.

Indeed, when | measured the cytotoxic activity of sorted end-of-manufacturing CD4" and CD4~
CAR19-iNKT cells, cultured for an additional week under resting conditions without their CD4

counterpart, | couldn’t observe any difference in the final outcome (Figure 4-12).
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Figure 4-12 CD4" vs CD4” CAR19-iNKT cells cytotoxicity against B cell targets

Sorted CD4" and CD4~ CAR19-iNKT cells were tested against aGalCer-pulsed C1R-CD1d cells. There was
no difference in the cytotoxic activity of the two subsets addressed separately (n=1 experiment). Error
bars represent S.E.M. of technical triplicates. gen: generation.

4.3.4 Sustained proliferative response coupled to enhanced killing by CAR19-iNKT cells

As mentioned in 3.4 ‘Scale-up steps’ for clinical scale manufacturing of CAR19-iNKT cells,
CAR19-iNKT cells expand to a greater extent than their T cells counterparts in response to
antigen stimulation (Figure 3-15). Since the proliferative response to cancer cells has been
proved to be a predictive marker of in vivo killing activity and clinical outcome®, | performed a
series of 7-day real-time monitoring experiments aiming to evaluate such proliferative

response coupled to the cytotoxic activity of CAR19-iNKT cells.

First, by using contrast phase imaging assays | confirmed that CAR19-iNKT cell proliferative
response to aGalCer-pulsed irradiated C1R-CD1d cells outperforms that of same-donor CAR19-
T cells (Figure 4-13, Video 1), with 3" generation CAR19-iNKT cells reporting the best

expansion (n=4, 2 donors).
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Figure 4-13 Real-time monitoring and analysis of proliferation of CAR19-iNKT vs CAR19-T cells
Seven-day proliferation real-time monitoring and analysis by IncucyteZOOM of 2nd and 3rd generation
CAR19-T and CAR19-iNKT cells in the presence (stimulated) or not (resting) of irradiated C1R-CD1d cells.
P value is for CAR19-iNKT vs CAR19-T cells using Friedman test.

As shown in Figure 4-14, at the beginning of the incubation, single effectors and targets were
uniformly distributed across the entire well surface (A, grey objects). 60 minutes later, CAR19-T
cell wells generally displayed higher levels of large clusters, i.e. interacting cells equivalent to
ET conjugates by flow cytometry (B, blue masked objects). By contrast, clusters were
significantly less and smaller in the CAR19-iNKT wells, particularly in those incubated with the
3 generation CAR-engineered cells. (B). Over the time, 3" generation CAR19-iNKT cells
exhibited the greatest ability to divide and proliferate, thus covering increasing proportions of
the well surface (higher phase object confluence) in a more sustained manner compared to all
other groups (C). 3" generation CAR19-T cells did exhibit the same predisposition to divide, but
failed to effectively proliferate and ‘fill in” the available space and mainly persisted as single
cells (C). That was likely to be due at least in part to AICD, as suggested by the incremental
levels of cell debris (Figure 4-15). As a control, irradiated C1R-CD1d as well as CAR-effector cells

alone did not form clusters and tend to die through the end of the experiment (Figure 4-16).
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All together, these findings provided some additional data to infer about different kinetics of
cytotoxicity according to cell type and CAR design. Specifically, it is well-established that the
proportion of ETC at a certain time point and fixed E/T ratios inversely correlates with the
ability of the effectors to recognize and successfully attack a target cell®®. Indeed, as previously
mentioned, more potent effectors rapidly kill, swiftly dissociate and are less likely to be tracked
in conjugation with their target. Instead, less potent killer cells generally require more time to
establish an effective immune synapse and deliver their lethal blow, thus remaining bound
longer and dissociating slowly’®. Accordingly, consistent with previous ETC analysis by flow
cytometry, at the beginning of my real-time monitoring | observed a significant proportion of
clusters in the wells with 2™ generation but not 3" generation CAR-engineered cells; this was
also in line with the knowledge that 3" generation constructs trigger more robust activating
signals. Remarkably, only iNKT cells proved to tolerate such level of activation, while AICD

seemed to undermine the CAR19-T response, leading to a poorer outcome.
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Figure 4-14 CAR19-iNKT vs -T cells cell clustering and confluency analysis by IncucyteZOOM
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Figure 4-14 CAR19-iNKT vs —T cell clustering and confluency analysis by IncucyteZOOM
A. At the beginning of the incubation, single effectors and targets were uniformly distributed across the

entire well surface. B. Clusters were identified by using the IncucyteZOOM cell clustering algorithm as
objects with area 2150um’ and eccentricity <0.8 and visualised by a blue mask. Images are
representative of 2 experiments, 5 technical replicates each. The shown cluster average number per
well and area are representative from 1 experiment. C. Cell proliferation was quantified as percentage
of single cell confluency and visualised by using a yellow mask.

3" generation CAR19-T

Figure 4-15 Visualization of third CAR19-T cell proliferation by IncucytezOOM

Real-time monitoring by IncucyteZOOM of CAR19-effectors stimulated with irradiated CD19" C1R-CD1d
targets showed incremental levels of picnotic cells (red arrows) and cell debris (red box) in 3"
generation CAR19-T cell wells. Note the contrast between healthy proliferating cells, which are oblong
and morphologically well-defined while propagating over a ‘clean’ well floor (yellow box), and dying
cells, characterised by loss of morphological definition, faded appearance and shrinkage, surrounded by
black dots (dead cells, red arrows) and cell debris (red box).
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Figure 4-16 Control wells for cell clustering and confluency analysis by IncucyteZOOM
Representative images from control wells of seven-day proliferation assays. Irradiated C1R-CD1d as well

as CAR-effector cells alone did not form clusters (no blue mask applicable at 1 hour, middle panels) and
tend to die (black dots) through the end of the experiment (no or minimal yellow confluency mask, in
the case of conglomerate of viable but not proliferating CAR19-iNKT cells).
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Next, by using a two-phase channel imaging assay, | real-time monitored both proliferative
response of 2" generation CAR19-effector cells and growth/viability of non-irradiated
CD19°CD1d" target cells (ARH-77-CD1d) over a period of 7 days (Figure 4-17, and Video 2).
Cells were incubated at E/T ratios of 1 and 10 without any additional activation, i.e., in low-
cytokine medium with 201U IL-15/ml and no aGalCer. No further manipulation was carried out
during the experiment. As shown in Figure 4-17, CAR19-iNKT cells killed more effectively ARH-
77-CD1d cells at both E/T ratios. Notably, only CAR19-iNKT cells displayed the potential for
eradicating cancer cells, as suggested by the sustained loss of red fluorescent signal exclusively
in the CAR19-iNKT cell wells at E/T 10. Moreover, the final cytotoxic activity of CAR19-iNKT cells
at E/T of 1:1 was similar to those of CAR19-T cells at an E/T ratio of 10:1. That was coupled with
a more profound and sustained proliferative response of CAR19-iNKT cells, while a proportion
of CAR19-T effectors showed evidence of death (amorphous grey ring in the middle of the
growing spheroid). As a result, the final outcome of CAR19-iNKT cells at E/T of 1:1 was
comparable to that of CAR19-T cells at an E/T ratio of 10:1, suggesting a functional equivalence

of CAR19-iNKT : CAR19-T of 10:1.
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Figure 4-17 Real-time monitoring of proliferation and cytotoxicity of CAR19-iNKT vs CAR19-T cells

A. Combined Incucyte images of representative wells showing the final effectors (grey objects) and live
targets (red objects) after seven-day co-culture. Effectors were 2" generation CAR19 -T and -NKT cells.
Targets were ARH-77-CD1d cells labelled with mCherry red fluorescent protein. B. Seven-day trajectory
of effector and target cell proliferation and elimination respectively (P<0.0001 for CAR19-iNKT vs
CAR19-T cells according to Friedman test).
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4.3.5 Enhanced reactivity of CAR19-iNKT cells against primary B cell lymphoma cells
Finally, to better reflect the clinical context, | set up cytotoxicity assays using as targets primary
CD1d" B lymphoma cells from one patient with blastic variant of MCL and two patients with

MZL, which co-express CD1d and cD19™* (Figure 4-18)
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Figure 4-18 CD1d surface expression on primary B cell ymphoma cells

Flow-cytometric analysis of CD19 and CD1d co-expression on peripheral blood lymphoma cells from one
patient with blastic variant of MCL (top) and two patients with MZL (middle and bottom). CD19"
malignant cells (boxed in pseudocolor plots, left panels) expressed low-to-intermediate levels of surface
CD1d, as shown in the colour maps on CD5/CD19 dot plots (middle panels, MFI increasing from the
blue-green tone towards the red tone) and histograms (right panels). Note the presence of 2 different
lymphoma populations with different levels of CD1d expression in the MCL patient.
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In 6 out of 7 assays involving 3 healthy donors, CAR19-iNKT cells were more cytotoxic than

CAR19-T cells (Figure 4-19).
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Figure 4-19 CAR19-iNKTvs CAR19-T vs iNKT cell cytotoxicity against primary B cell ymphoma cells
Cytotoxicity of CAR19-iNKT, CAR19-T and of untransduced iNKT cells against lymphoma cells from one
patient with MCL (top) and two patients with MZB lymphoma (bottom) using three different T/iNKT cell
healthy donors. Error bars represent S.E.M. of triplicate assays.

Further assessment of cell size and 7-AAD retention (as shown in Figure 4-20) confirmed

superior killing by CAR19-iNKT cells of all patient lymphoma cells (Figure 4-21A-B).
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Figure 4-20 Gating strategy of FCCA with lymphoma cell targets
Patients PBMCs were labeled with violet cell tracer and subsequently stained with a PeCy7-conjugated
antibody mix to allow identification of lymphoma cells (Violet+, CD19+CD3/56/11b/14/16—, SCA'°W) and
monocytes (Violet+, CD3/56/11b/14/16+, SCAhigh) within the same sample. Dead cells were identified as
7-AAD+ events, with high and intermediate 7-AAD intensity corresponding to necrotic and apoptotic

cells respe

. 201
ctively

apoptotic/necrotic cells.
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Figure 4-21 Primary B cell ymphoma cell death analysis by FCCA

A. Flow-cytometry histograms showing FSC-A-based cell size analysis of primary lymphoma target cells
in cytotoxicity assays with CAR19-iNKT, CAR19-T and untransduced iNKT cells. B. Fraction of 7-AAD"E"
and 7-AAD®™ primary lymphoma cells in cytotoxicity assays with CAR19-iNKT, CAR19-T and
untransduced iNKT cells. Error bars represent S.E.M. of triplicate assays
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In these ‘same-tube’ assays we also observed low-to-no killing of monocytes (

Figure 4-23), which express high levels of CD1d*°* but not CD19 (

Figure 6-24), suggesting a low ‘on-target, off-tumour’ reactivity of CAR19-iNKT cells.
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Figure 4-22 CD1d expression on primary monocytes

Flow-cytometric analysis of CD1d expression on peripheral blood monocytes from the same patients as
Figure 4-18.
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Figure 4-23 Monocyte specific cell death in lymphoma patients derived PBMCs
Cytotoxic activity of CAR19-iNKT, CAR19-T and untransduced iNKT cells against monocytes in assays

shown in Figure 4-19.
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4.4 Discussion

Conventional CAR19-T cells induce CR in up to 90% relapsed/refractory (r/r) ALL patients with

late-stage disease”®>?

. However, antigen-negative relapses have been reported in up to 30% of
CAR-T-treated ALL patients. Similarly, lack of efficacy and CD19 loss/downregulation represent
the main cause of failure in CAR-T treated patients with advanced r/r B cell lymphoma and
LPD31,203—209.

Targeting two (or more) antigens simultaneously has been regarded as one of the most
effective approaches to enhance anti-tumour activity while mitigating against the risk of
immune evasion by cancer cells'®*. In pre-clinical studies, co-expression of two (or more) CAR
constructs with distinct antigen specificities in the same T cell led to higher cytotoxic activity
compared to mixed populations of two (or more) T cell lines each endowed with a mono-
specific CAR*. However, packaging size of viral vectors may limit the feasibility of such
approachm. Moreover, cross-interactions between scFv of different constructs may impact on
the CAR-antigen affinity, dampen the effector-cell avidity and promote CAR-cell non-specific
activation and immune exhaustion?°. The same limitations apply to tandemCARs, i.e., CARs
incorporating multiple antigen-binding domains in series®*. By contrast, CD1d-restricted iNKT
cells would naturally offer the opportunity for at least dual-specific CAR-iTCR-immunotherapy
for CD1d-expressing targets, provided the iTCR signalling is preserved in CAR-engineered iNKT
cells, without the shortcomings of dual-specific conventional CAR-T cells and the related

manufacturing constraints.

