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Abstract

The cysteine protease asparaginyl endopeptidase (AEP) is expressed in
antigen presenting cells (APCs) and is involved in activation of proteolytic
enzymes and antigen processing. Mice with a global deletion of AEP (Lgmn-
) develop a lysosomal disorder characterised by the accumulation of
cathepsins but otherwise do not exhibit an immune phenotype. However,
an increased frequency of regulatory T cells (Treg) in the periphery has
been reported suggesting that AEP expression regulates Treg cell stability
through Foxp3 degradation. To study the induction of AEP expression in
mouse Treg cells, naive and CD4*CD25* T cells were cultured under Treg-
inducing (iTreg) conditions which include TGF-B1. Freshly isolated CD4* T
cells did not express any AEP while cells cultured under iTreg conditions
expressed the highest levels of AEP. To test the function of AEP in activated
peripheral Treg cells, a mouse model of melanoma was used. Lgmn~ mice
with melanoma showed an increased frequency of tumour infiltrating Treg
cells compared to controls although tumour growth was similar between the
two groups. Next, the expression profile of AEP in human T cells was
investigated as the mechanisms regulating AEP expression and function in
these cells remain unclear. To study the induction of AEP expression in
human Treg cells, naive and CD4*CD25" T cells were cultured under iTreg
conditions. AEP was expressed in freshly isolated populations. Also, cells
cultured under iTreg conditions expressed the highest levels of AEP.
Blocking TGF-B1 signalling with a TGFBR-I inhibitor led to a decrease in
active AEP expression within the cells. Stimuli that could block AEP activity
were also tested. In keeping with previously published work, blockade of
PD-1 led to an increase of AEP activity levels in human lymphocytes. These
findings demonstrate that AEP expression is inversely regulated by TGF-1

and PD-1 signalling in human T cells with implications for immunotherapy.
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Chapter 1. Introduction

1.1 The Immune System

The immune system is imperative for protecting the host against deleterious
pathogens and damaged cells. Although the ability of the immune system
to recognise nonself was initially introduced as the main driver of immune
responses, this failed to explain why immune responses are not induced in
certain circumstances such as following vaccinations with foreign antigens
or why the immune system is unable to clear tumours that express
neoantigens (Matzinger, 2002). Therefore, in 1994, a new model, namely,
the ‘danger model'’ was introduced which stated that the immune system
prioritises damage signals rather than just foreign material which can often
be non-pathogenic (Matzinger, 1994; Matzinger, 2002). These alarm
signals are released or produced by damaged or stressed cells such as
necrotic cells under non-physiological conditions which then activate
antigen presenting cells thus driving immune responses (Matzinger, 2002).
Various factors namely, the type of pathogen together with the type of tissue
can determine the type of immune response that is needed (Matzinger,
2002).

The immune system consists of two arms, namely the innate and the
adaptive immune systems. Innate immunity constitutes the first line of
defence activated when a danger signal is detected (Freeman, 2000). In
contrast, the adaptive immune system provides long-term immunity against
pathogens such as bacteria, viruses, fungi and parasitic helminths due to its
ability to adapt and generate immune memory (Paul and Seder, 1994). The
adaptive immune system is constituted of T cells and B cells whereby T cells
elicit cell-mediated immunity and B cells impart humoral immunity mediated
by antibodies (Germain, 2002).

T cells are comprised of two main sub-types namely CD8* cytotoxic T cells
and CD4" T helper cells which are generated in the thymus (Miller, 1961;
Nishizuka and Sakakura, 1969; Germain, 2002). As the name suggests,
CD8* cytotoxic T cells (Tc) have the capacity to kill infected and tumour
cells. CD8" T cells require CD4" T helper cells (Th) for initial priming,

sustained activation and function (O'Shea and Paul, 2010). Therefore, CD4*



T helper cells are comprised of numerous sub-types in order to efficiently
co-ordinate immune responses for specific pathogenic organisms efficiently
(Mosmann and Coffman, 1989).

1.2 The Regulatory T cell

In addition to effector subtypes, CD4* T helper cells also consist of a
regulatory population called T regulatory (Treg) cells (Sakaguchi et al.,
1995). Regulatory T cells are immunosuppressive cells that form part of the
adaptive immune system and are essential for immune tolerance and

homeostasis (Sakaguchi, 2004).

The first indication that T cells possess immunosuppressive function came
in the 1970s when thymocytes were shown to regulate antigenic responses
in thymectomised, irradiated mice that were reconstituted with bone marrow
transplants containing thymocytes and immunised with sheep red blood
cells (Gershon and Kondo, 1970). In 1971 it was shown that transfer of
immunocompetent cells from immunised mice to naive hosts downregulated
immune responses to the same antigenic challenge (Gershon and Kondo,
1971). Although failure to identify specific cell markers for this ‘suppressor
cell’ led to a decrease in the popularity of this concept during the 1980s and
1990s, in 1981, removal of the thymus during weeks 2-4 in mice led to
autoimmunity characterised by tissue infiltration by T cells further reinforcing
the idea of T cells as suppressors (Kojima and Prehn, 1981). In 1982 it was
shown that syngeneic transfer of CD4*CD8- thymocytes protected these
mice from autoimmunity (Sakaguchi et al., 1982). In addition, subsequent
experiments showed that depletion of CD25MI"CD4* T cells from the
injected cell population abrogated the observed protective effect (Sakaguchi
et al., 1985). Finally, in 2001, the discovery of Foxp3 as a specific cell
marker of this suppressor T cell in mice provided the final proof for the
existence and importance of the Treg cell in immune tolerance (Brunkow et
al., 2001).

However, it should be noted that Treg cell function is not the only
mechanism organisms use to maintain peripheral tolerance. Additional
mechanisms include T cell exhaustion due to prolonged T cell exposure to

antigens and prolonged activation (Crespo et al., 2013; Saeidi et al., 2018).
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On the other hand, insufficient stimulatory signals where the T cell receptor
is activated in the absence of co-stimulatory signals (cytokine signalling and
co-receptor signalling) can lead to T cell anergy (Crespo et al., 2013; Saeidi
et al., 2018). In addition to T cells non-responsiveness, another example of
a suppressive mechanism is the function of tolerogenic antigen presenting
cells which can enhance the generation of Treg cells through the secretion
of retinoic acid and the cytokine TGF-f (Takenaka and Quintana, 2017).
Also, stimulation of these cells via TLR9, a receptor recognising foreign
DNA from bacteria and viruses, can drive the induction of indoleamine 2,3-
dioxygenase (IDO) - an enzyme that catalyses tryptophan which results in
amino acid depletion and cell cycle arrest at the G1 phase thus
downregulating T cell proliferation (Mellor et al., 2002; Brandacher et al.,
2008). Finally, they are involved in the negative selection of autoreactive T

cells in the thymus (Takenaka and Quintana, 2017).

1.2.1 Regulatory T cell development in the thymus

Treg cells are generated in the thymus and in the periphery and are
characterised by the expression of a master transcription factor called
Forkhead box protein 3 (Foxp3) (Hori and Sakaguchi, 2004). Foxp3 plays
an important role in Treg cell development and function and its expression
is associated with Treg cell lineage commitment (Hori and Sakaguchi,
2004).

Both CD8 and CD4 T cells arise from a common lymphoid progenitor (CLP)
that enters the thymus from the bone marrow (Starr et al., 2003; Shah and
Zuniga-Pflucker, 2014). There, it goes through different stages of maturation
as it progresses though the different thymic compartments (Starr et al.,
2003; Shah and Zuniga-Pflucker, 2014). First, CLP enters the cortex where
it goes through CD4 and CD8 double negative stages (DN) (Starr et al.,
2003; Shah and Zuniga-Pflucker, 2014). During this process, the thymocyte
assembles the T cell receptor (TCR) complex and upon successful
expression of the complex, the co-expression of the CD4 and CD8 co-
receptors is initiated (Starr et al., 2003; Shah and Zuniga-Pflucker, 2014).
The result is a double positive cell (DP) which interacts with antigen-
presenting cortical thymic epithelial cells (cTEC) and dendritic cells (DCs)

(Starr et al., 2003; Shah and Zuniga-Pflucker, 2014). Low affinity for the
3



antigens or inability of the TCR to recognise the presented antigens and
transmit signals of sufficient magnitude induces cell apoptosis — a process
called ‘death by neglect’ (Starr et al., 2003; Shah and Zuniga-Pflucker,
2014). Successful interaction with the antigen results in the loss of
expression of either the CD4 or CD8 co-receptor resulting in a single
positive cell (SP) (Starr et al., 2003; Shah and Zuniga-Pflucker, 2014). The
decision between CD4 or CD8 expression depends on the chance
interaction with either MHC Il or MHC | molecules presented on cTECs and
DCs (Starr et al., 2003; Shah and Zuniga-Pflucker, 2014). SP cells migrate
to the medulla where they undergo the final step of T cell maturation called
negative selection (Starr et al., 2003; Shah and Zuniga-Pflucker, 2014).
During this step, any cells that interact with self-antigens presented by
medullary thymic epithelial cells (mTEC) and thymic dendritic cells (DCs)
undergo apoptosis (Starr et al., 2003; Shah and Zuniga-Pflucker, 2014).

The first evidence for Treg cell development in the thymus was provided by
a study which demonstrated that subjecting mice to thymectomy at day 3
resulted in the development of autoimmune pathology while this observation
did not hold true when neonates were subjected to thymectomy at day 7
(Sakaguchi et al., 1995). This study provided an initial proof of concept
which suggested that Treg cells could be developed in the thymus. In
support of this argument, it has been shown that thymic Treg cells
generated in the early stages of perinatal development during day 0 — 10,
are critical for immunotolerance and that they form a functionally distinct
Treg cell subset that remains stable in numbers throughout life (Yang et al.,
2015). Contrary to adult Treg cells, these perinatal Treg cells were the only
ones able to rescue autoimmunity in Treg cell-depleted and/or autoimmune
regulator (AIRE) knock out mice after adoptive transfer indicating the
importance of AIRE, a protein involved in peripheral tissue antigen
presentation in medullary thymic epithelial cells (nTECs), in early Treg cell
development (Guerau-de-Arellano et al., 2009; Yang et al., 2015). Following
this observation that Treg cells develop in the thymus, numerous reports
have described various stimuli that drive Treg cell development. First and
foremost, expression of a TCR specific for self-antigens was critical for Treg

cell differentiation in the thymus, forming the current paradigm that Treg cell
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development occurs when TCR avidity for a self-antigen is between the
avidities that drive positive and negative selection (Maloy and Powrie, 2001)
(figure 1.1). However, studies on Treg cell biology have suggested that the
activation of the AKT/mTOR pathway downstream of TCR signalling can
inhibit Treg cell differentiation by degrading FOXO proteins (Haxhinasto et
al., 2008; Ouyang et al., 2010). FOXO proteins are transcription factors that
are required for Treg cell development (Ouyang et al., 2010). Specifically,
the overexpression of retrovirally-introduced AKT in naive cells led to a
decrease in Foxp3 expression in vitro and failure of immature Foxp3-
thymocytes to differentiate into Treg cells in vivo (Haxhinasto et al., 2008).
It should be noted that natural Treg cells already expressing Foxp3 were
not affected by that intervention. Restoration of both Foxp3 expression and
treatment with Rapamycin (both downstream targets of AKT) did not rescue
the phenotype completely (Haxhinasto et al., 2008). This suggested a direct
effect of AKT early in Treg cell differentiation prior to Foxp3 expression.
Hence, the current paradigm is that TCR signalling activates the NF-xB
pathway, which is critical for Treg cell development (Sauer et al., 2008).
Over-expression of IKKb by-passed the need for TCR signalling in Treg cell
development and resulted in Treg cell development in the thymus of RAG-
deficient TCR-transgenic mice (expressing either the MHC class II-
restricted OT-Il TCR or the MHC class I-restricted P14TCR), which does not
normally generate Treg cells (Long et al., 2009). In addition to a TCR signal,
Treg cells also require co-stimulatory signals for their development (Tai et
al., 2005). In particular CD28 signal is critical for Treg cell development, with
80% reduction in Treg cell development in CD28 deficient mice (Tai et al.,
2005). In addition to CD28, another co-stimulatory molecule, CD40 which
binds to CD154 on activated T cells is also important for expansion, but not

selection of Treg cell populations (Grewal and Flavell, 1998).

Cytokines are implicated in the development of Treg cells, with IL-2

efficiently inducing Treg cell development and to a lesser extent IL-15, which

is also involved in this process (Burchill et al., 2008). TGF-f is implicated in

directly inducing Foxp3 during thymic Treg cell development, however, the

role of TGF-f in development is still controversial (Liu et al., 2008a). In fact,

a study by Konkel et al., showed that TGF-$ released in the thymus by
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apoptotic cells may play a role in Treg cell differentiation (Konkel et al.,
2014).

Lastly, antigen presenting cell (APC) populations are also key to Treg cell
development in the thymus. In addition to the level of MHC | and Il
expression determining the frequencies of CD4* and CD8" T cells, the level
of antigen presentation on APCs has also an impact on the number of Treg
cells generated in the thymus (Hsieh et al., 2012). Reduction of MHC II
expression on mTECs leads to increased Treg cell differentiation in mice
and this is proposed to be due to a reduction in TCR avidity (overall strength
of TCR signalling) (Hsieh et al., 2012). TCR avidity is also determined by
the number of APCs expressing the same self-Ag and therefore the
probability that the developing T cell will encounter the self-Ag (Hsieh et al.,
2012). Low Ag encounter is thought to promote Foxp3 expression and Treg
cell differentiation (Hsieh et al., 2012). Also, it is possible that stochastic
expression of different types of antigens between mTECs and DCs may
regulate thymic Treg cell development (Hsieh et al., 2012). This may also
be partly due to thymic- and cell-type specific expression of proteases
involved in antigen processing generating distinct repertoires of antigens
presented on MHC molecules (Collado et al., 2013).

In summary, two models are proposed for Treg cell development in the
thymus, namely, the instructive and stochastic model (figure 1.1) (Hsieh et
al., 2012). In the instructive model, high affinity of the TCR for the self-Ag
leads to negative selection in the medulla, low affinity leads to the
development of conventional naive T cells while intermediate levels of
affinity lead to the generation of Treg cells (Hsieh et al., 2012). In the
stochastic model, early TCR signalling (depending on TCR avidity level)
may confer resistance to negative selection (Hsieh et al., 2012). In addition,
TCR signalling events during the DN stage is proposed to lead to
remodelling of the Foxp3 locus generating a Foxp3- Treg cell precursor
which then can express Foxp3 in response to IL-2 or IL-15 stimulation
(Hsieh et al., 2012). However, since the frequency of Foxp3* DP cells is less
than 1%, APCs of the cortex are thought to play a minor role in Treg cell
development compared to mTECs (Bensinger et al., 2001; Aschenbrenner

et al., 2007; Lee and Hsieh, 2009; Hsieh et al., 2012).
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A. Instructive
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B. Stochastic High TCR
Model avidity for self-Ag

Figure 1.1 Two models of thymic development of regulatory T cells.
A. In the instructive model, cells expressing TCRs with sufficient avidity
for self-antigens express Foxp3. B. The stochastic model supports the
idea of the random generation of single positive cells irrespective of the
strength of TCR signalling. These autoreactive cells escape negative
selection in the medulla and form the thymic Treg cell population. Figure
adapted from (Hsieh et al., 2012).

Survival

Negative selection

1.2.2 Regulatory T cell development in the periphery

In addition to the thymic Treg cell population, there is also a peripheral Treg
cell population induced from naive CD4* T cells that exit the thymus. Naive
CD4* T cells differentiate into different subsets - including Treg cells -
depending on particular cues from the microenvironment (Freeman, 2000).
In response to damage or infections, dendritic cells (DCs) process antigens
and present them on two distinct classes of membrane proteins called major
histocompatibility complexes (MHC) (Germain, 1994). These are
recognised by the CD4 and CD8 co-receptors present on T cells, which
results in T cell activation (Swain, 1983). When DCs process and present
nonameric antigenic peptides through MHC-Class |, it is CD8* T cells that
get activated whereas in the case of CD4" T cells, DCs present larger
peptides through MHC-Class Il (Sette et al., 1989). For instance, in the case
of viral antigens, DCs will present antigenic peptides on their MHC-Class |
and Il while also secreting inflammatory cytokines such as IL-12 (Kaplan et
al., 1996).



Numerous T helper cell subsets with distinct phenotypic and functional
characteristics have been identified in the periphery (figure 1.2). Similar to
thymic Treg cells, peripherally-derived Treg cells were identified as a type
of immunosuppressive cell expressing the master transcription factor Foxp3
(Wu et al., 2006; Ramsdell and Ziegler, 2014).

STAT3 STAT4 STAT6 STAT3 STATS
IL-21 IFNy IL-4 IL-17 IL-10
IL-13 IL-35
TGFB

Figure 1.2 CD4* T helper subsets and their associated master
transcription factors. This figure summarises the major CD4* T cell
subsets identified by the cytokines they express and the transcription
factors regulating their differentiation. Figure adapted from (O'Shea and
Paul, 2010).

There is currently increasing evidence of T helper cells exhibiting plasticity
in terms of cytokine production and master transcription factor expression
that blurs the boundaries between T helper cell subsets and makes their

classification into distinct cell lineages challenging (O'Shea and Paul, 2010).

For instance, it has been demonstrated that Th1 cells can express Foxp3
as well as Tbet leading to the identification of Tbet*FoxP3* double positive
cells (Koch et al., 2009). Thus, it is proposed that T helper cell subsets are
not fully determined and that they do maintain some functional plasticity

even after their initial differentiation in response to cytokines.

1.3 Characterisation and Nomenclature of Regulatory T Cell Subsets

Treg cells can be subdivided into peripheral (pTreg) and thymic-derived
natural (tTreg) Treg cells and it is hypothesised that the two subsets exhibit
distinct levels of plasticity regarding their immunosuppressive activity

8



(Shevach and Thornton, 2014). For the purposes of this study and in
accordance with the current nomenclature, thymic Treg cells are referred to
as tTreg cells and Treg cells induced in the periphery as pTreg cells - both
contained within the earlier ‘natural Treg cell nomenclature (nTreg) (Abbas
et al., 2013). In vitro induced Treg cells are referred to as iTreg cells. It
should be noted that pTreg cells should not be confused with the total
peripheral pool of Treg cells, a heterogeneous population consisting of both

pTreg, tTreg and in certain cases induced Treg (iTreg) cells.

As Treg cell subsets can exhibit different suppression mechanisms and
have different implications on disease management, various studies have
attempted to differentiate tTreg from pTreg cells by studying their
phenotypic and functional profiles. Although the expression of Foxp3
remains the main phenotypic characteristic of Treg cells, it is not a suitable
marker for distinguishing Treg cell subsets as it is found in both tTreg and
pTreg cells. Treg cells are mainly identified by their expression of CD4 and
CD25 along with Foxp3 but they are also known to express other markers
such as CTLA-4, ICOS, GITR, PD-1, CD62L and CD103 which are all
general activation markers expressed on activated CD4"* T cells (Singh et
al., 2015). Apart from Foxp3, there are no other mouse Treg-specific

markers while in humans FOXP3 can also be found in activated T cells.

1.3.1 tTreg cells

Thymic Treg cells constitute the majority of Treg cells found in the mouse
(90%) while a smaller percentage are pTreg cells (Shevach and Thornton,
2014). These percentages however, are less clear in humans. In both
humans and mice, nTreg cells comprise 5-10% of total CD4"* T cells and 1-
2% of cells circulating in the peripheral blood (Halim et al., 2017). The
development of polyclonal tTreg cells is thought to be the main mechanism
by which central tolerance is established. tTreg cells are also known for their
distinct TCR repertoire for self-antigens which is only partially overlapping
with that of naive CD4* T cells (Pacholczyk et al., 2006). In contrast, pTreg
cells are derived from naive CD4* T cells in the peripheral lymph nodes (LN)
after exposure to self and non-self antigens (Hori and Sakaguchi, 2004).
These are involved in feto-maternal tolerance where the production of



allogeneic pTreg cell specific for the fetus is important (Aluvihare et al.,
2004).

1.3.2 pTreg cells

Contrary to tTreg cells that depend primarily on IL-2 for their development
in the thymus (Malek, 2008), pTreg cells depend on TGF-B for their
differentiation from CD4* CD25  conventional T cells (Tconv) (Chen et al.,
2003). TGF-B activates SMAD3, which induces Foxp3 by interacting with
the CNS1 enhancer region on its promoter (Zheng et al., 2010). IL-2 on the
other hand, activates the transcription factor STAT5 which induces foxp3
expression and Foxp3 in turn induces the expression of the IL-2 receptor in
a positive feedback loop (Gavin et al., 2007). Both tTreg and pTreg cells
depend on TCR and co-stimulatory signalling which results in NF-xB
activation and subsequent foxp3 gene expression (Sauer et al., 2008).
However, the methylation status of foxp3 differs between tTreg and pTreg
cells. tTreg cells possess a highly demethylated CNS2 region which is
associated with lineage stability (Zheng et al., 2010).

1.3.3 Heterogeneity within Treg cell subsets

In addition to the differences observed between tTreg and pTreg cells,
functional and phenotypic heterogeneity is also observed within both
subsets resulting in Treg cell subpopulations with distinct repertoires of
chemokine receptors expressed on their surface. For example, Treg cells
acquire CD62L and CCRY7 expression in the thymus which are required for
their migration to secondary lymph nodes (Lee et al., 2007). There, CCR7
and CD62L are downregulated and depending on the antigens present,
cells express chemokine receptors required for their migration to non-
lymphoid tissues (Lee et al., 2007). One example of that is the expression
of CCR4, which is required for migration to the skin (Sather et al., 2007).

There is also evidence that Treg cells can form distinct Treg cell populations
with tissue-dependent functions/suppressive programs (Yuan et al., 2014).
For example, Treg cells residing in visceral adipose tissue (VAT Treg cells)
can be distinguished from spleen and LN Treg cells in terms of gene
expression and their TCR and chemokine receptor repertoires (Feuerer et

al., 2009). Specifically, they express molecules involved in lipid metabolism
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such as the nuclear peroxisome proliferator-activated receptor gamma
(PPAR-y) involved in adipocyte differentiation (Tontonoz and Spiegelman,
2008; Cipolletta et al., 2012). Studies in knock-out mice have demonstrated
that PPAR-y is responsible for establishing and maintaining VAT Treg cell
numbers as PPAR-y knock out Treg cells expressed less KLRG1, CD69 and
GATAS3 and were also less able to accumulate in the gut (Cipolletta et al.,
2012). PPAR-y deletion however, did not affect the numbers or the
phenotypes of Treg cells in the lymph nodes (Cipolletta et al., 2012).

Treg cells can also be subdivided into effector and memory subtypes.
Although Treg cells are highly activated cells expressing activation markers,
there are also memory Treg cells. These are responsible for maintaining
long-term immune tolerance in tissues, as they are able to persist in the
absence of their specific antigen and limit the severity of autoimmune
reactions mediated by the re-encounter of self-antigens (Rosenblum et al.,
2011). This was demonstrated in a study by Rosenblum et al. in 2011 where
mice expressing the self-antigen ovalbumin (OVA) in the skin experienced
a milder autoimmune reaction and were able to recover more rapidly from
autoimmune dermatitis (caused by skin-specific expression of OVA) after
the re-induction of OVA with doxycycline (Rosenblum et al., 2011). This was
largely attributed to OVA-specific tTreg cells as the majority of DOIl (OVA-
specific) T cells found in the skin were Foxp3* (Rosenblum et al., 2011).
Depletion of the cell population via anti-CD25 antibody treatment prior to re-
induction of OVA led to autoimmunity equivalent to that of a primary immune
response (Rosenblum et al., 2011). Taken together, these data suggest that
thymically derived, OVA-specific Treg cells are the major contributors to
long-term, tissue-specific immune tolerance in the periphery (Rosenblum et
al., 2011).

Attempts to distinguish tTreg from pTreg cells had limited success. Some of
the factors that need to be considered when characterising Treg cells and
their subsets include their environment, whether they are active or anergic,
the amount and stability of Foxp3 expression and whether they are

polyclonal, monoclonal or antigen-specific (Shevach and Thornton, 2014).
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One of the limitations in understanding Treg cells is the discrepancies that
exist between the animal models and humans. In humans, FOXP3 is
expressed in both conventional and regulatory human T cells after
stimulation of their TCR (Walker et al., 2003). Induced Treg cells from
human naive cells, although they do express FOXP3, they fail to suppress
the proliferation of naive T cells and are able to produce effector cytokines
such as IL-2 and IFN-y (Tran et al., 2007). Different isoforms of FOXP3 have
also been identified in humans specific to Treg cells (Allan et al., 2005).
Taken together, these data could suggest a difference in the way human
Treg cells respond to TGF-B stimulation and may indicate an alternative
pathway of Treg cell lineage commitment in humans (Shevach and
Thornton, 2014).

1.4 Foxp3

Foxp3 plays a central role in Treg cell biology as its expression is essential
for Treg cell function and stability while its deletion results in autoimmunity
both in humans and mice (Gavin et al., 2007). In mice, Foxp3 is expressed
in Treg cells but in humans it can also be found in activated epithelial and
naive T cells where it is transiently expressed and does not confer

suppressive function (Mailer, 2018).

1.4.1 Discovery and nomenclature

Foxp3 is a member of the forkhead box (FOX) family of transcription factors.
This family of transcription factors is characterised by a conserved DNA-
binding sequence of 100 residues called the Fox domain (Hannenhalli and
Kaestner, 2009). This domain was first characterised in 1989 in Drosophila
melanogaster after mutations in this domain led to developmental defects
of the head (Weigel et al., 1989). The Fox family of proteins are involved in
a variety of developmental processes and consist of 40 members which are
subdivided in different subclasses such as the FoxO and FoxP class
(Hannenhalli and Kaestner, 2009). For instance, FoxO family members
regulate glucose homeostasis whereas FoxP family members such as
FoxP2 are involved in speech development (Hannenhalli and Kaestner,
2009). In 2000 the Fox nomenclature committee proposed that human Fox
proteins will be named in capital letters (e.g. FOXP3) whereas mouse

proteins would be written only with the first letter in capitals (Foxp3)
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(Kaestner et al., 2000). Proteins from other vertebrates would be referred to
with the first letter and the subclass letter in capitals (FoxP3) (Kaestner et
al., 2000). In this study, this nomenclature is used interchangeably where

reference to both mouse Foxp3 and human FOXP3 is made.

1.4.2 Gene structure

The human FOXP3 gene is located on the short arm of the X chromosome
(Xp11.23) while the mouse homolog is found at the XA1.1;X3.41 cM region
of the X chromosome. The two homologs are 87% identical in nucleotide

sequence and consist of 11 coding exons (figure 1.3) (Ziegler, 2006).

1.4.3 Protein structure

Mouse Foxp3 and human FOXP3 are approximately 47-kDa in size and
share 86.5% similarity in amino acid sequence. However, human FOXP3
consists of 431 amino acids whereas the mouse Foxp3 is 429 amino acids

long. Both have a half-life of less than 30 minutes (Lee et al., 2008).

The Foxp3 protein has four domains that are important for its function
namely, the repressor domain, the zinc finger domain, the leucine zipper
domain and the forkhead domain (figure 1.3) (Lopes et al., 2006). The
repressor domain of Foxp3 differs from other members of the FoxP subclass
such as FOXP1, -2 and -4 in that it is a proline-rich region as opposed to a
glutamine-rich region (Deng et al., 2012). It is located near the N-terminus
and its function is to inhibit Foxp3 binding to the DNA unless the protein
dimerises (Mailer, 2018). It also contains part of a nuclear export sequence
(NES1) (Magg et al., 2012). The zinc finger domain is involved in the
dimerization of the protein, its structural stability and its ability to interact
with its binding partners and DNA (Coffer and Burgering, 2004). The zipper
domain is a leucine-rich domain and is also important for the
homodimerisation and heterodimerisation of the protein (Coffer and
Burgering, 2004). This domain also contains a second nuclear export
sequence (NES2) (Magg et al., 2012). Finally, Foxp3 differs from other
members of its subclass in the position of its forkhead domain which is
located near the carboxyl-terminus of the protein (Coffer and Burgering,
2004). It is responsible for the DNA-binding specificity of Foxp3 to
GTAAACA motifs via its winged helix and consists of 3 alpha helixes, 2 3
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strands and 2 loops (figure 1.4) (Kaestner et al., 2000; Coffer and Burgering,
2004; Chen et al., 2015).
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Figure 1.3 Structure of Foxp3. Structure of the human FOXP3 gene and
the human FOXP3 and mouse Foxp3 protein with its functional domains
and post-translational modifications. Post-translational modifications
regulate the transcriptional activity of Foxp3 and include phosphorylation
at serine and threonine residues as well as ubiquitylation and acetylation
at lysine residues. Ubiquitylation targets the protein for proteasomal
degradation while acetylation prevents degradation by the proteasome.
Phosphorylation can also protect the protein from degradation but it can
also repress DNA binding and nuclear localisation (Deng et al., 2019).
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[ FOXP3 forkhead domain 1
FOXP3 forkhead domain 2

Figure 1.4 Structure of the FOXP3 dimer. 3D structure of the FOXP3
homodimer. A. One peptide of the homodimer is coloured in light green and
the other in light brown. The FOXP3 homodimer is bound to double stranded
DNA coloured in blue and pink via its forkhead domain. B. Each FOXP3
peptide consists of 3 alpha helixes, 2 § strands and 2 loops (Chen et al.,
2015). Image taken from the Protein Data Bank (ID: 4WK8).

1.4.4 Human FOXP3 isoforms

FOXP3 can act both as a transcriptional repressor and activator (Lopes et
al., 2006; Bandukwala et al., 2011). It was first identified in mice exhibiting
the scurfy phenotype (Ramsdell, 2003; Ramsdell and Ziegler, 2014). This
was an X-linked syndrome that spontaneously arose in mice after exposure
to irradiation which resulted in a 2bp insertion in the 8™ exon of the foxp3
gene resulting in a protein that lacks its forkhead domain (Brunkow et al.,
2001). These mice were characterised by scaly skin, reddened eyes and
enlarged spleen and lymph nodes which ultimately causes death three
weeks after birth (Ramsdell and Ziegler, 2014). This is similar to CTLA-4 KO
mice which also die at 3-4 weeks after birth due to the development of a
lymphoproliferative disease characterised by increased peripheral T cell
activation and lethal organ infiltration by lymphocytes (Tivol et al., 1995).
Since scurfy mice also showed increased proliferation of CD4* T cells, this
indicated the involvement of Foxp3 in immunoregulation (Brunkow et al.,
2001). The identification of IPEX in humans, an X-linked condition caused
by FOXP3 mutations affecting its ability to homodimerize and exert its

functions, reinforced the idea that FOXP3 is a unique association marker of
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Treg cells (Bennett et al., 2001; Brunkow et al., 2001; Ziegler, 2006). Clinical
symptoms of patients with IPEX include chronic dermatitis, diabetes,
thyroiditis, autoimmune endocrinopathy, severe diarrhoea and

hemocytopenia (Otsubo et al., 2011).

Contrary to mice, humans can express multiple isoforms of FOXP3. These
can lack the second coding exon or the second and seventh exons together
(Mailer, 2018). However, the function of these isoforms have not been fully
elucidated. It is estimated that 20-30% of total FOXP3 in human Treg cells
is full length, 1-3% of the total FOXP3 mRNA lacks both exon 2 and 7 (Mailer
et al., 2015) while it is unknown what percentage lacks the second exon

only.

The isoform lacking the second coding exon is 4 kDa smaller than the full
length protein and Jurkat T cells transduced with this isoform had higher
proliferation rates compared to those expressing the full length protein
(Allan et al., 2005). Strong TCR activation was proposed to increase levels
of this isoform compared to the full length one which was preferentially
increased after weak TCR activation (Chen et al., 2013). This isoform is
found primarily in the nucleus but cannot promote its own transcription while
in IPEX patients, mutations in this exon did not impair Treg cell development
(Otsubo et al., 2011).

The isoform lacking both the second and seventh exons is found only in the
nucleus as it lacks both NES1 and NES2 and it is not functional as its ability
to dimerise is affected (Li et al., 2007). Also, it has been demonstrated that
lack of both exons is associated with an increase in IL-2 and IL-17 levels in
colon biopsies of Crohn’s patients (Mailer et al., 2015). The FOXP3 protein
sequence encoded by the second exon can interact with RORyt therefore it
was hypothesised that the lack of this isoform could promote Th17
differentiation but in vitro studies failed to prove that (Mailer et al., 2015).
The function of these isoforms remains unclear but it is hypothesised that
they compete for cofactors with the full length FOXP3 (Magg et al., 2012).

1.4.5 Localisation

Retention of FOXP3 in the nucleus is essential for the maintenance of the

Treg cell phenotype (Magg et al., 2012). Activation of human naive T cells
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leads to the translocation of FOXP3 to the cytoplasm whereas in activated
human Treg cells, FOXP3 is maintained in the nucleus (Magg et al., 2012).
Site directed mutagenesis experiments led to the identification of NES1 and
NES2 regions in FOXP3 which are conserved between mouse and human
apart from a single amino acid substitution - L74V in NES1 (Magg et al.,
2012). These mutants showed decreased translocation to the cytoplasm
compared to the full length FOXP3 protein but they did not differ in their
suppressive capacity when compared to each other (Magg et al., 2012).
However, only the full length protein can induce the PIM-2 kinase so distinct

functions of the isoforms are possible (Basu et al., 2008).

In addition to the nuclear export sequences, studies have identified potential
regions that may be involved in nuclear localisation (NLS) though these
studies remain controversial. Two amino acid changes within the
414RKKR417 sequence near the carboxyl terminus of the forkhead domain of
FOXP3 resulted in the inability of the protein to translocate into the nucleus
in transfected HEK293 cells (Lopes et al., 2006).

Other studies performed in mice identified additional regions as NLS.
Specifically, Hancock et al. demonstrated that three different regions are
involved in nuclear localisation of mouse Foxp3 (Hancock and Ozkaynak,
2009). The first is a 12 amino acid sequence at the carboxyl terminus of the
protein (NLS1) (Hancock and Ozkaynak, 2009). This was identified after
mutations of the previously identified 414RKKR417 motif failed to inhibit Foxp3
translocation into the nucleus but did so after deletion of that 12 amino acid
sequence (Hancock and Ozkaynak, 2009). Despite the removal of NLS1,
some Foxp3 was still able to localise in the nucleus (Hancock and
Ozkaynak, 2009). Further mutational experiments led to the identification of
NLS2 —two HNM repeats adjacent to the forkhead domain of Foxp3 towards
the N terminus (Hancock and Ozkaynak, 2009). In addition to NLS1 and
NLS2, a third sequence was identified as deletion of 51 amino acids at the
N terminus (NLS3) which inhibited translocation of Foxp3 into the nucleus
(Hancock and Ozkaynak, 2009).

However, it is worth noting that human FOXP3 and mouse Foxp3 are not

100% identical therefore the same changes can have a different effect on
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their function. Also, the use of GFP-Foxp3 fusion constructs is known to
disrupt its function (Bettini et al., 2012). Finally, mutations can alter the
secondary structure of the protein which can affect its function and
subsequently its ability to localise in the nucleus therefore it does not

necessarily mean that they lie within a nuclear localisation sequence.

1.4.6 Transcriptional regulation of Foxp3

Regulation of Foxp3 and its role in signalling has been studied extensively.
Expression of Foxp3 can be induced in vitro by stimulating naive T cells with
TGF-B and IL-2 (Chen et al., 2003) and can confer an immunosuppressive
phenotype to CD4*CD25" Tconv cells (Hori et al., 2003). According to a
study by Hill et al., Foxp3 alone does not result in a complete Treg cell
signature suggesting that Treg cell lineage determination occurs at an early
stage of Treg cell differentiation prior to the induction of Foxp3 expression
and is Foxp3 independent (Hill et al., 2007).

Despite that, Foxp3 is consistently expressed in Treg cells and its
expression is associated with the downregulation of IL-2 and IL-4 and
upregulation of the Treg cell markers CD25 and CTLA-4 (Hori et al., 2003).
The stability of Foxp3 expression can determine lineage commitment and
functional stability in Treg cells. This is apparent in Treg cell subsets, which
can exhibit variability in Foxp3 expression. For instance, TGF-B-induced
Treg cells such as pTreg and iTreg cells depend on the continued presence
of TGF-pB for Foxp3 expression contrary to tTreg cells (Floess et al., 2007;
Polansky et al., 2008). Epigenetic modifications are largely implicated in this
process and studying the transcriptional and translational regulation of
Foxp3 will lead to a more complete understanding of Treg cell stability.

The methylation of the Treg cell-specific demethylated region (TSDR) is
important in regulating Foxp3 expression on a transcriptional level
(Polansky et al., 2008). This is a DNA region upstream of the first exon of
the foxp3 gene that regulates the expression of the gene and its methylation
status is considered an indicator of Treg cell differentiation and stability.
Continuous expression of Foxp3 is associated with functional stability in
Treg cells (Floess et al., 2007).
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The stability of Treg cells was first demonstrated in a study where CFSE-
labelled Treg cells were injected into mice and the frequency of Foxp3™ cells
was measured 14 days later using flow cytometry (Floess et al., 2007).
These cells were able to retain Foxp3 expression which suggested an
epigenetic mechanism underlying Foxp3 stability. CpG regions of sorted
Treg cells were compared to those of Tconv which demonstrated that
demethylation occurred specifically in Treg cells in a non-random way as all
epigenetic modifications were limited to a specific region upstream of exon
1 of the foxp3 locus. It also demonstrated that the region was critical for
successful transcription of Foxp3 as only vectors harbouring the insert
upstream of the promoter were able to show luciferase activity. Consistent
with these data was the fact that Treg cells correlated with acetylated
histone modifications - indicative of open chromatin accessible to the
transcriptional machinery. This study also showed that Foxp3 expression
and CpG demethylation first occurs in developing thymocytes at the SP
stage and that iTreg cells exhibit partial CpG demethylation resulting in
unstable Foxp3 expression even after prolonged/continuous stimulation
with TGF-p (Fontenot et al., 2005; Floess et al., 2007).

In vitro cell culture of naive T cells in the presence of TGF- and subsequent
restimulation of sorted Foxp3™* iTreg cells in the presence of Azacytidine
(Aza) led to an increased number of Foxp3* iTreg cells present in the media
after several days of culture (Polansky et al., 2008). This indicated a stable
Foxp3 expression mechanism and a TGF-f3 independent mechanism of de
novo Foxp3 induction (Polansky et al., 2008). This is associated with
demethylation of TSDR as Azacytidine are nucleoside analogues with the
ability to incorporate into DNA and RNA and inhibit DNA methyltransferase
1 (DNMT1)(Creusot et al., 1982). In addition, reporter assays using vectors
with methylated TSDR sequences in CD4* T cells showed that luciferase
activity was significantly lower than those with the demethylated construct
suggesting that transcription was decreased due to methylation (Polansky
et al., 2008). When comparing the methylation status of TSDR of sorted
Foxp3* and Foxp3- cells, only the Aza-treated Foxp3* cells had a completely
demethylated TSDR region. They were also the only ones with Foxp3
MRNAs supporting the theory that methylation of TSDR regulated Foxp3
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expression in the transcriptional level. In further support of this theory, in
vivo induced Treg cells that were expanded in vitro exhibited stable Foxp3
expression which correlated with demethylation of TSDR. These
experiments demonstrated that the methylation of TSDR controls Treg cell
stability through the maintenance of Foxp3 expression and that nTreg cells

are more stable than iTreg cells (Floess et al., 2007).

A variety of transcription factors can bind to TSDR affecting Treg cell
numbers and stability (Zheng et al., 2010). Some of them are the NF-xB TF
cRel, Runx1, SMAD3, NFAT, Ap-1, STAT5 and CREB (Kanamori et al.,
2016) (figure 1.5). They can regulate Foxp3 expression by binding to
different regions of the TSDR called the conserved non-coding DNA
sequence elements (CNS) namely CNS1, CNS2 and CNS3. It is thought
that initial TCR activation together with co-receptor signalling results in open
chromatin which allows the recruitment/binding of the NF-kB transcription
factor cRel to CNS3 which is important for early tTreg cell development in
the thymus (Rao et al., 2003). Reportedly, CNS3 knock out mice show
significant decrease in frequencies of Foxp3* CD4* SP cells (tTreg cells)
and deletion of cRel in mice was found to have a similar effect (Zheng et al.,
2010). CNS1 on the other hand, can interact with SMAD3 and NFAT
complexes in response to TGF-f stimulation and is important for iTreg cell
generation in vitro and pTreg cell differentiation in vivo as CNS1 knock out
mice show decreased numbers of Foxp3™* cells present in mesenteric lymph
nodes (MLNs) and gut-associated lymphoid tissues (GALT)(Zheng et al.,
2010). Also, pTreg cell numbers were abnormally low in aged mice (6
months old). Lastly, CNS2 can interact with CREB and STAT5 (Kim and
Leonard, 2007) and is involved in the propagation of Foxp3 expression in
daughter cells affecting Treg cell lineage stability as Foxp3 can bind on its
CNS2 region promoting its own expression (Zheng et al., 2010). It was
shown that CNS2 is demethylated in tTreg but not in pTreg cells or naive
cells. Specifically, it was found that DNMT1 and histone deacetylases
(HDACs) are released form the region upon TCR stimulation in the
presence of IL-2 allowing transcription factors such as STATS to bind to the

enhancer and initiate Foxp3 transcription (Burchill et al., 2007).
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These studies have demonstrated that TSDR methylation plays an
important role in regulating Foxp3 expression, which can differ among Treg
cell subsets such as tTreg, pTreg and iTreg cells indicating differences in

their differentiation process and function.
TCR/CD28 TGFﬂ l IL-2
pathway pathway pathway

SO O CORK -

CNS3

Promoter

TSDR

|

Foxp3 locus

Figure 1.5 Transcription factors regulating Foxp3 expression.
Schematic shows the TSDR locus annotated for its enhancer regions;
CNS1, CNS2 and CNS3 together with their associated transcriptional
regulators. Figure adapted from (Kanamori et al., 2016).

1.4.7 Cytokine signalling

The signalling pathways involved in Foxp3 regulation play a central role in
Treg cell development, differentiation and functional stability. TCR
activation is required for de novo Foxp3 expression and Treg cell-mediated
suppression. There are three major signalling pathways involved in Treg cell
biology namely the IL-2 receptor-mediated JAK/STAT pathway, the TGF-8
receptor-mediated SMAD pathway and the TCR/co-receptor-mediated MAP
kinase pathway (figure 1.6). T cells can acquire and maintain Foxp3
expression after stimulation with IL-2 in the presence of TGF-$ and TGF-
can activate SMAD3, which in turn activates Foxp3 transcription. TCR
stimulation activates NFAT, which in turn activates the NF-xB family of
transcription factors such as cRel - important for Treg cell differentiation in
the thymus. Also, Foxp3 expression is reinforced through STATS5 — a
downstream signalling molecule of the IL-2 receptor. Understanding these
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mechanisms and how they are regulated will help understand Treg cell

function.

1.4.8 TGF-p and SMAD2/3 signalling

TGF-B-mediated signalling is a highly complex process involved in nearly
all aspects of T cell biology. There are three types of TGF- namely TGF-
B1, 2 and 3 and all of them are important for T cell survival and homeostasis.

Knock out mice for TGF-$2 and 3 fail to develop at the embryonic stage

IL-2 Receptor TCR/CD28 TGF[3 Receptor

/N TING N

pSMART  pSTAT  FOX01/3 PKA NFAT cRel ERK Runx1/3 pSMAD2/3

1 '

STAT3 CREB AP-1

5 — 3

Foxp3 locus

Figure 1.6 The three major signalling pathways involved in Treg cell
development, function and maintenance. Signalling cascades regulating
Foxp3 expression in Treg cells: IL-2 receptor signalling through STATS,
TCR/co-receptor signalling through JAK/STAT and MAPK and finally TGF-

B receptor signalling through SMADs. Figure adapted from (Nie et al.,
2015).

while TGF-B1 deletion also leads to embryonic lethality and severe systemic
inflammation in new-born mice (Shull et al., 1992; Proetzel et al., 1995;
Sanford et al., 1997, Letterio and Roberts, 1998). TGF-§ acts by binding to
its receptor - a serine threonine kinase receptor - leading to the formation of
a complex consisting of four receptor molecules: two type | and two type Il
receptors. The type Il receptor phosphorylates type | which in turn catalyses
ATP into ADP and phosphorylates/activates receptor-regulated SMADs (R-
SMADs) that are attached to its cytoplasmic region via accessory proteins.
This releases the phosphorylated SMAD (pSMAD) which then associates
with the common mediator SMAD4 (Co-SMAD4). This guides the complex
into the nucleus where it acts as a transcription factor to activate gene
expression (Attisano and Wrana, 1996). Reportedly, TGF-B has an anti-

apoptotic and anti-proliferative effect on cells and it inhibits T cell
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differentiation promoting pluripotency and a central memory phenotype
(Brabletz et al., 1993; Genestier et al., 1999; Gorelik et al., 2000; Gorelik
and Flavell, 2002). In support of that, Th1 cells induced in the presence of
TGF-B maintain IL-2 expression (Gorelik and Flavell, 2002).

One of the earliest studies that looked at the role of TGF-B in Treg cells
demonstrated that TGF-f could inhibit naive T cell proliferation in vitro and
that naive cells stimulated with anti-CD3 and APCs in the presence of TGF-
B resulted in decreased proliferation (Chen et al., 2003). The addition of IL-
2 in the media was able to partly rescue the phenotype but TGF-§§ was still
able to inhibit the differentiation of naive T cells into Th1 or Th2 effector
cells. Additionally, culture of naive T cells in the presence of TGF-f led to a
higher frequency of CD25" cells in the media than when it was absent and
these cells also expressed Foxp3 suggesting a role of TGF-f in iTreg cell
induction. Most importantly, these TGF-B-induced iTreg cells could prevent
asthmatic reactions in mice, which proved that iTreg cells could maintain

their function in vivo (Chen et al., 2003).

In support of this, another study demonstrated that the frequency of pTreg
cells in young TGF-$17 mice was significantly lower than that of wild type
mice whereas tTreg cell frequencies were the same in both groups (Marie
et al., 2005). In addition to this, intracellular staining of TGF-S1- Treg cells
showed decreased expression of Foxp3 compared to wild type Treg cells
which correlated with impaired suppressive function. However, this could
probably be because the mice had more effector T cells than Treg cells due
to lack of TGF-B. It should be noted that TGF-3 produced by APCs in in vitro
suppression assays was able to compensate for loss of function of TGF-41-
~Treg cells and suppress proliferation of wild type naive T cells. This might
be due to both TGF-B and IL-2 being released in the media which could
have induced wild type iTreg cells which were able to suppress proliferation.
It has been shown that TGF-$ can be directly released by apoptotic cells as
well as macrophages in response to signals released by other apoptotic
cells which can often confound results (Fadok et al., 2000; Chen et al.,
2001).
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TGF-B-SMAD signalling is particularly important in T cell biology as SMADs
can regulate cell proliferation and lineage determination. SMADs are
recruited to open chromatin regions that have been previously modified by
T-cell lineage master transcription factors (Mullen et al., 2011). There, they
form oligomers and associate with other transcription factors to form
complexes in order to initiate transcription. Thus, SMAD complexes can
form part of the cell’s molecular signature and be indicative of a specific cell
lineage and activation state. There are three types of SMADs namely the R-
SMADs, Co-SMAD and I-SMADs (Derynck and Zhang, 2003). SMAD2/3
belong to the first category and they are of particular interest as they are
implicated in Treg cell differentiation (Xu et al., 2010). After T cell activation,
NFAT and SMAD3 can bind to the CNS1 region of the foxp3 locus and
induce Foxp3 expression (Tone et al., 2008). It is thought that binding of
SMADS on the enhancer occurs at an early stage soon after stimulation with
TGF-B and acts by accelerating the acetylation of histones which opens the
chromatin. Subsequent binding of NFAT on the enhancer region occurs
after the binding of SMAD3 and its role is to maintain Foxp3 expression
(Tone et al., 2008). In support of this, retinoic acid (RA) has been found to
promote SMAD3 activation (pPSMAD3) and binding to CNS1 (Xiao et al.,
2008). It has been reported that the receptors of RA can bind to both the
promoter and enhancer region of foxp3 and that the recruited RA can
increase histone acetylation thus augmenting pSMAD3 binding to the
enhancer (Xu et al., 2010). Deletion of those binding sites in luciferase
reporter assays led to complete loss of luciferase activity even after
stimulation of cells with TGF- and RA. Besides pSMAD3, RA and NFAT
which are all positive regulators of Foxp3 expression, there are other
molecules that can have an inhibitory effect on Foxp3 transcription. For
instance IL-27 can activate STAT3 (pSTAT3) which binds to a region
downstream of the foxp3 enhancer displacing pSMAD3 thus acting as a
silencer (Xu et al., 2010). This is further supported by a study in STAT3
knock out mice where IL-27-mediated inhibition of Foxp3 expression was
decreased (Xu et al., 2010). It should be noted that IL-27 also signals
through STAT1, which can render IL-27 effective in suppressing Foxp3 even
in the absence of STATS3. In addition, it has been reported that SMAD2 can
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also regulate STAT3 phosphorylation thus affecting Foxp3 expression
(Martinez et al., 2010).

