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Abstract

In contrast to conventional T cells that recognise peptide antigens presented by MHC
molecules, a group of “unconventional” T cells recognise lipid antigens presented by
MHC-like CD1 family members, CD1a, CD1b, CDlc and CD1d. Studies suggest that
CDla-restricted T cells comprise a unique subset in human blood that recognise CD1a-
lipid complexes and play a unique functional role in skin immunity. While they comprise
a decent proportion of T cells compared to CD1d-restricted, natural killer T (NKT) cells,

they remain relatively less well-understood.

This thesis describes the phenotypic characterisation of CD1a-restricted T cells in human
tissues directly ex vivo. Phenotypic analyses and single cell RNA-sequencing of CD1a-
restricted T cells revealed that they are distinct from other CD1-restricted T cells. They
did not express typical innate-like markers such as CD161, IL-18R, and PLZF, which are
expressed by NKT cells, distinguishing them as a unique population of unconventional T

cells.

This thesis also elucidates how T cell receptors (TCRs) interact with CDla-lipid
complexes. Profiling the TCR repertoire of CDla-restricted T cells, demonstrated that
while diverse, there is a bias towards TCR variable genes that endow optimal TCR
configurations to interact with CD1a and lipid antigens. Experiments with CD1a mutant
cell lines revealed that individual TCRs bind at various sites across the entire binding
cleft of CD1a, which likely increases the diversity of lipid antigens that can be recognised
by CDla-restricted T cells. Indeed, these T cells were observed to recognise numerous
lipid antigens including self-lipids and dideoxymycobactin (DDM), a lipid antigen
derived from Mycobacterium tuberculosis, with some CDla-restricted TCRs even

displaying cross-reactivity to lipids with distinct chemical structures.

Reagents were developed as tools to study lipid-reactive T cells in macaques, especially
for non-human primate models of disease. A suite of CD1 tetramers were generated to
isolate CD1-restricted T cells in pig-tailed macaques and for preliminary enumeration

and phenotypic analysis of CD1-restricted T cell subsets in macaque tissues.



Lastly, tetramers were used to investigate CDla-restricted T cells in human skin.
Populations of lipid-reactive T cells and y3-T cells were isolated for phenotypic analysis
and TCR sequencing, thus demonstrating that they may play a role in healthy skin. C12-
15 alkyl-benzoate, a common oil in dermatological products, was identified as a novel

CDla antigen, suggesting a role for CD1a-restricted T cells in allergic dermatitis.

These studies provide insight into the functional properties of CD1a-restricted T cells and
their molecular interactions with CD1a-lipids. Collectively, they represent a step forward
in characterising CD1a-restricted T cells and provide a greater understanding of their role

in the immune system.
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Chapter 1. Literature Review

1.1 Introduction

The immune system uses a vast multitude of cellular and molecular mechanisms to
protect against infection and disease. There are two general arms of the immune system:
innate immunity, which acts immediately to broadly prevent pathogen occupation, and
adaptive immunity, which is delayed in its response but acts in a highly specific manner
against targeted pathogens by recognising antigenic molecules called antigens (Murphy

and Weaver, 2020).

Cells and components of the innate immune system are critical for the rapid recognition
of pathogens and initiation of inflammatory responses (Pennock et al., 2013). Innate
immune cells, such as macrophages, monocytes, neutrophils, natural killer (NK) cells and
dendritic cells (DCs) are responsible for initial containment of infectious agents. They
use pattern recognition receptors (PRRs) to recognise pathogen-associated molecular
patterns (PAMPs), such as bacterial or viral components, or danger-associated molecular
patterns (DAMPs) released by damaged cells, such as extracellular DNA, to drive
inflammation (Amarante-Mendes et al., 2018). Engagement of PRRs on innate immune
cells activate antimicrobial and pro-inflammatory responses to eliminate, or at least
contain, infections. Innate immune cells also create an environment that informs and
directs the proliferation and differentiation of adaptive immune cells: B and T

lymphocytes (Pennock et al., 2013).

T lymphocytes (herein referred to as T cells) are central to adaptive immune responses.
They utilise unique, specialised T cell receptors (TCRs) to survey the body for pathogens
or abnormalities in the form of antigens (Murphy and Weaver, 2020). TCRs are highly
specific to particular antigens and upon recognition of their cognate antigen, they adopt
one of two broad functions; “helper” T (Th) cells coordinate the response of other immune
cells (both adaptive and innate) and “cytotoxic” T cells kill infected host cells (or tumour

cells) to contain infection (Murphy and Weaver, 2020).

Antigen inexperienced, or “naive”, T cells emerge from the thymus and circulate through

the blood and secondary lymphoid tissues (Pennock et al., 2013). Their activation



involves coordinated interactions between TCRs and antigen-presenting molecules on the
surface of antigen presenting cells (APCs). APCs constantly capture antigens, and if
activated by signals such as PAMPs and DAMPs, increase their presentation capacity and
migrate to lymph nodes, where naive T cells are housed. Following recognition of their
cognate antigen, T cells are activated to proliferate and acquire potent effector functions
to control or eliminate pathogenic disease (Pennock et al., 2013). Activated T cells can
also differentiate into memory T cells, enabling antigen-experienced T cells to remain in
circulation post-infection and protect against previously encountered pathogens by
eliciting a more rapid and robust response in the case of subsequent infection (Farber et

al., 2014).

TCRs are diverse in nature, allowing T cells to recognise an expansive array of unique
antigenic molecules and thus allowing for highly specific responses to the large variety
of pathogens we encounter. A TCR’s unique specificity for a given antigen is determined
by its TCR sequence. During development in the thymus, T cells undergo somatic gene
recombination, a process directed by the lymphoid-specific recombination-activating
gene (RAG) and DNA repair proteins (Bassing et al., 2002, Oettinger et al., 1990, Schatz
et al., 1989). TCRs are typically formed as heterodimers of either a- and B-chains, or y-
and d-chains, however some 8- and B-TCR chain heterodimers have also been observed
(Geisler et al., 1988, Hochstenbach and Brenner, 1989, Saito et al., 1988, Pellicci and
Uldrich, 2018).

The somatic recombination of TCR genes occurs during thymic development. RAG genes
direct the assembly of variable (V), diverse (D), joining (J), and constant (C) genes by
creating double-stranded breaks in the DNA, which is followed by non-homologous end
joining to produce a functional TCR chain (Krangel, 2009, Roth, 2014). Tcrd, Tcrg, and
inital Tcrb recombination occur early in T cell development at the CD4 CD8" double
negative (DN) 2 and DN3 stages in the same manner (Capone et al., 1998). Successful
recombination of 7crd and Tcrg promotes the assembly of a y3-TCR, whereas successful
recombination of 7crb drives assembly of an af-TCR (Capone et al., 1998, Krangel,
2009, Livak et al., 1999).
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Fig.1.1. V(D)J recombination gives rise to a diverse repertoire of human aB-TCRs. The process is
directed by the recombination activating genes (RAG-1 and RAG-2), which create double-stranded
breaks in the DNA to select for a given TRAV, TRAJ, TRBV, TRBD and TRBJ gene. Additional diversity is
introduced at the junction between genes by terminal deoxynucleotidyl transferase (TdT), which
adds random non-templated (N) nucleotides, and the removal of germline bases by exonucleases.



The “mixing and matching” of TCR component genes gives rise to the diversity observed
in the human TCR repertoire: a TCR a-chain composed of one of 43 V (TRAV) and 58 J
(TRAJ) genes along with a constant gene, is paired with a B-chain containing one of 42 V
(TRBYV), one of two D (TRBD), one of 12 J (TRBJ) genes and a constant region (Lefranc
et al., 1999, Lefranc et al., 2009, Turner et al., 2006) (Fig 1.1). In addition to V(D)J
recombination, the imprecise nature of the non-homologous end joining process
introduces further diversity (Rock et al., 1994). Terminal deoxynucleotidyl transferase
(TdT), a template-independent DNA polymerase, adds random non-templated (N)
nucleotides, and exonucleases may remove germline bases (Cabaniols et al., 2001). These
processing events give rise to hypervariable antigen-binding regions, -called
complementarity determining regions (CDRs), of which there are three per TCR chain
(Chothia et al., 1988). The resulting recombined TCR a- and B-chains are randomly
paired to give rise to more than 10! potential TCR gene arrangements (Davis and
Bjorkman, 1988, Davis, 1990). Following positive and negative selection of T cells
during development, based on their ability to recognise MHC but without being highly
self-reactive respectively, there are only approximately 3 x 10! naive T cells in

circulation with 107 unique TCR clones (Arstila et al., 1999, Jenkins et al., 2010).

One caveat of extensive TCR diversity is that each individual TCR clone exists at a low
frequency in the total T cell pool, which limits the magnitude and speed of the initial
immune response when challenged with a particular antigen. In contrast to rapidly
responding innate immune cells, the proliferation and expansion of T cells in preparation
to mount a response to any specific antigen takes several days after the initial recognition
of antigen (Bradley et al., 1991, Swain et al, 1996). The identification of
“unconventional” T cells with innate-like properties challenges the idea that all T cells
have a delayed response and highlights how some T cell subsets can act as a link between

innate and adaptive immune responses.

1.2 MHC and related molecules

1.2.1 MHC molecules and peptide antigens

Conventional T cells recognise specific peptide antigens in the context of major
histocompatibility complex (MHC) molecules. MHC class I (MHC-I) and class II (MHC-

II) molecules are similar in function, presenting peptide antigens at the cell surface of



APCs to CD8" and CD4" T cells respectively. MHC-I is ubiquitous on all nucleated cells,
while the expression of MHC-II molecules is mostly restricted to professional APCs such
as B cells and DCs (Hewitt, 2003). Peptides presented by MHC molecules are sourced
from different locations: intracellular for MHC-I and extracellular for MHC-II (Neefjes
et al., 2011). There are exceptions with cross-presentation however, whereby exogenous
antigens are presented by MHC-I molecules (Amigorena and Savina, 2010), and MHC-
IT molecules can capture endogenous peptides when the respective proteins are degraded

through autophagy (Crotzer and Blum, 2010).

MHC-I molecules are comprised of a transmembrane polymorphic heavy chain,
organised into three extracellular domains (al, 02 and a3) that associates with -
microglobulin (f2m) (York and Rock, 1996). The al and a2 domains form an antigen
binding cleft that binds a peptide fragment typically between 8-10 amino acids in length
(Adams and Luoma, 2013, York and Rock, 1996). Upon successful antigen capture, the
peptide-loaded MHC-I ternary complex (pMHC) is transported to the cell surface where
it can present antigens to T cells (Williams et al., 2002), and can subsequently be
internalised from the membrane for recycling (Neefjes et al., 1992). This cycle of antigen
capture, presentation and recycling occurs constitutively, enabling MHC-I-restricted T
cells to constantly survey cells for the presence of either self- or pathogen-derived peptide

antigens.

MHC-II molecules comprise of transmembrane a- and B-chains (Brown et al., 1993) and
capture peptides derived from proteins degraded in the endosomal pathway (Germain,
1994, Lotteau et al., 1990). The peptide-binding cleft of MHC-II is more open compared
to that of MHC-I, such that the length of bound peptides is not as constrained; peptides
loaded into MHC-II molecules are typically 13-25 amino long (Chicz et al., 1992).

MHC molecules are polymorphic and the biology of their various alleles differ
substantially between individuals such that they can have different consequences with
regards to the relevant immune responses (Trowsdale, 2011). Notably, many MHC-II
alleles are strong genetic markers for autoimmune diseases, possibly due to the repertoire
of peptide antigens they capture and present to T cells (Fernando et al., 2008). For
example, evidence suggests that HLA-DQ allelic variation is a major type 1 diabetes

predisposing locus (Onengut-Gumuscu and Concannon, 2002, Thorsby and Ronningen,



1993). MHC allelic variation therefore has consequences in disease susceptibility,
vaccine design and immunotherapy, and means that T cell therapies that target specific

MHC alleles or peptide antigens need to be personalised.

1.2.2 MHC-related proteins

In mammals, a number of antigen presentation molecules exist that arose from genomic
duplications and subsequent mutations of the classical MHC-I genes (Yu and Milstein,
1989), regarded as nonclassical MHC-I (sometimes referred to as MHC-Ib, although this
terminology is contentious as many of these genes sit outside the MHC gene locus). These
MHC-related molecules resemble MHC-I in sequence and structural homology but, in
general, are non-polymorphic, present different types of antigens, and are typically only
expressed at the cell surface under specific conditions or by certain cell types (Balk et al.,
1989, Martin et al., 1986). Two such MHC-like molecules are MHC-related protein 1
(MR1) and the CD1 family. These structurally resemble MHC-I molecules in that they
are comprised of transmembrane heavy chains consisting of al, a2 and a3 domains that

associate with fom (Moody et al., 2005, Krovi and Gapin, 2016, Miley et al., 2003).

MHC and TCR genes evolved simultaneously and are present in all extant jawed
vertebrates, including fish, while the CD1 and MR1 genes are absent (Dascher, 2007).
Marsupials and mammals typically encode a single functional MR1 gene, which
demonstrates the highest conservation among species of all MHC-Ib molecules (Reinink
and Van Rhijn, 2016). The human genome encodes one MR1 protein and five different
CDl1 proteins, called CD1a through to CDle, all of which lie outside the MHC locus. In
humans, the CD1 and MR1 genes are located on chromosome 1, while the MHC locus
lies on chromosome 6 (Riegert et al., 1998, Albertson et al., 1988, Reinink and Van Rhijn,
2016, Yamaguchi et al., 1997). In fact, chickens are the only animal in which the CDI1
and MHC loci have been found to be linked (Miller et al., 2005, Salomonsen et al., 2005),
supporting a model of CD1 gene evolution arising from gene duplication while still linked

to the MHC locus.

Genomic sequencing has revealed recognisable CD1 genes from several reptile species

(Yang et al., 2015) and marsupials (a single gene in the bandicoot (Baker and Miller,



2007) and thylacine (Cheng and Belov, 2014)), however none of the CD1 sequences from
marsupials, chickens, and reptiles are equivalent to any of the five isotypes in placental
mammals. Given their evolutionary distribution, CD1 genes most likely arose in a
common ancestor of placental mammals from a primordial form of CD1 (Reinink and
Van Rhijn, 2016). Subsequent gene duplications, deletions, and inactivations have shaped
the composition of the CD1 gene family, resulting in CD1 molecules with similar features
across species but with key differences particular to each species that may have arisen
due to selection pressure caused by pathogen exposure (Dascher and Brenner, 2003).
Evolutionary conservation and similarities between CDI1 in different species are

important to consider when studying MHC-related proteins in animal models.

1.2.3 The CD1 family

The CDI1 protein family is encoded by five monomorphic genes to produce five CD1
isoforms (Martin et al., 1986). The five CD1 proteins are divided into groups based on
the homology of their nucleotide and amino acid sequences: Group 1 consists of CDla,
CD1b and CDlc, CD1d belongs to group 2 and CDle to group 3 (Calabi et al., 1989,
Porcelli and Modlin, 1999). The CDI isoforms differ in their antigen processing and
presentation, tissue distribution, intracellular trafficking and structure (Zajonc and
Wilson, 2007). Importantly, these differences endow CD1 molecules with the ability to
present a broad range of lipids, indicating that T cells restricted to CD1 (CD1-restricted
T cells) may be important for a range of human immune responses (Birkinshaw et al.,
2015, Van Rhijn et al., 2006, Kasmar et al., 2009). Notably, CDle remains localised
within Golgi compartments and lysosomes, and is not directly involved in antigen
presentation to T cells, rather, it is involved in intracellular lipid transfer and loading of
endogenous lipids into CD1 (Angenieux et al., 2005, Angenieux et al., 2000, de la Salle
et al., 2005). Further discussion will therefore only focus on the four CD1 isoforms that

present antigens on the cell surface.

In humans, MHC-I is ubiquitously expressed on all nucleated cells, while CD1 molecule
expression is more limited. Group 1 CD1 expression is limited to professional APCs and
is mostly induced in a stimulus-dependent manner on various subsets of human DCs,

monocytes, and thymocytes (Pena-Cruz et al., 2003, Van Rhijn et al., 2013b). CDla is



highly abundant on Langerhans cells (Dougan et al., 2007, Fithian et al., 1981, Mizumoto
and Takashima, 2004, Caux et al., 1992). It is also expressed by bronchial dendritic cells
(Tazi et al., 1993b), and its expression can be modified by stimuli from pathogens,
tumours, host immune responses (e.g. cytokines), and the environment (e.g. smoking)
(Coventry and Heinzel, 2004, Gogolak et al., 2007, Mollah et al., 2003, Pintarelli et al.,
2019). In contrast, CD1d has a wider distribution and is constitutively expressed by
cortical thymocytes, B cells, macrophages, and DCs (Dougan et al., 2007, Somnay-
Wadgaonkar et al., 1999). It is also expressed by non-haematopoietic-derived cells
including hepatocytes, adipocytes, intestinal epithelial cells and skin cells among other

cell types (Dougan et al., 2007, Huh et al., 2013).

In contrast to polymorphic classical MHC molecules, CD1 molecules do not display
allelic variation that affects antigen presentation (albeit single amino-acid polymorphisms
have been identified for CD1a and CD1d that are not located around the antigen-binding
cleft) (Han et al., 1999, Oteo et al., 2001). This suggests that, unlike the presentation of
peptide antigens by MHC molecules to conventional T cells, the presentation of lipid
antigens by CD1 molecules is more universal within the population. Although, single
nucleotide polymorphisms (SNPs) in the non-coding and regulatory regions of the human
CD1A gene result in little to no CD1a expression and a correlated increased susceptibility
to tuberculosis (TB), demonstrating both variability within the population and the

importance of CD1a (Seshadri et al., 2014).

1.2.4 CD1 molecule structure

MHC-I molecules provide a constrained, anchored binding-cleft for the presentation of
short peptides, whereas CD1 molecules provide a groove of a greater overall volume,
containing hydrophobic channels that are suitable for accommodating long lipid acyl
chains (Zeng et al., 1997, Gadola et al., 2002). In contrast to the exposed nature of peptide
antigens in MHC-I and MHC-II for TCR contact, most CD1 ligands are occluded by the
CD1 protein itself, buried within the hydrophobic pockets, and only protrude through a
narrow opening for TCR interactions (Batuwangala et al., 2004, Gadola et al., 2002,
Zajonc et al., 2003). CD1 molecules are formed by A’- and F’-pockets or portals, with



the shape and connectivity between portals differing between each isoform (Moody et al.,

2005, Zeng et al., 1997).

Among the CD1 molecules, CD1a has the smallest antigen-binding cleft of approximately
1300A3, comprising of two distinct A’- and F’-pockets (Zajonc et al., 2003). The A’-
pocket is shaped such that it restricts the length of alkyl chains of lipid antigens it can
accommodate to 18-23 carbons (Zajonc et al., 2005b). The A’-roof, however, is versatile,
and while small lipids remain buried within the cleft, large head groups can protrude and
interact directly with TCRs (Zajonc et al., 2005b). CD1b has the largest antigen-binding
cleft, which can accommodate a total of 80 carbons with a total volume of 220043
(Gadola et al., 2002). Unlike CD1a, it contains multiple interconnected portals to form a
hydrophobic, tunnel-like network (Gadola et al., 2002). CDlc and CD1d are more
moderate in size (1780 and 1650 A? respectively) (Ly and Moody, 2014, Scharf et al.,
2010).

CDla, CDlc, and CDI1d typically bind self-lipids with a 1:1 stoichiometry (Ly and
Moody, 2014). However, the crystal structures of some CD1 molecules (namely CD1b,
CDlc, and CD1d) have revealed small hydrocarbon chains that act as spacer lipids within
the A’- or F’-pockets to provide stability within the groove in the absence of larger lipid
antigens (Ly and Moody, 2014, Gadola et al., 2002, Garcia-Alles et al., 2011, Huang et
al.,2011, Garcia-Alles et al., 2006, Scharf et al., 2010, Zajonc et al., 2005a). The necessity
of spacer lipids is determined by the number of carbons in the acyl chains of lipid
antigens. Naturally occurring spacer lipids can “prop up” smaller antigens, thereby
enhancing recognition (Huang et al., 2011), but are likely displaced when the CDI1

molecules encounter large exogenous lipids (Ly and Moody, 2014).

1.2.5 Localisation of CD1 molecules

The spectra of lipid antigens presented by each CD1 isoform is dependent on where it is
localised within the cell. CD1 molecules capture endogenous self-lipids in the
endoplasmic reticulum (ER) where they are folded, and then are trafficked along the
secretory pathway to reach the cell surface (Moody and Porcelli, 2003). CD1b, CDlc,

and CD1d may associate with spacer lipid molecules during assembly in the ER, which



help to stabilise the protein molecules and prevent the binding of self-lipids with long
acyl chains, prior to reaching the cell surface (De Libero and Mori, 2007, Ly and Moody,
2014, Garcia-Alles et al., 2006, Zajonc et al., 2005a).

CDla predominantly remains at the cell surface, where it can capture exogenous lipids,
although studies suggest that this is not the main site of loading (Sugita et al., 1999).
CDIb, CDlc, and CDI1d, on the other hand, enter the recycling pathway by binding
adaptor protein (AP) complexes that mediate endocytosis via their cytoplasmic tail
tyrosine residues (Barral and Brenner, 2007, Mizumoto and Takashima, 2004). In the
endocytic pathway, they encounter increasingly acidic environments, which are optimal
for lipid-loading as the CD1 molecules become partially denatured, before returning to
the cell surface for presentation: CD1c and CD1d bind AP-2 and capture antigens in early
and late endosomes, while CD1b binds both AP-2 and AP-3 to enter late endosomes and
lysosomes (Barral and Brenner, 2007, Ernst et al., 1998, Shamshiev et al., 1999). As
CDla lacks an endosomal localisation motif; it is internalised through an AP-independent
pathway, similar to MHC-I (Barral et al., 2008), but it can also capture exogenous lipids
in the early endosomal compartment (Agea et al., 2005). The varying intracellular
localisation of CD1 isoforms allows for presentation of a wide breadth of endogenous

and exogenous lipids captured in different cellular compartments.

1.2.6 Unconventional T cells

While most T cell studies have focused on T cell recognition of peptides presented by
MHC, “unconventional” T cells are gaining increasing interest. This group comprises
various subsets of T cells that are defined by TCR usage, antigen recognition, and
restriction element (i.e. non-peptide antigens presented by MHC-Ib molecules). Many
unconventional T cell subsets studied to date are present in blood and some non-lymphoid
tissues at higher frequencies than antigen-specific MHC-restricted T cells (Godfrey et al.,
2015, Legoux et al., 2017, Kawano et al., 1997, Kobayashi et al., 2012, Macho-Fernandez
etal., 2014, Morita et al., 1995). Subsets of unconventional T cell include CD1-restricted
T cells that recognise lipid antigens, the most well-known of which are natural killer T
(NKT) cells, mucosal-associated invariant T (MAIT) cells that recognise vitamin B

metabolites, and y0 T cells that recognise phosphoantigens (pAg), lipids and other
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antigens (Godfrey et al., 2015). Unlike MHC-restricted T cells, these cells recognise
evolutionarily conserved antigens, generally exhibit limited TCR diversity and rapidly
acquire effector functions without requiring priming upon activation (Godfrey et al.,
2015, Van Rhijn and Moody, 2015). These characteristics enable them to respond rapidly
to stimuli at the site of disease and broaden the scope of cellular immunity by responding

to non-peptide antigens.

MR1 and MAIT cells

Like CD1, MR1 is an MHC-I-like molecule identified with high sequence homology (40-
50%) to MHC-I (Hashimoto et al., 1995). While most cells can express MR1, surface
expression of MR1 is tightly regulated and typically low (Huang et al., 2008, Riegert et
al., 1998). In comparison to CD1 family members, the solvent-exposed antigen binding
cleft of MR1 more closely resembles that of MHC-I, however, it is composed of a mixture
of charged, hydrophobic and bulky residues that render it unsuitable for accommodating
peptide antigens (Kjer-Nielsen et al., 2012). Instead, MR presents vitamin B metabolites
to an evolutionarily conserved unconventional T cell population known as mucosal-
associated invariant (MAIT) cells (Tilloy et al., 1999, Huang et al., 2009, Kjer-Nielsen et
al., 2012). Several stimulatory and inhibitory MR1 ligands have been identified, including
drug-like molecules, and folate and riboflavin derivatives (Kjer-Nielsen et al., 2012,
Keller et al., 2017, Corbett et al., 2014). The most agonistic ligands known to date are 5-
(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) and 5-(2-
oxoethylideneamino)-6-D-ribitylaminouracil (5-OE-RU), formed from 5-amino-6-D-
ribitylaminouracil (5-A-RU) — a ligand precursor and intermediate metabolite in

riboflavin biosynthesis (Corbett et al., 2014).

MAIT cells are innate-like T cells that play a role at the interface of the innate and
adaptive immune responses. They become activated via TCR recognition of MR1-ligand
complexes, or they can bypass TCR-dependent activation by responding to inflammatory
cues from IL-12 and IL-18 signalling (Jo et al., 2014, Treiner et al., 2003, Ussher et al.,
2014, Godfrey et al., 2019). These two pathways of activation allow MAIT cells to
respond to riboflavin-producing bacteria and yeast, as well as microbes that do not
produce MR1 ligands (i.e. viruses or non-riboflavin-producing bacteria) (Provine and
Klenerman, 2020). Early studies of MAIT cells demonstrated that they are mostly

localised to mucosal sites, hence their name; however, they have since been commonly
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found throughout the body, including in the peripheral blood, where they exist at a high
precursor frequency (up to 10% all T cells) (Godftrey et al., 2010, Treiner et al., 2005,
Corbett et al., 2014). MAIT cells typically express a semi-invariant TCR in humans,
which consists of an invariant a-chain composed of TRAV1-2 with TRAJ33, TRAJ20 or
TRAJI12 gene segments paired with a less restricted array of B-chains including TRBV6-
1, TRBV6-4 and TRBV20 (Tilloy et al., 1999, Reantragoon et al., 2013). MAIT cells are
thus an interesting population of unconventional T cells that are innate-like in their

function and display a semi-invariant TCR, that can be compared to lipid-reactive T cells.

1.3 Presentation of antigens to T cells by CD1

1.3.1 CD1 Lipid antigens

Lipids play a critical role in immunity, in part by acting as antigens for CD1-restricted T
cells. Lipid-reactive T cells recognise a large array of both foreign lipid antigens and

self-lipids (Godfrey et al., 2015).

CD1d presents a number of glycosphingolipids (GSLs) to NKT cells, the most well-
studied and agonistic of which is a-Galactosylceramide (a-GalCer). Type I NKT cells are
classified for their expression of a semi-invariant TCR that endows them with the ability
to recognise a-GalCer (Kawano et al., 1997). It was originally isolated from the marine
sponge, Agelas mauritianus, but more recently and relevantly, a closely related analogue
was discovered in Bacteroides, a genus of bacteria that comprises greater than 50% of
human gut microbiota (Wieland Brown et al., 2013). GSLs (specifically a-glucuronyl-
and a-galacturonylceramides) in the cell wall of the ubiquitous Sphingomonas bacterial
species are closely related to a-GalCer and are also strong agonists for type I NKT cells
(Kawasaki et al., 1994, Wu et al., 2005, Kawahara et al., 2000). In addition, a number of
GSLs and diacylglycerols (DAGs) isolated from microbial pathogens (e.g. Streptococcus
pneumoniae, Aspergillus fumigatus and Borrelia burgdorferi) also activate type I NKT
cells (Van Kaer et al., 2015a).

Type I NKT cells typically interact with GSLs that contain an a-anomeric linkage
between the carbohydrate moiety and lipid tail (Kawano et al., 1997). Because
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mammalian cells were thought to only produce B-anomeric GSLs, endogenous type I
NKT cell ligands remained enigmatic for years (Ilan, 2009, Van Kaer and Joyce, 2010).
Some B-linked monoglycosylceramides, such as B-glucosylceramides (B-GluCer) and
isoglobotrihexosylceramide (iGb3), a B-anomeric lysosomal glycosphingolipid, appeared
to be stimulatory (Ortaldo et al., 2004, Brennan et al., 2011, Parekh et al., 2004). iGb3
especially was proposed as a candidate ligand important for NKT development, albeit
subsequent studies have indicated that it may not be as critical as once thought (Zhou et
al., 2004c, Zhou et al., 2004a, Pellicci et al., 2020). The controversy around lipids
recognised by type I NKT cells may stem from contamination issues, as a study found
that commercial and in-house B-GluCer was not stimulatory itself, but was in fact
contaminated with a-linked GluCer agonists (Kain et al., 2014). A number of mammalian
a-anomeric GSLs have since been identified and can activate type I NKT cells, and
contamination of a- and B-linked glycolipids are an important consideration for future

studies of lipid-reactive T cells (Brennan et al., 2014, Kain et al., 2014).

Another subset of CD1d-restricted cells called type II NKT cells, at least some of which
appear to recognise B-anomeric glycolipids, exhibit a more diverse TCR repertoire
(Dhodapkar and Kumar, 2017). Type II NKT cells do not recognise a-GalCer, but instead
a large proportion of these cells are autoreactive to self-lipids such as sulfatide,
phospholipids, and cell membrane lysophospholipids such as LPC (Rossjohn et al., 2012,
Dhodapkar and Kumar, 2017). They can also recognise microbial ligands, including
glycolipids (phosphatidylglycerol (PG), diphosphatidylglycerol (DPG), and PI) from
Mycobacterium tuberculosis (Mtb) or Corynebacterium glutamicum, o-glucuronosyl
diacylglyceride (a-GlcA-DAG) from Mycobacterium smegmatis, and PG from Listeria
monocytogenes (Tatituri et al., 2013, Wolf et al., 2015, Burugupalli et al., 2020).
Together, both NKT cell subsets respond to a wide breadth of microbial and self-lipid

antigens.

Providing diversity in the scope of lipids presented by T cells, group 1 CD1 molecules
capture and present different types of lipids. CD1a presents a variety of self- and non-
self-lipids, preferentially loading lipids with acyl chain lengths between Cis-Cz3 (Agea et
al., 2005, de Jong et al., 2014, Hunger et al., 2004, Moody et al., 2004, Pena-Cruz et al.,
2003, Zajonc et al., 2003). Self-lipids, such as gangliosides and sulfatides, are recognised
by CDla-autoreactive T cells (de Jong et al., 2010, de Lalla et al., 2011), and these are
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thought to be either permissive or non-permissive to TCR binding depending on their
headgroup structure and size (Birkinshaw et al., 2015, de Jong et al., 2014). Squalene and
wax esters, present in epidermis and sebum, are headless agonistic lipids presented by
CDla, while membrane lipids in the skin with polar headgroups act as antagonists (de
Jong et al., 2014). The best studied CD1a antigen is dideoxymycobactin (DDM), an iron-
chelating compound derived from Mtb (Moody et al., 2004). DDM is synthesised as an
intermediate in mycobactin production during intracellular infection and contributes to

CD1la-DDM-specific T cell activation (Moody et al., 2004).

CDI1b and CDIc also present various lipid components of mycobacterial cell walls. These
lipids are typically protease-resistant and are usually uncleaved in APCs, and are
therefore larger antigens (Beckman et al., 1996, Cheng et al., 2006). Their acyl lipid
chains are buried deep within the CD1 antigen-binding grooves and the headgroups of
these antigens protrude to be presented to T cells. The larger antigen-binding groove of
CDI1b makes it suited to present large lipid antigens, such as those from mycobacteria
(Gadola et al., 2002). Mycobacterial mycolates that act as CD1b antigens, such as glucose
monomycolate (GMM), glycerol monomycolate, and mycolic acid, have a longer carbon
chain length (C70-80) compared to other mycobacterial membrane lipids (Batuwangala
et al., 2004, Beckman et al., 1994, Garcia-Alles et al., 2011, Moody et al., 1997, Layre et
al., 2009, Guiard et al., 2009). CD1b is loaded with self-lipids during folding in the ER,
and these pre-bound self-lipids are unloaded in the acidic environment of lysosomes in
favour of exogenous lipid antigens (Relloso et al., 2008). CD1b-autoreactive T cell
populations are rarely observed (de Lalla et al., 2011), possibly given that CD1b is more
geared towards presenting larger, non-self-lipids instead. On the other hand, CDlc
present self-lipids such as methyl-lysophosphatidic acids (mLPAs), which accumulate in
leukemia (Lepore et al., 2014) in addition to mycoketides from pathogenic mycobacteria
(Matsunaga et al., 2004, Moody et al., 2000). The contribution of lipid-reactive T cells in

immunity against mycobacteria will be further discussed later in this chapter.

The diverse array of lipid antigens presented by CD1 molecules allows lipid-reactive T
cells to mediate a wide range of immunological outcomes, particularly in infection,
cancer, autoimmunity, and other diseases. For this reason, the manipulation of lipid-
reactive T cells with specific lipid antigens is attractive as a potential immunotherapy

strategy.
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1.3.2 Recognition of CD1 antigens

Accumulating evidence suggests multiple mechanisms that CD1-restricted TCRs use to
interact with CD1-lipid complexes. Three models of antigen recognition have been
proposed by Branch Moody and colleagues (Moody and Suliman, 2017):

e Head group discrimination: the recognition of lipid antigen head groups involves
high specificity for both the lipid and CD1 molecule, such as in the case of CD1b-
GMM and CD1d-a-GalCer recognition (Borg et al., 2007, Gras et al., 2016). In
both these cases, the head group protrudes above A’-roof of the CD1 molecule,
such that the CDR loops of the TCR can interact with both the lipid head group
and CD1. This model would likely suit the recognition of CD1a-DDM, however
the molecular interactions between CD1a-DDM and a DDM-specific TCR have
yet to be determined using structural studies of a ternary complex.

e Absence of interference: When the lipid antigen is buried within the hydrophobic
antigen-binding cleft without a head group protruding above the A’-roof, TCRs
are able to interact directly with the CD1 molecule. This is seen in the case of
CD1la-autoreactive TCR clone, BK6, which can only recognise small, headless
lipid antigens while large headgroups, such as that of sphingomyelin, protrude
and block TCR contact with CD1a and the epitope (Birkinshaw et al., 2015).

e (DI remodelling: the capture of certain lipid antigens induces a conformational
change in the CD1 molecules, including remodelling of the TCR binding epitopes,
and it is these changes that are recognised by TCRs. Examples include the
structural reorganisation exhibited by CDlc when it captures rigid C12-18
cholesteryl esters (Mansour et al., 2016). Similar to the absence of interference
model, TCR interaction is primarily with the CD1 molecule itself instead of with

the lipid antigen.

These different mechanisms of lipid antigen recognition could explain the large number
of both self- and non-self-lipid antigens that are known to activate CD1a-restricted T cells
and how autoreactivity may occur. Studies of the interaction between the CD1a-restricted
TCR, BK6, and its cognate antigens (i.e., endogenous lipids such as LPC) have revealed
that CDRs primarily interact with the CD1a surface, specifically over the A’-roof where
the bound ligand is not exposed (Zajonc et al., 2005b, Birkinshaw et al., 2015). Small
lipids are only exposed in the F-pocket, towards the C-terminal end of the al helix, while

larger lipids have exposed, lipophilic head groups that can disrupt the A’-roof (Zajonc et
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al., 2005b, Zajonc et al., 2003).

Few studies have assessed the structural and molecular interactions between CDla-
restricted TCRs and antigens, and only one as a ternary complex with TCR:CD1a-lipid.
Furthermore, this particular study used an autoreactive TCR that bound CD1a with the
absence of interference model, which would not suit DDM and other potent antigens
(Birkinshaw et al., 2015). There is therefore a great need to further assess whether
different CD1a-restricted TCRs adopt similar or distinct docking modes to interact with
CDla-lipid complexes. CD1a-restricted T cells may interact with foreign lipids that tend
to have larger head groups in a different manner, which could be important in the context

of infection and allergy.

1.3.3 CD1-restricted TCR diversity

Most studies of CD1-restricted T cells to date have focused on semi-invariant, type | NKT
cells. In humans, their TCR contains an invariant Vo24-Jal8 TCR a-chain and a limited
set of VB11" TCR-B chains, only differing in the CDR3p loop (Dellabona et al., 1994,
Lantz and Bendelac, 1994, Porcelli et al., 1993). The invariant TCR a-chain is, in part,
one of the reasons that type I NKT cells have been more widely studied than other CD1-
restricted T cells; monoclonal antibodies (mAbs) can be used to target Va24, Ja 18, VP11,
or the invariant CDR3a loop (Exley et al., 2008, Gansuvd et al., 2003, Montoya et al.,
2007). It is important to note that some human a-GalCer-reactive NKT cells do not
express the semi-invariant TCR, including novel populations that express yd-TCRs,
hybrid o/af-TCRs, and afj-TCRs with different chain pairings (Uldrich et al., 2013, Le
Nours et al., 2016, Pellicci et al., 2014).

The TCR repertoire of group 1 CDl-restricted T cells has not been explored as
thoroughly. Evidence so far suggests that, with the exception of type I NKT cells, there
is heterogeneity in the V, D, J gene usage of most lipid-reactive af}-TCRs (Vincent et al.,
2005, Cohen et al., 2009, de Jong et al., 2010, de Lalla et al., 2011, Grant et al., 1999). In
addition, some y3-TCRs can recognise CDI-lipid that predominantly express Vol
(Uldrich et al., 2013, Spada et al., 2000, Faure et al., 1990, Bai et al., 2012, Zajonc and
Girardi, 2014). TCR diversity among group 1 CDIl-reactive T cells may permit the
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recognition of a vast range of lipid antigens presented in the context of different CDI
isoforms, however, patterns of TCR bias are even emerging within populations of T cells

that recognise specific lipid antigens.

For example, two classes of CD1b-restricted T cells that exhibit specificity towards a
mycobacterial lipid (GMM), broadly termed LDNS5-like T cells and germline-encoded
mycolyl lipid-reactive (GEM) T cells, have been found to express biased TCRs with
TRAV17 and TRBV4-1, or a semi-invariant TCR a-chain comprised of TRAV1-2 and
TRAJ9 respectively (Van Rhijn et al.,, 2014, Van Rhijn et al., 2013a). In addition,
mycobacterial phosphomycoketide (PM)-specific CDlc-restricted af-and y3-TCRs
incorporate TRBV7-9 with diverse CDR3 loop sequences, or V51 respectively (Roy et
al., 2014, Roy et al., 2016). To date, studies of CD1a-restricted T cells have been limited
to few T cell clones and appear to be diverse in humans with no categories existing based
on TCR repertoire or antigen recognition. An analysis of skin-infiltrating T cells during
CDla-mediated contact dermatitis in CDla-transgenic mice exhibited a substantial
increase in T cells that expressed VP2 (7rbvi) or VB4 (Trbv2) (Kim et al., 2016). These
patterns and biases of particular variable TCR genes for antigen-specific CD1-restricted
T cells opens up the possibility of biases among CDla-restricted TCRs that remain

unknown, especially within antigen-specific groups.

1.4 Role of CD1-restricted T cells in health and disease

There is a wealth of data on the role of NKT cells in the immune system, mostly focusing
on type I NKT cells. Studies of Ja187- and CD1d”- mouse models, which lack type I NKT
cells and all NKT cells respectively, have implicated NKT cells in a broad range of
immune responses and diseases (Bae et al., 2019, van Puijvelde and Kuiper, 2017, Wu
and Van Kaer, 2009). Building on these, human studies have revealed fluctuating patterns
in NKT cell frequency in the context of disease (Nair and Dhodapkar, 2017, Simoni et
al., 2013). The development of CD1d-a-GalCer tetramers propelled the ability to study
type I NKT cells in mice and humans (Benlagha et al., 2000, Matsuda et al., 2000),
providing a deeper understanding of their role in the immune system, especially in

disease. Studies of group 1 CD1-restricted T cells in disease have progressed to a lesser
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extent due to their absence in mice, however they are increasingly being brought into the

spotlight in both homeostasis and disease pathology.

1.4.1 CD1-restricted T cell frequency

The use of tetramers and cellular assays have enabled the isolation of CD1-restricted T
cells to determine their frequency in blood and other tissues. Type I NKT cells have been
isolated at frequencies of up to 2.34% of total blood T cells using CD1d tetramers loaded
with a-GalCer or 0.776% with a monoclonal antibody targeting the invariable CDR3f3
loop (Bienemann et al., 2011, Gumperz et al., 2002). Given the lack of distinct TCR
sequence or one uniform and high affinity/highly stimulatory antigen (like a-GalCer) for
the other CD1-restricted T cell subsets, it has been more difficult to determine their

frequencies.

An ex vivo cell-based assay determined that self-reactive CD1-restricted T cells represent
between 1/300 to 1/10 of all circulating lymphocytes (de Lalla et al., 2011). This was
determined in the second of two studies enumerating the frequency of CD1a-autoreactive
T cell populations in human blood, however, there was a discrepancy between the two
studies’ estimates despite both using a single-cell cloning strategy for limiting dilution
assays in which they tested reactivity of individual T cell clones to CD1-expressing APCs
(de Jong et al., 2010, de Lalla et al., 2011). This discrepancy illustrates the fact that a
focus on a limited number of clones cultured in vifro may not provide an accurate
representation of all CD1-restricted T cells in vivo. Furthermore, the detection of CD1-
restricted T cells in these previous studies relied on IFN-y secretion as a measurement of
reactivity, yet CD1-restricted T cells may be heterogeneous in their effector functions and
thus produce a wide array of different cytokines upon stimulation, and not necessarily
IFN-y (Li et al., 2011a). Assays detecting secretion of certain cytokines may therefore
underestimate the frequency of CDl-restricted T cells. In addition, the discrepancy
between frequency estimates may also stem from the use of different CD1-transfected
cell lines — C1R cells (de Lalla et al., 2011) and K562 cells (de Jong et al., 2010) — which
likely have different lipidomes, thereby influencing the range of endogenous lipid
antigens captured by CD1 within these APCs. Like studies of CD1b-, CD1c- and CD1d-

restricted T cells, tetramers could be employed to determine the frequencies of CD1-
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restricted T cell population directly ex vivo, especially those populations that exhibit

specificity for exogenous lipid antigens.

1.4.2 CD1-restricted T cell effector functions

As part of the adaptive arm of the immune system, conventional T cells typically require
several days to acquire their effector functions. Upon activation, they clonally expand,
differentiate into effector cells and then migrate to sites of infection to participate in the
immune response — a process that takes days (Pennock et al., 2013). In contrast,
unconventional T cells appear to act at the junction of the innate and adaptive immune
systems and are hence regarded as “innate-like” (Pereira and Macedo, 2016, Kronenberg
and Kinjo, 2009). Type I NKT cells, for example, are capable of immediately responding
to activation by producing large quantities of cytokines or directly killing target cells
within minutes to hours, thereby having a major impact on immune responses early on
(Rossjohn et al., 2012, Crowe et al., 2003). This rapid gaining of effector function is
analogous to that of memory T cells, which immediately respond to antigen engagement
(van Der Vliet et al., 2000). Accordingly, type I NKT cells express high levels of the
memory marker CD45RO, and activation marker CD28 upon maturation and egress from
the thymus, while conventional T cells only upregulate expression of these markers upon
antigen encounter (Sandberg et al., 2004). Unlike type I NKT cells, group 1 CDI-
restricted T cells appear to be spread across the naive and effector/memory compartments
as determined by their expression of CD45RA and CD45RO respectively, at least when
studied in vitro (de Lalla et al., 2011).

The diversity of cytokines and chemokines produced by CD1-restricted T cells confers
them with important roles in the immune response. In mice, NKT cells are known to
differentiate into multiple effector subsets defined primarily by their expression of
transcription factors and cytokines: NKT1, NKT2, NKT17, NKT10 and NKTrx cells,
each of which is enriched in distinct tissues (Crosby and Kronenberg, 2018, Pellicci et
al., 2020). NKT1 cells are similar to Tul cells in that they express high amounts of
transcription factor T-bet, secrete IFN-y upon activation and are cytotoxic, but also
secrete IL-4, thus distinguishing them from conventional Ty1 cells (Georgiev et al., 2016,
Lee et al., 2013, Lee et al., 2016, Engel et al., 2016). NKT2 cells express high levels of

transcription factor PLZF and resemble Tx2 cells in their secretion of type 2 cytokines IL-

19



4, IL-5 and IL-13 (Georgiev et al., 2016, Lee et al., 2013, Lee et al., 2016, Engel et al.,
2016). NKT17 cells are RORyt" and PLZF™, and produce GM-CSF, IL-17 and IL-22
upon activation (Georgiev et al., 2016, Lee et al., 2013, Lee et al., 2016, Engel et al.,
2016). NKT10 cells play a regulatory role by secreting IL-10 and IL-2 (Sag et al., 2014),
while NKTrx cells express germinal centre marker, BCL-6, and provide cognate help to
antigen-specific B cells (Chang et al., 2011). Accordingly, NKT cells can have a
multitude of functions that resemble peptide-reactive helper T cells with an overlap of
cytokines produced by each subset, although it is important to note that most knowledge

of NKT effector subsets stems from studies of mice, not of human NKT cells.

From what is currently understood, group 1 CD]1-restricted T cells appear to be less
innate-like compared to NKT cells. Upon in vitro activation, CD1-autoreactive T cells
exhibit a Th0 or Tnl phenotype and produce large quantities of IFN-y and TNF (de Lalla
etal., 2011). Additionally, CD1a-autoreactive T cells have produced IL-22, IL-2 and IFN-
vy in response to stimulation, similar to Th22 cells (de Jong et al., 2010). In combination
with expression of the skin-homing marker cutaneous lymphocyte-associated antigen
(CLA), the production of IL-22 is indicative of a role of CD1a-restricted T cells in host
defence and tissue repair in the skin (de Jong et al., 2010), however these functional
studies have been limited to in vitro-cultured CD1-autoreactive T cell clones, and may
not be reflective of their roles in situ. Group 1 CD]1-restricted T cells have mostly been
studied in the context of self-reactivity rather than stimulation by exogenous lipid
antigens, and therefore their full range of effector functions may be unappreciated.
Further studies are needed to validate these findings and assess the activity of CDI-

restricted T cells in vivo.

1.4.3 CD1-restricted T cells in infection

NKT cell activity may either promote or inhibit immune responses to many different
microbial pathogens, including viruses, bacteria, fungi and protozoa (reviewed in (Torina
et al., 2018, Rossjohn et al., 2012)). These responses to infection occur either via
recognition of infection-induced self-antigens or lipids produced directly by the
infectious agent (Mattner et al., 2005, Zeissig et al., 2012), or by TCR-independent
activation with IL-18 and IL-12, which are often produced in response to PRR sensing

(Brigl et al., 2003, Holzapfel et al., 2014, Zeissig et al., 2012). This innate-like, cytokine-
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driven activation of type I NKT cells has been observed in bacterial infections and viral
infections alike (Tohn et al., 2011, Wesley et al., 2008), and it is unknown whether this

also occurs for other CD1-restricted T cells.

Many bacteria utilise glycolipid synthesis pathways that can produce agonists for NKT
cells and contain cell wall antigens that have similar chemical structures to that of a-
GalCer (Kinjo et al., 2005). For example, Borrelia burgdorferi, the causative agent of
Lyme disease, produces glycosylated diacylglycerol (DAG), which acts as a weak agonist
for type I NKT cells, driving CD1-dependent responses that are required for infection
clearance (Olson et al., 2009). Similarly, a lipopeptidophosphoglycan derived from
Entamoeba hystolitica activates type I NKT cells, which, again, are necessary for

effective clearance (Ito et al., 2013).

NKT cells are recruited and respond to microbial pathogens via a number of pathways,
depending on the pathogen. The identification of further lipid-based ligands that elicit T
cell responses will provide valuable insight into the role that other CD1-restricted T cells

subsets play during infection and how they can be manipulated.

Mpycobacteria

While there is little evidence of group 1 CDI1-restricted T cells playing roles in infection
to a diverse range of pathogens, they have had well-studied relationships with
mycobacterial lipids. NKT cells, however, do not appear to play a protective role in
mycobacterial immunity. Rather, CD1d-deficient mice do not have significantly different
TB susceptibility compared to control mice, and a single nucleotide polymorphism (SNP)
in the CDID gene (rs859009) significantly decreased pulmonary TB risk an Iranian
cohort, rather than being seemingly necessarily for effective immunity (Behar et al., 1999,

Taheri et al., 2019).

Mycobacteria species contain unique, lipid-rich cell walls, with lipids comprising 30-60%
of their dry weight (Brennan and Goren, 1979, Daffe and Draper, 1998). A large number
of lipid antigens derived from mycobacteria are known potent agonists for CD1-restricted
T cells (Van Rhijn et al., 2013b). Interestingly, Mtb or its cell wall lipids induce group 1
CDI (but not CD1d) expression through TLR-2 signalling, further supporting the idea of
cross-talk between the innate and adaptive immune systems via CDIld-dependent

responses (Roura-Mir et al., 2005b).
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As previously discussed in Section 1.3.1, various lipid components of mycobacterial cell
walls are presented by group 1 CD1 molecules. Of particular interest are: DDM presented
by CD1a (Moody et al., 2004); mycobacterial mycolates, such as GMM and mycolic acid,
which are presented by CD1b (Batuwangala et al., 2004, Beckman et al., 1994, Garcia-
Alles et al., 2011, Moody et al., 1997, Layre et al., 2009, Guiard et al., 2009); and
mycoketides such as mannosyl-f1-phosphomycoketide (MPM) and PM presented by
CDlc (Ly et al., 2013, Matsunaga et al., 2004, Moody et al., 2000, de Jong et al., 2007).
Mycolic acids, for example, are the hallmark of the cell envelope of Mtb and related
species and genera (Daffe and Draper, 1998), raising the question of whether recognition
of mycobacterial lipids by CD1-restricted T cells may be protective against infection by

multiple mycobacterial species.

Immunisation of guinea pigs with BCG or lipid extracts from Mtb stimulates strong
proliferative and cytolytic responses from CD1b- and CDI1c-restricted T cells, indicating
that they are involved in the response and may play a role in protection (Dascher et al.,
2003, Hiromatsu et al., 2002, Watanabe et al., 2006). GMM, for example, is the
immunodominant lipid in the response against M.avium paratuberculosis, which causes
paratuberculosis in animals (Van Rhijn et al.,, 2009). This suggests that GMM in
combination with other mycobacterial lipids may be able to generate cellular responses
that target antigens from Mtb and related bacteria. Immunisation of cows with GMM
alone resulted in CD1b-restricted T cell responses and the formation of memory T cells,
albeit these T cell responses were weak and no B cell response was detected, further
supporting the importance of T cell recognition (Nguyen et al., 2011, Nguyen et al.,
2009). In addition, MPM is a potent agonist for CD1c-restricted T cells and is produced
by pathogenic mycobacteria, including M.avium, M.bovis (BCG), and Mtb (Moody et al.,
2000, Matsunaga et al., 2004). A role for CDl1c-restricted T cells in Mtb immunity was
first demonstrated by the isolation of T cell clones that respond to CD1c antigens from
individuals who documented positive tuberculin (PPD) but were not found in naive
individuals (Moody et al., 2000). Populations of CD1c-restricted T cells that recognise
mycoketides, such as mannosyl-phosphodolichols, have since been observed in Mtb-

infected patients in larger numbers compared to healthy controls (Moody et al., 2000).

Group 1 CDl1-restricted T cells have shown strong proliferative and cytolytic responses

in response to mycobacterial lipids, however studies demonstrating this have largely used
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lipid antigen-pulsed DCs or CD1-expressing transfectant cell lines in vitro rather than
showing what they do in situ (Gilleron et al., 2004, Ulrichs et al., 2003). Human T cell
clones have demonstrated cytolytic responses to mycobacterial lipids in vitro (Beckman
et al., 1996, Hiromatsu et al., 2002, Kawashima et al., 2003, Ulrichs et al., 2003,
Watanabe et al., 2006). Cytotoxic activity was demonstrated ex vivo by effector T cells
isolated from guinea pigs immunised with Mtb lipid antigens against DCs pulsed with the
same lipids (Hiromatsu et al., 2002). Although, some of these T cell clones exhibited
cytotoxicity towards CDI* cells even in the absence of mycobacterial antigens,
suggesting a level of CD1-autoreactivity that must also be taken into account when
determining the role of CD1-restricted T cells in mycobacterial infection (Beckman et al.,
1996, Bendelac et al., 1995, Porcelli et al., 1989, Vincent et al., 2002, Balk et al., 1991,
Sieling et al., 2000). Furthermore, the proliferation and IFN-y production by circulating
lipid-reactive T cells of individuals with latent tuberculosis infection (LTBI) is greater
than those from uninfected healthy donors, and lipid-antigen-specific responses are
detectable in patients with active TB at the start of treatment (Ulrichs et al., 2003),

suggesting that T cells are involved in the immune response.

Compared to other group 1 CD1-restricted T cells, fewer studies have examined the anti-
mycobacterial responses of CD1a-restricted T cells. However, the importance of CDla
in Mtb immunity was highlighted by the identification of CD/4 polymorphisms that are
associated with greater TB susceptibility (Seshadri et al., 2014). Seshadri and colleagues
identified two SNPs associated with TB in cohorts of Vietnamese adults: an intronic SNP
(rs411089) associated with greater risk of pulmonary and meningeal TB, and another in
the regulatory region (rs366316) that was only associated with pulmonary TB in one
cohort tested (Seshadri et al., 2014). Both SNPs likely influence CDla expression
independently of each other, leading to a CD1a deficiency in monocyte-derived DCs and
thus impaired ability to present lipid antigens to T cells (Seshadri et al., 2013, Seshadri et
al., 2014). A subsequent study of an Iranian cohort also found that rs411089 was
associated with pulmonary TB, while rs366316 was not (Taheri et al., 2019). These
inconsistencies may reflect differences between cohorts and populations, and the
association of polymorphisms in CD/ genes and disease susceptibility therefore warrants

further investigation in larger cohorts with different ethnicities and genetic backgrounds.
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Further evidence to support an anti-mycobacterial role for CD1-restricted T cells is that
DCs that migrate to sites of cutaneous M./eprae infection express CD1a, CD1b, and CDlc
(Sieling et al., 1999). These CD1* DCs in dermal granulomas were highly efficient APCs
for group 1 CD1-restricted T cells in vitro, and group 1 CD1 expression in leprosy lesions
correlated with effective immunity, suggesting that CD1-restricted T cell responses play
a role in host defence against M.leprae (Sieling et al., 1999). Another study isolated
CDla-restricted T cells that respond to M. leprae lipids presented by CD1la" LCs from
lesional skin of a M. leprae patient (Hunger et al., 2004). Additionally, CDla is
upregulated in bronchoalveolar lavage DCs of TB patients (Buettner et al., 2005), and its
expression by monocytes is induced by Mtb infection and/or the presence of Mtb cell

wall lipids in vitro (Roura-Mir et al., 2005b).

These data suggest that CDla-restricted T cells play a role in surveillance against
mycobacterial infection, however further studies of mycobacterial lipid-reactive CD1a-
restricted T cells that assess their activity directly ex vivo or in animal models are required

to determine their protective capabilities in TB to support in vitro assays.

1.4.4 CD1-restricted T cells in cancer

There is growing evidence of CD1-restricted T cells playing a role in tumour surveillance.
The potent type I NKT cell agonist, a-GalCer, has demonstrated potent anti-tumour
properties (Kawano et al., 1997, Kobayashi et al., 1995, Macho-Fernandez et al., 2014,
Morita et al., 1995). It has since been used in over 30 anti-tumour clinical trials to exploit
the immunomodulatory functions of NKT cells with variable outcomes (reviewed in
Zhang et al., 2019). For example, clinical trials using a-GalCer-pulsed DCs in cancer
immunotherapy have been successful in small lung cell cancers by engaging type I NKT
cells to mediate crosstalk between the adaptive and innate immune responses (Fujii et al.,
2013). A synthetic aminocyclitolic ceramide analogue of a-GalCer, HS44, has also shown
promise for clinical therapies as it has fewer TCR contacts, thereby avoiding unrestrained
type INKT cell activation (i.e., cytokine storm) (Kerzerho et al., 2012). There is therefore
great potential for a-GalCer and other analogues to be used in cancer immunotherapy to

stimulate type I NKT cells (Zhang et al., 2019).

Studies have demonstrated a protective role for NKT cells in tumour surveillance, mostly

through the production of Thl cytokines and recruitment of other cytolytic cell
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populations (Terabe and Berzofsky, 2008). Upon stimulation with a-GalCer in
combination with IL-12 and IL-18, they contribute to tumour protection by secreting large
quantities of IFN-y and cross-activating NK cells and CD8" T cells (Kitamura et al., 1999,
Smyth et al., 2002, Crowe et al., 2002). They also indirectly enhance tumour immunity
by modulating the effects of immunosuppressive cells, such as regulatory T (Treg) cells,
myeloid-derived suppressor cells, and suppressive IL-10-producing neutrophils (De
Santo et al., 2010, De Santo et al., 2008, Venken et al., 2013, Venken et al., 2014). In
addition, lysophospholipids associated with inflammation are presented to type II NKT
cells in multiple myeloma patients (Chang et al., 2008), while type I NKT cell frequencies
are reduced and anti-tumour effects are hampered, and stimulation with a-GalCer can

reverse this, as reviewed in (Favreau et al., 2016).

Group 1 CDI1 and their lipid-reactive T cell counterparts have also been implicated in
tumour immunology. All four CD1 molecules are expressed by malignant cells in blood
and bone marrow samples from acute myeloid leukemia, B-acute lymphoblastic leukemia
and T-acute lymphoblastic leukemia patients to varying degrees (Lepore et al., 2014).
Evidence also supports a role for CDlc-restricted T cells in tumour surveillance and
protection against leukemia via the recognition of specific lipids, such as methyl-
lysophosphatidic acids (mPLAs) (Porcelli et al., 1989, Lepore et al., 2014). Self-reactive
CDlc-restricted T cells recognise and lyse acute leukemia cells presenting mLPA, which
typically accumulates in primary leukemia blasts, and appear to be protective ex vivo and
in a human leukemia xenograft mouse model (Lepore et al., 2014). The expansion of
mLPA-specific leukemia-reactive T cells isolated from patients therefore shows promise
as an immunotherapy to augment antitumour responses by targeting this tumour-

associated lipid (Lepore et al., 2014, Lepore et al., 2015).

CDla-restricted T cells have not yet been observed in cancers themselves, but expression
of CDla by cells within the tumour microenvironment is associated with protection in
some tumour types, potentially due to the presentation of tumour-specific glycolipids
(Coventry and Heinzel, 2004). For example, the leukemia-like disease Langerhans cell
histiocytosis (LCH) is characterised by inflammatory lesions containing pathogenic
CDla" CD207" DCs (Geissmann et al., 2001, West et al., 2014, Chikwava and Jaffe,
2004). In addition, although CD1a is not typically expressed by circulating T cells as it is
downregulated following thymocyte maturation (Sotzik et al., 1993, Res et al., 1997), its
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expression can be triggered under certain conditions including cancers. Polyclonal
populations of CDla" T cells have been identified in LCH lesions that are absent in
peripheral blood, expressing NK/NKT cell markers, CD16 and CD56, suggestive of an
innate-like phenotype (West et al., 2014). Cortical T cells exhibit higher CD1a expression
in pre-lymphoblastic lymphomas and leukemias profiles (especially cortical T-ALL), and
infiltrating CD3+/TdT+/CD1a+ T cells have been observed in follicular dendritic cell
sarcomas, demonstrating that immature CDla+ T cell infiltration is associated with
particular cancers (Kim et al., 2010, Cortelazzo et al., 2011, Craig and Foon, 2008, Han
and Bueso-Ramos, 2007). CD1a-restricted T cells may therefore play a role in tumour
surveillance and anti-tumour activity by responding to tumour-specific lipids or increased
levels of CDla. The development of a method to study these T cells in tumour tissues

would aid the study of them in the context of cancer.

1.4.5 CD1-restricted T cells in autoimmunity

Many inflammatory and autoimmune conditions alter lipid profiles, and therefore CD1-
restricted T cells may respond to changes in lipid levels under these conditions. Levels of
lysophospholipids that are presented by CDI1d, such as LPC, are elevated in multiple
myeloma, asthma, allergic and autoimmune inflammation, and are also a major
constituent of oxidised low-density lipoprotein (LDL) in atherosclerotic plaques (Mehta
et al., 1990, Mills and Moolenaar, 2003, Okita et al., 1997, Sasagawa et al., 1999),

suggesting a role for NKT cells in chronic inflammatory states.

Given the ability of NKT cells to recognise autoantigens, they have been studied in a
variety of autoimmune diseases. Reduced circulating type I NKT cell frequencies have
been observed in conjunction with an increase at the site of inflammation in several
autoimmune or inflammatory conditions, suggesting that they traffic to the site of
inflammation and play a role in disease (Torina et al., 2018). Their number and function
appear altered in autoimmune conditions, such as type 1 diabetes, arthritis and systemic
lupus erythematosus (SLE) (reviewed in (Wu and Van Kaer, 2009)). However, seemingly
conflicting results have been observed in mouse models and human patients, sometimes
dependent on the genetic background of the mouse or stage of disease, thereby
complicating our understanding of NKT cells in autoimmunity (Subleski et al., 2011). In

addition, some studies of autoimmune conditions, such as rheumatoid arthritis, have also
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suggested opposing roles for NKT cell subsets in disease pathogenesis that may stem
from the functional differences between type I and type II NKT cells, which appear to be
pathogenic and protective respectively (Subleski et al., 2011).

Torina and colleagues proposed a model of time-dependent activation influencing
whether NKT cells are pathogenic or protective. They suggest that short exposure (2-4
hours) to ligands shifts the balance towards the production of anti-inflammatory
molecules, such as IL-10, while NKT cells that are exposed to their ligands for longer
periods of time secrete pro-inflammatory cytokines such as IFN-y (Torina et al., 2018).
This is supported by the induction of a tolerogenic state in type I NKT cells in
autoimmune experimental lupus and type I diabetes models following short-term in vivo
activation with a-GalCer (Yang et al., 2012, Tohn et al., 2011). The stage of disease may
also influence type I NKT cell function. They are believed to protect against the
development of type 1 diabetes, as their number and function are reduced in patients and
non-obese diabetic (NOD) mice, while adoptive transfer, a-GalCer stimulation, or CD1d
overexpression prevents diabetes progression (Tard et al., 2015, Van Kaer and Wu, 2018).
However, type I NKT cells appear to enhance pathogenesis mediated by diabetogenic
CD8" T cells once they emerge and begin to target pancreatic B-islet cells (Griseri et al.,

2005).

Given the abundance of lipids in the central nervous system (CNS) (Hirabayashi, 2012),
it would be reasonable to assume that lipid-reactive T cells might play a role in
neuroinflammatory diseases. The CNS was historically regarded as immune-privileged
as it was thought that immune cells could not pass the blood-brain barrier. Cumulative
evidence, however, suggests that recruitment of immune cells and neuroinflammation do

occur in neurological diseases (Cui and Wan, 2019, Fung et al., 2017, Skaper et al., 2018).

MS is an autoimmune disorder in which T cells mediate demyelination of CNS neurons
(Goverman, 2009). The myelin sheath of neurons is composed largely of lipids (70-85%
of myelin’s dry weight) (Fewou et al., 2009) and so it may contain lipids that are antigens
for lipid-reactive T cells. T cell clones isolated from multiple sclerosis (MS) patients were
observed to recognise self-GSL (sulfatides and gangliosides) (De Libero and Mori, 2003,
Shamshiev et al., 1999, Shamshiev et al., 2000). Sulfatides derived from myelin can be
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carried by apolipoprotein E in cerebrospinal fluid to be captured by APCs and activate

type I NKT cells, resulting in auto-reactivity (Stax et al., 2017).

There have been numerous studies assessing NKT cell frequency in MS, with some
reporting a decrease (Demoulins et al., 2003, Illes et al., 2000, van der Vliet et al., 2001),
others reporting an increase (O'Keeffe et al., 2008, Gigli et al., 2007), and another not
observing any difference (Gausling et al., 2001). Again, these conflicting findings may
result from studying different forms or stages of disease, or may reflect the various
methods used to identify type I NKT cells (i.e. single-stranded conformation
polymorphism of TCR chains (Illes et al., 2000), mRNA analysis with Va24 and Jal8
specific probes (Demoulins et al., 2003), or flow cytometry with TCR antibodies and/or
tetramers (O'Keeffe et al., 2008, van der Vliet et al., 2001, Gigli et al., 2007)). Type I
NKT cell function appears to be impaired in MS patients (O'Keeffe et al., 2008), and this
hypo-responsiveness is restored in patients on type 1 interferon-f therapy, which
upregulates CD1d and co-stimulatory molecule (CD28 and CD40) expression on DCs
(Gigli et al., 2007). Following ex vivo stimulation, patient type I NKT cells secrete large
quantities of Th2 cytokines (and IL-10 to a lesser extent), which complements the
observation of protective Th2 responses in MS-like experimental autoimmune
encephamyelitis (EAE) in mouse models following type I NKT cell stimulation (Jahng et
al., 2001, Miyamoto et al., 2001). In addition, type II NKT cells have also been shown to
react to sulfatides that are abundant in myelin sheaths, and also may play an
immunomodulatory role by suppressing pathogenic T cells that react to myelin
oligodendrocyte glycoprotein in the CNS (Jahng et al., 2004). These studies reveal a role
for NKT cells in the progression of neurodegenerative disease (reviewed in (Van Kaer et
al., 2015b)), and collectively raise the question of whether other CD1-restricted T cell
subsets may also play a role, especially given that some lipid antigens (including
sulfatides) can be presented by all CD1 molecules (Shamshiev et al., 2002). While there
have not yet been any direct studies of this, it does warrant further investigation.
Additionally, according to the Human Protein Atlas, cells in the hippocampus, caudate,
cerebral cortex and cerebellum — purkinje cells in particular — express CD1a and therefore
may present lipid antigens specific to the CNS (Uhlen et al, 2015)
(https://www.proteinatlas.org/ENSG00000158477-CD1A/tissue/primary+data).
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Taken together, the aberrant frequency and/or function of NKT cells in autoimmune
inflammatory diseases suggest that they play a role in the disease pathology. Type I NKT
cells appear to be either protective or pathogenic depending on the autoimmune condition,
stage of disease and immune microenvironment, and can play an opposing role to type II
NKT cells. Group 1 CDI-restricted T cell subsets may also play a role in these diseases
by promoting crosstalk between the innate and adaptive immune systems and/or by

recognition of autoantigens presented by CD1.

Given that CD1a-restricted T cells have demonstrated autoreactivity to CD1a presenting
self-lipids (de Jong et al., 2014, Vincent et al., 2005), CD1a may also be involved in
autoimmune diseases. CD1a-expressing APCs and CD1a-restricted T cells infiltrate sites
of autoimmune disease and can induce T cell cytotoxicity in the thyroid in Graves’
Disease and thyroiditis (Roura-Mir et al., 2005a). Furthermore, there have been numerous
studies associating CD1a-reactive T cells with atherosclerotic inflammation, due to CD1a
expression by macrophage foam cells and DCs in atherosclerotic lesions leading to T cell
responses (Melian et al., 1999, Bobryshev et al., 1996). The lipid triacylglycerol (TAG),
in particular, is a risk factor for atherosclerosis and coronary heart disease (Hokanson and
Austin, 1996, Sarwar et al., 2007, Schulte et al., 1999) and is presented by CD1a (de Jong
et al., 2014), perhaps contributing to pathology. In addition, in vitro assays have allowed
the identification of other CDla autoantigens, including skin-specific oils such as
squalene, sphingolipid ligands, and phosphatidic acid-containing compounds (de Jong et
al., 2014), which leads to the question of whether CD1a-restricted T cells can recognise

skin lipids and what maintains tolerance under normal conditions.

1.4.6 CD1a-restricted T cells in skin immunity and allergy

Skin is one of the first barriers that microorganisms must breach to establish an infection.
It comprises of a network of innate and adaptive immune cells that form a strong barrier
to deter pathogens while maintaining healthy microbiota. Under steady-state conditions,
CDla is abundantly expressed by LCs and dermal DCs (Boltjes and van Wijk, 2014,
Mizumoto and Takashima, 2004). Additionally, CD1a-autoreactive T cells isolated by de
Jong and colleagues expressed high levels of the skin-homing marker cutaneous

leukocyte antigen (CLA), and produced IL-22, which is typically an indicator of CD4" T
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cells that express skin homing receptors (de Jong et al., 2010, Cotton et al., 2021, Duhen
et al., 2009, Trifari et al., 2009). Together, these are suggestive of an important role for

CDla-restricted T cells in skin homeostasis and barrier protection.

CDla expression by epidermal and/or dermal DCs increases as part of
lymphoproliferative skin conditions, such as T cutaneous lymphoid hyperplasia,
lymphomatoid papulosis, parapsoriasis and mycosis fungoides, the most common form
of cutaneous T cell lymphoma (Pigozzi et al., 2006). CD1a* LCs and CD1a" dermal DCs
are also abundant in contact dermatitis, atopic dermatitis (AD), psoriasis, and lichen
planus, with CD1c¢" dermal DCs also having been observed in contact dermatitis (Pigozzi
et al., 2006, Deguchi et al., 2002, Kim et al., 2016, Bangert et al., 2003, Scibior et al.,
2019, Wollenberg et al., 1996). In addition, CDla" dermal LCs facilitate Tul7 cell-
mediated inflammation in a CDla transgenic mouse model of contact dermatitis when
the skin touches poison ivy, characterised by an infiltration of inflammatory granulocytes
and IL-17-producing CD4" T cells (Kim et al., 2016). The dominant immunogen in
poison ivy and poison oak that causes this response is urushiol C15:2, which alone, was
sufficient to induce a Tul7 cell response, partially mediated by CDla-restricted T cells
in CD1a-transgenic mice (Kim et al., 2016).

Recent studies have also demonstrated a role for CD1a-restricted T cells themselves in
allergy-associated inflammation. Phospholipases present in common allergens such as
house dust mite (HDM), and bee and wasp venom, break down self-lipids in the skin to
generate free fatty acids and lysophospholipids that can be presented to (and activate)
CDla-restricted T cells as neoantigens (Bourgeois et al., 2015, Jarrett et al., 2016b).
Further evidence supports a role for these cells in allergic dermatitis at an elevated
frequency due to bee and wasp venom- or HDM-responsive T cells in allergic individuals
compared to non-allergic individuals (Subramaniam et al., 2016, Jarrett et al., 2016a),

although it is likely that they are responsive to PLA-generated neoantigens.

