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ABSTRACT

Adoptive Cell Therapy (ACT) is a novel approach to cancer treatment, which
implements the use of the patient T-cells redirected to eradicate tumour cells. The T-
cells are engineered to express a Chimeric Antigen Receptor (CAR) that bestows
specificity for an arbitrary antigen. CAR-T cell clinical trials have shown tumour
eradication of leukaemia, but modest results against solid tumours. There is an
ongoing debate regarding the correlation of CAR affinity and antigen-density

recognition threshold, which we sought to investigate.

Although the TCRs sensitivity against low antigen targets is superior at low-affinity,
the effect of affinity in CAR efficacy and sensitivity is controversial. In order to
examine the correlation between CAR efficacy and affinity, we designed a CAR
against an intracellular protein in melanoma. Tyrosinase-Related Protein 1 (Tyrp1)
resides in the surface of the organelles called melanosomes. However, Tyrpl is also
trafficked to the surface at a low density. We mutated an anti-Tyrpl single-chain
Variable Fragment (scFv) to acquire eight mutants of various affinities. The affinity
range was 0.74nM-54.3nM. Including the wild-type scFv, these nine affinity gradient
CARs were challenged with a cell line expressing low, medium and high densities of
cell-surface Tyrpl. Three mutant scFv CARs were superior to the wild-type scFV.
However, the affinities of those superior CARs was variant. There was no pattern

observed to suggest a direct correlation between the affinity and the CAR efficacy.

In contrast to previous publications, this study shows that affinity does not play a key
role in determining the CAR efficacy. We hypothesise that the difference in CAR
efficacy depends on a combination of factors, such as scFv stability and affinity, CAR
density, and antigen density. However, the complex interaction of these parameters,
as well as further confounding factors, renders the deduction of a pattern
challenging. In order overcome this complexity, a multivariate analysis of all the

parameters together is necessary.
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CHAPTER 1: INTRODUCTION

1.1 MELANOMA

According to NHS, 13,000 people are diagnosed with melanoma annually, leading to
2,000 deaths per year. Melanoma has been characterized as a chemo-resistant
malignancy (Soengas and Lowe, 2003), rendering therapy challenging. The 5-year
survival percentage depends on the tumour stage at the time of diagnosis. Patients
diagnosed and submitted to surgery at stage I, have 90-100% probability of 5-year
survival. However, the 5-year survival rates for patients with stage Ill metastatic

disease is approximately 30% (Balch et al., 2009).

Melanoma is caused by the uncontrolled proliferation of melanocytes. Melanocytes
are the cells specialised in producing melanin, and they are present in the epidermis,
in theiris, and also in stria vascularis of the ear (Bertolotto, 2013). The role of melanin
is to prevent damage imposed by UV irradiation (Kollias et al., 1991), and to mitigate

the oxidative stress caused by reactive oxygen species (R6zanowska et al., 1999).

1.2 SYSTEMATIC THERAPIES AND CLINICAL TRIALS

Surgery constitutes the main melanoma treatment. The stage of the disease
determines the therapeutic strategy to be followed. Different therapeutic categories
are surgery, immunotherapy, and chemotherapy (Bertolotto, 2013)(Berrocal et al.,

2014).

Excision of stage | or Il melanomas leads to a 10-year survival of 93% of the patients
(Balch et al., 2009). In more advanced disease stages, patients undergo additional
therapies such as chemotherapy and immunotherapy. Chemotherapy agents are
usually combined for increased efficacy. Dacarbizine is an alkylating agent approved
by FDA for melanoma treatment. However, only 2% of patients experience a
complete remission (Hill et al., 1984). A combination regimen includes dacarbizine,
cisplatin and vinblastine. Cisplatin is a platinum-based drug, which cross-links to DNA,
and vinblastine is an anti-microtubule drug. The combination therapy leads to
median survival rate of average 9 months (Legha, 1997). To enhance the anti-tumour

effect, Interferon-a (IFNa) and Interleucin-2 (IL2) were incorporated into the above
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combination treatment for a phase Il clinical trial. However, the combination of these
five therapeutic regimens did not increase the overall survival of the patients (Legha

et al., 1996).

Small molecule inhibitors constitute an expanding field for melanoma treatment,
mainly targeting the RAS/RAF/MEK pathway. It has been reported that 48% of
melanoma patients bear a V600E BRAF mutation (Long et al., 2011). Vemurafenib is
a small molecule inhibitor, which specifically recognises a BRAF point mutation (Tsai
et al., 2008). A phase Il clinical trial of patients bearing this point mutation treated
with vemurafenib showed an overall survival of 16 months (Sosman et al., 2012),
compared to patients treated with systemic therapies that have an overall survival of
6-10 months (Falkson et al., 1998)(Chapman et al., 1999)(Atkins et al., 2008). The
response rate in this cohort of patients was 50% (Chapman et al., 2011). Trametinib
is a MEK inhibitor, and its benefit has been investigated in clinical trials for melanoma
patients. Although trametinib treatment led to 40% partial response in patients
bearing BRAF mutations, the partial response for the BRAF-wild type patients was
only 10% (Falchook et al., 2012). In contrast, a different small molecule inhibitor,
YM155, that targets survivin, a protein that suppresses apoptosis (Ambrosini et al.,
1997) was unsuccessful with only 1 patient responding among the 34 recruited in a
phase Il clinical trial (Lewis et al., 2011). Elesclomol, which is also a small molecule
drug, induces formation of reactive oxygen species (Foley et al., 2007). In a phase Il
trial, it was showed that the response rate for the cohort that received elesclomol
plus chemotherapy was 15.1%, versus a 3.6% response rate for the cohort that only

received chemotherapy (O’Day et al., 2009).

Apart from small molecules, Immunotherapeutic strategies that block immune
checkpoints have been tested. Immune checkpoints are pathways that inhibit T-cell
proliferation and cytotoxicity (Pardoll, 2012). Ipilimumab is a monoclonal antibody
that constitutes a blockade for such checkpoints, and is approved for melanoma
therapy. Ipilimumab blocks Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), a
receptor expressed on T-cells that upon engagement acts as a negative regulator
(Schwartz, 1992). A phase lll clinical trial for Ipilimumab showed the overall survival

was approximately 4 months longer than that of the control group (Hodi et al., 2010).
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The mechanism of function is similar for Pembrolizumab, an anti-PD-1 antibody. This
monoclonal antibody binds the PD-1 receptor on T-cells (Okazaki and Honjo, 2007).
The T-cell inactivation caused by PD-1 to PD-L1 interaction expressed on tumour cells
is hindered in patients treated with Pembrolizumab. The overall response rate with
Pembrolizumab was 26% for Ipilimumab refractory patients in a phase | clinical trial
(Robert et al., 2014). The above therapies increase the overall survival for the
patients, but do not constitute disease treatment. A few of the adverse effects are

fatigue, rash, alopecia, nausea and vomiting (Palathinkal et al., 2014).

Although it is not part of the systemic therapy for melanoma, Adoptive Cell Therapy
(ACT) has been tested for anti-tumour effects. The first approach implemented the
in vitro expansion of Tumour Infiltrating Lymphocytes (TIL) and administration of the
TILs back to the patients (Rosenberg et al., 1994). Despite the promising results, the
invasiveness of the procedure and the small success rate of isolating TILs prevents
the procedure from becoming a large-scale systemic therapy. This can be
circumvented by administrating T-cells that have been in vitro transduced to express
a T-cell Receptor (TCR) or a Chimeric Antigen Receptor (CAR). Anti-NY-ESO-1 TCR
expressing T-cells led to a response in 50% of melanoma patients (Robbins et al.,
2011). Multiple anti-melanoma CAR T-cell therapies are being developed, but haven’t
been tested in a clinical trial yet (Burns et al., 2010, Yvon et al., 2009, Lo et al., 2010,

Schmidt et al., 2011).

Several approaches have been developed for treating melanoma including
chemotherapy, immunotherapy, and ACT. Recent advances increase the survival rate
for a span of a few months, nevertheless they fail to induce complete response. This
demonstrates that a new, targeted and efficient strategy to target melanoma is
necessary. Since melanoma derives from melanocytes, focusing on melanocytes

provides insight into potential targets for melanoma specific therapies.

1.3 MELANOSOME DEVELOPMENT AND MELANIN SYNTHESIS

Adoptive TCR or CAR therapy for the treatment of melanoma requires a specific
protein target. Here we discuss some of the key proteins involved in melanosome

development and melanin synthesis. Melanocytes produce a plethora of melanocyte-
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specific proteins. These proteins are components of the melanosomes, organelles
specialized in producing melanin. Melanosomes are derived from the membrane of
the endoplasmic reticulum (Maul, 1969), and develop in four stages Figure 1 (Seiji et
al., 1963) (Marks and Seabra, 2001). Stages | and Il mark the beginning and
completion of protein fibrils formation, upon which melanin is stored. Melanin
production and deposition commences at stage lll, and by stage IV the fibrils are

masked due to the abundance of melanin.

Key components of the melanosome are the proteins responsible for the fibril
formation, and the enzymes employed in melanin production. The fibril striations are
formed by polymerization of the Pro-MELanosome Protein 17 (Pmel17) or gp100 Ma
subunit (Berson et al., 2001). Pmel17 is enriched in melanosome stages | and Il. On
the other hand, the melanosomal enzymes accumulate in melanosomes at stages |l
and IV. The enzymes are tyrosinase, Tyrosinase Related Protein-1 (Tyrpl), and
Tyrosinase Related Protein-2 (Tyrp2) also known as DOPAchrome tautomerase
(Raposo et al., 2001). All three enzymes are transmembrane type | proteins residing
on the melanosomal membrane, and contain a cysteine-rich domain, EGF-like,

present on cell membrane proteins (Jackson et al., 1992).

Stage | Stage Il Stage lll Stage IV

Tyr  Tyrpl  Tyrp2

Figure 1: Stages of melanosomal formation. Melanosomes are the organelles producing melanin. The organelle
formation occurs in four distinct stages. In stages | and Il the fibril striations are created by the polymerisation of
Pmel Ma subunit. Once these striations have been successfully formed, the enzymes Tyrosinase, Tyrpl and Tyrp2
are delivered to the melanosome. The production of melanin commences at stage Ill. Melanin is stored upon the
fibril striations. Based on (Seiji et al., 1963).

Tyrosinase is the key enzyme for melanin synthesis (Raper, 1927), which converts
tyrosine to 3,4-dihydroxyphenylalanine (DOPA), and subsequently to DOPAquinine
(Mason, 1948). The substrate for Tyrp2 is DOPAchrome (Aroca et al., 1991). Tyrp2
catalyses the isomerization of DOPAchrome to 5,6-dihydroxyindole-2-carboxylic acid
(DHICA) (Tsukamoto et al., 1992). The function of Tyrp1 is the least understood. It has
been reported that Tyrpl plays a role in oxidizing DHICA to the indole-5,6-quinone

carboxylic acid intermediate (Kobayashi et al., 1994a, Kobayashi et al., 1994b).
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Additionally, Tyrp1l mutations influence the degradation rate of tyrosinase, revealing
the role of Tyrpl in tyrosinase stabilization (Kobayashi et al., 1998). The same
research group confirmed this finding, by demonstrating the formation of tyrosinase-

Tyrpl heterodimers (Kobayashi and Hearing, 2007).

Tyrosine ? DOV DOPAquinone ? CysteinylDOPA
Tyrosinase bét:;(t}rmmu l

5,6-Dihydroxy 4mm DOPAchrome

indole
il |

Indole-5,6-
quinone

5,6-Dihydroxyindole-
2-carboxylic acid

l l(— TYRP1
@ émm Indole-5,6-quinone
carboxylic acid

Figure 2: The pathway of Melanin Synthesis. Melanin is produced through a reaction cascade. Tyrosinase is the
key enzyme, which catalyses the initial substrate. It initially hydroxylases tyrosine to DOPA, and then oxidizes
DOPA to DOPAquinine. Melanin synthesis diverges after DOPAquinine for production of either eu-melanin or
pheo-melanin. DOPAquinine is converted to DOPAchrome. Tyrp2 isomerizes the latter to the intermediate DHICA
(5,6-dihydroxyindole-2-carboxylic acid). Subsequently, Tyrp1 catalyses DHICA to a melanin precursor, and finally
the precursor is converted to eu-melanin (Ando et al., 2007).

1.4 TYROSINASE-RELATED PROTEIN 1 AS A POTENTIAL TARGET FOR CAR
THERAPY

Attempts to identify the genomic locus of tyrosinase led to the identification of a
novel tyrosinase-related protein, named tyrosinase-related protein 1 (Jackson, 1988).
Despite Tyrpl being an intracellular antigen, anti-Tyrp1 antibodies were detected in
the serum of melanoma patients (Mattes et al., 1983). Approximately 6% of vitiligo

patients also develop auto-antibodies against Tyrp1 (Kemp et al., 1998).

Tyrplis a 537aa type | transmembrane protein residing on the membrane of mature
melanosomes. The amino acid terminus (1-477aa) consists of a signal peptide and the
lumenal domain, which mediates the enzymatic activity (Figure 3). The amino acids
478-501 form the transmembrane domain, and the cytoplasmic domain is
constituted by the amino acids 502-537 (Vijayasaradhi et al., 1995). According to
Vijayasaradhi’s studies, the cytoplasmic domain contains a di-leucine signal that
mediates the intracellular retention and sorting of Tyrpl. Ablation of this signal

(NQPLLTD) results in impaired Tyrp1 trafficking, which leads to the presence of the
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protein on the cell surface. When the melanosome fuses with the cell surface the
lumenal domain becomes extracellular, and similarly the cytoplasmic domain
becomes intracellular (Yiging Xu et al., 1997). There is also a secreted form of Tyrp1,
which lacks cytoplasmic and transmembrane domain, as well 11aa of the lumenal
domain (Yiging Xu et al., 1997). Secreted Tyrp1l could constitute a hurdle for anti-
Tyrpl CAR therapy, since the secreted protein could bind to the CAR and hinder its
binding to the Tyrp1 expressing cells. The concertation of Tyrp1 in the bloodstream

is unknown.

Tyrosinase-Related Protein 1

Signal $ I
Lumenal ]
Trans-
|-
Membrane $
CytoplasmicI = €— Di-leucine

Signal

Figure 3: The structure of Tyrosinase Related Protein-1 (Tyrp1). Tyrplis a type | transmembrane protein, which
consists of a cytoplasmic, a transmembrane, and a lumenal domain. The cytoplasmic domain protrudes from the
melanosome into the cytoplasm, and bears the di-leucine signal that is recognised by carrier proteins for
successful delivery of Tyrp1 to the melanosome. The transmembrane domain anchors Tyrp1 to the melanosomal
membrane. Finally, the lumenal domain resides inside the melanosome, and bears the catalytic activity of Tyrp1.
Based on Vijayasaradhi et al., 1995.

The enzymatic activity of Tyrp1lis disputed. Although, it has been reported that Tyrp1
oxidizes DHICA to the indole-5,6-quinone carboxylic acid intermediate (Kobayashi et
al., 1994a, Kobayashi et al., 1994b), it also appears to play an important role in the
stabilisation of tyrosinase, by binding it and forming heterodimers (Kobayashi et al.,
1998, Kobayashi and Hearing, 2007). Tyrpl mutations lead to retention of tyrosinase
in the endoplasmic reticulum and degradation of the protein (Toyofuku et al., 2001).
Tyrpl mutation or down-regulation leads to reduced levels of tyrosinase, thus lack of

pigmentation on progressed melanoma metastases (Watabe et al., 2004).

Tyrpl is the most abundant protein in melanocytes and pigmented melanoma cell
lines (Tai et al., 1983). Furthermore, anti-Tyrp1 antibodies provide the most sensitive
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and reliable melanocyte identification, as well as delineation of melanoma margins
(Bhawan, 1997)(Dean et al., 2002). Staining of frozen healthy skin sections showed
that Tyrpl is the most prominent protein (Virador et al., 2001). Nevertheless, the
published data introduce a contradiction regarding the prevalence of Tyrpl
expression in melanoma. For example, another observation of the latter study was
the heterogeneous expression pattern of all melanoma markers (tyrosinase, Tyrp2,
Pmell7) including Tyrpl (Virador et al., 2001). Chen and colleagues showed that
Tyrpl, tyrosinase and Pmel were expressed on 50%, 69%, and 75% respectively of the
16 melanoma samples analysed (Chen et al., 1995). In agreement to that finding,
another study demonstrated that Tyrpl was highly expressed in 60% of malignant
melanoma samples (Bolander et al., 2008). Bolander et al also showed that Tyrp1 is
more frequently expressed in progressed primary melanoma. On the contrary, in
metastatic melanoma Tyrp1 was higher in earlier stages of the lesion. In detail, of the
Tyrpl positive primary melanomas 24%, 28%, and 36% were grade |, Il, and Ill. Of the
Tyrpl positive metastatic melanomas 42%, 25%, and 19% were grade |, I, and I

(Bolander et al., 2008).

Uveal melanomas express higher levels of the melanoma markers including Tyrp1.
Sixty-five percent of uveal melanoma samples expressed high levels of Tyrpl (>75%).
Out of 4 metastatic uveal melanoma analysed, two samples showed low, and one

showed high Tyrp1 expression (de Vries et al., 1998).

It is unclear whether Tyrpl plays a role in melanoma progression. According to
studies by Bolander, Tyrp1 expression is inversely correlated with cancer progression
(Bolander et al., 2008). In agreement to that, Tyrp1 is down-regulated in amelanotic
melanoma cell lines (Watabe et al., 2004), and in the amelanotic stages of mouse
melanoma models (Orlow et al., 1998). On the other hand, according to a preceding
publication, Tyrpl is positively correlated with tumour stage and progression
(Holzmann et al., 1987). Finally, Tyrpl expression on skin metastases constitutes a
poor prognostic marker (Journe et al., 2011). The conclusions on the aforementioned

studies are summarised in Table 1.
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Table 1: Summary of studies describing Tyrp1 expression in melanoma.

Tyrpl most abundant protein in melanocytes and pigmented melanoma cell lines (Tai et al., 1983)

Tyrpl best marker for melanoma margin delineation (Bhawan, 1997)

(Dean et al., 2002)
Tyrpl expressed on 60% of melanoma samples (Bolander et al., 2008)
Tyrp1 highly expressed on 65% of primary uveal melanomas (de Vries et al., 1998)
Tyrp1 highly expressed on 50% (2/4) of metastatic uveal melanomas (de Vries et al., 1998)
Expression pattern of Tyrp1 heterogeneous in melanoma samples (Virador et al., 2001)
Tyrpl expressed on 50% of melanoma samples (Chen et al., 1995)
Inverse correlation between tyrpl expression and tumour progression (Bolander et al., 2008)
Positive correlation of Tyrpl expression and melanoma progression (Holzmann et al., 1987)

1.5 TARGETING TYRP1 USING TA99 ANTIBODY

Tyrpl is an intracellular protein, thus it is surprising that melanoma patients have
been reported to develop auto-antibodies against Tyrpl (Mattes et al., 1983, Kemp
et al., 1998). The role of Tyrpl trafficking to the surface is unknown. In order to
further study the role of Tyrpl in melanoma, Thomson and colleagues developed the
first monoclonal Tyrpl antibody (Thomson et al., 1985). The antibody was obtained
by immunizing mice with the melanoma cell line SK-MEL-23. TA99 was the isolated
anti-Tyrpl IgG2a antibody clone. This antibody recognises both human and murine

Tyrpl (Thomson et al., 1985).

TA99 was radiolabelled, in order to visualise melanoma tumours in Swiss nu/nu mice.
The premise was that intracellular antigen would be exposed in necrotic tissue. In
order to explore the theory, the TA99 antibody was labelled with iodine-125, the half-
life of which is 60 days (True, 2001). Although the imaging was originally obscured by

125
f

circulating antibody, by day 13, it showed clear localization of “°I-TA99 at the tumour

site (Welt et al., 1987).

A subsequent study showed that TA99 could eradicate tumours in mouse models
(Hara et al., 1995). TA99 administration caused rejection of B16F10 subcutaneous
and lung-metastatic tumours in C57BL/6 mice. TA99 tumour lysis is complement

independent (Hara et al., 1995), and is mediated by innate immune cells expressing
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Fcy receptors (Boross et al., 2012). Since the first demonstration of the TA99 anti-
tumour capacity, there have been several studies exploiting TA99 in combination
with other regiments in mice. TA99 has been coupled with anti-Vascular Endothelial
Growth Factor Receptor (VEGFR) antibody or Pmell7 peptide vaccine (Patel et al.,
2008, Ly et al.,, 2013). It is intriguing that TA99, an antibody recognising the
intracellular protein Tyrp1, bears anti-tumour activity. This unexpected result was the
first indication of Tyrpl presence on the cell surface. Additionally, the successful
TA99-mediated tumour eradication in these studies shows that Tyrpl would

constitute a promising target for melanoma treatment.

1.6 TYRP1 TRAFFICKING

One possible explanation for the observed efficacy of TA99 in tumour rejection is the
presence of Tyrpl on the cell surface. In accordance to this conjecture, B16F10
melanoma cells were positive for surface Tyrpl. However, cells freshly isolated from
tumours displayed higher level of surface protein than the ones cultured in vitro
(Takechi et al., 1996). A following study confirmed that 2% of total Tyrp1 is present

on the plasma membrane (Yiging Xu et al., 1997).

Tyrpl follows the secretion pathway through the endoplasmic reticulum, and Golgi.
Following the exit from the trans-Golgi, Tyrpl is transferred to early endosomes.
From the early endosomes Tyrpl is delivered to the melanosomes via vesicles.
Several carrier proteins that play a role in Tyrp1 trafficking have been characterised.
Firstly, Tyrpl bears a di-leucine signal in its cytoplasmic domain, which facilitates
intracellular sequestration and trafficking to the melanosomes. Ablation of the di-
leucine signal leads to increased levels of the protein on the cell surface
(Vijayasaradhi et al., 1995). This signal is recognised by Adaptor Protein-1 (AP-1)
(Theos et al., 2005). Adaptor proteins interact with clathrin-coated vesicles and bind
the protein cargo for trafficking (Nakatsu and Ohno, 2003). AP-1 is not exclusive to
melanocytes, and has been shown to play a role in recycling receptors to the cell

surface (Deneka et al., 2003).

Biogenesis of lysosome-related organelles complex-1 (BLOC-1) is a protein complex

crucial for the formation of organelles such as melanosomes (Falcdn-Pérez et al.,
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2002). Ablation of BLOC-1 subunits affects the trafficking of Tyrp1, with Tyrp1 being
trapped on the cell membrane or endosomal vacuoles instead of melanosomes (Setty
et al., 2007). BLOC-2 complex deficiency similarly results in mis-localisation of Tyrp1

and tyrosinase, but does not affect Pmel17 (Helip-Wooley et al., 2007).

GTPase Rab proteins are crucial for vesicle transport and protein trafficking (Bhuin
and Roy,1996). In contrast to the carrier proteins mentioned above, which are key
components of post-Golgi protein trafficking in a broad spectrum of cell lineages,
Rab32 and Rab38 are expressed only in cells with lysosome-related organelles. These
organelles are melanosomes, granules of mast cells or platelet cells, lytic granules of
T-cells, and lamellar bodies of lung epithelial cells (Cohen-Solal et al., 2003, Zhang et
al., 2011). The implication of Rab38 to melanosomal protein trafficking was
established by Loftus and colleagues, by showing that mutation of Rab38 impaired
Tyrp1 trafficking (Loftus et al., 2002). Rab32/Rab38 are required for transfer of both
tyrosinase and Tyrpl to the melanosomes, however Tyrp2 seems to be dependent
only on Rab32 (Wasmeier et al., 2006). The Rab proteins interact with the other
components of the trafficking network, such as AP-1, AP-3 and BLOC complexes to
fine tune the transfer of the melanosomal proteins to melanosome (Bultema et al.,

2012).

The ubiquitous machinery of melanosomal protein sorting works effectively, but
individual components affect trafficking of individual proteins differently. Despite the
elucidation of trafficking machinery, it is still unknown how and when Tyrp1 escapes
to the cell membrane. It has been reported that Pmell7 is transferred to the
melanosome directly or indirectly through the cell surface (Valencia et al., 2006), but
there are no similar reports explaining the presence of Tyrpl on the plasma
membrane. There are several theories explaining why Tyrp1lis present on the surface,
presented on Figure 4. Tyrpl could have an indirect trafficking path for reaching
melanosomes through the membrane, similarly to Pmell7 (Figure 4, Red arrow).
Alternatively, high production levels of the protein might saturate the trafficking
machinery, leading to Tyrpl escaping to the cell surface (Figure 4, Purple arrow).
Another theory is that Tyrpl escapes to the cell surface when the melanosome is

fusing with the plasma membrane for melanin release (Jimbow et al., 1997) (Figure
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4, Blue arrow). A recent study showed that when surface Tyrp1 gets internalized, only
a small percentage gets transferred to melanosomes, with the majority being
recycled back to the membrane (Truschel et al., 2009) (Figure 4, Red arrow). These

findings contradict the first theory of an alternative indirect route of Tyrp1 trafficking.
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Figure 4: Mechanisms that lead to surface localisation of Tyrpl. Based on current research data, Tyrpl is
transferred directly to the melanosomes (Green arrow). Although Tyrp1 has been reported to escape to the cell
surface, the mechanism has not been identified. One possibility is an alternative indirect pathway (Red arrow).
Saturation of the secretion pathway due to Tyrpl overexpression can lead to mis-localization of the protein to
the cell surface. A third theory includes the fusion of melanosome with the membrane for melanin release (Blue
arrow). This way the melanosomal proteins, residing in the melanosomal membrane, become part of the plasma
membrane. The lumenal domain becomes extracellular, and the cytoplasmic domain becomes the intracellular
domain. Finally, the speculation that Tyrp1 is indirectly transferred to melanosomes was rejected by a recent
study (Truschel et al., 2009). They showed that a cohort of Tyrp1 is transferred to the membrane instead of the
melanosome.

Tyrplis expressed on approximately 50% of primary cutaneous melanomas, and 60%
of primary uveal melanomas (Chen et al., 1995)(de Vries et al., 1998). However, it is
contradictory whether Tyrp1 is inversely or positively correlated to tumour stage and
progression (Orlow et al.,, 1998) (Holzmann et al., 1987). Melanoma and vitiligo
patients secrete auto-antibodies against tyrpl, which indicates the presence of cell
surface Tyrpl (Mattes et al., 1983, Kemp et al., 1998). It is intriguing that an anti-
Tyrpl antibody, TA99, caused tumour rejection in B16 melanoma mouse model (Hara

et al., 1995). After the Hara and colleagues demonstration of TA99-mediated tumour
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eradication, TA99 was successfully used in other studies in combination with other
therapies (Patel et al., 2008, Ly et al., 2013). Although, surface Tyrp1 is not exclusive
to tumour cells but also present in healthy melanocytes, the toxicity is expected to
be limited. This is based on precedent of anti-melanocyte marker (Melan-A) TCR
expressing T-cells that were used in a phase | clinical study, with minimum toxicity
observed (Mackensen et al., 2006). The presence of Tyrpl on the plasma membrane,
in combination with the anti-Tyrpl successful melanoma eradication, delineates

Tyrpl as a promising target of adoptive T-cell therapy.

1.7 CHIMERIC ANTIGEN RECEPTORS

Itis intriguing that the intracellular protein Tyrp1is present on the cell surface (Yiging
Xu et al., 1997), and that anti-Tyrp1 therapy led to tumour rejection in mice (Hara et
al., 1995). Our aim is to exploit the surface-Tyrp1, a marker unique to melanosomes,

by using it as a melanoma target for adaptive T-cell therapy.

The adaptive immune system is comprised of B- and T-lymphocytes. The effector
function of B-cells can vary between antibody production and antigen presentation
(Lesley et al., 1971)(Naradikian et al., 2016). T-cells are the thymus-derived adaptive
immune lymphocytes. Thymus aplasia leads to viral infection susceptibility, as it was
first reported in 1965 (Cooper et al., 1965). The role of T-cells is to eliminate pathogen
infected cells and cancer cells (Williams and Bevan, 2007). CD4 helper T-cells prime
the cytotoxic CD8 T-cells, primary through the secretion of cytokines (Ridge et al.,
1998)(Shankaran et al., 2001). The T-Cell Receptor (TCR) binds an antigenic peptide
presented on Major Histocompatibility Complex (MHC) | or Il. The co-receptors CD8
and CD4 bind either the MHC | or Il respectively, and thus stabilise the interaction of
the TCR to the MHC (Wooldridge et al., 2005).

1.7.1 The Structure of the T-Cell Receptor

The TCR bestows the T-cell specificity, and is composed of a heterodimer of either
alpha/beta (aB) or gamma/delta (y8) chains. The y6TCRs constitute a minor fraction
of the T-cell population and their function is outside the scope of this thesis. The
oBTCR chains are derived from the somatic rearrangement of the genomic regions:

variable (V), diversity (D), joining (J), and constant (C). The rearrangement facilitates
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the diversity of the TCR repertoire (Garcia et al., 1996)(Davis and Bjorkman, 1988).
Each TCR chain consists of two extracellular domains. Those domains are
immunoglobulin-like, and form the variable and constant region. The assembly of the
TCR complex relies on an interchain disulphide bond (Backstrom et al.,

1996)(Backstrom et al., 1997).

The binding of the TCR to the peptide-MHC complex takes place in two stages:
docking and stabilisation. Initially, the contact is dictated by the interaction of the
TCR to the MHC independently of the peptide, which leads to the docking.
Subsequently, the stabilisation of this contact is dictated by the TCR specificity to the
peptide (Wu et al., 2002). The majority of TCR binding interface (75-80%) recognises
the MHC. Specifically, Complementary Determining Regions (CDR) 1 and 2 mainly
bind to the MHC. On the contrary, CDR3 recognises the antigen peptide (Chothia et
al., 1988)(Claverie et al., 1989). Jorgensen and colleagues showed that mutating the
CDR3 of either the TCR a- or B-chain abrogated the antigen interaction (Jorgensen et
al., 1992). Both the TCR and the peptide-MHC complex bear flexible interaction
surfaces, leading to conformational changes and stabilisation upon binding. The

flexibility of the binding surface is a result of the low affinity (Willcox et al., 1999).

The intracellular domains of the aBTCR are short, and bear no catalytic activity.
However, TCR is associated with the CD3 complex, which is responsible for the signal
triggering (Berkhout et al., 1988). The subunits of delta (6), gamma (y), two epsilon
(€), and two zeta (T) chains constitute the CD3 complex (Kuhns and Davis, 2012). Each
subunit bears a long intracellular domain with Immunoreceptor Tyrosine-based
Activation Motifs (ITAMs). The delta, epsilon, and gamma chains bear one ITAM,
whereas the zeta chains bear three ITAMs each. Hence, the CD3 complex contains
ten ITAMs (Chitu et al., 2001)(Love and Hayes, 2010). The ITAMs are phosphorylated
by kinases, and subsequently function as docking sites for the Z-Chain Associated
Protein tyrosine kinase 70 (Zap-70). The TCR activation and signalling is discussed

later in this chapter.

The co-receptors CD4 or CD8 stabilise the TCR interaction with the MHC (Wooldridge

et al., 2005), but also recruit the Lymphoid-specific Cytosolic protein tyrosine Kinase
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(Lck) that is crucial for the signal initiation (Artyomov et al., 2010). Lck binds to the

CD4 and CD8 co-receptors via a zinc-clasp structure (Kim et al., 2003).

1.7.2 The Structure of the Chimeric Antigen Receptor

The TCR recognises the peptide presented by the MHC. As mentioned above, the
CDR1 and CDR2 mainly bind the MHC rather than the presented peptide. The peptide
binding in the context of MHC constitutes a drawback for TCR adoptive T-cell therapy,
due the vast polymorphism of the MHC isoforms (Schreuder et al., 2001). TCR
engineered T-cells are restricted to the subpopulation bearing the specific MHC

recognised by the engineered TCR.

As an alternative, Eshhar and colleagues designed a chimeric TCR. The Chimeric
Antigen Receptors are engineered receptors that render T-cells specific against an
arbitrary antigen. The protein is a fusion of functional domains from proteins

implicated in TCR recognition and signalling (Eshhar et al., 1993).

The extracellular module of the CAR consists of the Single Chain Variable Fragment
(scFv), which grafts the antigen specificity, and a spacer (Figure 5). The spacer
provides flexibility for accessing antigens proximal to the cell membrane (Moritz and
Groner, 1995)(Guest et al., 2005), while the transmembrane domain is crucial for

anchoring the protein on the membrane.

Finally, the intracellular domain facilitates the signal transmission. In order to imitate
the function of TCR, CD3C domain was initially used as the CAR intracellular domain,
to facilitate signalling and stimulation (Baniyash et al., 1988). However, in order to
avoid T-cell anergy due to co-stimulation absence, the co-stimulatory molecule CD28
was also incorporated (Harding et al., 1992). CD28-CD3{ intracellular domain in CAR
T-cells substantially increases the IL2 and IFN-y production, yet they have limited
proliferative capacity (Maher et al., 2002). Alternative costimulatory domains have
been implemented, such as CD137 (4-1BB), CD134 (OX-40), and ICOS (Milone et al.,
2009)(Hombach et al.,, 2012)(Shen et al.,, 2013). The inclusion of 4-1BB as a
costimulatory domain led to augmented persistence and cytotoxic capacity. OX-40
domain, a member of the Tumour Necrosis Factor Receptor (TNFR) family was also

shown to increase the T-cell survival (Akiba et al., 1999). The combination of a
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costimulatory domain along the CD3C constitutes the 2" generation CAR structure.
The combinatorial effect of the two costimulatory domains plus the CD3¢ domain
represent the 3" generation CARs, which demonstrate enhanced proliferation and
survival signals (Pulé et al., 2005)(Tammana et al., 2010). The optimal CAR generation

and costimulatory-domain combination is an object of an ongoing debate.

The distance between the targeted epitope and the CAR is also crucial. The length of
the spacer is pivotal for the engineering of a functional CAR. The optimal distance
between the membranes of the CAR T-cell and the target is approximately 15nm,
which reflects the distance of the TCR T-cell membrane from its target during the
immune synapse (Wild et al., 1999). Therefore, depending on the localisation of the
epitope, the optimal spacer length varies between antigens (Guest et al., 2005)
(Hudecek et al., 2013). Generally, the spacer length is inversely correlated to the
distance of the epitope from the membrane. However other factors are also in play
including flexibility, steric hindrance, density and the expression of integrins or co-
stimulation receptors. Generally, CARs recognising epitopes that are proximal to the
membrane are superior. On the contrary, CARs against membrane-distal epitopes
exhibited diminished cytotoxicity (Hombach et al., 2007)(Wilkie et al., 2008)(James
et al., 2008).

Chimeric Antigen Receptor

scFv ’

Spacer

CD28/0X40

CD3T

N

Figure 5: The structure of the Chimeric Antigen Receptor. The CAR comprises three domains: the extracellular,
intracellular, and transmembrane domain. The extracellular part encompasses two domains, the scFv that
bestows the specificity, and the spacer that bestows flexibility and optimised length for the immune synapse. The
role of the transmembrane domain is anchoring the molecule in the plasma membrane. Finally, the intracellular
domain imitates the TCR signalling bearing the CD3Z, as well as a single or a combination of co-stimulatory
domains (such as CD28 or OX40).
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1.7.3 Activation of TCR

T-cell activation occurs upon TCR binding to a cognate peptide presented on MHC.
Consequently, the ITAMs on the cytoplasmic tails of the CD3 complex are
phosphorylated by Lck. The phosphorylated ITAMs constitute docking sites for Zap-
70, which then phosphorylates substrates, such as Linker of Activated T-Cell (LAT) for

downstream signal transmission (Weiss and Littman, 1994).

The mechanism that leads to the initial ITAM phosphorylation after the TCR
engagement is undetermined. There have been three models describing the TCR
signalling reaction in respect to sensitivity and specificity, and these models are not
mutually exclusive. Those are the receptor aggregation, conformational change, and
kinetic segregation models. According to the aggregation model, the T-cell triggering
requires multimeric MHC, which multimers will consequently induce TCR
aggregation. The multimeric TCR clusters can be homologous or not by consisting of
TCRs that recognise a cognate peptide, as well as self-peptide MHC complexes
(Krogsgaard et al., 2005). These pseudodimers augment the local concentration of
components integral to the signal triggering, and thus increase the possibility of

phosphorylation for signal triggering (Kuhns and Davis, 2007)(Kumar et al., 2011).

Another model that describes the T-cell activation is the conformational change
model. Two distinct but not exclusive changes have been proposed for the
conformation of the CD3C and € cytoplasmic domains. The CD3C cytoplasmic tail is
folded and tethered to the inner leaflet of the plasma membrane. Upon TCR binding,
the tail is discharged from the membrane, rendering it accessible to phosphorylation
(Aivazian and Stern, 2000). Similarly, CD3e undergoes a conformational change upon
TCR ligation. The exposed proline-rich domain recruits the Non-Catalytic tyrosine
kinase (Nck), prior to subsequent phosphorylation (Gil et al., 2002). However, the
importance of the Nck recruitment for the T-cell activation is disputed. Controversial
studies show that the Nck is either not required for the activation of mature T-cells;
or that is required for signal amplification during weak interactions; or finally is
required for ITAM phosphorylation inhibition (Szymczak et al., 2005)(Tailor et al.,

2008)(Takeuchi et al., 2008). Although conformational changes might play a role in
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the induction of signal transmission, the mechanism that provokes the conformation

change is still elusive.

Finally, a third model that describes the activation of T-cells upon TCR engagement is
kinetic segregation. Approximately 40% of Lck is constitutively active, driving the
signal transmission (Nika et al., 2010). It has recently been reported that the early
ITAM phosphorylation is mediated by free Lck, and not by Lck associated with the co-
receptors (Casas et al., 2014). Since there is no background activation of TCR without
antigen engagement, this suggests that phosphatases are constitutively active as
well. The main phosphatases implicated in regulating the TCR signalling are CD45 and
CD148 (Sieh et al., 1993)(Zhu et al., 2008)(Hermiston et al., 2009). In a resting T-cell,
the TCR stochastically gets phosphorylated and de-phosphorylated by diffuse kinases
and phosphatases and the resulting equilibrium maintains the T-cell in a non-

activated state.

Upon TCR engagement to the peptide-MHC on the surface of another cell, the
membrane of the T-cell and target cell form a close contact area approximately 15nm
apart from each other. This close contact area constitutes the immune synapse. The
complexes within the synapse, such as the TCR-peptide-MHC complex, as well as the
complexes formed by adhesion molecules like CD2, have a size of 15nm (van der
Merwe et al., 1995). Molecules with ectodomains longer than 15nm are physically
excluded from the synapse (Figure 6). The extracellular domain of CD45 is 28-51nm
long (McCall et al., 1992). Although the exact structure of CD148 is undetermined, its
size has been estimated at 47-55nm based on the 8-10 N-glycosylated fibronectin
domains (Ostman et al., 1994). Both CD45 and CD148 bear ectodomains longer that
the allowed distance in the synapse, and thus they are segregated. With the exclusion
of CD45-CD148 from the synapse, the kinase Lck phosphorylates the ITAMs without
the counterbalancing de-phosphorylation by the phosphatases. The increased
localised ITAM phosphorylation overcomes the triggering threshold and initiates the

signalling cascade.

In support to the kinetic segregation model, truncation of the CD45/CD148

ectodomains hinders T-cell triggering (Irles et al., 2003)(Lin and Weiss,

2003)(Cordoba et al., 2013). Similarly extension of the peptide-MHC complex
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impedes the triggering of TCR signalling cascade (Choudhuri et al., 2005)(Choudhuri
et al., 2009). We and others postulate that CAR T-cell triggering depends on kinetic

segregation.

An interesting property of the TCR signalling is its sensitivity to low-density targets.
The affinity of TCR for the peptide-MHC complex is low (1-100uM), allowing a rapid
dissociation after binding. According to the serial triggering theory, a single antigen
can rapidly bind and sequentially activate up to 200 TCRs (Valitutti et al., 1995). Serial
triggering does not affect the signalling of individual TCRs, but rather ameliorates the
combined signal strength in low-density targets, rendering it comparable to their
high-density counterparts (Itoh et al., 1999). CARs are based on antibodies having a
lower dissociation rate than TCRs (discussed in 1.8.3), and thus CARs do not undergo

serial triggering (James et al., 2010).
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Figure 6: The kinetic segregation model. Upon T-cell activation, the membranes of the target and the T-cell form
a close contact region of approximately 15nm distance length. The signalling components can diffuse inside the
synapse. However, the phosphatases CD45 and CD138 bear ectodomains of 28-51nm and 47-55nm length
respectively. Due to the large ectodomains, these phosphatases are physically expelled from the synapse. The
lack of phosphatases within the synapse leads to increased phosphorylation of ITAMs and signal triggering. The
size exclusion model is called kinetic segregation. Another phenomenon observed for TCRs is the serial triggering.
The low affinity of TCR to the peptide-MHC complex leads to fast dissociation from the complex after binding.
This way, the peptide-MHC complex can rapidly bind to several TCRs and serially activate them. It was shown that
a single peptide-MHC complex can activate up to 200 TCRs. We hypothesise that the activation of T-cells bearing
CARs instead of TCRs is also depended on kinetic segregation (right). However, the CARs binding domains are
based on scFv of antibodies. Antibodies have higher affinity for the antigen, thus the dissociation rate is slower
than that of TCRs. The longer interaction time between CAR and antigen impedes the rapid interaction of the
same antigen with multiple CARs, hindering the serial triggering.

1.7.4 Optimal TCR/CAR and Antigen Density

As discussed above T-cell activation is a dynamic process. This process is not binary

with only active and inactive states. The quality of the signal depends on a plethora

35



Chapter 1: Introduction

of parameters, such as affinity, antigen density, and TCR or CAR density. Depending
on the quality of the signal, different cytolytic capacity or differentiation profile might
be achieved (Sarkar et al., 2007)(Smith-Garvin et al., 2010).

