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|l. Abstract

CD4+ T cells are essential components of the immune system.
Dysregulated or excessive T cell responses can cause, in susceptible individuals,
a group of immune-mediated conditions termed Spondyloarthritis (SpA),
characterized by chronic inflammation and structural damage of various
musculoskeletal structures. While well-documented genetic and immunological
alterations in SpA explain the overactivation of effector T cells, the intrinsic
regulatory functions exerted by a specialized T cell subset (Tregs) have been
studied only marginally. Exploring the natural suppressive functions of Tregs
could reveal novel regulatory pathways that can be leveraged for patient

benefit.

In its first part, this thesis focuses on the phenotypic and transcriptional
diversity of regulatory T cells in the peripheral blood and synovial fluid in
Spondyloarthritis. Through the use of high-resolution techniques and unbiased
analytical methods, | identify and characterize specialized regulatory subsets in
the blood and joints of patients with SpA. One of these subsets, which presents
features shared with Th17 cells and similarities with intestinal Tregs,
preferentially expresses the regulatory markers IL-10 and LAG-3. LAG-3, in
particular, is an emerging inhibitory receptor expressed on T cells. | show that
LAG-3 is able to control blood-derived monocyte activation in vitro, reducing
production of the inflammatory cytokines IL-12/23 and TNF, and downregulating
costimulatory molecules necessary for T effector activation. This mechanism is

predicted to restrain inflammatory responses, making LAG-3-based therapeutic



interventions promising novel strategies for immune driven diseases such as

SpA.

A further emerging therapeutic strategy for SpA and other inflammatory
arthritides consists in targeting inflammatory signaling pathways. The
intracellular kinase MK2 is involved in the post-transcriptional regulation of
cytokine expression. In the last part of the thesis | show that a novel small
molecule MK2 inhibitor is effective in reducing T cell mediated inflammatory
responses, including Th17, making it a promising novel therapeutic agent for

SpA.
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1 Introduction and aims

The immune system is a network of specialised structures and processes
that the organism employs to defend itself from pathogenic agents and to
preserve tissue homeostasis. The first lines of defence against pathogens are
specialised anatomical structures with barrier function and neutralising secreted
mediators. A second, more complex, subsystem is defined by cell-mediated
immunity, which relies on the activation and intercommunication between
specialised cell types, further classified in two groups. Innate immune cells, highly
conserved across species, provide rapid recognition of molecular patterns
expressed by pathogenic organisms and their clearance. Adaptive immune cells,
thanks to a clonal recognition of non self (foreign) proteins (antigens), confer life-
long protection against a vast numbers of challenges, and orchestrate the

response of the entire immune system.
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T helper lymphocytes, characterised by the expression of the costimulatory
molecule CD4 on their surface, are central in adaptive immunity. They recognise
protein antigens thanks to a unique receptor expressed on their surface and
shape an organised response to external challenges. When a self antigen is
erroneously recognised or when the activation mechanisms are altered or
dysregulated, CD4" T cells can cause pathology, among which inflammatory
arthritides, including Spondyloarthritides (SpA).

The focus of this thesis will be on CD4* T cells in SpA, in particular on their
regulatory functions on the immune system, either exerted by a specialised
subset, or by molecular interventions that restrain their inflammatory responses.
The overarching aim of this work is to explore novel mechanisms of T cell

regulation for patient benefit.

1.1 CD4+T CELLS

1.1.1 Development, antigen recognition and activation

The recognition of amino acid sequences (epitopes) from peptides
presented by MHC molecules on the surface of antigen-presenting cells (APCs)
is the mainstay of adaptive immunity. The first encounter of CD4+ T cells with an
antigen happens in the thymus, where they are generated. Here, a large array of
antigens is presented by medullary or cortical thymic epithelial cells to the
antigen-naive CD4+ T cells in a process known as thymic selection. A specialised

complex named the T cell receptor (TCR), expressed on the T cell surface,
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recognises and binds the antigen with different levels of affinity. High avidity for
self-antigens leads to T cell programmed cell death, in order to limit
autoreactivity. Cells that show low affinity survive and egress the thymus as naive
T cells (positive selection). Within the T cells with intermediate affinity for the
antigen, some become centrally primed regulatory T cells (Tregs) (Figure 1.1),
whose activation and further differentiation will be discussed in 1.2

The selection process, fundamental to instruct recognition of foreign
antigens and tolerance towards self proteins, essentially depends on the TCR,
which is a heterodimer formed by two chains; more exactly, in the vast majority of
T cells, an alpha and a beta chains (a smaller subset of T cells, with a specific
role in barrier immunity, expresses a gamma-delta chain pairing). In the
developing T cell, the genes encoding alpha and beta chains (named TCRA and
TCRB respectively) undergo a complex rearrangement of multiple non-
contiguous segments (called somatic recombination). These segments are
contained in gene loci called variable (V), diversity (D), joining (J) and constant
(C) in the TCRB gene and V, J and C in the TCRA. The resulting protein chain
generated and expressed on the T cell surface is the product of only one
sequence from the multiple copies that exist in the various VDJ segments, in a
process called V(D)J recombination. The combinatorial associations of the gene
segments for each chain, plus the addition or removal of random nucleotides at
the site of recombination generates a vast number of variants that composes the
enormous TCR repertoire needed to recognise the high number of antigens
presented in the thymus, making each T cell essentially unique. The functional

key site is the sequence encoded by the V(D)J junction, which forms the highly
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Figure 1.1. Cartoon showing CD4" T cell thymic maturation and differentiation.
The CD4" cell fate is dependent on the T cell receptor (TCR) recognition of self-
peptides presented by APCs in the thymus. T cells with high affinity for self-peptides
or MHC molecules undergo programmed cell death with aim of removing self-
reactive T cells. Through mechanisms not entirely understood, T cells with high or
intermediate affinity for self peptides are instructed to become regulatory cells

(nTregs).
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variable complementarity determining regions (CDR) 3, representing the area that
enters in contact with the antigen.

After the thymic education, the cells that are positively selected migrate to the
periphery where they will be able to recognise the same peptides presented

on MHC class Il molecules by the professional APCs.

1.1.2 Differentiation and heterogeneity

Together with the recognition of the antigen and the TCR engagement
signal, integrated stimuli dictate the transcriptional changes that guide the
differentiation of the naive T cell. These include: the level of the stimulation from
the APC, the presence of cell-cell costimulatory signals and the cytokine milieu
in the microenvironment (together with a finer regulation provided by other
soluble mediators or bacterial products). Specific intracellular pathways,
including Stat (signal transducer and activator of transcription) proteins, regulate
this process, which eventually leads to the induction of a dominant transcription
factor (Table 1.1 and Figure 1.1). The master transcription factor (TF) controls
the transcriptional programme of the cell, including specific cytokine production
and the expression of chemokine receptors that mediate trafficking to the organs:
these help each subset to exert specific functions in response to antigens and in
tissue immunity. Dysregulated mechanisms of T cell commitment or maturation
can be contributing to pathogenic responses, such as autoimmunity for Th1 and
Th17 cells, and allergic responses for Th2 cells. Genome Wide Association
Studies (GWAS) have been instrumental in unveiling the associations between
many different genomic loci associated with T cell function, and autoimmune
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diseases, providing new insights into pathogenesis and identification of possible

drug targets (Knight, 2013). One important T helper subset, Tregs, is specialised

in terminating the host immune response, regulating tissue homeostasis and

preventing autoimmunity.

Signalling Master Functions Chemokine Reference
pathway TF/Gene receptors
| | T | immunity against | CCR5, | (Szabo et
Th1 Stat1/Stat4 bet/ TBX21 intracellular CCR4, al., 2000,
microorganisms  CXCRS3 2002)
| | humoral immunity | | (Zheng
Gata- against and
Th2 ) Statb 3IGATA3 | extracellullar CCR4 Flavel,
pathogens 1997)
| | immunity against | | (Harringt
) pathogens incl. on et al.,
Th17  Stat3 T%%RC fungi and ggs‘g’ 2005;
i mucosal Park et
immunity al., 2005)
regulation of (Fontenot
Treg | Statd Iligxpi%/FOX immune system etal.,
activation 2005)

Table 1.1. Master transcription factors, functions and signature chemokine
receptors of major human T helper cell subsets.

U L2607 Genes Conditions associated (include)
subsets
| | Systemic Lupus Eryhtematosus |
(SLE), RA, Primary Biliary
UL DU, WV, LA Cholangitis (PBC), Inflammatory
Bowel Diseases (IBD),
| IL6R, IL33, IL1R1, | - |
Th2 RORA, IL18R1 Asthma, Vitiligo
STAT3, TYK2, IL6R,
Th17 IL23R, IL23A, CCRE, AS, Psoriasis, PsA, IBD
JAK2
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Treg CD28, IL2RA, Type | diabetes, RA

PTPN22, TNFRSF9, RA, Multiple Sclerosis,
TNFRSF14, CD40, Autoimmune thyroid disease,
BACH?2 IBD, Coeliac disease

Misc T cell
responses

Table 1.2. Genes linked with T helper subset function and their association
with immune-driven diseases (data from the NHGRI-EBI GWAS Catalog,
https://www.ebi.ac.uk/gwas/home).

1.2 REGULATORY T CELLS (Tregs)

1.21 Discovery, origin and development

The first description of Tregs dates back to the 1990s when Shimon
Sakaguchi first identified a circulating subset of CD4" T cells expressing high
levels of CD25 (the a-subunit of the IL-2 receptor) (Sakaguchi et al., 1995). The
adoptive transfer of these CD25" T cells was able to prevent the multi-organ
autoimmune disease observed in thymectomized mice (Suri-Payer et al., 1998).
An analogue phenotype was also identified in humans, characterised by
expression of CD25 and responsiveness to IL-2 (Baecher-Allan et al., 2001; Ng et
al., 2001). Subsequently, the FOXP3 gene product was identified (Fontenot et al.,
2003; Hori et al., 2003) as the master Treg transcription factor with a central role
in development, survival and regulatory function. Its mutation was then
associated with fatal autoimmune diseases, both in mice, in a phenotype that was
already known as scurfy (Brunkow et al., 2001), and in humans (IPEX, or

Immunodysregulation polyendocrinopathy enteropathy X-linked, syndrome)
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(Wildin et al., 2001). The severity of these clinical pictures, caused by the
complete lack of functional Tregs, highlights the critical, non-redundant role of
these cells in the maintenance of self-tolerance.

Tregs, as is the case for the vast majority of T helper cells, have TCRs
constructed with combination of alpha and beta chains (although yd T cells with
regulatory properties have been described, see (Xiaoyan et al., 2011)). The TCR
engagement, co-stimulation by CD28 (Tai et al., 2005) and high levels of IL-2
induce FOXP3 and CD25 expression via activation of Stat5 (Burchill et al., 2007;
Lio and Hsieh, 2008). Recent studies have shown that activation of enhancers in
genes associated with the Treg lineage (eg. IKZF2 (Helios), and IKZF4 (Eos)),
is present even before the FOXP3 mRNA induction, indicating the existence of
permissive epigenetic changes in the Treg precursor (Kitagawa et al., 2017).

Tregs generated in the thymus then egress to form the so-called thymic
Tregs (tTregs). These cells recognize self or tolerised antigens and are generally
functionally stable. The maintenance of their regulatory role is coordinated by an
epigenetic landscape of specific regions of the genome. The DNA methylation
status, in particular, in regions such the Treg-specific demethylated region
(TSDR) situated inside the FOXP3 conserved non-coding sequence 2, is the
key epigenetic control of the Treg specific gene expression (Polansky et al.,
2008).

Tregs can also be generated peripherally. Naive T cells that exit the
thymus can be later differentiated into Foxp3+ Tregs following antigen
recognition, if required complementary events take place. These cells are labelled
peripheral Tregs (pTregs) or induced Tregs (iTregs). The methylation status of

Treg-specific regions controls the stability of Foxp3 expression. As shown in
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mouse Tregs, environmental signals (eg. soluble inflammatory mediators, the
strength of the TCR signal) can induce methylation of key genetic loci, increasing
cell plasticity and potentially limiting suppressive function and even loss of

FOXP3 expression (Ohkura et al., 2012).

1.2.2 Classification and phenotypic heterogeneity

Despite differences in origin and epigenetic control, distinguishing thymic
and peripheral Tregs with common markers is challenging (Shevach and
Thornton, 2014). The TF Helios and the surface protein Nrp1 (neuropilin-1)
(Weiss et al., 2012; Yadav et al., 2012), lacking on peripherally-primed Tregs,
have been proposed as markers for thymic origin.

As said, FOXP3 is the master and lineage defining TF for Tregs, but
although in mice is a marker exclusive of Tregs, in humans FOXP3 can be
induced in conventional T cells upon activation. The Sakaguchi group proposed a
classification of circulating Tregs based on the expression levels of three
markers: CD45RA+FOXP3low/CD25low were defined resting or naive Tregs;
CD45RA- FOXP3hi/CD25hi effector Tregs; and CD45RA- FOXP3low/CD25low
non Tregs (Miyara et al., 2009). Further studies showed that CD25 and FOXP3
expression are neither exclusive nor sufficient to define Tregs, and that the Treg
pool is highly heterogeneous. A number of additional Tregs markers, reflecting
maturation or activation state, have been described. Similarly to T effectors
(Teffs), Tregs can be subdivided into naive and memory cell compartments
based on the expression of CD45RA/CD45R0O, and can express other markers

such as CCR7, HLA-DR, and CD27. Other important functional markers include:
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cytotoxic T-lymphocyte antigen-4 (CTLA-4) (Wing et al, 2008), GITR
(glucocorticoid-induced TNF receptor family related protein; TNFRSF18) (Shimizu
et al., 2002), and the lack of expression of CD127 (the IL-7 receptor a-chain) (Liu
et al., 2006). Although none can be singularly used to univocally define Tregs,
they all concur to define their identity.

Finally, not all CD4* T cells with regulatory functions express FOXP3 or
CD25: as in the case for the so called type 1 regulatory cell, or Tr1, that have an
important role in tissue immunity (Pot et al., 2011). Tr1 are generated in the
periphery from naive T cells and are characterised by the production of IL-10 and
Granzyme B and the expression of LAG-3 and CD49b (Gagliani et al., 2013). In
the mouse, the Tr1 phenotype can be reproduced in vitro exposing murine naive
CD4" T cells to IL-27. The master TF controlling the transcriptional profile of
these cells has not yet been identified, but the induction of Irf1 and Balf is

required for the differentiation into Tr1 (Karwacz et al., 2017).

1.2.3 Treg Plasticity

The T cell subsets shown in Figure 1.1 should not be interpreted as
terminal differentiation: the lineage commitment is not irreversible and the
epigenetic regulation of the various TFs is permissive of coexpression. Tregs in
particular have the capacity in certain circumstances to acquire, in overlap with
FOXP3, the transcriptional signature associated with specific T helper subsets.
The co-expression of the key TF of a certain lineage in Tregs may endow with
expression of trafficking and migration markers to inflammation sites, cytokine

receptors required for adaptation in a certain environment or even the ability to
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regulate inflammation orchestrated by “shadowing” T helper cells, while
maintaining a suppressive module (Wing and Sakaguchi, 2012).

This is evident in the Tregs expressing the Th17 signature TF ROR-yt, a
subset first described in the mouse intestine. The acquisition of ROR-yt by gut
Tregs would be instrumental to adapt the cell to tissue cues such as IL-6, and
offer a competitive advantage against Th17, which have the same differentiation
requirement (Chaudhry et al., 2009). ROR-yt also induces CCR6 expression in
Tregs, a chemokine receptor that mediates migration to Th17-driven inflammation
sites, such as the central nervous system (CNS) in the course of experimental
autoimmune encephalomyelitis (EAE), a model of human demyelinating disease
(Kim et al., 2017). A similar role for the TFs T-bet and, more recently, GATA3 in
Tregs has been described; both are instrumental to regulate respectively Th1
(Koch et al., 2009) and Th2 (Kalekar et al., 2019) responses.

It has been proposed that, in immune driven conditions the plastic
properties of Tregs could contribute to the disease pathogenesis, if FOXP3
expression is lost (“Treg instability”) and a pro-inflammatory gene module
overrides the regulatory programme. High levels of IL-6 and IL-1 are able to
overcome Foxp3 control of the ROR-yt programme, inducing IL-17 expression
(Yang et al., 2008). In an animal model of arthritis, in fact, in the presence of
high levels of IL-6 Tregs have shown to transdifferentiate into pathogenic cells
(Komatsu et al., 2014). However, transdifferentiation to or from Tregs has been
observed in vivo in murine fate mapping models (Zhou et al., 2009). This

occurrence has not been demonstrated in human autoimmune diseases yet.
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1.2.4 Tissue-specificity of Tregs

Tissue-resident T cells are an emerging concept in immunology. The
hypothesis that Tregs could exert specialized regulatory immune functions in
the tissues, similarly to what observed for other tissue resident cells, is even
more recent (Panduro et al., 2016).

Although specialized Tregs have been described in many non lymphoid
tissues such as the skeletal muscle and the adipose tissue (Cipolletta et al.,
2012), a brief overview will be given on tissue Tregs colonizing two organs often
affected by SpA: the gut, and the joint.

A large barrier tissue at the functional forefront between immune response
and tolerance, the gut mucosa represents an example of site where T cell
regulatory responses have evolved in response to the environment (Whibley et
al., 2019). In the mouse intestine, two well characterised Treg subsets exist: one,
presumed to be of thymic origin, expresses the TF Gata3 and promotes
intestinal tolerance via IL-33 (Schiering et al., 2014), the other expresses the
Th17 master TF ROR-yt and is induced by intestinal microbiota (Ohnmacht et al.,
2015; Sefik et al., 2015). The latter is a stable subset, as shown by the
hypomethylation of TSDR, and exerts mucosal tolerance functions (Yang et al.,
2016) towards type 2 responses (Ohnmacht et al., 2015), or controls pathogenic
Th17 responses triggered by pathobiont (Xu et al., 2018), via cMaf, a master
regulator for IL-10. IL-10 controls Th17 pathology (Huber et al., 2011) as shown
by deletion of Maf or I110r which exacerbates mucosal inflammation often driven

by pathogenic Th17 cells (Chaudhry et al., 2011; Xu et al., 2018).
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Whether correspondent Tregs subset are present in the human gut has
been addressed only recently: Tregs with Th17 characteristics, responsive to
retinoic acid and involved in tissue repair, have been identified in patients with
Crohn’s disease (Povoleri et al., 2018). In one report within the Human Cell Atlas
project, the lymphoid landscape of the colon identified three subsets of Tregs: a
lymphoid-tissue-like cluster, a non-lymphoid tissue like, and a group of cells
expressing the KLRB1 gene (James et al., 2020). Certainly IL-10 has important
regulatory function also in the human intestine, as confirmed by genetic mutations
of IL10RA and IL10RB, associated with severe, early-onset inflammatory bowel
disease (Glocker et al., 2009).

The synovial fluid in the course of arthritis is a complex inflammatory
environment, where T cells interact with organ-specific resident cell populations
such as synovial fibroblasts or other activated immune cells (eg macrophages
and DCs), which provide both cell-dependent and soluble signals. How the
synovial environment in the course of arthritis can influence gene regulation in
Tregs is a largely underexplored area. Specific Treg subsets and described
functional alterations affecting Treg function in the SF will be described in
1.3.2.6.

Tissue Tregs do not differ from peripheral blood cells exclusively in their
activation status or the expression of a specific TF. Integrating chromatin
accessibility and single cell RNAseq data of tissue Tregs from different organs
and the spleen, DiSpirito et al., 2018 showed the existence of tissue-restricted
areas of open chromatin that are activated on top of regions already accessible in
the spleen Whether there is a tissue-specificity in the suppressive functions is an

important outstanding question.
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1.2.5 Mechanisms of suppression

Tregs mediate their suppressive functions integrating a series of
mechanisms involving cell contact, secreted factors and modification of the
surrounding environment. The T cell suppressive armamentarium is comprising
a vast number of molecular mechanisms, ranging from cell surface proteins
(CTLA-4, CD25, TIGIT), to immunoregulatory cytokines (IL-10, TGF-3, and IL-
35) and intracellular peptides (granzyme, cyclic AMP) (reviewed in Schmidt et
al., 2012). Some of these markers, constitutively expressed on Tregs, are
essential for maintaining self-tolerance: deficiency of CTLA-4, CD25 or IL-2 all
cause severe autoimmune or inflammatory disease, often fatal.

CTLA-4 on Tregs downregulates the expression of CD80 and CD86 by
antigen-presenting cells (APCs), competing with CD28 for CD80/CD86 binding
consequently depriving T effectors cells of needed costimulatory signals (Wing
et al., 2008). Furthermore, CTLA-4 removes the CD80 and CD86 molecules
from the cell surface of APCs by transendocytosis (Qureshi et al., 2011). IL-2 is
absorbed by Tregs, owing to their high expression of CD25 and the high affinity
heterotrimeric IL-2 receptor stably expressed on their surface, outcompeting T
effector cells for a cue for their expansions and differentiation (Pandiyan et al.,
2007).

The two mechanisms above are regulated by FOXP3 (Wu et al., 2006),
while others may be adopted by Tregs as additional instruments of immune
regulation, particularly at sites of tissue inflammation (Wing and Sakaguchi,
2012). For example, IL-10 expression is not a prerogative of Tregs but it is

acquired in the tissue. Treg-conditional IL-10 deletion produces tissue pathology
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(colitis) but not spontaneous, systemic autoimmune disease, suggesting that
there is a hierarchy of suppressive markers (Rubtsov et al., 2008). Further
studies are needed to identify which mechanisms Tregs employ to regulate

different responder cells and in which inflammatory sites.

1.2.6 Treg antigen specificity

As explained, the T cells that show intermediate or high affinity towards
the antigen are programmed to become Tregs, while those with low antigen
affinity are become conventional T cells. The result is that the TCR repertoire in
Tregs is more skewed towards self-reactive peptides compared to any other
CD4" population (Romagnoli et al., 2002). The tTreg population, in particular, is
thought to be largely autoreactive, but in a TCRp transgenic mouse experiment, it
was shown that the TCR repertoires of Tregs and autoreactive Teffs are partially
overlapping (Hsieh et al., 2006).

Tregs that are not instructed in the thymus but in the periphery,
recognize self peptides more frequently than conventional T cells. In reality,
Tregs specific for exogenous antigens have been described: both pTregs
(Lathrop et al., 2011), and, surprisingly, tTregs (Cebula et al., 2013) can instruct
regulatory responses against intestinal bacteria in mice, and similarly against viral
antigens (Ebinuma et al., 2008) or aeroantigens in human allergies (Bacher et al.,
2016), challenging the dogma that Tregs are exclusively autoreactive. It is
possible that tTregs mainly recognise self-antigens, and that the pTreg TCR
repertoire includes both self and foreign epitopes, comprising of both innocuous

environmental or commensal-derived antigens. Reports of Treg clonal
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expansions are constrained by the relative scarcity of Tregs compared to other
CD4" cells, yet the comprehension of clonal restricted regulatory responses could
help designing antigen-specific modulation for Treg cell-based therapy in

autoimmune diseases where an autoantigen has been already identified.

1.2.7 Tregs in immune-mediated diseases

Since their description as the main regulatory subset of the immune
system, considerable effort has been put to demonstrate an association
between Tregs and immune driven diseases (Miyara et al.,, 2011). Despite
inconsistencies in the markers employed for their identification, numerous
reports have described functional or numerical anomalies of circulating Tregs in
many immune mediated diseases, including inflammatory arthritides (see
1.3.2.6).

Whether a quantitative or qualitative Treg anomaly is causative of an
immune-mediated condition, or is instead the consequence of it, remains
difficult to prove. Furthermore, concomitant over-activation and resistance of
effector cells to Treg-mediated suppression are often described in immune-
driven diseases. Genome-wide association studies have shown that SNPs
associated to autoimmune diseases, including inflammatory arthritides, can
localize in enhancer regions of genes with regulatory functions such as IL2RA
and CTLA4 (Todd et al., 2007; Brown et al., 2016; Okada et al., 2019) . Mapping
the effects of Treg-associated immune variants on gene expression and
chromatin status has been attempted only very recently (Bossini-Castillo et al.,

2019). It is possible that certain genetic variations could be of relevance only
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during organ pathology, or in one specific tissue-resident subpopulation of
Tregs. In asthma, for example, a disease-causing polymorphism of /IL4R was
proposed as causing pathogenic conversion of Treg to Th17, which worsened

airway inflammation (Massoud et al., 2016).

1.2.8 Treg-based therapies

Owing to their ability of induce tolerance and to regulate excessive
inflammatory responses, therapies that promote Tregs are considered a viable
strategy for treating immune driven diseases. Adoptive cell therapy with
antigen-specific or polyclonal Tregs is being trialed in several autoimmune
conditions. In it, purified circulating Tregs from a patient are expanded in vitro
with polyclonal stimuli such as TCR and CD28 and/or IL-2, and transferred back
to the patient (Hippen et al., 2011; Bluestone et al., 2015). Alloantigens can be
added if the aim is expanding antigen-specific Tregs before reinjection in
patients. The ability of IL-2 to induce Tregs proliferation can be also used
directly in vivo: the injection of low doses of rhIL-2 has been used to
successfully enhance regulatory responses in autoimmune diseases (Todd et
al., 2016; Humrich et al., 2019). Going forward, a strategy to obtain antigen-
specific Tregs could be engineering them to express a chimeric antigen
receptor, or homing receptors that would mediate trafficking to the sites of organ
autoimmunity (Zhang et al., 2018).