Similar neoantigens are also produced by phospholipases released by mast cell exosomes,
contributing to psoriasis pathogenesis (Kim et al., 2016, Cheung et al., 2016). The
discovery of such phospholipases that can generate CDla neoantigens warrants
investigation of whether other skin allergies might be mediated by CDla and CD]la-

restricted T cells, and how this is regulated. In addition, NKT cells, and to a greater extent,
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vo-T cells, infiltrate the dermis 72 hours following positive epicutaneous patch tests and
helper CD3" CD4" cell numbers also increase in both the dermis and epidermis (Bangert
et al., 2003). Given the abundance of inflammatory CD1a- and CD1c-expressing APCs
in contact dermatitis, whether CDI1-restricted T cells also infiltrate warrants further
investigation. Furthermore, benzyl benzoate and benzyl cinnamate, found in balsam of
Peru, a tree oil commonly used in cosmetic products, were recently identified as CDla
antigens that activate CDla-restricted T cell clones in vitro (Nicolai et al., 2020).
Together, these studies strongly support a role for CD1a-restricted T cells in skin disease
and there is great potential to investigate CD1a-restricted T cell responses to other lipids

that cause skin allergy.

1.5 Summary, Hypothesis and Aims

1.5.1 Summary

CDla-restricted T cells — and other unconventional T cells — represent a significant
proportion of the T cell pool. They recognise self-lipids, foreign lipids, and neoantigens
presented by CDl1a, such as the mycobacterial lipid, DDM, cell membrane lipids, and
headless cutaneous oils. Evidence suggests that CD1a-restricted T cells and other group
1 CDl-restricted T cell subsets play important roles during infection (particularly with
mycobacteria), skin allergy, and autoimmunity, however their exact role(s) in the immune
system mostly remain an enigma. Emerging evidence particularly highlights the role of
CDla-restricted T cells in skin inflammation, especially associated with allergic contact
dermatitis and psoriasis, and given the abundance of CD1a-expressing LCs in the skin,
manipulation of these cells may be key to preventing these pathologies. Based on the
wealth of knowledge around type I NKT cell function, the immunomodulatory effects of
a-GalCer and analogues have been exploited for therapeutic purposes. Studies of CD1a-
restricted T cell biology and function in humans and animal models have been limited,
yet the monomorphic nature of CD1a makes it an ideal target in clinical therapies and
vaccinations. These cells have been shown to adopt Thl, Th17, or Th22-like responses
upon activation, however, much of the data on these cells to date is based on few studies
of in vitro cultured cells. By gaining a better understanding of CD1a-restricted T cells,

the TCRs they use and the antigens they respond to, it may be possible to manipulate
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them in infection and also suppress any pathogenic role they may play in allergy and

autoimmune disorders.

1.5.2 Overarching Hypothesis

CDla-restricted T cells represent a functionally unique population of T cells in the human
immune system. Their distinct TCR repertoire and antigen specificity imbues them with
the ability to recognise a broad range of lipid antigens such that they play specialised

roles in infection and inflammatory diseases in humans.

1.5.3 Aims

Aim I — To characterise the phenotype and function of CD1a-restricted T cells

Studies determining the biology and function of CD1a-restricted T cells have largely been
of T cell clones grown in culture for long periods. In this chapter, CD1a tetramers were
used to isolate CDla-restricted T cells from human blood directly ex vivo to provide a
better understanding of how these cells may function in situ. RNA sequencing was also

used to gain insight into their transcriptome and compare them to other T cell subsets.

Aim IT — To characterise TCR diversity and antigen recognition by CD1a-restricted
T cells

The TCR repertoire of CD1a-restricted T cells is thought to be diverse, similar to that of
conventional T cells. However, other CD1-restricted T cell populations were also once
considered diverse in their TCR repertoire before evidence revealed patterns of Va and
VP gene biases among antigen-specific groups. The TCR diversity of CD1a-restricted T
cells that recognise self-lipids or DDM was therefore examined. Furthermore, structural
studies serve as a basis for exploring the key amino acids involved in TCR/CDla
recognition, however only one ternary structure has been solved of an (autoreactive)
CDla-restricted TCR to date. The work presented here aimed to provide insight into the
molecular interactions between TCR/CDla-lipid and determine the breadth of lipid
antigens that can be recognised by CD1a-restricted TCR clones.
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Aim IIT - To develop regents for the isolation and characterisation of macaque CD1-
restricted T cells

The absence of CDla and other group 1 CDI molecules in the murine genome has
precluded the use of mouse models to study group 1 CD1-restricted T cells. Non-human
primates (NHP), such as macaques, have been identified as good models to study lipid-
reactive T cells, as they produce all four CD1 isoforms with high homology to their
human counterparts. However, studies have only focused on type I NKT cells to date,
using a trans-species cross-reactive human CD1d-a-GalCer tetramer while the cross-
reactivity of human and macaque group 1 CD1 remains unexplored. Here, reagents were
developed to study CDl-restricted T cells in pig-tailed macaques as a step towards

studying lipid-reactive T cells in NHP models of health and disease, especially TB.

Aim IV — To determine whether C12-15 alkyl benzoate is an allergen presented to
CD1a-restricted T cells

There is accumulating evidence to suggest a role for CDla-restricted cells in allergic
contact dermatitis and other skin pathologies through the recognition of foreign lipids and
neoantigens. The recognition of an oil called alkyl benzoate, commonly found in skincare
products, by CDla-restricted T cells was investigated to determine whether CD1a may

play a role in mediating allergy to alkyl benzoate-containing products.
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Chapter 2. Material and Methods

Table 2.1. General Reagents

Reagent Manufacturer/Source Catalogue no.
2-log DNA ladder New England BioLabs N3200S
2X PCR master mix Promega M7505
Acetic acid Chem-Supply AA009
Adenosine Triphosphate (ATP) Sigma Aldrich A7699
Agel restriction enzyme New England BioLabs R0052S
Ampicillin Sigma Aldrich A9518
BamHI restriction enzyme New England BioLabs RO136S
Benchmark Protein Ladder Invitrogen 10747012
Bglll restriction enzyme New England BioLabs R0143S
Bicine buffer (NaOH) Sigma Aldrich B8660-100G
BigDye Terminator v3.1 Cycle Sequencing | Applied Biosystems 4337455
Kit
Biotin ligase (BirA) Dr Jie Lin, Department of N/A
Microbiology and Immunology,
University of Melbourne
Boric Acid Chem-Supply BA031-500G
Bovine serum albumin Sigma A7906
Bovine thrombin Sigma Aldrich T4646
Brilliant Blue R 250 Sigma 27816
Bromophenol blue Sigma Aldrich B5525
Chloramphenicol Sigma C0378
Citric acid AnalaR 100813M
Collagenase P from Clostridium Merck COLLP-RO
histolyticum
Compensation Beads Set Anti-Mouse Ig, k | BD Biosciences 552843
Compensation Beads Set Anti- BD Biosciences 552845
Rat/Hamster Ig, K
d-Biotin Sigma Aldrich B4501
Dasatinib Peter MacCallum Cancer Centre | N/A
Dimethyl sulphoxide (DMSO) Sigma D-2650
DMEM Media Gibco 10567014
DNase Roche 10104159001
Dithiothreitol (DTT) Invitrogen RO861
EcoRI restriction enzyme New England BioLabs RO101S
Endoglycosidase H (endo H) New England BioLabs P0702S
Ethanol Chem-Supply EA043-2.5L-J
Ethylenediamine-tetraacetic acid (EDTA) | Ajax AJA180-500G
ExoSAP-IT Affymetrix 78201.1.ML
Fc Block Miltenyi Biotec 130-059-901
Ficoll-Paque PLUS GE Healthcare 17144003
Foetal Calf Serum (FCS) Gibco A31605
Fugene 6 reagent Promega E2691
Glutamax Gibco 35050061
Glycine Chemsupply GA0007
Nickel-nitrilotriacetic acid (Ni-NTA) Thermo Fisher Scientific 88223
agarose resin
Hydrochloric acid Chem-Supply RP1104-P2.5L
Hydrogen peroxide Sigma H1009
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Imidazole Sigma-Aldrich 12399
Kanamycin sulfate Sigma K4000
Kpnl restriction enzyme New England BioLabs RO142S
L-Arginine Sigma A5006-1KG
Luria Agar (LA) plates + 30pg/mL Media Preparation Unit, N/A
kanamycin University of Melbourne
Luria Agar (LA) plates +100pg/mL Media Preparation Unit, N/A
ampicillin University of Melbourne
Luria broth Media Preparation Unit, N/A

University of Melbourne
Magnesium acetate tetrahydrate (MgOAc) | Sigma Aldrich M5661-250g
Magnesium chloride Sigma M8266-100G
Methanol Univar A318
MoBio Ultraclean 15 Kit MoBio 12100-300
Agarose Biorad 1613101EDU
Anti-Mouse Ig,k/Negative Control BD Pharmingen 560497
Compensation Plus Particles Set
N-2-hydroxyethylpiperazine-N-2-ethane Gibco 11344041
sulfonic acid (HEPES)
Ndel restriction enzyme New England BioLabs RO111S
NEBuffer 2.1 (10x) New England BioLabs B7202S
NEBuffer 3.1 (10x) New England BioLabs B7203S
Non-essential amino acids Gibco 11140050
OptiMEM Media Gibco 31985070
Oxidised glutathione Sigma G4376
Paraformaldehyde (PFA) Electron Microscopy Science 50-980-487
Pepstatin A Merck 516481
Phenylmethane sulfonyl fluoride (PMSF) | Sigma P7626
Phosphate buffered saline (PBS) Microbiology and Immunology N/A

Media Preparation Unit
Phytohemagglutinin-P (PHA) Sigma-Aldrich L1668
Polyethylenimine (PEI) Sigma-Aldrich 408727-100ML
Reduced glutathione Sigma C4251
rhIL-15 Peprotech 200-15
rhIL-2 Peprotech 200-02
rhlL-7 eBioscience RIL75
Roswell Park Memorial Institute (RPMI) Gibco 61870036
1640 Media
Sodium acetate (anhydrous) Sigma S2889
Sodium carbonate Chem-Supply 3310
Sodium chloride Chem-Supply SA046
Sodium dodecyl sulfate (SDS) Bio-Rad L5750-500G
Sodium hydrogen carbonate Chem-Supply SA001
Sodium phosphate monobasic Sigma S0751
Sodium pyruvate ThermoFisher 11360070
Sterile water for Irrigation Baxter PSBX401-1
Streptavidin (unconjugated) Sigma-Aldrich 189730
Streptavidin-BV421 BioLegend 405226
Streptavidin-PE BD Biosciences 554061
Streptomycin and penicillin ThermoFisher 15-140-122
SuperScript VILO cDNA Synthesis Kit Invitrogen 11755250

and Master Mix
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SYBER Safe DNA gel stain Invitrogen S33102
T4 ligase and buffer Promega M1801
Tetramethylbenzidine Sigma Aldrich 860336-100MG
Tris(hydroxymethyl)methylamine Chem-Supply T0377
Trypan blue Sigma T8154
Trypsin Media Preparation Unit, N/A
University of Melbourne

Tryptone Oxoid LP0042
Tween20 Sigma P1379-500ML
Urea Univar 817/5KG
Xhol restriction enzyme New England BioLabs R0O146S
Yeast extract Oxoid LP0021B
ZymoPURE Plasmid Gigaprep System kit | Zymogen D4204
ZymoPURE Plasmid Maxiprep System kit | Zymogen D4202
ZymoPURE Plasmid Miniprep System kit | Zymogen D4210
RNase inhibitor Clontech 2313A
dNTP mix (10mM) Promega Ul515
Triton X-100 Sigma-Aldrich X100-500ML
Betaine SM Sigma B0300-1VL
SuperScript II Reverse Transcription Kit Invitrogen 18064-071
Superscript VILO Reverse Transcription Invitrogen 11755250
Kit
KAPA HiFi HotStart ReadyMix Clontech KP-KK2602
ERCC Spike-In Mix ThermoFisher 4456740
Agencourt AM Pure XP Beads Beckman Coulter A63881
Quant-iT PicoGreen dsDNA Assay Kit ThermoFisher P7589
Glutathione (oxidized) Sigma G4376-10G
Glutathione (reduced) Sigma G4251-25G
Ionomycin Sigma 124222
OptiMEM Media Gibco 31985-078
Phorbol 12-myristate 13-acetate (PMA) Sigma P1585
Polybrene Sigma H9268
RPMI 1640 Media Gibco 61870036
DMEM Media Gibco 10567014
Tyloxopol Sigma T0307
Triton X-100 (BioXtra) for RNA-seq Sigma-Aldrich, Merck T9284
Eietx(tggag)a r)r(lr"l)"le])si\IA Sample Preparation — FC-131-1096
Efiﬁzrs??é:;;ﬁ:s?t e lumina FC-131-2001
ﬁi’fﬁiﬁ??gﬂ;rﬁ?f“ Ve e lumina FC-131-2004
FreeStyle 293 Expression Medium ThermoFisher 1233

554724

GolgiStop

BD Biosciences
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2.1 Media and Buffers

RF-10 complete media: Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco)
was supplemented with 10% (v/v) heat-inactivated foetal calf serum (FCS) (Gibco), 2
mM Glutamax (Gibco), 0.1 mM non-essential amino acids (NEAA) (Gibco), 1% (v/v)
penicillin-streptomycin (Gibco), 1 mM sodium pyruvate (Gibco) and 50 mM [-2-
mercaptoethanol (Sigma), and 0.015 M HEPES (Gibco).

Human T cell culture media: a 1:1 (v/v) mix of RPMI-1640 and AIM-V, supplemented
with 10% (v/v) heat-inactivated FCS (Gibco), 2% (v/v) human AB serum (Sigma), 100
ug/ml penicillin and streptomycin (Gibco), 2 mM Glutamax (Gibco), 1| mM sodium
pyruvate (Gibco), 0.1 mM NEAA (Gibco), 50 uM B-2-mercaptoethanol (Sigma), and
0.015 M HEPES (Gibco). Additionally, recombinant human IL-2 (Peprotech), IL-7
(eBioscience), and IL-15 (Peprotech) were added at 100 U/mL, 50 ng/mL, and 2 ng/mL

respectively for T cell expansion as indicated.

Mammalian expression DMEM-10 media: Prior to transfection, cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco), which was supplemented with
10% (v/v) heat-inactivated FCS (Gibco), 2 mM Glutamax (Gibco), 0.1 mM NEAA
(Gibco), 1% (v/v) penicillin-streptomycin (Gibco), I mM sodium pyruvate (Gibco) and
50 mM B-2-mercaptoethanol (Sigma), and 0.015 M HEPES (Gibco). Upon transfection,
penicillin-streptomycin and -2-mercaptoethanol were removed, and FCS concentration

was reduced to 1% (v/v).
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Table 2.2. Preparation of Buffers

Buffer Preparation

0.5x 54 g Tris base, 27.8 g boric acid and 20 mL 0.5 EDTA (pH 8.0) made up to 10 L
Tris/Borate/EDTA in ddH20

(TBE) Buffer

10x DNA loading 3.9 mL glycerol, 500 pL 10% (w/v) SDS, 200 uL 0.5 M EDTA and 0.025 g
buffer bromophenol blue made up to 10 mL in ddH20

10x SDS-PAGE 30.3 g Tris-base, 144 g glycine, 100 mL 20% SDS made up to 1 L in ddH20
Running Buffer

2x SDS-PAGE 100 mM Tris (pH 6.8), 200 mM DTT, 4% SDS, 0.2% (w/v) bromophenol blue,
Loading Buffer 20% (v/v) glycerol in ddH20.

5x Big Dye 200 uL 1 M MgClz and 2 mL 1M Tris-HCI (pH7.1) made up to 10 mL in ddH20
Sequencing

Reaction Buffer

Biomix A 0.5 M bicine buffer (NaOH) (pH 8.3)

Biomix B 100 mM ATP, 100 mM MgOAc and 500 uM d-biotin

Coomassie Blue
Stain

0.25% (w/v) bromophenol blue, 45 mL methanol, 5 mL acetic acid in 50 mL
ddH.O

ELISA Coating
Buffer

15 mM sodium carbonate and 35 mM sodium hydrogen carbonate pH 9.6

Fluorescence-
activated cell sorting
(FACS) Wash
Buffer

2% heat-inactivated FCS in PBS

Magnetic-activated
cell sorting (MACS)
Buffer

0.5% heat-inactivated FCS and 2mM EDTA in PBS

PAGE Destaining
Solution

250 mL methanol and 70 mL acetic acid made up to 1 L in ddH20

PBS-T Buffer

0.05% (v/v) Tween20 in PBS

PBSsBSA Buffer 0.5% (w/v) BSA in PBS

PBSsBSA-T Buffer | 0.5% (w/v) BSA and 0.05% (v/v) Tween20 in PBS

TCR Refold Buffer | 0.1 M Tris, 2 mM EDTA (pH 8.0), 0.4 M L-Arginine, 0.5 mM oxidised
glutathione, 5 mM reduced glutathione, 5 M Urea, 0.2 mM PMSF, | ug/mL
pepstatin A in MilliQ made to a final pH of 8.0 with HCL.

TMB Buffer 0.2 M sodium phosphate, 0.1 M citric acid, 2 tetramethylbenzidine tablets and
hydrogen peroxide in 20 mL

Tris Buffered Saline | 10 mM Tris-HCI (ph 8.0) and 150 mM NacCl in ddH20

(TBS)

IBP lysis buffer 50mM Tris-HC1 (pH 8.0), 1% (v/v) Triton X-100, 1% (w/v) sodium
deoxycholate, 100mM NaCl, 10mM DTT in MQ

3M Imidazole buffer | 204.2g of Imidazole in 1L PBS

10x GS buffer 3.87g of sodium citrate in 300mL MilliQ H20 (50mM sodium citrate), pH
adjusted to 5.5 with HCI

FACS fix 1% paraformaldehyde in 160mL PBS
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2.2. Primary Tissue Samples

Human blood samples

Buffy coats from healthy human blood were obtained from the Australian Red Cross
Blood Service. Ethics approval was granted by both the Red Cross and the University of
Melbourne Human Research and Ethics Committee (1035100). Peripheral blood
mononuclear cells (PBMCs) were isolated by standard density gradient with Ficoll-Paque
PLUS (density 1.077 g/mL) (GE Healthcare Life Science) according to manufacturer’s

instructions.

Human skin samples

Healthy human skin samples were obtained from abdominoplasty surgery, a gift of
Professor Stuart Berzins at Federation University. Ethics approval was granted by the
Ballarat Health Services and St John of God Health Care Human Research Ethics
Committee (HREC/15/BHSSJOG/5). Subcutaneous fat was removed and the epidermal
and dermal layers were processed together or separately as indicated. Skin samples were
enzymatically digested as 2 x 2 cm? pieces in 1 mg/mL Collagenase P (Merck) and RPMI-
1640 medium for 90 minutes at 37°C, and passed through a 70 um filter followed by a 30
um filter to obtain single cell suspensions. Donor-matched blood (when provided) was

processed as per buffy coats.

Macaque samples

Macaque PBMCs and tissues were provided as single cell suspensions by the Kent
Laboratory, University of Melbourne. These studies were approved by the Animal
Ethics Committee of the CSIRO Australian Animal Health Laboratory, under project
numbers 1787 and 1887. Tissue samples obtained include blood (PBMCs), spleen, liver,

lung, bronchoalveolar lavage (BAL), rectum, lymph nodes, and thymus.

2.3 Production of CD1 tetramers

2.3.1 Transfection of 293- GnTT cells

Human embryonic kidney (HEK) 293-GnTI'(Graham et al., 1977) were used to express
soluble CD1/B2m molecules. This cell line was produced by the transformation of HEK
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cells with sheared human adenovirus type 5 DNA, and the E1A adenovirus gene allows
these cells to produce high levels of proteins via transactivation of viral promoters
(Harrison et al., 1977, Graham et al., 1977). The 293 T cells used here lack N-acetyl-
glucosaminyltransferase I (i.e. are GnTI) and therefore synthesise proteins that lack
complex N-glycans (Reeves et al., 2002). Both human and macaque CDI molecules
contained a 6-histidine tag for purification purposes, and a Bir-A tag for biotinylation.
Human CD/ and f>m genes were previously cloned into a pHLsec plasmid expression
vector, provided by A/Prof Daniel Pellicci and Dr Adam Uldrich (University of
Melbourne) (Birkinshaw et al., 2015, Uldrich et al., 2013). M.nemestrina CDI and fm
gene constructs were designed and also cloned into a pHLsec plasmid expression vector

in a similar fashion (Appendix I).

Prior to transfection, 293-GnTT cells were seeded into 5 x 175 ¢m? multilayered flasks
(Cellstar) and maintained in DMEM-10 media at 37°C/ 5% CO: to 40% confluency. For
each multilayered flask of GnTI cells, a mixture of 137.5 pg of fom-pHLsec plasmid,
137.5 pug of CDIA, CDIB, CDIC or CDID-pHLsec plasmid was added to 36 mL
OptiMEM media (Gibco) and 425 pL polyethylenimine (PEI) (Sigma-Aldrich) as
previously described (Birkinshaw et al., 2015). This mixture was added to 293-GnTI"
cells in the presence of fresh antibiotic-deficient, supplemented DMEM-10 media.
Protein-containing supernatant was harvested on days 5 and 8 after transfection and
pooled for protein purification. Cell supernatant was filtered using a 0.2 um Nalgene
rapid-flow bottle top filter (Thermo Scientific) and stored at 4°C until ready for

purification.

The FreeStyle 293-F cell line (Expi293F) (ThermoFisher) was transfected using the
ExpiFectamine 293 Transfection Kit (ThermoFisher) to produce soluble CD1a protein in
a non-adherent cell culture with native glycosylation. Expi293F cells were cultured in
FreeStyle 293 Expression Medium (ThermoFisher). A total of 80 pg of plasmid DNA (40
pug CDIA:pHLSec and 40 pg fom:pHLSec) was mixed with 5 mL Opti-MEM medium
(Gibco) and 216 pL of ExpiFectamine (ThermoFisher) separately, before being added to
an additional 5 mL of Opti-MEM medium. These mixtures were added in a dropwise
fashion to 200 x 10° Expi293F cells in 85 mL expression medium. Cells were cultured at
37°C/ 5% CO2/ 125RPM overnight. 18 hours post transfection, 500 pL of Enhancer I and

5 mL of Enhancer II solutions (ThermoFisher) were added to make a total transfection
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volume of 100 mL. Protein-containing supernatant was collected on day 6, filtered using

a 0.2 um Nalgene rapid-flow bottle top filter (Thermo Scientific) and stored at 4°C.

2.3.2 Purification of CD1 Protein

Filtered solution was spiked with 20 mM imidazole and passed over an Ni-NTA column
(Thermo Scientific) by gravity flow. The 6-histidine tag encoded within the CDI1
molecules allowed binding to the column resin. NiNTA columns containing bound-CD1
molecules were attached to a AKTA fast protein liquid chromatography (FPLC) system
(GE Healthcare) and washed with PBS containing 20 mM imidazole before being
exposed to an increasing gradient of imidazole (20 to 250 mM) to elute CD1 protein off
the column. CDI-containing fractions were assessed by SDS-PAGE, pooled and
concentrated to approximately 1 mg/mL in TBS (Table 2.2) using a Vivaspin 15
concentrator (Satorius) with a 10 kDa molecular weight cut-off (MWCO).

2.3.3 Sodium dodecyl sulphate (SDS)/ Polyacrylamide Gel Electrophoresis

To perform electrophoresis, protean precast 12% polyacrylamide gels (BioRad) were
placed into a vertical electrophoresis cell (BioRad) in SDS-PAGE running buffer (Table
2.2). A Benchmark protein molecular weight (MW) ladder (Invitrogen) was loaded in at
least one lane for all SDS-PAGE gels. 2 pg protein samples were prepared by adding 2 x
SDS-PAGE loading buffer (Table 2.2) (and 0.2 M DTT for reduced samples) to a final
sample volume of 20 puL and heat-denatured at 95°C for 5 minutes prior to loading.
Electrophoresis was conducted at 25 mA per gel for 45 minutes. Following
electrophoresis, gels were stained with Coomaisse stain (Table 2.2) for 10-15 minutes
while gently rocking. Excess dye was then removed by gently rocking gels in a destaining

solution (Table 2.2) overnight.

2.3.4 Biotinylation of CD1 Molecules

For biotinylation, CD1 molecules were buffer exchanged into a 10 mM Tris buffer (pH
8.0) (Table 2.2) using a PD-10 desalting column (GE Healthcare) as per the
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manufacturer’s instructions. A reaction mix, containing biotin ligase (BirA, a gift of Dr
Jie Lin, University of Melbourne) and 440 pL each of Biomix A and Biomix B (Table
2.2), was prepared separately before being added to 3.5 mL of CD1 in Tris buffer (10
mM, pH 8.0). BirA was added to monomeric CD1 at a ratio of 2.5 pg of enzyme/mg

protein and incubated overnight at 28 °C.

Biotinylated monomer was concentrated using a Vivaspin 6 concentrator (Satorius) and
equilibrated into TBS (Table 2.2). Protein was purified over a HiLoad 16/600 Superdex
200 pg gel filtration column (GE Healthcare) using the AKTA fast protein liquid
chromatography (FPLC) system (GE Healthcare). Fractions collected were assessed by
SDS-PAGE and selected fractions were concentrated. Purified 0.1 mg aliquots of

biotinylated protein were stored at -20 °C or at -80 °C for long-term storage.

2.3.5 Loading of CD1 with lipid antigens

Lipid antigens were prepared by dissolving them in 0.5% (v/v) tyloxapol (Sigma) in TBS.
Lipids were sonicated in an Ultrasonic Bath (Unisonics Australia) for 15 minutes prior to
being added to protein. Each lipid was incubated with protein overnight at room
temperature (RT, 21-22°C). Lipids used and their respective presentation molecule are
listed in Table 2.3. Most lipid antigens loaded into CD1a were added at a 6:1 lipid:protein

molar ratio, unless otherwise stated.

2.3.6 Tetramerisation of CD1 Monomers

To tetramerise monomeric CDI1, streptavidin-PE (BD Pharmingen), streptavidin-BV421
(BioLegend), or streptavidin-PE-Cy7 (BD Pharmingen) were added to biotinylated CD1
in a MW ratio of 4:1 CD1:streptavidin. One fifth of the total streptavidin volume was

added at a time with a 10-minute incubation between each addition.
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Table 2.3. Purified CD1 and MR1 antigens

Antigen Presentatio | Supplier Molecular
n Molecule Weight Loading
Ratio

Dideoxymycobactin CDla Janice Cheng, Bio2l Institute, | 6:1

(DDM) — 840 A University of Melbourne

DDM -840 B CDla Janice Cheng, Bio2l Institute, | 6:1
University of Melbourne

DDM -840 C CDla Janice Cheng, Bio2l Institute, | 6:1
University of Melbourne

DDM -840 D CDla Gift of Janice Cheng, Bio2l | 6:1
Institute, University of
Melbourne

C15:2 urushiol CDla Novachem 15:1

CAS: 83258-37-1

C12-15 alkyl benzoate | CDla Making Cosmetics varies as indicated

CAS: 68411-27-8

C16:0 Sphingomyelin CDla Avanti Polar Lipids 6:1

(SM)

CAS: 6254-89-3

C24:1 SM CDla Avanti Polar Lipids 6:1

CAS: 94359-13-4

C42:2 Phosphatidyl CDla Avanti Polar Lipids 6:1

choline (PC)

CAS: 8002-43-5

Glucose monomycolate | CD1b Gift of Branch Moody, | 6:1

(GMM) (C32) Brigham  and  Women’s
Hospital, Harvard Medical
School

Mannosyl-$1- CDlc Gift of Branch Moody, | 6:1

phosphomycoketide Brigham  and  Women’s

(MPM) (C32) Hospital, Harvard Medical
School

a-Galactosylceramide CD1d Avanti Polar Lipids 3:1

(a-GalCer), KRN7000

CAS: 158021-47-7

a-GalCer, PBS-44 CD1d Gift of Paul Savage, Brigham | 3:1
Young University

5-(2- MRI1 Gift of David Farlie, | 100:1

oxopropylideneamino)- University of Queensland

6-D-ribitylaminouracil *MRI refolded in house with

(5-OP-RU) permission from Jim
McCluskey’s group

2.4 Flow Cytometry

2.4.1 Cell staining for flow cytometry

Single cell suspensions were washed in PBS and stained with a surface mAb cocktail and
tetramer for 30 minutes at RT in FACS buffer (Table 2.2). All antibodies used in these
studies are listed in Table 2.4. Note that prior to staining, PBMC samples were first
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incubated with 50 mM dasatinib (gift from the Peter MacCallum Cancer Centre
Pharmacy) in PBS for 30 minutes at 37 °C to block TCR recycling (Weichsel et al., 2008).

Following antibody staining, samples were washed in FACS buffer (Table 2.2), fixed

with 1% paraformaldehyde for 10 minutes at 4 °C (if not being FACS-sorted) and

analysed by flow cytometry on an LSR Fortessa (BD Biosciences). Cells being collected

for in vitro expansion or single cell sequencing, were sorted using an Aria III (BD

Biosciences). Compensation was performed by adding each antibody to anti-mouse or

anti-rat/hamster Ig Compensation Beads (BD Biosciences) according to manufacturer’s

instructions.

Table 2.4. Flow cytometry antibodies and viability dyes

Immunogen Fluorochrome/ | Clone Isotype Dilution | Manufacturer | Cat.#
conjugate
7- - - - 2 pg/mL | Sigma A9400-
aminoactinom in DMSO IMG
ycin D (7-
AAD)
CD195 BVv421 J418F1 Rat IgGob, © | 1/100 BioLegend 359118
(CCRS5)*
CD196 BV496 11A9 Ms IgG1, 1/100 BD Horison 564659
(CCR6)
CD196 BV785 GO34E3 | MsIgGaw, k| 1/100 BioLegend 353422
(CCRO)*
CDl1b BV711 M1/70 Rat IgGob, k| 1/200 BioLegend 101241
CDlIc FITC Bul5 Ms IgG1, k 1/50 BioLegend 337214
CD14 APC-Cy7 M®P9 Ms IgGab, k| 1/100 BD Pharmingen | 557831
CD161 PE-Cy7 HP-3G10 | Ms IgG1, k 1/50 BioLegend 339918
CD19 APC-Cy7 HIB19 Ms IgG1, k 1/30 BioLegend 302218
CDla BVv421 HI149 Ms IgG1, 1/100 BioLegend 563938
CDla APC HI149 Ms IgG1, 1/100 BioLegend 559775
CDla Purified HI149 Ms IgG1, 1/100 BioLegend 300102
CDla PE SK9 Ms IgG1, 1/100 eBioscience 12-
0017-
41
CD1b APC SN13 Ms IgG1, 1/50 BioLegend 329110
CD1b Purified SN13 Ms IgG1, 1/100 BioLegend 329102
CDlc Purified L161 Ms IgGab, k| 1/100 BioLegend 331502
CDl1d Purified 51.1 Ms IgG1, 1/100 BioLegend 350304
CDlc AF647 L161 Ms IgGab, k| 1/100 BioLegend 331510
CD1d PE 42.1 Ms IgGab, k| 1/100 BD Pharmingen | 550255
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CDl1d PE-Cy7 51.1 Ms IgG1, 1/100 BioLegend 350309
CD20* PE-CF5%4 2H7 Ms IgGab, k| 1/200 BD Horizon 562295
CD218a APC H44 Ms IgG1, 1/50 eBioscience 17-
(IL-18Ra) 7183-
42
CD27* BV786 0323 Ms IgG1, 1/100 BioLegend 302832
CD27* BV510 M-T271 | Ms IgGy, k 1/100 BioLegend 356420
CD28* BV711 CD28.2 Ms IgG1, k 1/50 BioLegend 302948
CD3 APC UCHT! | Ms IgGi, x 1/50 BD Pharmingen | 555335
CD3 AF700 UCHT! | Ms IgGy, x 1/50 BD Pharmingen | 557943
CD3 BUV395 UCHT! | Ms IgGi, x 1/50 BD Pharmingen | 563546
CD3 BVv421 UCHT! | Ms IgGi, x 1/50 BD Pharmingen | 562426
CD3* Purified SP34-2 Ms IgG1, 1/50 BD Pharmingen | 551916
CD3 (NA/LE) | Purified UCHT! | Ms IgGi, x 1/500 BD Pharmingen | 555329
CD3* AF700 SP34-2 Ms IgG1, 1/100 BD Pharmingen | 557917
CD36 APC 5-217 Ms IgGaa, k| 1/100 BioLegend 336208
CD4 AF700 RPA-T4 | Ms IgGi, k 1/100 BD Pharmingen | 557922
CD4 BVv421 RPA-T4 | Ms IgGi, k 1/50 BD Horizon 562424
CD4 BUV496 SK3 Ms IgG1, 1/50 BD Horizon 564651
CD4* FITC L200 Ms IgG1, k 1/200 BD Pharmingen | 550628
CD4* BV605 RPA-T4 | Ms IgGi, k 1/200 BioLegend 300556
CD42b APC HIP1 Ms IgG1, 1/50 BD Pharmingen | 551061
CD45 AF700, 2D1 Ms IgG1, 1/100 BioLegend 368514
CD45 PE-Cy7 HI30 Ms IgG1, 1/100 BD Pharmingen | 557748
CD45 BVs510 HI30 Ms IgG1, 1/100 BioLegend 304041
CD45** BUV395 DO058- Ms IgG1, 1/100 BD Horizon 564099
1283

CD45RO AF700 UCHL1 | MsIgGa,x | 1/100 BioLegend 304218
CD56 BV605 HCD56 Ms IgG1, 1/30 BioLegend 318333
CDe61 APC VI-PL2 Ms IgG1, k 1/100 BioLegend 336422
CD62p BV650 AK-4 Ms IgG1, k 1/100 BD Horizon 564035
CD69 PE FN50 Ms IgG1, 1/50 BD Pharmingen | 555531
CD69* APC-Fire FN50 Ms IgG1, k 1/50 BioLegend 310946
CD8* BV650 RPA-T8 | Ms IgGi, 1/400 BioLegend 301041
CD8a BUV805 SK1 Ms IgG1, 1/400 BD Pharmingen | 564912
CD95* FITC DX2 Ms IgG1, K 1/50 BD Pharmingen | 556640
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CLA BVv421 HECA- Rat IgM, « 1/50 BD Horizon 563961
452
CLA FITC HECA- Rat IgM, « 1/50 BD Pharmingen | 555947
452
EpCam* PE Dazzle EBA-1 Ms IgG1, k 1/100 BD Horizon 565399
FoxP3 BVv421 206D Ms IgGaa, k| 1/100 BioLegend 320123
FoxP3 AF647 259D Ms IgGaa, k| 1/100 BioLegend 320214
Goat anti- PE Polyclon | Gtlg 1/100 BD Pharmingen | 550589
mouse Ig al
Goat anti- BV421 Poly4053 | Gtlg 1/100 BioLegend 405317
mouse Ig
ICOS* PerCP-Cy5.5 C398.4A | Armenian 1/100 BioLegend 313517
hamster IgG
IFN-y FITC 4S.B3 Ms IgG1, k 1/100 BD Pharmingen | 554551
IFN-y PE 4S.B3 Ms IgG1, k 1/100 BD Pharmingen | 554552
IL-10 PE JES3- Ms IgG1, 1/50 BioLegend 501404
9D7
IL-17A APC eBio64D | Ms IgGy, 1/50 eBioscience 17-
EC17 7179-
42
IL-18Ra* PE-Cy7 H44 Ms IgG1, 1/50 Miltenyi 130-
101-
723
Live/dead Near infrared - - 1/1000 Invitrogen L34976
Live/dead Aqua - - 1/1000 Invitrogen L34966
Ms IgGi, PE-Cy7 MOPC- | Ms IgGi, 1/100 BioLegend 400125
isotype control 21
Ms IgGos, APC MPC-11 | Ms IgGaw, k| 1/100 BioLegend 400319
isotype control
PLZF PE Mags.21 | Ms IgGi, 1/50 eBioscience 12-
F7 9320-
80
RORy-t AF647 Q21-559 | MsIgGaw, k| 1/100 BD Pharmingen | 563620
SCARBI1 APC m1B9 Ms IgG1, 1/100 BioLegend 363207
(CD36L1)
TCR PE-Cy7 B1 Ms IgG1, 1/50 BD Pharmingen | 655410
TCR yd FITC 11F2 Ms IgG1, 1/50 BD Pharmingen | 347903
TCR Va7.2%* BV421 3C10 Ms IgG1, k 1/100 BioLegend 351715
TCR Va7.2* BV711 3C10 Ms IgG1, 1/100 BioLegend 351732
TCR V&2 BV711 B6 Ms IgG1, 1/60 BioLegend 351732
TNF-a BV421 Mabl1 Ms IgG1, 1/50 BD Horizon 562783
Vp11 FITC C21 Ms IgGaa, k| 1/10 Beckman TCRB
Coulter V11S1
VB3 FITC JOVIL3 Ms IgGaa, k| 1/20 BD Pharmingen | 566432

* Anti-human antibodies that were also used to label macaque samples

**Non-human primate (NHP)-specific
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2.4.2 Intracellular stains

For experiments employing intracellular staining, cells were initially stained with a near-
infrared fixable viability dye (Invitrogen) in PBS for 15 minutes at RT, washed, and
stained with a standard surface mAb and tetramer cocktail for 30 minutes at RT. Once
surface marker staining was complete, cells were permeabilised using a
Foxp3/Transcription Factor staining buffer set kit (eBioscience) following
manufacturer’s instructions. Briefly, cells were permeabilised for 1 hour at 4°C, stained
with intracellular cytokine or transcription factor mAbs (listed in Table 4) in permwash
reagent for a further hour at 4°C, and then washed twice with permwash reagent. Cells

were then resuspended in FACS buffer ready for analysis by flow cytometry.

2.4.3 Magnetic enrichment

108 cells from a buffy coat donor were initially labelled with tetramer (and no other
surface mAbs) for 45 min at RT, rocking periodically. Tetramers used in MACS-
enrichment were conjugated to PE, and for samples that were stained with two tetramers,
PE-Cy7-conjugated tetramers were used for the dual-stain. Following incubation with
tetramer, cells were washed in FACS buffer and then incubated with anti-PE beads

(Miltenyi Biotec) in MACS buffer (Table 2.2) for 30 minutes at 4°C, rocking halfway.

Tetramer® cells were magnetically enriched by passing samples over cold LS MACS
columns attached to a magnetic stand (Miltenyi Biotec), which were washed thoroughly
with MACS buffer before being removed from the magnetic stand to elute bound

tetramer” cells from the column as per manufacturer’s instructions.

2.4.4 Flow cytometry data analysis

All flow cytometry data was analysed using Flowjo Software (Treestar). Unless otherwise
stated, FACS plots of primary human cells were gated on CD14CD19" lymphocytes after
dead cell and doublet exclusion. FACS plots of T cell line samples were gated on GFP™

cells following dead cell and doublet exclusion.
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2.5 TCR Sequencing

2.5.1 Reverse transcription

CD1 tetramer*-sorted cells were single cell sorted for sequencing. cDNA was generated
by reverse transcription using the Superscript VILO Reverse Transcription Kit
(Invitrogen). 2 pL of reaction mix was added to each sample containing 0.2 pL
Superscript VILO reverse transcriptase (10x, Invitrogen), 0.4 uL Superscript VILO buffer
(5%, Invitrogen), and 0.22 pL TritonX-100 (0.1%, Sigma) in H,O (Baxter). Samples were
incubated at 25°C for 10 min, 42°C for 120 minutes, and 85°C for 5 minutes in a

Mastercycler™ thermocycler (Eppendorf).

2.5.2 Nested Polymerase Chain Reaction (PCR)

TCR transcripts from each cell were amplified by two rounds of multiplex nested PCR as
previously described (Kedzierska et al., 2004, Uldrich et al., 2013). Briefly, each round
of PCR was performed in 25 pL reaction mixtures containing 2 pL. DNA template, 2 x
GoTaq PCR master mix (Promega) and 0.5 pL of each primer/primer mix (5 uM) as
previously described (Uldrich et al., 2013, Wang et al., 2012). To amplify both a- and -
chains, TRAC and TRBC genes were targeted by the reverse primer and a mixture of
forward primers targeted 40 TRAV or TRBV genes. The first, external round of PCR
amplified both chains together while reactions for a- and B-chains were performed
separately for the second, internal round. Both rounds of nested PCR were performed
under the following conditions: 94°C for 2 minutes followed by 35 cycles of 94°C for 30
sec, 52°C for 30 sec, and 72°C for 1 minute, followed by a final cycle of 95°C for 1

minute, 52°C for 1 minute and 72°C for 7 minutes in a thermocycler (Eppendorf).

2.5.3 DNA Agarose gel electrophoresis

Agarose gel electrophoresis was employed to confirm the presence of PCR products. 1%
(w/v) agarose gels were prepared using agarose (BioRad) in TBE with 0.01% SyberSafe
(Invitrogen) into a cast (BioRad) lined with 30-well combs (BioRad). Set gels were placed
into an electrophoresis gel box (BioRad) with the combs removed and wells were

submerged in TBE running buffer (Table 2.2). Samples were prepared by adding 10 x
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DNA loading buffer to second round DNA product and loaded into wells. A 2-log DNA
ladder (New England BioLabs (NEB)) was added to each row on the gel to determine
sample size and concentration. Electrophoresis was conducted at 100 V for 1 hour.
Following electrophoresis, the gel was visualised using the GeneSnap software in

conjunction with a G:Box gel imaging cabinet (SynGene).

2.5.4 Sequencing reaction

DNA samples that produced a visible band in agarose gel electrophoresis were selected
for TCR sequencing. PCR products were purified by adding 5 pLL of DNA product to 1
pL of ExoSAP-IT (Affymetrix). This was incubated at 37°C for 15 minutes to degrade
remnant primers and nucleotides, followed by 15 minutes at 80°C to inactivate the

ExoSAP-IT in a thermocycler (Eppendorf).

Treated PCR products were prepared for TCR sequencing by adding a sequencing
reaction mixture containing 1 pL DMSO, 5 pL 5 x Big Dye buffer, 1 puL reverse TRAC
or TRBC internal primer (5 uM), 1 uL Big Dye v3.1 (Applied Biosystems) and 6 pL. H.O
(Baxter) to the DNA template for a total reaction volume of 20 pL.. Sequencing PCR was
conducted by heating samples to 95°C for 5 minutes, followed by 30 PCR cycles of 96°C
for 10 sec, 50°C for 5 seconds, and 60°C for 4 minutes. Wells were ethanol-dried and
capillary separation was performed by the Centre for Translational Pathology, The
University of Melbourne, and the Australian Genome Research Facility. 4Peaks
(Nucleobytes) and CLC Main Workbench (Qiagen) were utilised for analysis in
conjunction with the IMGT database.

2.6 RNA Sequencing

RNA-seq libraries were generated for sequencing from individual cells using the

Smartseq2 protocol, slightly modified from that previously outlined (Picelli et al., 2013).

2.6.1 Cell lysis and reverse transcription

Cells were single cell-sorted directly into wells containing 2 pL of lysis buffer. Cell lysis
buffer was prepared by adding 0.05 pL. RNase Inhibitor (Clontech), 0.095 pL Triton X-
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100 (0.2% v/v, Sigma-Aldrich), 0.5 uL. ANTP mix (10 mM, Promega), and 0.5 uL. Vir70
oligo-dT primer (5 uM, Sigma, Table 2.5). Each plate was placed immediately on dry ice
following sorting and transferred to -80°C for storage or used immediately in reverse

transcription.

Table 2.5. Primers used in RNA-Sequencing cDNA library preparation

Primer | Supplier Concentration Sequence

Vir70 Sigma 10 uM 5'-AAGCAGTGGTATCAACGCAGAGTACT30VN-3'
where “N” is any base and “V” is either “A”, “C” or “G”

Vir54 Exiqon 100 uM 5'-
AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-
3!

Vir52 Sigma 6.25 pM 5'-AAGCAGTGGTATCAACGCAGAGT-3'

Cells in lysis buffer were incubated at 72°C for 3 minutes and then placed immediately
on ice for 2 minutes, prior to the addition of 3 pL reverse transcription reaction mixture.
Reverse transcription was performed using the SuperScript II Reverse Transcription kit
(Invitrogen) in a final reaction volume of 5 pL. The reaction mixture contained 100 U
SuperScript I reverse transcriptase (Invitrogen), 1 x SuperScript II buffer (Invitrogen), 5
U RNase Inhibitor (Clontech), 5 mM DTT (Invitrogen), 1 M Betaine (Sigma), 0.6 M
MgCls (Sigma Aldrich), 1 uM Vir54 primer (Exiqon, Table 2.5), 1:400 million dilution
of ERCC Spike-in (ThermoFisher) and nuclease-free water. The reverse transcription
reaction was carried out by incubating at 42°C for 90 minutes, followed by 10 cycles of
50°C for 2 minutes and 42°C for 2 minutes. Finally, reverse transcription was inactivated

by incubation at 15 minutes at 70°C.

2.6.2 PCR amplification of cDNA libraries

The KAPA HiFi HotStart ReadyMix Kit (ClonTech) was used for PCR amplification of
cDNA. All reactions used non-specific primers (ISPCR oligo, Vir52 from Sigma, Table
2.5). For a total reaction volume of 12.5 puL, 7.5 uL of PCR mix was added to each sample
containing 1 x KAPA HiFi HotStart ReadyMix (KAPA Biosystems) and 50 mM Vir52
primer (7able 2.5) in nuclease-free water. Initial denaturation occurred at 98°C for 3
minutes, followed by 28 PCR cycles at 98°C for 20 sec, 67°C for 15 sec, and 72°C for 6
minutes, then a final extension round at 72°C for 5 minutes. PCR products were purified

using AMPure XP beads (Beckman Coulter) which were added at a 0.8 bead: sample ratio
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by volume and purified over a magnetic stand to collect an 11 pL final eluate in nuclease-

free water.

2.6.3 Assessment and quantification of cDNA

Samples quality was assessed using a HT DNA 1k/12k, High Sens LabChip (Perkin
Elmer). 2 pL of sample was added to 8 uL of HPLC water, loaded into the Labchip with
the HT DNA High Sens Reagent kit (Perkin Elmer) and run on the LabChip GXII
Touch (Perkin Elmer) as per manufacturer’s instructions. Wells for which the
electropherogram revealed few or no peaks, or an over-abundance of very small (< 300

bp) or very large (> 7000 bp) peaks were excluded from further analysis.

PCR products that yielded sufficient quality scores with LabChip assessment were
quantified using the Quant-iT PicoGreen dsDNA Assay Kit (ThermoFisher) according to
manufacturer’s instructions. Briefly, PicoGreen Dye (ThermoFisher) and TE buffer
(ThermoFisher) were added to each sample. Fluorescence was measured using the
CLARIOstar microplate reader (BMG Labtech) and GraphPad Prism was used to convert
raw CLARIOstar RFU data to ng/pL concentrations. Dilutions of samples in HPLC water

(Sigma Aldrich) were prepared to achieve concentrations of 0.2 ng/uL for tagmentation.

2.6.4 Tagmentation reaction and final PCR amplification

PCR products were tagmented with unique barcodes using the Nextera XT DNA Library
Preparation Kit (Illumina). To 1 pL of 0.2 ng/uL ¢cDNA, 2 pL Tagment DNA Buffer
(Illumina) and 1 pL. Amplicon Tagment Mix (Illumina) were added, and samples were
incubated at 55°C for 5 minutes. Once samples had cooled to 10°C, 1 uL of Neutralize
Tagment Buffer (Illumina) was added to each well and samples were incubated at RT for
5 minutes. The whole 5 pL volume of tagmented and neutralised gDNA was then used
for limited-cycle enrichment PCR, along with 3 pL Nextera PCR Master Mix (Illumina),
1 pL of each Index 1 adapters (N, 17), and 1 pL of each Index 2 adapters (S, i5). A second
amplification round was performed as follows: 72°C for 3 minutes, 95°C for 30 secs, then

13 cycles of 95°C for 10 secs, 55°C for 30 secs, 72°C for 30 secs, followed by a final
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incubation at 72°C for 5 minutes. Nextera libraries were purified using AMPure XP beads
at a 0.6 bead: sample ratio (i.e. 6 pL: 10 uL). HPLC water was added to elute bound PCR
product in a volume of 11 pL, which was collected for LabChip analysis. Following
quality assessment using the LabChip, plates were transferred to -80°C for long term
storage and then shipped to Fabio Luciani’s group at the Kirby Institute, University of

New South Wales for sequencing and statistical analyses.

2.6.5 RNA sequencing data analysis

Single cell RNA-seq data was analysed using the software R with libraries:
SingleCellExperiment, scater, scran, SC3, MAST, data.table and pheatmap, available
from The Comprehensive R Archive Network (CRAN) (https://cran.r-project.org) and

Bioconductor (http://bioconductor.org). Single cell experiment data was loaded into R,

removing any genes with no reads from the dataset. Mitochondrial genes and the ERCC
spike-ins (ThermoFisher, cat no. 4456740) were used as control features. For cell quality
control, total count and total number of genes detected per cell were assessed and low-
quality cells (< 2x10° reads or 600 genes, or > 20% ERCC spike-in transcripts) were
excluded. Next, for gene quality control, highly expressed genes were assessed. Three
genes, long non-coding RNAs (LincRNAs: FP236383.2, FP671120.3, FP236383.3),
accounted for 22% of total expression each, and were removed from the dataset. The
relationship between mean expression and dropout rate were compared to ensure reliable
detection; genes with mean expression < 5 in fewer than three cells were filtered out. The
filtered dataset was normalised using the deconvolution methods from the scran package
to make expression values comparable between cells for PCA analysis. Next, batch
correction was performed to remove variability in gene expression due to donor variation
and experimental design. Clustering of the dataset and determination of differential gene
expression was performed using the SC3 package, where three clusters provided the best
separation of different cell types. Differential gene expression analysis was also
performed using MAST to compare cell types in pairs, and NKT cells were set as a base
for comparison. Differential genes were reported only with an adjusted p-value <0.01 and

an absolute log fold change >1.
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2.7 Cellular Assays

2.7.1 Production of TCR-expressing and CD1-expressing cell lines

SKW-3 and Jurkat.76 (J.76) were selected as T cell lines, both of which are derived from
T-acute lymphoblastic leukaemia lines (Heemskerk et al., 2003, Shima et al., 1986). They
are devoid of endogenous TCR rearrangement and expression, and therefore can be
engineered to express a TCR of interest (Burger et al., 1999, Voss et al., 2008). The C1R
cell line, an Epstein-Barr virus-transformed B lymphoblast, was selected as an APC line
devoid of surface HLA-A and HLA-B antigens (Storkus et al., 1989). All cell lines were
cultured in RF-10 complete media at 37°C, 5% COx.

Full-length TCR a- and B-chain genes were cloned into a 2A-peptide-linked pMIG
expression vector to generate cell lines by the retroviral transduction of af3-TCR-deficient
J.76 or SKW-3 cells using a similar protocol to that described previously (Holst et al.,
2006).

Selected TCR sequences (Appendix II) were ordered as Strings™ DNA fragments
(Thermo Fischer) and were cut with EcoRI and BglII restriction enzymes to be ligated
into a pMIG expression plasmid vector (gifted by Dr. Dario Vignali (Memphis,
Tennessee)) cut with the same restriction enzymes. DNA fragments were ligated into the
recipient pMIG vector with T4 DNA Ligase (New England Biolabs) according to the
manufacturer’s instructions at an insert to vector ratio of 6:1 and incubated overnight at

4°C.

Ligated DNA plasmids were used to transform and select DH5a (Escherichia coli) cells
so that only properly ligated pMIG vectors with the desired insert were selected for in
media containing 100 mg/mL ampicillin (supplied by the Media Preparation Unit, The
Dobherty Institute). Selected pMIG plasmids were purified with miniprep or maxiprep kits

(Zymogen) in accordance with the amount of DNA required and sequence verified.

Purified pMIG expression vector containing full-length TCR constructs and a similar
vector encoding CD3g, 9, vy, and & in a 1:1 ratio were transfected into HEK 293T cells
using FuGENE-6 transfection reagent (Promega), with packaging vectors pEQ-Pam3(-E)
and pVSVg. All expression and packaging vectors were kindly provided by Dr. Dario
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Vignali (Memphis, Tennessee). Retroviral supernatant was harvested and then used to
transduce WT J.76 or SKW-3 cells daily for six days. For transient transfections, TCR
and CD3 pMIG vectors were used to co-transfect HEK 293T cells using FuGENE-6
transfection reagent (Promega). Cells were harvested at 24-36 hours after transfection for

analysis.

The appropriate M.nemestrina CD1 genes (CDIA, CDIB, CDIC, and CDID) were
cloned into pMIG expression vectors and used to transfect WT CIR cells in a similar

manner to produce antigen-presenting cell lines that express macaque CD1 molecules.

2.7.2 Expansion of primary human T cells

Tetramer™ T cells were FACS-sorted and stimulated in vitro for four days with plate-
bound anti-CD3 and soluble anti-CD28. A 96-well U-bottom plate (CellStar) was coated
with 10 pg/mL purified anti-CD3 mAb (clone UCHT1 [BD Pharmingen] for human T
cells or clone SP34-2 [BD Pharmingen] for macaque T cells) and 2pg/mL purified anti-
CD28 mAb (clone 28.2, BD Pharmingen) for 4 hours at 37°C. Wells were washed with
PBS and samples were cultured in these wells in T cell culture media (refer to Section
2.1) with phytohemagglutinin-P (PHA) (1 pg/mL, Sigma), rhulL-2 (100 U/mL,
Peprotech]), and rhulL-7 (50 ng/mL, eBioscience]). After 4 days, cells were removed
from CD3, CD28 and PHA stimulation and allowed to expand for 2-3 weeks in the
presence of rhulL-2 and rhulL-7.

Skin explants were trimmed of subcutaneous fat and cut into 2 x 2 cm? pieces to be
cultured on sterile sponge (GelFoam). Each explant was set on a sponge square cut to the
same size in individual wells of a 6-well culture plate (Corning). Sponge and skin explants
were bathed in complete human T cell culture media with rhulL-2 (100 U/mL,
Peprotech), rhulL-7 (50 ng/mL, eBioscience), and rhulL-15 (2 ng/mL, Peprotech) and
cultured for 1-2 weeks to promote the exit of T cells from the tissue into the media. The
resulting cell-containing media was then transferred to a new 6-well culture plate to allow

for cell growth in the absence of tissue explants.
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2.7.3 SKW-3 and J.76 activation assays

2 x 10* SKW-3 or J.76 cells TCR cell lines were cultured with 3.33 x 10° CIR cells for
18 hours in 200 pL RF10 complete media with or without the addition of lipid antigens:
DDM, GMM, MPM, a-GalCer, sphingomyelin, C12-15 alkyl benzoate or 0.5% (v/v)
tyloxapol. Cells were harvested, washed once in FACS buffer and stained with CD19,
CD69, and 7-AAD for 30 minutes. Cells were then washed once in FACS buffer and
immediately analysed using flow cytometry. C1R cells were removed from analysis by

CD19 exclusion and T cell activation was measured by CD69 upregulation.

2.8 Production of soluble human off-TCRs and CD1a-TCR co-complexes

2.8.1 Cloning and expression of genes encoding soluble CD1a-restricted TCRs

TCR sequences (Appendix I) were ordered as Strings™ DNA fragments (Thermo
Fischer), and were digested with the appropriate restriction enzymes at 37°C for 2 hours.
Ndel and HindlIIl were used to digest a-chain inserts, and Ndel and BglII were used for
B-chain inserts. Digestion products were added to 10x DNA loading dye (Table 2.2) and
were isolated by DNA-electrophoresis on a 1.5% w/v agarose gel in TBE buffer (Table
2.2). Digestion products were excised from the agarose gel and purified using the
UltraClean™15 Purification Kit (Mo Bio Laboratories) following manufacturer’s
instructions. Purified DNA fragments were ligated with T4 DNA Ligase (New England
Biolabs) into the recipient pET-30 vector (Novagen) according to the manufacturer’s

instructions at an insert:vector ratio of 6:1 and incubated overnight at 4°C.

2.8.2 Production of inclusion bodies

Genes encoding truncated human TCR a- and B-chains were cloned into pET30
expression plasmids (Novagen), transformed into E.coli, which were then induced to
express the protein. Genes were then expressed as inclusion bodies in E.coli strain BL21
by recombinant methods as previously described (Boulter et al., 2003). Purified inclusion
bodies were solubilised in 8 M Urea, 20 mM Tris-HCI (pH 8.0), 0.5 mM EDTA and 1mM
DTT.
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2.8.3 Refolding of soluble TCRs

Soluble ap-TCR complexes were produced by oxidative refolding of o and B proteins in
a 1:1 equimolar ratio in TCR refold buffer (Table 2.2). Two injections of the a- and B-
TCR protein mix into the TCR refold buffer were performed several hours apart, injecting
half at a time. Refold mixtures were incubated overnight at 4°C with gentle stirring. TCR
proteins contained an engineered disulphide linkage between the TRAC and TRBC

domains as previously described to promote correct refolding (Boulter et al., 2003).

2.8.4 Purification of refolded human op-TCR

Refolded af-TCR complexes were dialysed for 24 hours prior to purification by size-
exclusion and ion-exchange chromatography (GE Healthcare). First, refold mixtures were
dialysed using spectra/por dialysis membrane with a 6-8 kDa molecular weight cut-off
(MWCO) (Spectrum laboratories), dialysing in 10 mM Tris at 4°C with stirring. Tris
buffer was changed every 8 h for 24 h. Dialysed mixture was collected and filtered using
a 0.2 um Nalgene rapid-flow bottle top filter (Thermo Scientific). The filtrate was passed
over DEAE sepharose anion exchange columns (GE Healthcare) and eluted by
connecting the column to a Akta Pure FLPC (GE Healthcare) system and increasing NaCl
concentration (from 0-200 mM) in 10 mM Tris pH 8.0.

DEAE fractions containing correctly refolded af-TCR (assessed with SDS-PAGE under
reducing and non-reducing conditions) were pooled, concentrated and equilibrated in
TBS pH 8.0 to be passed over a Superdex-75 16/600 (S75) gel-filtration column (GE
Healthcare). Gel-filtration fractions of interest were again pooled, concentrated, and
buffer exchanged into 10 mM Tris pH 8.0 and passed over a Mono-Q 10/100 GL anion
exchange column (GE Healthcare). Proteins were eluted with a buffer gradient with an
increasing concentration of NaCl (0-1M) in 10 mM Tris pH 8.0. Active fractions were

pooled and concentrated in TBS and stored at -20°C at concentrations of 1-5 mg/mL.

2.8.5 Treatment of soluble CD1a for crystallography

Soluble CDla was treated with endoglycosidase H (endo H) (NEB) to cleave

oligosaccharides from N-linked glycoproteins, and thrombin (Sigma) to remove the
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leucine zipper. In brief, CD1a was buffer exchanged into 50 mM sodium bicarbonate
(NaHCO3), pH 5.5 to a volume of 5 mL. The sample was subsequently incubated for 1
hour with 1000 units/mg of endo H at 37°C, and then equilibrated into PBS following
incubation. Thrombin was added at 5.7 units per mg of CD1a for a 4 hour incubation at
37°C. CDla was also either left loaded with endogenous lipids or loaded with DDM in a
3:1 CD1a:DDM molar ratio overnight.

2.8.6 Co-complexation of af-TCR with CD1a

Soluble ap-TCR heterodimers and soluble endo H-treated CDla were passed over a
Superdex-200 16/600 (S200) gel-filtration column (GE Healthcare) prior to co-
complexation. TCR protein was then mixed with soluble endo H-treated CDla in a 1:1
mass ratio, concentrated, and passed over an S200 gel-filtration column. Fractions were
eluted in TBS and stored as separate fractions at -80°C to be sent to Branch Moody’s
Laboratory (Brigham and Women’s Hospital, Harvard Medical School) for lipid antigen
discovery or to Jamie Rossjohn’s Laboratory (Monash University) for X-ray

crystallography.

2.9 Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA assay plate wells (Falcon) were coated overnight at 4°C with 50 puL protein of
interest (CD1a, CD1b and CD1c) in ELISA coating buffer (7Table 2.2) using 2-fold serial
dilutions starting at 10 pg/mL. The proceeding day, wells were washed 4 times with 200
pL PBS-T buffer (Table 2.2) and blocked with 200 pL 0.5% (w/v) BSA in PBS for 2
hours at RT. Wells were washed again and incubated with 50 pL primary antibodies (anti-
CDla, SK9, anti-CD1b, SN13, anti-CDlc, L161, or anti-CD1d, 51.1) at 3 pg/mL in PBS
with BSA (PBSsBSA) (Table 2.2) for 2 hours at RT. Wells were washed again and
incubated with a 2 pg/mL secondary goat anti-mouse IgG mAb conjugated to horse-
radish peroxidase (Abcam) in PBS supplemented with 0.5% (w/v) BSA and 0.05% (v/v)
Tween20 for 1 hour at RT. Wells were then washed and incubated with 100 pL
tetramethylbenzidine (TMB) buffer (7able 2.2). Once colour change developed
adequately, 50 uL 2.25 M hydrochloric acid was added to stop the reaction. Colour
change was measured on an ELISA plate reader (LabSystems Multiskan) by subtracting

emission at 540nm from 450 nm.
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Chapter 3. Characterisation of CD1a-restricted T cells that
recognise a lipid antigen derived from M.tuberculosis

3.1 Introduction

M.tuberculosis (Mtb) is a highly prevalent pathogen and is the top infectious killer
worldwide (World Health Organization, 2019). The bacterium is estimated to infect
approximately one third of the global population, but cases and mortality are
disproportionally skewed towards countries where it is endemic, with almost two-thirds
of cases occurring within seven countries (India, Indonesia, China, Philippines, Pakistan,
South Africa and Nigeria) (Floyd et al., 2018). Infection is controlled in the majority of
adult cases, resulting in latent TB (Dye et al., 1999). Only 5-10% of those infected will
develop active TB (Comstock et al., 1974, Vynnycky and Fine, 2000), predominantly
immunocompromised adults, especially (human immunodeficiency virus) HIV*®
individuals or individuals on immunosuppressive treatments (Ai et al., 2016). In contrast,
infants and young children are often unable to contain the infection, and are at risk of
dissemination and developing severe systemic disease, leading to a high mortality (Dodd
et al., 2017). Significant efforts made by the World Health Organisation (WHO) and its
partners have reduced the number of TB-related deaths, however the death toll remains
high at approximately 1.5 million deaths annually (World Health Organization, 2019)).
TB prevention is predominantly through the use of a vaccine which contains a live
attenuated strain of M.bovis, Bacillus Calmette—Guérin (BCG), which is avirulent in
humans (Davenne and McShane, 2016). The BCG vaccine is widely used to prevent
against severe disseminated disease in children, but it has variable effectiveness against
pulmonary disease in adults (Mangtani et al., 2014, Abubakar et al., 2013, Katelaris et
al., 2020, Davenne and McShane, 2016).

While the BCG vaccine has been used globally for decades, TB eradication is not possible
without a vaccine that protects the entire population (Lonnroth et al., 2015, Matteelli et
al., 2018, Sakamoto et al., 2019). It is clear that the vaccine needs to induce a stronger
immune response for better protection, however it is not yet completely clear what

constitutes an effective immune response in TB.

Studies of BCG vaccine efficacy have revealed the important role of T cells in

establishing protection (Andersen and Scriba, 2019). The BCG vaccine contains a largely
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complete set of mycobacterial antigens; including highly immunogenic cell wall lipids
(Andersen and Doherty, 2005, Kroesen et al., 2019), some of which can be presented by
CDI molecules (Van Rhijn et al., 2013b). The importance of these lipids in generating an
immune response is highlighted by the fact that loss of lipid factors reduces vaccine
efficacy. The frequency and functionality of mycobacteria-specific T cells in immunised
newborns have not been found to correlate with protection or susceptibility (Kagina et
al., 2010), although their immune response may be different to adults, as lipid-reactive T

cells differ with age (de Lalla et al., 2011).

Lipid-reactive T cells have not yet been considered in TB vaccine design (Andersen and
Scriba, 2019), but evidence suggests that they may augment protective immune
responses. CDla-restricted T cell clones exhibit potent reactivity towards the
mycobacterial lipid, DDM (Moody et al., 2004). Furthermore, DCs in sites of cutaneous
M.leprae infection present lipid antigens via CDla, and group 1 CD1 expression in
leprosy lesions correlates with effective immunity, suggesting a role for CD1a and other
CD1 molecules in other mycobacterial infections (Sieling et al., 1999). In addition,
mycobacterial cell wall lipids also induce group 1 CD1 expression on monocytes through
TLR-2 signalling, indicating that CD1 expression and function can be activated through
innate signals (Roura-Mir et al., 2005b). Mycobacterial lipids may therefore function as
adjuvants and/or cognate T cell antigens to elicit protective CD1-restricted responses in

infection (O'Garra et al., 2013).

CDla-autoreactive T cells studied to date are predominantly CD4" and their production
of IFN-y and/or IL-2 has been used as a measure of their activation in vitro (de Jong et
al., 2010, de Lalla et al., 2011). Some also produce IL-22 in humans, or IL-17 in a CDla
transgenic mouse model (de Jong et al., 2010, Kim et al., 2016). Protection and effective
clearance of Mtb rely on CD4" T cell responses (Andersen and Doherty, 2005, Sakai et
al., 2014a). A recent study revealed that vaccination of rhesus macaques induces
protective pulmonary Thl and/or Th17 cells to secrete IFN-y, TNF, IL-2 and IL-17
(Dijkman et al., 2019). The rapid secretion of Th1 and Th17 cytokines by unconventional
T cells, such as CDla-restricted T cells, may also contribute to the clearance of Mtb

(Godftrey et al., 2015).
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Many enumeration and functional studies of CD1a-restricted T cells to date have involved
culture of these cell in vitro and assessing reactivity to self-lipids. CD1a-autoreactive T
cells are estimated to constitute 0.1-10% of peripheral blood T cells (de Jong et al., 2010,
de Lalla et al., 2011). CD1a tetramers have since been used to isolate small populations
of CDla-restricted T cells that recognise DDM ex vivo, but not those that were
autoreactive (Kasmar et al., 2013). To date, the capacity to identify CDla-restricted T
cells isolated by in vitro culture and tetramer labelling methods has enabled their basic
characterisation, providing some important clues into their immunological role, yet
further research to investigate these cells direct ex-vivo is warranted. Furthermore, their
response to mycobacterial lipids, such as DDM, remains poorly understood. To evaluate
the phenotype of DDM-reactive T cells in healthy blood donors, we developed an
enrichment strategy to clearly isolate and characterise these cells without the need for in

vitro culture.
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3.2 Results

3.2.1 Validation of tetramer production

CDla molecules were produced in an HEK-293S-GnTI" mammalian expression system
to make tetramers. Briefly, GnTI" cells were transiently co-transfected with pHL-sec
plasmids encoding CD1a and Bom without cytoplasmic tails and with leucine zippers, as
described previously (Aricescu et al., 2006, Birkinshaw et al., 2015). CD1a molecules
contained endogenous lipid antigens native to GnTI cells and/or media, herein known as
CDla-endogenous (CD1a-endo) tetramers, as used in a previous study (Birkinshaw et al.,
2015). To investigate CDla-restricted T cells with defined lipid specificities, CDla
monomers were loaded with lipid antigens, such as DDM. CD1a protein was loaded with
DDM at a 6:1 molecular weight ratio of DDM to CD1a using 0.5% (v/v) tyloxapol as a
detergent to aid in lipid transfer in and out of the CD1a antigen-binding cleft. To confirm
that DDM had been loaded into CD1a, CD1a-DDM monomer was tetramerised to label
J.76 cell lines expressing a CD1a-autoreactive TCR, BK6 (Birkinshaw et al., 2015) or
DDM-reactive TCRs, Clone 8 and Clone 15. As a control, the same volume and
concentration of tyloxapol buffer alone was added to CDla monomer prior to

tetramerisation.

No staining of the wild type (WT) J-76 cell line was observed with any CD1a tetramers,
indicating that neither the DDM lipid nor tyloxapol buffer used for loading caused non-
specific binding of CDla to the J-76 cell line (Fig.3.1). BK6 bound CDla-endo and
CDla-vehicle tetramers, and tetramer fluorescence intensity correlated with CD3
expression, confirming the TCR-mediated specificity (Fig.3.1). However, as expected,
BK6 did not bind CD1a-DDM tetramer, as DDM is “non-permissive” for BK6 binding
due to its large headgroup (Birkinshaw et al., 2015). Conversely, Clone 8 and Clone 15
cell lines were labelled with CD1a-DDM tetramer but neither CD1a-endo nor CDla-
vehicle tetramers (Fig.3.1), indicating successful loading of DDM, as CD8-2 does not
bind CD1a otherwise (Cheng et al., 2017).

3.2.2. Isolation of CD1a-restricted T cells using magnetic enrichment

Following the validation of lipid antigen loading, we assessed the ability of CDla

tetramers to isolate CD1a-restricted T cells directly ex vivo from healthy human blood.