Several studies have been published on the influence of TCR and peptide-MHC
density to T-cell activation. There are approximately 10°> TCR molecules on the
surface of a T-cell (Christinck et al., 1991). An inverse correlation between TCR density
and antigen density was observed. For low-antigen density targets (10*
epitopes/cell), 10° TCR epitopes/cell were required to elicit T-cell triggering. Hence,
the activation required the full TCR capacity, regardless the TCR affinity. On the
contrary, T-cell activation with high-antigen density (10° epitopes/cell) was
dependent on the TCR affinity. T-cells bearing high-affinity TCR required a density of
10° TCR epitopes/cell in order to be activated. A 5-fold increase in receptor density
was necessary for T-cell triggering in cells bearing a low-affinity TCR (Schodin et al.,
1996). Co-receptors also play a crucial role in overcoming the activation threshold.
The required TCR density was reduced from 8x10° epitopes/cell to 1.5x10°

epitopes/cell in the presence of co-stimulatory CD28 (Viola and Lanzavecchia, 1996).

The optimal antigen density for CAR targeting is undetermined, since many
parameters affect the threshold of activation. The CAR density, affinity, as well as the
distance of the epitope from the membrane constitute those parameters. Similarly
to TCRs, the CAR and antigen density are also reversely correlated (Alvarez-Vallina
and Russell, 1999)(Weijtens et al., 2000). It was shown in a Jurkat T-cell analysis
system that the CAR efficacy was enhanced with increasing antigen-density up to a
threshold. High CAR density led to activation at low antigen-density levels, and the
IL2 production was greater than that of the low-density CAR T-cells. However, density
higher than the threshold led to CAR T-cell impairment and Antigen-Induced Cell
Death (AICD) (Alvarez-Vallina and Russell, 1999). The minimal amount of CAR
epitopes/cell required for maximum cytotoxicity and cytokine production was 2x10*.
Lower CAR density was also efficacious, but the response time was increased by 3-
fold. For a CAR density range of 4.6-70x10" epitopes/cell, the target lysis plateaued
above 10* antigen epitopes/cell independently of the CAR density (James et al.,

2010). The CAR sensitivity was initially calculated at approximately 770 antigen
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epitopes/cell (Stone et al., 2012). However, a subsequent study demonstrated that
the antigen-density threshold for target lysis was approximately 240 epitopes/cell.
The threshold for cytokine production was an order of magnitude higher (Watanabe
et al., 2015). These values are likely to be dependent on the type of CAR used, and

related to its individual characteristics.

In order for a CAR T-cell to engage and serially lyse target cells, an adequate amount
of CAR molecules would be required to remain on the cell surface after CAR
downmodulation. Although an optimal T-cell activation occurs with a CAR density of
2x10* epitopes/cell, the downmodulation of the CAR molecules from the surface
decreases the capacity for serial target lysis. Based on a mathematical model, a CAR
density of 0.5-1x10° CAR epitopes/cell was predicted to be downmodulation resilient
(James et al., 2010). However, high CAR density and prolonged TCR activation cause
AICD (Alvarez-Vallina and Russell, 1999)(lezzi et al., 1998).

Interestingly, the antigenic epitope distance from the membrane of the target cell
also influences the CAR cytotoxic capacity. The distance negatively affected the CAR
sensitivity, so membrane-distal epitopes were required at a 4-fold higher density in
order to elicit a response equivalent to the membrane-proximal epitopes (James et

al., 2008).

1.7.5 CAR T-Cell Clinical Trials

CAR T-cell therapies have been efficacious in haematological malignancies. Clinical
trials using anti-CD19 CARs have been successful. CD19 is a transmembrane protein
expressed in normal and neoplastic B-cells (Wang et al., 2012). Patients with Acute
Lymphoblastic Leukaemia (ALL) and Chronic Lymphocytic Leukaemia (CLL) achieved
remission after anti-CD19 CAR T-cell administration (Brentjens et al., 2013)(Davila et
al., 2014)(Grupp et al., 2015)(Brentjens et al., 2010)(Porter et al., 2011). However,
severe neurotoxicity occurred in 50% of the patients treated with anti-CD19 CAR T-
cells (Turtle et al., 2016). An additional concern is the antigen escape observed by
Sotillo and colleagues (Sotillo et al., 2015). Alternative antigens, such as CD22 or
ROR1 are being tested for the treatment of ALL or CLL in phase | clinical trials
(NCT02650414 and NCT02706392).
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CD19 has also been explored as a potential antigen for targeting multiple myeloma.
A therapy using anti-CD19 CAR T-cells has led to complete remission or progression
free disease in two separate clinical trials (Garfall et al., 2015)(Ramos et al., 2016). An
alternative antigen used for multiple myeloma CAR therapy is B-Cell Maturation
Antigen (BCMA), which is solely expressed on plasma cells (Ryan et al., 2007). Partial
response was observed in two of the four patients that received high dose of anti-

BCMA CAR T-cells (Ali et al., 2016).

It is of great interest to expand the CAR field in solid tumours. To date, results from
clinical trials using CAR-T-cell therapy for solid tumours have been modest. An early
trial, in which an anti-folate receptor first generation CAR was employed, showed
lack of T-cell engraftment to the tumour site (Kershaw et al., 2006). Another
promising target is the Human Epidermal Growth Factor 2 (HER2), which is
overexpressed in multiple malignancies, and constitutes an attractive target. Three
out of sixteen osteosarcoma patients achieved progression free disease (Ahmed et
al., 2015). Unfortunately, anti-HER2 CAR therapy was fatal for a colon carcinoma
patient, due to on-target off-tumour effect with HER2 present in the lung at low-
density (Morgan et al., 2010). More promising results were shown in a different
clinical trial for neuroblastoma treatment (Pule et al., 2008). The CAR T-cells were
engineered to recognise the diasialoganglioside GD2. Half of the patients experience
tumour regression, including a complete remission. An anti-GD2 CAR T-cell clinical

trial is currently open in UK (NCT02761915).

More targets are being exploited for CAR T-cell therapy. An ovarian cancer clinical
trial has been approved, in which the CAR T-cells will be administered to the patients
via an intraperitoneal injection. Additionally, the T-cells are engineered to express
and secrete IL-12 (Koneru et al., 2015). CAR T-cells against mesothelin have shown
promising results in in vivo xenograft models (Carpenito et al., 2009). There are
currently two open clinical trials that employ an anti-mesothelin CAR T-cell (Beatty et
al.,, 2014)(NCT02414269 and NCT02465983). Epidermal Growth Factor Receptor
variant Ill (EGFRvIII) is a tumour-specific mutation, which constitutes an optimal

target for CAR T-cells. The efficacy of the anti-EGFRvIII CAR was validated in vitro and
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in vivo for glioblastoma treatment, which subsequently led to a phase | clinical trial

(Johnson et al., 2015)(NCT02209376).

Two clinical trials are implementing CARs to target melanoma. In the first study, the
CAR is against the VEGFR for the treatment of metastatic melanoma and renal cancer
(NCT01218867). The clinical trial has been completed, but the results are still
unpublished. Another clinical trial aims to target melanoma, neuroblastoma,

sarcoma, and osteosarcoma. The CAR in this study targets GD2 (NCT02107963).

1.7.6 Advantages and Challenges of CAR Technology

T-cell receptors recognise an antigen in the context of Major Histocompatibility
Complex Class | (MHC I) (Raychaudhuri et al., 1992). However, MHC | (or Human
Leukocyte Antigen HLA) protein molecules are highly polymorphic, with 615 reported
isoforms among the homologues A, B, and C (Schreuder et al., 2001). TCR recognises
the complex of MHC I-antigen, thus it only recognises the antigen in the context of a
MHC-I isoform. Hence, only the fraction of the patients that express this isoform is
able to receive the TCR T-cells. With 615 MHC | isoforms discovered so far, this
mechanism introduces a significant limitation to the TCR development of adoptive T-

cell therapy.

Additionally, the engineered a and B TCR chains introduced into T-cells, can
heterodimerize with chains of the endogenous TCRs. This phenomenon introduces
two hurdles. First, the presence of the introduced correctly paired TCR is diluted on
the surface. This could significantly reduce the sensitivity of the therapy and lead to
treatment failure. Second, the function of a mispaired TCR is unpredictable, and there
are concerns regarding auto-reactivity of the TCR. However, there are potential
strategies to address this issue, either by introducing a cysteine in the a and B chains
to form an extra disulphide bond or by down-regulating the expression of

endogenous TCR (Cohen et al., 2007)(Okamoto et al., 2009).

CAR technology bypasses the mispairing and HLA-restriction, and also enables the
targeting of non-protein targets. It is important to point out that CARs are engineered
receptors containing a combination of individual functional domains. This modularity

gives the advantage of flexibility. The rapid development in the field has already
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produced three generations of CARs, and the research into developing more
advanced receptors is ongoing. The flexibility of CAR design extends to logic gates. A
group of cross-talking CARs can be incorporated into a single cell, introducing

complexity to the antigenic pattern of recognition.

The serious limitation of CAR technology is the inability to target intracellular
antigens. The optimal tumour antigen is elusive. Tumour cells, unlike foreign
microorganisms, are derived from the organism itself. As they originate from healthy
tissues, tumour antigens might also be present on normal cells. Choosing the antigen
for tumour targeting is therefore challenging. The restriction of CAR technology to
exclusively surface antigens is significantly limiting the pool of available tumour-

antigens.

1.8 ANTIGEN SENSITIVITY IN RELATION TO AFFINITY
1.8.1 Binding Kinetics

The binding kinetics of a TCR are described by the association and dissociation rate
of interaction with the antigen complex. The association rate (K,) portrays how
quickly the TCR binds to the peptide-MHC complex. Respectively, the dissociation
rate (K4) describes how fast the TCR dissociates from the antigenic complex (Stone et
al., 2009). High association rate allows for rapid formation of the complex. High off

rate renders the complex unstable and likely to dissociate.

[TCR] + [peptide-MHC(] Ei [TCR: peptide-MHC]
d
The dissociation constant (Kp) describes the affinity of the TCR to MHC complex, and
is derived from the quotient of K, and Ky. Affinity expresses how strong the
interaction is, and determines the ratio of TCR-MHC-peptide-complex to unbound
TCR and MHC-peptide at equilibrium. The higher the affinity, the less unbound
proteins are present. The units for the on- and off-rate are M's™* and s™ respectively.

As a result, the unit for Kp is M.
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K=K¢
b K

As aforementioned, the Ky describes the dissociation speed. Based on the
dissociation rate, we can measure the half-life of interaction between the TCR and

the peptide-MHC complex. The measurement unit for the half-life (or t1/,) is seconds

(s).

The golden standard technique for measuring binding kinetics is surface plasmon

resonance, which is described in chapter 5.1.4.

1.8.2 Effect of Affinity on T-Cell Receptors

TCRs have low affinity against cancer antigens, as a result of negative selection of
high affinity TCRs against self-antigen (Aleksic et al., 2012). The low-affinity enables
the required flexibility, in order for the conformation change to occur in both TCR
and peptide-MHC complex during the interaction (Willcox et al., 1999). The TCR
affinity range is 1uM-100uM. The association- and dissociation rate range is 1-3x10°
M™ s, and 0.3-0.06 s respectively (Matsui et al., 1994). Although the general TCR
affinity range is 1uM-100uM, the average affinity of TCRs against foreign antigens is

10uM, whereas the average affinity against cancer antigens is 100puM.

The effect of affinity on TCR efficacy is convoluted. A plethora of studies support the
model of optimal dwell time. It was shown that TCRs with half-life shorter than 0.5
min were inactive. On the other hand, half-life longer than 10 min impedes the serial
triggering, also rendering the TCR inactive (Kalergis et al., 2001). Therefore, a TCR
has to be able to form complexes within a specific range of half-life in order to be
functional. In a subsequent study, the optimal dwell time was delineated in
accordance to the antigen density. For low-antigen density targets, the serial
triggering was crucial in TCR activation. Since the antigen density is the limiting factor,

each antigen is required to sequentially bind multiple TCRs. However, when the
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antigen is in abundance, multiple targets will bind multiple TCRs concomitantly.
Therefore, the serial triggering is not pivotal in the latter scenario. In accordance to
this, for high-antigen targets a half-life of 10min or longer did not thwart the T-cell
activation (Gonzdlez et al., 2005). The importance of serial triggering was also
underlined by Thomas and colleagues. Their study showed that although high-affinity
TCRs achieved faster responses against high density targets, solely low-affinity TCRs
recognised low-density targets (Thomas et al., 2011). Interestingly, the optimal dwell
time and serial triggering hypothesis is also supported in a study with Bispecific T-cell
Engagers (BIiTEs). Slow dissociation rate of the BiTE from CD3 decreased the T-cell

triggering capacity, due to inefficient serial triggering (Bortoletto et al., 2002).

Compelling evidence suggests that best TCR activity is achieved when it shows an
optimal range of association time (dwell time) to the antigen. However, there are
studies that show correlation of TCR efficacy to the affinity rather than the off-rate
(Tian et al., 2007). Specifically, the TCR efficacy positively correlates with affinity.
However, the efficacy reaches a plateau at approximately 5uM, and the T-cell
function could not be further enhanced for affinity higher than 5uM (Schmid et al.,
2010). Affinity higher than 5nM led to specific TCR antigen recognition only in the
absence of CD8, which increases the avidity of the T-cell interaction. TCR in the pM
range of affinity altogether lost the antigen specificity (Zhao et al., 2007). The
correlation of affinity to the TCR functional capacity, instead of the dissociation rate
reflects the effect of the on-rate. According to the optimal dwell time model, TCR

with half-life shorter that 30 seconds fails to trigger signal transmission.

Nevertheless, TCR with short half-lives can be active, when their on-rate is rapid
(Aleksic et al., 2010). When the association rate is faster than the diffusion rate of the
TCR in the membrane, which is less than 100A in 1ms, the TCR rebinds onto the
peptide-MHC complex. The total time of interaction, including the rebindings, is
called the aggregate half-life. The probability of 1-3 rebindings is increased for on-
rate higher than 10°M™ s (Govern et al., 2010). According to the aggregate dwell
time model, a TCR with a rapid off-rate, could still be active if the on-rate is also rapid.
This would allow for rebinding to the antigen, thus prolonging the interaction time to

the aggregate half-life rather than the half-life predicted based on the off-rate.
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It is unknown whether the influence of affinity is similar on CAR efficacy. Although,
the TCR and CAR signal transmission occurs through the kinetic segregation, the
stoichiometry within the synapse is different. The CD4 and CD8 co-receptors
independently bind the peptide-MHC complex (Wyer et al., 1999), and stabilise the
TCR-MHC complex interaction (Wooldridge et al., 2005). Additionally, the co-
receptors recruit the Lck, which is essential for the signal initiation (Artyomov et al.,
2010). The affinity of CD8 for MHC-I is 150uM, with a rapid off-rate and a half-life of
0.04s (Wyer et al., 1999). Despite the low-affinity of CD8 for MHC-I, it was shown that
CD8 significantly augments the capacity of low-affinity TCRs (3uM). TCRs reach an
efficacy plateau at affinities higher than 1uM in the presence of CD8. However, this
TCR-efficacy plateau is only attained at 100nM in the absence of CD8, thus CD8 is

pivotal for the TCR function (Holler and Kranz, 2003).

The correlation of kinetics and TCR efficacy can be simplified into a model based on
three parameters: half-life, on-rate, and antigen density. It is important to distinguish
between TCR’s having low or high half-life, because in each case different parameters
influence their capacity for signal activation. The efficacy of TCRs characterised by
low half-life depends predominantly on their on-rate. Fast on-rate allows rapid
rebindings to the target, and thus a functional TCR. Although the interaction between
TCR and peptide-MHC complex is rapid, their dynamics result in more complexes
being formed in a unit of time. If the on-rate is slow, the interaction time is
inadequate to trigger signalling. On the other hand, when the half-life is high, the TCR
efficacy depends on the antigen density. For low-antigen density targets the TCR
sensitivity, and thus serial triggering, is pivotal. High half-life impairs the serial

triggering, and thus undermines the sensitivity.
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The function of TCRs in regard to affinity has been widely studied, and the optimal
affinity range as well as the optimal half-life has been delineated. The avidity
amelioration due to the co-receptor binding is not taken into consideration in these
optimal range values for affinity and half-life. However, CARs lack a direct interaction
to co-receptors, so no avidity augmentation is observed. Hence, translating the
optimal-for-TCR-efficacy values into CAR design would constitute an underestimation
of the affinity or half-life required for optimal function. Nevertheless, the influence

of kinetics on TCR capacity can be extrapolated as a principle for CAR design.

1.8.3 Effect of Affinity on Chimeric Antigen Receptors

The binding moiety of CARs is a scFv derived from an antibody. The antibody kinetics
vary significantly from the kinetics of TCRs. The kinetic disparity reflects the
difference between antibody maturation and TCR selection. T-cells undergo a
positive and negative selection. T-cells bearing TCRs with an affinity below the
peptide-MHC recognition levels result in cell death by neglect, as the cells do not
receive external growth signals required for their survival. However, T-cells bearing
TCR with high affinities are eliminated by apoptosis induction (Sha et al., 1988).
Consequently, a narrow window of 1uM-100uM is observed for TCR affinity (Alam et
al., 1996)(Williams et al., 1999)(Daniels et al., 2006).

Antibodies are produced by B-cells, after stimulation of the B-Cell Receptor (BCR) and
interaction with a helper T-cell. High affinity BCR migrate to the lymph node germinal

centre were they undergo somatic hypermutation (Kim et al., 1981). Hence,
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antibodies are characterised by higher affinity, faster association rates, and slower
dissociation rates than TCRs. Specifically, the range of affinity, on-rate, and off-rate
is 1-100nM, 10*%10" M™ s and 10°-10° st respectively (Poulsen et al.,
2007)(Poulsen et al., 2011). Table 2 shows the affinity of CAR scFv that have been
used in clinical trials. The affinity of those scFv is within the nM range, being
approximately an order of magnitude higher than the 1-100uM TCR affinity range
(Matsui et al., 1994).

Table 2: Affinity of CAR scFv in clinical trials.

CD19 FMC63 (Nicholson et al., 1997)
CcDh19 HD37 0.18 (Ghetie et al., 2004)
CcDh19 4G7 30 (Kugler et al., 2009)
CD33 MY9-6 0.97 (Hoffee et al., 2012)
CD123 26292 3.5 (Du et al., 2007)

HER2 FRP5 4.2 (Wels et al., 1995)
Mesothelin SS1 0.7 (Carpenito et al., 2009)

Although the effect of affinity on TCR cytotoxic capacity has been thoroughly studied,
the literature on CAR affinity is limited. In the majority of studies, the association rate
K values reside within a small range. The difference in function observed is therefore
due to the dissociation rate Kq. The effect of the affinity on the CAR efficacy is still
unclear, with a plethora of studies demonstrating that affinity is positively correlated
to sensitivity (Chames et al.,, 2002)(Chmielewski et al., 2004)(Hudecek et al.,
2013)(Caruso et al., 2015)(Liu et al., 2015)(Lynn et al., 2016). On the contrary, one
study illustrates the superior sensitivity of the low-affinity CAR due to the serial

triggering effect (Turatti et al., 2007), which will be discussed below.

In detail, there have been five publications to this date, supporting the increased
sensitivity of high-affinity CARs. In 2002, Chames and colleagues analysed the
capacity of two CARs based on the same scFv clone, with affinities of 14nM and
250nM. The 14nM CAR exhibited 2-fold higher cytotoxic capacity than the 250nM

CAR. However, labelling the target cells with the soluble scFv resulted in a fluorescent
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intensity different by two orders of magnitude. This suggests a discrepancy in the
scFv stabilities. Hence, the stability, instead of the affinity, could be the cause of the
different CAR capacity (Chames et al., 2002). Similarly, two CARs with 1.8nM and
21nM affinities were validated in vitro. A disparity in capacity was observed only with
an antigen-density below 3x10* epitopes/cell, which was not mitigated over time
(Caruso et al., 2015). However, this study employed CARs with distinct clones of scFv,
without addressing potential diversity in stability. Additionally, the difference in
affinity in this case reflects the on-rate variation, with the high-affinity CAR having
two orders of magnitude faster association than the low-affinity one (Caruso et al.,
2015). Two additional CARs with affinities of 0.56nM-32.6nM based on two distinct
scFv, were analysed for cytotoxicity and cytokine production. The latter was
marginally better for the high-affinity CAR. Nevertheless, the cytotoxic capacity was
comparable (Hudecek et al., 2013). The aforementioned studies drew conclusions on
the affinity influence on the capacity of CARs based on only two affinity points instead
of a range. Therefore, however interesting, the result has to be interpreted with
caution and a more reliable measurement is required to support this observation

with confidence.

The superiority of the high-affinity CAR was also demonstrated in studies that
employed a range of CAR affinities. Firstly, the affinities for the CARs interrogated
were 15pM, 0.12nM, 1nM, 16nM, and 320nM. The results were binary, with the
affinity between 15pM-16nM leading to equivalently high cytotoxic capacity. On the
contrary, the 320nM CAR was not functional. Although these data indicate a plateau
of efficacy for affinity higher than 16nM, there are no available data for the affinity
gap between 16nM-320nM (Chmielewski et al., 2004). Additionally, Liu and
colleagues employed a range of CAR affinities between 0.58nM-3.9uM. The
individual affinities for the CARs were 0.58nM, 3.2nM, 1.1uM, and 3.9uM. The two
CARs in the uM affinity scale demonstrated reduced capacity against low-antigen
targets. Interestingly, the cytokine production of the low-affinity CARs against high-
density targets was superior. However, this pattern was reversed with high-affinity
CARs producing higher concentration of cytokines against low-density targets. In this

study, the affinity gradient of scFv was obtained through antibody humanisation.
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Humanisation is achieved by mutating the framework of the antibody structure, not
the CDRs (Jorgensen et al., 1992). The framework mutations could introduce
discrepancies in the stability of the antibody and scFv. The stability discrepancy has

not been investigated or discussed in this study (Liu et al., 2015).

Finally, two CARs with the same clone variants were compared, and their affinities
were 1nM and 1.6pM. In this study, the difference in affinity is due to the
dissociation, as well as the association rate divergent values. The on-rate and off-rate
differed by one and two orders of magnitude respectively. In contrast to the
aforementioned studies, this one demonstrated the superiority of the low-affinity
CAR against low-density targets (Turatti et al., 2007). This observation is in
accordance with the TCR studies, that showed that low-affinity TCRs had a short half-
life, and thus underwent serial triggering. Therefore, the low-affinity TCRs were more

sensitive to low-density targets (Gonzdlez et al., 2005)(Thomas et al., 2011).

The correlation between affinity and CAR efficacy has not been intensively
investigated, with only a limited amount of studies on the subject. Additionally, these
studies are very difficult to compare, because they employ different affinity data
points, diverse functional assays and time points. The spread of the affinity ranges
used in each study are illustrated in Figure 7. The lack of stability data between the
scFv variants constitutes one of the major confounding factors in all these studies.
Stability divergence could result in a false-positive correlation between affinity and
CAR efficacy. CAR affinity-variants based on different clones bind distinct epitopes,
and thus constitute an additional confounding factor, since epitopes proximal to the
membrane are favourable (Haso et al., 2013). Finally, in each study disparate antigen
and CAR densities were used. The collective characteristics and findings of each study

are illustrated in Table 3.

The majority of studies show a positive correlation between affinity and CAR potency.
This correlation was more pronounced in the suboptimal conditions of low-antigen
density. However, these data are inconsistent with Turatti and colleagues, who
showed an inverse correlation. An inverse correlation was also shown between
affinity and TCR efficacy. TCRs with long interaction time, and thus high affinity
exceeded the optimal-dwell time impairing the serial signalling. Taking into
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consideration the inconsistencies, as well as the caveats of those studies, reaching a
conclusion on the affinity-to-efficacy correlation is challenging. A more thorough
study with a plethora of affinity points is essential for establishing the optimal affinity

range of CAR T-cells.

Liu, 2015

Caruso, 2015

2013
ratti, 2007
04
Chames, 2002
Ab TCR

1 10 100 1 10 100 1 10 100
pM nM MM

Figure 7: Affinity range of published data investigating the correlation between affinity and CAR efficacy. The
affinity range of TCRs is 1-100pM (Matsui et al., 1994), in contrast to the antibody affinity range that resides
between 1-100nM (Poulsen et al., 2007)(Poulsen et al., 2011). Six studies investigated the influence of affinity
and kinetics on CAR cytotoxic capacity. The CAR affinity range employed in each study is illustrated in this figure.
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Table 3: Studies on affinity correlation to CAR efficacy.

CATEGORY: Chames, 2002 Chmielewski, 2004 Turatti, 2007 Hudecek, 2013 Carurso, 2015 m

ANTIGEN

SCFV

AFFINITY RANGE

K

CAR GENERATION

CAR DENSITY

TARGET DENSITY

TARGET DENSITY
MEASUREMENT

READ-OUT

No OF VARIANTS

CONCLUSIONS

MAGE-A1

G8

14nM-250nM

Small range

VH-CD4/y chain
VL-CD4/y chain

Similar (Low+)
MZ2-MEL2.2-
MZ2-MEL3+

MZ2-MEL2.2++
(peptide pulsed)

Not measured

51
Cr release (6h)
TNF-a (24h)

2

High affinity: Superior

ErbB2

C6.5

320nM-15pM

Small range

lst

Similar

SK-OV-3+++
Colo201++
MCF-7++

ErbB2 solid phase
bound

MFI (+++ 2log, ++ 1log)

Cytotoxicity (48h)
IFN-gamma (48h)

5

No efficacy gain below
16nM

HER2

C6.5

1.6uM, 1nM

Small range

lst

e +++)

Similar (High™ ", Low

A341++
A341-HER2+++

MFI (+++ 2log, ++ 1log)

*ICr release assay (18h)
Tumour cell growth
inhibition (72h)

2

Low affinity: Superior for
low-density targets

ROR1

R12 vs 2A2

0.56nM-33nM

Small range

2" (4-1BB, CD28)

Similar (High)

Primary CLL++
JeKo-1+

K562-
K562_CD19-
K562_ROR1++
Raji_ROR1++

No measurement

51Cr release (4h)
Cytokines
Proliferation (72h)
NSG animal model

2

Similar cytotoxicity
Equivalent in vivo

EGFR

Cetuximab
Nimotuzumab

0.39nM-45nM

2 log

2" (cD28)

Similar MFI

A431+ (10° Ag/s)

u87 (31 x103Ag/s)
87" (135 x10 Ag/s)
us7"" (340 10 Ag/s)
us7"™ (628 x10'Ag/s)
HRCE ( 15 x10 Ag/s)

Quantum Simply Cellular
polystyrene beads

51Cr release (4h)
Intracellular cytokine
Phospho-flow

NSG mouse model

2

High affinity: Superior at
“low” antigen density

ErbB2

ErbB2: Humanization
EGFR: different clones

0.3nM-4.4nM

Unknown

2" (4-1BB)

Similar

SK-OV3+++
SK-BR3+++
BT-474+++
EM-Meso+
MCF7+
293T+
A549+
624mel+
PC3+

No measurement
Cytotoxicity
Cytokine (IL2, IFN-y)

Proliferation
CD107a

4

High affinity: Superior at low
antigen density
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1.9 HYPOTHESES

Our hypotheses:

* The low-antigen levels of Tyrpl on the surface will be sufficient to elicit a T-

cell response.

* Since CAR T-cells are not sensitive to low-density targets, optimisation of the

anti-Tyrpl CAR will be paramount.

* Fine tuning of the CAR affinity will enable serial triggering, and will increase

the sensitivity.

1.10 PROJECT AIMS

In this project we are assessing the feasibility of using an intracellular antigen, which
resides on the plasma membrane at low density, as a target for CAR T-cell therapy.
The antigen we aim to exploit is the melanosomal protein Tyrpl. Anti-Tyrpl
constitutes the first CAR to exploit the presence of an intracellular antigen on the cell
surface, thus indirectly employing an intracellular protein as a target for CAR therapy.
This approach can lead to a synergy between the advantages of CAR technology and

the exploitation of intracellular proteins for tumour targeting.

Protein trafficking is a complicated machinery, and proteins often have indirect
routes to reach a destination. Although, Tyrpl is present on the cell surface at low
antigen density, the exact density and mechanism of reaching the cell surface is
unclear. Our first specific aim is the determination of the Tyrp1 density on melanoma
cell lines and primary melanoma tissue, as well as the exploration of its trafficking

pathway.

Based on the literature, the CAR sensitivity threshold is limited to 240 antigens per
cell surface for cytotoxicity, whereas the threshold for IFN-y production lies within
the 770-5320 window (Stone et al., 2012)(Watanabe et al., 2015). The Tyrp1 is a very
advantageous target due to its expression limited exclusively to melanocytes.
However its density could be lower than the CAR sensitivity threshold, since it was

estimated that only 2% of Tyrp1 resides on the cell surface (Yiging Xu et al., 1997).
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Therefore, our second aim is the engineering of the anti-Tyrpl CAR. Consequently,
we aim to validate the CAR efficacy against a range of densities for surface Tyrp1, as

well as physiological Tyrp1 density on melanoma cell lines.

We expect a limited efficacy of the anti-Tyrpl CAR against the low-density targets.
Thus, our third goal is to optimise the CAR by increasing its sensitivity. In order to
achieve this, we have taken into consideration the serial triggering effect (Valitutti et
al., 1995). Serial triggering is hypothesised to bestow TCR T-cells sensitivity to low-
density targets (Thomas et al., 2011). We aim to examine whether altered binding

kinetics of the anti-Tyrp1 CAR lead to enhanced sensitivity.

In summary the specific aims are:

* Quantitation of surface Tyrpl on melanoma cell lines, and primary melanoma

samples.

* Exploration of the Tyrpl trafficking mechanism, in order to elucidate the

pathway that results in a fraction of Tyrpl being present on the cell surface.
* Engineering and validation of the anti-Tyrp1 CAR.

* Binding kinetic manipulation of anti-Tyrpl CAR, in order to investigate

correlation between affinity and sensitivity.
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CHAPTER 2: MATERIALS AND METHODS

2.1 MOLECULAR BIOLOGY
2.1.1 Molecular Cloning

2.1.1.1 Phusion PCR

Phusion PCR enables the fusion of two or more DNA fragments at precise junctions.
This is achieved in a two-step protocol, the primary Polymerase Chain Reaction (PCR)
and the phusion PCR. An arbitrary sequence is inserted in the overhang of the primary
PCR primers, which is complementary to another PCR fragment. This overhang is
incorporated in the PCR fragment sequence during the primary PCR. These PCR
fragments are now complementary, hence during the secondary (phusion PCR) they
anneal and extent. The reaction is depicted in Figure 8. The cloning design and

analysis was carried out in SnapGene.

The enzyme used for this reaction is phusion polymerase (NEB, F-540L) with the
required phusion polymerase HiFid x10 buffer (NEB, F-540L). The reactions are

summarized in the tables below.

t
1S Step: Primary

= e

nd
2 Step: Phusion

—_—

———
«~ — —

M
I

Fused product

»* N

Figure 8: Reaction of Phusion PCR. The phusion PCR consists of two separate steps. During the primary PCR the
desired mutation or junction sequence is incorporated via the oligo overhangs. The secondary PCR (or phusion)
facilitates the fusion of the two PCR fragments that are now complementary.
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Table 4: Primary PCR (Phusion PCR).

Reagents: Volume (pl):
Nuclease Free H,0 35.5
10x High Fidelity Buffer 10
dNTPs 1
Template (200ug/ml) 1
Forward Primer-A (25uM) | 1
Reverse Primer-B (25uM) | 1
Phusion polymerase 0.5
Table 5: Phusion PCR (Phusion PCR).
Reagents: Volume (pl):
Nuclease Free H,0 34.5
10x High Fidelity Buffer 10
dNTPs 1
Template (fragment 1) 1
Template (fragment 2) 1
Forward Primer-Al (100uM) | 1
Reverse Primer-B2 (100uM) | 1
Phusion polymerase 0.5

2.1.1.2 DNA Construction by Oligo Assembly

Chapter 2: Material and Methods

Oligo assembly is a procedure that allows the synthesis of an arbitrary DNA sequence.

This is achieved by creating a pool of overlapping oligos. These overlapping units are

extended with several PCR cycles. Successful full-length products created in the

primary PCR are then amplified at the secondary PCR, with the first and last primer

as forward and reverse respectively. Figure 9 constitutes the map for the oligo

assembly of TA99.
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Figure 9: Oligo assembly of TA99. An arbitrary DNA sequence can be constructed with a series of overlapping
oligos. The complementary oligos form a chain extended in the presence of the polymerase. The fragments that
will be successfully extended are subsequently amplified in the secondary PCR.

Table 6: Primary PCR (Oligo Assembly).

Reagents: Volume (ul):

Nuclease Free H,0 36.5

10x High Fidelity Buffer | 10

dNTPs 1

Template (oligo pool) 2

Phusion polymerase 0.5
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Table 7: Secondary PCR (Oligo Assembly).

Reagents: Volume (pl):
Nuclease Free H,0 35.5

10x High Fidelity Buffer 10

dNTPs 1

Template (oligo pool) 2

Forward Primer-Al (100uM) | 1

Reverse Primer-B2 (100uM) | 1

Phusion polymerase 0.5

2.1.1.3 Alanine Scanning

The alanine scanning was utilised in order to discriminate the contribution of each
amino acid residue in the CDR3 of heavy and light TA99 chain. Through the alanine
scanning we acquired TA99 alanine substitution mutants bearing a range of affinities.
The engineering of the mutants was based on phusion PCR. The phusion PCR
introduced the sequence GCC at the junction of the overhang and complementary

region.
2.1.1.4 Restriction Endonuclease Digestion

The restriction digestions were performed based on the instruction provided by NEB,
in order to introduce ‘sticky’ end on the DNA. The ‘sticky’ ends facilitates the ligation
of two or more DNA fragments. In order to acquire the fragment of the vector

backbone 5ug of plasmid stock were digested.
2.1.1.5 DNA Ligation and Transformation

The PCR fragments are digested with NEB restriction enzymes, and inserted into an
appropriate vector. The ligation is carried out with the Quick ligase kit (NEB, M2200L).
The ligation mix is incubated for 5min in room temperature. Then NEB 5-alpha
competent E. coli (NEB, C2987H) were transformed with 2ul of the ligation mix. The
transformation includes three steps. First step is incubation at 4°C for 20min. Then

the bacteria are heat shocked at 42°C for 32sec, followed by a recovery step at 37°C
56



Chapter 2: Material and Methods

for 30min in SOC medium (New England BioLabs, B90205). After the recovery step

the bacteria are spread on an LB agar plate and incubated overnight.
2.1.1.6 Small and Large Scale DNA Preparation

After the bacterial transformation, a single colony was selected from the LB agar plate
and grown overnight in 4ml of Luria-Bertani (LB) Medium (MP Biomedicals LLC, 3002-
031). The media was supplemented with 100pg/ml of carbenicillin (VWR
International, 69101-3). For small scale DNA preparation (minipreps) we used the

QlAprep Spin Miniprep Kit (Qiagen, 27106).

For large scale DNA scale preparation (midiprep) of DNA plasmids, the
NucleoBond®Xtra Midi (Mecherey-Nagel, 740410.100) was utilised. The midiprep
consisted of: 1) a 50ml Terrific Broth (TB) culture (Merck Chemicals Ltd,
1.01629.0500), 2) 250-500ul of bacterial culture, 3) 100ug/ml of carbenicillin. The
midiprep was incubated for 16-18 hours in a bacterial shaking incubator (220 RPM,
37°C).

2.1.1.7 Gel Electrophoresis

We verified the DNA fragment size, and isolated the fragment by DNA separation
using agarose gel electrophoresis. The agarose gels (1%) were prepared in 1x Tris,
Boric Acid EDTA (TBE) buffer. The agarose was solubilised by microwave heating of
the solution. The 10x TBE buffer consists of 108g Tris, 55g Boric acid, 108g Tris base

diluted in 1 litre of de-ionised water (10x).

Once the agarose had been dissolved, the solution was cooled and infused with 0.5-
1 pg/ml of ethidium bromide to enable UV visualisation of the DNA. Sample
visualisation for loading on the gel was enabled by the loading buffer, which was
mixed with the sample at a ratio of 10:1. Agarose gels were electrophoresed at 130V
in 1XTBE buffer until appropriate separation was achieved. DNA visualisation was

then achieved using an Ngene transilluminator (dark reader blue light box).
2.1.1.8 Gel Extraction

After the agarose gel electrophoresis and visualisation, the bands were excised from

the gel with a clean scalpel. The DNA fragment was extracted from the gel band by
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using Qiagen QlAquick (Qiagen, 28106) extraction kits, according to manufacturer’s

instructions.

2.2 PROTEIN WORK
2.2.1 Protein Isolation

2.2.1.1 Column A Protein Purification

The TA99 mutant proteins were purified with an 1ml protein A HiTrap column (GE
Healthcare Life Sciences, 17-0402-01). The biorad pump was purged with binding
buffer, and the pump was calibrated at a rate of 1ml/min. Once the column was
attached, 5ml of H,0 was run through the column, followed by 5ml of binding buffer
(Table 8). Once the column was disconnected from the system, the pump was purged
with elution buffer. Target eppendorf tubes prefilled with 100ul of pH 9.0 Tris-HCl
buffer were prepared for the elution fractions and antibody was eluted with pH 3.5

sodium citrate elution buffer into 1ml fractions.

Table 8: Buffer required for protein purification.

Buffer Ingredients

Binding Buffer 20mM Sodium Phosphatase (Na3PO,)
0.15M Sodium Chloride (NaCL) pH 7.2

1L distilled water

Elution Buffer 0.1M Sodium Citrate pH 3-3.5

1L distilled water

2.2.1.2 Calculating Protein Concentration with Nanodrop

The detection threshold of Nanodrop is approximately 0.1mg/ml. The signal peak
resides at 280nm, and there should be no material detected at 320nm. The
concentration is based on the extinction coefficient (ExPASy programme), shown

below:

Absorption= Extinction Coefficient * Concentration * L(=1 in Nanodrop)
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The fractions that contain protein were pooled together, in order to acquire the total
protein sample. Dilute elution fractions were combined and concentrated using
Amicon Ultra-15 centrifugal filter units (Merck Millipore, UFC901008), then pooled
with peak elution fractions. The pH of the concentrated antibody product was

assessed using pH indicator strips and balanced to pH7 with pH9 Tris-HCI.
2.2.1.3 Protein Dialysis

The concentrated protein was injected into a dialysis cassette and incubated
overnight in PBS, at 4°C with gentle agitation mediated by magnetic stirrer to ensure
effective buffer transfer. The dialysis cassette was a 10KDa molecular weight cut-off

(Thermo Fisher Scientific, 66380).
2.2.1.4 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is used to
separate proteins based upon their molecular weight. SDS is an amphipathic
detergent that comprises an anionic headgroup and a lipophilic tail. SDS negatively
charges proteins to which it binds non-covalently. It thus negates the inherent charge
of the native protein, and gives it a a uniform negative charge proportional to the
length of the peptide chain. The PAGE of proteins labelled with SDS achieves protein
separation based on the protein’s molecular weight. Following the electrophoresis,

the gel can be stained with the Coomassie R-250 to visualise the protein.

The sample preparation included the mixing of the protein with 5uL of sample loading
buffer, 2uL of reducing buffer, made up to 20uL final volume. The sample was then
boiled at 95°C for 5 minutes.

15uL of each protein sample was loaded on a premade 4-12% SDS-PAGE gel
(Lifetechnologies NuPage, NP0301BOX) at 200V, 500mA for 45 minutes on constant

voltage mode. As a size reference, 10uL of protein ladder (Thermo Fisher Scientific,

Novex LC5801) was run.
2.2.1.5 Coomasie Staining

Subsequent to the PAGE separation, the gel was covered with 0.25% Coomassie R-

250 stain solution and labelled for 60min. The gel was gently agitated on a rotating
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plate shaker. The staining solution was then decanted, and the gel was destained
with a Coomassie destain solution. Repeated cycles of destaining were performed
until the protein bands became clearly visible. Typically, destaining was performed

overnight. Finally, the protein gel was covered with cling film and imaged.

2.2.2 Surface Plasmon Resonance (SPR)

The affinity of the TA99 mutant scFv was determined by Surface Plasmon Resonance
(SPR). In order to determine the sample concentration, the samples were diluted to
1:5 to a final volume of 60ul. A protein sample standard was introduced (cetuximab).
The cetuximab was diluted to 20ug/ml. Of the cetuximab sample, 2ul were added
into 498ul of PBS-P* buffer, and nine serial dilutions (1:2) were performed. Cetuximab

at 1.25pg/ml was run as an internal control.

The concentration of the protein samples was normalised to the sample bearing the
lowest concentration, and make up to 450ul final volume. The Tyrp1 (Sino Biological,
13224-HO8H-50) was reconstituted into 1ml of PBS, and then dialysed for buffer
exchange into PBS-P*. According to the manufacturer the lyophilised powder
contained 32ug of protein, thus the protein concentration after the reconstitution
was 32ug/ml. The molecular weight of Tyrpl is 52.2kDa, so the concentration of
Tyrpl was 615nM [Moles=mass(g)/molecular weight (Da)]. The Tyrp1 solution was
diluted to 464nM at a final volume of 700pl.

2.2.3 Differential Scanning Fluorimetry (DSF)

Differential Scanning Fluorimetry (DSF) facilitates the calculation of a protein’s
thermal stability. The protein samples were diluted to 75ug/ml, to a final volume of
22.5ul. The protein samples were added into a 96-well gPCR plate, at triplicates.
Then, 2.5ul of Sypro Orange solution (10X) (Thermo Fisher Scientific, S6650) was
added. The plate was sealed and centrifuged for 200g, 1min. The samples were run
in a Eppendorf qPCR machine, starting at a temperature of 20°C to 99°C gradient,

with 0.5°C incremental shifts every 30s.