While adoptive Treg transfer for the treatment of autoimmune diseases is
an emerging, although promising, experimental approach, therapies that mirror
certain Treg functions are already in clinical use. The discovery of CTLA-4 and

its modulation of the CD80/86 co-stimulatoy signal led to the development of
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abatacept, a CTLA-4/Ig fusion protein, currently in widespread clinical use in RA
(Westhovens et al., 2009).

Conversely, a high Treg number is detrimental when a strong immune
response against a certain antigen is desired. The number of Tregs in the tumor
microenvironment, in fact, correlates with disease progression (Togashi et al.,
2019). In oncology, the state-of-the-art approach is to inhibit the regulatory
responses in order to reinforce antitumor immune surveillance.
Immunotherapies, based on the inhibition of the immune checkpoints (such as
CTLA-4, PD-1 and LAG-3) interfere with the regulatory receptors expressed by
conventional CD4* and CD8" cells upon exhaustion and/or repetitive exposure
to an antigen (Havel et al., 2019), and simultaneously deplete Tregs (Arce

Vargas et al., 2018).

1.3 THE SPONDYLOARTHROPATHIES (SpA)

SpA is a collective term that defines a spectrum of chronic immune-
mediated arthritic  conditions  with  unifying clinical, genetic and
pathophysiological features. The main pathogenic event in SpA is inflammation
of different musculoskeletal structures, which presents with pain, tenderness or
stiffness of the joints, the tendons and the axial skeleton. If untreated, the

persisting inflammation leads to structural changes and deformity.
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Historically, the SpA classification includes five conditions, named after
one characterizing clinical feature or its etiology: ankylosing spondylitis (AS),
undifferentiated SpA, reactive arthritis, psoriatic arthritis (PsA), juvenile SpA,
and inflammatory bowel diseases-associated arthritis (Sieper et al., 2009).
These conditions share numerous characteristics, such as the high prevalence
of the allele HLA-B27, the absence of the rheumatoid factor and overlapping
clinical manifestations, together with a significant familial recurrence.

This research was conducted on two forms of SpA: Ankylosing Spondylitis (AS)
and Psoriatic Arthritis (PsA), whose clinical features and pathogenesis will be

described.

1.3.1 Clinical manifestations

AS is a common chronic immune-mediated disease characterized by
inflammation of the axial skeleton, with early involvement of the sacro-iliac
joints. It usually presents with chronic back pain that appears typically before
the age of 45, characterised by insidious onset and improvement with exercise.
It is often associated with one or more articular features, including peripheral
joint synovitis, enthesitis (inflammation of the tendon insertion site) and dactylitis
(inflammation of a whole digit caused by flexor tenosynovitis) (Taurog et al.,
2016). In AS, inflammation likely originates at the enthesis. Through
mechanisms that are still poorly understood, the inflammation leads to erosion
and bone proliferation. If untreated, these events lead to ossification of the
vertebral ligaments, causing loss of spinal flexibility, deformity and severe

disability.
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Psoriatic arthritis (PsA) is characterised by synovitis of peripheral joints.
The pattern of distribution of the affected joints is very heterogeneous: the
inflammation may involve both axial and peripheral joints, often as a polyarthritis
or as an oligoarthritis. Approximately 15% of patients with PsA will have
psoriasis. Importantly, in PsA the same sequence of inflammation, erosion and
bone production in entheseal sites is also seen. Enthesitis, tenosynovitis, and
dactylitis also are commonly present.

Both AS and PsA are associated with extra-articular manifestations, with

uveitis the most frequent, followed by inflammatory bowel disease.

1.3.2 Pathogenesis of AS and PsA ~

1.3.2.1 Immune associated genetics risk in AS and PsA

AS has long been associated with inheritance of the Human Leukocyte
Antigen (HLA) allele B27 (Schlosstein et al., 1973), representing one of the
strongest genetic associations of any common human disease. Heterozygote
HLA-B27 carriage results in an increased odds ratio for AS of approximately 50,
while homozygosity has an odds ratio of around 100. The concordance rate in
monozygotic twins is 63% and the risk in first degree relative is 8.2% (Brown et
al., 2000). Molecular typing has now shown that many closely related forms of
HLA-B27 exist, differing at a few amino acid residues only. Nearly 60 subtypes of

HLA-B27 have been identified. However, associations with disease are not

" Content from paragraphs 1.3.2.1 to 1.3.2.3 has been published (Simone et al., 2018).
The material here reported has been produced by myself, with the publication joint
authors providing critical reading. They have given me permission to include the material
in this thesis.
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clear for many of the subtypes. The subtypes from B*2702 through to B*2710,
B*2714, B*2715, B*2719 and B*2730 all have proven associations with
spondyloarthropathies, with B*2705 being the commonest in white European
individuals. The HLA-B*2706 and HLA-B*2709 subtypes were until recently
thought to be protective but a few cases of AS have been reported suggesting
that they are not absolutely protective but weakly associated with the
development of AS (Cauli et al., 2007). All causative variants produce
modification in the biochemical structure, which leads to altered conformation of
the HLA heavy chain or to alternative peptide presentation. Even though the
majority of patients with AS are HLA-B27 positive, this only accounts for
approximately 30% of the total heritability of the disease, which is estimated to be
in the region of 90% (as emerged from study on twins) (Bowness, 2015). Thus
whilst B27 is the most important single gene by far, it contributes the minority of
the total genetic risk. Many of these other genetic variants are shared with other
immune-mediated conditions, some of which often seen in overlap with AS. The
most recent genome-wide association study has now implicated over 40 genes in
providing susceptibility to AS (International Genetics of Ankylosing Spondylitis
Consortium (IGAS) et al., 2013).

Genetic variation in a gene encoding endoplasmic reticulum
aminopeptidase 1 (ERAP1), involved in peptide trimming for presentation on HLA
class I. is also associated with AS (Evans et al., 2011). Other important
associated genes are involved in the so-called interleukin-17 (IL-17)/interleukin-
23 (IL-23) inflammatory axis. The two cytokines are physiologically linked, since
IL-23 signalling through the IL-23 receptor (IL-23R) on CD4* T-helper cells is

required for the differentiation and expansion of Th17 cells (McGeachy et al.,
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2009). Polymorphisms of the IL23R and also of the surrounding regulatory region
have been strongly associated with the risk of developing AS (Roberts et al.,
2016), IBD and psoriasis, reinforcing the concept of a common pathogenic role
involving the IL-17/23 axis. It was later shown that the protective allele coded for
a loss of function mutation resulting in defective signalling and decreased Th17
cells (Di Meglio et al., 2011). The IL-23R receptor signals via downstream
signalling cascades including Stat3 and Tyk2 (Cho et al., 2006). Polymorphisms
in these molecules have also shown disease susceptibility in AS (International
Genetics of Ankylosing Spondylitis Consortium (IGAS) et al., 2013). Other
polymorphisms observed in AS patients are found in genes with a possible
indirect effect on the same pathway (/L6R gene), in genes involved in T cell
proliferation and survival (EOMES, RUNX3 and TBX21), or in the innate immunity
response, such as CARD9 (Pointon et al., 2010).

Psoriasis, and psoriatic arthritis, has also long been known to occur in
families, and this has confirmed by family studies (Chandran et al., 2009; Myers
et al., 2005). A number of associations with specific HLA allele has been
identified, the best studied being (HLA)-B7, B13, HLA-B17, HLA-B57, and HLA-
Cw*0602 (Gladman et al., 1986). A further classification can be done, to
separate the genes conferring risk of developing PsA compared to cutaneous
psoriasis alone, for example HLA-C*06:02 was protective for PsA compared with
cutaneous psoriasis. Similarly to what is observed in AS, a significant association
with amino acid 97 of HLA-B was associated with PsA risk (Bowes et al., 2015).
The exact mechanism of the association between HLA antigens and PsA is not
clear. Genome-wide association studies in psoriasis (Nair et al., 2009) confirmed

associations with non-HLA genes, such as those associated with interleukin (IL)-
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23 signaling (IL23A, IL23R, IL12B), as well as two genes that regulate the NF-xB
pathway. Studies of individual genes in PsA have investigated for disease
association, these include CARD15 (Rahman et al., 2003), TNF promoter

polymorphisms (Reich et al., 2007), PTPN22 and many others.

1.3.2.2 Immuno-pathogenesis of AS and PsA

Recent genetic and immunological research have highlighted a key role for Th17
cytokine dysregulation in the aetiology of AS, which together with the genetic data
and results of clinical trials using immunotherapeutics, strongly supports the
concept of SpA as “type 17”-driven inflammatory disease.

Despite intensive research, the pathogenic role of HLA-B27 remains unclear.
Three major theories are the “arthritogenic” peptide theory, the cell-surface
homodimers hypothesis, and the misfolded B27 hypothesis (Figure 1.2).

The “arthritogenic” peptide theory proposes that HLA-B27 plays a central
pathogenic role for presentation of joint-specific peptides to CD8* cytotoxic T
cells. Lines of enquiry looked to identify specific self or environmental peptides
presented by HLA-B27 that would activate CD8* cells via the HLA class |
pathway. Although chlamydia-specific CD8" cells can be detected in joints (using
HLA-B27 tetramers) in Chlamydia-triggered reactive arthritis (Appel et al., 2004),
no convincing arthritogenic peptides have been identified to date in AS.
Furthermore, disease still occurs in the B27 transgenic rat model in the absence
CD8" cells (Taurog et al., 2009).

A second theory for the pathogenesis of HLA-B27 in AS stems from the
observation that HLA-B27 can misfold in the endoplasmic reticulum (Mear et al.,

1999). This misfolding leads to endoplasmic reticulum (ER)-stress which
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activates what is known as unfolded protein response (UPR) leading to the
upregulation of IL-23 in dendritic cells (DCs) (Goodall et al., 2010), an occurrence
that was observed in the transgenic B27 rat model, where HLA-B27 misfolding in
macrophages led to upregulation of IL-23 (DelLay et al., 2009). However, in AS
patients, studies of gut biopsies did not show evidence of upregulated unfolded
protein response genes transcription, but instead autophagy (the intracellular
response seen in macrophages to improperly folded proteins for degradation)
(Ciccia et al., 2014). The role of the UPR in HLA-B27 driven inflammation is

therefore yet unproven.
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Figure 1.2. Proposed pathogenic mechanisms in ankylosing spondylitis
(modified from Simone et al., 2018). The three hypothesis connecting HLA-B27 to the
pathogenesis of AS are shown: (1) ‘arthritogenic’ peptide presentation; (2) misfolded
HLA-B27 leading to ER stress or UPR (3) cell-surface homodimers. A recent body of
evidences supports the importance of HLA-B27-induced intestinal dysbiosis, resulting
in over-expression of the IL-17A/IL-23 axis. This leads to production of IL-17A, IL-22,
TNF-a, interferon-y and other cytokines that target organs and tissues directly or
through tissue-resident effector cells.
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The third major theory for the pathogenesis of HLA-B27 in AS revolves
around the ability of HLA-B27 to aberrantly fold to form homodimers (Allen et al.,
1999) or beta-2-microglobulin free heavy chains on the cell surface (Bird et al.,
2003). Aberrant forms of HLA-B27 can be recognised in vitro by Killer-
Immunoglobulin-like receptors (KIRs) (Kollnberger et al., 2002). These receptors
are primarily expressed on NK cells but are also expressed on circulating CD4 T
cells (Lanier, 2005). HLA-B27 individuals with AS and HLA-B27 healthy donors
have been shown to have a higher frequency of T cells expressing this receptor
and these cells are polarised towards a Th17 phenotype (see below), with high
levels of IL-17A produced (Bowness et al., 2011). In further work it was shown
that this receptor is expressed on CD4* T cells after activation and i induces
transcription of the Th17 TF ROR-yt (Ridley et al., 2016) following direct binding.
This body of work linked HLA-B27 with the Th17 immune pathway for the first
time.

Lastly, HLA-B27 may have an indirect effect in disease causation through
altering the individual’s microbiome (Asquith et al., 2019).

Less is known about the pathogenic events that occur in patients not
carrying HLA-B27, although interestingly recent genetic evidence, analysing
many thousands of patients and controls suggests that the nature of the
aminoacid residue position 97 of an individual’s HLA class | molecules may be
critical for disease predisposition.

In PsA, evidences suggest that the initiating phenomenon could be
related to tissue-specific factors and by innate immune mechanisms originating

in the skin or in the sites of mechanical stress in the enthesis (McGonagle et al.,
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2001), that would trigger a response that involves adaptive immunity cells

among which are Th17 CD4"* T cells and CD8* T cells.

1.3.2.3 Role of T helper 17 and “type 17” immunity

As described, CD4" T cells are released as naive CD4" cells into the
circulation and to lymphoid organs, where they differentiate into the different
types of effector T cells. Th17 were added to the T helper subset paradigm
around 2005 (Harrington et al., 2005b). The key physiological effector function of
these cells is thought to be immunity against extracellular bacteria and fungal
infections. The effector functions of Th17 are mediated through the release of
cytokines such as IL-17A, the signature cytokine of the lineage, and IL-17F, in
addition to IL-22. The differentiation of Th17 is driven by a combination of
cytokines, such as IL-1p, IL-6, TGF- B and IL-23. Th17 cells show considerable
plasticity and heterogeneity, and some cells are more pathogenic than others, in
part due to production of additional inflammatory cytokines. In fact IL-17A
cytokine production is often coupled with IL-22, IFN-y and GM-CSF (El-Behi et
al.,, 2011) in the same cell. Recently, genes that confer pathogenicity to murine
Th17 cells have been described (Gaublomme et al., 2015). However, the
characterisation of human multipotent Th17 is quite recent, including reports of
IL-23R+ Th17 cells (Ramesh et al., 2014), akin to pathogenic mouse Th17 cells,
Th17 GM-CSF producers, with have a putative pathogenic role in SpA (Al-
Mossawi et al., 2017) and previously IFN-y+ Th17 cells, often found in the
inflammatory environment (eg. RA SF) and termed “Th17.1”, or “non classical
Th1” (Nistala et al., 2010; Basdeo et al., 2017), but the transcriptional determinant

of Th17 pathogenicity have not been unveiled. The cytokine repertoire and
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transcriptional profile of Th17 cells has been described also in other lymphocyte
subsets in AS. CD161-expressing CD8* T cells (Gracey et al., 2016), vy T-cells
(Kenna et al., 2012) and innate lymphoid cells (ILCs) (Cua and Tato, 2010) have
shown to make IL-17A. The possible contribution of these cells subsets to the
pathogenesis of AS, besides their production of IL-17A, has been explored only
very recently.

In PsA, the pattern of proinflammatory cytokines observed in the
peripheral blood, in the synovial and in synovial fluid is similar to that observed
in AS, with Th17 increased both in CD4*, often able to produce multiple
inflammatory cytokines (Wade et al., 2019) and CD8" (the so called Tc17)
(Steel et al., 2020). Increase of other type 17 cells, such as group 3 innate
lymphoid cells (ILC3) was observed in psoriatic synovial fluid (Leijten et al.,
2015) and skin (Villanova et al., 2014), together with natural killer cells
(McQueen et al., 1994).

One of the most specific pathological features of all SpA-related conditions
is inflammation at the enthesis (the site of attachment of bone into tendon or
ligament) (McGonagle et al., 1998). This reason for this peculiar disease
localisation remains poorly understood, but it might be triggered by mechanical
stress, and that local inflammation can be associated with dysregulation of
normal homeostatic repair mechanisms at this site. A possible connection
between this site and Th17 responses was suggested by a study that identified
murine entheseal cells able to respond to IL-23 and to mediate spinal and
peripheral inflammation via IL-17 production (Sherlock et al., 2012). The
existence of these cell populations in humans has not yet been established,

although other cell types with similar potential of producing IL-17 family cytokines
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upon stimulation have been found in the human enthesis (Cuthbert et al., 2017,

2019).

1.3.2.4 Myeloid cells in SpA

Myeloid cells, including DCs and macrophages, sample the antigen,
induce T-cell differentiation through cell-cell interactions and modify the
environment secreting soluble mediators, among which IL-1p, IL-6, IL-23, all
known to induce Th17 responses.

In the B27-TG experimental model (Taurog et al., 1999), DCs were found
altered and promoted preferentially Th17 responses. Dysregulated myeloid-
derived mediators promoting Th17 included overexpression of IL-23 (Delay et
al., 2009). Strong evidences of pathogenic role of myeloid cells in the human
disease are not numerous. DCs from both AS patients and healthy controls’ PB
released similar levels of IL-23 and IL-12 after toll-like receptor TLR stimulation,
while AS macrophages showed augmented response (Zeng et al., 2011). In the
tissue, IL-23 expression was elevated in intestinal samples from patients with AS
or Crohn's disease (Ciccia et al., 2009), but it was not specified whether the
source were infiltrating mononuclear cells, or DCs migrating from the lymph
nodes. An intracellular protein found in the neutrophil cytosol, calprotectin, was
found elevated in the gut of AS patients and proposed as a surrogate marker for
intestinal inflammation (Cypers et al., 2016). More recently, myeloid cells in the
spinal enthesis of healthy subjects have been identified as capable to produce IL-
23 locally (Bridgewood et al., 2019), while previously a molecule regulating Stat1
signalling was described in the murine enthesis-resident myeloid cells (Wilde et

al., 2017).
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The actual relevance of IL-23 in the pathogenesis of the human disease is
currently debated, in particular whether the Th17 responses seen in SpA are
dependent from IL-23. Although blocking with monoclonal antibodies directed
against the p40 and p19 subunit proved effective in certain SpA-associated
manifestations such as skin psoriasis and enthesitis, its potential has been
reconsidered after the failure (Baeten et al., 2018) in improving the axial

symptoms of AS, suggesting tissue-related differences in response.

1.3.2.5 Intracellular kinase signalling pathways

In inflammatory disorders, targeting intracellular signalling pathway leading
to cytokine production and release has attracted great therapeutic interest. There
is an argument for treating SpA patients with small molecule inhibitors of these
pathways, considering that several disease driving cytokines are controlled by
this pathway, and that genetic variants of signalling intermediates have been
described in AS and PsA. In a series of in vitro experiments on SpA patient-
derived PBMCs, JAK inhibitors were effective in suppressive inflammatory
responses, including IL-17A production (Hammitzsch et al.,, 2018). While
tofacitinib (a JAK1/3 inhibitor) has shown little efficacy in a placebo-controlled trial
in AS (van der Heijde et al., 2017), it is approved in PsA (Gladman et al., 2017).
Very recently, an inhibitor of TYK2, an intracellular mediator of IL-23 signalling
(together with mediating signal from the type 1 IFN receptor, IL-10 family
receptors and IL-12R), has shown promise in an experimental model of SpA
(Gracey et al., 2020). There is still remarkable interest in identifying new targets

for small molecules, although more research is needed to identify which
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pathways are crucial in SpA pathogenesis, and how the genetic variants

associated to the disease (STAT3, TYKZ2) affect them functionally.

1.3.2.6 Regulatory T cells (Tregs) in SpA

The best studied SpA experimental model, the B27-TG rat, reproduces clinical
but also biological aspects of the human disease, such as the overexpression of
Th17 cells (Glatigny et al.,, 2012). A defect of regulatory T cells was also
observed, with Tregs being characterised by a higher IL-17/IL-10 ratio (Araujo et
al., 2014).

In humans, SpA patients have been reported to have similar frequencies
of CD4*CD25" Tregs in peripheral blood compared to healthy control in two
studies (Appel et al.,, 2011; Cao et al., 2004), whereas another study reported
reduced number of Tregs compared with HLA-B27-positive healthy
donors. Currently, there is no overall consensus regarding Tregs in the peripheral
circulation, and a recent metanalysis (Lai et al., 2019), noted how, in the various
reports published so far in AS, different flow cytometric parameters have been
used to define Tregs. In the synovial fluid of AS patients, a significant increase in
Tregs was found compared with peripheral blood (Appel et al., 2011), potentially
indicating recruitment of Tregs to this site of inflammation. Synovial Tregs
preserved their suppressive activity and effectively inhibited proliferation of
effector T cells (Cao et al., 2004). Little is known about the composition of Tregs
in the SF and tissue during an SpA flare, or how the tissue microenvironment
influences their phenotype and functionality.

In a study focusing on another organ affected by SpA, the terminal ileum,

a high number of CD4* CD25* CD127"°" Tregs was identified (Ciccia et al., 2010).
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The majority of these cells were able to produce IL-10, suggesting a putative role
in the regulation of intestinal inflammation.

Few more studies reporting Tregs features in other inflammatory arthritic
conditions are available. A phenotypic and functional analysis of Tregs in RA
(Walter et al., 2016) did not identify intrinsic defects, whereas the description of a
dysregulated Treg subset expressing CD161 Tregs in Juvenile |diopatic Arthritis
revealed the existence of Tregs with inflammatory characteristics in the SF
(Pesenacker et al., 2013), and a similar phenotype was described in RA (Afzali et
al., 2013). An altered post-transcriptional control of FOXP3 secondary to
inflammatory mediators (eg TNF) in the microenvironment was proposed as
explanation for the Treg defect in RA (Nie et al., 2013). Specific anti-arthritic
treatments seem to restore the efficacy of Treg suppression, as proposed for TNF

inhibitors (Nguyen and Ehrenstein, 2016), and methotrexate (Cribbs et al., 2015).

1.4 NOVEL APPROACHES TO IMMUNOPHENOTYPE
ANALYSIS IN HUMAN DISEASES

1.41 High resolution proteomics with flow and mass cytometry

Aimed at the characterization of cell populations based on the
identification of surface and intracellular protein markers, fluorescence-activated
cell sorting (FACS) is a widely used tool for studies of the phenotype and
function of immune cells. By evaluating several cell markers using flurochrome-
tagged antibodies together, different cell populations can be identified and

enumerated with a single experiment, offering characterization of vast areas of
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immune system in the course of the disease. Further aadvancements have
made possible to define, thanks to the detection of intracellular proteins and
functional readouts, dynamic cell states together with distinct cell types. Lately,
mass cytometry, a cytometry platform that uses antibodies conjugated to metal
isotopes instead of fluorescent dyes, has expanded the number of parameters
simultaneously detected, allowing higher-dimensional phenotypic and functional
analysis of single cells.

A limitation of flow and mass cytometry is the variation across batches and
laboratories. Significant variation can also be attributed to gating. In order to
overcome limitations arising from manual analysis, automated methods for
visualisation and analysis of high dimensional data have been developed (Kimball
et al., 2018).

Secondly, the number of analytes that can be detected with flow and mass
cytometry is still limited compared to the cellular proteome. Furthermore, cell
membrane markers are useful to classify cell types, but only partially capture the
complexity of cellular processes and the diversity of states. Sequencing the
messenger RNA pool, or the transcriptome, provides the best approximation of

the full range of functional proteins in the cell.

1.4.2 Single cell transcriptomics

In the recent vyears, remarkable advancements in microfluidics
technologies, cell capture and RNA amplification have rendered the
characterisation of a complex, heterogeneous population of immune cells finally

possible. Thanks to single cell RNA sequencing technologies, researchers can
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now profile the transcriptome of individual cells at unprecedented detail without
any pre-existing assumption or expectance of pre-selected markers. Furthermore,
the improved capture efficiency allows detailed catalogue of the cells found in
small samples that have been traditionally difficult to analyse, such as tissues
biopsies. This has spurred to the creation of collaborative cell atlases, among
which the Human Cell Atlas (Regev et al., 2017).

A further advancement is a multimodal approach, or multiomics, that is to
perform different assays in parallel on the same cell (for example protein and
MRNA expression (Macaulay et al., 2017)): the additional layer provides
information about the RNA status and of the visible phenotype of the cell at the

same time, and helps offering a more comprehensive view of the cell.

