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Abstract

Adoptive cell therapy using chimeric antigen receptors (CARs) has been shown to
be extremely efficacious in a number of relapsed and refractory blood cancers.
Conversely, T-cell receptor (TCR) based adoptive cell therapy has so far not been as
successful. While the two approaches differ in many aspects, including receptor structure,
antigen structure and presentation, and cancer types treated, one key distinction is that
TCR-based therapies do not contain autochthonous co-stimulatory support. As the
addition of co-stimulation onto CARSs was a key advance that led to clinical potency, |
hypothesized that the addition of co-stimulation to the TCR would likely advance the

utility of TCR-based therapies.

Initial strategies involved the direct fusion of co-stimulatory intracellular domains
onto the TCR chains or onto CD3 molecules with which the TCR associates on the cell
surface. While these strategies showed some promise in vitro, including increased
cytokine secretion and proliferation, consistent with functional co-stimulation, in vivo, in

a variety of tumour models, anti-tumour efficacy was not improved.

These observations suggested that a TCR independent co-stimulatory molecule
would be a more viable strategy. To this end, we designed a receptor, “80BB”, that
would provide co-stimulation through two extensively studied pathways, CD28 and 4-
1BB, relying on the extracellular domain of CD80, a natural agnostic ligand for CD28,
and the intracellular domain of 4-1BB. Engineered cells endowed with 80BB exhibited
increased cytokine secretion, proliferation, and enhanced tumouricidal in vitro. In an
aggressive B-ALL murine model, we observe improved anti-tumor efficacy, T-cell

accumulation, decreased expression of dysfunction-associated genes and increased



expression of cytotoxicity genes following endowment of the 80BB receptor onto the

therapeutic T-cells.

We further studied the interaction network of this new molecule, confirming that
the 4-1BB domain is functional, that the extracellular CD80 domain binds to both
canonical ligands, CD28 and CTLA-4, and that both of these interactions lead to 4-1BB
co-stimulation. Finally, we showed that tumour infiltrating lymphocytes (TILs) endowed
with 80BB were better able to control an autologous patient-matched tumour cell line in

vitro and in vivo in a TCR agnostic manner.

Overall, through the work we translate key lessons from the CAR field to

engineered TCR T-cells and TILs, significantly improving their preclinical efficacy.
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Chapter 1 — Introduction

There is ample evidence that cancer progression is antagonized by a functional
immune system®. Immunotherapies, which comprise a broad class of therapeutics that
attempt to augment the anti-tumour response including adoptive cell therapies, immune
checkpoint blockade therapies, cancer vaccines, agonist antibodies and BIiTEs, capitalize
on and stimulate this intrinsic immune property?*. Over the last 15 years, the field of
immunotherapies has led a number of highly specific therapies that have graduated
beyond clinical trials and have been proven to lead to improved patient outcomes across a
diverse array of cancer malignancies, including melanomas, leukemias, lymphomas,
bladder cancers, breast cancers, esophageal cancers, liver cancer, lung cancers and many
others®®. While highly efficacious, these therapies are still limited to a relatively small
number of malignancies and do not induce responses in all patients treated.
Investigations are underway to broaden their applicability and increase their efficacy

while decreasing adverse events.

Cancer vaccines

Coleys’ Toxins composed of live and inactivated bacteria injected into inoperable
tumours is the earliest documented case of immunotherapy* 8. A more contemporary,
clinically approved, therapy uses the Bacillus Calmette Guerin (BCG) vaccine injected
directly into the bladder to induce an immune response and treat bladder cancers® °,
Cancer vaccines are therapeutics that are postulated to both directly attack the cancer and
indirectly induce the development of a patient’s own immune response against their

tumour® 1011,



Another cancer vaccine strategy takes advantage of antigen presenting dendritic
cells (DCs) that are loaded with patient-specific antigens in vitro and subsequently re-
infused, possibly along with adjuvants to activate a T-cell in an inflammatory context'?
13 Sipuleucel-T is an approved DC vaccine, in which DCs are isolated from a patient,
pulsed with prostate-specific protein and a cytokine, and subsequently re-infused!*. The
exact mechanism has not been clearly delineated, but likely involves the presentation of
antigens to T-cells, and the initiation of T-cell anti-tumour response®®. While beneficial,
the overall survival benefit of Sipuleucel-T is 4.1 months, and no further DC vaccines
have been approved!®8, In light of additional developments in the field of
immunotherapy, combinations of antigen-loaded DC cells and checkpoint blockade
therapies are under investigation!®2°, The advent of mMRNA technology has also allowed
for the development of in situ cancer vaccines where an mRNA coding for a tumour
neoantigen or tumour associated antigen is injected into the patient?:?2, DCs and other
antigen presenting cells (APCs) express the mMRNA and induce the development of a de
novo immune response. MRNA vaccines are highly promising, and clinical trials are

ongoing alone or in combination with other immunotherapies®® 22,

Immune checkpoint blockade antibodies

Immune checkpoint blockade antibodies are a highly successful clinical approach
that takes advantage of an already-present T-cell repertoire® 23, They have been licensed
for a number of indications including melanoma, non-small cell lung cancer, renal clear
cell carcinoma and others®. Upon activation, T-cells express inhibitory molecules to limit

their activation, such as PD-1 or CTLA-4, which bind tumour-expressed inhibitory PD-



L1 or compete for co-stimulatory CD80, respectively?* 2°, Checkpoint blockade
therapies act by blocking these inhibitory proteins from interacting with their ligands,
either by biding the inhibitory proteins directly (ipilimumab, nivolumab) or by binding
their ligands (atezolizumab, durvalumab)®. There is evidence to suggest that the two
most common targets, PD-1 or CTLA-4 lead to therapeutic improvements through
different mechanisms®. CTLA-4 blockade abolishes the inhibitory role of CTLA-4
during initial T-cell priming and leads to fresh T-cell influx into the tumour, while the
PD-1 pathway inhibitors are though to act on pre-existing T-cells, leading to their
increased activity®. Some studies have also suggested that CTLA-4 blockade is able to
bind tumour microenvironment associated Tregs and lead to their ablation via antibody
mediated cytotoxicity®. Since this therapy depends on triggering a more potent immune
endogenous immune response, tumour mutational burden is a correlate of outcome in
patients receiving immune checkpoint blockade therapies?’. Efforts to increase the
efficacy of this therapy have led to the ongoing investigations of other T-cell inhibitory

checkpoints have investigated including Lag3 (relatlimab), and Tim3 (cobolimab)?: 2°,
TIL therapies

Immune checkpoint blockade antibodies seek to re-functionalize an immune
response directly within a patient. Tumour infiltrating lymphocyte (TIL) therapy
conversely uses T-cells isolated from a tumour resection and cultured in stimulatory
conditions in vitro for therapy® 3L, Typically, the T-cells are expanded in high dose IL-2
and subsequently re-infused with the patient receiving further IL-2 to bolster the immune

response. Similarly to checkpoint blockade, this approach takes advantage of a natural



polyclonal TCR repertoire already present within a patient. TILs have recently been
identified as more efficacious than second-line checkpoint blockade therapy, although
given the associated pre-conditioning and post-condition regiment, 100% of the TIL-
treated patients had grade 3 or higher adverse events®?. Efforts to make TILs independent
of exogenous cytokines, which are a major source of adverse events, have focused on
engineering TILs to constitutively or inducibly express their own IL-2 or 1L-123334,