In summary, these data have demonstrated the importance of TGF-f in

Treg cell differentiation through its downstream signalling molecules most
notably SMAD2 and SMAD3.

1.4.9 IL-2 and JAK/STAT signalling

Another important signalling pathway involved in Treg cell development and
function is the IL-2 receptor-mediated responses. The IL-2 receptor is a type
1 transmembrane cytokine receptor which transmits signals by recruiting
JAK tyrosine kinases upon interaction with its ligand IL-2. This results in the
phosphorylation of downstream molecules such as PI13K, Erk and the
transcription factor STATS (Burchill et al., 2007). The IL-2 receptor plays an
important role in Treg cell differentiation and is one of the main markers
used to distinguish Treg cells as it is overexpressed on their cell surface
after activation. It signals through STATs most importantly STAT3 and
STATS. Briefly, IL-2 induces STAT5 which then binds to the promoter of
foxp3 which induces Foxp3 transcription. Foxp3 then induces the
expression of IL-2 receptor in a positive feedback loop. In accordance with
this, it has been demonstrated that interleukin 2 receptor subunit beta
(IL2RB) knock out mice show reduced number of tTreg and pTreg cells
(Burchill et al., 2007). Also, transgenic expression of Foxp3 in IL2RA7- cells
can impart regulatory function as observed in in vitro suppression assays
and in vivo where numbers of Foxp3* cells in the thymus were restored
(Burchill et al., 2007). This indicated the importance of downstream IL2Rf3
signalling in Treg cell development. This was further supported by a
chromatin immunoprecipitation (ChlP) analysis using an antibody (Ab) for
STATS which demonstrated that STATS can bind to the promoter region of
foxp3 regulating its expression. Reportedly, disruption of the STATS gene
leads to a significant decrease in tTreg and pTreg cell numbers in a manner
analogous to IL2Rp deletion further supporting the theory that STATS is
important for Treg cell development (Burchill et al., 2007). It should be noted
that STATS can bind to multiple regions in the foxp3 locus one of which
overlaps with a STAT3 binding site (Xu et al., 2010).
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STATs can coordinate immune responses depending on the
microenvironment and the cytokines present. STAT3 in particular, is
associated with Th17-mediated responses as it can upregulate the master
transcription factor of Th17 cells RORyt in response to IL-6 stimulation
(Veldhoen et al., 2006). As mentioned before, STAT3 can negatively
regulate Foxp3 expression which is further supported by the fact that IL-6
failed to suppress Foxp3 expression in the absence of STAT3 in vitro
(Laurence et al., 2012). In addition, IL-27 signalling through STAT1 was able
to suppress Foxp3 expression despite the absence of STAT3 (Laurence et
al., 2012). However, STAT3 is also required for Treg cell-mediated
suppression of Th17 cells. Reportedly, STAT3 deletion in mice led to
intestinal inflammation and loss of Treg cell-mediated suppression of Th17
responses (Chaudhry et al., 2009). ChIP analysis for Foxp3 showed an
association between Foxp3 and pSTAT3 suggesting a mechanism of action
whereby STAT3 facilitates the recruitment of Foxp3 to Th17-response
elements such as the IL-6 and TGF-B1 promoter regions thus regulating
Th17 functions.

As mentioned before, the CNS2 region has been shown to play an important
role in maintaining Foxp3 stability and lineage stability in Treg cells. This
region, while largely demethylated in Treg cells, it can become remethylated
upon Treg cell division, which in turn leads to loss of Foxp3 expression
(Feng et al., 2014). This is thought to be due to decreased IL-2 signalling
and decreased pSTATS binding to the CNS2 region during this process
(Feng et al., 2014). In support of this, overexpression of pSTATS5 in CNS2-
deficient Treg cells was able to rescue Foxp3 expression in a similar way to
stimulation with a high amount of IL-2 (Feng et al., 2014). This is thought to
be due to the existence of multiple binding sites of STATS on the foxp3 locus
including on the promoter, which could compensate for the loss of CNS2
(Feng et al., 2014). STATS is activated by IL-2 signalling therefore it was
proposed that sufficient IL-2 signalling could partially compensate for CNS2
function in maintaining Foxp3 expression (Feng et al., 2014). Although IL-2
improved cell viability of both wild type and CNS2-deficient Treg cells, it
failed to stabilise Foxp3 expression in the CNS2-deficient Treg cells (Feng
et al., 2014). Therefore, it was proposed that CNS2 could partially
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compensate for decreased IL-2 signalling whereas increased STATS
activation could compensate for the absence of CNS2 (Feng et al., 2014).
Indeed, increased IL-2 signalling correlated with increased phosphorylation
of STAT5 and Foxp3 expression in CNS2-deficient Treg cells in vitro.
Furthermore, when CNS2-deficient and wild type Treg cells were stimulated
with IL-2 in the presence or absence of the pro-inflammatory cytokine IL-4,
ChIP-gPCR analysis showed an overlap of STATS and STATG6 binding sites
on CNS2 (Feng et al., 2014). STAT6 is associated primarily with the Th2
cell lineage and competitive binding of the two STATs for sites on CNS2
could influence T cell lineage commitment. In support of this, STAT6 has
been shown to recruit DNMT1, which can methylate CpG islands found in
that region thus repressing Foxp3 expression (Feng et al., 2014). In vivo,
CNS2 was important for the propagation of the Treg cell lineage as
irradiated mice that were injected with CNS2-deficient Treg cells showed a
significant decline in the frequency of that population after five weeks (Feng
et al., 2014). In addition to this, all CNS2-deficient Treg cells that were
injected in mice with experimental autoimmune encephalomyelitis (EAE),
lost Foxp3 expression whereas a third of the wild type Treg cells were able
to maintain it (Feng et al., 2014). Taken together, these results suggest
CNS2 is critical for the maintenance of Foxp3 expression and Treg cell

lineage commitment in both inflammatory and resting states.

In summary, these data demonstrate that STAT-mediated signalling in
response to TCR signalling and the IL-2 receptor is a highly complex
process that depends on surrounding signals from the microenvironment
and can affect gene expression therefore regulating cell lineage

commitment and function.

1.5 Post-translational regulation of Foxp3 - proteolytic cleavage by
asparaginyl endopeptidase

Post-translational regulation of Foxp3 expression has been recently shown
to regulate Foxp3 expression in Treg cells as it determines the amount and
stability of the transcription factor present in the cell thus affecting the
duration/strength of Foxp3-mediated signalling and ultimately Treg cell
stability and function (Deng et al., 2019).
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1.5.1 Discovery and nomenclature

Proteolytic degradation mediated by proteases in lysosomes plays an
important role in post-translational regulation of Foxp3. An example of such
a protease is the cysteine protease asparaginyl endopeptidase (AEP). This
protein was first discovered in 1980 in the bean plant Phaseolus vulgaris
and its expression has since been confirmed in other plants, trematodes,
ticks and mammals but is absent from bacteria (Dall and Brandstetter,
2016). Its expression in humans was confirmed in 1996 (Tanaka et al.,
1996). Since its discovery, it has been given a variety of names influenced
by the localisation and function of the enzyme in these organisms. Some of
the names include haemoglobinase, endopeptidase B, vacuolar processing
enzyme, nucellain, PRSC1, asparaginyl carboxypeptidase, asparaginyl
endopeptidase and legumain (LGMN) — the last one being the most

commonly used (Dall and Brandstetter, 2016).

1.5.2 Gene structure

In humans, AEP is found on the long part of chromosome 14 at position
14q.32.12 and it consists of 18 exons. In mice, it is found on chromosome
12 at position 12.12E and it consists of 15 exons. Both mouse and human
express three isoforms of the protease but only one of them is currently
known to be functional. Both organisms also carry a pseudogene of
legumain. In humans the pseudogene is located on chromosome 13 at
position 13g21.31 while in mouse it is found on chromosome 5 at position
5.5F. The above information was obtained from the UniProt and NCBI online
databases (UniProt human identifier code: Q99538 & mouse identifier
089017 code, NCBI human gene ID 5641 & mouse gene ID 19141).

1.5.3 Protein structure and activation

Human AEP is 433 amino acids long and it is 83% identical in sequence to
the mouse which is 435 amino acids long. LGMN can exist in two forms: the
inactive and active form depending on the pH of the environment (Li et al.,
2003). The inactive form is called ‘prolegumain zymogen’ and it is the 56
kDa full-length protein normally found in endosomes (Li et al., 2003). It
consists of four domains namely the signal peptide (SP), the catalytic
domain (LGMN), the activation peptide (AP) and the legumain stabilisation

and activity modulation domain (LSAM) (Dall and Brandstetter, 2013). The
28



N-terminal SP domain is involved in protein trafficking from the ER into the
Golgi apparatus whereas the AP domain loops around and links the catalytic
domain to that of LSAM (Dall and Brandstetter, 2016). This way LSAM
serves as a blocking substrate for AEP in an autoinhibitory fashion (figure
1.7) (Dall and Brandstetter, 2016). This form of the protein is stable at
neutral pH (Li et al., 2003). As endosomes mature into lysosomes, the pH
drops which triggers prolegumain to undergo autoactivation (figure 1.8) (Li
et al., 2003). During this process, it is cleaved at the Asn323 residue located
on the C-terminus at pH 5.5 and at the Asp21 and Asp25 on the N-terminus
at a lower pH (Li et al., 2003). Depending on the pH, autocatalytic cleavage
can result in the formation of either AEP (46 kDa) or asparaginyl-specific
mono-carboxypeptidase (ACP) (47 kDa) with endopeptidase and
exopeptidase activities respectively (Dall and Brandstetter, 2016)). Each of
these substrates is active at different pH levels with AEP being active at
acidic pH whereas ACP at higher pH levels (Dall and Brandstetter, 2016).
AEP is unstable at neutral pH unless ubiquitinated at the Asn323 residue or
complexed with other molecules such as integrins and cystatin inhibitors
(Dall and Brandstetter, 2016). In addition to its endo- and exo-peptidase
activity, LGMN can acquire a carboxypeptidase activity during activation in
endosomes that is stable at neutral pH (Dall and Brandstetter, 2013).
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Human Prolegumain (PDB ID: 4fgu) Mouse Prolegumain (PDB ID: 4nok)
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Figure 1.7 Protein structure of LGMN. 3D illustration of the homology of
human and mouse inactive and active LGMN. Inactive LGMN/prolegumain
(top row) consists of four domains: the signal peptide (SP, not shown), the
catalytic domain, the activation peptide (AP) and the legumain stabilisation
and activity modulation domain (LSAM). The AP domain loops around and
links the catalytic domain to that of LSAM. This way LSAM serves as a
blocking substrate for AEP in an autoinhibitory fashion. Drop in pH triggers
prolegumain to undergo autoactivation (Dall and Brandstetter, 2016). The
active form (bottom row) consists of the catalytic domain only. Images taken
from the Protein Data Bank (PDB ID: 4fgu, 4nok, Slub, 4noj).
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Figure 1.8 Activation of human LGMN. pH-dependent activation of human
LGMN annotated with its domains, active sites and post-translational
modifications including its glycosylation (important for protein structure
stability and function) and ubiquitination sites (that target protein for
proteasomal degradation). Prolegumain consists of four domains: the signal
peptide (SP, important for protein trafficking from the ER to the Golgi
apparatus), the catalytic domain (LGMN), the activation peptide (AP) and the
legumain stabilisation and activity modulation domain (LSAM). N and C
terminal processing occurs during protein activation. Peptide sizes < 46 kDa
are considered enzymatically active. Image adapted from (Dall and
Brandstetter, 2016).
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1.5.4 Localisation and function

The localisation of the protein often provides insight into its function and
LGMN has been found to be expressed primarily in kidneys and in APCs
mainly in endosomes and lysosomes and occasionally in the nucleus owing
to its NLS (Dall and Brandstetter, 2016). This is further supported by studies
in mice deficient for LGMN (Shirahama-Noda et al., 2003). These knock out
mice accumulate unprocessed pro-cathepsins in abnormally large
lysosomes in kidney cells suggestive of a lysosomal storage disorder
(Shirahama-Noda et al., 2003). Specifically, western blotting detected
increased levels of unprocessed single-chain cathepsins in the knock out
mice compared to the wild type mice, which was also reflected in protease
activity assays showing a 50% decrease in cathepsin H activity (Shirahama-
Noda et al., 2003). Due to this accumulation of inactive proteases, results
from experiments involving AEP inhibitors should be interpreted with caution
as blocking AEP may have an indirect effect on the activity of other
proteases (which are its substrates) and therefore the observed effect might
be due to the suboptimal activity of these proteases rather than AEP. An
example of an indirect effect is that AEP-mediated activation of cathepsin L
enhances Th1 responses in humans while in mice it represses Th17 cell
differentiation (Hou et al., 2015; Freeley et al., 2018).

In addition to the Lgmn” mice generated by Shirahama-Noda et al., the
same strain was also generated by Matthews et al. which exhibited the
same phenotype and was used throughout this project (Matthews et al.,
2010). The strain was generated by deletion of part of exon 3 and intron 2
via homologous recombination in HM1 mouse embryonic stem cells which
were then injected into mouse blastocytes of a C57BL/6 background
(Matthews et al., 2010). These chimeras produced heterozygous offspring
which were then backcrossed for more than 10 generations in order to
eliminate any WT cells that may have been propagated from chimeric
blastocytes (Matthews et al., 2010). However, it should be noted that during
homologous recombination other genes that are in proximity to LGMN may
have also been affected during homologous recombination. Such genes
include those encoding for the Ras and Rab interactor 3 protein which is a

GTP binding protein involved in the exchange of GDP for GTP and a gene
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encoding for the Golgi subfamily A member 5 protein which is involved in
the maintaining of Golgi structure (data obtained from browsing the
chromosomal region of LGMN in the Ensembl online database, human ID:
ENSG00000100600, mouse ID: ENSMUSG00000021190).

Some of LGMN'’s substrates that have been identified include prolegumain
(autoactivation), self-antigens, other cysteine proteases such as
cathepsins, cystatin inhibitors and Toll-like receptors (TLRs) (Dall and
Brandstetter, 2016). All these contain asparagine residues that AEP
specifically recognises and cleaves (Ishii, 1993). It has been shown that
LGMN is involved in MHC Il peptide loading as stimulation of mouse
peripheral blood mononuclear cells (PBMCs) with the tetanus toxin C-
terminal fragment (TTCF) Ag in the presence of the AEP inhibitor AENK
inhibited the presentation of the Ag on MHC molecules (Manoury et al.,
1998). In contrast, cells stimulated with the Ag in the absence of AENK
expressed MHC molecules on their surface within an hour of stimulation
(Manoury et al., 1998). In support of that, when the TTCF Ag was pre-
digested with AEP, MHC presentation of the Ag occurred more rapidly -
within half an hour of stimulation - even in the presence of the inhibitor.
Interestingly, AEP fails to recognise and cleave N-glycosylated proteins,
which can result in a preference for cleavage of microbial Ags that lack

posttranslational modifications (Manoury et al., 1998).

AEP has been previously shown to be involved in the initial steps of MHC |l
processing through the removal of the invariant chain li in human B cells
and DCs (Maehr et al., 2005). In mice however, no differences were
observed in the maturation of MHC Il in APCs from Lgmn~- APCs compared
to WT. Also, Ag presentation in these cells was just as efficient which was
also reflected in the numbers of CD4* T cells which were normal (Maehr et
al., 2005). Instead, cathepsin S was found to play an important role as its
absence resulted in the accumulation of li intermediates (Maehr et al.,
2005).

Furthermore, AEP has been associated with the destruction of the
immunological epitope found in myelin basic protein (MBP) in human B cells

leading to the development of multiple sclerosis (Manoury et al., 2002).

33



However, subsequent studies have demonstrated that the serine protease
cathepsin G is responsible for the destruction of this epitope. Specifically,
MBP incubation with B cell lysosomal extracts failed to produce AEP-
specific cleaved peptides while mutated MBP at the AEP cleavage site still
resulted in the degradation of the protein (Burster et al., 2004). Also, MBP
fragments were still present following selective inhibition of AEP while B cell
lysosomes expressed low amounts of AEP protein (Burster et al., 2004).
Endocytosed cathepsin G on the other hand, destroyed the immunogenic
epitope of MBP and this process was blocked by treatment with PMSF
which is an inhibitor of serine proteases (Burster et al., 2004).

Collectively, these data indicate that proteases such as AEP can be highly
selective in terms of their substrates and that they are important players in
regulating immune responses through their role in Ag processing and

presentation.

Other functions of AEP include cleavage-mediated TLR activation and
degradation of DNase inhibitors (Sepulveda et al., 2009; Basurto-Islas et
al., 2013). In fact, it has been shown that activated TLR9 translocates into
lysosomes where it is cleaved by AEP at Asn466 (Sepulveda et al., 2009).
This enables it to recognise foreign RNA and induce the production of
inflammatory signals such as IL-6 and IL-12 (Sepulveda et al., 2009).
Incubation of radiolabelled TLR9 with proteases and protease inhibitors
resulted in degradation of the receptor (Sepulveda et al., 2009). However,
when the AEP inhibitor MV026630 (Loak et al., 2003) was used, TLR9 was
not cleaved supporting the role of AEP in TLR9 activation. Furthermore, no
TLR9 signalling was detected in high pH conditions while transfection of
TLR9” dendritic cells with the active, cleaved form of TLR9 restored
cytokine production (Sepulveda et al., 2009). Site-directed mutagenesis of
Asn466 also abrogated TLR9-mediated signalling (Sepulveda et al., 2009).
Taken together, these data suggest a direct involvement of AEP in TLR9
signalling in mouse DCs which has wider implications in DC-mediated
immune responses (Sepulveda et al.,, 2009). IL-10 stimulation has been
shown to increase the pH of APC endosomes whereas IL-6 has the opposite
effect (Fiebiger et al., 2001). This is thought to affect Ag presentation and

TCR signalling therefore it is hypothesised that LGMN could be implicated
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in the modulation of immune responses. This is further supported by the fact
that MHC Il presentation and maturation of DCs is thought to be regulated
by the expression of cysteine protease inhibitors called cystatins (Pierre and
Mellman, 1998). Additionally, LGMN can facilitate the recruitment of
apoptosomes and inflammasomes via its death domain located in the C
terminus that facilitates the assembly of oligomers (Martinon et al., 2002;
Yuan et al., 2010).

In pathophysiological conditions, due to the abnormal conditions of the
microenvironment, AEP can be found in a variety of subcellular fractions
including the cytosol, nucleus, the cell surface and even in the extracellular
compartment (Dall and Brandstetter, 2016). For instance, one of the causes
of Alzheimer’s disease (AD) is the truncation and hyperphosphorylation of
the tau protein, which disrupts the cell microtubules thus forming
intracellular toxic neurofibrillary aggregations (Zhang et al., 2014). AEP is
thought to play a role in this as it can directly cleave tau on N255 and N368
residues independently of phosphorylation (Zhang et al., 2014). This was
demonstrated after incubation of AEP with tau, which resulted in two tau
fragments only under optimum pH conditions (pH 6). Furthermore,
treatment of cells with the anti-AEP Ab prevented tau fragmentation while
truncation of the protein was also avoided when cells were incubated with
the AEP inhibitor AENK (Zhang et al., 2014). Mutations of the AEP cleavage
sites also had the same effect. In contrast, mutation of other protease-
specific cleavage sites did not affect AEP-mediated cleavage. This suggests
that AEP cleaves tau independently of other proteases in a highly specific
manner. Furthermore, tau phosphorylation did not affect tau fragmentation
by AEP as treatment of cells with the inhibitor of the protein phosphatase 2
A (PP2Ai) had no effect on tau fragmentation (Zhang et al., 2014). However,
it has been shown that AEP can also activate PP2Ai thus enhancing the
phosphorylation of tau (Basurto-Islas et al., 2013). Finally, incubation of
tubulin with His-tagged tau fragments resulted in the formation of tau
neurofibrillary tangles as opposed to incubation with the full-length protein
(Zhang et al., 2014). This supported the idea of tau fragments being the
cause of tangle formation. In vivo, Lgmn” mice with tauopathy showed

improved cognitive function and reduced levels of phosphorylated tau
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similar to mice expressing a mutated AEP-resistant tau (Zhang et al., 2014).
LGMN has also been associated with neuronal apoptosis caused by the
degradation of DNase inhibitors such as SET, which results in increased
DNA damage (Liu et al., 2008b). Taken together, these data highlight the
role of AEP in the pathogenicity of AD and suggest AEP as a potential drug
target.

Cancer is another disease where AEP is deregulated. LGMN has been
found to be expressed extracellularly and on the cell surface of a wide
variety of tumour cells such as tumour associated macrophages (TAMSs)
(Luo et al., 2006). A study by Haugen et al. also demonstrated the
expression of proteolytically active LGMN in the nucleus of human
colorectal cancer cell lines (Haugen et al., 2013). It was also demonstrated
that different cell lines could vary in terms of the amount of active and
inactive LGMN expression as well as the distribution of these forms within
the cell (Haugen et al., 2013). For example, it was shown that active forms
of the enzyme can be found in the nucleus where it can degrade histone 3

(H3.1) in a dose dependent manner (Haugen et al., 2013).

Collectively, these data suggest that LGMN is involved in immune
responses, immune tolerance, signalling, apoptosis and even gene
transcription (nuclear localisation) therefore it could be a potential target for
the treatment of a variety of diseases including cancer and autoimmune

diseases such as Alzheimer’s.

1.5.5 Regulation of AEP

Understanding the signalling mechanisms that regulate AEP could give
further insight into how AEP can be targeted for therapeutic purposes.
Whether the same signalling mechanisms that are currently being targeted
and used as immunotherapy in the clinic, are also implicated in AEP
expression remains unknown. Examples of such co-receptors include
CTLA-4 and PD-1 which are both associated with the Treg cell lineage
(being Treg cell markers) and regulate Treg cell function thus regulating

peripheral tolerance and anti-tumour immunity.

CTLA-4 (CD152) is a negative co-receptor homologous to CD28 and is
expressed on T cells upon initial activation while it is constitutively
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expressed on Treg cells (Walunas et al., 1994). High dosage of anti-CTLA-
4 mAb results in autoimmune gastritis in normal mice while CTLA-4
blockade in vitro inhibits Treg cell-mediated suppression of naive T cells in
a dose-dependent manner (Takahashi et al., 2000). Treg cell-specific
depletion of CTLA-4 promotes anti-tumour immunity through the increased
differentiation of naive T cells into the Th1 and Th2 effector subtypes in wild
type (WT) mice receiving splenocytes from CTLA-47- mice in addition to
leukaemia cells (Wing et al., 2008). It is worth noting that although the tTreg
cell frequency was not altered in the conditional knock out mouse, there was
an increased frequency of pTreg cells in the lymph nodes and spleen
demonstrating the inefficiency of CTLA-47- Treg cells in suppressing T cell
proliferation in the periphery (Wing et al., 2008). In contrast, CTLA-4
activation induces tolerance and reduces graft rejection in mice receiving
islet xenografts (Lenschow et al., 1992). Despite the inhibitory effect of
CTLA-4 on effector T cells, CTLA-4 enhances Treg cell activity. Treg cell-
specific deletion of the gene leads to lack of suppressive activity through the
inhibited production of TGF-f (Chen et al., 1998; Wing et al., 2008).
Interestingly, the stronger the affinity of the TCR for its antigen, the more
CTLA-4 is expressed on the cell surface (Pardoll, 2012). CTLA-4 Treg cells
- although they develop normally, they fail to downregulate the expression
of CD80/CD86 on APCs in mixed lymphocyte reaction cultures which leads
to the activation and proliferation of responder cells in vitro (Wing et al.,
2008). CTLA-4 competes with CD28 for CD80 and inhibits downstream TCR
signalling (Linsley et al., 1994). This interaction can induce APCs to activate
indoleamine 2,3-dioxygenase (IDO) - an enzyme that catalyses tryptophan
(Mellor et al., 2002) which results in amino acid depletion and
downregulation of APC-mediated T cell proliferation (Munn et al., 1999).
However, the exact mechanisms of CTLA-4 function remain unclear as a
different set of studies have suggested that CTLA-4, which is found
constitutively expressed on Treg cells, exerts its function by interacting with
its ligands on the surface of APCs and inducing their endocytosis and
proteolytic degradation (Sansom, 2015). Whether AEP is involved in this

process remains unknown although substrate overload as a result of
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increased endocytosis has been shown to trigger an increase in AEP mRNA

levels in mouse embryonic fibroblasts (Martinez-Fabregas et al., 2018).

As for PD-1, it is a 288 amino acid negative co-receptor expressed on a
variety of cells including myeloid derived and B and T cells (Riley, 2009). It
interacts with its ligands PDL-1 and PDL-2 inducing peripheral tolerance
(Riley, 2009). It downregulates TCR signalling and limits the activity of
effector T cells by inhibiting activation of PI3K, CD3¢, ZAP70, PKC6 and Erk
(Parry et al., 2005; Keir et al., 2008). PD-1 activation has been shown to
promote iTreg cell generation by downregulating mTOR and activating PI3K
antagonists such as the phosphatase and tension homolog PTEN
(Francisco et al., 2009). Contrary to CTLA-4, PD-1 is required for the long-
term survival of Treg cells as only blockade of PD-L1 in antigen-specific

tolerised T cells failed to protect mice from autoimmunity (Fife et al., 2009).

In support of this, PDL-1-treated iTreg cells exhibit enhanced Foxp3
expression and stability both in vitro and in vivo (Francisco et al., 2009).
Specifically, PDL-17- APCs were unable to induce iTreg cells in vitro
whereas culture of naive cells with PDL-1-coated beads was able to induce
iTreg cells even in the absence of TGF-B (Francisco et al., 2009). PDL-1
treated iTreg cells were more potent suppressors of proliferation than
control iTreg cells (Francisco et al., 2009). In addition, adoptive transfer of
naive T cells into PDL-17- Rag”- mice resulted in a 10-fold decrease in the
frequency of Foxp3* T cells than in Rag”- mice and they died from immune
hyperactivation (Francisco et al., 2009). All these data along with the fact
that PDL-1-treated iTreg cell cultures exhibited reduced levels of pPKB,
pmTOR, pERK2 and increased levels of PI3K antagonists such as PTEN,
support the idea of PDL-1 positively regulating Treg cell development and
function while having the opposite effect on naive and T effector cells
(Francisco et al., 2009). This suggests that PDL-1 can positively regulate

Foxp3 expression in the periphery while also maintaining Treg cell function.

More importantly, recent experiments performed by Dr. Shoba Amarnath
have demonstrated that PDL-1-treated Tbet*iTreg cells were more efficient
at protecting mice from colitis and graft versus host disease (GvHD) which

also correlated with the downregulation of AEP mRNA expression in these
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cells compared to Tbet*iTreg cells (appendix D). Collectively, this indicates
that there is a link between PD-1 signalling, AEP expression and Treg cell
function and stability.

A comprehensive understanding of protease activity and co-receptor
signalling in Treg cells will facilitate the use of Treg cells as therapeutic

agents or targets for the treatment of autoimmune diseases and cancer.
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Figure 1.9 Signalling in a regulatory T cell. Image illustrating the
complexity of Treg cell signalling. Co-receptor signalling regulates Treg cell
activity and stability by delivering positive and negative signals.
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1.6 Hypothesis

Previous work performed by Dr Shoba Amarnath has demonstrated that in
mouse models of colitis and GvHD, treatment of mice with PDL-1-treated
Tbet*iTreg cells led to improved survival rates and clinical scores compared
to cohorts that received Tbet*iTreg cells (figure 1 in appendix D). To
elucidate the mechanism behind the effect of PDL-1 stimulation on
enhancing Treg cell function, a microarray analysis was performed by Dr
Shoba Amarnath to determine which genes were deferentially expressed
between the Tbet*iTreg and PDL-1-treated Tbet*iTreg cell populations. This
analysis showed the significant downregulation (~16-fold, p=1*10-6) of the
gene encoding for AEP in the PDL-1-treated population (figure 2 in appendix
D). This, in addition to the role of PDL-1 signalling in enhancing Treg cell
differentiation and function (Francisco et al., 2009), proposed a model
whereby Foxp3 and subsequently Treg cell function and stability may be
regulated by AEP in a PD-1 dependent manner. This knowledge could
potentially be used to inform medical practices. Specifically, PDL-1
stimulation combined with AEP inhibition could be integrated into Treg cell
expansion regimes in clinical trials that aim to generate and use ‘enhanced’
Treg cells as cell therapy for the treatment of GvHD and autoimmune
disorders. Similarly, based on the hypothesis that PD-1 signalling has a
negative effect on AEP expression (therefore enhancing Treg cell stability),
AEP could be used as a prognostic biomarker in tumour biopsies to predict

whether the patient would benefit from PD-1/PDL-1 blockade treatment.

Lending support to the argument of AEP modulating T cell function, studies
have demonstrated that in addition to APCs, AEP is also expressed in
mouse and human T cells where it plays a role in CD4" helper T cell function
(Probst-Kepper et al., 2009; Aschenbrenner et al., 2018; Freeley et al.,
2018). However, apart from the proposed role of PD-1 signalling in
downregulating AEP, little else is known about the signalling mechanisms

that regulate AEP expression in Treg cells in either mice or humans.

Based on all the above, it is here hypothesised that AEP plays a role in the
Treg cell signature and that additional co-stimulatory and/or co-inhibitory
signalling mechanisms can regulate AEP expression in mouse and human

Treg cells thus affecting Treg cell stability and function. Specifically,
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signalling mechanisms involved in establishing the Treg cell lineage - such
as TGF-B1 and IL-2-mediated signalling - are hypothesised to play a role in

AEP protein expression.

Further exploration of the signalling mechanisms modulating AEP
expression in human Treg cells would provide valuable insight into the
manipulation of these cells for therapeutic purposes in an autoimmune
setting whereby inhibition of AEP could elicit powerful immunosuppressive

responses.

1.7 Aims
This study aims to:

e determine the function of AEP in natural and induced Treg cells in
mice

e determine signals that modulate AEP expression in mice

e determine AEP expression in human T cells

e determine signals that modulate AEP expression in human T cells.
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Chapter 2. Materials & Methods

2.1 Mice

Wild type (WT) and CD45.1* congenic, female mice on a C57BL/6
background were purchased at 7 weeks of age from Charles River, UK and
were bred and maintained at Newcastle University. The CD45.1" mice were
used for cell cultures presented in figures 3.6-9. Female and male Lgmn~-
mice on a C57BL/6 background were kindly provided by Professor Colin
Watts from the University of Dundee. Female and male Lgmn”- mice were
used to provide cells for the Foxp3 degradation assays. Only female Lgmn-
- mice were used for phenotypic characterisation and in vivo experiments.
All mice were housed in specific pathogen free (SPF) conditions in
individually ventilated (IV) cages. Experiments were carried out on mice that
were 8 to 10 weeks old. All animal experiments were carried out in
accordance with Newcastle University animal health and safety guidelines.
The use of animals for this research was approved by the Comparative
Biology Centre and the Newcastle Ethical Review committee and performed
under a UK Home Office approved Project Licence (PPL:7008838) held by
Dr. Shoba Amarnath. Personal licence was held by Chaido Stathopoulou
(PIL:133145B3D). All experimental procedures carried out at Newcastle
University incorporated the NC3R guidelines for animal research and the
data are presented according to the ARRIVE guidelines.

2.2 Reagents

2.2.1 Cell culture reagents

Mouse and human cells were cultured in complete, sterile media
supplemented with 10% fetal bovine serum (FBS) (Labtech, Sussex, UK)
that had been previously inactivated by incubation in a water bath at 56°C
for 90 min. FBS is isolated from the circulating blood of bovine foetuses and
provides growth factors for cells cultured in vitro. Heating FBS is done in
order to inactivate complement components and growth inhibitors that may
interfere with immunological assays and T cell cultures. For the mouse
experiments, Dulbecco Modified Eagle Media-1640 (DMEM) (Lonza,
Surrey, UK) was used whereas for the human studies Roswell Park
Memorial Institute media (RPMI) (Sigma, MO, USA) was used. The

difference between the two types of media is that DMEM contains a higher
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concentration of nutrients while RPMI is more suitable for human T
lymphocytes. For both mouse and human experiments, complete media
were supplemented with 10% FBS, glutamine (Gibco, Loughborough, UK;
1mM), non-essential amino acids (Sigma, MO, USA; 0.1mM), 2-B-
mercaptoethanol (Sigma, MO, USA; 50uM), sodium pyruvate (Sigma, MO,
USA; 1mM), penicillin and streptomycin (Sigma, MO, USA; 50U/ml). 2-3-
mercaptoethanol was added as an antioxidant to lower the levels of oxygen
radicals produced by cell metabolic processes thus reducing oxidative
stress. The antibiotics penicillin and streptomycin were included to prevent
the growth of bacteria in the media.

For the cryopreservation of cells, freezing media made up of 90% sterile
FBS (heat inactivated) and 10% dimethyl sulfoxide (DMSO) (Sigma, MO,
USA) was used. DMSO was used to prevent formation of ice crystals during

freezing that would otherwise Kill the cells.

For cell sorting, a buffer (Miltenyi buffer recipe) made up of phosphate-
buffered saline (PBS) (Sigma, MO, USA), 0.5% bovine serum albumin
(BSA) (Cell Signaling, MA, USA) and 2 mM ethylenediaminetetraacetic acid
(EDTA) (Sigma, MO, USA) was used. EDTA was used to prevent formation
of cell aggregates that would interfere with the sorting process and the purity

of the sorted populations.

Cell lysis buffer was made up of a protease inhibitor cocktail tablet (Roche,
Basel, Switzerland) dissolved in 10 ml of radioimmunoprecipitation assay
buffer (RIPA) (Sigma, MO, UK) with the addition of the phosphatase inhibitor
cocktails 2 and 3 (Sigma, MO, UK, 0.01%) to preserve the phosphorylation
status of proteins and protect them from degradation. The final pH of this

buffer was 7.5.

Alternatively, a less harsh lysis buffer containing Triton X-100 was used. In
contrast to RIPA buffer which contains a powerful denaturing ionic detergent
— SDS, Triton X-100 is a non-ionic detergent and better at maintaining
protein structure. Here, the cells were lysed with HEPES buffer suitable for
maintaining pH levels (Sigma, MO, USA; 100 mM) supplemented with
sodium chloride (Sigma, MO, USA; 300 mM) to preserve protein structure
and prevent nonspecific protein interactions. The lysis buffer was also
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supplemented with the phosphoseryl and phosphothreonyl phosphatase
inhibitor sodium fluoride (Sigma, MO, USA; 40 mM), triton X-100 (Sigma,
MO, USA; 1% vl/v), the protease inhibitor phenylmethylsulfonyl fluoride
(PMSF) (Sigma, MO, USA; 1 mM), EDTA (Sigma, MO, USA; 4 mM) and the
phosphatase inhibitor cocktails 2 and 3 (Sigma, MO, UK, 0.01%). EDTA
prevented protein interactions and inhibited protease function. The final pH
of this buffer was 7.5.

2.2.2 Flow cytometry reagents

Fluorescence-activated cell sorting (FACS) buffer was used for cell staining
and it was made up of 0.5% BSA (Cell Signaling, MA, USA), and 0.01% of
sodium azide (Sigma, MO, USA) diluted in PBS. Sodium azide is an inhibitor
of aerobic metabolism but here it was used as a chemical preservative for
the fluorescent antibodies used for cell staining while BSA was added to

minimise nonspecific binding of staining antibodies.

2.2.3 Western blot reagents

Cell lysates were stained with sample reducing agent containing
dithiothreitol (Thermo Fisher Scientific, MA, UK; 1x) and LDS sample buffer
(Thermo Fisher Scientific, MA, UK; 1x) to reduce and denature proteins in

preparation for gel electrophoresis.

TBST buffer was used for washing western blot nitrocellulose membranes
and preparing solutions of primary and secondary antibodies. It was made
up in water and contained 20 mM Tris HCIl and 150 mM NaCl with pH levels
adjusted to 7.4-7.6. The buffer also contained the non-ionic detergent
Tween 20 (Sigma, MO, USA; 0.1%) to reduce non-specific antibody binding.

Stripping buffer was used to remove any membrane-bound antibodies in
preparation for membrane reprobing. Since this technique relied on low pH,
the buffer was made up of water, glycine (Sigma, MO, USA; 0.1M), sodium
chloride (Sigma, MO, USA; 0.1M) and hydrochloric acid (Sigma, MO, USA;
0.06N) and the pH adjusted to 2.5.

2.2.4 AEP enzyme activity assay reagents
Assay buffer was made up with the pH buffering agent MES (Sigma, MO,
USA; 50mM) and NaCl (Sigma, MO, USA; 250mM) which was used to
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preserve protein structure and keep proteins soluble. Components were

diluted in purified water with the final pH adjusted to 5.

Activation buffer was used to activate AEP present in cell lysates. It was
made up with purified water containing the pH buffering agent sodium
acetate (Sigma, MO, USA; 50 mM) and NaCl (Sigma, MO, USA; 100 mM)
at pH 4.0 (optimal for AEP activation).

A special lysis buffer was used to extract cell protein and maintain AEP
protein structure. The buffer was made up with water containing sodium
citrate (Sigma, MO, USA; 100 mM), EDTA (Sigma, MO, USA; 1 mM) and
1% of the non-ionic detergent n-octyl-beta-D-glycopyranoside (n-octyl)
(Merck Millipore, MA, USA) that is capable of preserving enzymes in their
native state during cell lysis. Buffer pH was adjusted to 5.8 which maintains
AEP function but prevents further autocatalytic activation (Li et al., 2003).

2.3 Cell Counting

Viable cells were counted using a dye exclusion procedure whereby only
dead cells with disrupted cell membranes were able to take up the dye. The
cells were stained with 0.4% sterile trypan blue (Sigma, MO, USA) at either

1:1 or 1:10 dilution and counted using a haemocytometer grid.

2.4 Cryopreservation of Mouse Cells

Mouse cells were washed once with sterile PBS and resuspended in FBS
(heat-inactivated), supplemented with 10% DMSO. Cells were stored in -
80°C for 24hrs and then transferred to liquid nitrogen.

2.5 Cryopreservation of Human Peripheral Blood Mononuclear Cells
(PBMCs)

Human PBMCs were centrifuged at 300xg for 10 min at room temperature
in sterile PBS and resuspended in half of the desired volume of freezing
media. The other half - containing 20% DMSO - was added slowly drop by
drop to the tube while mixing gently. Cells were stored at 20-30 x 10°
cells/ml in a cryovial. Samples were kept at -80°C for 24hrs prior to

transferring to liquid nitrogen.

Thawing of PBMCs was performed by dipping the cryovial in a 37°C water
bath for a maximum of two minutes. Then, 10 ml of pre-warmed RPMI was
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added to the cells (1:10 dilution). The thawed cells were centrifuged at
300xg for 10 min at room temperature and the pellet resuspended in RPMI

media and the cell number was determined.

2.6 Mouse Tissue Harvest

2.6.1 Splenocyte isolation

To phenotypically characterise mouse strains and obtain lymphocytes for
the in vitro experiments, mice were culled using schedule 1 and the spleens
were dissected out. Excess fat and surrounding tissue was removed and
the tissue was stored in ice cold, sterile, complete DMEM. Under sterile
conditions, the spleen was washed with 5 ml of sterile, cold DMEM and
smashed using the back of a plunger from a 5ml syringe. The suspension
was passed through a 70 um filter to ensure a single cell suspension and
the filter was washed with an additional 5 ml of cold DMEM media to ensure
maximum yield of approximately 100 x 10° cells per spleen. The suspension
was centrifuged at 600xg for 5 minutes at 4°C and the pellet was
resuspended in 3 ml of red blood cell lysis buffer (RBC) (BioLegend, CA,
USA). RBC lysis was performed over 2 min on ice. 10 ml of media was
added to deactivate the RBC lysis buffer and the cells were centrifuged at
600xg for 5 minutes at 4°C and then washed with 10 ml of media. This
washing step was performed twice. The cells were counted and the cell
concentration was brought down to 10 x 10° cells per ml with complete

media.

2.6.2 Bone marrow isolation

Mouse bone marrow (BM) cells were isolated from WT mice and used as
positive controls for AEP expression on western blots. To obtain the cells,
WT mice underwent schedule 1 sacrifice and both hind legs were removed
at the hip and skinned. The legs were stored in ice cold PBS containing 1%
HEPES buffer. To isolate the bone marrow, the legs were stripped of all
muscle tissue and tibia snapped above the ankle and below the knee joint
using a pair of forceps. The femurs were also snapped above the knee and
just below the hip joint. Each bone was flushed through with PBS-HEPES
buffer using a 20ml syringe until it run clear. After flushing the bones, the
harvested bone marrow was resuspended with a syringe and filtered

through a 70 um filter into a 50ml falcon tube and then centrifuged at 600xg
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for 5 minutes at 4°C. The pellet was resuspended in PBS-HEPES buffer and
the cells were counted and the concentration brought to 1 x 108 cells/ml with
complete DMEM media supplemented with recombinant mouse
granulocyte-macrophage colony-stimulating factor (rm-GM-CSF) (Miltenyi
Biotec, Bergisch Gladbach, Germany; 20 ng/ml) and rm-IL4 (R&D systems,
MN, USA; 40 ng/ml). This was done to induce differentiation of monocytes
into dendritic cells. The bone marrow-derived cells were cultured in a flask
and incubated overnight at 37°C, CO2 5%, humidity 95%. On day 2, 50% of
the media contained in the flask was replaced with fresh media and the cells
incubated for an additional 3 days. 24hrs before harvest, the cells were
stimulated with E.coli-derived lipopolysaccharide (LPS) (Sigma, MO, USA;
1 ug/ml) to enhance AEP expression. To harvest the cells, the bottom of the

flask was scraped using a cell scraper.

2.7 Mouse T Cell Isolation

Naive T cells (CD4*CD25) and natural Treg cells (CD4*CD25%) were
isolated using the MACS Miltenyi Biotec CD4*CD25" Regulatory T cell
isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to
manufacturer’s instructions. Splenocytes were suspended in Miltenyi buffer
and labelled with a biotin-antibody (Ab) cocktail containing Abs against
CD8a, CD11b, CD45R, CD49b, and Ter-119. Splenocytes were then
labelled with monoclonal CD25-PE antibodies and anti-biotin antibodies
conjugated to microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
Magnetic separation was then performed using an LD column (Miltenyi
Biotec, Bergisch Gladbach, Germany) to collect all the unlabelled CD4* cells
via negative selection. Lastly, the eluted CD4* cells were labelled with
microbeads conjugated to monoclonal anti-PE Abs and run through an MS
column (Miltenyi Biotec, Bergisch Gladbach, Germany). The collected
CD47CD25 (naive) T cells were then tested for purity by flow cytometry prior
to phenotyping and cell culture. This method yielded purity of at least 80%.

For the collection of CD4*CD25" (nTreg) T cells, cells that remained in the
MACS MS column were flushed through using a plunger and 1 ml of Miltenyi

buffer (positive collection).
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2.8 Mouse T Cell Culture

Following isolation, naive and nTreg cells were cultured at 1x10° cells/ml in
24-well plates for 72hrs at 37°C, CO2 5%, humidity 95%. In order to identify
signals that induce AEP expression in vitro, naive and nTreg cells were
cultured under iTreg inducing conditions with or without the presence of
PDL-1 (see below for product details). At the end of the culture, cells were
characterised for Foxp3 expression by flow cytometry and cell lysates were

obtained for AEP protein analysis by western blotting.

In preparation for cell culture, plates were coated with anti-CD3 (BD
Pharmingen, CA, USA,; clone:145-2C11; 5ug/ml) and in certain experiments
with recombinant mouse PDL-1 (R&D systems, MN, USA; 5ug/ml) for 3hrs
at 37°C. Following coating, the wells were washed three times with PBS to
remove any floating Abs. Removal of these Abs minimised the risk of
unwanted cross-reactivity between the Fc region of the floating anti-CD3 or
PDL-1 Abs with the Fc receptors expressed on the T cell surface. Culture
media was then supplemented with soluble anti-CD28 (BD Pharmingen,
CA, USA; clone:37.51;2ug/ml) and rhlL-2 (Peprotech, London, UK,
80ng/ml) to induce T cell activation and expansion. Anti-IL4 (BioXCell, OX,
UK; clone:11B11;10ug/ml) and anti-IFNy (BioXCell, OX, UK;
clone:11B11;10ug/ml) Abs as well as rhTGF-1 (R&D systems, MN, USA;

2 or 5 ng/ml) were used in certain culture conditions for inducing iTreg cells.

2.9 Staining Mouse Splenocytes for Flow Cytometry

Single cell suspensions of splenocytes were characterised for surface and
intracellular (IC flow) markers using flow cytometry both before and after
culture. Splenocytes were stained for CD4, CD8, Nrp-1, Helios, CD62L,
CD25, Foxp3, CD127, CD44, PD-1, PDL-1, IL-17A, IL-4, IFNy and IL-10.
Flow cytometry staining antibodies for CD4 (clone: RM4-5), CD8 (clone: 53-
6.7), Nrp-1 (clone: 3E12), Helios (clone: 22F6), PD-1 (clone: RPM1-30),
PDL-1 (clone: 10F.9G2), CD62L (clone: MEL-14), CD127 (clone: A7R34)
and IL-4 (clone:11B11) were purchased from BiolLegend, CA, USA.
Fluorescent Abs for CD25 (clone; PC61) and CD44 (clone: IM7) were
obtained from BD Biosciences, CA, USA whereas Abs for Foxp3 (clone:
FJK-16s), IL-10 (clone:JES5-16E3), IFN-y (clone: XMG1.2) and IL-17A

(clone: eBio17B7) were purchased from Thermo Fisher Scientific, MA, UK.
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Splenocytes were first centrifuged at 600xg for 5 minutes at 4°C and re-
suspended in FACS buffer. Cell surface antibodies were diluted at 1:20
dilution in FACS buffer and then 5 ul of the diluted antibody was added to
100 ul of sample. Final concentration for all antibodies in the sample was
2.5 pyg/ml. Neat anti-CD16/CD32 (FC block) (Thermo Fisher Scientific, MA,
UK; clone 93Fc; 2.5 ug/ml) was added to prevent any non-specific binding
of staining antibodies to cell Fc receptors thus reducing background
staining. The samples were then incubated at 4°C for 30 minutes in the dark.
Splenocytes were washed twice by centrifugation at 600xg for 5 minutes at
4°C in FACS buffer and then the pellet was re-suspended in 200 ul of fixing
buffer (BD Biosciences, CA, USA) and incubated in the dark at 4°C for 20
minutes. 2 ml of permeabilisation (perm) buffer (BD Biosciences, CA, USA)
was then added to allow staining for intracellular markers. Splenocytes were
centrifuged twice at 600xg for 5 minutes at 4°C in perm buffer and
intracellular antibodies were added at a final concentration of 2.5 pg/ml.
Whenever Foxp3 was included in the panel, the Foxp3 Transcription Factor
Staining Buffer Kit (Thermo Fisher Scientific, MA, UK) was used according
to the manufacturer’s instructions. The fixed splenocytes were incubated
overnight at 4°C in the dark and then centrifuged twice at 600xg for 5
minutes at 4°C in perm buffer and then centrifuged again at 600xg for 5
minutes at 4°C and the pellet resuspended in 500 ul FACS buffer in

preparation for flow cytometry.