The data were plotted as Relative Fluorescence Units (RFU) divided by the °C, in order
to plot the total fluorescence. The protein peak represents the protein melting point

(Trm).-
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2.3 TISSUE CULTURE
2.3.1 Cell Lines

The cell line of choice for transfection experiments was 293T, which can be efficiently
transfected (DuBridge et al., 1987). 293T is an embryonic kidney cell line derived from
humans. The 293T cell line was cultured in IMDM (Lonza, 12-726F) supplemented
with 1% Glutamax (Gibco, 35050-061), and 10% Fetal Calf Serum (FSC) (Biosera, FB-
1001/500).

SupT1 cells are derived from a patient T-cell lymphoblastic leukemia (Levy et al.,
1971). SupT1 cells are grown in suspension, and are cultured in RPMI-1640 (Lonza,
BE12-167F/12), supplemented with 1% Glutamax (Gibco, 35050-061), and 10% Foetal
Calf Serum (FCS).

The human melanoma cell lines that we investgated were T618A, Mel260, Mel275,
Mel280, and Mel290 (Ludwig Institute for Cancer Research, Lausanne, Switzerland).
The culture medium was RPMI-1640 (Lonza, BE12-167F/12), containing 1% Glutamax
(Gibco, 35050-061), and 10% FCS.

In order to produce retroviral supernatant for the in vivo model, Phoenix Eco cells
were transfected (LGC Standards, ATCC® CRL-3214™). Phoenix Eco derive from 293T,
and constitute an ecotropic packaging cell line (Rattmann et al., 2007). This cell line
was cultured in DMEM (Gibco, 11995-073) complete medium supplemented with 1%
Glutamax (Gibco, 35050-061), and 10% FCS.

For the in vivo model, metastatic melanoma was induced with intravenous injection
of the B16-F10 melanoma cell line (Fidler, 1973). B16-F10 is a murine melanoma cell

line, with C57BL/6 background.

2.3.2 Basic Cell Culture Techniques

2.3.2.1 Cryopreservation and recovery of Cell Lines

Cryopreservation facilitates the long-term storage of cell lines. The cells were
centrifuged, and resuspended at 5x10° cells/ml in chilled cryopreservation medium

and aliquoted into 1ml aliquots into cryovials (Corning). The cryovials were
61



Chapter 2: Material and Methods

transferred into a Mr. Frosty freezing container, which was then placed into a -80°C
freezer. The isopropanol bath of the Mr.Frosty container guarantees a controlled
cooling rate of 1°C/min. Twenty-four hours later, the frozen cells were transferred to

a liquid nitrogen storage tank for long term storage.
2.3.2.2 Cellular Recovery from Cryopreservation

The cryoprotectant Dimethyl sulfoxide (DMSO), which is present in the
cryopreservation medium, is toxic to metabolising cells. Hence, it is crucial to
minimise DMSO exposure during cellular recovery. The cryopreserved cells were
thawed in a 37°C water bath. Once thawed, the cells were washed in 25ml of the pre-
warmed complete media, and then resuspended and cultured into appropriate

media at 37°C.
2.3.2.3 Transient Transfection of 293T Cells for Protein Production

In order to produce and test the TA99 antibody, we transfected 293T cells with the
SFG.TA99scFv-rlgG1-Fc.12.eBFP2 plasmid and Geneluice (Merck Millipore, 70967).
The antibody was produced by the cells, and secreted into the supernatant. The

supernatant was then collected at 48 hours, and used in subsequent experiments.

Table 9: Transfecting 293T for antibody secretion

Reagents: Volume (pl):
RPMI 470
Genejuice 30

Plasmid Construct 12.5 (ug)

2.3.3 Primary Cell Culture

2.3.3.1 Isolation of PBMCs

Primary T-cells isolated from healthy donors were utilised as effectors in in vitro CAR
efficacy experiments. For the isolation of Peripheral Blood Monoculear Cells (PBMCs)
we separated blood from healthy donors on Ficoll-Paque Premium (GE Heathcare Life
Sciences, 17-5442-02). The blood was mixed 1:1 (50ml total) with plain RPMI, and

then layered on 10ml Ficoll. Centrifugation (750g, 40min) creates a gradient of red
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blood cell and plasma, with the lymphocytes residing in the interface between the
two forming a buffy coat (Béyum, 1968). The cells were washed twice with complete
RPMI, and counted. At a concentration of 10° cells/ml, we plated 2ml per well, in a
24-well plate supplemented with 5uM/ml PHA (Sigma, L9017). Twenty-four later,

cells are stimulated with 100U human Interleucine 2 (IL2) (Genscript, Z00368-1).
2.3.3.2 Murine Splenocyte Isolation

The effector T-cells used in the B16 melanoma model were splenocytes isolated from
the spleens of C57BL/6 mice. The spleens were transferred in 10cm plates through
40um strainers. The organs were macerated in 1ml of red-blood cell lysis buffer, ACK
(Lonza, 10-548E). After a 3min incubation, the cell suspension was transferred in
50ml falcon tubes, and centrifuged at 400g for 5min. The cells were then
resuspendedin 1x10° cells/ml, and activated with 2ug/ml ConA (Sigma, C522275) and
1ng/ml IL-7 (R&D, 207IL025). The cell suspension was plated in T75 flasks at a

maximum volume 20ml.

2.3.4 Retroviral Supernatant Production

2.3.4.1 Retroviral Supernatant Production for Transduction of PBMCs

Generation of retroviral supernatant was achieved by transfecting 293T with three
plasmids. The essential plasmids for the generation of particles are the RD114
plasmid (retroviral pseutotyping with RD114 envelope) (Cosset et al., 1995), Gagpol
plasmid (pEQ-Pam3-Epeqpam-env Moloney Murine Leukemia Virus gagpol
expression plasmid), and the SFG retroviral plasmid. The SFG retroviral plasmid,
which includes the LTR and the packaging signal, also carries the transgene. The
Geneluice is mixed with the medium and incubated in room temperature for 5min.
Then the plasmids are introduced in the mixture followed by 15min incubation before

added on 293T.
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Table 10: Triple transfection of 293T for retroviral production.

Reagents: Volume (pl):
RPMI 470
Genejuice 30

Gagpol 4.7 (ng)
Envelope RD114 3.1 (ug)

SFG plasmid 4.7 (ug)

Chapter 2: Material and Methods

2.3.4.2 Retroviral Supernatant Production for Transduction of Splenocytes

For the transduction of murine splenocytes, ecotropic-pseudotype retrovirus was

used with transfection of Phoenix Ecotropic packaging cell line. The cells were plated

on 10cm plates, at a concentration of 1.5 x 10° cells per plate. The following day, the

cells were transfected with the mixture of FuGene with the pclEco and the SFG

plasmid. pCL.Eco contains the Eco envelope and gagpol (Naviaux et al., 1996).

Table 11: Transfecting Phoenix Eco cells for production of ecotropic retrovirus.

Reagents:

Volume (pl):

Optimem (Gibco, 31985-070) | 150

FuGene (E2691) 10
pclEco 1.5 (ug)
SFG plasmid 2.6 (ug)

2.3.4.3 Coating of Tissue Culture Plates with Retronectin

Non-tissue culture treated 24-well plates were coated with 500ul of PBS

supplemented with 8ul of retronectin/ml 24 hours before the suspension cell

transduction. The plates were wrapped in parafilm and stored at 4°C. Retronectin-

supplemented PBS was re-used twice by direct transfer to fresh plates and stored as

above until required.
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2.3.4.4 Retroviral Transduction of PBMCs

PBCMs are transduced 48-hours after isolation. The retroviral supernatant is
pseudotyped with RD114. For enhanced transduction efficiency, the wells of non-
tissue culture treated plate are coated with 4ug retronectin (Clontech, T100B) the
day before. Retronectin binds to the viral particles and the cells bringing them in

proximity to one another, and thus increasing transduction efficiency.

On the day of the transduction the retronectin is aspirated from the wells, replaced
with 250pl of viral supernatant and incubated for 30min at room temperature (RT).
In the meantime, the cells are harvested and resuspended at 0.5x10°/ml. The 250pl
of viral supernatant are aspirated. We add 0.5ml of cells, 1.5ml fresh supernatant and
100U/ml of IL2 for each well. The next step includes the centrifugation of the plate
for 40min, at 1000g, RT.

2.3.4.5 Retroviral Transduction of Splenocytes

In order to enhance the transduction efficiency, 24 hours before the transduction the
non-tissue culture treated 24-well plates were coated with 18ug Retronectin
(Clontech, T100B) per well. On the day of the transduction the wells were blocked
with 2% Bovine serum albumin (BSA)-Phosphate-buffered saline (PBS) for 30min. The
wells were then washed with PBS (Gibco, 70011-044) twice. In the meantime, the
splenocytes were counted and aliquoted at 2x10° cells for each well of transduction.
The splenocytes were resuspended in 1ml neat supernatant, and transferred to the
plate. The final step is a centrifugation at 750g for 90 min. Twenty-four hours later,

100U/ml IL-2 (Roche, 11 147 528 001) was administered.

2.3.5 Primary Melanoma Samples

The primary melanoma samples were obtained from patients with metastatic
melanoma at the Royal Marsden hospital. The tumours were homogenized into
single cell suspension with the Human Tumour Dissociation kit (Miltenyi, 130-095-
929). We followed the kit protocol, were the tumour was cut into 2-4mm pieces and
was mixed with the enzymes provided with the kit. The sample was transferred to
gentleMACS tubes and homogenized at gentleMACS Program h_tumor_01 prior to a
30min incubation at 37°C. After the incubation, we once more ran the sample at
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gentleMACS Program h_tumor_01. We centrifuged the sample (400g, 5min), and
resuspended the cell pellet in PBS. The sample was allocated into FACs tubes for
staining, either intracellular or extracellular for detection of Tyrpl according to flow

cytometry protocols at 2.4.1. The samples stained for extracellular Tyrpl were signal

enhanced twice with the FASER Kit PE (Miltenyi, 130-091-764).

Table 12: Antibodies used for primary melanoma cell labelling: Panel no1.

Antigen Fluorophore | Company Catalogue No
CD45 APC BiolLegend 304012
MCSP VioBlue Miltenyi 130-098-791
Tyrpl PE GeneTex GTX11780
IgG2a Isotype | Unconjugate | BiolLegend 400202

Ctrl d

Mouse IgG2a PE Invitrogen M32204
Viability Dye eFluor780 eBioscience 65-0865-14

Table 13: Antibodies used for primary melanoma cell labelling: Panel no2.

Antigen Fluorophore | Company Catalogue No
CD45 Pacific Blue BiolLegend 304029

CD31 FITC Miltenyi 130-092-654
MCAM (CD146) | APC R&D Systems | FAB932A
Tyrpl PE GeneTex GTX11780
IgG2a  Isotype | Unconjugate | BiolLegend 400202

Ctrl d

Mouse IgG2a PE Invitrogen M32204
Viability Dye eFluor780 eBioscience 65-0865-14
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2.4 FLOW CYTOMETRY
2.4.1 General Labelling Protocol

On average, 2x10° cells were washed with PBS, and labelled with 100ul of the
antibody mix. The cells were then washed, and resuspended in PBS. For labelling
protocols that required multiple steps, the samples were washed with PBS between
individual staining steps. All staining steps were performed at RT, in the dark with

20min incubation per step.

2.4.2 Labelling for Extracellular Antigens

The extracellular labelling is used for detection of antigens on the plasma membrane
of the interrogated cells. The cells are washed with 4ml PBS, centrifuged at 800g for
2min, and resuspended in the 100ul of antibody mix. We incubated with the
antibodies for 20min at RT. After repeating the wash and labelling for additional
staining steps, the cells were resuspended in 500ul 0.4% Paraformaldehyde (PFA)-
PBS.

2.4.3 Labelling for Intracellular Antigens

For the detection of intracellular proteins, we used the kit BD Cytofix/Cytoperm (BD,
554714). According to the manual, labelling of extracellular antigens was followed by
fixation/permeabilisation. Once the cells were permeabilised, the intracellular

labelling was carried out at 4°C for 20min, and resuspended in 500ul 0.4% PFA-PBS.

2.4.4 Preparation of Counting Beads

In order to calculate absolute number of cells via flow cytometry, a pre-determined
guantity of counting beads was introduced into the samples. The amount of Flow-
Check fluorospheres (Beckman Coulter, 41116148) introduced was 1x10° beads/ml
in an aqueous solution containing preservative surfactant. In order to remove the
preservative, the beads were washed once with PBS prior to addition to samples. The
washing step entailed centrifugation at 400g for 5min. The beads were then

resuspended in PBS, at a volume equivalent to the starting volume. Hence, the
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concentration was preserved at 1x10° beads/ml. In each sample we introduced 10

of the solution that contained 10* beads in total.

2.4.5 Signal Enhancement with Miltenyi FASER Kit PE

The enhancement of the Tyrp1 staining was achieved by incorporating the FASER Kit
PE (Miltenyi, 130-091-764) into the labelling procedure. The procedure was carried
out in accordance to the manufacturer’s instructions. The enhancement cycle was

repeated twice.

2.4.6 Antigen Quantification with QIFIKIT Beads

QIFIKIT kit (DAKO, K0078) consists of the set-up beads and the calibration beads. The
set-up beads have two populations of negative and high-density positive populations.
The calibration beads contain five populations of defined antigen molecules per
population. The beads were stained with the same secondary antibody used for the
melanoma, anti-mouse 1gG2a PE. Sequentially, the beads underwent the two PE
signal enhancement steps, and finally resuspended in 350ul PBS. The PE-MFI for each

sample was used to plot a standard curve.

2.4.7 Antigen Quantification with QuantiBrite-PE

An alternative way of antigen quantification was based on the QuantiBrite PE beads
(BD Biosciences, 340495). The kit contains a lyophillised pellet that was reconstituted

in 0.5ml of PBS according to the manufacturer’s instructions.

2.5 IN VITRO ASSAYS
2.5.1 CD56 Magnetic Bead Negative Selection

In order to decrease background in in vitro assays, Natural Killer (NK) cells were
eliminated from the PBMCs culture. This was achieved by CD56 depletion performed
with CD56 beads (Miltenyi, 130-050-401). The protocol was based on the
manufacturer’s instructions, and the columns we used were LD (Miltenyi, 130-042-

901).
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2.5.2 *!Cr Release Assay

Measurement of the CAR-T cell cytotoxicity was performed with Chromium (Cr)
release assay. We used the radioisotope >1Cr. One million target cells were loaded

with 20ul of **

Cr and incubated for 1 hour. In the meantime, the PBMCs were
harvested from the 24-well plate, counted, and resuspended at a final concentration
of 1.6x10° cells/ml. After the 1-hour incubation, the target cells were washed 5 times
with centrifugation at 400g for 3min, and resuspended at 0.05x10° cells/ml. The
ratios of effector: target were 32:1, 16:1, 8:1, 4:1. Each condition was carried out in
triplicates. In each well of a v-bottom 96-well plate, 100ul of each effectors and
targets were added. In order to calculate percentage of killing, we measured
background release of targets with no effectors, and maximum release of targets
incubated with 1% Triton-X. Once the plate was set up, the plate was centrifuged at
400g for 5min, and incubated at 37°C for 4 hours. The plate was centrifuged again at

400g for 3min, and the 100ul of supernatant was collected and scrutinized for

radioactivity with a gamma counter.

Once the measurement was acquired, the percentage was calculated by

extrapolation from the following equation:

(Experimental release — Background release) x100

Crrelease = -
Maximum release — Background release

The percentage was calculated in Microsoft Office Excel, and the results were plotted

in Prism.

2.5.3 Co-Culture Assays

2.5.3.1 Preparation of Co-Culture

The effector cells were counted and normalised at 30% of transduction level with the
addition of NT T-cells. Target and effector cells were harvested, re-suspended at a
concentration 1x10° cells/ml and 100ul of each was plated in wells of a 96-well TC-
treated plate (1:1 effector: target ratio). Twenty-four hours later, 100ul of
supernatant was collected from the wells, and frozen at -80°C for later assessment.
The co-culture was terminated at day 1, 3, or 7, and the cells were analysed by flow-

cytometry.
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2.5.3.2 Flow-Cytometry Based Killing Assay (FBK)

Target and effector cells were co-cultured at a 1:1 in 96-well plates, with a total initial
cell concentration of 10%/ml in 100pl. The premise of Flow-Cytometry Based Killing
Assay (FBK) is based on counting the absolute number of alive target cells at the end-
point of the co-culture. The cells were labelled with viability and appropriate cell
surface markers, in order to identify alive target and effector cells. Following the
labelling of the cells, they were resuspended for analysis in a fixed number of
counting beads (10%). The percentage (%) of target cell killing was calculated based
on the absolute number of target cells in the NT T-cell condition. That absolute
number of the NT T-cells is set as 100%, and the number of targets in the following

T-cell conditions is expressed as a percentage of survival.

Table 14: Panel for Flow-cytometry based killing assay.

Antigen Fluorophore Laser Company Catalogue No

| | |
‘ ‘ ImmoResearch ‘

Counting Beads | - - Beckman Coulter | 41116148

2.5.3.3 T-Cell Differentiation Panel

The differentiation of T-cells was categorised into four cohorts of naive (Tnaive),
stem-cell memory (Tscm), central memory (Tcm), or effector memory (Tem) T-cells.
The panel for the differentiation labelling is shown in Table 15. The differentiation
panel includes the markers: Cluster of Differentiation (CD)95, CD45RA, and C-C
chemokine receptor 7 (CCR7). The differentiation stages and justification are

discussed in detail in 5.1.2.
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Table 15: Panel for T-cell differentiation profile.

Antigen Fluorophore | Laser Company Catalogue No

Counting Beads | - - Beckman Coulter | 41116148

2.5.3.4 T-Cell Exhaustion Panel

Exhaustion reflects the state of T-cells, where antigen stimulation fails to elicit
cytotoxic or cytokine secretion response. The exhaustion markers used were PD-1
and T-cell Immunoglobulin Mucin 3 (Tim3). The double negative cells constitute the
non-exhausted T-cell cohort. The single positive cells exhibit an exhausted
phenotype, whereas the double positive cohort suffers a more severe phenotype.

The exhaustion panel is shown in Table 16.

Table 16: Panel for T-cell exhaustion profile.

Antigen Fluorophore Laser Company Catalogue No

Counting Beads | - - Beckman Coulter | 41116148

2.5.3.5 ELISA for IFN-y and L2

The IL2 and IFN-y ELISA were performed according to the protocol provided by the

manufacturer. Specifically, the kit utilised for calculating the IFN-y secretion was the
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Human IFN-y ELISA MAX™ Deluxe (BioLegend, 430105). The kit used for the IL2
measurements was the IL2 ELISA MAX™ Deluxe (BioLegend, 431804).

Briefly, a 96-well plate was coated with a protein capture antibody overnight at 4°C.
The following day, the plate was washed, and loaded with the protein samples diluted
appropriately. The protein samples were incubated on the plate for 2 hours at RT.
The plate was washed, and the cytokine detection antibody (biotinylated) was added
for 1-hour. Subsequently, the plate was washed, and avidin-horseradish peroxidase
(HRP) was added. After 30mins and another wash, the detection substrate was added
for 15min, and then the stop solution was added. We detected colorimetric changes
by measuring the absorption at 450nm using a plate-reader. Concentration of IFN-y
or IL2 was determined according to a standard curve produced by simultaneously

assaying serial dilutions of an IFN-y or IL2 standard solutions.

2.5.4 Microscopy

2.5.4.1 Confocal Imaging of Acetone Fixated Tissue

Tissue for the confocal microscopy was provided by Dr Jake Henry. Specifically,
melanoma was induced in C57BL/6 mice with injection of B16-F10 melanoma cell
line. Lungs bearing metastatic melanoma tumours were labelled for confocal
analysis. The lungs were extracted from the mice and embedded in Optical Cutting
Temperature Compound (VWR, 361603E), and cut into 6um slices with a cryostat.

The slides were kept frozen at -80°C.

On the day of the procedure the slides were air dried at RT for 10min and then fixed
in 4°C acetone for 10min. The slides were air dried and hydrated in 100ul of Super
Block (SB). Super block contains 500ul mouse serum (Sigma, M6905-10ML), 500pl rat
serum (Sigma, R9759-10ML), 200ul FCS, 200ul anti-Fc receptor antibody (2.4G2,
produced in the lab), 100ul sodium-azide 10%, 8.5ml PBS. After the hydration step,
we added the primary antibody (TA99 secreted from transfected 293T), and it was

incubated overnight.

The following day, the slides were washed in PBS, and incubated for 15min with the

secondary antibody (1:100 dilution). Finally, the cells were labelled with 300nM DAPI

(Sigma, D9542-10MG) for 5min and washed twice. After drying the slide, we added
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60ul fluoromount (Southern Biotech, 0100-01), covered with coverslip and sealed

with nail polish.

The slides were imaged in a confocal microscope Leica SPE2. The data were analysed

with Fiji and Photoshop software.
2.5.4.2 Live-Cell Imaging

The live-cell imaging was carried out on T618A cells transduced with Proximal Tyrp1,
in order to imitate the inherent trafficking pathway of Tyrpl. The cells were
propagated the day prior to the imaging, and plated at 10° cells in 35mm glass-
bottom dish (lbidi, 81158). The media used was phenol red free RPMI (Lonza, 12-
918F). For all the subsequent steps in the live-cell imaging, the media utilised was

phenol red free.

Immediately before the imaging, the cells were washed with media, and resuspended
in staining solution supplemented with 1X CellMask Deep Red (Thermo Fischer
Scientific, C10046). After an incubation of 5min, the dish containing the cells was
washed three times with media. Fresh media was added to the cells. The data were
acquired with an IX71 Olympus inverted microscope, and were consequently

analysed in the Imaris analysis software.

2.6 IN VIVO PROCEDURES
2.6.1 Experimental Overview

For the animal model we used 6-8 weeks old C57BL/6 mice. On day 0, the mice were
injected with 10° B16.F2 cells subcutaneously. On day 7, the mice received a 5Gy
irradiation, and then were injected with 5x10° CD8 transduced cells. On day 14, the
mice were bled to test for engraftment, and culled on day 23. Tumour measurements

were obtained every 2 days.

2.6.2 Intravenous Injection of Mice

The animals were heated in a warming box to 39°C in order to provoke peripheral
vasodilatation. Tail vein cannulation was performed using a 27G needle, where 200ul

of tumour cells were injected into the animal. Tumour samples or T-cells were
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resuspended at appropriate concentration (specified in 4.3.4.1 and 4.3.5.1) in plain

RPMI supplemented with 0.1% HEPES buffer.

2.6.3 Organ Harvest and Preparation

2.6.3.1 Blood Harvest and Preparation

The blood samples were collected in 1.5ml tubes containing 10ul heparin (Leo
Laboratories Ltd, PL0O043/0149). Next, 4.5ml of H,0 was added into the blood sample
for 1min, in order to achieve red-blood cell lysis. We immediately added HANKs
buffer (Sigma, H1641) to avoid lymphocyte cell damage. The samples were then
centrifuged at 800g for 2min, blocked with 200ul 2.4G2, and labelled for extracellular

and intracellular antigens.

Table 17: Antibodies for in vivo T cell engraftment screening.

Antigen Fluorophore | Laser Company Catalogue No

CDh19 PE Yellow-Green eBioscience 12-0193-82
CDS8 eFluor405 Violet eBioscience 48-0081-82

2.6.3.2 Tumour Sample Preparation

The tumours were weighted before being macerated in 1ml of liberase/DNAse buffer.
Liberase (Roche, 5401020001) was reconstituted in 1ml plain RPMI, and DNAse
(Roche, 10104159001) in 5ml of H,0, and aliquoted. For the enzymatic master mix,
we combined 330ul of liberase with 50ul DNAse, plus 4620ul plain PRMI. The samples
were incubated with the enzymatic master mix for 30min at 37°C. Subsequently, the
samples were then put through a 70um strainer and washed. The cell pellet was
resuspended in 3ml of complete RPMI, applied on Histopaque (Sigma, 1191-
6X100ML), and centrifuged at 700g for 10min at RT, with no brake. The interphase
containing the lymphocytes was collected and stained with the panel indicated on

Table 17.
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2.6.3.3 Spleen Harvest and Preparation

The spleens were excised, and transferred to containers with chilled PBS. The spleens
were then macerated with gentle pressure. The cell suspension was red-cell lysed
with 1ml of ACK lysis buffer for 5mins. Completion of the red-blood cell lysis was
accomplished by adding 5ml of PBS. The cell suspension was then filtered through a
70um cell strainer. Cells were subsequently centrifuged, and resuspended in PBS for

subsequent labelling protocols.
2.6.3.4 Bone Marrow Harvest and Preparation

We harvested femurs and tibias from the animals, transferred to chilled PBS. The
bone edges were removed with scissors, and the bone marrow was flushed with PBS
into a 50ml falcon tube by using a 25G needle. The cells were pelleted by
centrifugation, and resuspended into 1ml of ACK lysis buffer. The cell suspension was
incubated with ACK for 5min. PBS (5ml) was added into the solution to terminate the
lysis and the cells were filtered through a 70um cell strainer. The cell suspension was

pelleted, and resuspended in PBS for subsequent labelling protocols.
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Validating Tyrpl as a Target on

Melanoma Cells
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CHAPTER 3: RESULTS: VALIDATING TYRP1 AS A TARGET ON
MELANOMA CELLS

3.1 INTRODUCTION
3.1.1 Tyrosinase-Related Protein 1

Tyrpl is a transmembrane melanosomal enzyme that resides on the surface of the
melasomes (Vijayasaradhi et al., 1995). However, approximately 2% of Tyrp1 is
present on the cell surface (Yiging Xu et al., 1997). An anti-Tyrp1 antibody successfully
eradicated metastatic-lung tumours in an in vivo model (Hara et al., 1995). Therefore,
Tyrpl constitutes an intriguing target for melanoma. The main advantage is the
lineage specific expression of Tyrpl, which would limit possible side effects of the
CAR T-cell treatment. We postulated that the low antigen-density Tyrpl will suffice

for CAR recognition.

The first goal was to validate Tyrp1 as a potential CAR target on melanoma. In order
to achieve that, we investigated the presence of Tyrpl on the surface of melanoma
cell lines and primary melanomas. In order to interrogate the CAR sensitivity, we

developed a cell line with variant densities of Tyrp1.

3.1.2 TA99

As discussed earlier (1.5), TA99 is an antibody against Tyrp1, which caused tumour
rejection of B16F10 in C57BL/6 mice (Hara et al., 1995). Upon the fusion of the
melanosome to the cell surface, the Tyrpl is incorporated into the plasma
membrane. The lumenal domain of Tyrpl becomes extracellular, and the cytoplasmic
domain becomes intracellular (Yiging Xu et al., 1997). Since the TA99 recognises the
Tyrpl exposed on the cell surface, the binding epitope resides on the lumenal domain
of Tyrpl, although the exact epitope is unknown. We utilised the TA99 clone for flow-
cytometry labelling, as well as the scFv of the anti-Tyrpl CAR. Hence, in this chapter

we discuss the specificity of TA99.

3.1.3 Live-Cell Imaging: Eos

Although a fraction of Tyrpl is present on the plasma membrane, it is unknown

whether it facilitates a role on the cell surface or if it is a stochastic event. The
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trafficking pathway of Tyrpl to the cell surface is also unknown. Hence, we are
interested in characterising the Tyrpl trafficking patterns. In order to achieve that,

Tyrpl was fused to the Eos fluorescent protein.

Eos is a fluorescent tetrameric protein isolated from Lobophyllia hemprichii, which
emits fluorescence at 516nm. Violet radiation illumination photoconverts Eos to light
emittance at 581nm. The tripeptide HYG conveys the fluorescence properties upon
Eos. lllumination of violet radiation (405nm) leads to an irrevocable cleavage in the
side chain of histidine 62 (Figure 10). Consequently, the Eos protein is
photoconverted from green to red fluorescence (Wiedenmann et al., 2004). The
tetrameric protein was then engineered in a monomeric format, which is the one
used for the purpose of this project (Zhang et al., 2012). We refer to the fluorescent

protein as mEos due to its monomeric structure.

mEos has been mainly used in super-resolution microscopy, however we
endeavoured to utilise it for conventional confocal microscopy (Jones et al., 2011,
Ferndndez-Sudrez and Ting, 2008). The strategy was to fuse Tyrpl to mEos, and
follow the Tyrp1 trafficking pathway. Specifically, we aimed to focus on a Tyrp1-mEos
positive cell, zoom in and photoconvert a tenth of the cell. Then, we zoomed out and
followed the trafficking of the photoconverted red-fluorescent Tyrpl-mEos

molecules.

Tyrea ‘ .
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Figure 10: Green-to-red photoconversion of mEos. The mEos protein contains the amino acid sequence HYG,
which constitutes the chromophore. Violet radiation causes a break in the histidine 62 chain. This cleavage leads
to the green-to-red photoconversion (Shaner et al, 2007).

3.1.4 Antigen Density Quantification

Tyrpl is the most abundant protein in melanocytes (Tai et al., 1983)(Virador et al.,
2001). However, the prevalence of Tyrpl expression in melanoma malignancies is
controversial. All melanosomal components, including Tyrpl, were shown to have a
heterogeneous expression pattern in melanoma (Virador et al., 2001). Although it
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was shown that Tyrp1 is expressed in 60% of melanomas, the correlation between
Tyrpl expression and disease progression is disputable (Bolander et al., 2008).
Bolander and colleagues observed a reverse correlation between Tyrpl and
progression, in contrast to an older study that proclaimed a positive correlation

(Holzmann et al., 1987).

Another unknown parameter regarding the aptness of Tyrpl as a CAR antigen target
is its density on the cell surface. The lower limit for CAR sensitivity is approximately
240 epitopes/cell surface (Watanabe et al., 2015), the exact figure will depend on the
method of transduction and the T-cell phenotype as well as CAR density, affinity and
accessory molecules that engage in the synapse. It is currently unknown whether the

Tyrpl density is above or below the lower detection limit of CAR T-cells.

In order to address the above concerns and determine whether Tyrpl is a promising
target for melanoma, it was crucial to characterise its surface expression. The
characterisation should address three issues: the heterogeneity of expression within
a tumour; the prevalence of expression among melanoma cell lines and primary
tumours; and finally density quantification in order to determine if it is within the
CAR detection range. In order to answer these questions, melanoma cell lines and
primary melanoma samples were interrogated with flow cytometry for the

expression of Tyrp1l.

For the antigen quantification, we used two commercially available kits, the QIFIKIT
and the QuantiBrite-PE kit. The QIFIKIT kit employs a secondary antibody to stain the
beads coated with a range of antigen densities. The main advantage of the QIFIKIT kit
is that the beads are originally unlabelled. Hence, during the experiment the beads
are labelled with the same secondary as the cells, excluding confounding
discrepancies due the fluorophore brightness. Additionally, the beads can undergo
signal enhancement cycles concomitantly with the samples interrogated. This is
essential, because the antigen density is low, and signal enhancement was crucial for
the antigen detection with flow cytometry. The QIFIKIT was successfully used in order
to determine the antigen density in a study comparing the sensitivity of Bispecific T-
Cell Engagers (BiTEs) against CARs, as well as other studies (Stone et al., 2012)

(Watanabe et al., 2015).
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The QuantiBrite-PE beads are pre-labelled with PE. As a result, disparity in the
fluorophore brightness between the beads and the samples constitutes a
confounding factor. According to the manufacturer these beads cannot be
centrifuged, and thus cannot be signal enhanced in parallel to the cells. However, the
main advantage of the QuantiBrite-PE beads is their lower limit of detection, which
is approximately 500 epitopes/cell. In contrast, the range of QIFIKIT beads
commences above 2000 epitopes/cell. The QuantiBrite-PE beads have been used in

several studies for antigen quantification (Sennikov et al., 2015, Wang et al., 2010).

3.2 AIMS

* Validation of TA99 specificity and sensitivity.

* Engineering of Tyrpl constructs for density gradient.

* Demonstration of Tyrpl presence on engineered cell lines and melanoma cell
lines.

* Determination of Tyrp1 antigen-density on cell lines and primary melanomas.
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3.3 RESULTS
3.3.1 Cloning of constructs

3.3.1.1 Generation of TA99 scFV

For the purpose of this project, we constructed and validated the scFv of TA99. The
sequence was extrapolated from the patent “anti-Tyrpl antibodies”, US Patent:
7951370B2 (Balderes and Kang, 2011). Figure 11 illustrates the TA99 Heavy and Light
chain sequence, annotated at the UCL abYsis bioinformatics site
(http://www.bioinf.org.uk/abysis/sequence_input/blast/blast_form.html). This
sequence was reconstructed by oligo assembly gene synthesis, and cloned into an

SFG retroviral vector (Riviére et al., 1995).
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Figure 11: Sequence of TA99 heavy and light chains. TA99 is an anti-Tyrpl antibody isolated from mice
immunised with the melanoma cell line SK-MEL-23. This figure shows the sequence of the clone as published in
the patent US 7951370B2. The heavy and light chains are indicated at the top and bottom of the figure, and both

were annotated for CDRs and FRs (Framework
http://www.bioinf.org.uk/abysis/sequence_input/blast/blast_form.html

3.3.1.2 Generation of TA99 Constructs

Regions) at:

In order to test the specificity of the TA99 scFv, we cloned it and validated its efficacy

and specificity with flow-cytometry and confocal microscopy. The TA99 scFv was

fused to a secreted version of rabbit IgG Fc domain. The IgG domain is secreted due

to the deletion of the transmembrane domain. Cells were transfected with the

soluble TA99-Rabbit IgG DNA construct, and the protein was harvested from the cell

supernatant. The TA99-Rabbit IgG protein supernatant was used to label cells for

Tyrpl, in order to test the efficiency of the scFv we produced. As shown in Figure 12,

this construct includes the scFv of TA99 and truncated rabbit IgG.
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Figure 12: Secreted TA99-rabbit Fc. For testing the specificity of TA99, we cloned the TA99 scFv fused to a
secreted Rabbit IgG truncation variant. Consequently, cells transfected with the construct will secrete the
antibody into the culture supernatant.

3.3.1.3 Generation of Tyrp1 Constructs

In order to investigate the specificity of the TA99 scFv, as well as the trafficking of
Tyrpl, we cloned the wild type Tyrpl, along with several alterations of the protein.
Tyrpl is a 537aa transmembrane protein with a lumenal domain (1-477aa), a
transmembrane domain (478-501), and a cytoplasmic domain (502-537)
(Vijayasaradhi et al., 1995). A di-leucine signal (NQPLLTD) residing on the cytoplasmic
domain causes internalization of the protein. Mutations of the signal led to

expression of Tyrpl on the cell surface (Vijayasaradhi et al., 1995).

Our aim was to answer whether Tyrp1 is present on the cell surface, and use Tyrp1-
expressing cells as targets for cytotoxicity experiments. Hence, it was necessary to
produce a positive control for flow cytometry and cytotoxicity assays. Additionally,
we aimed to use fluorescent Tyrp1 positive cells to investigate its trafficking. In order
to achieve that, Tyrpl was fused to enhanced Green Fluorescent Protein (eGFP) for

live-cell imaging of melanoma cell lines transduced with the Tyrp1-eGFP chimera.

We made four distinct Tyrpl constructs (Figure 13). Initially we obtained the wild
type Tyrpl from the EST clone 6258285, which we subsequently cloned into an SFG
vector with the CD34 marker gene. As illustrated in Figure 13.A, Tyrpl is comprised
of the signal peptide, a lumenal, a transmembrane, and a cytoplasmic domain.
However, for the purpose of trafficking experiments, we fused Tyrpl to the

fluorescent protein eGFP.

Our goal was to obtain an eGFP chimera, which would not interfere with the inherent
trafficking mechanisms of Tyrpl. We also aimed at obtaining a Tyrpl construct
constitutively present on the cell surface to facilitate as a positive control. The design

of the positive control was based on the premise that ablation of the di-leucine signal
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impairs the physiological trafficking of Tyrp1 to the melanosome. Instead, truncated
Tyrpl is retained on the cell surface (Figure 13.D). For this reason, we constructed a
truncated version of Tyrpl, referred to as Trunc. Trunc construct is comprised of the
signal peptide, lumenal and transmembrane domain. Nevertheless, the cytoplasmic
domain was truncated, and was replaced with a 5aa-long serine-glycine (SG) linker

followed by eGFP.

Designing a Tyrpl-eGFP chimeric protein that would not be interfering with the
trafficking of Tyrpl was challenging. It is not known whether the signal function is
dependent on its proximity to the C-terminus, or whether its distance from the
membrane is more critical. For this reason we designed two different variants of
Tyrpl-eGFP with the cytoplasmic domain proximal (Figure 13.B) or distal to the cell
surface (Figure 13.C). The Proximal is shown in Figure 13.B, with the wild type Tyrp1
protein fused to a SG linker and eGFP. On the other hand, for the Distal construct
(Figure 13.C) the SG linker- eGFP has been inserted in-between the transmembrane
and cytoplasmic domains. All constructs contain CD34 as a marker gene, separated

from Tyrp1 with an IRES sequence.

A. Wild_Type B. Proximal C. Distal D. Truncated
sel 3 L u u
Lumenal
Trans-
membraney |. |~ I- |.
Di-leucine Linker—» Linker—»

Cy.toplas- —=<Signal ©—
mic
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inker=> eGFP - eGFP -

eGFP —|

s

Figure 13: Tyrp1 Constructs. Tyrpl is a 537aa long, type | transmembrane protein. The di-leucine motif, which
retains the protein in the intracellular compartment, is indicated as a black rectangle on the cytoplasmic domain.
(A) Tyrpl WT: Wild type Tyrpl consists of a peptide signal, a lumenal, a transmembrane, and a cytoplasmic
domain. The cytoplasmic domain contains the di-leucine retention signal. (B) Proximal: This construct contains
the wild type Tyrp1 simply fused to the SG linker-eGFP. (C) Distal: This construct constitutes the cytoplasmic-distal
Tyrpl, since SG linker-eGFP interposes between the transmembrane and cytoplasmic domains. (D) Trunc: This

84



Chapter 3: Results

construct was designed as the positive control for surface expression, since the cytoplasmic domain containing
the retention signal has been excluded.

3.3.2 TA99 Recognises Tyrpl on the Cell Surface

3.3.2.1 Identification of Surface Tyrpl with Flow Cytometry

Once we obtained the required constructs, we tested the specificity of TA99 scFv with
flow cytometry. We transfected 293T cells (DuBridge et al., 1987) to produce the
secreted TA99-Rabbit IgG protein. This protein was used to stain the SupT1 cell line
that we transduced with different Tyrp1 constructs. SupT1 cells were derived from a
patient with T-cell lymphoblastic leukaemia, and do not inherently express Tyrpl
(Levy et al., 1971). These cells are commonly used in our group as targets in functional
experiments, because they can be transduced very efficiently, and are an easy-to-
maintain suspension cell line. The SupT1 cells used in this experiment had been
transduced with a retroviral vector bearing the transgene for either of the four Tyrp1

constructs.

TA99-Rabbit IgG protein supernatant was harvested from the transfected 293T cells.
The SupT1 targets cells were then labelled with TA99-Rabbit I1gG, and subsequently
with an anti-Rabbit IgG PE. We also labelled with anti-CD34 APC as a control of the
transduction efficiency. Cells were labelled for intracellular, as well as extracellular
Tyrpl. Transduced cells were expected to express CD34 and intracellular Tyrpl. We
labelled the cells for intracellular Tyrpl in order to determine the specificity of TA99.
The presence of extracellular Tyrpl was unknown. The results for the intracellular
Tyrp1l labelling are shown in Figure 14. SupT1 Non-Transduced (NT) cells constitute
the negative control, and indeed no background could be detected for either CD34
orintracellular Tyrp1 (Figure 14.A). In each of the 4 Tyrp1-transduced cell lines, there
was a double positive population for Tyrpl and CD34 (Figure 14.B-E). Therefore, we

can conclude that TA99 is a specific antibody against Tyrp1.
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Figure 14: Testing TA99 binding on transduced SupT1 cells with intracellular labelling. SupT1 targets cells were
transduced with four different Tyrpl constructs. For the labelling, we included SupT1l NT cells as a negative
control. The samples were labelled with TA99-Rabbit I1gG, secondary anti-Rabbit Fc PE, and anti-CD34 APC. TA99
labelling is displayed on the Y-axis and CD34 on the X-axis. (A) SupT1 NT cells are negative for both antigens, and
showed no background signal. (B) Tyrp1-WT transduced SupT1 cells were double positive for both TA99 and CD34.
This confirmed that TA99 was indeed specific for Tyrpl. (C) The Proximal transduced cells were also double
positive. The fact that the Tyrpl chimera was expressed and labelled indicates that the fusion of Tyrpl to eGFP
did not interfere with the folding or stability of the Tyrp1 protein. (D) The SupT1 bearing the truncated form of
Tyrpl (Trunc) fused with eGFP were also positive for eGFP and CD34. (E) Similarly to the previous Tyrp1 constructs,
the one consisting of lumenal and transmembrane domain linked to eGFP followed by the cytoplasmic domain
(Distal) of Tyrp1 was double positive.

Next, we interrogated the transduced SupT1 cells for the surface expression pattern
of Tyrp1 for the four different constructs. Figure 15 depicts the Tyrpl extracellular
labelling of the transduced SupT1 cells. CD34 levels were comparable between the
different transduced cells, indicating that discrepancies observed are due to the
Tyrpl structure differences, and not disparity in the transduction levels. There was
no detectable background in the negative control (Figure 15.A). On the contrary,
Trunc was validated as a positive control, with its presence on the plasma membrane
leading to a double positive population of eGFP and Tyrpl (Figure 15.D). The WT
Tyrpl escapes on the cell surface as shown in Figure 15.B. Although the majority of
transduced cells (CD34+) are surface-Tyrpl negative, there is a subpopulation of
double positive cells (12.5%). Proximal expressing cells appear to stringently
sequester Tyrpl intracellularly, with only 3.2% cells being double positive (Figure
15.C). Finally, 51% of double cells positive for surface Tyrpl were detected on the

Distal cells (Figure 15.E). Proximal and Distal were engineered to bear eGFP, and also
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exhibit a trafficking pattern similar to the WT protein. Neither behaved exactly like
the Tyrp1-WT, with Proximal being more stringent than the WT, and Distal having a
5-fold increase in the surface-Tyrpl positive cells. In subsequent live-cell imaging
experiments, Proximal was used as a more accurate trafficking representation to the
WT. However, Distal was used in cytotoxicity assays as an intermediate Tyrp1 density
variant. Interestingly, we acquired a surface Tyrpl density range with Tyrp1l-WT,

Distal, and Trunc constituting low, medium, and high antigen density cell lines.