In order to characterise and functionally validate the dual-specific reactivity of CAR19-iNKT
cells produced according to my optimal protocol, | evaluated the anti-tumour response of
CAR19-iNKT cells in vitro in the context of different CD1d and/or CD19-expressing tumour

models.

First, | used an artificial system based on the K562 cell line. K562 is a human erythroleukaemic

cell line that was derived from a patient with chronic myelogenous leukaemia in blast

crisis?***'2, K562 cells do not express endogenous HLA A, B, DR or CD1 molecules, thus

minimising the induction of allo-/non-specific T lymphocytes**®

.In addition, they do not
express costimulatory molecules such as CD86, CD83, 4-1BBL, OX40L, ICOSL or CD40L***, they
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lack the expression of PDL1/2 and B7H3/4 inhibitory ligands and do not secrete
activating/regulatory cytokines, including IFN-y, GM-CSF, IL-10 or common y-chain receptor

214

cytokines”™". However, they do present the adhesion molecules ICAM-1 (CD54) and LFA-3

(CD58), which are required to form an effective immunological synapse'?, and they are easy to

215

transduce”™. Therefore, K562 cells represent a very controlled system to assess the inherent

reactivity of antigen-specific T cells and have been widely used as a backbone cell line to
generate artificial APCs*1o2Y.

On this basis, | genetically modified K562 cells to express CD1d and/or CD19, singly or in
combination, and tested CAR19-iNKT cell cytotoxic activity against these targets by means of
3h flow cytometry-based cytotoxicity assays. While viability of parental K562 cells co-cultured
with CAR19-iNKT effectors was comparable to that of control targets incubated alone,
CD1d'CD197, CD1d CD19" and CD1d"CD19" K562 cells exposed to CAR19-iNKT cells presented
incremental proportions of dead cells. This demonstrated that in CAR19-engineered iNKT cells
the iTCR remains functional, the CAR19 can trigger a response against CD19" targets that lack
the natural iNKT cell antigen, and simultaneous engagement of iTCR and CAR19 co-operatively
activates CAR19-iNKT cells. Importantly, the addition of the specific iNKT cell agonist aGalCer
enhanced CAR19-iNKT cell cytotoxicity exclusively against CD1d-expressing K562 cells, further

corroborating the evidence of a fully functional iTCR with CD1d-restricted activity.

Next, | performed a series of assays using B lymphoid cell lines as targets. Previous work
showed that in the absence of exogenous glycolipid antigens, CD1d™e™e% /% hyman B cell
lymphoma cell lines, including Farage cells, do not activate unmodified iNKT cells**®.
Furthermore, unmodified iNKT cell cytotoxicity correlates with the levels of surface CD1d, with
minimal lysis of tumour cell lines expressing low levels of CD1d*'?. However, in the presence of
aGalCer, both cytokine and cytotoxic responses are enhanced and equally robust, irrespective
of the levels of CD1d*'®?*. Likewise, the reactivity of conventional CAR19-T cells against CD19"
targets has been proved to be proportional to the level of expression of CD19 on the plasma
membrane. When | tested dual-specific CAR19-iNKT cells against B cell targets differentially
expressing CD1d and/or CD19, only tumour cells expressing the relevant antigens were killed,
with a correlation between the percentage of death and the antigen levels (Figure 4-4 and

Figure 4-5). Notably, in the absence of aGalCer CAR19-iNKT cells resulted effective against the
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iNKT cell-resistant Farage B cell line (Figure 4-6, Figure 4-7 and Figure 4-8A) and superior to
CAR19-T cells against CD19"&" B cells targets which were CD1d™ (AK cells, Figure 4-6).
Furthermore, the addition of aGalCer consistently led to potent enhancement of CAR19-iNKT
cell cytotoxicity, irrespective of the levels of CD1d. Hence, on the basis of these observations it
could be envisioned a combinatorial approach including adjuvant administration of an iNKT
agonist, e.g. at the time of CAR19-iNKT immunotherapy and/or after the infusion of CAR19-
iNKT cells, to enhance the efficacy and improve the clinical outcome of CAR19-iNKT

immunotherapy in patients with B cell malignancies.

Conjugate analysis by flow cytometry allowed to integrate quantitative assessment of cytotoxic
activity with qualitative characterization of killing kinetics. Specifically, the superior cytotoxicity
of CAR19-iNKT cells was at least in part underpinned by swift engagement and rapid
dissociation from the targets as a result of effective lysis, with fewer trackable conjugates at a
defined time point (Figure 4-10). While prompt killing responses are inherent in the innate-like
reactivity of iNKT cells, this was also consistent with the hypothesis of higher avidity of dual
specific CAR19-iNKT effectors using both iTCR and CAR19 to attack CD1d'CD19" targets.
Notably, the excellent viability of CAR19-iNKT cells within conjugates, in striking contrast with
the high rate of CAR19-T AICD (Figure 4-10), suggests that CAR19-iNKT cells may persist longer
and patrol the tumour site to prevent disease relapse more effectively than conventional

CAR19-T cells.

Real-time monitoring further corroborated the evidence of faster CAR19-iNKT cell reactivity
(cluster analysis, Figure 3-11B) and improved viability, that was associated with outstanding
proliferative response to tumour cell targets, particularly in the case of 3" generation CAR19-
iNKT cells. By comparison, CAR19-T cell performance was poorer, thus emphasising that indeed
the iNKT cell platform meets the requirements for a more effective CAR-immunotherapy®, i.e.,
potential for fast clearance of the tumour cells and longer persistence associated with greater
antigen-dependent expandability. Furthermore, the greater proliferation in the presence of
high tumour load (E/T 1:1, Figure 4-17) as well as the more sustained killing activity against
residual low-numbers of lymphoma cells (E/T 10:1, Figure 4-17) suggest that CAR19-iNKT

rather than T cells have the capacity to completely deplete malignant B cells.
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Finally, | tested my CAR19-iNKT cells against primary lymphoma cells.
Previous work reported that, in the absence of exogenous glycolipid ligands, the Th1 response
of allogeneic iNKT cells isolated from healthy donors is more robust against MCL-derived rather

218 Moreover, aGalCer-pulsed B cells from MCL activated allogeneic iNKT

than normal B cells
cells from healthy donors more effectively than normal B cells®*®, confirming that iNKT cell are
capable of recognizing malignant B cells and reacting against them, when effectively activated,
according to mechanisms that might allow different outcomes in response to tumour versus
non-tumour cells.

When | performed cytotoxicity assays using primary PBMCs from MCL and MZL patients as
targets (in the absence of aGalCer), | found that CAR19-iNKT cells from healthy donors
effectively killed the clonal cells, which were CD19°CD1d", to a greater extent than CAR19-T
effectors in all but one case. It is conceivable that, at least in the case of MCL-derived targets,
the inherent iTCR-mediated reactivity of iNKT cells against malignant CD1d" B cells could have
contributed to the better outcome associated with the CAR19-iNKT effectors. Importantly, 3"

generation CAR19-iNKT cells outperformed their 3" generation CAR19-T counterparts in terms

of killing activity, similar to my previous observations in cell line-based assays.

Of note, CAR19-iNKT (but not CAR19-T) cell cytotoxic activity seemed to be higher against MCL
than against MZL-derived targets, irrespective of the donor and the costimulatory
configuration of the CAR (CAR19-iNKT P<0.0001 vs CAR19-T P=0.27). This cannot be entirely
explained by the surface levels of CD1d, since CD1d expression was higher on MZL1 than on
MCL B cells. It might be that MCL and MZL are characterised by different lipid profiles and the
glycolipid antigens of MZL are less antigenic than those of MCL B cells. In addition, the antigen
presentation apparatus of MZL cells might present some defects that variably affect the ability
to assemble and expose the CD1d-glycolipid complexes on the surface for the scrutiny of
CAR19-iNKT cells. Finally, there is emerging evidence suggesting that different B cell
malignancies are characterised by distinct patterns of co-stimulatory/inhibitory molecules as
well as inhibitory/regulatory cytokines that determine different outcomes of immunotherapy

strategieszzo'zzz.
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Interestingly, 2" generation CAR19-iNKT cells generated from the same healthy donor killed
more effectively MZL B cells from patient 2 (assay 5) compared to patient 1 (assay 7). This
could be simply explained by the higher proportion of malignant cells in patient 1 and the
resulting actual E/T ratios, lower in assay 7 than assay 5. However, it should be noted that
patient 1 had an atypical splenic MZL (CD5"), that might be inherently more resistant than
typical MZL to CAR19-iNKT cytotoxicity. Finally, it cannot be excluded that autologous immune
cells in MZL2 (assays 5) but not MZL1 (assay 7) were actively recruited in the battle against
cancer cells, a phenomenon referred to as iNKT cell-induced transactivation of downstream
effector cells to enhance the endogenous anti-tumour response. Specifically, in assay 5

approximately 9% of all mononuclear cells were CD56°CD3” (Figure 4-24).
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Figure 4-24 Flow cytometry analysis of MZL-derived PBMCs

CD3" T cells and CD14" monocytes were excluded from the analysis (/eft). Within non-malignant (CD197)
cells, there was a CD56" population of NK cells representing nearly 9% of all live mononuclear cells in
patient 2 (bottom right), while that was negligible in patient 1 (top right)

iNKT cells strongly activated by aGalCer-pulsed CD1d* tumour cells can exert their anti-tumour
activity both directly by lysing the CD1d" cells and indirectly by activating NK (CD56") effectors,

that can kill even malignant cells which are not directly targeted by iNKT cells®*®. Therefore, NK-
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mediated cytotoxicity might have contributed at least to a certain extent to the final outcome
of assay 5, thus emphasizing that immune cell transactivation could represent another
important mechanism of in vivo amplification of CAR19-iNKT cell therapeutic activity in clinical
settings. On the other hand, the poorer outcome of assay 7 underscores the need to explore
strategies to enhance CAR19-iNKT immunotherapy in patients with bulk disease. Further
investigation should include cytotoxicity assays using aGalcer-pulsed primary lymphoma cells.
Alternatively, other combinatorial strategies could serve the scope (see chapter 5,

Transcriptional and epigenetic basis for enhancing CAR-iNKT cell reactivity).

Last, the finding that CAR19-iNKT cells did not kill patients’ monocytes within the 3h timeframe
period of the cytotoxicity assay, despite expressing CD1d at comparable or higher levels than
malignant CD19" B cells, requires some explanation.

With respect to this topic, there may be several reasons.

One possibility could be that 3h-incubation was too short to elicit effective activation of CAR19-
iNKT cells exclusively through the low affinity interaction between CD1d and iTCR at those fixed
E/T ratios. Another possibility could be that, in the context of B lymphomas/LPD (and their
related glycolipid antigens), the outcome of the exclusive iTCR-CD1d interaction between
(CAR19-)iNKT cells and circulating monocytes, in the absence of CD19 and other exogenous
stimulations, could be rather a non-cytotoxic, regulatory-like response, possibly reminiscent of

22 Alternatively, the lack of

the natural physiological cross-talk between iNKT cells and DCs
monocyte specific cell death could be related to inherent features of CD14" cells in cancer
patients, less effective/defective at cross presenting tumour-associated glycolipid antigens
224225 More recently, it has been suggested that circulating monocytes in lymphoma patients
can deliver inhibitory signals that may prevent IFN-y and cytotoxic iNKT cell responses in the
absence of opposing strong stimulations in an indoleamine 2,3-dioxygenase (IDO)1-dependent

manner’*®?*, Beyond enzymatic mechanisms, IDO1 can also act as a signalling molecule,

239231 and pro-survival/antiapoptotic pathways®*?, thus

involved in dendritic cell reprogramming
conferring survival advantage to IDO1 hyper-expressing cells and resistance to conventional
apoptotic signals. Therefore, it cannot be excluded that these patients with end-stage, pluri-

refractory disease had dysfunctional monocytes that could not be eliminated by CAR19-iNKT

136



cells in the absence of an effective CD19-induced activation and cytotoxic response,

irrespective of the expression levels of CD1d.