1.4.3 T-cell receptor sequencing

One fundamental aspect of the characterisation of immune responses is
the determination of the TCR repertoire. As the TCR does not mutate after the T
cell egresses the thymus, the CDR3 region can serve as a molecular tag for
tracing and identifying T cell with identical aminoacid sequence. Messenger RNA
species coding for specific CDR3 regions can be in fact amplified and sequenced
just like any normal mRNA. Single-cell methods provide both CDR3 sequences
and the composition of the TCR chain pairs, both elements necessary to
accurately define clonotypes and impute antigen specificity. In conditions where
a clonal expansion is seen, such as autoimmune diseases and cancer, this allows
to define T cell receptor diversity and to discover clonal expansion in specific

organs. Recent adaption of single cell protocols, such as the 5’ technology by 10x
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Genomics (which barcodes the 5’ end of the mRNA molecule to provide improved
coverage of the CDR3 region) pair TCR information with gene expression
matrices, permitting simultaneous profiling of the cell transcriptional program and

its immune repertoire.
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1.5

1.5.1

1.5.2

1.5.3

1.5.4

THESIS AIMS

To describe the frequency and the phenotype of Tregs in SpA
patients compared to controls, both in the peripheral blood
and synovial fluid

To define the single cell gene expression landscape of Tregs
in the peripheral blood and synovial fluid in patients with
active SpA, and to identify clonally restricted regulatory
responses

To characterise tissue- and disease-specific Treg subsets
revealed by the unsupervised analysis in order to identify
novel mechanisms of suppression with therapeutic potential
To evaluate the in vitro efficacy of a novel Mitogen-Activated
Protein Kinase (MAPK)-associated Kinase 2 antagonist in

suppressing the inflammatory T cell responses
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2 Materials and methods

2.1 PATIENT AND CONTROL RECRUITMENT

Patients with SpA and healthy controls were recruited during clinical
care between those attending the Rheumatology Unit of the Nuffield
Orthopaedic Centre. Informed consent was obtained for the collection of blood
and synovial fluid and demographic and clinical data. Synovial fluid samples
were obtained from knee joint aspiration performed for therapeutic reasons.
The study was approved by the South Central — Oxford C Research Ethics
Committee (IFIA, Immune Function in Inflammatory Arthritis: ethics reference

06/Q1606/139).
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2.2 LABORATORY METHODS AND MATERIALS

2.21 Mononuclear cell separation from peripheral blood and

synovial fluid

Venous blood and synovial fluid were collected in 10 ml tubes
containing sodium heparin (BD Vacutainer). Samples were centrifuged to
remove plasma and synovial fluid supernatant. The remaining volumes were
diluted at a concentration of 1:1 (or 1:2 for synovial fluid) with RPMI 1640
culture medium with the addition of Penicillin 100 U/ml, Streptomycin 100
ug/ml (hereafter called R0), and the mononuclear cells separated by density
centrifugation: a maximum of 35 ml of diluted blood/synovial fluid was layered
over 15 ml Histopaque (Sigma) in a 50ml falcon tube (BD Falcon), then spun for
20 minutes with no brake. The resulting cell interface, containing the
mononuclear cells, was then collected and resuspended in R10 medium, that
is RO supplemented with 10% Fetal Bovine Serum (FBS, Sigma), L-Glutamine
2mM (Gibco), Penicillin 100 U/ml, Streptomycin 100 ug/ml (Gibco) and washed
twice by recentrifugation. After staining a small volume aliquot with Trypan
Blue (Sigma), cells were counted with the help of a hemocytometer under a

light microscope.
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2.2.2 Cryopreservation and thawing of mononuclear cells

For medium or long term storage, PBMC or SFMC were centrifuged at
1800 rpm (revolutions per minute) for 5 minutes then suspended in freezing
medium (10% DMSO in 90% FBS), at a density of 108 cells/ml, in 2 ml cryovials
(Grenier Bio One) before being placed in pre-chilled freezing container (Mr
Frosty, Nalgene) into a -80 C freezer. For longer-term storage, the vials were
transferred to a liquid nitrogen tank.

To recover the frozen PBMC and SFMC, the cryovials were placed at
37°C (in a water bath) to allow thawing of the freezing medium. The content
was then transferred to a falcon tube and washed twice with warm R10 by

centrifugation. Cells were then counted and used as desired.

2.2.3 Cytokine Bead Array (CBA)

CBA (BD Biosciences) is a flow cytometry application that allows
quantification of multiple soluble proteins simultaneously. The analytes are
captured by specific phycoerythrin (PE)-conjugated antibodies and by beads of
known size and fluorescence, creating “sandwich” complexes. When analysing
the sample using flow cytometry, the intensity of PE fluorescence of each
sandwich complex reveals the concentration of that protein (against a mix of
standards of known concentration)

In this thesis, CBA was used to determine the concentrations of the cytokines IL-

17A, IL-17F, IFN-y, GM-CSF, IL-6 in the culture supernatant after cell based

71



experiments. CBA was performed according to manufacturers’ protocol, except
reducing the concentration of the reagents to 25% of the recommended (after
protocol optimisation, for reasons of costs). The assay was performed in 96
round-bottom plates. In short, 0.25 ul of cytokine-specific CBA beads were added
to 50 ul CBA Wash Buffer per each well, and mixed with 100 ul of the sample.
After a one-hour incubation in the dark, 0.25 ul anti-cytokine PE-conjugated
antibodies, previously dissolved in 50 ul CBA Wash, were added to the plate,
incubated for a further hour, then washed to remove unbound beads and

antibodies, and analysed on the flow cytometer.

2.2.4 Magnetic activated cell sorting (MACS) and enrichment

CD4" isolation was performed using the CD4+ T cell isolation kit Il
(Miltenyi Biotec), that works by a process of negative magnetic selection. The
protocol followed the manufacturer’s instructions. In brief, PBMCs or SFMCs
were suspended in MACS buffer (PBS, 2mM EDTA, 2% bovine serum albumin,
all Sigma) at a density of 107 cells/ 40 pl, and then rested with 10 pl of a cocktail
of biotin-conjugated antibodies on ice for 10 minutes. Following incubation, 30 pl
MACS buffer and 110 ul anti-biotin microbeads were added and the mix rested for
further 15 minutes at 4°C. Cells were washed and resuspended in MACS buffer
in a volume not inferior to 500 pl. LS columns mounted on a magnet (Miltenyi
Biotec) were used for isolation. After rinsing the column, the cell suspension was

applied to the column, which was washed three times with the buffer. The eluted
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cells, containing the untouched CD4+ cells at a purity of approximately 95%, were
washed with MACS buffer and used for subsequent experiments.

For CD14" magnetic isolation, a positive selection kit (CD14 Microbeads,
Miltenyi Biotec) was used. PBMCs were prepared as explained above. For 10’
cells, cells were suspended in 80 ul of MACS buffer, and 20 ul of CD14-
microbeads were added, and the mix incubated for 15 minutes at 4°C. After the
washing steps and the column preparation detailed above, the mix was applied
to the column. The CD14+ cells, retained in the magnet, were flushed out in 5

ml buffer with the aid of a syringe plunger. Purity of 85-95% was achieved.

2.2.5 Fluorescence staining and flow cytometry analysis

For flow cytometry, samples were prepared washing cells twice in FACS
wash (PBS with the addition of 2% FBS) in 96 well U-bottom plates (Corning) or
round-bottom polystyrene tubes (BD Biosciences). Typically 0.2-0.5 x 10° cells
per well or tube were stained. Staining reagents, including flourochrome-
conjugated antibodies and/or fixable dyes (2.2.5.1-4) were dissolved in FACS
Wash (in a volume of 50 pl of for a number of cells up to 107) and the mix added
to the cell pellet, mixing thoroughly. Before using them in experiments,
antibodies were regularly tested for optimal concentration and, where indicated,
isotype controls were used for comparison to estimate background staining.

Cells were then incubated for 20 minutes 4°C, in the dark. In the case of
surface staining mixes that included an antibody for LAG-3, incubation was

performed at 37°C. Cells were then washes twice with 200 ul FACS wash and

resuspended in 200 ul FACS fix (PBS with the addition of 3%
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paraformaldehyde) before acquisition.

In case detection of intracellular proteins was desired, after completing
the staining for surface markers as described above, cells were permeabilised
by resuspending them in a fixation/permeabilization solution (Cytofix/Cytoperm,
BD Biosciences) at root temperature for 30 minutes, then washed twice in 200
ul Permwash buffer (BD Biosciences), and finally fixed in FACS fix before being
analysed. When staining for Foxp3, a variation of the intracellular staining
protocol was adopted, using, instead of Cytofix/Cytoperm and Permwash, the
equivalent products in the FOXP3 / TF Staining Buffer Set (Thermofisher). For
the detection of intracellular cytokines in T cells, unless otherwise specified,
cells were stimulated with 100 ng/ml PMA and 1 ug/ml lonomycin, together with
Monensin (GolgiStop) 1:1500 and Brefeldin A (GolgiPlug) 1:1000 (both BD
Biosciences) for four hours at 37°C before the staining.

Sample acquisition was performed on a BD LSR Fortessa flow cytometer.
Calibration and setup was done daily with BD FACSDiva CS&T Beads
(eBioscience). Compensation was performed using single stained One Comp
eBeads (eBioscence), or, for the Viability dye, primary cells. Result were
analysed on the FlowJo software (v. 10.6.2, Treestar).

The following antibodies were used, either in staining panels for

immunophenotyping experiments, or singularly.
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2.2.5.1 Treg phenoyping panel

Fluorochrome \ Clone Concentration Manufacturer
CD3 Brilliant Violet 785 | OKT3 1/50 Biolegend
CD4 APC RPA-T4 1/50 Biolegend
CD25 PE BC96 1/50 Biolegend
CD127 Brilliant Violet 605 | A019D5 1/50 Biolegend
Viability Dye eFluor780 1/500 Thermofisher
Foxp3 * Brilliant Violet 421 PCH101 1/50 Invitrogen
IFN-y * Alexa Fluor 7007 B27 1/100 Biolegend
IL-17A * FITC BL168 1/50 Biolegend
GM-CSF * PerCP/Cy5.5 BVD2-21C11 1 450 Biolegend

2.2.5.2 Trafficking markers panel

Antibody Fluorochrome Concentration Manufacturer
CD3 PerCP/Cy5.5 OKT3 1/50 Biolegend
CD4 Alexa Fluor 700 RPA-T4 1/50 Biolegend
CD25 PE BC96 1/50 Biolegend
CD127 Brilliant Violet 711 | A019D5 1/50 Biolegend
CD161 FITC HP-3G10 1/50 Biolegend
CCR4 Brilliant Violet 605 | L291H4 1/100 Biolegend
CCR®6 PE/Cy7 GO034E3 1/50 Biolegend
CCRY APC GO043H7 1/50 Biolegend
CCR9 Pe/Dazzle LO53E8 1/50 Biolegend
CXCR3 Brilliant Violet 785 | G025H7 1/50 Biolegend
CD45RA Brilliant Violet 510 | HI100 1/50 Biolegend
Viability Dye eFluor780 1/500 Thermofisher
Foxp3 " Brilliant Violet 421 PCH101 1/50 Thermofisher

2.2.5.3 Antibodies used for characterisation of functional markers

Fluorochrome \ Clone Concentration Manufacturer
CD137 PE 4B-41 1/50 Biolegend
CD45RA PerCP/Cy5.5 HI100 1/50 Biolegend
CTLA-4* APC L3D10 1/50 Biolegend
CD27 Brilliant Violet 510 | 0323 1/50 Biolegend
LAG-3 PE FAB2319P 1/50 R&D
Granzyme B * Pe/Dazzle QA1602 1/50 Biolegend
Granzyme K * FITC 24C3 1/50 ImmunoTools
Viability Dye eFluor780 1/500 Thermofisher
Foxp3 * Brilliant Violet 421 PCH101 1/50 Thermofisher

" Intracellular staining
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2.2.5.4 Antibodies used for characterisation of monocyte activation

Fluorochrome \ Clone Concentration Manufacturer
CD14 APC MSE2 1/50 Biolegend
HLA-DR PerCP-Cy5.5 L243 1/50 Biolegend
CD80 Brilliant Violet 650 | 2D10 1/50 Biolegend
CD86 FITC BUG3 1/50 Biolegend
CX3CR1 PE K0124E1 1/50 Biolegend
CD16 PE/Cy7 3G8 1/50 Biolegend
CD40 Brilliant Violet 421 5C3 1/50 Biolegend
IL-12/23 p40 * PE C8.6 1/100 Thermofisher
TNF * Brilliant Violet 650 | MAb11 1/50 Biolegend
Viability Dye eFluor780 1/500 Thermofisher

2.2.5.5 Antibodies for FACS sorting for single cell RNAseq and cell

Antibody Fluorochrome Clone Concentration Manufacturer

CD3 PerCP-Cy5.5 OKT3 1/50 Biolegend
CD4 PE/Dazzle RPA-T4 1/50 Biolegend
CD8a PE RPA-T8 1/50 Biolegend
CD45RA PE/Dazzle HI100 1/50 Biolegend
CD25 PE BC96 1/50 Biolegend
CD127 PE/Cy7 A019D5 1/50 Biolegend
Viability Dye eFluor520 1/250 Thermofisher

2.2.6 Fluorescence activated cell sorting

PBMC and SFMC, isolated as explained, were suspended in FACS sorting
buffer (RPMI without phenol red + 2% BSA + 2mM EDTA + Hepes 25mM) at a
density of 3 x 107 per ml or less. Appropriate amount of antibodies was added
and the samples incubated for 30 minutes in the dark. Cells were washed with
FACS sorting buffer and resuspended after being put through a 35 um nylon
mesh cell strainer of 5 ml polystyrene tubes (BD Biosciences) to discard cell
clumps. A Sony SH800 sorter was used to sort live cells. Before acquisition,

single stain controls were used to compensate.
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Sorted cells were collected in 5 ml polystyrene tubes kept at 4°C in the sorter
collection chamber, or with 1.5 ml Eppendorf tubes filled with 0.75 ml previous
half-filled with FACS collection buffer (similar to FACS sorting buffer, with 4%
BSA instead of 2%, and no EDTA) if cells were to be used in RNA sequencing,

and normal FACS sorting buffer for in vitro functional assays.

2.2.7 Single cell 10x droplet-based RNA processing

2.2.7.1 Cell preparation and sorting

Sorting of the PsA samples was performed by Dr Hussein al Mossawi
and Dr Nicole Yager. Samples were processed ex vivo: after cell isolation by
density gradient centrifugation, three paired PBMC and SFMC samples from
three PsA patients were stained with the following antibodies: CD3-FITC (SK7),
CD4-APC (RPA-T4), CD8a-PE (RPA-T8), CD45RA-BV421 (HI100) (all from
Biolegend), together with Fixable Viability Dye eFluor780 (eBioscience) on a BD
FACS Aria. Memory (CD45RA-) CD4+ CD8- and CD8+CD4- cells were sorted
in a 1:1 ratio from both blood and synovial fluid of patients. It was chosen to
define memory T cells based on the lack of expression of the naive marker
CD45RA, rather then the expression of CD45R0, although we were aware that
we could potentially miss memory T cells that regain CD45RA expression (eg.
the so called T effector memory RA, or TEMRA) (Willinger et al., 2005). Further

details on the PsA sample processing in Penkava et al., 2020.
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Cell sorting of the AS samples was performed by myself with the help of
Dr Frank Penkava, following the protocol illustrated in 2.2.6. PBMCs and
SFMCs were separated in two aliquots and stained with two different antibody
mixes: CD3-PerCP-Cy5.5, CD8a-PE, CD4-PE/Dazzle, CD45RA-PE/Dazzle and
CD25-PE, CD127-PE/Cy7, CD3-PerCP-Cy5.5, CD45RA-PE/Dazzle. Dead cell
exclusion was done with Fixable Viability Dye eFluor520 (eBioscience). Cells
were then acquired and CD3", memory Tregs, memory CD4* and memory CD8*
sorted into four tubes, using the sorting strategy illustrated in Figure 4.12. After
sorting, each subset was stained separately with Fc blocker (concentration
1:20) (TruStain FcX, Biolegend, step performed to prevent unspecific binding
with Fc portion of the oligonucleotide-tagged antibodies), rested for 15 minutes,
than washed, and then resuspended in buffer to be stained with assigned
oligonucleotide-tagged antibodies (concentration 1:200) (TotalSeq C,
Biolegend). Cells were washed two more times, then resuspended in FACS

collection buffer and kept cold until use.

2.2.7.2 RNA gene expression reaction

After counting viable cells with TC10™ Automated Cell Counter, cells
were loaded into 10x Chip and the standard 10x Chromium protocol for the 5’
chemistry, which allows concurrent TCR and gene expression profiling of the
same cell, was followed according to the manufacturer’s instructions.

Cell processing, execution of the 10x protocol including library
preparation and sequencing were carried out according to manufacture by the
Oxford Genomics Centre Core Facility at the Wellcome Centre for Human
Genetics. Standard short-read sequencing of the 10x barcoded library was

performed on an Illumina sequencer.

78



Aiming at sequencing at least 50,000 total cells and expecting a capture
efficiency of approximately 30%, approximately 45,000 cells from each of the
hashed samples 2, 3, and 4 (Tregs, CD4* and CD8*) and 15,000 from hashed
sample 1 (CD3) from each sample of origin (PB and SF) were loaded on the
10x chip. The total time taken between the sample acquisition to the RNA

library generation was approximately 4 hours.

2.2.7.3 TCR alpha and beta chain reaction

In the 5 10x Chromium Immune Repertoire technology the enrichment
primers are located near the 5 end of the C-region in order to provide batter
coverage of the full length V(D)J sequence. The barcoded cDNA molecules from
full length V(D)J transcripts are generated in parallel with the rest of the
transcriptome. This allows clonotyping, alpha and beta chain pairing and

importantly, thanks to the barcoding, attribution to the cell of origin.

2.2.7.4 Sequencing

The oligo-tagged library generated was subsequently sequenced on an
lllumina HiSeq 4000 sequencer. Pooled samples were sequenced at a read
depth of approximately 30,000 reads per cell for gene expression libraries and

8,500 reads per cell for V(D)J enriched T cell libraries.
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2.2.8 Cell-based assays

2.2.8.1 T cell stimulation and culture

PBMCs or isolated CD4* were plated at a density of 2 x 108 cells per
milliliter in R10 medium, generally in a volume of 200ul medium in 96-well
round-bottom or flat-bottom plate. According to the culture plate used, cells
were activated with either soluble anti-CD2, -CD3, -CD28-coated beads (T cell
activation/expansion kit, Miltenyi Biotec) at a density of 1:5 bead:cell ratio
(experiments in Chapter 6), or with plate-bound anti-CD3 (OKT3, 1 ug/ml,
Biolegend, added at least 12 hours before cell seeding) and soluble anti-CD28
(CD28.2, 1 ug/ml, Thermofisher) (experiments in Chapter 5). For consistency

and optimization

2.2.8.2 Monocyte LPS stimulation

PBMCs or isolated CD14+ cells were plated at a concentration of 0.5 x 108
cells per well in 96-well round-bottom plate. LPS (LPS-EB, Invivogen) was
added at a dose 10 ng/ml. After LPS stimulation, cells were kept in culture
overnight. When determination of intracellular cytokine production was desired,
brefeldin was added four hours after LPS stimulation.

For experiments that evaluated the effect of LAG-3 ligation on APCs, a
recombinant human LAG-3 IgG1 Fc chimera protein (R&D) at a concentration of
2.5 pg/ml was used. As control conditions, a recombinant human IgG1 Fc
controls and an anti-human HLA class Il (anti-DQ, -DR- DP) (clone Tu39, BD
Biosciences) also at 2.5 ug/ml were used. The reagents were added in culture 2

hours before the addition of LPS.
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2.2.8.3 Antigen stimulation assay

PBMCs were cultured in 96 well flat-bottom plates at a density of 0.5 x 10°
cells/well in R10 medium with the following microbial lysates or other stimuli:
heat-killed Salmonella typhimurium (1:10000, Invivogen), heat-killed Candida
albicans (1:10000, Invivogen), LPS-EB (10 ng/ml, Invivogen), SEB (1 pg/ml,
Sigma) for 16 hours. Control conditions consisted in plate-bound anti-CD3 (1
ug/ml) + soluble anti-CD28 (1 ug/ml). Cells were then harvested, washed and

stained with fluorochrome-conjugated antibodies.

2.2.84 MK2 inhibition assay
Cells were treated with vehicle (0.1% DMSO) or the MK2 inhibitor (MK2i)

CC786012, provided by Celgene (reconstituted in DMSO on receipt and stored
at -80°C until used). T cells were activated with activation beads (as explained
above) in the presence of cytokines. To determine effect of MK2i on cell
division, a CFSE-based proliferation assay was used. Cells were suspended in
PBS at a concentration of 108 cells/ml and stained with CFSE 5 uM (Celltrace,
Thermofisher) for 30 minutes at 37°C in the dark. The reaction was quenched
adding five times the original staining volume R10, then cells were the
incubated for 5 more minutes. Cells were pelleted after centrifugation to remove
the supernatant containing the unbound dye, washed, and counted before
being cultured for the uses desired. Proliferation was analyzed with the

Proliferation Modeling tool on FlowJo.
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To evaluate the cell metabolic fithess in response to MK2i, the colorimetric
method PrestoBlue Cell Viability (Thermofisher) was used: 10 ul of PrestoBlue
were added to a volume of 90 pl containing cells and culture medium, then
rested for three hours. The fluorescence of the analyte, a read of the redox
potential of the cell and, more extensively, of its mitochondrial function, was
measured on a plate reader.

In experiments performed to evaluate the MK2i effect on cytokine production,
0.2 x 108 cells were cultured in 200 pl R10 and stimulated with activation beads
and recombinant human IL-2 (100 Ul/ml) (“neutral conditions”). “Th17-polarising
conditions” were obtained adding IL-1 (20 ng/ml), IL-6 (20 ng/ml), IL-23 (20

ng/ml) (all purchased from Peptrotech).

2.3 ANALYTICAL METHODS AND RESOURCES

2.3.1 scRNA-seq data mapping and pre-processing

Demultiplexing of the Illumina files and generation of fastq files
containing the scRNA-seq data were done using the “mkfastq” function in the
Cell Ranger software package (10x Genomics, v. 2.1, and subsequently v. 3.0).
Alignment of scRNA-seq reads to the human reference genome (GRCh38) and
transcript quantification were performed using the “count’ function in Cell
Ranger. The V(D)J single cell sequences were similarly mapped and quantified

against the GRCh38 reference. The generated consensus annotation files for
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each patient and sample type (blood or SF) were then used to construct
clonality tables and input files for further downstream analysis.
Downstream analysis of the count matrices was carried out using R and the

package Seurat (v. 3.0).

2.3.2 Quality control (QC)

Outlier cells potentially representing low-quality cells or multiple cell
captures were removed by excluding barcodes with very low or high library
sizes. Thus, cells with either 10% mitochondrial genes, and > 25,000 log-
normalized UMIs ~ were removed. Based on the distribution of gene numbers
per cell, further thresholds were set: cells with <500 or >3500 genes were
discarded from the PsA dataset, and cells with < 250 or >4000 genes from the
AS dataset. Cells were further filtered to exclude cells having both CD4 and

CDS8A gene expression (given the sorting strategy used).

2.3.3 Data processing, visualisation and statistical analysis

2.3.3.1 Harmonisation of gene expression data across samples and

different experiments

The analytical strategy used to integrate datasets from different samples
and across different experiments uses the Seurat v.3 pipeline (Stuart et al.,

2019). The Seurat command “SCTransform”, was used to log-normalise and

" UMI: unique molecular identifier. In 10x Chromium, each input RNA molecule is
tagged with a UMI (an oligo sequence) that is used during data analysis to account for
PCR amplification bias.
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scale the data and to identify variable features in each sample separately. Then,
samples were harmonised and integrated to identify shared cell states that are
present across different datasets. First, 3000 ‘anchors’ (pairwise gene
correspondences between individual cells that have high probability to
represent correspondent cell types or biological states) were determined for
each pair of samples, then samples were integrated in one object. TCR genes
were deliberately excluded from the ‘anchors’, in order to prevent
correspondences across cells or clusters based on shared TCR gene loci.

When integrating datasets from different conditions or technologies (like in
4.3.4) removal of unwanted sources of variation across datasets (eg. read depth
or mitochondrial mapping percentage) was included in the integration workflow.

A scheme of the computational workflow adopted for the AS single cell

dataset is shown in Figure 4.14.

2.3.3.2 Dimensionality reduction and clustering

The function “RunPCA” was performed on the integrated assay to
compute the 30 principal components (PC) based on Seurat elbow plot.
Clustering was performed with the functions “FindNeighbours” and
“FindClusters” on the basis of the PCs identified. The resulting clusters were
visualized with Uniform Manifold Approximation and Projection (UMAP) to

provide dimensionality reduction.
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2.3.3.3 Sample demultiplexing

The AS sample was analysed following the CITE-seq pipeline (Stoeckius
et al., 2018), which allows simultaneous quantification of the cell transcriptome
and of selected surface epitopes. The Seurat demultiplexing function
("HTODemux”) was used to deconvolute the hashing library. A negative
binomial distribution for each HTO (hashtag oligonucleotide) was calculated and
the 0.99 quantile of this distribution was used as a threshold to classify each cell
as positive or negative for each HTO. Cells that were positive for more than one
HTO are annotated as doublets, with further adjustment based on the log-fold

change between the top and second-most abundant HTOs.

2.3.3.4 Differential gene expression and functional profilling

Pairwise differential gene expression comparisons were made across
cell clusters or conditions. Differential expression analysis was performed using
negative binomial generalized linear model implemented in Seurat, through the
command “FindMarkers”. Wilcoxon rank-sum test was used to determine
differences.