A. Non-Transduced B. Wwild_Type C.  Proximal
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Figure 15: Extracellular labelling of SupT1 cells with the TA99 scFv. The TA99 Rabbit IgG PE is shown in the Y-
axis, and X-axis represents the anti-CD34-APC stain. (A) SupT1l NT cells were negative for either antigen. (B)
Approximately, 12.5% cells expressing Tyrp1-WT had a detectable cell surface signal. (C) SupT1 cells expressing
Proximal exhibited a more stringent pattern of cells, with only 3.19% of cells being positive for surface Tyrp1l. (D)
The cells transduced with the Trunc had a double positive population, validating that the truncated protein
constitutes the positive control. (E) Cells expressing Distal showed a high percentage of surface Tyrpl positive
cells (51%). However, the mean fluorescent intensity was lower than the Trunc double positive cells indicating
lower Tyrp1 density per cell in the Distal versus the Trunc cells.

Distal showed a 5-fold increase in the expression of surface Tyrpl compared to the
Tyrp1-WT cells. However, its Mean Fluorescent Intensity (MFI) was lower than the
MFI of Trunc cells. This is better shown in Figure 16, where the Tyrp1 labelling of the
four transduced populations has been overlaid with the NT cells. The MFI disparity
indicates difference in the density of Distal and Trunc expressing cells. The density
range acquired with Tyrp1-WT, Distal, and Trunc as low, medium, and high density is
also clear in Figure 16. The MFIl increased from 1-order of magnitude in NT cells to 2

(A), 3 (C), and 4-orders of magnitude (D) for Tyrp1-WT, Distal, and Trunc respectively.
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Figure 16: Comparison of extracellular abundance of Tyrp1 variants in SupT1 cells. Each histogram presents the
extracellular labelling of each Tyrpl-transduced cell line against non-transduced cells. The overlay allows easier
visualization of the difference in surface protein expression on the target cells. (A) There is a slight shift between
NT and cells expressing the wild type Tyrpl. (B) Cells transduced with Proximal cells exhibited a slight shift in
comparison to the NT cells, however this shift was not significant when compared with the wild type Tyrp1. (C)
The Distal construct showed a different phenotype than the wild type one, with a 10-fold increase in protein

expression on the surface. (D) The truncated form of Tyrpl showed an increase of the expression by 3-orders of
magnitude, acting according to our expectance as a positive control.

3.3.2.2 Detection of Tyrpl in Mouse metastatic Melanoma

By labelling Tyrpl-expressing SupT1 cells, we showed that the TA99 binding to Tyrpl
is specific. To confirm the specificity of the TA99 scFv, we labelled tissue from a
metastatic lung melanoma mouse model, and analysed it with confocal microscopy.
The metastatic melanoma was induced with an intravenous injection of the B16-F10
melanoma cell line (Fidler, 1973). The 6um section was labelled with TA99-Rabbit IgG,
secondary anti-Rabbit Alexa Fluorophore 555, and DAPI. As a negative control,
another slide was labelled with only the secondary antibody and DAPI, which is
demonstrated in the first row of Figure 17. The negative control labelling is shown in
the first row. The dark area constitutes the melanoma lesion, and appears dark due
to melanoma pigmentation. The secondary anti-rabbit antibody did not produce
background signal. The bottom row of Figure 17 shows the labelling including TA99.
In this slide there is also highly pigmented area, which is dim for DAPI. However, in
contrast with the negative control, the DAPI-dim area was bright for Tyrpl. Hence,
the melanoma cells present in the lung expressed high levels of Tyrpl. The specificity

of TA99 was also confirmed.
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B16 Lung Melanoma

: TA99
DAPI TA99

Figure 17: Confocal imaging of Tyrpl in mouse metastatic melanoma cryosections. The channels shown are
DAPI, Tyrpl-Aelxa Fluorophore 555, and the two channels have been merged. The top row shows the slide
labelled with only DAPI and the secondary antibody. For the purpose of clarifying whether TA99 is specific or not
both images included the border of metastatic melanoma tissue and lung tissue. The negative control was
negative for Tyrp1, confirming that the secondary antibody does not lead to unspecific labelling. The bottom row
shows the slide that was labelled with TA99. The metastatic tissue, which appears dark due to high pigmentation,
was bright for Tyrpl expression. The TA99 antibody is specific and labelled only the melanoma tissue, without
causing any background noise. The confocal microscopy was carried out in a Leica SPE2.

antiRabbit-Fc

TA99+ antiRabbit-Fc

3.3.2.3 Live-Cell Imaging of Tyrp1-mMEos

As shownin 3.3.1.3, the eGFP-fused Tyrp1 construct showed a more stringent surface
expression profile than the WT protein, with a decrease in expression from 12.5% to
3.19%. The alternative eGFP-Tyrp1 fusion protein was Distal, which showed a 5-fold
increase in surface Tyrpl expression compared to Tyrp1l-WT. Hence, Proximal was
the chosen construct to be used in live-cell imaging experiments. However,
preliminary results showed eGFP oligomerisation in the secretory pathway. Others
have also reported eGFP oligomerisation (Jain et al., 2001). Oligomerisation led to
eGFP saturated areas within the cells, masking individual eGFP positive vesicles.
Accurate determination of individual vesicles is crucial for the Imaris software to

determine a trafficking pathway.

In order to circumvent this hurdle, we substituted eGFP with the photoconvertible

fluorescent protein mEos. mEos is a fluorescent protein, which photoconverts from
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green-to-red fluorescence after violet irradiation. The photoconversion properties
constitute the main mEos advantage, where violet irradiation is applied to a fraction
of the cell. Consequently, only a small proportion of Tyrpl-bearing vesicle will
photoconvert to red. The small number of red vesicles renders their identification
and trafficking mapping clearer. Both eGFP and mEos have a B-barrel structure, with
the tripeptide sequence that constitutes the fluorophore buried in the core of the -
barrel (Ormo et al., 1996)(Yang et al., 1996)(Zhang et al., 2012). We hypothesised
that eGFP substitution with mEos would not alter the characteristics of the Proximal
chimeric protein. We thus carried out the live-cell imaging of Tyrpl fused to the
fluorescent protein, mEos. The data were acquired with an IX71 Olympus inverted
microscope, and were consequently analysed in the Imaris analysis software. In order

to visualise vesicles containing fluorescent Tyrp1, we used the Spot feature of Imaris.

We transduced the human melanoma cell line T618A with the mEos Proximal protein.
The cells analysed were labelled with CellMask Deep-Red that is a commonly-used,
cell-surface dye for live-cell imaging. A green-fluorescent cell was identified. In order
to convert only a limited number of mEos molecules from green to red, a square of
the cell was illuminated with the violet laser (405nm). This square is shown as red in
Figure 18. Each vesicle is illustrated as a sphere (Figure 18), and the tracks for each

identified sphere were calculated.

The sphere analysis was carried out in both the green and red channel. The vesicles
identified as mEos-green are shown in Figure 18.A-D, and mEos-red in Figure 18.E-H,
shown between different time-points. The panels in Figure 18.A,E show the area that
was photoconverted with a square, as well the total amount of spheres identified.
The panels B-D and F-H are zoomed in the photoconverted area and follow the
spheres over time. The threshold of accuracy for the Imaris software is a distance no
longer than half the sphere’s diameter between consequent time-points. A distance
longer than that, or the lack of data for intermediate time-points introduces error in
the trafficking mapping. The majority of vesicles are lacking data for several time-
points, probably due the vesicle moving across z-planes. The error is increased in the

green channel due to the high amount of neighbouring spheres identified. Instead,
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we chose to analyse the vesicles of the red-fluorescent Tyrpl-mEos. They were

sparse, and thus it was easier to follow each individual vesicle path.

Our aim was to investigate whether the Tyrpl-bearing vesicles traffic via the plasma
membrane. In order to address this question, we calculated the mean intensity of the
red-fluorescence in correlation to the fluorescence of the cell surface dye. In total,
we acquired images for 17 time-points. We arbitrarily set the vesicle analysis criterion
for each vesicle to be visible in at least 12 time-points. There were four vesicle tracks
that met the criterion, and the values of the mean intensity are shown in Table 18.
The vesicles with fluorescence overlapping the cell surface bear the value of 0, but
the further the vesicle is from the membrane the value increases. The tracks of the
vesicles travelling towards or away from the plasma membrane are illustrated in
Figure 19. Only the TracklD_4 vesicle appeared to come in proximity to the cell
surface. No trend was detected by analysing the tracks of the Tyrp1 vesicles, and the

pattern of trafficking is inconclusive due to the limited number of vesicles analysed.

A. B. . D.

mEos_Green

mEos_Red

Figure 18: Live-cell imaging of T618A cells transduced with Proximal fused to mEos. T618A cells were transduced
with Proximal, fused with the red-to-green photoconvertible protein, mEos. The cell membrane was labelled with
the fluorescent dye, CellMask Deep Red. An area of the cells was irradiated with the violet laser, in order to
photoconvert a fraction of mEos as shown in (A) and (E) with a red rectangle. The top and bottom row show the
mEos-green and mEos-red fusion protein respectively. In the panels (B-D) the mEos-green detected vesicles are
captured in different time-points. As a reference, one vesicle is highlighted with a yellow rectangle drawn around
it. Similarly, a red-Eos vesicle is captured and highlighted over time in panels (F-H). The data were analysed in the
Imaris software, where individual vesicle were identified and tracked over the 17 time-points.
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Table 18: Mean intensity values of vesicles in correlation to membrane proximity over time.

1 1535.31 1141.03
2 1329.94 1705.65 2114.25 1306.23
3 1377.18 1452.88 1239.09
4 1592.24 1330.76 1756.85 1487.31
5 1592.59 1015.54 2631.46 239.98
6 1895.51 1531.53 2588.97 940.18
7 1764.70 1405.40 1973.41
8 1891 1750.97 2312.15 1509.23
9 2258.84 1493.58 1492.94
10 1446.07 1225.28 1762.78
11 2220.41 1518.14 553.04
12 2147.5 3083.82 2087.53
13 2209.99 2180.37 1215.76
14 2917.7 749.13 1861.530029
15 1856.76 3453.24 1891.09 1692.670044
16 2454.26 1914.56 1821.619995
17 1795.95 2881.51 1191.08
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Figure 19: lllustration of Tyrp1 vesicle trafficking in accordance to membrane proximity. The four vesicles shown
bore data for at least 12 time-points each. Their distance from the membrane was calculated according to the
fluorescence of the cell surface dye. The proximity to the membrane is indicated with the value of zero. In contrast
the higher the value the higher the distance from the membrane. Only vesicle with ID_4 shows trafficking towards
and away from the membrane.

3.3.2.4 Determination of Tyrp1 Expression Profile on Melanoma Cell Lines
Once the TA99 antibody was validated, our aim was to investigate whether Tyrp1 can

be detected on the surface of melanoma cells. We labelled a series of human
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melanoma cell lines for intracellular expression of Tyrpl, and concomitantly
interrogated them for surface Tyrpl. We included the SupT1 NT and Tyrp1-WT cells
as negative and positive control, respectively. The human melanoma cell lines we
screened were: T618A, Mel260, Mel275, Mel280, and Mel290 (Ludwig Institute for

Cancer Research, Lausanne, Switzerland).

In Figure 20, the rows i-ii display the intracellular labelling, and the rows iii-iv the
extracellular labelling. In either intracellular or extracellular labelling, there is an
isotype Rabbit IgG negative control (i, iii) and the labelling with TA99-Rabbit IgG (ii,
iv). The columns A-G represent the different cell lines, starting with SupT1l NT,
followed by SupT1 Tyrpl-WT, T618A, Mel260, Mel275, Mel280, and Mel290. The Y-
axis represents the TA99 labelling and the X-axis represents CD34. When labelled for
intracellular Tyrp1, Tyrp1-WT SupT1 cells had a double positive population for Tyrp1
and the marker gene, CD34 (Figure 20.b-ii). Of the five melanoma cell lines that were
labelled, Mel260 and Mel275 were negative for intracellular Tyrpl (Figure 20.D, E-ii).
T618A, Mel280, and Mel290 had high levels of intracellular Tyrpl, with percentages
of 97% (Figure 20.C-ii), 45% (Figure 20.F-ii), and 76% (Figure 20.G-ii) respectively.

Once we established which cell lines expressed Tyrpl, the critical question was
whether they also had Tyrpl present on the cell surface. The SupT1 Tyrp1-WT cells
were CD34 positive, but only 0.21% was double positive, in contrast to the isotype
control that was 0% (Figure 20.B-iii, iv). T618A was positive for surface Tyrpl with a
percentage of 2.33% (Figure 20.C-iv), in contrast to the isotype control that was
0.053% (Figure 20.C-iii). The percentage of surface Tyrpl for the other two
populations was similar with Mel280 exhibiting 0.97% (Figure 20.F-iv), and Mel290
0.16% (Figure 20.G-iv).
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Figure 20: Labelling human melanoma cell lines for surface Tyrp1. These cell lines were labelled intracellularly,
in order to determine whether they express Tyrpl. The intracellular labelling is shown in rows (i-ii). Row (i)
represents the negative control, since these cells were labelled with an isotype control for rabbit IgG. Row ii shows
the labelling with TA99-rabbit I1gG. Rows (iii-iv) demonstrate the extracellular labelling of the cell lines labelled
either with the isotype control (iii) or TA99 (iv). The TA99-FITC labelling is shown on the Y-axis, and CD34 labelling
is shown on the X-axis. Each column represents a separate cell line. Column A shows SupT1 NT cells that were
negative for both intracellular (A-ii) and extracellular (A-iv) Tyrp1, as expected. SupT1 Tyrp1-WT cells were highly
positive for intracellular Tyrp1 (B-ii), with a double positive of 37%. When labelled for surface Tyrpl there was a
small population 0.21% that was double positive for Tyrpl and the marker gene (B-iv). Column C illustrates the
cell line T618A, which expressed Tyrp1l in high percentage of cells (97%) (C-ii), and was positive for surface Tyrpl
(2.335%) (C-iv). Mel260 and Mel275 (D, E-ii) were both negative for Tyrpl. Mel280 was 45% positive for
intracellular Tyrp1 (F-ii), and the presence of Tyrpl on the surface was 0.96% (F-iv) from 0.33% for the negative
control (F-iii). Finally, column (G) displays the results for the cell line Mel290, which showed a high percentage of
intracellular Tyrpl (76%) (G-ii), however Tyrp1 did not appear to be present on the surface (G-iv).

To visualisethe increase in fluorescence due to the surface Tyrp1, we also present the
results as overlaying histograms (Figure 21). Each histogram represents a cell line,
which contains the isotype-control and the TA99-labelled population. As expected
there was no fluorescence increase for the cell lines SupT1 NT (Figure 21.A), Mel260
(Figure 21.C), and Mel275 (Figure 21.D), which were negative for Tyrpl expression.
The cell lines that were positive for intracellular Tyrp1, all show a modest increase in

fluorescence for Tyrp1 (Figure 21.B,E-G).
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Figure 21: Overlay for the extracellular labelling of melanoma cell lines. The histogram overlay represents a
direct visual comparison of each sample versus the isotype control. The isotype control is shown in blue and the
TA99 labelling in red. The cell lines SupT1 NT (A), Mel260 (C), and Mel275 (D) did not exhibit a shift in the
fluorescence, which is expected since they were negative for Tyrpl. The cell lines SupT1 Tyrp1-WT (B), Mel280
(E) and Mel290 (F) had a negligible increase in TA99-FITC fluorescence. However, T618A (G) cells showed a subtle
in Tyrpl expression.

3.3.2.5 Conclusion

The Tyrpl constructs were expressed on SupT1 cells after retroviral transduction.
After labelling the cells with soluble TA99 scFv, we demonstrated that all Tyrpl
constructs (WT, Proximal, Distal, and Truncated) produced Tyrp1l protein, as shown
with intracellular labelling. However, the pattern of Tyrpl presence on the cell
surface of SupT1 varied between the Tyrp1 constructs. Instead, we showed that the
plasma membrane expression formed a range of low, low, medium, and high level

for WT, Proximal, Distal, and Trunc, respectively.

The specificity of the TA99 scFv was validated through flow cytometry and confocal
microscopy. The tissue labelled with TA99 was B16-F10 metastatic melanoma. The
scFv delineated the dark areas of the tissue that constituted the metastatic lesion.

The neighbouring healthy tissue bore no background labelling from TA99.

We chose Proximal as the protein with the closest trafficking pattern to the WT. We
substituted eGFP to the photo-convertible fluorescent protein mEos, and carried out
live cell imaging. The vesicles carrying Tyrpl were recognised as spheres by the Imaris

software. The tracks of the vesicles were monitored over time. However, there were
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time points where data were missing for individual spheres (vesicles). The lack of time

point data renders our result inconclusive.

Finally, we interrogated human melanoma cell lines for the expression of Tyrpl
intracellularly and on the plasma membrane. The cell lines we tested were Mel260,
Mel275, Mel280, Mel290, and T618A. Of those, only Mel280, Mel290, and T618A
expressed Tyrpl. Despite the low percentage of detectable surface Tyrpl on
intracellular-positive cell lines, the detectable signal insinuates that the protein is
present at very-low antigen density. This can either be due to normal trafficking
through the membrane, or melanosomes fusing with the plasma membrane, or
alternatively, by saturation of the trafficking machinery which leads to misdirected
delivery of the vesicle to the cell surface. The low Tyrpl density might reflect a
physiologically low percentage of Tyrpl being present on the surface. It can also
reflect limitation in the sensitivity of the flow cytometry. For this reason, the labelling
protocol was optimised to reduce the lower detection threshold as discussed in

3.3.3.1.

3.3.3 Labelling Optimisation for Flow Cytometry

3.3.3.1 Tyrp1l Signal Enhancement

The results obtained so far suggest that Tyrp1 is present on the surface of melanoma
cells, which is consistent with the published literature. Nevertheless, the fluorescent
signal is low, and thus the results are inconclusive. It has been previously reported
that 2% of Tyrpl is present on the plasma membrane (Yiging Xu et al., 1997). It is
possible that the level of Tyrp1 present on the surface of melanoma cell lines is below
the flow cytometry detection limit. In order to address whether the density of Tyrpl
is negligible, or simply undetectable by flow cytometry, we sought to optimise our

staining protocol by enhancing the Tyrp1 signal.

The kit used was the Miltenyi FASER kit PE, which is designed to enhance PE signal.
The anti-PE antibody constitutes the activation step, and Streptavidin PE constitutes
the enhancement step. Every enhancement cycle consists of two steps, the activation

and the enhancement.
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The antibody we had been using was protein supernatant harvested from transfected
293T. The supernatant was not titred leading to variability between batches. In order
to introduce consistency among experiments, we obtained a commercially available
unlabelled TA99- IgG2a by GeneTex, and compared the two antibodies. Hence, an
additional condition constituted the labelling with a commercial TA99 antibody. TA99

was isolated from immunized mice, and the isotype is mouse IgG2a.

For the purpose of this labelling we used SupT1 NT, or SupT1 expressing Proximal and
Trunc. The SupT1 NT constituted the negative control, and the Trunc cells were the
positive. We also labelled the SupT1 cells expressing the WT or Proximal Tyrpl. The
labelling protocols were: 1) isotype control, 2) isotype control plus 1x cycle of
enhancement, 3) isotype control plus 2x cycles of enhancement, 4) TA99, 5) TA99
plus 1x cycle of enhancement, 6) TA99 plus 2x cycles of enhancement. The cells were
labelled with either TA99-Rabbit IgG or an anti-Rabbit isotype. However, the cells
were also labelled with the commercial TA99-Mouse IgG2a. Hence, each cell line was
labelled for surface Tyrpl with twelve different methods in total, as shown in the

diagram below.

TA99 Labelling

P‘rot}Suwnt Co;nyial Qdy

Isotype TA99-Rabbit Isotype TA99-Mouse
ybitQA /T\ ‘/(IgGZa)\A IgGZa\
No l x2 Cycles No x2 Cycles No l x2 Cycles No l x2 Cycles
Amplifi-  x1 Cycle Amplifi- x1 Cycle Amplifi- x1 Cycle Amplif x1 Cycle
cation cation cation i-
cation

The results on this labelling optimization experiment are demonstrated in Figure 22.
Each column represents a cell line. The first row (A-D) represents the labelling with
the TA99-Rabbit IgG, whereas the samples in the second row (E-H) were labelled with
the commercial TA99-Mouse. One amplification cycle of TA99-Rabit IgG did not
increase the background of SupT1 NT, but the two rounds of amplification did (Figure
22.A). In contrast to that, signal amplification of TA99-Mouse IgG2a labelling did not

increase the background (Figure 22.E). SupT1 Tyrp1-WT cells had detectable levels of
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surface Tyrpl only after two cycles of amplification (Figure 22.B,F). Proximal
expressing cells showed a similar pattern. In this case the TA99-Rabbit I1gG appeared
to be superior to TA99-Mouse IgG2a (Figure 22.C,G). The effect of the signal
amplification was more prominent in the labelling of SupT1 Trunc. These cells exhibit
cell surface signal of Tyrpl without amplification. However, signal enhancement
incrementally increases the fluorescence intensity of Tyrpl signal by approximately

10-fold (Figure 22.D,H).
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Figure 22: Histogram overlay of cells labelled with TA99-Rabbit and TA99-Mouse IgG2a amplified for Tyrp1
signal. Columns demonstrate individual cell lines. The two rows represent the different labelling strategies with
either TA99-Rabbit IgG or TA99-Mouse IgG2a. SupT1 NT cells (A, E) were the negative control, and exhibited no
positive signal, apart from a slight background increase of TA99-Rabbit IgG labelling, when amplified twice. The
SupT1 Tyrpl-WT (B) and Proximal (C) did not appear positive for surface Tyrpl without amplification. The lack of
Tyrp1 signal with one round of enhancement is probably due to the low antigen density rather than inadequate
enhancement. The Trunc positive-control cells (D-H) appeared positive without the amplification step. However,
the amplification forms a gradient with one round of amplification superior to none, and two rounds of
amplification superior to all other approaches.

Figure 23 shows the MFI of Tyrp1-PE fluorescence. The isotype controls using either
TA99-Rabbit 1gG (Blue) or TA99-Mouse IgG2a (Grey) had low values that were
marginally increased by signal enhancement. There is an increase of signal for Tyrp1-
WT with both the commercial and our scFv. However, the increase was more
significant when the cells were labelled with the commercial one (Figure 23.B). The
MFI value for the SupT1 Proximal labelled with the commercial antibody was not
increased after enhancement (Figure 23.C). The lack of signal increase after one or
two cycles of amplification indicates that the Tyrp1 density on Proximal is negligible,
rather than below the detection threshold of flow cytometry. Consistent with
previous results, the SupT1 Trunc cells had high MFI values (Figure 23.D). The signal

was slightly increased with each cycle of enhancement, with the two rounds of
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amplification being marginally superior. Additionally, the commercial antibody
produced marginally higher MFI. As the consequent labelling strategy, we chose to
carry on with the commercial TA99 antibody to eliminate batch variation of
supernatant protein and ascertain consistent results. In the trade-off between signal
enhancement and time efficiency, one cycle of signal amplification was applied for
labelling the melanoma cell lines. However, for the detection of Tyrp1 on the surface

of primary melanoma samples, we amplified the Tyrp1 signal twice.
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Figure 23: Enhancement of Tyrp1 signal with the FASER-PE kit. Our signal for surface Tyrpl was very weak due
to the low density of surface Tyrpl. Therefore, we used a signal amplification kit from Miltenyi, FASER kit PE, in
order to enhance the low-density signal. We tested one or two cycles of enhancement. We also compared the
TA99 antibody secreted from transfected 293T to a commercial TA99. The SupT1 Tyrp1-WT (B) was positive, but
the presence of surface Tyrpl became more pronounced after the signal enhancement. Also the commercial
antibody labelling appeared superior, since it resulted in higher MFI values. For Proximal SupT1 there was no
difference observed between commercial and “home-made” antibody (C). Enhancement increased the MFI of the
Trunc cells, with a minor difference between each enhancement step (D). This experiment was only carried out
once.
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3.3.3.2 Protocol for Tyrpl Density Quantification

Tyrpl is a challenging target for CAR-T cells due to the low density present on the
target cell surface. The density of Tyrpl on melanoma cells is currently
undetermined. We have developed a strategy for the detection of low Tyrp1 signal,

but it is also crucial to develop a strategy for quantifying the antigen density.

For this purpose, we used two distinct kits, the DAKO QIFIKIT kit, as well as the
QuantiBrite-PE kit. As discussed in 3.1.4, the QIFIKIT beads can be signal amplified

concomitantly with the melanoma cells. Hence, we aim to validate the signal
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amplification compatibility of the QIFIKIT beads. The QIFIKIT kit consists of set-up
beads, which include two distinct populations of beads, one negative and one that is
coated with a high density of antigen (Figure 24.A). The calibration beads consist of
five populations of beads with pre-determined antigen molecules per population,

which are used for the standard curve calculation (Figure 24.C).

The QIFIKIT beads were labelled with the same secondary antibody we used to stain
the cell lines, and were enhanced twice concomitantly with the target cell lines.
Figure 24 demonstrates the set-up and calibration beads before and after signal
enhancement. The populations of the calibration beads increased in PE MFI after the
signal amplification, but the pattern did not change (Figure 24.D). We gated the
separate populations in the histogram with the amplified calibration beads, and
extracted the MFI for each of them. The kit includes the lot specific Antibody Binding
Capacity (ABC) units. The MFI and ABC of the five populations were converted to
logarithmic scale, and these were used for a scatter plot. From the scatter plot (Figure

25) we extrapolated the linear regression y=0.9485*x+0.588.
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Figure 24: Bead populations before and after signal amplification. Top row shows the set-up DAKO QIFIKIT beads
before signal amplification (A), and after two cycles of FASER kit amplification (B). Bottom row shows five
populations of DAKO KIFIKIT calibration beads before signal amplification (C), and after two cycles of FRASER kit
amplification (D). The calibration beads after signal amplification display increased MFI, while their pattern
remains preserved. Gates shown in panel (D) were used to construct the standard curve based on their log values.
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Figure 25: Standard curve of DAKO QIFIKIT beads following two rounds of FRASER kit signal enhancement. We
calculated the MFI of the five populations contained in the calibration beads vial. The ABC (Antibody Binding
Capacity) of the beads was provided with the kit. Using these two we constructed a scatter plot and calculated
the linear regression. The R-squared was 0.959.

3.3.3.3 Conclusion
Although, SupT1 cells expressing the Tyrpl-WT were positive for the presence of

Tyrpl on the cell surface, no surface Tyrpl was detected on human melanoma cell
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lines. In order to address whether the lack of surface Tyrpl was due to its absence
from the plasma membrane or its level is below the detection limit, we enhanced the

signal of Tyrp1 with the signal amplification kit FASER kit PE.

We compared one, two or three cycles of signal amplification. We also compared the
TA99 scFv produced in our lab to a commercial TA99 antibody. Although there was
no great difference observed between the commercial antibody and our scFv, we
chose to use the commercial one for higher reproducibility in subsequent
experiments. The three-cycle amplification was marginally superior to the two cycles,
and similarly the two were superior to the one cycle. For high signal amplification, as
well as cost-effectiveness and time efficiency, the two amplification cycles were used

in following experiments.

Our aim was to quantify the density of Tyrp1 on the surface of melanoma cell lines
and primary melanoma tissue. In order to perform the quantification, we validated
the density quantification kit QIFIKIT. The advantage of this kit is the ability to label
and signal enhance the fluorescence on the beads. This enabled us to signal amplify

the melanoma cells concomitantly with the quantification beads.

3.3.4 Density of Surface Tyrpl

3.3.4.1 Tyrpl Density on Melanoma Cell Lines

After optimising the signal-enhancement and antigen-quantification strategies, we
proceeded with determining the surface density of Tyrpl on transduced SupT1 and
human melanoma cell lines. The cell lines interrogated were SupT1 NT, Distal, and
Trunc; together with the melanoma cell lines T618A, Mel280, and Mel290. We
proceeded with these three melanoma cell lines, because we determined that they
express Tyrpl. We have also detected low levels of surface Tyrp1, as shownin 3.3.2.4.
The SupT1 Tyrpl-Promixal cells were not included in this experiment due to their
similarity to the WT. The linear regression was used to calculate the ABC of the cell
lines labelled. Figure 26 shows the cell lines labelled with either an IgG2a isotype
control (i) or TA99-Mouse IgG2a (ii), and enhanced with the FASER kit. Tyrp1-PE is
shown on the Y-axis, and the X-axis shows a blank channel. All cell lines apart from

Mel280 showed no background for the isotype control. However, SupT1 Tyrpl-WT,
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Distal, SupT1-Trunc, T618A, and Mel290 exhibited a remarkable increase in Tyrp1-PE
fluorescence, when labelled with TA99. The background for both Tyrp1-WT and Distal
cells was 0.16%, which increased to 23.5% and 59.8% respectively (Figure 26.B,C).
Similarly, the percentage of positive amplified T618A was 92.0% (Figure 26.E-ii), and
Mel290 91.2% (Figure 26.G-ii). The detection of Tyrpl on the membrane of
melanoma cells after signal enhancement confirms its presence on the surface.
Hence, the lack of surface Tyrpl detection on those cell lines previously tested in

3.3.2.4 was a result of flow cytometry detection limit.
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Figure 26: SupT1l and melanoma cell lines enhanced twice with FASER-PE kit. The cell lines included in this
experiment were SupT1 NT (A), Tyrp1-WT (B), Distal (C), and Trunc (D), along with the melanoma cell lines T618A
(E), Mel280 (F), and Mel290 (G). The Y-axis illustrates the Tyrp1-PE signal, and the X-axis is a blank channel. Top
row (i) includes the labelling with the isotype, and row (ii) the TA99 stain. Tyrp1l-WT and Distal cells showed a
positive population of 23.5% (B-ii) and 59.8% (C-ii) for surface Tyrpl. The percentage of Trunc for surface Tyrpl
expression was 70.9% (D-ii). T618A displayed a population of 92.0% surface Tyrpl positive cells (E-ii). Finally,
Mel290 was also positive, with 91.2%% (G-ii).

The Tyrpl density on the melanoma cell lines was quantified with QuantiBrite-PE
beads, QIFIKIT beads, or QIFIKIT beads enhanced once with the FASER-PE. Each
sample was analysed in duplicates. The Tyrpl signal amplification was concomitant
for the melanoma cells and the QIFIKIT beads. Based on the linear regression of each

condition, we calculated the number of surface antigens per cell.

Log(ABC)=a x log(MFI) + b

The Log (MFI) was imported into the equation, which was solved for Log(ABC).
Subsequently, we back transformed the log, and finally subtracted the isotype control
ABC from the sample ABC. The final number showed the antigen density on each cell
line. The number of Tyrpl epitopes/cell are demonstrated in Table 19, and the
graphical representation of the numbers is displayed in Figure 27. The calculated

values are similar between the three protocols. The difference in density was
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marginal between the different beads. The only statistically significant difference was
observed for Mel290 cells, with QIFIKIT beads enhanced once being superior to non-
amplified QIFIKIT, and QuantiBrite being superior to both. The relative consistency in
the density prediction of the two kits indicates the robustness of the method. It is
worth mentioning that the lowest point in the QIFIKIT standard curve is
approximately 2000 epitopes/cell, whereas the lower threshold of the QuantiBrite
beads was approximately 470 epitopes/cell. Hence, the majority of the data points in
the QIFIKIT calculation and fewer points in the QuantiBrite calculation have been

extrapolated, since they reside outside the standard curve.

Table 19: Density of Surface Tyrp1 density on melanoma cell lines.

SupT1l -23.10 4.42 -15.02

SupTl_WT 211.21 303.80 150.86
SupT1_Distal 240.54 338.23 175.65
SupT1_Truncated 401.22 527.07 308.16
T618A 1172.53 1193.74 1131.89
Mel280 19.48 -8.17 18.13

Mel290 4017.95 4657.38 4984.30

104



Chapter 3: Results

Antigen Density
K] iggg' QIFIKIT
5 000 T QFIKITx1
E 2000+ - Quantlbrlte
s 1
8 15007
] T
= 1000+
c
Q
2 5004 _
c
< -
0 ¥
& Q Q
O @ & ¥ D o
;N &9 & RIRC I
R A Q
) Q
60 «'\/
N

Figure 27: Tyrp1 density on the cell surface of target cell lines. This graph demonstrates the antigen density of
transduced SupT1, as well as melanoma cell lines. It also shows the direct comparison between the QIFIKIT beads
and QuantiBrite beads. An additional condition is the signal enhancement of the cells along with the QIFIKIT
beads. The values as indicated in Table 19 are comparable. The difference is statistically significant for the
quantification of Mel290. Although the reason for this discrepancy is unknown. The QuantiBrite lower detection
threshold is approximately 500 epitopes/cell, in contrast to the 2000 epitopes/cell lower threshold of the QIFIKIT
kit. However, the Mel290 density is within the standard curve limits for both the QIFIKIT and QuantiBrite kit.

3.3.4.2 Tyrpl Density on Primary Melanoma

T-cell sensitivity is limited to a lower detection level of 240-770 epitope/cell (Stone
et al., 2012)(Watanabe et al., 2015). Our aim is to exploit the presence of Tyrpl on
the surface, and design a chimeric antigen receptor based on the TA99 scFv.
However, the density of Tyrp1 on the surface of melanoma malignancies is unknown.
Our aimis to investigate whether the surface Tyrpl expression on primary melanoma

cells is heterogeneous and prevalent, as well as quantify the density of Tyrp1.

In order to examine the expression profile of Tyrpl on melanoma cells we acquired
primary melanoma samples, which we labelled and interrogated with flow
cytometry. The labelling procedure described in 3.3.3.2, included the incorporation
of the signal amplification kit, and the QIFIKIT beads for antigen density
measurement. The primary melanoma cells were labelled for surface Tyrpl, and
enhanced twice in parallel with the QIFIKIT beads. Based on the beads, we calculated

the standard curve, and extrapolated the antigen density of the melanoma cell lines.
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Since we are interested in interrogating only the melanoma cells, it is pivotal to
discriminate them from the different cell types of the tumour microenvironment. We
designed a panel that included aCD45-eFluord50, aMCAM (or CD146)-APC, TA99-
IgG2a, anti-Mouse 1gG2a PE and viability dye-eFluor780. CD45 is a leukocyte marker
(Trowbridge et al., 1991), and was used to identify and exclude the CD45 positive
leukocyte population. Melanoma Cell Adhesion Molecule (MCAM) is a glycoprotein
expressed on the cell surface of melanoma cells with a prevalence of 70% in primary
melanoma and 90% is metastatic melanoma (Pearl et al., 2008). The MCAM marker
was used in combination with the CD45 to identify the melanoma cells in the tumour

sample. The phenotype of the melanoma population was CD45 MCAM".

The samples screened were derived from four melanoma patients. Samples
Metastatic Melanoma (MM)18, MM24, and MM25 were derived from metastatic
Lymph Node (LN) lesions. Patient MM25 underwent excision of right (R) and left (L)
axillary LN lesions, both of which lesions were analysed. Finally, sample MM20 was
derived from a subcutaneous melanoma lesion. Figure 28 demonstrates the
intracellular and extracellular Tyrp1 labelling of the primary melanoma samples. The
extracellularly labelled samples also underwent two cycles of Tyrpl signal
amplification. We also included T618A as a positive control for Tyrp1l expression. The
intracellular labelling constituted a crucial control, since the presence or absence of
Tyrpl on the melanoma cell surface is meaningful only in the context of the
intracellular presence of Tyrpl in the melanoma cells. The cells analysed were gated
for singlets, and alive cells that were CD45"MCAM®. The Y-axis constitutes a blank
control, and the X-axis consists of the Tyrp1-PE signal. The columns A-F in Figure 28
represent the distinct cell lines. The first two rows (Figure 28.i-ii) demonstrate the
intracellular labelling, and the last two (Figure 28.iii-iv) demonstrate the extracellular

Tyrp1 labelling. Each line is shown in a column (Figure 28).

We used T618A cell line as the positive control for the primary melanoma stains
(Figure 28.A). As shown in Figure 20 and Figure 26, T618A is positive for Tyrpl, and
after signal amplification the percentage of surface Tyrpl was 92%. Additionally,
T618A is MCAM positive. Hence, T618A cells were labelled concomitantly with each

primary melanoma, but only a single representation has been included in Figure 28.
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The surface Tyrp1 density on T618A cells was calculated at 368 epitopes/cell (Table
20).

The samples MM18 and MM24 (Figure 28.B,D-ii) were positive for intracellular Tyrpl
(41.7% and 28.3% respectively), however there was no Tyrpl present on the surface
of the cells (Figure 28.B,D-iv). For the patient sample MM20 there were limited
amount of cells. The intracellular isotype labelling for MM20 was 23.8%, which
constitutes a high background (Figure 28.C-i). Nevertheless, the levels of MM20
intracellular Tyrpl were 3-fold higher than the background (Figure 28.C-ii).
Unfortunately after the 7-step Ilabelling for the extracellular labelling and
amplification, there were no remaining cells for MM20 sample (Figure 28.C-iii,iv).
Finally, the MM25 samples were both positive for intracellular Tyrpl, albeit at low
levels with MM25_R 21.4% (Figure 28.E-ii), and MM25_L 15.4% (Figure 28.F-ii).
However, there was a difference between the extracellular profile for the different
lymph nodes. The MM25_L was not positive for surface Tyrp1 (Figure 28.F-iv). On the
contrary, the MM25_R had a distinct population of surface-Tyrpl positive cells
(3.33%) (Figure 28.E-iv), which we calculated at 162 surface Tyrpl epitopes/cell
(Table 20). For sample MM25_R, we calculated the whole as well as the distinct
Tyrpl-positive population. Table 20 contains the antigen-density values calculated

based on the QIFIKIT beads, which is also shown in Figure 29.
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Figure 28: Primary melanoma samples interrogated for intracellular and surface expression of Tyrp1. The cells
shown were alive, single, CD45 negative and MCAM positive. Tyrp1-PE signal is shown on the X-axis, and blank-
eF450 is shown on the Y-axis. The columns (A-F) illustrate the different cell lines. The rows (i-ii) represent the
intracellular labelling, and the rows iii-iv represent the extracellular labelling. For both intracellular and
extracellular interrogation, the samples were labelled with either an isotype control (i, iii) or the TA99 antibody
(ii, iv). We used the melanoma cell line T618A (A) as a positive control, since it is MCAM positive, as well as positive
for both intracellular and extracellular Tyrpl. The samples MM18 and MM24 had low levels of intracellular Tyrp1
(B, D-ii) with no evidence of surface Tyrp1 (B, D-iv). The MM20 samples was sparse, especially in the extracellular
labelling after the 7-step labelling, thus no conclusion could be drawn regarding the presence of surface Tyrpl on
MM20 melanoma cells (C-iv). The patient with MM25 had two lesions excised from either axillary LN. The right
node was 21.4% positive for intracellular Tyrp1 (E-ii), and a distinct population of 3.3% surface Tyrp1 positive cells
(E-iv). Finally, the left LN was only 15.4% positive for intracellular Tyrp1 (F-ii), and there was no Tyrp1 present on
the surface (F-iv).

Table 20: Tyrp1 density of primary melanoma samples.

T618A 99.1 367.89
MM18 6.68 2.61
MM20 0.24 33.08
MM24 2.54 0
MM25_L 6.82 -1.22
MM25_R 48.9 -26.56
MM25_R (Positive Population) 48.9 162.36
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Figure 29: Graph illustration of primary melanoma Tyrp1 antigen density on the cell surface. The antigen density
of the primary melanoma cell lines was calculated according to the QIFIKIT beads. The samples MM18, MM24,
and MM25L had not surface Tyrp1l. The density for MM20 was estimated to be 33moleculas/cell surface, but due
to low cell numbers this finding is inconclusive. The density for the whole MM_R population was calculated to be
-27 epitopes/cell, but the distinct positive population had a density of 162 epitopes/cell.

3.3.4.3 Conclusion

In order to determine whether the cell surface expression of Tyrpl on melanoma is
within CAR T-cell detection range, we quantified the Tyrpl antigen density. The
density was quantified on melanoma cell lines and primary melanoma samples. The
calculation was based on the density quantification kit QIFIKIT or the QuantiBrite, and
the signal amplification kit FASER kit PE. The three melanoma cell lines, which express
Tyrpl, were interrogated for the presence of Tyrpl on their cell surface. The density
guantification between the QIFIKIT and QuantiBrite kits was comparable. However,
the low threshold of the QuantiBrite kit is lower, providing potentially more accurate

results for the low density cells.

Based on to the QuantiBrite quantification, the Tyrpl antigen density on the
melanoma cell lines T618A, Mel280, and Mel290 was 1132, 18, and 4984
epitopes/cell, respectively. All three cell lines expressed Tyrp1, but the cell surface
density was diverse. Nevertheless, two of the three cell lines bear an antigen density
above the proposed CAR T-cell detection limit that is 240-770 epitopes/cell (Stone et
al., 2012)(Watanabe et al., 2015).

Furthermore, we calculated the density of surface Tyrp1 on four primary melanoma
samples. One patient had two axillary LN lesions, which were analysed separately.
The presence of Tyrpl on the surface of primary melanomas is heterogeneous. Of
the five lesions analysed in total only one had a subpopulation positive for surface

Tyrpl. Of the two lesions isolated from the same patient, one was negative for
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surface Tyrpl. The second lesion bore only a subpopulation of cells expressing

surface Tyrp1l.