Further functional studies would be required to better address this issue and investigate the
potential for off-target toxicity by CAR19-iNKT cells, including long-term in vitro (and in vivo)
assays with monocytes as well as other potential CD1d'CD19 targets (see below

Transcriptional and epigenetic basis for enhancing CAR-iNKT cell reactivity chapter).
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5 Transcriptional and epigenetic basis for
enhancing CAR-iNKT cell reactivity

5.1 Introduction

CLL is the most prevalent leukaemia of adults in the West, with a median age at diagnosis of 70
years. It is characterized by relentless accumulation of malignant B cells in peripheral blood,
bone marrow and lymphoid tissues. Where indicated, first line chemo-immunotherapy can
induce sustained remissions only in a small minority of patients, the prognosis remaining poor
in the case of relapsed/refractory disease’®. Allo-HSCT could be curative, but due to transplant-
related morbidity/mortality it is not suitable for most patients. More recently, the BCR
signalling pathway inhibitors idelalisib™ and ibrutinib'® have shown the potential to induce
CRs, but as yet not cures. In contrast, CAR19-T cells appear to have curative potential in CLL,
with evidence of >4 years sustained CR in some heavily pre-treated patients®*. Despite such
exciting results, the overall outcomes of CAR-T immunotherapy for CLL remain unsatisfactory
compared to those achieved in ALL patients, with approximately 50% versus 70-90% CR rates in

23 In addition, antigen escape following CAR19-T therapy has been

CLL and ALL respectively
reportedm. All together, these data emphasise the need for further optimisation of CAR-based

technologies for the treatment of CLL.

B-CLL cells express no or lower CD1d surface levels compared to their normal counterpartsm.
They also express lower levels of CD1d compared to MCL and MZL malignant B cells. Moreover,
microarray gene expression profiling demonstrated a significant down-regulation of CD1d in B-
CLL cells isolated from patients with early/stable disease compared to normal B cells®®,
although advanced/progressive disease has been associated with higher surface and transcript

2% Hence, it has been proposed that in advanced disease increased expression of CD1d

levels
may facilitate presentation of endogenous/exogenous lipids, possibly specific to the leukemic

clone, leading to cognate interactions with iNKT cells, which remain functional in CLL and can
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promote survival of the leukemic cells®’

. Furthermore, the dynamic CD1d expression pattern
in CLL patients provides the evidence that CD1D is not permanently silenced in B-CLL cells and
suggests that perhaps the still intact iNKT/CD1d immunoregulatory axis could be exploited to
develop a novel dual target-specific approach combining transcriptional modulation of CD1d

on cancer cells with CAR19-iNKT immunotherapy.

The mechanisms underlying CD1d transcriptional regulation are incompletely understood in
both normal and pathological B cells. Previous work showed that the retinoic acid (RA)
signalling might be involved. Specifically, the distal promoter of CD1D, 1.5 kb upstream the ATG
translational start site, contains a RA response element (RARE) motif**’ (Figure 5-1).

CD1d

Scale 5 kbt { hg19
chri: 158,150,000 | ATG 158,155,000 |

il Refw Genes
RARE

Figure 5-1 Transcriptional regulation of CD1D gene
Adapted from the UCSC genome browser.

Decrease/loss of RA signalling has been linked with transcriptional down-modulation of CD1D
in activated and EBV-infected human B lymphoblastoid cell lines (B-LCLs). Similarly, in vitro
treatment with RA agonists such as all-trans RA (ATRA) restores CD1D transcription and

expression in these cells****°,

There is also evidence of a bivalent chromatin state at the CD1d promoter in B-LCL and murine
GC B cells. Bivalent histone modifications are defined by the co-existence of repressing and
activating histone marks in the same chromatin domain, i.e. trimethylation on histone 3 of
lysine 27 (H3K27me3) and lysine 4 (H3K4me3) respectively. The Polycomb group (PcG) protein
EZH2 within the Polycomb-repressive complex 2 (PRC2) catalyses the formation of the
repressive H3K27me3, whereas Trithorax group (TrxG) proteins catalyse the formation of
activating H3K4me3 marks. The presence of seemingly opposing epigenetic marks in the same
region is required in undifferentiated embryonic stem cells to ensure temporal and spatial
control of developmental gene programsm. There is evidence that the notion of bivalency can
be also applied to other normal and pathological states, including activated germinal centre
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(GC) B lymphocytes®?, malignant cells**® and in inherited disease'®®. Although there are no
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reports linking bivalent histone modifications to CD1D regulation, previous in silico analysis
performed at the Karadimitris lab (M.S. Chaudhry, Figure 5-2) revealed the presence of both
H3K4me3 and H3K27me3 at the location of the RARE in the distal CD1D promoter in EBV-

infected B-LCLs and murine GC B cells.
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Figure 5-2 In silico analysis of the CD1D promoter in B-LCLs and murine GC B cells.

ChlIP-seq data for the B-LCL GM12878 (A, provided by the Broad Institute) and for murine GC B cells (B,
available from the GEO database GSE50912) obtained by interrogating the UCSC genome browser. The
upstream regulatory region of the CD1D gene showed H3K4me3 and H3K27me3 marks, consistent with
a bivalent poised promoter.

Remarkably, unlike normal resting B cells, both EBV-infected B-LCLs and GC B cells do not

express CD1d*%

. Moreover, activated, GC and EBV-infected B cells share some common
features with CLL cells, including activation of the B cell receptor pathways. Therefore, it is

conceivable that the finding of bivalent CD1D promoter in B-LCLs and murine GC B cells could
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be extended to CLL cells. Importantly, if repression of CD1D through imposition of bivalent
marking were confirmed, this would raise the prospect of modulating CD1D transcription by
pharmacological inhibition of PRC2 components, such as EZH2. Notably, EZH2 inhibitors are in
clinical development for mature B lymphoid malignancies®*® and their use may represent a

novel strategy to restore CD1d expression in CLL cells.

5.2 CAR19-iNKT cells effectively kill B-CLL cells in vitro

B-CLL cells express no or lower CD1d surface levels compared to their normal counterparts (

Figure 5-3)
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Figure 5-3 CD1d surface expression on CLL malignant and normal B cells

No (CLL1) or low (CLL2) CD1d expression in CLL cells (CD19°CD5") from 2 patients in comparison to
normal B cells (CD19°CD57). CD1d expression is shown as a heat-map on CD19/CD5 dot plots and as
histogram overlays.

In order to confirm that the iNKT/CD1d axis is functional in CLL, | tested CAR19-iNKT cells
against CD1d"™" B-CLL cells that had been pulsed with aGalCer or control vehicle and found that

CAR19-iNKT effectively killed malignant B-CLL cells irrespective of the low expression levels of

CD1d (
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Figure 5-4).
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Figure 5-4 CAR19-iNKT cell cytotoxicity against CLL cells

A. Flow cytometry analysis of CD1dlow B-CLL cells, identified as CD19°CD5" cells in pseudocolour dot
plots (left), with superimposed CD1d color-map (middle) and histogram representing CD1d expression
relative to isotype control. B. Cytotoxic activity of 2 generation CAR19-iNKT cells against B-CLL in A. in
the presence of DMSO control or aGalCer. Error bars represent S.E.M. of triplicate assays.

Since CAR19-iNKT cell cytotoxicity directly correlates with the expression levels of CD1d (Figure
4-5), | sought to investigate whether | could enhance CAR19-iNKT cell reactivity against B-CLL
cells by inducing upregulation of CD1d via pharmacological means. Based on the evidence that
ATRA treatment restores CD1D transcription and expression in activated GC and EBV-infected B

138139 which have some biological similarities with CLL cells, | hypothesized that in vitro

cells
treatment of CLL cells with ATRA could also restore CD1d expression on malignant B-CLL cells.
Indeed, clinically relevant doses of ATRA led to restoration of CD1d expression both at a

transcript and protein level in B CLL cells without affecting cell viability (Figure 5-5).
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Figure 5-5 Effect of ATRA treatment on CD1d expression and viability in B-CLL cells

A. Relative increase of CD1d mRNA as assessed by gqPCR expression on CLL cells treated with 0.01%
DMSO or 10°M ATRA for 0 or 48hrs (n=4 patients). B. Relative increase of CD1d cell surface expression
as assessed by CD1d/isotype ratio (n=5 patients). C. No effect of ATRA on CLL cell viability as assessed
by trypan blue staining.

Next, | tested CAR19-iNKT and -T cells against ATRA-treated B-CLL cells. As shown in Figure 5-6,
CAR19-iNKT cells killed aGalCer-pulsed B-CLL cells more effectively that CAR19-T cells
irrespective of whether CLL cells had been exposed (48h) to pharmacological dose of ATRA or
not. However, CAR19-iNKT but not CAR19-T cells cytotoxicity was further enhanced against

ATRA-treated, CD1d"e" B-CLL cells.
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Figure 5-6 CAR19-iNKT vs CAR19-T cytotoxicity against ATRA-treated B-CLL cells

A. Upregulation of surface CD1d upon 48h after treatment with 10°M ATRA compared to baseline
levels and 0.01% DMSO control. B. Cytotoxic activity of 2" and 3" generation CAR19-iNKT and -T cells
against DMSO (/eft) or aGalCer (top)-pulsed B-CLL cells.
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5.3 Molecular basis of CD1d expression in B-CLL cells

| then aimed to further evaluate the molecular basis of CD1d regulation in B-CLL cells. B-CLL
cells with no (patient CLL4) and very low (patient CLL5) baseline expression of surface CD1d

were exposed to ATRA for up to 96hours.

Assessment of CD1d transcript levels at different time points demonstrated prompt
upregulation of CD1d mRNA at 3-5 hours, steady increase over the next 24 hours, followed by a
plateau or further milder increase up to 96hours. Flow cytometry analysis at the same time
points confirmed a time-dependent expression of surface CD1d protein. These findings further
confirmed that the retinoid pathway is involved in the regulation of CD1d expression at a

transcriptional level.

Finally, the promoter of CD1d was analysed with the aim to test the hypothesis of bivalency
and verify whether successful induction by ATRA was occurring on a background of ‘permissive’
epigenetic configuration that poised expression of CD1d for swift restoration upon ATRA

exposure.

Indeed, ChIP assays in baseline B-CLL cells from patients 4 and 5 demonstrated enrichment of
both H3K4me3 activating and H3K27me3 repressive histone marks at the CD1d promoter, thus
for the first time providing evidence of bivalency at the CD1d promoter in primary CLL cells

(Figure 5-8).
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Figure 5-7 CD1d expression in CLL cells pre and post treatment with ATRA
Representative mRNA levels (A), MFI summary (B) and FACS plots (C) showing

expression post 48 hours ATRA (1x10°M) relative to control DMSO (0.01%).
Red line: CD1d (clone 42); grey line: isotype control antibody.
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Figure 5-8 ChIP-qPCR assay in baseline B-CLL cells

A. ChIP-gPCR assay showing bivalent histone state of CD1D in primary CLL cells from the same 2
patients shown in Figure 5-7. There was relative enrichment for H3K4m3 and H3K27m3 marks in
relation to Ig control. B. Scheme of the 3 qPCR amplicons spanning the 5" UTR (DP: distal; PP: proximal,
relative to the ATG start codon) and the gene body (i2P: within exon 2) of CD1D. Representative of 2

independent experiments.
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5.4 Discussion

As discussed in the previous chapter, CAR19-iNKT cells are capable of killing CD1d" MCL and
MZL B cells more effectively than conventional CAR19-T cells even in the absence of aGalCer.
Given that the iTCR, which is functional in CAR19-engineered iNKT cells, can recognize tumour
cell-associated glycolipid antigens presented by CD1d and subsequently trigger Th-1 responses
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against malignant B cells”™, it is likely that the iTCR-CD1d interaction co-operates to the final

activation of CAR19-iNKT effectors.

Compared to the levels of cytotoxicity measured in the assays with cell lines, the specific cell
death within primary lymphoma cells was lower, suggesting that strategies to enhance the
anti-lymphoma activity of CAR19-iNKT immunotherapy should be explored. One option is
represented by co-administration of glycolipid compounds such as aGalCer, that can be
effectively presented by primary tumour cells**® and consistently allowed to enhance CAR19-
iNKT cell cytotoxic activity against CD1d" B cell lines (Figure 4-7 and Figure 4-8). Furthermore,
on the basis that the reactivity of CAR19-iNKT cells is proportional to the density of their target
antigens on the cancer cell surface (Figure 4-4 and Figure 4-5), it could be anticipated that
upregulation of CD1d would lead to improved outcome of CAR19-iNKT immunotherapy in B cell

lymphomas.

CLL represents an ideal model to evaluate the effect of CD1d modulation on CAR19-iNKT
reactivity. CLL is a lymphoproliferative disorder characterized by low-to-no expression of CD1d

131241 However, the iINKT/CD1d axis is still functional, i.e. B CLL cells can

on malignant B cells
present glycolipids in complex with CD1d and autologous (as well as aIIogeneic242) iNKT cells
remain capable of producing a proliferative, cytokine and cytotoxic response when
activated®*!. Furthermore, the presence of higher surface levels of CD1d in cases of aggressive,
progressive disease”*® suggests that CD1d may be repressed but not permanently silenced in B

CLL cells and its expression could be restored in patients with constitutive low/no protein.