For cytokine profiling, mouse splenocytes were stimulated with phorbol 12-
myristate 13-acetate (PMA) (Sigma, MO, USA; 10ug/ml) and ionomycin
(Sigma, MO, USA; 1ug/ml) for two hours at 37°C. To inhibit protein transport
from the Golgi apparatus to the cell membrane and prevent any loss of
cytokine content, splenocytes were treated with brefeldin (BioLegend, CA,
USA; 5 pg/ml) and monensin A (BioLegend, CA, USA; 2uM) for another two
hours at 37°C. Splenocytes were then characterised for CD4, IFN-y, IL-10,
IL-17A and IL-4 expression by flow cytometry.

Phenotypic characterisation and cytokine profiling of WT and Lgmn” mice
that is presented in figure 3.1 was performed by Dr. Shoba Amarnath as
described above.
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2.10 Preparation of Compensation Beads and Cells

Cells were preferably used whenever possible for the purpose of setting up
compensation voltages as they constituted a more accurate representation
of the samples of interest in terms of size, granularity and expression levels
of markers. Cellular single stains were treated the same way as cell samples
except they were stained with a single fluorescent Ab in addition to an Fc
block. An unstained cell sample treated with an Fc block only was also
included in order to allow separation of the negative from the positive cell

population during the compensation process.

Beads were sometimes used for compensation purposes (Thermo Fisher
Scientific, MA, UK) as single colour controls to correct for any overlap in
emission wavelengths of the fluorochromes used. The beads were stained
with the same antibodies used to stain the cell samples. Approximately half
an hour before running the samples through the flow cytometer, one drop
(10 l) of beads was added to 100 ul of FACS buffer followed by 0.5 ul of
fluorescent antibody stock (final concentration 5 ug/ml). The beads were
then incubated for 20 min at 4°C in the dark, topped up with 400 pl with
FACS buffer and then run through the cytometer and the voltages were set
up. Unstained beads were not needed as the purchased product originally
contained both stainable (beads that react with the light chain of antibodies
of mouse, rat and rabbit origin) and unstainable beads (internal negative

control).

2.11 Flow Cytometry Data Acquisition

Data were acquired using either a FACS CANTO Il or Fortessa X20
machine. Cells were characterised based on their size, granularity and the
fluorescent markers they express. Cell size was determined by forward
scatter (FSC) and cell granularity by side scatter (SSC). FSC and SSC are
determined by the light diffraction index detected by a light detector. The
FSC detector is positioned opposite the FSC laser whereas the SSC
detector is positioned at a 90° angle from SSC laser. The voltages for FSC
and SSC remained constant throughout the experiment in order to maintain

gating consistency.
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In order to compensate for spectral overlap of fluorochromes with similar
emission wavelengths and minimise fluorescent bleeding into adjacent
detectors, either beads or cells stained with a single colour were run first
through the machine. Then, cell samples containing all the fluorochrome-
conjugated antibodies except for one (fluorescence minus one or FMO)
were used to determine and eliminate any background staining. The FSC
and SSC voltages were re-adjusted for cells whenever beads were used for
compensation. The cell samples were run after the adjustment of voltages
which were kept constant throughout any individual experiments. Equal
number of events (number of cells detected by the cytometer) were
recorded for the single cell or CD4" gate.

2.12 Flow Cytometry Data Analysis

Exclusion of cell debris and impurities from the analysis was achieved by
gating live lymphocytes based on FSC and SSC. Doublets were also gated
out prior to the identification and gating of lymphocytes based on CD4
expression. Data were analysed using FCS Express version 6 (De Novo
Software, USA).

2.13 Foxp3 Degradation Assay
In order to determine differences in Foxp3 turnover between WT and Lgmn-

~iTreg cells, a Foxp3 degradation assay was performed.

To optimise the assay, CD4*CD25 T cells from WT splenocytes were
isolated using the Miltenyi kit. Cells were cultured in vitro at 1 x 10° cells/ml
for 3 days (72 hrs) in complete DMEM media as described in section 2.8.
On day 3, cell culture media was supplemented with fresh rhiL-2 (80 ng/ml)
and cells incubated for 24 more hours at 37°C, CO2 5%, humidity 95%. On
day 4, cells were treated with either the protein synthesis inhibitor
cycloheximide (CHX) (Sigma, MO, USA; 100 ug/ml) or 0.1% vehicle control
(DMSO) for 30 min, 2hrs, 4hrs, 6hrs and 24hrs and harvested using RIPA
lysis buffer at different time points in preparation for protein analysis via

western blotting.

Following optimisation, CD4*CD25" T cells from WT and Lgmn”- mice were
cultured under iTreg conditions in 24-well plates as described in section 2.8.
After 72hrs of culture, the cells were counted and stimulated with rhiL-2
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(Peprotech, London, UK; 80ng/ml) for 24hrs to rest. On day 4, the cells were
stimulated with 100ug/ml CHX for 30 min, 2hrs, 6hrs and 24hrs. Cell lysates
were obtained and Foxp3 expression levels were analysed by western

blotting.

2.14 B16F10 melanoma mouse model

B16F10 melanoma cells were kindly provided by Dr. Pawel Muranski and
Prof. Nick Restifo from NCI, NIH and processed by Dr. Shoba Amarnath in
preparation for the in vivo experiment. Specifically, melanoma cells were
thawed from liquid nitrogen and added to a flask containing 50 ml of
complete DMEM media. Cells were cultured overnight at 37°C, CO2 5%,
humidity 95%. Media was then aspirated and replaced with 50 ml of fresh
media in order to remove any toxic DMSO contained in the freezing media.
Cells were expanded in vitro until the desired number of cells for the in vivo
study was reached. Expanding melanoma cells were split at 1:3 or 1:5 ratio
to maintain 70% confluence. To harvest the cells, culture media was
aspirated, and cells washed with 30 ml of pre-warmed sterile PBS. This was
done to completely remove any residual media that could deactivate trypsin.
Following the PBS wash, 20 ml of 1x trypsin (Lonza, Surrey, UK) was added
and cells were incubated at 37°C, CO2 5%, humidity 95% for 5-7 minutes.
20 ml DMEM media was then added to terminate trypsinisation and prevent
cell cytotoxicity. Cells in suspension were transferred to a Falcon tube and
centrifuged at 600xg for 5 minutes at 4°C and re-suspended in 10 ml of
media. Cells were centrifuged again at 600xg for 5 minutes at 4°C and the
pellet resuspended in sterile PBS at a concentration of 300,000 cells per mi
(60,000 per 200pl).

For the in vivo experiment, WT and Lgmn” mice were subcutaneously
injected with 0.3 x 108 mouse B16F10 melanoma cells. Tumours were left
to grow for 11 days and mouse weight and tumour size was monitored
throughout the experiment. Mouse weight was measured everyday while
tumour size was measured every day from day 5. Mouse cohorts received
intraperitoneal injections of either rat IgG2b isotype (BioXCell, OX, UK;
clone:LTF-2; 1.25ug/ul) or PDL-1-blocking antibody (BioXCell, OX, UK;
clone:10F.9G2; 1.25ug/ul) (250 png in 200 ul of sterile PBS per mouse) on

days 5, 7 and 9 by Dr. Shoba Amarnath. Mice were euthanised and tumours
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were harvested on day 11 and digested into single cell suspensions. The
frequencies of Treg cells within the tumours were then determined by flow
cytometry by Dr. Shoba Amarnath.

To obtain single cell suspensions, whole tumours were harvested into
complete DMEM media and stored on ice. Tumours were rinsed with PBS
and incubated at 37°C for 30 min in FBS-free DMEM media containing
DNAse (Sigma, MO, USA; DNAse 0.5mg/ml) and Liberase (Sigma, MO,
USA; 0.25 mg/ml). The digested tissue was then filtered through a 100 um
filter into 5 ml of FBS and the suspension was topped up to 25 ml with
DMEM media. Cells were centrifuged at 600xg for 5 min at 4°C and the
pellet was resuspended in 10 ml DMEM media. Cell suspension was then
layered on top of 5 ml lymphocyte separation media (PromoCell,
Heidelberg, Germany) and centrifuged at 400xg for 20 min at RT with the
brakes off. Separated lymphocytes were transferred into a fresh tube and
washed twice with 10 ml of DMEM media at 600rpm for 5 min at 4°C.
Lymphocytes were then resuspended in 2 ml DMEM media and stained for

flow cytometry as outlined in section 2.9.

2.15 Human Donors

PBMCs or whole blood from healthy donors aged 18 and above from both
males and females was kindly provided by Professor John Simpson’s group
from Newcastle University as part of “The role of inflammation in human
immunity” study after informed consent was taken. Samples were stored

according to Human Tissue Act (HTA) guidelines.

2.16 Lymphocyte Separation

Human blood was diluted with sterile PBS at 1:1 ratio and layered on
lymphocyte separation media (PromoCell, Heidelberg, Germany) at 2:1
ratio. Then, it was centrifuged at 600xg for 30 min at room temperature
without any deceleration. The PBMCs were transferred into a new tube and
centrifuged at 600xg for 10 min at room temperature. The pellet was then
washed twice with 20 ml of sterile PBS; once at 600xg for 10 min and once
at 300xg for 10 min. The PBMCs were counted and diluted to the
appropriate concentration in preparation for the next experimental

procedure.
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2.17 Human Miltenyi T cell Isolation

Human naive T cells (CD4*CD25) and CD4*CD25* T cells were obtained
using the MACS Miltenyi Biotec CD4*CD25" Regulatory T cell isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer's instructions. Lymphocytes were suspended in Miltenyi
buffer and labelled with a biotin-antibody cocktail containing Abs against
CD8, CD14, CD15, CD16, CD19, CD36, CD56, CD123, TCRy/5, and
CD235a. Lymphocytes were then labelled with microbeads conjugated to
anti-biotin antibodies. Magnetic separation was then performed using an LD
column to collect all the unlabelled CD4" cells via negative selection. The
collected CD4* T cells were directly labelled with microbeads conjugated to
anti-CD25 antibodies and run through an MS column. This allowed the
collection of CD4*CD25 T cells which were then tested for purity by flow
cytometry prior to phenotyping and cell culture. This method yielded purity
of at least 80%.

For the collection of CD4*CD25* T cells, cells that remained in the MACS
MS column were flushed through using a plunger and 1 ml of Miltenyi buffer
(positive collection). Purity tests were not performed due to poor cell yield.

2.18 Human T cell Sorting

To increase purity of the isolated populations prior to cell culture, human T
cells were sorted using the FACS Fusion sorter (BD Biosciences, NJ, USA).
Following the isolation of lymphocytes from blood, PBMCs were centrifuged
for 10 min at 300xg and the pellet resuspended in 1 ml Miltenyi buffer. 5 pl
of anti-human Trustain Fc block (BioLegend, CA, USA: 5 ug/ml) were added
to limit background staining and the sample incubated for 10 min at room
temperature. Then, lymphocytes were stained with 5 ul of neat antibody for
CD4 (BioLegend, CA, USA,; clone A161A1: 5 ug/ml), CD25 (BioLegend, CA,
USA,; clone BC96: 2.5 ug/ml), CD127 (BioLegend, CA, USA; clone A019D5:
7.5 ng/ml) and CD45RA (BioLegend, CA, USA; clone HI100: 0.6 ug/ml) for
15 min at 4°C in the dark. Following staining, the cells were counted and
washed once with 10 ml Miltenyi buffer. Cells were brought to a
concentration of 10 x 108 cells/ml in Miltenyi buffer and filtered through a

moistened 40 um filter into a sterile FACS tube to obtain a single-cell
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suspension. DAP| was added last (Invitrogen, CA, USA; 5 ug/ml) to stain
dead cells. Naive T cells were characterised as CD4*CD25
CD127"s"CD45RA* cells. Human Treg cells were sorted based on CD4
positivity, low levels of CD127 and high levels of CD25 expression. The
collected naive T cells were tested for purity by flow cytometry immediately
after cell sorting. This method vyielded purity of 95% and above. The
collected CD4*CD25"9"CD127- T cells were not tested for purity due to

limited cell numbers acquired per donor.

2.19 Human T cell Culture

Following isolation either using the Miltenyi kit or the cell sorter, naive and
Treg cells were cultured at 1x108 cells/ml in 96-well plates for 5 days at
37°C, CO2 5%, humidity 95%. In order to identify signals that induce AEP
expression in vitro, naive and Treg cells were cultured under iTreg inducing
conditions (aCD3, aCD28, rhIL-2, rhTGF-B1). The cells were then
expanded for an additional 7 days at 37°C, CO2 5%, humidity 95% with rhlL-
2 added every two days (on day 5, 7, 9 and 11). On day 12 the cells were
characterised for FOXP3 expression by flow cytometry and cell lysates were

obtained for AEP protein analysis by western blotting (figure 2.1).

Cell culture was performed as following: 96-well, round-bottom plates were
coated with anti-CD3 (BioLegend, CA, USA,; clone:OKT3;5ug/m) for 3hrs at
37°C and the wells were washed three times with PBS to remove any
floating Abs. Removal of these Abs minimised the risk of unwanted cross-
reactivity between the Fc region of the floating anti-CD3 Abs with the Fc
receptors expressed on the T cell surface. Culture media was then
supplemented with soluble anti-CD28 (BioLegend, CA, USA;
clone:CD28.2;2ug/ml) and rhlL-2 (Peprotech, London, UK; 100ng/ml) to
induce T cell activation and expansion. Anti-IL4 (BioLegend, CA, USA;
clone:MP4-25D2;10ug/ml) and anti-IFNy (BioLegend, CA, USA;
clone:B27;10ug/ml) Abs as well as rhTGF-B1 (R&D systems; MN, USA,;
5ng/ml) were used in certain culture conditions for inducing iTreg cells
(figure 2.1).
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Figure 2.1 Schematic diagram of human T cell culture. T cell culture
conditions of sorted human naive and nTreg cells.

2.20 Characterisation of Human PBMCs Using Flow Cytometry

In order to phenotypically characterise human lymphocytes, PBMCs were
stained for CD4 (BioLegend, CA, USA; clone A161A1: 0.5 ug/ml), CD25
(BioLegend, CA, USA; clone BC96: 1 ug/ml), CD127 (BioLegend, CA, USA;
clone A019D5: 0.75 ug/ml), Nrp-1 (BioLegend, CA, USA; clone 12C2: 0.15
ug/ml), Helios (BioLegend, CA, USA; clone 22F6: 0.15 ug/ml), FOXP3
(BioLegend, CA, USA; clone 259D: 3.6 ug/ml), PD-1 (BioLegend, CA, USA;
clone EH12.2H7: 1 ng/ml) and anti-human Trustain Fc block (BioLegend,
CA, USA: 3 pg/ml). The Foxp3 Transcription Factor Staining Buffer Kit was
used for FOXP3 staining. The same staining methodology was used as

described in 2.9. Data were acquired and analysed as described in 2.11-12.

2.21 Protein Extraction

To obtain cell lysates for AEP protein analysis, cells were lysed using
sonication (SANYO, MSE UK LTD) following chemically-induced cell lysis
(either RIPA- or Triton X-100-containing lysis buffer). The cells were
centrifuged at 300xg for 10 minutes in 1 ml of PBS and the pellet
resuspended in the desired volume of lysis buffer prior to sonication for 10

sec at power setting 8 and frequency 23 kHz. The cell lysates were then
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centrifuged at maximum speed of 14,800xg for 5 minutes at 4°C and the

supernatant transferred to a fresh tube prior to storage at -80°C.

Alternatively, cells were lysed with lysis buffer containing HEPES.
Sonication was not used when cells were lysed with this buffer. Cells were
centrifuged at 300xg for 10 minutes in 1 ml of PBS and the pellet
resuspended in the desired volume of HEPES lysis buffer (PMSF was
added to the lysis buffer fresh each time, 30 minutes before lysis in order to
ensure its stability in the aqueous solution). The samples were then
vortexed for 15 seconds and incubated on ice for 10 minutes. After that, the
cells were centrifuged at the maximum speed of 14,800xg for 5 minutes at

4°C and the supernatants were stored at -80°C.

Cells lysates were occasionally obtained by snap freezing the cells in dry
ice. The cells were centrifuged at 300xg for 10 minutes in 1 ml of PBS and
the pellet resuspended in 20 ul of lysis buffer. Samples were incubated on

dry ice for 5 min and then stored at -80°C.

2.22 Protein Quantification

Protein was measured using the Pierce™ bicinchoninic acid assay (BCA
assay) kit (Thermo Fisher Scientific, MA, UK) and the Bradford assay
according to the manufacturer’s instructions. Absorbance was measured at
562 nm using the VersaMax™ Microplate Reader and the SoftMax® Pro
Software (Molecular Devices LLC).

2.23 Concentrating Protein from Small Pellets

Lysates with low protein concentrations (no AEP bands) were acetone
precipitated. Undiluted cold acetone (Sigma, MO, UK) was added to the
protein solution in 4:1 ratio and the sample incubated at -20°C for 1 hr.
Samples were then centrifuged at 14,000xg for 10min at 4°C and the pellet
was allowed to air dry. The acetone-free pellet was resuspended in reducing
buffer overnight in a thermoshaker at 4°C. The reducing buffer consisted of
20% 10x reducing agent, 50% 4x LDS, 10% p-mercaptoethanol (Sigma,
MO, UK) and 20% lysis buffer solution (either RIPA or HEPES depending

on what was used for the initial cell lysis).
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2.24 Western Blotting

In order to detect and quantify protein expression within samples, the semi-
quantitative technique of western blotting was used. All lysates were
brought to equal concentrations following protein quantification with the
BCA assay. Then, the lysates were stained with reducing agent and LDS
and boiled for 5 min at 95°C. Samples were cooled on ice prior to gel
loading. Human DCs (kindly provided by Dr. Amy Anderson and Dr. Fiona
Cooke from ICM, Newcastle University) and mouse bone marrow-derived
DCs and as well as human CD4- APC-enriched lymphocytes were used as
positive controls. Lysates were run under reducing conditions on precast 4-
12% Bis-Tris, 10-20% SDS-PAGE gradient gels (Thermo Fisher Scientific,
MA, UK) at 130V for 70 minutes in 500 ml SDS running buffer (Thermo
Fisher Scientific, MA, UK) supplemented with 0.5 ml antioxidant to maintain
reducing conditions (Thermo Fisher Scientific, MA, UK) and transferred onto
0.45um nitrocellulose membrane (Thermo Fisher Scientific, MA, UK) at
110V for 90 minutes in transfer buffer (Thermo Fisher Scientific, MA, UK).
Membranes were blocked with 5% fat-free semi-skimmed milk in TBST
buffer and incubated overnight at 4°C with primary antibodies to human AEP
(R&D systems, MN, USA, polyclonal; 0.1 ug/ml), FOXP3 (Cell Signaling,
MA, USA; clone D608C, D25D4), GAPDH (Cell Signaling, MA, USA), B-
tubulin (Cell Signaling, MA, USA; clone 9F3) and B-actin (Cell Signaling,
MA, USA) in TBST containing either 5% milk or BSA (Cell Signaling, MA,
USA). B-tubulin, B-actin and GAPDH were used as internal controls.

For the mouse studies, primary antibodies to mouse AEP (R&D systems,
MN, USA; clone 301417, monoclonal), Foxp3 (Cell Signaling, MA, USA;
clone D608R), B-tubulin and GAPDH were used as appropriate.

The recommended antibody concentrations were used (except for the
antibody for human AEP). Immunoreactivity was detected by sequential
incubation with HRP-conjugated secondary Ab and enzymatic
chemiluminescence (ECL) (Millipore Immobilon Western Chemiluminescant
HRP Substrate, MA, USA). All secondary antibodies were obtained from
R&D systems, MN, USA.
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Images were obtained using either the LICOR Odyssey Fc Imager (LI-COR
Biosciences) or an X-ray film developer (Photon Imaging Systems, NY,
USA). Images were analysed using Imaged (BSD-2, public domain). For the
human studies, the 56 (inactive) and 37 kDa (active) AEP band sizes were

analysed.

Where membranes were stained for more than one protein, the membranes
were stripped of any bound Abs and then re-probed with another primary
Ab. In order to do that, the membranes were washed twice with 20 ml TBST
for 15 minutes and then they were incubated at room temperature for 10-20
minutes in stripping buffer. Following stripping, the membranes were
washed twice with 20 ml water for 15 minutes and then once with 20 ml
TBST for 15 minutes. Finally, the membranes were blocked in 5% milk for

1 hr at 4°C in preparation for staining with the primary Ab.

2.25 Optimisation of Human AEP Detection

In order to optimise the band signal intensity of human AEP detected during
X-ray film development, a series of primary and secondary Ab dilutions were
tested along with different exposure times to ECL reagents. 16 ug of sorted
human APC-enriched lymphocyte lysates were used for this purpose. The
optimum conditions were determined at 2 minutes of exposure to ECL
reagents when 0.1 ug/ml primary Ab and a 1:1000 dilution of the secondary

Ab were used.

2.26 AEP Enzyme Activity Assay

2.26.1 Standard curve optimisation

In order to determine AEP activity in human T cell lysates, an enzyme
activity assay was performed (figure 2.2). A series of 7-Amino-4-
methylcoumarin-Chromophore (AMC) (Sigma, MO, USA) standards were
prepared and tested using a fluorimeter (POLARstar Omega, BMG
LABTECH, UK). The concentrations ranged from 50 mM to 0.012 uM in a
total of 100 ul assay buffer per well. AMC was excited at 355 nm and the
emitted signal was detected at 460 nm (top read). The standards were read
in 4 replicates in a black, Corning, 96-well, flat-bottom plate (Scientific
Laboratory Supplies, Nottingham, UK) at 37°C. The entire plate was read in
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kinetic mode 6 times (6 cycles, 1 min/cycle) and each individual well was

read 20 times/cycle (0.4 sec/well).

In order to amplify the signal emitted from the lower AMC concentrations
and make sure that the signal intensities emitted from these standards stay
within the detection range limits of the machine, the gain value was adjusted
for each plate at the beginning of each experiment. This was done by
selecting the standard with the highest AMC concentration and setting it to
75% of total signal detected by the plate reader. This also minimised the
risk of the detection filter getting saturated which would otherwise lead to

inaccurate measurements of higher intensity signals.

Blank controls containing only assay buffer were included in the plate to
determine background noise levels. Readouts for every single standard
were averaged and normalised to blank. The log2 values of the normalised
fluorescent intensity (FI) values were plotted against the log2 values of the
standard concentrations (uM) to produce a standard curve. The linearity of

the regression model was tested using the R? value which was > 0.97.

2.26.2 Sample optimisation and substrate specificity

Positive controls were tested for optimisation purposes. Fresh lysates of
human DCs that were kindly provided by Dr. Fiona Cooke from ICM,
Newcastle University were lysed with a lysis buffer optimal for maintaining
AEP activity (n-octyl lysis buffer) and tested. Specifically, 0.5 x 10 DCs
were washed with 1 ml PBS at 300xg at 4°C for 10 min and lysed by adding
100 ul lysis buffer and incubating the samples for 10 min on ice. The lysate
was centrifuged at maximum speed of 14,800xg at 4°C for 5 min and the
protein concentration determined using a BCA assay. The sample was then
diluted to 1:1 ratio with activation buffer and incubated for 2 hours at 37°C.
10 ug of lysate was loaded in each well followed by the addition of the AEP-
specific substrate Z-Ala-Ala-Asn-AMC (Bachem, Bubendorf, Switzerland) at
a final concentration of 100 uM in a total of 100 pl reaction. The plate was
read straight after addition of substrate and at 10 min intervals up to 120
min of total incubation time. Plate readings were also taken the following

day at 24 hrs after addition of substrate to determine the optimum incubation
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time with the substrate. Controls containing only substrate were included for

normalisation purposes.

Optimum conditions for 10 ug of DC lysate were determined at 90 min after
addition of substrate at 100 uM final concentration in a total of 100 pl

reaction mixture per well.

To assess the specificity of the substrate, human dendritic cells were lysed
using n-octyl lysis buffer and 10 ug of protein lysate was diluted with
activation buffer at 1:1 ratio and incubated for 2 hrs at 37°C to activate AEP
with the addition of 5 uM pepstatin A (Sigma, MO, USA). The reaction
mixture was topped up to 100 ul with assay buffer and AEP-specific
substrate to a final concentration of 100 uM. A blank control containing 100
uM substrate in assay buffer was included. Readouts were taken at regular

intervals and activity levels were normalised to the blank control.

Following the optimisation of the positive controls, samples were screened
for AEP activity using the same method whereby following the addition of
the substrate at 100 uM final concentration, the plate was incubated for at
least 90 min at 37°C in the dark prior to reading. AEP activity is presented
as umoles of substrate released per min of substrate incubation time per

mg of lysate protein contained in the well.

330nm

390nm

AMC

441/460nm F.l. measured
340/355nm " Corresponds to [AMC] Stnd

Figure 2.2 AEP enzyme activity assay. Schematic diagram outlining
the principle of the AEP enzyme activity assay.

2.26.3 PHA lymphocyte expansion
PBMCs were cultured in 48- or 24-well plates at 1 x 10° cells per ml in

complete RPMI media. The cells were stimulated with 2 ug/ml of
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phytohemagglutinin-M (PHA) (Sigma, MO, USA) and expanded for 5 days
at 37°C, CO2 5%, humidity 95%. 1 x 10° cells were taken on day 0 and day
5 and stained with CD3 APC (BioLegend, CA, USA; clone OKT3: 0.8 ug/ml),
CD4 Percpcy5.5 (5 ug/ml), CD8 PE (BioLegend, CA, USA; clone HIT8a:
0.6 ug/ml) and Fc block (5 ng/ml) as described in 2.20. Cells from day 0 and
day 5 were harvested using n-octyl lysis buffer in preparation for the enzyme

activity assay.

In addition to PHA, in certain experiments, PBMCs were also treated with:
10, 1 or 0.5 uM of TGFBR-I inhibitor (TOCRIS, OX, UK; SB431542) or 100
uM of STATS3 inhibitor (Sigma, MO, USA; S31-201) or soluble PD-1 blocking
Ab (BioLegend, CA, USA,; clone EH12.2H7, 10 ug/ml) that was added to the
culture on day 0. DMSO- or IgG2a (BioXCell, OX, UK; clone: C1.18.4;
10pg/ml) isotype-treated PBMCs were used as controls as appropriate.

Cells were harvested on day 5 and AEP activity measured.

2.27 Public Data Mining

Microarray datasets publicly available in the Gene Expression Omnibus
(GEO) repository at the National Centre for Biotechnology Information were
analysed using the provided online GEO2R tool. Individual samples/cell
populations were manually assigned into groups and AEP mRNA levels
were compared between these groups. Normalisation of data was not
necessary as only normalised data are uploaded in the database. Also, the
GEO2R tool automatically performs log2 transformations where
appropriate. The Benjamin & Hochberg false discovery rate method was
applied (default) to limit false positives rates. Output AEP mRNA expression
levels are presented in bar graphs (figure 4.3, figure 5.8, figure 5.4). In figure
5.4, AEP mRNA levels are expressed as log2 fold change values (Log2Fc)
as the initial data available for analysis were provided as normalised Log2
values only. Specifically, the Log2Fc values for the ‘IL-6 stimulation +
TGFBR-I inhibitor’ condition were normalised to the equivalent ‘IL-6
stimulation only’ condition (figure 5.4).

2.28 Statistical Analysis
Statistical analysis was determined using GraphPad Prism (GraphPad
Software, Inc). The Shapiro-Wilk normality test was used to confirm normal
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distribution of data. For normal distributions where two groups were
compared, a two-tailed Student’s t test was performed. For non-normal
distributions, the nonparametric Wilcoxon (paired) or Mann-Whitney
(unpaired) test was used. For comparison of three or more groups (normal
distribution), a One Way ANOVA was performed followed by appropriate
multiple comparison tests. For non-normal distributions, the nonparametric
Kruskal-Wallis test was used. Unless stated otherwise, histogram columns
represent the mean values for each experiment and error bars indicate the
standard error of the mean (tSEM). P values less than 0.05 were defined
as statistically significant (*p<0.05, **p<0.01, ***p=<0.001 and ****p<0.0001).

2.29 Reagents Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE/Cy5 anti-mouse CD4 | Biolegend Cat# 100409

(RM4-5)

PE/Cy7 anti-mouse CD279 | Biolegend Cat# 109109

(PD-1)(RPM1-30)

Brilliant Violet 711™ anti- | Biolegend Cat# 124319

mouse CD274 (B7-H1, PD-

L1)(10F.9G2)

FITC anti-mouse CDG62L | Biolegend Cat# 104405

(MEL-14)

Brilliant Violet 510™ anti- | Biolegend Cat# 135033

mouse CD127 (IL-

7Ra)(A7R34)

PE Anti-Mouse CD44 (IM7) BD Biosciences Cat# 553134

APC Anti-Mouse Foxp3 (FJK- | Thermo Fisher Scientific | Cat# 17-

16s) 5773-82

PE Anti-Mouse Foxp3 (FJK- | Thermo Fisher Scientific | Cat# 12-

16s) 5773-82

Anti-Mouse IL-4 (11B11) Biolegend Cat# 16-
7041-81

APC Anti-Mouse IL-10 (JES5- | Thermo Fisher Scientific | Cat# 17-

16E3) 7101-81

APC Anti Mouse IL-17A | Thermo Fisher Scientific | Cat# 17-

(eBio17B7) 7177-81

PE/Cy7 Anti-Mouse IFNy | Thermo Fisher Scientific | Cat# 25-

(XMG1.2) 7311-82

PE Anti-Mouse CD25 (PC61) | Biolegend Cat# 102007

Brilliant Violet 711™ anti- | Biolegend Cat# 100759

mouse CD8a Antibody

PerCP/Cy5.5 anti-mouse | Biolegend Cat# 145207

CD304 (Neuropilin-1)

Antibody
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CD16/CD32 Monoclonal | Thermo Fisher Scientific | Cat# 14-

Antibody (93) 0161-82

FITC anti-human CD4 | Biolegend Cat# 357405

(A161A1)

PerCP/Cy5.5 anti-human CD4 | Biolegend Cat# 357414

(A161A1)

APC anti-human CD3 (OKT3) | Biolegend Cat#317317

APC anti-human CD25 | Biolegend Cat# 302609

(BC96)

FITC anti-human  CD25 | Biolegend Cat# 302603

(BC96)

Brilliant Violet 421™ anti- | Biolegend Cat# 302629

human CD25 (BC96)

PE/Cy7 anti-human CD127 | Biolegend Cat# 351319

(IL-7Ra)(A019D5)

PE anti-human CD45RA | Biolegend Cat# 304108

(HI100)

PE anti-human CD8a (HIT8a) | Biolegend Cat#300907

FITC anti-human CD304 | Biolegend Cat# 354511

(Neuropilin-1)(12C2)

PE anti-mouse/human Helios | Biolegend Cat# 137206

(22F6)

APC/Cy7 anti-human CD279 | Biolegend Cat# 329922

(PD-1)(EH12.2H7)

Human TruStain FcX™ Biolegend Cat# 422302

Alexa Fluor 647 anti-human | Biolegend Cat# 320213

FoxP3 (259D)

Alexa  Fluor 488 anti- | Biolegend Cat# 644830

mouse/human T-bet (4B10)

APC anti-human IFN-y Pricing | Biolegend Cat# 502511

& Availability Clone (4S.B3)

Mouse Anti-CD3 (145.2C11) | BD Pharmingen Cat#
5533057

Mouse Anti-CD3 (145.2C11) | BioXCell Cat#
BP0001-1

Mouse Anti-CD28 (37.51) BD Pharmingen Cat# 553294

Mouse Anti-CD28 (37.51) BioXCell Cat#
BE0015-1

Mouse Anti-IL4 (11B11) BioXCell Cat#
BE0045

Mouse Anti-IFNy (11B11) BioXCell Cat#
BEOO55

Human Anti-CD3 (OKT3) Biolegend Cat# 317304

Human Anti-CD28 (CD28.2) | Biolegend Cat# 302914

Human Anti-IFNy (B27) Biolegend Cat# 506513

Human Anti-IL4 (MP4-25D2) | Biolegend Cat#500815

Human Anti-PD-1 (EH12.2H7) | Biolegend Cat#329912

Mouse IgG2a, k (C1.18.4) BioXCell Cat#BE0085
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Anti-mouse PDL-1 (10F.9G2) | BioXCell Cat#BP0101
(in vivo)
Rat 1gG2b (LTF-2) (in vivo, | BioXCell Cat#BP0090
isotype)
Anti-goat IgG HRP Vector Laboratories Cat# PI-
9500
Anti-goat IgG HRP R&D Systems Cat#
HAF109
Anti-human Legumain R&D Systems Cat#
AF2199
Anti-human FOXP3 (D608C) | Cell Signal Cat#
12632S
Anti-human FOXP3 (D25D4) | Cell Signal Cat# 5298S
GAPDH Cell Signal Cat# 5174
B-actin Cell Signal Cat# 4967
Anti-Rat IgG HRP R&D Systems Cat#
HAF005
Anti-Rabbit IgG HRP R&D Systems Cat# AF008
Anti-Rabbit IgG HRP Vector Laboratories Cat# PI-
1000
B-tubulin (9F3) Cell Signal Cat# 2128S
Anti-mouse Legumain | R&D Systems Cat#
(301417) MAB2058
Anti-mouse Foxp3 (D608R) Cell Signal Cat#
12653S
Mouse Strains and Cell
Lines
C57BL/6 Charles River Cat#632
C57BL/6 Lgmn™- Prof. Colin Watts, | N/A
Dundee, UK
C57BL/6 CD45.1 Jax Mice Cat#002014
B16F10 melanoma Dr. Pawel Muranski and | N/A
Dr. Nick Restifo, NCI, NIH
Human DCs Dr Amy Anderson, Dr | N/A
Fiona  Cooke, ICM,
Newcastle University, UK
Chemicals, Peptides and
Recombinant Proteins
DMEM-1640 Lonza Cat# 12-
604F
PBS Sigma Cat# D8537
RBC lysis buffer Biolegend Cat# 420301
One Comp Beads Thermo Fisher Scientific | Cat# 01-
1111-42
Lymphocyte separation media | Promocell Cat# C-
44010
RPMI-1640 Sigma Cat# R8758-

500ML
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Fetal Bovine Serum Labtech Cat# FCS-
SA/500-
41213
DMSO Sigma Cat# D2650
Glutamine Gibco Cat# 25-
030-081
Non-essential Amino Acids Sigma Cat# M7145-
100ml
2-B-mercaptoethanol Sigma Cat# M6250-
10ML
Sodium Pyruvate Sigma Cat# S8636-
100ml
Penicillin-Streptomycin Sigma Cat# P4333-
100ML
rmiL-4 R&D Systems Cat# 404-
ML-010
rmPD-L1 Fc R&D Systems Cat# 1019-
B7-100
rm-GM-CSF Miltenyi Biotec Cat# 130-
094-043
LPS Sigma Cat# L2630-
10mg
rhiL-2 Peprotech Cat# 200-02
rhTGF-B1 R&D Systems Cat#240-B
Radioimmunoprecipitation Sigma Cat# R0278
Assay Buffer (RIPA)
Leupeptin Sigma Cat#E18
Pepstatin A Sigma Cat#EI10
Phytohemagglutinin-M (PHA) | Sigma Cat#110821
32001
TGFBR-I inhibitor (SB431542) | TOCRIS Cat#1614
STATS inhibitor (S31-201) Sigma Cat#SMLO03
30-5MG
Protease Inhibitor Cocktail | Roche Cat# 11 836
Tablets 153 001
Phosphatase Inhibitor | Sigma Cat# P0044-
Cocktails 3 1ML
Phosphatase Inhibitor | Sigma Cat# P5726-
Cocktails 2 1ML
HEPES Buffer Sigma Cat# H0887-
100ml
Sodium Azide Sigma Cat# S2002
Glycine Sigma Cat#
410225-50G
Hydrochloric Acid Sigma Cat# 2104-
50ML
Sodium Chloride Sigma Cat# S7653
Sodium Fluoride Sigma Cat# S7920
Cycloheximide Sigma Cat# C4859-

1ML
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Triton X-100 Sigma Cat# X100
Tween 20 Sigma Cat# P1379-
500ML
Trypsin Lonza Cat# BEO02-
007E
PMSF Sigma Cat# 93482-
50mlI-F
EDTA Sigma Cat# E7889-
100ML
NuPAGE MES SDS Running | Thermo Fisher Scientific | Cat#
Buffer 20x NP0002
NuPAGE transfer buffer Thermo Fisher Scientific | Cat#
NP00061
NuPAGE Antioxidant Thermo Fisher Scientific | Cat#
NP0005
4-12% Bis-Tris, 10-20% SDS- | Thermo Fisher Scientific | Cat#
PAGE Gels NP0322BOX
Nitrocellulose Membrane | Thermo Fisher Scientific | Cat# 88025
0.45uM
Reducing Agent 10x Thermo Fisher Scientific | Cat# B0004
LDS 4x Thermo Fisher Scientific | Cat#
NP0008
Acetone Sigma Cat# 270725
Trypan Blue Sigma Cat# T8154
BSA Cell Signaling Cat# 9998s
Phorbol  12-myristate 13- | Sigma Cat# P8139
acetate (PMA)
lonomycin Sigma Cat# 10634
Brefeldin Biolegend Cat# 420601
Monensin Biolegend Cat# 420701
7-Amino-4-methylcoumarin- Sigma Cat# A9891
Chromophore
MES Sigma Cat# M3671
n-Octyl-B-dglucopyranoside Merck-Milipore Cat#
4944509-
1GM
Sodium Citrate Sigma Cat# S4641
Z-Ala-Ala-Asn-AMC Bachem Cat# -
1865.0050
Sodium Acetate Sigma Cat# S2889
Dnase | Grade I Sigma Cat#
1010415900
1
Liberase tL Sigma Cat#
5401020001
DAPI Invitrogen Cat# D1306
Critical Commercial Assays
Foxp3 Transcription Factor | Thermo Fisher Scientific | Cat#
Staining Buffer Kit A25866A
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BD BD Pharmingen Cat# 554714

Cytofix/Cytoperm™ Fixation/

Permeabilization Solution Kit

Bicinchoninic  Acid Assay | Thermoscientific Cat#

(BCA assay) 10678484

Millipore Immobilon Merck Millipore Cat#
WBKLS0500

MS Columns Miltenyi Biotec Cat# 130-
042-201

LD Columns Miltenyi Biotec Cat# 130-
042-901

Mouse Regulatory T cell | Miltenyi Biotec Cat# 130-

isolation kit 091-041

Human Regulatory T cell | Miltenyi Biotec Cat# 130-

isolation kit 091-301

Equipment, Software and

Algorithms

BD FACS CANTO Il BD Biosciences N/A

BD LS Fortessa X20 BD Biosciences N/A

BD FACSAria™ Fusion Cell | BD Biosciences N/A

Sorter

FCS Express version 6 De Novo Software N/A

GraphPad Prism GraphPad Software, Inc | N/A

SoftMax Pro Software Molecular Devices LLC N/A

VersaMax™ Microplate | Molecular Devices LLC N/A

Reader

Image Studio Lite version 5.2 | LI-COR Biosciences N/A

LICOR Odyssey Fc Imager LI-COR Biosciences N/A

X ray film developer Photon Imaging Systems | Cat#
9992305500

Adobe lllustrator CC 2015 Adobe Systems N/A

ImageJ BSD-2, public domain N/A

Soniprep 150 Sonicator SANYO MSE UK LTD N/A

GE Healthcare Amersham | Amersham GE | Cat#

Hypercassette- healthcare 10499404

AutoradiographyCassette (18

X 24cm)

GE Healthcare Amersham | Amersham GE | Cat#

Hyperfilm ECL healthcare 10607665

POLARstar Omega BMG LABTECH N/A

Corning 96 Well Black Flat | Scientific Laboratory | Cat#

Bottom Not Treated | Supplies CLS3915

Microplate
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Chapter 3. AEP Expression in Mouse T Cells

3.1 Introduction

AEP is implicated in antigen processing and presentation in mouse APCs
(Antoniou et al., 2000). Specifically, processing of TTCF by AEP has been
shown to confer a kinetic advantage to mouse DCs as Lgmn”- DCs were
less efficient at processing TTCF in vitro (Matthews et al., 2010). Also,
Lgmn”- mice have been shown to exhibit a lysosomal disorder characterised
by the accumulation of lysosomal proteases, demonstrating AEP’s
involvement in the activation of other proteolytic enzymes such as
cathepsins H and L with further implications in mouse immune responses
(Shirahama-Noda et al., 2003).

In addition to APCs however, AEP has been shown to exhibit a T cell
lineage-specific expression pattern which suggests a role in T cell lineage
determination and function (Hou et al, 2015). The idea of proteolytic
enzymes regulating T cell immune responses in mice has been previously
explored by other groups. A notable example is cathepsin L which in its
single-chain form can promote CD4* naive T cell differentiation into the
Th17 lineage (Hou et al., 2015). Inhibition of cathepsin L by serpinB1
negatively regulates Th17 cell differentiation (Hou et al., 2015). AEP has a
similar inhibitory effect on Th17 cell differentiation through its ability to
process cathepsin L into its two-chain form (Hou et al., 2015). WT and
serpinb17- CD4* naive T cells cultured under Th17-inducing conditions in
the presence of the AEP-specific inhibitor LI-1 led to an increase in Th17
cell differentiation in a LI-1-dose-dependent manner (Hou et al., 2015). In
addition, AEP expression was shown to be strongly induced in Th17 and
Treg cells, but notin Th1 or Th2 cells (Hou et al., 2015). Interestingly, TGF-
B stimulation is important for the differentiation of both Th17 and Treg cells
but not for Th1 or Th2. Therefore, it is hypothesised that it may play a role
in the induction of AEP expression.

Previous work performed by the group has demonstrated the
downregulation of AEP mRNA in PDL-1-treated Tbet*iTreg cells compared
to Tbet*iTreg cells and that these cells (Tbet*iTregPDL1) were also better

at preventing/alleviating GvHD and colitis in mice (appendix D)

69



(Stathopoulou et al., 2018). This, in addition to the fact that AEP expression
was observed in mouse iTreg and Tbet*iTreg cells but not in Tbet*Th1 cells,
further highlights the importance of AEP in mouse Treg cell differentiation
and function (Stathopoulou et al., 2018). Therefore, it is here hypothesised
that signalling mechanisms involved in establishing the Treg cell lineage -
such as TGF-B1 and IL-2-mediated signalling - may play a role in inducing
AEP protein expression. Understanding those mechanisms will provide

valuable insight into the manipulation of Treg cells for therapeutic purposes.

3.2 Aims

The aim of this chapter is to study the function of AEP in mouse Treg cells
and identify signals that regulate AEP expression in these cells. Therefore,
AEP expression was studied in:

e iTreg and expanded Treg cells
e tumour infiltrating nTreg cells (TILs) (consisting of both tTreg and

pTreg cells) in an in vivo mouse model of melanoma.

3.3 Results

3.3.1 Characterisation of WT and Lgmn”’- mice

AEP can degrade Foxp3 protein but whether it modulates the phenotype of
Treg cells by altering their phenotypic profile is unknown. Also, as AEP is a
proteolytic enzyme, in addition to Foxp3 it may modulate effector cytokine
secretion in Treg cells. Differential cytokine expression between WT and
Lgmn” Treg cells would indicate a new regulatory role for AEP in
modulating cytokine phenotype in Treg cells. To address the hypothesis,
multi-parametric flow cytometry to characterise CD4* T cells and
CD4*Foxp3* Treg cells (nTreg cells) was performed in WT and Lgmn~ mice.

Splenocytes from WT and Lgmn”- mice were characterised for cell surface
markers and cytokine expression by flow cytometry by Dr. Shoba Amarnath
(figure 3.1). With wild type splenocytes for controls, Lgmn’ T cells were
characterised for CD4, CD8, CD44, CD62L, CD25, Foxp3, CD127, Nrp-1
and Helios expression. Splenocytes were also stimulated with PMA
(10pg/ml) and ionomycin (1pg/ml) for two hours at 37°C to stimulate
cytokine production and then, treated with brefeldin (5 pg/ml) and monensin

A (2uM) for another two hours at 37°C to inhibit exocytosis and therefore
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prevent loss of these cytokines prior to flow cytometry. Splenocytes were
then characterised for CD4, IFN-y, IL-10, IL-17A and IL-4 expression.

Experiments showed that Lgmn~-mice had normal frequencies of CD4* (10-
13%) and CD8"* (7-8%) T cells as well as T effector (CD44Ms"CD62L'°%) (17-
22%) and central memory T cells (CD44'°"CD62L"d") (46-50%) (figure 3.1A-
B). In addition, no changes in cytokine expression of T cells were observed
(figure 3.1A-B, E-G). However, Lgmn”- mice had a significantly increased
frequency (p=0.008) of CD4*Foxp3* Treg cells (16.3%) present in the
spleen compared to WT mice (12%) (figure 3.1C-D). Also, these Treg cells
had significantly increased (p=0.004) protein expression levels of Foxp3 per
cell (MFI 8.5) compared to wild type Treg cells (MFI ~6.5) as indicated by
MFI (figure 3.1D). Finally, the fact that Lgmn’ mice exhibited similar
frequencies of thymic Treg cells (CD4"Foxp3*Nrp-1* and
CD4"Foxp3*Helios™) as WT mice (~80%) (figure 3.1E-F), suggests that the
increased frequencies of CD4*Foxp3* Treg cells (figure 3.1D) are due to

increased frequencies of peripheral Treg cells.

In summary, although AEP deficiency did not alter the cytokine profile of
CD4* T cells, increased frequencies of regulatory T cells in the periphery
were observed in mice with a global deletion of AEP as well as increased
Foxp3 expression within these Treg cells. This suggests that AEP can
modulate mouse Treg cells and that AEP expression may have a role in

regulating Foxp3 expression in these cells.
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Figure 3.1 Phenotypic characterisation and cytokine profiling of wild
type and Lgmn” mice. Splenocytes from B6 wild type and Lgmn” mice
were characterised for CD4, CD8, CD44, CD62L, CD25, Foxp3, CD127,
Nrp-1 and Helios expression. Splenocytes were also stimulated with PMA
(10pg/ml) and ionomycin (1ug/ml) for two hours at 37°C and then, treated
with brefeldin (5 pg/ml) and monensin A (2uM) for another two hours at
37°C. Cells were then characterised for CD4, IFN-y, IL-10, IL-17A and IL-
4 expression. A. Flow plots illustrating the frequency of CD4* and CD8* T
cells within the single cells gate (left) as well as effector
(CD44hshCD62L'°") and central memory (CD44°“CD26L"M9") T cells within
the CD4 gate (right). N=4. B. Summarising graph showing percentage
frequencies of CD4*, CD8*, CD4*CD44* and CD4*CD26L* T cells. N=4.
C. Flow plots illustrating the frequency of CD4*Foxp3* (nTreg) T cells in
wild type and Lgmn” mice. N=5. D. Summary graphs showing the
frequency of nTreg cells as well as the mean fluorescence intensity (MFI)
of Foxp3 expression in nTreg cells in the spleens of WT and Lgmn”- mice.
Cells were gated on CD4* T cells. N=5. E. Phenotypic characterisation of
nTreg cells for CD25, CD127, Nrp-1 and Helios expression in WT and
Lgmn”- mice. N=5. F. Summary graph showing percentage frequency of
nTreg cells that express CD25, CD127, Nrp-1 and Helios. N=5. G. Flow
plots illustrating expression of IFN-y, IL-10, IL-17A and IL-4 within the CD4
gate in stimulated WT and Lgmn~ cells. N=1. The Shapiro-Wilk normality
test was used to confirm normal distribution of data and an unpaired,
Student’s t test was used for variance analysis. P values <0.05 were
defined as statistically significant. Experiments were performed by Dr.
Shoba Amarnath.

3.3.2 Foxp3 turnover in WT and Lgmn™- iTreg cells

Since AEP is a protease and has been shown to degrade Foxp3 in
Tbet*iTreg cells, the question of whether a similar mechanism exists in iTreg
(Tbet) cells was addressed (Stathopoulou et al., 2018). For this purpose, a

protein turnover assay was developed and optimised.