To perform statistical analysis of functional profiles the R package
Clusterprofiler was used. Genes with significant differential expression for each
pairwise comparison were used as input for the pathway analysis, using the
Gene Ontology (Ashburner et al., 2000) or the Reactome Pathway (Fabregat et

al., 2018) repositories.
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2.3.3.5 TCR mapping

After TCR reconstruction, the proportion of cells having the same clone
was compared between sample types for each clone using a Fisher's exact test
with Benjamini and Hochberg correction for multiple comparisons. A clone was
defined based on the amino acid sequence of complementary determining
region 3 (CDR3) of both alpha and beta chains. Cells were filtered to exclude
potential multiples, defined as cells with greater than one 3 chain or 2 o chains.

This analysis was performed by Dr Frank Penkava.

2.3.3.6 Statistical analysis and graphical representation

Statistical analysis was performed using the software GraphPad Prism 8.4.
Data are presented in the form of bar plots (mean standard error of the mean) or
box plots (minimum maximum and interquartile range). Statistical analysis on the
scRNA-seq data was performed using the R “Stats” package or the built-in
statistical tools for each R package used.

In heat maps, generated with the R packages “Seurat” or “pheatmap”, the
marker expression was shown as row-based scaled z-scores for that identity.

Dimensionality reduction of flow cytometry data and t-SNE plot generatin
was obtained with the “-SNE” plugin on FlowJo 10, selecting standard
parameters for that release. When the analysis was run on a group of samples,
the events in each single flow cytometry files were first downsampled to the
lowest common denominator in the dataset to ensure each sample was
represented by an equal number of cells, then merged before running the tSNE

(t-distributed Stochastic Neighbor Embedding) command.
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2.3.3.7 lllustrations

The illustrations have been generated by myself on the Biorender webtool.
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3 Immunophenotypic analysis of Regulatory T

cells in Spondyloarthropathy

3.1 INTRODUCTION

In SpA numerous lines of evidence indicate that effector T cells (including
Th17) (Ranganathan et al., 2017) are more active or express higher levels of
inflammatory cytokines, yet no clear consensus exist about whether the
regulatory arm of immunity, represented by Tregs, is intrinsically defective,
transiently disabled or normal in the course of the disease. Very few studies
focusing on the regulatory T cells’ phenotype have been published in the SpA
field (Cao et al., 2004a; Appel et al., 2011).

Whether circulating Tregs in SpA have a preferential migratory capacity
that favours homing to specific inflammatory sites is an unanswered question.
The expression of CCR7 on CD4" cells mediates the homing to secondary
lymphoid organs during antigen-specific responses (Schneider et al., 2007), while
CCR9 is a gut trophic chemokine receptor for different T cell subsets (Uehara et
al., 2002) and CXCR3, CCR4 and CCR6 mediate trafficking to inflamed tissues

in response to chemotactic inflammatory signals (Sallusto et al., 1998; Acosta-
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Rodriguez et al., 2007). The expression of these markers, which might
constitute an important functional element for Tregs to co-localize effectively
with effector T cells and exert suppressive functions (Duhen et al., 2012), will be

evaluated in this chapter .

3.2 AIM

The aim of this chapter is to describe the frequency and the phenotype of
Tregs in SpA patients and controls, both in the peripheral blood and synovial
fluid, with particular focus on differential expression patterns of selected

functional and trafficking molecules.

3.3 RESULTS

3.3.1 Frequency and phenotype of Tregs in peripheral blood and
synovial fluid of SpA patients

To study Tregs | analysed samples obtained from patients and controls
whose characteristics shown in Table 3.1. After mononuclear cell separation,
surface and intracellular staining and flow cytometric acquisition as detailed in
Methods, the total Treg frequency, classified as shown in Figure 3.1 (single, live
cells that were CD3* CD4* CD25" CD127""), was not different to controls in the
peripheral blood. An increased frequency compared to matched PB was

observed in the SF (Figure 3.2A, B), where they presented enhanced expression
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of Foxp3 and CD25. Importantly, the vast majority of Tregs in the SF appeared
negative for CD45RA. This indicates that Tregs in the SF are relatively expanded

compared to the PB, and are characterized by an activated, memory phenotype

(Figure 3.2C, D).

Age (years), mean + *SD 455+ 11.0 446149 49.3+13.9
Sex, male (%) 8 (38.1) 23 (71.8) 14 (70.0)
HLA-B27+ number (%) N/A 26 (81.2)*% n/a
TREATMENT

NSAIDs - 15 1
**csDMARDS - 6(189) 17 (4°9)
TNF-inhibitors - 12 6
DISEASE ACTIVITY

SCORE, mean + SD

BASDAI N/A 45+24~* -

CRP, mean £ SD N/A 13.6% 31.3 17.0 £ 27.9

Table 3.1. Demographic and clinical characteristics of the AS, PsA and HC
subjects studied. *SD: standard deviation; **NSAIDs: Non steroidal anti-
inflammatory drugs; ¢sDMARDS: conventional synthetic disease modifying anti-
rheumatic drugs. BASDAI: Bath Ankylosing Spondylitis Disease Activity Index; CRP:
C-reactive protein. # available in 29 subjects; § in combination with a TNFi; *
available in 31 subjects. Disease activity measurements and treatment status
intended at the time of the sampe.
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3.3.2 Analysis of trafficking markers in the memory compartment

shows heterogeneity mirroring the T helper classification

PBMCs were then stained with a multicolor flow cytometry panel, which
included chemokine receptors (2.2.5.2). To visualize the distribution of said
markers, Treg flow cytometric data from nine AS patients were merged and

visualized in a bidimensional tSNE plot (see 2.3.3.6).

Live
91.1

Single Cells/>
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\ 4
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SSC-A
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Figure 3.1. Gating strategy for the identification of Tregs in the peripheral
blood. Tregs are defined as CD3* CD4* CD25* CD127"°". Within this population,
74.3% (range 58.7-86.9) of the cells are Foxp3®.
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Figure 3.2. Regulatory T cells in peripheral blood of SpA patients are
unchanged in frequency compared to HC, but are increased in SF, where they
show an activated phenotype. (A) Relative frequency of Tregs (CD4" CD25"
CD127"") in the blood of healthy controls and patients, classified by treatment. (HC
n= 18, AS n=32, PsA n=16). (B-C) Treg frequency and Foxp3 expression in paired
PB and SF samples from SpA patients (n=8, blue dots: AS, red dots: PsA) and
example flow cytometry plots. (D) Memory/naive Tregs proportion in PB and SF
(based on the expression of CD45RA) (mean of n=3) and example flow cytometry
plots gated on live singlet CD3* CD4* CD25" CD127"" events. * p<0.05, ** p<0.01
(paired t-test).
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Fluorescence intensity

CCR6

B Subset Name| Count
Thi-like_ 880,
| Th2-like_ 4154 |
M| Th17-like_ 4170 |
M| Th17.1-like_ 951
H naive Tregs_ 7375 |

Figure 3.3. Dimensionality reduction allows visualization of Treg trafficking
marker heterogeneity. (A) tSNE (t-distributed Stochastic Neighbor Embedding)
plot of PB Tregs from n=9 AS patients (18,000 cells), stained with 13 flow cytometry
markers including chemokine receptors, with color heatmaps of selected markers
(see 2.3.3.6). (B) Manually-gated memory T helper-like Tregs (live singlet CD3"
CD4" CD25* CD127°" CD45RA") (see Figure 3.4) overlaid onto the tSNE space
reveal their localization on the bidimensional space.
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The distribution of the markers showed a naive-to-memory gradient (CD45RA),
the presence of a small cluster of Tregs expressing CCR9 and considerable
areas of overlap for the remaining markers (Figure 3.3A), whose distribution did
not coincide with a distinct area of the plot.

Using traditional manual gating based on bimodal marker expression, the
combination of CCR6, CXCR3 and CCR4 expression within the memory
compartment allowed the identification in the circulation of four Treg phenotypes
mirroring the four Th cell subsets (Figure 3.4A). The majority of memory Tregs
was CCR4+, with differential expression of CXCR3 and CCR6. The relative
frequencies of the four subsets showed little differences between patients and
controls in the PB (Figure 3.4B), with the exception of a small increase in
Th17/1-like Tregs in PsA. Interestingly, in the SF, in three paired samples, the
relative percentage of Th2-like Tregs was increased compared to PB, in parallel

with a downregulation of CCR6 and CXCR3 (Figure 3.4C).
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Figure 3.4. Differential expression of trafficking markers identifies four Th-
like Treg phenotypes in the peripheral blood and synovial fluid. (A) CCR4,
CXCR3, and CCR6 expression in memory CD4* CD25" CD127°" CD45RA™ Tregs.
Four Th-like lineages are identified: Th2, Th17, Th1, and Th1/17-like Tregs. (B)
Frequency of Th-like subsets (defines as in A) and of CCR7 and CCR9-expressing
memory Tregs (CD4" CD25" CD127"°" CD45RA’) in HC (n=7-8) compared to SpA
(AS n=9, PsA n=7) (C) Expression of CCR6 and CXCR3 in CD4* CD25" CD127""
CD45RA" in paired PB and SF samples (n=3). * p<0.05 ** p<0.01 (One-way
ANOVA).
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3.3.3 Analysis of markers associated with regulatory function

The following analysis was focused on selected T cell functional and
activation markers. Because some were not exclusive of Tregs but also
expressed on effector T cells upon exhaustion or activation (eg. CTLA-4, TIGIT),
or on non-T helper subsets (eg Granzyme B, CD27), the distribution in memory
and naive T effectors was also assessed. The ex vivo expression of CTLA-4,
TIGIT, and of the transcription factor Helios confirmed to be higher on Tregs
(Figure 3.5A). CD27, a costimulatory marker associated with Treg stability upon
in vitro expansion, was elevated in naive T cells, coherently with its requirement
for acquisition of T cell memory (Hendriks et al., 2000). However, at population
level in PB, the expression of these markers was not different in patients and

controls (Figure 3.5B).
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Figure 3.5. Differential expression of immunoregulatory molecules on selected
CD4+ T cells subsets from PBMCs. (A) Example staining for each of the markers
in one PsA PB sample. After gating on live singlet CD3+ CD4+ cells, Tregs (green)
are CD25" CD127"°" and Teffs (purple) CD25 CD127* (B) CTLA-4, TIGIT, Granzyme
B, CD27, Helios positive cells gated on nTeffs (CD3* CD4" CD25 CD127*
CD45RA"), mTeffs (CD3* CD4" CD25 CD127" CD45RA’), nTregs (CD3" CD4*
CD25* CD127"°" CD45RA"), mTregs (CD3* CD4* CD25" CD127°% CD45RA") (n=14
SpA). (C) Heatmap showing percentage of positive cells in HC (n=4) and SpA
(n=14). * p<0.05, ** p<0.01, *** p<0.01 (One-way ANOVA).
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3.3.4 Intracellular staining of Tregs shows increased IL-17A

production in SpA, associated with the expression of CD161

Figure 3.6A and B show that a higher number of Tregs in the PB of SpA
patients is able to produce IL-17A upon stimulation, and this feature is strictly
associated with the expression of CD161, consistent with previous reports
(Pesenacker et al., 2013). CD161+ Tregs were not increased in the peripheral
blood of SpA patients. | then investigater whether an imbalance in the T
effector/Treg ratio could be observed across type 17 immune subsets. The ratio
CD161" Teffs/CD161* Tregs was not altered in SpA and neither was the Th17
Teff/Th17-like Treg ratio, but the global Th17/Treg ratio was increased in AS and
PsA (Figure 3.6C, D). This could suggest that in the PB these specialised Treg
subsets are present in equal proportion in healthy and patients, but the capacity
of produce IL-17A by Tregs in the course of the disease might indicate a skewing

towards inflammatory responses.

3.3.5 Treatment with TNF inhibitors causes mild phenotypic

changes in Tregs

| stained matched PBMC samples from eight patients before
commencement of TNF inhibitor treatment and three months after. All patients
showed clinical response to treatment. No difference was seen in Treg frequency,
neither in the proportion of memory cells within Tregs. A small increase in Foxp3
expression was observed. When studying the Teff/Treg ratio within the Th17,
Th17-1 and CD161+ subgroups, no significant variation was seen after the

treatment (Figure 3.7).
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Figure 3.6. IL-17A production by PB Tregs, associated with CD161
expression, is increased in AS. (A) Percentage of PB Tregs producing
inflammatory cytokines upon stimulation. (B) CD161" Tregs are the principal IL-
17A-producing subset. (C) Th17/Treg ratio (calculated as IL-17A" Teffs / total
Tregs) in HC and SpA. (D) The ratio Tregs/Teffs in SpA in the Th17, Th17/1 and
CD161" subsets (n= 9-11). All T helper subsets in this figure are: CD3" CD4*
CD45RA". Further distinction between Teffs and Tregs is based on CD25 and
CD127 expression. * p<0.05, (One-way ANOVA).
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Figure 3.7. TNF inhibitors treatment increases Foxp3 expression on Tregs in
AS. (A) A small increase in Foxp3 expression is seen after TNFi treatment, without a
significant change in the number of Tregs or the percentage of memory Tregs (B) No
significant changes in the Teff/Treg ratio within Th17/1 and Th17 subsets are seen
after TNFi treatment. n=8. MFI: mean fluorescence intensity.

3.4 DISCUSSION

This immunophenotypic analysis of Tregs in SpA patients showed normal
frequency of Tregs in the PB, but increased numbers in the synovial fluid, where
Tregs highly expressed markers (CD25, Foxp3) consisted with an “activated”
phenotype. Activated Tregs cells have increased ability to migrate to tissue sites,
especially in the course of inflammation. This confirms the observation that the
number of Tregs, in fact, generally appears to be enriched in inflammation sites

during organ specific autoimmune diseases.
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The analysis of ftrafficking markers in Tregs mirrored the T helper
subdivision, but did not show the prevalence of a subset compared to healthy
controls. Given the strong Th17 signature across different effector subsets in
SpA, a prevalence of Th17-like Tregs was expected, yet the presence of a subset
of Tregs with potential to secrete IL-17A upon stimulation suggests that Tregs in
SpA include a phenotype with a skew towards Th17 effector functions.

In humans, Tregs with potential to produce IL-17A have been described in
inflammatory settings, including in the SF during an arthritis flare in juvenile
idiopathic arthritis (JIA) (Pesenacker et al., 2013) and in RA (Afzali et al., 2013). |
observed that the production of IL-17A upon stimulation was exclusive to CD161-
expressing Treg, consistent with previous studies in different arthritides. This cell
subset is likely in overlap with the cells here defined Th17-like (CCR4+ CCRG6+
CXCR3-). In Halim et al., 2017, Th-like Tregs were indeed able to secrete the
correspondent T helper inflammatory cytokines. Interestingly, this did not have an
impact on their suppressive capacity in vitro, similarly to what observed for
CD161* Tregs: both subpopulations were able to secrete inflammatory cytokines
yet maintain suppressive capability. However, the pro-inflammatory
consequences of the IL-17A production by these cells in vivo, in particular in the
tissue, needs to be considered. In my analysis, a mild expansion of Tregs with a
phenotype similar to the so-called Th17/1 was seen. These cells have been
described as expanded in the synovial fluid and might represent a subset of
plastic Th17 that shift towards Th1 (Nistala et al., 2010). A previous study
addressing the distribution of Th-like Tregs in the PB and various organs found
that Th2-like Tregs were the most prevalent subset in the peripheral tissues, an

observation that the authors explained with a higher chemotactic ability in vitro
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towards their ligands. | have observed that Th2-like cells are indeed higher in
the SF, but this could be also explained by a downregulation of CXCR3 and
CCRG, likely induced by the presence of their ligands in the SF (Yamazaki et al.,
2008), increasing the relative percentage of Th2, rather than a Th2 chemotactic
signal. However, paired staining of chemokine receptors in PB and SF was only
performed in three samples.

In conclusion, | have observed an increased prevalence of Tregs in the
SF, mostly with memory features. The PB analysis using conventional surface
markers in flow cytometry showed considerable heterogeneity of trafficking
molecules, but did not preferentially overexpressed the chemokine receptor
signature associated to Th17 effectors. Tregs in SpA appear to have, globally,
comparable expression of CTLA-4, TIGIT or CD27 to healthy controls, but have a
higher capacity of diverge to inflammatory Th17 responses upon stimulation.

The first limitation of this part of the work is that the immunophenotype
analysis has been conducted almost exclusively on peripheral blood, whereas in
particular for effector markers such as CTLA-4 and TIGIT, their expression would
be expected to be more relevant in the inflammatory sites. Flow cytometry is still
limited by the numbers of parameters that can be measured simultaneously for
each cell. To immunophenotype Tregs with the named markers, three different
multicolor flow cytometry panels were designed: considering the necessity to
include the Treg defining markers, the number of additional features available to
further characterise the Treg subpopulations is limited. Finally the pre-selection of
markers based on the literature or a priori expectations biases the analysis and
limits its breadth. As a consequence of the low dimensionality of the dataset, a

robust unsupervised clustering analysis was not possible. In fact, specific, rarer
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Treg subpopulations might present dysregulated or disease-specific signatures
that a coarse-grained analysis might miss.
For the reasons above, to further explore the Tregs functional and

transcriptional variety, | used single cell transcriptomics.
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4 Single cell gene expression analysis in
blood and joints of Spondyloarthropathy

patients

4.1 INTRODUCTION

The increasing resolution of the tools commonly adopted for
immunoprofiling studies has increased awareness of the heterogeneity of Treg
cells. In addition to heterogeneity in their surface marker expression, Tregs can
adapt to different tissues and inflammatory environments by modifying their
transcriptional program. Whether different subsets specialize in distinct
suppressive functions has yet to be fully elucidated. As shown in Chapter 3, the
conventional methods that rely on a limited number of markers fail to capture
this complexity; furthermore, data interpretation can be biased by supervised
analysis and a priori selection of markers. Finally, molecular adaptation is
expected to be found, rather than in the circulation, in the tissues, where Tregs
acquire tissue-specific gene signatures (Panduro et al., 2016), that adapt their

effector role to the environment found in each organ. Very few studies have
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explored the Treg heterogeneity in human tissues with high-resolution tools,
especially during pathology, with the partial exception of the tumour immune
environment (De Simone et al.,, 2016; Guo et al., 2018). Finally, there is
incomplete understanding of regulatory effector pathways (Schmidt et al., 2012)
in response to systemic and local inflammation.

To define the Treg molecular diversity and capture the different states that
Treg cells adopt in the course of inflammation in SpA, | used scRNA-seq
analysis, which does not rely on pre-existing assumptions on expected cell
markers, and it overcomes the problem of averaging RNA expression data in a

heterogeneous cell population such as Tregs.

4.2 AIM

This chapter aims to address the following questions:

e What populations of Tregs can be identified in the synovial fluid and peripheral
blood in SpA patients using scRNAseq?

o |s there a tissue-specific footprint in Tregs in the synovial fluid?

e |s there predominance of certain T cell clones (as identified by their T cell
receptor) in Tregs in the inflamed joint of patients with SpA and what is the
transcriptional of clonally expanded Tregs?

Studying Tregs at single cell level and in inflammatory sites has translational

potential and clinical returns: the transcriptional program of Tregs in synovial

fluid and the preferred effector pathway adopted in that environment remains

an unexplored area. For instance, direct evidence suggest that, to inhibit Th17
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responses, Tregs adopt specific mechanisms of such as the regulatory immune
receptor TIGIT (Joller et al., 2014) (in vitro) or, as shown in the course of
experimental colitis, IL-10 (Huber et al., 2011). The identification of differentially
expressed effector pathways in the synovial environment can open the possibility
of exciting experimentation, in a field in which there is substantial therapeutic
unmet need. Leveraging T cell-mediated mechanisms of suppression for
therapeutic benefit is in fact an effective strategy already in use in immune
mediated diseases, as in the case of abatacept, a CTLA-Ig fusion protein, which

is effective in RA (Westhovens et al., 2009).

4.3 RESULTS

431 Experimental design

To explore the Treg single cell transcriptional landscape, two distinct
datasets were analyzed in parallel (Figure 4.1). The first one was obtained from
sequencing memory CD4+ and memory CD8+ cells sorted from PBMC and
SFMCs on the 10x Chromium single cell platform (5" chemistry). Three paired
samples were obtained from blood and knee synovial fluid of three PsA patients,
naive to biological drugs. The dataset was generated by Dr Frank Penkava and
Dr Hussein Al Mossawi and shared with me for in depth analysis of the Treg
subsets. The second dataset was generated by myself: two paired (PB and SF)
samples from HLA-B27 positive patients with axial and peripheral involvement,

also naive to biological drugs, were FACS sorted to isolate four immune subsets,
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including Tregs. Dr Frank Penkava assisted with the sample processing, cell

sorting and read alignment. The two analyses will be presented separately.

PsA *

@ memory CD4+

A ™ P——

X .

. Synovial ‘ o

OligoPsA fluid e

2x HLA- » @ memory CD4+# 10X Chromium:

B27+ ' — . memory CD8+ # V(D)J
AS Peripheral FACS . GEX
blood @® memory Tregs “#

) non CD3 #
AS

Figure 4.1. Single cell RNA sequencing experiments design. Selected
leukocyte populations from paired PBMC and SFMC were obtained from patients
with active PsA (n=3) and AS (n=2), all naive to TNF blockers. Peripheral
mononuclear cells were isolated by density gradient centrifugation. Cells were
sorted by flow cytometry. Single cells were then encapsulated in nanodroplets
according to the 10x Chromium protocol (v.3.0, 5’ chemistry). mRNA was reverse
transcribed using adapters contained in each droplet. The emulsion was then
broken and linear amplification of the reads was performed by in vitro transcription.
Libraries were sequenced on an lllumina sequencer.

* PsA single cell data generation (sample collection and preparation, cell sorting,
reads alignment and dataset set up) performed by Dr Frank Penkava and Dr
Hussein al Mossawi with the help of Dr Nicole Yager. AS single cell data generated
by myself, with the help of Dr Frank Penkava

* Memory Tregs sorted as CD3* CD45RA™ CD25" CD127"" (sorting strategy in
Figure 4.12)

# samples stained with TotalSeq C hashing antibodies
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4.3.2 PsA single cell dataset analysis

The PsA dataset included memory CD4+ and memory CD8+, sorted to
high purity, then pooled at a 1:1 ratio before being loaded on the 10x Chromium
chip. After RNA library generation, sequencing and data mapping, the data matrix
was normalized and unsupervised clustering was performed (details in (Penkava
et al.,, 2019)). One distinct cluster, characterized by higher FOXP3, IL2RA and
IKZF2 expression representing Tregs, was evident. Thus, the cells belonging to
this cluster were subsetted out and the dataset made available to me for

downstream analysis.

4.3.2.1 Quality Control

To remove low-quality cells, doublets as well as empty droplets, cells
with > 10% mitochondrial genes, < 500 or > 3500 genes, and > 25,000 UMI
(unique molecular identifiers, i.e. single transcripts) were removed before the
clustering. A total of 3066 Tregs (Figure 4.2A) were obtained. In particular, it
was chosen to remove cells with high content of RNAs coding for
mitochondrially localized proteins because this occurrence is associated to cell
stress and death (llicic et al., 2016). On average, 4525 unique mRNA molecules
representing 1716 genes were detected per single cell, altogether surveying
33,694 genes. All six samples had similar coverage (Figure 4.2B, C). In total,
951 PBMCs and 2115 SFMCs were used for downstream analysis, confirming
the observed higher proportion of Tregs within CD4" cells in the SF (see Figure

3.2).
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Figure 4.2. Quality control metrics of subsetted Tregs from the PsA dataset. (A)
3,066 Tregs from PB and SF from three patients were identified by the unsupervised
clustering analysis on the PsA T cell data set (B) Number of genes detected and
number of reads per cell (C) Violin plots showing data features separated according
to the six samples of origin.
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4.3.2.2 Clustering

Logarithmic normalization and scaling of the data was performed on the
raw count matrices (see 2.3.3) in order to remove pre-existing clustering
information. The six samples were then integrated on the basis of the top variable
genes to identify common cell types in order to perform comparative analysis.
This step crucially corrected for batch effects across experiments. Unsupervised
clustering was then performed at a resolution of 0.4 on the basis of 30 principal
components. Data displayed as a dimensionally reduced Uniform Manifold
Approximation and Projection plot revealed that PsA Tregs clustered in five
transcriptionally distinct subsets (Figure 4.3A). Each cluster (Figure 4.3B) was

made up by cells originating from PB and SF in similar ratios.
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Figure 4.3. UMAP plot of PsA Tregs from three paired PBMC and SFMC
samples. (A) after sample integration, five clusters are identified. (B) Cells from
both PB and SF compose each cluster in similar proportions.
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4.3.2.3 Differential gene expression analysis and cluster

annotation

To characterise the clusters, differential gene expression analysis was
performed on the integrated PB-SF dataset. A heatmap of the top ten
differentially expressed genes defining each cluster is shown in Figure 4.4. HLA
class ll-associated genes characterized cluster 0. Cluster 1 was defined by
increased expression of genes encoding ribosomal proteins and higher
expression of CCR7. Cluster 2’s highest differentially expressed gene included
PTPRC (encoding for CD45RA/RO, no further determination of which isoform
possible at transcript level) and CCR4, Cluster 3 was characterised by
expression of KLRB1 (encoding CD161). Finally, cluster 4 showed, unexpectedly,
a distinct signature characterised by CD8A and CD8B expression and granzyme
family genes. Clusters were thus annotated accordingly.