In a first series of experiments, | verified that primary B CLL cells express very low levels of
CD1d compared to their normal counterparts (Figure 5-3). Irrespective of the negligible
baseline expression, these cells were capable of eliciting a significant cytotoxic response by
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CAR19-iNKT cells, demonstrating that CAR19-iNKT cell immunotherapy could be suitable also
for CLL patients. Importantly, the addition of aGalCer led to a better outcome, thus confirming

the hypothesis of functional CAR19-iNKT/CD1d axis.

Next, | tested whether pre-treatment with ATRA could induce higher surface expression of
CD1d and subsequently improve the performance of CAR19-iNKT cell effectors. The choice of
ATRA was based on the notion that the CD1d promoter contains a RARE motif**’ and the
demonstration that ATRA restores CD1d in human EBV-transformed and murine activated GC B
cells, where it is down-regulated™®®'*. A study published at the end of 2017 showed for the
first time in primary B CLL cells that ATRA can induce CD1d in malignant B cells, followed by
enhanced iNKT cell reactivity in vitro in the absence of exogenous agonists®*>. Similarly, |
observed that CD1d could be effectively modulated by treating CLL cells with ATRA in a time
dependent manner (Figure 5-7). Importantly, clinically relevant doses, which are employed as a
standard differentiating treatment for acute promyelocytic leukaemia (APL), did not affect in
vitro viability of B-CLL cells (Figure 5-5). By contrast, subsequent co-culture with CAR19-iNKT
effectors resulted in significant death of these cells. Furthermore, side-by-side comparison with
the CAR19-T counterparts showed that CAR19-iNKT cells can kill aGalCer-pulsed CLL targets
with baseline (low) CD1d levels more effectively than CAR19-T effectors and their cytotoxic
activity can be specifically improved by treating B-CLL cells with ATRA, with no effect on the

CAR19-T cell performance.

While these findings can be directly attributed to the larger amounts of surface CD1d
molecules and the subsequent increase in the iTCR-mediated reactivity of dual specific CAR19-
iNKT effectors, differences in the lipids presented by CD1d might play a role too. Quantitative
and qualitative changes in the cellular content of gangliosides have been described in
neuroblastoma cell lines treated with 5-10 uM retinoic acid as a result of ATRA-induced
transcription and subsequent increased enzymatic activity of the GD1b/GM1la ganglioside
synthase beta—1,3—gaIactosyltransferase243. Glycosphingolipid profiling of CLL cells upon

exposure to ATRA would be an interesting line of investigation in the future.
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It would be also important to address whether ATRA would have the same effect on other cell
types. Increased levels of functional CD1d on the surface of healthy cells which naturally
express CD1d, such as monocytes, or de novo expression in healthy tissues which are
constitutively negative could promote unwanted on-target, off-tumour toxicity. On the other
end, ‘unlocking’ the transcription of CD1d in incurable CD1d™ disorders, could offer the
opportunity to extend an ATRA/CAR-iNKT based immunotherapy to a broader range of cancers,

including poor-prognosis solid tumours.

Finally, the demonstration of bivalency at the CD1d promoter for the first time in primary B-CLL
cells may open up to exploring even combinatorial therapeutic strategies.

Bivalent domains are considered to poise expression of developmental genes, allowing timely
activation while maintaining repression in the absence of differentiation signals®**.
Furthermore, ATRA-induced differentiation in embryonic stem cells (ESCs) is conditioned by the
co-existence of H3K4me3 activating signatures at the transcription starting site (TSS) of lineage
commitment genes with H3K27me3-marked promoter, thus demonstrating an overlapping
relationship between bivalency and ATRA-induction*®. Bivalent chromatin domains have a
well-recognised role also in cancer progression, where loss of H3K27me3 marks from bivalent

246,247 paoe

promoters has been frequently linked with activation of relevant oncogenes
recently, formation of new bivalent chromatin domains has been described as a main
mechanism of lymphomagenesis in germinal centre (GC)-derived follicular lymphoma (FL) and
diffuse large B cell lymphoma (DLBCL), with de novo generation of H3K27me3 marks in over
1,000 H3K4me3-only promoters and subsequent repression of the related genes as a result of
hyper-expression/gain-of-function mutations EZH2%%.

There is little evidence concerning the role of bivalency and bivalent genes in CLL, the status of
EZH2 and the transcriptional effects of ATRA in malignant B CLL cells. Higher levels of EZH2
mMRNA and protein have been described in B-CLL cells from poor-prognosis patients compared
to more indolent cases®*®. Furthermore, the pattern of H3K27me3 was found to correlate with
EZH2 expression and activity in B-CLL cells and could be pharmacologically modulated by
means of clinically available EZH2 inhibitors such as GSK-343 and EPZ-6438*%. More recently,
de novo EZH2-driven bivalency characterised by new H3K27me3 marks at the CD20 promoter

249

was induced in B-CLL cells®™, suggesting that EZH2-dependent bivalency may potentially exert
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some control on gene expression in CLL cells. This, together with the demonstration of
bivalency at the CD1d promoter, raise the prospect of new therapeutic options for CLL
patients. The combination of ATRA with EZH2 inhibitors might co-operatively restore CD1d
expression and lead to higher surface levels, resulting in further enhancement of CAR19-iNKT
cell immunotherapy and improved outcome compared to the administration of ATRA alone.
Additional studies would be required to dissect the configuration of the CD1d promoter in B-
CLL cells at baseline and in response to ATRA and EZH2 inhibitors, possibly including
assessment of co-occupancy by RARa/RXR and EZH2 transcription factors in association with
repressor/activating histone marks. This could provide the foundation for a clinically applicable
pharmacological approach to develop a more effective iTCR/CAR immunotherapy.
Furthermore, since the concept of bivalency is not restricted to CD1d and CLL, a similar
approach could be extended to other genes and/or haematological malignancies as solid

tumours, opening new exciting avenues for the treatment of cancer patients.
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6 In vivo validation: enhanced anti-
tumour activity of CAR19-iNKT cells

6.1 Introduction

Involvement of iNKT cells in anti-tumour responses against B-cell lymphoma in vivo was first
studied in the iNKT cell-deficient TCR Jal8KO murine model, in which adoptive transfer of
murine iNKT cells specifically prolonged survival of animals with CD1d-expressing

lymphoma®®°. Subsequently, Bagnara et al. reported a proof-of-principle study demonstrating

the in vivo anti-tumour activity of in vitro expanded human iNKT cells against the C1R-CD1d B
lymphoblastoid cell line, that was attributable to direct and specific CD1d-medited killing of
neoplastic cells®. Thereafter, several studies have sought to ascertain the role of iNKT cells in

218,2502>2:257 1mportantly, Li et al. showed that during

modulating anti-lymphoma responses
lymphomagenesis, iNKT cells, when appropriately stimulated, are capable of effectively killing
malignant cells as well as eliciting robust responses by the adaptive arm of the immune
system?'®, thus providing further evidence in support of the notion that iNKT cell adoptive
transfer in B cell lymphoma can directly control tumour growth, while restoring and enhancing
the endogenous adaptive anti-tumour immunity. However, lymphoma progression was
associated with progressive loss of iNKT cell function, including reduced IFN-y production in
vivo as well as reduced cytokine production upon aGalCer stimulation ex vivo*'®. Taken

together, these observations make a strong case for genetically enhancing iNKT cells to ensure

sustained activation in the context of active, progressing lymphoma.

Current evidence of anti-lymphoma activity of CAR-engineered iNKT cells is limited. To date,
only one group has reported on CAR-iNKT cells for cancer immunotherapy in systemic cancer
xenograft models. Specifically, the Metelitsa group tested GD2- and CD19-specific CAR-iNKT
cells against neuroblastoma and B cell lymphoma cell lines. By using a CD28-{ and CD28-41BB-

CAR configuration, they found no difference in the in vivo anti-tumour activity of 2"
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generation CAR-iNKT versus 2" generation CAR-T cells, although CAR-iNKT cells were proved to

home to the tumour sites at a higher frequency than their T cell counterparts.

Xenoreactivity to murine tissues is known to support persistence of T but not iNKT cells,
irrespective of their anti-tumour specific reactivity. Furthermore, T cell xenoreactivity
contributes to a variable extent to tumour rejection and may result in overwhelming activation
of immune cells, which culminates in indiscriminate attack of healthy tissues, referred to as
xeno-GvHD. Indeed, the Metelitsa group observed the occurrence of xeno-GvHD in CAR-T- but
not CAR-iNKT-treated mice, suggesting that the control of disease by CAR-T effectors could be
attributed at least in part to a xenoreactivity-related effect. In line with this, successful CAR-
iNKT cell immunotherapy in their models required either repeated, weekly cell dosing
(neuroblastoma) or adjuvant IL-2 (CD19°CD1d” lymphoma) administered iv every 3 days.
Eventually, by using repeated administrations of GD2-specific, 3" generation-CAR-iNKT versus
single injections of 3" generation CAR-T cells, survival of neuroblastoma-bearing NSG

xenografts could be improved and prolonged from 5 weeks up to 10 weeks.

While highlighting some important limitations concerning the fitness of their CAR-iNKT cell
product, this work did not provide a robust side-by-side comparison of CAR19-iNKT vs CAR19-T
cells against B lymphoma cells in vivo. Hence, in my work | aimed not only to functionally
validate my CAR19-iNKT cell product in vivo but also to obtain a robust comparison of CAR-iNKT
vs CAR-T cells. To this end, | adopted a conventional approach, generally employed in CAR-T
preclinical studies, involving use of an NSG systemic xenograft model, a 2" generation CAR

design and a single infusion of CAR-modified cells without administration of exogenous IL-2.

6.2 Establishment of luciferase-expressing C1R-CD1d cells

The use of BLI as a non-invasive procedure in evaluating tumour growth requires luciferase-
expressing cell lines. Therefore, | transduced the C1R-CD1d and Farage cell lines with a firefly
luciferase construct (Figure 6-1) and purified luciferase-expressing cells by FACS (A), attaining

stable cell lines within two weeks.
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Figure 6-1 Generation and in vitro validation of luciferase expressing C1R-CD1d cell line

A. C1R-CD1d and Farage cells were transduced with firefly luciferase co-expressed with tandem dimer
Tomato red fluorescent protein (tdRFP) in a single SFG vector obtained from John Maher. B. Dose-
response studies demonstrated a strong luciferase activity associated with C1R-CD1d cells. C. By
contrast, transduced Farage cells produced a weak photon signal, nearly comparable to background
from untransduced cells. D-E Transduction and expression of a functional luciferase protein did not
alter the growth rate of C1R-CD1d cells (D) and their sensitivity to CAR19-iNKT cell cytotoxic activity in

vitro (assessed by bioluminescence) (E).
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In vitro validation confirmed a strong luciferase activity associated with C1R-CD1d cells (B) but
not Farage cells (C), suggesting that the latter were not suitable for in vivo application. Further
in vitro testing confirmed that luc’C1R-CD1d cells had growth rates comparable to the parental

cell lines (D) and could be effectively killed by CAR19-effectors (E).

6.3 Luc’C1R-CD1d cells are capable of xenografting NSG mice

In a first pilot experiment, 1 to 2.5x10° Luc* C1R-CD1d cells were iv injected into three 7-week
old NSG mice, 2 females and 1 male. 1 extra male served as a healthy control.
No irradiation conditioning was used. No injection-related adverse events were observed.
From day 3, tumour growth was monitored by bioluminescent imaging (BLI) every 3-4 days
(Figure 6-2).

C1R-CD1d

@ F1 F2 M1 M2
F1 2.5x10¢
. | | | | | | BLI F2 1.0x106
> ‘ : : ‘ M1 1.0x10°
-~ WWWTWFWWWWWFW "‘ £ L 4 L) i L) 4
NSG 7 14 21 28 35 42 49 56 days M2 none

Figure 6-2 In vivo pilot experiment 1

Layout of in vivo titration of Luc’C1R-CD1d cells in a systemic xenograft. NSG mice received 1 to 2.5x10°
Luc’C1R-CD1d cells via tail injection. Firefly luciferase activity as a marker of tumour growth was
determined by BLI, i.e., by quantifying the number of photons originated from tumour-bearing animals
upon intra-peritoneal (ip) administration of D-Luciferin.