CD4'CD25 T cells from WT splenocytes were isolated using the Miltenyi
kit. This kit uses magnetic beads for the negative selection of naive
CD4*CD25 T cells from a pre-enriched CD4* T cell population. Pre-
enrichment occurs after depletion of platelets, erythrocytes, monocytes,
granulocytes, epithelial cells, fibroblasts and activated lymphocytes and NK
cells from the spleen sample. The unwanted populations are stained with
biotin-conjugated Abs for cell-specific markers and magnetic microbeads
conjugated to anti-biotin Abs. Stained cells are captured and retained in the
magnetic column allowing only the population of interest (CD4*) to pass
through and get eluted. The eluted cells are labelled with CD25-PE Abs and
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anti-PE Abs conjugated to microbeads and then run through a separate
column. Naive CD4*CD25 cells are eluted while CD4*CD25" cells are
retained in the column. The latter can be manually flushed through to collect
the CD4*CD25* Treg cell population.

Here, naive T cells were cultured in vitro at 1 million cells/ml for 72 hrs in
complete DMEM media in aCD3-coated plates (5 ug/ml) with the addition
of aCD28 (2 ug/ml), rhiL-2 (80 ng/ml) and rhTGF-1 (5 ng/ml) to differentiate
them into iTreg cells. Cells were cultured with or without alL-4 (10 ug/ml)
and alFN-y (10 ug/ml) and on day 3, cell culture media was supplemented
with fresh rhiL-2 (80 ng/ml) and cells incubated for 24 more hours. On day
4, cells were treated with either the protein synthesis inhibitor cycloheximide
(CHX) (100 pg/ml) or DMSO (0.1%) and harvested using RIPA lysis buffer
at different time points in preparation for analysis of Foxp3 expression via

western blotting.

This experiment showed that inhibition of protein turnover with CHX led to
a progressive reduction in Foxp3 abundance relative to GAPDH, reflecting
Foxp3 degradation compared to DMSO controls (figure 3.2). In addition,
inclusion of alL-4 and alFN-y neutralising antibodies in culture media did
not alter Foxp3 expression levels or degradation rates in iTreg cells so these
antibodies were not included in the degradation assay experiments that

followed (figure 3.2).

Following optimisation, Foxp3 turnover experiments were then performed to
determine whether AEP can regulate Foxp3 expression in iTreg cells and
whether this effect is maintained over time (figure 3.3). The same
methodology was used as described in the optimisation experiment except
that CD4*CD25 T cells from both WT and Lgmn~- splenocytes were used.
Although saturation/overexposure of the GAPDH labels in the first
experiment prevented any band quantification, raw data indicate that Lgmn-
- iTreg cells show increased Foxp3 protein levels at Ohr compared to WT
iTreg cells and that this difference is maintained over time for at least up to
24 hrs in vitro (figure 3.3 A-C). The decreased Foxp3 protein turnover in
CHX-treated Lgmn” iTreg cells indicates that AEP regulates Foxp3
expression at a posttranslational level. This is in accordance with the
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hypothesis that AEP regulates Treg cells through regulating Foxp3 protein

expression.

However, it should be noted that more time points and a nuclear internal
control could be used in future experiments to validate these results. This
would give further insight into the half-life of Foxp3 in the Lgmn~-iTreg cells
relative to the WT controls while the bands of a nuclear housekeeping gene
would be less likely to get saturated due to the lower expression levels of
the nuclear marker compared to the cytoplasmic marker. Also, phenotypic
characterisation of the iTreg cell population and a functional assay on day
three would help eliminate the possibility of culture contamination which
could have skewed the results. Although a Treg cell suppression assay was
attempted to assess the quality of the purified Treg cells (appendix C), low
iTreg cell numbers from the in vitro cultures did not permit flow cytometry
and suppression assays to be performed.
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Figure 3.2 Foxp3 turnover in WT iTreg cells optimisation.
CD4*CD25 T cells from WT splenocytes were isolated using the Miltenyi
kit. Cells were cultured in vitro at 1 million cells/ml for 3 days (72 hrs) in
complete DMEM media in aCD3-coated plates (5 pg/ml) with the
addition of aCD28 (2 ug/ml), rhiL-2 (80 ng/ml) and rhTGF-B1 (5 ng/ml).
Cells were cultured with or without alL-4 (10 ug/ml) and olFN-y (10
ug/ml). On day 3, cell culture media was supplemented with fresh rhiL-2
(80 ng/ml) and cells incubated for 24 more hours. On day 4, cells were
treated with either CHX (100 pg/ml) or DMSO (0.1%) and harvested
using RIPA lysis buffer at different time points. Lysates were reduced
and boiled and run under reducing conditions on a precast, 4-12% Bis-
Tris gradient gel. A. Western blot images showing Foxp3 expression in
each time point. Membranes were stripped and re-probed for GAPDH.
B. Graph showing Foxp3 protein turnover over time. Bands were
normalised to GAPDH and the Ohr condition. Foxp3 bands were
quantified using ImageJ and normalised to GAPDH. N=1
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Figure 3.3 Foxp3 turnover in WT and Lgmn”- iTreg cells. CD4*CD25 T
cells from WT and Lgmn”- splenocytes were isolated using the Miltenyi Kkit.
Cells were cultured in vitro at 1 million cells/ml for 3 days (72 hrs) in complete
DMEM media in aCD3-coated plates (5 ug/ml) with the addition of aCD28
(2 pg/ml), rhiL-2 (80 ng/ml) and rhTGF-B1 (5 ng/ml). On day 3, cell culture
media was supplemented with fresh rhIL-2 (80 ng/ml) and cells incubated for
24 more hours. On day 4, cells were treated with CHX (100 pg/ml) and
harvested using RIPA lysis buffer at different time points in preparation for
protein analysis via western blotting. Lysates were reduced and boiled and
run under reducing conditions on a precast, 4-12% Bis-Tris gradient gel. A-
C. Western blot images showing Foxp3 expression in each time point.
Membranes were stripped and re-probed for GAPDH. D-F. Graphs showing
Foxp3 protein turnover over time. Bands were normalised to GAPDH and
the Ohr condition. Foxp3 bands were quantified using ImageJ and
normalised to GAPDH. N=3
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3.3.3 Induction of AEP expression in iTreg cells

A trend towards decreased Foxp3 turnover was noted in Lgmn~- iTreg cells
indicating that AEP regulates Foxp3 expression. Therefore, signals that
could induce AEP expression in WT iTreg cells were next investigated.
Signalling mechanisms involved in establishing the Treg cell lineage - such
as TGF-B1 and IL-2-mediated signalling — are hypothesised to play a role in
inducing AEP protein expression. For this purpose, AEP expression was
studied in expanded naive and Treg (iTreg and nTreg) cells from wild type
mice. CD4*CD25 (naive) and CD4*CD25" (nTreg) T cells were sorted from
mouse splenocytes using the Miltenyi kit as described in chapter 2.7 and
3.3.2 and cultured for 3 days in aCD3-coated plates (5 pg/ml) in the
presence of alL-4 (10 ug/ml) and alFN-y (10 pg/ml) with the addition of
oCD28 (2 ng/ml), rhlL-2 (80 ng/ml) and rhTGF-B1 (2 or 5 ng/ml) where
appropriate. Cells were then harvested using a RIPA-based lysis buffer and

AEP expression determined using western blotting.

The experiment was repeated twice. To validate the culture conditions,
Foxp3 expression in each condition was assessed using flow cytometry. In
the first experiment, more than 70% of cells cultured under iTreg conditions
(aCD3, oCD28, rhiL-2, rhTGF-B1) expressed Foxp3 indicating the
successful differentiation and expansion of iTreg and nTreg cells in vitro
(figure 3.4B-C). Using a higher concentration of TGF-1 did not alter the
frequency of Foxp3™ T cells at the end of the culture within the iTreg
condition (figure 3.4C). This indicates that 2 ng/ml of rhTGF-B1 is sufficient
for inducing Treg cells. In addition, TCR stimulation with or without rhIL-2
was also able to induce Foxp3 expression in naive T cells (46-52%) (figure
3.C). Specifically, TCR stimulation alone seemed to be inducing higher
Foxp3 expression (52 & 48.8%) than TCR stimulation in combination with
rhlL-2 (46.3%). Increased cell proliferation of activated naive T cells -
especially in the absence of survival signals delivered by IL-2 - may have
led to the depletion of nutrients in the media thus causing increased cell
apoptosis and the subsequent release of TGF-B1 in the media. Considering
that activated naive T cells also produce IL-2, the presence of both IL-2 and
TGF-B1 in the media could have induced Foxp3 expression. In contrast,

supplementing media with rhIL-2 at the start of the culture may have limited
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cell apoptosis which could account for the lower frequencies of Foxp3* T
cells in this condition (46.3%). Nevertheless, the frequency of Foxp3* T cells
in these populations remained lower than those cultured under iTreg

conditions where rhTGF-1 was included in the culture from day 0 (>74%).

Following T cell differentiation and expansion, western blotting showed that
AEP expression could be detected in all conditions, in activated naive T
cells as well as iTreg cells (figure 3.5). AEP expression was highest in cells
cultured in the presence of TGF-B1 i.e. under iTreg conditions (figure 3.5B).
In addition, naive T cells stimulated with a«CD3 and aCD28 showed higher
AEP levels compared to those that were also stimulated with rhlL-2.
Although the potential role of TCR signalling in AEP activation could not be
determined as all conditions included a.CD3, these data seem to coordinate
with the Foxp3* T cell frequencies (figure 3.4). This along with the fact that
AEP expression was also induced in nTreg cells expanded under iTreg
conditions indicates that AEP expression coordinates with Foxp3
expression and that TGF-B1 plays an important role in inducing the highest
level of AEP expression in mouse Treg cells. Collectively, these data
suggest that AEP expression is associated with the Treg cell lineage.
Additional studies that would further confirm this include studying Foxp3 and
AEP expression using fluorescently-labelled probes and confocal
microscopy. Finally, stimulation of nTreg cells with TGF-$1 alone in the

absence of TCR stimulation would also help to further validate these results.
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Figure 3.4 iTreg cell expansion and characterisation — mouse 1.
CD4*CD25 and CD4*CD25* T cells from WT splenocytes were isolated
using the Miltenyi kit. Cells were cultured in vitro at 1 million cells/ml for 72
hrs in complete DMEM media in aCD3-coated plates (5 pug/ml) in the
presence of alL-4 (10 ug/ml) and alFN-y (10 pg/ml) with the addition of
oCD28 (2 ug/ml), rhiL-2 (80 ng/ml) and rhTGF-B1 (2 and 5 ng/ml) where
appropriate. iTreg conditions included aCD3, aCD28, rhiL-2 and rhTGF-p1.
Cells from each condition were characterised for CD4 and Foxp3
expression. The rest were harvested using RIPA lysis buffer in preparation
for protein analysis via western blotting. A. Splenocyte characterisation on
day O illustrating the gating strategy for identifying nTreg cells. B. Flow plots
showing the frequency of CD25"Foxp3* cells in sorted CD4*CD25* T cells
that were cultured under iTreg conditions. C. Flow plots showing the
frequency of CD25*Foxp3™* cells in sorted CD4*CD25 T cells that were
cultured under different conditions. N=1
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Figure 3.5 AEP expression in expanded murine iTreg cells — mouse 1.
CD4*CD25 and CD4*CD25* T cells from WT splenocytes were isolated
using the Miltenyi kit. Cells were cultured in vitro at 1 million cells/ml for 72
hrs in complete DMEM media in aCD3-coated plates (5 pg/ml) in the
presence of alL-4 (10 pug/ml) and alFN-y (10 pg/ml) with the addition of
aCD28 (2 ug/ml), rhiL-2 (80 ng/ml) and rhTGF-$1 (2 and 5 ng/ml) where
appropriate. Cells from each condition were harvested using RIPA lysis
buffer in preparation for protein analysis via western blotting. Lysates were
reduced and boiled and run under reducing conditions on a precast, 4-12%
Bis-Tris gradient gel. A. Western blot image showing AEP expression in
each of the culture conditions. Stripped and re-probed western blot
membrane was imaged for B-tubulin. B. Bar graph showing the expression
levels of active, inactive and total AEP in each of the conditions. Bands
were normalised to B-tubulin. C. Bar graph showing the percentage ratio of
active and inactive AEP expressed in each of the culture conditions. AEP
bands were quantified using ImagedJ. The active and inactive AEP bands
were normalised to pB-tubulin and the normalised values were divided by the
total AEP and then multiplied by 100. N=1

When the experiment was repeated a second time, more than 50% of cells
cultured under iTreg conditions expressed Foxp3 indicating the successful
differentiation and expansion of iTreg and nTreg cells in vitro (figure 3.6B-
C). Although TCR stimulation with or without rhiL-2 was able to induce
Foxp3 expression in naive T cells (1.3 - 3.7%) (figure 3.6C), the frequencies
of Foxp3* T cells were considerably lower than those observed in the first
experiment (46 - 52%) (figure 3.4C). As in the first experiment, TCR
stimulation («CD3 and aCD28) induced higher Foxp3 expression (3.7%)
than TCR stimulation in combination with rhiL-2 (1.3%). Also, the frequency
of Foxp3* T cells in these populations remained lower than those cultured

under iTreg conditions (>54%).

Western blotting revealed a similar pattern of AEP expression as AEP could
be detected in activated naive T cells as well as iTreg cells (figure 3.7). AEP
expression was highest in cells cultured under iTreg conditions (figure
3.7B). In addition, naive T cells stimulated with both aCD3 and aCD28
showed higher AEP levels compared to those that were also stimulated with
rhiL-2. These data seem to coordinate with the Foxp3* T cell frequencies
(figure 3.6C). Similarly to the first experiment, AEP expression was induced
in nTreg cells expanded under iTreg conditions although quantification of
this band was not possible due to the absence of the house keeping gene

(figure 3.7).
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Issues with the band intensity of the B-tubulin housekeeping have been
observed in multiple blots, specifically in the freshly isolated Treg
(CD4*CD25%) cell population that had been cultured under iTreg cell
conditions (figure 3.5, 3.7 and 3.9). This may be due to membrane
overstripping which could have removed the protein from the nitrocellulose
membrane. However, that does not explain why the rest of the tubulin bands
remained unaffected. Therefore, it is possible that this is a cell-specific
and/or culture condition-specific effect. It has been reported in the literature
that TGF- can have an impact on the levels of housekeeping genes such
as p-actin and B-tubulin (Lomri and Marie, 1990). Furthermore, cell
confluency during cell culture can also affect expression levels of
housekeeping genes even though an equal amount of protein has been
loaded on the gel (Samantha Greer et al., 2010). Specifically, changes in
the confluency of cultured NIH3T3 fibroblasts has been shown to affect the
levels of a-tubulin and GAPDH but it did not affect the levels of B-actin
(Samantha Greer et al., 2010). Also, this may be a cell-specific effect as
human DCs were shown to express low levels of GAPDH (figure 4.19) but
high levels of B-actin, even though an equal amount of protein was loaded
on the gel in both cases (5 ug) (figure 4.21). More validation experiments of
the housekeeping genes need to be performed to account for internal
control variation in each experimental context. Alternatively, more accurate
approaches of protein normalisation could be used in future experiments

such as total protein staining.
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Collectively, these data are in agreement with the first experiment and
support the hypothesis that TGF-B1 plays an important role in inducing AEP

expression in mouse Treg cells.
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Figure 3.6 iTreg cell expansion and characterisation — mouse 2.
CD4*CD25 and CD4*CD25* T cells from WT splenocytes were isolated
using the Miltenyi kit. Cells were cultured in vitro at 1 million cells/ml for
72 hrs in complete DMEM media in aCD3-coated plates (5 ug/ml) in the
presence of alL-4 (10 pg/ml) and alFN-y (10 pg/ml) with the addition of
oCD28 (2 pg/ml), rhiL-2 (80 ng/ml) and rhTGF-B1 (5 ng/ml) where
appropriate. Cells from each condition were characterised for CD4 and
Foxp3 expression. The rest were harvested using RIPA lysis buffer in
preparation for protein analysis via western blotting. A. Splenocyte
characterisation on day O illustrating the gating strategy for identifying
nTreg cells. B. Flow plots showing the frequency of CD25*Foxp3™ cells in
sorted CD4*CD25" T cells that were cultured under iTreg conditions. C.
Flow plots showing the frequency of CD25'Foxp3* cells in sorted
CD47CD25 T cells that were cultured under different conditions. N=1
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Figure 3.7 AEP expression in expanded murine iTreg cells— mouse 2.
CD4*CD25 and CD4*CD25* T cells from WT splenocytes were isolated
using the Miltenyi kit. Cells were cultured in vitro at 1 million cells/ml for 72
hrs in complete DMEM media in aCD3-coated plates (5 ug/ml) in the
presence of alL-4 (10 ug/ml) and alFN-y (10 pg/ml) with the addition of
oCD28 (2 pg/ml), rhiL-2 (80 ng/ml) and rhTGF-B1 (5 ng/ml) where
appropriate. Cells from each condition were harvested using RIPA lysis
buffer in preparation for protein analysis via western blotting. Lysates were
reduced and boiled and run under reducing conditions on a precast, 4-12%
Bis-Tris gradient gel. A. Western blot image showing AEP expression in
each of the culture conditions. Stripped and re-probed western blot
membrane was imaged for 3-tubulin. B. Bar graph showing the expression
levels of active, inactive and total AEP in each of the conditions. Bands were
normalised to B-tubulin. C. Bar graph showing the percentage ratio of active
and inactive AEP expressed in each of the culture conditions. AEP bands
were quantified using Imaged. The active and inactive AEP bands were
normalised to B-tubulin and the normalised values were divided by the total
AEP and then multiplied by 100. N=1

3.3.4 PDL-1 downregulates AEP in murine iTreg and expanded Treg
cells

In addition to signals that can induce AEP expression, signals that
downregulate AEP were next investigated. PDL-1, has been shown to
downregulate AEP expression in Tbet*iTreg and iTreg cells generated in
vitro (Stathopoulou et al., 2018). In order to determine whether a similar
mechanism exists in nTreg cells, AEP expression was studied in both
mouse iTreg and nTreg cells that were expanded under iTreg conditions in

the presence of a PDL-1 stimulatory antibody (figure 3.8, 3.9).

CD4'CD25 (naive) and CD4*CD25* (nTreg) T cells were sorted from WT
mouse splenocytes using the Miltenyi kit (method described in sections 2.7,
3.3.2) and cultured for 3 days in aCD3-coated plates (5 pg/ml) in the
presence of alL-4 (10 ug/ml) and alFN-y (10 pg/ml) with the addition of
oCD28 (2 ng/ml), rhlL-2 (80 ng/ml) and rhTGF-B1 (2 or 5 ng/ml) where
appropriate. In certain conditions, plates were also coated with PDL-1 (5
ug/ml). Cells were then harvested using a RIPA-based lysis buffer and AEP

expression determined using western blotting.

In this experiment, more than 70% of cells cultured under iTreg conditions
expressed Foxp3 (figure 3.8). In agreement with data presented in figure

3.4, using a higher concentration of TGF-1 did not significantly alter the
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frequency of Foxp3*™ T cells at the end of the culture (74 — 82%) (figure
3.8B). A similar pattern of Foxp3 and AEP expression was observed as in
figures 3.4-3.7. Specifically, TCR stimulation in combination with rhIL-2 was
able to induce Foxp3 expression in naive T cells (45.5%) (figure 3.8B).
Although the frequency of Foxp3™ T cells in this population was higher than
that observed in previous experiments, it remained lower than those

cultured under iTreg conditions (>70%) (figure 3.8).

Western blotting revealed a similar pattern of AEP expression as AEP could
be detected in activated naive T cells stimulated with rhIL-2 as well as in
iTreg and expanded nTreg cells (figure 3.9). However, similar levels of AEP
expression were observed in the rhIL-2 and the iTreg conditions. These data
seem to coordinate with the Foxp3*™ T cell frequencies as higher Foxp3
expression within the IL-2 condition correlated with higher AEP expression.
In support of this, there was no significant increase in AEP expression levels
in iTreg cells induced with either 2 or 5 ng/ml of TGF-B1 which is in
accordance with the flow cytometry data on Foxp3 expression (figure 3.8-
9).

Collectively, these data are in agreement with the previous experiments
(figure 3.4-3.7) and support the hypothesis that TGF-1 plays an important

role in inducing AEP expression in mouse Treg cells.

In addition, downregulation of AEP expression was observed in all PDL-1-
stimulated populations (iTreg and expanded nTreg cells) which supports
previous data showing PDL-1 downregulating AEP in murine Tbet*iTreg and
iTreg cells (figure 3.9) (Stathopoulou et al., 2018).
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Figure 3.8 iTreg cell expansion and characterisation — mouse 3.
CD4*CD25 and CD4*CD25* T cells from WT splenocytes were isolated
using the Miltenyi kit. Cells were cultured in vitro at 1 million cells/ml for 72
hrs in complete DMEM media in aCD3-coated plates (5 pug/ml) in the
presence of alL-4 (10 ug/ml) and alFN-y (10 ug/ml) with the addition of
aCD28 (2 ug/ml), rhiL-2 (80 ng/ml) rhTGF-B1 (2 or 5 ng/ml) and PDL-1 (5
ug/ml, coated wells) where appropriate. Cells from each condition were
characterised for CD4 and Foxp3 expression. The rest were harvested
using RIPA lysis buffer in preparation for protein analysis via western
blotting. A. Flow plots showing the frequency of CD25*Foxp3* cells in
sorted CD4*CD25" T cells that were cultured under iTreg conditions with or
without PDL-1. B. Flow plots showing the frequency of CD25*Foxp3* cells
in sorted CD4*CD25 T cells that were cultured under different conditions.
N=1
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Figure 3.9 AEP expression in expanded murine iTreg cells — mouse 3.
CD4*CD25 and CD4*CD25* T cells from WT splenocytes were isolated
using the Miltenyi kit. Cells were cultured in vitro at 1 million cells/ml for 72
hrs in complete DMEM media in aCD3-coated plates (5 pg/ml) in the
presence of alL-4 (10 pug/ml) and alFN-y (10 pg/ml) with the addition of
oCD28 (2 ug/ml), rhiL-2 (80 ng/ml) and rhTGF-B1 (2 or 5 ng/ml) and PDL-1
(5 ug/ml, coated wells) where appropriate. Cells from each condition were
harvested using RIPA lysis buffer in preparation for protein analysis via
western blotting. Lysates were reduced and boiled and run under reducing
conditions on a precast, 4-12% Bis-Tris gradient gel. A. Western blot image
showing AEP expression in each of the culture conditions. Stripped and re-
probed western blot membrane was imaged for B-tubulin. B. Bar graph
showing total AEP expression in iTreg cells cultured in the presence or
absence of PDL-1. C. Bar graph showing the expression levels of active,
inactive and total AEP in each of the conditions. Bands were normalised to
B-tubulin. D. Bar graph showing the percentage ratio of active and inactive
AEP expressed in each of the culture conditions. AEP bands were quantified
using ImagedJ. The active and inactive AEP bands were normalised to -
tubulin and the normalised values were divided by the total AEP and then
multiplied by 100. N=1

3.3.5 AEP deficiency alters Treg cell numbers and frequency in an in
vivo model of B16 melanoma

If AEP is a regulator of Foxp3 in Treg cells, then the Treg cells from Lgmn~-
mice may possess greater suppression capacity and stability than WT T
cells. It is therefore hypothesised that Lgmn”’ mice will exhibit higher
frequencies of TIL Treg cells compared to WT controls with potential
implications in tumour sizes and tumour progression/metastasis. To test the
function of AEP in activated Treg cells and determine whether the PD-1 and
AEP pathways are interlinked, an in vivo mouse model of B16F10

melanoma was used.

In this disease model, WT and Lgmn”- mice were subcutaneously injected
with 0.3 million mouse B16F10 melanoma cells and tumours were left to
grow for 11 days. Mouse cohorts also received intraperitoneal injections of
either an isotype or PDL-1-blocking antibody on days 5, 7 and 9 post tumour
injection by Dr. Shoba Amarnath. Tumours were harvested on day 11 and
digested into single cell suspensions. The frequencies of tumour infiltrating
CD4*Foxp3* Treg cells (gated on CD4* T cells) were then determined
(figure 3.10A).
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Results from this experiment demonstrated that Lgmn”- mice exhibited
significantly increased frequencies of CD4*Foxp3* Treg cells within tumours
(9.3% with aPDL-1 treatment, 9.8% with isotype) compared to WT mice
(p=0.046) (3.5% with aPDL-1 treatment, 7.4% with isotype) irrespective of
PDL-1 blockade treatment (figure 3.10B-C). In addition, there was no
difference in the tumour growth rate or size between the two cohorts (data
not shown). WT mice on the other hand showed a significant decrease in
Treg cell frequencies after blocking PDL-1 (p=0.027) (figure 3.10B-C). In
addition, there were less metastatic lesions observed in mice treated with
anti-PDL-1 (counted visible black lesions during mouse dissection, data not
shown). This suggests that PDL-1 signalling downregulates AEP function in
these cells thus restricting the degradation of Foxp3 and promoting Treg cell
stability. Collectively, these results demonstrate that Treg cells are
modulated by AEP in a PD-1-dependent manner in vivo.
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Figure 3.10 B16 melanoma mouse model. WT and Lgmn’ mice were
subcutaneously injected with 0.3 million mouse B16F10 melanoma cells and
tumours left to grow for 11 days. Mouse cohorts received intraperitoneal
injections of either isotype or PDL-1-blocking antibody (250 pg in 200 ul) on
days 5, 7 and 9. Tumours were harvested on day 11 and digested into single
cell suspensions. The frequencies of Treg cells within the tumours were then
determined (gated on CD4* T cells). A. Schematic diagram of the
experimental methodology. B. Representative flow plots illustrating the
frequency of CD4"Foxp3* T cells within tumours in mice that received either
isotype or aPDL-1 treatment. C. Summary graph showing the frequency of
CD4*Foxp3* T cells among TILs (within tumours) in mice that received either
isotype or aPDL-1 treatment. The Shapiro-Wilk normality test was used to
confirm normal distribution of data and the One Way Anova test was used
for variance analysis. P values <0.05 were defined as statistically significant.
N=5. Processing of melanoma cells and mouse i.p. injections were
performed with Dr. Shoba Amarnath.

3.4 Conclusion

This chapter focused on the role of AEP specifically in mouse Treg cells and
aimed to study the signals that regulate its expression in these cells. Results
from this chapter are discussed here briefly while a more detailed discussion

is presented in chapter 6.

Phenotypic characterisation of Lgmn“ mice has demonstrated that AEP
modulates Treg cells in the periphery as reflected in the increased
frequencies of CD4*Foxp3* T cells within the spleen (16.3%). In addition,
Foxp3 turnover assays demonstrated a proteolytic mechanism of Foxp3
regulation by AEP as Lgmn~ iTreg cells maintained higher Foxp3 protein
levels compared to WT iTreg cells. Cell cultures of WT mouse T cells
demonstrated that TGF-1 was the cytokine inducing the highest levels of
AEP expression while PDL-1 stimulation had the opposite effect. Although
Foxp3 expression correlated with increased total AEP levels, Foxp3
expression did not correlate with either active or inactive AEP expression.
However, it should be mentioned that Foxp3 expression was here assessed
by studying the frequency of Foxp3* T cells and not Foxp3 protein levels in
each culture condition. Determining whether Foxp3 protein levels correlate
with either active or inactive AEP would give an indication on whether
induction of AEP expression serves as a homeostatic negative feedback

loop regulating Treg cell function.
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Finally, the role of AEP in regulating Treg cells was also confirmed in vivo
in a mouse model of B16 melanoma where it was shown that AEP deficiency
led to increased Treg cell frequencies within tumours (9.8%) that was
refractory to PDL-1 blockade (9.3%). The fact that tumour growth rates in
Lgmn~- mice with melanoma were similar to those in WT mice, indicates that
enhanced Treg cell stability due to lack of AEP expression does not confer
a selective advantage to tumours in terms of growth rate but it does make
them resistant to PDL-1 blockade. Also, the overall difference in the
frequency of TIL Treg cells in Lgmn”- versus WT mice was much smaller
(9.8% and 7.4% respectively) compared to that observed in the spleens of
untreated, normal WT and Lgmn” mice (12% and 16% respectively). This
could explain the lack of tumour hyperprogression in the knock-out mice.
However, in order to fully elucidate the function of AEP within tumours,
detailed characterisation of the tumour microenvironment would have to be

performed which is beyond the scope of this study.

Finally, it would be interesting to study the function of the cleaved Foxp3
protein in mouse Treg cells in order to further assess the biological
significance of AEP expression in mouse Treg cells. It has been shown that
AEP cleavage does not destabilise the nuclear localisation domain of Foxp3
therefore Foxp3 may still elicit its function in the nucleus (Stathopoulou et
al., 2018). However, its function there may be altered. To address this
question, future studies would have to include genome wide CHIP-seq
analysis to identify full length and cleaved Foxp3 mediated transcriptional

regulation of the T cell genome.
In conclusion, this chapter demonstrated that:

e Lgmn~ mice exhibit an increased frequency of peripheral Treg cells
compared to WT mice

e AEP expression negatively regulates Foxp3 protein abundance in
mouse iTreg cells

e TGF-B1 induces the highest levels of AEP expression in vitro

e PDL-1 stimulation downregulates AEP expression in mouse iTreg

cells and that
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e AEP deficiency results in increased Treg cell frequency within
tumours of mice with melanoma irrespective of PDL-1 blockade.
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Chapter 4. AEP Expression in Human T Cells

4.1 Introduction

The role of AEP in human T cell subsets remains unclear. In vivo and in
vitro studies have shown that AEP regulates Foxp3 in mouse Treg cells and
that AEP is specifically upregulated in mouse Treg and Th17 cells (Hou et
al., 2015; Stathopoulou et al., 2018). Whether a similar mechanism exists
in human Treg cells is unknown. There is evidence in the published
literature that AEP is expressed and plays a role in human Th1 and Th17
cell function (Aschenbrenner et al., 2018; Freeley et al., 2018). Specifically,
CD46 activation (the receptor for complement component C3b) has been
shown to induce AEP expression in human CD4* T cells in vitro leading to
the activation of cathepsin L (Freeley et al., 2018). Cathepsin L further
processes C3 into C3b thus activating CD46 in a positive feedback loop
leading to IFN-y production and the promotion of Th1 cell differentiation
(Freeley et al., 2018). Inhibition of AEP in CD4* T cells downregulated Th1
cell responses while it had no effect on Th2 cell responses in vitro (Freeley
et al., 2018). Notably, AEP inhibition in combination with CD3 and CD46
stimulation in CD4* T cells had a restrictive effect on Th17 cell responses
(Freeley et al., 2018). Consistent with the hypothesis of AEP regulating
Th17 cell responses, transcriptome analysis of immunoregulatory IL-10*
Th17 cells showed the upregulation of cMAF and AEP mRNA while this
phenomenon was not observed in proinflammatory IL-10- Th17 cells
(Aschenbrenner et al., 2018). This indicates that AEP may be regulating the
Th17/Treg axis (Aschenbrenner et al., 2018). Interestingly, transcriptome
analysis of transduced human conventional T cells overexpressing GARP
(receptor for the latent form of TGF-f) showed the induction of a Treg cell
phenotype and function which correlated with the upregulation of FOXP3
and AEP (Probst-Kepper et al., 2009). This lends support to the hypothesis
that TGF-B plays a role in AEP expression in human T cells and that AEP
expression is associated with FOXP3 and the Treg cell lineage. In addition,
transduction of FOXP3 in conventional T cells led to the upregulation of AEP
while transduction with AEP led to an increase of FOXP3 mRNA but not
FOXP3 protein levels (Probst-Kepper et al., 2009). This indicates that AEP
regulates FOXP3 post-transcriptionally (Probst-Kepper et al., 2009).
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Therefore, it is here hypothesised that AEP is expressed in human Treg
cells and that signalling mechanisms associated with establishing the Treg
cell lineage regulate AEP expression.

4.2 Aims

This chapter focuses on characterising AEP expression in human Treg cells
in more detail to identify signals that may regulate its expression in vitro.
The hypothesis is that AEP is associated with the Treg cell lineage as AEP
expression may regulate FOXP3 in human Treg cells. To characterise

human Treg cell subsets for AEP expression, AEP expression was studied

in:
o freshly isolated naive and Treg cells and
e expanded Treg cells.

4.3 Results

4.3.1 Phenotypic characterisation

Treg cells from healthy human PBMCs were characterised by flow
cytometry to determine their phenotype and frequency. This knowledge was
subsequently used to estimate the amount of blood or number of PBMCs
that was required for the extraction of adequate numbers of naive and Treg
cells to be used for western blots and cell culture. This experiment was also
performed to determine the expression of particular co-receptors correlated
with the Treg cell lineage which would also give an indication on whether
any co-receptor signalling pathways may be interlinked with the AEP

signalling pathway in human Treg cells.

Characterisation of human PBMCs showed that a significantly higher
frequency of PD-1* T cells was found among the FOXP3* (4.21%) rather
than in FOXP3- T cells (0.8%) (figure 4.1). This is in accordance with the
published literature where PD-1 stimulation has been shown to promote
Treg cell generation in mice as well as studies that have shown PD-1
regulating FOXP3 through AEP in mouse Treg cells (Francisco et al., 2009;
Stathopoulou et al., 2018).
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Phenotypic Characterisation of Human PBMCs
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Figure 4.1 Phenotypic characterisation of human Treg cells. Human
peripheral blood mononuclear cells (PBMCs) were characterised for CD4,
CD25, FOXP3, Helios, Nrp-1 and PD-1 expression. A. Flow plots
illustrating the gating strategy used for identifying Treg cells and
expression of Helios, PD-1, Nrp-1 and CD25 within the CD4* FOXP3* T
cell (Treg) population. B. Summary graphs of the T cell frequencies of
positive cells (left) and mean fluorescence intensity values (right) for each
marker within the CD4*FOXP3* and CD4*FOXP3- T cell populations. The
Shapiro-Wilk normality test was used to confirm normal distribution of data.
For normal distributions, a paired Student’s t test was used. For non-
normal distributions, the nonparametric Wilcoxon test was used. P values
<0.05 were defined as statistically significant (n = 6 donors).

4.3.2 Optimisation of AEP detection
A titration experiment was then performed to optimise the concentration of

the primary and secondary antibodies that were planned to be used for
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detecting AEP expression on western blot membranes. It was decided that
the concentration of 0.1 ug/ml for the primary polyclonal antibody and a

1:1000 dilution for the secondary Ab was to be used for future experiments
(figure 4.2).

16 ng of APC-enriched PBMCs

Primary Ab: 1 pg/ml 1 pg/mi 1 ng/mi 0.1 pg/ml 0.01 pg/ml 0.001 pg/ml

Secondary Ab: 1:1,000 1:5,000 1:10,000 1:1,000 1:1,000 1:1,000

95 kDa
Inactive

AEP

55 kDa 56 kDa
Active
46 kDa
Active

34 kDa AEP
37 kDa

55 kDa p-actin
45 kDa

43 kDa

Figure 4.2 Optimisation of AEP detection via western blotting. A series
of primary and secondary antibody concentrations were tested for AEP
detection on western blots. The lysate were reduced and boiled and run
under reducing conditions on a precast, 4-12% Bis-Tris gradient gel.
Western blot image showing AEP expression in a lysate of APC-enriched
PBMCs (leftover PBMCs following the isolation of CD4* T cells using the
Miltenyi Kit).
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4.3.3 AEP is expressed in freshly isolated CD4*CD25 and CD4*CD25*
T cells

AEP mRNA expression has been previously demonstrated in human T cell
subsets (Beyer et al., 2011; Schmidleithner et al., 2019) (figure 4.3).
Specifically, CD4*CD25" T cells that were expanded in vitro showed
significantly higher expression levels of AEP mRNA compared to freshly
isolated naive T cells and Treg cells (p<0.0001) (figure 4.3). However, little
is known about AEP expression in human T cell subsets at protein level. In
order to determine AEP expression in human naive and Treg cells, PBMCs
were isolated from the blood of healthy donors and the cell populations of
interest were then sorted using the Miltenyi Treg isolation kit. This kit uses
magnetic beads for the negative selection of naive CD4*CD25 T cells from
a pre-enriched CD4* T cell population. Pre-enrichment occurs after
depletion of platelets, erythrocytes, monocytes, granulocytes, epithelial
cells, fibroblasts, haematopoietic progenitors, y/6 T cells and activated
lymphocytes and NK cells from the sample. The unwanted populations are
stained with biotin-conjugated Abs for cell-specific markers and magnetic
microbeads conjugated to anti-biotin Abs. Stained cells are captured and
retained in the magnetic column allowing only the population of interest to
pass through and get eluted. The eluted CD4* T cells are then labelled with
microbeads conjugated to anti-CD25 antibodies and run through a separate
column. The naive CD4*CD25 T cell population is eluted while the retained
CD4*CD25" population is manually flashed through the column to collect

the Treg cell population.

Sorting of naive T cells using the Miltenyi kit yielded purities of 92-95%
(figure 4.4). As sorting of CD4*CD25"* T cells yielded a small number of cells
(<200,000 cells), a purity test by means of flow cytometry was not possible.
Membranes were probed for FOXP3 expression instead. The appearance
of a double FOXP3 band indicates the presence of the two FOXP3 isoforms
found in humans which is also consistent with the FOXP3 Ab data sheet. A
large amount of debris was noted in the naive T cell compartment in the first
two donors which could potentially confound the results by giving false
positives (figure 4.4A-B). The presence of platelets in the sorted populations

was confirmed by microscopy. However, whether platelets express AEP
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remains unknown. After optimisation of the lymphoprep protocol by adding
extra washing steps to remove platelets, the amount of debris present in the
third donor's PBMC sample was reduced. This was reflected in the fewer
number of bands on the western blot (figure 4.4C, figure 4.5C). A minor
contamination of the sorted naive T cell population with CD4*CD25* T cells
was confirmed by the appearance of FOXP3 bands in the third donor (figure
4.5C). For this reason, only the results from the CD4*CD25" T cells from the
third donor were included in collective data analysis. In summary, western
blot analysis of lysates from three separate donors suggests that both active
and inactive AEP is expressed in freshly sorted naive and Treg cells (figure
4.5).
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Figure 4.3 AEP mRNA expression in human T cell subsets (public data
mining). Bar graph showing AEP mRNA levels in freshly isolated CD4*CD25
(n=5), CD4*CD25" (n=5) and CD4*CD25*CD127- (n=3) T cells as well as
CD4*CD25* T cells expanded in vitro (n=3). The Shapiro-Wilk normality test
was used to confirm normal distribution of data. The One Way Anova test was
used for variance analysis. P values <0.05 were defined as statistically
significant. Dataset accession number: GSE15390. The layout of the data
output is shown in the outlined panel below the main bar graph alongside

descriptive annotations.
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Figure 4.4 Purity test of Miltenyi-sorted naive T cells. PBMCs were
isolated from blood and CD4*CD25 and CD4*CD25" T cells were isolated
using the Miltenyi kit. APC-enriched PBMCs (leftover PBMCs following the
isolation of CD4* T cells using the Miltenyi kit) were used as positive controls
for AEP expression. Following isolation, cells were characterised for CD4 and
CD25 expression and then lysed using a lysis buffer that contained
phenylmethanesulfonyl fluoride (PMSF lysis buffer) in preparation for protein
analysis via western blotting. A,B. Flow plots showing enrichment/purity of
the isolated naive T cell population in donors 1 and 2 respectively. C. Flow
plots showing enrichment/purity of the isolated naive T cell population in
donor 3. Cells were characterised for CD4 and CD25 expression only. n=3
donors.
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Figure 4.5 AEP expression in Miltenyi-sorted naive and CD4*CD25" T
cells. PBMCs were isolated from blood and CD4*CD25 and CD4*CD25*
T cells were isolated using the Miltenyi kit. APC-enriched PBMCs (leftover
PBMCs following the isolation of CD4* T cells using the Miltenyi kit) were
used as positive controls for AEP expression. Following isolation, cells
were characterised for CD4, CD25 and FOXP3 expression and then lysed
using PMSF lysis buffer in preparation for protein analysis via western
blotting. Lysates were reduced and boiled and run under reducing
conditions on a precast, 4-12% Bis-Tris gradient gel. A-C. Western blot
images showing AEP, FOXP3 and B-actin expression in each of the sorted
populations in each donor. The 56 and 37 kDa AEP bands were quantified
using Imaged and normalised to the respective B-actin loading control
bands. D,F,H. Bar graphs showing the expression levels of active, inactive
and total AEP in each cell population in each donor. E,G,l. Bar graphs
showing the percentage ratio of active and inactive AEP expressed in each
cell population in each donor. n=3 donors.

4.3.4 AEP is expressed in iTreg and expanded Treg cells

Following these observations, induction of AEP expression was studied in
expanded naive and Treg cells from three separate donors. Cells were
stimulated with combinations of cytokines in addition to TCR stimulation in
vitro in order to identify the signalling pathways associated with the induction
of AEP expression. CD4*CD25" (naive) and CD4*CD25* (Treg) human T
cells were sorted from human PBMCs using the Miltenyi kit (as described in
sections 2.17 and 4.3.3) and cultured for 5 days in aCD3-coated plates (5
ug/ml) in the presence of alL-4 (10 ug/ml) and alFN-y (10 pg/ml) with the
addition of aCD28 (2 ug/ml), rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml)
where appropriate. Cells were expanded for an additional 7 days in the
presence of rhiL-2 which was added every 2 days and then harvested on
day 12 using a RIPA-based lysis buffer.

In donor 1, culturing naive T cells under iTreg conditions induced the highest
levels of total, active and inactive AEP out of all conditions (figure 4.6). In
addition, CD4*CD25" T cells cultured under iTreg conditions were the only
ones that expressed more active AEP than inactive AEP (figure 4.6). The
highest levels of active AEP were noted in cells cultured under iTreg
conditions suggesting that TGF-B1 induced the highest level of AEP
expression although TCR activation and IL-2 stimulation also induced its
expression which is in accordance with the published literature (Freeley et

al., 2018).
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In donor 2, a similar pattern of T cell expansion was observed however,
since no FOXP3 expression was detected in cells that were cultured under
iTreg conditions, these data were excluded from the analysis (figure 4.7).

In donor 3, the cell expansion pattern was consistent with the previous two
donors, however, no FOXP3 expression was noted in the iTreg population
(figure 4.8). The reason for this could be multifactorial associated with
technical alterations or the donor cells could have been suboptimal. For
instance, cell expansion in this donor was suboptimal compared to donor 1
(expansion graph in figure 4.6E). Cultured CD4*CD25* T cells showed the
highest levels of AEP expression including active and inactive AEP (figure
4.8). They were also the only ones that expressed more active AEP than
inactive AEP which is consistent with donor1 (figure 4.6 and 4.8). This
provides further support to the hypothesis that TGF-1 induces the highest

level of total AEP expression in human T cells.
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Figure 4.6 AEP expression in expanded human iTreg cells in vitro -
Donor 1. CD47CD25 and CD4*CD25" T cells were isolated from human
PBMCs using the Miltenyi Treg isolation kit. Cells were cultured in vitro at 1
million cells/ml for 5 days in aCD3-coated plates (5 ng/ml) in the presence of
alL-4 (10 ng/ml) and alFN-y (10 ug/ml) with the addition of aCD28 (2 ug/ml),
rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml) where appropriate. Cells were
expanded for an additional 7 days in the presence of rhiL-2 which was added
every 2 days and then harvested on day 12 using RIPA lysis buffer in
preparation for protein analysis via western blotting. Lysates were reduced
and boiled and run under reducing conditions on a precast, 4-12% Bis-Tris
gradient gel. A. Western blot image showing AEP expression in each of the
culture conditions. B. Stripped and re-probed western blot membrane was
imaged for FOXP3 expression in each of the culture conditions. C. Bar graph
showing the percentage ratio of active and inactive AEP expressed in each
of the culture conditions. The 56 and 37 kDa AEP bands were quantified
using Imaged. The active and inactive AEP bands were normalised to -actin
and the normalised values were divided by the total AEP and then multiplied
by 100. D. Bar graph showing the expression levels of active, inactive and
total AEP in each of the conditions. Bands were normalised to p-actin. E. Bar
graph showing the rate of T cell expansion at the end of the culture. The
expansion rate is presented as a fold change in number of cells at the end of
culture (day 12) divided by the initial number of plated cells (day 0). n =1
donor.
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Figure 4.7 AEP expression in expanded human iTreg cells in vitro -
Donor 2. CD4*CD25 and CD4*CD25" T cells were isolated from human
PBMCs using the Miltenyi Treg isolation kit. Cells were cultured in vitro at 1
million cells/ml for 5 days in aCD3-coated plates (5 ng/ml) in the presence of
alL-4 (10 ug/ml) and alFN-y (10 ug/ml) with the addition of aCD28 (2 ug/ml),
rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml) where appropriate. Cells were
expanded for an additional 7 days in the presence of rhlL-2 which was added
every 2 days and then harvested on day 12 using RIPA lysis buffer in
preparation for protein analysis via western blotting. Lysates were reduced
and boiled and run under reducing conditions on a precast, 4-12% Bis-Tris
gradient gel. A. Western blot image showing AEP expression in each of the
culture conditions. B. Stripped and re-probed western blot membrane was
imaged for FOXP3 expression in each of the culture conditions. C. Bar graph
showing the percentage ratio of active and inactive AEP expressed in each of
the culture conditions. The 56 and 37 kDa AEP bands were quantified using
Imaged. The active and inactive AEP bands were normalised to B-actin and
the normalised values were divided by the total AEP and then multiplied by
100. D. Bar graph showing the expression levels of active, inactive and total
AEP in each of the conditions. Bands were normalised to -actin. E. Bar graph
showing the rate of T cell expansion at the end of the culture. The expansion
rate is presented as a fold change in number of cells at the end of culture (day
12) divided by the initial number of plated cells (day 0). n =1 donor.
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Figure 4.8 AEP expression in expanded human iTreg cells in vitro -
Donor 3. CD4*CD25 and CD4*CD25* T cells were isolated from human
PBMCs using the Miltenyi Treg isolation kit. Cells were cultured in vitro at
1 million cells/ml for 5 days in aCD3-coated plates (5 ug/ml) in the
presence of alL-4 (10 pug/ml) and alFN-y (10 png/ml) with the addition of
aCD28 (2 ug/ml), rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml) where
appropriate. Cells were expanded for an additional 7 days in the presence
of rhlL-2 which was added every 2 days and then harvested on day 12
using RIPA lysis buffer in preparation for protein analysis via western
blotting. Lysates were reduced and boiled and run under reducing
conditions on a precast, 4-12% Bis-Tris gradient gel. A. Western blotimage
showing AEP expression in each of the culture conditions. B. Stripped and
re-probed western blot membrane was imaged for FOXP3 expression in
each of the culture conditions. C. Bar graph showing the percentage ratio
of active and inactive AEP expressed in each of the culture conditions. The
56 and 37 kDa AEP bands were quantified using ImagedJ. The active and
inactive AEP bands were normalised to -actin and the normalised values
were divided by the total AEP and then multiplied by 100. D. Bar graph
showing the expression levels of active, inactive and total AEP in each of
the conditions. Bands were normalised to B-actin. E. Bar graph showing
the rate of T cell expansion at the end of the culture. The expansion rate is
presented as a fold change in number of cells at the end of culture (day
12) divided by the initial number of plated cells (day 0). n =1 donor.