3.4 DISCUSSION

Tyrpl is an intracellular protein, which resides on the surface of melanosomes
(Vijayasaradhi et al., 1995). Tyrpl is also present on the cell surface, but at low
density (Yiging Xu et al., 1997). Despite low density of surface Tyrpl, an anti-Tyrp1
antibody caused the eradication of metastatic melanoma tumours in mice (Hara et
al., 1995). The clone of this antibody was TA99. The successful eradication of the
melanoma tumour after anti-Tyrpl antibody, along the lineage specificity of the
antigen render it a promising melanoma target. The main aims in this chapter were
three: 1) the validation of the specificity and sensitivity of the TA99 scFv, 2)
construction of Tyrpl protein chimeras to eGFP and mEos, 3) validation and
quantification of surface Tyrpl density on melanoma cell lines and primary

melanomas.

First, the construction and validation of the TA99 scFv was described. In order to
corroborate the specificity of TA99, we performed labelling of a murine lung bearing
B16 melanoma metastasis. The metastatic regions were delineated by the presence
of melanin. These areas appeared dark in the confocal, and they were all Tyrpl
positive when labelled with TA99. The non-metastatic areas were Tyrpl-negative,
thus TA99 was only specifically localised to the melanoma cells. This is in accordance
with reports confirming not only that TA99 is specific, but also it is the most sensitive
antibody for immunohistochemical analysis of melanocytes in paraffin-embedded

and frozen tissue (Bhawan, 1997)(Dean et al., 2002).

We aimed to create positive and WT controls of Tyrpl expression. We transduced
the SupT1 cell line with the Tyrpl constructs. SupT1 cells do not inherently express
Tyrpl. Apart from acquiring Tyrpl-WT, we engineered three additional Tyrpl
constructs fused to eGFP for live-cell imaging experiments. In order to retain Tyrpl
on the plasma membrane and use it as a positive control, we truncated the

cytoplasmic domain and substituted it with eGFP. We also produced two Tyrp1 fusion
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proteins to eGFP. In Proximal and Distal constructs the cytoplasmic domain was

either proximal or distal to the membrane, either followed or preceded by eGFP.

Cells expressing the aforementioned Tyrpl variants were interrogated for the
presence of intracellular and surface Tyrpl by flow cytometry. All constructs were
positive for intracellular Tyrp1, thus all four Tyrp1 proteins were expressed. However,
the profile of surface Tyrpl expression varied between protein constructs. A limited
proportion of wild type protein was present on the surface (12.5%) of transduced
cells. The Distal protein was also present on the cell surface, but at a higher
percentage of 51%. A higher percentage of cells were positive for surface Tyrpl in
the Trunc cells (66.8%). The percentage reflects the proportion of positive cells.
However, the Trunc protein also led to higher MFI. We speculate that the higher MFI
is directly related to a higher Tyrp1 density on the cell surface. The Proximal construct
was designed to imitate the Tyrpl-WT trafficking pattern, but with eGFP
incorporated for imaging. Interestingly, this construct exhibited a surface-Tyrpl
phenotype more stringent that the WT protein. Proximal expressing cells showed
decreased MFI when labelled for intracellular Tyrpl, compared to Tyrp1l-WT. This
decrease was approximately half an order of magnitude, which might reflect reduced
stability of the Proximal protein. In this case, the lower percentage of surface Tyrpl
in Proximal versus WT could be due to reduced stability, rather than more stringent
sequestration of the protein. To conclude, the constructs Tyrp1-WT, Proximal, Distal,

and Trunc constitute a low, low, medium and high density gradient of surface Tyrp1.

Consequently, we sought to characterise Tyrpl as an antigen. Although several
carrier proteins have been identified to be responsible for the trafficking of Tyrp1,
the trafficking pathway has not been elucidated (Wasmeier et al., 2006) (Setty et al.,
2007). Our first aim was to investigate the trafficking pathway of Tyrp1 to the cell
surface. In order to achieve that, we carried out, live-cell imaging of melanoma cells
expressing fluorescent Tyrp1l. Initially, Tyrpl was fused to eGFP. However, the eGFP
oligomerisation hindered the identification of individual vesicles that was essential
for the trafficking study. Hence, eGFP was substituted to mEos. mEos is a green-to-
red photoconvertable protein (Wiedenmann et al., 2004). The structure of mEos is

similar to the eGFP forming a B-barrel structure barrel (Ormo et al., 1996)(Yang et al.,
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1996)(Zhang et al., 2012). We thus postulated that the eGFP substitution to mEos
would not modify the expression profile of surface Tyrpl, which was validated with

the eGFP fusion protein.

In order to reliably identify and track Tyrpl-bearing vesicles, one of two requirements
needed to be met. The vesicle should not cross a distance longer than half its
diameter in order for the Imaris software to follow the movement. Alternatively, the
vesicles should be sparse and in distance between them, so the software could
discriminate individual vesicles and reliably track their movement. Due to high
transduction levels, eGFP or mEos-green cells showed big areas of fluorescence. In
these areas, the software could not recognise individual vesicles. Both proteins have
been shown to form dimers or oligomers (Jain et al., 2001)(Zhang et al., 2012).
However, photoconversion of a cell fraction led to a limited amount of mEos-red
vesicles. This allowed the software to more reliably recognise the vesicles, as well as

track them over time.

The sparsity of mEos-red vesicles led to a reliable identification of individual spheres.
However, the absence of these vesicles from several time-points introduces an error
in the vesicle tracking calculation. The live-cell imaging is carried out in a single plane
instead of a z-stack. This is acceptable since the T618A cell line is adherent and
relatively flat, so not many z-planes are required. However, the lack of data for the
vesicles at different time-points suggests that the vesicles move in different planes
out of focus. An alternative explanation would be that the time intervals between
scannings were longer that required. Nevertheless, we analysed four vesicles that
were present for 12 time-points or more. Of the four vesicles analysed, only
TracklD_4 vesicle appeared to be approaching the membrane twice, but did not fuse

with it. There was no pattern observed for the trafficking of Tyrp1-bearing vesicles.

The presence of Tyrpl on the cell surface was demonstrated with flow cytometry.
Five cell lines were interrogated for the presence of intracellular Tyrpl. The three cell
lines that were positive for intracellular Tyrpl were T618A, Mel280, and Mel290.
T618A and Mel290 were positive for the presence of Tyrpl on the plasma membrane.
The antigen density of the surface-Tyrp1l positive cells was quantified to 1132-1173
and 4018-4984molecules/cell surface for T618A and Mel290 respectively. This
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antigen density is above the detection limit of CARs (Stone et al., 2012)(Watanabe et
al., 2015).

In order to validate the potential of Tyrp1 as a viable melanoma target, we sought to
identify the density of Tyrpl on the surface of primary melanoma tumours. The
tumours were either subcutaneous or lymph-node metastases. Of the five lesions
analysed, all expressed intracellular Tyrpl at a percentage range of 15.4-41.7%. The
correlation of Tyrpl expression and melanoma progression is unclear, with published
studies reporting both a positive and a negative correlation (Holzmann et al.,
1987)(Bolander et al., 2008). Bolander and colleagues reported that 60% of
melanoma tumours are positive for Tyrpl. Based on the limited amount of samples
we acquired, the prevalence of Tyrpl expression in metastatic melanoma was 100%.
Despite the high prevalence of Tyrpl expression, the expression pattern within the
tumour was heterogeneous, which is in accordance to the literature (Virador et al.,

2001).

Finally, the primary melanoma cells were also labelled for surface Tyrp1. Of those five
samples, only MM25_R was positive for surface Tyrpl, with a distinct population of
3.3%. The antigen density for this distinct population was 162 epitopes/cell. This
density is close to the CAR T-cell cytotoxic limit of 240 epitopes/cell (Watanabe et al.,
2015). Hence, anti-Tyrpl CAR might have been efficacious against this sample.
However, the prevalence of surface Tyrp1l is low, with only one in five lesions having
Tyrpl present on the cell surface. Additionally, based on sample MM25_R, the
surface Tyrpl expression in heterogeneous within the sample, and between different
lesions in the same patient. Although the preliminary data on primary melanoma
tumours were discouraging, they were also inconclusive due to the limited amount

of samples tested.
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CHAPTER 4: RESULTS: TESTING AND OPTIMISING THE TA99-CAR

4.1 INTRODUCTION

The Tyrosinase-Related Protein 1 antigen is a promising melanoma target due to its
unique and prevalent expression in melanoma (Bolander et al., 2008). Tyrp1 is an
intracellular protein localised in melanocytes, however small amount can be
detected on the cell surface. The presence of Tyrpl on the cell surface was discussed
in detail in Chapter 3. The antigen density of Tyrpl was shown to be 1131 and 4984
epitopes/cell on the melanoma cell lines T618A and Mel290, which is above the CAR
detection threshold (Stone et al., 2012)(Watanabe et al.,, 2015). The primary
melanoma cells showed no or low presence of surface-Tyrpl. However, the observed
lack of surface-Tyrpl might be an artefact of fast cycling through the membrane. If
that is the case, T-cells bearing with anti-Typrl CAR could potentially recognise and

eliminate the low-density Tyrp1 targets.

In order to evaluate the efficacy of an anti-Tyrp1 CAR, the anti-Tyrpl antibody TA99
scFv was engineered into a second generation CAR format. A CAR is an artificial
receptor that renders the T-cells specific for a target cell surface antigen. It consists
of an extracellular, transmembrane and intracellular domain. The intracellular
domain contains the intracellular module of the CD3( chain, and co-stimulation
domains. The TA99-CAR bears the co-stimulation endodomain of CD28, which
promotes IL2 production and prevents T-cells anergy (Alvarez-Vallina and Hawkins,
1996)(Maher et al., 2002). The transmembrane domain anchors the protein to the
cell surface. Finally, the extracellular domain is comprised of the scFv and a spacer.
The scFv bestows the antigen specificity, whereas the spacer conveys flexibility to the

extracellular domain (Moritz and Groner, 1995).

4.1.1 The Importance of CAR Spacers

Currently three generations of CAR structures have been developed, however there
is no conventional optimal CAR design to date. The optimal structure for an individual
CAR against a specific antigen is empirical, not universal. One of the parameters
affecting the CAR efficacy is the spacer, for which optimisation is required. This is
most likely due to the highly specific architecture of the immune synapse, where the
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size and structure of antigen-CAR complex plays a significant role. The spacer bestows
flexibility to the CAR construct that is essential to overcome steric hindrance during

antigen recognition and binding (Wilkie et al., 2008).

Furthermore, there is an inverse correlation between optimal spacer length and the
distance of the antigen epitope from the target cell membrane (Guest et al., 2005).
A longer spacer is required for an epitope proximal to the membrane, compared to
shorter spacer required for epitope distal to the membrane. This relationship is
probably due to the optimal distance between the T-cells and the target cell for
formation of the immune synapse (Hudecek et al., 2013)(Hombach et al., 2007). It
was finally shown that even after spacer-length optimisation, the CARs targeting the
proximal-to-membrane epitope were superior in cytotoxicity and cytokine

production (Haso et al., 2013).

The epitope recognised by TA99 is undetermined, thus we are unable to predict the
optimal length of the spacer required for maximum efficacy. For this reason, we
conducted a spacer optimisation by comparing four distinct spacers with different

lengths (see 4.3.2).

4.2 AIMS

In vitro validation of TA99-CAR specificity, efficacy and sensitivity.
* Identification of optimal spacer for TA99-CAR.
* Invitro validation of the TA99-CAR in a murine scaffold.

* Invivo investigation of murine TA99-CAR efficacy in a melanoma mouse

tumour model
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4.3 RESULTS
4.3.1 Validation of TA99-CAR In Vitro

4.3.1.1 Engineering of the Human and Murine TA99-CAR

Our aim was to construct an anti-Tyrpl CAR based on the TA99 scFv, and investigate
whether we can successfully target the Tyrpl present at low levels on the cell surface.
In order to achieve that, we tested the efficacy of the TA99-CAR in vitro and in vivo.
The specificity of TA99 scFv was demonstrated in Chapter 3 (3.3.2). For the in vitro
experiment the CAR was introduced into Peripheral Blood Mononuclear Cells
(PBMCs) isolated from blood of healthy donors. For the in vivo experiments the CAR
was introduced into splenocytes of C57BL/6 mice. Since the CAR would be introduced
into the cells originating from both human and mouse, we cloned the TA99 scFv into

the structure of both human and murine CAR.

First, we engineered a second generation CAR, with all domains derived from human
proteins. The ectodomain comprised the TA99 scFv, and the IgG1 CH2-CH3 spacer
domain separated with a hinge. The CH2-CH3 spacer is derived from the
immunoglobulin 1gG1, and is illustrated in Figure 30. The transmembrane domain
facilitates the anchoring of the CAR to the plasma membrane. The intracellular part

of the TA99 CAR consists of the CD28 endodomain, and CD3T (Figure 31.A).

The TA99 scFv was also incorporated into a second generation murine CAR format
(Figure 31.B). Analogous to the human CAR, the extracellular part of the murine CAR
(muCAR) consisted of the TA99 scFv, with the murine CD8 stalk facilitating as a spacer.
It also included a transmembrane domain, and the intracellular modules that
mediated the signalling. The intracellular modules were the murine CD28 and CD3L.

All the constructs were cloned into an SFG retroviral vector backbone.
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Fab

Fc

Figure 30: The Fc spacer domain is derived from the antibody constant heavy region CH2-CH3. An antibody
consists of four chains, two light and two heavy chains. The heavy chain contains the variable region, three
constant regions, and the hinge. The hinge regions of two heavy chains form disulphide bonds, leading to
dimerization.

A. TA99-huCAR B. TA99-muCAR
TA99 scFv )
TA99 scFv
Human Fc muCDS Stalk
™ ™ 1
CD28 CD28 I I
CD3C CD3¢

Figure 31: The structure of the human and mouse TA99 CAR. Both CARs consist of an extracellular, a
transmembrane, and an intracellular domain. TA99 heavy and light chains are tethered with a SG linker. The
extracellular domain includes the TA99 scFv that provides the target specificity of the molecule, a hinge, and a
spacer that provides flexibility. (A) The spacer for the human CAR is the CH2-CH3 domain from human IgG1, and
the transmembrane sequence is derived from human CD28. Two modules comprise the intracellular domain of
the CAR, and these are the human CD28 intracellular domain, and CD3Z. The activation signal transmitted by CD3C
without co-stimulation leads to anergy, and thus the co-stimulatory signalling CD28 was incorporated. (B) The
murine CAR is similarly structured to the human one, apart from the spacer that is the murine CD8 ectodomain.
All the domains were derived from mouse sequence. The muCAR is also a second generation with the intracellular
compartment being CD28-CD3.

4.3.1.2 Labelling Optimisation for CAR Detection

Prior to each functional experiment, it is essential to investigate whether the T-cells
are expressing the transduced CAR construct, and what percentage of the cells bear
the CAR protein. It is important to calculate the transduction efficiency, because it is
required also for normalisation between different CARs prior the functional assay set-
up. The transduction efficiency is determined based on a marker gene co-expressed
in the CAR transgene cassette, or the direct labelling of the CAR protein. The muCAR

was co-expressed with murine CD19 that functions as a marker gene. We
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incorporated the marker gene in splenocytes in order to enable easy and accurate

identification of the transduced splenocytes in murine tissues.

The human T-cells used for the in vitro experiments were not introduced into a
complex environment. Therefore, no marker gene was required to enable the T-cell
identification. Consequently, the transduction efficiency of the primary human T-cells
was established by directly labelling the cells for the presence of the CAR. The flow
cytometric detection of the CAR was optimised by testing four labelling methods. We
pursued labelling with an anti-Human (Fragment Crystallisable) Fc antibody that
recognised the CH2-CH3 domain of the CAR spacer. An anti-Mouse Fragment Antigen
Binding (Fab) recognised the variable fragment of TA99. We also produced soluble
Tyrpl fused with the His tag, and labelled the T-cells with the Typl-His protein
supernatant. Finally, we tested the labelling capacity of Protein-L. Protein-L is a
bacterial protein that binds to antibody variable light chains, and has been previously

used for labelling CAR molecules (Zheng et al., 2012).

The results of the CAR labelling optimisation protocol are shown in Figure 32. The
columns represent the labelling methods, whereas the rows represent the different
cells used in the experiment. Specifically, the first and second row illustrate non-
transduced PBMCs or PBMCs transduced with the TA99-CAR transgene, respectively.
The Y-axis shows a blank channel for all the plots, and the X-axis depicts the positive

signal for each labelling method.

No background noise was observed with any protocol, as shown for PBMC NT (Figure
32.A-D). The transduction efficiency ranged from 2.39 to 95.3%. Labelling the cells
with the anti-Human Fc antibody was superior, with 95.3% of the cells being CAR
positive (Figure 32.E). The labelling with aMouse Fab antibody led to an estimated
transduction efficiency of 60.7% (Figure 32.F). Compared to the anti-Human Fc
antibody, the estimated transduction level decreased 3-fold when the cells were
labelled with Tyrpl-His protein supernatant. The reason for that might be the
reduced stability of the soluble Tyrpl, or low protein concentration in the
supernatant. Finally, the bacterial Protein-L failed to label the TA99-CAR positive

cells. Labelling the cells with aHuman Fc antibody was specific, and the most
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efficacious, therefore this protocol was used in subsequent experiments for the

labelling of the TA99-CAR.
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Figure 32: Optimisation protocol for labelling the TA99-CAR positive cells. Non-transduced (A-D) and TA99-CAR
positive cells (E-F) were labelled for the presence of the CAR with four distinct methods. Each method is
represented in a separate column, with the axes labels underneath. The Y-axis represents a blank control, and
the X-axis shows the signal detection channel. (A-D) No background labelling was detected on the PBMC NT,
confirming the specificity of the proteins used. (E) The cells labelled with the anti-Human Fc antibody were 95.3%
positive for TA99 expression. (B) The transduction efficiency was underestimated when labelled with the anti-
Mouse Fab (60.7%). (C) The Tyrp1-His protein supernatant was even less efficacious in identifying the CAR positive
cells. (D) Protein-L failed altogether in recognising the light chain of the TA99 scFv, and showed no positive signal.

4.3.1.3 Transduction Efficiency of TA99-CAR PBMCs

As mentioned earlier, determining the PBMC transduction efficiency prior to the
functional set-up is crucial for obtaining a clear and reproducible result. First, we
need to confirm the presence of the CAR in the PBMCs. Additionally, normalisation
of the transduction levels between different CARs is essential for reliable results.
Discrepancies in transduction levels above 10% constitute a confounding factor, and
the levels need to be normalised to the lowest transduction percentage. The
normalisation is achieved with the addition of NT PBMC in the CAR-bearing cell

populations with the higher transduction level.

The estimation of the transduction efficiency is repeated for each separate
experiment. Although there is donor variation in the transduction level, this variation
is usually within 10-15% range. The transduction threshold accepted for carrying out
a functional experiment is above 20%. In Figure 33, a representative labelling for the

CAR transduction efficiency is shown. The cells were labelled for CD4 and CD8 and
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illustrated in A-C and D-F respectively. The signal for CD4 or CD8 is shown on the Y-
axis. A control CAR was used in the functional experiment as a negative control of
cytotoxicity and cytokine production. The transduction levels of CD4 cells for the
control aCD33-CAR, and TA99-CAR were 15.6% and 18.1% (Figure 33.B-C). The
percentage of CD8 CAR positive cells was higher, with 21.5% and 24.3% of
transduction efficiency for aCD33-CAR and TA99-CAR respectively (Figure 33.E-F).
The total transduction level was 37.1% for the aCD33-CAR, and 42.4% for the TA99-
CAR. The total level of CAR expression was above 20%, which is sufficient for carrying
out a functional assay. The CAR level discrepancy was less than 10%, thus no

normalisation was required.
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Figure 33: Level of CAR expression in cells transduced with a CAR transgene. The PBMC cells were labelled for
both CD4 (A-C) and CD8 (D-F), as well as the presence of the aCD33 or TA99-CAR. The Y-axis represents either the
CD4 or CD8 signal, and the X-axis represents the CAR expression signal. There was some background signal
observed in the NT PBMCs (A,D), probably due to cross-reactivity between the CD4/CD8 antibodies and the
aHuman Fc (ahFc) antibody. The CD4 and CAR positive cells were 15.6% for the aCD33-CAR (B), and 18.1% for the
TA99-CAR (C). The CD8 and CAR positive cells were 21.5% and 23.4% for the aCD33-CAR (E) and TA99-CAR (F),
respectively.

4.3.1.4 Cytotoxicity Assay for In Vitro TA99-CAR Validation

We have so far established that the TA99 scFv is specific for Tyrpl, and that Tyrp1 is
present on the cell surface at low-density. Our aim was to determine whether a CAR
with the scFv of TA99 is functional. An additional question to be addressed was
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whether the surface antigen density of Tyrpl is sufficient for recognition and

elimination by TA99-CAR T-cells.

To address those questions, we isolated PBMCs from the blood of healthy donors.
The PBMCs were transduced with the TA99-CAR transgene, as well as the transgene
for a control CAR, against CD33 or CD19. The CAR not specific for Tyrpl is used as a
negative control. Prior to the assay the PBMCs were CD56 depleted to eliminate
natural killers from the experiment. On day 10 after the PBMC isolation, we setup a
>'Chromium cytotoxicity assay. The assay requires the targets cells to be loaded with
the radioactive isotope Chromium 51 (°*Cr). The °'Cr is internalised and retained in
the cytoplasm of the target cells, which is subsequently released in the supernatant
when the cells are lysed. The effectors (PBMCs transduced with either TA99-CAR or
aCD33-CAR) were incubated for 4 hours with the *'Cr loaded target cells. After
incubation, we harvested the supernatant from the wells and measured radioactivity
with a gamma counter. By measuring the radioactivity of the supernatant it was

possible to estimate the proportion of lysed target cells.

As discussed in 3.3.4.1, the surface Tyrpl density of the SupT1 engineered cells was
151, 176, and 308 epitopes/cell for Tyrpl-WT, Distal, and Trunc respectively. The
antigen density of Proximal is negligible and has not been calculated. The density of
Tyrpl on the human melanoma cell line T618A is 1132 epitopes/cell. B16 is a mouse
melanoma cell line derived from C57BL/6 mice with a surface Tyrp1 density of 1844
epitopes/cells (data not shown). Our aim was to use B16 as a melanoma mouse
model for in vivo validation of the TA99-CAR. Hence, before the animal model, we

sought to determine whether B16 cells are susceptible to TA99-CAR T-cells in vitro.

Each graph in Figure 34 summarises the cytotoxic capacity of the three effectors
against a specific target. When the T-cells were incubated with non-transduced
SupT1, there was no cytotoxic activity observed apart from background signal (Figure
34.A). Although against the Tyrp1-WT and Proximal cells there was an increase of the
TA99-CAR cytotoxicity, the lysis percentage was only marginally higher than the
background (Figure 34.B-C). On the contrary, 33.5% of the Trunc cells were lysed
(Figure 34.D).
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Of the two melanoma cell lines, B16 (Figure 34.E) and T618A (Figure 34.G), only the
T618A cells were lysed by the TA99-CAR T-cells (18.7%). We postulated that the T-
cells were not able to lyse B16 due to low antigen density on the surface of target
cells. In order to investigate this hypothesis, we also included B16 cells transduced
with Trunc (Figure 34.F). Only 18.9% of the B16 cells expressing Trunc were lysed,
which is comparable to T618A lysis, but lower than SupT1 transduced with the same
transgene. This result indicates that the wild-type B16 cells are not susceptible to in
vitro lysis by CAR T-cells. We have previously shown that both melanoma cell lines
express the surface Tyrpl, however the antigen density is close to the CAR T-cell
lower detection level. Therefore, the 4-hour incubation might be suboptimal, leading

to impeded T-cell cytotoxicity.
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Figure 34: >Ier release assay with TA99-humanCAR T-cells. The targets cells were co-cultured with the effectors
for 4-hours at ratios 32:1, 16:1, 8:1, 4:1 (effectors: targets). The effectors are displayed in different colours PBMCs
NT (blue), PBMCs non-specific CAR (red), PBMCs TA99-CAR (green). Each graph shows the percentage of lysed
cells of a distinct target cell line. The background killing of the three different effectors was low (<5%) (A).
However, it was unclear whether the 7.9% cytotoxicity observed for of TA99-CAR T-cells against Tyrp1-WT and
Proximal cells is significant (B-C). The superior cytotoxicity of the TA99-CAR versus the control CAR against SupT1
Proximal was statistically significant at the ratios 32:1, 16:1, and 8:1 (p=0.0113, p=0.0040, p=0.385, respectively).
The TA99-CAR was cytotoxic against the positive control of Trunc cells (33.5%), confirming that TA99-CAR is
functional (p=<0.0001) (D). There was no lysis of the melanoma cell line B16 (p=0.356) (E). On the contrary, 18.9%
of the B16 cells transduced with Trunc were lysed by TA99-CAR T-cells (p=<0.0001) (F). Finally, TA99-CAR T-cells
were cytotoxic against the human melanoma cell line T618A (G) with a percentage of killing 18.7% (p=0.0090).
Three repeats were carried out, and the statistical significance was tested with a two-way Anova. The difference
between the TA99-CAR to the control CAR is significant were indicated.

4.3.1.5 Interferon-y Production by TA99-CAR T- cells

Although the TA99-CAR is functional, there was no cytotoxic activity against the
melanoma cell line B16, and the observed cytotoxicity against T618A cells was
modest. In order to closely examine the capacity of T-cells to lyse low antigen targets,
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we increased the incubation time rendering the experiment parameters less
stringent. The readout for the co-culture was IFN-y cytokine produced by T-cells,
analysed with an Enzyme-Linked Immunosorbent Assay (ELISA). For the ELISA,

supernatant from each condition was collected at a 24-hour time-point.

Figure 35 demonstrates the ELISA results. There was no detectable background from
the non-transduced PBMCs (Figure 35.Blue) or the PBMCs transduced with an non-
specific CAR (Figure 35.Red). The TA99-CAR cytokine levels are shown as green bars
in Figure 35. There was no detectable background cytokine production when TA99-
CAR T-cells encountered SupT1l NT targets or were incubated without target cells.
However, TA99-CAR T-cells produced IFN-y in the presence of Tyrpl-WT and Trunc
cells. The concentration of IFN-y produced by TA99-CAR T-cells incubated with Trunc
SupT1 cells was 6452pg/ml. This value is the average of three independent
experiments on different donors. The Trunc constituted the positive control. Despite
the low antigen density on the cell surface of the Tyrpl-WT and Proximal SupT1
targets, T-cells were sensitive enough to produce 1325.7pg/ml and 776.3pg/ml of

IFN-y, respectively.

Although TA99-CAR T-cells failed to lyse B16 cells, they produced IFN-y during the co-
culture (743.5pg/ml). We also included the B16 cells transduced with Trunc.
Consistent with the >*Cr cytotoxicity assay, T-cells were reactive against Trunc B16

and T618A cells, with 2906.4pg/ml and 3068.7pg/ml IFN-y produced respectively.
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Figure 35: IFN-y cytokine production after 24-hour co-culture. The effectors were non-transduced T-cells (NT),
T-cells transduced with the non-specific aCD33-CAR as a negative control, and TA99-CAR transduced T-cells. The
effectors were incubated with SupT1 NT, or SupT1 expressing WT, Proximal, or Trunc Tyrpl. T-cells were also
incubated with B16, and B16 expressing Trunc. Finally, T-cells were co-cultured with T618A. Neither the negative
control, NT (blue) nor the aCD33-CAR T-cells (red) produced any IFN-y. The TA99-CAR T-cells (green) produced
IFN-y when co-cultured with all Tyrpl-expressing targets. TA99-CAR T-cells produced 6452pg/ml of IFN-y against
Trunc. IFN-y production was modest against the other two targets with 1325.7pg/ml for Tyrpl-WT, and
776.3pg/ml for the Proximal. The same pattern was also observed for the B16 cells. The IFN-y secretion for B16
NT and Trunc was 743.5pg/ml, and 2906.4pg/ml respectively. Finally, the T-cell secretion of IFN-y when exposed
to the melanoma cell line T618A was 3068.7pg /ml. The statistical significance was calculated with two-way Anova
(** p=0.0079, *** p=<0.0001).

4.3.1.6 Conclusion

In conclusion, the TA99-CAR is specific and functional against cells with Tyrp1 present
on their cell surface. We observed limited cytotoxicity against the low density Tyrp1-
WT and Proximal cell lines. The IFN-y production was a more sensitive read-out than
cytotoxicity in measuring the CAR sensitivity against low-antigen targets. We
detected IFN-y production against B16 cells, although the T-cells failed to lyse those

cells.

4.3.2 TA99-CAR Spacer Optimisation

4.3.2.1 Engineering the TA99-CAR with Four Distinct Spacers

The epitope recognised by TA99 resides in the luminal domain of Tyrpl (Groux-
Degroote et al., 2008). However, the epitope itself and where it resides within the
luminal domain is unknown. Hence, we cannot comprehensively predict the optimal
spacer length required for maximum efficacy. For this reason, we examined four
distinct spacers. We employed a commonly used spacer of the immunoglobulin
family, 1gG CH2-CH3 domain including the hinge region (Thomas et al., 2016).
Alternatively, hinge can be used alone as a CAR spacer (Hudecek et al., 2013). The

hinge region causes the dimerization of the CAR due to intra-chain disulphide bond
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formation (Liu and May, 2012). Another spacer from the immunoglobulin family is
IgM (Forman et al., 2015). IgM consists of four constant heavy domains CH1-CH2-
CH3-CH4 (Schroeder and Cavacini, 2010). The domains incorporated in the CAR
format are CH2-CH3-CH4, thus the IgM spacer has an additional domain compared
to IgG making it longer. The last spacer we utilised was the CD8a ectodomain, which
comprises a single immunoglobulin-like domain and a 30-50aa stalk of highly
glycosylated residues (Classon et al., 1992). CD8a also forms dimers, similarly to the
immunoglobulin-based CAR spacers, and has been incorporated in CARs used in
clinical trials (Leahy et al., 1992) (Patel et al., 1999)(Porter et al., 2011). Our aim is to
compare the four spacers in the context of the TA99 CAR, and identify which one is
optimal.
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Figure 36: Four spacers were analysed for identification of optimal TA99-CAR structure. We sought to determine
the optimal spacer for the TA99-CAR. Therefore, we tested four spacers of varying lengths. Three were based on
immunoglobulin domains, and the fourth was derived from T-cell co-receptor CD8. The first spacer employed was
the hinge sequence of the immunoglobulin 1gG1, which causes dimerization of the CAR molecule. The CH2-CH3
domains of IgG1, as well as the hinge were combined to form the IgG spacer. The IgM spacer is longer, because it
contains an extra domain CH2-CH3-CH4. Finally, the ectodomain of CD8 (CD8stk) was utilised, which also causes
dimerization. Hence, all spacers used in this thesis caused dimerization of the CAR. The constructs are displayed
with order of incrementally increasing length.

4.3.2.2 Transduction Efficiency of TA99-CAR Spacer Variants

As stated in previous chapters, the estimation of the T-cell transduction levels is
crucial. Since the CAR constructs bear different spacers, labelling the cells with an
anti-Human Fc antibody is not feasible. Hence, the cells were labelled with

supernatant of soluble Tyrp1-Rabbit.

The transduction levels for the PBMCs transduced with the different constructs are
shown in Figure 37. The signal for CD4 or CD8 is represented in the Y-axis, and the

labelling for the TA99-CAR on the X-axis. The different PBMC populations are shown
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in separate columns. The transduction levels between CARs with the IgG, hinge, or
CD8 spacer were comparable for both CD4 (Figure 37.C-E), and CD8 (Figure 37.1-K) T-
cells. The range of transduction for those constructs was 28.6-31.7% for CD4 and
23.6-14.9% for CD8. In opposition to that, the transduction levels for the IgM spacer
CAR were consistently lower with 18% and 9.5% transduced CD4 and CD8 cells
respectively (Figure 37.F,L). The transduction level for all the TA99-CAR spacer
variants was higher than 20%, but the disparity between the IgM variant to the rest

required normalisation.

A. NT B. aCD19-lgG CAR C. TA99-IgG CAR D.TA99-Hinge CAR E.TA99-CD8stk CAR F.TA99-IgM CAR

sfos 0.023% | 5 Jos 0.016% | .7 Jas
B 552

Qs
325
10°

s Q7 @7
o ]314 0.023 o Jaas 0.016 0
10 1

CD4-APC

TA99-PE
G.

s4Q 9.5%

0% 5 Jar 0% | s Jar sJa
- - h 27.7

101
Qs a3
]t 19.7

@ | Jas @
o 77 0035 | ]38 0.016
It

CD8-eF450

TA99-PE

Figure 37: Transduction levels of TA99-CAR cells bearing different spacers. The Y- and X-axis show the signal for
CD4/CD8 and signal for the transgene expression. The columns represent different PBMCs populations. (A, G)
PBMCs NT cells constitute the negative control for labelling and cytotoxic assays. (B,H) The control CAR is also an
additional negative control. The CD4* CAR expression levels for the spacer constructs IgG, hinge and CD8 were
30.1% (C), 28.6% (D), 31.7% (E) respectively. The transduction level of CD4 T-cells for the IgM spacer variant was
lower at 18.0% (F). The same pattern was observed for CD8 T-cells, with the IgM spacer variant also having the
lowest levels, at 9.5% (L). The transduction level for the 1gG, hinge, and CD8 spacer CD8 T-cells was 14.9%, 18.5%,
and 23.6% respectively.

4.3.2.3 Cytotoxic Capacity Comparison of TA99-CAR Spacers

The TA99 spacer variants were interrogated for their cytotoxic capacity. In order to
compare the cytotoxic efficacy of the TA99-CAR bearing different spacers, we carried
out >'Cr release cytotoxic assay. The PBMCs were cultured for 4-hours with six distinct
cell lines of various Tyrpl densities. These lines were the engineered SupT1l
expressing Tyrp1-WT, Proximal, Distal, and Trunc. The CAR T-cells were also cultured

against the melanoma cell lines T618A, B16, and B16 transduced with Trunc.

The cytotoxicity of the TA99 CAR T-cells is shown in Figure 38. The negative control
conditions constituted of PBMCs NT (grey), and a control CAR that is non-specific for

Tyrpl (blue). In a previous chapter we demonstrated that the TA99-CAR with the IgG
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spacer is functional (see 4.3.1.4). Our aim is to explore whether the hinge, IgM or CD8
spacer are superior. In contrast to the rest of the TA99-CARs, IgM spacer variant
showed non-specific cytotoxicity against SupT1 NT (11.0%) (Figure 38.A). The IgG and
IgM variant showed similar cytotoxicity against SupT1 Tyrp1-WT and Proximal. The
cytotoxicity levels for the 16:1 ratio were 23.6% and 24.9% for the IgG and IgM variant
against Tyrp1-WT cells. Similarly, the cytotoxicity levels for the IgG and IgM variant
against SupT1 Proximal were 18.4% and 18.1%, respectively. It is promising that
cytotoxicity was observed against the low antigen-density targets (Figure 38.B-C). No
lysis was observed against the Tyrpl-WT targets by the hinge or CD8 spacer variant
(5.4%, 8.7%). The cytotoxicity of IgG and IgM was also similar against the SupT1 Distal
(40.3%, 40.2%) and Trunc targets (36.1%, 39.7%), with no statistically significant
difference between them (Figure 38.D-E). The CD8 spacer variant was less efficacious
(19.6%), and the hinge variant showed the least cytotoxicity (15.0%) against the

positive control cell line SupT1_Trunc (Figure 38.E).

The IgG and IgM variant also recognised and lysed the human melanoma cell line
T618A at 40.9% and 39.3% respectively (Figure 38.H). The cytotoxic capacity of the
hinge and CD8 spacer variants was mitigated at 5.25% and 13.6%. Finally, the hinge
and CD8 spacer variants failed to lyse the B16 NT and Trunc targets (Figure 38.F-G).
The cytotoxicity of TA99-CAR IgG variant was calculated at 11.3%, and of the IgM
variant at 7.35% against B16. Interestingly, the cytotoxicity of the IgG and IgM
variants did not increase against B16 expressing Trunc (9.1% and 6.0%, respectively).
This observation suggests that the inability of the CAR T-cells to lyse B16 cells is not

due to the low density of surface Tyrp1.
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Figure 38: Comparison of cytotoxic capacity between TA99-CARs with different spacer variants. PBMC NT and
control CAR function as negative controls for T-cell background toxicity. The other four effectors in this
experiment constitute the four spacer variants of the TA99-CAR. Each graph shows the cytotoxicity of all the
effectors against a different target cell line. (A) SupT1 NT cell line does not express the antigen, and thus facilitates
as a negative control. The IgM variant non-specifically lysed 11% of the SupT1 NT cells. (B) The IgG and IgM spacer
CAR variants lysed 23.6% and 24.9% of the SupT1 Tyrp1l-WT targets, in contrast to the hinge and CD8 spacer
variants that lysed only 5.4% and 8.7%. Both 1gG and IgM were superior to hinge (p=<0.0001) and CD8
(p=<0.0004). (C) The density of SupT1 cells expressing Proximal is lower than Tyrp1-WT. In consistence with that,
the cytotoxicity of IgG and IgM variants was 18.4% and 18.1% against SupT1 Proximal. (D) The IgG and IgM CAR
T-cells lysed 40.3% and 40.2% of the SupT1 Distal targets, and 36.1% and 39.7% of the SupT1 Trunc targets. Both
IgG and IgM were superior to hinge (p=<0.0001) and CD8 (p=0.0005) (E). The lysis achieved by the hinge and CD8
CARs was only 19.6% and 15% against the SupT1 Trunc targets. Both IgG and IgM were superior to hinge (p=0.0303
and 0.0091), but only IgM variant was marginally significant against CD8 (p=0.0418) (F-G) The hinge and CD8
spacer variants failed to lyse B16 NT or B16 Trunc cells. The lysis achieved by IgG and IgM against B16 cells was
11.3% and 7.35% of the target population. This difference between IgG and IgM CAR was statistically significant
(p=0.0089). The cytotoxicity of IgG and IgM variants was reduced against B16 Trunc (9.1%, 6.0%). (H) Finally, the
lytic capacity of the IgG and IgM variants against T618A was 40.9% and 39.3% respectively, in contrast the hinge
and CD8 spacer variants that shown a lytic capacity of 5.25% and 13.6%. Both IgG and IgM were superior to hinge
and CD8 variants (p=<0.0001) against T618A. Two repeat were conducted for this experiment, the statistical
analysis was a two-way Anova test.

4.3.2.4 Interferon-y Production Comparison of TA99-CAR Spacers

We observed in chapter 4.3.1.5 that the threshold of TA99-CAR T-cells was lower for
cytokine production than cytotoxicity. Our aim was to compare the TA99-CAR spacer
variants in regard to the cytotoxic capacity and sensitivity. In order to investigate
their sensitivity, we carried out a co-culture for testing the IFN-y production of the T-

cells against cell lines with a range of antigen densities.

The concentration of IFN-y produced for each condition is shown in Figure 39. The
cells transduced with TA99-CARs bearing the hinge or CD8 spacer failed to produce
IFN-y in any condition (Figure 39). TA99-CAR IgM variant exhibited production of IFN-
y in the absence of target cells, or targets negative for Tyrpl (980.8pg/ml and
906.7pg/ml). The background production of IFN-y by the IgG variant was 214pg/ml.
The IFN-y concentration for the I1gG and IgM variants against SupT1 Tyrpl-WT was
192p/ml, and 975pg/ml respectively, which is not above their background threshold.
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The cytokine production capacity of the IgG and IgM CAR T-cells increased
approximately 2-fold against SupT1 Distal (550.3pg/ml, 1780.3pg/ml). Similar pattern
was observed for the SupT1 Trunc target cells cultured with IgG and IgM TA99-CAR
(346.1pg/ml, 1970pg/ml).

The cytokine production of the IgG TA99-CAR was 290.5pg/ml against B16, which is
similar to the background level of the CAR. The IgM variant also failed to produce IFN-
y above its background threshold (812.6pg/ml). Finally, we observed an increase in
the background IFN-y production by the control aCD19-CAR (1324.9pg/ml). However,
the IFN-y concentration released by the IgG and IgM TA99-CAR variants was

significantly higher (5752.4pg/ml, 5600.0pg/ml).
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Figure 39: Comparison of IFN-y production induced by TA99-CAR spacer variants. The effectors employed in this
experiment were the negative controls PBMC NT and aCD19-CAR, as well as the TA99-CAR spacer variants. The T-
cells were cultured in the presence of different targets, and the IFN-y production was measured with an ELISA
assay. The hinge and CD8 spacer variants produced no IFN-y, regardless the condition they were cultured in. The
background cytokine production of the IgG and IgM variants was 980.8pg/ml and 214pg/ml in the absence of
target cells. The cytokine production was increased approximately 2-fold for both the IgG and IgM variant in the
presence of Distal SupT1 cells (550.3pg/ml, 1780.3pg/ml). The disparity in IFN-y production between the IgG and
IgM variant was statistically significant (p=0.0368). In the presence of the melanoma target T618A, the IgG spacer
variant showed a 27-fold increase in IFN-y production (5752.4pg/ml), and the IgM variant showed a 6-fold
increase (5600.0pg/ml). The results were statistically analysed in GraphPad Prism with two-way Anova test. These
set of data represent the result from three independent donors.

4.3.2.5 Conclusion

We compared several spacer variants of the TA99-CAR in order to identify the optimal
spacer for subsequent experiments. We had already shown that the TA99-CAR
bearing the IgG spacer was efficacious, and we sought to determine whether altering
the spacer would increase the CAR capacity. The hinge and CD8 spacer variants were
inferior for both cytotoxicity and IFN-y production. The two optimal candidates were
IgG and IgM spacers. Both spacer variants were efficacious in lysing low and medium

density targets. The cytotoxicity discrepancies between the two variants were mostly
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not significant. The I1gG spacer was shown to have superior lytic capacity only against
B16. Regarding the IgM spacer variant, we observed non-specific lysis of SupT1 NT
cells, and high IFN-y concentration in the absence of the Tyrpl antigen. In the
physiological condition of T618A, IgG and IgM spacer variants produced 27-fold and
6-fold increase of IFN-y concentration. In conclusion, the IgG variant was superior to
the IgM variant regarding IFN-y production. The IgG TA99-CAR was also more specific
with lower background cytotoxicity and cytokine production. Therefore, the optimal

candidate chosen for downstream use was the IgG variant.

