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Abstract

Autoimmune diseases are associated with a breakdown in central or peripheral self-tolerance, resulting in the
initiation of pathogenic immune responses against self. Regulatory T-cells (Tregs) expressing the transcription factor
forkhead box P3 (FoxP3) are potent regulators of peripheral self-tolerance. Defects in the number or function of
Tregs have been associated with the development of many autoimmune diseases, generating interest in the use of
Tregs as cell-based immunotherapy. However, uncertainty regarding the identification, stability and function of
human Tregs has prevented the application of Tregs as therapy for autoimmune diseases. Such research
demonstrates that Tregs are a heterogeneous population with varying regulatory phenotypes and the potential to
convert into pro-inflammatory T-helper 17 cells. Therefore, prior to using Tregs as cellular therapy for autoimmune
disease, these potential drawbacks must be fully investigated. In this thesis | describe in detail the development,
classification, migration, molecular characterisation and stability of Tregs. In addition to, proposing a new protocol
for the isolation of highly pure FoxP3" Tregs to be used as immunotherapy for autoimmune disease.
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Abbreviations

A2A  Adenosine A2A receptor

ADP  Adenosine diphosphate

AIRE  Autoimmune regulator 1

AMP  Adenosine monophosphate

APC  Antigen presenting cell

ATP Adenosine triphosphate

ATx Adult thymectomy

Bcl6  B-cell lymphoma 6 protein

CCR C-C chemokine receptor

Ccb Cluster of differentiation

CD4SP Single-positive CD4" CD8 stage of thymocyte development
CDR  Complementarity determining region
c-Rel  Proto-oncogene c-Rel

CTEC  Cortical thymic epithelial cells
CTLA-4 Cytotoxic T-lymphocyte antigen 4
CXCR C-X-C chemokine receptor

DC Dendritic cells

FoxP3 Forkhead box P3

FR4 Folate receptor-4

GITR  Glucocorticoid-induced TNF-receptor
HEV  High endothelial venules

IDO Indoleamine 2, 3-dioxygenase

IL Interleukin

IPEX  Immunodysregulation polyendocrinopathy X-linked
IRF-4  Interferon regulatory factor 4

iTreg  Inducible/adaptive regulatory T-cells
LAG-3 Lymphocyte-activation gene 3

LAP Latency-associated peptide

LN Lymph nodes

MBP  Myelin basic protein

MHC  Major histocompatibility class

mMTEC Medullary thymic epithelial cells
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NOD Non-obese diabetic

nTreg Natural regulatory T-cells

NTx Neonatal thymectomy

PNAd Peripheral lymph node addressin

RA Retinoic acid

RAG-1 Recombination activating gene-1
SCID  Severe combined immunodeficiency
SRBC Sheep red blood cells

STAT Signal transducer and activator of transcription
T-bet T-box transcription factor TBX21

TCR  T-cell receptor

Teff  Effector T-cell

Tfh Follicular helper T-cells

TGF-B Transforming growth factor beta

Th T-helper CD4" T-cell

Tregs

regulatory T-cells



Introduction

The ability of the immune system to discriminate
between exogenous ‘non-self’ antigen and ‘self
autoantigens, is central to our view of how the
immune system elicits protective immune responses
against pathogens (1,2). Failure of such cellular and
molecular mechanisms is considered to give rise to a
loss of self-tolerance and the generation of immune
responses against autoantigens, resulting in
autoimmune disease (3). Understanding of these
mechanisms is therefore vital to the development of
effective treatments for autoimmune disease and is
an important, but challenging, area of research (4,5).

Recognition of autoantigens by the immune
system is, in part, regarded as a potential
consequence of T-cell receptor (TCR) development
during thymic T-cell maturation (6). During this
process somatic recombination of the TCR V(D)J gene
segments in the thymus results in the generation of
immature T-cells with varying antigen specificities,
determined by the TCR complementarity determining
region (CDR)(1,2). Consequently, the repertoire of
immature T-cells in the thymus is considered to
comprise of, 1) standard T-cells that recognise
pathogenic ‘non-self’ antigen, and 2) autoreactive T-
cells which recognise ‘self’ antigen and may pose
threat to the maintenance of self-tolerance. Central
tolerance, where T-cells expressing autoreactive TCRs
are negatively selected in the thymus to undergo
apoptosis or become anergic, was thought to be the
main mechanism of inducing self-tolerance to
autoantigens (5). However, the isolation of
autoreactive T-cells in the blood of most healthy
individuals, together with autoimmunity affecting only
5% of the population, suggests that other mechanisms
of maintaining self-tolerance exist that are crucial to
preventing autoimmune disease (4).

T-cell mediated peripheral self-tolerance was first
described in the late 1960s following research which
identified thymic-derived ‘suppressor T-cells’, shown
to be critical in the prevention of autoimmune disease
in mice (7-9). Later suppressor T-cells were identified
in humans as CD4* CD25"" T-cells and renamed
regulatory T-cells (Tregs) (4,10,11). Subsequently,
CD4" CD25" Tregs were shown to express the
transcription factor forkhead box P3 (FoxP3), which
was found to be critical to their development and
function, leading to the characterisation of human
Tregs as FoxP3' CD25"¢" CD4* T-cells (8). Following
these findings, research has demonstrated that
patients with autoimmune disease often display
reduced Treg infiltration or defective function,
suggesting that modulation of Treg function or

number may be a useful form of immunotherapy for
autoimmune disease (4,9).

In a previous review, we proposed a protocol for
isolating and expanding a population of highly purified
FoxP3" Tregs from patients to use as adoptive cell
therapy for the treatment of autoimmune disease (4).
However, a recent review by Sakaguchi et al. suggests
that FoxP3" T-cells are a more heterogeneous
population than once thought, proposing a new
delineation for human Tregs (10,12). Furthermore,
current research has expressed uncertainty over the
regulatory phenotype of Tregs, following concern over
the stability of FoxP3 expression and evidence that
Tregs can convert to pathogenic pro-inflammatory T-
helper 17 like cells (4,13). In light of these findings, the
aim of this thesis is to propose an improved protocol
for isolating and expanding a population of highly
purified Foxp3® Tregs from patients to use as
immunotherapy for autoimmune disease. This will be
achieved by asking two main questions; 1) how can
the isolation and ex vivo expansion of FoxP3" Tregs
from a patient be improved and tailored to a specific
autoimmune disease?, and 2) could molecular
interventions be used to stabilise the regulatory
phenotype of isolated and in vitro expanded Tregs?

I. History of regulatory T-cells

Before investigating the use of Tregs as cell-based
immunotherapy for autoimmune disease a literature
search was performed to analyse the history behind
the discovery of Tregs. By doing so recent findings
regarding Tregs could be interpreted correctly and
previous experiments reanalysed to support the
proposed model (last chapter).