4.3.5 AEP is expressed in freshly isolated CD4*CD25CD127*CD45RA*
and CD4*CD25"9hCD127"°% T cells

In order to validate the data obtained from the populations sorted using the
Miltenyi kit, a more stringent sorting technique was used. Here, naive and
Treg cells were sorted from 74 — 88 million PBMCs using a FACS sorting
machine based on expression of multiple markers namely CD4, CD25,
CD127 and CD45RA. Monocytes, B cells and NK cells were effectively
gated out. For these experiments, CD4*CD25CD127*CD45RA"* were
characterised as naive while CD4*CD25Ms"CD127'°% T cells were
characterised as Treg cells. Sorting of naive T cells using this methodology
yielded purities of 96% or higher with frequencies of cell populations being
similar across all three donors (figure 4.9). As sorting of Treg cells yielded
a small number of cells, a purity test by means of flow cytometry was not
possible (~300,000 cells). Membranes were probed for FOXP3 expression
instead (figure 4.10). In accordance with previous experiments shown in
figure 4.5, active and inactive AEP was detected in both naive and Treg

cells in all three donors (figure 4.10). In addition, naive T cells consistently

113



expressed mostly inactive AEP with some active AEP detected but its
expression levels were significantly less than in positive controls (figure
4.10). A strong 32kDa band was uniquely detected in the Treg population
which indicates the presence of active AEP (figure 4.10). This potentially
indicates a Treg-specific AEP peptide that has undergone further
processing by other lysosomal proteases as autocatalytic processing has
been reported to yield band sizes of up to 37/36 kDa in size (Li et al., 2003).
This idea is reinforced by the fact that sorted Treg cells expressed less
active AEP that was 37 kDa in size than both naive T cells and the positive
controls indicating a Treg-specific processing mechanism of AEP (figure
4.10). Furthermore, this 32kDa band seems to disappear upon culturing
these cells under iTreg conditions in vitro as shown in figures 4.12, 4.17,
4.19, 4.21 and 4.25. Sorted Treg cells expressed the highest amounts of
inactive AEP out of all the sorted populations (figure 4.10). The fact that
FOXP3 expression was only detected in Treg cells, eliminates the possibility
that activated naive T cells or Treg cells contaminated the sorted naive T
cell population (figure 4.10). Also, the absence of a strong 37kDa band in
the naive and Treg populations indicates that there is no contamination with
any CD4" lymphocytes that in this case were used as positive controls
(figure 4.10). These data have been observed in all three donors (figure
4.10). In conclusion, AEP expression was confirmed in both naive and
human Treg cells with different active to inactive AEP ratios observed in

each population.
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Figure 4.9 Purity test of sorted naive T cells. PBMCs were isolated from
blood and CD4*CD25:CD127*CD45RA" (naive) and CD4*CD25Ms"CD127'w
T cells were isolated using cell sorting. CD4- lymphocytes were also sorted to
be used as positive controls for AEP expression. PBMCs were counted and
stained with CD4-FITC, CD25-APC, CD127-PE.CY7, CD45RA-PE and DAPI
in Miltenyi buffer prior to sorting. Following sorting, cells were lysed using
PMSF lysis buffer in preparation for protein analysis via western blotting.
A,C,E. Flow plots illustrating the gating strategy used for sorting CD4"
lymphocytes, CD4*CD25CD127*CD45RA* and CD4*CD25MshCD127'v T
cells from donors 1, 2 and 3 respectively. B,D,F. Flow plots showing
enrichment/purity of the naive T cell population before and after cell sorting in
donors 1, 2 and 3 respectively. n=3 donors.
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Figure 410 AEP expression in sorted naive and
CD4*CD25"g"CD127'°% T cells. PBMCs were isolated from blood and
CD4*CD25:CD127*CD45RA* (naive) and CD4*CD25M"MhCD127'°% T cells
were isolated using cell sorting. CD4" lymphocytes were also sorted to be
used as positive controls for AEP expression. Following sorting, cells were
lysed using PMSF lysis buffer in preparation for protein analysis via
western blotting. Lysates were reduced and boiled and run under reducing
conditions on a precast, 4-12% Bis-Tris gradient gel. A. Western blotimage
showing AEP, FOXP3 and p-actin expression in each of the sorted
populations. The 56 and 37 kDa AEP bands were quantified using ImageJ
and normalised to the respective p-actin loading control bands. B,D,F. Bar
graphs showing the expression levels of active, inactive and total AEP in
each cell population in each donor. C,E,G. Bar graphs showing the
percentage ratio of active and inactive AEP expressed in each cell
population in each donor. The active and inactive AEP bands were
normalised to B-actin and the normalised values were divided by the total

AEP and then multiplied by 100. n=3 donors.

4.3.6 AEP is expressed in iTreg and expanded Treg cells

In order to validate data obtained from the expanded populations that were
sorted using the Miltenyi kit, populations from 7 different donors (donors 4-
10) were sorted using the methodology described above and stimulated with
combinations of cytokines and stimulatory molecules in vitro in order to
identify the signalling pathways associated with the induction of AEP
expression. Cells were cultured for 5 days in aCD3-coated plates (5 ug/ml)
in the presence of alL-4 (10 ug/ml) and alFN-y (10 ug/ml) with the addition
of aCD28 (2 pg/ml), rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml) where
appropriate. Cells were expanded for an additional 7 days in the presence
of rhlL-2 which was added every 2 days and then harvested on day 12 using
either a RIPA-based or PMSF-based lysis buffer. FOXP3 expression was
confirmed on Day 12 by flow cytometry and western blotting.

In donor 4, naive and Treg cells were isolated from human PBMCs based
on CD4 and CD25 expression using FACS sorting which allowed the
selection for high CD25 expression for the isolation of Treg cells. At the end
of the culture, only 20% of iTreg cells were FOXP3 positive while no FOXP3
expression was detected on WB membranes (figure 4.11, figure 4.12). For
this reason, this condition was excluded from the analysis. Sorted Treg cells
that were cultured under iTreg conditions expanded the least out of all the
conditions (1.45-fold change) (figure 4.12D). Although there was not enough
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Treg cells on day 12 for flow cytometry (20,000 cells), FOXP3 expression
was detected by western blotting (figure 4.12A). In an effort to increase band
intensity, a higher amount of protein was used but that failed to increase
band intensity (figure 4.12B). When lysates were acetone precipitated, band
intensity was increased (figure 4.12C). Only the non-acetone precipitated
lysates were used for the analysis (figure 4.12A). As seen in figures 4.6 and
4.8, the highest level of total AEP expression seemed to be induced by TGF-
B1 (figure 4.12). As confirmation of the role of TGF-B1 in activation of AEP,
the role of IL-2 stimulation was next assessed to see whether AEP
expression levels would go up. Therefore, at the end of the culture, cells
from each condition (apart from Treg cells) were stimulated with IL-2 for 15,
30 and 60 minutes (figure 4.13). This experiment showed that IL-2 did not
play a role in inducing AEP as AEP expression levels did not increase
following stimulation with IL-2 (figure 4.13).
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Figure 4.11 FOXP3 expression in expanded iTreg cells - Donor 4.
CD4*CD25  and CD4*CD25"s" T cells were isolated from human PBMCs using
a cell sorter. PBMCs were counted and stained with CD4-FITC, CD25-APC
and DAPI in Miltenyi buffer prior to sorting. Following sorting, cells were
cultured in vitro at 0.5 million cells/ml for 5 days in aCD3-coated plates (5
ug/ml) in the presence of alL-4 (10 pug/ml) and alFN-y (10 pg/ml) with the
addition of aCD28 (2 ug/ml), rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml) where
appropriate. Cells were expanded for an additional 7 days in the presence of
rhiL-2 which was added every 2 days. On day 12, cells from each condition
were characterised for CD4 and FOXP3 expression. The rest were harvested
using RIPA lysis buffer in preparation for protein analysis via western blotting.
A. Flow plots illustrating the gating strategy used for sorting CD4*CD25" and
CD4*CD25M9" T cells. B. Flow plots showing the frequency of CD4*FOXP3*
present within the CD4* T cell population in each culture condition on day 12.
C. Bar graph showing the percentage frequency of CD4*FOXP3* T cells in
each culture condition (gated on CD4* T cells). n =1 donor.
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Figure 4.12 AEP expression in expanded human iTreg cells in vitro -
Donor 4. CD4*CD25" and CD4*CD25"e" T cells were isolated from human
PBMCs using a cell sorter. Following sorting, cells were cultured in vitro at 0.5
million cells/ml for 5 days in aCD3-coated plates (5 ug/ml) in the presence of
alL-4 (10 pg/ml) and alFN-y (10 ug/ml) with the addition of aCD28 (2 pug/ml),
rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml) where appropriate. Cells were
expanded for an additional 7 days in the presence of rhiL-2 which was added
every 2 days. On day 12, cells were harvested using RIPA lysis buffer in
preparation for protein analysis via western blotting. Lysates were reduced and
boiled and run under reducing conditions on a precast, 4-12% Bis-Tris gradient
gel. A. Western blot image showing AEP, FOXP3 and GAPDH expression in
each of the culture conditions. The 56 and 37 kDa AEP bands were quantified
using ImagedJ and normalised to the respective GAPDH loading control bands.
B. Non-acetone-precipitated lysates of higher protein concentration were run
on a separate western blot gel and the membrane was probed for AEP
expression. C. Acetone-precipitated lysates were run on a separate western
blot gel and the membrane was probed for AEP expression. D. Bar graph
showing the rate of T cell expansion at the end of the culture. The expansion
rate is presented as a fold change in number of cells at the end of culture (day
12) divided by the initial number of plated cells (day 0). E. Bar graph showing
the expression levels of active, inactive and total AEP in each of the conditions.
F. Bar graph showing the percentage ratio of active and inactive AEP
expressed in each of the culture conditions. The active and inactive AEP bands
were normalised to GAPDH and the normalised values were divided by the
total AEP and then multiplied by 100. G. Bar graph showing the expression
levels of active, inactive and total AEP in each of the conditions in the acetone-
precipitated lysates. H. Bar graph showing the percentage ratio of active and
inactive AEP expressed in each of the culture conditions in the acetone-
precipitated lysates. The active and inactive AEP bands were normalised to
GAPDH and the normalised values were divided by the total AEP and then
multiplied by 100. n = 1 donor.
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Figure 4.13 AEP expression in expanded human iTreg cells in vitro
in response to IL-2 stimulation - Donor 4. CD4*CD25 and
CD4*CD25"9" T cells were isolated from human PBMCs using a cell
sorter. Following sorting, cells were cultured in vitro at 0.5 million cells/ml
for 5 days in aCD3-coated plates (5 ug/ml) in the presence of alL-4 (10
ug/ml) and alFN-y (10 ug/ml) with the addition of aCD28 (2 ug/ml), rhiL-2
(100 ng/ml) and rhTGF-g1 (5 ng/ml) where appropriate. Cells were
expanded for an additional 7 days in the presence of rhlL-2 which was
added every 2 days. On day 12, cells from each condition were harvested
using RIPA lysis buffer in preparation for protein analysis via western
blotting while. Prior to lysis, 1 million cells were also taken from each
condition on day 12 and cultured at 1 million cells/ml, stimulated with rhiIL-
2 (100 ng/ml) for 15min, 30min, 1hr, 3hr, 6hr and 24hr and then harvested
for protein analysis. Lysates were reduced and boiled and run under
reducing conditions on a precast, 4-12% Bis-Tris gradient gel. A. Western
blot image showing AEP, phosphoSTATS, FOXP3 and GAPDH
expression in each of the culture conditions in each time point following
rhiL-2 stimulation. The 56 and 37 kDa AEP bands were quantified using
Imaged and normalised to the respective GAPDH loading control bands.
B. Histogram showing the changes in active AEP expression levels in
each of the culture conditions over time following stimulation with rhiL-2.
C. Histogram showing the changes in inactive AEP expression levels in
each of the culture conditions over time following stimulation with rhiL-2.
D. Histogram showing the changes in total AEP expression levels in each
of the culture conditions over time following stimulation with rhiL-2. E.
Histogram showing the changes in pSTATS expression levels in each of
the culture conditions over time following stimulation with rhlL-2. n = 1
donor.

To validate these results, additional markers were added to the sorting
panel which would restrict selection of cells and increase sample purity
(figure 4.14). In this experiment (donor 5), cultured Treg cells expanded the
least but the cells could not be revived by day 12 (0.4-fold change) (figure
4.15). As 12 pg of protein lysate yielded very faint bands, lysates were
acetone-precipitated and used for the analysis instead (figure 4.15). As
stimulation with IL-2 seemed to increase expression of AEP in this scenario,
iTreg cells were stimulated with IL-2 for 15 and 60 minutes to test whether
AEP expression would go up (figure 4.15). In accordance with donor 4, IL-
2 stimulation failed to increase AEP expression in vitro (figure 4.15).
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Figure 4.14 FOXP3 expression in expanded iTreg cells - Donor 5.
CD4*CD25CD127*CD45RA* and CD4*CD25MI"CD127'°% T cells were
isolated from human PBMCs using a cell sorter. PBMCs were counted and
stained with CD4-FITC, CD25-APC, CD127-PE.CY7, CD45RA-PE and
DAPI in Miltenyi buffer prior to sorting. Following sorting, cells were cultured
in vitro at 1 million cells/ml for 5 days in aCD3-coated plates (5 ng/ml) in the
presence of alL-4 (10 pg/ml) and alFN-y (10 pg/ml) with the addition of
aCD28 (2 pg/ml), rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml) where
appropriate. Cells were expanded for an additional 7 days in the presence
of rhlL-2 which was added every 2 days. On day 12, cells from each
condition were characterised for CD4 and FOXP3 expression. The rest
were harvested using RIPA lysis buffer in preparation for protein analysis
via western blotting. A. Flow plots illustrating the gating strategy used for
sorting CD4*CD25CD127*CD45RA* and CD4*CD25"s"CD127'°% T cells.
B. Flow plots showing enrichment of the CD4* T cell population within the
naive T cell compartment before and after cell sorting. C. Flow plots
showing the frequency of CD4*FOXP3* present within the CD4* T cell
population in each culture condition on day 12. D. Bar graph showing the
percentage frequency of CD4*FOXP3* T cells present within the CD4* T
cell population in each culture condition on day 12. n = 1 donor.
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Figure 4.15 AEP expression in expanded human iTreg cells in vitro -
Donor 5. CD4*CD25CD127*CD45RA* and CD4*CD25MshCD127'% T
cells were isolated from human PBMCs using a cell sorter. Following
sorting, cells were cultured in vitro at 1 million cells/ml for 5 days in aCD3-
coated plates (5 ug/ml) in the presence of alL-4 (10 ug/ml) and alFN-y (10
ug/ml) with the addition of aCD28 (2 ug/ml), rhiL-2 (100 ng/ml) and rhTGF-
B1 (5 ng/ml) where appropriate. Cells were expanded for an additional 7
days in the presence of rhIL-2 which was added every 2 days. On day 12,
cells were harvested using RIPA lysis buffer in preparation for protein
analysis via western blotting. Prior to lysis, 1 million iTreg cells were taken
on day 12 and cultured at 1 million cells/ml, stimulated with rhiL-2 (100
ng/ml) for 15min and 1hr and then harvested for protein analysis. Lysates
were reduced and boiled and run under reducing conditions on a precast,
4-12% Bis-Tris gradient gel. A. Western blot image showing AEP,
phosphoSTATS, FOXP3 and GAPDH expression in each of the culture
conditions. The 56 and 37 kDa AEP bands were quantified using ImageJ
and normalised to the respective GAPDH loading control bands. B.
Acetone-precipitated lysates were run on a separate western blot gel and
the membrane was probed for AEP, phosphoSTAT5, FOXP3 and GAPDH
expression. C. Bar graph showing the expression levels of active, inactive
and total AEP in each of the conditions. D. Bar graph showing the
percentage ratio of active and inactive AEP expressed in each of the
culture conditions. E. Histogram showing the changes in pSTATS
expression levels in each of the culture conditions over time following
stimulation with rhiL-2. F. Bar graph showing the expression levels of
active, inactive and total AEP in each of the conditions in the acetone-
precipitated lysates. G. Bar graph showing the percentage ratio of active
and inactive AEP expressed in each of the culture conditions in the
acetone-precipitated lysates. H. Histogram showing the changes in
pSTATS expression levels in each of the culture conditions over time
following stimulation with rhIL-2 in the acetone-precipitated lysates. I. Bar
graph showing the rate of T cell expansion of cells cultured under different
culture conditions at the end of the culture. The expansion rate is
presented as a fold change in number of cells at the end of culture (day
12) divided by the initial number of plated cells (day 0). n = 1 donor.

The culture was repeated in donor 6 to include Treg condition which failed
in the previous donor. Within this experiment, all the conditions successfully
expanded in vitro with cultured Treg cells expanding less than iTreg cells
(19.21 and 31 — 40-fold change respectively) (figure 4.16-17). All conditions
except for cultured Treg cells, expressed more inactive than active AEP
(figure 4.17) something that was also observed in donors 1 and 3. Cultured
iTreg and Treg cells had the highest expression of AEP out of all conditions
(figure 4.17). This is in support of the hypothesis that the highest level of

total AEP expression is induced by TGF-B1. No significant difference was
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observed in AEP expression levels in iTreg cells that were stimulated with
either 5 or 10 ng/ml of TGF-B1 (figure 4.17).

Repetition of this experiment in donor 7 confirmed these results in cultured
Treg cells as the iTreg condition failed to show any AEP expression despite
FOXP3 being expressed (figure 4.18-19). Stimulation of iTreg and Treg cells
with IL-2 for 15 minutes, 1 and 3 hours failed to increase AEP expression
consistent with previous experiments (figure 4.13, 4.15, 4.19).

In donor 8, 40% of iTreg cells were FOXP3 positive therefore this condition
was excluded from the analysis (figure 4.20). All conditions except for the
cultured Treg cells expressed more inactive than active AEP consistent with
donors 1 and 3 (figure 4.21). In this case the highest level of total AEP
expression seems to be induced by both IL-2 and TGF-B1 (figure 4.21).

In donor 9, all conditions except for the IL-2 and cultured Treg cells
expressed more inactive than active AEP (figure 4.22-23). Again, the
highest level of total AEP expression seemed to be induced by TGF-1
(figure 4.23).

130



196.6

Gating strategy for sorting

262.1

2621

196.6

1511

<

AL 88.73
0

@

° 655 1311 1966 2621 0 655 1311 1966 2621
——FSC-A S8C-A FSC-A
262

10 1
5.07 89.43
1966
1t it -
1311 W - .
< ___ T e
O g 1P
0 g . - -16f
Afe%0? et et 18 Bl T s T N e ] T T o
CD4 cD127 CD45RA
B CD4* T Cell Enrichment
2621 S 262 262.1
1565 196,64 196,64

] 15114
3y Before Sort
65.5- L — =855

[ w293

" e5s  15L1 1966 2 °a 655 1311 9ss 2621 1001 1@ 100 10
262.1 262.1 2625
9.6 198.6] 1366 99.95

1311 131 After Sort
— e r
hEss 4555 -
2 3

196.6  262.1 Q

T
65.5

T
1311

T
1966 2%,

o
=¥ Bl
CD4

tTGF-p1 (Bngfml) -

1314 1? 10t 10°
FSC-A
Gated on CD4* T Cells
+aCD3/28 +aCD3/28/rhIL-2 Treg (rhTGF-B1 Sng/ml) Treg (thTGF-B1 10ng/m) CcDa'CD25"
> B
& o 1475 .10 21.26 .10 ) \?2 46 & 0 83.87 b ?0.95
1t 1ot
1 1
el =5
o -
é 17 = 1P
s o 85.25 1754 2 0
1 g 1ot 0% 7 10* 1 B 1o
——=CD4
D Donor 6
. 100
B2
S
Ee
%é 60
5 a0
=+ T
0B
ga 20
o
cD4; cp2s’ - - -
CD4" CD25 + + + + -
oCD3 + + + +
D28 + + + +
rhiL-2 - + + +
- i -
- - +

thTGF-B1 (10ng#ml) -

+
n
+
+

131



Figure 4.16 FOXP3 expression in expanded iTreg cells - Donor 6.
CD4*CD25:CD127*CD45RA* and CD4*CD25"es"CD127'°% T cells were
isolated from human PBMCs using a cell sorter. PBMCs were counted and
stained with CD4-FITC, CD25-APC, CD127-PE.CY7, CD45RA-PE and
DAPI in Miltenyi buffer prior to sorting. Following sorting, cells were
cultured in vitro at 1 million cells/ml for 5 days in aCD3-coated plates (5
ug/ml) in the presence of alL-4 (10 pg/ml) and alFN-y (10 pg/ml) with the
addition of aCD28 (2 ug/ml), rhiL-2 (100 ng/ml) and rhTGF-$1 where
appropriate. rhTGF-B1 was added to the iTreg condition at either 5 ng/ml
or 10 ng/ml while sorted CD4*CD25MhCD127'°% T cells were stimulated
with 5 ng/ml rhTGF-B1. Cells were expanded for an additional 7 days in the
presence of rhlL-2 which was added every 2 days. On day 12, cells from
each condition were characterised for CD4 and FOXP3 expression. The
rest were harvested using PMSF lysis buffer in preparation for protein
analysis via western blotting. A. Flow plots illustrating the gating strategy
used for sorting CD4*CD25-CD127*CD45RA* and CD4*CD25"s"CD 127w
T cells. B. Flow plots showing enrichment of the CD4* T cell population
within the naive T cell compartment before and after cell sorting. C. Flow
plots showing the frequency of CD4*FOXP3™ present within the CD4* T cell
population in each culture condition on day 12. D. Bar graph showing the
percentage frequency of CD4*FOXP3* T cells present within the CD4* T
cell population in each culture condition on day 12. n = 1 donor.
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Figure 4.17 AEP expression in expanded human iTreg cells in vitro -
Donor 6. CD4*CD25CD127*CD45RA* and CD4*CD25"s"CD127"% T cells
were isolated from human PBMCs using a cell sorter. Following sorting, cells
were cultured in vitro at 1 million cells/ml for 5 days in aCD3-coated plates (5
ug/ml) in the presence of alL-4 (10 pg/ml) and olFN-y (10 pg/ml) with the
addition of aCD28 (2 pg/ml), rhiL-2 (100 ng/ml) and rhTGF-B1 where
appropriate. rhTGF-B1 was added to the iTreg condition at either 5 ng/ml or 10
ng/ml while sorted CD4*CD25"9"CD127'°% T cells were stimulated with 5 ng/mi
rhTGF-B1. Cells were expanded for an additional 7 days in the presence of
rhiL-2 which was added every 2 days. On day 12, cells were harvested using
PMSF lysis buffer in preparation for protein analysis via western blotting.
Lysates were reduced and boiled and run under reducing conditions on a
precast, 4-12% Bis-Tris gradient gel. A. Western blot image showing AEP,
FOXP3 and GAPDH expression in each of the culture conditions. The 56 and
37 kDa AEP bands were quantified using Imaged and normalised to the
respective  GAPDH loading control bands. B. Bar graph showing the
expression levels of active, inactive and total AEP in each of the conditions. C.
Bar graph showing the percentage ratio of active and inactive AEP expressed
in each of the culture conditions. D. Bar graph showing the rate of T cell
expansion of cells cultured under different culture conditions at the end of the
culture. The expansion rate is presented as a fold change in number of cells at
the end of culture (day 12) divided by the initial number of plated cells (day 0).
n =1 donor.
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Figure 4.18 FOXP3 expression in expanded iTreg cells - Donor 7.
CD4*CD25:CD127*CD45RA* and CD4*CD25MI"CD127"° T cells were isolated
from human PBMCs using a cell sorter. PBMCs were counted and stained with
CD4-FITC, CD25-APC, CD127-PE.CY7, CD45RA-PE and DAPI in Miltenyi
buffer prior to sorting. Following sorting, cells were cultured in vitro at 1 million
cells/ml for 5 days in aCD3-coated plates (5 ng/ml) in the presence of alL-4 (10
ug/ml) and alFN-y (10 pug/ml) with the addition of aCD28 (2 pg/ml), rhiL-2 (100
ng/ml) and rhTGF-B1 (5 ng/ml) where appropriate. Cells were expanded for an
additional 7 days in the presence of rhlL-2 which was added every 2 days. On
day 12, cells from each condition were characterised for CD4 and FOXP3
expression. The rest were harvested using PMSF lysis buffer in preparation for
protein analysis via western blotting. A. Flow plots showing enrichment of the
CD4* T cell population within the naive T cell compartment after cell sorting. B.
Flow plots showing the frequency of CD4*FOXP3* present within the CD4* T cell
population in each culture condition on day 12. C. Bar graph showing the
percentage frequency of CD4*FOXP3* T cells present within the CD4* T cell
population in each culture condition on day 12. n =1 donor.
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Figure 4.19 AEP expression in expanded human iTreg cells in vitro in
response to IL-2 stimulation - Donor 7. CD4*CD25CD127*CD45RA* and
CD4*CD25"9"CD127'°% T cells were isolated from human PBMCs using a cell
sorter. Following sorting, cells were cultured in vitro at 1 million cells/ml for 5 days
in aCD3-coated plates (5 ug/ml) in the presence of alL-4 (10 ug/ml) and alFN-y
(10 ug/ml) with the addition of aCD28 (2 ug/ml), rhiL-2 (100 ng/ml) and rhTGF-
B1 (5 ng/ml) where appropriate. Cells were expanded for an additional 7 days in
the presence of rhIL-2 which was added every 2 days. On day 12, cells from each
condition were harvested using PMSF lysis buffer in preparation for protein
analysis via western blotting. Prior to lysis, 1 million cells were also taken from
the iTreg and cultured CD4*CD25M9"CD127'°" conditions on day 12 and cultured
at 1 million cells/ml, stimulated with rhiL-2 (100 ng/ml) for 15min, 1hr and 3hr and
then harvested for protein analysis. Lysates were reduced and boiled and run
under reducing conditions on a precast, 4-12% Bis-Tris gradient gel. A. Western
blot image showing AEP, FOXP3 and GAPDH expression in each of the culture
conditions including in each time point following IL-2 stimulation. The 56 and 37
kDa AEP bands were quantified using ImagedJ and normalised to the respective
GAPDH loading control bands. B. Bar graph showing the rate of T cell expansion
of cells cultured under different culture conditions at the end of the culture. The
expansion rate is presented as a fold change in number of cells at the end of
culture (day 12) divided by the initial number of plated cells (day 0). C. Bar graph
showing the expression levels of active, inactive and total AEP in each of the
conditions. D. Bar graph showing the percentage ratio of active and inactive AEP
expressed in each of the culture conditions. E. Histogram showing the changes
in active AEP expression levels in the iTreg and CD4*CD25"I"CD127'°¥ culture
conditions over time following stimulation with IL-2. F. Histogram showing the
changes in inactive AEP expression levels in the iTreg and
CD4*CD25M9hCD127'°" culture conditions over time following stimulation with IL-
2. G. Histogram showing the changes in total AEP expression levels in the iTreg
and CD4*CD25MM"hCD127'° culture conditions over time following stimulation
with IL-2. n =1 donor.
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Figure 4.20 FOXP3 expression in expanded iTreg cells - Donor 8.
CD4*CD25:CD127*CD45RA* and CD4*CD25"9"CD127'° T cells were isolated
from human PBMCs using a cell sorter. PBMCs were counted and stained with
CD4-FITC, CD25-APC, CD127-PE.CY7, CD45RA-PE and DAPI in Miltenyi
buffer prior to sorting. Following sorting, cells were cultured in vitro at 1 million
cells/ml for 5 days in aCD3-coated plates (5 ug/ml) in the presence of alL-4 (10
ug/ml) and alFN-y (10 ug/ml) with the addition of aCD28 (2 ug/ml), rhiL-2 (100
ng/ml) and rhTGF-B1 (5 ng/ml) where appropriate. Cells were expanded for an
additional 7 days in the presence of rhlL-2 which was added every 2 days. On
day 12, cells from each condition were characterised for CD4 and FOXP3
expression. The rest were harvested using PMSF lysis buffer in preparation for
protein analysis via western blotting. A. Flow plots illustrating the gating strategy
used for sorting CD4*CD25:CD127*CD45RA* and CD4*CD25M9"CD127'°% T
cells. B. Flow plots showing enrichment of the naive T cell population before
and after cell sorting. C. Flow plots showing the frequency of CD4*FOXP3*
present within the CD4* T cell population in each culture condition on day 12.
D. Bar graph showing the percentage frequency of CD4*FOXP3* T cells present
within the CD4* T cell population in each culture condition on day 12. n =1 donor.
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Figure 4.21 AEP expression in expanded human iTreg cells in vitro in
response to IL-2 stimulation - Donor 8. CD4*CD25CD127*CD45RA" and
CD4*CD25"9"CD127'°% T cells were isolated from human PBMCs using a cell
sorter. Following sorting, cells were cultured in vitro at 1 million cells/ml for 5
days in aCD3-coated plates (5 ug/ml) in the presence of alL-4 (10 ug/ml) and
olFN-y (10 ug/ml) with the addition of aCD28 (2 ug/ml), rhiL-2 (100 ng/ml) and
rhTGF-B1 (5 ng/ml) where appropriate. Cells were expanded for an additional
7 days in the presence of rhiL-2 which was added every 2 days. On day 12,
cells from each condition were harvested using PMSF lysis buffer in
preparation for protein analysis via western blotting. Prior to lysis, 1 million
cells were also taken from the cultured CD4*CD25M9"CD127'°" conditions on
day 12 and cultured at 1 million cells/ml, stimulated with rhIL-2 (100 ng/ml) for
15min and 1hr and then harvested for protein analysis. All lysates were
acetone precipitated. Lysates were reduced and boiled and run under reducing
conditions on a precast, 4-12% Bis-Tris gradient gel. A. Western blot image
showing AEP and B-actin expression in each of the culture conditions including
in each time point following IL-2 stimulation. The 56 and 37 kDa AEP bands
were quantified using ImagedJ and normalised to the respective B-actin loading
control bands. B. Bar graph showing the expression levels of active, inactive
and total AEP in each of the conditions. C. Bar graph showing the percentage
ratio of active and inactive AEP expressed in each of the culture conditions. D.
Bar graph showing the rate of T cell expansion of cells cultured under different
culture conditions at the end of the culture. The expansion rate is presented
as a fold change in number of cells at the end of culture (day 12) divided by
the initial number of plated cells (day 0). n=1 donor.
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Figure 4.22 FOXP3 expression in expanded iTreg cells - Donor 9.
PBMCs were isolated from blood and CD4*CD25CD127*CD45RA* and
CD4*CD25"9"CD127'°% T cells were isolated using cell sorting. PBMCs were
counted and stained with CD4-FITC, CD25-APC, CD127-PE.CY7, CD45RA-
PE and DAPI in Miltenyi buffer prior to sorting. Following sorting, cells were
cultured in vitro at 1 million cells/ml for 5 days in aCD3-coated plates (5
ug/ml) in the presence of alL-4 (10 pg/ml) and alFN-y (10 pg/ml) with the
addition of aCD28 (2 ug/ml), rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml)
where appropriate. Cells were expanded for an additional 7 days in the
presence of rhlL-2 which was added every 2 days. On day 12, cells from
each condition were characterised for CD4 and FOXP3 expression. The rest
were harvested using PMSF lysis buffer in preparation for protein analysis
via western blotting. A. Flow plots illustrating the gating strategy used for
sorting CD4*CD25:CD127*CD45RA* and CD4*CD25"9"CD127'°% T cells. B.
Flow plots showing enrichment of the naive T cell population before and after
cell sorting. C. Flow plots showing the frequency of CD4*FOXP3* present
within the CD4* T cell population in each culture condition on day 12. D. Bar
graph showing the percentage frequency of CD4*FOXP3* T cells present
within the CD4* T cell population in each culture condition on day 12. n=1
donor.
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Figure 4.23 AEP expression in expanded human iTreg cells in vitro
in response to IL-2 stimulation - Donor 9. PBMCs were isolated from
blood and CD4*CD25:CD127*CD45RA* and CD4*CD25"9"CD127°% T
cells were isolated using cell sorting. Following sorting, cells were cultured
in vitro at 1 million cells/ml for 5 days in aCD3-coated plates (5 ug/ml) in
the presence of alL-4 (10 ug/ml) and alFN-y (10 ug/ml) with the addition
of aCD28 (2 ng/ml), rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml) where
appropriate. Cells were expanded for an additional 7 days in the presence
of rhiL-2 which was added every 2 days. On day 12, cells from each
condition were harvested using PMSF lysis buffer in preparation for
protein analysis via western blotting. Lysates were reduced and boiled and
run under reducing conditions on a precast, 4-12% Bis-Tris gradient gel.
A. Western blot image showing AEP and B-actin expression in each of the
culture conditions. The 56 and 37 kDa AEP bands were quantified using
ImagedJ and normalised to the respective -actin loading control bands. B.
Bar graph showing the expression levels of active, inactive and total AEP
in each of the conditions. C. Bar graph showing the percentage ratio of
active and inactive AEP expressed in each of the culture conditions. D.
Bar graph showing the rate of T cell expansion of cells cultured under
different culture conditions at the end of the culture. The expansion rate is
presented as a fold change in number of cells at the end of culture (day
12) divided by the initial number of plated cells (day 0). n=1 donor.

In order to further assess the role of TGF-B1 in inducing AEP expression,
cells were cultured in serum-free media (donor 10). The iTreg condition did
not express sufficient levels of FOXP3 therefore it was excluded from the
analysis (figure 4.24). All the rest of the conditions with the exception of
cultured Treg cells expressed more inactive than active AEP (figure 4.25).
A marked decrease of AEP was noted in the IL-2 condition (figure 4.25).
However, it has been reported in the literature that TCR stimulation in
addition to CD28 co-stimulation can induce apoptosis leading to the release
of TGF-B1 which could account for the slightly increased levels of AEP when
compared to the IL-2 condition (Krammer et al., 2007). This effect was
exacerbated in the absence of serum as the percent of apoptosis is lower
in complete media cultures. Therefore, the IL-2 condition, which provides
survival signals in T cell cultures, constitutes a better control in serum-free
media. Taking this into consideration, the highest level of total AEP

expression seemed to be induced by TGF-B1 (figure 4.25).
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Figure 4.24 FOXP3 expression in expanded iTreg cells - Donor 10.
PBMCs were isolated from blood and CD4*CD25CD127*CD45RA* and
CD4*CD25"9"CD127'% T cells were isolated using cell sorting. PBMCs
were counted and stained with CD4-FITC, CD25-APC, CD127-PE.CY7,
CD45RA-PE and DAPI in Miltenyi buffer prior to sorting. Following sorting,
cells were cultured in vitro at 1 million cells/ml in serum free X-vivo media
for 5 days in aCD3-coated plates (5 ug/ml) in the presence of alL-4 (10
ug/ml) and alFN-y (10 pg/ml) with the addition of aCD28 (2 pug/ml), rhiL-2
(100 ng/ml) and rhTGF-p1 (5 ng/ml) where appropriate. Cells were
expanded for an additional 7 days in the presence of rhlL-2 which was
added every 2 days. On day 12, cells from each condition were
characterised for CD4 and FOXP3 expression. The rest were harvested
using PMSF lysis buffer in preparation for protein analysis via western
blotting. A. Flow plots illustrating the gating strategy used for sorting
CD4*CD25:CD127*CD45RA* and CD4*CD25"s"CD127'° T cells. B. Flow
plots showing enrichment of the naive T cell population before and after cell
sorting. C. Flow plots showing the frequency of CD4*FOXP3"* present within
the CD4* T cell population in each culture condition on day 12. D. Bar graph
showing the percentage frequency of CD4"FOXP3* T cells present within
the CD4* T cell population in each culture condition on day 12. n=1 donor.
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Figure 4.25 AEP expression in expanded human iTreg cells in vitro -
Donor 10. PBMCs were isolated from blood and CD4*CD25
CD127*CD45RA* and CD4*CD25MI"CD127"" T cells were isolated using
cell sorting. Following sorting, cells were cultured in vitro at 1 million
cells/ml in serum free X-vivo media for 5 days in aCD3-coated plates (5
ug/ml) in the presence of alL-4 (10 ug/ml) and alFN-y (10 ug/ml) with the
addition of aCD28 (2 ug/ml), rhiL-2 (100 ng/ml) and rhTGF-B1 (5 ng/ml)
where appropriate. Cells were expanded for an additional 7 days in the
presence of rhlL-2 which was added every 2 days. On day 12, cells from
each condition were harvested using PMSF lysis buffer in preparation for
protein analysis via western blotting. Lysates were reduced and boiled and
run under reducing conditions on a precast, 4-12% Bis-Tris gradient gel.
A. Western blot image showing AEP and B-actin expression in each of the
culture conditions. The 56 and 37 kDa AEP bands were quantified using
ImagedJ and normalised to the respective B-actin loading control bands. B.
Bar graph showing the expression levels of active, inactive and total AEP
in each of the conditions. C. Bar graph showing the percentage ratio of
active and inactive AEP expressed in each of the culture conditions. D.
Bar graph showing the rate of T cell expansion of cells cultured under
different culture conditions at the end of the culture. The expansion rate is
presented as a fold change in number of cells at the end of culture (day
12) divided by the initial number of plated cells (day 0). n=1 donor.

Collective analysis of data demonstrated that freshly isolated naive and
Treg cells expressed more inactive AEP than active AEP (figure 4.26).
However, freshly isolated Treg cells expressed more inactive AEP and less
active AEP than naive T cells (figure 4.26). Consistent with the hypothesis,
the fact that freshly isolated Treg cells expressed more inactive AEP than
naive T cells reinforces the idea that AEP plays a role in the Treg cell
signature (figure 4.26).

When data from expanded T cells were analysed, AEP was shown to be
expressed in expanded Treg and iTreg cells. Culture of freshly isolated Treg
cells under iTreg conditions increased expression of active AEP levels
(figure 4.26). In addition to this, these cells expressed more active than
inactive AEP which is the opposite of what was observed in the freshly
isolated Treg cell population (figure 4.26). TGF-B1 seemed to induce the
highest level of AEP expression in vitro as iTreg cells tended to express
more total AEP than naive T cells stimulated in vitro with «CD3, aCD28 or
rhlL-2 (figure 4.26). Higher AEP levels were observed in cultured Treg cells
than in iTreg cells in vitro (figure 4.26). In addition, culture of freshly isolated

Treg cells under iTreg conditions led to a significant increase in active AEP
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levels (p=0.0294) (figure 4.26). In addition, cultured Treg cells along with

freshly isolated Treg cells tended to express the highest level of total AEP
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Figure 4.26 Summary of AEP expression in human Treg cells.
Collective analysis of AEP expression in human donors. Only cultures with
sufficient (>50%) FOXP3 expression within the Treg cell compartment were
included in the analysis and where cytometry data were not available,
cultures where FOXP3 expression was detected using western blotting
were analysed. The 56 (inactive) and 37 (active) kDa AEP bands were
quantified using Imaged and normalised to the respective loading control
bands. A. Summary graph showing the expression levels of active AEP in
each of the culture conditions. B. Summary graph showing the expression
levels of inactive AEP in each of the conditions. C. Summary graph
showing the percentage ratio of active AEP expressed in each of the
culture conditions normalised to total AEP levels (100%). The Shapiro-Wilk
normality test was used to confirm normal distribution of data and the
nonparametric Kruskal-Wallis test was used for variance analysis. P values
<0.05 were defined as statistically significant. A total of 14 donors were
tested (n=14).

4.4 Conclusion

The role of proteases in T cell differentiation has not been widely studied in
either mice or human T cells. However, studies have shown that proteases
have different biological functions and the induction of their expression is
therefore hypothesised to play a role in determining T helper subset function
(Zhang et al., 2017; Aschenbrenner et al., 2018). Differential expression of
proteases and protease inhibitors can play a role in determining T cell
signatures and function. Studies have demonstrated that TGF-B1 and
STAT3 signalling regulate AEP expression in mice (Zhang et al., 2017;
Martinez-Fabregas et al., 2018). Downregulation of AEP in mouse T cells
correlates with a decrease in Th17 induction and an increase in Treg cell
induction which is in accordance with the data presented in chapter 3 (Hou
et al., 2015). In humans, downregulation of AEP correlates with a decrease
in Th1 and Th17 responses and its expression is involved in regulating the
Treg/Th17 axis (Aschenbrenner et al., 2018; Freeley et al., 2018).

In order to study AEP expression in human T cell subsets, a Treg isolation
kit was used to sort human naive and Treg cells and AEP expression was
then detected using western blotting. Although AEP expression was studied
in multiple human T cell subsets including Th1 and Th2 cells, lack of proper
controls, stimulation experiments and cytokine expression profiling made it
unclear as to whether the cultured T cells were indeed Th1 or Th2 etc.

(appendix B). However, it was shown that AEP is expressed in freshly sorted
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naive and Treg cells. Following this observation, AEP expression was
tested in iTreg cells. For this purpose, naive T cells were expanded and
stimulated in vitro with different combinations of cytokines in addition to TCR
stimulation. It was shown that AEP is expressed in human iTreg cells and
that TGF-B1 consistently induced the highest level of AEP expression in
vitro. This indicates that a negative feedback loop may be in place in Treg
cells that regulates AEP and FOXP3 expression. However, this
methodology was not used to establish a correlation between active AEP
levels and FOXP3 protein levels in cultured Treg cells. In order to do this,
FOXP3 levels would have to be determined in Treg cells cultured under
Treg stabilising conditions such as in the presence of an AEP inhibitor
and/or PDL-1 stimulation. Also, a FOXP3 turnover assay using CHX and an
AEP inhibitor could give an indication on whether increased active AEP

levels correlate with reduced FOXP3 levels.

IL-2 was also shown to increase AEP expression but this was observed in
only one of the donors (donor5). Taking into consideration that IL-2 and
TGF-B1 are both involved in T cell differentiation into the Treg cell lineage
and that AEP can regulate the Treg master transcription factor Foxp3 in
mice, the question of whether IL-2 — in addition to TGF-$1 - increases AEP
expression in human Treg cells was addressed (Chen et al., 2003). As
confirmation of the role of TGF-1, human Treg cells were stimulated with
IL-2 to test whether AEP expression levels would increase. Time point
stimulation with IL-2 consistently failed to increase AEP expression in
human Treg cells (donor4, donor5, donor7). It could be argued that the
presence of TGF-Bl1-containing cell debris (donor7) in the initial sorted
population that went into culture could have skewed the results. Therefore,
to further investigate the role of TGF-B1 in the induction of AEP expression,
cells were cultured in serum free media. This was done to remove any
platelets (which are normally present in the supplementing serum) from the
culture thus reducing the overall levels of TGF-1 present in the medium. A
marked decrease of AEP expression was noted in the IL-2 condition of the
serum-free culture while a marked increase was observed in the aCD3/28
condition. This could be explained by the fact that TCR stimulation in

combination with a«CD28 in the absence of serum causes greater apoptosis
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compared to cultures in complete media (Krammer et al., 2007). Therefore,
the IL-2 condition which provides survival signals in T cell cultures

constitutes a better control in serum free media.

Despite all this, it is worth mentioning some of the limitations and pitfalls of
this part of the project. This chapter started with an effort to identify AEP
expression in T cell subsets but it was hard to establish a pattern. However,
when data was analysed retrospectively, a pattern was emerging that
identified TGF-B1 as an inducer of AEP expression which was also
confirmed in the serum free culture. Therefore, stimulation experiments
were performed in naive and Treg cells in vitro in multiple donors. Since
AEP is a novel protein and its expression has not been established in T cell
subsets and T helper cell subsets in humans, every assay used in this
methodology for the detection of AEP expression had to be validated and
optimised. Due to the complexity of human donors (between donor
variability), the experiments were repeated multiple times and each donor
was presented separately. Furthermore, it is worth noting that this study
relied solely on fresh PBMCs isolated from donated blood taken on the day
of the experiment. This limited the number of cells used for sorting and as a
result, led to a poor yield of Treg cells which typically comprise only 1% of
the CD4* T cells found in the peripheral blood. Therefore, it was not possible
to do a purity check of this population prior to cell culture or a functional
assay at the end of the cultures. An attempt was made to detect AEP
expression in human Treg cells using flow cytometry (appendix A).
However, this methodology was not pursued further due to lack of proper
controls and the limited availability of the primary Ab for AEP. Also, results
from the acetone-precipitated lysates should be interpreted with caution as
this methodology may have resulted in suboptimal protein solubilisation due
to leftover acetone while a disruption of epitopes is also possible.
Furthermore, there was some inconsistency regarding the number and
sizes of AEP bands across the donors. This could be due to the reducing
sample processing and reducing gel running conditions which could have
altered protein epitopes and therefore Ab binding. However, it should be
noted that the gel running conditions used for all these experiments were

the same as those indicated in the data sheet that came with the purchased
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polyclonal primary Ab. For all these reasons, the data presented in this
chapter should only be considered as an indication of AEP expression in

these cells and not interpreted as full proof data.
In conclusion, this chapter demonstrated that:

e human naive T cells express both active and inactive AEP

e human Treg cells consistently express more inactive AEP that active
AEP

e culturing of human Treg cells under iTreg conditions increases the
levels of active AEP

e TGF-B1 stimulation induces the highest levels of AEP expression

e |L-2 stimulation does not play a role in AEP expression.
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Chapter 5. Stimuli That Regulate AEP in Human T Cells

5.1 Introduction

In the previous chapter, it was demonstrated that TGF-B1 consistently
induced the highest level of AEP expression in vitro as culturing human T
cells under iTreg conditions led to an increase in active as well as total AEP
protein levels. This is consistent with the mouse studies presented in
chapter 3 and with a study by Zhang et al. where it was shown that IL-6
stimulation in combination with inhibition of TGFBR-I in SMAD4 KO CD4*
mouse T cells leads to the downregulation of AEP mRNA levels (Zhang et
al., 2017). However, in addition to TGF-p1 and PD-1, other stimuli have
been associated with upregulating or downregulating AEP expression levels
in mice (Zhang et al., 2017; Martinez-Fabregas et al., 2018; Stathopoulou
et al., 2018). Lgmn”’- mouse embryonic fibroblasts (MEF) and proximal
tubular cells (PTCs) have been shown to express increased levels of active
STAT3 while STAT3 inhibition in these cells leads to the downregulation of
AEP (Martinez-Fabregas et al., 2018). Inhibition of AEP in these cells leads
to a dose-dependent increase in pSTAT3 levels accompanied with an
increase in expression levels of other lysosomal hydrolases such as
cathepsin D (Martinez-Fabregas et al., 2018). Additionally, 3T3 fibroblasts
expressing constitutively active STAT3 show increased levels of AEP and
cathepsin D activity (Martinez-Fabregas et al., 2018). In humans, AEP
inhibition in PTCs results in increased STAT3 and cathepsin D activation
(Martinez-Fabregas et al., 2018). This study demonstrates that STAT3
signalling is also implicated in the regulation of AEP in both mice and
humans (Martinez-Fabregas et al., 2018). However, whether this
mechanism exists in other types of human cells is unknown. Therefore, it is
here hypothesised that STAT3 regulates AEP function in human

lymphocytes also.

Since the role of PD-1 signalling in AEP regulation in human lymphocytes
has not been assessed previously and to further validate the significance of
TGF-p1, PD-1 and STAT3 signalling in regulating AEP function in human
lymphocytes, a functional assay was used that specifically measured AEP

activity levels.
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5.2 Aims

The aim of this chapter is to determine stimuli that regulate AEP activity in
human T cells. For this purpose, human T lymphocytes from isolated
PBMCs were expanded in vitro and relevant signalling pathways were
targeted pharmacologically. Changes in AEP activity were then studied
using an AEP enzyme activity assay which relies on AEP-specific cleavage
of a fluorescently-labelled substrate as outlined in sections 2.2.4 and 2.27.

5.3 Results

5.3.1 AEP enzyme activity development and optimisation

To determine AEP enzyme activity levels, an activity assay was developed
and optimised based on published methodology (Johansen et al., 1999; Li
et al., 2003; Haugen et al., 2013; Stathopoulou et al., 2018). AMC standards
of different concentrations were tested using a fluorimeter (POLARstar
Omega, BMG LABTECH, UK) and the settings of the plate reader were

adjusted accordingly to optimise the standard curve.

In the first experiment, AMC standards of lower concentrations came up
lower than blank controls so no standard curve could be produced (figure
5.1A). This was due to not specifying the detection range limits of the

machine at the beginning of the experiment.

After adjusting the settings in the machine, the experiment was repeated
two more times. More standards of lower concentrations were included in
experiments 2 and 3 to accurately calculate enzyme activity levels in
samples of low AEP content which are expected to emit low fluorescence
intensity (F.l.) signals. Assay buffer pH was lowered from pH 5.5 to 5 while
for AMC standards of higher concentrations (= 400 uM), the detection filter
was getting saturated leading to inaccurate measurements of higher
intensity signals (figure 5.1B-C). However, all samples that were
subsequently screened for AEP activity during this project emitted signals
that fell within the range of 6 uM and 0 uM.

Following standard curve optimisation, 10 ug of DC lysate that expresses
high levels of AEP was tested. This experiment was also performed to
determine the length of incubation in activation buffer needed to activate the

total amount of enzyme present in the lysate as well as determine whether
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a concentration of 100uM of substrate was enough for AEP activity
detection. Readings were taken at regular intervals to determine the
optimum length of incubation with the substrate before activity levels could
be detected (figure 5.2C). Based on the results of this experiment, the
optimum time length of incubation with activation buffer was determined to
be 2 hours at 1:1 dilution of lysate (pH 5.8) and activation buffer (pH 4). The
optimum duration of incubation with the substrate (in assay buffer of pH 5)
was 90 minutes (Manoury et al., 2002) with a final substrate concentration
of 100 uM. Fluorescence intensity values that were detected fell within the
range of the 12 — 0 uM standards so in future assays 13 standards were
used. Also, 10 ug of DC lysate were used as positive controls in all future
experiments. In subsequent experiments, readings were taken at 90
minutes after substrate addition and AEP activity levels were normalised to
the amount of protein present in the lysate. An equal amount of protein

lysate was used in experiments.