To verify that the clustering algorithm correctly had correctly identified Treg
cells, and to exclude contaminations by non Tregs (including Teffs) cells from the
PsA dataset, the presence of transcripts identified in a previous published Treg
single cell dataset (Zemmour et al., 2018) as “Treg signature genes” was
evaluated. These genes were similarly expressed across the different Tregs
subsets (Figure 4.5), with the partial exception of the cluster characterized by
CCRY expression, which presented a slightly lower level of IL2RA (CD25) and
CTLA4. IKZF2, encoding the transcription factor Helios, was virtually absent in
the KLRB1* cluster and increased in the CCR4/IKZF2 (Helios)* cluster (log fold
change enrichment: 1.4, p = 2x10%4). Importantly, the FOXP3 transcript was
detected in 2,302 cells, and /L2RA in 1,558 out of the 3,066 composing the
dataset. In Zemmour et al., the TNF receptor superfamily genes TNFRSF4, 9,
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18 and 1B were identified as part of the Treg signature. In our dataset, their
expression, although with some differences (among which the scarcity of

TNFRSF9, or CD137), seemed also consistently distributed across clusters.
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Figure 4.4. Gene heatmap showing the top 10 differentially expressed
genes in each cluster. Only genes detected in at least 20% of the cells
belonging to the cluster are included. Normalised expression of gene counts.
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Figure 4.5. Expression of the Treg signature genes across the dataset. (A)
Violin plots showing count distribution (log scale) for each gene across the
clusters. (B) Dot Plot: the size of the dot corresponds to the percentage of cells
expressing the feature, the color the average expression of the feature.
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4.3.2.4 Th17-like cluster

One of the clusters was characterised by KLRB1, a gene encoding the C-
type lectin-like receptor receptor CD161. This cluster, compared to the other
mTregs, showed increased expression of markers indicating a Th17-like
phenotype, KLRB1 included (Figure 4.6). The expression of CCR6, IL6R and
IL1R, other Th17-associated genes, indicated that the transcriptome of this
cluster likely represented the Th17-like Treg phenotype described in Duhen et
al., 2012 (characterised as CCR6+ Tregs) (and in 3.3.2), and the phenotype
more recently discussed by Duurland et al., 2012. Interestingly, the Th17
master transcription factor RORC was also expressed in this cluster. Other top
upregulated genes are shown in Table 4.1. No transcripts for Th17-associated
inflammatory cytokines (eg. IL17A, IL17F, IL22) were seen, although they are
rarely detected in unstimulated T cells. Among the genes that were
downregulated, the coinhibitory receptor TIGIT and the TF Helios (IKZF2) were
the most striking. FOXP3 expression was not different compared to the average
of the other clusters, suggesting a coexistence of RORC and FOXP3. In terms
of effector genes, this cluster had a distinctive IL-10 signature (/L10, MAF),

associated with expression of LAG3 and CTLA4.
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Figure 4.6. Single cell RNAseq analysis of the PsA Treg dataset reveals a
regulatory subset with Th17 characteristics. Volcano plot showing
differentially expressed genes in the KLRB1" cluster compared to all mTregs.
Genes with p<1x10™'® (Wilcoxon rank sum test) are annotated. Vertical dotted
line indicates £0.25 log-fold change.

‘ Gene Product Function(s)
GPR25 Probable G-protein coupled receptor 25 Function unknown. Paralog of Gpr15 in mice
RORC ROR-gt Th17 associated transcription factor
GPX1 Glutathione peroxidase Antioxidant enzyme
Natural killer cell maturation, induction of
KLRB1 Killer cell lectin-like receptor subfamily B,
member 1 (CD161) cytotoxicity
AQP3 Aquaporin 3 Membrane transporter of water and glycerol
expressed in keratinocytes
CSTH Pro-cathepsin H degradation of proteins in lysosomes
CCR6 C-C chemokine receptor type 6 Trafficking to Th17 sites
LIMS1 LIM and senescent cell antigen-like- Involved in integrin signalling
containing domain protein 1
CMTMé6 CKLF Like MARVEL Transmembrane Chemokine-like factor gene superfamily; exact
Domain Containing 6 function unknown
FURIN Furin Protease
LAG3 Lymphocyte activation gene-3 Trafficking to the sites of inflammation
TNFRSF1B TNF receptor superfamily 2 Cell survival and immune suppression
PKP4 Plakophillin-4 Component of desmosomal plaque and other
adhesion plaques
ZC2HC1A Zinc finger C2HC domain-containing Function unknown
protein 1A

Table 4.1. Upregulated genes in the KLRB1+ cluster
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4.3.2.5 CD8" Treg cluster
Intrigued by the presence of a small CD8A/CD8B-expressing cluster within

the Treg dataset, differential gene expression analysis was performed. The Treg
core set genes, including FOXP3 and IL2RA, were not significantly
downregulated in this cluster compared to the CD4+ Treg clusters (Figure 4.7A).
Very high levels of chemokines CCL4 and CCLS5, and of genes associated to
cytotoxic functions such as GZMB, GZMH, GZMA and NKG7 were characteristics
of this cluster. Importantly, cells in this cluster did not coexpress CD4 and
CD8A/B (Figure 4.7B), since cells with detected presence of both transcripts
were removed in the QC step because of the sorting strategy used. One hundred
and one transcripts were upregulated in this cluster compared to the rest of the
Tregs, which made the CD8" Treg subset the cluster with highest number of
genes and transcripts detected (Figure 4.7C). To further confirm the regulatory
profile of the cluster, | compared it to CD8+ T effectors obtained from the initial
mCD4/mCD8 PsA dataset. CD8" Tregs differed from the CD8" effector cells for
their distinctive regulatory genes (Figure 4.7D). This suggests the coexistence in
this cluster of specialised cytotoxic programme and a regulatory transcriptional
profile. The presence of the latter resulted in it clustering with the rest of the
CD4+ Tregs, reminding that, in unsupervised principal component-based
clustering, shared transcription signatures prevail over the expression of lineage

markers.
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Figure 4.7. Single cell RNAseq analysis of the PsA Treg dataset reveals the
presence of a CD8+ Treg cluster. (A) Volcano plot showing differentially
expressed genes in CD8 Tregs. p-value according to Wilcoxon Rank Sum test (B)
Distribution of the CD4 and CD8A transcripts, localizing in distinct areas of the plot
(C) QC metrics for the 5 clusters: CD8+ Tregs have the highest number of genes
and transcripts per cell (D) Genes differentially regulated compared to the CD8+ T
effector from the initial PsA dataset (Penkava et al., 2019).

4.3.2.6 Treg signature transcripts

Next, in order to identify the genes constituting the Treg signature and to
verify the existence of a reciprocal regulation, a differential gene co-expression
analysis was performed at the population level. Selected markers encoding

regulatory TF or effector markers were selected among the top variable genes,
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and the Spearman pairwise correlation was calculated for each pair. The
highest positive correlations (Figure 4.8) were found across a group of co-
regulated genes, which included Treg core TFs (FOXP3, BATF) and constitutive
regulatory functions (IL2RA, CTLA4). The tightest relationship was between two
TNF receptor superfamily genes (TNFRSF18 and TNFRSF4), encoding for two
co-stimulatory molecules (GITR and CD134, also known as 0OX40).
Interestingly, little to no correlation was seen between pairs of checkpoint
inhibitors such as PD-1, LAG-3 and TIM-3, which are otherwise often co-
expressed by tumour infiltrating lymphocytes (Kurtulus et al.; Woo et al., 2012)

or during viral infections (Richter et al., 2010).
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Figure 4.8. Gene correlation heat map for selected Treg markers (including
transcription factor and coinhibitory molecules) within the variable gene
pool. Gene co-expression by Spearman's rank correlation coefficient.
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4.3.2.7 Peripheral blood and synovial fluid signature

The integration of the PB and SF dataset was based on the identification
of gene signatures shared in both tissues (see 2.3.3.1). None of the clusters
appeared to be exclusive of PB or SF (see Figure 4.3B). To verify the presence
of tissue-specific differences at gene level, the normalised expression of each
detected transcript was compared in the SF and PB. Two hundred and thirty-
seven genes were differentially expressed between the two groups, of which 183
enriched in the SF. The top 10 differentially expressed genes in the SF included
FOXP3, confirming the observation made at protein level (Figure 3.2), and
TNFRSF18 (GITR) (Figure 4.9A). Annotation of the SF enriched genes using the
Gene Ontology (GO) resource showed that SF Tregs' enriched genes were
involved in the processes of cell adhesion and cell-cell communication,
coherently with the cross talk with non haematopoietic cells such for example as
synoviocytes, but also genes involved in type | and Il interferon responses
(Figure 4.9B). Interestingly, TXNIP, encoding a Thioredoxin-interacting protein,
regulating redox reactions, was the strongest downregulated gene in the SF. SF
enriched expressions in the single clusters showed frequent recurrence of the
same genes, indicating conserved differences across Treg subsets (Figure
4.9C).

When profiling Tregs for their trafficking marker expression (3.3.2), a
downregulation of various chemokine receptors was noted in synovial Tregs. The
analysis of the same markers at mRNA level in the two sites confirmed the
downregulation of CCR6, but not of CXCR3, in the SF compared to PB. Few cells

expressing the gut homing marker CCR9, were present but only in the PB. CCR6,
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was higher in the RORC-expressing KLRB1" cluster. In other words, the T helper-
like classification proposed in previous studies (Duhen et al., 2012; Halim et al.,
2017), based on differential expression of chemokine receptors, was not mirrored
by the analysis of transcriptional features. In Figure 4.9D the expression of the
integrin subunit genes, in addition to other important trafficking markers, is also

shown.
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Figure 4.9. PsA synovial fluid gene signature in Tregs (A) Normalised
expression of all the genes detected in PB and SF (B) Genes enriched in the SF
were classified into the Gene Ontogeny (GO) database categories “MF” (molecular
function) and “BP” (biological process) to identify enriched categories. The color
bar shows the p-value (after Benjamini-Hochberg correction). X axis number
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indicates the number of genes differentially expressed belonging for each GO
element. (C) Tissue differential gene expression for each cluster. In CD8+ Tregs,
only two genes were differentially expressed between PB and SF (D) (next page)
Split plots showing expression of selected trafficking markers, including chemokine
receptors and integrin subunits, in PB (red half) and SF (blue).
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4.3.2.8 Differential expression of inhibitory markers

Tregs can express a vast array of effector molecules to exert their
inhibitory functions. The following analysis investigated the frequency and the
distribution division of genes relevant to Treg effector functions across the
clusters. Average gene expression coupled with hierarchical clustering was used
to map these markers (Figure 4.10A). CCR4/Helios* cluster was the highest
expresser of IL10, TIGIT and CTLA4, whereas CD8+ Tregs had a distinct
expression of GMZB, PDCD1 and TGFB1. KLRB1* cluster showed also a
downregulation of TIGIT. LAG3 was prevalently expressed by the KLRB1+ and
by the CD8+ Treg cluster. The expression of these markers in the SF was,
although at different levels, almost invariably upregulated in the SF compared to

the PB, in particular PDCD1, LAG3, GZMB, HAVCRZ2 (coding for Tim-3) (Figure
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4.10B). It was also apparent how the majority of these markers were expressed
only in a small percentage of resting Tregs, with the exception of CTLA4 and
TIGIT, whose transcripts, present in a higher number of cells, seemed to be
constitutive of the Treg. Because of the appearance of TNF receptor superfamily
genes as part of the Treg core signature and their enrichment in the synovial
fluid, | interrogated their distribution across the clusters and in the PB and SF

(Figure 4.10C). TNFRSF18, encoding for GITR, was particularly upregulated.

4.3.2.9 Treg TCR repertoire analysis

To explore the presence of a restricted clonal diversity in our Treg dataset,
the VDJ count matrix containing exact information on TCR sequences was
interrogated, making use of the novel 5’ chemistry on the 10x Chromium platform,
designed to provide simultaneous coverage of both the transcriptome and the
TCR o/ variable region in the same single cell.

TCR information on the whole PsA T cell dataset was reconstructed by Dr
Frank Penkava: clones were defined by identical TCRa and B nucleotide
sequences. A strong clonal enrichment in CD8+ cells in the SF in all three PsA
patients, and to a smaller extent in CD4+ cells (details in Penkava et al., 2019).
Within the CD4 clones, one of the three patients (PsA1801) presented a number
of cells with identical TCR clonotype located in the Treg bidimensional space,
identified by o alleles TRAV4 and TRAJ39 and B TRBV28 and TRBJ2-6 with a
CDR3 sequence named CASSFNSGANVLTF. This clonotype was found in 43
SF cells, of which 35 were Tregs. No cells sharing this same clonotype were
found in the PB. On the UMAP plot, the majority of the clone-sharing cells

localised close to each other, prevalently in Cluster 0 (HLA-DR+ Tregs),
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suggesting transcriptional similarity (Figure 4.11AB), but also potential for a

clonal response to switch to a different functional phenotype.
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Figure 4.10 (previous page). Distribution of the effector markers in PsA Treg
clusters. (A) Average expression of selected suppressive markers (row-based Z-
score scaled data). Differential expression of suppressive markers (B) and TNF
superfamily genes (C) in PB (red) and SF (blue), for each cluster. ENTPD1
encodes CD39.

To verify the transcriptional characteristics of the cells sharing a clonotype, |
performed differential gene expression analysis comparing clonal cells versus the
rest of the memory Tregs (Figure 4.11C). The cells with the shared clonotype
overexpressed genes such as TNFRSF9, CCRS, IL1R compared to the rest of
the SF Tregs. Genes such as FOXP3 and CTLA4 were not differentially

expressed, indicating that regulatory genes were preserved.
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Figure 4.11. Identification and characterization of Treg clonality in the SF. (A)
39 Tregs that express the same TCRa/f CDR3 sequences localise in the same
area of the UMAP plot, (B) largely corresponding to HLA-DR+ cluster (C)
differential gene expression of clonal versus non clonal cells

4.3.3 AS single cell dataset analysis

To confirm the findings and validate our observations in a second SpA
condition, | decided to carry forward a second single cell experiment on two AS
samples. PB and SF cells from two HLA-B27 positive patients with AS,
presenting with concomitant active axial disease and peripheral arthritis, were

collected.
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A different sorting strategy from the PsA single cell experiment was
adopted. After mononuclear cells separation by density centrifugation, memory
Tregs (defined as CD3" CD45RA" CD25" CD127°) were FACS sorted, together
with memory CD4* and memory CD8* cells and a smaller subset of CD3" cells
(Figure 4.12), included with aim of generating an scRNA library of different
immune cells as future resource. | decided not to include the positivity of CD4 in
the sorting strategy for Tregs to verify the existence of a CD8" regulatory subset.

Furthermore, for this experiment we made use of a technology called
CITE-seq (Stoeckius et al., 2017). To reduce the number of sequencing runs for
reasons of costs, the four cell subsets, after sorting, were labelled with four
oligonucleotide-tagged antibodies targeting ubiquitous cell surface antigens
(Total-SeqC, Biolegend) before pooling them together prior to loading them onto
the Chromium 10x platform. The presence of a specific oligonucleotide
sequence (hashing oligonucleotide, HTO) attached to each cell allowed
deconvolution of the multiplexed single cell RNA library after cell lysis,
preserving the identity of the cell and its origin (in our case, the sorting strategy
used) for the downstream analysis. The four cell subsets were pooled together
at a ratio of 1:3:3:3 (the CD3- cells being the smallest fraction).

Given the rare occurrence of peripheral arthritis in HLA-B27+ AS patients and the
difficulties encountered to recruit patients with these characteristics, one of the
two patient samples (AS02) was obtained from previously cryopreserved PB and
SFMCs. Both cell viability before loading onto 10x chip, and quality metrics after
sequencing (see examples in Figure 4.13) were comparable between the two

samples.
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Figure 4.12. Sorting strategy adopted for AS single cell RNAseq experiment.
After sorting, the 4 samples were stained with four different hashtag reagents to
distinguish between libraries. Here pictured, synovial fluid sample from AS02.

4.3.3.1 Quality control

Approximately 45,000 cells from each sample were loaded onto the 10x
Chromium platform. After RNA library generation, sequencing and application of
the Cell Ranger analytical pipeline (detailed in 2.3.1), summary metrics from the
Cell Ranger automated secondary analysis are shown in Table 4.2.

Similarly to what done for the PsA single cell dataset, cells with either 10%
mitochondrial genes and cells with > 25,000 log-normalized UMIs were filtered

out. On the basis of the gene number distribution, it was decided that the cells
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with a number of detected genes lower than 250 and higher 4,000 genes were

filtered out (Figure 4.13).

Median -
Number of L e L LR Sequencing ;:ta“r)\ody
Run Patient of reads counts genes .
cells (millions) per per cell saturation ::TIds per
cells
ASO1 0
oo 16507 512.6 31055 | 3274 1062 74.9% 4946
1
ASO01 0
e 18094 501.4 21710 | 3072 1212 68.2% 4309
;‘g’,\azc 7959 3405 42789 | 2733 1006 86.4% 5201
2
QFS,\‘;?: 16130 584.8 36257 | 3188 1250 79.7% 3806

Table 4.2. Summary metrics of the two 10x Chromium sequencing runs for
each sample. Parameters are calculated by the Cell Ranger automated analysis and
refer to 5’ gene expression and CITE-seq (“antibody reads”).

4.3.3.2 Dimensionality reduction and unsupervised clustering

The resulting matrices (for RNA and HTO expression data) were analysed
employing the computational workflow shown in Figure 4.14, which follows the
Seurat 3 scRNA-seq analysis pipeline (Stuart et al., 2019). Sample integration,
data dimensionality reduction and unsupervised clustering methods are explained

in Figure 4.14 and in greater detail in 2.3.3.
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Figure 4.13. AS single cell RNAseq metrics. (A) Per cell metrics distribution (B-
C) Cells with > 25,000 UMIs, a number of genes lower than 250 and higher 4,000
and with a proportion of mithocondrial genes >10% were filtered out. Dotted lines
indicate said thresholds (D) Less than 10% of cells did not pass the QC filters.
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AS sequencing data

AS01 PBMC - SFMC
AS02 PBMC - SFMC

HTO GEX
1.  Data normalisation and scaling
2. Identification of 3000 most variable
DATASET genes to use for downstream
HARMONISATION clustering (excludes TCR genes)

1.  Alignment of datasets based on
DATA shared features
INTEGRATION 2.  Linear dimensionality reduction

3. Unsupervised graph-based clustering

\ 4
AS
Integrated
dataset

15 clusters
(see Figure 4.15)

DEMULTIPLEXING
OF HASHTAG
OLIGO SIGNAL

Cluster annotation

l€---————— -

AS Tregs

(see Figure 4.21)

l

RECLUSTERING
DOWNSTREAM ANALYSIS

Figure 4.14. AS single cell dataset computational and analytical workflow.
GEX = gene expression, HTO = hashtag oligo.
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Figure 4.15. UMAP plot (A) showing cell clustering of the AS dataset cells
obtained after integrating transcriptomes from memory Tregs, memory CD4",
memory CD8"* and a subset of CD3" cells (see Figure 4.12). Histograms show
relative contribution (percentage) of tissue of origin (B) and subject (C) for each
cluster.
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14 177 CSF3R, IGTAX, CD83, TLR2, CD109 DCs

Figure 4.16. Annotation of the 15 cell clusters identified from unsupervised
clustering using the top variable genes. Each cluster is annotated based on the
genes with highest expression after differential gene expression analysis. Colors
encode normalized (Z-scored) gene expression. The table shows number of cells
composing each cluster, enriched genes and cluster annotation. Genes shown
were selected among the enriched genes for each cluster compared to rest of the
dataset and detected in at least 20% of the cluster cells.
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The graph-based clustering analysis of the dataset, made of 55,616 cells
from two paired samples, yielded 15 clusters (Figure 4.15A): the relative
contribution of each patient or tissue of origin to each cluster is shown in Figure
4.15B, C. Based on the expression of selected marker genes that included
surface markers and transcription factors, the clusters were annotated (Figure
4.16).

Five clusters were of myeloid lineage (identifying three monocyte
differentiation and activation states, DCs and plasmacytoid DCs respectively),
two represented cell states (annotated as “Cycling” and “Humanin+”, the latter
being characterised by higher levels of mitochondrial transcripts) and the
remaining clusters were T lymphocytes. The CD4" T cells in particular, which
were split into four clusters, localised in contiguous areas of the plot, constituted a
continuum rather discrete clusters. One cluster (cluster 0) was characterised by
Treg lineage defining genes, but a small number of FOXP3- and IL2RA-
expressing cells were also found in other clusters. To reliably identify and export
Tregs for downstream analysis, the barcoding information from our multiplexed

samples were deconvoluted.

4.3.3.3 Sample demultiplexing

A known problem with CITE-seq is the data noise originated from
unbound antibody encapsulated in the droplets, or binding on other samples

when these are pooled together. The distribution of the hashing antibodies over
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the UMAP plot (Figure 4.17) in our experiment only partially overlays with the
awaited expression of the lineage defining genes, with areas of overlap of two or
more HTO antibodies, in particular those used to label “memory CD4” and
‘memory CD8”. A specific function on Seurat, the package | used to analyse
single cell data, demultiplexes the HTO data: based on the count distribution of
the oligonucleotide reads, it “denoises” the HTO signal using a probabilistic
method, and assigns each single cell to its sample of origin (explained in detail
in Stoeckius et al., 2017) (Figure 4.18A). The four samples were thus
demultiplexed. The expression of the genes that emerged from the PsA single
cell dataset as distinctive of Tregs confirmed that the cells labelled as “mTreg”
indeed captured, with very good accuracy, of the cells expressing Treg lineage
genes (Figure 4.18B-C).

Therefore, 15,953 cells memory Tregs were subsetted out for in depth

downstream analysis.

4.3.3.4 AS Treg reclustering

The Treg cells were reclustered reapplying the same pipeline shown in
Figure 4.14. Twelve clusters were identified and manually annotated on the
basis of the literature about their markers. (Figure 4.19A). For further QC check,
cells not expressing any transcript for CD3E, CD3G and CD3D, encoding the
various CD3 chains, were removed. On examination, two clusters were obviously
characterised by genes belonging to myeloid cells (cluster 8 enriched markers:
CD14, CD83, CD68, FCER1G) or low expression of FOXP3 (cluster 11 KLRC1,
KLRD1, KLRF1, KIR3DL1, possibly including gamma delta T cells or NKT cells)

(Figure 4.19B), and were consequently removed from following analyses. One
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further cluster (7) was characterised by low level of FOXP3 and IL2RA (Figure
4.20) and the lowest number of genes and reads per cell. One cluster (cluster 1)
had also slightly lower expression of IL2RA and FOXP3, but despite A
systematic pathway analysis using the Reactome Knowledgebase (Fabregat et
al., 2018), which classifies genes based on their involvement in biomolecular
pathways, was run and demonstrated signs of cellular stress, hence it was
considered low quality and removed from the analysis. In total, 546 cells were
removed because of low quality and 462 because likely non Tregs (indicating a

purity for the demultiplexing selection around 97.1%).

4.3.3.5 AS Treg differential gene expression analysis and cluster

annotation

The top 10 differentially expressed genes (Figure 4.21) guided the
cluster annotation. Some differences in the cluster make-up of the AS Tregs
compared to the PsA dataset emerged, one being the presence of transitional
cell states, such as cycling and high expression of the mitochondrial gene
MTRNRZ2, encoding a protein called Humanin, which is probably a consequence
of the sorting strategy. Secondly, the higher number of cells allowed the
identification of rare clusters previously undetected. Of these two small clusters
was strongly characterised by metallothioneins encoding genes, the other
presented an interferon response signature.

The biggest 5 clusters had transcriptional profiles very similar to those
identified in the PsA dataset. Despite minor differences, | decided to keep the
same annotation (“HLA-DR+”, “CCR7+", “CCRA4/Helios+”, “KLRB1+" and

“CD8+”).
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Figure 4.17. Comparison of gene expression and HTO counts distribution in
the integrated UMAP plot including PBMC and SFMC cells. UMAP plots
highlight cells expressing (A) selected lineage-defining genes and (B) HTO

antibody counts.
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Figure 4.18 Sample demultiplexing. (A) After demultiplexing, cells in the
integrated UMAP plot are colored according to group assignment. (B) (C) Violin

plots and heatmap showing expression of selected genes.