TILs engineered to express IL-2 did not exhibit increased persistence, while 1L-12
secretion was associated with hepatic toxicity. There are ongoing clinical trials to
investigate TILs co-infused with checkpoint blockade therapies or expressing a chimeric

co-stimulatory receptor to advance this therapy further® 3¢,

TCR engineered therapies

While TILs and immune checkpoint blockade use a naturally developed T-cell
repertoire, TCR engineered therapies are adoptive cell therapies where an exogenous T-
cell receptor (TCR) is introduced onto healthy T-cells to redirect them towards novel
targets®”. Unlike strategies that rely on the endogenously generated T-cell repertoires,
this strategy also allows for engineering of the TCR itself via affinity optimization and

the targeting of self-antigens®® 3° or further cell engineering to bolster cell efficacy®.
Clinical relevance of TCR-targeted adoptive cell therapies

Similarly to TIL and checkpoint blockade therapies, TCR-engineered adoptive
cell therapies allow for the targeting of intracellular antigens, possibly including single

nucleotide polymorphisms and tumour driver mutations, but unlike those therapies, they



can be engineered with a carefully selected and engineered TCR targeting an essential
mutation, such as mutant KRAS®" 4142 Other TCR therapies focused on tissue-restricted
self-antigens such as MART-1 or cancer germline antigens, such as NY-ESO-1 which are
though to be targetable with acceptable safety profiles®’. While this remains a highly
promising therapeutic modality, the patient outcomes have been limited, especially when
compared to chimeric antigen receptor based adoptive cell therapies®® 4344, Factors such
as insufficient adoptive T-cell proliferation, limited persistence, highly differentiated
starting cells and poor function within an inhibitory tumour microenvironment have all
been implicated in poor T-cell therapeutic function®” 4, The lack of co-stimulatory
ligands within the tumour microenvironment is likely another reason behind poor T-cell
efficacy®. Tumour-intrinsic factors, such as loss of HLA expression or changes in the
proteasomal processing of proteins have also led to treatment ineffectiveness, suggesting

a polyclonal approach may be required to prevent tumour escape®’ %6,

TCR structure and function

The TCR is composed of two TCR chains (a and 8) which contain no known
signalling motifs, associated with a complex of CD3 signalling proteins composed of
CD3{Z, CD3¢d and CD3¢y dimers*” 8, The two TCR chains are composed of constant
regions and variable regions that are pseudo randomly generated through a series of
genetic rearrangements and mutations in each developing T-cell in the thymus. The TCR
uses its variable regions to bind and detect antigens presented through human leukocyte
antigens (HLAS), a set of proteins expressed on the vast majority of human cells. T-cells
that fail to generate a surface-expressed TCR or a TCR that shows excessive self-

reactivity to self peptides do not persist.



Unlike the TCR chains, the CD3 molecules do not undergo rearrangement or
mutations, but endowed with immunoreceptor tyrosine-based activation motifs (ITAMS)
which are responsible for initiating the downstream signalling pathways*®. TCRs require
CD3 chains for cell-surface expression and interact through a series of charged residues
in their transmembrane regions®®. To ensure that each TCR heterodimer is equipped with
the requisite assortment of CD3 chains, the CD3ed and CD3ey dimers are equipped with
intracellular retention signals that are inactivated by subsequent CD3¢{ dimer binding,
which is the last and limiting step of TCR cell surface expression®. In a complete
TCR/CD3 complex, there are 10 ITAMs, a feature that has been shown to be essential for
the TCR’s high sensitivity, allowing for the detection of as few as 1-10 peptide targets®!-
%3, 3 ITAMs come from each of the CD3Z chains, and the remainder of the CD3 proteins
are endowed with 1 ITAM each. While the precise individual roles have not been
entirely elucidated, there is evidence that the different ITAMs are not interchangeable®*
%5, Furthermore, there are a number of other signalling sites present on various CD3
components, such as the CD3¢ basic rich stretch (BRS) and proline-rich sequence (PRS),
which have been shown to interact with downstream proteins Lck and Nck,
respectively®®. The CD3e BRS and the CD3{ BRS have also been shown to interact with
the inner leaflet of the cell membrane in resting T-cells, controlling access to the

signalling motifs contained therein®®.

TCR antigen recognition and co-receptors

The TCR recognizes peptides presented by HLA class 1 or class 2 molecules,
which largely present digested peptides sampled from the cytoplasm or Golgi and

endosomes respectively. All cells except for gametes and red blood cells present class 1

6



HLAs, while class 2 HLA expression is more restricted. HLA class 2 is limited to
professional antigen presenting cells and T-cells in humans, however other cell types can
upregulate class 2 HLA molecules upon interferon-y stimulation. T-cells are restricted to
specificity for either class 1 or class 2 HLA molecules based on the co-receptor they
carry. As part of development, T-cells are endowed with either a CD8 or CD4 co-
receptor, which allows them to bind class 1 or class 2 HLA molecules. A classical T-cell
activation model suggests that the co-receptor recruits Lck to the TCR-HLA complex,
however recent evidence that not all co-receptors are endowed with Lck highlights that
this may not be required, and the co-receptor may largely serve a role in stabilizing the

TCR-HLA interaction®"-°,

TCR signalling

Three models of TCR activation that explain the TCR’s exquisite sensitivity have
been proposed, and the process likely involves features from all three models. The
kinetic proof-reading model posits that a series of relatively slow reversible steps have to
occur prior to commitment occurring in the form of an irreversible signalling step.
Upon TCR-HLA interaction, Lck must be recruited to the complex, and phosphorylates
the ITAMs on the CD3 chains. One version of the model suggests that the TCR-HLA
complex sequentially interacts with multiple co-receptors until it encounters one with a
bound Lck, which requires that TCR-HLA interaction persist for a certain duration until
this process is complete®’. The phosphorylated ITAM motifs in turn recruit Zap70, which
must also be phosphorylated by Lck for activity. Zap70 further propagates the signalling
cascade by targeting linker for activation of T-cells (LAT), which is an adaptor protein

that recruits multiple further signalling proteins, including PLCy1, Grb2, Gads, ultimately

7



leading to NFAT, NF-kB and AP-1 signalling®. The outcome of NF-kB and AP-1
signalling pathways appears digital regardless of the strength of antigen binding, while
the NFAT pathway appears to have a graded response®%3. The phosphorylation of LAT
has been hypothesized to be the irreversible signalling step that commits the T-cell to a

digital TCR response®.