In order to define the best settings and conditions of imaging, anesthetized mice were imaged
in ventral position beginning approximately 2.5 minutes after intraperitoneal (ip) injection of
15ug/g mouse aqueous solution of D-luciferin potassium salt. Up to ten sequential scans per
mouse were performed at each time point. Each animal was serially imaged at the same
relative time point after D-luciferin injection. Images were generated by acquiring a fixed total
number of 10,000 photons using (variable) auto-exposure time and default (fixed) medium
binning to allow the highest sensitivity associated with good image resolution.

To quantify bioluminescence, measurement regions of interest (ROIs) were drawn around the

positive areas and photon signal quantified as total photon flux, i.e. the radiance
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(photons/sec/cm2/steradian) in each pixel summed over the ROI area (cm2) x 4m, taking into
account the background when needed.

A bioluminescence peak was generally observed 12 minutes after ip injection of D-luciferin
(Figure 6-3). However, a delayed peak was reported in F1 on day 13 and F2 on day 16, that

could be explained by different wash-in and wash-out kinetics of hypoxic tissues>®.
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Figure 6-3 In vivo C1R-CD1d bioluminescence titration
At each time point, mice were scanned every 2.5 minutes to define the best timing to acquire images in

terms of highest photon emission with the most favourable signal-to-noise ratio.

Tumour engraftment was defined as increasing luciferase-mediated photon flux over two
consecutive imaging sessions. Engraftment could be confirmed in all C1R-CD1d recipients on
day 13 irrespective of the cell dose. A stronger photon signal could be detected from the
caudal body segment up to day 16 (Figure 6-4). During the following 2 weeks, mouse F1
stopped growing and eventually developed hind limb paralysis on day 38. F2 and M1 suffered
from alopecia since day 42 and prolapsed penis from day 53 respectively and were culled on
day 46 and 53, meeting the criteria of humane endpoints. Terminal BLI showed tumour

progression in all mice, consistent with spine involvement (Figure 6-5).
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Figure 6-5 Weight chart and terminal BLI scans
A F1, which received the highest tumour cell dose, stopped growing earlier compared to the other
animals. B Terminal scans demonstrated disease progression in all tumour xenografts, with more

extensive spine involvement in F1.
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6.4 Single infusions of CAR19-iNKT cells are feasible and well tolerated in NSG

xenografts.

The first pilot suggested that optimal imaging requires BLI scanning approximately 12 min after
ip D-luciferin injection using a fixed medium binning. In order to accommodate detection of
early stage (engraftment) as well as advanced disease without reaching saturation, a target
number of 10,000 photons per image with autoexposure time was chosen for the next
experiments. An additional 1 sec and, where required, 60 sec images were planned to allow
comparison of larger and smaller lesions respectively at different time points, as well as ventral

and dorsal scans, to avoid underestimation of low-burden tumours involving the spine.

Next, | set up a second pilot experiment to verify that the same settings were also suitable to
evaluate the therapeutic potential of CAR19-iNKT cell immunotherapy compared to CAR19-T
cells. Specifically, | aimed to confirm the feasibility of a scheme widely used to test CAR-T
immunotherapy, i.e., 10x10° CAR-cell dose administered as a single infusion in early disease
setting (xenograft engraftment)®®?®? (Figure 6-6). In order to induce a more aggressive
systemic disease with shorter time to engraftment, | intravenously injected 8 animals (7-week
old NSG mice, 5 females and 3 males) with a tumour cell dose of 5x10° Luc’ C1R-CD1d cells.

All mice were scanned from day 2 every 3 days. On day 8, engraftment could be confirmed in 7
out of 8 animals. Therefore, mice were randomized to no immunotherapy (infusion of
equivalent volume of saline) or CAR19-T or CAR19-iNKT treatment (10x10° cells). Primary
endpoints were overall survival and tumour burden. Secondary endpoints were GvHD and

post-xenograft tumour cell phenotype.
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Figure 6-6 In vivo pilot 2 experiment

Layout of in vivo pilot 2 experiment. Age- and sex-matched NSG mice received 5 x10° Luc+C1R-CD1d
cells (red) via tail injection. Engraftment (red arrow edge) was confirmed on day 8. Subsequently, mice
were randomized to no treatment or CAR19-immunotherapy with 10 x10° third-generation CAR19-iNKT
(green) or —T (blue). Engraftment failure occurred in one animal.

The CAR-cell infusion was well tolerated. None of the mice developed early pathological
symptoms or signs that could be attributed to CAR19-cell adoptive transfer. During BLI follow-
up, the tumour-only control mice develop advanced, progressive disease, with active photon
signal from several body segments. Subsequent histological analysis demonstrated that the

biophotonic positive regions were infiltrated by tumour cells (Figure 6-7 and Figure 6-8).

abdominal
hind limbs spine mass kidney liver

tumourl-

TRt . normal * normal *
Figure 6-7 Systemic infiltration by C1R-CD1d cells

Representative images showing macroscopic (top) and microscopic (bottom) tumour infiltration in BM
from hind limbs and spine, spleen (arrow) and abdominal lymph nodes, kidney and liver. Tumour cells
(red arrows) are shown side-by-side with normal tissue cells (black asterisk).
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Figure 6-8 IHC analysis of xenograft tissues
Representative images from tumour-only mice showing positive IHC staining for CD19 on BM (A, 10X)

and kidney (B, 20x) sections. Solid tissues were marked with ink (blue staining) prior to sampling.

By contrast, the rate of tumour growth was reduced in CAR19-treated mice after a single
injection compared to untreated animals. CAR19-iNKT cell transfer was
associated with a more profound reduction of luc® C1R-CD1d masses compared to CAR19-
T treated mice despite the use of a single injection schedule and the absence of previous or
concomitant administration of adjuvant aGalCer/IL-2 (Figure 6-9). That was associated with a
longer tumour-free survival and better overall survival up to day 75 (Figure 6-10). No clinical

GVvHD or other CAR-therapy related adverse events were observed during the experiment.
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Figure 6-9 Tumour burden monitoring in pilot 2 experiment
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Age- and sex-matched NSG mice received iv injection of 5 x10° firefly luc'C1R-CD1d. On day 8, C1R-
CD1d cell engraftment was confirmed in 7 mice. 4 xenografts were subsequently treated with a single iv

infusion of 3™ generation CAR19-iNKT (green) or -T (blue) cells. Three mice served as tumour-only

controls (red). Thereafter, tumour growth was monitored using weekly bioluminescent imaging.

@ = no C1R-CD1d cell engraftment.
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Figure 6-10 Feasibility study for preclinical in vivo investigation of CAR19-iNKT cell immunotherapy
for B lymphoma

A. Summary of tumour burden profile per each mouse as assessed by BLI. B. Overall survival plot
showing that 2 out of 4 preliminary CAR19-treated animals but none of tumour-only control mice were
still alive on day 75 after a single injection of either CAR19-iNKT or CAR19-T.

Final flow cytometry analysis confirmed preserved CD19 and CD1d expression in CAR19-iNKT

animals (Figure 6-11). HE histology sections didn’t show any sign of GvHD (Figure 6-12).
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Figure 6-11 CD19 and CD1d expression on xenograft-derived C1R-CD1d cells

Representative flow cytometry plots showing expression of CD19 and CD1d on C1R-CD1d cells obtained
from the spleen of the CAR19-iNKT-treated mouse with active bioluminescent signal. Human cells were
identified as human CD59+ cells (left) within the live, single cells. Compared to C1R-CD1d cells isolated
from a tumour-only control mouse (middle), the very few cells retrieved from the CAR19-iNKT-treated
animal showed comparable levels of CD19 and CD1d (right).
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Microscopic examination of liver (A),

lungs (B), gut (C), kidney (D) and skin (E)
did not show any abnormalities in CAR19-

iNKT-treated mice.
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6.5 Enhanced anti-lymphoma activity of CAR19-iNKT cell in vivo

Having defined the conditions for evaluating my CAR19-iNKT cell product in a systemic B-
lymphoma xenograft model, | performed two experiments aimed to compare the anti-
lymphoma activity of 2" generation CAR19-iNKT with 2" generation CAR19-T cells (Figure 6-

13). Primary endpoints were overall survival (OS) and tumour-free survival (TFS).

tumour  immunotherapy < tumour only (18)

82 o3 = T(7)

2
~ A INKT (7)
NSG ) *..!.!,'f.!!.-'.-!-.'-.'-.'-..'...'...'...'..!..! CART (19)*

7 14 21 28 35 42 49 56 63 70 77 84 90 @ CARINKT(19)$

n=2
engraftment

Figure 6-13 Layout for characterisation of in vivo anti-lymphoma activity of CAR19-iNKT cells

6-week old NSG mice were injected intravenously with 5 x10° luciferase-expressing C1R-CD1d on day 0.
By day 4 after injection, tumour growth was monitored by BLI. Tumour engraftment was defined as
increasing luciferase-mediated photon flux over two consecutive imaging sessions 3 days apart. Tumour
xenografts were then randomised to control or immunotherapy arm. Treated animals were randomly
assigned to 1 of 4 treatments, i.e., unmodified T/iNKT cells or CAR19-engineered T/iNKT cells. Tumour
burden was monitored twice a week until day 21 and once a week thereafter.

A total of 73 animals received 5 x10° luciferase-expressing C1R-CD1d, 70 were engrafted,
corresponding to 96% engraftment rate, as confirmed by BLI. Tumour xenografts were then
randomised to control or immunotherapy, with 4 comparison arms, i.e., unmodified T,
unmodified iNKT, CAR19-T and CAR19-iNKT cells. 10 x10° effector cells were administered by

tail injection in all cases.

The procedures were well tolerated, no adverse events were observed during the tumour
induction. The CAR-cell infusion was well tolerated. However, in the next few hours following
immunotherapy the CAR19-iNKT group suffered from 5% weight loss, mild hypoactivity and
changes in the fur, that appeared to be darker and ruffled. Such adverse event was transient
and mild, did not require any specific action apart from close monitoring, and by 48 hours all

mice were fully recovered.
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Throughout the experiment, T and CAR19-T mice developed signs of low-grade GvHD, that was
limited to skin involvement. Specifically, almost all mice developed facial and dorsal alopecia
lesions and whiskers loss (Figure 6-14) during the second month of monitoring. Some of them
recovered during the third month. None of them evolved to moderate/severe syndrome,
defined as non-tumour related loss of weight, hunching, hypoactivity, ruffled fur and scaling®®.
Eventually, all animals that received immunotherapy were evaluable for analysis at the end of

the study.

Figure 6-14 Skin GvHD
Representative facial coin lesions
in a CAR19-T mouse.

The most frequent symptoms associated with tumour progression in any group were hunching,
hypoactivity/hyporeactivity, hind limb paresis/paralysis. Less frequently, anorexia and
dehydration led to rapid weight loss up to 20% in 24 hours. Some mice developed more
pronounced neurological features characterised by stereotypic circling, loss of balance and
seizures. Skin tumours presented with loss of skin integrity. In few cases, a palpable mass was

associated with abdominal distension and/or urinary retention.

Animals treated with unmodified T or iNKT cells had poorer OS compared to mice receiving
CAR19-engineered cells (Figure 6-15). However, compared to CAR19-T cell recipients, the
CAR19-iNKT cell-treated group displayed a significantly improved OS (P=0.01) and TFS
(P<0.0001).
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Figure 6-15 Anti-tumour activity of CAR19-iNKT cells in a systemic B-lymphoma xenograft model
Summary of OS and TFS of tumour-bearing mice untreated (n=12) or treated with untransduced T cells
(n=7), untransduced iNKT cells (n=7), second-generation CAR19-T cells (n=19, of which 4 excluded from
TFS analysis; see §) or CAR19-iNKT cells (n=19, of which 7 excluded from TFS analysis; see §). § In 4 and
7 CAR19-T and CAR19-iNKT-treated animals respectively, tumour burden could not be monitored by BLI
from day 70 (+59 post itx) during the first experiment due to restricted access to the IVIS instrument.
However, all mice were maintained in the study until achievement of humane endpoint or the end of
experiment. Data are from two independent experiments using two distinct cohorts of animals. Effector
cells generated in different times from two different donors. Shown P values are for comparison of
CAR19-T vs CAR19-iNKT cell-treated animals.

As shown in Figure 6-16, 3 out of 7 CAR19-T-treated mice within the first cohort died due to
tumour progression on day 41, 48 and 78, while there were no tumour-related deaths among
the CAR19-iNKT treated mice. One CAR19-iNKT animal died due to middle ear infection on day
88. Notably, all CAR19-T mice had detectable bioluminescent signal above the background

threshold throughout the first experiment, never achieving complete disease remission (CR).