61



CD1la-endo CD1la-vehicle CD1a-DDM

6216 4961 ’ 1208 BK6

4:1 826 | Clone 8
1640 i 585 Clone 15
#1813 1124 , WrTJ.76

Tetramer

CD3

Figure 3.1. Validation of CD1a tetramer loading. CD1a monomer was produced in a GnTI
mammalian expression system and loaded with DDM at a 6:1 molecular weight ratio to
CD1a. CD1a containing endogenous lipids (CD1a-endo), or loaded with DDM in 0.5% (v/v)
tyloxapol buffer (CD1a-DDM) or 0.5% (v/v) tyloxapol buffer (CD1la-vehicle), were
tetramerised and used to label CD1a-restricted TCR-expressing J.76 cell lines BK6, Clone 8,
and Clone 15. Plots are gated to represent viable GFP"&" l[ymphocytes. Data representative
of three independent experiments.
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PBMC:s were isolated from human buffy coats using Ficoll-Paque gradient centrifugation
(De Paoli et al., 1984). To isolate distinct populations of CDla-restricted T cells and
enhance the fluorescence intensity of tetramer staining, we used magnetic enrichment
(magnetic activated cell sorting, MACS) similar to previously described protocols for
enrichment of peptide antigen-specific T cell populations (Legoux and Moon, 2012).
Briefly, PBMCs were sequentially incubated with dasatinib (an inhibitor of TCR
internalisation) (Lissina et al., 2009, Schade et al., 2008), CD1a tetramer conjugated to
PE or PE-Cy7, and then anti-PE magnetic beads (Miltenyi) before being passed over a

magnetic column to collect tetramer” cells.

To ensure sufficient recovery of tetramer™ T cells, 100 x 10° cells of PBMCs were labelled
and enriched with each tetramer. PBMCs were labelled with CD1a-vehicle and CD]1a-
DDM tetramers to compare staining among unenriched cells (taken prior to passing over
the magnetic column) and enriched cells. Tetramer” T cells were present among
unenriched cells, however, these were not clearly separated from the tetramer- cells, did
not form distinct populations, and did not isolate sufficient cells for phenotypic analyses
(Fig.3.2a). Enriched samples revealed discrete populations of tetramer” T cells with high
fluorescence intensity, suggestive of a skewing towards capturing cells that bound with
the highest affinity (Fig.3.2b). Whether the cells that appear to bind to CD1a tetramers
with lower affinity in the unenriched samples are genuine CD1a-restricted T cells remains

unclear.

In enriched samples, CD3" CD1a-tetramer” cells were isolated in several donors for both
CDla-vehicle and CD1a-DDM tetramers, however, the identity of this cell population
was not determined. Tetramer binding was unlikely TCR- nor CD36-mediated as CDla
tetramer staining is not affected by anti-CD36 blocking in the same way that other CD1
tetramers are (Gherardin et al., 2021) (discussed further in Chapter 5.2.6). There may be
another receptor that binds to CD1a independently of a TCR yet to be discovered, which
is a subject of ongoing investigations. It is reassuring, however, that despite TCR-
independent tetramer binding among non-T cells, tetramer binding among CD3" T cells
was confirmed to be due to genuine CD1a-recognition as TCR sequences obtained from

these cells were later used to generate CD1a-restricted T cell lines (see Chapter 4.2.2).
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Figure 3.2. Isolation of CD1a-restricted T cell populations directly ex vivo from healthy human blood.
Each plot represents PBMCs stained with either CDla-vehicle or CD1a-DDM tetramer and surface
antibody stain to obtain CD14 CD19 7-AAD" single lymphocytes, A. without or B. with magnetic (MACS)
enrichment. Numbers in the top right of each plot indicate the percentage of tetramer* cells in the total
parental population. C. Cumulative data of MACS-enriched CD1a-vehicle and CD1a-DDM tetramer* cell
frequencies in 52 donors in 14 independent experiments. D. Dual stain with CD1a-vehicle and CD1a-DDM
tetramers conjugated to BV421 and PE respectively (without MACS enrichment). Data representative of
four donors in two independent experiments.
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CDla-DDM tetramers consistently isolated more cells than the CD1a-vehicle or CD1a-
endo tetramers (in 51/52 donors) (Fig.3.2¢c), reflective of either the nature of the DDM
tetramer containing one lipid antigen as opposed to a heterogenous mix of lipids
(Birkinshaw et al., 2015), or a greater number of CDla-restricted T cells targeting a
mycobacterial lipid than self-lipids. To ascertain whether the same cells were binding
both CD1a tetramers, PBMCs from four donors were stained with both CD1a-DDM and
CDla-vehicle tetramers conjugated to PE and BV421 respectively (Fig.3.2d). Three
distinct populations were observed: CD1a-DDM tetramer+, CD1a-vehicle tetramer+ and
cells double positive for both (Fig.3.2d). It is unlikely that this was the result of non-
specific binding, but rather, potential cross-recognition of both antigens by a population
of CD1a-restricted T cells (explored in Chapter 4.2.3). Accordingly, CD1a tetramers were
used in combination with MACS-enrichment to isolate unambiguous populations of

CDla-restricted T cells from healthy human blood for further analyses.

3.2.3 Phenotypic characterisation of surface markers expressed by CD1a-restricted

T cells

To phenotypically characterise CDla-restricted T cells, CDla tetramers were
incorporated into a flow cytometry panel designed to measure co-receptor usage (CD4,
CD8), memory status (CD27, CD45RO), unconventional T cell markers (IL-18R,
CD161), and chemokine receptor expression (CCR7 and CLA). CD1la-autoreactive and
DDM-reactive T cells were isolated by magnetic enrichment of CDla-endo or CD]1a-
vehicle and CD1a-DDM tetramers respectively, and as a comparison CD3" tetramer” T

cells were also analysed.

CDla-tetramer” cells were first examined for expression of CD4 and CD8 co-receptors
in 40 donors. Consistent with previous studies of cultured cells, CD1a-restricted T cells
were predominantly CD4" and in some donors, up to 100% of tetramer™ T cells were
CD4"(Fig.3.3). The mean percentage of cells that were CD4" was 84.2% and 77.5%
among CDIla-DDM and CDla-vehicle tetramer” cells respectively, with small
populations of CD8" and CD4CD8 double negative (DN) cells (Fig.3.3). These
proportions are similar to the co-receptor expression of CDla-autoreactive T cells
previously described (de Lalla et al., 2011, de Jong et al., 2010, Kasmar et al., 2013). The
average CD4/CDS ratio among all T cells was 2.0, which is consistent with the range

generally considered normal in humans (1.5-2.5), reflecting wide heterogeneity that is
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Figure 3.3. CD4 and CD8 co-receptor expression by CD1la-restricted T cells in healthy human
blood. A. Gating of CD4*, CD8* and double negative (DN) populations among CD3* tetramer* T
cells (blue) compared to the total T cell population (grey). T cells were first identified by gating on
CD14 CD19 single, live lymphocytes. B. Cumulative data for CD4 and CD8 co-receptor expression
displaying the percentage of tetramer* cells that express each or are DN for 40 (CD1-DDM) and 38
(CD1a-endo or CD1a-vehicle) healthy blood donors.
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influenced by sex, age, ethnicity, genetics, and microbial exposure (Amadori et al., 1995,
McBride and Striker, 2017, Wikby et al., 2008). In contrast, the CD4/CD8 ratio rose to
9.5 and 4.7 among CDla-DDM and CDla-vehicle tetramer” T cells respectively,
suggestive of an important role of CD4 in interacting with CD1a (investigated in Chapter

4.2.9).

CDla-restricted T cells were largely positive for the costimulatory T cell marker CD27
and displayed varying levels of the memory marker CD45RO (Fig.3.4a, 3.4b). CDla-
autoreactive T cells are reportedly enriched in the naive CD45RA compartment in both
newborns and adults, and the percentage of those that are CD45RO" increases in adults
(de Lalla et al., 2011), likely due to further T cell development and antigen exposure. In
line with accumulation of the memory phenotype with age, while there was great inter-
donor variability, there was a slightly greater trend of increasing frequency of CD45RO*
tetramer” T cells compared to all T cells with age among the cohort tested (Fig.3.4c).
Interestingly, some donors even had clonal populations of CD27"CD45RO" memory T
cells (clonality was verified by TCR sequencing - see TCR 27a28 isolated from donor
CNR?2 in Chapter 4.2.1. The proportion of T cells that were CD45RO" varied between
individuals, hovering around half, which is consistent with previous quantifications of
circulating CD45RO" memory T cells indicating that approximately 50% and 30% are
CD4" and CD8" respectively (Hamann et al., 1997, Lanio et al., 2009, Olson et al., 2013,
van de Berg et al., 2012, Walton et al., 1998). Expression of CD27 by CD1a-restricted T
cells was unsurprising given that many tetramer-negative T cells were also CD27*. CD27
is typically expressed by all naive CD4" T cells and by approximately 80% of the CD4"
memory population, as well as most naive and memory CD8" T cells (De Jong et al.,
1992, Hamann et al., 1997, Hintzen et al., 1993). CD27 memory populations are less
frequent but can include effector cells that display a high antigen recall response
(although very few tetramer” cells fell into this category) (Hamann et al., 1997, Schiott et
al., 2004).

CDla-restricted T cells were next interrogated for their expression of CD161 and IL-18R,
markers commonly expressed by innate-like T cells such as MAIT and NKT cells (Ussher
et al., 2014, Fergusson et al., 2014, Hashimoto et al., 2003). MAIT cells, identified using
MR1-5-OP-RU tetramers, were clearly double positive for these markers as expected

(Fig.3.5). In contrast, CD1a-restricted T cells consistently displayed low levels of CD161
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Figure 3.4. CD45R0O and CD27 expression by CD1la-restricted T cells directly ex vivo in healthy
human blood. 38 blood donors were magnetically-enriched for CD1a-DDM tetramer and CD1a-endo
or CD1a-vehicle tetramer directly ex vivo. A. Gating of CD45R0O"and CD27* populations among CD3*
tetramer* T cells (blue) was based on the total T cell population (grey) in three donors. CD3* tetramer*
T cells cells were first identified by gating on CD14 CD19 single, live lymphocytes. Numbers indicate
percentage of CD27* CD45RO* cells. B. Percentage of tetramer* cells that express CD27 or CD45RO
among all 38 donors. C. Percentage of tetramer* cells that were CD45RO* as a function of age, divided
into CD1a-autoreactive (CD1la-endo or CDla-vehicle tetramer*), DDM-reactive (CD1a-DDM tetramer®)
and all CD3*T cells.
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Figure 3.5. Expression of innate-like T cell markers by CD1la-restricted T cells in healthy human
blood. Blood donors were magnetically-enriched for CD1a-DDM tetramer and CD1a-vehicle tetramer
directly ex vivo. 6 donors were also labelled with MR1-5-OP-RU tetramer to isolate MAIT cells as
controls. A. CD161 and IL-18R expression of CD1a-DDM tetramer* cells (blue) and CD1la-vehicle
tetramer* cells (red) compared to all T cells (grey) and MR1-5-OP-RU tetramer* (MAIT) cells (green). B.
Frequency of CD161" (n = 35) and IL-18R* (n = 28) populations among CD1a tetramer®* cells, all T cells,
and MAIT cells in all donors.
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and IL-18R (Fig.3.5). These data highlight key differences in the phenotype of CD1a-

restricted T cells and other unconventional innate-like T cells.

The expression of several homing markers was evaluated on CDla-restricted T cells
isolated directly ex-vivo as a previous study revealed that CDla-autoreactive T cells
express a skin homing marker known as cutaneous leukocyte antigen (CLA) (de Jong et
al., 2010, Forster et al., 1999). A small number of CD1a-restricted T cells expressed CLA,
and some donors revealed a large percentage of tetramer” cells that were CLA™ (Fig.3.6).
CDla-restricted T cells expressed high levels of the lymphoid organ homing-receptor
CCR7 (Fig.3.6), suggesting that they circulate in blood and lymph to secondary lymphoid

organs (Forster et al., 1999), but this does not rule out the potential to circulate to skin.

Both of- and yo-T cells are known to recognise lipid antigens presented by CDI
molecules (Luoma et al., 2014, Spada et al., 2000), and therefore whether isolated CD1a-
restricted T cells expressed y6-TCRs was assessed. The frequency of CDl1a tetramer” T
cells that expressed y6-TCRs was lower compared to that of the total T cell pool (Fig.3.7).
There was a large degree of inter-donor variation in CD1a-restricted y3-T cell frequency.
Overall, there were more CDla-autoreactive T cells that were y5-TCR" than DDM-
reactive T cells, however some donors had higher DDM-reactive y6-TCR frequencies,
ranging up to 12.5% among the 15 donors assessed (Fig.3.7). These results are particularlt
interesting as, in comparison with CD1b-, CD1c-, and CD1d-restricted T cells (Bai et al.,
2012, Cui et al., 2009, Roy et al., 2016, Russano et al., 2006), fewer studies have
identified CD1a-restricted yd T cells (Agea et al., 2005, Wegrecki et al. 2022).

3.2.4 Transcription factor expression and cytokine production in CD1a-restricted

T cells

To gain greater insight into the function of CD1a-restricted T cells, they were analysed
for transcription factors PLZF, Roryt and Foxp3 expression. PLZF is regarded as a master
regulator for innate-like responses (Alonzo et al., 2010, Kovalovsky et al., 2010) and is
crucial for the development and function of NKT, MAIT, and some y3-T cells (Das et al.,
2010, Kovalovsky et al., 2008, Savage et al., 2008, Pellicci et al., 2020). RORyt is also
highly expressed by IL-17-producing innate-like T cells (Leeansyah et al., 2015,
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Figure 3.6. Expression of migratory markers by CD1a-restricted T cells in healthy human blood.
Blood donors were magnetically-enriched for CD1a-DDM tetramer and CD1a-vehicle tetramer directly
ex vivo. A. CCR7 and CLA expression of CD1a-DDM tetramer* cells (blue) and CD1a-vehicle tetramer*
cells (red) compared to all T cells (grey) in three donors. B. Frequency of CCR7* (n = 19) and CLA* (n =
27) cells among CD1a tetramer* populations and all T cells in all donors.
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Figure 3.7. Expression of y6-TCRs by CD1a-restricted T cells in healthy human blood. PBMCs
were labelled with CD1a-DDM tetramer (n = 15) and CD1a-vehicle (n = 12) tetramer directly ex
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total T cell population (grey). CD3*tetramer* T cells were first identified by gating on CD14CD19"
single, live lymphocytes. B. Cumulative y6-TCR expression shown as a percentage of tetramer*
cells or all T cells.
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Rahimpour et al., 2015, Pellicci et al., 2020). Additionally, Foxp3 is a transcription factor
expressed by regulatory T cells (Tregs) with potent suppressive activity, particularly
when co-expressed with RORyt (Li et al., 2015, Yang et al., 2016).

In this study, MAIT cells were identified using high levels of CD8 and CD161 co-
expression as surrogate markers to act as a control to indicate positive transcription factor
staining. While the positive shift in mean fluorescence intensity (MFI) for MAIT cells
compared to other T cells was minimal, especially for PLZF, MAIT (CD8*CD161%) cells
were consistently double positive for RORyt and PLZF. They displayed MFIs that were
on the higher end of PLZF expression among all T cells (Fig.3.8a), albeit they were
expected to be more distinctly positive for PLZF like in previous studies (Gherardin et
al., 2018). PLZF MFI was also slightly higher among CD1a-tetramer” T cells compared
to both MAIT cell and total T cell populations, while RORyt MFI for DDM-reactive T
cells was similar to that of the total T cell population (Fig.3.8b). Fewer donors were
examined for Foxp3 expression (n=8), which appeared elevated among some CD]la-
tetramer” cells and MAIT cells compared to T cells (Fig.3.8b). While this transcription
factor is not typically associated with MAIT cells, populations of tumour-infiltrating
CD4" Foxp3" MAIT cells that are positive for other markers typical of regulatory T cells,
including CTLA-4, CD25 and Helios, have been identified (Li et al., 2020). Some Foxp3*
CDla-restricted T cells may therefore play a regulatory role. There was great inter-donor
variability, and overall, it appears that CD1a-restricted T cells have higher levels of PLZF,

low levels of RORyt and are heterogenous for Foxp3 expression.

Due to the expression of typical transcription factors for unconventional T cells, PLZF,
and to a lesser degree, RORyt, the capability of CDl1a-restricted T cells to produce Thl
and Th17 cytokines was assessed. Most functional data on CD1a-restricted T cells have
been determined using in vitro expanded CD1a-autoreactive T cell clones. To assess them
ex vivo, PBMCs from nine healthy blood donors were non-specifically stimulated with 1
pg/mL phorbol 12-myristate 13-acetate (PMA) and ionomycin for 4 hours in the presence
of GolgiStop (BD Biosciences), a protein transport inhibitor. Cells were subsequently
labelled with CD1a tetramers (without enrichment), followed by intracellular cytokine
staining to examine TNF, IFN-y, IL-17 and IL-4 production. Within four hours of
stimulation, some T cells produced TNF and IFN-y, but few produced IL-4 or IL-17
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Figure 3.8. Transcription factor expression in CD1la-restricted T cells from healthy human
blood. Blood donors were magnetically-enriched for CD1a-DDM tetramer tetramer directly ex
vivo, fixed and permeabilised, and then labelled for intracellular transcription factors. A. PLZF,
RORyt and Foxp3 expression of CD1a-DDM tetramer® cells (blue), CD8* CD161* cells (red) and all
T cells (grey). B. Mean fluorescence intensity (MFI) of PLZF (n = 23), RORyt (n = 23) and Foxp3 (n
= 8) among CD1a tetramer* populations, CD8* CD161* T cells (used as pseudo-markers of MAIT

cells) and all T cells.
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Figure 3.9. Intracellular cytokine staining of CD1a-restricted T cells following stimulation. PBMCs
from healthy blood donors were stimulated with 1 pg/mL each of PMA and ionomycin for 4 hours
while treated with a protein transport inhibitor. Cells were then fixed and permeabilised for
intracellular cytokine staining. A. FACS plots depicting TNF, IFN-y, IL-17 and IL-4 expression of
CD1a-DDM tetramer* cells (blue) and all T cells (grey) with and without stimulation. B. Frequency
of IFN-y*and TNF* cells among CD1a-DDM tetramer* populations and all T cells (n = 9), with CD1d-
a-GalCer tetramer® (type | NKT cells) and MR1-5-OP-RU tetramer* (MAIT) cell populations as
controls. Unstimulated cells are depicted in circles (left) and stimulated cells in triangles (right).
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(Fig.3.9). Longer stimulation times may be required for Th2 and Th17 differentiation to
produce these cytokines given their delayed activation kinetics (Duechting et al., 2017).
A small number of CD1a-restricted T cells produced IFN-y following PMA/ionomycin
stimulation, while some produced TNF (Fig.3.9). Type I NKT cells and MAIT cells
were identified using CD1d-a-GalCer and MR1-5-OP-RU tetramers respectively, and
cells within these populations also did not produce IL-17, consistent with previous
studies of peripheral blood MAIT cells following in vitro stimulation (Gherardin et al.,
2018, Koay et al., 2016). These data provide a glimpse at the potential functional
properties of CD1a-restricted T cells upon activation, however further studies are
required to study larger populations and determine how these cells would behave when

activated in situ.

3.2.5 Comparative transcriptomic analysis of CD1a-restricted T cells

Next generation sequencing was performed to gain a greater understanding of the genes
that regulate CD1a-restricted T cells. Single cell RNA-sequencing allowed analysis of
gene expression across the transcriptome in individual cells (Eltahla et al., 2016). Given
that CD1a-DDM tetramer” cells predominantly express CD4, conventional CD4" T cells
and type I NKT cells were used as controls. CD1a-restricted T cells, type I NKT cells,
and conventional CD4" T cells from four healthy blood donors were index sorted such
that each sorted cell could be identified by its location in the plate to match individual
cell phenotypes identified by flow cytometry with TCR usage and transcriptome
(Fig.3.10a). Donors CNR63, MS28 and MS31 revealed large, distinct CD1d-a-GalCer
tetramer” populations (here on in referred to as type I NKT cells). All four samples
labelled with CD1a-DDM tetramer also contained discrete populations of tetramer™ cells,
albeit at lower frequencies (Fig.3.10a). From donors CNR63, CNR70, MS28 and MS32
a total of 73, 80, 25 and 34 cells were sorted respectively. From each donor, 80 NKT cells
and 80 CD4" T cells (CD4" tetramer cells in samples labelled with CD1d-a-GalCer
tetramer) were sorted. As the cell counts were lower for donors MS28 and MS32, only
donors CNR63 and CNR70 progressed for cDNA library preparation and RNA

sequencing.

Similar to previous phenotypic analyses of CDla-restricted T cells by us (Fig 3.3) and
others, most DDM-reactive T cells were CD4" (de Jong et al., 2010, de Lalla et al., 2011)
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Figure 3.10. Isolation of DDM-reactive T cells, type | NKT cells, and conventional CD4* T cells for
single cell RNA sequencing. DDM-reactive T cells and type | NKT cells were MACS-enriched from
four healthy blood donors and single cell-sorted for RNA-sequencing. A. FACS profiles of all cells
acquired for each sample, depicting viable single cells with the exclusion of CD19* B cells. Tetramer*
cells were index sorted from within the CD3* tetramer* gate. Black numbers indicate their
proportion of the parent population and red numbers indicate number of cells sorted per sample.
B. Surface phenotype analysis of CD4, CD8a, CD27 and CD45RO0 expression from donor CNR70 (left)
and cumulative data of the percentage of CD4*, CD8*, DN, CD45R0O* and CD27* populations among
all T cells, CD4* T cells (CD4+), type | NKT cells (NKT) and DDM-reactive T cells (DDM). Tetramer
cells from the CD4*CD8 quadrant in NKT samples of each donor were also sorted as a CD4*T cell
control. Data representative of four donors in two independent experiments.
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(Fig.3.10b). Type I NKT cells were either CD4" or DN for both co-receptors (Fig.3.10b).
The majority of type I NKT cells in each donor were CD45RO™ (Fig.3.10c), consistent
with their innate-like, activated/memory phenotype (van Der Vliet et al., 2000, Godfrey
et al., 2015). DDM-reactive T cells displayed naive/effector T cell dynamics and were
varied in their expression of CD45RO between individuals; in some donors, most
tetramer” cells had a CD45RO" memory phenotype, while other donors had a naive
CD45RO" phenotype (Fig.3.10c). Similar to previous experiments, most cells were
mainly CD27" (Fig.3.10c). This variation in memory status suggests that some DDM-
reactive T cells may be capable of early effector responses following activation, like type
I NKT cells, or that some may have previously undergone clonal expansion following

antigen-exposure (Golubovskaya and Wu, 2016).

Cells were FACS-sorted directly into a cell lysis buffer for reverse transcription followed
by PCR amplification. Samples for which the quality and quantity of DNA product was
sufficient, as assessed by LabChip analysis and a Quant-iT PicoGreen dsDNA Assay Kit
(see Chapter 2: Materials and Methods), were processed further. cDNA libraries were
generated by tagging PCR product with unique barcodes using the Illumina Nextera XT
DNA Library Preparation Kit, and sent to Auda Eltahla and William Van De Byl in Fabio

Luciani’s group (University of New South Wales) for sequencing and data analysis.

A principal component analysis (PCA) was performed on the transcriptomes recovered
from each T cell subset. CD1b-restricted GMM-reactive T cells were included as an
additional subset for comparison as identified by magnetic enrichment with CD1b-GMM
tetramers performed in parallel with Michael Souter (discussed in detail in his PhD thesis,
completed at The University of Melbourne). Single cell transcriptomes were normalised
to subtract variations between T cell subsets that were caused by experimental conditions,
inter-donor differences and variable features that were independent of cell subset. Three
separate clusters were observed: type I NKT cells, GMM-reactive T cells, and a third
cluster containing both CD4" T cells and DDM-reactive T cells (Fig.3.11a). A small
degree of overlap between cells of different subsets was observed, most notably among
type I NKT cells, some of which overlapped with CD4" T cells (and other subsets). PCA
analysis hence suggests that CD1a-restricted T cells were most similar to conventional
CD4" T cells compared to CD1b-GMM-reactive and type I NKT cells, and that the three

lipid-reactive T cell populations have distinct transcriptomes.
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Figure 3.11. Transcriptionally distinct populations of “unconventional” T cells. Single DDM-
reactive and GMM-reactive T cells, type | NKT cells and conventional CD4* T cells underwent
RNA-sequencing after generating cDNA libraries reflective of their transcriptome. A. Principal
component analysis (PCA) of all cells after normalisation and batch correction showing: CD1a-
DDM tetramer* T cells (circles), CD1b-GMM tetramer*T cells (triangles), conventional CD4* T
cells (squares), and type | NKT cells (crosses). The size of each cell representation reflects the
total number of features (genes) recovered per cell for analysis and its colour is indicative of
an individual donor and sample type. B & C. Heatmaps displaying each T cell subset
segregated based on unsupervised clustering into three clusters and displaying the top
marker genes for each cluster: DDM-reactive (DDM) and conventional CD4* T cells (CD4)
(cluster 1), GMM-reactive T cells (GMM) (cluster 2) and type | NKT cells (NKT) (cluster 3). Top
marker genes were determined using mean expression values and ranked using a Wilcoxon
signed rank test. Marker genes were defined as having an area under the receiver operating
characteristic (AUROC) curve of > 0.85 and p < 0.01 (B) or AUROC of > 0.65 and p < 0.01 (C).
Dendograms on top of each heat map indicate independent clustering, obtained by
measuring similarity between expression patterns across individual cells.
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Analysis of transcriptome heat maps for each cell, segregated by similar gene expression
between subsets, revealed the same three distinct clusters. Each cluster was mostly
homogenous with few cells of each subtype that were scattered among the other clusters
(e.g. one DDM-reactive T cell was clustered with type I NKT cells). Top marker genes
were determined using mean expression values and ranked using a Wilcoxon signed rank
test. When defined as having an area under the receiver operating characteristic
(AUROC) curve of > 0.85 and p < 0.01 (the default threshold), only one marker gene,
JUN, was determined (Fig.3.11b). The protein encoded by JUN, c-Jun, is a leucine zipper
and forms part of the AP-1 complex, which is a positive regulator of cellular proliferation,
growth and differentiation (Shaulian and Karin, 2002). JUN was highly expressed among
GMM-reactive T cells while the two other clusters exhibited low-to-intermediate
expression of this marker. By relaxing the AUROC to > 0.65, several (9-10) marker genes
were determined per cluster (Fig.3.11c). Type I NKT cells were well-defined by their
high expression of genes such as KLRB, which encodes CD161; TGFBI, which encodes
TGF-B; and TRBV25-1, aligning with prior knowledge of type I NKT cells being CD161*
(Billerbeck et al., 2010) and expressing a TRBV25-1" TCR B-chain (Porcelli et al., 1993,
Dellabona et al., 1994, Godfrey et al., 2015), as well as TGF-f being a key regulator of
their development and differentiation (Doisne et al., 2009).

Marker genes determined for the DDM-reactive T cell and the CD4" T cell cluster were
FHIT, GMFG, SAMHDI, FYBI, PRKCQ-AS1, SDCBP, TRBC2.1, ATP5FIC, and XIST
(Fig.3.11c). FHIT is a tumour suppressor gene encoding P1-P3-bis(5’-adenosyl)
triphosphate, also known as fragile histidine triad protein. GMF'G (glia maturation factor
gamma), is a maintenance factor for haematopoietic stem cells and a regulation factor for
lineage commitment (Kawai et al., 2003, Shi et al., 2006). SAMHD1 encodes a dNTPase
that negatively regulates NF-kB and IFN-y-directed inflammatory responses in viral
infections (Chen et al., 2018). FYBI encodes FYN binding protein, which augments IL-
2 production and is an adaptor protein in TCR signalling cascades (da Silva et al., 1997).
SDCBP encodes syntenin, a syndecan binding protein involved in cytoskeleton
signalling, trafficking of transmembrane proteins, and immunomodulation by enhancing
TGF-p signalling (Beekman and Coffer, 2008, Hwangbo et al., 2016). ATP5F1C encodes
a subunit of the mitochondrial ATP synthase, therefore potentially indicative of the

metabolic activity of these cells. The other two marker genes, PRKCQ-AS1 (PRKCQ
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Figure 3.12. Top differentially expressed genes between the three clusters. A gene
expression heatmap displaying each T cell subset segregated based on unsupervised
clustering into three groups: DDM-reactive and conventional CD4* T cells (cluster 1), GMM-
reactive T cells (cluster 2) and type | NKT cells (cluster 3). Differential expression was
calculated using the non-parametric Kruskal-Wallis Test with p < 0.01. Dendrograms (top)
indicate independent clustering, obtained by measuring similarity between expression
patterns across individual cells.
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antisense RNA) and XIST (X inactive specific transcript), are RNA genes affiliated with

long non-coding RNA and may regulate transcription of other genes.

In addition to identifying top marker genes, differential gene expression between clusters
was also assessed. Differential expression was calculated using a non-parametric
Kruskal-Wallis test and a significant p-value indicates that expression of a given gene in
one cluster was dominant over another cluster. Most differentially expressed genes
identified had low expression among DDM-reactive T and CD4" T cells (i.e. were more
highly expressed by type I NKT or GMM-reactive T cells) (Fig.3.12). Consistent with
flow cytometry data, which revealed no CD161 surface expression (Fig.3.5), DDM-
reactive T cells had minimal expression of KLB1, while it was highly expressed by NKT
cells and some GMM-reactive T cells (Fig.3.12). As expected, DDM-and GMM-reactive
T cells were negative for TRBV25-1, reflective of their TCR diversity (and bias for other
variable genes in the case of GMM-reactive T cells (Van Rhijn et al., 2014, Van Rhijn et
al., 2013a)).

Among the top 50 differentially expressed genes, those that were highly expressed by
DDM-reactive T and CD4" T cells include ZFP36, NFKBIA, TSC22D3, AC004057.1,
PIK3IP1, and GMFG (Fig.3.12). Genes with anti-inflammatory effects (ZFP36,
NFKBIA, and TSC22D3) were highly expressed across all three clusters (albeit DDM-
reactive and CD4" T cells exhibited relatively lower levels of ZFP36 and NFKBIA, and
NKT cells had lower levels of TSC22D3). ZFP36, zing finger protein 36, is an RNA-
binding protein that regulates inflammation by restraining T cell activation and anti-viral
immunity (Moore et al., 2018). NFKBIA encodes NF«kB inhibitor alpha, the major
negative regulator of NFkB (Hayden and Ghosh, 2008). 7SC22D3 encodes a
glucocorticoid-induced leucine zipper (GILZ) protein, which also inhibits the expression
of pro-inflammatory molecules by preventing translocation of NFkB and AP-1 to the
nucleus (Bereshchenko et al., 2019). It has opposing impacts on different T cell subsets,
dampening Thl and Thl7 responses while enhancing Th2 responses and TGF-$3
signalling in Tregs (Bereshchenko et al., 2019). PIK3IP1 (phosphoinositide-3-kinase
interacting protein 1), which suppresses T cell activation (DeFrances et al., 2012), and
GMFG, were both highly expressed by CD4* and DDM-reactive T cells as well as GMM-

reactive T cells, consistent with GMFG being identified as a marker gene for those cells.
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DDM-reactive and CD4" T cells also exhibited intermediate expression of MTND2P28,
EML4, KLF6, IER2, FYBI, and S10044 (Fig.3.12).

Subsets were next interrogated for differentially expressed genes between each cell type
in a pairwise fashion. Using type I NKT cells as a reference, analysis was performed with
the MAST package (Finak et al., 2015) with a calculated threshold to distinguish
expressed (>1) or non-expressed (<1) genes. Only genes that were expressed by both
subsets were considered. A total of 21 differentially expressed genes were found between
the two control cell types, NKT cells and conventional CD4* T cells, of which the top 16
are displayed (Fig.3.13a). KLRBI, TRBV25-1 and CCL5 showed substantial differences
in expression (Fig.3.13a), which aligns with prior knowledge of type I NKT cells.
Production of CCLS5 by NKT cells has been observed to be tolerogenic and protective
against excessive inflammation (Faunce and Stein-Streilein, 2002, Chen et al., 2019a),
and is typically only expressed by conventional T cells following activation (Schall et al.,
1988). GNLY, encoding granulysin, was expressed by NKT cells but absent in CD4" cells
(Fig.3.13a). Granulysin is located in cytotoxic granules and exhibits anti-microbial
activity against a broad range of microbes, including Mtb and therefore is only associated
with T cells that have cytotoxic capacity and may be why it was not expressed by CD4*
DDM-reactive T cells (Stenger et al., 1998). FTHI and HLA-B were the two most highly
expressed genes in both subsets, albeit higher in NKT cells (Fig.3.13a). The differential
expression of F'TH1, which encodes the heavy subunit of ferritin (the major intracellular
iron storage protein), and the FTHPI(O pseudogene may indicate differences in
immunometabolism given that T cell proliferation and effector functions are energy
expensive processes that require iron, and ferritin itself can influence cytokine production

(Gray et al., 2002, Gray et al., 2001).

Only two differentially expressed genes were found when comparing DDM-reactive T
cells and CD4" T cells, which is likely why they were grouped in the same cluster
(Fig.3.13b). Expression of DUSPI was high in both subsets, but, along with PNRCI
expression, was comparatively elevated in conventional CD4" T cells (Fig.3.13b).
DUSPI encodes MAP kinase (MAPK) phosphatase 1 (MKP1), which dephosphorylates
MAPKI1/ERK2, considered essential regulators of both innate and adaptive immune
responses. MKP1 negatively regulates the production of pro-inflammatory molecules and

cytokines, and is required for T cell activation and proliferation (particularly for Th1 and
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Figure 3.13. Comparison of differentially expressed genes between DDM-reactive T cells and other
cell types. Top 16 differentially expressed genes between A. Type | NKT cells (red) and CD4* T cells
(blue); B. CD4* T cells (red) and DDM-reactive T cells (blue); C. Type | NKT cells (red) and DDM-reactive
T cells (blue); and E. DDM-reactive T cells (red) and GMM-reactive T cells (blue). D. Differential
expression of TRBV genes between DDM-reactive T and NKT cells (top), and DDM-reactive and GMM-
reactive T cells (bottom). Differentially expressed genes were determined by p-value <0.01 and

absolute log fold change >1.
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Th17 responses) (Liu et al., 2007, Noguchi et al., 1993, Sun et al., 1993, Wu et al., 2006,
Zhang et al., 2009). PNRC1 encodes proline rich nuclear receptor coactivator, which is a
tumour suppressor gene involved with transcription and maturation of rRNA (Gaviraghi
et al., 2018, Wang et al., 2011, Zhou et al., 2007), and a negative regulator of the
MAPK/ERK signalling pathway (Zhou et al., 2004b). The identification of only two
differentially expressed genes between them highlights the similarity of DDM-reactive T
cells to conventional CD4" T cells, suggesting these subsets share an overlapping
phenotype and function, although further experiments are required to validate these

findings.

A total of 62 differentially expressed genes were found when comparing DDM-reactive
T cells and type I NKT cells, of which the top 16 are displayed (Fig.3.13c). Differentially
expressed genes relating to immune function, many of which are inhibitory, include
KLRBI, DUSPI, TSC22D3, RGCC, LYAR and ZFP36L2, all of which were elevated in
NKT cells except 7SC22D3 (GILZ — glucocorticoid-induced leucine zipper) (Fig.3.13c).
DUSPI (MKP1) is immunomodulatory and typically suppressive. RNA-binding protein
ZFP36 similarly restrains T cell activation and anti-viral immunity (Moore et al., 2018).
LYAR, encoding Ly antibody reactive protein, also negatively regulates anti-viral innate
immunity by impairing the DNA binding capacity of IRF3 and inhibiting NFkB-mediated
expression of proinflammatory cytokines (Yang et al., 2019). RGCC, regulator of cell
cycle, has an inhibitory effect on cell cycle activation induced by TCR/CD28 engagement
(Tegla et al., 2015). Hence, many of the genes more greatly expressed by type I NKT
cells were immunomodulatory. Other differentially expressed genes included
mitochondrially encoded genes, MT-ND4L, MT-ND5, MT-ND6 and MTND2P2§, and
YMEILI, an ATP-dependent metalloprotease located in the mitochondria. YMEILI is
typically more abundant in tissues with a high mitochondria content (Coppola et al.,
2000), suggestive of differences in cellular respiration between these two subsets. Other
genes identified are involved in cellular processes and protein metabolism: RHBDD?2,
encoding a membrane-bound protease for intra-membrane proteolysis; RPL3S, a
ribosomal-binding protein; HISTIH4A (H4 clustered histone 1), related to protein
metabolism; and EML4, a microtubule stabilising protein essential for cell proliferation
(Houtman et al., 2007, Pollmann et al., 2006). TCR B-chain variable genes TRBV19 and
TRBV28 were also identified as differentially expressed but were not among the top 16
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(Fig.3.13d, Appendix III), suggesting that DDM-reactive T cells may exhibit biases
towards these V3 genes (explored further in Chapter 4.2.1.)

DDM- and GMM-reactive T cells clusters demonstrated a total of 68 differentially
expressed genes, of which the top 16 are displayed (Fig.3.13e). Most were comparatively
elevated in GMM-reactive T cells, with the exception of AC004057.1, MTND2P28,
RPS26, and TMSBI10 (Fig.3.13e). Many of the differentially expressed genes were
involved in general cellular functions such as protein synthesis and proliferation. RPS26
encodes ribosomal protein S26, and AC004057.1 is a pseudogene for the same protein.
FKBPI11 (FKBP19 protein) accelerates protein folding, is involved in the secretory
pathway and is therefore particularly elevated in cells/tissues with exocrine properties
(Rulten et al., 2006). Thymosin B10, encoded by TMSB10, plays an important role in the
organisation of the cytoskeleton by inhibiting actin polymerisation, thereby playing a role
in cell proliferation and motility (Sribenja et al., 2009, Zhang et al., 2017). CDKNIA
encodes cyclin dependent kinase inhibitor p21, another regulator of cell proliferation
(Georgakilas et al., 2017, Xiong et al., 1993). Collectively, differential expression in these
genes, as well as mitochondrial-encoded genes, may indicate differences in cell
proliferation, and protein production and secretion. Other differentially expressed genes
identified play a role in immune responses. Transcription factors encoded by BHLHE40
and ROR (Bhlhe40 and RORa respectively) influence T cell differentiation and cytokine
production (Lin et al., 2014, Miyazaki et al., 2010, Haim-Vilmovsky et al., 2019). GMM-
reactive T cells exhibited higher transcription of both JUN and FOS, which form part of
the AP-1 complex that is associated with productive T cell activation, enhanced
expansion potential and resistance to exhaustion (Lynn et al., 2019). Note that FOS was
also elevated in DDM-reactive T cells and therefore, while one of the 68 differentially
expressed genes, was not in the top 16 (Appendix III). GMM-reactive T cells exhibited
low-to-intermediate expression of LYAR, and CD161 was intermediately expressed by
GMM-reactive but not DMM-reactive T cells. Lastly, TRBV6-2 was identified as a
differentially expressed gene (Fig.3.13d), reflective of a bias towards this V3 gene among
GMM-reactive T cells, consistent with previous studies (Van Rhijn et al., 2013a).

These data suggest that CD1a-restricted T cells are predominantly CD4" and have an

overlapping phenotype and function to conventional CD4" T cells. The absence of innate-

like T cell marker expression (including CD161, IL-18R, and PLZF) also indicate that
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CDla-restricted T cells play a different role in the immune system to other
unconventional T cells like NKT and MAIT cells. Further experiments are required to
validate these findings and investigate the role of CD1a-restricted T cells in the immune

system.
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3.3 Discussion

In comparison to type I NKT cells, which are the most well-characterised CD1-restricted
T cell subset, fewer studies have focused on CDla-restricted T cells. The presence of
CD1d in mice, isolation of the strong agonist ligand a-GalCer, and to the development of
CD1d-a-GalCer tetramers generated major advances in our understanding of type I NKT
cell biology and their potential use as therapeutic agents (Pilones et al., 2012, Simoni et
al., 2013, Vivier et al., 2012, Kawano et al., 1997). The monomorphic nature of CDI
molecules similarly allows for the detection of CD1a-restricted T cells with a universal
CDla tetramer. Many studies of CD1a-restricted T cells to date have focused on T cells
that react to CD1a presenting self-lipids in vitro, however, there is burgeoning interest in
those that recognise mycobacterial and other foreign lipids. They appear to play a role in
barrier immunity, especially in the skin, and may play a role in immunity to mycobacteria
and other bacteria (Colonna, 2010, Van Rhijn et al., 2013b). DDM, a lipid isolated from
Mtb is a potent activator of CDla-restricted T cell clones (Moody et al., 2004),
highlighting the importance of studying populations of T cells that recognise such lipids.

Building on previous CDla tetramer studies (Kasmar et al., 2013), CDla-restricted T
cells were successfully identified from many healthy donors in sufficient numbers to
assess their phenotype and function, without the need for in vitro culture. Prior to
enrichment, it was difficult to isolate many CDla-restricted T cells with tetramers,
especially those that recognise self-lipid antigens (Kasmar et al., 2013). Low-affinity T
cells for specific ligands exist at low frequencies and appear negative for CD1a tetramer
but may produce robust effector responses upon activation, as has been demonstrated for
tetramer-negative pMHC-reactive T cells (Sabatino et al., 2011). Magnetic enrichment of
cells labelled with CD1d-a-GalCer tetramer has previously been used to enrich thymic
NKT lineage cells by greater than 1,000-fold (Benlagha et al., 2005). Using a similar
method, CDla-tetramer staining was optimised by magnetically enriching samples,
which resulted in the isolation of distinct populations of CD1a-restricted T cells. Overall,
the frequencies observed here were lower than those observed by previous studies that
measured activation of T cells by CDla" APCs in vitro, which may be due to donor
variation or a lower sensitivity threshold with tetramers. Another variable that influences
tetramer binding could be lipid heterogeneity. CD1a-DDM tetramers were presumably
uniformly loaded with a single lipid DDM, and these tetramers consistently isolated more

cells, while CDla-endo/CDla-vehicle tetramers were loaded with a mixture of
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endogenous lipids that differ both within this study, and in other studies of CDla-
restricted T cells. Given that each study used a different CD1a-transfected cell line — HEK
cells here, CIR cells (de Lalla et al., 2011) and K562 cells (de Jong et al., 2010) —different

lipid repertoires may have been available for antigen loading.

Inter-donor CD1a-restricted T cell variability of frequencies was observed, and all donors
consistently had more cells binding DDM-loaded tetramers than endogenous lipid- or
vehicle-loaded. This is consistent with the idea that many self-reactive T cells are
eliminated during development so that T cells are predominantly non-self-reactive,
although self-reactive T cells still do exist in healthy individuals (Walker and Abbas,
2002, Surh and Sprent, 1994). It was typically donors with larger populations of DDM-
reactive T cells that also had discernible populations of CD1a-autoreactive T cells, either
isolated with CDla-endo or CDla-vehicle tetramers. However, when labelled
simultaneously with both tetramers, many cells were only single positive for one tetramer,
suggesting they were not binding the same cells (Fig.3.2d). The inter-donor variability
and correlation between DDM- and endo-reactive frequencies draw parallels to other
unconventional T cell subsets, whose frequencies vary markedly (Pellicci et al., 2020)
and can be influenced by exposure to microbiota (Constantinides et al., 2019, Koay et al.,
2016). For example, given that antigen exposure is a significant contributor of MAIT cell
expansion within individuals, similar mechanisms may affect the frequency of CDla-
restricted T cells that recognise non-self-lipids like DDM. Interestingly, one blood donor
had a clonal population CDla-restricted memory T cells. This individual may have
received the BCG vaccination to prevent Mtb infection, and therefore has an expanded
population of T cells that recognise mycobacterial lipid antigens. CD1a-restricted T cell
frequency may also be influenced by variable CD1la expression levels, which can be
determined by transcriptional regulators such as the 5° UTR and intronic regions, for
which SNPs that influence CD1a expression levels have been determined (Seshadri et al.,

2013).

Consistent with previous studies, heterogeneity of CD45RO expression was observed
among CD1a-restricted cells (de Jong et al., 2010, de Lalla et al., 2011). CD1a-restricted
T cells can have a naive or memory phenotype comparable to conventional T cells in that
they are predominantly naive (CD45RA™) in newborns and adults, but increase their

memory T cells proportions as adults (de Lalla et al., 2011), and indeed, the proportion
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of memory CDla-restricted T cells tended to increase with age. This contrasts with the
constitutive effector/memory phenotype observed for other unconventional T cells. For
example, MAIT cells transition from a naive phenotype (CD45RA") early after egress
from the thymus and mostly display a memory phenotype (CD45RO") in circulation
(Dusseaux et al., 2011, Martin et al., 2009b), and type I NKT cells acquire a memory-
activated phenotype as early as in newborns (van Der Vliet et al., 2000). Also, in contrast
to these T cell subsets, CD1a-restricted T cells displayed minimal expression of innate-
like markers CD161 and IL-18R (Cosmi et al., 2008, Dusseaux et al., 2011, Martin et al.,
2009a). High CD161 and IL-18R expression by MAIT cells and Tc17 cells is linked to
IL-17 production and a memory-like phenotype (Fergusson et al., 2011). The absence of
this in CD1a-restricted T cells aligns with the observation that they produced IL-22 but
not IL-17 in response to stimulation, and exhibit heterogeneity for naive/memory
phenotype (Fig.3.4 and 3.10) (de Jong et al., 2010), although they also have produced IL-
17 in psoriasis pathogenesis (Kim et al., 2016).

Akin to most circulating T cells, only a small number of CD1a-restricted T cells expressed
the skin-homing receptor CLA (Fuhlbrigge et al., 1997) (Fig.2f). This contrasts with a
previous study that observed CLA expression on cultured memory CD1a-autoreactive T
cells (and perhaps the in vitro culture conditions induced greater CLA expression) (de
Jong et al., 2010). Other skin-homing markers to assess in future studies include CCR4,
CCR6 and CCR10, which are particularly integral during inflammation and contact
hypersensitivity reactions (Paradis et al., 2008, Tubo et al., 2011), as CD1a-restricted T
cells are thought to play a role in these. The low to intermediate expression of CLA may
be due to a lack of memory/effector cells in populations assessed. CLA" tetramer” cells
were usually also CD45RO" memory T cells, so CLA may be expressed only by antigen-
experienced CDla-restricted T cells. (CLA expression on epidermal CD1a-restricted T
cells is also investigated in Chapter 6.2.2) Like conventional T cells, naive CDla-
restricted T cells may circulate in blood and lymph until they acquire effector functions
and traffic to tissues, as antigen-inexperienced T cells typically do not express tissue

tropism.

It is unlikely that DDM-reactive T cells isolated from this cohort of healthy blood donors
had previously been primed by Mtb or the live-attenuated BCG vaccine, especially among

younger Australian blood donors due to the low incidence of TB and targeted
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recommendation for BCG vaccination (Faust et al., 2019). Older donors, however, may
have received the BCG vaccination as part of the Australian immunisation program that
ended in the mid-1980s (Department of Health, 2013). Additionally, it is possible that
variability in the frequency of DDM-reactive T cells is also influenced by exposure to
similar antigens. DDMs are a family of lipopeptides that were originally identified by
their potent antigenicity for CD1a-restricted T cells as an unexpected mycobactin variant
(Moody et al., 2004), and this discovery led to the identification of additional
monodeoxymycobactins years later (Madigan et al., 2012). There hence may be other
mycobacterial lipids structurally similar to DDM that have yet to be described. Mtb
synthesises mycobactins, specialised siderophores, to scavenge iron from both
extracellular transferrin and the intracellular iron pool (Olakanmi et al., 2002), and
actively synthesises deoxymycobactin during iron starvation (Madigan et al., 2012).
Other members of the Mycobacterium genus produce chemically distinct mycobactins,
with small acyl groups and fatty acid tails that make them suitable to fit into CD1a (Snow
and White, 1969). CDla-restricted T cells may therefore respond to a range of

mycobacterial lipids.

Other lipids abundant in mycobacterial cell walls include GMM and mycolic acid, both
of which are presented to CD1b-restricted T cells (Beckman et al., 1994, Moody et al.,
1997). These lipids give insight into the recognition of antigen variants by T cells. GMM-
reactive T cell frequencies also vary between healthy individuals, but not between
patients with active or latent TB and their uninfected (i.e. healthy) household contacts
(Lopez et al., 2020), indicating that factors other than Mtb infection itself may influence
these populations. Other mycobacterial pathogens such as M.ulcerans, which causes
cutaneous skin infection, and M.avium are capable of synthesising GMM under glucose-
enriched conditions (Deshayes et al., 2013, Matsunaga et al., 2008), and M.ulcerans
infection cases have been spreading through the Mornington Peninsula and Bellarine
Peninsula in Victoria, Australia (Tai et al., 2018). CD1b-GMM-reactive T cells may be
cross-reactive with antigenic lipids derived from similar bacteria. LDNS5, a prototypical
GMM-reactive T cell clone, has found to be reactive with GMM and extracts from
M.leprae and M.phlei (Moody et al., 1997). Unlike GMM, similar DDM compounds have
not been described in other Mycobacteria sp. (and closely related bacteria) (Marrakchi et
al., 2014), however, this does not rule out the possibility that structurally similar lipids to

DDM exist that are also CD1a antigens. Another possibility is that CD1a-DDM-reactive
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T cells may cross react with lipids derived from other sources, such as neoantigens
generated by phospholipases from house dust mites, bees and wasps, or self-antigens
(Bourgeois et al., 2015, de Jong et al., 2014, Jarrett et al., 2016a) (cross-reactivity of
CDla-restricted T cells between lipids will be explored further in Chapter 4).

CDla-restricted T cells expressed the transcription factor, PLZF, which is an integral
transcription factor for the development and innate-like functions of unconventional T
cell subsets (Kovalovsky et al., 2008, Savage et al., 2008, Koay et al., 2016). While the
processes involved in CDla-restricted T cell development is unclear, knowledge of
MAIT and NKT cell development provides a framework with which to study other
unconventional T cell subsets. PLZF is upregulated immediately by NKT cells following
positive selection at the DP thymocyte stage to support expansion and lineage fate, and
its abundance informs lineage fate and subset differentiation (Lee et al., 2013, Park et al.,
2019, Pellicci et al., 2020, Savage et al., 2008). Mature MAIT cells in the thymus express
high levels of PLZF while thymic NKT cells tend to downregulate it as they mature
(Pellicci et al., 2020, Koay et al., 2018). PLZF is also required for late-stage MAIT cell
development and effector function (i.e. cytokine production) and regulates expression of
IL-12 and IL-18 receptors on these cell types which provide capacity to be activated in a
TCR-independent manner (Fergusson et al., 2014, Ussher et al., 2014, Koay et al., 2016).
The data here revealed ambiguous PLZF expression using flow cytometry, but RNA
sequencing revealed greater expression of PLZF in type I NKT cells compared to CD1a-
restricted T cells. These and other PLZF" CD161" subsets, including y3-T and MAIT
cells, share a similar transcriptional profile and can be activated by cytokine in the
absence of TCR signalling (Fergusson et al., 2014). It is unlikely that CD1a-restricted T
cells are also activated by IL-12 and IL-18 given their lack of expression of IL-18R and
CDI161. The comparable (and in some cases greater) expression of PLZF by CDla-
restricted T cells to MAIT cells indicates that, while they are functionally similar to
conventional CD4" T cells, their development may be closer to that of other
unconventional T cells. There are currently no defined subsets of CD1a-restricted T cells
based on functionality (unlike mouse NKT cells for example), however they have been
observed to produce different cytokines upon activation (de Jong et al., 2010, Kim et al.,
2016), which may be driven in part by PLZF. CDla tetramers could be used to further
investigate their expression of TFs, and will provide insight into their regulation and

developmental processes, and lineage in the thymus.
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Using single cell RNA-sequencing, the transcriptome of CDla-restricted T cells was
determined for the first time. The data revealed key differences between lipid-reactive T
cell subsets. Interestingly, DMM-reactive CD1a-restricted T cells appeared most similar
to conventional CD4" T cells in their transcriptome (with only two differentially
expressed genes determined between the two populations), suggesting that their functions
may overlap. Genes that were highly expressed by DDM-reactive T cells and CD4" T
cells included genes encoding adaptor proteins (FYBI, SDCBP) and DNA-binding
proteins (7SC22D3), suggesting that DDM-reactive T cell function may be regulated by

these gene products.

Interestingly, Oseveral TCR genes were determined as differentially expressed between
subsets. TRBV25-1 was identified as a marker gene for type I NKT cells, consistent with
the semi-invariant nature of the TCR (Godfrey et al., 2015). In addition, GMM-reactive
T cells had high expression of TRBV6-2, for which GEM T cells are known to display a
bias (Van Rhijn et al., 2013a), while DDM-reactive T cells had high expression of
TRBV28 and TRBV19. CDla-restricted TCRs have typically been regarded as diverse
(Vincent et al., 2005), but this gives an inkling as to the potential bias(es) within the TCR
repertoire of DDM-reactive T cells (investigated in greater detail in Chapter 4.2.1).
TRBC?2 was also detected as a marker gene for DDM-reactive T cells (although it was not
exclusive to this cluster). T cells mutually exclusively express either TRBCI or TRBC2
in their TCR p-chain constant region, which are highly homologous with no functional
differences (Sims et al., 1984, Tunnacliffe et al., 1985). However, there is evidence of
skewing for one or the other in T cell malignancies and responses to viruses such as HIV
and cytomegalovirus (Kaewpreedee et al., 2019, Maciocia et al., 2017). The higher
proportion of DDM-reactive T cells expressing TRBC2 may be due to a similar pattern
of skewing among T cells that recognise CD1a and/or DDM.

Some genes that were abundantly expressed by type I NKT cells and GMM-reactive T
cells were clearly absent in the transcriptome of DDM-reactive T cells, including KLBR1
(CD161) and GNLY (granulysin). CD161 is abundant on most innate-like immune cells,
such as y3-T cells, NKT cells and MAIT cells, but was not expressed by CD1a-restricted
T cells, which may be due to the fact that they are more similar to conventional T cells

and do not have the same bridging capacity between adaptive and innate immunity. They
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also did not produce granulysin, which contributes to cytotoxic activity (Krensky and
Clayberger, 2005), perhaps reflecting more of a helper T cell role as opposed to cells with
cytotoxic capacity. Also in contrast to NKT cells and GMM-reactive T cells, CDla-
restricted T cells did not express RORyt or RORa, the signature transcription factors of
IL-17-producing T cells (Castro et al., 2017) and innate-like T cells (Leeansyah et al.,
2015, Rahimpour et al., 2015, Gherardin et al., 2018, Koay et al., 2016).

CDla-restricted T cells instead may have a more immunosuppressive role as they
exhibited elevated expression of PIK3IPI, GMFG, GILZ, and SDCBP, all of which are
known to inhibit immune responses. PIK3IP1 negatively regulates the PI3K/Akt/mTOR
pathway (Zhu et al., 2007), one of the key signalling pathways involved in T cell
activation and function, and its deficiency enhances T cell responsiveness (DeFrances et
al., 2012, Uche et al., 2018). GMFG is highly expressed in extremely motile cell types
and is required for the migration and chemotaxis of T cells (Inagaki et al., 2004, Lippert
and Wilkins, 2012, Tkeda et al., 2006). It is additionally a potent inhibitor of MAPK
activity by targeting the ERK1/ERK2 MAPK isoform while simultaneously stimulating
the p38 isoform, implicating it in cytokine-based stress-activated responses (Lim and
Zaheer, 1996, Zaheer and Lim, 1996). The Erk signalling cascade is activated following
TCR stimulation, resulting in the activation of several transcriptional factors, including
AP1 (c-Fos/c-Jun), that contributes to CD4" T cell proliferation and differentiation (Lee
et al., 2004, Rincon et al., 2001). The regulation of the MAPK signalling pathways plays
a key role in determining the balance of Th1/Th2 immune responses: the ERK1/2
pathway typically supports Th2 cells while the p38 MAPK pathway supports Thl cells,
IFN-y production and immunosuppression by regulatory T cells (Adler et al., 2007, Adler
and Steinbrink, 2008, Rincon et al., 2001). The higher expression of GMFG observed by
DDM-reactive T cells may therefore be linked to Erk inhibition and limited expression
of c-Fos and c-Jun compared to other T cell types, thereby potentially influencing
differentiation pathways. GILZ tethers APl and NF-xB to also favour
immunosuppression (Cannarile et al., 2019). NF-xB and AP-1 contain transcriptional
regulator binding sites for most inflammatory mediators (Ji et al., 2019) and by inhibiting
them, GILZ inhibits IL-2 production, and consequently, T cell proliferation (Ayroldi et
al., 2001). GILZ has been shown to promote Th2 differentiation and TGF-f signalling for

regulatory T cell differentiation, while negatively regulating Th17 transcriptional
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programs (Cannarile et al., 2019, Bereshchenko et al., 2019), and SDCBP also enhances
TGF-p signalling (Hwangbo et al., 2016). In combination, GILZ, SDCBP, GMFG, and
PIK3IP1 along with other regulators may provide CDla-restricted T cells with

immunomodulating functions.

The immunosuppressive or anti-inflammatory effects of some genes highly expressed by
CDla-restricted T cells may be important in the context of disease and therapeutics.
Recently, PIK3IP1 was identified as an inhibitory checkpoint marker target in cancer
immunotherapy to enhance T cell anti-tumour activity (Chen et al., 2019¢). Erk inhibition
also has therapeutic potential against tumours as the MAPK pathway is aberrantly
regulated in cancer (Smalley and Smalley, 2018). As both GILZ and GMFG inhibit
MAPK/ERK activation (Ayroldi et al., 2002, Zaheer and Lim, 1996), CD1a-restricted T
cells may be protective during transformation processes and/or tumour development and
growth. DUSPI and TSC22D3 expression triggered by glucocorticoids, playing a key role
in their anti-inflammatory and immunosuppressive effects (Liu et al., 2007). GILZ acts
similarly to glucocorticoids, which are widely used as treatments for inflammatory
disease to exert immunosuppressive effects by preventing the translocation of NF-xB and
AP-1 to the nucleus (Bereshchenko et al., 2019). In addition, GILZ skews CD4" T cells
towards a Th2 phenotype by upregulating GATA3 and STAT6 expression while reducing
T-bet expression and inhibiting IL-17A production (Bereshchenko et al., 2019).
Interestingly, despite skewing towards Th2 responses, GILZ has been found to be
protective in allergic airway disease, as its deficiency exacerbates airway inflammation
(Doerner et al., 2014). The expression of these immunomodulatory genes should be noted
when considering CD1a-restricted T cells in immunotherapies for diseases of immune

overactivation.

The role of CDla-restricted T cells in TB immunity is not well understood, however,
mycobacterial lipids may function as adjuvants and/or cognate T cell antigens. CD4" T
cells play a dominant role in protective immunity during Mtb infection, as CD4" T cell
deficiency (e.g. in mice or HIV" individuals) leads to uncontrolled bacterial growth
(Cooper, 2009, Markowitz et al., 1997, North and Jung, 2004, Orme et al., 1993). CDla-
restricted T cells, which were revealed to be close in phenotype to conventional CD4" T
cells, were anticipated to also have an important role to play in Mtb control. Following

Mtb infection, the local response is defined by an initial burst of pro-inflammatory
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cytokines followed by release of anti-inflammatory and immunomodulatory cytokines
(e.g. IL-10 and TGF-P) to regulate tissue damage (Sasindran and Torrelles, 2011). CD1a-
restricted T cells that have immunosuppressive properties may therefore help to reduce
the harmful inflammatory and cell-mediated immunity effects associated with Mtb
infection control. On the other hand, production of IFN-y and, to a lesser extent TNF, by
CDla-restricted T cells upon activation was shown here and by others in vitro (de Jong
et al., 2010, de Lalla et al., 2011). IFN-y production, which is essential for resistance to
Mtb infection, stimulates infected macrophages to eliminate the bacteria through
production of reactive nitrogen intermediates, phagosome-lysosome fusion and
autophagy (Green et al., 2013, Sakai et al., 2014b, Kumar, 2017). Antigen-specific CD4"
T cell responses to Mtb infection are delayed compared to responses to other respiratory
pathogens (Gallegos et al., 2008, Reiley et al., 2008, Wolf et al., 2008). They are activated
in the lung-draining mediastinal lymph node and rapidly proliferate before migrating to
the lung, where they produce IFN-y, TNF, and IL-17 (Wolf et al., 2008). The delay of
effector T cell responses is due to a combination of delayed antigen presentation,
trafficking, and differentiation, attributed to the action of Foxp3™ regulatory CD4" T cells
and IL-10 (O'Garra et al., 2013). Regulatory mechanisms thus inadvertently assist
pathogen persistence. CD1a-restricted T cells may therefore play dual roles in this process
as some may be protective (IFN-y-producing Thl cells), while others are suppressive. It
will be important to better understand their role(s) in TB pathogenesis and protection to

best utilise them in vaccine design and treatment.

In summary, this work here presents an in-depth phenotypic analysis of CD1a-restricted
T cells isolated from healthy blood donors. Isolation was achieved using an optimised
magnetic enrichment strategy with CDla tetramers, revealing distinct populations of
CDla-restricted T cells whose frequencies varied widely between donors. The surface
phenotype of CDla-restricted T cells observed ex vivo was consistent with published
findings from cultured CDla-autoreactive T cells in their skewing towards CD4 co-
receptor expression and heterogeneity in memory T cell phenotype (de Lalla et al., 2011,
de Jong et al., 2010). A comprehensive transcriptomic analysis of DDM-reactive T cells
provided a comparison between GMM-reactive T cells, type I NKT cells and
conventional CD4* T cells. DDM-reactive T cells were most comparable to conventional
CD4" T cells, suggesting that they may be a subset of CD4" T cells that recognise CD1a-
lipid instead of pMHC with overlapping functions (although the functions of CD4" T cells
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are quite broad). Other unconventional T cell subsets appear to be innate-like and are
poised to respond rapidly, especially with Thl- or Th17-like responses, while in contrast
CDla-restricted T cells may have widely varying, context-dependent responses. These
data provide the groundwork for studying DDM-reactive T cells following BCG
vaccination and Mtb-infection alike, and further studies are currently underway to

compare these cells in individuals with active and latent TB.
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Chapter 4. Characterisation of CD1a-restricted T cell antigen
recognition

4.1 Introduction

Conventional aff T cells exhibit a diverse repertoire of TCR sequences owing to their
regions of hyper variability. TCR diversification relies on the use of germline-encoded
CDR1 and CDR2 sequences, the juxtaposition of different V, (D) and J germline
segments to form combinatorial and junctional variation in CDR3, and the pairing of
already diverse TCR a- and B-chains. Most studies have suggested that group 1 CDI-
restricted T cells exhibit broad TCR diversity, with emerging subsets of antigen-specific
CDl-restricted T cells that display restricted TCR repertoires (Van Rhijn et al., 2013a,
Ogg et al., 2019).

It is not uncommon for particular conditions of antigen exposure, like in the case of
infectious diseases, to drive TCR biases (reviewed in (Wang et al., 2016)). TCR bias falls
within three categories based on the extent of bias: preference for TCR variable genes
with little conservation in their CDR3 sequence (type 1), conservation of CDR3 regions
(type 2), or identical TCR a- or TCR B-clonotypes (same V, CDR3 and J regions) (type
3) (Turner et al., 2006). Accumulating evidence suggests recurring patterns of variable
gene usage among TCRs that bind conserved lipid antigens presented by monomorphic

CD1 molecules.

The best-known TCR bias among CD]1-restricted T cells is the type 3 bias observed
among type I NKT cells. These semi-invariant NKT cells express an invariant Va24-Ja18
TCR a-chain including a conserved CDR3a sequence, and a limited set of V11" TCR-f3
chains (Dellabona et al., 1994, Lantz and Bendelac, 1994, Porcelli et al., 1993). Patterns
of variable gene biases among CD1b- and CDI1c-restricted T cells that recognise certain
mycobacterial lipid antigens have also emerged. CD1b-restricted T cell subsets, LDNS5-
like T cells and GEM cells, both of which recognise the mycobacterial lipid GMM,
exhibit a bias for TRAV17 and TRBV4-1 TCR variable genes, or a TCR a-chain
comprised of TRAV1-2 and TRAJ9 respectively (Van Rhijn et al., 2014, Van Rhijn et
al.,2013a). Additionally, PM-specific CD1c-restricted af- and y6-TCRs utilise conserved
gene segments (e.g. B-chains containing TRB7-9) (Roy et al., 2014, Van Rhijn et al.,
2014). The TCR repertoire of lipid-reactive CDla-restricted T cells, however, remains
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not well described, especially for TCRs that recognise defined mycobacterial lipid

antigens.

To date, most studies of CD1a-restricted T cells have been limited to few T cell clones
generated in vitro, which have so far indicated a diverse TCR repertoire (de Jong et al.,
2010, Vincent et al., 2005). However, an analysis of skin-infiltrating T cells during CD1a-
mediated contact dermatitis in CD1a-transgenic mice exhibited a substantial increase in
VB2" or VB4* T cells, while CD1a-reactive T cells were diverse during homeostasis (Kim

et al., 2016), which could be indicative of CD1a antigen driven bias.

TCR biases may have implications in the structural biology of how CD1a-restricted TCRs
interact with CDla and lipid antigens. TCR-pMHC docking geometry has been
extensively studied in an effort to understand the restriction of conventional T cells to
specific peptide antigens (Marrack et al., 2008, Adams et al., 2011). Most conventional
T cells interact with MHC in a loosely conserved diagonal docking orientation (Garcia
and Adams, 2005, Rudolph et al., 2006). In contrast, semi-invariant (type I) NKT TCRs
interact with CD1d-a-GalCer by binding approximately parallel with the antigen-binding
cleft (Borg et al., 2007). They dock over the F’-pocket of the CD1d molecule at the
extreme end of the cleft, which is not typically observed in TCR-pMHC complexes (Borg
et al., 2007). Given that the rigid structure provided by the restricted type I NKT TCR
repertoire is considered to reflect their conserved recognition of the monomorphic CD1d
molecule, it is surprising that group 1 CDI1-restricted T cells do not follow a similar

pattern of conservation given that they also recognise monomorphic molecules.

There is emerging evidence that some CD1-autoreactive TCRs may broadly interact with
CD1a molecules themselves but have little contact with the lipid presented (Moody and
Cotton, 2017, Cotton et al., 2018, Moody and Suliman, 2017). The only CDla-
autoreactive TCR investigated in structural studies to date, BK6, fits this “absence of
interference” model, in which the TCR only binds CD1a when it presents non-protruding
lipids that are buried within the antigen-binding cleft (Birkinshaw et al., 2015). In
addition, TCRs that interact promiscuously with CD1b presenting self-phospholipids but
not sphingolipids also have little interaction with the phospholipid head group as it is
shunted sideways along a lateral escape channel in the CD1b molecule (Shahine et al.,

2019). Instead, these TCRs interact with a small portion of the lipid that is common to all
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major self-phospholipids but absent in sphingolipids, explaining how these TCRs can be
broadly cross-reactive yet discriminatory between the two major classes of lipids
(Shahine et al., 2019). These findings suggest that there are particular molecular
mechanisms that may allow CD1-restricted TCRs to have either promiscuous or specific

recognition of lipid antigens.

Lipid antigens that are captured and presented by CD1a can be described as “permissive”
(agonistic), or “non-permissive” (antagonistic) depending on their headgroup structure
and size (Birkinshaw et al., 2015, de Jong et al., 2014). Permissive antigens, such as LPC,
appear to lack direct contact with CD1a-restricted TCRs, and thus TCR autoreactivity is
determined by an antigen-free interaction with CDla (Birkinshaw et al., 2015). Lipids
that interfere with the TCR-CD1a binding site by disrupting the A’-roof of CDla, such
as sulfatide and SM, are considered non-permissive (Birkinshaw et al., 2015). LPC and
SM contain the same polar head group, but are permissive and non-permissive ligands
respectively, likely due to a SM’s longer chain length (Cz3 as opposed to Cig), which
causes it to protrude into the A’-roof (Birkinshaw et al., 2015). This is similar to how
CDlb-restricted T cells distinguish between phospholipids and sphingolipids (Shahine et
al., 2019). Squalene and wax esters, which are present in epidermis and sebum, are
headless autoantigens presented by CD1a, while membrane lipids with polar headgroups
in the skin act as antagonists (de Jong et al., 2014), further supporting the absence of
interference model. The most well-studied CD1a antigen to date is DDM, a mycobacterial
lipid that acts as a potent agonist for many CD1a-restricted T cell clones (Moody et al.,
2004). However, it too is a non-permissive lipid for CD1a-autoreactive TCR named BK6,
owing to its large headgroup (Birkinshaw et al., 2015, Cheng et al., 2017). Hence CD1a-
restricted T cells appear to use multiple structural mechanisms to interact with CDla,
however, the mechanisms have only been described for one CDla-autoreactive TCR

(BK6), and their lipid antigens are not yet definitively categorised.

The recognition of antigens by TCRs is often in concert with CD4 and CD8 co-receptors.
It is well established that CD4 and CDS8 engagement with MHC-II and MHC-I
respectively are crucial in potentiating TCR signalling, and augmenting T cell activation
and responses (Janeway, 1992). Early evidence of MHC-Ib molecules also interacting
with these TCR co-receptors was the observation that CD8 binds murine thymus

leukemia antigen on intra-epithelial lymphocytes with high affinity (12 pM) and an
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interface similar to that of CD8 with MHC-I (Leishman et al., 2001, Liu et al., 2003).
Some observations also support a role of CD8 engagement with MR1, another MHC-I-
like molecule, independently of TCR interactions (Gold et al., 2013, Kurioka et al., 2017),
which correlates with a significant bias of CD8" MR1-restricted MAIT cells in human
blood (Corbett et al., 2014). Given the high homology between the a3 domains of MR1
and MHC-I, which is where CD8 interacts with MHC-I (Riegert et al., 1998), it is likely
that CD8 also interacts with MR1 to increase the avidity of TCR engagement and fine-
tune functional responses, particularly given that CD8-deficient MAIT cells are less
associated with typical innate-like T cell markers (CD56, NKG2D, NKG2A) and have
low cytotoxic potential (Gherardin et al., 2018, Kurioka et al., 2017). Similar to its crucial
role in the activation of MHC Il-restricted CD4" T cells, CD4 facilitates activation of
CD4" type I NKT cells by interacting with CD1d. It may also direct functional responses
as CD4 is necessary for cytokine production in CD4" type I NKT cells (Chen et al., 2007,
Thedrez et al., 2007), and NKT cells with and without CD4 display different patterns of
Th cytokine production and perforin expression (Gumperz et al., 2002, Lee et al., 2002).
Like type I NKT cells, phenotypic analyses of CDla-restricted T cells in Chapter 3 as
well as studies by others have revealed that most express CD4 (de Jong et al., 2010, de
Lalla et al., 2011). It is possible that CD4 co-receptor expression may be correlated to the
ability of CD4 to interact with CDla and may facilitate TCR engagement with CD1a-
lipid ligands similar to both CD4 and CDS aiding binding and activation of CD1b-
restricted T cells with CD1b-mycolipid (James et al., 2022). The molecular interactions
between TCR, CD4 and CD1a-lipid complexes therefore solicit further investigation.
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4.2 Results

4.2.1 CD1a-restricted T cell receptor diversity

To explore the TCR repertoire expressed by CDla-restricted T cells, PBMCs were
labelled with CD1a tetramers conjugated to streptavidin-phycoerythrin (PE) and then
enriched using magnetic beads reactive against PE for MACS-enrichment (similar to in
Section 3.2.2). CD1a tetramers used to isolate T cells were loaded with endogenous lipids,
DDM, LPC, urushiol, or 0.5% (v/v) tyloxapol buffer alone (vehicle). MACS-enriched
CD3" CDla-tetramer" cells from 20 donors were single cell-sorted using flow cytometry
for TCR sequencing (Fig.4.1). In some donors, such as donor CNR2, a large discreet
population of tetramer” cells was visible, possibly a consequence of clonal expansion of
these cells. In the case of donor CNR2, clonal expansion was confirmed with a dominant
TCR clone identified with identical CDR3a and CDR3f sequences, complimented by an
enrichment for memory marker CD45RO expression in tetramer” cells in these donors

(Chapter 4.2.3).