Thymic-derived suppressor T-cells

T-cell mediated self-tolerance was first suggested
in the 1960s following the identification of thymic-
derived suppressor T-cells using neonatal thymectomy
(NTx) (7,9). This fundamental research by Nishizuka
and Sakakura demonstrated that NTx of mice results
in T-cell mediated ‘ovarian dysgenesis’ (now known as
autoimmune oophoritis) if performed 3 days, but not
1 or 7 days after birth (Figure 1A, B) (7-9,14).
Proposing the development of a population of thymic-
derived ‘suppressor T-cells’ following three days of
life, critical to regulating autoimmune responses (9).
In 1970, Gershon and Kondon supported these
findings after inoculation of mice with isolated thymic
cells before injection with sheep red blood cells
(SRBC), suppressed the associated immune response
and specific antibody production (9,15). Moreover,
isolated spleen cells from SRBC tolerant mice were
shown to induce SRBC tolerance in normal mice,
suggesting that thymic-derived suppressor T-cells
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inhibited SRBC immune responses by inducing
‘infectious tolerance’ in normal T-cells (9,15-17).
Alternatively, a protocol of rat adult thymectomy
(ATx) with sub lethal doses of x-ray irradiation was
shown to result in autoimmune thyroiditis (Figure 1 A,
B) with specific autoantibody production, which was
inhibited by inoculation with syngeneic T-cells from
normal rats (8,18). Together these early studies
suggested that a population of thymic-derived
suppressor T-cells regulate immune responses against
‘non-self’ and ‘self’ antigen by inducing ‘infectious
tolerance’ in effector T-cells (8,19).

CD5"" CD4" suppressor T-cells

In the mid-1970s, research identified ‘Ly antigens’
as markers for T-cell subsets, resulting in the first
characterisation of different T-cell subsets (20).
Subsequently, the expression of Lyt-1 (CD5) and Lyt-2
(CD8), was associated with a population of CD8*
suppressor T-cells thought to exert their suppressive
function by expression of the soluble suppressor ‘I-J
molecule' (8,21,22). Later, research identified a
population of CD5" CD8 1-J° suppressor T-cells
expressing L3T4 (CD4), which were able to delay NTx-
induced autoimmune oophoritis, generating interest
in CD4" suppressor T-cells (8,23,24). However, splenic
CD4" T-cells isolated from mice with NTx-induced
autoimmune oophoritis were later shown to induce
oocyte damage in T-cell deficient mice, by promoting
autoantibody production and the activation of
effector cells (8,24). Therefore, indicating the need for
markers  which  distinguished between  CD4"
suppressor T-cells and potentially autoreactive CD4"
T-cells. In 1985, research identified that the transfer
of CD4* CD5"" T-cells to T-cell deficient mice induced
autoimmune thyroiditis (Figure 1C), which was not
observed following the transfer of CD4* CD5"" T-cells
(8,22,25). These findings indicated that CD4" T-cells
with CD5"&" expression suppressed autoimmunity,
whereas CD4* T-cells with CD5" expression were
responsible for autoimmune pathology. However, the

lack of additional markers to further define CD4"
suppressor T-cells, amidst uncertainty over the
existence of the CD8" suppressor T-cell associated ‘I-J
molecule’, led to a decline in suppressor T-cell
research (9,19,26).

CD25" CD4" requlatory T-cells (Tregs)

In the mid-1990s research into suppressor T-cells
was revived after analysis of peripheral CD5"" CD4" T-
cells by Sakaguchi et al. identified the IL-2 receptor o-
chain (CD25) as a new marker for CD4" suppressor T-
cells, now termed regulatory T-cells (Tregs) (4,8,27).
These findings demonstrated that the transfer of CD4"
CD25"°" T-cells to athymic mice induced multi-organ
autoimmune pathology (Figure 1C), which was
prevented by the co-transfer of CD4" CD25" T-cells
(8,27,28). Notably, CD25"&" expression was shown to
be a more reliable marker of Tregs than CD5"®"
expression. Transfer of CD4* CD25"" T-cells to athymic
mice generated a higher incidence of autoimmune
pathology, compared to the equal transfer of CD4"
CD5°" T-cells (8). Furthermore, CD25" CD4* T-cells
were shown to appear in the spleen and periphery of
normal mice after 3 days of life correlating with
results from NTx, confirming that Tregs originate from
the thymus (Figure 1B) (10).

In humans, in vitro research demonstrated that
human CD25" CD4" T-cells exert a suppressor
phenotype, akin to mouse CD25" CD4" Tregs (10,29-
33). However, unlike in mice, the suppressor
phenotype of human CD25* CD4" T-cells was found to
be attributed to only CD4" T-cells with the highest
CD25 expression (4,10,11). These findings correlated
with data indicating that only 5% CD4" CD8 human
thymocytes express CD25, of which were similar in
function and frequency to CD25"&" CD4* T-cells in the
peripheral blood (4,34). Therefore, indicating that
CD25™" thymocytes are the precursors to human
peripheral Tregs, leading to human Tregs being
characterised as CD4* CD25"¢" T-cells (4,10,11).
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Figure 1. A) Schematic representation of neonatal thymectomy (mice) and adult thymectomy (rats) used to induce autoimmune disease. B)
Thymic production of non-Tregs (including potentially autoreactive T-cells), occurs during neonatal development resulting in the presence of
peripheral non-Tregs before birth (red line). However, thymic production of Tregs is delayed until 3 days after birth, resulting in the absence of
Tregs in the periphery before day 3 of life (blue line). Neonatal thymectomy (mice): if performed on day 3 results in the activation of peripheral
self-reactive T-cells due to the absence of Tregs, resulting in autoimmunity. Adult thymectomy (rats): peripheral Tregs are already present
after 6 weeks of life. However, adult thymectomy removes the supply of Tregs, and x-ray irradiation specifically eliminates any peripheral
Tregs, therefore, resulting in the activation of peripheral self-reactive T-cells and induction of autoimmunity. C) Transfer of a population of
isolated spleen or thymic cells from adults to syngeneic T-cell deficient mice does not induce autoimmune disease as adults contain both Tregs
and non-Tregs in the periphery. However, if Tregs (e.g. CD5"" or CD25"E" cD4* T-cells) are depleted prior to transfer, recipient T-cell deficient
mice develop autoimmune disease due to activation of self-reactive T-cells. Diagram and text adapted from (8).

research demonstrated FoxP3-deficient Scurfy mice
] develop multi-organ autoimmune disease, and that
and peripheral development humans with germline mutations in the foxp3 gene
develop immunodysregulation polyendocrinopathy X-
linked (IPEX) autoimmune disease
(5,10,13,35,37,38,40-46). Furthermore, forced
expression of FoxP3 in CD25 CD4" T-cells was shown
to confer the regulatory phenotype, and later studies
demonstrated that absence of FoxP3 expression
attenuated development of CD25" CD4" Tregs and
caused the autoimmune pathology observed in Scurfy
mice (5,35,37). These results characterised FoxP3 as
the master regulator of Treg development and
function, leading to Tregs being further characterised
as FoxP3" CD25" CD4" T-cells (37,47,48).