Another TCR signalling model, the kinetic segregation model suggests that the
ITAMs of CD3 are stochastically phosphorylate and dephosphorylated by various free
kinases and phosphatases, such as CD45, present near the cell membrane®®. Upon
successful interaction between a TCR and its peptide-HLA target, the large and rigid
extracellular domain of CD45 forces its exclusion from the TCR-HLA contact area,
which leads to increased localized ITAM phosphorylation and subsequent signalling as
described above. In line with this model, there is evidence that the various splice variants
of CD45, which have been associated with T-cell differentiation and memory states,
contribute to the differential sensitivities observed in those cells directly by the size of

their extracellular domains®.

Finally, the third model of TCR signalling involves a structural change upon
TCR-HLA binding, which is transmitted to the CD3 complex, and in turn leads to
signalling®’. It has been suggested that this structural change gets propagated to the CD3
complex and leads to the membrane associated CD3( and CD3¢ chains to dissociate from
the membrane and become accessible for subsequent signalling. Recent structural work
comparing a TCR bound to its target and an unbound one found few changes,

disfavouring this model*’.



Exogenous TCR engineering considerations

As T-cells naturally express an endogenous TCR, an exogenously introduced TCR
can mispair, limiting its efficacy and possibly lead to novel off-target reactivity® . In
light of these limitations, multiple strategies have been proposed to minimize this
mispairing, including the use of murine constant chains, human yd constant regions in the
exogenous TCR, and the addition of exogenous cysteines leading to artificial disulfide
bonds®”-"%. While these strategies minimize mispairing, the endogenous and exogenous
TCRs still compete for a limited number of CD3 complexes and limited signalling
machinery, possibly leading to decreased efficacy’®. With the advent of programmable
genetic engineering, it is now possible to edit out the endogenous TCR from T-cells,
simultaneously resolving possible mispairing concerns and competition for limited cell

surface expression capacity® 72,

Co-stimulation

Beyond just stimulation with an appropriate peptide-HLA, full T-cell activation
requires a co-stimulatory signal 2, which acts as an additional check on spurious T-cell
activation”™. The most well characterised co-stimulatory protein is CD28, which interacts
with its ligands CD80 and CD86 found on professional antigen presenting cells, such as
DCs, macrophages and B cells. CD80 and CD86 have also been found on activated T-
cells, although the significance of this unknown’. CD28 is though to signal largely
through the same pathways and gene networks that are triggered by the TCR, leading to
quantitative as opposed to qualitative signalling differences’™. A multitude of benefits

have been attributed to CD28 signalling. CD28 is required for increased IL-2 secretion,



T-cell proliferation, T-cell survival post activation, and increased sensitivity to antigen”.
Studies have shown that CD28 co-stimulation leads to increased glycolysis and increased
mitochondrial mass’™® /. CD28 expression on T-cells has been shown to be required for
immune checkpoint blockade therapy efficacy’®. Finally, T-cells endowed with CD28 co-
stimulation were shown to be resistant to CTLA-4-mediated inhibition”®. Efforts are
underway to develop strategies that would deliver co-stimulation to the tumour
microenvironment, such as by using an agonist antibodies or mutated CD80, designed to

interact with tumour-associated PD-L1 at high affinity® 8,

Another well characterized co-stimulatory ligand is 4-1BBL. 4-1BBL binds to 4-
1BB, which is expressed on activated T-cells® 8, leading to its trimerization, and
signalling via TNFR-Associated-Factor (TRAF) adapter proteins. 4-1BB signalling has
been shown to synergize with CD28 co-stimulation leading to improved T-cell cytokine
secretion, proliferation, and apoptosis resistance®* . The use of agonist antibodies
against 4-1BB have been shown to lead to improved tumour clearance in murine models,
and clinical investigations are underway -8, To avoid possible systemic affects, a recent
strategy uses a bispecific antibody targeting a tumour associated antigen, HER-2,
delivering 4-1BB co-stimulation only to T-cells that are present in the HER2+ tumour
microenvironment®®. Clinical trials are in progress to also evaluate whether the in-situ

delivery of other co-stimulatory ligands, including OX40, GITR, CD40, and ICOS®8,

10



Chimeric antigen receptor (CAR) therapies

CARs are a clear example of the benefits of co-stimulation. While modern CARs
are a highly efficacious, licensed adoptive cell therapeutic, early CAR therapies without

autochthonous co-stimulation exhibited limited efficacy® °.

The first CAR designs, termed 1% generation CARs, were composed of the
variable fragments of an antibody fused onto either the TCRa and 3 chains or a single
chain variable antibody fragment (scFv) directly onto CD3¢%2-%. Contrary to the TCR,
these receptors do not require HLA mediated presentation of their targets and are able to
respond to cell-surface expressed antigens, allowing one receptor to be applicable to a
broad patient population, regardless of the patients” HLA backgrounds. While able to
redirect T-cell cytotoxicity, 1% generation CARs could not lead to sustained T-cell
function. A key advance was the additional fusion of CD28 or 4-1BB co-stimulation
onto the CAR leading to greatly improved efficacy®® %. These 2" generation CARs
have been successful in the clinic against hematological malignancies including multiple
myeloma, diffuse large B cell lymphoma (DLBCL), acute lymphoblastic leukemia.
While CD28 and 4-1BB impart different features onto CAR T-cells in preclinical studies,

the clinical outcomes between the two co-stimulatory domains are remarkably similar®’.

This design has been extended to contain multiple co-stimulatory motifs either on-
board the CAR (3™ generation CARs)® or expressed orthogonally®®-1%, cytokine-
secreting CARs (armoured CARs)!%, CARs incorporating synthetic logical gates based
on notch signalling (SynNotch CARs)® or hypoxia within the tumour

microenvironment!®. The therapeutic properties of CARs have been investigated and

11



optimized through scFv affinity optimization% 1%, [inker length optimization® 107,
hinge-transmembrane modifications® 1% and co-stimulation®” 119 111 and stimulation

domain mutations® 112,

Bispecific T-cell engagers (BIiTES)

T-cells can also be redirected directly inside a patient using bispecific T-cell
engagers (BITEs), which are proteins that have two antibody-derived binding regions,
binding a T-cell via its CD3, and a target of interest. Unlike CARs, these molecules do
not need to be made specifically for each patient, leading to decreased cost, increased
speed and ease of manufacture!'®. The thorough study and clinical approval of an anti-
CD19 BITE allows for comparisons to anti-CD19 CARs, which highlights the inferior
efficacy of BiTEs!!#, a limitation at least partially attributable to the inability of these
molecules to deliver co-stimulatory signals!*>. To address this limitation, there have been
recent promising studies that infuse two BiTEs simultaneously, both against the same

tumour antigen, but one targeting CD3 and the other driving CD28 signalling8: 115 116,