4.2.1.1 Determination of TCR diversity using multiplex PCR sequencing for all CDla-
restricted T cells

Paired TCR-a and TCR-B gene sequences were determined by nested multiplex PCR
amplification followed by sequencing (Uldrich et al., 2013, Wang et al., 2012). Briefly,
cDNA from single cells served as a template for two rounds of nested PCR using a panel
of multiplex primers against 40 Va and 40 Vf genes. PCR products were sequenced by
the Sanger sequencing method with primers against the TCR a- and B-constant domains,
followed by capillary separation performed by the Centre for Translational Pathology,
The University of Melbourne. Each TCR a- or - sequence with a different CDR3

sequence was defined as a distinct TCR clonotype.

Among all CDla-restricted T cells (irrespective of lipid loaded in tetramers), many
TRAV and TRBYV genes were incorporated into their diverse TCR repertoire (Fig.4.2),
albeit with some patterns of bias. Of note were genes TRAV1-2 and TRAVS8-2/TRAVS-
4, which were both used by 8/73 of TCRs (Fig.4.2a). TRAV1-2 is notably also the Va
gene used by GEM T cells, MAIT cells, and other unconventional T cell subsets (Van
Rhijn et al., 2013a, Porcelli et al., 1993, Tilloy et al., 1999). Using sequence primers for
TCR sequencing as established by (Wang et al., 2012), it was unclear as to whether these
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Donor CNR2 Donor CNR3 Donor CNR17 Donor CNR18 Donor CNR19 Donor CNR20

0016 5] - 0033 . 129 ¢ 0060 . 0.45

CD1a-vehicle

CD1a-DDM

Figure 4.1. MACS-enrichment of CD1a-restricted T cells for TCR sequencing. PBMCs were harvested
from blood and 100 x 106 cells per donor were stained with either CD1a-DDM or CDla-vehicle
tetramer. Cells labelled with tetramer were enriched using magnetic activated cell sorting (MACS)
enrichment. Cells in the gates indicated were single-cell sorted by flow cytometry into 96-well plates
for reverse transcription and nested multiplex PCR amplification. Data representative of 20 donors that
were FACS-sorted for single-cell TCR sequencing.
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Figure 4.2. TCR diversity in CD1a-restricted T cells as determined by multiplex PCR amplification and
TCR sequencing. MACS-enriched CD1a tetramer* T cells (CD1a tetramers loaded with any lipid) were
FACS-sorted directly ex vivo for reverse transcription, followed by two rounds of nested PCR
amplification. Multiplex primers were used to amplify 40 TCR Va or V3 gene segments as described by
(Wang et al. 2012, Uldrich et al. 2013). Sanger sequencing was performed on amplified DNA products.

A and B. Pie charts displaying the TRAV gene usage of 73 TCR clones in 20 donors (A) and TRBV gene
segment usage of 50 TCR clones in 15 donors (B) as determined by comparing identified sequences
against the IMGT database. Only fractions above 10% are shown. C and D. Comparison of CDR3a
amino acid length (n=56) (C) and CDR3B amino acid length (n=57) (D) where a CDR3 sequence was
obtained. E and F. Sequence logos displaying consensus amino acid sequences for CDR3a loops that
were 13 or 14 amino acids in length (E) and for CDR3p loops that were 13 or 14 amino acids in length.
Polar, charged (acidic), charged (basic), and non-polar resides are coloured in blue, pink, green, and
red, respectively. Sequence logos were created using Weblogos (Crooks, 2004).
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TCRs used TRAVS-2 or TRAVS-4, two paralogous genes, as they differ in regions
outside the region captured by the primers for PCR amplification. An alignment of the
amino acid sequences encoded by these two genes revealed that they differ in the
germline-encoded CDR1 loop, and in one allele of the CDR2 loop (Appendix IV). All
TRAVS-2 alleles encode SSYSPS in their CDRI1 region, while TRAVS8-4 encodes
SSVPPY. Both genes encode the sequence YTSAATLYV in their CDR2 region except for
the allele TRAVS8-4*03, which encodes YTTGATLV. These differences in amino acid
residues may impact how a TCR would contact CDla. TCR B-chain analysis also
revealed diversity in VP gene usage (Fig.4.2b). Among 50 TCR clones for which a TCR
B-chain was identified, 21/50 contained TRBV28 (Fig.4.2b). This is the first instance of
a TCR bias described for CD1a-restricted T cells.

In addition to variable amino acid composition, the imprecise joining process during TCR
recombination leads to diversity of CDR3 loop size. As amino acid length is critical in
the formation of the CDR3 loop structure and specific lengths facilitate the interaction
between a TCR and its ligand (Wang et al., 1998, Hughes et al., 2003, Day et al., 2011),
the length of CDla-restricted TCR CDR3 regions were also assessed. CDR3f lengths
among naive T cells typically follow a Gaussian distribution (Bousso et al., 1998, Lin and
Welsh, 1998, Pannetier et al., 1993, Sourdive et al., 1998), while antigen-induced
selection of TCRs with particular antigen-specificities results in the expansion of TCRs
with skewed CDR3 length diversity (Day et al., 2011, Turner et al., 2003). The CDR3a
sequences were typically 11-16 amino acids in length, with some instances occurring
outside this range (Fig.4.2c). While these results did not observe a Gaussian distribution,
this may have been an artefact of the small sample size. The length of the CDR3p regions
was less constrained than CDR3a regions, ranging from 10-21 amino acids in length,
albeit most falling within a range of 13-16 (Fig.4.2d). A study on CDR3 loop
polymorphism revealed that murine TCRs with particular VP genes and Vp-Jf
combinations prefer different CDR3 lengths (Pannetier et al., 1993). However, the
CDR3p sequences determined for TRBV28" TCRs ranged from 11-21 amino acids in
length, suggesting that these TCRs can accommodate different CDR loop architecture.

Sequence logo analysis (Crooks et al., 2004) for CDR3a and CDR3p regions 13 and 14

amino acids in length (chosen as the modes of each) revealed low amino acid conservation
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(Fig.4.2e, Fig.4.2f), indicating that many amino acids in the CDR3 loops were not
germline encoded. CDR3a sequences typically started with CAV or CVV, which are
germline-encoded in TRAV1-2 and TRAVS8-2/TRAV8-4 respectively (Fig.4.2e). They
appeared to have a preference for another non-polar residue in the third position, which
was often V, P, G, or L (Fig.4.2¢). CDR3a sequences 13 amino acids in length displayed
high polymorphism in the middle with G, S, N, and T frequently incorporated, whereas
this trend was not observed in sequences 14 amino acids in length (Fig.4.2e). KLXF was
the most common motif observed in the last four amino acids of the sequence, which is
reflective of germline-encoded amino acid residues in the TRAJ genes (Fig.4.2¢e). Among
the 15 donors examined for CDR3[ sequences 14 amino acids in length, there was little
variation from the CASS motif that is germline-encoded in TRBV28, however there was
slightly greater variation in CDR3f sequences 13 amino acids in length (Fig.4.2f). There
was no discernible pattern among the middle amino acids, and the CDR3f sequences

commonly ended with the motif EQYF or EQFF (Fig.4.2f).

4.2.1.2 Determination of CDla-restricted T cells intra- and inter-donor variable gene
biases

Table 4.1 lists paired (or individual where the pair was not obtained) TCR a- and TCR f-
chain sequences as determined in independent experiments from multiple donors using
multiplex PCR sequencing. The high frequency of particular TCR clones within a given
donor (i.e. 2N, 2V and CNR2) suggests clonal expansion of these cells, which is
consistent with many of the CD1a tetramer” cells in donor CNR2 displaying a CD45RO*
memory T cell phenotype (as seen in Section 3.2.3). The inter-donor biases for TRAV1-
2, TRAVS-2/4, and TRBV28 were also observed on an intra-donor level, with multiple

donors containing several TCRs with these genes, indicative of slight type 1 TCR biases.

There were intra-donor biases of particular Vo and Vf gene pairings, in that some donors
had two or more CD1a-restricted TCRs with the same variable gene segment pairs in both
a- and B-chains, with different CDR3 sequences. Blood donor CNR1 had three different
TRAV29" TRBV28* T cell clones, isolated with CD1a-vehicle, CD1a-DDM, or CDla-
LPC tetramers (Table 4.1). One of these T cell clones appeared to have been expanded,
as it was present in 2/5 cells isolated using the CD1a-vehicle tetramer, and also in one

cell isolated using the CD1a-DDM tetramer, suggesting cross-reactivity between lipids.
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Table 4.1. Patterns of biases among the CD1a-restricted TCR repertoire. Paired TCR a- and B-chain
sequences from single cell-sorted MACS-enriched CD3* CD1a-tetramer* cells. The lipid antigens loaded
into the tetramers used to isolate each CD1a-restricted T cell are indicated (note that one TCR clone
from donor CNR1 was isolated using two independent tetramers). Cells were FACS-sorted directly ex
vivo for reverse transcription, followed by two rounds of multiplex nested PCR and Sanger sequencing.
TRAV, TRAJ, TRBV and TRBJ gene usage was determined by comparing identified sequences against
the IMGT database. Frequency is displayed based on the number of clones determined for each donor
with each tetramer. Those TCR sequences used to make cell lines are indicated by their cell line name.
Colours highlight interesting patterns of TCR variable gene usage in both a- and B-chains.

TRAV29/DV5

TRAV17

Symbols (* A # ~ ) indicate matching TRAV and TBV gene pairs except pairs with TRAV1-2

Donor | TRAV CDR3a TRAJ | TRBV | CDR3B TRBJ | Tetramer | Freq. | Cell line
2N * 29/DV5 CAASALSNQFYF 49 28 CASRFTGWAFF 1-1 endo 5/10 29a28ii
2N 29/DV5 CAASGGYSTLTF 11 10-1 CASSEDTGELFF 2-2 endo 4/10
[2v endo 7/17 | CNR1
[2v 17 CATGNAGNMLTF 39 6-4 N.D. 2-1 endo 1/17
2V A 17 CATTNRDDKIIF 30 11-2 CASSLTAPELNNEQFF 2-1 endo 1/17
2V 17 CATDAEETSGSRLTF 58 N.D. N.D. N.D. endo 1/17
2V 14 CAMREDRFTNTDKLIF 34 endo 1/17
2V 10 CVVSRGREYGNKLVF 47 endo 1/17
2V 38-1 CAFHSREDXWGKLQF 24 endo 1/17
2V 4 CVVSRGREYGNKLVF 24 10-2 CXXXXXXXXXLSEQXF 2-1 endo 1/17
4A 29/DV5 CAASIXXLRGGSEKLVF 57 28 CASSILGSSGNTIYX 1-3 LPC 1/4
[4A LPC 1/4
: 4A 13 CASSPTEWTSGDSSYEQYF 2-7 DDM 1/7
4A 17 CASSSGGTYKYIF 40 28 CASSLDLTDTQYF 2-3 DDM 1/7 17228
aA 27 CAGAGTDNTDKLIF 34 6-5 CASRQGWAYEQYF 2-7 DDM 1/7
4A 35 CAGQSGSKMKTSYDKVIF 50 16 CASSLWDRYTEAFF 1-1 DDM 1/7 35al6
4A 41 WVIQGAQKLVF 54 28 CASSLSLTGTAEYTIYF 1-3 DDM 1/7
1 1-1 CAVKGTYKYIF 40 28 CASSFPGLAGGRTGELFF 2-2 DDM 1/7 1-1a28
CNR1 * | 29/DV5 CAASAWSNQFYF 49 28 CASSFGGPTRELFF 2-2 vehicle/ 2/5, 29a28i
DDM 1/10
CNR1 29/DV5 CAASIXXLRGGSEKLVF 57 28 CASSILGSSGNTIYX 1-3 LPC 1/4
CNR1 29/DV5 CAVXLXXXXXGGXNQLIF 4 28 CASSFGGPTRELFF 2-2 LPC 1/4
| CNR1# 13 CASSPTEWTSGDSSYEQYF 2-7 DDM 1/10
[ CNR1IA | 17 CVVSDRGHNNNDMRF 43 11-2 CASSLKGLYTDXQYF 1-1 vehicle 1/5
CNR2 27 CAGGSNYKLTF 52 28 CASSQFLAGGTEQYF 2-7 DDM 9/10 27328
CNR2 16 CALSGTGFQKLVF 8 35 CASGXXGLNTEAFF 1-1 vehicle 1/1 16228
6 CALVRLNDMRF DDM 1/10
CASSLEDETQYF DDM 1/7 8-2a13i
CASSWTSXXSYNEQFF DDM 1/7
CASSPXXXSNEQFF DDM 1/7
CASSEALLLAGDQETQYF DDM 1/7 8-2a2
endo 1/8
endo 2/8 1-2a20-1
endo 1/8 1-2a6-4
endo 1/8
urushiol 1/3 1-2a15
CASCRGSAYNEQFF endo 1/2
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Secondly, TCRs isolated from donor CNRG6 also exhibited a preference towards TRAV1-
2 expression among CDla-restricted T cells labelled with both vehicle and urushiol-
loaded tetramers (7able 4.1). Interestingly, many of those TCRs from donor CNR6
appeared to have similar TCR o- and B-chain pairings to those of MAIT cells (i.e.
TRAV1-2 paired with TRBV6-4, TRBV15, or TRBV20-1) (Porcelli et al., 1993,
Reantragoon et al., 2013, Tilloy et al., 1999). In addition, TRAV1-2 is the preferential Va.
gene in GMM-reactive GEM cells (Van Rhijn et al., 2014). This suggests that perhaps

TRAV1-2 may be preferentially used among unconventional T cell subsets.

There were also inter-donor biases of particular Va and VB gene pairings, in that
TRAV17°/TRBV11-2" TCRs were isolated from donors CNR1 and 2V using CDla-
vehicle and CDla-endo tetramers respectively, and TRAVS8-2"/TRBV13* TCRs were
isolated from donors CNR1 and CNR3 using CD1a-DDM tetramers (Table 4.1). Together
these data indicate that individual donors may have biases towards particular variable

genes and/or gene pairings in the TCR a- and B-chains to form CD1a-restricted T cells.

4.2.1.3 Determination of TCR diversity using multiplex PCR sequencing of CD1a-DDM
tetramer™ T cells

Given that previous studies that revealed TCR biases among group 1 CD1-restricted T
cells have focused on cells that recognise mycobacterial lipids (CD1b-GMM and CD1c-
MPM), DMM-reactive T cells were examined for any antigen-driven bias. Analysis of
TCRs isolated with CD1a-DDM tetramers revealed similar patterns within the TCR
repertoire to all CD1a-restricted T cells. While the sample size was limited, both TCR a-
and B-chains incorporated a number of different variable genes. TRAV8-2/TRAV8-4 was
the most common Va gene, observed in 6/26 TCRs, and TRAV1-1 was used in 4/26
TCRs (Fig.4.3a). The bias for TRBV28 in the TCR B-chain was similarly pronounced
among DDM-tetramer” cells than all CDla-restricted T cells with 15/32 TCRs being
TRBV28" (Fig.4.3b).

As the CDR3 loop architecture is critical for determining the ability of a TCR to interact

with its ligand and antigen-specificity reduces CDR3 length polymorphism (Day et al.,
2011, Turner et al., 2003), it was expected that those TCRs that recognise DDM would
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Figure 4.3. TCR diversity in CD1la-restricted T cells that recognise DDM as determined by
multiplex PCR amplification and TCR sequencing. MACS-enriched CD1a-DDM tetramer* T
cells were FACS-sorted directly ex vivo for reverse transcription followed by two rounds of
nested PCR. Multiplex primers were used to amplify 40 TCR Va or VB gene segments as
described by (Wang et al. 2012, Uldrich et al. 2013). Sanger sequencing was performed on

amplified DNA products.

A and B. Pie charts displaying the TRAV gene usage of 26 TCR clones in 10 donors (A) and
TRBV gene segment usage of 32 TCR clones in 8 donors (B) as determined by comparing
identified sequences against the IMGT database. Only fractions above 10% are shown. C and
D. Comparison of CDR3a amino acid length (n=16) (C) and CDR3f amino acid length (n=17) (D)

where a CDR3 sequence was obtained.
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have a more restricted CDR3 length diversity than all CDla-restricted T cells. Most
CDR3a regions were between 11-13 amino acids in length, but one was 14 and another
was 18 amino acids in length (Fig.4.3c). This range was more restricted than the full range
of CD1a-restricted TCRs, however the sample size was also considerably smaller, which
should be factored in. The CDR3p region lengths of DDM-reactive TCRs were just as
diverse as all CD1a-restricted TCRs, with a mode of 13 amino acids in length (Fig.4.3d).

4.2.1.4 Determination of TCR diversity using single cell RNA sequencing of CD1a-DDM
tetramer™ T cells

To account for any biases that may be inherent in the multiplex PCR sequencing method
for particular variable genes, TCR repertoire analysis was also derived from single cell
RNA-sequencing transcriptomic analysis (as performed in Chapter 3.2.5). CDla-DDM
tetramer” T cells were single cell-sorted (Fig.4.4a) for cDNA library generation and
sequencing. Using the bioinformatics tool VDJPuzzle (Rizzetto et al., 2018), full-length
TCR a- and TCR B-chain sequences were reconstructed from the transcriptomic data and
indexed to each single cell (Eltahla et al., 2016, Rizzetto et al., 2018). Paired and unpaired
TCR a- and B-chain sequences from four donors were determined by RNA-sequencing
and the relative tetramer MFI during the cell sort for each TCR clone was assessed
(Fig.4.4b, Fig.4.4c). Interestingly, in donor CNR70, TRBV28" T cell clones often had
the highest tetramer MFI compared to T cell clones with other VP genes (Fig.4.4b,
Fig.4.4¢c), which supports previous single cell TCR sequencing data that implicates a
beneficial role of TRBV2S.

The bias for TRAV8-4 was much more evident among RNA-sequenced TCRs (26/57),
and a large proportion of TCRs also used TRAV14/DV4 (14/57) (Fig.4.5a). The bias for
TRBV28 in the TCR B-chain (27/82) was concordant with multiplex PCR sequencing
results, and TRBV19 also emerged as a common VJ3 gene used among DDM-reactive T
cells (22/82) (Fig.4.5b). This result was consistent with these two genes being identified
as differentially expressed when compared to other T cell subsets (Chapter 3.2.5). The
RNA sequencing method did not reveal many patterns of particular Vo and VP pairings
due to the small sample size, however, one pairing observed frequently was a TRAV16*

TRAJ20" a-chain with a TRBV19* TRBJ2-6" B-chain (Fig.4.5¢).
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Figure 4.4. Single cell RNA-sequencing analysis of CD1a-restricted T cells in donor CNR70. A. FACS
profiles of cells sorted for CD1a-DDM tetramer compared to all acquired cells. B. Tetramer mean
fluorescence intensity (MFI) of individual sorted CD1a-tetramer* T cells as they sit in a standard 96 well
plate, with blue indicating low intensity and yellow indicating high (note that columns 11 and 12 were
not used as they were kept as negative control wells during PCR amplification). One cell was present per
well except in position A4, which contained 10 cells. C. Paired and unpaired TCR a- and TCR B-chain
sequences corresponding to their plate position.
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Figure 4.5. TCR diversity in CD1a-restricted T cells as determined by RNA sequencing. MACS-
enriched CD1a-DDM tetramer* T cells were FACS-sorted directly ex vivo for RNA sequencing.
Paired TCR a- and TCR B-chain sequences were reconstructed from single cell RNA-sequencing
reads using the VDJPuzzle tool (Rizzetto, 2018).

A and B. Pie charts displaying the TRAV gene usage of 57 TCR clones in 2 donors (A) and TRBV
gene segment usage of 82 TCR clones in 2 donors (B) as determined by comparing identified
sequences against the IMGT database. Only fractions above 10% are shown. C. Circos map of
TCR heterodimer a- and B-chains from DMM-reactive T cells, depicting paired TRAV and TRBV
gene segment usage from 19 unique pairs. Nomenclature outlines A/B (TCR-a or TCR-B):
Variable gene: Joining gene. D and E. Comparison of CDR3a amino acid length (n=56) (D) and
CDR3p amino acid length (n=82) (E).
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The length of CDRa sequences among these T cells ranged from 9-16 amino acids
(Fig.4.5d). The mode remained 13 amino acids in length (Fig.4.5d), which may be the
optimal length for the CDR3a loop to interact with CD1a-DDM. The CDR3f length
diversity was similar, with a range from 11-22 amino acids in length, with a mode of 15,
two amino acids longer than that obtained using the multiplex PCR sequencing technique
(Fig.4.5¢). This could be reflective of donor variation, as this work focused on cells from

only four donors.

The preferential usage of the TRBV gene presents the potential of isolating CDla-
restricted T cells using an antibody that targets VP33 (the protein of the TRBV28 gene). A
pilot stain of PBMCs with CD1a tetramer and an a-V[3 mAb was performed, in which a
small population of tetramer” VB3* cells was observed (Fig.4.6). However, this technique
requires further optimisation, especially given that both tetramer and antibody would be
expected to bind in close proximity on the cell, and thus may interfere with each other. In
two donors, just under two-thirds of CD1a-vehicle tetramer” cells were also VB3*, and
around one-third of CD1a-DDM tetramer” cells were V3", The semi-invariant TCR of
type I NKT cells and MAIT cells can be targeted with antibodies targeting their variable
genes (Va24 and VP11, or Va7.2 respectively). While it would be useful to have an
equivalent for CDla-restricted T cells, an antibody that specifically targets V3" may
exclude many cells. Nonetheless, these TCR biases are worthy of further exploration,

especially regarding their structure and molecular interaction with CD1a-lipid.

4.2.2 Validation of CD1a reactivity by CD1a-restricted T cell lines

A series of CDla-restricted TCR-transduced cell lines were generated to further
understand the factors that govern antigen recognition by CD1a-restricted T cells and to
validate TCR sequencing approaches. Several sequences determined using single cell
multiplex PCR sequencing were selected to generate TCR-transduced J.76 and/or SKW-
3 cell lines to confirm CDla-reactivity, particularly those that were TRAV8-2* or
TRBV28" (indicated in Table 5.1 with cell line names).

DNA constructs containing a full-length TCR a-chain linked to a paired TCR B-chain

(see Appendix I for sequences) were cloned into a pMIG retroviral vector immediately
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Figure 4.6. Labelling of CD1a-tetramer* T cells with a VB3 mAb. PBMCs from healthy blood
donors were co-labelled with CD1a-vehicle or CD1a-DDM tetramer with a mAb targeting V3.
Cells are gated on CD3* T cells. Numbers in blue indicate proportion of T cells that were CD1a
tetramer*and numbers in red indicate the percentage of tetramer* cells that were also VB3*.
Data representative of two independent experiments.
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upstream of an IRES-GFP cassette as previously described (Birkinshaw et al., 2015). As
a result, GFP fluorescence acted as an indicator of TCR expression and transduction
efficiency. CD3 and TCR pMIG vectors were co-transfected into HEK 293T cells for
retrovirus production (Holst et al., 2006, Szymczak et al., 2004) and retroviral supernatant
was used to transduce TCR-deficient J.76 or SKW-3 Bom™" cells (Hirano et al., 1979,
Schneider et al., 1977). Following five days of transduction, cells were assessed and
FACS-sorted for high GFP fluorescence, before being expanded in vitro to ensure that all

cell lines had consistent levels of TCR expression.

AIl TCR transduced J.76 cell lines showed similar levels of GFP expression, and to ensure
tetramer binding results were not influenced by varying levels of TCR on the cell surface,
cells were gated on a similar level of GFP and TCR B-chain or CD3 expression for all
analyses (Fig.4.7a). Each cell line was labelled with CDla-endo and CDla-DDM
tetramers, and CD1d-endo was used as a negative control to ensure all tetramer binding

was specific to CDla (Fig.4.7b)

The first cell line generated in this study used a CDla-autoreactive TCR found by
sequencing in vitro-expanded CDla-endo tetramer” FACS-sorted T cells prior to
optimisation of tetramer staining with MACS-enrichment (data not shown). This cell line,
CNR1, unexpectedly was able to bind both CD1a tetramers, albeit with higher affinity to
CDla-DDM (Fig.4.7b). In contrast, BK6, a published CDla-autoreactive TCR, bound
CD1la-endo tetramer but not CD1a-DDM as previously reported (Cheng et al., 2017).

Other TCR sequences for cell line generation were determined from cells MACS-
enriched for CD1a tetramer and sorted for sequencing directly ex vivo. 29a28i and 29a28ii
cell lines were also isolated using endogenous lipids, and displayed cross-reactivity to
both CD1a-endo and CD1a-DDM, similar to CNR1 (Fig.4.7b). CD1a-urushiol was used
to isolate clone 1-2a20, and interestingly, it bound DDM, another exogenous antigen, but
not CD1a-endo (Fig.4.7b). The remaining T cell clones were isolated using CD1a-DDM
tetramers, and displayed reactivity to either CD1a-DDM only, or were cross reactive with
both DDM and self-lipids. 8-2a2 and 17a28, bound CD1a-DMM tetramers but were
negative for CDla-endo tetramer (Fig.4.7b), similar to previously established DDM-
reactive T cell clones, CD8-2, Clone 8 and Clone 15 (Cheng et al., 2017). 1-1a28 and
35al16 showed a high degree of binding to CD1a-DDM and bound CD1a-endo to a much
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Figure 4.7. Production and validation of CD1la-tetramer binding by CD1la-restricted T cell lines
produced. TCR-deficient Jurkat.76 cells were transduced with pMIG vectors containing either CD3 or a
full-length TCR a-chain linked to a TCR B-chain and GFP as a reporter. A. GFP expression following
transduction. All further cell line analyses focused on GFP" cells. B. Cell lines were labelled with CD1a-
DDM and CD1a-endo tetramers, with a CD1d-endo tetramer used as a negative control.

Tetramer used for isolation of each TCR clone: 1-1a28, DDM; 8-2a2, DDM; 8-2a13i, DDM; 8-2a13ii, DDM;
17a11-2ii, vehicle; 17a28, DDM; 27a28, DDM; 29a28i, vehicle; 1-2a20, urushiol; 1-2a6-4, endo; 1-2al5,
endo; 29a28ii, DDM; 35a16, DDM; CNR1, endo. The autoreactive NKT cell clone, 4C1369, isolated in
Matulis et al. 2010, was used as a negative control.
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lesser extent, but were still weakly positive (Fig.4.7b), indicating that DDM contributes
a substantial part of their CD1a reactivity. 8-2a131, 27a28, 29a28i and 29a28ii displayed
even greater cross-reactivity between CD1a-DDM and CD1a-endo with less discrepancy
in staining levels between the two tetramers. However, 8-2al3i appeared to bind both to
a lesser degree overall compared to the other TCRs (Fig.4.7b), indicative of a low affinity
but broadly reactive TCR. Furthermore, the three TRAV1-2* cell lines (1-2a6-4, 1-2al5
and 1-2a20) exhibited weak binding to CD1a-DDM tetramer akin to BK6 with CD]1a-
endo, confirming that they were not MAIT cells and thus validating these sequences

(Fig.4.7b).

Interestingly, multiplex PCR sequencing did not discriminate between TRAVS8-2 and
TRAV8-4 genes due to limited primer coverage, and TRAVS8-2 was selected in the
generation of these TCR cell lines (initially CNR1, followed by 8-2a2, 8-2al3i, and 8-
2al3ii TCR cell lines), which were verified to be CDla-reactive. Due to the initial
reactivity of CNR1, TRAVS-2 was in all subsequent TCR gene constructs. Given that
TRAVS8-2" TCRs were not detected by RNA-sequencing, which instead revealed a bias
for TRAVS8-4, it is possible that the primary T cell clones these cell lines were originally
based on were TRAV8-4" and not TRAVS-2*. If this was the case, it is particularly
interesting that the TRAVS8-2" TCR constructs also bound CDla, given that these Va

genes differ in their CDR loops.

To complement tetramer binding data, T cell activation of these TCRs by CDla-
expressing CIR cells was also assessed. As a co-culture, 3.3 x 10° WT or CDla* CIR
cells were mixed with 2.0 x 10* CDla-restricted J.76 cell lines and were incubated
overnight with or without the addition of DDM in a 3:1 molecular weight ratio.
Upregulation of CD69 was used as a measure of T cell activation. All CD1a-restricted
T cell lines tested had greater CD69 MFI following culture with CDla* CIR cells
compared to WT C1R cells (Fig.4.8). As expected, the activation of BK6 was diminished
in the presence of DDM, while for all other cell lines produced here, activation levels
were enhanced by the addition of DDM (Fig.4.8). This is consistent with a study reporting
CDl-restricted TCRs conferring reactivity to both self-lipids and foreign antigens, for
which microbial antigens acted as the more potent agonists (Vincent et al., 2005).
However, if CD69 upregulation was already at its maximum with CD1a" CIR cells alone,

this may have masked the effects of DDM addition.
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Figure 4.8. Validation of CD1la-reactivity by CD1a-restricted T cell lines produced. Activation assays
were performed by co-culturing J.76 CD1a-restricted T cell lines with either wild type (WT) or CD1a*
C1R cells with the addition of 3 pg/mL DDM or the equivalent volume of 0.5% (v/v) tyloxapol. Samples
were gated on GFP" cells to ensure transduction efficiency levels were comparable and CD69
upregulation was used as a measure of T cell activation after 18 hours. Data are represented as mean
and SEM of three independent experiments, except in samples BK6 and 4C1369 for which DDM and
tyloxapol conditions were only performed once.
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A human autoreactive CD1d-restricted T cell line, clone 4C1369 (Matulis et al., 2010),
was used as a negative control for CD1a tetramer staining and activation by CD1a" C1R
cells. Clone 4C1369 was negative for both CD1a tetramers but positive for the CD1d-
endo tetramer, confirming that the absence of CDla-restricted TCRs binding to the
CDl1d-endo tetramer was due to CD1 isoform specificity (Fig.4.7b). The 4C1369 cell line
also failed to be activated by CDla" CIR cells, showing similar CD69 MFI across all
conditions (Fig.4.8).

Many of the CD1a-restricted T cell lines generated both bound CD1a tetramers and were
activated by CD1a" APCs, thus confirming their specificity for CD1a, providing cell lines
to use as tools in further studies, and validating our TCR sequencing results. Initially all
cell lines were produced using J.76 cells and used for tetramer staining and activation
assays. Eight CD1a-restricted TCRs (CNR1, 8-2a2, 17a28, 27a28, 29a28i, 29a28ii, and
35al6) were subsequently selected to be transduced into TCR-deficient SKW-3 Bom™-,
produced in house by fellow PhD student, Shihan Li (The University of Melbourne).
Activation of SKW-3 Bom™ cell lines provided greater CD69 upregulation with CD1a*
CIR cells and more pronounced distinction between WT and CDIla" CIR cells
compared to J.76 cell lines (data not shown). The differences in activation levels
between the two cell lines may have been due to the elimination of any endogenous
presentation molecules on the surface of the T cells that could provide background
levels of stimulation in addition to that induced by presentation molecules on the C1R
cells. While CIR is an MHC class I-A and class I-B negative cell line (Storkus et al.,
1989), the total absence of Bom ensures that no CD1 or other presentation molecules
can be expressed. These eight CD1a-restricted TCR clone produced with the TCR-

deficient SKW-3 B,m™- backbone were hence used in all subsequent assays.

4.2.3 Recognition of multiple lipid antigens by CD1a-restricted T cells

When examining tetramer staining and activation of CDla-restricted T cell lines to
confirm CD]la-reactivity, there were several dual-reactive with CDla-endo and CD]1a-
DDM (Fig.4.7 and Fig.4.8). This was surprising as many published CD1a-restricted T
cell clones recognise either self-lipids or exogenous lipids (e.g. DDM) (Birkinshaw et al.,
2015, Cheng et al., 2017). These results led to the question of how broad their cross-
reactivity is between different lipids. The ability of different CD1a-restricted TCRs to
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recognise multiple lipid antigens and/or CD1a alone was therefore assessed to determine

whether different patterns arose between different TCRs.

CDla-restricted T cells have been observed to recognise a broad range of lipid antigens,
including endogenous self-lipids, neoantigens and foreign lipid antigens. CDla can
present a variety of self-lipids and foreign lipids derived from bacteria and plants to T
cells, and favourably loads lipids with acyl chain lengths between Cis-Ca3 (Agea et al.,
2005, de Jong et al., 2014, Hunger et al., 2004, Moody et al., 2004, Pena-Cruz et al., 2003,
Zajonc et al., 2003). The cross-reactivity of CDla-restricted T cells for some of these

known lipid antigens was therefore tested.

To determine whether CD1a-restricted TCRs, isolated with tetramers loaded with one
particular lipid (DDM for most TCRs), could bind other lipid antigens, a suite of TCR
cell lines were assessed for tetramer binding. CDla was loaded overnight with 0.5%
tyloxapol (CDla-vehicle), DDM, LPC, urushiol, or left loaded with lipids from the
expression system (CD1a-endo) and used to make tetramers. Of these, based on data for
clone BK6, DDM were expected to be non-permissive to any CD1a-autoreactive T cells

due to its protruding head group (Birkinshaw et al., 2015).

All eight TCRs, including those identified using CD1a-vehicle or CD1a-endo tetramers,
had a higher MFI when bound to the CD1a-DDM tetramer compared to CDla-endo
(Fig.4.9). Three TCRs — 8-2a2, 17a28, and 35a16 — only bound CD1a-DDM but not
CDla-endo, consistent with previous results (Fig.4.7). Nor did they bind CDI1a-LPC,
CD1a-urushiol or CD1a-vehicle (Fig.4.9), suggesting specificity for DDM or preference
for large headgroups that protrude above the A’-roof (Zajonc et al., 2005b). TCRs that
previously displayed cross-reactivity between CDla-endo and CD1a-DDM tetramers —
27a28, 29a28i, and 29a28ii — also bound to CDla loaded with LPC, urushiol, and
tyloxapol to similar degrees (Fig.4.9). This data suggests that these TCRs are broadly

CDla-reactive and may have a different mechanism of binding to BK6.

4.2.3.1 CDla interaction with DDM isomers
DDM was initially discovered as an activating lipid antigen for CD1a-restricted T cells

using the CD8-2 cell line, and remains the most extensively characterised type of foreign
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Figure 4.9. Recognition of multiple lipid antigens by CD1a-restricted TCRs. CD1la-restricted TCR
SKW-3 B,m7" cell lines were labelled with a panel of CD1a tetramers loaded with various lipid
antigens. CD1a was loaded with a panel of lipids: DDM-A, lysophosphatidylcholine (LPC) or urushiol
with 0.5% tyloxapol as a loading agent. “Unloaded” endogenous CD1a and tyloxapol vehicle-loaded
CD1a were included as controls. GFP" cells were gated on to ensure transduction levels were
comparable. FACS plot show the relationship between CD3/TCR levels and tetramer staining.
Numbers in the top right of each plot indicate tetramer mean fluorescence intensity. Data
representative of three independent experiments.
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lipid antigen that activates CD1la-restricted T cells (Moody et al., 2004, Rosat et al.,
1999). Studies of CD1a and DDM have typically used synthesised lipid molecule DDM-
838, as isolation in high yield from natural sources remains impractical (Young et al.,

2009, Moody et al., 2004).

Naturally-occurring lipopeptides (DDM variants) isolated from Mtb with slight variation
in alkyl chain length and saturation can be recognised by CDla-restricted T cell clone
CDS8-2, but the addition of a single unsaturation at the C,—C3 position or extension of the
acyl chain length from C;5-C,( increases DDM’s antigenic potency (Moody et al., 2004).
This suggests that minor structural alterations to the DDM molecule can influence how
well it is recognised by CD1a-restricted TCRs. Three stereoisomers of DDM-838 have
been described, each with different structure-activity relationships in antigen recognition
by DDM-reactive T cell clone CD8-2, clone 8 and clone 15 (Cheng et al., 2017).
Assessing the ability of these stereoisomers to interact with CD1a-restricted TCRs may

provide insight as to how the DDM head group may be recognised by TCRs.

In a test of Clone 8, Clone 15, and CD8-2, the natural form of DDM-838 (DDM-A) was
the most potent, while DDM-C and DDM-D compounds resulted in minimal reactivity
(whereas CD1a-autoreactive TCR BK6 weakly bound these) (Cheng, Liu et al. 2017). It
was hypothesised that several TCRs identified here would have a different mode of DDM

recognition to those established TCRs given that they also cross-react with self-lipids.

Eight CDla-restricted TCRs were tested for their ability to bind CDla loaded with
different DDM stereoisomers. Similar to CD8-2, clone 8 and clone 15, cell lines 8-2a2,
8-2al3ii, 17a28, and 35a16 bound DDM-A to the greatest degree and had partial binding
to DDM-B, while binding to DDM-C and DDM-D tetramers was reduced to that of
CDla-endo/vehicle (Fig.4.10a). CNR1 and 27a28 also had slightly reduced tetramer
staining with DDM-C and DDM-D, but still retained high affinity staining, indicating that
these TCRs are more broadly reactive to lipids presented by CD1a and are less sensitive
to structural changes in lipid antigens (Fig.4.10a). In contrast, 29a28i had slightly greater
binding to CD1a-DDM-C, and 29a28ii bound tetramers loaded with DDM-D with an MFI
around 2-fold greater than other DDM stereoisomers (Fig.4.10a). The pairing of
TRAV29 and TRBV28 may result in a TCR conformation that provides a CDR loop

123



architecture that can interact better with the stereoisomers, but there was no apparent

pattern observed in recognition between all TRBV28* TCRs.

To complement tetramer-binding data and confirm antigen cross-reactivity, T cell
activation of each TCR was also assessed in the presence of different DDM stereoisomers
in vitro. 3.3 x 10> WT or CD1a" CIR cells were incubated with 2 x 10* SKW-3 Bom™-
cells overnight with media alone or each DDM isomer at a 3:1 molecular weight ratio
to CD1a. Consistent with previous results, T cell activation was enhanced by the addition
of any DDM stereoisomer (Fig.4.10b). There were minor differences in activation levels
between DDM stereoisomers across the eight TCRs. DDM-C induced the lowest levels
of activation in all T cells except 27a28, for which it was the most potent agonist. Similar
to DDM-specific T cell clones previously assessed, the addition of DDM-A resulted in
the greatest levels of activation for 8-2a2 and 35al6 (Fig.4.10b). Surprisingly, three
TCRs, 17a28, 292281, and 29a28ii, had the greatest CD69 upregulation with DDM-D, the
first of which is a DDM-specific TCR (Fig.4.10b). CNR1 and 8-2al3ii appeared to be the
most indifferent to the chemical alteration between stereoisomers but had slightly
enhanced activation with DDM-D and DDM-A respectively (Fig.4.10b). It is possible
that measuring CD69 upregulation as an outcome of activation may not be sensitive
enough to capture larger differences between DDM isomers as the TCRs may have

reached maximum CD69 expression with even the least effective isomer.

While DDM-A was the most potent agonist for CD1la-restricted TCRs that recognise
DDM specifically, cross-reactive TCRs may have alternate docking onto the CD1a-DDM
complex and hence display variable recognition for each DDM stereoisomer. These
results highlight the importance of assessing multiple CDla-restricted TCRs when
endeavouring to understand the interaction between TCRs and CD1a-lipid. TCRs with
different reactivity (autoreactive, DDM-reactive or cross-reactive) may have different
modes of TCR docking onto CD1a-lipid complexes, which have so far been relatively
unexplored. Structural studies (i.e. X-ray crystallography of TCR-CDla-lipid co-
complexes), especially exploring TCRs with particular variable genes (TRAV8-2 and
TRBV28), and site-directed TCR mutagenesis experiments are required to determine the

docking mode of these newly isolated CD1a-restricted TCRs.
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Figure 4.10. T cell activation in response to CD1a presenting DDM stereoisomers. A. CD1a-restricted
TCR SKW-3 B,m” cell lines were labelled with a panel of CDla tetramers loaded with DDM
stereoisomers (DDM-A, DDM-B, DDM-C or DDM-D) or 0.5% tyloxapol. Samples were gated on GFP"
cells to ensure transduction efficiency levels were comparable. Numbers in the top right of each plot
indicate tetramer mean fluorescence intensity. B. CD1a-restricted SKW-3 B,m™" cell lines were cultured
for 18 hours with wild-type (WT) or CD1a" C1R cells with the addition of DDM stereoisomers or 0.5%
(v/v) tyloxapol. Samples were gated on GFP" cells to ensure transduction efficiency levels were
comparable and CD69 upregulation was used as a measure of T cell activation. Data are represented as
mean and SEM of three independent experiments.

126



4.2.4 Interaction of CD1a-lipids and TCR

Three groups of CDla-restricted T cell reactivity were identified: CD1a-autoreactive,
which preferentially bind CD1a loaded with small headless lipid antigens (de Jong, Cheng
et al. 2014, Birkinshaw, Pellicci et al. 2015); those that more specifically bind DDM or
antigens with large headgroups (Cheng et al., 2017, Moody et al., 2004) (hereon in
referred to as DDM-reactive); and those that broadly react to CDla regardless of the
specific lipid (Vincent et al., 2005). The mechanisms by which they do this remain
unclear as only the CDla-autoreactive clone BK6 has been investigated in structural

studies (Van Rhijn et al., 2014).

A study of BK6 revealed that the narrow A’-pocket, which holds alkyl chains between
Ci8-Ca3 in length, dominates the interaction at the antigen-binding cleft. Meanwhile, the
F’-pocket contains protruding polar head groups and most of the fatty acid chain of the
lipid to be directly accessible to TCRs (Birkinshaw et al., 2015, Zajonc et al., 2003). The
TCR’s CDR loop-CD1a mediated interactions are well established for the BK6 TCR and
CD1a, however, whether these interactions are consistent with other CDla-restricted

TCR interactions is yet to be determined.

It was hypothesised that TCRs that only recognise small, endogenous lipids, like BK6,
would interact with the antigen-free A’-roof; DDM-reactive TCRs would interact with
large, headgroups that protrude from the F’-portal; and broadly reactive CD1a-restricted
TCRs would bind somewhere such that larger lipids can facilitate rather than block TCR
binding.

The basis of TCR interactions with CD1a-lipid antigen was explored by using CIR cells
that were transduced to express either WT CD1a or 12 single site mutants in “hot spot
residues” (Birkinshaw et al., 2015). The impact of each amino acid mutation was
assessed based on their activation of CD1a-restricted SKW-3 Bom™" cell lines compared
to WT CDla, allowing the elucidation of the TCR “footprint” on CDla. A published
dataset for the structure of huCD1a-endo available in the Protein Data Bank (PDB) (PDB
code 4XBD) was used as a reference to generate a surface map depicting the molecular
binding footprint of CD1a-restricted TCR clones on CD1a. This CD1a mutant activation
assay for BK6 previously indicated that the BK6 TCR docks over the A’-roof in a manner
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that precludes interactions with any protruding lipid out of the F’-portal (Birkinshaw et
al., 2015).

Here, the same panel of huCD1a mutants of key residues spanning the F’-pocket and A’-
pocket in both the al and a2 helices were assessed for their impact on TCR interactions.
Each selected residue was mutated to alanine such that the mutants were defined as E61A,
E62A, E65A, L69A, 172A, R76A, R83A, K146A, Q150A, HI153A, N160A, and
D164A (Birkinshaw et al., 2015). Each mutant CD1a was expressed by C1R cells, which
were sorted for high CD1a expression by flow cytometry to ensure each line expressed
similar levels of CD1a. For each CDla-restricted T cell line, 3.33 x 103 CDla* C1R
cells (WT or mutant) were incubated with 2 x 10* SKW-3 Bom™" cells overnight.

Activation of CD3" CDla-restricted TCR SKW-3 Bom™" cells was assessed by CD69
upregulation, and the impact of each mutation on CD1a-restricted T cell activation was
represented as a percentage-fold difference compared to activation by WT CD1a. Amino
acids altered in CDla mutants that resulted in activation levels comparable to WT
CD1a (80% or above) were regarded as having no impact on TCR binding. When the
CD1a mutants produced activation levels that were 40-80% of WT CDla, the amino
acids were regarded as having moderate importance in TCR binding. When activation
levels were reduced to below 40%, which was around the same level as baseline CD69
levels with CD1a” WT CIR cells, the amino acids were regarded as critical for TCR
binding.

Using this approach, TCRs containing TRAVS-2, namely CNR1, 8-2a2 and 8-2al3ii,
appeared to have different patterns of binding, suggesting that TRAV8-2" CDla-
restricted TCRs do not necessarily interact with the CD1a surface in the same manner
(Fig.4.11). Substitutions at the centre of and around the A’-roof (L69 and N160) and at
the edge of the F’-pocket (H153) greatly diminished activation of CNR1, which expresses
a TRAV8-2" TRBV19" TCR (Fig.4.11). Substitutions around the other A’-roof residues
(E61A, E62A, E65A, and D164) also moderately reduced T cell activation (Fig.4.11).
There appeared to be minimal impact of 172, Q150, K164 substitutions around the F’-
pocket and only moderate impact of others that surround it (Fig.4.11). These data suggest
that CNR1 docks over the A’-roof and one side of the F’-portal, through which antigens

protrude, similar to BK6 for which mutations in the centre of the A’-roof completely
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Figure 4.11. Mutational analysis defining key interactions between CD1a-restricted TCRs and CD1a
presenting endogenous lipids. C1R cells were transduced with either WT CD1a or a series of mutant
CD1a molecules where surface exposed amino acids lining the antigen-binding groove were mutated
to alanine. These were co-cultured with CD1a-restricted TCR SKW-3 B,m”" cell lines and activation
was measured by CD69-upregulation after 18 hours. Data is shown as a percentage of CD69 up-
regulation relative to CD1a WT (left). On the right are corresponding surface maps of CD1a (PDB code
4XBD) with alanine mutations of CD1a surface residues coloured according to TCR-CD1a interactions
relative to WT with no impact on binding (<80%) (green), partial binding (40-80%) (yellow), and no
binding (<40%) (red). Data are represented as mean and SEM, and are representative of three

experiments.

130



diminish TCR interactions (Birkinshaw et al., 2015), although its binding is not perturbed
by the presence of DDM in the same way as BK6.

Activation of DDM-specific TCR, 8-2a2, was most impaired by mutations in residues
R76 and R83 around the F’-pocket, while mutations in residues around the A’-pocket
only had a moderate impact, indicating that its TCR binding footprint is towards the F’-
pocket (Fig.4.11). Substitutions to two other residues around the F’-pocket had minimal
impact on TCR activation, suggesting that the TCR may only interact with residues on
one side of the pocket through which lipids protrude (Fig.4.11). Given that the only
accessibility of lipids is from the F’-pocket, the TCR may interact with the large,

protruding head-group of DDM and residues immediately around it.

Multiple amino acid residues across the CD1a molecule appear critical for 8-2al13ii TCR
binding, given that 6 out of 12 mutants, negatively impacted T cell activation when
mutated (Fig.4.11). All substitutions around both the A’- and F’-pockets either critically
or moderately reduced T cell activation except for N160A, which is also on the outer edge
of the A’-roof (Fig.4.11). Similarly, 35a16 was also sensitive to changes in most amino
acid residues, with 8 out of 12 mutants reducing activation levels to below 40% of WT
CDla and the remaining 4 being reduced to between 40-80% (Fig.4.11). This suggests
that these TCRs might adopt a parallel docking mode over the CDla antigen-binding

cleft, rather than interacting with one particular portal.

Overall, TRBV28" TCRs revealed fewer key amino acid residues that, when mutated,
reduced T cell activation to below 40% of WT CDla. 17a28 and 27a28 had similar
footprints on CD1a: substitutions to residues lining the edge of the F’-pocket (I72 and
R76, as well as L69 and R83 for 27a28) completely impaired T cell activation (Fig.4.11).
Residues over the A’-roof of CDla also moderately reduced activation when mutated
(Fig.4.11). 292281 and 29a28ii TCRs, which displayed the greatest tetramer binding and
activation in response to CD1a of all TCRs tested and are broadly CD1a-reactive, were
the least affected by mutations in CD1a (Fig.4.11). Activation of TCR 29a28ii was only
critically reduced with one amino acid, namely E62A, which surrounds the A’-pocket
(Fig.4.11). TCR 29a28i was also critically impacted by the same substitution as well as
R76 around the F’-pocket (Fig.4.11). This finding provides further evidence that the
pairing of TRAV29 with TRBV28 may allow for particular CDR loop confirmations that
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provide a distinct docking mechanism. It also may be that their key CD1a contact residues
were not among the 12 initially identified by Birkinshaw and Pellicci (Birkinshaw et al.,

2015).

Substitution of R76, a residue around the F’-portal, had minimal impact on BK6 binding
(Birkinshaw et al., 2015), while it abrogated binding ability for 7/8 TCRs tested here, and
had moderate impact for the remaining TCR (29a28ii) (Fig.4.11). This indicates that it
may be critical as a contact residue for TCRs that recognise larger, non-self-lipids. The
differences in key CD1a contact residues between the TCRs tested here and BK6 indicate
multiple docking mechanisms of CDla-restricted TCRs onto CDla-lipid complexes,

which could be reflective of their antigen reactivities and might be further investigated.

To account for differences in the amino acids engaged when the DDM headgroup
protrudes out of the F’-pocket, CDla mutant C1R cells were cultured with CDla-
restricted T cell lines in the presence of DDM to determine whether it made a difference
to the TCR footprint on CD1a (Fig.4.12). TCRs 8-2a2, 17a28 and 35a16 exhibit greater
binding to CD1la when loaded with DDM rather than endogenous lipids and therefore
were expected to interact predominantly with F’-pocket residues and the DDM
headgroup, and not the antigen-free zone above the A’-pocket. 8-2a2 was moderately
sensitive to mutations around the F’-pocket (R76 and R83) without DDM, and these two
residues became critical for T cell activation when DDM was present, suggesting that the
TCR might interact with these residues around the DDM headgroup (Fig.4.12).
Conversely, substitutions to residues around the F’-portal (172, R76 and R83) were not
as critical for 17a28 TCR contact and activation when DDM was added (Fig.4.12),
possibly because DDM may obscure contact with this residue. 35a16 had the greatest
sensitivity to alterations in the CD1a structure, which became more pronounced with the
addition of DDM (Fig.4.12). This was consistent with the previous results, indicative of

it docking across the entire CD1a groove.

CDla-autoreactive TCR, BK6, predominantly docks above the A’-roof and the large
head-group of DDM disrupts this TCR-CD1a interaction (Birkinshaw et al., 2015). Given
that DDM protrudes out of the F’-pocket, it was therefore expected that TCRs that bind
CD1la-endo and CD1a-DDM dock in such a way that access to key contact residues is not

blocked by DDM. Indeed, when the CD1a mutant activation assay was performed with
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Figure 4.12. Mutational analysis defining key interactions between DDM-specific TCRs and CD1a
presenting DDM. C1R cells were transduced with either WT CD1la or a series of mutant CD1a
molecules where surface exposed amino acids lining the antigen-binding groove were mutated to
alanine. These were co-cultured with CD1la-DDM-reactive TCR SKW-3 B,m” cell lines with and
without the addition of 3 pg/mL DDM (right and left respectively) and activation was measured by
CD69-upregulation after 18 hours. Surface maps of CD1a (PDB code 4XBD) with alanine mutations of
CD1a surface residues coloured according to TCR-CD1a interactions relative to WT with no impact on
binding (<80%) (green), partial binding (40-80%) (yellow), and no binding (<40%) (red). Data are
represented as mean and SEM, and are representative of two experiments.
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Figure 4.13. Mutational analysis defining key interactions between dual-reactive TCRs and CD1a
presenting DDM. C1R cells were transduced with either WT CD1la or a series of mutant CD1a
molecules where surface exposed amino acids lining the antigen-binding groove were mutated to
alanine. These were co-cultured with CD1la-DDM-reactive TCR SKW-3 B,m” cell lines with and
without the addition of 3 pg/mL DDM (right and left respectively) and activation was measured by
CD69-upregulation after 18 hours. Surface maps of CD1a (PDB code 4XBD) with alanine mutations of
CD1a surface residues coloured according to TCR-CD1a interactions relative to WT with no impact on
binding (<80%) (green), partial binding (40-80%) (yellow), and no binding (<40%) (red). Data are
represented as mean and SEM, and are representative of two experiments.
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and without DDM, there appeared to be little difference in the key contact residues
between the two conditions (Fig.4.13). A critical residue for all three dual-reactive TCRs
was R76A on the edge of the F’-pocket, and it may be that these TCR CDR loops are
shaped in such a way that they can reach around any bulky antigen head that protrudes

(Fig.4.13).

In summary, the key amino acid residue contacts identified for the CD1a-restricted TCRs
studied here are spread across the CD1a molecule, and the loss of one particular amino
acid did not elicit the same effect across all TCRs. These differences may be due to CDR
loop configuration and how they interact with both CD1a and lipids. These findings thus
indicate variability in TCR docking modes onto CD1a-lipid complexes, which could be

validated with further structural studies of ternary TCR-CD1a-lipid co-complexes.

4.2.5 Production of Recombinant Human CD1a-restricted TCRs

Soluble TCRs were produced for X-ray crystallography and lipid antigen discovery to
provide further insight into the interactions between CDla-lipids and TCRs and to
identify high affinity CD1a lipids respectively. Four CD1a-restricted TCRs were selected
for expression and soluble TCR production: two were broadly CD1a-reactive (27a28 and
29a28i) and two were DDM-reactive (8-2a2 and 17a28). The final amino acid sequences
for each TCR chain can be found in Appendix II.

Similar to gene constructs generated for T cell line production, DNA constructs were
generated, encoding TCR a- and -chain sequences that were truncated immediately prior
to the 7 transmembrane domain and contained “Avidex” cysteine residues, described in
patent: Avidex WO 03/020763, A2, 2003 (Appendix II). Final TCR gene segments were
cloned into pET30 expression vectors and expressed in BL-21 E-coli cells as inclusion
body preparations (IBPs). Each IBP was analysed by SDS-PAGE to determine expression
levels and concentration based on a control TCR of known concentration (data not

shown).

Soluble CD1a-restricted TCRs were generated by oxidative refolding of TCR a- and -
chain IBPs using a method similar to that previously described (Garboczi et al., 1996).
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Briefly, a- and B-chain proteins were injected in a 1:1 equimolar ratio in a urea refold
buffer. TCR proteins contained an engineered disulphide linkage between the TRAC and
TRBC domains as previously described to promote refolding (Boulter et al. 2003).
Refolded TCR was purified using 24-hour dialysis followed by sequential
chromatography involving DEAE anion exchange, S-75 gel filtration and MonoQ anion
exchange. DEAE purification separates proteins based on molecular charge and
efficiently removes the majority of the non-refolded TCR as it is retained on the DEAE
sepharose following elution with 200mM NaCl. Gel filtration separates proteins based on
size and is used to exclude aggregated and monomeric TCR. Mono-Q anion exchange
also separates proteins based on charge for the small-scale enrichment of highly pure

proteins.

Fig.4.14a shows the DEAE chromatogram trace of 27a28 TCR (left) and SDS-PAGE of
fractions under reducing and non-reducing conditions (right). Coomassie Blue staining
revealed two bands of approximately 50 kDa under non-reducing conditions in all
fractions, representative of an af-heterodimer and Bp-homodimer, which was slightly
larger. Under reducing conditions, two bands representing a f-chain and a-chain were
present at 30 and 20 kDa respectively at increasingly equivalent ratios across the fractions
as the ratio of homodimer to heterodimer equilibrated. All fractions were pooled,
concentrated, and passed over a gel filtration column. Fig.4./4b shows the HilLoad
Superdex 75 pg (S75) gel filtration chromatogram trace of the 27a28 TCR (left) and SDS-
PAGE of fractions under reducing and non-reducing conditions (right). The
chromatogram revealed an expected peak at around 56 mL, which corresponded to one
major band at 50 kDa on SDS-PAGE and two bands for a- and B-chains of equal thickness
under reducing conditions in fraction 19. Fractions in this peak (15-21) were pooled,
concentrated, and passed over Mono-Q. Fig.4.14c show the Mono-Q chromatogram trace
of the 27a28 TCR (left) and SDS-PAGE of fractions under reducing and non-reducing
conditions (right). One major peak was observed from the Mono-Q trace, which
corresponded to fraction 73 on the gel containing one major band at 50 kDa under non-
reducing conditions and two bands under reducing conditions. Fraction 68, which was in
the first peak, contained a Bp-homodimer, as indicated by a single band under non-
reducing conditions for the B-chain protein but not the smaller a-chain protein. Fractions

71-75 were pooled and concentrated in TBS for storage at -20 °C.
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Figure 4.14. Purification of soluble 27a28 CD1a-restricted TCR. A. DEAE anion exchange chromatography of
refolded 27a28 TCR (left). Fractions were assessed by SDS-PAGE under reducing and non-reducing
conditions (right). Fractions containing TCR (3-12) were pooled for gel filtration. B. Gel filtration
chromatography of refolded TCR (left). Fractions were assessed by SDS-PAGE under reducing and non-
reducing conditions (right). Fractions containing TCR (15-21) were pooled for Mono-Q. C. Mono-Q anion
exchange chromatography of refolded TCR (left). Fractions were assessed by SDS-PAGE under reducing and
non-reducing conditions (right). Fractions 71-75 were collected and concentrated in TBS for storage.
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Figure 4.15. Purification of soluble 29a28i CD1a-restricted TCR. A. DEAE anion exchange chromatography
of refolded 29a28i TCR (left). Fractions were assessed by SDS-PAGE under reducing and non-reducing
conditions (right). Fractions containing TCR (3-12) were pooled for gel filtration. B. Gel filtration
chromatography of refolded TCR (left). Fractions were assessed by SDS-PAGE under reducing and non-
reducing conditions (right). Fractions containing TCR (15-21) were pooled for Mono-Q. C. Mono-Q anion
exchange chromatography of refolded TCR (left). Fractions were assessed by SDS-PAGE under reducing and
non-reducing conditions (right) and fractions 67-73 were collected and concentrated in TBS for storage.
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The 29a28i TCR was also refolded, collected using DEAE and assessed by SDS-PAGE
(Fig.4.15a). There was a band at approximately 50 kDa under non-reducing conditions
(an op-heterodimer), and two bands (a- and B-chains) under reducing conditions, and
fractions containing these bands were pooled and concentrated (Fig.4./5a). Reducing
conditions indicated the presence of more B-chain, and thus, the presence of [Bf-
homodimer in addition to af-heterodimer. S75 pg gel filtration was used for further
purification (Fig.4.15b). The chromatogram revealed an expected peak at around 57 mL,
which corresponds to one major band at 50 kD on SDS-PAGE and two bands of equal
thickness under reducing conditions in fraction 16. Fractions in this peak (15-21) were
pooled, concentrated, and passed over Mono-Q. One major peak was observed in the
Mono-Q trace, which corresponded to one major band at 50 kD under non-reducing
conditions and two bands under reducing conditions (Fig.4.15¢). An early elution was
detected prior to the introduction of a salt gradient, suggesting that the protein may have
passed straight through the column without binding the positively charged resin, however,
when a sample of this flow through was assessed by SDS-PAGE, no protein was visible
(Fig.4.15¢). Fractions 61 and 63 appeared to contain Bp-homodimer as they produced a
single, slightly larger band than expected for a TCR at around 50 kDa under non-reducing
conditions and only a single band under reducing conditions, whereas fraction 69, which
corresponds to the second main peak, contained both a- and B-chain proteins in equal

amounts. Fractions 67-73 were collected as soluble af3-TCR protein for structural studies.

The DDM-reactive TCR 17a28 was refolded, collected using DEAE and assessed by
SDS-PAGE (Fig.4.16a). Reducing conditions revealed the presence of predominantly 3-
chain protein and a very faint band representing the smaller a-chain protein in the earlier
fractions (Fig.4.16a). These results indicate that the efficiency of o- and B-chain
dimerisation was relatively low. Nonetheless, fractions corresponding to the
chromatogram peak were collected and concentrated for further purification by S75 pg
gel filtration. The gel filtration chromatogram revealed an expected peak at around 56
mL (fraction 17), corresponding to two bands under reducing SDS-PAGE (Fig.4.16b).
These bands were not of equal intensity when stained with Coomassie Blue, again
indicating the presence of Pp-homodimer in the same elution volume as af}-TCR
(Fig.4.16b). Fraction 26 revealed the presence of a large amount of remaining -chain
monomer as seen by a single band at approximately 30 kDa under both reduced- and non-

reduced conditions (Fig.4.16b). Fractions in the middle peak (13-21) were pooled,
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Figure 4.16. Purification of soluble 17a28 CD1a-restricted TCR. A. DEAE anion exchange chromatography of
refolded 17a28 TCR (left). Fractions were assessed by SDS-PAGE under reducing and non-reducing
conditions (right). Fractions containing TCR (5-20) were pooled for gel filtration. B. Gel filtration
chromatography of refolded TCR (left). Fractions were assessed by SDS-PAGE under reducing and non-
reducing conditions (right). Fractions containing TCR (13-21) were pooled for Mono-Q. C. Mono-Q anion
exchange chromatography of refolded TCR (left). Fractions were assessed by SDS-PAGE under reducing and
non-reducing conditions (right) and fractions 74-81 were collected and concentrated in TBS for storage.
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concentrated, and passed over Mono-Q (Fig.4.16¢). The first major peak in the Mono-Q
trace corresponds to one major band at 50 kDa under non-reducing conditions and two
bands under reducing conditions in fraction 77. Fraction 86, in the second main peak,
contained only B-chain protein (Fig.4.16c). While the elution volume of TCR heterodimer
was similar to the elution of TCRs 27a28 and 29a28i, it was unexpectedly the first peak,
and not second, that contained heterodimer and not homodimer (Fig.4.16¢). Fractions 74-

81 were collected as soluble af-TCR protein for structural studies.

The final TCR, 8-2a2, was also refolded, passed over a DEAE column and assessed by
SDS-PAGE (Fig.4.17a). Bands at 50 kDa were faintly visible in fractions 8 and 11 under
non-reducing conditions, which were divided into two, smaller bands under reducing
conditions. The low staining intensity for TCR protein bands suggested that the amount
of protein was low, albeit present. Fractions corresponding to the chromatogram peak (2-
20) were collected and further purified by S75 pg gel filtration. Fractions in the second
peak (4-11), corresponding to one band at 50 kDa on SDS-PAGE and two bands under
reducing conditions (Fig.4.17b), were collected and passed over Mono-Q. UV
absorbance values and band staining intensity on SDS-PAGE gels were relatively low
compared to other TCRs (Fig.4.17c). The second major peak in the Mono-Q trace
corresponds to one major band at 50 kDa under non-reducing conditions and two bands
under reducing conditions in fraction 73. The last major peak was the highest and
corresponded to a band at 30 kDa in fraction 80 indicating the presence of B-chain
monomer. Fractions 71-79 were hence collected as soluble af-TCR protein for structural

studies.

Overall, the yields of soluble CD1a-restricted TCRs were moderate; approximately 664
pg and 992 pg of purified 17a28 and 27a28 TCRs were generated respectively from a 2
L refold containing 20 mg of each a- and B-chain IBPs. 73.8 pg and 46 ng of purified 8-
2a2 and 29a281 TCRs were generated respectively from a 400 mL refold containing 15
mg of each a- and B-chain IBPs. Additional 2 L refolds of 8-2a2, 17a28, and 29a281 TCRs
were performed in a similar fashion to produce more aff-TCR given that SDS-PAGE
indicated low quantities of TCR af3-heterodimer produced compared to fB-homodimer
following refold. Subsequently, sufficient quantities (approximately 1 mg of each) of a3-
heterodimer were obtained for structural studies, specifically, for co-complexation with

soluble CD1a-lipid.
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Figure 4.17. Purification of soluble 8-2a2 CD1a-restricted TCR. A. DEAE anion exchange chromatography of
refolded 8-2a2 TCR (left). Fractions were assessed by SDS-PAGE under reducing and non-reducing conditions
(right). Fractions containing TCR (2-20) were pooled for gel filtration. B. Gel filtration chromatography of
refolded TCR (left). Fractions were assessed by SDS-PAGE under non-reducing conditions (right). Fractions
containing TCR (4-11) were pooled for Mono-Q. C. Mono-Q anion exchange chromatography of refolded
TCR (left). Fractions were assessed by SDS-PAGE under reducing and non-reducing conditions (right) and
fractions 71-79 were collected and concentrated in TBS for storage.
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4.2.6 Production of Human CD1a for structural studies

Soluble human CD1a was generated using the GnTI- mammalian expression system and
His-tagged CD1a was purified by Ni-NTA agarose, in the same method as production of
CDla monomer for tetramers. Purified CDla was sequentially treated with
endoglycosidase H (endo-H) (New England BioLabs) and thrombin (Sigma) for removal
of N-linked sugars and C-terminal leucine =zippers that may interfere with
crystallography, respectively. The decreasing size of CDla after each successive
treatment was visible by SDS-PAGE (Fig.4.18a). Following endo-H treatment, CDla
protein decreased slightly in size (Fig.4.18a). Due to the dilution of CD1a in progressive
steps, a lower amount of fully treated CD1a was assessed by SDS-PAGE, however the
shift in size was evident following removal of C-terminal leucine zippers on the heavy

chain while the size of Bom remained consistent (Fig.4.18a).

Treated CD1a was divided into 5 mg for CDla-endo and 4 mg for CD1a-DDM binary
complexes, the latter of which was loaded overnight with DDM in a 3:1 molecular
weight ratio (CD1a:DDM). These were then purified using gel filtration (Fig.4.18b).
The chromatogram trace for CD1a-DDM was uniform, while CD1la-endo revealed a
small shoulder prior to the main peak on its chromatogram trace, suggestive of a

minimal amount of untreated CD1a, which was not collected.

4.2.7 Isolation of TCR:CD1a Ternary Complexes

Soluble 17a28 TCR, 27a28 TCR, and 292281 TCR, and CD1a cleaved with enzymes
endoglycosidase H and thrombin were purified using gel filtration with a Superdex-

200 16/60 (S200) size-exclusion column in preparation for complexation.

To produce a TCR:CD1a-DDM co-complex, 17a28 was added to CD1a-DDM at a 1:2
mass ratio (750 ug TCR: 1500 pg CD1a). The co-complex was purified by passage over
an S200 size-exclusion column (0.5 ml/min flow rate). The chromatogram trace revealed
two distinct peaks: one at the same elution volume as TCR and CD1a-DDM alone, and
the other at an earlier elution corresponding to the larger 17a28:CD1a-DDM co-complex
(Fig.4.19). Fractions eluted in the first peak were deemed to contain the 17a28:CD]1a-
DDM co-complex based on assessment by SDS-PAGE (Fig.4.19). Under non-reducing
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Figure 4.18. Endo-H and Thrombin treatment of soluble CD1a for TCR co-complexation.
Soluble CD1a was treated with endoglycosidase H (endo H) to cleave oligosaccharides from
N-linked glycoproteins, and thrombin to remove the leucine zipper. The sample was first
incubated with endo H for 1h, followed by thrombin for 4h. A. Untreated CD1a, Endo-H-
treated CD1a and thrombin-treated CD1a were assessed by SDS-PAGE. B. Chromatograms
of treated and untreated CD1a-endo run over an S200 column.
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Figure 4.19. Purification of soluble 17a28 CD1a-restricted TCR co-complexed to CD1a loaded
with DDM. A. CD1a-DDM was added to TCR in a 2:1 mass ratio and loaded onto an S200 column
for gel filtration chromatography at flow rate 0.5 mg/mL. B. Fractions were assessed by SDS-
PAGE under non-reducing (top) and reducing conditions (bottom).
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conditions, it was difficult to determine whether CD1a and TCR were present at a 1:1
ratio given the heterogeneity of CD1a glycosylation. In later fractions, however, the bands
representative of TCR were no longer present while unbound CD1a and f2m remained,
which was expected as it was added in excess. Under reducing conditions, it was easier
to determine that bands representative of TCR a- and B-chains and B,m were of equal
band staining intensity in the early fractions (36-39), clearly indicating the presence of
co-complex. Fractions 34-38 were pooled and concentrated in TBS to a final amount of
0.8 mg of protein. Of the total, 100 pg was sent to Dr Tan-Yun Cheng in Branch Moody’s
Laboratory at Brigham and Women’s Hospital as a control for lipid antigen discovery
and 0.7 mg of co-complex was sent to Jamie Rossjohn’s Laboratory at Monash University

for future X-ray crystallography work.