‘mTreg” cells, as

identified after deconvoluting HTO data, express Treg genes. Heatmap colors

encode normalized (Z-scored) gene expression.
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0 6572 1773 4799 FOXP3, CD27, TNFRSF18, TIGIT HLA-DR+Tregs

1 3094 1146 1948 JUNB, MAL, IL7R, PTGER2, CCR7 IL7R+

2 1333 437 896 PTPRC, CCR4, RORA, IL10RA, IKZF2 CCR4/Helios

3 1176 369 807 KLRB1, GPR25, GZMA, GZMK, LAG3 KLRB1hi
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10 196 64 132 MT2A, MT1X, MT1E, MT1F Metallothioneins
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Figure 4.19 AS Tregs bidimensional space and cluster annotation. (A)
UMAP plot representation of 15,953 AS Tregs from PB and SF, divided in 12
clusters (B) Top enriched genes (genes selected among the top 15 genes for
each cluster according to average log fold change, Wilcoxon test) and cluster
annotation. Cluster 7, 8 and 11 will be discarded for downstream analysis.
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Figure 4.21. Heatmap showing the differentially enriched gene for each
cluster. Top 10 genes, at least detected in at least 20% of the cell composing the
cluster and with an enrichment of 0.2 log fold change, are shown. Scaled average
expression.
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4.3.3.6 Specialised regulatory clusters in AS

The gene signatures of clusters “KLRB1+” and “CD8+” described in the
PsA Tregs were largely confirmed in the corresponding AS clusters (Figure
4.22AB). In the KLRB1+ cluster, RORC did not appear among the differentially
expressed genes but expression of LAG3 and IL10 was instead confirmed.
Interestingly, the down regulation of the Helios gene confirmed these cells are
likely of non thymic origin. GPR25, interestingly associated with AS in a genome-
wide association study (International Genetics of Ankylosing Spondylitis
Consortium (IGAS) et al., 2013), appeared again as strongly characterising this
cluster.

The newly identified clusters 9 and 10 were characterised by genes
related to response to interferons and by the expression of metallothioneins,
respectively (Figure 4.22C). Metallothioneins, a family of metal ion-binding
proteins, regulate zinc and copper homeostasis and consequently protect from
redox stress. Curiously, one report highlights the ability of the protein MT-1 to
suppress inflammation in the experimental model of RA by restoring the
Th17/Treg ratio (Sun et al., 2018).

The distribution of effector molecules in the various AS Tregs subset
confirms the preferential expression of IL-10 and LAG-3 (together with HAVCR2,
or TIM-3) by KLRB1+ cells, and of Granzyme B and PD-1 by CD8+ Tregs (Figure
4.23).

Finally, the SF signature of AS (Figure 4.24) appears similar to PsA.
Most of the findings are here replicated, with added upregulation of the genes
coding for GITR and OX40, FOXP3 and IL2RA. In this dataset TIGIT was also

elevated across several clusters, together with the chemokine ligand CCLS.
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Importantly, interferon response signature genes Among the top downregulated
genes, CCR6, whose protein expression | previously observed being reduced

on the surface SF Tregs (see Figure 3.4).

4.3.4 Integration of a healthy control Treg single cell dataset

Remarkable similarities were found in the AS and PsA datasets, from
cluster composition to transcriptional identity of the single subsets, to single
genes enriched in the SF. To verify if any of these clusters were specific of the
synovial environment or disease specific, | compared the generated datasets with
a public healthy single cell data obtained from CD4* CD25" obtained from the PB
of one healthy control (Zheng et al., 2017). This dataset, available on the 10x
Chromium public repository, was generated with the 3’ chemistry and technology,
for this reason an analytical strategy optimised to merge single cell datasets
generated with different technologies (Butler et al., 2018) was here employed: the
PsA and AS datasets, although obtained with different procedures, did not show
notable bias in RNA quality or expression properties, but the read depth for the
healthy control dataset was lower, and differences in the sequencing metrics
were regressed out (Figure 4.25A). Despite the use of a different sorting strategy
to obtain the dataset, in a preliminary parallel analysis, the different datasets
could be overlaid and shared characteristics could be identified (Figure 4.25C).
Differential gene expression analysis is underway. This pipeline, allowing across-
platform and tissue comparisons, would be of value to compare our data with the
increasing number of single cell repositories from healthy tissues made available

by consortia such as the Human Cell Atlas.
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Figure 4.22 (previous page). Selected AS Treg clusters with functional
specialization. Differential gene expression in KLRB1+ (A) and CD8+ Tregs (B).
(C) Enriched pathways for cluster named “IFN response” and “Metallothioneins+”
according to the Reactome pathway knowledgebase. “Gene Ratio” represents
the percentage of total differentially expressed gene in the given Reactome term.
Dot color represents p value (Fisher's exact test). p-value < 1x107°% (A-B) are not
computed.
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Figure 4.23. Differential expression of selected suppression markers across
the different clusters identified in the AS Tregs dataset. Colors represent row-
based Z-score of gene average expression.
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Figure 4.24. Synovial fluid differential gene expression. (A) Scatter plot
showing gene expression (log scale) in PB and SF Tregs. (B) In light blue: top 10
genes in the SF Tregs compared to PB by average log gold change. In red, top 5
genes enriched in PB. % indicate proportion of cells expressing that gene in each
tissue. Only genes detected in at least 10% of the cells are shown. Avg_logFC:
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Bonferroni correction) (C) Volcano plots showing differentially expressed genes in
SF (right half) and PB (left half) for each cluster. Blue dots: p<0.0001.
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4.4 DISCUSSION

This chapter focused on the transcriptional profile of Tregs in the course of
SpA. The analysis was performed on two datasets, from two SpA conditions: in
the first one, Tregs were identified on the basis of their distinctive gene signature
after unsupervised clustering on a larger memory T cell dataset from three PsA
patients. In the second dataset, barcoded Tregs, previously FACS sorted
according to canonical surface markers, were pooled with other immune cells,
then identified after sample demultiplexing and analysed separately. Both
methods proved accurate in capturing the expected Treg transcriptional identity.
Despite some minor differences, the composition of the Treg subsets was very
similar. Overlapping subsets were identified independently in the two datasets,
suggesting reproducibility of the findings, and similarities in the composition of the
regulatory T cell compartment between PsA and AS. All Treg subsets were
characterized by the presence of a core of regulatory genes, similarly expressed
across the clusters, with specialized modules being expressed in a cluster-
specific manner. Importantly, distinct mechanisms of suppression appeared to
associate with different subsets, indicating an underappreciated specialization of
Tregs effector responses.

Some of the genes that make up the Treg core signature belong to known
Treg TFs (FOXP3, BATF), with a recognised role in differentiation, maturation
and functional stability, others, such as TNF receptor superfamily (TNFRSF)
genes are less expected. Furthermore, TNFRSF genes are often among the top
differentially expressed in the SF, both at population level and in many clusters. A

family of 27 genes, they encode a heterogeneous group of cytokine receptors
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with transmembrane domain and are found on a number of cells, both of
adaptive and innate immunity, where they mediate both co-stimulatory and
regulatory responses (Locksley et al., 2001). Their role in Treg functions has
gained increasing attention recently. Activation of GITR (TNFRSF18), OX40
(TNFRSF4) and TNF-RIl (TNFRSF1B), via NF-xB, was found to provide crucial
survival and stability signals to effector Tregs (Vasanthakumar et al., 2017).
OX40 expression (gene TNFRS4) appeared to be crucial for accumulation of
Treg cells in the tissue, and protection against T cell-transfer colitis (Griseri et al.,
2010). TNFRSF1B expression was shown to maintain FOXP3 demethylation
status in Tregs, hence preserving their suppressive function and preventing their
conversion to IL-17A-producing cells (Tseng et al., 2019), an interesting
observation considering it was particularly high in the the KLRB1+ Tregs cluster
which showed clear Th17-like features in our dataset. These and other reports
suggest that these markers could provide environmental adaptation and survival
in a TNF-rich environment, such as the SF, while preserving, or even enhancing,
their suppressive function. However, in a recent scRNAseq analysis of Tregs
from murine non lymphoid tissues Tnfrsf4 (OX40) and Tnfrsf18 were among the
upregulated genes in the colon and the skin of healthy mice (Miragaia et al.,
2019), suggesting they might be also part of a non specific tissue module,
expressed irrespective of local inflammation. Of note, in the same work, the
authors, found genes such as Lmna and Srgn also upregulated. With the data
available, it is difficult to distinguish tissue-derived genes in steady state from
inflammation-driven. A future area of research might be interested in defining how
tissue-derived signals, such as soluble inflammatory mediators and resident

cells, induce the changes in the Treg transcriptome that favour tissue

151



adaptation and effector pathway expression. The observed strong upregulation
of GITR in Tregs in the SF is a particularly interesting finding: biology of GITR is
complex and its role on Tregs is only partially understood. Although both Tregs
and Teffs can express GITR, the physiological function is probably cell type- and
context-dependent. Ligation of GITR with an agonist antibody on Teffs increases
effector functions and their resistance to Treg suppression. Agonist anti-GITR
monoclonal antibodies are in fact being tested as treatments against solid
tumours, potentially representing a new line of immunotherapies that enhance
costimulatory functions versus the cancer cells (Zappasodi et al., 2019). Its
function on Tregs is less clear: ligand-mediated activation of GITR has been
reported to induce loss of suppression and instability (Kanamaru et al., 2004), but
also enhance Treg maturation (Mahmud et al., 2014). The expression of the
natural GITR ligand (GITRL) has been described on synovial macrophages in RA
(Bae et al., 2007). It is possible that the expression of GITR on SF Tregs might be
detrimental for their function in vivo, which could in part explain their inability to
prevent synovitis during a SpA flare. Another model speculates a role of GITR in
a mechanism called “contra-suppression” (Shevach and Stephens, 2006): the
initial phases of the GITR-GITRL crosstalk would involve Teffs, leading to
enhancement of their differentiation and activation. As the immune response
progresses, GITR is downregulated on Teffs making them more susceptible to
Treg-suppression. This could represent an important factor in the termination of
an exaggerated inflammatory response, such as the synovial effusion, which
can often be self-limiting. The timing of the signals that regulate the

overexpression of GITR on SF Tregs, and whether different ligands are involved,
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and, finally, whether blocking antibodies could represent a viable approach to
downregulate Teff responses, are all interesting area of future research.

In 1.2.3, | discussed the concept of Treg plasticity, which is the ability of Tregs
to adapt to the environment often acquiring transcription factors associated to
other T helper lineages. Of note, ROR-yt was the sole T helper-related TF
strongly characterising a Treg subset in our data, the KLRB1+ cluster. TBX21 (T-
bet) and GATA3 were not differentially expressed in any of the other Treg
clusters. Although it is possible that a transcriptional drift of Tregs towards Th17
in AS and PsA, both conditions imprinted by strong “type 17” immunity and
clinically validated to respond to IL-17A blockade. CD161+ Tregs have also been
identified and characterised by us and other groups (Pesenacker et al., 2013;
Povoleri et al., 2018), in the PB of healthy individuals and in the SF of JIA and RA
(a condition where the role of Th17 biology is less clear). Furthermore,
specialised ROR-yt+ Tregs might represent a subset with marked recirculatory
ability, unlike TBX21- and GATA3-expressing Tregs, which might have more
pronounced tissue-residency programmes (eg. in the gut or the skin) and be
rarely find in the peripheral circulation. In KLRB1+ cells, a clear RORyt-dependent
program, with upregulation of several Th17-associated genes, such as CCRS6,
IL6R and IL1R, was observed. The expression of these genes in Tregs could
represent a functional advantage over Th17, depriving them of differentiating
cues (IL-6 and IL-1p), or, in the case of CCR6, favour co-localisation with Th17,
as hypothesised when Th17-like signature in Foxp3+ cells was first described in
the mouse intestine (Chaudhry et al., 2009). According to this hypothesis, the

production of inflammatory cytokines (eg. IL-17A) regulated by ROR-yt, could
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then be interpreted as a by-product of the expression of a certain TF, rather than

a sign of dysregulation.

On the other hand, proinflammatory cytokines, and IL-6 in particular, have
also been reported to be sufficient causes of Tregs functional instability. The
influence of IL-6 on the Th17/Treg balance is debated, and it might be context or
subset dependent. IL-6 induces Th17 differentiation and, in parallel, alters the
methylation of a non intronic upstream enhancer of Foxp3, limiting its
transcription (Lal et al., 2009). This occurrence has been described in an in vivo
model of RA (Komatsu et al., 2014), where IL-6 was able to render Tregs
pathogenic. Thus, blocking IL-6R or Stat3 in Tregs may represent a viable
strategy to improve the Treg stability, enhance their suppressive ability or prevent
dysregulation. In Tregs isolated from PB of patients with giant cell arteritis treated
with the anti-IL-6R tocilizumab, Tregs showed enhanced suppressive ability and
decreased production of IL-17 upon stimulation compared to conventional
treatments (Miyabe et al., 2017), although IL-6 blockade failed to demonstrate
efficacy in SpA. At the same time, IL-6R signalling may be required for
development or function of certain Treg subsets. A subpopulation of synovial
Tregs with unstable Foxp3 protein expression was observed in the SF of JIA
patients (Bending et al., 2015). Exposure in vitro to soluble mediators contained
in the SF, including IL-6, increased expression of Foxp3 and enhanced
regulatory properties. Furthermore, the IL6R locus is polymorphic: single
nucleotide polymorphisms, causing altered signalling, have been described in AS
(International Genetics of Ankylosing Spondylitis Consortium (IGAS) et al.,
2013)., type 1 diabetes (Ferreira et al., 2013) and asthma (Ferreira et al., 2011).
It is conceivable that in patients that carry the risk variant, elevated IL-6 levels, as

often found in sites of inflammation, might be able to disable regulatory functions
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in susceptible Tregs, as suggested in one study that phenotyped IL-6R+ Tregs
(Ferreira et al., 2017). Based on our gene expression data, KLRB1+ Tregs are
likely competent regulators, rather than an intermediate of differentiation toward
Th17, or even Th17 cells transiently expressing Foxp3 upon activation. An
interesting feature of the KLRB1+ cluster observed in our analysis is the strong
downregulation of TIGIT, which matches the observation that IL-6R-expressing
Tregs, with a distinct Th17-like module, have low levels of TIGIT (Ferreira et al.,
2017). Furthermore, the KLRB1+ cluster has many similarities with a subset of
Tregs identified through scRNA-seq in the healthy human colon (James et al.,
2020), also characterised by the expression of CCR6, LAG3, IL10, CTLA4, very
similar to the CD161+ Treg subset previously described in the PB, and
especially SF, of patients with JIA (Pesenacker et al., 2013; Duurland et al.,
2017). It is very likely, also in the light of their lack of expression of IKZF2, that
KLRB1+ cells in the blood and joint are the equivalent of the RORyt" Helios
Tregs described in the mouse intestine, induced by commensal microbiota and
key regulators of mucosal immune homeostasis, and, more recently, in the
aforementioned human gut cell atlas (James et al., 2020). The translocation of
gut-derived effector cells from to the sites of joint inflammation, the so-called gut-
joint axis, has historically attracted great attention in SpA research. While CD8*
effector cells, expressing integrins and other markers of gut priming have been
identified in the joints in AS patients (Qaiyum et al., 2019), the existence of similar
migration patterns by regulatory cells can only be based on indirect observations,
including the ones provided here. Tregs can indeed migrate into and out of the
colon from peripheral lymphoid organs (Morton et al., 2014), but the trafficking of

specific Treg subsets to distant inflammation sites to suppress specific Th-driven
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pathology is an attractive, yet unproven, scenario. The recruitment of these cells
to the sites of Th17 inflammation could be instrumental to exert specific
regulatory functions, but the mechanisms of suppression have not being
clarified, possibly including CTLA-4, IL-10, and based on the gene expression
data shown, LAG-3.

A second intestinal subset with which the KLRB1+ cluster has strong
similarities are type 1 regulatory cells, or Tr1. They are instrumental in the
prevention of tissue inflammation, autoimmunity and graft-versus-host disease
and have a unique effector profile that distinguishes them from other T helper
subsets, included conventional Tregs, by their lack of expression of Foxp3.
Characterized by the coexpression of CD49b (integrin a2) and LAG-3 (Gagliani et
al., 2013), their suppressive activity is strongly dependent on IL-10 and LAG-3
itself. Intrigued by the selective expression of LAG3 in two of the clusters
identified, a feature shared by intestinal Tregs, the LAG-3 protein expression on
Tregs and its possible mechanism of suppression will be evaluated the next
chapter. | did not identify Tr1 in our dataset

CD8" Tregs in the PB and SF of SpA are an interesting, if unexpected, finding.
Although described many years ago (Gershon and Kondo, 1970) and identified in
autoimmune diseases, tumour immune infiltrates and chronic viral illnesses
(Billerbeck and Thimme, 2008), little is known regarding their function in negative
regulation (Yu et al., 2018), that relies, according to the various reports, on cell
contact dependent mechanisms (CTLA-4), tolerisation of APCs, perforin-
mediated cytotoxicity. One study, in which the authors describe this subset
expanding after in vivo immunisation with bacillus Calmette-Guérin and its

presence in the human mycobacterial granuloma, largely confirms the phenotype
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| observed, including the expression of CCL4 and LAG3 and the conserved
expression of FOXP3 (Joosten et al., 2007). Although a direct effect of CCL4 on
the downregulation of TCR signalling in Teffs was proposed, Tregs are known to
produce the chemokine CCL4, to attract, and suppress, the Teffs that express its
ligand, CCRS (Patterson et al., 2016). Very recently, it was shown in EAE that
regulatory antigen-specific CD8" cells could suppress self reactive CD4" and
control the disease (Saligrama et al., 2019). Another chemokine, CCL5 (also
known as RANTES), highly expressed by this cell subset and among the highest
upregulated gene in the SF, is also a ligand for CCR5, whose expression on
effector CD8" was found upregulated in the SF compared to the circulation
(Penkava et al., 2020). An intriguing consideration, originating from the differential
gene expression analysis, is that CD8+ Treg localise halfway between regulatory
T cells and cytotoxic CD8, possessing transcriptional and effector programmes of
both lineages, although they fall closer to Tregs in the unsupervised clustering.
The evaluation of this subset in AS and analysis of cell markers will be explored
in 5.3.2.

Although performed only on one dataset for time constraints, one of the
goals of this part of the work was to characterise clonally expanded Tregs at
single cell level. The identification and characterisation of antigen-specific Tregs
in humans has historically proven difficult because of technical limitations, the
principal being the relative small numbers of Tregs compared to other CD4*
subsets. The observed TCR repertoire of SF Treg cells was very diverse, with no
overlap with PB Treg cells. The identification of one clone (Figure 4.11)
provided some insights into gene regulation of antigen-experienced human

Treg cells, information that can help understand tolerogenic antigen-specific
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responses. Several questions remain unanswered: the relationship between
antigen specificity and regulation of transcriptional profile, i.e. how the TCR
signals shapes the transcriptional state, is for example still unclear. For instance
in our dataset, the Treg cells expressing identical TCR o/p sequences had indeed
with related gene programs, mostly localising inside one cluster, but with few
clones presenting less related transcriptional identities. | could not see any clone
represented simultaneously in Tregs and Teffs, but with the limited cell number
sampled, we cannot exclude the existence of shared clonotypes.

The transcriptional profile of the clone, compared to the rest of the cells,
showed overexpression of interesting genes: CCR8 was also reported being a
marker for suppressive Tregs (Barsheshet et al., 2017), with a role in restraining
inflammation in EAE. Also of interest is the expression of the two IL-1 receptors:
in vitro experiments show that, upon TCR engagement, IL-1R1 is upregulated on
activated Tregs together with the decoy receptor IL-1R2, which has a capacity
to neutralize IL-1B, suggest a potential role of these markers in modifying
inflammatory cytokines and controlling local inflammation (Mercer et al., 2010).
Other genes, such as MAGEH and LAYN, strongly characterised intratumoral
Tregs in a scRNA-seq experiment, together with IL1R1, IL1R2, CCR8 (Figure
4.11). This expression pattern correlated with worse survival in patients with
colon and lung cancer, indicating that cells expressing those markers might be
indeed antigen responsive, and competent suppressors (De Simone et al., 2016).
In solid tumours, somatic hypermutation leads to the generation of new antigens
and T cell clonal expansion. The occurrence of de novo in situ clonal expansion
of antigen specific Tregs in the SF is something that only longitudinal studies

could assess. Finally, TNFRSF9, encoding for a costimulatory molecule CD137

158



(also known as 4-1BB) is an intriguing finding in clonal Tregs. Its expression on
protein level after exposure to antigens will be explored in 5.3.3, with our data
supporting its potential utility as marker for antigen-specific Tregs.

In conclusion, in this chapter scRNAseq was applied to profile 18,011 cells
(AS n=14,945, PsA n=3,066) to define the diversity of the transcriptional
phenotypes of Tregs in the PB and SF of two SpA conditions. The data
demonstrate considerable phenotypic heterogeneity, which reflects in functionally
specialised suppressive programs. It is possible to hypothesize that during joint
inflammation, Tregs integrate environmental signals to tailor their
transcriptional program in a manner that is instrumental for effective regulation
of specific populations. One of the limitations of this study is the lack of a disease
control, for example SF from a different inflammatory arthritis, like RA, to verify
which clusters are specific of SpA. Related to this, knee joint effusion is arguably
not a highly specific disease manifestation in AS, whose peculiar clinical feature
is inflammation of the enthesis and the spine, two anatomical structures that are
considerably more difficult to sample but might be including unique immune
features. Thirdly, Tregs in our dataset were not stimulated. Despite our
sequencing had an adequate read depth covering a great number of genes, it is
possible that, phenotypic dysregulation (eg. the presence of a pro-inflammatory
programme) could only emerge after stimulation. In fact, several gene variants
associated with immune-driven diseases occur in cell activation pathways that
are fundamental for Treg maturation and activation, such as CD28 or IL-2
signalling, and these variants might have potential to alter quantitative gene

expression (Bossini-Castillo et al., 2019).
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Some of the noteworthy elements emerged from this analysis, such as the
utility of the costimulatory immune checkpoint CD137 in Tregs as marker of
antigen recognition, the expression of LAG-3 on Tregs and its proposed
mechanism of action, and the characteristics of CD8+ Tregs, will be addressed in

depth in the next chapter.
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5 Functional in vitro characterization of Treg
subsets

5.1 INTRODUCTION

In this chapter | will present functional experiments that validate the
phenotypic data presented in Chapter 4. In particular, the scRNA-seq analysis
showed, in two of the Treg subsets identified in both datasets described, a
distinct profile characterised by the expression of LAGS3, virtually absent in the
other Tregs subsets. LAG-3 (Lymphocyte activation gene-3, also known as
CD223) is a surface molecule similar to CD4, with which it shares 20%
homology at the amino acid level (Triebel et al., 1990). LAG-3 is expressed on
the cell membranes of tumour infiltrating lymphocytes (Demeure et al., 2001),
activated CD4" and CD8" T cells (Durham et al., 2014) as well as Tregs (Huang
et al., 2004). Upon its binding with the HLA class Il molecule, it relays an
inhibitory signal to the lymphocyte to modulate, or inhibit, the immune response.
The LAG-3 protein expression in activated T cells from SpA patients will be
investigated, and a novel LAG-3-mediated mechanism of suppression of myeloid
cells, with translational potential of reducing immune responses in SpA, will be
proposed. Next, the identification of CD8" regulatory T cells emerging from the

scRNA-seq analysis, a somewhat unexpected finding, will be confirmed in the PB
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and SF of SpA, and the expression of selected Treg markers in this subset will be
compared to “bona fide” CD4+ Tregs. Lastly, the expression of the protein
encoded by TNFRSF9, CD137, or 4-1BB, one of the genes strongly upregulated

by clonal Tregs in the SF, will be measured against antigen recognition.

5.2 AIM

In this chapter the aim is to confirm selected aspects of the Treg subsets
(revealed by unsupervised analysis of sScRNA-seq data presented in Chapter 4) in
order to identify functional features, including activation markers and mechanisms

of suppression, with therapeutic potential.

5.3 RESULTS

5.3.1 LAG-3, expressed by Tregs, regulates monocyte
inflammatory phenotype and function via HLA class I

5.3.1.1 LAG-3 is expressed by a subset of Tregs upon activation,
and its expression is lower in SpA patients’ T cells and

Tregs

Two of the specialized clusters that emerged from my single cell analysis of
Tregs, one characterized by Th17-like transcripts and the latter expressing CD8
and cytotoxic proteins, expressed the coinhibitory gene LAG3. Because both
subsets were increased in the SF compared to the PB and since LAG-3 is a

relatively unexplored regulatory effector molecule in Tregs, | characterized the
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expression of the LAG-3 protein on CD4* cells, and Tregs in particular. The
protein LAG-3 is expressed on activated CD4", including Tregs, and CD8" cells.
At least half of the LAG-3 cellular content is stored intracellularly. Upon T-cell
activation, it is translocated to the cell surface in association with the
microtubule system (Woo et al., 2010). To detect LAG-3 on T cells with flow
cytometry, different protocols for cell activation and staining were tested. To
increase permeability and detection of the LAG-3 intracellular pool, and to allow
physiological microtubular transport, LAG-3 staining was performed at 37°C,
together with the surface antibody mix. Relying on the intracellular transport
system for its detection, LAG-3 staining was not compatible with brefeldin,
monensin or other protein transport inhibitors commonly used for flow
cytometric detection of intracellular proteins. A polyclonal PE-conjugated anti-
LAG-3 antibody (clone FAB2319P, R&D) (Figure 5.1A) was used: based on the
expression of the LAG3 transcript in our single cell data, detected in 6.7% of the
T cells, a stimulation with 1ug/ml anti-CD3 and anti-CD28 was considered
adequate. The LAG-3 protein was barely detectable on unstimulated cells. To
phenotype LAG-3-expressing cells, 14 PBMC samples (HC = 6, AS = 8) were
single batch stained with flow cytometry antibodies and analysed.