Il. Origins of regulatory T-cells: Thymic

Identification of FoxP3 as the master requlator of
thymic Treq development and function

As previously discussed, thymectomy models in
rodents established that a population of thymic-
derived CD25" Tregs are crucial to the prevention of
autoimmunity. However, following the identification
that conventional CD4" T-cells upregulate the
expression of CD25, it was not known whether CD25"
Tregs represented a specific population of T-cells (5).
This changed following the identification that thymic
and peripheral CD25" CD4" Tregs express the unique
transcription factor forkhead box P3 (FoxP3) (5,35-39).
Therefore, indicating that CD4" CD25" Tregs undergo
alternative development pathways compared to
conventional CD4" T-cells, supporting the notion that
Treg cells are a unique T-cell lineage. Subsequently,
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Early studies of thymic Treg development

Early research of thymic Treg development
proposed that thymic epithelial cells were responsible
for ‘imprinting’ thymocytes with a stable regulatory
phenotype, by presenting specific self-antigens via
major histocompatibility (MHC) class-Il molecules and
inducing strong TCR signalling in autoreactive T-cells
(5,49). This theory was supported by research
demonstrating  that  the co-expression of
haemagglutinin  or ovalbumin in  TCR-specific
transgenic mice induced Treg development (5,14,50-
53). In addition to, research showing that mice lacking
the expression of TCR recombination activating gene-
1 (Rag-1), were unable to produce thymic Tregs
(14,34,54). Subsequently, research established that
mice lacking the expression of MHC-II molecules by
cortical thymic epithelial cells (cTEC) failed to develop
Tregs (4,55). Suggesting that Treg development is an
early cortical event dependent on autoreactive
thymocytes expressing specific TCRs and encountering
agonistic self-antigen presented by cTECs via MHC-II
molecules.

However, the role of TCR-signalling in Treg
development was opposed by research demonstrating
that the co-expression of hen egg lysozyme ( an
enzyme involved in the innate immune response) in
TCR-specific transgenic mice did not increase Treg
development (14,56). In addition to, research where
varying levels of transgenic antigen increased the
frequency, but not the number of Tregs, suggesting
that specific TCR-signalling does not induce Treg
development  (14,57). Furthermore, research
demonstrated that the TCR-repertoires of non-Tregs
and FoxP3" CD25" Tregs were significantly overlapped,
and that TCRs from FoxP3" CD25" Tregs were
unreactive to self-antigen (14,58). Leading to the
contrasting view that thymocytes are committed to
becoming Tregs prior to TCR rearrangement,
proposing that TCR specificity is not required for Treg
development, but is determined afterwards (14,59).

Current model of thymic Treq development — natural
Tregs (nTreq)

Despite the previous controversy, current research
supports the role of TCRs in thymic Treg development,
but alternatively proposes that Tregs develop in the
thymic medulla rather than cortex. After research
demonstrated that thymic medullary epithelial cells
(mTEC) select thymocytes via TCR/MHC-II interactions
during the single-positive CD4" CD8 (CD4SP) stage of
thymocyte development, coinciding with the
induction of FoxP3 expression (5,36,60).
Subsequently, research has shown that the absence of

MHC-II expression by mTECs reduces FoxP3" CD25"
Treg development, whereas, impaired MHC-II
expression by mTECs results in preferential Treg
development (4,14,61,62). Therefore, suggesting that
MTECs select self-reactive CD4SP thymocytes and
induce Treg differentiation based on the specificity,
but also, the avidity of MHC-II/TCR interactions
(Figure 2). A notion which was confirmed by recent
research which indicates that FoxP3" Tregs undergo
strong TCR stimulation in the thymus (14,63).

Since FoxP3 is crucial to the development and
function of Tregs, research has investigated the
pathways involved in the induction of FoxP3
expression during thymic Treg development. Such
research has established a link between TCR-mediated
CD4SP thymocyte selection and FoxP3 expression,
after TCR simulation was shown to activate the NF-xB
family member c-Rel in pre-Tregs and induce FoxP3
expression (14,64-66). Furthermore, TCR-independent
signalling, by y-chain cytokines such as IL-2, IL-15 or IL-
7, has been shown to activate the signal transducer
and activator of transcription 5 (STATS5), also inducing
FoxP3 expression (14). Therefore, demonstrating
FoxP3 expression is induced in CD4SP thymocytes
during TCR-mediated selection, with the help of
various thymic-derived cytokines.

Owing to their extensive development in the
thymus, this population of Tregs are called thymic-
derived or natural Tregs (nTregs). Following
development in the thymus nTregs are thought to
migrate to the periphery and regulate autoreactive
immune responses via the recognition of self-antigens
(Figure 2) (4,67).

Extrathymic Treq development — adaptive/inducible
Tregs (iTregs)

Although once thought to develop solely in the
thymus, there is growing support for a population of
Tregs which develop in the periphery. This group of
Tregs are proposed to develop in the periphery from
conventional CD25 CD4" T-cells following the
recognition extrathymic antigen. This group of Tregs
are termed adaptive/inducible Tregs (iTregs) (Figure 2)
(4,14,67). Studies of oral tolerance to myelin basic
protein (MBP) were the first to propose extrathymic
Treg development, identifying antigen-specific iTregs
which regulate effector T-cell responses by secreting
IL-10 (Trl), or TGF-B (Th3) (Figure 2) (4,68-70). These
FoxP3" iTregs are thought to develop from
conventional CD4" T-cells following recognition of
extrathymic antigen and stimulation with IL-2 and
TGF-B (4,14). Furthermore, recent research suggests
that a group of FoxP3" iTregs from conventional CD4"

9
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T-cells in the gut following the recognition of
extrathymic antigen, and secretion of retinoic acid
(RA) and TGF-B by lamina propria CD103" dendritic
cells (DC) (4,71,72).

Neonatal transfer of Tregs suggests that iTregs
have a distinct TCR repertoire from nTregs, supporting
their alternative development and recognition of
extrathymic antigens (14,73). In addition, iTregs have
been shown to be crucial to the prevention of

deficient Scurfy mice (14,73). However, despite these
findings, the functional significance of iTregs in the
maintenance of peripheral self-tolerance is currently
under debate (4,5,74-77). Furthermore, due to the
majority of research into iTregs being carried out in
mice, we currently lack information regarding the role
of human iTregs in the prevention of autoimmune
disease. Therefore, this thesis will focus primarily on
human nTregs as a potential therapeutic intervention

autoimmunity in mice, after both iTregs and nTregs for autoimmune disease.

were needed to maintain self-tolerance in FoxP3-
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Figure 2. Overview of thymic and extrathymic Treg-cell development, and the proposed mechanisms of suppression. 1) Following positive
selection for the recognition of self MHC molecules, immature CD4SP thymocytes are presented with self-peptides by resident APCs (mTEC,
thymic DC and peripheral DC). During this process three responses are hypothesised: 2) Thymocytes expressing high affinity TCRs for self-
peptides with strong activation upon MHC stimulation undergo apoptosis, resulting in the clonal deletion of highly autoreactive thymocytes
and maintenance of central tolerance; 3) Thymocytes expressing medium affinity TCRs for self-peptides with moderate activation upon MHC
stimulation are thought to be FoxP3 CD25"e" Treg cells, which following stimulation with y-chain cytokines (IL-2, IL-15 and IL-7) are induced to
express FoxP3 and become nTregs cells and; 4) Thymocytes expressing low affinity TCRs for self-peptides with weak activation upon MHC
stimulation become conventional naive CD4" T-cells which upon recognition of non-self antigen in the periphery, in combination with
cytokines secreted by peripheral dendritic cells, develop into iTregs cells. 5) In the periphery, nTregs can indirectly suppress Teff cells by either
reducing the ability of APCs to present antigen, or by activating indoleamine 2,3-dioxygenase (IDO) resulting in the generation of
immunosuppressive metabolites. Furthermore, in conjunction with cell-to-cell contact nTregs can directly suppress Teff cells by secreting
cytokines, or inducing Teff death by producing cytotoxic molecules. Following conversion from naive CD4" T-cells iTregs (e.g. T-regulatory -1, T-
helper-3, and FoxP3" iTregs) suppress effector T-cells by the secretion of anti-inflammatory cytokines such as IL-10 and TGF-B. Diagram and
text adapted from (4,14).
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Ill. Migration of regulatory T-cells:

Targeted suppression of autoimmune

responses

Like conventional naive T-cells, naive nTregs
express L-selectin (CD62L) and the C-C chemokine
receptor 7 (CCR7), and use these molecules to migrate
towards secondary lymphoid tissues, such as the
lymph nodes (LN) (78,79). Upon arriving in the LNs,
naive nTregs cross the high endothelial venules (HEV)
guided by the expression of chemokine C-C ligand 21
(CCL21) and peripheral lymph node addressin (PNAd)
by HEVs, which interact with CCR7 and CD62L
expressed by naive nTregs (78,80). During an immune
response, naive nTregs are presented with self-
antigen by peripheral APCs in the LNs, resulting in the
TCR-mediated maturation of naive nTregs into
antigen-specific effector nTregs (78).