To produce a TCR:CDla-endo co-complex, 27a28 TCR was added to Endo H- and
thrombin-treated CD1a at a 1:1 mass ratio. The co-complex was purified by passage over
a Superdex-200 16/60 size-exclusion column. No distinct early peak was detected on the
chromatogram obtained by passing CDla-endo and 27a28 TCR over a gel filtration
column, however there was a slight shift of the peak towards earlier fractions (Fig.4.20a).
When fractions were assessed by SDS-PAGE under non-reducing conditions, Coomassie
Blue staining of the early fractions (fractions 35 and 37) revealed three proteins matching
the apparent molecular weights of CDla, Bom, and TCR with similar band intensity,
consistent with 1:1:1 stoichiometry (Fig.4.20a). The lack of two distinct peaks, as
observed in the chromatogram trace of 17a28 and CDla-DDM co-complexation, is
typical following co-complexation given that some excess smaller TCR or CDla-endo
should remain. This suggests that the TCR had low-affinity binding to CD1a or that co-
complexation was unsuccessful. A repeat co-complexation experiment was performed by
again loading CDla-endo and 27a28 TCR at a 1:1 mass ratio over a size-exclusion
column. Similar to the first experiment, a single peak was observed at a slightly earlier
elution volume compared to each of CD1a-endo and 27a28 TCR alone but not two distinct
peaks (Fig.4.20b). SDS-PAGE analysis revealed that CDla and TCR were present
together in fractions 36 to 39 (Fig.4.20b), and it is possible that all protein co-complexed
to form TCR:CDla-lipid complexes uniform in size. Fractions from Run A and Run B
were concentrated individually for lipid antigen discovery by mass spectrometry, so that
lipids identified in CDla that bound TCR in earlier fractions (permissive) could be
distinguished from those lipids loaded into CD1a that did not bind TCR (non-permissive).
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Figure 4.20. Purification of soluble 27a28 CD1a-restricted TCR co-complexed to CD1la
loaded with DDM. A. CD1a was added to TCR in a 1:1 mass ratio and loaded onto an $S200
column for gel filtration chromatography at flow rate 0.5 mg/mL. Selected fractions were
assessed by SDS-PAGE under reducing and non-reducing conditions. B. In a repeat
experiment, CD1a-DDM was again added to TCR in a 1:1 mass ratio and loaded onto an $S200
column for gel filtration chromatography. Fractions were assessed by SDS-PAGE under non-
reducing conditions.
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Figure 4.21. Purification of soluble 29a28 CD1a-restricted TCR co-complexed to CD1a
loaded with DDM. A. CD1a was added to TCR in a 1:1 mass ratio and loaded onto an S200
column for gel filtration chromatography at flow rate 0.5 mg/mL. Selected fractions were
assessed by SDS-PAGE under reducing and non-reducing conditions. Fractions were pooled
and concentrated as indicated.
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Co-complexation of the 29a28 TCR with CD1a-endo was performed in a similar manner
by adding them together at a 1:1 mass ratio and passing them over a size-exclusion
column. The gel filtration chromatogram revealed a distinct peak that eluted at an earlier
volume to TCR and CDla alone (Fig.4.21). Analysis by SDS-PAGE revealed the
presence of both CD1a and TCR proteins in the earlier fractions that correspond to the
first peak, while unbound CD1a was present in the later fraction (fraction 38) (Fig.4.21).
Fractions 31-34, 35-37, 38-40, and 41-44 were pooled as representative of two early, one
middle, and one late-eluting fractions. A comparison of CD1a lipids in the later and earlier

fractions will therefore indicate permissive and non-permissive lipids for this TCR.

The fractions of both co-complexes were collected and concentrated individually to be
analysed for lipid antigen discovery by mass spectrometry, and 36-301 pg of co-complex
was obtained for each fraction. These yields were not sufficient for X-ray crystallography

and were therefore used solely for lipid antigen discovery.

4.2.8 Lipid antigen discovery

The TCR trap method of lipid antigen discovery is a cell-free assay to identify antigenic
lipids that mediate higher affinity binding of TCRs to CDla than nonantigenic lipids
(Birkinshaw et al., 2015). Given that CD1a-endo contains a mixture of endogenous lipids
from the lipidome of GnTI" cells, CD1a-restricted TCRs, 27a28 and 29a28i, would be
expected to selectively bind those CDla-endo complexes that present permissive lipid
antigens, forming a TCR-CDla co-complex, hence “trapping” permissive lipids.
Conversely, CD1a-endo complexes presenting non-permissive lipids for these TCRs are
expected to remain in the unbound CD1a fraction. This approach has been used to identify
a number of permissive (agonistic) and non-permissive (non-agonistic) endogenous
antigens that can be presented by CDla to the CDla-autoreactive TCR BK6, and
subsequently for other CD1 molecules (Birkinshaw et al., 2015, Brennan et al., 2017).
The use of multiple TCRs allows for the discovery of a broader range of lipids, given that
results so far suggest that CDla-restricted TCRs use multiple docking methods onto
CDla and therefore may have different antigen specificities. Soluble 27a28 and 29a28i
TCR:CDla co-complexes were produced to identify self-lipid antigens that can be

recognised by CD1a-restricted T cells that are more broadly reactive.
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Soluble 27a28 and 29a281 TCRs were complexed with soluble CD1la-endo and passed
over a column for gel filtration chromatography. A subset of CD1a proteins bound the
TCR heterodimers, leading to the formation of a higher molecular weight ternary
complex, which was eluted in earlier fractions before separate CD1a and TCR monomers
(Fig.4.20, Fig.4.21). Mass spectrometry (MS) analysis of selected TCR-CD1a-endo co-
complex fractions was performed by Dr Tan-Yun Cheng, Branch Moody’s Laboratory at
Brigham and Women’s Hospital to compare the identity of lipids in the earlier and later
elutions. Among the many ligands, we focused on MS signals with correspondence of
molecular ions to the expected exact mass of carbon-rich molecules, high intensity
signals, and mass values that matched those of known membrane lipids from human cells

and/or permissive lipids for BK6.

CDla from collected fractions was eluted from the TCR-CDla co-complex using a
mixture of chloroform, methanol and water according to a modified Bligh and Dyer
method as previously described (de Jong et al., 2014). Lipids were subsequently separated
from the aqueous phase and collected for MS analysis. Extracted lipids were analysed
using high performance liquid chromatography MS (HPLC-MS), nano-electrospray
ionization mass spectrometry (EIS-MS) and collision-induced dissociation tandem MS
(CID-MS-MS). Lipid identification was based on the co-elution of unknown products
with standards that matched the m/z values reported in the literature and by detection of

component structures in CID-MS-MS.

4.2.8.127a28 TCR

Positive-mode EIS-MS analysis of lipids eluted from the 27a28 TCR:CD1a co-complex
identified numerous ions, and the mass intervals among the most abundant ions were
diverse (Fig.4.22), suggesting the presence of structurally diverse lipids from a broad
range of classes loaded into CD1a. Lipid ligands that were either trapped-in or excluded-
from TCR-CDla complexes were identified using shotgun nano-electrospray with
multistage ion-trap MS, allowing for a broad detection of lipid compounds. The early
fractions (36 and 37) containing TCR-CDla complexes revealed fewer elution ions,
suggesting that the 27a28 TCR bound only a small subset of CDla-lipid complexes
among all CD1a-lipid present in the starting CD1a-endo mixture (Fig.4.22). In
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Figure 4.22. Mass spectrometry analysis of lipids eluted from 27a28 TCR:CD1a-endo co-complex (Run
A). Soluble 27a28 TCR protein was complexed with CD1a-endo and passed over an S200 column for gel
filtration chromatography and lipids eluted from CD1a in selected fractions were assessed by mass
spectrometry. A. Nanospray positive mode analysis B. Nanospray negative mode analysis. Mass
spectrometry was performed by Dr Tan-Yun Cheng, Brigham and Women’s Hospital.

Relative ion intensities indicated in blue were enriched in fraction 36 but not present in CD1a-endo.

Relative ion intensities indicated in orange boxes were enriched in fraction 37. The presence of relative
ion intensities indicated by purple arrows was decreased in fraction 37 compared to CD1a-endo alone.
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comparison, later fractions (40-42), containing CD1a and TCR monomer, revealed MS

profiles more similar to that of the CD1a-endo control (Fig.4.22).

In co-complex fraction 36, both positive and negative-mode ESI-MS analysis identified
prominent ion signals at m/z ratios of 769, 795, 931, 945, 957, 971, and 985, which were
not present in the CD1a-endo control (Fig.4.22). These ions therefore may not correspond
to CD1a auto-antigens and could be contaminating lipids from GnTI" culture media and
preparations. Nanospray negative mode CID-MS was used to determine the identity of
these lipids. CID of m/z 747.3 revealed a mass and collisional pattern that matches that
of phosphatidylglycerol (PG) (Fig.4.23). CID of m/z 769.3 revealed a lipid containing
C16:0 and C18:1 fatty acids (Fig.4.24a). The head group was not determined, but PG,
phosphatidylinositol ~ (PI), sphingomyelin (SM), phosphatidylcholine (PC),
phosphatidylethanolamine(PE) and phosphatidylserine (PS) were excluded as candidate
lipids. Similarly, CID of m/z 795.3 revealed a lipid that was also neither PG, PI, SM, PC,
PE, nor PS, consisting of two C18:1 fatty acids (Fig.4.24a). High-performance liquid
chromatography-quadrupole-time of flight mass-spectrometry (HPLC-QTof2-MS),
which provides more accurate molecular weight information, confirmed that there was
no phosphate present in these lipids, but they did contain a ring structure and carboxylate
(Fig.4.24b). These molecules are likely to be anionic glycosyl (glucuronosyl)
diacylglycerols, with molecular formulae C43H77011 and CasH79011, consistent with mass
and collisional patterns similar to lipids reported in gram-negative bacteria (Wolucka et
al., 1993). In addition, the mass and collision pattern of ions at 957.3 were consistent with
hexosyl-glucuronyl diacylglyercol, and only differed to the ion at m/z 795.3 by one,
hexosyl sugar (Fig.4.25). Thus, ions at m/z 931, 945, 957, 971, and 985 appear to
represent a series of glycosyl diacylglycerols like those found in gram-negative bacteria
(Tatituri et al., 2007) whose fatty acyl chains differ in carbon length and saturation. More
information would be required to confirm these ions, however, given that these lipids did
not appear to be loaded in CD1a-endo, we did not endeavour to determine their identity
as they may be a source of contamination. It is tempting to speculate that the
contaminating lipids were within the culture media (e.g. in the FCS), however, they were
not present in the eluents from CD1a alone. They were either not preferentially “trapped”
in the absence of a TCR or they came from elsewhere. Nonetheless, these results reveal

the identities of potential bacteria derived CD1a antigens.

153



281 (18:1FA)

=1 (16:0 FA)
s 255

g

R

‘@

z

E <4
E 417
o 256
491 549
w .74 465 282 [M-H]-
1 391 747.3

22222 L. I o oo e N
200 - 750
m/z
B

Figure 4.23. Detection of phosphatidylglycerol in analysis of ions at m/z 747.3 in
27a28:CD1la-endo, fraction 36. A. Collision-induced dissociation (CID) of (negative mode,
nanospray) of m/z 747.3 in fraction 36 from gel filtration of 27a28 TCR co-complexed to
CD1a-endo Run A. Lipids were eluted from CD1a in this fraction and assessed by using mass
spectrometry by Dr Tan-Yun Cheng, Brigham and Women'’s Hospital. B. Mass and collisional

patterns match to phosphatidylglycerol.
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Figure 4.24. Identification of lipids in analysis of ions at m/z 769 and 795 in 27a28:CD1a-endo,
fraction 36. A. CID (negative mode, nanospray) of m/z 769.3 and 795.3 in fraction 36 from gel
filtration of 27a28 TCR co-complexed to CD1la-endo Run A. B. CID (negative mode, HPLC-QTof2-
MS) of m/z 769.3 (rt: 10.572-10-689 min, 3 scans) and 795.3 (rt:10.639-10.874,5 scans). Lipids
were eluted from CD1a in fraction 36 and assessed by using mass spectrometry by Dr Tan-Yun
Cheng, Brigham and Women’s Hospital. C. Mass and collisional patterns identify a ring structure
and carboxylate.
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Figure 4.25. Detection of glycosyl diacylglycerol in analysis of ions at m/z 795 and 975 in
27a28:CD1a-endo, fraction 36. CID (negative mode, nanospray) of m/z A. 795 and B. 975 in
fraction 36 from gel filtration of 27328 TCR co-complexed to CD1a-endo Run A. Lipids were
eluted from CD1a in this fraction and assessed by using mass spectrometry by Dr Tan-Yun
Cheng, Brigham and Women'’s Hospital. C. Mass and collisional patterns match to glycosyl
diacylglycerol.
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To avoid lipids in fraction 36 confounding TCR-trap analysis of 27a28, fraction 37 was
selected to represent early elution of the TCR-trap. Fraction 37 contained an enrichment
of ions at m/z 758, 807, 835, 847, 849, 870, and 872 compared to CD1a-endo alone and
later fractions, reflective of lipid antigens that mediate high-affinity TCR binding to CD1a
(i.e. permissive lipids) (Fig.4.22). In contrast, ions at m/z 863, 885, 887, 889, and 911,
were decreased in earlier fractions compared to CD1a-alone and later fractions, indicative

of non-permissive lipids that do not bind this TCR (Fig.4.22).

As a control, eluent from 17a28 TCR-CDla DDM co-complex was analysed and
compared to the lipid eluent from 27a28 and 29a28i TCR traps. Lipid eluted from 17a28
TCR-CD1a-DDM revealed a signal at m/z 860.6 with ESI-MS and CID, providing a
similar MS profile to that previously observed for DDM (Moody et al., 2004) (Fig.4.26a),
thus confirming the presence of DDM. The ion at m/z 860 detected in 27a28 TCR:CD]1a-
endo fraction 36 (positive mode analysis) had the same collision pattern as DDM, m/z
860 indicating carry-over of DDM (Fig.4.26b). This may have been a result of column
contamination and may have been present in only the earliest eluted fraction as 27a28 has
previously displayed greater affinity for CDla loaded with DDM compared to

endogenous lipids, as seen with tetramer staining and activation assays.

Considering lipids eluted from fraction 37, negative mode CID-MS analysis of selected
ions at m/z 847 and 870 identified sphingomyelin (SM) and phosphatidylcholine (PC)
respectively (Fig.4.27). Fragments from the ion at m/z 847 corresponded to SM with a
saturated C18 fatty acyl chain and C22 chain with five unsaturations (molecular formula
C46HooN206P) (Fig.4.27a,b). Fragments from the ion at m/z 870 were identified as PC
with C16:1 and C24:1 fatty acyl chains (molecular formula C4;Hs3NOsP) (Fig.4.27b).
Chloromethane was identified as an adduct ion in both by the loss of 50 atomic mass units
such that their true masses were 797 and 820 (Fig.4.27c). Nanospray negative mode CID
analysis of fraction 39 identified PI at m/z 885, with a molecular formula of C47Hs2NO13P
and two fatty acyl chains of C18:0 and C20:4 (Fig.4.28).

An analysis across individual fractions was used to determine the relative levels of SM,
PC, and PI, as these have been previously determined as lipids of interest for the BK6
TCR (Birkinshaw et al., 2015). In CD1a-endo alone, a number of SM, PC, and PI lipid
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Figure 4.26. Detection of DDM in analysis of ions at m/z 838 in TCR-CD1a co-complexes. CID (positive
mode, nanospray) of m/z 838 in A. 17a28 TCR:CD1a-DDM co-complex and B. fraction 36 from gel
filtration of 27a28 TCR co-complexed to CD1a-endo Run A. Lipids were eluted from CD1a in this fraction
and assessed by using mass spectrometry by Dr Tan-Yun Cheng, Brigham and Women'’s Hospital.
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Figure 4.27. Detection of SM and PC in analysis of ions at m/z 847 and 870 in 27a28:CD1a-
endo, fraction 37. CID (negative mode, nanospray) of m/z A. 847 and B. 870 in fraction 37 from
gel filtration of 27a28 TCR co-complexed to CD1a-endo Run A. Lipids were eluted from CD1a in
this fraction and assessed by using mass spectrometry by Dr Tan-Yun Cheng, Brigham and

Women's Hospital. C. Mass and collisional patterns match to C42:2 SM and C32:5 PC.
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Figure 4.28. Detection of PI in analysis of ions at m/z 885 in 27a28:CD1a-endo, fraction 39.
A. CID of (negative mode, nanospray) of m/z 885 in fraction 39 from gel filtration of 27a28
TCR co-complexed to CDla-endo Run A. Lipids were eluted from CD1a in this fraction and
assessed by using mass spectrometry by Dr Tan-Yun Cheng, Brigham and Women’s Hospital.
B. Mass and collisional patterns match to C38:4 phosphatidylinositol (Pl).
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antigens were present with differences in fatty acid chain length and saturation.
Analogues of SM included C40:2, C41:2, C42:3, C42:2, and C42:1, of which C42:2 was
the most abundant analogue captured by CD1a as determined by the area under the ion
peak in MS (Fig.4.29a). PC analogues present in CD1a included C34:1, C36:1, C38:4,
C40:6, C40:5, and C40:4, of which C40:5 was the most abundant (Fig.4.28a). PI
analogues were the same as those for PC, of which C38:4 was the most abundant
(Fig.4.29a). Each fraction from both runs A and B were assessed for the most abundant
analogue in each lipid class as a comparison to CD1la-endo. SM 42:2 (m/z 857) and PC
C40:5 (m/z 880) were enriched in fractions 38-40 of Run A and 37-39 of Run B compared
to CDla-endo alone (Fig.4.29b), suggesting that these lipid antigens are permissive for
27a28 TCR binding to CD1a. Conversely, PI C38:4 (m/z 885) was present at higher levels
in the later fractions (Fig.4.29b), indicating that PI is a non-permissive lipid for this TCR.

Surprisingly, the earliest fractions in both runs A and B of the 27a28 TCR-trap were
contaminated with ions consistent with DDM (Fig.4.30). The presence of DDM was not
tested for in fraction 36 of Run A as the sample had been depleted, however it was present
in other earlier fractions (Fig.4.30). It was also found in fraction 35 of Run B, as well as
smaller amounts in the later fractions (Fig.4.30). PG, which is produced by both bacterial
and mammalian cells, was enriched in fraction 36 of Run A, and undetected in fraction
37 with a gradual increase through the later fractions, and Run B showed a similar
increase in PG amount across the fractions (£ig.4.30). The earliest fractions in both runs
A and B of the 27a28 TCR-trap (fractions 36 and 35 for Runs A and B respectively) were
also contaminated with ions consistent with bacterial hexosyl-glucuronyl diacylglycerols
and glucosyl diacylglycerols, indicating that these bound the TCR with very high affinity
(Fig.4.30).

The results suggest differing permissive and non-permissive lipids for TCR 27a28 to
those previously determined for BK6, for which PC and PI are regarded as permissive
while SM is non-permissive (Birkinshaw et al., 2015), thus highlighting the importance
of investigating multiple CD1a-restricted TCRs. They also reveal several bacterial lipid
antigens that may be recognised by CD1a and interact with this particular TCR with high
affinity, similar to DDM. Although the results were indicative of a contamination, they
also provided potentially valuable data and this experiment should be repeated outside of

this thesis.
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Figure 4.29. Assessment of SM, PC and Pl eluted from 27a28:CD1a-endo co-complexation
fractions. A. Determination of chain length and saturation of SM, PC and Pl in binary CD1a-
endo control. The most abundant analogs were investigated in further analyses. B. Relative

abundance SM C42:2 (m/z 857) ,

PC C40:5 (m/z 880), and Pl C38:4 (m/z 885) in fractions

collected from 27a28:CD1a-endo co-complex gel filtration Run A (top) and Run B (bottom).
Lipids were eluted from CDla and TCR-CDla co-complex and assessed by using mass
spectrometry (positive mode) by Dr Tan-Yun Cheng, Brigham and Women’s Hospital.

SM, sphingomyelin; PC, phosphatidylcholine; Pl, phosphatidylinositol
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Figure 4.30. Assessment of bacterial lipids eluted from 27a28:CD1a-endo co-complexation
fractions. Relative abundance of bacterial lipids identified in fractions collected from
27a28:CD1la-endo co-complex gel filtration Run A (top) and Run B (bottom). Lipids assessed
were DDM (detected in positive mode nanospray analysis at m/z 838), PG (m/z 747), two
hexosyl-glucuronyl diacylglycerols (m/z 769 and 795), and a series of glucuronosyl
diacylglycerols (m/z 931, 945, 957, 971, and 985) all in negative mode nanospray analysis.
Lipids were eluted from CDla and TCR-CDla co-complex and assessed by using mass
spectrometry (positive mode) by Dr Tan-Yun Cheng, Brigham and Women’s Hospital.

DDM, dideoxymycobactin; PG, phosphatidylglycerol
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4.2.8.2 29a28 TCR

Nanospray negative mode ESI-MS analysis of lipids eluted from the 29a28i TCR:CD1a
co-complex revealed different profiles across the different fractions (Fig.4.31), indicating
the presence and absence of particular lipids in the early TCR-trap fractions. In the early
fractions (31-34) PCs were relatively enriched compared to Pls, and in the late fractions

(41-45) PGs were relatively enriched compared to Pls (Fig.4.31).

HPLC-MS lipidomic analysis and negative mode reverse phase HPLC were utilised to
identify specific lipid analogues that differ between fractions. After excluding the solvent
front and isotope ions, nine ions were identified by mass as enriched in the early fractions
compared to later fractions and CD1a-endo that are candidate ligands for permitting or
promoting binding of 29a28i onto CD1a: DAG C36:2, DAG C36:1, DAG C34:2, DAG
C34:1, PC C40:5, deoxyceramide C42:2, deoxyceramide C42:1, and ceramide C42:1
(Fig.4.32). In addition, PC C34:1 was relatively equally present across all fractions
(Fig.4.32), suggesting that it could be a low-affinity lipid antigen for this TCR. Non-
permissive lipids were identified by enrichment in the later fractions compared to
fractions 31-34: PI C38:4, SM C42:2, PG C36:2, PI C36:1, and to a lesser extent, SM
C40:2 and PG C34:1 (Fig.4.32). These results suggest that the 29a281 TCR traps several
headless antigens and PC, which has a medium-sized head group, consistent with the
absence of interference type recognition first outlined by (Moody and Suliman, 2017,
Moody and Cotton, 2017) and the known permissive lipids for the BK6 TCR (Birkinshaw
et al., 2015)

Interestingly, while the same stock of treated CD1a-endo was prepared and used in all
three TCR-trap experiments, DDM was only associated with 27a28 (both runs) and not
29a28i (even though they were completed in the order: 27a28 Run A, 29a28i, 27a28 Run
B and TCR protein used in each run was produced separately). It will be important to
ascertain which lipids are truly permissive for these TCRs as opposed to those that are
contaminants. The contaminants do, however, provide some insight into bacterial lipids

that can be presented by CD1a to T cells. Furthermore, analysis of only the endogenous
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Figure 4.31. Nanospray negative mode analysis of lipids eluted from 29a28 TCR:CD1a-endo co-
complex. Soluble 29a28i TCR protein was complexed with CDla-endo and passed over an S200
column for gel filtration chromatography and lipids eluted from CD1a in selected fractions were
assessed by mass spectrometry. Mass spectrometry was performed by Dr Tan-Yun Cheng, Brigham
and Women'’s Hospital.
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Figure 4.32. Assessment of lipids eluted from 29a28:CDla-endo co-complexation fractions.
Abundance of all predominant lipids identified in fractions collected from 27a28:CD1a-endo co-complex
gel filtration Run B. Lipids were eluted from CDla and TCR-CD1la co-complex and assessed by using
mass spectrometry (positive mode) by Dr Tan-Yun Cheng, Brigham and Women'’s Hospital.

DAG, diacylglycerol; deoxycer, deoxyceremide; SM, sphingomyelin; PC, phosphatidylcholine; PI,
phosphatidylinositol; PG, phosphatidylglycerol
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lipids revealed different preferences for binding and permissive lipids for TCRs 27a28
and 29a28i.

4.2.8.3 Confirming lipid trap analysis results

The results of the lipid trap mass spectrometry revealed several lipids that are permissive
for the TCRs 27a28 and 29a28i, some of which were originally thought to have been non-
permissive (as they are non-permissive specifically for the canonical BK6 TCR
(Birkinshaw et al., 2015)). As such, the ability of four TCRs to bind PC and SM presented
by CDla-tetramers was tested. The PC and SM analogues used in this preliminary
tetramer staining were PC 24:1, SM 16:0 and SM 24:0 (Avanti Polar Lipids)
(nomenclature equivalent to PC 48:2, SM 34:1 and SM 40:1) as these were readily

available.

CDla-endo was loaded with SM or PM at RT (21-22°C) overnight in a 3:1 ratio and
tetramerised. SKW-3 Bom CDla-restricted T cell lines were subsequently assessed for
their ability to bind the resulting tetramers. As expected, DDM-specific TCRs 8-2a2 and
17a28 bound tetramers loaded with DDM the best and had little variation in staining with
SM and PC-loaded tetramers, and the vehicle and endogenous controls (Fig.4.33). The
27a28 and 29a281 TCRs used in TCR trap analyses revealed marginally greater tetramer
binding with either CD1a-SM or CD1a-PC when compared to CD1a-vehicle or CD1a-
endo (Fig.4.33). The small difference between CDla loaded with SM and PC, and
endogenous lipids may be due to the fact that SM and PC comprise part of the lipid
repertoire presented by CDla-endo, resulting in only a small preferential binding to
CD1a-PC or CD1a-SM alone. While this experiment should be repeated using the SM
and PC analogues with a greater degree of unsaturation identified by MS (SM 42:2 and
PC 40:5) in addition to PI, it suggests that SM and PC are indeed permissive lipids for
these two TCRs.

4.2.9 Interaction between CD1a and CD4

While previous analyses of T cell and CD1a-lipid interactions focused on TCR docking
onto the CD1a molecules, the CD4 and CDS co-receptors typically play important roles
as part of the TCR complex. CD4 and CD8 engagement with MHC-II and MHC-I

respectively augment T cell signalling, activation and responses (Janeway, 1992),
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Figure 4.33. Recognition of PC and SM by CD1a-restricted TCRs. CD1a-restricted TCR SKW-3 B,m™"
cell lines 8-2a2 and 17a28 (DDM-specific), and 27a28 and 29a28i (cross-reactive) were labelled with
a panel of CD1a tetramers loaded with C24:1 PC, C16:0 SM, or C24:1 SM. Samples were gated on
CD3M GFP" cells to ensure TCR levels were comparable. Data are representative of three
independent experiments, except for staining with CD1a-DDM and CDla-endo tetramers, which
were used in only two experiments. Different colours and shapes are indicative of independent

experiments.
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however, their interaction with CDla is less well understood. Because CD4" CDla-
restricted cells constituted the majority of CD1a-restricted T cells in most individuals here
and in studies performed by others (de Jong et al., 2010), it was hypothesised that the

CD4 co-receptor may facilitate CD1a recognition.

To assess the interaction of CD4 and CDS8 with CDla, CD1a tetramers were tested for
their ability to bind TCR-deficient SKW-3 Bom™ cells transduced with CD4 or CD8af
(gift of Dr Michael Souter, The University of Melbourne) (Fig.4.34). TCR-deficient
CD4" cells bound CD1a-DDM, CD1a-vehicle, and CD1a-endo tetramers, but did not bind
PE-conjugated streptavidin alone, MR1-5-OP-RU, or other CD1 tetramers (Fig.4.34a).
This suggests that CD4 has some degree of interaction with CD1a independently of the
TCR. In contrast, TCR-deficient CD8" cells were labelled with the same tetramers and
only bound MR1-5-OP-RU (Fig.4.34a. Fig.4.34b), consistent with previous observations
of TCR-independent binding of CD8 to MR tetramers presenting 5-OP-RU, 6-FP and
Ac-6-FP (presented as part of Michael Souter’s PhD Thesis, submitted to The University
of Melbourne in 2020). To account for the possible effect of the detergent tyloxapol in
CD1la-vehicle and CD1a-DDM tetramers interacting with J.76.CD4, tyloxapol was added
to CD1la-endo tetramer and streptavidin alone, but this had no effect on tetramer binding

ability (Fig.4.34b).

These results suggest that CD4 may mediate binding to CD1a. The possibility that CD1a
is able to bind to CD4 is worthy of further exploration because this interaction may
enhance CDla avidity and augment the functional outcome of antigen recognition by
CDla-restricted T cells. An association between CD1a and CD4 may explain why most
CDla restricted T cells are CD4" and not CD8", in contrast to MAIT cells that are
conversely predominantly CD8" and display an important interaction between their CD8
co-receptor and MR1. These results provide a basis to warrant further investigation, and
studies such as an interrogation of which CD1la amino acid residues contribute to the
CD4-CD1a interaction with CD1a mutant cell lines, and a comparison with MHC-I, may

provide additional insight.
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Figure 4.34. Binding of CD1la to CD4 in a TCR-independent manner. TCR-deficient cell lines
expressing either CD4 or CD8 co-receptor were assessed for their ability to bind A. CDla-endo,
CD1b-endo, CD1c-endo, CD1d-endo, or MR1-5-OP-RU tetramers or B. a panel of CD1la tetramers
loaded with DDM, endogenous lipids, or 0.5% (v/v) tyloxapol, streptavidin tetramers controls with
the equivalent concentration of SAV-PE in TBS as CDla-tetramers with and without 0.5% (v/v)
tyloxapol, and MR1-5-OP-RU. Samples were gated on GFP" cells to ensure CD4 or CD8 levels were
comparable. Data are representative of three independent experiments.
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4.3 Discussion

Using CD1a tetramers, CD1a-restricted T cells in healthy blood donors were successfully
identified in sufficient numbers to assess their TCR repertoire. Using multiplex nested
PCR (Wang et al., 2012) and single cell RNA-sequencing (Rizzetto et al., 2018), we
revealed, for the first time, patterns of intra- and inter-donor variable gene bias in the
repertoire of CDla-restricted TCRs. Furthermore, many of the TCRs isolated were
broadly reactive to CD1a presenting lipids antigens with different structures and others
were DDM-specific, suggestive of multiple binding mechanisms of TCRs onto CD]1a.
With the TCR sequences determined from these analyses, transmembrane and soluble
CDla-restricted TCRs were generated to explore the interaction between TCRs and
CDla-lipid complexes. To date, studies investigating the structural biology of these
interactions have focused on either CD1a presenting DDM alone (Zajonc et al., 2005b),

or one CD1a-autoreactive T cell clone (Birkinshaw et al., 2015).

Both multiplex nested PCR sequencing and RNA sequencing methods revealed a diverse
TCR repertoire, consistent with the literature (Cohen et al., 2009, Grant et al., 1999,
Vincent et al., 2005). However, consistent with the emerging patterns of TCR biases
among other group 1 CD1-restricted T cells (Roy et al., 2014, Van Rhijn et al., 2014, Van
Rhijn et al., 2013a), there were notable patterns of TCR variable gene bias among CD1a-
restricted TCRs. Both a- and B-chains of CD1a-restricted TCRs frequently incorporated
particular V genes. The TCR diversity of naive human af3 T cells is estimated to be 2.5 x
107, and that of memory cells is estimated to be 100-fold less (Arstila et al., 1999). Given
that many peripheral CD1a-restricted T cells isolated from human blood were CD45RO",
and unconventional T cells are generally thought to be innate-like and can predominately
display a memory phenotype (van Der Vliet et al., 2000, Martin et al., 2009b, Koay et al.,
2016), it was possible that the TCR repertoire could have been limited, especially among
the CD45RO" fraction.

Using two independent methods of TCR sequencing, nearly half of the CD1a-restricted
T cells identified were TRBV28". Co-labelling of a population of T cells with CDla
tetramers and an anti-VB3 (TRBV28) mAb among PBMCs, confirmed that this bias was
not an effect of the sequencing process (i.e. primers targeting various variable genes
working better than others in PCR amplification) but rather, a true bias for TRBV28 that
may be beneficial for the TCR-CD]1a interaction. Interestingly, a MAIT-like population
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has recently been described that expresses a public TRAV36" TRBV28" TCR (Koay et
al., 2019), which is an example of similar TCR bias patterns between unconventional T
cells. Further structural studies (e.g. X-ray crystallography) of the TRBV28" TCRs may
provide insight into the role of TRBV28 in the TCR-CDl1a interaction with the soluble
27a28 and 29a28i TCR proteins produced here.

Multiplex PCR sequencing revealed that the variable genes TRAVS8-2 and/or TRAV8-4
were frequently expressed by CD1a-restricted TCRs but did not discriminate between the
two, as the regions covered by the primers used are identical in sequence. Single cell
RNA-sequencing subsequently revealed a slight bias for TRAV8-4 while TRAVS-2 was
not observed among any of the CD1a-restricted cells sequenced, suggesting that the bias
among CD1a-restricted T cells is for TRAV8-4, not TRAV8-2. Prior to RNA-sequencing,
TRAVS-2 was selected to produce TCR cell lines, which were confirmed to be reactive
to CDla-tetramers. This is an interesting outcome in itself, as if the original CDla-
restricted TCR isolated from primary cells were indeed TRAV8-47, it suggests that
despite amino acid differences in CDR1a and CDR2a sequences, both TRAVS-2 and
TRAV8-4 are structurally similar enough to produce a TCR with the capacity to bind
CDla-lipid complexes. In addition, TRAV14/DV4 and TRAV1-2 genes were frequently
observed among CDla-restricted TCRs sequenced, albeit not to the same extent as
TRAV8-4. TRAV1-2 is the preferential Va gene in GEM cells and MAIT cells (Van
Rhijn etal., 2013a, Porcelli et al., 1993, Treiner et al., 2003), suggestive of the preferential
use of TRAV1-2 among multiple unconventional T cell subsets. These TCR biases were
only further exemplified when only examining DDM-reactive T cells, consistent with
more distinct variable gene patterns observed among other antigen-specific T cells (Gras

et al., 2008).

Similar TCR structures seemed to be utilised to recognise CDla-lipid complexes,
particularly among broadly CDla-reactive T cells, which may bind directly to the
monomorphic CD1a molecule (Martin et al., 2009b). CD1a-autoreactive T cells appeared
to have a diverse TCR repertoire, but a large proportion of TCRs examined in this study

used the variable gene TRBV28.

It is important to understand the TCR repertoire of CD1a-restricted T cells as patterns of

TCR bias can play a role in infectious disease, T cell malignancies, autoimmunity and
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allergy (Miles et al., 2011a, Miles et al., 2011b). For example, CD1c-restricted T cells
that display a TCR variable gene bias can recognise abnormal lipids expressed in tumours
(Lepore et al., 2014)). Analysis of TCR sequences from a greater number of individuals
will develop our understanding of the CDla-restricted TCR repertoire and if patterns
emerge that are associated with disease-related antigens, they may be useful in diagnosis
and treatment. Nonetheless, TCR biases may become more prevalent in a disease state or
when investigating reactivity to particular antigens, as they have here when comparing

all CD1a-restricted T cells to DDM-reactive T cells, which could be exploited.

The CDR3 length distribution of CDla-restricted TCRs was examined. CDR3 loop
architecture is critical for determining the ability of a TCR to interact with its ligand, and
antigen-specificity generally reduces CDR3 length polymorphism (Day et al., 2011,
Turner et al., 2003). Most conventional T cell clones that bind the same pMHC complex
have the same CDR3 length of 6-12 amino acids (Yao et al., 2007, Rock et al., 1994). It
was therefore possible that recognition of monomorphic CDla may also limit CDR3
length. CDR3a sequences of CDla-restricted T cells (independent of antigen) were
typically 11-16 amino acids in length, with some instances occurring outside this range.
The length of the CDR3 regions was less constrained, ranging from 10-21 amino acids
in length, most falling within the smaller range of 13-16. RNA-sequencing of DDM-
reactive T cells, revealed a similar CDR3 length diversity, ranging from 9-16 amino acids
for CDRa sequences and 11-22 amino acids for CDR3f sequences. CDR3 region
sequences determine TCR structure and specificity, making this diversity in CDR3 loop
architecture among TCRs that bind CDla-lipid complexes interesting. CD1a-restricted
TCR CDR3 loops were typically longer and span a greater range in length compared to
MHC-restricted af-TCRs (Rock et al., 1994, Yao et al., 2007), which may compensate

for biases in variable genes used.

Selected TCR sequences were used to generate CD1a-restricted TCR cell lines to be used
in further studies. The resulting cell lines bound CD1a tetramers, thereby validating the
isolation and sequencing processes. Both multiplex PCR sequencing and RNA-
sequencing yielding similar results with regards to the TCR repertoire, provides
confidence that most — if not all — cells isolated using the methods described here were

truly CD1a-restricted.
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As part of their validation, cell lines were tested for their ability to bind CD1a tetramers
presenting endogenous self-lipids and exogenous lipids, and some displayed a level of
cross-reactivity, despite the hinderance usually observed by CD1a-restricted T cell clones
that bind either one or the other. The idea of antigen cross-reactivity conferred by a single
TCR clone is reasonable given that there are more potential TCR possibilities than TCRs
in the body, and this limitation allows only a fraction of the potential TCR repertoire to
be expressed in each individual. For this reason, it is estimated that a single conventional
TCR may recognise more than 1 x 105 pMHC complexes (Mason, 1998), however, it was
unknown whether this level of cross-reactivity between antigens would also carry over to

T cells that are restricted to CD1.

CDla-autoreactive T cell clone BK6 does not bind CD1a tetramers loaded with DDM
(Birkinshaw et al., 2015), while CD8-2 (Grant et al., 1999), Clone 8, and Clone 15 fail to
bind CD1a tetramers loaded with endogenous lipids permissive for BK6, but do bind
CD1a-DDM tetramers (Cheng et al., 2017, Moody et al., 2004, Young et al., 2009).
Consistent with the findings of Vincent et al., multiple CD1a-restricted TCRs identified
were both self-reactive and microbial antigen-reactive, albeit the recognition of self-
antigens was weaker (Vincent et al., 2005). Each dual-reactive TCR displayed greater
tetramer binding and activation with DDM compared to self-lipids, suggesting that these
T cells preferentially target exogenous foreign antigens but do have an inherent level of
autoreactivity. In fact, there is evidence that each isoform of CD1 (CD1a, CDI1b, CDlc
and CD1d) can activate some T cells in the absence of added foreign antigen, highlighting
that this phenomenon is not unique to CD1a (Balk et al., 1991, Beckman et al., 1996,
Bendelac et al., 1995, Porcelli et al., 1989, Vincent et al., 2002, Sieling et al., 2000).

We investigated the interactions between TCR-CDla-lipid to determine the structural
nuances that influence recognition, activation, and suppression of CD1a-restricted T cells.
There is little observable difference in the binary structure of CD1a presenting DDM and
sulfatide despite the difference in alkyl chain number (one and two respectively) and the
chemical nature of the hydrophilic head groups between these two antigens (Zajonc et al.,
2005b, Zajonc et al., 2003). This suggests that the difference in TCR recognition therefore
lies in the head groups exposed through the F’-portal and is dependent on whether or not
they interfere with recognition of the A’-roof (Zajonc et al., 2005b, Birkinshaw et al.,
2015, Zajonc et al., 2003).
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Multiple TCRs were investigated for their ability to recognise various lipid antigens
including endogenous lipids, and analogues of DDM. None followed the same
recognition pattern as BK6, which is only autoreactive to endogenous lipids presented by
CDla, as large antigen headgroups perturb the TCR-CD1a interface. Instead, they either
appeared to recognise DDM, or display dual reactivity to self and foreign lipid. The TCRs
investigated here appeared to bind preferentially to lipids with larger headgroups, but
many could also recognise CDla presenting endogenous self-lipids with small
headgroups, suggesting that there might be another mechanism of interaction between
CDla-lipid complexes and TCRs not yet considered. A possible mechanism for
recognition of multiple lipid antigens by one TCR is the direct binding of the TCR to
CDla in a lipid-independent manner as it binds in a different location that is neither

affected by protrusion of a lipid headgroup nor the dynamics of the A’-roof.

Such broad cross-reactivity between structurally different lipids has not yet been observed
for CDla-restricted T cells. For example, analogues of DDM that vary slightly in alkyl
chain length and saturation state can all be recognised by CDla-restricted T cell clone
CD8-2, but C20:1 DDM-838, so named due to its mass, is the analogue that acts as the
most potent agonist (Moody et al., 2004). This finding, while only based on one T cell
clone, highlights that minor structural alterations to the DDM molecule can impact its
recognition and agonistic potential as a CD1a lipid. The ability of CD1a-restricted T cell
lines developed here to recognise four DDM stereoisomers revealed the stereoisomers
exhibited varying agonistic potency depending on the T cell clone. In an initial study by
Cheng and colleagues, three T cell clones, Clone 8, Clone 15, and CD8-2 all bound best
to DDM-A, the naturally occurring stereoisomer (Cheng et al., 2017). Here, however,
these three T cell clones that bound better to DDM-C or DDM-D, highlighting the need

to study multiple CD1a-restricted T cell clones to gain insight into their structural biology.

Notably, whilst LPC and SM contain the same polar head group, they are permissive and
non-permissive ligands respectively, and it is the longer chain length of SM (Cas as
opposed to Cig) that causes it to protrude into the A’-roof (Birkinshaw et al., 2015). There
therefore may be different patterns in chemical structure of these CDla antigens that
influence whether they are permissible to TCR docking onto CD1a. Albeit while longer
SM and PC were determined to be permissive to 27a29 and 29a28i binding with lipid trap
analyses, they bound CD]1a tetramers loaded with shorter, more saturated SM and PC
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analogues. Nevertheless, small differences in the alkyl chains of lipids may affect

headgroup exposure at the TCR-CD1a-lipid interface.

To assess the binding footprint of the TCRs on the CD1a molecule, the ability of C1R
cells expressing CD1a with single amino acid substitutions in key “hot spot” residues to
activate CDla-restricted T cells was measured. The footprint of BK6, a CDla-
autoreactive T cell clone, for which lipids with large headgroups are non-permissive for
TCR recognition and activation, is predominantly over the A’-roof (Birkinshaw et al.,
2015). It was this study that lead to the absence of interference model of recognition by
CDla-autoreactive T cells; their TCRs recognise CDla-lipid complexes provided the
lipid antigen head group does not interfere with the interaction between the TCR and key

contact residues on the A’-roof (Cotton et al., 2018, Moody and Suliman, 2017).

Interestingly, TCRs that had the lowest affinity for CD1a (as determined by activation
assays and tetramer-binding), being CNRI1, 35al6 and 8-2al3ii, had the greatest
sensitivity to alterations in the CDla structure overall. Their binding footprint was
predominantly over the A’-roof, spreading to surround the F’-portal in some cases, which
is a similar pattern to BK6. In contrast the higher affinity TCRs were less sensitive to
changes in CDla. This was unexpected, as they were hypothesised to have greater
interactions with the CD1a molecule itself. The low number of critical CD1a amino acid
residues determined in the interaction with these TCRs could be either because they
interact with fewer CD1a residues, or because they bind to other key residues not assessed
in this assay. It is important to note that the observed reduction in activation may have
been a consequence of an indirect effect of any given mutation on the CD1a conformation
(i.e. impacting on neighbouring residues or antigen loading). Nonetheless, collectively
these data reveal that there are multiple footprints that CD1a-restricted TCRs can assume
onto CDla, allowing for different antigen-specificities and cross-reactivity. Soluble
CDla-restricted TCRs and CDla were produced for future SPR analyses, and ternary
complexes of TCR with CD1a-endo or CD1a-DDM for X-ray crystallography, which will
provide further insight into the molecular interactions between these TCRs and CD]1a-

lipid complexes.

Ternary TCR-CD1a-lipid complexes were used in “TCR trap” analyses with two broadly
CDla-reactive TCRs to identify antigenic lipids that mediate high affinity binding to
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CDla-lipid complexes. By using two TCRs with seemingly different lipid antigen
specificity to the previously studied BK6, they would potentially reveal a different
repertoire of permissive lipids. For BK6, permissive antigens appear to lack direct contact
with the TCR, and thus autoreactivity is determined by contacts with CD1a itself, while
lipids that interfere with the TCR-CD1a binding site by disrupting the A’-roof of CDla,

such as sulfatide and SM, are considered non-permissive (Birkinshaw et al., 2015).

Mass spectrometry of the lipids eluted from 27a28 TCR:CDla-lipid ternary complexes
that bound with high affinity revealed a different pattern of permissive and non-
permissive lipids to what was established for BK6. PC (C16:1-24:1) and SM (C18:0-
22:0) were permissive lipids for this TCR, and PI (C18:0-20:4) was non-permissive. In
contrast, PC and PI are permissive and SM is non-permissive for BK6 (Birkinshaw et al.,
2015), highlighting the importance of investigating multiple CDla-restricted TCRs.
Furthermore, contamination with bacterial lipids allowed for the discovery of CDla
antigens derived from bacteria. In addition to DDM, two uronic acid-containing bacterial

compounds were revealed as high-affinity CD1a antigens.

Glucuronosyl diacylglcerols that have previously been isolated in M.smegmatis, one of a
few known glucuronic acid-containing compounds found in mycobacteria (Wolucka et
al., 1993) were loaded into CDla. While M.smegmatis is not generally considered a
human pathogen (Brown-Elliott and Wallace, 2002), its glucuronosyl diacylglcerol
displays broad immunological cross-reactivity with anti-M.avium and anti-Mtb sera,
suggesting the presence of similar glucuronic acid-containing compounds in these
pathogenic mycobacterial species (Wolucka et al., 1993). Glucuronosyl diacylglycerols
have also been described in Streptomyces spp. (Batrakov and Bergelson, 1978, Bergelson
etal., 1970), Bacillus cereus (Minnikin et al., 1971), Pseudomonas spp. (Wilkinson, 1968,
Wilkinson, 1969), and two halotolerant bacteria species (Peleg and Tietz, 1971, Stern and
Tietz, 1973).

A mannosylated variant of glucuronosyl diacylglycerol, hexosyl-glucuronyl
diacylglyercol, that was first described in Corynebacterium glutamicum (Tatituri et al.,
2007) was also identified. This compound is similar to Mtb lipoglycans (Tatituri et al.,
2007), which is unsurprising given the similar array of cell wall-associated glycolipids

displayed by cornybacteria and mycobacteria, such as phosphatidyl-myo-inositol
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(PI) mannosides (PIMs) and lipoglycans (Besra et al., 1997, Brennan and Ballou, 1967,
Brennan and Ballou, 1968, Hill and Ballou, 1966, Brennan and Nikaido, 1995, Morita et
al., 2004, Tatituri et al., 2007). Given that these glucuronosyl diacylglycerols were
detected in ternary complexes bound with high affinity, it will be interesting to determine
whether there are additional antigens from these species that induce cross-protective

responses mediated by CD1a-restricted T cells.

Mass spectrometry of the lipids eluted from 29a28i TCR:CD1a-lipid ternary complexes
that bound with high affinity revealed a repertoire of permissive lipids more in line with
that of the BK6 TCR (Birkinshaw et al., 2015). PCs were permissive for this TCR while
PGs were non-permissive. Furthermore, nine candidate ligands were identified as having
high-affinity binding to the 29a281 TCR: diacylglycerol (DAG) C36:2, DAG C36:1, DAG
C34:2, DAG C34:1, PC C40:5, deoxyceramide C42:2, deoxyceramide C42:1, and
ceramide C42:1. These results suggest that the 29a281 TCR preferentially binds lipid
antigens with small-to-medium sized head groups, which is consistent with BK6 and
absence of interference type recognition (Moody and Suliman, 2017, Moody and Cotton,

2017).

While the same stock of soluble CD1a-endo was prepared and used in all three TCR-trap
experiments, DDM contamination was only associated with 27a28 (both runs) and not
29a28i (even though they were completed in the order: 27a28 Run A, 29a28i, 27a28 Run
B with the same equipment and the 27a28 TCR protein for the second run was produced
independently). Due to the bacterial lipid contaminants, it was difficult to ascertain which
self-lipids were truly permissible for these TCRs, especially 27a28. While the source of
these contaminating bacterial lipids is unclear, one possible source is mycobacterial
contamination of the FCS used in cell culture for CD1a production. The contaminants do,
however, provide some insight into bacterial lipids that may be presented by CDla to T

cells.

Lastly, whether CD4 may facilitate interaction of the TCR complex with CDla was
assessed. Phenotypic studies, performed here and by others, show that most CDla-
restricted T cells express CD4 (de Jong et al., 2010), suggesting that the CD4 co-receptor
may be important for CD1a binding. CD8 binds the mouse thymus leukemia antigen (a
mouse MHC-Ib molecule) on intra-epithelial lymphocytes with high affinity with an
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interface similar to that of CD8 with MHC-I (Leishman et al., 2001, Liu et al., 2003).
CDS8 has been demonstrated to bind MR1 independently of TCR interactions (presented
as part of Dr Michael Souter’s PhD Thesis, submitted to The University of Melbourne in
2020) which correlates with a significant bias of CD8 expression among MR 1-restricted
MAIT cells in human blood (Corbett et al., 2014, Riegert et al., 1998). There is also
evidence to suggest that there is a skewed expression of CD4 and CDS8 co-receptors
among lipid-reactive T cells. For example, a guinea pig immunisation model with
mycobacterial lipid extract revealed that the CD1b- and CD1c-restricted mycobacterial
lipid-reactive T cells were mostly CD8" and/or DN T cells with cytotoxic capacity
(Hiromatsu et al., 2002). NKT cells predominantly fall within CD4" or DN T cell subsets
(with an additional CD8a" subset in humans) (Apostolou et al., 2000, Bendelac et al.,
1994, Lantz and Bendelac, 1994, Ohteki and MacDonald, 1994, Takahashi et al., 2002),

highlighting differences of CD4 and CDS co-receptor expression between species.

Consistent with the results here, another study determined that circulating lipid antigen-
reactive T cells in TB patients were predominately CD4" (Ulrichs et al., 2003). A TCR-
deficient cell line transduced with CD4 demonstrated the ability to bind to CDla,
supporting the hypothesis that CD4 may facilitate, or even augment, TCR binding to
CDla. Although, this is surprising given that CD1a is more closely related to MHC-I in
structure compared to MHC-II (Zeng et al., 1997). The interaction between CDla and
CD4, and how it complements TCR-CD1a binding, hence requires further investigation.

These studies collectively revealed that CD1a-restricted T cells can interact with CD1a-
lipid complexes in multiple ways that permit variability in lipid antigen reactivity. It will
be interesting to examine how self-reactivity is suppressed or avoided under normal
conditions if some CDla-restricted T cells are autoreactive, although it appeared that
foreign lipid antigens, such as DDM, were more potent agonists. Other overtly self-
reactive T cells, such as type I NKT cells, are typically quiescent, but have immediate
innate-like effector functions under inflammatory conditions or infection, even in the
absence of specific foreign lipid antigen recognition (Mempel et al., 2002, Nieuwenhuis
et al., 2002, Brigl et al., 2003). In addition, self-reactive MHC-restricted T cells, such as
CD4" CD25" regulatory T cells are important for the maintenance of homeostasis and
autoreactivity (Jordan et al., 2001, Sakaguchi et al., 1995), and self-reactive CDla-

restricted T cells may play a similar role.
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These studies also highlight that the difference in TCR-CD1a interactions may mean
that anti-CDla blocking mAbs may fail to neutralise all CDla-dependent T cell
responses because they are binding to a site that does not block TCR engagement.
Interestingly, in a preliminary study of the two TCRs with the greatest levels of
activation in the presence of CD1a* C1R cells and CD1a-tetramer binding, 27a28 and
29a28i, the anti-CD1a blocking mAb had little effect (data not shown). This suggests
that their TCR docking to the CD1a molecule is unperturbed by the positioning of this
antibody on its epitope, which is not necessarily surprising if they have different
binding sites on the CDla-lipid complex to self-reactive or DDM-reactive TCRs. A
greater understanding of TCR-CD1a interactions will therefore aid in the development

of therapeutics that target CD1a-restricted T cells.
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Chapter 5. Isolation and characterisation of macaque CD1-
restricted T cells

5.1 Introduction

To gain a greater understanding of the role of group 1 CD1-restricted T cells in the context
of homeostasis and disease in vivo, animal models are essential. Murine models have been
extensively used to study type I NKT cells, however the absence of group 1 CD1 genes
in mouse and rat genomes has precluded the use of murine models for functional in vivo
analyses of these cells (Dascher and Brenner, 2003, Strominger, 2010, Van Rhijn et al.,
2013b, Bradbury et al., 1988). To date, transgenic mice for human group 1 CDI
molecules (Felio et al., 2009) or humanised severe combined immunodeficient (SCID),
which have been engineered to develop a functional human CD1 compartment
(Lockridge et al., 2011), have been used for in vivo function studies. Recently, a
transgenic mouse model was produced to express human CD1a to study the role of CD1a
in skin inflammation (Kim et al., 2016). However, given that it is still unclear how CD1a-
restricted T cells develop, CD1a-restricted T cells in these mice may not necessarily be
completely reflective of their human counterparts. It is therefore ideal to study group

CDl1-restricted T cells in animals in which all CD1 molecules are naturally expressed.

As mycobacterial cell wall lipids can be potent lipid antigens as well as contributors to
persistence and virulence (Ghazaei, 2018), CDI1-restricted T cells have been of great
interest in animal models of tuberculosis. Guinea pigs, which have orthologs of CD1b,
CDlc, and CDI1d, have been used in studies of immunisation strategies with
mycobacterial lipids to assess the response of lipid-reactive T cells (Dascher et al., 2003,
Hiromatsu et al., 2002, Watanabe et al., 2006). Cows, a natural host for M.bovis, are used
as another model of TB and have CD1a, CD1b and CD1d orthologs (Nguyen et al., 2009,
Nguyen et al., 2013, Van Rhijn et al., 2006), however working with bovine models can
be cumbersome. Disadvantages of using guinea pigs and cows are that neither contain all
four CD1 molecules and only exhibit 61-74% homology with human group 1 CDI
molecules (7able 5.1). Guinea pigs also have additional variations of CD1b and CDlc
not seen in humans, which may conflict results when translating the findings of these
studies to humans. In addition, there are fewer reagents to explore immunity in these

animals making working with them particularly challenging.
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Macaca |Macaca Macaca Mus Cavia Bos
mulatta |nemestrina |fascicularis | musculus |porcellus taurus
CD1a 85/90 85/90 86/90 N/A N/A 62/76
CD1b 95/97 94/97 94/97 N/A B1:67/82 74/84
B2: 68/80
B3:69/77
B4:62/76
CD1c [90/93 91/93 91/93 N/A C1:65/75 N/A
C2:61/73
C3:66/77
CD1d 81/93 90/93 89/93 61/74 69/78 65/79

Table 5.1. Homology of CD1 proteins across different mammalian species. Protein sequences
were obtained from the National Center for Biotechnology Information protein database and
compared to each respective Homo sapiens CD1 sequence. The first number indicates percentage
of identical amino acids, and second indicates percentage of identical or similar property amino

acids.
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The most closely related CD1 molecules to humans are those in non-human primates
(NHP). Marmoset and rhesus monkeys have recently been identified as good models to
study lipid-reactive T cells, particularly in the context of mycobacterial infection
(Barouch et al., 2002, Sharpe et al., 2017). Yu et al. constructed a phylogeny tree detailing
the conservation of the CD1 primate locus (Yu et al., 2019). CDID is likely to be the
oldest CD1 gene with the most conservation among species, which is expected given its
presence in mice, followed by CD/A4 and then a divergence of CD1B and CDIC through
additional gene duplication events, all of which remain highly conserved (Yu et al., 2019).
In a comparison of CD1 homologs in select species (7able 5.1), the most closely related
macaque species to humans in terms of homology of CD1 proteins is pig-tailed macaque
(Macaca nemestrina), which was not assessed by Yu and colleagues. Pig-tailed macaques
(PTM) have 85% amino acid conservation for CD1a, 94% for CD1b, 91% for CDlc, and
90% for CD1d, which is above the level of conservation between human and rhesus
macaque (M.mulatta) or crab-eating macaque (M.fascicularis) (Table 5.1). An alignment
of each CDI1 protein sequence was also performed for these species to determine
conserved regions (Fig.5.1). CDla and CD1b had few amino acid differences between
the three macaque species and humans, while CDlc and CDI1d had larger areas of
difference at the C-terminal and N-terminal ends respectively, with a deletion of amino
acids in human CD1d. This may not reflect differences in the areas exposed to T cells but

may impact membrane anchoring and association with Bom (Fig.5.1).

The similarities between CDI1d and NKT cells across mammalian species are well
documented for CD1d loaded with a-GalCer and type I NKT cells. Trans-species cross-
reactivity is established between human and mouse type I NKT cells and CD1d-a-GalCer
(Brossay et al., 1998), despite the lower conservation of CD1d (61% homology (7able
5.1)). This cross-reactivity may be enabled by their conserved TCR (17 of the 25 amino
acid residues in the TCR a-chain that mediate contact between CD1d or a-GalCer are
conserved) and TCR footprint onto the lipid-antigen complex (Borg et al., 2007, Pellicci
et al., 2009). For this reason, previous studies have used murine CDId-a-GalCer
tetramers to isolate type I NKT cells from rhesus, cynomolgus, and pig-tailed macaques
(Fernandez et al., 2009, Gansuvd et al., 2003, Motsinger et al., 2003, Fernandez et al.,
2012, Liu et al., 2006) and more recently, human CD1d-a-GalCer tetramers have been
used in sooty mangabeys, rhesus macaques and pig-tailed macaques (Rout et al., 2010a,

Rout et al., 2012, Yu et al., 2019, Rout et al., 2010b, Li et al., 2012b). Experiments in
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Figure 5.1. Homology of CD1 molecules between human and macaque species. Protein sequences for
Macacata mulatta, Macaca fascicularis and Macacca nemestrina were obtained from the National Center
for Biotechnology Information protein database and compared to each respective Homo sapiens CD1
sequence. The order of each species’ sequence is outlined in blue. Red highlighted residues indicate those
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vitro have also confirmed recognition and activation of macaque type I NKT cells by
human or murine CD1d-transfected dendritic cells with the addition of a-GalCer (Rout et

al., 2010b, Motsinger et al., 2003).

Like in mice, macaque type I NKT cells express a semi-invariant TCR that closely
resembles its human counterpart. When testing for cross-reactivity of anti-human mAbs
typically used to isolate type I NKT cells, both rhesus and cynomolgus monkey type I
NKT cells bound the Va24 mAb (Gansuvd et al., 2003, Motsinger et al., 2003),
suggestive of a conserved epitope. Additionally, rhesus macaques display a conserved
epitope for the anti-human mAb 6B11, which is specific for the type I Va24-Ja18 CDR3a
(Gansuvd et al. 2003). Indeed, rhesus macaque type I NKT TCRs incorporate TRAV10
(Va24) and TRAJ18 into their TCR a-chain (Kashiwase et al., 2003) and their CDR3a
sequence is nearly identical to that of human type I NKT cells, with one single amino acid
difference (Yu et al., 2019). In contrast, the 6B11 mAb does not bind Va24" cells derived
from PTMs, despite the 98% homology of PTM and human CDI1d (Kashiwase et al.,
2003). Initially, it was hypothesised that macaque type I NKT cells are not VBI11*
(TRBV25") given their inability to bind the anti-human V11 mAb (Gansuvd et al., 2003,
Motsinger et al., 2003), however a later study observed a dominant rearrangement of
TRBV25 and TRBJ2 among NKT TCRs (Yu et al., 2019). While this is the same TCR £-
chain rearrangement observed in humans, there is an amino acid substitution in the
CDR2p loop and shorter CDR3p loops (Yu et al., 2019), which may explain the lack of
conservation in the VB11 mAb binding epitope. Note that the CDR2f loop amino acid
substitution was not in the two tyrosines that are key for interacting with CD1d-a-GalCer,
but an aliphatic amino acid residue to aromatic (L60F, denoting the human then rhesus
macaque residue) (Borg et al., 2007, Yu et al., 2019). These findings illustrate the highly
conserved nature of type I NKT cells between macaques and humans. In fact, an
alignment of simian primate type I NKT TCR sequences revealed that their CDR1a and
CDR3a are highly conserved between seven primate clades (including monkeys, apes
and humans), indicative of a “pan-primate” type I NKT TCR rearrangement (Yu et al.,

2019).

Given the lack of cross-reactivity with human mAbs targeting the semi-invariant NKT
TCR, tetramers are an ideal reagent to identify NHP type I NKT cells without relying on

the anti-Vo24 mAb, which may also target Va24"* conventional T cells, or clone 6B11
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mADb, which does not work across all NHPs. Nonetheless, the existence of a consistent
type I NKT TCR arrangement across primate species implies that we may therefore
expect similar patterns of variable gene usage and biases observed in humans among
macaque group 1 CDI1-restricted T cells, which will be explored in this study. In addition
to CD1d conservation and trans-species cross-reactivity, group 1 CD1-restricted T cells
also appear to have minimal trans-species reactivity between rhesus macaque CD1b and
human GMM-reactive T cell clone, LDN5 (Morita et al., 2008). Macaque-specific
tetramers will provide tools to further explore the possibility of using NHPs to study lipid-

reactive T cells and evaluate their similarity to humans.

Models of human infectious disease in NHPs have been a valuable tool for investigating
pathogenesis, and developing vaccines and therapies against infections such as HIV and
TB (Barouch et al., 2002, Sharpe et al., 2017). Due to the high conservation between
human and macaque CD1 (7able 5.1), PTM were selected as a candidate to study all
CDl1-restricted T cells. We produced multiple tools to study pigtailed macaque CDI1
(ptmCD1) and ptmCDIl-restricted T cells, including APC cell lines expressing
transmembrane ptmCD1 molecules, soluble ptmCDI1 tetramers, and T cell lines
expressing ptmCD]1-restricted TCRs. Elucidation of the phenotypic and functional
characteristics of ptmCD]1-restricted T cells will provide insight into how these cells

participate in the immune system during health and disease.
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5.2. Results

5.2.1 Production of C1R cell lines that express transmembrane ptmCD1 molecules

A suite of APCs that express transmembrane ptmCD1 molecules was produced to provide
a tool to explore the interaction between CD1-restricted T cells and CD1 in vitro using
PTM primary cells or cell lines. DNA constructs encoding transmembrane ptmCDl]a,
ptmCDI1b, ptmCDlc, or ptmCD1d heavy chains were cloned into a pMIG retroviral
vector immediately upstream of an IRES-GFP cassette using EcoRI and Xhol restriction
enzyme sites as previously described and used for retroviral transduction (Holst et al.,

2006).

Active retrovirus was produced by co-transduction of CD1-encoding pMIG vectors with
two helper plasmids (pEQ-Pam-E and pVSV-g) into HEK 293T cells. Cells were
transduced with 4 pg of pMIG plasmids encoding each of CDI/4, CD1B, CDIC or CDID
to be produced as proteins and paired with endogenous hufom. To produce a C1R cell
line that expresses all four CD1 molecules, WT cells were also co-transduced with 1 ug
of all four pMIG plasmids, and the resulting cell line was termed: ptmCDlabcd".
Retroviral supernatant was harvested every 12 hours and used to transduce C1R cells, an
Epstein-Barr Virus transformed HLA-A- and HLA-B-deficient lymphoblastoid line
(Storkus et al., 1989, Zemmour et al., 1992). Following four days of transduction, the
transduction efficiency was analysed by flow cytometry for GFP expression. The spread
of GFP" cells indicated successful transduction of all C1R cell lines (Fig.5.2a). However,
the transduction efficiency appeared lower when compared to huCD1" CIR cell lines,

given that GFP expression was lower in ptmCD1* CIR cells (Fig.5.2a).

To assess expression of CD1 molecules, transduced C1R cells were labelled with anti-
human CD1a, CD1b, CD1c, and CD1d mAbs. Two anti-huCD1a mAb clones were tested
to find one that binds a conserved epitope between human and PTM: clone HI149 was
cross-reactive while clone SK9 was not (Fig.5.2b). Anti-human CD1b and CD1c mAbs
bound ptmCD1b and ptmCD]1c molecules respectively on the surface of CIR cells. In
contrast, neither anti-huCD1d mAbs tested (clones R3G1 and 51.1) bound ptmCD1d
while they bound huCD1d (Fig.5.2b), despite the 90% conservation between human and
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Figure 5.2. Transduction efficiency of C1R cell lines following transduction with ptmCD1-
encoding plasmids. A. WT C1R cells were transduced with plasmids encoding macaque or
human CD1, or co-transduced with all four macaque CD1 isoforms. Cells were assessed for
transduction efficiency using the GFP reporter gene and labelled with anti-human CD1a (clone
SK9), CD1b, CD1c and CD1d mAbs as indicated above each column. Data is representative of
three independent experiments.

B. Histograms depicting expression of each CD1 molecule to assess transduction efficiency
and trans-species interaction of anti-human mAbs with ptmCD1. WT, huCD1a*, pCD1a*, and
pCDlabcd* C1R cells were labelled with anti-human CD1a mAbs (clones HI149 and SK9). WT,
huCD1b*, pCD1b*, and pCDlabcd* C1R cells were labelled with anti-human CD1b mAb (clone
SN13). WT, huCD1c*, pCD1c*, and pCDlabcd* C1R cells were labelled with anti-human CD1c
mAb (clone L161). WT, huCD1d*, pCD1d*, and pCD1labcd* C1R cells were labelled with anti-
human CD1d mAb (clones R3G1 and 51.1). All transduced cell lines shown are gated on GFPh
cells, while WT cells were not due to their absence of GFP expression. Data is representative
of three independent experiments.

ptm, pig-tailed macaque; hu, human
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PTM CD1d. Expression of ptmCD1d in transduced C1R cells was therefore unable to be
confirmed by flow cytometry. CD1a, CD1b, and CD1c were expressed by C1R cells and
we identified anti-human mAbs that are cross-reactive with group 1 CD1 molecules from

PTM.

5.2.2 Production of ptmCD1 molecules for tetramers

Soluble macaque CDI1 tetramers were produced for use in studies of CD1-restricted T
cells in macaque models. In order to generate tetramers, soluble ptmCD1 molecules were
produced in a mammalian HEK-293S-GnTT cell expression system identical to that used
to produce human CD1 (huCD1) molecules such that they were loaded with endogenous

lipids native to this (human) cell line.

GnTI cells were co-transfected with a pHL-sec plasmid containing PTTM CD1A4, CDIB,
CDIC, or CDID genes and another pHL-sec plasmid encoding f>m without cytoplasmic
tails, as has been previously described (Aricescu et al., 2006). The CDI/A gene and its
associated f>m gene had additional leucine zippers to be consistent with soluble huCD1a
molecules produced earlier in this thesis in order to provide strong association between
the CDla heavy chain and Bom (Birkinshaw et al., 2015). Transfected GnTI" cells

produced soluble heterodimeric CD1/Bom molecules which were then purified.

Purification of CD1 molecules was achieved by nickel-agarose chromatography. The
CDI proteins contained a carboxy-terminal BirA 6 x histidine tag (Birkinshaw et al.,
2015), which bound to a nickel-agarose column, allowing separation from contaminants.
As per human CDla, bound CD1 molecules were subsequently eluted from the column
with an increasing concentration of imidazole (not shown). Collected protein was pooled
and then passed over S200 gel filtration column for further purification (Fig.5.3 left) and
assessed for purity by 12% SDS-PAGE (Fig.5.3 right). SDS-PAGE analysis of CDla,
CDlb, and CD1c revealed multiple bands of ~37 kDa, which correspond to differentially
glycosylated CD1 proteins (Fig.5.3 right). CD1arevealed four bands, CD1b revealed two
bands, while CD1c revealed four as well as the presence of a dimer between 80-90 kDa
(Fig.5.3 right). This was analogous to human CDI1 proteins produced in the same

expression system which form four, two and three differentially glycosylated products
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Figure 5.3. Macaque CD1 purification using Ni-NTA chromatography followed by gel
filtration/size exclusion chromatography. A. Chromatograms obtained from the final purification
step of each macaque CD1 protein using a nickel-nitriloacetic acid agarose (Ni-NTA) and
Superdex 200 pg gel filtration/size exclusion chromatography, representing absorbance during
the elution off the column. Eluted fractions were assessed by 10% SDS-PAGE (right). B.
Comparison of macaque (ptm), human (hu) and mouse (m) CD1d produced in the GnTI
expression system. Data representative of three independent expression experiments.

ptm, pig-tailed macaque; hu, human; m, mouse; SAV, streptavidin, MW, molecular weight
marker; kDa, kilodaltons
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respectively (data presented as part of Catriona Nguyen-Robertson’s Honours Thesis,
submitted to The University of Melbourne in 2015). CD1c was further purified using
MonoQ chromatography and subsequent ELISA and flow cytometry analyses confirmed
the presence of CDlc in the correct conformation (see Sections 6.2.3 and 6.2.4). CDla
protein and its associated fom had a marginally larger molecular weight compared to the
other CD1 and fm molecules as they both contained an additional leucine zipper (Fig.5.3
right). PtmCD1d was produced separately, purified and assessed by SDS-PAGE. The
heavy chain of CD1d only revealed one band, indicating that in contrast to the group 1
CDI molecules, the CD1d molecules had uniform glycosylation. It was comparable in

size to huCD1d and mCD1d, both between 37-39 kDa (Fig.5.3 right).

The CDI-containing fractions were pooled and biotinylated overnight with BirA.
Biotinylated CD1 monomers were separated from free biotin using a S75 gel filtration
column (Fig.5.4a). The peaks corresponding to the elution of each biotinylated CD1
isoform were observed at a volume of approximately 80 mL (Fig.5.4a). A second peak
was observed at approximately 100 mL, corresponding to the elution of excess
biotinylation biomix reagents (Fig.5.4a). Fractions 30-42, 37-47, 38-48 and 34-42 were
collected for CD1a, CD1b, CDl1c, and CD1d respectively, corresponding to the first major
peak of the chromatograms (Fig.5.4a).

Biotinylation efficiency was determined by running tetramerised CD1 on an 12% SDS-
PAGE gel (Fig.5.4b). In brief, streptavidin was added at a 4:1 molecular weight ratio to
heat-denatured monomeric huCD1 and ptmCD1, which were subsequently assessed for
the ability to form tetrameric complexes by observing a shift in their molecular weight.
The presence of monomer at around 37 kDa was observed in lanes containing CD1
protein alone. CD1a, CD1b, CDIc, and CD1d proteins were successfully tetramerised as
indicated by the absence of a monomer band on SDS-PAGE and the formation of a larger-

sized complex when streptavidin was added (Fig.5.4b).