Limitations of CAR therapies

While CAR therapies are highly efficacious, they target extracellular antigens
which allows for broad applicability but also restricts possible targets. CARs can be
redirected against some tumour-associated antigens, such as CD19, which are restricted
to the tumour and other non-essential cells, thus permitting their ablation*'’. Conversely,
other tumour associated antigens, most prominently ERBB2, are expressed at low levels
on some essential tissues, leading to serious adverse events due to on-target off-tumour

toxicity from CAR therapy*®. To overcome these limitations, CARs can incorporate
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logic gates, restricting cytotoxicity only when multiple targets are expressed on a
particular cell*®® 11° but this approach is limited when the tumour is proximate to similar
healthy tissue'?°. The ideal target would be exclusively tumour-expressed with no
expression in any healthy tissue. TCR-like CARs, which recognize a peptide within the
context of an HLA molecule, similar to how a TCR functions, but with the co-stimulatory
benefits of a CAR allow for the targeting of an intracellular cancer neoantigen while
sparing healthy tissues'?*. While promising, initial TCR-like CARs were shown to
interact largely with the HLA as opposed to the peptide fragment, permitting multiple
peptide mutations, leading to weaker specificity than TCRs and raising the risk of off-

target antigen recognition'?2,

Delivery of co-stimulation to TCR T-cells

In light of the well validated importance of co-stimulation for T-cell function, and
the need for complementary therapies to CAR T-cells allowing for intracellular antigen
targeting, there have been efforts to engineer more potent TCR-targeted therapies. The
modifications can be broadly grouped into two broad categories: the expression of
independent co-stimulatory molecules and the addition of costimulation onto the TCR

structure itself.
TCR-independent co-stimulation

Chimeric co-stimulatory receptors (CCRs) are synthetic molecules, similar to
CARs but missing a stimulatory (CD3) domain®’. They rely on the expression of a

tumour-associated but not necessarily tumour-restricted target to endow T-cells with

13



additional co-stimulation. One of the earliest examples of TCR-orthogonal co-
stimulation was reported by Krause et al'?3, They illustrated that T-cells endowed with a
CCR against a tumour-expressed antigen (Gpz) exhibit preferential expansion and
increased IL-2 secretion. Building on the work of Krause et al and others, CCRs have
been shown to be effective, and there is an ongoing a clinical trial evaluating the benefit

of endowing polyclonal TILs with a CCR®,

Co-stimulation can also be delivered by a switch receptor, which converts an
inhibitory signal, such as PD-1, CD200, FasL or TGFB into positive co-stimulation!?+127,
Such receptors serve two functions at once: competitively blocking an inhibitory signal
and simultaneously delivering co-stimulation. Similar to CCRs, these switch receptors
require their target to be present to exert a function, as illustrated in by Oda et al*?® and
Roth et al*?’, in the absence of appropriate target, CD200 and TGFb respectively, the

switch receptors do not lead to improved T-cell function.

TCR-associated co-stimulation

Beyond CCRs and switch receptors that require additional tumour-associated
targets, there have been efforts to develop one receptor, which similar to a CAR, delivers
both signal 1 and signal 2 from one target. Early designs sought to simultaneously
engineer co-stimulation onto T-cells and simultaneously prevent mispairing and
competition for cell-surface expression with the endogenous TCR. Zhang et al developed
a single chain TCR in which the exogenous TCR variable domains are linked together
into a structure similar to an scFv, and the entire structure is fused onto a transmembrane

domain (either CD3( or CD28) and endowed with CD28 co-stimulation and CD3(
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leading to a CAR-like construct!?. Their constructs were expressed but showed
significantly reduced sensitivity compared to a control TCR. Whether this was an artifact
of the single-chain format not binding antigen as well or due to decreased signalling
ability of this design was not investigated. Other groups have illustrated that CAR T-
cells have decreased sensitivity compared to TCR T-cells, which can be reversed if CAR
designs taking advantage of the full CD3 complex are used?®. These findings were

further confirmed with another TCR%,

An alternative design was reported by the lab of Reno Debets in two publications
in which the extracellular portions of both the TCR a and TCR 3 proteins were fused to
CD28 and CD3C or CD3¢e. T-cells endowed with the TCR-CD28-CD3( were able to
exert cytotoxicity against peptide-pulsed targets, but not endogenously expressed
antigen'®!. Conversely, T-cells endowed with the wildtype TCR, which would be
expected to mispair, were able to exert cytotoxicity against both sets of targets. Their
follow up work illustrated that TCR-CD28-CD3¢ designs exhibited increased sensitivity
compared to TCR-CD28-CD3( designs, and T-cells endowed with TCR-CD28-CD3¢
exhibited increased in vivo anti tumour efficacy compared to T-cells endowed with the
wildtype TCR*2. While suggestive, their engineered TCR was designed to avoid
mispairing with the endogenous TCR present in T-cells, while the control TCR would be
expected to compete for cell surface expression and mispair, preventing an evaluation of

whether the co-stimulatory domain was functional in this structure.

15



T-cell engineering technologies

To augment T-cell function one must be able to introduce novel genetic material
into the T-cells of interest, and this has been accomplished through a variety of means.
The most validated strategies, used in clinically licensed CAR T-cell therapies, is to take
advantage of y-retroviral or lentiviral abilities to permanently integrate into a patient’s
genome®3¥135 - A major difference between these strategies is that lentiviruses have an
ability to cross the nuclear membrane, while y-retroviruses require the division-associated
nuclear membrane dissolution. The two viruses also favour integrating into different
areas of the genome, with y-retroviruses having a propensity to integrate into
transcriptional start sites, while lentiviruses tend to integrate into genes actively
undergoing transcription®3® 137, While the pseudo-random integration near or into
actively transcribed genes raises possible safety concerns, T-cells are believed to be
largely resistant to oncogenesis, even when transduced with retroviral vectors encoding
oncogenes'®, The pseudo random integration leads to variability of transgene expression
within a single therapeutic product, which may lead to sub-optimal levels of CAR or TCR
expression*® 140 While retroviruses and lentiviruses have been the most clinically
applied strategies, T-cells can be modified with a number of tools, including adeno

associated viruses!*! and transposons'#.

The discovery of programmable genetic editors, including zinc finger nucleases,
TALENSs and most recently, CRISPR/Cas9 have allowed for precise T-cell engineering
by taking advantage of homology directed repair (HDR). This strategy requires the

delivery of a genetic editor and a novel template with homology to the region of interest,
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delivered using an AAV or directly as single stranded or double stranded DNA3,

Upon cleavage of the T-cell genome, the cell performs HDR using the newly delivered
vector as a template. This is a very precise method to introduce a new transgene or
mutation at a specific site within the cell genome, ensuring that oncogenes are avoided,
and simultaneously increases control over transgene expression leading to a more
efficacious product®*® 143, In the context of TCR therapies, these strategies are
particularly useful because they allow for the simultaneous knockout of the endogenous
TCRa and knock-in of a novel TCR, simultaneously decreasing competition for the CD3
complex and risk of mismatch*? 144145 These strategies are actively being investigated

in the clinic? 146. 147,

While more precise, there is evidence that these strategies may rarely lead to off-
target modifications within the cell genome, especially if multiple DNA edits are
performed simultaneously*® 14°. This had prompted the development of an alternative
editing strategy, termed PASTE, that only requires DNA nicking instead of double strand
cleavage to insert a small integration site (attB), which is subsequently used to insert a

larger insert using Bxb1 integrase®°.