4.3.3 Invitro Validation of the Murine TA99-CAR Efficacy

Our aim was to test the efficacy of the TA99-CAR in a melanoma mouse model. We
used splenocytes from C57BL/6 mice as effector T-cells. Since the T-cells were not
derived from human cells, we engineered a murine TA99-CAR. Apart from the TA99
scFv that is humanised, the TA99-muCAR consisted of murine domains. We
engineered the TA99-muCAR, in order to ascertain that the CAR would be functional
in the context of the murine T-cells. Prior to carrying out the in vivo model, we sought

to validate the cytotoxic capacity of the TA99-muCAR in vitro.

4.3.3.1 Splenocyte Transduction Efficiency

The C57BL/6 splenocytes were transduced with a control CAR (aEGFRvIIIl) and the
TA99-muCAR. It is crucial to validate the T-cell product before setting-up a functional
assay, in order to ascertain that the transgene is expressed in the effector T-cells.
Therefore, the splenocytes were labelled and interrogated with flow cytometry for

the expression of the CAR transgene.

Identifying the introduced T-cells in the mouse system at the end of an in vivo model
is challenging, due to cell diversity. Labelling the muCAR with an anti-Fab antibody
bears the risk of cross-reactivity with other antibodies of the multi-colour panel, and
thus increase of the background noise. It is possible to label the muCAR with soluble
Tyrpl-His supernatant. However, labelling the CAR with Tyrpl-His led to an
underestimation of the transduction efficiency by 3-fold. For this reason, we
incorporated the murine CD19 marker gene into the cassette, separated from the

CAR with a 2A self-cleaving peptide. The marker gene was added to allow the reliable
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identification of the CAR bearing cells in the mouse model. The CD19 single positive
cells were B-cells, which are inherently positive for CD19. The cells that were double
positive for CD19 and CD4, or CD19 and CD8 constituted the transduced T-cell

population.

The transduction efficiency of the C57BL/6 splenocytes for CAR expression is shown
in Figure 40. The transduction level of CD4 T-cells for the aEGFRvIII-muCAR and TA99-
muCAR was 6.36% and 10.0%, respectively. The CAR levels of CD8 T-cells were 4.83%
for the aEGFRvIII-muCAR, and 13.5% for the TA99-muCAR. The total transduction
level for the control and the TA99-muCAR was 11.2% and 23.5%. Efficiently
transducing splenocytes is more challenging that transducing PBMCs. We

accommodate for this by accepting transduction efficiencies below 20%.
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Figure 40: Splenocyte muCAR expression levels. The splenocytes transduced with aEGFRvIII-muCAR and TA99-
muCAR were labelled along NT splenocytes for CAR expression. The Y-axis represents the CD4 or CD8 labelling,
whereas the X-axis represents the labelling for the marker gene, CD19. The plots (A-C) show the labelling for CD4,
and the plots (D-E) show the labelling for CD8. There was no background labelling in the NT cells (A,D). The CAR-
expression level of CD4 positive cells was 6.36% for aEGFRvIII-muCAR, and 10.0% for TA99-muCAR (B-C). The
expression level of the CD8 T-cell population was 4.83% and 13.5% for the aEGFRvIII-muCAR and TA99-muCAR,
respectively.

4.3.3.2 Cytotoxic Capacity of Murine TA99-CAR
Analogous to the >'Cr cytotoxicity assay we carried out for the validation of the
human TA99-CAR, we carried a cytotoxicity experiment to validate the efficacy of the

TA99-muCAR. However, the effector cells utilised in this experiment were transduced
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murine splenocytes, instead of PBMCs. The splenocytes were transduced 24-hours
after the isolation from the spleen of C57BL/6, and the >1Cr release was carried out

on Day 5 after isolation. The targets used were SupT1 NT, or SupT1 expressing Tyrpl

Proximal and Trunc.

The cytotoxic capacity of the TA99-muCAR is illustrated in Figure 41. The background
of both CAR T-cell cohorts was 9.1% (Figure 41.A). The cytotoxicity level of TA99-CAR
T-cells against Proximal cells did not rise above the background, with a lysis of 11.9%
target population (Figure 41.B). However, these T-cells exhibited cytotoxic capacity

of 37.0% against the Trunc cells (Figure 41.C).
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Figure 41: Cytotoxic capacity of TA99-muCAR T-cells. The targets used were SupT1 NT, SupT1 Proximal and Trunc
cells. (A) The background cytotoxicity of both EGFRvIII-muCAR and TA99-muCAR was 9.1%. Graph (B) illustrates
the cytotoxicity of splenocytes against SupT1 cells expressing Proximal. The cytotoxicity of TA99-muCAR T-cells
against Proximal cells was not significantly increased over the background. (C) Finally, the lytic capacity of the
TA99-muCAR T-cells against Trunc expressing cells was 37.0% of the target population.

4.3.3.3 Conclusion
In conclusion, the TA99-muCAR was cytotoxic against the positive control target cells
that express the Tyrp1 on the surface (37% lysis). The cytotoxic capacity of the TA99-

muCAR met the efficacy criterion for its implementation in downstream in vivo

melanoma models.

4.3.4 B16 Melanoma Tumour Model

We have quantified the density of the surface Tyrpl on B16 cells at 1844
epitopes/cell. However, the cytotoxic capacity of TA99-CAR T-cells against the B16
cell line has been modest (shown in 4.3.1.4). Patel and colleagues have reported that

B16 cultured in vitro are negative for surface Tyrpl. However, B16 cells freshly

133



Chapter 4: Results

isolated from murine tissue showed an increase in surface Tyrpl levels by 3-orders
of magnitude. They compared the capacity of the TA99 to induce antibody-
dependent cell-mediated cytotoxicity against cultured or freshly-isolated B16 cells.
The cytotoxicity increased from 10% to 90% for cultured or freshly isolated B16 cells,
respectively (Patel et al., 2008). Although, Patel and colleagues did not detect surface
Tyrpl on the cultured B16 cells, that could have been an artefact of lower detection
level of flow cytometry. Nevertheless, there was a significant increase of the Tyrpl
density on B16 cells freshly isolated from the mouse microenvironment. Hence, we
deemed worthwhile to carry out a mouse model, in order to determine whether the
density augmentation would be sufficient to elicit a TA99-muCAR mediated tumour

eradication.

4.3.4.1 Experimental Set up for In Vivo Model

The experiment outline is shown in Figure 42. The melanoma cell line used was B16-
F2 on syngeneic C57BL/6. There were five mice in each group. On day 0, the mice
were injected with 10° cells B16-F2 cells intradermally. On day 2, we culled five
control mice, in order to isolate splenocytes. The splenocytes were activated with
2ug/ml ConA and 1ng/ml IL-7, and 24-hours later the splenocytes were transduced
in the absence of IL2. The T-cells were transduced with the TA99-muCAR or a non-
specific muCAR (aEGFRuvIII). The day after the transduction we administered 100U/ml

IL2 to the cells, and harvested them after 48 hours.

Seven days after the B16 cell administration, the mice received 5Gy whole body
irradiation. Approximately 4-hours post-irradiation, the mice were intravenously
inoculated with the CAR T-cells. The amount of T-cells administrated was calculated
to a dose of 5x10° CD8 transduced cells. CAR T-cell engraftment was tested in mouse
blood samples 7-days post T-cell injection. The tumour sizes were measured three
times per week, and when the tumour volumes exceeded the allowed size the mice

were culled. On day 23, the experiment was terminated.
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Animal Model Set Up
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Figure 42: B16 in vivo melanoma model outline. Induced B16 melanoma tumours in C57BL/6 mice. On day 0, we
injected 10° B16 cells intradermally to 8-week old C57BL/6 mice. On day 7, we administered 5x10° CD8 transduced
T-cells. On day 14, the mice were bled, in order to test for T-cell engraftment in the blood sample. On day 23, the
experiment was ended. The tumours were measured every 2-3 days, and tumour volumes were monitored in
order to prevent the tumour size exceeding the allowed threshold.

Cohort 3: TA99-muCART cells

4.3.4.2 Transduction Efficiency of CAR-Bearing Splenocytes

Before the CAR T-cell administration, we determined the T-cell transduction
efficiency. The cells were labelled for CD4, CD8, and CD19, which is the CAR transgene
marker gene. The CAR expression levels of the transduced splenocytes are illustrated
in Figure 43. The splenocytes are not a pure T-cell population. B-cells are also present
in the isolated population, the CD19 single positive cells represented the B-cell
population. The double positive cells for CD4/CD8 and CD19 marker gene were the
transduced T-cell population. The CAR expression levels of CD4 T-cells were 7.65%
for the aEGFRvIII-muCAR, and 10.1% for the TA99-muCAR (Figure 43.B-C). Similarly,
the aEGFRvIII-muCAR and TA99-muCAR were expressed at 23.3% and 20.1% in the
CD8 T-cell population (Figure 43.E-F).

135



Chapter 4: Results

A. Splenocytes NT B. Splenocytes C. Splenocytes
aEGFRvIII-muCAR TA99-muCAR
Q5 0, Q5 () Qs 0,
R Py 0.27% N 7.65% 1o 1195 10.1%
104‘ 104*
g 1074 10°4
o E 3
102j 10::
o, 0 68 Q7 0 =
= 335.4% 1.63% 327.0% 46.3% 328.4% 42.0%
I_II_ T T T T TN T T L | T T T T
g 0 10 10 104 10 0 1(]2 103 1(]‘t 105 0 10° 1[]3 104 105
o
CD19-PE
D. E
at at
1of2sen 0.82% N oo 23.3%
104_ 10 4
°Q° 10° 10
(8] E 3
102j ; 10:j . 3
0 Ja4 Q3 0 204 S a3 0 qa4 Q3
372.2% 1.09% 320.8% 33.2% 320.4% 34.9%
[Vp) TR T T T Ty T T T Ll I | T T ™
<O|r 0 102 103 104 105 0 10: 103 104 1[]’j 0 10" 103 1U4 105
[e]
a
O
CD19-PE

Figure 43: CAR expression level in transduced splenocytes. The CD4 signal is shown on the Y-axis of the panels
(A-C), and the CD8 signal is shown in panels (D-F). The signal for the marker gene CD19 is shown in the X-axis. The
double positive population constitutes the cohort of transduced T-cells. The transduction efficiency was 7.65%
for CD4 aEGFRvIII-muCAR cells (B), and 10.1% for CD4 TA99-muCAR T-cells (C). The transduction of aEGFRuvllII-
muCAR CD8 T-cells was 23.3% (E), and TA99-muCAR 20.1% (F).

4.3.4.3 CAR T-cell Engraftment

Seven days after CAR T-cell administration, a blood sample was acquired in order to
test for T-cell engraftment. We calculated the concentration of transduced
CD8*/CD4" per pl of blood. The CAR T-cell blood concentration is shown in Figure 44.
The average concentration of the aEGFRvIII-muCAR cells was 14.2 cells/ pl of blood,
in comparison to the concentration of TA99-muCAR T-cells that engrafted at a
concentration of 49.2 cells/ pul of blood. The concentration disparity between control

CAR and TA99-muCAR T-cells was statistically significant.
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Figure 44: T-cell engraftment seven days post T-cell inoculation. Seven days after T-cell administration, the mice
were bled. The cells were labelled for the transduction marker CD19, in order to CAR T-cells engraftment. The
concentration of aEGFRvIII-muCAR and TA99-muCAR T-cells was 14.2 and 49.2 cells/ ul of blood, respectively. The
difference in the T-cell concentration between aEGFRvIII-muCAR and TA99-muCAR was statistically significant as
calculated with one-way Anova (p=0.0459).

4.3.4.4 In Vivo Model Tumour Volumes

The collective data for the tumour volumes, as well as the survival curves is shown in
Figure 45. The tumour volume for each mouse is individually plotted in A-C for each
T-cell effector separately. The average tumour size for the three cohorts (No T-cells,
aEGFRvIII-muCAR, TA99-muCAR) is presented on Figure 45.D. At day 23, the average
tumour size for the cohorts No T-cells, aEGFRvIIl-muCAR, TA99-muCAR was
857.9mm?>, 1110.5mm?>, and 864.0mm? respectively. The average tumour volume
was comparable between the cohort that received no T-cells and the cohort that
received TA99-muCAR T-cells. The B16 tumours in mice were not eradicated after the
administration of TA99-muCAR T-cells, and there was no growth regression observed
either. The survival curve for each cohort is shown in Figure 45.E. The TA99-muCAR

did not improve the survival of the tumour-bearing mice.
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Figure 45: Tumour volume and survival of B16 melanoma tumour mice treated with CAR-transduced
splenocytes. The three cohorts consisted of No T-cells, aEGFRvIII-muCAR, and TA99-muCAR. The tumour volumes
were measured in three dimensions (length, width, height), and expressed in mm°>. The three cohorts are
demonstrated in different colours; No T-cells (Blue), aEFGRvIII-muCAR T-cells (green), TA99-muCAR T-cells (red).
The tumour volume of each cohort is shown in graphs (A-C). The average tumour volume of each cohort is
summarised in graph (D), which was 857.9mm3, 1110.5mm3, and 864.0mm? for the cohorts No T-cells, aEGFRuvIII-

muCAR, TA99-muCAR, respectively. The tumours progressed regardless of the therapeutic regimen administered.
Finally, the survival curve for the mice in the three cohorts is shown in (E).

The experiment was ended on day 23, and no efficacy was observed for the TA99-
mMuCAR in the mouse B16 melanoma treatment. Three mice from the control cohort,
four from the aEGFRvIII-CAR cohort, and one mouse for the TA99-CAR cohort had
been already culled due to large tumour volume. The remaining mice were culled on
day 23, and LN and tumours were processed. Cells isolated from the tissue were

interrogated for the presence of CD4, CD8, and CD19.

Transduced cells did not engraft in the lymph nodes, regardless of CD4 or CD8 status
(data not shown). There were no transduced CD4 cells in the tumour compartment
either. However, CD8'CD19" T-cells were detected in the tumours of mice inoculated
with TA99-muCAR (Figure 46). CD8 is displayed on the Y-axis and CD19 on the X-axis.
Cells that are CD19" single were B-cells, whereas the cells of interest were the double
positive for CD8'CD19". The cohort of mice that received no T-cells constituted the
negative control (Figure 46.A-B). The two cohorts that were inoculated with T-cells
bore a double positive population. The cohort of mice inoculated with aEGFRvllI-
mMuCAR T-cells showed an engraftment of 0.11% (Figure 46.C). The cohort of TA99-

muCAR T-cells was comprised of four mice (Figure 46.D-G), with engraftment within
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the range of 0.07-0.25%. The tumour engraftment is limited in both CAR T-cell

cohorts.
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Figure 46: CD8" CAR T-cell tumour infiltrating lymphocytes. Seven mice remained at the end of the experiment.
Control cohort: 2 mice (A-B); aEGFRvIII-muCAR cohort: 1 mouse (C); TA99-muCAR cohort: 4 mice (D-G). The plots
above contain data from the tumour site, and the cells displayed were alive and single cells. CD8 is on the Y-axis
and CD19 on the X-axis. CD19 was the marker gene on the muCAR construct. The CD19" single positive cells were
B-cells, and the double positive cells are the transduced T-cells bearing the CAR and the marker gene. The
CD8'CD19" aEGFRvIII-muCAR account for 0.11% (C). The range of the TA99-muCAR infiltration percentage is 0.07-
0.25% (D-F).

To gain an insight regarding the inability of TA99-muCAR T-cells to eradicate the B16-
melanoma tumours, we interrogated the transduced CD8+ cells for granzyme B
expression. Granzyme B is a protease residing in the lytic granules of cytotoxic T-cells,
which induces DNA fragmentation and apoptosis in the target cells (Heusel et al.,
1994). Therefore, we used granzyme B labelling as an indicator of T-cell cytotoxic

capacity (Curtsinger et al., 2005).

The profile of CAR T-cell expression for granzyme B is shown in Figure 47. The cells
interrogated for the presence of granzyme B are all CD8". The marker gene signal of
CD19 is shown on the Y-axis, and the X-axis is occupied by the granzyme B signal. For
the mouse that were inoculated with aEGFRvIII-muCAR T-cells, 8.59% of the CD8"
population were transduced T-cells negative for granzyme B. Only 3.58% CAR T-cells
were positive for granzyme B expression (Figure 47.C). Of the CD8 positive cells
residing within the tumour of the TA99-muCAR cohort, 13.9-17.4% are granzyme B
CAR T-cells. There are 9 to 17-fold less granzyme B positive TA99-muCAR T-cells than
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the granzyme B negative cells (Figure 47.D-G). The reason why the majority of CAR T-
cells are granzyme B negative is unknown. Nevertheless, the lack of granzyme B might

constitute the cause for the lack of tumour eradication by TA99-muCAR T-cells.
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Figure 47: Granzyme B expression in CD8" CAR T-cells. The cells in all graphs were gated for CD8 expression.
CD19 is shown on the Y-axis and granzyme B on the X-axis. (C) In the aEGFRvIII-muCAR T-cell population, 8.59%
were CAR T-cells negative for granzyme B, and 3.58% positive. In the TA99-muCAR T-cell cohort, the range of CAR
T-cells negative and positive for granzyme B was 13.9-17.4%, and 0.74-1.85%, respectively (D-G).

4.3.4.5 Conclusion

The murine TA99-CAR was shown to be functional in vitro against the SupT1 cell line
expressing Trunc Tyrpl. Although the TA99-muCAR was not tested against B16 in
vitro, the human TA99-CAR showed limited cytotoxicity against the B16 cell lines in
the *'Cr release assay. We indicated that this was due to low antigen density (Figure
34). Published data showed that the presence of Tyrp1 on the plasma surface is 1000-
fold higher in freshly isolated murine cells than in cultured cells (Patel et al., 2008).
We thus used the B16 melanoma model despite the limited B16 cell lysis in vitro.
Nevertheless, the TA99-muCAR failed to eradicate, or stop the tumour progression
of B16 melanoma in vivo. The average engraftment of CAR T-cells in the tumour site
was 0.15% of the cells present in the tumour site. The majority of the infiltrating CAR
T-cells was negative for granzyme B. This may be the reason why the TA99-CAR T-

cells failed to eradicate the tumour.
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4.3.5 B16 Transduced with Tyrp1 for Tumour Model

The TA99-muCAR T-cells failed to eradicate the melanoma tumours. In order to
address whether the lack of response was due to the low antigen density, we
developed an animal model with B16 expressing Trunc Tyrpl. The B16_Trunc cell
tumour cells facilitated as a positive control to increase the Tyrp1 density on the cell

surface.

4.3.5.1 Experimental Set up for In Vivo Model

The experiment set-up of the in vivo model was similar to the one described in
4.3.4.1. The outline for the B16 Trunc mouse model is illustrated in Figure 48. In this
model the melanoma tumours were induced by either B16 or B16 Trunc cell
inoculation. There were four cohorts, each consisting of four mice. There were two
cohorts inoculated with B16 cells. One of the B16 melanoma tumour cohorts was
injected with TA99-muCAR T-cells. Likewise, two cohorts of mice were inoculated
B16_Trunc cells. One received no T-cells, and the other received TA99-muCAR T-cells.

The experiment was ended at day 24.

Animal Model Set Up

C57BL/6
‘ Day 0 Day 7 Day 14 Day 23
—f T T 1
10°B16.F2 M A.5Gy Peripheral End of
cells s.c. Irradiation Blood Experiment
A NT B. 4.5x10° Analysis
OR Transduced
B.Tyrpl-Trunc T-Cells
-
T 1: B16 - T Cell
Splenocyte - Bo -1 Lells
Transduction 3: B16.Truncated - T cells
C5‘7BL/6

Figure 48: Outline for B16 Trunc in vivo melanoma model. On day 0, the mice were intradermally inoculated with
10° of either B16 or B16 Trunc cells. On day 2 we culled five control mice, in order to isolate splenocytes. The T-
cells were transduced with the TA99-muCAR, and administered to mice at day 7 at a dose of 4.5x10° transduced
T-cells per mouse. The four cohorts of mice were: 1) B16 tumours with no T-cell dose, 2) B16 melanoma tumour
mice inoculated with TA99-muCAR T-cells, 3) B16 Trunc melanoma tumours with no T-cell dose, 4) administration
of TA99-muCAR T-cells to mice bearing B16 Trunc melanoma tumours. The experiment was terminated at day 24.
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4.3.5.2 Transduction Efficiency of CAR-Bearing Splenocytes

The T-cell dose was calculated based on the transduction level of the T-cell
population. In order to perform this calculation, the T-cells were labelled for the
expression of the CAR transgene. The labelling panel comprised CD4, CD8, and the
CD19 marker gene. The transduction efficiency is shown in Figure 49. The double
positive CD4"CD19" or CD8*CD19" cells constitute the transduced population. The
percentage of CD4 T-cells expressing the CAR transgene is 4.51% (Figure 49.B).
Similarly, 7.09% of the cell population is double positive for CD8'CD19" (Figure 49.D).
Although the total CAR T-cell expression level is just 11.6%, we proceeded with the

T-cell administration since the dose is based solely on the transduced population.
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Figure 49: TA99-muCAR expression level in transduced splenocytes. The CD4 signal is shown on the Y-axis of the
panels (A-B), and the CD8 signal is shown in panels (C-D). The signal for the transduction marker gene CD19 is
shown in the X-axis. The transduced T-cells are double positive for CD19 and CD4/CD8. The transduction efficiency
was 4.51 for CD4 TA99-muCAR cells (B), and 7.09% for CD8 TA99-muCAR T-cells (D). The total percentage of CAR-
bearing T-cells is 11.6%.

4.3.5.3 CAR-T-cell Engraftment

In total 4.5x10° CAR T-cells were administered to the mice bearing B16 NT or Trunc
tumours. A week after the T-cell administration, we investigated the presence of CAR
T-cells in the circulating blood of treated mice. The concentration of CAR T-cells per
ul of blood is not feasible due to experimental error. Nevertheless, the percentage of
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CAR bearing T-cells is shown in Figure 50. The percentage of CD4 T-cell engraftment
is 0.47%% and 0.64% in mice bearing B16 or B16 Trunc tumours, respectively (Figure
50.A). The engraftment of CD8 CAR T-cells was superior is B16 Trunc mice with a

percentage of 0.44% versus 0.19% of B16-tumour bearing mice (Figure 50.B).
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Figure 50: CD4 and CD8 CAR-bearing T-cells in the circulating blood of B16 melanoma mouse model animals.
The blood sample was acquired seven days after the administration of the T-cells. (A) The engraftment of CD4
CAR T-cells was 0.47%% and 0.64% in mice bearing B16 and B16 Trunc tumours, respectively. (B) The percentage
of CD8 CAR T-cells was 0.19% for mice bearing B16 tumours, and 0.44% for mice bearing B16 Trunc tumours. The
discrepancy in the engraftment of CD8 CAR T-cells between the B16 NT and Trunc cohorts was statistically
significant (p=0.0122). The statistical significance was calculated with a one-way Anova in GraphPad Prism.

4.3.5.4 In Vivo Mouse Model Tumour Volumes

The tumour volumes for each cohort were measured and calculated every two days.
The tumour size measurements, as well as the survival curve of the mice are shown
in Figure 51. The graphs A-D demonstrate the volume of each individual tumour per
cohort. The average tumour size of each cohort has also been calculated. The average
volume for the B16 melanoma mice was 317.5mm?® and 360.5mm? for the cohorts of
no T-cells or TA99-muCAR T-cells respectively (Figure 51.E). In mice bearing the B16
Trunc melanomas, the volume for the no T-cells was 353.8 mms, and for the CAR T-
cell cohort 650.0 mm®. The latter cohort appears to have a higher average tumour
volume, which is an artefact due to the survival of all four mice at the end point
(Figure 51.F). In the remaining three cohorts, mice bearing the largest tumours had
been culled at earlier time-points. Nevertheless, the TA99-muCAR had no measurable

effect against B16 NT or Trunc tumours.
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Figure 51: Tumour volume and survival curve for the B16 Trunc in vivo mouse model. The four cohorts constisted
of mice inoculated with B16 NT or Trunc tumour cells, and subsequennlty injected with TA99-muCAR T-cells or
no T-cells. The tumour volume of individual mice within each cohort is shown in graphs (A-D). The average tumour
volume of each cohort is summarised in graph (E), which was 317.5mm3, 360.5mm3, 353.8 mm3, and 650.0 mm>
for the respective cohorts. The tumour progression was uninterrupted despite the administration of TA99-
muCAR T-cells to mice bearing B16 NT or Trunc tumours. The survival curve for the mice in the three cohorts is
shown in (F).

The experiment was terminated at day 24. In order to determine the engraftment of
the CAR T-cells, the cell composition of the LN and tumour compartments were
analysed. CAR T-cells failed to engraft in the LN compartment (data not shown).
Figure 52 demonstrates the engraftment results for CD8 T-cells in the tumour

microenvironment. The CD8 signal is shown in the Y-axis, and the CD19 of the X-axis.

The plots A-B represent the two surviving mice of the cohort inoculated with B16
tumour cells and not treated with CAR T-cells. Similarly, the plot F represents the data
from the surviving mouse of the B16 Trunc tumour cohort, which did not receive CAR
T-cells either. In the cohort of B16 tumour model mice injected with CAR T-cells three
mice survived to day 24. There were no CAR T-cells engrafted at the tumour site
(Figure 52.C-E). Interestingly, no host CD8 T-cells were present either, leading us to
the conclusion that there was no T-cell infiltration. Among the four mice of the B16
Trunc model injected with CAR T-cells cohort, only one mouse had 2.06% CAR T-cells
present at the tumour site (Figure 52.H). However, the cell number acquired for this
condition is limited, thus the obtained result might be skewed. There was no T-cell
infiltration observed in the other three mice (Figure 52.G,l,J). Similarly, CD4 CAR T-

cells failed to infiltrate and engraft at the tumour site (data not shown). The lack of
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T-cell infiltration to the tumour is the most likely reason why tumour eradication did

not occur.
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Figure 52: CD8 CAR T-cell tumour infiltrating lymphocytes in tumour microenvironment. The plots demonstrate
data from individual mice for each cohort: 1) one cohort was inoculated with B16 tumour cells, but received no
T-cell treatment; 2) the second cohort received B16 tumour cells and TA99- CAR T-cell treatment; 3) the third
cohort of mice was inoculated with B16 cells transduced with Trunc, but received no T-cells; 4) the fourth cohort
of mice was also inoculated with Tyr-1-Trunc expressing B16 cells, and was subsequently injected with TA99-CAR
T-cells. CD8 signal is shown on the Y-axis, and CD19 on the X-axis. The two surviving mice in cohort 1 are shown
in (A) and (B), and only one mouse was remaining cohort 3 (F). Mice of cohorts 2 and 4 received TA99-muCAR T-
cells. There are no double positive cells observed in cohort 2 (C-E). Only one mouse of cohort 4 showed infiltration
of transduced T-cells (2.06%) (H). The remaining three mice of cohort 4 showed no evidence of CAR T-cell
infiltration (G,1,J).

4.3.5.5 Conclusion

The B16 Trunc cells were used in order to induce a melanoma tumour with higher
antigen density than B16 tumours. However, the TA99-muCAR T-cell still failed to
eradicate the B16 Trunc tumour. Additionally, the T-cells did not engraft to the
tumour microenvironment. Hence, the lack of tumour eradication by the CAR T-cells

was not due to low antigen density.
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4.4 DISCUSSION

The majority of clinical trials using CARs as a therapeutic regimen have been against
haematological malignancies (Brentjens et al., 2013)(Davila et al., 2014)(Grupp et al.,
2015)(Brentjens et al., 2010)(Porter et al., 2011). The field has recently started
expanding towards treatment of melanoma tumours. The antigens that are being
targeted with CARs in melanoma include melanoma markers, such as the Melanoma-
Associated Chondroitin Sulphate Proteoglycan (MCSP) (Beard et al., 2014)(Krug et al.,
2015)(Uslu et al., 2016). MCSP is expressed on the surface of approximately 85% of
malignant melanomas (de Bruyn et al., 2010). A CAR targeting GD2 has also been
engineered for melanoma treatment (Gargett et al., 2016). The anti-GD2 CAR is to
this date the only CAR employed for melanoma treatment undergoing a clinical trial

(NCT02107963).

TA99-CAR is the first CAR described to target an intracellular antigen. Melanosomal
proteins, such as Tyrpl and Pmel-17 TCRs have been used as targets in treatment of
B16-melanoma bearing mice (Abad et al., 2008)(Xie et al., 2010). However, TA99-CAR
combined the advantages of the CARs, for example the lack of HLA-restriction. At the
same time, TA99-CAR may overcome the main hurdle of the CAR field, which is the

limitation to surface antigens.

First, we demonstrated that the TA99-CAR is cytotoxic against the Trunc expressing
SupT1 cell line, which constitutes the positive control for Tyrpl surface expression.
Cytotoxicity was also observed against the melanoma cell line T618A (18.7%). The
cytokine production was a more sensitive read-out. TA99-CAR produced IFN-y against
the SupT1 Trunc (6452pg/ml) and T618A (2906.4pg /ml), as well as SupT1-WT and
B16 cells (1325.7pg/ml, 361.5pg/ml).

The modular design of CAR structure allows for case-specific adjustments to achieve
best functionality. The optimal spacer choice depends on the antigen targeted by the
CAR. The relationship between the length of the CAR spacer and the antigen distance
from the membrane is inverse and aims to maintain the dimensions of the TCR
immune synapse (Guest et al.,, 2005). The exact location of the Tyrpl epitope

recognised by TA99 is unknown, therefore we investigated which is the optimal
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spacer for the TA99-CAR. There were four different sized spacers tested in total. The
hinge and CD8 spacer led to decreased capacity for cytotoxicity and IFN-y production.
The IgG and IgM spacers led to cytotoxicity against SupT1l Tyrp1l-WT and T618A.
However, the IgM CAR indiscriminately eliminated 11% of the SupT1 NT cells. It also
led to high background IFN-y production (906.7pg/ml). In the presence of the
physiological target T618A, the 1gG spacer variant produced 27-fold higher IFN-y
(5752.4pg/ml) concentration than the baseline. On the contrary, the IgM variant
showed a 6-fold increase (5600.0pg/ml). The 1gG1 spacer appears to be the optimal
spacer for the TA99-CAR.

During the TA99-CAR validation, we observed that the antigen threshold was higher
for cytotoxicity than it was for IFN-y production. However, the opposite pattern was
observed during spacer optimisation. The discrepancy between the two sets of
experiments is the ratio of CD8/CD4 T-cells. The CD8/CD4 ratio during the spacer
optimisation experiments was approximately 0.5. However, the ratio of CD8/CD4 T-
cells was inconsistent between donors for the CAR validation experiments. Watanabe
and colleagues demonstrated that the antigen threshold for CD8 T-cells CAR
cytotoxicity was 240 epitopes/cell, and for cytokine production it was 5320
epitopes/cell (Watanabe et al., 2015). Our results, are contradictory to this study, as
we observed lower threshold for cytokine production when the ratio was skewed

towards CDS8 cells.

Another difference between those two sets of experiments was the transduction
efficiency. The average transduction efficiency for the CAR validation study was
<50%, whereas the percentage of transduction for the spacer optimisation study was
30-40%. This led to disparity in the absolute number of transduced T-cells added in

those experiments.

The TA99-muCAR was validated in vitro. Nevertheless, TA99-muCAR T-cells also failed
to elicit a response in the high antigen density model. The CAR T-cells either failed to
engraft or engrafted but did not express granzyme B. The B16 melanoma model has
not been used for CAR validation, hence the optimal cell dose and conditions are

undetermined.
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Anti-Tyrpl or anti-Pmel-17 TCR T-cells successfully eradicate subcutaneous B16
melanoma tumours (Abad et al., 2008)(Xie et al., 2010). However, the cell dose is
substantially different. Abad and colleagues administered 10’ CD8 T-cells, whereas
Xie and colleagues administered 5x10° CD4 T-cells. The major difference is the
administration of IL2, which is widely used in adoptive T-cell therapy mouse models
(Abad et al., 2008)(Quatromoni et al., 2011)(Quatromoni et al., 2012). B16 originated
as a spontaneous mouse melanoma, and hence is poorly immunogenic (Celik et al.,
1983). Additionally, B16 cells express high levels of PD-L1 and PD-1 (Pilon-Thomas et
al., 2010)(Kleffel et al., 2015), which restrict the T-cell function. The lack of T-cell
response against B16 in our model could be caused by a combination of unfavourable

conditions, such as PD-L1 T-cell inhibition and lack of IL-2 administration.

According to Hara and colleagues, the TA99 antibody successfully eradicated B16
melanoma tumours (Hara et al.,, 1995), in contrast to TA99 CAR T-cells. This is
probably due to fundamental differences in the animal models, as well as limited
transduction and expansion of our TA99 CAR T-cells. The TA99 antibody successfully
eradicated B16 tumour metastases when injected concomitantly or two days after
the B16 tumour inoculation. A four-sever day delay in TA99 antibody administration
increased the number of lung metastases by approximately 4-5 fold, suggesting that
the TA99 antibody has a prophylactic role, but its efficacy is significantly reduced

when challenged with established tumours.
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Manipulating the Affinity of the TA99-

CAR to Increase Sensitivity
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CHAPTER 5: RESULTS: MANIPULATING THE AFFINITY OF THE TA99-CAR
TO INCREASE SENSITIVITY

5.1 INTRODUCTION
5.1.1 Relation of CAR Affinity to Density Sensitivity

The TA99 CAR was shown to be efficacious against high and medium antigen density
targets (4.3.1). However, the density of Tyrpl on the cell surface of melanoma cells
is heterogeneous and low. In order to increase the CAR sensitivity, we manipulated

the binding affinity of TA99 for Tyrp1.

In TCR studies it was shown that the increase of the affinity above the 1-100uM
physiological range hindered its sensitivity against low density targets (Matsui et al.,
1994)(Gonzalez et al., 2005)(Thomas et al., 2011). According to the serial triggering
model, one antigen can trigger up to 200 TCRs, due to the fast dissociation rate of
TCRs from the antigen (Valitutti et al., 1995). However, increase in affinity can impede
serial triggering. Consequently, the loss of serial triggering is speculated to cause the

decrease in the sensitivity of high affinity TCRs (Thomas et al., 2011).

However, the kinetic properties of CARs are different to the TCR, having higher
affinity and slower dissociate rate, as discussed in chapter 1.8 (Poulsen et al.,
2011)(Matsui et al., 1994). The effect of affinity on the CAR sensitivity has been a
controversial subject. Despite the reverse correlation between TCR sensitivity and
affinity, the majority of the CAR studies support that high affinity results in superior
CAR sensitivity (Chames et al., 2002)(Chmielewski et al., 2004)(Hudecek et al.,
2013)(Caruso et al., 2015)(Liu et al., 2015)(Lynn et al., 2016). Only Turatti and
colleagues reported that low affinity CARs were superior against low density targets

(Turatti et al., 2007).

The investigation of CAR affinity-efficacy correlation has not been exhaustive. The
lack of data on the CAR scFv stability constitutes a caveat in the research to date,
since the stability could be a confounding factor. There are also inconsistencies
between the studies, which render the interpretation of the results difficult. Such
inconsistencies are the diversity in functional read-outs and time-points, and the

affinity-range disparities between studies. Hence, a thorough study on the
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correlation between CAR efficacy and affinity is necessary. We aimed to obtain TA99-
CAR variants with a wide range of affinity towards Tyrp1, and test their efficacy and

sensitivity.

5.1.2 Differentiation and Exhaustion Markers in T-Cells

Apart from characterising the CAR cytotoxic and cytokine-secretion capacity, the
TA99-CAR constructs were also tested for differences in their differentiation or
exhaustion status. The differentiation panel includes the markers: Cluster of
Differentiation (CD)95, CD45RA, and C-C chemokine receptor 7 (CCR7). The four
differentiation stages of T-cells are naive (Tnaive), stem-cell memory (Tscm), central

memory (Tcm), and effector memory (Tem).

The discrimination between Tnaive and Tscm is facilitated by the expression of CD95.
CD95 is a member of the TNFR family, which mediates cell apoptosis upon ligand
engagement (Krammer, 2000). Tscm express high levels of CD95, in contrast to Tnaive

that are CD95 (Gattinoni et al., 2011).

The CD45 marker (discussed in 1.7.3) is a phosphatase that inhibits T-cells signalling,
and exists in CD45RA or CD45R0 isoforms (Beverley, 1992). CD45RA is expressed on
the naive subset of T-cells, whereas CD45R0 is expressed on the subset of memory

T-cells that exhibit effector functions (Michie et al., 1992).

The chemokine receptor CCR7 mediates the homing of T-cells to the peripheral
lymphoid organs, such as the lymph nodes. The Tcm, which are CCR7%, do not bear
immediate effector function, but can differentiate to CCR7 cells upon secondary
antigen stimulation. On the contrary, the CCR7 Tem cells migrate to infected tissues
and bear immediate effector function (Sallusto et al., 1999). The summary of the

marker pattern to evaluate the differentiation profile is shown in Table 21.

Table 21: Expression pattern of differentiation markers.

Marker Tnaive Tscm Tcm Tem
CD95 - + + +
CD45RA + + - -
CCR7 + + + -
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Exhaustion describes dysfunctional T-cells, which have lost the capacity for
cytotoxicity and cytokine secretion after antigen stimulation. It was first detected in
mice with chronic lymphocytic choriomeningitis virus infection (Zajac et al., 1998).
Exhaustion has been reported in a wide variety of situations, such as chronic
infections and cancer (Virgin et al., 2009)(Fourcade et al., 2010). PD-1, which is an
inhibitory T-cell receptor, is expressed on T-cells exhausted in HIV infection or cancer
(Day et al., 2006)(Gehring et al., 2009)(Ahmadzadeh et al., 2009)(Mumprecht et al.,
2009).

Another exhaustion marker identified in HIV and cancer patients is the T-cell
Immunoglobulin Mucin 3 (Tim3), which causes T-cell apoptosis upon ligand
interaction (Jones et al., 2008). PD-1 and Tim3 can be co-expressed on exhausted T-
cells, and the double positive phenotype reflects a more severe exhaustion and
dysfunction (Fourcade et al., 2010). Both PD-1 and Tim3 pathways must be reversed

in order to restore T-cell function (Sakuishi et al., 2010).

5.1.3 Alanine Scanning for Engineering TA99 Mutants

In order to acquire the range of TA99 affinity mutants, the CDR3 of both the heavy
and light TA99 chains were mutated utilising a technique called alanine scanning.
Site-directed mutagenesis with alanine scanning results in each amino acid being
individually replaced to an alanine. This substitution enables the identification of the
essential-for-binding amino acids (Hollis et al., 1995). The side-chain interactions of
the substituted amino acid are hindered, while the perturbation in protein
conformation is minimal due to alanine’s small side-chain (Burks et al., 1997). The
alanine scanning mutagenesis has been extensively used to map the antigen-binding

site of antibodies (Kelley and O’Connell, 1993)(Vajdos et al., 2002).

5.1.4 Surface Plasmon Resonance (SPR) for Kinetic Analysis

Surface Plasmon Resonance (SPR) is an optical method that can be used used to
measure the kinetics of an antibody binding to an antigen. The phenomenon of SPR
occurs in thin conducting films at an interface between media of different refractive
index, as shown in Figure 53. Here, the media are the glass of the sensor chip and the

aqueous macromolecule containing sample solution, while the conducting film is a
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thin layer of gold on the sensor chip surface. The antibody is captured on the modified
gold surface, and the ligand is injected into the flow. The binding and dissociation of
the ligand from the antibody changes the refractive index of the light. The change in
angle is proportional to the mass of bound material, which is subsequently translated
into Response Units (RU). The increase in RU following the injection of the ligand into
the flow represents the association rate. In the same principle, the decrease in RU
represents the dissociation rate of the ligand from the binder. The SPR method was
been reviewed in several publications (Patching, 2014)(Puiu and Bala, 2016)(Wang
and Fan, 2016). This is the standard technique employed for determining the kinetics
of TCRs or CARs to their target (Zhong et al., 2013)(Zhao et al., 2015)(Liu et al., 2015).
We utilised the SPR technology, in order to measure the binding kinetics of the TA99
WT and mutant scFvs to Tyrpl.
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Figure 53: The principle of Surface Plasmon Resonance. A glass slide coated with a gold film creates the sensor
surface. The anti-human Fc antibody, and subsequently the TA99 scFv are captured on the sensor surface. The
Tyrpl antigen is injected into the flow cell, and the refractive index changes according to the mass of protein
bound on the sensor. The machine detects the change in the angle and translates it into binding kinetics.

5.1.5 Differential Scanning Fluorimetry (DSF) for Protein Stability Analysis

Differential Scanning Fluorimetry (DSF) is a method that determines the thermal
stability of a protein. The principle of this technique is based on a fluorescent dye
(Sypro Orange), which is quenched in solution, but fluoresces in hydrophobic
environments. The solution containing the dye and the protein undergo an
incremental increase of the temperature (0.5°C). The dye is not fluorescent in
aqueous environment, but as the protein starts unfolding the dye binds the exposed

hydrophobic regions of the protein, and fluoresces. The peak of fluorescent intensity
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constitutes the protein melting temperature T,,. A decrease in fluorescence is
observed after the peak due to protein aggregation and precipitation (Niesen et al.,
2007)(Senisterra and Patrick J. Finerty, 2009)(Simeonov, 2013). DSF was
implemented in order to measure the stability of TA99, and ascertain that the
stability of the mutants was comparable to the WT. Our aim was to exclude the
possibility of the scFv stability leading to different CAR efficacy, and constituting a

confounding factor in our study.

5.2 AIMS

* Engineering the TA99 CDR3 heavy and light mutants via alanine scanning.
* Measuring the binding kinetics for the TA99 WT and mutants.
* Characterising the mutants for thermal stability.

* Validating the influence of affinity on the TA99-CAR efficacy in low, medium,

high density targets.