In mice, it has been demonstrated that the
maturation of naive nTregs in the LNs is required for
nTregs to acquire an immunoregulatory phenotype
and maintain a population of effector nTregs in the
periphery (10,81). However, unlike in mice, human
naive nTregs have been shown to regulate antigen-
specific immune responses prior to maturation in the
LNs (78,82-85). Therefore, suggesting that human
nTregs do not require TCR-mediated maturation to
elicit regulatory immune responses. However,
research demonstrates that peripheral nTregs switch
from predominantly expressing the naive T-cell
marker CD45RA in neonates, to expressing effector T-
cell marker CD45R0 in adulthood, indicating that TCR-
mediated maturation becomes more important as we
age (78,86,87). Furthermore, Tregs deficient in the LN-
homing receptors show impaired migration to the LNs
and reduced suppressor function in the periphery,
suggesting that TCR-mediated maturation is required
to effectively suppress peripheral immune responses
(78,88-90).

Expression of tissue-specific chemokine receptors by
effector nTregs

Current research suggests that TCR-mediated
maturation is important as it increases the expression
of tissue-specific chemokine receptors (Table 1),
allowing effector nTregs to migrate towards specific
tissues and effectively target their suppressor
functions against pathogenic cells. For example,
neonatal naive nTregs predominantly migrate to gut-
associated lymphoid tissue via the expression of a4p7
integrin, where they wundergo TCR-mediated
maturation to extrathymic antigen (78). Following
maturation neonatal effector nTregs upregulate P-
and E-selectin expression, conferring the ability to

migrate from the blood to tissues, allowing neonatal
effector nTregs to regulate the development of the
early immune system (78,87). Similarly, the analysis of
naive nTregs in adults shows that TCR-mediated
maturation increases the expression of FoxP3 and
induces the expression of tissue-specific chemokine
receptors and integrin molecules (Table 1)
(10,78,80,91). Research has identified that
deficiencies in the expression of FoxP3, and certain
chemokine receptors is associated with the
development various autoimmune and inflammatory
diseases (Table 1) (10,80,92). Therefore, TCR-
mediated maturation of naive nTregs may strengthen
the regulatory phenotype of nTregs, by increasing
FoxP3 expression, and target such antigen-specific
nTregs to inflamed tissues, by modulating the
expression of tissue-specific chemokine receptors.

Hijacking of Th-cell related migratory pathways by
effector nTregs

In addition to the expression of tissue-specific
chemokine receptors, effector Tregs express similar
homing receptors to Th-cells (Table 1) and can be
sorted into Th1, Th2, Th17 and Th22-like Treg subsets
(80,92,93). This is thought to be the result of nTregs
expressing various transcription factors associated
with Th-cell development, allowing effector nTregs to
‘hijack’ Th-related migratory pathways and effectively
regulate Th-specific immune responses (78,80). For
example, expression of T-bet by nTregs, a
transcription  factor involved in interferon-y
production and Thl pathogenesis, controls the
expression of CXCR3, IL-10 and TGF-B by nTregs, and is
associated with effective suppression of Th-1 induced
inflammation (78,94,95). In addition, expression of
IRF4, a transcription factor involved in Th2
differentiation, controls the expression of CCRS, IL-10,
granzyme B and fibrinogen-like protein 2 by nTregs,
and is associated with the suppression of Th2 immune
responses (66,78,96). Similarly, expression of the Th17
associated cytokine STAT3, regulates CCR6, IL-10,
granzyme B and perforin expression by nTregs, and is
required for nTregs to suppress Th17, but not Thl or
Th2 responses (78,97). Moreover, expression of Bcl6
by nTregs, a protein involved in follicular helper T-cell
(Tfh) immune responses, allows nTregs to express
CXCR5 and to migrate to the germinal centres where
they regulate B-cell development and antibody class
switching (6). Therefore, suggesting that nTregs are
able to modulate their regulatory and migratory
phenotypes to suit the immune response by
expressing various Th-related transcription factors,
allowing them to target specific immune responses in
the periphery.
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Targeted peripheral immunosuppression by effector
nTregs

Corresponding with the expression of various
tissue- and immune-specific homing receptors, the
suppressive mechanisms of nTregs require close
contact with their target cells for maximum effect.
Accordingly, during an immune response nTregs
migrate from inflamed tissue to the LNs via the
afferent lymphatics, where they can potentially
interfere with interactions between APCs and
conventional T-cells (Figure 2). Upon arriving at the
LNs, nTregs are thought to suppress APCs via the
expression of cell-surface molecules which bind to
APCs. For example, nTregs express interacts with
CD80/CD86 on APCs via the expression of CTLA-4,
resulting in the activation of intracellular indoleamine
2,3-dioxygenase (IDO) in APCs, which suppresses
effector T-cells by converting tryptophan into pro-
apoptotic metabolites (4,98). Furthermore, nTregs
express LAG3 which binds to MHC-II molecules on
APCs modulating the activation state and maturation
of APCs, resulting in the reduced activation of effector
T-cells (4,99,100). In addition to suppressing the
function and activation of effector T-cells in the LNs,
effector nTregs may promote the development of
iTregs and maturation of naive nTregs in the LNs.
Therefore, resulting in a population of effector Tregs

(iTregs and nTregs), which migrate to the inflamed
tissue. Here, effector nTregs are thought to use cell
surface proteins CD39 and CD73 to activate A2A
receptors on effector T-cells, catalysing the conversion
of ATP or ADP to extracellular AMP and resulting in
the deactivation of effector T-cells (4,101-103). In
addition, effector nTregs can recognise potentially
autoreactive T-cells via cell-to-cell contact and release
intracellular factors such as granzyme-B or perforin,
which induce cell death (4,104,105). Moreover, in
conjunction with activated iTregs, effector nTregs may
suppress effector T-cells by expressing cytokines such
as IL-10, TGF-B and IL-35 (4,106). Within inflamed
tissue the production of cytokines by local effector
cells is thought to alter the in situ microenvironment
and Treg stability/plasticity, allowing Tregs to convert
into pathogenic T-helper 17 cells (Th17) (discussed
later).