Studies have shown that AEP is resistant to selective protease inhibitors
such as E-64 (cysteine protease inhibitor), PMSF (cysteine protease
inhibitor) and pepstatin A as well as leupeptin (cysteine, serine and
threonine protease inhibitor) (Johansen et al., 1999; Li et al., 2003; Teng et
al., 2009). To check substrate specificity, DC lysates were activated in the
presence of the protease inhibitor pepstatin A (5 uM) and activity levels were
measured (figure 5.3). Pepstatin A is an inhibitor of aspartate and aspartyl
proteases but not cysteine, thiol or serine proteases (Marciniszyn et al.,
1976). In accordance with the literature, no inhibition of AEP activity was
observed in the presence of pepstsatin A (figure 5.3C). However, it should
be noted that additional controls would have to be included in the assay to
increase confidence in the substrate specificity. For instance, an AEP-
specific inhibitor could be added to the reaction as well as a more general
inhibitor such as cystatin E which is known to inhibit AEP function (Dall and
Brandstetter, 2013; Dall and Brandstetter, 2016).
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Figure 5.1 AEP enzyme activity assay — standard curve optimisation.
Different concentrations of AMC were tested. AMC standards were
prepared in 100 ul assay buffer and fluorescence was detected using a
POLARstar Omega (BMG LABTECH, UK) fluorimeter. A. 13 standards of
AMC ranging from 800 uM to O uM were prepared in assay buffer with pH
5.5. No minimum or maximum values were specified in the plate reader’s
settings. B. 19 standards of AMC ranging from 1600 uM to 0 uM were
prepared in assay buffer with pH 5. The detection range limits of the plate
reader were specified at the beginning of the experiment. The standard
with the highest concentration of 1600 uM was set to 90% of the total
signal detected by the plate reader. C. The experiment was repeated using
the same settings as in the second experiment. In all experiments, blank
controls containing only assay buffer were included in the plate to
determine background noise levels. Readouts for every single standard
were averaged and normalised to blank. The linearity of the regression
model was tested by plotting the log2 values of the normalised fluorescent
intensity (FI) values against the log2 values of the standard concentrations
(uM). n=3 donors.
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Figure 5.2 AEP enzyme activity assay — standard curve optimisation. A.
19 standards of AMC ranging from 1600 uM to 0 uM were prepared in assay
buffer with pH 5. The detection range limits of the plate reader were specified
at the beginning of the experiment. The standard with the highest
concentration of 1600 uM was set to 75% of the total signal detected by the
plate reader. Blank controls containing only assay buffer were included in the
plate to determine background noise levels. Readouts for every single
standard were averaged and normalised to blank. B. The linearity of the
regression model was tested by plotting the log2 values of the normalised
fluorescent intensity (FI) values against the log2 values of the standard
concentrations (uM). C. Human tolerogenic dendritic cells were lysed using
n-octyl lysis buffer and 10 ug of protein lysate were diluted with activation
buffer at 1:1 ratio and incubated for 2hrs at 37°C to activate AEP. The reaction
mixture was topped up to 100 ul with assay buffer and AEP-specific substrate.
A final concentration of 100 uM of substrate was used. A blank control
containing only substrate of 100 uM in assay buffer was included. Readouts
were taken at regular intervals. Activity levels were normalised to the relevant
controls. N=1
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Figure 5.3 AEP enzyme activity assay — substrate specificity. A. 19
standards of AMC ranging from 1600 uM to 0 uM were prepared in assay
buffer with pH 5. The detection range limits of the plate reader were
specified at the beginning of the experiment. The standard with the highest
concentration of 1600 uM was set to 75% of the total signal detected by the
plate reader. Blank controls containing only assay buffer were included in
the plate to determine background noise levels. Readouts for every single
standard were averaged and normalised to blank. B. The linearity of the
regression model was tested by plotting the log2 values of the normalised
fluorescent intensity (FI) values against the log2 values of the standard
concentrations (uM). C. Human mature dendritic cells were lysed using n-
octyl lysis buffer and 10 ug of protein lysate were diluted with activation
buffer at 1:1 ratio and incubated for 2hrs at 37°C to activate AEP with the
addition of 5 uM pepstatin A final concentration. The reaction mixture was
topped up to 100 ul with assay buffer and AEP-specific substrate to a final
concentration of 100 uM. A blank control containing 100 uM substrate in
assay buffer was included. Readouts were taken at regular intervals and
activity levels were normalised to the blank control. N=1
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5.3.2 TGF-$1 inhibition blocks AEP activity in human lymphocytes

In order to determine whether TGF-B1 played a role in AEP activity,
publically available datasets of mouse T cells with a SMAD4-specific
deletion were mined and analysed. Naive CD4" T cells from
Cd4cre;Smad4™ mice that were activated in the presence of IL-6 and a
TGFBR inhibitor for 3 hours showed a significant decrease in AEP mRNA
levels compared to WT controls (p=0.0073) (figure 5.4) (Zhang et al., 2017).
This indicates that TGF-B1 is important for upregulating AEP mRNA
expression. However, this effect was not observed after 12 hours of
stimulation suggesting that IL-6 is able to eventually compensate for the loss
of TGF-B1 signalling. Collectively, these results indicate that TGF-B1

signalling is involved in initial AEP expression which is stabilised by IL-6.

To validate the results from the western blotting experiments presented in
chapter 4 and to further examine the significance of TGF-1 signalling in
inducing AEP expression, an AEP enzyme activity assay was performed
using lysates of human lymphocytes. Specifically, human PBMCs were
expanded in vitro in the presence of the mitogen PHA that promotes the
proliferation of lymphocytes and a specific inhibitor for TGFBR-I. After five

days of culture, cells were lysed and AEP activity measured.

In order to optimise lymphocyte expansion with PHA, total PBMCs from
three separate donors were cultured in the presence of PHA for five days
and the frequency of T cells assessed on day 0 and day 5 (figure 5.5). Whilst
lymphocytes did not expand more than 1-fold in 5 days, monocytes and
APCs were eliminated after 5 days of culture (figure 5.5). Also, there was a
significant increase in the frequency of T cells (CD3*, >80% of single cells,
p=0.0226) and CD4* T cells (35 - 45% of single cells, p=0.0459) after 5 days
of culture with PHA (figure 5.6).

The experiment was repeated with the addition of TGFBR-I inhibitor at
different concentrations and this showed a pattern whereby TGFBR-I
inhibition decreased AEP activity levels supporting the hypothesis (figure
5.7).
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Figure 5.4 Inhibition of TGFBR-l downregulates AEP mRNA levels in
murine, naive, SMAD4 KO T cells (public data mining). Sorted
CD4*CD25CD44'°“CD62L"s" T cells were isolated from the spleen of
Smad4"" C57BL/6 mice and cultured in complete RPMI medium in the
presence of alL-4 (20 ug/ml), alFN-y (20 pg/ml), IL-6 (40 ng/ml) and
TGFBR-I inhibitor (10 uM). A. Bar graph showing AEP mRNA levels as
log2 fold change after 3 hours of stimulation with IL-6 and the TGFBR-I
inhibitor. Log2 fold change values were normalised to IL-6-treated cells. B.
Bar graph showing AEP levels as log2 fold change after 12 hours of
stimulation with IL-6 and the TGFBR-I inhibitor. Sample values were
normalised to the IL-6-only condition. The Shapiro-Wilk normality test was
used to confirm normal distribution of data. An unpaired, 2-tailed Student’s
t test was used for variance analysis. P values <0.05 were defined as
statistically significant. N=3. Dataset accession number: GSE101527.
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Figure 5.5 Optimisation of Ilymphocyte expansion with
Phytohemagglutinin-M (PHA). PBMCs from healthy human donors were
cultured in 48-well plates at 1 million cells per ml in complete RPMI media.
The cells were stimulated with 2 ng/ml of PHA and expanded for 5 days at
37°C. One million cells were taken on day 0 and day 5 and stained with
CD3 - APC, CD4 - Percpcy5.5, CD8 — PE and Fc block. A-C. Flow plots
illustrating the gating strategy used for the characterisation of lymphocytes
on day 0 and day 5 in three different donors. N=3
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Figure 5.6 Expansion of human T lymphocytes with PHA. PBMCs from
healthy human donors were cultured in 48-well plates at 1 million cells per
ml in complete RPMI media. The cells were stimulated with 2 ug/ml of PHA
and expanded for 5 days at 37°C. One million cells were taken on day 0
and day 5 and stained with CD3 — APC, CD4 — Percpcy5.5, CD8 — PE and
Fc block. A-C. Histograms showing the frequency of CD3*, CD8* and
CD4* T cell populations on day 0 and day 5 in 3 donors. D. Bar graph
showing the rate of cell expansion in each donor. The expansion rate is
presented as a fold change in number of cells at the end of culture (day 5)
divided by the initial number of plated cells (day 0). The Shapiro-Wilk
normality test was used to confirm normal distribution of data. The One
Way Anova test was used for normally distributed data. Alternatively, the
nonparametric Kruskal-Wallis test was used for variance analysis. P
values <0.05 were defined as statistically significant. N=3
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Figure 5.7 Inhibition of TGFBR-l downregulates AEP activity. PBMCs
from healthy human donors were cultured in 48-well plates at 1 million cells
per ml in complete RPMI media. The cells were stimulated with 2 ug/ml of
PHA and expanded for 5 days at 37°C in the presence of either DMSO or
TGFBR-I inhibitor at 10, 1 or 0.5 uM final concentration. An equal volume
of the TGFBR-I inhibitor and DMSO was added to the relevant conditions.
Cells from day 0 and day 5 were harvested using n-octyl lysis buffer in
preparation for the enzyme activity assay. A-C. Bar graphs showing the
rate of cell expansion in each culture condition in each donor. The
expansion rate is presented as a fold change in number of cells at the end
of culture (day 5) divided by the initial number of plated cells (day 0). D-F.
Bar graphs showing AEP activity levels on day 0 and day 5 in each culture
condition in each donor. Readouts were taken at 90 min after the addition
of substrate and activity levels were normalised to the blank control. N=3

5.3.3 STAT3-associated cytokines increase AEP activity in human
lymphocytes

Publicly mined datasets have shown that IL-2 does not play a role in
inducing AEP mRNA expression in human T cells as Treg cells treated with
IL-2 for 24 hours did not show any changes in AEP mRNA levels (figure 5.8)
(Yu et al., 2015).

In mice, IL-6 can induce AEP while inhibition of STAT3 signalling leads to
downregulation of AEP expression (Zhang et al., 2017; Martinez-Fabregas
et al., 2018). In support of this, knocking out STAT3 in Foxp3* T cells
promoted the Treg cell signature (Laurence et al., 2012). STAT3 knock-out
nTreg cells showed increased expression of Foxp3 and decreased
expression of IL-17A when they were stimulated with IL-6 and IL-27 in vitro
(Laurence et al., 2012). In vivo, mice that received bone marrow transplants
with naive T cells that were conditional knock outs for STAT3 (Foxp3-
GFP;CD4-Cre;Stat3"" showed enhanced survival rates than those that
received WT naive T cells (Foxp3-GFP,;Stat3"") (Laurence et al., 2012).
This demonstrated that STAT3 expression destabilised iTreg cells in mice
with GvHD leading to decreased survival rates (Laurence et al., 2012). In
humans, AEP expression has been shown to be increased in
immunoregulatory IL-10* Th17 cells rather than pro-inflammatory IL-10
Th17 cells (Aschenbrenner et al., 2018). Collectively, these studies support
the hypothesis that STAT3 and AEP expression play a role in regulating the
Treg/Th17 axis.
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Therefore, the next step was to explore whether STAT3 induced AEP
expression in human lymphocytes using a methodology similar to that
described in 5.3.2. Treatment of cells with the STAT3 inhibitor demonstrated
a significant decrease (p=0.0021) in AEP activity levels in vitro which is in

accordance with the published literature (figure 5.9-10).
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Figure 5.8 Regulation of AEP mRNA expression in human Treg cells
(public data mining). Bar graph showing AEP mRNA levels in human
CD4*CD25"9"CD127- Treg cells in response to 24hr stimulation with IL-2.
CD4* T cells isolated from PBMCs were cultured in complete RPMI in the
presence of IL-2 (100 units/ml) and Treg cells sorted and RNA purified.
The Shapiro-Wilk normality test was used to confirm normal distribution of
data. An unpaired, 2-tailed Student’s t test was used for variance analysis.
P values <0.05 were defined as statistically significant. N=9. Dataset
accession number: GSE49817. The layout of the data output is shown in
the outlined panel below the main bar graph.

172




>
O

Cell expansion - Donor 1 AEP Activity - Donor 1
& 0.8+ E’ 400+
> c
© =
a S
» 0.6 g 300
> -
8 o
S 041 £ 200
= z
§ = 100
S 0.2+ 2
2 o 1.20
- 0.0- < 0-
PHA (2 pg/ml) + + PHA (2 ug/iml) - + +
DMSO (ul) 5 - DMSO () - 5 -
STAT3inh (uM) - 100 STAT3inh (uM) - - 100
B : E .
Cell expansion - Donor 2 —_ AEP Activity - Donor 2
~ 08 £ 400
o =
7 £
o 5 i
o 0.6+ 3 300
g 2
S 04- 2200+
[ >
D =
5 2
S 0.2+ i 100
°
= w
2 00 < o
PHA (2 ug/ml) + + PHA (2 ug/ml) - + +
DMSO () 5 - DMSO (ul) - 5 -
STAT3inh (uM) - 100 STAT3inh (uM) - - 100
C F AEP Activity - Donor 3
Cell expansion - Donor 3
& 0.8 g’ 400+
z £
o = i
= 0.6 ) 300
- Q@
© o
S04 5 200-
o Py
S =
S 0.2+ s 100
2 B
2 0.0~ < 0~
PHA (2 ng/ml) + + PHA (2 pg/ml) - + +
DMSO (ul) 5 - DMSO (ul) - 5 -
STAT3inh (uM) - 100 STAT3inh (uM) - - 100

173



Figure 5.9 Inhibition of STAT3 downregulates AEP activity. PBMCs from
healthy human donors were cultured in 48-well plates at 1 million cells per ml
in complete RPMI media. The cells were stimulated with 2 ug/ml of PHA and
expanded for 5 days at 37°C in the presence of either DMSO or STAT3 inhibitor
at 100 uM final concentration. An equal volume of the STAT3 inhibitor and
DMSO was added to the relevant conditions. Cells from day 0 and day 5 were
harvested using n-octyl lysis buffer in preparation for the enzyme activity assay.
A-C. Bar graphs showing the rate of cell expansion in each culture condition in
each donor. The expansion rate is presented as a fold change in number of
cells at the end of culture (day 5) divided by the initial number of plated cells
(day 0). D-F. Bar graphs showing AEP activity levels on day 0 and day 5 in
each culture condition in each donor. Readouts were taken at 90 min after the
addition of substrate and activity levels were normalised to the blank control.
N=3
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Figure 5.10 Inhibition of STAT3 downregulates AEP activity.
Summarising bar graph showing AEP activity levels on day 0 and day 5 in
each culture condition in each donor. The Shapiro-Wilk normality test was
used to confirm normal distribution of data. An unpaired, 2-tailed Student’s
t test was used for variance analysis. P values <0.05 were defined as
statistically significant. N=3

5.3.4 PD-1 signalling downregulates AEP activity in human
lymphocytes

Following the observation that TGF-31 and STAT3 positively regulate AEP
expression, the next step was to investigate signals that downregulate AEP.
PD-1 has been shown to downregulate AEP expression in mouse iTreg cells
(Stathopoulou et al., 2018). Therefore, the question of whether PD-1
downregulated AEP expression in human lymphocytes was explored.
Human lymphocytes that were expanded with PHA were treated with a PD-
1 blocking antibody and AEP activity levels measured (figure 5.11). Results
from this experiment showed that there is a significant increase (p=0.0467)
of AEP activity levels in response to PD-1 blockade which is in accordance

with the mouse studies (figure 5.12).
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Figure 5.11 Blocking PD-1 increases AEP activity. PBMCs from healthy
human donors were cultured in 48-well plates at 1 million cells per ml in
complete RPMI media. The cells were stimulated with 2 ug/ml of PHA and
expanded for 5 days at 37°C in the presence of either aPD-1 or IgG isotype
at 10 ug/ml final concentration (soluble). Cells from day 0 and day 5 were
harvested using n-octyl lysis buffer in preparation for the enzyme activity
assay. A-E. Bar graphs showing the rate of cell expansion in each culture
condition in each donor. The expansion rate is presented as a fold change
in number of cells at the end of culture (day 5) divided by the initial number
of plated cells (day 0). F-J. Bar graphs showing AEP activity levels on day
0 and day 5 in each culture condition in each donor. Readouts were taken
at 90 min after the addition of substrate and activity levels were normalised
to the blank control. N=5
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Figure 5.12 Blocking PD-1 increases AEP activity. Summarising bar
graph showing AEP activity levels on day 0 and day 5 in each culture
condition in each donor. The Shapiro-Wilk normality test was used to
confirm normal distribution of data. An unpaired, 2-tailed Student’s t test
was used for variance analysis where the aPD-1 and isotype conditions
were compared. P values <0.05 were defined as statistically significant. N=5

5.4 Conclusion

Studies have suggested that AEP expression is involved in regulating
Treg/Th17 balance in mice (Zhang et al., 2017; Martinez-Fabregas et al.,
2018). In order to investigate which signals induce AEP activity in human
lymphocytes, cells were expanded with PHA to specifically select for T cells
over monocytes. These experiments showed that TGF-B1 consistently
increased AEP activity levels while blocking STAT3 led to a marked
decrease of AEP activity. As confirmation of the mouse studies, PD-1
blockade led to an increase in AEP activity levels in human lymphocytes
(Stathopoulou et al., 2018). However, it remains unclear which signals are
dominant. It is possible that PD-1 signalling may override TGF-1/STAT3

signalling to maintain Treg cell stability. In order to study this, T cells would
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have to be cultured in the presence of combinations of inhibitors and

blocking antibodies.

This study focused on TGF-B1, STAT3 and PD-1 as the key players in
regulating AEP activity levels based on data obtained in chapters 3 and 4
as well as the current published literature. In addition, as this study is
primarily focused on human T cells, it would be worth repeating the
experiments in more donors. However, even with limited n numbers, a

pattern was observed and significance level was achieved in certain cases.

Future directions include testing AEP activity specifically in human T helper
cell subsets in response to cytokine stimulations in the presence or absence
of an AEP-specific inhibitor as well as investigating downstream signalling
of involved pathways including assessing pSTAT3 levels via western
blotting and flow cytometry. It would also be worth using more inhibitors to
validate these findings such as SMADZ2/3/4 inhibitors as well as other
molecules signalling through the same pathways including activin which is

a member of the TGF-f superfamily.
In conclusion, this chapter demonstrated that:

e TGF-B1 and STAT3 signalling increased AEP activity while

e PD-1 signalling decreased AEP activity in human lymphocytes.
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Chapter 6. Discussion
AEP function was initially discovered in APCs where it is involved in antigen
processing for MHC class Il presentation. Since then, AEP protein
expression has been demonstrated in mouse and human T cells where it is
implicated in T cell differentiation and function particularly that of the Th1,
Th17 and Treg cell lineages (Probst-Kepper et al., 2009; Aschenbrenner et
al., 2018; Freeley et al., 2018; Stathopoulou et al., 2018). However, very
little is known about the mechanisms that regulate AEP expression in

mouse and human Treg cells specifically.

Previous work performed by Dr Shoba Amarnath has demonstrated that
PDL-1-treated Tbet*iTreg cells were more potent at alleviating GvHD and
colitis in mice than Tbet*iTreg cells (figure 1 in appendix D). Subsequent
microarray analysis performed by Dr Shoba Amarnath showed the
downregulation of AEP transcripts in the PDL-1-treated population (figure 2
in appendix D). In addition, published data have demonstrated that PDL-1
signalling enhances Treg cell differentiation and function through the
reinforcement of Foxp3 expression (Francisco et al., 2009). Also,
degradation assays performed in vitro have shown that AEP is able to
degrade Foxp3 but not Tbet indicating that Foxp3 is a specific target of AEP
(Stathopoulou et al., 2018). The colocalisation of active AEP and Foxp3 in
the nucleus of activated human CD4" T has also been demonstrated while
PDL-1 treatment of these cells seems to restrict active AEP levels in the
nucleus (Freeley et al., 2018; Stathopoulou et al., 2018). Although T cell
activation seems to be driving AEP localisation to the nucleus, the
mechanism by which AEP relocates and how it can function in this
compartment where the pH is neutral remains unknown (Freeley et al.,
2018). It may be possible that complexes of AEP with other proteins may
stabilise its function in these conditions and further experiments such as co-
IP experiments and mass spectrometry analysis would need to be
performed to assess this. An NLS sequence has been identified within the
enzyme’s AP domain close to the C terminus which remains intact in the
active 47 kDa peptide but gets disrupted by further processing (Dall and
Brandstetter, 2016). Disruption of this sequence has been shown to have a
positive effect on Foxp3 expression indicating the functional significance of
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nuclear AEP (Stathopoulou et al.,, 2018). Collectively, these studies
proposed a model whereby Foxp3 and subsequently Treg cell function and
stability may be regulated by AEP in a PD-1 dependent manner.

To test the hypothesis and investigate the role of AEP in mouse Treg cells,
Treg cells from AEP deficient mice were phenotyped and the importance of
AEP in Treg cell function was assessed in vivo in a mouse model of
melanoma. Although it should be taken into consideration that the process
of generation of this KO mouse strain may also have affected the mouse
phenotype through disruption of genes surrounding the AEP gene, these
experiments showed that Lgmn’ mice were able to maintain higher
frequencies of Treg cells in the periphery compared to WT mice. In vitro,
Lgmn~- iTreg cells maintained higher protein levels of Foxp3 in a protein
turnover assay while in vivo, Lgmn”- mice with melanoma exhibited higher

frequencies of Treg cells within tumours compared to WT cohorts.

In vitro stimulation experiments indicated that TGF-1 was the key cytokine
inducing the highest levels of AEP expression in mouse T cells cultured
under iTreg cell conditions. Although TCR and/or IL-2 stimulation were able
to induce expression of AEP in freshly isolated naive and nTreg cells, AEP
levels were the highest in cultures stimulated with TGF-B1. In support of
this, studies have shown that inhibition of the TGFB receptor leads to a
reduction of AEP mRNA levels in murine SMAD4 deficient CD4* T cells
compared to WT controls (Zhang et al., 2017). In addition to TGF-$1, PDL-
1 stimulation was also able to regulate AEP protein expression in mouse
iTreg cells. Specifically, PDL-1 downregulated AEP expression in iTreg cells
in vitro which is consistent with the mouse melanoma experiment where it
was shown that the increased frequency of tumour resident Treg cells in

Lgmn~-mice was refractory to PDL-1 blockade.

In summary, the work presented here has demonstrated that AEP regulates
mouse Treg cell stability and function through its ability to selectively target

Foxp3 for proteolytic degradation.

Having established that AEP can regulate mouse Treg cells and determined
TGF-B1 and PDL-1 as key regulators of AEP expression, the importance of

AEP expression in human Treg cells was then investigated.
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In contrast to mice, freshly isolated naive and Treg cells expressed AEP ex
vivo. However, similarly to mice, TGF-$1 was able to induce the highest
levels of AEP expression in vitro. TCR and IL-2 stimulation was able to
induce AEP expression at lower levels compared to TGF-1. However, time
point stimulation experiments with IL-2 failed to show an increase in AEP
expression in human Treg cells. In support of that, studies have shown the
upregulation of AEP mRNA levels in human Treg and naive T cells activated
ex vivo in the presence of aCD3, aCD28 and IL-2 (Probst-Kepper et al.,
2009). In addition, upregulation of AEP mRNA was associated with the Treg
cell lineage signature as it was observed in FOXP3-overexpressing Th cells
that acquired a regulatory phenotype and function (Probst-Kepper et al.,
2009). However, overexpression of AEP in Th cells failed to upregulate
Treg-associated protein expression (including FOXP3) indicating that AEP
acts as a post-transcriptional regulator of FOXP3 which is in agreement with

the results from the mouse studies (Probst-Kepper et al., 2009).

In addition to TGF-B1 and PD-1, other stimuli have been associated with
upregulating or downregulating AEP expression levels. STAT3 and STAT3-
inducing cytokines in particular have been shown to play a role in regulating
AEP expression and function in mice (Zhang et al., 2017; Martinez-
Fabregas et al., 2018; Stathopoulou et al., 2018). However, little is known
about the regulation of AEP expression and function in human lymphocytes.
To assess the significance of TGF-B1, PD-1 and STAT3 signalling in
regulating AEP function in human lymphocytes, a functional assay was used
that specifically measured AEP activity levels. These studies showed that
blocking TGF-p and STAT3 signalling leads to a decrease in AEP activity
levels while blocking PD-1 has the opposite effect which is in accordance

with the in vitro studies.

In summary, this study explored the significance of AEP expression in
mouse Treg cells and elucidated some of the mechanisms regulating AEP
expression in both mice and human Ilymphocytes. Specifically, it
demonstrated that AEP expression contributes to mouse Treg cell lineage
instability through the degradation of the Treg master transcription factor

Foxp3 and that PDL-1 signalling can reverse this effect by downregulating
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AEP expression. In addition, this study showed that similar mechanisms of
AEP regulation exist in both mouse and human T cells as TGF-1 was
shown to be inducing the highest levels of AEP expression in vitro. Also,
PDL-1 signalling downregulated AEP expression in mouse Treg cells while
in human lymphocytes, blockade of PD-1 led to an increase in AEP activity
levels. Finally, studies have shown that STAT3 can positively regulate AEP
expression in mice which is in accordance with data presented here
whereby blockade of STAT3 in human lymphocytes leads to a significant
decrease in AEP activity levels (p=0.0021) (Zhang et al., 2017; Martinez-
Fabregas et al., 2018; Stathopoulou et al., 2018).

6.1 Limitations and future directions
However, it is worth mentioning some of the major limitations of this study.

For instance, to better assess the rate of Foxp3 degradation in Lgmn~ Treg
cells, more stimulation time-points would have to be included as longer
incubation with CHX may have revealed a greater difference in the levels of
Foxp3 protein between WT and Lgmn iTreg cells. However, previous
experiments performed by Dr Amarnath have demonstrated the loss of
Foxp3 expression in Lgmn”- iTreg cells that were transduced to overexpress
AEP after 7 days of culture while Lgmn”-iTreg cells were shown to be more
efficient at preventing GvHD than WT iTreg cells (Stathopoulou et al., 2018).
Also, a different, less abundant, internal control should be used in future
degradation assays to avoid band saturation. An example of such a protein
is the nuclear housekeeping protein lamin. Alternatively, loading less protein

on the gel may resolve this issue.

Finally, although the cell sorting technique used for the isolation of mouse
naive T cells (and their differentiation into iTreg cells) is known to yield
samples of high purity (>80%) and mouse T cell cultures were performed
over short periods of time, it would be worth phenotyping cultured iTreg cells
for Foxp3 expression to safely exclude the possibility of culture

contamination which could have skewed the results.

Treg cell isolation using the Miltenyi kit relies on the isolation of cells
expressing general surface activation markers that are not restricted to the
Treg cell lineage thus increasing the risk of sample contamination. The
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purity of the isolated mouse Treg cells and the cultured iTreg cells was
assessed in subsequent experiments by assessing Foxp3 expression by IC
flow cytometry, however, additional validation experiments such as a Treg
cell suppression assay was attempted (appendix C). In the end, this
methodology was deemed impractical due to the low availability of mouse
spleens, the low Treg and iTreg cell numbers as well as the technical
difficulties that resulted in suboptimal assays (appendix C).

Issues associated with faint bands of B-tubulin were restricted to the sorted
Treg cells that were cultured under iTreg cell conditions. Initially, it was
proposed that excessive membrane stripping may have removed some of
the protein but that failed to explain why the other bands remained
unaffected. Therefore, it is hypothesised that this is a cell-specific and/or
condition-specific effect. In support of this, cell confluency during cell culture
has been shown to impact the expression levels of certain housekeeping
genes including B-tubulin and GAPDH (Samantha Greer et al., 2010). TGF-
B which is included in the iTreg cell condition has also been shown to affect
B-tubulin expression though this did not affect internal control levels in iTreg
cells (Lomri and Marie, 1990). Also, it is worth mentioning that human DCs
were shown to express low levels of GAPDH but high levels of B-actin, even
though an equal amount of protein was loaded on the gel in both cases.
Collectively, these data support the hypothesis that this is a cell-specific
effect. However, more validation experiments need to be done to assess
variation in housekeeping gene expression in each experimental context. A
future direction could involve the use of total protein staining as a more

accurate method of protein normalisation.

Similar limitations were noted in the human studies where AEP expression
was studied in human T cell subsets. Specifically, poor yield of sorted Treg
cells from the PBMCs of healthy donors made it impossible to do a purity
test or perform a suppression assay at the end of cell culture. However,
FOXP3 expression was assessed by both IC flow cytometry and western
blotting. In terms of AEP expression, although it was assessed by western
blotting and positive controls such as DC lysates were included in certain
gels, the inclusion of negative controls for AEP could have been included to
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further validate results. Such a negative control could include blocking the
primary Ab with an Ab-specific peptide inhibitor such as the immunogen
used to raise the Ab (in this case mouse myeloma cell line NSO-derived
recombinant human Legumain, lle18-Tyr433, R&D systems, MN, USA).
Attempts were made to study AEP expression using flow cytometry, but this
methodology was not pursued due to lack of a proper Ab for AEP designed
to be used for flow cytometry, limited availability of the primary WB Ab for
AEP and the lack of proper controls (appendix A).

In addition, multiple AEP bands of inconsistent band sizes were detected
across multiple donors. Although donor variability cannot be excluded, the
running conditions such as the use of gradient gels may have interfered with
protein migration while the reducing conditions used for sample processing
and sample running may have altered protein epitopes and therefore
affected Ab binding. This could explain why in some cultures AEP bands
appeared very faint even though an adequate amount of total protein was
loaded in the gel. However, it should be noted that the reducing running
conditions were consistent with those used in the product data sheet and
the experimental methodology was kept consistent across all donors. In the
cases where AEP bands appeared very faint, acetone precipitation was
performed to further condense samples so that the entire lysate could be
run. However, risks associated with this process include leftover acetone
which could have interfered with protein solubilisation and epitope

disruption.

In order to further study the signalling mechanisms involved in the induction
of AEP expression, AEP protein levels were assessed in multiple human T
cell subsets including Th1 and Th2 cells (appendix B). However, lack of
purity tests, proper controls during flow cytometry and lack of extensive
cytokine expression profiling using techniques such as ELISA made it
unclear as to whether the cultured T cells differentiated into the intended

cell lineages.

Finally, AEP enzyme activity was measured in expanded human
lymphocytes and although AEP substrate specificity was tested in the

presence of pepstatin A, additional controls should have been included such
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as AEP-specific inhibitors or other protease inhibitors known to inhibit AEP
protease activity such as cystatin E (Dall and Brandstetter, 2013; Dall and
Brandstetter, 2016).

In summary, results from the studies presented here constitute very
preliminary data and there is still a lot that remains unknown regarding AEP
regulation in human lymphocytes. It would be worth mentioning potential
future directions that could advance knowledge in the field and provide

valuable insight into AEP function in human T cells.

To further elucidate the signalling pathways that regulate AEP in human T
cells, AEP expression and activity would have to be studied in individual
human T helper cell subsets. In order to do this, human naive T cells would
have to be isolated and differentiated into individual T helper subsets.
Following differentiation and expansion, populations could be stimulated
with individual cytokines or treated with specific inhibitors and then AEP

expression and activity levels measured.

In addition, since AEP has been found in the nucleus of T cells where its
function is unknown, nuclear and cytoplasmic AEP levels could be
determined by cell fractionation during the cell lysis process or by confocal
microscopy using an AEP-specific probe which would provide insight into
the nuclear activity of AEP.

Finally, to assess the importance of AEP function specifically in human T
cells, FOXP3 could be mutated in human naive T cells via lentiviral
transduction to provide resistance to AEP-mediated cleavage and then the
potency of the cells could be tested in vivo in a humanised mouse model of
GvHD as well as in vitro in Treg cell suppression assays. Also, it would be
very interesting to study whether AEP deficiency affects the levels of FOXP3
isoforms in human T cells and whether this affects their function. Finally, in
silico analysis of the FOXP3 sequence could identify sites that are targeted
by proteases for cleavage which would give an indication of protease-
mediated regulation of FOXP3.

In conclusion, this study has demonstrated that proteases can have a highly
specialised function and can play an important role in regulating T cell

function. AEP inhibition in Treg cell expansion regimes could boost the
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immunosuppressive function of these cells leading to more effective forms
of cell therapy for GvHD and autoimmunity. Recently, a phase | clinical trial
using Treg cell therapy for the prevention of kidney transplant rejection has
demonstrated the safety of polyclonal Treg cell infusion which also
correlated with 100% survival rates two years after transplantation (Mathew
et al., 2018). Clinical trials involving Treg cell therapy for autoimmune
diseases such as type 1 diabetes have shown different rates of success and
so far, required combinatorial treatment of patients with other
immunosuppressive drugs (Duggleby et al., 2018). Collectively, these
studies demonstrate that Treg cell therapy can be applied in many disease
settings and that current methodologies used for the expansion of Treg cells
need to be further optimised. AEP inhibition during polyclonal Treg cell
expansion could help boost Treg cell persistence and sustain long-term
peripheral tolerance following engraftment. In addition to autoimmunity,
AEP expression levels within Treg cell populations found in solid tumours
could be used as a biomarker to predict patient response to
immunotherapies such as PD-1/PDL-1. It is possible that differences in AEP
expression levels between patients could partly account for the variation
seen in patient response to immunotherapy therefore the role of AEP as a
resistance mechanism is something worth investigating. In consistence with
this hypothesis, Treg cell depletion resulting from the combinatorial
treatment of melanoma patients with PD-1 and CTLA-4 blockade correlates
with reduced rates of tumour hyperprogressive disease (Larkin et al., 2015).
Therefore, the role of additional Treg-associated inhibitory coreceptors such
as CTLA-4 on AEP expression could be investigated to further elucidate the

mechanisms of AEP regulation in Treg cells.

The field of protease-mediated regulation of T cell lineage stability and
function has remained largely unexplored mainly due to challenges
involving the purification of proteolytic enzymes, the fact that there is
extensive functional overlap among them and a relative lack of protease-
specific inhibitors. Nonetheless, understanding how protease expression
and function is regulated in different T cell lineages promises to open new
avenues of exploiting these mechanisms for the treatment of a wide array

of immune system disorders.
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Appendix A
AEP Expression is Associated with FOXP3 Expression.

In order to further validate AEP expression in human Treg cells, an
alternative method of detecting AEP was used. Here, cells from donor 6
(figures 4.16-17) were characterised for CD4, FOXP3 and AEP (LGMN)
expression at the end of the culture. Specifically, iTreg and cultured Treg
cells were stained with the same antibody used for western blotting and then
stained with a secondary goat IgG-PE (R&D systems, MN, USA; 2ul/100ul)
that would bind to the primary anti-AEP antibody (figures 1 and 2). These
experiments were performed in two distinct donors (donors 6 and 7) and
showed that AEP is expressed in human Treg cells in vitro as the majority
of FOXP3* cells were AEP* (figures 1 and 2). However, due to the lack of
proper controls and the limited availability of the primary antibody, this

methodology was not used in further experiments.
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Figure 1. AEP expression in iTreg cells. Cells from donor 6 (figures 4.15-
16) were characterised for CD4, FOXP3 and AEP (LGMN) expression on
day 12. iTreg cells were stained with the WB Ab for AEP at 0.5 ug/100 ul
and then stained with goat IgG-PE. An unlabelled and an isotype-only
control was included. The rest of the cells were harvested using PMSF lysis
buffer in preparation for protein analysis via western blotting. A. Flow plots
showing the frequency of LGMN® iTreg cells on day 12. B. Histogram
showing the percentage frequency of LGMN* iTreg cells on day 12. n = 1
donor.
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Figure 2. AEP expression in iTreg and CD4*CD25"9"CD127'°" cells
cultured under iTreg conditions. iTreg and CD4*CD25"9"CD127'ov
cells from donor 7 (figures 4.17-18) were characterised for CD4, FOXP3
and AEP (LGMN) expression on day 12. Cells were stained with the WB
Ab for AEP at 0.5 ug/100 pul and then stained with goat IgG-PE. An
isotype-only control was included. The rest of the cells were harvested
using PMSF lysis buffer in preparation for protein analysis via western
blotting. A. Flow plots showing the frequency of LGMN®* iTreg and
CD4*CD25"9"CD127'°% cells on day 12. B. Histogram showing the
percentage frequency of LGMN* iTreg and CD4*CD25M9"CD127'°% cells
on day 12. n = 1 donor.
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Appendix B
Human T Helper Cell Subsets Express AEP In Vitro.

AEP expression has been observed in human Th1 and Th17 cells
(Aschenbrenner et al., 2018; Freeley et al., 2018). In order to study the
patterns of AEP expression in human T helper cell subsets which would give
an indication of the cytokines that may play a role in inducing AEP
expression, naive T cells were cultured under Th1 and Th2 inducing
conditions. Naive T cells were isolated from PBMCs using the Miltenyi Treg
isolation kit (as described in sections 2.17 and 4.3.3). FOXP3 expression
was then confirmed via western blotting. Any culture conditions - with the
exception of iTreg cells - where FOXP3 expression was observed, were
excluded from the analysis. The experiment was repeated in three separate

donors.

Sorted naive T cells were differentiated into Th1, Th2, Th17 and iTreg cells
with ThO used as controls. Cells were cultured in 96-well plates previously
coated with anti-CD3 (BioLegend, CA, USA; clone:OKT3;5ug/m) for 3hrs at
37°C. The wells were washed three times with PBS and cells were plated
at a concentration of 1x10° ¢c/ml. To induce differentiation, soluble anti-CD28
(BioLegend, CA, USA; clone:CD28.2;2ug/ml) was added along with anti-1L4
(BioLegend, CA, USA;clone: MP4-25D2;10ug/ml), anti-IFNy (BioLegend,
CA, USA; clone:B27;10ug/ml), rhiL-4 (Peprotech, London, UK, 20ng/ml),
rhiL-13 (Peprotech, London, UK, 20ng/ml) rhiL-6 (MACS Miltenyi Biotec,
Bergisch Gladbach, Germany; 20ng/ml), rhiL-12 (MACS Miltenyi Biotec,
Bergisch Gladbach, Germany; 20ng/ml), rhiL-23 (MACS Miltenyi Biotec,
Bergisch Gladbach, Germany; 20ng/ml), rhTGF-B1 (R&D systems, MN,
USA; 5 ng/ml) and rhiL-2 (Peprotech, London, UK, 80ng/ml) as appropriate.
The cells were cultured for 5 days and then expanded for an additional 7
days at 37°C, CO2 5%, humidity 95% with rhIL-2 added on days 5, 7, 9 and
11. On day 12 the cells were stimulated with PMA (Sigma, MO, UK;
10pg/ml) and ionomycin (Sigma, MO, UK; 1ug/ml) for two hours at 37°C and
then, they were treated with Brefeldin/Golgiplug (BioLegend, CA, USA; 5
pg/ml) and Monensin A/Golgistop (BioLegend, CA, USA; 2uM) for another
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two hours at 37°C. The cells were characterised by flow cytometry and cell

lysates were obtained for AEP protein analysis by western blotting.

Human cells were stained for CD4 (BioLegend, CA, USA; clone A161A1),
CD25 (BioLegend, CA, USA; clone BC96), CD127 (BioLegend, CA, USA;
clone A019D5), FOXP3 (BioLegend, CA, USA; clone 259D), PD-1
(BioLegend, CA, USA; clone EH12.2H7), CD45RA (BioLegend, CA, USA;
clone HI100), IL-17A (BioLegend, CA, USA; clone BL168), RORyt (BD
Pharmingen, CA, USA; clone: Q21-559), IL-4 (BioLegend, CA, USA, clone
8D4-8), GATA3 (eBioscience,CA, USA; clone TWAJ), IFN-y (BioLegend,
CA, USA; clone 4S.B3), Tbet (BioLegend, CA, USA; clone 4B10), DAPI
(Invitrogen, CA, USA; 5 ug/ml) and anti-human Trustain Fc block
(BioLegend, CA, USA). The Foxp3 Transcription Factor Staining Buffer Kit
was used (Thermo Fisher Scientific, MA, UK).

In all donors, TGF-B1 seemed to induce the highest expression of AEP as
iTreg cells expressed the highest amount of AEP (figure 1). They also
expressed more inactive than active AEP (figure 1). In addition, FOXP3

expression seems to be associated with AEP expression (figure 1).
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Figure 1. AEP expression in cultured human Th cell subsets.
CD47CD25 and CD4*CD25* T cells were isolated from human PBMCs
using the Miltenyi Treg isolation kit. Cells were cultured at 1 million cells/ml
for 5 days in aCD3-coated plates (5 pg/ml) in the presence of alL-4 (10
ug/ml) and alFN-y (10 ug/ml), aCD28 (2 ug/ml) with the addition of rhIL-2
(100 ng/ml), rhTGF-B1 (5 ng/ml), IL-4 (20 ng/ml) and IL-12 (20 ng/ml)
where appropriate. Cells were expanded for an additional 7 days in the
presence of rhiL-2 which was added every 2 days. On day 12, cells were
harvested using RIPA lysis buffer in preparation for protein analysis via
western blotting. Lysates were reduced and boiled and run under reducing
conditions on a precast, 4-12% Bis-Tris gradient gel. A. Western blot
images showing AEP expression in each of the culture conditions in each
donor. The 56 and 37 kDa AEP bands were quantified using ImagedJ and
normalised to the respective B-actin loading control bands. B. Bar graphs
showing the rate of T cell expansion of cells cultured under different culture
conditions at the end of the culture. The expansion rate is presented as a
fold change in number of cells at the end of culture (day 12) divided by the
initial number of plated cells (day 0). C. Bar graphs showing the expression
levels of active, inactive and total AEP in each of the conditions. Bands
were normalised to B-actin. D. Bar graphs showing the percentage ratio of
active and inactive AEP expressed in each of the culture conditions. The
active and inactive AEP bands were normalised to B-actin and the
normalised values were divided by the total AEP and then multiplied by
100. n=3 donors.

In order to validate the data obtained from the populations sorted using the
Miltenyi kit, a more stringent sorting technique was used whereby naive and
Treg cells were sorted from PBMCs based on expression of CD4, CD25,
CD127 and CD45RA as described previously (donors 9 and 10). These
experiments showed that cultured Treg cells expressed the highest levels
of AEP out of all the conditions even in the absence of serum (donor 10)
(figure 2). In addition, AEP expression was also confirmed in Th17 and Th1
cells (figure 2). No active AEP was detected in Th2 cells (figure 2). Following
culture, cells from each condition were stimulated with PMA and ionomycin
and then characterised for cytokine expression (figures 3-4). Stimulation of
Th1 cells led to an increase in IFN-y levels whereas stimulation of Th17 cells

showed an increase in IL-17 expression (figures 3-4).

In summary, different patterns of active and inactive AEP expression were
observed in human Treg, iTreg, Th1, Th2 and Th17 cells in vitro. AEP
expression has been confirmed in human Treg cells as well as Th1 and

Th17 cells in accordance with the published literature. Treg cells expressed
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the highest levels of AEP expression out of all the subsets while Th1 and

Th17 cells were shown to express active AEP.
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Figure 2. AEP expression in cultured human Th cell subsets. PBMCs
were isolated from blood and CD4*CD25CD127*CD45RA* and
CD4*CD25"9"CD127'"°% T cells were isolated using cell sorting. Donors 9
and 10 are the same as those in figures 22 and 24 respectively. Following
sorting, cells were cultured at 1 million cells/ml for 5 days in aCD3-coated
plates (5 ug/ml) in the presence of alL-4 (10 ug /ml) and alFN-y (10 pug /ml),
aCD28 (2 ug/ml), rhiL-2 (100 ng/ml), rhTGF-B1 (5 ng/ml), IL-4 (20 ng/ml),
IL-12 (20 ng/ml), IL-6 (20 ng/ml), IL-183 (20 ng/ml) and IL-23 (20 ng/ml) where
appropriate. Cells were expanded for an additional 7 days in the presence
of rhiL-2 which was added every 2 days. On day 12, cells from each
condition were harvested using PMSF lysis buffer in preparation for protein
analysis via western blotting. Lysates were reduced and boiled and run
under reducing conditions on a precast, 4-12% Bis-Tris gradient gel. A.
Western blot images showing AEP and B-actin expression in each of the
culture conditions in each donor. The 56 and 37 kDa AEP bands were
quantified using ImageJ and normalised to the respective B-actin loading
control bands. B. Bar graphs showing the rate of T cell expansion of cells
cultured under different culture conditions at the end of the culture. The
expansion rate is presented as a fold change in number of cells at the end
of culture (day 12) divided by the initial number of plated cells (day 0). C.
Bar graphs showing the expression levels of active, inactive and total AEP
in each of the conditions. D. Bar graphs showing the percentage ratio of
active and inactive AEP expressed in each of the culture conditions. The
active and inactive AEP bands were normalised to fB-actin and the
normalised values were divided by the total AEP and then multiplied by 100.
n=2 donors.
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Figure 3. Cytokine profiling of cultured Th cell subsets. PBMCs were
isolated from blood and CD4'CD25CD127*CD45RA* and
CD4*CD25M"9"CD127"°" T cells were isolated using cell sorting. The
donors are the same as those in figures 4.21-24. Following sorting, cells
were cultured at 1 million cells/ml for 5 days in aCD3-coated plates (5
ug/ml) in the presence of alL-4 (10 ug/ml) and alFN-y (10 ug/ml), aCD28
(2 pg/ml), rhiL-2 (100 ng/ml), rhTGF-B1 (5 ng/ml), IL-4 (20 ng/ml), IL-12
(20 ng/ml), IL-6 (20 ng/ml), IL-1B (20 ng/ml) and IL-23 (20 ng/ml) where
appropriate. Cells were expanded for an additional 7 days in the presence
of rhiL-2 which was added every 2 days. On day 12, cells from each
condition were stimulated with PMA (10 ug/ml) and ionomycin (1 ug/ml)
for 2 hours at 37°C and then treated with brefeldin (5 ng/ml) and monensin
(2 uM) for 2 more hours at 37°C. Following stimulation, cells were
characterised for CD4, Tbet, GATA3, RORyt and IL-17A via flow
cytometry. A-B. Flow plots showing the frequency of CD4*IFNy*, CD4*IL-
4* and CD4*IL17A* T cells in each condition in each donor on day 12. n=2
donors.
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Figure 4. Cytokine profiling of cultured Th cell subsets — summary graphs.
A-D. Bar graphs showing the percentage frequency of CD4*IFNy*, CD4*IL-4* and
CD4*IL17-A* T cells in each condition in each donor on day 12 before and after
stimulation with PMA and ionomycin. n=2 donors.
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Appendix C

Mouse T Cell Proliferation and Treg Cell Suppression Assays

Foxp3 is critical for mouse Treg cell function. In order to assess whether
Treg cell isolation and Treg cell culture was performed correctly, Foxp3
expression was primarily assessed via intracellular flow cytometry.
However, as a complimentary validation experiment for the efficiency of
Treg cell isolation and culture, a functional Treg cell suppression assay was
attempted as follow.