In a second independent experiment, 4 out of 12 CAR19-T and 1 out of 12 CAR19-iNKT -treated
mice died due to tumour progression, the former on day 35, 41, 54 and 71 whereas the latter
on day 88 respectively. Remarkably, only one CAR19-T-recipient achieved a sustained CR,
defined as drop of biophotonic signal below background, while most of them never underwent
CR and 3 had evidence of disease relapsed on day 35, 70 and 90. By contrast, all CAR19-iNKT-
treated mice but 1 achieved CR. Most of them maintained CR until the end of experiment, with
the exception of 3 relapses occurring on day 35 (two animals) and 42 (one animal) and another

mouse showing evidence of disease for the first time at the last scan on day 90.
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Figure 6-16 Overall and tumour-free survival according to experiment
A. Results from cohort 1. B. Results from cohort 2

The improved OS and TFS could be at least in part explained by a significantly swifter decline of

tumour burden observed within 3 days following transfer of CAR19-iNKT cells (Figure 6-17).
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6.6 CAR19-iNKT cell eradicate brain tumour

As shown in Figure 6-17A, in my established C1R-CD1d tumour model | observed enhanced
bioluminescent activity over the head even at the time of engraftment. In order to better
characterize the head signal, | performed brain MR studies. MRI sequences, acquired using
Gadolinium-based contrast agent in 3 scanning projections (Figure 6-18), demonstrated areas
of Gadolinium uptake and brain tissue enhancement consistent with tumour involvement in
animals with BLI evidence of head photon signal (Figure 6-19 and Figure 6-20).

A B

m Sagittal m Axial m Coronal mouse

Figure 6-18 Mouse MRI brain sections and macroscopic anatomy

A. MRI section orientation as defined relative to the mouse spine. m: mouse B. Macroscopic anatomy of
mouse brain compared to human brain. The murine brain surface is smoother, with less cortical
convolutions and prominent olfactory bulb (left panel, apical lobe). Modified from
https://medicalxpress.com/news/2014-02-dino-brains-thought-control10-fascinating.html
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Figure 6-19 Representative MRI images of brain tumour

Correlation of BLI signal with brain MRI study in a CAR19-T cell-treated animal. Left: BLI images obtained

on day+21 post immunotherapy. Right: Representative mouse (m) sagittal, axial and coronal MRI

sections obtained on day+23 post immunotherapy after contrast injection (Gadovist 3mmol/kg iv) and

acquired with T1 FLASH sequence to maximize the Gadolinium signal. The terminal MRI study showed a

sellar mass of 21.4mm3 (+0.2) and suprasellar parenchymal enhancement (green asterisks), suggestive

of lymphomatous growth in the in the pituitary gland and surrounding parenchymal tissue infiltration

by tumour cells.
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Figure 6-20 Representative MRI monitoring of brain tumour

Correlation of BLI images with brain MRI monitoring in an iNKT cell-treated animal. The animal stopped
gaining weight from day +36 post-immunotherapy. Longitudinal MRI study showed a steadily growing
mass in the pituitary region (B, green arrow ends), with an estimated volume of 4.72mm3, 7.79mm3
and 28.2mm3 on day +37 (top), +43 (middle) and +51 (bottom) respectively. Eventually, the mouse
became hypoactive, which was associated with the appearance of diffuse, smooth extra-axial contrast
enhancement along the cerebral convexity bilaterally (C, green arrows), suggestive of meningeal
infiltration by tumour cells.

171



Gadolinium uptake was mainly observed in supratentorial regions, especially isocortex and
deep grey matter, with cases of meningeal involvement and cerebrospinal fluid (CSF) disease.
Contrast-to-noise (CNR) determination confirmed a direct correlation between the tumour
burden in the head as assessed by BLI and either the isocortex or the hypothalamus CNR (Table
6-1). While healthy control mice had an isocortex CNR of 21.77 £1.07 and a hypothalamus CNR
of 3.54 1£0.40, tumour bearing xenografts with active head photon signal displayed values
consistently higher than the maximum observed in controls, i.e., larger than 23.55 and/or 4.22

respectively according to the brain site.

Further MR spectroscopy confirmed the presence of aberrant metabolic activity associated
with the sellar masses identified by MRI, characterized by relative increase of choline (Cho,
peak at 3.2ppm) and lipid macromolecules (peak at 0.8-0.9ppm), as assessed by long and short
echo time (LTE and STE) respectively, and parallel decrease of creatine (Cr, LTE peak at
3.0ppm,) and NAA (LTE peak at 2.0ppm, Figure 6-21). Moreover, quantification of the relevant
peaks at LTE demonstrated a correlation between the magnitude of the change and the
tumour growth (Figure 6-21, Table 6-1). Specifically, in same-sex and age healthy animals with
comparable weight, the mean pituitary gland volume was 1.838mm? +0.137 (range 1.450 -
2.048). In all but CAR19-iNKT-treated xenografts the pituitary gland volume was larger than the
max value among healthy mice. Similarly, an abnormal metabolic profile could be detected and
measured only in xenografts with enlarged hypophysis, with a Cho/Cr and/or Cho/NAA ratio
consistently higher than 0.1. The presence of a prominent choline peak together with a lipid
peak seemed to be a distinctive feature associated with neoplastic growth, similar to what has

been recently described in patients with CNS primary neoplasms>®*2°°,
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Figure 6-21 Representative MR Spectroscopy of sellar mass

Longitudinal MRI and MR Spectroscopy study in a CAR-T cell treated animal. Top: MRS assessment on
day+63 post-immunotherapy underpinned low burden head disease, which upon MR spectroscopic
analysis was characterized by inversion of the Choline/Creatine (frequency: 3.2/3.0) and Choline/NAA
(frequency:3.2/2.0) peaks at LTE compared to normal control and lipid peak at STE (Table 6-1). Bottom:
Head disease progression was confirmed by BLI, MRl and MR Spectroscopy on day+78, showing
increased bioluminescent signal from the head, enlarged sellar mass (from 6.382mm3 +0.235 to 7.429
+0.033) and elevated Choline/Creatine and Choline/NAA ratios and lipid peak. MR Spectroscopy data
are shown as chemical shifts expressed in parts per million (ppm) relative to the reference

Tetramethylsilane (TMS, frequency 0.00 ppm).
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Table 6-1 MRI study - all animals

# MT;se Treatment = Time point Brain Pituitary gland 52’: /EZOA gg
l:lalm:c;srt Head Isocortex Hypothalamus Volume (mm3)
(treatment) BLI CNR CNR Mean + SEM
Healthy animals

1 F38 none 44 days old 7.34E+03 18.673 +2.076 2.395 0.785 1.843 +0.119 0.042 0.023 No
F38 none 58 days old 2.34E+04 22.757 +1.362 3.845 1.885 2.048 +0.023 0.000 0.000 No

F39 none 44 days old 1.26E+04 22.110 +2.730 3.715 1.745 2.010 +0.180 0.063 0.096 No

4 F39 none 58 days old 1.22E+04 23.545 +11.114 4.215 0.505 1.450 +0.027 0.000 0.000 No

Tumor xenografts

5 F35 none 29 (NA) 2.77E+06 111.973 +2.863 21.087 0.937 4,995 +0.445 NA NA NA
6 F35 none 35 (NA) 2.14E+08 142.635 +12.735 39.751 0.311 9.945 +0.255 3.750 NA NA
7 F33 T 29 (+18) 1.06E+08 130.114 +8.904 112.372 4.729 3.675 +0.205 NA NA NA
8 F32 iNKT 48 (+37) 4.21E+05 31.569 1+9.810 10.200 1.180 4.610 +0.110 1.396 0.737 Yes
9 F32 iNKT 54 (+43) 1.10E+07 102.635 +8.365 13.070 0.680 7.365 +0.425 1.662 1.857 Yes
10 F32 iNKT 62 (+51) 2.52E+08 136.166  +32.833 14.025 0.535 28.050 +0.150 66.194 8.800 Yes
11 F13 CAR19-T 32 (+21) 1.02E+08 14.477 +0.183 21.192 0.192 21.400 1+0.200 NA NA NA
12 F37 CAR19-T 74 (+63) 2.28E+06 93.260 +37.67 9.860 1.650 6.385 +0.235 1.346 0.750 Yes
13 F37 CAR19-T 89 (+78) 3.49E+07 125.140 +38.58 24.085 1.405 7.430 +0.033 7.343 3.980 Yes
14 F4 CAR19-T 68 (+57) 2.02E+06 53.195 +3.305 24.755 3.495 4.115 1+0.066 1.198 0.636 Yes
15 F25 CAR19-T 90 (+79) 5.84E+04 90.545 1+5.355 5.695 2.395 4.605 1+0.466 2.675 2.174 Yes
16 F27 CAR19-T 90 (+79) 5.46E+04 32.250 +12.17 4.995 0.995 3.385 +0.495 2.093 3.788 Yes
17 F7 CAR19-iNKT 90 (+79) 9.84E+03 13.765 +1.505 4.005 1.195 1.713 +0.112 0.000 0.000 No
18 F9 CAR19-iNKT 90 (+79) 9.78E+03 15.82 +0.760 3.115 1.125 1.496 +1.378 0.000 0.000 No

Cho: choline; Cr: creatine; NAA: N-Acetylaspartate; NA: not available
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In addition, diffusion weighted imaging (DWI) allowed to confirm the absence of disease when

there was no clear evidence of tumour growth by BLI, MRI and MR spectroscopy (Figure 6-22).

Figure 6-22 Representative DWI analysis of low-burden brain disease
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Heatmap representation of apparent diffusion coefficients (ADCs). Red areas represent regions
characterized by higher cellular density (lower ADCs), consistent with the presence of tumour cells.
Green-yellow areas represent normal tissues (higher ADCs). Low-burden lesions with borderline
contrast enhancement by MRI were associated with lower ADCs by DWI and abnormal MR
Spectroscopy profile (top). By contrast, in the absence of active BLI photon signal, there was no
Gadolinium uptake with normal ADCs and metabolic profile (bottom).

Based on the above findings, final correlation of bioluminescence study with MR modalities
and histologic analysis suggested the presence of intracranial meningeal, brain and pituitary
disease in most animals at the time of engraftment (Figure 6-23, Figure 6-24 and Table 6-2).
While brain lymphomas persisted above the threshold of detection in all but one animals
receiving CAR19-T cells as well as in all untreated animals, they were cleared in 13/18 CAR19-
iNKT cell-treated animals. This suggests that CAR19-iNKT cells cross the blood-brain barrier
and effectively control brain disease, a property that could be of significant clinical value in the

immunotherapy of brain lymphomas and other brain cancers.
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Figure 6-23 Correlation of BLI images with immunohistochemistry

A. Representative example of staining with anti-human CD19 (hCD19) and CD3 (hCD3) of olfactory bulb
brain tissue of a mouse treated with CAR19-T cells. The tumour cells were identified by bright CD19
staining, whereas CAR19-T cells were revealed by CD3" staining at the edge of the tumour areas. B.
There was no evidence of tumour and/or T cells in all other assessed areas.
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Figure 6-24 Head tumour burden as assessed by BLI

Photon activity in the head of control (n=11), CAR19-T (n=18) and CAR19-iNKT (n=18) cell-treated
animals at engraftment and at completion of the experiment. Detection threshold (dotted line) was set
as the lowest BLI activity value recorded in the head at engraftment in the whole cohort of animals used
(see table Table 6-2).

Table 6-2 Head tumour burden

L umowoeny | CARLS-T CARLS-iNKT

Engraftment Endpoint Engraftment Endpoint Engraftment Endpoint

Number of values 11 11 18 18 18 18
Minimum radiance 8.74E+03 1.40E+05 4.50E+03 2.61E+03 4.80E+03 1.37E+03
Maximum radiance 1.91E+05 2.56E+09 2.18E+05 4.65E+08 2.07E+05 3.59E+04
Mean radiance 8.25E+04 4.33E+08 8.43E+04 3.23E+07 6.92E+04 5.74E+03
Median radiance 6.24E+04 4.94E+07 8.06E+04 2.93E+04 6.21E+04 2.37E+03
Std. Error of Mean 1.98E+04 2.35E+08 1.74E+04 2.61E+07 1.17E+04 2.03E+03
Lower 95% Cl of mean radiance 3.84E+04 -9.02E+07 4.77E+04 -2.27E+07 4.46E+04 1.46E+03
Upper 95% Cl of mean radiance 1.27E+05 9.56E+08 1.21E+05 8.73E+07 9.38E+04 1.00E+04
Threshold radiance 4.50E+03 4.50E+03 4.50E+03 4.50E+03 4.50E+03 4.50E+03
Discrepancy of mean radiance 7.80E+04 4.33E+08 7.98E+04 3.23E+07 6.47E+04 1.24E+03
Discrepancy of median radiance 5.79E+04 4.94E+07 7.61E+04 2.48E+04 5.76E+04 -2.14E+03
Kruskal-Wallis test tumour only vs CAR19-T vs CAR19-iNKT at engraftments: ns (P=0.9144)

Kruskal-Wallis test tumour only vs CAR19-T vs CAR19-iNKT at endpoint: P<0.0001

Wilcoxon test (paired) CAR19-iNKT at engraftments vs endpoint: P<0.0001

Radiance: p/sec/cm2/sr
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6.7 CAR19-iNKT cell second complete responses of lymphoma relapse

In 4 CAR19-iNKTcell-treated mice, after initial clearance of systemic lymphoma, relapse
including brain disease developed at a later stage. Remarkably, in all 4 mice this secondary
disease eventually regressed leading to long-term survival (Figure 6-26) and consistent with
long-term persistence and ability for secondary anti-tumour responses by CAR19-iNKT cells.