NY-ESO-1

NY-ESO-1, also known as cancer testis antigen 1, is a well characterized,
commonly associated tumour antigen, not thought to be expressed on normal somatic
tissues™!. It was initially described in an esophageal cancer, but since then identified in
ovarian, bladder, breast, gastric, lung, skin, prostate and other cancers. It has been well

studied in engineered TCR clinical trials, with minimal toxicities reported®” ¥, Its broad
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clinical relevance, and breadth of available clinical and preclinical data make it an ideal
target for preclinical studies, especially in the context of the most frequently found HLA

allele — HLA-A2:01.

Motivation for thesis studies

TCR-targeted adoptive T-cell therapies are a complementary approach to CAR-
targeted adoptive T-cell therapies allowing the targeting of intracellular antigens but have
so far not exhibited the same potency exhibited by CAR T-cells. While there are many
differences between the two approaches, one critical difference is the lack of co-

stimulation on TCR-targeted T-cells.

CD28 is a highly potent co-stimulatory molecule, which has been shown to increase
T-cell cytokine secretion, proliferation, metabolism and lead to improved efficacy of
TCR-targeted therapies endowed with target-dependant CCRs or switch receptors. While
designs incorporating the CD28 intracellular domain onto the TCR structure have been
studied, the experimental set up prevented confirmation of whether the costimulation was
functional. Furthermore, the designs were shown to have decreased sensitivity compared
to the wildtype exogenous TCR, which would be expected to compete for limited cell
surface expression and mispair with the endogenous TCR, hinting at possible design

limitations.

In chapter 3, | develop and evaluate CD28 co-stimulation when directly fused onto
the TCRa and 3 chains or onto the CD3, leading to its association with the endogenous

TCR/CD3 complex. Using recently developed T-cell engineering strategies, the
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endogenous TCR or CD3 was ablated, allowing for the precise delineation of any
contributions from the costimulation. A TCR-CD28 fusion would allow for streamlined
one-step genetic delivery of both a novel TCR and co-stimulation into T-cells for
adoptive cell therapy, while a CD3-CD28 fusion would allow for target-agnostic co-

stimulation delivery into T-cells.

In chapter 4, | develop and evaluate a novel orthogonal co-stimulatory molecule that
simultaneously delivers CD28 and 4-1BB co-stimulation, a combination that has been
shown to be synergistic, in an antigen-independent manner. The molecule was designed
to function as a target-independent co-stimulatory molecule and incorporate switch
receptor features. | show that this molecule functions in the context of TCR-based CARs,
TCRs, and importantly in a polyclonal TIL population isolated from a patient sample

against their autologous tumour.
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Chapter 2 - Methods

Cell lines and cell culture

NALM®6 B-ALL leukemia cells and U266 multiple myeloma were obtained from
ATCC and transduced to express firefly luciferase-GFP. NALM6 (NY-ESO-1+ and
CD19+) cells for CD19 HIT and NY-ESO-1 TCR experiments for Incucyte assays were
generated by sequential transduction and sorting with NY-ESO-1-P2A-mCherry, HLA-
A0201-P2A-mTangerine and 2m-P2A-mKate. NALMBG6 cell lines with decreased CD19
densities were previously described!!. SK-Mel-37 were provided by the Ludwig Center
for Immunotherapy at Memorial Sloan-Kettering Cancer Center. SK-Mel-37 and SK-
Mel-956A was transduced to express firefly luciferase-GFP or Incucyte® Nuclight Red
(Essen BioScience) for Incucyte analysis. All cell lines were maintained in RPMI-1640
medium (Corning) supplemented with 10% FBS except for SK-Mel-956A, which were
maintained in medium supplemented with 20% FBS (Neuromics), 10 mM HEPES
(Invitrogen), 2 mM L-glutamine (Gibco), 1x NEAA (Invitrogen), 1 mM sodium pyruvate
(Invitrogen), 100 U/ ml penicillin, 100 pg/ ml streptomycin (Corning). NALMG6 media
was supplemented with 50 uM [-mercaptoethanol (Gibco). Cells were regularly tested

for mycoplasma.

T-cell activation, gene targeting and transduction

Buffy coats from healthy volunteer donors were obtained from the New York
Blood Center. Peripheral blood mononuclear cells (PBMCs) were isolated by density
gradient centrifugation using Lymphocyte Separation medium (Corning), subsequently T-

cells were isolated using a Pan T-cell isolation kit (Miltenyi Biotec). Cells were activated
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using CTS Dynabeads™ CD3/CD28 activation beads (ThermoFisher) ata 1:1 Bead:T-
cell ratio. T-cells were cultured in RPMI-1640, supplemented with 10% FBS, and

100 U/ ml penicillin, 100 pg/ ml streptomycin and 2 mM L-glutamine with 3000 units IL-
7 (Miltenyi Biotec) and 100 units IL-15 (Miltenyi Biotec) at a starting concentration of
1x10° T-cells/mL. Cells were cultured in a 37°C incubator with 5% COz. 48 hours after
T-cell activation, CD3/CD28 beads were magnetically removed, cells were resuspended
in P3 buffer Cas9 ribonuclearprotein (RNP) and relevant gRNA were co-delivered using
the Nucleofector Il device (Lonza). Following electroporation, cells were resuspended in
ImL of X-Vivo 15 (Lonza) media without serum,

100 U/ ml penicillin, 100 pg/ ml streptomycin and 3000 units IL-7 and 100 units I1L-15
per 1x107 T-cells pre-electroporation. Recombinant AAV6 donor vector (Signagen) was
added at an MOI of 4x10* per viable T-cell, assuming a 66.6% viability after
electroporation. Twenty-four hours later, T-cells were mixed with a titrated amount of
SFG y-retroviral vector, diluted to 1.5x108 T-cells/mL in T-cell media, and plated onto
non-tissue culture treated 6-well plates (Falcon) pre-coated with Retronectin (Takara,
T100B). Plates were centrifuged for 1 hour at 300g. Cell cultures were replenished with
additional T-cell media as needed to maintain a density of 1-1.5 x 10 cells/ml, with fresh
3000 units IL-7 and 100 units IL-15 replenished every 48 hours. For assays using sorted
CD4 or CD8 T-cells or co-receptor matched T-cells, column-based depletion of bulk
transduced T-cells was performed using either CD4 Microbeads (Miltenyi Biotec) or
CD8 Microbeads (Miltenyi Biotec) as per the manufacturer’s instructions. For assays
using CD3 modified cells, cells were sorted using LNGFR Microbeads (Miltenyi Biotec)

as per the manufacturer’s instructions.
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Autologous patient-derived tumors and Tumour-Infiltrating Lymphocyte (TILS)
culture

All the patients signed an approved informed consent before providing tissue
samples. Patient samples were collected on a tissue-collection protocol approved by the
MSK Institutional Review Board. Single-cell suspensions from patients’ tumors were
obtained by digesting the tumor samples with 2 mg/ml type | collagenase
(ThermoFisher), 2 mg/ml type V hyaluronidase (Sigma-Aldrich), and 200 U/ml type 1V
deoxyribonuclease | (Sigma-Aldrich) in serum-free RPMI 1640 using a GentleMACs
Octo Dissociator (Miltenyi Biotec) and viably frozen at —80°C prior to use. Patient-
derived SK-Mel-956A melanoma cells were generated by culturing fresh single-cell
suspension from a patient in RPMI-1640 with 20% FCS (ThermoFisher), and 100 U/ ml

penicillin, 100 pg/ ml streptomycin and subsequently cultured as described above.