Because LAG-3 is expressed by different T cell subsets, | first assessed the
proportion of Tregs cells within LAG-3-expressing CD4*. Because in vitro
activation strongly upregulates CD25 (making the classification of Tregs as CD4*
CD25+ CD127low unreliable), Tregs were defined as CD4" Foxp3*® (Figure
5.1B). Approximately 40% of LAG-3" T helper cells were Tregs. Within LAG-3*
Tregs, the majority were CD161", confirming that LAG-3 has a preferential

expression in that specific Treg subset (Figure 5.1C). Conversely, up to 20% of
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CD161" Foxp3™* cells expressed LAG-3 upon stimulation, versus less than 10% of
CD161" Tregs (Figure 5.1D). A multidimensional reduction (t-SNE) plot
representative of all the LAG-3* CD3" cells from one AS patient, generated using
the same markers (Figure 5.1E), showed that a subset of LAG-3* cells
expressed CD8, although LAG-3* cells were in majority CD4*, of which
approximately half are CD161".

The LAG-3 protein expression was then compared in AS and HC (Figure
5.2A). A reduction of LAG-3 in CD4" cells was seen in AS, which was secondary
to a specific downregulation in Tregs. CTLA-4, used as effector molecule
comparison, was similarly expressed in AS and HC in the same cell subsets,
indicating a downregulated expression of LAG-3 in CD4*, and in particular in
Tregs, from AS subjects. To verify the expression of LAG3 at mRNA level across
T cell subpopulations in AS, the single cell dataset was interrogated again
(Figure 5.2B). LAG3 was expressed in a percentage of Tregs, CD8" and various

CD4" subsets, and generally increased in the correspondent clusters in the SF.
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Figure 5.1. In peripheral blood, LAG-3 is expressed, upon unspecific TCR
activation, by Tregs, including CD161+ Foxp3* cells, CD4* and CD8"*. (A)
Selection of activation protocol for LAG-3 staining and isotype control. Plots gated on
CD3" CD4". The stimulation with aCD3/28 1 ng/ml was deemed adequate. (B) Tregs
in this assay were defined by the expression of Foxp3 (CD3* CD4" Foxp3®). In this
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example plot, approximately 25% of LAG-3" cells are Tregs. (C) LAG-3" T helper
cells classified based on the expression of Foxp3 and CD161: approximately 40% of
LAG3" T cells are Tregs (Foxp3*), the majority of which are CD161" (HC (black dots)
n=6, AS (blue dots) n=8). (D) LAG-3 expression in CD161" Tregs and CD161- Tregs.
(E) t-SNE visualisation of 18,000 CD3" LAG-3" cells from one AS PBMC sample.
Colors encode marker fluorescence.

5.3.1.2 LAG-3 regulates monocyte phenotype and function

Upon persistent antigenic stimulation, LAG-3 transmits a negative signal,
through an unusual intracellular motif named “KIEELE”, rendering the T cell
inert and preventing immune over-activation. On Tregs, induction of exhaustion
and acquired tolerance would not be evolutionary favourable. | then
hypothesized a different, cell-type specific function of LAG-3 expression on
Tregs. Because of the scarcity of LAG-3-expressing Tregs (without relying on in
vitro expansion), the immune effects of a LAG-3 fusion protein, made by the
recombinant human cytoplasmic side of LAG-3 combined with a human 1gG1 Fc
portion (LAG-3-Fc) (R&D), were tested. PBMCs from AS patients were incubated
with LAG-3-Fc for two hours, before being stimulated with LPS. Cells were kept in
culture for 18 hours, then harvested and stained with a flow cytometry panel
focused on myeloid cells to specifically interrogate effects in HLA class II-

expressing cells.
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Figure 5.2. LAG-3 expression is reduced in AS Tregs in the peripheral blood.
(A) Percentage of cells expressing LAG-3 and CTLA-4 within CD4+ cells, Tregs
and CD161+ Tregs in the PB of HC (n=5-6) and AS (n=8) subjects. * p<0.05, **<
0.01 (Mann-Whitney test). (B) LAG3 mRNA expression across the T cell clusters
identified by scRNA-seq analysis performed on the AS dataset (see 4.3.3.2 and
Figure 4.16) (log-scale of normalised counts).

An initial change in size and granularity of monocytes was observed, with a
downregulation of CD14 (Figure 5.3A). LAG-3-Fc reduced expression of CD16
and CX3CR1, markers conferring respectively differentiation and migration
potential to circulating monocytes. The costimulatory markers CD80 and CD86
were not affected. In some experiments, the parallel use of the isotypic Fc portion
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of LAG-3-Fc ruled out any significant effect of Fc binding on the monocytes
(Figure 5.3B). An aliquot of cells was treated with brefeldin, added 4 hours after
the LPS challenge to preserve intracellular cytokines. Preliminary intracellular
staining of p40 (the cytokine subunit shared by IL-12 and IL-23) and TNF, both
molecular targets of approved drugs in use in SpA, was performed on two

samples. p40 in particular was clearly reduced by LAG-3-Fc (Figure 5.3C).

5.3.1.3 LAGS3-Fc downregulates monocyte activation status and

inflammatory response via HLA class |l engagement

Given the observed effect on myeloid cells, | next determined whether
LAG3 was directly repressing monocyte activation, or rather was dependent by
co-regulation by autologous T cells. Monocytes were magnetically isolated
(Figure 5.4A) and cultured with LAG-3-Fc. More controls were added, including a
human Fc isotype control and an anti-HLA class Il antibody (Tu39, directed
against HLA-DR, -DP and -DQ) to verify if blocking the putative target of LAG-3-
Fc, HLA class Il, could revert the suppressive effect observed. The effect on
CD40, a crucial costimulatory molecule for T cell activation and maturation, was
also examined. LAG-3-Fc was able to directly regulate CD14, but not CD16.
CD40 was also repressed (Figure 5.4B). The coexistence of the anti-HLA class |l
with LAG-3-Fc partially reverted the effect, indicating a competition for the same
target. Here, CD80 and CD86 were downregulated by LAG-3, differently from
what observed in the PBMC assay, where the presence of their natural ligand
(CD28) on the T cell surface might have counteracted the LAG-3-mediated

suppression.
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expression on monocytes (gated on CD3- CD14+) after overnight culture with LAG-
3-Fc fusion protein. For markers with non bimodal distribution, geometric mean of
fluorescence intensity was used. n=6 AS PBMC. For two replicates, hFc (human
IgG1 Fc protein) was used as control. (C) Preliminary intracellular staining for IL-
12/23 p40 and TNF, gated on monocytes. * p £ 0.05, non parametric paired t-test.

Next, the production of inflammatory mediators by monocytes was tested:
the intracellular content of the p40 subunit and TNF were strongly reduced by
LAG-3-Fc, while blockade of MHC II reverted this effect in the case of TNF. No
effect was seen with the Fc control or with anti-HLA class Il antibody alone
(Figure 5.5). Interestingly, IL-6 (measured in the supernatant) was not affected,
while very low measured concentrations of IL-23 did not allow drawing reliable
conclusions on its effect. In conclusion, LAG-3 was able to suppress both
monocyte activation and the inflammatory response to LPS, suggesting a direct
effect largely mediated by engagement of HLA class Il. In particular, the
downregulation of CD40, CD80 and CD86 (all providing a costimulatory signal to
Teffs) indicates that LAG-3 might inhibit the ability by APCs to activate and

expand Teffs.
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Figure 5.4. LAG-3 directly inhibits monocyte activation. (A) Monocytes were
isolated by magnetic sorting and stimulated with LPS for 18 hours under the
experimental conditions indicated. Monocytes defined as CD14" HLA-DR'. (B)
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matches dot plot in the right panel. n=5 AS samples.
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5.3.1.4 LAG3-mediated suppression is not observed on
activated T cells but might be relevant in HLA class II-

expressing cells

Since CD4* and CD8" can express HLA class Il antigens upon activation
(Evans et al., 1978), the possibility that LAG3 could directly inhibit Teffs was
explored. CD4* and CD8" were separately FACS sorted, and activated with anti-

CD3 and -CD28 antibodies in the presence of LAG-3-Fc.
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Figure 5.5. LAG-3 inhibits monocyte cytokine secretion of 1L-12/23 and
TNF. LAG-3 effect on TNF is partially reverted by HLA class Il blockade. n=6-7
AS samples. * p £0.05, **< 0.01, *** £ 0.001 (One-way ANOVA)
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After three days, the cells were harvested and stained for IL-17A and IL-
17F: no effect on the production of Th17 cytokines was seen (Figure 5.6), which
might suggest that the LAG-3-induced downstream inhibitory signal is only seen
in cells that express HLA class Il constitutively, such as professional APCs
(although the expression of HLA class Il on T cells in the assay was not directly
assessed). To survey which cells might represent a natural target of LAG-3-
mediated suppression, the expression of the genes encoding for the HLA-DR
chains and the HLA-associated invariant chain (CD74) were assessed in the AS
single cell dataset (full data in 4.3.3.2), which included five subsets of myeloid
origin from PB and SF (Figure 5.7). HLA-DR-associated genes were highly
expressed in cells annotated as “HLA-DR+” and “intermediated monocytes”,
representing different states of activation and differentiation towards
macrophages, and on “pDCs” and “DCs”, suggesting that LAG-3 could potentially
restrain other APC subsets. Furthermore, the expression of these genes was
higher in the SF cells, indicating that the LAG-3 inhibitory mechanism could be
particularly relevant on the professional APCs in the inflammatory sites rather

than on circulating monocytes.
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Figure 5.7. HLA class Il genes are expressed across various myeloid subsets
in AS, in particular in the SF. Expression of the genes encoding the HLA-DR
alpha chain, the two most prevalent beta subunits, and the HLA-DR associated
invariant chain CD74 in five clusters identified in the AS single cell dataset (see
Figure 4.16). Expression (normalised counts, log-scaled) in PB cells (red) and SF

(blue) are shown.
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5.3.2 CD8" Tregs are present in the synovial fluid and are

characterised by granzyme B and K expression

In the scRNAseq analysis, a subset of CD8" Tregs was identified by the
unsupervised clustering analysis as transcriptionally close to CD4" Tregs (see
Figure 4.27 and Figure 4.22). The presence of this subset and some of its
phenotypic characteristics were explored with flow cytometry in three further
paired PB/SF samples (two PsA, one AS). Considering all CD25* CD127"°" cells
within CD3" cells, distinct populations of CD4+ Tregs (representing approximately
99% of the cells) and CD8"* Tregs are observed in the PB and SF (Figure 5.8).
Differently from what shown by the scRNAseq, CD8+ Tregs were not enriched in
the SF compared to the PB, constituting less than 1% of all CD25* CD127'°% T
cells in both sites. Although the small number of cells did not allow detailed
characterisation of this subset, granzyme B and K, two molecules that are
virtually absent in CD4* Tregs, were characteristics of the subset. A small
number of CD8" Tregs appeared to be negative for Foxp3 and CTLA-4,
suggesting that the CD25* CD127'°" cells within the CD8* T cell subset might

include a number of non Treg cells.
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Figure 5.8. CD8" Tregs represent a small subset of regulatory cells found in
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include a percentage of Foxp3 and CTLA-4" cells, and are characterised by
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5.3.3 CD137 upregulation on SpA Tregs suggests Candida and
Salmonella antigen driven Treg responses in SpA

To demonstrate the presence of antigen-specific Tregs in the PB of
patients with AS, and to confirm the expression of CD137 in Tregs following
antigen recognition, | modified the technique of (Bacher et al., 2016), based
upon expression of CD137 and CD154 as markers of antigen recognition,
respectively, in Tregs and in Teffs. Isolated PBMCs from six AS patients were

incubated with protein mixtures of Candida albicans and Salmonella
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typhimurium before being harvested for flow cytometry-based detection of
CD137 and other markers. In this assay, the microbial-derived antigens are
naturally processed and presented to the T cells by the APCs, which also
provide costimulation. The predicted specific response to C. albicans and S.
typhimurium, was compared to two alternative, non antigen-restricted activation
mechanisms: LPS, that activates T cells upon soluble mediators release by
innate cells following toll-like reception engagement, and SEB, a superantigen
that crosslinks TCR with the HLA. Anti-CD3/28 antibodies were also used as
positive control to provide unspecific, potent TCR activation. Tregs were defined
by the presence of Foxp3, preferable in this assay to the conventional definition
of CD25*, whose expression is strongly altered by in vitro cell activation. The
microbial antigen mixes did not increase the total Foxp3 population, compared
to plain medium, differently from aCD3/28-mediated activation, that upregulated
Foxp3 (Figure 5.9A, B). The frequency of CD137" cells was, in proportion,
increased 2 to 10 times in Tregs compared to Teffs (Figure 5.9C). In other
words, 90% of the CD137+ CD4+ cells were Foxp3+. The Treg response to C.
albicans (0.23%—2.05% of CD4+ T cells, mean 1.28%) was remarkable, a result
compatible with the dual nature of C. albicans, both a pathogen and a
colonizing saprophyte of the skin and the gastrointestinal tract and hence able
to drive tolerogenic responses. The data also show that regulatory antigen-
specific responses are also seen towards pathogens, such as S. typhimurium.
Variable antigenic concentrations and differences in protein processing make
however direct comparisons across antigenic mixtures difficult. The small
number of CD137+ cells identified by this assay did not allow further

characterization of the cells, including expression of the other markers identified
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by the RNA sequencing, such as the expression of CCRS8, IL-1R1 and IL-1R2.
However, CD137, encoded by TNFRSF9, was indeed elevated in Foxp3* cells,
supporting its utility to identify antigen-responsive Tregs. Our assay strongly
suggests direct antigen-restricted activation, but cannot exclude concomitant
bystander activation, although exposure to SEB and LPS, both challenges that
do not rely on recognition of antigen-HLA class Il complex, did not generate a
differential expression of CD137 in Tregs and Teffs, indicating that CD137

expression might be a consequence of TCR engagement in Tregs.
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Figure 5.9. CD137 is expressed by Foxp3® memory CD4" T cells upon in vitro
exposure to antigens. (A) Expression of Foxp3 and CD137 in memory CD4" after
18 hour culture with antigen mixes. PBMC were cultured in RPMI with, and stained
with fluorescent antibodies surface and intracellular markers. (B) Activating
antibodies for CD3 and CD28 used as a comparison for unspecific TCR activation.
(C) CD137" expression in response to antigens is higher on memory Tregs
(defined as CD4" CD45RA’) than on memory Teffs. No difference was seen in
response to stimuli (LPS and SEB) that do not rely on antigen presentation and
recognition. *p<0.05, **< 0.01 (Two-way ANOVA with Bonferroni correction; blue
line: across condition comparison within cell-type; black line: across cell type
comparison within condition).
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5.4 DISCUSSION

A possible biological regulatory role for LAG-3 in modulating inflammatory
responses, both cell-contact and humoral, is proposed here. LAG-3 is a ligand-
activated marker, first discovered in 1990 in the form of a surface protein with
structural and amino-acid sequence similarities with CD4 (Triebel et al., 1990).
Characterized by a significant homology with CD4, it similarly binds MHC class
Il molecules, but with higher affinity. Initial knockout experiments, aimed at
characterizing its function, did not show any significant effect on T cell activation
(Miyazaki et al., 1996), but subsequent analyses demonstrated that mice
developed autoimmune disease after T cell activation (Huang et al., 2004; Bettini
et al., 2011), but not spontaneously. As explained, expression of LAG-3 on the T
cell (often together with exhaustion markers), and its ligation sends a negative
signal that restrains cell proliferation, in the attempt to prevent, or end, over-
activation (a cartoon is shown in Figure 5.10). These observations have
provided the rationale behind the development of immunotherapies targeting
LAG-3, aimed at reverting regulatory responses in the tumour microenvironment
and reinforcing immunity against cancerous cells. Anti-LAG-3 blocking antibodies
are in fact showing promising results in particular in association with anti-CTLA4
(reviewed in (Andrews et al., 2019)). Involvement of LAG-3 on Teffs has been
advocated in other conditions characterised by chronic antigen driven responses.
LAG-3 was identified as critical in limiting the host response to HIV (Tian et al.,

2015) and malaria (Butler et al., 2011), delaying their clearance.
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The role of LAG-3 in Tregs is more difficult to pin down. One of the first
studies (Huang et al., 2004) found that LAG-3 contributes to the suppressor
activity toward Teffs, with conditional knockout cells exhibiting reduced
functionality. One report (Liang et al., 2008) described how LAG-3-expressing
Tregs binding to HLA class Il on bone marrow derived DCs resulted in
downregulation of CD86. This report first described a reverse signaling
mechanism by LAG3* Tregs aimed at suppressing the APC function, which was
replicated with soluble LAG-3 (pointing towards independence from T cell
signaling). The authors further characterized the inhibitory signaling pathway
following LAG-3 ligation on the APC, consisting in activation of the FcyR-
associated immunoreceptor tyrosine-based activation motif (ITAM), followed by
ERK phosphorylation, and SHP-1 recruitment (Liang et al., 2008). Only recently,
the regulatory role of LAG-3 by Tregs was confirmed in an experimental
inflammatory murine model. In the ILC3-driven experimental colitis model
(Bauché et al., 2018), LAG-3* Tregs specifically targeted CX3CR1+
macrophages, decreasing their production of IL-23 and IL-1B and suppressing
CDA40 expression and NF-«B signalling, with amelioration of the disease. Notably,
CX3CR1*" macrophages, a specialised tissue-resident cell able to sample
antigens in the lamina propria and present it directly to the T cells or transfer it to
CD103+ DCs, are increased in many inflamed tissues in AS, including the
intestine (Ciccia et al., 2018). The suggested relevance of LAG-3-mediated
suppression in intestinal immunity is also indirectly confirmed by the characteristic
expression of LAG-3 by Tr1 (Gagliani et al., 2013), a regulatory subset that has
preferential localisation in the lamina propria. LAG-3 might then represent a

specialised suppressive response originating in gut Tregs that are able to traffic
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to other sites, perhaps in response to Th17-driven inflammation. (Kadowaki et al.,
2016), describe antigen specific intraepithelial lymphocytes with characteristic
Lag3 expression in the gut and the CNS of in the course of EAE. New evidence
of the presence of Lag3-expressing Tregs in the CNS was provided by
conditional knock out of Lag3 in Tregs, which led to loss of suppressive functions
and worsening of EAE (Thaker et al., 2018). The majority of LAG-3-expressing
Tregs are CD161" Tregs, which, as discussed in Chapter 4, present features of
intestinal origin. This description of LAG-3 as an enriched effector pathway in the
SF is the first of this kind in a rheumatic condition. Furthermore, LAG-3
expression in murine and human T cells is often found in combination to IL-10, an
occurrence described in Tr1 (Gagliani et al., 2013), and confirmed by the scRNA
sequencing data. Both mechanisms of suppression are able to modulate innate
cells in mucosal immunity (see (Shouval et al., 2014; Zigmond et al., 2014) for
works on IL-10R signalling on colonic myeloid cells), suggesting co-expression of
suppressive pathways towards the same biological functions. Finally, IL-27
promotes both LAG-3 expression and IL-10 production in murine and human T
cells (Pot et al., 2009; Do et al., 2016), suggesting they both might be part of a
coordinated suppressive programme, adapted to specific inflammatory
environments. An unexpected observation, although made on a small cohort, is
the reduced expression of LAG-3 in Tregs and CD161" Tregs from AS patients.
This suggests a disease-related impairment of a specific regulatory function. The
clinical relevance of this observation is difficult to evaluate. Some experiments
show that CD161* Tregs are highly polymorphic, and, at least in vitro, able to
adopt different suppressive mechanisms (Povoleri et al., 2018). In vivo, Lag3"

Tregs in fact showed impaired regulatory function and the mice presented a more

187



severe course of autoimmune disease, but not spontaneous autoimmunity
(Huang et al., 2004): LAG-3 could thus represent a key factor for Treg
suppression only in certain inflammatory conditions, or a highly evolved function
specialised to suppress specific immune targets, such as inflammatory myeloid
cells, rather than a prerogative of Tregs. The association of LAG-3 with Tregs
characterised by Th17-like features, as demonstrated by my data and by
(Ferreira et al., 2017), induces to interpret LAG-3 may be a/the preferred effector
of an anti-Th17 suppressive module. In Bauché et al., 2018, intestinal LAG-3*
Tregs were indeed instrumental to control colitis driven by ILC3, a subset that is
ROR-yt*. Direct connection between LAG-3 and Th17 responses has yet to be
proven, but it will likely represent a future research direction in the next years, in
the larger aim of modulating natural occurring suppressive responses for different
immune effector signatures.

Another overlooked aspect of Treg biology highlighted by these
experiments is the direct modulation on immune cells different from Teffs.
Monocytes have been characterised as a possible target of Treg action before.
Monocytes cocultured with CD4+ CD25+ then stimulated with LPS showed
limited upregulation of CD86 compared to control conditions (Taams et al., 2005).
A follow up study by the same group found that Tregs induced alternative
maturation of monocyte towards an M2 phenotype, resulting in reduced
production of TNF and IL-6 (Tiemessen et al., 2007). These effects were in part
secondary to soluble factors (IL-10, IL-4) as well as cell contact dependent
mechanisms. Similar conclusions were reached by (Romano et al., 2018), who
demonstrated that human monocytes exposed to Tregs had a reduced capacity

to expand Teffs, including IL-17-producing T cells, as a consequence of

188



reduced costimulatory molecule CD86. In the light of the similar results |
observed, it is possible that at least some of these observations were mediated
by LAG-3. Similarly, our data show that a Treg-associated molecule is able
induce phenotypic and functional changes in monocytes, which would then
reflect on T effector responses, such as the downregulation of costimulatory
markers (CD40, CD80, CD86) (a proposed model is shown in Figure 5.11). The
ability of Tregs to modulate innate immune cells and the tissue
microenvironment was described already many years ago (Gershon and Kondo,
1971) and termed “infectious tolerance”. Experimental SpA, mimicking a
condition likely triggered by microbial cues and characterized by crosstalk
between innate and adaptive immune cells, might represent a good model to
further explore the translational potential of the LAG-3-mediated
immunoregulation.

Several questions around the mechanism of LAG-3 suppression still
persist. The autocrine negative signalling occurring after LAG-3 ligation on Teffs
appears naturally in conditions of high antigenic stimulation. A recent paper
confirmed that the T cell is downregulated only when LAG-3 recognizes stable
complexes of peptide and MHC class Il (Maruhashi et al., 2018). Whether the
suppression of myeloid cells by Treg via LAG-3-MHC engagement would also
need antigen expression on the HLA class |l is difficult to predict. The monocyte
regulation in the experiments shown was seen in the absence of exogenous
antigens, but it cannot be excluded that monocytes were loaded with native

antigens.
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Figure 5.10. Scheme showing interactions between LAG3, HLA class Il, TCR
and CD4 in the T cell-APC immunological synapse.

Using LAG-3 to modulate myeloid inflammatory responses with potential
indirect influence on Teffs cells has exciting translational potential immune driven
diseases. Fusion proteins, composed of immunoglobulin Fc portions with
biologically active molecules, such as abatacept and etanercept are already in
use in rheumatic immune-driven conditions. Abatacept in particular, a fusion
protein composed of a IgG1 Fc region and CTLA-4, mimics a natural inhibitory

mechanism depriving the T cell of a costimulatory signal, resulting in modulation
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of its effector response, similarly to what shown here in vitro. In the light of these
considerations, LAG-3 should be considered an interesting regulatory pathway
deserving translational consideration for immune driven conditions, including
SpA.

| have shown that a subpopulation of CD8" Tregs is indeed present in the
blood and SF of patients with SpA, as the sc RNA-seq analysis revealed. The
phenotype, as shown by flow cytometry, confirms several RNAseq findings. The
function of this rare, peculiar subset is still unknown. Tregs can express
cytotoxic peptides: perforin and granzyme B expressing Tregs have potential to
kill autologous APCs (Grossman et al., 2004), in particular granzyme-
expressing Tregs reach up to 30% of the regulatory pool in the tumour
environment, critically interfering with the immunosurveillance (Cao et al.,
2007). Data from my AS single cell analysis showed that the cytotoxic module
was mostly seen in CD8" Tregs rather than in any Treg subset, with the partial
exception of KLRB1+ Tregs. (Zhang et al., 2009) identified these cells in the PB
of AS for the first time, and described their potential to produce IL-4. The
mechanism of recruitment and the relevance of this small subset in SpA remain

enigmatic.
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Figure 5.11. Proposed model of LAG-3-mediated suppression of APCs. LAG-
3, expressed upon activation by Treg subsets, including CD161-expressing ROR-
yt* Foxp3® and CD8", binds HLA Il on the APC surface, triggering a direct
immunoregulatory signal, that downregulates costimulatory molecules for T
effectors, and the production of inflammatory cytokines.