In summary, recent research demonstrates that
the maturation of naive nTregs in the LNs, upregulates
the expression of tissue-specific CCRs and Th-related
transcription factors, which are crucial for the
effective suppression of peripheral autoimmune
responses by effector nTregs. Therefore, the
manipulation of CCR expression and Th-related
transcription factors may be an important tool to
maximize the therapeutic potential of isolated Tregs.
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Table 1. The types and function of Treg homing receptors suggested by Campbell and Koch, and the similarities between other lymphocytes
proposed by Ding et al. Adapted from (78,92).

Lymphoid CD62L Migration to lymph nodes Function in Treg cell migration to lymph nodes (107) Naive T-cells
tissues (L-selectin) Importance in the NOD-SCID model of diabetes (108)
CCR7 Migration to lymph nodes and the CCrR7” Treg cells fail to prevent colitis (109) Naive T-cells
spleen Importance in Treg cell migration during allograft
rejection (110)
Non-lymphoid E-selectin Migration to skin and inflamed Expression by human Treg cells (111) General
tissue and tissues Function in the cutaneous hypersensitivity response leukocytes
(peripheral P-selectin (112)
tissue) ligands Importance in cutaneous tolerance (113)
oEB7 Epithelial localization Expression by mouse Treg cells (89) General
integrin Treg cell retention during infection with Leishmania leukocytes
major (114)
a4p7 Migration to gut-associated Function in Treg cell migration to the intestine (115) General
integrin lymphoid tissues leukocytes
CCR2 Migration to inflamed tissues Expression by human and mouse Treg cells (116,117) Th17,
Importance in Treg cell migration during allograft
rejection (110)
CCR4 Migration to skin and other Expression by human Treg cells (111) Th2,Th1l7,
inflamed tissues Importance in cutaneous and pulmonary tolerance(118) Th22,Trl
CCR4™" Treg cells fail to prevent colitis (119)
CCR5 Migration to inflamed tissues Importance in Treg cell migration during allograft Thi, Trl
rejection (110)
Function in migration to the inflamed intestine (120)
Directing Treg cell localization during infection with L.
major (121)
CCR6 Migration to sites of Th17 cell- Expression by IL-10-producing Treg cells (122) Th17,Th22
mediated inflammation Function in Treg cell migration during Th17 cell-
mediated autoimmunity (123,124)
CCR8 Migration to skin and sites of Th2 Expression by Treg cells (125) Th2,Trl
cell-mediated inflammation
CCR9 Migration to the small intestine Expression by Treg cells in the intestinal lamina propria Th17,Trl
(126)
CCR10 Migration to mucosal tissues and Expression by Treg cells in inflamed human liver (127) Th22
skin
CXCR3 Migration to sites of Thl- Expression by Treg cells is T-bet dependent (94) Th1,Th1l7,
mediated inflammation Importance in Treg cell localisation to inflamed liver Trl
(128,129)
CXCR5 Migration to B cell follicles and Expression by human Treg cells (130) Tfh
germinal centres Inhibition of B cell responses by Treg cells (131)
CXCR6 Migration to the liver Expression by human Treg cells (130) Th1, Thl7
Both lymphoid CXCR4 Migration to bone marrow, Expression by naive phenotype Treg cells (130)
and non- Peyer’s patches and tumour sites Association with tumour-infiltrating Treg cells (132,133)
lymphoid
tissue

V. Molecular characterisation of

regulatory T-cells

Identification of FoxP3 as the master regulatory of
Treg development and function represented a major
breakthrough in the characterisation of CD25" Tregs,
leading to human FoxP3* CD25" CD4" T-cells being

regarded as a distinct Treg lineage. However, recent

research indicates that, unlike

in mice,

human

conventional CD4" non-Tregs are able to upregulate
CD25 and FoxP3 expression following activation
(4,10,12,37,134). These findings therefore indicate
that, unlike in mice, FoxP3 is not a specific marker for
identifying human Tregs. Accordingly, research has
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demonstrated that human CD4" FoxP3" Tregs are
highly heterogeneous in gene expression, phenotype
and suppressor function, and can be classified into
three groups based on expression of FoxP3, markers
of Treg suppression and CD45RA (Figure 3) (10,135).
Identifying, activated (FoxP3™®" CDA4SRA), resting
(FoxP3"°" CD45RA*) and non-regulatory (FoxP3""
CD45RA’) (Figure 3) (4,135). However, this model is
not particularly useful to isolate Tregs as conventional
naive T-cells express CD45RA and may upregulate
FoxP3 expression upon maturation. Furthermore,
many markers of Treg suppression have not been fully
characterised and may be expressed by other
leukocytes. Therefore, there has been considerable
confusion as to how to isolate a population of FoxP3*
Tregs capable of regulating immune responses in vivo,
hindering the potential use of Tregs for cell-based
therapy.

Expanding on the proposed model of Treg
differentiation above, a recent review by Sakaguchi et
al. has provided a more elaborate model of Treg
differentiation based on the expression of FoxP3,
CDR45RA and the effector T-cell marker CDR45RO
(10). This model differentiates between conventional
T-cells, iTregs and nTregs, in addition to identifying,
naive, effector and terminally-differentiated Tregs (

Figure 4). Using this model it has been proposed
that naive nTregs (CD45RA* CD45RO FoxP3'"
CD25"&") are the most suitable for isolation and use in
immunotherapy, rather than effector Tregs (CD45RA
CD45RO* FoxP3"&" CD25""). This is because research
demonstrates that naive nTregs proliferate readily in
vitro following TCR stimulation, and are resistant to
apoptosis, whereas effector Tregs have been shown
to be hyporesponsive to TCR activation and prone to
apoptosis in vitro (10,135). Furthermore, upon
activation, naive Tregs have been shown to
upregulate FoxP3 expression becoming effector Tregs
CD45R0O" CD25"¢" FoxP3"&" Treg cells with an activated
Treg cell phenotype, whereas effector Tregs may lose
their regulatory function (Figure 3) (78). Moreover,
unlike effector nTregs, naive nTregs express the LN-
homing receptors CD62L and CCR7 (78). Therefore,
transferred naive nTregs are expected to migrate to
the LNs and undergo TCR-mediated maturation, thus
allowing them to target the appropriate autoimmune
responses and induce infectious tolerance to self.

Since FoxP3 is an intracellular molecule we are
reliant on cell surface markers for the isolation of
FoxP3" Tregs. As previously discussed, CD25 is a useful

marker of CD4" FoxP3" Tregs in mice. However, in
humans CD25 expression is not as specific, with 30%
of peripheral T-cells being CD4* CD25", and only those
with CD25™8" expression (1-2%) being functionally
considered as functional Tregs (10,11,136).
Furthermore, isolation based on CD25 expression
alone is not practical to select naive nTregs, since
FoxP3 and CD25 expression in humans is proportional,
and isolation of the top 1-2% of CD25"e" Tregs may
exclude FoxP3"" CD25™ naive Tregs (10,135).