TILs rapid expansion protocol (REP) was adapted from Dudley et al®’. Briefly,
TILs were resuspended in 2mL of Complete Medium (RPMI-1640, Corning; 25mM
HEPES, Invitrogen; 10% Human Serum, GeminiBio; 1x NEAA, Invitrogen; 1x
Glutamax, Gibco; 100 U/ ml penicillin, 100 pg/ ml streptomycin Corning), with 6,000
IU/mL of rhIL-2 (Miltenyi Biotec). rhlL-2 was added twice weekly, and cells were split
once media colour indicating cell growth. On day 14, cells were resuspended in 15mL of
1:1 mixture of complete media and AIM V Medium (Thermo Fisher Scientific) per 5 x
10° cells and co-cultured with 5 x 10° irradiated (50 Gy) allogeneic PBMC feed cells
from 5 pooled donors with 3,000 U rhiL-2 (Miltenyi Biotec) and 30ng/mL OKT3
(Biolegend) as previously reported®. On day 3 post activation, cells were transferred to

non-tissue culture treated 6-well plates (Falcon) pre-coated with Retronectin (Takara) at 5
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x 108 cells / well in 2mL of 1:1 RPMI 1640/AIM V media and y-retroviral vector
encoding LNGFR or 80BB. Cells were centrifuged for 1 hour at 300g. Fresh media was
given to cells twice weekly. 11 days post transduction, T-cells were bead sorted to
remove any residual PBMCs using a human pan T-cell isolation kit (Miltenyi Biotec) and

used for subsequent experiments.

Vector constructs and production

The Laul55 NY-ESO-1 specific TCRP and TCRa chains was cloned into the
SFGy retroviral vector separated by an P2A sequence and followed by an internal
ribosome entry site (IRES) and eGFP. TCR-28 constructs were made by further insert
the intracellular coding sequence of CD28 at the end of the TCRP and TCRa coding
sequences. Linkers 1 and 2 were composed of 5x(GGGGS) or 5x(EAAAK) and fused
directly after the TCR[ and TCRa before the CD28 intracellular motif. Linker 3 was
designed by appending GGSLEDEKSALQTEIANLLSEKESLEGG and
GGSLEDEKSALQTEIANLLSEKESLEGG to the TCRp and TCRa sequences

respectively.

The cDNA containing the extracellular domain and transmembrane domain of
CD3C or CD3¢ were fused to the intracellular amino acids of CD28, followed by
intracellular domain of either CD3Z or CD3¢ to create CD3P°P% or CD3ePP%, The
cDNA containing the extracellular domain, transmembrane and intracellular domain of
CD3Z or CD3¢ were fused to the intracellular amino acids of CD28 to create CD379¢P?8
or CD3¢%P?8 The constructs were inserted into the SFGy retroviral vector followed by

P2A LNGFR.

23



The cDNA containing the extracellular domain, transmembrane domain, and first
four intracellular amino acids of human CD80 and the corresponding intracellular domain
of human 4-1BB were cloned into the SFGy retroviral vector to express of CD80-4-1BB
fusion molecule (80BB). Constructs encoding truncated human CD80 (ACD80) were
created using the cDNA corresponding to the extracellular domain, transmembrane
domain and first four intracellular amino acids of CD80, while FL-CD80 was generated
by cloning the cDNA of full-length human CD80, into the SFGy retroviral vector.
Human ACTLAA4, constructs were generated by cloning cDNA corresponding to the
extracellular domain, transmembrane domain and 7 first intracellular amino acids of
CTLAA4. Truncated CD28 (ACD28) construct was generated by cloning the CD28
extracellular domain and transmembrane domain. LNGFR reporter was described
previously?. Viral supernatant was produced as previously described?°. Briefly, vesicular
stomatitis virus glycoprotein G pseudotyped retroviral supernatants derived from
transduced gpg29 fibroblasts (H29) were used to construct stable retroviral-producing
cell lines®. Supernatant from stable retroviral-producing cell lines was collected and

concentrated using Retro-X (Takara) as per the manufacturer’s protocol.

The CD19 specific HIT (19-HIT) receptor AAV construct was made as described
previously, based on a pAAV-GFP backbone (Cell Biolabs)!!. To allow for NY-ESO-1-
specific TCR-delivery into the endogenous TRAC locus using a TCR donor AAV, the
complete TCR[B-P2A-TCRa sequence of an NY-ESO-1 TCR (Clone Lau 155, 1G4 LY or
SB95) was cloned after the splice acceptor site and P2A sequence into the previously
described pAAV-TRAC-1928z3%58, AAVG viruses were produced and quantified by

SignaGen.

24



Cas9 protein, RNP formation and AAV6

Cas9 protein (40 uM) was obtained from the QB3-Berkeley Macrolab core
facility. RNP was prepared by mixing Cas9 protein and total gRNA at 1:2 molar ratio and
incubated in 37 °C water bath for 15 min and immediately used for T-cell electroporation.
gRNAs were purchased from Synthego with 2'-O-methyl 3'-phosphorothioate
modifications in the first and last three nucleotides, with the following target sequences:
TRAC: 5'-CAGGGTTCTGGATATCTGT, TRBC: 5’-
GCAGUAUCUGGAGUCAUUGA, CD28, 5’-CACCAAAAUCUUGUUUCCUG and
5’-UCACCAAAAUCUUGUUUCCU, CTLA4: 5’-UUCCAUGCUAGCAAUGCACG,
5’-ACACAAAGCUGGCGAUGCCU, 5’-CCGGGUGACAGUGCUUCGGC, CD3¢: 5’-
CAUGGAGAUGGAUGUGAUGU, CD3C: 5’-. CCTGCTGGATCCCAAACTCTGCT.

gRNA was resuspended with TE buffer at 40 uM.