First, to optimise the functional assay, a simple proliferation assay was
performed using WT mouse splenocytes (figure 1). The spleen of a C57BL/6
WT mouse was isolated. The spleen cells were RBC lysed, washed and
resuspended at 10 x 108 cells/ml in warm, sterile PBS. The cells were then
labelled with CellTrace Violet (Life technologies, CA, USA). Briefly, 20 pl of
DMSO were added in a tube of cell trace violet and 1 pl of the cell trace
mixture was added per ml of PBS. The cells were then incubated for 20
minutes at 37°C. Complete media was then added and the cells were further
incubated for 10 minutes at 37°C to enhance the absorption of any unbound
dye by the cells. Finally, cells were re-suspended at 1 x 108 cells/ml in
complete media and then cultured in 96-well, round bottom plates in 200l
per well. Finally, the cells were stimulated with soluble anti-CD3 (BD
Pharmingen, CA, USA; clone:145-2C11; 0.5ug/ml) with or without anti-
CD28 (BD Pharmingen, CA, USA,; clone:37.51;2ug/ml) for 72 hrs at 37°C,
CO2 5%, humidity 95%, to drive cell proliferation. Cell proliferation was
assessed by flow cytometry. Expansion of lymphocytes was maximum after
stimulation with both anti-CD3 and anti-CD28 as opposed to anti-CD3 alone
as reflected by the proliferation index (Pi 2 and 3 respectively) (figure 1B,C).
Formulas for the cell proliferation analysis were obtained from (Roederer,
2011).
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Figure 1. Optimisation of cell trace violet (CV) staining and
measuring proliferation by flow cytometry. Spleen cells from a WT
C57BL/6 mouse were stained with cell trace violet (CV), stimulated with
anti-CD3 (0.5ug/ml) and anti-CD28 (2ug/ml) and cultured in complete
media for 72 hours. Cell proliferation was measured by flow cytometry.
A. Gating strategy for the selection of lymphocytes and histograms of
cell count versus CV signal intensity which were used to assess the
number of cell divisions indicated by peaks (each peak represents a cell
generation/division). B. Cells were cultured for 72h in complete media
alone or treated with anti-CD3 or anti-CD3 & anti-CD28. Treatment of
cells with both anti-CD3 and anti-CD28 increased the proliferation index
(Pi) of lymphocytes. C. Formulas used for calculating the Pi. Formulas
taken from (Roederer, 2011). N=1

Following the optimisation of the proliferation assay, a Treg cell suppression
assay was next performed (figure 2). For this purpose, murine CD4*CD25
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and CD4*CD25*T cells were isolated from the spleen of a WT C57BL/6
mouse using the Miltenyi Biotech Treg isolation kit (as described in sections
2.7 and 3.3.2). Purified CD4*CD25" cells (5x10%) were first labelled with
CellTrace Violet prior to culture. Briefly, 20 ul of DMSO were added in a tube
of cell trace violet. CD4*CD25 cells were re-suspended in warm sterile PBS
at 10 x 108 cells/ml and 1 pl of the cell trace mixture was added per ml of
PBS. The cells were then incubated for 20 minutes at 37°C. Complete media
was then added and the cells were further incubated for 10 minutes at 37°C
to enhance the absorption of any unbound dye by the cells. Finally, cells
were re-suspended at 1 x 10° cells/ml and then cultured in 96-well round
bottom plates in 200ul complete media along with 2 x 10° irradiated T cell-
depleted spleen cells (irradiated at 3000 cGY) functioning as APCs. Soluble
anti-CD3 (0.5ug/ml) was added along with CD4*CD25* T cell populations at
the indicated ratios. Cells were incubated at 37°C for 72hrs and
proliferation/suppression was monitored by flow cytometry. Proliferation of
responder naive T cells was evaluated by CelllTrace Violet dilution on a
FACS CANTO II machine. Though not optimal, the addition of effector
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CD4*CD25" cells resulted in a decrease in the proliferation index (figure
2B).

A 72h
=] ] 3"
o - “] \
Media aCD3 CD25+ : CD25- CD25+ : CD25- CD25+:CD25-  CD25+:CD25-
1:10 15 12 11

Suppression Assay (72h)

Proliferation Index (Pi)

Media aCD3 1to 10 1to5 1to2 1tol

Figure 2. Cell proliferation assay in response to different culture
conditions. WT naive CD4*CD25 T cells were stained with cell trace violet
and co-cultured with WT CD4*CD25"* T cells and irradiated spleenocytes in
complete media, in the presence of anti-CD3 stimulation (0.5ug/ml). Cells
were cultured for 72 hrs and cell proliferation was measured by flow
cytometry. A. Histograms of cell count versus CV signal intensity which
were used to assess the number of cell divisions indicated by peaks (each
peak represents a cell generation/division). ‘Media’ = irradiated
spleenocytes plus naive T cells. ‘Anti-CD3’ = irradiated spleenocytes plus
naive T cells plus anti-CD3. The rest of the conditions = irradiated
spleenocytes plus naive (CD25) T cells plus anti-CD3 plus CD4*CD25*
(CD25%) T cells at indicated ratios. B. Summary histogram of the
proliferation index of naive T cells in each culture condition. N=1

Since the attempted suppression assay was not optimal and Treg cell
numbers from the in vitro cultures were not enough to allow flow cytometry,
western blotting and suppression assays to be performed, this methodology
was not pursued. As a result, an in vitro comparison of the
immunosuppressive capacity of Lgmn”’ versus WT Treg cells was not

performed.
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Appendix D

Publication Figures
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Figure 1. Survival curve of GvHD mice. Mouse cohorts and their

respective survival rates. The experiment was performed and analysed
by Dr Shoba Amarnath. Figure taken from (Stathopoulou et al., 2018).

205



Tbet'iTreg., , vs Tbet'iTreg

I'IC"E

Nlind

110

p-value

I—» log2 fold change

Figure 2. Microarray analysis of AEP mRNA expression in PDL-1-
treated Thet'Treg versus Thet'Treg cells. AEP is downregulated in
Tbet™Treg cells that have been stimulated with PDL-1. The experiment
was performed and analysed by Dr Shoba Amarnath. Figure taken from
(Stathopoulou et al., 2018).
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Appendix E
Posters, Presentations, Publications, Activities, Seminars/Training

Courses & Memberships.
Posters

Poster presentation at BSI Congress on the 6th of December 2017 -
Potentiating cancer immunotherapy by targeting the tumour
microenvironment — ‘Asparaginyl endopeptidase deficiency enhances T

regulatory cell frequency within the melanoma tumour microenvironment’.

Poster presentation at BS| Congress on the 5th of December 2017 - Battling
it out: Regulatory T cells versus inflammation: ‘Programmed death 1
signalling maintains FoxP3 stability in Tbet+iTregs by inhibiting asparaginyl

endopeptidase’.
Presentations

Oral presentation for the ICM seminar program, Newcastle University, 2017
& 2019

Oral presentation for Il Theme meeting, 2017
Publications

Taylor, S., et al., PD-1 regulates KLRG1(+) group 2 innate lymphoid cells. J
Exp Med, 2017. 214(6): p. 1663-1678.

Stathopoulou, C., et al.,, PD-1 Inhibitory Receptor Downregulates
Asparaginyl Endopeptidase and Maintains Foxp3 Transcription Factor
Stability in Induced Regulatory T Cells. Immunity, 2018.

Stathopoulou, C., Amarnath, S., Differential Regulation of Treg Cells
Through Co-receptor Signalling (manuscript written — to be submitted for
publication).

Activities

Genetics Matters - Public Engagement event, Centre for Life, Newcastle
upon Tyne, 24 February 2018; poster presentation and public engagement

activities.
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Seminars/Training courses

SPSS Advanced

The Basics in Mass Spectrometry

Data Handling and Spreadsheet Skills

Statistical Considerations in Experimental Research

Introduction to Learning and Teaching one day workshop - demonstrator
workshop (ILTHE)

Licensee training course PIL AB - Personal licence category B training

course
Memberships

Member of the British Society for Immunology (BSI) since October 2017 —
student membership.
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SUMMARY

CD4* T cell differentiation into multiple T helper
(Th) cell lineages is critical for optimal adaptive im-
mune responses. This report identifies an intrinsic
mechanism by which programmed death-1 recep-
tor (PD-1) signaling imparted regulatory phenotype
to Foxp3™ Thi cells (denoted as Tbet*iTregpp, 1
cells) and inducible regulatory T (iTreg) cells. Tbet*
iTregppLy cells prevented inflammation in murine
models of experimental colitis and experimental
graft versus host disease (GvHD). Programmed
death ligand-1 (PDL-1) binding to PD-1 imparted
regulatory function to Tbet*iTregpp. s cells and
iTreg cells by specifically downregulating endo-
lysosomal protease asparaginyl endopeptidase
(AEP). AEP regulated Foxp3 stability and blocking
AEP imparted regulatory function in Tbet*iTreg
cells. Also, Aep ™/~ iTreg cells significantly inhibited
GvHD and maintained Foxp3 expression. PD-1-
mediated Foxp3 maintenance in Tbet* Th1 cells
occurred both in tumor infiltrating lymphocytes
(TILs) and during chronic viral infection. Collec-
tively, this report has identified an intrinsic function
for PD-1 in maintaining Foxp3 through proteolytic
pathway.

INTRODUCTION

Functional plasticity of cells belonging to the innate and adaptive
immune system is necessary for the generation of robust im-
mune responses while minimizing detrimental effects toward
the host. CD4" T cell plasticity has been extensively studied in
recent years (O’Shea and Paul, 2010). A plasticity index has
been proposed for the various T helper cell lineage subsets,
with each subset possessing different lineage flexibility (Murphy
and Stockinger, 2010). Of the numerous CD4* T cell subsets,
peripherally generated T regulatory (Treg) cells and T helper
(Th) 17 cells are regarded as plastic (Bailey-Bucktrout et al.,
2013; Boniface et al., 2010; Gagliani et al., 2015; McGeachy
etal., 2007; Mukasa et al., 2010; Yang et al., 2008) whereas func-
tional stability has been attributed toward thymic derived Treg
(tTreg) cells (Miyao et al., 2012), Th1, and Th2 cell lineages.
Both Th2 cells (Adeeku et al., 2008; Hegazy et al., 2010; Peine
et al., 2013; Taylor et al., 2006) and tTreg cells (Feng et al.,
2014; Laurence et al., 2012; Zhou et al., 2009) have been demon-
strated to be plastic in disease conditions. In light of these
studies, Th1 cells remain the lineage with the least evidence of
functional flexibility. Furthermore, the molecular mechanisms
that influence lineage stability in Th1 cells are poorly defined
(Brown et al., 2015).

In contrast to work on cytokine signaling (O’Shea and Paul,
2010), the role of co-receptors in mediating functional plasticity
has received minimal attention. One such co-inhibitory molecule
that has been implicated in Th cell plasticity is programmed
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death ligand-1 (PDL-1 or B7-H1). In our previous work, we have
found that PDL-1 can induce Foxp3 in human Th1 cells (Amar-
nath et al., 2011), consistent with work in murine naive T cells
(Francisco et al., 2009). In the tumor microenvironment, PDL-1
expression coincides with increased intra-tumor Foxp3* T cells
(Duraiswamy et al., 2013; Jacobs et al., 2009), suggesting that
PDL-1 may play a role in maintaining Foxp3 expression in
CD4* Th cell subsets. PDL-1 binds to its receptor PD-1 on
T cells which signals through the inhibitory phosphatase SHP1
(Chemnitz et al., 2004). SHP1 or SHP2 recruitment results in
STAT de-phosphorylation (Amarnath et al., 2011; Taylor et al.,
2017), potentially destabilizing the transcriptional signature of
Th1 cell lineage.

In the current study, we have elucidated an intrinsic mecha-
nism by which PD-1 signaling maintains Foxp3 in Tbet*iTreg
and iTreg cells. The data presented here demonstrate that
PD-1 can inhibit a functional nuclear pool of active asparaginy!
endopeptidase (AEP), an endo-lysosomal protease previously
implicated in antigen processing in dendritic cells (Dall and
Brandstetter, 2016; Manoury et al., 1998, 2002). We show that
AEP is responsible for destabilizing Foxp3 in both iTreg and
Tbet*iTreg cells. We found that PD-1 activation significantly
enhanced Foxp3 expression in primed anti-viral and anti-tumor
Tbet*Th1 cells, which was reversed in the presence of a blocking
antibody to PDL-1. Of note, PDL-1 blockade did not reverse
Tbet*Th1 cell conversion and iTreg cell induction in the absence
of AEP. Therefore, this study demonstrates that downregulation
of AEP is necessary for PD-1-generated Foxp3 stability.

RESULTS

PD-1 Signaling, in the Absence of TGF-1, Reinforces
Foxp3 Expression in CD4*Tbet*Foxp3™ T Cells

To investigate whether PD-1 maintains Foxp3 in Th1 cells, previ-
ously described Tbx21ZsGreen reporter mice were crossed with
Foxp3RFP mice. Flow sorted CD4*Tbet*Foxp3™ T cells (Figures
1A, 1B, S1A, and S1B) were differentiated under iTreg cell con-
ditions (Tbet*iTreg cells) or iTreg cell conditions with PDL-1
(Tbet*iTregppy1 cells) (Figures 1A-1D). When subsets were main-
tained with interleukin-2 (IL-2) and transforming growth factor-3
(TGF-B1), Foxp3 expression under both culture conditions was
similar (Figure 1D). In culture conditions where TGF-B1 was
omitted from day 4 until day 7 (Figure 1E), a significant loss in
Foxp3 was noted within the Tbet*iTreg cells compared with
Tbet*iTregpp 1 cells (Figures 1F and 1G). We next purified
Foxp3* cells from both groups (denoted hereafter as Tbhet*iTreg
cells and Tbet" iTregpp ;1 cells) and examined their function
in vitro. Both populations suppressed effector T cell proliferation
in vitro to a similar extent (Figures S1C-S1E). Tbet*iTregpp 1

cells secreted less IL-10 and IFN-y, when compared to Tbet*
Foxp3~ cells (Figure S1F). These results indicate that PDL-1
signaling maintains Foxp3 expression in Tbet*iTreg cells in the
absence of TGF-B1.

PDL-1 Induces Stable Regulatory Phenotype in
Thbet*iTregppL Cells during Experimental Autoimmune
Colitis and Graft versus Host Disease (GvHD)

The in vivo regulatory potential of Tbet*iTreg cells and Tbet*
iTregppy 1 cells was next evaluated. RagZ” ~ mice were reconsti-
tuted with CD4*CD45RB™CD25~ naive T effector cells alone
(CD45.1%) or in conjunction with various indicated flow-sorted
iTreg cell populations (CD45.2%). Cohorts that received either
T effector cells alone or together with Thet*iTreg cells suc-
cumbed to colitis. By contrast, animals that received effector
T cells and Tbet*iTregpp 1 cells were protected from clinical
weight loss (Figure S2A). We next evaluated T effector cell
function in the spleen and lamina propria lymphocytes (LPLs).
Adoptive transfer of Tbet*iTregpp, 4 cells significantly diminished
interferon-y (IFN-v) production in the T effector cells in the spleen
(Figures 2A and 2B) and in the LPL (Figure S2B). These results
suggested that despite both groups of Th1 cells expressing
Foxp3, only Thet*iTregpp, 1 cells had a robust regulatory pheno-
type in vivo that was comparable to iTreg cells generated from
naive CD4" cells. We next investigated whether the ability of
Tbet*iTregpp 1 cells to prevent colitis was attributed to Foxp3
stability in these cells. Foxp3 expression was measured within
the CD45.2* cells isolated from the spleen (Figures 2C and 2D)
and lamina propria (Figure S2C) at day 60 after adoptive transfer.
Frequency of Foxp3-expressing Tbet*iTregpp 1 cells was
increased when compared to cohorts that received Tbet*iTreg
cells. Finally, we evaluated the inherent capacity of these cells
to revert back to IFN-y producers. We found that the capacity
of Thet*iTregpp.4 cells to secrete IFN-y was significantly dimin-
ished when compared to Thet*iTreg cells (Figure 2E).

The potency of Tbet*iTregpp. ¢ cells was then tested in an allo-
geneic murine GvHD model. We found that BALB/c host mice
that received B6 cells stimulated under iTreg cells plus PDL-1
conditions had higher survival rates, diminished weight loss,
and histological manifestations compared with mice that
received cells stimulated under iTreg cell conditions alone,
reaching significance in cohorts with Tbet*iTregpp, 1 cells (Fig-
ures 2F, S2D, and S2E). We next measured Foxp3 expression
within the CD45.2* iTreg, iTregppLi, Thet'iTreg, and Tbet*
iTregppL cells at day 14 after transplant and found that signifi-
cant Foxp3 expression was maintained within Tbet*iTregppy 1
cells (Figure 2G). We next evaluated the amount of alloreactive
IFN-y expression in the cohorts that received Tbet*iTreg
and Tbet'iTregppy cells. A significant reduction in the

Figure 1. Purified CD4*Tbet"Foxp3™ Cells Can Upregulate Foxp3 under iTreg Cell Conditions

(A) Schematic representation of cell culture conditions under which sorted CD4*Tbet"Foxp3™~ cells were expanded.

(B and C) Flow cytometry profile of Tbx21ZsGreen Foxp3RFP-expressing CD4* T helper cells (B), Foxp3 expression of CD4*Tbet"Foxp3~ cells in the presence of
IL-2 and TGF-B1 (Tbet*iTreg cells) (C), or IL-2, TGF-B1, and PDL-1 Fc chimera (Tbet*iTregpp1 cells) (C) after differentiation and expansion.

(D) Summary of %CD4*Foxp3* cells expression in Thet*iTreg cells and Tbet*iTregpp 1 cells.

(E) Schematic representation of alternate cell culture conditions under which sorted CD4*Thet"Foxp3™~ cells were expanded.

(F and G) Foxp3 expression of CD4*Tbet"Foxp3~ cells in the presence of IL-2 (F), and summary of Foxp3 expression in different cell subsets (G).
Experiments were repeated at least five times and each experiment was performed with n = 5-9 mice. Cumulative data from all experiments are presented.

Mean + SEM. Please also refer to Figure S1.
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Tbet*iTregpp 1 cell-treated cohorts (Figure 2H) was noted.
These data indicate that PDL-1 induced a stable regulatory
phenotype in Tbet*iTregpp,1 cells.

PD-1 Signaling Downregulates Asparaginyl
Endopeptidase in Tbet*iTregppL1 and iTregppL¢ Cells

In order to identify PD-1-dependent molecular mechanism that
was operational in Tbet*iTregpp 1 cells, we first evaluated AKT
and mTOR signaling pathway as previously reported in iTreg
cells (Francisco et al., 2009). No difference in the phosphoryla-
tion of AKT or mTOR pathway was observed (Figure S3A). There-
fore, we next evaluated the gene expression profile of Thet*iTreg
and Tbet"iTregpp, 1 cells. We found downregulation of a prote-
ase, namely asparaginyl endopeptidase (AEP), in Tbet*iTregppy 1
cells using micro-array analysis (Figure S3B). Consistent with our
microarray data, AEP protein expression (Figure 3A) and enzyme
activity was significantly decreased in Tbet*iTregpp 1 cells
compared with Tbet*iTreg cells (Figures S3C and S3D). The
active form of AEP was evaluated by using LE28 probe (which
emits a fluorescent signal when ligated to the active form of
AEP; Figure S3C; Edgington et al., 2013). We next evaluated
whether a functional nuclear pool of AEP was available within
Tbet*iTreg cells, as previously reported (Dall and Brandstetter,
2016; Haugen et al., 2013; Kosugi et al., 2009), using LE28 by im-
aging flow cytometry. We found a significant increase in the
presence of active nuclear AEP in Tbet*iTreg cells compared
with Tbet*iTregpp. ¢ cells (representative images in Figures 3B
and 3C; summary of nuclear activity Figure S3E). In addition,
active AEP was expressed in iTreg cells generated in the
absence of PDL-1, but not in polarized Th1, Th2, CD4*CD25™,
or CD4*CD25" T cells (Figures 3D and S3F). PDL-1-treated iTreg
cell cultures showed relatively diminished AEP activity, which
was abrogated in Pd7~/~ iTreg cells (Figures 3D and S3G).
Finally, we evaluated the presence of nuclear AEP by immuno
blotting and confocal microscopy. In all cases, we found AEP
to be expressed within the nucleus in Tbet*iTreg and iTreg cells
(Figures 3E and 3F), which was limited by the addition of PDL-1
(Figure 3F).

Using confocal microscopy and imaging flow cytometry on
cells stained with fluorescent markers for Foxp3 protein and
active nuclear AEP, we found that Foxp3 and AEP were co-local-
ized in Tbet*iTreg cells and iTreg cells (Figures 3G-3l and S3H-
S30). This result prompted us to examine whether Foxp3 was a
specific target of AEP or whether AEP indirectly regulated Foxp3

expression. Co-incubation of activated AEP with Foxp3 protein
demonstrated that AEP directly cleaved Foxp3, but not T-bet
protein (Figure 3J). In spite of possessing numerous asparaginyl
sites, T-bet protein was refractory to AEP cleavage, whereas
minimally cleaved Foxp3 bands (band 2 and 3) were noted by im-
muno blotting. However, band 3 was noted in conditions, which
incorporated AEP inhibitor (Figures 3J). When we subjected
band 2 and band 3 to high-throughput mass spectrometry,
AEP-specific peptide cleavage product was found in band 2
and not band 3. Data from this analysis identified a specific
semi-tryptic cleaved peptide within band 2 which was a target
for AEP (N155; AEP cleaves after Asn [N]). No other AEP-specific
targets were identified within the two bands (Figure 3K and
Table S1).

We next evaluated Foxp3 protein turnover within Tbet*iTreg
cells in the presence of AEP inhibitor. Significant inhibition of
Foxp3 protein degradation was noted in the presence of AEP in-
hibitor in Tbet*iTreg cells (Figure S4A, top and bottom). To
confirm this, we evaluated Foxp3 turnover in WT and Aep ™/~
iTreg cells; again, Foxp3 turnover was lower in Aep '~ iTreg cells
as compared to WT iTreg cells (Figure S4B, top and bottom).

To further investigate the direct action of AEP on Foxp3, we
designed a human Foxp3 mutant 1 (all N mutated to A [alanine];
12 sites; Figures S4C and S4D). We tested whether the AEP-
resistant mutant Foxp3 had enhanced stability in in vitro experi-
ments. WT and mutant 1 were transduced into HEK293T cells
and then rate of Foxp3 degradation in the presence of AEP
and AEP inhibitor was evaluated. AEP specifically degraded
WT Foxp3 protein while showing no activity on mutated Foxp3
mutant 1 protein (Figures S4E and S4F). These in vitro experi-
ments suggest that AEP may directly act on Foxp3 protein within
T cells.

Deletion of AEP-Specific Cleavage Site in Foxp3 Results
in Prevention of Alloreactive GvHD

We next evaluated the in vivo function of cells that were trans-
duced with WT Foxp3 (mouse and human) or Foxp3 mutant 2
(human) and mouse Foxp3 mutant 1. For these experiments,
we first constructed human WT and mutated Foxp3 (N154; Asn
site is at 154 in human) as our mass spectrometry data were ob-
tained from human Foxp3 protein. In addition, we also con-
structed WT and mutated (N153; Asn site is at 153 in mouse)
mouse Foxp3. All the constructs were transduced into naive
mouse T cells and Foxp3 expression was evaluated (Figure 4A),

Figure 2. In Vivo Function of Tbet*iTreg Cells and Tbet*iTregpp, 1 Cells

Tbet*iTreg cells and Thet*iTregppy 1 cells were generated and then utilized for the prevention of autoimmune colitis and alloimmune GvHD. B6.Rag2 '~ mice were
reconstituted with CD45.1*CD4*CD45RB"CD25~ T cells (4 x 10° cells/mouse) either alone or along with CD45.2*iTreg cells, iTregpp 1 cells, Tbet*iTreg cells, and
Tbet*iTregppL4 cells (1 x 10° cells/mouse) cells. At day 60 after adoptive transfer, spleens were characterized.

(A) Representative flow plots of intracellular IFN-y and IL-10 cytokine expression in either cohorts that received CD4* T effector cells alone, cohorts that received
Tbet*iTreg cells in addition to T effector cells, or cohorts that received Tbet*iTregpp, 1 cells in addition to T effector cells.

(B) Summary of T cell effector cytokine IFN-v in the various different cohorts within CD45.1* cell populations.

(C) Representative flow plot of Foxp3 expression in CD45.2*CD4*Tbet*iTreg cells and Tbet*iTregpp, ¢ cells.

(D and E) Summary of Foxp3 and IFN-y expression in iTreg cells, iTregpp. 1 cells, Tbet*iTreg cells, and Tbet*iTregpp, 1 cells.

(F) Function of Tbet*iTreg cells and Tbet*iTregpp 1 cells were assessed in an experimental model of GvHD. Survival curve of mice that succumbed to GvHD in the
various different cohorts.

(G) Summary of Foxp3 expression in iTreg cells, iTregpp, 1 cells, Tbet*iTreg cells, and Tbet*iTregpp, 1 cells on day 14 after transplant.

(H) Alloreactive IFN-y was measured using Luminex.

Each experiment had n = 3-5 mice per cohorts. Data shown are cumulative from 2 independent experiments. For survival curve, each cohort consisted of n = 10
mice. Data are presented as mean + SEM. Please also refer to Figure S2.
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and nuclear localization (Figure S5A) for each construct were
verified at day 4 after transduction. The transduced WT and
mutant forms of Foxp3 were functional as they suppressed the
capacity of the transduced cells to produce IFN-y (IFN-y being
a specific target of Foxp3 in vitro) (Figure S5B). The in vivo sup-
pressive function of transduced T cells was tested in a murine
GvHD model (Laurence et al., 2012). We found that T cells trans-
duced with mutated versions of Foxp3 (both mouse and human)
significantly prevented GvHD lethality in murine recipients as
compared to WT Foxp3 (Figure 4B).

Inhibiting AEP Activity Maintains Foxp3 Expression in
Tbet*iTreg Cells In Vivo

We next tested the role of AEP in limiting Foxp3 stability in Thet*
iTreg cells using an AEP-specific inhibitor (AEPI). First, the in vitro
efficacy of AEPi was tested in iTreg cell cultures. Naive CD4*
CD25™ T cells from WT mice were expanded under iTreg cell
conditions (experimental outline in Figure 1E). Certain culture
conditions were supplemented with AEPi. We found that the
AEPi cultures had significantly higher Foxp3 expression as
compared to the control cultures, whereas no significant differ-
ence was noted in Aep~’~ iTreg cell cultures, thus confirming
the specificity of the AEP inhibitor (Figures S5C and S5D).
Splenic Thet"Foxp3~ Th1 cells were expanded into Tbet*iTreg
cells in the presence of AEP inhibitor (MV026630, 100 uM) and
then Foxp3 stability was tested in vivo. Murine recipients were
reconstituted with CD4*CD25~ naive T cells (CD45.1*) along
with Tbet*iTreg cells (CD45.2*) expanded in the presence of
vehicle (DMSO) or AEP inhibitor (MV026630). At day 14 after
transplant, the frequency of Foxp3* cells within the adoptively
transferred Tbet*iTreg cells was measured. Tbet*iTreg cells
generated in the presence of AEPi exhibited an enhanced fre-
quency of Foxp3* cells as compared to control Thet*iTreg cells
(Figures 4C and 4D). To further evaluate the role of AEP in Tbet”
iTreg cell function, we overexpressed AEP in Tbet*iTregpp.+
cells using a retro-virus. AEP overexpression and nuclear local-
ization was first confirmed (Figures S5E and S5F) in Tbet*
iTregppLy cells. We then tested the function of overexpressed
AEP by transducing Aep '~ iTreg cells with either empty vector
(EV) or AEP RV. At day 7 after expansion, Aep '~ iTreg cells
were capable of expressing Foxp3, which was completely
abrogated when AEP was overexpressed (Figure S5G). We

then evaluated the clinical outcome of overexpressing AEP (in
Tbet*iTregppL1 cells) or inhibiting AEP (in Thet*iTreg cells) in
acute GvHD. BALB/c mice that received B6 Tbet*iTregpp, 1 cells
with forced expression of AEP had a significantly higher mortality
compared with those that received control B6 Tbet*iTregppy 1
cells. Similarly, Tbet*iTreg cells expanded with AEP inhibitor
showed similar regulatory function to that of Tbet* iTregpp 1 cells
in vivo (Figure 4E). To further confirm the role of AEP in Treg cell
function in vivo, a retroviral small inhibitory RNA (RV-shRNA) for
AEP was utilized. AEP silencing in Tbet*iTreg cells was effective
(Figures S5H-S5J). Murine recipients reconstituted with Tbet*
iTreg cells transduced with AEP RV-shRNA had a significant
delay in the loss of Foxp3 (Figures 4F-4H). Ablating AEP had
minimal effect on the expression of Tbet in Thet* iTreg cells (Fig-
ure 4l1). Finally, we mutated the nuclear localization sequence in
AEP (AEP NLS mutant) and then evaluated Foxp3 stability. We
found that overexpressing AEP NLS mutant in Aep ™'~ iTreg cells
maintained Foxp3 expression but this was not the case in co-
horts that overexpressed AEP WT protein (Figures S5K-S5M).

AEP Deficiency Modulates In Vivo Treg Cell Function by
Maintaining Foxp3 Expression

To further assess the role of AEP in Foxp3 regulation, we evalu-
ated the efficacy of iTreg cells from Aep™'~ mice in an experi-
mental murine model of GvHD. First, we characterized the
CD4* T cell compartment within Aep™'~ mice. WT and Aep ™/~
mice had a similar phenotype with respect to T cell frequency
and activation, but Aep '~ mice had higher Treg cell frequency
(Figures 5A-5F, S6A, and S6B). By contrast, no significant differ-
ence was noted in the cytokine expression by CD4* T cells from
WT and Aep '~ mice (Figure S6C). Next, in vitro expanded iTreg
cells from WT and Aep ™~ naive CD4* T cells (Figure S6D) were
tested in GvHD. Aep '~ iTreg cells were significantly efficient at
preventing GvHD compared to WT iTreg cells (Figure 5G). Of
note, cohorts treated with Aep™~ iTreg cells (CD45.2*) had
significantly higher numbers of Foxp3* cells in the spleen and
lymph nodes (Figures 5H, S6E, and S6F) as compared to WT
iTreg cell-treated cohorts.

In order to explore the relationship between PD-1 signaling
and AEP activation within T cells, we tested the frequency
of Treg cells in Aep ™'~ mice under disease conditions in the pres-
ence of PDL-1 blocking antibody. A syngeneic B16F10

Figure 3. PDL-1 Exposure Downregulates Asparaginyl Endopeptidase in Tbet*iTreg Cells
(A) Tbet*iTreg cells and Tbet*iTregpp 1 cell lysates were generated at pH 7 and were subjected to immuno blotting. Asparaginyl endopeptidase (AEP; Legumain;

LGMN) was measured in the different subsets.

(B and C) Tbet*iTreg cells and Tbet*iTregpp 1 cells were differentiated and then stained with LE28 (measuring active AEP) along with LAMP1 and DAPI and then
subjected to Amnis Imaging Cytometry. Representative images of active AEP enzyme expression in the nucleus in Thet*iTreg cells (B) and Tbet*iTregpp, 1

cells (C).

(D) AEP expression in iTreg cells, iTregpp, 1 cells, Th1 cells, Th1pp, 1 cells, Th2 cells, and Th2pp ¢ cells.

(E) AEP expression was determined in cytoplasmic and nuclear fractions of iTreg cells and Tbet*iTreg cells.

(F)iTreg cells, iTregppy 1 cells, Thet*iTreg cells, and Thet*iTregpp, 1 cells were stained with DAPI, Foxp3 PE, and AEP cy5. Confocal microscopy showing AEP and
Foxp3 expression inside the nucleus (F); red is AEP, green is Foxp3, and blue is DAPI.

(G and H) Foxp3 co-localization with AEP in the nucleus in Tbet*iTreg cells (G) and Tbet"iTregpp_1 cells was shown (H).

() Confocal microscopy detecting co-localization of AEP and Foxp3 within the nucleus in iTreg cells and Tbet*iTreg cells; white arrows show AEP co-association

with Foxp3 within the nucleus.

(J) Tbet cleavage (left) and Foxp3 cleavage (right) in the presence of AEP or AEP inhibitor.

(K) Spectral analysis of Foxp3 cleavage at N155.

Each experiment was repeated 3-5 times and representative data from one experiment is shown. Data are shown as mean + SEM. Please also refer to

Figures S3 and S4.
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Figure 4. AEP-Specific Foxp3 Mutants and AEP Inhibition Prevents GvHD

(A) Murine CD4*CD25~ T cells were transduced with WT human Foxp3, mutant (N154) human Foxp3, WT murine Foxp3, or mutant murine Foxp3 (N153).
Transduction efficiency at day 4 was measured by flow cytometry.

(B) Host BALB/c mice were subjected to lethal total body irradiation (TBI; 950cGy) and then reconstituted with B6 T depleted bone marrow (BM, 5 x 10°
cells) alone, or with CD4*CD25~ T cells (CD45.1 marked, 0.1 x 10°). Certain cohorts were treated with BM plus CD4*CD25~ T plus non-transduced T cells

(legend continued on next page)
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melanoma tumor model was used whereby WT and Aep '~ mice
were reconstituted with tumor cells and the cohorts were treated
with either isotype or PDL-1 antibody. At day 11, tumors were re-
sected and the tumor infiltrating lymphocytes (TILs) were tested
for the frequency of Foxp3*Treg cells and Thet*Foxp3*Treg
cells. We found that Aep™~ cohorts had a small but significant
increase in Foxp3* TILs as compared to WT cohorts (Figures
51 and 5J). In the presence of anti-PDL-1, we saw a decrease
in Foxp3™ TILs in the tumors of WT cohorts but no change in
the Aep ™~ cohorts (Figures 5| and 5J). When we gated on
Tbet* TILs, we found a similar pattern with an elevated propor-
tion of Tbet™ TIL’s expressing Foxp3 in the Aep~/~ compared
with WT mouse cohorts and the addition of anti-PDL-1 signifi-
cantly inhibiting Foxp3 expression only in the WT cohorts (Fig-
ures 5K and 5L). Collectively, these in vivo experiments confirm
our in vitro data and identified PD-1 as a regulator of Foxp3
through AEP.

Tbet* Th1 Cells Primed during Acute and Chronic Viral
Infections Upregulate Foxp3 Ex Vivo

We next investigated whether Th1 cells arising during viral infec-
tion can also be induced to express Foxp3. First, during acute
LCMYV infection, a significant percentage of Tbet*Foxp3™ cells
was observed at day 14 after infection (Figures 6A, 6B, and
S7A) and second, Tbet*Foxp3~ cells had significant PD-1
expression (Figures S7B and S7C). These virus-primed CD4*
Tbet*Foxp3~ cells were sorted on day 14 after infection and
cultured in vitro under iTreg cell conditions with or without
PDL-1. In both cases, iTreg cell-polarizing cytokines could
induce Foxp3 expression in Th1 cells and this was enhanced
to a small but significant extent in the presence of PDL-1 (Fig-
ure 6C). Similarly, during chronic LCMV infection, a substantial
increase was noted in Thet*Foxp3* cells at day 14 after infection
in vivo (Figures 6D, 6E, and S7D) and again, Thet*Foxp3~ cells
had significant PD-1 expression (Figures S7E and S7F). These
chronic LCMV virus-primed CD4*Tbet*Foxp3~ cells were sorted
on day 14 after infection and cultured in vitro under iTreg cell
conditions with or without PDL-1. In both cases, iTreg cell-polar-
izing cytokines could induce Foxp3 expression in Th1 cells and
this was enhanced by a small but significant extent in the pres-
ence of PDL-1 (Figures 6F and 6G). In order to confirm that
PDL-1 is required for conversion of Tbet" cells into Tbet*pTreg
cells during chronic LCMV, we adoptively transferred
flow-sorted CD45.2"Tbet*Foxp3~ cells into CD45.1" hosts
infected with chronic LCMV. Mice were treated with either iso-
type or anti-PDL-1 antibody. At day 10, frequency of converted

Tbet*Foxp3™ in the spleen was measured (Figures 6H and 6l).
Anti-PDL-1 treatment significantly inhibited the conversion of
Tbet* cells into Foxp3™ cells and enhanced the proliferation of
both total and GP33 specific CD45.1* CD8" T cells in vivo (Fig-
ures S7TG-S7M).

Thbet*pTreg Cells Are Increased in the TILs of Mice
Bearing B16F10 Melanoma Tumor

In order to identify the biological context during which Tbet*
pTreg cells arise from Tbet*Th1 cells, an animal model of
B16F10 melanoma, where PD-1-based therapies play an impor-
tant role, was used. Adoptive transfer of Tbet*Th1 cells into mu-
rine recipients with established tumor was performed (outline of
experimental methodology, Figure 7A). The emergence of Tbet*
pTreg cells was then evaluated in the spleen and within the TILs.
A significant increase in Tbet*pTreg cells was noted within the
TILs in the tumor microenvironment (Figures 7B and 7C). We
next tested whether PDL-1 contributed to the differentiation of
Tbet*Th1 cells into Tbet*iTreg cells in the tumor microenviron-
ment. Stimulation with PDL-1 significantly enhanced Foxp3
expression in sorted Tbet*Th1 cells from tumor-bearing mice
in ex vivo cultures (Figures 7D and 7E). We subsequently tested
in vivo Tbet™ cell conversion in our tumor model. Rag2~'~ mice
were reconstituted with tumor cells followed by adoptive transfer
of sorted Thet*Foxp3~ cells. Cohorts were treated with either
isotype control or anti-PDL-1 and then TILs were evaluated for
Tbet*Foxp3™* cells. The frequency of Tbet*pTreg cells was signif-
icantly increased in the isotype-treated cohorts but not in the
anti-PDL-1-treated murine recipients (Figures 7F-7H). The
experiment was repeated with Tbet*Foxp3~ cells that were
transduced with either control shRNA RV or AEP shRNA RV.
Consistent with our experiments performed using Aep~'~
mice, AEP silencing rendered Tbet" cells refractory to PDL-1
blockade and resulted in significant conversion toward Tbet*
Foxp3* cells within the tumor microenvironment (Figures 71
and 7J). Finally, we evaluated conversion of CD45.2*Tbet* cells
in CD45.1" hosts that were reconstituted with B16F10 mela-
noma tumor. Certain cohorts were treated with either isotype
or anti-PDL-1 antibody. In this experimental condition, we again
found that Thet*Foxp3~ cells were capable of converting to
Tbet*iTreg cells within the tumor microenvironment, which was
efficiently blocked in the presence of PDL-1 antibody (Figures
7K and 7L). In all these experiments, CCR4 expression on Tbet*
Foxp3* cells within the tumor microenvironment was minimal
(data not shown). These results suggest that Thet* cell conver-
sion can occur in vivo within the tumor microenvironment and

(NT, 0.1 x 10% or T cells transduced with WT human Foxp3 (WT hFoxp3, 0.1 x 10°), or human mutant Foxp3 (Mu hFoxp3, N154; 0.1 x 10°) or murine WT Foxp3
(WT mFoxp3, 0.1 x 10% or murine mutant Foxp3 (N153; Mu mFoxp3, 0.1 x 106). GvHD lethality was monitored (n = 6 per cohort).

(Cand D) Host BALB/c mice were subjected to TBI and then reconstituted with bone marrow (BM, 107 cells), CD4*CD25~ T effector cells (CD45.1 marked; 1 x 108
cells), and either Thet*iTreg cells (1 x 10° cells) that were expanded with AEP inhibitor or control Tbet*iTreg cells (1 x 10° cells). At day 14 after transplant,
splenocytes were harvested and the Foxp3 was measured in the Tbet*iTreg cell populations (marked with CD45.2). Representative flow plots showing Foxp3
expression in the different cell populations (C); frequency of Foxp3 expression (D).

(E) A survival curve experiment was set up to test the efficacy of blocking AEP in preventing GvHD. Animals were conditioned with TBI and then reconstituted with
BM alone or plus CD4"CD25 T cells. Cohorts were then treated with Tbet*iTreg cells, Tbet*iTreg cells expanded with AEP inhibitor (AEPi), Tbet*iTregpp,1 cells,

or Tbet*iTregppL1 cells overexpressing AEP.

(F-) Experiments were repeated with CD45.2* Thet*iTreg cells that were expanded with AEP shRNA or scramble shRNA and then tested in GvHD. Frequency and
absolute numbers of CD45.2*Foxp3* cells in the different cohorts (F-H) and absolute numbers of Tbet™ cells at day 14 after transplant in Tbet" iTreg cells (l).
Experiments were repeated twice with n = 4-6 mice forimmunological studies and n = 6-10 mice for survival curve. Representative data from one experiment are

shown as mean + SEM. Please also refer to Figure S5.
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PDL-1 blockade reverses the conversion of Tbet* cells into
Tbet*Foxp3* cells. However, anti-PDL-1 effect in blocking
Tbet* cell conversion to Tbet"Foxp3* cells is abrogated in the
absence of AEP.

DISCUSSION

The regulation of Foxp3 in Treg cells and T helper cell subsets is
an active area of investigation and may help in understanding
dysregulation of the immune system in disease processes. In
this report, we have identified a proteolytic regulation of Foxp3
protein in iTreg cells, Tbhet*iTreg cells, and pTbet*Treg cells.
We demonstrated that (1) PD-1 signaling maintains Foxp3 protein
stability through regulating AEP, (2) AEP directly cleaves Foxp3
and results in Foxp3 instability in iTreg cells and Tbet*iTreg cells,
and (3) inhibiting AEP resulted in enhanced Treg cell function.
These data elucidate a basic mechanism that is operational in
Treg cells and paves a path to the development of translational
approaches for developing Treg cell-based cell therapies.

The results outlined in this paper are in agreement with the ex-
istence of these Thet*Foxp3* T cells in vivo. However, reports on
Tbet*Treg cells (Hall et al., 2012; Koch et al., 2009, 2012; Levine
et al., 2017) propose that tTreg cells are the likely precursors of
Tbet*Treg cells. The data presented here extend these observa-
tions and clearly demonstrate that an alternate pathway is
involved in the upregulation of Foxp3 expression by Tbet*
Foxp3™ T cells.

In vivo cell tracing experiments performed in the long-term
colitis model highlights a mechanism by which PDL-1 imparts
regulatory function to Tbet*iTregpp..y cells. During colitis,
Tbet*iTregpp, 1 cells had sustained Foxp3 expression after
60 days in an inflammatory environment unlike their counterpart
Tbet*iTreg cells. These data support a regulatory mechanism
whereby differentiation of Tbet* cells in the presence of PDL-1
can result in sustained Foxp3 expression in vivo and led us to
explore the molecular mechanisms by which PD-1 signaling
regulated Foxp3 stability. We found a proteolytic pathway that
was operational in maintaining Foxp3 protein stability in iTreg
cells and Tbet*iTreg cells involving direct inhibition of the activity
of AEP. PD-1 inhibition of AEP was independent of CD28
signaling (Hui et al., 2017; Kamphorst et al., 2017).

The notion that a specific protease can perform an essential
specific proteolytic function is controversial as cells express

many proteases that exhibit considerable functional redundancy
(van Kasteren and Overkleeft, 2014). However, cell type-specific
differences in protease function have been previously reported.
For example, AEP breaks down self-antigens in DCs (Manoury
et al., 2002) and cathepsin G performs this function in B cells
(Burster et al., 2004). AEP activity has been reported both in lyso-
somes and in the nucleus of tumor cells (Haugen et al., 2013).
Functionally AEP can induce tumor cell proliferation and migra-
tion and process antigens for optimal presentation by DCs (An-
drade et al., 2011; Lin et al., 2014; Manoury et al., 1998). In
contrast to other lysosomal proteases, AEP is expressed in the
cytosol and nucleus and the activity of AEP across both neutral
and acidic pH has been previously reported (Haugen et al.,
2013). These observations enable a mechanism by which
Foxp3 in the nucleus can be targeted by AEP.

The imaging and biochemical data presented here demon-
strated that in T cells, AEP played a specific function in cleaving
Foxp3 but not Tbet. These results are in accordance with previ-
ous AEP studies where it has been shown that AEP substrates in
part are not amenable to other protease activity. In addition, AEP
is well known for its substrate and cleavage specificity and often
AEP-mediated cleavage results in a functional immunological
outcome in vivo (Manoury et al., 1998, 2002). In T cells, AEP ad-
heres to this phenotype, whereby it specifically targets and
cleaves Foxp3 at a single site, which results in the instability of
the protein. Therefore, our study implicates the occurrence of a
proteolytic-mediated regulation of Foxp3 in iTreg and Tbet*iTreg
cells.

The data presented here postulate a post-translational mech-
anism of Foxp3 protein regulation in addition to the previously
described proteosomal pathway that is operational in Foxp3
regulation. However, deleting AEP was sufficient for maintaining
Foxp3 protein in iTreg and Tbet*iTreg cells in vivo. In contrast to
the proteosomal degradation study where an shRNA approach
was used (Chen et al., 2013; van Loosdregt et al., 2013; Zhao
et al., 2015), we have utilized a genetic loss-of-function model
(Aep~’~ mice) to demonstrate the stability of Foxp3 in vivo during
acute inflammation. Furthermore, mutating AEP-specific sites in
Foxp3 protected mice from GvHD-mediated lethality. Therefore,
our data demonstrate that either AEP deficiency or Foxp3
mutated at AEP-specific sites can enhance Treg cell function
and is a primary pathway in modulating post-translational stabil-
ity of Foxp3 protein.

Figure 5. iTreg Cells Deficient in AEP Inhibit GvHD and Maintain Foxp3 Expression In Vivo

A) Splenocytes from WT littermate controls and Aep” -

C

)
D) Treg cell frequency was evaluated by intracellular Foxp3 expression.

(
(
(
(
(
(

mice were characterized for CD4" T cells and CD8" T cells.
B) T central and effector memory phenotype of CD4™ cells were characterized using CD62L and CD44 markers.
Cumulative data from n = 4 mice on the frequency of CD4, CD8, CD44, and CD62L.

E and F) Cumulative data from n = 5 mice of Foxp3 frequency (E) and Foxp3 mean fluorescence intensity (F).
G) Host BALB/c mice were subjected to TBI and then reconstituted with B6 BM (107), CD4*CD25~ T cells (CD45.1 marked; 0.1 x 10 cells), and either WT iTreg

cells (0.1 x 108 cells) or Aep /'~ iTreg cells (0.1 x 10° cells). Survival curve of cohorts that received the various cell populations.
(H) Foxp3™* cells in WT and Aep '~ iTreg cells (marked with CD45.2*) at day 14 after transplant.

(land J) WT and Aep/~ mice were reconstituted with 3 x 10° B16F10 melanoma cells subcutaneously and cohorts were treated with either isotype control or
anti-PDL-1 antibody at day 5, 7, and 9. Mice were euthanized on day 11 and then evaluated for Foxp3*Treg cells and Thet*Foxp3*Treg cells within the TILs.
Representative flow plots of Treg cell frequency within the tumor (l), and summary of Treg cells in the various cohorts (J).

(Kand L) TILs were gated on CD4*Tbet" cells and then Foxp3 expression was evaluated. Representative flow plots of Tbet*Treg cell frequency within the tumor
(K), and summary of Tbet*Treg cell in the various cohorts of TILs (L).

Data are shown as mean + SEM, from one representative experiment. Each experiment was repeated at least twice and had n = 5 mice forimmunological studies
or n =10 for survival. Please also refer to Figure S6.
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Our results suggest that AEP inhibitor can be used to
generate large-scale Treg cells that are stable and are function-
ally robust in vivo. The use of PDL-1 to grow Tbet*iTreg cells
may be efficacious but a substantial decrease in cell numbers
can occur given the role of PD-1 in inhibiting T cell proliferation.
Using AEP inhibitors, this hurdle can be overcome in order to
generate large numbers of antigen-primed Tbet*iTreg cells
that maintain regulatory function in vivo. In addition, donor-
derived AEP-deficient Treg cells can also be generated for
the treatment of GvHD.

Data from the acute and chronic LCMV-infected mice further
identified a role for PDL-1 in inducing Foxp3 in primed “anti-
gen-specific” Tbet* Th1 cells. Although insufficient cell numbers
prevented us from isolating antigen-specific T cells prior to
ex vivo iTreg cell culture, the results presented here imply that
PDL-1 can be used to generate iTreg cells from previously anti-
gen-primed Tbet*Th1 cells. Consistent with previous studies
(Hall et al., 2012; Koch et al., 2009, 2012; Levine et al., 2017),
we have also identified a unique population of Tbet*iTreg cells
that expands in both acute and chronic LCMV. In summary,
these experiments highlight many aspects of Tbet*iTreg cells:
(1) primed CD44"Tbet"Foxp3* cells can arise during acute and
chronic LCMV infection, (2) primed CD4*CD44"Tbet"Foxp3~
T cells can give rise to Thet*Foxp3* T cells in ex vivo cultures,
and finally (3) blocking PDL-1 in vivo dampened Tbet*pTreg
cell conversion, therefore confirming PDL-1 as a critical mediator
of Tbet*pTreg cell generation in chronic viral infection.