Recently, research has identified that the absence
of CD127 (IL-7R) is inversely correlated with FoxP3
expression and therefore may be used to isolate naive
nTregs which are CD127°"" (4,137,138). However,
Tregs (both nTregs and iTregs) lack the expression of
CD127 to a similar degree, and conventional CD4" T-
cells have been shown to downregulate CD127
expression upon activation (10,139). Therefore, the
lack of CD127 expression alone cannot be used to
distinguish naive nTregs from other Tregs subsets and
activated conventional CD4" T-cells. CD127 together
with CD25 has been used to isolate FoxP3" Tregs,
however this protocol would again exclude naive
Tregs which are CD25™¢, in addition to potentially
isolating unstable CD127"°"" FoxP3"" CD4" non-Tregs
which may express pro-inflammatory cytokines (next
chapter) (10,137,138). Alternatively, CD127 in
conjunction with CD62L, CD45RA and CD45RO, could
be used to distinguish naive nTregs (CD45RO” CD45RA"
CD127"°"" CD62L") from conventional activated CD4"
T-cells (CD45RO" CD45RA" CD127'°" CD62L'*"), and
conventional naive CD4" T-cells (CD45RO™ CD45RA"
CD127" CD62L") (Figure 4).

In addition to CD127, research has demonstrated
that nTregs express folate receptor-4 (FR4) and
ectonuclease CD39, which may be used to distinguish
nTregs from conventional effector CD4" T-cells
(4,140,141). Furthermore, expression of latency-
associated peptide (LAP) and IL-1 receptor type |
(CD121a) and type Il (CD121b) by activated nTregs
could possibly differentiate activated nTregs from
activated CD4" non-Tregs (4,142). However, many of
these novel Treg cell markers have not been fully
characterised and may be expressed by other Treg cell
types such as iTregs (Table 2). Therefore, their ability
to distinguish between different Treg and T-cell
subsets is currently questionable, negating their
potential use to isolate a pure population of naive
nTregs.
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Treg cell phenotype:

Function:

Resembling:

Figure 3. Varying levels of FoxP3 expression and associated regulatory molecules in human Treg cells. Absence of FoxP3 expression by Tregs
results in the loss of Treg suppressive function. Low expression of FoxP3 induces the expression of various Treg-associated molecules however

Low FoxP3

High FoxP3

CTLA4-CD28low
CD95-CD25*/-IL-2*

Non-suppressive

Non-regulatory Tregs
(FoxP3'ow CD45RA")

CTLA4+CD28hieh
CD95*CD25*IL-2*/~

Non-suppressive

Resting Tregs
(FoxP3'ow CD45RAY)

CTLA4hiehCD2ghieh
CD95*CD25*IL-2-

Suppressive

Activated Tregs
(FoxP3hieh CD45RA")

these cells do not elicit suppressor functions. High expression of FoxP3 is required to induce the full expression of Treg-associated molecules

and elicit a suppressor functions.

Diagram adapted from (10,135).
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Figure 4. Proposed model of Treg cell differentiation by Sakaguchi et al. (10). This model uses the phenotypic markers expressed by CD4" T-
cells to attempt to differentiate between conventional CD4* T-cells and the various Treg subsets. All T-cells originate from the thymus and
enter the periphery expressing the naive T-cell marker CD45RA. Following maturation in the secondary lymphoid tissues, T-cells lose the
expression of CDR4RA and differentiate in to activated T-cells and natural regulatory T-cells (nTregs) expressing the effector T-cell marker
CDR45RO. Activated T-cells have been shown to further differentiate into memory T-cells, which are important in maintaining long-term
immunity to pathogens. Although, such memory recall responses have not been described for Tregs, effector Tregs are known to further
differentiate into terminal effector Treg cells, which express unique phenotypic markers. Further contributing to the peripheral CD45RA T-cell
population are the recently identified induced/adaptive Tregs (iTregs), which develop from naive T-cells and express a similar Treg associated

molecules. Text and diagram adapted from (10).
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Table 2. A comparison of Treg- associated cell marker expression between Treg subsets as shown by Abdulahad et al. (4)

nTregs Trl Th3
CD25 ++ +/- +
FoxP3 (effector/naive) | +High/+Low - -
CDA45RA (effector/naive) -/+ ? ?
LAG-3 + ? ?
GITR + - ?
CTLA-4 + + +

IL-10 - ++ +/-

TGF-B +/- +/- ++
FR4 ++ ? ?
CD39 + ? ?
LAP + ? ?
IL-1R I/11 + ? ?

Place of origin Thymus Periphery | Periphery
? = unknown

V.
Relevance to autoimmune diseases

Plasticity of regulatory T-cells:

Recently there has been uncertainty over the
stability of FoxP3" Tregs, after mouse models
demonstrated that Tregs lose FoxP3 expression and
differentiate into ‘ex-FoxP3’ Tregs, which secrete pro-
inflammatory cytokines (143-147). Similarly, research
has identified that human FoxP3" Tregs are capable of
differentiating into IL-17 secreting Th17-like Tregs,
and IFN-y secreting Thl-like Tregs (80,143,148-151).
Together these findings indicate that FoxP3" Tregs
exhibit some degree of plasticity to differentiate into
Th-like cells and are not a committed lineage.
Therefore, leading to considerable controversy over
the use of isolated Tregs for the treatment of
autoimmune disease (13,152-154).

Since stable FoxP3 expression is associated with
effective regulatory function, it is proposed that
unstable or loss of FoxP3 expression is associated with
the propensity for Tregs to convert to IL-17-secreting
T cells. Research demonstrates that FoxP3 expression
and stability is highly regulated by the epigenetic
status of non-coding DNA sequence elements (CNS)
within the FoxP3 locus (Figure 5) (13,155). Analysis of
the FoxP3 locus indicates that nTregs, iTregs and T-
helper cells exhibit different levels of methylation at
CpG regions within the ‘stability’ associated CNS2
region, suggesting that T-cell subsets differ in the
stability of FoxP3 expression (13,143). Specifically,
nTregs are fully demethylated at CNS2, whereas,
iTregs are partially methylated at CNS2, which
suggests that FoxP3 expression by nTregs is more
stable than in iTregs. Interestingly, iTregs provide
researchers with a link between Tregs and Th17 cells,

after in vitro stimulation of conventional naive T-cells
with TGF-B alone induces iTreg development, whereas
the addition of IL-6 results in the Th17 development
(Figure 6) (4,156). Therefore, it could be hypothesised
that iTregs are less committed to the Treg cell linage
and represent a population of Tregs capable of
converting into Th17-like cells (80,143,157,158).
Conversely, research suggests that naive Tregs exhibit
more stable FoxP3 expression and regulatory
functions than effector Tregs, supporting the use of
naive Tregs in adoptive cell therapy (13,80,157,159-
161).

Accordingly, the ability for Tregs to convert into IL-
17-proudcing T-cells has been also associated with the
TGF-B and IL-6 dependent expression of the Th-17
linage transcription factor RORyt, which binds to and
inhibits FoxP3 (4,143,150,160,162-164). Furthermore,
studies of Tregs in vitro demonstrate that pro-
inflammatory cytokines IL-4, IL-6, IL-15 and IL-21,
signal via Stat3 and downregulate FoxP3 expression,
which may predispose Tregs to differentiating into IL-
17-secreting cells in vivo (4,13,143,158,165-167). In
contrast, anti-inflammatory cytokines such as IL-10
have been shown to stabilise FoxP3 expression and
may protect Tregs from differentiating into IL-17-
secreting cells in vivo (13,168). Moreover, research
indicates that FoxP3 is able to bind to RORa and
inhibit the expression of IL-17, IL-22 and CXCR3, which
are associated with Th-17 differentiation (143,169). In
addition to RORyt, Tregs express other Th1-, Th2- and
Th17-associated molecules such as T-bet, IRF4 and
Stat3, which are also regulated by FoxP3 (94,170-173).
Therefore, it has been suggested that stable FoxP3
expression together with certain Th-associated
molecules allows Tregs to maintain a regulatory
phenotype whilst mimicking Th-cells for effective
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migration and targeted suppression (see above) (78).
This theory supports the identification of IL-17-
secreting FoxP3" Tregs which maintain a regulatory
phenotype, and suggests that IL-17-secreting FoxP3"
T-cells without a regulatory phenotype represent
Tregs with unstable FoxP3 expression
(4,150,160,162,163). Therefore, it can be postulated
that the tendency for Tregs to differentiate into Th17-
secreting cells (and potentially Thl- or Th2-like Tregs)
in vivo is determined by a delicate balance between
stable FoxP3 expression and pro- inflammatory
cytokines in situ (Figure 6).