Knock-out efficiencies were evaluated by flow cytometry (TRAC, CD28, CD3) or
by inference of CRISPR Editing (ICE) for CTLA4 (Synthego). For inference of CRISPR
Editing (ICE), primers were designed that bind 150 bp 5’ and 3’ of the anticipated cut
sites Fwd: GGGTGTGGAGAGGGGAAGGGG, Rvs:
GCCCAGGTAGTATGGCGGTGGG). Genomic DNA from CTLA4 knockout and
control cells was isolated using a DNeasy kit (Qiagen), and the region of interest was
amplified using Q5 polymerase (NEB). PCR product was verified on a gel and purified
using a Nucleospin column (Macherey-Nagel). PCR product was submitted for sanger
sequencing using the PCR primers, and resultant traces were input into ICE analysis

software (Synthego).
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T-cell proliferation assay

NALM®6 or NALM6ESC were used as targets for repetitive stimulation assays. For
in vitro expansion assays, 1 x 10° 19-HIT+ or TCR+ T-cells were co-cultured with 2
x 10° NALMG6 targeT-cells (ratio 1:2; E:T) in 500uL of T-cell media with no exogenous
cytokines. Every 2 days, cells were analyzed by flow cytometry to determine 19-HIT or
TCR+ percentage and counted using Countbright beads (Invitrogen). T-cells were
replated at 1 x 10° HIT+ or TCR+ T-cells and re-stimulated with 2 x 10° NALM®6 until

cells ceased proliferating in response to stimulation.

For TILs proliferation assay, T-cells were stained with CellTrace Violet (CTV)
assay as per the manufacture protocol (ThermoFisher) and stimulated with autologous
unlabeled targets at an E:T ratio of 1:2 with no exogenous cytokines. 5 days later, CTV

dilution was measured by flow cytometry.

Cytotoxicity Assays

For repetitive cytotoxic assay using an Incucyte S3, 2 x 10* NALMG6 cells were
plated per well onto a 96-well plate precoated with fibronectin (Sigma-Aldrich) for 1
hour at room temperature. 1 x 10*19-HIT or TCR+ T-cells were added to each well in a
final volume of 200pL T-cell culturing media. Plates were briefly centrifuged and
cultured in an Incucyte S3 inside a 37°C incubator with 5% CO2. Every 2 days, 100uL of
media from preceding culture was collected and added to new plate containing 2 x 10*

NALMSG cells in 100uL fresh media until T-cells failed to control fresh NALM®6 cells.

For TIL melanoma cytotoxic assays, 5 x 10° SK-Mel-956A cells were plated onto

a fibronectin-coated plate. Twenty-four hours later, 2 x 10* TILs were added on the plate
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for a final volume of 200uL. 100 pL of co-culture was added new 96-well plate
containing 5 x 10° SK-Mel-956A cells. Wells of interest were imaged on an Incucyte S3

every 2 hours.

Tumour was quantified by red-fluorescent surface area measured by Incucyte S3
software (Essen BioScience) and normalized to the red-fluorescent surface area after each

tumour cell addition.

For luciferase-based cytotoxicity assays, engineered T-cells or TILs were co-
cultured with luciferase-GFP transduced targets at labelled ratios co-cultured in triplicates
at the indicated effector : target ratios in a final volume of 100uL with 2 x 10* targeT-
cells. Eighteen hour later, 100ul luciferase substrate (Bright-Glo; Promega) was added
to each well. Emitted light was detected in a luminescence plate reader (Agilent BioTek

S1L) and lysis was calculated using the formula 100 x (1 —(RLUsampie)/(RLUtarget alone).

T2 targets cells were incubated for 1 hour at 37°C with 10uM NY-ESO-1 peptide
(SLLMWITQV) or FLU peptide (GILGFVFTL) unless otherwise labelled at a density of

1 x 10° cells per mL.

Cytokine Analyses

1 x 10° 19-HIT+ or TCR+ T-cells were co-cultured with 2 x 10° NALM6 or
NALMG6ESC targeT-cells as indicated for each experiment in 200uL culturing media in the
presence of IL-2 receptor blocking antibody (B-B10, ThermoFisher). For OKT3
stimulation assays, plates coated with OKT3 antibody overnight and washed twice with
PBS. After 24 hours of co-culture, 40puL aliquots of supernatant were collected.
Cytokines were measured using a BD Cytometric Bead Array (CBA), as per the
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manufacturer protocol. Samples were measured on a BD LSR Fortessa and analyzed

using BD FCAP software (BD bioscience).

Flow Cytometry

19-HIT expression was measured with Alexa-Fluor-647-conjugated goat anti-
mouse (ab")2 antibody (Jackson ImmunoResearch). TCR was detected using NY-ESO-1
tetramers (MBL International). T-cell phenotypes were evaluated using BUV395 mouse
anti-human CD4 (SK3, BD), BUV805 mouse anti-human CD8 (SK1, BD), PE mouse
anti-human CD80 (2D10, Biolegend), BB515 mouse anti-human CD28 (CD28.2, BD),
BV480 mouse anti-human PD-1 (EH12.1, BD), PerCp-eFluor710 mouse anti-human
LAG3 (3DS223H, eBioscience), BV785 mouse anti-human Tim3 (F38-2E2, Biolegend),
BV421 mouse anti-human CTLA4 (BNI3, Biolegend), APC-Cy7 mouse anti-human
CD45 (2D1, Biolegend) or PE mouse anti-human CD45 (2D1, Biolegend), PE/Dazzle-
594 mouse anti-human LNGFR (MEZ20.4, Biolegend). Countbright beads (Invitrogen)
were used to determine the absolute number of cells according to the manufacturer’s
protocol. 7-AAD or DAPI was used to exclude dead cells (Biolegend). FcR Blocking

Reagent mouse (Miltenyi Biotec) was used to block Fc receptors.

NALMG6 expression of CTLA4, CD80, were evaluated using antibodies listed
above, and PE- mouse anti-human CD86 (BU63, Biolegend), PE- mouse anti-human 4-
1BBL (5F4, Biolegend), PerCP-Cy5.5 mouse anti-human PD-L1 (29E.2A3, Biolegend).

HLA-A2 was stained using PE mouse anti-human HLA-A2 (BB7.2, Biolegend).

For protein binding assays, 1 x 10° T-cells were co-cultured with serially diluted

human CD28-Fc protein (BPS Bioscience) or human CTLA4-Fc protein (BPS
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Bioscience) for 30 minutes at room temperature, washed with flow buffer (2% FBS in
PBS) then stained with mouse anti-human 1gG Fc (QA19A42, Biolegend) for 10 minutes
at room temperature. Cells were washed twice. Flow cytometric data were acquired on a
5-laser Aurora (Cytek Biosciences) and analyzed in FlowJo v10.8.1 (Treestar).
Experiments were done under the same gain settings and the machine was calibrated

using QC beads daily. Cell sorting was performed on a BD FACSAria cell sorter.

Mouse systemic tumour models
All experiments were performed under a protocol approved by the MSKCC

Institutional Animal Care and Use Committee.

For all models, male and female 8-12-week-old NOD/SCID/IL-2Ry-null (NSG)
mice (Jackson Laboratory) were used. F or B-ALL models, mice injected via tail vein
with 5 x 10° firefly luciferase-GFP transduced NALM6 (or NALM6%°%° or NALM62%0 "
NALMG6ESC) cells per mouse. For disseminated melanoma models, male and female 8—
12-week-old NOD/SCID/IL-2Ry-null (NSG) mice (Jackson Laboratory) were injected
via tail vein with 5 x 10° firefly luciferase-GFP transduced SK-Mel-37 cells. For
multiple myeloma models, male and female 8-12-week-old NOD/SCID/IL-2Ry-null
(NSG) mice (Jackson Laboratory) were injected via tail vein with 5 x 10° firefly
luciferase-GFP transduced U266 cells. Engineered T-cells were injected at the indicated
doses. For patient-matched TIL experiments, mice were injected via tail vein with donor
matched 5 x 10° firefly luciferase-GFP transduced SK-mel-956A. One week later, TILs

transduced with 80BB or LNGFR were injected at the indicated doses.