5.2.3 Analysis of the soluble ptmCD1 molecules by ELISA

The conformational integrity of the soluble ptmCD1 molecules produced was tested by
reactivity towards anti-huCD1 antibodies. Anti-huCD1a (SK9), anti-huCD1b (SN13) and

anti-huCD1c (L161) mAbs bind to a conserved conformational epitope on their respective
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Figure 5.4. Biotinylation of ptmCD1 followed by gel filtration/size exclusion chromatography
purification. A. Chromatograms obtained from the final purification step of each macaque CD1
protein following overnight biotinylation with BirA using Superdex 200 gel filtration/size exclusion
chromatography, representing absorbance during the elution off the column. Fractions containing
biotinylated macaque CD1 protein were pooled and concentrated. B. Biotinylation efficiency was
tested by tetramerising monomeric CD1 molecules. 2 ug of each CD1 protein was denatured at
95°C, allowed to cool, and then incubated with streptavidin at a 1:1 weight ratio. Samples were
assessed by 10% SDS-PAGE. Data representative of three independent expression experiments.

ptm, pig-tailed macaque; hu, human; SAV, streptavidin, MW, molecular weight marker; kDa,
kilodaltons
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CD1 molecules (Fig 5.2). As an anti-huCD1d mAb has not yet been identified to cross-
react with ptmCD1d, only group 1 CD1 molecules were assessed by ELISA. HuCD1d
and ptmCD1d were used as negative controls for each antibody to confirm that results

were CDI1 isoform specific.

Wells were coated with decreasing concentrations of soluble human or macaque CDI1
protein by performing a serial dilution starting at 2 mg/mL and incubated overnight. Wells
were then incubated with the same concentration of their corresponding antibody:
huCDla and ptmCD]la were labelled with anti-huCD1la, huCD1b and ptmCDI1b were
labelled with anti-huCD1b, and huCD1c and ptmCDI1c were labelled with anti-huCDlc
(Fig.5.5). PtmCDla bound the anti-huCDla mAb at levels comparable to huCDla
(Fig.5.5a). Surprisingly, ptmCD1b consistently bound the anti-huCD1b mAb to a greater
degree than huCD1b across the serial dilution (Fig.5.5b). Similarly, ptmCD1c bound the
anti-huCD1c mAb at levels slightly below those of huCD1c at most concentrations, but
well above those of the negative control anti-huCD1d mAb (Fig.5.5¢). These results
suggest that the soluble group 1 ptmCDI molecules produced in the mammalian
expression system have intact antibody-binding epitopes and thus, their correct

conformational shape.

5.2.4 Assessment of trans-species cross-reactivity between ptmCD1 molecules and

huCD1-restricted TCRs

Once confirmed by ELISA to be in the correct conformational shape, biotinylated CD1
monomers were tetramerised and used to label established SKW-3 cell lines expressing
human CDla-, CDI1b-, CDIc, and CDI1d-restricted TCRs to both evaluate human-
macaque cross-reactivity and confirm the reactivity of these tetramers towards CD1-
restricted TCRs. To ensure a comparison of only TCR-expressing cells, and to compare
similar TCR levels between cells, only GFP" cells were included in the analyses as GFP

was a reporter of TCR transduction efficiency.

The ability of huCDla-restricted TCRs to bind ptmCDla was first assessed. Seven
huCDla-restricted T cell lines: 8-2a2, 17a28, 27a28, 29a281, 29a28ii, 35a16 and CNR1,
were assessed for their ability to bind huCD1a-endo, huCD1a-DDM, ptmCD1a-endo, and
ptmCD1a-DDM tetramers (Fig.5.6). The CD1b-restricted ‘Feel’ cell line was used as a
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Figure 5.5. ELISA of soluble macaque CD1 proteins. Plates were coated with a decreasing
concentration of A. human or macaque CD1a, B. human or macaque CD1b, or C. human or macaque
CD1c using 2-fold serial dilutions starting at 10 pug/mL such that 11 concentrations were measured in
addition to a control without protein. Samples were subsequently labelled with their respective anti-
human mAb, or an anti-human CD1d mAb as a negative control (black). Bound antibody was visualised
using a secondary goat anti-mouse 1gG mAb conjugated to horse-radish peroxidase and

tetramethylbenzidine. Absorbance at 540 nm was subtracted from absorbance at 450 nm. Data
representative of three experiments.
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Figure 5.6. Testing trans-species cross reactivity of macaque CD1a with human CD1a-restricted T cells.
CD1a-restricted TCR SKW-3 B,m” cell lines were labelled with a panel of tetramers: human CD1a loaded
with DDM (huCD1a-DDM), or with endogenous lipids (huCD1a-endo), macaque CD1a loaded with DDM
(ptmCD1a-DDM) or endogenous lipids (ptmCD1la-endo), and human CD1b with endogenous lipids
(huCD1b-endo). The CD1b-restricted Feel T cell clone was used as a negative control. Samples were
gated on GFP" cells to ensure transduction efficiency levels were comparable. Data are representative
of three independent experiments.
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negative control to account for the possibility of non-specific binding of tetramers.
HuCDla-restricted TCRs bound huCDla tetramers following the same patterns of
antigen specificity observed previously. However, they bound neither ptmCD1a tetramers
loaded with endogenous lipids nor DDM (whether they were CD1a-autoreactive, DDM-
specific or broadly CDla-reactive) (Fig.5.6), consistent with a previous study
investigating trans-species activation of clone CDS§-2 with rhmCD1a (Morita et al., 2008).
As a positive control for huCDla tetramers, 8-2a2, 17a28 and 35al6 bound huCD]1a-
DDM, and 27a28, 29a28i, 29a28ii and CNR1 bound both huCD1a-DDM and huCD1a-
endo (Fig.5.6).

Five huCD1b-restricted T cell lines: Feel, LDN5, and TCR 4.17, TCR 4.27 and TCR
4.41 (provided by Dr Michael Souter, The University of Melbourne), were assessed for
their ability to bind huCD1b-endo, huCD1b-GMM, ptmCDIb-endo, and ptmCD1b-
GMM tetramers (Fig.5.7). CDla-restricted TCR 17a28 acted as a negative control and
did not bind any tetramer. The GMM-specific T cell clone LDN5 bound both huCD1b-
GMM and ptmCD1b-GMM (Fig.5.7a), consistent with trans-species activation seen by
Morita et al. with this cell line (Morita et al., 2008). Two CD1b-autoreactive T cell clones,
TCR 4.17 and TCR 4.41, only bound huCDI1b tetramer loaded with either endogenous
self-lipids or GMM and neither ptmCD1b tetramer (Fig.5.7a). The other two CD1b-
autoreactive T cell clones, Feel TCR and TCR 4.27, bound both human and macaque
CDI1b regardless of which lipid antigen was present (£ig.5.7a). This suggests that the
docking of these TCRs is slightly different to 4.17 and 4.41 such that they are interacting
with different parts of the CD1b molecules, in that Feel TCR and TCR 4.27 may bind a
region that is conserved between macaque and human CD1b. Positive tetramer staining
was observed for all tetramers on the TCR 4.27 cell line, but it did not bind ptmCD]1a-
endo tetramer, confirming its specificity for CD1b (Fig.5.7b). This is the first instance
where human CD1b-restricted T cells have been shown to bind macaque CD1b without
the addition of GMM, albeit with lower tetramer MFI with ptmCD1b tetramers compared

to huCD1b, suggestive of lower binding affinity.

Three huCD1c-restricted T cell lines: 1C4, 1C9 and 3C4 (provided by Dr Adam Uldrich,
The University of Melbourne) were assessed for their ability to bind huCD1c-endo and
ptmCDIc-endo tetramers (£ig.5.8). 1C9 and 3C4 bound ptmCD]c tetramer in a TCR-

dependent manner, as indicated by the correlation between CD3 expression and tetramer
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Figure 5.7. Testing trans-species cross reactivity of macaque CD1b with human CD1b-
restricted T cells. A. Human CD1b-restricted TCR SKW-3 cell lines, Feel, LDN5, TCR 4.17,
TCR 4.27 and TCR 4.41, were labelled with a panel of tetramers: human CD1b loaded with
GMM (huCD1b-GMM) or endogenous lipids (huCD1b-GMM), or macaque CD1b loaded
with GMM (ptmCD1b-GMM) or endogenous lipids (ptmCD1b-endo). B. TCR 4.27 and CD1a-
restricted T cell line 17328 were labelled with ptmCD1lb-endo and ptmCD1la-endo

tetramers. All samples were gated on GFP" cells to ensure transduction efficiency levels
were comparable. Data are representative of three independent experiments.
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Figure 5.8. Testing trans-species cross reactivity of macaque CD1c with human CD1c-
restricted T cells. Human CD1c-restricted TCR J.76 cell lines, 1C4, 1C9 and 3C4, were
labelled with either human CD1c loaded with endogenous lipids (huCD1c) or macaque
CD1c loaded with endogenous lipids (ptmCD1c) tetramers. Samples were gated on GFP"
cells to ensure transduction efficiency levels were comparable. Data are representative of
three independent experiments.
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binding. The CD1d-restricted T cell line 9C2 was used as a negative control and did not
bind either CD1c tetramer. Interestingly, TCR clone 1C4 bound both human and macaque
CDlc tetramers (Fig.5.8), so while not interchangeable with huCD1c, ptmCD1c¢ exhibits
some cross-reactivity for at least one TCR. This suggests that these TCRs also may bind
different regions of the CD1c molecule and that 1C4 binds a conserved region, given that
huCDIc and ptmCD]1c are 91% homologous. These cell lines all express a y6-TCR and
therefore may dock in an unconventional manner onto CD1c-lipid complexes. This is the
first instance where trans-species cross-reactivity has been observed between macaque
CDI1c and huCDl1c-restricted T cells, as it was not observed in a previous study with clone

CD8-1 (Morita et al., 2008).

The human type I NKT TCR cell line NKT15 was assessed for its ability to bind mouse,
PTM, and human CDId tetramers (Fig.5.9a). As expected, it bound all three CD1d
variants loaded with PBS44 (a-GalCer) but not CD1d loaded with endogenous lipids
(Fig.5.9a), consistent with previous observations of human and PTM NKT cross-
reactivity (Li et al., 2012b). Four NKT cell lines with different specificities were
subsequently assessed for their ability to bind human and macaque CD1d tetramers:
NKTI15 (type 1), TRAV-26A (atypical), TRAV-26B (atypical), and V33 (type II)
(provided by Dr Catarina Almeida, The University of Melbourne) (Fig.5.9b).
Interestingly, while the typical type I NKT cells bound ptmCD1d-a-GalCer, TRAV-26A
and TRAV-26B did not, despite their positive staining with huCD1d-a-GalCer (Fig.5.9b),
potentially due to different mechanisms of TCR docking onto CD1d-a-GalCer (Le Nours
et al., 2016). No huCD1d-restricted T cell line bound ptmCD1d loaded with endogenous
lipids, thus requiring the presence of a-GalCer to be cross-reactive (Fig.5.9b). These
results indicate a lack of trans-species reactivity between macaque CD1d and human
atypical NKT cell lines, highlighting the need to use ptmCD1d molecules when studying
atypical or type II NKT cells in this particular animal model.

Taken together, these data demonstrate that soluble ptmCD1 molecules were successfully

produced for the study of group 1 and group 2 CD1-restricted T cells in macaques, which

will be vital for understanding their role in macaque models of human diseases.
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Figure 5.9. Testing trans-species cross reactivity of macaque CD1d with human CD1d-restricted T
cells. A. Human type | NKT TCR J.76 cell line NKT15 was labelled with human CD1d (huCD1d), mouse
CD1d (mCD1d), or macaque CD1d (ptmCD1d) loaded either with a-GalCer (PBS44) or endogenous
lipids. B. Human CD1d-restricted TCR J.76 cell lines: NKT15 (type | NKT), TRAV-26A, TRAV-26B and
V63, were labelled with human or macaque CD1d tetramers loaded with a-GalCer (PBS44) or
endogenous lipids. Samples were gated on GFP" cells to ensure transduction efficiency levels were
comparable. Data are representative of three independent experiments.
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5.2.5 Isolation of human and macaque CD1-reactive T cells with ptmCD1 tetramers

Validated ptmCD1 tetramers were used to isolate ptmCD1-reactive T cells in human
PBMCs (huPBMCs) due to their greater availability over PTM samples for optimisation
of tetramer labelling. HuPBMCs were labelled with human and PTM group 1 CD1
tetramers loaded with endogenous lipids and produced similar staining profiles for CD1a
(Fig.5.10a). Surprisingly, ptmCD1b tetramers bound a greater number of both CD3" and
CD3" cells compared to the huCD1b tetramer, producing a similar staining pattern to
huCDIc and ptmCDIc¢ tetramer staining (£ig.5./0a). HuCD1c, ptmCD1b and ptmCDlc
tetramers revealed high tetramer” cell frequencies and CD3" tetramer” staining, which is
suggestive of TCR-independent tetramer binding (Fig.5./0a). HuCDI1c, huCD1d, and to
a lesser extent, huCD1b molecules are known to bind other molecules on cells, including
NK cell receptors, and (immunoglobulin-like transcript) ILT-2 and ILT-4 on monocytes
(Carbone et al., 2000, Li et al., 2012a, Li et al., 2009), and this phenomenon may be also
seen in macaques. As ILT-4 is exclusively expressed on APCs and not T cells, there may

be other ligands expressed on subsets of T cells that bind CD1 tetramers.

CD36 family members CD36, scavenger receptor class B type 1 (SR-B1) and lysosomal
integral membrane protein-2 (LIMP-2) have recently been identified as ligands for
huCD1 proteins CD1b, CD1c and CD1d but not CD1a (Gherardin et al., 2021). These
ligands are responsible for non-TCR-mediated tetramer binding that confound tetramer
staining analyses of CD1b-, CD1c- and CD1d-restricted T cells (Gherardin et al., 2021).
As human platelets express high levels of CD36 and can contaminate lymphocytes during
PBMC preparation (Gherardin et al., 2021, Hui et al., 2015, McFarland et al., 2006), it
was possible that platelets were contributing to non-TCR-mediated labelling with
ptmCD1b and ptmCDlc tetramers. HuPBMCs were co-stained with ptmCDla,
ptmCD1b, or ptmCDIc tetramers and a mAb targeting platelet receptor CD42b to
determine whether tetramer™ cells were indeed platelets. Many cells positive for huCDlc,
ptmCD1c and ptmCD1b tetramers were also positive for CD42b, whereas both huCD1a
and ptmCDla tetramer® cells were CD42b" (Fig.5.10b). The exclusion of CD42b*
tetramer” cells that bind tetramer independently of a TCR is explored further in Section

5.2.6.
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Figure 5.10. Isolation of group 1 CD1-restricted T cell populations directly ex vivo from healthy
human blood using macaque or human CD1 tetramers. A. Human and macaque CD1-endo
tetramer staining of human T cells (CD1a, CD1b, and CD1c as indicated). B. Correlation between
CD42b and tetramer labelling among tetramer* cells (coloured) and all T cells (grey). C. CD4 and
CD8 co-receptor expression profile of tetramer* cells. Data reflective of six donors across two
independent experiments.

207



Nonetheless, a preliminary analysis of CD4 and CDS8 co-receptor expression among
tetramer” cells revealed a greater proportion of CD8" ptmCD/1a tetramer” cells while, in
keeping with our previous findings, huCD1a-tetramer” cells were predominantly CD4*
(Fig.5.10c). The percentage of DN cells were consistent between huCD1a and ptmCD1la
tetramer” cells, indicating a clear shift from CD4 expression to CD8 with the ptmCDla
tetramer (Fig.5.10c), raising the question of whether ptmCD1a may bind CDS or does not
interact with CD4 in the same way as huCDla. Conversely, ptmCD1b and ptmCDlc
tetramer” cells revealed similar CD4 and CDS8 expression profiles to their human
tetramer” counterparts (Fig.5.10c), which may be an effect of the same T cells being
captured due to trans-species cross-reactivity and/or contaminating cells binding both

tetramers independently of their TCR.

Having shown that the ptmCD]1 tetramers could successfully label human T cells, they
were used to stain ptmPBMCs. Populations of CD1-autoreactive T cells were discerned
from peripheral blood as CD3" cells with the ability to bind to CD1 tetramers presenting
endogenous lipids (Fig.5.11). Interestingly, compared to huPBMC samples (Fig.5.10),
tetramer” cell frequencies and tetramer staining of the CD3" population were reduced,
indicative of a reduction of TCR-independent tetramer binding. This may be due to
variation in the receptor(s) that bind these tetramers, or variation in expression levels
between the two species. Samples labelled with CD1a and CD1d tetramers exhibited low
background staining of CD3" cells, while CD1b and CD1c tetramer staining resulted in a
larger population of tetramer™ cells, especially in donor BABA, similar to staining profiles
seen in human samples (Fig.5./1). Optimisation of tetramer staining was therefore
neededd to ensure that only cells that bound CD1 molecules in a TCR-dependent manner

were isolated.

5.2.6 Optimisation of tetramer labelling by minimising TCR-independent binding

To assess the specificity of CD1 binding to human and PTM T cells, a dual tetramer stain
was performed in which PBMCs were stained with a combination of ptmCD]1 tetramers
(i.e. CDla with CD1b, CDIc or CD1d, etc.). To account for variability in fluorophore
brightness, each combination was performed twice, alternating which tetramer was
conjugated to PE and BV421. Donor GC2 (human) revealed a population of double

positive cells when labelled with ptmCD1b and ptmCD]c tetramers, and to a lesser
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Figure 5.11. Isolation of CD1-restricted T cell populations directly ex vivo from healthy
macaque blood using ptmCD1 tetramers. Macaque PBMCs were labelled with ptmCD1a,
ptmCD1b, ptmCD1c, or ptmCD1 (all endo) tetramers as indicated. Cells are gated on CD3*
CD20" 7-AAD" single lymphocytes. Data reflective of nine donors across three independent
experiments.
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Figure 5.12. Dual tetramer stain of human or macaque blood using ptmCD1 tetramers. CD20
CD3*T cells from macaque (ptm) and CD14 CD19 CD3*T cells from human (hu) donors were
labelled with a combination of ptmCDla, ptmCD1lb, ptmCD1c or ptmCD1ld tetramers
simultaneously, conjugated to either BV421 or PE fluorophores. Each combination was
repeated such that both tetramers were tested with boh BV421 and OPE fluorophores. Data
representative of four donors across two independent experiments.
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extent, ptmCD1d with either ptmCDI1b or ptmCDlc tetramers (Fig.5.12). This was
consistent with both these tetramers co-labelling CD42b in previous analyses, suggesting
that they may bind the same cells by engaging with a receptor in a TCR-independent
manner. A similar trend was seen in ptmPBMC:s, for which samples including CD1b and
CDlc tetramers revealed a population of double positive cells, and again only slightly for
CDI1d in combination with either. Because TCRs are not expected to bind two different
CDl restriction elements, the labelling of the same population of cells with two different
CDI tetramers suggests that the molecule responsible for TCR-independent binding
interacts with CD1b, CDIc and CD1d (to a lesser extent), but not CDla. There were,
however, CD3" cells that were single positive for either tetramer, that indicate that the

tetramers can also bind genuine CD1-restricted T cells by gating out DP cells.

Given that CD36 family members bind huCD1b, huCDl1c¢ and huCD1d, use of an anti-
huCD36 mAb can block TCR-independent tetramer staining (Gherardin et al., 2021).
Here, a similar blocking step with an anti-huCD36 mAbD prior to incubating ptmPBMCs
with tetramer was attempted to ascertain whether this would also optimise tetramer
staining in PTMs based on the method previously described (Fig.5.13) (Gherardin et al.,
2021). Briefly, samples were incubated with 3 pg/mL anti-CD36 for 15 minutes at RT,

after which tetramers were added directly to samples for a further 30-minute incubation.

Tetramer” populations were reduced in huPBMC samples labelled with ptmCD1b and
ptmCDIc tetramers with the anti-huCD36 block as seen previously (Gherardin et al.,
2021). CD1b-tetramer® populations were reduced with the blocking antibody from 1.37%
of the parental population to 0.05%, and 2.46% to 0.05% for human donors 3F and 5A
respectively (Fig.5.13). Similarly, CD1c-tetramer” populations were also reduced from
1.17% of the parental population to 0.05%, and 1.23% to 0.03% for human donors 3F and
5A respectively (Fig.5.13). As expected, CD36 blocking had little impact on ptmCD]la
tetramer staining as CD1a tetramers are not subject to this issue (Gherardin et al., 2021)
(Fig.5.10-5.13), nor did blocking affect ptmCD1d tetramer staining, suggesting that
ptmCD1d may not be a ligand for CD36 family members (Fig.5.13).

Notably, the same anti-huCD36 mAb that blocked TCR-independent binding of
ptmCD1b and ptmCD]1c tetramers in human samples did not block TCR-independent
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Figure 5.13. Tetramer stain of human or macaque blood using ptmCD1 tetramers with an anti-CD36
blocking antibody. PBMCs from human (hu) donors and macaque (ptm) were incubated with an (anti-
human) anti-CD36 antibody for 15 minutes prior to incubation with ptmCD1 tetramers. Data
representative of 10 donors (4 human and 6 macaque) across 3 independent experiments.

212



binding in macaque samples (Fig.5.13). All four tetramers produced similar staining
patterns with and without the addition of the anti-huCD36 mAb, and a similar percentage
of cells were positive for tetramer, ranging from 0.01-0.1% of the parental population
(Fig.5.13). This suggests that the anti-huCD36 mAb may not be cross-reactive with
ptmCD36 and a different method is required for blocking TCR-independent staining.

Given that an anti-huCD36 mAb reduced TCR-independent binding in huPBMCs but not
ptmPBMCs, alternative platelet markers that may contribute to TCR-independent binding
and could be targeted with a blocking antibody were assessed. CD36 and SCARBI
(CD36L1) were both tested, both of which are capable of binding lipids (reviewed in
(Kaczmarek et al.,, 2017)), and other platelet markers CD42b, CD62p and CD6I.
PtmPBMCs from four donors were labelled with ptmCD]1c tetramer and co-stained with
one of anti-human CD36, CD42b, CD61, CD62p, and SCARBI mAbs to determine
whether these antibodies are cross-reactive between human and PTM cells, and in

particular, whether ptmCD1c-tetramer” cells were positive for any of these markers.

Consistent with TCR-independent binding, samples labelled with anti-CD36 and anti-
SCARB1 mAbs revealed many ptmCD1c-tetramer” cells that were also positive for these
markers (Fig.5.14a). However, there were also small populations of CD1c-tetramer™ cells
that were negative for these markers, which may be genuine CDIc-restricted T cells
(Fig.5.14a). Interestingly, the anti-CD36 mAb conjugated to APC used here was the same
clone as the unconjugated mAb used for blocking in Fig.5.13, indicating that the antibody
might weakly bind ptmCDlc but does not block TCR-independent TCR binding.
Following the exclusion of SCARBI1" cells, there were fewer tetramer” cells compared to
the parental population, which may be more representative of the true frequencies of
CDlc-restricted T cells in PTM (Fig.5.14b). Platelet markets CD42b and CD62p were
also targeted with mAbs but did not successfully label any macaque cells (Fig.5.14a),
including non-T cells, indicating that their binding epitopes are not conserved between
PTMs and humans. The anti-CD61 mAb bound a small population of macaque cells, but
these cells did not bind tetramer (Fig.5./4a) and may therefore be a population of
contaminating cells (e.g. CD51/61" cells (Clemetson K.J., 2019, Lowin and Straub,
2011)). These results suggest that blocking or eliminating cells that co-label with
SCARBI and CD36 may provide optimal staining by eliminating TCR-independent

tetramer staining.
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Figure 5.14. Optimisation of macaque T cell ptmCD1b and ptmCD1c tetramer staining. A.
PtmPBMCs from two donors were labelled with ptmCD1c-endo tetramers in addition to anti-
CD36, anti-CD42b, anti-CD61, anti-CD62p or anti-SCARB1 (anti-human) mAbs. The top row
depicts tetramer staining of T cells and the bottom row shows the relationship between
tetramer staining and the chosen mAb staining. B. SCARB1 cells were gated and assessed for
cleanliness of ptmCD1c tetramer staining when compared to the parental population. C.
PtmPBMCs from two donors were labelled with either ptmCD1b-GMM or ptmCD1b-endo
tetramers. Data representative of four donors across two independent experiments.
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Interestingly, labelling ptmPBMCs with ptmCD1b-GMM tetramers appeared to reduce
TCR-independent staining without the need for SCARB1 or CD36 blocking (Fig.5.14c).
The same macaque donor samples were stained with either CD1b-endo or CD1b-GMM
tetramers and the tetramer staining profile appeared cleaner and more distinct in the
sample stained with CD1b-GMM tetramer compared to CD1b-endo tetramer (Fig.5.14c).
This may be due to the presence of the detergent tyloxapol in the tetramer, by nature of
the GMM lipid being solubilised in 0.5% (v/v) tyloxapol, or due to a conformational
change akin to CDI1d with a-GalCer or sulfatide that minimises TCR-independent
binding (Gherardin et al., 2021, Li et al., 2009). Given that GMM and other exogenous
lipids will likely be more relevant as lipid antigens in further macaque studies looking at
CD1b, this may prove beneficial. Unfortunately, this effect was not observed with CD1c
with comparing CD1c-endo and CD1c-MPM tetramers (data not shown).

Thus, similar to human samples, the use of mAbs targeting CD36 family members, or
loading of defined lipid antigens may aid in reducing TCR-independent tetramer-binding.
Using a combination of the methods discussed, it may be possible to confidently label

and isolate macaque T cells that are restricted to CD1a, CD1b, CDlc, and CD1d.

5.2.7 TCR usage of ptmCD1-tetramer™ T cells

The TCR repertoire of macaque CDI1-restricted T cells remains undefined. Given the
absence of a set of multiplex primers that specifically target PTM TCR genes, the TCR
repertoire of human T cells that bind ptmCD1 was examined. This also enabled the
generation of TCR-expressing cell lines that bind ptmCD1 for tetramer development and
functional studies. This is especially important for ptmCD1a, which is not trans-species

cross-reactive with any of the human TCR cell lines tested (Fig.5.6).

Tetramer™ T cells from a total of five human donors were single cell-sorted by flow
cytometry for multiplex PCR and sequencing. Cells from two donors were isolated after
in vitro expansion: cells positive for each ptmCD1 tetramer were bulk sorted (Fig.5.15a),
stimulated, and then expanded for two weeks in vitro. Cells were stimulated with plate-
bound anti-CD3 (10 pg/mL) and anti-CD28 (2 pg/mL) mAbs, in the presence of PHA (1
pg/mL), IL-2 (100 U/mL) and IL-7 (50 ng/mL) for four days, and then were placed in

fresh media containing IL-2 and IL-7. Following expansion, samples were re-labelled
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Figure 5.15. Preparation of human and macaque CD1-restricted T cells for TCR sequencing. A.
Two huPBMC donors were labelled with CD1a-endo, CD1b-endo, CD1c-endo, or CD1d-endo
tetramers directly ex vivo to FACS-sort CD3* tetramer* cells in bulk. The frequency of CD3*
tetramer® cells is indicated in black. B. Sorted cells were stimulated with plate-bound anti-CD3
(10 pg/mL) and anti-CD28 (2 ug/mL) mAbs, and PHA (1 pg/mL) in the presence of IL-2 (100
U/mL) and IL-7 (50 ng/mL) for four days, and cultured for another two weeks in IL-2 and IL-7
without stimulatory agents. Expanded lymphocytes were re-labelled with the same tetramers
to identify CD1-restricted T cell populations. The frequency of CD3* tetramer* cells is indicated
in black with comparable gates to pre-expansion. Red boxes indicated cells sorted for TCR
sequencing. Data representative of three independent experiments. C. HUPBMCs MACS-
enriched for CDla-endo, CD1b-endo, CD1c-endo or CD1d-endo tetramers directly ex vivo
following anti-CD36 mAb block. CD3* tetramer* cells were single-cell FACS-sorted for TCR
sequencing. CD1b-endo tetramer was only used for donor KG52 but not donors RS22 and
RS23.
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with ptmCD]1 tetramers. Some expansion of CD1-restricted T cells was observed after
culture for some donors (but not all), particularly in donor 3C there was evidence of
expansion of CD1a- and CD1d-restricted T cells (Fig.5.15b). This likely suggests that the
sort gates used included some T cells that non-specifically bound to some tetramers
(Fig.5.15a). Therefore, another approach was used to isolate genuine ptmCD1-restricted
T cells for sequencing, whereby huPBMCs were first blocked with an anti-CD36 mAb to
minimise non-specific ptmCD]1 tetramer staining, followed by MACS-enrichment.
Magnetically enriched CD3" tetramer” cells from three donors were single cell-sorted
using flow cytometry via the same enrichment protocol used for huCD]1a tetramers in

Chapter 3.2.1 (Fig.5.15¢).

A total of 11 TCR a-chain and 7 TCR-f chain sequences were obtained from human T
cells stained with ptmCD]la tetramer (Fig.5./6a). Among the 11 TCR a-chains, 10
different TRAV genes were identified and 2/11 sequences contained TRAV26-2
(Fig.5.16a). While only a small number of TCR B-chains were obtained, 3/7 sequences
were TRBV28", suggesting a similar variable gene usage bias for TRBV28 that is
observed among huCD1a-restricted TCRs that bind huCD1a tetramers (Fig.5.16a). These
three TRBV28* TCR clones were all derived from one donor, and interestingly, two had
identical non-germline encoded CDR3f sequences but were paired to different TCR a-
chains (Appendix 1V). This intra-donor bias suggests that, despite little cross-reactivity
observed for ptmCD1la by huCDla-restricted T cells, there may be similarities in the
molecular interactions between CD1a and TCRs between the two species that result in a
bias towards TRBV28. As the number of clones obtained with ptmCD1a tetramer was
low, further donors with a greater number of TCR sequences would need to be tested to

further explore this pattern.

A total of 39 TCR a-chain and 43 TCR- chain sequences (from paired and unpaired
TCRs) were obtained from ptmCDI1b tetramer® cells in three donors (Fig.5.16b).
PtmCD1b-reactive human TCRs exhibited diversity in both their TCR a- and B-chain
genes (Fig.5.16b). While there was diversity of TRAV genes, TRAV6 occurred in 5/39
TCR clones (Fig.5.16b). The TCR B-chain also showed recurring patterns of variable
gene usage with 12/43 TCRs and 5/43 TCRs expressing TRBV20 and TRBV14,
respectively (Fig.5.16b).
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Figure 5.16. ptmCD1a-restricted TCR variable gene usage. CD1a tetramer* T cells were FACS-sorted
directly ex vivo for reverse transcription, followed by two rounds of nested PCR. Multiplex primers
were used to amplify all TCR variable gene segments. Sanger sequencing was performed on
amplified DNA products. TRAV (left) and TRBV (right) gene usage was determined by comparing
identified sequences against the IMGT database. A. Variable gene usage of TCRs from T cells
isolated using ptmCD1a-endo tetramer. Data indicative of 11 TCR a-chain and 7 B-chain genes from
three donors. B. Variable gene usage of TCRs from T cells isolated using ptmCD1b-endo tetramer.
Data indicative of 39 TCR a-chain and 43 B-chain genes from three donors. C. Variable gene usage of
TCRs from T cells isolated using ptmCD1c-endo tetramer. Data indicative of 33 TCR a-chain and 46
B-chain genes from six donors. D. Variable gene usage of TCRs from T cells isolated using ptmCD1d-
endo tetramer. Data indicative of five TCR a-chain and three B-chain genes from one donor.
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Across six donors, 33 TCR a-chain and 46 TCR-B chain sequences (from paired and
unpaired TCRs) were obtained from cells sorted with ptmCDlc tetramer (Fig.5.16¢).
Human ptmCD]1c-restricted TCRs also exhibited diversity in both their TCR a- and (-
chains (Fig.5.16c). TRBV4-1, TRBV4-2/4-3, TRBV20-1 and TRBV28 were most
frequent among T cell clones (Fig.5.16¢). Interestingly, there were two ptmCDlc-
restricted T cell clones identified with TRAV9-2" TRBV4-1* with unique CDR3a and
CDR3p sequences (Appendix IV), suggesting that this variable gene pairing may be

advantageous in the interaction between the TCR and ptmCD]lc.

Few sequences were obtained from ptmCD1d-restricted T cell clones due to their lower
frequency among huPBMCs. Furthermore, only one donor yielded enough cells for single
cell-sorting and sufficient DNA following PCR amplification for sequencing. The five
TCR a-chains and three B-chains included variable genes found to be more common
among T cells restricted to the other CD1 molecules: TRBV28 (CDla) and TRBV14
(CD1b) (Fig.5.16d).

This work provided a basis with which to generate cell lines that recognise ptmCD1
molecules. While it also provided interesting patterns regarding variable gene usage, a
much greater number of T cell clones would need to be sequenced to determine whether
any patterns or biases do exist. Furthermore, sequencing of ptmCD]1-restricted T cells
isolated from macaque blood and tissues would be of greater value. A similar multiplex
PCR amplification and sequencing protocol is yet to be established for macaques,

however work is currently underway to develop a method of sequencing macaque TCRs.

5.2.8 Generation of TCR-transduced SKW-3 cell lines expressing selected TCRs

from ptmCD1 tetramer" sorted cells

To validate TCRs obtained from single cell sequencing analysis, HEK 293T cells were
transiently transfected to express these TCRs and confirm reactivity to CD1 tetramers.
DNA constructs encoding paired TCR a- and B-chains linked by a 2A-peptide-linker,
were cloned into a pMIG retroviral vector that contained the huTRBC gene (from
previous cloning) with GFP as a reporter, similar to the generation of human CD]a-

restricted T cell lines in Chapter 4.2.2. HEK 293T cells were transiently co-transfected
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with TCR- and huCD3-encoding pMIG vectors and cells were harvested after 36 hours

for flow cytometry analysis.

Sequences used for transduction were selected based on either frequency or patterns of
particular variable gene usage in the TCR a- or B-chains as outlined in Table 5.2.
Following transient transfection, each sample was labelled with their respective huCD1
and ptmCD1 tetramer: 13-1pa4-1 with CDla, 16pb28 with CD1b, 6pc4-1 and 8-6pc4-1
with CDl1c, and 26pd29 with CD1d.

Table 5.2. Human ptmCD1-restricted TCRs selected for the generation of cell lines. Paired TCR a- and
B-chain sequences from single cell-sorted CD3* ptmCD1 tetramer* cells. TCR genes were amplified with
two round of multiplex nested PCR prior to Sanger sequencing. TRAV, TRAJ, TRBV and TRBJ gene usage
was determined by comparing identified sequences against the IMGT database. Frequency is displayed
based on the number of clones determined for each donor with each tetramer.

Cellline Donor Restriction TRAV CDR3a TRAJ TRBV CDR3pB TRBJ  Freq.
13-1pad- 3T CDl1a 13-1  CAASKYSTLTF 11 4-1 CASSQGVLDGYTF 1-2 12/1
1 2
16pb28 3C CD1b 16 CALSHTGNQFYF 49 28 CASRLRGRREETQYF 2-5 3/11
8-6pc4-1 KG52 CDiIc 8-6 CAVSDRWGYQK 13 4-1 CASSQDRTGTPYEQYF 2-7 6/22
VTF
6pca-1 KG52 CDi1c 6 CALIGYQKVTF 13 4-1 CASSQLGTDTNYGYTF 1-2 14/2
2
26pd29 3C CDh1d 26-1 CIVRVTQGSNQLI 33 29-1 CSATYRDRGLGTEAFF 1-1 3/4
w

Analysis of transiently transfected cells revealed that 13-1pa4-1 bound ptmCD1a but not
huCDla tetramers, and similarly, both 6pc4-1 and 8-6pc4-1 bound ptmCDlc but not
huCDlc tetramers (Fig.5.17). All three TCRs appeared to bind specifically to ptmCD]1
but not huCDI1. Conversely, 16pb28 and 26pd29 did not result in positive tetramer
staining, suggesting that the TCR sequences were incorrect, or the sequences obtained

were not truly CD1-restricted (Fig.5.17).
To generate stable T cell lines that bind ptmCD1 molecules, TCR-deficient SKW-3 cell

lines were engineered to express 13-1pa4-1, 6pc4-1 and 8-6pc4-1 TCRs. The same TCR-

and CD3-encoding pMIG constructs were used to again transiently co-transfected HEK
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Figure 5.17. Validation of ptmCD1-restricted TCR sequences. Tetramer staining of 293T
cells 36 hours following co-transfection with pMIG vector plasmids containing huCD3 and
each TCR construct: 13-1pad-1, 16ph28, 26pd29, 6pcd-1 or 8-6pc4-1, or huCD3 alone.
Cells were examined for positive ptmCD1 tetramer staining using the tetramer they were
isolated with (indicated by the second letter of their name, e.g. 13-1pa4-1 was isolated
with ptmCD1a tetramer). Data is representative of 3 independent experiments.
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293T cells, along with pEQ-Pam-E and pVSV-g helper plasmids to produce retrovirus.
Retroviral supernatant was harvested every 24 hours for five days and used to transduce
SKW-3 Bom™" cells. The same tetramer binding patterns were observed when the resulting

T cell lines were labelled with the same tetramers (data not shown).

Including previously identified trans-species cross-reactive T cell lines, Feel and TCR
4.27 for CDI1b, 1C4 for CDIc and NKT15 for CD1d, the generation of 13-1pa4-1 as a
stable SKW-3 cell line means that there are now T cell lines that recognise each of the
ptmCD1 molecules. These cell lines will be particularly useful to verify ptmCD1 tetramer

assays and in activation assays with APCs in future work.

5.2.9 Enumeration of ptmCD1-restricted T cell populations in macaque tissues

Following validation of new ptmCD]1 tetramers, they were then employed to enumerate
populations of lipid-reactive T cells in peripheral blood and tissues of 12 healthy juvenile
PTMs that were necropsied following SIV and influenza vaccination (considered as
healthy controls for the purpose of this study). Macaque tissues were harvested by
Professor Stephen Kent and processed in collaboration with members of the Kent
Laboratory (The University of Melbourne). Tissues collected include inguinal lymph
nodes (iLN), mesenteric lymph node (mLN), thymus, spleen, blood, liver, rectum, lung,
and bronchoalveolar lavage (BAL). Blood was processed using Ficoll-Paque
centrifugation; LNs, thymus and spleen were processed mechanically; and lung, liver and
rectum were digested enzymatically with collagenase D to obtain cell suspensions for
FACS analysis. Non-lymphoid tissues were stained with different antibody cocktails to
blood and lymphoid tissue to help identify T cells in tissues in which they are not as
abundant (e.g. cells expressing the epithelial cell adhesion molecule (EpCAM) were
removed from the analysis) (Fig.5.18a).

Tissues from each donor were divided into three samples to be stained with CD1a-DDM
or CDI1d-a-GalCer tetramers independently, or dual-stained with CD1b-GMM and
CDI1c-MPM tetramers in PE and BV421 respectively. At the time of these experiments,
there was no anti-CD36 or anti-SRB1 blocking mAb that could be used to reduce
contamination by cells that bound in a TCR-independent manner. As another approach to

optimise tetramer staining, cells that were double positive for both CD1b and CD1c
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Figure 5.18. Gating strategy for tetramer staining in healthy macaque tissues. 12
juvenile macaque donors were necropsied for the harvesting of tissues: iLN, mLN,
thymus, blood (PBMCs), spleen, BAL, liver, lung, and rectum. A. General gating strategy
for all tetramers. For LN, thymus, PBMC and spleen samples, cells were identified by
gating on CD3* CD20 single, live lymphocytes (top). Non-lymphoid tissues, BAL, liver, lung,
and rectum were additionally gated on EpCAM" CD45* cells (bottom). B. Dual CD1-GMM
and CD1c-MPM tetramer staining was used to exclude non-TCR-mediated tetramer
binding from these analyses. Samples were co-stained with CD1b-GMM tetramer in PE,
CD1c-MPM tetramer in BV421. Thicker gates denote CD1b-GMM tetramer cells that
were used to analyse CD1c-restricted T cells. Thinner gates denote CD1c-MPM tetramer
cells that were used to analyse CD1b-restricted T cells. Percentages of the parental
population are shown. Data representative of 12 donors across two independent
experiments (except three donors for which lung samples were excluded).

iLN, inguinal lymph node; mLN, medistinal lymph node; BAL, bronchoalveolar lavage
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tetramers were excluded from the analysis, as these cells likely represented cells that were
binding in a TCR-independent manner. Cells that were positive for CD1b tetramer were
excluded from the CDlc tetramer analysis and vice versa (Fig.5./8b). There were not
many samples with double-positive populations (Fig.5.18b), potentially given that CD1b-
GMM tetramer appears to reduce confounding non-TCR-mediated staining compared to

CD1b-endo tetramer (Fig.5.14).

Among peripheral blood T cells, CD1-Ag tetramer® T cells were relatively low in
frequency, ranging from <0.01-0.65% (Fig.5.19). CDla-restricted T cells comprised up
to 0.22% of the T cell population (mean = 0.13%) (Fig.5.19). CD1b-restricted T cells
were the rarest subset, with the highest frequency detected among all donors being 0.04%
of T cells (Fig.5.19). CDIc-restricted T cells ranged up to 0.65% of the blood T cell pool
(Fig.5.19). The frequency of type I NKT cells was an average of 0.06% (Fig.5.19). CD1-
restricted T cells were generally more frequent in the spleen, with tetramer® population
frequencies averaging 0.20%, 0.04%, 0.40% and 0.07% for CDla, CD1b, CDlc, and
CD1d tetramers respectively (Fig.5.19). CD1-restricted T cells were less prevalent in LNs
compared to the blood and spleen, representing up to 0.46% of T cells. The average
frequencies of CDla-restricted T cells were 0.09% and 0.07% in iLN and mLN
respectively (Fig.5.20). CDl1b-restricted T cells were again observed at the lowest
frequencies, comprising an average of 0.04% and 0.03% of T cells in iLN and mLN
respectively. Type I NKT cells similarly had an average of 0.04% in cells isolated from
both LNs (Fig.5.20). CD1c-tetramer™ cells were again the greatest in frequency, reflective
of a greater spread of the population into the tetramer” gate, comprising an average of
0.21% and 0.22% in iLN and mLN respectively (Fig.5.20). Lymph node, spleen and
PBMC type I NKT cell frequencies were hence consistent with the findings of Yu et al,
for which most donors had fewer than 0.1% of T cells as tetramer™ cells in these tissues

while some donors had a maximum of 0.5% (Yu et al., 2019).

Liver, rectum, and BAL samples revealed higher frequencies of CD1-restricted T cells
compared to lymphoid tissues and blood. CD1a-restricted T cells were the predominant
CDl-restricted T cell population in the liver, ranging between 0.25-2.28% of T cells with
a mean of 0.83% (Fig.5.21). Type I NKT cells, CD1b- and CDlc-restricted T cells
represented 0.29%, 0.12% and 0.18% of liver T cells respectively (Fig.5.21). The rectum
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Figure 5.19. Enumeration of CD1-restricted T cells in healthy macaque peripheral blood
and spleen. 12 juvenile macaque donors were necropsied, and PBMCs and splenocytes
were harvested for staining. A. Samples were labelled with ptmCD1a-DDM, ptmCD1b-
GMM, ptmCD1c-MPM or ptmCD1d-a-GalCer tetramers to isolate CD1-restricted T cell
populations. B. Tetramer* cells as a proportion of all CD3*T cells after being gated on
CD20 viable, single lymphocytes using the strategy shown in (Fig.5.18a). Each of the 12
macaques is represented by an individual dot and the mean tetramer® cell frequency for
each tetramer is displayed.
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Figure 5.20. Enumeration of CD1-restricted T cells in healthy macaque lymph nodes. 12
juvenile macaque donors were necropsied, and their inguinal LN (iLN) and mesenteric LN
(mLN) were harvested and processed to form single cell suspensions. A. Samples were
labelled with ptmCD1a-DDM, ptmCD1b-GMM, ptmCD1lc-MPM or ptmCD1d-a-GalCer
tetramers to isolate CD1-restricted T cell populations. B. Tetramer* cells as a proportion
of all CD3* T cells after being gated on CD20" viable, single lymphocytes using the strategy
shown in (Fig.5.18a). Each of the 12 macaques is represented by an individual dot and
the mean tetramer”* cell frequency for each tetramer is displayed.
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Figure 5.21. Enumeration of CD1-restricted T cells in healthy macaque liver and rectum.
12 juvenile macaque donors were necropsied, and their liver and rectum were harvested
and digested to form single cell suspensions. A. Samples were labelled with ptmCD1a-
DDM, ptmCD1b-GMM, ptmCD1c-MPM or ptmCD1d-a-GalCer tetramers to isolate CD1-
restricted T cell populations. B. Tetramer* cells as a proportion of all CD3* T cells after
being gated on CD45* EpCAM CD20" viable, single lymphocytes using the strategy shown
in (Fig.5.18a). Each of the 12 macaques is represented by an individual dot and the mean
tetramer® cell frequency for each tetramer is displayed.
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Figure 5.22. Enumeration of CD1-restricted T cells in healthy BAL and lung. 12 juvenile
macaque donors were necropsied, and their BAL and lung samples were harvested. A.
Samples were labelled with ptmCD1a-DDM, ptmCD1b-GMM, ptmCD1lc-MPM or
ptmCD1d-a-GalCer tetramers to isolate CD1-restricted T cell populations. B. Tetramer*
cells as a proportion of all CD3*T cells after being gated on CD45* EpCAM CD20" viable,
single lymphocytes using the strategy shown in (Fig.5.18a). Each of the 12 macaques is
represented by an individual dot and the mean tetramer+ cell frequency for each
tetramer® is displayed.
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had even higher frequencies of CD1a-restricted T cells, reaching 3.35% of T cells with a
mean of 1.07% (Fig.5.21). CDl1b-restricted T cells ranged from 0.04-2.13% (mean =
0.52%), CD]1c-restricted T cells ranged from 0.07-1.24% (mean = 0.46%), and type I
NKT cells ranged from 0.10-1.63% (mean = 0.63%) (Fig.5.21).

Both lung tissue and BAL fluid were assessed for the presence of airway CD1-restricted
T cells. Three lung samples were excluded from the analysis as there were too few cells
for adequate staining by flow cytometry. These three lung samples were mechanically
digested and the samples did not resuspend well during staining with tetramers and mAbs,
thereby confounding the results. Populations of lymphocytes (i.e. CD3", CD4", and CD8"
T cell subsets) in the BAL are generally expected to be reflective of those in peripheral
blood (Harbeck, 1998). However, CD1a-, CD1b- and CD1d-tetramer™ T cell populations
were consistently higher in BAL (Fig.5.22) than in blood (Fig.5.19) for each donor.
CDla-restricted T cell populations in the BAL ranged from 0.20%-5.48% (mean =
1.73%) (Fig.5.22), while CD1b-restricted T cells frequencies were virtually undetectable.
CDlc-restricted T cells comprised a mean of 0.36% of T cells in BAL (Fig.5.22), which
was similar to blood (Fig.5.19). Type I NKT cells comprised a mean of 0.29% of BAL T
cells (Fig.5.22). In the lungs, all CD1-restricted T cell subsets were low in frequency in
most samples (Fig.5.22), consistent with a previous report that examined type I NKT cell

populations in rhesus macaque lung tissue (Yu et al., 2019).

Given the low frequency of T cells that bound the CD1-antigen (CD1-Ag) tetramers,
magnetic enrichment was employed as a secondary approach to enhance detection of
these cells for further analysis. Splenocytes were MACS-enriched with CD1a-DDM or
CDl1d-a-GalCer tetramers conjugated to PE, or CD1b-GMM-PE and CD1c-MPM-PE-
Cy7 tetramers stained simultaneously. As seen with human samples, tetramer®
populations were better separated from tetramer cells following enrichment due to a
greater MFI (Fig.5.23). Comparable to results in human PBMCs, MACS-enrichment with
CDla-DDM tetramer isolated distinct populations ranging from 1.85-2.39% of T cells
(Fig.5.23a). Enrichment of CD1b-GMM and CD1d-a-GalCer tetramer staining also
revealed large populations of similar frequencies (ranging 1.38-2.42% and 1.78-1.98% of
T cells respectively) (Fig.5.23b, Fig.5.23¢c). CD1c-MPM tetramer from the spleen was

enhanced following MACS-enrichment, however CD3" tetramer” cells were also
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Figure 5.23. Macaque splenocytes MACS-enriched with CD1 tetramers. 100 x 10° splenocytes
were labelled with A. CD1a-DDM (PE) B. CD1b-GMM (PE) C. CD1c-MPM (PE-Cy7) D. CD1d-a-
GalCer (PE) tetramers, co-labelled with anti-PE magnetic beads, and then MACS-enriched over a
magnetic column. MACS-enriched samples and unenriched spleen were then labelled with an
antibody cocktail to identify CD20" CD3* live, single lymphocytes. Plots for each tetramer show
MACS-enriched sample (top) and unenriched sample (bottom) for each donor. Each tetramer was
used to MACS-enrich four donor samples in two independent experiments and CD1b tetramer in
PE and CD1c tetramer in PE-Cy7 were used simultaneously.
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prevalent (Fig.5.23d), which might indicate TCR-independent staining. Overall, MACS-

enrichment resulted in a more defined staining profile of CD1-reactive T cells.

The use of blocking antibodies towards CD36 and SCARBI, if available, or co-labelling
with tetramer, may further enhance tetramer staining by preventing TCR-independent
binding. As determined by tetramer staining profiles above, CDlc tetramer staining
profiles were more likely to be affected by non-TCR-mediated tetramer staining, whereas
CDla and CD1d tetramers often yielded clearer populations of tetramer” cells. Therefore,
while tetramer staining methods are yet to be optimised, this study provides a glimpse at
CDl-restricted T cell populations found in PTM tissues. CD1-restricted T cells appear
the most abundant in liver, rectum and BAL, and exist at lower frequencies in the blood
and lymphatic tissues. MACS-enrichment following tetramer stain aided in the isolation
of distinct tetramer™ populations in the spleen and is worth pursuing in future phenotypic
analyses of ptmCD]1-restricted T cells in all tissues for which it is feasible (i.e. sufficient
cells can be harvested). Collectively, these studies represent an important step forward

for the analysis of CD1-restricted T cells in macaque tissues.

5.2.10 Phenotypic characterisation of ptmCD1-restricted T cells in macaque tissues

Given the lack of clarity on whether all ptmCD1 tetramer staining above was TCR-
mediated, phenotypic analyses were performed on tetramer” cells with two aims. Firstly,
to determine whether tetramer®™ cells were distinct to tetramer- T cells as a way of
validating tetramer staining. Secondly, provided tetramer staining was indeed TCR-
mediated, to characterise CD1-restricted T cell subsets in PTM for the first time. Based
on tetramer staining above, cells labelled with CDla and CDI1d tetramers, and CD1b-
GMM to a lesser extent, appeared more likely to be an accurate reflection of CDla-,

CD1d- and CD1b-reactive T cells respectively.

Due to the restriction of flow cytometry markers to those that cross-react between human
and PTM epitopes, an initial phenotypic analysis of CD1-restricted T cells in ptmPBMCs
assessed CD4, CD8, CD27 IL-18R and chemokine receptor expression in six animals.
Subsequently, to investigate tissue-specific differences, CD1 tetramers were incorporated

into a flow cytometry panel designed to measure co-receptor usage (CD4, CD8), memory
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status (CD27, CD28, CD95), activation (CD69, ICOS), and chemokine receptor
expression (CCR5 and CCR6) in 12 macaque macaques in blood, spleen, and LNs.

Fig.5.24a shows the gating of tetramer™ T cells for each CD1 tetramer in three macaques.
Consistent with previous tetramer staining, CDla and CD1d tetramers produced the
cleanest tetramer staining profile while CD1b and CDIc tetramers produced a spread of
cells in the CD3* tetramer™ cell gate, in line with non-TCR-mediated staining (Fig.5.24a).
Despite differences in their tetramer staining profiles, CD4 and CDS8 co-receptor
expression was consistent for T cells restricted across CD1 isoforms (Fig.5.24b). The
frequency of CD4" cells among tetramer” T cells ranged between 28.0-75.0% and 0.0-
60.0% for CD8" cells (Fig.5.24c). Unlike human CD1a-restricted T cell populations, the
majority of which are predominantly CD4", CD4 co-receptor expression was less frequent
among ptmCDla-restricted T cells (Fig.5.24c). CD1b-, CDIc- and CDId-restricted T
cells were similarly variable in their co-receptor expression. Macaque B0399 was the
only macaque in which all CD1-restricted T cells were mostly CD4" (Fig.5.24¢c). As a
control, MR1-5-OP-RU tetramer was included in three macaques, and as expected, the
MAIT cells were enriched for CD8" (Fig.5.24c) (Reantragoon et al., 2013, Chen et al.,
2019b). Type I NKT cells were also assessed with CD1d-a-GalCer tetramer and were
predominately CD8" in the same two macaques, which is similar to previous findings in
rhesus macaques that were primarily CD8a", however, the distribution was not as clear-

cut in this case (Fig.5.24c) (Yu et al., 2019).

To determine whether there was variability between different tissue types, CD4 and CD8
co-receptor expression was assessed in different lymphoid tissues. Interestingly, MACS-
enrichment of splenocytes labelled with all four tetramers also appeared to enrich for
CD4 CDS8 (DN) T cells regardless of tetramer binding (not seen to the same extent among
unenriched splenocytes) (Fig.5.25). It is possible that the enrichment process is biased
towards selecting DN T cells, at least among splenocytes. Excluding MACS-enriched
samples, all CD1 tetramer” T cells followed a similar pattern of having the highest CD4"
frequencies in LNs, then PBMCs, and fewer in the spleen due to a rise in DN or CD8" T
cell frequencies, consistent with the total T cell population (Fig.5.25).

Next, CD27 was investigated as a pseudo-indicator of memory and activation status,

being expressed more so by activated and memory T cells compared to naive cells (Ahlers
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Figure 5.24. CD4 and CD8 co-receptor expression by CD1-restricted T cells in healthy
macaque blood. A. CD1 tetramer staining of macaque T cells. Three macaque blood
donors were labelled with CDla-endo, CD1b-endo, CD1c-endo or CD1d-endo tetramers
directly ex vivo, and CD3*tetramer* T cells were identified by gating on CD20 single, live
lymphocytes. B. CD4 and CD8 expression profile of tetramer* cells as gated in A. C. Co-
receptor usage (CD4, red; CD8, blue; DN, grey; or DP, white) expressed as a percentage of
all tetramer* cells or all T cells (average across all tetramer samples) in six donors. Three
additional donors were analysed in a separate experiment and also labelled with CD1d-a-
GalCer and MR1-5-OP-RU tetramers as control populations. Each donor is represented
individually.
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Figure 5.25. CD4 and CD8 co-receptor expression by CD1-restricted T cells in healthy juvenile
macaque tissues. 12 juvenile macaque donors were necropsied and iLN (green), mLN (purple),
peripheral blood (PBMCs) (purple) and spleen (red) were harvested. Samples were labelled with
CD1a-DDM, CD1b-GMM, CD1c-MPM or CD1d-a-GalCer tetramers directly ex vivo, and splenocytes
were also MACS-enriched for each tetramer (orange). CD3* tetramer* T cells were identified by
gating on CD20 single, live lymphocytes. Frequencies of CD4*, CD8*, and double negative (DN)
cells were plotted as a percentage of tetramer* cells or total T cells (average for each donor across
all tetramer samples). Note that CD1b-restricted T cell populations were only analysed in six
PBMC donors and only four donors were MACS-enriched for each tetramer.
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and Belyakov, 2010). Most tetramer” cells were CD27", especially for CD1a-tetramer”
and CD1d-tetramer* populations (Fig.5.26), similar to human CDla-restricted T cells.
Macaque 1843 was the only outlier, for which the majority of tetramer™ cells were CD27-
and T cells from this macaque were CD27'°% overall (Fig.5.26b). This may have been an
artefact of the macaque’s response to influenza and SIV vaccination given that CD27

CD4" effector memory T cells display a high antigen recall response (Schiott et al., 2004).

The anti-human IL-18R mAb did not provide as clear separation between positive and
negative populations, but positive cells were still discernible (Fig.5.26). The greatest
frequency of IL-18R" were among MAIT cells followed by type I NKT cells (Fig.5.26),
which is consistent with previous literature describing high IL-18R expression by innate-
like T cells (Billerbeck et al., 2010, Hashimoto et al., 2003, Ussher et al., 2014).
Comparatively high frequencies of IL-18R" cells were also observed among type II NKT
cells and MAIT cells in some macaque donors (Fig.5.26). Group 1 CD1-restricted T cells
were variable but consistently lower compared to NKT cells and MAIT cells. CD]1a-
DDM tetramer” cells were expected not to express IL-18R as huCD1a-restricted T cells
were consistently negative for innate-like T cell markers, IL-18R and CD161 in Chapter

3.2.3.

Memory phenotypes of CD1-restricted T cell populations from the blood of 12 macaques
was delineated using CD95 and CD28 (Fig.5.27a), as has been used in other NHP models
(Pitcher et al., 2002, Messaoudi et al., 2011). Naive CD4" T cells are defined as CD95'°%
CD28Meh T effector memory (Tem) as CD95" CD28-, and T central memory (Tcm) as
CD95" CD28 (Pitcher et al., 2002). Among all four CD1-restricted T cell subsets, Tem
was the least abundant population, comprising an average of 6.33-11.32% of all tetramer”
cells (reflective of a low number of Tem cells among all T cells) (Fig.5.27b). Overall,
CDla- and CDlc-restricted T cells were predominantly naive with means of 52.2% and
65.7% respectively. CD1b-restricted T cells were predominantly Tcm cells (mean =
54.1%), and type I NKT cells had the most even distribution across Tcm and naive
populations (means of 39.3% and 45.5% respectively) (Fig.5.27b). In general, naive
CD4" T cells had lower expression of inducible co-stimulator (ICOS) compared to Tcwm
subsets (Fig.5.27c), consistent with its upregulation following activation (Hutloff et al.,
1999). Interestingly, naive CD4" tetramer™ cells had greater MFI for ICOS compared to

all naive CD4" T cells among CD1a- and CD1d-tetramer" cells, while they were lower
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Figure 5.26. Phenotypic characterisation of CD1-restricted T cells in healthy macaque blood. Six
macaque blood donors were labelled with CDla-endo, CD1b-endo, CD1c-endo or CD1d-endo
tetramers directly ex vivo in two separate experiments. Three donors analysed in a separate
experiment were also labelled with CD1d-a-GalCer and MR1-5-OP-RU tetramers as control
populations. CD3* tetramer* T cells were identified by gating on CD20 single, live lymphocytes.
Gating strategy (top) and CD27 and IL-18R expression as a percentage of all tetramer* cellsor all T
cells (average for each donor across all tetramer samples) in six/three donors as represented by
different coloured bars (bottom).
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Figure 5.27. Memory phenotypes displayed by CD1-restricted T cells in healthy, juvenile
macaque blood. Peripheral blood from 12 juvenile macaque donors was collected and processed
to obtain PBMCs in two separate experiments. Samples were labelled with CD1a-DDM, CD1b-
GMM (6 donors only), CD1c-MPM or CD1d-a-GalCer tetramers directly ex vivo, and CD3*
tetramer* T cells were identified by gating on CD20" single, live lymphocytes. To determine
memory phenotypes, samples were stained with anti-human CD95 and CD28 mAbs, and using the
gating strategy indicated (A), frequencies of Tcm, Tem and Tnaive were plotted as a percentage of
tetramer* cells (black) or all CD4+ T cells (grey) (B). C. CD4+ Tcm, Tem and Tnaive cells in 6 donors
were assessed for their expression of inducible T cell co-stimulator (ICOS) with and without CD1a-
DDM, CD1c-MPM and CD1d-a-GalCer tetramers. Each donor is represented as a separate colour.

Tcm, central memory T cells; Tem, effector memory T cells; Tnaive, naive T cells; ICOS, inducible T
cell co-stimulator
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for comparative Tcwm subsets (Fig.5.27¢c). CD1c-MPM tetramer” CD4" Tewm cells also
exhibited a lower ICOS MFI compared to all CD4" Tcwm cells (Fig.5.27¢). The number of

Tewm cells recovered was too low to accurately gauge ICOS expression levels (Fig.5.27b).

Expression of chemokine receptors CCRS5, CCR6 and CXCR3 among CD1-restricted T
cells was also assessed. Some macaques, particularly BABA (CD1a) and 9B7A (CDla,
CD1b and CD1c), had distinct populations of CCR5" tetramer™ T cells (Fig.5.28). Other
CDl-restricted T cell populations exhibited low-to-intermediate expression of CCRS
(Fig.5.28). Many type I NKT cells and, to a lesser extent, MAIT cells were also CCR5",
consistent with the literature (Chen et al., 2019b, Kim et al., 2002, Dusseaux et al., 2011).
While CXCR3 and CCR6 are typically expressed by innate-like T cells (Kim et al., 2002,
Thomas et al., 2003, Voillet et al., 2018), type I NKT cells had the lowest frequencies of
CCR6" cells compared to other CD1-restricted T cell subsets (Fig.5.28). The discrepancy
between these results may be due to different ratios of CD4 and CDS expression, as CCR6
is typically expressed by CD8+ and DN type I NKT cells (Kim, Johnston, and Butcher
2002). CD1-endo tetramer” cells expressed greater levels of CCR6 compared to type I
NKT cells but lower than those of MAIT cells, ranging up to 12.00% (Fig.5.28).
Consistent with previous observations, MAIT cells had high CCR6 expression without a
strong positive correlation to CCRS5 (Chen et al., 2019b, Kondo et al., 2007). In contrast,
CXCR3 expression was high for all T cell subsets examined: averaging 34.57%, 39.00%,
40.50%, 44.10%, 55.30% and 41.23% of CD1a-, CD1b-, CDIc- restricted T cells, type II
NKT cells, type I NKT cells, and MAIT cells respectively (Fig.5.28).

The expression of these chemokine receptors was similarly investigated in different
tissues to gain a sense of the behaviour of CD1-restricted T cells in these locations. CCR5
expression levels were consistent between tissues, apart from slightly greater expression
in the spleen, which was seen among all T cells (Fig.5.29a). Expression among peripheral
blood CDI-restricted T cells was generally lower than what was previously observed
(Fig.5.28). For example, CCR5" subsets averaged below 10% for group 1 CD1-restricted
T cells, but were higher and more comparable to previous observations for type I NKT
cells (Fig.5.29a) (Hashimoto et al., 2003). CDla-DDM tetramer® splenocytes also
exhibited greater CCRS expression compared to all T cells (Fig.5.29a). CCR6 expression
levels were generally highest in peripheral blood for CD1b-restricted T cells and type I
NKT cells (Fig.5.29b). An enrichment of CCR6 has not yet been reported for CD1b-
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Figure 5.28. Chemokine receptor expression in CD1-restricted T cells in healthy macaque
blood. Six macaque blood donors were labelled with CD1la-endo, CD1b-endo, CD1c-endo or
CD1d-endo tetramers directly ex vivo in two separate experiments. Three donors analysed in a
separate experiment were also labelled with CD1d-a-GalCer and MR1-5-OP-RU tetramers as
control populations. CD3* tetramer® T cells were identified by gating on CD20 single, live
lymphocytes. A. Representative gating strategy and B. CCR5, CCR6 and CXCR3 expression as a
percentage of all tetramer® cells or total T cells (average across all tetramer samples) in six/three
donors as represented by different coloured bars.
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Figure 5.29. Phenotypic characterisation of CD1-restricted T cells in healthy juvenile macaque
tissues. 12 juvenile macaque donors were necropsied and peripheral blood (PBMCs), spleen,
thymus, iLN and mLN were harvested. Samples were labelled with CD1a-DDM, CD1b-GMM, CD1c-
MPM or CD1d-a-GalCer tetramers directly ex vivo, and CD3* tetramer* T cells were identified by
gating on CD20 single, live lymphocytes. A. CCR5, B. CCR6 and C. CD69 expression is displayed as a
percentage of all tetramer* cells or the total T cell population. Gating for all three markers is
represented above panel A.

243



restricted T cells, although, huCD1a-autoreactive memory T cells have been observed to
express CCR6 (de Jong et al., 2010). CCR6 expression was consistently intermediate for
CDla- and CDlc-restricted T cells in all tissues, ranging up to 24.7% and 29.7%
respectively (Fig.5.29b). The activation state of CD1-restricted T cells was assessed by
CD69 expression. Peripheral blood CD1b-restricted T cells had CD69" T cell frequencies
ranging from 45.30-56.90%, and type I NKT cells had similarly high frequencies
compared to all T cells, indicating high levels of activation among these cells (Fig.5.29¢).
In other tissues, CD1-restricted T cells exhibited low to moderate CD69 expression
(Fig.5.29c). These data are indicative of small populations of CD1-restricted T cells that
are memory or activated T cells. Importantly, because tetramer” populations followed
distinct phenotypic trends from the total T cell pool, especially with the CD1b-GMM

tetramer, this suggests that tetramer staining was predominantly TCR-dependent.

Collectively, these data provide some insight into the phenotypes of CD1-restricted T
cells in different macaque tissues. CD4/CDS8 co-receptor expression varied between CD1-
restriction and tissue type, however all CD1-restricted T cells appeared enriched for CD4
expression in LNs. NKT and MAIT cell populations exhibited high IL-18R expression.
However, group 1 CDl-restricted T cells lacked expression of this innate-like T cell
marker and many were naive, although memory populations were observed, particularly
for CD1b-GMM reactive cells. Chemokine receptor expression also varied between the
different populations, suggestive of functional diversity, although further experiments to
validate this are warranted. Despite the need to further optimise ptmCD1 tetramer
staining, this work provides the framework for more detailed analysis of CD1-restricted

T cells in healthy macaque animals and in models of disease.
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5.3 Discussion

NHP models, including macaques, are frequently used in pre-clinical testing due to their
phylogenetic proximity to humans. To date, type I NKT cells have been studied in various
monkeys, including sooty mangabeys and rhesus, cynomolgus, and pig-tailed macaques
(Gansuvd et al., 2008, Gansuvd et al., 2003, Kashiwase et al., 2003, Motsinger et al.,
2003, Yuetal., 2019, Fernandez et al., 2012, Fernandez et al., 2009, Liu et al., 2006, Rout
et al., 2010b, Rout et al., 2010a, Rout et al., 2012). Due to the limitations of using murine
models to study group 1 CD1-restricted T cells and CD1d-restricted type II NKT cells,
novel reagents were developed for the study of all CDI1-restricted T cells in PTM,
including CDI1 tetramers, CD1-restricted T cell lines and CD1-expressing APC lines.

Trans-species cross-reactivity of huCD1d-a-GalCer tetramer with mouse and NHP type
I NKT cells is well-established. Here, cross-reactivity was only observed for TRAV10-
TRAJ18-TRBV25* NKT cells, and not atypical NKT cells that also recognise a-GalCer.
These results suggest that the structural and molecular basis for CD1d—Ag recognition
between type Il and atypical NKT cells are fundamentally distinct between humans and
macaques, as cross-reactivity likely relies on the conservation of key contact regions for

both the TCR and CD1d.

Mammalian type I NKT TCRs use a conserved docking mode to recognise CD1d-Ag
complexes (Rossjohn et al., 2012, Borg et al., 2007, Brossay et al., 1998, Pellicci et al.,
2009). By using parallel docking over the F’-pocket of CD1d, they can recognise a range
of lipid antigens (Le Nours et al., 2016, Girardi and Zajonc, 2012). Conversely, type II
and atypical NKT TCRs can adopt distinct docking modes over CD1d-Ag complexes
(Almeida et al., 2019, Le Nours et al., 2016, Pellicci and Uldrich, 2018). It hence may be
differences in the way these individual TCRs engage CD1d that influence whether they

are cross-species-reactive.

In addition, variable cross-reactivity was observed among group 1 CD1-restricted T cells.
Like NKT cells, CD1b-restricted T cells exhibited varying levels of trans-species cross-
reactivity between macaque and human CDI1b that was somewhat antigen-dependent,
consistent with a previous study revealing cross-reactivity in the presence of GMM
(Morita et al., 2008). Here, for the first time, cross-reactivity was observed independently

of GMM. CDlb-restricted TCRs might therefore also adopt different mechanisms of
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binding CD1b-Ag complexes, with some docking in a conserved manner onto human and
macaque CD1b. CD1b has the greatest homology between humans and PTM compared
to other CD1 isoforms (7able 5.1), which may contribute to its higher degree of trans-
species reactivity. This is also the first instance of cross-reactivity observed between
ptmCDIc and a huCDl1c-restricted TCR, in this case presenting endogenous self-lipids.
Cross-reactivity was not tested in the presence of a mycobacterial lipid, such as MPM,
and a previous study did not reveal any reactivity of CD1c-restricted clone CD8-1 in the
presence of mycobacterial lipid extracts (Morita et al., 2008). In contrast, huCDla-
restricted T cells did not recognise ptmCDla, consistent with the previous lack of
activation of a huCD1a-restricted T cell clone with rhesus macaque CD1a (Morita et al.,
2008). CD1a has the least conservation between humans and PTMs, which may explain
the inability of huCD1a-restricted TCRs to dock onto ptmCD1a in a way analogous to
huCD1a (albeit human and macaque CD1a molecules were similar enough that one mAb

clone targeting huCD1a also bound ptmCD1a).

After confirming their binding reactivity, ptmCD1 tetramers were employed to label
healthy human peripheral blood for T cells restricted to ptmCD1. HuPBMCs labelled
with ptmCD1d tetramer revealed small populations of tetramer” cells, which may have
been a result of binding independent of CD]1-restriction, or alloreactivity due to the
monomorphic nature of CD1 in both species. Human T cells labelled with ptmCD1b and
ptmCD]c tetramers revealed evidence of TCR-independent binding akin to that seen with
huCD1b, huCD1c and huCD1d tetramers (Gherardin et al., 2021). A large proportion of
T cells were positively labelled for ptmCD1b and ptmCDlc tetramers, which likely

included cells that bound these tetramers in a TCR-independent manner.