* Interrogating mutant TA99-CARs for increase in sensitivity.
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5.3 RESULTS
5.3.1 Production of CDR3 Heavy and Light TA99 Mutants

5.3.1.1 Alanine Scanning

Our aim was to study the impact of affinity on the efficacy of the TA99-CAR, and
determine a pattern or optimal range for maximum capacity. In order to achieve that,
we obtained a range of affinities for the TA99 scFv via alanine scanning, and
introduced this affinity range into a CAR format. Specifically, the CDR3 of the heavy
and light chain were alanine scanned. For each mutated construct, one amino acid
has been substituted into an alanine. In total, we engineered ten heavy chain and
nine light chain mutants, shown in Figure 54. The caveat of alanine scanning is the
lack of information acquired from the residues that were originally an alanine.

CDR3: Heavy Chain:

R D Y T Y E K A A L D Y
CGG GAC TAC ACC TAC GAG AAG GCC GCC CTG GAC TAC
H1 H2 H3 H4 H5 Hé6 H7 - - H8 H9 H10

CDR3: Light Chain:

Q H F W S L P F T
CAG CAC TTC TGG AGC CTG CCC TTC ACC
L1 L2 L3 L4 L5 L6 L7 L8 L9

Figure 54: The sequence of the heavy and light CDR3 mutants of TA99 scFv. The CDR3 heavy and light chains
were alanine scanned, and nineteen mutants were obtained in total. Of these mutants ten bore mutations in the
heavy chain (top), and nine in the light chain (bottom).

5.3.1.2 Crystallographic Structure of TA99 mutants

After the design and cloning of the nineteen mutants, we transfected 293T cells with
the TA99 WT and mutant scFv. The protein supernatant was collected 48h after the
transfection. The mutants were fused to human Fc, which enabled the detection of
the scFv with flow cytometry and on capture on a modified sensor chip surface in

SPR.

Of the nineteen mutants that were engineered, protein could not be detected for
eight mutants. These eight mutants (H5, H7, HS8, L1, L2, L3, L4, L7) probably produced
unstable protein, and thus we were unable to isolate it. Of the remaining eleven
mutants, for reasons discussed below, eight were chosen to be tested in a CAR

format. For the eight mutants that were validated in vitro, we show location and
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structure of each amino acid that was substituted to an alanine. The structure of the
TA99 variable regions was predicted based on homology modelling using the
structural biology software BioLuminate (Schrédinger, LLC). The heavy chain is shown
in green, the light chain in cyan, and each residue substituted to alanine is shown in

deep blue. The protein structure is rotated in clockwise direction.

BLUE: Selected Residue
CYAN: Light Chain
GREEN: Heavy Chain
RED: Predicted Residues

GREY: Antibody CDR Loops

Figure 55: Structural homology model of the TA99 mutants. The structure of TA99 scFv was predicted in the
BioLuminate software. In each separate structure we indicate the amino acid residue that has been substituted
to an alanine (deep blue). The heavy and light chains are illustrated in green and cyan.

5.3.2 Binding Kinetics and Protein Characterisation of TA99 Mutants

5.3.2.1 Kinetic Profiling of TA99 Mutants

The next step in acquiring the affinity range of TA99-CARs was the characterisation
of the TA99 binding kinetics to the Tyrp1 ligand. The binding kinetics of the WT and
mutant TA99 scFvs were measured via Surface Plasmon Resonance (SPR) on the
Biacore® instrument, performed by Dr Shimobi Onuoha. The protein concentration

for all the constructs was normalised.

Figure 56 illustrates the sensograms acquired from SPR. In a sensogram, the X-axis
constitutes the time (s), and the Y-axis displays the response units (RU). The change
in RU is proportional to the mass of material bound on the sensor. When Tyrp1 is
introduced into the flow cell at time 0 (to), the increase in response indicates the
association or on-rate of Tyrpl to the TA99 variant. At time 1 (t;) the flow of Tyrp1l
ligand in the cell stopped, and the decrease in intensity indicates the dissociation or

off-rate.

The increase in intensity for TA99 WT was rapid, indicating that the association rate
was also rapid. At t; there was no decrease in response for the TA99-WT, reflecting

the slow dissociation rate of TA99 from Tyrpl. The increase in response was similarly
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steep for the mutants H4, L5, L6, L8, and L9. The off-rate for these mutants was slow,
based on the stable level of the curve after the end of Tyrp1 injection. Hence, these
mutants shared similar kinetics to the WT as discussed below. On the other hand, the
intensity curve for the mutants H1, H2, H3, H6 and H10 was different to the TA99 WT
(Figure 56). The increase in response was less steep than the WT, which was a result
of decreased on-rate. The curve profile after the end of Tyrpl injection was also
altered. The decrease in response was more distinct, especially for H3 and H1. Finally,
protein was detected for the mutant H9, but no binding to Typ1 occurred. Therefore,
we concluded that the H9 mutant lost its specificity to Tyrp1.

H2

A

30 /

0 20

i

Response Units

Time (s)

Figure 56: Sensograms illustrating the binding kinetics of the TA99 WT and mutant scFvs. The X-axis shows the
time (s), and the Y-axis shows the response units (or intensity). The intensity increases proportionally to the mass
bound to the sensor surface. At time t,, Tyrp1 started being injected in the flow cell. As Tyrp1 was incrementally
bound to TA99, the intensity increased, showing the association rate. At time t; the Tyrp1 stopped being injected,
thus the decrease in intensity signified the dissociation of Tyrp1 from TA99. The association rate of TA99 WT was
rapid, and the dissociation slow. The same pattern was observed from the mutants H4, L5, L6, L8, and L9. On the
contrary, the slope for the association intensity was less rapid for H1, H2, H3, H6, and H10 mutants. The
dissociation rate for H6 and H10 was not significantly faster than WT. However, the decrease in intensity was
distinct for the mutants H1-3. Finally, the mutant H9 did not interact with Tyrp1.

The affinity or dissociation constant (Kp) is calculated as a fraction of the association
and dissociation rate. Specifically, the dissociation rate (Kyq) constitutes the
numerator, and the association rate (K,) constitutes the denominator. High K, entails
rapid association, and low Ky entails slow dissociation. An antibody with high

association rate, and low dissociation rate has high affinity and low Kp.

The values for the TA99 WT and mutants are shown in Table 22. The TA99 WT and
mutants did not fluctuate for the on-rate, with a narrow range of 7.71-11.84x10* M’

gt (Table 22). However, the disparity in the dissociation rate was more prominent,

157



Chapter 5: Results

with a range between 0.62-42.9x10™ s™. The half-life, which is calculated based on
the off-rate, was 186.3min for the TA99 WT. Overall, the half-life range was

distributed between 2.7min and 186.3min.

A clear way to underline the kinetic differences between the WT and mutants is
shown in Figure 57. This graph includes three parameters. The X-axis depicts the
dissociation rate (Ky), while the Y-axis depicts the association rate (K;). The third
parameter is shown in the diagonal lines, and it constitutes the affinity (Kp) that is
calculated based on the on- and off-rate. The association rate does not fluctuate
significantly, and thus all the TA99 variants appear close to the 10° M's™. On the
contrary, there is a disparity in the dissociation values between the TA99 variants.
This resulted in changes of the scFv affinity for Tyrpl. TA99 WT, L8, and L9 exhibit the
highest affinities with 0.63nM, 0.75nM, and 0.68nM respectively (Table 22). The half-

life for these variants is also high (149-186.3min).

On the contrary, the mutants H1, H2, and H3 bear the lowest affinity values with
54.6nM, 13.7nM, and 44.6nM respectively. Their half-life is substantially reduced
compared to the 186.3min half-life of the WT, with 2.7, 8.4, and 4.7 respectively.

The kinetic profile of the mutants L8 and L9 is almost identical to the WT. Hence, the
function of the L8 and L9 mutants was postulated to be similar to the WT TA99. In
order to render the in vitro experiment informative as well as efficient, we excluded
L8 and L9 from subsequent characterisation.
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Figure 57: Kinetic charecterisation of the binding of WT and mutant TA99 scFvs. This isotherm plot contains
three parameters. The off- (Kyq) and on-rate (K,) are displayed on the X- and Y-axis, respectively. The diagonal lines
delineate the affinity isotherms. The fluctuation of the association rate is minimal, and thus the data points all fall
within the 10° M™s™ K, line. On the contrary, the data points are widely spread for the dissociation rate (Kgy). The
disparity in K4 leads to differences in the affinity (Kp). The mutants WT, L9, and L8 have an affinity lower than
1nM, as delineated by the isothermic line. The mutants H4, L5, L6, H10, and H6 fall within the range of 1nM-10nM
of Kp. Finally, the mutants H1-3 fall within the range of 10nM-100nM.
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Table 22: Kinetic Profiling of TA99 Mutants and WT.

TA99-WT 8.11 0.62 186.3 0.87+0.13
TA99-H1 7.9 42.9 2.7 54.6+0.25
TA99-H2 11.84 13.72 8.4 13.7£1.8
TA99-H3 5.37 24.8 4.7 44.6+1.3
TA99-H4 7.73 1.24 93.1 1.61
TA99-H6 6.72 5.58 20.7 8.3
TA99-H9

TA99-H10 8.54 3.79 30.5 4.53
TA99-L5 7.71 1.72 67.2 2.22
TA99-L6 12.3 2.07 55.8 1.41+0.28
TA99-L8 10.42 0.775 149.0 0.75
TA99-L9 10.34 0.703 164.3 0.68

5.3.2.2 Stability of TA99 Mutants

As discussed above, our goal was to examine the effect of the affinity on the CAR
efficacy. In order to achieve that, it was crucial to exclude potential confounding
factors. Disparity in stability between the TA99 variants constitutes such a

confounding factor.

In order to ascertain that the stability between TA99 variants was comparable, we
carried out Differential Scanning Fluorimetry (DSF) described in 5.1.5. Each protein
was measured in triplicates. Figure 58 displays the apparent melting temperature
(Tm50) for the TA99 WT and mutant scFvs. The T,,50 for the WT protein was 56.25°C.
The range of T,, for the mutants was 55.92-56.83°C. The range is limited to 0.91°C,

which would not constitute a confounding factor in the CAR efficacy study.
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Figure 58: Denaturation temperature of TA99 variants. The thermal stability of the TA99 WT and mutants was
measured with DFS. The temperature was incrementally increased (0.5°C), and the T,, of each protein was
calculated. The WT TA99 unfolded at 56.25°C. The lowest denaturation temperature was 55.92°C for H1. The
fluctuation in denaturation temperatures is negligible.

5.3.2.3 Conclusion

Our aim was to obtain a range of TA99 scFv variants with different affinities towards
Tyrpl, in order to introduce them into CAR format and investigate the influence of
affinity in CARs. We engineered nineteen TA99 mutants, of which eleven resulted in
stable protein. These eleven TA99 mutants, as well as the WT TA99, were analysed
with SPR for measuring their binding kinetics to Tyrpl. The affinity of the WT TA99
was 0.87nM and the half-life was 186.3min. Although the association rate of the TA99
mutants did not change dramatically, the dissociation rate was significantly reduced.
Hence, the affinity values ranged from 068nM to 54.6nM, and the half-life was

decreased from 186.3min to 2.7min.

The difference in the apparent melting temperature between TA99 WT and mutants
was negligible. Hence, the scFv stability was excluded as a confounding factor in our

investigation of potential correlation between affinity and CAR cytotoxicity.

In total we obtained eleven mutants that produced a functional protein, and ten that
bound Tyrpl. Of these ten mutants, L8 and L9 were kinetically similar to TA99 WT,
thus they were excluded from subsequent functional assays. The affinity gradient we
carried forward for in vitro validation consisted of the mutants: H1, H2, H3, H4, H6,

H10, L5, and L6.
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5.3.3 Functional Characterisation of TA99-CAR Affinity Gradient

After the TA99 affinity gradient was obtained, the CARs bearing the affinity range of
the TA99 mutants were interrogated for functional capacity. Our aim was to
investigate whether the affinity affects the efficacy or sensitivity of the CARs, and
whether there is an optimal CAR affinity range. In order to compare the different
affinity CARs, we carried out assays for the cytotoxic efficacy, cytokine production, as

well as differentiation and exhaustion status.

The functional experiments were carried out with T-cells normalised for transduction
efficiency at 30%. The ratio of effector-to-target cells was 1:1. Since only 30% of the
T-cells were transduced, the ratio of transduced T-cells to targets was approximately

1:3.
5.3.3.1 Transduction Efficiency of TA99-CAR Affinity Gradient

In order to ascertain that all T-cell cohorts are expressing the respective CAR
transgene they were transduced with, the T-cells were labelled with CD8 and anti-
human Fc for detection of the CAR. The transduction efficiency was validated with
flow cytometry. Establishing the transduction efficiency also enabled the

normalisation of the transduction levels to 30% prior to the experimental set-up.

The flow cytometry dot plots are shown in Figure 59. Although T-cells from three
donors were utilised in this cohort of experiments, only one representative donor is
shown in Figure 59. The X-axis represents the TA99-CAR labelling, and the Y-axis
represents the labelling for CD8. The NT T-cells showed no background signal for
TA99 (Figure 59.A). The aCD19-CAR was used as a reference CAR for cytotoxicity and
cytokine production. The transduction of CD8" T-cells ranged between 35.5-53%,
while the CD8- T-cells fluctuated from 28.2-35.8%. The transduction disparity was
negligible. Nonetheless, the T-cells were all normalised to 30% transduction
efficiency by adding NT T-cells, in order to obtain the 1:3 transduced effector-to-

target ratio.
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Figure 59: Transduction efficiency of T-cells bearing the TA99 affinity variants. The transduction efficiency of the
TA99-CAR transduced T-cells was validated with flow cytometry. The X- and Y-axis display the labelling for the
CAR or CDS8, respectively. No background signal was detected for the negative control NT T-cells (A). The
transduction of the aCD19-CAR was 35.3% and 28.2% for CD8 positive and negative T-cells (B). The T-cells
transduced with the WT TA99 were 42.8% and 32.0% for CD8" and CD8 cells respectively. The labelling of the
heavy chain mutants is shown in (D-1), and the light chain mutants in (J-K). The transduction fluctuation was
negligible with TA99-CAR expression levels between 41.3-53.0% for CD8", and 28.3-35.8% for CD8 T-cells.

5.3.3.2 Cytotoxic Capacity of TA99-CAR Affinity Gradient

The cytotoxic capacity of the TA99-CARs was measured with Flow-cytometry Based
Killing (FBK) assay. The absolute number of target cells remaining in the co-culture
were measured. The survival of the target cells in the NT T-cell condition was set as
100%. The target survival in the remaining conditions was normalised according to
the NT (100%), and was also expressed as a percentage. The survival percentage
decreased with the increase of the target lysis exerted by the CAR T-cells. The survival
of the targets was measured in three time-points: 1, 3, and 7 days after the co-culture
initiation. Only the graphs from time points Day (D)1 (Figure 60) and D7 (Figure 61)

are shown.

The cell-lines utilised for the functional characterisation of the TA99 affinity gradient
CARs were the SupT1 expressing WT, Distal or Trunc Tyrp1, and the human melanoma
cell line T618A. We also introduced the SupT1l NT as negative control, and SupT1

expressing CD19 as a target for the control aCD19-CAR.

Figure 60 demonstrates the survival percentage of the target cell-lines at the time
point D1. The NT and aCD19 control T-cells are displayed in grey. The TA99 affinity
gradient CARs are shown in decreasing order of affinity. The highest affinity CAR,

which is the WT, is shown on the left. The H1 TA99-CAR variant bears the lowest
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affinity, and is located at the far right. The variants with Kp less than 10nM are shown
in red. The mutants H1, H2, H3 that bear Kp values higher than 10nM are represented
in green. There was minimal lysis of the SupT1 NT cells observed (Figure 60.A). The
survival in all the conditions ranged between 85.87-131.97%. The mutant H6
displayed the highest background with 85.87% survival, which is within the

acceptable range of background lysis.

The TA99_WT CAR did not cause any lysis of the SupT1 cells expressing WT Tyrpl
(Figure 60.B), but only moderately lysed the SupT1_Distal (53.59% survival) (Figure
60.C). The TA99_WT efficacy was similar against SupT1_Trunc and T618A (44.79%
and 54.31% cell survival, respectively). However, there was a pattern observed for
the TA99 mutants. The pattern observed in the Tyrpl-WT condition included two
nodules (Figure 60.B). The target cell survival was low for the H4 CAR (41.43%) and it
incrementally increased to 103.35% for the H10 mutant CAR. However, the continuity
of the pattern was disturbed at that point of affinity (4.53nM). The next nodule bore
the same pattern, with H6 being very efficacious (28.62%), and the efficacy

consistently decreased till H1, where no cytotoxicity occurred (142.90%).

The same two-nodule pattern was observed against the SupTl_Distal and
SupT1_Trunc target cells. The survival of the SupT1 expressing Distal was 29.4% for
the H4 CAR, which increased to 73.56% for the H10 CAR (Figure 60.C). The
SupT1_Distal cell survival was decreased for the H6 CAR (33.26%), which again
increased to 76.7% for the H1 CAR. The two-nodule pattern was similar for the
SupT1_Trunc cell condition (Figure 60.D). However, the fluctuations were narrower.
Within the H4-H10 nodule the range of survival was 25.17-51.89%, and the range for
the H6-H1 nodule was 22.89-40.67%.

The human melanoma cell line constituted a more physiological target than SupT1,
since it inherently expresses Tyrpl at an average density of 1131 epitopes/cell (see
chapter 3.3.4.1). The efficacy of the WT CAR was 54.31% as mentioned above.
However, in Figure 60.E the two-nodule pattern was not as distinct, and the mutant
CAR efficacy was similar between CAR mutants, with a range of 30.48-53.91%. All

TA99 mutant CARs were marginally superior to the WT.
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Finally, we included SupT1 cells expressing CD19 (Figure 60.F). Our reference CAR was
aCD19. The aim was to use this previously validated CAR as a positive control for the
assays. The efficacy of the aCD19-CAR was limited, with 67.28% target survival.
Another noteworthy observation was the high background cytotoxicity of the H6
mutant CAR (52.97%). Nevertheless, there was only one repeat of the SupT1_CD19
condition. Hence, the low efficacy of the aCD19-CAR or the high background of the

H6 mutant CAR could be donor specific, rendering the observations inconclusive.
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Figure 60: Cytotoxic capacity of the TA99-CAR affinity gradient at D1. The Y-axis represents the percentage of
survival of the target cells. The X-axis consists of the range of CARs employed. The control T-cells (NT and aCD19-
CAR) are illustrated in grey colours. The TA99_WT and mutants with Ky less than 10nM are shown in red colours,
whereas the mutants H1, H2, and H3 with Ky above 10nM are shown in green. (A) The SupT1 NT target cells
constitutes a negative control, in order to measure potential background cytotoxicity of the CARs. The TA99
mutants formed a two-nodule pattern in their efficacy against SupT1_WT (B) and SupT1_Distal (C). The one
nodule constituted of the effectors H4 to H10 (41.43-103.35%), and the second nodule of the effector H6 to H1
28.62-142.9%) (B). The target survival increased with Kp up to the affinity value of 4.53nM (H10), at which point
the survival declined again. The same pattern was observed where increase in Kp led to an increase of target
survival. The same pattern was observed in SupT1_Distal (C) and SupT1_Trunc (D), although the trend was not so
prominent in the latter. (E) The cytotoxicity divergence was subtle in the T618A target cell condition, where the
target cell survival ranged between 30.48-53.91%. (F) The SupT1_CD19 target cell line was introduced as a positive
control for the aCD19-CAR efficacy (67.28%). No statistically significant differences were observed compared to
the WT TA99-CAR, as calculated with One-way Anova. The results illustrated in this figure constitute the repeat
of two donors.

The cytotoxicity assay was also carried out at the time point D7, which constitutes a
challenging time point for T-cells. The target cells proliferate at a faster rate than T-
cells, so by D7 the targets have outgrown the T-cells. Hence, if the CAR is not
efficacious in lysing the target cells, by D7 the targets represent the majority of cells

within the well.

As shown in Figure 61.B, the SupT1_WT cells proliferated in all the CAR conditions
compared to the NT T-cells. The proliferation of the SupT1_Distal and Trunc targets

cells was less prominent. However, only L6, H2, and H3 CARs sustained the
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SupT1_Distal cells at low survival levels (Figure 61.C). The survival of the Distal
expressing SupT1 cells was 22.47% in the L6 CAR condition, whereas the survival was
reduced to 4.35% and 4.12% in the H2 and H3 CAR conditions, respectively. Although
the L6 CAR was not efficacious against SupT1_Trunc cells (Figure 61.D), the H2 and

H3 CARs sustained the target cells at 7.26% and 9.7% survival levels, respectively.

There was no disparity between the different TA99 CARs against the T618A cell line
(Figure 61.E). The range of TA99-CAR efficacy was 8.94-32.67%. The efficacy of the
TA99 WT CAR was 20.93%. The efficacy of the H2 and H3 CARs was 11.14% and
19.36% respectively. The highest efficacy was observed for the H4 CAR at 8.94%

remaining T618A target cells.

Finally, the survival of CD19 expressing SupT1 cells was variable in the aCD19-CAR
condition. One donor failed to sustain the target cells levels below 108.39%.

Whereas, the second donor sustained the SupT1_CD19 cells at 0.31% at D7.
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Figure 61: Cytotoxic capacity of the TA99-CAR affinity gradient at D7. As before, the Y-axis represents the
percentage of survival of the target cells, and the X-axis represents the CARs employed. The control T-cells (NT
and aCD19-CAR) are illustrated in grey colours. The TA99_WT and mutants with Ky less than 10nM are shown in
red colours, where the mutants H1, H2, and H3 with Ky less above 10nM are shown in green. This FBK was carried
out at D7 after the co-culture set-up. This time-point is challenging the T-cells capacity to sustain the target cells
at low level, while the target cells are proliferating and expanding. The SupT1 NT cells had expanded above 100%
(A). Similarly, the SupT1_WT had also expanded, especially compared to the NT T-cell condition (B). With the
increase in antigen density, the cytotoxic capacity of the H2 and H3 CARs was also increased. For example, the
H2,H3, as well L6 CARs sustained the SupT1_Distal cells at 4.35%, 4.12%, and 22.47%, respectively (C). (D) The
survival percentage of SupT1_Trunc when exposed to the H2 and H3 CARs was 7.26% and 9.7%. (E) The TA99-
CARs were efficacious in eliminating the T618A cells and sustaining them at 8.94-32.67%. Specifically, the H2 and
H3 CARs was 11.14% and 19.36%. (F) Finally, the survival levels of the CD19 expressing cells varied between
donors, rendering this condition inconclusive. There was no statistical significance of the mutant CARs compared
to the WT, as calculated with One-way Anova. The difference in efficacy between L6, or H2, or H3 to H1 CAR was
significant (p=0.0325, p=0.0313, and p=0.378 respectively) for the SupT1_Distal target cells (C). Three
independent repeats were carried out for this read-out experiment.
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5.3.3.3 Cytokine Production of TA99-CAR Affinity Variants

We also interrogated the affinity gradient CARs for cytokine production. Interleukin-
2 (IL2) is essential for T-cell proliferation and survival (Miyazaki et al., 1995).
Additionally, activated cytotoxic T-cells produce Interferon-y (IFN-y), thus we used it

as a marker of activation upon antigen recognition (Lu et al., 1998).

T-cells transduced with the CAR gradient were cultured in the presence of SupT1 or
the human melanoma cell line T618A. The IFN-y T-cell secretion is shown in Figure
62. In the presence of NT SupT1 cells, the concentration of IFN-y produced by all T-
cells was less than 150pg/ml (Figure 62.A). The IFN-y concentration was also low
when the SupTl_WT cells were used as targets, with only the WT TA99-CAR

producing marginally higher concentration at 178.51pg/ml (Figure 62.B).

The NT T-cells produced 146.2pg/ml concentration of IFN-y in the presence of
SupT1_Distal targets (Figure 62.C). However, the majority of the TA99-CARs
produced IFN-y levels marginally higher than the NT T-cells background. The WT, H4,
and L6 CAR T-cells produced 209.13pg/ml, 162.07pg/ml, and 180.33pg/ml,
respectively. The cytokine production of the H6 and H2 CARs was also above
background level, with concentrations of 179.53pg/ml and 205.84pg/ml. Finally, the
CAR that produced the highest concentration of IFN-y against the SupT1_Distal cells
was the H3 (299.95pg/ml) (Figure 62.C). The same expression pattern was observed
in the SupTl_Trunc condition (Figure 62.D). The IFN-y secretion level was
249.72pg/ml for the WT TA99-CAR, whereas the cytokine production was higher for
the T-cells expressing the H2 and H3 mutant CARs (369.92pg/ml and 383.08pg/ml,

respectively).

In total, the CAR expressing T-cells released higher amounts of IFN-y cytokine when
challenged with the T816A cell line (Figure 62.E). Although the background level of
NT T-cells remained low (163.1pg/ml), the concentration produced by the WT TA99-
CAR was 694.53pg/ml. The range of cytokine production for the CARs H4, L5, H10,
H6, and H1 was 306.76-489.42pg/ml. The production was higher for the mutant CARs
L6, H2, and H3 with a concentration at 591.69pg/ml, 839.48pg/ml, and 614pg/ml,

respectively.
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Finally, in the presence of SupT1_CD19, the NT and TA99-CARs released a range of
low IFN-y concentration, which was 74.32-104.95pg/ml (Figure 62.F). On the contrary
the aCD19-CAR T-cells released a high concentration of IFN-y at 2438.4pg/ml.
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Figure 62: IFN-y production of the TA99-CAR affinity gradient. In this graph the distinct CAR constructs are
displayed in the X-axis, whereas the Y-axis constitutes the concentration for the IFN-y cytokine (pg/ml). (A) There
was low background detected for the T-cells against the NT SupT1 cells, with the IFN-y concentration not
exceeding the 150pg/ml. (B) Low cytokine production was also observed in the SupT1_WT condition, where only
the TA99_WT produced subtly higher levels of IL2 (178.51pg/ml) than the NT T-cells. (C) When the T-cells
expressing the WT, H4 and L6 CARs were cultured with the SupT1_Distal cells they produced 209.13pg/ml,
162.07pg/ml, and 180.33pg/ml, respectively. Additionally, The H6 and H2 CARs produced above the level IFN-y at
a concentration of 179.53pg/ml and 205.84pg/ml. The H3 mutant CAR produced the highest level of IFN-y in the
presence of SupT1_Distal (299.95pg/ml). (D) In the presence of SupTl_Trunc, the TA99_WT produced
249.72pg/ml of IFN-y, and the highest concentration was produced by H2 (369.92pg/ml) and H3 (383.08pg/ml).
(E) In the TA99-WT against T618A condition 694.53pg/ml of IFN-y was released, which was 4-fold higher than the
background. The cytokine level produced by H4, L5, H10, H6, and H1 was lower with a range of 306.76-
489.42pg/ml. The mutant CARs L5 and H3 produced levels comparable to WT with 591.69pg/ml and 614pg/ml of
IFN-y, respectively. Finally, the H3 mutant produced the highest IFN-y concentration at 839.48pg/ml. (F) The
aCD19-CAR release 2438.4pg/ml of IFN-y. The IFN-y release was measured from two independent experimental
repeats.

The secretion of the IL2 cytokine was also measured (Figure 63). The production of
IL2 in the NT SupT1 condition was low (29.07-54.4pg/ml). The exception consisted of
the aCD19 and WT TA99-CAR, which produced 136.64pg/ml and 124.54pg/ml of IL2,
respectively (Figure 63.A). The T-cells produced no IL2 against the Tyrp1-WT SupT1
cells (Figure 63.B). The baseline IL2 production for the SupT1_Distal cells was
57.75pg/ml (Figure 63.C). The CARs rising above the baseline level were L6
(124.35pg/ml) and H10 (110.98pg/ml).

The pattern differed for the SupT1_Trunc targets cells (Figure 63.D). The CARs that
released the highest IL2 concentration against SupT1_Trunc were L6 (100.1pg/ml)
and H3 (124.98pg/ml). However, the production of IL2 was similar for the NT T-cells
at 99.98pg/ml.
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Against T618A, the WT TA99-CAR T-cells produced 148.03pg/ml of IL2, which was 3-
fold higher than the baseline (Figure 63.E). The IL2 concentrations ware similar for
the CARs H4 (152.4pg/ml), L5 (156.48pg/ml), and H6 (170.72pg/ml). The expression
was higher for the mutant CARs L6 (819.16pg/ml), H10 (401.73pg/ml), H2
(501.2pg/ml), and H3 (651.23pg/ml).

The last target cell line was the CD19 expressing SupT1 cells (Figure 63.F). The IL2
concentration was below 55pg/ml for all the TA99-CARs and the NT T-cells. However,
the aCD19-CAR T-cells released a high concentration of 1910.12pg/ml of IL2.
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Figure 63: IL2 production of the TA99-CAR affinity gradient. The different CAR constructs are represented in the
X-axis, and are shown in declining order of affinity. The Y-axis displays the concentration of IL2 measured in pg/ml.
(A) As expected, the T-cells produced low concentration of IL2 in the control target condition (29.07-54.4pg/ml),
with the exception of the aCD19 and WT CARs that produced 136.64pg/ml and 124.54pg/ml of IL2, respectively.
(B) In the presence of SupT1_WT, none of the CAR variants led to cytokine production above the background
level. (C) The cytokine level produced by L6 and H1 mutant CARs was 124.35pg/ml and 110.98pg/ml, respectively,
which was approximately 2-fold higher than the baseline (57.75pg/ml). (D) For the SupT1-Trunc the background
cytokine levels were higher (99.98pg/ml). Only the H3 CAR released marginally higher concentration at
124.98pg/ml. (E) The WT TA99-CAR T-cells produced 3-fold higher cytokine than the background, with a
concentration of 148.03pg/ml. Similar levels of IL2 were produced by the mutant CARs H4 (152.4pg/ml), L5
(156.48pg/ml), and H6 (170.72pg/ml). However, the IL2 concentration was higher for the mutant CARs L6
(819.16pg/ml), H10 (401.73pg/ml), H2 (501.2pg/ml), and H3 (651.23pg/ml). (F) The last target cell line was
SupT1l_CD19. The aCD19 CAR produced 1910.12pg/ml of IL2 against the CD19 expressing cells, which
concentration was 34-fold higher than the background noise. Two independent repeats were carried out for this
the measurement of the IL2 T-cell production.

5.3.3.4 Conclusion

The affinity gradient of TA99-CARs was interrogated for cytotoxic and cytokine
secretion capacity. The cytotoxicity was screened at three distinct time-points,
however results from only the two time-points are shown in this chapter (D1, D7).
For the D1 FBK time-point, we observed a two-nodule pattern, where there was a
consistent increase in target survival for the CARs H4, L6, L5, H10. Then, the same

pattern was observed for CARs H6, H2, H3, and H1. This two-nodule pattern was
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observed against all Tyrpl expressing SupT1 cells. However, in the presence of the
T618A cells, the mutant TA99-CARs were all marginally superior to the WT TA99-CAR,

with a target survival range of 30.48-53.91%.

The D7 time-point was more challenging for the T-cells, since the target cells are
expanding at a faster rate than that of the T-cells. Hence, by day 7 the target cells
have expanded several fold. The only CARs that maintained the SupT1_Distal target
survival at low levels were the mutant CARs L6, H2, and H3. In the presence of
SupT1_Trunc, only the H2 and H3 CARs eliminated their targets. The overall cytotoxic
capacity of the TA99-CARs was enhanced in the presence of the T618A melanoma
cell line, where the survival of target cells was limited to 8.94-32.67%. The target

survival for the H2 and H3 CARs was 11.14% and 19.36% against T618A.

The cytokine production also showed that H2 and H3 CARs have potential. These two
CARs secreted the highest concentration of IFN-y in the presence of SupT1_Truncand
T618A cells. The L6 CAR also produced a high amount of IFN-y against T618A.
Specifically, the WT TA99-CAR produced 694.53pg/ml of IFN-y, whereas the H3
produced 839.48pg/ml.

The mutant CARs L6, H2, and H3 show a similar pattern regarding IL2 cytokine
secretion capacity. The concentration of IL2 they produced against the SupT1_Trunc
and T618A targets was higher to the other TA99-CARs. In the T618A condition, the
IL2 concentration for the CARs L6, H2, and H3 was 819.16pg/ml, 501.2pg/ml, and

651.23pg/ml, respectively.

We expected to identify a trend of either increasing or decreasing efficacy in regard
to affinity. According to the data however, there was no apparent pattern in how the
affinity affects the CAR capacity. The data indicate that the three CARs mutants L6,
H2, and H3 might bear improved T-cell capacity compared to the control TA99 CAR.
Nevertheless, the L6 is kinetically distinct to the H2 and H3 mutants. The L6 bears the
affinity of 1.41nM, and a half-life of 55.8min. The kinetics of H2 are an affinity of
13.7nM, and a half-life of 8.4min, whereas the affinity of H3 is 44.6nM and has a
4.7min half-life. It is intriguing that the three CARs with potentially increased efficacy
bear a wide range of affinities between them, instead of residing in the same binding

kinetic region.
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5.3.4 Determining the Differentiation and Exhaustion Status of the Mutant
TA99-CAR T-Cells.

5.3.4.1 Differentiation Profile of Mutant TA99-CAR Expressing T-Cells

Our aim was to validate the function of the mutant TA99 CARs, and discern
differences in their behaviour. These differences would facilitate extrapolating a
trend in the relationship between affinity and efficacy. There was a two-nodule trend
observed in the D1 cytotoxicity assay. However, this pattern was not consistent in
the D7 cytotoxicity assay or the cytokine production. In an attempt to detect
differences caused by the mutant CARs, we sought to examine whether the mutant
CARs altered the differentiation and exhaustion T-cell profile compared to the WT

TA99-CAR.

The stages of T-cell differentiation were determined based on the markers CCR7,
CD95, and CD45RA, in order to categorise them into Tnaive, Tscm, Tcm, or Tem
(Figure 64). The subpopulations were expressed as a ratio of the absolute number of
cells in each subset, divided by the absolute number of T-cells in that condition. The
reason the results are shown as ratios instead of absolute numbers is to normalise
for differences in cell number between the CAR conditions. The four differentiation
categories represent all T-cells, hence each bar of the Figure 64 reaches 1 on the Y-
axis. The differentiation stages from Tnaive to Tem are shown in progressively darker
shades of red. Despite the lack of target cells in the Media only condition, the majority
of the TA99-CAR T-cells are Tem with a ratio range of 0.66-0.74 (Figure 64.A). Only a

minority of cells are Tnaive and Tcm.

Similarly, the Tem constitute the majority of T-cells when co-cultured with the NT
SupT1 cells (Figure 64.B). The ratio of Tem ranges between 0.52-0.71. The proportion
of Tcm is similar between the different TA99-CARs. However, the mutant CARs L6,
H2, H3, and H1 bear a subtly increased proportion of Tnaive T-cells. This difference

against the WT TA99-CAR is not statistically significant.

The pattern of subset proportion is similar between the SupT1 target cells expressing
WT, Distal, and Trunc Tyrpl (Figure 64.C-E). As before the majority of cells are
terminally differentiated to Tem. However, the mutant CARs L6, H10, H2, H3, and H1

exhibit marginally elevated levels of Tnaive cells. The proportion of Tcm cells
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between the conditions is comparable. There were no disparities in the
differentiation profile of the TA99-CAR T-cells challenged with T618A (Figure 64.F).
The ratio range for Tnaive T-cells was 0.15-0.24, in contrast to the Tem that was 0.46-

0.6.

The T-cells bearing the aCD19 CAR, when exposed to the non-specific target cells,
exhibited a pattern of approximately 1:1 ratio for Tnaive: Tem. In the media
condition, the ratio of Tnaive, Tcm, and Tem was 0.32, 0.09, and 0.44, respectively
(Figure 64.A). However, this pattern drastically changed when the aCD19-CAR T-cells
encountered CD19 expressing target cells (Figure 64.G). The Tnaive compartment is

diminished to 0.057, while the Tcm and Tem increased to 0.21 and 0.59, respectively.
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Figure 64: Differentiation profile of mutant TA99-CAR expressing T-cells. The T-cells were categorised as Tnaive,
Tscm, Tcm or Tem based on flow cytometry and the differentioation markers CD95, CCR7, and CD45RA. The
absolute number of each subset was divided with the number of T-cells in the specific condition, in order to derive
the T-cell ratio subset. The different CAR T-cells were cultured in the presence of no target cells (A), or target cell
lines expressing different density of Tyrp1 (B-F). We also included CD19 positive targets, as a positive control for
our reference CAR, aCD19 (G). The differentiation profile between the TA99 WT and mutant CARs is similar, with
the majority of T-cells being terminally differentiated to Tem. The proportion of Tcm for the TA99-CARs, although
small, is also consistent between different CARs and different cell lines. There are some fluctuations for the Tnaive
subset in the presence of Tyrp1 expressing SupT1 cells, with L6, H2, H3, and H1 having a marginally higher Tnaive
representation (B-E). (F) The subset proportion for Tnaive, Tcm, and Tem remained constant between different
TA99-CAR T-cells in the presence of T618A. Although the aCD19 T-cells exhibited a profile of 1:1 composition
between Tnaive and Tem in the CD19 negative cell lines, this proportion was skewed in favour of Tem in the
presence of SupT1_CD19 (G). The results shown in this figure were based on two repeats.

5.3.4.2 Exhaustion Profile of Mutant TA99-CAR Expressing T-Cells

As discussed earlier, we aimed to pinpoint the differences between the various WT
and mutant TA99-CARs. Part of the characterisation was the profiling of their
exhaustion phenotype. Exhaustion constitutes the lack of cytotoxic or cytokine-
secretion response to an antigenic stimulus. The two commonly used exhaustion
markers are PD-1 and Tim3. Exhausted T-cells can express either one or both PD-1
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and Tim3, with double positive T-cells exhibiting a more severe phenotype (Fourcade

et al., 2010)(Sakuishi et al., 2010).

Figure 65 displays the characterisation of the CAR T-cells in regard to their exhaustion
profile (D7). The absolute cell count of each subset was divided by the T-cell number,
normalising thus for number disparities. The results are expressed as a ratio of each
category being divided by the total number of T-cells. The three categories presented
are double negative (PD1Tim3’), single positive (PD1Tim3"), and double positive
(PD1'Tim3"). There were no PD1'Tim3 single positive cells in the raw data, and thus
this category has not been included. The double negative category includes cells that
are not exhausted, whereas the single and double positive populations consisted of

T-cells with different severities of exhaustion.

In the absence of target cells, the majority of T-cells exhibited a single positive
phenotype (Figure 65.A). The range for negative, single, or double positive
populations was 0.1-0.22, 0.33-0.6, and 0.14-0.32, respectively. Hence, the T-cells
were in a state of exhaustion. This pattern does not significantly alter in the presence
of SupT1_NT or SupT1_WT target cells (Figure 65.B-C), except for the CARs L6, H2,
H3, and H1. Although the double positive population of those CARs is comparable to
the rest of the constructs, the proportion of negative to single positive is skewed in
favour of the negative cells. The negative population for L6 (0.33), H2 (0.3), H3 (0.32),
and H1 (0.29) is approximately 1.5-fold higher than the WT TA99-CAR (0.18) (Figure
65.C).

In the condition of SupT1-Distal, the exhausted single positive subset has been
reduced, and in return the non-exhausted negative population has been enlarged
compared to other target cells (Figure 65.D). The increase in the negative population
is prominent for all the TA99-CARs apart from WT, H4, and L5, which is at least 1.5-
fold less than that of the other TA99-CARs.

The exhaustion phenotype of T-cells co-cultured with SupT1_Trunc target cells is
consistent to the one observed in the presence of NT of WT expressing SupT1 cells.
The cells are mainly in a single marker exhaustion stage, with the exception of L6, H2,

H3, and H1 mutant CARs (Figure 65.E). The ratio of the negative population of L6, H2,
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H3, and H1 CARs was 0.32, 0.33, 0.36, and 0.31 respectively, compared to the WT

that was 0.23.

The T-cells were also exposed to the human melanoma cell line T618A (Figure 65.F).
In this case, the proportion of the non-exhausted PD1Tim3 cells was similar between
the different CARs. However, we observed a decrease in the severely exhausted
double positive population for the CARs L6, H3, and H1, which was approximately half
of that of the WT TA99-CAR (0.22).

Finally, the profile of the aCD19-CAR was overall variable between conditions.
However, the PD1Tim3 was slightly increased, and the single positive population

decreased in the presence of SupT1_CD19 (Figure 65.G).
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Figure 65: Exhaustion profile of mutant TA99-CAR expressing T-cells. The exhaustion status of the CAR T-cells
was discriminated based on the exhaustion markers PD-1 and Tim3. The T-cells were placed into three categories:
1) negative population PD1Tim3 that constitutes the non-exhausted T-cells, 2) the single positive population PD1
Tim3" that represents mildly exhausted T-cells, 3) the double positive population PD1Tim3" that represents the
severely exhausted T-cells. (A) In the media condition, the cells were mainly single positive, with the ratio being
approximately 3-fold higher than the negative or double population ratio. (B-C) This also applies for the condition
of SupT1_NT or SupT1_WT as target cells. However, in these conditions the mutant CARs L6, H2, H3, and H1
exhibited 1.5-fold increase of the PD1Tim3™ population. The decrease in the single positive population between
TA99_WT and H3 is statistically significant, in the presence of SupT1_NT, as calculated with a One-way Anova
(p=0.418). (E) Similarly, the CARs with the least exhausted phenotype in the presence of SupT1_Trunc were also
the L6, H2, H3, and H1, exhibiting at least 1.4-fold higher naive population compared to the WT CAR. (D) For the
T-cells challenged with SupT1_Distal, the population of single positive cells was reduced, and the negative
population was increased in comparison to other target cell lines. The negative PD1Tim3" population was
increased for all the TA99-CARs by 1.5-fold approximately, with the exception of the WT, H4, and L5 CARs that
exhibited a more modest increase. The single positive population was significantly decreased in the H1 CAR T-
cells compared to the TA99_WT (p=0.281). (F) The non-exhausted population was similar in proportion between
the TA99-CARs in the presence of T618A. However, the double positive population varied, with the mutant CARs
L6, H3, and H1 bearing half of the severely exhausted T-cells compared to the other TA99-CARs. (G) Although the
aCD19-CAR was variable in the different non-specific categories, overall the exhaustion negative population
marginally increased in the condition of SupT1_CD19. The exhaustion profiling was evaluated based on two
repeats from two independent donors.
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5.3.4.3 Conclusion

In an attempt to discern the behavioural differences between T-cells expressing the
TA99-CAR mutants, we delineated their differentiation and exhaustion profile.
However, the differentiation status between the CARs did not vary significantly. The
majority of TA99-CAR T-cells were terminally differentiated (Tem) regardless which
target they were exposed to. The only noteworthy observation is the marginal

decrease in the differentiation of the T-cells bearing the L6, H2, H3, and H1 CAR.