29



Tumour engraftment was confirmed using bioluminescence imaging measured on
the Xenogen IVIS Imaging System (Xenogen). Living Image software (Xenogen) was
used to analyze acquired bioluminescence data. Mice were monitored and sacrificed
upon evidence of hind-limb paralysis or other clinical signs of distress. Injections of

tumour cells and T-cells and imaging was performed by double-blinded investigators.

For ex vivo T-cell characterization 4-5 mice per group were sacrificed at the
indicated timepoints post T-cell injection, and cell were extracted from the lung, spleen,
femur, tibia, and/or fibula as indicated. After PBS wash, RBC lysis was performed using
ACK buffer (Lonza) and washed again. Mouse cell depletion was performed as per the
manufacturer’s protocol (Miltenyi Biotec). Cells were then stained for flow cytometry as

described above.

For HLA-A2 expression level assessments and cell counts, lung tissue was
surgically isolated from mice, and processed using a Miltenyi Tumor Dissociation Kit,
human (Miltenyi) on a Miltenyi gentleMACS™ Octo Dissociator. Mouse cell depletion
was performed as per the manufacturer’s protocol (Miltenyi Biotec). Cells were then

stained for flow cytometry as described above.

For single-cell RNA sequencing analysis, 5 Mice per group were injected with
NALMS6 tumour as described above and treated with 1 x 10°or 5 x 10* 19-HIT+ T-cells
per mouse on day 4 post tumour injection. On day 9 post T-cell injection, bone marrow
cells were isolated as described above. Cells from mice within one condition were
pooled and labelled with PE mouse anti-human CD45 (2D1, Biolegend) and TotalSeq™-

B0251 anti-human Hashtag 1 Antibody (Biolegend) in 19-HIT treated mice or
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TotalSeq™-B0254 anti-human Hashtag 4 Antibody (Biolegend) in 19-HIT®8B treated
mice. Cells were FACS sorted for CD45+ GFP- cells (human T-cells, excluding
NALMB®6). Cells from different conditions were pooled together at a balanced ratio and

submitted for 10X 3° RNA sequencing.

Single-cell transcriptome sequencing and analysis

Cells were stained with Trypan blue and Countess 11 Automated Cell Counter
(ThermoFisher) was used to assess both cell number and viability. Following QC, the
single cell suspension was loaded onto Chromium Next GEM Chip G (10X Genomics
PN 1000120) and GEM generation, cDNA synthesis, cDNA amplification, and library
preparation of 15-21,000 cells proceeded using the Next GEM Single Cell 3’ Kit v3.1
(10X Genomics PN 1000268) according to the manufacturer’s protocol. cDNA
amplification included 11 cycles and 10 pL of the material was used to prepare
sequencing libraries with 8-10 cycles of PCR. Indexed libraries were pooled equimolar
and sequenced on a NovaSeq 6000 in a PE28/88 run using the NovaSeq 6000 S2 or S4
Reagent Kit (100 or 200 cycles) (Illumina). An average of 21 thousand paired reads was

generated per cell.

Amplification products generated using the methods described above included
both cDNA and feature barcodes tagged with cell barcodes and unique molecular
identifiers. Smaller feature barcode fragments were separated from longer amplified
cDNA using a 0.6X cleanup with aMPure XP beads (Beckman Coulter catalog #
A63882). Feature barcode libraries were constructed using the 3’ Feature Barcode Kit
(10X Genomics PN 1000276) according to the manufacturer’s protocol with 10 cycles of

PCR. Indexed libraries were pooled equimolar and sequenced on a NovaSeq 6000 in a
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PE28/88 paired end run using the NovaSeq 6000 S4 Reagent Kit (200 cycles) (Illumina).

An average of 56 million paired reads was generated per sample.

Raw fastq data was processed by Cell Ranger (v6.1.1) multi command with
reference assembly GRCh38, to demultiplex cells to original hashtags and to obtain gene
counts. The two doses were aggregated with Cell Ranger aggr command. The count
matrix was imported into R (v4.0.2) and analyzed with Seurat R package (v4.0.4). Cells
were filtered by (1) over 200 unique genes and below 5000 unigque genes expressed; (2)
below 20000 total genes molecules; (3) below 12% UMaIs derived from the mitochondrial
genome; (4) doublets detected by DoubletFinder(v2.0). Principal component analysis
(PCA) was performed using a set of 1000 top variable genes and then dimensionality
reduction was performed using UMAP algorithm with top 18 PCAs. Seurat assigned
cluster identities were used to exclude cells clustering separately, not expressing

canonical T-cell markers, and positive for canonical B-ALL markers.

T-cell metabolic Assays

1 x 10%engineered 19-HIT+ T-cells were co-cultured with 2 x 105 NALM6 cells
in 2mL of culturing media and no exogenous cytokine. Every 72 hours, cells were
replated at 1 x 108 19-HIT+ T-cells per 2 x 10° CD19+ NALM6. After 3 total
stimulations, cells were counted, and resuspended in XF RPMI (Agilent) supplemented
with 10mM glucose (Agilent), 2mM glutamine (Agilent), 1 mM sodium pyruvate
(Agilent) at 1 x 10° cells / 40 pL. Cells were plated onto a poly-L-Lysine coated plate
(Fisherbrand), spun down and media was added to a final volume of 180uL. Cells were

analyzed as per the manufacturer’s protocol using the Mito Stress Assay kit (Agilent) and
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the Glycolytic Rate Assay kit (Agilent). Assays were run on the Seahorse XFe96

Analyzer (Agilent).

Statistics

All experimental data are presented as mean £ s.e.m. No statistical methods were
used to predetermine sample size. Appropriate statistical tests were used to analyze data,
as described in the figure legends. Statistical analysis was performed on GraphPad Prism

v.9 software and R v.4.
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Chapter 3 — Delivery of CD28 costimulation directly to the
TCR/CD3 complex

TCR a and B chains fused to CD28 are expressed on the cell surface

The co-endowment of co-stimulation onto 1% generation chimeric antigen
receptors (CARs) leading to 2" generation CARs was critical to CARs’ clinical
successes® and the benefits of TCR-independent co-stimulation in the form of CCRs and
switch receptors have been well documented®?® 125127 \We set out to endow a T-cell
receptor (TCR) with CD28 co-stimulation that would in principle deliver both signal 1
and signal 2 upon TCR binding to its cognate antigen without the need for additional
ligands, similar to a 2" generation CAR. To this end, we designed a retroviral construct
which encodes for an anti-NY-ESO-1 TCR, with the CD28 intracellular doma