Further immunohistochemistry analysis confirmed the absence of residual disease and any sign
of neurological damage, suggesting that CAR19-iNKT cells may deliver anti-tumour therapeutic

activity in the brain without significant neurotoxicity (Figure 6-27).
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Figure 6-25 Tumour burden profiles

Whole body BLI activity recorded throughout the duration of the experiment from tumour-only control,
CAR19-T and CAR19-iNKT treated groups. A typical ‘hump’ profile, associated with robust, sustained
second remission, was observed in 4 animals receiving CAR19-iNKT immunotherapy but in none within
the other groups.
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Figure 6-26 Second remissions in CAR19-iNKT mice

Longitudinal BLI images and dynamics of radiance activity are shown for each animal. Relapse occurred
between 17 and 26 days following immunotherapy. In 3 mice, a second CR was documented by BLI. In
the 4th mouse a partial remission could be documented, due to restricted access to the IVIS instrument
from day 70 (+59 post itx) (§). However, all mice survived until the end of the experiment with no
clinical signs of tumour progression as assessed post mortem by fluorescence imaging, flow cytometry

or immunohistochemistry (not shown). ND: not detectable.
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Figure 6-27 Absence of CAR19-iNKT
related neurotoxicity

Representative immunohistochemistry
analysis of brain tissues from F3.2
mouse at the end of experiments



6.8 Discussion

Assessment and validation of CAR-T therapies in in vivo models has been a key component of
current clinical trial success, providing valuable information for the optimization of CAR-T

*%7 Different experimental approaches addressed specific questions, e.g. ‘stress-

technology
test’ models, based on T cell doses purposefully reduced to levels where CAR therapy begins to
fail, address the potency associated with different CAR co-stimulatory configurations®®®;
humanized xenograft models evaluate cancer growth and response to CAR-based treatments in
the context of a human immune system and resultant tumour microenvironment*; patient-
derived xenografts (PDX) recapitulate the heterogeneity and complexity of patients’ disease for

29 Therefore, there is not a gold

more accurate prediction of CAR immunotherapy outcome
standard and the choice of the ‘appropriate’ setting, e.g. in terms of host, target cells and

therapeutic schedule, is largely dependent on the contingent scientific question.

For the purposes of my study, | aimed to functionally validate my novel CAR19-iNKT cell
product in vivo and confirm the potential to eradicate human CD1d" B cell lymphoma cells in

the long term.

To date, there is no literature describing the use of a systemic xenograft model of CD1d" B cell
lymphoma. A number of studies addressed the CD1d-mediated anti-lymphoma activity of iNKT
cells only in orthotopic murine systems, mainly due to the poorer persistence of human iNKT
compared to conventional T lymphocytes in mouse xenografts*'#2>%2°2257,

The C1R-CD1d cell line has been largely employed in functional studies involving iNKT

218270273 'On this basis, CIR-CD1d cells served as targets for part of my in vitro cytotoxicity

cells
tests. Bagnara et al. first reported on the feasibility of an in vivo assay based on human C1R-
CD1d engrafted mice to evaluate the therapeutic efficacy of adoptively transferred human
iNKT cells®. Hence, having successfully engineered C1R-CD1d cells to express firefly luciferase,
| established a novel C1R-CD1d xenograft model. Importantly, while Bagnara et al. used the
NOD/scid strain and induced subcutaneous disease, | chose NSG mice and iv tumour injections.
Compared to NOD/scid, in NSG mice the innate immunity is more severely compromised, with
complete lack of NK cells, associated with defective DC and macrophages as well as absent

274,275

mature B and T cells . Therefore, the risk of observing spontaneous tumour remissions due
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to residual host immunity is virtually eliminated. In addition, by using the iv route, | could
establish a clinically more relevant model of systemic disease. A first set of titration
experiments confirmed that administration of 1-5 x10° cells, i.e., the same dose used by
Bagnara et al., was well tolerated upon iv injection and was appropriate to ensure engraftment
in multiple body segments, with diffuse active photon signal in the head, chest, abdomen and

limbs areas.

For CAR19-iNKT cell adoptive transfer, | chose to test 2" generation CAR-engineered cells with
a schedule of 10 x10° cells per mouse in a single infusion without adjuvant therapies, namely
aGalCer and IL-2. This scheme was purposely aimed to validate the fitness and efficacy of my
CAR19-iNKT product in a ‘stress-test’-like setting for iNKT cells, using lower cell doses than

those effective in xenograft models®*

, while being suitable for simultaneous comparison with
conventional CAR19-T cells. With respect to the anticipated response in a hypothetical iNKT
cell scenario, Bagnara et al. observed a reduction of C1R-CD1d masses in their model only after

251 Schedules based

using repeated iv infusions of 2x10” iNKT cells in combination with aGalCer
on fewer effectors or single administrations were generally ineffective or led to only transient
reduction of low-burden nodules (1 x10° C1R-CD1d cells) for about 48-72h prior to rebound
tumour progression®>*. Therefore, a better disease control in my model would indirectly
suggest a superior anti-lymphoma activity of my CAR19-engineered compared to unmodified
iNKT cells. Notably, the Metelitsa group reported that the therapeutic activity of their CAR-
iNKT product at the dose of 1x10’ cells required weekly iv infusions or adjuvant IL-2 every 3

48,49

days™. In addition, such schedule seemed to effectively prolong survival of cancer-bearing
xenografts treated with 3" generation but not 2" generation CAR-engineered iNKT cells.
Finally, the surprisingly limited success of their CAR-iNKT immunotherapy was reported in the
context of a humanized model where, owing to iNKT cell regulatory and trans-activating
functions, the co-existing human immune cells would be expected to amplify the CAR-iNKT
cells anti-tumour activity*®. Hence, a better outcome in my model would be also suggestive of

improved fitness and superiority of my CAR19-iNKT cell product over the only other one

available in the literature.
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In relation to the comparison with CAR19-T cells, my model was suitable for a fair side-by-side
assessment. First, since the best clinical results have been achieved in CAR-T trials using 2"
generation configurations and AICD may undermine the long-term performance of 3"
generation CAR-T** but not CAR-iNKT cells, | focused on 2" generation CAR19-engineered cells.
In addition, CD28-based CAR constructs have been successfully used to engineer iNKT and T
cells. Specifically, one of the only two FDA-approved CAR19-T products is CD28-based
(Yescarta) and CAR-iNKT cells carrying diverse 2" generation configurations did not exhibit any
major functional disparity*®, thus CD28 resulting appropriate for both effectors.

Second, proof-of-principle studies often employed single infusions of 1x107%°*?’® (and

277,278

sometimes higher doses of) CAR-T cells to investigate their therapeutic activity at their

maximum potential.

With respect to the matter of xenogeneic GvHD (xeno-GvHD), the estimated risk associated
with the use of T and CAR19-T cells in my model was minimum, with no concerns about bias
that could potentially influence the experimental outcome. Xeno-GvHD is generally associated
with slow tumour models. The longer the survival of tumour-only control mice, the longer the
follow-up required to observe a survival advantage in the treated group. C1R-CD1d engrafted
animals exhibited a tumour growth rate similar to Raji and Daudi B cells models, with an

49,260,279

anticipated period of observation of 2-3 months . Some authors described the

occurrence of xeno-GvHD in NSG mice as early as 50-55 days after engraftment of CAR-T cells,

with an average of 79 days*®.

As a result, the affected mice had to be culled in
partial/complete disease remission because of the onset of xeno-GvHD symptoms, i.e., too
early to confirm a tumour-free survival advantage compared to tumour-bearing control-only
animals. However, those cases were reported in association with CAR-T cell doses as high as

2x10’ cells or more and in vitro culture with IL-7 and IL-15 but not IL-15 alone?°

. By contrast, |
planned to infuse lower CAR-cell doses, manufactured with IL-15 only. Furthermore, given that
iNKT cells do not incite xenoreactivity, there was actually the opposite risk, if any, that the
CAR19-T cell bias could play ‘against’ CAR19-iNKT cells and generate artifactually better

outcomes in favour of CAR-T immunotherapy.
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Indeed, in all my three experiments | observed signs of xenoreactivity in CAR19-T but not
CAR19-iNKT recipients, consisting of very well-defined, coin-like alopecia lesions on the face
(Figure 6-14) and dorsum, with intact skin and no associated BLI signal. However, no mouse
developed GvHD syndrome, as defined by more than 10% loss of weight and any degree of
hunching, hypoactivity, ruffled fur and scaling skin that could not be attributed to tumour
progression263. Eventually, all animals that received immunotherapy were evaluable for

analysis at the end of the study.

Primary endpoints were overall survival and tumour-free survival. In concordance with the in
vitro findings, my in vivo model of CD1d"CD19" B lineage malignancy demonstrated the
enhanced anti-tumour effect of CAR19-iNKT over CAR-T cells in terms of both overall and
tumour-free survival. To my knowledge, this is the first time that human iNKT cell-based
adoptive cell therapy results to be superior to T cell-based strategy in a xenograft model. This is
likely to be due to the significantly more robust anti-tumour effect of CAR19-iNKT cells in the
first few days post-immunotherapy and was perhaps a reflection of both the combined
iTCR/CAR19-mediated cytotoxicity and the inherent innate-like reactivity of iNKT lymphocytes,
which act to orchestrate emerging immune responses well before conventional T cells®®*. Of
note, in line with this, Bagnara et al. demonstrated a reduction in the size of C1R-CD1d-derived
tumours within 48-72 hour after iNKT cell transfer®’. Likewise, Heczey et al. found that in CAR-
iNKT treated-xenografts clinical responses were associated with early cytokine release by CAR-
iNKT cells in vivo®, suggesting that the iNKT cell platform has indeed the potential for a swift
reactivity that is highly predictive of positive outcome. Notably, the ability to clear the
malignant cells early after CAR-immunotherapy, without requiring long-term persistence of
CAR-cell effectors, has been identified as a key determinant of complete disease eradication

and prevention of antigen negative relapses*’.

Finally, CAR19-iNKT cells likely effectively eliminate brain and relapsed lymphoma. Again, this
represents the first pre-clinical evidence of a CAR-based approach controlling brain
lymphomas, which complicate the course of up to 10% NHL patients®®* and make up 3% of
primary CNS neoplasms®®, thus being an unmet challenge in B cell malignancies. While CAR-T

cells failed to control brain disease, which caused death in a number of CAR19-T treated
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animals, in CAR19-iNKT cell recipients an almost uniform eradication of brain lymphoma was
seen with no residual neurotoxicity, consistent with the ability of CAR-iNKT cells to safely cross
the blood-brain barrier. Furthermore, only CAR19-NKT recipients experienced regression until
complete remission of relapsed brain disease, suggesting long-term persistence of functional

CAR19-iNKT cells.

One argument against the hypothesis that CAR19-iNKT cells can control better brain disease
could be that | have never demonstrated the presence of CAR19-iNKT cells in vivo.