CD36 and SCARBI were assessed as potential markers to target for tetramer staining
optimisation. CD36, important for the recognition and endocytic uptake of oxidised
phospholipids (Asch et al., 1987, Stewart et al., 2010), can bind lipidic molecules such as
oxidised low-density lipoproteins, phospholipids, long-chain fatty acids, and bacterial
diacylated lipopeptides including mycobacterial lipids (Park, 2014). Documented CD1
lipid antigens reported include lipopeptides and phospholipids (reviewed in (Kaczmarek
et al., 2017)), thereby providing potential interaction sites should CD36 capture the same
lipid antigens as CD1 molecules. SCARBI, also binds low-density and high-density
lipoproteins with high affinity (Acton et al., 1996, Acton et al., 1994), and therefore may
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display a similar phenomenon. CD36 is highly conserved across mammals (Holmes,
2012), which may explain TCR-independent binding to CD1 tetramers being observed
across species (humans, mice (data not shown) and macaques). When comparing CDlc
tetramer staining in human and macaque samples, TCR-independent staining appears
more prominent in human samples, which may be reflective of the human CD36 gene
containing transcription factor binding sites contributing to a high gene expression level

(6.6 times higher) (Holmes, 2012), thereby providing more potential receptors.

The findings here suggest that CD36 and SCARB1 may bind ptmCD1b and ptmCDlc
molecules, and that blocking these scavenger receptors prior to tetramer staining may
minimise TCR-independent staining. There may also be a way to manipulate CDI
tetramer staining to exclude cells that do not bind via their TCR, by loading CDI
molecules with specific lipid antigens (and removal of lipids that act as ligands for CD36
and SCARBI). Lipid-dependent reduction in TCR-independent staining was first seen
with huCD1d-a-GalCer, which cannot bind ILT-4, presumably due to conformational
changes to CD1d caused by a-GalCer compared with CD1d containing endogenous lipids
(Li et al., 2009). A similar phenomenon was observed with ptmCD1b-GMM, which
resulted in a reduction in tetramer” cells compared to CD1b-endo. This suggests that the
addition of GMM (in the detergent tyloxapol) alters the CD1b conformation, GMM
and/or the detergent interfere with the interaction, or the detergent removes lipids that act
as CD36 and SCARBI ligands from CD1b. Notably, the addition of MPM did not reduce
tetramer-independent staining for CDlc, but it may be possible to optimise tetramer

staining with defined lipid antigens.

Prior to this study, the TCR repertoire of macaque CD1-restricted T cells remained ill-
defined. While this was merely a preliminary study including a small number of T cell
clones, the sequences determined revealed a diverse TCR repertoire with some hints of
recurring variable gene usage patterns, similar to biases among human CD1-restricted T
cells reported in this thesis and by others (Van Rhijn et al., 2014, Vincent et al., 2005,
Cohen et al., 2009, de Jong et al., 2010, de Lalla et al., 2011, Grant et al., 1999). Studies
of macaque type I NKT cells suggest the presence of a “pan-primate” type I NKT TCR
rearrangement, incorporating the same TCR a- and B-chain variable genes and exhibiting
high conservation among residues that mediate contacts between the TCR and CD1d-a-

GalCer (Gansuvd et al., 2003, Kashiwase et al., 2003, Motsinger et al., 2003, Yu et al.,
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2019). It is therefore unsurprising that there may be pan-primate patterns of variable gene
usage among CDl-restricted T cells, especially among those T cells that recognise
mycobacterial lipid antigens, such as the TRBV28 gene bias observed among CD]la-
DDM-reactive T cells. Analysis of ptmCD]la-restricted TCRs revealed an intra-donor
bias for TRBV28, which is the same variable gene bias determined earlier in this study
among huCDla-restricted TCRs. There were other regularly occurring variable genes
among ptmCD1b-, ptmCD]lc-, and ptmCD1d-restricted TCRs, however with the small

number sequences, it is difficult to determine whether these were true biases.

A number of ptmCD1-restricted SKW-3 T cell lines were generated for use in tetramer
labelling and activation assays, along with a suite of ptmCD1 transfectant C1R cells lines.
Both rhesus macaque and murine type I NKT cells respond to huCD1d transfectants in
the presence of a-GalCer (Ishihara et al., 2000, Nicol et al., 2000, Nieda et al., 1999, Yu
et al., 2019), but given the limited trans-species cross-reactivity between CD1 molecules
and group 1 CD1-restricted T cells or type II NKT cells, the cell lines produced here will
be useful tools in studying all macaque CDl-restricted T cells in vitro. Such CDI1-
expressing C1R cell lines could be used in characterisation and functional studies of CD1-
restricted T cells. They could also be employed to expand CD1-restricted T cells in vitro
to use in adoptive immunotherapies as has previously been done for type I NKT cells
(Bagnara et al., 2009), which are particularly of interest given the monomorphic nature

of CD1 molecules.

No study has yet enumerated CD1-restricted T cell populations in macaques other than
type I NKT cells. Lipid-reactive populations were assessed in several tissues using CD1a-
DDM, CD1b-GMM, CD1c-MPM and CD1d-a-GalCer tetramers. One study of rhesus
macaque type I NKT cells reported a small percentage of type I NKT cells by labelling
Va24* T cells, isolating 0.27% among PBMCs and 0.15% in spleen, the majority of which
were also 6B11" (Gansuvd et al., 2003). Another study reported type I NKT cells
occurring within <0.01-0.35% of splenocytes anti-Va24 with mCD1d-a-GalCer
tetramers (Motsinger et al., 2003). More recently, huCD1d-a-GalCer tetramers have been
used to isolate rhesus macaque type I NKT cells, which occur at varying frequencies,
typically <0.1% of CD3" T cells (Yu et al., 2019), comparable to the results here. In the
current study, CDI1-restricted T cells were generally more frequent in the spleen

compared to LNs, and were present at similar frequencies to type I NKT cells enumerated
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previously (Yu et al., 2019). CD1c-restricted T cells were consistently the most abundant
population in each lymphoid tissue, while CD1b-restricted T cells were the least
abundant, which is consistent with autoreactive CDI1-restricted T cell populations

identified in humans (de Lalla et al., 2011).

In concordance with previous observations for CD1-autoreactive T cell subsets among
huPBMCs using tetramers (data presented as part of Catriona Nguyen-Robertson’s
Honours Thesis, submitted to The University of Melbourne in 2015), CD1-restricted T
cell subsets were relatively low in frequency among PTM peripheral blood T cells,
ranging from <0.01-0.65%. CD]1c-restricted T cells were consistently the most abundant
in ptmPBMCs, which is in line with the observation that huCD1c-autoreactive T cells
were the most abundant CD1-autoreactive T cell subset (de Lalla et al., 2011). The
frequencies of CD1-restricted T cells determined here were more in line with those of de
Jong et al., who estimated that the frequency of huCDla-autoreactive T cells among
peripheral blood memory T cells is between 0.02-0.4% (de Jong et al., 2010). The
variability between these results may be due to different lipid specificities, as the two
studies used different cell lines to produce CD1 molecules that may have had different
endogenous lipid repertoires, and here, mycobacterial lipid antigens were used. Lymph
node, spleen and PBMC type I NKT cell frequencies were consistent with the findings of
Yu et al., for which most donors had fewer than 0.1% of T cells as tetramer™ cells in these
tissues while some donors had frequencies up to 0.5% (Yu et al., 2019), emphasising the

variability between donors.

Liver, rectum, and BAL samples exhibited higher frequencies of CDI1-restricted T cell
subsets compared to lymphoid tissues and blood. CD1a-restricted T cells were the most
predominant population in the liver, followed by CD1d-, CD1c- and then CD1b-restricted
T cells. Murine NKT and MAIT cells are enriched in the liver and thought to play an
important role there (Huang et al., 2018), and these data suggest that other CD1-restricted
T cells, especially CD1a-restricted T cells, may be similarly enriched in macaques (albeit
similar enrichments are not observed in humans). The rectum had even higher frequencies
of CDla-resricted T cells. Liver, rectum, BAL and lung tissues were more difficult to
process compared lymphoid tissues and blood, and as a result fewer cells were obtained,
potentially leading to an inaccurate estimate of frequencies. It is therefore imperative to

optimise tissue harvesting and tetramer staining techniques to obtain clear, distinct
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populations of CDI1-restricted T cells in these tissues for further enumeration and
characterisation. Magnetic-enrichment of tetramer staining in splenic samples produced
the most distinct populations of tetramer™ cells, albeit appeared to also enrich for a CD4
CDS8 DN T cell population, highlighting that this method is worth pursuing for tissues

that have enough cells.

A preliminary phenotypic analysis of CDI1-restricted T cell populations in lymphoid
tissues and peripheral blood was performed, with the assumption that tetramer™ cells were
indeed CD1-restricted T cells. CD4 and CD8 expression was heterogenous among CD1-
autoreactive T cell populations, which was surprising given the predominant expression
of CD4 by huCD1-restricted T cell populations shown here and by others (de Jong et al.,
2010, de Lalla et al., 2011). The proportions of DDM-, GMM-, MPM- and a-GalCer-
reactive T cells that were CD4" were typically higher in the LNs and lowest in the spleen,
reflecting an increase in DN cell frequencies. Previous findings suggest that while human
type I NKT cells are typically CD4" or DN, their rhesus and cynomolgus counterparts
contrastingly predominately express CD8 (Motsinger et al., 2003, Yu et al., 2019). Here,
however, ptmCD]1-restricted T cells (recognising bacterial lipids) mirrored their human
counterparts and were mostly CD4" albeit with greater variability. As lipid-reactive CD8"
T cells mediate responses in BCG immunisation (Kawashima et al., 2003, Chen et al.,
2009) and CD4" T cells are critical for control of Mtb infection (Boom et al., 2003), the

existence of both these subsets among CD1-restricted T cells is likely to be beneficial.

Mouse and human NKT cells are known to express innate-like and memory T cell
markers such as CD161 (Exley et al., 1997, Exley et al., 1998), but interestingly, macaque
type I NKT cells have previously been found to be low or negative for this marker, the
exception being within tissues such as spleen and liver (Gansuvd et al., 2003, Yu et al.,
2019). IL-18R expression was investigated, which is typically positively correlated with
CD161 in NKT cells, MAIT cells and Tnl7 cells (Cosmi et al., 2008, Dusseaux et al.,
2011, Martin et al., 2009b). CD1a-restricted T cells were consistently low for IL-18R
expression compared to the other populations, similar to huCD1a-restristed T cells, which
are consistently negative for IL-18R and CD161 (Chapter 3). Meanwhile, type II NKT
cells and CDl1c-restricted T cells in PTM displayed higher levels of IL-18R expression
similar to MAIT cells and type I NKT cells.
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Memory phenotypes among blood CDI-restricted T cell populations were delineated
using CD95 and CD28 as done in other NHP models (Pitcher et al., 2002, Messaoudi et
al., 2011). Few Tgwm cells were detected in the blood, consistent with other studies of pig-
tailed and rhesus macaques (Mason et al., 2008, Pitcher et al., 2002), and naive T cell
were more abundant given that the macaques studied were juveniles (Saule et al., 2006,
Thome et al., 2014, van Gent et al., 2009). CD1a-, and to a greater extent, CD1c-restricted
T cells, were predominantly naive, which is similar to a previous observation that human
CDl-autoreactive T cells develop naive/memory dynamics but remain mostly naive in
adult peripheral blood (de Lalla et al., 2011). More than half of GMM-reactive T cells
displayed a Tcm phenotype, aligning with the memory phenotype of CD1b-GMM and
CDI1b-mycolic acid-reactive T cells seen in humans (Lopez et al., 2020). There were also
many type I NKT cells that displayed a memory phenotype, and donors tended to have a
more even distribution across Tcm and naive populations, reflective of circulating type I
NKT cells displaying an activated/effector memory phenotype in rhesus macaques and
humans (D'Andrea et al., 2000, Gansuvd et al., 2003, Rout et al., 2010b, Yu et al., 2019,
Sandberg et al., 2004), however the majority were still naive. The difference between
studies may be explained by the use of different markers used to identity T cells with an
activated/effector memory phenotype (e.g. CD45RO/CD45RA, CCR7 and CD28), or
species differences. CD4" Tcwm cells were assessed for ICOS which upregulated on CD4*
T cells following antigenic stimulation and typically expressed by cells with prior
activation. Among tetramer” CD4" Tcwm subsets ICOS expression was lower compared to
all CD4" Tcwm cells. Given that ICOS expression levels are correlated with the type of
cytokines produced by cells (e.g. high expression is linked to IL-10 and intermediate
expression to Th2 cytokines), the lower expression of ICOS compared to other Tcwm cells
may be reflective of the inflammatory potential of CD1-restricted T cells (Lohning et al.,
2003).

The activation status of CD1-restricted T cells was assessed by CD27 and CD69, which
is transiently expressed on mature T cells (Cosulich et al., 1987, Hara et al., 1986, Testi
et al., 1989). Most CD1-restricted T cells were CD27", particularly within CD1a- and
CDld-restricted T cell populations. CD69 levels were high among peripheral blood
GMM-reactive T cells, which may correlate to a higher expression of Tcm cell markers
here and the memory phenotype of human GMM-reactive T cells, suggesting prior in

vivo activation of such cells (Lopez et al., 2020). Circulating type I NKT cells also had

251



high expression of CD69, in contrast to a rhesus macaque study that found CD69
expression to be higher in lymphoid tissues compared to the blood (Yu et al., 2019). These
differences may be an artefact of age or the fact that CD69 may not always be reflective
of activation. This is in line with another study that found human type I NKT cells to be
negative for HLA-DR and CD69 in neonates, but were still considered active due to high
CD25 expression (D'Andrea et al., 2000). It will therefore be interesting to investigate the
balance of activating and inhibitory markers on CD1-restricted T cell subsets in human

and macaques.

Distinct populations of CCR5* CD1-restricted T cells were identified, and consistent with
previous studies indicating abundant CCRS expression, with type I NKT cells and MAIT
cells exhibiting the highest expression levels (Chen et al., 2019b, Kim et al., 2002,
Dusseaux et al., 2011, Hashimoto et al., 2003). CCRS is the main receptor used by HIV
for virus entry into the cell and cell-to-cell spread in humans, and is also the major co-
receptor for simian immunodeficiency virus (SIV) pathogenesis in macaques (Littman,
1998, Unutmaz et al., 1998). Given the susceptibility of CCR5" CD4" T cells to HIV
infection (Motsinger et al., 2002) and the predominant expression of CD4 by macaque
lipid-reactive T cells, their expression of CCRS may influence the impact of SIV/HIV on
lipid-reactive T cell populations. In rhesus macaques, while the majority of V24" NKT
cells are CD4, they exhibit high expression of CCRS5 and are more susceptible to SIV
infection than conventional CD4" T cells (Motsinger et al., 2003). With many ptmCD]1-
restricted T cells being CCR5" in this study, these cells warrant further investigation in

the context of SIV immunopathology.

As peripheral blood MAIT and type I NKT cells are associated with CCRS, CCR6 and
CXCR3 (Chen et al., 2019b, Kim et al., 2002, Thomas et al., 2003, Voillet et al., 2018),
expression of these chemokine receptors by ptmCD1-restricted T cells was investigated.
There was no correlation between CCRS and CCR6 expression as observed by others
among human innate-like T cells (Chen et al., 2019b, Kondo et al., 2007). CCR6
expression levels were generally highest in peripheral blood compared to other tissues for
CDlb-restricted T cells and type I NKT cells, and were consistently intermediate among
CDla- and CDlc-restricted T cells. CCR6 is involved in both inflammatory and
homeostatic roles in the immune system (Baba et al., 1997, Cook et al., 2000), suggesting

that CD1-restricted T cells, especially GMM-reactive T cells and NKT cells, may play a

252



role in these processes. CXCR3 expression levels were also high, suggesting that these T
cell subsets are equipped to respond to proinflammatory chemotactic cues, such as IFN-
y sensed by CXCR3 (Loetscher et al., 1996). It was reassuring that CD1-Ag tetramer®
populations did not simply mimic expression of these markers for the whole T cell
population, indicating that tetramer staining, especially for CD1a-DDM, CD1b-GMM

and CD1d-o-GalCer tetramer™ cells were likely staining in a TCR-dependent manner.

In summary, this is the first study to demonstrate the production and use of ptmCD1
tetramers loaded with mammalian endogenous lipids or mycobacterial lipid antigens in
order to identify and isolate CD1-restricted T cell populations in macaque tissues. These
T cells exhibited cell surface phenotypes somewhat similar to other unconventional T
cells and therefore may also play a role in coordinating adaptive and innate immune
responses like they do in humans and mice. Cell lines that express ptmCD]1-restricted
TCRs or transmembrane ptmCD1 molecules were generated and will be useful tools to
study these cells in vitro. Thus, this work forms a basis to build upon knowledge of lipid-
reactive T cells in NHP models. This is particularly important as CD1-restricted T cells
have been implicated to play a role in many diseases, and therefore may represent
important targets for T cell immunotherapy approaches that are not possible or more
cumbersome with polymorphic antigen-presenting molecules. Given that some
immunotherapies have been demonstrated to directly cross-react with both their human
and macaque targets, use of macaque models will allow rapid translation of new
laboratory discoveries into clinical trials (Miller et al., 2010, Rhode et al., 2016, Weaver
etal., 2009). Studying CD1-restricted T cells in macaques will hence provide great insight
into diseases in which lipids play a large role, including mycobacterial infections and
autoimmune diseases such as multiple sclerosis. Furthermore, as many studies of
COVID-19 are now being carried out in macaques (Munoz-Fontela et al., 2020, Salguero
et al., 2021), these reagents may provide some insight into the role that these cells play in
different infections. Collectively, these data represent a major step forward in
understanding lipid-reactive T cells in macaques to provide a basis for studying these

cells in NHP models of disease.
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Chapter 6. Analysis of CD1a-restricted T cells in the skin and
skin allergy

6.1 Introduction

Accumulating evidence from numerous studies suggests a role for CDla and CD]la-
restricted T cells in skin immunity. CD1a is predominantly found in human skin and is
highly abundant on epidermal Langerhans cells where it can capture and present lipids in
skin oils (de Jong et al., 2014, Meunier et al., 1996). Previous studies suggest that CD1a-
autoreactive T cells are also present in the dermis (de Jong et al., 2010, Cotton et al.,
2021). Additionally, peripheral blood CDla-autoreactive T cells with a memory
phenotype have been observed to express cutaneous lymphocyte antigen (CLA), a marker
identifying T cells that participate in skin immunity (Fuhlbrigge et al., 1997, Berg et al.,
1991, Picker et al., 1990), in addition to CCR4, CCR6, and CCR10, which together enable
skin-homing (de Jong et al., 2010, Duhen et al., 2009).

Supporting the notion of CDla-restricted T cells playing a role in the skin, they can
recognise small, headless autoantigens in skin (de Jong et al., 2014). These oily lipids
found in skin are stimulatory given that they do not interfere with TCR-CD1a contact, at
least for TCRs that have been interrogated to date (de Jong et al., 2014). Apolar lipids,
such as squalene, triacylglycerols (TAGs), free fatty acids and wax esters, which lack
bulky and/or polar headgroups are considered agonistic. Meanwhile CD1a self-lipids with
charged or large headgroups (e.g. sphingolipids and phosphatidic acid-containing
compounds with varying headgroups, chain length and saturation) tend to be antagonistic
for CDla-restricted T cells (de Jong et al., 2014). This is in line with the “absence of
interference” model of recognition. However, there still appear to be restrictions on CD1a
recognition of small oily autoantigens, as cholesterol and cholesterol esters, which are
similarly hydrophobic to the aforementioned apolar lipids, are not recognised by CD1a-
autoreactive T cells (de Jong et al., 2014). Understanding the reactivity of CD1a-restricted
T cells to these self-lipids is important as the epidermis has a greater enrichment of TAGs
than any other tissue, and squalene, a component of sebum, is enriched in the sebaceous

glands (Nicolaides, 1974).

The presence of CDla-expressing Langerhans cells, CDla autoantigens, and CD]la-

restricted T cells that express skin-homing markers suggest roles for CDla in skin
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homeostasis, tissue repair and immunity, particularly when the barriers between the
dermis and epidermis break down. A number of studies discuss CD1a-autoreactive T cells
in the context of immunopathological conditions (e.g. allergy or autoimmunity) (Agea et
al., 2005, Roura-Mir et al., 2005a, Shamshiev et al., 1999). Upon activation, some CD1a-
autoreactive T cells adopt a skin-homing Tx22 phenotype, producing IL-22 sometimes
together with IFN-y and IL-2 (de Jong et al., 2010, Duhen et al., 2009, Eyerich et al.,
2009, Nograles et al., 2009, Cotton et al., 2021). IL-22 acts on non-hematopoietic
epithelial cells in the skin, such as keratinocytes (Wolk et al., 2004), to trigger the
production of antimicrobial peptides and gene expression promoting cellular
differentiation and survival (Boniface et al., 2005, Wolk and Sabat, 2006). IL-22
participates in many chronic inflammatory conditions, including those in the skin, and is
a target in psoriasis treatment (Zhang et al., 2011). Psoriatic lesions are known to contain
Tn22 cells, and the over-production of IL-22 promotes acanthosis (epidermal thickening)
associated with psoriasis (Lowes et al., 2014, Boniface et al., 2007), with CD1a-restricted
T cells thought to play a role. CD1a-restricted T cells have also been observed to produce
IL-17 upon activation, another cytokine implicated in psoriasis pathogenesis (Kim et al.,
2016, von Stebut et al., 2019). CD1a-dependent production of IL-17 and IL-22 by CD4"*
T cells have since been implicated in psoriatic skin inflammation, providing evidence for

CDla-restricted T cells in its pathogenesis (Kim et al., 2016).

There is also evidence of CD1a-mediated contact hypersensitivity and allergic reactions.
Unlike other CD1 isoforms, surface CD1a molecules rapidly capture extracellular lipid
antigens without requiring antigen processing within the endosomal/recycling network
(Manolova et al., 2006, Sugita et al., 1999) and could therefore potentially rapidly respond
to lipids within or absorbed by the skin. Neoantigens that are presented by CD1a can be
generated by the cleaving of self-phospholipids by phospholipases in bee and wasp
venom, and house dust mites, contributing to the allergies individuals exhibit towards
these creatures (Bourgeois et al., 2015, Jarrett et al., 2016b). Further evidence supporting
a role for these cells in allergic dermatitis is an elevated frequency of bee and wasp
venom-responsive T cells in allergic individuals compared to non-allergic individuals
(Subramaniam et al., 2016). In fact, similar neoantigens are also produced by
phospholipases released by mast cell exosomes, contributing to psoriasis pathogenesis

(Kim et al., 2016, Cheung et al., 2016). Changes in the lipid repertoire, and subsequently,
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lipids captured and presented by CD1a, may therefore contribute to skin inflammation

and allergy.

LCs themselves also initiate and regulate contact hypersensitivity (Bennett et al., 2005).
CDla-restricted T cells express the aryl hydrocarbon receptor (AHR) (de Jong et al.,
2010), which is expressed by skin cells and is involved in LC maturation, IL-22
production and contact hypersensitivity. Hence, CD1a-restricted T cells may play a role
in facilitating IL-22 production via AHR or other forms of signalling (Quintana et al.,
2008, Trifari et al., 2009, Veldhoen et al., 2009). In addition, CD1a-restricted T cells have
been shown to contribute to the allergic response to poison ivy by mediating IL-17
inflammatory responses via the recognition of C15:2 urushiol in a similar manner to

psoriasis pathogenesis (Kim et al., 2016).

More recently, CDla contact allergens have been identified in cosmetic products,
specifically those that contain balsam of Peru, which is commonly used in skincare
products and is a contact allergen seen in medical practice (Fransway et al., 2013, Wolf
et al., 2013, Nicolai et al., 2020). A number of small, hydrophobic compounds in balsam
of Peru such as C15 farnesol, benzyl benzoate and benzyl cinnamate, were observed to
trigger CD1a-mediated contact hypersensitivity reactions and CD1a-restricted T cell IFN-
v production (Nicolai et al., 2020). Most known contact allergens in cosmetic products
are nonpeptidic small molecules, such as cations or metals, that interfere with TCR
recognition of HLA-peptide complexes (Kaplan et al., 2012, Peiser et al., 2012), while
these act as independent antigens presented by CD1a. The aforementioned study hence
provided an example of tree oils in dermatological products that are known to initiate

potent contact hypersensitivity also functioning as CD1a antigens (Nicolai et al., 2020).

To further evaluate the role of CD1a-restricted T cells in skin immunity and homeostasis,
they were isolated and phenotypically characterised from healthy skin donors and
compared to other unconventional T cell subsets. In addition, following a personal
allergic reaction to sunscreen, this study aimed to determine whether the causative agent

of the reaction was also a CD1a allergen that similarly activates CD1a-restricted T cells.
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6.2 Results

6.2.1. Isolation of skin CD1-restricted T cells

CDla-restricted T cells have been implicated to play a role in skin immunity, especially
given their expression of skin-homing markers among circulating memory cells (de Jong
et al., 2010), yet remain relatively uncharacterised in this tissue. Building on previous
work interrogating these cells in skin (Cotton et al., 2021), they were isolated from
healthy human skin samples for characterisation. Skin samples were obtained following
abdominoplasty surgery and donor-matched blood was processed to obtain PBMCs when
available. Subcutaneous fat was trimmed off all skin samples, and the dermal and
epidermal layers were either processed together or separately. Epidermis was separated
from dermis by scraping the top layers of skin, and either whole skin or separate layers

were enzymatically digested in 1 mg/mL Collagenase P.

As the use of collagenase in tissue digestion can impact surface marker epitopes targeted
by mAbs for identification and characterisation, mAbs used were first tested with PBMCs
treated with or without Collagenase P under the same conditions (Fig.6.1). In most cases,
staining profiles with CD45, CD3, CLA, af3-TCR, and y3-TCR remained similar with and
without Collagenase P. The most striking difference was that the anti-CD4 mAb binding
epitope remained intact for clone RPA-T4 but not SK3 following Collagenase P
digestion, determined by the absence of CD4" cells in the sample stained with clone SK3.
There was also a reduction in CD1a" cell populations using the H149 anti-CD1a mAb
clone, which was not apparent with the SK9 clone. These staining profiles informed the
antibodies used in phenotypic analyses of skin T cells digested with Collagenase P to

ensure intact mAb binding epitopes.

Whole skin, epidermis and dermis samples were compared in three donors to determine
which processing method would yield the highest T cell recovery. Samples containing
epidermis only yielded the most T cells (CD45" CD3"), while fewer cells in total were
recovered from whole skin and dermis samples (Fig.6.2a). Tetramer" cells were difficult
to isolate in whole skin and dermis samples given the low frequency of T cells, while
small populations of CD1a-restricted T cells and MAIT cells were observed (Fig.6.2b),
albeit they were observed at lower frequencies than in donor-matched PBMCs. Given that

LCs predominantly reside in the stratum spinosum layer of the
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Figure 6.1. Labelling of Collagenase P-treated PBMCs with mAbs. PBMCs were incubated with 1
mg/mL Collagenase P in RF-10 media (right) or RF-10 alone (left) at 37°C for 90 minutes. Following
which, they were labelled with mAbs targeting CD45, CD3, af-TCR, y6-TCR, CD4, CD8, CD1a, CLA,
and CD19. Cells shown are already gated on 7-AAD- single lymphocytes. Data are representative of
three donors in three independent experiments.
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Figure 6.2 Isolation of T cells directly ex vivo from skin from abdominoplasty . A. Isolation of T cells from 20
cm? (5 x 2 cm x 2 cm squares) of epidermis, dermis and whole skin and donor-matched PBMCs. T cells were
identified by expression of CD45 and CD3. B. T cells were labelled with CD1a-DDM, MR1-5-OP-RU, and CD1d-
a-GalCer (a-GC) tetramers. Note that CD1d-a-GC was only used in epidermis and PBMC samples due to
insufficient cells obtained from dermis and whole skin samples. Data representative of three donors in three

independent experiments.
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epidermis, and isolation from epidermis was the most fruitful (whole skin and dermal
samples did not yield many T cells (Fig.6.2a)), further flow cytometry analyses focused

only on epidermal samples.

Epidermal cells from 15 donors were labelled with CDla-endo (lipids endogenous to
GnTT cells), CD1b-endo, CD1c-endo, CD1d-endo, CD1d-a-GalCer or MR1-5-OP-RU
tetramers. To verify that tetramer labelling was specific for each CD1 molecule,
epidermal cells and PBMCs were co-labelled with two, independent tetramers: CD1a-
endo with CD1b-endo, CDI1c-endo with MR1-5-OP-RU, and CD1d-endo with CD1d-a-
GalCer (Fig.6.3). Very few cells bound both tetramers, indicating that tetramer™ cells in
the epidermis were more likely to be true CD1-restricted T cells or MAIT cells rather

than being the result of non-specific tetramer binding.

Identification of CDl-restricted T cells from human skin cells using flow cytometry
proved challenging, and while all tetramers revealed small populations, more distinct
populations were only observed for NKT cells and MAIT cells (Fig.6.4a, b). The
proportion of CDla-, CD1b- and CD1d-restricted T cells was typically higher in skin
compared to blood, while CD1c-restricted T cells and MAIT cell populations were lower
in skin compared to blood. Overall, MAIT cell frequencies were the highest for both
tissues in these donors, reaching as high as 3% and 6% of T cells in skin and blood
respectively. This is similar to a previous report of MAIT cells constituting a small
percentage of the total T cell population with little difference between skin and blood (Li
et al., 2017). Type II NKT cells (CDI1d-endo tetramer" cells) were the second most
abundant population in the skin — more abundant than type I NKT cells — followed by
CDlc- and CDl1a-restricted T cells. Epidermal CD1a-restricted T cell frequencies varied
between donors, demonstrating that there are measurable populations of CD1a-restricted
T cells in the skin of some donors, although all donors had fewer than 3% within the total
T cell pool (Fig.6.4a, b). It may be that they were in the dermis instead of epidermis, but

the processing of skin samples to interrogate these tissues requires optimisation.
Frequencies of y0-T cells were lower in the epidermis compared to blood (Fig.6.4a, c),

which was surprising given that they are typically more abundant in non-lymphoid tissues

including skin (Dupuy et al., 1990, Nielsen et al., 2017). However, within individual
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Figure 6.3. Dual labelling of CD1-ag and MR1-5-OP-RU tetramers. Epidermal cells and PBMCs from
matched blood were co-stained with two different tetramers simultaneously: CDla-endo with
CD1b-endo, CD1c-endo with MR1-5-OP-RU, and CD1d-endo with CD1d-a-Galcer. Cells are gated on
CDA45+ CD3* CD14- CD19- 7-AAD- lymphocytes. Data are representative of five donors, each in
independent experiments.
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Figure 6.4 Frequencies of unconventional T cells isolated directly ex vivo from epidermis. Skin from
abdominoplastic surgeries was processed to produce a single cell suspension of epidermal cells for flow
cytometry. A. Isolation of T cell populations labelled with CD1a-endo, CD1b-endo, CD1c-endo, CD1d-endo,
CD1d-a-GalCer or MR1-5-OP-RU tetramers, or an anti-6y-TCR mAb within the epidermis and PBMCs in two
donors. Cells are gated on CD45* CD14 CD19- 7-AAD- lymphocytes. B. Frequencies of CD1-restricted T cell
populations and MAIT cells from peripheral blood (red) and epidermis (blue) in 11 donors. Note that each
tetramer was not used in all donors and the number of donors are indicated: CD1a-endo (n = 11), CD1b-endo
(n=7), CD1c-endo (n = 4), CD1d-endo (n = 11), CD1d-a-GalCer (n = 5), and MR1-5-OP-RU (n = 11). One donor
did not have matched blood provided. C. Frequencies of y6-TCR* T cells in 7 donors. The number of donors
assessed for each subset of tetramer* cells are as indicated: CD1la-endo (n = 6), CD1b-endo (n = 5), CD1c-
endo (n = 3), CD1d-endo (n = 7), CD1d-a-GalCer (n = 4), and MR1-5-OP-RU (n = 7).
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CDl-restricted T cell populations and MAIT cells, yo-T cell frequencies increased overall
in the skin compared to blood (with the exception of CD1b-restricted T cells). Among
epidermal CD1a-restricted T cells, y6-TCR" T cell frequencies ranged from undetected to
81%. As a comparison, y6-TCR" frequencies ranged up to 32% and 18% of MAIT cells
and CD1d-a-GalCer reactive T cells respectively. These data suggest that lipid-reactive
and metabolite-reactive T cells are found in the epidermis, some of which are y3-T cells,
and these populations may play various roles in maintaining skin homeostasis and barrier

tissue immunity.

6.2.2. Characterisation of skin CD1-restricted T cells

To phenotypically characterise epidermal unconventional T cells, CD1la, CD1b, CDlIc,
CD1d, and MR1 tetramers were incorporated into a flow cytometry panel designed to
measure co-receptor usage (CD4, CDS8), memory status (CD45R0O), and skin-homing
marker receptor expression (CLA). Phenotypic analyses were limited due to the use of
Collagenase P in enzymatic tissue digestion as it can impact mAb epitopes (Fig.6.1). As
a comparison, tetramer- CD3" T cells were also analysed to ensure phenotypic profiles

were as expected for skin-localising T cells.

Epidermal tetramer® cells were first examined for expression of CD4 and CDS8 co-
receptors. Among all T cells, CD4" and CD8" T cell proportions were approximately
matched between blood and skin, albeit CD4* T cell populations were slightly lower in
skin compared to blood in favour of CD8" T cells (Fig.6.5a). Consistent with analysis of
magnetically enriched CDla tetramer” cells isolated from PBMCs (Chapter 3.2.3),
CDla-restricted T cells were predominantly CD4" in both blood and skin. Overall, the
percentage of T cells that expressed CD4 was slightly higher in the epidermis compared
to blood among CDI1b-endo, CDIc-endo, and CD1d-endo tetramer™ cells (Fig.6.5a).
Percentages of both CD4" and CD8" type I NKT cells were lower in the epidermis
compared to blood, in favour of a CD4- CD8 DN population (Fig.6.5a). Peripheral blood
MAIT cells were predominantly CD8', consistent with previous observations
(Reantragoon et al., 2013, Gherardin et al., 2018), however they appeared to shift towards
greater CD4 expression in the skin. This contrasts a study that demonstrated the presence
of CD8" MAIT cells in psoriatic plaques (Teunissen et al., 2014), albeit there may be
infiltration of different T cell subsets during pathology.
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Figure 6.5 Phenotype of CD1-restricted T cells in the epidermis. Gated CD45* CD3* T cells isolated from
peripheral blood (red) and epidermis (blue) were labelled with cell surface markers for phenotypic analysis.
Cell groups analysed include all CD3* cells (T cells), and tetramer* cells with CD1a-endo, CD1b-endo, CD1c-
endo, CD1d-endo, CD1d-a-GalCer (type | NKT cells), and MR1 5-OP-RU (MAIT cells) tetramers. Graphs
indicate percentage of the parental population that were A. CD4* and CD8&*, B. CD45RO*and C. CLA*. FACS
plots on the right of each graph show an example of the gating strategy used for each phenotype with
tetramer* cells (red) compared to all T cells (grey). Data collectively representative of 8 donors, however
some donors were not labelled with all six tetramers, thereby reducing the number of donors for each
tetramer: CD1a-endo (n = 6), CD1b-endo (n = 5), CD1c-endo (n = 3), CD1d-endo (n = 7), CD1d-a-GalCer (n =
4), and MR1-5-OP-RU (n = 6).

266



Given that only antigen-experienced T cells typically gain access to non-lymphoid tissues
(Miyawaki et al., 1990, Sanders et al., 1988), memory phenotype of epidermal CDI1-
restricted T cells was assessed. Expression of the memory marker, CD45RO, by all T
cells and all individual lipid-reactive T cell subsets was enhanced in the skin (Fig.6.5b),
which was expected. CD45ROM cells ranged from 83-100% among CD]la-restricted T
cells, a higher proportion than other CD1-restricted T cell subsets. Greater expression of
CLA was observed in the skin across all T cell subsets compared to blood (where CLA
expression was minimal) (Fig.6.5¢). Indeed, T cells in the skin typically express skin-
homing memory T cell markers (CD45RO/CLA/CCR4) (Clark et al., 2006a, Seneschal
etal., 2012). Expression of CLA allows these cells to migrate to the skin and the disparity
between CLA expression seen here and among CDla-restricted T cells in other studies
may be due to the different techniques used for cell isolation, tissues used, or donor
variation. Importantly, these phenotypic data are based on samples from individuals who
are likely obese, and therefore may not be completely representative of T cells in healthy
individuals. Together, these data suggest that epidermal CDI-restricted T cells are
antigen-experienced and primed to respond to environmental stimuli and potentially
microbiota, although more detailed analyses are required to determine their
effector/resident memory phenotypes and their role in skin homeostasis and

immunosurveillance.

6.2.3. TCR repertoire of skin CD1-restricted T cells

While isolation of T cells from enzymatically digested whole skin proved challenging, T
cells have been previously observed to spontaneously migrate from human skin explants
cultured ex vivo by taking advantage of their tendency to migrate to sites of wound healing
and tissue repair (Clark et al., 2006b). T cells isolated from ex vivo cultures may adopt
different phenotypes to those in vivo and therefore could not be reliably used for surface
phenotype characterisation but were instead used for TCR sequencing. However, it is
important to note that the TCR repertoire determined might not be reflective of in vivo

frequencies as some T cell clones may expand, die, or not migrate when in culture.

T cells were isolated from the skin using an adapted culture method based on that
previously described (Clark et al., 2006b). Briefly, 2x2 cm? explants were cut from donor

skin and placed on an absorbable gelatin sponge in 6-well culture plates. The subcutis
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(i.e. subcutaneous fat) was trimmed such that the reticular layer of the dermis lay on the
gelatin sponge. Sponges were submerged in T cell culture media such that the surface of
the explants (i.e. the epidermal layers) were exposed to receive oxygen. Explants were
cultured for two weeks in media containing exogenous cytokines, IL-2 and IL-15, to
encourage T cell growth and migration from the skin into culture media. Cells isolated in
the media following culture were labelled with CD1 tetramers to determine whether T

cells that recognise lipid antigens could be isolated in the skin.

Most cells isolated following culture were CD3* CD45" (Fig.6.6a), indicating the
successful isolation of T cells from skin explants using this method. Additionally, CD4",
CD8" and CD4°CD8& cells were observed among T cells isolated (Fig.6.6a). Samples
were labelled with CD1a-endo, CD1b-endo, CD1c-endo, CD1d-endo, or CD1d-a-GalCer
tetramers from three donors, and small populations of tetramer” cells were observed

(Fig.6.6b).

Populations of CDla-endo, CDlc-endo and CDld-endo tetramer™ T cells from two
donors were single cell-sorted for multiplex nested PCR to amplify TCR genes and
sequencing was performed using the method described in Chapter 4.2.1. Sequences were
obtained for six CDla-restricted TCRs, nine CDlc-restricted TCRs and ten CD1d-
restricted TCRs. The variable gene commonly incorporated into CD1a-restricted TCR (-
chains as previously observed with TCR and RNA sequencing, TRBV28, was utilised by
a CDla-restricted TCRs sequenced (Fig.6.6c), consistent with a bias for TRBV28
observed in TCR sequencing of peripheral blood CD1a-restricted T cells (Chapter 4.2.1).
Surprisingly, 5/9 CD1d-restricted TCRs were also TRBV28", and 2/10 and 3/9 CDlc-
and CDI1d-restricted T cells respectively expressed TRAV8-2 or TRAV8-4 (Fig.6.6¢).
These variable genes were identified as commonly used among CD1a-restricted T cells
in Chapter 4.2.1, suggesting that there may be structural benefits endowed by these
variable genes (e.g. in CDR1 and CDR2) for T cells that recognise self-lipids in the skin.
However, this was a preliminary analysis and more T cells from more donors would have

to be sequenced to make any conclusive remarks.

This study of cutaneous unconventional T cells was preliminary and few tetramer™ cells
were recovered. It was therefore difficult to make conclusions regarding the phenotype

of these cells. However, together with a recent study that investigated CD1a-autoreactive
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Figure 6.6 Isolation of lymphocytes from skin explants cultured ex vivo. Skin tissue without subcutaneous
fat (2 cm x 2 cm squares) was cultured in T cell media on GelFoam sponges to encourage migration of T cells
into the media. A. Recovery of CD45*CD3*T cells from three donors, donor 14 revealed a typical CD4/CD8
co-receptor expression profile. B. Isolation of CD1-restricted T cells from two donors (donors 13 and 14) with
CDla-endo, CD1b-endo, CD1c-endo, CD1d-endo and CD1d-a-GalCer tetramers. FACS plots represent cells
gated as CD45*CD3*. C. TCR sequences derived from primary T cells sorted based on binding to CD1a-endo,
CD1c-endo or CD1d-endo tetramers. Tetramer* cells were single cell-sorted and TCR Va and V3 domain gene
segments were amplified by multiplex nested PCR. TCR genes were determined by Sanger sequencing and
analysed using the IMGT database.
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T cells in the skin (Cotton et al., 2021), these experiments represent a basis upon which
future studies may characterise lipid-reactive T cells in the skin both directly ex vivo and

following in vitro culture to determine TCR repertoire.

6.2.4 Activation of CD1a-restricted T cells with alkyl benzoate

Following a preliminary analysis of cutaneous CD1a-restricted T cells, they were further
investigated in the context of skin pathologies. The recent identification of ingredients in
balsam of Peru, benzyl benzoate and benzyl cinnamate, that are presented by CDla as
agonists for T cells, opens up the idea that other oils in skincare products may also trigger
CDla-restricted T cell-mediated allergies (Nicolai et al., 2020). Following a delayed-type
hypersensitivity (DTH) reaction to a sunscreen experienced by myself (so-determined by
the delay in local inflammation following contact sensitisation) (Fig.6.7a), I sought to
identify whether the causative ingredient was acting through the CDla pathway. The
allergy was caused by the Cancer Council Sports Spray sunscreen, while the Cancer
Council Sports Lotion had not previously triggered any allergic reactions. A comparison
of the ingredients in these products identified C12-15 alkyl benzoate, dipropylene glycol
dibenzoate, PPG-15 stearyl ether benzoate, bis-ethylhexyloxyphenol, and methoxyphenol
triazine as present within the spray but not in the lotion (Fig.6.7b).

C12-15 alkyl benzoate (CAS no. 68411-27-8) has previously been reported to cause an
allergic reaction in a case study of a 27 year-old male, who presented with similar
symptoms to those in my case: itchy skin rash on neck, arms, armpits, knee-folds, and
eyelids after application of sunscreen and exposure to sunlight (Werbrouck et al., 2015).
The case study reported possible photo-allergic contact dermatitis seen towards C12-15
alkyl benzoate, benzyl benzoate, benzyl salicylate, and products containing C12-15 alkyl
benzoate (Werbrouck et al., 2015), suggesting immune responses to these benzyl

compounds.

C12-15 alkyl benzoate was of interest due to its structural similarities to other CDla
allergens previously identified: benzyl cinnamate, benzyl benzoate and, particularly, C15
urushiol (Fig.6.7c) (Kim et al., 2016, Nicolai et al., 2020). It is highly soluble in oil and

oil-like solvents, which helps keep active ingredients dispersed through the formula,
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Figure 6.7 Identification of potential CD1a allergens in dermatological and cosmetic products. A. The
subject (CNR)’s face and neck two days following a delayed type hypersensitivity reaction to the Cancer
Council Sport Sunscreen aerosol spray. B. List of ingredients in the Cancer Council Sport Sunscreen lotion
and aerosol spray with those ingredients exclusively in the spray indicated in red. Ingredients are listed in
order of predominance. C. Chemical structures of benzyl ring-containing CD1a antigens used in cosmetic
products and/or known CD1a allergens: C12 alkyl benzoate structure compared to benzyl benzoate, benzyl
cinnamate, and urushiol.
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leading to its wide use in a variety of products (Becker et al., 2012). It is used as an
emollient and texture enhancing (skin conditioning) agent in baby-care, hygiene,
cosmetic and sun-care products. A higher percentage of individuals with contact
dermatitis are sensitive to alkyl benzoate compared to benzyl benzoate (Goossens, 2016).
The ability of CD1a-restricted T cells to recognise and be activated by alkyl benzoate was

therefore tested.

To determine whether C12-15 alkyl benzoate activates CD1a-restricted SKW-3 Bom™
cells, they were co-cultured with CD1a" CIR cells with increasing concentrations of C12-
15 alkyl benzoate. Commercially available C12-15 alkyl benzoate (hereon in referred to
simply as alkyl benzoate) is a mixture of alkyl benzoates with varying chain length (C12-
15), rather than a single compound. It was unclear which, if any, may act as a CDla
antigen. The oil is typically added to skincare/hygiene product formulae at 0.5-5.0% (v/v),
however, following application, it would undoubtedly reach a lower concentration once
absorbed through skin. C12-15 alkyl benzoate was added to cells at a range of

concentrations to evaluate impact on activation as well as toxicity.

The CDla-autoreactive T cell line BK6, CDla-DDM-reactive T cell line 17a28, and
cross-reactive T cell line 27a28, were each assessed for activation by measuring CD69
upregulation (Fig.6.8). In three independent experiments, alkyl benzoate was added at
1%, 5%, or 10% of the total culture media volume. The proportion of cells that were 7-
AAD" was assessed to determine whether increasing concentrations of alkyl benzoate
were toxic in the cell culture (Fig.6.8a). For all cell lines, the least amount of cell death
occurred when cells were cultured in media alone (i.e. no C1R cells were added), and
there was little change with or without the addition of alkyl benzoate. For all three CD1a-
restricted T cell lines, increasing concentrations of alkyl benzoate correlated with greater
CD69 MFI (Fig.6.8b). The minimal difference in cell death following the addition of

alkyl benzoate suggests that this was not an artefact of increased toxicity (Fig.6.8a).

For 17a28 and 27a28 T cell lines, which both recognise the large headgroup of DDM, the
addition of alkyl benzoate resulted in levels of activation greater than with CDla" CIR
cells alone. The CD1c-restricted, negative control T cell line 3C4 was not activated by
CDla" CIR cells or the addition of alkyl benzoate. It was difficult to determine the exact

impact of alkyl benzoate on activation of CD1a-restricted T cells, especially given that,
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Figure 6.8. Activation of CD1la-restricted T cells with alkyl benzoate. CD1a-restricted TCR SKW-3 B,m”" cell
lines, BK6, 17a28, and 27a28, or CD1c-restricted T cell line 3C4, were co-cultured with CD1a+ or WT C1R cells.
Alkyl benzoate was added at 1%, 5% or 10% (v/v) to the culture media. A. Exclusion of dead and B cells using 7-
AAD and anti-CD19 respectively. Toxicity was determined by the percentage of cells that were 7-AAD,
indicated by the number in the top left of each plot. B. Activation was measured by CD69-upregulation after
18h, assessed on 7-AAD" CD19- cells. Data representative of three independent experiments.
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as seen in this assay and by others, CD1a-autoreactive T cells typically show baseline
reactivity towards endogenous self-lipids, leading to background levels of activation
(Vincent et al., 2005). This phenomenon can mask the response to potential exogenous
antigens, in this case, alkyl benzoate. Nevertheless, these results indicated that alkyl
benzoate may activate CD1a-restricted T cells or is metabolised by C1R cells to form an

antigen that is presented to CD1a-restricted T cells.

6.2.5 Production of soluble CD1a in the presence of alkyl benzoate

To determine whether alkyl benzoate itself was acting as a CD1a lipid antigen, or whether
it had been metabolised as part of the activation assay by CIR cells, CD1a was produced
in the presence of alkyl benzoate for tetramer studies and mass spectrometry. Soluble
CD1lamolecules were produced in a mammalian HEK 293S-GnTT cell expression system
identical to that used previously here and in (Aricescu et al., 2006, Birkinshaw et al.,
2015). GnTT cells were co-transfected with pHLSec-CD1A and pHLSec-f>m plasmids in
normal transfection media or media spiked with alkyl benzoate so that it comprised 0.5%
(v/v) of the total media volume. Notably, it remained partially insoluble and oil droplets
were visible in the culture media. Cell viability was reduced with the addition of alkyl
benzoate as observed by GnTI" cells — an adherent cell line — detaching from the flask
surface and a change in media colour. The production of soluble CD1a was repeated using
the Expi293F expression system, again, co-transfecting Expi293 cells with plasmids
encoding the CD1a heavy chain and fom with and without alkyl benzoate. Similar to
production in GnTI cells, at 0.5% (v/v) of total media volume alkyl benzoate remained

partially insoluble and the survival rate of cells was diminished.

Soluble heterodimeric CDla/Bom molecules were harvested by collecting pooled
supernatant and passing it through a 0.2 um filter. Oil was observed in the filter from
samples containing alkyl benzoate, highlighting its insolubility. Ni-NTA chromatography
was used to purify CDla molecules, which contained a carboxy-terminal BirA 6 x
histidine tag (Birkinshaw et al., 2015). Harvested protein was passed over an Ni-NTA
column and eluted with increasing concentrations of imidazole. The presence of CDla
protein in both samples was confirmed with 12% SDS-PAGE analysis (Fig.6.9a,
Fig.6.9b). Given that CD1a was present in both samples, albeit less protein was produced
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Figure 6.9. Production and biotinylation of CD1a in the presence of alkyl benzoate. Soluble CDla was
produced in GnTI- cells and supernatant was passed over a Ni-NTA column for purification. Fractions were
collected under increasing imidazole concentrations and assessed by 10% SDS-PAGE. CD1a was produced as
normal (A) or in the presence of C12-15 alkyl benzoate at 0.5% (v/v) of the total media volume (B). C.
Chromatogram trace of CD1a produced with and without alkyl benzoate run over an S200 gel filtration column.
D. Fractions following gel filtration were assessed by SDS-PAGE. E. Biotinylation efficiency was tested by
tetramerising monomeric CD1 molecules. 2 pg of each CD1 protein was denatured at 95 °C, allowed to cool,
and then incubated with streptavidin (SAV) at a 1:1 weight ratio.
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in the presence of alkyl benzoate, fractions containing CD1a were pooled and biotinylated

overnight with BirA (Fig.6.9a, b).

Biotinylated CD1a monomer was separated from free biotin using a 75 pg gel filtration
column (Fig.6.9c). SDS-PAGE analysis of CDla following gel filtration revealed
multiple bands of approximately 37 kDa, which correspond to differentially glycosylated
CDla protein and one major peak on the chromatogram at an elution volume of
approximately 53 mL (fraction 13) (Fig.6.9¢, d). The amount of CDla obtained from
GnTI culture with alkyl benzoate was lower, which is likely due to toxicity from the
insoluble oil in the culture media, resulting in fewer protein-producing cells. CDla
produced in the presence of alkyl benzoate appeared similar in size to standard CD1a and
also displayed variable glycosylation as indicated by multiple bands (Fig.6.9a, d).
Fractions 11-19 and 11-20 were collected for CD1a produced with and without alkyl
benzoate respectively, corresponding to the major peak in each chromatogram (and
excluding the smaller, earlier shoulder, which contained larger aggregate protein)

(Fig.6.9c, d).

Biotinylation efficiency was determined by running tetramerised CD1a on a 12% SDS-
PAGE gel (Fig.6.9¢). Streptavidin was added at a 1 pg: 1 pg mass ratio to heat-denatured
CDla, which was assessed for its ability to form tetrameric complexes by observing a
shift in molecular weight (Fig.6.9¢). The presence of monomer at around 37 kDa was
observed in lanes containing CD1a alone, but these bands were fainter following the
addition of streptavidin in favour of a larger band, indicating successful biotinylation and

production of multimeric CD1a.

6.2.6. Recognition of CD1a tetramers loaded with alkyl benzoate by CD1a-

restricted T cell lines

CDla monomer was directly loaded with C12-15 alkyl benzoate and tetramerised to
determine the ability of CDla-restricted T cell lines to recognise it as an antigen. To
improve the chance of successful CDla loading, rather than loading at the typical
antigen:CD1la MW ratio of 3:1 or 6:1, alkyl benzoate was diluted in TBS to facilitate
loading and added in excess at a MW ratio of 10:1 (CD1a-alkyl benzoate loaded, ABL).
Loading was also performed at MW ratios of 50:1 and 100:1, but a 10:1 ratio yielded the
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best tetramer labelling, potentially due to oversaturation resulting in a highly oily tetramer
mixture (data not shown.) In addition to directly loading CDla-endo with AB, CDla
monomer expressed in the presence of alkyl benzoate was also tetramerised (CD1a-alkyl
benzoate expressed, ABexp). TBS buffer dilutions were performed such that the total
volume and overall CD1a concentration were consistent between all tetramers. It was
hypothesised that CDla expressed in the presence of alkyl benzoate might yield a
different lipid repertoire to those endogenous self-lipids normally captured by CDla

expressed in GnTT" cells.

As controls, CD1a-monomer was also treated with either the same volume of 0.5% (v/v)
tyloxapol, a common surfactant used to load antigens in soluble CD1 molecules in vitro
and used for DDM loading (Paletta et al., 2015), or loaded with DDM in a 6:1 MW ratio.
Loading took place overnight at RT, and all monomers were left at RT for consistency.
All monomer samples were tetramerised the following day to label CD1a-restricted T cell
lines: BK6 (CDla-autoreactive), 17a28 (DDM-reactive), 27a28 (CDla-crossreactive),
and NKT-15 (type I NKT).

CDla-ABexp labelling of all three CD1a-restricted T cell lines tended to result in greater
tetramer MFI compared to CD1a-endo tetramer, while this was not apparent with CD1a-
ABL tetramers (Fig.6.10). It is perhaps unexpected that all three cell lines revealed similar
patterns for alkyl benzoate tetramers given that they display different antigen reactivity:
BKG6 is autoreactive, 27a28 is cross-reactive (with a preference for DDM), and 17a28 is
DDM-specific. The binding of CD1a-ABexp tetramers may be due to the alteration of the
GnTI cells’ lipid repertoire by replacing the mixture of endogenous lipids that can be
either permissive or non-permissive for a single or group of antigen(s) that is more
permissive for TCR binding. CD1d-a-GalCer tetramer was used to label cells as a control
to ensure that any tetramer binding observed was CD1a-dependent. Overall, results with
alkyl benzoate-loaded tetramers suggest that CD1a-restricted T cells may recognise and

bind CD1a loaded with alkyl benzoate and/or a derivative lipid antigen.
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Figure 6.10. Labelling of CD1a-restricted T cell lines with alkyl benzoate tetramers. Soluble CDla was
produced in the presence of 0.5% alkyl benzoate (v/v) and then used for the production of tetramers (CD1a-
ABexp). CD1a produced as per normal (CD1la-endo) was also loaded overnight with alkyl benzoate at a 10:1
MW ratio (CD1a-ABL). Cell lines BK6, 17a28, 27a28, and 3C4 were labelled with CD1a-ABexp, CD1a-ABL, CD1la-
vehicle (tyloxapol only), CDla-endo, CD1a-DDM, or CD1d-aGC tetramers. A. Representative plots from one
experiment with tetramer MFI indicated in the top right corner. B. Data representative of three independent
experiments.
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6.2.7. Identification of C15 alkyl benzoate loaded in CD1a produced in the presence
of C12-15 alkyl benzoate

Mass spectrometry was used to identify the lipid antigen(s) loaded in CD1a expressed in
the presence of alkyl benzoate. Aliquots of gel-filtration purified CD1a produced in GnTI
cells in the presence or absence of alkyl benzoate (200 pg of each in TBS) were sent to
Dr Tan-Yun Cheng in Branch Moody’s Laboratory (Brigham and Women’s Hospital,
Harvard Medical School) for mass spectrometry to identify the repertoire of lipids loaded

in the different CD1a samples.

Lipids were extracted from CDla using a mixture of chloroform and methanol and
analysed using HPLC-MS according to a method previously described (Cheng et al.,
2006). Reverse phase HPLC-MS of protonated ions confirmed that the commercial alkyl
benzoate standard contained C12, C13, C14, and C15 analogues with increasing retention
time and mass-to-charge ratios (m/z 291.2, 305.2, 319.3, and 333.3 respectively)
(Fig.6.11a, b). The mass spectra of eluted ions each had two major peaks: a greater signal
representing the protonated ion and a smaller signal representing the ion paired with Na*

(Fig.6.11b).

Lipid identification was based on the co-elution of unknown products from CD1a-AB
eluent with matching m/z values in the C12-15 alkyl benzoate reagent standard (Fig.6.12).
In the eluents of CD1a produced in the presence of alkyl benzoate, a peak at the same
retention time and m/z ratio as C15 alkyl benzoate was detected, and no other alkyl
benzoates were present (Fig.6.12a, b). The C15 alkyl benzoate eluted from CDla-AB
was confirmed by the retention time, accurate mass, and collisional pattern match to the
standard. This not only indicates that alkyl benzoate is indeed loaded into and presented

by CDla, but that C15 is selectively loaded out of four chain length analogues.

The different lipid repertoire of antigens presented by CD1a produced in the presence and
absence of alkyl benzoate was compared. Analysis focused on certain CD1a eluents: C15
benzoate, PC, SM and PI. PC, SM and PI were selected as known agonistic and
antagonistic lipid antigens presented by CDla (Birkinshaw et al., 2015). C15 alkyl
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Figure 6.11. Mass spectrometry analysis of the C12-15 alkyl benzoate standard. A. Extracted-
ion chromatograms (EIC) from reverse phase HPLC-MS (positive mode) analysis of 3.3 uM C12-
15 alkyl benzoate reagent, depicting counts vs acquisition time (retention time). C12, C13, C14,
and C15 alkyl benzoates revealed m/z ratios of 291.2324 , 305.2481, 319.2637, and 333.2785
respectively. B. Mass spectra for the same four ions. Counts vs mass-to-charge ratio for C12
alkyl benzoate (Rt 8.110-8.556 min, 55 scans), C13 (Rt 9.772-10.111, 42 scans), C14 (Rt 10.715-
11.004 min, 36 scans), C15 (11.351-11.558 min, 26 scans). For each alkyl benzoate, the first big
peak correlates with an [M+H]+ ion and the second big peak correlates with an [M+Na]+ ion.
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Mass spectrometry was performed by Dr Tan-Yun Cheng, Brigham and Women’s Hospital.
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Figure 6.12. Mass spectrometry analysis of lipids loaded in CD1a produced in the presence of alkyl
benzoate. A. EIC of reverse phase HPLC (positive mode) analysis of C12-15 alkyl benzoate standard (top)
and lipid eluents from CD1a expressed by GnTI" cells cultured with alkyl benzoate (CD1a-AB) (bottom)
depicting counts vs retention time. B. Tandem mass spectrometry counts vs mass-to-charge ratio for
C12-15 alkyl benzoate standard (top) and lipid eluents from CD1a (below). Product ions shown from top
to bottom are rt 8.186-8.467 min, 12 scans, m/z 219.2324; rt 9.908-10.111 min, 7 scans, m/z 305.2481;
rt 10.810-10.996 min, 6 scans, m/z 319.2637; rt 11.409-11.545 min, 5 scans, m/z 333.2785; and rt
11.414-11.515 min, 5 scans, 333.2785. The breakdown of individual product ions from alkyl benzoate is
depicted. C. Detection of C15 alkyl benzoate (EIC 369.2764), PC (EIC 836.6164), SM (EIC 815.7001), and PI
(EIC 906.6067) in CD1a produced as per normal (CD1a-endo, red) and CD1a produced in the presence of
alkyl benzoate (CD1a-AB, blue). Mass spectrometry was performed by Dr Tan-Yun Cheng, Brigham and
Women’s Hospital.
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benzoate was present in CD1a produced in the presence of alkyl benzoate but importantly
it was not found when it was not added to the culture media (Fig.6.12c), confirming that
the presence of alkyl benzoate within CD1a was specifically due to the addition of C12-
C15 alkyl benzoate. Untreated CD1a eluents revealed the presence of endogenous lipids
PC, SM and PI as expected, but surprisingly, they were minimally present or absent in
the alkyl benzoate treated CD1a (Fig.6.12c), suggesting displacement of self-lipids with
C15 alkyl benzoate.

This experiment was repeated with CDla expressed in non-adherent Expi293F cells,
which were expected to have a similar lipid repertoire to GnTI" cells. As with the GnTI
expression system, cell viability was reduced (30%) in the presence of 0.5% (v/v) alkyl

benzoate but sufficient protein was produced.

Consistent with previous results, HPLC-MS analysis revealed strong signals reflecting
the elution of alkyl benzoate from CD1a cultured in the presence of alkyl benzoate paired
with a loss of self-lipids (Fig.6.13). Interestingly, while labelled as “C12-15 alkyl
benzoate”, there were small traces of a C16 analogue detected in the standard (a different
batch of the same commercial alkyl benzoate used in dermatological products) when
assessed by reverse phase HPLC (Fig.6.13a). This difference in the reagent standard was
reflected in treated CDla eluents, as the apparent preference for the larger C15 alkyl
benzoate seen in the previous experiment (Fig.6.12) also now included C16 alkyl
benzoate (to a small degree) (Fig.6.13a). When more protein was examined, a preference
for C14 alkyl benzoate was also observed, while the presence of smaller chain length
analogues remained minimal. Importantly, the relative abundance of C14 alkyl benzoate
in the second experiment was only slightly increased in the CD1a eluent compared to the
standard, whereas the relative abundance of C15 alkyl benzoate was greatly increased,
suggesting that it is the more preferential analogue (Fig.6.13c). The observation of C14
as an eluent when the protein amount was doubled from 10 uM to 20 uM could hence be
due to a higher chance of it being detected as part of the commercial product rather than

preferential loading.
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Figure 6.13. Mass spectrometry analysis of alkyl benzoate and CD1a produced in expi293F cells. Reverse phase HPLC,
positive mode analyses of CD1a produced in the presence of alkyl benzoate. A. Comparison of alkyl benzoate standard
and lipid eluents from CD1a produced by expi293F cells cultured with alkyl benzoate using tandem mass spectrometry
showing counts vs retention time for EIC (347.2945). B. Detection of C15 alkyl benzoate, PC, SM, and Pl in CD1a
produced as per normal (CDla-endo, red) and CD1a produced in the presence of alkyl benzoate (CD1a-AB, blue). C.
Relative abundance of each alkyl benzoate analogue in the first (10 uM eluents) and second (20 uM eluents)
experiment. Mass spectrometry was performed by Dr Tan-Yun Cheng, Brigham and Women’s Hospital.
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These results indicate that, among the chain length variants, CD1a preferentially binds

longer (~C15) chain alkyl benzoate compounds. These data strongly support that alkyl

benzoate is indeed a CD1a lipid antigen, and this supports the hypothesis that this antigen
can be presented to T cells. Collectively, these findings suggest that C14-16 alkyl
benzoates are recognised by CD1a-restricted T cells and may therefore represent a new

class of CD1a-restricted allergens.

6.2.8. Isolation of T cells with CD1a-alkyl benzoate tetramers in healthy human
blood

Following confirmation of alkyl benzoate loading into CD1a, CD1a tetramers were used
in a magnetic enrichment process to isolate CD1a-restricted T cells from healthy human
blood that recognise alkyl benzoate as an antigen. Two versions of the alkyl benzoate
tetramer were assessed: CD1a-ABexp and 10:1 CDla-ABL. CDla-endo monomer was
loaded with alkyl benzoate overnight at RT. CDla-endo and CDla-ABexp monomer
were also left at RT to ensure similar treatment of protein, and all three were tetramerised
the following day. CD1a-ABexp, CDla-ABL, and CDla-endo tetramers conjugated to
PE were used to label 100 x 10° PBMCs, that were subsequently incubated with anti-PE
magnetic beads, and passed over a magnetic column for magnetic enrichment, as with the
method described for CDla tetramers in Chapter 3.2.2. Two donors were not labelled

with CD1a-endo tetramer and only the two alkyl benzoate tetramers of interest.

Fewer cells bound tetramers loaded or expressed with alkyl benzoate compared to CD1a-
endo tetramer, suggesting fewer T cells recognise CDla presenting alkyl benzoate
compared to the diverse endogenous lipids loaded in CD1a-endo (Fig.6.14). This makes
it difficult to determine whether the tetramer” cells labelled with the two alkyl benzoate
tetramers truly recognised alkyl benzoate, or are more autoreactive to CD1a regardless of
the lipid presented. Additionally, the number of cells labelled with tetramer in the
unenriched samples were similar to enriched samples — and sometimes more tetramer”
cells were recovered without enrichment, although with less separation between tetramer”

and tetramer cells (Fig.6.14). Consistent with previous phenotypic analyses of CD1a-
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Figure 6.14. Isolation of CD1a-restricted T cell populations directly ex vivo from healthy human blood. CD3*
cells labelled with CD1a tetramers among CD14-CD19-7-AAD- single lymphocytes. Each plot represents PBMCs
stained with either CD1a expressed with alkyl benzoate (CD1a-ABexp), CD1la-alkyl benzoate loaded at a 10:1
MW ratio (CD1a-ABL) or CD1a-endo tetramer (in PE), labelled with anti-PE beads, and then tetramer* cells
were enriched over a magnetic column. For two donors, a small number of cells were not passed over the
column to compare unenriched samples. Numbers in the top right of each plot indicate the percentage of
tetramer* cells in the total parental population. Data are representative of 4 donors in two independent

experiments.
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autoreactive T cells in Chapter 3.2.3, tetramer" cells in these experiments were also
predominantly CD4" (data not shown). The staining with these alkyl benzoate tetramers
has yet to be optimised, but nonetheless, as a preliminary assessment of PBMCs from
healthy human blood, these experiments suggest that CDla-restricted T cells that
recognise alkyl benzoate may be present in healthy blood. Furthermore, tetramers could
be used to assess frequencies of these cells in individuals with ADC to oils like alkyl
benzoate in cosmetic/dermatological products to determine whether they have a greater

number of CD1a-restricted T cells.

Overall, these experiments, while preliminary and with a small sample size, indicate a
possible role for CDla-restricted T cells in immunological processes of the skin,
especially with regards to ADC and other skin pathologies. Furthermore, this data builds
upon recent work of others, identifying benzyl benzoate, benzyl cinnamate, or farnesol
as CD1a allergens in cosmetic products that are presented by CD1la as T cells agonists
(Nicolai et al., 2020), suggesting that alkyl benzoate (particularly C15), is another oil that

activates CD1a-restricted T cells.
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6.3 Discussion

The skin continually faces numerous challenges such as wounds, infections,
inflammatory disorders and cancer. Skin immunity plays a critical role in preventing
infection following skin punctures and abrasions as this breach of the first line of defence
requires a rapid and potent immune response. To this end, mammals have evolved
specialised immune cells that form a barrier in the skin. It has been estimated that human
skin contains approximately 1 million T cells/cm? and that T cells are more frequent in

the skin than in the blood (Clark et al., 2006a).

Unconventional T cells such as y3-T cells, MAIT cells and NKT cells, also reside in the
skin and especially infiltrate under inflammatory conditions such as contact
hypersensitivity, allergic contact dermatitis (ACD) and psoriasis (Constantinides et al.,
2019, Gober et al., 2008, Kono et al., 2014, Zhao et al., 2008). Consistent with previous
studies indicating that y3-T cells populate non-lymphoid tissues such as skin at high
frequencies (Dupuy et al., 1990, Nielsen et al., 2017), populations of y5-T cells were
isolated from the epidermis. Subsets of epidermal lipid-reactive T cells restricted to each
of the CD1 molecules expressed y5-TCRs, and these may represent a group of cells that
respond to lipid molecule cues, similar to dendritic epidermal T cells in mice (Li et al.,

2011b, Martin et al., 2009a).

The role of lipid-reactive T cells in maintaining skin homeostasis remains relatively
unexplored. Previous observations have described human resident T cells in skin being
mainly either memory CD8" T cells in the epidermis and CLA" CD4" or CD8" T cells in
the dermis (Cai et al., 2012). Here, CD4" and DN T cells were isolated in the epidermis
but separating epidermal and dermal layers is not an exact process so some crossover may
have been possible. Epidermal T cells were fairly evenly distributed between CD4" and
CD8" fractions, rather than being predominantly CD8". Indeed, CD4" cells were
prominent among epidermal CD1b-, CDIc- and CDld-restricted T cell populations
similar to blood. In addition, epidermal CD1-restricted T cells also exhibited elevated
expression of CD45RO and CLA, particularly among type I NKT cells. Further studies
are required to determine whether these are effector or resident memory T cells and to

determine their functional characteristics.
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Accumulating evidence implicates a role for CD1a-mediated responses in skin immunity.
LCs, which exhibit high expression of CDla, are thought to interact with skin resident
and effector memory T cells, inducing their activation and proliferation in a steady state
(Seneschal et al., 2012), and may have a similar relationship with CD1a-restricted T cells.
Previous studies suggest that CD1a-autoreactive T cells are present in the skin (de Jong
et al., 2010, Cotton et al., 2021), where Langerhans cells can capture and present lipids
derived from skin oils (de Jong et al., 2014, Meunier et al., 1996). Upon activation, CD1a-
restricted T cells have been known to produce IFN-y, IL-17 and IL-22, and studies have
particularly focused on their recognition of self-antigens in the skin (Cotton et al., 2021,
de Jong et al., 2014, de Jong et al., 2010, Kim et al., 2016). The data in this thesis further
supports the exploration of epidermal CD1a-restricted T cells and their phenotype using

tetramers ex vivo.

The isolation of CDla-restricted T cells that recognise self-lipids in skin here and by
others (Cotton et al., 2021) raises the question of how autoreactivity is avoided. One of
the challenges of skin immunity is the balance of protecting against a constant threat of
pathogens while suppressing unnecessary and harmful inflammation (Nestle et al., 2009).
Sebaceous lipids, such as triglycerides, wax esters and squalene are primarily non-polar
lipids, and epidermal lipids produced by keratinocytes are a mixture of ceramides, free
fatty acids and cholesterol (Pappas, 2009), some of which act as CD1a autoantigens (de
Jong et al., 2014). These autoantigens can be recognised promiscuously by an individual
CDla-autoreactive T cell clone (BC2), despite their substantial difference in size
(squalene, C30; wax esters, C36; triacylglycerides, C51; and fatty acids, C16) (de Jong et
al., 2014). They also lack headgroups to form hydrogen- or charge-based contacts with
TCRs, consistent with the non-interference model of interaction observed by a CDla-
autoreactive TCR (BK6) with CDla-Ag and suggesting that skin oils are similarly
permissive to TCR binding (Birkinshaw et al., 2015, de Jong et al., 2014). Given the
cross-reactivity and different CD1a docking modes exhibited by TCRs discussed in
Chapter 4, it is likely that many CD1a-restricted T cell clones may have the potential to

respond to self-antigens in the skin.