In the last part of this chapter, an in vitro assay was used to analyze the
expression of the costimulatory marker CD137 (4-1BB) on Foxp3+ cells after
exposure to antigens. CD137 was characterized as a specific marker of TCR-
induced activation of conventional CD4* and CD8* T cells (Watts, 2005). On

Tregs, its expression has been used to describe alloantigen-reactive nTregs
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(Schoenbrunn et al., 2012). The experimental data here collected confirm that
CD137 is expressed by recently activated antigen-specific Tregs, as revealed by
the gene expression profile of the clonally restricted Tregs identified in the SF
(see 4.3.2.9), and support its use as a specific marker to detect antigen-
experienced Tregs. This information could permit further functiona
characterization of antigen specific Tregs, or even allow clinical-scale enrichment
of Tregs with desired TCR specificity to control autoimmune diseases. At the
same time, using CD137 as a marker for antigen-specific Tregs could be
employed in autoantigen screening platforms, for example through a proteomic
library derived from tissue sites of organ inflammation, including the SF. Whether
antigen contact, and consequently CD137 expression, confers particular
properties on Tregs is still unclear. Previous in vitro observations have shown that
CD137-expressing Tregs are efficient suppressors (Schoenbrunn et al., 2012),
and could therefore represent a valuable subset for cell-based therapies. A recent
study showed that TNFRSF9 mRNA expression was decreased in subjects
carrying disease risk alleles for inflammatory bowel diseases (Bossini-Castillo et
al., 2019). Although it is not clear whether CD137 confers specific suppressive
functions to Tregs, genetic variants might indirectly impair antigen specific Treg

activation.
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6 A Mitogen associated protein kinase
(MAPK)- associated kinase 2 inhibitor
regulates in vitro T cell inflammatory
responses, including Th17, in

Spondyloarthritis

6.1 INTRODUCTION

In  Spondyloarthritis, the dysregulation of inflammatory cytokine
expression is a hallmark of the disease. Selective inhibition of single
inflammatory cytokines has been established as an effective treatment strategy
in SpA, but is largely agnostic to the cells that produce these cytokines and the
downstream mechanisms activated. Furthermore, the inhibition of a single
cytokine (for example through a monoclonal antibodies directed against it) could
in theory cause loss of efficacy or the appearance of undesirable immune driven
manifestations.

An emerging therapeutic approach for immune driven disorders involves
targeting the intracellular signaling pathways that lead to the production of
inflammatory cytokines. Several molecules targeting the JAK/STAT pathway
have been recently introduced into clinical use in RA, for which they proved at

least as effective as TNF blockers, and hold great promise in SpA. Regulating
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multiple inflammatory cytokines simultaneously could provide superior clinical
efficacy compared with targeted blockade of individual factors.

The MAPK (Mitogen-activated protein kinase) family represents another key
cellular response pathway to environmental or inflammatory extracellular
stimuli, including those leading to endoplasmic reticulum stress (Darling and
Cook, 2014). It consists of a series of phosphorylation intermediates that convey
a signal to the nucleus that modifies the cell cycle, cellular motility, and,
importantly, the biosynthesis of inflammatory cytokines (Arthur and Ley, 2013),
The MAPK family member p38, because of its central role in mediating
inflammatory responses, was identified as an attractive therapeutic target for
inflammatory arthritis. The activation of p38, highly expressed in the rheumatoid
synovium, initiates a signal that leads to increased production of TNF, IL-6, IL-1,
and its inhibition proved effective in animal models of arthritis (Schett et al.,
2008). Yet, in early phase human trials, p38 inhibitors yielded modest clinical
efficacy, and were associated with toxicity and tachyphylaxis (loss of response
observed in successive dosing, after an initial period of efficacy) (reviewed in
Sweeney, 2009).

Research into possible alternative molecular targets within the same pathway
identified the MAPK-associated protein kinase 2 (MAPKAPK, or MK2), a
phosphorylation substrate of p38 heavily involved in regulating the inflammatory
response (Figure 6.1). Targeting the pathway downstream was expected to
prevent the feedback loops responsible for the “escape” seen in p38 inhibitors,
and cause fewer side effects, while maintaining anti-inflammatory efficacy. Mice
lacking MK2 show marked reduction in TNF production and are resistant to

LPS-induced endotoxic shock (Kotlyarov et al., 1999)
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MK2 regulates the production of inflammatory cytokines in the cell in a post-
transcriptional manner. In the 3’ untranslated region of mMRNA, elements rich in
adenine and uracil (AU-rich elements, or ARE) preserve the stability of the
mMRNA molecule and permit its translation into protein. Upon translocation into
the nucleus, MK2 phosphorylates several ARE-binding proteins that prolong the
mMRNA bioavailability (Hitti et al., 2006; Ronkina et al., 2010). Consequently,
blockade of MK2 causes instability and degradation of the mRNA molecule.
This is thought to be one of the main post-transcriptional regulating
mechanisms behind the production of inflammatory mediators such as TNF and

IL-6, whereas the effect on T cell immunoregulatory functions is not known.
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Figure 6.1. Cartoon showing signaling pathways activating MK2 and its
function in cytokine biosynthesis. MEKK: mitogen-activated protein/ERK kinase
kinase, TAK1: transforming growth factor-B activated kinase-1, ASK1: apoptosis
signal-regulating kinase 1, ARE-BP: AU-rich binding protein, UTR: untranslated
region
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6.2 AIM

To evaluate the in vitro efficacy of a novel MK2 antagonist in suppressing
inflammatory T cell responses in SpA, with particular interest in IL-17A and other

IL-17-related cytokines.

6.3 RESULTS

6.3.1 MK2 inhibitor does not interfere with cell viability, and
proliferation

A selective inhibitor for MK2 (CC786012, from now on referred to as
MK2i) was provided by Celgene. The compound was dissolved in DMSO for in
vitro experiments, and used in seriate dilutions in a series of cell-based assays.
| found that MK2i did not cause in vitro T cell toxicity at doses <1 uM (Figure
6.2A-B). Importantly, considering the involvement of MK2 in the cell cycle
regulation, cell proliferation was not affected (Figure 6.2C). Consequently, for

the functional experiments, | used MK2i doses in the 0.1-1 uM range.

6.3.2 MK2 inhibits various T cell inflammatory cytokine responses

To test its in vitro action, | used T cells derived from patients with three
forms of inflammatory arthritis (AS, PsA, RA). The patients’ clinical
characteristics are shown in Table 6.1. Magnetically isolated CD4+ T cells from
peripheral blood were activated using anti-CD2/3/28 coated beads and low
dose rhlL-2 (100 Ul/ml) and maintained in culture for 6 days in the presence of
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the inhibitor (MK2i) or DMSO-control, both added at day 0 and day 3. At day 6,
the supernatant was collected for cytokine analysis with CBA. | measured IL-
17A, IL-17F (Th17 signature cytokines), GM-CSF, IFN-y (both described in
specialized Th17 subsets) and IL-10, associated with non pathogenic Th17
responses (Aschenbrenner et al., 2018). MK2i reduced the TCR-induced
production of IL-17A, IL-17F and IL-10 with doses as little as 0.1 pM. A
significant reduction of IL-17F and GM-CSF was seen at higher doses, in the
0.5-1 uM range. The production of IFN-y was only marginally affected (Figure
6.3).

In parallel, we performed flow cytometry for intracellular detection of IL-17A and
Foxp3 after 6 days of culture in stimulating conditions (anti-CD2/3/28 coated
beads and rhlL-2) (Figure 6.4). The Foxp3 expression and the proportion of

Tregs (CD25'Foxp3*) were not altered by MK2i.

6.3.3 MK2 inhibition is effective on T cells obtained from both TNF

blocker-treated and TNF blocker-naive patients

MK2i was able to reduce inflammatory cytokines in T cells obtained from
SpA patients both on TNFi and conventional treatments (Figure 6.5). Although
the experiment was not designed to detect differences in the two groups, it
appears that TNFi-treated patient samples show a similar, and for certain

cytokines, clearer response to MK2i in vitro.
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6.3.4 MK2 inhibitory mechanism of T cell responses persists in
Th17 promoting conditions

Five SpA samples were cultured in Th17 promoting conditions,
mimicking in vitro the upregulation of this immune axis observed in vivo in SpA.
Despite the higher baseline levels of inflammatory cytokines produced when
compared to the cells cultured in neutral conditions, MK2i was effective in

limiting cytokine production (Figure 6.6).

AS (n=16) PsA (n=12)

égDe (years), meanz | o1 .431 | 5064129 | 61.7+15.8
Male sex, number
o 10 (62.5) 6 (50) 3 (27.3)
HLA-B27+ number | 45833)* | n/a n/a
(%)
TREATMENT
NSAIDs 10 ] ;
csDMARDS ot 8 (2% 8 (2%
TNF-inhibitors 6 5 4
Anti-IL-12/23 ) 1 ]
DISEASE ACTIVITY
SCORE, mean = SD
BASDAI 364270 | - n/a
DAS-28 n/a ] 26+06°
CRP, mean + SD 135+343 | 8.2+8.1 53+46

Table 6.1. Demographic and clinical characteristics of the patients. SD:
standard deviation; NSAIDs: non steroidal anti inflammatory drugs; csDMARDS:
conventional synthetic disease modifying anti-rheumatic drugs; BASDAI: Bath
Ankylosing Spondylitis Disease Activity Index; DAS-28: disease activity score-28.
* available in 12 patients; * available in 10 patients; ° available in 5 patients; # in
combination with TNFi; n/a not applicable. Disease activity scores and treatment
status at the time of sampling.
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Figure 6.2. The small molecule inhibitor of MK2 CC786012 does not affect
cell viability or proliferative ability at doses <1 pM. T cell viability in a 3 day
PBMC culture in the presence of anti-CD3/28 antibodies, measured with a flow
cytometric (A) and a colorimetric (B) method (n=3 AS samples). (A) Percentage
of live cells, identified as CD3'CD4" eF780 (viability fixable dye) and (B)
PrestoBlue fluorescence compared to DMSO control. (C) T cell proliferation
assay in a 3 day PBMC culture in the presence of anti-CD3/28 antibodies. Cells
were stained with the Celltrace CFSE Proliferation dye at day 0. Fluorescence
profile of CFSE shown. Proliferation modeling performed on FlowJo. PI:
proliferation index.
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from AS, PsA and RA patients. Concentrations of IL-17A, IL-17F, GM-CSF, IFN-y
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Figure 6.4. MK2 inhibition preserves Treg responses. (A) Representative flow
cytometry plots from one AS patient sample showing staining of Tregs (top) and
Th17 cells (bottom) (gated on CD3" CD4" live cells) in the presence or the
vehicle or of MK2i (1 uM) after 6 days culture with anti-CD2/3/28 coated beads.
(B) Percentage of Tregs with increasing doses of MK2i (n=16 AS patient
samples). Box and whiskers represent respectively median and interquartile
range, and minimum and maximum values.
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Figure 6.5 (previous page). Comparison of MK2 cytokine inhibition in T cell
from TNFi-treated and TNFi-naive SpA patients. (Left) AS patients (TNFi-
treated n=6, TNFi-naive n=10). (Right) PsA patients (TNFi-treated n=5, TNFi-
naive n=6). Mean + SEM. * p < 0.05, **< 0.01, *** < 0.001 (Two way mixed
design ANOVA).
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Figure 6.6. MK2 inhibition limits T cell inflammatory responses in cells cultured
in Th17 promoting conditions. Concentrations of IL-17A, GM-CSF and IFN-y
produced by isolated PB CD4+ T cells cultured in the presence of IL-1p, IL-6, IL-23
for 6 days (n=5 SpA patients, AS n=3, PsA n=2). * p < 0.05, **< 0.01 (One-way
ANOVA).

209



150 * 8000
= ? = 6000 ° o
£ o ° £ ¢ °
[=)) D
£ oo — 4000
< o [T
~ ° o ~ o
v, 50 D
| oo —1 2000
- ° - o o
o ° ° o° Oo °
0 o 0 FoY o Pes 0%0
@e’o r\§ ‘o§ \§ @‘?’O .&Q @Q@ Q}“
Q o o Q Q N\
150 6000
o
= ? ?
S ° ° =
KS) g
D 100 o o ° £ 4000
£ o =
w ° =
9 N
Q & ° Z 2000 ° o
= o ° o° °
o o (] o [] oo
[
o
0 o re o o 0 ° o °
O QO
Q o o Q o o

Figure 6.7. MK2 inhibition decreases IL-17A production in synovial fluid T cells.
Concentrations of IL-17A, IL-17F, GM-CSF and IFN-g produced by CD4" T cells
isolated from synovial fluid (n=4: RA =3, AS =1). * p £0.05 (Two-way ANOVA).
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6.3.5 MK2 reduces IL-17A production from synovial fluid derived T

cells

CD4" cells isolated from cryopreserved synovial fluid mononuclear cells
from three RA patients and one AS were cultured as described in 6.3.2. Although
further conclusions are limited by the small sample examined, MK2i caused a

significant reduction of IL-17A (Figure 6.7).

6.4 DISCUSSION

Our in vitro system using human cells derived from patients with
inflammatory arthritis show that the inhibition of MK2 decreases TCR-induced
production of IL-17A with doses as little as 100nM. Inhibition of IL-17F and GM-
CSF was seen with doses in the 0.5-1 uM range.

| observed, for most cytokines, a clearer biological response to MK2i in
cells obtained from TNFi-treated patients. The difference in response does not
seem to be secondary to disease activity or inflammatory status, as BASDAI
and CRP were not different between the two treatment groups (BASDAI for AS
patients: TNFi-treated 3.5£2.3 vs TNFi-naive 4.0£3.3 for AS patients, CRP for
PsA patients: TNFi-treated 7.5+£7.5 vs TNFi-naive 5.917.8). The baseline levels
of inflammatory cytokine produced in the assay were generally higher in the
TNFi-treated patients, as shown previously (Bystrom et al., 2017; Hull et al.,
2015).

Here | also show that the cytokine regulation by MK2 is also seen after T-

cell receptor stimulation, not just TLR engagement, making it a potential target for
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T cell-mediated immune responses. Although | have not demonstrated that the
MK2 inhibitor tested interferes with the post transcriptional control of IL-17A
mRNA similarly to what demonstrated for TNF, the assay selected, using
isolated CD4+ cells, suggests that the molecule has a direct effect. Together
with pro-inflammatory cytokines, IL-10 was also suppressed, indicating that
targeting these pathways can affect immunoregulatory functions. The small
effect observed on IFN-y OOOOCO00, suggests that pathways other than
MAPK regulate its production after TCR activation.

Work performed by other members of our group on isolated monocytes,
and by the collaborators on whole PBMCs, show that the same compound
inhibits a series of other cytokines, including TNF, IL-6, MCP-1, IL-23. The
combined inhibitory effect across different cell linages could be synergistic and
interfere with the upregulation of multiple cytokines seen in SpA.

In conclusion, the tested MK2 inhibitor targets T cell inflammatory
responses including Th17, while sparing regulatory T cells. These findings
encourage further investigation and make MK2 a promising novel therapeutic

target in the treatment of Spondyloarthritis.
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7 Final discussion and future directions

The data presented in this thesis provide an overview of the mechanisms
of T cell regulation in Spondyloarthritis, either mediated by specialised cell
subsets (Chapter 3-5), or by molecular interventions that restrain T cell
inflammatory responses (Chapter 6). T cells have a wide array of interrelated
functions: as orchestrators of the immune response, they have a central role in
driving inflammatory chronic conditions such as Spondyloarthritides. Enhancing
their intrinsic mechanisms of regulation, or, alternatively, interfering with the
inflammatory, pathogenic functions are two strategies that offer numerous
therapeutic opportunities.

The effector arms of the T cell immunity, in particular Th17, are widely
considered overactive in SpA, but the role in the disease pathogenesis of the
regulatory counterpart, represented by Tregs, has never been clarified. The first
part of the work (Chapter 3) aimed to characterize Tregs at the population level
in the blood of patients with SpA, compared to healthy volunteers, and in the
SF. | found that the percentage of Tregs in the PB of patients was unchanged
compared to healthy volunteers blood, and was not significantly affected by
treatments. In the SF, a common site of inflammation in the course of SpA,

Tregs were higher in percentage, and presented a memory, activated
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phenotype, in an effort to counteract the inflammatory responses. Based from a
proposed classification of circulating Tregs based on their chemokine receptors,
which provide trafficking potential, several subpopulations of Tregs, mirroring
correspondent effector T cell subsets could be identified, but little differences
were seen comparing patients and controls. Furthermore, selected markers (eg.
CD27, CTLA-4, TIGIT), associated with regulatory features, were not altered in
SpA Tregs compared to the healthy controls. The limited number of markers
simultaneously available in a conventional flow cytometry analysis in the face of
the vast functional heterogeneity of Tregs, and the importance of an unbiased
classification irrespective of a priori expectations, led to the decision to perform
scRNA-seq on Tregs from PB and SF in five patients with active disease.
Chapter 4 provided the first single cell atlas of Tregs in a human
inflammatory arthritic condition. Reports highlighting the diversity of Treg cell
populations and their functional specialization using high resolution instruments
have surfaced only recently, focusing so far on murine cells (Miragaia et al.,
2019), or on circulating Tregs obtained from healthy subjects (Zemmour et al.,
2018). | analysed two different datasets obtained from paired PB and SF
samples from three patients with PsA and two with AS. Although two different
methods to localise and identify Tregs for downstream analysis were used
(unsupervised clustering based on shared transcriptional similarities for the PsA
dataset, and FACS sorting using expressed surface markers for AS), the
similarity of the findings across the two datasets provided internal validation.
Despite some functional diversity, Treg subpopulations presented shared
transcriptional features, such as the similar expression a core set of genes

(CTLA4, IL2RA, BATF) that represents the Treg identity and likely reflects the
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dominant role of Foxp3 on the Treg transcriptome. A similar hierarchy emerged
analysing the distribution of immunosuppressive genes: key functional
immunoregulatory molecules were expressed by a large majority of Treg cells
(eg. CTLA4, TIGIT), while others were selectively present in distinct cell
populations (/IL10, LAG3, PDCD1, GZMB). This suggests the existence of two
tiers of suppressive markers, the first constitutionally present, the latter acquired
in specific conditions, possibly conferring suppressive functions adapted to
specific inflammatory environments. Genes encoding trafficking markers
(including chemokine receptors and integrin subunits) were not segregated in
different clusters (with the partial exception of CCR6, CCR7 and CCR4, each
primarily expressed in one cluster), indicating that these features do not strictly
mirror transcriptional identities in Tregs, differently to that described for Teffs.

Studies on antigen-specific suppressor immunity so far have been
hindered by the difficulty of obtaining antigen-specific Treg clones for detailed
cellular and molecular analysis, in particular considering that Tregs only
represent 3-10% of all CD4" cells in the PB. Linking exact TCR sequences to the
gene expression profile for each cell revealed the presence of an enriched
clonotype in the synovial fluid of one PsA patient, and its related transcriptional
program. The TCR sequences library of the AS dataset had not been analysed at
the time of submission of this thesis, but will add further information on the topic,
carrying even higher chances to identify clonal restricted responses, considering
the high number of Tregs composing in the AS dataset.

Furthermore, this work, the first to study Tregs at single cell level in a site
of inflammation, identified genes upregulated in the SF. This included increased

expression of TNF receptor superfamily genes and interferon response genes,
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likely reflecting a conditioned response to the synovial microenvironment, but no
tissue-specific clusters. To determine how molecular cues induce these
distinctive changes in the gene expression in the SF, simultaneous systems-level
analysis of chromatin architecture and gene expression, or lineage tracing
experiments, will likely be needed.

My analysis of Treg cells in SpA provides a useful support to understand
the transcriptional landscape of Tregs and specialized immune effector
pathways. The same five distinct clusters were identified in both datasets, with
two further functionally distinct subsets found in AS, where the higher number of
cells sampled may have helped reveal rarer subtypes.

My findings also support, although indirectly, a strong argument for the
presence of a gut-derived regulatory Treg cell subset in the joint during an
arthritis flare. The recent description of a similar Treg subset in the human colon,
identified with analogous scRNA-seq technique (James et al., 2020), and the
description of their preferred mechanisms (IL-10 and LAG-3) in the intestinal
mucosa (Bauché et al., 2018; Huber et al., 2011), and the similarity with the
KLRB1+ (CD161%) Tregs subpopulation described here, allow me to speculate
that Tregs programmed to suppress specific immune response in different organs
(eg. the intestinal mucosa) are able to travel to different inflammatory sites to
suppress specific responses, suggesting a regulatory specialisation that has been
demonstrated only in mice. The molecular mechanisms behind the preferential
expression of effector regulatory pathway in the various tissues and against
various cellular targets are still poorly understood.

One of these immunoregulatory mechanism, LAG-3, is the focus of

chapter 5. When expressed by Tregs, its binding onto myeloid cells was
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previously only shown in vitro with murine bone marrow derived DCs (Liang et
al., 2008) or in an experimental colitis models to CX3CR1+ macrophages
(Bauché et al., 2018). | am providing the first in vitro evidences that LAG-3 could
downregulate patient-derived myeloid cells. Interestingly, LAG-3 expression
was lower in T cells from AS patients, in particular in Tregs. The reasons behind
this downregulation are not clear: it might be explained by a switch towards
others mechanisms of suppression, or an effect of the microenvironment. Some
of the inflammatory cytokines that are elevated in SpA patients (IL-1p, IL-6, IL-
23) signal through Stat3, which competes with the |IL-2/Stat5 pathway that is
predicted to control the LAG3 induction (Durham et al., 2014). At the same time,
relative gene expression profiling suggests that LAG3 is elevated in SF Tregs,
where its function is likely to be more relevant. Unfortunately, at the time of
analysis no samples were available to repeat the experiments with SF-derived
myeloid cells, so no firm conclusions as to whether there is a deficit in vivo are
possible. Nevertheless, LAG-3-mediated immune regulation could be an area of
therapeutic intervention. Inhibitory immune checkpoints could represent a new
area of therapeutic focus for immune driven conditions: enhancing suppressive
mechanisms could be a novel effective strategy for this group of conditions in
which molecular targets are limited to a limited number of inflammatory
cytokines. Outstanding questions relative to LAG-3's therapeutic potential
remain. On T effectors, in murine cells the LAG-3 inhibitory signal appears only
when an antigen is presented in the context of the MHC class Il (Maruhashi et
al., 2018). In the experiments here shown, cells were not pulsed with antigens
yet LAG-3-Fc suppressed the LPS-driven activation. A few explanations can be

proposed: that no antigen recognition is necessary for delivering the inhibitory
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effect here described; that monocytes in my experiments were loaded with
natural antigens, or that different structural conformations of the LAG3-HLA
class Il complex mediate different functions. A blocking anti-HLA class |l
antibody reversed the inhibitory effects of LAG-3 only for some markers,
possibly because some effector responses might escape the inhibitory signal
proposed by (Liang et al., 2008). Furthermore, the experiments were performed
with a considerable number of controls and a small number of biological
replicates, reducing the statistical power. More in vitro experiments are
necessary, and the structure of the binding needs to be elucidated.

This part of the work highlights the importance of understanding Treg
molecular mechanisms of suppression to optimise cell-based therapies, or to
identify novel targets for specific inflammatory settings. In particular, of great
interest would be discovering which Treg mechanisms are the most effective for
controlling Th17 responses, as often conventional in vitro cell-based suppression
assays constitute a very partial reproduction of more complex cellular cross-talks.

In conclusion, in Chapter 3 to 6 | showed a series of experiments that,
using phenotypic, transcriptional and functional approaches, contribute to define
the Treg landscape in SpA. It is likely that future research studies in the field of
immune driven diseases will combine these levels of investigation in single,
multimodal experiments, for example combining protein expression, chromatin
accessibility and transcriptomics, all analysed in an integrated manner (Stuart et
al., 2019) with novel high resolution technologies. Furthermore, a functional
understanding of the genetic variations directly associated with Treg function, or

affecting quantitative expression of regulatory genes, is certainly warranted.
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Lastly, in Chapter 6, a different immunoregulatory strategy was explored: |
tested a small molecule inhibitor of a MAPK signalling pathway intermediate
(MK2), demonstrating, in T cells, reduced production and release of a series of
inflammatory cytokine, some of which known mediators of inflammation and
damage in SpA. Targeting intracellular signalling pathways is a recent, effective
therapeutic approach in inflammatory arthritides (O’'Shea et al., 2013). The
molecular target tested by my experiments (MK2), although well characterised, is
novel. In my experiments, the MK2 inhibitor had a safe profile in vitro and
demonstrated inhibition of Th17 immune responses. The data presented, in
addition to published reports indicating that MK2 inhibition downregulates SpA-
approved targets such as TNF, and the pro-Th17 cytokine IL-6 (Ronkina et al.,
2010), and experiments in vivo performed by our collaborators, make this novel
therapeutic strategy very promising for the treatment of SpA and support the

progression of the MK2 inhibition experimentation to a preclinical phase.
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