In my model, BLI monitoring was used to follow tumour growth. Flow cytometry and
histological analysis were performed only at humane endpoints or at the end of the
experiment to confirm the cause of death and the tumour phenotype. As such, | could confirm
the presence of human CD19" (hCD19") cells in all tumour-only, T- and iNKT- treated animals.
The group of CAR19-T recipients that died with active progressive BLI signal, yielded hCD19"
cells by both methods and in a fraction | could demonstrate the presence of human CD3"
(hCD3%), i.e., CAR19-T cells, in brain tissue sections by IHC. Interestingly, hCD3" cells had a
characteristic ‘inter-follicular’ pattern, reminiscent of that of exhausted T cells unable to

infiltrate into foci of lymphoma B cells*®*

. By contrast, most CAR19-iNKT mice were culled at
the end of the planned 90-days monitoring in complete remission. The very few animals
showing signs of lymphoma at their last follow-up resulted consistently hCD19" but hCD3~
upon flow cytometry/IHC assessment. One explanation could be that these animals reflected
cases where CAR19-iNKT cells failed to engraft/persist and therefore could not be detected. On
the other hand, it cannot be excluded that the therapeutic efficacy of CAR19-iNKT cells was
independent on their long-term persistence in tumour-engrafted animals and was rather
determined by early clearance of all malignant cells upon immunotherapy. On this assumption,
no hCD3" cells could be detected in any CAR19-iNKT cell recipient and the mice that died
reflected the cases of animals with incomplete eradication ab initio. Such hypothesis would be
also supported by observations in CAR19-T trials where patients in complete remission
maintain long-term responses, compatible with cure, irrespective of the lack of detectable
CAR19-T cells relatively early after immunotherapy, associated with parallel recovery of normal

but not malignant B cells*®>287 39288,
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Yet, this would not explain the 2" remission after late relapses. In this regard, it is unlikely that
disease elimination could be attributed to spontaneous tumour regression. None of the 18
tumour-only control mice, including 3 animals engrafted with lower C1R-CD1d cell numbers in
the first pilot experiment, exhibited reduction/loss of photon signal throughout the
experiment. Similarly, an equal number of CAR19-T animals developed late relapses at the
same time of CAR19-iNKT cell-treated mice, but none of them achieved a second remission.
Those CAR19-T animals died early after relapse and cyto/histological analysis confirmed the
presence of CD19" cells. By contrast, CAR19-iNKT did not undergo extensive cyto/histological
assessment early after relapse due to achievement of second remission within two weeks, a
timeframe similar to that of the first remissions. Moreover, by the end of the 90-days
monitoring there were no signs of active disease by BLI.

Although it remains to be formally demonstrated, it is conceivable that CAR19-iNKT cells
directly drove those relapsed mice into remission. Specifically, it can be hypothesized that few
residual C1R-CD1d cells survived to the first CAR19-iNKT cell attack and were responsible for
the late clinical relapse. On the other hand, few reactive CAR-iNKT cells persisted and when the
stimulator-to-responder ratio in vivo became ‘effective’, CAR19-iNKT cells activation and
expansion led to an effector-to-target ratio capable to control disease till eradication. In fact,
this is what has been observed in patients who developed the deepest and more sustained
responses in CAR19-T trials. Moreover, the ability to patrol the tumour site and prevent or
control clinical relapses, even in the absence of first complete elimination of cancer cells, have
been regarded as one of the key for successful outcome of CAR-immunotherapy.

Finally, it cannot be rule out the possibility of organ segregation and lack of CAR19-iNKT cell
detection due to tissue sampling. Of note, in keeping with all the above, Bagnara et al. could
never demonstrate the presence of iNKT cells in C1R-CD1d-free mice culled at the end of their

experiment5251.
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7 Conclusions & Perspectives

Chimeric antigen receptor T cell immunotherapy has dramatically changed the therapeutic
prospects for B cell malignancies'’. Over the last decade, CD19-redirected T lymphocytes have
been proven to have the ability to induce deep, long-lasting remissions and possibly cure in
patients with acute and chronic B cell neoplasms where all previous lines of treatment had

failed®**°. Such impressive results led to the first approvals for autologous CAR19-engineered T

193,289

cell products and also fostered efforts to even extend the CAR technology to other

46,290

incurable malignancies . However, definite progress has been hampered by the high rate of

3 40,41

lack of efﬁcacy23 and disease relapse™ ", including CD19-negative reIapse5234, as well as

54,58-70
.In

severe, life-threatening toxicity, mainly cytokine release syndrome and neurotoxicity
refractory patients, active disease may also negatively impact on the ability to manufacture
CAR-T cells in a timely manner, while in the case of disease remission, autologous T cells may
be defective and not compatible with the generation of fully functional CAR-cell products as a
result of previous lines of treatment™. In an effort to improve efficacy and versatility of the
CAR technology, allogeneic T lymphocytes have been regarded as a suitable alternative to
patients” own cells, although the risk of aGvHD remains a main concern and, together with
important logistical difficulties, represents the main limitation to widespread application®".

Finally, long-term financial sustainability may put at risk the future of CAR-T therapies, thus

emphasizing the need for cheaper platforms®'.

For all the above reasons, iNKT cells represent an attractive, promising alternative to

conventional T cells in cancer immunotherapy. Importantly, their direct and indirect anti-

92,103-113 144,147,148

tumour activity as well as potential for universal use , combined with the

feasibility of in vitro and in vivo manipulation by means of an iNKT-specific MoAb (6B11) and

106,114-121,168 suggest that they can be exploited to develop a more effective

agonist (aGalCer)
CAR-immunotherapy. Central to iNKT cell biology is their restriction by the non-polymorphic
HLA I-like molecule CD1d, which is mainly expressed on antigen presenting cells, including

127-131

normal B cells and their CD19" malignant counterparts . Therefore, | hypothesized that

equipping iNKT cells with a CAR19 would potentially achieve dual targeting of CD1d and CD19
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on the same clonal cells by the endogenous iTCR and the CAR19 respectively, thus enhancing

the overall anti-lymphoma effect.

Previous studies demonstrated the feasibility of CAR-engineering of iNKT cells and their pre-
clinical activity against neuroblastoma® and CD1d"CD19" B cell lymphoma cell lines®. Yet,
successful manufacturing of CAR-iNKT cells remains a relatively recent achievement and limited
to the expertise of a single group, with a dearth of information about how best to manufacture
CAR-INKT cells. In addition, CAR-iINKT cells have not been tested against patient-derived
lymphoma cells and there are no data generated from direct comparative analysis of CAR-T

and CAR-INKT cells.

Thus, during my PhD work, | aimed to develop and optimise a protocol to manufacture clinical
scale CAR19-iNKT cells and test the hypothesis that CAR19-engineered iNKT cells may deliver a

more effective immunotherapy than conventional T effectors in CD1d" B cell malignancies.

First, by testing five different protocols (and relative variants) through meticulous step-by-step
optimization, | found that upfront selection followed by lentiviral CAR19 transduction of
CD3/CD28-activated iNKT cells, in the presence of IL-15 and autologous irradiated PBMCs,
consistently generates highly transduced CAR19-iNKT cells. Such procedure is substantially
different from the only other one available in the literature, it is more efficient, versatile and
cost-effective and suitable for fresh and frozen materials, equally derived from healthy donors
and cancer patients, in remission as well as with active disease. Importantly, as low as 1,000
starting iNKT cells are sufficient to ensure large scale numbers of pure CAR19-iNKT cells in a
relatively short time of ex vivo manipulation, while offering the opportunity to dramatically cut
the costs related to the manufacturing reagents. Further in vitro validation highlighted 4
distinctive features of my CAR19-iNKT cell product: 1) excellent expandability, greater than
conventional CAR19-T, predictive of higher therapeutic efficacy in relation to the more
pronounced and sustained proliferative response to target cells; 2) preservation of the CD4~
fraction, which, compared to CD4" iNKT cells, displays a more polarized Th1 cytokine profile; 3)
more robust cytotoxic potential than same-donor CAR19-T cells on the basis of the production

of larger amounts of toxic granules and interferon-y and the presence of a significantly higher
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proportion of polyfunctional effectors cells; 4) resistance to immune cell exhaustion upon

repeated stimulation and exposure to cancer targets.

Next, | functionally characterized and in vitro validated my CAR19-iNKT effectors by testing
their cytotoxic activity against an array of cancer cell targets expressing different combinations
of CD1d and CAR19. By using the non-lymphoid CD1d CD19 K562 cells engineered to express
CD1d and CD19 singly or in combination, | found that the iTCR and CAR19 are both functional
and mediate co-operative killing by CAR19-engineereed iNKT cells, thus demonstrating that
CAR19-iNKT are dual specific, they are capable of killing single positive CD1d"CD19™ and CD1d"
CD19" targets and more effectively CD1d"CD19" co-expressing cancer cells, and their cytotoxic
activity is further enhanced by their glycolipid ligand aGalCer against CD1d" targets. When
tested against B cell lineage targets displaying different levels of CD1d and CD19 antigens, |
demonstrated that CAR19-iNKT cell cytotoxicity correlates with the antigen density and is
potentiated in association with higher exogenous expression compared to constitutive lower
levels of CD1d and/or CD19. Side-by-side comparison with same-donor CAR19-T cells showed
that CAR19-iNKT cells kill more effectively CD1d* B cell lymphoma cell lines. Subsequent
dissection by conjugate analysis and assessment of long-term Kkilling activity coupled with
proliferative response to cancer cells, suggested that CAR19-iNKT cell superior cytotoxicity is
underpinned by faster reactivity, minimal susceptibility to AICD and striking proliferation upon
target engagement, particularly for 3" generation CAR19-iNKT, with a unique potential for
complete disease eradication. Finally, evaluation against primary CD1d"CD19" malignant cells
from patients with relapsed, refractory MCL and MZL, confirmed that dual specific targeting of
lymphoma cells by CAR19-iNKT effectors can lead to better outcome than conventional CAR19-
T immunotherapy, even in the absence of iINKT-specific agonists, with low risk of on-target, off-
tumour toxicity as suggested by the lack of specific cell death within autologous patients’

monocytes.

| then explored the feasibility of combinatorial approaches that would allow to further enhance
the anti-lymphoma activity against difficult-to-treat diseases, and possibly exploit the anti-
tumour potential of CAR-iNKT cells against CD1d"" and CD1d™ disorders, by using primary B CLL

cells, which express constitutively low or no CD1d relative to normal as well as MCL and MZL
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malignant cells. Importantly, | confirmed that CAR19-iNKT cells can effectively kill B CLL cells,
with further enhancement in the presence of aGalCer, and transcriptional modulation of CD1d
by clinically relevant doses of ATRA, which are widely used for treatment of other blood
cancers and solid tumours, such as APL and poor-prognosis neuroblastoma, led to additional,
CD1d-driven improvement of CAR19-iNKT but not CAR19-T cell cytotoxicity against ATRA-

treated CLL cells.

Finally, in a systemic in vivo model of CD1d*CD19" B cell malignancy, a single infusion of CAR19-
iNKT cells, without any adjuvant treatment, was associated with significantly improved overall
and tumour-free survival of lymphoma-bearing mice and better overall outcome compared to
CAR19-T treated animals. That could be at least in part explained by a swifter and more robust
reactivity of CAR19-iNKT cell in vivo, with subsequent complete disease eradication early upon
infusion. Remarkably, control of brain tumour and induction of second complete remissions
without any residual neurotoxicity was only observed in CAR19-iNKT cell-treated animals. This
would be consistent with CAR19-iNKT cells having the capacity to effectively cross the blood-
brain barrier, co-existing with a potentially safe profile and the propensity to persist and resist
immune exhaustion to a greater extent than conventional T cells, all features of high clinical
value for the development of effective immunotherapy of brain lymphoma and other brain

cancers.

To conclude, my PhD work has generated some new piece of evidence relevant to the field of
cancer immunotherapy. In the future, my results might have important implications.

First, the demonstration for the first time of the superiority of CAR19-iNKT over CAR19-T cells
against CD1d+ B malignancies, together with the confirmation of the feasibility of iNKT cells
engineering, lay the foundations for further clinical translation and investigation in clinical
trials.

Second, similar manufacturing processes, while allowing to work with more ‘homogeneous’ T
cell populations and improve the unpredictable outcomes associated with heterogeneous bulk
T populations, might be in principle applied to successfully manipulate other rare T cell subsets

with different biological properties.
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Third, employment of iNKT cells would be associated with the almost unique opportunity for a
more versatile, off-the-shelf and ready-to-use reagent, since unlike conventional allogeneic T
lymphocytes, allogeneic iNKT cells protect from aGVHD, thus being suitable for manufacturing
from third-party, universal healthy donors.

Fourth, the inherent iNKT cell regulatory properties and innate-like reactivity suggest that
lower cell doses might be required than those currently infused in CAR-T trials, resulting in a
more sustainable technology in a long-term.

Finally, molecular dissection of CD1d regulation gives hope for combinatorial strategies with
transcriptional and possibly epigenetic treatments that may allow surface CD1d restoration in
CD1d-negative diseases, thus broadening the landscape of potential disorders that might
benefit from a CAR-iNKT based immunotherapy. Similar mechanistic approaches may provide
new insights to ‘on demand switch-on/switch-off relevant target antigens, without the need of

extra genetic manipulation, thus opening up to novel, exciting avenues for seriously ill patients.
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