One mechanism for preventing autoimmunity could be spatial separation: oily
autoantigens are largely concentrated in human sebaceous glands and cornified epithelia

(Nicolaides, 1974), while CDla is largely confined to epidermal LCs and a small
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population of CD1a-expressing dermal DCs (CD14- CD207- CD1a") that can also activate
cellular immunity (Klechevsky et al., 2008, Nestle et al., 1993, Santegoets et al., 2008).
Furthermore, inflammatory skin diseases such as atopic dermatitis and psoriasis are
associated with changes in ceramide or other skin lipid composition (Di Nardo et al.,
1998, Motta et al., 1993), therefore supporting a role for lipid-reactive T cells that sense
these changes in the lipid repertoire in disease pathogenesis. For example, ointments that
contain lipids (including ceramide, which can be presented by CDla (de Jong et al.,
2014)) used in treatments can influence T cell responses (Kircik et al., 2011). Thus, the
physical separation of CD1a, CDla-restricted T cells and CD1a antigens, in addition to
the accessibility of certain lipids, likely helps prevent excessive activation of these T cells

in a healthy state.

Furthermore, when skin is damaged through puncture or abrasion, these may come
together to elicit CD1a-dependent immune responses. A degree of CD1a autoreactivity
may even be beneficial in barrier repair and skin healing. Human skin contains T cells
that conduct immunosurveillance and maintain tissue integrity by providing immune
protection and immunoregulation based on their recognition of cognate antigens or
epithelial stress-induced antigens (Mueller et al., 2014, Strid et al., 2009). It may be that
barrier breaches, such as trauma and infection, transfer surface or sebaceous oils to deeper
layers to promote barrier repair by CD1a-restricted T cells (Colonna, 2010, de Jong et al.,
2010), whereas CD1a-restricted T cells, CD1la, and potential agonists usually remain

segregated under normal conditions.

Conversely, a highly responsive T cell population in the skin can pose problems when the
skin is penetrated or breached by other antigens that elicit CD1a-mediated responses.
Autoreactivity can contribute to allergies, for example, ACD, a common T cell-mediated
inflammatory skin disease (Gober and Gaspari, 2008). CDla-restricted T cells,
specifically, have been implicated in ACD responses due to the recognition of
neoantigens or foreign lipids (Cheung et al., 2016, Jarrett et al., 2016b, Kim et al., 2016,
Nicolai et al., 2020).

ACD is caused by a DTH response in the skin, in which the immune system reacts to
environmental substances that are typically considered harmless. The response is mainly
orchestrated by allergen-specific T cells that recognise neoantigens created by reactive

chemicals that modify non-immunogenic self-proteins (Vocanson et al., 2009, Mraz et
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al., 2020), and self-lipid recognition could contribute to pathology too. Immunopathology
is characterised by inflammation and leukocyte infiltration driven by effector T cells

(Vocanson et al., 2009).

The first link between CD1a and allergic responses was made in the context of bee and
wasp venom, and subsequently, house dust mites due to the introduction of PLA enzymes
into the skin that generate neoantigens (Bourgeois et al., 2015, Jarrett et al., 2016b,
Subramaniam et al., 2016). A subsequent study investigated DTH responses to common
contact dermatitis allergens in consumer products: benzyl benzoate, benzyl cinnamate,
farnesol, and coenzyme-Q (Nicolai et al., 2020). While haptens, drugs, or cations are
widely known to influence MHC-peptide recognition by T cells that mediate DTH by
modifying self-peptides (Gefen et al., 2015), these studies demonstrate that the direct
presentation of lipid antigens by CD1a can also contribute to contact dermatitis (Nicolai

et al., 2020).

Due to a DTH response following application of a particular sunscreen, I decided to
investigate the role of CDla-restricted T cells in mediating ACD triggered by
dermatological products. Interestingly, a survey of European populations revealed that
nearly half of those with prolonged rashes (lasting more than three days), attributed their
rash to exposure to daily use products including cosmetics, soaps, shampoos, or other
household products (Naldi et al., 2014). Two earlier surveys also highlighted the
magnitude of skin problems among the general population due to scented or cosmetic
products (Johansen et al., 2000, Trattner et al., 2009). Coincidentally, I experienced a
DTH reaction to a particular sunscreen, as indicated by immunopathological damage
occurring 24—72 hours after initial sensitisation (Mak and Saunders, 2006). A candidate
causative agent was identified as C12-15 alkyl benzoate, which is similar in structure to
urushiol, a compound found in plants of the Toxicodendron genus (e.g. poison ivy and
poison oak) that can trigger urushiol-specific T cell reactions and severe inflammation
(Kalish, 1990, Kalish and Johnson, 1990, Kalish et al., 1994). Because C15:2 urushiol
was previously identified as a CD1a antigen, C12-15 alkyl benzoate was interrogated for
its potential to activate CDla-restricted T cells. It had previously been reported as a
trigger for contact dermatitis in a similar-presenting case study, along with benzyl
benzoate and benzyl salicylate (Werbrouck et al., 2015). Additionally, AHR, which is
expressed by CDla-restricted T cells (de Jong et al., 2010), may allow these cells to
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respond to environmental cues such as UVB (Esser et al., 2013), which may have
contributed to the photosensitivity-driven DTH response to alkyl benzoate in the

aforementioned case.

A number of studies have assessed the acute dermal toxicity of benzyl-containing
compounds in dermatological products, such as benzyl alcohol, benzoic acid, benzyl
benzoate, and alkyl benzoates. While they have been declared safe, many were evaluated
using rats or rabbits (Becker et al., 2012, Johnson et al., 2017, Nair, 2001). Studies of
C12-15 alkyl benzoate, specifically, revealed that it was not toxic to rats or mice when
administered orally or as an aerosol, nor was it an irritant in a dermal toxicity study of
rabbits (data submitted by the Personal Care Products Council as reported in (Becker et
al., 2012)). Like mice, rats do not possess CDla, while two CDla genes have been
identified in rabbits (Hayes and Knight, 2001) that may present different lipid antigens.
The species difference could be similar to the milder IFN-y response to urushiol observed
in mice (Wakabayashi et al., 2005), while in humans and CD1a-transgenic mice with high
levels of CDla in skin tissue, urushiol triggers a greater inflammatory reaction (Kim et
al., 2016). The equivalent CDla-restricted responses in humans may therefore not be
observed in these animals. An irritation study in which C12-15 alkyl benzoate was applied
to the backs of participants did not result in irritation, however with n =21 (Becker et al.,
2012), it may be that none of the participants tested were susceptible to this allergy. Here,
C12-15 alkyl benzoate was confirmed to be loaded into CD1a, with a preference for the

longer chain analogue, and could activate CD1a-restricted T cells.

These experiments not only identify a novel CD1a allergen, they also highlight a novel
method of selectively loading a CDla molecule with a lipid molecule. It is unclear
whether alkyl benzoate was endocytosed by GnTI cells and loaded endogenously or
whether loading occurred exogenously. CD1a is typically located at the cell surface in
vivo, and the lack of transmembrane and cytoplasmic domains in soluble CD1a limits or
eliminates endosomal recycle, making exogenous loading plausible (Barral et al., 2008,
Sugita et al., 1999). Furthermore, alkyl benzoate displaced endogenous self-lipids loaded
in CDla, thereby potentially displacing non-permissive lipids and resulting in T cell
activation (and contributing to allergic responses) in a similar manner to wax esters and

other headless skin oils (de Jong et al., 2014).
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A wide range of antigenic structures presented by CD1a may contribute to ACDD. The
size of the carbon skeletons of oily antigens presented by CD1a identified here and by
others, including alkyl benzoate (C14 to C16), are substantially smaller than known
antigens presented by other CD1 molecules (C20 to C40) (Zajonc et al., 2005b, Zajonc et
al., 2003, Nicolai et al., 2020). Interestingly, benzyl benzoate and benzyl cinnamate lack
carbon chains and are thought to be buried within the groove so as to not perturb contact
with TCRs and allow for cross-reactivity (Nicolai et al., 2020). In contrast, the binary
structure of a CD1a-urushiol complex revealed that a region of the antigen is accessible
for direct TCR contact, and the CD1a molecule undergoes a conformational change to
accommodate it, potentially impacting TCR binding (Kim et al., 2016). Given the
structural similarity of alkyl benzoate to urushiol, it may also have contacts with CD1a-

restricted TCRs that are yet to be determined.

A future direction of this work would be to collect blood samples from individuals with
known ACD that is triggered by dermatological products containing alkyl benzoate, or
similar compounds, and assess their CD1a-restricted T cell frequencies. For reasons that
are not entirely clear, some individuals become sensitised to neoantigens and
environmental oils (e.g. in plants or in cosmetic products) that can be presented by CDl1a,
therefore triggering CDla-dependent inflammatory responses. Alkyl benzoate, an oil
found in around 50% of children and adult sun creams (International Nomenclature
Cosmetic Ingredient Beauty), is one such novel antigen identified in this thesis that
activates CDla-restricted T cells. Targeting CD1la with inhibitors, including an anti-
CDla mAb or non-permissive lipids that block TCR-CDla binding (e.g. SM), may
therefore be beneficial in therapies to prevent inflammatory skin diseases like psoriasis,

eczema and ACD.

There is a growing amount of evidence to support a role for CD1a-restricted T cells in
skin — both in homeostasis and disease pathogenesis — and the present study observed
populations of epidermal T cells restricted to each CD1 isoform. The data here hence
support the idea that y3-T cells and CD1-restricted T cells are found in the skin and may
contribute to an immune network that responds to environmental stimuli. These studies
thus highlight the importance of understanding the biology of CD1a and CD1a-restricted
T cells in the skin. The modulation of CD1a-restricted T cells may provide opportunities

to better understand and treat skin-based allergic reactions.
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Chapter 7: General Discussion

Our understanding of “unconventional” T cell populations, including CD1-restricted T
cells, has improved substantially over the past two decades. The development of tools
such as CD1d-a-GalCer tetramers, which specifically identify type I NKT cells, has led
to thousands of studies exploring these cells. Unconventional T cells represent abundant
populations of cells within the immune system, comprising up to 10% of circulating T
cells — and even more in some organs — and are poised to provide rapid, robust immune
responses (de Lalla et al., 2011, Godfrey et al., 2015). The monomorphic nature of CD1
molecules and unique biology of lipid-reactive T cells make them attractive novel cellular
targets for immunotherapy and vaccine design that will not be limited by the same inter-

donor variability as conventional MHC-restricted T cells.

Despite increasing evidence that they play important roles in infection, allergy, cancer,
and autoimmunity, studies of group 1 CD1-restricted T cells that recognise lipid antigens
are limited. For example, the role of CDla-restricted T cells is not well understood, and
they may be either protective or pathogenic under different circumstances. The
recognition of mycobacterial lipids by CDla-restricted T cells observed here and by
others (reviewed in Van Rhijn et al., 2013b, Van Rhijn and Moody, 2015) suggests that
they may be protective against mycobacteria, while their recognition of allergens, such
as alkyl benzoate, appears to contribute to allergic reactions in skin. However, their
phenotype and functions, their TCR repertoire, and their cognate lipid antigens are not

yet fully understood.

CDla is expressed by epithelial DCs in the skin, respiratory tract, gingiva and salivary
gland, conjunctiva, and vagina and cervix (Crawford et al., 1989, Tazi et al., 1993a,
Yoshida et al., 1997, Uhlen et al., 2015, van Blokland et al., 2000, Rodriguez-Garcia et
al., 2018, Rodriguez-Garcia et al., 2017). This tissue distribution suggests that CD1a may
play a role in antigen presentation at sites constantly exposed to environmental stimuli
and external pathogens, thereby contributing to barrier immunity by sampling lipid

antigens and carrying them to draining lymph nodes.

Lipid-reactive T cells are thought to bridge innate and adaptive immune responses upon

recognition of certain lipids, whose levels are perturbed under inflammatory conditions
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(Godfrey et al., 2015). In this thesis, populations of CDla-autoreactive T cells were
identified in most donors using tetramers presenting endogenous mammalian lipids,
indicating that CDla-restricted T cells can also respond to self-lipids. Using mass
spectrometry, the lipids presented by CD1a that bound CD1a-restricted TCRs in a ternary
co-complex were mostly SM and PC, although results varied for different TCR clones
and this experiment was limited to the GnTI cell lipidome. Identifying self-lipid antigens
that are recognised by CDla-restricted T cells is important to understand their role in
inflammatory disease. Serum lipid levels, such as TAG and other potential CDla
antigens, tend to be elevated in chronic inflammatory diseases, such as rheumatoid
arthritis, psoriasis, and inflammatory bowel disease (Birkinshaw et al., 2015, de Jong et
al., 2014, de Jong et al., 2010, Feingold and Grunfeld, 2000). Self-lipid-reactive CD1a-
restricted T cells may hence play a role in allergy and autoimmune responses associated

with aberrant lipid profiles to either drive or suppress pathology.

Conventional CD4" T cells play a key role in adaptive immune responses and polarise
immune cells towards the appropriate pathway depending on the nature of the
immunological challenge. Consistent with previous studies, CDla-restricted T cells
isolated in this thesis were predominantly CD4" (de Lalla et al., 2011, de Jong et al., 2010,
Kasmar et al., 2013). Not only did most CDla-restricted T cells express CD4, but a
preliminary study assessing whether CD1a tetramers bind CD4 in the absence of a TCR
revealed promising results suggesting that there might be an important interaction
between CDla and CD4. This is not too dissimilar to CD4 binding MHC class II
molecules to aid TCR recognition and enhance cytokine production (Janeway, 1992, Li
et al., 2013). In addition, transcriptomic analysis of CD1a-restricted T cells in this study
revealed that their gene expression was more similar to that of conventional CD4" T cells
compared to other lipid-reactive T cell populations such as NKT cells and CD1b-
restricted T cells. Furthermore, CD1a-restricted T cells exhibited distinct gene expression
from T cells with cytotoxic capacity (i.e. they did not display cytotoxic markers). This is
suggestive of CD1a-restricted T cells playing roles more similar to those of existing CD4"
T helper cell subsets, further supported by their production of different cytokine profiles
upon activation in different contexts (e.g. IL-22, IL-17, IFN-y, and IL-13) (de Jong et al.,
2010, Kim et al., 2016, Cotton et al., 2021).
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Analysis of CDla-restricted T cells revealed that highly expressed genes encode
immunomodulatory effectors, such as PIK3IPI, GMFG, GILZ, and SDCBP, all of which
are known to inhibit immune responses, suggestive of a possible role in regulating
immune responses. It is likely that CDla-restricted T cells are not a homogenous
population, but rather, like conventional CD4* T cells, NKT cells and MAIT cells, can be
further divided into subsets and play different roles depending on the immune context.
As such, it is important that future studies of CDla-restricted T cells take this into
account, even though there has been little evidence of functional diversity among
peripheral blood NKT cells and MAIT cells in humans to date. In a PCA analysis of
transcriptomic data, not all CD1a-restricted T cells fell within a single cluster, suggesting
that CDla-restricted T cells may be heterogenous and perform different functions

depending on their context of activation.

The limited TCR diversity and antigen repertoire of unconventional T cells mean that
their precursor frequency can vastly outnumber pMHC-specific conventional T cells
(Godfrey et al., 2015). Evidence to date has indicated that CDla-restricted TCRs are
heterogenous in their V, D, J gene usage (Vincent et al., 2005, Cohen et al., 2009, de Jong
et al., 2010, de Lalla et al., 2011, Grant et al., 1999), however, here, discernible patterns
of TCR variable gene biases were observed in both TCR a- and pB-chains. Many CD]1a-
restricted TCRs used TRAV8-4, TRAV19 and TRBV28, with a bias for TRBV28 seen in
nearly half of all TCRs sequenced. CDR loops encoded by these TCR variable genes may
be optimal for CD1a-lipid interactions. In order to test this hypothesis and identify TCR-
CDla/lipid contacts, the soluble CD1la and CDla-restricted TCR proteins produced in
this thesis could be used in future biophysical and structural studies (e.g., surface plasmon
resonance analysis and X-ray crystallography to assess affinity, CD1a-lipid contacts and
molecular interactions). The incorporation of particular Va and VP genes may also reflect
bias caused by thymic selection, or may reflect prior antigen exposure given that many
CDla-restricted TCRs appear to recognise a variety of both self- and non-self-lipid
antigens. Like other T cells they may expand upon encountering antigens, thus altering
the TCR repertoire within this subset, similar to long-term exposure to aerosols and

pollutants altering the pulmonary T cell repertoire (Yurovsky et al., 1996).

CDla-restricted T cells isolated here and by others have been found to interact with CD1a

irrespective of the lipid antigens presented, that is to say they appear autoreactive to CD1a
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itself or may bind to the antigen-binding cleft in such a way that allows promiscuous
binding between different antigens (Cotton et al., 2021). The exact identity of lipid
antigens may therefore not be the main determinant of CD1a-dependent responses, but
rather, the lipid headgroup structure may be more important in determining whether T
cell activation occurs. One study suggested that antigens are either permissive or non-
permissive to TCR binding depending on whether they interfere with the TCR-CDla
interaction, particularly around the CDla A’-roof (Birkinshaw et al., 2015). However,
this thesis has revealed that different TCRs exhibit different binding specificities with
regards to permissive or non-permissive lipids. For example, prior studies have indicated
that certain lipids with bulky or charged headgroups (e.g. SM) prevent CD1a-dependent
T cell activation for certain clones (Birkinshaw et al., 2015, de Jong et al., 2014, Cotton
et al., 2021). In this thesis, however, SM was found to be a permissive lipid for a CD1a-
restricted TCR that binds a broad range of CDla-lipid tetramers. It may be that CDR
loops encoded by a particular TCR’s variable genes enable promiscuous binding to CD1a
regardless of lipid content. Additional x-ray crystallography and TCR mutagenesis
assays, together with further CD1a mutant activation assays, will provide definitive data

regarding TCR recognition of CD1a presenting different antigens.

The TCR biases observed for CD1a restricted T cells were detected using both multiplex
nested PCR TCR sequencing and RNA sequencing of CDla-restricted T cells, giving
confidence in the reproducibility of results. Furthermore, similar patterns of variable gene
usage were observed among T cells isolated with CD1a-endo, CD1a-vehicle, and CD1a-
DDM tetramers. It will be important to sequence CD1a-restricted TCRs that recognise a
host of lipid agonists, including squalene, TAG, and lysophospholipids, as well as known
antagonist, SM, to determine whether CD1a-restricted T cells with reactivity to different
lipid antigens retain the same variable gene biases. Identification of additional CDla-
restricted TCR sequences will help to establish the requirements of TCR-CD1a/lipid

antigen recognition.

The contribution of CD1a-restricted TCR responses to antigens in the immune response
is of increasing interest in skin homeostasis and disease. CD1a is abundant in the skin, is
highly expressed by epidermal LCs, and to a lesser extent, dermal DCs. The former
localises at the barrier between the skin immune system and microbiome, making them

ideally situated to detect barrier breaches and changes in the external environment
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(Mizumoto and Takashima, 2004, Yoshida et al., 2014). The tendency of CD1a to remain
at the cell surface where it is able to capture exogenous antigens (Sugita et al., 1999,
Barral and Brenner, 2007), suggests that it may present lipids reflective of various
environmental factors and antigen exposures in the skin. For example, the lipid repertoire
is often altered under inflammatory skin conditions (Di Nardo et al., 1998, Imokawa et
al., 1991, van Smeden et al., 2014), and lipid-modifying enzymes that increase levels of
lipids known to activate CDla-restricted T cells have also been implicated in
inflammation (Murakami et al., 2016). For example, levels of PLA2 enzymes, which
cleave phospholipids to produce lysophospholipids and fatty acid neoantigens that are
presented by CD1a, are elevated in some inflammatory skin diseases, allergy, and chronic
inflammation (Chiba et al., 2004, Mabhil et al., 2017, Murakami et al., 2016, Cheung et
al., 2016). This is supported by recognition of neoantigens generated by PLA2 released

from mast cell-derived exosomes by psoriatic T cells (Cheung et al., 2016).

Similarly, PLA2 derived from HDM, bee or wasp venom cleaves endogenous skin
phospholipids to create neoantigens that activate CD1a-restricted T cells (Bourgeois et
al., 2015, Jarrett et al., 2016a). In addition, CD1a-expressing type-2 innate lymphoid cells
(ILC2s) produced PLA2 following HDM exposure in an in vivo skin model, making them
suited to present neoantigens to CD1a-restricted T cells and promote skin inflammation
(Hardman et al., 2017). Given that ILC2s are a potent source of immune effector
cytokines that have been implicated in allergic diseases and that many CD1la-mediated
allergic inflammatory responses appear to be triggered by phospholipid cleavage that
generates neoantigens (McKenzie, 2014, de Jong and Ogg, 2020), therapeutic strategies
that regulate CD1a expression and PLA?2 activity should be further explored. The method
of isolating cells from skin suction blisters following in vivo antigenic challenge
developed by Graham Ogg’s research group (Hardman et al., 2017) in combination with

CDla tetramers described here may aid further investigations.

In addition to responses to neoantigens, the recognition of non-self-lipid allergens by
CDla-restricted T cells has been observed in response to C15:2 urushiol (found in poison
ivy and poison oak) and small, hydrophobic compounds in cosmetic products (Kim et al.,
2016, Nicolai et al., 2020). In these cases, lipid antigens were presented in the CDla
binding groove such that they were minimally exposed for TCR recognition, supporting

the hypothesis of indirect recognition rather than antigen-specific responses to these lipids
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(Moody and Suliman, 2017, Cotton et al., 2018, Kim et al., 2016, Nicolai et al., 2020). In
this thesis, C15 alkyl benzoate was identified as an additional lipid in cosmetic products
that is likely presented by CDla to T cells. Tetramer binding and activation assays
suggested that alkyl benzoate is a permissive lipid for CD1a-restricted T cells. Like the
previously identified CD1a allergen urushiol, which has a similar structure, it may also
be indirectly recognised via the absence of interference model (i.e. it does not hinder

crucial TCR interactions with CD1a and therefore can elicit responses) (Kim et al., 2016).

Given the monomorphic nature of CD1a, factors besides HLA genetic variability must
explain why not all individuals experience the same allergic responses mediated by
CDla-restricted T cells. One determinant of CDla-mediated allergy may be basal
frequency of CDla-restricted T cells, as hypersensitive individuals tended to have
elevated frequencies of peripheral blood CDla-restricted T cells that are responsive to
CDla-expressing APCs in the presence of bee/wasp venom and HDM compared to those
without allergies (Jarrett et al., 2016a, Subramaniam et al., 2016). This hypothesis is
supported by greater frequencies of CD1a-autoreactive T cells in psoriasis patients, and
increased CDla" cell populations with altered migratory patterns in lesions of
inflammatory skin pathologies, including psoriasis, AD, and contact dermatitis (Pigozzi
et al., 2006, Deguchi et al., 2002, Kim et al., 2016, Bangert et al., 2003, Scibior et al.,
2019, Wollenberg et al., 1996, Cheung et al., 2016, He et al., 2020, Langeveld-Wildschut
et al.,, 2000). Indeed, in this thesis, varying levels of CDla-restricted T cells were
identified using CD1a tetramers loaded with different lipid antigens. Elevated frequencies
of CDla" cells and CDla-restricted T cells in individuals with skin allergies and
pathologies could be assessed using tetramers loaded with urushiol, alkyl benzoate and

other small allergens on blood, blister fluid, and skin biopsies.

CDla-restricted T cells have also been implicated in airway hypersensitivity reactions to
aerosolised allergens such as plant pollen particles. Expression of CDla by bronchial
APCs and respiratory epithelial cells (Soler et al., 1989, Tazi et al., 1993a) suggests that
these airway inflammatory responses may be partially mediated by CDla. CDla- and
CDl1d-expressing pulmonary DCs capture and present a number of lipids from cypress
pollen, particularly PC and PE, which have stimulated T cell clones from hypersensitive
individuals in a CD1-dependent manner (Agea et al., 2005). Lipids derived from olive
pollen also trigger CD1d upregulation by monocytes and macrophages, causing NKT cell
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activation in vitro (Abos Gracia et al., 2017). In another in vitro study, NKT cell deficient
mice experienced reduced hypersensitivity responses following intranasal administration
of ragweed pollen compared to WT mice (Bilenki et al., 2004). Conversely, mice pre-
sensitised with a-GalCer exhibited exacerbated responses (Bilenki et al., 2004),
implicating NKT cells as drivers of hypersensitivity. CDla-restricted T cells may also
contribute to hypersensitivity to pollen lipids that are presented by CD1a, which could be
tested in macaques or CD1a-transgenic mouse models. They may even play a protective
role as IL-22, one of the key cytokines known to be produced by CD1a-restricted T cells
(de Jong et al., 2010, Hardman et al., 2017), has been observed to attenuate IFN-y-
mediated allergic inflammation in asthmatic patients (Hirose et al., 2018, Hirose et al.,
2013, Pennino et al., 2013). IL-22-producing CD1a-restricted T cells may therefore be
protective in some cases of airway inflammation, which would be in line with the

expression of immunosuppressive genes determined by RNA sequencing in this thesis.

The mechanisms that maintain tolerance to self-lipids under normal conditions in the skin
(and airways) despite the presence of CDla-autoreactive T cells remain unknown. One
mechanism for CDla-restricted T cell tolerance could be spatial separation of T cells,
APCs, and lipid agonists, as known CD1a autoantigens are largely concentrated in human
sebaceous glands and cornified epithelia (Nicolaides, 1974). Peripheral tolerance of
conventional T cells is regulated by both cell-extrinsic (Tregs and tolerogenic DCs) and
cell-intrinsic (e.g. transcriptional and epigenetic) mechanisms (Nurieva et al., 2011), and
perhaps similar mechanisms are also partly responsible for tolerance of CD1a-restricted
T cells. Interactions between costimulatory molecules on APCs with receptors on T cells
(e.g. CD28, CD40L and ICOS) is critical for mounting conventional CD4" T cell
responses, while inhibitory signals, such as engagement of receptors CTLA-4 and PD-1,
regulate the induction of T cell tolerance (Nurieva et al., 2006, Chen and Flies, 2013).
Further studies should therefore investigate the presence of these stimulatory and

inhibitory receptors on CD1a-restricted T cells in peripheral blood and skin.

Another possibility is that the abundance of antagonistic lipids, such as SM, under
homeostatic conditions prevent CD1a-autoreactive responses. SM has been regarded as a
non-permissive lipid antigen that does not activate the CD1a-restricted T cell clone BK6
(Birkinshaw et al., 2015), however, mass spectrometry of lipids eluted from CD1a-lipid-
TCR traps performed in this thesis revealed that it did bind a different TCR clone, 27a28,
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highlighting the differing reactivities of TCR clones. Furthermore, mass spectrometry of
lipids eluted from CDla expressed in the presence of alkyl benzoate revealed that
endogenous lipids, including SM, had been displaced in favour of C14 or C15 alkyl
benzoate. This suggests that typical “non-permissive” lipids may be displaced by CDla
allergens, thereby increasing the chance of CD1a-restricted T cells becoming activated.
It may be that the ratio of permissive to non-permissive (agonistic to antagonistic) lipids
influence CD1a-restricted T cell responses, rather than the presence of specific lipids, and
that this balance is perturbed in skin pathologies or by the introduction/generation of

specific lipid antigens in the case of allergies.

Understanding how CDla-restricted T cell tolerance is maintained during steady state
may inform the drivers of CD1a-mediated allergy. SM and phospholipids can be cleaved
into ceramides and small fatty acid chains respectively, which activate CD1a-restricted T
cells (de Jong et al., 2014, Kraft, 2016), and the balance of agonistic and antagonistic
lipids may contribute to tolerance. SM appears to be the most promising antagonistic
CDla antigen to date (Birkinshaw et al., 2015, de Jong et al., 2014, Cotton et al., 2021),
however, it did not always appear non-permissive to TCR binding in the studies
performed as part of this thesis. SM chain length may play a role in determining how the
antigen sits in the CD1a antigen binding groove, and therefore SM antigens of varying
chain length should be examined for their capacity to impair CD1a-mediated responses.
If a universal inhibitory ligand can be identified for CD1a-restricted T cells, or a way to
inhibit CD1a-restricted T cell-mediated pathologies is developed (e.g. with an anti-CD1a
blocking antibody), it may be possible to prevent CDla-mediated allergies and skin

disorders.

Highlighting the importance of CD1a in the immune response, at least one SNP in the
non-coding region of the CD1A gene is associated with greater risk of pulmonary TB,
likely by reducing CD1a expression in DCs (Seshadri et al., 2013, Seshadri et al., 2014).
It is not yet known whether CD1A4 SNPs also influence the development and frequency
of CDla-restricted T cells, however, lower CD1a expression appears to increase disease
susceptibility, suggesting a role for CD1a-restricted T cells in mycobacterial lipid antigen

recognition.
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As further evidence of a role in mycobacterial infections, populations of T cells that
bound CD]la tetramers loaded with the TB lipid antigen DDM were isolated in every
blood donor assessed in this thesis. Furthermore, while the isomer DDM-A was
previously identified as the most agonistic DDM isomer (Cheng et al., 2017), T cell
clones assessed here demonstrated different reactivity: some clones showed greater
binding and activation with other DDM isomers. Mycobactins that are structurally similar
to DDM that have not yet been identified may also be recognised by CDla-restricted T
cells, as elements of the mycobactin biosynthesis pathway are still being discovered
(Madigan et al., 2012), and therefore other mycobactin pathway derivates may be CDla

antigens.

Mycobactin production is common among mycobacterial species, and those from the TB
group (Mtb, M.bovis, and M.africanum) are identical (Barclay and Ratledge, 1988),
suggesting that DDM and structurally similar lipids from species within this group may
also play a role in immunity against a range of mycobacterial species. Supporting this
hypothesis, CDla-restricted T cells have been observed to undergo clonal expansion
following the presentation of antigens from M./eprae, and these cells were cross-reactive
with antigens from Mtb, M.smegmatis and M.phlei (as well as weakly cross-reactive with
ones from additional bacterial species) (Hunger et al., 2004). In this thesis, cross-
recognition between CD1a antigens was observed with DDM and less bulky lipids for
several CD1a-restricted T cell clones, and therefore it may be possible for DDM-reactive
T cells to also recognise and be cross-protective against lipid antigens from related
bacteria species. A future direction of this study is to assess whether mycobacterial lipids
from other species can also be directly loaded into CD1a, and if so, to assess their capacity

to activate different CD1a-restricted T cell clones.

Despite accumulating evidence that lipid-reactive T cells respond to mycobacterial lipids,
they have not yet been considered in TB vaccine design as the focus has mostly been on
conventional peptide-reactive T cells (Andersen and Scriba, 2019). However, the
recognition of immunogenic lipids, such as DDM and GMM, by CD]1-restricted T cells
may augment protective memory immune responses. The BCG vaccine contains a largely
complete set of highly immunogenic cell wall lipids, but these are absent from recently
developed, less effective subunit vaccines (Andersen and Doherty, 2005, Rhoades et al.,

2005). This negative correlation could highlight the importance of immunogenic lipids.
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Furthermore, high frequencies of CD1b-restricted T cells that recognise glycolipids from
pathogenic mycobacteria have been found in both healthy donors and LTBI patients
(Busch et al., 2016, Stenger et al., 1998, Stenger et al., 1997). Their production of
perforin, granzyme B and granulysin upon activation demonstrates a role for these cells
during Mtb infection. In addition, some TB-infected individuals have clonally expanded
GMM-reactive T cells, termed GEM T cells, that express the highly conserved TRAV1-
2/TRAJ9 TCR a-chain (Van Rhijn et al., 2013a, DeWitt et al., 2018). One study showed
that populations of TRAV1-2" GMM-reactive T cells were frequent in South African
adolescents with and without LTBI, but not healthy donors in the US, suggestive of TB
mediated immunity in areas where TB is endemic (Layton et al., 2018). While CD1a-
restricted T cell populations have not been as well studied in the context of TB infection
and/or BCG vaccination, clonally expanded populations of DDM-reactive T cells were
isolated in some donors in this thesis, and their age is suggestive that they may have
received the BCG vaccine, although vaccination status was unconfirmed. Future studies
should assess CD1a-restricted T cell frequencies following vaccination and/or infection,
as mycobacterial lipids may function as adjuvants and/or cognate T cell antigens to elicit

protective CD1-restricted responses.

TB is the leading cause of death among people living with HIV, who are around 19 times
more likely to develop active disease than HIV- individuals (World Health Organization,
2019). CD4' T cells play a dominant role during Mtb infection, and their depletion in
people co-infected with HIV leads to the absence of protective immunity and uncontrolled
bacterial growth (Cooper, 2009, Markowitz et al., 1997, North and Jung, 2004, Orme et
al., 1993). One study found that patients with HIV-TB co-infection have reduced numbers
of GMM-reactive T cells compared to HIV- individuals with latent or active TB
(Kasprowicz et al., 2016). A reduction of CDlb-restricted T cells that recognise
mycobacterial lipids, which are typically CD4" CCR5" (and are therefore also potential
targets of HIV), may contribute to the increased incidence of TB among HIV+ individuals
(Kasprowicz et al., 2016). Furthermore, Type I NKT cells, which also express high levels
of CCRS, are similarly depleted in HIV+ individuals (Fernandez et al., 2014, Motsinger
et al., 2002, Fleuridor et al., 2003, Mureithi et al., 2011, Sandberg et al., 2002, van der
Vliet et al.,, 2002). Given that most CDla-restricted T cells here expressed CDA4,
especially those that bound DDM, their susceptibility to HIV and what this means for
HIV/TB co-infection should be thoroughly investigated as their expression of CD4 may
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make them targets for HIV infection. Since Mtb-derived DDM is highly antigenic for
these cells (Moody et al., 2004), their depletion may impair mycobacterial immunity in
HIV-TB co-infection. The role of group 1 CD1-restricted T cells in TB and HIV infection

thus warrants further investigation.

Independently of TB, CD1a-restricted T cells may also play a role early in the response
to HIV infection. CD1a* LCs in the vaginal mucosa and endocervix are well placed to
sample antigens in the female genital tract (FGT), a critically important site for defence
against microbes as a key point of entry for pathogens including HIV (Rodriguez-Garcia
et al., 2018, Rodriguez-Garcia et al., 2017, Monin et al., 2020). Unconventional T cells
in the FGT, such as MAIT cells and y3-T cells, have been observed to produce IL-17
and/or IL-22 upon activation (Gibbs et al., 2017, Anipindi et al., 2019). These two
cytokines are known to be produced by CD1a-restricted T cells (de Jong et al., 2010, Kim
et al., 2016) and therefore, these cells may also interact with lipids sampled from the FGT
lumen and contribute to homeostasis and barrier immunity. They may especially play a
role in augmenting Th17 responses early in HIV (and other pathogen) infections given
that virus-specific IL-17-producing CD4" T cells induce early pro-inflammatory
responses (Yue et al., 2008). In this thesis, CD1a-restricted T cells were not observed to
produce IL-17 following 4-hour, non-specific stimulation with PMA and ionomycin,
although this may be because they require longer activation times to produce cytokines,
or may require a specific microenvironment to induce IL-17 expression. However, a
transcriptomic analysis of CDla-restricted T cells revealed expression of SAMHDI
(encoding sterile alpha motif (SAM) and histidine/aspartic acid (HD) domain-containing
protein 1). SAMHDI, a deoxynucleoside triphosphate (INTP) triphosphohydrolase, is a
key restriction factor that inhibits HIV-1 wviral replication by inhibiting reverse
transcription in resting CD4" T cells (Descours et al., 2012, Lahouassa et al., 2012, Lim
et al., 2012, Baldauf et al., 2012). Future studies should explore the breadth and
magnitude of innate-like immune responses and protection offered by CD1a-restricted T
cells, which, unlike GMM-reactive T cells and type I NKT cells, displayed high levels of
SAMHDI, and how these cells are impacted by HIV infection.

Compared to other groups of unconventional T cells, CD1a-restricted T cell populations
have not been as well studied in the context of TB and HIV infections, and the tetramers

generated in this thesis provide valuable tools to study all CD1-restricted T cell subsets
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in patients or macaque models of TB and HIV/AIDS. NHP are frequently used in pre-
clinical testing due to their phylogenetic proximity to humans. Macaques, specifically,
contain similar repertoires of immune cells and exhibit remarkable similarities to humans
in their immunological and pathological responses. Researchers can monitor the course
of TB disease using nearly identical parameters to those tested in humans, and infection
of Asian macaques with simian immunodeficiency virus (SIV) or simian-human
immunodeficiency virus (SHIV) is widely regarded as the current best model for AIDS
research given that it results in CD4" T cell depletion (Hatziioannou and Evans, 2012,
Pena and Ho, 2015, Thippeshappa et al., 2020). In this thesis, the southern PTM
(M.nemestrina), found throughout Southeast Asia, was selected as they can successfully
model infection with simian-tropic HIV-1 and are increasingly being studied as an NHP
model for AIDS (Hatziioannou et al., 2009). Examining T cells that bind CD1a-tetramer
from the skin, lungs, reproductive tract, draining LNs, and peripheral blood will provide
insight into the role of CD1a-restricted T cells during bacterial and viral infections. Here,
tetramers were used to interrogate these tissues in healthy juvenile PTM and showed

potential for future studies of lipid-reactive T cells in NHPs.

In this thesis, ptmCD]1-restricted T cell populations were isolated from healthy PTM at
frequencies aligned with previous estimates of type I NKT cells in rhesus macaques and
CD1-autoreactive T cell populations in humans (de Lalla et al., 2011, Yu et al., 2019).
The identification of macaque NKT cells has major implications for delineating their role
in NHP disease models of TB, HIV, autoimmunity, and other pathological conditions.
Type I NKT cells have already been studied in NHP models such as rhesus macaques,
particularly in the context of mycobacterial infection (Barouch et al., 2002, Sharpe et al.,
2017), and designing tools to study group 1 CDI1-restricted T cells in macaques allows
us to study these cells in a way we simply cannot in humans. In this thesis, trans-species
cross-reactivity was observed between some but not all T cells restricted to different CD1
isoforms. CD1d-a-GalCer and NKT trans-species cross-reactivity had been previously
observed for mice, humans and macaques, however this was the first instance the

phenomenon was observed for CD1b and CD1c¢ presenting endogenous lipids.

Immunophenotyping of healthy ptmCD]1-restricted T cells here revealed expression of
CCRS, a key receptor used by HIV/SIV for virus entry into cells and pathogenesis in

humans and macaques (Littman, 1998, Unutmaz et al., 1998). Given the susceptibility of
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CCR5" CD4" T cells to HIV infection (Motsinger et al., 2002) and the predominant
expression of CD4 by macaque lipid-reactive T cells, lipid-reactive T cell populations
may be specifically targeted by HIV, dependent on their expression of CCRS. In rhesus
macaques, while the majority of Va24* NKT cells are CD4, they exhibit high expression
of CCRS and are more susceptible to SIV infection than conventional CD4" T cells
(Motsinger et al., 2003). This suggests that CCRS is a greater determinant than CD4 for
susceptibility and that CD4" unconventional T cells may also be targets. With many
ptmCD1-restricted T cells being CCR5" in this thesis, these cells require further
investigation in the context of HIV/SIV immunopathology. Further studies should profile
type II NKT and group 1 CDl-restricted T cells in these species to determine whether
they also share their TCR repertoire — like the “pan-primate” (TRAV10-TRAJ18") semi-
invariant NKT TCR (Gansuvd et al., 2008, Gansuvd et al., 2003, Yu et al., 2019), to

further elucidate their phenotype, and to establish their role in immunity.

Like NKT and MAIT cells, CDla-restricted T cells are an attractive target for
immunotherapy and vaccine design due to the monomorphic nature of CDla.
Interestingly, the CDla antigen, squalene, is used as a component of immunologic
adjuvants in several vaccines, including seasonal, pandemic and avian influenza, and
some COVID-19 vaccine candidates (Lippi et al., 2010, Mirzaei et al., 2020). Commercial
squalene used in vaccines is primarily sourced from shark liver oil, or more recently,
plants (Kim and Karadeniz, 2012, Wolosik et al., 2013). It is possible that this may
activate CD1a-autoreactive T cells in a similar manner to human-derived squalene given
that the chemical structure is the same (de Jong et al., 2014). Adjuvants containing
squalene (predominantly MF59 and AS03) induce transcriptional responses related to
chemokines, cytokines, and pro-inflammatory transcription factors for strong, localised
inflammatory responses and recruitment of DCs, monocytes, neutrophils and eosinophils
(Harandi, 2018). MF59-based influenza vaccines induce enhanced, longer lasting
immune responses and greater efficacy compared to non-adjuvanted vaccines (Esposito
et al., 2011, Vesikari et al., 2009, Vesikari et al., 2011, Zedda et al., 2015). This is
attributed to enhanced APC recruitment and activation of antigen-specific CD4" T cells
(Galli et al., 2009), of which CD1a-restricted T cells may be included. Rats and mice,
which are both CD1a-deficient, respond to squalene as an adjuvant, albeit there are slight
variations in the human and murine response to AS03- and MF59-adjuvanted vaccines

(Wilkins et al., 2017). Whether there is a contribution of CD1a-restricted T cells to the

307



immune response following vaccination in humans requires investigation. For example,
this could be done using CDla tetramers to study them at the injection site and in
circulation before and after vaccination, and loading tetramers with squalene to assess the

ability of T cells to recognise it as an antigen.

Overall, this thesis provides fundamental insight into the biology of CDla-restricted T
cells and lays the foundation for new investigations of these and other lipid-reactive T
cells. Specifically, studies focused on examining the molecular mechanisms that govern
the recognition of numerous lipid antigens presented by CD1a, as well as the study of
CDl-restricted T cells in NHP models and human tissue samples using CD1 tetramers
described here. The constitutive high expression of CDla on skin-resident APCs and
studies of CD1a-restricted T cells to date support the notion that CDla-mediated T cell
responses play a central role in skin homeostasis and immunity, as well as skin
pathologies. However, the interaction between lipids, APCs and CD1a-restricted T cells
requires further exploration. An understanding of exactly how CDla-restricted T cells
respond to different immune challenges and behave in situ may advise therapeutic
interventions and aid in the development of vaccines that specifically target lipid-reactive
T cell responses. The knowledge from such studies will contribute to our understanding
of the biology and behaviour of CD1a-restricted, their role in the immune system, and in
turn, will provide valuable clues as to how to best manipulate these cell types to protect

against infectious disease and unwanted inflammatory immune responses.
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Appendices

Appendix I: Transfected protein sequences

Table Al 1. Sequences of human and macaque proteins transfected into cell lines.

Protein

Transfection

vector

Protein sequence

CNRI1
TCR

PMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRAQSVTQLDSHVSVSEGTPVLLRCNYSS
SYSPSLFWYVQHPNKGLQLLLKYTSAATLVKGINGFEAEFKKSETSFHLTKPSAHM
SDAAEYFCVVIGTMFSGGYNKLIFGAGTRLAVHPYIQNPDPAVYQLRDSKSSDKSV
CLFTDFDSQTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAF
NNSHPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTL
RLWSSGSGATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDGGITQSPK
YLFRKEGQNVTLSCEQNLNHDAMYWYRQDPGQGLRLIYYSQIVNDFQKGDIAEGY
SVSREKKESFPLTVTSAQKNPTAFYLCAARTDSNQPQHFGDGTRLSILEDLLTIPHNI

1-1a28
TCR

pPMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRGQSLEQPSEVTAVEGAIVQINCTYQTS
GFYGLSWYQQHDGGAPTFLSYNALDGLEETGRFSSFLSRSDSYGYLLLQELQMKD
SASYFCAVKGTYKYIFGTGTRLKVLANIQNPDPAVYQLRDSKSSDKSVCLFTDFDS
QTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDT
FFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGSG
ATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDVKVTQSSRYLVKRTGE
KVFLECVQDMDHENMFWYRQDPGLGLRLIYFSYDVKMKEKGDIPEGYSVSREKK
ERFSLILESASTNQTSMYLCASSFPGLAGGRTGELFFGEGSRLTVLEDLLTIPHNI

8-2a2
TCR

pPMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRAQSVTQLDSHVSVSEGTPVLLRCNYSS
SYSPSLFWYVQHPNKGLQLLLKYTSAATLVKGINGFEAEFKKSETSFHLTKPSAHM
SDAAEYFCVVVSGTYKYIFGTGTRLKVLANIQNPDPAVYQLRDSKSSDKSVCLFTD
FDSQTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIP
EDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSS
GSGATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVEPEVTQTPSHQVTQ
MGQEVILRCVPISNHLYFYWYRQILGQKVEFLVSFYNNEISEKSEIFDDQFSVERPD
GSNFTLKIRSTKLEDSAMYFCASSEALLLAGDQETQYFGPGTRLLVLEDLLTIPHNI

8-2al3i
TCR

PMIG-II

EATKLGNEFATMLLLLVPVLEVIFTLGGTRAQSVTQLDSHVSVSEGTPVLLRCNYSS
SYSPSLFWYVQHPNKGLQLLLKYTSAATLVKGINGFEAEFKKSETSFHLTKPSAHM
SDAAEYFCVVTGTYGQNFVFGPGTRLSVLPYIQNPDPAVYQLRDSKSSDKSVCLFT
DFDSQTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSI
IPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLW
SSGSGATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVAAGVIQSPRHLIK
EKRETATLKCYPIPRHDTVYWYQQGPGQDPQFLISFYEKMQSDKGSIPDRFSAQQF

SDYHSELNMSSLELGDSALYFCASSLEDETQYFGPGTRLLVLEDLLTIPHNI
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8-2al3ii
TCR

pPMIG-II

EATKLGNEFATMLLLLVPVLEVIFTLGGTRAQSVTQLDSHVSVSEGTPVLLRCNYSS
SYSPSLFWYVQHPNKGLQLLLKYTSAATLVKGINGFEAEFKKSETSFHLTKPSAHM
SDAAEYFCAVSVGSSYKLIFGSGTRLLVRPDIQNPDPAVYQLRDSKSSDKSVCLFTD
FDSQTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIP
EDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSS
GSGATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVAAGVIQSPRHLIKEK
RETATLKCYPIPRHDTVYWYQQGPGQDPQFLISFYEKMQSDKGSIPDRFSAQQFSD
YHSELNMSSLELGDSALYFCASSPTEWTSGDSSYEQYFGPGTRLTVTEDLLTIPHNI

17a11-21
TCR

pPMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRSQQGEEDPQALSIQEGENATMNCSYKT
SINNLQWYRQNSGRGLVHLILIRSNEREKHSGRLRVTLDTSKKSSSLLITASRAADT
ASYFCATTNRDDKIIFGKGTRLHILPNIQNPDPAVYQLRDSKSSDKSVCLFTDFDSQT
NVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDTFF
PSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGSGA
TNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVEAGVAQSPRYKIIEKRQSV
AFWCNPISGHATLYWYQQILGQGPKLLIQFQNNGVVDDSQLPKDRFSAERLKGVD
STLKIQPAKLEDSAVYLCASSLTAPELNNEQFFGPGTRLTVLEDLLTIPHNI

17a28
TCR

pPMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRSQQGEEDPQALSIQEGENATMNCSYKT
SINNLQWYRQNSGRGLVHLILIRSNEREKHSGRLRVTLDTSKKSSSLLITASRAADT
ASYFCASSSGGTYKYIFGTGTRLKVLANIQNPDPAVYQLRDSKSSDKSVCLFTDFDS
QTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDT
FFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGSG
ATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDVKVTQSSRYLVKRTGE
KVFLECVQDMDHENMFWYRQDPGLGLRLIYFSYDVKMKEKGDIPEGYSVSREKK
ERFSLILESASTNQTSMYLCASSLDLTDTQYFGPGTRLTVLEDLLTIPHNI

27a28
TCR

PMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRTQLLEQSPQFLSIQEGENLTVYCNSSSV
FSSLQWYRQEPGEGPVLLVTVVTGGEVKKLKRLTFQFGDARKDSSLHITAAQPGDT
GLYLCAGGSNYKLTFGKGTLLTVNPNIQNPDPAVYQLRDSKSSDKSVCLFTDFDSQ
TNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDTF
FPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGSG
ATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDVKVTQSSRYLVKRTGE
KVFLECVQDMDHENMFWYRQDPGLGLRLIYFSYDVKMKEKGDIPEGYSVSREKK
ERFSLILESASTNQTSMYLCASSQFLAGGTEQYFGPGTRLTVTEDLLTIPHNI

29a28i
TCR

PMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRDQQVKQNSPSLSVQEGRISILNCDYTN
SMFDYFLWYKKYPAEGPTFLISISSIKDKNEDGRFTVFLNKSAKHLSLHIVPSQPGDS
AVYFCAASAWSNQFYFGTGTSLTVIPNIQNPDPAVYQLRDSKSSDKSVCLFTDFDS
QTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDT
FFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGSG
ATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDVKVTQSSRYLVKRTGE
KVFLECVQDMDHENMFWYRQDPGLGLRLIYFSYDVKMKEKGDIPEGYSVSREKK
ERFSLILESASTNQTSMYLCASSFGGPTRELFFGEGSRLTVLEDLLTIPHNI

29a28ii
TCR

pPMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRDQQVKQNSPSLSVQEGRISILNCDYTN
SMFDYFLWYKKYPAEGPTFLISISSIKDKNEDGRFTVFLNKSAKHLSLHIVPSQPGDS
AVYFCAASALSNQFYFGTGTSLTVIPNIQNPDPAVYQLRDSKSSDKSVCLFTDFDSQ
TNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDTF
FPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGSG
ATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDVKVTQSSRYLVKRTGE
KVFLECVQDMDHENMFWYRQDPGLGLRLIYFSYDVKMKEKGDIPEGYSVSREKK
ERFSLILESASTNQTSMYLCASRFTGWAFFGQGTRLTVVEDLLTIPHNI
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35al6
TCR

pPMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRGQQLNQSPQSMFIQEGEDVSMNCTSSS
IFNTWLWYKQDPGEGPVLLIALYKAGELTSNGRLTAQFGITRKDSFLNISASIPSDV
GIYFCAGQSGSKMKTSYDKVIFGPGTSLSVIPNIQNPDPAVYQLRDSKSSDKSVCLF
TDFDSQTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNS
IIPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRL
WSSGSGATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVGEEVAQTPKHL
VRGEGQKAKLYCAPIKGHSYVFWYQQVLKNEFKFLISFQNENVFDETGMPKERFS
AKCLPNSPCSLEIQATKLEDSAVYFCASSLWDRYTEAFFGQGTRLTVVEDLLTIPHN
I

13-1pad-
1 TCR

PMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRGENVEQHPSTLSVQEGDSAVIKCTYSD
SASNYFPWYKQELGKGPQLIIDIRSNVGEKKDQRIAVTLNKTAKHFSLHITETQPED
SAVYFCAASKYSTLTFGKGTMLLVSPDIQNPDPAVYQLRDSKSSDKSVCLFTDFDS
QTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDT
FFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGSG
ATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDTEVTQTPKHLVMGMT
NKKSLKCEQHMGHRAMYWYKQKAKKPPELMFVYSYEKLSINESVPSRFSPECPNS
SLLNLHLHALQPEDSALYLCAASKYSTLTFGSGTRLTVVEDLLTIPHNI

16pb28
TCR

PMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRAQRVTQPEKLLSVFKGAPVELKCNYS
YSGSPELFWYVQYSRQRLQLLLRHISRESIKGFTADLNKGETSFHLKKPFAQEEDSA
MYYCALSHTGNQFYFGTGTSLTVIPNIQNPDPAVYQLRDSKSSDKSVCLFTDFDSQ
TNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDTF
FPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGSG
ATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDVKVTQSSRYLVKRTGE
KVFLECVQDMDHENMFWYRQDPGLGLRLIYFSYDVKMKEKGDIPEGYSVSREKK
ERFSLILESASTNQTSMYLCASRLRGRREETQYFGPGTRLLVLEDLLTIPHNI

8-6pc4-1
TCR

PMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRAQSVTQLDSQVPVFEEAPVELRCNYSS

SVSVYLFWYVQYPNQGLQLLLKYLSGSTLVESINGFEAEFNKSQTSFHLRKPSVHIS

DTAEYFCAVSDRWGYQKVTFGTGTKLQVIPNIQNPDPAVYQLRDSKSSDKSVCLFT
DFDSQTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSI
IPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLW
SSGSGATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDTEVTQTPKHLV

MGMTNKKSLKCEQHMGHRAMYWYKQKAKKPPELMFVYSYEKLSINESVPSREFSP

ECPNSSLLNLHLHALQPEDSALYLCASSQDRTGTPYEQYFGPGTRLTVTEDLLTIPH

NI

6pcd-1
TCR

PMIG-II

EAIKLGNEFATMLLLLVPVLEVIFTLGGTRSQKIEQNSEALNIQEGKTATLTCNYTN
YSPAYLQWYRQDPGRGPVFLLLIRENEKEKRKERLKVTFDTTLKQSLFHITASQPA
DSATYLCALIGYQKVTFGTGTKLQVIPNIQNPDPAVYQLRDSKSSDKSVCLFTDFDS
QTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDT
FFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGSG
ATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVDTEVTQTPKHLVMGMT
NKKSLKCEQHMGHRAMYWYKQKAKKPPELMFVYSYEKLSINESVPSRFSPECPNS
SLLNLHLHALQPEDSALYLCASSQLGTDTNYGYTFGSGTRLTVVEDLLTIPHNI

26pd29
TCR

PMIG-II

EATKLGNEFATMLLLLVPVLEVIFTLGGTRDAKTTQPPSMDCAEGRAANLPCNHSTI
SGNEYVYWYRQIHSQGPQYITHGLKNNETNEMASLIITEDRKSSTLILPHATLRDTA
VYYCIVRVTQGSNYQLIWGAGTKLITKPDIQNPDPAVYQLRDSKSSDKSVCLFTDFD
SQTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPED
TFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSSGS
GATNFSLLKQAGDVEENPGPMSNQVLCCVVLCFLGANTVSAVISQKPSRDICQRGT
SLTIQCQVDSQVTMMFWYRQQPGQSLTLIATANQGSEATYESGFVIDKFPISRPNLT
FSTLTVSNMSPEDSSIYLCSATYRDRGLGTEAFFGQGTRLTVVEDLLTIPHNI
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ptmCD1

pPMIG-II

MLFLLLPLLAVLPGGGNADGLKEPVSFHVIRISSFNNHSWKRNLVSGYLGHLQTHT
SDRNCSTHFLWPWSRGNFSNEEWKELEMLLHICCVRFLEGMRRY SRELQFEYPFEI
QVTGGCELHSGKFSGSFLRLAYQGSDFISFQNNSWLPSPVAGNMAKRLCKVINQNQ
HQNDIHSLLSDTCPRLILGLLDAGKAHLQRQVKPEAWLSRGLSPGPGRLQLVCHV
SGFYPKPVWVMWMRGEQEQQGTQRGDILPNADGTWYLRATQEVAAGEAADLSC
RVKHSSLEGQDIILYWEHHSSMGLIILAGIVPLLLLIGLALWFRKRCFR*

ptmCD1

PMIG-II

MLLLPFQLLAVLFPGGDSERAFQGPTSFHVIQTSSFTNSTWAQTQGSGWLDDLQIH
GWDSDSGTAILLKPWSKGNFSDKEFAELEEIFRVYIFGFAQEVQDFAGDFQIQYPFEIL
QGIAGCELHSGGAIVSFLRGALRGLDFLSVKNASCVPSPEGGSKAQKVCALIMQYQ
GIMETVRILLYETCPRYLLGVLHAGKADLQRQVKPEAWLSSGPSPGPGRLQLVCHV
SGFYPKPVWVMWMRDEQEQRGTQLGDILPNANWTWYLQATLDVAAGEAAGLSC
RVKHSSLEGQDIVLYWRNPTSTGSIVLAIMVPSLLLLLCLALWYMRRRSYQTIP*

ptmCD1

PMIG-II

MLFLQFLLLAVLSGGDNADAQEHVSFYTIQILSFANQSWAQSQGSGWLDELQTHG
WESESGRITFLHTWSKSNFSNEELSDLELLFRVYFFGLTREIQDHASQDYSKYPFEVQ
VKAGCELHSGKSPEGFFRVAFNGLDLLSFQNTTWVPSPDGGSLAPGVCHLLNHQY
EGVTETVYNLIRSTCPRFLLGLLDAGKMYLHRQVRPEAWLSSRRSLGSGRLLLVCH
ASGFYPKPVWVTWMRNEQEQLGTKHGDVLPNADGTWYLQVILEVASEETAGLSC
RVRHSSLGGQDIILYWGHHFSMNWIALIVLVSLVILIVLVLRFKKHCSYQDIL*

ptmCD1

PMIG-II

MGCLLFLLLWALLQAWGSAEVPQRLFPLRCLQISSFANSNWTRTDGLAWLGELQT
HSWSNDSDTIRSLKPWSQGTFSDQQWEALQRVFRVYRSSFTRDVKEFAKMLRLAY
PMELQVSAGCEVHPGNASHNFFHVAFQGSDILSFQGTSWEPAQEAPLWVNLAIQV
LNQDKWTKETVQWLLNDTCPQFVSGLLESGKSELEKQVKPKAWLSRGPSPGPGRL
QLVCHVSGFYPKPVWVKWMRGEQEQQGTQRGDILPNADETWYLRATLEVAAGE
AAGLSCRVKHSSLEGQDIVLYWAGGSHTSVGLIALAVLACLLFLLALIVGFTFRFKR
QTSYQGIL*

312



Appendix II: Soluble protein sequences

Table All. 1. Soluble human and macaque protein sequences and expression systems.

Protein Expression  Expression

Protein sequence

system vector
ptmCD1  GnTI" HEK  pHLsec
a 2938 cells

TGLKEPVSFHVIRISSFNNHSWKRNLVSGYLGHLQTHTSDRNCSTI
IFLWPWSRGNFSNEEWKELEMLLHICCVRFLEGMRRYSRELQFEY
PFEIQVTGGCELHSGKFSGSFLRLAYQGSDFISFQNNSWLPSPVAG
NMAKRLCKVINQNQHQNDIIHSLLSDTCPRLILGLLDAGKAHLQR
QVKPEAWLSRGLSPGPGRLQLVCHVSGFYPKPVWVMWMRGEQE
QQGTQRGDILPNADGTWYLRATQEVAAGEAADLSCRVKHSSLEG
QDILYWEGSLVPRGSGSRIARLEEKVKTLKAQNSELASTANMLR
EQVAQLKQKVMNHGSGLNDIFEAQKIEWHEHHHHHH**GTL

ptmfam*  GnTI" HEK  pHLsec
2938 cells

TGIQRTPKIQVYSRHPPENGKPNFLNCY VSGFHPSDIEVDLLKNGE
KMGKVEHSDLSFSKDWSFYLLYYTEFTPNEKDEYACRVNHVTLS
GPRTVKWDRDMGSLVPRGSGSLTDTLQAETDQLEDKKSALQTEI
ANLLKEKEKLEFILAAH**GTL

ptmCD1  GnTI" HEK  pHLsec
b 2938 cells

TGERAFQGPTSFHVIQTSSFTNSTWAQTQGSGWLDDLQIHGWDS
DSGTAILLKPWSKGNFSDKEFAELEEIFRVYIFGFAQEVQDFAGDF
QIQYPFEIQGIAGCELHSGGATVSFLRGALRGLDFLSVKNASCVPSP
EGGSKAQKVCALIMQYQGIMETVRILLYETCPRYLLGVLHAGKA
DLQRQVKPEAWLSSGPSPGPGRLQLVCHVSGFYPKPVWVMWMR
DEQEQRGTQLGDILPNANWTWYLQATLDVAAGEAAGLSCRVKH
SSLEGQDIVLYWRNPGSLTPRGVRLGSLNDIFEAQKIEWHEHHHH
HH**GTL

ptmCD1  GnTI" HEK  pHLsec
Y 2938 cells

TGADAQEHVSFYTIQILSFANQSWAQSQGSGWLDELQTHGWESE
SGRITFLHTWSKSNFSNEELSDLELLFRVYFFGLTREIQDHASQDYS
KYPFEVQVKAGCELHSGKSPEGFFRVAFNGLDLLSFQNTTWVPSP
DGGSLAPGVCHLLNHQYEGVTETVYNLIRSTCPRFLLGLLDAGK
MYLHRQVRPEAWLSSRRSLGSGRLLLVCHASGFYPKPVWVTWM
RNEQEQLGTKHGDVLPNADGTWYLQVILEVASEETAGLSCRVRH
SSLGGQDIILYWGHHFGSLTPRGVRLGSLNDIFEAQKIEWHEHHH
HHH**GTL

ptmCD1  GnTI" HEK  pHLsec
d 2938 cells

TGVPQRLFPLRCLQISSFANSNWTRTDGLAWLGELQTHSWSNDS
DTIRSLKPWSQGTFSDQQWEALQRVFRVYRSSFTRDVKEFAKML
RLAYPMELQVSAGCEVHPGNASHNFFHVAFQGSDILSFQGTSWE
PAQEAPLWVNLAIQVLNQDKWTKETVQWLLNDTCPQFVSGLLES
GKSELEKQVKPKAWLSRGPSPGPGRLQLVCHVSGFYPKPVWVK
WMRGEQEQQGTQRGDILPNADETWYLRATLEVAAGEAAGLSCR
VKHSSLEGQDIVLYWGSGLNDIFEAQKIEWHEHHHHHH*GTKLL
E

ptmfam  GnTI" HEK  pHLsec
2938 cells

TGIQRTPKIQVYSRHPPENGKPNFLNCY VSGFHPSDIEVDLLKNGE
KMGKVEHSDLSFSKDWSFYLLYYTEFTPNEKDEYACRVNHVTLS
GPRTVKWDRDM**GTL

*B2m contains an additional leucine zipper
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huCDla

GnTI" HEK
2938 cells

pHLsec

ETGLKEPLSFHVIWIASFYNHSWKQNLVSGWLSDLQTHTWDSNS
STIVFLWPWSRGNFSNEEWKELETLFRIRTIRSFEGIRRYAHELQFE
YPFEIQVTGGCELHSGKVSGSFLQLAYQGSDFVSFQNNSWLPYPV
AGNMAKHFCKVLNQNQHENDITHNLLSDTCPRFILGLLDAGKAH
LQRQVKPEAWLSHGPSPGPGHLQLVCHVSGFYPKPVWVMWMR
GEQEQQGTQRGDILPSADGTWYLRATLEVAAGEAADLSCRVKHS
SLEGQDIVLYWEGSLVPRGSGSRIARLEEKVKTLKAQNSELASTA
NMLREQVAQLKQKVMNHGSGLNDIFEAQKIEWHEHHHHHH***L
E

hufom

GnTI" HEK
2938 cells

pHLsec

EFKLATMGILPSPGMPALLSLVSLLSVLLMGCVAETGIQRTPKIQV
YSRHPAENGKSNFLNCY VSGFHPSDIEVDLLKNGERIEKVEHSDL
SFSKDWSFYLLYYTEFTPTEKDEYACRVNHVTLSQPKIVKWDRD
MGSLVPRGSGSLTDTLQAETDQLEDKKSALQTEIANLLKEKEKLE
FIXAAH***LE

17a28
TCR a

E. coli

pET30

EAIKLGNHMSQQGEEDPQALSIQEGENATMNCSYKTSINNLQWY
RQNSGRGLVHLILIRSNEREKHSGRLRVTLDTSKKSSSLLITASRA
ADTASYFCASSSGGTYKYIFGTGTRLKVLANIQNPDPPHNSTQHT

17a28
TCR B

E. coli

pET30

EAIKLGNHMDVKVTQSSRYLVKRTGEKVFLECVQDMDHENMFW
YRQDPGLGLRLIYFSYDVKMKEKGDIPEGY SVSREKKERFSLILES
ASTNQTSMYLCASSLDLTDTQYFGPGTRLTVLEDLLTIPHNI

27a28
TCR a

E. coli

pET30

EATKLGNHMTQLLEQSPQFLSIQEGENLTVYCNSSSVFSSLQWYR
QEPGEGPVLLVTVVTGGEVKKLKRLTFQFGDARKDSSLHITAAQP
GDTGLYLCAGGSNYKLTFGKGTLLTVNPNIQNPDPAVYQLRDSK
SSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNS
AVAWSNKSDFACANAFNNSIIPEDTFFPSPESS

27a28
TCR B

E. coli

pET30

EATKLGNHMDVKVTQSSRYLVKRTGEKVFLECVQDMDHENMFW
YRQDPGLGLRLIYFSYDVKMKEKGDIPEGYSVSREKKERFSLILES
ASTNQTSMYLCASSQFLAGGTEQYFGPGTRLTVTEDLLTIPHNIKN
VFPPEVAVFEPSEAEISHTQKATLVCLATGFYPDHVELSWWVNGK
EVHSGVCTDPQPLKEQPALNDSRYALSSRLRVSATFWQNPRNHF
RCQVQFYGLSENDEWTQDRAKPVTQIVSAEAWGRAD

29a28i
TCR a

E. coli

pET30

MDQQVKQNSPSLSVQEGRISILNCDYTNSMFDYFLWYKKYPAEG
PTFLISISSIKDKNEDGRFTVFLNKSAKHLSLHIVPSQPGDSAVYFC
AASAWSNQFYFGTGTSLTVIPNIQNPDPAVYQLRDSKSSDKSVCL
FTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVAWSNK
SDFACANAFNNSIIPEDTFFPSPESS

29a28i
TCR B

E. coli

pET30

MDVKVTQSSRYLVKRTGEKVFLECVQDMDHENMFWYRQDPGL
GLRLIYFSYDVKMKEKGDIPEGYSVSREKKERFSLILESASTNQTS
MYLCASSFGGPTRELFFGEGSRLTVLEDLLTIPHNIKNVFPPEVAV
FEPSEAEISHTQKATLVCLATGFYPDHVELSWWVNGKEVHSGVC
TDPQPLKEQPALNDSRYALSSRLRVSATFWQNPRNHFRCQVQFY
GLSENDEWTQDRAKPVTQIVSAEAWGRAD

8-2a2
TCR a

E. coli

pET30

EAIKLGNHMAQSVTQLDSHVSVSEGTPVLLRCNYSSSYSPSLFWY
VQHPNKGLQLLLKYTSAATLVKGINGFEAEFKKSETSFHLTKPSA
HMSDAAEYFCVVVSGTYKYIFGTGTRLKVLANIQNPDPPHNSTQ
HT

8-2a2
TCR B

E. coli

pET30

EAIKLGNHMEPEVTQTPSHQVTQMGQEVILRCVPISNHLYFYWYR
QILGQKVEFLVSFYNNEISEKSEIFDDQFSVERPDGSNFTLKIRSTK
LEDSAMYFCASSEALLLAGDQETQYFGPGTRLLVLEDLLTIPHNI
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Appendix III: Single cell RNA-sequencing data
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Figure AIILI. Comparison of differentially expressed genes between DDM-reactive
T cells and type I NKT cells. A gene expression heatmap displaying the top 62
differentially expressed genes between type I NKT cells (blue) and DDM-reactive T cells
(red). Differential expression was calculated using the non-parametric Kruskal-Wallis

Test with a p-value <0.01 and absolute log fold change >1.
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Figure AIILIIL. Comparison of differentially expressed genes between DDM-reactive
T cells and GMM-reactive T cells. A gene expression heatmap displaying the top 62
differentially expressed genes between type I NKT cells (blue) and DDM-reactive T cells
(red). Differential expression was calculated using the non-parametric Kruskal-Wallis
Test with a p-value <0.01 and absolute log fold change >1.

316



Appendix IV: Macaque CD1-restricted TCR sequences
TCR sequences from ptmCD1 tetramer” cells isolated from human PBMCs.

Table IV.1. Human ptmCD1a-restricted TCRs. Paired and unpaired TCR a- and B-
chain sequences from sequencing of ptmCDIla tetramer” T cells. Tetramer™ cells from
human PBMCs were single cell-sorted and their TCRs were amplified and sequenced to
determine their TCR gene usage.

TRAV | CDR3a TRA | TRB | CDR3b TRB | Fre
J \4 J q
26-1 | CIVRVIGXGXGSYQLTF |28 |28 CASSLSFLGTEAFF -1 |15
38-1 | CALRNFNKFYF 21 28 CASSPYGLAGGSLSSYNE [2-1 [ 1/5
QFF

25 - 43 |28 CASSLSFLGTEAFF -1 | 2/5
17 - 29 |- - - 1/5
8-2/8- | CVVSDSGWISTGRYNK | 4 - - - 1/6
4 XIF

26-2 | CILRDRSGGFGNVXHC [35 |- - - 1/6
6 CALDEGQGGKLIF 23 | 20-1 | CSAREVGTGTNQPQHF 1-5 | 1/6
29/DV | - 49 14 - 25 | 1/6
5

26-2 | CILRAAYXGAGSYQLTF |28 |9 CASSVXTGYSEAFF -1 | 1/6
27 - 52 - - - 1/6

Table 1V.2. Human ptmCDIlc-restricted, TRAV9-2* TRBV4-1" TCRs. Human
ptmCDlc-tetramer” T cells were single cell-sorted and their TCRs were amplified and
sequenced to determine their TCR gene usage. Of 25 CDIlc-restricted T cell clones
identified from donor KG52, two were TRAV9-2" TRBV4-17 as shown here.

TRAV | CDR3a TRAJ | TRBV [ CDR3b TRBJ Freq
9-2 CALRYGGSNYKLTF [ 53*01 | 4-1 CASSQSYWAHEQYF 2-7 2/25
9-2 CALNRNQGGKLIF 23*01 | 4-1 CASSQGQGSPLHF 1-6 2/25
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