A similar observation derived from the exhaustion study on the TA99-CAR T-cells. The
majority of T-cells within each TA99-CAR condition was single positive for the
exhaustion marker Tim3. However, in the presence of SupT1 target cells, the L6, H2,
H3, and H1 CARs exhibited a decreased exhaustion phenotype compared to the other
CARs. In the presence of the human melanoma cell line T618A, the proportion of
double positive exhausted T-cells was lower for the four aforementioned CAR
mutants. This is interesting, since the L6, H2 and H3 CARs were the ones with the

superior cytotoxic capacity.

5.3.5 Correlation Between Affinity and Mutant TA99-CAR Efficacy

5.3.5.1 Analysis of Correlation Between Affinity and CAR Efficacy

Despite the robust characterisation of the WT and mutant TA99-CARs, no pattern was
discerned regarding the effect of the affinity on the CAR efficacy. Differences were
observed between the mutants and the WT TA99-CAR. Nevertheless, there was no
clear or consistent trend. We sought to ascertain that a potential affinity-efficacy
interrelationship had not been overlooked. For this purpose, we calculated the
correlation between the affinity, and the functional read-outs, FBK (D1, D3, D7) and

cytokine secretion.

The correlation statistics are expressed based on the value r (Spearman). The value r
ranges between 1 to -1. The value 1 signifies a perfect positive correlation between
the parameters interrogated. The inverse correlation is expressed as -1, and 0
indicates the lack of correlation between the parameters. Consequently, a flat trend-
line indicates no correlation. Whereas, a positive or a negative slope signifies a
positive or inverse correlation, respectively.
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Figure 66 illustrates the correlation between affinity (in log scale), and the
cytotoxicity or cytokine secretion capacity. The slopes in the graph demonstrating the
cytotoxicity at day 1 are flat, or slightly positive. For example, the slopes for
SupT1_Distal and T618A are subtly positive, with r-values 0.4 and 0.38 respectively
(Figure 66.A). There is a weak positive correlation for the T618A target condition at
the cytotoxicity assay (day 3) (Figure 66.B). The r-value is 0.42 for T618A. However,
the SupTl_Trunc condition appears to cause a significant inverse correlation
between affinity and cytotoxicity with r-value -0.73. No correlation was observed in
the conditions SupT1_WT and SupT1_Distal at day 3. At day 7, there is also no distinct
correlation pattern, with SupT1_Trunc causing negative value (-0.38), and SupT1_WT
causing a subtle positive correlation (0.25) (Figure 66.C). Nevertheless, the r-values

were not significant unless otherwise underlined.

The correlation between affinity and cytokine secretion was equally inconsistent
between each target condition. Regarding the IFN-y production, the T-cell capacity
positively correlated (0.53) with the increase of Kp against the SupT1_Trunc targets
(Figure 66.D). On the contrary, the T618A caused an inverse correlation between IFN-
y and affinity, with an r-value of -0.75 that was statistically significant. Finally, the IL2
production was not affected by the affinity, apart from the SupT1_WT condition

where there was a subtle positive correlation (0.32) (Figure 66.E).
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Figure 66: Correlation between affinity and efficacy of the TA99-CAR mutants. The statistical value for
calculating the correlation is the r-value. A value >0-1 indicates a positive correlation, with 1 being the perfect
correlation. Respectively, -1 indicates perfect inverse correlation. Zero r-value signifies lack of correlation. In the
conditions SupT1_Distal and SupT1_WT, no correlation was observed between affinity and functionality. On the
contrary, in the presence of SupT1l_Trunc there was negative correlation between Kp and target survival. This
correlation was statistically significant at day 3 (p=0.0311), where the r-value was -0.73 (B). This was in accordance
with the positive correlation we observed between IFN-y secretion and Kp with SupT1_Trunc cells as targets (D).
The pattern was reversed for the target cell line T618A, where we observed a positive correlation between Ky and
cytotoxicity at day 1 and 3 (A-B), and a significant inverse correlation with IFN-y secretion (p=0.255) (D).

5.3.5.2 Conclusion
Overall, there was no consistent pattern of affinity-efficacy correlation among the
different target cell lines. However, there was some consistency in correlation
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pattern for individual target cell lines. Specifically, there was no strong indication of
correlation in the SupT1_Distal or SupTl_WT conditions throughout different

functional read outs.

Regarding the CAR cytotoxicity, the T618A caused a mild positive correlation to Kp,
which means that increasing the Kp results in increased target survival, and impeded
target lysis. The negative effect of increased Kp in the CAR efficacy was also reflected
in the inverse correlation observed between IFN-y secretion and affinity. The

conclusion would be that decrease in affinity (1 Kp) hinders the T-cell function.

However, the opposite conclusion could be made based on the correlation observed
in the presence of SupT1_Trunc. In detail, the target survival was inversely correlated
to the Kp, suggesting that decrease in affinity (1 Kp) enhances the T-cell cytotoxicity,
and thus leads to lower target survival. This coincided with the positive correlation
between Kp and production of IFN-y, which mean that a decrease in affinity also

enhanced the cytokine secretion.

The two patterns observed for SupT1_Trunc and T618A are conflicting. Additionally,
the majority of the r-values were not supported by statistical significance. Hence, the

correlation between CAR efficacy and affinity remains inconclusive.
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5.4 DISCUSSION

The TA99-CAR was designed to target a predominantly intracellular antigen that
resides on the cell surface of the target cells at low density. The CAR T-cells are not
sensitive to low antigen density, and their cytotoxic threshold is 240-770
epitopes/cell (Stone et al.,, 2012)(Watanabe et al.,, 2015). However, cytokine
secretion required 5320 epitopes/cell (Watanabe et al.,, 2015). There were no
intermediate densities studies between 240-5320 in this study. However, no cytokine
secretion was observed by Stone and colleagues at a density of 770 epitopes/cell.
Hence, the threshold for CAR T-cell IFN-y secretion is within a 770-5320 epitopes/cell
window. The Tyrp1 density varied between different human melanoma cell lines, and
also varied between the fresh melanoma samples we processed (3.3.4.1 and 3.3.4.2).
The density of the two melanoma cell lines that bore Tyrpl on the surface was 1131.9
epitopes/cell and 4984.3 epitopes/cell. Primary melanomas either bore no Tyrpl on
their cell surface, or the density was below the 200 epitopes/cell threshold.

Therefore, it was crucial to increase the sensitivity of the TA99-CAR.

Our approach was based on reports regarding TCRs that lose their sensitivity when
the affinity is increased (Matsui et al., 1994) (Gonzalez et al., 2005)(Thomas et al.,
2011). The loss of serial triggering when the affinity is high is speculated to be the
reason for the decrease in TCR sensitivity. The correlation between affinity and CAR
efficacy is more controversial. Most studies regarding CAR affinity support that
increase in affinity benefits the sensitivity as well (Chames et al., 2002)(Chmielewski
et al., 2004)(Hudecek et al., 2013)(Caruso et al., 2015)(Liu et al., 2015)(Lynn et al.,

2016). Only one study reported the opposite finding (Turatti et al., 2007).

The aforementioned studies on the CAR-to-affinity correlation harbour several
caveats. For example, the stability of the scFv in the CAR binding moiety has not been
taken into account as a possible confounding factor. Additionally, the majority of
these studies examines only two or three CARs with different affinities. The pattern
they observe could be a false positive, due to the limited amount of the data points
observed. We sought to exclude as many confounding factors as possible. We
engineered the affinity of a single scFv, in contrast to other publications where two

distinct scFv were utilised. We also ascertained that the stability of the TA99 scFv
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mutants were comparable to each other, and to the WT. In our study, the affinity
correlation was examined on an affinity gradient of nine CARs in total. The lack of a

wider affinity range in our data points constituted a drawback of this study.

The aim was to create an affinity range of TA99-CARs, and test the sensitivity of the
different affinity mutants. Additionally, it was of interest to discern any trend in the
effect of affinity towards the CAR efficacy. In order to investigate those two scientific
questions, we mutated the CDR3 of TA99 heavy and light chain to obtain the affinity
variant. The TA99 mutants were then tested with SPR to determine their binding
kinetics. The WT TA99 has an affinity of 0.87nM, and a half-life of 186.3min. Of the
eleven TA99 mutants tested, ten bound Tyrp1 at varying degrees of affinity, and one
mutant lost its specificity to Tyrpl. In total, we acquired a range of ten mutants plus
the WT, with an affinity range of 0.87-54.6nM. Regarding the association time for the
serial triggering, the kinetic range is translated into a half-life range of 2.7-186.3min
of interaction. Eight mutants and the WT TA99 were validated in vitro. Two mutants
were omitted due to their resemblance to the WT kinetic profile. Their exclusion was

based on the assumption that their behaviour would resemble that of the WT.

Although, it would be preferable to acquire mutants with affinity that reached the
UM scale, it still bore an adequate width in the range of affinity and half-life. An
advantage in our binding kinetic study was the lack of significant variation in the
association rate. This limits the comparison to two parameters, the dissociation rate
and the efficacy. Having big fluctuations in the association rate would render the

extrapolation of a correlation more challenging.

The functional characterisation of the mutant CARs consisted of comparing their
cytotoxicity and cytokine secretion capacity. The cytotoxicity was measured at day 1
and 7. In the day 1 time-point, a two nodule pattern was observed. According to this
pattern, the increase of target survival was positively correlated with the increase in
affinity, for an affinity window of 1.61-4.53nM (H4-H10 CARs). Then the target
survival was drastically decreased, and the same positive Kp-target survival pattern
was repeated for the affinity window of 8.3-54.5nM (H6-H1). This pattern was
consistent among the Tyrpl expressing SupT1 cells. In the presence of the T618A

melanoma cells, all mutant CARs were superior to the WT.
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However, in the more challenging assay of cytotoxicity measurement at day 7, the
CARs that managed to sustain their targets at low levels were the H2 and H3 CARs.
The affinity of the H2 and H3 mutants was 13.7nM and 44.6nM, respectively. The
mutant CAR L6 was also capable of maintaining the SupT1_Distal targets at low levels.
Interestingly, the affinity of L6 (1.41nM) was approximately 10-fold higher than the
affinity of H2, and 32-fold higher than the affinity of H3. Finally, all TA99-CARs were

efficacious against T618A at day 7.

The mutant CARs H2 and H3 also produced the highest concentration of IFN-y in the
presence of SupTl _Trunc and T618A cells, compared to the other TA99-CARs.
Specifically, in the presence of the T618A target cells, the WT and L6 also produced
high amounts of IFN-y, 694.53pg/ml and 591.69pg/ml, respectively. Nevertheless,
the H3 was the most efficacious with a secretion of 839.48pg/ml of IFN-y. The mutant

CARs L6, H2, and H3 also secreted higher concentration of IL2.

The overall cytokine production was decreased compared to the initial experiments
shown in 4.3.1.5. Although the ratio between effectors to targets was 1:1 for both
experimental set-ups, the absolute number of cells differed. Initially, 10° T-cells were
cultured with an equivalent number of targets. However, subsequent co-cultures
were carried out in 96-well plates, and thus the absolute number was reduced to 10°
effector cells per well. In subsequent work, we have observed that maintaining the
ratio of effectors-to-targets, while changing the absolute number, affects the lytic
and cytokine secretion capacity, which is positively correlated with increasing

absolute number of cells.

Cytotoxicity and cytokine secretion assays indicate that the CARs L6, H2 and H3 are
potentially superior compared to the WT TA99 and other mutants, although to
reliably draw conclusions additional repeats are required. Based on our data, there
was distinct pattern observed between affinity and its effect on CAR efficacy. In order
to characterise the TA99-CAR T-cells further, we investigated their differentiation and
exhaustion profile. There were not major differences in the differentiation and
exhaustion status between the different CARs. The TA99-CAR T-cells existed mainly

in a state of Tem. However, the mutant CARs L6, H2, H3, and H1 showed a subtly
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elevated level of naive T-cells. Similarly, those four mutant CARs also exhibited a less

exhausted phenotype compared to the other TA99-CARs.

Overall, the three mutant CARs L6, H2 and H3 bore improved cytotoxic capacity, and
moderately increased cytokine secretion. Additionally, they exhibited marginally less
differentiated and exhausted phenotype. Hence, the mutant CARs L6, H2, and H3
appear to have increased sensitivity compared to the WT TA99 CAR, since they were
efficacious against the SupT1 cells expressing Distal and Trunc Tyrpl. The density of
Tyrpl on the cell surface of SupT1_Distal and SupT1_Trunc is close to the lower
detection limit of CAR recognition (175.7 and 308.2 epitopes/cell respectively).

Hence, the aim to increase the TA99-CAR sensitivity was achieved.

Our second aim was to identify a correlation pattern between the affinity and the
CAR efficacy. Since no such pattern was identified based on the data examination, we
also calculated the correlation between the affinity and efficacy using the GraphPad
Prism software. In the presence of the low density cell line SupT1_Trunc, lower
affinity positively correlated with the increase in cytotoxicity and IFN-y secretion. The
opposite trend was observed for the human melanoma cell line T618A, which bears
an antigen density of 1131 epitopes/cell. In this case, we observed that lower affinity
mildly correlated with lower CAR cytotoxic capacity, and decrease production of IFN-
y. The correlation data were mostly not statistically significant, and the correlation

values were low, which rendered the results inconclusive.

We envisioned that decreasing the CAR affinity would enable the serial triggering to
occur, and hence increase the CAR sensitivity. Nevertheless, we observed no total
positive or inverse correlation. Bearing in mind the limitations of this study, the
results showed no trend between the affinity and CAR efficacy. The mutant CARs L6,
H2, and H3, which appear to be more efficacious than the original TA99 CAR, are

spread apart within the affinity range instead of clustering in close affinity values.
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CHAPTER 6: FINAL DISCUSSION

6.1 SUMMARY OF RESULTS ON THE TYRP1 ANTIGEN

Melanoma is the 9" most common cancer in Europe, and 19" worldwide. According
to the statistic reviews, the annual melanoma incidences have been tripled in the last
30 years (Reed et al.,, 2012). The efforts of the scientific community led to the
development of chemotherapy, immunotherapy, small molecule inhibitors, and ACT
for melanoma patients. Despite the development of new therapeutic strategies,
these strategies extend the life of malignant-melanoma patients for just a few

months. Hence, more efficacious and less toxic therapeutic regimens are necessary.

The CAR field is rapidly expanding, and is also very promising as a cancer therapeutic
regimen. However, the difficulty of designing a CAR is in identifying an optimal
antigen target. This optimal target should be expressed only on the surface of the
tumour cells, and not the healthy tissue. Since the tumour is derived from the healthy
cells identifying such optimal targets is not feasible. Additionally, the pool of
antigenic candidates for CAR targeting is limited to antigens expressed on the cell

surface, since CARs are unable to detect intracellular antigens.

Nevertheless, there have been reports claiming that intracellular proteins can reside
on the cell surface at low antigen densities. Targeting such antigens with CAR T-cells
would expand the group of potential CAR antigen candidates. The melanosomal
enzyme Tyrp1l constituted an intriguing candidate for this project. Although it resides
on the membrane of the melanosome organelles in melanocytes, it has been shown

that approximately 2% of Tyrp1 is present on the cell surface (Yiging Xu et al., 1997).

Although the trafficking of Tyrpl to the surface is unclear, it is postulated that Tyrp1
is present on the plasma membrane due to saturation of the secretion pathway, or
the fusion of melanosomes to the cell membrane, (Jimbow et al., 1997). Truschel and
colleagues showed that internalisation of the surface Tyrp1 results in recycling back
to the cell surface instead of its transfer to the melanosomes (Truschel et al., 2009).
This indicates that there is a pool of Tyrpl molecules that are present on the plasma

membrane and might play a role, however this role is unknown.
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The development of anti-Tyrpl auto-antibodies by melanoma patients first
insinuated the presence of Tyrp1 on the cell surface (Mattes et al., 1983, Kemp et al.,
1998). The melanoma tumour rejection in mice by an anti-Tyrpl antibody (TA99
clone) provided additional evidence (Hara et al., 1995) (Patel et al., 2008) (Ly et al.,
2013). Of the total Tyrp1 protein pool, 2% is present on the cell surface (Yiging Xu et
al., 1997). In addition, freshly isolated melanoma cells exhibit 1000-fold higher MFI
that melanoma cells cultured in vitro (Patel et al., 2008). Nevertheless, little

information is available regarding the density of Tyrp1l on the plasma membrane.

Hence, our first milestone was to validate Tyrp1 as a potential CAR target. Specifically,
we aimed to confirm the expression of Tyrpl on the surface of melanoma cells, and
guantify the molecules of Tyrp1 that are present on the cell surface. Determining the
Tyrpl antigen density is crucial for the validation of Tyrp1 as a potential CAR antigen.
First, Stone and colleagues reported that the sensitivity threshold of a CAR is
approximately 770 epitopes/cell (Stone et al., 2012). The CAR was cytotoxic against
the 770 epitopes/cell antigen density target, but not against targets with 300
epitopes /cell surface density. The sensitivity threshold against was higher for the
production of cytokines, and the CAR did not release IFN-y against the 770
epitopes/cell surface antigen density target. A similar pattern was observed by
Watanabe and colleagues, however the antigen densities slightly different. CAR
cytotoxicity was observed against targets bearing 240 epitopes/cell. However, for
cytokine production more than 5320 epitopes/cell were required to elicit a CAR T-cell
response (Watanabe et al., 2015). There were no intermediate densities studied so
the actual threshold for cytokine production is not known. The antigen density of the
CD19 antigen, which has been successfully targeted with CAR T-cells in the clinic

bears an antigen density of of 13x10° molecules per CLL cell (Ginaldi et al., 1998).

In order to investigate whether the antigen density of Tyrpl is within the CAR T-cell
sensitivity window, we developed a labelling technique for signal enhancement and
antigen quantification. Five human melanoma cell lines were interrogated for
expression of Tyrpl. Of those five cell lines, two did not express Tyrp1l as shown with
intracellular labelling, thus the melanoma cell line prevalence of Tyrpl expression is

60%. The density of Tyrpl on the surface of the three melanoma cell lines, which
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expressed the antigen, was determined. Specifically, the antigen density was 1132
epitopes/cell, 18 epitopes/cell, and 4984 epitopes/cell for T618A, Mel280, and
Mel290, respectively. Hence, approximately 66% of the human melanoma cell lines
studied had Tyrp1 present on their cell surface, at a density above the detection limit.
Of course, the sample size is limited, thus the percentage of 66% is preliminary and

not conclusive.

Although the measurement of Tyrp1 antigen density on the surface of melanoma cell
lines is important, it is crucial to determine the density on primary melanoma
samples. In total we screened samples from four melanoma patients. Three patients
underwent an excision of melanoma metastatic LN, and the fourth patient
underwent an excision of a subcutaneous lesion. The patient MM25 had two lesions
excised, from both the right and left axillary LN. The total amount of samples that
was thus analysed was five. The samples were first interrogated for the expression of
Tyrpl through intracellular labelling. The percentage of melanoma cells that
expressed Tyrpl varied between donors with a range of 15.4-60.3%. It is worth
mentioning that very few cells were acquired from sample MM20, so no reliable

conclusions could be drawn.

All five samples showed some expression of Tyrpl, however, the presence of Tyrpl
on the surface was less prevalent. The sample MM20 had no cell events, so it is
excluded from the result interpretation. Two additional samples from different
patients had a low cell number, but Tyrpl was absent from their cell surface. Finally,
the patient bearing the two lesions in the axillary LN showed heterogeneity. The left
axillary LN had no evidence of surface Tyrpl. On the contrary, the right axillary LN
had a 3.3% population positive for surface Tyrpl. The density of that population was
162 epitopes/cell, which is marginally lower than the reported CAR cytotoxicity

threshold.

In summary, the antigen density of Tyrpl on melanoma cell lines was 66% prevalent,
with an antigen density within the CAR T-cell cytotoxic level. However, the prevalence
of surface Tyrpl on primary melanoma samples was 25% in the four samples
analysed. The melanoma subpopulation that had Tyrpl present on the surface bore
162 epitopes/cell, which is below the CAR detection limit. Additionally, the presence
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of surface Tyrpl was heterogeneous. The primary melanoma samples expressed
varying levels of Tyrpl as shown with intracellular labelling for Tyrpl. Also, the
samples derived from the MM25 patient were heterogeneous, with one lesion
bearing no surface Tyrpl and the other lesion bearing a subpopulation of surface
Tyrpl cells. This subpopulation constituted only 3.3% of the whole melanoma
population. Hence, the presence of Tyrpl on the cell surface shows intra- and inter-
tumour heterogeneity, as well as heterogeneous expression between different
patients. Unfortunately, only a limited number of melanoma samples were analysed,
due to difficulty in acquiring the samples. Analysis of additional samples would be
required to confirm the prevalence and heterogeneity of surface Tyrp1, however due

to the difficulty in acquiring the samples this might not be feasible.

6.2 SIGNIFICANCE OF RESULTS ON THE TYRP1 ANTIGEN

Using Tyrpl as a melanoma target raises two concerns. First, Tyrpl is not exclusively
expressed on melanoma tissue, but in healthy melanocytes too. Consequently,
treatment targeting the Tyrpl antigen can affect the healthy tissue, causing vitiligo,
uveitis or hearing loss. Tyrpl auto-antibodies have been shown to cause vitiligo
(Kemp et al., 1998). TA99 antibody administration caused a small scale vitiligo in mice
treated with the high dose of the antibody (Hara et al., 1995). In a phase | clinical
study, anti-Melan-A TCR T-cells were used against melanoma, with mild adverse
effects noted, and no autoimmunity observed (Mackensen et al.,, 2006).
Unfortunately, Mackensen and colleagues observed a selective decrease of the

antigen in the post-infusion metastasis.

This leads to a second concern regarding the level of Tyrpl in the metastatic tissue.
Although, Tyrp1l was shown to be the dominant glycoprotein in normal melanocytes
and pigmented melanomas (Tai et al., 1983), the protein levels decrease in the
amelanotic stages (Orlow et al., 1998). The published data are contradictory.
Bolander and colleagues demonstrated that the majority of melanomas are Tyrpl
positive, however its expression level is inversely correlated with cancer progression
(Bolander et al., 2008). On the contrary, another study showed that Tyrp1 is positively

correlated with tumour stage and progression (Holzmann et al., 1987). Despite the
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fact that Tyrp1l is characterised in all of the studies as an abundant molecule in both
healthy and melanoma tissue, it is inconclusive how it correlates to the tumour

progression.

Our results support the inverse correlation between Tyrpl expression and tumour
progression, as the percentage of Tyrpl expression was low and heterogeneous.
Based on our current results, Tyrpl constitutes a suboptimal target on all three levels
of validation: prevalence, heterogeneity, and antigen density. Hence, an anti-Tyrp1l
CAR, without additional therapeutic regimens, would not be a viable product for the

treatment of melanoma patients.

There are a few potential strategies that could bestow an additive effect on the anti-
Tyrpl CAR treatment. First of all, the TA99-CAR could be incorporated into an OR
logic gate, where the T-cells would target Tyrpl and another melanoma antigen. The
additional antigen would facilitate the lysis of Tyrp1 negative cells, and thus address
the heterogeneity of the antigen. OR gate CAR T-cells have been previously
engineered for the treatment of B-cell malignancies, and target CD22 and CD19

positive tumour cells (Pule et al., 2016).

Alternatively, increase in melanogenesis would lead to upregulation of tyrosinase,
Tyrpl, and Tyrp2, and consequently ameliorated expression of Tyrpl on the cell
surface. All three proteins are regulated by the Microphthalmia-associated
transcription factor (MITF). MITF is the key regulator of melanocyte pigmentation
and is activated by environmental factors, such as UV irradiation (Yamaguchi et al.,
2007). Several stimuli have been shown to activate MITF, and lead to increased
melanogenesis. One of the MITF inducing agents is forskolin, which facilitates as a
melanocyte-stimulating hormone agonist (Lekmine and Salti, 2008). Forskolin is a
natural compound derived from the plant Coleus forskohlii (Kanne et al., 2015). Other
natural compounds have been shown to increase the melanogenesis through MITF
induction, such as cholecalciferol (vitamin D3), Ginsenosides Rb1 and Rgl extracted
from Panax ginseng, and the retinoic acid (Oikawa and Nakayasu, 1974)(Lotan and

Lotan, 1980)(Tomita et al., 1986)(Lin et al., 2014).

A small molecule derived from a library comprised of carboxylic acid and amine was

also shown to enhance the melanogenesis. This small molecule (A7) increased the
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production of melanin by 1.8 fold (McNaughton et al., 2009). Tyrosinase is the crucial
enzyme for the melanin production, however its dependence on Tyrpl for
heterodimerisation and stabilisation indicates that Tyrpl is present in order for

melanin production to occur (Kobayashi et al., 1998).

Tyrpl constitutes a proof of principle for targeting intracellular antigens that are
present on the cell surface at low antigen density. It has been previously shown, that
tumour cells have proteins on their surface that are conventionally intracellular.
Examples of such potential antigens are heat-shock proteins (Ferrarini et al., 1992),
cytokeratins (Gires et al., 2006), and nucleolin (Christian et al., 2003). This
observation challenges the boundaries of CAR T-cell application, opening a new field

of potential targets.

6.3 SUMMARY OF RESULTS ON THE AFFINITY CORRELATION TO CAR EFFICACY

The antigen Tyrp1 does not constitute a promising target for CAR T-cell clinical trials.
However, it belongs to the group of intracellular proteins that reside on the cell
surface. Hence, an anti-Tyrpl CAR was designed to interrogate the possibility of
targeting a low-density target with a potential high circulation rate through the
membrane. To our knowledge, targeting a low-surface density intracellular protein is

a novel approach, and has not been described before.

The anti-Tyrp1 CAR was a second generation CAR, bearing the scFv of the TA99 clone.
TA99 was utilised to successfully eradicate B16 melanoma tumours in an in vivo
model (Hara et al., 1995). The specificity of TA99 as a scFv was validated with flow
cytometry and confocal microscopy. In order to validate the TA99-CAR and gain an
insight into the CAR sensitivity threshold, we engineered four cell lines that expressed
either WT or mutations of Tyrpl. The cytoplasmic domain of Tyrpl dictates the
efficient trafficking of the protein to the melanosomes (Vijayasaradhi et al., 1995).
The cell lines expressing Proximal, Distal, or Trunc Tyrp1 bore the cytoplasmic domain
at a proximal, distal position to the membrane, or the domain was altogether
omitted. The antigen density of the cells expressing Proximal Tyrpl was negligible.
However, the density for the cells expressing WT, Distal, and Trunc was 151

epitopes/cell, 176 epitopes/cell, and 308 epitopes/cell, respectively.
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The TA99-CAR T-cells failed to lyse the SupT1 cells expressing the WT Tyrp1, which
had the lowest antigen density. However, the CAR T-cells lysed the targets expressing
the Distal and Trunc Tyrpl. Hence, the cytotoxic threshold of the TA99-CAR was 176
epitopes/well. The difference in density between the WT and Distal targets is
marginal with only 20 epitopes/cell disparity. The ability of the CAR to lyse only the
latter might be a result of the minimal density difference. Alternatively, the rate of
circulation through the membrane might be different for the two Tyrp1 proteins. The
Tyrpl molecules on the cell surface will stochastically bind to the CAR and remain
bound for a half-life of 186min. A high circulation rate would lead a faster rate of

replenishment of Tyrp1l antigens for the T-cell to bind, and undergo signal triggering.

The CAR sensitivity was higher for the secretion of IFN-y. There was no cytokine
secretion against the cells expressing Distal Tyrpl, and the secretion against Trunc
was marginally higher than the baseline. The CAR T-cells secreted IFN-y cytokine in
the presence of the T618A melanoma cell line, which bore 1132 epitopes/cell. This
observation is in accordance with published literature, where the CAR T-cell cytotoxic
threshold was lower than the level for IFN-y secretion. According to Watanabe and
colleagues, the CAR T-cells were unable to produce cytokines against targets with a
240 epitopes/cell density, but secreted IFN-y against a 5320 epitopes/cell density cell
line. There was no intermediate density (Watanabe et al., 2015). Similarly, another
report showed that there was no IFN-y CAR T-cell production against a cell line with
density of 770 epitopes/cell (Stone et al., 2012). In this study we narrow the window
of the cytokine production threshold to lower than 1132 epitopes/cell. Hence, the
threshold lies within the 770-1132 epitope/cell, assuming there is no significant
variation in the sensitivity between different CARs. The CARs utilised in the two

studies, and our project were 2" generation consisting of CD28 and CD3C.

TCR proteins are capable of recognizing low-density antigens. TCR activation is
mediated by kinetic segregation (van der Merwe et al., 2000). Upon synapse
formation the two membranes are in close proximity with the MHC-TCR complex
being 15nm, compared to the CD45 phosphatase, which is approximately 28-50nm

(van der Merwe et al., 1995) (McCall et al., 1992). The membrane proximity leads to
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the exclusion of CD45 from the synapse, and consequently increased concentration

of kinases (Burroughs et al., 2006).

Since, TCR and CAR molecules are activated in a similar manner we seek to imitate
the properties that bestow sensitivity on the TCR. The serial triggering renders the
TCR sensitive to low antigen targets. According to the serial triggering model, a single
MHC-antigen complex can trigger up to 200 TCRs (Valitutti et al., 1995). The optimal
dwell time in order to achieve serial triggering is crucial for both TCR and BiTEs
(Gonzélez et al., 2005) (Bortoletto et al., 2002). Thomas and colleagues demonstrated
that TCR-T cells with a dissociation constant Kp 2.5nM, which is higher than the
normal affinity range (1uM-100uM), required 2-log higher antigen concentration to
cause the same response to the original TCR (KD 1.8 uM) (Thomas et al., 2011). They
showed that incremental increase of affinity is inversely correlated to the ability to
recognise low density antigen. The increased affinity also increased the interaction

half-life by 300-fold, impeding thus the serial triggering.

The kinetic properties of the TCR and CAR proteins vary significantly. Although the
affinity range of the TCR is 1-100uM, the affinity range of CARs is 1-100nM (Poulsen
et al., 2007)(Poulsen et al., 2011). According to the serial triggering model, we
postulated that decreasing the affinity of the CAR would result in increased its
sensitivity. However, the majority of the published studies report that the affinity is
positively correlated with the CAR efficacy (Chames et al., 2002)(Chmielewski et al.,
2004)(Hudecek et al., 2013)(Caruso et al., 2015)(Liu et al., 2015)(Lynn et al., 2016).
Only one study supports the inverse correlation between affinity and CAR capacity

(Turatti et al., 2007).

All the aforementioned studies have several disadvantages and inconsistencies. For
example, confounding factors, such as the stability of the scFvs, have not been taken
into consideration. Stability discrepancy can lead to different cytotoxic profiles
between CARs, which would not be a result of the affinity, but improper folding or
aggregation of the scFv. In half the publications, the scFv that bestows the specificity
to the CAR are derived from different antibody clones, and could potentially
recognise distal epitopes. Epitopes proximal to the target cell surface are superior for
CAR lysis, thus epitope distance constitutes an additional confounding factor (Guest
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et al., 2005) (Haso et al., 2013). Finally, a major drawback in the published literature,
is that four of those studies have based their conclusions on solely two affinity
variants, with no data for intermediate values. Hence, no trend or optimal value can
be extrapolated, apart from a binary indication of high or low affinity superiority. A
more thorough and consistent investigation on the correlation between affinity and

CAR efficacy was necessary.

The second milestone of this project was the investigation of the effect affinity has
on the efficacy of the TA99-CAR. This milestone was divided in two aims, increasing
the sensitivity of the TA99-CAR and discerning a trend between affinity and efficacy.
In order to acquire an affinity range, we mutated the CDR3 of the TA99 heavy and
light chain. The affinity of the TA99 WT and mutant scFvs was measured with SPR.
The affinity of the WT TA99 was 0.87nM, and we obtained two mutants with
marginally higher affinities (0.75nM, 0.68nM). These two mutants were excluded
from functional studies due to their kinetic similarities to the WT. The affinity range
of the TA99 mutants was 1.41-54.6nM. The on-rate was consistent between the WT
and mutants. On the contrary, the disparity of the off-range was wide, resulting in a

range of half-life between 2.7-186.3min.

The WT and mutant TA99-CARs were tested for cytotoxicity, cytokine production, as
well as differentiation and exhaustion profile against a range of antigen density
targets. There was a two-nodule pattern observed for the cytotoxicity at day 1. The
target lysis correlated with increase in affinity for the affinity range of 1.61-4.53nM,
with the 4.53nM CAR being the least efficacious. The next affinity point CAR (8.3nM)
successfully lysed the cells, and the lysis is decreased as the Kp is increased from
8.3nM to 54.5nM. This pattern was observed against the WT, Distal and Trunc
expressing cell lines. The cytotoxicity against the T618A target cells was similar

between the TA99 mutants, and consistently superior to the WT CAR.

The pattern of cytotoxicity at day 7 did not constitute of two maximums. The L6, H2,
and H3 mutant CARs, which had an affinity of 1.41nM, 13.7nM, and 44.6nM, were
the only CARs that sustained the Distal target cells at low levels, despite the high
target cell proliferation rate. Only the H2 and H3 CARs were efficacious against the

Trunc cells. Interestingly, all CARs, including the WT and mutants, lysed the higher
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density target T618A, suggesting that there is no optimal CAR affinity for antigen

densities above 1000 epitopes/cell.

The mutant CAR H3 produced the highest concentration of IFN-y against the Distal
Tyrpl targets. For the marginally higher density targets, which are the Trunc cells,
both H2 and H3 secreted IFN-y in the cell supernatant. Finally, in the presence of the
T618A cells, the three mutant CARs, L6, H2, and H3 produced the highest
concentration of cytokine. Although this suggests that the lower affinity CAR is more
sensitive against low antigen density for cytokine production, there was no such
pattern observed between the intermediate affinity CARs. The pattern was reversed
for the production of the IL2 cytokine, with L6 being the most sensitive against the
low antigen Distal cells. The same three CARs showed subtly elevated levels of the

Tnaive cell population, as well as a marginally reduced exhaustion profile.

To recapitulate, our aim was to improve the CAR sensitivity, and also determine a
positive or negative correlation between the affinity of a CAR and its efficacy. The
data suggest an increase in sensitivity for the CAR mutants L6, H2, and H3. Their
efficacy increased with the increment in antigen density. The cytotoxic threshold of
the WT CAR at the day 7 time-point was 1132 epitopes/cell, in contrast to the
threshold of the three mutants that was decreased to 176 epitopes/cell. The cytokine
production threshold varied between the CARs and the cytokines. The threshold of
the H3 mutants was 176 epitopes/cell for the production of IFN-y. On the contrary,
the threshold of H2 and L6 was 308 epitopes/cell and 1132 epitopes/cell,
respectively. Regarding the production of IL2, the L6 mutant was the most sensitive
with observed IL2 secretion at 176 epitopes/cell, whereas the threshold of the H2
and H3 mutants was 308 epitopes/cell. For either cytokine, the secretion was the
most efficacious for the high density target T618A (1132 epitopes/cell). Nevertheless,
due to large error bars and lack of statistical significance in some conditions more

repeats are required to render the results conclusive.

Our second aim was to determine whether the affinity is inversely or positively
correlated to the CAR efficacy, however, no consistent pattern was observed. To
ascertain that no pattern existed, the correlation curves between the affinity and the

different efficacy assays were calculated. There was an inverse correlation between
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cytotoxicity and affinity at the 308 epitopes/cell density. The opposite observation
was seen for the 1132 epitopes/cell target cell line. The correlation values were low
and not statistically significant. Hence, there was no evidence of strong correlation

between affinity and CAR efficacy.

6.4 SIGNIFICANCE OF RESULTS ON THE AFFINITY CORRELATION TO CAR
EFFICACY

We aimed at eliminating the majority of the confounding factors that were part of
the affinity-efficacy literature to date. First of all, the same scFv was used across the
affinity range. The mutants were obtained by mutating the CDR3 residues, in contrast
to Liu and colleagues that utilised mutants derived from antibody humanisation (Liu
et al., 2015). Antibody humanisation implements mutations in the framework of the
antibody, rather than the CDR3. Hence, the lower affinity is potentially due to
decreased stability of the antibody. We also ascertained that the stability of the
mutants was not a confounding factor in our study, by measuring the thermal
stability of the TA99 mutants by DSF. The denaturation temperature ranged between

55.92°C to 56.83°C, which is a minimal change in thermal stability.

The affinity depends on the association and dissociation rate. However, each
parameter could affect the T-cell signalling in different ways. Our theory is based on
the serial triggering model. The serial triggering model is affected by the dissociation
rate, which dictates the half-life of interaction between the antigen and the CAR. It is
optimal that the affinity gradient we acquired had a narrow range of association rate,
and a wide range of dissociation rate. This allowed us to examine the effect of the
half-life on the CAR sensitivity, without the association rate constituting a

confounding factor.

Another important advantage of our study was the amount of affinity mutants
interrogated. The majority of the literature implemented two CARs with different
affinities, in order to investigate the relation between the affinity and the capacity of
the CAR. The limited amount of data-points, combined with potential discrepancies
in the scFv stability constitute significant drawbacks in the current literature. In our

study, we implemented nine affinity variants. The higher amount of data-points
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provided insight into the intermediate affinities, and constituted a more complex and

reliable platform for detection of an affinity-efficacy correlation.

Finally, the antigen density utilised in the literature is generally high, with at least a
100-fold increase in MFI between the targets and the negative control. This density
is not challenging to the CAR T-cells, and fails to provide insight into the lower
threshold of the CAR sensitivity. We engineered the SupT1l cell line, which is
inherently Tyrpl negative, to express very low, or low Tyrpl antigen density. The
antigen density range we used was 151-1132 epitopes/cell. Consequently, we
determined the CAR cytotoxic sensitivity to be 176 epitopes/cell, which is lower than
reported (Watanabe et al., 2015). Also we narrowed the threshold for cytokine
production within a window of 770-1132 epitopes/cell. The lack of cytokine
production at 770 epitopes/cell was published by Stone and colleagues (Stone et al.,

2012).

There were also some limitations in this project. The range of affinities we
interrogated was 0.87-54.6nM. This resulted in a significant decrease of the
interaction half-life from 186.3min to 2.7min. Nevertheless, the affinity range is not
within the TCR 1-100uM. It would be interesting to expand the range to the uM scale,
in order to discern the entire perspective of CAR T-cell behaviour in regards to the
affinity. To this end, it would also be useful to gain an insight into the effect of the
association rate on the CAR efficacy. This was not possible in our study, since the

range of the association rate was narrow.

Overall, our approach was superior to the published literature. We excluded many of
the aforementioned confounding factors, and we also implemented a higher amount
of affinity data-point, in order to increase the accuracy of the data. Our data showed
that there was no strong correlation between the affinity and the CAR efficacy. The
three CARs that were shown to bear an improved capacity were spread within the
affinity range (1.41nM, 13.7nM, 44.6nM), showing no pattern in the effect of affinity
on the efficacy of the TA99-CAR, however additional repeats are required to render
the results conclusive. Additionally, an unknown confounding factor could be the key
player in mediating differences between the CAR mutants rather than the affinity. A

potential confounding factor might be the CAR density. Although the CAR density was
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not quantified, there was no correlation between the CAR efficacy and the MFI of the

CAR expression as examined with calculating correlation curve (data not shown).

6.5 FUTURE PESPECTIVES

The data from this study demonstrate the lack of correlation between the affinity of
a CAR and its efficacy. Although the CAR efficacy was increased in some mutants, this
capacity enhancement did not correlate to the affinity. In order to render this

observation reproducible, further work is required.

First of all, a wider range would be optimal. It would be interesting to interrogate a
CAR affinity range between >1nM-1uM. The decrease of the CAR affinity within the
TCR uM scale would enable the direct comparison between CAR and TCR sensitivity,

and the validation of the serial triggering importance in CAR triggering.

The serial triggering model is based on the dissociation rate of the TCR, which dictates
the interaction time between the TCR and the antigen. However, it would also be
interesting to investigate the role of the association time on the CAR efficacy. In has
been shown that TCRs with association rate higher than the diffusion-to-the-
membrane rate can rebind the same antigen, effectively increasing the aggregate
dwell time (Aleksic et al., 2010). It would be interesting to investigate the rebinding

phenomenon in CARs, and examine its role in the sensitivity.

Since the manipulation of the CAR efficacy is speculated to affect the CAR sensitivity,
it should be scrutinised in varying antigen densities. Although we implemented four
district antigen densities in our study, there was no data-points between 308
epitopes/cell and 1132 epitopes/cell. The threshold of cytokine production lies within
the range 770-1132 epitopes/cell. Hence, additional information between the 308-
1132 epitopes/cell is crucial. Also, the CAR density could be introduced as an

additional parameter, since it could be a potential confounding factor.

Finally, there is no guarantee that the behaviour of all CARs in regards to affinity is
the same. In order to establish an optimal affinity range for future CAR studies and
clinical trials, it is crucial to demonstrate that the same pattern is consistent for all
CARs. In order to claim a universal optimal affinity range, additional CARs should be

examined bearing a plethora of scFv. This would increase the reliability of the
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suggested range. Investigating the optimal affinity value for each CAR is laborious,
time- and cost-ineffective. The determination of a universal affinity range that is
optimal for CAR T-cells would render the design and production of CARs more high-
throughput, reducing the time and cost between development and clinical

application.
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