Corresponding with the aforementioned data, IL-
17 secreting and RORyt" FoxP3" T-cells have been
identified in many inflammatory and autoimmune

diseases, together with research identifying an
nTregs
0060
U 5’ enhancer I Proximal promoter I I I8N  CNS1
-2a -2b
iTregs (TGF-B polarised)
[ X 2=l J&
0 5’ enhancer ™ Proximal promoter B [ I  CNS1
-2a -2b
Helper T-cells
000 0®
0l 5’ enhancer ™ Proximal promoter I [ I  CNS1
-2a -2b
Key: @ Demethylated CpG @ Methylated CpG

increase in pro-inflammatory cytokines (Figure 3).
Furthermore, recent studies indicate that Th17 cells
are the main effector cells in inflammatory and
autoimmune diseases (4,174,175). Therefore, it has
been proposed that the reduced function or number
of Tregs associated with many autoimmune diseases
is due to the increased conversion of Treg to
pathogenic Th17 cells (4).

Overall, these findings suggest that Tregs are an
unstable lineage which lose their regulatory function
and differentiate into IL-17-secreting cells following
stimulation with pro-inflammatory cytokines. Given
these findings the removal of unstable Tregs during
the expansion of Tregs and use of epigenetic
interventions to stabilise FoxP3 expression, may prove
valuable for effective adoptive Treg cell therapy.

000000
IO CNS2(TSDR) BN I mW  cNs3 M1 W
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Figure 5: Comparison of the epigenetic signature at the FoxP3 locus in nTregs, iTregs and Th-cells. Transcriptional activity of the FoxP3 gene
is largely determined by epigenetic status of the FoxP3 locus at various CpG islands, which lie in three non-coding DNA sequence elements
(CNS), the 5’ enhancer and the proximal promoter. High amount of CpG methylation is associated with closed DNA structure, whereas low
amount of CpG methylation is associated with open DNA structure. The methylation status of the FoxP3 locus determines the transcription of
the FoxP3 gene in response to different stimuli such as, IL-2, TGF-B and antigen stimulation. Furthermore, different CNS regions control
different aspects of FoxP3 expression, CNS1 — controls peripheral FoxP3 expression; CNS2 — controls FoxP3 stability; and CNS3 — controls the
induction of FoxP3 expression during thymic and peripheral Treg development. Investigation of the methylation status of the 5’ enhancer and
CNS2 region suggest that 1) low methylation status in nTregs = stable and sustained FoxP3 expression, intermediate methylation status in
iTregs = possibly unstable and transient FoxP3 expression, and 3) high methylation status in helper T-cells = low/no FoxP3 expression (only
transiently upon activation/maturation). Diagram and text adapted from (13,143).
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Figure 6. Schematic representation of the conversion of Tregs into IL-17

producing cells (Th17) as proposed by Abdulahad et al. (4). Presentation of
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antigen by APCs in the presence of pro-inflammatory cytokines converts
unstable Tregs into Th17 cells which may contribute to autoimmune
pathology.
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Table 3. Table of human diseases associated with Treg to Th17 plasticity. Adapted from (13).

Disease

Identified Th17 cell type

Cytokine expression

Associated Treg defect

References

IPEX Mrequency of IL-17 producing - - (13,176)
cells
Psoriasis RORyt" IL-17" cells in skin lesions ML-17, IL-22 - (13,177,178)
Allergic rhinitis FoxP3" IL-17" cells in polyps - - (13,179)
and polyposis
Crohn’s disease FoxP3" IL-17" cells in intestinal MTGF-B - (13,180,181)

mucosa

Inflammatory
bowel disease

Mrequency of peripheral IL-17
cells

ML-17A, IL-17F, IL-1B, IL-6 and
IL-21

{ number of peripheral Tregs

(182,183)

Ulcerative
colitis

FoxP3" IL-17" cells in the colitic
microenvironment and
associated colon carcinoma

Mnumber IL-17 cells together
with TRORyt mRNA expression

ML-5, I1L-13 and Th17 cytokines

(13,177,181,183,
183,184)

Type 1 diabetes

Mrequency of FoxP3" IFN-y” cells

ML-17 and TNF-a

FoxP3" IFN-y" cells have reduced
function
CD4* €D25 T-cells - transiently lose
regulatory functions in the early
stages, and gradually gain stable
effector functions

(13,80,148,185,18
6)

Multiple FoxP3" IFN-y" cells ML-17 (associated with - (80,149,177,187,
sclerosis Myelin specific Th17 cells (ex- disease activity) 188)
Tregs?)
Systemic lupus Mrequency of IL-17 cells ML-23, IL-21, IL-15 and IL-17 { frequency of CD25"8"FoxP3" Tregs (4,177)
erythematosus (with reduced function), TMrequency
of CD25"" FoxP3* Tregs
Rheumatoid Mrequency of IL-17 cells ML-15 production by Active state: I number of Tregs in (4,9,177)
arthritis monocytes inflamed joint, reduced function of
Highly inflammatory synovium peripheral Tregs
(ML-211L-6, IL-1B and TGF-B)
Wegener's Mpercentage of IL-17 cells ML-23, IL-15 and IL-17 Mnumber of Tregs (with reduced (4)
granulomatosis suppressor function)
Sjogren’s Ninfiltration of IL-17 cells into ML-17 in the glands Controversial (4,9)
Syndrome the glands Mnumber of Tregs in the glands

(unknown suppressive function)

VI. Isolation and expansion of naive

natural regulatory T-cells for cellular

therapy

Given that many autoimmune diseases display
reduced Treg number or function, there has been
considerable interest in the use of ex vivo expanded
FoxP3" Tregs as a potential treatment for autoimmune
disease. However, since human FoxP3" Tregs are
functionally heterogeneous and may differentiate into
potentially pathogenic Th-17 cells, there has been
considerable confusion over which Treg cell subset
should be isolated for use in adoptive Treg cell
therapy. Previous research has focused on isolating
CD25"&" FoxP3"&" effector Tregs for use in adoptive
cell therapy, however effector Tregs are prone to

apoptosis in vitro and may express an unstable
regulatory phenotype. Furthermore, since effector
Tregs lack the expression of LN-homing receptors and
have already undergone TCR-mediated maturation, it
is unsure whether these cells will effectively target
specific autoimmune responses in the periphery. By
utilising the new model of Treg differentiation, |
propose isolating CD45RA* CD127°% CD62L* FoxP3""
naive nTregs as an alternative to effector Tregs in
adoptive cell therapy (Figure 7). As highlighted in this
thesis, recent research indicates that naive nTregs are
highly proliferative in vitro making them ideal for
isolation and expansion in vitro. Moreover, naive
nTregs have been suggested to display a more stable
regulatory phenotype, therefore are potentially less
prone to converting to pathogenic IL-17-secreting cells
following  transfer to the pro-inflammatory
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environment present in autoimmune patients.
Furthermore, naive nTregs have not yet undergone
TCR-mediated maturation and express LN-homing
molecules CD62L and CCR7. Therefore, following
transfer are expected to migrate to the LNs and
undergo maturation, which will allow them to target
peripheral autoimmune responses more effectively
than effector Tregs.