In melanoma, Treg cell-mediated tolerance has largely been
attributed to the migration of Treg cells from the periphery to
the tumor site (Spranger et al., 2013), while Tbet*Th1 cell conver-
sion is largely unexplored. Since the microenvironment in
melanoma provides an abundance of PDL-1 that can result in
activation of PD-1 signaling on Tbet* TILs, we explored and
found that Tbet*Th1 cell conversion indeed occurred. However,
this study does not address the contribution of hematopoietic
versus non-hematopoietic versus tumor tissue-derived PDL-1
in inducing Treg cell conversion within the tumor microenviron-
ment. The results presented here raise the possibility that the
PDL-1-driven Treg cell generation within the TILs is dependent
on AEP expression and that individuals who overexpress AEP
within their Treg TIL populations may be more responsive to
PD-1- and/or PDL-1-based immunotherapeutics.

In conclusion, this report has identified a mechanism by which
sustained PD-1 signaling induces robust regulatory function in
iTreg cells through post-translational regulation of the Foxp3
protein. Therefore, this study demonstrates an insightful interac-
tion between co-inhibitory receptor signaling and protease activ-
ity and has elucidated the importance of these two signaling
pathways in maintaining T regulatory phenotype.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

CD4 (RM4-4) BioLegend Cat#116011
CD8 (53-6.7) BioLegend Cat#100759
CXCR3 (CXCR3-173) BioLegend Cat#126521
PDL-1 (10F.9G2) BioLegend Cat#124319
CD44 (IM7) BD Biosciences Cat#553134
CD45.1 (A20) BD Biosciences Cat#565813
CD45.2 (104) BD Biosciences Cat#740490
CD45RB (C363.16A) Thermo Fisher Scientific Cat#17-0455-81
PD-1 (29F.1A12) BioLegend Cat#135219
H-2K® (AF6-88.5) BD Biosciences Cat#562832
CD62L (MEL-14) Thermo Fisher Scientific Cat#15-0621-81
CD8 (53-6.7) BioLegend Cat#100737
CCR4 (2G12) BioLegend Cat#131217
Neuropilin-1 (3E12) BiolLegend Cat#145207
Helios (22F6) BioLegend Cat#137229
CD25 (PC61) BioLegend Cat#102035
CD127 (A7R34) BioLegend Cat#135035
LAMP-1 (1D4B) BioLegend Cat#121616

Foxp3 (FJK-16 s)

IL-10 (JES5-16E3)

IFN-y (XMG1.2)

Ki67 (SolA15)

Anti-CD3 (145-2C11)

Anti-CD28 (37.51)

LEAF Purified anti-mouse IL-4 (11B11)
LEAF Purified anti-mouse IFN-y (XMG1.2)
Anti-mouse PDL-1 (10F.9G2)
Rat-IgG2b Isotype Control (LTF-2)
Mouse Legumain

PTEN

mTOR

Phospho-mTOR

AKT

Phospho-AKT ser473
Phospho-AKT Thr308

Foxp3

P70S6K

Phospho P70S6K (Thr421/Ser424)
ERK1/2

Phospho-ERK

GAPDH

B-tubulin

B-actin

Lamin B1
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Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
BioLegend

BioLegend

Bio X Cell

Bio X Cell

R&D Systems

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cell Signal

Cat#12-5773-82
Cat#17-7101-81
Cat#25-7311-41
Cat#25-5698-82
Cat#16-0031-82
Cat#16-0281-82
Cat#504115
Cat#505827
Cat#BP0101
Cat#BP0090
Cat#MAB2058
Cat#9188
Cat#2972
Cat#2971
Cat#4691
Cat#4060
Cat#2965
Cat#12653
Cat#2708
Cat#9204
Cat#9102
Cat#9101
Cat#5174
Cat#5346
Cat#4967
Cat#13435
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REAGENT or RESOURCE SOURCE IDENTIFIER
Rabbit IgG HRP Cell Signal Cat#7074

Rat IgG HRP R&D systems Cat#HAF005
Bacterial and Virus Strains

LCMV Dr. Ethan Shevach Laboratory, NIH, USA Armstrong Strain
LCMV Dr. Ethan Shevach Laboratory, NIH, USA Clone-13 Strain
PENTR hFOXP3 Plasmid Addgene Cat#16363
pEV-Th1.1-RV Dr. Vanja Lazarevic, NIH, USA N/A
pMIGR-mFoxp3 Addgene Cat#24067
Chemicals, Peptides, and Recombinant Proteins

PDL-1 Fc Chimera R&D Systems Cat#1019-B7

AEP inhibitor MV026630
AEP protein

AEP Cy5 probe
rmlL-2

rhTGF-B1
Cycloheximide
MG-132
Leupeptin

Foxp3 protein
Tbet protein

DAPI

GP33-41 Tetramer

Prof. Colin Watts, Dundee, UK
Prof. Colin Watts, Dundee, UK
Edgington et al.

Miltenyi Biotec

R&D systems

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Origene

Origene

BioLegend

NIH Tetramer Core Facility

N/A

N/A

N/A
Cat#130-098-221
Cat#240-B
Cat#C104450
Cat#474787
Cat#EI8
Cat#TP317580
Cat#TP307902
Cat#422801
H-2D°/Class | GP33-41

Critical Commercial Assays

Foxp3 Transcription Factor Staining Buffer Kit
CD90.2 microbeads
Mouse Regulatory T cell isolation kit

Thermo Fisher Scientific
Miltenyi Biotec
Miltenyi Biotec

Cat#A25866A
Cat#130-049-101
Cat#130-091-041

CellTrace Violet Cell Proliferation Kit Thermo Fisher Scientific Cat#C34557
Deposited Data

Microarray This study GEO:GSE113815
Experimental Models: Cell Lines

NIH 3T3 Dr. Francis Flomerfelt, NCI, NIH N/A

293T Dr. Francis Flomerfelt, NCI, NIH N/A

B16F10 melanoma Dr. Pawel Muranski and Dr. Nick Restifo, NCI, NIH N/A
Experimental Models: Organisms/Strains

C57BL/6 Charles River Cat#632
BALB/c Charles River Cat#028
C57BL/6 Rag2 ™/~ Jax Mice Cat#008449
C57BL/6 Foxp3RFP Jax Mice Cat#008374
C57BL/6 CD45.1 Jax Mice Cat#002014
C57BL/6 TbetZsgreen Dr. Jinfang Zhu, NIH, USA N/A

C57BL6 PDCD1~/~ Prof. Tasuku Honjo, Japan N/A

C57BL/6 AEP~/~ Prof. Colin Watts, Dundee, UK N/A
Oligonucleotides

Legumain (AEP) Mouse ShRNA Origene Cat#TR510967
Scramble Mouse ShRNA Origene Cat#TR30012
Recombinant DNA

AEP cDNA Prof. Colin Watts N/A

(Continued on next page)

Immunity 49, 247-263.e1-e7, August 21, 2018 e2

CellPress




Cell’ress

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and Algorithms

FlowJo software FlowJo LLC RRID:SCR_008520
Scaffold Mass spectrometry peptide analysis Proteome Software.com RRID:SCR_014345
GraphPad Prism 7 GraphPad Software, Inc. RRID:SCR_002798

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact, Dr. Shoba
Amarnath (shoba.amarnath@newcastle.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Female C57BL/6 (B6, H-2KP) and BALB/c (H-2K% mice 8- to 10- weeks old were obtained from Frederick Cancer Research Facility,
USA or Charles River, UK. Female C57BL/6 Rag2~’~ and C57BL/6 Foxp3RFP mice were purchased from Jackson
Laboratories, Aep™~ and WT littermate controls were kindly provided by C. Watts. B6.Tbx21Zsgreen mice were bred with
B6.Foxp3RFP mice in a specific pathogen-free facility at the National Institutes of Health, USA and at Newcastle University, UK.
B6.Tbx21ZsGreenFoxp3RFP mice were utilized for all T cell lineage-tracing experiments. The use of animals for this research was
approved by the Animal Care and Use Committee, National Cancer Institute, and National Institute of Allergy and Infectious
Diseases, NIH, and carried out in accordance with the NIH animal health and safety guidelines. Animal experiments conducted at
Newcastle University were approved by the Newcastle Ethical Review committee and performed under a UK home office approved
project license. Experimental methodology was in accordance to the NC3R recommendations and data are shown in accordance
with ARRIVE guidelines.

METHOD DETAILS

Cell sorting and Flow cytometry and tetramer staining

Unless stated otherwise, ZsGreen fluorescence was used to determine Tbhet expression and RFP fluorescence was used to flow sort
various cell populations. CD4*Tbet*Foxp3 Th cells were characterized by multi-parameter flow cytometry for surface markers. Cyto-
kine phenotype of day 0 cells was measured by stimulating cells with phorbol-12-myristate 13- acetate (PMA) and ionomycin for four
hours along with Golgiplug and Golgistop which was added in the last 2 hr of incubation. Flow cytometry staining antibodies for CD4
(clone: RM4-4), CXCRS (clone: CXCR3-173), PD-1 (clone: 29F.1A12), PDL-1 (clone: 10F.9G2), CD44 (clone: IM7), CD45.1 (clone:
A20), CD45.2 (clone: 104), H-2KP (AF6-88.5), CD62L (clone: MEL-14), CD8 (clone: 53-6.7), CCR4 (clone: 2G12), Neuropilin-1 (clone:
3E12), Helios (clone: 22F6), CD25 (clone: PC61) and CD127 (clone: A7R34) were purchased from BiolLegend. Foxp3
(clone: FJK-16 s), IL-10 (clone: JES5-16E3), IFN-y (clone: XMG1.2) and Ki67 (clone: SolA15) were from Thermo Fisher Scientific.
For MHC class | tetramer staining, H-2D° GP33-41 was used at 1:100 dilutions and staining was performed at 4°C for 1 hr. Data
were acquired using either an LSR Il or Fortessa or FACS CANTO and analyzed using FlowJo software version 9.6.4 or 10.0.6.

In vitro cell culture

CD4*Tbet*Foxp3™ T helper cells were flow sorted and stimulated in 24 well cell culture plates coated with anti-CD3 (clone:145-2C11;
5 ng/ml) for 3 days in cell culture media [RPMI, supplemented with 10% FCS, glutamine (2 mM), non-essential amino acids (0.1 mM),
2-mercaptoethanol (50 uM), sodium pyruvate (1 mM), penicillin and streptomycin (100 1U/ml)] along with soluble anti-CD28
(clone:37.51;2 pg/ml), rmIL-2 (80 ng/ml), rhTGF-B1 (2 ng/ml), anti-IL-4 (BioLegend, clone:11B11;20 pg/ml) and anti-IFN-y
(BioLegend, clone:XMG1.2; 20 ug/ml) with or without coated PDL-1fc chimera (5 ng/ml). After 3 days of culture, cells were expanded
for an additional four days in the presence of IL-2 (80 ng/ml) and TGF-$1 (2 ng/ml) or with IL-2 alone. Cells were then characterized by
intracellular flow cytometry for Foxp3 expression. Both populations were flow sorted for Foxp3™* cells and are denoted as Tbet*iTreg
and Tbet*iTregpp, 1 cells. Post-differentiation Tbet*iTreg and Thet*iTregpp, 1 cells were stimulated overnight with anti-CD3 and anti-
CD28 and then supernatants were subjected to a multiplex bead array luminex assay. Control populations of iTregs (iTreg and
iTregepL1) Were generated from CD4*Tbet'Foxp3™ subsets, which were similarly cultured and characterized. Subsequently,
expanded Foxp3™* cells from the various subsets were sorted and utilized in in vitro suppression assays and in vivo animal models
of autoimmunity and alloimmunity. In certain experiments, CD4*Tbet*Foxp3™ T helper cells were either cultured with AEP inhibitor
MV026630 (100 uM) or AEP ShRNA or Vehicle (DMSO) from day 0 of culture in addition to anti-CD3, anti-CD28, rh-IL-2 and rh-
TGF-B1 prior to being used as cellular therapeutics.
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In vitro Treg suppression assay

CD4*CD25" cells were isolated using the Miltenyi Biotec Treg isolation kit and utilized in a Treg suppression assay as previously
described (Thornton and Shevach, 1998). Purified CD4*CD25™ cells (5x10%) were labeled with CellTrace Violet and then cultured
in 96 well round bottom plates in 200 pL complete media along with 2x10° irradiated T cell-depleted spleen cells (3000 cGy) as acces-
sory cells. Anti-CD3 (0.5 ug/ml) was added along with cultured flow sorted Foxp3*iTreg populations (iTreg, iTregpp. 1, Toet* iTreg and
Tbet" iTregpp 4 cells) at the indicated ratios. Cells were incubated at 37°C for 72 hr and proliferation and suppression was monitored
by flow cytometry. Proliferation of responder T cells was evaluated by CellTrace Violet dilution. Percent suppression of CD4
responder T cell was calculated with values representing the ratio of total divided peaks to both divided and non-divided peaks,
normalized to the anti-CD3 alone experimental group.

In vivo animal models

Experimental Autoimmune Colitis

B6.Rag2~’~ female mice were reconstituted with B6. CD45.1*CD4*CD25 CD45RB" (T effectors) populations (4x10°) as previously
described (Asseman et al., 1999) along with flow sorted B6.CD45.2*iTreg cells (1x10°), iTregppy 1 cells (1x10%), Tbet*iTreg (1x10°), or
Tbet* iTregepL1 cells (1x10°). Mice were weighed weekly and loss of body weight was used as an indicator of colitis. Immune end-
points were measured in the splenocytes and in LPL. LPL were isolated as previously described (Asseman et al., 1999). Briefly, large
intestine was digested using Liberase TL and DNase | followed by percoll gradient centrifugation. LPLs were washed twice with com-
plete media and then used for immunological assays. Both splenocytes and LPL were stimulated with PMA and ionomycin along with
GolgiPlug and Golgistop for 4 hr and then effector cytokines were measured by intracellular flow cytometry.

Experimental Allogeneic GVHD

BM was flushed from B6 donor femurs and tibias and T cell depleted (TDBM) using CD90.2 MACS beads (Miltenyi Biotec). Host allo-
geneic (BALB/c) female mice were conditioned with total body irradiation of 950 cGy in two divided doses three hours apart before
being rescued with 10” TDBM cells together with 1x10® CD4*CD25T cells from WT CD45.1* B6 donors. In addition, various flow
sorted iTreg populations (CD45.2*; 1x106) were adoptively transferred for prevention of GVHD. Survival was monitored as a measure
of Treg cell potency. Alloreactive IFN-y was measured as follows: Single cell suspension of splenocytes (1x108) was cultured over-
night with either syngeneic or allogeneic bone marrow derived dendritic cells DCs (1x 10%). Supernatant was harvested at 24 hr and
Th1 cytokines were measured by using a multiplex luminex bead array system. Allogenic IFN-y cytokine in the supernatant was
measured by subtracting the amount of IFN-y present in the syngeneic controls.

LCMV

Six to eight weeks old B6.Tbx21ZsGreenFoxp3RFP mice were infected with Armstrong (2x10° PFU, i.p) or Clone-13 virus (2x10°
PFU, i.v) as previously described (Wherry et al., 2003). Titers of virus were determined by plaque assay on Vero cells as previously
described (Ahmed et al., 1984). At indicated time points, spleens were harvested and the frequency of Tbet*Foxp3* T cells was char-
acterized by flow cytometry. In certain experiments, primed CD4*Tbet*Foxp3™ T cells were flow sorted on day 14 post-infection and
then differentiated under iTreg conditions with or without PDL-1 followed by Foxp3 characterization using flow cytometry.
B6.CD45.1" murine recipients were injected with anti-CD4 (500 pg/mouse; day —7) infected with Clone-13 virus along with adoptive
transfer of CD45.2*Tbet*Foxp3™ cells (0.7x10°). Cohorts were treated with either isotype or anti-PDL-1 antibody (200 ug/mouse) at
day 1, 5 and 9. On day 10 Tbet*Foxp3* cells were analyzed in spleens of the infected mice.

B16F10 melanoma

BB.Rag2*/*mice, WT mice, CD45.1 and Aep*/* mice were reconstituted with 3x10° B16F10 melanoma cells (kindly provided by
Dr. Pawel Muranski and Prof. Nick Restifo, NCI,NIH) and the tumor was allowed to progress for 7 days. At day 7, murine recipients
were reconstituted with 2x10° Tbet*Foxp3™T effectors from B6.Tbx21ZsGreenFoxp3RFP mice. At day 14 post-tumor inoculation,
mice were euthanized, spleen and TILs were isolated and analyzed for the presence of Tbet"Foxp3™* cells. In certain experiments,
cohorts were treated with either isotype or anti-PDL-1 antibody (250 pg/mouse) at days 5, 7 and 9. For shRNA experiments,
RagZ’/’ mice were reconstituted with tumor at day 0 along with flow sorted CD4*Tbet*Foxp3™ T cells transduced with either
scramble or AEP shRNA. Murine recipients were then treated with anti-PDL-1 antibody at days 5, 7 and 9. Host CD45.1* murine hosts
were reconstituted with tumor at day 0 along with flow sorted CD4*Tbet*Foxp3™ T cells and then treated with antibodies at days 5, 7
and 9. Splenocytes and tumors were harvested at day 11 and the frequencies of Foxp3™ cells were evaluated.

Histological Analysis

Representative samples of liver, intestine and colon were obtained from the mice that underwent GvHD and fixed in 10% phosphate
buffered formalin. Samples were embedded in paraffin, sectioned and stained with hematoxylin and eosin. All slides were coded and
read by an external pathologist (Dr. Michael Eckhaus) in a blinded fashion. A four-point scale of GvHD severity was used to score the
samples.

Affymetrix Gene Expression Profiling

Total RNA was isolated with RNAeasy kit from QIAGEN. RNA quality was checked on Agilent Bioanalyzer. All samples used for micro-
array analysis had high quality score (RIN > 9). 100 ng of RNA was reverse transcribed and amplified using Ambion WT expression kit
following manufacturer’s suggested protocol. Sense strand cDNA was fragmented and labeled using Affymetrix WT terminal labeling
kit. Four replicates of each group were hybridized to Affymetrix mouse Gene ST 2.0 GeneChip in Affymetrix hybridization oven at
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45°C, 60RPM for 16 hr. Wash and stain were performed on Affymetrix Fluidics Station 450 and scanned on Affymetrix GeneChip
scanner 3000. Data were collected using Affymetrix AGCC software. Statistical and clustering analysis was performed with Partek
Genomics Suite software using RMA normalization algorithm. Differentially expressed genes were identified with ANOVA analysis.
Genes that are up- or downregulated more than 2 fold and with a p < 0.001 were considered significant.

Immuno Blotting

Protein lysates were obtained from Tbet™ iTreg, and Tbet" iTregpp, 1 cells. Lysates were run on 10%-20% SDS-PAGE gels and trans-
ferred onto nitrocellulose membrane. Membranes were blocked with 5% milk in TBST buffer (20mmol/L TrisHCI, 500 mmol/L NaCl,
and 0.01% Tweeen-20) and incubated overnight at 4°C with primary antibodies (Ab) in TBST containing either 5% milk or BSA. Im-
mune reactivity was detected by sequential incubation with HRP-conjugated secondary Ab and enzymatic chemiluminescence
(Cell Signaling Technology). Primary Abs to mouse PTEN, mTOR, phospho-mTOR, Akt, phospho-AKT (Ser473 and Thr 308),
Foxp3, P70S6K, phospho-p70S6K, ERK, phospho-ERK, GAPDH, B-tubulin, -actin were procured from Cell Signaling. AEP (Legu-
main) was obtained from R&D systems. Images were acquired using a LICOR FcOdyssey system or Wes Simple Protein system.

AEP enzyme activity

AEP activity in cell lysates was measured in triplicates by cleavage of the substrate z-Ala-Ala-Asn-AMC (Bachem) as previously
described (Haugen et al., 2013; Johansen et al., 1999). Briefly, cell lysate (20 ul) was added to black 96-well microplates. After the
addition of 100 uL buffer and 50 pL substrate solution (final concentration is 10 uM) at pH 5.8, a kinetic measurement based on in-
crease in fluorescence over 10 min was performed at 30°C in a plate reader and presented as enzyme units where one unit of activity
was defined as the amount of enzyme releasing 1.0 pmol of product/min under the standard conditions described. Enzyme activity
was then normalized to the enzyme activity of DCs. DC enzyme activity was set to 100% and then the % enzyme activity of Tbet*
iTreg and Tbet" iTregpp 1 cells was calculated. Enzyme activity was also measured by using imaging flow cytometry using the
AEP probe LE28 (Edgington et al., 2013). LE28 specifically binds to active AEP enzyme. Briefly, Tbet" iTreg and Tbet* iTregpp, 1 cells
were incubated with the AEP probe LE28 cy5 for 1 hr at 37°C, washed and then AEP activity was measured using flow cytometry.

Foxp3 co-localization Assays

The co-localization of Foxp3 in the nucleus was measured using imaging flow cytometry on the Amnis Image stream MKII. For this,
cells were fixed and then stained with DAPI, Foxp3 APC and LAMP-1 APC-Cy7 (BioLegend, clone 1D4B). For co-localization exper-
iments with AEP cells were stained with DAPI, Foxp3 PE, LAMP-1 APC-Cy7, and LE28 Cy5.

Amnis Imaging Flow cytometry

Sample Acquisition: Samples were run on an Image StreamX MKII using INSPIRE data acquisition software (Amnis EMD-Millipore) at
a concentration of approximately 1x1 0% cells in 50 uL of PBS. The system was outfitted with 2 cameras, 12 channels, 405, 488, 561,
642, and 785nm lasers, and an extended depth of field element (EDF). Brightfield was collected in channels 1 and 9, SSC was
collected in channel 6 at a 785nm power of 2mW, DAPI was detected in channel 7 (430-505nm filter) at a 405nm laser power of
10mW, TbetZsgreen was detected in channel 2 (480-560nm filter) at a 488 laser power of 20mW, Foxp3 PE was detected in channel
3 (5660-595 filter) at a 561nm laser power of 200mW, and LE28 Cy5 were detected in channel 11 (660-745nm filter) and LAMP1
APC-Cy7 was detected in channel 12 (745-800nm filter) respectively, at a 642nm laser power of 150mW. Acquisition gates in
INSPIRE were set as follows: a single cell gate was set on a Brightfield Area versus Brightfield Aspect Ratio plot to encompass single
cells and eliminate debris and aggregates, a Brightfield Gradient RMS plot was used to gate single cells which were in focus, and
gates were set in Raw Max Pixel plots to eliminate events saturating the camera in each fluorescent channel used. 20,000 single,
focused, non-saturating events were acquired at 60X magnification, using the EDF element.

Data Analysis: Data analyses were performed in IDEAS 6.0 software (Amnis EMD-Millipore). A compensation matrix was created
utilizing single color controls acquired with Brightfield and the 785 laser turned off, and all others laser powers set to the powers listed
above. In IDEAS, single, focused, and nucleated (DAPI*) cells were gated and used for downstream analysis.

Determination of Foxp3 in the nucleus: A series of masks was created which enabled the determination of the amount of Foxp3 in
the nucleus. First, a tight mask was created on the nuclear image by eroding the default mask in one pixel (Erode (MO7, 1). Next, a
mask was created which identified Foxp3 staining (Intensity (M11, 11_Foxp3, 100-4095)). Lastly, a mask was created to identify
pixels which contained DAPI staining and Foxp3 staining by combining the aforementioned masks with an AND operator ((Erode
(M07, 1) And Intensity(M11, 11_Foxp3, 100-4095)). The area of Foxp3 inside the nucleus was determined by creating an Area feature
on the combined DAPI:Foxp3 mask and gating the Area plot on DAPI*Foxp3* cells.

Determination of Foxp3 and AEP co-localization in the nucleus: A series of masks was created which enabled the determination of
the co-localization of Foxp3 and AEP in the nucleus. First, a mask was created which identified Foxp3 staining (Intensity
(M03, 3_Foxp3, 300-4095). Next, a mask was created which identified AEP staining (Intensity (M11, 11_Legumain/AEP, 362-
4095). The DAPI mask used is as described in the section above. Lastly, a mask was created to identify pixels which contained
DAPI, Foxp3, and AEP staining by combining the aforementioned masks with an AND operator (Intensity (M03, 3_Foxp3, 300-
4095) AND (Erode (M07, 1) AND Intensity (M11, 11_Legumain). The area of the pixels containing DAPI, Foxp3, and AEP staining
was determined by creating an Area feature on the combined DAPI:Foxp3:AEP mask and gating the Area plot on DAPI*Foxp3*AEP*
cells.
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Confocal Microscopy

Flow sorted iTregs, iTregppL 1, Thet*iTreg and Tbet*iTregpp, 1 were first stained with AEP Cy5 followed by fixation and permeabiliza-
tion. Cells were washed with permeabilization buffer and then stained with Foxp3 PE and DAPI. Images were acquired on a Leica SP8
point scanning confocal microscopy with white light super continuum lasers. Colocalization analysis were performed as previously
described (Dunn et al., 2011). A comprehensive explanations of the confocal analysis is provided below:

Orthogonal projection view to enhance visualization of protein spatial location: An orthogonal projection of the image allows iden-
tification of the spatial location of a protein within the cell. It is a three-dimensional view of the cell but in a two-dimensional figure.
A quadrant was drawn on a particular point in the nucleus, if all three fluorophores are present together in this 3D view, then the anal-
ysis shows this on merging the three images.

Deconvolution of the images to enhance signal to noise ratio in an orthogonal projection: Deconvolving is a recognized image pro-
cessing technique to digitally reassign out of focus light to its originating focal plane. Deconvolution corrects optical aberration and
provide higher resolution which enhances signal to noise ratio therefore minimizing false positive analysis. Combining deconvolution
and orthogonal projection enhances understanding of the spatial location and co-localization of proteins within a cell.

Particle Analysis: Particle analysis was performed with the deconvolved images as recently shown (Kwon et al., 2017). Using this
technique, we measured the number of Foxp3 and AEP particles within the nucleus. We next performed a quantitative analysis of the
particles and plotted the values as follows: Each data point depicts the number of particles within the nucleus and the y axis denotes
the relative volume of Foxp3 within the nucleus and similarly the relative volume of AEP within the nucleus. If cytosolic contamination
occurs, it will be represented in this analysis as follows. 100% on y axis denotes that the entire particle is within the nucleus whereas
20% denotes a particle that does not explicitly localize in the nucleus.

We next quantitatively measured AEP and Foxp3 co-localization. Each data point depicts the number of particles within the nu-
cleus that is colocalized and the y axis denotes the value which is the sum of the intensity of all voxels that colocalize with each other.

Foxp3 cleavage and Mass Spectrometry

Human Foxp3 protein and Tbet protein was purchased from Origene and then used in the cleavage assay in the presence of purified
AEP protein (kindly provided by Dr. Colin Watts). Briefly, 1 ng of human AEP protein was incubated in 200 pL of activation buffer
(0.1M NaCl, 0.1M NaOAc, pH 4.5) in 96 well round bottom plates for 30 mins at 37°C. In certain conditions, the AEP inhibitor was
added (100 puM). Post AEP activation, either Foxp3 protein (5 ng) or Tbet protein (5 png) was added to the wells with only activation
buffer or activation buffer plus AEP or activation buffer plus AEP plus inhibitor. The plate was then incubated for 2 hr at 37°C. Samples
were then reduced with LDS sample buffer and then subjected to immuno blotting. Once the proteins were run on a gel, they were
transferred to a membrane and blotted for Foxp3 and Tbet. In separate experiments, gels were stained with Coomassie blue (Gel
Code Blue reagent; Thermo Fisher Scientific) and then bands were cut out and subjected to mass spectrometry as previously
described (Zhang et al., 2014). Briefly, bands were dehydrated using acetonitrile followed by vacuum centrifugation, reduced with
10 mM dithiothreitol and alkylated with 55 mM iodoacetamide. Gel pieces were then washed alternately with 25 mM ammonium bi-
carbonate followed by acetonitrile. Samples were digested with trypsin overnight at 37°C. Digested samples were analyzed by LC-
MS/MS using an UltiMate® 3000 Rapid Separation LC (RSLC, Dionex Corporation, Sunnyvale, CA) coupled to an Orbitrap Elite
(Thermo Fisher Scientific, Waltham, MA) mass spectrometer. Peptide mixtures were separated using a gradient from 92% A
(0.1% FA in water) and 8% B (0.1% FA in acetonitrile) to 33% B, in 44 min at 300 nL min™, using a 75 mm x 250 pm i.d. 1.7 mM
CSH C18, analytical column (Waters). Peptides were selected for fragmentation automatically by data dependent analysis. Data pro-
duced were searched using Mascot (Matrix Science UK), against the SWISSPROT database. Data were validated using Scaffold
(Proteome Software, Portland, OR). Additional Foxp3 degradation experiments were performed with WT or mutated Foxp3 express-
ing 293 cells. The WT Foxp3 cDNA was isolated from a BamH1 + Xho1 digest of plasmid purchased from Addgene. The Mu Foxp3
containing alanine substituted for asparagine was synthesized by Integrated DNA Technologies custom gene synthesis service. The
construct contained BamH1 and Xho1. These sites were used to clone both WT and mutant Foxp3 cDNAs into pCDNA3.1 and pEV
Thy1.1 RV. The mutant Foxp3 construct also included a Not1 site to identify recombinant plasmids. The Foxp3 mutant cDNA was fully
sequenced prior to use in experiments.

Pulse Chase Assays for Foxp3 protein turnover

Tbet*iTreg and Tbet™ iTregppy 1 cells were washed and then aliquoted into 24 well tissue culture plates at 3x10%/ml. In certain exper-
iments, WT or Aep /'~ iTregs were plated into 24 well plates at 1x10%/ml. Cells were treated with cycloheximide (150 pg/ml) for the
indicated time points and lysates were used to measure Foxp3 and Tbet protein degradation by immuno blotting. In order to block
proteosomal degradation of Foxp3 and Tbet, MG132 (0.5 uM, Sigma-Aldrich) was added to certain culture conditions. AEP inhibitor
MV026630 (100 pM, kindly provided by Prof. Colin Watts and Dr. Sander |. van Kasteren) was added to cultures to block specific AEP
mediated degradation of Foxp3.

AEP and Foxp3 silencing and mutation assays

AEP specific shRNAs were obtained from Origene. On confirming efficient silencing of AEP in NIH 3T3 cells, the most efficient shRNA
was chosen for further analysis. Single-stranded oligonucleotides containing shRNA targeted to AEP or scrambled sequence, 20 bp
complementary to the sequence flanking a Xho1 site within with the expression vector pEV Thy1.1 RV (gift from Dr. Vanja
Lazarevic, NCI, NIH), and a Not1 site were purchased from IDT and annealed in buffer containing 1 mM Tris pH 8.0, 50 mM NaCl
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and 1 mM EDTA. The vector pEV Thy1.1 RV was digested with Xho1. The vector and the double stranded oligos were combined and a
Gibson reaction (New England Biolabs) was performed. Recombinant clones were identified by Not1 restriction analysis. The integ-
rity of the insert sequence and orientation was confirmed by DNA sequencing. Silencing of AEP was further confirmed in 3T3 cells
and then was used to silencing AEP in primary murine Tbet*iTreg cells. pENTR Foxp3 was a gift from Prof. Anjana Rao [Addgene
plasmid # 16363 (Wu et al., 2006)] containing WT human Foxp3 cDNA that was cloned into pEV-Thy1.1-RV using Bglll and Xho1.
The AEP resistant human Foxp3 was synthesized as a mini-gene (IDT) and cloned into the Bglll and Xho1 sites of pEV-Thy1.1-
RV. The N154A human Foxp3 mutant was created by inserting a 240 bp G-Block DNA fragment (IDT) between the Bcl1 and
BstB1 sites using the Gibson reaction (New England Biolabs). AEP cDNA was obtained from Prof. Colin Watts and cloned into
pEV-Thy1.1-RV using Xho1. For NLS experiments AEP NLS site was mutated whereby KRK was replaced to AAA at site 318-320.
pMIGR-mFoxp3 was a gift from Prof. Dan Littman (Addgene plasmid # 24067, unpublished). The N153A mutant was created by in-
serting a 182 bp G-Block DNA fragment (IDT) between the Bcl1 and BamH1 sites using the Gibson reaction (New England Biolabs).
All modified constructs were verified by sequencing before use.

Retroviral transductions of Thet*iTreg cells were performed as follows. Briefly, cells were stimulated for 24 hr and then washed
once. Cells (0.5x10°) were spin inoculated with 1m| of virus supernatant in the presence of polybrene (4 ng/ml) consisting of scramble
or AEP shRNA for 50 mins at 3000RPM. The cells were then placed at 37°C for 2 hr after which an additional 2ml of complete RPMI
media was added. Infection was monitored after 4 days as the percent of CD90.1 and AEP cy5 expression by flow cytometry.
CD90.1*Foxp3*Tbet" iTreg cells were flow sorted and then adoptively transferred in to a murine model of allogeneic GVHD and in vivo
stability of Foxp3 in Thet" iTreg cells was monitored.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was determined using GraphPad Prism 7 software. For experiments where two groups were compared, a two-
tailed Student’s t test was performed. For comparison of three or more groups, a one-way ANOVA was performed followed by
appropriate multiple comparison tests. For survival curve analysis, Kaplan-Meier survival curve analysis followed by a log rank
test was performed. Unless stated otherwise, histogram columns represent the mean values for each experiment and error bars
indicate the standard error of the mean. Data presented were considered significant if p value was < 0.05.

DATA AND SOFTWARE AVAILABILITY

The microarray data reported in this paper have been deposited in the NCBI Gene Expression Omnibus (GEO) database under
accession number GEO:GSE113815.
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Supplementary Figure 1 (related to Figure 1)

A Characterization of sorted CD4*Tbet*Foxp3- cells
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In vitro function of Thet*iTreg cells and Tbet" iTregppL: cells

Characterization of flow sorted CD4"Tbet"Foxp3- cells was performed prior to cell culture. Sorted

cells had Thl cell phenotype and expressed CXCR3, CD44 and PD-1 (A). Flow sorted cells also



expressed Thl cytokines IFN-y and IL-10, which was measured by intracellular flow cytometry (B).
Tbet" iTreg cells and Tbet" iTregppL1 cells were generated from the flow sorted Tbet Foxp3- cells and
then utilized in an in vitro suppression assay. Responders were labeled with CellTrace Violet
followed by stimulation with irradiated splenocytes and anti-CD3 and proliferation was measured by
flow cytometry (C). Various Treg cell populations were added at different ratios and proliferation
was measured (D). Summary data for three experiments was shown (E). Cytokine profile was
obtained using Luminex from Tbet"iTreg cells and Tbet'iTregppricells from at least 6 experiments
(F). Experiments were repeated at least 5 times and each experiment was performed with n=3-5 mice

and are presented as MeantSEM.



Supplementary Figure 2 (related to Figure 2)
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Tbet'iTreg cells and Tbet'iTregepL: cells were generated and then utilized for the prevention of

autoimmune colitis and alloimmune GvHD. B6.Rag2” mice were reconstituted with 4x103



CD45.1"CD4"CD45RB"CD25" T cells alone (T effectors) or along with CD45.2% iTreg cells,
iTregppri cells, Tbet" iTreg cells and Tbet" iTregppr1 cells (1x10° cells/mouse). Weight loss was
monitored in various cohorts (A). LPL were harvested for measuring immunological endpoints.
Summary of T cell effector cytokine IFN-y in various different cohorts was shown (B). Summary of
Foxp3 (CD45.2%) expression in iTreg cells, iTregppri cells, Tbet"iTreg cells and Tbet" iTregppr cells
in LPL (C). Function of Tbet"iTreg cells and Tbet" iTregepr1 cells were assessed in an experimental
model of GvHD. Host BALB/c mice were subjected to lethal total body irradiation (950cGy) and
then reconstituted with B6 T depleted bone marrow (BM) cells alone. All cohorts received
CD4'CD25 T cells in addition to BM. Certain cohorts received additional cell populations as
indicated. Weight loss of mice that succumbed to GvHD over a period of 30 days in the various
different cohorts (D). Histology of mice that received either Tbet" iTreg cells and Tbet" iTregppri
cells was evaluated (E). For weight loss, each cohort consisted of n=10 mice. For histology, n=5 mice
per cohorts were used. Cumulative data from 2 independent experiments are presented as

MeantSEM.



Supplementary Figure 3 (related to Figure 3)
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PD-1 signaling downregulates AEP on Tbet" iTregpprLi cellsand iTregppr: cells



Thbet'iTreg cells and Tbet" iTregppri cell lysates were subjected to immuno blotting analysis to
measure AKT and mTOR signaling pathway proteins (A). Volcano plot showing log2 fold change
versus p value in gene expression between Tbet iTreg cells and Tbet iTregppr: cells (B). Expression
of active AEP in Tbet'iTreg cells and Tbet" iTregppL1 cells was measured by flow cytometry using
the LE28 AEP Cy5 probe (C). AEP enzyme activity in Tbet"iTreg cells and Tbet"iTregppr: cells (D).
Summary plot showing AEP nuclear activity in Tbet"iTreg cells and Tbet"iTregepr1 cells (E). Naive
CD4"CD25" T cells and CD4"CD25" T cells were isolated from WT mice and lysates were tested for
AEP by immuno blotting (F). Splenocytes were harvested from WT and Pdl”" mice, and then naive
cells were isolated, differentiated under iTreg conditions alone or in the presence of PDL-1 fc. AEP
expression was analyzed in in vitro induced WT and PdI”" iTreg cells (G). Summary plot showing
AEP nuclear co-expression with Foxp3 in Tbet"iTreg cells and Tbet"iTregepr1 cells (H). Orthogonal
projection view on confocal imaging data is shown in iTreg cells (I). The nucleus stained with DAPI
and is depicted as blue, active AEP stained with activity probe AEP Cy5 is depicted as red and Foxp3
stained with Foxp3 PE is depicted as green. A quadrant is drawn on a particular point in the nucleus
(blue image; top left panel) and then pasted on to AEP (top right panel) and Foxp3 staining (bottom
left panel). If all three fluorophores are present together in this 3D view, then the analysis shows this
on merging the three images (denoted as yellow in bottom right panel). The yellow is surrounded by
blue in the x, y and z axis further suggesting the presence of active AEP and Foxp3 within the nucleus.
Orthogonal projection view on deconvolved images (J). Deconvolution will correct optical aberration
and provide higher resolution which enhances signal to noise ratio therefore minimizing false positive
analysis. Combining deconvolution and orthogonal projection enhances our understanding of the
spatial location and co-localization of proteins within a cell. Images processed by orthogonal
projection and deconvolving is depicted on the top and bottom panels (K). Particle analysis of
Foxp3(L; top panels) and AEP (L; bottom panels) within the nucleus (L; left panels showing image
of the cell at normal view and right panels at 60°) and quantitative analysis (M) is shown. Similarly,
colocalization of AEP and Foxp3 within the nucleus is depicted (N; left panel and 60° view right
panel) and quantitative analysis (O) is shown. Experiments were repeated 3 times and representative

immuno blots are shown. Cumulative data are shown as MeantSEM.



Supplementary Figure 4 (related to Figure 3)
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AEP inhibition prevents Foxp3 protein turnover in Thet"iTreg cells and iTreg cells

Protein turnover was measured using standardized cycloheximide assays. Tbet"iTreg cells and Tbet”
iTregppri cells were tested for the rate of Foxp3 turnover. Tbet" iTreg cells and Tbet™ iTregppri cells
were differentiated and then treated with cycloheximide (150 pg/ml) at different time points. Certain

conditions were supplemented with AEP inhibitor (AEPi; MV026630; 100 uM), or leupeptin (1 mM)



or MG132 (0.5 uM). Cell lysates were then subjected to immunoblotting (top panel). Foxp3 was
normalized to the internal control GAPDH, and time O hr was set as 100% then percent Foxp3
degraded is shown (bottom panel). Data is shown from 5 independent experiments (A). WT and Aep
~ CD4*'CD25 T cells were differentiated under iTreg conditions and then Foxp3 turnover was
measured in the presence of cycloheximide (B). Map showing AEP specific sites within the Foxp3
protein. The symbol N denotes Asparagine and A denotes alanine. Human mutant 1 was mutated at
all N sites with A; human mutant 2 was mutated at N154 to alanine. Mouse mutant 1 was mutated at
N153 to alanine (C). Plasmid map and the cloning sites of the various WT and mutant Foxp3, AEP
shRNA, human AEP protein and mutant AEP protein were shown (D). Immuno blot of HEK293T
cells transduced with human WT and mutant 1 human Foxp3. Cell lysates were subjected to AEP
degradation assay and then WT and mutant human Foxp3 was determined (E). Relative amounts of
WT versus mutant Foxp3 protein normalized to 0 hr WT and 0 hr mutant were shown (F).
Experiments were repeated 3 times and data shown are from one independent experiment. Summary

plots are depicted as MeantSEM.



Supplementary Figure 5 (related to Figure 4)
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AEP specific Foxp3 mutation or AEP downregulation or AEP NLS mutation regulates Foxp3
protein stability.

CD4°CD25 T cells from WT mice were activated with anti-CD3, anti-CD28 and IL-2 for 24 hrs and
then transduced with human WT or mutant 2 human Foxp3 or mouse WT or mutant 1 mFoxp3. At
day 4, cells were stained with DAPI and either human or mouse Foxp3 and then subjected to confocal

microscopy (A). The ability of Foxp3 transduced cells to produce IFN-y was tested by stimulating



the cells with PMA plus ionomycin for 4 hrs and golgistop and golgiplug were included during the
last 2hrs of stimulation. Cells were then subjected to intracellular flow cytometry (B). CD4"CD25"
cells were isolated from WT and 4ep” mice and then differentiated in the presence of anti-CD3, anti-
CD28, IL-2 and TGF-B1 in the absence or presence of AEP inhibitor for 3 days followed by expansion
in IL-2 alone for another four days. At day 7, Foxp3 expression was measured by intracellular flow
cytometry (C). Summary of Foxp3 expression in the various cohorts was shown (D). Tbet iTregppr1
cells were activated with anti-CD3, anti-CD28, IL-2 and TGF-f1 for 24 hrs and then transduced with
human AEP RV. At day 4, cell lysates were measured for human AEP protein expression (E).
Transduced cells were stained with DAPI and AEP LE28 Cy5 probe and then subjected to confocal
microscopy (F). Aep” iTreg cells were transduced with empty vector or AEP over-expressing RV
and then Foxp3 stability was tested at day 7 post expansion (G). Tbet'iTreg cells from WT mice were
activated with anti-CD3, anti-CD28, IL-2 and TGF-B1 for 24 hrs and then transduced with mouse
control (scramble) shRNA or AEP shRNA. At day 4, AEP expression was measured by immunoblot
analysis (H), expression of Thyl.1 in the transduced cells (I), and active AEP was measured by flow
cytometry (J). AEP was mutated at the nuclear localization sequence and then cloned into a Thy1.1
vector. CD4"CD25" T cells were isolated from 4ep” mice and then stimulated under iTreg conditions.
During the stimulation, cells were infected with retrovirus containing either empty vector (EV), AEP
overexpressing vector (AEP RV) or AEP NLSmu (KRK-AAA mutation, site 318-320). Successful
infection was measured by flow cytometry in the various cohorts using the AEP Cy5 probe (K). At
day 7, Foxp3 expression was measured by flow cytometry in the listed cohorts (L-M). Experiments

were repeated three times and data shown are Mean+=SEM.



Supplementary Figure 6 (related to Figure 5)
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AEP deficiency delays loss of Foxp3 in vivo

Splenocytes were harvested from WT and Aep” mice, and then CD4'Foxp3* T cells were
characterized for Treg markers namely CD25, CD127, Neuropilin-1 and Helios (A-B). Splenocytes
were stimulated for 4 hrs in the presence of PMA plus ionomycin and then treated with golgiplug and

golgistop for the last 2 hrs of stimulation. Cells were then stained for Thl cell, Th2 cell, Th17 cell



specific cytokines and subjected to intracellular cytometry (C). Naive T cells from WT and Aep™
mice were isolated, differentiated under iTreg conditions for 3 days. Foxp3 expression was analyzed
in in vitro induced WT and 4dep™” Treg cells (D). Balb/c mice were subjected to total body irradiation,
followed by reconstitution with CD45.1" bone marrow cells plus CD45.1"CD4°CD25 T cells.
Certain cohorts received CD45.2" WT or Aep” iTreg cells in addition to bone marrow cells and
CD45.1"CD4*CD25" T cells. Foxp3 expression within the WT and 4ep™ iTreg cells at day 14 post-
transplant (E). Frequency of CD45.2"Foxp3™ cells in the spleen and lymph nodes of the various
cohorts (F). Experiments were repeated twice and each cohort had n=4-5 mice. Data are shown as

MeantSEM.



Supplementary Figure 7 (related to Figure 6)
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Thet" cells express PD-1 during acute and chronic LCMYV infection

B6.7hx21ZsgreenFoxp3RFP mice were infected with LCMV Armstrong (2x10° PFU) and then
monitored for CD4 Tbet"FoxP3™ cells and CD4 Tbet"PD-1" cell kinetics. Absolute numbers of
CD4 Tbet"FoxP3™" cells (A), frequency of PD-1 expressing cells at different time points (B), and

absolute numbers of PD-1 expressing cells at different time points were shown (C).



B6.7hx21ZsgreenFoxp3RFP mice were infected with LCMV Clone-13 (2x10° PFU) and then
monitored for CD4 TbetFoxP3* cells and CD4 Tbet"PD-1" cells kinetics. Absolute numbers of
CD4 Tbet"FoxP3™ cells (D), frequency of PD-1 expressing cells at different time points (E), and
absolute numbers of PD-1 expressing cells at different time points were shown (F). CD45.1" hosts
were infected with Clone 13 and reconstituted with CD45.2*CD4 " Tbet"FoxP3- cells. Cohorts were
treated with isotype or anti-PDL1 antibody (200pg/mouse). At day 10, splenocytes were harvested
and the frequency of CD45.1"CD8" T cells (G, left two top panels; H), that were Ki67* (G, left two
bottom panels; I) were determined. The frequency of CD8"CD44" cells (G, top middle panels; J),
that were Ki67" cells (G, bottom middle panels; K) is shown. The frequency of GP33 specific CD8"
T cells (G, top right two panels; L), and that were Ki67" (G, bottom right two panels; M) were
measured. Experiments were repeated twice and each cohort had n=3-8 mice. Representative data

from one experiment is shown as Mean+=SEM.



Supplementary Table 1: AEP-specific semi-tryptic cleavage in Foxp3 bands 2 and band 3
(related to Figure 3)

Sequence-Band 2- AEP cleavage site Start Stop
(R)PGKPSAPSLALGPSPGASPSWR(A) 6 27
(K)ASDLLGAR(G) 32 39
(N)VASLEWYVSR(E) 155 163
(R)KDSTLSAVPQSSYPLLANGVcK(W) 179 200
(K)VFEEPEDFLK(H) 207 216
(R)YEmVQSLEQQLVLEK(E) 237 250
(R)YEMVQSLEQQLVLEK(E) 237 250
(R)YEmVQSLEQQLVLEK(E) 237 250
(L)SAMQAHLAGK(M) 254 263
(K)GSccIVAAGSQGPVVPAWSGPR(E) 278 299
(R)YEAPDSLFAVRR(H) 300 310
(RYWAILEAPEK(Q) 348 356
(R)YWAILEAPEKQR(T) 348 358
(K)cFVRVESEK(G) 394 402
(K)YGAVWTVDELEFRK(K) 403 415
Sequence-Band 3- Additional degraded band

(R)PGKPSAPSLALGPSPGASPSWR(A) 6 27
(K)ASDLLGAR(G) 32 39
(R)GPGGTFQGR(D) 40 48
(R)YGGAHASSSSLNPmPPSQLQLPTLPLVmMVAPSGAR(L) 52 85
(R)KDSTLSAVPQSSYPLLANGVcK(W) 179 200
(R)YEmVQSLEQQLVLEK(E) 237 250
(R)YEMVQSLEQQLVLEK(E) 237 250
(R)YEmVQSLEQQLVLEK(E) 237 250
(R)YEMVQSLEQQLVLEKEK(L) 237 252
(L)SAMQAHLAGK(M) 254 263
(RYWAILEAPEK(Q) 348 356
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