Expansion of Tregs from PBMCs

There has been considerable research into
expansion of Tregs from PBMCs. In contrast to our
previous protocol which used anti-CD3 and anti-CD28
mABs conjugated to beads, research has looked into
the use of artificial antigen presenting cells and
dendritic cells (4,189-191). These novel protocols are
projected to give better yields and the potential for
inducing antigen-specific Tregs from naive Tregs
(10,189,192). However, these novel methods of
expansion may introduce contaminating cells and
induce unknown effector antigen-specific Treg
expansion, which could jeopardise the expansion of a
naive Treg population. Due to these concerns, our
proposed protocol will continue to the use anti-CD3
and anti-CD28 mABs conjugated to beads, which
although may compromise vyield, is expected to
ensure Treg purity. To further ensure Treg purity,
PBMCs will be treated with cytokines to enhance Treg
expansion and induce the differentiation of unstable
Tregs into IL-17-secreting cells. This is to ensure that
during the isolation of naive nTregs, all other
potentially pathogenic leukocytes are removed by
positive selection.

Isolation of naive nTregs from CD4" T-cells

Following the isolation of CD4" T-cells our previous
protocol utilised the recent finding that FoxP3" Tregs
are double negative for CD49d and CD127 (4,193).
However, recent findings suggest that Tregs are not
negative for CD49d and may express the integrin at
variable levels (189). Furthermore, researchers have
not yet investigated CD49d expression by naive

nTregs. Therefore, the use of CD49d to negatively
isolate naive nTregs is questionable. Instead | propose
the use of CD127 and CD45RO to distinguish and
negatively isolate naive nTregs (CD45RO™ CD127"°%),
from conventional effector T-cells (CD45RO*
CD127""), memory T-cells (CD45RO* CD127"), effector
Tregs (CD45RO* CD127"°"), iTregs (CD45RO* CD127"
), conventional naive CD4" T-cells (CD45RO” CD127°)
and IL-17 producing cells (CD127) (Figure 4)
(4,10,193). Following this initial isolation | propose to
eliminate any potential effector cells and increase
Treg purity by culturing the cells with Rapamycin,
together with IL-2 and other T-cell supporting
cytokines (10,194). Furthermore, to ensure that the
isolated Treg cells are naive and able to home to the
LNs, the isolated cells will undergo positive selection
for CD45RA and LN-homing markers CD62L and CCR7.

Screening of isolated naive nTregs

Given that the proposed protocol for isolating
naive Tregs is new, there will be considerable need for
optimisation of the procedure and screening of the
isolated cells before they can be used as therapy for
autoimmune disease. Analysis of isolated naive nTregs
could be carried out using co-culture assays. However,
given that the in vitro situation cannot replicate the in
vivo environment, analysis of isolated naive nTreg
stability and suppressor function in vitro may not be
relevant to the in vivo situation. Alternatively, isolated
naive  nTregs could be transferred into
immunodeficient NOD/Shi-scid II2rg'/' (NOG) mice,
which are a strain of mouse genetically modified to
accept human cells (10). Using NOD mice, researchers
will be able to assess the function of the isolated cells
in vivo, monitoring important parameters such as
migration, stability and suppressor. Following
extensive screening, the isolated naive nTregs could
be used directly since they express LN-homing
receptors and should be able to undergo TCR-
mediated maturation in the LNs and target specific
peripheral autoimmune responses.
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Figure 7. Proposed model for the isolation of a highly pure population of naive nTregs for adoptive cell therapy. Similar to our previous
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in vitro by anti-CD3/anti-CD28 mABs with a cocktail cytokines including IL-1B, IL-6, IL-2, IL-15, IL-21 and IL-23. This step is vital as it results in
the expansion of the FoxP3" T-cells, and the differentiation of potentially pathogenic Tregs into IL-17-producing Tregs ready for elimination.
Following expansion, immunomagnetic beads will be used to negatively select and isolate CD4" T-cells. Next, the CD4" T-cell isolate will be
stained for bead-conjugated anti-CD45RO and anti-CD127. During this procedure, effector T-cells (CD45RO" CD127'°W), memory T-cells
(CD45RO" CD127"), effector Tregs (CD45RO’ CD127°"), iTregs (CD45RO" CD127""), conventional naive CD4" T-cells (CD45RO° CD127°) and IL-
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Rapamycin to further increase Treg purity and eliminate any non-Tregs that may be present(10,194). Subsequently, to ensure that the isolated
naive Tregs are indeed naive Tregs and are able to migrate to the LNs the isolated population will be positively selected for the expression of
CD45RA, CD62L and CCR7 using immunomagnetic beads. This will result in a highly purified population of naive nTregs (CD45RO” CD45RA"
CD127"" CD62L* CCR7" FoxP3'°"). Diagram adapted from: (4,10).



Future possibilities for autoimmune specific treatment

Since not all autoimmune disease are
characterised by the same defects, recent advances in
our understanding of Treg migration and stability
could be used to tailor isolated naive nTregs to
specific autoimmune diseases (Figure 8). For example,
autoimmune diseases with defective Treg function
may benefit from isolated naive nTregs where
epigenetic editing has been used to demethylate the
CNS2 element and stabilise their FoxP3 expression
(195). Furthermore, autoimmune diseases with
defective migration may benefit from the use of Tregs
which have been genetically modified to express the
appropriate tissue-specific CCRs. Moreover,

autoimmune diseases with specific Th-associated
pathology may benefit from isolated naive nTregs
which have modulated expression of T-bet, IRF4 or
STAT3 to target their suppressive functions to specific
immune responses. In addition, it may be possible to
transgenically express antigen TCRs specific for certain
autoimmune diseases, or inhibit pathogenic gene
expression by microRNAs. However, these ideas need
further development and testing before they become
viable treatments for autoimmune disease.
Furthermore, additional investigation of autoimmune
diseases using the new model of Treg-differentiation
is needed to determine the population of Tregs which
are defective.

Future development of treatment regimes specific
to the associated autoimmune defects?

v

Effective Treg migration, but
impaired function

Impaired Treg migration
and function

Impaired Treg migration, but
effective function
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Figure 8. Potential avenues for the development of Treg-based immunotherapy for specific autoimmune diseases.



Summary

Previous research has focused on the use of
effector Tregs as potential therapy for autoimmune
disease. However, given recent advances in our
understanding of Treg differentiation, stability and
function, naive nTregs may be a better choice for
sustained regulation of the pathogenic immune
responses against self. In this thesis | propose a model
for isolating naive nTregs to be used as adoptive cell
therapy for autoimmune disease and highlight
potential avenues for the isolation and development
autoimmune-specific naive nTregs.
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